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IDIOPATHIC SHORT STATURE - A SHRINKING
DIAGNOSIS APPLIED MOSTLY TO HEALTHY
CHILDREN

We welcome the term “healthy short stature (HSS)” as
it reduces the burden of a diagnosis to most children
below the arbitrary definition of normal height (1). It
also emphasizes that an individual might be healthy
despite a genetic diagnosis (1).

Idiopathic short stature (ISS) has been defined as
a condition in which the height of an individual, with
normal birthweight and GH sufficient, is more than 2
SD score (SDS) below the corresponding mean height
for agiven age, sex, and population group, without evi-
dence of systemic, endocrine, nutritional, or chromo-
somal abnormalities (2).

As technology and our knowledge progresses,
we need to adapt and improve nomenclatures and
management.

Assuming that height has a Gaussian distribution,
2.3% of the normal population will have a height be-
low -2.0 SD. We consider this threshold (-2 SD) as an
indication for investigation to exclude manageable
conditions but not as a threshold for treatment (3).

Common sense suggests that the farther the indi-
vidual is from the mean, or from the parental height,
the more likely it is due to a disease, more likely that a
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genetic abnormality can be found (4), and the more in-
tense the search for a cause should be attempted. Also
more likely is the burden of short stature, physically
and psychosocially (5). Conversely, the closer to -2.0
SD, the higher the likelihood that a healthy child is a
variation of normal.

In the US, according to the FDA, not all children
with ISS are granted GH therapy, but only those with
a height below -2.25 SD (1.2%). This excludes those
between centiles 1.2 to 2.25 (approx. 45%) of patients
labelled as ISS. Depending on the availability of rhGH,
lower height limits of height may warrant treatment
with growth promoting agents (2).

Itisimportant to stress that idiopathic SS as well as
healthy SS as suggested by Jorge et al, are diagnoses
of exclusion. In fact, the authors expand the list of con-
ditions that should be excluded in order to make the
diagnosis of healthy short stature (1).

The authors refer to the lack of standardization for
the measurement of body proportions. Interestingly,
the sitting height to standing height SDS (SH/H) is a
useful parameter which can be applied to different
populations independently from the patient’s height.
For example, the standards developed for the Dutch
population can be applied to Brazilian children (6,7).
Sitting height can be measured in a specifically de-
signed device, but in practice, it is enough to sit the
patient on a removable box (usually 60 cm high) under
the same calibrated stadiometer for height measure-
ment and subtracting the height of the box (7).

Genetic testing shows importance of thorough
clinical examination, as it is now not infrequent that
after the finding of a genetic alteration the patient’s
phenotype is revisited and minor or previously unde-
tected abnormalities are found.
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An important and very frequent condition with an
acceptable height prognosis that can be considered
as healthy short stature is the constitutional delay in
growth and puberty (CDGP) (8). Superimposed to the
normal variability in height, there is the variability on
the age of development of puberty. Because growth
velocity increases significantly during the pubertal
growth spurt, differences in the timing of puberty can
result in important height differences among peers
of the same age. In the 2008 consensus on ISS, CDGP
was considered a sub-classification of ISS (2). Before
puberty, family history and a delayed bone age are re-
assuring but CDGP remains a diagnosis of exclusion
made after puberty. The genetic basis of delayed pu-
berty is being studied (9-12).

The development and widespread use of genetic
testing also imposes new challenges: the discovery of
variants classified as of uncertain significance (VUS)
necessitate further studies to determine its real par-
ticipation in the phenotype. The discovery of patho-
genic variants in normal individuals indicate the pos-
sible variable penetrance and expressivity of these
conditions (13).

The authors acknowledge that “Increasing under-
standing of the monogenic and polygenic architecture
of short stature, alongside with genotype-specific
treatment responses, will facilitate a transition to-
ward more precise, genetically informed treatment
protocols” (1).

The further development and improvement of
polygenic scores (PGS) for both height and pubertal
timing for all populations will likely help distinguish
individuals who have inherited a polygenic variation
of height and/or puberty from those in whom another
diagnosis should be searched for.

After careful evaluation, we believe that the term
healthy short stature is a designation that most short
children deserve and includes height among the many
individual characteristics.

In conclusion, the article by Jorge and colleagues is
highly timely (1). Pediatric endocrinology has a role to
play in abandoning terms that do not reflect current
knowledge. We recommend the progressive adop-
tion of the term “Healthy Short Stature” in clinical
practice, scientific publications, and health systems.

Arch Endocrinol Metab, 2026, v.70(4), 1-2, 260068
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Considering that an increase in height represents
more a desire than a need, physicians should empha-
size the normality and qualities of HSS children, reject-
ing the concept that being taller means being better.

Disclosure: no potential conflict of interest relevant to this ar-
ticle was reported.

Data availability: datasets related to this article will be avail-
able upon request to the corresponding author.
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ABSTRACT

Idiopathic short stature (ISS) has been used for more than five decades to label children whose height is below -2 SDS without
an identified underlying cause. Although originally conceived as a pragmatic diagnosis of exclusion, ISS has gradually been rei-
fied as a disease entity and is now embedded in clinical guidelines, regulatory frameworks and indications for recombinant hu-
man growth hormone therapy. In parallel, advances in genomic technologies have uncovered a growing spectrum of monogenic
and chromosomal variants among children previously classified as ISS, and highlighted the continuous, polygenic architecture
of height in the remainder. These developments render the idiopathic construct increasingly misleading and unstable, as every
new etiological discovery shrinks - and conceptually undermines - the ISS category. In this article, we review the historical evo-
lution and current use of ISS, summarize the impact of modern genetic testing on the classification of short stature, and argue
that most children currently labeled as having ISS are better described as having “Healthy Short Stature”. We define Healthy
Short Stature as short stature in otherwise healthy children without systemic, syndromic or endocrine disease, in whom short
stature represents the lower extreme of normal growth variation. We discuss how adopting Healthy Short Stature can reduce
stigma, remain compatible with ongoing genetic investigation, and provide a more robust framework for aligning clinical prac-
tice, research and health policy with contemporary knowledge of human growth biology.

Keywords: Short stature; genetic; idiopathic; height

“Idiopathic alteration characterized by a distinct set of symptoms
Adjective and signs with an established etiology. However, in
An idiopathic disease or medical condition has no known cause” day-to-day practice, the identification of etiology of-

(https://dictionary.cambridge.org/dictionary/english/idiopathic) ten collides with the limitations of our knowledge of
underlying pathophysiological mechanisms. Across

The nomenclature or denomination of a disease or  virtually all medical specialties, the term idiopathic has
medical condition is a fundamental aspect of medical been employed to denote conditions with no defined
practice, guiding patient care, research, and health pol-  cause (1) and reflects the limits of medical knowledge
icies with both clinical and economic impact. Adisease  at a given time. It usually represents a diagnosis of
is generally defined as a structural and/or functional  exclusion, established after negative results in a diag-
nostic workup aimed at identifying known conditions.
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Short stature is one of the most common reasons
for referral to pediatricians and pediatric endocri-
nologists. Height below the expected range is a critical
warning sign, as it may be the first and only manifesta-
tion of diverse underlying conditions. Clinical evalu-
ation, mainly based on history and physical examina-
tion, aims to identify children whose short stature
is secondary to systemic illness, skeletal dysplasia,
or syndromic disorders (2). Complementary labora-
tory workup, preferably guided by clinical findings
or focused on conditions in which short stature may
present as the sole initial sign, is also standard prac-
tice. Yet, in most children evaluated for short stature,
no definitive etiology is identified. In such cases, and
in the absence of specific signs or symptoms, children
are often labeled as having idiopathic short stature
(1SS), aterm that has been used for more than 50 years
in over 1,200 medical publications (Figure 1).

The earliest uses of the term idiopathic in growth
disorders date back to the 1960s (e.g., “idiopathic
growth failure” (3), “idiopathic growth retardation”
(4)). It was only in the 1970s, however, that the term
ISS was introduced, designating a heterogeneous
group of patients with growth impairment of unknown
cause at the time (5,6). For years, ISS was applied in

Healthy short stature

a non-standardized fashion until the first consensus
was published in 1996. This consensus restricted
ISS to children born appropriate for gestational age,
with normal body proportions, adequate nutritional
status, and no evidence of chronic systemic disease,
psychiatric or severe emotional disorders, or endo-
crine deficiency (7). The definition was reaffirmed
in a joint statement by the Lawson Wilkins Pediatric
Endocrine Society and the European Society for
Paediatric Endocrinology, which also required exclu-
sion of chromosomal abnormalities and growth hor-
mone deficiency. Importantly, children with dysmor-
phic features, skeletal dysplasia, or those born small
for gestational age were explicitly excluded from ISS
(8). This consensus also proposed a minimum diagnos-
tic workup when no clinical findings guided targeted
evaluation. At that time — prior to the genomic revo-
lution of the last 15 years — it was recommended that
suspected ISS cases undergo bone age radiograph,
complete blood count, erythrocyte sedimentation
rate, creatinine, electrolytes, bicarbonate, calcium,
phosphate, alkaline phosphatase, albumin, TSH, free
T4, IGF-1 determination, screening for celiac disease,
and karyotyping (all girls, and short boys with associ-
ated genital abnormalities) (8).
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Figure 1. Evolution of the number of publications containing the term “Idiopathic Short Stature” in the title or abstract over the years.
Publications referring to the 1996 (A) (7) and 2008 (B) (8) consensus are highlighted by the arrow. The upward trend is represented by the

dotted line.
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Following these two landmark publications, the
use of the term ISS markedly increased in the medi-
cal literature (Figure 1). Many studies adopted the
consensus-based definition of ISS, yet, in practice,
the term was often applied more loosely to denote
short stature of unknown cause, without strict ad-
herence to the recommended diagnostic framework.
Important gaps also emerged, such as the lack of stan-
dardized methods for defining normal body propor-
tions. Additionally, when the term ISS was first coined,
it was accompanied by the assumption that children
with ISS have a polygenic basis of their growth impair-
ment (9,10) — an explanation that, at that time, was
beyond the reach of clinical or research evaluation.
This view did not anticipate a foreseeable horizon in
which genetic testing could uncover the etiology of
short stature in children previously labeled as ISS. As
a result, ISS came to be used not only as a descriptor
of a growth disorder but also, in many instances, as a
diagnosis itself.

In parallel with efforts to establish a consensus def-
inition for ISS, studies began to reveal that a subset of
children categorized as ISS had monogenic causes for
their short stature (11). Each of the genes implicated
in phenotypes overlapping with the ISS definition ac-
counted for only a small fraction of affected patients
(~2%) (12). Most were associated with autosomal
dominant inheritance, frequently observed in families
where one of the parents also had short stature (11).
Moreover, most of these genes were found to be in-
volved in endochondral bone development, the key
biological process underlying longitudinal growth. In
the early years of the 21st century, however, genetic
testing relied on methodologies that were labor-in-
tensive, costly, and time-consuming, which prevented
the widespread incorporation of this analysis into clin-
ical practice outside of research settings.

With the advent of large-scale parallel sequencing
— also known as next-generation sequencing (NGS)
— the cost of genetic testing decreased dramatically
(13), allowing the simultaneous analysis of multiple
genes selected for their role in a specific disease (tar-
geted panels), sequencing of almost the entire cod-
ing portion of the genome (exome sequencing, ES),
and even sequencing of the entire genome (genome

Arch Endocrinol Metab, 2026, v.70(4), 1-6, €260067.
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sequencing, GS). Broad genetic investigation has thus
become the main model for research and, more re-
cently, has permeated clinical practice (13). Over the
last 15 years, the methodology has become increas-
ingly automated, with substantial cost reduction and
major improvements in bioinformatics pipelines, en-
abling the identification of variants with accuracy
comparable or even superior to that of gold-standard
techniques, for both single-nucleotide variants (SNVs)
and copy-number variants (CNVs) (14). Commercial
laboratories have progressively adopted ES as the
main genotyping strategy, applying virtual gene pan-
els tailored to the clinical question at hand (13).

The first study employing NGS to investigate un-
explained short stature in children was published in
2013 and reported a diagnostic yield of 2.6% (15).
Interestingly, this early report showed that patients
harboring pathogenic variants in PTPN11 — a gene
associated with Noonan syndrome — could lack the
characteristic clinical phenotype, leading to an initial
classification of ISS. Since then, numerous studies
have refined both sequencing technology and vari-
ant interpretation, progressively increasing diagnos-
tic yield. In patients meeting strict ISS criteria, broad
genetic approaches currently yield a molecular diag-
nosis in approximately 10%-16% of cases (12,16,17).
Although there is significant clinical overlap between
children with and without an identifiable monogenic
cause, severe short stature remains a predictor of a
positive genetic finding, as do abnormal body propor-
tions and a family history suggestive of autosomal
dominant inheritance (17).

While genetic testing establishes a definitive cause
for arelatively small proportion of children initially la-
beled as ISS, for those in whom a pathogenic variant is
identified, the impact is profound — not only by pro-
viding an explanation that alleviates parental anxiety,
but also by enabling family-based case recognition and
guiding individualized clinical management (13,18).

Given this scenario, the use of recombinant human
growth hormone (rhGH) in children classified as ISS
remains controversial, partly because some short chil-
dren experience spontaneous catch-up growth during
puberty (19), and partly because of the variable treat-

ment response (20,21), likely reflecting the genetic &
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heterogeneity of ISS. A clear proof-of-concept for the
relevance of genetic testing is provided by SHOX hap-
loinsufficiency, the most frequent monogenic cause of
short stature, detected in about 2% of children labeled
as ISS (10). Studies have demonstrated that untreated
SHOX-deficient children tend lose height SDS during
the period from the onset of puberty to adulthood
(22,23), while rhGH treatment increases final height
(23,24) — a benefit that underlies its approved indica-
tion in several countries. Thus, identifying a pathogen-
ic SHOX variant has direct implications for the man-
agement of a child initially classified as ISS.

However, the recognition of a monogenic compo-
nent in children previously labeled as ISS introduces a
semantic and conceptual conflict, as such cases should
no longer be considered idiopathic; rather, they should
be reclassified based on the genetic finding implicat-
ed in the phenotype. Some of the genes identified in
these patients are associated with established clini-
cal syndromes, such as PTPN11 in Noonan syndrome
(25). Nevertheless, in the absence of hallmark clinical
features besides short stature, it seems inappropriate
to extrapolate a syndromic diagnosis based solely on
genotype while disregarding the clinical presentation.

In this regard, what terminology should be applied
to children with short stature without a genetic diag-
nosis, whether due to lack of testing or inconclusive
results? Persisting to label these children as having
idiopathic short stature seems inadequate for several
reasons:

1. ltiswellestablished that height variationislargely
determined by the interplay between numerous
common variants with small individual effects
and rare variants with moderate or large effects.
Thus, in the absence of secondary causes, much
of height variation reflects genetic diversity (10).

2. Without broad genetic testing, it is not possible
to determine — based solely on clinical findings
— whether an individual harbors a pathogenic
variant fully or partially explaining their stature.

3. Givingthe continuous advances in genomics, even
currently negative cases may be elucidated in the
near future (13). The incorporation of polygenic
scores will likely refine our understanding of what
is presently labeled as 1SS (26).
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Returning to the evaluation and grouping of chil-
dren with short stature, although it is useful to incor-
porate descriptive classifications — such as syndromic
vs. non-syndromic, proportional vs. disproportionate,
pre- vs. postnatal onset, and familial vs. non-familial —
they offer limited practical meaning to the families. The
term “Isolated Short Stature” has also been proposed to
indicate children for whom short stature is the sole
apparent phenotype (11,27), with the semantic con-
venience of preserving the ISS acronym. However,
truly isolated short stature is uncommon; most cases
display subtle or non-specific findings — such as fifth
finger brachymesophalangia — often present in the
general population but also enriched among individu-
als with pathogenic variants in IHH (28).

In light of these considerations, we propose that
children whose main clinical manifestation is short
stature—without major dysmorphic features, devel-
opmental delay, endocrine abnormalities, or systemic
disease—should be classified under the term “Healthy
Short Stature” (HSS) (See Box 1 for a more detailed defi-
nition). This terminology more accurately reflects the
upper threshold of diagnostic evaluation currently
available through comprehensive clinical and labora-
tory investigation, while also removing the burden of
a “diagnosis” for a characteristic that fundamentally
represents a normal variant of human growth diver-
sity. Moreover, the concept of Healthy Short Stature
emphasizes respect for phenotypic variation and may
help to mitigate social and psychological biases associ-
ated with stature.

Importantly, adopting the term Healthy Short Stature
should not preclude further genetic investigation.
Instead, genetic testing should remain contingent on
clinical context, accessibility, and informed discussion
with families regarding the potential implications of
molecular findings (29). An advantage of Healthy Short
Stature is that, if genetic testing identifies an explana-
tion for the short stature, the designation remains
applicable, provided the patient does not manifest
additional clinical signs and symptoms. This is in the
opposite direction of the term ISS, as if the genetic
variant responsible for the short stature is identified,
the term ISS becomes obsolete. As investigation into
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Box 1. Proposed clinical features supporting the designation of Healthy Short Stature

Healthy Short Stature may be considered in a child with short stature when all of the following apply:

e Height SDS < -2

e Short stature as the main clinically relevant finding
¢ Normal body proportions or only mild disproportion’
¢ No neurodevelopmental disorder

¢ No major congenital malformations?

e No significant minor dysmorphic phenotype on overall physical examination®

¢ No evidence of chronic systemic disease

¢ No endocrine disorder explaining growth failure

e No nutritional disorder or undernutrition

e No psychiatric disease or severe emotional disturbance affecting growth
e No exposure to medications that can explain impair growth

Additional considerations

¢ The designation should follow appropriate clinical, laboratory, and imaging evaluation.

e Healthy Short Stature does not preclude genetic testing when clinically indicated.

e Periodic reassessment of clinical findings should be undertaken to ensure that this designation remains appropriate over time.

Footnote: 1. Mild body disproportion may be considered when sitting height-to-height SDS is within approximately +2.5, in the absence of skeletal abnormalities. 2. Major congenital
malformations are defined as structural abnormalities with significant functional, medical, surgical, or cosmetic consequences. 3. Minor dysmorphic features are subtle morphological variants
with little or no functional impact in isolation; however, a constellation of such findings may be clinically relevant and should prompt consideration of an underlying syndromic diagnosis.

further insights into both physiological and pathologi-
cal growth. Increasing understanding of the monogen-
ic and polygenic architecture of short stature, along-
side with genotype-specific treatment responses, will
facilitate a transition toward more precise, genetically
informed treatment protocols.

An anticipated resistance to transitioning from
ISS to Healthy Short Stature stems from the established
regulatory and reimbursement frameworks for rhGH
therapy already in place in numerous countries (30).
Renaming the condition could generate administrative
barriers to treatment access for eligible children. This
incentive structure may also inadvertently discour-
age physicians from pursuing comprehensive genetic
investigation, as maintaining the “idiopathic” label
remains a pragmatic strategy for ensuring treatment
authorization. Nevertheless, current evidence sug-
gests that the safety and efficacy profiles established
for rhGH treatment in short children currently labeled
as ISS can be largely extrapolated to those who would
instead be designated as having Healthy Short Stature.

In conclusion, Healthy Short Stature provides a ter-
minology that is more consistent with current genetic
knowledge and the lived experience of the majority of
short children and their families. This term acknowl-
edges that, in the absence of systemic, syndromic, or
endocrine disease, short stature predominantly rep-
resents the lower extreme of normal variation rather
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than a pathological condition. At the same time, this
nomenclature preserves and even reinforces the need
for careful clinical assessment and judicious applica-
tion of genetic testing when red flags are identified
or when new features emerge over time. By redefin-
ing ISS as Healthy Short Stature, we move away from
an inherently provisional idiopathic label and toward
a resilient, descriptive concept that remains valid
alongside future etiological discoveries. This shift may
facilitate the alignment of clinical practice, regula-
tory frameworks, and research agendas with a more
nuanced and balanced recognition of human growth
diversity.

Authors’ contributions: All authors made substantive intel-
lectual contributions to the present study. A.A.L.J., PF.C-S., and
M.C.S.B. also contributed to the conceptualization of the study.

AA.LJ. wrote the first draft, which was edited and revised by
PF.C-S.and M.C.S.B.

Funding: A.A.L.J. is funded by grant 303294/2020-5 from the
National Council for Scientific and Technological Development
(CNPq).

Disclosure: A.A.L.J. has received consulting fees from Novo
Nordisk and Bridgebio and an independent research grant from
BioMarin. PF.C.S. has received consulting fees and support to
attend scientific meetings from Pfizer, Novo Nordisk and Bio-
Marin. M.C.S.B has received consulting fees from Novo Nordisk
and support to attend scientific meetings from Novo Nordisk,
Sandoz and Pfizer.

Data availability: datasets related to this article will be avail-
able upon request to the corresponding author.

Copy



RE
1.

10.
11.

12
13.
14.
15.

16.

FERENCES

Tirlapur SA, Priest L, Daniels JP, Khan KS, Group MSM. How do we
define the termidiopathic? Curr Opin Obstet Gynecol. 2013;25(6):468-
73.doi: 10.1097/GC0.0000000000000025.

Collett-Solberg PF, Jorge AAL, Boguszewski MCS, Miller BS, Choong
CSY, Cohen P, et al. Growth hormone therapy in children; research
and practice - A review. Growth Horm IGF Res. 2019;44:20-32. doi:
10.1016/j.ghir.2018.12.004.

SoykalLF, Ziskind A, Crawford JD. Treatment of Short Stature in Children
and Adolescents with Human Pituitary Growth Hormone (Raben). N
EnglJMed. 1964;271:754-64.doi: 10.1056/NEJM196410082711502.
Edelmann CM Jr, Houston IB, Rodriguez Soriano J, Boichis H, Stark
H. Renal excretion of hydrogen ion in children with idiopathic growth
retardation. J Pediatr. 1968;72(4):443-51. doi: 10.1016/s0022-
3476(68)80332-4.

Spiegel RN, Sather AH, Hayles AB. Cephalometric study of children
with various endocrine diseases. Am J Orthod. 1971;59(4):362-75. doi:
10.1016/0002-9416(71)90232-6.

Grunt JA, Enriquez AR. Acute and long-term responsiveness to growth
hormone in children with short stature. Pediatr Res. 1972;6(8):664-74.
doi: 10.1203/00006450-197208000-00004.

Ranke MB. Towards a consensus on the definition of idiopathic short
stature. Horm Res. 1996;45 Suppl 2:64-6. doi: 10.1159/000184851.
Cohen P, Rogol AD, Deal CL, Saenger P, Reiter EO, Ross JL, et al.
Consensus statement on the diagnosis and treatment of children
with idiopathic short stature: a summary of the Growth Hormone
Research Society, the Lawson Wilkins Pediatric Endocrine Society, and
the European Society for Paediatric Endocrinology Workshop. J Clin
Endocrinol Metab. 2008;93(11):4210-7. doi: 10.1210/jc.2008-0509.
Grunauer M, Jorge AAL. Genetic short stature. Growth Horm IGF Res.
2018;38:29-33. doi: 10.1016/j.ghir.2017.12.003.

Bicknell LS, Hirschhorn JN, Savarirayan R. The genetic basis of human
height. Nat Rev Genet. 2025 Sep;26(9):604-619. doi: 10.1038/s41576-
025-00834-1.

Vasques GA, Andrade NLM, Jorge AAL. Genetic causes of isolated short
stature. Arch Endocrinol Metab. 2019;63(1):70-8.doi: 10.20945/2359-
3997000000105.

Scalco RC, Schoones JW, Galetaki D, Santillan-Vasconez AM, Kim
GJ, Cellin LP, et al. Diagnostic Yield of Genetic Testing in Children
with Short Stature: a Systematic Review. Eur J Endocrinol. 2026 Feb
4,194(2):515-524. doi: 10.1093/ejendo/lvag011.

Dauber A, Jorge AAL, Nilsson O, Dekkers OM, Argente J, Netchine I,
et al. International guideline on genetic testing of children with short
stature. Eur J Endocrinol. 2026 Feb 4;194(2):R17-R36. doi: 10.1093/
ejendo/Ivag013.

Satam H, Joshi K, Mangrolia U, Waghoo S, Zaidi G, Rawool S, et
al. Next-Generation Sequencing Technology: Current Trends and
Advancements. Biology (Basel). 2023 Jul 13;12(7):997. doi: 10.3390/
biology12070997.

Wang SR, Carmichael H, Andrew SF, Miller TC, Moon JE, Derr MA,
et al. Large-scale pooled next-generation sequencing of 1077 genes
to identify genetic causes of short stature. J Clin Endocrinol Metab.
2013;98(8):E1428-37. doi: 10.1210/jc.2013-1534.

Ahn J, Oh J, Suh J, Song K, Kwon A, Chae HW, et al. Next-generation
sequencing-based mutational analysis of idiopathic short stature and
isolated growth hormone deficiency in Korean pediatric patients. Mol
Cell Endocrinol. 2022;544:111489. doi: 10.1016/j.mce.2021.111489.

Arch Endocrinol Metab, 2026, v.70(4), 1-6, €260067.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Healthy short stature

Andrade NLM, Funari MFA, Malaquias AC, Collett-Solberg PF, Gomes
N, Scalco R, et al. Diagnostic yield of a multigene sequencing approach
in children classified as idiopathic short stature. Endocr Connect. 2022
Nov 14;11(12):e220214. doi: 10.1530/EC-22-0214.

Collett-Solberg PF, Ambler G, Backeljauw PF, Bidlingmaier M, Biller
BMK, Boguszewski MCS, et al. Diagnosis, Genetics, and Therapy
of Short Stature in Children: A Growth Hormone Research Society
International Perspective. Horm Res Paediatr. 2019;92(1):1-14. doi:
10.1159/000502231.

Greco L, Power C, Peckham C. Adult outcome of normal children who
are short or underweight at age 7 years. BMJ. 1995;310(6981):696-
700. doi: 10.1136/bm;j.310.6981.696.

Dauber A, Phillip M, Ferran JM, Kelepouris N, Nedjatian N, Olsen AH,
et al. Clinical Predictors of Good/Poor Response to Growth Hormone
Treatment in Children with Idiopathic Short Stature. Horm Res
Paediatr. 2024:1-12. doi: 10.1159/000542579.

Deodati A, Cianfarani S. Impact of growth hormone therapy on adult
height of children with idiopathic short stature: systematic review.
BMJ. 2011;342:c7157. doi: 10.1136/bmj.c7157.

Scalco RC, Melo SS, Pugliese-Pires PN, Funari MF, Nishi MY, Arnhold
1J, et al. Effectiveness of the combined recombinant human growth
hormone and gonadotropin-releasing hormone analog therapy in
pubertal patients with short stature due to SHOX deficiency. J Clin
Endocrinol Metab. 2010;95(1):328-32. doi: 10.1210/jc.2009-1577.
Dantas NCB, Funari MFA, Vasques GA, Andrade NLM, Rezende RC,
Brito V, et al. Adult Height of Patients with SHOX Haploinsufficiency
with or without GH Therapy: A Real-World Single-Center Study. Horm
Res Paediatr. 2022;95(3):264-74. doi: 10.1159/000524374.

Blum WF, Ross JL, Zimmermann AG, Quigley CA, Child CJ, Kalifa G,
et al. GH treatment to final height produces similar height gains in
patients with SHOX deficiency and Turner syndrome: results of a
multicenter trial. J Clin Endocrinol Metab. 2013;98(8):E1383-92. doi:
10.1210/jc.2013-1222.

Jorge AA, Malaquias AC, Arnhold 1J, Mendonca BB. Noonan syndrome
and related disorders: a review of clinical features and mutations in
genes of the RAS/MAPK pathway. Horm Res. 2009;71(4):185-93. doi:
10.1159/000201106.

Lu T, Forgetta V, Wu H, Perry JRB, Ong KK, Greenwood CMT, et al. A
Polygenic Risk Score to Predict Future Adult Short Stature Among
Children. J Clin Endocrinol Metab. 2021;106(7):1918-28.doi: 10.1210/
clinem/dgab215.

Fan X, Zhao S, Yu C, Wu D, Yan Z, Fan L, et al. Exome sequencing
reveals genetic architecture in patients with isolated or syndromic
short stature. J Genet Genomics. 2021;48(5):396-402. doi: 10.1016/j.
jgg.2021.02.008.

Vasques GA, Funari MFA, Ferreira FM, Aza-Carmona M, Sentchordi-
Montane L, Barraza-Garcia J, et al. IHH Gene Mutations Causing Short
Stature With Nonspecific Skeletal Abnormalities and Response to
Growth Hormone Therapy. J Clin Endocrinol Metab. 2018;103(2):604-
14. doi: 10.1210/jc.2017-02026.

Dauber A. Genetic Testing for the Child With Short Stature-Has the
Time Come To Change Our Diagnostic Paradigm? J Clin Endocrinol
Metab. 2019;104(7):2766-9. doi: 10.1210/jc.2019-00019.

Danowitz M, Grimberg A. Clinical Indications for Growth
Hormone Therapy. Adv Pediatr. 2022;69(1):203-17. doi: 10.1016/.
yapd.2022.03.005.




ISSN 2359-4292

Archives of
Endocrinology and Metabolism

OFFICIAL JOURNAL OF THE BRAZILIAN SOCIETY OF ENDOCRINOLOGY AND METABOLISM

brief communication

Clinical characteristics, glycemic control & quality of life
of patients using Android Artificial Pancreas System

(AAPS) in Brazil

Gabriella Lopes Ventura?
https://orcid.org/0009-0002-3056-7334

Débora Souto®

Laryssa da Silva Messias!
https://orcid.org/0009-0008-8036-9727

Maria Eduarda Pereira Dantas? Edson Perrotti*

https://orcid.org/0000-0003-4704-4492

Milena Oliveira Leite?
https://orcid.org/0000-0002-9215-2890

Thiago Mota Soares?

" Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, Brasil
2 Universidade Tiradentes, Aracaju, SE, Brasil

https://orcid.org/0000-0002-5149-0391
Maria de Lourdes Passos Machado?
https://orcid.org/0009-0007-6741-993X

https://orcid.org/0009-0003-9146-4803

https://orcid.org/0009-0005-2912-1724

Tassia Virginia de Carvalho Oliveira?
https://orcid.org/0000-0003-3265-4239

Lenita Zajdenverg?
https://orcid.org/0000-0002-1579-3299

Joana Dantas!
https://orcid.org/0000-0002-6088-2813

Melanie Rodacki!
https://orcid.org/0000-0002-9007-1325

3 Departamento de Nutrologia e Diabetes, Universidade Federal do Rio de Janeiro, Rio de Janeiro, RJ, Brasil

4 Universidade Federal de Alagoas, Maceid, AL, Brasil

ABSTRACT

Objective: This study evaluated the safety and efficacy of the Android Artificial Pancreas System (AAPS) in Brazilians with type 1
diabetes mellitus (T1D). Subjects and methods: A total of 371 participants were surveyed, including 62 AAPS users and 309 non-
users. AAPS configurations included continuous glucose monitoring (CGM ), Bluetooth transmitter (MiaoMiao), and a non-auto-
mated insulin pump. Results: AAPS users had a mean Time in Range (TIR) of 78.5% + 16.6, with HbA1c levels decreasing from 7.3%
+1.03t0 6.5% + 0.7 (p < 0.001). Compared to non-AAPS users, AAPS users demonstrated better glycemic control, fewer severe
hypoglycemic events (p = 0.006), and improved quality of life (p < 0.0001). However, 23.08% of AAPS users had a TIR below 70%,
and time in level-2 hypoglycemia exceeded recommendations. Conclusion: These findings highlight AAPS as a low-cost alternative
to commercial systems, with potential to expand access to automated therapy globally, particularly in resource-limited settings.

Keywords: Type 1 diabetes; artificial pancreas; automated insulin delivery systems; quality of life; glycemic control

INTRODUCTION

Type 1 diabetes mellitus (T1D) is a chronic autoim-
mune disease that leads to hyperglycemia and its po-
tential complications due to the destruction of pan-
creatic beta cells. Managing T1D typically involves
basal-bolus insulin therapy to maintain blood glucose
levels near normal and reducing the risk of complica-
tions (1). However, this treatment is complex and bur-
densome, requiring multiple daily insulin injections
(MDI) or continuous insulin infusion systems (CIIS),
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frequent glucose monitoring, carbohydrate counting,
and constant attention to insulin adjustments and di-
etary choices (2,3). Additionally, the risk of hypoglyce-
mia can impact quality of life (4).

Automated insulin delivery systems (AID) can ease
the decision-making burden for individuals with T1D,
but they are expensive and often inaccessible, particu-
larly in developing countries (5,6). These systems have
been shown to improve glycemic control, increase
Time in Range (TIR), reduce HbA1c levels and poten-
tially lower the risk of diabetes-related complications
(7-13). The AAPS offers a lower-cost alternative for
AID, though it has not received regulatory approval in
many countries (14,15). AAPS configurations include the
First-generation continuous glucose monitoring (CGM),
Bluetooth transmitter, and aninsulin pump. Itis one of the
most affordable AID options and is commonly used. The
First-generation CGM is an intermittent continuous (is-
CGM), while Bluetooth transmitter is a Bluetooth trans-
mitter that converts the CGM into areal-time monitoring
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(rtCGM) system with predictive alerts, integrated with
AID systems like AAPS. However, the efficacy, safety, and
impact on patients’ quality of life of this AAPS configura-
tion have not been fully evaluated in individuals with T1D.

The objective of this study was to characterize the
profile of AAPS users and compare their clinical char-
acteristics, quality of life (QoL) and glycemic control
with patients with T1D using non-automated treat-
ments in the Brazilian population.

SUBJECTS AND METHODS

This observational study surveyed T1D patients using
AAPS with First-generation CGM, Bluetooth trans-
mitter Miaomiao), and Roche Accu-Chek Combo or
Medtronic Paradigm insulin pump, recruited via so-
cial media. Participants using AAPS employed the
first-generation CGM with a Bluetooth transmitter,
providing continuous glucose readings during sensor
wear. However, specific information regarding CGM
data coverage (e.g., number of active days or hours)
was not available.

A comparison group of patients not using automat-
ed insulin delivery systems was also included. Data
was collected remotely through an AirTable form, cov-
ering education status, glucose control, hypoglycemia,

[ 371 individuals ]

l

Group A (AAPS)
n=62

Group B (not AID users)
n =309

AAPS in Brazil

DKA frequency, and quality of life (DQOL-Brazil).
HbA1c levels reported by participants referred to
values before and after AAPS use. The “before” value
corresponded to the most recent HbA1c prior to initi-
ating AAPS, and the “after” value corresponded to the
most recent available measurement during system
use. All HbA1c values were self-reported by partici-
pants. Data on diabetic ketoacidosis (DKA) episodes
were self-reported by participants through the ques-
tionnaire. Statistical analysis was conducted using
SPSS 21.0, with Mann-Whitney and Chi-square tests
to compare groups, considering a significance level of
<0.05. Information on whether participants received
care through the public (SUS) or private health sys-
tem was not collected in the questionnaire and there-
fore percentages for public vs. private care are not
available.

This study was approved by the Research Ethics
Committee of the Federal University of Rio de Janeiro
(CAAE: 71962123.3.0000.5257).

RESULTS

Characteristics of the study group

The study included 371 participants, divided into two
groups as detailed in Figure 1. Among AAPS users

FreeStyle Libre
(n=137)

Glucose sensor

Dexcom (n =2)
n=145

Others (n = 6)

> [Roche Accu-Chek Combo]

MDI
n =268

— [ NPH (n = 24) ]
}7—> [ Long-acting analogues (n = 244) ]

n=>54
Insulin pump
— | Medtronic Paradigm n=41
n=3
) Others
n=>5

—» Roche Accu-Chek (n = 20)

——> Medtronic 640g (n = 11)

L5 Others(n=8)

— Glargine U100 (n = 157)
—> Degludec (n =75)

—> Detemir (n=6)

L——» Others (n=6)

AAPS: Android Artificial Pancreas System; AID: automated insulin delivery; MDI: multiple daily injections; NPH: Neutral Protamine Hagedorn.

Figure 1. Study population and treatment characteristics of AAPS users and non-AlD individuals in Brazil.
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(group A/n = 62), the mean age and disease duration
were 36.4 + 13.2 and 20.9 + 12.1 years, respective-
ly. In this group, 75.8% of patients aged 18 years or
older and had completed higher education. For those
under 18 years, 94.1% of their caregivers had com-
pleted higher education. Among AAPS users, 24% of
participants had been using the system for less than
6 months, 29.6% for 6 months to 1 year, 27.7% for 1
to 2 years, and 18.5% for more than 2 years. In indi-
viduals that did not use AID (Group B/n = 309), the
mean age and disease duration were 29.4 + 11.4 years
and 12.6 + 10.1 years, respectively. Among them,
50.3% of those aged 18 years or older and 56% of
the caregivers in those < 18 years old had complete
higher education. In group B, 178 (57,6%) participants
use glucose sensors (either flash glucose sensors or
CGM). Patients’ treatments according to groups are
described in Figure 1.

Glycemic control

HbA1c levels

Among AAPS users, the mean glycated hemoglobin
level (HbA1c), before starting AAPS, were 7.3% +
1.03, which decreased to 6.5 + 0.7% after treatment
(p <0.001).

When comparing groups, Group A demonstrated
significantly lower HbA1c levels (p < 0.001), a higher
proportion of individuals had HbA1c <7% (p < 0.001),
and fewer severe hypoglycemia events per year
(p = 0.006) than Group B. The mean weekly rates of
reported hypoglycemia were similar between the
groups (p = 0.73) (Table 1).

Table 1. Characteristics of the study groups
Group A (AAPS)

(n=62)
Qol Domain Satisfaction 28+115
Qol Domain Impact 35+93
Qol Domain Social/Professional Concern 10+5,8
Qol Domain Concern related to T1D 8+3,1
Alc before AAPS 7,3% + 1,03
Alc after AAPS 6.5% + 0,7
Alc<7% 75,80%
Hypoglycemia in a week 35+272
Number of severe hypoglycemia 05+12

AAPS in Brazil

CGM data

CGM data were collected only in group A and ana-
lyzed in 39 users. TIR, time below range (TBR, <70
mg/dL), time in level-2 hypoglycemia (<54 mg/dL),
time above range (TAR, >180 mg/dL), time in level-2
hyperglycemia (>250 mg/dL), and the coefficient of
variation were 77.9% + 12.9, 4.4% = 3.7, 1.7% + 2.4,
17.5% + 13.4, 4.12% + 5.62, and 35.0 + 7.0, respec-
tively. Notably, 23.08% of users had a TIR below 70%,
with 7.69% had a TIR below 60%, and 5.12% had a TIR
below 50%.

Treatment satisfaction and quality of life

From those using AAPS who responded, 79.2% re-
ported being very or moderately satisfied with their
current treatment, and 64.2% indicated being very or
moderately satisfied with the time required for diabe-
tes management.

When comparing quality of life (QoL), Group A had
better results in all domains of the questionnaire: sat-
isfaction (p < 0.0001), impact (p < 0.0001), social/pro-
fessional concern (p < 0.0001) and concern related to
T1D (p < 0.0001) (Table 1).

Diabetic Ketoacidosis (DKA)

Specific data on DKA was collected from 60 patients,
including 50 AAPS users (Group A) and 10 non-users
(Group B). In Group A, 26% of patients experienced
1 to 2 DKA episodes per year, compared to 40% in
Group B. In the group A, 74% of individuals had never
had a DKA episode, versus 60% in group B. However,
this data was not statistically significant (p = 0.295).

Group B
(n=309) p-value
41+98 <0,0001
46+129 <0,0001
1578 <0,0001
10+38 <0,0001
74% 2,1
<0,001
49,20% <0,001
33+19 p=0,73
16+21 p=0,006

QoL: quality of life. Alc: glycated hemoglobin.
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DISCUSSION
This study assessed the safety and efficacy of a lower
cost AID system in a real-world setting, with AAPS,
IsCGM and Bluetooth transmitter. This analysis is
particularly important, as many individuals currently
use the system despite the lack of regulatory approv-
al. If demonstrated to be safe and effective, it could
provide a more affordable alternative for automated
insulin delivery, particularly in developing countries
where access to diabetes technology remains limited.

The findings align with previous studies that
guantitatively demonstrated the impact of AAPS on
glycemic control (15,16). In a study by Braune and
cols. (2019), AAPS users showed an improvement
in TIR, increasing from 63.8% = 15.0 before system
initiation to 79.5% * 7.9 after its implementation.
Although slightly higher than the 77.9% + 12.9 ob-
served in this study, this still represents significant
glycemic control improvements compared to base-
line levels of less than 60%. Similarly, Herzog and
cols. (2020) (15) reported that do-it-yourself (DIY)
closed loop users in Germany achieved a mean TIR of
79.5% £ 15.3 and reductions in HbA1c of up to 1.0%,
consistent with the 0.5% HbA1c reduction observed
in this study. However, in this study, the percentage
of time spent in level-2 hypoglycemia (<54 mg/dL)
was 1.7% + 2.4%. While no studies have specifically
analyzed this metric in AAPS users, data from com-
mercially available artificial pancreas systems, such
as the Medtronic MiniMed 780G, report significantly
lower values, with TBR2 ranging from 0.5% to 0.6%
(13). The slight differences in failure rates to achieve
glucose control targets might be related to the vari-
ous sensors used in the systems (IsCGM, Medtronic
Guardian and Dexcom), the DIY nature of AAPS,
combined with the absence of regulatory oversight
and structured training, as well as differences in pa-
tients” adherence and medical care. Improvements
in the algorithm might also be necessary to optimize
the results. Further research is needed to determine
the impact of these factors on hypoglycemia rates
and to improve the safety and consistency of AAPS
(11,13,14,16,17).

Quality of life was assessed using the DQOL-Brazil
guestionnaire, showing better scores for AAPS users

Arch Endocrinol Metab, 2026, v.70(4), 1-6, €260066.
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than non-users. Similar studies report that DIY AID
systems enhance glycemic control, reduce treatment
burden, and improve psychosocial outcomes, suggest-
ing AID eases both clinical and emotional aspects of
T1D management (15,16).

Better quality of life can improve adherence, re-
duce distress, and lower the risk of Diabetes Burnout.
However, moderate satisfaction (64.2%) with the time
required for diabetes management indicates the need
for usability improvements. Future AAPS advance-
ments should simplify the interface and reduce the
time commitment.

Although widely used, the DQOL-Brazil primarily
assesses general diabetes management and may not
capture AID-specific benefits. Complementary tools
like the Diabetes Distress Scale (DDS) could provide
deeper insights, but they have yet to be translated into
Portuguese.

Data on DKA occurrence were limited in this study,
but the available data suggest that the incidence of
DKA was lower among AAPS users compared to those
using non-automated systems. The differences could
be linked to socioeconomic and educational factors, as
AAPS users in this sample had higher socioeconomic
and educational levels. This may help to reduce the
risk of DKA. Further studies are needed to explore
this finding. It is also possible that the low frequency
of reported DKA was due to heightened awareness
among individuals at risk, although some AAPS users
might have developed DKA due to inadequate medi-
cal supervision, as the system is DIY. It is important
to note that DKA data were self-reported and not
verified through medical records, which could lead
to recall bias. The questionnaire collected frequency
categories (e.g., 0, 1-2 per year) rather than exact
counts and we do not have person-time data to calcu-
late incidence per 100 person-years. We acknowledge
that incidence rates with 95% Cl would be preferable
and will include them in future analyses if raw event
counts and follow-up time become available.

A potential selection bias should be acknowledged,
as participants were recruited through social media.
This may have led to a sample composed of individu-
als more engaged with diabetes management and
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resources, potentially contributing to the better gly-
cemic outcomes observed among AAPS users.

This study has limitations. Data were self-report-
ed, and CGM data were unavailable for non-auto-
mated users. The non-automated group included
individuals on various insulin regimens, introducing
variability. Baseline differences between groups (e.g.,
age, disease duration, educational level) may have
influenced the results. We understand that a multi-
variable analysis could be helpful, but it falls outside
the descriptive scope that is the focus of this work.
Furthermore, a multivariable analysis does not fit the
theoretical model in which this work was conceived.
Future analyses with the raw dataset are planned to
perform adjusted models. We did not collect data on
participants’ use of public versus private healthcare
services; therefore, we could not analyze the poten-
tial influence of healthcare system type on outcomes.
Additionally, factors like emotional distress, physical
activity, and adherence were not assessed.

Despite this, the data remain relevant given the
scarcity of AAPS research. The system is widely used
globally, often without regulatory approval, leading to
a DIY approach with limited medical oversight. Due
to its affordability, AAPS could expand AID access,
particularly in developing countries. This real-world
study suggests AAPS as a viable alternative for glyce-
mic control in T1D patients. Further randomized stud-
ies are needed to validate these findings and support
regulatory approval.

In conclusion, in this observational study, individu-
als using AAPS with First-generation CGM, Bluetooth
transmitter, and an insulin pump achieved HbA1c, TIR,
TAR, and TBR levels within the targets for good diabe-
tes control, despite a mean time in level-2 hypoglyce-
mia slightly above target. An improvement in HbAl1c
was observed after initiating the system. Moreover,
AAPS users with these devices demonstrated better
glycemic control compared to individuals on non-auto-
mated insulin therapy, with fewer severe hypoglycemic
events and better quality of life. However, some users
experienced inadequate glycemic control, which may
be associated with the DIY nature of the treatment.
Given the significantly lower cost of AAPS compared to
commercial automated insulin delivery systems, these
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AAPS in Brazil

findings suggest that this system of AAPS could serve
as an alternative to expand access to automated insu-
lin therapy globally. Proper education during system
setup and medical guidance during follow-up could fur-
ther reduce cases of suboptimal glycemic control.
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ABSTRACT

Objective: To assess the relationship between night work, metabolic syndrome (MS) prevalence, and dietary patterns in health-
care workers at a large hospital in southern Brazil. Subjects and methods: A cross-sectional study was conducted with 156
healthcare workers (90 day-shift and 66 night-shift) from July 2023 to March 2024. Sociodemographic and occupational, sleep,
dietary patterns, meal timing, anthropometric data, blood pressure, and lab test data were collected. Results: Night-shift workers
had higher blood pressure, lower HDL cholesterol, and 135% greater likelihood of developing MS than those who worked during
the day. They consumed more fats and less fiber. Chrononutrition analysis showed night workers had later last meals (p < 0.001),
longer intervals between first and last meals (p < 0.001), and shorter night fasting (p < 0.001). Ultra-processed food consump-
tion was similar across shifts. A shorter interval between the first and last meal in night workers was linked to a 7% lower risk
of MS. Findings suggest an association between night work and higher MS prevalence, with hypertension, abdominal obesity,
unfavorable lipid profile, and disrupted eating timing. Circadian rhythm disruption and misaligned eating patterns, particularly
prolonged eating windows and reduced nocturnal fasting, may contribute to the increased metabolic risk. Conclusion: Interven-
tions targeting diet and chrononutrition are essential. Occupational health programs should address the specific challenges of
night work.

Keywords: Night work; dietary pattern; metabolic risk; chrononutrition; chronotype

INTRODUCTION

to these risks due to the organization of their work,

Night work is widely associated with various health
impacts as it deregulates circadian rhythms, which
affect metabolic processes, glucose homeostasis, gas-
trointestinal motility, and digestive processes; influ-
ence changes in eating behavior; increase the risk of
metabolic and cardiovascular diseases; and deregu-
lates sleep (1,2). Healthcare workers are exposed
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which is characterized by adverse conditions and ir-
regular and prolonged working hours (2).

Current studies link shift work with inadequate
dietary patterns (3,4). Their irregularity, sleep depri-
vation, and a sedentary lifestyle can significantly con-
tribute to chronic diseases and to metabolic syndrome
(MS) (4,5). Jung and cols. (5) have reported that the
main risk factors for MS in the general adult popula-
tion include age, higher body mass index (BMI), physi-
cal inactivity, and unhealthy eating habits.

In this context, the circadian cycle plays a key role
in maintaining physiological and metabolic homeosta-
sis, particularly influenced by exposure to natural light
(6,7), regulating various physiological processes such
as the sleep-wake cycle, hormone secretion, energy
metabolism, insulin sensitivity, gastrointestinal motil-
ity, and appetite control (6-8). Night work promotes
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circadian desynchronization (7,9), with evidence
demonstrating that it is associated with metabolic
changes, increased systemic inflammation, impaired
glycemic control, and increased cardiometabolic risk,
in addition to negatively impacting sleep patterns and
eating behavior (8-10).

In light of this, it is crucial to consider the contri-
bution of chrononutrition, a field that investigates not
only what individuals eat but also when they eat, tak-
ing into account the synchronization between food in-
take and the body’s circadian rhythms (8). Consuming
food at biologically inappropriate times, such as dur-
ing the night or during irregular shift schedules, can
disrupt peripheral clocks, particularly in metabolic
organs such as the liver, leading to weight gain and in-
creased metabolic risk even when overall diet quality
is acceptable (9,10). Shift workers often adapt their
eating habits to their active hours, frequently consum-
ing energy-dense, nutrient-poor foods during night
shifts while reducing intake of fruits, vegetables, and
other healthful foods (11,12). Thus, the evaluation of
dietary patterns including both the nutritional compo-
sition and timing of meals is essential for understand-
ing the risks associated with night work and develop-
ing targeted preventive strategies.

As lifestyle changes remain the most effective
strategy for preventing MS and aligning biological
rhythms, evidence on meal timing and eating win-
dow in workers remains limited. Therefore, this study
aimed to assess the association between night work,
metabolic syndrome, and dietary patterns in health-
care workers at a large hospital in southern Brazil,
identifying potential opportunities for prevention and
health promotion in this high-risk occupational group.

SUBJECTS AND METHODS

Participants and ethics

This quantitative cross-sectional study analyzed a
sample of 156 employees (90 and 66 of whom worked
day and night shifts, respectively) from a large hospi-
tal in southern Brazil. Participants were recruited by
posters, institutional emails, and the online research
bulletin board of the institution from July 2023 to
March 2024. For the purposes of the study, night-shift
workers were considered to work between 7pm and
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7am at least 3 times a week, and day-shift workers
were considered to work between 7am and 6pm on
average 5 times a week.

Healthcare workers included all those who worked
in the institution in health promotion and care, in-
cluding support activities (administrative, hygiene,
nutrition, laundry, maintenance, and surveillance).
Workers who had worked at the hospital for at least
one year on one of the shifts were considered as eli-
gible participants. Exclusion criteria were pregnant
women, employees on fixed-term contracts and those
in the process of retiring/retired. Face-to-face meet-
ings were held at the Clinical Research Center to
collect data. The project was approved by the insti-
tution Research Ethics Committee under CAAE n°
67201723.0.0000.5327.

Overall, four self-administered questionnaires
were given to participants after they signed an in-
formed consent form (sociodemographic, alcohol
consumption, physical activity, and sleep). The so-
ciodemographic questionnaire was applied to gather
personal information such as age, gender, marital sta-
tus, children, schooling, work shift, time working at
the institution, working hours and smoking.

The sample size was calculated considering a 95%
confidence level, an expected prevalence of 25% for
metabolic syndrome (p = 0.25), and a margin of error
of 7%, resulting in a minimum sample size of 147 par-
ticipants. A 10% increase was predicted for possible
losses, totaling 162 participants as the total sample
size (13). Additionally, chrononutrition variables were
consulted to ensure that the planned sample was also
adequate for comparing shifts on these variables (14).

Alcohol consumption

Alcohol consumption was assessed using the Alcohol
Identification Test questionnaire.
Consumption was classified according to the score,
with low risk being considered a score from O to 7
points; regular risk, one from 8 to 15 points; and high
risk, 16 points or above (15).

Use Disorders

Physical activity
Individuals’ physical activity was assessed using the short
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International Physical Activity Questionnaire, which &



classifies physical activity level as sedentary (those who
performed no physical activity for at least 10 continu-
ous minutes during the week), irregularly active (those
who perform physical activity below active as they fail
to meet the recommended frequency or duration), and
active/very active (performed vigorous activity: > three
days/week and = 20 minutes per session, moderate or
walking: > five days/week and = 30 minutes per session,
or any activity added together: > five days/week and 2
150 minutes/week (walking + moderate + vigorous)
based on information in meters/minute/week (16).

Sleep assessment

Daily sleep preferences were assessed using the self-
assessment Munich Chronotype Questionnaire. This
structured questionnaire regards waking behavior,
sleep, and exposure to light onwork and non-work days.
Sleep duration was calculated as the end of sleep minus
the beginning of sleep. Participants reported how many
days during the week they had a regular work routine
and the times when they go to bed, are ready for bed,
fall asleep, how many minutes they need to get up, and
how much time they spend outdoors (17).

The following data were calculated based on this
information: sleep duration and midpoint for work and
rest days, and social jetlag, which is the difference be-
biological” and “social” clocks,
which defines their social commitments throughout
the day.

)«

tween an individuals

Evaluation of dietary patterns

The Simplified Food Frequency Questionnaire was
applied in person by trained researchers (18,19), as-
sessing the consumption scores of fat, fiber, and ultra-
processed foods. The frequency of fiber consumption
was assessed of fiber consumption: whole grain bread,
oats, whole grains, brown rice, beans, peas, lentils,
chickpeas, soybeans, oil seeds (peanuts, walnuts,
chestnuts, almonds, etc.), fresh fruit or natural juice,
raw or cooked leafy greens (lettuce, cabbage, etc.),
legumes and vegetables, roots, and tubers (potatoes,
sweet potatoes, cassava, etc.). The following foods
were included to assess fat consumption: cookies and
cakes, whole milk and dairy products (yogurt, cheese,
ricotta), olive oil, margarine or vegetable oils (soybean,
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canola, sunflower), butter or lard, fried snacks, salad
with mayonnaise (potato, pasta, salpicdo), fried foods
(potatoes, cassava, polenta, etc.), industrialized snacks
(salty snacks), chocolate, ice cream (fatty sweets), in-
dustrialized sweets (candies, chewing gum, etc.), eggs,
and processed meats (mortadella, ham, salami, sau-
sage, etc.).

The frequency of fat and fiber consumption was
evaluated and a weight was established for each fre-
quency. Then, the total values were added up and
a score was determined for both fat and fiber con-
sumption (20). Fiber consumption frequency had the
following weights: 1x a day or more = 4, from 4 to 6x
a week = 3, from 2 to 3x a week = 2, 1x a week = 1,
and less than 1x a week = 0; whereas that for the fre-
quency of fats, the following weights: 5 or more times
aweek=4,3to4xaweek=3,1to2xaweek=2,2to
3x amonth =1, and less than 1x a month = 0.

Fat scores above 22 were considered as high, very
high, or relatively high, whereas those below 21, as
low or minimal frequency of consumption. Fiber con-
sumption scores equal to or higher than 20 indicated a
regular or adequate frequency, whereas those below
19, a low frequency of consumption (18,19).

The following ultra-processed foods were chosen
for evaluation according to the classification of the
food guide for the Brazilian population and the NOVA
classification: margarine, cookies, cakes, industrialized
salty snacks, sausages, chocolate, ice cream, industri-
alized sweets, soft drinks or artificial juices, fast foods,
industrialized diet foods, instant noodles, ready-made
food, ready-made seasonings, and mayonnaise. Daily
consumption scores followed this weight: More than
3x/day = 3; 2 to 3x/day = 2; 1x/day = 1; 5 to 6x/week
=0.79; 2 to 4x/week = 0.43; 1x/week = 0.14; 1 to 3x/
month = 0.07; consumes none = 0. In the analysis, a
higher score indicates more frequent consumption of
ultra-processed foods (20,21). Meal timing variables
included the timing of the first and last meals, eating
window duration, and nocturnal fasting on working
days and days off.

Anthropometric and clinical assessment
Weight and height were measured using a R/1W-200
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and a precision of 0.100 and a Tonelli stadiometer,
with a precision of 1 mm. Both measurements were
used to calculate body mass index (BMI, kg/m?). The
cut-off points adopted for BMI were those suggested
by the WHO, i.e.: normal weight (18.5-24.99); over-
weight (25-29.99), and obese (= 30.00) (22).

Blood pressure was measured from participants’
left arm as they sat after 10 minutes of rest by a Vital
Signs Monitor series 300 Welch Ally digital device in
the morning.

The MS outcome variable adopted diagnostic
confirmation according to the criteria of the First
Brazilian Guideline for the Diagnosis and Treatment
of Metabolic Syndrome and the National Cholesterol
Education Program Adult Treatment Panel Ill. Blood
samples were taken for tests on free days under a 12-
hour fast: fasting glycemia, glycosylated hemoglobin,
total cholesterol, HDL, ultrasensitive C-reactive pro-
tein, and triglycerides at the time of anthropometric
data assessment and application of the Simplified
Food Frequency Questionnaire.

Statistical analysis

The normality of continuous variables was analyzed
using the Kolmogorov-Smirnov test. Continuous
data were shown as means and standard deviations
or medians and interquartile ranges, whereas cat-
egorical ones as absolute and relative frequencies.
The Student’s t-test for independent samples was
used to compare means between day- and night-
shift workers. Homogeneity of variance was as-
sessed using Levene’s test. In case of asymmetry, the
Mann-Whitney non-parametric U test was applied.
The chi-squared or Fisher’s exact tests were used to
compare the proportions between worker groups.
Spearman’s correlation coefficient was used to as-
sess the association between sleep midpoint and the
variables related to the interval between the first
and last meal on working and off days. Poisson (cate-
gorical) or linear (numerical) regression models were
applied to control for confounding factors. In case
of asymmetry, the tweedie model with logarithmic
transformation was applied. The data were analyzed
using SPSS, version 27.0. Statistical significance was
set at p< 0.05.
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RESULTS

Night-shift workers had a significantly higher me-
dian age and length of service on the shift than day-
shift workers, with a higher prevalence of females in
both shifts. Alcohol consumption and physical activ-
ity did not show significant differences, but night-
shift workers had a higher proportion of smokers
(Table 1).

Regarding clinical assessment, night-shift workers
had higher mean/median scores for various param-
eters such as weight, abdominal circumference;
waist-to-hip ratio (WHR), systolic blood pressure and
diastolic blood pressure (Table 2) when compared to
day-shift participants.

The results relating to metabolic syndrome and its
components showed that hypertension occurred in
35.9% of workers, 56.1% among night-shift workers.
Night-shift workers were 3.48 times more likely to
have a change in blood pressure than dayshift work-
ers, when the multivariate model was adjusted for
age, gender, and time at work (PR = 3.48; 95% Cl: 1.66-
7.30) (Table 3).

Overall, 41% of the sample had altered HDL cho-
lesterol levels, with 53% of these being night-shift
workers. After adjustment, they had 2.20 times lower
HDL levels than day-shift workers when adjusted for
age, gender, and time at work (PR = 2.20; 95% Cl: 1.04-
4.66). The result of the regression analysis indicated
that every 1 mg/dL increase in HDL levels correlated
to a 6% reduction in the probability of MS occurring
in night-shift workers. Furthermore, elevated blood
glucose levels were observed in 10.9% of workers,
with a higher prevalence among night-shift workers.
After adjustment, this difference disappeared. MS oc-
curred in 26.3% of the total sample, 39.4% of whom
were night-shift workers, who were 135% more likely
to develop MS than day workers (PR = 2.35; 95% Cl:
1.07-5.15) (Table 3).

After adjustment by the multivariate Poisson
Regression model to assess factors independently
associated with MS by work shift, men had a sig-
nificantly higher prevalence of MS, regardless of
work shift. During the day, such probability was
around 7.76 times higher in men and 2.82 times
higher at night.
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Table 1. Sociodemographic, behavioral, and occupational characteristics of healthcare workers at a large hospital in southern Brazil, by work
shift (n = 156)

Variables Total (156) Daytime (90) Night (66) P
Age (years) 47 (42-56) 45 (40-55) 51 (46- 56) <0.001
Children Yes 108 (69.2%) 56 (62.2%) 52 (78.8%) 0.041
Sex
Female 115(73.7%) 74(82.2%) 41 (62.1%) 0.006
Male 41(26.3%) 16 (17.8%) 25(37.9%)
Marital status
With partner 89 (57%) 46 (51.1%) 43 (65.2%) 0.187
Without partner 67 (43%) 44 (48.9%) 23 (34.8%)
Schooling
1st/2nd grade 43(27.6%) 20(22.2%) 23(33.3%) 0.158
Higher education 44 (28.2%) 25(27.8%) 19 (28.8%) '
Graduate 69 (44.2%) 45 (50%) 24.(36.4%)
Function
Care 85 (54.5%) 42 (46.6%) 43 (65.2%) <0.001
Administrative 35(22.4%) 30(33.3%) 5(7.6%) ’
Other 36 (23.1%) 18 (20%) 18(25.2%)
Length of time working
1-15 years 91 (58.3%) 68 (75.6%) 23(34.8%) <0.001
> 15 years 65 (41.7%) 22 (24.4%) 43 (65.2%)
International Physical Activity Questionnaire
Sedentary 23(14.8%) 12(13.3%) 11(16.7%) 0541
Active/Very active 71 (45.5%) 41 (45.6%) 30 (45.4%) ’
Irregularly active 62 (39.7%) 37 (41.1%) 25(37.9%)
Smoking Yes 17 (10.9%) 5(5.6%) 12(18.2%) 0.018
Alcohol Use Disorders Identification Test
Low risk 135 (86.5%) 81(90%) 54 (81.8%) 0.281
Risk 18(11.6%) 8(8.9%) 10(15.2%) ’
High risk 3(1.9%) 1(1.1%) 2(3%)

Asymmetric variables are represented by medians and interquartile ranges that were assessed using the Mann-Whitney non-parametric U test. The chi-squared or Fisher’s exact tests were used
for categorical variables. A significance level of p < 0.05 was adopted for all tests.

Table 2. Clinical and laboratory parameters of healthcare workers at a large hospital in southern Brazil, according to work shift (n = 156)

Variables Total (156) Daytime (90) Night (66) P

Weight (kg) 74.60 (65.60-87.85) 70 (64.20-85.55) 80.25 (67.35-89.90) 0.037
BMI 27.99 (24.59-30.92) 26.55 (24.09-30.49) 28.26 (25.46-31.20) 0.159
AC 93.25(84.0-102.5) 91(82-100) 97.75 (89-103) 0.010
Female 91 (82-98) 88.8 (81-98) 93 (85.5-99.00) 0.221
Male 101 (93.3-108.5) 93.3(88.8-111.5) 102 (97.8-106.5) 0.207
WHR 0.84 (+0.09) 0.82 (x0.09) 0.86 (+0.08) 0.003
Female 0.81(0.08) 0.80 (x0.08) 0.83(x0.07) 0.072
Male 0.91 (+0.06) 0.91 (+0.06) 0.92 (+0.07) 0.688
Systolic BP 121(110-134) 116 (109-126) 129.5(117-140) <0.001
Diastolic BP 75(67-83) 72.5(66-81) 78 (68-88) 0.023
CRPUS 1.35(0.60-2.80) 1.55(0.50-3.5) 1.25(0.60-2.60) 0.383
Total cholesterol 192 (169-222.5) 196 (166-225) 191 (169-211) 0.632
Glycated hemoglobin 5.3(5.1-5.6) 5.2(5.1-5.6) 5.4(5.1-5.7) 0.067
Pre-diabetes yes 10 (6.4%) 3(3.3%) 7(10.6%) 0.097
Diabetes yes 6 (3.8%) 2(2.2%) 4(6.1%) 0.243

AC: abdominal circumference; HDL: high-density lipoprotein; BMI: body mass index; BP: blood pressure; CRP-US: ultrasensitive C-reactive protein; WHR: waist-to-hip ratio.

Variables with a normal distribution are shown as means and standard deviations. The Student's t-test was used to analyze them. Asymmetrical variables are shown as medians and
interquartile ranges and were assessed using the Mann-Whitney non-parametric U test. The chi-squared or Fisher’s exact tests were used for categorical variables. A significance level of p <
0.05 was adopted for all tests. RQC calculated mean because it is a symmetrical distribution — Levene's Test for Equality of Variances, other variables are median, asymmetrical distribution
— Independent samples Mann-Whitney U test. Pre-diabetes — Fisher's Exact Test.
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Sleep duration and social jetlag were similar be-
tween the groups, with no statistically significant dif-
ferences. The midpoint between the start and end of
sleep on working days showed a significant difference
between night- and day-shift workers, even when ad-
justed for possible confounding factors (age, gender,
children, and time at work) (Table 4), whereas such dif-
ference remained insignificant on rest days.

Night workers had greater exposure to natural
light on workdays (120 min [60-240] vs. 60 min [30-
180]; p < 0.022). On days off, there was no difference
between the groups. In adjusted logistic regression
models, exposure to natural light was not associated
with the presence of metabolic syndrome (OR = 1.01;
p < 0.87), low HDL (OR = 1.03; p < 0.62), or high tri-
glycerides (OR = 1.00; p < 0.94). Work shift (night and
day) was not independently associated with any of the
outcomes after adjustment for other factors.

Chronotype was categorized into three groups

based on MSFsc: morning (MSFsc < 3:59 am.),
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intermediate (4:00-4:59 a.m.), and evening (MSFsc
> 5:00 a.m.) (23), considering only participants who
did not depend on an alarm clock on their days off. In
this sample, 56 participants were classified as morn-
ing types, 13 as intermediate types, and 37 as evening
types. When stratified by work shift, daytime/full-time
workers had a higher proportion of morning chronotypes
(n=41), while among night workers there was a more bal-
anced distribution between morning (n = 15) and evening
(n = 16) chronotypes, suggesting a tendency toward later
sleep phases among those who work night shifts.

Regarding fat consumption, a higher frequency oc-
curred in night-shift workers (62.1%) than in day-shift
ones (51.1%). As for fiber consumption, night-shift
workers had a higher frequency of low consumption
(40.9%) than day-shift ones (26.7%). Despite the evi-
dent percentage variations, no statistically significant
differences occurred between shifts regarding fat (p <
0.0228; adjusted < 0.242) and fiber frequency intake
(p < 0.089; adjusted < 0.147).

Table 3. Diagnosis of metabolic syndrome and its components among healthcare workers at a large hospital in southern Brazil, according to

work shift (N = 156)

Daytime (n=90)

Variables n (%)

Night (n=66)

PR
(1C 95%)

padiusted*

n (%)

Hypertension 56 (35.9) 19(21.1) 37(56.1) <0.001 <0.001 3.48 (1.66-7.30)
Altered triglycerides 39(25.0) 17 (18.9) 22(33.3) 0.061 0.342 1.44(0.68-3.03)
Altered HDL cholesterol 64 (41.0) 29(32.2) 35(53.0) 0.014 0.039 2.20 (1.04-4.66)
Changed AC 82 (52.6) 44 (48.9) 38(57.6) 0.362 0.636 1.19(0.57-2.49)
Altered blood glucose 17(10.9) 5(5.6) 12(18.2) 0.025 0.198 2.36 (0.64-8.66)
Metabolic syndrome 41(26.3) 15(16.7) 26 (39.4) 0.003 0.034 2.35(1.07-5.15)

*Adjusted for age, gender, and time at work.

Variables with a normal distribution are shown as means and standard deviations. The Student's t-test was used to analyze them. Asymmetrical variables are shown as medians and interquartile
ranges. They were assessed using the Mann-Whitney non-parametric U test. The chi-squared or Fisher’s exact tests were used for categorical variables. A significance level of p < 0.05 was
adopted for all tests. To control for confounding factors, Poisson regression models (categorical) were applied. In case of asymmetry, the tweedie model with logarithmic transformation was
applied.

AC: abdominal circumference; HDL: high-density lipoprotein; PR: prevalence ratio.

Table 4. Description of sleep variables by work shift in healthcare workers at a large university hospital in southern Brazil (n = 156)

Variables Daytime (90) Night (66) P padiusted”
Average point of sleep on working days 2:34(2:01-3:17) 4:48 (3:29 -7:00) <0.001 <0.001
Average point of sleep on days off 4:01 (3:27-4:59) 4:25 (3:29-5:45) 0.084 0.098
Sleep duration on working days 6:57 (6:00-7:55) 7:29 (4:55-9:20) 0.184 0.102
Sleep duration on days off 8:00 (7:14-9:00) 8:10 (6:57-9:30) 0.541 0.392
Social jetlag 1:30 (0:44-2:01) 00:44 (00:06-2:37) 0.065 0.220

*Adjusted for age, gender, children, and time at work.
Asymmetrical variables are shown as medians and interquartile ranges. They were assessed using the Mann-Whitney non-parametric U test. The chi-squared or Fisher's exact tests were used
for categorical variables. A significance level of p<0.05 was adopted for all tests.
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Regarding ultra-processed foods, a similar pattern
occurred in the frequency of consumption of these
foods as both shifts had an estimated consumption
closer to 1-2 times a week 0.28 (0.21-0.38). Small dif-
ferences occurred in the consumption of sausages,
with night-shift workers consuming them more fre-
quently — from two to four times a week 0.43 (0.07-
0.79), when compared to day workers who consumed
them less than once a week 0.14 (0.07-0.43).

Significant differences occurred between groups
for the frequency of consumption of industrialized
sweets. The regression coefficient (b=-0.65; 95% ClI:
-1.24to -0.05) reinforces this difference, indicating an
average reduction of 0.65 points in the consumption
score for night-shift workers. Both shifts recorded low
values — 0.07 (0-0.43) —, but the greater variability
between daytime 0.07 (0-0.43) and nighttime work-
ers — 0.07 (0-0.14) — highlights a pattern of reduced
consumption frequency in this work shift. The con-
sumption of soft drinks and artificial juices showed a
difference close to the limit of significance (p < 0.052).
Statistical analysis showed no significant differences
in most of the food variables when adjusted for age,
gender, and time at work.

The first and last meal on working days between
shifts and non-working days statically differed
(Table 5), suggesting that night-shift workers have a

Dietary pattern and night work

longer eating window on work and off days than day-
shift workers. The regression analysis found that re-
ducing the interval between the first and last meal for
night-shift workers is associated with a 7% reduction
in their risk of MS.

Regarding nocturnalfastingonworkingdays, night-
shift workers had a shorter fasting time than day-
shift ones [8:00 (6:00-10:00) vs. 11:00 (9:12-12:00)
p < 0.001], after adjusting for possible confounding
factors (age, gender, and time at work). On days off,
both groups had a similar duration of overnight fast-
ing [12:00 (10:00-13:00) vs. 12:00 (11:00-13:00) p <
0.401] (Table 5). Regarding the number of meals, no
differences occurred between the shifts regarding the
number of meals on work or off days (Table 5).

When analyzing the correlation between sleep
midpoint and variables related to the difference be-
tween the first and last meal on work and off days, no
significant correlation occurred for either daytime or
nighttime individuals. However, on days off, a nega-
tive and significant correlation occurred between the
difference in meal times and the midpoint of sleep for
nocturnal individuals (rs = -0.250; p < 0.043), suggest-
ing a possible relation between the meal interval and
the midpoint of sleep on days off. As for night-time
fasting, no significant correlations occurred for day-
time (rs = 0.083; p < 0.437) or nighttime individuals

Table 5. Comparison of dietary pattern and chrononutrition variables between night and day shifts (n = 156)

Variables totalll Tzz;lple Dayti:(ﬁ/o()n=90) Nig:t(i/::):ﬁ(i) e
Fat**
Low/Minimum 69 (44.2%) 44 (48.9%) 25(37.9%) 0228 0242
High/Very High/Relatively High 87 (55.8%) 46 (51.1%) 41(62.1%)
Fiber**
Adequate Consumption 105 (67.3%) 66 (73.3%) 39(59.1%) 0.089 0147
Low consumption 51(32.7%) 24(26.7%) 27 (40.9%)
Median consumption*** of ultra-processed foods 0.28(0.22-0.38) 0.28(0.21-0.38) 0.28(0.21-0.38) 0.971 0.749
Difference in time between first and last meal (hours) on working days ~ 13:52 (12:00-16:00) ~ 13:00(12:00-14:30)  16:00 (13:00-18:00) ~ <0.001 <0.001
Difference in time between first and last meal (hours) on days off work ~ 12:00(11:00-13:00)  12:00(11:00-13:00)  12:30 (11:00-14:00) 0.045 0.030
Night fasting on working days 10:00 (8:00-11:30) 11:00(9:12-12:00) 8:00 (6:00-10:00) <0.001 <0.001
Night fasting on days off 12:00(11:00-13:00)  12:00(11:00-13:00)  12:00 (10:00-13:00) 0.401 0.992
Number of meals in the working day 4 (4-5) 4 (4-5) 4 (4-5) 0.489 0.546
Number of meals on days off 4 (4-5) 4(3-5) 4 (4-5) 0.165 0.149

*Adjusted for age, gender, children, and time at work.

**Fat score greater than 22 — high, very high, relatively high, less than 21 low/minimal consumption; Fiber - equal to or greater than 20 — regular/adequate, less than 19 — low consumption.
***Daily consumption score of ultra-processed foods: More than 3x/day = 3; 2 to 3x/day = 2; 1x/day = 1; 5 to 6x/week = 0.79; 2 to 4x/week = 0.43; 1x/week = 0.14; 1 to 3x/month = 0.07;

consumes none = 0.
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(rs =0.148; p < 0.235) on working days, indicating that
night-time fasting has no statistically relevant associa-
tion with sleep midpoint in either group.

DISCUSSION

Our results suggest that night work is significantly as-
sociated with anincrease in the frequency of metabol-
ic syndrome and its individual components (hyperten-
sion, increased body measurements such as weight,
abdominal circumference and waist-to-hip ratio),
which indicate greater accumulation of body fat, simi-
larly to other studies (24). Moreover, an observational
study of retired workers suggested that the adverse
effects of night shifts on cardiometabolic function may
persist after retirement, with differences between
men and women (25). Another cross-sectional study
highlighted that specific characteristics of night-shift
work, such as the frequency and duration of shifts, are
associated with high metabolic risk factors, such as in-
creased BMI and waist circumference (25,26).

Research has found significant associations be-
tween higher night-shift workload and higher blood
pressure levels than lower cumulative night-shift
workload (26,27). A systematic review and meta-
analysis offers sufficient evidence for a potential link
between permanent night-shift work and an increase
in blood pressure values, reinforcing the data in (28).
The reversal of working hours may be associated with
disruption of the circadian cycle and chronic stress.
Sleep deprivation and disturbances in rest schedules
may configure key factors explaining these changes
(29-35).

Social jet lag was greater for daytime workers, but
this can be justified by the greater variation between
sleep schedules on workdays and days off, as night
workers tend to maintain later schedules consistently.
These data are consistent with previous studies show-
ing that circadian misalignment is dependent on both
chronotype and work shift demands (36).

Despite the circadian difference between shifts,
social jet lag and midpoint of sleep were not associ-
ated with the metabolic outcomes assessed. Greater
exposure to natural light among night-shift workers
may also mitigate some of the circadian misalignment,
as sunlight is a powerful synchronizer of biological
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rhythm and improves adaptation to night shifts. This
compensatory effect was described (37), and con-
firmed in working populations (36), who demonstrat-
ed that exposure to natural light after the night shift
helps realign the circadian rhythm, increasing alert-
ness and reducing the negative effects of dysregula-
tion. Even though night workers have greater expo-
sure to natural light, this did not impact the diagnosis
of MS or the lipid profile. Studies show the greater
impact of artificial light on HDL and triglyceride levels
(38,39).

Night workers have a 12-hour night shift (7:00 p.m.
to 7:00 a.m.) with a 60-hour break, which can directly
influence both the time of exposure to natural light
and the interpretation of circadian patterns. This pat-
ternimplies that exposure to natural light on workdays
occurs in the morning and during the commute at the
end of the night shift, when solar irradiance is already
high. In contrast, the rest window (60 hours) means
that, on subsequent days, exposure to natural light is
similar to that observed among day workers, which
may explain the absence of differences between the
groups on days off.

Studies suggest that engaging in physical activity
at times misaligned with the circadian rhythm may be
associated with sleep disturbances and circadian mis-
alignment among shift workers (40). Although it was
not possible to assess the timing of physical activity
in the present sample, since only the IPAQ was used
to measure activity level, it is important to recognize
that both the amount and timing of physical activity
can influence the metabolic and circadian health of
this population.

The later night-shift workers sleep, the shorter the
interval between their first and last meal on off days,
suggesting that the way they organize their meals
may influence when they go to sleep, showing a more
regular behavior on days off or a response considered
more natural to the biological rhythm outside the
pressure of working hours.

Our analysis of eating patterns suggests that these
workers often consume more fat and less fiber than
daytime workers, suffer a greater impact on the time
between the first and last meal and on nighttime fast-
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on working days. Changes in meal times can nega-
tively impact glucose tolerance and contribute to in-
sulinresistance since eating at night is associated with
glycemic peaks and an increased risk of diabetes. This
finding suggests that meal timing may represent a
modifiable target for metabolic risk reduction among
night-shift healthcare workers. Moreover, the higher
frequency of fat consumption and lower fiber intake
in these workers reinforces the negative effects on
glucose metabolism, which can contribute to the
development of cardiometabolic dysfunctions. The
prevalence of hypertension in these workers may also
increase by inadequate dietary patterns, such as the
high consumption of sodium in ultra-processed foods
(41-43).

A study has explored fasting as an intervention to
reduce the impact of simulated night shifts on glucose
metabolism. Results showed that overnight fasting
can improve insulin sensitivity and glucose tolerance
when compared to meals or snacks during the night
(44). Moreover, daytime eating at appropriate times
can prevent internal circadian dysregulation (45).

In this specific sample, it was impossible to corre-
late the composition and quantity of the diet with clin-
ical and laboratory variables, but eating times seem
to constitute a way of predisposing these workers to
a worse quality dietary pattern considering the circa-
dian cycle (14,46). Thus, an increased calorie balance
during the 24-hour period of the day due to eating at
night could predispose to the risk of obesity and meta-
bolic disorders (47,48).

The influence of environmental factors, such as
lack of places to eat, limited healthy food choices, lack
of time, easy access to unhealthy foods, and the influ-
ence of colleagues’ preferences contribute to inad-
equate food consumption in night-shift workers (49-
53), leading to poor food quality and increased calorie
intake (54-57).

Lack of knowledge can also contribute to poor
choices, making it necessary to consider nutritional
education. A well-structured dietary intervention in
the workplace that combines nutritional education
and environmental dietary modification can help to
acquire knowledge and increase consumption of suit-
able foods (58).
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Restricting eating time during the day can also offer
an effective strategy for dietary and glycemic control
and weight loss, positively affecting insulin resistance
and 24-hour glucose levels in people with obesity (59).

The large prospective study Palomar-Cros et al.
carried out in France concluded that a late first meal
is associated with a higher incidence of type 2 diabe-
tes mellitus. They state that a circadian eating behav-
jor with an early first meal (before 8 a.m.) and an early
last meal (before 7 p.m.) may be beneficial in reducing
the incidence of type 2 diabetes mellitus (60). Another
large study carried out in Spain to analyze eating time
patterns associated with body weight found that a
later first meal time was associated with a higher BMI,
whereas alonger night fast was associated with alower
BMI in cross-sectional and longitudinal analyses (61).

The night-shift workers in the studied sample have
a chrononutritional profile with a greater difference
between meals and less fasting at night, so it is es-
sential to consider these aspects in the prevention of
metabolic diseases. The development of prevention
strategies must comprehensively consider biological,
behavioral, and social aspects and focus on the factors
that can interfere with maintaining health.

This study has some limitations that should be
considered. The cross-sectional design prevents es-
tablishing causality; data collection at a single center
limits the generalizability of the findings; and sleep
and dietary patterns were assessed using self-admin-
istered questionnaires, which are subject to memory
and perception biases. Additionally, voluntary par-
ticipation may have introduced self-selection bias, as
in-person attendance may have favored workers with
more flexible routines. Despite these limitations, the
study provides clinically relevant insights into modifi-
able eating behaviors associated with metabolic risk
in night-shift healthcare workers. The integration of
sleep characteristics, dietary patterns, and metabolic
indicators allows the identification of potential tar-
gets for workplace-based prevention and interven-
tion strategies, particularly in occupational groups
exposed to long-term cardiometabolic risks.

In conclusion, there are significant nutritional chal-
lenges for night workers due to factors that may be
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issues. The research results point to the importance
of interventions targeted at this group of workers.
Implementing strategies that meet nutritional needs
and promote healthy habits is essential to reduce risks
and improve quality of life. In addition, the creation and/
or adaptation of occupational health policies can play a
key role in reducing the negative impacts of night work.
Measures such as flexible meal times, providing healthi-
er food options in the workplace, and implementing nu-
trition education programs can contribute to improving
the dietary patterns of these professionals. Other strat-
egies could include reducing the workload for those
exposed to long shifts, ensuring adequate rest periods,
and promoting regular medical follow-up, with the aim
of minimizing the effects of circadian cycle reversal and
reducing the prevalence of metabolic diseases.

Further studies are needed to gain a deeper un-
derstanding of the long-term associations between
dietary patterns, daily food consumption time, and
their effects on the health of these workers, including
other public and private institutions. In particular, it
is essential to investigate the role of this dietary pat-
ternin the development of metabolic diseases, such as
obesity. Meal timing strategies may represent an ad-
ditional tool for metabolic risk management in night-
shift healthcare workers.
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ABSTRACT

Objective: To investigate the impact of dietary intake profile on body composition, physical performance, and muscle strength in
patients with acromegaly. Subjects and methods: Observational, cross-sectional study involving patients with acromegaly com-
pared with age and sex-matched controls. Body composition, including total lean mass (TLM) and appendicular lean mass (ALM),
was assessed using dual-energy X-ray absorptiometry (DXA). All participants completed a Food Frequency Questionnaire (FFQ)
and underwent strength and performance testing. Results: A total of 82 patients were included, 41 in the acromegaly group (AG)
and 41 in the control group (CG). The AG comprised 23 women and 18 men, mean age 55.9 + 11.8 years and mean BMI| 31.1 +
5.2 kg/m* Muscle mass was increased in the AG, but strength and physical performance were worse compared to CG. AG exhibit-
ed a higher intake of carbohydrates, trans fats, and certain micronutrients, as omega-3, vitamin B9, and beta-carotene, compared
to the CG. Niacin (R =-0.316, p = 0.004) and vitamin Bé (R = -0.320, p = 0.042) were associated with performance on the sit to
stand test. Beta-carotene (R=-0.429, p=0.005), vitamin E (R = -0.321, p=0.041), and flavone (R =-0.313, p = 0.046) were associ-
ated with better time to get up and go (TUG) test performance, whereas caffeine intake (R = 0.344, p = 0.028) was associated
with worse time. Additionally, niacin (R =0.341, p = 0.029) and selenium (R = 0.317, p = 0.046) had a positive impact on the short
physical performance battery (SPPB) test. Hand grip strength was positively correlated with monounsaturated fats (R = 0.387,
p =0.012) and selenium (R = 0.316, p = 0.044). Selenium, zinc, omega-6 fatty acids, calcium, and iron, were all positively associ-
ated with TLM, while caffeine and isoflavones showed a negative association. Conclusion: Patients with acromegaly exhibited
increased muscle mass, but their functional capacity were compromised, potentially due to alterations in muscle composition.
The intake of nutrients such as selenium, B-carotene, flavonoids, vitamin E and niacin, may improve physical performance and
muscle strength.

Keywords: Acromegaly; nutrients intake; body composition; physical performance; muscle mass

INTRODUCTION insulin-like growth factor 1 (IGF-1), typically due to a
Acromegaly is a rare endocrine disorder characterized =~ GH-secreting pituitary adenoma. This hormonal excess
by excessive secretion of growth hormone (GH) and leads to a range of clinical features (1), which increase

the risk of comorbidities and is accompanied by notable
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in preserving and increasing muscle mass by stimu-
lating muscle protein synthesis. Studies indicate that
adequate protein intake combined with resistance
trainingiscrucial for promoting muscle anabolism(3).
Furthermore, higher intake of proteins and dietary
fiber has been associated with lower body fat per-
centage and body mass index (BMI), demonstrating
benefits for body composition and fat control (4).
Polyunsaturated fatty acids, such as omega-3,
known for their anti-inflammatory properties, also
contribute to increased muscle mass and strength by
modulating anabolic signaling pathways (5). These
lipids are further associated with reduced central
adiposity, particularly when combined with strength
training (5).

Antioxidant vitamins (C and E) play a crucial role in
protecting muscle tissue from oxidative stress, there-
by supporting muscle health (6,7). In addition, other
nutrients such as iron, niacin (vitamin B3), zinc, vita-
min B12, selenium, and proteins are beneficial to lean
mass (8). Experimental and observational studies sug-
gest that adequate selenium levels are associated with
a lower body fat percentage and a better lean mass
profile, whereas both deficiency and excess may im-
pair adipose tissue function (9,10). Monounsaturated
fats intake is inversely associated with the risk of sar-
copenia, suggesting a protective role in the preserva-
tion of muscle mass (11). Additionally, dietary patterns
that promote the intake of these fats may improve
strength, muscle power, and antioxidant markers (12).
While some nutrients demonstrate beneficial effects
on body composition and muscle strength, others may
exert negative impacts. Trans fats, for instance, are as-
sociated with detrimental effects on skeletal muscle
mass (13). These lipids impair insulin sensitivity in
muscle,interfering with energy metabolism and po-
tentially contributing to a progressive decline in mus-
cle strength and function (14,15). This effect may ex-
acerbate insulin resistance, to which individuals with
acromegaly are more susceptible due to the excess of
GH and IGF-1 (16).

Chronic alcohol consumption is also linked to a
reduction in muscle mass and strength, largely attrib-
uted to the inhibition of protein synthesis and the in-
creased rate of muscle degradation (17,18).
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Given the limited literature on the nutritional in-
take of patients with acromegaly and its effects on
body composition, physical performance, and muscle
strength, this study aims to evaluate the influence of
dietary profile on these parameters.

SUBJECTS AND METHODS

This observational, cross-sectional study evaluat-
ed patients with acromegaly who were followed at
the Neuroendocrine Unit of the Endocrine Division
(SEMPR) in our academic research center. The study
was approved by the Ethics Committee of our insti-
tution under the protocol number 6.293.233 (CAAE:
49629321.7.0000.0096), and all individuals who
agreed to participate signed an informed consent
form.

Patients with acromegaly of both sexes over the
age of 18 were invited to participate by convenience
sampling during their routine outpatient medical ap-
pointment. The exclusion criteria included uncon-
trolled metabolic or chronic diseases (e.g., uncon-
trolled diabetes, uncontrolled hypertension, chronic
kidney disease) or active malignant neoplasms; use of
medications or drugs that could affect muscle or bone
(e.g., hormones, corticosteroids, and GLP-1 agonists);
any physical impairment preventing physical function
assessment; and patients who were unable to perform
the required tests and exams.

The included patients with acromegaly comprised
the acromegaly group (AG) and completed a standard-
ized questionnaire about demographic data, disease
characteristics, type of treatment, medications in use,
lifestyle habits (smoking and alcohol consumption),
personal and family history of fractures, and the pres-
ence of comorbidities. Data not captured during the
interview were collected from medical records. The
participants were then referred for nutritional and
physical evaluations (weight, height, and body mass
index [BMI]), body composition assessment, strength
and functional tests.

The diagnosis of acromegaly was based on the
14th Acromegaly Consensus, and the AG was con-
sidered to have controlled disease if the IGF-1 levels
were within the normal reference range for age and

sex (19). A control group (CG), matched by sex and =

served,

pyright® AE&M all rights re:



age, was recruited from relatives of patients and indi-
viduals from the community.

Body composition

Body composition was assessed using dual-energy
X-ray absorptiometry (DXA) with a Hologic Horizon
A device - serial number 201383, Bedford, USA.
Parameters analyzed included total lean mass in grams
(TLM), percentage of total fat mass (%TFM), android/
gynoid ratio (A/G), and appendicular lean mass (ALM),
measured by the sum of lean mass in the arms and legs.
Weight was measured using a calibrated anthropo-
metric scale (Plenna®) with the participant barefoot.
Height was measured using a vertical stadiometer
(Tonelli Gomes®). Body mass index (BMI) was calcu-
lated by dividing weight (in kg) by height squared (in
meters). BMI results for participants were classified as
underweight (BMI < 18.5 kg/m?), normal weight (18.6
kg/m? < BMI < 24.9 kg/m?), overweight (25.0 kg/m?
< BMI < 29.9 kg/m?), obesity grade 1 (30.0 kg/m? < BMI
< 34.9 kg/m?), obesity grade 11 (35 kg/m? < BMI < 39.9
kg/m?), and grade Il obesity (BMI > 40 kg/m?) (20).

Physical performance and muscle strength

Physical performance and strength were evaluated
using the short physical performance battery (SPPB),
which comprises three tests: strength, performance,
and balance. Strength was assessed through the
5-times seat to stand test (STST), where patients were
required to rise from and sit back on a chair five con-
secutive times as quickly as possible without stop-
ping or using their arms. A time below 15 seconds (s)
was considered normal (21). Performance was mea-
sured using the 4-meter gait speed test (GS), in which
patients stood up from a chair, walked 6 meters at a
safe speed, the first and last meters were not timed; a
speed 20.8 m/s was considered normal (22). Balance
was evaluated by instructing patients to maintain a
standing position without support for 10s with their
feet together, followed by another 10s in a semi-
tandem position, and then 10s in a tandem position.
Each position was scored: maintaining the position for
10s earned 2 points, holding it for 3 to 9.99s earned
1 point, and less than 3s or inability to perform re-
sulted in O points (22). Additionally, the time up and
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go test (TUG) was conducted, requiring patients to
stand from a chair without using their arms, walk 3
meters, turn around a cone, return, and sit back down
at a comfortable pace. A time of 20s or less was con-
sidered normal (22,23). Upper limb strength was as-
sessed using the handgrip strength (HGS) test with
a Charder® MG 4800 dynamometer. Patients were
instructed to squeeze the dynamometer handle with
maximum strength, and an average of three attempts
was recorded. Values of < 27 kg for men and <16 kg for
women were considered altered (22).

Food Frequency Questionnaire (FFQ)

To assess dietary patterns and nutrient intake, a vali-
dated food frequency questionnaire (FFQ) was used
for the adult Brazilian population aged 18 to 60 years,
who were overweight, i.e., BMI above 25 kg/m? (24).
The FFQ was collected considering the foods con-
sumed over a one-month period and includes 90 foods
or preparations, divided into fifteen sections: 1) foods
or preparations; 2) pasta; 3) various dishes and snacks;
4) meats; 5) rice, tubers, and vegetables; 6) eggs; 7)
dairy products; 8) fats; 9) cereals; 10) green leaves; 11)
fruits and juices; 12) miscellaneous; 13) breads, cakes,
and cookies; 14) various drinks; and 15) sweets and
desserts. During the interview, the participant was
asked to indicate whether they consumed the food
or preparation, the frequency throughout the month,
and the amount consumed in household measures or
the approximate value in grams.

During the face-to-face interview in which the
food frequency questionnaire was administered, the
research team used a standardized photographic man-
ual containing household utensils and portion-size im-
ages with corresponding weights (25). Participants
were asked to identify the portion size that most
closely resembled their usual intake. These standard-
ized images were not photographs of the participants’
own meals, but visual aids used to improve accuracy
in estimating portion sizes. FFQ data were entered
into a pre-designed Excel® spreadsheet, which dis-
played the quantities of 38 macronutrients, micronu-
trients, and bioactive compounds per 100 grams of
food or preparation. A formula was created, so when
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into the spreadsheet, the calculation was automatic.
The calculation of dietary component intake used
the Brazilian food composition table (TACO) (26), the
USDA food and nutrient database (27), the Brazilian
table of carotenoid composition in foods (28), and the
Phenol-Explorer 3.0 database (29). The intake pat-
tern was considered inadequate when nutrient intake
was below the recommended levels for age and sex,
based on Dietary Reference Intakes (DRIs). Thus, the
Estimated Average Requirement (EAR) was used, and
if EAR values were not available, the Adequate Intake
(Al) (30), and the latest WHO guidelines on fat and
carbohydrate consumption were applied (31,32).

Statistical analysis

Statistical analyses were performed using the
Statistical Package for the Social Sciences (SPSS)
software, version 29. A descriptive analysis of the
frequency distribution of all variables was conducted.
The Kolmogorov-Smirnov test was used to assess the
normality of the variables in the study. To evaluate dif-
ferences between means, Student’s t-test was used
for parametric data and the Mann-Whitney test for
non-parametric data. For the evaluation of categorical
data, Fisher’s exact test and the chi-square test were
used. We employed the Spearman’s Rho coefficient to
measure the size of the effect of the studied associa-
tions, assuming the following cutoff points: at least 0.8
(very strong), 0.6 up to 0.8 (moderately strong), 0.3-
0.5 (fair), and < 0.3 (poor) (33). Statistical significances
were considered when the p-value was < 0.05.

RESULTS

Fifty-seven patients with acromegaly were invited to
participate, eight were excluded either because they
lived outside town and could not do the evaluations
or had a condition that could impact the test results.
Additionally, eight individuals declined to answer
the FFQ. Finally, 41 patients were included in the AG
(mean age 55.9 + 11.8 years; 90.2% white and 58.5%
women; BMI 31.3 + 5.2 kg/m? and were compared
to 41 in the CG (mean age 56.8 + 14.3 years; 82.9%
white and 56.1% women; BMI 25.5 + 3.3 kg/m?). The
mean age at diagnosis of acromegaly was 43.7 + 13.0
years, and the mean disease duration was 12 years.
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Most of the patients in the AG underwent surgical
treatment.

Comparedtothe CG, the AG group had higher BMI,
more fractures, and a higher number of comorbidities,
with hypertension, obesity, and hypogonadism being
the most prevalent (p < 0.05 for all) (Table 1).

Nutritional inadequacies were common in both
groups, despite differences in the intake of specific
nutrients and bioactive compounds (Table 2). The
AG had higher intake of carbohydrates (p = 0.019),
trans fats (p < 0.001), omega-3 (p = 0.001), folic acid
(p = 0.013), thiamine (p = 0.009), and beta-carotene
(p 0.001). The mean mineral intake was similar be-
tween groups. Both groups showed insufficient daily
consumption of fiber, omega-3, omega-6, vitamins A
and E, magnesium, potassium, and calcium; only the
CG had folic acid intake below the recommended
level.

The body composition showed similar %TFM and
A/G ratio between groups. In contrast, lean mass were
higher in the AG, TLM (male AG 66.7 + 8.9 kg vs CG
52.3+8.6kg,p<0.001and female AG47.1+9.1kgvs
CG 38.7+6.0kg, p=0.001) and ALM in both men and
women (male AG27.7+4.3kgvs CG22.3+3.1kg,p <
0.001 andfemale AG 16.9+ 6.4 kgvs CG 15.0+ 2.4 kg,
p =0.009) (Table 3).

Data on physical performance and muscle strength
are presented in Table 4. Compared to the CG, the AG
showed slower STST (16.6s+5.3svs12.25+2.55;p<
0.001),TUG(12.225s+4.27svs9.4s+2.7s;p <0.001)
and GS (0.91 m/s £ 0.3 m/s vs 1.16 m/s + 0.2 m/s; p <
0.001), and lower SPPB scores (9.0 + 2.6 vs CG 11.8 +
0.5; p<0.001).

Correlations between body composition, physi-
cal performance tests, muscle strength and the in-
take of nutrients and bioactive compounds in the
AG are detailed in Figure 1. The A/G correlated
negatively only with isoflavone, while TLM corre-
lated positively with several nutrients, including
selenium, omega-é6, folic acid, zinc, vitamins B6 and
B12, polyunsaturated fats (PUFA), monounsaturat-
ed (MUFA), iron, fiber, calcium, proteins, carbohy-
drates, total fat, and total calories (p < 0.05 for all).
Only caffeine showed a negative correlation with
TLM (Figure 1A).
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Table 1. Clinical and nutritional characteristics of the Acromegaly Group (AG) and the Control Group (CG)

Characteristics AG (n=41) CG (n=41) P
Age (years) 55.9+11.8 56.8+14.3 0.769
Ethnicity 0.01
White, n (%) 38(92.7) 34(82.9)
Black, n (%) 3(7.3) 1(2.4)
Asian, n (%) 0 6(14.6)
Sex, n (%)
Female 23 (56.1) 23 (56.1)
Male 18 (43.9) 18 (43.9)

Smoking, n (%) 7(17.1) 1(2.4) 0.02
Height (m) 1.70£0.1 1.64 £0.1 0.445
Weight (kg) 87.0+186 701113 <0.001

BMI (kg/m2) 31152 255+33 <0.001
Normal, n (%) 6(14.6) 25(61.0)

Overweight, n (%) 15(36.6) 11(26.8)
Obesity grade I, n (%) 10 (24.4) 5(12.2)
Obesity grade II, n (%) 7(17.1) 0
Obesity grade Ill, n (%) 3(7.3) 0

Disease data
Time since diagnosis (years) 120+78 NA
Age at diagnosis (years) 437 £13.0 NA
Serum IGF-1* (ng/mL) 256.6 + 164.8 NA
Surgical treatment, n (%) 35(85.4) NA

Disease control, n (%)

Controlled 26 (63.4) NA
Uncontrolled 15(36.6) NA

Medications, n (%)

Somatostatin receptor ligands

Octreotide 26 (63.4) NA
Lanreotide 15(36.6) NA
Cabergoline 7(17.1) NA
Pegvisomant 4(9.7) NA
Comorbidities, n (%)
Hypertension 23(56.1) 14(34.1) 0.057
Obesity 20(48.8) 6(14.6) 0.001
Dyslipidemia 16 (39.0) 12(29.3) 0.390
Diabetes 15(36.6) 3(7.3) 0.003
Hypothyroidism 9(21.9) 1(2.4) 0.01
Hypogonadism 9(21.9) 0 <0.001
Men 4(44.4) 0
Hormonal replacement 1(25.0) 0
Women 5(55.5) 0
Hormonal replacement 4(80.0) 0
Hypopituitarism 7(17.1) 0 0.01
Mood disorder 6(14.6) 0 0.032
Osteoporosis 5(12.2) 4(9.7) 1.000
Fracture/patient 0.63+1.11 0.15+0.43 0.01

=
i
=<

NA: not applicable; BMI: body mass index; *: value of IGF-1 at the time of evaluation.
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Table 2. Nutrient intake in the Acromegaly Group (AG) and the Control Group (CG)

Notrents Moan= SD Moan= SD
Energy (kcal) 2242.34 +929.36 1958.42 + 784.35 0.059
Macronutrients
Proteins (g) 104.15+£45.13 104.13 +48.12 0.893
Carbohydrates (g) 100 267.78 + 130.47 207.88 + 96.50 0.019
Fibers (g) 25-38 19.20 £7.50 16.78 +7.63 0.084
Total fat (g) ND 71.86 +32.73 69.69 + 33.47 0.640
Saturated (g) < 10%/day 2558 +12.16 2513+ 10.53 0.835
Monounsaturated (g) ND 2359+ 11.12 23.38+12.16 0.738
Poliunsaturated (g) ND 12.82 +5.86 12.26 +5.36 0.745
Cholesterol (mg) <300 383.79+179.79 426.79 +212.00 0.325
Trans fat (g) < 1%/day 2.86 +2.55 0.76 £ 0.60 <0.001
Omega-3 (g) 1.1-16 0.36 £0.24 0.21+0.18 0.001
Omega-6 (g) 11-17 9.86 +5.02 9.15+6.87 0.594
Micronutrients
Vitamins
Vitamin A (mg) 500-625 174.07 +113.96 174.82 + 96.15 0.974
Vitamin C (mg) 60-75 188. 73 + 136.66 145.48 + 106.18 0.068
Vitamin D (Ul) 400Ul 182.4 £185.2 182 +205.6 0.670
Vitamin E (mg) 12 3.86+232 4.56 +2.66 0.208
B1 (mg) 0.9-1.0 1.58 + 0.67 1.23+0.51 0.009
B3 (mg) 14-16 252+122 236119 0.530
B6 (mg) 1.1-13 1.96 +0.97 1.83+£0.82 0.503
B9 (mcg) 320 460.42 +171.09 371.86 +171.96 0.013
B12 (mcg) 2.0 444 +7.726 476 +2.42 0.467
Minerals
Calcium (mg) 800-1000 636.08 + 380.79 583.27 + 281.71 0.935
Magnesium (mg) 255-350 280.13 +90.54 259.91 + 98.59 0.336
Potassium (mg) 2600-3400 3056.63 £ 1144.71 2762.02 + 0.964 0.272
Zinc (mg) 6.8-9.4 12.79 +6.57 12.26 £5.36 0.802
Trace element
Selenium (mcg) 45 101.91 + 43.08 104.02 + 44.48 0.828
Bioactive compounds
Betacarotene (mcg) ND 810.71 £592.22 252.65 + 347.75 0.001
Flavone (mg) ND 9.33+5.27 5.27+7.70 0.153
Isoflavone (mg) ND 0.68+0.71 0.66 + 0.65 0.893
Others
Alcohol (g) <30 1.31+3.66 9.10£11.43 <0.001
Caffeine (g) 400 84.48 +71.85 108.63 + 107.04 0.323

EAR: estimated average requirement; B12: methylcobalamin; B6: pyridoxine; B9: folic acid; B1: thiamine; B3: niacin.

=
i
=<
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Table 3. Body Composition in the Acromegaly Group (AG) and the Control Group (CG)

AG (n=41) CG (n=41) 1]
Total lean mass (kg)
Men 66.7 +8.9 52.3+8.6 <0.001
Women 47.1+£9.1 38.7+6.0 0.001
Total fat mass (%)
Men 320+35 312+40 0.528
Women 413+56 420+37 0.644
ALM (kg)
Men 27.7+43 22331 <0.001
Women 16.9+6.4 15.0+2.4 0.009
A/G ratio
Men 1.11+£017 1.07+0.14 0.445
Women 0.89+0.11 091+0.12 0.543
Elevated A/G ratio, n (%)
Men 14 (87.5) 17(89.5) 0.855
Women 13(59.1) 13(68.4) 0.536
ALM: appendicular lean mass; A/G: android/gynoid ratio.
Table 4. Physical performance and muscle strength in the Acromegaly Group (AG) and the Control Group (CG)
Tests AG (n=41) CG(n=41) p
Muscle strength
STST (s) 16.6+5.3 12225 <0.001
Low n (%) 22 (53.6) 2(4.9) <0.001
HGS (kg)
Men 42.1+9.3(0) 39.4+5.8(0) 0.293
Low n (%) 0(0) 0(0)
Women 257 +£5.8(1) 246 £4.7(0) 0.488
Low n (%) 1(2.43) 0(0) 1.000
Physical performance
TUG (s) 1222 +4.27 94+27 0.001
Altered 3(7.3) 1(2.4) 0.616
GS (m/s) 091+03 1.16+0.2 <0.001
Altered 12(29.3) 3(7.3) 0.020
SPPB 9.0+26 11.8+05 <0.001
Altered 13(31.7) 0(0) <0.001

AG: acromegaly group; CG: control group; n: number; %: percentage; s:seconds; kg: kilograms; m/s: meters per second; STST: 5-times seat to stand test; HGS: hand grip strength; TUG: time up

and go test; GS: gait speed; SPPB: short physical performance battery test.

Higher intake of beta-carotene, flavonoids, and
vitamin E was associated with shorter TUG time,
whereas caffeine intake was associated with longer
TUG time. Higher intake of monounsaturated fats and
selenium was positively correlated with HGS, where-
as higher niacin and vitamin Bé6 intake was inversely
correlated with STST time (Figure 1B).
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Although higher ALM and TLM were observed
in patients with uncontrolled disease (ALM 25.16 +
5.6 kg uncontrolled vs. 19.25 + 8.0 kg controlled, p =
0.028 and TLM 61.5 + 12.5 kg uncontrolled vs. 51.3 +
12.5 kg controlled, p = 0.019). No differences in nutri-
ent intake were observed between patients with con-
trolled versus uncontrolled acromegaly.
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Figure 1. Correlation between nutrients with body composition (A), muscle strength and physical performance (B).

DISCUSSION
To our knowledge, this is the first study to evaluate
dietary quality in patients with acromegaly and ex-
amine its association with body composition, physical
performance and muscle strength. Nutritional intake
differed between patients and controls and inadequa-
cies in several nutrients and bioactive compounds
were common in both groups. Notably, the AG showed
higher TLM but poorer strength and physical perfor-
mance associated with modifications in diet quality,
suggesting that increased lean mass does not neces-
sarily translate into better function in this population.
Patients with acromegaly presented significantly
higher total body weight compared to the CG largely
driven by lean mass. The higher TLM in the AG could
be attributed to the anabolic role of GH and IGF-1 in
promoting protein synthesis. Previous studies support
the altered body composition in acromegaly, char-
acterized by increased skeletal muscle mass and re-
duced body fat (34,35). However, in our sample, there
was no significant difference in body fat percentage or
A/G between groups, suggesting that the higher body
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weight in the AG was predominantly due to increased
lean mass, which may also reflect an increase in intra-
muscular water. TLM was also associated with the in-
take of various nutrients, including vitamins (Bé, B9,
and B12), minerals (iron, zinc, calcium, and selenium)
and macronutrients (carbohydrates, proteins, and to-
tal fats), suggesting that the diet may modulate lean-
mass measures in this group.

It was observed that, despite having greater lean
mass, patients with acromegaly exhibited a poorer
physical function, indicating muscle weakness, as pre-
viously reported (36). This deficit was evident in the
results of physical performance tests, where individu-
als with acromegaly performed worse compared to
the CG. This altered functionality may be related to
increased collagen deposition in muscle tissues, im-
pairing flexibility, and muscle efficiency (37). A study
by Martel-Duguech and cols. found that patients with
acromegaly had slower gait speed and poorer perfor-
mance in the STST (36), corroborating our findings.
Several nutrients have been positively correlated with
better physical performance and body composition,




and a balanced, nutrient-rich diet is generally associ-
ated with better performance than a nutrient poor
diet (38,39).

The positive association between vitamin Bé6 in-
take and improved performance has been previously
demonstrated (40). However, lower intakes of carbo-
hydrates, omega-3, vitamin D, and saturated fats have
been previously observed in individuals with greater
frailty (41). Although the AG had higher carbohy-
drate and omega-3 intakes than the CG, this did not
translate into better muscle strength or performance.
Saturated fat intake, despite being similar between
groups, exceeded recommendations in both groups. In
a study involving women, aged 18-79 years, saturated
fatintake was inversely associated with lean mass (13),
whereas in another study of sedentary men aged 25-
45 years, a high-fat diet was associated with reduced
whole-body efficiency (42). In our study, mean HGS
was similar between the groups, but was better with
higher selenium and MUFA intake. A study using data
from the National Health and Nutrition Examination
Survey (NHANES 2011-2014) higher selenium con-
centrations were associated with better HGS (43).

TLM was positively associated with several nu-
trients, including minerals, vitamins, carbohydrates
(including fiber), and fat. These findings suggest that
a higher intake of these nutrients may be associated
with higher lean-mass measures in these individuals.
In the study conducted by Borda and cols. (8) with old-
er adults, ALM was positively correlated with PUFAs,
zinc, selenium, vitamin B12, niacin, vitamin D, iron,
and proteins intake, highlighting the potential role of
these nutrients in supporting lean mass (8).

In our study, daily intake of fiber, omega-3, vita-
mins A, D, and E, magnesium, and calcium, although
below the recommended levels for age and sex was
positively correlated with body composition and mus-
cle strength. However, because mean intake of these
nutrients did not differ significantly between the AG
and the CG, we can only hypothesize that meeting
recommended daily intakes might be associated with
better performance in the AG, potentially mitigating
disease-related functional impairment. Alcohol con-
sumption, which is known to negatively impact muscle
mass (17,18) was higher in CG, raising the possibility
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that it may not represent a significant risk factor in
this context, or the increased alcohol intake in CG may
have impacted a lower lean mass compared to the AG.

Carbohydrates are the primary energy source for
exercise, especially high-intensity activities and play
an important role in physical performance and muscle
strength. Muscle glycogen is the storage form of car-
bohydrates, and low glycogen availability can impair
physical performance (44). We observed higher car-
bohydrate intake in AG, which is likely due to the high-
er basal metabolism and total energy expenditure in
acromegaly (45,46). Surprisingly, higher carbohydrate
intake was not associated with better physical perfor-
mance, suggesting that other disease related factors
may be more important determinants of function.

The folic acid (vitamin B9) is essential for red blood
cell production, DNA synthesis, and amino acids (33).
In a two-year study of older adults supplemented
simultaneously with vitamin B9 and vitamin B12
showed that the supplementation did not improve
physical function (47). Similarly, in our study, despite
higher folic acid intake in AG, it was not associated
with physical performance.

Omega-3, an essential fatty acid, must be obtained
through diet. Its anti-inflammatory properties are well
established. Omega-3 supplementation (2 g or more
per day) has been associated with improvements in GS
and TUG performance, and modest increases in mus-
cle mass (48). Omega-3 is a type of PUFA, and in our
study, PUFAs were positively correlated with TLM.
The intake of omega-3 was assessed from diet rather
than supplementation. It remains unclear whether
supplementation could potentially improve physical
performance and muscle strength in patients with ac-
romegaly (48).

Transfatwasnearlyfourtimeshigherinthe AGthan
inthe CG. This type of fat is associated with increased
all-cause mortality and is known to induce inflamma-
tion and oxidative stress (49). Evidence on trans fats
and physical performance largely comes from animal
studies. Liou and cols., 2013 reported reduced grip
strength in mice fed with a high trans-fat diet (50).
Similarly, Jeyakumar and cols., 2011 reported that
trans-fat intake reduced insulin-stimulated glucose
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impairing energy production and muscle function (14).
These findings suggest that higher trans-fat consump-
tion in the AG contributed to poorer muscle function,
although causality cannot be inferred from our design.

Beta-carotene, a precursor of vitamin A, has been
associated with strength and performance. In the
Framingham Offspring study, higher total carotenoid
intake was associated with increased grip strength
and a higher walking speed in adults, suggesting a
potential role for antioxidants in preserving muscle
function (51). In our study, beta carotene intake was
approximately three times higher in AG thanin CG but
was not associated with functionality.

Higher concentrations of selenium have been as-
sociated with better mobility and less impairment of
limb performance, muscle weakness, and mobility in
older adults (52) and with better grip strengthin adults
without chronic diseases (43). In our study, selenium
intake was positively correlated with HGS, SPPB, and
TLM. HGS was similar between groups, which raises
the possibility that selenium intake may have contrib-
uted to comparable HGS despite overall poorer per-
formance of the AG; however, this interpretation is
speculative. Although selenium correlated with SPPB
within the AG, mean SPPB was still lower in this group
thanin the CG, highlighting that multiple factors likely
contribute to functional impairment.

Although the AG showed a higher consumption of
some nutrients compared to the CG, the FFQ indicat-
ed that most participants did not meet recommended
daily intake for several micronutrients relevant to
health and physical performance. The relatively small
sample size and the cross-sectional design limit the
generalizability and preclude causal inference. In ad-
dition, dietary supplements and medication effects on
body composition and muscle strength were not as-
sessed and may have influenced the findings. Dietary
intake estimation is also subject to measurement bias.
Poorer performance in the AG may reflect balance
and gait disturbances, reported in acromegaly rather
thanintrinsic muscle impairment alone. Finally, groups
differed in comorbidities and lifestyle factors — par-
ticularly the higher prevalence of diabetes and hyper-
tension in the AG — which may have affected muscle
health and physical function. A strength of this study
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is its focuses on dietary intake in acromegaly and its
associations with body composition and muscle func-
tionality, areas that remain underexplored.

In conclusion, our findings highlight the complex
relationship between nutritional intake, body compo-
sition, strength and physical performance in patients
with acromegaly. Despite the increased muscle mass,
patients with acromegaly showed poorer physical
performance and strength. The higher intake of some
nutrients, such as selenium, B-carotene, flavonoids,
vitamin E, and niacin, may prove to be potentially
beneficial, and future studies, ideally prospective, are
needed to clarify whether modification in the diet can
improve physical function in patients with acromegaly.

Disclosure: no potential conflict of interest relevant to this ar-
ticle was reported.

Data availability: datasets related to this article will be avail-
able upon request to the corresponding author.
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ABSTRACT

Objective: To analyze the impact of nicotinamide nucleotide transidrogenase (NNT) enzyme impairment on cortisol production,
reactive oxygen species (ROS) formation, mitochondrial activity, and mitogen-activated protein kinase 8 (MAPK8) expression
in the adrenocortical cell line. Materials and methods: siRNA NNT knockdown was performed in H295R adrenocortical cells to
evaluate the effects on cortisol secretion (RIA) and reactive oxygen species (ROS) intracellular production (DCFDA) in basal
conditions and after stimulation with 10 uM forskolin. MAPK8 mRNA relative expression and protein localization were evalu-
ated using quantitative PCR (qPCR) and immunofluorescence, respectively. Results: NNT knockdown in the H295R adrenal cells
specifically reduced NNT RNA and protein levels. Under basal conditions, no changes in ROS intracellular production or corti-
sol secretion were seen in NNT-depleted H295R cells. However, under forskolin (10 uM), a potent steroidogenesis agent, we
observed a marked reduction in cortisol production (p < 0.0001) at the expense of normal ROS intracellular production and in-
creased MAPKS expression (p = 0.008). Conclusion: NNT-deficient adrenocortical cells can maintain mitochondrial homeostasis
and cortisol secretion in basal conditions. However, under stress, these cells seem to maintain the redox balance at the expense
of impaired steroidogenesis. MAPKS8 pathway activation appears to compensate for NNT deficiency.

Keywords: Adrenal steroidogeneses; oxidative stress; NNT gene

INTRODUCTION The maintenance of redox homeostasis, which re-
Cortisol production occurs partially within mitochon-  flects the delicate balance between ROS and antioxi-
dria, resulting intherelease of reactive oxygenspecies  dant systems, plays a crucial role in hormonal regula-
(ROS). ROS must be actively eliminated to maintain  tion and cellular function. Some hormones, such as
homeostasis in the intramitochondrial environment. melatonin, estrogens, insulin, and glucagon, possess
For this reason, adrenal cortex cells are supplied with ~ antioxidant properties, protecting cells from oxida-

high levels of enzymatic and non-enzymatic antioxi-  tive damage and modulating essential physiological
dants to maintain redox homeostasis. Disturbances in processes, including development, growth, and ag-
the redox homeostasis in the intramitochondrial envi- ing. Conversely, hormones such as catecholamines,
ronment of adrenal cells may have a deleterious effect ~ thyroid hormones, and corticosteroids can increase
on steroidogenesis (1). ROS production, contributing to oxidative stress.
Alterations in hormonal balance or endocrine system
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accumulation on steroidogenesis are partially under-
stood. However, the mechanisms involved have not
yet been determined (3,4).

The antioxidant defense system has complex and
specific mechanisms for each cell type. Tissues with
greater energy consumption, such as the liver, brain,
and steroidogenic tissues, are supplied with high lev-
els of enzymatic and non-enzymatic antioxidants,
such as superoxide dismutase (SODs), glutathione re-
ductase, glutathione peroxidase (GPX), and catalase.
These antioxidant components are essential for the
detoxification of ROS (1). The glutathione cycle detox-
ification system depends on nicotinamide adenine di-
nucleotide phosphate (NADPH), which is synthesized
in the intramitochondrial environment through the
enzyme Nicotinamide Nucleotide Transhydrogenase
(NNT) (5).

The NNT protein is crucial for the elimination of
ROS and the maintenance of cellular homeostasis.
NNT requires the energy of the mitochondrial proton
gradient to produce high concentrations of NADPH,
which is responsible for regenerating reduced gluta-
thione (GSH) into oxidized glutathione (GSSG), there-
by maintaining a high GSH/GSSG ratio (5).

Loss-of-function mutations in the NNT gene have
been described in patients with primary adrenal insuf-
ficiency, most of which are associated with the familial
glucocorticoid deficiency (FGD) phenotype (6,7).

In the human adrenocortical carcinoma cell line
(H295R), silencing the NNT gene through small inter-
fering RNA (siRNA) reduced the GSH/GSSG ratio and
promoted an increase in O2- concentrations. Such ef-
fects demonstrate the dysregulation of redox poten-
tial promoted by decreased NNT activity (6).

In a previous study, we developed a knockout
model for NNT using H295R cells and CRISPR/Cas?9
technology. In that study, we observed that NNT im-
pairment resulted in increased ROS production, de-
creased mitochondrial labeling, and a decrease in the
size and density of cholesterol droplets. A reduction
in the secretion of cortisol and aldosterone was also
observed. These data indicate that the abolition of
NNT generates a state of increased oxidative stress,
in addition to inhibiting steroidogenesis in affected
cells (8).
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In the C57BL6/J mouse lineage, which is naturally
deficient in NNT, a lack of organization in the zona fas-
ciculata of the adrenal gland is observed during em-
bryological development. A reduction in corticoste-
rone secretion and expression of the CYP11A1 gene,
which participates in the mitochondrial stage of adre-
nal steroidogenesis (6,9), was also noted. Additionally,
knockout mice for the NNT gene, when subjected to
stress, exhibited impairment in the stimulated in-
crease in corticosterone secretion and greater ACTH
secretion compared to control animals. An increase in
plasma concentrations of neurotransmitters such as
norepinephrine and dopamine was also noted (10).

Decreased activity of NNT, in adrenal pheochro-
mocytoma cells (PC12 cell line), reduced intracellular
NADPH levels, reduced the GSH/GSSG ratio, and in-
creased H202 levels, culminating in an increase in the
oxidative state, as also observed in H295R cell line.
The reduction in NNT expression in these cells also
resulted in an increased expression of phosphory-
lated mitogen-activated protein kinase 8 (MAPKS)
(11). These studies demonstrate the important role of
MAPKS8 and raise the question about its role in main-
taining the adrenal cells’ redox state and a possible
crosstalk with the NNT enzyme.

In the present study, our objective was to evaluate
the effects on steroidogenesis in the case of changes
in antioxidant defense mechanisms. In H295R human
adrenocortical tumor cells, we investigated the effects
of reducing NNT expression on steroidogenesis under
basal conditions and in response to induced stress. In
addition, considering the established role of MAPK
signaling in cellular stress responses, we investigated
MAPKS as a potential compensatory mechanism con-
tributing to mitochondrial homeostasis and redox bal-
ance. These studies provide a better understanding of
the oxidative stress affected by adrenal function.

MATERIALS AND METHODS

H295R cell culture

H295R adrenocortical carcinoma cell line (RRID:
CVCL_0458) was grown in DMEM F12 Medium sup-
plemented with 5% NuSerum, 1% penicillin/strepto-
mycin solution, and insulin-transferrin-selenium in a
humidified incubator at 37 °Cina 5% CO, atmosphere.

served,

Copyright® AE&M all rights re:



The H295R cell line was obtained from the American
Type Culture Collection (ATCC).

The medium was replaced with fresh medium
containing either vehicle or test drugs such as for-
skolin (FSK; Merck-Aldrich) (final concentration =
10 uM) and hydrogen peroxide (H,0,; Merck-Aldrich)
(final concentration = 1 mM). Forskolin treatment
was performed for 24 h, and H,O, treatment for 3
h. Cells were maintained in complete medium and
were not subjected to serum starvation. All the stock
solutions of the test drugs were prepared in DMSO
(Merck-Aldrich) or water, respectively. Within the
experiment, the total final concentration of DMSO
(less than 0.1%) was maintained constant across
conditions.

siRNA transfection - NNT silencing

The cells were seeded in 96-well culture plates, for
evaluation of viability, 24 for mRNA relative expres-
sion, and immunofluorescence or 6-well culture
plates for protein expression analysis. After 24 hours,
the medium was replaced by antibiotic-free complete
medium, and the cells were transfected with 40 nM of
either small-interfering RNA (siNNT - L-009809-00-
0005) or silencer negative control (NT - siNonTarget-
ing D-001206-13-05) (SMARTpool ON-TARGET plus
SiRNA, Horizon) using DharmaFECT 1 transfection
reagent (Horizon). After 24 hours of incubation, the
medium was replaced, and the cells were harvested
after 48 hours for gene expression. Two independent
experiments were performed in triplicate.

Viability

Cells (3 x 10* per well) were seeded in 96-well plates.
After 96 h, Cell Titer 96 Aqueous One Solution
(Promega) was added to each well, which was followed
by incubation for 1 h. Absorbance at 490 nm was read
with a microplate reader (Bio-Rad).

RNA isolation and RT-qPCR

Cells (3 x 10° per well) were seeded in 24-well
plates. Total RNA was extracted by using the TRIzol
Reagent (Thermo Scientific), and mRNA was sub-
jected to reverse transcription from 500 ng of to-
tal RNA by using the High-Capacity cDNA Reverse
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260 Transcription kit and MultiScribe enzyme
(Thermo Scientific). To assess gene expression us-
ing TagMan assays (Thermo Scientific), quantita-
tive Real-Time PCR (gPCR) of the following genes
was performed: NNT (Hs00966097_m1), CYP11B1
(HS01596404), CYP11A1 (HS00897320_M1), and
GUSB (4326320E), ACTB (4352935) were used as an
endogenous control. We performed two indepen-
dent experiments in triplicate for the final analy-
ses. For all the analyses , mRNA relative expression
value was determined by the 224t method. Results
were normalized to the Ct values of the endogenous
controls GUSB and ACTB.

Western blot analysis
Cells (1 x 10¢ per well) were seeded in 6-well plates.
Cells were lysed with the CellLytic M (Merck-Aldrich),
and Protease and Phosphatase Inhibitor Cocktails
(P8340 and P5726, both Merck-Aldrich) were added.
Protein concentration was measured by the
Pierce™ BCA Protein Assay Kits (Thermo Scientific).
Equal amounts (30 pg) of protein were subjected to
SDS-PAGE, transferred to nitrocellulose membranes,
blocked in TBST-T containing 5% Blotting-Grade
Blocker (Bio-Rad), and probed with the aforemen-
tioned anti-NNT antibody (dilution: 1:200; RRID:
AB1079495). Anti-GAPDH antibody (dilution:
1:1,000; RRID: AB_627678) was used as a loading
control. Immunocomplexes were visualized with
horseradish peroxidase (HRP) conjugated anti-mouse
(dilution: 1:4,000, RRID: AB_631736) and anti-rabbit
(dilution: 1:3000; RRID: AB_628497) antibody and
developed with enhanced chemiluminescence Kit ECL
Western Blotting Detection Reagents (GE Healthcare)
on a ChemiDoc XRS+ System (Bio-Rad, Hercules, CA,
USA). Acquired bands were analyzed using the Image
Lab™ software (Bio-Rad).

Mitochondrial function analysis

A parameter of mitochondrial function was described
previously (12). Intracellular reactive oxygen species
(ROS) levels; 20,70-dichlorodihydrofluorescein diace-
tate (H2DCFDA - (Thermo Scientific) was used. Cells
were incubated with 5 uM H2DCFDA at 37 °C for

30 min, washed, and analyzed by using the BD-FACS &

served,
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Canto flow cytometer (Becton Dickinson); 495-nm ex-
citation and 527-nm emission wavelengths were used.
Mean fluorescence intensities were analyzed with
the BD - FACS-Diva Version 6.1.3 software (Becton
Dickinson). At least 10,000 cells were analyzed.

MitoTracker Deep Red FM (Thermo Fisher
Scientific), a dye that stains mitochondria in live cells,
was used to measure mitochondrial intensity. Cells
were incubated with MitoTracker Deep Red (250nM)
or DAPI (0.5 pg/mL) at 37 °C for 30 min. The cells were
fixed, and mounting medium (Thermo Fisher Scientific,
MA, USA) was added. Digital images were acquired
with the Confocal Microscope Leica SP5 (Leica
Microsystems). The different fluorophores were ex-
cited using the 644-nm, 665-nm, 365-nm, and 405
nm wavelengths. LAS AF version 2.7.3.9723 software
(Leica Microsystems) was used for acquisition. Mean
fluorescence intensities were analyzed with the BD -
FACS-Diva Version 6.1.3 software (Becton Dickinson)
using 644-nm excitation and 665-nm emission wave-
lengths. Two independent experiments were carried
outin triplicate.

Intracellular reactive oxygen species (ROS) levels
were analyzed using the 20,70-dichlorodihydrofluo-
resceindiacetate (H2DCFDA; Thermo Scientific). Cells
were incubated with 5 uM H2DCFDA at 37 °C for 30
min and analyzed in the BD-FACS Canto flow cytom-
eter (Becton Dickinson), using 495-nm excitation and
527-nm emission wavelengths. Mean fluorescence
intensities were analyzed with the BD - FACS-Diva
Version 6.1.3 software (Becton Dickinson). Two inde-
pendent experiments were carried out in triplicate.

Cortisol assay

Cortisol was measured by using an in-house devel-
oped radioimmunoassay (RIA) as described previ-
ously (13).

Immunofluorescence

Cells (3 x 10° per well) were seeded on coverslips in
24-well plates. After 24 hours, the cells were fixed in
4% formaldehyde and blocked with 1% BSA. MAPK8
was detected using primary antibody for MAPKS pro-
tein ((dilution: 1:200) AB18680), and Donkey anti-
Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
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Antibody, Alexa Fluor™ 488 as secondary antibody
(RRID:AB_2535792) Nuclear staining was accom-
plished using DAPI (dilution: 1:25000 #4083, Cell
Signaling Technology), and the slides were set with
ProLong™ (Thermo Fisher Scientific).
Fluorescence was acquired with the Confocal
Microscope Leica SP5 (Leica Microsystems). The dif-
ferent fluorophores were excited at 644-nm, 665-nm,
365-nm, and 405-nm.

Diamond

Statistical analysis

Data are presented as the mean £ SD or the mean *
SEM. Statistical significance was determined by us-
ing a Student’s t-test or one-way ANOVA followed by
Tukey’s. The GraphPad Prism 8.0® software was used
for these analyses (GraphPad, San Diego, CA, USA),
and the level of significance was set at p < 0.05.

RESULTS

Relationship between oxidative stress and
cortisol production

We observed that the induction of oxidative stress,
with H,O,, in H295R adrenal cells caused an increase
in ROS production (p < 0.0001) (Figure 1A). In re-
sponse, the mitochondrial activity also was increased
under these conditions (p < 0.0001) (Figure 1B). This
dysregulation of redox homeostasis, caused by oxida-
tive stress, impairs cortisol secretion in adrenal cells
(p =0.0004) (Figure 1C).

We also observed the impact of steroidogenesis
induction on redox homeostasis. Cortisol increase
(p < 0.0001) (Figure 1F), by FSK stimulus, resulted in an
increase in ROS production (p = 0.002) (Figure 1D) and
mitochondrial activity (p = 0.006) (Figure 1E).

NNT knockdown in H295R adrenocortical cells
Through the application of the RNAi system commer-
cially available, targeting regions of exons 2 to 22 in
the NNT gene, we achieved NNT knockdown. Greater
than 78% NNT knockdown was established in H295R
cells, quantified by real-time quantitative PCR (Figure
2A), resulting in a mRNA expression of thereabout
22% in comparison with control H295R. A reduction
in NNT protein expression was confirmed by immu-
noblotting (Figure 2B).
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Figure 1. Relationship between oxidative stress and cortisol
production. (A) Reactive oxygen species (ROS) production, quantified
with 20,70-dichlorodihydrofluorescein diacetate (DCFDA, Merck-
Aldrich), cells treated with hydrogen peroxide (H,0,) show an
increase in ROS production when compared to the vehicle (n=6;
p< 0.0001). (B) Cells labeled with Mitotracker Red show an increase
in mitochondrial activity after treatment with H,0, (n=6; p< 0.0001).
(C) Reduction in cortisol production after induction of oxidative
stress (n=6; p=0.0004). (D) Increase in ROS production after
steroidogenesis induction with forskolin (FSK) treatment (n=6;
p= 0.0002). (E) Important increase of the mitochondrial activity in
H295R cells after steroidogenesis induction (n=6; p=0.006).
(F) Increased cortisol production after FSK treatment (n=6;
p=< 0.0001). Data represents the mean + SD Student’s test.
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Figure 2. siRNA knock-in of the NNT gene in H295R cells. (A) NNT
mRNA expression was quantified using real-time gPCR and
normalized to GUSB (n=6; p< 0.0001). (B) Reduced expression of
the protein NNT is seen in siNNT after Western blot analysis. Data
represents the mean + SD Student’s test.

The NNT knockdown in H295R enhances
mitochondrial activity while maintaining redox
homeostasis

The number of cells verified after 72 hours of cul-
ture, via cell titer assay, showed an increase in
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control H295R cell proliferation under FSK stimulus (p
< 0.002). Despite that, NNT knockdown H295R cells
didn’t reveal an increase in proliferation (Figure 3A).

Under the same conditions, the oxidative stress
profile was verified through DCFDA stain. Control
cells showed an enhancement in ROS formation, un-
der steroidogenesis induction conditions (p < 0.02).
H295R NNT knockdown cells didn’t reveal ROS in-
crease under the same condition (Figure 3B).

Mitochondrial activity was evaluated with the
color stain MitoTracker Deep Red FM. Control H295R
cells presented a higher absorption of MitoTracker sig-
naling for an increase in mitochondrial activity under
FSK stimulus condition (p < 0.003). NNT knockdown
cells have shown a greater increase in mitochondrial
activity when submitted to steroidogenesis induction
(p =0.006) (Figure 3C).
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Figure 3. Evaluation of proliferation and mitochondrial function af-
ter stimulation of steroidogenesis. (A) Cell proliferation analysis in-
dicates an increase in proliferation in control cells (n=6; p< 0.02).

(B) ROS production, quantified with 20,70-dichlorodihydrofluores- 2

cein diacetate (DCFDA), in the control cells, who presented in-
creased ROS production after steroidogenesis induced with
forskolin (FSK) (n=6; p<=0.02). (C) Quantitative staining with Mito-
Tracker Red showing increased mitochondrial activity in control
(n=6; p< 0.03) and siNNT cells (n=6; p= 0.0006). Representative im-
age of mitochondrial activity increase in control and siNNT cells.
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NNT knockdown in H295R affects cortisol
levels without compromising key steroidogenic
components

After real-time quantitative PCR, we observed that
NNT knockdown didn't alter P450c11a. (CYP11A1)
or P450c11B (CYP11B1) transcription pattern under
plain medium or steroidogenesis stimulus conditions.
The induction of steroidogenesis, through FSK treat-
ment, showed an increase in CYP11A1 and CYP11B1
MRNA expression in control (p = 0.001; p < 0.0001)
and NNT knockdown (p = 0.03; p = 0.0006) H295R
cells (Figures 4A and 4B).

FSK treatment in control H295R cells significantly in-
creased the cortisol secretion (p < 0.0001). Nevertheless,
NNT knockdown deeply impaired the cortisol secretion
in H295R cells under steroidogenic challenge (Figure 4C).

NNT is important for adrenal steroidogenesis

NNT knockdown in H295R alters MAPKS8
expression

NNT knockdown increases MAPKS8 relative gene ex-
pression, when compared with control cells, under
basal (p = 0.008) and steroidogenesis stimulus (p =
0.03) (Figures 5B and 5C). We also observed MAPK8
protein expression via immunofluorescence. The
green fluorescence is intensified in H295R NNT
knockdown cells (Figure 5).

DISCUSSION

Changes in antioxidant defense mechanisms can lead
to the accumulation of ROS. Disruption of the balance
of these species leads to a process known as oxidative
stress, which can compromise cellular functions and
result in damage and death (14).
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Figure 4. Evaluation of adrenal steroidogenesis. (A) Control cells and cells with reduced NNT show increased expression of the CYP11A1
gene (n=6; p=0.001 and p=0.03). (B) Control cells and cells with reduced NNT show increased expression of the CYP11B1 gene (n=6;
p< 0.0001 and p=0.0006). (C) Control cells show an increase in cortisol production after stimulation with forskolin (FSK) (n=6; p< 0.0001).
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Figure 5. NNT knockdown alters MAPK8 expression. (A) Representative figure of MAPKS8 protein expression, through immunofluorescence.
(B) NNT knockdown increases MAPKS relative gene expression under regular condition (n=6; p=0.008) (C) and steroidogenesis stimulus

with forskolin (FSK) (n=6; p=0.03).
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Steroidogenesis significantly contributes to mito-
chondrial ROS production. These species are gener-
ated in the process of electron transfers by the P450
system. To prevent the formation of oxidative stress,
steroidogenic tissues are supplied with high levels of
enzymatic and non-enzymatic antioxidants. Changes
in antioxidant defense mechanisms may compromise
steroidogenesis (15).

Studies of oxidative stress induction, on steroido-
genic Leydig cell line (MA-10) have shown inhibition
in progesterone production (3,16). In accordance with
the literature, we observed that adrenal cells chal-
lenged by hydrogen peroxide stimulus showed an in-
crease in ROS production as well as in mitochondrial
activity. The creation of a stressor environment trig-
gered animportant decrease in cortisol production, re-
sulting in a compromise of steroidogenesis in this cell
line. The oxidative stress impact on steroidogenesis,
in adrenal cells, goes both ways. Our data showed that
the increase on steroidogenesis via forskolin stimulus
leads to an increase in mitochondrial activity and ROS
production in response to the stressor challenge.

NNT protein plays a massive role in ROS elimina-
tion and the maintenance of cellular homeostasis. Its
primary function is to maintain high concentrations
of NADPH in the intramitochondrial environment, re-
sponsible for GSH to GSSG regeneration and increas-
ing the GSH/GSSG ratio during the ROS degradation
process (6).

Although the importance of NNT protein in ad-
renal steroidogenesis has been widely known (6,10),
there is still a lack of knowledge to be enlightened
here. This study analyzed the in vitro adrenocortical
cell line H295R to evaluate the impact of NNT knock-
down on adrenal steroidogenesis, ROS production,
and mitochondrial activity.

Through silencing with siRNA, our experiments
were able to transiently reduce the expression of
the NNT protein in the H295R cell line. Under these
conditions, the cells were able to maintain the normal
functioning of antioxidant defense mechanisms, as we
can observe in the analysis of ROS formation and mi-
tochondrial function.

Studies of chronic reduction in NNT expression,
made with CRISPR-Cas9 or Short hairpin permanent
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depletion of expression models, showed impairment
in mitochondrial functions leading to oxidative stress
(8,9). In contrast, our work evaluated the acute effects
of NNT knockdown induced by iRNA, which results in
a transient reduction in expression. Thus, the impair-
ment of mitochondrial function appears to be related
to the duration of exposure to this stressful situation.
Furthermore, the introduction of a new stressor, in-
duced by FSK to stimulate steroidogenesis, showed
that cells deficient in NNT must increase mitochon-
drial demand to maintain cellular homeostasis.

As expected, we found that FSK in control cells
stimulates steroidogenesis, resulting in increased
cortisol secretion and expression of CYP11A1 and
CYP11B1 genes. When evaluating the response to
this stimulus in cells with NNT knockdown, we noticed
a distinct response. Although the expression of the
CYP11A1 and CYP11B1 genes is maintained, they do
not result in increased cortisol secretion. This obser-
vation indicates that damage to the NNT protein im-
pacts cortisol secretion. These data show that, faced
with a partial and temporary decrease in the func-
tion of the NNT protein, cells activate a predilection
mechanism, blocking steroidogenesis to moderate the
increase in ROS and maintain cellular homeostasis.

Oxidative stress stimulates the activation of sev-
eral intracellular pathways, including the stress-acti-
vated protein kinase signaling pathway, c-Jun-N-ter-
minal (SAP/JNK). In this pathway, two dual-specificity
kinases, MAP2K4 and MAP2K7, phosphorylate and
activate the MAPKS8 protein. MAPKS8 promotes cell
apoptosis, decreased gap junctions (GAP) between
cells, fibrosis, increased expression of genes for hy-
pertrophy, and mitochondrial dysfunction. During this
process, there is an increase in the activation of the
MAPKS protein located in the cytosol and its trans-
location to the inner mitochondrial membrane, which
suggests an interconnection between the cytosol and
mitochondria for the maintenance of redox balance
(11,17).

In a study using adrenal pheochromocytoma cells
from PC12 rats, silenced NNT gene promoted a re-
ductioninintracellular NADPH levels, the GSH/GSSG
ratio, and an increase in H,O, levels, culminating in

an increase in the oxidative state. The reduction of &
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NNT expression in these cells also resulted in an in-
crease in the expression of phosphorylated MAPKS8
(11). This fact was also observed in the present study;
as we reduced NNT expression in H295R cell line, an
increase in gene and protein expression of MAPKS8
was observed. In our study, the cells did not show dys-
regulation in redox balance, which suggests that the
activation of the MAPK8 pathway may be serving as
a compensatory pathway in these cells, allowing them
to maintain redox balance at the expense of cortisol
secretion.

Several studies using animal models have dem-
onstrated the relationship between oxidative stress,
autophagy, and multiple signaling pathways in main-
taining cellular homeostasis. ROS generation has
been associated with the activation of MAPK path-
ways, which can influence mitochondrial integrity, as
well as the PIBK/AKT/mTOR signaling cascade, which
regulates autophagy and cell survival. These findings
support our observations, in which oxidative stress
induced by NNT deficiency may trigger compensatory
activation of MAPKS, helping to preserve mitochon-
drial homeostasis and partially sustain steroidogenic
function. Overall, these results reinforce the idea that
redox imbalance engages multiple signaling pathways
to maintain cell survival and function, and they high-
light potential targets for future investigation (18,19).

These findings regarding the impairment of ste-
roidogenesis with the protein knockdown of NNT
are consistent with what is observed in the clinic in
patients with adrenal insufficiency. In recent years,
mutations in the NNT gene have been associated with
type 4 glucocorticoid deficiency with or without min-
eralocorticoid deficiency phenotype (6,8,20,21).

Therelationship between NNT and oxidative stress
iswell established in the literature; however, our study
provides important contributions by demonstrating
how stress conditions can further compromise ad-
renal redox homeostasis and reveal compensatory
mechanisms, such as MAPKS8 activation, that help par-
tially preserve mitochondrial and steroidogenic func-
tion. Despite the new insights provided by this study,
some limitations should be acknowledged. Notably,
the reduction of NNT was partial, which may not fully
reproduce complete enzyme deficiency. Furthermore,
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the analysis was restricted to total MAPKS8 protein ex-
pression, without evaluating its phosphorylated or ac-
tivated forms, limiting conclusions regarding MAPK8
functional regulation and compensatory mechanisms.
Future investigations could address these gaps by in-
cluding analyses of MAPK8 phosphorylation, direct
assessment of the activity of tricarboxylic acid (TCA)
cycleenzymes, or evaluation of mitochondrial complex
subunit expression, which could offer a broader view
of cellular energy metabolism. These observations
highlight important directions for future research and
reinforce the relevance of this study in elucidating the
role of NNT and compensatory mechanisms in adrenal
redox homeostasis and steroidogenesis.

The NNT proteinis localized to the inner mitochon-
drial membrane and plays a crucial role in maintaining
cellular redox balance. Under physiological conditions,
ATP production by the mitochondrial respiratory chain
partially reduces molecular oxygen, generating reac-
tive oxygen species (ROS). In adrenal cells, steroido-
genesis further contributes to mitochondrial ROS
production, particularly during the conversion of preg-
nenolone to 11-deoxycortisol, thereby increasing the
oxidative burden within the mitochondrial matrix. In
this context, NNT is essential for preserving mitochon-
drial function and cellular homeostasis by sustaining
NADPH availability. In NNT-deficient cells, ROS gener-
ated by both oxidative phosphorylation and steroido-
genic activity accumulate over time due to impaired
NADPH production. Consequently, steroidogenesis
is attenuated, likely as a compensatory mechanism to
limit oxidative stress and prioritize ATP generation
through mitochondrial respiration (Figure 6) (1,14).

The genotype-phenotype relationship in NNT de-
ficiency remains poorly defined, reflecting the marked
clinical heterogeneity observed in affected individu-
als. Although initially described as a cause of familial
isolated glucocorticoid deficiency, clinical evidence
has shown that patients harboring pathogenic variants
in NNT may present a broader spectrum of adrenal
impairment, including mineralocorticoid deficiency.
In addition, in recent years, alterations in gonadal ste-
roidogenesis and even disorders of sex development
have been reported, indicating that multiple steroido-

genicaxes may be affected (22). Our experimentaldata =
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Figure 6. Representative figure of mitochondrial activity. In control cells, we observe that electron transport through the mitochondrial chain
and the release of ROS during steroidogenesis are depleted via the NNT intermediate. In NNT deficiency, our data suggest a decrease in

cortisol production to maintain cellular homeostasis.

suggest a possible mechanism underlying this clinical
variability by demonstrating that NNT-deficient cells
can maintain steroidogenesis and cellular homeosta-
sis for a period, with functional impairment becoming
evident only after chronic exposure to NNT deficien-
cy. This delayed phenotypic manifestation suggests
the involvement of compensatory mechanisms, such
as the activation of oxidative stress-responsive path-
ways, including MAPKS8, which may transiently sustain
steroidogenic function. Consistently, patients with
NNT deficiency typically do not present with clinical
manifestations in the first days of life, with diagnosis
often established after the first year of life or at later
ages, reinforcing the concept that progressive failure
of these adaptive mechanisms contributes to the ob-
served phenotypic variability (22).

In summary, NNT-deficient adrenocortical cells
can maintain mitochondrial homeostasis and cortisol
secretion in basal conditions. However, under stress,
these cells seem to maintain the redox balance at
the expense of impaired steroidogenesis. MAPKS8
pathway activation appears to compensate for NNT
deficiency.
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ABSTRACT

Objective: To investigate somatic pathogenic variants (PVs) in the TERT promoter region and variants in the ATRX gene, both
related to telomere maintenance in cancer, in a Brazilian cohort of adrenal and extra-adrenal paragangliomas (PPGLs), and
to correlate these with metastatic disease as well as with clinical, radiological, and pathological characteristics. Materials and
methods: The TERT promoter was analyzed by automated Sanger sequencing or whole-exome somatic sequencing in a cohort of
79 patients with PPGLs (53 non-metastatic and 26 metastatic), encompassing a total of 81 tumors. ATRX was assessed through
whole-exome somatic sequencing in 26 patients from this cohort. Results: Germline PVs in Cluster 1A genes were identified
in 28 of 79 patients (35.4%), including 20 patients harboring PVs in the Succinate Dehydrogenase Complex Iron Sulfur Subunit B
gene (SDHB) (25.3%) and 8 patients (10.1%) with PVs in other Cluster 1A genes. Somatic PVs in the TERT promoter (c-124C>T/
C228T) were detected in two metastatic PPGLs (2.5% of the total cohort). Three PPGLs (two metastatic), among the 26 patients
studied, harbored somatic ATRX variants classified as likely benign (11.5%). Somatic PVs in the TERT promoter were identified
in patients with germline SDHB PVs. Among metastatic patients with germline SDHB PVs, the frequency of somatic PVs in the
TERT promoter was 16.7%. Conclusion: This study expands the understanding of telomere maintenance mechanisms in PPGLs in
a Brazilian cohort enriched for SDHB alterations. Somatic variants in the TERT promoter were associated with aggressive tumor
features, such as extra-adrenal location, germline SDHB PVs, and metastatic disease.

Keywords: Adrenal paraganglioma; paraganglioma; telomerase; genetics; exome sequencing

INTRODUCTION a high association with hereditary syndromes, with
Adrenal and extra-adrenal paragangliomas (PPGLs) germline pathogenic or likely pathogenic variants
are neuroendocrine neoplasms derived from chro-  (PVs) detected in up to 40% of cases (3). Although
maffin cells of the adrenal medulla (adrenal PPGLs, ¥ most PPGLs are non-metastatic, approximately
formerly named pheochromocytomas) or from sym- 15-20% are metastatic, as defined by the presence

pathetic and parasympathetic ganglia (PPGLs) (1,2).  of metastases in non-chromaffin tissues. Metastatic
These tumors have marked clinical heterogeneity and PPGLs are more prevalent in patients with genetic al-
terations in the pseudohypoxic cluster, larger tumors
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tively (6). PPGLs are closely associated with germline
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PVs, present in approximately 30-40% of cases, and
with somatic PVs, identified in up to 30% of tumors
(7). More than 20 susceptibility genes are implicated,
broadly categorized into three major molecular clus-
ters: Cluster 1, comprising genes involved in cellular
pseudohypoxia signaling, particularly the Succinate
Dehydrogenase Complex Iron Sulfur Subunit B gene
(SDHB); Cluster 2, involving genes related to tyro-
sine kinase-driven signaling pathways; and Cluster 3,
involving alterations in the WNT/B-catenin path-
way (7,8). At our institution, genetic testing was
performed in 182 patients with PPGLs, the largest
Brazilian cohort to date, revealing SDHB as the most
frequently altered gene (16.5%), a prevalence high-
er than that reported in other international cohorts
(7,9,10). In addition, a germline SDHB exon 1 deletion
was responsible for approximately half of these cases,
consistent with a Brazilian founder effect, as we have
previously demonstrated (11). In another Brazilian
cohort of 115 PPGL patients from a separate insti-
tution, 67 had a germline variant identified; the fre-
quency of SDHB PVs in this group was roughly 7%
(8 patients) (12).

Pathological mechanisms of telomere elongation
can be activated in various cancer types. The two prin-
cipal mechanisms are telomerase reverse transcriptase
gene (TERT) activation and alternative lengthening
of telomeres (ALT) (13). Most human cancers dis-
play some degree of TERT hyperactivity, which is the
primary mechanism underlying replicative immor-
tality (13,14). The predominant genetic mechanism
for pathological TERT activation involves somatic
PVs at hotspot sites in the TERT promoter (C228T
and C250T), which lead to increased gene transcrip-
tion and are associated with metastatic behavior in
PPGLs (15). Additionally, the ALT mechanism has
been strongly linked to somatic variants in the ATRX
chromatin remodeler gene (ATRX). A previous study
involving PPGL 200 patients demonstrated that the
ALT phenotype correlates with ATRX variants and
metastatic disease, highlighting ATRX alterations as
significant prognostic markers in this tumor type (15).
Interestingly, somatic PVs in the TERT promoter and
ATRX are more frequently observed in SDHB-related
PPGLs (15,16).
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In a multi-omics study, ATRX and TERT alterations
were also associated with metastatic PPGLs, together
with high tumor mutational burden, high microsatel-
lite instability, and Cluster 1A PVs (17). Nevertheless,
geneticalterationsin telomere maintenance pathways
have not yet been investigated in a Brazilian PPGL co-
hort. Given the distinct genetic landscape of PPGLs
among different ethnicities, including the high preva-
lence of SDHB PVs in our Brazilian cohort, we aimed
to investigate somatic PVs in the TERT promoter and
ATRXin PPGLs from Brazilian patients.

MATERIALS AND METHODS

Ethical aspects and inclusion criteria

This study was conducted in accordance with the ethi-
cal principles outlined in the Declaration of Helsinki
(18). The project was approved by the Research Ethics
Committee of Hospital das Clinicas da Faculdade de
Medicina da Universidade de S3o Paulo (approval no.
5.156.162) and the Instituto do Cancer de S3o Paulo
Octavio Frias de Oliveira (approval no. 1448/19).
Written informed consent was obtained from all par-
ticipants or their legal guardians.

In this study, 81 tumors from 79 patients with
PPGLs were evaluated, including one case of a me-
tastasis paired with its primary tumor and one pa-
tient with two primary tumors. Among these, 53
patients had non-metastatic PPGL, and 26 had meta-
static PPGL. The biochemical and imaging diagno-
sis of PPGLs followed the recommendations of the
Endocrine Society (1). Metastatic disease was defined
as the presence of a neuroendocrine tumor in non-
chromaffin tissue, confirmed by biopsy or functional
imaging (**'I-MIBG, PET-CT with ¢Ga-DOTATE, or
octreoscan) (6,19). Staging was performed using the
TNM system for PPGLs developed by the American
Joint Committee on Cancer (19). The maininclusion cri-
terion was the availability of blood and tumor DNA for
prior genetic investigation. All PPGL cases included had
a confirmed histopathological diagnosis. Cases without
a genetic diagnosis were defined as those lacking PVs
in genes previously associated with PPGL pathogen-
esis, according to the criteria of the American College
of Medical Genetics and Genomics (ACMG) and the
Association for Molecular Pathology (AMP) (20).

served,

right® AE&M all rights re:

Copy



Study cohort and sample collection

The cohort of 79 PPGL patients had previously un-
dergone Sanger sequencing, targeted gene panel se-
guencing, and/or whole-exome sequencing (WES) (10).
Germline DNA was extracted from peripheral blood
using the salting-out method. Tumor tissue samples
obtained during routine surgery were stored in liquid
nitrogen prior to nucleic acid extraction, totaling 68
cases. In 13 cases where only formalin-fixed, paraffin-
embedded (FFPE) tumor tissue blocks were available,
blocks containing more than 20% tumor content were
selected by an experienced adrenal tumor patholo-
gist based on hematoxylin and eosin-stained slides.
Two 20 um sections were obtained from each selected
FFPE block for DNA extraction.

DNA extraction and quality assessments

DNA was extracted from fresh tissue samples us-
ing the AllPrep DNA/RNA/mMIiRNA Mini Kit (Qiagen,
Germany). DNA from FFPE tissues was extracted using
the QlAamp DNA FFPE Advanced kit (Qiagen, Hilden,
Germany). For FFPE samples, a protocol optimized for
next-generation sequencing was employed, treating
DNA with uracil-N-glycosylase to minimize artifactual
nucleotide changes due to cytosine deamination. The
quality and concentration of extracted DNA were as-
sessed using a NanoDrop spectrophotometer.

PCR Amplification and Sanger sequencing of
the TERT promoter

The TERT promoter region (chr5: 1295151-1295313)
was amplified with previously described oligonucle-
otides (15) (Primer F:GTCCTGCCCCTTCACCTT; Primer
R: CAGCGCTGCCTGAAACTC), generating a 163 bp
amplified fragment for sequencing. PCR reactions were
performed using 10-15 pmol/uL of each oligonucleotide
and 200 uM deoxynucleotide triphosphate in a final vol-
ume of 25 pL. The PCR protocol consisted of 35 cycles
with an annealing temperature of 59 °C (15).

TERT promoter was performed with the KAPA HiFi
Hot Start ReadyMix kit (Kapa Biosystems). The con-
centration of cDNA or DNA in the PCR products was
estimated by comparison to molecular weight mark-
ers of known concentrations (®X) on agarose gel. The
resulting amplicons underwent enzymatic purification
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using ExoSap-it (Life Technologies, Carlsbad, CA,
USA), incubated at 37 °C for 15 min, followed by en-
zyme inactivation at 80 °C for 15 min.

Sequencing reactions were performed using
the ABI PrismTMBigDyeTerminator kit (Applied
Biosystems, USA), with 10-100 ng of PCR product,
adjusted according to fragment size. Sequencing was
performed on an ABI Prism Genetic Analyzer 3130xl
(Applied Biosystems, USA). Electropherograms
were read using the Sequencher v. 4.10.1 software
(GeneCodes Corporation, USA), always in comparison
with the reference gene sequence and an electrophe-
rogram from a normal individual.

Whole-exome sequencing and bioinformatics
analysis

In addition to Sanger sequencing, analysis of the TERT
promoter region and ATRX somatic variants was per-
formed in 26 samples previously investigated by WES
(10). The WES was conducted using the DNA nanoball
sequencing platform (DNBSEQ, BGI Genomics Europe,
Denmark) after somatic exome enrichment with KAPA
HyperExome Probes (USA), ensuring high-quality se-
quencing characterized by a low duplicate rate and
deep coverage. Raw FASTQ files were demultiplexed
and processed through a pre-mapping pipeline to as-
sess integrity and quality and to clean sequencing ar-
tifacts and barcodes. Grommer1 was used to verify
FASTQfileintegrity (ASCll encoding offset, Phred score
calculation, read pair identification, etc.) while FastQC
assessed sequencing quality (number of reads, read
lengthdistribution, read quality, etc.). Sequence filtering
and trimming were performed using BBDuk (BBTools
package). Processed FASTQ files were submitted to a
reference-based (GRCh37/hg19) mapping approach
using BWA-MEM alignment algorithm, and duplicate
reads were marked or removed using Picard2. Mapping
quality and coverage of target regions were assessed
with Qualimap3 (Qiagen, Germany) (10). Across the 26
DNA samples, 289.56% (mean: 95.17%) of the refer-
ence achieved a minimum depth of 20x coverage.

Variant identification and validation
The TERT promoter region (chr5: 1295151-1295313)
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the Integrative Genomics Viewer software (21). The
two main TERT hotspots, chr5: 1295228 and chr5:
1295250, had mean coverage depths of 111.17x and
96.88x, respectively. TERT promoter variants selected
for further analysis had coverage >20x, allelic bal-
ance >10%, no significant strand bias, and adequate
base and mapping quality. Visualization filters were
applied to ensure that detected variants were not ar-
tificial due to strand bias or poor read quality. Al WES-
identified TERT promoter variants were confirmed by
Sanger sequencing. ATRX single nucleotide variants
and copy number variants were analyzed using the
Franklin platform (Qiagen, Germany). Variants were
included if they showed at least 20x coverage, allelic
balance >10%, and were located within the available
WES coverage region.

Statistical analysis

Descriptive statistics were reported as absolute
and relative frequencies for qualitative variables
and as means with standard deviations or medians
with interquartile ranges, for quantitative variables.
Quantitative variables were compared between two
groups using the t-test if the assumption of normal-
ity was met, otherwise, the Mann-Whitney U test was
applied. Normality was assessed with the Shapiro-
Wilk test and equality of variances with the Brown-
Forsythe test. Categorical variables were compared
using Pearson’s chi-square test or Fisher’s exact
test, as appropriate. Statistical analyses were per-
formed using the JASP software v. 19.0 (University of
Amsterdam, Netherlands). All hypothesis tests were
two-tailed, with a significance level set at 0.05.

RESULTS

Cohort characteristics

In the cohort of 79 patients, the median age at diagno-
siswas 33 years (range: 10-72 years). The cohort com-
prised 50 females (63.3%). Adrenal PPGL was diag-
nosed in 45 patients, whereas 28 patients developed
extra-adrenal PPGL. Multiple PPGLs were observed
in 23 patients (29.1%). Metastases were diagnosed
in 26 patients (32.9%). TNM staging distribution was:
18 patients at stage | (22.7%), 27 at stage |l (34.2%),
12 at stage Ill (15.2%), and 15 at stage IV (19.0%).
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TNM staging could not be assessed in seven patients.
The mean maximum tumor diameter by imaging mea-
sured 5.9 cm for adrenal PPGLs and 6.2 cm for extra-
adrenal PPGLs (Table 1).

Table 1. Clinical, biochemical, and evolutive characteristics of

patients with adrenal paragangliomas and paragangliomas who
underwent genetic testing

Patients n=79
Age at diagnosis (years)® 33(10-72)
Female sex, n (%) 50(63.3)
Adrenal paragangliomas, n (%) 45(57.0)
Bilateral 13(28.9)
Paragangliomas, n (%) 28(35.4)
Abdominal 22 (64.7)
Thoracic 1(3.0)
Genitourinary 1(3.0)
Head and neck 6(17.6)
Multiple paragangliomas® 23(29.1)
Hormone profile, n (%)
Non-functioning 10(12.7)
Adrenergic 3(3.8)
Noradrenergic 28(35.4)
Mixed 16(20.2)
Unknown 15(17.8)
Unavailable 8(10.1)
Largest diameter at imaging (cm)°
Adrenal paraganglioma 59+31
Paraganglioma 6.2+30
Metastatic patient, n (%) 26 (32.9)
TNM staging, n (%)
1 18(22.7)
2 27 (34.2)
3 12(15.2)
4 15(19.0)
Unavailable 7(8.9)

*Median (range).

*Bilateral adrenal paraganglioma or adrenal paraganglioma with paraganglioma or multiple
paragangliomas.

‘Mean + standard error.

Genetic findings

Germline PVs in Cluster 1A genes were identified in
28 patients (35.4%), including 20 harboring SDHB
PVs (25.3%) and 8 (10.1%) harboring PVs in other
Cluster 1A genes (including additional SDHx genes,
FH, SLC25A11, and DSLT). PVs in Cluster 1B genes
(VHL and EPAS1) were identified in 7 patients (8.9%),
and PVs in Cluster 2 genes (e.g., NF1, MAX, RET, HRAS,
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and TMEM127) were identified in 27 patients (34.2%).
Seventeen patients (21.5%) had negative genetic test-
ing. The distributions, as well as the percentage of
metastatic cases within each cluster, are presented in
Figure 1.

The somatic TERT promoter PV C228T was de-
tected in two PPGLs, representing 2.5% of total cases
in the cohort. Both patients harbored germline SDHB
PVs and had metastatic behavior. TERT promoter PVs
were detected by automated Sanger sequencing and
somatic exome analysis (Figure 2). The somatic TERT
promoter PV C250T was not identified in any patient.

32.9% Non-Metastatic @ Metastatic

80
60

40
222%  90.0%

[ 0
20 35.3% 60.0%
0.0%
0

Total Cases Negative Cluster 1B Cluster2 Cluster 1A SDHB
(n=79) (n=17) (n=7) (n=27) (n=28) (n=20)
Cluster

Total of patients

Figure 1. Total of patients and proportion of metastatic tumors by
genetic cluster. Note the higher proportion of metastases in patients
in Cluster 1A, especially those with SDHB pathogenic variants.
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The ATRX gene was evaluated by WES in 26 PPGLs,
21 of which belonged to Cluster 1A. ATRX variants
wereidentified inthree tumors (11.5%), all classified as
likely benign (LB). The corresponding cases are briefly
reported below, although these variants are not likely
related to pathogenic alterations in telomere mainte-
nance pathways. Notably, in a case in which both the
primary tumor and the corresponding metastatic le-
sion were simultaneously analyzed, no variants were
identified in either the TERT promoter or ATRX.

Clinical, biochemical, and radiological
characteristics

Clinical, biochemical, and radiological characteris-
tics of tumors harboring genetic alterations in the
TERT promoter or ATRX are described below and
summarized in Table 2. The first patient whose tu-
mor harbored a C228T PV in TERT (TERT:.c-124C>T)
was a male with a germline SDHB PV (SDHB:c.591delC;
p.Ser198Alafs*22), a frameshift variant resulting in a
truncated protein. At age 18, he presented with resistant
hypertension despite clinical management. Although
he exhibited symptoms and an abdominal mass iden-
tified by ultrasound at that time, definitive diagno-

sis and treatment were only established at age 33.

“"chéézl’.z}ié.zzx'

:Tmal count: 158

|A: 54 (34%, 25+,29-)
|C:0

|G : 104 (66%, 37+, 67-)
‘T 10
1?\" 10

Figure 2. Identification of the somatic TERT promoter variant. (A) Sanger sequencing chromatogram of the TERT promoter region in a
somatic PPGL sample displaying the c-124C>T variant detected in DNA as G>A (arrow). (B) Integrative Genomics Viewer visualization of
aligned Whole Exome Sequencing data from the same tumor. The variant (chr5:1,295,228 G>A) is present at a 34% variant allele frequency
with a total read depth of 158x (arrow). Reads are color-coded by strand to demonstrate a balanced distribution, supporting the technical

reliability of the call and the absence of strand bias.
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Table 2. Clinical, histopathological, and genetic characteristics of tumors with somatic findings in TERT promoter or ATRX

Age at diagnosis

Germline driver Somatic variant ACMG Hormone profile (years) Local Size (cm)® Metastasis
SDHB(C.591delC / p.Ser198Alafs*22)  TERTc.-124C>T P NE 33 PGL Abd 135 Yes
SDHB (c.293G>A/ p.Cys98Tyr) TERT.c.-124C>T P NE 57 PGLGU 8 Yes
SDHB (c.exon 1 del / p.?) ATRX: ¢.20+22T>C LB NF 25 PGL HN Unknown Yes
SDHB (c.688C>T / p.Arg230Cys) ATRX: ¢.1633C>G LB NE 29 PGL Abd 14.7 Yes
Unknown ATRX: c.-88C>T LB NE 34 Ad 95 No

SDHB: succinate dehydrogenase complex iron sulfur subunit B; FH: fumarate hydratase gene; P: pathogenic; VUS: variant of uncertain significance; LB: likely benign; NE: norepinephrine;
NF: non-functioning; Abd: abdominal; GU: genitourinary; HN: head/neck; Ad: adrenal paraganglioma; PGL, paraganglioma; ACMG: American College of Medical Genetics and Genomics
Classification.

The largest diameter at imaging.

He was diagnosed with an abdominal PPGL exhibiting  seq[GRCh37/hg19] 1p36.13(17375250_17390928)
a noradrenergic secretion profile, consistent with the  x1)and asomatic LB ATRX variant (ATRX:c.20+22T>C).
clinical symptoms he manifested. Surgical resection The second patient was a male who presented
revealed a 13.5 cm PPGL, staged as T3NxMO (stage  with a 14.7 cm abdominal PPGL with a noradrenergic
[11), with a Pheochromocytoma of the Adrenal Gland  secretion profile and distant metastases to bone and
Scaled Score (PASS) of 2. The patient remains under  lymph nodes. He was staged as T2N1M1a (stage V)
follow-up and treatment. and remains under follow-up with the endocrinology
The second patient, who harbored the same  service. Genetic testing identified a germline SDHB
TERT PV, was a male with a germline SDHB PV PV (SDHB:c.688C>T; p.Arg230Cys) and a somatic LB
(SDHB:c.293G>A; p.Cys98Tyr), a missense variant  ATRXvariant (ATRX:c.1633C>G).
with strong familial segregation, as several rela- The third patient had a 9.5 cm left adrenal PPGL
tives with the same PV had also been diagnosed with ~ with a noradrenergic secretion profile, diagnosed and
PPGLs. His tumor was an 8 cm bladder PPGL, charac-  treated at age 34. The tumor was staged as T2NxMO
terized by paroxysmal hypertension triggered by blad-  (stage Il), with a PASS score of 5. No germline PVs
der distension, and a noradrenergic secretion profile  were previously detected, and the somatic ATRX vari-
consistent with his clinical history and symptoms. He  ant was classified as LB (ATRX:c-88C>T).
had been followed by the cardiology service for nearly
12 years due to heart failure with reduced ejection  Correlation of genetic data with clinical and
fraction before being diagnosed with PPGL at age 57.  histopathological findings
At diagnosis and treatment, the tumor was staged A significant association was observed between the
as T2NxM1a (stage IV) with bone metastases and a  presence of PVs in Cluster 1A genes and metasta-
PASS score of 5. Two months later, he was hospital-  ses, with a higher rate of metastasis in this cluster
ized for anischemic stroke and died shortly thereafter.  than others (50% vs. 23.5%, respectively; p = 0.017)
Notably, both the TERT somatic PV and SDHB germline  (Figure 1). Similarly, tumors harboring germline SDHB
PV co-occurred with a heterozygous germline TP53  PVs showed a higher prevalence of metastatic dis-
PV (TP53:c.1010G>A; p.Arg337His), which may have  ease than tumors without SDHB PVs (60% vs. 23.7%,
contributed to the aggressive phenotype and poor  respectively; p = 0.003). Among metastatic cases, so-
prognosis. matic TERT promoter alterations were detected in 2
Somatic ATRX variants were identified in three tu-  out of 26 cases (7.7%). When only considering meta-
mors, all classified as LB. The first patient, diagnosed  static tumors harboring germline SDHB PVs, TERT
at age 25 with a nonfunctioning cervical PPGL, sub-  promoter alterations were observed in 2 of 12 cases
sequently developed bone and lung metastases and  (16.7%). ATRX variants were detected in 2 of the 13
was staged as T2NxM1c (stage IV). Genetic analy-  metastatic tumors subjected to WES (15.4%), two LB
sis revealed a germline SDHB PV (exon 1 deletion;  variants. When restricting the analysis to metastatic

Arch Endocrinol Metab, 2026, v.70(4), 1-9, 260050. 6

served,

right® AE&M all rights re:

Copy



tumors with germline SDHB PVs, ATRX variants were
identified in 2 of 12 cases (16.7%).

DISCUSSION

This study presents the first systematic evaluation
of genetic alterations in telomere maintenance path-
ways in a Brazilian cohort of PPGLs, characterized by
a high prevalence of SDHB PVs. Consistent with pre-
vious reports, we confirmed a strong association be-
tween Cluster 1A alterations, particularly germline
SDHB PVs, and aggressive disease features, including
metastatic presentation (7,17). The high frequency
of SDHB alterations observed in our cohort, largely
driven by a recurrent exon 1 deletion, reinforces the
relevance of population-specific genetic backgrounds
and founder effects in shaping the molecular epidemi-
ology of PPGLs (9-11,22).

In PPGLs, PVs in the TERT promoter and in ATRX
represent key markers of pathological telomere-
elongation mechanisms that promote replicative im-
mortality (14). Telomeres are repetitive nucleoprotein
structures at chromosome ends whose integrity is
essential for chromosomal stability and proper regu-
lation of cell division. Progressive telomere shorten-
ing, resulting from the incomplete replication of linear
DNA molecules by DNA polymerase, is evolutionarily
counteracted by telomerase, a ribonucleoprotein
complex whose catalytic core adds telomeric repeats
to chromosome ends (23).

Our findings further suggest that somatic altera-
tions in the TERT promoter, although infrequent, occur
preferentially in SDHB-related PPGLs and are associ-
ated with metastatic behavior. Both tumors harbor-
ing TERT promoter C228T variants in our cohort were
PPGLs, displayed a noradrenergic biochemical pheno-
type, and developed metastatic disease. These obser-
vations are consistent with prior studies linking TERT
promoter PVs to telomerase activation, replicative im-
mortality, and poor prognosis in PPGLs and other solid
tumors (15). Notably, the absence of the C250T variant
in our cohort reflects its lower prevalence reported in
PPGLs compared with other malignancies (24,25).

In addition to TERT alterations, ATRX variants were
identified in a subset of tumors, predominantly within
Cluster 1A. Most patients harboring TERT or ATRX

Arch Endocrinol Metab, 2026, v.70(4), 1-9, €260050.
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variants had tumors larger than the cohort’s mean di-
ameter (5.9 cm for adrenal PPGLs and 6.2 cm for extra-
adrenal PPGLs) and had a predominantly noradrenergic
profile. These two characteristics are associated with
metastatic disease, as described herein. Furthermore,
these patients had worse outcomes than others in the
cohort, with most developing metastatic disease (4 out
of 5), further supporting the possible relationship be-
tween these variants and prognostic markers.

Although ATRX variants were classified as LB ac-
cording to current ACMG criteria, their presence was
associated with larger tumor size and a higher preva-
lence of metastatic disease. This observation supports
previous evidence linking ATRX dysfunction to the
ALT phenotype and tumor aggressiveness in PPGLs
(15-17,26). Importantly, variant classification frame-
works are largely optimized for germline variants, and
their applicability to somatic alterations, particularly
in genes involved in chromatin remodeling and telo-
mere biology, remains limited. Thus, the biological
impact of somatic ATRX variants may be underesti-
mated when relying solely on conventional pathoge-
nicity categories. Nevertheless, we acknowledge that
further investigation (including functional studies and
additional gene expression assays) is necessary to val-
idate these specific ATRX variants and their possible
association with the ALT phenotype.

The association between telomere-related genetic
alterations and adverse clinical features was fur-
ther supported by our imaging and clinical analyses.
Paragangliomas harboring TERT promoter or ATRX
variants exhibited larger diameters on imaging and
a higher prevalence of metastatic disease compared
with tumors lacking these alterations. These findings
suggest that telomere maintenance dysregulation, es-
pecially through TERT promoter PVs, may contribute
not only to metastatic potential but also to enhanced
tumor growth. Although germline SDHB PVs represent
the strongest genetic predictor of metastatic disease,
approximately 50% of patients with SDHB-mutated
PPGLs do not develop metastases (27-29). From a
clinical perspective, identifying additional molecular
alterations may help refine risk stratification, espe-
cially in patients with SDHB-related disease, for whom
predicting malignant behavior remains challenging.
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A study evaluating 79 individuals with germline
SDHB PVs, including 34 with metastatic disease, found
TERT promoter PVsin 14 patients (41.2% of metastat-
ic cases) (16). These findings were not replicated in a
larger French cohort of 200 PPGLs, which reported a
3.5% prevalence for somatic TERT promoter PVs (15).
Among 11 patients with both germline SDHB PVs and
metastatic disease, 5 (41.7%) harbored TERT promot-
er variants, compared with 18% in our cohort (15).
Although limited by sample size, this discrepancy war-
rants further investigation in larger and independent
cohorts.

This study has several strengths. It represents the
first dedicated analysis of telomere maintenance-re-
lated genetic alterations in a Brazilian PPGL cohort,
a population with a distinct genetic background and
a high prevalence of SDHB PVs. Comprehensive mo-
lecular characterization, combining germline test-
ing, somatic TERT promoter sequencing, and WES for
ATRX, enabled an integrated evaluation of telomere-
related pathways in relation to clinical, biochemi-
cal, and radiological features. In addition, the use of
standardized diagnostic criteria, centralized patho-
logical review, and detailed phenotypic annotation
strengthened the robustness of genotype-phenotype
correlations. Nevertheless, some limitations must be
acknowledged. The retrospective design and the rela-
tively small number of tumors harboring TERT pro-
moter or ATRX alterations limited statistical power
and precluded multivariable analyses. Furthermore,
functional validation of ATRX variants and direct as-
sessment of telomere length or ALT phenotype were
not performed, preventing definitive conclusions re-
garding causality. Lastly, although our cohort is en-
riched for SDHB-related disease, this may limit the
generalizability of the findings to populations with dif-
ferent genetic architectures.

Inconclusion, our study expands the understanding
of telomere maintenance mechanisms in PPGLs within
a Brazilian population enriched for SDHB alterations.
Somatic variants in the TERT promoter were associ-
ated with aggressive tumor features, such as extra-
adrenal location, germline SDHB PVs, and metastatic
disease. These findings underscore the importance of
integrating telomere-related genetic alterations into
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the molecular characterization of PPGLs and support
their potential role as prognostic markers.
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ABSTRACT

Objective: Research on the use of portable fundus cameras utilizing artificial intelligence (Al) for diabetic retinopathy (DR)
screening in primary care remains limited. We aimed to evaluate the accuracy and reliability of DR screening in primary care
using a smartphone-based, Al-assisted device in a small municipality in southern Brazil. Materials and methods: The reference
standard was classification of fundus images by a retina specialist. Patients with diabetes enrolled in the Brazilian Family Health
Program were recruited for the study. A general ophthalmologist obtained fundus images from 134 patients, and a retina spe-
cialist validated the DR diagnosis by Al. Results: The sample was predominantly female, with most patients having type 2 diabe-
tes mellitus (T2DM). The age ranged from 17 to 81 years. Blood pressure was controlled in 34.9% of the sample. HbA1c levels
ranged from 5.4% to 13.9%, and 35.3% of participants had levels below 7.0%. After excluding eight participants due to low image
quality, the DR prevalence was 24.6%. The Al-based screening test for DR in primary care demonstrated a sensitivity of 100%
(95% CI 88.8-100) and a specificity of 66.3% (95% Cl 55.9-75.7). The negative predictive value (NPV) was 100% (95% Cl 94.3-
100), and the positive predictive value (PPV) was 49.2% (95% Cl 36.4-62.1). Conclusion: The smartphone-based, Al-assisted
device showed good accuracy and excellent performance for DR screening in primary care. It can avoid unnecessary medical

referrals and help prioritize patients with advanced disease who require early treatment to prevent severe complications.

Keywords: Diabetes mellitus; diabetic retinopathy; artificial intelligence; screening; primary health care

INTRODUCTION

In 2021, type 2 diabetes mellitus (T2DM) accounted
for 75.3 million (95% Ul 63.5-90.2) global disability-
adjusted life years (DALYs) (1), representing 2.6% (2.3-
2.9) of total global DALYs. T2DM contributed to 95.4%
of the total diabetes-related burden. Since 2010, the
percentage increase in DALYs attributable to T2DM
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was 52.2%. The International Diabetic Federation (2)
estimated that 996 billion U.S. dollars were spent on
diabetes care, and that three of every four adults with
diabetes live in low-income countries.

Diabetic retinopathy (DR) is one of the leading
chronic complications of diabetes mellitus (DM), af-
fecting about one-third of patients. Among them, 10%
are at risk of irreversible vision loss, and some may
progress to blindness (3). DR is the leading cause of vi-
sion loss among working-age adults and a threat to the
quality of life for millions worldwide (3-5), mainly be-
cause it is asymptomatic in early stages. Many studies
(6-8) have demonstrated that DR screening is cost-ef-
fective in preventing irreversible vision loss and mor-
bidity. However, implementing screening programs
remains challenging in large countries with unequal
access to healthcare services, especially in low-income

Copyright® AE&M all rights reserved


mailto:lbmoreira@hcpa.edu.br

regions (9). Therefore, cost-effective alternatives to
in-person ophthalmologist evaluations or seven-field
color fundus imaging have been explored (10). These
methods include portable fundus cameras, artificial
intelligence (Al), and telemedicine.

Studies have demonstrated positive results for
both Al-only models and portable retinal cameras (11-
14). However, research on the use of portable fundus
imaging combined with Al for DR screening in prima-
ry care remains limited. In India, two studies (15,16)
validated the reliability of a portable retinal camera
equipped with offline Al software, operated by non-
physician healthcare professionals. Our study aims to
evaluate the accuracy and reliability of an Al-assisted,
smartphone-based device for DR screeningin primary
care in a small municipality in southern Brazil.

MATERIALS AND METHODS

This cross-sectional observational study, prospec-
tively designed, was conducted to screen for retina
changes in individuals with diabetes using a smart-
phone-based portable retinal
with Al software in a primary care center in the city
of Glorinha - State of Rio Grande do Sul - in south-
ern Brazil. The municipality has about 8,000 inhab-
itants and 733 patients with diabetes registered in
the municipal pharmacy. It has broad coverage by
the Brazilian Unified Health System (Sistema Unico de
Saude - SUS) via family health services and a large per-
centage of rural residents.

Patients with diabetes enrolled in the Family
Health Program were recruited via various meth-
ods: direct contact during routine visits to healthcare
units, active outreach by health agents and sched-
uled medical appointments, direct engagement dur-
ing HIPERDIA group activities (a Ministry of Health
program for patients with arterial hypertension and
diabetes), and advertisements via social media plat-
forms (Instagram and Facebook) or posters displayed
in local health units. All participants received detailed
information about the study and provided written in-
formed consent. The study adhered to the principles

camera combined

of the Declaration of Helsinki. The Institutional Ethics
and Research Committee approved the project (CAAE
67676323.0.000.5327).
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We used a smartphone-based handheld device
(Eyer®, Phelcom Technologies - Sao Carlos, Brazil)
connected to EyerCloud®, a cloud storage system.
Mydriasis is not mandatory when using this camera.
Images were analyzed inreal-time by a general ophthal-
mologist and by EyerMaps®, an Al software that detects
retinal changes and classifies the images by displaying a
color-coded indicator in the upper right corner: green
(low probability of alteration), yellow (medium prob-
ability of alteration), and orange or red (high probability
of alteration). If the image quality is insufficient for Al
analysis, no color indicator is displayed. Fundus imag-
ing examples are shown in the supporting file (Figures
$1-S7). The reference standard was the analyses and
classification of fundus images by a retina specialist, as
patients with diabetes in primary care in Brazil are typi-
cally referred to specialists for DR screening. The Al
software is a direct resource of the fundus camera and
does its analysis automatically when the image is taken.
It does not use any information other than the image
captured to make the analysis. The fundus camera de-
vice and the Al model were developed in Brazil using lo-
cal data mostly (some contribution from North America
and European countries), and are approved by ANVISA,
the Brazilian regulatory agency. Both were validated in
the Brazilian population (14,17).

Color fundus imaging was performed by a general
ophthalmologist. Fundus images obtained were regis-
tered inmedical records at the health unit and informed
to patients. The diagnosis and classification of DR were
posteriorly made by a retina specialist, according to the
International Classification of Diabetic Retinopathy
criteria (18): 1 - no DR, 2 - mild non-proliferative
DR (NPDR), 3 - moderate NPDR, 4 - severe NPDR,
5 - proliferative DR (PDR), 6 - post-laser treatment,
7 - inconclusive. When images were of insufficient
quality for Al analysis, no color indicator appeared in
the upper right corner; these cases were categorized
as negative Al results for the purpose of evaluating
test performance. The retina specialist was blinded
to the patients’ demographic and clinical data, having
access only to images stored as PDF files identified by
a numeric code attributed to each patient at the time
of evaluation. The images in those PDF files included
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was clearly instructed to evaluate images only for DR
changes. The fundus classification was registered in a
spreadsheet, and results were transcribed and veri-
fied using Research Electronic Data Capture (REDCap)
(19). We followed established clinical guidelines (20) to
classify patients as either “non-referral” or “referral”
cases for DR: patients with no DR or mild NPDR (non-
referral) were advised to continue monitoring clinical
parameters in primary care with a follow-up fundus
exam in 12 months, while those with moderate NPDR
or more severe DR (referral) were referred to a spe-
cialist in secondary or tertiary level. Additionally, the
general ophthalmologist performing the fundus ima-
gens could identify abnormalities corresponding to DR
or other conditions, as well as referring patients when
necessary. We defined metabolic control as glycated
hemoglobin (HbA1c) below 7.0% (21), and controlled
blood pressure was defined as below 130/80 mmHg
(22),according to current recommendations.

Participants were consecutively included accord-
ing to the inclusion criterion, which was having a di-
agnosis of DM. The exclusion criterion was having any
condition that prevented fundus imaging, such as lack
of patient cooperation or severe media opacities. To
perform the exam, 1% tropicamide could be instilled
in both eyes to optimize data collection, provided
there were no contraindications. While waiting for
mydriasis, demographic and clinic data were obtained
via interviews and health unit’s records and inserted
into the database. Subsequently, each patient was reg-
istered in the EyerCloud® system, and at least two im-
ages were captured — one centered on the macula and
another on the optic nerve. If necessary, new images
were taken to obtain two good quality images. When
possible, a retina map was obtained using five or more
images to include the mid-peripheral retina.

A sample size of 139 subjects was calculated to
estimate the proportion of DR cases, with a 10% con-
fidence interval width. Accounting for a 10% potential
loss, the target sample size was increased to 155. The
calculation (Wald method) considered a 95% confi-
dence level and an expected DR prevalence of 10%, and
was calculated using the online PSS Health tool (23).

Descriptive statistics (means and proportions) were
used to characterize the sample. DR prevalence was
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presented as a rate with a 95% confidence interval.
The association between DR and potential risk factors
or outcomes was analyzed using the chi-squared test.
Agreement between the retina specialist and the Al sys-
tem was evaluated using Cohen’s kappa coefficient. Test
sensitivity, specificity,and positive and negative predictive
values with a 95% confidence interval were calculated.

RESULTS

We collected data from May 17, 2023, to November
25,2023, from 130 participants and from another 26
participants from July 05, 2025, to August 02, 2025.
We excluded 4 participants as they failed to confirm
a DM diagnosis in their medical records, 22 pre-DM,
and one participant was excluded due to an inability to
cooperate during the exam. To perform the exam, 36
patients did not receive mydriatic eye drops because
they had to leave the health facility by driving a vehi-
cle after the exam, or there was no need for mydriasis.
Fifty two percent of participants evaluated had their
first recommended fundus examination after being di-
agnosed DM. Of the 134 subjects evaluated, 126 were
included in the accuracy analysis (Figure 1).

Table 1 shows the characteristics of the total
sample (n = 134) and of the subgroup analyzed for
DR presence or absence (n = 126), according to the
retina specialist’s interpretation. The sample was pre-
dominantly composed of women and individuals with
T2DM, and most participants had not undergone a
fundus examination since their diagnosis. Age ranged
from 17 to 81 years, and time since diagnosis varied
from less than one year to 42 years. From all sample
(n = 134), 54 participants (40,1%) had a body mass
index greater than 30 kg/m?. Blood pressure was con-
trolled in 34.9% of the sample. Among the 134 partici-
pants, 77 reported symptoms in the lower limbs (e.g.,
pain or discomfort), with the most common (55%) be-
ing fatigue, cramps, or itching. These were most fre-
quently located in the calves and tended to be more
intense at night. HbA1c values ranged from 5.4% to
13.9% (available for 116 participants), and 35.3% had
HbA1c levels < 7.0 mg/dL. Participants with DR had
higher systolic blood pressure, longer duration of ill-
ness, and a higher prevalence of current or previous
diabetic ulcers and presumed peripheral neuropathy.
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Registered in the pharmacy
n=733

!

Potentially elegible participants
n=161 Excluded: 27

Unconfirmed diabetes: 4
i Insufficient cooperation: 1
Al-assisted portable retinography Pre-diabetes: 22
n=134

!
! s

Al negative Al positive
n =67 n =67
Inconclusive by expert Inconclusive by expert
) Yy exp Y eXp
n=06 n=2
Retina expert analysis Retina expert analysis
n=61 n =65
DR DR
Present (n=0) Present (n =31)
Absent (n=61) Absent (n = 34)

Figure 1. Study flowchart

Table 1. Demographic description and clinical characteristics in the sample by the presence of DR (average and SD or n and %)

Sample DR positive DR negative
(n=134) (n=31) (n=95)
Female 73 (54.5) 18(58.1) 51(53.7) 0.67
Age, years 62.5 (+13) 61.4(£11.1) 63.1(x13.0) 0.51
HbA1c (%) 8.3(£2.1) 9.1 (£2.23) 8.0(1.9) 0.01
Systolic BP (mmHg) 131.9 (£17.1) 138.9 (18.5) 129.7 (£16.4) 0.01
DiastolicBP (mmHg) 77.3 (£10.6) 79.5(+12.5) 76.6 (£10.1) 0.02
BMI (kg/m?) 29.5(+5.2) 29.9 (5.2) 29.0 (+4.8) 0.379
DM type 0.64*
DM1 6(4.5) 2(6.5) 4(4.2)
DM2 128(95.5) 29(93.5) 91(95.8)
Hypertension 111(82.8) 27 (87.1) 77 (81.1) 0.44
Dyslipidemia 96 (71.6) 21(67.7) 68 (71.6) 0.68
Previous stroke 10(7.5) 4(13.3) 6(6.3) 0.25*
Previous heart attack 22 (16.5) 4(13.3) 17(17.9) 0.56
Hypothyroidism 32(23.9) 4(12.9) 27 (28.4) 0.08
Diabetic ulcer 30(22.4) 9(29.0) 20(21.1) 0.36
Renal dysfunction 21(15.7) 3(9.7) 17(17.9) 0.40*
NSS=3 66 (49.3) 19(61.3) 43 (45.3) 0.12

BMI: body mass index; NSS: Neuropathy Symptom Score; DR: diabetic retinopathy
*Fisher exact test

=
i
=<
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The sensitivity of portable retinography with Al
as a screening tool for DR in primary care was 100%
(95% CIl 88.8-100), while specificity was 66.3% (95%
Cl 55.9-75.7) (Table 2). The negative predictive value
(NPV) was 100% (95% Cl 94.3-100), and the positive
predictive value (PPV) was 49.2% (95% Cl 36.4-62.1).
The agreement between Al and the retina specialist,
measured by the Kappa coefficient, was 0.492 (p-val-
ue < 0.001).
Table 2. Accuracy of portable retinography using artificial

intelligence (Al) versus retina specialist assessment for diagnosing
diabetic retinopathy (n=126)

Retina specialist

Retina specialist

positive negative L
Al positive 31 32 63
Al negative 0 63 63
TOTAL 31 95 126

p <0.001; kappa = 0.492.

Excluding the eight participants whose images
were deemed inconclusive by the retina expert, the
prevalence of DR diagnosed by the specialist was
24,6% (Cl 95% 17.4-33.1). Among the 31 participants
with DR, 45.2% (n = 14) had mild NPDR, 45.2% (n = 14)
had moderate NPDR, 3,2% (n = 1) had PDR and 6.4%
(n = 2) had undergone laser treatment. No cases of se-
vere NPDR were identified.

Anexploratory analysis excluding all three patients
hose images had no sufficient quality for IA classifica-
tion showed Sensitivity 100%, Specificity 63%, PPV
48%, NPV 100%.

The results of the Al-based test and the refer-
ence standard (retina specialist evaluation) are

Diabetic retinopathy screening

presented in Table 3. The Al algorithm indicated ab-
normal findings in the presence of moderate NPDR
or worse, choroidal nevus, optic nerve changes sug-
gestive of glaucoma, drusen, and other nonspecific
or non-pathological alterations. Out of the 67 pa-
tients (Figure 1) Al had not indicated funduscopic
changes, six were inconclusive by retina specialist
and 61 showed no signs of DR by retina special-
ist evaluation (resulting in no false negatives). In
the group of ungradable images — for both Al and
specialist — cataracts were the main reason for the
inability to classify the images. All patients with
significant media opacity were referred to further
evaluation. The researcher, however, could not clas-
sify the cataracts.

Among the 126 participants whose fundus im-
ages could be graded by the retina specialist, and
according to the dichotomous classification based
on clinical referral, 109 (86.5%) were classified as
“non-referrable” DR — meaning they could remain
under primary care follow-up, with a new exam rec-
ommended in 12 months. In contrast, 17 participants
(13.5%) presented “referrable” DR, requiring evalu-
ation and treatment at a higher level of care. In this
subgroup, the EyerMaps® software did not fail to de-
tect changes in any of the cases. In this context, the
sensitivity and negative predictive value remained
at 100%, while the specificity was 57.8% and the
positive predictive value was 27.0%. Ten individuals
were classified as “inconclusive” by the specialist, be-
ing eight negative and two positive for any alteration
by Al, and were excluded from the test attributes
analysis.

Table 3. Results of the artificial intelligence (Al) test by the results of the reference standard (N = 134)

Reference standard :(I‘;-)
Inconclusive 2(3.1)
No apparent DR 32(49.2)
Mild NPDR 14 (21.5)
Moderate NPDR 14(21.5)
PRD 1(1.5)
Post-laser 2(3.1)
Total 65 (48.5)

Al - Total
n (%)
6(8.7) 8(6.0)
63(91.3) 95(70.9)
0 14(10.4)
0 14(11.2)
0 1(0.7)
0 2(1.5)
69 (51.5) 134

DR: diabetic retinopathy; NPDR: non-proliferative DR; PDR: proliferative DR.
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DISCUSSION

In this cross-sectional study with 126 patients with
DM, we aimed to evaluate the performance of an Al-
supported portable fundus camera for DR screening
in primary care. According to the specialist’s classifi-
cation of fundus imaging, the prevalence of DR was
24.6%. The Al-supported portable fundus camera
demonstrated a sensitivity of 100% and a specificity
of 66.3% for DR detection. The NPV was 100%, while
the PPV was 49.2%. These findings corroborate the
impression already obtained by other studies that Al-
assisted portable retinography is an excellent screen-
ing tool (13,14,16), as it has high specificity and high
NPV. This feature means the test is effective and safe
to be implemented as a screening test in primary care.

The prevalence of microvascular complications —
such as any form of DR — found in the primary care di-
abetic patient sample is among the lowest reported in
studies included in a brazilian meta-analysis (24). The
summarized prevalence in the meta-analysis was 33%
and prevalence ranged between studies from 5.3% to
85.7%. A study (13) aiming DR screening conducted in
aBrazilian urban primary care setting with a handheld
smartphone-based retinal camera recorded DR prev-
alence of 24.1% in a sample of 439 individuals with
DM. The rate is included in the C195% of our study.
The prevalence rates vary widely across studies due
to differences in study design, populations, sample
characteristics, including age and DM duration. The
most prevalent risk factors for DR observed in this
study align with previous findings: DM duration, age
over 50 years, comorbidities such as hypertension,
overweight or obesity, heart attack and stroke history,
and insufficient metabolic control (3,13,25).

Even in countries with established national pro-
tocols for screening DM complications, coverage
remains challenging (26-28). Notably, about 50% of
patients evaluated had their first recommended fun-
dus examination after being diagnosed with DM in
this study. In Brazil, most of the population is assisted
by SUS (29), and according to the Ministry of Health
recommendations (30), patients diagnosed with DM
in primary care should be referred to an ophthalmolo-
gist for fundoscopy every 12 months. Specialists are
typically available only at secondary or tertiary care
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levels, resulting in several months of waiting for oph-
thalmologist consultation. Al-supported smartphone-
based portable retinography may be a solution to im-
prove DM assistance.

Al programs have been developed and validat-
ed for ocular disease screening, including DR (11-
13,15,16,31). Most algorithms are programmed to de-
tect significant changes in DR, such as hard exudates,
flame-shaped hemorrhages, and significant vascular
abnormalities. Some algorithms can identify patients
with DRwho require referral to a retina specialist (“re-
ferrable DR”). Others can differentiate between nor-
mal fundus imaging and those showing possible patho-
logic changes, as well as indicate when image quality is
insufficient for analysis.

In Mumbai, India, between 2018 and 2019, a study
(16) involving 1,378 primary care patients evaluated
the reliability of an offline Al in a smartphone-based
fundus camera for community screening of DR by
healthcare workers. Like us, they included rural popu-
lation, although ethnically different from that of Brazil.
Images were captured using the smartphone-based
portable fundus camera Remidio Non-Mydriatic
Fundus on Phone (Remidio Innovative Solutions Pvt.
Ltd.). Patients were diagnosed as referable DR and
non-referable DR by the algorithm based on charac-
teristic DR images. Differences between algorithms
may explain the higher specificity than our study. The
sensitivity was 100%, with specificity close to 90%.
For any DR, sensitivity was 89.13% and specificity
was 94.43%, based on assessments by two blinded
retina specialists. Our study showed high sensitivity
to identify any abnormalities in the fundus image —
not limited to DR — which explains the higher num-
ber of false positives when considering only DR. The
high NPV indicates that if no abnormalities are de-
tected, the patient is unlikely to have DR. Therefore,
this Al-supported camera enables effective screening
to identify patients who require additional evaluation
and intervention at specialized centers. To enhance
specificity in the method used in our study regarding
RD, telemedicine consultation can be associated.

Furthermore, Al software is highly effective in se-
lecting patients who can safely continue follow-up in
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year. Consequently, Al-supported portable retinogra-
phy may be a cost-effective method for DR screening
in primary care. Souza and cols. (32) assessed applica-
bility and economic viability of fundus photography-
based teleophthalmology screening for DR in two re-
ferral health centers from different cities in the state
of Minas Gerais-BR comparing its cost with that of an
ordinary ophthalmology visit. They concluded that
the method was a viable, effective, and significantly
cheaper strategy for the screening of DR, with cost re-
duction of 28.76 US$ per patient.

A study conducted in China (33) assessed the
cost-effectiveness of Al-based and ophthalmologist-
led DR screening in rural populations using a Markov
model for health economic assessments. From the
health system perspective, compared to no screen-
ing, Al-based screening incurred an incremental cost
was approximately USD 5,211.31 with an incremen-
tal utility of 0.33. Compared to Al-based screening,
ophthalmologist-led screening had an incremental
cost of approximately USD 2,070.19 but resulted in
a negative incremental utility of -0.31. Compared to
no screening, the incremental cost-effectiveness ratio
(ICER) for Al-based DR screening was USD 15,595.47
per quality-adjusted life year (QALY), which is less
than the ICER threshold in China of USD 30,224.03.
A study (34) conducted in Ontario suggests that a por-
table retinal camera is a more cost-effective means of
screening for DR than a retina specialist in isolated
First Nations communities. It is possible that the RD
screening method with portable retinography and
Al will also be cost-effective for the Brazilian public
health system to prevent blindness.

The Al algorithm integrated with the smartphone-
based portable fundus camera used in our study can
identify and grade several retinal alterations. It can-
not diagnose the underlying disease or condition
leading to false positive results regarding DR, but it
is effective in providing proper health care for those
individuals needing specialist evaluation. Due to the
method’s low specificity, patients with false-positive
DR results will be referred to specialists for other, not
necessarily pathological, changes, which may increase
the demand for ophthalmological appointments. On
the other hand, the high NPV prevents unnecessary
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referrals for DR screening. The next step to perform
with Brazilian data is assessing cost-effectiveness of
Al-assisted portable retinography and the financial
impacts of wide implementing this tool to the primary
care assistance.

Our study has some limitations. The sample size
was calculated for a prevalence of DR lower than that
recorded in the study, resulting in wide confidence in-
terval for the estimated DR prevalence. Some clinical
data were collected retrospectively from patients’ re-
cords, with missing data in some variables. On the oth-
er hand, the missing data do not bias the main results
of the study. The retina specialist received subjects’
images containing the color code provided by the Al
software. Although the specialist was aware of how
the EyerMaps® software works and was instructed to
analyse the fundus images only for DR, the color code
might unconsciously have influenced the specialist
analysis. It can be a potential bias that may have in-
creased the DR prevalence, and influenced sensitiv-
ity and specificity rates. Although the rates should be
seen with caution, they are in consonance with similar
studies (13,32). Finally, the study was conducted at a
single center, limiting the generalization of the results
to the general population of diabetics assisted in the
primary care of SUS in Brazil.

The portable Al-based fundus camera used in our
study is user-friendly and efficient, enabling image
capture and Al-based diagnosis. It can be operated by
non-medical professionals or generalist practitioners
in primary care units, provided they receive adequate
training in fundus photography (35). Equipped with
wireless internet connectivity, the device can syn-
chronize all data to the cloud, enabling telemedicine
applications. This image storage facilitates contin-
ued data updates and patient follow-up, data shar-
ing between primary care teams and other centers,
and supports retrospective research. It is essential
to highlight ethical issues that must be evaluated and
managed cautiously.

In conclusion, Al-supported portable fundus cam-
eras have emerged as a disruptive tool for DR screen-
ing, diabetes management and optimizing medical
referral processes. This technology can reduce un-
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precise identification of severe cases at risk of sig-
nificant complications if left untreated. Furthermore,
Al-assisted portable retinography can offer improved
DR screening worldwide, reducing costs, waiting time,
and DM-related morbidity.
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SUPPLEMENTARY MATERIALS

Images examples of retinography captured in the study.

Figure S3. Moderate NPDR (the same Figure S2) with Al markings.

) . Same image as above with Al markings in the anterior “heat map,’
Healthy optic nerve, blood vessels without changes, no hemorrhages highlighting the areas where abnormalities were identified.
of exudates, good macula visualization.

Figure S1. Absence of DR (Al shows green circle).

Figure S2. Moderate NPDR; Al shows a red circle, indicating the Figure S4. Fundoscopy change that is not DR, identified by Al
presence of a change. (orange circle). Optic nerve with suspected glaucoma, and need
further evaluation.

Optic nerve with normal appearance. Presence of microaneurysms
and microhemorrhages (small red dots) in at least three quadrants, Enlargement of the optic nerve cupping and peripapillary atrophy.
as well as the presence of some hard exudates (round yellow lesions

near vessels).
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Figure S5. Fundus change detected by Al, but not DR. Figure S7. Fundus image impossible to classification; Al does not
Myoptic choroidopathy, a condition present in subjects with high show any color.

grade myopia (at least 6 spherical diopters). This patient has low Image without quality to evaluate presence or absence of DR
vision and risk of retinal detachment. changes.

Figure S6. Non-pathological retinal change; Al does not identify a

problem.

White stretch marks represents atrophy of the retinal pigment
epithelium: variation of the normality and does not need additional
evaluation.
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ABSTRACT

Objective: To describe Brazilian national and regional trends in type 2 diabetes mellitus (T2DM) prevalence, incidence, burden,
and exposure to T2DM risk factors. Materials and methods: We sourced the Global Burden of Diseases Study (GBD) 2021 to
obtain estimates and trends of T2DM deaths, incidence, prevalence, Years of Life Lost (YLLs), Years Lived with Disability (YLDs),
and Disability Adjusted Life Year (DALYs) in Brazil and its regions. We present crude and age-standardized metrics, as well as the
exposure to T2DM risk factors between 1990 and 2021. Results: The national age-standardized prevalence of T2DM increased
by 37.4% (95% Ul 32.7 to 42.6) and the incidence by 32.3% (95% Ul 27.6 to 37.7) from 1990 to 2021. Age-standardized deaths
by T2DM decreased by 18.0% (95% Ul -21.4 to -15.3), and the accompanying YLLs by 22.8% (95% Ul -25.8 to -20.2). YLDs
increased by 35.4% (95% Ul 29.1 to 41.3), while DALYs’ rates reduced by 3.1% (95% Ul -8.2 to 1.7) since 1990. The Northeast
region showed higher age-standardized prevalence, incidence, YLLs, and YLDs in 2021, while the North region had the most
pronounced increases. T2DM prevalence increased consistently, alongside rises in exposure to sugar-sweetened beverage con-
sumption and high BMI. While smoking exposure declined in all regions, low physical activity and diets high in red and processed
meat increased over time. Conclusion: T2DM burden in Brazil is growing due to the increasing exposure to T2DM risk factors.
Greater emphasis on prevention and public policies focusing on reducing risk factors and inequalities can reduce T2DM burden
in Brazil.

Keywords: Diabetes mellitus; global burden of disease study; risk factors; Brazil

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a non-communi-  of blindness, kidney failure, heart attacks, stroke,
cable disease that affects mainly adults and is charac-  and lower limb amputation, especially in those with
terized by insulin resistance and reduced pancreatic  poor glycemic control (2). According to the NCD Risk
Factor Collaboration (NCD-RisC), in 2022, age-stan-
dardized diabetes prevalence in the world was 13.9%
for women and 14.3% for men, representing around
828 million adults living with diabetes worldwide (3).
Projections from the Global Burden of Diseases,
Injuries and Risk Factors Study (GBD) show that, de-
spite significant improvements envisioned in its treat-

insulin secretion (1). The condition is a major cause
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ease burden, represented by disability-adjusted life
year (DALYSs), in 2050 (4).

3
s
=

Arch Endocrinol Metab, 2026, v.70(4), 1-12, e260052. 1


mailto:papteixeira@hcpa.edu.br

Previous studies evaluating the burden of T2DM
in Brazil have focused exclusively on prevalence (5-7),
incidence (8), mortality (9-11), risk factors (12), or
hospitalizations (10), while some, based on GBD data,
focused on DALYs (13) or economic outcomes (14).
However, comprehensive assessments of the ag-
gregate burden of non-fatal and fatal outcomes and
risk factors of T2DM across the country are scarce.
Additionally, some studies that relied only on self-
reported T2DM data (5,6,11,12) underestimated the
total prevalence of the condition and considered only
those aged 18 and over (8,11), overlooking the in-
creasing incidence of T2DM in younger populations.
Finally, none of these studies have gone beyond 2019,
making it pertinent to incorporate the available and
more current data.

To help inform Brazilian stakeholders in confront-
ing the country’s diabetes epidemic, we aimed to pro-
vide a comprehensive picture of the T2DM burden
in Brazil and its macro-regions. We describe national
and regional trends in prevalence, incidence, and bur-
den, and trends in exposure to underlying potentially
modifiable behavioral, environmental, and metabolic
diabetes risk factors from 1990 to 2021.

MATERIALS AND METHODS
Overview and definitions
This study adheres to the Guidelines for Accurate and
Transparent Health Estimates Reporting (GATHER)
statement, ensuring quality reporting and transpar-
ency in assessing health estimates (15). The GBD is a
multinational collaboration that synthesizes primary
and secondary epidemiological data to comprehen-
sively evaluate the health impact of diseases, injuries,
and risk factors within diverse populations and geo-
graphical contexts worldwide. All steps related to the
GBD 2021 estimation process, from compiling data
sources through data identification and extraction,
data adjustment, case definitions, and metric estima-
tions, have been previously described in greater detail
(16-18). This manuscript was produced as part of the
GBD Brazil Network (19) following the GBD Protocol.
For this analysis, we downloaded data directly
from the GBD Results Tool (http://ghdx.healthdata.
org/gbd-results-tool). We focused on estimates of
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T2DM deaths, prevalence, incidence, Years of Life Lost
due to premature mortality (YLLs), Years Lived with
Disability (YLDs), and Disability-adjusted Life Years
(DALYs) in Brazil and its regions (North, Northeast,
Central-West, Southeast, and South), presenting the
overall percent change of each estimate from 1990
to 2021. We also described the percentage change in
age-standardized death rates disaggregated by sex to
assess whether the estimates apply uniformly across
male and females. All estimates are shown in rate per
100,000 habitants as age-standardized and in crude
form (encompassing all age groups) and accompanied
by 95% uncertainty intervals (Uls). We also present es-
timates on the percent change in population exposure
to several major T2DM risk factors for Brazil overall
and by region between 1990 and 2021. All graphs pre-
sented in this manuscript were generated using The R
Foundation for Statistical Computing Platform, ver-
sion 4.1.2 (2021).

Diabetes definition

The GBD study categorizes causes of death and dis-
ability into four hierarchical levels, from a broader
to a more detailed level, and diabetes mellitus is con-
sidered a level 3 cause. Its burden is the combination
of type 1 (T1DM) and type 2 (T2DM) diabetes mel-
litus. The reference case definition for overall diabe-
tes is the presence of a fasting plasma glucose (FPG)
2126 mg/dL (7 mmol/L) or the report of drug treat-
ment for diabetes (insulin or anti-diabetic drugs) (20).
In order to standardize data with different definitions
of diabetes, when data on an oral glucose tolerance
test (OGTT) and glycated hemoglobin are also report-
ed, these values are transformed into FPG equivalents.

Diabetes data sources and estimation

To estimate T2DM mortality in Brazil, GBD 2021
gathered data on deaths from 40 sources, including vi-
tal registration in ICD-10 codes, which are all provid-
ed through the Global Health Data Exchange (GHDx)
(https://ghdx.healthdata.org/). Todo so, GBD conducts
systematic literature reviews of published studies,
whichitaggregatestodatafromgovernmentandinter-
national organization websites, primary data sources,

served,
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the World Health Organization (WHO). Deaths from
diabetes, identified by the International Classification
of Diseases (ICD) version 10 (E10-E14 and P70.2),
were modelled to generate diabetes mortality esti-
mates using a Bayesian geospatial regression analysis
called Cause of Death Ensemble model (CODEm) (16).
Estimates were obtained by age, sex, year, and geog-
raphy. Additionally, whenever deaths obtained from
GBD sources were coded to an implausible underly-
ing cause of death or unspecified diabetes types, cor-
rections and redistributions by manual and statistical
methods were performed to redistribute these deaths
to probable underlying causes, including T2DM (16).

Type-specific diabetes deaths were estimated us-
ing vital registration data. It was assumed that all
deaths under age 15 were due to T1IDM. Once the
data had been gathered and cleaned, estimates were
modeled over the years and across regions (16). To
estimate premature mortality, the GBD employed the
metric Years of Life Lost (YLLs), multiplying the num-
ber of deaths from T2DM in each age group by the ref-
erence life expectancy at the average age of death for
those who die in that age group.

For non-fatal estimation, GBD obtained data from
17 sources in Brazil, including systematic reviews
that only consider population representative sur-
veys obtained directly or through publications. After
data compiling and initial adjustments, prevalence
data were summarized across Brazil’s regions using
a hierarchical Bayesian meta-regression modeling
tool (DisMod-MR 2.1), which integrated the various
metrics to provide consistent prevalence, incidence,
and mortality estimates (18). The model considers
covariates and the location hierarchy to inform loca-
tions, years, ages, and sex where data is missing. For
non-fatal outcomes, GBD derived estimates of T2DM
by deducting the estimated prevalence of TIDM from
the overall estimated diabetes mellitus prevalence.
Estimates of prevalence and incidence were split be-
tween T1DM and T2DM, with all cases <15 years of
age assumed to be T1DM, and are not the focus of this
manuscript (20).

The GBD estimated the burden due to disabil-
ity (morbidity) through the metric Years Lived with
Disability (YLDs), obtained by the product of the
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prevalence of each sequelae of T2DM (neuropathy, di-
abetic foot, lower limb amputation, vision loss due to
retinopathy, as well as living with diabetes) and its cor-
responding disability (18,21). The disability weights,
on a scale from O to 1, represent the magnitude of
health loss in the presence of these complications and
were calculated separately for each sequelae. The
sum of YLDs across sequelae and age/sex strata pro-
duced the total YLDs for T2DM for a given year and lo-
cation. Finally, Disability-Adjusted Life Years (DALYs)
were obtained through the sum of YLLs and YLDs and
represent total health loss due to premature mortality
or morbidity from T2DM (18).

Risk factors estimation

The GBD identified risk factors associated with T2DM
through systematic reviews and meta-analyses using
meta-regression procedures. Based on the exposure
levels to each risk factor, a Bayesian meta-regression
model (DisMod-MR 2.1) and spatiotemporal Gaussian
process regression model (ST-GPR) were used to es-
timate the exposure levels for the entire population
over time. The relative risk for each risk factor was
then used to calculate the excess disability and death
that occurred above the theoretical minimum expo-
sure level (TMREL), representing the level of risk ex-
posure that minimizes the risk of T2DM at the popu-
lation level. The level of exposure to risk factors was
estimated by their Summary Exposure Value (SEV).
For continuously measured risk factors, the SEV
weighs the prevalence of different levels of the risk
factor by the severity of the burden caused at each
level. GBD 2021 reported SEVs on a scale from O to
100%. Though the comparison of the absolute values
of SEVs across risk factors is of limited value, tenden-
cies in SEVs across time and space facilitate compari-
sons of risk factor exposures (17).

RESULTS

In 2021, Brazil presented an age-standardized dia-
betes prevalence of 5095.8 per 100,000 habitants
(95% Ul 4578.5 to 5678.2) and an age-standardized
diabetes incidence of 279.1 (95% Ul 251.6 to 309.3)
per 100,000. From 1990 to 2021, these frequencies

increased by 37.4% (95% Ul 32.7 to 42.6) and 32.3% =
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(95% Ul 27.6 to 37.7), respectively. However, when
considering all age groups, the changes from 1990 to
2021 were notably higher, 135.5% (95% Ul 127.5 to
145.0) and 113% (95% Ul 102.8 to 123.5), respective-
ly (Table 1).

Regionally, the Northeast stood out with the
highest age-standardized prevalence of T2DM in
2021, 5816.3 per 100,000 habitats (95% Ul 5261.1
to 6430.2), as well as the highest incidence, at 317.9
(95% Ul 288.1 to 350.0), 14% greater than that for
Brazil overall. In contrast, the Southeast region had
the lowest age-standardized prevalence, at 4638.6
(95% Ul 4132.9 to 5225.9), and incidence, at 252.5
(95% Ul 225.6 to 283.0). The North region showed the
most pronounced increase in the age-standardized
prevalence of T2DM from 1990 to 2021, 57.1% (95%
Ul 50.9 to 63.4), 53% greater than that for Brazil over-
all and contrasting with the Southeast region, which
experienced the smallest increase, 20.3% (95% Ul
14.9 to 26.2). Considering all age estimates, the South
region showed the highest prevalence and incidence,
and the North region was the lowest for both esti-
mates (Table 1).

The age-standardized mortality rate in Brazil in
2021 was 25.8 (95% Ul 23.5 to 27.3) per 100,000
habitants by 2021, reflecting an 18% decrease (95%
Ul -21.4 to -15.3) since 1990. YLLs were 536.7 (95%
Ul 501.5 to 558.5) per 100,000 inhabitants, a 22.8%
decrease (95% Ul -25.8 to -20.2) compared to 1990.
When age-standardized mortality was disaggre-
gated by sex, females experienced a 28% reduction
in age-standardized deaths (-28.0%; 95% Ul -32.1 to
-24.7), whereas males exhibited only a 3% reduction
(-3.0%; 95% Ul -7.8 to 1.9) (Supplementary Figure 1).
Age-standardized YLDs reached 486.9 (95% Ul 337.6
to 664.1) per 100,000, a 35.4% increase (95% Ul
29.1 - 41.3), and DALYs summed to 1023.6 (95% Ul
870.9 to 1203.7) per 100,000, representing a mini-
mal 3.1% (95% Ul -8.2 to 1.7) decrease from 1990.
Estimates of change in metrics for all ages, as shown
in Table 1, were notably higher than those adjusted for
age. Considering all disease causes, the GBD ranked
T2DM as Brazil’'s 3rd leading cause of disease burden
in 2021, up from the 12t |eading cause in 1990 (data
not shown).
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The Northeast region displayed the highest age-
standardized mortality rate (32.2, 95% Ul 29.3 to
34.3) per 100,000 habitants, 25% greater than that
for Brazil overall, while the Central-West (22.2; 95%
Ul 19.9 to 23.8) and Southeast (22.1; 95% Ul 19.7 to
23.6) presented the lowest mortality rates. The North
region had a 26.1% increase, while deaths in Brazil
overall decreased, especially in the Southeast region
(-35%; 95% Ul -38.9% to -31.2). As seen in Table 1 and
in Supplementary Figure 2, the same discordant trends
occurred for YLLs. As shown by age-standardized
YLDs, morbidity has consistently increased in all re-
gions since 1990, with a tendency of slight decrease
after 2020 observed in Supplementary Figure 2. The
North region with a 53.4% (95% Ul 46.3 to 60.7) in-
crease, 50% greater than for Brazil overall. The North
region also presented the most pronounced increase
in DALYs, 34.8% (95% Ul 27.2 to 41.4), compared to
virtually no change for Brazil overall,and a 20.3% (95%
Ul -25.6 to -15.0) reduction in the Southeast region.
In 2021, the Northeast region had the highest YLD
(557.1; 95% Ul 384.7 to 757.1) and DALY (1228.0;
95% Ul 1051.5 to 1431.9) rates (Table 1).

Figure 1 graphically displays the change in age-
standardized T2DM prevalence and DALYs in Brazil
and its macro-regions between 1990 and 2021. The
consistent increase in prevalence contrasts with the
relatively stable course of DALYs over the study peri-
od. Slightly higher prevalences of DALYs are presentin
the North and Northeast regions, and lower ones are
in the South and Southeast regions.

Figure 2 shows Brazil’'s DALY rates per 100,000
habitants and macro-regions, stratified by age group.
Overall, DALY rates increased with age for all regions
but with notable regional disparities. The North and
Northeast consistently showed somewhat higher
DALYs for all age groups, whereas the Central-West
and Southeast regions had lower rates in almost all
age groups.

Figure 3 illustrates the change in age-standard-
ized measures (1990-2021) for the prevalence of
T2DM and its associated risk factors, with 1990 as
the reference year for Brazil, disaggregated by re-
gion. A consistent increase in T2DM prevalence was
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Table 1. Burden of T2DM in Brazil and its regions from 1990 to 2021

Type 2 diabetes burden and risk factors in Brazil

Age-standardized

Rate "‘(’;;,,zoifﬂo' e Change 1980-2021 (%) Rt "‘(’;;uzoiﬂ‘;o' el Change 1980-2021 (%)
Brazil 5895.9 (5290.8 t0 6575.9) 13551275 to 145) 5095.8 (4578.5 t0 5678.2) 37.4(32.7 10 426)
North 47830 (4312.9 t0 5324.6) 176.1164.7 to 188.5) 5566.9 (5020.0 t0 6173.2) 57.1 (50.9 to 63.4)
Northeast 50823 (5414.4 10 6628.3) 1536 (144.7 t0 163) 5816.3 (5261.1 10 6430.2) 5.5 (49.9 to 61)
Central-West 5869.7 (5277.5 10 6518.9) 180.5(167.7 to 193.6) 5335.0 (4806.3 to 5838.8) 44(38.4 10 50.0)
Southeast 5910.6 (52674 to 6666.4) 107.9(98.3 10 119) 4638.6 (4132910 5225.9) 203(1491026.2)
South 6414.3 (5731 910 71929) 1746 (1616 t0 189.1) 4916.2 (4403.0 10 5498.6) 50.4 (43.9 to 58)
s |
Brazil 3261 (293.3 10 362.6) 113.0(102.8 t0 123.5) 279.1 (251.6 10 309.3) 32.3(2761037.7)
North 292.9/(263.9 to 324.4) 170.1(156.7 to 185) 303.4 (2733 10 334.0) 55.9 (49.3 t0 63)
Northeast 336.2 (3047 10 371.1) 1473137 t0 159.1) 317.9 (2881 10 3500) 51.4 (45.4 t0 57.8)
Central-West 338.9 (3041 10 376.8) 145.1 (1306 to 162.9) 288.4(260.0 10 319.9) 36.6(29.9 0 43.9)

Southeast

South

316.6 (281.8 to 355.5)
347.4(309.2 to 388.3)

79.6(68.9t0 91.6)
134.5(121.2 t0 150.5)

252.5(225.6 to0 283.0)
271.4(242.6 t0 302.4)

14.3(8.31020.7)
41.3(35.1t048.7)

Brazil

North
Northeast
Central-West
Southeast
South

28.7(26.2 10 30.2)
22.7(20.6 to 24.6)
32.0(29.1t0 34.1)
21.1(19.1 t0 22.6)
27.7(24.81029.5)
32.8(29.7 t0 35.0)

205(14.2t025.8)
88.2(71.6 t0 106.3)
51.7(41.8t0 61.3)
30.5(20.8 0 39.5)
-36(-102102.3)
36.9(26.5t045.3)

25.8(2351027.3)
31.7(28.510 34.4)
322(29.31034.3)
22.2(19.91023.8)
22.1(19.7 t0 23.6)
259(23.31027.7)

-18.0(-21.4t0-15.3)

26.1(16.2 to 36.3)
-2.8(-8.0101.8)
-7.0(-13.1t0-0.9)

-35.0(-38.910-31.2)

1.9(-48108.3)

Years of Life Lost (YLL)

Brazil

North
Northeast
Central-West
Southeast
South

612.5(574.0 t0 636.7)
521.1(479.9 t0 561.8)
676.3(632.0 to 712.8)
478.6 (444.1 10 509.7)
592.0 (548.4 to0 628.9)
673.0(621.6 to 715.0)

61.3(51.9t070.3)
161.2(133.9t0 192.2)
146.0(125.4 t0 169.8)
66.7 (53.4 t0 81.3)
17.6(9.9 t0 25.2)
55.5(44.0 to 66.0)

536.7 (501.5 to 558.5)
665.2 (610.1t0 717.7)
670.9 (626.1 to 707.4)
460.6 (423.5 t0 491.0)
463.8 (428.9 t0 492.8)
515.9 (475.7 t0 548.1)

-22.8(-25.810-20.2)

22412510 32.5)
6.3(-11.1t0-1.6)
-12.8(-18.5t0-7.0)

-39.3(-42.6 t0 -35.6)

6.7(-128t0-0.5)

Years Lives with Disability (YLDs)

564.5(391.3 t0 771.9)
449.9 (316.3 t0 616.1)
571.0(393.8 to 778.6)
556.3 (383.8 to 751.8)
568.9 (392.7 - 780.1)
617.2 (426.0 to 841.9)

Brazil

North
Northeast
Central-West
Southeast
South

Brazil

North
Northeast
Central-West
Southeast
South

1177.0(999.4 to 1387.0)
971.0(824.8 t0 1146.3)
1247.4(1068.0 to 1456.4)
1034.9 (867.4 to 1241.5)
1160.9 (980.3 — 1385.4)
1290.2 (1096.4 to 1524.5)

95.2(86.0 to 105.1)
129.1(116.7 to 141.5)
110.3(99.4 t0 120.5)
128.0(113.4 to 143.1)
73.5(63.1t0 84.2)
120.0(106.4 to 134.1)

79.2(69.8t0 87.8)
155.8(139.8 to 175.4)
143.0(128.4 t0 160.2)

97.6 (85.4 to 109.5)

40.5(31.7 t0 48.6)

81.1(71.3t090.7)

486.9 (337.6 to 664.1)
533.4(374.3 10 728.1)
557.1(384.7 to 757.1)
508.0 (349.8 to 683.2)
443.4(306.3 to 607.7)
469.0 (325.3 to 638.4)

Disability Adjusted Life Years (DALYs)

1023.6 (870.9 to 1203.7)

1198.7 (1022.4 t0 1410.5)

1228.0(1051.5 to 1431.9)
968.6 (815.0 to 1155.7)

907.2 (766.2 to 1082.3)

984.9(835.9 - 1161.5)

-20.3(-25.6 to —15.0)

35.4(29.11041.3)
53.4 (46.3 t0 60.7)
52.8 (45.4 10 59.2)
41.3(33.2 to 48.6)
19.6 (12.5 o0 26.6)
456 (37.1 t0 54.1)

-3.1(-821t01.7)
34.8(27.2t041.4)
13.5(6.9 to 19.6)
9.2(3.0t0 14.8)

13.2(7.3 10 19.1)

Ul: Uncertainty intervals.
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but usually parallel changes in most diabetesrisk fac-
tors. Consumption of sugar-sweetened beverages
had the most pronounced increases in the Central-
West, Southeast and South regions, followed by
high BMI with a sharp and uniform increase nation-
wide. Increases in both these, high red meat and
processed meat consumption were usually equal to
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Type 2 diabetes burden and risk factors in Brazil

or greater than those of prevalent diabetes. On the
other hand, the exposure to smoking has decreased
in all regions, and the more recently recognized risk
factor, air pollution, increased in Central-West and
Southeast, and reduced in other regions. Finally, low
physical activity experienced smaller increases in all

regions.
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Figure 1. Prevalence and Disability-Adjusted Life Years (DALYs) lost to T2DM in Brazil and its macro-regions.

Dashed lines represent age-standardized prevalence rates, and the solid lines represent age-standardized DALYs rates per 100,000 habitants
from 1990 to 2021.
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Figure 2. Disability-Adjusted Life Years (DALYs) of T2DM in Brazil and macro-regions in 2021, by age and region.
TheY axis represents age-standardized DALYs, in rates per 100.000 habitants.
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Figure 3. Change in age-standardized prevalence and risk factors’ exposure for T2DM in macro-regions.
Data are presented as age-standardized percent change, from 1990 to 2021. The baseline for each risk factor is its SEV in 1990 for Brazil

overall.

DISCUSSION

In this study, we showed a large fatal and non-fatal
burden of T2DM in Brazil in 2021. Between 1990
and 2021, the national age-standardized prevalence
of T2DM increased by 37% and its incidence by 32%.
Despite this surge in cases, age-standardized deaths
decreased by 18% and YLLs by almost 23%, reflect-
ing improved outcomes and advances in diabetes
care; notably, this mortality reduction was more

Arch Endocrinol Metab, 2026, v.70(4), 1-12, e260052.

pronounced in females than in males. Conversely, age-
standardized YLDs increased substantially by 35%,
leading to only a modest 3% reduction in DALYSs, sug-
gesting that gains in preventing premature deaths are
increasingly offset by a growing burden of living with
the disease. Furthermore, while age-standardized
rates showed declines in mortality, crude diabetes
mortality, YLLs, and DALYs actually increased across
Brazil over these three decades, primarily driven by




population aging. Regionally, the Northeast presented
slightly greater age-standardized frequency and bur-
denin 2021, and the North experienced considerably
larger increases in these metrics since 1990. Exposure
to most diabetes risk factors, when age-standardized,
also showed marked increases in all regions over the
period, with sugar-sweetened beverage consumption,
high BMI and red and processed meat consumption
outstripping the increases in diabetes prevalence in
most regions.

Increases in both crude and age-standardized
prevalence and incidence related to T2DM in Brazil
between 1990 and 2021 are by global trends, as age-
standardized diabetes prevalence increased by more
than 100% in almost half of the 204 countries and
territories included in the GBD, and more than 90%
of these diabetes cases were T2DM (20). This pattern
has been observed in most low- and middle-income
countries (LMICs) in a more rapid way compared to
high-income countries, gradually shifting from envi-
ronments leading infectious, childhood, and maternal
diseases to be the principal public health concerns to
ones with a higher burden from non-communicable
diseases (22). For example, International Diabetes
Federation (IDF) estimated that 94% of the increase
in the number of people with diabetes by 2045 will oc-
cur in low and middle-income countries (23).

In contrast, significant reductions in age-stan-
dardized mortality rates for T2DM and YLL were ob-
served in Brazil, with more pronounced declines in
the Southeast and Central-West. Alongside regional
disparities, clear sex-specific patterns were observed,
with females experiencing a more favorable trend in
T2DM mortality with greater reductions over time
than males. These findings indicate that the improve-
ments have not occurred uniformly across geographic
regions or between sexes, highlighting differences in
behavioral susceptibility to health risks (24) and het-
erogeneous impact of health system advances across
the country. These trends likely reflect not only global
advances in evidence-based care of diabetes and the
management of complications, notably the cardio-
vascular ones, but also, specifically in Brazil, the ex-
pansion of primary care and improvement across all
levels of the health system following the creation and
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consolidation of the Unified Health System (25,26).
These actions have blunted the rise in morbimortal-
ity accompanying the rapid increase in diabetes cas-
es. Since 2007, the right to receive free anti-diabetic
medications and related treatment supplies (e.g.,
syringes) has been guaranteed to people living with
diabetes in Brazil, with a major increase in access to
free diabetes medications starting in 2011 (27). In
2019, the Brazilian Congress enacted the National
Policy for Diabetes Prevention and Comprehensive
Assistance to Diabetic Persons was established, aim-
ing to increase population awareness about diabetes
detection and treatment.

Besides some advances in the Brazilian health sys-
tem and treatment policies, increases in both crude
and age-standardized fatal and non-fatal burden of
T2DM were observed in the Northeast and North,
in contrast to the Southeast region, exacerbating
regional Brazilian health disparities. The North and
Northeast regions suffer from poorer health out-
comes due to historical, socioeconomic, and structural
factors, with key challenges such as elevated poverty
levels, restricted access to quality healthcare servic-
es, and lower levels of educational attainment (28).
These challenges within specific settings should be
addressed to reduce regional health inequalities and
improve public health outcomes (29-31).

Additionally, deferred care-seeking during the
COVID-19 pandemic may have affected T2DM mor-
bidity and mortality across Brazilian regions, as poor-
er health-care infrastructures were less equipped
to manage infections and the increased demand for
health services. Although GBD 2021 estimates were
adjusted for the impact of COVID-19, it is not possible
to fully evaluate the pandemic’s specific contribution
to T2DM-related burden. In our study, annual trends
in prevalence, DALYs, and YLLs after 2019 remained
consistent with those observed in previous years
across all regions. However, age-standardized YLDs
showed a reduction trend after 2019-2020 in all re-
gions, which may be reflecting an under-identification
of T2DM complications due to the pandemics’ impact
on medical appointments (32). These trends should
be monitored in future GBD iterations, and targeted

efforts within health-care services are needed to &
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recover delayed services resulting from the pandemic
period.

Finally, we showed that diabetes risk factor con-
trol, except for tobacco, has, in large part, worsened
over the last three decades in Brazil, contributing to
its increasing incidence and prevalence. Over the past
three decades, Brazil's socioeconomic and urban de-
velopment has been accompanied by significant soci-
etal changes. Notably, there has been an increase in
the consumption of ultra-processed foods and a rise
in dense urbanization that offers limited recreational
space (33-35). This urban growth is coupled with chal-
lenges such as inadequate sidewalks, poor lighting,
and crime, hindering regular physical activity, exac-
erbating many risk factors, and impeding substantial
improvements in others, such as promoting physical
activity (35). These changes appear to be the motor
of the current diabetes epidemic. However, other less
well-described factors related to environmental pol-
lution resulting from societal change may also play a
significant role (36), as well as the increased exposure
to endocrine-disrupting chemicals in ultra-processed
products or their packaging (37,38).

The World Health Organization (WHO) provided a
list of interventions, including population-based ones,
considered to be the most cost-effective means of
preventing chronic diseases such as diabetes, includ-
ing 1) increasing prices and taxes on tobacco and alco-
hol products, 2) promoting awareness through mass
media on the importance of healthy diets and physical
activity, 3) Reducing salt consumption and salt con-
tent in food and replacing trans fats by polyunsatu-
rated fats, and/or restrict the marketing of food and
beverage of these products, especially for children
(39). Despite the attractiveness of these multisectoral
and population-based approaches, implementation in
Brazil, like in most countries, has been partial. Recent
analyses suggest that, despite improvementsin clinical
care, the goals set by the United Nations for the year
2030 concerning chronic diseases, including diabetes,
will not be reached (40). The inability of the Brazilian
government and society, either unaware of the impact
of these underlying actors or unable to direct social
development in a healthy direction, has produced
this major public health failure. The Strategic Action
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Plans to Tackle Non-Communicable Diseases (NCDs)
in Brazil (2011-2022 and 2021-2030) were created to
cope with and restrain NCD risk factors in the next 10
years (41,42). However, evidence regarding the effec-
tiveness of its policies remains limited.

This study acknowledges several limitations that
are inherent to dealing with modelled and secondary
data. First, while Brazilian mortality data is generally
reliable, deficiencies in the Brazilian national mortal-
ity information system in earlier years of the GBD se-
ries add uncertainty to the trends in the mortality and
burden metrics we report, especially for the North and
Northeast. Second, we were unable to assess trends in
specific causes of death among individuals with T2DM
because the GBD relies on the underlying cause re-
corded on death certificates. This means that when
T2DM is listed as the cause of death, it is not possible
to determine whether it resulted, for example, from
cardiovascular disease or other conditions. Third, es-
timating diabetes prevalence also poses challenges
due to its reliance on laboratory data as required by
the GBD framework. Being based on only 17 Brazilian
studies into models initially oriented by global data,
our estimates of prevalence, incidence, and YLDs are
especially subject to error. Finally, the assumption that
all deaths under the age of 15 arerelated to TIDM can
produce a misclassification bias, and under- or overes-
timations in TADM metrics can influence our results,
as the non-fatal burden of T2DM is obtained by re-
moving that of T1IDM from the total diabetes mellitus.

Nonetheless, a significant strength of our study
is the use of up-to-date, internationally comparable
disease metrics derived from rigorous and sophisti-
cated GBD analyses to assess the burden and trends
of T2DM. By considering the best available epidemio-
logical evidence and controlling for different sources
of bias, the wide 95% uncertainty intervals presented
in the tables indicate the large degree of uncertainty
present. However, it provides a straightforward syn-
thesis of the current T2DM scenario in Brazil, instru-
mental in guiding the planning, implementation, and
evaluation of public policies to mitigate the burden of
this condition.

In conclusion, the burden of T2DM in Brazil has sig-
nificantly increased from 1990 to 2021, most notably
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in the North and Northeast regions. Addressing dis-
parities requires targeted interventions that improve
healthcare access, enhance care integration, and ex-
pand educational programs. Unless prevention strat-
egies that address key risk factors such as excessive
weight, sedentary behavior and an unhealthy diet are
implemented, the burden of T2DM wiill likely continue
to grow at an accelerated pace.
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Supplementary Figure 2. Years of life lost (YLL) and Years Lived with Disability (YLD) due to T2DM in Brazil and its macro-regions.
The lines represent age-standardized YLL and YLDs rates per 100,000 habitants from 1990 to 2021.
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ABSTRACT

Objective: This study investigated the prevalence and factors associated with diabetic peripheral neuropathy (DPN) among
adults with type 2 diabetes mellitus (T2DM) attending a referral center in Midwest Brazil. Subjects and methods: This cross-
sectional study included 276 patients with T2DM, categorized into DPN and non-DPN groups. DPN was assessed using the
Neuropathy Disability Score. Sociodemographic and lifestyle data were collected via structured interviews, whereas clinical
and laboratory data were obtained from medical records. Results: DPN prevalence was 64.5% (95% Cl: 58.9%-70.1%). Among
those affected, most were female (59.0%), aged over 67 years old (37.7%), living with diabetes for more than 10 years (52.3%).
Poor glycemic control and a sedentary lifestyle were observed in 78.9% and 85.4% of participants, respectively. In multivari-
able analysis, male sex (PR = 1.32; 95% Cl: 1.12-1.56), retirement/inactivity (PR = 1.43; 95% Cl: 1.11-1.85), T2DM duration
>10 years (PR = 1.22; 95% Cl: 1.03-1.44), sedentary lifestyle (PR = 1.34; 95% Cl: 1.02-1.76), peripheral arterial disease (PR =
1.25; 95% Cl: 1.08-1.46), and prior acute myocardial infarction (PR = 1.21; 95% ClI: 1.01-1.45) were independently associated
with higher DPN prevalence. Conclusion: DPN was highly prevalent among patients with T2DM. Particular attention should
be directed toward men, older adults, individuals with long-standing diabetes, and those with cardiovascular comorbidities.
Promoting regular physical activity and comprehensive management of cardiovascular risk factors may help prevent disease
progression and related complications.

Keywords: Type 2 diabetes mellitus; peripheral neuropathy; prevalence; risk factors; cardiovascular disease

INTRODUCTION Progressive degeneration of sensory neurons pre-
Type 2 diabetes mellitus (T2DM) is a chronic disease  disposes individuals to multiple adverse outcomes
of high global prevalence, affecting approximately  that negatively impact their quality of life, including
828 million people in 2022, with a diagnostic frequen-  pain-related physical disability, ulcers, infections, and
cy of 10.2% in the Brazilian population (1). Diabetic  lower-limb amputations. These complications can
neuropathy is the most prevalent microvascular com-  also lead to mood disorders, sleep impairment, and
plications, affecting more than 50% of patients over  reduced work performance, resulting in a significant
the course of the disease, commonly presenting as  psychological, social, and physical burden (3,4).

diabetic peripheral neuropathy (DPN) (2). DPN prevalence vary widely, from 1% to 80%
Received on Oct/27/2025 DOI: 10.20945/2359-4292-2026-0053 across countries, reflecting differences in diagnostic
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consumption (4-8). Importantly, DPN can be prevented
or delayed by adequate glycemic control and lifestyle
changes targeting modifiable risk factors (2,9).

In Midwest Brazil, few studies have evaluated the
prevalence and factors associated with this complica-
tion at secondary care settings. Dutra and cols. (10) in-
vestigated risk factors for foot ulceration among 117
patients with diabetes treated in outpatient units of
three public hospitals in the Federal District; however,
foot ulcers represent a DPN progression. Similarly,
Reis and cols. (11) evaluated predictive factors for
DPN in a small sample of 111 older patients followed
at a primary health unit in the same state.

Muzy and cols. (12) conducted a comprehensive
analysis to assess the prevalence of diabetes and its
complications, and the characteristics of diabetes care
in Brazil, using data from three national surveys: the
National Survey of Health, the Primary Care Access
and Quality Improvement Program, and the Popular
Pharmacy Program. The authors found that neuropa-
thy was the most prevalent diabetes-related compli-
cation nationwide, that only 30% of patients under-
went foot examinations, and that the Midwest had
the second-highest neuropathy incidence (3,114.7
cases per 100,000 inhabitants), second only to the
Southeast (3,496.0 per 100,000).

Despite these findings, none of these studies di-
rectly examined the factors associated with DPN,
even though identifying such determinants is crucial
to improve preventive strategies and optimize dis-
ease management within public health systems (13).
Accordingly, this study investigated the prevalence
and associated factors of DPN among individuals with
T2DM treated at a referral center in Midwest Brazil.

SUBJECTS AND METHODS

Thiscross-sectionalstudyinvolved asample of patients
receiving care at a referral health service in the mu-
nicipality of Rondondpolis, Mato Grosso, Midwestern
Brazil, between August 2021 and December 2023.
Sample size was estimated with Epi Info software,
version 7.2.6.0 (Centers for Disease Control and
Prevention, Atlanta, GA, USA), considering a popula-
tion size of 1,464 individuals, corresponding to the
annual number of patients with T2DM assisted at the
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studied referral health service. A 5% significance level,
a 95% confidence interval (95% Cl), and an expected
31.5% DPN prevalence were adopted, based on a
meta-analysis by Sun and cols. (14) conducted with
individuals with T2DM. These parameters resulted in
a minimum required sample size of 270 participants.
Participants were invited to join the study while in
the waiting room prior to their appointments. Adult pa-
tients (= 18 years), both males and females, with a diag-
nosis of T2DM confirmed in their medical records were
eligible. Participants who agreed to participate in the
study voluntarily signed the informed consent form.
Exclusion criteria included presence of lower-limb am-
putations (at any level), active ulcers, and neurological
or psychiatric disordersDPN presence was assessed
using the Brazilian version of the Neuropathy Disability
Score (NDS), validated by Moreira and cols. (15) and
recommended by the Brazilian Diabetes Society (16),
after excluding other potential neuropathy causes.
NDS shows high sensitivity (89%) and specificity
(100%) for evaluating both small and large nerve fibers
based on tests of vibratory sensation, thermal sensitiv-
ity, superficial pain, and the Achilles reflex. Based on the
score, DPN severity was classified as follows: absent
(< 3 points), mild (3-5 points), moderate (6-8 points),
and severe (= 9 points). Individuals with NDS > 3 were
considered to have DPN (15). Accordingly, participants
were divided into two groups: DPN and non-DPN.
Additionally, the Neuropathic Symptom Score
(NSS), Visual Analogue Scale (VAS), and Plantar
Protective Sensitivity Test (PPS) were applied to fur-
ther characterize DPN. NSS evaluated the presence
and severity of neuropathic symptoms, classified as
absent (0-2 points), mild (3-4 points), moderate (5-6
points), or severe (= 7 points) [14]. VAS assessed self-
reported pain intensity, categorized as absent (0),
mild (1-2 points), moderate (3-7 points), or severe
(= 8 points) (17). PPS was assessed using the Semmes-
Weinstein 10 g monofilament and categorized ac-
cording to Feng, Schlosser, and Sumpio (18) as follows:
present (preserved sensitivity), reduced (partial sen-
sitivity at some points), or absent (no perception of
the tactile stimulus). All neurological tests and foot
examinations were performed bilaterally, in a private
setting, by a previously trained research team.
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Sociodemographic and lifestyle data were collected
using a semi-structured questionnaire administered
individually and in a private setting by trained mem-
bers of the research team. Variables included sex (male
or female); age group (< 59 years, 60-67 years, or
> 67 years); self-reported race/skin color (white/yellow
or black/mixed-race/indigenous); marital status (with
a partner — married or in a stable union — or without
a partner — single, widowed, or divorced); schooling
level (O-7 years: illiterate or incomplete middle school;
> 8 years: complete middle school, incomplete or com-
plete high school, or higher education); work status
(active or retired/inactive); current smoking; nutrition-
al therapy adherence and sedentary lifestyle.

To assess nutritional status, body mass index
(BMI) was calculated as weight (kg) divided by height
squared (kg/m?. Weight and height data were ob-
tained from medical records. Based on BMl values, pa-
tients were classified as underweight/eutrophic (BMI
< 25 kg/m?), overweight (BMI = 25 and < 30 kg/m?),
or obese (BMI > 30 kg/m?), according to the World
Health Organization (19).

Clinical variables were obtained from medical re-
cords, including diabetes duration (< 10 or > 10 years),
glycemic control, and treatment regimen (use of oral
antidiabetic drugs and/or insulin therapy). Glycemic
control was considered adequate when HbA1c
< 7.0%,
Association (20). Presence of comorbidities and com-
plications was investigated, including systemic arte-
rial hypertension, dyslipidemia, myocardial infarc-
tion (M), ischemic stroke, peripheral arterial disease
(PAD), retinopathy, and diabetic kidney disease (DKD).

Statistical analyses were conducted using Stata
16.1 (StataCorp LLC, College Station, TX, USA) and
RStudio 2024.04.2 (R Foundation for Statistical
Computing, Vienna, Austria). First, a univariate analy-
sis was conducted to describe the absolute and rela-

according to the American Diabetes

tive frequencies of the explanatory variables in rela-
tion to the outcome (DPN presence). Chi-squared
tests assessed differences in distributions. For labora-
tory parameters, data non-normality was verified by
Shapiro-Wilk test. As the variables did not follow a
normal distribution, results were expressed as medi-
ans and minimum-maximum values, and comparisons
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between groups were performed using the Mann-
Whitney U test.

Next, a Poisson’s multiple generalized linear model
(GLM) with alogarithmic link function and robust vari-
ance was fitted to model DPN occurrence as a func-
tion of potential predictors. The multivariate analysis
only included variables with a p < 0.20 in the univari-
ate analysis. Notably, laboratory parameters were
excluded from the model due to vast missing informa-
tion. Variable selection followed the stepwise forward
method, and the Akaike Information Criterion (AIC)
evaluated the impact of including each predictor on
the final model. Variables with p-value < 0.05 were
considered significantly associated with the outcome.

Magnitude of associations was estimated using
prevalence ratio (PR) and its corresponding 95% Cl
in both univariate and multivariate analyses. This
measure was adopted to avoid overestimating asso-
ciations in conditions of high outcome prevalence, as
recommended by Tamhane and cols. (21) for cross-
sectional studies.

This study was approved by the Human Research
Ethics Committee of the Federal University of
Rondonodpolis, Mato Grosso, Brazil (CAAE no.
47720421.6.0000.0126). All participants provided
written informed consent prior to participation.

RESULTS

Of the 285 patients initially evaluated, nine were ex-
cluded: seven due to recent or previous amputation,
one due to cognitive impairment, and one due to a
neurodegenerative disorder. Our final sample there-
fore comprised 276 patients.

Of these, 178 were diagnosed with DPN cor-
responding to a 64.5% prevalence (95% Cl, 58.9%-
70.1%). Table 1 presents the distribution of partici-
pants according to DPN status, sociodemographic
variables, nutritional status, and lifestyle habits. Most
DPN patients were female (59.0%), aged over 67
years (37.7%), and those who self-identified as Black,
Mixed-race, or Indigenous (71.9%). Most participants
reported having a partner (59.6%), tertiary education
(61.2%), and being retired or unemployed (81.5%).
A total of 77 patients (43.3%) had obesity, and most
reported adherence to nutritional guidance (78.1%).
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Sedentary lifestyle exhibited high frequency (85.4%)
and 8.4% reported smoking.

Compared with non-DPN individuals, DPN pa-
tients differed significantly by sex (p = 0.006), age
group (p = 0.009), schooling level (p = 0.033), employ-
ment status (p = 0.002), and sedentary lifestyle (p =
0.026) (Table 1).

Peripheral neuropathy in type 2 diabetes

Regarding neuropathy characteristics, 158 pa-
tients (88.7%) reported experiencing symptoms, and
151 (84.8%) self-reported pain. As shown in Figure 1,
the study sample exhibited a moderate degree of neu-
ropathy, with moderately intense symptoms and neu-
ropathic pain. Protective plantar sensitivity was ab-
sent in over one-third of DPN patients (n = 65; 36.5%).

Table 1. Participants distribution according to DPN and sociodemographic variables, nutritional status, and lifestyle habits

Variable

Sex

Female 74 75.5

Male 24 245
Age category (years)®

<59 47 48.0

59 -| 67 28 286

> 67 23 234
Race/color

White/yellow 35 357

Black/mixed-race/indigenous 63 64.3
Marital status

Without partner 48 49.0

With partner 50 51.0
Schooling years

0-7 51 52.0

>8 47 48.0
Employment status

Retired or inactive 63 64.3

Active 35 35.7
Nutritional status®

Underweight or normal weight 16 16.3

Overweight 38 38.8

Obesity 44 449
Nutritional therapy

No 25 255

Yes 73 74.5
Sedentary lifestyle

No 25 255

Yes 73 745
Smoking

No 85 89.5

Yes 10 10.5

Don't know/didn't answer 3

95% CI

105 59.0 0.006* Ref.
73 41.0 1.28 1.08-1.52
54 30.3 0.009* Ref.
57 32.0 1.25 0.99-1.59
67 37.7 1.39 112-1.73
50 28.1 0.189 Ref.
128 719 1.14 0.93-1.40
72 404 1.13 0.94-1.36
106 53.6 0.17 Ref.
69 388 0.033* 1.21 1.01-1.46
109 61.2 Ref.
145 81.5 0.002* 1.44 1.11-1.87
33 18.5 Ref.
35 196 0.791 Ref.
66 37.1 0.92 0.73-1.17
77 433 0.93 0.74-1.17
39 219 0.498 0.93 0.75-1.16
139 78.1 Ref.
26 14.6 0.026* Ref.
152 85.4 1.33 1.00-1.76
163 91.6 0.567 Ref.
15 8.4 0.92 0.65-1.27

DPN: diabetic peripheral neuropathy; PR: prevalence ratio; 95% Cl: 95% confidence interval.
*Significant at p < 0.05. Chi-squared test.

#Defined according to tertile distribution.

b Defined from Body Mass Index calculation.
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Figure 1. Participants distribution according to DPN characteristics. (A) Neuropathy Disability Score (NDS); (B) Neuropathy Symptom Score
(NSS); (C) Visual Analogue Scale (VAS); and (D) Plantar Protective Sensation (PPS). Panels A, B, and C are expressed as median values.

Table 2 presents the distribution of participants ac-
cording to DPN status and clinical variables. Most DPN
patients had a diabetes duration longer than 10 years
(52.3%), were using insulin (54.5%), and exhibited poor
glycemic control (78.9%). Comorbidities presented high
prevalence, particularly systemic arterial hypertension
(81.5%) and dyslipidemia (82.0%). Among microvascular
complications, 73 patients (41.0%) exhibited retinopa-
thy, whereas Ml was the most frequent macrovascular
complication, occurring in 29 DPN patients (16.3%).

In comparing patients with and without DPN, sta-
tistically significant differences were observed for
Ml (p = 0.007), PAD (p = 0.012), and DKD (p = 0.035).
Regarding laboratory parameters, DPN patients pre-
sented higher serum creatinine levels (Table 3).

Arch Endocrinol Metab, 2026, v.70(4), 1-11, e260053.

Table 4 presents the variables that remained sig-
nificantly associated with DPN after adjusting the
final multivariate model. DPN prevalence was 32%
higher among male than among female patients (PR
= 1.32; 95% ClI, 1.12-1.56) and 43% higher among
retired or inactive participants compared with
those active in the labor market (PR = 1.43; 95% Cl,
1.11-1.85).

Moreover, sedentary individuals had a 34% higher
DPN prevalence than physically active ones (PR = 1.34;
95% Cl, 1.02-1.76). Additional factors associated with
DPN included a diabetes duration longer than 10 years
(PR = 1.22; 95% Cl, 1.03-1.44), presence of PAD (PR
= 1.25; 95% Cl, 1.08-1.46), and a history of Ml (PR =
1.21;95% Cl, 1.01-1.45).
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Table 2. Participants distribution according to DPN and clinical variables

Variable 95% CI

DM duration (years)

<10 58 59.2 85 47.7 0.069 Ref.

>10 40 40.8 93 52.3 1.18 0.99-1.40
Glicemic control®

No 73 717 135 78.9 0.807 1.03 0.82-1.28

Yes 21 22.3 36 211 Ref.

Missing data 4 - 7
Insulin therapy

No 47 48.0 81 455 0.696 Ref.

Yes 51 52.0 97 54.5 1.03 0.87-1.23
Oral antidiabetic drug

No 4 4.1 12 6.7 0.366 1.17 0.87-1.58

Yes 94 95.9 166 933 Ref.
Systemic arterial hypertension

No 28 28.6 33 18.5 0.055 Ref.

Yes 70 71.4 145 81.5 1.25 0.97 - 1.60
Dyslipidemia

No 17 17.3 32 18.0 0.896 Ref.

Yes 81 82.7 146 82.0 0.98 0.79-1.23
Myocardial infarction

No 93 94.9 149 83.7 0.007* Ref.

Yes 5 5.1 29 16.3 1.39 1.17 - 1.64
Ischemic stroke

No 93 949 162 91.0 0.244 Ref.

Yes 5 5.1 16 9.0 1.20 0.93-1.55
Peripheral arterial disease

No 97 99.0 163 91.6 0.012* Ref.

Yes 1 1.0 15 8.4 1.49 1.28-1.75
Retinopathy

No 69 70.4 105 59.0 0.060 Ref.

Yes 29 29.6 73 41.0 1.19 1.00-1.41
Diabetic kidney disease

No 87 88.8 140 78.7 0.035% Ref.

Yes 1 1.2 38 213 1.26 1.05-1.51

DPN: diabetic peripheral neuropathy; PR: prevalence ratio; 95% Cl: 95% confidence interval.
*Significant at p < 0.05. Chi-squared test.
@ Adequate glycemic control defined as HbA1c <7%.

Table 3. Comparison of laboratory parameters between non-DPN and DPN participants

DPN
Parameter e T —— p
No Yes

FBG (mg/dL) (n=258) 148 (127-196) 159 (120.5-218.5) 0.498
HbA1c (%) (n=265) 8.4(7.3-10.2) 8.4(7.2-10.2) 0.953
TC (mg/dL) (n=243) 169.5(140.5-198.7) 174.0(139.5-206.9) 0.391
LDL (mg/dL) (n=259) 88.5(64.59-117.4) 86.2 (60.75-123.0) 0.842
Creatinine (mg/dL) (n=263) 0.8(0.7-0.99) 0.97 (0.79-1.3) 0.001*
Vitamin B12 (pg/mL) (n=182) 399.0(336.0-515.0) 456.4 (292.0-658.3) 0.460

DPN: diabetic peripheral neuropathy; FBG: fasting blood glucose; HbATc: glycated hemoglobin; TC: total cholesterol; LDL: low-density lipoprotein. Results expressed as median (25th—75th
percentiles).
*Significant at p < 0.05. Mann—Whitney U test.
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Table 4. DPN-associated factors among individuals treated at a reference center. Midwest, Brazil

Variable p

Male sex 0.001*
Retired or inactive 0.006™
Sedentary lifestyle 0.034*
DM duration > 10 years 0.021*
Peripheral arterial disease 0.003*
Myocardial infarction 0.037*

Adjusted® PR 95% CI
1.32 1.12-1.56
1.43 1.11-1.85
1.34 1.02-1.76
1.22 1.03-1.44
1.25 1.08-1.46
1.21 1.01-1.45

DPN: Diabetic Peripheral Neuropathy. PR: Prevalence ratio. 95% Cl: 95% confidence interval.

*Significant at p < 0.05. Poisson Regression.

2Adjusted for: sex, employment status, sedentary lifestyle, duration of diabetes, peripheral arterial disease, and history of myocardial infarction.

DISCUSSION

Diabetic Peripheral neuropathy (DPN) is a serious
diabetes complication, contributing to lower-limb am-
putations, disabling neuropathic pain, and increased
mortality (22-24). Herein, were identified several
independent factors associated with this condition,
including male sex, retirement or inactivity, longer
duration of diabetes, sedentary lifestyle, PAD, and a
history of MI. These findings highlight the multifacto-
rial nature of DPN in T2DM patients treated at a re-
ferral center in Midwest Brazil.

DPN prevalence was 64.5% (95% Cl, 58.9%-
70.1%), higher than the prevalence reported in a re-
cent systematic review and meta-analysis which es-
timated a 46.5% rate (95% Cl, 38.0%-55.0%) in Latin
America and the Caribbean (25). Referral bias may
partially explain this higher rate, as patients with more
severe or complex complications are more likely to re-
ceive care at referral centers. Additional contributing
factors may include the older age and longer diabetes
duration observed among the study participants.

Regarding disease characteristics, 88.7% of pa-
tients reported DPN symptoms, indicating a moder-
ate degree of neuropathy. Of the total sample, 84.8%
reported pain (Figure 1), a frequency higher than that
reported by Li and cols. (26) who found that 57.2% of
patients experience painful DPN. In literature, painful
DPN is associated with depression (27), reduced qual-
ity of life (28,29), a greater number of comorbidities,
and increased healthcare costs (30).

In the present study, male sex was significantly
associated with a higher DPN prevalence (PR = 1.32;
95% Cl, 1.12-1.56), a finding consistent with previ-
ous reports (31-33). Similarly, Aaberg and cols. (34)
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observed that men with diabetes developed neuro-
pathic complications at an earlier age (approximately
63 years) than their female counterparts (around 67
years). This finding is further supported by Abraham
and cols. (35), who reported more severe electrophys-
iological abnormalities in men with diabetes, regard-
less of the degree of polyneuropathy.

As for sex-related differences, women tend to ex-
perience more intense neuropathic symptoms, partic-
ularly pain (35), which is also the most common reason
for seeking medical care (36). Taken together, these
findings underscore the importance of considering
sex-specific factors in DPN evaluation and manage-
ment. Targeted screening and preventive strategies
should prioritize older male patients with diabetes to
delay the onset of neuropathic complications and re-
duce associated morbidity.

In our study, DPN patients were older (> 67 years)
and had alonger diabetes duration (>10 years). Longer
T2DM duration is associated with prolonged expo-
sure to chronic hyperglycemia, which intensifies its
deleterious effects on multiple organ systems (37).
Consistent with previous studies (2,8,11,38-40), were
observed a significant association between longer
diabetes duration and DPN (PR = 1.22; 95% Cl, 1.03-
1.44). Although a nonmodifiable risk factor, diabetes
duration remains an essential indicator for early de-
tection and timely management of DPN (41).

No significant association was observed between
insulin therapy or glycemic control and DPN pres-
ence. Nonetheless, 54.5% of patients were using in-
sulin, despite 78.9% achieving inadequate glycemic
control. Insulin therapy is often regarded as a marker
of long-standing or difficult-to-control T2DM (40).
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Conversely, maintaining optimal glycemic control
may help delay DPN progression in T2DM patients,
although the evidence supporting this association is
stronger in T1DM patients (42).

DPN prevalence was 43% higher among retired or
inactive participants compared with those who were
economically active (PR = 1.43; 95% Cl, 1.11-1.85).
Despite limited evidence regarding the association
between DPN and employment or retirement status
in literature, this finding may reflect the combined
effects of advanced age and longer disease duration.
According to the Brazilian social security legislation,
retirement typically occurs around the age of 60 years
or older (43), reinforcing the plausibility of this obser-
vation (8,44).

Salih and cols. (45) reported that patients aged > 60
years were 4.47 times more likely to present DPN than
those aged 40 (95% Cl, 2.40-8.35). The authors attrib-
uted this multifactorial association to the combined
effects of prolonged diabetes duration such as chronic
hyperglycemia, comorbidities, vascular and physiolog-
ical changes that come with the aging process.

Sedentary lifestyle remained significantly and in-
dependently associated with DPN after multivariate
analysis (Table 4). Similarly, Abdissa and cols. (40), in
a study conducted at a university hospital in Ethiopia,
reported that physically inactive patients with diabe-
tes were 2.02 times more likely to develop DPN than
those who were physically active (OR, 2.02; 95% Cl,
1.14-3.55). Likewise, Salih and cols. (45) found that
physically inactive individuals with T2DM were 1.69
times more likely to develop DPN compared with
physically active (95% Cl, 1.14-2.49).

Data from the Vigitel survey (1) indicated a 32.2%
(95% Cl: 29.5-34.9) prevalence of physical activity
among individuals aged 65 years and older. In con-
trast, 85.4% of patients with DPN reported a seden-
tary lifestyle, revealing a markedly higher prevalence
in this sample. Similarly, Nolan and cols. (46), who
investigated self-reported physical activity levels in
T2DM patients aged 33 to 88 years, also observed
that individuals with DPN were less physically active
than those without DPN.

Positive impacts have beenreported from lifestyles
that include physical activities and moderate intensity
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exercise, as well as those focused on flexibility, bal-
ance, and range of motion. Such practices have shown
beneficial effects for individuals living with T2DM and
DPN, including improvements in metabolic profile and
microvascular circulation. These effects are associ-
ated with the release of neuroprotective factors that
attenuate oxidative stress and promote the increase
or regeneration of cutaneous nerve fibers, contrib-
uting to the reduce neuropathic pain symptoms and,
consequently, to improved quality of life (2,3,47-51).

Diabetes alone significantly increases the cardio-
vascular risk (CVR) of patients by approximately two-
to fourfold when compared with individuals without
the disease (52). Moreover, recent evidence suggests
that DPN presence is associated with an additional
CVR elevation (53). High frequencies of CVR fac-
tors were identified: systemic arterial hypertension
(81.5%), dyslipidemia (82.0%), and obesity (43.3%).
Despite no direct association between these risk fac-
tors and DPN, results revealed significant associations
with two cardiovascular complications: PAD and pre-
vious MI. DPN prevalence was 25% higher among pa-
tients with PAD and 21% higher among those with a
history of Ml compared with individuals without these
complications (PR =1.25; 95% Cl: 1.08-1.46 and PR =
1.21; 95% Cl: 1.01-1.45, respectively).

Consistent with our findings, Pfannkuche and cols.
(8) revealed an independent association between PAD
and DPN (OR = 1.81; 95% Cl: 1.07-3.08). This coex-
istence exacerbates vascular dysfunction, thereby
increasing the risk of complications like foot ulcers
and amputations (54). Conversely, a previous nonfatal
MI, a major adverse cardiovascular event, represents
an additional warning sign regarding the clinical con-
dition of these patients and highlights the need for
rigorous management of lipid, blood pressure, and
glycemic parameters through both pharmacological
therapy and lifestyle changes (19,54,55).

A previous study conducted in London involving
13,043 patients recorded 399 nonfatal cardiovascular
events. After adjusting for confounding factors, DPN
was associated with a higher incidence of these events
among patients with diabetes, with a hazard ratio (HR)
of 1.33(95% Cl: 1.02-1.75) (56). Similarly, in a system-
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T2DM, Aikaeli and cols. (57) reported a prevalence of
7% for Ml and rates ranging from 1% to 27% for isch-
emic heart disease among macrovascular complica-
tions. These findings underscore the importance of an
early diagnosis of T2DM and its complications, given
the oftensilent progression of the disease and the det-
rimental impact of delayed diagnosis and treatment
on patients’ quality of life.

Study limitations include its cross-sectional de-
sign, which precludes causal inference, and the use of
convenience sampling, which may limit generalizing
our findings to the broader population with diabetes.
Additionally, data on lifestyle habits were self-report-
ed, which may have led participants to provide so-
cially desirable answers. The high DPN prevalence ob-
served in the study sample may be partially explained
by referral bias, as a greater number of patients with
complications are typically referred to specialized
services. Another important limitation concerns the
considerable missing information in medical records
regarding laboratory parameters, which prevented a
more detailed analysis of their association with DPN
and underscored the need for improved documenta-
tion of patient clinical data.

As for strengths, we highlight its contribution to
expanding knowledge on factors associated with DPN
in a municipality in Midwest Brazil, where few investi-
gations on this topic have been conducted. Moreover,
the present results may enhance national understand-
ing of diabetic peripheral neuropathy, contributing to
public policies and health education in the compre-
hensive care of Brazilian patients.

CONCLUSION
DPN was highly prevalent in the study sample, high-
lighting the urgent need for systematic screening pro-
grams focused on early detection and timely initiation
of appropriate treatment, as recommended by inter-
national reference institutes. Investing in diagnostic
equipment and professional training for implementing
screening tests, particularly in primary care settings
where most patients with T2DM are initially diagnosed,
could substantially improve early DPN identification.
Regarding risk factors, greater attention should
be directed toward male and older individuals, those
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with long-standing diabetes, and patients with a his-
tory of cardiovascular disease. Lifestyle modification
and strict control of cardiovascular risk factors should
be strongly encouraged among DPN patients. In this
regard, educational initiatives focusing on T2DM
management and foot care can help minimize the risk
of major complications. Moreover, conducting longi-
tudinal studies can help guide more effective preven-
tion and management strategies of diabetic peripheral
neuropathy.
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ABSTRACT

Objective: This study aimed to determine the prevalence of hyperglycemia using different diagnostic criteria for gestational
diabetes mellitus. Subjects and methods: This cross-sectional study evaluated parturients attending a hospital complex from
January to December 2017. Data were obtained retrospectively from medical records. Fasting glucose and 75-g oral glucose
tolerance test results were used to assess the prevalence of hyperglycemia during pregnancy. The diagnostic criteria evaluated
were: 1998 World Health Organization (WHO98), 2003 American Diabetes Association (ADA03), 2015 National Institute for
Health and Care Excellence (NICE15), and 2015 International Federation of Gynecology and Obstetrics (FIGO15). The overall
kappa coefficient was used to analyze agreement among the four sets of diagnostic criteria. All analyses were performed using
SAS 9.2, and a significance level of 5% was adopted for all tests. Results: Data from 2,262 women were analyzed. The prevalence
of hyperglycemia differed depending on the diagnostic criteria: 10.3% (FIGO15), 7.34% (NICE15), 3.1% (ADAQ3), and 5.7%
(WHO98). The overall kappa coefficient of agreement was 0.61. Individual analysis of each set of diagnostic criteria showed
a kappa coefficient indicating moderate agreement, with FIGO15 used as the gold standard. Conclusion: In this population of
pregnant women, the prevalence of hyperglycemia varied according to the diagnostic criteria used, with the prevalence of the
disease being lower as the criteria became stricter. Lastly, the criteria showed moderate agreement when compared collectively

and individually to FIGO15.

Keywords: Pregnancy; gestational diabetes mellitus; prevalence; diagnostic criteria

INTRODUCTION

Gestational diabetes mellitus (GDM) is defined as any
degree of glucose intolerance first recognized during
pregnancy (1). It is a significant public health concern
due to its association with maternal and fetal com-
plications during pregnancy, as well as its potential
long-term consequences. GDM increases the risk of
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preterm birth, fetal macrosomia, preeclampsia, and
neonatal complications (1,2).

The first diagnostic criteria for GDM were pro-
posed by O’Sullivan and Mahan in 1964 (3). In 1998,
the World Health Organization (WHO98) recom-
mended using diagnostic thresholds for non-preg-
nant individuals: fasting glucose 2126 mg/dL or
2-hour glucose 2140 mg/dL following a 75-gram oral
glucosetolerancetest(75-gOGTT) (4). Subsequently,
the American Diabetes Association (ADAO3) sug-
gestedfastingglucose 295 mg/dL, 1-hour 2180 mg/dL,
and 2-hour 2155 mg/dL, requiring at least two ab-
normal results (5). The Latin American Diabetes
Association (ALADOS8) and the National Institute for
Health and Care Excellence (NICE15) later recom-
mended fasting glucose 2100 mg/dL and 2-hour glu-
cose 2140 mg/dL (6,7).
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A significant advancement occurred with the
Hyperglycemia and Adverse Pregnancy Outcome study
in 2008, which included 25,505 pregnant women un-
dergoing 75-g OGTT between 24 and 32 weeks of ges-
tation. The study demonstrated that increases in ma-
ternal glucose levels, even below diabetic thresholds,
were independently associated with adverse perinatal
outcomes (8). Based on these findings, the International
Association of Diabetes and Pregnancy Study Groups
(IADPSG) recommended universal screening with fast-
ing glucose at the first prenatal visit and a 75-g OGTT
between 24 and 28 weeks of gestation (9).

Currently, diagnostic criteria for GDM proposed
by the American Diabetes Association (5), the World
Health Organization (4), the International Federation
of Gynecology and Obstetrics (FIGO15) (10), and the
Endocrine Society Clinical Practice Guidelines (11)
are based on the results of the Hyperglycemia and
Adverse Pregnancy Outcome study, with values cor-
responding to those recommended by IADPSG: one or
more values equal to or above 92-125 mg/dL (fasting),
180 mg/dL (1 hour), and 153-199 mg/dL (2 hours) af-
ter anhydrous 75-g glucose load (9). The diagnosis of
overt diabetes in pregnancy includes fasting glucose
(2126 mg/dL), 2-hour glucose (2200 mg/dL), random
glucose (2200 mg/dL), or glycated hemoglobin (26.5%)
(9). In Brazil, the Brazilian Federation of Gynecology
and Obstetrics Associations, the Brazilian Diabetes
Society, the Pan American Health Organization, and
the Brazilian Ministry of Health have adopted the same
IADPSG diagnostic recommendations in 2017 (12).

It is estimated that approximately 16% of live
births occur in women who experienced hyperglyce-
mia during pregnancy, with about 8% of these cases
involving pre-existing diabetes (13). Therefore, given
the limited data and ongoing debate regarding opti-
mal diagnostic thresholds, this study aimed to deter-
mine the prevalence of hyperglycemia using different
diagnostic criteria and to assess the agreement among
them in a population of pregnant women.

SUBJECTS AND METHODS

Study design and period

This observational, cross-sectional study analyzed
data from the hospital complex of Ribeirdo Preto
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(S30 Paulo State, Brazil). The complex, managed by
the University of Sdo Paulo, comprises two units: the
medium-complexity Referral Center for Women's
Health of Ribeirdo Preto (CRSMRP-MATER) and the
high-complexity University Hospital of the Ribeirdo
Preto Medical School (HCFMRP-USP). Both provide
pregnancy and postpartum care through the Brazilian
public health system, serving a population of approxi-
mately 1.4 million people. Ribeirao Preto is located in
northeastern Sao Paulo State, having a human devel-
opment index of 0.800 in 2010 and ranking 40th in
Brazil (14). This study analyzed data from pregnant
women attended between January and December
2017, coinciding with the adoption of Brazil’'s updat-
ed diagnostic criteria. It was conducted as outlined
by STROBE guidelines for reporting observational
studies and adhered to the Declaration of Helsinki.
Additionally, it was approved by the Research Ethics
Committee of HCFMRP-USP and CRSMRP-MATER
(CAAE no. 62213416.9.0000.5440).

Participants

The study included pregnant women residing in
Ribeirao Preto who delivered at CRSMRP-MATER or
HCFMRP-USP in 2017. Only those who completed
prenatal care and gave birth at these institutions were
included, ensuring adherence to national diagnostic
guidelines. Exclusion criteria included multiple preg-
nancies, previous diagnosis of type 1 or type 2 diabe-
tes mellitus, and absence of prenatal care in Ribeirdo
Preto. For GDM prevalence analyses, women without
fasting glucose or 75-g OGTT results were excluded.
For the analysis of adverse outcomes, women with
missing data on delivery, maternal, or perinatal out-
comes were also excluded.

Data collection

Data were collected retrospectively from medical re-
cords. Clinical and sociodemographic variables were
retrieved, including maternal age, self-reported skin
color, comorbidities, lifestyle habits, parity, previous
cesarean sections, prenatal care, gestational age at
delivery, and type of delivery. Fasting blood glucose in
early pregnancy (up to 20 weeks) and the 75-g OGTT
performed between 24 and 28 weeks were analyzed
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to assess the prevalence of hyperglycemia and diag-
nostic agreement. Four diagnostic criteria were ap-
plied: WHO98 (4), ADA03(5),NICE15(7),and FIGO15
(10). According to WHQ98 criteria (4), gestational
diabetes is diagnosed with fasting plasma glucose
2126 mg/dL or 2-hour plasma glucose 2140 mg/dL
after a 75-g OGTT. ADAOS criteria (5) define GDM
as two or more values meeting or exceeding the fol-
lowing thresholds during a 75-g OGTT: fasting 295
mg/dL, 1-hour 2180 mg/dL, and 2-hour 2155 mg/dL.
NICE15 criteria (7) recommend diagnosing GDM
when fasting plasma glucose is 2100 mg/dL or 2-hour
plasma glucose is 2140 mg/dL after 75-g OGTT. The
FIGO15 criteria (10), based on IADPSG recommenda-
tions (9), establish GDM diagnosis via a fasting plasma
glucose 292 mg/dL, or one or more of the following
OGTT thresholds: 292 mg/dL (fasting), 2180 mg/dL
(1 hour),or 2153 mg/dL (2 hour).For clarity, the FIGO15
diagnostic criteria applied are fully equivalent to the
IADPSG recommendations and have been the official
diagnostic standard in Brazil since 2017 (9,10,12).

Statistical analysis

Exploratory analyses were conducted to characterize
the sample. Quantitative variables are summarized
using measures of central tendency and dispersion,
while qualitative variables are presented as absolute
and relative frequencies. Agreement among the four
diagnostic criteria was assessed using the kappa co-
efficient, as described by Cohen (15). A kappa value
of 1 indicates perfect agreement, O indicates chance
agreement, and negative values represent agreement
below chance. Interpretation of kappa values followed
the Landis and Koch (16) classification: poor (<0),
negligible (0.00-0.20), weak (0.21-0.40), moderate
(0.41-0.60), strong (0.61-0.80), and almost perfect
(0.81-1.00). All statistical analyses were performed
using SAS version 9.2 (SAS Institute, USA) using a sig-
nificance level of 5%.

RESULTS

From an initial 4,690 records, the final sample of 2,262
pregnant women was selected based on the availabil-
ity of fasting plasma glucose and/or 75-g OGTT results.
The sample selection process is summarized in Figure 1.
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Women who gave birth at HCFMRP-USP
and CRSMRP-MATER in 2017
n =4,690

Women undergoing prenatal
care in another city
n=2,070

Women with twin pregnancy,
1DM or 2DM
n=98

Women receiving prenatal care in

Ribeirdo Preto
n=2,522

Women without fasting glucose
and 75g OGTT data
(3 measuments)
n =260

Women included for assessment of
hyperglycemia during pregnancy by

fasting glucose and 75g OGTT
n=2,262

Figure 1. Flowchart depicting the study design.

Table 1 presents the clinical and sociodemographic
characteristics of the study population. The mean ma-
ternal age was 26.4 years (SD +5.7), with 70.2% aged
20-34 years. Regarding self-reported race, 65.2%
identified as white and 34.3% as black. Educational
attainment was high, with 65% having completed at
least secondary education. Most women (93.9%) ini-
tiated prenatal care before 20 weeks, and 93.4% at-
tended at least six prenatal consultations. The mean
pregestational body mass index was 26.2 kg/m?, with
41.5% classified as being overweight or obese.

To evaluate potential selection bias, we compared
the baseline characteristics of women who under-
went screening with those who did not. Non-screened
women were more likely to be older than 34 years,
report higher rates of drug use, and have fewer than
six prenatal visits. These differences suggest that the
excluded population may have had a higher underly-
ing risk for GDM. The detailed analysis is presented in
Supplementary Table 1.

The prevalence of hyperglycemia during preg-
nancy was calculated for the full cohort (n = 2,262)
using fasting glucose and/or OGTT data according to
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Table 1. Clinical and sociodemographic characteristics of women assessed for the prevalence of gestational hyperglycemia (n = 2,262)

Variable n %

Maternal age (years)

Mean (SD) 26.41 (6.60)

Median (min—max) 26 (13-47)
Maternal age (years)

<20 372 16.44

20-34 1589 70.25

>34 301 13.31
Skin color

White 1,474 65.16

Black 776 34.31

Brown 7 0.31

Yellow 2 0.09

Not reported 3 0.13
Drug use

Yes 254 11.23

No 2,008 88.77
Maternal diseases

None 1,371 60.6

Ery;pgenr;ir;\s/ive disorders of 2u4 1078
HIV 14 0.62
Others 632 27.93
Not reported 1 4

Variable n %

Prenatal (> 6 visits)

No 83 3.67
Yes 2,112 93.37
Not reported 67 2.96
Total number of pregnancies
1 777 34.35
2 642 28.38
3 420 18.57
4 237 10.48
>5 86 8.22
Parity
0 885 39.12
703 31.08
2 393 17.37
3 175 1.74
4 58 2.56
x5 48 212
Previous cesarean section
0 1,742 77.01
1 370 16.36
2 115 5.08
3 32 1.41
>4 3 0.13

FIGO15, NICE15, WHO98, and ADAO3 criteria. Of
these, 1,772 women had complete three-point OGTT
results, allowing for the application of all four crite-
ria. For the remaining 490 women with only fasting
glucose data, only the FIGO15, NICE15, and WHO98
criteria could be applied, as ADAO3 requires complete
OGTT data. Table 2 lists the prevalence rates obtained
with each diagnostic criterion. Among women with
any available glucose data, the prevalence ranged
from 3.1% (ADAO3) to 10.3% (FIGO15). NICE15 and
WHO98 criteria yielded intermediate rates of 7.3%
and 5.7%, respectively. In the subgroup with complete
OGTT data, prevalence was highest with FIGO15
(11.6%), followed by NICE15 (8.8%), WHO98 (6.3%),
and ADAOQ3 (3.9%).

The prevalence of these variations across diagnos-
tic criteria are illustrated in Figure 2.

Table 3 presents the absolute margin of error
for prevalence estimates, considering both the to-
tal sample and the subgroup with complete OGTTs.
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The margins ranged from 0.71 to 1.32 percent-
age points, depending on criterion and sample size.
Agreement between diagnostic sets was evaluated
using kappa statistics. The overall kappa among the
four criteria was 0.61, indicating moderate agree-
ment. When compared individually to FIGO15 as the
reference, kappa values were 0.65 for NICE15, 0.51
for WHO98, and 0.44 for ADAO3.

DISCUSSION

This study evaluated the medical records of women
who received prenatal care through the Brazilian pub-
lic health system and gave birth at HCFMRP-USP and
CRSM-MATER. In 2017, the FIGO15 criteria were al-
ready recommended in Ribeirdo Preto.

Prevalence of hyperglycemia varied across di-
agnostic criteria: 10.3% (FIGO15), 7.3% (NICE15),
3.1% (ADAO03), and 5.7% (WHO98). This highlights
the direct impact of the diagnostic strategy on the
proportion of women identified with GDM and its
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Fasting glucose and all 75g OGTT values

- 1; implications for clinical practice, public health policy,
Eie-; 10 I and international comparability of data. Since the ini-
é '% 8 E tial recognition of hyperglycemiain pregnancy, the ab-
§ § Z ] sence of a universal diagnostic standard has hindered
H § 2 1 accurate estimates of GDM prevalence (9). Broad ear-

8 o0 F6015 NICETS ADAG3 WHO%S ly definitions, encompassing any degree of hypergly-
« Diagnostic criteria cemia first recognized during pregnancy, contributed

to discrepancies across studies.
Individual fasting glucose and fasting glucose value extracted from 75g 0GTT

10 Globally, GDM prevalence estimates vary widely

¥ g E from 1% to 37.7%, with a mean prevalence of 16.2%
‘E% é (10,17). The International Diabetes Federation re-
gé 2 ports a pooled global standardized prevalence of
%E 3 E 14.0%. By region, standardized GDM prevalence is
EE\": % 3 7.1% in North America and the Caribbean, 7.8% in
H ’ FIGOT5 NICE15 WHO98 Europe, 10.4% in South and Central America, 14.2% in
Diagnostic criteria Africa, 14.7% in the Western Pacific, 20.8% in South-

. Thres T5g OGTT valuss East Asia, and 27.6% in the Middle East and North
£ 12 Africa. According to economic status, the standard-
%g 10 E ized prevalence is 12.7% in low-income countries,
§§ 8 I I 9.2% in middle-income countries, and 14.2% in high-
E_g 6 income countries (18). A meta-analysis indicated an
ég 2 E overall pooled prevalence of 4.4%, while specifically
gm 0 applying FIGO15 criteria resulted in 10.6% (19), con-

FIGO15 NICE15 ADAD3 WHO98 sistent with our findings.

Diagnostic criteria . . . . . . . .
An investigation comparing various diagnostic cri-

Figure 2. Prevalence of gestational hyperglycemia in women with teria found that GDM prevalence ranged from 9.2%
fasting glucose and 75-g OGTT values according to each set of

diagnostic criteria to 45.3%, depending on the thresholds used (20).

Table 2. Prevalence of gestational hyperglycemia in women with fasting glucose and 75-g OGTT values according to each set of diagnostic
criteria

Individual fasting glucose and fasting

Fasting glucose and all 75g OGTT values

Three 75g OGTT values

Criteria glucose value extracted from 75-g 0GTT
n (%) 95% CI (%) n (%) 95% CI (%) n (%) 95% CI (%)

FIGO15

No 2,029 (89.70) 88.45; 90.95 2,082 (92.04) 90.93; 93.16 1,615(91.14) 89.82; 92.46

Yes 233(10.30) 9.05; 11.55 180 (7.96) 6.84;9.07 157 (8.86) 7.54;10.18
NICE15

No 2,096 (92.66) 91.59; 93.74 2,184 (96.55) 95.8;97.3 1,641(92.61) 91.39; 93.83

Yes 166 (7.34) 6.26; 8.41 78(3.45) 27:42 131(7.39) 6.17; 8.61
ADAQ3

No 2,191 (96.90) 96.19; 97.62 - - 1,711 (96.56) 95.71; 97.41

Yes 71(3.10) 2.38;3.81 = - 61(3.44) 2.59;4.29
WHO098

No 2,133 (94.30) 93.34; 95.25 2,245(99.25) 98.89; 99.6 1,657 (93.51) 92.36; 94.66

Yes 129 (5.70) 4.75; 6.66 17 (0.75) 0.4;1.11 115 (6.49) 5.34;7.64
GDM diagnosis by some of the criteria

No 1,998 (88.33) 87.01; 89.65 2,082 (92.04) 90.93; 93.16 1,586 (89.50) 88.08; 90.93

Yes 264 (11.67) 10.35;12.99 180 (7.96) 6.84;9.07 186 (10.50) 9.07;11.92
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Table 3. Estimation of the margin of error based on the sample

Variable Diagnostic criteria
FIGO15
NICE15
ADAQ3
WHO098
S-GDM
FIGO15
NICE15
WH098
S-GDM
FIGO15
NICE15
ADAQ3
WHO098
S-GDM

Fasting glucose and all 75-g OGTT values

Individual fasting glucose and fasting glucose value
extracted from 75-g OGTT

Three 75-g OGTT values

Criteria for gestational hyperglycemia

Prevalence of hyperglycemia n Absolute error (pp)
233(10.3%) 2,262 1.25
166 (7.34%) 2,262 1.07

70(3.1%) 2,261 071
129(5.7%) 2,262 0.96
264 (11.67%) 2,262 1.32
180 (7.96%) 2,262 1.12
78 (3.45%) 2,262 0.75
17 (0.75%) 2,262 0.36
180(7.96%) 2,262 1.12
157 (8.86%) 1,772 1.32
131(7.39%) 1,772 1.22
61(3.44%) 1,772 0.85
115 (6.49%) 1,772 1.15
186 (10.5%) 1,772 1.43

Adoption of the IADPSG criteria significantly in-
creased GDM detection, and prevalence rates can
vary by a factor of 1.5 to 4.9. In Brazil, data are lim-
ited and divergent. A reanalysis of a cohort from 1991
to 1995 showed a GDM prevalence of 18% when us-
ing IADPSG criteria, which decreased to 2.7% under
stricter definitions (21). A 2024 systematic review
reported a pooled prevalence of 14% (95% Cl: 11.0-
16.0) for GDM in Brazil (22). Although more sensitive
criteria (i.e., IADPSG) identify additional cases, this
increase does not necessarily result in more adverse
outcomes.

Among the evaluated criteria, FIGO15 consistent-
ly showed the highest prevalence, as expected due to
its broader diagnostic thresholds. Conversely, ADAO3
was the most restrictive, requiring two abnormal
glucose values and thus producing lower prevalence
rates, aligning with findings from other studies, such
as that by Celik and cols. (23), which confirmed that
broader thresholds akin to those of FIGO15 signifi-
cantly increase detection rates. Although IADPSG and
FIGO15 criteria increase GDM diagnosis rates, they
improve maternal and neonatal outcomes and reduce
healthcare costs. A Spanish study demonstrated that
use of IADPSG criteria led to increased detection, im-
proved pregnancy outcomes, and cost savings (24).

Agreement analyses showed moderate concor-
dance among diagnostic sets, supporting the system-
atic differences found. Notably, agreement between

Arch Endocrinol Metab, 2026, v.70(4), 1-8, 260054,

FIGO15 and WHO98 was low when only fasting glu-
cose was available. The FIGO15 criteria are notable
for being the first to base diagnosis on perinatal out-
comes, facilitating early intervention and influencing
maternal and neonatal morbidity and mortality. Early
diagnosis of overt diabetes also enables more inten-
sive management; for example, maintaining glycated
hemoglobin below 6% reduces risks of large-for-ges-
tational-age infants, preterm delivery, and preeclamp-
sia(17).

Despite our promising findings, this study’s limita-
tions include its retrospective, observational design,
possible selection bias, and potential confounding
factors. The use of a convenience sample also limited
the generalizability of findings, highlighting the need
for multicenter studies to better characterize GDM
prevalence across Brazil’s diverse population.

In conclusion, the prevalence of gestational hy-
perglycemia varied according on the diagnostic crite-
ria, with ADAOS yielding the lowest and FIGO15 the
highest prevalence. Broader criteria such as FIGO15
enhance early identification and allow for timely inter-
vention, potentially improving maternal and neonatal
outcomes. These findings support public health priori-
ties in low- and middle-income countries.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Clinical and sociodemographic characteristics of screened vs. non-screened women who gave birth at HCFMRP-USP
and CRSM-MATER in 2017

Variable Not screened (n = 260) Screened (n = 2,262)

Maternal age (years)

<20 25(9.62%) 314 (13.88%) <0.01
20-34 166 (63.85%) 1,600 (70.73%)
>34 69 (26.54%) 348 (15.38%)
Skin color*
White 191 (73.46%) 1,474 (65.25%) 0.05
Black 69 (26.54%) 776 (34.35%)
Brown 0(0%) 7(0.31%)
Yellow 0(0%) 2(0.09%)
Drug use
No 44.(16.92%) 2,008 (88.77%) <0.01
Yes 216 (83.08%) 254 (11.23%)
Maternal diseases
None 157 (60.38%) 1,371 (60.64%) 0.45
Hypertensive disorders of pregnancy 24.(9.23%) 244(10.79%)
HIV 0(0%) 14 (0.62%)
Others 79 (30.38%) 632 (27.95%)
Prenatal (> 6 visits)
No 37(14.23%) 83(3.78%) <0.01
Yes 223 (85.77%) 2,112 (96.22%)
Total number of pregnancies
1 85(32.69%) 777 (34.35%) 0.04
2 75(28.85%) 642 (28.38%)
3 35(13.46%) 420 (18.57%)
4 32(12.31%) 237 (10.48%)
25 33(12.69%) 186 (8.22%)
Parity
0 107 (41.15%) 885 (39.12%) 0.01
1 74(28.46%) 703 (31.08%)
2 34(13.08%) 393(17.37%)
3 20(7.69%) 175(7.74%)
4 14 (5.38%) 58 (2.56%)
>5 11(4.23%) 48 (2.12%)
Previous cesarean section
0 200 (76.92%) 1,742 (77.01%) <0.01
1 36 (13.85%) 370 (16.36%)
2 14 (5.38%) 115 (5.08%)
3 6(2.31%) 32(1.41%)
>4 4(1.54%) 3(0.13%)

*Chi-square test; ‘Fisher's exact test.
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ABSTRACT

Objective: To investigate the involvement of regulators of pluripotency and self-renewal of embryonic stem cells in adrenocor-
tical tumors (ACT). Subjects and methods: Clinicopathological data and tissues from 114 ACT patients (96 pediatric-pACT; 18
adults) were analyzed. Normal fetal (n = 33) and postnatal adrenals (n = 26) were used as controls. STAT3, NANOG, SOX2, and
OCT4 expression was evaluated by gPCR and IHC. We evaluated intracellular NANOG localization by immunofluorescence and
its interaction with beta-catenin after inhibiting the Wnt pathway in a beta-catenin-mutated ACT cell line (NCI-H295). Results:
IHC showed NANOG, OCT4, SOX2, and STAT3 expression in fetal adrenals until mid-pregnancy, disappearing thereafter. Posi-
tive OCT4 nuclear staining was found in 32% of pACT samples and was associated with metastasis (OR = 2.28; 95% Cl:1.13-
4.59; P < 0.05). ACTs presented lower SOX2 mRNA expression (P < 0.01). STAT3 mRNA levels were higher in cortisol-secreting
ACT (P =0.01) and in adult adenomas (P < 0.01). NANOG mRNA was higher in p.S45P CTNNB1 mutated ACT (P < 0.01). NClI-
H295 cells exhibit nuclear NANOG expression, which was decreased by inhibiting the Wnt/beta-catenin pathway (P < 0.01).
Conclusion: Markers of pluripotency and self-renewal of embryonic stem cells are expressed until mid-pregnancy, contributing
to the adult adrenal stem cell niche. They are absent postnatally but are expressed in a subset of ACT. Specifically, pS45P beta-
catenin-mutated ACTs express more NANOG. Increased OCT4 expression in pACT is associated with worse prognosis, and
inhibiting the Wnt/beta-catenin pathway in these cells impairs NANOG expression.

Keywords: Adrenal cortex neoplasms; pathogenesis; adrenocortical carcinoma, pediatric

INTRODUCTION

Deregulation of important signaling pathways that
play significant roles in orchestrating early embryonic
development and morphogenesis has been previously

described in adrenocortical tumorigenesis (1-5). They
include wingless-type (Wnt), Hedgehog (HH), and
Notch, all of which are involved in the balance be-
tween stem cell self-renewal and differentiation (6,7).

The canonical Wnt/B-catenin pathway is involved
in stem cell proliferation, differentiation, and migra-
tion within their niche (8,9). Activation of the Wnt
pathway has been consistently observed in adreno-
cortical tumorigenesis, either through activating mu-
tations in CTNNB1 in pediatric (1) and adult adreno-
cortical tumors (ACT) (5), or through ZNRF3 mutations
and deletions in adult tumors (10,11). Additionally,
our previous data have shown that abnormal beta-
catenin accumulation was present in most pediatric
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ACTs (pACT), even those without CTNNB1 mutations,
suggesting other mechanisms might be involved (1).

HH signaling regulates stem cell proliferation and
differentiation in the central nervous system (7), skin
(7), intestine (12), mammary gland (13), pancreas (14),
and adrenal cortex (4). In adrenocortical tumorigen-
esis, we previously showed that adult adrenocortical
carcinomas (ACC) exhibit higher expression of Sonic
Hedgehog (SHH) pathway components, including
PTCH1, SMO, GLI3, and SUFU, compared with normal
adult adrenal cortices (4). Conversely, pACT showed
lower mRNA expression of SHH, PTCH1, SMO, GLI1,
and GLI3 than control pediatric adrenal cortices (4).

Notch signaling acts through intercellular interac-
tions in several tissues, maintaining stem cell prolif-
eration and determining stem cell fate (15). The acti-
vation of Notch signaling through the upregulation of
JAG1 has been reported in a variety of cancers, includ-
ing ACC (2,16). Moreover, in ACC, JAG1 seems to be
overexpressed in a subgroup of patients with better
clinical outcomes (17).

Octamer-binding transcription factor 4 (OCT4),
signal transducer and activator of transcription 3
(STAT3), SRY-box transcription factor 2 (SOX2), and
NANOG are key transcription factors implicated in
cancer biology (18-21). They are master regulators of
pluripotency and self-renewal in embryonic stem cells,
either by interacting with each other or by regulating
pathways involved in stem cell proliferation, such as
the LIF/STAT3 pathway (18-21). They have central
roles in maintaining cancer stem cell (CSC) properties
and promoting aggressive tumor behavior. In the ad-
renals, NANOG, OCT4, and STAT3 are expressed only
during early embryonic stages in murine embryos (pri-
or to E9), before steroidogenic function begins, sug-
gesting that these proteins maintain adrenal cortex
cells in an undifferentiated state (22-25). There is lit-
tle data on the expression pattern of NANOG, OCT4,
SOX2,and STAT3 during human adrenal development.

Together or separately, increased NANOG, OCT4,
and SOX2 expression has been associated with tu-
morigenesis, metastasis, and/or recurrence in poorly
differentiated breast cancer, glioblastomas, bladder
carcinomas, squamous cell carcinoma of the skin, pros-
tate cancer, and head and neck squamous carcinoma
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(26-29). One previous study reported that STAT3
positive staining was more frequent in ACC thanin ad-
renocortical adenomas ACA (30). There is likely a link
between the mechanisms that maintain stem cells and
the abnormal molecular pathways involved in adre-
nocortical tumorigenesis. Nevertheless, the potential
involvement of the stem cell markers NANOG, OCT4,
SOX2, and STAT3 in ACT has not been thoroughly in-
vestigated in these tumors.

OCT4 is aberrantly expressed in numerous malig-
nancies and is enriched in CSC populations, regulating
self-renewal, pluripotency, epithelial-mesenchymal
transition, and therapy resistance (31,32). In addition
toits cell-intrinsic effects, OCT4 contributes to tumor
progression by shaping the tumor microenvironment
through enhanced angiogenesis, immune evasion, and
metabolic reprogramming (31,32). Co-expression of
OCT4 and Nanog has been linked to more aggressive
clinicopathological features and poorer outcomes in
some cancers (33,34).

STATS3 is essential for CSC maintenance and is
activated in many cancer types, acting as a major on-
cogenic driver by regulating proliferation, survival,
angiogenesis, immune suppression, and resistance to
therapy (35). Its activation correlates with an unfavor-
able prognosis, and it cooperates with other stemness-
associated transcription factors, including Nanog and
SOX2, to sustain CSC properties (35-37).

SOX2 is frequently overexpressed across solid
tumors and supports CSC maintenance and is asso-
ciated with poor prognosis, lymph node metastasis,
and disease recurrence (38). It interacts with multiple
oncogenic signaling pathways, including STAT3 and
Whnt/B-catenin, to drive tumor progression and cellu-
lar plasticity (38).

NANOG is a master regulator of pluripotency and
self-renewal in CSCs (33,34). High NANOG expression
is linked to advanced tumor stage, metastatic spread,
chemo resistance, and poor clinical outcomes in a wide
range of malignancies (39). Nanog promotes tumori-
genesis through activation of pathways such as JAK/
STAT, Wnt/B-catenin, and TGF-B, and its co-expression
with OCT4 further strengthens CSC traits (39).

Together, these transcription factors orchestrate
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of cancer cells. By sustaining CSC survival and ther-
apy resistance, they represent promising targets for
therapeutic strategies to eliminate CSCs and improve
long-term treatment outcomes. There is limited re-
search directly utilizing the markers OCT4, STAT3,
SOX2, and NANOG to study adrenocortical tumors.

Therefore, we performed a study to assess the ex-
pression of these markers in ACT. First, we evaluated
the expression patterns of NANOG, OCT4, SOX2, and
STAT3 in normal adrenal cortex across different de-
velopmental stages, including fetal and postnatal ad-
renal cortices. Then, we evaluated mRNA and protein
expression of NANOG, OCT4, SOX2, and STAT3 genes
in pediatric and adult ACTs and their association with
clinical features. In addition, we analyzed the in vitro
interaction between Wnt/B-catenin signaling and
NANOG.

MATERIALS AND METHODS

Experimental design

Experimental design is detailed in Figure 1. Different
sample sizes were used for each experiment due to
limitations on the number of samples and the quantity
of material available. Protein expression of SF1, DAX1,
NANOG, OCT4, SOX2 and STAT3 was evaluated.

OCT4 and NANOG in adrenocortical tumors

Due to the availability of biological material, it was
performed in a subset of pACT samples. In each analy-
sis, in the results section, the exact number of samples
is specified.

Controls - Fetal and postnatal normal adrenal
cortices

For the immunohistochemistry (IHC) study, we
evaluated a group of 33 normal prenatal adrenal
paraffin-embedded tissues obtained from spontane-
ously miscarried fetuses grouped according to ges-
tation age: 20-25 weeks (n = 14), 26-31 weeks (n =
10), 32-37 weeks (n = 9). As postnatal controls, we
evaluated 18 adrenals from children between birth
and 10 years old who underwent routine autopsy ex-
amination in our Department of Pathology; fetuses
or children with multiple malformations or children
with known endocrine diseases, or previous use of
glucocorticoids were excluded. Also, 26 specimens
of normal adrenal cortices were analyzed as controls
in quantitative polymerase chain reaction (qPCR)
experiments: 12 pediatric specimens obtained af-
ter surgical treatment of Wilms’ tumor and 14 from
adult subjects with sudden death who underwent
routine autopsy.

NCI-H295 Cell
De;:':;ﬁ:‘f(':"::;he Adrenocortical Tumors Lineage
(p.S45P CTNNB1
_— T ACC)
/' . — — T
N\ IHC mRNA (qPCR) Treatment
Fetal n= 30 pACT and 16 adult ACT n= 96 pACT and 18 adult ACT with
Adrenal Post —— —— PNU-74654
Comtex | | pyecal Children Adults
n=
s Adrenal | | o5 .amples 1-3 samy | 100uM || s0uM
n=10 26-31 Cortex added to lost on the - -
nd 237 =D increase transfer of SF1 (n=69 pACT + 27 SF1 (n=18 adult ACT + 26 ~,
A s_am!:fale 11 hllTOl:'tg;ﬂl controls) controls)
— — a8 Tor o DAX1 (n=68 paCT +23 DAX1 (n=18 adult ACT +
e OCT4 silanized cr:mlrels] Z:wn\ml:) 48h after
analysis slide NANOG (=18 pACT +3 NANOG (n=17 adult ACT treatment:
IHC controls) +9 contrels) mRNA
SOX2 (n=18 pACT + 12 SOX2 (n=18 adult ACT +
controls) 25 controls) collected for
STAT3 (n=70 pACT + 25 STAT3 (n=18 adult ACT +
SF1 SF1 (n=27 pACT + 16 adult ACT) c:ﬂlmls] 25 controls) qPCR
SIEI;)'I('; DAX1 (n=29 pACT + 15 aduit ACT) |
NANOG NANOG (n=27pacT + 14 sdut ACT) SF1 and DAX1 STAT3: ACA (n-10) vs ACC
paviagy SOX2 (n=27 pACT + 16 adult ACT) expression vs (n=8) NANOG
S0X2 STAT32 (n=27 pACT + 16 adult ACT) hormonal secretion NANOG: native CTNNB1
OCT4 (=55 pACT + 15 adult ACT) (186 uncirogen secrating (n=30) vs c133T>C CTNNB1
and 66e-n_rr.iml-mrwing and (n=7)vs other CTNNB1
mixed tumors) .
mutations (n=5)

IHC: immunohistochemistry; gPCR: quantitative polymerase chain reaction; pACT: pediatric adrenocortical tumors; ACT: adrenocortical tumors, ACA: adrenocortical adenoma; ACC: adrenocortical

carcinoma.

Figure 1. Experimental design.
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The surgical tissues were collected at the time of
surgery. The autopsy specimens and the fetal tissues
from miscarriages were collected at the moment of
the evaluation by the Pathology Department, which
occurred a couple of hours after death or miscarriage
or at a maximum period of 12 hours after the patient’s
death or the occurrence of miscarriage if the event
was during the night shift to minimize degradation and
variability in both IHC and PCR analyses.

Information regarding the origin of each pedi-
atric control and fetal tissue is on Supplementary
Table 1, and the adult control tissue information is on
Supplementary Table 2. Fetal tissues originated from
spontaneous miscarriages; autopsy-derived tissues
were obtained from individuals without clinical or

Table 1. Clinicopathological data of pACTs

OCT4 and NANOG in adrenocortical tumors

pathological evidence of endocrine or neoplastic dis-
ease processes, and who did not use glucocorticoids;
surgical control specimens were collected from pa-
tients undergoing procedures for non-inflammatory,
non-neoplastic indications.

Patients

We evaluated 114 patients with ACT (96 Pediatric
and 18 adults) who were diagnosed and followed at
two reference centers in southeastern Brazil (Tables
1 and 2). According to the experiment, the entire co-
hort or a subset of it was analyzed. Routine diagnos-
tic tests and imaging evaluations were performed
before surgical treatment, and the patients were fol-
lowed up after surgery, as previously reported (1,4,5).

Gender Male 18 19%
Female 78 81%
Deaths Alive 74 7%
Dead 15 16%
Unknown due to loss of follow up 7 7%
Age at diagnosis (years) Median 1.6
Minimum; maximum 0.4;15.6
Weiss score 0 2 2.1%
1 3 3.1%
2 1 1.0%
3 4 4.2%
4 15 15.6%
5 10 10.4%
6 25 26.0%
7 15 15.6%
8 " 11.5%
9 8 8.3%
Unknown 2 2.1%
Deaths >5 year survival
Tumor Stage | 4(6.7%) 35(58.3%) 60 62.5%
Il 3(21.4%) 9(64.3%) 14 14.6%
Il 1(7.7%) 5(38.5%) 13 13.5%
IV 7(77.8%) 2(22.2%) 9 9.4%
Relapse and/or Metastasis Yes 18 18.8%
No 52 54.2%
Unknown 26 271%
Chemotherapy Yes 19 19.8%
No 48 50.0%
Unknown 29 30.2%
Surgery Yes 96 100%
Female Male

Hormone Secretion Virilizing 43 8 51 53.1%
Mixed (Virilizing + Cushing)* 32 9 41 42.7%
Non secreting 3 1 4 4.2%

* Clinical or subclinical Cushing syndrome.
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Table 2. Clinicopathological data of adult ACTs

OCT4 and NANOG in adrenocortical tumors

Gender Male 2 11%
Female 16 89%

Deaths Alive 14 78%
Dead 3 16%

Unknown due to loss of follow up 1 6%

Age at diagnosis (years) Median 425
Minimum; Maximum 21, 66

Weiss score 0 1 5.5%
1 7 38.9%
2 2 11.1%
3 2 11.1%
4 3 16.7%

5 0 0%
6 3 16.7%

Deaths >b year survival

Tumor Stage | 0 3(42.8%) 7 38.9%
I 1(16.7%) 4(66.7%) 6 33.3%

Il 0 0 1 5.6%
v 2(50%) 1(25%) 4 22.2%
Relapse and/or Metastasis Yes 5 2..8%
No 13 72.2%
Chemotherapy Yes 6 33.3%
No 12 66.7%
Surgery Yes 18 100%

Female Male

Hormone Secretion Virilizing 2 0 2 11.1%
Cushing 7 0 7 38.9%
Mixed (Virilizing + Cushing™) 5 2 7 38.9%
Non functioning 2 0 2 11.1%

* Clinical or subclinical Cushing syndrome.

Tumor stages were classified according to the
International  Pediatric
Registry for children and Macfarlane modified by
Sullivan (40) for adults. In adult ACT, a Weiss score
of less than three was used to classify the tumors as
ACA, and a score of three or greater was used to clas-
sify them as ACC (41). In the pediatric group, we also
assessed the Weiss score but did not categorize ACT
as ACA or ACC according to this criterion because
it is not entirely applicable and does not accurately
predict clinical outcomes in this age group (41). This
study was approved by the Ethics Committee (HCRP
Process 3019/2013). Informed written consent was
obtained from patients and controls or their parents.

Adrenocortical Tumor

Sample size

Owing to the rarity of the condition, we employed
a convenience sampling approach for the pediatric
and the adult cohort. We included all consecutive
eligible patients identified during the study period.

Arch Endocrinol Metab, 2026, v.70(4), 1-19, €260055.

Thissample size reflects the maximum feasible recruit-
ment for this population in our University Hospital
during the study period. For each experiment, either
dPCR or IHC, the number of samples of pACT, adult
tumors and controls is specified in the results and was
selected according to tissue availability.

IHC analyses

Standardization of IHC analyses

Paraffin blocks containing tissues known to express
the target proteins (identified from manufacturer in-
formation or the Human Protein Atlas) were sectioned
at 5 pm onto poly-L-lysine-coated slides. Sections
were deparaffinized overnight, cleared in xylene, and
rehydrated through graded alcohols. Heat-induced
antigen retrieval was performed in Diva Decloaker
10X® buffer (Biomedical Care, CA, USA) at 90 °C for
40 min, followed by cooling in distilled water. IHC
staining was carried out using the REVEAL Polyvalent

HRP-DAB Detection System® (Spring Bioscience, CA, &
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USA). Endogenous peroxidase was blocked for 15 min,
followed by protein blocking for 10 min. Primary anti-
bodies were tested in serial dilutions (1:25-1:300) and
incubated overnight at 4 °C. After washing, slides were
incubated with the rabbit anti-mouse complement for
10 min, HRP conjugate for 15 min, and DAB for 5 min.
Hematoxylin counterstaining was performed for 15 s,
followed by bluing, dehydration, clearing, and mount-
ing. Optimal antibody dilutions were determined from
the positive control slides (Table 3), with representa-
tive images shown in Supplementary Figure 1.

Fetal and postnatal adrenal cortices

The adrenal morphology was evaluated by routine
hematoxylin-eosin staining. We performed the IHC
studies using the primary antibodies described pre-
viously (Table 3). Labeling was developed with 3,3-di-
aminobenzidine (DAB; Vector Laboratories Inc.), and
the nuclei were stained with Harris hematoxylin. For
the analyses, we subcategorized our samples into ges-
tational and postnatal age groups: 20-25 weeks (n =
14), 26-31 weeks (n = 10), 32-37 weeks (n = 9), and
postnatal (n = 18). These samples were analyzed by
M.M.C. and confirmed by an experienced pathologist
(L.Z.R.). We present a descriptive analysis of each de-
velopmental stage.

Tumors

Depending on the availability of paraffin-embedded
samples, IHC studies to analyze STAT3, NANOG,
SOX2, and OCT4 proteins were initially performed in
asubset of 46 ACT samples (30 pediatric and 16 adult
samples) from the University Hospital of the Ribeirao
Preto Medical School. During the transfer of the his-
tological cut to the silanized slide, some samples were

OCT4 and NANOG in adrenocortical tumors

lost. Therefore, the number of samples differs be-
tween analyses. In each analysis, in the results section,
the exact number of samples is specified.

Preliminary analysis of our group’s data showed
that increased OCT4 expression was associated with
recurrence and/or metastasis. Therefore, we decid-
ed to improve our sample size and added 25 pACT
samples from Centro Infantil Boldrini in the analysis.
The use of these samples was approved by this collab-
orative center’s ethic committee (07/12). As negative
controls, all specimens were incubated with an iso-
tope-matched control antibody under identical con-
ditions. Preparations for each marker were evaluated
randomly in at least ten representative high-power
fields (x400) by an experienced pathologist (L.N.R.).
Two samples stained for STAT3 and three stained for
NANOG had to be excluded due to the bending of the
material during preparation.

The nuclear staining of the tumor samples was
evaluated using the H score. The intensity score of
this staining was classified on a scale ranging from O
(absent) to 3 (strong). In addition, the percentage of
positive staining tumor cells observed in each sample
was categorized into a positivity score as follows: 0%
- score 0; 1 to 9%, score 0.1; 10-49%, score 0.5, and
> 50% score 1.0. Then, we multiplied this positivity
score (0,0.1,0.5, or 1) by the intensity score (0, 1, 2, or
3) to obtain a final semi-quantitative score (H score),
ranging from O to 3. Although a formal inter-observer
reliability analysis was not conducted, all immunohis-
tochemical evaluations were performed by the pathol-
ogy team of our University Hospital and reviewed by a
pathologist whois an expert in adrenal diseases (L.Z.R.)
and the first author of this study (M.M.C.). This process
helped ensure a shared interpretive framework.

Table 3. List of antibodies used in immunohistochemistry experiments, tissues used as positive controls, and dilutions

Antibodies (Manufacturer)

Anti human SF-1 mouse monoclonal antibody PP-N1665-00 (Perseus Proteomics®)
Anti-NROB1/DAX1 antibody ab60144 (Abcam®)

Anti-STAT3 (phospho Y705) antibody [EP2147Y] ab76315 (Abcam®)

Anti-SOX-2 (Y-17) sc-17320 (Santa Cruz Biotechnology®)

Anti-NANOG antibody - ChIP Grade ab21624 (Abcam®)

Anti-OCT-3/4 (C-10) sc-5279 (Santa Cruz Biotechnology®)

Positive-Control Dilution
Testicle 1:25
Lung 1:25
Colon 1:25
Colon 1:25
Testicle 1:25
Testicle 1:50
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RNA extraction, DNAse digestion, and cDNA
synthesis

Total RNA was extracted using Trizol Reagent
(Invitrogen®, Karlsruhe, Germany) according to the man-
ufacturer’s protocol. RNA integrity was checked accord-
ingtothe 285/18Srate, withanacceptablerange of 1.6 to
2.0, and confirmed by 1.2% agarose gel. RNA concentra-
tions were quantified by spectrometry (Nanodrop2000,
Thermo Fisher Scientific Inc., Waltham, MA, USA).

To guarantee a pure RNA without DNA contamina-
tion, RNA samples (1 pg) were exposed to DNase (1 uL)
for 15 min at room temperature, and then it was in-
activated with 1 yL EDTA 25mM for 10 min at 65°C.
mRNA was reverse-transcribed using MultiScribe™
enzyme and the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies). cDNA was di-
luted (1:5) for gPCR.

mRNA Quantification by qPCR

The mRNA expression levels were measured in dupli-
cate using TagMan assay (Life Technologies, Foster
City, CA, USA) according to the manufacturer’s recom-
mendation. The target genes evaluated were STAT3
(Hs01047580_m1), NANOG (Hs04260366_g1), SOX2
(Hs01053049 _s1), and OCT4 (Hs01654807_s1). The
2-AACt method was used to determine the relative ex-
pression of MRNA. The results were normalized with
GUSB (Hs99999908_m1) as endogenous control. In the
present study, GUSB was chosen as the reference gene
because it follows the same standardization that was
previously published by our group in gene expression
analyses in adrenocortical tumors (4). In this previous
study, we evaluated three extensively used endogenous
controls (TBP, GUSB e GAPDH), and we observed that
GUSB presented with the most stable expression in all
adrenocortical human tissues. Considering this previ-
ously stablished and published validation, we have cho-
sen GUSB and an endogenous control, keeping method-
ological consistency with the work already published
by our group. The median obtained from the 2-AACt
adrenal tumor tissue value was compared with the
median value obtained from 2-AACt of normal adrenal
tissue, obtaining the value which shows the number of
times (fold) that this gene is hyper- or hypo-expressed
in tumor tissue compared to control tissue (42).
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Immunofluorescence (IF)

Cells were cultured on coverslips placed in 24-well
plates for the immunofluorescence (IF) assays. The
NCI-H295 medium was collected, and cells were
fixed in methanol for 3 minutes, washed 3 times with
0.01 M PBS, and incubated with 10% normal horse
serum for one hour for blocking. Sections were then
incubated overnight at room temperature with anti-
NANOG primary antibody (dilution: 1:100, #610154,
BD Biosciences). Next, cells were washed 3 times
with 0.01 M PBS, incubated with secondary antibody
CyTM5-conjugated AffiniPure donkey anti-mouse
antibody (Jackson Immuno Research, #715-175-150,
dilution: 1:250; red color) for four hours, and washed
3 times with 0.01 M PBS. For nuclear counterstaining,
cells were incubated with 4, 6-diamidino-2-phenyl-
indole (DAPI; Cell Signaling Technology, #4083, dilu-
tion: 1:25,000) for 2 minutes, washed in 1X PBS, and
slides were set with Fluoromount (Sigma-Aldrich).
Expression and localization of NANOG were ob-
served with a Leica TCS SP5 laser scanning confocal
microscope (Leica Microsystems, Wetzlar, Germany)
with fixed exposure time for all samples.

PNU-74654 treatment of H295 cells

The NCI-H295 adrenocortical cell line was kindly pro-
vided by Professor Claudimara Lofti (University of Sao
Paulo) and was cultured in RPMI 1640 medium (GIBCO,
Life Technologies, Foster City, CA) supplemented with
2% fetal bovine serum (Sigma Aldrich, St. Louis, MO,
USA), 1% ITS Premix (BD Biosciences) and 1% penicil-
lin/streptomycin (100 mg/mL; GIBCO Life Technologies)
and harvested weekly. Cells were cultured in a mono-
layer and maintained under standard conditions at 37°C
in a humidified atmosphere (5% CO2 - 95% air). The
NCI-H295 carries the p.S45P CTNNB1 mutation, which
constitutively activates the Wnt pathway signaling.

To assess the potential interaction between the
Whnt/B-catenin pathway and NANOG mRNA expres-
sion, we analyzed NANOG mRNA levels in NCI-H295
cells under basal conditions and after the treatment
of these cells with different doses of PNU-7654 over
standard periods. PNU-7654 inhibits the Wnt sig-
naling by preventing the interaction of Tcf and beta-

catenin. PNU-74654 compound (Sigma Aldrich) was &
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resuspended in Dimethyl Sulfoxide (DMSO; Sigma
Aldrich) at stock concentrations of 31.2 mM, and cells
were treated with vehicle (0.1%-0.4%) DMSO as a
control. PNU-4654 was diluted 100X in a growth me-
dium for working solutions and then diluted to 10 uM,
50 pM, and 100uM. Total RNA from NCI-H295 cells
was isolated using TRIzol® according to the manufac-
turer’s protocol (Life Technologies). RNA extraction and
cDNA synthesis were performed as described above.
For gPCR, TagMan® assay NANOG (Hs04260366_g1)
was used according to the manufacturer’s recommen-
dation using cDNA (diluted 1:5) as atemplate. TagMan®
assay for NCI-H295 cells: Relative expression values
were determined by the 2-AACt method using GUSB
(ID: 4326320E) as endogenous control.

Our primary objective in this study was to explore the
functional relevance of NANOG expression and the Wnt/
-catenin pathway inhibitionin the context of adrenocor-
tical carcinoma. We have not described dose-response
curves or time-course studies because we employed a
targeted experimental design based on concentrations
and NCI-H295 cell viability in different times after PNU-
74654 reported in prior literature (43). This previous
study from our group demonstrated that this treatment
in both concentrations significantly decreased viabil-
ity of adrenocortical tumor cells. NCI-H295 cells were
treated with PNU-74654, a beta-catenin inhibitor, with
a range of concentrations: 5, 10, 50, 100 and 200 uM,
and the effects were measured at different time points:
after 24, 48, 72, and 96 hours. Higher concentrations
(100 and 200 uM) caused a significant decrease in viabil-
ity by 24-48 h. For lower concentrations, a reduction in
viability became evident at later times (72-96 h). At 48
h, there was a clear dose-dependent increase in early
and late apoptosis and reduced nuclear and cytoplasmic
-catenin accumulation versus vehicle. The highest con-
centrations used in these previous study (100-200 uM)
could be questioned for cytotoxicity, but these doses did
not affect Y1 mouse adrenal and HelLa non-adrenal cell
lines under similar conditions, supporting specificity in
blocking Wnt/B-catenin signaling.

Statistical analysis
The Mann-Whitney test was used to compare mRNA

expression levels between ACT samples and controls.
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The Kruskal-Wallis test was used for comparisons be-
tween mRNA expression and different tumor stages.
Spearman’s test was used to analyze the correlations
between the expression of evaluated genes. Log-rank
test and Kaplan-Meier plot were used to analyze the
association between gene expression and overall
survival. In the analysis of the association between
survival outcomes with mRNA expression levels, the
ACT samples were categorized as increased (hyper-
expressed) or decreased (hypo-expressed), based on
whether it is higher or lower than the median gene ex-
pression 2-AACt of the control samples, and Kaplan-
Meier curves and Log-rank analysis were performed.
One-way ANOVA followed by Holm-Sidak’s multiple
comparisons post-test was used to evaluate the dif-
ferences between before and after treatment with
all concentrations of PNU-74654. Non-continuous
variables were expressed in the plots as median and
interquartile range, and continuous variables were ex-
pressed as median and standard error (SEM). The sig-
nificant limit for all the tests was established at 95%
(p-value < 0.05). Statistical analysis was performed us-
ing GraphPad Prism 6 (GraphPad, San Diego, CA).

RESULTS

NANOG, OCT4,SOX2 And STAT3 protein
expression during the adrenal development

We showed that all of the studied stem cell mainte-
nance proteins (NANOG, OCT4, SOX2, and STAT3)
were expressed between 20 and 25 weeks of gesta-
tional period (Figures 2A, 2B, 2C and 2F). After that,
only OCT4 and STAT3 kept staining between 26 and
30 weeks (Figures 2H and 2L). However, none of these
proteins were detected after 31 weeks of gestation
and in the postnatal adrenal cortices (Figures 2M, 2N,
20 and 2R).

At 20-25 weeks of gestational age, the expres-
sion of the four proteins was located at the same
adrenal layers but with different intensities. SOX2
stained strongly through the capsule and cortical re-
gions (Figure 2C); OCT4 staining was stronger at the
capsular region when compared with the rest of the
cortex (Figure 2B); STAT3 staining was also observed
in the capsule and cortex but in moderate inten-

sity (Figure 2F); NANOG was expressed only in the =
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capsular region and with weak intensity (Figure 2A).
Between 26 and 30 weeks of gestational age, OCT4
and STAT3 kept the same pattern of expression as
those between 20 and 25 weeks (Figure 2H and 2L),
while NANOG and SOX2 were no longer expressed
(Figures 2G and 2I). From 31 weeks till the end of ges-
tation and in the postnatal life, OCT4 and STAT3 were
also no longer expressed (Figures 2N and 20).

Clinical and pathological results

Pediatric patients

We evaluated 96 children (81% female) with a medi-
an age at the diagnosis of 1.6 years (0.4-15.6 years).
Seventy-six patients (79%) were diagnosed in the first
five years of life, including 19 (20%) diagnosed in the
first year. Virilization due to androgen excess was the
most common clinical finding in this group, and it was
present in 92 patients (96%), including 51 patients
with androgen-secreting tumors and 41 patients with
both cortisol and androgen-secreting tumors (mixed
tumors). Only four patients presented with non-se-
creting adrenal tumors, which were incidentally dis-

covered (Table 1).
NANOG

20 - 25 weeks

26 - 30 weeks

31 - 37 weeks

post-natal

OCT4 and NANOG in adrenocortical tumors

The germline p.R337H P53 mutation was detected
in 82 out of 96 pediatric patients (85%), and somatic
exon 3 CTNNB1 mutations were found in 10 out of 70
pediatric samples analyzed (14%).

Complete clinical and pathological features, in-
cluding sex, age, clinical presentation, tumor stage,
treatments, and death as an outcome, are described in
Table 1. Part of these clinical data had been previously
reported (1,4).

Adult patients

We evaluated 18 adults (89% female) with a me-
dian age at the diagnosis of 42.5 years (21-66 years).
Cortisol-secreting tumors were found in 14 patients
(77%), 50% of them being mixed cortisol and andro-
gen-secreting tumors. Two patients presented with
androgen-secreting tumors, and the other two pa-
tients had non-secreting tumors. According to the
Weiss score tumor system, 44% of these tumors were
carcinomas. The germline p.R337H P53 mutation was
detected in 4 patients (22%), and somatic CTNNB1
mutations were detected in 7 patients (39%).

Figure 2. Immunohistochemistry (IHC) of NANOG, OCT4, SOX2, SF1, DAX1 and STAT3 protein expression during the adrenal development. IHC

expression of NANOG at 20-25 weeks (A), 26-30 weeks (G), 31-37 weeks (M) of gestational period and postnatal (S). IHC expression of OCT4

at 20-25 weeks (B), 26-30 weeks (H), 31-37 weeks (N) of gestational period and postnatal (T). IHQ expression of SOX2 at 20-25 weeks (C), 26-

30 weeks (1), 31-37 weeks (O) of gestational period and postnatal (U). IHQ expression of SF1 at 20-25 weeks (D), 26-30 weeks (J), 31-37 weeks

(P) of gestational period and postnatal (V). IHQ expression of DAX1 at 20-25 weeks (E), 26-30 weeks (K), 31-37 weeks (Q) of gestational period
and postnatal (W). IHQ expression of STAT3 at 20-25 weeks (F), 26-30 weeks (L), 31-37 weeks (R) of gestational period and postnatal (X).
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Clinical and pathological features, including sex,
age, clinical presentation, tumor stage, treatment, and
death, are described in Table 2.

The stem cell marker proteins

expressionin ACT

pACT

IHC for NANOG, OCT4, SOX2, and STAT3 was eval-
uated in a subset of pACT. We also evaluated a sec-
ond tier of pACT samples to confirm the findings on
OCT4 in the first cohort as described previously in
the Methods section. Positive OCT4 nuclear stain-
ing was found in 18 out of 55 samples (32%) (Figure
3H). Interestingly, positive OCT4 was positively as-
sociated with metastatic pACT (odds ratio, 2.28;
95% confidence interval [Cl]: 1.13 to 4.59; Fisher’s
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test: p-value < 0.05 - Figure 3l). Only three out of
27 samples (11%) presented with positive nuclear
staining of NANOG (Figure 3F). All of the samples
were negative for STAT3 and SOX2 staining (Figures
3Jand 3L).

Adult ACT

IHC for NANOG, OCT4, SOX2, and STAT3 was evalu-
ated in asubset of adult ACT (10 ACA, 6 ACC) samples
(Figures 3F and 3H, Figures 3K and 3M). As in the pe-
diatric samples, all adult samples were negative for
STAT3 and SOX2 staining (Figures 3K and 3M). Only
1 out of 16 (7%) samples presented with positive nu-
clear staining of NANOG (Figure 3F). Positive OCT4
nuclear staining was also found in 1 sample (distinct
from the one staining for NANOG) (Figure 3H).
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Figure 3. Immunohistochemistry in ACT: Pediatric vs Adult patients. (A) Positive nuclear staining for SF1. (B) Graphic depiction of the
percentage of pediatric and adult ACT patients with positive nuclear staining for SF1 (*p<0.05). (C) Positive nuclear staining for DAX1. (D)
Graphic depiction of the percentage of pediatric and adult ACT patients with positive nuclear staining for DAX1 (*p<0.05). (E) Positive
nuclear staining for NANOG. (F) Graphic depiction of the percentage of pediatric and adult ACT patients with positive nuclear staining for
NANOG. (G) Positive nuclear staining for OCT4. (H) Graphic depiction of the percentage of pediatric and adult ACT patients with positive
nuclear staining for OCT4. (I) Percentage of OCT4 positive samples in metastatic/relapsing versus non-metastatic/non-relapsing ACTs
(*p<0.05). (J) Nuclear staining for SOX2. (K) Graphic depiction of the percentage of pediatric and adult ACT patients with positive nuclear
staining for SOX2. (L) Nuclear staining for STAT3. (M) Graphic depiction of the percentage of pediatric and adult ACT patients with positive

nuclear staining for STAT3.
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The Stem Cell Marker mRNA Expression

pACT

Concerning the mRNA expression of stem cell main-
tenance transcription factors, pediatric patients pre-
sented with no difference in STAT3 and NANOG ex-
pression between pACT and controls (p-value=0.31
and p-value=0.48, respectively - Figures 4D and 4C).
pACT presented with lower SOX2 mRNA expression
when compared with controls (Figure 4E - p-value <
0.01). The mRNA expression of OCT4 could not be an-
alyzed because the cycle threshold (CT) of almost all
the samples was undetermined.

Adult ACT
As in the pediatric group, adult ACTs presented with
lower mMRNA expression levels of SOX2 (p-value < 0.01;
Figure 5E) when compared to normal adrenal cortices.
STAT3 and NANOG expression did not differ (p-value =
0.15 and p-value = 0.85, respectively; Figures 5D and
5C) between adult ACT and control adrenal cortices.
Curiously, cortisol-secreting tumors showed higher
STAT3 mRNA expression levels than other secreting
tumors (p-value = 0.01). Among the adult ACT group,
STAT3 mRNA expression levels were higher in ACAs
thanin ACCs (p-value < 0.01; Figure 5F). However, nei-
ther the ACA nor the ACC groups had STAT3 mRNA
expression levels distinguished from control adult
adrenal cortices (p-value = 0.13 and p-value = 0.77,
respectively). Furthermore, survival was not different
regarding STAT3 mRNA expression levels (log-rank
test, p-value = 0.87).

mMRNA expression levels of NANOG were higher
among patients carrying the p.S45P CTNNB1 mu-
tation (p-value < 0.01), in both adults and children
(Figure 5H). No differential mMRNA expression was ob-
served in association with p.R337H P53. No associa-
tion was observed among patterns of mRNA expres-
sion of any gene in this study, tumor stage, or overall
survival in the adult or pACT groups.

In vitro data

NANOG expression pattern in NCI-H295 cells
Considering the finding of higher NANOG mRNA
expression in p.S45P CTNNB1 mutated tumors, we
performed in vitro tests using the NCI-H295 lineage,
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which carries this mutation, to evaluate where and if
NANOG protein was expressed and its cellular loca-
tion. On immunofluorescence, a bright green light
was observed in the nucleus of some NCI-H295 cells
(Figure 6), confirming that this protein is expressed in
this lineage. As it was expressed in only a few cells, it
seems that these may constitute a subgroup of cells
with different characteristics.

Effect of the Wnt/beta-catenin signaling inhibition
by PNU-7654 on NANOG mRNA expression levels
in H295 cells

NANOG mRNA expression in NCI-H295 cells was
detected under basal conditions. After 48h under
PNU-74654 treatment at 50 and 100uM, a signifi-
cant decrease in NANOG mRNA expression levels
was observed (25% and 46% reduction, respectively;
ANOVA: p-value < 0.01; Figure 6).

DISCUSSION
The expression pattern of the stem cell maintenance
genes NANOG, OCT4, SOX2, and STAT3 during the
development of healthy human adrenal cortex in dif-
ferent stages of development or in ACT has not been
further explored to date. In the present study, we ana-
lyzed the expression pattern of these stem cell main-
tenance genes in control adrenal cortices from the
second half of gestation, the postnatal period, and in
ACT from children and adults. Furthermore, we also
performed an in vitro experiment to demonstrate that
the Wnt/B-catenin pathway signaling regulates the
NANOG expression in p.S45P B-catenin mutated ACT.
We observed that the human adrenal cortex cells
still maintain the expression of NANOG, OCT4, and
STAT3 after steroidogenesis begins, which occurs
around week 7 of gestation in humans. It is different
fromwhat is observed in murine embryonic stem cells,
in which the expression of these proteins ceases when
adrenal steroidogenesis starts (23,44,45). These
discrepancies likely reflect fundamental species dif-
ferences in adrenal development, which were also
previously described in mouse and primate gene-ex-
pression studies throughout embryological develop-
ment (46,47). Therefore, while murine models provide
valuable mechanistic insights, direct extrapolation to
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human development must be made with caution. In
this context, our findings suggest that the human ad-
renal cortex may retain stemness-related transcrip-
tional programs longer than the murine cortex. Our
data also implies that the adult stem cell niche does
not need NANOG, OCT4, SOX2, and STAT3 activity to
maintain itself, as the expression of these proteins was
not observed in the postnatal adrenal cortices.

Itis well known that almost all tissues possess adult
stem cell niches, which serve to replace worn-out tis-
sues (48). The adult stem cell niche in the adrenal cor-
tex is located within and/or underneath the capsular
region. Amoreintense expression of OCT4,SOX2, and
STAT3 in the subcapsular region of the adrenal cortex
between 20 and 31 weeks of gestation suggests that

Arch Endocrinol Metab, 2026, v.70(4), 1-19, €260055.

these markers may contribute to the establishment of
the adult stem cell niche but not maintain it.

Increased OCT4 expression was found in one-third of
the pACTs and was associated with metastatic disease.
However, this finding was not observed in adult ACT.
Previous data in the literature showed increased OCT4
expression associated with worse prognosis and chemo-
therapy resistance in several types of cancer. This data is
consistent with our findings in metastatic tumors (49).

Both pediatric and adult ACTs presented with
lower levels of SOX2 expression when compared to
control tissues. Therefore, this marker might not be
associated with the pathogenesis of adrenocortical
tumors as it is in other types of cancer, such as breast
and colorectal cancer (50,51).
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STAT3 expression was higher in cortisol-secreting
ACAs compared to other tumors, but no difference
was observed compared to control tissues. STAT3 is
crucial to the control of the anti-tumor immune re-
sponse, and its hyperactivation is found in several
types of cancer and is associated with a worse progno-
sis (52). Whether or not STAT3 has a role in the patho-
genesis of cortisol-secreting pACT warrants further
investigation.

mMRNA expression levels of NANOG were higher
among patients carrying the p.S45P CTNNB1 muta-
tion in adults and children, as confirmed in in vitro ex-
periments. NANOG mRNA expression was decreased
by inhibition of Wnt/beta-catenin signaling. Data in
the literature have shown that NANOG can induce
stemness, self-renewal, and invasive and metastatic
behavior in some types of cancers through JAK/STAT
and Wnt/beta-catenin (53), which is consistent with
our findings in pACT and adult ACT. Wnt/B-catenin
signaling has been shown to regulate NANOG ex-
pression via B-catenin/TCF complexes directly, and
through interaction with OCT4, contributing to the
maintenance of stemness and tumor-initiating capac-
ity (54). Takao and cols. demonstrated that B-catenin
up-regulates Nanog expression by directly interact-
ing with Oct-3/4 in embryonic stem cells (54). In our
study, we have observed a dose-dependent decrease
in NANOG mRNA expression in the NCI-H295 cell line
48 hours after blocking the Wnt/B-catenin pathway
with PNU 74654. Similar findings have been reported
previously in lung cell lines (55) and small-cell lung
cancer (56). In the latter, coexpression of OCT4 and
NANOG increased the self-renewal potential of can-
cer cells, increased drug resistance, and tumorigenic
capacity through Wnt/B-catenin signaling activation.
Our findings indicate an association between NANOG
and OCT4 expression and the activation of the Wnt/j3-
catenin pathway, which is linked with the pathogen-
esis of adrenocortical tumors.

This study has some limitations that should be ac-
knowledged. First, because ACTs are rare, the adult
cohort was necessarily small and based on a conve-
nience sample, which limits statistical power and re-
duces the ability to detect subtle differences between
groups. Second, acquiring control pediatric and adult
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tissues is challenging. We only obtained fetal tissue af-
ter 20 weeks of gestational age, and earlier gestation-
al periods were not analyzed, and conclusions should
not be drawn concerning early developmental peri-
ods. We had a heterogeneous control group that can
influence the results. However, we applied exclusion
criteria to minimize bias. Third, although GUSB was
selected as the endogenous control for gPCR based
on prior reports of its stability in similar tissues, we
did not perform a formal reference gene stability as-
sessment across all sample types, which might affect
normalization accuracy. Fourth, we did not conduct an
inter-observer reliability analysis for the IHC evalua-
tions. Finally, the descriptive comparison of fetal and
postnatal adrenal cortex IHC did not include statisti-
cal testing, limiting the strength of conclusions regard-
ing developmental expression patterns. Despite these
limitations, our study provides original and valuable
data on a rare disease and suggests that stem cell-as-
sociated markers may contribute to the pathogenesis
and prognosis of ACTs.

In conclusion, we found increased expression of
OCT4, SOX2, and STATS3 in the subcapsular region of
the adrenal cortex between 20 and 31 weeks of gesta-
tion, suggesting that these markers may contribute to
the establishment of the adult stem cells niche but ap-
pear not to be essential to maintain it. OCT4 expres-
sionwas increased in pACTs and was associated with a
worse prognosis. Expression of NANOG was higher in
both adult and pediatric patients with ACTs carrying
p.S45P CTNNB1 mutation, and its expression was de-
creased after Wnt/B-catenin signaling inhibition in an
adrenocortical cell line harboring this mutation. STAT3
expression was increased in cortisol-secreting ACTs,
but whether or not it plays a role in pathogenesis or
prognosis is unclear since there was no difference in
gene expression when compared with controls. SOX2
seems to not play a role in ACT pathogenesis.
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SUPPLEMENTARY MATERIALS

Supplementary table 1. Characteristics of fetal and post-natal control samples

Sex Gestational Age Chronological Age Cause of Death
M 22 weeks b days - Chorioamnionitis
F 22 weeks - Prematurity
M 22weeks 2 days - Prematurity/anoxia
F 25 weeks - Hyaline membrane syndrome
M 21 weeks - Anoxia
F 25 weeks - Anoxia/pre-eclampsia
M 22 weeks - Anoxia/chorioamnionitis
M 22 weeks - Anoxia
M 24 weeks - Prematurity/patent foramen ovale
M 21 weeks 4 days - Anoxia
M 21 weeks 4 days - Anoxia
M 21 weeks - Anoxia
F 24 weeks 4 days - Fetal distress
M 21 weeks 2 days - Prematurity
M 29 weeks = Diaphragmatic hernia
F 28 weeks 1 day - Pneumonia/anoxia
F 30 weeks 1 day - Anoxia
M 27 weeks - Anoxia/twin pregnancy
F 29 weeks
F 26 weeks - Prematurity/amniorrhexis
F 26 weeks 1 day - Prematurity
M 29 weeks 6 days - Shock/pneumonia
F 35 weeks = Anoxia
M 35 weeks - Premature placental abruption
M 35 weeks 1 day s Sepsis/amniorrhexis
M 37 weeks - Diaphragmatic hernia/pulmonary hypoplasia
M 36 weeks 3 days - Anoxia
F 37 weeks - Premature placental abruption
F 37 weeks - Anoxia/pneumonia
M 34 weeks - Anoxia
F 4 days Cardiopathy/anoxia
F 57 days Cardiopathy
M 38 days Cardiopathy
M 1 year Septic shock
F 5 months Sepsis
M 3.5 years Encephalitis
M 3 months Septic shock
M 5 months Cardiopathy/shock
M 4 months Post-operative following cardiac surgery
F 11 days Cardiopathy/meningitis
M 2 years Post-operative following cardiac surgery
M 8 days Cardiac insuficiency/cardiopathy
F 1 month Jejunual atresia/pneumonia
F 10 years Post-operative following cardiac surgery

=
i
=<

F: female; M: male.
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Supplementary table 2. Characteristics of adult and pediatric control samples

Sex Gestational Age
F 51
M 41
M 54
M 49
M 48
M 54
M 44
M 36
F 48
M 45

ND

ND

ND

ND

ND 75

ND 0.01

ND 0.04
F 0.1
F 2.0
F 36
F 0.4
M 5.3
F 23
F 42
M 22
F 47

OCT4 and NANOG in adrenocortical tumors

Chronological Age
Pulmonary embolism
Accute pancreatitis
Accute myocardial infarction
Acute pulmonary edema
Acute pulmonary edema
Accute myocardial infarction
Accute pancreatitis
Acute pulmonary edema
Pneumonia
Sudden Death

Cardiac arrest

Wilms" tumor surgical procedure
Wilms" tumor surgical procedure
Wilms" tumor surgical procedure
Wilms" tumor surgical procedure
Wilms' tumor surgical procedure
Wilms" tumor surgical procedure
Wilms" tumor surgical procedure
Wilms" tumor surgical procedure

Wilms’ tumor surgical procedure

F: female; M: male; ND: no data.

Supplementary Figure 1. IHC photos of positive controls used to standardize the antibodies. Testicular tissue marked with anti-SF1 (A), anti-

OCT4 (C), and anti-NANOG (D). Lung tissue marked with anti-DAX1 (B). Colon tissue marked with anti-SOX2 (E) and anti-STAT3 (F).
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ABSTRACT

Objective: To examine the associations of handgrip strength and CT-derived muscle and visceral fat indices with insulin resis-
tance in middle-aged women with prediabetes and newly diagnosed type 2 diabetes. Subjects and methods: This cross-sectional
study included 44 women aged 40-60 years attending a tertiary endocrinology clinic. Participants were classified according
to the American Diabetes Association (ADA, 2022) criteria as having prediabetes (n = 29) or newly diagnosed type 2 diabetes
(n = 15). All participants underwent anthropometric assessment, biochemical testing, L3-level CT imaging for visceral adipose
tissue (VAT) and psoas muscle measurements, and handgrip strength evaluation using a digital dynamometer. Insulin resistance
was assessed using the homeostatic model assessment for insulin resistance (HOMA-IR). Multivariable linear regression analy-
sis was performed to identify independent factors associated with HOMA-IR. Results: Dominant-hand grip strength demon-
strated an inverse association with HOMA-IR (B = -0.297, p = 0.033). VAT volume and BMI were not significantly associated
with HOMA-IR after adjustment (p > 0.75). The overall model explained 28% of the variance in HOMA-IR (R* = 0.28; adjusted
R*=0.14). Psoas muscle thickness showed a borderline inverse relationship with HOMA-IR (p = 0.079). Conclusion: In this cohort
of women with early glucose dysregulation, handgrip strength was independently associated with insulin resistance, whereas
visceral adiposity was not. These findings suggest that muscle performance may represent a clinically relevant correlation of
early metabolic impairment. Longitudinal studies are needed to clarify the temporal relationships.

Keywords: Handgrip strength; insulin resistance; HOMA-IR; visceral adiposity; CT imaging; prediabetes; type 2 diabetes; women

INTRODUCTION

Prediabetes and type 2 diabetes mellitus (T2DM) are
increasingly prevalent among middle-aged women and
are strongly influenced by alterations in body compo-
sition. The accumulation of visceral adipose tissue has
traditionally been considered a principal contributor
to insulin resistance because of its endocrine activity
and inflammatory signaling properties (1-3). However,
skeletal muscle is the primary site of insulin-mediated
glucose disposal, accounting for about 70%-80% of
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postprandial glucose uptake. Consequently, changes
in muscle quantity or functional capacity may signifi-
cantly influence insulin sensitivity independently of
adiposity (4,5).

Recent studies suggest that muscle strength may
provide clinically relevant information beyond mea-
sures of muscle mass alone. Functional decline can
precede measurable reductions in cross-sectional
muscle area, reflecting early impairments in contrac-
tile efficiency and metabolic flexibility (6-8). In wom-
en, particularly during midlife, shifts in fat distribution
and muscle quality may further modify metabolic risk
profiles (9,10). Prospective data from Asian popula-
tions demonstrate that lower muscle strength is inde-
pendently associated with an increased incidence of
prediabetes and T2DM after adjustment for visceral
adiposity (1). Similarly, cross-sectional analyses have
reported that reduced muscle performance correlates
with markers of insulin resistance across diverse co-
horts (11,12).
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Although visceral adiposity is consistently associat-
ed with cardiometabolic disease, its independent con-
tribution to insulin resistance seems to vary according
todisease stage and populationcharacteristics (13-15).
Some investigations suggest that combined muscle-
fat indices may better reflect metabolic health than
fat measures alone (2,16,17). Furthermore, interven-
tional studies demonstrate that resistance training
improves insulin sensitivity even in the absence of sig-
nificant reductions in fat mass, underscoring the meta-
bolic importance of muscle performance (18-20).

Despite growing interest in this field, the rela-
tive associations of functional muscle strength and
CT-derived visceral adiposity with insulin resistance
remain insufficiently characterized in women with
early glucose abnormalities. Therefore, this study
aims to evaluate the relationships between handgrip
strength, CT-based body composition parameters,
and insulin resistance measured by HOMA-IR in wom-
en with prediabetes and newly diagnosed T2DM.

SUBJECTS AND METHODS
Study design and setting
A cross-sectional observational study was conduct-
ed at the Kasr El Ainy Centre for Endocrinology and
Diabetes, Faculty of Medicine, Cairo University, from
August 2022 to December 2023. The objective is to
examine the associations between skeletal muscle
performance, CT-derived body composition param-
eters, and insulin resistance among women with early
disturbances in glucose metabolism.

Given the cross-sectional design, analyses were re-
stricted to evaluating statistical associations without
inferring temporal direction or causality.

Participants
Women aged 40-60 years attending the outpatient
endocrinology clinic were consecutively screened for
eligibility. Participants were included if they met the
American Diabetes Association (ADA, 2022) criteria
for either prediabetes or newly diagnosed type 2 dia-
betes mellitus (T2DM).

Prediabetes was defined as: Fasting plasma glu-
cose between 100-125 mg/dL and/or; HbA1c be-
tween 5.7%-6.4%.
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Newly diagnosed T2DM was defined as: fasting plas-
ma glucose 2 126 mg/dL and/or; HbA1c 2 6.5%, in indi-
viduals who had not initiated glucose-lowering therapy.

Exclusion criteria included any medical condition or
pharmacologic treatment known to significantly influ-
ence muscle mass, fat distribution, or insulin sensitiv-
ity. These included thyroid dysfunction, Cushing’s syn-
drome, chronic liver disease, chronic kidney disease,
malignancy, polycystic ovary syndrome, and current use
of corticosteroids, insulin sensitizers, or anabolic agents.

A total of 44 eligible participants were enrolled.
Sample size estimation was based on detecting mod-
erate correlations (r = 0.35) with 80% statistical power
at a 5% significance level.

Ethical approval

The study protocol was reviewed and approved by
the Research Ethics Committee of the Faculty of
Medicine, Cairo University (Approval No. MD-322-
2022). All participants provided written informed
consent prior to enrollment. The study adhered to the
principles of the Declaration of Helsinki.

Clinical and anthropometric assessment
Standardized anthropometric measurements were
obtained. Body weight and height were measured
with participants wearing light clothing and no foot-
wear. Body mass index (BMI) was calculated as weight
(kg) divided by height squared (m?). Waist circumfer-
ence was measured at the midpoint between the low-
er costal margin and theiliac crest.

These conventional indices were included to en-
able comparison between anthropometric markers of
adiposity and imaging-derived measurements.

Laboratory evaluation
Venous blood samples were collected following an
overnight fast of at least eight hours. Laboratory anal-
yses included: fasting plasma glucose; fasting insulin;
HbA1c; lipid profile (total cholesterol, triglycerides,
HDL-C, LDL-C); alanine aminotransferase (ALT); as-
partate aminotransferase (AST).

Insulin resistance was estimated using the homeo-
stasis model assessment formula:

HOMA-IR = (Fasting glucose x Fasting insulin) / 405.
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HOMA-IR was analyzed as a continuous variable
and served as the primary metabolic outcome.

CT-Based body composition assessment
Non-contrast computed tomography imaging was
performed at the level of the third lumbar vertebra
(L3) using a 64-slice multidetector scanner. The L3
region was selected due to its established correla-
tion with total-body skeletal muscle and visceral fat
compartments.

Using dedicated image-analysis software, the fol-
lowing parameters were quantified: visceral adipose
tissue (VAT) volume (cm®); Psoas muscle index (PMI),
calculated as total psoas cross-sectional area normal-
ized to height (cm%m?); Psoas muscle thickness (PMTH),
calculated as the mean of bilateral measurements.

These imaging-derived metrics were used to char-
acterize structural muscle and fat compartments.

Muscle strength measurement

Muscle performance was assessed using a calibrated
digital hand dynamometer. Participants were posi-
tioned according to standardized procedures and in-
structed to perform three maximal voluntary contrac-
tions with each hand, with one-minute rest intervals
between attempts.

Hand dominance was self-reported. The mean
value of the dominant hand was used for statistical
analysis to ensure methodological consistency across
participants.

Reduced muscle strength was defined according to
the European Working Group on Sarcopenia in Older
People (EWGSOP2) criteria.

Statistical analysis
Statistical analyses were performed using SPSS ver-
sion 28.0 (IBM Corp., Armonk, NY, USA).

Continuous variables were assessed for normality
using the D’Agostino-Pearson test. Normally distrib-
uted variables are shown as mean + standard devia-
tion, while skewed data are expressed as median with
interquartile range.

Associations between HOMA-IR and body com-
position variables were evaluated using Pearson or
Spearman correlation coefficients, as appropriate.
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To identify variables independently associated
with insulin resistance, multivariable linear regression
analysis was conducted with HOMA-IR as the depen-
dent variable. Independent variables entered into the
model included: dominant-hand grip strength; viscer-
al adipose tissue volume; Psoas muscle index; Psoas
muscle thickness; BMI; age.

Model assumptions, including linearity and ab-
sence of multicollinearity, were verified prior to in-
terpretation. Results are reported as standardized
beta coefficients (B) with corresponding p-values.
A two-sided p-value < 0.05 was considered statisti-
cally significant.

Methodological considerations

The cross-sectional design limits interpretation to as-
sociations. Menopausal status, physical activity level,
dietary intake, and inflammatory biomarkers were not
systematically assessed and may represent potential
confounders. These factors are acknowledged as limi-
tations and should be addressed in future longitudinal
studies.

RESULTS

Participant characteristics

The study included 44 women aged between 40 and 60
years, with a mean age of 45.5 + 5.9 years. According
to the American Diabetes Association (ADA, 2022)
criteria, 29 participants (65.9%) met the definition
of prediabetes, while 15 (34.1%) were classified as
having newly diagnosed type 2 diabetes. Table 1 one
summarizes the baseline demographic, metabolic, and
body composition parameters.

The cohort demonstrated elevated adipos-
ity overall, with a mean BMI of 34.6 + 6.8 kg/m?
and a median visceral adipose tissue (VAT) volume
of 295.5 cm® (interquartile range: 150.3-436.8).
Mean dominant-hand grip strength was 17.5 *
5.4 kg.Structural muscle parameters showed amean
psoas muscle index (PMI) of 7.45 = 2.74 cm¥m? and
a mean psoas muscle thickness (PMTH) of 6.23 +
0.71cm. The mean HOMA-IR value was 3.72 = 2.25,
reflecting variability in insulin resistance across
participants.
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Table 1. Baseline characteristics of participants

Age (years) 455+59
BMI (kg/m2) 346+68
Waist circumference (cm) 98.2+10.3
Fasting glucose (mg/dL) 1M124+415
Fasting insulin (plU/mL) 13.3+6.6
HOMA-IR 372+225
QuICKI 0.32+0.03

Triglycerides (mg/dL) 125.0 (86.5-188.5)

Visceral adipose tissue (cm?) 295.5(150.3-436.8)

Handgrip strength (right, kg) 17554
Handgrip strength (left, kg) 16.8+5.2
PMI (cm2/m2) 7.45+274
PMTH (cm) 6.23+0.71

Bivariate associations

Correlation analyses were conducted to explore the
relationships between insulin resistance and body
composition measures (Table 2).

Table 2. Correlation coefficients between muscle and metabolic

parameters

Parameter

HOMA-IR (r) p-value
Fasting insulin 0.78 <0.001
Fasting glucose 0.64 <0.001
Handgrip strength (right) -0.29 0.033
Handgrip strength (left) -0.19 0.07
Visceral adipose tissue volume 0.04 0.81
PMTH -0.18 0.08
BMI 0.02 0.75

HOMA-IR showed strong positive correlations
with fasting insulin (r = 0.78, p < 0.001) and fasting
plasma glucose (r = 0.64, p < 0.001), supporting the in-
ternal consistency of metabolic measurements.

An inverse correlation was observed between
dominant-hand grip strength and HOMA-IR (r = -0.29,
p = 0.033). Participants with lower grip strength
tended to exhibit higher levels of insulin resistance.
Figure 1 illustrates this relationship, where the fitted
regression line shows a negative slope.

In contrast, VAT volume did not demonstrate a
statistically significant correlation with HOMA-IR
(r=0.04,p=0.81).Figure 2 shows the absence of aclear
linear pattern. Similarly, BMI showed no meaningful
association with insulin resistance (r = 0.02, p = 0.75).
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PMTH displayed a weak inverse relationship with
HOMA-IR (r = -0.18, p = 0.08), while PMI was not sig-
nificantly correlated.

S~ o1 oo N oo

w

Insulin resistance (HOMA-IR)

10 15 20 25 30
Handgrip strength (right, kg)

Scatter plot illustrating the inverse relationship between dominant-hand grip strength and
insulin resistance (HOMA-IR). The regression line demonstrates a modest negative
association (r=-0.29, p = 0.033).

Figure 1. Inverse association between handgrip strength and insulin
resistance (HOMA-IR).
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Scatter plot showing the relationship between visceral adipose tissue (VAT) volume and
insulin resistance (HOMA-IR). No significant linear association was observed (r = 0.04,
p=081).

Figure 2. Relationship between visceral fat volume and insulin
resistance.

Multivariable regression analysis

To examine independent associations, multivari-
able linear regression analysis was performed with
HOMA-IR as the dependent variable (Table 3).

After adjustment for age, BMI, VAT volume, PMI,
and PMTH, dominant-hand grip strength remained
independently associated with HOMA-IR (B = -0.297,
p = 0.033). The negative beta coefficient indicates that
lower muscle strength corresponded to higher levels
of insulin resistance.
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Table 3. Multiple linear regression predicting HOMA-IR

Predictor B Coefficient
Handgrip strength (right) -0.297
Handgrip strength (left) 0.251
PMTH -0.784
PMI 0.259
Visceral adipose tissue volume 0.0006
BMI 0.018
Age -0.027

Handgrip strength, body composition and insulin resistance

p-value Interpretation
0.033 Significant inverse predictor
0.067 Trend toward significance
0.079 Suggestive inverse relationship
0.163 Not significant
0.815 No predictive effect
0.754 No predictive effect
0.687 No predictive effect

Neither VAT volume (B = 0.0006, p = 0.815) nor
BMI (p = 0.754) retained statistical significance in the
adjusted model. PMI also did not demonstrate an in-
dependent association (p = 0.163).

PMTH showed a borderline inverse association
(B=-0.784,p = 0.079), suggesting a possible relation-
shipthatwarrantsfurtherinvestigation. Figure 3shows
the distribution of PMTH in relation to HOMA-IR.

The final regression model explained 28% of the
observed variability in HOMA-IR (R? = 0.28; adjust-
ed R? = 0.14), indicating that additional unmeasured
factors likely contribute to insulin resistance in this
population.

Summary of observed associations

Within this cohort of women with early glucose ab-
normalities: Dominant-hand grip strength was inde-
pendently associated with insulin resistance. Visceral
adipose tissue volume was not independently asso-
ciated with HOMA-IR. Structural muscle thickness
demonstrated a borderline inverse relationship.

= [$2] (=2} ~ [e=] [de}
T T T T T T

Insulin resistance (HOMA-IR)

N (o]
T T

T

0 1 7 3 4 5 6 7 8
Psoas muscle thickness (cm)

Scatter plot depicting the relationship between psoas muscle thickness (PMTH) and insulin
resistance (HOMA-IR). A modest inverse trend was observed (B =-0.784, p = 0.079).

Figure 3. Relationship between muscle thickness and metabolic risk

Arch Endocrinol Metab, 2026, v.70(4), 1-7, 260056.

These findings describe cross-sectional associa-
tions and should not be interpreted as indicating tem-
poral or causal relationships.

DISCUSSION

This study examined the relationships between muscle
performance, imaging-derived body composition pa-
rameters, and insulin resistance in women with predia-
betes and newly diagnosed type 2 diabetes. The prima-
ry observation was that dominant-hand grip strength
was independently associated with HOMA-IR, where-
as visceral adipose tissue volume was not statistically
significant after adjustment for covariates. These find-
ings describe associative patterns within this cohort
and should be interpreted accordingly.

Interpretation in the context of
previous research
Skeletal muscle plays a central role in glucose disposal
under insulin-stimulated conditions. Functional im-
pairment of muscle may therefore influence systemic
glucose regulation even in the absence of marked
structural atrophy. Several observational studies
have reported inverse relationships between muscle
strength and markers of glucose dysregulation. For ex-
ample, longitudinal analyses in Asian populations have
demonstrated that individuals with lower baseline
muscle strength were more likely to develop predia-
betes or type 2 diabetes during follow-up (1). Similarly,
cross-sectional investigations have linked reduced
muscle performance with higher insulin resistance in-
dices across diverse adult populations (11,18).
Importantly, growing evidence suggests that mus-
cle strength and muscle mass may not convey identical
metabolic information. Some studies have indicated
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that functional measures such as handgrip strength
show stronger correlations with metabolic outcomes
than imaging-based muscle area alone (6,17). This
distinction aligns with the current findings, in which
dominant-hand grip strength remained associated
with HOMA-IR, while psoas muscle index did not dem-
onstrate independent significance.

With respect to adiposity, visceral fat has traditional-
ly been considered a principal contributor to insulin re-
sistance because of its pro-inflammatory and endocrine
properties (2,3). However, imaging-based studies have
reported variable associations between visceral fat
volume and insulin resistance once muscle-related pa-
rameters are included in multivariable models (13,15).
In this analysis, visceral adipose tissue volume was not
independently associated with HOMA-IR after adjust-
ment. This does not negate the metabolic relevance of
adiposity but suggests that, within this sample, muscle
performance demonstrated a stronger statistical rela-
tionship with insulin resistance than VAT volume.

The borderline association observed between pso-
as muscle thickness and HOMA-IR further supports
the notion that muscle characteristics may relate
to metabolic function. Although this finding did not
reach conventional statistical significance, the direc-
tion of association was consistent with prior reports
describing inverse relationships between muscle
quality markers and insulin resistance (5,14). Larger
studies would be necessary to clarify this relationship.

Clinical considerations

Handgrip strength is a simple and reproducible mea-
sure that can be obtained in routine clinical settings
without specialized imaging. While CT-derived met-
rics provide precise quantification of body compart-
ments, they are less feasible for broad metabolic
screening. The association between grip strength and
HOMA-IR suggests that functional muscle assessment
may contribute additional information when evaluat-
ing metabolic status among women with early glucose
abnormalities. However, these findings should be in-
terpreted as exploratory and hypothesis-generating.

Limitations
Several limitations warrant consideration.
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First, the cross-sectional design precludes inference
regarding temporal sequence or causality. It cannot be de-
termined whether reduced muscle strength contributes
toinsulin resistance or reflects metabolicimpairment.

Second, the sample size was modest, which may
have limited statistical power to detect smaller asso-
ciations, particularly for structural muscle measures.

Third, menopausal status was not systematically
documented. Given the age range of participants, hor-
monal transitions may have influenced both body com-
position and insulin sensitivity. This variable should be
incorporated into future investigations.

Fourth, physical activity level, dietary intake, and
inflammatory markers were not assessed and may
represent unmeasured confounders.

Finally, CT analysis was based on a single L3 slice,
which, although validated, may not fully capture
whole-body fat and muscle distribution.

In conclusion, in this cohort of women with predia-
betes and newly diagnosed type 2 diabetes, dominant-
hand grip strength was independently associated with
insulin resistance as measured by HOMA-IR, whereas
visceral adipose tissue volume was not statistically
significant in adjusted analyses. These findings high-
light the potential relevance of muscle performance
as a correlate of metabolic dysfunction in early-stage
glucose abnormalities.

Given the observational nature of the study, pro-
spective research is required to determine whether
changes in muscle strength precede, accompany, or
follow alterations in insulin sensitivity. Future studies
incorporating larger samples and longitudinal designs
will be essential to clarify the clinical implications of
these associations.
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ABSTRACT

Objective: To investigate the impact of smoking on serum selenium levels, autoimmune activity, and macular microvascular den-
sity in patients with clinically inactive thyroid-associated orbitopathy (TAO), using optical coherence tomography angiography
(OCTA). Subjects and methods: This retrospective cross-sectional study included 44 patients with inactive TAO (24 smokers,
20 non-smokers) and 32 age- and sex-matched healthy controls. All participants underwent ophthalmologic evaluation and
laboratory testing for thyroid hormones, selenium, and thyroid-stimulating immunoglobulin (TSI). Macular vessel density was
measured using spectral-domain OCTA at the superficial capillary plexus, deep capillary plexus, outer retinal layer, and cho-
riocapillaris. Clinical activity score (CAS) was used to assess disease activity. The collected data were analyzed statistically.
Results: Smokers with TAO exhibited significantly higher CAS (p = 0.016) and TSI levels (p = 0.027), and lower serum selenium
concentrations (p = 0.042) compared to non-smokers. Central superficial and deep capillary plexus densities were significantly
reduced in smokers versus healthy controls (p = 0.029 and p = 0.017, respectively). No significant differences were observed be-
tween smokers and non-smokers within the TAO group, or in the outer retinal layer and choriocapillaris layers among all groups.
Conclusion: Smoking status was associated with lower selenium levels, higher TSI levels, and increased CAS. Furthermore, reti-
nal microvascular attenuation detected by OCTA, even in the absence of clinical activity in TAO, may serve as a significant indi-
cator of persistent vascular deterioration.

Keywords: Optical coherence tomography angiography; retinal microvasculature; selenium; smoking; thyroid-associated

orbitopathy

INTRODUCTION

Thyroid-associated orbitopathy (TAO) is an autoim-
mune inflammatory disease that can occur in all thy-
roid conditions, but is most prevalent in patients with
Graves’ disease (1). Although the orbital disease gen-
erally follows a mild course, it can lead to severe com-
plications in 3-5% of cases. During the course of TAQ,
numerous individual risk factors have been identified,
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including phenotype, thyroid hormone dysfunction,
and smoking (2-4). Multiple studies have investigated
the relationship between TAO and smoking (4,5), and
evidence has shown that smoking is the most signifi-
cant modifiable risk factor for TAQ, increasing the risk
of severe disease forms and reducing treatment re-
sponsiveness in active TAO (6). In vitro studies have in-
dicated that increased production of reactive oxygen
species contributes to the pathogenesis of thyroid-
related orbitopathy (7-9). Selenium is an antioxidant
mineral required for selenocysteine synthesis (10); it is
one of the agents that can potentially inhibit pathogen-
ic mechanisms implicated in TAO. Deficiency has been
shown to affect free radical formation in TAO, conver-
sion of thyroxine (T4) to triiodothyronine (T3), and the
autoimmune thyroid process (11). Nonetheless, there
is limited research examining the effects of smoking on
macular microvascular changes in inactive TAO (12).
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Although previous studies have individually ex-
amined the roles of smoking, selenium, and retinal
vascular changes in TAO, there remains a lack of com-
prehensive research exploring the interplay among
these factors, particularly in patients with clinically
inactive disease. Notably, the combined impact of
smoking and selenium deficiency on both immuno-
logical activity and retinal microvascular integrity is
largely unexplored. Given the critical role of oxidative
stress and vascular compromise in TAO pathogen-
esis, it is essential to determine whether modifiable
lifestyle factors such as smoking contribute to ongo-
ing subclinical inflammation and ocular perfusion ab-
normalities, even during periods of clinical inactivity.
Therefore, this study aims to comprehensively evalu-
ate the effect of smoking on serum selenium levels,
clinical activity score (CAS), thyroid autoantibodies,
and macular microvascular parameters measured by
optical coherence tomography angiography (OCTA) in
patients with inactive TAO. By integrating biochemi-
cal, immunological, and imaging data, this study seeks
to provide novel insights into the systemic and ocular
consequences of smoking in TAO and to identify po-
tential clinical targets for early risk stratification and
therapeutic intervention.

SUBJECTS AND METHODS
Study population
This single-center,
study was conducted at a tertiary eye care center.
The retrospective study included the right eyes of 44
patients with inactive TAO (smoking group, n = 24)
and 32 healthy participants (control group; age- and
gender-matched). Informed consent was obtained
from all participants, and the study was conducted in
accordance with the principles of the Declaration of
Helsinki. The protocol was reviewed and approved by
the local ethics committee. All participants underwent
comprehensive ophthalmologic examinations, includ-
ing biomicroscopy, Hertel exophthalmometry, and
indirect ophthalmoscopy. Demographic data, includ-
ing age, gender, smoking status, and duration of TAQ,
were collected. Following thorough ophthalmologi-
cal examination, CAS, thyroid-stimulating hormone
(TSH), free thyroxine (fT4), free triiodothyronine (fT3),

cross-sectional observational
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selenium (Se), and thyroid-stimulating immunoglobu-
lin (TSI) levels were recorded for patients with TAO.
The CAS system was used to assess disease activity.
Patient and severity classification were performed us-
ing the European Group for Graves’ Ophthalmopathy
criteria (13,14). Patients with CAS < 3 and no previous
history of active TAO treatment were included.

Patients with active TAO or previous TAO treat-
ment (e.g., orbital radiotherapy, systemic steroids, or
other immunomodulators) were excluded. To prevent
confounding effects on choroidal and retinal vascula-
ture, participants with refractive errors greater than
+2 diopters, corneal opacities, cataracts, retinal vas-
cular pathologies (e.g., diabetes, hypertension, sys-
temic vasculitic diseases), and choroidal disease were
excluded.

Intervention and observation procedures

Vascular density measurements were performed us-
ing spectral-domain OCTA (DRI OCT Tritron, Topcon,
Japan). The instrument acquires 6 x 6 mm macular
volumetric scans with a sample density of 320 x 320
A-scans at a rate of 100,000 A-scans/second. The de-
vice employs an OCTA algorithm to generate angio-
grams (15). The algorithm uses blood flow as contrast
and provides vessel density (VD) and flow field data
based on the split-spectrum amplitude-correlation
angiography algorithm. Participants fixated on the tar-
get following pupil dilation. Four measurements were
obtained per participant, and images with a signal
strength index >60 were evaluated by an experienced
ophthalmologist (F.S.). Macular vessel density was
analyzed at four levels: the superficial retinal capillary
plexus (SCP), the deep retinal capillary plexus (DCP),
the outer retinal layer (ORL), and the choroidal capil-
laris (CC) (16). It is acknowledged that differences in
wavelength and light source can lead to variable de-
tection of choroidal vasculature across devices (17).
The density map was displayed in five regions (foveal,
nasal, temporal, superior, and inferior), and the vessel
density of each region was automatically calculated
as a percentage. To minimize daily fluctuations, all
scans were performed within a standardized window
(13:00-14:00) for all participants. The primary out-
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come measures were smoking status, serum selenium =



level, and retinal vascular density measurements by
OCTA.

Statistical analysis

The statistical analyses were performed using the
SPSS software (IBM SPSS Statistics for Windows, IBM
Corp., v. 28.0, Armonk, NY) analyses. Mean, standard
deviation, median, minimum and maximum values, fre-
guencies, and percentages. Normality was assessed
via the Kolmogorov-Smirnov test. Mann-Whitney U
test was used to compare quantitative variables be-
tween groups. The Chi-square test was used for com-
parisons of qualitative variables. Statistical signifi-
cancewas set at p < 0.05.

RESULTS

The mean age of smokers (female: n = 19; male:n = 5)
was 39.7 + 12.7 years; non-smokers (female: n = 12;
male: n = 8) had a mean age of 42.3 + 13.3 years; the
control group (female: n = 18; male: n = 14) had a mean
age of 37.3+ 11.1years. No statistically significant dif-
ferences were observed between groups in terms of
age or gender distribution (p > 0.05 for all). TAO pa-
tients who smoked had significantly higher CAS and
TSI levels, and significantly lower selenium levels
than non-smokers (p =0.016, p =0.027, and p = 0.042,

Table 1. Demographic and clinical data of all subjects

Smoking in thyroid eye disease

respectively). There were no significant differences in
thyroid-stimulating hormone, free triiodothyronine,
and free thyroxine laboratory values between smok-
ers and non-smokers in the TAO group (p = 0.521,
p=0.359,and p = 0.497, respectively) (Table 1).
Central SCP and central DCP vascular densities were
significantly lower in both smoking and non-smoking
TAO patients than in the control group (p = 0.029, p =
0.017, p = 0.011, p = 0.004, respectively). No signifi-
cant differences were observed in ORL-VD and CC-VD
parameters by OCTA among groups (p > 0.05 for all).
Among inactive TAO patients, OCTA-derived macular
vessel density parameters did not differ significantly be-
tween smokers and non-smokers (p > 0.05 for all) (Table 2).

DISCUSSION

TAO is a debilitating autoimmune disorder of the or-
bit, predominantly affecting patients with Graves’ dis-
ease. Among various modifiable risk factors, smoking
has been consistently identified as the most signifi-
cant environmental contributor to TAO development,
severity, and treatment resistance (18-20). The patho-
genic mechanisms in TAO include oxidative stress,
fibroblast activation, immune dysregulation, and in-
creased production of inflammatory cytokines—pro-
cesses exacerbated by smoking (21,22).

Group
Variables Smoker TAO Non-smoker TAO
(n=24) (n=20)

Age (years) 37.3+11.1(1.5) 39.6+12.1(39.5) 42.3+13.3 (44.0) 0.872m 0.258™ 0.453"
Mean + SD (median)
Sex, n (%) Female 18(56.3%) 19(79.2%) 12 (60%) 0.073¢ 0.790* 0.165"

Male 14 (43.7%) 5(20.8%) 8 (40%)
Proptosis, mm N/A 21.6+3.3(20.5) 21.7+3.2(22.0) 0.7410.936
Axial length, mm 23.1+1.2(23.0) 22.9+1.1(23.0) 23.1+1.2(23.0)
CAS (range: 0-7) N/A 1.0+£09(1.0) 0.4+0.7(0.0) 0.016m
TSIHIU/L) N/A 14.1+16.1(5.7) 4.88+6.11(3.2) 0.027m
Se (ug/L) N/A 824+219(86.1)  102.1+18.9(102.7) 0.042m
TSH (ulU/mL) N/A 1.3+£1.8(0.6) 0.8+1.0(0.6) 0.521m
fT3 (pg/mL) N/A 5.4+53(3.5) 38+27(33) 0.359"
T4 (ng/dL) N/A 20+1.9(1.4) 20+23(1.3) 0.497™

TAQ: Thyroid-associated orbitopathy; N/A: not applicable; TSH: thyroid stimulating hormone; fT3: free triiodothyronine; fT4: free thyroxine; TSI: thyroid stimulating immune globulin; CAS: clinical

activity score; Se: selenium.
X2 Chi-Square test, m: Mann-Whitney U test, p< 0.05 indicates a significant difference.
*p: for control group vs smoker TAQ group, **p: for control group vs non-smoker TAO group,
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Table 2. Comparisons OCTA parameters between groups

Group
Smoker TAO (n =
Mean = SD (medi

Control (n=32)

Mean + SD (median)

OCTA parameters

VD of SCP (%)

Central 22.6+3.1 229 21.2+6.0
Superior 487+34 495 475+42
Nasal 46.8+20 46.7 46.3+24
Inferior 479+24 48.1 474+39
Temporal 479+18 47.8 473+22
VD of DCP (%)
Central 20.1+£3.6 20.1 17.0+6.3
Superior 499+33 50.3 490+46
Nasal 483+19 48.6 47.4+26
Inferior 492+24 495 484+30
Temporal 47.0+£25 47.2 46.5+3.1
VD of ORL (%)
Central 412+35 412 427+29
Superior 489+20 489 492+20
Nasal 490+18 49.5 493+13
Inferior 489+1.7 49.0 495+20
Temporal 488+1.8 487 494+22
VD of CC (%)
Central 525+2.0 52.2 526+2.6
Superior 53.0+17 53.0 525+23
Nasal 525+1.6 52.1 525+2.0
Inferior 52917 53.1 535+16
Temporal 52712 52.6 531+22

24)

an)

20.2
48.5
46.9
47.2
47.6

15.4
50.0
48.2
482
46.8

42.0
49.5
49.4
49.9
48.9

52.3
51.9
52.7
53.3
53.5

Smoking in thyroid eye disease

Non-Smoker TAO (n = 20)

Mean = SD (median)

203+3.3 20.3 0.029" 0.017" 0.872"
483+43 496 0.131m 0.802" 0.412m
46.1+£25 46.7 0.718" 0.429" 0.896"
46.1+£3.6 47.0 0.435" 0.561" 0.332"
476+22 478 0.638™ 0.803" 0.968"
16.1+5.1 16.1 0.011" 0.004" 0.825"
48.8+5.0 49.1 0.357" 0.362" 0.849"
468+2.7 47.4 0.183" 0.013" 0.352"
462+59 477 0.322" 0.073" 0.332"
46.0+£35 45.4 0.617™ 0.230" 0.459"
408+32 413 0.118" 0.904" 0.204"
50.1+£1.6 495 0.412" 0.076" 0.362"
50.5+3.0 50.6 0.810" 0.062" 0.126™
50.0£1.7 497 0.057™ 0.085" 0.764"
50.3+£2.9 492 0.555" 0.149" 0.280"
522+26 52.2 0.960" 0.741m 0.904"
525+2.6 52.7 0.177m 0.561™ 0.741m
525+2.8 52.7 0.857™ 0.936" 0.849"
524+2.7 52.7 0.406™ 0.429" 0.218"
522+26 52.2 0.258™ 0.976" 0.718"

TAQ: thyroid-associated orbitopathy; OCTA: optical coherence tomography angiography; VD: vessel density; SCP: superficial retinal capillary plexus; DCP: deep retinal capillary plexus; ORL: outer

retinal layer; CC: choriocapillaris.

Data are presented asmean + standard deviation, X for Chi-Square test, m: mann-Whitney U test, p < 0.05 indicates a significant difference.

*p: for control group vs smoker TAQ group, **p: for control group vs non-smoker TAO group,

This study demonstrated that smoking is associat-
ed with significantly increased CAS and TSI levels, and
significantly decreased serum selenium levels, in pa-
tients with inactive TAO. These results support prior
reports suggesting that smoking alters selenium sta-
tus and contributes to systemic oxidative imbalance
(23,24). Our findings provide substantial evidence
that smoking contributes to TAO pathogenesis and
may prolong low-grade autoimmune activity during
clinically inactive stages.

This study addresses a significant gap in the cur-
rent literature. While previous studies have assessed
retinal microvascular changes in TAO using OCTA,
few have investigated such changes in the inac-
tive phase, and none have simultaneously assessed

Arch Endocrinol Metab, 2026, v.70(4), 1-7, 260057

*H

p: for smoker TAQ group vs non-smoker TAQ group.

serum selenium status, autoimmune markers (TSI),
and smoking exposure. Some studies have reported
vascular dropout in active TAO, while others have
identified reduced macular perfusion in inactive TAO
without considering modifiable systemic factors such
as selenium or smoking (25-27). In one study compar-
ing TAO patients who smoked and those who did not,
Ceyhanoglu and cols. (12) found no significant differ-
ence in macular vascular parameters compared to
controls, but peripapillary vascular parameters were
significantly lower only in TAO patients who smoked
versus controls.

It is noteworthy that while both central superficial
and deep capillary plexus vascular densities were re-
duced in both smoker and non-smoker TAO groups

=
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compared to healthy controls, no significant differ-
ence was observed between TAO subgroups. This
suggests that chronic TAO-associated inflammation,
independent of smoking effects, may lead to subclini-
cal retinal microvascular impairment, consistent with
previous OCTA studies (25,26). Previous work has
shown that smoking reduces vascular density in deep
retinal capillary plexus independently of systemic dis-
ease (28,29). In our study, the absence of a smoker
control group limited the ability to evaluate the addi-
tive effects of smoking on retinal microvascular struc-
ture in TAO.

This study provides evidence that smoking status is
associated with serum selenium levels, clinical sever-
ity, autoimmunity, and retinal microvascular changes
in inactive TAO. This multidimensional perspective
offers novel insights into the intersection of systemic
oxidative and inflammatory factors with localized
orbital pathology and establishes a new framework
for risk stratification in apparently quiescent disease
stages.

In this cohort, smoking was associated with lower
serum selenium levels and increased immune activa-
tion in TAO patients. Selenium is a well-established
antioxidant that modulates thyroid hormone metabo-
lism and limits free radical-mediated tissue damage
(30,31). Randomized controlled trials have shown
that selenium supplementation in mild TAO vyields
improved clinical outcomes, delayed progression, and
enhanced quality of life (31). However, there is limited
literature evaluating this association in the context of
smoking.

The authors propose a hypothesis of significant
relevance: that smoking may exacerbate selenium
deficiency, thereby increasing oxidative stress and
prolonging immune activation in TAO. This hypoth-
esis is reinforced by previous research linking smok-
ing with reduced selenium bioavailability and elevated
systemic oxidative stress markers (22-24). Our find-
ings indicated an association between smoking and
lower selenium levels in TAO, highlighting the further
prospective studies to determine whether selenium
monitoring or supplementation in smokers with TAO
provides clinical benefit, especially given the narrow
therapeutic range of selenium.

Arch Endocrinol Metab, 2026, v.70(4), 1-7, €260057.
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The findings of this study also have important
clinical implications. Central SCP and DCP vascular
densities were diminished in all TAO patients, regard-
less of smoking status, compared to controls. These
results are consistent with reports of early macular
and peripapillary vascular dropout in both active and
inactive TAO (25-27). The results of this study indicate
the presence of persistent subclinical microvascular
changes, most likely attributable to long-term orbital
inflammation, tissue remodeling, or ischemia associ-
ated with orbital volume expansion. In contrast to
previous studies that focused exclusively on the active
phase, our findings demonstrate that vascular impair-
ments may persist into the inactive phase. This under-
scores the value of OCTA as a noninvasive biomarker
for identifying early or residual orbital dysfunction.

It is important to acknowledge the limitations of
this study. The OCTA device utilized provides a limited
6 x 6 mm scan area, which restricts the generalizabil-
ity of microvascular observations to the entire retinal
or orbital vasculature. Additionally, OCTA is unable
to measure flow velocity or directionality, both of
which are essential for a comprehensive understand-
ing of retrobulbar hemodynamics. Variability among
OCTA devices and segmentation algorithms may also
negatively impact the reproducibility of results across
centers. Each device relies on a unique algorithm to
detect flow, and clinicians should be aware that these
differences can influence imaging results and lead to
discrepancies in follow-up assessments. To mitigate
these issues, ensure consistency, and enable accurate
comparisons of OCTA measurements, patients should
be imaged with the same device and scan size when-
ever possible across visits.

Other limitations include the retrospective design,
small sample size, absence of a smoker control group,
and lack of selenium level data in the control group.
The retrospective design and small sample size may
have limited the statistical power to detect more sub-
tle subgroup differences. These limitations prevent a
clear assessment of the relationships among smoking
status, serum selenium levels, clinical severity, auto-
immunity, and retinal microvascular changes in TAO,
and also limit the generalizability of our findings to all
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provide preliminary data supporting the need for fu-
ture prospective and longitudinal studies. We believe
that such studies, particularly with larger sample
groups, will clarify the need for selenium supplemen-
tation in TAO smokers and elucidate whether the mi-
crovascular changes detected by OCTA are meaning-
fully related to clinical outcomes.

In conclusion, the OCTA findings revealed a reduc-
tion in macular microvascular density among patients
with TAO, particularly within the SCP and DCP layers,
regardless of smoking status. Therefore, OCTA may
serve as a valuable adjunct tool for detecting persis-
tent vascular changes in TAO patients and for guiding
therapeutic interventions. Additionally, the study ob-
served that, among patients with inactive TAO, smok-
ing was associated with increased autoimmune activ-
ity (as evidenced by elevated CAS and TSI levels) and
decreased serum selenium levels, which may indicate
ongoing subclinical inflammation and heightened oxi-
dative stress. These results support the assertion that
smoking cessation is an essential component of TAO
management, even during periods of disease inactiv-
ity. Although patients with TAO who smoke exhib-
ited lower selenium levels, prospective studies with
larger sample sizes are necessary to clarify the clini-
cal significance of selenium monitoring and to deter-
mine whether these findings can be generalized to the
broader TAO population.

Acknowledgments: not applicable.

Funding: the author(s) received no financial support for the re-
search, authorship, and/or publication of this article.

Ethics approval and consent to participate: the study adhered
to the tenets of the Declaration of Helsinki. Ethics committee
approval was received from the Basaksehir Cam and Sakura
City Hospital ethics committee (grant no. 10.07.2024.49).

Artificial intelligence (Al) disclosure: no Al applications or assis-
tive technologies were used in the preparation of this manuscript.

Author contributions statement: FS, SG, GO members collect-
ed data. FS interpreted the data and performed statistical anal-
ysis. FS was the major contributor in writing the manuscript. All
authors read and approved the final manuscript.

Disclosure: no potential conflict of interest relevant to this ar-
ticle was reported.

Availability of data and materials: the datasets used and/or
analyzed are available from the corresponding author upon re-
quest.

Arch Endocrinol Metab, 2026, v.70(4), 1-7, 260057

Smoking in thyroid eye disease

REFERENCES

1. Mourits MP, Koornneef L, Wiersinga WM, Prummel MF, Berghout A,
van der Gaag R. Clinical criteria for the assessment of disease activity
in Graves’ ophthalmopathy: a novel approach. Br J Ophthalmol. 1989
Aug;73(8):639-44. doi: 10.1136/bjo.73.8.639.

2. Prummel MF, Wiersinga WM, Mourits MP, Koornneef L, Berghout A,
van der Gaag R. Effect of abnormal thyroid function on the severity of
Graves’ ophthalmopathy. Arch Intern Med. 1990 May;150(5):1098-
101. PMID: 1691908.

3. Perros P, Kendall-Taylor P, Neoh C, Frewin S, Dickinson J. A prospective
study of the effects of radioiodine therapy for hyperthyroidism
in patients with minimally active graves’ ophthalmopathy. J Clin
Endocrinol Metab. 2005 Sep;90(9):5321-3. doi: 10.1210/jc.2005-
0507.

4.  Wiersinga WM. Smoking and thyroid. Clin Endocrinol (Oxf). 2013
Aug;79(2):145-51. doi: 10.1111/cen.12222.

5. Bartalena L, Piantanida E, Gallo D, Lai A, Tanda ML. Epidemiology,
Natural History, Risk Factors, and Prevention of Graves’ Orbitopathy.
Front Endocrinol (Lausanne). 2020 Nov 30;11:615993. doi: 10.3389/
fendo.2020.615993.

6. Winsa B, Mandahl A, Karlsson FA. Graves' disease, endocrine
ophthalmopathy and smoking. Acta Endocrinol (Copenh). 1993
Feb;128(2):156-60. doi: 10.1530/acta.0.1280156.

7. Burch HB, Lahiri S, Bahn RS, Barnes S. Superoxide radical
production stimulates retroocular fibroblast proliferation in Graves’
ophthalmopathy. Exp Eye Res. 1997 Aug;65(2):311-6. doi: 10.1006/
exer.1997.0353.

8. Heufelder AE, Wenzel BE, Bahn RS. Methimazole and propylthiouracil
inhibit the oxygen free radical-induced expression of a 72 kilodalton
heat shock protein in Graves’ retroocular fibroblasts. J Clin Endocrinol
Metab. 1992 Apr;74(4):737-42. doi: 10.1210/jcem.74.4.1532179.

9. Lu R, Wang P, Wartofsky L, Sutton BD, Zweier JL, Bahn RS, Garrity
J, Burman KD. Oxygen free radicals in interleukin-1beta-induced
glycosaminoglycan production by retro-ocular fibroblasts from
normal subjects and Graves’ ophthalmopathy patients. Thyroid. 1999
Mar;9(3):297-303. doi: 10.1089/thy.1999.9.297.

10. Rayman MP.The importance of selenium to human health. Lancet. 2000
Jul 15;356(9225):233-41. doi: 10.1016/50140-6736(00)02490-9.

11. Khong JJ, Goldstein RF, Sanders KM, Schneider H, Pope J, Burdon
KP, et al. Serum selenium status in Graves’ disease with and without
orbitopathy: a case-control study. Clin Endocrinol (Oxf). 2014
Jun;80(6):905-10. doi: 10.1111/cen.12392.

12. Ceylanoglu KS, Sen EM, Doguizi S, Hondur G. Smoking effect on
peripapillary and macular microvascular structure in inactive Graves’
ophthalmopathy. Int Ophthalmol. 2021 Oct;41(10):3411-3417. doi:
10.1007/5s10792-021-01904-z.

13. Mourits MP, Prummel MF, Wiersinga WM, Koornneef L. Clinical
activity score as a guide in the management of patients with Graves’
ophthalmopathy. Clin Endocrinol (Oxf). 1997 Jul;47(1):9-14. doi:
10.1046/j.1365-2265.1997.2331047 x.

14. Bartalena L, Baldeschi L, Dickinson A, Eckstein A, Kendall-Taylor
P, Marcocci C, et al, Wiersinga WM; European Group on Graves’
Orbitopathy (EUGOGO). Consensus statement of the European Group
on Graves' orbitopathy (EUGOGOQO) on management of GO. Eur J
Endocrinol. 2008 Mar;158(3):273-85. doi: 10.1530/EJE-07-0666.

15. LuY,WangJC,ZengR, Katz R, Vavvas DG, Miller JW, et al. Quantitative
Comparison Of Microvascular Metrics On Three Optical Coherence
Tomography Angiography Devices In Chorioretinal Disease. Clin
Ophthalmol. 2019 Oct 22;13:2063-2069. doi: 10.2147/OPTH.
$215322.

16. Gokmen O, Ozgur G. The effect of religious fasting and dehydration at
Ramadan on choroidal thickness and Retinal vessel densities, measured
with optical coherence tomography angiography. Eur J Ophthalmol.
2021 Mar;31(2):497-504. doi: 10.1177/1120672120958297.




17.

18.

19.

20.

21.

22.

23.

Miller AR, Roisman L, Zhang Q, Zheng F, Rafael de Oliveira Dias J,
Yehoshua Z, et al. Comparison Between Spectral-Domain and Swept-
Source Optical Coherence Tomography Angiographic Imaging of
Choroidal Neovascularization. Invest Ophthalmol Vis Sci. 2017 Mar
1;58(3):1499-1505. doi: 10.1167/iovs.16-20969. Erratum in: Invest
Ophthalmol Vis Sci. 2017 Apr 1;58(4):2166. doi: 10.1167/iovs.16-
20969a.

Bartalena L, Marcocci C, Tanda ML, Manetti L, Dell'Unto E, Bartolomei
MP, et al. Cigarette smoking and treatment outcomes in Graves
ophthalmopathy. Ann Intern Med. 1998 Oct 15;129(8):632-5. doi:
10.7326/0003-4819-129-8-199810150-00010.

Eckstein A, Quadbeck B, Mueller G, Rettenmeier AW, Hoermann R,
MannK et al. Impact of smoking on the response to treatment of thyroid
associated ophthalmopathy. Br J Ophthalmol. 2003 Jun;87(6):773-6.
doi: 10.1136/bj0.87.6.773.

Pfeilschifter J, Ziegler R. Smoking and endocrine ophthalmopathy:
impact of smoking severity and current vs lifetime cigarette
consumption. Clin Endocrinol (Oxf). 1996 Oct;45(4):477-81. doi:
10.1046/}.1365-2265.1996.8220832.x.

Matheis N, Lantz M, Grus FH, Ponto KA, Wolters D, Brorson H, et al.
Proteomics of Orbital Tissue in Thyroid-Associated Orbitopathy. J
Clin Endocrinol Metab. 2015 Dec;100(12):E1523-30. doi: 10.1210/
jc.2015-2976.

Morrow JD, Frei B, Longmire AW, Gaziano JM, Lynch SM, Shyr Y, et al.
Increase in circulating products of lipid peroxidation (F2-isoprostanes)
in smokers. Smoking as a cause of oxidative damage. N Engl J Med. 1995
May 4;332(18):1198-203. doi: 10.1056/NEJM199505043321804.
Park K, Rimm E, Siscovick D, Spiegelman D, Morris JS, Mozaffarian
D. Demographic and lifestyle factors and selenium levels in men and
women in the U.S. Nutr Res Pract. 2011 Aug;5(4):357-64. doi: 10.4162/
nrp.2011.5.4.357.

Arch Endocrinol Metab, 2026, v.70(4), 1-7, 260057

24,

25.

26.

27.

28.

29.

30.

31

Smoking in thyroid eye disease

Swanson CA, Longnecker MP, Veillon C, Howe M, Levander OA, Taylor
PR, et al. Selenium intake, age, gender, and smoking in relation to
indices of selenium status of adults residing in a seleniferous area. Am J
Clin Nutr. 1990 Nov;52(5):858-62. doi: 10.1093/ajcn/52.5.858.
Akpolat C, Kurt MM, Yilmaz M, Ordulu F, Evliyaoglu F. Analysis of
Foveal and Parafoveal Microvascular Density and Retinal Vessel
Caliber Alteration in Inactive Graves’ Ophthalmopathy. J Ophthalmol.
2020 Mar 19;2020:7643737. doi: 10.1155/2020/7643737.

Wu Y, Tu Y, Bao L, Wu C, Zheng J, Wang J, et al. Reduced Retinal
Microvascular Density Related to Activity Status and Serum
Antibodies in Patients with Graves’ Ophthalmopathy. Curr Eye Res.
2020 May;45(5):576-584. doi: 10.1080/02713683.2019.1675177.
Jamshidian Tehrani M, Mahdizad Z, Kasaei A, Fard MA. Early macular
and peripapillary vasculature dropout in active thyroid eye disease.
Graefes Arch Clin Exp Ophthalmol. 2019 Nov;257(11):2533-2540. doi:
10.1007/s00417-019-04442-8.

Zhu X, Yang K, Xiao Y, Ye C, Zheng J, Su B, et al. Association of cigarette
smoking with retinal capillary plexus: an optical coherence tomography
angiography study. Acta Ophthalmol. 2022 Nov;100(7):e1479-e1488.
doi: 10.1111/a0s.15157.

Dogan M, Akdogan M, Gulyesil FF, Sabaner MC, Gobeka HH. Cigarette
smoking reduces deep retinal vascular density. Clin Exp Optom. 2020
Nov;103(6):838-842. doi: 10.1111/cx0.13070.

Bartalena L, Kahaly GJ, Baldeschi L, Dayan CM, Eckstein A, Marcocci
C, et al. The 2021 European Group on Graves' orbitopathy (EUGOGO)
clinical practice guidelines for the medical management of Graves’
orbitopathy. Eur J Endocrinol. 2021 Aug 27;185(4):G43-G67. doi:
10.1530/EJE-21-0479.

Marcocci C, Kahaly GJ, Krassas GE, Bartalena L, Prummel M, Stahl M, et
al.; European Group on Graves’ Orbitopathy. Selenium and the course
of mild Graves’ orbitopathy. N Engl J Med. 2011 May 19;364(20):1920-
31.doi: 10.1056/NEJM0a1012985.

&
=



ISSN 2359-4292

Archives of
Endocrinology and Metabolism

OFFICIAL JOURNAL OF THE BRAZILIAN SOCIETY OF ENDOCRINOLOGY AND METABOLISM

original

MicroRNA expression signatures associated with
metastatic progression in papillary thyroid carcinoma

Edna Teruko Kimura*
https://orcid.org/0000-0001-8403-4459

Fatima Solange Pasini®
https://orcid.org/0000-0002-0361-7781

Vinicius Ferreira Capelli!
https://orcid.org/0000-0001-7097-5936

Venancio Avancini Ferreira Alves’
https://orcid.org/0000-0001-5285-4460

Ana Kober Leite?3
https://orcid.org/0000-0001-7814-757X

Leandro Luongo Matos??
https://orcid.org/0000-0002-5068-8208

Luiz Paulo Kowalski?
https://orcid.org/0000-0002-0481-156X

Kelly Cristina Saito*
https://orcid.org/0000-0001-6397-6754

Maria Aparecida Silva Pinhal®
https://orcid.org/0000-0003-4001-1663

Thérése Rachell Theodoro®
https://orcid.org/0000-0003-0498-2622

"Faculdade de Medicina Santa Marcelina, Sdo Paulo, SP, Brasil

2Departamento de Cirurgia de Cabeca e Pescogo, Instituto do Cancer do Estado de Sao Paulo, Hospital das Clinicas da Faculdade de Medicina da Universidade de
Séo Paulo, Séo Paulo, SP, Brasil

% Faculdade Israelita de Ciéncias da Saude Albert Einstein, Hospital Albert Einstein, Sédo Paulo, SF, Brasil

4Departamento de Biologia Celular e do Desenvolvimento, Instituto de Ciéncias Biomédicas, Universidade de Sao Paulo, S&o Paulo, S, Brasil

5Departamento de Saude Publica, Faculdade de Medicina do ABC, Sao Paulo, SP, Brasil

5Centro de Investigacao Translacional em Oncologia, Instituto do Cancer do Estado de Sao Paulo Paulo (ICESP), Hospital das Clinicas (HCFMUSP), Faculdade de
Medicina da Universidade de Séo Paulo, Sdo Paulo, SF, Brasil

’Departamento de Patologia, Instituto do Cancer do Estado de Sao Paulo, Laboratério de Investigacdo Médica 14 (LIM14), Faculdade de Medicina da Universidade
de Sao Paulo, Sdo Paulo, SP, Brasil

8 Departamento de Bioguimica, Faculdade de Medicina do ABC, S&o Paulo, SR, Brasil

ABSTRACT

Objective: The objective of this study is to compare the miRNA expression profiles of primary tumors and matched metastatic
lesions from patients who died due to progression of metastatic PTC. Subjects and methods: We conducted an exploratory study
of patients with PTC who died from disease progression and had tissue samples available from both primary tumors and distant
metastases. Total RNA was extracted and analyzed to assess the expression of 64 preselected miRNAs. Expression data were
normalized using endogenous controls (let-7g-5p and miR-181a-5p), and differential expression was calculated using the 24t
method. Those miRNAs detected in < 70% of samples or with cycle threshold (Ct) > 36 were excluded. Univariate analyses were
performed using paired tests, and multivariate results were adjusted for multiple comparisons using the Benjamini-Hochberg
false discovery rate (FDR) method. Results: Out of 3,555 patients treated for PTC between 1986 and 2015, eight patients were
included. Univariate analysis identified five miRNAs differentially expressed in metastatic lesions: let-7e-5p, miR-10b-5p, miR-
30e-3p, miR-423-5p, and miR-483-3p. After multivariate adjustment, miR-10b-5p and miR-30e-3p remained independently
overexpressed in metastatic tissues. Conclusion: This study is one of the first to demonstrate distinct miRNA expression profiles
in metastatic versus primary tumors in fatal PTC cases. The identified miRNAs are known to regulate processes such as cell mi-
gration, invasion, and apoptosis in other cancers, suggesting their potential contribution to PTC metastasis.

Keywords: Papillary thyroid carcinoma; microRNAs; metastasis; death

INTRODUCTION

Papillary thyroid carcinoma (PTC) is the most preva-
lent form of thyroid cancer and is typically associated
with excellent prognosis and indolent clinical behavior.
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However, a small subset of cases develops distant me-
tastases, which account for most disease-related mor-
tality (1). Despite advances in the understanding of
common genetic alterations (2), the molecular mecha-
nisms that differentiate indolent from aggressive PTC,
particularly in cases that progress to distant metasta-
sis, remain insufficiently understood (3).

Although genetic mutations have been extensively
studied, the role of microRNAs (miRNAs) in the pro-
gression of PTCis an area of emerging research. These
small non-coding RNAs play critical roles in gene reg-
ulation and have been implicated in various stages of
tumor development, invasion, and metastasis across
several cancer types (4). While dysregulated miRNA
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expression in thyroid tumors compared to normal
tissue has been reported (3), few studies have spe-
cifically investigated their involvement in metastatic
dissemination and poor clinical outcomes in solid ma-
lighancies, and none have addressed this question di-
rectly in PTC.

The objective of this study was to compare the
miRNA expression profiles of primary tumors and
matched metastatic lesions from patients who died
due to progression of metastatic PTC. By identifying
differentially expressed miRNAs associated with dis-
tant disease, we aim to provide insights into the bio-
logical processes underlying metastatic progression
and contributing to mortality in this typically indolent
malignancy. This study was conducted using paired
formalin-fixed paraffin-embedded (FFPE) samples
from a cohort of patients with PTC evaluated and
treated at the Head and Neck Surgery Service of the
Instituto do Cancer do Estado de Sdo Paulo (ICESP)
and Hospital das Clinicas, Faculdade de Medicina da
USP (HC-FMUSP).

SUBJECTS AND METHODS

This study was approved by the Institutional Ethics
Committee (CAAE: 44997215.1.0000.0065). Patients
included had available samples from both the primary
tumor and any metastatic tissues. The tissue samples
used for molecular analysis consisted of a small por-
tion of tumor remnants, selected by microdissection
and embedded in FFPE blocks, which were originally
collected for histopathological examination; this pro-
cedure ensured that only tumor tissue fragments
were analyzed.

Sequencing for BRAF and TERT mutations and
NTRK fusion

Genomic DNA was extracted from the FFPE samples
using a standardized protocol. Nested PCR was used
to amplify the BRAF and TERT promoter gene regions.
Specific primers were designed using the Primer-
BLAST tool. The PCR products were visualized by
gel electrophoresis, purified, and then subjected
to capillary sequencing using the Sanger method.
Sequence analysis and mutation identification were
performed using Sequence Scanner software (Applied
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Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) and BLAT database alignment. Additionally,
all samples underwent next-generation sequenc-
ing using the lon Torrent platform (Thermo Fisher
Scientific). Data were processed on the lon Torrent
Server and annotated via the Oncomine Knowledge
Base (Thermo Fisher Scientific). The sequencing panel
was designed to detect gene fusions involving NTRK 1,
NTRK2, and NTRK3, including known fusion partners
for each gene. These techniques have been employed
in previously published studies of our group (2,3).

MicroRNA detection technique

A total of 64 miRNAs were preselected for analysis
based on a comprehensive literature review, as pre-
viously described (3). These miRNAs were selected
because they have been previously associated with
tumor aggressiveness, epithelial-mesenchymal tran-
sition (EMT), metastatic spread, or prognosis in dif-
ferent cancer types, including thyroid cancer patho-
genesis and metastatic behavior. Total RNA was
extracted from ten 5-um sections of FFPE tissue us-
ing the MagMAX FFPE RNA Ultra Kit (Thermo Fisher
Scientific). Expression levels of selected miRNAs
were quantified using reverse transcription fol-
lowed by quantitative PCR (RT-gPCR), employing the
TagMan Low Density Array (TLDA) platform (Applied
Biosystems). The sequences of all 64 selected miRNAs
are demonstrated in Supplementary Table 1.

Each sample was analyzed in triplicate to ensure
consistency. Cycle threshold (Ct) values greater than
36 were excluded as unreliable, and only miRNAs ex-
pressedinatleast 70% of the sampleswereincludedfor
downstream analysis, following the validated pipeline
fromour previous study (3). This filtering step led tothe
exclusion of 18 miRNAs from the original panel (miR-
129-5p, miR-130b-3p, MiR-137-3p, miR-138-2-3p,
miR-146b-3p, miR-155-3p, miR-17-3p, miR-187-3p,
miR-302c-3p, miR-30e-5p, miR-34b-3p, miR-34c-5p,
miR-455-3p, miR-4788, miR-506-3p, miR-654-3p,
miR-9-5p, and miR-98-5p).

For normalization, the quantile method was ap-
plied using Expander software, selecting the most
stable endogenous miRNAs as references. Specifically,
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was used as an internal control, selected based on
their stability after quantile normalization. The rela-
tive expression of each miRNA was calculated using
the 22 method, enabling the identification of differ-
entially expressed miRNAs between the two patient
groups.

Statistical analysis

Categorical data were described as frequencies.
Continuous variables were reported as means (stan-
dard deviations [SD] or standard errors [SE]). The
ranking of paired tissues in the miRNA profile analy-
sis was evaluated using the Wilcoxon test. Variables
with p-values < 0.10 in univariate analysis were fur-
ther assessed using multivariate linear regression to
identify independently associated miRNAs, given the
very small sample size (8 pairs), which does not sup-
port stable estimation in mixed-effects frameworks.
To correct for multiple comparisons, p-values were
adjusted using the Benjamini-Hochberg false dis-
covery rate (FDR) method. An FDR-adjusted p-value
(g-value) < 0.05 was considered statistically signifi-
cant. All analyses were conducted using SPSS v29.0
(IBM Corp., Armonk, NY, USA). A graphical represen-
tation of differential miRNA expression was produced
with assistance from ChatGPT (OpenAl) using Python,
with code generated and refined by the authors. In
this visualization, bubble size reflected statistical sig-
nificance using the -log10 (FDR) transformation, and
bubble color encoded the B coefficients from the mul-
tivariate model.

RESULTS

Outof atotal of 3,555 patientsdiagnosed with PTC and
treated from 1986 to 2015, 108 (3%) were identified
as having distant metastasis, either at the initial PTC
diagnosis or during follow-up. From this cohort, we se-
lected eight patients who died due to disease progres-
sion and had available tissue from both the primary
tumor and metastatic sites, with a mean time from
diagnosis to death of 44 months (SD 12.6 months).
The majority were women (75%) with a mean age of
55.2 years (SD 9.6 years). All patients underwent RO
surgery, and 87.5% received radioiodine therapy.
Half of the patients developed radioiodine-refractory
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disease, and 75% had evidence of vascular invasion.
All patients exhibited distant metastases—most com-
monly to the lung (7; 87.5%), bone (7; 87.5%), or mul-
tiple sites (7; 87.5%). Three patients (37.5%) had BRAF
mutation detected at the primary tumor and also at
the metastatic tissue. Four patients (50%) exhibited
TERT mutations, including the same three patients
with BRAF mutations, in both primary and metastatic
specimens. One patient had an exclusive TERT muta-
tion detected only on metastatic tissue, while no sam-
ples displayed NTRK fusions. The complete descriptive
data are available in Table 1.

Remarkably, miRNAs let-7e-5p, miR-10b-5p, miR-
30e-3p, MmiR-423-5p, and miR-483-3p were overex-
pressed in metastatic tissues compared to primary
tumor tissues, as shown in Table 2.

The five differentially expressed miRNAs identi-
fied in univariate analysis were subsequently sub-
jected to multivariate linear regression analysis. The
resulting p-values were adjusted for multiple compar-
isons using the FDR method. After adjustment, three
miRNAs remained independently and significantly
associated with metastatic tissue in the multivari-
ate model. Specifically, miR-10b-5p (B: +1.376; 95%
confidence interval [Cl]: 0.260 to 0.953; p = 0.006)
and miR-30e-3p (B: +1.017; 95% Cl: 0.593 to 1.775;
p = 0.004) showed positive independent coefficients,
indicating an association with metastatic tissue. In
contrast, miR-483-3p exhibited a negative indepen-
dent coefficient (B: -1.078; 95% Cl: -2.830 to -0.226;
p = 0.030), despite its higher expression in metastatic
tissue in univariate analysis, suggesting that the ap-
parent upregulation of miR-483-3p reflects shared
variance with other metastasis-associated miRNAs,
rather than anindependent metastatic signal. Notably,
let-7e-5p (B: -0.173; p = 0.887) and miR-423-5p
(B: +0.054; p = 0.916) did not retain statistical signifi-
cance after adjustment. These results are summarized
in a bubble plot demonstrated in Figure 1.

DISCUSSION

The molecular mechanisms that differentiate indo-
lent from aggressive PTC, particularly at the meta-
static stage, are still poorly understood. Although
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Table 1. Descriptive data of patients with metastatic papillary thyroid carcinoma who died due to disease progression and were included in
the study

Categorical variables Frequency (n) Valid %
Sex

Male 2 25

Female 6 75
RO Surgery* 8 100
Reoperation 2 25
Radioiodine Therapy (RAI) 7 87.5
Stimulated Thyroglobulin (> 4 ng/mL) 8 100
Radioiodine Refractoriness 4 50
Lymph Node Recurrence 2 25
Site of Distant Metastasis

Lung 7 87.5

Liver 2 25

Bone 7 87.5

Multiple Sites 7 87.5
Cause of Death

Airway Obstruction 3 375

Metastatic Tumor Progression 5 725
Aggressive Histological Variant 1 12.5
TNM 8th Edition — pT

pT1 3 375

pT2 2 25

pT3 1 12.5

pTda 2 25
TNM 8th Edition — pN

pNO 4 50

pN1a 2 25

pN1b 2 25
Vascular Invasion 6 75
Extrathyroidal Extension 4 50

Microscopic 1 12.5

Macroscopic 3 375
Multifocality 5 62.5
Dedifferentiation 5 62.5
Mutation Profile

BRAF (Primary Tumor) 3 375

BRAF (Metastatic Tissue) 3 375

TERT (Primary Tumor) 4 50

TERT (Metastatic Tissue) 5 62.5

NTRK Fusion (Primary Tumor) 0 0

NTRK Fusion (Metastatic Tissue) 0 0
Continuous variables Minimum Maximum Mean SD
Age (years) 42 72 55.2 9.6
Cumulative Radioiodine Dose (mCi) 200 720 349 169.4
Tumor Size (cm) 04 135 36 45
Time from Diagnosis to Death (months) 30 67 44 12.6
Time from Diagnosis to Metastasis (months) 0 13 19 46
Time from Diagnosis to Disease Progression (months) 13 61 27 16.4
Time from Metastasis to Death (months) 22 67 42.1 14.7
Time from Disease Progression to Death (months) 3 4 17 1.7

=
i
=<

*R0 surgery: complete resection with negative margins.
SD: standard deviation.
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Table 2. Comparison of microRNA expression between primary tumor and metastatic tissue

. Primary tumor Metastatic tissue P-value
miR-10b-5p Moan Mean (Wilcoxon test)
let-7b-5p 0.02836 0.011184 0.33854 0.174389 0.093
let-7c-5p 0.02886 0.276381 2.07338 0.88759 0.465
let-7d-5p 0.02836 0.039087 0.76483 0.260128 0.249
let-7e-5p 0.02886 0.215269 377295 0.735996 0.036
let-7f-5p 0.02836 0.562676 4.28175 1.142207 0.753
let-7i-5p 0.02836 4.832131 15.96943 7.14814 0.600
miR-1-3p 0.02886 1.212567 19.44099 9.018971 0.063
miR-101-3p 4.23332 0.810301 3.19856 0.649048 0.398
mifi-10b-5p 037133 0.069863 223117 0.807449 0.018
miR-125a-5p 6.30632 1.241309 8.45051 2.054138 0.208
miR-138-5p 3.44566 127179 4.09477 2.284513 1.000
miR-141-3p 14.46202 3.719% 20.58323 6.642364 0.893
miR-16-5p 5.6556 0.747569 8.40206 3.212635 0.398
miR-17-5p 22212 0.73003 1.96044 0.701114 1.000
miR-181b-5p 0.25988 0.062959 0.44196 0.088307 0.345
miR-18a-5p 0.05851 0.03011 0.18816 0.098839 1.000
miR-191-5p 1.02326 0.247608 1.34079 0.2897 0.735
miR-199a-3p 1.02775 0.346961 0.40159 0.183531 0.310
miR-19a-3p 0.76139 0.382344 0.46611 0.126985 0.753
miR-19b-3p 1.45986 0.687182 170509 0.574711 0.500
miR-200a-3p 2.52547 0.654323 3.09188 0.916931 0.889
miR-200b-3p 30.90601 10.271064 23.841 9.510103 0.327
miR-200c-3p 13.44791 4665669 27.43071 8.587642 0.123
miR-203a-3p 0.09001 0.048652 0.03674 0.021409 0.109
miR-205-5p 1.64797 1.369495 3.41519 2.121461 1.000
miR-20a-5p 0.63947 0.212446 0.66561 0.129087 0.735
miR-21-5p 45.36348 12.57295 42.09528 11.896246 0.866
miR-214-3p 0.32772 0.142964 0.22648 0.116418 0.310
miR-221-3p 18.86526 6.648546 20.11025 6.30474 0.575
miR-222-3p 1.04256 0.350446 1.43419 0.354886 0.327
miR-29a-3p 6.23873 0.48776 6.73183 1.380566 0.674
miR-30a-5p 4.96206 0.592394 5.99355 0.875202 0.345
miR-30b-5p 17.94068 3.919451 13.94327 4.067131 0.612
miR-30c-5p 33.66616 6.438056 31.07315 17.379167 0.463
miR-30d-5p 2.20432 0.455019 1.52911 0.534786 0.398
miR-30e-3p 0.58264 0.092873 1.43238 0.276001 0.028
miR-31-5p 0.06265 0.042879 0.41265 0.205599 0.273
miR-34a-5p 3.09104 0.778726 6.54144 2.432161 0.063
mif-423-5p 0.3717 0.080369 1.48887 0.337737 0.046
miR-429 0.12836 0.040788 0.22871 0.08896 0.225
miR-483-3p 0.13068 0.04256 0.59526 0.152839 0.043
miR-92a-3p 11.7837 4.260977 12.08097 4.242697 0.866
miR-146b-5p 1.40705 0.553416 1.91032 1.169727 0.345

=
i
=<

SE: standard error.
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Figure 1. Multivariate association of selected microRNAs in metastatic tissue compared with primary tumors of patients with papillary
thyroid carcinoma. Bubble color represents the direction and magnitude of the association based on regression coefficients (B) from the
multivariate linear regression model, with positive coefficients shown in red and negative coefficients in blue. Bubble size is proportional to
statistical significance and reflects -log10(FDR). While miR-10b-5p and miR-30e-3p showed positive independent coefficients, indicating an
association with metastatic tissue, miR-483-3p exhibited a negative independent coefficient after multivariate adjustment. Notably, let-7e-
5p and miR-423-5p did not retain statistical significance after FDR correction and are displayed with reduced opacity.

comparative analyses between primary tumors and
matched metastatic lesions in lethal cases are notably
lacking. The present study is part of a broader inves-
tigation previously published by our group (3), which
aimed to identify miRNAs associated with disease-
specific mortality in patients with metastatic PTC. In
that study, we analyzed samples from 24 patients and
demonstrated that the overexpression of miR-101-
3p, miR-17-5p, and miR-191-5p was significantly as-
sociated with death due to disease progression. From
that original cohort, we specifically selected eight
patients with available paired samples from both the
primary tumor and metastatic sites, which constituted
the final study population of the present analysis. The
current analysis builds upon those findings by further
exploring the functional relevance of selected miRNAs
within the context of aggressive PTC biology, reinforc-
ing their potential role in metastatic progression.

In this exploratory study, we found that miR-10b-
5p and miR-30e-3p were significantly overexpressed
in metastatic tissues compared to their matched pri-
mary tumors. Moreover, the divergence between uni-
variate and multivariate results for miR-483-3p likely
reflects shared variance with other metastasis-associ-
ated miRNAs, particularly given the small sample size,
and should therefore be interpreted as a context-
dependent rather than an independent effect. Each
of these miRNAs has been previously linked to meta-
static behavior in other tumor types.
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For instance, miR-10b-5p has been linked to the
promotion of migration and invasion, with consistent
associations with metastasis in breast, gastric, and
hepatocellular carcinomas, reinforcing its potential
relevance in PTC dissemination (5-7). Additionally,
miR-10b-5p has been consistently implicated in the
enhancement of tumor invasiveness and metastat-
ic potential across several malignancies, providing
mechanistic clues that may be relevant to metastatic
dissemination in PTC. In gastric cancers, miR-10b pro-
motes cellular migration and invasion largely through
suppression of tumor-suppressive transcription fac-
tors such as HOXD10, thereby releasing downstream
prometastatic effectors, including RhoC and matrix-
remodeling enzymes that facilitate EMT and tissue
invasion (6). In hepatocellular carcinoma, esophageal
cancer, and low-grade gliomas, miR-10b-5p has been
shown to modulate cell-cycle progression and apop-
tosis through targeting KLF4, contributing to an ag-
gressive phenotype characterized by increased pro-
liferation and migratory capacity (7). Evidence from
non-small cell lung cancer further supports its role
in metastasis: circulating exosomal miR-10b-5p is in-
dependently associated with worse survival and is
proposed to promote metastatic spread by transfer-
ring proinvasive signals to recipient cells and modify-
ing the tumor microenvironment (5). Together, these
converging findings across tumor types indicate that
miR-10b-5p acts as a regulator of pathways involved
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in cytoskeletal remodeling, EMT induction, apoptosis
suppression, and extracellular matrix degradation —
biological functions that may plausibly contribute to
the metastatic behavior observed in advanced PTC.
Similarly, miR-30e-3p demonstrates a context-de-
pendent dual role in cancer biology, acting either as a
tumor suppressor or an oncogenic mediator depend-
ing on the molecular background and the signaling
pathways engaged. In head and neck squamous cell
carcinoma, miR-30e-3p suppresses TGF-B pathway
mediators—notably TGFBR1 and BMPR2 — leading
to reduced migration, invasion, and enhanced anti-
tumoral immune activation through M1 macrophage
polarization (8). Additional mechanistic data from
gastric cancer indicate that miR-30e-3p can inhibit
Snail1, thereby attenuating EMT and metastatic po-
tential (9). Taken together, these findings show that
miR-30e-3p intersects with multiple pathways rel-
evant to tumor progression—including TP53/MDM2
regulation, PTEN/AKT signaling, TGF- signaling, and
EMT — supporting the possibility that its overexpres-
sion in metastatic PTC reflects engagement of similar
invasion- and survival-related mechanisms.
Furthermore, miR-483-3p, located within the IGF2
gene locus, has been consistently associated with
oncogenesis through antiapoptotic and prolifera-
tive mechanisms in several malignancies (10-15). In
colorectal cancer, miR-483-3p has been shown to pro-
mote proliferation and migration through the suppres-
sion of DLC-1, thereby enhancing metastatic potential
(10) In pancreatic cancer, this miRNA directly inhibits
DPC4/Smad4, disrupting TGF-B signaling and facili-
tating tumor growth and invasion (11). Coordinated
regulation of IGF2 and miR-483 family members fur-
ther contributes to oncogenic signaling and cell-cycle
progression in multiple solid tumors (13). In pancreat-
ic ductal carcinoma, miR-483-3p has been associated
with aggressive clinical behavior through modulation
of apoptotic pathways and enhancement of prolifera-
tive signaling (14). Additionally, miR-483-3p has been
reported to be upregulated in treatment-resistant
breast cancer models, where its increased expression
has been associated with modulation of metastasis-
related genes (15). Taken together, these mechanisms
highlight miR-483-3p as a regulator of apoptosis
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inhibition, TGF-B pathway disruption, proliferative
capacity, and cytoskeletal and migratory remodeling
across several cancer types.

In contrast, a previous study suggested a tumor-
suppressive role for miR-483-3p, including the regu-
lation of cyclin E1 signaling in breast cancer (12). In
our cohort, miR-483-3p displayed higher expression
in metastatic tissue in univariate paired analysis; how-
ever, this signal did not persist as an independent as-
sociation after multivariate adjustment. Specifically,
miR-483-3p exhibited a negative coefficient in the
multivariate model, indicating that its apparent up-
regulation in metastatic lesions was not independent
of other miRNAs included in the analysis. This diver-
gence between univariate and multivariate results is
most plausibly explained by shared variance among
metastasis-associated miRNAs and by coefficient
instability inherent to multivariate modeling in very
small samples, like ours. Given the expected coex-
pression and biological interdependence of miRNAs
involved in metastatic progression, multivariate ad-
justment in this context likely partitioned overlap-
ping biological signals across correlated predictors
rather than revealing true biological downregulation.
Accordingly, the role of miR-483-3p in metastatic PTC
should be interpreted as context-dependent rather
than as an independent suppressive or promotive
marker. These findings underscore the regulatory
complexity of miR-483-3p and highlight the need for
functional and larger-scale studies to clarify whether
its expression reflects adaptive responses within the
metastatic microenvironment or indirect modulation
of metastatic programs.

The process of metastasis in epithelial tumors, in-
cluding PTC, involves multiple steps such as EMT, inva-
sion, and extravasation, all of which can be regulated
by miRNAs. While some miRNAs have been identified
as prometastatic in PTC, others act as metastasis sup-
pressors (16).

This study is limited by its small sample size, which
reduces statistical power, reflecting the challenge of ac-
quiring high-quality, matched pathological specimens
for molecular analysis in advanced PTC. Moreover,
because seven of the eight patients received radioac-
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and six underwent additional systemic treatments, we
cannot exclude the possibility that some of the ob-
served miRNA differences reflect treatment-related
molecular alterations rather than metastatic progres-
sion alone. Another limitation is that, by prioritizing
selected biologically plausible miRNAs, the panel did
not include all well-known miRNAs previously associ-
ated with PTC. Nonetheless, it represents a pioneering
effort to explore miRNA expression directly in meta-
static tissues from patients with lethal disease.

Our findings expand this body of knowledge by
identifying novel miRNAs — overexpressed miR-10b-
5p and miR-30e-3p — specifically in metastatic tissues
from patients with lethal disease, underscoring their
potential role in the metastatic process. These initial
findings suggest that miRNA profiling could enhance
our understanding of metastatic progression in PTC
and may ultimately support the development of prog-
nostic biomarkers or therapeutic targets. Further
large-scale, multicenter studies and functional valida-
tions are needed to further elucidate the precise roles
of these miRNAs in thyroid cancer metastasis.
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Supplementary Table 1. Primer sequences for the studied microRNAs

microRNA Sequence

let-7b-5p
let-7c-5p
let-7d-5p
let-7e-5p
let-7f-5p
let-7g-5p
let-7i-5p
miR-1-3p
miR-101-3p
miR-10b-5p
miR-125a-5p
miR-129-5p
miR-130b-3p
miR-137-3p
miR-138-2-3p
miR-138-5p
miR-141-3p
miR-146b-3p
mif-146b-5p
miR-155-3p
miR-16-5p
mif-17-3p
miR-17-5p
mifi-181a-5p
miR-181b-5p
miR-187-3p
miR-18a-5p
miR-191-5p
miR-199a-3p
miR-19a-3p
miR-19b-3p
miR-200a-3p

UGAGGUAGUAGGUUGUGGUU
UGAGGUAGUAGGUUGUAUGGUU
AGAGGUAGUAGGUUGCAUAGUU
UGAGGUAGGAGGUUGUAUAGUU
UGAGGUAGUAGAUUGUAUAGUU
UGAGGUAGUAGUUUGUACAGUU
UGAGGUAGUAGUUUGUGCUGUU
UGGAAUGUAAAGAAGUAUGUAU
UACAGUACUGUGAUAACUGAA
UACCCUGUAGAACCGAAUUUGUG
UCCUGAGACCCUUUAACCUGUGA
CUUUUUGCGGUCUGGGGCUUGC
CAGUGCAAUGAUGAAAGGGCAU
UUAUUGCUUAAGAAUACGCGUAG
GCUAUUUCACGACACCAGGGUU
AGCUGGUGUUGUGAAUCAGGCCG
UAACACUGUCUGGGUAAAGAUGG
UGCCCUGUGGACUCAGUUCUGG
UGAGAACUGAAUUCCAUAGGCU
CUCCUACAUAUUAGCAUUAACA
UAGCAGCACGUAAAUAUUGGCG
ACUGCAGUGAAGCACUUGUAG
CAAAGUGCUUACAGUGCAGGUAG
AACAUUCAACGCUGUCGGUGAGU
AACAUUCAUUGCUGUCGGUGGGU
UCGUGUCUUGUGUGCAGCCGG
UAAGGUGCAUCUAGUGCAGAUAG
CAACGGAAAUCCCAAAAGCAGCUG
ACAGUAGUCUGCACAUUGGUUA
UGUGCAAAUCUAUGCAAAACUGA
UGUGCAAAUCCAUGCAAAACUGA
UAACACUGUCUGGGUAACGAUGU
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microRNA Sequence

miR-200b-3p UAAUACUGCCUGGUAAUGAUGA
miR-200¢-3p UAAUACUGCCGGGUAAUGAUGGA
miR-203a-3p GUGAAAUGUUUAGGACCACUAG
miR-205-5p UCCUUCAUUCCACCGGAGUCUG
miR-20a-5p UAAAGUGCUUAUAAGUGCAGGUAG
miR-21-5p UAGCUUAUCAGACUGAUGUUGA
miR-214-3p ACAGCAGGCACAGACAGGCAGU
miR-221-3p AGCUACAUUGUCUGCUGGGUUUC
miR-222-3p AGCUACAUCUGGCUACUGGGU
miR-29a-3p UAGCACCAUCUGAAAUCGGUUA
miR-302¢-3p UAAGUGCUUCCAUGUUUCAGUGG
miR-30a-5p UGUAAACAUCCUCGACUGGAAG
miR-30b-5p UGUAAAACAUCCUACACUCAGCU
miR-30c-5p UGUAAACAUCCUACACUCUCAGC
miR-30d-5p UGUAAACAUCCCCGACUGGAAG
miR-30e-3p CUUUCAGUCGGAUGUUUACAGC
miR-30e-5p UGUAAAACAUCCUUGACUGGAAG
mif-31-5p AGGCAAGAUGCUGGCAUAGCU
miR-34a-5p UGGCAGUGUCUUAGCUGGUUGU
miR-34b-3p CAAUCACUAACUCCACUGCCAU
miR-34c-5p AGGCAGUGUAGUAGCUGAUUGC
miR-423-5p UGAGGGGCAGAGAGCGAGACUUU
miR-429 UAAUACUGUCUGGUAAAACCGU
miR-455-3p GCAGUCCAUGGGCAUAUACAC
miR-4768 UUACGGACCAGCUAAGGGAGGC
miR-483-3p UCACUCCUCuCcucccGucuu
miR-506-3p UAAGGCACCCUUCUGAGUAGA
miR-654-3p UAUGUCUGCUGACCAUCACCUU
miR-9-5p UCUUUGGUUAUCUAGCUGUAUGA
miR-92a-3p UAUUGCACUUGUCCCGGCCUGU
miR-98-5p UGAGGUAGUAAGUUGUAUUGUU
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ABSTRACT

Objective: Insulin resistance (IR) is central to cardiometabolic risk in obesity, but the clinical utility of IR indices may vary by
age. We compared homeostasis model assessment for insulin resistance (HOMA-IR) and metabolic score for insulin resistance
(METS-IR) across age groups in obese adults and examined comorbidity burden and discriminatory performance for type 2
diabetes mellitus (T2DM) and hypertension (HT). Subjects and methods: This retrospective, single-center study included adults
with aBMI = 30 kg/m? (n = 481) across four age strata (18-40,40-65, 65-75, and 275 years). Spearman correlation assessed the
association between HOMA-IR and METS-IR. Comorbidity burden (0-3 chronic conditions) was modeled using ordinal logistic
regression per 1-SD increase in z-scores, adjusted for age, sex, and BMI. Receiver operating characteristic analysis and multi-
variable logistic regression assessed T2DM and HT. Results: HOMA-IR and METS-IR were moderately correlated (p = 0.342
and p < 0.001, respectively). METS-IR was associated with comorbidity burden (adjusted odds ratio [OR] 1.84; 95% confidence
interval [CI] 1.26-2.69; p < 0.01), whereas HOMA-IR was not (OR 1.12; 95% Cl 0.92-1.36; p = 0.256). Discriminatory perfor-
mance was limited for T2DM (area under curve [AUC] 0.500 vs. 0.537) and HT (AUC 0.471 vs. 0.519). METS-IR remained as-
sociated with T2DM (OR 2.51; 95% CI 1.60-3.93; p < 0.001) and HT (OR 1.81; 95% Cl 1.13-2.91; p < 0.05). Conclusion: In obese
adults, METS-IR demonstrated a stronger association with comorbidity burden than HOMA-IR. However, because both indices
showed limited discriminatory performance for T2DM and HT, they should not be used as standalone tools for treatment guid-
ance or diagnostic classification. Rather, they should be interpreted alongside age, clinical, and biochemical findings, as isolated
use may be misleading and fail to identify disease in specific patient subgroups.

Keywords: HOMA-IR; METS-IR; obesity; insulin resistance; comorbidity burden.

INTRODUCTION

Obesity involves more than excess adipose tissue; it af-
fects metabolic, hormonal, and inflammatory process-
es, predisposing individuals to insulin resistance (IR).
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Insulin resistance plays a central role in the pathogen-
esis of metabolic syndrome components such as type 2
diabetes mellitus (T2DM), dyslipidemia, hypertension
(HT), and cardiovascular disease (1,2). The hyperinsu-
linemic-euglycemic clamp test, accepted as the gold
standard for evaluating IR, is impractical for routine
practice as it requires specialized equipment, trained
personnel, and significant time (3). Consequently, in-
direct indices based on fasting glucose and insulin
values, such as the homeostasis model assessment for
insulin resistance (HOMA-IR), are preferred in clinical
and epidemiological studies. Although HOMA-IR pro-
vides a practical measurement, its values vary by age,
sex, body mass index (BMI), and population (4).

Copyright® AE&M all rights reserved



These limitations have driven the development of
alternative indices that do not require insulin mea-
surement. The metabolic score for insulin resistance
(METS-IR) estimates IR by combining fasting glucose,
triglycerides, HDL cholesterol, and BMI using a loga-
rithmic formula (5). The fact that it does not require
insulin levels, is based on commonly used biochemical
parameters, and is less costly makes it an attractive
option for routine practice. In addition, METS-IR is a
strong predictor of metabolic syndrome and cardio-
vascular disease risk (6).

Age-related metabolic changes complicate the as-
sessmentof|R.Decliningpancreaticp-cellreserve,loss
of muscle mass, and altered adipose tissue distribu-
tioninfluence age-related insulin sensitivity. Based on
this, it is plausible that HOMA-IR changes with age (7).
Duan and cols. (8) analyzed NHANES 2001-2018
data and demonstrated a positive association be-
tween METS-IR and all-cause mortality. This asso-
ciation was particularly pronounced in individuals
under 65 years of age and was stronger than that of
HOMA-IR (8). This finding suggests that METS-IR
varies by age and may have different predictive util-
ity across age groups. In obese individuals, comparing
HOMA-IR and METS-IR scores is important not only
in terms of how accurately they reflect IR, but also
in terms of how stable they are according to age and
to what extent they provide benefit in predicting co-
morbidities. In the current literature, few large-scale
studies have directly compared these indices across
age groups in obese populations.

This study compared HOMA-IR and METS-IR in
obese individuals across age strata to examine the ef-
fect of age on these scores. We also evaluated the per-
formance of both indices in distinguishing accompany-
ing diseases, primarily T2DM and HT. Thus, we aimed
to determine the age-related stability, sensitivity, and
clinical utility of these insulin-based and non-insulin-
based formulas.

SUBJECTS AND METHODS

Study design and patient selection

This retrospective, observational, single-center study
reviewed the records of adult patients who presented
to the Internal Medicine outpatient clinics of Elazig

Arch Endocrinol Metab, 2026, v.70(4), 1-11, €260059.

Age-related patterns of METS-IR and HOMA-IR in obesity

Fethi Sekin City Hospital between January 1, 2020,
and January 1, 2025. The inclusion criteria comprised
patients with a BMI 230 kg/m? and complete demo-
graphic, clinical, and laboratory data available in the
hospital’s electronic information management sys-
tem. Patients with missing, incomplete or unreliable
data were excluded. In order to ensure the reliabil-
ity of the results, we used strict criteria to minimize
common confounding conditions and ensure that IR
indices were evaluated within a more homogeneous
obese population. Hence, we excluded patients if they
were using insulin for diabetes, receiving immuno-
suppressive or chronic steroid therapy, had known
chronic inflammatory disease or thyroid dysfunction,
were in the early postoperative follow-up period, had
advanced heart failure or advanced hepatic or renal
dysfunction, had active psychiatric disease requiring
treatment, had a history of malignancy, or were preg-
nant. After all data were obtained, the cohort was cat-
egorized into four age groups: Group 1 (18-40 years;
young adult), Group 2 (40-65 years; middle-aged),
Group 3 (65-75 years; older), and Group 4 (275 years;
advanced age). This classification served as the prima-
ry grouping variable.

Data collection and measurements

We extracted age, sex, height, body weight, fasting
plasma glucose (mg/dL), triglycerides (mg/dL), LDL
cholesterol (LDL-C, mg/dL), HDL cholesterol (HDL-C,
mg/dL), total cholesterol (mg/dL), hemoglobin Alc
(HbA1c, %), and fasting insulin (mIU/L) from the labo-
ratory system. The BMI was calculated as weight (kg)
divided by height (m?).

Calculation of insulin resistance indices

Two indices were used to evaluate IR in obese indi-
viduals. The HOMA-IR was calculated using fasting
insulin and fasting glucose levels using Equation 1 (9):
HOMA-IR = (fasting insulin [uU/mL] x fasting glucose
[mg/dL]) /405 (1)

The METS-IR is a composite score derived from
glucose, triglycerides, HDL-C, and BMI values; it was
calculated using Equation 2 (5):

METS-IR = In[2 x glucose (mg/dL) + triglycerides
(mg/dL)] x BMI / In[HDL-C (mg/dL)] (2)

served,
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Both scores were analyzed as continuous variables
and standardized into z-scores for modeling to ensure
comparability.

Variable definitions and comorbidity coding
T2DM and HT were defined as binary variables ac-
cording to definitive ICD codes and active treatment
records. In the raw table, the T2DM and HT variables
were coded as 1 (diagnosis present) and 2 (diagnosis
absent); in the analyses, these variables were recoded
as 1 (present) and O (absent). Comorbidity burden was
created by counting the number of predefined chronic
diseases in the patient files. Comorbidity burden was
calculated based on the presence of HT, T2DM, dyslip-
idemia, coronary artery disease, cerebrovascular dis-
ease, chronic kidney disease, chronic liver disease, and
chronic lung disease. Each diagnosis was coded as O
(absent) and 1 (present) and summed. In the analyses,
this variable was used both for descriptive purposes
and as an ordinal outcome variable. Sex was coded as
a binary variable (1 = female, 2 = male). Age was ana-
lyzed as both a continuous variable and a categorical
variable based on the four predefined strata.

Statistical analyses

Statistical analyses were performed using R software
(version 4.5.1; RStudio). Continuous variables were
summarized as medians withinterquartileranges[IQR],
and categorical variables as counts and percentages.

Correlation analyses

Spearman’s rank correlation coefficient (p) assessed
the relationship between HOMA-IR and METS-IR
in the overall cohort and within each age group.
Correlations between age and both indices were simi-
larly evaluated.

Ordinal logistic regression

Ordinal logistic regression models examined the as-
sociation between comorbidity burden (range: 0-3)
and the HOMA-IR and METS-IR scores. In these mod-
els, the number of comorbidities was the dependent
variable, with HOMA-IR or METS-IR z-scores as the
primary independent variables. Age (continuous), sex,
and BMI were included in the models as covariates,
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and the results were reported as odds ratios (OR) with
95% confidence intervals (Cl) per 1 standard deviation
(SD) increase in the score.

Receiver operating characteristic analyses

The receiver operating characteristic curves were
generated to assess the performance of HOMA-IR
and METS-IR for T2DM and HT. Area under the curve
(AUC) values and 95% Cls were calculated using the
pROC package and compared via the DeLong meth-
od. The positive class was defined as the presence of
T2DM or HT in the relevant analysis.

Logistic regression models

Multivariable logistic regression evaluated the inde-
pendent effects of HOMA-IR and METS-IR z-scores
for T2DM and HT, with the dependent variables be-
ing T2DM and HT, respectively, the main independent
variable was the HOMA-IR z-score or METS-IR z-score,
and the covariates were age (continuous), sex, and BMI.
Results were presented as ORs, 95% Cls, and p-values.

Linear regression analyses

To evaluate the linear relationship between age and
IR scores in more detail, multivariable linear regres-
sion models were constructed with HOMA-IR and
METS-IR separately as dependent variables. In these
models, age was the main independent variable, and
sex and BMI were included as covariates. In addition,
agexHOMA-IR and agexMETS-IR interaction terms
were added to supplementary models for T2DM
to test whether the associations of the scores with
T2DM changed significantly by age.

Missing data management

Because records with missing data were excluded dur-
ing patient selection, a complete-case approach was
used for all models.

Visualization

The ggplot2 package generated scatter plots, box
plots by age group, and distribution plots by comorbid-
ity burden. Trend lines for continuous variables were
fitted using locally estimated scatterplot smoothing
with 95% Cls.
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Statistical significance

All tests were two-sided, with p < 0.05 considered sta-
tistically significant. No adjustments were made for
multiple comparisons; thus, findings are considered
exploratory.

RESULTS

Clinical and demographic characteristics
Participants were distributed relatively evenly across
the four age groups (Table 1). Females predominated
in all age groups. Median BMI ranged from 34.6 to
35.6 kg/m? and showed no clear trend with advanc-
ing age. Glucose and triglyceride levels were higher
in the 40-65 and 65-75 age groups, although these
differences remained within expected limits for the
participants’ BMI and metabolic status. In the overall
cohort, T2DM prevalence was 25.8% (n = 124). By age
group, T2DM prevalence was 5.3% (7/132) in the 18-
40 group, 32.5% (41/126) in the 40-65 group, 33.1%
(41/124) inthe 65-75 group, and 35.4% (35/99) in the
>75 group. Similarly, HT was present in 16.2% (n = 78)
of the cohort. Across age groups, HT prevalence was
3.0% (4/132) in the 18-40 group, 23.0% (29/126) in
the 40-65 group, 18.5% (23/124) in the 65-75 group,
and 22.2% (22/99) in the =75 group (Table 1).

Age-related patterns of METS-IR and HOMA-IR in obesity

HOMA-IR and METS-IR levels and their
relationship

A moderate positive correlation between HOMA-IR
and METS-IR emerged in the overall cohort (Spearman
p = 0.34; p < 0.001). In age-stratified analyses, this
correlation remained significant across all groups
(b =0.32,0.37,0.39, and 0.29 for the 18-40, 40-65,
65-75, and =75 age groups, respectively; all p < 0.01)
(Table 2). A scatter plot demonstrated an upward trend
between HOMA-IR and METS-IR across the obese co-
hort (Figure 1A). Box plots by age group revealed no
marked shift in HOMA-IR or METS-IR distributions
from young adulthood to advanced age, although the
distributions became more heterogeneous in older
groups (Figure 1B).

Table 2. Spearman correlations between HOMA-IR and METS-IR
overall and by age group

Age group (years) Spearman rho p-value
Overall 0.342 <0.001
18-40 0.321 <0.001
40-65 0.366 <0.001
65-75 0.393 <0.001

>75 0.289 <0.01

Spearman correlation coefficients (p) and p-values are shown for the overall cohort and each
age stratum.

Table 1. Clinical and demographic characteristics of the obese cohort by age group

AT Age group (years)

18-40 40-65 65-75 >75
Individuals (n) 132 126 124 99
Female, n (%) 107 (81.1) 107 (84.9) 103 (83.1) 771(77.8)
Diabetes mellitus, n (%) 7(5.3) 41(32.5) 41(33.1) 35(35.4)
Hypertension, n (%) 4(3.0) 29(23.0) 23(18.5) 22(22.2)
>2 comorbidities, n (%) 4(3.0) 27 (21.4) 22(17.7) 14(14.1)
Age (years) 30.0(22.0-37.0) 51.0(45.0-58.0) 68.0 (66.0-70.0) 78.0(75.0-86.0)
BMI (kg/m?) 35.5(32.0-40.2) 35.6(32.5-41.0) 34.7(32.0-38.1) 34.6(31.3-39.9)
Glucose (mg/dL) 87.5(82.0-95.0) 96.5(86.2-126.8) 99.0(88.0-117.0) 103.0(87.0-116.0)

Triglycerides (mg/dL)

113.5(85.5-170.5)

134.5(95.5-200.0)

134.0(93.8-164.0)

118.0(96.5-159.5)

LDL-C (mg/dL) 105.0(90.0-126.0) 112.5(95.0~135.2) 118.5(100.0-145.0) 108.0(91.5-138.5)
HDL-C (mg/dL) 445 (36.0-51.0) 48.0 (43.0-55.0) 47.0 (40.0-57.2) 44.0(39.0-52.0)
Total cholesterol (mg/dL) 174.5(154.2-201.0) 196.0(171.2-228.8) 195.0 (169.0-226.5) 186.0 (159.5-220.0)
HbATc (%) 5.5(5.3-5.8) 6.0 (5.6-6.6) 6.0 (5.7-6.7) 6.1(5.6-6.4)
Insulin (mlIU/L) 15.0(10.1-23.4) 11.9(9.2-18.3) 10.4(7.3-16.2) 10.2 (6.0-16.0)
HOMA-IR 34(2.3-53) 3.3(2.1-5.2) 2.7(1.8-43) 2.6(1.4-4.3)
METS-IR 44.2 (38.9-49.9) 45.2 (39.7-51.0) 42.5(39.3-47.6) 43.1(40.1-48.8)

Arch Endocrinol Metab, 2026, v.70(4), 1-11, €260059.

served,

Copyright® AE&M all rights re:



Age group
1640

4D-65

METS-IR

B85-75
75

HOMA-IR

Age-related patterns of METS-IR and HOMA-IR in obesity

.-

IR score
B3 Homn_m
B3 METSIR

Score valug

LENN

Age group )

Figure 1. A) Scatter plot of METS-IR versus HOMA-IR by age group; each point represents one participant. B) Distributions of HOMA-IR and
METS-IR across age groups; box plots depict the distributions of HOMA-IR (above) and METS-IR (below) by age group. Boxes represent the
interquartile range, horizontal lines denote the median, and whiskers represent the approximate data range.

Association between HOMA-IR and METS-IR
and comorbidity burden

METS-IR levels increased more consistently as the
number of comorbidities increased, whereas no clear
stepwise pattern was observed for HOMA-IR (Table
3A). In individuals without comorbidities, the median
HOMA-IR was 3.0 (IQR: 2.01-4.55), while it was 2.52
(IQR: 1.57-5.02) in those with three comorbidities.
Median METS-IR was 43.6 (IQR: 39.3-49.3) in par-
ticipants without comorbidities and 44.5 (IQR: 41.2-
50.7) in those with three comorbidities (Table 3A).
Although absolute differences were limited, METS-IR

showed a distinct and consistent upward trend as the
number of comorbidities increased.

In ordinal logistic regression, a 1-SD increase in
the HOMA-IR z-score did not significantly increase
the likelihood of transitioning to a higher comor-
bidity category (OR = 1.12; 95% Cl: 0.92-1.36;
p = 0.256). Conversely, a 1-SD increase in the
METS-IR z-score increased this likelihood approxi-
mately 1.8-fold (OR = 1.84; 95% Cl: 1.26-2.69; p <
0.01). Box plots visually supported the more pro-
nounced upward shift in METS-IR with increasing
comorbidities (Figures 2A and 2B).

Table 3A. Distribution of HOMA-IR and METS-IR across comorbidity categories

comorb_ord n HOMA-IR, median (IQR) METS-IR, median (IQR)
0 335 3.0(2.01-4.55) 43.6(39.3-49.3)
1 79 2.96 (1.46-5.61) 45.0(38.9-51.6)
2 52 3.13(2.11-4.49) 43.1(40.7-47.7)
3 15 2.52 (1.57-5.02) 44.5(41.2-50.7)
Comorbidity categories are defined as the total number of documented chronic conditions (0-3). Values are presented as n and median (interquartile range).
Table 3B. Ordinal logistic regression for comorbidity burden
Predictor OR 95% ClI p-value
HOMA-IR z-score 1.12 0.92-1.36 0.256
METS-IR z-score 1.84 1.26-2.69 <0.01

Ordinal logistic regression models estimate the odds of being in a higher comorbidity category per 1 standard deviation increase in HOMA-IR or METS-IR z-scores, adjusting for age, sex, and BMI.
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Figure 2. A) HOMA-IR by number of comorbidities; box plots showing HOMA-IR distributions across increasing comorbidity counts. A modest
increase is observed with greater comorbidity burden, although overlapping between categories remained substantial. B) METS-IR by
number of comorbidities; box plots showing the distributions of METS-IR across comorbidity categories. Unlike HOMA-IR, METS-IR showed
amore monotonic trend across comorbidity categories, consistent with its association with overall cardiometabolic burden.

Diagnostic performance of HOMA-IR and
METS-IR for T2DM and HT

In the obese cohort, HOMA-IR demonstrated limited
discriminative ability for T2DM (AUC 0.500; 95% ClI
0.439-0.562), and logistic regression revealed no sig-
nificant association between a 1-SD increase and the
odds of T2DM (OR 1.12; 95% C1 0.91-1.37; p = 0.290)
(Table 4, Figure 3A). The AUC value of METS-IR was
0.537 (95% Cl 0.478-0.595), and its discriminative
performance was also limited. However, each 1-SD
increase was significantly associated with the odds of
T2DM (OR 2.51; 95% Cl 1.60-3.93; p < 0.001) (Table
4, Figure 3A). For HT, the AUC of HOMA-IR was 0.471
(95% CI 0.396-0.546) and its OR was not significant
(OR 1.03; 95% Cl 0.80-1.31; p = 0.814); the AUC of
METS-IR was 0.519 (95% Cl 0.455-0.583), and while
its discriminative ability remained limited, each 1-SD
increase was associated with the odds of HT (OR 1.81;
95% Cl11.13-2.91;p < 0.05) (Table 4, Figure 3B). Overall,
the AUC values near 0.5 indicated that both indices
had limited discriminative capacity for T2DM and HT.

Change in HOMA-IR and METS-IR

with age

A weak negative correlation between age and
HOMA-IR emerged in the overall obese cohort
(Spearman p = -0.196; p < 0.001; Table 5). In multi-
variable linear regression adjusted for age, sex, and
BMI, each 1-year increase in age was associated with
a mean 0.016-unit decrease in HOMA-IR (95% CI
-0.030 to -0.001; p = 0.045) (Table 5). Curve plots of
the age distribution supported this trend for HOMA-
IR (Figures 4A and 4B). The correlation between
METS-IR and age was not statistically significant
(Spearman p = -0.020; p = 0.659) (Table 5). In the ad-
justed linear regression model, the effect of age on
METS-IR was also non-significant (95% Cl -0.0102
to 0.0199; p = 0.526) (Table 5). In models including
an age x T2DM interaction, these associations did
not differ by T2DM status (p = 0.149 for HOMA-IR;
p = 0.745 for METS-IR) (Table 5). Curve plots indi-
cated no significant age-related trend for METS-IR
(Figures 4A and 4B).

Table 4. Discriminative performance of HOMA-IR and METS-IR for T2DM and HT

Outcome Model AUC AUC 95% CI OR per1SD OR 95% CI p-value
T2DM HOMA-IR 0.500 0.439-0.562 1.12 0.91-1.37 0.290
METS-IR 0.537 0.478-0.595 2.51 1.60-3.93 <0.001
HT HOMA-IR 0.471 0.396-0.546 1.03 0.80-1.31 0.814
METS-IR 0.519 0.455-0.583 1.81 1.13-2.91 <0.05

The area under curve (AUC) values and 95% confidence intervals (Cl) are derived from ROC analyses using HOMA-IR and METS-IR as continuous predictors. Odds ratios (OR) are estimated per

1 standard deviation increase in the corresponding z-scores, adjusted for age, sex, and BMI.
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Figure 3. A) ROC curves of HOMA-IR and METS-IR for diabetes; ROC curves for diabetes, wherein HOMA-IR AUC: 0.500 (95% Cl 0.439-
0.562) and METS-IR AUC: 0.537 (95% Cl 0.478-0.595). The diagonal line indicates no discrimination. B) ROC curves of HOMA-IR and
METS-IR for hypertension. ROC curves for hypertension, wherein HOMA-IR AUC: 0.471 (95% CI: 0.396-0.546); METS-IR AUC: 0.519 (95%
Cl:0.455-0.583). The diagonal line indicates no discrimination.

Table 5. Associations between age and insulin resistance indices

B_age p(linear Interaction p
Score Spearman rho Spearman p (per year) 3 95% CI regression) (age x DM status)
HOMA-IR -0.196 <0.001 -0.016 -0.030—0.001 0.045 0.149
METS-IR -0.020 0.659 0.0049 -0.010-0.019 0.526 0.745

Spearman correlations describe the monotonic relationship between age and each index. Linear regression estimates (B) reflect the average change in the index per 1-year increase in age,
adjusted for sex and BMI. The interaction term tests whether the relationship between age and each index differs by diabetes status.
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Figure 4. A) Relationship between age and HOMA-IR. Scatter plot showing individual HOMA-IR values across age groups. The LOESS

smoothing curve is overlaid. B) Relationship between age and METS-IR; Scatter plot showing METS-IR values by age. The LOESS smoothing
curve is overlaid.
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DISCUSSION

The main finding of our study is that although
METS-IR reflected comorbidity burden more strongly
than HOMA-IR in obese adults, neither index demon-
strated strong diagnostic utility for specific conditions
in age-adjusted analyses. In addition, both indices pro-
vided only limited discriminative ability for T2DM and
HT. Clinically, METS-IR serves as a non-insulin-based
index reflecting cardiometabolic burden across the
obesity spectrum.

Obesity induces IR through metabolic and hor-
monal alterations, and this resistance is central to the
pathogenesis of metabolic syndrome (10). HOMA-IR
and METS-IR are important indicators for evaluat-
ing IR, with METS-IR offering practical application
and predictive power for cardiometabolic risk (11).
Although BMI was relatively homogeneous across
age groups, our findings showed that the prevalence
of T2DM and HT increased markedly at older ages,
which is consistent with large cohort studies sug-
gesting that metabolically healthy obesity is rarely
sustainable long-term (12-15). Our data support the
observation that a significant proportion of obese in-
dividuals progress toward multiple cardiometabolic
risk factors and organ damage, as evidenced by the
age-related increase in clinical comorbidities.

Although HOMA-IR is frequently used to evalu-
ate IR, its sensitivity can be influenced by age and
sex. METS-IR has emerged as a promising alternative
that may better reflect IR and predict cardiovascular
disease risk in obese populations (6). In our popula-
tion, although a statistically significant correlation
was found between HOMA-IR and METS-IR in all age
groups, this significance was not at levels that would
be interpreted as a strong association. Nevertheless,
the correlation coefficients not being high enough to
completely overlap suggests that these two indices
capture partially different dimensions of IR. Indeed,
studies in different populations have shown that
while METS-IR correlates moderately to highly with
HOMA-IR, it often outperforms HOMA-IR in predict-
ing long-term IR-related outcomes (16-18).

Hence, our study contributes by showing that,
in a large cohort consisting of obese individuals and
stratified by the age factor, this relationship remained

Arch Endocrinol Metab, 2026, v.70(4), 1-11, €260059.

Age-related patterns of METS-IR and HOMA-IR in obesity

relatively stable by age, albeit that the slope became
clearly flatter in the most advanced age group. This
suggests that while the HOMA-IR signal may weaken
with age due to altered insulin secretion dynamics
and body composition, METS-IR may provide more
consistent information regarding metabolic stress via
glucose and triglyceride levels. The concurrent rise in
HOMA-IR and METS-IR with increasing comorbidi-
ties reflects the expected characteristics of increasing
cardiometabolic burden together with IR in obese in-
dividuals. However, a 1-SD increase in the HOMA-IR
z-score did not significantly increase the probability
of a higher comorbidity count. In contrast, a 1-SD in-
crease inthe METS-IR z-score increased the likelihood
of a higher comorbidity burden approximately 1.8-
fold. The existing difference suggests that METS-IR
behaves as a stronger risk marker in practice.

Recent studies have shown that METS-IR is asso-
ciated with components of metabolic syndrome and
target organ damage and, in some studies, has even
been associated with subclinical atherosclerosis and
clinical cardiovascular events (16,19-21). In fact,
some researchers have concluded that the HOMA-IR
score is a predictive factor for middle-aged and older
populations (22). Others have reported that METS-IR
predicts the development of HT, T2DM, and cardio-
vascular disease in populations with heterogeneous
BMI distributions (16,23,24). Most of these studies
were conducted in the general population or across
mixed BMI groups. Our findings corroborate this lit-
erature within a cohort consisting only of obese indi-
viduals and using an easily measurable endpoint (e.g.,
number of comorbidities). The closer association be-
tween METS-IR and multiple comorbidities suggests
that this index could be used in clinical practice as a
dynamic risk score reflecting cumulative cardiometa-
bolic burden and multimorbidity in obese patients.

Thefactthatthe AUC of HOMA-IR and METS-IR for
T2DM or HT were very close to 0.5 indicates that nei-
ther index is sufficient as a threshold-based diagnostic
tool in obese individuals. These modest AUCs do not
contradict the multivariable associations observed in
our models, as association and discrimination quan-
tify different statistical properties. In an obesity-only
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score distributions between participants with and
without T2DM or HT, limiting separability. Baseline
cardiometabolic risk is uniformly high across the co-
hort, and a ceiling effect may further reduce discrimi-
nation. In addition, because outcomes were defined by
cross-sectional diagnostic status, prior detection and
treatment may have blurred intergroup differences. In
contrast, some researchers who considered these out-
comes to be clinically meaningful discrimination typi-
cally evaluated incident T2DM, HT, or cardiovascular
events over long-term follow-up (9,18). Consequently,
our results indicate that HOMA-IR and METS-IR can-
not independently establish diagnostic thresholds for
T2DM or HT in obese individuals. Instead, METS-IR is
more appropriately interpreted as a chronicrisk score
reflecting the accumulation of comorbidities and car-
diometabolic burden in obesity.

A study series consisting of adolescent obese indi-
viduals showed that the correlation of METS-IR with
metabolic syndrome components and its strength in
identifying IR persist across different ethnic and age
groups (25-27). These findings suggest that METS-IR
provides a signal of energy surplus that includes not
only glycemic control but also impairments along the
triglyceride and HDL cholesterol axes. In our study, the
strong association between comorbidity count and
METS-IR indicates that this risk signal translates into
clinical disease burden in obese adults. Nonetheless,
because our endpoint was the number of comorbidi-
ties and specific organ outcomes (e.g., chronic kidney
disease or incident cardiovascular events) were not
evaluated separately. Therefore, rather than directly
comparing our diagnostic thresholds with previous
studies, we emphasize that our findings provide a
complementary perspective on cumulative risk.

Our study contributes to this discussion in two
respects in that METS-IR shows a strong association
with comorbidity burden in obese adults despite pro-
viding limited diagnostic performance for T2DM and
HT. First, it demonstrates that even the best-perform-
ing indices may rapidly lose diagnostic discriminative
ability in samples characterized by high baseline risk
and phenotypic homogeneity. Second, it suggests that
interpreting METS-IR within the family of non-insulin-
based indices as a “general cardiometabolic burden
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score” may be a more realistic positioning than es-
tablishing a diagnosis of a single disease. Similarly, re-
search in obese pediatric populations has shown that
puberty-specific physiological IR necessitates age-
specific HOMA-IR cut-off values (28). Although this
study pertains to a pediatric population, the idea of
the need for age-specific IR thresholds provides a rel-
evant conceptual framework for evaluating HOMA-IR
and METS-IR in obese adults. Our findings suggest a
similar phenomenon emerges in older obese adults.
We found that HOMA-IR decreased slightly with age,
whereas METS-IR remained more stable and main-
tained its association with comorbidity burden. This
suggests that using a single HOMA-IR or METS-IR
cut-off value across all adult age groups is not clinical-
ly realistic in obese populations. Indeed, the literature
indicates that age-adjusted thresholds or age-stan-
dardized scores yield more consistent results in this
context (22,29,30).

Our findings may be interpreted as observational
evidence supporting future studies aimed at deter-
mining age-specific IR thresholds, particularly given
the context of sarcopenic obesity and changing body
composition that may occur at older ages. Several
key messages stand out regarding the clinical transla-
tion of our findings. First, even when HOMA-IR and
METS-IR are elevated in obese individuals, using these
scores in isolation to screen for T2DM or HT via fixed
thresholds is not supported by our data. Second, the
association between METS-IR and comorbidity bur-
den suggests that integrating this score with BMI and
routine biochemical parameters as a continuous risk
indicator is clinically useful. Third, as age advances,
cautionisrequired particularly ininterpreting HOMA-
IR, and age-sensitive thresholds and long-term follow-
up must be considered.

Despite this study’s findings, several limitations
should be addressed. First, the single-center, retro-
spective, cross-sectional design limits causal infer-
ence and increases the likelihood that unmeasured
clinical factors may have influenced the observed as-
sociations. Second, because the cohort consisted ex-
clusively of obese adults evaluated in an outpatient
clinic, the findings should be generalized cautiously
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populations, community-based screening cohorts,
insulin-treated patients, or populations with substan-
tially different demographic and metabolic profiles.
Third, comorbidity burdenwas assessed using a count-
based composite measure rather than organ-specific
clinical outcomes, providing a practical but relatively
coarse representation of disease burden. Fourth, the
diagnostic analyses relied on cross-sectional disease
status; prior diagnoses, treatments, and overlapping
score distributions likely attenuated discrimination.
Therefore, although our data support METS-IR as
an adjunctive indicator of cardiometabolic burden in
obese adults, they do not support its standalone use
for threshold-based diagnosis. The external validity of
these findings requires confirmation in prospective,
multicenter cohorts with broader case-mix diversity.
Despite these limitations, the study strengths include
the concurrent evaluation of HOMA-IR and METS-IR
within a single obese cohort spanning a broad adult
age range, and the assessment of comorbidity bur-
den using ordinal models that explicitly consider age
interactions.

In conclusion, METS-IR demonstrated a stronger
association with comorbidity burden than HOMA-IR
in obese adults and remained more stable across age
groups. METS-IR is a non-insulin-based continuous
index derived from routinely available anthropomet-
ric and fasting laboratory measures. However, both
METS-IR and HOMA-IR provided only limited dis-
criminatory ability for T2DM and HT. Therefore, these
indices should not be used as standalone diagnostic
tools or isolated guides for treatment decision-mak-
ing. Rather, their clinical role is more appropriate as
adjunctive, continuous indicators of cardiometabolic
burden when interpreted alongside age, phenotype,
and other clinical and biochemical variables. Relying
on these scores in isolation may be misleading in cer-
tain patient groups, as overlapping score distributions
can reduce sensitivity and contribute to the under-
recognition of clinically relevant disease. Given the
single-center, retrospective, cross-sectional design
and the restriction to obese outpatients, the broader
applicability of these findings must be established in
prospective, multicenter cohorts encompassing more
diverse age groups and clinical profiles.
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ABSTRACT

Objective: To explore the associations between peripheral blood whole-genome DNA methylation and obesity in young Chinese
males. Subjects and methods: Four young Chinese males aged 18-25 years with obesity (body mass index [BMI] = 30 kg/m?) from
Liuzhou Peoples Hospital Health Management Center and 3 age-matched healthy controls with average weights were included.
Methylation sequencing was conducted using whole-blood DNA extraction and an Illumina 850K methylation chip, followed by
gene functional annotation, pathway enrichment analysis, and differential analysis using bioinformatics tools. Results: Methyl-
Target technology was utilized for the methylation sequencing of 35 patients with obesity and 34 healthy controls, revealing
15 differential sites, two differential regions, and three differential genes. The differential regions included cg08667244 (site
region 1stExon) and cg13928759 (site region TSS200, p < 0.05), with the differential genes being cg08667244 (corresponding
to iodothyronine deiodinase 3, DIO3),cg13928759 (corresponding to leucine-rich gliomainactivated 1, LGl 1), and cg18770216
(corresponding to integrin beta 5, ITGB5, p < 0.05). Further analysis revealed a negative correlation between cg13928759
methylation (LGI/1 gene) and body mass index (R = -0.25; P = 0.04). Conclusion: This study revealed 15 differential sites, two
differential regions, and three differential genes between young individuals with obesity and healthy controls, among which
cg13928759 methylation (LGI1 gene) was negatively correlated with body mass index. These findings suggest that DNA meth-

ylation may contribute to obesity development, with LGI1 methylation serving as a potential biomarker.

Keywords: Obesity; methylation; methyltarget technology; LGl 1 gene; body mass index

INTRODUCTION

Obesity among young males is a growing global con-
cern,with asteady increase in cases occurringin recent
years (1). World Health Organization (WHO) reports
that more than 400 million people worldwide are bat-
tlingobesity,and asignificant number of themare young
males. This condition involves more than carrying extra
weight (2). It is linked to serious health issues, such as
heart disease and diabetes, and significantly affects
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individuals’ quality of life and health (3). However, our
understanding of what causes obesity in young males,
especially from an epigenetic perspective, remains
limited (4). Epigenetics, particularly DNA methylation,
plays a crucial role in controlling the expression of me-
tabolism-related genes, including those involved in fat
synthesis, energy use, and hormone levels, all of which
are vital for managing weight and energy balance (5,6).
Addressing obesity in young males requires a deeper
understanding of how methylation affects gene expres-
sion and obesity (7). Exploring this relationship could
unlock new ways to manage or even prevent obesity,
not just in young males but potentially in wider popu-
lations (8). Simplifying complex scientific concepts and
focusing on actionable insights can make discussions
of obesity management more engaging and practical
for a broader audience, thereby encouraging positive
lifestyle changes and greater awareness of this global
health challenge.
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Currently, interventions for obesity mainly in-
clude dietary control, exercise, and drug therapy.
However, these interventions have limitations in
practical applications, such as limited long-term ef-
fectiveness and treatment tolerance; thus, further
research and exploration are needed (9-11). This
study aimed to address two fundamental ques-
tions: (1) What genome-wide DNA methylation sig-
natures distinguish young males with obesity from
lean young males in a Chinese population? (2) How
do these epigenetic modifications correlate with
clinical obesity indicators, such as body mass index
(BMI)? The aim of this study was to identify differ-
entially methylated regions (DMRs) in the promoter
and gene body regions of metabolism-related genes
using MethylTarget sequencing. We focused on CpG
sites within the TSS200, 1stExon, and 5’UTR regions
to explore their associations with BMI and obesity-
related metabolic traits in young males. Additionally,
this study extensively employed bioinformatics tools
to analyze methylation data to identify core methyla-
tion genes and pathways related to obesity, thereby
offering new insights and strategies for preventing
and treating obesity in the future.

SUBJECTS AND MATERIALS

This cross-sectional study was approved by the Ethics
Committee of Liuzhou People’s Hospital (KY2021-
019-01). Participants provided written informed con-
sent to participate in this study.

Inclusion and exclusion criteria

The subjects in the obesity group included in this
study were Chinese men aged 18-25 years who met
the diagnostic criteria for simple obesity of the WHO
(BMI = 30 kg/m?, excluding secondary factors such as
endocrine disorders and genetic syndromes) and had
no history of chronic metabolic diseases, such as dia-
betes, hypertension, or dyslipidemia. These subjects
had not used any drugs that affect weight or metabo-
lism in the past six months. Chinese men with an age
difference of no more than 2 years and a BMI within
the normal range (18.5-24.9 kg/m?) were included in
the control group; a family history of obesity among
their immediate family members was not required.

Arch Endocrinol Metab, 2026, v.70(4), 1-13, €260060.
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The common exclusion criteria for the two groups in-
cluded the presence of acute or chronic inflammatory
diseases (such as autoimmune diseases or a recent
history of infection); previous bariatric surgery or bar-
iatric intervention; the use of drugs that affect DNA
methylation, such as glucocorticoids or antipsychotic
drugs; smoking more than 5 cigarettes per week or an
alcohol intake > 140 grams; and participation in other
clinical trials within the past 3 months.

Whole-blood genomic methylation sequencing
method

DNA was extracted from whole-blood samples of
each participant using commercial extraction kits
(such as Qiagen or Omega Biotek), followed by qual-
ity and concentration testing to ensure the integrity
and purity of the DNA. DNA libraries were prepared
for methylation sequencing, and high-throughput se-
quencing of methylation sites was performed using
[llumina 850K methylation chips to ensure coverage
of methylation information across the entire genome.
Methylation sequencing data were aligned, and meth-
ylation sites were identified using software such as
Bismark or Bowtie, while low-quality sequences and
polymerase chain reaction (PCR) duplicates were fil-
tered out. Standardized beta values were subjected to
singular value decomposition (SVD) to assess the cor-
relation strength between each component and the
factors in the data. These results reflected the exis-
tence of batch effects to some extent. If batch effects
were found, batch effect correction was performed.
The methylation result files for all samples were con-
verted to bedGraph format files to visualize specific
sites or regions of interest using Integrative Genomics
Viewer (IGV) software (http://www.broadinstitute.
org/igv/home).

Whole-genome methylation differential
analysis

The Chip Analysis Methylation Pipeline (ChAMP)
package was employed for differential methylation
analysis using statistical tests such as the T test and
Wilcoxon rank sum test. Multiple comparison correc-
tions ensured the significance of the differential meth-
ylation sites.
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Analysis of obesity-related methylation sites/
regions

MethylTarget technology was used for targeted meth-
ylation site sequencing and to quantify methylation
level differences. Correlation analysis revealed as-
sociations between differential methylation sites/re-
gions and BMI.

Gene functional annotation and pathway
enrichment analysis

The methylation data were processed for gene func-
tional annotation using Bioconductor’s methyl Kit
and ChAMP packages. This processing included the
localization of methylation sites on the genome and
correlation analysis with gene function. Methylation
site functions in the genome were evaluated on the
basis of location information, such as whether the
sites were located in promoter regions, gene bodies,
3'UTRs, or 5’UTRs. Further analysis was conducted to
determine the enrichment of differential methylation
sites in biological functions and pathways using tools
such as Database for Annotation, Visualization and
Integrated Discovery (DAVID) and Metascape, which
included Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis. To determine the differential methylation
sites related to obesity, the biological significance
of the enriched pathways was analyzed, including
whether they were involved in lipid metabolism, insu-
lin secretion, and other obesity-related processes.

Data analysis

All statistical analyses were performed using R ver-
sion 4.3.2 (R Foundation for Statistical Computing).
Differential methylation analysis was conducted
through a two-stage approach: 1) genome-wide screen-
ing using linear regression models adjusted for age and
batch effects (limma package), and 2) targeted valida-
tion using paired T tests for confirmed CpG sites. The
significance threshold was set at p < 0.05 for the ini-
tial discovery phase analyses, with false discovery
rate (FDR) correction (Benjamini-Hochberg method)
applied for multiple comparisons (an FDR < 0.15 was
considered suggestive, and an FDR < 0.05 was deemed
significant). Effect sizes were calculated using Cohen's d
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for differences in methylation beta values (|d| > 0.5 was
considered a moderate effect). For correlation analyses
between methylation levels and BMI, Pearson’s correla-
tion coefficients (for normally distributed data, Shapiro-
Wilk test p > 0.05) or Spearman's rank correlation (for
non-normally distributed data) were employed. Power
analysis indicated 80% power to detect methylation dif-
ferences with an effect size of A = 0.2 at o = 0.05 (two-
tailed) given our sample size (G*Power 3.1.9.7).

RESULTS

Analysis of sample size and basic
characteristics of the population

Table 1 summarizes the baseline characteristics of the
discovery cohort (4 patients with obesity vs. 3 controls).
Compared with the control group, the obesity group
had significantly greater BMI (40.1+ 1.7 vs.21.8 £ 1.4
kg/m?, p = 0.00) and body weight (118.2 + 14.0 vs. 64.6
+ 6.2 kg, p = 0.01), while no differences were observed
inage (18.5+1.0vs.18.3+ 0.6 years, p=0.79) or height
(171.5+£11.4vs.172.3+ 10.8 cm, p = 0.93). These find-
ings were validated in the larger cohort (Table 2: 35 pa-
tients with obesity vs. 34 controls), where the obesity
group again had elevated BMI (34.2 £2.1vs.20.5+ 1.5
kg/m?, p < 0.001) and weight (102.0 + 11.2 vs. 58.3
6.0 kg, p < 0.001), with comparable age (18.6 £ 0.7 vs.
18.4 + 0.7 years, p = 0.27) and height (172.8 £ 7.3 vs.
168.4 £ 6.6 cm, p = 0.01). Both cohorts demonstrated
robust anthropometric matching, minimizing con-
founding effects in subsequent methylation analyses.
Data are presented as the mean + SD; p values are de-
rived from Student’s T test (p < 0.05). Gene functional
annotation and KEGG pathway enrichment analysis
were conducted using R to select core methylation
genes and sites related to obesity. Thirty-five young
male patients with obesity and 34 age-matched healthy
males with average weights were selected, and whole-
blood DNA was extracted for targeted region methyla-
tion sequencing and methylation level detection. The
two groups differed significantly in terms of the lead-
ing observational indicators, namely, BMI, weight, and
height, while individuals with hypertension, diabetes,
cardiovascular diseases, severe liver or kidney dysfunc-
tion, and chronic diseases were excluded. No significant
differences were observed in the other data (Table 2).
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Table 1. Baseline characteristics of the discovery cohort (4 patients with obesity vs. 3 controls)

Age (years) Height (cm) Weight (kg) BMI (kg/m?)
Normal Obesity Normal Obesity Normal Obesity Normal Obesity
N(3) N (4) N (3) N (4) N(3) N (4) N(3) N (4)
18-25 18-25 172.33 171.50 64.57 118.15 21.76 40.11 Average
0.577 1.000 10.786 11.382 6.192 13.956 1.367 1.668 SD

Table 2. Baseline characteristics of the larger cohort (35 patients with obesity vs. 34 controls)

Age (years) Height (cm) Weight (kg) BMI (kg/m?)
Normal Obesity Normal Obesity Normal Obesity Normal Obesity
N (34) N (35) N (34) N (35) N (34) N (35) N (34) N (35)
18-25 18-25 168.38 172.76 102.02 20.53 34.20 Average
0.657 0.736 6.629 1.272 11.204 1.451 2.066 SD

Whole-genome methylation differential
analysis

For the obesity group, comprising four cases, and the
healthy group, comprising three cases, whole-blood
DNA 850K methylation sequencing was performed,
and 734,163 methylation sites were detected per
sample. Using the ChAMP package in R, differential
methylation analysis was conducted on the meth-
ylation sites between the obesity and healthy groups.
The differential methylation results are displayed as a
heatmap, which shows the expression patterns of the
genes containing differentially methylated sites in the
grouped samples (Figure 1A). The entire genome meth-
ylation sequence regions analyzed included the ge-
nome-wide region, promoter, intergenic region, gene
body, 3'UTR, and 5’'UTR (Figure 1B), with 23 differ-
entially methylated regions identified. Differentially
methylated sites or regions were mapped to the ge-
nome, and the differentially methylated genes were
further analyzed (Figure 1C, D; p < 0.05).

Enrichment analysis of whole-genome
methylation sites/region-associated genes
During the GO functional analysis, 309 biological
processes (BPs), 99 cellular components (CCs), and
50 molecular functions (MFs) had corrected P < 0.05
among the differential methylation sites and regions.

Arch Endocrinol Metab, 2026, v.70(4), 1-13, €260060.

The top 10 functions of these sites are oligosaccha-
ride binding, ligand-gated calcium channel activity,
G-protein-coupled receptor binding, calcium release
activity, phosphatidylinositol-4,5-bispho-
sphate binding, phosphatidylinositol bisphosphate
binding, and protein binding, which play crucial roles in
regulating obesity metabolism pathways. The focus of
methylation binding regions is on regulating enzyme
activity, carbon-nitrogen bond formation, protein ser-
ine/threonine/tyrosine kinase activity, intramolecu-
lar oxidoreductase activity, peptide antigen binding,
epidermal growth factor receptor binding, fibroblast
growth factor binding, cellular metabolic complex
salvage, and cellular modified amino acid metabolism
processes. These functions, along with pathway en-
richment analyses, including cysteine and methionine
metabolism, cortisol synthesis and secretion, parathy-
roid hormone synthesis and action, Rap1 signaling,
aldosterone synthesis and secretion, and sphingolipid
signaling pathways, among others, contributed to the
enrichment of multiple lipid metabolism regulation
and obesity-related signaling pathways. We identified
thirty KEGG pathways and GenBank pathways as-
sociated with obesity on the basis of the enrichment
results. Furthermore, we selected thirty-five obesity-
related methylation sites and their associated genes
(Table 3).
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Figure 1. Genome-wide methylation profiling of obesity-associated CpG sites. (A) Hierarchical clustering of 7 samples (4 individuals with
obesity: 01-04; 3 controls: C1-C3) based on methylation levels at 23 differentially methylated CpG sites (Af > 0.2, p < 0.05). Clustering was
performed using the Pearson correlation distance with complete linkage. The heatmap colors represent beta values: hypomethylated (blue,
B < 0.3), intermediately methylated (white, 0.3 < B < 0.7), and hypermethylated (red, B > 0.7). Columns are annotated with group labels
(obesity vs. control). (B) Distribution of methylation regions across genomic features (promoter, gene body, 3'UTR, 5’UTR, and intergenic
regions). (C, D) IGV visualization of two significant differentially methylated regions (cg08667244 in DIO3 and cg13928759 in LGI1) mapped
to their respective genomic loci.
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Analysis of differential methylation sites/
regions associated with obesity

Using MethylTarget technology, methylation sequenc-
ing and methylation level detection were performed
for target methylation sites, methylation regions,
and target genes. Fifteen differential methylation
sites were identified between the obesity group (35
cases) and the healthy group (34 cases), along with
two differential methylation regions (cg08667244 in
the 1stExon region and cg13928759 in the TSS200
region; p < 0.05) and three differential methylation
genes (cg08667244 corresponding to iodothyro-
nine deiodinase 3 (DIO3), cg13928759 correspond-
ing to leucine-rich glioma inactivated 1 (LGI1), and
cg18770216 corresponding to integrin subunit Beta
5 (ITGB5); p < 0.05). Further analysis revealed a nega-
tive correlation between the methylation level of
cg13928759 (LGI1 gene) and BMI, with R = -0.25 and
P = 0.04 (Supplementary Figure 1, Table 4).

DISCUSSION

The occurrence of adolescent obesity involves a va-
riety of complex mechanisms and factors. Genetic,
lifestyle, environmental, and psychological factors
may play essential roles in obesity (12-14). In addition,
metabolic abnormalities, brain appetite regulation

DNA methylation and obesity in young males

centers, and inflammatory responses are closely re-
lated to adolescent obesity (15). Some adolescent in-
dividuals with obesity may have metabolic abnormali-
ties,such asinsulinresistance and thyroid dysfunction,
which can affect energy balance and fat metabolism,
leading to obesity (16). Furthermore, the regulation
of food intake by appetite control centers in the brain
(such as the hypothalamus) is also associated with
obesity (17). Abnormal signaling of some hormones
(such as insulin and leptin) may affect satiety and ap-
petite control, affecting weight regulation (18).

Additionally, studies have shown a close relation-
ship between inflammation and obesity. In obesity,
the levels of inflammatory factors increase in adipose
tissue, which may lead to insulin resistance, increased
adipocyte numbers, and obesity-related diseases (19).
These factors interact, leading to an imbalance be-
tween energy intake and expenditure, resulting in ex-
cessive fat storage and obesity.

In this study, MethylTarget technology was used to
conduct methylation sequencing analysis on adoles-
cent patients with obesity, and differential methyla-
tion sites and genes associated with obesity were dis-
covered. The differential methylation regions included
cg08667244 (site region 1stExon) and cg13928759
region TSS200), and

(site the corresponding

Table 4. Results of differential analysis of obesity-related methylation sites

Target Position P-value (Ttest) P-value (Utest) P-value (Logistic) FP Mean FP Median
cg01531431_38_N 57 CG 0.043942892 0.043762878 0.05108085 0.404772099 0.393162393
cg03199564_9 125 CG 0.024366003 0.020188162 0.031946353 0.083718639 0.083509514
cg03199564_9 155 CG 0.015856406 0.021555529 0.021661689 0.037006892 0.034587996
cg05649108_34 29 CG 0.007584019 0.006146756 0.01204122 0.180212038 0.170242215
cg05649108_34 31 CG/cg02345961 0.022485902 0.032748724 0.028766069 0.12788573 0.125721616
cg05649108_34 86 CG 0.00444197 0.002957483 0.007497966 0.312951408 0.305280528
cg05649108_34 105 CG 0.036562359 0.028295131 0.042942078 0.224436596 0.215355805
cg05649108_34 159 CG 0.045160769 0.024057175 0.049919535 0.122291469 0.112239444
cg05649108_34 164 CG 0.023016181 0.023278119 0.027925446 0.109088574 0.099491238
cg13928759_23 102 CG/cg13928759 0.008878135 0.021555529 0.013841437 0.589745522 0.591511692
cg18266472_31 27 CG 0.053375892 0.022268526 0.058380429 0.012734543 0.012524085
cg18266472_31 46 CG 0.025650349 0.041384559 0.029540485 0.017254492 0.016991041
cg18266472_31 90 CG 0.028353871 0.012990731 0.035837213 0.019125757 0.018391889
cg18427217_26_N 59 CG 0.039450907 0.033537693 0.045690323 0.496114202 0.492574865
€g20701305_12_N 96 C.G./cg20701305 0.040809511 0.055205584 0.05153688 0.260917881 0.262063228
Arch Endocrinol Metab, 2026, v.70(4), 1-13, €260060. 8
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differential genes included cg08667244 (correspond-
ing gene DIO3), cg13928759 (corresponding gene
LGI1), and cg18770216 (corresponding gene ITGB5).
Further analysis revealed that the methylation level
of cg13928759 (corresponding gene LGI1) was nega-
tively correlated with BMI.

The brain and nervous system are essential for
weight regulation, as they regulate appetite, meta-
bolic rate, and fat distribution, which influence weight
maintenance. The regulation of hunger and satiety,
maintenance of energy balance, and coordination of
food intake and expenditure are critical mechanisms
through which the brain and nervous system regulate
weight (20). Neural circuits include the hypothalamic-
pituitary-adrenal (HPA) axis and the hypothalamic-pi-
tuitary-thyroid (HPT) axis, which may be regulated by
endocrine factors and neurotransmitters, thereby af-
fecting appetite, metabolism, and fat distribution and
ultimately affecting the occurrence and development
of obesity (21). LGI1 is a gene-encoding protein that
is usually associated with neuronal activity and neu-
rological diseases (22). Recent studies have suggested
that LGI1 may also be associated with energy metabo-
lism and weight control (23). Our research revealed a
negative correlation between the methylation level of
LGI1 and BMI, suggesting that LGI1 may play arole in
the occurrence and development of obesity. Similarly,
genes such as DIO3 and ITGB5 may also affect obesity
through mechanisms such as the regulation of thyroid
hormone metabolism, cell signaling, or inflammatory
responses.

Previous studies have reported various asso-
ciations between methylation and obesity-related
factors. Compared with these studies, our findings
on the differential methylation sites cg08667244,
cg13928759, and cg18770216 and their correspond-
ing genes DIO3, LGI1, and ITGB5 show both similari-
ties and differences.

In terms of DIO3, several prior investigations have
indeed demonstrated its link to energy metabolism,
which aligns with our results. For instance, altera-
tions in DIO3 methylation status influenced thyroid
hormone-mediated energy expenditure in adipose
tissue. Similar to these findings, our research also re-
vealed that methylation of the DIO3 gene, specifically

Arch Endocrinol Metab, 2026, v.70(4), 1-13, €260060.
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at the cg08667244 site, is associated with obesity,
suggesting its potential role in disrupting energy bal-
ance. However, differences in the specific methyla-
tion sites identified were detected. While our study
pinpoints cg08667244 as a key differential site, other
studies may have focused on different regions of the
DIO3 gene. Additionally, the regulatory mechanisms
may vary. In our study, we hypothesized that methyla-
tion at cg08667244 could directly affect the binding
of transcription factors to the DIO3 promoter region,
thereby modulating gene expression and subsequent
energy metabolism. In contrast, previous research
might have proposed alternative regulatory path-
ways, such as post-translational modifications of the
DIO3 protein.

With respect to LGI1, most prior research has fo-
cused predominantly on its role in neurological dis-
eases. Our study offers a novel perspective by reveal-
ing its potential connection with obesity through the
negative correlation between the methylation level
of cg13928759 (LGI1 gene) and BMI. Although the
exact mechanism remains unclear, the role of LGI1 in
neuronal activity might indirectly influence appetite
regulation or energy expenditure-related neural cir-
cuits, which are crucial for maintaining a healthy body
weight. These findings expand the functional under-
standing of LGl 1 beyond the neurological realm.

With respect to ITGB5, few studies have explored
its relationship with obesity. Existing research on
ITGB5 has focused mainly on its function in cell adhe-
sion, migration, and tumor metastasis. For example,
one study reported that ITGB5 is involved in the in-
vasion and metastasis of cancer cells through the
regulation of cell-extracellular matrix interactions.
Our study is among the first to identify cg18770216
as a regulator of obesity. We propose that methyla-
tion in the ITGB5 gene may impact the inflammatory
response and differentiation of adipocytes, which are
key processes in obesity development. These findings
provide new insights into the role of ITGB5 in the con-
text of obesity-related pathophysiology.

Energy metabolism refers to the processes of en-
ergy synthesis, utilization, and storage in the body.
In obesity, energy metabolism may be dysregulated,

served,
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expenditure (24). Obesity is often accompanied by
an imbalance in energy metabolism, such as excessive
food intake and insufficient physical activity, which
can lead to an energy surplus (25). In addition, the
abnormal secretion or action of metabolic regulatory
factors, such as insulin and thyroid hormones, may
affect energy metabolism, thereby promoting the oc-
currence of obesity (26). This study revealed that the
obesity-related differential gene cg08667244 (corre-
sponding gene DIO3) has a potential influence on the
obesity process. DIO3 encodes type 3 iodothyronine
deiodinase, and the methylation status of the DIO3
geneis closely related to energy metabolism (27), sug-
gesting that DIO3 may participate in obesity by affect-
ing thyroid hormone levels and metabolic regulation.
Fat metabolism encompasses fat synthesis, break-
down, and storage processes. In cases of obesity, this
metabolism can become imbalanced, leading to ex-
cessive fat accumulation and obesity development.
Key characteristics of obesity include an increase in
both the number and size of fat cells, possibly owing
to imbalances in energy intake and release, resulting
in heightened fat storage (28). Moreover, secretions
from fat cells, such as inflammatory factors, may influ-
ence the body’s metabolic state, impacting the onset
and progression of obesity (29). The inflammatory re-
sponse, particularly within adipose tissue (30), plays
a crucial role in obesity, as adipose tissue is known
for producing inflammatory factors that can provoke
chronic low-grade inflammation (31). This inflam-
matory response can activate pathways such as the
NF-kB pathway, promoting the release of inflamma-
tory factors such as tumor necrosis factor o (TNF-o.)
and interleukin-6 (IL-6). These factors can influence
insulin sensitivity, fat metabolism, and energy balance,
ultimately contributing to obesity development (32).
This study identified cg18770216 (associated with
the ITGB5 gene) as a regulator of obesity. ITGB5 en-
codes the integrin 5 subunit, which is involved in cell
communication and signal transduction. Methylation
in the ITGB5 gene may impact the inflammatory re-
sponse and adipocyte differentiation, affecting fat
metabolism and deposition (33). However, further
research is necessary to elucidate the specific role
of ITGB5 in obesity, including its involvement in cell

Arch Endocrinol Metab, 2026, v.70(4), 1-13, €260060.
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signaling pathways, expression and regulation in adi-
pose tissue, and interactions with other molecules
that regulate inflammation and fat metabolism.

Future studies could explore alternative inter-
ventions for obesity and metabolic diseases. For ex-
ample, intense intermittent exercise combined with
thyme extract, as suggested in a previous review, may
improve metabolic parameters related to obesity. In
their research, 8 weeks of intense intermittent exer-
cise with thyme extract was shown to affect the ex-
pression of the apoptosis indicators Bax and p53 in
liver tissue and insulin resistance in type 2 diabetic
rats, which implies possible positive effects on obe-
sity-related metabolic disorders. Additionally, physi-
cal activity has various effects on health-related out-
comes, as summarized in another review. Although
that review focused mainly on cancer prevention,
recovery, and recurrence, physical activity plays a
crucial role in obesity prevention and treatment.
Further research onits specific role in obesity-related
metabolic regulation is warranted. These alterna-
tive approaches could provide new perspectives and
strategies for combating obesity and its associated
metabolic diseases.

This study has several limitations that warrant
consideration. First, our findings demonstrate asso-
ciations between methylation changes and obesity,
but the cross-sectional design precludes causal infer-
ences. While we hypothesize that methylation may
influence obesity pathogenesis, it is equally plausible
that obesity-related metabolic changes drive epi-
genetic modifications or that unmeasured confound-
ers mediate both processes. Second, the sample size
for the genome-wide methylation analysis (4 pa-
tients with obesity vs. 3 controls) was small, poten-
tially limiting the statistical power and generalizabil-
ity. Although the targeted validation cohort included
larger groups (35 patients with obesity vs. 34 con-
trols), the homogeneity of the young male population
from a single geographic region may restrict broader
applicability. Third, methylation was measured in pe-
ripheral blood, which may not fully reflect epigenetic
patterns in metabolically active tissues. Fourth, de-
spite correction for multiple testing, the exploratory

served,
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of false-positive findings. The functional validation of
candidate genes in relevant tissues or cellular models
is also lacking. Fifth, the modest effect size of the cor-
relation between BMI and methylation suggests that
additional biological or environmental factors may
contribute to obesity pathogenesis. Beyond that, we
focused on single CpG site methylation levels rather
than mean DNA methylation (DNAm) levels across
DMRs for correlation with BMI. Future studies inte-
grating regional methylation changes may further elu-
cidate the epigenetic landscape of obesity. Finally, the
cross-sectional design precludes causal inferences.
Future studies incorporating longitudinal designs,
Mendelian randomization, and intervention-based ap-
proaches are essential to disentangle causality.

In conclusion, the onset of adolescent obesity in-
volves multiple mechanisms and factors. Our study
revealed differential methylation sites and genes as-
sociated with obesity, highlighting LGI1, DIO3, and
ITGB5 as potential contributors to obesity develop-
ment. Future investigations can elucidate the specific
mechanisms of these genes and their interactions
with other obesity-related factors, offering a more
in-depth understanding and potential therapeutic tar-
gets for obesity prevention and treatment.
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Supplementary Figure 1. Genome-wide methylation site/region-related gene enrichment analysis. (A) GO functional enrichment analysis of
differential methylation sites and regions; (B) KEGG signaling pathway enrichment analysis of differential methylation sites and regions;
(C) GO and KEGG enrichment analysis of methylation binding regions.
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ABSTRACT

Objective: The global increase in metabolic syndrome (MetS) highlights the need for effective lifestyle interventions to reduce
cardiovascular disease (CVD) risk. This study aimed to identify factors associated with lifestyle behaviors for preventing CVD
complications among adults aware of MetS. Subjects and methods: A cross-sectional online survey was conducted from January
to February 2023 among 1,000 South Korean adults aged 20-69 years. After excluding 212 participants unaware of MetS, 788
respondents were included, of whom 710 engaged in at least three of nine recommended lifestyle behaviors: smoking cessa-
tion, alcohol abstinence, body weight monitoring, waist circumference measurement, blood pressure monitoring, regular hos-
pital visits, adequate sleep, adherence to a low-salt diet, and regular physical activity. Participants were categorized into those
with one or more MetS risk factors (META) and those without (Non-META). Results: participants with MetS risk factors were
predominantly male and aged 50-69 years, while those without were more likely female and aged 20-39 years. Abdominal obe-
sity was the most common risk factor, whereas waist circumference monitoring was the least practiced behavior. The META
group showed higher rates of blood pressure monitoring and hospital visits, while the Non-META group reported more frequent
smoking cessation and alcohol abstinence. Conclusion: Engagement in healthy lifestyle behaviors was positively associated with
female sex, older age, and higher awareness of MetS-related complications. The limited practice of waist circumference mon-
itoring underscores the need for targeted education and personalized preventive strategies to enhance CVD risk reduction
among individual aware of MetS.

Keywords: Healthy lifestyle; metabolic syndrome; risk factor; adult; abdominal obesity

INTRODUCTION

Metabolic syndrome (MetS) has emerging as a ma-
jor global public health concern, characterized by a

cluster of interrelated metabolic abnormalities that
substantially increase the risk of chronic diseases (1).
Epidemiological evidence indicates that MetS affects
approximately one-quarter to one-third of the global
population, with prevalence rates continuing to rise
across diverse regions (2). National data report preva-
lence estimates of 34.2% in the United States, 29.6%
in Brazil, and 21% in South Korea, underscoring its
widespread burden (3-5).

Clinically, MetS is defined by the presence of at
least three of the following five criteria: abdomi-
nal obesity, elevated fasting blood glucose, elevated
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high-density lipoprotein (HDL) cholesterol level (1).
This constellation of metabolic risk factors is strongly
associated with an increased incidence of cardiovas-
cular disease (CVD), type 2 diabetes mellitus, cogni-
tive decline, and all-cause mortality (1). Moreover, the
cumulative presence of multiple MetS components
has been shown to exponentially elevate the risk of
severe complications, including CVD events, diabetic
complications, and stroke (6).

The etiology of MetS is multifactorial, arising from
complex interactions among genetic predisposition
and modifiable behaviors, psychosocial, and environ-
mental factors such as diet, physical inactivity, stress,
socioeconomic status (7). Among these, lifestyle be-
haviors represent key modifiable determinants for
both the prevention and management of MetS (8).
Current clinical guidelines, including the National
Cholesterol Education Program Adult Treatment
Panel (NCEP ATP) Ill, recommend lifestyle modifica-
tion-comprising dietary regulation, increased physical
activity, and weight control-as the first-line strategy
for MetS management (9).

However, the interdependence among lifestyle
behaviors present challenges in both assessment and
intervention. Prior research has largely examined iso-
lated behavioral or clinical components, limiting com-
pressive understanding of how multiple lifestyle fac-
tors interact to influence MetS outcomes (8). A more
integrated approach is therefore essential to eluci-
date behavioral patterns underlying lifestyle adher-
ence and to develop effective, sustainable preventive
strategies (8).

Awareness of MetS constitutes a critical precursor
to behavioral change, serving as the foundation for
adopting preventive health behaviors (10). Previous
studies have demonstrated that individuals aware of
MetS are more likely to engage in lifestyle modifica-
tion aimed at mitigating associated risk factors (10).
Enhanced awareness may further facilitate early de-
tection and management of metabolic abnormalities,
thereby reducing the risk of CVD—the more criti-
cal complication of MetS (1). Accordingly, the pres-
ent study aimed to identify factors associated with
lifestyle practices for the prevention of CVD among
adults who are aware of MetS.
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SUBJECTS AND METHODS

Study design and data collection

This study employed a cross-sectional design and
was conducted from January to February 2023. With
the exception of study design development, all sur-
vey administration procedures were implemented by
MegaResearch, a professional research agency based
in Seoul, South Korea. As of December 2022, the esti-
mated adult population aged 220 years in South Korea
was 37,121,412. To obtain a nationally representative
sample of adults aged 20-69 years, a total of 1,000
participants were recruited using a stratified system-
atic sampling method based on sex (male/female),
age group (20-29, 30-39, 40-49, 50-59, and 60-69
years), and geographical region (eight metropolitan
and eight non-metropolitan areas).

Data were collected via structured, self-adminis-
tered online questionnaires. Survey invitations con-
taining a unique link to the web-based instrument
were distributed to randomly selected panel mem-
bers registered with the research agency. Participants
completed the questionnaire independently, and re-
sponses were automatically recorded on a secure data
server. To minimize item non-response, the survey
system required participants to complete each ques-
tion before proceeding to the next. All aspects of data
collection were monitored in real time by the research
agency to ensure data integrity, prevent duplicate en-
tries, and maintain response accuracy (11).

Study population

The study population was derived from the nationally
representative sample of South Korea adults through
stratified sampling by sex, age, and region of residence
to ensure demographic representativeness. Eligible
participants were adults aged 20 to 69 years who
provided informed consent and completed the online
questionnaire after confirming full understanding of
the study purpose and procedures. Exclusion criteria
were as follows: (1) individuals younger than 20 or old-
er than 69 years, (2) individuals without adequate in-
ternet access, (3) those who declined participation, (4)
respondents who failed to complete the final survey
item; and (5) participants from specific sex-age strata
exceeding the predetermined sample quota (11).
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Participants who reported being unaware of MetS
(n = 212) were excluded, resulting in a final analyti-
cal sample of 788 individuals with MetS awareness.
Of these, 710 participants who reported engaging in
at least three of the following nine lifestyle behaviors
were included in the final analysis: smoking cessation,
alcohol abstinence, body weight monitoring, waist cir-
cumference measurement, blood pressure monitor-
ing, regular physical activity or adherence to a low-salt
diet-recognized. Smoking cessation was considered
essential lifestyle behavior for preventing CVD com-
plications. Additionally, participants were required to
engage in at least one of the two key lifestyle modifi-
cations—regular physical activity or adherence to a
low-salt diet—recognized as critical for preventing
MetS-related complications. In addition to these core
behaviors, participants were required to practice at
least one additional lifestyle behavior from the re-
maining items.

Participants were classified into two groups:
those with one or more MetS risk factors (hyperten-
sion, hyperlipidemia, diabetes mellitus, or abdominal
obesity) (META) and those without any risk factors
(Non-META).

Questionnaire
Demographic variables included age, sex, educational at-
tainment, monthly household income, occupation, mari-
tal status, presence of comorbidities, and family history
of CVD. Comorbid conditions—specifically hypertension,
diabetes mellitus, hyperlipidemia, and abdominal obe-
sity—were evaluated as indicator of MetS risk factors.
MetS-related variables comprised the following:
awareness of MetS (1 = “Very well aware”, 2 = “Well
aware”, 3 = “Somewhat aware”, 4 = “Unaware”, 5 =
“Completely unaware”); awareness of the association
between MetS and CVD complications (1 = “Strongly
agree”, 2 = “Somewhat agree”, 3 = “Slightly agree”, 4 =
“Do not agree”, 5 = “Do not agree at all”); and frequen-
cy of waist circumference and body weight monitor-
ing within the past three years (1 = “Frequently”, 2 =
“Occasionally”, 3 = “Rarely”, 4 = “Never”). The ques-
tionnaire also assessed engagement in lifestyle modi-
fication behaviors for MetS prevention and perceived
barriers to implementing such behaviors.
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Lifestyle practices for MetS prevention included
blood pressure monitoring, regular hospital visits,
adequate sleep, adherence to a low-salt diet, regular
physical activity, vitamin supplementation, and di-
etary supplement intake. Participants who reported
frequent monitoring of waist circumference and body
weight during the previous three years were also clas-
sified as engaging in preventive lifestyle practices.

Smoking cessation and alcohol abstinence were
assessed as additional lifestyle behaviors related to
comorbidity management. Participants who reported
abstinence from smoking or alcohol consumption were
categorized as practicing these behaviors. Barriers to
the adoption of MetS-related lifestyle practices were
classified into seven categories: financial constraints,
perception of already maintaining a healthy lifestyle,
lack of time, excessive workload, insufficient knowledge
of appropriate behaviors, disbelief in the effectiveness
of lifestyle modification, and other unspecified factors.

Participants with one or more comorbidities (hy-
pertension, diabetes mellitus, hyperlipidemia, or ab-
dominal obesity) were categorized as the MetS risk
factor group, whereas those without any of these con-
ditions were classified as the non-risk factor group.

Given the established importance of smoking ces-
sation in the prevention of non-communicable diseas-
es and overall health promotion (12), this behavior was
included as a core component of CVD-preventive life-
style practices. Comprehensive lifestyle modification
was operationally defined as engagement in at least
three lifestyle behaviors (13), including one of either
low-salt diet adherence or regular physical activity, in
addition to at least one other behavior (excluding vita-
min or supplement intake). The detailed questionnaire
is provided in Supplementary Material.

Ethics

This study was reviewed and approved by the institu-
tional Review Board (IRB) of the Gachon University
Medical Center (IRB No. GFIRB2023-084). Given that
the survey was conducted anonymously and did not
involve the collection of personally identifiable infor-
mation, the IRB waived the requirement for written in-
formed consent. All participants provided implied con-
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Statistical analysis
Descriptive
the participants’ demographic characteristics and
MetS-related variables. Categorical variables were
compared using the chi-square test, while continuous
variables were assessed with the independent samples
t-test. Multivariate logistic regression analysis was per-
formed toidentify factors independently associated with
engagement in healthy lifestyle behaviors. All statistical
tests were two-tailored, and a significance threshold of p
<0.05was applied. Dataanalysis were conducted using R
software version 4.2.0 for windows (The Comprehensive
R Archive Network, Auckland, New Zealand).

statistics were used to summarize

RESULTS

General characteristics of participants and
metabolic syndrome-related variables

The general characteristics of the study population
and response to MetS-related questionnaire items are
summarized in Table 1. The mean age of participantsin
MetS risk factor group (META) was significantly high-
er than that of the non-risk factor group (Non-META)
(49.41 + 12.60 years vs. 43.11 + 13.02 years; t = 6.27,
p < 0.001). Age distribution differed between groups:
the META group had a higher proportion of individu-
alsintheir 50s and 60s, whereas the Non-META group
had a higher proportion of participants in their 20s
and 30s. Sex distribution also differed significantly,
with male predominating in the META group (54.0%)
and females in the non-META group (55.9%) (x? =
39.20, p < 0.001). Marital status showed a significant
difference, with a higher proportion of married par-
ticipants in the META group (72.2% ) compared with
the Non-META group (51.0%) (x2= 40.90, p < 0.001).
Educational attainment did not differ significantly,
with the majority holding a college degree or higher
(x2= 2.66, p = 0.264). Similarly, monthly household
income distribution was not significantly different be-
tween groups, with the largest proportion earning 2
KRW 5.00 million (x2=7.66,p = 0.176).

Occupational status differed significantly (x? =
16.95, p = 0.031). Office workers constituted the larg-
est occupational category in both groups. The META
group included a higher proportion of housewives and
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sales/service workers, whereas the Non-META group
included a higher proportion of self-employed and
technical workers

Regarding family history of CVD, a significantly
greater proportion of participants in the META
group reported a positive history compared with
the Non-META group (30.0% vs. 10.1%; x2= 34.80,
p < 0.001). Awareness of the relationship between
MetS and CVD complications was also higher in
the META group, with 44.7% reporting strong
awareness versus 33.6% in the Non-META group
(x2=9.84,p =0.043).

In terms of lifestyle practices, participants in the
META group reported higher rates of blood pressure
monitoring and regular hospital visits (x2 = 22.61,
p < 0.001; x2= 31.42, p < 0.001), whereas participants
in the Non-META group reported higher rates of al-
cohol abstinence and smoking cessation (x?= 17.69,
p <0.001; x2=22.93,p < 0.001) (Figure 1).

Although no statistically significant differences
were observed between groups in perceived barriers
to lifestyle modification, the most frequently report-
ed barrier in both groups was insufficient knowledge
regarding appropriate lifestyle practices (x?= 5.12,
p =0.401) (Figure 2).

Comparison of lifestyle practices and barriers
according to types of metabolic syndrome risk
factors

The MetS risk factors examined in this study included
hypertension, hyperlipidemia, diabetes mellitus, and
abdominal obesity. Lifestyle practices and perceived
barriers to lifestyle modification stratified by these
risk factors are summarized in Table 2. The prevalence
of MetS risk factors among participants was 48.0%
for hypertension, 50.3% for hyperlipidemia, 21.8% for
diabetes, and 66.5% for abdominal obesity.

Among lifestyle practices, blood pressure monitor-
ing was most frequently reported by participants with
hypertension (x?= 45.21, p < 0.001), whereas regular
hospital visits were most common among those with
diabetes (x? = 25.91, p < 0.001). Additionally, con-
sumption of health supplements, including vitamins
and red ginseng, was highest among individuals with
hyperlipidemia (x2= 15.82, p = 0.001) (Figure 3).
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Table 1. General characteristics of participants and Metabolic syndrome-related variables, n = 710

META Non-META

Variables N=463 N=241
n (%) or n (%) or
M=SD M=SD
Age 49411260  43.11£13.02 6.27 <0.001*
20s 46(9.9) 56 (22.7) 39.20 <0.001*
30s 61(13.2) 51(20.6)
40s 94.(20.3) 52 (21.1)
50s 132(28.5) 50(20.2)
60s 130(28.1) 38(15.4)
Sex Male 250 (54.0) 109 (44.1) 5.88 0.015*
Female 213 (46.0) 138(55.9)
Marital status Single 96 (20.7) 107 (43.3) 40.90 <0.001*
Married 339(72.2) 126 (51.0)
Divorce/Bereave/Separate 28(6.0) 14(5.7)
Education <Middle school 5(1.0) 2(0.8) 2.66 0.264
High school 110(23.8) 46 (18.6)
>College 348(75.2) 199 (80.6)
Monthly household income (KRW) <100 15(3.3) 7(2.8) 7.66 0.176
100-199 32(6.9) 16 (6.5)
200-299 75(16.2) 53(21.4)
300-399 95(20.5) 47 (19.0)
400-499 89(19.2) 31(12.6)
>500 157 (33.9) 93(37.7)
Occupation None 35(7.5) 19(7.7) 16.95 0.031*
Self-employment 32(6.9) 25(10.1)
Sales/Services 42(9.1) 21(8.5)
Technical 41(8.9) 25(10.1)
Office work 131(28.3) 85(34.4)
Administration/Management 39(8.4) 8(3.3)
Professional/Public official/Teacher 36(7.8) 24(9.7)
Housewife 79(17.1) 25(10.1)
Part time/Freelancer/College/Graduate student 28(6.0) 15(6.1)
Family history of cardiovascular disease  Yes 139(30.0) 25(10.1) 34.80 <0.001*
No 324(70.0) 222 (89.9)
Awareness of the association between Strongly agree 207 (44.7) 83(33.6) 9.84 0.043*
MetsS and CVD complications Somewhat agree 152(32.8) 100 (40.5)
Slightly agree 75(16.2) 45(18.2)
Do not agree 2(0.4) 0(0.0)
Dd not agree at all 27 (5.9) 19(7.7)
Types of lifestyle practice Waist circumference 38(8.2) 22(8.9) 0.031 0.859
(double check) Body weight 192 (41.5) 103 (41.7) 0.000 1.000
Blood pressure 135(29.2) 32(13.0) 2261 <0.001
Alcohol abstinence 306 (66.1) 201 (81.4) 17.69 <0.001
Smoking cessation 325(70.2) 214 (86.6) 22.93 <0.001
Physical activity 254 (54.9) 152 (61.5) 2.67 0.102
Adequate sleep 153(33.1) 79(32.0) 0.041 0.839
Low salt diet 156 (33.7) 100 (40.5) 293 0.087
Routine medical checkup 172(37.2) 41(16.6) 31.42 <0.001 2
Taking health supplements (vitamins, red ginseng, etc.) 225 (48.6) 98(39.7) 379 0.051 5
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META Non-META

N=463 N=247
Variables
n (%) or n (%) or
MzSD MzSD
barriers to practicing lifestyle Maintaining a healthy lifestyle 67(14.5) 42(17.0) 5.12 0.401
Economic burden 95(20.5) 47(19.0)
Lack of time 53(11.5) 39(15.8)
Too much to do 66 (14.3) 29(11.7)
Not sure what to do 147 (31.8) 64 (25.9)
Lifestyle modification don't help 27 (5.8) 22 (8.9)
Others 8(1.7) 4(1.6)

*p < 0.05, MetS: metabolic syndrome risk factor; CVD: cardiovascular disease; META: those with one or more MetS risk factors (hypertension, hyperlipidemia, diabetes mellitus, or abdominal
obesity); Non-META: those without any risk factors

LIFESTYLE PRACTICES
Taking health supplements 39.7
Routine medical checkup 16.6
Low salt diet 40.5
Adequate sleep 320
Physical activity 61.5
Smoking cessation 86.6
Alcohol abstinence 81.4
Blood pressure 13.0
Body weight 4.7
Waist circumference 8.9

0%  10% 20%  30% 40%  50% 60% 70% 80% 90%  100%

B META (%) Non-META (%)

Figure 1. Comparisons of lifestyle practices between participants with and without metabolic syndrome risk factors. Participants with
metabolic syndrome risk factors (META group) demonstrated significantly higher rates of blood pressure monitoring and regular hospital
visits (p < 0.001), whereas those without metabolic syndrome risk factors (Non-META group) exhibited higher rates of alcohol abstinence and
non-smoking (p < 0.001).

BARRIERS TO LIFESTYLE PRACTICES
17

Others

Lifestyle modification don't help

Not sure what to do 25.9
Too much to do
Lack of time
Economic burden
Maintaining a healthy lifestyle - 17.0
0% 10% 20% 30% 40% 50% 60% 70%
B META (%) Non-META (%)

Figure 2. Comparisons of barriers to lifestyle practices between participants with and without metabolic syndrome risk factors. The most
frequently reported barrier to lifestyle practice in both groups was a lack of knowledge regarding how to implement healthy lifestyle
behaviors for the prevention of metabolic syndrome (p = 0.401).
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Arch Endocrinol Metab, 2026, v.70(4), 1-12, e260061. 6



Lifestyle practices in adults aware of metabolic syndrome

Table 2. Comparison of Lifestyle practices and barriers according to types of Metabolic syndrome risk factors,n =710

MetS risk factors (double check)

. - . Abdomen
Variables HTN Hyperlipidemia DM obesity
n (%) n (%) n (%) n (%)
222 (48.0) 233(50.3) 101(21.8)  308(66.5)
Types of lifestyle practice Waist circumference 22(9.9) 23(9.9) 13(12.9) 25(8.1) 2.63 0.452
(double check) Body weight 94 (42.3) 113 (48.5) 47(465) 127(412) 197 0578
Blood pressure 96 (43.2) 82 (35.2) 40 (39.6) 84 (27.3) 4521 <0.001*
Alcohol abstinence 142 (64.0) 152 (65.2) 65 (64.4) 187 (60.7) 1.13 0.769
Smoking cessation 151 (68.0) 162 (69.5) 63 (62.4) 206 (66.9) 1.46 0.691
Physical activity 120 (54.1) 141 (60.5) 57 (56.4) 170 (55.2) 1.49 0.685
Adequate sleep 64 (28.8) 70(30.0) 36 (35.6) 111(36.0) 3.45 0.328
Low salt diet 79 (35.6) 86 (36.9) 36 (35.6) 103 (33.4) 267 0.444
Routine medical checkup 104 (46.9) 102 (43.8) 49 (48.5) 107 (34.7) 25.91 <0.001*
Taking health supplements (vitamins, 101 (45.5) 126 (54.1) 41 (40.6) 142 (46.1) 15.82 0.001*
red ginseng, etc.)
barriers to practicing lifestyle Maintaining a healthy lifestyle 38(17.1) 34(14.6) 22(21.8) 36(11.7) 12.14 0.669
Economic burden 42 (18.9) 56 (24.0) 22 (21.8) 71(23.1)
Lack of time 24(10.8) 24(10.3) 16(15.8) 38(12.3)
Too much to do 32(14.4) 26(11.2) 13(12.9) 48 (15.6)
Not sure what to do 68 (30.6) 77 (33.1) 21(20.8) 90(29.2)
Lifestyle modification don't help 15(6.8) 10(4.3) 6(5.9) 18 (5.8)
Others 3(1.4) 6(2.6) 1(1.0) 7(2.3)
*p < 0.05, MetS: metabolic syndrome.
LIFESTYLE PRACTICES BY TYPE OF METABOLIC SYNDROME RISK FACTOR
Il HTN (%) Hyperlipidemia DM (%) [ Abdomen obesity (%)
TAKING HEALTH SUPPLEMENTS 54.1 461
ROUTINE MEDICAL CHECKUP 43.8 34.7
LOW SALT DIET 334
ADEQUATE SLEEP
PHYSICAL ACTIVITY 60.5 55.2
SMOKING CESSATION 69.5 669 |
ALCOHOL ABSTINENCE 65.2 60.7
BLOOD PRESSURE 27.3
BODY WEIGHT 485 412

WAIST CIRCUMFERENCE  ER¢9.9

Figure 3. Comparison of lifestyle practices by type of metabolic syndrome risk factor. Four metabolic syndrome risk factors were examined:
hypertension, hyperlipidemia, diabetes, and abdominal obesity. Among lifestyle practice items, the rate of blood pressure monitoring was the
highest among participants with hypertension (p < 0.001), and regular hospital visits were the most frequent among those with diabetes (p <
0.001). Consumption of health supplements was highest among participants with hyperlipidemia (p = 0.001).

hyperlipidemia, and abdominal obesity was un-
certainly regarding how to implement appropriate
lifestyle changes. In contrast, financial burden was
the predominant barrier among participants with

Although no statistically significant differ-
ences were observed in reported barriers to life-
style modification across MetS risk factors (x?=
12.14, p = 0.669), the most frequently reported

barrier among participants with hypertension,

Arch Endocrinol Metab, 2026, v.70(4), 1-12, e260061.
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BARRIERS TO LIFESTYLE PRACTICES BY TYPE OF METABOLIC SYNDROME RISK FACTOR

W HTN (%) Hyperlipidemia (%)

1.4

OTHERS

j

LIFESTYLE MODIFICATION DON'T HELP
NOT SURE WHAT TO DO
TOOMUCHTO DO
LACK OF TIME
ECONOMIC BURDEN

MAINTAINING A HEALTHY LIFESTYLE

240

DM (%) [l Abdomen obesity (%)

33.1 29.2
15.6
12.3
23.1

1.7

Figure 4. Comparison of barriers to lifestyle practices by type of metabolic syndrome risk factor. Four metabolic syndrome risk factors were
examined: hypertension, hyperlipidemia, diabetes, and abdominal obesity. Among participants with diabetes, the primary barrier to adopting
healthy lifestyle behaviors was financial burden, whereas for the other risk factor groups, the predominant barrier was a lack of knowledge
regarding how to implement healthy lifestyle behaviors for the prevention of metabolic syndrome (p = 0.669).

Factors associated with lifestyle practices for
the prevention of cardiovascular disease in
adults aware of metabolic syndrome
Multivariate logistic regression analysis (Table 3) iden-
tified several significant predictors of engagement in
heathy lifestyle practice. Female sex, older age, and
greater awareness of complications associated with
MetS were positively and independently associated
with adherence to recommended lifestyle behaviors.
These findings suggest that demographic factors and
knowledge of MetS-related risks play a critical role in
promoting preventive health behaviors among adults
aware of their metabolic risk status.

DISCUSSION

This study investigated the prevalence of MetS risk
factors, lifestyle practices, determinants of lifestyle
adherence among a nationally representative sample
of adults in South Korea. Among MetS risk factors,
abdominal (central) obesity was the most prevalent in
the META group. Central obesity, a core component
of MetS, is influenced by hormonal factors such as
gonadal steroids (14) and individuals of Asian descent
are known to exhibit greater visceral adiposity com-
pared to Caucasians at equivalent body mass indices
(BMI) (15). The global increase in obesity has substan-
tially contributed to the rising burden of MetS (1).

Arch Endocrinol Metab, 2026, v.70(4), 1-12, e260061.

Despite the central role of abdominal obesity in
MetS pathogenesis, waist circumference monitor-
ing—a key metric for assessing central adiposity—
was the least frequently practiced lifestyle behavior in
both META and Non-META groups. Primary barriers
identified was limited knowledge regarding appropri-
ate lifestyle practices. Practical challenge, including
privacy concerns, variability in seasonal clothing, and
inconsistencies in clinical measurement techniques,
may also hinder regular waist circumference moni-
toring. These findings highlight the need for targeted
educational initiatives directed at both healthcare
providers and the public, emphasizing waist circum-
ference assessment alongside standard metrics such
as blood pressure and body weight. Incorporating vali-
dated indices such as the A Body Shape Index (ABSI)
or waist-to-height ratio, may enhance measurement
reliability (16).

Participants without MetS risk factors demon-
strated higher adherence to smoking cessation, alco-
hol abstinence, regular physical activity, and low-salt
diet practices. These observations suggest that con-
sistent engagement in healthy behaviors may delay
the onset of MetS risk factors among individuals with
awareness of the condition. Considering the trend of
earlier MetS onset, particularly among individuals in
their 30s and 40s (17), and increasing life expectancy,

served,
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Table 3. Factors associated with Lifestyle practices for the prevention of Cardiovascular disease in adult aware of Metabolic syndrome,

n=710
Variables Estimate SE Z P (1]} Cl
Age 0.028 0.009 3.161 0.002* 1.03 1.01-1.05
Sex (Reference = Male) 0.383 0.187 2.045 0.041* 1.47 1.02-2.12
Education (Reference = Middle school) -0.255 0.202 -1.262 0.207 0.77 0.52-1.15
Monthly household income (Reference = <100) 0.076 0.066 1.166 0.244 1.08 0.95-1.23
Occupation_Housewife (Reference = None) 0.228 0.412 0.553 0.581 1.26 0.56-2.82
Occupation_ Part time/Freelancer/students (Reference = None) -0.488 0.439 -1.112 0.266 0.61 0.26-1.45
Occupation_ Public official/Teacher/Professional (Reference = None) -0.163 0.419 -0.388 0.698 0.85 0.37-1.93
Occupation_ Administration/Management (Reference = None) -0.987 0.464 -2.218 0.033 0.37 0.15-0.92
Occupation_ Technical (Reference = None) -1.551 0.425 -3.652 0.000 0.21 0.09-0.49
Occupation_ Sales/Services (Reference = None) -0.917 0.412 -2.226 0.026 0.40 0.18-0.90
Occupation_ Office work (Reference = None) -0.472 0.349 -1.355 0.175 0.62 0.31-1.23
Occupation_ Self-employment (Reference = None) -0.662 0.416 -1.593 0.111 0.52 0.23-1.16
Family history of cardiovascular disease (Reference = No) -0.662 0.208 -3.177 0.001 0.52 0.34-0.78
Marital status_Single (Reference = Divorce/Bereave/Separate) 0.458 0.411 1.115 0.265 1.58 0.71-3.54
Marital status_Married (Reference = Divorce/Bereave/Separate) 0.409 0.370 1.106 0.269 1.51 0.73-3.11
Awareness of MetS complications (Reference = Unknown) 0.255 0.094 2.709 0.007* 1.29 1.07-1.55
Barriers to practicing lifestyle_ Economic burden (Reference = Maintaining a -0.221 0.287 -0.768 0.442 0.80 0.46-1.41
healthy lifestyle)
Barriers to practicing lifestyle_ Lack of time/Too much to do (Reference = 0.036 0.269 0.134 0.893 1.04 0.61-1.76
Maintaining a healthy lifestyle)
Barriers to practicing lifestyle_Not sure what to do (Reference = Maintaining a -0.304 0.265 -1.148 0.251 0.74 0.44-1.24
healthy lifestyle)
Barriers to practicing lifestyle_Lifestyle modification don't help (Reference = 0.184 0.386 0.477 0.633 1.20 0.56-2.56
Maintaining a healthy lifestyle)
Barriers to practicing lifestyle_QOther (Reference = Maintaining a healthy lifestyle) 1.227 0.824 1.489 0.136 M 0.68-17.15
No. risk factors for metabolic syndrome -0.340 0.080 -4.238 <.001 0.71 0.61-0.83
Null deviance: 983.99  Residual deviance: 868.12  AIC: 914.12

*p<0.05.

long-term and continuous education regarding MetS Although low-to-moderate intensity exercise

risk and complications is essential. Direct patient-
provider interactions have been shown to enhance
motivation for behavior change (18), and personalized
intervention delivered by trained healthcare profes-
sionals may be particularly effective in promoting sus-
tained lifestyle modification (19).

Among participants with MetS risk factors, regular
hospital visits were the most commonly reported life-
style practice, whereas lack of knowledge regarding
appropriate lifestyle behaviors was the primary barrier.
This suggests a predominant reliance on pharmacolog-
ical management rather than comprehensive lifestyle
modification. Effective prevention of CVD complica-
tions associated with MetS requires integrated inter-
ventions encompassing both dietary modifications and
regular physical activity (13). Therefore, practical, tar-
geted strategies are warranted to enhance adoption
and maintenance of lifestyle changes.
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provided some health benefits (20), current guide-
lines, including the Physical Activity Guidelines for
Americans, recommend moderate-to-vigorous physi-
cal activity (MVPA) for optimal cardiometabolic out-
comes (21). Evidence indicates that increased MVPA
is more strongly associated with reduced MetS preva-
lence in men compared to women (22). Structured
programs modeled on cardiac rehabilitation may
facilitate adherence by combining clinical oversight
with individualized exercise plans, and the long-term
sustainability of such interventions should be system-
atically evaluated.

While sodium restriction is commonly recom-
mended, emerging evidence suggests that both exces-
sive and insufficient sodium intake may contribute to
metabolic dysfunction, including insulin resistance
and obesity (23). Structured dietary interventions,

such as the Dietary Approaches to Stop Hypertension



(DASH) diet (24), Mediterranean diet, and Nordic diet
(25), which emphasize nutrient balance rather than
strict sodium reduction, may provide broader meta-
bolic benefits. Additionally, accumulating evidence
highlights the role of sleep quality in metabolic health
(26), suggesting that sleep management should be in-
tegrated into comprehensive lifestyle programs, po-
tentially through home-based or technology-assisted
interventions to enhance, especially among younger
populations.

This study identified female sex, older age, and
greater awareness of MetS complications as signifi-
cant predictors of engagement in healthy lifestyle be-
haviors. MetS prevalence increases with age in both
sexes (27), with a pronounced rise in postmenopausal
women (28). While some studies indicated that older
women with lower healthy lifestyle adherence are at
elevated risk of MetS, others evidence suggests that
older adults may adopt protective health behaviors
more consistently (27). Cohort studies have further
demonstrated that lifestyle interventions may vyield
greater reduction in MetS risk among older men com-
pared to younger adults or women, potentially reflect-
ing pre-existing behavioral differences (29). These
findings underscore the importance of tailoring inter-
ventions according to both age and sex.

Participants with higher awareness of the rela-
tionship between MetS and CVD complications were
more likely to engage in preventive lifestyle behaviors.
Furthermore, a family history of CVD was associated
with a higher prevalence of MetS risk factors. These
findings hightlight the need for tailored educational
interventions that provide practical, real-world ex-
amples demonstrating that effective management of
MetS canreduce CVD complications, lower healthcare
costs, alleviate familial burden, and improved quality
of life for patients and their families. Implementing a
systematic management framework that includes as-
sessments such as microalbuminuria testing and fun-
dus examinations within national health screening
programs may facilitate early detection of CVD com-
plications associated with MetS. Consistent monitor-
ing beginning in the third decade of life, with follow-
up during routine health checkups, would promote
sustained preventive management.
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Despite the strengths of this study, including a
large, nationally representative sample, several limi-
tations should be acknowledged.

First, lifestyle practices were assessed via self-re-
port, which may introduce reporting bias and limit the
objectivity of behavioral measures. Second, adults age
>70 years were excluded due to the online survey for-
mat, potentially limiting generalizability to older pop-
ulations. Third, psychological variables such as stress,
known to influence MetS risk and lifestyle adherence
(30), were not assessed. Future research should incor-
porate stress and sleep quality, and other behavioral
determinants to inform comprehensive lifestyle in-
tervention programs. Finally, the observed variation
in lifestyle adherence by age and sex emphasizes the
necessity for personalized interventions. Developing
and evaluating the effectiveness of tailored programs
will be critical for reducing the burden of MetS and im-
proving long-term health outcomes.

In conclusion, this study evaluated the prevalence
of MetS risk factors and adherence to healthy life-
style behaviors among South Korean adults. Among
the assessed risk factors, abdominal (central) obesity
was the most prevalent within the META group; how-
ever, awareness and routine monitoring—particularly
waist circumference assessment—remained limited.
Given its critical role in MetS pathogenesis and CVD
risk, waist circumference measurement should be em-
phasized through targeted public education and sys-
tematic integration into routine clinical practice.

Female sex, older age, and greater awareness of
MetS-related complications were significantly asso-
ciated with higher adherence to healthy lifestyle be-
haviors. These findings underscore the importance
of tailored, demographic-specific, and preventive
interventions aimed at delaying or preventing the
onset of MetS and its associated CVD complications.
Implementation of such strategies has the potential
to reduce healthcare costs, alleviate disease burden,
and improved long-term health outcomes at both indi-
vidual and population levels.
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Lifestyle practices in adults aware of metabolic syndrome

SUPPLEMENTARY MATERIAL

College/University student (including students on leave)

6.What do you think are the barriers to implementing a healthy lifestyle to

Graduate student (including students on leave) .
prevent metabolic syndrome

Housewife (married woman without a job)

- 1)  Economic burden (money or insurance)
Part time/Freelancer

1. Demographic characteristics 2. Metabolic syndrome related questionnaire
DQ1. Please answer your age 1. Do you think you know(aware) about metabolic syndrome?
years old
1)  Know very well
DQ2. Please answer your gender 2)  Knowitwell
3) K little bit
@ Male @  Female ) nowafittie bt
4)  Don't know
DQ3. Please answer your highest level of education 5) Don't know at all
@ Mi(fjdletschool ®  Highschool ® Co.IIege.?nd 2. Do you think that people with metabolic syndrome are more likely to
graduate or Igh schoo university - develop diabetes or cardiovascular disease in the future?
younger graduate or higher
1) Strongly agree
DQ4. Please answer your household income (KRW) 2) Somewhat agree
@ less than 1 million won @ less than 1 to 2 million won 3)  Slightly agree
®  lessthan 2 to 3 million won ©) less than 3 to 4 million won
® less than 4 to 5 million won ® 5 million won or more 4)  Donotagree
5) Do notagree at all
DQ5. If you have suffered from or are suffering from any of the following
conditions diagnosed by a doctor, please select the appropriate option 3. Have you measured your waist circumference in the last three years?
Hypertension (HTN) Yes No 1) Frequently
Dyslipidemia (Hyperlipidemia) Yes No 2)  Occasionally
DM Yes No 3) Rarely
Drinking Yes No 4) Never
Smoking Yes No
Abdomen obesity Yes No 4. Have you measured your weight in the last three years?
1) Frequently
DQé. Please answer with your occupation 2)  Occasionally
@ | Self-employment (store, shops, restaurants, etc.) 3) Rarely
® Sales (office workers who work outside the office more than inside 4)  Never
the office, salespeople, etc.)
® | Service/Customer service (clerks, bank tellers, etc.) 5. What lifestyle changes are you making to prevent metabolic syndrome
lect all that appl
@ | Technical/Operational (production workers, etc.) (select all that apply)
® General office work (office workers who work inside the office more 1) Measure blood pressure
than outside the office, office workers, etc.) 2) Routine medical checkup
® Administration/Management (manager, managing director, CEO, 3) Adequate sleep
etc.) 4) Lowsaltdiet
@ | Professional (professors, doctors, etc.) 5)  Physical activity
Public official 6) Takingvitamins
® | Teacher 7) Taking health supplements (red ginseng, etc.)
D)
®@
®
®

2) Maintaining a healthy lifestyle
None X
3) Lackoftime
Others
4)  Toomuchtodo
DQ7. Does anyone in your family have CVD (cardiovascular disease) 5)  Notsure what todo
@ Yes @ No 6) Lifestyle modification don’t help (changing lifestyle will reduce my
risk of developing the disease)
DQ8. Please answer whether you are married or not 7)  Others
@ Single
@ Married
@ Divorce/Bereaved
@ Others
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ABSTRACT

Objective: Epidemiological studies have revealed that glucose variability (GV) is a predictor of stroke, cognitive impairment,
and dementia in patients with type 2 diabetes mellitus (T2DM). However, evidence on the associations of GV with white matter
hyperintensity (WMH) and cerebrovascular abnormalities remains scarce. This study aimed to explore the relationships of GV
with WMH and cerebrovascular abnormalities using epidemiological and Mendelian randomization (MR) approaches. The MR
approach was used to assess the effects of genetic proxies for GV on MRI outcomes. Subjects and methods: This cross-sectional
study was conducted at a medical center where patients with T2DM were recruited. The measures for fasting plasma glucose
(FPG) and HbA1c variability included the standard deviation, coefficient of variation, average real variability (ARV), and vari-
ability independent of the mean (VIM). Brain magnetic resonance images were analyzed to assess WMHs and cerebrovascular
abnormalities. For MR, instrumental variables were used to assess the causal relationships between glycemic variability and
outcome based on two-stage regression analysis. Results: This study included 2,247 subjects, of whom 1,122 had WMH and 957
had cerebrovascular abnormalities. We found 80 independent single-nucleotide polymorphisms associated with GV but not
with WMH or cerebrovascular abnormalities, which were subsequently used as genetic instruments. Genetically increased, un-
weighted FPG-VIM was linked with WMH (odds ratio 1.17 [95% CI 1.08, 1.27] per standard deviation). All genetically increased,
unweighted and weighted GV measures were associated with cerebrovascular abnormalities, except FPG-ARV. Conclusion: Our
study provided evidence that genetically predicted GV was associated with WMH and cerebrovascular abnormalities, support-
ing a potential causal link under MR assumptions.

Keywords: Type 2 diabetes; glycemic variability; white matter hyperintensity; cerebrovascular abnormalities

INTRODUCTION and high-income countries. The global prevalence of
A global pandemic of type 2 diabetes is currently un-  type 2 diabetes increased markedly from 151 million
derway, driven by factors such as rapid urbanization, in 2000 to 537 million by 2021, significantly exceed-
an aging global population, and rising obesity rates as-  ing the earlier 1998 projection of 300 million by 2021
sociated with energy-dense diets and sedentary life-  (1,2). Type 2 diabetes is linked to a range of complica-
styles. This public health crisis affects low-, middle-, tions, including macrovascular conditions — such as

coronary artery disease, stroke, and peripheral arte-
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A comprehensive meta-analysis of 102 prospective
studies revealed that compared with nondiabetic in-
dividuals, individuals with diabetes face a 2- to 4-fold
increased risk of ischemic stroke and coronary heart
disease and a 1.5- to 3.6-fold increase in all-cause
mortality. These risks are further exacerbated by poor
glycemic control (7).

Glycemic control has long been considered a fun-
damental strategy for mitigating diabetic complica-
tions, with glycosylated hemoglobin (HbA1c) widely
recognized as the “gold standard” biomarker for
long-term glycemic regulation. However, randomized
controlled trials have indicated that reduced blood
glucose levels do not necessarily correspond to a de-
creased incidence of diabetic complications (8-10).
One plausible explanation is that these studies did not
adequately account for glucose variability—marked
fluctuations in blood glucose levels over time—which
may play a critical role in the development of diabetic
complications. The concept of “glucose variability” or
“glycemic variability” has garnered increasing atten-
tion from the research community. Mounting evidence
suggests that visit-to-visit glucose fluctuations are
significantly associated with diabetes-related compli-
cations and mortality. To date, experimental evidence
confirming the harmful effects of glucose variability is
lacking. Thus, further investigations using methodolo-
gies capable of establishing experimental causality are
warranted to clarify the role of glucose variability in
the pathogenesis of diabetes-related complications.
Mendelian randomization (MR) provides an alterna-
tive methodological framework for inferring causal
relationships and generating evidence analogous to
experimental results.

Quantitative and noninvasive in nature, brain mag-
netic resonance imaging (MRI) has become increas-
ingly accessible in clinical settings and is frequently
utilized as a surrogate endpoint for identifying novel
determinants of brain health (11). One commonly ex-
amined MRI parameter is white matter hyperintensity
(WMH) volume, which represents lesions in the white
matter of the brain. These lesions make the white mat-
ter appear hyperintense on fluid-attenuated inversion
recovery (FLAIR) sequences. Brain MRI, particularly
WMH assessment, is widely regarded as a marker of
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cerebral small vessel disease (12). Increased WMH
volumes have been associated with increased risks of
Alzheimer’s disease, incident stroke, all-cause mortal-
ity, and cognitive decline (13). Advanced brain MRI
techniques enable the visualization and quantification
of structural and microvascular abnormalities, there-
by facilitating the early detection of cerebrovascular
disease even in asymptomatic individuals.

Previous studies that employed traditional epide-
miologic or MR designs to examine the association of
glucose level or variability with WMH and cerebro-
vascular abnormalities have been limited (14-16). One
study explored the association between HbA1c levels
and WMH in the general population (16). Research on
glucose variability has focused primarily on individu-
als with type 1 diabetes (14), whereas another study
investigated a small sample of older adults with type 2
diabetes who carried the APOE4 allele (15). One MR
study investigated the association between HbA1c
levels and WMH. Considering the limited number of
studies and their small sample sizes, we aimed to as-
sess the associations between visit-to-visit glucose
variability and brain MRI measurements using obser-
vational epidemiologic and MR approaches. The MR
approach was used to assess the effects of glucose
variability (GV) on MRI outcomes.

SUBJECTS AND METHODS

Study subjects

A retrospective cohort study was conducted among
individuals with type 2 diabetes who were enrolled
in the Diabetes Care Management Program (DCMP)
at China Medical University Hospital (CMUH). The
inclusion criterion was individuals diagnosed with
diabetes, identified by the International Classification
of Diseases, Ninth Revision, Clinical Modification
(ICD-9-CM) code 250. The exclusion criteria included
individuals younger than 30 years, those with type
1 diabetes (ICD-9-CM codes 250.x1/x3), and those
diagnosed with gestational diabetes (ICD-9-CM
code 648.83). Participants were recruited between
November 2001 and June 2022. The index date was
defined as the date of the first available brain MRI
measurement. Individuals lacking data on brain MRI,
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from the analysis (Figure 1). Measurements for other
study variables were obtained from the date closest to
the index date. This study was approved by the Ethical
Review Board of the CMUH (CMUH112-REC1-007).

Data source

The data for this study were derived from the com-
puterized databases of the Clinical Research Data
Repository (CRDR) and the DCMP at CMUH in
Taichung, Taiwan. Established in 2017, the CMUH-
CRDR integrates data from multiple clinical sources
with the goal ofimproving healthcare quality by consol-
idating trackable patient information generated during
routine clinical practice. This repository includes com-
prehensive data, such as laboratory and physiological
measurements, prescription records, hospitalizations,
surgical procedures, and emergency department vis-
its. It also contains whole-genome genotyping data
generated using Affymetrix Axiom Genome-Wide
TPM array chips (Affymetrix, Santa Clara, CA, USA).
Moreover, the DCMP database contains information
on individuals diagnosed with diabetes based on the

Glycemic variability, WMH & cerebrovascular abnormality

diagnostic criteria set forth by the American Diabetes
Association. Eligible patients were invited to enroll in
the program by their physicians. Only healthcare pro-
fessionals who have completed the required clinical
education and training programs were authorized to
recruit patients into the DCMP.

Measurements

Upon enrollment in the DCMP, patients underwent a
series of assessments, such as anthropometric mea-
surements and blood and urine tests. Information on
dietary habits, lifestyle factors, and past or current
medical conditions was collected by trained case nurs-
es using a standardized computerized questionnaire.
Detailed definitions of all study variables are provided
in the sections below.

Key predictor variables

In this study, the primary predictor variable was glu-
cose variability, which was using the following met-
rics: variability independent of the mean (VIM), aver-
age real variability (ARV), coefficient of variation (CV),

16,383 individuals (glucose variation related variants=647) with type 2

diabetes identified from CMUH of genome-wide TWB 2.0 at baseline

13,824 eligible subjects with 647 SNPs

2,698 eligible subje
variation rel

451 excluded due to missing data
Type 1 diabetes, gestational diabetes or

Quality control: N=2,559, variants=0
excluded:

Individuals with missing genotype rate
>5% (N=2,068)

Individuals with extreme
heterozygosity rate with mean
heterozygosity rate>2SD (N=43)
Duplicated or related individual on
chromosome 1-22, identity-by-descent
cut point=0.1875 (N=448)

SNPs with high missing genotype rate
or low frequency of <1%, or deviation
from Hardy-Weinberg equilibrium
(p<0.05) (variants=0)

cts with 536 glucose
ated variants

Variants=456 excluded
MR assumptions 1 or 3

age<30 (N=37)

Missing data on glucose variation
information (N=351)

Missing data on basic sociodemographic
factors and covariates (N=63)

(variants=445)

LD analysis (variants=11)
SNPs with minor allele
frequency <5% (variants=0)

2,247 subjects were eligible with 80 variants

Figure 1. The study flowchart for study subject and SNP selection.
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standard deviation (SD), and slope of HbA1c and fast-
ing plasma glucose (FPG). These indices were calcu-
lated on the basis of annual outpatient measurements
over the 1-year period preceding the index date. As
recommended in prior research, variability estimates
were adjusted using a weighting factor equal to the re-
ciprocal of V(n/(n - 1)) to account for differences in the
number of glucose measurements per individual (17).
Glucose variability metrics were derived only for par-
ticipants with at least two recorded measurements of
HbA1c and FPG.

Covariates

The demographic and family history variables in-
cluded participants’ sex; age at entry into the DCMP.
Lifestyle variables, as recorded in the DCMP dataset,
included physical activity, alcohol consumption, smok-
ing, passive smoking, and habitual dietary intake.

The medication variables included the use of oral
hypoglycemic agents and insulin. Oral agents were
categorized into seven classes as follows: meglitinides,
sulfonylureas, biguanides, insulin sensitizers, dipep-
tidyl peptidase-4 inhibitors, a-glucosidase inhibitors,
and other compounds. Insulin types included insulin
aspart, regular insulin, neutral protamine hagedorn,
levemir, glucagon-like peptide-1 analogs, and lantus.
The use of other medications, including antihyper-
tensives (e.g., calcium channel blockers), nephropa-
thy medications, and lipid-lowering agents (e.g.,
statins), was recorded electronically and classified
as “yes” or “no”, baseline comorbidities and diabetic
complications were also classified dichotomously.
Comorbidities included hyperlipidemia, hypertension,
and obesity. Chronic complications included stroke,
peripheral neuropathy, peripheral vascular disease,
retinopathy, diabetic foot, nephropathy, and ampu-
tation. Acute complications included hyperglycemic
hyperosmolar nonketotic coma (HHNK), severe hypo-
glycemia, and diabetic ketoacidosis.

Instrumental variables

Single-nucleotide polymorphism (SNP) genotyping in MR
analysis

The SNP data used as instrumental variables were
obtained from the iHi Genomics, CMUH-CRDR (18)
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and were based on DNA samples genotyped using
the TPM array and analyzed with the Axiom Genome-
Wide Array Plate System (Affymetrix, Santa Clara, CA,
USA). Quality control included assessment of Hardy-
Weinberg equilibrium using PLINK v2.0 (19), and
genotype imputation was performed with IMPUTE2
software (20) using the 1000 Genomes Project as the
reference panel. Genetic variants were selected under
the guidance of previous studies employing candidate
gene and genome-wide association study (GWAS)
approaches for HbA1c (21-23) and FPG (24,25). A
curated list of SNPs associated with HbAl1c and FPG
was constructed. For HbA1c, the variants in genes
involved in glycemic pathways (e.g.,, CDKAL1, DGKB,
GCK, SLC30A8, MTAP, and KL) and nonglycemic path-
ways (e.g., SPATS2L, TRAM2-AS1, RPA2P2, KCNKS, and
ARAP3) were included. For FPG, SNPs from loci such
as HFE, MYB, ANK1, HK1, and PHB2 were considered.
The MR literature was further searched for SNPs
(16,26-32), especially those linked to the potential
biological mechanisms of glucose variability. A total
of 536 SNPs were found in the GWAS data from iHi
Genomics. The SNPs not identified in the iHi genomics
dataset, with minor allele frequencies < 5%, violating
MR assumptions 1 and 3 (SNP = 445), and in high link-
age disequilibrium (SNP = 11) were removed. Finally,
80 SNPs were included in the analysis. Approval was
obtained from the Human Research Committee of
CMUH (CMUH112-REC1-007), and this study was
conducted in accordance with relevant regulations
and guidelines.

Assessment of brain MRI scans

Brain MRI scans were performed using a 3.0 Tesla
scanner (SIGNA HDxt), and imaging data were re-
trieved from the hospital’'s electronic medical re-
cords. Axial T2-weighted FLAIR sequences were used
for the assessment of WMHs. WMHs were defined
as those with subcortical or periventricular hyperin-
tensities visible on FLAIR images and were assessed
visually by a board-certified radiologist, who was
blinded to the clinical information. WMH was opera-
tionalized as a binary variable, defined as “yes” if any
WMH lesion was identified, and “no” otherwise. The
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findings were evaluated on a sample of 60 MRI im-
ages, yielding kappa statistics exceeding 0.80 across
all assessed conditions, indicating high agreement.
Cerebrovascular abnormalities were also assessed
by a radiologist. Cerebrovascular abnormalities in-
cluded stenosis or occlusion of major intracranial or
internal carotid arteries, aneurysms, lacunar or small
infarctions, intracerebral hemorrhage, and lobar
infarctions.

Statistical analysis

Descriptive statistics are reported as the means and
standard deviations for continuous variables and as
frequencies and proportions for categorical variables.
Bivariate analyses were conducted using chi-square
tests for categorical variables and two-sample t-tests
for continuous variables. Multiple logistic regression
was used to adjust for age, sex, lifestyle behaviors
(smoking, alcohol consumption, physical activity, and
BMI), diabetes-related variables (duration of diabe-
tes and type of hypoglycemic drug use), comorbidi-
ties (stroke, hypertension, obesity, coronary artery
disease, hyperlipidemia, peripheral neuropathy, neu-
ropathy and nephropathy), drug-related variables
(cardiovascular medications, hyperlipidemia medica-
tions, and hypertension medications) and biomarkers
(HDL-C, TG, LDL-C, TC, eGFR, FPG, and HbA1c). All
statistical analyses were performed using SAS version
9.4 (SAS Institute, Cary, NC) with two-tailed p-values
and a significance threshold of 0.05.

MR analysis

Quality control excluded individuals with high geno-
typing missingness, extreme heterozygosity, or genet-
ic relatedness. SNPs were removed for low minor al-
lele frequency, high missingness, or Hardy-Weinberg
disequilibrium (tested via chi-square in controls). MR
assumptions were assessed as follows: For relevance
(assumption 1), SNP associations with glucose vari-
ability were tested using ANOVA and linear regression
(additive model); for exclusion restriction (assumption
3), chi-square tests ensured no association with brain
MRI variables. Only SNPs meeting both criteria were
used to construct weighted and unweighted genetic
risk scores (GRSs).
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Before the GRSs were constructed, linkage dis-
equilibrium (LD) was assessed using pairwise r? in
Haploview v4.2; for SNP pairs with r* > 0.8, one was
retained on the basis of prior associations with glu-
cose traits. The weighted GRS was calculated by sum-
ming the products of minor allele counts and their
regression coefficients. GRS values were divided into
quartiles to assess linearity, and analyzed as a contin-
uous variable. Linear regression was used to test the
association between GRSs and glucose variability (as-
sumption 1), whereas multinomial logistic regression
was used to assess the associations with covariates
(assumption 2). Assumption 3 was tested via logistic
regression with brain MRl variables.

MR analyses used two-stage instrumental vari-
able regression with multivariable adjustment to esti-
mate the causal effect of glucose variability on brain
MRI outcomes. In stage one, glucose variability was
predicted from the weighted GRS. In stage two, these
predicted values were used in logistic regression with
brain MRI measures. Models adjusted for first-stage
residuals, covariates violating MR assumption 2, and
the top 10 genetic principal components. Horizontal
pleiotropy was assessed using MR-Egger regression,
and between-instrument heterogeneity was evaluat-
ed using Cochran’s Q statistics under the inverse-vari-
ance weighted framework. All tests were two-sided
with p < 0.05.

RESULTS

Baseline characteristics of the study subjects

A total of 2,247 individuals with type 2 diabetes from
the Taichung Diabetes Study were included, with
a mean baseline age of 65.00 years (SD = 11.14).
Among these participants, 1,122 (49.9%) had WMHs
and 957 (42.6%) had cerebrovascular abnormalities.
Table 1 shows the characteristics of the study subjects
grouped by WMH volume and cerebrovascular ab-
normalities. Individuals with WMH were significantly
older and had a low proportion of men and smokers.
They also had a long mean duration of diabetes, a high
prevalence of cardiovascular and antihypertensive
medication use, and low mean LDL-C level and eGFR.
Moreover, significantly more individuals with cere-
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Table 1. Comparisons of sociodemographic factors, lifestyle behaviors, diabetes-related variables, glucose variation and comorbidities
according to WMH or cerebrovascular abnormality

WMH, N (%) Cerebrovascular abnormality,

Variables P value N (%) P value
No (N=1,125) Yes (N=1,122) No (N=1,290) Yes (N=957)

Sociodemographic factors

Age, years, mean+SD 62.10+11.29 67.90+10.68 <0.001 64.07+11.50 66.24+11.06 <0.001
Gender 0.02 0.02
Men 634 (56.36) 576 (51.34) 666 (51.63) 544 (56.84)
\Women 491 (43.64) 546 (48.66) 624 (48.37) 413 (43.16)
Education level (years) <0.001 0.01
0 163 (42.23) 223(57.77) 209 (54.15) 177 (45.85)
1-6 250 (42.09) 344 (57.91) 323(54.38) 271 (45.62)
7-12 426 (54.62) 354 (45.38) 449 (57.56) 331 (42.44)
>12 286 (58.73) 201 (41.27) 309 (63.45) 178 (36.55)
APQE4 (rs429358) 0.03 0.28
T 902 (80.18) 939(83.69) 1071 (83.02) 770 (80.46)
CT 219(19.47) 175 (15.60) 213(16.51) 181(18.91)
cC 4(0.36) 8(0.71) 6(0.47) 6(0.63)
Lifestyle behaviors
Smoking 0.03 0.72
No 963 (85.6) 996 (88.77) 1128 (87.44) 831(86.83)
Yes 162 (14.4) 126 (11.23) 162 (12.56) 126 (13.17)
Alcohol drinking 0.40 0.49
No 1068 (94.93) 1055 (94.03) 1223 (94.81) 900 (94.04)
Yes 57 (5.07) 67 (5.97) 67 (5.19) 57 (5.96)
Physical activity 0.43 0.95
No 600 (53.33) 618 (55.08) 698 (54.11) 520 (54.34)
Yes 525 (46.67) 504 (44.92) 592 (45.89) 437 (45.66)
BMI, kg/m?, mean+SD 26.29+4.34 26.10+3.9 0.28 26.32+4.22 26.04+3.99 0.1
Diabetes-related variables
Duration of diabetes, years, mean+SD 6.18+7.54 7.39+8.09 <0.001 6.38+7.48 7.33+8.28 0.005
Type of hypoglycemic drug use 0.59 0.02
No 62 (5.51) 48 (4.28) 73 (5.66) 37(3.87)
0AD 905 (80.44) 910(81.11) 1049 (81.32) 766 (80.04)
Inject insulin 16 (1.42) 16 (1.43) 21(1.63) 11(1.15)
Both 142 (12.62) 148(13.19) 147 (11.40) 143 (14.94)
Comorbidity
Stroke 75(6.67) 87(7.79) 0.36 41(3.18) 121(12.64) <0.001
Hypertension 422 (37.51) 445 (39.66) 0.32 466 (36.12) 401 (41.9) 0.006
Obesity 248 (22.04) 243 (21.66) 0.86 289 (22.4) 202 (21.04) 0.49
Coronary artery disease 83(7.38) 63 (5.61) 0.1 68 (5.27) 78(8.15) 0.008
Hyperlipidemia 296 (26.31) 286 (25.49) 0.69 347 (26.9) 235 (24.56) 0.23
Peripheral neuropathy 75 (6.67) 83(7.4) 0.55 92 (7.13) 66 (6.9) 0.89
Neuropathy 23(2.04) 22(1.96) 1.00 16 (1.24) 29(3.03) 0.005
Nephropathy 54 (4.80) 73(6.51) 0.10 66 (5.12) 61(6.37) 0.24
Drug-related variables
Cardiovascular medications 312(27.73) 367 (32.71) 0.01 333(25.81) 346 (36.15) <0.001
Hyperlipidemia medications 213(18.93) 237(21.12) 0.21 268(20.78) 182 (19.02) 0.33
Hypertension medications 391 (34.76) 445 (39.66) 0.02 435(33.72) 401 (41.9) <0.001
Biomarker
HDL-C (mg/dL) 42.78+11.25 43.41+12.25 0.20 43.99+12.01 41.89+11.32 <0.001
TG (mg/dL) 160.88+152.24  153.10+125.42 0.19 152.25+127.1  163.39+154.53 0.07
LDL-C (mg/dL) 105.55+37.31 102.27+35.19 0.03 105.04+36.09  102.4+36.53 0.09
TC (mg/dL) 181.34+50.8 178.04+46.09 0.1 180.48+48.68  178.64+48.31 0.37
eGFR (ml/min/1.73 m?) 78.69+26.26 70.33+26.53 <0.001 77.41+26.02 70.6+27.15 <0.001
FPG (mg/dL) 141.044¢50.69  137.46+47.01 0.08 138.27+48.7  140.59+49.19 0.27
HbA1c (%) 7.78+1.71 7.67+1.58 0.11 7.55+1.56 7.95+1.73 <0.001

Differences in continue variables were tested using the Student's ¢ test. Differences in categorical variables were tested using the chi-square test.

SBP: Systolic blood pressure; DBP: Diastolic blood pressure; FPG: Fasting plasma glucose; HbA1c: Hemoglobin Atc; TG: Triglyceride; TC: Total cholesterol; HDL-C: High-density lipoprotein-
cholesterol; LDL-C: Low-density lipoprotein-cholesterol; eGFR: Estimated glomerular filtration rate.

“No” = absence and “Yes" = presence of WMH/cerebrovascular abnormality according to the MRI criteria in Methods.
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proportion of men and a greater prevalence of injec-
tion use, oral hypoglycemic drug use, hypertension,
stroke, coronary artery disease, and neuropathy. They
also had along mean duration of diabetes, high HbA1c
levels, a high prevalence of cardiovascular and hyper-
tension medication use, and low mean HDL-C level
and eGFR.

Associations between glucose variability

and brain MRl variables determined using an
epidemiologic approach

Table 2 presents the odds ratios (ORs) and confidence
intervals (Cls) for the presence of WMH and cere-
brovascular abnormalities associated with various
glucose variability measures in the study subjects
with type 2 diabetes as observed in an epidemiologi-
cal study. After adjustment for age and sex or multi-
variate adjustment, no significant associations were
found between any glucose variability measures and
the presence of WMH (all p>0.05). With the exception
of HbA1c-VIM, all glucose variability measures were
significantly associated with the presence of cerebro-
vascular abnormalities after adjustment for age and
sex. Following multivariate adjustment, only AC-CV,
AC-SD, AC-VIM, and AC-ARV remained significantly
associated with the presence of cerebrovascular ab-
normalities. The OR per 1 unit change for glucose
variability ranged from 1.12 (95% CI: 1.02, 1.23) for
AC-ARV to 1.28 (95% Cl: 1.15, 1.41) for AC-CV.

Glycemic variability, WMH & cerebrovascular abnormality

Evaluation of MR assumptions 1 and 3 at the
SNP level

Supplementary Table 1 shows the regression coef-
ficients for glucose variability measures and ORs for
the presence of WMH and cerebrovascular abnor-
malities of the significant SNPs meeting SNP-level
MR assumptions 1 (all p < 0.05) and 3 (all p > 0.05) as
determined using an additive model. For the SNPs ex-
hibiting negative associations, i.e., those with regres-
sion coefficients less than O or an ORs less than 1, we
reversed the codes to 2, 1, or O depending on the num-
ber of minor alleles to ensure that the direction of the
regression coefficients or ORs consistently remained
positive.

MR-Egger regression was performed to test hori-
zontal pleiotropy. The absolute values of the inter-
cepts for the brain MRI variables ranged from 0.0003
to 0.025 (Supplementary Table 2). The results of the
Cochran’s Q statistics suggest no apparent horizontal
pleiotropy because all the intercepts were not signifi-
cantly different from zero (all p > 0.05).

The LD of the SNPs satisfying MR assumptions 1
and 3 was examined. (Supplementary Figure 1). The re-
tained SNPs included AC-CV (19), AC-SD (16), AC-VIM
(19),and AC-ARV (20) for FPG variation measures and
HbA1c-CV (18), HbA1c-SD (19), HbA1c-VIM (10), and
HbA1c-ARV (13) for HbA1c variation measures. We
derived weighted and unweighted GRSs using these
glucose variability-associated SNPs. The numbers of

Table 2. The odds ratios of WMH or cerebrovascular abnormality for various glucose variation measures in patients with type 2 diabetes

using observational epidemiologic approach

WMH OR (95% CI) per
standard deviation
Glucose variation
Age- and sex-adjusted
model

Multivariate model

Cerebrovascular abnormality OR (95% Cl)
per standard deviation

Age- and sex-adjusted
model

Multivariate model

AC-CV 1.00(0.91, 1.09) 0.96 (0.87, 1.06) 1.38(1.27, 1.50)*** 1.28(1.15, 1.41)***
AC-SD 0.97(0.89, 1.06) 0.92(0.82,1.02) 1.31(1.20, 1.43)*** 1.17(1.05, 1.31)**
AC-VIM 1.03(0.95, 1.13) 1.01(0.92, 1.11) 1.32(1.21, 1.45)*** 1.27(1.15, 1.39)***
AC-ARV 1.05(0.96, 1.14) 1.04(0.95, 1.14) 1.19(1.09, 1.30)*** 1.12(1.02,1.23)*
HbA1c-CV 1.02(0.92, 1.12) 1.00(0.89, 1.12) 1.17(1.06, 1.29)** 1.02(0.91, 1.15)
HbA1c -SD 1.01(0.91, 1.11) 0.97(0.85, 1.11) 1.20(1.08, 1.32)*** 1.00(0.88, 1.15)
HbA1c-VIM 1.04(0.95, 1.15) 1.03(0.93, 1.14) 1.10(1.00, 1.21) 1.06 (0.95, 1.17)
HbATc-ARV 1.00(0.90, 1.10) 0.96(0.85, 1.08) 1.18(1.07, 1.31)** 1.02(0.9, 1.14)

Multivariate model adjusted for age, sex, lifestyle behaviors (smoking, alcohol drinking, physical activity, and BMI), diabetes-related variables (duration of diabetes and type of hypoglycemic
drug use), comorbidity (stroke, hypertension, obesity, coronary artery disease, hyperlipidemia, peripheral neuropathy, neuropathy and nephropathy), drug-related variables (cardiovascular
medications, hyperlipidemia medications, and hypertension medications) and biomarkers (HDL-C, TG, LDL-C, TC, eGFR, FPG, and HbA1c).

*: P<0.05; **: P<0.01; ***: P<0.001; OR: odds ratio; Cl: confidence interval.
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SNPs at each stage of instrument selection for each GV
metric, including the initial SNP set, exclusion based
on association with MRI outcomes, weak association
with GV, and LD pruning, are listed in Supplementary
Table 3.

Evaluation of MR assumptions 1, 2, and 3 at the
genetic risk score (GRS) level
We also investigated the GRS-level MR assumption 1,
which examined the associations between weighted
and unweighted GRSs and glucose variability mea-
sures (Table 3). Our findings indicate significant posi-
tive associations between weighted and unweighted
GRSs and glucose variability measures with and with-
out adjustment, thereby meeting assumption 1. As the
weighted or unweighted GRS increases, the values of
glucose variability measures correspondingly increase.
We then explored GRS-level MR assumption 2,
which examined the relationship between un-
weighted and weighted GRSs and covariates. Linear

Glycemic variability, WMH & cerebrovascular abnormality

regression analyses were conducted to examine the
associations of glucose variability-related unweight-
ed and weighted GRSs with various covariates includ-
ing lifestyle behaviors, clinical and biochemical mark-
ers, sociodemographic factors, and comorbidities.
The significant covariates associated with glucose
variability measures are presented in Supplementary
Table 4. These covariates failed to meet assumption 2
and thus were not considered for adjustment in the
initial stage of modeling to derive the glucose vari-
ability-related scores using GRSs.

We also assessed GRS-level MR assumption 3,
which investigated the association of unweighted and
weighted GRSs with WMH and cerebrovascular ab-
normalities (Figure 2). The unweighted and weighted
GRSs for glucose variability measures were not signif-
icantly associated with WMH or cerebrovascular ab-
normalities, regardless of whether age and sex were
adjusted or multivariate adjustment was performed,
thereby meeting assumption 3.

Table 3. Association of genetic risk scores with glucose variation in patients with type 2 diabetes (MR assumption 1)

Age- and sex-adjusted model

Glucose variation

Multivariate model

B (SE) F-value partial R squared B (SE) F-value partial R squared

Unweighted

GRS,cy 2.91(0.30)*** 91.40%** 0.039 2.35(0.27)*** 74.59%** 0.033
GRS,.s0 5.95 (0.66)*** 82.097** 0.041 4.06 (0.55)*** 54 35%** 0.024
GRS . 0.01(0.001)*** 87.22%** 0.035 0.01(0.001)*** 82.79*** 0.036
GRS e pnv 3.56 (0.38)*** 86.74%** 0.037 3.09(0.36)*** 71.95%** 0.031
GRS 100 149 (0.16)** 90.08*** 0.039 1.18(0.14)** 76.48* 0.033
GRS 0.0 0.19(0.02)*** 90.94** 0.037 0.12 (0.02)*** 55.18*** 0.024
GRS, ysrcm 0.02 (0.003)*** 56.76*** 0.038 0.02 (0.003)*** 87.70%** 0.038
GRS im0 197 (0.24)* 66.36** 0.032 133(0.22)*** 72,98+ 0.032
Weighted

GRS .y 2.98 (0.30)*** 95.57%*** 0.051 2.38(0.27)*** 71.35%** 0.041
GRS,.s0 6.09 (0.66)*** 85.94%** 0.054 4.1 (0.55)*** 56.897** 0.033
GRS . 0.01(0.001)*** 91.22%%* 0.051 0.01(0.001)*** 52.46*** 0.031
GRS, pnv 3.59(0.38)*** 88.11%** 0.054 3.11(0.36)*** 37.50%** 0.022
GRS ey 154 (0.16)*** 95.71%** 0.034 120 (0.14)%* 74.00%** 0.043
GRS 050 0.19(0.02)*** 96.21%* 0.038 0.12 (0.02)*** 58.85%** 0.034
GRS, 1cvm 0.02 (0.003)*** 59.66™** 0.039 0.02 (0.003)*** 55.48%*** 0.032
GRS 2.01(0.24)*** 69.26%** 0.020 1.35(0.22)*** 39.00%** 0.023

HbA1c-ARV

Multivariate model adjusted for age, sex, lifestyle behaviors (smoking, alcohol drinking, physical activity, and BMI), diabetes-related variables (duration of diabetes and type of hypoglycemic
drug use), comorbidity (stroke, hypertension, obesity, coronary artery disease, hyperlipidemia, peripheral neuropathy, neuropathy and nephropathy), drug-related variables (cardiovascular
medications, hyperlipidemia medications, and hypertension medications) and biomarkers (HDL-C, TG, LDL-C, TC, eGFR, FPG, and HbA1c).

*: P<0.05; **: P<0.01; ***: P<0.001.
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WMH Cerebrovascular abnormality
Age- and sex-adjusted model Multivariate model Age- and sex-adjusted model Multivariate maodel
Unweighted GRS
AC-CV +~  101(093,110) P 1.02(093 1.11) 1.00(0.92,1.09)  +4~4  0.98(0.90, 1.07)
AC-SD we~  105(0.06 1.14) He—  1.04 (0.96, 1.14) 1.07 (0.99, 1.17) He— 1,04 (0.95,1.13)
AC-VIM +9~ 1020094 1.11) P 1.02(0.93 1.11) 1.04 (0.95, 1.13) o 1.02(0.94,1.12)
AC-ARV He- 0.95(0.87,1.03 re- 0.94 (0.86, 1.03) 0.96 (0.88, 1.04) ~o— 0.93(0.85, 1.02)
HbAlc-CV e 0.97 (0.88, 1.07) *+®T" 0.95 (0.86, 1.05) 0.98(0.88,1.08) e 0.92 (0.83, 1.02)
HbA1c-SD 8= 101092 1.12) +e— 0899(0.90,1.10) 1.01(0.91, 1.11) 0.96 (0.87, 1.07)
HbATc-VIM e 1.10(0.99, 1.21) fe— 1.09(0.98, 1.20) 1.03 (0.94, 1.14) 1.00 (0.91, 1.11)
HbATc-ARV +e— 107 (0.97, 1.18) —e— 1.05(0.95, 1.17) 1.01(0.92, 1.11) 0.97 (0.87, 1.08)
Weighted GRS
AC-CV - 1.02 (0.93, 1.11) e 1.02(0.94, 1.11) 1.01 (0.93, 1.09) 0.98 (0.90, 1.07)
AC-SD +He~  1.03(0.94,1.12) e 1.02(0.94, 1.12) 1.05 (0.97, 1.15) 1.02 (0.93, 1.11)
AC-VIM = 1.01 (0,93, 1.11) e 1.02(0.93, 1.11) 1.04 (0.96, 1.14) 1.08 (0.94, 1.13)
AC-ARV reH 0.95(0.87,1.03) +eh 0.94 (0.87, 1.03) 0.96(0.89, 1.05) gl 0.94 (0.86, 1.02)
HbA1e-CV e 0.98 (0.89, 1.08) e 0.96 (0.87, 1.06) 0.98 (0.89, 1.08) - 0.92 {0.83, 1.03)
HbA1c -SD +——  1.02(0.92 1.12) +e— 1.00(0.90,1.17) 1.01(0.92, 1.12) —e— 0.87(0.87,1.08)
HbATC-VIM  1-e— 1.09(0.99,1.21) Lo 1.08(0.97,1.19) 1.02(0.93,1.13) o 0.99(0.90, 1.10)
HbATG-ARY e— 1.07 (0.97,1.18) He— 1.06(0.96,1.17) 1.01(0.92, 1.12) ey 0:97(0.88,1.08)
1.0 18 20 10 15 2.0 1j0 175 2:0 1.0 1?5 2..0

OR (95% Cl) per standard deviation

Figure 2. Association of genetic risk scores with WMH or cerebrovascular abnormality in patients with type 2 diabetes for genetic risk score
level (MR assumption 3). Multivariate model adjusting for age, sex, lifestyle behaviors, diabetes-related variables, comorbidity, drug-related

variables and biomarker.

Associations between glucose variability and
brain MRI variables determined using an MR
approach

Table 4 shows the ORs of the presence of WMH and
cerebrovascular abnormalities associated with ge-
netic-related glucose variability, derived from the
unweighted and weighted GRSs with and without
adjustment. The genetic-related glucose variability
scores denoted a genetic predisposition to glucose
variability and were obtained by regressing glucose
variability measures on the unweighted and weighted
GRSs. With respect to the presence of WMH per 1
SD increase in glucose variability scores with residual
adjustment, the ORs were significant for AC-CV and
AC-VIM in the unweighted GRS and for AC-VIM in the
weighted GRS. After the multivariate adjustment, the
ORs of the presence of WMH remained significant for
AC-VIM in the unweighted GRS. In contrary, the ORs
for AC-CV in the unweighted GRS and AC-VIM in the

Arch Endocrinol Metab, 2026, v.70(4), 1-17, 260062.

weighted GRS became insignificant after the multi-
variate adjustment. Among the glucose variability
metrics in the unweighted GRS that were significantly
associated with multivariate adjustment, only AC-VIM
(OR per 1SD: 1.17, 95% Cl: 1.08-1.27) was positively
associated.

The ORs of the presence of cerebrovascular ab-
normalities per 1 SD increase in glucose variability
scores with residual adjustment were significant for
all the unweighted and weighted GRSs. After mul-
tivariate adjustment, all the significant ORs of the
presence of cerebrovascular abnormalities remained
significant for the unweighted and weighted GRSs,
except for the AC-ARV unweighted GRS. Among the
glucose variability metrics in the unweighted GRS that
were significantly associated with multivariate adjust-
ment, the OR per 1 unit change for glucose variability
measures ranged from 1.14 (1.04, 1.25) for AC-SD to
1.37(1.26, 1.50) for HbA1c-VIM.
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Table 4. The odds ratios of WMH or cerebrovascular abnormality for predictive glucose variation derived from unweighted and weighted
GRS using MR approach

WMH OR (95% CI) per Cerebrovascular abnormality OR (95% CI)

Glucose variation standard deviation per standard deviation

Model 1 Model 2 Model 1
Unweighted
GRS,.ov 1.09(1.00, 1.18)* 1.05(0.96, 1.14) 1.35(1.24, 1.47)*** 1.34(1.23, 1.47)***
GRS, ., 1.03(0.95, 1.12) 1.06(0.97, 1.16) 1.20(1.10, 1.30)*** 1.14(1.04, 1.25)**
GRS ey 1.16(1.07, 1.27)*** 1.17(1.08, 1.27)*** 1.34(1.23, 1.46)*** 1.33(1.22, 1.45)***
GRS, psy 1.04(0.96, 1.14) 1.00(0.91, 1.09) 1.12(1.03, 1.22)** 1.01(0.92, 1.11)
GRS, acov 0.96(0.89, 1.04) 0.96 (0.89, 1.05) 1.36/(1.25, 1.48)** 1.36(1.25, 1.48)***
GRS, .50 1.01(0.93,1.09) 1.01(0.93,1.10) 1.36/(1.25, 1.48)*** 1.36(1.25, 1.48)***
GRS, a1cvm 1.02(0.94,1.11) 1.03(0.95,1.12) 1.37(1.26, 1.49)** 1.37(1.26, 1.50)**
GRS, 110 a0 0.98(0.91,1.07) 0.98(0.91,1.07) 1.34(1.23, 1.46)*** 1.34(1.23, 1.46)**
Weighted
GRS,eov 1.08(0.99, 1.17) 1.05(0.96, 1.15) 1.21 (111, 1.31)*** 1.14(1.04, 1.25)**
GRS, ., 1.03(0.95,1.12) 1.06(0.97, 1.16) 1.21(1.11, 1.32)%** 1.16/(1.06, 1.27)**
GRS ey 1.10(1.02, 1.20)* 1.03(0.94,1.12) 1.28(1.18, 1.40)** 1.23(1.13, 1.35)**
GRS, 5 4ny 1.05(0.97, 1.14) 1.02(0.93,1.11) 1.23(1.13, 1.33)** 1.16/(1.06, 1.27)**
GRS, acov 0.96(0.89, 1.05) 0.96 (0.89, 1.05) 1.36/(1.25, 1.48)** 1.37(1.25, 1.49)**
GRS, 01 5o 0.95(0.87, 1.03) 0.95(0.87, 1.04) 1.20(1.10, 1.30)*** 112(1.02, 1.23*
GRS, 1cvm 1.02(0.94,1.11) 1.03(0.95,1.12) 1.37(1.25, 1.49)** 1.37(1.26, 1.5)**
GRS 0.94(0.86, 1.02) 0.95(0.87, 1.04) 1.18(1.08, 1.28)*** 1.11(1.02, 1.22)*

HbA1c-ARV

Model 1 adjusted for residuals.
Model 2 adjusting for residual, PCA and confounding variables.
*: P<0.05; **: P<0.01; ***: P<0.001; OR: odds ratio; Cl: confidence interval.

DISCUSSION

In this study, the associations between glucose vari-
ability and brain MRI indicators were thoroughly
assessed using MR and epidemiologic approaches.
When applied the epidemiologic approach, we did not
observe any significant associations between glucose
variability and WMH. However, we found significant
associations between all the FPG variability metrics
and cerebrovascular abnormalities. With the MR ap-
proach, the absence of significant associations be-
tween the weighted or unweighted genetic risk scores
and WMH or cerebrovascular abnormalities sup-
ports the validity of MR assumption 3, suggesting no
evidence of direct genetic effects on the outcomes. In
contrast, the two-stage MR analyses revealed a signif-
icant association between genetically predicted FPG
variability, as measured by AC-VIM, and WMH, with
a 17% increase in odds per 1 SD increase when the
unweighted GRS was used. These findings reflect an
indirect effect of genetic instruments on WMH medi-
ated through glycemic variability rather than a direct
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instrument-outcome association. The association was
not significant for AC-VIM in the weighted model after
the multivariate adjustment, indicating the potential
specificity of this metric in the unweighted genetic
context. For cerebrovascular abnormalities, the glu-
cose variability metrics in the unweighted and weight-
ed GRS models showed consistent and significant as-
sociations after full adjustment, with the exception
of the AC-ARV in the unweighted GRS group. Among
the significant metrics in the unweighted GRS group,
the strongest association was observed with HbA1c-
VIM (OR per 1 unitincrease: 1.37; 95% Cl: 1.26-1.50),
followed by AC-SD (OR: 1.14; 95% Cl: 1.04-1.25),
highlighting the clinical relevance of glycemic variabil-
ity as an independent risk factor for cerebrovascular
pathology.

These findings underscore the importance of gly-
cemic variability — beyond average glucose levels—as
a potential independent risk factor for cerebral small
vessel disease and cerebrovascular abnormalities.
The observed association between FPG variability
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(AC-VIM) and WMH, particularly in the context of un-
weighted genetic risk, suggests that fluctuations in
fasting glucose levels may contribute to subclinical
brain injury. Moreover, the consistent and significant
associations between cerebrovascular abnormalities
and multiple glucose variability metrics, especially the
strong link with HbA1c-VIM, support the hypothesis
that long-term glycemic instability may play a causal
role in vascular brain damage. From a clinical perspec-
tive, these results highlight the need to monitor and
manage chronic hyperglycemia and glycemic fluctua-
tions, particularly in individuals at high genetic risk, as
part of strategies to reduce the burden of cerebrovas-
cular disease and cognitive decline.

Only a few epidemiological and MR studies have
investigated the association between visit-to-visit
glucose variability and brain MRI parameters (14-16).
One epidemiological study examined individuals with
type 1 diabetes (14), and another focused on APOE4
genotype carriers with type 2 diabetes (15). One MR
study assessed the relationship between HbA1c lev-
els — rather than HbA1c variability—and WMH (16).
In a study of individuals with type 1 diabetes, no asso-
ciation between HbA1c variability and cerebral small
vessel disease was found among 189 neurologically
asymptomatic participants (14). In contrast, our work
demonstrated a consistent association between glu-
cose variability and cerebrovascular abnormalities.
This discrepancy may be attributed to our large sam-
ple size and the use of a composite outcome measure
that includes stenosis or occlusion of major intracra-
nial or internal carotid arteries, aneurysms, lacunar or
small infarctions, intracerebral hemorrhage, and lobar
infarctions—features that may increase the preva-
lence and statistical power of a study. In the investiga-
tion of WMH, previous epidemiological and MR stud-
ies reported differing findings: the former identified
associations (15), and the latter did not (16). In an in-
vestigation of individuals aged 65 years and older with
type 2 diabetes and carrying the APOE4 genotype (n =
124), HbA1c variability was found to be significantly
associated with high WMH burden in APOE4 carri-
ers (15). Two-sample MR analysis revealed no signifi-
cant association between genetic liability and type
2 diabetes or between HbA1c levels and WMH (16).
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Although a significant association between FPG-VIM
and WMH was found in this work, most other glucose
variability metrics were consistent with the MR find-
ings. Substantial methodological differences were
noted between the above studies and the current
study. These epidemiological studies focused on older
adults with type 2 diabetes who carry the APOE4 al-
lele; despite having a relatively large sample size, our
work focused on asymptomatic adults over the age of
30 years with type 2 diabetes. Thus, the prevalence of
WMH in our study was relatively low, which may have
resulted in limited statistical power. Further research
is warranted to clarify these associations.

Several limitations of this study should be acknowl-
edged. First, the glucose-related variables — FPG and
HbA1c — were derived from routine clinical monitor-
ing, resulting in variability in the number of measure-
ments obtained across the participants. To mitigate
this issue, we adjusted for the number of FPG and
HbA1c measurements when calculating variability in-
dices. Moreover, these glucose measurements were
collected prior to the brain MRI assessments, and the
duration between the two procedures may not have
been sufficient to capture the full temporal relation-
ship between glucose variability and brain MRI out-
comes. Second, the study sample may not be repre-
sentative of the broad type 2 diabetes population; the
study subjects may have undergone brain MRI for spe-
cific clinical indications. In clinical settings, brain MRI
is often performed in the presence of suspected or
known cerebrovascular pathology. Hence, the partici-
pants included in this analysis may have had underlying
cerebrovascular symptoms or risk factors, limiting the
generalizability of the findings to individuals with type
2 diabetes who do not present with such concerns.
Third, cerebrovascular abnormalities were analyzed
as a composite binary variable encompassing hetero-
geneous lesion types, including large-vessel stenosis
or occlusion, aneurysms, lacunar infarctions, intrace-
rebral hemorrhage, and lobar infarctions. Owing to the
structure of the Clinical Research Data Repository and
the pre-specified data request at the time of applica-
tion, lesion-specific information was not available for
further stratified or severity-based analyses. The use of

served,

pyright® AE&M all rights re:

a composite endpoint may introduce heterogeneity,as &

1



these lesions differ in terms of their underlying patho-
physiology and clinical significance. Such heterogene-
ity is more likely to bias associations toward the null,
potentially diluting lesion-specific effects of glycemic
variability rather than inflating them. Therefore, the
observed associations should be interpreted as con-
servative estimates of the relationship between gly-
cemic variability and overall cerebrovascular disease
burden. Future studies with access to detailed neu-
roimaging phenotypes are warranted to disentangle
lesion-specific associations and to evaluate whether
glycemic variability differentially influences ischemic,
hemorrhagic, and large-vessel cerebrovascular pro-
cesses. Fourth, although WMH is a canonical marker of
cerebral small-vessel disease, WMH was available only
as a binary measure in the current dataset. Information
on WMH volume or severity grade was not accessible
because of the structure of the clinical imaging data re-
pository. As a result, we were unable to examine dose-
response relationships or formally assess effect modi-
fication by WMH burden in the association between
glycemic variability and other cerebrovascular abnor-
malities. Future studies incorporating quantitative or
graded WMH measures may provide further insights
into whether the impact of glycemic variability dif-
fers across levels of small-vessel disease burden. Fifth,
markers of neurodegenerative pathology, such as amy-
loid biomarkers or cognitive performance measures,
were not available in this cohort. Although the APOE
genotype was included in the genetic analyses, the
lack of phenotypic neurodegenerative data limits our
ability to distinguish between purely vascular pathol-
ogy and mixed vascular-neurodegenerative processes
underlying the observed MRI findings. Finally, causal
inferences cannot be drawn because this cohort study
was observational. The findings represent associations
rather than definitive causal relationships. In addition,
the association between glucose variability and WMH
was not consistently observed across the epidemio-
logical and MR approaches. For the MR analysis, this
inconsistency may be attributed to the use of weak
instrumental variables, which could limit the strength
and reliability of the causal estimates.

In conclusion, this study thoroughly evaluated the
associations between glucose variability and brain
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MRI outcomes using epidemiological and MR ap-
proaches. Epidemiological and MR analyses revealed
no significant association between glucose variability
and WMH. Meanwhile, FPG and HbA1c variability
were significantly associated with cerebrovascular
abnormalities across most metrics. These findings em-
phasize the importance of monitoring and managing
glucose variability, beyond measuring average glucose
levels, in persons with type 2 diabetes to potentially
mitigate cerebrovascular risk.
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Supplementary figure 1. LD analysis of SNPs satisfying MR assumptions 1 and 3

Supplementary table 1. SNP-level characteristics and associations for GV metrics

Effect size OR with
EAF on GV P-value  OR with WMH cerebrovascular
(B (SE) Abnormality

Effect Other
allele allele

Chromosome  Position

GRS, ., (19 SNPs)

AC-CV

1857691 1 158626378 C T 0.55 0.88 (0.45) 0049  099(0.88,111)  099(0.88,1.12)
(1371614 2 27152874 c T 0.83 -1.29(0.58) 0027  1.12(09,131)  093(0.79,1.09)
(59881942 3 123082416 G A 0.71 -129(0.49) 0008  102(090,1.16)  1.01(0.88, 1.15)
1528819812 4 157652763 A c 0.25 1.15(0.50) 0023  091(079,104)  096(0.84,1.10)
1596844 5 56196604 G A 081 -1.15(0.56) 0040  094(081,109)  104(0.90,121)
1513179048 5 95542726 c A 0.65 -0.92 (0.46) 0047  104(092,118)  1.01(0.89, 1.15)
1510947494 6 34263743 G A 027 1.10(0.49) 00%  1.07(0.94,122)  094(0.83,1.08)
(52800733 6 127416930 A G 089 -148(0.71) 0037  120(100,145)  0.92(0.76,1.12)
(57943101 1 32460873 T c 007 1.84(0.87) 0034  1.16(0.92,147)  094(0.74,1.18)
15286925 1 34642668 G A 040 120 (0.45) 0008  092(081,103)  091(081,1.03)
(53847554 1 92668826 c T 044 087(0.43) 0047  102(090,1.14)  0.91(0.81,1.02)
154275659 12 123447928 C T 072 -0.98(0.49) 0045  089(078,102)  099(0.87,1.13)
15963740 13 51006095 A T 035 1.20(0.46) 0010  098(087,1.11)  1.04(0.92,1.18)
1517792599 14 21770681 G A 0.10 1,56 (0.76) 0039  1.09(0.89,133)  101(0.83,1.24)
17176058 15 30464167 A G 052 097 (0.43) 0025  11(098,124)  099(089,1.12)
1511642430 16 30045789 c G 0.56 093(0.43) 0032  094(0.84,105)  080(08,01.01)
1512920022 16 89564055 T A 087 -1.39(0.65) 0033  093(078,1.11)  106(0.89,1.27)
(56017317 20 42946956 T G 056 -1.03(0.44) 0020  091(081,1.02)  089(0.79,1.00)
(112915006 2 5060469 G A 0.10 1.88(0.71) 0008  1.17(097,141)  1.11(0.92,1.34)
GRS, ;, (16 SNPs)

1511680058 2 16574669 A G 0.88 3.10(1.47) 0035  096(0.80,115)  109(0.91,1.31)
159881942 3 123082416 G A 0.71 -3.10(1.05) 0003  1.02(090,116)  1.01(0.88,1.15)
(528819812 4 157652763 A c 0.25 221(1.09) 0043  091(079,104)  096(084,1.10) =
(596844 5 56196604 G A 0.81 -3.04(1.20) 0012  094(081,109  104(080,121) -
(7719891 5 86577352 A G 051 2.35(0.93) 0012 102(091,115)  1.00(088,1.13
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__ Effect Other Effect size ) OR with
Chromosome  Position allele allele on GV P-value  OR with WMH cerebrovasc_ular
(B (SE) Abnormality

rs9399137 6 135419018 © T 0.23 2.37(1.16) 0.042 1.09(0.94, 1.26) 0.97(0.84,1.12)
rs7847880 9 20662703 C T 0.76 -2.93(1.11) 0.008 0.98(0.85,1.12) 0.93(0.81,1.07)
rs286925 " 34642668 G A 0.40 2.34(0.97) 0.015 0.92(0.81,1.03) 0.91(0.81,1.03)
rs11607883 " 45839709 A G 0.24 2.49(1.12) 0.026 0.97(0.85,1.12) 0.99(0.86, 1.14)
rs963740 13 51096095 A T 0.35 2.98(1.00) 0.003 0.98(0.87,1.11) 1.04(0.92,1.18)
rs7176058 15 39464167 A G 0.52 -2.25(0.93) 0.016 1.10(0.98, 1.24) 0.99(0.89,1.12)
rs11070332 15 41809205 G A 0.84 -2.72(1.31) 0.038 0.93(0.79,1.10) 0.90(0.76, 1.06)
rs11634397 15 80432222 G A 0.08 3.58(1.72) 0.038 0.89(0.72,1.10) 1.09(0.88, 1.35)
rs6017317 20 42946966 T G 0.56 -3.00 (0.95) 0.002 0.91(0.81,1.02) 0.89(0.79, 1.00)
rs4812829 20 42989267 G A 0.55 -1.91(0.96) 0.047 0.94(0.84, 1.06) 0.91(0.80, 1.02)
rs112915006 22 50604696 G A 0.10 3.56 (1.52) 0.019 1.17(0.97, 1.41) 1.11(0.92, 1.34)
GRS, (19 SNPs)

rsg857691 1 158626378 G T 0.55 -0.004 (0.002) 0.026 0.99(0.88,1.11) 0.99(0.88,1.12)
rs2820446 1 219748818 G C 0.23 0.004 (0.002) 0.049 0.96 (0.84, 1.10) 1.07(0.93, 1.22)
rs2943634 2 227068080 A G 0.08 0.007 (0.003) 0.016 0.88(0.71,1.10) 1.09(0.87, 1.35)
rs13179048 5 95542726 C A 0.65 -0.005 (0.002) 0.009 1.04(0.92,1.18) 1.01(0.89, 1.15)
rs6235 5 95728898 © G 0.67 -0.004 (0.002) 0.034 1.05(0.93, 1.19) 1.00(0.88, 1.14)
rs10947494 6 34263743 G A 0.27 0.004 (0.002) 0.021 1.07(0.94,1.22) 0.94(0.83, 1.08)
rs57327348 8 10808687 T A 0.09 0.007 (0.003) 0.024 0.93(0.75, 1.15) 1.01(0.82, 1.25)
rs11187850 10 96068480 G A 0.20 0.004 (0.002) 0.037 1.02(0.88, 1.18) 1.12(0.97,1.30)
rs718314 12 26453283 G A 0.72 -0.004 (0.002) 0.032 0.99(0.87,1.13) 0.99(0.87,1.13)
rs1426371 12 108629780 A G 0.57 -0.004 (0.002) 0.022 1.03(0.91, 1.16) 1.06 (0.94, 1.20)
154275659 12 123447928 © T 0.72 -0.004 (0.002) 0.018 0.89(0.78, 1.02) 0.99(0.87,1.13)
rs4771648 13 110431626 A G 0.45 0.004 (0.002) 0.008 1.07 (0.95, 1.20) 1.02(0.91, 1.15)
rs9604573 13 114542858 A G 022 0.004 (0.002) 0.047 1.01(0.88, 1.17) 1.02(0.88, 1.18)
rs17792599 14 21770681 G A 0.10 0.006 (0.003) 0.035 1.09(0.89, 1.33) 1.01(0.83, 1.24)
1s62007683 14 103894071 T G 0.12 0.006 (0.003) 0.027 1.16(0.97, 1.38) 1.05(0.88, 1.26)
rs11642430 16 30045789 C G 0.56 -0.005 (0.002) 0.004 0.94(0.84, 1.05) 0.90(0.80, 1.01)
1s34855406 17 40731411 C G 0.24 0.005 (0.002) 0.013 0.91(0.79, 1.04) 1.02(0.89, 1.17)
rs11672660 19 46180184 T C 0.20 0.004 (0.002) 0.043 1.07(0.93, 1.24) 0.99(0.86, 1.15)
rs112915006 22 50604696 G A 0.10 0.006 (0.003) 0.037 1.17(0.97, 1.41) 1.11(0.92, 1.34)
GRS, ,., (20 SNPs)

rs9425291 1 172312769 G A 0.87 -1.63(0.82) 0.046 0.99(0.83,1.17) 1.11(0.93,1.32)
rs2820446 1 219748818 G C 0.23 1.32(0.65) 0.042 0.96 (0.84, 1.10) 1.07(0.93,1.22)
rs1371614 2 27152874 © T 0.83 -1.93(0.73) 0.008 1.12(0.96, 1.31) 0.93(0.79, 1.09)
rs16861329 3 186666461 T C 0.19 1.52(0.72) 0.034 0.95(0.82,1.11) 0.97(0.83,1.13)
rs28819812 4 157652753 A © 0.25 1.28(0.63) 0.044 0.91(0.79, 1.04) 0.96 (0.84, 1.10)
rs96844 5 56196604 G A 0.81 -1.66 (0.70) 0.018 0.94(0.81,1.09) 1.04(0.90, 1.21)
rs11964178 6 109562035 A G 0.78 -1.48(0.65) 0.024 1.13(0.99, 1.30) 0.97(0.84,1.12)
rs7847880 9 20662703 C T 0.76 -1.34(0.65) 0.038 0.98(0.85,1.12) 0.93(0.81,1.07)
rs7018475 9 22137685 G T 0.35 1.20(0.58) 0.037 0.95(0.85, 1.08) 0.92 (0.81,1.04)
rs1802295 10 70931474 T C 0.1 2.35(0.88) 0.008 1.02(0.84, 1.23) 1.10(0.91,1.32)
rs12571751 10 80942631 A G 0.61 -1.12(0.56) 0.045 0.97(0.86, 1.09) 1.00(0.88, 1.12)
rs231349 " 2672821 C T 0.93 -2.19(1.08) 0.042 1.06(0.84, 1.33) 1.05(0.83, 1.32)
rs231362 " 2691471 G A 0.91 -2.45(0.98) 0.013 0.98(0.80, 1.21) 1.12(0.91, 1.38)
rs3847554 " 92668826 C T 0.44 1.29(0.55) 0.018 1.02(0.90, 1.14) 0.91(0.81,1.02)
rs1426371 12 108629780 A G 0.57 -1.34(0.56) 0.017 1.03(0.91, 1.16) 1.06(0.94, 1.20)
1s4275659 12 123447928 C T 0.72 -1.31(0.62) 0.034 0.89(0.78, 1.02) 0.99(0.87,1.13)
rs7176058 15 39464167 A G 0.52 -1.33(0.54) 0.015 1.10(0.98, 1.24) 0.99(0.89,1.12)
rs1436958 15 62338797 G T 0.65 -1.15(0.57) 0.045 1.03(0.91, 1.16) 0.99(0.88,1.12)
rs11071657 15 62433962 A G 0.65 -1.16 (0.58) 0.045 1.10(0.97, 1.24) 1.12(0.99, 1.27)
rs8032586 15 73081067 T C 0.51 -1.15(0.55) 0.035 0.93(0.83, 1.05) 0.96 (0.86, 1.08)
GRS, ,,. ¢, (18 SNPs)

rs17407594 1 66170362 A G 0.09 0.88(0.41) 0.032 0.92(0.72,1.18) 0.95(0.75,1.22)
rs2052261 2 65355270 A G 0.67 -0.50 (0.24) 0.039 1.07(0.93, 1.23) 1.06(0.92, 1.23)
rs3774723 3 63962339 G A 0.6 -0.50(0.23) 0.034 1.00(0.87, 1.15) 1.10(0.96, 1.27)
rs2272163 3 77671721 A © 0.42 0.58 (0.23) 0.014 1.00(0.87, 1.15) 0.97(0.84,1.12)
rs8192675 3 170724883 C T 0.23 0.57(0.27) 0.034 0.96(0.82, 1.13) 0.93(0.79,1.10)
rs1516728 3 185829891 A T 0.40 0.47 (0.24) 0.046 0.95(0.82, 1.09) 1.00(0.86, 1.15)
1s279744 5 53412620 A C 0.26 0.59 (0.26) 0.023 1.03(0.88, 1.20) 1.11(0.95, 1.30)
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__ Effect Other Effect size ) OR with
Chromosome  Position allele allele on GV P-value  OR with WMH cerebrovasc_ular
(B (SE) Abnormality

rs1045241 5 118729286 T C 0.15 0.63(0.32) 0.048 0.94(0.78,1.13) 0.89(0.73,1.08)
rs864745 7 28180556 T C 0.80 -0.63(0.29) 0.031 1.10(0.93, 1.31) 0.96(0.81,1.15)
rs12719778 8 145879883 © T 0.35 0.73(0.24) 0.003 1.03(0.89, 1.19) 0.98(0.85, 1.14)
rs10906115 10 12314997 A G 0.62 -0.52(0.23) 0.025 0.95(0.83, 1.09) 1.03(0.89, 1.18)
rs10885122 10 113042093 G T 0.94 -1.12(0.48) 0.019 1.18(0.89, 1.56) 0.94(0.70, 1.25)
rs10842994 12 27965150 T C 0.19 0.57(0.28) 0.043 1.05(0.89, 1.24) 1.01(0.85, 1.19)
rs2657879 12 56865338 G A 0.09 0.96 (0.39) 0.016 1.11(0.88, 1.40) 1.16(0.92, 1.47)
rs9552911 13 23864657 A G 0.25 0.68(0.27) 0.010 1.09(0.93, 1.28) 0.94(0.80,1.11)
rs7178762 15 63871292 © T 0.92 -1.07 (0.43) 0.014 1.04(0.80, 1.34) 1.13(0.87, 1.47)
rs11642430 16 30045789 C G 0.56 -0.50 (0.23) 0.030 0.97(0.84, 1.10) 0.92(0.80, 1.05)
rs11699802 20 48832135 T © 0.54 -0.55(0.23) 0.018 1.07 (0.94, 1.23) 0.96 (0.84, 1.10)
GRS, . s (19 SNPs)

1s2272163 3 77671721 A G 0.42 0.06 (0.03) 0.036 1.00(0.87, 1.15) 0.97 (0.84,1.12)
rs6780171 3 185503456 A T 0.26 0.07 (0.03) 0.039 0.97(0.83,1.13) 0.97(0.83,1.14)
rs35654957 4 1010077 © T 0.27 0.07 (0.03) 0.023 1.08(0.92, 1.25) 1.14(0.98, 1.34)
rs1045241 5 118729286 T C 0.15 0.08 (0.04) 0.042 0.94(0.78,1.13) 0.89(0.73,1.08)
rs9470794 6 38106844 © T 0.35 0.06 (0.03) 0.031 0.93(0.81,1.07) 1.03(0.89, 1.19)
rs2465043 6 51180765 G A 0.39 0.06 (0.03) 0.026 1.02(0.89, 1.17) 0.90(0.79, 1.04)
rs864745 7 28180556 T © 0.80 -0.08 (0.04) 0.028 1.10(0.93, 1.31) 0.96 (0.81, 1.15)
rs12719778 8 145879883 C T 0.35 0.10(0.03) 0.002 1.03(0.89, 1.19) 0.98(0.85, 1.14)
rs10906115 10 12314997 A G 0.62 -0.06 (0.03) 0.046 0.95(0.83, 1.09) 1.03(0.89, 1.18)
rs10823343 10 71091013 A G 0.88 -0.09 (0.04) 0.036 0.88(0.72, 1.09) 1.02(0.82, 1.26)
rs10885122 10 113042093 G T 0.94 -0.14 (0.06) 0.022 1.18(0.89, 1.56) 0.94(0.70, 1.25)
1s2237895 1" 2857194 A C 0.61 -0.06 (0.03) 0.045 0.95(0.83, 1.10) 1.01(0.88, 1.17)
1s174570 11 61597212 T G 0.59 -0.06 (0.03) 0.038 1.09(0.95, 1.25) 0.98(0.85, 1.12)
rs10842994 12 27965150 T C 0.19 0.07 (0.04) 0.049 1.05(0.89, 1.24) 1.01(0.85, 1.19)
1s2657879 12 56865338 G A 0.09 0.14(0.05) 0.005 1.11(0.88, 1.40) 1.16(0.92, 1.47)
r$9552911 13 23864657 A G 0.25 0.07(0.03) 0.028 1.09(0.93, 1.28) 0.94(0.80, 1.11)
157178762 15 63871292 C T 0.92 -0.12 (0.05) 0.022 1.04(0.80, 1.34) 1.13(0.87, 1.47)
rs11642430 16 30045789 C G 0.56 -0.06 (0.03) 0.031 0.97(0.84,1.10) 0.92(0.80, 1.05)
rs11699802 20 48832135 T © 0.54 -0.07 (0.03) 0.024 1.07 (0.94, 1.23) 0.96 (0.84, 1.10)
GRS,y (10 SNPs)

rs17407594 1 66170362 A G 0.09 0.02 (0.007) 0.004 0.92(0.72,1.18) 0.95(0.75, 1.22)
rs895636 2 45188353 C T 0.58 -0.01(0.004) 0.043 0.98(0.85,1.12) 0.94(0.82, 1.08)
1s2272163 3 77671721 A C 0.42 0.01(0.004) 0.008 1.00(0.87, 1.15) 0.97(0.84,1.12)
rs3798519 6 50788778 A C 0.78 -0.01(0.004) 0.035 0.90(0.77, 1.08) 0.88(0.75, 1.04)
rs917195 7 30728452 © T 0.84 -0.01 (0.005) 0.014 0.92(0.77,1.11) 1.05(0.87, 1.27)
rs12719778 8 145879883 C T 0.35 0.01(0.004) 0.009 1.03(0.89, 1.19) 0.98(0.85, 1.14)
rs10906115 10 12314997 A G 0.62 -0.01(0.004) 0.038 0.95(0.83, 1.09) 1.03(0.89, 1.18)
rs57235767 " 93013531 T C 0.17 0.01(0.005) 0.013 1.08(0.91, 1.29) 1.08(0.90, 1.29)
rs9552911 13 23864657 A G 0.25 0.01(0.004) 0.013 1.09(0.93, 1.28) 0.94(0.80, 1.11)
rs11642430 16 30045789 C G 0.56 -0.01(0.004) 0.023 0.97 (0.84, 1.10) 0.92(0.80, 1.05)
GRS, 10 a5 (13 SNPs)

rs9727115 1 99177253 A G 0.36 0.88(0.36) 0.015 1.04(0.90, 1.19) 1.00(0.87, 1.16)
rs6780171 3 185503456 A T 0.26 0.93 (0.40) 0.020 0.97(0.83,1.13) 0.97(0.83,1.14)
rs2465043 6 51180765 G A 0.39 0.78(0.35) 0.027 1.02(0.89, 1.17) 0.90(0.79, 1.04)
rs864745 7 28180556 T © 0.80 -0.93 (0.44) 0.037 1.10(0.93, 1.31) 0.96 (0.81, 1.15)
rs12719778 8 145879883 C T 0.35 1.04(0.37) 0.005 1.03(0.89, 1.19) 0.98(0.85, 1.14)
rs7847880 9 20662703 © T 0.76 -0.82(0.41) 0.046 1.01(0.86, 1.18) 0.88(0.75, 1.03)
rs10823343 10 71091013 A G 0.88 -1.19(0.55) 0.029 0.88(0.72, 1.09) 1.02(0.82, 1.26)
rs2237895 1 2857194 A G 0.61 -0.94 (0.36) 0.009 0.95(0.83, 1.10) 1.01(0.88,1.17)
rs2657879 12 56865338 G A 0.09 1.67 (0.60) 0.006 1.11(0.88, 1.40) 1.16(0.92, 1.47)
rs11066453 12 113365621 G A 0.18 0.96 (0.45) 0.034 0.92(0.77,1.09) 0.96 (0.80, 1.15)
rs9552911 13 23864657 A G 0.25 0.86(0.41) 0.034 1.09(0.93, 1.28) 0.94(0.80, 1.11)
157178762 15 63871292 C T 0.92 -1.40 (0.66) 0.035 1.04(0.80, 1.34) 1.13(0.87, 1.47)
rs11642430 16 30045789 C G 0.56 -0.81(0.35) 0.021 0.97 (0.84, 1.10) 0.92(0.80, 1.05)

Arch Endocrinol Metab, 2026, v.70(4), 1-17, €260062. 16

Copyright® AE&M all rights reserved



Glycemic variability, WMH & cerebrovascular abnormality

Supplementary table 2. The Intercepts for the associations between glucose variation and WMH or cerebrovascular abnormality from MR-
Egger regression

MR-Egger regression

Glucose variation WMH cerebrovascular abnormality
Estimate Estimate p
AC-CV 0.017 0.45 -0.025 0.10
AC-SD -0.019 0.36 -0.011 0.55
AC-VIM 0.006 0.78 0.011 0.35
AC-ARV -0.009 0.60 0.0003 0.98
HbA1c-CV 0.025 0.10 -0.001 0.95
HbA1c -SD 0.011 0.52 -0.009 0.64
HbATc-VIM -0.018 0.38 -0.018 0.41
HbA1c-ARV -0.014 0.46 -0.015 0.49
VW heterogeneity test

AC-CV Cochran’s Q test p value Cochran's Q test p value
AC-SD 18.72 0.41 11.91 0.85
AC-VIM 13.15 0.59 10.60 0.78
AC-ARV 13.32 0.77 6.63 0.99
HbA1c-CV 12.94 0.84 11.77 0.90
HbA1c -SD 9.24 0.93 10.98 0.86
HbATc-VIM 11.57 0.87 13.44 0.76
HbA1c-ARV 4.71 0.86 5.40 0.80

Supplementary table 3. The number of SNPs at each stage of instrument selection for each GV metric, including the initial SNP set, exclusion
based on association with MRI outcomes, weak association with GV, and LD pruning

Glucose variation

AC-CV  AC-SD AC-VIM AC-ARV HbA1c-CV HbA1c-SD HbA1c-VIM HbA1c-ARV

Initial SNP set 536 536 536 536 536 536 536 536
Associations with MRI outcomes (MR assumption 3) 502 502 502 502 502 502 502 502
Exclusions based on weak association with GV (MR 21 17 27 25 20 26 1 18
assumption 1)

LD pruning 19 16 19 20 18 19 10 13

Supplementary table 4. List of confounding variables associated with genetic risk scores in patients with type 2 diabetes

Glucose variation Confounding variables (p<0.05)

GRS,coy Duration of diabetes

GRS,.qp HbAT1c, stroke

GRS oy Coronary artery disease

GRS, v eGFR, AC, HbA1c

GRS, parc.0v Hypertension

GRS, aiesp Coronary artery disease

GRS, parcvm BMI, AC

GHSHbAWCVARV

wGRS, ., Duration of diabetes, HbA1c, obesity
wGRS, . ) HbA1c

WGRS, . Age, eGFR

WGRS, TG, eGFR, AC

WGRS, yiccv BMI, hypertension

WGRS,,,10 50 Duration of diabetes, coronary artery disease, hyperlipidemia medications, HbATc
WGRS, BMI, hypertension, AC

WGRS, 1 ey Coronary artery disease, HbATc
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ABSTRACT

Congenital hypogonadotropic hypogonadism (CHH) is characterized by absent/incomplete puberty and a treatable form of male
infertility resulting from deficient gonadotropin-releasing hormone (GnRH) secretion/action. Traditionally, CHH has been con-
sidered a permanent, lifelong condition. However, evidence indicates a subset men undergo reversal and recover reproductive
axis function. We conducted a structured literature search (Medline, PubMed) using keywords to retrieve articles on CHH rever-
sal (1975-2025). We synthesize the literature to provide a high-level overview of CHH and the reversal phenomenon in males.
Particular focus is given to clinical aspects of CHH and reversal using a case vignette to highlight keys to management. Approxi-
mately 10-15% of males with CHH undergo reversal with sustained normalized testosterone levels and spermatogenesis off
treatment. A key sign of reversal is testicular growth while on testosterone replacement therapy. Those men with some degree
of spontaneous puberty (i.e., larger testicular volume), detectable follicle stimulating hormone levels , and/or pathogenic vari-
ants in GNRHR are more likely to undergo reversal. In contrast, severe GnRH deficiency, pathogenic ANOS1 and/or two or more
combined pathogenic variants (oligogenicity) in CHH genes are less likely to recover reproductive axis function. Reversal is not
lasting in all cases. The reversal phenomenon challenges the classical dogma that CHH is permanent and lifelong. Reversal cases
highlight the plasticity of the neuroendocrine control of reproduction. Clinicians can tailor the approach to men with CHH using
reversal predictors to guide supervise washout to identify reversal as well as long-term monitoring to assess potential relapse.

Keywords: Kallmann syndrome; male infertility; male reproduction; testosterone replacement

Clinical Vignette: A 19-year-old male presented for (5 mL bilaterally). Biochemical evaluation showed nor-
endocrine consultation and evaluation of delayed pu-  mal TSH, prolactin, and IGF1 levels - yet low serum
berty. His history was unremarkable but for anosmia  gonadotropins (LH = 1.2 IU/L [ref: 1.6-8.0], FSH = 1.8
(noted at age 10 yrs.) and failure to spontaneously ini-  [ref: 1.5-9.3]) in the setting of frankly hypogonadal
tiate puberty. At presentation, he was normal weight  serum testosterone (T) (33 ng/dL [ref: 300-1,000]).
(BMI 23.1 kg/M?) and his exam was notable for lack  The clinical and biochemical findings were consistent
of virilization, Tanner Il pubic hair, and small testes  with Kallmann syndrome (i.e., congenital hypogo-

nadotropic hypogonadism [CHH] with anosmia) and

Received on Jan/10/2026 DOI: 10.20045/2359-4292-2026-0063 he initiated T enanthate injections. The dose was in-
A M 202 . .
ccepted on Mar/3/2026 creased progressively, and he achieved normal serum T
§°"es"°"de"°e t; levels on afull adult dose (200 mg IM every two weeks).
ndrew A. Dwyer
Boston College, 140 At his 6-month clinical follow-up visit, his testicular vol-
Commonwealth Avenue
Maloney Hall 364 ume was noted to have increased to 9 mL bilaterally. He
Chestnut Hill, MA 02465
andrew.dwyer@bc.edu was instructed to stop treatment and serial monitoring
Associated editor: demonstrated sustained, normal serum gonadotropin =
Leticia F. Gontijo Silvei s
hites:orci.orgl0000.0002 0053.9167 levels (LH: 5.5 IU/L, FSH: 3.6 1U/L) and eugonadal T

(434 ng/dL) - consistent CHH reversal. Three months
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after discontinuing treatment, his testes had grown to
12 mL bilaterally and seminal fluid analysis revealed
sperm in the ejaculate (0.4 X10¢/mL [ref: >15.0]).

INTRODUCTION

Puberty is one of the most striking periods of hu-
man life. In males, the most important physiological
changes of puberty include accelerated linear growth,
changes in body composition, development of second-
ary sex characteristics, and testicular enlargement.
A range of hereditary and environmental factors influ-
ence the timing of pubertal onset (1). Delayed puberty
in males is defined as lack of testicular development
(testicular volume <4 mL) by the age of 14 years. In self-
limited delayed puberty (SLDP), puberty begins later
than peers yet occurs spontaneously and progresses
to completion without needing intervention. In con-
trast, individuals with congenital hypogonadotropic
hypogonadism (CHH) do not complete puberty on
their own (2). Currently, there is no ‘gold standard’ test
to differentiate SLDP from CHH, so it remains a diag-
nosis of exclusion, and CHH is often diagnosed late (3)
- often contributing to psychosocial morbidity and di-
minished health-related quality of life (4,5). Clinically,
CHH is characterized by absent or incomplete puber-
tal development and infertility. It is caused by isolated
deficiency in secretion(or action) of gonadotropin
releasing hormone (GnRH) - a key regulator of the
hypothalamic-pituitary-gonadal (HPG) axis that gov-
erns reproduction (2). Biochemically, CHH is defined
by low (or inappropriately normal) serum gonadotro-
pin levels in the setting of low serum sex steroids and
otherwise normal pituitary imaging and function (6).
Notably, CHH is rare (1:48,000) and there is a 3:1 ratio
of affected males to females (7). More than 60 genes
have been identified to underlie CHH yet the known
genes only account for about half of cases (8). Sex
steroids are effective for inducing secondary sexual
characteristics and fertility can be induced in about
75-80% of cases (9) using either gonadotropin therapy
or pulsatile GnRH (10). Despite the notion that con-
genital disorders are lifelong, approximately 10%-15%
of males with CHH experience a reversal and recover
reproductive axis function with normalized serum tes-
tosterone and spermatogenesis (11,12). The reversal

Arch Endocrinol Metab, 2026, v.70(4), 1-10, €260063.
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phenomenon highlights the plasticity of the hypotha-
lamic neurons and the possible role of other neuronal
populations in regulating the reproductive axis (12).
Reversal has been observed in individuals harboring
rare pathogenic variants in CHH genes suggesting
the contribution of epigenetic factors in CHH reversal
(13). This review provides an overview of the approach
to managing the male patient with CHH with particu-
lar emphasis on the reversal phenomenon.

MATERIALS AND METHODS

We conducted a structured, systematic literature
search using Medline and PubMed to identify rel-
evant articles on CHH reversal published in English
between 1975-2026. Keywords (i.e., Medical Subject
Headings — MeSH terms) included “hypogonadism”
or “Kallmann” and “reversal” or “recovery”. Retrieved
articles underwent title and abstract screening. Full-
text review was used to exclude articles that did not
include CHH cases, reports on adult-onset hypogo-
nadism (i.e., complete spontaneous puberty), and
functional hypogonadism (i.e., obesity or exercise-re-
lated). Peer-reviewed case reports, original research
articles, and review articles documenting reversal of
CHH were included for synthesis in this review.

Reproductive axis

Specialized GnRH-secreting neurons regulate the
hypothalamic-pituitary-gonadal (HPG) axis and hu-
man reproduction. Around 14-weeks of gestation,
GnRH neurons migrate from their initial location in
the olfactory epithelium (embryonic olfactory plac-
ode) crossing the cribriform plate and past the devel-
oping olfactory bulb to the hypothalamus. There are
only approximately 1,200-1,500 GnRH neurons (2)
and the pulsatile secretion of GnRH triggers pituitary
gonadotrophs to release luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). Gonadotropins
(LH and FSH) stimulate the gonads to produce sex
steroids and gametes. In males, LH acts on testicular
Leydig cells stimulating testosterone (T) production
while FSH acts on testicular Sertoli cells stimulating
inhibin B secretion and spermatogenesis. Sex steroids
and inhibin B regulate the HPG axis through negative
feedback (Figure 1) (2).
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Figure 1. Schematic depicting the hypothalamic-pituitary-gonadal
axis.

Pulsatile GnRH secretion stimulates the release of LH and FSH from
pituitary gonadotrophs. In males, LH acts on testicular Leydig cells
spurring testosterone (T) production while FSH supports
spermatogenesis and stimulates testicular Sertoli cells to produce
inhibin B. Both T and inhibin B exert negative feedback on the
reproductive axis. GnRH: gonadotropin-releasing hormone; FSH:
follicle-stimulating hormone; LH: luteinizing hormone; INSL3:
insulin-like peptide 3.

There are three critical waves of HPG activation
during development. The first activation occurs in ute-
ro. In males, maternal human chorionic gonadotropin
(hCG) and fetal HPG axis activation stimulate Leydig
cells to produce T and insulin-like peptide 3, result-
ing in normal penile development and the final phase
of testicular descent, respectively. The second wave,
or so-called minipuberty, occurs during the first 4-6
months of neonatal life. This brief window of HPG axis

activation drives Sertoli and germ cell proliferation

Table 1. CHH-associated phenotypes from the literature

Reversible CHH

and is a key early-life determinant of future reproduc-
tive capacity (14). The third wave of HPG axis acti-
vation occurs at the onset of puberty, which is char-
acterized by the development of secondary sexual
characteristics and full reproductive capacity.

Presentation and diagnosis of CHH

The clinical presentation of CHH is heterogeneous
ranging from isolated GnRH deficiency to syndromic
forms with variable constellations of non-reproduc-
tive phenotypes (i.e., sensory, dental, muculoskeletal,
neurologic) (Table 1) (2,15). Approximately half of
cases exhibit non-reproductive phenotypes, the most
common being lack of sense of smell (CHH + anos-
mia = Kallmann syndrome). Moreover, the degree of
GnRH deficiency can be variable from absent minipu-
berty (e.g., cryptorchidism with/without micropenis)
with complete absent of spontaneous puberty (i.e.,
testicular volume [TV] <4 mL) to partial spontane-
ous puberty (TV 24 mL) and the Pasqualini syndrome
characterized by CHH with near-complete puberty
development (TV: 8-10 mL) (16). Ultimately, CHH is a
clinical diagnosis of exclusion yet the variable clinical
presentation as well as lack of a ‘gold standard’ test to
differentiate SLDP from CHH contribute to late diag-
nosis (i.e., at 18 yrs or later) (2,4).

Dynamic stimulation tests, such as GnRH stimu-
lation and FSH-stimulated inhibin B, among others,
have been proposed to differentiate CHH from SLDP,
yet these tests lack sufficient specificity (17). Recent
research has identified kisspeptin stimulation as a
promising test for differentiating SLDP and CHH (18).

Non-Reproductive (syndromic)

e Cryptorchidism

e Micropenis

e Absent minipuberty
e Absent puberty

® Partial puberty

e Reversal of CHH

Sensory & Neurologic
e Anosmia/hyposmia
e Hearing loss

e Faranomalies

* Coloboma

e Ano/micropthalmia
e Synkinesia

o Cerebellar ataxia

Skeletal & Dental

e (steopenia/-porosis
e Scoliosis

e Syndactyly

e Clinodactyly

e camptodactyly

o Split hand/foot

e Joint hyperlaxity

® Pectus excavatum
e Eunuchoidal proportions
e Missing/extra teeth

Developmental & Other
e Cleft lip/palate

e Bifid uvula

e Choanal atresia

¢ Renal agenesis

e Pituitary defects

e Arrhinia

e |chthyosis

e Achromic hair patches

e Congenital heart defects

e Developmental delay
o |Intellectual disability
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Kisspeptin is a neuropeptide “upstream” of the hypo-
thalamus that triggers the release of GnRH and acti-
vates the HPG axis in the onset of puberty (2). While
initial study results are promising, further work is
needed to definitively prove effectiveness as a clinical
diagnostic test.

Notably, several clinical ‘red flags’' (cryptorchi-
dism, micropenis, anosmia) can help speed diagnosis
leading to timely treatment (19). The vast majority of
CHH cases are sporadic with only about 30% showing
familial inheritance (2,8). The genetics of CHH is com-
plex with autosomal dominant, autosomal recessive,
X-linked, digenic (i.e., two rare variants), and oligogenic
forms occurring in roughly 15% of cases (20). To date,
more than 60 genes have been identified to underlie
CHH, accounting for approximately half of cases (8).
As such, panel testing can inform molecular diagnosis
of CHH and speed diagnosis in some cases, yet it is not
universally informative (21). It is worthwhile to note
that late diagnosis (“diagnostic odyssey”) is associated
with psychosocial morbidity (e.g., anxiety, depression)
(4), psychosexual sequelae (5) and diminished health-
related quality of life (22). Evidence supports that ear-
lier diagnosis enables timely initiation of treatment
and helps alleviate some of the psychosocial impact
and emotional distress of CHH (23).

Treatment of CHH

Unlike many rare diseases, effective treatments are
available for CHH. Exogenous testosterone (T) treat-
ment (i.e., transdermal gels or long-acting injectable
esters) is effective for inducing secondary sexual char-
acteristics (24). Treatment is initiated with low dose
(e.g., 50 mg IM monthly) then progressively titrated to
full adult dosage with trough T levels at the lower end
of the normal reference range. However, a more rapid
dose escalation is typically used for males who pres-
ent with CHH well into adulthood (24). Adherence to
treatment should be assessed at every visit (6) and
men will typically need to remain on lifelong T treat-
ment using either a transdermal preparation, an in-
jectable T ester (e.g., enanthate, cypionate, undecano-
ate), or implantable T pellets. While T treatment
induces virilization and can normalize sexual function,
it will not induce testicular development or fertility.

Arch Endocrinol Metab, 2026, v.70(4), 1-10, €260063.
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Importantly, increased TV on T treatment indicates
activation of the HPG axis and may suggest reversal
of CHH.

Unlike many forms of male infertility, CHH is treat-
able and approximately 75%- 80% of males with CHH
can develop sperm in the ejaculate using either pulsa-
tile GnRH (via microinfusion pump) or gonadotropin
therapy (human chorionic gonadotropin [hCG], FSH)
(9). Pulsatile GnRH is typically limited to specialized
research centers while gonadotropins are much more
widely used. There are several options for inducing
fertility in males with CHH, including concurrent ad-
ministration of hCG with FSH or sequential gonado-
tropin therapy (i.e., unopposed FSH followed by hCG
+ FSH) (10). Monotherapy with hCG alone is not the
preferred approach given suboptimal outcomes (25).
Many men with CHH are able to achieve fertility with-
in ayear (26). Research has identified history of crypt-
orchidism, complete absence of spontaneous pubertal
development (TV <4 mL), and low serum inhibin B (<60
pg/mL) as negative predictors of outcome to fertility-
inducing treatment (27,28). In such cases, sequential
gonadotropin therapy, which aims to recreate the hor-
monal milieu of minipuberty, appears to provide the
best chances for developing fertility (10,29). Although
most men with CHH will not achieve WHO-defined
normal sperm counts (>20x10¢/mL) (30), low sperm
counts do not preclude fertility or conception (31). As
previously noted, T treatment will not induce sper-
matogenesis, so fertility while on T should warrant
evaluation of CHH reversal (12).

CHH reversal

Traditionally, CHH has been considered a congenital,
permanent condition requiring lifelong treatment.
A 1975 case report raised the first notion that CHH
may be reversible (32). Subsequently, additional case
reports over the next decades documented men with
confirmed CHH who recovered their HPG axis func-
tion with normalized serum T levels (Supplemental
Table 1). In 2007, the first prospective study of the
CHH reversal phenomenon identified five reversal
cases among a cohort of 50 CHH men, suggesting
a reversal rate of 10% (13). Reversal cases are het-
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only have isolated GnRH deficiency while others ex-
hibit a constellation of non-reproductive phenotypes
(11,12). Some men exhibit signs of absent minipuberty
and a complete absence of spontaneous pubertal pu-
berty (TV < 4 mL) (33) while others exhibit the rela-
tively mild GnRH deficiency with partial spontaneous
puberty (i.e., Pasqualini syndrome) (16). While clinical
presentation varies across reversal cases, all share a
similar pattern - HPG axis activation (Figure 2) fol-
lowing a period of normalized serum sex steroid levels
from either exogenous T, gonadotropins, or pulsatile
GnRH therapy (11,12).

A 2024 study of 87 reversal cases across six in-
ternational referral centers identified two distinct
classes of reversals and several predictors (34). Men
were more likely to undergo reversal if they exhibited
milder GnRH deficiency (i.e., Pasqualini syndrome)
with no micropenis, some degree of spontaneous tes-
ticular development (TV =8 mL), and detectable FSH
(i.e., ~4.0 IU/L). Prior work conducting detailed neuro-
endocrine profiling (i.e., 12-hr LH pulsatility studies)
found a LH threshold of 2.1 IU/L being a fairly reli-
able proxy for pulsatile LH secretion (15). That data
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Figure 2. LH pulse study before and after reversal.

Panels depict serum LH levels during overnight (17:30-05:30) 12-
hour frequent blood sampling studies (Q 10 min. x 12 hrs.). Upper
panel: At diagnosis, the 19-year-old male exhibited apulsatile LH
secretion and frankly hypogonadal testosterone (33 ng/dL).
Testosterone therapy was initiated and continued for 18 months.
The patient’s testicular volume had increased from 4 mL to 6 mL on
testosterone. Treatment was discontinued and he underwent a
repeat frequent sampling study (lower panel) revealing LH pulses
(inverted triangles) in the setting of normal serum testosterone
levels (334 ng/dL). Gray shaded region depicts the mean LH+2S.D.s
of healthy volunteers (13).
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was in line with the results of a 2015 Chinese study
that identified 18 reversals (5.1%) in a cohort of 354
males with CHH study (35). Authors noted that larger
testicular size and higher LH levels (both basal and
tryptorelin-stimulated) were associated with reversal
(35). However, the 2024 study of the largest reversal
cohort (n=87) to date found no link between LH and
reversal (34).

Genetics of reversal
It is notable that reversal cases have been document-
ed in individuals harboring pathogenic rare variants
in CHH genes (11,12) (Supplemental Table 1). To date,
rare variants in more than 30 CHH genes have been
found in cases with CHH reversal (Table 2). Genetic
factors that can help us determine the likelihood of
CHH reversal include: (i) variants in the autosomal
recessive GnRH receptor gene (GNRHR). Recent data
found that men who harbor pathogenic GNRHR vari-
ants are more likely to undergo reversal (34); (ii) vari-
ants in the X-linked gene, ANOS1. Among the largest
reversal cohort studied to date (n=87), no pathogenic
variants in ANOS1 were detected. Notably, ANOS1
variants cause a particularly severe form of GnRH
deficiency (15,36) that is rather unresponsive to fer-
tility-inducing treatment (10,15). Curiously, a 2007
case report described a reversal in a male harboring
an ANOS1 - then termed KAL1 (37). Several factors
raise questions about the validity of the ANOS1 re-
versal case report. First, sequencing technology has
advanced significantly and has since reduced the risk
of pseudogene findings that were once more likely in
ANOS1 sequencing. Second, the patient’s T level at di-
agnosis was 212 ng/dL - which is uncharacteristically
higher than expected in light of the severe ANOS1-
related GnRH deficiency. Third, no other cases of
ANOQOS1-associated reversal have been documented
(Supplemental Table 1). Thus, patients harboring
ANOS1 variants are unlikely to undergo reversal; (iii)
The genetic load observed in patients screened. Men
with pathogenic variants in more than one gene (i.e.,
oligogenicity) are less likely to undergo reversal (34).
Of note, when genetic testing is unavailable or
cost-prohibitive, several key factors can increase our

served,
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Table 2. CHH Genes identified in reversal grouped according to gene function

GnRH neuron migration CHH & other overlapping syndromes

ANOST (XLR) AMH (AR) CHARGE syndrome
CCDC141(AR) DMXL2 (AR) e CHD7 (AD)
DCC(AD) GNRHT (AR)
FEZFT(AR) IGSF10(AD) Combined pituitary hormone deficiency
FGF8(AD) KISST(AR) e SO0X2(AD)
FGFR1(AD) KISSTR(AR) e |WDR11(AD)
HS6ST1(AD) LEPR(AR)
IL17RD (AR) TAC3(AR) Gordon Holmes Syndrome
NSMEF(AR) TAC3R(AR) e OTUD4(AR)
o COrT S
PROK2 (AR) GNRHRAR) e ANF216 (AR)
PROKRZ2 (AR)
SEMAS3A (AD) Pallister-Hall Syndrome
SEMA7A (AD) e GLI3(AD)
Waardenburg Syndrome (Type 2)
e SOX10(AD)
Warburg Micro Syndrome
® RAB3GAPT (AR)
® RAB3GAPZ (AR)

AD: autosomal dominant; AR: autosomal recessive; XLR: X-linked recessive.

likelihood of CHH reversal (34). First, ANOS1 invari-
ably causes Kallmann syndrome, so complete anosmia
is an essential hallmark of ANOS1 variants. Individuals
with ANOS1 variants are more likely to exhibit mirror
movements (i.e., synkinesia) and have renal agenesis
(38). Further, as ANOS1 follows an X-linked recessive
inheritance. Thus, careful family history and pedigree
analysis can provide critical clues. Last, CHH caused
by ANOS1 variants is typically a severe form of GhnRH
deficiency and is associated with cryptorchidism
(with/without micropenis) and complete absence of
spontaneous puberty (TV <4 mL) (15).

Proposed mechanisms of reversal

The mechanism(s) underlying CHH reversal remain
unclear. The 2007 prospective study was the first re-
versal study to report with a pathogenic variant in a
CHH gene (13). Authors hypothesized that genetic
defects could affect GnRH neuron maturation, and
androgens could upregulate genes involved in syn-
chronized GnRH secretion. Additional support for the
proposed mechanism came in a subsequent report of
two men who were able to sustain HPG axis function
(i.e., CHH reversal) reversal with intermittent exog-
enous androgen exposure (39). To date, a number of
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factors have been proposed, including epigenetic fac-
tors, non-coding regions of the genome, and other
neuronal populations in the hypothalamus (astro-
cytes, tanycytes) that interact with GnRH neurons via
KNDy neurons (kisspeptin, neurokinin B, and dynor-
phin) (40). Kisspeptin is a potent stimulator of GnRH
secretion and it is well known that sex steroids exert
feedback effects regulating the GnRH pulse pattern
(41,42). Thus, CHH reversal appears to be related
to the plasticity of the neuronal network involved in
GnRH secretion.

Relapse of reversal

It is important to underscore that the recovery of
HPG axis function may not be lasting, and some pa-
tients revert to a hypogonadal state. According to a
large retrospective study of 308 patients with CHH,
39 men underwent reversal and 5/39 (13%) of them
experienced a subsequent relapse to a hypogonadal
state (43). Common characteristics among those who
relapsed to a hypogonadal state included a significant
stressor - either emotional, psychiatric, or metabolic.
Such stressors can disrupt pubertal timing and devel-
opment (44). Indeed, anxiety/depression and changes
in energy balance can impair the reproductive axis

Copyright® AE&M all rights reserved.



with suppressed T levels and decreased LH pulse
frequency/amplitude - akin to hypothalamic amenor-
rhea in females (45). Thus, ongoing surveillance and
hormonal monitoring is warranted following rever-
sal (2,6,11,12). If spermatogenesis is achieved during
a window of CHH reversal, sperm banking should be
offered to mitigate the loss of fertility in the event of
relapse. The dynamic nature of the HPG axis is high-
lighted by individuals who undergo a ‘second’ reversal
(i.e.,, T = 257 ng/dL) after relapse and recover repro-
ductive function a second time (43).

Return to case

Positive predictors for the patient’s reversal include
his partial puberty (with baseline TV of 5 mL bilater-
ally), detectable FSH and lack of severe GnRH de-
ficiency during mini puberty (no cryptorchidism or
micropenis). Following reversal, the patient returned
to clinic every six months for ongoing surveillance. At
the 18-month visit he complained of fatigue and de-
creased frequency and strength of his morning erec-
tions. Blood work showed hypogonadal T (205 ng/dL).
Treatment options were discussed with the patient
(i.e., T replacement vs. gonadotropin injections) and
the patient opted to cryopreserve sperm, his current
sperm count was now 1.7X10¢/mL, then initiate T re-
placement with ongoing monitoring.

CONCLUSION

In summary, CHH is clinically and genetically heter-
ogenous and there are a number of key facets of com-
prehensive disease management (Inset Box 1). While
CHH was traditionally considered lifelong, we know
that approximately 10-15% of men undergo reversal,
with recovery of HPG axis function following a period
of normalized T levels (12). Increase in testicular size,
in conjunction with the normalization of circulating
levels of sex steroids while on T replacement is a reli-
able hallmark (11,12). Given the possibility of reversal,
clinicians can consider key factors favoring reversal
to target supervised treatment washouts every 1-2
years. Key signs that increase the likelihood of re-
versal include: history of partial puberty (TV >4 mL),
detectable gonadotropins (FSH ~ 4 |U/L), and/or vari-
ant in GNRHR. On the other hand, signs suggestive of
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Diagnosis
Red flags sugpest CHH Genetic testing can infonm care
= cryptorchidism + informs diagnosis in 50% cases
* micropents « GNRHR more likely to reverse
= anosmia * ANOST unlikely to reverse
Treatment

m\\ « monitor adherence + consider predictors
= NO testicular growth = combimed (WCG + FSH)
= NO fertility = sequential (FSH = hCG + FSH)
Management

Reversal in 10-15%
{5_‘}" »increased TV on T 2
"0y » washout & measure T
= monitor for relapse

Psychosocial support

= anxiety & depression

* psychosexual concerns
= coping & quality of life

Inset Box 1. Key points for diagnosis, treatment, and management of
CHH

severe GnRH deficiency and absent minipuberty (i.e.,
cryptorchidism with/without micropenis) as well as
pathogenic variants in ANOS1 and/or variants in two
or more CHH genes (i.e., oligogenicity) decrease the
likelihood of reversal. Notably, reversal is not always
permanent, so longitudinal monitoring is warranted.
In conclusion, the reversal phenomenon challenges
the dogma that congenital genetic conditions are life-
long and reversible CHH raises many questions re-
garding neuronal plasticity and epigenetic influences
on the neuroendocrine control of reproduction.
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SUPPLEMENTARY MATERIAL

Supplemental Table 1. Reports of CHH reversal (1975-2025)

Year (ref.) ar::i:;:;\){pe Notes (genes reported)

1975 (1) case report (n=1) first case report, anosmic (KS), TRT only, increased TV, spermatogenesis

1980 (2) case series (n=2)  both anosmic with Pasqualini syndrome, conceived with proven paternity

1983 (3) case report (n=1)  anosmic (KS), TRT only (21 mos.), conceived with proven paternity

1986 (4) case report (n=1)  anosmic (KS), TRT only, increased TV, normal T sustained off treatment s/p 7 yrs.

1989 (5) cohort (n=4) LH pulses in 4/10 CHH off long-term pulsatile GnRH therapy

1994 (6) case report (n=1)  anosmic (KS), hCG then TRT, spermatogenesis & normal T sustained off treatment, conception
1995 (7) case report (n=1)  anosmic with Pasqualini syndrome, TRT only, increased TV & spermatogenesis, conceived
1996 (8) cohort (n=1) anosmic (KS), TRT only, LH pulses, normal T sustained off treatment

1999 (9) case series (n=5) all anosmic (KS), increased TV on TRT, spermatogenesis documented in 4/5

2007 (10) cohort (n=15) prospective study, 5/50 with normalized T off long-term treatment (GNRHR, FGFRI)

2007 (11) case report (n=1) all anosmic (KS), increased TV on TRT, spermatogenesis, conceived (ANOST)

2008 (12) case report (n=1)  anosmic (KS), sustained normalized T & spermatogenesis off treatment (PROKR2)

2010(13) cohort (n=6) reversals reported as part of a gene discovery project; reversal = LH pulsatility, increased TV and T, or spermatogenesis (7TAC3,
TACR3)

2011 (14) cohort (n=1) reversals reported as part of a gene discovery project; anosmic (KS), normal T sustained off treatment for several years
(HS6STT)

2012 (15) cohort (n=6) cohort of reversal cases (anosmic: n=2, normosmic: n=4)

increased TV, normalized T & spermatogenesis off treatment (CHD7, FGFR1, GNRHR)
2013 (16) case report (n=1)  hCG then TRT, spermatogenesis & normal T sustained off treatment (GNRHR)

2013(17) case series (n=6)  TRT only, increased TV, normal T sustained off treatment

2013 (18) cohort (n=2) reversals reported as part of a FGF synexpression group gene discovery project (/L77RD, SPRY4)

2014 (19) cohort (n=18) cohort of reversal cases (anosmic: n=5, normosmic: n=13) mix of hCG & TRT treatment, increased TV, normal T sustained off
treatment

2014 (20) cohort (n=44) cohort of reversal cases, reversal & relapse, first report o (FGFR1, GNRHR, PROKRZ, TACR3, TAC3,HS6ST1, NELF)

2014 (21) case series (n=2)  both anosmic (KS), TRT only, increased TV, required intermittent T “booster” to trigger reversal after relapse

2014 (22) cohort (n=1) reversals reported as part of a gene discovery project; normal T sustained off treatment (GNRHR)

2016 (23) case report (n=1)  anosmic (KS), TRT only, increased TV, normal T & spermatogenesis sustained off treatment (SOX70)
2017 (24) case report (n=1)  Pasqualini syndrome, TRT only, increased TV, normal T sustained off treatment

2017 (25) case report (n=1)  anosmic (KS), TRT only, increased TV, normal T sustained off treatment (PROK2)

2019 (26) cohort (n=6) reversals reported as part of a gene discovery project (anosmic: n=3, normosmic: n=3) increased TV, normal T sustained off
treatment, one relapse (GNRHR, IGSF10)

2020 (27) cohort (n=1) reversals reported as part of a gene discovery project; normosmic female (CCDC147)

2022 (28) cohort (n=13) reversal cases recorded in a large cohort of patients (anosmic: n=6, normosmic: n=7) increased TV, spermatogenesis and/or

fertility, normal T sustained off treatment (CHD7, IL17RD, PROKR2)
2022 (29) case report (n=1)  increased TV, normal T sustained off treatment (GNRHR)

2022 (30) case report (n=1)  increased TV, spermatogenesis, normal T off treatment, multiple relapses

2022 (31) cohort (n=16) reversal cases recorded in a cohort of patients with Pasqualini syndrome (n=38); increased TV, spermatogenesis and/or fertility,
normal T off treatment (FGFR1, GNRHR)

2024 (32) cohort (n=87) cohort of reversal cases (n=87), multicenter study, predictors of reversal (34 genes reported)

2025 (33) case report (n=2)  single consanguineous family, TRT only, increased TV, normal T sustained off treatment (KISS7)

GnRH: gonadotropin-releasing hormone; hCG: human chorionic gonadotropin; KS: Kallmann syndrome; T: testosterone; TRT: testosterone replacement therapy; TV: testicular volume.
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ABSTRACT

The diagnosis of Cushing syndrome can be challenging, particularly when bilateral inferior petrosal sinus sampling (BIPSS) is re-
quired to differentiate ectopic tumors from pituitary adrenocorticotropic hormone (ACTH)-releasing tumors. When corticotro-
pin-releasing hormone (CRH) is used as a stimulus, a state of hypercortisolism is required to suppress CRH receptors in pituitary
corticotrophs, preventing the release of ACTH by normal pituitary tissue. By contrast, desmopressin acts through vasopressin
receptors that are preferentially expressed in ACTH-secreting pituitary tumors, suggesting potentially different physiological
behaviors during stimulation. We present the case of a 26-year-old woman with ACTH-dependent Cushing’s syndrome who
underwent desmopressin-stimulated BIPSS. Hormone levels on the day of catheterization indicated eucortisolism; however,
ACTH levels in the petrosal sinus confirmed the diagnosis of Cushing disease. Following transsphenoidal surgery, immunohisto-
chemical analysis confirmed a corticotroph adenoma with positive Tpit and ACTH staining. We hypothesize that desmopressin
stimulation during BIPSS may provide diagnostic information even in the absence of biochemical confirmation of hypercorti-
solism at the time of the procedure, because vasopressin receptors are expressed in pituitary corticotroph adenomas rather

than in normal corticotroph cells. Further studies are needed to evaluate and confirm this hypothesis.

Keywords: Cyclic hypercortisolism; desmopressin; petrosal sinus; Cushing’s syndrome

INTRODUCTION

In patients with a confirmed diagnosis of ACTH-
dependent Cushing syndrome, intravenous desmo-
pressin testing is not a reliable method for differenti-
ating pituitary tumors from ectopic ACTH-producing
tumors, as a subset of ectopic tumors express aber-
rant amounts of vasopressin receptors and respond
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to desmopressin stimulation, resulting in increased
ACTH levels in the peripheral circulation (1).

Bilateral inferior petrosal sinus sampling (BIPSS)
with CRH stimulation is the gold standard test
used for this differential diagnosis, but CRH is cur-
rently unavailable. Furthermore, in patients with
cyclical Cushing syndrome, catheterization of the
inferior petrosal sinus should be performed during
hypercortisolemic phases to prevent normal cortico-
troph cells from responding to CRH stimulation (2).
Desmopressin has been successfully used in BIPSS
and is currently considered equally accurate as CRH
because ACTH-producing pituitary tumors overex-
press vasopressin receptors (3,4).

Scheduling BIPSS with CRH stimulation during hy-
percortisolemic phases can be challenging. This case
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illustrates the use of desmopressin as an alternative
to CRH in BIPSS and highlights the discussion of its
physiological basis, given that normal pituitary tissue
does not express vasopressin V2 receptors.

CASE REPORT

A 26-year-old previously healthy woman was re-
ferred to our neuroendocrinology specialized center
6 months after the beginning of the investigation for
weight gain, violaceous striae on the abdomen, fa-
tigue, acne, myalgia, lower limb edema, moon facies,
hair loss, and hirsutism. Initial laboratory investiga-
tions revealed intermittent ACTH-dependent hyper-
cortisolism, followed by a period of normal urinary
free cortisol (UFC) levels (Table 1).

Pituitary magnetic resonance imaging (MRI) re-
vealed an irregular nodule located on the lateral as-
pect of the adenohypophysis, projecting into the left
cavernous sinus and in contact with the internal ca-
rotid artery, measuring 0.9 x 0.9 x 0.6 cm (Figure 1).

The patient underwent BIPSS with desmopressin
(10 pg), and correct catheterization was verified by
angiography and contrast infusion.

At the time of the procedure, eucortisolism was
confirmed by a basal serum cortisol concentration
of 6.31 pg/dL and a 24-hour UFC level of 51 pg/24 h
collected the day before (reference range: 36-137
ug/24 h). Based on the current evidence, if CRH had
been used as the stimulus, the procedure would have
been postponed because of normal cortisolemia.

In the BIPSS test performed at our institution, pe-
ripheral blood samplingis extended to 30 minutes after
desmopressin infusion to assess the peripheral ACTH
response, as in an acute desmopressin test. The pro-
cedure involves administering desmopressin through
avein in one forearm while blood is collected from the
contralateral arm to differentiate ACTH-dependent

Cyclic hypercortisolism and desmopressin

Figure 1. Magnetic resonance imaging of the sella turcica: Coronal
T1-weighted image shows a left pituitary microadenoma.

Cushing syndrome from nontumoral endogenous hy-
percortisolism (pseudo-Cushing syndrome).

The peripheral serum cortisol concentration after
the desmopressin stimulus ranged from 6.42 mcg/dL
atbaselineto 19.11 mcg/dL, anincrease of 198%, while
the basal ACTH concentration ranged from 83.14
pg/mL to 149.40 pg/ml, an increase of 79%. These re-
sults from peripheral samples favored the diagnosis
of ACTH-dependent Cushing syndrome rather than
nontumorous hypercortisolism. Still, they did not ex-
clude the possibility of an ectopic ACTH-producing
tumor that may express vasopressin receptors. In the
inferior petrosal sinus samples, the high central-to-
peripheral ACTH gradient confirmed the presence of
vasopressin receptors in a pituitary ACTH-secreting
tumor, confirming the diagnosis of cyclic CD (Table 2).

The patient underwent transsphenoidal resection
of the microadenoma. Immunohistochemical analysis
confirmed a corticotroph tumor with 80%-90% ACTH
positivity and 80% Tpit positivity in neoplastic cells.
She experienced clinical and biochemical remission
after surgery.

Table 1. Results showing ACTH-dependent intermittent hypercortisolism

Exams 2023 April May
Cortisol 357

ACTH 198.0

1 mg-DST 28.16 203
UFC 24h

June October November BIPSS
47.0 6.3 6.31
156.0

19(13-85) 51(36-137)

ACTH: adrenacorticotropic hormone in pg/mL; 1 mg-DST: 1 mg-dexamethasone suppression test; UFC: urinary free cortisol in ug/dL.
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Table 2. Results of samples collected from the inferior petrosal sinuses and peripheral veins

BIPSS Basal 1 minute 3 minutes 5 minutes 10 minutes 30 minutes
ACTHIPS L 756.2 1155.0 >1500.0 1454.0 > 1500.0

ACTH IPS R 316.0 387.0 368.0 1095.0 > 1500.0

ACTHP 83.1 58.8 73.0 715 1217 149.4
PRLIPS L 86.1

PRLIPS R 61.0

PRLP 13.9

Cortisol P 6.4 8.9 19.1

IPS L/P 9.1 19.6 205 18.7 0.9

IPS R/P 31 6.6 5.0 141 123

ACTH: adrenacorticotropic hormone in pg/mL; IPS: inferior petrosal sinus; L: left; R: right; P: peripheral; PRL: prolactin in ng/mL.

The most recent postoperative follow-up tests re-
vealed a 24-hour UFC of 23 ug/24 h (reference range:
13-85), a late-night salivary cortisol concentration
of 1.5 nmol/L (23:00 h; reference value < 7.6), and a
serum cortisol concentration of 0.7 pg/dL after dexa-
methasone suppression (reference value < 1,8).

DISCUSSION

This case illustrates that, in ACTH-dependent Cushing
syndrome, BIPSS with desmopressin stimulation may
help differentiate a pituitary from an ectopic ACTH
source, even during the eucortisolemic phases of cy-
clic Cushing syndrome.

First, it is worth noting that, because our patient
presented with a normal urinary free cortisol level on
the day of the BIPSS, the possibility of spontaneous re-
mission of CD could be considered. A recent system-
atic review of the literature evaluating cases of spon-
taneous remission in Cushing disease revealed that
tumor apoplexy is considered the most likely etiology
for this rare phenomenon (5); however, our patient did
not present clinical signs or radiological evidence of
pituitary apoplexy. Furthermore, the greatly elevated
ACTH levels in the petrosal sinuses before and after
desmopressin stimulation indicate the presence of an
ACTH-producing pituitary tumor, which was found
intraoperatively and confirmed histopathologically
with immunohistochemistry demonstrating ACTH
positivity in 80%-90% and T-Pit positivity in 80% of
the neoplastic cells, making spontaneous remission an
unlikely explanation for this patient.

A recent meta-analysis confirmed that perform-
ing BIPSS using desmopressin as a stimulus for ACTH

Arch Endocrinol Metab, 2026, v.70(4), 1-5, €260064.

secretion yields results comparable to those obtained
with CRH stimulation for determining the etiology of
ACTH-dependent Cushing syndrome (3).

Regarding the literature on cyclic Cushing syn-
drome, cases of misdiagnosis due to BIPSS with CRH
stimulation performed during periods without hy-
percortisolemia are common (6-8), sometimes falsely
suggesting EAS in patients with cyclic CD (7) or CD
in patients with EAS (6,7). Notably, these cases were
later confirmed histologically. Albani and cols. (6) re-
ported the case of a patient with cyclic EAS who, after
undergoing an initial BIPSS during the eucortisolemic
phase, underwent unnecessary pituitary surgery. The
true EAS diagnosis was confirmed only after a second
BIPSS was performed during the active phase of the
tumor.

According to a recent review by Nowak and cols.,
the positive and negative predictive values of BIPSS
with CRH decrease from 100% to 42% and from 100%
to 73%, respectively, when performed outside hyper-
cortisolemic phases (9). Therefore, BIPSS with CRH
stimulation should be performed only during an active
disease period. Additionally, notably, a sustained pe-
riod of hypercortisolism is necessary to suppress nor-
mal corticotroph function, which requires serial corti-
sol assessments before BIPSS with CRH stimulation is
performedinpatientswith cyclicACTH-dependent CS.
This requirement for hypercortisolism represents a
major challenge, significantly delaying diagnosis and
treatment (10).

Furthermore, some authors have reported that
the prevalence of cyclic Cushing syndrome is substan-
tial, ranging from 14% to 19% of patients with CD,
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suggesting that this condition is not as rare as previ-
ously believed (10-13).

Desmopressin is a vasopressin analog that is rela-
tively selective for V2 renal receptors but has a weak
affinity for V3 pituitary receptors in healthy individu-
als (14). However, due to the overexpression of va-
sopressin receptors in corticotroph adenomas and
some ectopic ACTH-secreting tumors, desmopressin
induces a rapid increase in ACTH release in affected
patients. By contrast, studies have shown that this
increase is absent in normal individuals or those with
non-neoplastic hypercortisolism (15,16).

With respect to the need for hypercortisolism
when performing BIPSS to investigate the source of
ACTH in ACTH-dependent Cushing syndrome, two
distinct pathophysiological scenarios can be consid-
ered: When corticotropin-releasing hormone (CRH) is
used as the stimulus, the ACTH response depends on
the expression of CRH receptors, which are present
in both pituitary corticotroph adenomas and normal
pituitary corticotroph cells. In this setting, sustained
hypercortisolism is required to suppress normal corti-
cotroph responsiveness; in its absence, CRH-induced
ACTH secretion from normal corticotrophs may oc-
cur, potentially leading to false-positive results and
a misdiagnosis of Cushing disease (17). By contrast,
when desmopressin is used as the stimulus, the ACTH
response is primarily determined by the expression
of vasopressin receptors, which are characteristically
overexpressed in ACTH-secreting pituitary adenomas
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but minimally or not expressed in normal cortico-
troph cells. Based on this physiological distinction,
the lack of suppression of CRH receptors in normal
corticotrophs by hypercortisolism is less relevant for
desmopressin-stimulated BIPSS, potentially allowing
discrimination between pituitary and ectopic ACTH
secretion even during periods of normocortisolism.

Supporting this concept, studies using desmopres-
sin stimulation on peripheral blood samples have dif-
ferentiated patients with CD from those with pseudo-
Cushing states, demonstrating that ACTH-producing
pituitary tumors respond to desmopressin, whereas
the normal pituitary gland does not (16).

Based on this observation, we question whether
desmopressin-stimulated BIPSS could have diagnos-
tic utility even when performed during the eucorti-
solemic phase. In this context, an increased central-to-
peripheral ACTH gradient would support a pituitary
source of ACTH secretion, which is consistent with
the presence of a corticotroph adenoma expressing
vasopressin receptors. Conversely, in ectopic ACTH-
producing tumors, desmopressin stimulation would
not be expected to generate a significant central-to-
peripheral ACTH gradient (Figure 2).

Hypercortisolism remains the standard prerequi-
site for BIPSS, and our findings should be interpreted
as an exploratory observation that provides a basis for
further evaluation by the scientific community. Thus,
further studies including patients with cyclic Cushing
disease during periods of eucortisolism are needed to
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EAS: ectopic ACTH syndrome; CD: Cushing’s disease; BIPSS: bilateral inferior petrosal sinus sampling.

Figure 2. Results of ACTH measurement after desmopressin infusion in patients with EAS (A) or CD (B). Because pituitary tumors are known
to express vasopressin receptors, increased ACTH in the petrosal sinus occurs only in patients with CD, regardless of cortisolemia.
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determine whether these results can be reproduced
and whether all these patients will respond to vaso-
pressin stimulation in the BIPSS.

CONCLUSION

Our case report suggests that BIPSS with desmopres-
sinstimulation might be used for the etiological diagno-
sis of ACTH-dependent cyclic Cushing syndrome, even
during the normocortisolemic phase. This strategy may
facilitate earlier diagnosis and treatment, mitigating
the challenges posed by the requirement for hypercor-
tisolism in conventional BIPSS with CRH stimulation.
However, further studies are needed to confirm these
findings and clarify their clinical applicability.
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ABSTRACT

Pheochromocytomas and paragangliomas (PPGLs) are rare catecholamine-secreting tumors that can affect systemic physiol-
ogy, including bone metabolism. Although they are typically associated with genetic syndromes such as MEN2 and von Hip-
pel-Lindau disease, PPGLs are not commonly linked to primary bone tumors. However, recent findings suggest a novel cancer
syndrome involving both PPGLs and giant cell tumor of bone (GCTB) through H3F3A mutations. We report a rare case of a
53-year-old woman with multicentric GCTB, initially diagnosed at age 24, who subsequently developed bilateral pheochro-
mocytomas. Following multiple recurrences of skeletal tumors and eventual leg amputation, imaging and biochemical evalua-
tion revealed bilateral adrenal tumors with markedly elevated catecholamine levels. Genetic analysis identified mosaicism for a
pathogenic H3F3A (G35W) variant in both adrenal and bone tumors. Surgical resection of both adrenal glands normalized cat-
echolamine levels and resolved hypertension. The patient has remained tumor-free and normotensive for five years following
adrenalectomy. This case supports the existence of a shared pathogenic mechanism linking PPGLs and GCTBs, likely mediated
by postzygotic H3F3A mutations. Recognition of this association is crucial for early diagnosis, genetic counseling, and manage-

ment of similar cases.

Keywords: Pheochromocytoma; paragangliomas; giant cell bone tumors; hypertension; genetic

INTRODUCTION

Pheochromocytomas and paragangliomas (PPGLs)
are rare tumors arising from neural crest cells and
are characterized by catecholamine secretion. These
tumors frequently exhibit genetic mutations affect-
ing various biological pathways, notably influencing
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bone metabolism via catecholamine excess, which
increases bone resorption and leads to secondary os-
teoporosis. Although PPGLs are commonly associated
with genetic syndromes such as Multiple Endocrine
Neoplasia type 2 (MEN2) and von Hippel-Lindau dis-
ease (1), pheochromocytomas are not typically linked
with primary bone tumors. However, a prior publica-
tion identified a novel cancer syndrome connecting
PPGLs with giant cell tumors of bone (GCT) through
specific genetic mutations (2). Additionally, case re-
ports in the literature have described occurrences of
PPGLs coexisting with giant cell bone tumors. These
discoveries highlight the need for further investiga-
tion into possible shared origins of these tumors, em-
phasizing the importance of understanding genetic
risk in affected individuals.
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CASE PRESENTATION

We present the case of a 53-year-old woman who was
initially diagnosed with a giant cell tumor of bone in
the right tibia in 1995 at the age of 24. During follow-
up, the tumor spread to various segments of her skele-
ton. In 2008, she began attending the outpatient clinic
of the Orthopedic Unit at the Clinical Hospital, with a
diagnosis of multicentric giant cell tumor of bone, as
confirmed by a 2015 scintigraphy examination and bi-
opsy fragments, which revealed a giant cell tumor of
bone with areas of necrosis and a fibrocystic pattern.
Due to multiple recurrences of the tumor in the right
tibia, she underwent several resections, ultimately
leading to a leg amputation in 2018, at the age of 47.
Additionally, during a chest and lung tomography per-
formed in the same period, two nodular images in the
region of the adrenal glands were detected, measur-
ing approximately 5.9 cm on the left and 4.5 cm on the
right. These findings were considered indeterminate
in this non-contrast study and were not further inves-
tigated at that time.

In 2019, on day 1, the patient began reporting epi-
sodes of headache, palpitations, and sweating, which
had begun six months prior. She was diagnosed with
hypertension at another clinic and was treated with
losartan 50 mg twice daily, which reduced but did not
normalize her blood pressure (140/90 mmHg). Her
headache episodes became more frequent and were
associated with thoracic discomfort.

On day 2, the patient presented to the emergen-
cy room with a hypertensive emergency (BP 240/

Right adrenal artery

Left adrenal artery

Pheochromocytoma and multicentric giant cell tumor of bone

120 mmHg), complicated by acute pulmonary edema
and myocardial injury, following the sudden onset of
severe dyspnea and chest pain during physiotherapy.
After stabilization on day 3, cardiac catheterization
confirmed a type Il myocardial infarction, excluding
coronary and renal artery obstruction. However,
findings of atypical adrenal vasculature prompted
bilateral adrenal angiography, which revealed large
masses in both adrenal glands (Figures 1A-1B).

Subsequently, a CT scan of the abdomen was per-
formed, revealing masses in the adrenal regions (40
Hounsfield units), measuring 10 cm in the left adrenal
gland and 8 cmin the right adrenal gland. Both masses
were compressing the kidneys. In this context, the pos-
sibility of pheochromocytoma was appropriately con-
sidered (Figure 1C). The suspicion of pheochromocy-
toma prompted confirmatory laboratory and specific
imaging tests. The results of the confirmatory labora-
tory tests are presented in Table 1. Positron emission
tomography/magnetic resonance imaging (PET/MRI)
with somatostatin analog (68Ga-DOTATATE) dem-
onstrated globular lesions in the adrenal glands with
heterogeneous radiopharmaceutical uptake, well-de-
fined margins, and regular contours. The left adrenal
lesion exhibited a markedly higher concentration of
radiopharmaceutical, measuring 8.0 x 6.2 x 5.5 cm (AP
x CC x LL) and displaced the tail of the pancreas an-
teriorly. The right adrenal lesion showed a moderate
concentration of radiopharmaceutical and measured
54 x 5.2 x 4.3 cm (AP x CC x LL), maintaining exten-
sive contact with the inferior vena cava. Additionally,

Left and right adrenal glands

Figure 1. Adrenal artery catheterization (A and B) and abdominal CT scan (C). A and B) Injection of contrast into the adrenal arteries highlighting
intense vascularization in the regions of the right and left adrenal glands, indicating the presence of bilateral tumor mass; C) Abdominal CT

scan evidencing large tumor masses in both adrenal glands.
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Pheochromocytoma and multicentric giant cell tumor of bone

Table 1. Plasma and urine catecholamine, plasma and urine metanephrine measurements pre-adrenalectomy

Variables Values Reference values
Plasma norepinephrine (pg/mL) 15,809 70-750 pg/mL
Plasma epinephrine (pg/mL) Undetectable 0-110 pg/mL
Plasma dopamine (pg/mL) Undetectable Undetectable
Plasma metanephrine (nmol/L) < 0.5 nmol/L

Urine norepinephrine (ug/24 h)
Urine epinephrine (ug/24 h)
Urine dopamine (ug/24 h)
Urine metanephrine (ug/24 h)

1,292

1,536

14-80 ig/24 h

0.5-20 yg/24 h

65-400 ig/24 h
0.05-1.2 ug/24 h

a focal area of discrete anomalous radiopharmaceuti-
cal accumulation was observed in the intramedullary
region of the left distal radius (Figure 2).

Additional laboratory evaluation showed normal
adrenal hormone levels (cortisol and aldosterone).
Laboratory tests revealed prediabetes, severe hy-
percholesterolemia (LDL-C 270 mg/dL), markedly el-
evated TSH (9.29 pUl/mL[0.55-4.78 pUl/mL] and low
FT4 0.86 ng/dL [0.93-1.7 ng/dL]) suggesting hypo-
thyroidism—normal renal function and electrolytes,
unremarkable complete blood count except mild leu-
kocytosis, and borderline-high triglycerides. Calcium
metabolism markers were within normal limits: PTH
33 pg/mL (10-65), vitamin D 21 ng/mL (>20), ion-
ized calcium 4.92 mg/dL (4.49-5.29), and phosphorus
4.2 mg/dL (2.7-4.5).

Evaluation for hypertensive target organ dam-
age showed on echocardiogram: aortic sinus 43 mm,
left atrium 36 mm, left ventricular diastolic diame-
ter 39 mm, systolic diameter 23 mm, interventricular
septum thickness 18 mm, left ventricular wall thick-
ness 10 mm, LV mass index 109 g/m?, and ejection frac-
tion 73% (Teicholz method), with normal valves and
pericardium. After this comprehensive evaluation,
bilateral pheochromocytomas were confirmed. Blood
pressure was controlled with prazosin and metopro-
lol; bilateral adrenalectomy was recommended.

Surgical procedure and patient evolution

The patient first underwent left adrenalectomy, fol-
lowed by right adrenalectomy seven days later. For
the left pheochromocytoma, histology identified two
adverse features(vascular and capsular invasion) each
contributing 1 point, for a total pheochromocytoma

Arch Endocrinol Metab, 2026, v.70(4), 1-5, €260065.

Figure 2. PET/MRI with somatostatin analog (68Ga-DOTATATE).
Whole-body PET/MRI scan with Somatostatin analog (68Ga-
DOTATATE) demonstrating heterogeneous radiopharmaceutical
uptake at the left adrenal region (measuring 8.0 x 6.2 x 5.5 cm; AP x
CCx LL), at theright adrenal region (measuringes 5.4 x 5.2 x 4.3 cm;
AP x CC x LL), and in the intramedullary region of the left distal
radius (indicated by the arrows).

of the adrenal scaled score (PASS) of 2. All other PASS
criteria were absent, including large nests/diffuse
growth (>10%) central or confluent necrosis, high cel-
lularity, cellular monotony, spindle cell component, >3
mitotic figures per 10 high-power fields, atypical mito-
ses, adipose tissue invasion, marked nuclear pleomor-
phism, and nuclear hyperchromasia. Surgical margins
were clear. For the right adrenal pheochromocytoma,
PASS evaluation showed large nests/diffuse architec-
ture (>10%) and high cellularity, each scoring 2 points,
for a total PASS of 4/20. All other criteria were ab-
sent, including central or confluent necrosis, cellular
monotony, spindle cell component, increased mitotic
activity (>3/10 HPF), atypical mitoses, adipose tissue
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invasion, vascular invasion, capsular invasion, marked
nuclear pleomorphism, and nuclear hyperchromasia.

Pathological exams confirmed the presence of the
bilateral pheochromocytoma, with positivity Tumor
cells were positive for Chromogranin, Synaptophysin,
and S100 (in sustentacular cells in the left adrenal and
focal areas in the right adrenal). Ki-67 proliferation
index was 3-5% in the left and 1-2% in the right adre-
nal. Mosaicism for the pathogenic H3F3A ¢.103G>T/p.
G35W variant was observed with bilateral pheochro-
mocytomas and recurrent bone giant cell tumors.
Both pheochromocytomas harbored this H3F3A vari-
ant, which was also found in a low allele frequency
(<10%) in germline DNA. Germline DNA was analyzed
using a targeted next-generation sequencing panel for
pheochromocytoma susceptibility genes, and the re-
sults were negative for RET.

The patient’s variant (p.G35W) corresponds to the
canonical H3F3A hotspot mutation historically re-
ferred to as p.G34W. There is no difference between
the mutations themselves; the discrepancy arises
solely from nomenclature. The updated HGVS guide-
lines recommend numbering based on the full-length
reference sequence, including the initiator methio-
nine, which shifts the amino acid position by +1. Under
this updated system, the traditional p.G34W is now
designated as p.G35W.

Four days after left adrenal removal, 24-hour urine
catecholamines, plasma metanephrine, and 24-hour
urine metanephrine were measured. Three days af-
ter right adrenal removal, a 24-hour urine sample was

Pheochromocytoma and multicentric giant cell tumor of bone

collected for catecholamine and metanephrine mea-
surements (Table 2).

During surgery, part of the normal left adrenal
parenchyma was preserved. For this reason, the pa-
tient does not require fludrocortisone replacement.
Over the course of follow-up, she has maintained nor-
mal sodium and potassium levels, as well as renin at
26 plU/mL (4.4-46.1 pylU/mL), with normal blood pres-
sure and no orthostatic hypotension. The patient is
receiving hydrocortisone supplementation and is tak-
ing atorvastatin 40 mg daily for cholesterol control.
The most recent LDL-cholesterol value, measured in
November 2024, was 104 mg/dL. Following adrenal
resection, the white blood cell count decreased to
6,290 mm?®. Plasma metanephrine and normetaneph-
rine levels have remained stable and within normal lim-
its during five years of follow-up (Table 2). The patient
has not experienced recurrence of the giant cell tumor.

Plasma metanephrines during five years of fol-
low-up were as follows: metanephrine <0.2 nmol/L
in 2022, 0.2 nmol/L in 2023, <0.2 nmol/L in 2024;
normetanephrine 0.5 nmol/L in 2022, 0.6 nmol/L in
2023, and 0.5 nmol/L in 2024. Post-adrenalectomy,
the patient became normotensive off medication, and
follow-up echocardiography showed regression of left
ventricular hypertrophy.

DISCUSSION

Pheochromocytomas and paragangliomas are rare
catecholamine-secreting tumors of neural crest origin,
arising from sympathetic lineage cells in the adrenal

Table 2. 24-Hour urine catecholamines and plasma and urine metanephrine measurements after left and right adrenalectomy, respectively

Variables
Catecholamines and metanephrine levels after removal of left adrenal gland
Plasma metanephrine (nmol/L)
Urine norepinephrine (ug/24 h)
Urine epinephrine (ug/24 h)
Urine dopamine (ug/24 h)
Urine metanephrine (ug/24 h)
Catecholamines and metanephrine levels after removal of right adrenal gland
Urine norepinephrine (pg/24 h)
Urine epinephrine (ug/24 h)
Urine dopamine (ug/24 h)
Urine metanephrine (ug/24 h)

Values Reference values
0.8 < 0.5 nmol/L
279 14-80 pg/24 h
Undetectable 0.5-20 pg/24 h
651 65-400 pg/24 h
6.3 0.05-1.2 pg/24 h
18 14-80 pg/24 h
Undetectable 0.5-20 ug/24 h
232 65-400 pg/24 h
0.27 0.05-1.2 pg/24 h
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medulla and paraganglia, respectively. Notably, over
40% of pheochromocytomas are caused by dominant
driver mutations in various susceptibility genes, af-
fecting multiple biological pathways (3).

Pheochromocytomas significantly influence bone
metabolism via catecholamine excess, which drives
bone resorption and secondary osteoporosis, as
shown in numerous studies (4-7). This is primarily at-
tributed to sympathetic overstimulation, which dis-
rupts bone microarchitecture, resulting in increased
bone fragility, particularly in trabecular bone (6-9).
Disabling bone pain has been reported in malignant
pheochromocytoma (10). Pheochromocytomas are
commonly associated with genetic syndromes, in-
cluding MEN2, von Hippel-Lindau disease, and neu-
rofibromatosis type 1 (1,11); however, these do not
generally include primary bone tumors within their
clinical spectrum. Therefore, the correlation between
pheochromocytomas and primary bone tumors is not
well established in the medical literature.

Recent studies investigating the molecular biol-
ogy of PPGLs have identified a novel cancer syndrome
linking PPGLs and GCT (3), attributed to a postzygotic
G34W mutationin the histone 3.3 gene, H3F3A. These
findings suggest that chromatin architecture changes
in a substantial subset of PPGLs may be mediated by
diverse mechanisms—including direct mutations of
chromatin modifiers. In the context of histone 3.3 mu-
tations, this misregulation manifests within a distinct
clinical and developmental framework. The unique
postzygotic H3.3 mutation pattern seen in our cases,
previously unreported in other H3.3-mutant tumors,
warrants further investigation into possible common
progenitors for sympathetic lineage and bone tumors.
This finding has important implications for assessing
mutation transmission risk in affected individuals.

CONCLUSION

This case provides compelling evidence for PPGL-
GCTB syndrome caused by mosaic H3F3A muta-
tions. Our findings underscore the importance of
considering genetic testing in patients presenting
with concurrent rare tumors, as this is essential for

Arch Endocrinol Metab, 2026, v.70(4), 1-5, €260065.
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accurate diagnosis, genetic counseling, and long-term
management.
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Dear Editor,

We read with great interest the article by Catak and
cols. entitled “Evaluation of three inflammation-
associated blood indices for predicting malignancy
in thyroid nodules” (1). The authors should be com-
mended for their comparative evaluation of systemic
inflammatory indices, including the systemic immune-
inflammation index (Sll), systemic inflammation re-
sponse index (SIRI), and pan-immune-inflammation
value (PIV).

However, we believe that the prognostic assess-
ment presented in the study is methodologically lim-
ited. The associations between inflammatory indices
and tumor-related features in the malignant cohort
were evaluated solely using Pearson or Spearman
correlation analyses. While these methods are use-
ful for identifying simple associations, they do not ac-
count for potential confounding variables and are in-
sufficient to establish independent prognostic value.
In particular, binary clinical outcomes such as lymph
node metastasis or advanced stage require regres-
sion-based modeling.

Furthermore, the absence of receiver operating
characteristic (ROC) analyses and multivariate regres-
sion models for prognostic endpoints is noteworthy.
Therefore, the lack of significant prognostic findings
may reflect methodological limitations rather than a
true absence of association.
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In contrast, in our study including 376 patients
with differentiated thyroid carcinoma, PIV demon-
strated significant discriminative ability for distant
metastasis and ATA high-risk category, and emerged
as an independent risk factor in multivariate analy-
ses (2). These findings suggest that PIV may reflect
tumor aggressiveness within malignant cohorts rath-
er than serving as a diagnostic discriminator.

Additionally, we found that absolute monocyte
count (AMC) was significantly associated with TNM
stage, ATA high-risk category, and distant metas-
tasis (2). This observation provides an important
perspective on the authors’ suggestion that the
monocyte component of PIV may introduce hetero-
geneity. On the contrary, given the well-established
role of monocyte-derived tumor-associated mac-
rophages in tumor progression and metastasis, the
monocyte component may represent a key biologi-
cal driver of the prognostic signal captured by PIV.

In conclusion, we believe that the clinical utility of
inflammatory indices depends on the appropriate def-
inition of their intended context. While these markers
may have limited value in distinguishing benign from
malignant nodules, they may be more useful in identi-
fying aggressive disease and high-risk patients within
malignant populations. Accordingly, prognostic evalu-
ations should be performed using appropriate statis-
tical methodologies and clinically relevant endpoints.
Funding: this research did not receive any specific grant from

funding agencies in the public, commercial, or not-for-profit
sectors.
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Dear Editor,

We would like to thank Oztiirk for their interest in our
study and for their thoughtful comments regarding
the prognostic implications of inflammation-associat-
ed indices (1).

As correctly pointed out, regression-based mod-
els and receiver operating characteristic analyses are
valuable tools for evaluating independent prognostic
performance. However, we would like to clarify that
the primary aim of our study was to investigate the
diagnostic utility of systemic inflammatory indices in
differentiating benign from malignant thyroid nod-
ules, rather than their prognostic significance within
malignant cases (2).

In our cohort, exploratory analyses performed
within the malignant group did not reveal significant
associations between the evaluated indices and tu-
mor-related features. In accordance with standard
statistical methodology, further multivariate analyses
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were not performed in the absence of significant find-
ings in univariate analyses. Therefore, our findings
should be interpreted as indicating that no significant
prognostic association was identified in our dataset,
rather than definitively excluding a possible prognos-
tic role for these indices.

We also acknowledge that the relatively limited
number of patients with advanced disease character-
istics, particularly distant metastasis, may have re-
duced the statistical power to detect subtle prognos-
tic associations. In this regard, previously published
studies demonstrating the prognostic value of PIV in
larger cohorts provide important contributions to the
literature (3).

In conclusion, while our findings mainly support the
potential diagnostic value of systemic inflammatory
indices, further large-scale prospective studies focus-
ing specifically on prognostic outcomes are needed to
better clarify their potential clinical utility in thyroid
malignancies.

Disclosure: no potential conflict of interest relevant to this ar-
ticle was reported.

Data availability: datasets related to this article will be avail-
able upon request to the corresponding author.
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