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Sex hormone-binding globulin has recently emerged as
a promising biomarker and is increasingly recognized as a potential predictor of
type 2 diabetes mellitus (T2DM) and metabolic dysfunction. Genetic
polymorphisms in the SHBG gene may influence circulating SHBG concentrations,
thereby contributing to susceptibility to metabolic disorders. This study aimed to
investigate the association between SHBG gene polymorphisms, circulating SHBG
levels, and metabolic dysfunction in an Iraqi population.

This case-control study included 600 participants. Serum
SHBG concentrations were quantified using a commercially available enzyme-linked
immunosorbent assay (ELISA), while other biological parameters were measured
using standardized laboratory methods. Genotyping of the SHBG polymorphisms
rs1799941 and rs6257 was performed using TagMan real-time polymerase chain
reaction assays. Statistical analyses included the chi-square test, multinomial logistic
regression, two-way analysis of covariance (ANCOVA), and ROC curve analysis to
evaluate genotype distributions, associations, and the diagnostic performance of
circulating SHBG levels.

Serum SHBG concentrations decreased progressively across the metabolic
continuum, from healthy controls to individuals with insulin resistance (IR) and
patients with T2DM (P < 0.001). Genotype distribution analysis revealed that the
rs1799941 AA and rs6257 CC genotypes were significantly associated with an
increased susceptibility to T2DM (P < 0.001). Furthermore, both polymorphisms
independently influenced circulating SHBG concentrations (P =4.7 x 102 and P =
0.03, respectively). Circulating SHBG demonstrated excellent discriminatory
performance for distinguishing patients with T2DM from healthy controls, with an
area under the curve (AUC) of 0.928 (95% CI: 0.903-0.953).

A significant association was observed between decreased circulating
SHBG concentrations and metabolic changes or T2DM. Both concentrations of
SHBG in serum and risk of T2DM are independently correlated with the SHBG
polymorphisms rs1799941 and rs6257.

Sex hormone-binding globulin; 1s1799941; rs6257; Insulin resistance;
Type 2 diabetes mellitus.
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1. Introduction

Diabetes mellitus is one of the most prevalent chronic
metabolic disorders worldwide. According to estimates
from the International Diabetes Federation (IDF) and Sun
Life, more than 600 million people were at high risk of
developing diabetes in 2026 (1). More than 90% of
affected individuals have T2DM, a condition typically
preceded by IR and relative insulin deficiency. The
continuously increasing prevalence of T2DM, together
with its substantial burden of morbidity, premature
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mortality, and healthcare costs, has made it a major global
public health challenge (2).

The pathogenesis of T2DM is characterized by a gradual
continuum of metabolic abnormalities, with insulin
resistance representing the earliest detectable defect
before the onset of overt hyperglycemia. Persistent
impairment of insulin sensitivity increases the functional
demand on pancreatic B-cells, leading to progressive [3-
cell dysfunction and, ultimately, the clinical manifestation
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of T2DM. Although excess adiposity, sedentary lifestyle,
and genetic predisposition are well-established risk
factors for disease development (3), accumulating
evidence indicates that additional molecular and
biochemical mechanisms play pivotal roles in the
development and progression of insulin resistance and
T2DM. Interest in sex hormone-binding globulin has
increased substantially over the past decade because of its
biological functions and emerging role in metabolic
diseases. SHBG is a glycosylated homodimeric plasma
glycoprotein synthesized predominantly by hepatocytes.
It binds sex steroids, including testosterone and
dihydrotestosterone (DHT), with a higher affinity than
estradiol, thereby regulating their bioavailability and
biological activity (4). Although SHBG was traditionally
regarded primarily as a transport protein for circulating
sex hormones, it is now increasingly recognized as an
important ~ biomarker  associated  with  glucose
homeostasis, insulin resistance, and T2DM (5).
Numerous epidemiological and clinical studies have
demonstrated  that reduced circulating SHBG
concentrations are associated with obesity, metabolic
syndrome, insulin resistance, and an increased risk of
developing T2DM across diverse populations (6-8).
Consequently, circulating SHBG has emerged as a
promising biomarker of metabolic dysfunction, with
evidence suggesting that it may improve the prediction of
T2DM beyond conventional clinical and biochemical risk
factors (9). Furthermore, polymorphisms in the SHBG
gene have been reported to influence circulating SHBG
concentrations and may contribute not only to metabolic
disorders but also to interindividual differences in
susceptibility to these conditions. The SHBG gene is
located on chromosome 17pl13. Among its genetic
variants, rs1799941, located in the promoter region, and
rs6257, located within an intronic region, have been
extensively investigated because of their reported
associations with SHBG gene expression and circulating
protein concentrations (10). These polymorphisms have
been linked to alterations in circulating SHBG levels,
msulin resistance, T2DM, and related metabolic
phenotypes (11). However, the findings have been
inconsistent across different populations (8). Such
discrepancies may reflect differences in genetic
background, ancestral origin, environmental exposures,
participant  characteristics, and  methodological
approaches among  studies.  Although several
investigations have examined SHBG polymorphisms and
circulating SHBG concentrations in European and East
Asian populations, evidence from Arab and Middle
Eastern populations remains limited. In particular, data
regarding the associations of the rs1799941 and rs6257
variants with insulin resistance, circulating SHBG
concentrations, and T2DM in Iraqi individuals are scarce
(12). Given the genetic diversity and the unique
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environmental and lifestyle characteristics of Middle
Eastern populations, the applicability of findings from
other ethnic groups to this population remains uncertain
(13).

Therefore, the influence of SHBG genetic variation on
circulating SHBG concentrations and metabolic
dysfunction across different ethnic populations has not yet
been fully elucidated. These inconsistencies should be
considered carefully, as genetic background and
environmental factors may modify the biological effects
of individual alleles and their frequencies within different
populations (14).

We hypothesized that the SHBG gene polymorphisms
rs1799941 and rs6257 influence circulating SHBG
concentrations and are independently associated with
insulin resistance and T2DM among Iraqi adults.
Accordingly, this study aimed to investigate the
relationships among circulating SHBG concentrations,
SHBG gene polymorphisms (rs1799941 and rs6257),
insulin resistance, and T2DM in an Iraqi population. We
further examined whether these genetic variants were
independently associated with susceptibility to metabolic
dysfunction and circulating SHBG concentrations after
adjustment for relevant clinical and metabolic covariates.
In addition, we evaluated the interaction between the two
polymorphisms to determine whether their combined
effects differed from those expected under an additive
genetic model.

We further hypothesized that reduced circulating SHBG
concentrations, in combination with risk-associated
SHBG genotypes, would be associated with progression
from insulin resistance to overt T2DM.

2. Materials and Methods
2.1 Study Setting and Population

This hospital-based case-control study was conducted
between December 2025 and April 2026 at the Center for
Diabetes and Endocrinology, Medical City of Al-Sadr,
Najaf Health Directorate, Najaf, Iraq.

Eligible participants with IR or T2DM were consecutively
recruited from the Diabetes and Endocrinology Center
during the study period. Healthy controls were recruited
concurrently from individuals attending the same
institution for routine health examinations and were
confirmed to have no history of diabetes or insulin
resistance based on clinical evaluation and laboratory
investigations.

A total of 600 adult participants were enrolled and equally
allocated into three study groups: 200 healthy controls,
200 individuals with insulin resistance, and 200 patients
with T2DM, as illustrated in Figure 1.

To minimize the influence of potential confounding
factors, demographic variables, including age and sex,
were adjusted for in the multivariable statistical analyses.
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Figure 1. A Diagram for Study Flow. (Prepared by Authors, 2026).

All the participants were enrolled during standard
outpatient visits. Demographic data, medical history,
anthropometric measurements, and all results obtained
in laboratory collected by using a structured case report
form. Body mass index (BMI) = weight, in kilograms/
(height in meters) 2 (kg/m?).

According to the American Diabetes Association
(ADA) Standards of Care in Diabetes-2025, the
diagnosis of T2DM case was established (14). Insulin
resistance was defined as HOMA-IR >2.5, in
accordance with the previous published criteria (15).

2.2 Eligibility Criteria

Adults aged >18 years who presented to the Diabetes and
Endocrinology Center during the study period were
enrolled in this cohort. Categorized groups of the
participants were healthy controls, individuals with IR,
and patients with T2DM.

Selection of healthy controls according to whether they
were free from past history of diabetes or any other major
metabolic disorder, with normal FBG, HbAlc and
HOMA-IR values (< 2.5).

The IR group consisted of subjects with a HOMA-IR
value >2.5 who did not meet the diagnostic criteria for
T2DM according to the ADA ,on the other hand, the
T2DM group were participants whom coincide with 2025
clinical diagnostic criteria for type 2 diabetes mellitus and
met ADA (14).
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Excluded case were: patients with type 1 diabetes
mellitus, gestational diabetes, pregnancy, chronic liver or
kidney disease and thyroid disorders, a history of active
malignancy, acute or chronic inflammatory conditions,
and any disorder that could affect glucose metabolism or
circulating SHBG concentrations. Other excluded
statuses were those whom treated with drugs that
significantly affect SHBG levels (androgen replacement
therapy, estrogen-containing compounds, or systemic
glucocorticoids).

2.3 Clinical and Anthropometric Assessment

Baseline demographic and clinical characteristics,
including age, sex, medical history, medication use
treatment, and Family History Study (FHS) of diabetes
was collected by means of a previously standardized case
report form. Anthropometric measurements consisted of
body weight and height. Measurements of fasting glucose
concentration (FGC) were retrieved from the medical
records of the Center of Diabetes and Endocrinology
participants in the IR and patients T2DM groups. The
trained healthcare personnel measured body weight and
height directly by standard procedures in control group.
By using a calibrated digital scale, with participants
wearing light clothing and no shoes, the body weight was
measured to the nearest 0.1 kg. Additionally, by using a
wall-mounted stadiometer the height of participants was
measured to the nearest 0.1 cm. Subsequently, body mass
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index was determined as weight in kilograms divided by
the square of height in meters (kg/m?) (16).

2.4 Blood Sample Collection

Aseptic blood specimen was taken from peripheral vein,
after fasting period of about 10h in standardized
conditions. After that two aliquots were isolated from the
collected specimens.

The first aliquot transferred to serum separator tubes for
biochemical analysis. After that, these specimens were
centrifuged at 2,000 rpm for 10 minutes. Centrifuged
samples were either analyzed immediately or preserved at
-20°C until subsequent analysis (17). The second aliquot
was transferred to EDTA tubes to extract genomic DNA,
which will subsequently be used to genotype SHBG
polymorphisms. All procedures and storage criteria were
carried out according to the instructions followed by
universally accepted laboratory protocols, regarding both
the integrity of specimen and reliability of laboratory
analysis. (18-19).

2.5 Biochemical Measurements

Serum biochemical parameters were measured using
commercially available enzymatic assay kits (Spinreact,
Girona, Spain) on a COBAS Integra® 400 Plus
automated  clinical chemistry analyzer (Roche
Diagnostics, Mannheim, Germany), in accordance with
the manufacturers' instructions (20-21). The analyzed
biochemical parameters included fasting blood glucose
(FBG), total cholesterol (TC), triglycerides (TG), high-
density lipoprotein cholesterol (HDL-C), and low-density
lipoprotein  cholesterol (LDL-C). Serum glycated
hemoglobin (HbAlc) and fasting insulin concentrations
were determined using Roche Diagnostics immunoassay
kits according to the manufacturer's recommended
protocols.

By using the Homeostasis Model Assessment of Insulin
Resistance (HOMA-IR), Insulin resistance was
determined and calculated according to the following

equation:
HOMA-IR = [Fasting insulin (ulU/mL) % Fasting blood
glucose (mg/dL)] / 405

Serum SHBG concentrations were determined using a
human SHBG ELISA kit (Sigma-Aldrich, USA; Cat. No.
RABO0734), while the serum ApoB levels were measured
with a human ApoB ELISA kit (Invitrogen™, Thermo
Fisher Scientific, USA; Cat. No. EEL156). Assays were
performed in accordance with the manufacturers'
instructions, and all measurements carried out under
standardized laboratory conditions.

2.6 DNA Extraction and Genotyping

Using the Add Prep Genomic DNA Extraction Kit (Add
Bio, Korea) genomic DNA was extracted from peripheral
whole blood samples collected in EDTA tubes in
accordance with the manufacturer's instructions. The
purity and concentration of DNA were assessed
spectrophotometrically ~ using a  Bio Drop
spectrophotometer (Bio Drop Ltd., Cambridge, UK) for
quality evaluation of DNA samples. Affirming the
integrity of the extracted DNA was performed by
electrophoresis using 1% agarose gel.
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The two studied polymorphisms [rs1799941 (G>A) and
rs6257 (T>C)] were selected depending on their
associations with circulating SHBG concentrations and
metabolic changes effect, previously reported in other
populations. The investigated variants correspond to
dbSNP accession numbers rs1799941 and rs6257, which
were verified using the NCBI dbSNP database. (22).
TagMan® SNP  Genotyping Assays (Applied-
Biosystems, Thermon-Fisher Scientific, Foster City/ CA,
USA), on the Mx3005P Real-Time PCR System (Agilent
Technologies, Santa Clara, CA, USA) Genotyping was
performed for genotyping and allele discrimination.
Genotyping of the SHBG polymorphisms (rs1799941 and
rs6257) was performed using real-time PCR. The thermal
cycling protocol consisted of an initial denaturation at
95°C for 5 min, followed by 40 amplification cycles of
denaturation at 95°C for 20 s, annealing at 60°C for 50 s,
and extension at 72°C for 30 s.

This qPCR with fluorogenic (FAM and VIC labeled)
probes was allowed for allelic discrimination; after
amplification, thresholds were assigned for genotype and
alleles calls automatically (23).

To ascertain and confirm the genotyping accuracy and
reproducibility, about 10% of DNA specimens were
randomly chosen for the blinded repeat analysis, with a
rate of concordance of greater than 99%.

All PCR runs included no-template controls; the overall
genotype call rate was 98%.

2.7 Statistical Analysis

By utilizing the IBM SPSS Statistics [v 25.0 (IBM Corp.,
Armonk, NY, USA)] all the data were analyzed. For the
continuous variable’s normality, Shapiro—Wilk test was
used for assessing where normal distribution were
presented as the mean + standard deviation (SD), whereas
median and interquartile range (IQR) was used to report a
non-normally distributed variable. For categorical
variables, frequencies and percentages are presented. A
two-sided P-value < 0.05 was statistically significant.
Comparisons between the three study groups were
conducted using one-way ANOVA with Tukey's post hoc
test for normally distributed continuous variables.
Alternatively, the Kruskal-Wallis's test with Dunn's
multiple-comparison test to analyze non-normally
distributed variables. For categorical variables and
genotype distribution between groups, Pearson's chi-
square test was performed.

By using chi-square goodness-of-fit test and to evaluate
for deviation of genotype frequencies, the Hardy—
Weinberg equilibrium (HWE) was assessed in the control
group. Associations between SHBG polymorphisms and
metabolic status were analyzed with multinomial logistic
regression analysis adjusted for age. Age was chosen as
the main covariate in order to control for a major
difference between the groups and BMI was not included
in the primary model due to its close physiological link
with insulin resistance and T2DM, where adjusting for it
may lead to over-adjustment of genetic associations
examined.

Two-way analysis of covariance (ANCOVA) was
performed after adjustment for age, BMI, and HOMA-IR
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was used to evaluate the independent and combined
effects of 151799941 and rs6257 on circulating SHBG
concentrations

Pairwise post-hoc comparisons following ANCOVA
were performed using the Bonferroni correction to adjust
for multiple testing.

Additionally, the ROC curve analysis was involved to
assess the discriminatory performance of circulating level
of serum SHBG in order to distinguish and discriminate
patients with T2DM from healthy controls.

By using the Youden index, the optimal cut-off value was
determined. Accordingly, area under the curve was
reported with corresponding 95% confidence intervals
(95% CI).

3. Result

The baseline demographic and clinical characteristics of
study participants were exhibited in Table 1. Most
anthropometric and biochemical variables differed
significantly among the three study groups. Participants
with IR and T2DM showed increasing levels of BMI,
FBG, HbA c, fasting insulin, HOMA-IR, TG and ApoB
compared to healthy controls, all P <0.001). In contrast,
less-so for HDL-C and serum SHBG concentrations, they
fell gradually through the spectrum moving from controls
to IR to T2DM (both P <0.001). The three groups differed
significantly in age, with participants from the IR and
T2DM groups being older than healthy controls (P <
0.001), while sex distribution was similar across the study
population (P = 0.232).

Table 1. The study population baseline demographic, anthropometric, and biochemical characteristics

Variable Controls (n =200) IR (n =200) T2DM (n = 200) P value

Age (years) 38.00 (32.0-45.0) 48.00 (40.0-55.0) 55.0 (49.0-62.0) <0.001

Sex, n (%) 0.232

Male 107 (53.5) 90 (45.0) 97 (48.5)

Female 93 (46.5) 110 (55.0) 103 (51.5)

BMI (kg/m?) 23.00 (21.40-24.52) 30.20 (28.5-32.0) 34.10 (31.10-35.90) <0.001

FBG (mg/dL) 85.50 (80.25-90.80) 1071'?(2) (115(;0'85_ 199.20 (166.50-235.80) <0.001

HbAlc (%) 5.10 (4.90-5.30) 6.00 (5.80-6.20) 8.85 (7.80-10.20) <0.001

Fasting insulin

(uIU/mL) 6.70 (5.40-8.30) 21.70 (17.30-24.20) 28.20 (22.20-33.75) <0.001

HOMA-IR 1.46 (1.14-1.81) 5.68 (4.59-6.43) 13.79 (10.91-17.58) <0.001

Total

cholesterol 160.90 (150.93-175.07) Al e DAL 266.90 (236.80—287.80) <0.001
225.20)

(mg/dL)

Triglycerides 213.60 (185.45—

(mg/dL) 106.70 (88.20—-119.80) 241.05) 328.90 (287.10-374.90) <0.001

HDL-C

(mg/dL) 54.80 (49.90-60.10) 39.85 (36.05-43.80) 33.10 (29.50-37.45) <0.001

LDL-C 128.65 (113.15—

(mg/dL) 86.50 (74.35-99.65) 141.22) 165.70 (140.25-188.90) <0.001

Apolipoprotein 8 117.30 (106.65— B

B (mg/dL) 75.15 (63.42-83.38) 130.45) 161.75 (140.25-179.28) <0.001

Serum SHBG 4597 £8.30 36.73 £7.41 29.84 +£7.59 <0.001

(nmol/L)

3.1 Serum SHBG Levels Among Control, IR, and
T2DM Groups

The serum SHBG concentrations were significantly
different among the groups, as also shown in Table 2. A
statistically significant overall difference was observed (P
< 0.001) was observed in Kruskal-Wallis’s test analysis,
with Dunn's multiple-comparison test confirming
significant pairwise differences between populations (all
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P-values < 0.001). The concentration of SHBG was
decreased from the healthy controls to individuals with IR
and patients with T2DM, giving an inverse relationship
across the spectrum of metabolic dysfunction.

The distribution of serum SHBG concentrations was
shown in violin plot as illustrated in Figure 2, were both
progressive downward shift in SHBG levels as well as the
spread individual values within each study group.
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Serum SHBG Levels in Control, IR, and T2DM Groups
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Figure 2. Violin plot of serum SHBG concentrations in three groups. (Prepared by Authors, 2026).

3.2 Genotype and Allele Distribution

As shown in Table 2, the genotype distributions of both
SHBG polymorphisms (rs1799941 and rs6257) were
significantly different among all three study groups. For
rs1799941, the frequency of the AA genotype gradually
increased from healthy controls to IR and T2DM groups,
while the GG genotype was less frequent in those three
groups respectively. The same distribution pattern to
1s6257 was noted, in which participants with T2DM had

a higher frequency of the CC genotype than did healthy
controls (all P <0.001).

Analysis of the allele distributions confirmed that
individuals with metabolic dysfunction have significantly
greater frequencies of the putative risk alleles than healthy
controls. The genotype distributions of the control
subjects for rs1799941 and rs6257 complied with [Hardy-
Weinberg equilibrium] (P = 0.266 for rs1799941; P =
0.075 for rs6257).

Table 2. The study groups’ genotype and allele frequencies of SHBG gene polymorphisms (rs1799941, rs6257).

Genotype /
Allele

Control (n = 200)

IR (n = 200)

T2DM (n =200)

rs1799941 AA

27 (13.5%)

AG 83 (41.5%)

GG 90 (45.0%)

A allele 137 (34.3%)

G allele 263 (65.8%)

rs6257 cC 22 (11.0%)
CT 72 (36.0%)

TT 106 (53.0%)

C allele 116 (29.0%)

T allele 284 (71.0%)

25 (12.5%) 52 (26.0%)
98 (49.0%) 96 (48.0%)

77 (38.5%) 52 (26.0%) 24714 <0.001
148 (37.0%) 200 (50.0%) — —
252 (63.0%) 200 (50.0%) — —
26 (13.0%) 44 (22.0%)

92 (46.0%) 89 (44.5%)

82 (41.0%) 67 (33.5%) 20821  <0.001
144 (36.0%) 177 (44.3%) — —
256 (64.0%) 223 (55.8%) — —

Note: P-value <0.05 was considered statistically significant.
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3.3 Logistic Regression Analysis

After adjusting for age, multinomial logistic regression
analysis showed that both polymorphisms in the SHBG
were independently associated with T2DM susceptibility
(Table 3). Carriers with metabolic factors associated with
the reference genotypes had 4.8-fold odds (OR) of T2DM
carrying the rs1799941 AA genotype and 3.8-fold higher
OR of T2DM carrying the rs6257 CC genotype.

In the insulin-resistant group, the relationship was weaker.
Results after adjustment for age, the heterozygous CT
genotype of rs6257 was significantly associated with IR
(P =.026), whereas no statistical association was detected
between the AA genotype of rs1799941 and IR. This
indicates that the genetic impact of both polymorphisms
shines through at a later post-insulin resistance stage,
when diabetes is overt.

Table 3. Multinomial Logistic Regression Analysis of the Association between SHBG Gene Polymorphisms and Insulin Resistance or

Type 2 Diabetes Mellitus (Control Group as the Reference Category).

Variable Comparison Adjusted OR (95% CI)
IR vs Control
Age anrczz’se:r 1.17 (1.13-1.21)
rs6257 CCvsTT 1.7 (0.837-3.59)
CTvsTT 1.8 (1.141-3.10)
rs1799941 AA vs GG 1.5 (0.752-3.21)
AG vs GG 1.2 (0.754-2.02)

P-value Adjusted OR (95% CI) P-value
T2DM vs Control
<0.001 1.3 (1.253-1.36) <0.001
0.139 3.8(1.712-8.87) 0.001
0.013 2.7 (1.486—4.98) 0.001
0.234 4.8(2.139-10.92) <0.001
0.400 1.498 (0.819-2.738) 0.189

Note: P-value < 0.05 was considered statistically significant.

3.4 Independent Effects of SHBG Polymorphisms on
Serum SHBG Concentrations

Associations of 151799941 and rs6257 with circulating
SHBG concentrations were assessed by two-way
ANCOVA adjusted for age, BMI, and HOMA-IR (Table
4; Figure 3). Both polymorphisms had independent
effects on serum SHBG concentrations, but the effect of
interaction was not significant (interaction P = 0.330).

It was confirmed that individuals carrying the AA
genotype of rs1799941 had significantly higher
circulating levels of SHBG compared with GG genotype
carriers and carriers of the CC genotype of rs6257 had
significantly lower plasma concentrations than TT
homozygotes. It was concluded that there was lack of
significant interaction between rs1799941 and rs6257
effects on circulating serum SHBG levels in an
independent/additive rather than synergistic manner.
According to Cohen's benchmarks, rs6257 demonstrated

a moderate effect size (partial 0> = 0.061), whereas
rs1799941 (partial n? = 0.042) and the interaction term
(partial n? = 0.012) showed small effect sizes.

3.5 Independent Effects of SHBG Polymorphisms on
Serum SHBG Concentrations

Independent effects of rs6257 (P < 0.001) and rs1799941
(P < 0.001) on serum SHBG concentrations were
confirmed using two-way ANCOVA adjusted for age,
BMI, and HOMA-IR. The adjusted SHBG concentrations
in individuals carrying the TT genotype of rs6257 were
higher than CC-genotype carriers. Similarly, elevated
adjusted SHBG concentrations were associated with the
rs1799941 GG genotype. The interaction between rs6257
and rs1799941 was not significant (P = 0.330),
demonstrating that effects of each polymorphism on
SHBG concentrations were independent. Table 4 and
Table 5 displays the estimated marginal means, and
Figure 3 depicts the interaction plot.

-
§45- 9 AA
g k3 AG
E 40 ] “
g £ 4
' —9

35+ -
V)
@
I
0 30+
3 .
g ] 1 L
) cC CT 1T
<
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Figure 3. Average marginal means of serum SHBG by rs6257 and rs1799941 genotypes. (Prepared by Authors, 2026).
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Table 4. Two-way ANCOVA analysis of serum SHBG concentrations according to rs6257 and rs1799941 polymorphisms.

ANCOVA results df F

Age 1 2.992
BMI 1 27.721
HOMA-IR 1 15.981
16257 2 12.111
rs1799941 2 8.254
16257 x rs1799941 4 1.156
Model R* 0.550

P-value Partial n?
0.084 0.008
<0.001 0.069
<0.001 0.041
<0.001 0.061
<0.001 0.042
0.330 0.012

Adjusted R?> = 0.537

Table 5. Adjusted mean serum SHBG concentrations (nmol/L), estimated marginal means (95% CI).

rs6257

genotype g A
CC 31.18 (27.47-34.90)
CT 35.26 (32.11-38.41)
TT 36.71 (34.10-39.32)

35.41 (32.56-38.26)
36.48 (34.67-38.28)
38.77 (36.99-40.55)

GG

37.78 (32.29-39.28)
38.58 (36.61-40.55)
43.62 (41.63-45.62)

3.6 Discriminatory Performance of Serum SHBG

To evaluate the predictive attributions of serum SHBG
concentrations for discriminating patients with T2DM
from healthy controls, the ROC curve analysis was
further conducted (Figure 4). Serum SHBG showed an
excellent discriminatory performance (AUC 0.928;
95% CI: 0.903-0.953, P < 0.001).

ROC Analysis of SHBG

Sensitivity (%)

0 | 1 1 1
0 20 40 60 80

False Positive Rate (1 — Specificity)

The studied sensitivity was 85.5% while the measured
specification was 86.9% while the Youden index was
0.725, at cut-off value of 37.1 nmol/L. These results
suggest that lower circulating SHBG levels could
successfully differentiate T2DM from metabolically
healthy controls in the study population.

Cut-off: 37 1 nmol L
Sensitivaty: 83 5%
Specificity: §6.9%

Figure 4. Serum SHBG concentrations between patients with type 2 DM and healthy controls. (Prepared by Authors, 2026).
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4. Discussion

In this study there were three principal observations
emerged. First, the serum SHBG concentrations
decreased stepwise in controls, patients with insulin
resistance and T2DM (Figure 2). Second, both rs1799941
and rs6257 showed independent effects on T2DM
susceptibility after adjustment for age. Third, addition of
each polymorphism had an additive effect on circulating
SHBG concentrations, and no significant interaction was
observed between the two variants. Collectively, these
findings demonstrate that both biochemical and genetic
variation within the SHBG pathway contribute to
metabolic dysfunction and dysregulations.

Many recent studies suggested that SHBG plays a role in
glucose metabolism where reduced SHBG concentrations
have been associated with chronic hyperinsulinemia,
hepatic steatosis, and impaired insulin signaling (24-26).
Accordingly, theses prospective cohort studies have
demonstrated that the development of T2DM was
preceded by decreasing SHBG concentrations,
consequently, providing an outstanding support that it was
an early metabolic abnormality rather than a mere
consequence of established diabetes (27). Additionally, to
differentiate between patients from healthy control when
applying ROC analysis, serum SHBG showed good
discriminatory performance in this differentiation which
supports the potential role of circulating SHBG when put
in perspective to evaluate the risk factors to stratify the
classical clinical and biochemical changes.

An estimated 4.8-fold higher odds of T2DM in
association with the AA genotype of rs1799941 compared
with GG homozygotes, whereas nearly fourfold were
higher odds metabolic changes’ risk in accordance with
the carriers of the C allele of rs6257. These findings were
agreed with previous studies which reported that the
susceptibility to T2DM 1is associated with SHBG
polymorphisms and decreased level of circulating
hormone concentrations (28). Notably, Perry et al., using
a Mendelian randomization approach, provided genetic
evidence suggesting that genetically determined higher
SHBG concentrations may reduce the risk of T2DM (29).
Similarly, Chen et al. and Quan et al. reported comparable
associations in Asian populations (30-31). Although the
magnitude of these associations differs across studies,
such variability may reflect differences in ethnic
background, allele frequencies, environmental exposures,
study populations, and analytical approaches.
Nevertheless, the overall direction of the observed
associations has remained remarkably consistent across
populations. Our findings extend this body of evidence by
providing data from an Iraqi population, for which genetic
studies on SHBG polymorphisms remain limited (32-33).
In addition to providing associations with metabolic
disease, this study also identified rs1799941 and rs6257
as independent predictors of circulating SHBG
concentrations after adjustment for age, BMI, and
HOMA-IR (all P < 1073), yet no statistically significant
interaction between the two polymorphisms was detected
33).

All this imply that both variants independently regulate
SHBG and their effect is combined in an additive
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rather than synergistic manner. This is also consistent with
the idea that circulating SHBG concentrations are the final
result of a multitude of genetic and metabolic interactions
because individual polymorphisms only explain partial
inter-individual variability observed (34). Importantly,
assessing circulating SHBG concentrations in tandem
with SHBG genetic variants gives a better measure of
metabolic susceptibility than either biochemical or
genetic markers alone. Several strengths enhanced the
present findings validity. The study high credibility was
strengthened by a relatively large, well-characterized
cohort encompassing healthy controls, individuals with
insulin resistance, and patients with T2DM. Furthermore,
SHBG polymorphisms had been integrated within the
same analytical framework, in addition to all
comprehensive biochemical phenotyping with genetic
analysis. Another strengthen factor was the robustness of
the findings through the application of multivariable
regression models together with ROC curve analysis.
However, certain limitations should be mentioned here,
where the case-control design precluded causal inference,
generalizability to other populations and this may reflect
variations in allele frequencies, genetic background,
environmental exposures, dietary habits, obesity
prevalence, and lifestyle characteristics across different
ethnic populations; due to using the single-center
recruitment, and only two SHBG polymorphisms were
evaluated despite the possibility that additional variants
and gene-gene interactions also contribute to SHBG
regulation. Moreover, unmeasured lifestyle factors,
including physical activity and dietary habits represent a
residual confounding from, which cannot be completely
excluded (35). As a result, to validate these findings and
further clarify the molecular mechanisms linking SHBG
genetic variation with metabolic dysfunction a large
multicenter prospective studies involving ethnically
diverse populations are required (36).

5. Conclusion

A strong association between decreased plasma SHBG
concentrations, genetic variation in SHBG and
progression from insulin resistance to T2DM was
suggested in this study. The stratification of metabolic risk
by combining biochemical with genetic information could
be enhanced and offering many new insights and into the
biological pathways linked to diabetes susceptibility.
Additionally, predicting insulin resistance and type 2
diabetes mellitus through measuring the hormone level;
where lowering this hormone is proportionally correlated
with these metabolic changes. On the other hand, these
polymorphisms (i.e., rs1799941 and 1s6257) were
independently associated with circulating SHBG levels
and T2DM susceptibility, and there was no noticeable
interaction between the two variants. Therefore, the utility
of serum SHBG measurement in conjunction with SHBG
genotyping could be used to identify individuals at
increased risk for metabolic dysfunction. These
observations need validation from further prospective
studies. A good discrimination of T2DM was achieved by
measuring serum SHBG ~ which may be a novel
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promising discriminator biomarker for assessing
metabolic risk. Also, the associations between SHBG
polymorphisms and circulating concentrations of SHBG
as well as metabolic status indicate genetic information
may benefit personal risk stratification. However,
interventional studies are required to confirm these
observations and to assess whether SHBG biochemical
and genetic assays could be involved into routine clinical
practice by adding incremental prediction above and
beyond established clinical and biochemical parameters.
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