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ABSTRACT

Introduction. Lean type 2 diabetes mellitus (T2DM) is a form of diabe-
tes that develops in persons with normal Body Mass Index (BMI) and
considerable metabolic impairment. High levels of Fibroblast Growth
Factor-21 (FGF21) can indicate disrupted metabolic signaling in this
group. The study aimed to assess circulating FGF21 levels in lean
T2DM and to examine their association with insulin resistance and
hepatic steatosis, both biomarkers of metabolic dysregulation.
Methods: This cross-sectional study included 425 lean adults (body
mass index 18.5-22.9 kg/m?), comprising 200 lean T2DM patients and
225 non-diabetic controls. An enzyme-linked immunosorbent assay
(ELISA) was used to measure serum FGF21 levels. Insulin resistance
was assessed using the Homeostatic Model Assessment of Insulin Re-
sistance (HOMA-IR), and ultrasonography was used to evaluate he-
patic steatosis.

Results: Lean T2DM patients had significantly higher levels of glycat-
ed hemoglobin (HbAlc), homeostatic model assessment of insulin
resistance (HOMA-IR), fasting glucose, fasting insulin, low-density
lipoprotein (LDL) cholesterol, aspartate aminotransferase (AST), and
total cholesterol, while high-density lipoprotein (HDL) cholesterol
was lower than non-diabetic controls (all p <0.001). In multivariable
analyses of the lean T2DM cohort, serum FGF21 was independently
associated with HOMA-IR (B = 0.775, p <0.001) and hepatic steatosis
(OR, 1.02; 95% CI, 1.01-1.03).

Conclusions: Circulating FGF21 levels are elevated in lean T2DM and
may reflect compensatory upregulation or altered FGF21 signaling
rather than confirmed tissue-level resistance. FGF21 was an indepen-
dent predictor of insulin resistance and hepatic steatosis, suggesting its
potential as a biomarker of metabolic dysfunction in the normal-BMI

group.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) has traditionally been
associated with obesity and metabolic syndrome; howev-
er, a substantial proportion of individuals with T2DM have
a lean body phenotype.! These individuals often are de-
scribed as having lean T2DM and may exhibit distinct met-
abolic characteristics, including insulin resistance, altered
lipid metabolism, and increased susceptibility to hepatic
steatosis compared with individuals with obesity-related
T2DM.>* The pathophysiology of lean T2DM remains in-
completely understood, and conventional risk factors such
as body mass index (BMI) do not fully explain disease de-
velopment in this population.*

Fibroblast growth factor 21 (FGF21) is an endocrine hor-
mone primarily secreted by the liver that plays important
roles in glucose and lipid metabolism, insulin sensitivity,
and energy homeostasis.* Experimental and clinical stud-
ies suggest that FGF21 has protective metabolic effects, in-
cluding improving insulin sensitivity and reducing hepatic
steatosis, making it a potential therapeutic target for meta-
bolic diseases.5” Paradoxically, elevated circulating FGF21
levels are observed in metabolic disorders such as obesity,
Metabolic Dysfunction-Associated Steatotic Liver Disease
(MASLD), and T2DM, suggesting the presence of impaired
FGF21 signaling or a state of FGF21 resistance, in which
target tissues become less responsive to the hormone de-
spite increased circulating concentrations.”®

Although FGF21 resistance has been extensively stud-
ied in obesity-related metabolic disorders, its role in lean
T2DM remains poorly understood.”'® Recent studies have
demonstrated elevated circulating FGF21 levels in individ-
uals with T2DM and have associated higher FGF21 con-
centrations with metabolic dysfunction and diabetes-relat-
ed vascular and microvascular complications, suggesting
an important role for FGF21 in the pathophysiology of
T2DM.5!"! However, evidence linking elevated FGF21 levels
to insulin resistance and hepatic abnormalities specifically
in lean individuals with T2DM remains limited."

Understanding the mechanisms underlying metabolic
dysfunction in lean T2DM is clinically important, as these
individuals may develop significant metabolic complica-
tions despite the absence of obesity. Therefore, we evaluat-
ed circulating FGF21 levels in individuals with lean T2DM
and examined their associations with insulin resistance
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and hepatic steatosis, providing insight into metabolic dys-
regulation that occurs independently of excess adiposity.

METHODS

Study Design and Setting

This cross-sectional study assessed circulating FGF21 levels
and their associations with insulin resistance and hepatic
steatosis among lean individuals with T2DM. Participants
were recruited from three cardiometabolic and endocrinol-
ogy clinics at tertiary care centers in the United Kingdom.
The study was reported in accordance with the Strengthen-
ing the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.*®

Study Population
A convenience sample of 425 adults aged 18-45 years was
enrolled, including 200 individuals with lean T2DM and
225 non-diabetic controls. The age range intentionally was
restricted to younger adults to minimize the potential con-
founding effects of age-related metabolic changes, multi-
morbidity, and prolonged diabetes duration, thereby en-
abling a more homogeneous evaluation of the association
between circulating FGF21 levels, insulin resistance, and
hepatic steatosis in lean T2DM. Lean T2DM was defined
as physician-diagnosed T2DM in individuals with a BMI of
18.5-22.9 kg/m? based on the Asian BMI classification pro-
posed by the WHO Expert Consultation and consistent with
published definitions of lean T2DM.!* Controls had normal
fasting glucose levels and no history of diabetes.
Individuals with chronic liver disease, alcohol use disor-
der, pregnancy, incomplete laboratory data, or use of med-
ications known to significantly affect liver function were
excluded. Participants receiving oral glucose-lowering
therapy were eligible, whereas insulin users were excluded.
The participant selection process is shown in Figure 1.

Data Collection

Demographic and Clinical Data. Age, sex, BMI, dura-
tion of diabetes (among participants with T2DM), family
history of diabetes, hypertension, smoking status, physical
activity, and dietary patterns were collected using a struc-
tured questionnaire.

Laboratory Assessment. Venous blood samples were
collected after an >8-hour overnight fast. Fasting blood glu-
cose (mg/dL) was measured using an automated clinical
chemistry analyzer (Cobas c702; Roche Diagnostics,
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Figure 1. Participant flow diagram of study recruitment and selection.

Mannheim, Germany), and fasting serum insulin (pIU/
mL) was measured using an electrochemiluminescence
immunoassay analyzer (Cobas e801; Roche Diagnostics,
Mannheim, Germany). Serum FGF21 concentrations were
measured using a commercially available enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, Minne-
apolis, MN, USA) according to the manufacturer’s instruc-
tions. Insulin resistance was estimated using the Homeo-
static Model Assessment of Insulin Resistance (HOMA-IR)
as follows:

HOMA-IR = [Fasting insulin (uIU/mL) x Fasting glucose

(mg/dL)] / 405

Assessment of Hepatic Steatosis. Hepatic ultrasonog-
raphy was performed by an experienced radiologist who
was blinded to participants’ clinical and biochemical data.
Hepatic steatosis was graded on a scale of 0 to 3 based on
hepatic echogenicity.

Statistical Analysis

Data were analyzed using IBM SPSS Statistics version 26.
Group comparisons were performed using the Mann-
Whitney U test, chi-square test, or Fisher’s exact test, as ap-
propriate. Covariates were selected a priori based on their
clinical relevance and biological plausibility for insulin re-
sistance and hepatic steatosis. Multiple linear regression
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was used to identify factors independently associated with
HOMA-IR, and binary logistic regression was used to iden-
tify factors independently associated with hepatic steatosis.
For the binary logistic regression analysis, hepatic steatosis
was dichotomized as absent (grade 0) and present (grades
1-3). Statistical significance was defined as a two-sided p
<0.05.

Ethical Considerations

The study was approved by the Institutional Review Board
(IRB) of Lincoln County Hospital (LCH/REC/2026-0147).
Written informed consent was obtained from all partic-
ipants before enrollment, and all study procedures were
conducted in accordance with the Declaration of Helsinki.

RESULTS

Participant Characteristics

The study included 425 participants, comprising 200 in-
dividuals with lean T2DM and 225 non-diabetic controls.
Males and females were similarly distributed between the
two groups, and most participants were 26-45 years of age.
Among individuals with lean T2DM, the majority had a di-
abetes duration of 1-6 years. Additional demographic and
clinical characteristics are summarized in Table 1.
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Table 1. Comparison of baseline characteristics between lean T2DM and non-diabetic controls.

Variable Lean T2DM Non-diabetic Controls P-value
(n=200) (n =225)

Gender: Male, n (%) 107 (53.5) 112 (49.8) 0.496
Age Group, n (%)

18-25 years 51 (25.5) 54 (24.0)

26-35 years 75 (37.5) 80 (35.6)

36-45 years 74 (37.0) 91 (40.4) 0.767
Duration of Diabetes (T2DM only, n = 200)

<1 year 31(15.5) —

1-3 years 71 (35.5) —

4-6years 61 (30.5) —

>6 years 37(18.5) — N/A
Family History of Diabetes Mellitus: Yes, n (%) 129 (64.5) 66 (29.3) <0.001
History of Hypertension: Yes, n (%) 83 (41.5) 32(14.2) <0.001
Smoking Status, n (%)

Current Smoker 51 (25.5) 24 (10.7)

Former Smoker 27 (13.5) 31(13.8)

Never Smoked 122 (61.0) 170 (75.6) <0.001
Physical Activity Level, n (%)

Sedentary 111 (55.5) 36 (16.0)

Moderate 63 (31.5) 81 (36.0)

Active (4-5 days/week) 26 (13.0) 108 (48.0) <0.001
Dietary Pattern, n (%)

Mostly Carbohydrates 110 (55.0) 49 (21.8)

Balanced Diet 62 (31.0) 121 (53.8)

High-Protein / Low-Carb 28 (14.0) 55 (24.4) <0.001

Note. Data are presented as n (%) unless otherwise indicated. Group comparisons were performed using the chi-square
test or Fisher’s exact test, as appropriate. Duration of diabetes was assessed only in the Lean T2DM group.
T2DM, Type 2 Diabetes Mellitus; BMI, Body Mass Index; HbAlc, Glycated Hemoglobin.

Comparison of Metabolic Parameters Between Lean
T2DM and Non-diabetic Controls

As presented in Table 2, individuals with lean T2DM had
significantly higher serum FGF21 concentrations than
non-diabetic controls (median [IQR], 412.50 [315.00-
560.00] pg/mL vs. 185.40 [140.00-250.00] pg/mL; p <0.001).
They also had significantly higher levels of glycated hemo-
globin (HbA1lc), fasting glucose, fasting insulin, HOMA-IR,
LDL cholesterol, total cholesterol, and aspartate amino-
transferase (AST), and significantly lower HDL cholesterol
levels than non-diabetic controls (all p <0.001). No signifi-
cant differences were observed in age or body mass index
(BMI), indicating that the groups were well matched for
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these characteristics.

Predictors of Insulin Resistance and Hepatic Steatosis

The multivariable regression analyses are presented in Ta-
ble 3. In the multiple linear regression model, serum FGF21
was independently associated with HOMA-IR (B = 0.775, B
=0.03; 95% CI, 0.034-0.037, p <0.001). HbA1c was also inde-
pendently associated with HOMA-IR (B = 0.19, B =0.99; 95%
CI, 0.56-1.43, p <0.001), whereas male sex was associated
with lower HOMA-IR than female sex (p = -0.09, B = -0.45;
95% CI, -0.88 to -0.03, p = 0.04). In the binary logistic re-
gression analysis, serum FGF21 (OR, 1.02; 95% CI 1.01-1.03,
p =0.003) and HOMA-IR (OR, 1.35; 95% CI, 1.06-1.72, p =
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Table 2. Comparison of metabolic parameters between lean T2DM and non-diabetic controls (N = 425).

Variable Lean T2DM Non-diabetic Controls P-value
Median (IQR) (n = 200) Median (IQR) (n = 225)

Serum FGF21 (pg/mL) 412.50 (315.00-560.00) 185.40 (140.00-250.00) <0.001
HbAlc (%) 6.50 (6.50-6.90) 5.20 (5.00-5.40) <0.001
HOMA-IR 8.06 (6.62-10.30) 1.50 (1.14-1.82) <0.001
Fasting Glucose (mg/dL) 159.25 (141.38-176.50) 85.60 (80.70-90.50) <0.001
Fasting Insulin (pI[U/mL) 21.38(17.71-24.88) 7.05 (5.45-8.42) <0.001
HDL Cholesterol (mg/dL) 36.35 (31.65-40.12) 54.50 (48.90-60.00) <0.001
LDL Cholesterol (mg/dL) 124.85 (107.07-140.10) 95.60 (84.90-106.70) <0.001
AST (U/L) 37.80(27.58-47.02) 20.50 (16.40-24.30) <0.001
Total Cholesterol (mg/dL) 203.75 (188.22-222.80) 178.10 (162.60-190.90) <0.001
BMI (kg/m?) 21.20 (20.50-21.73) 20.93 (20.28-21.67) 0.067
Age (years) 31.00 (24.00-38.00) 32.00 (26.00-39.00) 0.398

Note. Values are presented as median (IQR) and compared using the Mann-Whitney U test. BMI and Age are shown to
demonstrate comparable baseline characteristics between groups.

HbAlc, Glycated Hemoglobin; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; HDL, High-Density
Lipoprotein; LDL, Low-Density Lipoprotein; AST, Aspartate Aminotransferase; BMI, Body Mass Index.

Table 3. Multiple regression analysis: full model of predictors of HOMA-IR (linear) and hepatic steatosis (logistic) in lean
T2DM (N = 200).

Model 1\: Linear Regression: Predictors of HOMA-IR | R? = 0.695, Adjusted R® = 0.687, F(5, 194) = 88.381, p
<0.001 | N =200

Predictor B SE p / Wald t/OR P-value 95% CI

Serum FGF21 (pg/mL) 0.034 0.002 0.775 17.894 <0.001 (0.030, 0.037)
HbAlc (%) 0.992 0.221 0.188 4.481 <0.001 (0.556, 1.429)
Gender (Male vs Female) -0.454 0.216 —-0.087 -2.102 0.037 (-0.881, -0.028)
BMI (kg/m?) 0.021 0.107 0.008 0.197 0.844 (-0.191, 0.233)
Triglycerides (mg/dL) -0.003 0.002 -0.048 -1.201 0.231 (=0.007, 0.002)

Model B: Binary Logistic Regression: Predictors of Hepatic Steatosis | Nagelkerke R* = 0.432, H-L p = 0.085, Ac-
curacy = 78.5% | N = 200

Predictor B SE B/ Wald t/OR P-value 95% CI

Serum FGF21 (pg/mL) 0.017 0.006 9.028 1.017 0.003 (1.006, 1.028)
HOMA-IR 0.303 0.123 6.097 1.353 0.014 (1.064, 1.721)
ALT (U/L) -0.026 0.013 3.833 0.975 0.050 (0.950, 1.000)
BMI (kg/mz) -0.147 0.187 0.618 0.863 0.432 (0.598, 1.246)
HbAlc (%) -0.127 0.382 0.111 0.881 0.739 (0.416, 1.862)
Gender (Male vs Female) 0.039 0.367 0.012 1.040 0.915 (0.507, 2.136)

Note. All variables entered into the regression models are presented regar_dlgss of statistical significance. B, unstandard-
ized coefficient; B, standardized coefticient; Wald, Wald chi-square statistic; t, t-statistic; OR, odds ratio (Exp(B)); SE,
standard error; CI, confidence interval.

0.014) were independently associated with hepatic steato- ~ Asshown in Table 4, hepatic steatosis was significantly more
sis. Complete multivariable regression models, including prevalent among individuals with lean T2DM than among
variables that were not statistically significant, are present-  non-diabetic controls (p <0.001). Only 31.0% of partici-
ed in Table 3 to provide the full set of covariates evaluated. = pants with lean T2DM had no evidence of hepatic steatosis
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Table 4. Distribution of hepatic steatosis grades between
lean T2DM and non-diabetic controls.

Hepatic Lean T2DM Controls P-value
steatosis grade n (%) n (%)

No steatosis 62 (31.0) 155 (68.9)

(Grade 0)

Mild steatosis 84 (42.0) 55 (24.4)

(Grade 1)

Moderate ste- = 42 (21.0) 14 (6.2)

atosis (Grade 2)

Severe steatosis 12 (6.0) 1(0.4)

(Grade 3)

Total 200 (100.0)  225(100.0) <0.001

Note. Values are presented as n (%). Hepatic steatosis was
graded (Grades 0-3) using ultrasonography. Group com-
parisons were performed using the chi-square test.

(Grade 0), compared with 68.9% of controls. Mild steatosis
(Grade 1) was the most common grade among individuals
with lean T2DM (42.0% vs. 24.4%), while moderate (21.0%
vs. 6.2%) and severe steatosis (6.0% vs. 0.4%) were also con-
siderably more frequent in the lean T2DM group than in
controls, indicating a substantially greater burden of hepat-
ic steatosis despite normal BMI.

DISCUSSION

The present study examined circulating FGF21 concentra-
tions in lean individuals with T2DM and their associations
with insulin resistance and hepatic steatosis. Serum FGF21
levels were significantly higher in individuals with lean
T2DM than in non-diabetic controls, consistent with pre-
vious studies reporting elevated circulating FGF21 levels in
T2DM and their association with metabolic and vascular
complications.!

In addition, aspartate aminotransferase (AST) levels
were significantly higher in the lean T2DM group, consis-
tent with previous evidence showing that elevated AST and
other liver enzymes are independently associated with dia-
betes and reflect underlying metabolic abnormalities.'s

Unlike many previous studies that focused primarily on
obesity-related T2DM, our study specifically evaluated
metabolic abnormalities in lean individuals with T2DM.
Although comparisons with overweight or obese individu-
als with T2DM may provide additional clinical insight, our
primary objective was to characterize metabolic dysfunc-
tion associated with lean T2DM while minimizing the con-
founding effects of excess adiposity. Future studies directly
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comparing lean and overweight or obese individuals with
T2DM are warranted to further define the distinct metabol-
ic characteristics of these populations.

Individuals with lean T2DM also exhibited significantly
higher fasting insulin levels and HOMA-IR, indicating sub-
stantial insulin resistance despite having a normal BMI.
Abnormalities in lipid profiles and liver enzymes further
support the presence of metabolic and hepatic dysfunction
in this population, consistent with previous reports.'**® Col-
lectively, these findings suggest that lean T2DM is charac-
terized by metabolic disturbances that extend beyond hy-
perglycemia alone.

In the multivariable analyses, serum FGF21 was inde-
pendently associated with HOMA-IR, whereas HbAlc and
sex were also independently associated with insulin resis-
tance. These findings are consistent with a previous study
linking elevated FGF21 levels to insulin resistance and poor
glycemic control.”® The independent association between
sex and HOMA-IR also is consistent with evidence suggest-
ing that sex-related differences in insulin resistance may
be influenced by variations in body fat distribution and
sex hormones.?’ Furthermore, both FGF21 and HOMA-IR
were independently associated with hepatic steatosis. Sim-
ilar associations have been reported in individuals with
MASLD.2"* However, because of the cross-sectional study
design, these findings should be interpreted as associations
rather than evidence of causal relationships.

Overall, lean T2DM was characterized by elevated circu-
lating FGF21 levels, insulin resistance, and hepatic abnor-
malities despite normal BMI. Elevated FGF21 may represent
a compensatory response to metabolic stress or impaired
FGF21 signaling; however, circulating FGF21 concentra-
tions alone cannot confirm tissue-level FGF21 resistance.
Together, these findings suggest that FGF21 may serve as
a biomarker of metabolic dysfunction in lean T2DM and
highlight the need for further investigation into its role in
disease pathophysiology.

Limitations

This study has several limitations. First, its cross-sectional
design precludes causal inference and does not establish
the temporal relationship between elevated FGF21 lev-
els and metabolic dysfunction. Second, hepatic steatosis
was assessed using ultrasonography rather than histolog-
ic confirmation, and tissue-level FGF21 signaling was not
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evaluated. Although all ultrasonographic examinations
were performed by a single experienced radiologist who
was blinded to participants’ clinical and biochemical data,
inter- and intra-observer reliability were not formally as-
sessed, which may have introduced measurement variabil-
ity. Third, participants were recruited through convenience
sampling from three tertiary care centers, which may limit
the representativeness of the study population and the gen-
eralizability of the findings. In addition, restricting enroll-
ment to adults aged 18-45 years may further limit the appli-
cability of the findings to older individuals with lean T2DM.
Additionally, information regarding the specific classes of
oral glucose-lowering medications used by participants
with T2DM was not collected or analyzed. Because several
glucose-lowering agents may directly influence circulating
FGF21 concentrations, the potential confounding effects of
medication use could not be assessed. Finally, the multi-
variable regression models were not externally validated.
Prospective, multicenter studies incorporating direct mea-
sures of FGF21 signaling, broader and more representative
populations, and external validation of predictive models
are needed to confirm and extend these findings.

CONCLUSIONS

Lean T2DM was associated with elevated circulating FGF21
levels, insulin resistance, and hepatic dysfunction despite
normal BMI. These findings suggest that FGF21 may serve
as a biomarker of metabolic dysfunction in lean T2DM.
Longitudinal and mechanistic studies are needed to deter-
mine whether elevated FGF21 contributes to disease pro-
gression or primarily reflects underlying metabolic stress.
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