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The role of hepatocyte growth factor in the
relationship between body fat distribution
and plasma markers of glucose metabolism:
a cross-sectional study

Katarina Zakic', Dennis Freuer', Jakob Linseisen' and Christa Meisinger'?*

Abstract

Background Obesity, particularly central adiposity, is a major risk factor for impaired glucose metabolism and type

2 diabetes. The biological mechanisms linking body fat distribution to glucose regulation remain incompletely
understood. Therefore, we investigated the associations between body fat distribution and plasma markers of glucose
metabolism in a population-based sample and examined the mediating role of hepatocyte growth factor (HGF) in
this connection.

Methods The analysis was based on data from 238 participants of the MEGA study (German acronym for metabolic
health study Augsburg) conducted between 2018 and 2021. Anthropometric measurements and a body composition
analysis via bioelectrical impedance analysis (BIA) were conducted. HGF was measured from EDTA plasma based

on the Proximity Extension Assay (Olink inflammation panel). Multivariable linear regression models were chosen to
examine the associations between standardized anthropometric and BIA measurements and the outcome variables
in non-diabetic individuals. Obesity measures included body mass index (BMI), waist circumference (WC), visceral
adipose tissue (VAT), and waist-to-hip ratio (WHR), relative fat mass (RFMV), and absolute fat mass (AFMV). The
outcome variables included fasting glucose, two-hour OGTT glucose, and HbA1c concentrations. Mediation effects of
HGF between obesity measures and glucose parameters were assessed.

Results The observed positive associations between obesity measures and glucose metabolism were stronger for
variables that are indicative of central obesity (WC, WHR, VAT), when compared to indices of general obesity (BMI,
RFMV, AFMV). Fasting glucose showed the strongest positive association with WC (3=5.10 mg/dL per one standard
deviation increase; 95% Cl 1.86-5.77). For two-hour plasma glucose, the strongest associations were observed with
WHR (3=21.00; 95% Cl 14.57-27.44). HGF mediated between 7.0% and 9.1% of the total effects with two-hour
glucose levels but not the associations with the other outcomes. No associations were found with HbA1c levels after
accounting for multiple testing.
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Conclusions These findings suggest HGF may contribute to the metabolic effects of different obesity measures on
post-load glucose regulation, providing insights into obesity-related glucose dysregulation and potential targets for
early intervention. However, the causal role of HGF remains unproven; further studies on the exact pathophysiological

mechanisms are necessary.

Keywords Hepatocyte growth factor, Visceral adipose tissue, Glucose metabolism, HbA1c, Bioelectrical impedance

analysis

Background
Diabetes is a global public health crisis, associated with
high morbidity, mortality, and economic costs [1, 2]. In
2021, approximately 11% of adults aged 20-79 had dia-
betes, predominantly type 2 diabetes, and this number is
rising rapidly [1]. Obesity is a leading risk factor for type
2 diabetes [2], and its prevalence has doubled in more
than 70 countries since 1980, driven by unhealthy diets,
physical inactivity, genetic predisposition, and environ-
mental factors [3, 4]. Although body mass index (BMI) is
commonly used to assess obesity, it does not accurately
reflect body composition or the risks associated with
obesity [5, 6]. Instead, central adiposity — particularly vis-
ceral fat accumulation — has been more strongly linked
to metabolic disturbances, increased morbidity, and mor-
tality [7-12]. Obesity increases diabetes risk primarily
through chronic low-grade inflammation [13], with pro-
inflammatory cytokines such as TNF-a and IL-6 acting
as mediators between adiposity and whole-body insulin
resistance, thereby contributing to the progression from
prediabetes to overt type 2 diabetes [14]. Prediabetes
encompasses two distinct conditions, namely impaired
fasting glucose (IFG) and impaired glucose tolerance
(IGT), each with unique underlying pathophysiology
[15]. IFG mainly results from hepatic insulin resistance,
which leads to increased hepatic glucose production and
elevated fasting blood glucose, while insulin sensitivity in
skeletal muscle is generally preserved. IFG is also char-
acterized by reduced basal insulin release and a mark-
edly weakened early-phase insulin secretion, whereas the
later-phase response remains largely intact. In contrast,
IGT arises primarily from insulin resistance in peripheral
tissues, especially muscle, resulting in reduced glucose
uptake in non-hepatic organs and consequently pro-
longed post-load hyperglycemia [15]. These differences
underscore how IFG and IGT may represent distinct
pathways in the progression towards type 2 diabetes.
Although obesity is strongly associated with impaired
glucose metabolism and insulin resistance, the precise
biological pathways connecting adiposity to metabolic
dysfunction remain incompletely understood. This gap
highlights the need to investigate additional biomark-
ers that may mediate the relationship between body fat
distribution and glucose metabolism. One promising
candidate is hepatocyte growth factor (HGF), a cytokine
predominantly produced by adipose tissue, with serum

levels positively associated with adiposity [16]. Previ-
ous research from our group has demonstrated strong
associations between HGF and various anthropometric
measures [17]. HGF plays multifaceted roles in metabolic
regulation: it modulates glucose uptake and metabolism
in various insulin-sensitive tissues (including pancreatic
B-cells, enterocytes, adipocytes, hepatocytes, and skel-
etal muscle cells), supports B-cell homeostasis through
proliferation, survival, and functional maintenance, and
exerts anti-inflammatory effects that help to mitigate
chronic inflammation often associated with metabolic
disorders [18]. Given these properties, examining HGF
as a potential mediator in the relationship between dif-
ferent obesity measures and glucose metabolism (such as
impaired fasting glucose, impaired glucose tolerance, or
HbAlc) could provide insights into whether HGF plays
a mechanistic role in basal glucose homeostasis, glucose
load handling, or long-term glycemia [18]. The present
study therefore investigated associations between the
obesity measures BMI, waist circumference (WC), vis-
ceral adipose tissue (VAT), waist-to-hip ratio (WHR),
relative fat mass (RFMV), and absolute fat mass (AFMYV)
and plasma glucose markers (fasting glucose, two-hour
OGTT (oral glucose tolerance test) glucose, HbAlc) in a
population-based sample, with a particular focus on the
potential mediating role of HGF in the adiposity—glucose
metabolism axis.

Materials and methods

The study was based on data from the MEGA study (Ger-
man acronym for metabolic health study Augsburg), a
population-based study conducted in Augsburg, Ger-
many. A total of 238 men and women aged 25 to 65 years
were interviewed and examined up to four times within
a period of 9 months (baseline visit, follow-up visits after
one and six months and a final visit after nine months)
between 2018 and 2021. At the baseline visit, in addi-
tion to standardized questionnaires (e.g. information on
lifestyle, sociodemographic data, information on previ-
ous illnesses assessed by a face-to-face interview) [19]
anthropometric measurements, and a body impedance
measurement were carried out in all participants. Fur-
thermore, laboratory data, results of OGTTs, and long-
term glucose measurements were available. However, at
the follow-up visits, a reduced examination program with
only a few selected tests was carried out. In particular, no
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OGTTs were performed at the follow-up visits. There-
fore, this analysis was based on data from the baseline
examination.

Data collection
Education level was defined according to ISCED and
categorized as low/medium (primary, lower second-
ary, upper secondary, post-secondary non-tertiary) and
high (first- and second-stage tertiary) [20]. Blood pres-
sure was measured three times with 2-minute intervals
between the measurements at the right arm in a sitting
position after a five-minute rest using a validated auto-
matic device (OMRON M?700 Intelli IT). The mean value
of the second and third measurement was used for the
analysis. Participants who were aware of having hyper-
tension, who were taking antihypertensive medication,
and/or who had systolic blood pressure of more than
140 mm Hg or diastolic blood pressure more than 90
mm Hg (with or without antihypertensive medications)
were defined as having hypertension. Previously known
diabetes was defined based on self-reported physician
diagnosis or use of antidiabetic agents. To assess alcohol
consumption patterns, the Alcohol Use Disorders Identi-
fication Test — Consumption (AUDIT-C) screening tool
was used. Active alcohol use was defined as AUDIT-C
score > 3 for women or > 4 for men [21]. Smoking status
was categorized into “current smoker’, “former smoker”,
and “never smoker. Physical activity (PA) was assessed
using the Global Physical Activity Questionnaire (GPAQ)
[22]. The time spent engaging in PA was transformed
into metabolic equivalent (MET) time per week or MET
min/week. Individuals who measured less than 600 MET,
between 600 and 1500 MET, and more than 1500 MET
min/week were classified as having low, moderate, and
high levels of PA. Total serum cholesterol was measured
using an enzymatic colorimetric method (CHOL2 assay;
Cobas c analyzer, Roche Diagnostics GmbH, Mannheim,
Germany). HDL (High-Density Lipoprotein) cholesterol
and LDL (Low-Density Lipoprotein) cholesterol were
measured using homogeneous enzymatic colorimetric
assays (HDLC4 and LDLC3 assays, respectively; Cobas
c analyzer, Roche Diagnostics GmbH, Mannheim, Ger-
many). Triglycerides were also measured by an enzymatic
colorimetric method (GPO-PAP), on a Cobas c analyzer
(Roche Diagnostics GmbH, Mannheim, Germany).

Further information regarding the MEGA study can
be found in a previous publication [23]. All examina-
tions were performed in a fasted state following at least
a 12-hour overnight fast and carried out by trained study
nurses in accordance with previously defined standard
operating procedures.

All study participants gave written informed con-
sent. Methods of data and bio-sample collection
have been approved by the ethics committee of the
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Ludwig-Maximilians Universitit Miinchen and the
study was performed in accordance with the Declara-
tion of Helsinki. The study was registered at the DRKS
(“Deutsches Register Klinischer Studien”) with the proj-
ect number DRKS00015784.

Exposure

Anthropometric measurements (height, weight, WC,
hip circumference) and body composition analysis via
bioelectrical impedance analysis (BIA, SECA mBCA515
device) were conducted. Body weight was measured to
the nearest 0.1 kg wearing light clothing without shoes,
and height was measured to the nearest 0.5 cm using a
stadiometer. WC was measured with a tape measure
at the narrowest point of the abdomen, and hip cir-
cumference was measured to the nearest 0.1 cm at the
maximum bulge of the hips at the level of the pubic
symphysis. BMI was calculated as weight in kilograms
divided by the square of height in meters. For the SECA
assessment subjects stood barefoot and dressed in shorts
and T-shirts on the platform of the device and grasped
the grip rod as appropriate for their height. Bioelectri-
cal impedance is measured using an 8-point electrode
configuration (four pairs: two on each hand via handrail
grips and two on each foot via platform electrodes). The
device measures raw impedance data (resistance, reac-
tance, phase angle) across body segments, particularly
focusing on the torso where visceral fat is located. From
body weight and bioelectrical impedance measurements,
the device calculates and reports key body composition
parameters such as fat mass, fat free mass, skeletal mus-
cle mass, and visceral fat mass. Body composition param-
eters are calculated using proprietary, clinically validated
algorithms developed by SECA. These equations incor-
porate raw impedance data, weight, height (manually
entered or transmitted wirelessly), age, sex, and ethnicity.
For the present analysis, the following parameters were
used as exposures: BMI (kg/m?), WC (cm), WHR, VAT
(L), REMV (%), and AFMV (kg).

Measurement of HGF

HGF was measured as part of the determination of 92
protein markers from EDTA plasma using the Olink
inflammation panel. The measurement is based on the
Proximity Extension Assay (PEA). Information on this
process can be found at the website of Olink Proteomics
(https://olink.com/technology) or in a prior publication
[17].

Outcome

The OGTT was performed in the morning (7:00 to 11:00
a.m.). Participants were asked to fast for 12 h overnight,
to avoid strenuous physical activity on the day before
the examination, and not to smoke before or during the
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test. Exclusion criteria for the OGTT were taking anti-
diabetic medications or known diabetes, and acute ill-
nesses (infection, fever, acute gastrointestinal disease).
The following glucose measurements were determined as
outcomes: fasting plasma glucose, two-hour plasma glu-
cose after ingestion of 75 g glucose in the framework of
the OGTT in non-diabetic participants, and the HbAlc
value. For the blood collection, NaF/citrate plasma tubes
(GlucoEXACT) and EDTA plasma tubes were used, and
the measurements were performed at the laboratory of
the University Hospital Augsburg immediately after col-
lection. HbA1lc was measured by a reverse-phase cation-
exchange high-pressure liquid chromatography (HPLC,
Analyzer HA 8160; Menarini, Florence, Italy).

Statistical analysis

Depending on their distributions, continuous variables
were presented either as mean and standard deviation
(SD) or as median and interquartile range (IQR). Nor-
mally distributed variables were analyzed using t-tests;
otherwise, Mann-Whitney-U tests were applied. Cat-
egorical variables were presented as absolute frequencies
as well as column percentages and analyzed using Chi-
square tests.

Multivariable linear regression models were chosen to
examine the associations between the exposure variables
(VAT, AFMV, RVMYV, BMI, WC, and WHR) and outcome
variables (fasting glucose, two-hour OGTT glucose, and
HbA1c levels). To ensure comparability of the effect sizes,

X—pn
a

the exposure variables were standardized (i.e. , SO
that X ~ N (0,1)). All the assumptions of linear regres-
sion were checked and ensured. Normal distribution of
the regression residuals was checked graphically. Poten-
tial outliers were investigated and identified using Cook’s
distance.

Potential confounders were assessed and selected using
a directed acyclic graph (DAG) (Supplementary Figure
S2). Consequently, all models were adjusted for the fol-
lowing variables: age (years), sex, smoking status (current
smoker, former smoker, never smoker), alcohol consump-
tion (defined as AUDIT-C-Score > 3 for women or > 4 for
men), physical activity (low, moderate, high) and educa-
tion (low/medium, high) [24]. Information on potential
further confounders (diet quality, specific medications)
was not available possibly introducing bias. Furthermore,
the cross-sectional design inherently limits causal infer-
ence. Effect modification of age and sex was assessed by
testing the respective interaction terms.

Mediation effects of HGF were assessed by model-
ling and testing the total effects (i.e. exposure-outcome
associations without the mediator), direct effects (i.e.
exposure-outcome associations considering the media-
tor), and indirect effects, i.e. the exposure-mediator as
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well as mediator-outcome associations using multivari-
able linear regression models. The indirect effects (path
from exposure to outcome over mediator) were assessed
using bootstrapping for confidence intervals (Cls). Addi-
tionally, interactions between exposures and the media-
tor were tested. After decomposing the individual paths
between exposure, mediator, and outcome, the propor-
tion mediated was calculated (where appropriate) by
dividing the point estimate of the indirect effect by the
point estimate of the total effect (i.e. %) [25].

total

After excluding participants with diabetes, 228 indi-
viduals were considered in the regression analyses (Sup-
plementary Figure S1). Since the proportion of missing
values was low (Supplementary Figure S1) and the mech-
anism of missing values could be considered completely
random, a complete case analysis was performed. The
reported effect estimates (B-coefficient and 95% CI) rep-
resent the expected change in the respective outcomes
associated with one standard deviation (SD) increase in
the exposure variable. Regarding the 18 null-hypotheses
of the research question (6 exposures and 3 outcomes),
results with P-values below the Bonferroni-corrected
threshold of 0.003 were considered statistically signifi-
cant. All statistical analyses were performed using SPSS
(version 29.0). The PROCESS macro for SPSS provided
by A. F. Hayes was used for the mediation analysis [26].

Results

Table 1 presents the characteristics for the total sample
(N=238 individuals) and stratified by sex. About two-
thirds of all study participants were women, and the
median age was 48 (IQR 36-56) years. Nearly 4.3% of all
study participants had diabetes, less than half reported
a low to moderate level of physical activity, and about
two-thirds of the sample had a low to medium level of
education.

On average, men had a higher BMI and more visceral
fat mass than women. While the median HbAlc and
median two-hour OGTT glucose values did not differ
significantly between the sexes, men had higher fasting
glucose values. Men were more likely to have hyperten-
sion and more likely to be current or former smokers
compared to women.

Total effects

After multivariable adjustment, all exposures (VAT,
AFMV, REMV, BMI, WC and WHR) were positively
associated with fasting plasma glucose concentrations
as well as the two-hour plasma glucose levels (P<0.001)
(Table 2). However, considering the Bonferroni-adjusted
significance threshold of 0.003, none of the exposures
were associated with HbAlc levels (Table 2). Tests for
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Table 1 Baseline characteristics of the overall study sample
Number of participants  Total study sample Women Men P-value
(Women, Men)

Age,y 238 (164, 74) 48 (36, 56) 475 (38,54) 49 (35,59) 0302
BMI, kg/m2 238 (164, 74) 255(22.7,33.1) 245 (21.9,33) 305 (24.5,34.1) 0.001
WC, cm 238 (164, 74) 88.5(77,107) 84 (74,100.7) 104.5(85,119.2) < 0.001
WHR 237 (163, 74) 0.84(0.77,0.93) 0.81(0.74,0.87) 0.98 (0.86, 1) <0.001
VAT, L 227 (156,71) 14(0.78,341) 1.17(0.58,2.19) 38(1.19,6.51) < 0.001
FMI, kg/m2 227 (156, 71) 86(59,135) 8.6 (6.4,15) 844 (4.23,12) 0.039
AFMV, kg 227 (156, 71) 244(17,40.1) 27.3(17.6,40.3) 27.1(13.7,40) 0527
RFMV, * % body weight 227 (156, 71) 34+£105 36.8+93 276+ 10.1 <0.001
Fasting plasma glucose, mg/dL 225 (156, 69) 97 (92.5,104) 96 (90.5,102) 101 (96, 108.5) <0.001
Two-hour oral glucose tolerance test, mg/dL 212 (144, 68) 106.5 (87, 127.5) 103.5(86.2,125.7) 107.5(88.2, 132.5) 0.619
HbA1c, mmol/mol 234 (161,73) 35(32,37) 35(32,37) 36 (32,385) 0.192
Total cholesterol, * mg/dL 235 (161, 74) 186.5+356 188.2+335 1829 +39.8 0.294
LDL cholesterol, * mg/dL 235(161,74) 1205+£314 1193 £ 306 123.1+332 0404
HDL cholesterol, mg/dL 235(161,74) 60 (48, 72) 65 (54,77) 49.5(42.75,56.5) < 0.001
Triglycerides, mg/dL 235 (161, 74) 82 (59, 124) 76 (57.5,112) 110 (74.7,157.5) < 0.001
Hypertension 235(161,74) 63 (26.81%) 32(19.88%) 31 (41.89%) <0.001
Diabetes 235(162,73) 10 (4.26%) 5 (3.09%) 5 (6.85%) 0.186
Smoking 238 (164, 74) 0.011

Current 34 (14.29%) 23 (14.02%) 11 (14.86%)

Former 85 (35.71%) 49 (29.88%) 36 (48.65%)

Never 119 (50.00%) 92 (56.10%) 27 (36.49%)
Active alcohol use ° 238 (164, 74) 116 (48.70%) 78 (47.60%) 38 (51.40%) 0.588
Physical activity 238 (164, 74) 0.047

Low (< 600 MET/week) 36 (15.19%) 28 (17.07%) 8(10.96%)

Moderate (600-1500 MET/week) 67 (28.27%) 52 (31.71%) 15 (20.55%)

High (> 1500 MET/week) 134 (56.54%) 84 (51.22%) 50 (68.49%)
Education** 238 (164, 74) 0.720

Low/Medium 166 (69.75%) 113 (68.90%) 53 (71.62%)

High 72 (30.25%) 51(31.10%) 21 (28.38%)

Abbreviations: AFMV, absolute fat mass; BMI, body mass index; FMI, fat mass index; RFMV, relative fat mass; VAT, visceral adipose tissue;

WC, waist circumference; WHR, waist-to-hip-ratio
* Normally distributed data are presented as mean + SD
Non-normally distributed data are presented as median (25th, 75th percentiles)

**Defined as ISCED low/medium (primary, lower secondary, upper secondary, post-secondary non-tertiary) and high (first- and second-stage tertiary [20]

° Defined as AUDIT-C-Score > 3 for women or > 4 for men

interactions showed no evidence that age or sex modified
any association.

Basically, the associations between body fat distribu-
tion and two-hour plasma glucose levels, which yielded
point estimates between 13.76 and 21.00 mg/dL per one
SD increase of the respective exposure variables, were
stronger than the estimates for fasting plasma glucose
concentrations between 3.82 and 5.10 mg/dL (Table 2);
this finding suggests that two-hour glucose might be a
more sensitive indicator of metabolic health than fasting
glucose or HbAlc. Furthermore, estimates quantifying
associations with visceral fat content (i.e. VAT, WC, and
WHR) were (except for the WHR-fasting glucose associa-
tion) consistently larger than the estimates regarding the
total body fat content (i.e. AFMV, REMV, and BMI), high-
lighting the importance of central adiposity.

Mediation analyses
Mediation analyses revealed that HGF acted as a partial
mediator in the associations between body fat distribu-
tion and two-hour plasma glucose levels (Supplemen-
tary Table S3). The proportion of mediation by HGF was
between 7.0% and 9.1% of the total effect with REMV and
AFMYV, respectively (Table 3). No mediating effects were
observed in the associations with fasting plasma glucose
or HbA1lc levels (Table 3, Supplementary Table S3). This
was particularly due to the lack of associations between
HGF and fasting plasma glucose as well as HbAlc con-
centrations (despite a strong association between body
fat distribution and the mediator) (Supplementary Table
S3).

After accounting for the association-specific media-
tion effects of HGF, all parameters describing the body
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Table 2 Associations (total effect estimates) between measures
of body fat and plasma markers of glucose metabolism in non-
diabetic participants (n=228)

B 95% Confidence Interval P
Lower Upper

Fasting plasma glucose levels (mg/dL)

VAT 495 3.20 6.69 <0.001
AFMV 421 277 5.64 <0.001
RFMV 4.18 2.59 578 <0.001
BMI 473 3.30 6.17 <0.001
WC 5.10 3.52 6.67 <0.001
WHR 3.82 1.86 577 <0.001
Two-hour plasma glucose levels (mg/dL)

VAT 17.80 12.02 2357 <0.001
AFMV 13.76 8.83 18.69 <0.001
RFMV 1647 11.21 21.72 <0.001
BMI 15.83 10.90 20.76 <0.001
WC 18.00 12.69 2331 <0.001
WHR 21.00 14.57 2744 <0.001
HbA1c levels (mmol/mol)

VAT 0.92 0.21 1.63 0.011
AFMV 0.64 0.05 1.22 0.033
RFMV 0.77 0.13 1.41 0.018
BMI 0.75 0.15 1.35 0.014
WC 0.81 0.15 146 0016
WHR 0.83 0.07 1.60 0.033

The linear models were adjusted for age. sex. smoking status. alcohol
consumption. physical activity and education. Estimates can be interpreted as
the expected change in an outcome, when increasing a respective exposure
variable by one standard deviation. P-values below a Bonferroni-corrected
threshold of 0.003 were considered statistically significant

Abbreviations: AFMV. absolute fat mass; BMI. body mass index; RFMV.
relative fat mass; VAT. visceral adipose tissue; WC. waist circumference; WHR.
waist-to-hip-ratio

fat distribution remained strongly associated (in terms
of direct effects) with the respective outcomes (Table 3).
There was no evidence of any exposure-mediation inter-
action (Supplementary Table S3).

Discussion

In the present study, the associations between conven-
tional body composition measurements as well as BIA
measurements and plasma markers of glucose metabo-
lism in a non-diabetic population-based sample were
investigated, with a particular focus on the mediating
role of HGF. It was found that all obesity indices were
positively associated with fasting glucose and two-hour
OGTT glucose but not with HbAlc levels. Generally, the
associations were stronger for variables indicative of cen-
tral obesity (VAT, WC, and WHR) compared to indices
of general obesity (BMI, AFMV, or REMV). HGF partially
mediated the associations between BIA or anthropomet-
ric measurements and two-hour OGTT glucose levels,
but not the associations with fasting glucose or HbAlc
levels.
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Table 3 Direct effect estimates (i.e. exposure-outcome
associations accounted for HGF) and the proportion mediated
by HGF from mediation analyses between body fat distribution
and plasma markers of glucose metabolism in non-diabetic
participants (n=228)

B 95% Confidence P Mediation (%)

Interval

Lower Upper
Fasting plasma glucose levels (mg/dL)
VAT 493 3.15 6.72 <0001 no
AFMV 418 272 5.64 <0.001  no
RFMV 413 252 575 <0.001  no
BMI 4.76 3.28 6.23 <0001 no
WC 514 3.52 6.77 <0.001  no
WHR 3.75 1.74 576 <0001 no
Two-hour plasma glucose levels (mg/dL)
VAT 1632 10.53 22.11 <0.001 83
AFMV 1250 757 1744 <0.001 91
RFMV 1532 10.10 20.53 <0.001 70
BMI 1446 946 19.46 <0.001 86
WC 16.54 1114 2194 <0001 81
WHR 1929 1278 25.80 <0.001 81
HbA1c levels (mmol/mol)
VAT 0.95 022 1.67 0.011 no
AFMV  0.65 0.05 1.24 0.034 no
RFMV  0.78 013 143 0.018 no
BMI 0.77 0.16 1.38 0.014 no
WC 0.83 0.16 1.51 0.015 no
WHR 087 0.08 1.65 0.032 no

The linear models were adjusted for age. sex. smoking status. alcohol
consumption. physical activity and education. Estimates can be interpreted as
the expected change in an outcome, when increasing a respective exposure
variable by one standard deviation. P-values below a Bonferroni-corrected
threshold of 0.003 were considered statistically significant

Abbreviations: AFMV. absolute fat mass; BMI. body mass index; RFMV.
relative fat mass; VAT. visceral adipose tissue; WC. waist circumference; WHR.
waist-to-hip-ratio

The present results suggest that HGF may be associated
with acute post-load glucose fluctuation but not with
basal glucose regulation. Previous studies have reported
significant associations between HGF and glucose
metabolism, although direct post-load glucose research
is limited. For example, Garcia-Ocana et al. found that
HGF overexpression in mice leads to mild hypoglycemia
and increased insulin production [27]. Another study
demonstrated a significant positive association between
HGF and serum glucose levels in hypertensive subjects
[28]. In a prospective study from the Multi-Ethnic Study
of Atherosclerosis (MESA), a one standard deviation
increase in HGF was associated with a 21% increased risk
of diabetes [29]. Collectively, these findings suggest that
HGF may exert beneficial metabolic effects at the tissue
level, while elevated circulating concentrations may also
reflect underlying metabolic stress or compensatory fail-
ure in obesity. Other research has shown that HGF regu-
lates metabolism by stimulating hepatic glucose uptake
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and suppressing hepatic glucose release [30]. Weight loss
has been found to improve hepatic insulin resistance by
normalizing fasting glucose metabolism and reversing
obesity-induced activation of HGF/HGF receptor c-Met
pathway [31, 32]. The HGF/c-Met pathway (where HGF
is hepatocyte growth factor and c-Met is its receptor) is
a critical receptor tyrosine kinase signaling system that
regulates cellular proliferation, migration, invasion, and
survival through complex molecular interactions. Acti-
vation of this pathway initiates a cascade of intracellu-
lar signaling events, including ERK1/2, MAPK, STATS3,
Racl, and PI3K/AKT [33], which can profoundly influ-
ence cellular behavior [34].

The two-hour OGTT glucose primarily reflects the
body’s ability to clear a glucose challenge, involving acute
insulin secretion (first- and second-phase response from
pancreatic [B-cells), peripheral glucose uptake (especially
in skeletal muscle and adipose tissue), and suppression of
hepatic glucose output. HGF is known to promote [-cell
proliferation, survival, and insulin secretion in response
to metabolic stress such as obesity-induced insulin resis-
tance. It also directly stimulates glucose uptake and
metabolism in insulin-sensitive tissues, for example via
PI3K/Akt pathways in myocytes and adipocytes [18,
33]. Mediation specifically through the two-hour OGTT
pathway may indicate that obesity-elevated HGF is asso-
ciated with post-load hyperglycemia, potentially involv-
ing B-cell adaptation or acute peripheral glucose handling
during a glucose surge.

Fasting glucose is more heavily regulated by hepatic
gluconeogenesis and basal insulin action in the liver.
Although existing evidence shows that HGF can sup-
press hepatic glucose output and improve liver insulin
signaling in some models [30, 32], the absence of media-
tion in the present study suggests that the link between
obesity and fasting glycemia may operate through other
dominant pathways (e.g., free fatty acids, chronic inflam-
mation via TNF-a/IL-6, or direct hepatic lipotoxicity)
[35-37].

Several studies have consistently shown associations
between different obesity measurements and HbAlc.
For example, a cross-sectional study of 99 non-diabetic
young adults found a significant positive association
between obesity measures (BMI, WC, body fat percent-
age) and HbAlc levels [38]. Another cross-sectional
study based on NHANES data including 11,125 non-dia-
betic individuals demonstrated that total and trunk body
fat were strongly associated with elevated HbAlc, with
odds ratios ranging from 1.60 to 2.01 across age and sex
categories [39]. In contrast, no associations between obe-
sity measures and HbAlc were found in the present study
after correction for multiple testing. This may be due to
the fact that HbAlc reflects long-term average glycemia,
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which could dilute subtle associations in a non-diabetic,
relatively healthy cohort.

Multiple prior studies provided robust evidence for the
link between body fat distribution and glucose metabo-
lism in non-diabetic individuals [40-43], which was sup-
ported by the present findings. We found higher beta
coefficients for the association between body fat mea-
sures and two-hour plasma glucose than for the asso-
ciations with fasting glucose and HbAlc. This finding
could possibly be attributed to the fact that the two-hour
plasma glucose level allows for a more comprehensive
and dynamic assessment of metabolic function compared
to the fasting glucose level and shows stronger relation-
ships with body fat and insulin resistance. A prior study
found a strong inverse relationship between total glucose
disposal and two-hour plasma glucose concentration,
which varied significantly across different glucose toler-
ance groups [44].

Another study demonstrated that increasing two-hour
glucose levels are associated with progressive impair-
ments in beta-cell responsiveness, independent of insulin
resistance [45].

These findings were further supported by Weigensberg
et al. showing that two-hour insulin values maintained
significant independent associations with insulin sensi-
tivity even after adjusting for body composition, whereas
fasting measures did not [46].

Clinical and research implications

The present finding would highlight HGF (or c-Met path-
way activity) as a potential biomarker or target specifi-
cally for impaired glucose tolerance (elevated two-hour
OGTT) rather than isolated impaired fasting glucose.
However, these aspects are clearly hypothetical, particu-
larly since c-Met signaling is also involved in oncogenic
pathways [47]. If future research will confirm that HGF
mediates the obesity—glucose metabolism relationship, it
could serve as a biomarker for early metabolic dysfunc-
tion and help to identify individuals at higher risk for
progressing from obesity to impaired glucose tolerance
or type 2 diabetes, enabling personalized interventions.
In addition, there seems to be mechanistic differences:
obesity-to-dysglycemia pathways may diverge, with post-
load defects more linked to B-cell/peripheral compensa-
tion (involving HGF) and fasting defects more hepatic/
lipotoxicity-driven [15, 18]. Overall, this selective media-
tion is consistent with an association between HGF and
post-load glucose regulation, although whether this
response is ultimately protective or maladaptive cannot
be determined from cross-sectional data.

Future research should explore whether circulat-
ing HGF can serve as a biomarker for early stages of
post-load glucose dysregulation. Based on studies using
dynamic tests (e.g., mixed-meal tolerance) the specificity
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of HGF to glucose challenges could be confirmed. If it is
confirmed that HGF plays a role in post-load hyperglyce-
mia associated with obesity, whether as a compensatory
or stress marker, this could lead to ideas for therapeutic
options for prediabetes and early type 2 diabetes.

This study has several strengths. First, a relatively large
number of well-phenotyped individuals was examined,
and the measurements were all highly standardized. Fur-
thermore, a wide range of data and information was col-
lected for each participant, enabling adjustment for all
relevant confounders. The study participants were pri-
marily middle-aged, non-diabetic, and healthy, allowing
assessment of relationships between fat compartments
and risk factors in the absence of significant comorbidity.
The present study also has limitations. Due to the cross-
sectional design, reverse causality cannot be ruled out,
even though the causal chain is fundamentally under-
stood. Since the majority of study participants repre-
sent a typical German population aged 25-65 years, the
results may not be generalized to other ethnicities and
age-groups. Furthermore, the use of VAT estimated by
BIA instead of computed tomography measurements
(the gold standard) may have led to less accurate results,
so measurement errors cannot be excluded. In the pres-
ent study BIA-derived VAT did not outperform con-
ventional measures (WC, WHR). Possible explanations
for this could be that BIA is sensitive to factors such as
hydration status, recent physical activity, mealtimes, and
ethnicity, leading to fluctuations and reduced accuracy in
measuring visceral fat percentage or central fat percent-
age [48]. In addition, no measures of insulin sensitivity
were available in the present study. In the MEGA follow-
up examinations, a reduced program with a few selected
assessments was implemented; thus, no longitudinal
analyses could be carried out to exclude reverse causality.

Conclusions

The positive associations between measures of obesity
and plasma markers of glucose metabolism were stron-
ger for indices of visceral obesity than for indices of gen-
eral obesity. However, the parameters determined by BIA
measurement did not outperform conventional measure-
ments in terms of their associations with the evaluated
plasma markers of glucose metabolism. HGF is partially
involved in these relationships, particularly in the asso-
ciation between different obesity measures and two-hour
OGTT glucose values. Because mediation does not prove
causality, further studies on the exact pathophysiological
mechanisms are necessary.
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