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Abstract

Purpose Fetuin-A represents a novel molecular target involved in the complex pathogenesis of metabolic disorders. This
study aimed to evaluate its association with obesity, type 2 (T2DM) and type 1 (T1DM) diabetes and its correlation with
non-invasive liver assessment.

Methods 105 patients (38 with obesity without T2DM, 30 with T2DM, and 37 with TIDM) and 13 controls were included.
All participants underwent transient elastography (TE) with controlled attenuation parameter (CAP), and liver stiffness mea-
surement (LSM), clinical and biochemical data (including fetuin-A).

Results Fetuin-A was significantly higher in all clinical groups than controls, with the greatest increase observed in obesity
without T2DM. Fetuin-A correlated positively with measures of adiposity (BMI, waist circumference, waist to height ratio),
triglycerides, and non-invasive indicators of liver steatosis (Fatty Liver Index and CAP), while showing no association with
fibrosis (defined by LSM>7.9 kPa). In age- and sex-adjusted models, fetuin-A remained independently associated with
obesity and T1DM, whereas T2DM showed a negative but not significant association. Fetuin-A was significantly higher in
steatosis, with good discriminatory ability (AUC 0.84, 95% CI 0.77-0.91) and a sensitivity of 0.75 and specificity of 0.74
at the optimal Youden threshold. Negative association with male sex and positive association with age was also observed.
Conclusions Results confirm fetuin-A as a molecular signature of metabolic disorders, mediating the cross-talk between
liver and adipose tissue. Further studies are needed to validate it as a useful biomarker for the early diagnosis and monitor-
ing of liver and metabolic disease, including obesity, T2DM, T1DM, and MASLD, and to reach a consensus on reference
values definition.
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Introduction secretion of adipokines and hepatokines [1]. Among these,

fetuin-A, also known as a2-Heremans-Schmid glycoprotein
Adipose tissue dysfunction and metabolically associated  (AHSG), is a protein that is predominantly synthesized by
steatotic liver disease (MASLD) play a central role in the  the adult liver and partly by adipose tissue which is impli-
development of insulin resistance, partly through the altered cated in several metabolic and inflammatory pathways [2],
including insulin signaling impairment, activation of toll-
like receptor 4 (TLR4), recruitment and polarization of
macrophages, adipocyte dysfunction, hepatic triacylglyc-
erol accumulation, and promotion of liver inflammation and
fibrosis [3]. The involvement of metabolic conditions, such
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and stage MASLD by measuring liver stiffness (LSM) and
controlled attenuation parameter (CAP) [4]. However, the
role of fetuin-A in the adipose-liver crosstalk, as reflected
by these parameters, has not been fully elucidated.

Although insulin resistance is a hallmark of T2DM, its
contribution to type 1 diabetes mellitus (T1DM) is less well
known. In T1DM, Fetuin-A production has been associated
with liver insulin resistance [6], poor glycemic control, and
its complications [7]. In addition, the increase in MASLD
in individuals with T1DM, particularly with overweight [8],
highlight the need to further investigate the role of fetuin-A
in this population, especially in the context of overweight/
obesity.

Recent evidence supports the need for large studies
combining hepatokine profiling, imaging, and metabolic
assessment to advance precision hepatology [9]. Despite its
potential as a biomarker for several metabolic diseases, the
clinical application of fetuin-A remains limited by meth-
odological challenges, including the lack of standardized
reference values, units and variability among commercial
ELISA assays [10-13]. This has led to inconsistency in
circulating fetuin-A levels in the literature [10, 11], limit-
ing comparisons between serum fetuin-A measurements to
absolute rather than relative, terms and clinical usefulness
[12].

This study aims to investigate the relationship between
fetuin-A and obesity, T2DM and T1DM and to analyze its
correlation with clinical parameters related to metabolic
syndrome (MetS) and liver. It will also evaluate the utility
of fetuin-A in the diagnosis of MASLD and its severity in
these patients as assessed by FibroScan®.

Materials e methods

Study design and participants

This observational case-control study enrolled 105 patients
(38 with obesity without T2DM, 30 with T2DM, and 37
with TIDM) followed at the Diabetes and Obesity Clinic
of the Santa Maria Goretti Hospital in Latina, from Janu-
ary 2024 to June 2025 (observation group) and a control
group of 13 healthy individuals undergoing routine medi-
cal examinations. FibroScan® was used to assess MASLD
and divided into steatosis and fibrosis groups. Exclusion
criteria included the presence of concomitant chronic liver
disease (e.g.,viral, drug-induced liver injury, autoimmune
hepatitis, hemochromatosis, primary sclerosing cholangi-
tis, primary biliary cholangitis), hepatocellular carcinoma
or other malignancies, excessive alcohol consumption, and
pregnancy.
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Anthropometric assessment

Anthropometric measurements, including height (Ht),
body weight (BW), and waist circumference (WC), were
obtained during the clinical visit. Body mass index (BMI)
was calculated as BW (kg) divided by Ht squared (m?). WC
was measured at the level of the umbilicus with the patient
standing upright, using a non-elastic measuring tape. The
waist to height ratio (WHtR) was calculated as WC (cm)
divided by Ht (cm).

Laboratory analysis

After an overnight fast of at least 10 h, venous blood samples
were obtained from all participants for biochemical analysis.
Measurements included triglycerides (TQG), total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), fast-
ing plasma glucose (FPG), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma glutamyl trans-
ferase (GGT), serum creatinine, C-reactive protein (CRP),
fasting insulin, and uric acid. Albuminuria was assessed as
the ratio of urinary albumin to creatinine in morning urine
samples using a nephelometric method. All biochemical
parameters were quantified in the central laboratory of the
participating hospital according to standard procedures
using proprietary reagents on a fully automated analyzer
(Abbott Architect c16000; Abbott Diagnostics, USA).
Hemoglobin Alc (HbAlc) was measured by high-perfor-
mance liquid chromatography (Lifotronic Technology Co.,
Ltd, Shenzhen, China). Low-density lipoprotein cholesterol
(LDL-C) was calculated using the Friedewald formula. Esti-
mated glomerular filtration rate (¢GFR) was recorded from
the clinical records as calculated using the Modification of
Diet in Renal Disease (MDRD). For greater accuracy, eGFR
was subsequently recalculated using the Chronic Kidney
Disease Epidemiology Collaboration equation (CKD-EPI)
[14]. Serum fetuin-A concentrations were determined using
a commercially available ELISA kit (Human AHSG ELISA
Kit, Antibodies.com, Stockholm, Sweden) and expressed in
optical density (OD) units. Consistent with previous work
[15, 16], in the absence of standardized reference ranges
for Fetuin-A, data were then standardized using z-scores
calculated from the distribution of the study cohort for
armonization.

Non-invasive liver disease assessment (NILDAs)

The FLI was calculated using the established formula [17]:
[e7(0,953 xIn(TG)+0,139 x BMI+0,718 x In(GGT) +0,053
x WC—15,745)] / [1+e™0,953 x In(TG)+0,139 x
BMI+0,718 x In(GGT)+0,053 x WC—15,745)] x 100.



Journal of Endocrinological Investigation

FIB-4 was determined by using the following formula:
age [years] x AST [U/L]/(platelet count [10%/L] x V(ALT
[U/L])). Age-specific cut-offs were applied as recom-
mended by the MASLD guidelines for descriptive stratifi-
cation of liver fibrosis risk: a cut-off of 1.3 was used for
patients aged<65 years, and a cut-off of 2.0 was used for
patients aged > 65 years [4].

TE using the FibroScan® Compact 530 was performed in
the supine position with the right arm abducted. LSM and
CAP expressed in kilopascals (kPa) and decibels per meter
(dB/m), respectively, were measured in the right hepatic lobe
by trained operators. Examinations with > 10 valid measure-
ments and an interquartile range-to-median ratio <30% were
considered reliable. Liver steatosis and fibrosis were defined
as CAP>248 dB/m and LSM >7.9 kPa, respectively [4].

Lifestyle and other variables

Age, sex, T2DM and hypertension, and use of antihypergly-
cemic medications were collected via oral interview. T2DM
was defined following the American Diabetes Association
(ADA) diagnostic criteria [18]. Hypertension was defined
as systolic>140 mmHg and/or diastolic>90 mmHg blood
pressure or antihypertensive medication. Alcohol con-
sumption was assessed using the Alcohol Use Disorders
Identification Test (AUDIT) questionnaire, with a score <8
indicating low-risk drinking [4].

Ethics statement and declaration on generative Al in
the writing process

The study was conducted in accordance with Helsinki Dec-
laration, and approved by the “Comitato Etico Lazio 17, the
Ethics Committee of the Lazio Region (reference no. 7421,
protocol code 0038/2024 and date of approval 10/01/2024).
Written informed consent was obtained from all participants.

During the preparation of this manuscript, the authors
used ChatGPT (version GPT-4, OpenAl, San Francisco,
CA, USA) for the text summary and revision. The authors
have reviewed and edited the output and take full responsi-
bility for the content of this publication.

Statistical analysis

Statistical analyses were performed using R software (ver-
sion 4.5.2), SPSS software (version 21.0), and OriginPro
2022. For continuous variables, normality was assessed
using the Shapiro-Wilk test, and several biomarkers devi-
ated from a Gaussian distribution. Continuous variables
were reported as median and interquartile range (IQR),
while categorical variables were reported as counts and per-
centages. Tabular data were generated using the gtsummary

package in R. Group comparisons for continuous variables
were performed using the Wilcoxon-Mann-Whitney test for
two groups or the Kruskal-Wallis test for more than two
groups, followed by Dunn’s post hoc test when appropri-
ate. Categorical variables were compared using chi-squared
or Fisher’s exact test. Linear and logistic regression analy-
ses were performed in R using the Im and glm functions,
respectively, and model assumptions were assessed by test-
ing for residuals and homoscedasticity. The diagnostic per-
formance of fetuin-A for steatosis was assessed by receiver
operating characteristic (ROC) curves and area under the
curve (AUC) with 95% confidence intervals calculated by
DeLong’s method using the pROC package. Correlation
analyses were performed using Spearman’s rank correla-
tion. Age- and sex-adjusted partial correlations were cal-
culated using the ppcor package, with confidence intervals
estimated by Fisher’s z-transformation, and p-values cor-
rected for multiple testing using the Benjamini-Hochberg
false discovery rate procedure.

Results

Altered levels of fetuin-A in obesity, T”2DM, and
T1IDM

General characteristics of the whole population are shown in
Table S1, Fig. 1A and Figure S1. No statistically significant
differences in sex distribution were observed, whereas age
differed between groups, with the control and T1DM groups
being younger than the others. Obesity without T2DM and
T2DM groups had similar anthropometric, liver, and lipid
profiles, with the exception of significantly higher HbAlc
(6.4 [5.9, 7.2] vs. 5.9 [5.5, 6.0], p<0.001), GGT (32 [22,
46] vs. 24 [19, 28], p<0.001), LSM (6.55 [5.20, 7. 40] vs.
5.55[4.30, 6.40], p=0.03), and a trend toward a higher per-
centage of LSM>7.9 kPa (23.3% vs. 8.6%, p=0.06) in the
T2DM groups. Furthermore, nearly all T2DM participants
were living with obesity (90%) (Figure S2; Table S1) and
a substantial proportion of individuals with obesity with-
out T2DM (approximately 75%) had HbAlc values in the
prediabetic range (HbA1c>5.7%). Controls and TIDM are
similar for many characteristics, with the exception of sig-
nificantly higher FBG and HbA 1c¢ in the T1DM groups (119
[97, 160] vs. 86 [80, 98]; 7.65 (6.80, 8.15) vs. 5.50 [5.25,
6.20], p<0.001).

The distributions of fetuin-A (Fig. 1B) showed signifi-
cantly higher levels in all cases compared to controls, with
the greatest levels in the obesity without T2DM group,
and a not significant trend toward lower levels in T2DM.
Fetuin-A was significantly higher in the TIDM groups
than in the control group. Interestingly, TIDM has a more
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Fig. 1 (A) Heatmap of continu-
ous variables (anthropometric,

lipid, glycemic, renal, and liver-

related markers) for individual

participants, grouped as controls,

obesity without T2DM, T2DM,

and T1DM. Values are standard-

ized (z-scores); the color scale

indicates relative decrease (blue)
or increase (red). Bracketed sym-
bols next to variable names indi-

cate the global Kruskal-Wallis

comparison between groups (ns,

* ok okk k) (B) Groupwise
distributions of fetuin-A z-scores
shown as violin plots with single
observations; horizontal brackets

indicate pairwise Dunn-Bonfer-

roni comparisons. (C) Multivari-

able linear model for fetuin-A:
adjusted differences versus

controls for obesity, T2DM, and

T1DM after adjustment for age

and sex; bars show estimates with
95% confidence intervals. Abbre-
viations: WHtR, waist-to-height

ratio; CAP, controlled attenuation

parameter; LSM, liver stiffness
measurement; FLI, Fatty Liver
Index; FIB-4, Fibrosis-4; GGT,
y-glutamy] transferase

Table 1 Multivariable linear regression for circulating fetuin-A
fetuin-Ai=p0+p1-Male+p2-Age
-TIDM+B4-T2DM+f5-Obesity+e. Male, TIDM, T2DM and Obe-
sity are dummy variables (1=present, 0=absent; Obesity defined as
BMI>30 kg/m?). The reference profile is female, non-obese, without
diabetes; coefficients therefore represent adjusted mean differences
in fetuin-A relative to this reference (age effect per 1-year increase).
SE=standard error. Significance: p<0.05 (), p<0.01 (), p<0.001 ().
Model fit to context: adjusted R?~0.4; residual SE~0.77; F(5,112)=
13.89 F(5,112)=16.8, p=2.3x 10"'2. TIDM, type 1 diabetes mellitus;

(z-scores). Model:

T2DM, type 2 diabetes mellitus
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Characteristic Beta! SE
(Intercept) -2.0%** 0.387
Sex (male) -0.54%* 0.163
Age (years) 0.02** 0.007
TiDM 0.8 #%* 0.21
T2DM -0.12% 0.184
Obesity ] .2%%* 0.205

Abbreviations: CI = Confidence Interval, SE = Standard Error

I #p<0.05; **p<0.01; ***p<0.001

heterogeneous distribution with fewer cases of obesity but
the highest percentage of overweight and more than half of
the patients exceeding the established risk cut-offs for WC

and WHtR (Figure S2; Table S1).
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To attempt to separate these effects on circulating fetuin-
A, a multivariable linear model including sex, age, obesity,
T1DM, and T2DM was performed (Table 1), showing a sig-
nificant negative association with male sex, and a positive
association with age. After adjustment for age and sex, obe-
sity and T1DM remained positively associated with fetuin-
A (p<0.001), whereas T2DM showed a negative but not
significant association. These adjusted effects with 95% Cls
are displayed in Fig. 1C. Results were consistent in sensitiv-
ity analyses using BMI as a continuous covariate instead
of the obesity indicator. Interaction terms (e.g., obesity X
T2DM, age x sex) were not significant, and nested model
comparisons (F-tests/likelihood-ratio tests) did not support
the inclusion of interactions or additional parameters given
the sample size, favoring the more parsimonious models.

Correlation of fetuin-A with clinical and metabolic
parameters

Correlation of fetuin-A with clinical and metabolic variables
by calculating Spearman coefficients (p) showed a positive
correlation with adiposity measures (BMI, WC, WHtR),
triglycerides, and with non-invasive steatosis tools (CAP
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Table 2 Spearman correlations of circulating fetuin-A with clinical and metabolic parameters, reported both unadjusted and adjusted for age and
sex (partial p). For each variable, correlation coefficients (p) are shown with 95% confidence intervals and corresponding raw and FDR-adjusted
p-values. Only variables that remained significant in both unadjusted and adjusted analyses are reported. FLI=fatty liver index; CAP=controlled

attenuation parameter; WHtR =waist-to-height ratio

Variable n p [95% CI] p (raw) p (FDR) Partial p [95% CI] p (adj) p (FDR adj)
FLI (score) 99  0.38[0.198, 0.537] 1.04x10*  1.25x10*  0.29[0.097, 0.463] 0.00390  0.00571
CAP (dB/m) 118  0.358[0.190,0.506] 6.76x10°  1.01x10*  0.285[0.108,0.444]  0.00194  0.00571
Waist circumference (cm) 118  0.374[0.207,0.519] 3.07x10°  6.15x10°  0.275[0.098,0.436]  0.00279  0.00571
BMI (kg/m?) 118  0.441[0.282,0.576] 5.89x107 1.77x10°  0.270[0.093,0.431]  0.00334  0.00571
Waist-to-height ratio (WHtR) 118  0.451[0.295,0.584] 2.89x107  1.74x10°  0.260 [0.082,0.423]  0.00475  0.00571
Triglycerides (mg/dL) 117 0.327[0.154,0.480] 3.25x10* 3.25x10*  0.226[0.044,0.393]  0.0153 0.0153

0.6
0.5
0.4
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0.2 4
0.1+ 4
0.0 T T T

N
.‘{\Q\*Ge

Spearman correlation (p) + 95% CI

W

Fig. 2 Correlation analysis of circulating fetuin-A with clinical and
metabolic variables. Bars represent Spearman correlation coefficients
(p) with 95% confidence intervals. Unadjusted correlations are shown
in grey, while age- and sex-adjusted correlations are shown using the
viridis color scale. CAP=controlled attenuation parameter; FLI={fatty
liver index

and FLI). The correlation was robust in both unadjusted
(p=0.36, 95% CI: 0.19-0.51, p<0.0001) and adjusted
analyses (p=0.29, 95% CI: 0.11-0.44, p=0.002) (Table 2;
Fig. 2). Interestingly, no correlation was found with liver
fibrosis as assessed by FibroScan®.

To assess the robustness of all the displayed partial corre-
lations shown, we fitted linear regressions with fetuin-A as
the outcome and age, sex, and the corresponding predictor
as explanatory variables (data not shown). All coefficients
retained in Fig. 2 remained significant, and the models were
globally significant. Moreover, all correlations remained
robust after controlling for the false discovery rate (FDR)
(Table 2).

Fetuin-A as a potential circulating marker of liver
steatosis

Consistent with the association of fetuin-A with non-inva-
sive markers of liver steatosis CAP and FLI (Fig. 2; Table 2),
the distribution of fetuin-A z-scores showed significantly
higher values in those with steatosis, with a clear separation

between the two groups and an overall upward shift in the
distribution among those with steatosis. Participants with-
out steatosis were largely clustered at values below the
cohort mean, whereas those with steatosis had a broader
distribution centered around zero or positive z-scores, sup-
porting the ability of fetuin-A to discriminate on the basis of
steatosis (Fig. 3A). In contrast, consistent with the lack of
association between fetuin-A and liver fibrosis, z-scores did
not differ based on significant fibrosis (Fig. 3B).

To further assess the ability of fetuin-A to classify ste-
atosis, we fitted a univariable logistic regression model
using fetuin-A z-scores as a predictor. Fetuin-A showed a
strong positive association with steatosis (f=1.72+0.33;
p=2.0x107), corresponding to an approximately 5.6-fold
increase in the odds of steatosis for each 1-unit increase in
the fetuin-A z-score (Table 3). The fitted probability curve
with 95% confidence bands (Fig. 4A) showed a clear mono-
tonic increase in predicted risk and a clean visual separation
between individuals with and without steatosis, with narrow
bands consistent with the strength of the association.

Given this fit, we evaluated the discriminative per-
formance using ROC analysis (Fig. 4B). The ROC curve
showed an AUC of 0.84 (95% CI 0.75-0.92). Because
z-scores are inherently cohort-dependent and lack clinically
interpretable units, no operational cut-off was derived; the
vertical reference line in Fig. 4A marks the optimal Youden
point, at which fetuin-A achieved a sensitivity of 0.75 and a
specificity of 0.74.

Discussion

Growing evidence supports fetuin-A as a key molecular tar-
get in metabolic disorders [19] and an emerging biomarker
for MASLD [3]. However, the lack of standardized refer-
ence ranges results in high inter-study variability [11], hin-
dering its implementation as a clinically useful biomarker
for metabolic diseases [10—12].

In our study, fetuin-A: (a) was significantly increased in
all cases compared to controls, with the highest levels in
obesity without T2DM,, followed by the T2DM and T1DM

@ Springer
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Fig.3 Distribution of circulating fetuin-A levels according to FibroScan
®_derived hepatic features. (A) Fetuin-A z-scores were significantly
higher in individuals with steatosis compared with those without ste-

Table 3 Univariable logistic regression model for steatosis using
fetuin-A z-scores as predictor

Term B (SE) OR per 1-unit  95% CI p-value
increase for OR
in z-score
Intercept 1.031 — — 7.7x107°
(0.261)
Fetuin-A 1.721 5.60 2.92 2.1x10~
(0.331) —10.70

groups; (b) was positively correlated with measures of adi-
posity, TG, FLI and CAP; (c) remained positively associ-
ated with obesity and T1DM after sex and age adjustment,
while showing a negative not-significant association with
T2DM; (d) was significantly higher in steatosis assessed by
FibroScan ®, while no significant differences were observed
with/without fibrosis; (e) was confirmed as a strong predic-
tor of steatosis by logistic regression analysis, showing an
approximately 5.6-fold increase in the odds of steatosis, and
a higher predictive ability (AUC=0.84); (f) showed a nega-
tive association with male sex and a positive association
with age.

@ Springer

atosis (Wilcoxon-Mann—Whitney p<0.001). (B) No significant differ-
ences in fetuin-A z-scores were observed between individuals with and
without fibrosis, as defined by liver stiffness measurements (ns)

Significantly higher Fetuin-A levels found in obesity
without T2DM, followed by T2DM and T1DM, and its
significant correlations with MetS characteristics and non-
invasive steatosis assessment further support its potential as
an early diagnostic biomarker for obesity and related meta-
bolic complications, including MASLD [2, 3].

Evidence suggests that liver is the main source of fetuin-
A production in adults (>95%), while its expression in
other tissues remains unclear. A small contribution from
adipocytes has been reported [2], with increased secretion
observed in visceral and subcutaneous fat, especially in
the presence of obesity [20]. However, some studies have
observed increased fetuin-A protein in adipose tissue of peo-
ple with obesity and diabetes, despite the absence of mRNA
transcripts [21, 22]. This has led to the hypothesis that adi-
pose tissue may act as a reservoir, essentially a “sponge”
for liver-derived fetuin-A, sequestering most, if not all, of
the protein released into the circulation and thereby provid-
ing temporary protection [21, 22]. Thus, we can hypothesize
that, in our study, the strong association between fetuin-A
and all measures of adiposity, and the higher levels in all
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Fig.4 (A) Predicted probability A B
of steatosis from a univariable T 1 a_ L=l 111 1004
logistic regression model using 1.00 4 ® m ‘
fetuin-A z-scores as predictor 5 4 ‘
(dashed line), with 95% confi- 7 0.7
dence bands (shaded). Points ~ 0.754 7

indivi ici 2 >
represent individual participants % / =
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(AUC 0.84; 95% CI 0.75-0.92) 7

7’
-
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Fetuin-A (z-score)

cases than in controls, may in part reflect the accumula-
tion of liver-derived fetuin-A in adipose tissue rather than
its production by fat. Indeed, according to FLI>60 and/or
CAP>248 dB/m, liver steatosis was confirmed in all/almost
all patients with obesity with/without T2DM, as well as in
more than half/one third of the TIDM group, respectively.
On the other hand, as a ligand for TLR4, Fetuin-A has been
proposed to promote adipogenesis by increasing triglycer-
ide uptake into adipocytes, contributing to obesity, adipo-
cyte dysfunction, and insulin resistance [2]. Excess fat in
adipose tissue triggers fetuin-A expression by adipocytes.
In fact, Fetuin-A mRNA expression has been detected only
after prolonged adipocyte differentiation in obesity and has
been suggested to exert local autocrine/paracrine or pos-
sibly even endocrine effects [20]. Since fetuin-A has been
reported to mediate metabolic crosstalk between the fatty
liver and the fatty pancreas by enhancing its secretion from
pancreatic beta cells, these findings collectively suggest that,
although the capacity of adipose tissue to produce fetuin-A
remains uncertain [21], any contribution from this tissue
may be regulated by circulating liver-derived fetuin-A. This
underscores the role of this hepatokine in liver-adipose tis-
sue cross-talk.

In our study, the use of FibroScan®, which provides a
reliable estimate of the degree of steatosis and fibrosis [4],
demonstrated the ability of fetuin-A to discriminate steato-
sis, but also showed its higher predictive ability for steato-
sis. However, no significant differences in fetuin-A levels
were found between individuals with/without fibrosis, and
no correlation between this hepatokine and liver fibrosis
was observed. These results confirm and extend previous
data suggesting fetuin-A as a potential early predictor of
MASLD in individuals with centripetal obesity, although
its relationship with fibrosis remains controversial [23].
Data have shown that its transcript expression is only barely
detectable and remains unchanged during model aggrava-
tion, likely reflecting progressive accumulation in adipose

1 - Specificity

tissue as liver disease progresses and suggesting no sig-
nificant changes in fetuin-A levels with increasing disease
severity [22, 24, 25]. Therefore, these findings further
confirm fetuin-A as a potential circulating marker of liver
steatosis, while its role as a prognostic factor needs to be
explored in further studies [3].

The role of fetuin-A in T2DM remains unclear [11], with
studies reporting both an increased risk of disease develop-
ment [26-28] and no significant differences in established
T2DM [21, 29]. The trend toward lower fetuin-A levels
in the T2DM group than in those without T2DM and the
negative association between T2DM and circulating fetuin-
A found in our study, although not significant, confirm the
need for further investigation. In particular, the clinical,
anthropometric, and liver similarity between the T2DM/
non-T2DM groups with obesity makes it difficult to distin-
guish the specific effects of obesity and T2DM.

A possible explanation may be a reduction in fetuin-A
levels due to glucose- and lipid-lowering therapies (e.g.,
metformin, GLP-1 receptor agonists, statins) [11, 29-32].
In our cohort, these pharmacotherapies were significantly
higher in the T2DM group than in the non-T2DM group
with obesity, especially for metformin (Table S2). Fur-
thermore, among all therapies, only the metformin-treated
T2DM group had lower fetuin-A levels than the untreated
group (Figure S3). Although not significant, these findings
support the hypothesis that metformin treatment may atten-
uate the expected increase in fetuin-A [24, 33], as observed
with high-dose metformin [24], common in T2DM.

Otherwise, the site of insulin resistance has been shown to
influence fetuin-A levels [2], and increased levels of fetuin-
A have been found in the adipose tissue of individuals with
obesity and T2DM compared to those without T2DM [21].
The identification of T2DM as a cluster associated with the
highest degree of liver and visceral fat [21], together with
the consideration of adipose tissue as a “protective sponge”,
may also explain why lower fetuin-A is observed in more
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advanced liver injury or in more severe liver disease [22, 34,
35]. In our study, the T2DM group had significantly higher
levels of GGT and LSM and a higher percentage of LSM
indicating advanced liver fibrosis (LSM>7.9 kPa). There-
fore, it can be hypothesized that the coexistence of obesity
and diabetes in the T2DM group may have triggered a com-
pensatory mechanism that have contributed to lower fetuin-
A levels. However, further studies with larger numbers of
subjects are needed to confirm these findings.

Fetuin-A has been linked to liver insulin resistance in
T1DM mouse model [6] and associated with disease dura-
tion, adiposity, poor glycemic control, and early complica-
tions, including early atherosclerosis and hepatosteatosis
[7, 36]. Its elevated levels in patients with TIDM [7, 36],
particularly those with MASLD [7] support its role as a
potential biomarker in these patients. Emerging evidence
suggests that increasing MASLD in T1DM reflects higher
levels of overweight and obesity and MetS [37], defining a
“double diabetes” phenotype [38]. We also recently found
an independent association between poor glycemic control
and obesity with steatosis, but not fibrosis, in T1DM patients
with MASLD assessed by FibroScan®. These results high-
light the potential role of both hyperglycemia and obesity
in the pathogenesis of liver steatosis in these patients [37].
In our study, the TIDM group had the highest percentage
of overweight, especially visceral adiposity, and poor gly-
cemic control. FibroScan® also detected liver steatosis in
more than 1/3 of the patients despite normal liver enzymes.
The predominant production by the liver and the possible
limited contribution of adipose tissue, combined with the
involvement of BMI, visceral adipose tissue and glucose
levels in increasing fetuin-A levels [2] may explain the inde-
pendent association found between fetuin-A and TIDM and
the higher levels found in this group than in controls.

As the clinical value of non-invasive screening tools in
T1DM remains under investigation [39], and that the diag-
nostic utility of serum liver enzyme levels is still limited [4],
the global increase in these diseases and their complications
highlights the urgent need for more accurate and standard-
ized diagnostic strategies [40]. Recent evidence has further
confirmed the limited performance of FIB-4 in patients with
diabetes [4, 41]. In our study, we observed that even when
age-specific cut-offs were applied, these thresholds tended
to overestimate liver fibrosis, particularly in patients with
T1DM, compared to FibroScan® measurements, suggesting
that caution is warranted with non-invasive liver assessment
tools in this subgroup. Although clinical studies on this topic
are still very limited, these results suggest fetuin-A as a reli-
able potential non-invasive for clinical assessment to evalu-
ate liver health and metabolic dysfunction in these patients,
pending the future establishment of reference values.

@ Springer

Finally, the positive correlation of fetuin-A with age is
consistent with evidence recognizing age as a factor influ-
encing its levels in liver steatosis [42], but with contro-
versial results [34, 43, 44]. Although human studies have
shown inconsistent results [45—47], the negative correlation
of fetuin-A with male sex supports mouse models suggest-
ing increased levels in females [48], probably influenced by
sex hormones [49, 50]. Given that the women in our study
are around postmenopausal status, it can be hypothesized
that higher fetuin-A levels may be partly explained by the
increased risk of MASLD and adiposity after estrogen loss
protection during this period [51]. However, further studies
are needed to explore these associations.

Study limitations include the small sample size and
the use of TE rather than liver biopsy for the diagnosis of
MASLD. Although the use of z-scores is not directly infor-
mative and does not correspond to specific biological or
clinical cut-off values for biomarkers, it is consistent with
previous studies that have recognized it as an effective novel
approach for data harmonization [15, 16] overcoming the
limitations of literature studies reporting inconsistent val-
ues that preclude direct comparison. Strengths include a
well-described cohort in terms of clinical, anthropometric,
biochemical and non-invasive liver assessment, including
FibroScan®. In addition, no other studies have investigated
fetuin-A in different metabolic disorders, including TIDM,
compared to controls. These findings also support further
studies to explore the role of fetuin-A in prognosis in the
advanced liver disease cohort and in T2DM in treatment-
naive patients.

Conclusion

In conclusion, the correlation of fetuin-A with MetS features
such as total and visceral anthropometric measurements,
triglycerides and non-invasive liver assessment and its ele-
vated levels in MASLD and metabolic disorders, including
obesity, T2DM, T1DM suggests that fetuin-A mediates the
cross-talk between liver and adipose tissue. Furthermore,
routine measurement of this protein in serum supports its
potential as a surrogate biomarker that could be included
in multi-marker panels for early diagnosis and monitoring
of hepatic steatosis and metabolic diseases. Further stud-
ies are needed to reach consensus on reference values and a
true understanding of its biological significance, especially
in T2DM, and its role as a prognostic factor, which is still
limited.
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