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SUMMARY
The effectiveness of established biomarkers for non-alcoholic fatty liver disease (NAFLD) within the updated
framework of steatotic liver disease (SLD) remains uncertain. This cohort study examines the association of
four metabolic biomarkers—retinol-binding protein 4 (RBP-4), fibroblast growth factor 21 (FGF-21), adipo-
nectin, and osteocalcin—with SLD and its subtypes: metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) and metabolic dysfunction with alcohol-related liver disease (MetALD)/alcohol-related liver
disease (ALD). Among 3,504 Chinese participants aged 55–70, 938 (26.8%) have developed SLD over 5 years,
including 871 with MASLD and 67 with MetALD/ALD. The findings indicate that models incorporating RBP-4,
FGF-21, adiponectin, and osteocalcin improve predictive accuracy for SLD beyond conventional models.
Notably, adiponectin emerges as the most versatile marker, while elevated baseline levels of FGF-21 or
RBP-4 indicate specific needs for metabolic or alcohol-related interventions, respectively, supporting
tailored precision medicine strategies.
INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) encompasses a spec-

trum of liver conditions ranging from hepatic steatosis to

steatohepatitis, fibrosis, and cirrhosis, affecting approximately

one-quarter of adults worldwide.1 Recently, the NAFLD nomen-

clature consensus group underscored the need for unified global

nomenclature to improve disease management strategies and

advance related research. Consequently, a new term—steatotic

liver disease (SLD)—has been proposed. SLD serves as an um-

brella term that includes the redefined NAFLD successor, meta-

bolic dysfunction-associated steatotic liver disease (MASLD), as

well as expanded classifications linked to NAFLD, specifically

metabolic dysfunction and alcohol-related liver disease

(MetALD) and alcohol-related liver disease (ALD).2 Emerging

studies indicate that different SLD subtypes exhibit distinct

prognoses.3–6 For example, the fibrosis5 and cardiovascular dis-

ease3,6 burden in the MetALD group was higher than that in the

MASLD group. However, it remains unclear whether existing
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NAFLD biomarkers exhibit similar predictive performance for

SLD with metabolic dysfunction and its subtypes, including

MASLD, MetALD, and ALD.2

Wepreviously reported that retinol-binding protein 4 (RBP-4),7,8

fibroblast growth factor 21 (FGF-21),9,10 adiponectin,11 and osteo-

calcin12–14 are effective biomarkers for multiple cardiometabolic

diseases, includingNAFLD, diabetes, and chronic kidney disease,

based on findings from population-level studies. Similar out-

comes have been reported by other researchers.15–19 Moreover,

in recent years, these biomarkers have been investigated as ther-

apeutic targets in drug development, leading to a reduction in dis-

ease burden.20–22 However, it remains unclear whether they are

associated with novel SLD subcategories characterized by

distinct etiologies, such as MASLD and MetALD/ALD.

To address this knowledge gap, we aimed to assess the het-

erogeneous roles, potential mediating roles, and additional pre-

dictive value of RBP-4, FGF-21, adiponectin, and osteocalcin

beyond traditional predictive models in the development of

SLD and its subcategories. This study was conducted using a
, 101884, January 21, 2025 ª 2024 Published by Elsevier Inc. 1
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Figure 1. Flowchart of participants

SLD, steatotic liver disease; MASLD, metabolic dysfunction-associated steatotic liver disease; MetALD, metabolic dysfunction and alcohol-associated/related

liver disease; ALD, alcohol-associated/related liver disease.
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large-scale, community-based cohort. These findings may

contribute to the improved application of metabolic biomarkers

for the early and accurate identification of individuals at risk for

SLD, ultimately aiding in reducing the global disease burden.

RESULTS

Baseline characteristics of participants
A total of 3,504 Chinese participants (1,907 females) from the

Shanghai Nicheng cohort study, with a median age of 61.7 years,

were included in this analysis. During a 5-year follow-up, 938 par-

ticipants (26.8%) developed SLD, comprising 871 cases of

MASLD (24.9%) and 67 cases of MetALD/ALD (1.9%) (Figure 1).

As shown in Table 1, participants with incident SLD were more

likely to be female, obese, and diabetic, with higher levels of blood

glucose, insulin resistance, and blood pressure, along with unfa-

vorable lipid profiles, including elevated triglycerides (TGs) and

reduced high-density lipoprotein cholesterol (HDL-C), compared

to thosewithout SLD (allp% 0.032). Besides, the liver function pa-
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rameters of patientswith new-onset SLD alsodiffered significantly

to non-SLD participants, with elevated alanine aminotransferase

(ALT) and g-glutamyltransferase (GGT) levels and decreased

aspartate transaminase (AST) levels (all p % 0.001). Additionally,

participants with incident SLD, MASLD, and MetALD/ALD ex-

hibited significantly higher levels of RBP-4 and FGF-21 and

lower levels of adiponectin compared to those without SLD (all

p % 0.016).

Correlations betweenmetabolic biomarkers and clinical
characteristics
As shown in Figure 2, osteocalcin levelswere inversely correlated

with age in females,while adiponectin levels increasedwith age in

both genders. Additionally, with increasing body mass index

(BMI), levels of RBP-4 and FGF-21 significantly rose, whereas

adiponectin and osteocalcin levels declined. After adjusting for

age and BMI, higher RBP-4 and FGF-21 levels were associated

with poorer metabolic profiles, while elevated adiponectin and

osteocalcin levels correlated with a healthier metabolic status.



Table 1. Baseline characteristics

Characteristics Total No. SLD (1)

SLD

All SLD (2) p(1) vs. (2) MASLD (3) MetALD/ALD (4) p(1) vs. (3) p(1) vs. (4)

n 3,504 2,566 938 – 871 67 – –

Age (years) 61.7 (58.7–65.2) 61.6 (58.7–65.2) 61.9 (58.9–65.4) 0.120 61.9 (58.9–65.4) 61.3 (58.8–64.9) 0.118 0.788

Male 1,597 (45.6%) 1,198 (46.7%) 399 (42.5%) 0.032 334 (38.3%) 65 (97.0%) <0.001 <0.001

Current smoker 806 (23.0%) 609 (23.7%) 197 (21.0%) 0.101 160 (18.4%) 37 (55.2%) 0.001 <0.001

Current drinker 544 (15.5%) 414 (16.1%) 130 (13.9%) 0.111 70 (8.0%) 60 (89.6%) <0.001 <0.001

BMI (kg/m2) 23.3 (21.6–25.0) 22.7 (21.1–24.3) 24.9 (23.5–26.7) <0.001 24.9 (23.6–26.6) 24.9 (23.2–26.8) <0.001 <0.001

WC (cm) 80.0 (75.0–86.0) 79.0 (74.0–85.0) 85.0 (80.0–90.0) <0.001 85.0 (80.0–90.0) 87.0 (81.2–92.0) <0.001 <0.001

FPG (mmol/L) 5.8 (5.4–6.3) 5.8 (5.4–6.2) 5.9 (5.5–6.4) <0.001 5.9 (5.5–6.4) 6.0 (5.6–6.5) <0.001 0.002

2hPG (mmol/L) 7.3 (6.2–9.0) 7.2 (6.0–8.8) 7.8 (6.6–9.7) <0.001 7.8 (6.6–9.7) 7.3 (6.2–9.1) <0.001 0.639

HbA1c (%) 5.6 (5.4–5.9) 5.6 (5.3–5.8) 5.7 (5.4–6.0) <0.001 5.7 (5.5–6.0) 5.6 (5.3–5.9) <0.001 0.668

FINS (mU/mL) 5.4 (4.0–7.4) 5.1 (3.7–6.8) 6.7 (4.9–9.0) <0.001 6.8 (5.0–9.1) 5.4 (4.0–6.9) <0.001 0.387

HOMA-IR 1.4 (1.0–2.0) 1.3 (0.9–1.8) 1.8 (1.3–2.4) <0.001 1.8 (1.3–2.4) 1.4 (1.1–1.8) <0.001 0.142

Diabetes 558 (15.9%) 377 (14.7%) 181 (19.3%) 0.001 174 (20.0%) 7 (10.4%) <0.001 0.424

SBP (mmHg) 130.0

(121.0–141.0)

130.0

(120.0–140.0)

132.5

(125.0–143.0)

<0.001 132.5

(125.0–143.0)

133.0

(125.5–145.5)

<0.001 0.026

DBP (mmHg) 81.0 (78.0–87.0) 81.0 (78.0–86.0) 82.0 (79.0–88.0) <0.001 82.0 (79.0–88.0) 82.0 (80.0–90.8) <0.001 0.010

TGs (mmol/L) 1.1 (0.8–1.5) 1.0 (0.8–1.4) 1.3 (0.9–1.8) <0.001 1.3 (0.9–1.8) 1.2 (0.9–1.6) <0.001 0.063

HDL-C (mmol/L) 1.4 (1.2–1.6) 1.4 (1.2–1.7) 1.3 (1.1–1.5) <0.001 1.3 (1.1–1.5) 1.4 (1.2–1.6) <0.001 0.378

ALT (U/L) 15.0 (12.0–19.0) 15.0 (12.0–19.0) 15.0 (12.0–20.0) 0.001 15.0 (12.0–20.0) 16.0 (12.0–19.5) 0.001 0.327

AST (U/L) 22.0 (19.0–26.0) 22.0 (19.0–26.0) 21.0 (19.0–25.0) <0.001 21.0 (19.0–25.0) 22.0 (20.0–27.0) <0.001 0.698

GGT (U/L) 20.0 (15.0–28.0) 19.0 (15.0–27.0) 21.0 (16.0–31.0) <0.001 21.0 (16.0–30.0) 28.0 (21.0–39.0) <0.001 <0.001

RBP-4 (mg/L) 49.0 (40.0–61.0) 48.0 (39.0–60.0) 52.0 (42.0–63.0) <0.001 51.0 (42.0–62.5) 62.0 (49.5–73.0) <0.001 <0.001

FGF-21 (pg/mL) 200.2

(119.0–310.4)

185.2

(110.0–294.7)

239.0

(150.9–354.4)

<0.001 239.6

(150.4–354.1)

225.4

(151.5–364.8)

<0.001 0.016

Adiponectin

(mg/mL)

4.6 (3.5–6.0) 4.8 (3.7–6.3) 4.1 (3.2–5.3) <0.001 4.2 (3.2–5.3) 3.5 (3.0–4.3) <0.001 <0.001

Osteocalcin

(ng/mL)

22.1 (17.4–28.3) 22.3 (17.6–28.5) 21.4 (16.8–27.9) 0.004 21.8 (17.2–28.3) 16.9 (14.1–21.2) 0.108 <0.001

Data are reported asmedians (25th–75th percentiles) or frequencies (percentages). Participants were defined as current drinkers if their average alcohol

intake exceeded 1 g per week for at least 1 year prior to the survey, and as current smokers if their average cigarette consumption exceeded 1 cigarette

per day for at least 1 year prior to the survey.

SLD, steatotic liver disease;MASLD,metabolic dysfunction-associated steatotic liver disease;MetALD,metabolic dysfunction and alcohol-associated/

related liver disease; ALD, alcohol-associated/related liver disease; BMI, body mass index; WC, waist circumference; FPG, fasting plasma glucose;

2hPG, 2-h postprandial plasma glucose; HbA1c, glycated hemoglobin; FINS, fasting insulin; HOMA-IR, homeostasismodel assessment of insulin resis-

tance; SBP, systolic blood pressure; DBP, diastolic blood pressure; TGs, triglycerides; HDL-C, high-density lipoprotein cholesterol; ALT, alanine amino-

transferase; AST, aspartate transaminase; GGT, g-glutamyltransferase; RBP-4, retinol-binding protein 4; FGF-21, fibroblast growth factor 21.
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Specifically, RBP-4 levels were positively associated with fasting

plasma glucose (FPG), the homeostasismodel assessment of in-

sulin resistance (HOMA-IR), blood pressure, TGs, HDL-C, and

GGT in both genders. FGF-21 levels were positively associated

with TGs and GGT and inversely associated with HDL-C. Adipo-

nectin was inversely correlated with waist circumference (WC),

FPG, 2-h postprandial plasmaglucose (2hPG), HbA1c, fasting in-

sulin (FINS), HOMA-IR, TGs, and GGT, but positively associated

with HDL-C and AST. Osteocalcin levels were inversely associ-

ated with FPG, 2hPG, HbA1c, HOMA-IR, ALT, and GGT.

Associations between metabolic biomarkers and SLD
The tertile ranges of metabolic biomarkers are listed in Table S1.

As shown in Figure 3A, cumulative SLD incidence increased

significantly in both males and females, alongside rising RBP-4
and FGF-21 levels and declining adiponectin and osteocalcin

levels (all p for trend% 0.005). To determine if baseline biomarker

levels were independently associated with SLD risk and to quan-

tify this association, we developed a multivariable modified Pois-

son regression model. This model estimates relative risks (RRs)

and its 95%confidence intervals (CIs) for the association between

biomarker levelsandSLDdevelopment.As illustrated inFigure3B,

after adjusting for covariables including age, BMI, WC, 2hPG,

HbA1c, FINS, systolic blood pressure (SBP), TGs, HDL-C, ALT,

AST, and GGT, SLD risk increased significantly with higher

RBP-4 levels (per-standard deviation increment RR [95% CI]:

1.17 [1.07–1.27], p < 0.001 for males; 1.20 [1.12–1.29],

p < 0.001 for females) and decreased with higher adiponectin

levels (RR [95% CI]: 0.79 [0.73–0.86], p < 0.001 for males;

0.87 [0.80–0.93], p < 0.001 for females). Additionally, in males,
Cell Reports Medicine 6, 101884, January 21, 2025 3



Figure 2. Correlations between metabolic biomarkers and clinical characteristics

The standardized correlation coefficients between metabolic biomarkers and clinical characteristics were calculated by using linear regression. WC, FPG, 2hPG,

HbA1c, FINS, HOMA-IR, SBP, DBP, TGs, HDL-C, ALT, AST, and GGTwere log-transformed prior to analysis. Partial correlation coefficients between biomarkers

with FPG, 2hPG, HbA1c, FINS, HOMA-IR, SBP, DBP, TGs, HDL-C, ALT, AST, and GGT calculated after adjusting for age and BMI. ***, p < 0.001; **, p < 0.01;

*, p < 0.05. BMI, body mass index; WC, waist circumference; FPG, fasting plasma glucose; 2hPG, 2-h postprandial plasma glucose; HbA1c, glycated hemo-

globin; FINS, fasting insulin; HOMA-IR, homeostasis model assessment of insulin resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure; TGs,

triglycerides; HDL-C, high-density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, g-glutamyltransferase; RBP-4,

retinol-binding protein 4; FGF-21, fibroblast growth factor 21.
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FGF-21 levels were significantly associated with increased SLD

risk (RR [95% CI]: 1.15 [1.00–1.32], p = 0.047). A sensitivity anal-

ysis in participants with complete biomarker data (n = 3,140, Fig-

ure S2A) yielded consistent results.

Associations between metabolic biomarkers and SLD
subcategories
As shown in Figure 4A, the proportions of patients with MASLD

and MetALD/ALD varied significantly with levels of RBP-4 (p =

0.002). However, the proportions of patients remained stable

across the tertiles of FGF-21, adiponectin, and osteocalcin levels

inmales (all pR 0.689). Multivariate Poisson regression analyses

revealed that, after adjusting for age, BMI, WC, 2hPG, HbA1c,

FINS, SBP, TGs, HDL-C, ALT, AST, and GGT, the risk of

MASLD and MetALD/ALD significantly increased with higher

RBP-4 levels. The relative risks (RRs) for a per-standard devia-

tion increment were 1.12 (95% CI: 1.02–1.23, p = 0.015) for

MASLD and 1.64 (95% CI: 1.29–2.08, p < 0.001) for MetALD/

ALD. Furthermore, heterogeneity analyses indicated that the as-

sociation between RBP-4 levels and MetALD/ALD was stronger

than that with MASLD (p for heterogeneity = 0.004). Additionally,
4 Cell Reports Medicine 6, 101884, January 21, 2025
higher adiponectin levels were negatively associated with the

risk of both MASLD and MetALD/ALD, with RRs of 0.81 (95%

CI: 0.73–0.89, p < 0.001) and 0.65 (95% CI: 0.50–0.83,

p < 0.001), respectively. Moreover, a positive association was

observed between FGF-21 levels and the risk of MASLD, with

an RR of 1.20 (95% CI: 1.03–1.40, p = 0.020) (Figure 4B). Sensi-

tivity analysis, excluding participants with missing data for any

biomarkers, yielded similar results (Figure S2B).

Predictive efficiency of metabolic biomarkers
As shown in Figure 5A, the area under the curve (AUC), net re-

classification index (NRI), and integrated discrimination improve-

ment (IDI) demonstrated that, for predicting the development

of SLD, baseline adiponectin levels outperformed other bio-

markers, as indicated by positive delta AUC, NRI, and/or IDI

values. In predicting MASLD, both adiponectin and FGF-21 ex-

hibited better performance compared to baseline levels of

RBP-4 and osteocalcin. The optimal cutoff values for diagnosing

MASLD were 3.68 mg/mL for males and 5.11 mg/mL for females

for adiponectin and 238.44 pg/mL for males and 186.69 pg/mL

for females for FGF-21. Furthermore, in males, adiponectin and



Figure 3. Associations between biomarkers and new-onset SLD

(A) Incidence rate of SLD across tertiles of biomarkers. Data are represented as rate (95% CI).

(B) The RRs for new-onset SLD were calculated after adjusting for age, BMI, WC, 2hPG, HbA1c, FINS, SBP, TGs, HDL-C, ALT, AST, and GGT by using modified

Poisson regression models. Data are represented as RR (95% CI). See also Tables S1 and S2; Figures S1 and S2. SLD, steatotic liver disease; RBP-4, retinol-

binding protein 4; FGF-21, fibroblast growth factor 21; T1–3, tertiles 1 to 3; RR, relative risk; CI, confidence interval.
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RBP-4 showed superior predictive performance for MetALD/

ALD compared to FGF-21 and osteocalcin, with optimal cutoff

values of 3.62 mg/mL and 59.00 mg/L, respectively (Figure S3).

Additionally, we developed biomarker-based models by

combining these biomarkers with BMI andWC, which are simple

and non-invasive indicators commonly used in traditional SLD

prediction models. As illustrated in Figures 5B and 5C, models

utilizing each of the four biomarkers significantly improved the

prediction of SLD, MASLD, andMetALD/ALD compared to tradi-

tional SLD prediction models, including the fatty liver index, he-

patic steatosis index, and NAFLD-liver fat score. Moreover, pre-

dictive models that combined multiple biomarkers further

enhanced the predictive performance compared to any single

biomarker model (Table S3).

Mediative roles of HOMA-IR and TGs in the associations
between metabolic biomarkers and MASLD
As shown in Figure 6, structural equationmodeling analyses indi-

cated that potential mediators, HOMA-IR and TGs, were posi-

tively associated with the development of MASLD. The stan-

dardized path coefficients were 0.16 and 0.10 for males and

0.19 and 0.07 for females, respectively (all p < 0.01).

Furthermore, HOMA-IR levels were significantly correlated

with the baseline levels of RBP-4, adiponectin, and osteocalcin,

exhibiting path coefficients of 0.08, �0.27, and �0.09 in males
and 0.12,�0.25, and�0.08 in females (all p < 0.01), respectively.

Similarly, TG levels were significantly correlated with the base-

line levels of RBP-4, FGF-21, and adiponectin, with path coeffi-

cients of 0.18, 0.23, and �0.28 in males and 0.20, 0.20,

and �0.22 in females (all p < 0.001), respectively.

Thus, based on the mediation analysis hypothesis, HOMA-IR

accounted for 30.8%, 21.3%, and 33.4% of the effects of

RBP-4, adiponectin, and osteocalcin on MASLD in males,

respectively. In females, HOMA-IR mediated 20.9%, 32.1%,

and 23.9% of the effects of RBP-4, adiponectin, and osteocal-

cin, respectively. Similarly, TGs mediated 42.9%, 24.4%, and

13.1% of the effects of RBP-4, FGF-21, and adiponectin on

MASLD in males and 12.6%, 13.7%, and 10.0% of these effects

in females, respectively.

DISCUSSION

This study evaluates the performance of various metabolic bio-

markers in predicting SLD and its subcategories and explores

the potential mediators involved in their associations. Our find-

ings indicate that RBP-4, FGF-21, and adiponectin can indepen-

dently predict the development of SLD and MASLD, with their

associations partially mediated by HOMA-IR and TGs. Further-

more, all models based on metabolic biomarkers show signifi-

cant improvements in predicting SLD and its subcategories
Cell Reports Medicine 6, 101884, January 21, 2025 5



Figure 4. Associations between biomarkers and new-onset SLD subcategories in males

(A) The proportion of patients with MASLD and MetALD/ALD in all SLD patients.

(B) The RRs for new-onset SLD subcategories were calculated after adjusting for age, BMI, WC, 2hPG, HbA1c, FINS, SBP, TGs, HDL-C, ALT, AST, and GGT by

using modified Poisson regression models. Data are represented as RR (95% CI). Heterogeneity between the RRs of biomarkers for different subcategories of

SLD was examined using the Q test. See also Tables S1 and S2; Figures S1 and S2. SLD, steatotic liver disease; RBP-4, retinol-binding protein 4; FGF-21,

fibroblast growth factor 21; MASLD, metabolic dysfunction-associated steatotic liver disease; MetALD, metabolic dysfunction and alcohol-associated/related

liver disease; ALD, alcohol-associated/related liver disease; RR, relative risk; CI, confidence interval.
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compared to traditional predictive models. Among these bio-

markers, adiponectin emerges as a robust predictor across all

SLD subcategories, suggesting its potential as a primary

biomarker for SLD. Additionally, FGF-21 is proved more suitable

for predicting MASLD, while RBP-4 demonstrates superior per-

formance in predicting MetALD/ALD compared to other bio-

markers. These findings provide real-world evidence for the

application of metabolic biomarkers in SLD screening and

monitoring.

Although the term ‘‘NAFLD’’ is widely used, it has long been

recognized that ‘‘non-alcoholic’’ fails to accurately reflect the

disease’s etiology. Notably, individuals with risk factors for

NAFLD, such as excessive alcohol consumption, have historical-

ly been overlooked by existing nomenclature and excluded from

clinical trials and therapeutic discussions.2,23,24 It is now under-

stood that overlapping biological processes may contribute to

both NAFLD and ALD.25 All of these factors drove a redefinition

of NAFLD. In 2020, Eslam et al. proposed the term ‘‘metabolic
6 Cell Reports Medicine 6, 101884, January 21, 2025
dysfunction-associated fatty liver disease (MAFLD)’’ as a more

appropriate overarching term.24 Based on this, Rinella et al.

introduced the updated nomenclature of MASLD and MetALD.2

While these new terms avoid stigmatizing language such as

‘‘non-alcoholic’’ and ‘‘fatty’’ and include individuals previously

excluded due to excessive alcohol consumption and other

combined etiologies, a particular concern remains regarding

the validity of established NAFLD biomarkers for these new

terms.2,24,26

RBP-4 is a specific transport protein for retinol in circulation,

mainly secreted by the liver and adipose tissue and excreted

through the kidneys.27,28 In 2008, we investigated the associa-

tion between serum RBP-4 levels and NAFLD in 102 diabetic pa-

tients, finding that NAFLD patients had significantly higher levels

of RBP-4 than those without NAFLD, even after adjusting for

confounders.7 These findings were consistent with results from

other studies.16–18,29 In the present study, we found that baseline

RBP-4 is an independent predictor of MASLD. Interestingly, the



Figure 5. Predictive performance of biomarker-based models

The predictive performance of each of the four biomarkers was evaluated by comparing the differences in their AUC (delta AUC), NRI, and IDI (A). Delta AUC, NRI,

and IDI > 0, = 0, or < 0 indicate the biomarkers had a better, similar, or worse performance than the reference in predicting the development of SLD, MASLD, or

MetALD/ALD, respectively. Further, the RBP-4/FGF-21/adiponectin/osteocalcin models were constructed by including the RBP-4/FGF-21/adiponectin/os-

teocalcin combined with body mass index and waist circumference. The predictive performance of these biomarker-based models compared with traditional

SLD predictive models, including FLI, HSI, and LFS, was evaluated by AUC (B), NRI (C), and IDI (C). Data are represented as NRI (95% CI) and IDI (95% CI) (C).

Predictive performance for MetALD/ALD was evaluated exclusively in males due to the limited case number in females. See also Figure S3. ***, p < 0.001;

**, p < 0.01; *, p < 0.05. AUC, area under the curve; NRI, net reclassification index; IDI, integrated discrimination improvement; MASLD, metabolic dysfunction-

associated steatotic liver disease; MetALD, metabolic dysfunction and alcohol-associated/related liver disease; ALD, alcohol-associated/related liver disease;

RBP-4, retinol-binding protein 4; FGF-21, fibroblast growth factor 21; FLI, fatty liver index; HSI, hepatic steatosis index; LFS, liver fat score; CI, confidence

interval.
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predictive role of circulating RBP-4 was even stronger for

MetALD/ALD than for MASLD. This may be due to RBP-4’s

dual roles as both an adipokine and a hepatokine.30,31 On one

hand, in vivo and in vitro studies suggest that fat-derived

RBP-4 contributes to MASLD development by increasing insulin

resistance, a shared trigger for bothMASLD andMetALD. RBP-4

promotes insulin resistance through multiple pathways,28,32–39

such as promoting basal glucose production, reducing insulin-

induced suppression of glucose production in hepatocytes, in-

hibiting the phosphorylation of the insulin receptor substrate 1,

and impairing insulin signaling in adipocytes through the activa-
tion of macrophages and induction of proinflammatory cytokine

production.35 Our mediation analysis indicated that over one-

third of RBP-4’s effect onMASLDoperates through increased in-

sulin resistance. On the other hand, the liver is the main site of

RBP-4 synthesis, and alcohol consumption might stimulate liver

hyperfunction, leading to elevated RBP-4 levels.40

FGF-21 was initially identified as a liver-expressed fibroblast

growth factor and has recently been recognized as an endocrine

hormone regulating insulin sensitivity, energy expenditure, and

hepatic TGs.41 In our previous studies involving 808 Chinese

adults, FGF-21 was identified as a predictor of NAFLD. Results
Cell Reports Medicine 6, 101884, January 21, 2025 7



Figure 6. Mediation analyses for MASLD

(A) The structural equation model with significant standardized path coefficients. Coefficients were calculated with adjustments for age. Potential mediators that

are significantly associated with both biomarker and outcome were considered to mediate the role of the biomarker in the development of outcome.

(B) The mediation proportion of HOMA-IR and TGs was calculated using the following formula: 100%3 (coefficientbiomarkers-mediator 3 coefficientmediator-outcome)/

(coefficientbiomarkers-outcome + coefficientbiomarkers-mediator 3 coefficientmediator-outcome). ***, p < 0.001; **, p < 0.01; *, p < 0.05. MASLD, metabolic dysfunction-

associated steatotic liver disease; RBP-4, retinol-binding protein 4; FGF-21, fibroblast growth factor 21; HOMA-IR, homeostasis model assessment of insulin

resistance; TGs, triglycerides.
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indicated that higher baseline levels of FGF-21 were significantly

associated with an increased risk of NAFLD over a 3-year follow-

up period.9 Pharmacologically, FGF-21 or its analogs promote

lipid-lowering effects by speeding up lipoprotein catabolism,

suppressing postprandial lipolysis in adipose tissues, reducing

hepatic endoplasmic reticulum stress and oxidative stress, and

enhancing lipid beta-oxidation in the liver.41 For instance, pego-

zafermin, an analog of FGF-21, is shown to reduce hepatic

fibrosis in patients with non-alcoholic steatohepatitis in a phase

2b, multicenter, double-blind, 24-week randomized placebo-

controlled trial.21 Although both FGF-21 and RBP-4 are primarily

secreted by the liver and adipose tissue,42,43 our study finds no

significant heterogeneity in FGF-21’s role as a predictor for

MASLD and MetALD/ALD. These findings suggest that FGF-21

could serve as a specific biomarker for MASLD, a condition pri-

marily driven by metabolic disorders rather than mixed etiol-

ogies, such as excessive alcohol consumption.

In contrast to RBP-4 and FGF-21 findings, our study sug-

gests that adiponectin is significantly negatively associated

with MASLD and MetALD/ALD development. Adiponectin, a

244-amino acid adipokine, acts as an insulin sensitizer, modu-

lating glucose uptake and lipid metabolism by reducing gluco-

neogenesis and enhancing glycolysis and fatty acid oxidation in

the liver through the AMPK pathway and PPAR-a cascade.44

Our results indicate that approximately a quarter of adiponec-

tin’s effect on MASLD is mediated by HOMA-IR, with about a

tenth mediated by TGs. Previous studies have shown adipo-

nectin’s beneficial role in NAFLD,45 and receptor agonists like

AdipoRon and ADP355 have shown efficacy in ameliorating

NAFLD and non-alcoholic steatohepatitis in vitro and in vivo.20

These findings affirm that adiponectin is a reliable predictor

not only for MASLD but also for SLD involving alcohol

consumption.

Additionally, research on bone-liver crosstalk has opened up

new perspectives on NAFLD biomarkers.46 Among these, osteo-

calcin, a 49-amino acid bone matrix protein secreted by osteo-

blasts, has been found significantly and negatively associated

with NAFLD development.47,48 In 2015, we reported an inverse

correlation between circulating osteocalcin and NAFLD among

733 postmenopausal Chinese women,14 consistent with a

4.2-year prospective study of 2,055 participants.19 Our current

study further demonstrates that baseline osteocalcin levels are

significantly negatively associated with the incidence rate of

MASLD.

Limitations of the study
This study has several limitations. First, ultrasonography was

used to detect fatty liver, which, though commonly employed

in large-scale population studies due to its acceptable accuracy,

is not sensitive enough to detect low-level steatosis (i.e., <20%).

More advanced imaging techniques, such as MRI-based fat

quantification, could enhance sensitivity in future studies. Sec-

ond, the limited sample sizes for MetALD and ALD groups

necessitated their combination, which restricted our ability to

explore differences between these two conditions. Future

research should aim to include larger cohorts of each subgroup

to better assess potential heterogeneity. Third, the study popu-

lation consisted solely of middle-aged and elderly Chinese indi-
viduals. This demographic limitation may reduce the generaliz-

ability of our findings to other age groups or racial/ethnic

groups. Replicating the study across diverse populations would

help determine the broader applicability of our conclusions.

Fourth, while we made efforts to control confounding variables,

residual confounding factors, such as genetic predispositions,

medication effects, and lifestyle variations, may still influence

the results. Further stratified analyses or genetic profiling could

help clarify these impacts. Lastly, the conclusions drawn here

would benefit from additional validation studies. Although our

findings provide initial insights, further longitudinal studies and

experimental validations are necessary to confirm these associ-

ations and establish causality.

Conclusions
In conclusion, metabolic biomarkers, including RBP-4, FGF-21,

adiponectin, and osteocalcin, are applicable for predicting the

occurrence of SLD and its subcategories with additional value

beyond the traditional model, and they are involved in the early

stages of the disease, such as insulin resistance and lipid meta-

bolism. Moreover, among the four candidates, adiponectin is a

robust predictor across all SLD subcategories. Based on this,

elevated baseline levels of FGF-21 or RBP-4 emphasize the

importance of metabolic control or alcohol restriction in their

prevention strategies from a precision medicine perspective,

respectively.
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(2023). The role of hepatokines in NAFLD. Cell Metabol. 35, 236–252.

https://doi.org/10.1016/j.cmet.2023.01.006.

32. Graham, T.E., Yang, Q., Bl€uher, M., Hammarstedt, A., Ciaraldi, T.P., Hen-

ry, R.R., Wason, C.J., Oberbach, A., Jansson, P.A., Smith, U., and Kahn,

B.B. (2006). Retinol-binding protein 4 and insulin resistance in lean, obese,

and diabetic subjects. N. Engl. J. Med. 354, 2552–2563. https://doi.org/

10.1056/NEJMoa054862.

33. Meex, R.C.R., and Watt, M.J. (2017). Hepatokines: linking nonalcoholic

fatty liver disease and insulin resistance. Nat. Rev. Endocrinol. 13,

509–520. https://doi.org/10.1038/nrendo.2017.56.

34. Moraes-Vieira, P.M., Yore, M.M., Dwyer, P.M., Syed, I., Aryal, P., and

Kahn, B.B. (2014). RBP4 activates antigen-presenting cells, leading to ad-

ipose tissue inflammation and systemic insulin resistance. Cell Metabol.

19, 512–526. https://doi.org/10.1016/j.cmet.2014.01.018.
35. Nono Nankam, P.A., and Bl€uher, M. (2021). Retinol-binding protein 4 in

obesity and metabolic dysfunctions. Mol. Cell. Endocrinol. 531, 111312.

https://doi.org/10.1016/j.mce.2021.111312.

36. Lee, S.A., Yuen, J.J., Jiang, H., Kahn, B.B., and Blaner, W.S. (2016).

Adipocyte-specific overexpression of retinol-binding protein 4 causes he-

patic steatosis in mice. Hepatology 64, 1534–1546. https://doi.org/10.

1002/hep.28659.

37. Romeo, S., and Valenti, L. (2016). Regulation of retinol-binding protein 4

and retinol metabolism in fatty liver disease. Hepatology 64, 1414–1416.

https://doi.org/10.1002/hep.28722.

38. Fedders, R., Muenzner, M., Weber, P., Sommerfeld, M., Knauer, M., Ked-

ziora, S., Kast, N., Heidenreich, S., Raila, J., Weger, S., et al. (2018). Liver-

secreted RBP4 does not impair glucose homeostasis in mice. J. Biol.

Chem. 293, 15269–15276. https://doi.org/10.1074/jbc.RA118.004294.

39. Wu, H., Wei, L., Bao, Y., Lu, J., Huang, P., Liu, Y., Jia, W., and Xiang, K.

(2009). Fenofibrate reduces serum retinol-binding protein-4 by suppress-

ing its expression in adipose tissue. Am. J. Physiol. Endocrinol. Metab.

296, E628–E634. https://doi.org/10.1152/ajpendo.90526.2008.

40. Bahr, M.J., Boeker, K.H.W., Manns, M.P., and Tietge, U.J.F. (2009).

Decreased hepatic RBP4 secretion is correlated with reduced hepatic

glucose production but is not associated with insulin resistance in patients

with liver cirrhosis. Clin. Endocrinol. 70, 60–65. https://doi.org/10.1111/j.

1365-2265.2008.03295.x.

41. Flippo, K.H., and Potthoff, M.J. (2021). Metabolic Messengers: FGF21.

Nat. Metab. 3, 309–317. https://doi.org/10.1038/s42255-021-00354-2.

42. Inagaki, T., Dutchak, P., Zhao, G., Ding, X., Gautron, L., Parameswara, V.,

Li, Y., Goetz, R., Mohammadi, M., Esser, V., et al. (2007). Endocrine regu-

lation of the fasting response by PPARalpha-mediated induction of fibro-

blast growth factor 21. Cell Metabol. 5, 415–425. https://doi.org/10.1016/j.

cmet.2007.05.003.

43. Dutchak, P.A., Katafuchi, T., Bookout, A.L., Choi, J.H., Yu, R.T., Mangels-

dorf, D.J., and Kliewer, S.A. (2012). Fibroblast growth factor-21 regulates

PPARg activity and the antidiabetic actions of thiazolidinediones. Cell 148,

556–567. https://doi.org/10.1016/j.cell.2011.11.062.

44. Khoramipour, K., Chamari, K., Hekmatikar, A.A., Ziyaiyan, A., Taherkhani,

S., Elguindy, N.M., and Bragazzi, N.L. (2021). Adiponectin: Structure,

Physiological Functions, Role in Diseases, and Effects of Nutrition. Nutri-

ents 13, 1180. https://doi.org/10.3390/nu13041180.

45. Méndez-Sánchez, N., Chavez-Tapia, N.C., Zamora-Valdés, D., and Uribe,

M. (2006). Adiponectin, structure, function and pathophysiological impli-

cations in non-alcoholic fatty liver disease. Mini Rev. Med. Chem. 6,

651–656. https://doi.org/10.2174/138955706777435689.

46. Musso, G., Paschetta, E., Gambino, R., Cassader, M., and Molinaro, F.

(2013). Interactions among bone, liver, and adipose tissue predisposing

to diabesity and fatty liver. Trends Mol. Med. 19, 522–535. https://doi.

org/10.1016/j.molmed.2013.05.006.

47. Yang, H.J., Shim, S.G., Ma, B.O., and Kwak, J.Y. (2016). Association of

nonalcoholic fatty liver disease with bone mineral density and serum os-

teocalcin levels in Korean men. Eur. J. Gastroenterol. Hepatol. 28,

338–344. https://doi.org/10.1097/meg.0000000000000535.

48. Sinn, D.H., Gwak, G.Y., Rhee, S.Y., Cho, J., Son, H.J., Paik, Y.H., Choi,

M.S., Lee, J.H., Koh, K.C., Yoo, B.C., and Paik, S.W. (2015). Association

between serum osteocalcin levels and non-alcoholic fatty liver disease

in women. Digestion 91, 150–157. https://doi.org/10.1159/000369789.

49. Chen, H., Liu, Y., Liu, D., Liang, Y., Zhu, Z., Dong, K., Li, H., Bao, Y., Wu, J.,

Hou, X., and Jia, W. (2024). Sex- and age-specific associations between

abdominal fat and non-alcoholic fatty liver disease: a prospective cohort

study. J. Mol. Cell Biol. 15, mjad069. https://doi.org/10.1093/jmcb/

mjad069.

50. Farrell, G.C., Chitturi, S., Lau, G.K.K., and Sollano, J.D.; Asia-Pacific

Working Party on NAFLD (2007). Guidelines for the assessment and

management of non-alcoholic fatty liver disease in the Asia-Pacific
Cell Reports Medicine 6, 101884, January 21, 2025 11

https://doi.org/10.1056/NEJMoa2304286
https://doi.org/10.1056/NEJMoa2304286
https://doi.org/10.1021/acs.jmedchem.9b00352
https://doi.org/10.1021/acs.jmedchem.9b00352
https://doi.org/10.1053/j.gastro.2012.04.001
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1038/s41575-023-00822-y
https://doi.org/10.1038/s41575-023-00822-y
https://doi.org/10.1016/j.jhep.2020.08.028
https://doi.org/10.1210/edrv-10-3-308
https://doi.org/10.1210/edrv-10-3-308
https://doi.org/10.1038/nature03711
https://doi.org/10.1016/j.diabet.2019.04.009
https://doi.org/10.1016/j.diabet.2019.04.009
https://doi.org/10.1016/j.cmet.2007.06.002
https://doi.org/10.1016/j.cmet.2007.06.002
https://doi.org/10.1016/j.cmet.2023.01.006
https://doi.org/10.1056/NEJMoa054862
https://doi.org/10.1056/NEJMoa054862
https://doi.org/10.1038/nrendo.2017.56
https://doi.org/10.1016/j.cmet.2014.01.018
https://doi.org/10.1016/j.mce.2021.111312
https://doi.org/10.1002/hep.28659
https://doi.org/10.1002/hep.28659
https://doi.org/10.1002/hep.28722
https://doi.org/10.1074/jbc.RA118.004294
https://doi.org/10.1152/ajpendo.90526.2008
https://doi.org/10.1111/j.1365-2265.2008.03295.x
https://doi.org/10.1111/j.1365-2265.2008.03295.x
https://doi.org/10.1038/s42255-021-00354-2
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.cell.2011.11.062
https://doi.org/10.3390/nu13041180
https://doi.org/10.2174/138955706777435689
https://doi.org/10.1016/j.molmed.2013.05.006
https://doi.org/10.1016/j.molmed.2013.05.006
https://doi.org/10.1097/meg.0000000000000535
https://doi.org/10.1159/000369789
https://doi.org/10.1093/jmcb/mjad069
https://doi.org/10.1093/jmcb/mjad069


Article
ll

OPEN ACCESS
region: executive summary. J. Gastroenterol. Hepatol. 22, 775–777.

https://doi.org/10.1111/j.1440-1746.2007.05002.x.

51. Matthews, D.R., Hosker, J.P., Rudenski, A.S., Naylor, B.A., Treacher, D.F.,

and Turner, R.C. (1985). Homeostasis model assessment: insulin resis-

tance and beta-cell function from fasting plasma glucose and insulin con-
12 Cell Reports Medicine 6, 101884, January 21, 2025
centrations in man. Diabetologia 28, 412–419. https://doi.org/10.1007/

bf00280883.

52. Zou, G. (2004). A modified poisson regression approach to prospective

studies with binary data. Am. J. Epidemiol. 159, 702–706. https://doi.

org/10.1093/aje/kwh090.

https://doi.org/10.1111/j.1440-1746.2007.05002.x
https://doi.org/10.1007/bf00280883
https://doi.org/10.1007/bf00280883
https://doi.org/10.1093/aje/kwh090
https://doi.org/10.1093/aje/kwh090


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Blood Participants in this study N/A

Critical commercial assays

Human FGF-21 Immunoassay Kit Antibody and Immunoassay Services,

University of Hong Kong

Cat#31180

Software and algorithms

R version 4.0.3 R Project https://www.r-project.org
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study period and population
The Shanghai Nicheng Cohort Study is a community-based cohort designed to investigate the epidemiology of cardiometabolic dis-

eases among adults in Nicheng Town, a suburb of Shanghai, China.49 The baseline survey was conducted from April 2013 to August

2014, targeting 23,375 residents aged 45–70 years who had lived in Nicheng Town for at least five years. A total of 17,212 participants

completed the baseline survey (median age: 56.9 years; 45.3% male). In 2018, we invited 10,075 participants aged 55–70 years at

baseline to participate in the follow-up survey, with 7,069 completing it (median age: 61.7 years; 42.7% male).

Ethics approval
The study was conducted in accordance with the Declaration of Helsinki and Istanbul and was approved by the Ethics Committee of

Shanghai Sixth People’s Hospital. Before data collection, all participants completed an informed consent form.

METHOD DETAILS

Inclusion and exclusion criteria
Participants without SLD at baseline were eligible for this study. Furthermore, participants with the following conditions were

excluded from this analysis: (1) liver failure (ALT or AST >2 upper limits of normal), kidney failure (serum creatinine >1.5 upper limits

of normal), or cancer at baseline; (2) loss to contact at follow-up; (3) missing abdominal ultrasound data at follow-up; (4) new-onset

SLD patients without any cardiometabolic risk factors and alcohol intake; (5) new-onset SLD patients with viral hepatitis; and (6)

missing alcohol consumption or viral hepatitis data. Ultimately, 3,504 participants (1,907 females) were included in the study

(Figure 1).

Outcome definition
SLDwas diagnosed by ultrasonography (Z.One Ultra, Zonare, CA, USA) based on known standard criteria, including the presence of

a diffuse increase in fine echoes in the liver parenchyma compared with the kidney or spleen parenchyma, deep beam attenuation,

and bright vessel walls.50 The images were assessed by qualified ultrasonographers who were blinded to the participants’

conditions.

SLD patients with at least one of five cardiometabolic risk factors were divided into two subcategories according to the latest multi-

society Delphi consensus statement2: MASLD (without any known causes of steatosis) and MetALD/ALD (with an alcohol intake

greater than 140 g/week and 210 g/week for females and males, respectively). Five cardiometabolic risk factors involved in the diag-

nostic criteria including: (1) BMI R23 kg/m2 or WC > 90 cm (male)/80 cm (female); (2) FPG R5.6 mmol/L or 2hPG R7.8 mmol/L or

HbA1cR 5.7%or diabetes; (3) blood pressureR130/85mmHg or with history of hypertension; (4) TGsR 1.7mmol/L or lipids lowing

treatment; and (5) HDL-c % 1.0 mmol/L (male)/1.3 mmol/L (female).

Biomarkers and covariates collection
Blood samples were collected from the individuals after they had fasted for more than 10 h to measure the concentrations of RBP-4,

FGF-21, adiponectin, osteocalcin, FPG, 2hPG, HbA1c, FINS, TGs, HDL-C, ALT, AST, GGT, hepatitis B surface antigen, and hepatitis

C virus antibody. The RBP-4 concentration was determined using a commercial turbidimetric immunoassay system (Beijia,

Shanghai, China) with a Hitachi 7600 automated analyzer. FGF-21 concentrations were quantified using ELISA kits (Antibody

and Immunoassay Services, University of Hong Kong, Hong Kong).11 Serum adiponectin levels were quantified using a latex
Cell Reports Medicine 6, 101884, January 21, 2025 e1
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particle-enhanced immunoturbidimetric assay (Antibody and Immunoassay Services, University of Hong Kong, Hong Kong).11 Total

osteocalcin levels were detected using an electrochemiluminescence immunoassay (Cobas e601; Roche Diagnostics GmbH, Man-

nheim, Germany).13 All intra- and inter-assay coefficients of variance were less than 10% and the investigators responsible for lab-

oratory testing were blinded to the clinical diagnosis of participants. Other laboratory measurement methods are described in

Table S4. Data on age, gender, smoking, alcohol consumption, and medication history were collected using a standardized ques-

tionnaire. The weekly alcohol intake of all participants was evaluated based on interview data about their drinking habits over the past

year, using the formula: weekly alcohol intake (g/week) = drinking volume (ml/occasion)3 drinking frequency (times/week)3 alcohol

content (%)3 0.789 (g/cm
3

). BMI was calculated by dividing the weight (kg) by the height squared (m2). WC was measured along the

midline between the lower margin of the costal arch and the upper margin of the iliac crest on themidaxillary line. Blood pressure was

measured twice using a mercury sphygmomanometer and the average was calculated. The degree of insulin resistance was deter-

mined using HOMA-IR, which was calculated as FINS (mU/ml) 3 FPG (mmol/L)/22.5.51

Traditional SLD predictive models
This studycompared thepredictiveperformanceofmetabolic biomarkerswith the following three traditionalSLDmodels: (1) the fatty liver

index (FLI)= (e 0.9533log
e
(TGs) + 0.1393BMI + 0.7183log

e
(GGT) + 0.0533WC- 15.745)/(1+e 0.9533log

e
(TGs) + 0.1393BMI + 0.7183log

e
(GGT) + 0.0533WC- 15.745)3

100 (TGs inmg/dL;BMI in kg/m2;GGT inU/L;WC in cm); (2) thehepatic steatosis index (HSI) =83 (ALT/AST ratio) +BMI (+2, if female;+2,

if diabetesmellitus) (ALT andAST inU/L; BMI in kg/m2); (3) theNAFLD-liver fat score (LFS) = - 2.89 + 1.183Metabolic Syndrome (Yes: 1,

No: 0) + 0.453 Type 2 Diabetes (Yes: 2, No: 0) + 0.153 FINS +0.043 AST – 0.943 AST/ALT (FINS in mU/L; ALT and AST in U/L).

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous and categorical variables are reported as medians (25th–75th percentiles) and frequencies (percentages), respectively.

Comparisons between the two groups were conducted using the Kruskal-Wallis rank-sum test (for continuous variables) and the

c2 test (for categorical variables). p values were corrected for multiple hypothesis testing using the Benjamini–Hochberg procedure.

The p for trend across groups was calculated using the Mantel-Haenszel test for trend. The correlations between the levels of meta-

bolic biomarkers and clinical characteristics were evaluated by using linear regression models. Modified Poisson regression models

were used to calculate the RR (95% CI) of biomarker levels for the development of SLD and its subcategories.52 Covariates in multi-

variate analyses were selected from a set of previously identified demographic and clinical-related factors of SLD (variables listed in

Table 1) using the least absolute shrinkage and selection operator method (Table S2; Figure S1). Heterogeneity between the RR of

biomarkers for different subcategories of SLD was examined using the Q test. The performance of biomarkers and traditional SLD

predictive models including FLI, HSI, LFS, for predicting the development of SLD subcategories was evaluated using the AUC, NRI,

IDI. The optimal cutoff values of biomarkers for SLD subcategory diagnosis were determined based on the Youden Index whichmax-

imizes the sum of sensitivity and specificity. The mediation role of HOMA-IR and TGs, the indicators for insulin resistance and lipids

metabolism, were evaluated using the structural equation modeling method. Sensitive analyses were conducted among participants

without missing values for any of the four biomarkers.

Statistical significance was defined as two-tailed p < 0.05. All analyses were performed using R version 4.0.4 (R Foundation for

Statistical Computing).
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