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Abstract

Background The pathogenesis of nonalcoholic fatty liver disease (NAFLD) is multifactorial. Fibroblast growth factor-21
(FGF-21) has been proposed to be associated with NAFLD, but data on its circulating levels in patients with NAFLD are
to date conflicting.

Aims The synthesis and comparison of data on circulating FGF-21 between patients with NAFLD and controls without
NAFLD.

Methods A comprehensive literature search was conducted in PubMed, Cochrane Library and Scopus, complemented by
hand-searching. Forty-four observational studies with overall 15,563 participants (9548 controls and 6015 NAFLD patients)
were included in the study.

Results Circulating FGF-21 was higher in patients with NAFLD compared to controls (standardized mean difference [SMD]:
0.61; 95% confidence interval [CI]: 0.44, 0.77; p<0.00001). Subgroup analysis showed higher FGF-21 levels in patients
with nonalcoholic steatohepatitis (NASH) compared to controls (SMD: 1.30; 95% CI: 0.35, 2.24; p=0.007), but not between
hepatic steatosis and controls, or hepatic steatosis and NASH. Furthermore, the findings were more robust in the subgroup
of studies with NASH-related cirrhosis than those without them (p=0.0004). Sensitivity analysis further supported the
findings. Heterogeneity was high in all comparisons. Meta-regression analyses showed that FGF-21 SMD between NAFLD
patients and controls was positively associated with the rate of patients with type 2 diabetes mellitus per study, and this could
explain 49.2% of the heterogeneity among studies.

Conclusions Circulating FGF-21 levels were higher in NAFLD patients than controls, which may be possibly attributed to
those with advanced disease (NASH and related cirrhosis).

Lay summary Circulating fibroblast growth factor-21 levels were higher in patients with nonalcoholic fatty liver disease
compared to controls. This is primarily attributed to the higher levels observed in patients with advanced disease (steato-
hepatitis and related cirrhosis).
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CI Confidence Interval

CT Computed Tomography

EASD European Association for the Study of
Diabetes

EASL European Association for the Study of the
Liver

EASO European Association for the Study of
Obesity

ELISA Enzyme-Linked Immunosorbent Assay

FGF-21 Fibroblast growth factor-21

GGT Gamma-Glutamyl Transferase

HOMA-IR Homeostasis Model Assessment-Insulin
Resistance

IR Insulin Resistance

MAFLD Metabolic (dysfunction-)Associated Fatty
Liver Disease

MASLD Metabolic dysfunction-Associated Steatotic
Liver Disease

MASH Metabolic dysfunction-Associated
Steatohepatitis

MeSH Medical Subject Headings

MOOSE Meta-analysis of Observational Studies in
Epidemiology

MRE Magnetic Resonance Elastography

MRI Magnetic Resonance Imaging

MRI-PDFF Magnetic Resonance Imaging-proton den-
sity fat fraction

MRS Magnetic Resonance Spectroscopy

NA Not Available

NAFL Nonalcoholic Fatty Liver

NAFLD Nonalcoholic Fatty Liver Disease

NAS NAFLD Activity Score

NASH Nonalcoholic Steatohepatitis

NOS Newcastle-Ottawa Scale

PECO Population, Exposure, Comparison,
Outcome

PEI Proximity Extension Immunoassay

PRISMA Preferred Reporting Items for Systematic
Reviews and Meta-Analyses

RCT Randomized Controlled Trial

SD Standard Deviation

SMD Standardized Mean Difference
T2DM Type 2 Diabetes Mellitus
Introduction

Nonalcoholic fatty liver disease (NAFLD) is a highly
prevalent chronic liver disease affecting at least one third
of the global population [1]. It was first described in 1980
and now is the second major cause leading to hepatic
transplantation in the US, due to the end-stage liver dis-
ease and hepatocellular carcinoma [2]. The frequency of
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NAFLD increases in parallel with obesity, type 2 diabetes
mellitus (T2DM) and other components of the metabolic
syndrome. Histologically, NAFLD ranges from hepatic
steatosis that may progress to nonalcoholic steatohepatitis
(NASH), hepatic fibrosis and liver cirrhosis [3]. Regard-
ing its pathogenesis, NAFLD is a multifactorial disease.
Various genetic variants, environmental factors and epi-
genetic modifications contribute to its pathogenesis [4].
Dysregulation in metabolic homeostasis, insulin resistance
(IR) and imbalance of various cytokines, adipokines, hepa-
tokines and other mediators also play central role to the
pathogenesis of NAFLD [5].

In 2019, a new nomenclature, metabolic (dysfunction)-
associated fatty liver disease (MAFLD), was proposed in
order to emphasize metabolic dysregulation in NAFLD [6].
In 2023, a multi-society Delphi consensus proposed the
term metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) in order to replace the stigmatizing term
“fatty” [7]. According to the latter consensus, NASH was
recommended to be renamed as metabolic dysfunction-
associated steatohepatitis (MASH) [7]. Apart from changes
in the nomenclature, MAFLD and MASLD emerged with
new diagnostic criteria, which may reflect better the patho-
physiology of the disease [6, 7].

Fibroblast growth factor-21 (FGF-21) is an hepatokine
with pleiotropic effects on lipid and carbohydrates metabo-
lism [8]. FGF-21 was shown to decrease IR by augment-
ing the uptake of glucose in muscle; in the liver, FGF-21
decreases intrahepatic lipid accumulation by increasing
fatty acid B-oxidation and decreasing de novo lipogenesis
[8]. The potentially pleiotropic effects of FGF-21 on vari-
ous organs, based mainly on data from experimental stud-
ies, are depicted in Fig. 1 [8—11]. In clinical terms, higher
FGF-21 levels were shown in patients with NAFLD than
in individuals without NAFLD in most, but not all stud-
ies; similarly, data on circulating FGF-21 levels between
patients with simple hepatic steatosis and steatohepatitis are
inconclusive. The clarification of FGF-21 levels when the
disease advances seems to be important in the light of FGF-
21 analogs that are currently under investigation in patients
with NASH; higher FGF-21 levels may target to limit the
progression of the disease, but may also indicate a state of
FGF-21 resistance or insensitivity, which may complicate
the effect of FGF-21 analogs [8].

Taking all the above into account, the main aim of this
systematic review and meta-analysis was to quantitatively
synthesize and compare existing data regarding circulating
FGF-21 levels in patients with NAFLD and controls, i.e.,
individuals without NAFLD or other liver diseases. A sec-
ondary aim was to compare FGF-21 levels between patients
with hepatic steatosis and NASH. In this systematic review
and meta-analysis, we kept the terminology of NAFLD
rather than the newer ones of MAFLD or MASLD, because
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Fig. 1 Potential metabolic effects of FGF-21 based mainly on experi-
mental data [8-11]. FGF-21 is a hepatokine suggesting exerting
pleiotropic effects on systemic metabolism by targeting a variety of
organs through multiple endocrine pathways. These actions position
FGF-21 as a potentially key metabolic regulator and a promising ther-

the diagnosis of the diseases was based on the diagnostic
criteria of NAFLD in the majority of the included studies.

Methods
Literature Search

This systematic review and meta-analysis was conducted
based on a pre-registered protocol in the international
prospective register of systematic reviews (PROSPERO)
registry (CRD42024537642). The reporting guidelines of
the meta-analysis of observational studies in epidemiol-
ogy (MOOSE) was also followed for the preparation of this
manuscript [12].

First, the following research question was developed
based on the Population, Exposure, Comparison, Outcome
PECO model; “Are FGF-21 levels higher in patients with
NAFLD compared with individuals without NAFLD?”.
Three databases, i.e., PubMed, the Cochrane Library and
Scopus, were searched using a comprehensive search query.
In order to build the search query, we combined Medical
Subject Headings (MeSH) terms with non-MeSH terms
and connected them with Boolean operators. The following
query was used for the searching in the PubMed: (("Non-
alcoholic Fatty Liver Disease"[Mesh]) OR NAFLD OR

apeutic target in obesity, T2DM and other metabolic diseases, includ-
ing NAFLD. Abbreviations: FGF-21, fibroblast growth factor-21;
NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes
mellitus

NAFL OR NASH OR (non-alcoholic fatty liver disease) OR
(nonalcoholic fatty liver disease) OR (non alcoholic fatty
liver disease) OR (non-alcoholic steatohepatitis) OR (non-
alcoholic steatohepatitis) OR (non alcoholic steatohepatitis)
OR (non-alcoholic fatty liver) OR (nonalcoholic fatty liver)
OR (non alcoholic fatty liver) OR MAFLD OR (metabolic
dysfunction-associated fatty liver disease) OR (metabolic
dysfunction associated fatty liver disease) OR (metabolic
associated fatty liver disease) OR MASLD OR (metabolic
dysfunction-associated steatotic liver disease) OR MASH
OR (metabolic dysfunction associated steatohepatitis))
AND (("fibroblast growth factor 21"[Supplementary Con-
cept]) OR FGF-21 OR FGF21 OR (FGF 21) OR (Fibro-
blast Growth Factor 21) OR (Fibroblast Growth Factor-21)).
There were no language or publication date restrictions.
Small adjustments in the search string were made based on
the specific requirements of each database. The search was
performed independently by two investigators (IF and MO),
starting in May 10, 2024 up to January 10, 2025.

The literature search was further expanded by manu-
ally search in reference lists of all articles included in the
meta-analysis, as well as the abstract books of three major
gastroenterology and hepatology conferences (the American
Association for the Study of Liver Diseases, the European
Association for the Study of the Liver and the Asian-Pacific
Association for the Study of the Liver) between 2014 and
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2024. Furthermore, automatic alerts were set up in the Pub-
Med ("My NCBI"), the Cochrane Library ("Saved Search
Alert") and Scopus ("Alerts"), to retrieve any relevant arti-
cles published after the initial search until the submission
of this manuscript.

Inclusion and Exclusion Criteria

This is a meta-analysis of observational studies. Therefore,
cross-sectional, case—control and cohort studies providing
data on circulating FGF-21 levels for individuals with and
without NAFLD were eligible. Inclusion criteria were: (i)
studies including patients diagnosed with NAFLD using:
hepatic histology after liver biopsy, abdominal ultrasonog-
raphy, transient elastography, computed tomography (CT),
magnetic resonance imaging (MRI), MRI-proton density
fat fraction (MRI-PDFF), magnetic resonance spectroscopy
(MRS), magnetic resonance elastography (MRE), other rel-
evant imaging techniques, or noninvasive markers of hepatic
steatosis and/or fibrosis; studies following the nomenclature
of MAFLD or MASLD were also eligible; (ii) studies report-
ing quantitative measurement of circulating FGF-21 levels
in the plasma or serum.

Exclusion criteria were: (i) studies with patients with
other liver disease (e.g., alcoholic fatty liver disease, viral
hepatitis, autoimmune hepatitis, drug-induced liver injury)
or with mixed liver diseases (patients with NAFLD with
other concomitant liver diseases); (ii) overlap of patients in
different studies; (iii) studies with patients with NAFLD-
associated hepatocellular carcinoma; (iv) studies for which
additional data (e.g., FGF-21 levels per group) were abso-
lutely necessary, but the corresponding author(s) did not
provide them; (v) other types of studies, including experi-
mental studies, reviews, opinions, editorials, commentar-
ies, guidelines, hypotheses, book chapters, case reports or
letters-to-the-editor; though, research letters-to-the-editor,
i.e., containing original data, were considered.

When a study included more than one control group, the
control group with the greatest similarity to NAFLD group
was selected for the statistical analysis; in this regard, prior-
ity was given to body mass index (BMI), i.e., when a lean
and an obese control group were included, we selected the
obese group, which is usually more similar to the BMI of
NAFLD patients.

Data Extraction

Two reviewers (IF and MO) independently performed the
data extraction. Excel (Microsoft, Redmond, WA, USA)
and EndNote (Clarivate Analytics, Philadelphia, PA, USA)
were implemented in this procedure. The duplicates were
removed and, subsequently, the two reviewers screened
the titles and abstracts of all identified articles (stage of

@ Springer

screening), excluding those that did not meet the prespeci-
fied inclusion and exclusion criteria. Next, the two review-
ers independently evaluated the full-text articles, to select
the appropriate ones for inclusion in the systematic review
(stage of eligibility). For the automatic translation of arti-
cles published in non-English languages, Google Translate
(https://translate.google.gr) was used as a supplementary
tool; communication with the corresponding authors was
also conducted to confirm the validity of the translation of
essential data of their articles. Any disagreements between
the reviewers were discussed with the involvement of the
supervisor (SAP), until agreement was reached. The super-
visor (SAP) guided the reviewers during the whole process
and resolved any conflicts.

The next step was the extraction of relevant parameters
from the included studies: (i) general features of the study
(first author’s surname, country of origin, publication year,
study design); (ii) specific populations (e.g., children/ado-
lescent population, morbidly obese population subjected to
bariatric surgery, inclusion of patients with liver cirrhosis);
(iii) main characteristics per group (number of patients or
controls, age, sex, BMI, waist circumference, rate of T2DM));
(iv) method of diagnosis of liver disease (NAFLD/MAFLD/
MASLD) and method for the measurement of FGF-21 lev-
els; (v) histological system used for the grading and stag-
ing of the liver disease; (vi) IR calculated with homeosta-
sis model assessment-IR (HOMA-IR) in mean z standard
deviation; (vii) FGF-21 and liver function tests [alanine
aminotransferase (ALT), aspartate aminotransferase (AST)
and gamma-glutamyl transferase (GGT)] in mean + SD.

In case essential data were missing (e.g., FGF-21 lev-
els, number of patients per group), they were asked from
the respective corresponding authors. In studies that essen-
tial data were available only in graphs, we used the online
tool Graphreader (https://graphreader.com) to retrieve their
numerical values. When needed, standard formulas were
used through the online tool Meta-Converter (https://meta-
converter.com) to merge study groups and to transform
numerical data expressed in other forms to mean and SD.
When essential data of importance were not available and
the corresponding author(s) did not provide them, the study
was excluded.

Quality Assessment

Newcastle—Ottawa scale (NOS; Ottawa Hospital Research
Institute, Ottawa, ON, Canada) was the tool that was indepen-
dently used by the two reviewers (IF and MO) for the quality
assessment of included studies. The validity of each study
was assessed within three domains: (i) the selection of the
groups; (ii) the comparability of the groups; (iii) the assess-
ment of the outcome. The scale of NOS ranges from 0 (very
poor quality) to 9 (the highest quality). Any disagreement
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between the reviewers was resolved after discussion with the
involvement of the supervisor (SAP).

Outcomes

The standardized mean difference (SMD) with 95% Con-
fidence Interval (95% CI) of circulating FGF-21 between
patients with NAFLD and controls was the main outcome
of this meta-analysis. Additionally, based on data retrieved
from studies with histological grading and staging of
NAFLD, secondary outcomes were the SMD of circulating
FGF-21 between: (i) patients with simple hepatic steatosis
(nonalcoholic fatty liver; NAFL) and controls; (ii) patients
with NASH and controls, (iii) patients with NAFL and
NASH.

Statistical Analysis

The softwares Revman (Review Manager, Version 5.4,
Cochrane Collaboration, London, UK) and R (R Studio, the
R Foundation for statistical computing, Vienna, Austria)
were use for the statistical analysis. The level of statisti-
cal significance was set at P < 0.05 in all tests (two-sided).
I? test was used for the evaluation of heterogeneity among
studies. Given the expected heterogeneity among studies,
the analysis was based on a random-effects inverse-variance
model. Egger’s test and visual assessment of the funnel plot
asymmetry were used for the evaluation of the probability
of publication. Subgroup analyses were conducted to com-
pare circulating FGF-21 in: (i) patients with NAFL vs. con-
trols; (ii) patients with NASH vs. controls; (iii) patients with
NAFL vs. patients with NASH; (iv) studies with vs. without
biopsy-proven NAFLD; (v) studies with NASH-related cir-
rhosis vs. studies without NASH-related cirrhosis (fibrosis
stage F4). Furthermore, sensitivity analyses were conducted
after excluding studies with: (i) children/adolescent popula-
tions; (ii) morbidly obese populations undergoing bariatric
surgery; (iii) NOS score < 7; (iv) outliers of FGF-21 SMD;
(v) the use of the definition of MAFLD for the diagnosis of
the disease. Finally, meta-regression analysis with a ran-
dom-effect model was conducted, to regress FGF-21 SMD
between patients with NAFLD and controls for the following
potential confounders: (i) age; (ii) sex; (iii) T2DM; (iv) BMI,
(v) waist circumference; (vi) HOMA-IR.

Results
Literature Search
The initial search led to the retrieval of 1544 articles: 935

from Scopus, 484 from Pubmed and 125 from Cochrane
library. In addition, 150 articles were retrieved via automatic

alerts set in the above databases and 310 articles through
handsearching in the abstract books of the three international
conferences mentioned above. The process of identification,
screening, eligibility and of the final selection of studies
to be included in the systematic review and meta-analysis
is fully presented in Fig. 2, which follows the reporting
guidelines of the Preferred Reporting Items for System-
atic reviews and Meta-Analyses (PRISMA), and is briefly
reported hereby. After the removal of 830 duplicates, 1086
articles were excluded at the stage of screening. Therefore,
88 articles were included in the stage of eligibility. Com-
munication with the corresponding author(s) was required
for 35 of these articles. Seventeen authors of 11 studies
responded and provided us the required data; their fine con-
tribution is recognized in the acknowledgement section of
this article. On the contrary, the corresponding authors of
21 studies did not reply or were unwilling to provide critical
information (e.g., FGF-21 levels) for their studies, which,
therefore, were excluded. The authors of other three stud-
ies did not respond to less crucial queries (e.g., the method
of FGF-21 measurement), so their studies were included in
the meta-analysis. Finaly, 44 studies were included in this
systematic review and meta-analysis [13-56].

Descriptives of the Included Studies

The main descriptives of the 44 included studies are pre-
sented in Table 1. They were conducted between 2010
and 2024 and they totally contain data from 15,563 indi-
viduals, 9548 controls and 6015 patients. Eighteen studies
were conducted in Europe, 19 in Asia, six in America and
one in Africa. There were 36 cross-sectional studies, three
case—control studies and five cohort studies, from which
only the baseline data were used and analyzed in the meta-
analysis. NAFLD was diagnosed with liver biopsy in 15
studies, abdominal ultrasonography in 14 studies, transient
elastography in three studies, MRI-PDFF in three, MRI in
two and MRS in two studies, CT in one, non-invasive indices
in one and both ultrasonography and non-invasive indices in
one study; the criteria of MAFLD were implemented in two
studies, whereas those of MASLD in none. Furthermore,
nine studies referred to pediatric/adolescent populations,
four studies to patients with morbid obesity subjected to
bariatric surgery (Table 1) and four studies included patients
with NASH-related cirrhosis (Table S1). Circulating levels
of FGF-21 were measured by enzyme-linked immunosorb-
ent assay (ELISA) in 42 studies, except one that were meas-
ured with proximity extension immunoassay (PEI) and one
that the method of FGF-21 measurement was not available
(Table 1).

Demographic and laboratory characteristics extracted
from the included studies are presented in the Table S1. For
each study, data for the NAFLD and control groups were

@ Springer
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1544 Potentially relevant articles identified in Articles identified through hand
initial database search searching

S 935 Scopus —] 310 International Congresses
© 484 PubMed 150 Alerts (databases)
ig 125 Cochrane Library 0 Reference lists
c
3 !
830 Duplicates removed
1174 Potentially relevant articles evaluated
oo »| 1086 Excluded
'g 699 Reviews, editorials, guidelines, letters, opinions, commentaries,
o hypotheses, book chapters, case series or case reports, interventional
@ studies
365 Non-human studies (animal or cell line)
10 Other liver diseases apart from NAFLD
12 Other diseases (extrahepatic)
\ 4
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o — 21 Corresponding authors did not provide necessary data
%" 9 FGF-21 levels were not appropriately measured
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8 No control group
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44 Articles initially selected for the systematic review
©
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£
\4
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Fig.2 Flowchart depicting the process of the literature search, according to the PRISMA statement. Abbreviations: FGF-21, fibroblast growth
factor-21; NAFLD, nonalcoholic fatty liver disease; PRISMA, preferred reporting items for systematic reviews and meta-analyses

separately presented, including the number of patients (and
men), age, BMI (kg/mz), waist circumference (cm), the num-
ber of patients with T2DM, FGF-21 levels (ng/ml), AST
(IU/L), ALT (IU/L), GGT (IU/L), HOMA-IR, and the num-
ber of patients with NASH-related cirrhosis.

@ Springer

Quality of the Included Studies

The NOS score was used for the evaluation of all studies
(Table 1). There were 19 studies (43.2%) with NOS score
< 7. The mean (£ SD) NOS score was 6.68 (+ 1.30).
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Table 1 Main descriptives of the studies included in the systematic review and meta-analysis

First author, Year, Origin*

Study design

Method of NAFLD diagnosis

Method of FGF-
21 measurement

NOS score Additional information

Abozaid, 2023, Netherlands
[13]

Ajaz, 2021, United Kingdom
[14]

Alisi, 2013, Italy [25]

Babak, 2017, Ukraine [36]

Bahijri, 2023, Saudi Arabia
[47]

Barb, 2019, USA [52]

Chang, 2022, South Korea
[53]

Dushay, 2010, USA [54]

Elshinshawy, 2023, Egypt
[55]

Flisiak-Jackiewicz, 2019,
Poland [56]

Franck, 2023, Germany [15]

Gallego-Duran, 2024, Spain
[16]
Giannouli, 2023, Greece [17]

Goralska, 2023, Poland [18]

Hua, 2019, Taiwan [19]
Ji, 2019, China [20]
Jiang, 2014, China [21]

Ko, 2023, South Korea [22]
Koliaki, 2015, Germany [23]

Koot, 2013, Netherlands [24]

Li H, 2013, China [26]
Li X, 2011, China [27]

Li X, 2024, China [28]

Lin D, 2023, China [29]
Lin H, 2022, USA [30]

Liu, 2020, China [31]
Matecki, 2017, Poland [32]

Monserrat-Mesquida, 2020,
Spain [33]
Pafili, 2022, Germany [34]

Cohort study
Cross-sectional

Cross sectional
Cross-sectional

Cross-sectional

Cross-sectional
Cross-sectional

Cross-sectional
Cross-sectional

Cross-sectional
Cross sectional
Cross-sectional

Case—control

Cross-sectional

Cross-sectional
Cross-sectional

Cross-sectional
Cross-sectional
Cross-sectional
Cross-sectional

Cross-sectional
Cross-sectional

Cross-sectional
Cross sectional

Cohort study

Cross-sectional
Cross-sectional
Cross-sectional

Cross-sectional

Abdominal ultrasonography
Liver biopsy

Liver biopsy
Abdominal ultrasonography
Abdominal ultrasonography

Liver biopsy
MRI -PDFF

Liver biopsy
Transient elastography

Abdominal ultrasonography

Liver biopsy
Liver biopsy

Abdominal ultrasonography

Non-invasive index of steato-
sis: FLI

Abdominal ultrasonography
Abdominal ultrasonography
Abdominal ultrasonography

MRI-PDFF
Liver biopsy
MRS

Abdominal ultrasonography
Abdominal ultrasonography

MAFLD criteria
Liver biopsy

MRI

Abdominal ultrasonography
Abdominal ultrasonography
MRI-PDFF

Liver biopsy

PEI

ELISA

ELISA
ELISA
ELISA

ELISA
ELISA

ELISA
ELISA

ELISA

ELISA

ELISA

ELISA

ELISA

ELISA
ELISA
ELISA

ELISA

NA

ELISA

ELISA
ELISA

ELISA

ELISA

ELISA

ELISA
ELISA
ELISA

ELISA

All patients, but not controls,
with NASH

Pediatric population

All patients and controls with
T2DM

All patients, but not controls,
with hypothyroidism; all
patients and controls without
T2DM

Pediatric population; all
patients and controls without
T2DM

Adolescent population; all
patients and controls with
polycystic ovary syndrome

Pediatric population

Patients and controls without
T2DM

Pediatric population

Patients and controls with
morbid obesity subjected to
bariatric surgery

Pediatric and adolescent
population

Patients and controls without
T2DM

Patients and controls without
T2DM

Adolescent population; all
patients and controls without
T2DM

Pediatric population

Patients and controls with
morbid obesity subjected to
bariatric surgery

@ Springer



51 Page 8 of 16 Current Obesity Reports (2025) 14:51
Table 1 (continued)
First author, Year, Origin® Study design Method of NAFLD diagnosis Method of FGF- NOS score Additional information

21 measurement

Praktiknjo, 2019, Germany
[35]

Qian, 2019, China [37]
Shen J, 2012, China [38]
Shen Y, 2023, China [39]
Shen Y, 2013, China [40]
Singh, 2024, USA [41]

Sydor, 2022, Germany [42]
Tanaka, 2022, Japan [43]
Tucker, 2020, USA [44]
Van Hove, 2024, USA [45]

Waluga, 2017, Poland [46]
Wargny, 2018, France [48]
Xu, 2024, China [49]

Yang, 2015, China [50]
Yilmaz, 2010, Turkey [51]

Cross-sectional

Cross-sectional
Case—control
Cohort study
Cross-sectional
Cross-sectional

Cross-sectional
Cross-sectional
Cobhort study

Cross-sectional
Cross-sectional
Cohort study

Cross-sectional

Cross sectional
Case—control

Transient elastography ELISA 7 All patients and controls with
HIV infection, without
obesity

MRS ELISA 7

Liver biopsy ELISA 8

Abdominal ultrasonography ELISA 7

Abdominal ultrasonography ELISA 6

Liver Biopsy ELISA 5 Patients, but not controls, with
morbid obesity subjected to
bariatric surgery

Transient elastography ELISA 6

MAFLD criteria ELISA 7

CT ELISA 7

Liver biopsy ELISA 5 Pediatric patients but not con-
trols diagnosed with NASH

Liver biopsy ELISA 7 Patients and controls with
morbid obesity subjected to
bariatric surgery

MRI ELISA 6

Abdominal ultrasonography ~ ELISA 5

and non-invasive indices
Liver biopsy ELISA
Liver biopsy ELISA

7. Studies are sorted alphabetically according to the surname of the first author. CT computed tomography, ELISA enzyme-linked immunosorb-
ent assay, FGF-21 fibroblast growth factor-21, FLI fatty liver index, H/V human immunodeficiency virus, MAFLD metabolic dysfunction-asso-
ciated fatty liver disease, MRI magnetic resonance imaging, MRI-PDFF magnetic resonance imaging-proton density fat fraction, MRS magnetic
resonance spectroscopy, NA not available, NAFLD nonalcoholic fatty liver disease, NASH nonalcoholic steatohepatitis, NOS Newcastle-Ottawa
Scale, PEI Proximity extension immunoassay, 72DM type 2 diabetes mellitus

Main and Secondary Outcomes

Circulating FGF-21 was higher in patients with NAFLD
compared to controls (SMD: 0.61; 95% CI: 0.44, 0.77;
P < 0.00001) (Table 2; Fig. 3). Heterogeneity among
studies was high (I>= 94%). Egger’s test suggested sta-
tistically significant publication bias (p =0.030) and

visual asymmetry was observed in the relevant funnel plot
(Fig. S1). Subgroup comparisons according to the disease
severity in studies with histological confirmation showed:
(1) no statistical difference in circulating FGF-21 between
patients with NAFL and controls (n =9; SMD: 0.22; 95%
CI: —0.49, 0.93; p= 0.540; Table 3; Fig. S2a-b); (iii)
higher FGF-21 levels in patients with NASH compared

Table2 FGF-21 SMD and related statistics between patients with NAFLD and controls in the sum of studies and in sensitivity analyses

Comparison All studies (n After exclud- After excluding After excluding After exclud- After excluding
NAFLD versus =44) ing studies with studies with popu- studies with NOS  ing studies with studies with the use
Controls pediatric/adoles-  lations undergoing <7 outliers of FGF-21 of the definition of
cent populations (n bariatric surgery  (n =25) SMD MAFLD
=35) (n =40) (N =41) (n=42)
SMD (95% CD); 0.61 (0.44,0.77);  0.70 (0.55,0.85);  0.59(0.41,0.76);  0.37 (0.17,0.58); 0.58 (0.44,0.72);  0.62 (0.44, 0.79);
p-value <0.00001 <0.00001 <0.00001 0.0004 <0.00001 <0.00001
1, p-value 94%; <0.00001 92%; < 0.00001 95%; <0.00001 95%; <0.00001 91%; <0.00001 94%; <0.00001
Egger’s test 0.030 0.0004 0.049 0.422 0.012 0.031
p-value

ClI confidence interval, FGF-21 fibroblast growth factor-21, MAFLD metabolic dysfunction-associated fatty liver disease, NAFLD nonalcoholic
fatty liver disease, NOS Newcastle—Ottawa Scale, n number of studies included in the analysis, SMD standardized mean difference
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NAFLD Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Abozaid 2023 021 09 649 027 092 1273 28% -0.07-0.16,0.03) 1
Ajaz 2021 063 046 16 008 007 9 15% 1.42(050,2.35)
Alisi 2013 008 003 84 02 004 23 19%  -368[4.35-3.00 ¢
Bahak 2017 02 001 26 01002 20 08% £.49(4.98,7.99) ’
Bahijri 2023 035 017 28 011 004 39 20% 2.00(1.48,269) —
Barb 2019 042 025 146 033 029 41 25% 0.35[-0.00,0.69) |
Chang 2022 033 022 135 019 012 193 26% 0.83[0.61,1.06) -
Dushay 2010 284 197 16 03 01 6 13% 1.49(0.43,254)
Elshinshawy 2023 007 002 33 007 001 21 22% 0.00[-053,053) -1
Flisiak-Jackiewicz 2012 017 019 3¢ 01 01 52 23% 0.49(0.05,0.93) —
Frank 2023 051 048 137 014 014 27 24% 0.83[0.41,1.25) —
Gallego-Duran 2024 034 029 89 019 014 28 23% 0.57(0.14,1.00) —
Giannouli 2023 021 013 8 013 009 57 18% 0.83(0.08,1.58)
Goralska 2023 024 016 130 014 01 17 22% 0.64(0.13,1.15) —_—
Hua 2019 015 013 83 009 003 31 24% 0.49(0.08,091] —
Jiang 2014 037 027 65 022 016 275 26% 0.81[053,1.08 -
JiF 2019 029 026 545 03 029 1143 28% -0.04(-0.14,0.07) i
Ko 2023 008 002 170 01 001 56 25%  -1.10[1.42,-0.78) -
Koliaki 2015 057 051 23 02013 18 18% 0.92(0.27,1.58)
Koot 2013 014 01 61 015 012 54 24% -0.09[-0.46,0.28) =
LiH2013 039 026 159 024 016 553 27% 0.80(0.62,0.98) o
Lin D 2023 049 019 30 037 019 29 22% 0.62(0.10,1.15) —
Lin H 2022 024 017 16 019 014 15 18% 0.31[-0.40,1.02) R
Liu'Y 2020 034 023 383 021 013 728 27% 0.63[0.51,0.76) ==
LiX 2011 045 037 17 023 007 32 20% 0.97(0.35,1.59) —
LiX2024 035 026 46 027 018 57 24% 0.36 [-0.03,0.75) =
Malecki 2017 014 012 50 006 005 23 22% 0.76(0.25,1.27) ——
Monserat-Mesquida 2020 003 002 70 003 001 30 23% 0.00[-043,043) -
Pafili 2022 034 019 44 021 003 22 22% 0.78(0.25,1.31) —
Praktiknjo 2018 011 012 28 006 007 45 23% 0.54(0.06,1.02) [
Qian 2019 021 012 336 015 003 86 26% 0.52(0.28,0.76) —_—
ShenJ 2012 031 024 146 011 008 74 26% 0.98(0.70,1.29) -
ShenY 2013 043 03 70 027 016 183 26% 0.77(0.48,1.05) .
Shen'Y 2023 022 014 644 018 012 550 27% 0.30(0.19,0.42) s
Singh 2024 014 009 29 003 003 14 18% 1.42(0.70,213)
Sydor 2022 012 007 32 006 002 19 20% 1.04[0.43,1.64) ——
Tanaka 2022 013 007 268 01 006 359 27% 0.46(0.30,063) -
Tucker 2020 021 015 574 015 011 2872 28% 0.51(0.42,060) ==
Van Hove 2024 027 017 20 007 006 186 22% 258(2.06,311) —
Waluga 2017 068 079 33 05 051 17 21% 0.25[-0.32,0.82) =
Wargry 2018 037 029 70 023 016 33 24% 0.54[0.12,0.96) -
Xu 2024 039 036 193 01 011 64 26% 091(062,1.21) -
Yang 2015 004 002 179 002 001 91 28% 1.15(0.88,1.42) —
Yilmaz 2010 023 024 82 011 008 77 25% 0.66(0.34,0.98) e
Total (95% CI) 6015 9548 100.0% 0.61[0.44,0.77] &
Heterogeneity: Tau?= 0.26; Chi*= 726.42, df= 43 (P < 0.00001); F= 94% .2 '1 3 1 2
Testfor overall effect: Z=7.18 (P < 0.00001) Higherin Controls Kigher in NAFLD

Fig. 3 Forest plot for the comparison of circulating FGF-21 between
patients with NAFLD and controls in all studies (n =44) included in
the meta-analysis. Abbreviations: CI, confidence intervals; FGF-21,

to controls (n =12; SMD: 1.30; 95% CI: 0.35, 2.24; P=
0.007; Table 3; Fig. S2c-d); no statistical difference in cir-
culating FGF-21 between patients with NAFL and patients
with NASH (n =9; SMD: 1.17; 95% CI: —0.06, 2.39; p=

fibroblast growth factor-21; IV, inverse variance; NAFLD, nonalco-
holic fatty liver disease; SD, standard deviation

0.060; Table 3; Fig. S2e-f). Heterogeneity in these three
subgroup comparisons remained high, whereas Egger’s
test showed not significant publication bias, which was
confirmed by the visualization of funnel plots.
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Table 3 FGF-21 SMD and related statistics in subgroup analysis according to NAFLD severity

NAFL vs. Controls (n =9)

NASH vs. Controls (n =12) NASH vs. NAFL (n =9)

SMD (95% CI); p-value

I%; p-value

0.22 (-0.49, 0.93); p=0.540
95%; p < 0.00001

Egger’s test p-value 0.795

1.30 (0.35, 2.24); p= 0.007
97%; p < 0.00001
0.999

1.17 (-.0.06, 2.39); p= 0.060
98% p< 0.00001
0.579

CI confidence interval, FGF-21 fibroblast growth factor-21, NAFLD nonalcoholic fatty liver disease, n number of studies, SMD standardized

mean difference

In the subgroup analysis for the comparison between
patients with NAFLD and controls among studies with and
without histological confirmation of the disease, there was
no difference between subgroups (p =0.590); circulating
FGF-21 was higher in patients with NAFLD than controls
within both subgroups (Table 4; Fig. S2 g-i). Heterogeneity
remained high in both subgroup comparisons. In the sub-
group analysis for the comparison between patients with
NAFLD and controls within studies with and without the
inclusion of patients with NASH-related liver cirrhosis, there
was statistically significant difference between subgroups (p
=0.0004), with FGF-21 SMD being higher in studies with
the inclusion of patients with NASH-related cirrhosis (SMD:
1.01, 95% CI: 0.84, 1.18, p < 0.00001; Table 4; Fig. S2j-1).
Notably, heterogeneity radically decreased in the subgroup
of studies including patients with NASH-related cirrho-
sis (I’= 0%; p= 0.480), whereas it remained high in the
absence of patients with NASH-related cirrhosis (Table 4;
Fig. S2j). No significant publication bias was suggested by
Egger’s test and funnel plots (Table 4; Fig. S2 h-i, S2 k-1).

In the sensitivity analyses for the comparison between
patients with NAFLD and controls, after excluding studies
with: (i) pediatric/adolescent populations (n =9; Fig. S3a);
(i1) morbidly obese populations undergoing bariatric surgery
(n =4; Fig. S3b); (iii) NOS score <7 (n =19; Fig. S3c); (iv)
outliers of FGF-21 SMD (n =3; Fig. S3 d); (v) the use of the
definition of MAFLD for the diagnosis of the disease (n =2;
Fig. S3e), FGF-21 levels remained higher in patients with
NAFLD compared to controls in all the analyses (Table 2).
Heterogeneity remained essentially unchanged in all the

sensitivity analyses. Egger’s test p-value remained statisti-
cally significant in all comparisons, except for that following
the exclusion of studies with NOS score <7 (p =0.422).
Visual inspection of funnel plots indicated a degree of asym-
metry (Fig. S4a-e).

In the univariate meta-regression analysis, the percent-
age of patients with T2DM was positively associated with
FGF-21 SMD between patients with NAFLD and controls
and could explain 49.2% of the heterogeneity among stud-
ies (Table 5; Fig. S5). The rest of the selected potential
confounders, i.e., age, sex, BMI, waist circumference and
HOMA-IR were not significantly associated with FGF-21
SMD between patients with NAFLD and controls (Table 5).
Thus, these parameters could not explain a part of the het-
erogeneity among studies.

Discussion

This systematic review and meta-analysis demonstrated higher
circulating FGF-21 in patients with NAFLD compared to con-
trols (Table 2; Fig. 3). Within the subgroup of studies with
histological confirmation of the disease, FGF-21 levels were
higher in patients with NASH than controls, but not in patients
with NAFL compared to controls or patients with NASH
[Table 3; Fig. S2a, S2¢, S2e]. Notably, in another subgroup
analysis, higher FGF-21 between patients with NAFLD and
controls was observed within studies that included patients
with NASH-related cirrhosis than those that did not include
them (Table 4; Fig. S2j). Altogether these findings indicate

Table 4 FGF-21 SMD and related statistics between patients with NAFLD and controls in subgroup analysis within studies: (i) with vs. without
histological confirmation of NAFLD with liver biopsy and (ii) with vs. without the inclusion of patients with NASH-related cirrhosis

Liver Biopsy (n =15)

Without Liver Biopsy (n =29) NASH related cirrhosis (n =4) Without NASH related

cirrhosis (n =40)

SMD (95% CI); p-value 0.69 (0.20, 1.17); 0.006 0.54 (0.37, 0.72); <0.00001

2 p-value 94%; <0.00001 94%; <0.00001
Egger’s test p-value 0.599 0.053
p-value for difference 0.590

(between subgroups)

1.01 (0.84, 1.18); <0.00001 0.57 (0.40,0.74); <0.00001

0%; 0.48 94%; < 0.00001
0.103 0.062
0.0004

CI confidence interval, FGF-21 fibroblast growth factor-21, NAFLD nonalcoholic fatty liver disease, n number of studies, SMD standardized

mean difference
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Table 5 Univariate meta-regression analysis of FGF-21 SMD between NAFLD patients and controls with potential confounders

Confounder Age (years) Sex (men%) T2DM (%) BMI (kg/mz) Waist Circumfer- HOMA-IR
ence (cm)
N 32 31 14 32 16 14
Beta (95%CI) 0.013 (-0.005, —1.414 (-3.685, 1.043 (0.400, 0.022 (-0.023, 0.012 (-0.012, 0.038 (—0.125,
0.031) 0.856) 1.686) 0.066) 0.036) 0.202)
p-value 0.158 0.222 0.0015 0.339 0.328 0.647
Adjusted R square  2.74% 1.52% 49.18% 0.00% 0.00% 0.00%

BMI body mass index, CI confidence interval, HOMA-IR homeostasis model assessment-insulin resistance, FGF-21 fibroblast growth factor-21,
NAFLD nonalcoholic fatty liver disease, N number of studies with available data on each potential confounder, SMD standardized mean differ-

ence, T2DM type 2 diabetes mellitus

that higher circulating FGF-21 levels observed in patients
with NAFLD than controls may be primarily attributed to
more severe disease; however, the interpretation of this result
should be approached with caution, because of the relatively
small number of studies with histological confirmation or with
the inclusion of patients with NASH-related cirrhosis.

Trying to investigate the high heterogeneity among stud-
ies, subgroup, sensitivity and meta-regression analyses were
performed. The inclusion of patients with NASH-related
cirrhosis, i.e., the whole histological spectrum of NAFLD
minimized the heterogeneity (Table 4; Fig. S2j). This implies
that not inclusion of the full spectrum of NALFD in the
relevant studies is partly accounted for the observed het-
erogeneity; however, the interpretation of this result should
also be approached with caution, due to the small number
of studies having included patients with NASH-related cir-
rhosis. Beyond this finding, the other subgroup and sensi-
tivity analyses did not essentially reduce the heterogeneity
among studies (Tables 2—4). The meta-regression analysis
showed that the percentage of patients with T2DM may be
accounted for about 49% of the heterogeneity among stud-
ies (Table 5; Fig. S5). This seems rational since higher rates
of T2DM were observed in individuals with than without
NAFLD [57], and FGF-21 was shown higher in patients with
than without T2DM [58]. Nonetheless, this finding should be
cautiously interpreted, because of the small number of studies
with data on T2DM in this meta-analysis (n = 14). The other
potential confounders, i.e., age, sex, BMI, waist circumfer-
ence and HOMA-IR could not explain a part of heterogeneity
among studies. Based on the above findings, the inclusion of
patients across the full spectrum of NAFLD and the number
of patients with T2DM are highly recommended in the future
relevant studies.

Egger’s test showed an overall publication bias in the
comparison between patients with NAFLD and controls
and most funnel plots also showed a degree of asymmetry
(Fig. S2b, S2 d, S2f, S2 h-i, S2k-1, S4a-e). However, Egger’s
test was not significant and the funnel plot showed lower
degree of asymmetry in all subgroup analyses (Tables 3—4),
as well as in the sensitivity analysis after the exclusion of

studies with NOS <7, i.e., those with estimated lower qual-
ity. The latter finding may imply that most relevant stud-
ies of higher quality, i.e., those providing the most relia-
ble findings, were included in this systematic review and
meta-analysis.

From a pathophysiologic point of view, the production
of FGF-21 may increase when NAFLD progresses to more
advanced disease, as a counterbalancing mechanism against
the disease progression [8]. Data from experimental stud-
ies have shown that FGF-21, acting through on its receptor
(FGFR1) on the cell membrane with $-Klotho as co-recep-
tor, increases fatty acid f-oxidation and decreases de novo
lipogenesis, thereby attenuating hepatic steatosis. Addition-
ally, FGF-21 may attenuate hepatic inflammation by inhib-
iting the nuclear factor kappa B pathway, decreasing pro-
inflammatory cytokines (e.g., interleukin-1f) and increasing
anti-inflammatory cytokines (e.g., interleukin-10), decreas-
ing intrahepatic oxidative stress and endoplasmic reticulum
stress. FGF-21 may also possibly decrease hepatic fibrosis,
by attenuating the hepatic expression of transforming growth
factor- [8]. Notably, FGF-21 seems to increase insulin sen-
sitivity in the liver [59].

However, higher FGF-21 concentrations in advanced dis-
ease may also imply a state of FGF-21 resistance or insen-
sitivity [8]. In this case, the administration of FGF-21 ana-
logs, in order to achieve supraphysiological concentrations
of FGF-21, thus surpassing the barrier of FGF-21 resistance
or insensitivity, may be beneficial, thus limiting the pro-
gression of the disease, or may fail to limit the progression
of the disease. Indeed, FGF-21 analogs (e.g., pegbelfermin,
efruxifermin) have been investigated in clinical trials of
NASH. In two phase 2b RCTs, pegbelfermin was adminis-
tered in patients with NASH and advanced hepatic fibrosis
(FALCON 1 trial) [60] or NASH-associated compensated
cirrhosis (FALCON 2 trial) [61], without, however meet-
ing its primary endpoints. On the contrary, in a phase 2b
RCT, efruxifermin administration in patients with NASH
and moderate or advanced hepatic fibrosis (HARMONY)
provided more favorable results; more specifically, efruxifer-
min improved hepatic fibrosis and resolved NASH in higher
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rates than placebo [62]. The above considering, the main
clinical implication of our meta-analysis is the consolida-
tion of higher circulating FGF-21 concentrations, when the
disease progresses to NASH or NASH-related cirrhosis.
Whether the administration of FGF-21 analogs to achieve
supraphysiological FGF-21 concentrations are definitely
beneficial or not for NASH may hopefully be shown by the
ongoing clinical trials.

There are some meta-analyses of clinical trials investigat-
ing the effects of FGF-21 analogs on NAFLD. In a meta-
analysis of 8 RCTs, FGF-21 analogs were shown to reduce
NAFLD activity score (NAS) (without worsening of fibrosis)
and fibrosis stage (without worsening of MASH) [63]. Simi-
lar results were provided by other relevant meta-analysis of 7
[64] or 6 [65] clinical trials. The results of the existing meta-
analyses should cautiously be interpreted, because of the
small number of included studies, which, importantly, were
mostly sponsored. Furthermore, different FGF-21 analogs
(e.g., efruxifermin, pegbelfermin, and pegozafermin) were
synthesized together, which renders difficult the interpreta-
tion of the results of the relevant meta-analyses. There is
also a meta-analysis of diagnostic accuracy, which supported
that FGF-21 provided a pooled sensitivity of 0.62 (95% CI
0.50-0.73) and specificity of 0.78 (0.70-0.84) for diagnosing
NASH, based on the results of four studies [66]. However, we
could not recommend the use of FGF-21 as a non-invasive
index of NASH, based on the results of this [66] or our meta-
analysis; of course, our results warrant more diagnostic accu-
racy studies to clarify whether FGF-21 may add value in the
non-invasive diagnosis of NASH or related fibrosis, alone or,
more possibly, in combination with other parameters.

There is also a recent bi-directional Mendelian randomiza-
tion study supporting that FGF-21 was negatively regulated by
NAFLD, whereas positively regulated by obesity and T2DM
[67]. However, FGF-21 did not improve NAFLD, obesity or
T2DM, possibly owing to FGF-21 resistance [67]. This study
contradicts the main result of our meta-analysis, i.e., higher
FGF-21 in patients with NAFLD than controls; however, the
reasons why FGF-21 was differently regulated by NAFLD and
obesity or T2DM were not clear, since their possible effects
on FGF-21 are expected to be towards the same direction. The
authors of this study also supported that FGF-21 resistance
may inhibit any counterbalancing effects of FGF-21 changes
not only in NAFLD, but also in obesity and T2DM, which is
in accordance with our speculation above.

This systematic review and meta-analysis investigating
circulating FGF-21 levels in patients with NAFLD carries a
degree of originality. Furthermore, our findings are highly
relevant with the above-mentioned clinical trials investigat-
ing FGF-21 analogs for the treatment of NASH, as men-
tioned above, especially in the light of potential FGF-21
resistance or insensitivity observed in advanced disease.
However, this systematic review and meta-analysis has
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certain limitations. First, the inclusion of observational stud-
ies cannot show a cause-effect association between FGF-21
and NAFLD. Second, the comparison of circulating FGF-21
levels between different grades of hepatic steatosis, differ-
ent stages of hepatic fibrosis and different degree of hepatic
inflammation was not feasible, because of the very small
number of studies providing the specific histological infor-
mation; even when FGF-21 levels were reported, the groups
were differently defined in different studies. For example,
when reported, fibrosis stages were grouped as FO vs. F1-F4,
or FO-1 vs. F2-F3, or FO-2 vs. F3-4 etc. in different studies,
which rendered the synthesis of grouping for fibrosis stages
insecure; however, FGF-21 levels were higher in NAFLD
patients than controls among studies having included
patients with NASH-related cirrhosis, which equals with
fibrosis stage F4 (Table 4; Fig. S2j), thus providing an indi-
rect indication of higher FGF-21 levels in the end stage of
fibrosis. Third, the pre-planned subgroup analysis based on
different methods of FGF-21 measurement was not feasible,
because all but two studies utilized ELISA for FGF-21 quan-
tification; however, different ELISA kits from different man-
ufacturers might have affected the heterogeneity among stud-
ies. Fourth, heterogeneity among studies was high and could
be explained only partly by the sensitivity analyses (Table 4;
Fig. S2j) and meta-regression analyses (Table 5; Fig. S5).
Furthermore, Egger’s test showed an overall publication
bias, despite the extensive manual searching we performed.
Last, we adopted the nomenclature of NAFLD and not that
of MASLD that has been more recently suggested, because,
as mentioned above, most studies included in the systematic
review and meta-analysis were based on the nomenclature
and definition of NAFLD (Table 1). Although there is signif-
icant overlap between NAFLD, MAFLD and MASLD, the
proposed shift from NAFLD to MAFLD or MASLD should
cautiously be performed because of the different definitions
among them [68]. In this regard, it has been recommended
that all different names of the disease may be used during
this period of transition with the necessary flexibility [69].

Conclusions

Higher circulating FGF-21 levels were shown in patients
with NAFLD, which may be possibly attributed to those
with advanced disease (NASH and or NASH-related
cirrhosis). These results may imply a counterbalanc-
ing increase of FGF-21, when NAFLD progresses to
advanced disease, thus possibly supporting the ongoing
clinical trials of FGF-21 analogs in patients with NASH.
However, FGF-21 resistance or insensitivity, when the
disease progresses may also be considered, a condition
which, if validated, may interfere with the results of the
relevant clinical trials.
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