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Abstract. This study explores how human antigen R (HuR) stabilizes fibroblast growth factor 19 
(FGF19) mRNA, inhibiting Kupffer cell (KC) activation to reduce inflammation and fibrosis in 
non-alcoholic fatty liver disease (NAFLD). An animal model of NAFLD was established in mice by 
administering a high-fat diet (HFD). In vitro study utilized a lipopolysaccharide-induced immortal-
ized mouse KC model. HuR expression markedly decreased in HFD-induced NAFLD liver tissue. 
Overexpression of HuR via adeno-associated virus (AAV) vectors mitigated key pathological features 
of NAFLD, including hepatic inflammation and fibrosis. Moreover, HuR overexpression suppressed 
KC activation in both in vitro and in vivo models. Mechanistically, HuR bound AU-rich elements in 
FGF19 mRNA, enhancing its stability. FGF19 overexpression similarly mitigated HFD-induced liver 
pathology. Conversely, FGF19 silencing reversed HuR's inhibition of KC activation and abrogated 
HuR's protection against liver inflammation and fibrosis. This research elucidates a novel mechanism 
underlying the interaction between HuR and FGF19 in mitigating the pathological progression of 
NAFLD, providing potential therapeutic targets for this prevalent liver disease.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition 
mainly marked by widespread macrovesicular fat accu-
mulation in the liver, occurring without alcohol intake or 
other obvious liver damage causes. The disease spectrum 
includes simple steatosis and non-alcoholic steatohepatitis 
(NASH), with potential progression to liver fibrosis, cir-
rhosis, and hepatocellular carcinoma (HCC) (Cotter and 
Rinella 2020; Abdelmalek 2021; Powell et al. 2021). With 

a prevalence of 25% among adults, NAFLD is now identified 
as the most prevalent chronic liver disease globally (Lazarus 
et al. 2022). Current evidence suggests that hepatic lipid 
metabolism dysregulation, inflammation, oxidative stress, 
and hepatocyte apoptosis are key contributors to disease 
onset (Loomba et al. 2021). The therapeutic objective in 
NAFLD management is to alleviate steatosis, prevent fibro-
sis, and mitigate inflammation, thereby delaying or halting 
disease progression. While numerous agents targeting lipid 
metabolism, inflammation, and fibrosis pathways are in 
clinical development, no pharmacological therapies have yet 
demonstrated definitive clinical efficacy (Makri et al. 2021; 
Paternostro and Trauner 2022; Rong et al. 2022).

During the course of NAFLD, approximately 20% of 
patient’s progress to NASH, and more than 40% of NASH 
patients develop liver fibrosis (Xu et al. 2022). Preventing 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0003-7644-3510
https://orcid.org/0009-0008-5981-9017
https://orcid.org/0009-0005-1630-1961
https://orcid.org/0009-0009-4235-2227


350 Mo et al.

the progression of liver fibrosis is crucial to blocking the 
development of NAFLD-related cirrhosis and HCC (Fried-
man et al. 2018). Kupffer cells (KCs), the liver’s resident 
macrophages, play a central role in hepatic inflammation, 
residing within the liver sinusoidal spaces (Li et al. 2017; 
Park et al. 2023). Liver injury is initiated by the activation of 
KCs, leading to the production of cytokines and chemokines 
that perpetuate the inflammatory response (Kolios et al. 
2006). KCs are classified into M1 macrophages that promote 
inflammation and M2 macrophages that assist in tissue 
healing (Mosser and Edwards 2008; Dou et al. 2019). A key 
factor in fibrosis during NAFLD progression is the activation 
of M1 KCs. In opposition, the protective function against 
fibrosis in NAFLD is provided by the activation of M2 KCs 
(Wan et al. 2014; Kazankov et al. 2019). Therefore, inhibit-
ing KC-mediated hepatic inflammation holds promise for 
ameliorating the transition from simple steatosis to NASH.

RNA-binding proteins (RBPs) are pivotal regulators of 
gene expression, modulating mRNA stability and transla-
tion efficiency through interactions with specific mRNA 
sequences (Corley et al. 2020). In the context of NAFLD, 
RBPs regulate various cellular processes, including transcrip-
tion, alternative splicing, polyadenylation, mRNA stability, 
and subcellular localization. One such RBP, human antigen 
R (HuR) has been referred to as the “gatekeeper” of NAFLD 
(Subramanian et al. 2022; Xu et al. 2023). HuR, a member 
of the ELAV family of proteins, is conserved across both 
prokaryotes and eukaryotes (Schultz et al. 2020). Studies are 
increasingly pointing to HuR’s role in liver lipid metabolism, 
where it serves as a defense against NAFLD-related fibrosis 
and HCC (Zhang et al. 2020; Tian et al. 2021; Wang et al. 
2022). However, the influence of HuR on KC activation dur-
ing NAFLD progression remains unexplored.

The regulation of target mRNA by HuR is largely de-
pendent on its molecular structure. HuR has three RNA 
recognition motifs (RRMs) and a hinge region that enable 
it to bind to AU-rich elements in the 3ʹ untranslated regions 
(3ʹ-UTR) of its target mRNAs. By stabilizing mRNA, this 
binding enhances its translation, with regulation happening 
at the transcriptional, post-transcriptional, and translational 
phases (Abdelmohsen and Gorospe 2010; Grammatikakis 
et al. 2017). Using bioinformatics tools such as ENCORI 
(https://rnasysu.com/encori/index.php) and ARED-PIUS 
(https://brp./ared), we predicted a  potential interaction 
between HuR and fibroblast growth factor 19 (FGF19), iden-
tifying AU-rich regions within the 3ʹ-UTR of FGF19. Based 
on these findings, we hypothesize that HuR may promote 
FGF19 mRNA stability by binding to its 3ʹ-UTR, thereby 
inhibiting KC activation and attenuating inflammation and 
fibrosis in NAFLD. Our study aims to investigate the effects 
of HuR and FGF19 on NAFLD, elucidating the underlying 
molecular mechanisms by which these factors modulate 
inflammation and fibrosis.

Materials and Methods

Animal models and housing

Eight-week-old male C57BL/6J mice (18 ± 2 g) were 
procured from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). Mice were housed 
in SPF-grade facilities at our institution, with 3–4 animals 
per cage. The setting was preserved at 22–26°C, humidity 
between 50–60%, and a cycle of 12 h of light and darkness. 
The mice were granted free access to both food and water 
during one week for acclimatization. Central People’s Hos-
pital of Zhanjiang (No. B2013380) Institutional Animal Care 
and Use Committee sanctioned every animal experiment.

Induction of NAFLD and experimental groups

NAFLD, along with associated inflammation and fibrosis, 
was induced in C57BL/6J mice through high-fat diet (HFD) 
feeding (Carmona-Hidalgo et al. 2021; Wei et al. 2023). 
Forty-eight mice were fed a HFD (60% kcal fat; Research 
Diets, NJ, USA) for 24 weeks, and were randomly assigned 
to six experimental groups (n = 8 per group): AAV9-HuR, 
AAV9-HuR-Ctrl, AAV9-FGF19, AAV9-FGF19-Ctrl, AAV9-
HuR+sh-Ctrl, and AAV9-HuR+sh-FGF19. Adenoviral 
vectors targeting HuR (AAV9-HuR) and corresponding 
control (AAV9-HuR-Ctrl), FGF19-targeting shRNA or 
overexpression adenoviral vectors (AAV-sh-FGF19 or 
AAV9-FGF19), and their respective controls (AAV9-sh-
Ctrl or AAV9-FGF19-Ctrl) were provided by Hanbio Tech 
(Shanghai, China). The thyroid-binding globulin promoter 
was employed to ensure hepatocyte-specific expression of 
the transgenes. Adenovirus was administered by tail vein 
injection (1×10¹¹ genomic copies per mouse) at baseline 
and 12 weeks post-HFD feeding (Lin et al. 2023; Zhang et al. 
2023). An additional group of eight mice was fed a normal 
chow diet (NCD; Research Diets) and served as controls.

Tissue collection and processing

Following completion of the experimental protocol, the mice 
were deprived of food for 12 h and then euthanized with 
an intraperitoneal injection of 1% sodium pentobarbital at 
a dose of 100 mg/kg. Blood was collected via retro-orbital 
plexus, immediately centrifuged, and serum was stored at 
4°C for biochemical analysis. Liver tissues were excised, 
weighed, and liver index (liver weight/body weight, LW/BW) 
was calculated. A portion of the liver was fixed in 4% para-
formaldehyde and embedded in paraffin for histological 
analysis, including Hematoxylin and Eosin (H&E) staining, 
Sirius Red staining, and immunofluorescence. Another 
portion was snap-frozen in liquid nitrogen for Oil Red 
O staining, while remaining tissues were homogenized for 
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biochemical assays. Additionally, a  portion of liver tissue 
was stored at −80°C for quantitative real-time polymerase 
chain reaction (RT-qPCR) and Western blotting analyses.

Biochemical analysis

Serum alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) levels, as well as liver triglyceride 
(TG) and total cholesterol (TC) were measured using com-
mercially available kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China).

Immunohistochemistry (IHC)

Paraffin-embedded liver tissue sections were subjected to 
standard deparaffinization and rehydration procedures, 
followed by endogenous peroxidase activity blocking with 
H2O2. Antigen retrieval was performed using microwave 
heating. To prevent nonspecific binding, sections were incu-
bated with 10% normal goat serum for 30 min, then exposed 
to a  primary antibody targeting HuR (1:500, ab200342, 
Abcam, Cambridge, UK) at room temperature for an hour. 
Following a  rinse with phosphate-buffered saline (PBS), 
sections were treated with a secondary antibody (Protein-
tech, Rosemont, IL, USA) for 30 min. For signal detection, 
3,3’-diaminobenzidine was utilized, and sections were 
counterstained with hematoxylin before mounting in neutral 
resin. HuR expression in liver tissues was examined under 
a light microscope (Olympus Optical Co., Ltd., Tokyo, Japan).

H&E staining

For H&E staining, liver tissue sections were deparaffinized 
and rehydrated through graded alcohols, followed by xy-
lene clearing. Sections were stained with hematoxylin for 
3–5 min, washed with deionized water, differentiated with 
1% acid alcohol for 20 s, and blued with 1% ammonia for 30 s. 
Eosin staining was performed for 5 min, followed by thor-
ough washing in deionized water. Sections were dehydrated 
and cleared in a graded alcohol series (75%, 90%, 95%, 100% 
ethanol), and then xylene-cleared. The slides were mounted 
for observation under an Olympus light microscope. The 
calculation of the NAFLD activity score involved assessing 
steatosis (0–3), lobular inflammation (0–3), and hepatocyte 
ballooning (0–2) (Kleiner et al. 2005).

Sirius red staining

Liver tissue paraffin sections were subjected to standard 
deparaffinization and rehydration procedures, followed 
by three washes with PBS for 5 min each. The slides were 
incubated with Sirius Red stain (Yisheng Biotechnology, 
Shanghai, China) at room temperature for 1 h, then washed 

with running water. Hematoxylin staining was performed 
for 30 s, followed by a 10-min rinse in running water. After 
dehydration through ethanol, the sections were cleared in 
xylene before being mounted. Liver fibrosis was observed us-
ing light microscopy (Olympus), and the extent of Sirius Red 
staining was quantitatively analyzed using ImageJ software 
(National Institutes of Health, USA).

Immunofluorescence staining

Tissue sections were deparaffinized and rehydrated as de-
scribed previously, followed by washing in PBS. Antigen 
retrieval was performed twice, after which the slides were 
incubated in PBS for 15 min. Sections were incubated with 
normal serum to block non-specific binding, followed 
by treatment with the primary antibody against F4/80 
(ab60343, Abcam) and an overnight incubation at 4°C in 
darkness. Sections were cleaned with PBS, and the appro-
priate fluorescence-conjugated secondary antibody (1:500, 
Invitrogen, CA, USA) was introduced and incubated at 
room temperature for 2 h. Nuclei were stained with DAPI 
for 15  min. Fluorescent images were acquired using an 
Olympus FV1200 confocal microscope system, and relative 
fluorescence intensity was quantified using ImageJ software.

Oil Red O staining

Frozen liver tissue sections (10 μm) were washed with PBS 
for 10 min, repeated three times, followed by 3 min of im-
mersion in 60% isopropanol. The sections were stained with 
Oil Red O solution (Beijing Solarbio Science & Technology 
Co., Beijing, China) in the dark for 20 min, followed by 
a 1-min wash in 60% isopropanol to remove excess stain. 
After PBS washing, the sections were stained with hema-
toxylin for 2 min, followed by PBS washing and rebluing 
with ammonia solution for 2–3 s. Finally, the sections were 
mounted with glycerol-gelatin and examined under a light 
microscope. The Oil Red O-stained areas were quantified 
using ImageJ software.

Cell culture and transfection

Immortalized mouse KC line (ImKCs) was purchased 
from the cell bank of Procell Life Science & Technology 
Co. (Wuhan, China) and cultured in DMEM (Gibco, NY, 
USA) supplemented with 10% fetal bovine serum and 1% 
penicillin-streptomycin at 37°C in a 5% CO2 incubator. For 
transfection, plasmids for overexpression of HuR (oe-HuR) 
and FGF19 (oe-FGF19), HuR shRNA, FGF19 shRNA, and 
the respective negative controls were obtained from GeneP-
harma (Shanghai, China). The cells were cultured in six-well 
plates until they were 60% confluent, and then transfected 
with Lipofectamine 3000 (Invitrogen). Transfection ef-
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ficiency was validated through RT-qPCR or Western blot. 
Subsequently, cells were treated with 500 ng/ml lipopolysac-
charide (LPS, Sigma-Aldrich, MO, USA) for 24 h to establish 
a pro-inflammatory macrophage model (Wang et al. 2020; 
Tian et al. 2024).

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants and liver homogenates from the ex-
perimental mice were collected. The levels of TNF-α, IL-1β, 
IL-6, and IL-10 were measured using ELISA kits (R&D 
Systems, USA). According to the instructions provided by 
the manufacturer, all tests were completed.

Western blot analysis

Protein in liver tissues and cells was obtained utilizing a pro-
tein extraction kit (Thermo Fisher, USA). The BCA assay 
kit (Termo Fisher Scientifc Inc., MA, USA) was employed 
to measure protein levels. Each sample of protein (40 μg) 
underwent electrophoresis using 10% SDS-PAGE gels and 
was then moved onto polyvinylidene fluoride membranes 
through a semi-dry process at 0.8 mA/cm2 for an hour at 
4°C. Post an hour of blocking using 5% skimmed milk, 
the membranes underwent an overnight incubation at 4°C 
with primary antibodies targeting HuR (1:1000, ab200342, 
Abcam), FGF19 (1:1000, ab225942, Abcam), α-SMA 
(1:1000, ab5694, Abcam), Collagen I (1:1000, #72026, Cell 
Signaling Technologies, MA, USA), and β-actin (1:10000, 
66009-1-Ig, Proteintech). The membranes underwent in-
cubation with HRP-linked secondary antibodies (1:10000, 
#MR-R100/#MR-G100, Biotech, Beijing, China) for an hour 
at ambient temperature. Finally, the membrane was devel-
oped using a chemiluminescence substrate and the images 
were captured with a gel imaging system. 

RT-qPCR

Total RNA was extracted from tissues and cells using TRIzol 
reagent (Invitrogen), and RNA concentration was measured 
using a Beckman UV spectrophotometer. cDNA was synthe-

sized using a reverse transcription kit (K1621, Fermentas, 
USA) and stored at −20°C. Primer sequences (Table 1) were 
synthesized by GeneScript (Shanghai, China). qPCR was 
performed using the SYBR Green Premix Ex Taq (TaKaRa, 
Kusatsu, Japan) on an ABI 7500 Real-Time PCR System 
(Applied Biosystems Inc., MA, USA). PCR was conducted 
under these conditions: initially at 95°C for 5 min, then 
35 cycles at 94°C for 45 s, 56°C for 45 s, and 72°C for 45 s. 
The 2−ΔΔCt technique was employed to determine relative 
gene expression, using GAPDH as the internal control.

RNA immunoprecipitation (RIP) assay

RIP was performed using a RIP kit (Millipore, MA, USA). 
Briefly, cells were lysed with the complete RIP lysis buffer and 
incubated overnight at 4°C with beads pre-coated with anti-
HuR or IgG antibodies. RNA was subsequently extracted 
using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, 
Germany), and the RNA enrichment levels on the specific 
probes were quantified by RT-qPCR.

Luciferase reporter assay

Plasmids containing the 5’UTR (Luc-FGF19-5’UTR), coding 
sequence (CDS) (Luc-FGF19-CDS), and 3’UTR (Luc-FGF19-
3’UTR) of FGF19 were synthesized. Plasmid extraction was 
carried out using a  standard plasmid extraction kit (Pro-
mega, WI, USA). Cells were co-transfected with the FGF19 
plasmids and either the HuR overexpression plasmid or the 
corresponding negative control using Lipofectamine 3000 
(Invitrogen). Forty-eight hours post-transfection, cells were 
harvested and lysed, and luciferase activity was measured 
using the Luciferase Assay System (BioVision, CA, USA).

mRNA stability assay

For mRNA stability assays, transfected KCs were cultured for 
24 h and then treated with 4 μmol/l actinomycin D (Sigma-
Aldrich). At 0, 3, 6, and 12  h  post-treatment, cells were 
harvested, and RNA was extracted for RT-qPCR to analyze 
FGF19 mRNA levels.

Table 1. Primer sequences

Gene Forward primer Reverse primer
TNF-α TACCCCTGCCTGAGAGCAAT CCACTTGGTGGTTTGTGAGTG
IL-1β GGGCCTCAAAGGAAAGAATC TACCAGTTGGGGAACTCTGC
IL-6 TCTGCAAGAGACTTCCATCCA AGTCTCCTCTCCGGACTTGT
IL-10 CTGGACAACATACTGCTAACCGACTC ACTGGATCATTTCCGATAAGGCTTGG
HuR TGGGCGAATCATCAACTCCA CGGATAAAGGCAACCCCTCT
FGF19 CGGTCGCTCTGAAGACGATT CCTCCGAGTAGCGAATCAGC
GAPDH TGCACCACCAACTGCTTAG GGATGCAGGGATGATGTTC
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Statistical analysis

The analysis of the data was conducted utilizing GraphPad 
Prism 9 (GraphPad Software, CA, USA). The data presen-
tation was in the form of mean ± standard deviation. The 
Student’s t-test was utilized to compare two groups. To com-
pare several groups, one-way ANOVA and Tukey’s multiple 
comparisons test were employed. p-values below 0.05 were 
deemed to hold statistical significance.

Results

HuR expression is downregulated in NAFLD

To explore the role of HuR in NAFLD, we induced the 
disease in mice using a 24-week HFD. RT-qPCR, West-
ern blot, and immunohistochemical analyses revealed 
a significant downregulation of HuR mRNA and protein 
expression in the liver of HFD-fed mice compared to 
controls on NCD (Fig. 1A–C). These findings indicate that 
HuR is underexpressed in NAFLD and suggest a potential 
inverse relationship between its expression and disease 
progression.

HuR ameliorates hepatic fibrosis in NAFLD mice

To investigate the role of HuR in NAFLD, we employed 
AAV-mediated gene delivery to overexpress HuR in HFD-
induced NAFLD mice. Overexpression of HuR in the liver was 

Figure 1. Downregulation of HuR expression in NAFLD. RT-qPCR 
analysis of HuR mRNA levels (A), Western blot analysis of HuR protein 
levels (B) and immunohistochemical staining for HuR protein expres-
sion (C) in liver tissues from a normal chow diet (NCD) and high-fat 
diet (HFD) mice. Data are presented as mean ± SD (n = 8); * p < 0.05.

Figure 2. HuR alleviates liver fibrosis in NAFLD mice. A. Western blot analysis of HuR expression in liver tissues from different groups. 
B. LW/BW ratio in each group of mice. C. Serum AST and ALT activity levels. D. Hepatic TG and TC levels in liver tissues. E. Repre-
sentative H&E staining images and NAS scores for liver tissues. F. Representative Oil Red O staining images and quantification of lipid 
accumulation in liver tissues. G. Sirius Red staining of liver tissues with corresponding fibrosis quantification. H. Western blot analysis 
of Collagen I and α-SMA protein levels in liver tissues. Data are presented as mean ± SD (n = 8); * p < 0.05.
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confirmed by Western blotting (Fig. 2A). Functional assays 
revealed thatHuR overexpression led to a significant drop in 
LW/BW and helped reduce the elevated serum AST and ALT 
levels resulting from HFD (Fig. 2B,C), suggesting a protective 
effect against liver damage. Given that lipid metabolism is 
a hallmark of NAFLD, we next assessed hepatic TG and TC 
levels, key indicators of lipid accumulation. Compared to NCD 
mice, HFD-fed mice exhibited significantly elevated levels of 
both TG and TC in the liver, which were markedly reduced 
upon HuR overexpression (Fig. 2D). Histological examination 
further highlighted the pathological hallmarks of NAFLD in 
HFD mice, including lobular inflammation, steatosis, and 
hepatocyte ballooning. Notably, these features were notably 
alleviated by HuR overexpression (Fig. 2E). Oil Red O and 
Sirius Red staining revealed prominent lipid deposition and 
collagen accumulation in HFD-treated livers. However, HuR 
overexpression significantly attenuated both lipid accumula-
tion and fibrosis (Fig. 2F,G). Additionally, Western blot analy-
sis demonstrated reduced expression of key fibrosis markers, 
including Collagen I and α-SMA, in HuR-overexpressing livers 
(Fig. 2H). Collectively, these findings underscore the potential 
of HuR as a therapeutic target, suggesting that its upregulation 
can mitigate key pathological features of NAFLD, including 
hepatic injury, lipid accumulation, and fibrosis.

HuR mitigates KC activation and hepatic inflammation in 
NAFLD mice

In HFD-fed mice, immunofluorescence staining observed 
a significant increase in F4/80 expression, a well-established 

marker for KC infiltration. Remarkably, overexpression of 
HuR reduced this infiltration, suggesting a role for HuR in 
suppressing KC activation (Fig. 3A). The inflammatory re-
sponse in macrophages is driven by both their recruitment 
and polarization. To assess the effects of HuR on macrophage 
polarization, we measured specific M1 and M2 markers in 
liver tissues using RT-qPCR and ELISA. Mice on a  HFD 
showed significantly higher pro-inflammatory cytokines 
linked to M1, including TNF-α, IL-1β, and IL-6, while IL-10, 
an anti-inflammatory cytokine, was lowered. Notably, over-
expression of HuR attenuated the inflammatory response, 
downregulating TNF-α, IL-1β, and IL-6 and restoring IL-10 
levels (Fig. 3B,C). These findings underscore the pivotal role 
of HuR in mitigating KC activation and hepatic inflamma-
tion in NAFLD.

HuR suppresses KC activation in vitro

ImKCs, a  specialized cell type with self-renewal capacity, 
reside within the hepatic microcirculatory spaces and are 
integral components of the mononuclear phagocyte system. 
These cells are considered potential therapeutic targets for 
NAFLD (Tran et al. 2020). To investigate the role of HuR 
in modulating KC activation in vitro, we utilized an LPS-
induced inflammation model. Both RT-qPCR and Western 
blot analyses revealed a significant downregulation of HuR 
expression in the LPS-treated ImKCs (Fig. 4A,B). Trans-
fection with HuR overexpression plasmid, along with the 
corresponding negative control, confirmed successful over-
expression in LPS-treated ImKCs (Fig. 4C). Consistent with 

Figure 3. HuR suppresses Kupffer cell activa-
tion and hepatic inflammation in NAFLD 
mice. A. Immunofluorescence staining for 
F4/80 expression in liver tissues from differ-
ent groups. RT-qPCR analysis (B) and ELISA 
measurement (C) of TNF-α, IL-1β, IL-6, and 
IL-10 mRNA levels in liver tissues. Data are 
presented as mean ± SD (n = 8); * p < 0.05.

A

B C
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in vivo findings, RT-qPCR and ELISA analyses showed that 
HuR overexpression reversed the LPS-induced increases in 
TNF-α, IL-1β, and IL-6 while promoting IL-10 (Fig. 4D,E). 
These results collectively demonstrate that overexpression 
of HuR counteracts LPS-induced inflammation and M1 
polarization in KCs.

HuR promotes FGF19 mRNA stability

Computational predictions using ENCORI (https://
rnasysu.com/encori/index.php) suggested a potential in-
teraction between HuR and FGF19, which we confirmed 
through RNA immunoprecipitation (Fig. 5A). To assess 
the specificity of this interaction, we employed lucif-

erase reporter assays. Overexpression of HuR markedly 
increased luciferase activity in cells transfected with the 
Luc-FGF19-3’UTR construct, supporting the notion that 
HuR directly influences FGF19 mRNA (Fig. 5B). Addition-
ally, actinomycin D treatment revealed that HuR overex-
pression significantly delayed the decay of FGF19 mRNA, 
indicating enhanced mRNA stability. Conversely, silencing 
HuR accelerated the degradation of FGF19 mRNA (Fig. 
5C). Western blotting further confirmed that HuR overex-
pression led to a corresponding increase in FGF19 protein 
levels, while HuR knockdown diminished its expression 
(Fig. 5D). The findings together indicate that HuR binds to 
the 3’-UTR of FGF19 mRNA, stabilizing it and increasing 
FGF19 expression post-transcriptionally.

Figure 4. HuR inhibits Kupffer cell 
activation in vitro. RT-qPCR (A) 
and Western blot (B) analysis of 
HuR expression in LPS-treated cells. 
C. Western blot assessment of HuR 
protein expression in transfected 
cells. D. RT-qPCR analysis of TNF-α, 
IL-1β, IL-6, and IL-10 mRNA levels 
in cells. E. ELISA measurement of 
TNF-α, IL-1β, IL-6, and IL-10 levels 
in cell supernatants. All data are pre-
sented as the mean ± SD of at least 3 
independent experiments; * p < 0.05.

Figure 5. HuR promotes FGF19 
mRNA stability. A. RIP assay con-
firming the interaction between HuR 
and FGF19 mRNA. B. Luciferase 
reporter assay showing the binding 
of HuR to the 3’ UTR of FGF19. 
C.  RT-qPCR analysis of FGF19 
mRNA stability after actinomy-
cin D  treatment, with or without 
HuR overexpression or knockdown. 
D.  Western blot analysis of FGF19 
protein levels after HuR overexpres-
sion or knockdown. All data are pre-
sented as the mean ± SD of at least 3 
independent experiments; * p < 0.05.

A

A

D E

D

B

B

C

C



356 Mo et al.

HuR modulates KC activation through FGF19

In the LPS-induced ImKC inflammatory model, both 
RT-qPCR and Western blot analyses revealed a significant 
reduction in FGF19 expression (Fig. 6A,B). Overexpression 
of FGF19 in LPS-treated ImKCs, confirmed by Western blot 
(Fig. 6C), reversed the inflammatory response. Consistent 
with in vivo observations, overexpression of FGF19 de-
creased TNF-α, IL-1β, and IL-6, while increasing IL-10 (Fig. 
6D,E). These findings indicate that FGF19 exerts a protective 
effect against LPS-induced KC activation, similar to HuR 
overexpression. To further elucidate the relationship between 
HuR and FGF19, we co-transfected ImKCs with oe-HuR 
and sh-FGF19 for a  rescue experiment. Western blotting 
confirmed successful transfection (Fig. 6C). As expected, in 
the oe-HuR+sh-FGF19 group, the LPS-induced elevation of 
TNF-α, IL-1β, and IL-6 was restored, while IL-10 levels de-
creased. This suggests that HuR exerts its anti-inflammatory 
effects via FGF19, highlighting their cooperative role in 
modulating KC activation.

HuR ameliorates hepatic inflammation and fibrosis in 
NAFLD mice through FGF19

Both RT-qPCR and Western blot analysis revealed a marked 
reduction in FGF19 expression in the livers of HFD-fed 

mice compared to controls (Fig. 7A,B). To explore the role 
of FGF19 in mediating the effects of HuR, we employed 
AAV-mediated gene delivery to overexpress FGF19 in 
HFD-induced NAFLD mice. Overexpression of FGF19 in 
the liver was confirmed by Western blot (Fig. 7C). Strikingly, 
FGF19 overexpression significantly alleviated HFD-induced 
liver damage, as evidenced by a  decrease in the LW/BW 
and reduced serum ALT and AST levels (Fig. 7D,E). Fur-
thermore, elevating FGF19 reduced hepatic TG and TC 
levels (Fig. 7F). Histological examination revealed that 
FGF19 overexpression mitigated key pathological features 
of NAFLD, including lipid accumulation and fibrosis (Fig. 
7G,H). Specifically, hepatic lipid deposits were diminished, 
and Collagen  I  and α-SMA levels were notably reduced 
(Fig. 7I,J). Moreover, FGF19 overexpression inhibited KC 
activation, as indicated by decreased F4/80 expression, and 
downregulated TNF-α, IL-1β, and IL-6, while enhancing 
cytokine IL-10 (Fig. 8A–C). These data strongly suggest that 
FGF19 overexpression counteracts liver inflammation and 
fibrosis in NAFLD, with effects resembling those observed 
following HuR upregulation. 

An in vivo rescue experiment was performed to further 
verify FGF19’s involvement in the protection mediated 
by HuR. Successful knockdown of FGF19 in the liver was 
confirmed via adenoviral-mediated transfection (Fig. 
7C). Notably, FGF19 knockdown reversed the protective 

Figure 6. HuR suppresses Kupffer 
cell activation via FGF19. RT-qPCR 
(A) and Western blot (B) analysis 
of FGF19 expression in LPS-treated 
cells. C. Western blot detection of 
FGF19 protein expression in trans-
fected cells. D. RT-qPCR analysis of 
TNF-α, IL-1β, IL-6, and IL-10 mRNA 
levels in cells. E. ELISA measurement 
of TNF-α, IL-1β, IL-6, and IL-10 
levels in cell supernatants. All data 
are presented as the mean ± SD of 
at least 3 independent experiments; 
* p < 0.05.
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effects of HuR overexpression on HFD-induced liver dam-
age, with a significant increase in LW/BW ratio, as well as 
higher ALT and AST levels (Fig. 7D–F). Moreover, FGF19 
knockdown exacerbated lipid accumulation and liver fi-
brosis, as evidenced by histological analysis, and elevated 
Collagen I and α-SMA (Fig. 7G–I). Knockdown of FGF19 
also reversed the inhibitory effects of HuR on KC activation 
and inflammation, as shown by increased F4/80, TNF-α, 
IL-1β, and IL-6, along with decreased IL-10 expression 
(Fig. 8A–C). Together, these findings indicate that FGF19 
mediates the anti-inflammatory and anti-fibrotic actions of 
HuR in NAFLD, underscoring the therapeutic potential of 
targeting this pathway.

Discussion

As a  quintessential RBP, HuR is ubiquitously expressed 
across tissues and plays a pivotal role in regulating cell pro-
liferation, stress responses, apoptosis, differentiation, aging, 
and immune modulation (Srikantan and Gorospe 2012). 
Prior studies have demonstrated that liver-specific HuR 
deficiency exacerbates the progression from NAFLD to HCC 
(Subramanian et al. 2022). However, the role of HuR in regu-
lating KC activation during the transition from NAFLD to 
inflammation and fibrosis has not been fully elucidated. The 
absence of HuR specifically in the liver leads to increased 
fat buildup by affecting fatty acid synthesis and metabolism, 
while also triggering inflammation under metabolic stress 
by boosting immune cell infiltration and neutrophil activa-
tion (Wang et al. 2022). Our findings provide compelling 

evidence that HuR expression is downregulated in NAFLD 
and that HuR mitigates HFD-induced liver inflammation 
and fibrosis by modulating the pro-inflammatory M1 po-
larization of KCs.

KCs are critical immune cells in the pathogenesis of 
NAFLD/NASH, and they represent a central source of in-
flammatory mediators driving obesity and insulin resistance 
in NAFLD patients (Tacke 2017; Gao et al. 2022). Under 
normal conditions, macrophages are tolerant and tend to 
adopt an M2 phenotype, which is characterized by the pro-
duction of anti-inflammatory cytokines. However, during 
the progression of NAFLD, various stimuli, including free 
fatty acids and lipopolysaccharides, induce the shift of KCs 
from an M2 to an M1 phenotype. This polarization results 
in an overproduction of pro-inflammatory cytokines like 
TNF-α, IL-1β, and IL-6, which subsequently causes chronic 
inflammation and encourages the progression of NASH. This 
pathological cascade ultimately results in hepatocyte dam-
age, liver fibrosis, and, in advanced stages, cirrhosis (Liu et 
al. 2016; Luo et al. 2018; Kumar et al. 2021; Hammerich and 
Tacke 2023). This study demonstrate that overexpression of 
HuR in vivo significantly ameliorates HFD-induced hepatic 
injury, steatosis, inflammation, and fibrosis, thereby corrobo-
rating previous findings. Notably, our data further indicate 
that HuR suppresses the activation of pro-inflammatory M1 
KCs, providing new insights into the mechanistic regulation 
of NAFLD progression by HuR.

Mechanistically, HuR exerts its effects by binding to 
the 3’UTR of FGF19 mRNA, stabilizing its transcript and 
enhancing its expression. Previous studies have shown that 
HuR stabilizes numerous target mRNAs, many of which 

Figure 8. HuR suppresses 
Kupffer cell activation and he-
patic inflammation in NAFLD 
mice via FGF19. A. Immuno-
fluorescence staining for F4/80 
expression in liver tissues. RT-
qPCR analysis (B) and ELISA 
measurement (C) of TNF-α, 
IL-1β, IL-6, and IL-10 mRNA 
levels in liver tissues. Data are 
presented as mean ± SD (n = 
8); * p < 0.05.
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are involved in pathological processes such as cancer and 
inflammation (Srikantan and Gorospe 2012). Through 
bioinformatics prediction, we identified a potential inter-
action between HuR and FGF19. FGF19 is a key regulator 
of bile acid metabolism, carbohydrate homeostasis, energy 
balance, and liver regeneration (Tian et al. 2023). FGF19 
levels are significantly reduced in the serum of NASH pa-
tients (Jiao et al. 2018), and FGF19/FGF21 analogs have 
been shown to effectively alleviate hepatic steatosis, stea-
tohepatitis, and liver fibrosis (Tacke et al. 2023). However, 
the role of FGF19 in KC activation has not been previously 
explored. After confirming the interaction between HuR 
and FGF19, we further investigated the role of FGF19 in 
the development of NAFLD. Consistent with previous find-
ings, we observed that FGF19 expression was significantly 
downregulated in NAFLD. Notably, upregulation of FGF19 
ameliorated liver injury, steatosis, inflammation, and fibro-
sis in NAFLD, and inhibited M1 KC activation. Moreover, 
our rescue experiments revealed that knockdown of FGF19 
effectively reversed the protective effects of HuR on liver 
inflammation and fibrosis, as well as its inhibition of KC 
activation. These results confirm our hypothesis that HuR, 
by enhancing the stability of FGF19 mRNA, suppresses 
KC activation and improves the inflammatory and fibrotic 
responses in NAFLD.

Conclusion

In summary, our data reveal that the interaction between 
HuR and FGF19 mRNA is a critical molecular mechanism 
regulating KC activation during NAFLD progression. By 
enhancing FGF19 mRNA stability, HuR suppresses pro-
inflammatory M1 KC activation, thereby mitigating liver 
injury, steatosis, inflammation, and fibrosis in NAFLD. These 
findings provide novel insights into the molecular pathways 
underlying NAFLD and offer potential therapeutic targets 
for the diagnosis and treatment of this disease.
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