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Rheumatoid arthritis (RA) has a high prevalence in patientswith non-alcoholic fatty
liver disease (NAFLD); however, the underlying mechanism is unclear. To address
this, our study established a rat model with both NAFLD and RA by feeding a high-
fat diet (HFD) and administering intradermal injection of Freund’s complete
adjuvant (FCA) with bovine type II collagen. Collagen-induced RA (CIA) was
confirmed by hind paw swelling and histological examination. The
histomorphological characteristics of NAFLD were evaluated by Masson’s
trichrome and hematoxylin-eosin staining. The development of NAFLD was
further evaluated by measuring serum concentrations of triglyceride (TG), total
cholesterol (T-CHO), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and lipopolysaccharide (LPS). The results showed that HFD feeding
exacerbated secondary inflammation in CIA rats, whereas FCA/bovine type II
collagen injection increased serum levels of ALT, AST, TG, T-CHO, and LPS and
exacerbated hepatic fibrosis in both normal and NAFLD rats. Interestingly, NAFLD
+ CIA significantly promoted the expression of PTRF, a caveolae structure protein
involved in hepatic lipid metabolism and affecting downstream signaling of Toll-
like receptor 4 (TLR4) and PI3K/Akt activation. High resolution confocal
microscopy revealed increased PTRF and TLR4 co-localization in hepatic small
vessels of NAFLD + CIA rats. AAV9-mediated PTRF knockdown inhibited
TLR4 signaling and alleviated hepatic fibrosis in NAFLD + CIA rats. Together,
these findings indicate that NAFLD combined with CIA causes synovial injury and
enhances non-alcoholic fatty liver fibrosis in rats. PTRF could attenuate the
symptoms of NAFLD + CIA likely by affecting TLR4/PTRF co-expression and
downstream signaling.

OPEN ACCESS

EDITED BY

Young-Sam Keum,
Dongguk University Seoul, Republic of
Korea

REVIEWED BY

Peizheng Yan,
Shandong University of Traditional
Chinese Medicine, China
Miguel Angel González-Gay,
University of Cantabria, Spain

*CORRESPONDENCE

Peng Zhu,
zp1216834231@gmail.com

Zui Pan,
zui.pan@uta.edu

Yongqiu Zheng,
yongqiuzheng@sina.com

†These authors have contributed equally
to this work and share first authorship

RECEIVED 16 February 2023
ACCEPTED 25 May 2023
PUBLISHED 06 June 2023

CITATION

Zhang S, Zhu P, Yuan J, Cheng K, Xu Q,
Chen W, Pan Z and Zheng Y (2023), Non-
alcoholic fatty liver disease combined
with rheumatoid arthritis exacerbates
liver fibrosis by stimulating co-
localization of PTRF and TLR4 in rats.
Front. Pharmacol. 14:1149665.
doi: 10.3389/fphar.2023.1149665

COPYRIGHT

© 2023 Zhang, Zhu, Yuan, Cheng, Xu,
Chen, Pan and Zheng. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Abbreviations: CIA, Collagen-induced rheumatoid arthritis; FCA, Freund’s complete adjuvant; HFD,
High-fat diet; NAFLD, Non-alcoholic fatty liver disease; NASH, Non-alcoholic steatohepatitis; RA,
Rheumatoid arthritis; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; TG,
Triglyceride; T-CHO, Total cholesterol; PI3K, Phosphatidylinositol 3-kinase; TLR4, Toll-like receptor 4;
LPS, Lipopolysaccharide; PTRF, 1 and transcript release factor; CFA, Complete Freund’s Adjuvant; AAV,
Adeno-associated virus; AAV9, Adeno-associated virus serotype 9; HE, Hematoxylin-eosin; DAPI, 4′,6-
diamidino-2-phenylindole; Akt, Protein kinase B; SD, Standard deviation.

Frontiers in Pharmacology frontiersin.org01

TYPE Original Research
PUBLISHED 06 June 2023
DOI 10.3389/fphar.2023.1149665

https://www.frontiersin.org/articles/10.3389/fphar.2023.1149665/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1149665/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1149665/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1149665/full
https://www.frontiersin.org/articles/10.3389/fphar.2023.1149665/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2023.1149665&domain=pdf&date_stamp=2023-06-06
mailto:zp1216834231@gmail.com
mailto:zp1216834231@gmail.com
mailto:zui.pan@uta.edu
mailto:zui.pan@uta.edu
mailto:yongqiuzheng@sina.com
mailto:yongqiuzheng@sina.com
https://doi.org/10.3389/fphar.2023.1149665
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2023.1149665


KEYWORDS

non-alcoholic fatty liver disease, rheumatoid arthritis, polymerase I and transcript release
factor, TLR4, PTRF, PI3K/AKT signaling

1 Introduction

Rheumatoid arthritis (RA) is a common persistent joint
inflammation characterized by joint damage, deformities, and
dysfunction, affecting 0.5%–1% of the worldwide population
(Guo et al., 2020). As a systemic inflammatory disease, it often
affects extra-articular organs. Although liver injury is not considered
a major pathological feature of RA, abnormal liver performance,
including elevated alkaline phosphatase, fluctuating with disease
activity, has been observed in 18%–50% of patients with RA (Selmi
et al., 2011). A retrospective study of 188 RA cases reported that 65%
of the unselected patients with RA had abnormal liver biopsies, 50%
had chronic portal inflammatory infiltrate entering the portal tract
and moderate necrosis, and 25% had fatty liver changes (Ruderman
et al., 1997). Another study of 846 patients with RA indicated that
42 patients who were treated with methotrexate had persistent
elevation of transaminases (Mori et al., 2018). Further ultrasound
and histological analyzes revealed non-alcoholic steatohepatitis
(NASH) as the most prevalent pattern of liver injury in these
patients with RA.

Non-alcoholic fatty liver disease (NAFLD) is a common chronic
liver disease worldwide, especially in the United States, with a
prevalence of 20%–30% (Bellentani et al., 2010). Dyslipidemia,
body fat accumulation, and oxidative stress are closely associated
with NAFLD (Maurice and Manousou, 2018). The accumulation of
lipids in the liver can cause excessive inflammation, oxidation, and
fibrosis, and eventually progress to non-alcoholic cirrhosis and liver
cancer (Farrell and Larter, 2006). The insulin signaling pathways,
especially the phosphatidylinositol-3-kinase (PI3K)/protein kinase
B (Akt) pathway, appear to be dysregulated during the development
of NAFLD.While clinical evidence has shown a strong prevalence of
NAFLD in patients with RA, the underlying pathological
mechanism remains largely unknown, and effective treatment for
these patients is lacking (Sanyal et al., 2015). Hence, there is an
urgent need to identify therapeutic targets for patients with both
NAFLD and RA.

Toll-like receptor 4 (TLR4) plays an important role in immune
system activation and is an established receptor for
lipopolysaccharides (LPSs). Intriguingly, hepatocytes express
TLR4 and the machinery for the TLR4 signaling pathway. Liver-
specific TLR4 knockout mice appeared to be resistant to diet-
induced NAFLD, suggesting that the TLR4 signaling pathway in
hepatocytes plays a fundamental role in the development of NAFLD
(Shen et al., 2018). These mice also exhibited enhanced insulin
sensitivity and ameliorated hepatic steatosis after a high-fat diet
(HFD) challenge (Jia et al., 2014). Additionally, several other reports
have indicated that the TLR4 pathway is critically involved in NASH
progression in different animal models (Zhai et al., 2004; Csak et al.,
2011). The hepatic PI3K/Akt axis appears to be the downstream
primary insulin signaling pathway affecting NAFLD development
(Matsuda et al., 2013).

Our group previously showed that the TLR4 signaling pathway
is stimulated by polymerase 1 and transcript release factor (PTRF),
also known as cavin-1, a conserved structural protein involved in the

formation of caveolae (Zhou et al., 2021). TLR4 physically binds to
PTRF in caveolae of the plasma membrane at the basal level, and
PTRF is required for TLR4 signaling assembly, which is especially
stimulated by LPS (Zheng et al., 2013). It is well established that
PTRF plays important roles in regulating cell functions, including
proliferation, mitochondrial function, migration, and senescence
(Calvo et al., 2001; Fernandez-Rojo and Ramm, 2016; Bai et al.,
2020). In hepatocytes, PTRF can control hepatic lipid metabolism
and participate in some key pathways during the progression of
hepatic diseases (Fernandez-Rojo et al., 2013; Ding et al., 2014).
However, the exact role of TLR4 signaling in patients with RA with
NAFLD and whether it is regulated by PTRF remain to be
elucidated. In this study, a compound rat model was established
by HFD feeding to induce NAFLD and by intradermal injection of
Freund’s complete adjuvant (FCA) and bovine type II collagen to
induce RA. The role of the PTRF-TLR4 signaling axis was then
studied in this compound model.

2 Materials and methods

2.1 Animals

Male Sprague–Dawley rats (5–6 weeks old, 145–165 g) were
purchased from Hunan Silaike Jingda Technology Co., Ltd. (No:
SCXK; Hunan; 2019-0004) and acclimatized for 7 d. The rats (5 rats
per cage) were kept at a controlled room temperature (23°C ± 1°C)
and relative humidity (55% ± 5%) in the SPF Lab of Wannan
Medical College, and water was available ad libitum. All rats were
handled for experimental protocols in accordance with the National
Institutes of Health regulations program, and the study was
approved by the Institutional Animal Care and Use Committee
of Wannan Medical College (Approval number: LLSC-2022-216).

2.2 Model establishment

The compound animal model of NAFLD (Zhu et al., 2023) +
collagen-induced RA (CIA) (Wang et al., 2018; Guo et al., 2020)
was established using the following process. Forty unselected
Sprague-Dawley rats were grouped as follows: normal (control)
group, CIA group, NAFLD model group, and NAFLD + CIA
group (10 rats per group). The NAFLD model group and NAFLD
+ CIA group rats received an HFD (40 kcal% fat, 20 kcal%
sucrose, and 2% cholesterol) for 6 weeks to develop NAFLD.
The HFD was provided by Xietong Bio-engineering Co., Ltd.
Thereafter, 1 g/L of a mixture of CFA and bovine type II collagen
(Sigma–Aldrich, MO, United States; ratio of 1:1) in a 0.1-ml
emulsifier was subcutaneously injected into the base of the tail in
the CIA and NAFLD + CIA groups. The rats were further
immunized with 0.1 ml of emulsifier after 7 d via
subcutaneous injection into the proximal one-third of the tail.
Clinical severity was evaluated by measuring the footpad
thickness using a dial-gauge caliper. Paw swelling (ml) was
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calculated by subtracting the paw volume (left hind paw) at d0
(Figure 1A) (Ahmad Khan et al., 2020).

2.3 Adeno-associated virus (AAV) serotype 9
(AAV9)-mediated gene knockdown in vivo

For additional knockdown studies, the shPTRF sense
oligonucleotide sequence 5′-GCCAGATAAAGAAACTGGAGGTCA
A-3ʹ and the shPTRF antisense oligonucleotide sequence 5′-TTGACC
TGGAGTTTCTTTATCTGGC-3ʹ were annealed and cloned into the
GV594-U6-MCS-CAG-firefly_Luciferase vector. An unrelated
sequence was used as the control. PTRF knockdown and control
recombinant AAV9-luciferase vectors were constructed
(GENECHEM Biotech). Another 25 rats were randomly divided
into five groups (five rats per group): control, NAFLD + CIA/
AAV9-NC, NAFLD + CIA/AAV9-PTRF-KD, NAFLD/AAV9-NC,
and NAFLD/AAV9-PTRF-KD. The administration procedures were
performed as described previously (5 × 1010 physical particles/PBS per
rat; intravenous injection via the tail vein of the rats in the NAFLD +
CIA/AAV9-NC, NAFLD + CIA/AAV9-PTRF-KD, NAFLD/AAV9-
NC, and NAFLD/AAV9-PTRF-KD groups) (Fang et al., 2019).

2.4 Histopathological analysis

For histopathological analysis, identical liver tissue segments
were collected from each rat. Tissue segments were kept in 4%
paraformaldehyde, embedded in paraffin, and sectioned for routine
hematoxylin-eosin (HE) and Masson’s trichrome staining. The HE-
and Masson’s trichrome-stained sections were examined under a
light microscope and photographed using an Olympus camera
system (BX51) to analyze the degree of hepatic steatosis and
inflammation. Confocal images were taken with a Zeiss LSM-510
microscope. ImageJ software was used to calculate the collagen
volume fraction of Masson’s trichrome staining. The Masson-
positive area/total area (%) values were depicted as bar graphs.

2.5 Biochemical analysis

The levels of biochemical markers [alanine transaminase (ALT),
aspartate transaminase (AST), triglyceride (TG), total cholesterol
(T-CHO), and LPS] in the serum and the content of hydroxyproline
(Hyp) in 10% liver homogenate were determined using the respective
detection kits (NanJing JianCheng Biological Engineering).

FIGURE 1
Effect of HFD and/or FCA/bovine type II collagen on synoviocyte proliferation in CIA and/or NAFLD rats. (A) Experimental protocol. (B) Images of the
swelling of the secondary paw of CIA and NAFLD + CIA rats. (C) Degree of swelling of the non-injected hind paw (in mL) was measured. (D) Body weight
changes in CIA rats with or without NAFLD. Values are presented as mean ± SD, n = 10. **p < 0.01 vs. Control group, ##p < 0.01 vs. NAFLD + CIA group,
&&P < 0.01 vs. CIA group.
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2.6 Immunofluorescence

Liver issue slices embedded in paraffin (5-μm thick) were
prepared for immunofluorescence analysis. The TLR4 antibody
(1:50, Thermo Invitrogen, Shanghai, China), CD31 antibody (1:
50, Abcam, Shanghai, China), PTRF antibody (1:50, Thermo
Invitrogen, Shanghai, China), and α-SMA antibody (1:50, Abcam,
Shanghai, China) were used as primary antibodies, and the FITC-
conjugated goat anti-mouse antibody (1:500, Abcam, Shanghai,
China) and CY3-conjugated goat anti-rabbit antibody (1:500,
Abcam, Shanghai, China) were used as the secondary antibodies;
4′,6-diamidino-2-phenylindole (DAPI) was used as a nuclear
indicator. The slides were subsequently visualized using a
confocal laser-scanning microscope (LSM 880, Carl Zeiss,
Oberkochen, Germany).

2.7 Western blot analysis

Total proteins of hepatic tissues were extracted using a lysis
buffer containing proteases, RIPA, and phosphatase inhibitors.
Proteins were separated by electrophoresis and further electro-
transferred onto a polyvinylidene fluoride membrane. Non-
specific binding was blocked by adding 5% bovine serum
albumin for 2 h at 24°C ± 2°C. Next, the membrane was
incubated overnight at 4°C with anti-Akt (1:1000, Cell Signaling),
anti-p-Akt (1:1000, Thermo Invitrogen, Shanghai, China), anti-
PTRF (1:1000, Thermo Invitrogen, Shanghai, China), anti-PI3K)
(1:1000, Abcam, Shanghai, China), and anti-GAPDH (1:1000, Cell
Signaling, Boston, United States) primary antibodies in PBS +
Tween buffer. The blots were then detected using an enhanced
chemiluminescence kit (GE Biosciences, City of Saint Louis),
United States), and the Bio-Rad Image LabTMVersion
6.0 software was used to analyze the density of the blots.

2.8 Statistical analysis

The data are presented as mean ± standard deviation (SD) and
were analyzed using the SPSS software 23.0. The data were analyzed
using a one-way analysis of variance, followed by post hoc Dunnett’s
t-test for multiple comparisons. A nonparametric test was used to
compare band density values between the groups. Differences were
considered statistically significant at p ≤ 0.05.

3 Results

3.1 HFD enhances secondary arthritis injury
induced by FCA combined with bovine type
II collagen in CIA rats

Hind paw secondary swelling scores showed that secondary
arthritis became significant at Day 14 and lasted until Day 21, after
immunization in both the CIA and NAFLD + CIA groups, but was
absent in the control or NAFLD group (Figures 1B, C). In NAFLD +
CIA rats, the swelling was slightly increased on Days
14–21 compared with that in CIA rats, but the difference did not

reach statistical significance (Figure 1C). As expected, HFD
increased body weight in NAFLD rats compared with that of the
control group (p < 0.01, Figure 1D). Interestingly, the body weight of
CIA rats decreased compared with that of the control group, even
the HFD failed to maintain the body weight, as evidenced by the fact
that the body weight of CIA + NAFLD rats decreased significantly
on Days 14, 17, and 21, compared with that of the control rats (p <
0.01, Figure 1D). To further explore the pathophysiological
mechanisms of NAFLD on CIA, AAV-9 containing a specific
shRNA targeting PTFR for gene knockdown was used. The rats
were transfected with the AAV-PTRF knockdown (AAV-PTRF-
KD) vector through intravenous tail injection. Paw swelling induced
by FCA was alleviated by AAV-PTRF-KD in CIA rats and CIA +
NAFLD rats. However, AAV-PTRF-KD had no effects on body
weight in both CIA rats and CIA + NAFLD rats (Figures 1C, D).
Furthermore, NAFLD prominently enhanced synovial
inflammatory lesions in CIA rats but only induced slight synovial
inflammatory lesions in control rats (p < 0.01, Figure 2). The
proliferation of the synovium and destruction of articular
cartilage with new blood vessels (or pannus) were observed in
CIA rats. In CIA + NAFLD rats, synovial hyperplasia and
pannus were promoted, and the destruction of articular cartilage
was more severe. HFD also induced slight destruction of the pannus
and articular cartilage (Figure 2).

3.2 Serum levels of ALT, AST, TG, T-CHO,
and LPS were increased in rats with NAFLD
+ CIA

To evaluate liver function, the serum levels of ALT, AST, TG,
T-CHO, and LPS were measured in these rats (Figure 3). As
expected, HFD significantly increased all five parameters in both
the NAFLD and NAFLD + CIA groups compared with levels in the
control group. Interestingly, w the serum TG and T-CHO levels did
not differ between the two groups, the ALT and AST levels were
greatly increased in the NAFLD + CIA group compared with those
in the NAFLD group. LPS levels increased significantly in all groups
compared to those in the control group. Furthermore, the serum LPS
levels were greatly increased in the NAFLD + CIA group compared
with those in the NAFLD group.

3.3 Hepatic fibrosis was exacerbated in rats
with NAFLD + CIA

To detect liver morphological changes in the rats, Masson’s
trichrome staining was performed in liver sections. As shown in
Figure 4, the liver tissue of the rats in the control group had
normal hepatic lobule structure with neat hepatic cord
arrangement and polygonal-shaped hepatocytes. There was no
fibroplasia, inflammatory cell infiltration, and collagen
accumulation in these rats. In the CIA group, slight
fibroplasia, inflammatory cell infiltration, and collagen
accumulation were observed, whereas the structure of the
hepatic lobules remained intact in the liver tissues. In the
NAFLD and NAFLD + CIA groups, a large number of lipid
droplets were found in the cytoplasm, and the nucleus was tilted
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to one side in the liver tissues of the rats. The hepatic cord
arrangement was disrupted, and the hepatocytes showed diffuse
steatosis in these animals. Furthermore, the hepatocytes were

enlarged, and the cytoplasm was loose. Notably, these
morphological changes were greatly exacerbated in the
NAFLD + CIA group, compared with that in the NAFLD

FIGURE 2
Histopathologic changes of the synovium in CIA and NAFLD rats. (A) In normal rats, synoviocytes were in monolayers (a) and articular cartilage was
normal (b). (B) In CIA +NAFLD rats, serious proliferation of synoviocytes (a) and destruction of articular cartilage (b), with new blood vessels (or pannus) (c)
and infiltration of inflammatory cells (d) were observed. (C) In NAFLD rats, there was slight destruction of articular cartilage (a), new blood vessels (b),
pannus (c), and infiltration of inflammatory cells (d). (D) In CIA rats, destruction of articular cartilage (a), new blood vessels (b), pannus (c), and
infiltration of inflammatory cells (d) were observed (b). Scale bar = 250 µm.

FIGURE 3
Expression of lipid- and liver function-related biomarkers in the serum of the rats in each group. (A, B) ALT and AST (related to liver injury) were
detected to evaluate liver injury. (C, D) Serum TG and T-CHO levels as determined using respective kits. (E) Serum LPS levels were detected by ELISA kit.
Data are presented as mean ± SD, n = 10. **p < 0.01 vs. control. ##p < 0.01 vs. NAFLD. &&P < 0.01 vs. CIA + NAFLD. &P < 0.05 vs. CIA + NAFLD.
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group. Masson’s trichrome staining indicated that fibrosis was
also greatly exacerbated in the former compared with that in the
latter group. Hyp is an amino acid unique to collagen, and many
diseases can be accompanied by changes in collagen metabolism,
causing altered blood, urine, and tissue Hyp levels. Hyp levels in
the liver are an important index reflecting the degree of liver
fibrosis, and increased Hyp levels in the liver imply increased
liver fibrosis (Bedair et al., 2023; Ye et al., 2023). Here, we
determined Hyp levels in the liver tissue of the rats and found
that the Hyp level was the highest in the NAFLD + CIA group,
followed by NAFLD group.

3.4 PTRF regulated the hepatic insulin
signaling pathway PI3K/Akt in rats with
NAFLD + CIA

To investigate the pathophysiological role of PTRF in
NAFLD, we first measured the expression of the PTRF protein
in the hepatic tissue of the rats in each group. Among these rats,
PTRF expression was highest in the NAFLD + CIA group
(Figure 5A). As aforementioned, the PI3K/Akt pathway is a
crucial insulin signaling pathway that affects NAFLD
development. Therefore, we assessed the phosphorylation of
PI3K and its downstream targets involved in insulin sensitivity
in the livers of the rats in the four groups (Figure 5C). HFD-
administered rats exhibited significantly impaired insulin

signaling, evidenced by decreased PI3K and Akt
phosphorylation, compared with that in the rats in the control
group, and the lowest expression of p-PI3K and p-AKT proteins
in the hepatic tissue of the NAFLD + CIA rats. The expression of
total hepatic PI3K and Akt did not vary significantly among the
four groups.

3.5 AAV-mediated PTRF knockdown
enhanced the hepatic insulin signaling
pathway PI3K/Akt in rats with NAFLD + CIA

Based on the above data, we hypothesized that reduction of
PTRF may restore the impaired PI3K/Akt signaling pathway,
and thus, reduce TLR4 activation and alleviate hepatic damage
in NAFLD + CIA rats. To test this hypothesis, we used the AAV-
mediated gene knockdown approach to reduce the expression of
PTRF in vivo. Among the AAV serotypes, AAV-9 can provide a
relatively high efficiency in liver transduction (Nathwani et al.,
2009). Thus, we used AAV-9 containing specific shRNA
targeting PTFR for gene knockdown. The rats were
transfected with AAV-PTRF-KD or control (AAV-NC)
vectors through intravenous tail injection. PTRF expression
and the activation of its downstream signaling, including the
PI3K/Akt pathway, were detected in NAFLD and NAFLD + CIA
rats. Western blot results showed that PTRF expression was
significantly lower in the NAFLD + CIA/AAV-PTRF-KD and

FIGURE 4
Histopathologic changes of the liver in CIA and NAFLD rats. (A) Hepatic histopathology in rats determined by HE and Masson’s trichrome staining.
Scale bar = 100 µm. (B)Quantitative analysis of Masson’s trichrome staining area. (C) The content of Hyp in the liver. Data are presented asmean ± SD, n=
10. **p < 0.01 vs. control, #p < 0.01 vs. CIA + NAFLD, ##p < 0.01 vs. CIA + NAFLD.
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NAFLD/AAV-PTRF-KD groups than in the NAFLD + CIA/
AAV-NC and NAFLD/AAV-NC control groups, respectively
(Figures 6A, B). As expected, the levels of p-PI3K and p-Akt
were significantly decreased in all NAFLD + CIA and NAFLD
groups compared with those in the control group. However,
AAV-mediated PTRF knockdown increased the
phosphorylation of PI3K and Akt compared with that in the
AAV-NC group. These results suggested that the suppression of
PTRF could maintain the activation of the PI3K/Akt pathway in
hepatic tissues.

3.6 AAV-mediated PTRF knockdown
reduced PTRF/TLR4 interactions in rats with
NAFLD + CIA

Confocal imaging was conducted to detect the expression of
PTFR in hepatic tissues. As shown in Figure 7A, PTRF was
mainly located around small vessels in liver tissues, evidenced
by its co-staining with the vascular marker CD31. AAV-PTFR-
KD groups showed significantly reduced expression of PTFR. We
then examined the cellular localization of PTFR and TLR4 in the

FIGURE 5
The expression of PTRF and the proteins in the PI3K/Akt signaling pathway in NAFLD/RA rats. (A) Western blot analysis of the expression of the
proteins PTRF, PI3K (p85), p-PI3K, Akt, and p-Akt in the liver tissues of the rats. (B) Densitometric analysis of PTRF expression. GAPDH was used as the
internal control. (C) Representative quantitative analyses of PI3K (p85), p-PI3K, Akt, and p-Akt levels. Data are reported as mean ± SD (n = 3). *p < 0.05 vs.
control group, #p < 0.05 vs. CIA + NAFLD, &P < 0.01 vs. NAFLD.

FIGURE 6
The expression of PTRF and the proteins in the PI3K/Akt signaling pathway in NAFLD/RA rats. (A) Western blot analysis of the expression of the
proteins PTRF, PI3K (p85), p-PI3K, Akt, and p-Akt in liver tissues. (B) Densitometric analysis of PTRF expression. GAPDH was used as the internal control.
(C) Representative quantitative analyses of PI3K (p85), p-PI3K, Akt, and p-Akt levels. Data are reported as mean ± SD (n = 3). *p < 0.05 vs. control group,
#p < 0.05 NAFLD + CIA/AAV-NC, &p < 0.05 NAFLD/AAV-NC.
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rat liver tissues using specific antibodies against PTFR and TLR4,
respectively. A strong co-localization pattern for PTRF and
TLR4 was observed in the NAFLD + CIA group. Furthermore,

AAV-mediated PTRF knockdown resulted in reduced TLR4/
PTRF interaction in both NAFLD and NAFLD + CIA rats
(Figure 7B).

FIGURE 7
(A) Co-localization of PTRF and TLR4 in merged confocal images representing overlays of PTRF (red), CD31 (green), and nuclear staining by DAPI
(blue). Scale bar = 50 µm. (B) Left: Merged confocal images representing overlays of PTRF (red), TLR4 (green), and nuclear staining by DAPI (blue). Scale
bar = 50 µm. Right: Quantitative data of each cell. Data are presented as mean ± SD, n = 5. **p < 0.01 vs. control, ##p < 0.01 vs. CIA + NAFLD/AAV-NC,
&&p < 0.01 vs. NAFLD/AAV-NC.
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3.7 Reduction of PTRF reduced hepatic
pathology in rats with NAFLD + CIA

To evaluate the pathological role of PTRF in the liver tissues of
NAFLD + CIA rats, we compared the histological changes in
different groups by HE and Masson’s trichrome staining. As
shown in Figure 8, intact hepatic lobular structure and
morphologically uniform hepatocytes were observed in the liver
tissues of control rats. There were no significant deformities,
necrosis, or lymphocyte infiltration into the hepatic lobules and
portal areas. By contrast, the NAFLD + CIA/AAV-NC and NAFLD/
AAV-NC groups exhibited partial hepatic fibrosis and diffuse
hepatic steatosis, with minor lymphocyte infiltration in some
portal areas and hepatic lobules. Although various degrees of
steatosis were still observed in both the NAFLD + CIA/AAV-
PTRF KD and NAFLD/AAV-PTRF KD groups, the ballooning
degeneration and degree of fibrosis were substantially reduced
compared with those in the corresponding AAV-NC groups. The
Hyp levels in the livers of rats in each group were consistent with the
pathological results. These data suggest that reduction of PTRF can
reduce hepatic steatosis and fibrosis in NAFLD rats.

Furthermore, immunofluorescence was employed to evaluate
the expression of PTRF, α-SMA, and their co-expression during liver
fibrosis. Merged confocal images indicated that the AAV-PTRF-KD
decreased the expression of PTRF compared to that in the control
group (Figure 9). The NAFLD + CIA group exhibited increased α-

SMA, PTRF, and their co-expression compared with those in the
control group and NAFLD group. However, the NAFLD + CIA/
AAV-PTRF-KD group showed a marked reduction of α-SMA,
PTRF, and their co-expression in hepatic stellate cells (HSCs)
compared with those in the NAFLD + CIA/AAV-NC
group. These results also suggest that reduction of PTRF can
reduce hepatic steatosis and fibrosis in NAFLD and NAFLD +
CIA rats.

4 Discussion

Chronic tissue injury leads to fibrosis in many organs, including
the liver, lung, kidney, and heart. In chronic liver disease,
development of fibrosis is the first step toward organ failure,
such as hepatocellular carcinoma (Dasgupta and Manickam,
2023). The extracellular matrix (ECM), which is composed of
collagens, elastin, and structural glycoproteins, constitutes the
liver “scaffold”. Continuous ECM deposition induces chronic
tissue injury of the liver, including fibrogenesis and fibrosis
(Tanwar et al., 2020). In the present study, we for the first time
showed that the injection of exogenous collagen not only induced
serious CIA, but also markedly increased fibrosis in a new
compound animal model of CIA and NAFLD. The compound
rat model with both NAFLD and CIA was established by
administering a HFD and intradermal injection of FCA with

FIGURE 8
(A) Hepatic histopathology in rats determined by HE and Masson’s trichrome staining. Scale bar = 100 µm. (B) Quantitative analysis of Masson’s
trichrome staining area. (C) The content of Hyp in the liver. Data are presented asmean ± SD, n= 5. **p <0.01 vs. control, ##p <0.01 vs. CIA +NAFLD/AAV-
NC, &&p < 0.01 vs. NAFLD/AAV-NC.
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collagen. In this compound rat model, HFD exacerbated secondary
inflammation in CIA rats (Figures 1, 2) and CIA aggravated liver
fibrosis in NAFLD rats (Figures 3, 4).

PTRF is a well-known key protein in the formation of caveola
and regulates cellular signaling, endocytosis, and lipid and
cholesterol homeostasis. Its pathophysiological role has been best
characterized in various cancers (Aung et al., 2011; Wang et al.,
2017). However, it is not surprising to see accumulating evidence
indicating the involvement of PTRF in liver diseases since this
protein regulates phospholipid and triglyceride synthesis and
lipid droplet formation in adipocytes. PTRF mutations have been
linked to a type of congenital generalized lipodystrophy (Patni and
Garg, 2015). PTRF appears to play a critical role in hepatitis,
cirrhosis, and hepatocarcinogenesis (Fernandez-Rojo et al., 2013;
Gao et al., 2014). It is reported that PTRF stimulates LPS-induced
inflammation through the LPS-TLR4- nuclear factor kappa B (NF-
κb) pathway, and deletion of PTRF suppresses the inflammatory
response and alleviates acute liver injury in mice (Tsai et al., 2018).
In PTRF knockout mice, CCl4-induced acute liver injury, in terms of
necrosis and apoptosis of hepatocytes and ALT level, were
dramatically reduced compared with those in wild-type mice
(Yang et al., 2021). TLR-4 usually induces the downstream
signaling mechanism, such as NF-κB and mitogen activated
protein kinases. As mentioned earlier, the hepatic PI3K/Akt axis
appears to be the downstream primary insulin signaling pathway
affecting NAFLD development (Matsuda et al., 2013). Reduced
phosphorylation of PI3K and Akt in hepatocytes contributes to
lipid metabolism disorders(Liao et al., 2018). Dysregulation of the

PI3K/Akt signaling pathway can increase hepatic lipogenesis and
exacerbate free fatty acid flux to the liver, which finally leads to
lipolysis (Gu et al., 2019).

Our previous study demonstrated that the TLR4 signaling
pathway is stimulated by PTRF (Zhou et al., 2021). In this study,
we performed high resolution liver tissue imaging to show that
PTRF and TLR4 have a strong co-localization pattern. Moreover, the
co-expression of PTRF/TLR4 was decreased when PTRF was
knocked down by AAV-PTRF shRNA in NAFLD + CIA rats.
Although we cannot provide a conclusion on how PTRF
regulates TLR4 based on the present data, we provide indirect
evidence that the high expression of both PTRF (in NAFLD) and
TLR4 (in CIA) may be the contributing factor for the more severe
phenotype of liver dysfunction in the compound NAFLD +CIA rats.
Furthermore, we also observed significantly inhibited
phosphorylation of PI3K (p85) and Akt in rat livers in NAFLD
and compound NAFLD + CIA models. This is likely due to the
increased expression of PTRF since knockdown of PTRF could
rescue the activation of PI3K in the animal model. Our data also
showed that NAFLD + CIA significantly promoted the expression of
PTRF and decreased PI3K/Akt activation (Figure 5). Further data
showed that AAV9-mediated PTRF knockdown inhibited
TLR4 signaling and alleviated hepatic fibrosis in NAFLD + CIA
rats (Figures 6–9).

Notably, we observed that PTRF was mainly located around
small vessels in liver tissues and co-expressed with CD31, the surface
marker of endothelial cells. Further studies showed that PTRF was
also co-expressed with α-SMA, which is the main marker of liver

FIGURE 9
Left: Merged confocal images representing overlays of PTRF (red), α-SMA (green), and nuclear staining by DAPI (blue). Scale bar = 50 µm. Right:
Quantitative data of each cell. Data are presented asmean ± SD, n = 3. **p < 0.01 vs. control, ##p < 0.01 vs. Control/AAV-PTRF-KD, &&p < 0.01 vs. NAFLD +
CIA/AAV-NC, & p < 0.05 vs. NAFLD + CIA/AAV-NC, △ p < 0.05 vs. NAFLD/AAV-NC.
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fibrosis and mainly expressed in vascular smooth muscle cells and
HSCs (Guo et al., 2023; Kim et al., 2023; Wang et al., 2023).

It is well known that matrix components are produced by
hepatocytes, endothelial cells, and HSCs, which lie in
juxtaposition with the hepatic sinusoid and surround the space of
Disse (Schuppan, 1990; Friedman, 2000). Kupffer cells are the
resident macrophages of the liver and their major functions
include the removal of immune complexes, endotoxins, and
excess ECM deposits (Friedman, 2008). HSCs are recognized as
the most important cell lineage in the development of liver fibrosis.
Furthermore, HSCs interact with other cell types, including
hepatocytes, endothelial cells, and Kupfer cells (Giampieri et al.,
1981), to promote hepatic fibrosis.

Profibrogenic myofibroblasts can also be derived from portal
fibroblasts, epithelial cells, and recruited bonemarrow cells that have
undergone epithelial to mesenchymal transition (Friedman, 2007).
Their embryonic origin is likely to be mesenchymal given that they
produce α-SMA in addition to vimentin and desmin when activated
(Moreira, 2007).

In line with these reports, this study provided in vivo evidence that
PTRF played an important role not only in hepatic injury in HFD-
induced NAFLD but also in compound NAFLD + CIA rats.
Histopathological analysis revealed that AAV-mediated PTRF
knockdown could alleviate the increased co-expression of PTRF with
CD31/or α-SMA located around small vessels in liver tissues in NAFLD
+ CIA rats. However, the exact cellular mechanism underlying PTRF
regulation of hepatic fibrosis in different cell types, including HSCs,
endothelial cells, and Kupfer requires further study.

In summary, this study demonstrated that NAFLD combined
with CIA not only causes synovial injury but also enhances non-
alcoholic fatty liver fibrosis in rats. PTRF could attenuate the co-
expression of PTRF and CD31 in NAFLD + CIA rats by affecting
TLR4/PTRF and downstream signaling. These results implied
that PTRF could be used as a therapeutic target for diet-induced
and collagen-induced hepatic disorders. Future studies on how to
target the PTRF/TLR-4/PI3K/Akt axis and clarify its specific
roles in different cell types to alleviate liver dysfunction are
warranted.
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