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� The expression level of ANGPTL8 is
correlated with liver fibrosis staging.

� ANGPTL8 knockout suppresses HFD-
induced hepatic steatosis and liver
fibrosis in mice.

� ANGPTL8 functions as a pro-
inflammatory factor induced by HFD,
and liver-derived ANGPTL8 interacts
with the receptor LILRB2 on the
membranes of hepatic stellate cells to
activate downstream ERK signaling
and increase expression of known
liver fibrosis genes.

� The serum ANGPTL8 level may
represent a potential diagnostic
g r a p h i c a l a b s t r a c t
marker for liver fibrosis, and targeting
ANGPTL8/LILRB2/ERK signaling holds
great promise for developing
innovative therapies to treat liver
fibrosis.

� Metformin can potentially confer
protective effects against the
pathological progression known to
lead to liver fibrosis in vulnerable
patient populations.
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Introduction: High calorie intake is known to induce nonalcoholic fatty liver disease (NAFLD) by promot-
ing chronic inflammation. However, the mechanisms are poorly understood.
Objectives: This study examined the roles of ANGPTL8 in the regulation of NAFLD-associated liver fibrosis
progression induced by high fat diet (HFD)-mediated inflammation.
Methods: The ANGPTL8 concentration was measured in serum samples from liver cancer and liver cirrho-
sis patients. ANGPTL8 knockout(KO) mice were used to induce disease models (HFD, HFHC and CCL4) fol-
lowed by pathological staining, western blot and immunohistochemistry. Hydrodynamic injection of an
adeno-associated virus 8 (AAV8) was used to establish a model for restoring ANGPTL8 expression specif-
ically in ANGPTL8 KO mice livers. RNA-sequencing, protein array, Co-IP, etc. were used to study
ANGPTL80s mechanisms in regulating liver fibrosis progression, and drug screening was used to identify
an effective inhibitor of ANGPTL8 expression.
Results: ANGPTL8 level is associated with liver fibrogenesis in both cirrhosis and hepatocellular carci-
noma patients. Mouse studies demonstrated that ANGPTL8 deficiency suppresses HFD-stimulated
inflammatory activity, hepatic steatosis and liver fibrosis. The AAV-mediated restoration of liver
ANGPTL8 expression indicated that liver-derived ANGPTL8 accelerates HFD-induced liver fibrosis.
Liver-derived ANGPTL8, as a proinflammatory factor, activates HSCs (hepatic stellate cells) by interacting
with the LILRB2 receptor to induce ERK signaling and increase the expression of genes that promote liver
fibrosis. The FDA-approved anti-diabetic drug metformin, an ANGPTL8 inhibitor, inhibited HFD-induced
liver fibrosis in vivo.
Conclusions: Our data support that ANGPTL8 is a proinflammatory factor that accelerates NAFLD-
associated liver fibrosis induced by HFD. The serum ANGPTL8 level may be a potential and specific diag-
nostic marker for liver fibrosis, and targeting ANGPTL8 holds great promise for developing innovative
therapies to treat NAFLD-associated liver fibrosis.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction NAFLD-associated liver fibrosis induced by HFD, Following our
Nonalcoholic fatty liver disease (NAFLD) is a series of diseases,
including hepatocellular steatosis, nonalcoholic steatohepatitis
(NASH), fibrosis, cirrhosis and hepatocellular carcinoma (HCC)[1].
NAFLD- associated liver fibrosis is the world’s most prevalent
chronic liver disease [2], and its incidence rate is increasing year-
by-year along with improvements in global living standards. Calo-
ric excess, particularly high fat diets (HFD), has been linked to
inflammatory diseases, including NAFLD-associated liver fibrosis
[3–5]. Preventing the progression of liver fibrosis can block the
occurrence of NAFLD related liver cirrhosis and even HCC [6]. The
activation of hepatic stellate cells by inflammation is a marker
event of liver fibrosis [7,8]. However, the mechanisms through
which caloric excess, such as HFD intake, modulates inflammation
are poorly understood.

ANGPTL8, also known as Lipasin, RIFL, or TD26 [9,10,11], is a
secretory protein that is highly expressed in the liver, during eating
but expressed at low levels during fasting periods [9,12]. ANGPTL8
is an atypical member of the angiopoietin-like family, since it
appears to lack a fibrinogen-like domain and does not have the
typical coiled-coil domain [9]. These structural features of
ANGPTL8 suggest that its function is likely different from other
angiopoietin-like proteins. Several recent studies have shown that
the circulation level of ANGPTL8 was increased in a NAFLD mouse
model and human patients, and showed that ANGPTL8 expression
in hepatocytes was induced by HFD [13,14]. Vatner et al. found that
an antisense oligonucleotide against ANGPTL8 prevented hepatic
insulin resistance and steatosis in HFD-fed rats [15]. Approxi-
mately 25 % of patients with hepatic steatosis developed into
steatohepatitis, and 26 % - 37 % of patients with steatohepatitis
develop into liver fibrosis and cirrhosis [16]. Although, studies
have observed that serum ANGPTL8 is increased in patients with
NAFLD-associated liver fibrosis [17], the function of ANGPTL8 in
the etiopathogenesis of NAFLD-associated liver fibrosis is still
unknown.

Here we demonstrate that ANGPTL8 functions as a proinflam-
matory factor and contributes to the progression of
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clinical data which suggested that the serum ANGPTL8 level repre-
sents a potential diagnostic marker for multiple diseases featuring
liver fibrosis, we conducted extensive in vitro and in vivo experi-
ments with diverse research objects, including HSCs and HFD-
models induced with ANGPTL8 KO mice. We characterized the
specific roles of liver-derived ANGPTL8 in driving liver fibrosis
based on the stimulation of the LILRB2 receptor on HSCs, thereby
triggering ERK signaling and HSC activation. Drug screening and
subsequent in vivo therapeutic evaluation of the FDA-approved
anti-diabetic drug metformin showed that ANGPTL8 can be under-
stood as a vulnerable target for the treatment of liver fibrosis.
Materials and methods

Patient samples

This study was performed with approval from the Ethics Com-
mittee at the Affiliated Hospital of Hubei University of Medicine
(Taihe Hospital). Serum samples were obtained from healthy vol-
unteers (N = 58), patients with hepatocirrhosis (N = 51) and
patients with HCC (N = 51). Patient information is presented in
Fig. 1C. Informed written consent was obtained from all subjects.
Mice

ANGPTL8�/�(ANGPTL8KO)micewere generated in C57BL/6Jmice
by the CRISPR/Cas9 system using a previously described method in
the Laboratory Animal Center of Sun Yat-sen University [18]. We
designed three sgRNAs that were cloned into a pX330 plasmid.
The sgRNA target sequences are shown in Supplementary Fig S1A.
Cas9 mRNA and ANGPTL8 sgRNA were co-injected into one-cell
embryos, and female mice were generated for the F0 generation.
The genotyping of transgenic mice in the F1 generation was ana-
lyzed by DNA sequencing. All the F0 and F1 generation mice were
bred at the Laboratory Animal Center of Sun Yat-sen University,
and then the F1 generationmice identified as ANGPTL8KOheterozy-
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Fig. 1. Clinical significance of ANGPTL8 in patients with cirrhosis. (A) ANGPTL8 concentration in the serum of healthy volunteers (control), patients with hepatic-fibrosis
(hepatocirrhosis), and patients with hepatocellular carcinoma. ***p < 0.001 (one-way ANOVA). (B-L) Cirrhotic patients were divided into three different categories according
to their LSM (liver stiffness measurement) as assessed by vibration-controlled transient elastography (FibroScan). Patient characteristics, such as sex, weight, age and serum
concentrations of Tbil, ALT, AST, Alb, WBC, PLT, and ANGPTL8 in different groups of patients. *p < 0.05, **p < 0.01, ***p < 0.001 (one-way ANOVA).

Z. Zhang, Y. Yuan, L. Hu et al. Journal of Advanced Research 47 (2023) 41–56
gotes were transferred to the SPF Animal Experimental Center of
Hubei University of Medicine for further experimental study.

Mice (three to five per cage) were placed in a controlled envi-
ronment (12 h dark/12 h light cycle, 60–70 % humidity,
43
23 ± 1 �C). Six- to eight-week- old male C57BL/6J wild type as con-
trol mice or ANGPTL8 KO mice (all the mice were strictly
littermates and cohoused) were fed with high-fat diet (HFD;
D12492; Research Diets) for different weeks, and a high-fat,
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high-cholesterol diet (HFHC; TP26304; Trophic Diets, Nantong,
China) for 20 weeks, with a normal chow diet (NCD; D12450J;
Research Diets) as a control. We investigated the impact of
ANGPTL8 on liver steatosis, inflammation and fibrosis using
in vivo experiments with ANGPTL8 KO mice fed a HFD for up to
28 or 36 weeks [19–21], or HFHC diet for up to 20 weeks [21].

WT and ANGPTL8 KO mice were divided into a therapeutic
group and a PBS group (control group). Metformin (Met) was dis-
solved in PBS. Mice received Met (200 mg kg-1 i.g.) or PBS admin-
istration every day for 4 weeks after 24 weeks of HFD-diet-induced
liver fibrosis.

Compliance with ethics requirements

All experiments involving human tissues were conducted
according to the ethical policies and procedures approved by the
ethics committee of Taihe Hospital, China. The ethical committee
number for the study is 201916.

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the ethics commit-
tee of Hubei University of Medicine, China. The ethical committee
number for the study is 202016.

Cells and culture conditions

The HepG2 and LX2 cell lines were purchased from the Ameri-
can Type Culture Collection (ATCC, Manassas, VA, USA) in our
study. rANGPTL8 (recombinant protein of human ANGPTL8) was
purchased from Novoprotein company and was used to treat cells
at a concentration of 500 ng/ml.

Histological analysis

Hematoxylin and eosin (H&E) staining was performed on thin
slices that were embedded in a wax block of liver tissue. The over-
all characteristics of the tissue were observed under a low-power
microscope, and then the images of representative areas were
observed and collected. The activity score of NAFLD was calculated
according to the standard described by Kleiner et al [22]. Histolog-
ical fibrosis was detected by Masson’s and Sirius red staining. The
positive area was quantified using ImageJ.

Immunohistochemical staining

All steps of sample processing were performed as described in
our previous study [23]. Five-micrometer serial sections were
dewaxed in xylene and rehydrated through graded alcohols.
Endogenous peroxidases were blocked with H2O2 (3 %) for
30 min. Then, they were placed into a microwave oven to re-
pair antigens for 10–15 min at 90–98 �C, cooled at room tempera-
ture, and blocked with goat serum for 30 min (nonspecific
epitopes were blocked with 5 % normal goat serum; 1:10, Zymed
antibody diluent). Then primary antibodies(The antibodies used
for immunohistochemistry are listed in Supplementary Table 2)
were diluted in 3 %BSA for overnight incubation at 4℃ (use the
optimal concentration of antibody explored in the pre-
experiment: a-SMA 1:200; Collage I 1:100; F4/80 1:50, as a nega-
tive control, an unrelated primary antibody was used). And sec-
ondary antibodies (HRP-conjugated, at room temperature)
followed by the Liquid DAB Substrate Chromogen System. Two
pathologists who were blinded to the information examined all
the immunostained sections. Five-seven randomly selected fields
of view at a magnification of 100�(100 lm), 200�(50 lm) and
400�(20 lm) were observed respectly. Olympus microscope was
used to image the slices. Positive area was quantified using Image
J.
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q-PCR

Total RNA was extracted and detected according to the instruc-
tions of the Invitrogen kit. Reverse transcription was performed
using the Superscript II kit for RT-PCR (Tiangen Biotech). The pri-
mers for q-PCR are listed in Supplementary Table 1. Fold changes
were calculated using the delta–delta Ct method. Three biological
replicates at least were performed for all experiments.
Hydrodynamic tail vein injection

ANGPTL8 KO male mice (six to eight weeks old) were used for
hydrodynamic tail vein injection, following all details described
previously [24].
Fluorescence image analysis

The cells cultured on the glass bottom culture dish were fixed
with paraformaldehyde, and then incubated with primary anti-
body overnight and secondary antibody in a dark environment
for 90 min after blocking. Finally, the cells were photographed
under a laser confocal microscope (Olympus Japan). We used a
lyso-ID red probe to evaluate lysosome content in cells, as the flu-
orescence intensity will be enhanced under acidic conditions. To
quantify acidic autophagic vesicles, cells were transfected with
mCherry-GFP-LC3B adenovirus. After rANGPTL8 protein treatment,
the percentage of acidic aggregates (red dots/total dots) per cell
was counted. Fluorescence images were quantified using ImageJ
software.
Western blot analysis

The proteins were extracted by RIPA buffer separated by SDS-
PAGE, and then transferred to PVDF membranes. The cells were
incubated with blocking buffer (5 % BSA) at room temperature
for 1 h and then incubated with antibodies against ANGPTL8, Flag,
GAPDH, b-Tubulin, TGFb1, NF-jB, Smad2/3, LC3, ERK1/2, p-NF-jB,
p-ERK1/2, IL-1b, IL-6, p-Smad2/3, Collagen-I, a-SMA, LILRB2, F4/80
and Vimentin（The antibodies used for western blot are listed in
Supplementary Table 2.） at 4�C overnight or RT for 2 h. The sec-
ondary antibody conjugated with horseradish peroxidase was
incubated at room temperature for 2 h, Finally, the membranes
were incubated in chromogenic reagents A and B and shaken
gently at room temperature for 1 min.
Immunofluorescence

Following the method of previous studies with some addition
[21,24], the cells were fixed and blocked, and incubated with the
following antibodies at 4�C overnight: a-SMA (1:200); Collagen I
(1:200); Desmin (1:200); TGFb1 (1:200).（The antibodies used
for immunofluorescence are listed in Supplementary Table 2）.
The cells were incubated with the following secondary antibodies
for 1 h: FITC-labeled goat anti-rabbit IgG (H + L (1:500)). Nuclei
were stained with DAPI for 3 min.
Co-IP assay

LX2 Con cells or ANGPTL8 OE cells at 80–90 % confluency were
lysed in Buffer A (containing 25 mM Tris-HCl, 10 % glycerol, and
150 mM NaCl, and 1 % Triton X-100, pH 7.6) in 6-well plates. Pre-
cleared lysates were collected and subjected to protein A + G beads
according to the instruction and operation manual.
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Cytokine measurements

The ANGPTL8 concentration in the serum supernatant was
determined with an ELISA kit (EIAAB Science Inc., China). The linear
range of the assay was 78–5000 pg/mL. No significant cross-
reactivity or interference was observed.
Cytokine chip detection

We followed the method of previous studies with some addi-
tion [25]. Mouse inflammatory cytokine antibody arrays (GSM-
INF-1, Ray Biotech Inc.) were used according to the instruc-
tion and operation manual. Mouse serum were obtained from dif-
ferent groups for chip detection (Shanghai Kangcheng
Bioengineering Co. ltd).
Oil Red O staining

The cells were washed with PBS 3 times, fixed with
paraformaldehyde for 15 min, and dyed with Oil Red O solution
for 10–30 min. Then, the excess dye solution was washed with
60 % isopropanol and washed three times with distilled water.
Mayer’s hematoxylin was counterstained for 5–10 min, and 1 %
hydrochloric acid was used for color separation and back blue.
Three to five independent microscopic fields per well were
observed, and images were taken under an inverted microscope.
Primary mouse hepatic stellate cell and hepatocyte isolation

The procedure was performed to a previous study [26,27]. First,
the mouse livers were perfused with collagenase（type IV, 100
CDU/ML, Sigma, USA) as liver perfusion reagents, and the liver
was excised rapidly and placed into cold HBSS. The primary hepatic
cells were released and filtered by a sterile 70-lm filter (Beyotime;
FSTR070), and then centrifuged for 5 min at 4 �C at 50 g. The hep-
atocytes were in the pellet and the HSCs were in the supernatant.
Resuspend the hepatocytes in 20 mL of DMEM (HyClone, Germany)
containing 10 % FBS for primary hepatocyte culture. The super-
natant was centrifuged at 4℃ at 400 g, and then the cell precipitate
was resuspended in DMEM. The cell suspension was slowly layered
on a Percoll gradient (50 %, 35 %, 25 % Percoll) and centrifuged for
20 min at 4℃ at 2000 rpm. White cell rings were carefully collected
from the interface and centrifuged at 4 �C for 10 min at 2000 rpm.
HSCs were resuspended in DMEM(containing 20 % FBS), resus-
pended and then seeded into culture dishes.
Measurement of intracellular and hepatic TG content

For intracellular TG content, the cells were fixed, and Oil Red O
was extracted. Then, the extracted cells were diluted in 100 % iso-
propanol and checked at 490 nm using a microplate reader.

For hepatic triglyceride content: lipids were extracted accord-
ing to a previous study [28]. Lipids were measured using an Enzy-
ChromTM Triglyceride Assay Kit (BioAssay Systems) and normalized
to wet tissue weight.
Statistical analysis

All numeral results are presented as dot plots or means ± SDs.
Differences in group results were compared using unpaired two-
tailed Student’s t test or ANOVA. All statistical analyses were per-
formed with GraphPad (Version 8.0) and SPSS (version 19.0). A p
value < 0.05 was considered to be a statistically significant.
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Results

The ANGPTL8 expression level is correlated with liver fibrosis staging

To evaluate whether ANGPTL8 expression is associated with
liver fibrosis/cirrhosis, we first measured the ANGPTL8 levels in
the serum of patients with liver cirrhosis. The serum concentra-
tions of ANGPTL8 increased 1.57 fold in liver cirrhosis patients
and 2.14 fold in HCC patients compared to the control (healthy
individuals) (Fig. 1A). Furthermore, we found that the highest
serum ANGPTL8 level was detected in patients with the most
advanced extent of HCC disease progression (Fig. 1A).

We next evaluated whether the serum concentrations of
ANGPTL8 could be used as a new diagnostic marker for liver fibro-
sis. Cirrhotic patients were divided into three different categories
according to their liver stiffness measurement (LSM) evaluated
by vibration-controlled transient elastography
(7 kPa < LSM � 18 kPa, 18 kPa < LSM < 30 kPa, and
LSM � 30 kPa groups); we also defined a ‘‘healthy” group based
on detected values of LSM < 7 kPa. Our correlation analysis results
indicated that the severity of liver cirrhosis was not closely associ-
ated with patient characteristics, such as sex, weight, or age (Fig. 1-
B-D). Serum analysis demonstrated that Tbil (total bilirubin), ALT
(alanine aminotransferase), and AST (aspartate transaminase)
levels in the serum of all three cirrhotic patient groups were mark-
edly increased compared to the defined control (healthy group)
(Fig. 1E-G). Furthermore, the three cirrhotic patient groups also
showed significant decreases in serum albumin content as well
as white blood cell and blood platelet counts (Fig. 1H-J). It was also
notable that significant decreases in serum albumin content were
detected in each of the successively more severe liver cirrhosis
patient groups (i.e., decreased albumin upon increased LSM). In
direct contrast, the serum ANGPTL8 level significantly increased
with increased LSM (Fig. 1K).

Then, we analyzed whether the above indicators could be used
as clinical and laboratory diagnostic indicators of liver cirrhosis. As
shown in Fig. 1L, Tbil, ALT, AST, Alb, WBC, and PLT could be used as
evaluation indexes of liver cirrhosis, which was consistent with
previous reports [6]. Our results suggest that the increase lever
of ANGPTL8 in serum is associated with liver fibrosis and indicate
that the plasma concentrations of ANGPTL8 may be a potentially
informative non-invasive biomarker for liver fibrosis.
ANGPTL8 deficiency suppresses HFD-induced hepatic steatosis

We found that HFD could increase the expression of mANGPTL8
in mouse liver compared to NCD after feeding (Fig. 2A), and it is
known that HFD is a major risk factor for NAFLD [14]. As indicated
in Fig. 2B-D, we found that the highest and most important fatty
acid components of the HFD unsaturated fatty acids (oleic acid,
OA) significantly upregulated the expression of ANGPTL8 in human
liver cells (HepG2), mouse liver cells (H22) and mouse primary
hepatocyte cells.

To explore the function of ANGPTL8 in the development of
NAFLD, we first investigated the impact of ANGPTL8 on hepatic
steatosis using in vivo experiments. After confirming successful
CRISPR/Cas9 deletion based generation of F2 ANGPTL8 KO mice
(Fig. S1), both 8-week-old WT and ANGPTL8 KO mice were given
HFD and sacrificed after 28 or 36 weeks. There were no obvi-
ous difference in liver appearance between ANGPTL8 KO and WT
mice after 28 and 36 weeks of NCD. After 36 weeks of HFD, the
appearance difference of fatty liver between the two groups was
obvious (Fig. 2E&F). H&E staining of liver from both the 28 and
36 week groups indicated that fat vacuoles in liver tissue were
fewer in the ANGPTL8 KO group compared to the WT mice, and



Fig. 2. ANGPTL8 deficiency suppresses HFD-induced hepatic steatosis. (A) The mRNA expression of ANGPTL8 in the liver of mice induced by NCD (normal chow diet) and HFD
(high fatty diet) (left is fasting, right is feeding, n = 3 per group). ***p < 0.001 (Student’s t-test). (B-D) The mRNA expression of ANGPTL8 in HepG2 (B), H22 (C) and primary
mouse liver hepatocytes (D) treated with the fatty acid oleic acid (OA), **p < 0.01, ****p < 0.0001(Student’s t-test). (E&F) Hepatic steatosis was confirmed by macroscopic
examination in ANGPTL8 KO or control mice (WT) given with NCD or HFD for 28 (E) or 36 weeks (F), n = 8 per group. (G&H) Hepatic steatosis was confirmed by H&E staining in
ANGPTL8 KO or control mice (WT) given NCD or HFD for 28 or 36 weeks, (n = 8 per group), Scale bars, 100 lm and 50 lm for H&E staining. (I) Quantitative analysis of Hepatic
TG in ANGPTL8 KO and WT mice treated with NCD or HFD 36 weeks (upper is NCD, lower is HFD, n = 3 per group). *p < 0.05(Student’s t-test).
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the difference was significantly larger for the 36 week HFD
ANGPTL8 KO group compared to the 28 week group (Fig. 2G&H).
The results of quantitative analysis of TG in liver tissue showed
that the extent of lipid deposition in the liver tissue was obviously
reduced in the ANGPTL8 KO group compared to the WT mice
(Fig. 2I). Collectively, these findings suggest that ANGPTL8 defi-
ciency suppresses HFD induced hepatic steatosis.
Liver-derived ANGPTL8 accelerates NAFLD-associated liver fibrosis
induced by HFD

To investigate whether ANGPTL8 is somehow involved in hep-
atic fibrosis, we also conducted Masson and Sirius Red staining
with the aforementioned HFD-fed mice. Both the 28 and 36 week
HFD ANGPTL8 KO mice displayed dramatically attenuated fibrosis
compared to their WT littermates (Fig. 3A&B). Especially after
36 weeks of HFD feeding, the degree of liver fibrosis in WT mice
was more significant (approximately 2 fold higher) than that in
ANGPTL8 KO mice. Hepatic F4/80 immunostaining confirmed
macrophage infiltration in both genotypes of HFD-fed mice, but
the extent of this infiltration was significantly higher in control
than that in ANGPTL8 KOmice (Fig. 3A&B). Staining of liver sections
for a-SMA and Collagen I also indicated that the degree of liver
fibrosis was attenuated in ANGPTL8 KO mice. Finally, western blot
also indicated that the expression of fibrotic markers was
significantly higher in the 36 week HFD WT group (Fig. 3C&D).
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The role of ANGPTL8 was also tested in other models of hepatic
fibrosis induced byHFHC and CCL4. HFHC can promote the develop-
mentofNAFLDandaccelerate the transition fromsimple steatosis to
non-alcoholic steatohepatitis (NASH). After 20 weeks of HFHC feed-
ing, the liver appearanceandHE staining showed that the liver ofWT
mice was swollen, gray yellow or gray, greasy and formed a large
number of fat vacuoles (Fig. S2). Compared to HFHC-induced
ANGPTL8 KO mice, control mice had significant differential expres-
sion of various fibrogenic and inflammatory markers (Collagen I,
a-SMA and F4/80) in the liver, indicating that ANGPTL8 promoted
the formation of hepatic steatosis and fibrosis induced by HFHC
(Fig. S2). Compared to CCL4-induced WT mice, ANGPTL8 KO allevi-
ated CCL4-induced liver fibrosis (Fig. S3). These results indicate that
ANGPTL8 KO could inhibit HFD-, HFHC- and CCL4- induced liver
fibrosis, and the difference induced byHFDwas themost significant.

We next determined whether liver-specific expression of
ANGPTL8 contributes to the process of HFD-induced liver fibrosis.
First, we established a model for long-term complementation of
liver expression of ANGPTL8 in ANGPTL8 KOmice by hydrodynamic
tail vein injected AAV8. These mice were subsequently fed HFD for
36 weeks, and AAV virus was injection of twice, once every
18 weeks. Compared to ANGPTL8 KO mice injected with control
AAV8, animals complemented with liver expression of ANGPTL8
displayed dramatically increased fibrosis as measured by western
blot for fibrogenic markers (Fig. 3D). Collectively, these results
show that ANGPTL8 expression in the liver accelerates NAFLD-
associated liver fibrosis induced by HFD.



Fig. 3. ANGPTL8 deficiency attenuates HFD-induced liver fibrosis. (A) Liver fibrosis was evaluated by H&E staining, Masson, Sirius red staining, and IHC for the fibrosis
markers (a-SMA, Collagen I) and macrophage activation markers (F4/80). Scale bars, 50 lm and 20 lm for H&E staining, Sirius red staining and IHC in ANGPTL8 KO or control
mice (WT) given HFD for 28 weeks. Masson and Sirius red staining, and IHC for a-SMA, Collagen I, and F4/80 (above). Five images of each liver and five livers from different
mice were quantified for each group (below), n = 5 per group. *p < 0.05, **p < 0.01, ***p < 0.001(Student’s t-test). (B) Liver fibrosis was evaluated by H&E staining, Masson,
Sirius red staining and IHC for a-SMA, Collagen I, and F4/80. Scale bars, 50 lm and 20 lm for H&E staining, Sirius red staining and IHC in ANGPTL8 KO or control mice (WT)
given HFD for 36 weeks. The Masson, Sirius red staining and IHC for a-SMA, Collagen-I, and F4/80 positive liver fibrosis were measured (above). Five images of each liver and
five livers from different mice were quantified for each group (below), n = 5 per group. *p < 0.05, ***p < 0.001(Student’s t-test). (C) The protein levels of a-SMA, Collagen I, and
vimentin were determined by western blot in ANGPTL8 KO or control mice (WT) treated with HFD for 24 weeks. b-Tubulin was used as an internal control (left). Protein
expression was normalized to that of b-Tubulin (right), n = 3 per group. *p < 0.05(Student’s t-test). (D) The protein expression of a-SMA, Collagen I and vimentin protein was
determined by western blot in ANGPTL8 KO or control mice (WT) given HFD for 36 weeks. GAPDH was used as an internal control (left). Protein expression was normalized to
that of GAPDH (right), n = 4 per group. Mean ± SEM. *p < 0.05, **p < 0.01(Student’s t-test). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. ANGPTL8 knockout inhibits HFD-stimulated inflammatory activity in mice. (A) Volcano plot analysis of the RNA sequencing results for the indicated samples. Stringent
set (p < 0.05) of hepatic genes in HFD-fed ANGPTL8 KO mice compared with HFD-fed WT mice (n = 3, per group). (B) GO analysis of the RNA sequencing results between the
two groups. (C&D) The protein levels of F4/80, IL-6, IL-1b, and Collagen I were determined by western blot of protein extracts from the livers of ANGPTL8 KO or control mice
(WT) after fasting and treated for 12 h with NCD (n = 3). (C) b-Tubulin was used as an internal control. Protein expression was normalized to that of b-Tubulin (D). *p < 0.05,
**p < 0.01(Student’s t-test). (E&F) The protein levels of F4/80, IL-6, IL-1b, and Collagen I in the livers of ANGPTL8 KO or control (WT) mice after 2 h feeding with NCD were
determined by western blot. (E). b-Tubulin was used as an internal control. Protein expression was normalized to that of b-Tubulin (F). n = 3 per group. (G&H) Mouse
inflammatory cytokine antibody array (protein chip, GSM-INF-1, Ray Biotech Inc.) detection of inflammatory factors in the serum of ANGPTL8 KO or control (WT) mice fed
with HFD for 36 weeks after feeding (mice after 2 h’s feeding with HFD) (G) and fasting (mice after fasting treated 12 h with HFD) (H) (n = 3 per group). *p < 0.05, **p < 0.01
(Student’s t-test).
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Feeding-stimulated high expression of ANGPTL8 controls HFD-induced
inflammatory activity in mice

To explore the mechanism(s) underlying how ANGPTL8 KO sup-
presses HFD-induced hepatic fibrosis, we performed RNA-seq anal-
ysis of livers dissected fromWT and ANGPTL8 KOmice treated with
HFD for 36 weeks. Heat-map analysis highlighted obvious differ-
ences (>2 fold) in the gene expression profiles of WT mice vs
ANGPTL8 KO mice, and ingenuity pathway analysis annotated the
molecular and cellular functions of the differentially expressed
genes (using a p < 0.05 cutoff) (Fig. 4A). The top-ranking disease-
associated pathway for these genes was ‘‘inflammatory response”
(Fig. 4B). The differentially expressed genes included genes known
to function in lymphocyte-mediated immune responses, including
B lymphocyte mediated immune related genes and T lymphocyte
mediated immune related genes (Fig. 4A-B).

ANGPTL8 is a secretory protein with high expression after feed-
ing [29], so we also performed western blot to measure any differ-
ences in the accumulation levels of inflammatory factors in liver
samples of ANGPTL8 KO and WT mice under both fasting and feed-
ing factors. Among the NCD groups, the livers of the ANGPTL8 KO
mice had significantly reduced accumulation of the inflammatory
factors IL-1b, IL-6, and F4/80 compared to the livers of WT mice
(Fig. 4C&D). However, there was no significant change between
WT and ANGPTL8 KO mice after fasting (Fig. 4E&F). These results
suggest that ANGPTL8 regulates postprandial inflammatory
responses.

To investigate how ANGPTL8 regulates HFD-induced inflamma-
tion, we collected sera from WT and ANGPTL8 KO mice fed with
HFD for 36 weeks and conducted protein chip analysis of both fast-
ing and feeding samples to examine the levels of inflammatory fac-
tor. Among the HFD-fed groups, upon feeding, the serum
concentrations of IL-6, TNF-a, IL-1b, and IFN-c were significantly
lower in the ANGPTL8 KO mice than that in the WT mice
(Fig. 4G). However, there was no significant difference between
WT and ANGPTL8 KO mice after fasting (Fig. 4H). We also used
western blot with antibodies against IL-1b and IL-6 to analyze
the liver tissues from the HFHC-fed (20 week) animals and found
that the levels of these hepatic inflammatory factors were signifi-
cantly elevated in WT mice compared to ANGPTL8 KO mice
(Fig. S4A). These results show that ANGPTL8 promotes the accumu-
lation of hepatic inflammatory factors, and this was further sup-
ported by our observation of significantly elevated liver IL-6 and
IL-1b levels upon AAV8-mediated complementation of ANGPTL8
expression in the livers of ANGPTL8 KO mice fed with HFD
(Fig. S4B).

Meanwhile, the results of RNA-seq showed that the most signif-
icantly different genes were enriched in the TGFb signaling path-
way (Fig. S5A), and ANGPTL8 KO could regulate TGFb1 expression
in mouse liver and mouse liver hepatocyte cells (Fig. S5B&C). As
shown in Fig. S5 (D&E), the addition of ANGPTL8 protein
(rANGPTL8) to the growth media of mouse liver hepatocyte cells
significantly enhanced the protein and mRNA expression of the
inflammatory factor TGFb1. ANGPTL8 OE or KD regulated TGFb1
expression in HepG2 cells (Fig. S5F). As shown in Fig. S5 (G&H),
the addition of OA to the growth media of HepG2 cells significantly
enhanced the expression of the inflammatory factor TGFb1
(Fig. S5G). The addition recombinant TGFb1 protein to the media
significantly increased the transcription of ANGPTL8 (Fig. S5H).
Moreover, the addition of fatty-acid (OA) to the media significantly
increased the transcription of TGFb1 in WT mouse liver hepato-
cytes. However, TGFb1 did not change after OA stimulation in
ANGPTL8 KO mouse liver hepatocyte cells (Fig. S5I). Based on the
sequencing results, we found significant differences in the expres-
sion of transcription factors SPI1/PU.1, which regulates TGFb1 by
enrichment analysis of the sequencing results [30,31]. Western
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blot results also further demonstrated that ANGPTL8 KO could sig-
nificantly reduce SPI1 expression in the livers of mice treated with
HFD for 36 weeks (Fig. S5J). These experiments clearly revealed
that ANGPTL8 regulates TGFb1 via a positive feedback mechanism,
suggesting that ANGPTL8 may act as a proinflammatory factor.

ANGPTL8 as a proinflammatory factor directly activates HSCs by
binding to the receptor LILRB2

HSCs can promote liver fibrosis upon stimulation with various
inflammatory stimuli [7]. Because HSCs do not express ANGPTL8
(Fig. S6), we speculated that excess lipids may stimulate hepatic
parenchymal cells to express and secrete ANGPTL8, which may
activate HSCs directly; alternatively, secreted ANGPTL8 could indi-
rectly activate HSCs by inducing hepatic cells to secrete other fac-
tors that promote hepatic fibrosis (Fig. 5A).

To analyze whether ANGPTL8 activates HSCs, we first stimu-
lated cultured HSCs (LX2 cell line) with human ANGPTL8 recombi-
nant protein (rANGPTL8, 500 ng/ml). Strikingly, addition of
rANGPTL8 to the HSC media or exogenous ANGPTL8 protein
(ANGPTL8-OE) strongly induced fibrogenesis. ANGPTL8-OE pro-
moted two classic HSC activation phenotypes: the transformation
of HSCs to myofibroblast-like cells (Fig. S7A), and reduced lipid
accumulation (Fig. 5B). Interestingly, ANGPTL8 induced the expres-
sion of a-SMA, Collagen I, and TGFb1, with the strongest induction
observed at the 2-hour time point during an 18-hour incubation
time course (Fig. 5C). We then shortened the stimulation times
to 0, 0.5, 1, and 2 h, and found that the expression of all three pro-
teins peaked at 0.5 h (Fig. 5D). ANGPTL8-OE also upregulated a-
SMA, Collagen I, and TGFb1 expression in LX2 cells (Fig. 5E). We
also verified the effects of rANGPTL8 on the activation of isolated
mouse primary hepatic stellate cells by immunofluorescence, and
the result showed that the expression levels of Desmin, a-SMA,
Collagen I, and TGFb1 were increased significantly (Fig. 5F). Thus,
we preliminarily confirmed that ANGPTL8 promotes the activation
of hepatic stellate cells.

Given that ANGPTL8 is a secreted protein and is not expressed
in mouse primary HSCs or human LX2 cells, we investigated poten-
tial ANGPTL8 receptors on the cell membranes of HSCs. Previous
studies have shown that LILRB2 (the human immune inhibitory
receptor leukocyte immunoglobulin-like receptor B2) and PirB
(its mouse ortholog paired immunoglobulin-like receptor), are
receptors for several angiopoietin-like proteins [32,33]. Therefore,
we speculated that LILRB2 is a potential receptor for ANGPTL8 in
HSCs. First, Co-IP (co-immunoprecipitation) assays indicated that
these two proteins undergo a physical interaction (Fig. 5G, Fig
S7B). Then we found that ANGPTL8 could up-regulate the expres-
sion of LILRB2 in LX2 cells (Fig. 5H-J). We also found that stimula-
tion of LX2 cells with rANGPTL8 rapidly and significantly up-
regulated the expression of a-SMA, Collagen I and TGFb1, and this
induction was blocked when an anti-LILRB2 antibody was used to
pretreat the LX2 cells prior to rANGPTL8 stimulation (Fig. 5K). All
the results support that ANGPTL8, as a proinflammatory factor,
directly activates HSCs by binding to the receptor LILRB2.

ANGPTL8-induced HSC activation via the LILRB2/ERK signaling
pathway modulates autophagy

To obtain further insights into the role of LILRB2 in hepatic
fibrosis induced by ANGPTL8, we examined the livers of ANGPTL8
KO mice after 36 weeks of HFD feeding, and specifically focused
on the activating phosphorylation of two kinases known to be reg-
ulated by LILRB2/PirB: ERK1/2, NF-jB and other signaling path-
ways. As shown in Fig. 6A and Fig. S8, ANGPTL8 KO significantly
decreased the levels of p-ERK1/2 and p-NF-jB, but did not regulate
p-FAK and p-Smad2/3 expression. The same pattern of kinase acti-



Fig. 5. ANGPTL8 directly activates HSCs by interacting with the receptor LILRB2 on hepatic stellate cells. (A) Conceptual model for ANGPTL8-mediated activation of hepatic
stellate cells. (B) Representative images of oil red O staining (a) and intracellular TG levels (b) in ANGPTL8 OE and control LX2 cells. scale bar: 50 lm and 20 lm. (C-E) Western
blot analysis of rANGPTL8- (C&D) and ANGPTL8 OE- (E) induced protein changes of Collagen I, a-SMA, and TGFb1 in LX2 cells, the ratio to GAPDH is shown in the middle as
numbers, and the numbers represent the average of 3 independent experiments. (F) Immunofluorescence detection of Desmin, a-SMA, Collagen I and TGFb1 in mouse
primary hepatic stellate cells induced by ANGPTL8 recombinant protein. The mouse primary hepatic stellate cells were fixed and stained with antibodies Desmin, a-SMA,
Collagen I, TGFb 1 and visualized with secondary antibody. Microphotographs were taken with a fluorescence microscope. scale bar:50 lm. (G) Immunoprecipitation
examination of the interaction between ANGPTL8 and LILRB2. The Co-IP experiment was performed using anti-ANGPTL8 antibody in LX2 cell lysates and then analyzed by
western blot with anti-ANGPTL8 and anti-LILRB2 antibodies. The negative control was IgG. (H-J) Western blot analysis of ANGPTL8 OE (J) and rANGPTL8 (H&I) induced protein
changes in LILRB2 in LX2 cells. The ratio to GAPDH or b-tubulin is shown in the middle as numbers, and the numbers represent the average of 3 independent experiments. (K)
Exogenous ANGPTL8-induced expression of a-SMA and Collagen I was inhibited upon antibody blocking of LILRB2 in LX2 cells. The ratio to b-tubulin is shown in the middle as
numbers, and the numbers represent the average of 3 independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. ANGPTL8-induced HSC activation by LILRB2/ERK signaling modulates autophagy. (A) The protein levels of ERK1/2, p-ERK1/2, NF-jB, p-NF-jB, and PirB were
determined by western blot of extracts from the livers of ANGPTL8 KO and control mice (WT) mice given HFD for 36 weeks. The ratio to b-tubulin is shown in the middle as
numbers, and the numbers represent the average of 3 independent experiments. *p < 0.05(Student’s t-test). (B&C) The protein levels of ERK1/2, p-ERK1/2, NF-jB, and p-NF-jB
were determined by western blot in LX2 cells treated with rANGPTL8 (B) and ANGPTL8 OE (C). The ratio to GAPDH or b-tubulin is shown in the middle as numbers, and the
numbers represent the average of 3 independent experiments. (D&E) ANGPTL8 activates the autophagy process by interacting with LILRB2. The protein levels of LC3-II/LC3-I
and Beclin-1 were determined by western blot in LX2 cells treated with exogenous ANGPTL8 protein. The ratio to b-tubulin or LC3-II/LC3-I is shown in the middle as numbers,
and the numbers represent the average of 3 independent experiments (D). mRFP-GFP-LC3 expression lentivirus was used to infect LX2 cells for 24 h, then the cells were
treated with ANGPTL8 protein for 0–2 h, and fluorescence images were captured(E). Scale bar: 10 lm,**p < 0.01(one-way ANOVA). (F&G) Blocking LILRB2 with an antibody
inhibited rANGPTL8-induced expression of LC3-II/LC3-I and Beclin-1 in LX2 cells, the ratio to b-tubulin or LC3-II/LC3-I is shown in the middle as numbers, and the numbers
represent the average of 3 independent experiments (F). LX2 cells were infected with mRFP-GFP-LC3 expression lentivirus for 24 h, and pretreated with LILRB2 antibody for
2 h. Then, the cells were treated with ANGPTL8 protein for 1 h, and fluorescence images were captured (G). Scale bar:10 lm,***p < 0.001(one-way ANOVA). (H-J) Analysis of
ANGPTL80s function in activating autophagy by up-regulating phosphorylation of ERK downstream of LILRB2. FR180204 (ERK inhibitor) and PDTC (NF-jB inhibitor) were used
to treat LX2 cells to analyze whether ANGPTL8 activates astrocyte autophagy by upregulating ERK or NF-jB protein phosphorylation by western blot. (H) mRFP-GFP-LC3
expression lentivirus was infected into LX2 cells for 24 h, and then the cells were treated with the inhibitors FR180204 or PDTC for 24 h, followed by rANGPTL8 protein for 1 h;
fluorescence images were captured for cells with ANGPTL8-induced expression of LC3-II/LC3-I (I). Immunoblots of LX2 cell lysates scale bar:10 lm, *p < 0.05, **p < 0.01(one-
way ANOVA). (J) Cells were pretreated with inhibitors (3MA: 20 lM, CQ: 50 lM) for 24 h, and then treated with ANGPTL8 for 1 h. The ratio to GAPDH or LC3-II/LC3-I shown is
in the middle as numbers, and the numbers represent the average of 3 independent experiments.
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vation was observed upon rANGPTL8 stimulation of LX2 cells. Both
endogenous and exogenous ANGPTL8 promoted the phosphoryla-
tion levels of ERK and NF-jB (Fig. 6B&C).

Since both ERK and NF-jB signaling can promote fibrosis by
regulating autophagy [34,35], we next tested the effect of ANGPTL8
on the expression of key autophagy proteins. rANGPTL8 stimula-
tion of LX2 cells significantly increased the expression of Beclin-1
and LC3-II/LC3-I (Fig. 6D). Furthermore, confocal microscopy
results revealed that the ratio of RFP-LC3 puncta to total LC3 punc-
tate structures of the mRFP-GFP-LC3 tandem reporter was
increased following rANGPTL8 stimulation (Fig. 6E), showing that
ANGPTL8 stimulation of LILRB2 signaling promotes autophago-
some formation in HSCs. Consistently, pretreatment of LX2 cells
with an anti-LILRB2 antibody blocked rANGPTL8-induced expres-
sion of Beclin-1 and LC3-II/LC3-I and reduced the extent of
autophagosome formation (Fig. 6F&G). These results indicate that
ANGPTL8 is sufficient to activate the autophagy process through
its interaction with LILRB2.

We then examined autophagy-related signaling events down-
stream of ANGPTL8-LILRB2 binding. Assays showed that the pres-
ence of an ERK inhibitor (FR180204) abrogated ANGPTL8-induced
expression of LC3-II/LC3-I in rANGPTL8-simulated LX2 cells. In
contrast, LC3-II/LC3-I levels were unchanged in the presence of
the NF-jB inhibitor PDTC (Fig. 6H&I). These results implicate ERK
signaling in ANGPTL80s activation of autophagy. Additional assays
using two classic autophagy inhibitors (3MA and CQ) [35,36]
showed that ANGPTL80s activation of autophagy involves impair-
ment of autophagosome fusion with lysosomes rather than obvi-
ously disrupting PI3K signaling (Fig. 6J). These findings
collectively support that the binding of ANGPTL8 with LILRB2 at
the surface of HSCs induces fibrogenesis by activating ERK
signaling-mediated autophagy.

Screening of ANGPTL8 inhibitors and evaluation of therapeutic effects
on NAFLD-associated liver fibrosis

Our results confirmed a role for ANGPTL8 in the development of
NAFLD, suggesting that inhibiting the expression of ANGPTL8 could
be a new strategy for the treatment of HFD-induced NAFLD. Given
the known contributions of metabolic disorders to high-fat diet
induced liver fibrosis [37], we screened five drugs used clinically
for the treatment of glucose and lipid metabolism disorders.
ANGPTL8 mRNA expression was reduced in human HepG2 cells
(3.4 fold lower) and in mouse liver (4.1fold lower) upon treatment
with the FDA-approved biguanide class drug metformin (Fig. 7A,
Fig. S9). Then, we tested the in vivo therapeutic effect of metformin
on liver fibrosis in WT and ANGPTL8 KO mice. The mice were fed a
HFD for 24 weeks and then givenmetformin for 4 weeks while con-
tinuing HFD feeding (see the experimental design flow chart in
Fig. 7B). The livers of metformin-treated mice were more ruddy
and smooth than the livers of PBS controlmice (Fig. 7C). Pathological
staining analyses showed that metformin inhibited HFD- induced
liver fibrosis inWT and ANGPTL8 KOmice, and the degree of hepatic
fibrosis in WT mice in the control PBS and metformin groups was
much more severe that than those in ANGPTL8 KO mice (Fig. 7D).

Recalling our finding that the secretory proinflammatory factor
ANGPTL8 could directly activate HSCs, we next explored whether
metformin exerts its antifibrotic effect by inhibiting ANGPTL8-
mediated activation ofHSCs. LX2 cellswere treatedwithmetformin,
rANGPTL8, or both. We found that metformin inhibited the
rANGPTL8-induced morphological transformation of LX2 cells into
myofibroblast-like cells (Fig. S10A). Oil red O staining revealed that
thenumberof lipiddroplets in rANGPTL8-exposed LX2 cellswas sig-
nificantly lower than that in LX2 control cells. Upon metformin
treatment, the number of lipid droplets in the cytoplasm of control
cells increased, whereas the rANGPTL8-exposed LX2 cells displayed
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a much less obvious increase in the number of lipid droplets
(Fig. S10B). We also found that stimulation of LX2 cells with met-
formin rapidly and significantly downregulated the expression of
TGFb1 and a-SMA (Fig. 7E&F). Notably, the addition of rANGPTL8
to the medium did not counteract the effect of metformin.
Discussion

NAFLD contains a range of disorders from simple steatosis to sev-
ere forms of liver injury including liver fibrosis and HCC. However,
how it induces the progression from steatosis to liver fibrosis is
not fully understood [6,38]. Inflammation is one of the key initiating
factors of disease transformation [4]. The chronic exposure of liver
cells to a caloric excess such asHFDenvironment, can lead to contin-
uous accumulation of triglycerides and derived toxic metabolites in
the liver, thereby activating inflammatory pathways [39,40]. There-
fore, recent studies have proposed ‘‘intermittent fasting or caloric
restriction” and pointed out that fasting can inhibit the ‘‘outbreak”
of inflammation in the body [41–43]. However, the strict require-
ments of intermittent fasting or caloric restriction make it difficult
for people to persist in it for a long time. Therefore, it is essential
to determine the key genes that control caloric excess diet-
induced inflammatory activity andwhether interventionwith these
genes could replace the therapeutic effect of intermittent fasting. In
our study, we provided several novel findings demonstrating that
ANGPTL8 is a key regulator of NAFLD-associated liver fibrosis pro-
gression by regulating HFD-induced inflammatory activity.

ANGPTL8 is a newly discovered member of ANGPTLs. As a secre-
tory protein, it is highly expressed in human liver tissue and
secreted into the blood after feeding [44]. Many studies suggest
that ANGPTL8 is involved in lipid metabolism by increasing serum
TG levels [13,14,45]. Hepatic expression of ANGPTL8 was increased
in NAFLD mice, including ob/ob or db/db mice, and mice fed with
HFD or diet of deficient in methionine-choline [14]. Recent studies
have also found that ANGPTL8 plays a role in inflammatory dis-
eases [44,46]. Therefore, we speculate that ANGPTL8 may play a
key role in the progression from steatosis to liver fibrosis.

To confirm the above hypothesis, we first analyzed the relation-
ship between the expression of ANGPTL8 and liver fibrosis. Here,
we found that up-regulation of ANGPTL8 expression in serum is
associated with liver fibrosis in humans. Our results suggest that
the increased lever of ANGPTL8 in serum is associated with liver
fibrosis and indicate that the serum concentrations of ANGPTL8
may be a potentially informative non-invasive biomarker for liver
fibrosis. High fat stimulation can induce strong expression of
ANGPTL8 in human HepG2 cells and mouse liver parenchymal cells.
Upon establishment of HFD-, HFHC- and CCL4- induced liver fibro-
sis models, we observed that knockout of ANGPTL8 inhibited HFD-,
HFHC- and CCL4- induced liver fibrosis, and the difference induced
by HFD was the most significant. Although, given the known
expression of ANGPTL8 is high in liver and adipose tissue [47], Old-
oni et al. showed that ANGPTL8 from liver and adipose tissue has
different roles in the process of lipid metabolism, and their results
suggest that hepatic secretion of ANGPTL8 is the main source for its
role in regulating lipid metabolism and obesity [48]. This suggests
that liver derived ANGPTL8 may regulate hepatic fibrogenesis, so
we specifically complemented ANGPTL8 expression in the livers
of ANGPTL8 KO mice and found that liver-derived ANGPTL8 accel-
erates NAFLD-associated liver fibrosis induced by HFD.

To better understand the basis of previous observations about
ANGPTL8 deficiency in suppressing HFD-induced hepatic fibrosis,
we performed protein chip and RNA-seq analyses of livers dis-
sected from WT and ANGPTL8 KO mice fed HFD for 36 weeks.
The RNA-seq results demonstrated that genes downregulated in
the liver of HFD-fed ANGPTL8 KO mice were associated with



Fig. 7. Effect of metformin on HFD-induced liver fibrosis. (A) Analysis of the effect of metformin (Met) on ANGPTL8 expression in mouse liver cells by RT-PCR and qPCR. (B)
Schematic diagram of Met treatment of HFD-induced liver fibrosis in mice. (C) Macroscopic examination of livers to analyze the potential therapeutic effects of metformin on
HFD-induced liver fibrosis in WT mice (n = 6 per group). (D) Level in Met and PBS treated mice (*p < 0.05, n = 6 per group). Liver fibrosis was evaluated by H&E staining,
Masson, Sirius red staining and IHC for a-SMA, Collagen I, and F4/80. Scale bars, 50 lm and 20 lm for H&E staining, Sirius red staining and IHC in ANGPTL8KO or WT mice
given HFD for 24 weeks and treated with Met for 4 weeks. Five images of each liver, and five livers from different mice, were quantified for each group (*p < 0.05, n = 6 per
group). (E) The mRNA expression of a-SMA and TGFb1was determined by qPCR in LX2 cells treated with metformin and rANGPTL8 for 1 h. (F) The protein levels of a-SMA and
TGFb1, were determined by western blot in LX2 cells treated with metformin and rANGPTL8 for 1 h. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Z. Zhang, Y. Yuan, L. Hu et al. Journal of Advanced Research 47 (2023) 41–56
regulatory processes involved in leukocyte activation, immune
processes, immune cell differentiation and the TGFb signaling
pathway. Christ et al., also found that systemic inflammation
induced by caloric excess (Western Diet) was largely influenced
by dietary changes, but innate immune responses induced by mye-
loid cells remained increased and could potentially promote
inflammatory related diseases [49]. Then, we examined the rela-
tionship between ANGPTL8, hyperlipidemia and inflammation in
both in vitro and in vivo analyses in diverse HFD mouse models.
We found that feeding-stimulated high expression of ANGPTL8
controls HFD-induced inflammatory activity and regulates TGFb1
via a positive feedback mechanism. ANGPTL family proteins such
as ANGPTL2 can increase TGFb1 expression to promote renal fibro-
sis through a5b1 integrin [50]. However, they did not find TGFb10s
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feedback regulation of ANGPTL2 expression. Therefore, it is very
interesting to find that ANGPTL8 regulates TGFb1 via a positive
feedback mechanism, which suggests that ANGPTL8 may act as a
proinflammatory factor downstream of TGFb1. It is notewor-
thy that TNFa might also be associated with angiogenesis during
the injury healing process of the injured liver during the develop-
ment of liver fibrosis [51]. Our results also showed that upon feed-
ing, the serum concentrations of TNF-a were significantly lower in
ANGPTL8 KO mice than in WT mice, and many studies have shown
that TGFb1 and TNFa can interact with each other to regulate mul-
tiple diseases, including liver fibrosis [52]. Our results suggest that
ANGPTL8 may serve as a key nexus gene in the reciprocal regula-
tion of TGF-b and TNF-a. However, how ANGPTL8 regulates TGF-
b and TNF-a expression needs further study.



Fig. 8. Schematic representation of the proposed mechanism of ANGPTL8 as an inflammatory factor that promotes HFD-induced NAFLD-associated liver fibrosis by activating
LILRB2/ERK signaling in hepatic stellate cells. The elevated fatty acid levels upon long-term exposure to HFD up-regulate liver ANGPTL8. ANGPTL8, in turn, functions as a
proinflammatory factor promoting the expression and secretion of the inflammatory factor TGFb1. Secreted TGFb1 in turn promotes the expression and secretion of ANGPTL8.
Secreted ANGPTL8 interacts with the receptor LILRB2 on the membrane of HSCs thereby activating downstream ERK signaling and increasing the expression of known liver
fibrosis genes. Metformin can inhibit the expression of ANGPTL8 and attenuate HFD-induced hepatic fibrosis in mouse livers.
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If ANGPTL8 is a proinflammatory factor, how does it affect HSCs
to promote liver fibrosis? The progression is promoted by the acti-
vation of HSCs by various inflammatory stimuli [53,54]. HSC acti-
vation causes the transformation of HSCs into myofibroblast-like
cells with excessive collagen production [7]. At the cellular level,
our finding that HSCs do not express ANGPTL8 motivated our
hypothesis that a HFD may stimulate ANGPTL8 expression in hep-
atic parenchymal cells. Indeed, we found that parenchymal cell-
secreted ANGPTL8 can interact with its LILRB2 receptor on HSCs
to directly trigger HSC activation. LILRB2 functions as a receptor
receptors for several angiopoietin-like proteins [32]. LILRB2, as an
immune checkpoint receptor regulates many physiological
responses by interacting with diverse ligands [55–57]. Thus, our
results confirm that ANGPTL8, as a pro-inflammatory factor,
directly induces hepatic fibrosis via LILRB2/ERK signaling-
mediated autophagy in HSCs. Although we did not analyze
whether ANGPTL8 is a ligand for the LILRB2 receptor, and the crit-
ical site (s) at which they interact is not known, the screen identi-
fied an interaction between them that provides direction for
functional dissection of ANGPTL8.

Ourfindings linkingANGPTL8 to thedevelopment of liverfibrosis
suggested that inhibiting ANGPTL8 expression may represent a
promising strategy for the treatment of HFD-induced liver fibrosis.
We conducted drug screening which revealed that metformin—an
FDA-approved biguanide class drug used to treat high blood glucose
levels in diabetic patients, which has also been shown to exert other
functions [58,59], including anti-tumor and anti-aging effects [58–
60]—could inhibit the expression of ANGPTL8 in human HepG2 cells
andmouse liver, and conferred protection against HSC activation in
the liver as induced byHFD. It has been reported thatmetformin has
an anti-liver fibrosis effect by improving insulin resistance [61,62],
but its specific mechanism is not fully understood, especially in
the treatmentofNAFLD-associated liverfibrosis. Our results showed
54
that metformin inhibited the mRNA expression of ANGPTL8, and
amelioration ofHFD-induced liver fibrosiswas dependent on inhibi-
tion of ANGPTL8 expression in vivo. These results again pinpoint
ANGPTL8 as a vulnerable target for the treatment of liver fibrosis,
and expand the novel uses of metformin.
Conclusion

Our findings ultimately support a model (Fig. 8), wherein fatty
acids (FFAs) in HFD up-regulate liver ANGPTL8 expression, which
promotes the expression and secretion of the inflammatory factor
TGFb1. Secreted TGFb1 in turn promotes the expression of
ANGPTL8, and secreted ANGPTL8 acts as a proinflammatory factor
and directly interacts with the HSC membrane receptor LILRB2 to
activate downstream ERK signaling, thereby elevating the expres-
sion of fibrogenesis genes in the liver. Excitingly, our study also
indicates that the safe and widely used anti-diabetic drug met-
formin can inhibit the expression of ANGPTL8, conferring protec-
tion against fibrosis in the livers of wild type HFD-fed mice. In
conclusion, our study defines ANGPTL8 as a vulnerable target for
protecting liver cells against HFD-induced inflammation and sub-
sequent fibrogenesis. Our results also indicate that the serum
ANGPTL8 level represents a potential diagnostic marker for dis-
eases featuring liver fibrosis and suggest that metformin can
potentially confer protective effects against the pathological pro-
gression known to lead to liver cancer in vulnerable patient
populations.
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