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Liver fibrosis is a severe global health problem. However, no effective antifibrotic drugs have been approved.
Surf4 s primarily located in the endoplasmic reticulum (ER) and mediates the transport of secreted proteins
from the ER to the Golgi apparatus. Knockout of hepatic Surf4 (Surf4“°) in mice impairs very-low-density
lipoprotein secretion without causing overt liver damage. Here, we found that collagen levels are significantly
reduced in the liver of Surf4"“° mice compared with control Surf4"™ mice, as demonstrated by proteomics,
Western blot, and quantitative reverse transcription polymerase chain reaction. Therefore, this study aims to
investigate whether and how hepatic Surf4 affects liver fibrosis. We observed that CCl,-induced liver fibrosis
is significantly lower in Surf4"*® mice than in Surf4™* mice. Mechanistically, hepatic Surf4 deficiency reduces
serum amyloid A1 (SAAL) secretion and hepatic stellate cell (HSC) activation. Surf4 coimmunoprecipitates
and colocalizes with SAAL. Lack of hepatic Surf4 significantly reduces SAAL secretion from hepatocytes, and
SAAl activates cultured human HSCs (LX-2 cells). Conditioned medium (CM) from Surf4-deficient primary
hepatocytes activates LX-2 cells to a much lesser extent than CM from Surf4™ primary hepatocytes, and
this reduced effect is restored by the addition of recombinant SAA1 to CM from Surf4-deficient hepatocytes.
Knockdown of SAAL in primary hepatocytes or TLR2 in LX-2 cells significantly reduces LX-2 activation
induced by CM from Surf4™™ hepatocytes but not from Surf4™© hepatocytes. Furthermore, knockdown
of SAAL significantly ameliorates liver fibrosis in Surf4" mice but does not further reduce liver fibrosis in
Surf4™° mice. We also observe substantial expression of Surf4 and SAALin human fibrotic livers. Therefore,
hepatic Surf4 facilitates SAAL secretion, activates HSCs, and aggravates liver fibrosis, suggesting that
hepatic Surf4 and SAA1 may serve as treatment targets for liver fibrosis.

Citation: WangB, LiH, Gill G,

Zhang X, Tao G, LiuB, ZhailL, ChenW,
WangH, GuH, etal. Hepatic Surf4
Deficiency Impairs Serum Amyloid Al
Secretion and Attenuates Liver Fibrosis
in Mice. Research 2024;7:Article
0435. https://doi.org/10.34133/
research.0435

Submitted 3 June 2024
Accepted 2 July 2024
Published 5 August 2024

Copyright © 2024 Bingxiang Wang etal.
Exclusive licensee Science and
Technology Review Publishing House.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License 4.0
(CCBY 4.0).

Introduction

Various stimuli, including metabolic dysfunction-associated stea-
totic liver disease (MASLD), toxic chemicals, etc., cause chronic
liver damage and activate hepatic stellate cells (HSCs), leading to
liver fibrosis characterized by excessive hepatic extracellular
matrix (ECM) deposition. Millions of patients with liver fibrosis
develop hepatic dysfunction and hepatocellular carcinoma (HCC)
every year [1-4]. However, no effective antifibrotic drugs, espe-
cially for patients with severe cirrhosis, have been approved.
Therefore, identification of new therapeutic targets is urgent.
The etiology of liver fibrosis depends on hepatic injuries;
however, myofibroblasts (MFBs), primarily producing fibrillar
collagen throughout the course of liver fibrosis, primarily origi-
nate from activated HSCs [3,5]. The TGF-f1/SMAD pathway
has a major role in activating HSC; however, HSC activation
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also involves non-SMAD pathways, such as NF-kB, p38, INK,
and PI3K/Akt pathways [3,6-8]. These can activate and transdif-
ferentiate HSCs into MFBs, leading to excessive ECM forma-
tion and liver fibrosis.

Serum amyloid A1 (SAA1), an acute-phase response (APR)
protein, has a marked role in response to inflammatory stimuli.
Emerging evidence implicates its profibrotic role [9-15]. The
SAA family includes SAAL, 2, 3, and 4 in mice and SAAL, 2,
and 4 in humans. SAAs are poorly water soluble and mainly
bind to high-density lipoprotein (HDL) in the blood. SAA4 is
constitutively expressed at a low level, while SAA1 and SAA2
are APR proteins. SAA1 and 2 are prologue genes with 93%
identical amino acid composition. However, studies indicate
that SAA1 is the predominant isoform, accounting for approxi-
mately 74% of total SAA in healthy individuals, and has greater
pathogenic properties [16,17]. SAA1 is highly conserved among
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mammals, with 76% of the amino acid residues identical in
human and mouse SAA1. SAA1 is present at low levels in healthy
individuals but increases dramatically during APR and decreases
rapidly after the APR event is resolved. Chronic inflammation
also substantially increases hepatic expression and plasma levels
of SAA1[11,13-15,18]. SAA1 can increase hepatic steatosis, acti-
vate HSCs, and increase ECM deposition in the liver via the Toll-
like receptor (TLR) pathways, and its levels are increased in the
liver and blood of patients with MASLD [11,19-21]. SAA1 is
expressed in a variety of cells, but hepatocytes contribute the
majority of circulating SAA1 under basal and stimulated condi-
tions. How SAA1 is transported from the endoplasmic reticulum
(ER) and secreted from cells, however, is still unknown.

Surf4 is a cargo receptor in the ER membrane that facilitates
protein secretion [22]. It mediates chylomicron and very low-
density lipoprotein (VLDL) secretion from enterocytes and
hepatocytes, respectively. However, liver-specific Surf4 knockout
(Surf4"*°) mice do not exhibit substantial hepatic lipid accumula-
tion or liver damage despite impaired VLDL secretion [23,24].
To further understand the physiological role of hepatic Surf4, we
performed proteomics analysis and observed markedly lower col-
lagen levels in the liver of Surf4"™* mice than that of Surf4™™ mice.
Additionally, CCl, significantly increased plasma SAA1 in Surf4"™
mice but not in Surf4"*° mice. Hepatic Surf4 deficiency signifi-
cantly decreased SAAL1 secretion from isolated primary hepato-
cytes, lowered circulating SAA1 levels, and attenuated liver
fibrosis in mice receiving CCl,. Conditioned medium (CM) from
primary hepatocytes of Surf4"<® mice activated cultured human
HSCs, LX-2 cells, to a much lesser extent than CM from primary
hepatocytes of Surf4"™ mice. This reduced effect on LX-2 activa-
tion was restored when recombinant SAA1 was added to the CM
of Surf4-deficient primary hepatocytes. Furthermore, knockdown
of SAAT significantly reduced liver fibrosis in Surf4"™ mice but
did not further reduce liver fibrosis in Surf4"*° mice. Therefore,
Surf4 mediates hepatic SAA1 secretion, which activates HSCs
and exacerbates liver fibrosis.

Results

Liver gene expression impacted by Surf4 deficiency
Proteomics analysis of the liver of Surf4"* and Surf4"<° mice
revealed 5,681 quantifiable proteins (330 up-regulated and 153
down-regulated) between the 2 genotypes (Fig. 1A and B and
Table S1). Bioinformatic enrichment analysis revealed multiple
altered pathways involved in lipid metabolism, for example, syn-
thesis and degradation of ketone bodies, fat digestion and absorp-
tion, cholesterol metabolism, fatty acid degradation, retinol
metabolism, and peroxisome proliferator-activated receptor
signaling pathway. Various other pathways, such as comple-
ment and coagulation cascades, protein metabolism, inflamma-
tory mediator regulation of TRP channels, and TGF-p signaling
pathway, were also enriched in proteins with altered expression
(Fig. 1C). These findings indicate that hepatic Surf4 deficiency
alters diverse biological processes in mouse liver.

Cellular component (CC) enrichment analysis of 330 up-
regulated proteins revealed protein enrichment on lipoprotein
particles and protein-lipid particles, as well as ER lumen and ER
chaperone complex and ER-Golgi intermediate compartment in
the liver of Surf4"*° mice (Fig. 1D), consistent with previous
reports that Surf4 mediates lipoprotein secretion [22-27].
Interestingly, the pathway enriched with the highest number of
proteins with altered expression was the collagen-containing ECM.
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Many other pathways, such as blood coagulation, endopepti-
dase inhibitor activity, and peptidase regulator activity, were also
revealed with biological process (BP) and molecular function (MF)
analysis (Fig. S1A and B). The top 5 up-regulated proteins included
apolipoprotein A-I (APOA-I, Log2Fold change [FC] LKO/Flox =
3.67, P = 0.0362), major urinary protein 2 (MUP2, LKO/Flox =
3.47, P=0.0068), WASH complex subunit 3 (WASHC3, Log2FC
LKO/Flox = 3.387, P=0.0144), SAA1 (Log2FC LKO/Flox = 3.359,
P=0.0299), and MUP14 (Log2FC LKO/Flox = 3.079, P=0.0018)
(Table S1). APOA-T is the main structural apolipoprotein of HDL.
Lack of Surf4 may directly or indirectly affect APOA-I secretion,
leading to extremely low plasma HDL levels in Surf4"* mice [24].
MUPs are secretory proteins expressed in mice but not in humans.
Their physiological functions remain elusive. Mice deficient in
MUPs are indistinguishable from wild-type littermates [28].
WASHCS3, an intracellular protein primarily located in the endo-
some membrane, regulates endosomal F-actin polymerization,
endosomal sorting, and exocytosis [29]. SAAL is a secretory
protein and is involved in diverse roles, such as APR, tissue amy-
loid deposits, and lipid metabolism [28]. Surf4 mediates protein
ER-Golgi export; therefore, the change in these proteins may be
caused directly or indirectly by Surf4 deficiency. The distinct func-
tions of these proteins further indicate the complex changes in the
liver caused by lacking hepatic Surf4.

We then analyzed the 153 down-regulated proteins with the
Gene Ontology (GO) enrichment and also observed changes
in multiple pathways. Fatty acid metabolic process and biosynthetic
process were enriched in BP analysis (Fig. S1C), consistent with
our previous report that hepatic Surf4 deficiency lowers the expres-
sion of de novo lipogenesis genes [24,25]. Interestingly, collagen
and ECM pathways were also significantly enriched in the CC, BP,
and MF analyses (Fig. 1E and Fig. S1C and D). The top 8 most
significantly down-regulated proteins were ECM components,
including COL3A1, COL2A1, COL1A1, COL11A1, COL5A2,
COL1A2,COL11A2, and Fibrillin 1 (FBN1) (Fig. 1B and Table S1).
Data in Fig. 1F and G confirmed a significant reduction in mRNA
and protein levels of COL1A in the liver of Surf4"“° mice, indicating
that Surf4 deficiency reduces hepatic collagen expression.

Impact of Surf4 deficiency on plasmid lipids

Excessive accumulation of ECM leads to liver fibrosis. Therefore,
we investigated whether the substantial reduction in ECM in
Surf4"*° mice affects liver fibrosis. Mice fed a high fat for 50 weeks
developed hepatic steatosis with little fibrosis. A methionine- and
choline-deficient (MCD) diet (high in sucrose [40%] and fat
[10%] but deficient in methionine and choline) can induce nota-
ble liver fibrosis after approximately 20 weeks of feeding. However,
the MCD diet results in marked weight loss, which is uncommon
in patients with metabolic syndromes. On the other hand, CCl,
can induce liver fibrosis quickly. This is the most commonly used
mouse model of liver fibrosis and resembles many aspects of
human liver fibrosis caused by chronic disease [30-32]. Therefore,
we administered mice with CCl, for 6 weeks. Plasma TG, total
cholesterol (TC), HDL-cholesterol and non-HDL-cholesterol
levels were significantly lower in both male and female Surf4"<°
mice than those in Surf4ﬂ°X mice (Fig. S2A to H), consistent with
our previous reports [24,25,33]. On the other hand, Surf4 knock-
out had no significant effect on blood glucose levels or body
weight in male or female mice (Fig. S3A to D). Liver weight was
increased in male and female Surf4"*° mice. However, the liver/
body weight ratio, lipid droplets, and TG levels showed a mild
but statistically significant increase only in male Surf4"<® mice
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Fig.1.Gene expression in the liver of Surf4*® mice. (A to E) Proteomics of livers of Surf4"™ and Surf4™° mice (male, n = 4 mice). Heat map (A), volcano plot (B), KEGG pathway
enrichment (C), and GO function enrichment analysis of up-regulated (D) and down-regulated proteins (E). Heat map and volcano plot showed differentially expressed genes
between Surf4"™ and Surf4“° mice. In heat maps, each line represents a protein, and each column represents a mouse. Bioinformation analysis diagrams were generated
by the Hiplot Pro Biomedical visualization platform of the Shanghai Tengyun cloud mapping system. (F and G) Expression of COL1A. Total RNA and tissue homogenate from
the liver of male Surf4"™ and Surf4““° mice for gRT-PCR (F, 4 mice per group) and immunoblotting (G, 6 mice per group, representative images), respectively. The ratio of the
mRNA levels of Colla to Gapdh or densitometry of COL1A to actin was used as relative expression.

(Fig. S3E to H and Fig. 2A and C). Female Surf4"“° mice also
exhibited an increasing trend in these parameters, but the differ-
ence did not reach statistical significance (Fig. 2B and D).
However, hepatic TC levels and plasma alanine transaminase
(ALT) and aspartate aminotransferase (AST) activity were com-
parable between the 2 groups in both male and female mice (Fig.
2E to]). Therefore, hepatic Surf4 silencing results in mild hepatic
TG accumulation, especially in male mice, but does not signifi-
cantly exacerbate liver damage in mice receiving CCl,.

Impact of Surf4 deficiency in liver fibrosis and

HSC activation

Masson’s trichrome and Sirius red staining of liver sections showed
reduced fibrosis in male and female Surf4"%© mice compared with
their control (Fig. 3A and B and Fig. S4A and 4B). Detailed analysis
of Sirius red-staining sections using polarized light microscopy
consistently revealed a significant reduction in collagen con-
tent in Surf4"“° mice (Fig. 3C and Fig. $4C). Furthermore,
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immunostaining of liver sections with F4/80, a macrophage marker,
showed that Surf4 deficiency significantly reduced macrophage
populations (Fig. 3D and Fig. S4D). Lack of Surf4 also significantly
reduced the expression of liver fibrosis markers (Colla, Acta2/
a-Sma) and inflammation markers (Il-lé and Tnf-a) at mRNA and
protein levels in male and female Surf4"“° mice (Fig. 3E and F and
Fig. S4E and F). We noticed a statistically significant but mild
decrease in the protein levels of COL1A, a-SMA, TNF-a, and IL-13
in the liver of Surf4"*° mice (Fig. 3F and Fig. S4F). Notably, HSCs
constitute only about 5% to 10% of hepatocytes but are responsible
for phenotypic changes in the liver. Whole liver homogenate was
used for Western blotting in Fig. 3, which may be attributed to the
mild effect observed. Nevertheless, knockout of hepatic Surf4
reduces collagen content and inflammation in the liver of mice
receiving CCl,, thereby attenuating liver fibrosis.

HSC activation is the primary driver of ECM production
and liver fibrosis and has been implicated as the exclusive source
of the MFB pool in CCl,-induced liver fibrosis [34]. Therefore,
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Fig. 2. Hepatic lipid levels and liver function of mice administered CCl,. Male and female Surf4™ and Surf4**° mice (10 to 12 weeks old) fed a regular chow diet were
administered CCl, for 6 weeks. Mice were euthanized after 10 h of fasting. (A and B) Oil Red O staining (n = 6 mice, representative images). Liver sections were subjected to
staining and then quantified using ImageJ. (C to F) Hepatic lipids normalized to total protein concentrations. TG (C and D) and TC (E and F) (n = 10 mice). (G to J) Plasma
ALT (G and H) and AST (I and J) activity (14 to 16 mice per group).
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Fig. 3. Liver fibrosis in male Surf4™* and Surf4**® mice. Male Surf4™* and Surf4"*® mice (10 to 12 weeks old, regular diet) were administered CCl, for 6 weeks and then
euthanized after 10 h of fasting. (A to C) Histology of liver sections. Masson’s (A) or Sirius red staining (B) followed by polarized light microscopy (C) to quantify collagen
content (red and green indicated COLI and IIl, respectively) (6 mice per group). (D) Immunostaining of liver sections with F4/80 (Red, n = 6 mice). (E and F) Gene expression.
qRT-PCR of liver samples of Surf4™ and Surf4"° mice (E, n = 4 mice). The mRNA levels of target genes were normalized to that of Gapdh for calculating relative mRNA
levels. The same amount of liver homogenate was applied to Western blot (F, n = 6 mice). The densitometry of COL1A, IL-1, or TNF-a was normalized to that of actin on the
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Data were quantified using ImageJ.
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to understand how knockout of hepatic Surf4 affected CCl,-
induced liver fibrosis, we evaluated expression of lecithin:retinol
acyltransferase (LRAT), an HSC cell marker, and a-SMA, a marker
for HSC activation. As shown in Fig. 3G, both LRAT and a-SMA
staining and their co-staining in liver sections were significantly
lower in Surf4"*° mice than in Surf4"™ mice, indicating fewer total
and activated HSCs. Consistently, a-SMA positive staining and its
mRNA levels (Fig. 3H and I) and the protein levels of a-SMA,
COL1A, and TNF-« (Fig. $4G) were significantly reduced in pri-
mary HSCs isolated from Surf4"*° mice, indicating that hepatic
Surf4 deficiency suppresses HSC activation in CCl,-treated mice.

Plasma proteins and SAA1 secretion in Surf4"° mice
TGF-f is critical for HSC activation. However, unlike HSCs, pri-
mary hepatocytes of Surf4"™ and Surf4"“° mice displayed virtu-
ally undetectable expression of TGF- (Fig. S5A and B), consistent
with previous reports [35-38]. To understand how knockout of
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(A) and KEGG analysis (B). (C to G) SAAL levels in mice without CCl, treatment (male, regular diet, 10 to 14 weeks old). (C and D) Immunofluorescence of liver samples of
male Surf4™ and Surf4““° mice (n = 4). SAAL: red. DAP!: blue. Data were quantified using ImageJ. Fasting plasma SAAL levels were assessed using ELISA (E, n = 6 male mice).
Immunoblotting of an equal amount of whole cell lysate (F) or culture medium (G) of primary hepatocytes isolated from different male Surf4™ and Surf4**° mice (10 to 12 weeks
old, n =6 mice). (Hand I) SAAL levels in mice receiving CCl, for 6 weeks (male, regular diet, 10 to 14 weeks old). Fasting plasma levels of SAA1 were measured using ELISA (H,n =10
mice). Primary hepatocytes from different male mice (n = 8) were applied to immunofluorescence (I, SAAL: red, representative images). (J and K) Immunoblotting of SAALin cell
lysate (J) and culture medium (K) of primary hepatocytes from different mice (n = 6 mice). The densitometry of SAA1 was normalized to that of actin or albumin for relative

levels. Data were quantified using ImageJ. Statistics: Unpaired Student's t test.
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analysis of down-regulated proteins showed that several BPs
and CCs involved in lipid metabolism (e.g., lipid localization,
protein-lipid complex remodeling, and various plasma lipopro-
tein particles) were enriched in Surf4"“° mice (Fig. S6D to F),
consistent with the role of Surf4 in mediating lipoprotein secretion
[24,25,33]. However, down-regulated proteins also participated in
many other cellular functions and processes, such as negative regu-
lation of hydrolase activity in BP, glycosaminoglycan binding in
MF, and collagen-containing ECM in CC. Therefore, lack-
ing hepatic Surf4 causes changes in plasma proteins involved in
diverse functions.

Many significantly down-regulated proteins identified in pro-
teomics of plasma samples were apolipoproteins and Ig chains
(Table S2). We noticed that plasma SAA1 levels were also remark-
ably reduced in Surf4"“° mice (Log2FC LKO/Flox = —3.16, P =
0.009, Table S2 and Fig. 4A), but significantly increased in the
liver of Surf4"“° mice (Log2FC LKO/Flox = 3.358, P = 0.0299,
Table S1). SAA1 produced from hepatocytes has been reported
to activate HSCs locally and promote hepatic ECM deposition in
mice administered a single dose of 20% CCl, [11]. Therefore, we
investigated the possibility that Surf4-deficient hepatocytes impaired
SAA1 secretion and consequently reduced HSC activation and
liver fibrosis. Immunohistochemistry showed accumulation of
SAA1 in the liver and primary hepatocytes of Surf4"*° mice (Fig.
4Cand D and Fig. S7A). We also observed overlap of SAA1 with
an ER-tracker (orange puncta, Fig. S7B), indicating ER accumula-
tion of SAAL1 in Surf4-deficient hepatocytes. We then measured
plasma SAA1 levels and observed a significant reduction in
Surf4"*° mice (Fig. 4E). Circulating SAA1 is also secreted from
extrahepatic tissues, e.g., adipose tissue, the intestine, etc. [14],
which may contribute to plasma SAA1 in Surf4"*° mice.

We further isolated primary hepatocytes and measured
SAALI secretion. SAA1 was significantly elevated in cell lysate
but decreased in culture medium of primary hepatocytes iso-
lated from Surf4"*° mice (Fig. 4F and G). We then evaluated
changes in SAA1 in mice receiving CCl, for 6 weeks. Surf4
deficiency significantly reduced plasma SAA1 levels and caused
accumulation of SAAT in the liver of Surf4"° mice (Fig. 4H
and I). Consistently, Surf4-deficient primary hepatocytes exhib-
ited a significant increase in SAA1 levels in whole cell lysate and
a significant decrease in secreted SAA1 in culture medium (Fig.
4] and K). Furthermore, CCl, significantly increased plasma
SAA1levelsin Surfé@ﬂoX mice (mean: 3.03 in CCl, treatment [Fig.
4H] and 1.93 in no CCl, treatment [Fig. 4E], P < 0.0001), but
not in Surf4LKO mice (mean: 1.56 in CCl, treatment [Fig. 4H]
and 1.51 in no CCl, treatment [Fig. 4E], P = 0.8139). Therefore,
Surf4 deficiency impairs SAA1 secretion from hepatocytes.

The role of SAA1 in HSC activation

Liver fibrogenesis is a complex process, in which HSC activation
plays an essential role. Therefore, we assessed a potential direct
effect of Surf4 deficiency in hepatocytes on HSC activation. We
collected CM from primary hepatocytes of Surf4™* and Surf4**°
mice to treat cultured human HSCs, LX-2 cells. a-SMA staining
and its protein levels were significantly lower in LX-2 cells incu-
bated with CM of Surf4"“° hepatocytes compared with CM of
Surf4"™ hepatocytes, and the reduced effect on a-SMA was
restored by supplementing CM of Surf4"*° hepatocytes with
recombinant SAA1 (Fig. 5A and B). We then isolated primary
hepatocytes from CCl,-treated Surf4"™ and Surf4*° mice and
transfected them with either negative control (NC) or SAA1
siRNA. SAAL1 expression in primary hepatocytes and culture

Wang et al. 2024 | https://doi.org/10.34133/research.0435

medium was effectively reduced by its siRNA (Fig. S8A). CM
was then collected to treat LX-2 cells. Compared with NC siRNA-
transfected hepatocytes, knockdown of SAA1 in Surf4™ hepato-
cytes markedly reduced a-SMA staining in LX-2 cells that received
CM of Surf4" hepatocytes (Fig. 5C, column 1 vs. 3, mean differ-
ence: 37.52, p < 0.0001), but the reduction in a-SMA staining was
much less in LX-2 cells treated with CM of SAA1-knockdown
Surf4**° hepatocytes (column 2 vs. 4, mean difference: 14.1, P =
0.0085). Immunoblotting of whole cell lysate with a-SMA showed
a similar phenotype (Fig. 5D), with knockdown of SAA1 in
Surf4"™ hepatocytes causing a more significant reduction in
o-SMA levels in LX-2 cells (column 1 vs. 3, mean difference: 0.82,
P = 0.0062) than knockdown of SAA1 in Surf4"* hepatocytes
(column 2 vs. 4, mean difference: 0.08, P = 0.8223).

We also silenced Surf4 in the cultured human hepatoblastoma-
derived cell line, HepG2 [39]. Knockdown of Surf4 reduced secre-
tory SAAI in medium and increased SAA1 in whole cell lysate
(Fig. S8B and C). CM from Surf4 knockdown HepG2 cells signifi-
cantly reduced expression and staining of a-SMA in LX-2 cells,
which was restored by exogenous addition of recombinant SAA1
(Fig. S8D and E). We then investigated the interaction between
SAALI and Surf4. The interaction between cargo receptors and
their substrates is usually weak and transient [40]. Therefore, we
co-expressed SAA1 and Surf4 in HepG2 cells and then treated
cells with sodium azide and D-glucose to inhibit disassociation
between cargo receptors and their substrates, followed by cross-
linking with a membrane-permeable reversible crosslinker, as
previously described [41]. Surf4 was immunoprecipitated from
Surf4-expressing cell lysate (Fig. S8E, lanes 6 and 8). SAA1 was
co-immunoprecipitated with Surf4 from lysate of cells co-
transfected with Surf4 and SAA1 (lane 8). We also conducted
confocal microscopy of HepG2 cells transiently co-transfected
with Surf4 and SAA1 and treated with sodium azide and
D-glucose (Fig. S8G). Both Surf4 (green fluorescence) and SAA1
(red fluorescence) were detected in transfected cells and showed
partial colocalization in the overlapped image (yellow), indi-
cating an association between Surf4 and SAA1. Taken together,
these findings indicate that Surf4 mediates SAA1 secretion, which
contributes, at least in part, to the effect of Surf4 deficiency on
HSC activation.

It has been reported that TLR2 mediates SAA1-induced
activation of HSCs (11). Proteomics analysis of plasma samples
revealed enrichment in the TLR signaling pathway (Fig. 4B).
Therefore, we knocked down TLR2 expression in LX-2 cells
using siRNA. TLR2 siRNA significantly reduced TLR2 mRNA
level compared with control siRNA (Fig. S8H). Cells were then
incubated with CM collected from Surf4"** and Surf4"*°
hepatocytes. Compared with LX-2 cells transfected with con-
trol siRNA, LX-2 cells transfected with TLR2 siRNA displayed
a marked decrease in a-SMA levels when treated with CM of
Surf4"™ hepatocytes (Fig. 5E, column 3 vs. 1, mean difference:
0.51, P=10.0002), but showed a much less reduction in a-SMA
when treated with CM of Surf4"“° hepatocytes (Fig. 5E, column
4vs. 2, mean difference: 0.1, P = 0.081). A consistent phenotype
was observed in immunofluorescence, and knockdown of TLR2
caused a greater reduction in a-SMA staining in LX-2 cells
incubated with CM from Surf4™ hepatocytes (Fig. 5F and G,
column 3 vs. 1, mean difference=41.07, P < 0.0001) than that
in cells incubated with CM from Surf4"*° hepatocytes (Fig. 5F
and G, column 4 vs. 2, mean difference: 14.14, P = 0.0459). In
HSCs, TLRs-MyD88 activates downstream signaling mole-
cules, such as P38 and JNK, promoting liver fibrosis. As shown
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Fig. 5. HSC activation affected by SAAL (A and B) Effect of CM on LX-2 cells. Primary hepatocytes isolated from different male Surf4™ and Surf4**® mice (10 to 14 weeks
old, n = 4) were cultured in medium without FBS. Twenty-four hours later, CM was harvested. LX-2 cells were incubated with CM with or without SAAL (2.5 mg/ml) for 24 h,
followed by immunofluorescence (A, red) or immunoblotting (B). (C and D) SAA1 knockdown. Primary hepatocytes were isolated from different male Surf4™ and Surf4™° mice
administered CCl, (n = 3 mice) and then transfected with negative control (NC) or SAA1 siRNA. CM was then collected. LX-2 cells were incubated with CM for 24 h, followed
by immunofluorescence (C, red) or immunoblotting (D). (E to G) a-SMA expression. Twenty-four hours after transfection with negative control (NC) or TLR2 siRNA, LX-2 cells
were incubated with CM collected from primary hepatocytes of different male Surf4™ or Surf4**® mice administered CCl,. «-SMA was detected by Western blot (E, n = 3
biological replicates) or immunofluorescence (F and G, n = 10 biological replicates). (H) Immunoblotting. An equal amount of liver homogenate from male and female Surf4™
or Surf4*® mice (regular diet) receiving CCl, for 6 weeks was applied to immunoblotting. A relative protein level was calculated by normalizing densitometry of phosphorylated
protein to that of the total protein on the same blot. Statistics: A and B, one-way ANOVA; C to G, 2-way ANOVA; H, Student’s  test.

in Fig. 5H, phosphorylated P38 (p-P38) and phosphorylated
JNK (p-JNK) were significantly down-regulated in the liver of
male and female Surf4"“° mice receiving CCl, compared with
Surf4"™ mice administered CCl,, whereas the levels of total P38
and JNK were comparable in the 2 groups. Therefore, TLR2
may mediate the effect of SAA1 on HSC activation.

The effect of SAAL knockdown on liver fibrosis

We then investigated whether SAA1 affected liver fibrosis in
mice. AAV-shRNA was used to knock down SAA1 in Surf4"™
and Surf4"“°® mice. AAV-shRNA SAA1 effectively reduced
SAAT1 levels in liver homogenate and plasma in Surf4™™ and
Surf4"*° mice compared to mice injected with AAV-shRNA
NC (Fig. 6A). As shown in Fig. 6B and C, knockdown of SAA1
significantly decreased liver fibrosis in Surf4™* mice but
not in Surf4"*° mice compared with corresponding controls
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receiving AAV-shRNA NC, as evidenced by Massons and
Picrosirius red staining (column 1 vs. 2 and column 3 vs. 4).
Masson’s and Sirius red staining was also significantly lower
in Surf4"*° mice receiving AAV-shRNA NC than Surf41*
mice receiving AAV-shRNA NC (column 3 vs. 1). However,
Surfélﬂ"X mice and Surf4LKO mice showed comparable stain-
ing when SAA1 was knocked down (column 2 vs. 4). In addi-
tion, immunostaining of liver sections with a-SMA showed
that SAA1 knockdown markedly reduced a-SMA levels
in Surf4™™ mice but not Surf4"° mice compared with
respective control mice receiving AAV-shRNA NC (Fig. 6D).
Knockdown of SAA1 also significantly lowered a-SMA and
TNF-« protein levels in Surf4"* mice (Fig. 6E). Collectively,
these findings indicate that knockdown of SAA1 markedlg
attenuates liver fibrosis in Surf4"* mice but not in Surf4"~
mice.
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Fig.6.SAA1 knockdown and liver fibrosis. Surf4"™ and Surf4"© mice (male, 10 to 12 weeks old, regular diet) were injected with AAV-negative control (NC) or SAA1ShRNA, followed
by administration of CCl, for 4 weeks. Mice were fasted and euthanized for analysis. (A) SAAL levels (n = 3). SAAL in liver homogenate and plasma was assessed using Western
blot. Relative protein levels were calculated by normalizing the densitometry of SAAL to that of loading control on the same membrane. Student's t test. (B to D) Histology and
immunostaining (n = 4). Liver sections were subjected to Sirius red staining (B), Masson'’s (C), or immunostaining with a-SMA (D, red). Representative images were shown,
and data were quantified using ImageJ. (E) Immunoblotting of liver homogenate (n = 3 mice). The same amount of homogenate was used for Western blot. A relative protein
level was calculated by normalizing a-SMA densitometry to calnexin densitometry or TNF-o densitometry to actin densitometry on the same membrane. B to E, 2-way ANOVA.
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We also collected liver samples from patients with HCC.
The para-HCC region displayed high fibrosis, evidenced by
Masson’s and Picrosirius red staining (Fig. S9A and B). IHC
analyses showed substantial expression of Surf4 and SAA1 in
the liver samples (Fig. SOC and D). Altogether, these data sug-
gest that Surf4 mediates SAA1 secretion, which may activate
HSCs in a paracrine manner via TLR2, thus exacerbating liver
fibrosis (Fig. S9E).

Discussion

We previously reported that knockout of hepatic Surf4 causes
a similar phenotype in male and female mice, dramatically
reducing VLDL secretion and plasma TG and cholesterol levels
[23-25,33]. On the other hand, knockout of intestinal Surf4
leads to more dramatic death in male mice than in female mice,
although intestinal chylomicron secretion is markedly reduced
in male and female mice [23]. Here, we observed that hepatic
Surf4 deficiency has a similar effect on plasma lipids and liver
fibrosis in male and female mice administered CCl,, implying
no notable impact of sex differences. We previously reported
that loss of hepatic Surf4 does not lead to detectable liver dam-
age or hepatic TG accumulation in mice [24,25,33], even though
the underlying mechanism remains unclear. Conversely, Surf4-%©
mice display a mild increase in hepatic TG levels after CCl,
treatment. CCl, can increase fatty acid and TG synthesis in
hepatocytes [42] which, in combination with impaired VLDL
secretion, may lead to increased hepatic TG levels in Surf4"<°
mice. However, hepatic Surf4 deficiency does not worsen liver
damage in mice receiving CCl,, as supported by no detectable
changes in plasma ALT and AST levels.

The activation and transdifferentiation of HSCs into MFBs
are essential for the occurrence and progression of liver fibrosis,
and TGEF-p plays a central role in HSC activation. Nonparenchymal
and inflammatory cells, such as Kupfer cells, bone marrow-derived
macrophages, and activated HSCs, rather than hepatocytes, are
the main origin of TGF-f in liver fibrosis development [35-38].
We also consistently observed extremely low expression of TGF-f3
in hepatocytes. Therefore, lack of hepatic Surf4 may not directly
affect TGF-p production in the liver. However, TGF-f is acti-
vated by multiple factors, such as 1nﬂammat10n and changes in
ECM components and stiffness. Surf4"*° mice exhibit decreased
inflammatory factors and ECM deposition, which might reduce
TGEF-p production and activation and thus contribute to attenu-
ation of liver fibrosis.

SAAL has been reported to promote renal interstitial and
cardiac fibrosis and activate HSCs [11-15]. Our current find-
ings showed that Surf4 plays an essential role in hepatic SAA1
secretion. Surf4 deficiency markedly reduces SAA1 secretion
from hepatocytes isolated from mice treated with or without
CCl,. Lipid-free SAA in the extracellular milieu can bind to
different receptors on the cell surface locally, exerting various
physiological and pathophysiological functions [18,43-46]. In
acute liver damage caused by CCl, or cryoinjury, hepatocytes
produce SAA1, which activates HSCs locally and increases
ECM deposition at injury sites [11]. SAA1 deficiency also dra-
matically reduces cardiac fibrosis in mice [15]. We found that
lack of Surf4 markedly reduces HSC activation in CCl,-treated
mice. In addition, CM of Surf4-deficient primary hepatocytes
has a markedly reduced ability to activate LX2 cells compared
with CM of primary hepatocytes from Surf4"** mice, and this
reduction in LX2 activation is restored by supplementing
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CM of Surf4-deficient primary hepatocytes with recombinant
SAAL, indicating the critical role of SAA1 in HSC activation.
Furthermore, SAA1 knockdown, like hepatic Surf4 deficiency,
substantially reduces liver fibrosis in Surf4ﬂ°X mice, but has no
detectable effect on liver fibrosis in Surf4"° mice, suggesting
the contribution of SAA1 to Surf4 deficiency-induced alle-
viation of liver fibrosis in mice. Notably, Surf4 mediates secre-
tion of various cargos [22,47]. Proteomics analysis of liver
samples revealed that more than 300 protem levels are increased
in Surf4"° mice compared with Surf4"™ mice. Thus, these
changes may also directly or indirectly affect CCl,-induced liver
fibrosis in mice.

How does SAA1 secreted from hepatocytes activate HSCs?
Emerging studies show that TLR2 is a functional receptor for
SAA1[11,48-50]. SAA1 binds TLR2, activates the NF-xB path-
way, and increases p-P38 and p-JNK levels in diverse cells, e.g.,
dermal fibroblasts, macrophages, HeLa cells, and dendritic cells
[51-54]. Recently, Getachew et al. reported that SAA1 secreted
from hepatocytes binds to TLR2 on HSCs in a paracrine man-
ner, activating and recruiting HSCs to the injury site. Deficiency
of SAA1 or TLR2 markedly reduces SAA1-induced HSC activa-
tion and ECM deposition at injury sites [11]. Additionally, TLR2
expression is increased in activated HSCs [55,56]. Lack of TLR2
in mice inhibits HSC activation, reduces p-JNK and p-p38, and
attenuates liver fibrosis induced by CCl, [57], and SAA1 defi-
ciency substantially reduces p-P38 and p-JNK in the myocar-
dium [15]. Here, we found that knockdown of TLR2 in LX2
cells markedly reduces HSC activation induced by CM of
Surf4"* primary hepatocytes, but only mildly reduces HSC
activation induced by CM of Surf4"*° primary hepatocytes. We
also observed that levels of p- P38 p-JNK, IL-1p, and TNF ain
the liver were lower in Surf4"*° mice than in Surf4™™ mice.
Therefore, our findings implicate that TLR2 on HSCs may medi-
ate SAA1-induced HSC activation. However, additional studies
are required to further confirm this possibility. Nevertheless,
our findings indicate that hepatic Surf4 mediates SAA1 secre-
tion from hepatocytes, which activates HSCs in a paracrine
manner, likely via TLR2. This subsequently increases expression
of fibrogenic and inflammatory proteins (e.g., a-SMA and
IL-1P), exacerbating liver fibrosis (Fig. S9E).

Targeting the TGF-} pathway can attenuate liver fibrosis in
several preclinical animal models [58]; however, the develop-
ment and translation of TGF-p-based therapies to treat human
patients face significant challenges due to the cell-type-dependent
pleiotropic roles of TGF-f. Therefore, identification of novel
therapeutic targets is in urgent need. Cell-cell communication
plays a crucial role in liver fibrogenesis [59], with HSCs act-
ing as a vital signaling hub. Inflammation accompanies and
plays a critical role in all stages of liver fibrosis. Inflammation
increases SAA1 expression [18], and we observed that CCl,
substantially elevates plasma SAA1 levels in Surf4™™ mice, but
not in Surf4"*° mice. Specific targeting of hepatocytes has been
successfully achieved using GalNAc-conjugated siRNA or anti-
sense oligonucleotides [60,61]. In different mouse models,
silencing of hepatic Surf4 dramatically reduces plasma lipid
levels and the development of atherosclerosis without causing
overt liver damage [24-27]. Collectively, these findings impli-
cate the therapeutic potential of liver Surf4 and SAA1. However,
one limitation of the study is that only chemical-induced liver
fibrosis was investigated. In addition, Surf4 facilitates ER export
of a variety of protelns We also noticed mild TG accumulation
in the liver of Surf4"*° mice, which may be caused by impaired
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VLDL secretion due to Surf4 deficiency. However, we cannot
exclude the possibility that accumulated SAA1 in Surf4-deficient
hepatocytes is involved in the development of the mild fatty
liver. Furthermore, our findings indicate that SAA1 secreted by
hepatocytes activates HSCs and promotes liver fibrosis in mice.
SAA1 expression is low in mice and humans under normal con-
ditions. Do elevated SAA1 levels induce or promote liver fibrosis
in young and/or aged mice with no or only mild insult, such as
high-fat or high-fructose feeding? Therefore, caution should be
exercised, and more studies on the physiological and patho-
physiological roles of Surf4 and SAA1 are warranted.

Materials and Methods

Animal models

Surf4"*° mice were generated as described. Briefly, the Surf4"™
mice, in which exon 2 of the Surf4 gene was flanked with LoxP
sites, were bred with albumin (Alb)-Cre mice (The Jackson
Laboratory, 003574) to inactivate Surf4 specifically in the liver
[24,33]. Mice were maintained in the animal facility at Shandong
First Medical University (Taian, China) with free access to a
regular diet (Keao Xieli, Beijing, China) and H,O in a climate-
controlled facility. CCl, (0.6 pl/g body weight) was injected to
each mouse (10 to 14 weeks old, 2 to 5 mice per cage) intraperi-
toneally once every 2 days for 4 or 6 weeks to induce liver fibro-
sis. Mice in all experiments were fasted for 10 h unless otherwise
indicated [25].

Cell culture and transfection

Primary hepatocytes were prepared as previously described [24].
Primary HSCs were isolated from the liver [62]. Liver was perfused
with Hanks’ buffer with pronase (0.4 mg/ml) and collagenase IV
(0.5 mg/ml). After centrifugation at 60 X g, supernatant was har-
vested and applied to a density gradient centrifugation. HSCs were
collected and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS) for 2 h. After removal
of unattached cells, HSCs were cultured in fresh medium for sub-
sequent experiments. HepG2 (National Collection of Authenticated
Cell Cultures) and LX-2 (Procell) cells were cultured in DMEM
containing 10% FBS and LX-2 special medium (Procell), respec-
tively. siRNA was introduced into cells (primary hepatocytes,
LX-2, and HepG2) using Lipofectamine 3000 (Invitrogen). Equal
amounts of plasmids containing HA-tagged SAA1 and Myc-DDK-
tagged Surf4 were introduced into HepG2 cells using Lipofectamine
3000 as previously described [63].

Histochemistry

Fresh livers were fixed in 4% paraformaldehyde. H&E, Oil Red O,
Massons, and Sirius red staining were performed by Servicebio
Technology Co., Ltd. (Wuhan, China). All slices were imaged on
an Olympus microscope (BX53). Stained areas were quantified
with Image]J (v1.53e).

Measurement of plasma and liver samples

Fasting blood was collected into EDTA-coated tubes. Plasma
was isolated and subjected to analysis of TG, TC, HDL-C, non-
HDL-C, ALT, and AST (Nanjing Jiancheng Bioengineering
Institute, China) [24]. Plasma IL-1f and TNF-a levels were mea-
sured using mouse-specific ELISA assay kits (mlbio, Shanghai,
China). The Folch method was used to extract liver lipids for TG
and TC measurement with commercial kits (Applygen, China),
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which was then normalized to the amount of total proteins in
the respective sample [24,33].

qRT-PCR

TRIzol (Invitrogen, 15596018) was used to extract total RNA,
which was used for the synthesis of complementary DNA
(cDNA) with HiFi Script gDNA Removal RT MaterMix
(CWBIO, China, CW2020M). qRT-PCR was performed using
TransStart Green %PCR SuperMix (Transgene Biotech, China,
AQ101-03). 274" was used to calculate gene expression,
which was normalized to Gapdh expression for a relative level
(Primers in Table S2).

Western blot, immunoprecipitation, and

immunofluorescence
RIPA buffer (Solarbio) with protease inhibitors (cOmplete Ultra
Tablets, Roche) and PMSF was used to lyse tissue and cells. Cell
lysate was collected. Cell culture medium was precipitated with
trichloroacetic acid (TCA) [64]. An equal amount of total proteins
was used for Western blot with antibodies indicated (Table S2)
[24,25]. The same amount of lysate from HepG2 cells transfected
with different plasmids was applied to anti-Myc antibody-con-
jugated beads (Sigma) to pull down Myc-tagged Surf4, which
was then detected by immunoblotting [65].
Immunofluorescence was performed as in Gu et al. [66]. After
fixation, permeabilization, and blocking in 5% bovine serum albu-
min, cells were incubated with a primary antibody and then a
secondary antibody. Nuclei and ER were revealed with DAPI and
an ER tracker. Cells were imaged on a Live Cell Imaging System
(BioTek, Lionheart FX) or a Leica SP5 laser scanning confocal
microscope.

Proteomics and bioinformatics analysis

Fresh liver tissues were shipped to Shanghai Applied Protein
Technology for TMT-graded proteomics analysis. Samples were
subjected to protein extraction using 4% SDS, trypsin digestion,
TMT labeling, and liquid chromatography—mass spectrometry.
Differentially expressed proteins were screened according to
the expression ratio change of more than 1.2 times (up-regulated
greater than 1.2 times or down-regulated less than 0.83 times)
and P value < 0.05 [23].

Plasma was collected from fasted mice and shipped to
Shenzhen BGI Co. Ltd. for proteomics analysis. Samples were
subjected to protein extraction with free SDS lysate, quality con-
trol, trypsinolysis, high pH RP separation, Data Dependent
Acquisition database construction, and Data Independent
Acquisition quantitative detection by liquid chromatogra-
phy-mass spectrometry [23]. Using the MSstats software
package, the error correction and normalization of each
sample were completed. The differences between different
proteins were then assessed according to the set of comparison
groups and the linear mixed-effects model. Fold change >2
and P value <0.05 were used as screening criteria for signifi-
cantly different proteins. The differential proteins were analyzed
using Euclidean distance and the hierarchical cluster method.

Proteins were applied to GO functional annotations and
function enrichment analysis using Blast2Go (https://www.
blast2go.com/) and Fisher’s exact test method [23]. The signifi-
cance level of the protein enrichment pathway was analyzed
based on the KEGG database and calculated using Fisher's
exact test.
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AAV-shRNA preparation and administration
Recombinant adeno-associated virus (AAV) 8 were generated
by transfecting 293T HEK cells with AAV8 vectors containing
shRNA SAA1 (F: GAAGGAAGCUAACUGGAAATT; R: UUU-
CCAGUUAGCUUCCUUCTT; Loop: CTCGA) under the
control of the mouse U6 promoter. Cell lysate was subjected to
freeze/thaw and treated with 50 U/ml Benzonase for 30 min
at 37°C and clarified by centrifugation. AAV8 were purified
using iodixanol gradient ultracentrifugation, followed by
dialysis against Dulbeccos phosphate-buffered saline using
centrifugal filters [67]. AAV particles were titered as viral
genomes per ml (vg/ml) using qRT-PCR. Each mouse was
injected with 1 x 10" vg intravenously.

Statistical analysis

Statistical analysis was conducted using Prism 9 (Version10.2.3).
The significance between 2 groups was assessed using Student’s
t test (unpaired, 2-tailed). One-way or 2-way ANOVA (post-
hoc test, Bonferroni or Tukey) was used to evaluate the sig-
nificance among multiple groups. Data were presented as
mean + SD of at least 3 biological replicates per group. P <
0.05 was set as statistically significant.

Ethical Approval

Each liver sample was collected from HCC patients who under-
went liver cancer resection, with approval (no. QYFY WZLL
28206) from the Ethics Committee of Qingdao University
Hospital. Consent was obtained from the patients. All research
was performed according to the Declarations of Helsinki and
Istanbul. Animal protocols were approved by Shandong First
Medical University’s Animal Care and Use Commiittee (approval
no. 2022-054).

Acknowledgments

The authors thank the Cell Imaging Core, RRID:SCR_019200,
at the University of Alberta Faculty of Medicine & Dentistry,
which receives financial support from the Faculty of Medicine
& Dentistry, the Department of Medical Microbiology and
Immunology, the University Hospital Foundation, and Canada
Foundation for Innovation (CFI) awards to contributing
investigators.

Funding: This work is supported by the National Natural
Science Foundation of China (NSFC 81929002), a grant from
the Canadian Institutes of Health Research (PS 178091), the
Academic promotion program of Shandong First Medical
University (2019QL010), and the Natural Science Foundation
of Shandong Province (ZR2021MHO015). D.W.Z. was also sup-
ported by the Natural Sciences and Engineering Research
Council of Canada (RGPIN-2016-06479). S.Q. was also sup-
ported by the Taishan Scholars Foundation of Shandong
Province (ts201511057).

Author contributions: B.W. and D.-w.Z. designed the experi-
ments. BW,, HL,, G.G,,X.Z, G.T, B.L,, L.Z, WC,, HW, and
H.-m.G. performed experiments and analyzed the data. B.W.
and D.-w.Z. wrote the manuscript. B.W., S.Q., and D.-w.Z.
supervised the project, provided funding support, and partici-
pated in discussion.

Competing interests: The authors declare that they have no
competing interests.

Wang et al. 2024 | https://doi.org/10.34133/research.0435

Data Availability

All supporting data are available within the article and its online
Supplementary Materials. Additional data may be provided by
the corresponding authors upon reasonable request.

Supplementary Materials

Figs. S1 to S9
Tables S1 and S2

References

1. Mantovani A, Scorletti E, Mosca A, Alisi A, Byrne CD,
Targher G. Complications, morbidity and mortality of
nonalcoholic fatty liver disease. Metabolism. 2020;111:
154170-154170.

2. Schierwagen R, Gu W, Brieger A, Briine B, Ciesek S, biki¢ I,
Dimmeler S, Geisslinger G, Greten FR, Hermann E, et al.
Pathogenetic mechanisms and therapeutic approaches of
acute-to-chronic liver failure. Am J Physiol Cell Physiol.
2023;325(1):C129-C140.

3. Sabir U, Gu HM, Zhang DW. Extracellular matrix turnover:
Phytochemicals target and modulate the dual role of matrix
metalloproteinases (MMPs) in liver fibrosis. Phytother Res.
2023;37(11):4932-4962.

4. Dixon §J. Epigenetic regulation of ferroptosis in the liver.
Research. 2024;7:0323.

5. Wiering L, Subramanian P, Hammerich L. Hepatic stellate
cells: Dictating outcome in nonalcoholic fatty liver disease.
Cell Mol Gastroenterol Hepatol. 2023;15(6):1277-1292.

6. LiY, Fan W, Link E Wang S, Dooley S. Transforming growth
factor beta latency: A mechanism of cytokine storage and
signalling regulation in liver homeostasis and disease. JHEP
Rep. 2022;4(2):Article 100397.

7. Frangogiannis N. Transforming growth factor-f in tissue
fibrosis. ] Exp Med. 2020;217(3):Article €20190103.

8. Fabregat I, Caballero-Diaz D. Transforming growth
factor-p-induced cell plasticity in liver fibrosis and
hepatocarcinogenesis. Front Oncol. 2018;8:357-357.

9. Lee]J-Y, Hall JA, Kroehling L, Wu L, Najar T, Nguyen HH,
Lin W-Y, Yeung ST, Silva HM, Li D, et al. Serum amyloid
A proteins induce pathogenic Th17 cells and promote
inflammatory disease. Cell. 2020;180(1):79-91.el16.

10. Hu Z, Bang Y], Ruhn KA, Hooper LV. Molecular basis for
retinol binding by serum amyloid A during infection. Proc
Natl Acad Sci USA. 2019;116(38):19077-19082.

11. Getachew A, Abbas N, You K, Yang Z, Hussain M, Huang X,
Cheng Z, Tan S, Tao J, Yu X, et al. SAA1/TLR?2 axis directs
chemotactic migration of hepatic stellate cells responding to
injury. iScience. 2021;24(5):Article 102483.

12. Siegmund SV, Schlosser M, Schildberg FA, Seki E,
de Minicis S, Uchinami H, Kuntzen C, Knolle PA,
Strassburg CP, Schwabe RE. Serum amyloid A induces
inflammation, proliferation and cell death in activated
hepatic stellate cells. PLOS ONE. 2016;11(3):Article e0150893.

13. ZhangF, Zhou X, Zou H, Liu L, Li X, Ruan Y, Xie Y, Shi M,
Xiao Y, Wang Y, et al. SAA1 is transcriptionally activated by
STAT?3 and accelerates renal interstitial fibrosis by inducing
endoplasmic reticulum stress. Exp Cell Res. 2021;408(1):
Article 112856.

12


https://doi.org/10.34133/research.0435

Research

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

den Hartigh L], May KS, Zhang XS, Chait A, Blaser MJ. Serum
amyloid A and metabolic disease: Evidence for a critical role
in chronic inflammatory conditions. Front Cardiovasc Med.
2023;10:1197432.

Xiao Y, Ni L, Shi H, Yang K, Yang ], Zhao ], Liu J, Luo P.

SAAL1 deficiency alleviates cardiac remodeling by inhibiting
NEF-kappaB/p38/JNK and TGFbeta/Smad pathways. FASEB J.
2023;37(5):Article e22911.

Zhang Y, Zhang J, Sheng H, Li H, Wang R. Acute phase
reactant serum amyloid A in inflammation and other diseases.
Adv Clin Chem. 2019;90:25-80.

Xu Y, Yamada T, Satoh T, Okuda Y. Measurement of serum
amyloid A1 (SAA1), a major isotype of acute phase SAA. Clin
Chem Lab Med. 2006;44(1):59-63.

Sack GH Jr. Serum amyloid A (SAA) proteins. Subcell Biochem.
2020;94:421-436.

Neuman G, Sagi R, Shalitin S, Reif S. Serum inflammatory
markers in overweight children and adolescents with non-
alcoholic fatty liver disease. Isr Med Assoc J. 2010;12(7):
410-415.

Yuan ZY, Zhang XX, Wu YJ, Zeng ZP, She WM, Chen SY,
Zhang YQ, Guo JS. Serum amyloid A levels in patients with
liver diseases. World ] Gastroenterol. 2019;25(43):6440-6450.
Jiang B, Wang D, Hu Y, Li W, Liu F, Zhu X, Li X, Zhang H,

Bai H, Yang Q, et al. Serum amyloid A1 exacerbates hepatic
steatosis via TLR4-mediated NF-kappaB signaling pathway.
Mol Metab. 2022;59:Article 101462.

Shen Y, Gu HM, Qin S, Zhang DW. Surf4, cargo trafficking,
lipid metabolism, and therapeutic implications. ] Mol Cell Biol.
2023;14(9):mjac063.

Tao G, Wang H, Shen Y, Zhai L, Liu B, Wang B, Chen W,

Xing S, Chen Y, Gu HM, et al. Surf4 (surfeit locus protein 4)
deficiency reduces intestinal lipid absorption and secretion and
decreases metabolism in mice. Arterioscler Thromb Vasc Biol.
2023;43(4):562-580.

Wang B, Shen Y, Zhai L, Xia X, Gu HM, Wang M, Zhao Y,
Chang X, Alabi A, Xing S, et al. Atherosclerosis-associated
hepatic secretion of VLDL but not PCSK9 is dependent on
cargo receptor protein Surf4. J Lipid Res. 2021;62(4):

Article 100091.

Shen Y, Gu HM, Zhai L, Wang B, Qin S, Zhang DW. The role of
hepatic Surf4 in lipoprotein metabolism and the development
of atherosclerosis in apoE ™" mice. Biochim Biophys Acta Mol
Cell Biol Lipids. 2022;1867(10):Article 159196.

Wang X, Wang H, Xu B, Huang D, Nie C, Pu L, Zajac G]M,
Yan H, Zhao J, Shi E et al. Receptor-mediated ER export of
lipoproteins controls lipid homeostasis in mice and humans.
Cell Metab. 2021;33(2):350-366 e357.

Tang VT, McCormick J, Xu B, Wang Y, Fang H, Wang X,
Siemieniak D, Khoriaty R, Emmer BT, Chen XW, et al. Hepatic
inactivation of murine Surf4 results in marked reduction in
plasma cholesterol. Elife. 2022;11:Article e82269.

Yang H, Zhang W, Lu S, Lu G, Zhang H, Zhuang Y,

Wang Y, Dong M, Zhang Y, Zhou X, et al. Mup-knockout
mice generated through CRISPR/Cas9-mediated deletion
for use in urinary protein analysis. Acta Biochim Biophys Sin
(Shanghai). 2016;48(5):468-473.

Jia D, Gomez TS, Metlagel Z, Umetani ], Otwinowski Z,
Rosen MK, Billadeau DD. WASH and WAVE actin regulators
of the Wiskott-Aldrich syndrome protein (WASP) family are
controlled by analogous structurally related complexes. Proc
Natl Acad Sci USA. 2010;107(23):10442-10447.

Wang et al. 2024 | https://doi.org/10.34133/research.0435

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Ito M, Suzuki ], Tsujioka S, Sasaki M, Gomori A, Shirakura T,
Hirose H, Ito M, Ishihara A, Iwaasa H, et al. Longitudinal
analysis of murine steatohepatitis model induced by chronic
exposure to high-fat diet. Hepatol Res. 2007;37(1):50-57.
Linghu L, Zong W, Liao Y, Chen Q, Meng E, Wang G, Liao Z,
Lan X, Chen M. Herpetrione, a new type of PPARalpha ligand
as a therapeutic strategy against nonalcoholic steatohepatitis.
Research (Wash D C). 2023;6:0276.

Denk H, Abuja PM, Zatloukal K. Animal models of NAFLD
from the pathologist’s point of view. Biochim Biophys Acta Mol
basis Dis. 2019;1865(5):929-942.

Chang X, Zhao Y, Qin S, Wang H, Wang B, Zhai L, Liu B, Gu HM,
Zhang DW. Loss of hepatic Surf4 depletes lipid droplets in the
adrenal cortex but does not impair adrenal hormone production.
Front Cardiovasc Med. 2021;8:Article 764024.

Yang W, He H, Wang T, Su N, Zhang F, Jiang K, Zhu J,

Zhang C, Niu K, Wang L, et al. Single-cell transcriptomic
analysis reveals a hepatic stellate cell-activation roadmap and
myofibroblast origin during liver fibrosis in mice. Hepatology.
2021;74(5):2774-2790.

Budi EH, Schaub JR, Decaris M, Turner S, Derynck R. TGF-p
as a driver of fibrosis: Physiological roles and therapeutic
opportunities. J Pathol. 2021;254(4):358-373.

Lodyga M, Hinz B. TGF-B1—A truly transforming growth
factor in fibrosis and immunity. In: Seminars in cell &
developmental biology. Amsterdam (Netherlands): Elsevier;
2020. p. 123-139.

Roth-Eichhorn S, Kuhl K, Gressner AM. Subcellular
localization of (latent) transforming growth factor beta and the
latent TGF-beta binding protein in rat hepatocytes and hepatic
stellate cells. Hepatology. 1998;28(6):1588-1596.

Schon HT, Weiskirchen R. Immunomodulatory effects of
transforming growth factor-beta in the liver. Hepatobiliary
Surg Nutr. 2014;3(6):386-406.

Lopez-Terrada D, Cheung SW, Finegold M], Knowles BB.

Hep G2 is a hepatoblastoma-derived cell line. Hum Pathol.
2009;40(10):1512-1515.

Shen Y, Wang B, Deng S, Zhai L, Gu HM, Alabi A, Xia X,
ZhaoY, Chang X, Qin S, et al. Surf4 regulates expression

of proprotein convertase subtilisin/kexin type 9 (PCSK9)

but is not required for PCSK9 secretion in cultured human
hepatocytes. Biochim Biophys Acta Mol Cell Biol Lipids.
2020;1865(2):Article 158555.

Appenzeller C, Andersson H, Kappeler F, Hauri HP. The lectin
ERGIC-53 is a cargo transport receptor for glycoproteins. Nat
Cell Biol. 1999;1(6):330-334.

Boll M, Weber LW, Becker E, Stampfl A. Pathogenesis of
carbon tetrachloride-induced hepatocyte injury bioactivation
of CCI4 by cytochrome P450 and effects on lipid homeostasis.
Z Naturforsch C J Biosci. 2001;56(1-2):111-121.

Zhou H, Chen M, Zhang G, Ye RD. Suppression of
lipopolysaccharide-induced inflammatory response

by fragments from serum amyloid A. J Immunol.
2017;199(3):1105-1112.

Shridas P, Tannock LR. Role of serum amyloid A in
atherosclerosis. Curr Opin Lipidol. 2019;30(4):

320-325.

Jayaraman S, Urdaneta A, Bullitt E, Fandrich M, Gursky O.
Lipid clearance and amyloid formation by serum amyloid A:
Exploring the links between beneficial and pathologic actions
of an enigmatic protein. J Lipid Res. 2023;64(9):

Article 100429.

13


https://doi.org/10.34133/research.0435

Research

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Wilson PG, Thompson JC, Shridas P, McNamara PJ,

de Beer MC, de Beer FC, Webb NR, Tannock LR. Serum
amyloid A is an exchangeable apolipoprotein. Arterioscler
Thromb Vasc Biol. 2018;38(8):1890-1900.

Tang VT, Ginsburg D. Cargo selection in endoplasmic
reticulum-to-Golgi transport and relevant diseases. J Clin
Invest. 2023;133(1):Article e163838.

He RL, Zhou J, Hanson CZ, Chen ], Cheng N, Ye RD. Serum
amyloid A induces G-CSF expression and neutrophilia via
toll-like receptor 2. Blood. 2009;113(2):429-437.

Seidl SE, Pessolano LG, Bishop CA, Best M, Rich CB,

Stone PJ, Schreiber BM. Toll-like receptor 2 activation and
serum amyloid A regulate smooth muscle cell extracellular
matrix. PLoS One. 2017;12(3):Article e0171711.

Connolly M, Rooney PR, McGarry T, Maratha AX,
McCormick J, Miggin SM, Veale DJ, Fearon U. Acute serum
amyloid A is an endogenous TLR2 ligand that mediates
inflammatory and angiogenic mechanisms. Ann Rheum Dis.
2016;75(7):1392-1398.

Cheng N, He R, Tian J, Ye PP, Ye RD. Cutting edge: TLR2 is a
functional receptor for acute-phase serum amyloid A.

J Immunol. 2008;181(1):22-26.

Ather JL, Ckless K, Martin R, Foley KL, Suratt BT,

Boyson JE, Fitzgerald KA, Flavell RA, Eisenbarth SC, Poynter
ME. Serum amyloid A activates the NLRP3 inflammasome
and promotes Th17 allergic asthma in mice. ] Immunol.
2011;187(1):64-73.

Chen M, Zhou H, Cheng N, Qian E Ye RD. Serum amyloid

Al isoforms display different efficacy at toll-like receptor 2 and
formyl peptide receptor 2. Immunobiology. 2014;219(12):
916-923.

O’Reilly S, Cant R, Ciechomska M, Finnigan J,Oakley F,
Hambleton S, van Laar JM. Serum amyloid A induces
interleukin-6 in dermal fibroblasts via toll-like receptor 2,
interleukin-1 receptor-associated kinase 4 and nuclear factor-
kappaB. Immunology. 2014;143(3):331-340.

Paik YH, Lee KS, Lee HJ, Yang KM, Lee SJ, Lee DK, Han KH,
Chon CY, Lee SI, Moon YM, et al. Hepatic stellate cells primed with
cytokines upregulate inflammation in response to peptidoglycan or
lipoteichoic acid. Lab Investig. 2006;86(7):676-686.

Seki E, de Minicis S, Osterreicher CH, Kluwe J, Osawa Y,
Brenner DA, Schwabe RE. TLR4 enhances TGF-beta
signaling and hepatic fibrosis. Nat Med. 2007;13(11):
1324-1332.

JiL, Xue R, Tang W, Wu W, Hu T, Liu X, Peng X, Gu J,

Chen S, Zhang S. Toll like receptor 2 knock-out attenuates

Wang et al. 2024 | https://doi.org/10.34133/research.0435

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

carbon tetrachloride (CCl4)-induced liver fibrosis by
downregulating MAPK and NF-kappaB signaling pathways.
FEBS Lett. 2014;588(12):2095-2100.

Dewidar B, Meyer C, Dooley S, Meindl-Beinker AN. TGF-beta
in hepatic stellate cell activation and liver fibrogenesis-updated
2019. Cells. 2019;8(11):1419.

Yang S, Zhou L, Zhao T, Zhu H, Luo T, Jiang K, Shi X,

Chen C, Zhang H, Zhao S, et al. Protective and adverse roles of
DDX3X in different cell types in nonalcoholic steatohepatitis
progression. Research (Wash D C). 2023;6:0275.

Debacker AJ, Voutila J, Catley M, Blakey D, Habib N.
Delivery of oligonucleotides to the liver with GalNAc:

From research to registered therapeutic drug. Mol Ther.
2020;28(8):1759-1771.

Ray KK, Stoekenbroek RM, Kallend D, Leiter LA,

Landmesser U, Wright RS, Wijngaard P, Kastelein JJP. Effect
of an siRNA therapeutic targeting PCSK9 on atherogenic
lipoproteins. Circulation. 2018;138(13):1304-1316.

Mederacke I, Dapito DH, Affo S, Uchinami H,Schwabe RE
High-yield and high-purity isolation of hepatic stellate

cells from normal and fibrotic mouse livers. Nat Protoc.
2015;10(2):305-315.

Wang M, Alabi A, Gu HM, Gill G, Zhang Z, Jarad S, Xia XD,
Shen Y, Wang GQ, Zhang DW. Identification of amino acid
residues in the MT-loop of MT1-MMP critical for its ability to
cleave low-density lipoprotein receptor. Front Cardiovasc Med.
2022;9:Article 917238.

Alabi A, Xia XD, Gu HM, Wang F, Deng SJ, Yang N,

Adijiang A, Douglas DN, Kneteman NM, Xue Y, et al.
Membrane type 1 matrix metalloproteinase promotes LDL
receptor shedding and accelerates the development of
atherosclerosis. Nat Commun. 2021;12(1):1889.

Gu HM, Wang FQ, Zhang DW. Caveolin-1 interacts with

ATP binding cassette transporter G1 (ABCG1) and regulates
ABCG1-mediated cholesterol efflux. Biochim Biophys Acta.
2014;1841(6):847-858.

Gu HM, Wang E Alabi A, Deng S, Qin S, Zhang DW.
Identification of an amino acid residue critical for

plasma membrane localization of ATP-binding cassette
transporter G1--Brief Report. Arterioscler Thromb Vasc Biol.
2016;36(2):253-255.

Tasfaout H, Lionello VM, Kretz C, Koebel P, Messaddeq N,
Bitz D, Laporte ], Cowling BS. Single intramuscular injection
of AAV-shRNA reduces DNM2 and prevents myotubular
myopathy in mice. Mol Ther. 2018;26(4):

1082-1092.

14


https://doi.org/10.34133/research.0435



