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Abstract

Liver fibrosis is part of the wound healing process to help the liver recover from the injuries caused by various liver-damaging
insults. However, liver fibrosis often progresses to life-threatening cirrhosis and hepatocellular carcinoma. To overcome the limi-
tations of current in vivo liver fibrosis models for studying the pathophysiology of liver fibrosis and establishing effective treat-
ment strategies, we developed a new mouse model of liver fibrosis using polyhexamethylene guanidine phosphate (PHMG-p),
a humidifier sterilizer known to induce lung fibrosis in humans. Male C57/BL6 mice were intraperitoneally injected with PHMG-p
(0.03% and 0.1%) twice a week for 5 weeks. Subsequently, liver tissues were examined histologically and RNA-sequencing was
performed to evaluate the expression of key genes and pathways affected by PHMG-p. PHMG-p injection resulted in body weight
loss of ~15% and worsening of physical condition. Necropsy revealed diffuse fibrotic lesions in the liver with no effect on the lungs.
Histology, collagen staining, immunohistochemistry for smooth muscle actin and collagen, and polymerase chain reaction analysis
of fibrotic genes revealed that PHMG-p induced liver fibrosis in the peri-central, peri-portal, and capsule regions. RNA-sequencing
revealed that PHMG-p affected several pathways associated with human liver fibrosis, especially with upregulation of lumican
and IRAK3, and downregulation of GSTp1 and GSTp2, which are closely involved in liver fibrosis pathogenesis. Collectively we
demonstrated that the PHMG-p-induced liver fibrosis model can be employed to study human liver fibrosis.
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INTRODUCTION trigger chronic hepatitis and fibrosis, which may progress to
liver cirrhosis or HCC (Ismail and Pinzani, 2009). Liver fibro-
Hepatocellular carcinoma (HCC) is one of the major causes sis is considered a wound-healing process characterized by
of death worldwide. Liver fibrosis and cirrhosis arising from liv- excessive accumulation of collagen fiber in the liver sinusoid.
er injury caused by alcohol abuse, HBV infection, parasitic in- Kupffer cells are activated following hepatocyte injury, leading
fection, and metabolic syndromes account for 60-76% of HCC to the secretion of pro-inflammatory cytokines such as trans-
cases (Schuppan and Afdhal, 2008). However, the pathway forming growth factor (TGF)-$ and platelet-derived growth fac-
linking liver injury to liver fibrosis is not yet fully established; tor (PDGF), and the generation of reactive oxygen species
thus, efforts have been made to understand the pathological (ROS) as a consequence of parenchymal cell death, which
mechanism of hepatic fibrogenesis (Ismail and Pinzani, 2009). eventually stimulates hepatic stellate cells (HSCs). During
Normally, when the insult causing the liver injury is removed, this process, complex interactions occur among hepatocytes,
the liver undergoes repair, and regenerates. However, the per- HSCs, Kupffer cells, neutrophils, and monocytes, which culmi-
sistence of liver-damaging insults and repeated liver injury can nate in the emergence of myofibroblasts (Albanis and Fried-
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man, 2006). Activated myofibroblasts and fibroblasts residing
in the liver secrete alpha-smooth muscle actin (a«-SMA) and
extracellular matrix (ECM) molecules such as collagen (CO-
L1a1 and COL1a3) and tissue inhibitor of metalloproteinase 1
(TIMP1), which form the primary fiber structure of liver fibrosis.

Several animal models of liver fibrosis have been devel-
oped employing chemical and mechanical liver injury insults.
The chemical insults used for causing acute liver injury include
treatment with calcium tetrachloride (CaCl,) (elSisi et al., 1993),
dimethylnitrosamine (Yasuda et al., 1999), 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine, and chlorhexidine digluconate.
Alcohol and CCl, treatment have also been used to induce
chronic liver injury. Mechanical insults such as bile duct liga-
tion have been successfully used to induce liver injury, which
can progress to liver fibrosis. However, each liver fibrosis
model has its advantages and drawbacks. For instance, liver
fibrosis can take up to 8-12 weeks with CCl,, thioacetamide,
ally alcohol, porcine serum, or schistosomiasis. Although the
dimethylnitrosamine model can be established within 4 weeks
it is a potent hepatotoxin, carcinogen, and mutagen (George
etal., 2019).

The origin of myofibroblasts in the induced fibrotic liver may
differ among fibrosis models (lwaisako et al., 2014; Lua et al.,
2016), which makes it difficult to generalize the experimental
results to different types of human fibrosis. For instance, in
rodent models of liver damage, HSCs are the main source of
myofibroblasts (Mederacke et al., 2013), whereas portal fibro-
blasts in the periportal region, which strongly express COL1a1
and a-SMA, are the major contributors to myofibroblasts in the
fibrosis model induced by bile duct ligation (lwaisako et al.,
2014). Mesothelial cells on the liver surface may also give rise
to myofibroblasts via the mesothelial-mesenchymal transition
in the CCly liver injury model, mouse bile duct ligation dam-
age model, or DDC-induced model (Li et al., 2013; Lua et al.,
2016; Balog et al., 2020), adding more complexity to the inter-
pretation of the experimental results. Therefore, a new model
of liver fibrosis relevant to human liver fibrosis is needed to
advance research in this field.

In this study, we investigated whether the intraperitoneal
(i.p.) injection of polyhexamethylene guanidine-phosphate
(PHMG-p) can induce liver fibrosis in C57/BL6 mice. PHMG-
p was originally developed as a carpet-decontaminating bio-
cide and is found in several humidifier disinfectants; although
it's a strong skin irritant, its oral toxicity is low. However, the
use of PHMG-p was shown to provoke pulmonary fibrosis,
claiming hundreds of lives in Korea (Park, 2013; Kim et al.,
2016; Song et al., 2021). Kim et al. demonstrated that PHMG-
p induces the generation of reactive oxygen species (ROS),
which causes epithelial damage and inflammation (Kim et al.,
2016). Interestingly, Russians who consumed an illegal vodka
product containing PHMG died from hepatitis and cholestasis
accompanying fibrosis (Solodun et al., 2011; Asiedu-Gyekye
et al., 2014), suggesting that PHMG-p can also induce liver
injury and liver fibrosis in humans.

We intraperitoneally injected PHMG-p in C56/BL7 mice
twice a week for 5 weeks and examined the associated mor-
bidity and mortality as well as the induction of liver fibrosis
by histologically and immunohistochemically analyzing the fi-
brotic markers. We performed RNA-sequencing to analyze the
genomic changes induced by PHMG to examine its applicabil-
ity as a model of human liver fibrosis.

Kim etal. PHMG-p-Induced Murine Liver Fibrosis Model

MATERIALS AND METHODS

Animals and PHMG-p treatment

C57/BL6 male mice were purchased from Orient Bio
(Seongnam, Korea) and managed in a specific-pathogen
free facility of University of Yonsei (Seoul, Korea). All animal
experiments were conducted in accordance with the Public
Health Service Policy in Humane Care and Use of Laboratory
Animals and were approved by the IACUC (2019-0183), an
AAALAC-accredited unit (#001071). PHMG-P was provided
by the Korea Institute of Toxicology (KIT, Jeongeup, Korea).
Stock solutions of PHMG-p (1% in distilled water) were diluted
with DW to 0.1% and 0.03% based upon a preliminary toxicity
test. Mice (6 weeks old with the body weight of ~25 g at the
start of dosing) were injected i.p. with each PHMG-p solution
at 5 mL/kg (~ 100 pL/ a mouse, i.e., 1.5 mg/kg and 4.5 mg/kg)
twice weekly for 5 weeks at the interval of 3-4 days. The con-
trol group received injection of DW (Supplementary Fig. 1A).

Histology and immunohistochemistry

Paraformaldehyde-fixed and paraffin-embedded tissues
were cut into 5um thick sections, subjected to xylene depa-
raffinization, rehydration, heat-induced epitope retrieval, and
blocking, and stained with hematoxylin and eosin, Picro-Sirius
Red Stain (Kit for Collagen, Scytek, West Logan, UT, USA),
and Collagen Hybridizing Peptide (R-CHP, 3HELIX, Salt Lake
City, UT, USA). The slides were incubated overnight at 4°C
with the relevant primary and secondary antibodies, and the
signals were developed with DAB substrate (k3468, DAKO,
Santa Clara, CA, USA) using ABC kit (VECTORSTAIN Elite
ABC kit, Vector Laboratories, Inc., Burlingame, CA, USA). The
immunohistochemistry slides were scanned using Easy Scan
(Motic, Barcelona, Spain). Image analysis was performed us-
ing a Qupath program (University of Edinburgh, Edinburgh,
Scotland).

RNA-sequencing

Total RNA was isolated from the liver samples (N=4 per
each group) collected from the same liver lobe of animals us-
ing Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA qual-
ity was assessed using an Agilent 2100 bioanalyzer and a
RNA 6000 NanoChip (Agilent Technologies, Amstelveen, the
Netherlands). RNA was quantified spectrophotometrically (ND
2000, Thermo Inc., DE, USA).

The libraries of control and test RNAs were constructed us-
ing QuantSeq 3 mRNA Seq Library Prep Kit (Lexogen, Inc.,
Vienna, Austria). High-throughput sequencing was performed
as single-end 75 sequencing using Next Seq 500 (lllumina,
Inc. San Diego, CA, USA).

QuantSeq 3 mRNA Seq reads were aligned using Bowtie2
(Langmead and Salzberg, 2012). Bowtie2 indices were either
generated from the genome assembly sequence or the rep-
resentative transcript sequences for aligning to the genome
and transcriptome. The alignment file was used for assem-
bling transcripts, estimating their abundances, and detecting
differentially expressed genes (fold change 22, p<0.05) based
on counts from unique and multiple alignments using cover-
age in Bedtools (Quinlan and Hall, 2010). Read data were
processed based on the quantile normalization method using
Edge R with Bioconductor (Gentleman et al., 2004).
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Clustering and bioinformatic analysis

Hierarchical clustering was performed using MeV 4.9.0
(Saeed et al., 2003). Gene classification was based on
searches with DAVID functional annotation tool (https://da-
vid.ncifcrf.gov/summary.jsp/) (Jiao et al., 2012) and Medline
databases (http://www.ncbi.nim.nih.gov/). Pathways were
annotated with Kyoto Encyclopedia of Genes and Genomes
(KEGG) mapper (http://www.genome.jp/kegg/tool/map_path-
way2.html/) (Kanehisa and Goto, 2000) and protein-protein
interactions were evaluated with the Search Tool for the Re-
trieval of Interacting Genes/Proteins (STRING) database. We
then used the Cytoscape app ClueGO to identify biological
processes in which the selected genes were involved to iden-
tify important functions (Bindea et al., 2009). Details of these
analyses are provided in the Supplemental Data.

Real-time PCR

The liver samples were lysed using Trizol (Invitrogen). After
the addition of chloroform, the samples were centrifuged at
12,000 rpm for 10 min. The aqueous phase was mixed with
isopropanol and RNA pellets were obtained by centrifugation
(12,000 rpm, 15 min, 4°C), washed with 70% ethanol, and
dissolved in RNase-free, diethylpyrocarbonate-treated water.
The RNA yield was determined using a NanoDrop 1000 spec-
trophotometer (NanoDrop Technologies, Inc., Wilmington, DE,
USA).

Relative expression levels of mMRNAs were measured by
performing quantitative PCR. The left lateral lobe of the liver
was perfused with PBS and soaked in ice-cold RNAlater. Af-
ter overnight incubation at 4°C, the samples were stored at
—70°C. The cDNA was synthesized from 1,250 ng total RNA
using oligo(dT) (Bioelpis, Seoul, Korea) and SYBR Green
PCR master mix on a StepOnePlusTM Real-time PCR ma-
chine (Applied Biosystems, Warrington, UK). The primer se-
quences are listed in Supplementary Table 1. Cycling param-
eters were 51°C for 2 min, 95°C for 10 min, 40 cycles of 95°C
for 15 s, and 51°C for 1 min.

Statistical analysis

Statistical analysis was performed using Graphpad prism
(software v7.0, Graph pad, San Diego, CA, USA). Statistical
significance was determined using unpaired Student’s t-test
(two-tailed) or one-way analysis of variance with Dunnett's
multiple comparison. Data are presented as the mean + SEM;
p<0.05 was considered significant.

RESULTS

Effects of PHMG-p on body weight change and gross
examination at necropsy
Decreased body weight gain and a rough haircoat were
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Fig. 1. Intraperitoneal administration of PHMG-p induces weight loss and liver fibrosis phenotype in C57/BL6 mice. (A) Body weight per-
centage (%), (B) body weight, and (C) tissue weight/body weight (%) of C57/BL6 mice at the necropsy. (D) Gross appearance of a repre-
sentative liver in control (upper left), PHMG-p 0.03%-treated (upper right), and PHMG-p 0.1%-treated (bottom) mice. Values indicate mean

+ SE of 4-5 animals. *p<0.05, **p<0.01 and ***p<0.001.

https://doi.org/10.4062/biomolther.2021.120

128



observed in the PHMG-p 0.1% (4.5 mg/kg twice weekly i.p.)
group after three weeks, which persisted until the animals
were euthanized (after 5 weeks of dosing, Fig. 1A and Supple-
mentary Fig. 1A). In contrast, the mice in the PHMG-p 0.03%
group (1.5 mg/kg twice weekly i.p.) showed a relatively normal
appearance with slightly reduced body weight gain (Fig. 1B,
Supplementary Fig. 1B). On the necropsy after 5 weeks of

A
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dosing, the PHMG-p 0.1% group showed a significantly re-
duced liver weight and gall bladder size, pale and shrunken
liver lobe, and attachment of the liver lobes and gall bladder
(Fig. 1C, 1D). Strikingly, the liver lobe of the PHMG-p 0.1%
group had a constricted and round shape.
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Fig. 2. Liver-specific fibrotic lesion of PHMG-treated mice. (A) Gross morphology and (

) H&E staining of liver and lung tissues. (C) Sirius

red staining for collagen in the liver tissue (Left: Normal lobular architecture and normal dlstrlbutlon of collagen in control mice. Right: Exten-
sive collagen deposition and pseudolobular formation, indicating bridging fibrosis in the PHMG-p 0.1% group. Scale bar=200 um) (D) Pan-
collagen-Cy3 immunofluorescence staining. The central vein, portal vein, and capsule regions of the mice are shown. Red=fibrous collagen.
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Fig. 3. Fibrotic marker expression. (A) Immunohistochemistry of a-smooth muscle actin (a-SMA) in the mice livers, central vein (red box),
portal vein (blue box), and capsule regions. Scale bar=25 um. (B) Ratio of a-SMA positive cells’fhematoxylin (%), (C) Real-time PCR to de-
tect the expression levels of Acta2, Col1a1, and Timp1. Values are normalized to glyceraldehyde 3-phosphate dehydrogenase (Gapdh) ex-
pression levels. Data are presented as the mean + SE (N=3; *p<0.05 and **p<0.01).

Histopathological examination of the liver of mice
exposed to PHMG-p

Histological examination showed a distinct morphology of
liver fibrosis in the PHMG-treated mice, especially around the
capsular region (Fig. 2A, 2B). In contrast, no fibrosis was ob-
served in the lungs. Sirius red staining for collagen showed
strong staining of the periportal regions as well as the liver
capsule of the PHMG-treated mice. Single squamous cells lin-
ing the liver surface were stained in the control group, where-
as the thicker Glisson’s capsule was stained in the PHMG-p
0.1% group (Fig. 2C). Immunofluorescence staining for colla-
gen also substantiated the higher levels of collagen deposition
around the portal vein and the capsular fibrosis of the livers of
PHMG-treated mice (Fig. 2D). Immunohistochemical analysis
of a-SMA expression suggested activation of myofibroblasts
around the capsule and periportal regions of the PHMG-
treated mice compared with DW-treated control mice (Fig. 3A,
3B). Expression analysis of Acta2 (a-SMA gene), Col1a1, and
Timp1 (Fig. 3C) confirmed the development of liver fibrosis
following PHMG-p (0.1%) treatment.

Alteration of gene expression in the liver following
PHMG-p treatment

The volcano plot of the RNA-sequencing data (Fig. 4A, 4B)
showed that PHMG-p treatment induced alterations of mMRNA
expression in a dose-dependent manner. Clustering heatmap
analysis (Fig. 4C) based on the expression levels of 2,010
genes (out of 23,282 evaluated genes) whose expression lev-
els were changed significantly (>2-fold) also confirmed altera-

https://doi.org/10.4062/biomolther.2021.120

tion of the transcriptomic landscape by PHMG-p treatment.
Supplementary Table 2 shows the results of Gene Ontology
(GO) term enrichment analysis based on the differentially ex-
pressed genes in the liver following PHMG-p 0.1% treatment.
Of the top 30 GO terms identified, the oxidation-reduction
process (p=7.238E-19, false discovery rate=1.345E-15) was
the most affected pathway, followed by heat generation, and
negative regulation of lipid biosynthetic process. Importantly,
several of the identified pathways are related to human liver
fibrosis as revealed by studies on HSCs, in vivo fibrosis mod-
els, or human liver fibrosis tissues (Supplementary Table 2).

Functional network analysis and immunohistochemistry
of the liver to identify the key genes

We selected the 34 genes that were most strongly modulat-
ed by PHMG-p in a dose-dependent manner and were related
to liver fibrosis, and analyzed their functional network using
ClueGO (Supplementary Fig. 2) and STRING (Fig. 5A, 5B).

RNA-sequencing data demonstrated PHMG-p dose-de-
pendent upregulated expression of Acta2, Col1al, Timp1,
lumican (Lum), interleukin 1 receptor, type Il (//1r2), interleu-
kin-1 receptor-associated kinase 3 (/rak3), and colony-stimu-
lating factor 2 receptor, beta 2 (Csf2rb2), and dose-dependent
downregulated expression of glutathione S-transferase pi 1
(Gstp1) and Gstp2 (Fig. 5C). We further focused on the ex-
pression of Lum and Irak3, given their roles in the pathogen-
esis of liver fibrosis. GSTp1 and GSTp2, which are involved
in the prevention of oxidative stress, may also be important
for the progression of liver fibrosis. Immunohistochemistry re-
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sults confirmed that IRAK3 (IRAK-M) and lumican expression
was upregulated, whereas GSTp1 expression was downregu-
lated following PHMG-p 0.1% treatment, in line with the RNA-
sequencing analysis. In particular, expression of lumican, an
ECM protein, increased in the capsular fibrosis region and
perivascular region (Fig. 6), whereas the expression of IRAK3
(IRAK-M) strongly increased throughout the liver parenchyma
of the PHMG-treated mice. In contrast, the GSTp1 level de-
creased significantly in the damaged liver hepatocytes.

DISCUSSION

Here, we demonstrated that repeated i.p. injection of
PHMG-p (0.1%, ~4.5 mg/kg) can induce liver fibrosis in male
C57/BL6 mice. The periportal area and capsule region were
the most strongly affected liver parts following PHMG-p in-
duced fibrosis, as confirmed with collagen-Cy3 staining and
Sirius red staining. The key histological difference of the
PHMG-p induced liver fibrosis model over existing models,
such as CCls, DDC, bile duct ligation, and HFD, is the de-
velopment of capsular fibrosis and accumulation of myofi-
broblasts in the thick fibrotic area. These are advantageous
since it is easy to observe myofibroblast activation stemming
from mesothelial-mesenchymal transition. Also, PHMG-p in-
duced global changes in the transcriptomic landscape of liver

https://doi.org/10.4062/biomolther.2021.120

as confirmed by RNAseq analysis. Importantly, many of the
biological processes involved in human liver fibrosis were
altered such as oxidation-reduction process, mitochondrion
morphogenesis, regulation of glucose metabolic process and
insulin secretion. This is important since other existing animal
liver fibrosis models failed to affect these pathways, highlight-
ing the similarity of PHMG-p induced liver fibrosis to human
liver fibrosis.

PHMG-p induced remarkable macroscopic and microscop-
ic changes of liver while other organs including the lung were
unaffected. This might be from the poor oral bioavailability
of PHMG-p due to its extensive first pass effect (Shim et al.,
2018). The round shape of liver in the PHMG-p-injected mouse
may be due to the contraction by the fibrosis of liver capsule
surrounding the outer part, which would be the direct target of
i.p. injected PHMG-p. During mouse embryogenesis, the fore-
gut endoderm pocket, which becomes the liver parenchyma,
is formed on embryonic day 9.5. Subsequently, the septum
transversum surrounds the liver bud and partially migrates
inside the nascent liver to form the capsule layer and portal
fibroblasts (Asahina et al., 2011). Recent lineage tracing stud-
ies and RNA-sequencing have shown that mesothelial lineage
cells located on the surface of the adult liver can re-express
the genes related to growth and endothelial-mesenchymal
transition following injury, which can give rise to intrahepatic
myofibroblasts (Li et al., 2013; Lua et al., 2016; Balog et al.,
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liver, central vein, portal vein, and capsule regions. (B) IRAKM positive cells/hematoxylin (%). (C) Lumican in the liver, central vein, portal
vein, and capsule regions. (D) Lumican positive cellss/hematoxylin (%). (E) GSTP1 in the liver, central vein, portal vein, and capsule regions.

(F) GSTP1-positive cells/hematoxylin (%). ***p<0.001, ****p<0.0001.

2020). Unlike Glisson’s capsule in mice, the normal human
liver capsule has a multilayered structure. In alcohol-induced
liver fibrosis in humans, collagen deposition occurs mainly in
the sinusoid and central veins; however, collagen deposition
and thickening may also occur in the liver capsule (Bataller
and Gao, 2015). In addition, capsular fibrosis was observed
in human HCV patients (Balog et al., 2020). In our PHMG-p
induced liver fibrosis model, the liver surface is primarily af-
fected, and capsular fibrosis occurs remarkably along with
the fibrosis of intrahepatic region (especially the periportal
region), which would be helpful in understanding distinctive
capsular fibrosis in humans.

Hepatocyte necrosis around the periportal area causes fi-
brosis around the portal vein, which further progresses into
fibrosis of the liver sinusoid and ultimately liver cirrhosis. This
phenomenon can be observed in HPV B and C infections,
which induce inflammatory necrosis around the periportal re-
gions at the initial stage (Phillips and Poucell, 1981; Ishak,
1994). The CCls-induced liver fibrosis model is one of the most
widely used animal models. CCl, induces liver fibrosis via cy-
tochrome p450-mediated ROS generation and resultant ne-
crosis around the central vein, similar to the alcohol-induced
liver damage and fibrosis; however, the periportal region of
this model remains relatively normal (Tsukamoto et al., 1990),
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which questions its relevance to human liver fibrotic diseas-
es. Moreover, several animals suffer from pain and die dur-
ing the first week of CCl, treatment, and the fibrosis induction
is variable according to the physical condition of the animals
(McLean et al., 1969). Moreover, CCl, damages the lungs and
kidneys, which further complicates interpretation of the results
(Terblanche and Hickman, 1991). Bile duct ligation induces
periportal necrosis and results in hepatic fibrosis, but compli-
cated surgery is necessary for model establishment and mor-
tality can reach up to ~50% (Krahenbuhl et al., 2000). Por-
cine serum also induces liver fibrosis via evoking an immune
reaction but without hepatic necrosis, which is different from
HPV-induced liver fibrosis (Bhunchet and Wake, 1992). Diet-
induced models such as a high-fat diet, methionine choline-
deficient diet, or the Lieber-Decarli alcoholic diet require a long
time to establish fibrosis with significant individual differences
in the extent of fibrosis. In this regard, the PHMG-p-induced fi-
brosis model, which can be established within 5 weeks without
causing animal death, and with small individual variation in the
degree of fibrosis, would be an excellent mouse model of liver
fibrosis for simulating HPV-induced liver fibrosis.

PHMG-p kills bacteria by inhibiting dehydrogenases and im-
pairing bacterial membrane function (Brzezinska et al., 2018).
Unexpectedly, inhalation of PHMG-p via aerosol induces ne-
crosis and hypertrophy of the bronchiolar epithelium, inflam-
matory cell infiltration, mucin secretion, and eventually fibrosis
of the lung. PHMG-p induces apoptosis, endoplasmic reticu-
lum stress, and autophagy, along with increased secretion of
the inflammatory cytokines IL-1p and IL-6 and the chemokines
C-X-C motif and CXCL1. Expression of fibrotic markers is also
elevated, including that of monocyte chemoattractant protein
1, fibronectin, matrix metalloproteinase (MMP)2, MMP12, and
TIMP1. The PHMG-p-induced lung fibrosis is attributed to the
ROS production and damage to the airway barrier, which trig-
gers inflammation and ECM accumulation in the lungs via the
nuclear factor-kappa B pathway. Although the mechanisms
underlying liver fibrosis remain to be fully understood, sev-
eral studies have demonstrated the critical role of oxidative
stress in the activation of HSCs (Lee et al., 1995; Fernandez-
Checa et al., 1998). In chronic liver injury and fibrogenesis,
ROS cause cellular damage and trigger signal transduction
pathway to generate the key mediators of fibrosis (PDGF and
TGF-B), which activate HSCs to produce ECM (Sundaresan et
al., 1995; Lander, 1997; Finkel, 1998; Thannickal et al., 2000).
These observations suggest that PHMG-p induces liver fi-
brosis by promoting ROS generation and subsequent events
leading to inflammation and fibrogenesis. Indeed, our study
revealed the alteration of oxidation-reduction processes and
downregulation of GSTp1 and GSTp2 expression in the livers
of mice treated with PHMG-p.

Many of the biological pathways altered in liver fibrosis
were affected by PHMG-p i.p. injection. The oxidation-reduc-
tion process is altered in human liver fibrosis (Diamond et al.,
2007), which was supported by studies using HSCs (Bonac-
chi et al., 2003; De Minicis and Brenner, 2007; Wobser et al.,
2009; Guimaraes et al., 2010) and in other animal models of
liver fibrosis. Furthermore, PHMG-p broadly affect metabolic
pathways of lipids, which are altered in human liver fibrosis
(Diamond et al., 2007) and in HSCs in vitro (Bechmann et al.,
2009; Wobser et al., 2009). In addition, epoxygenase P450
pathway (Mann and Mann, 2009), steroid biosynthetic pro-
cess (Song et al., 2013), negative regulation of gluconeogen-
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esis (Liu et al., 2017), positive regulation of glucose metabolic
process (Nishikawa et al., 2014), negative regulation of insulin
secretion involved in the cellular response to glucose stimu-
lus (Ippolito et al., 2016), arachidonic acid metabolic process
(Dong et al., 2016), mitochondrion morphogenesis (Diamond
et al., 2007), glucose homeostasis (Gao et al., 2017), and re-
sponse to drugs (Dong et al., 2016) have been identified as
liver fibrosis-related pathways in human. Many of these path-
ways are not affected in the existing animal fibrosis models,
supporting that PHMG-p-induced liver fibrosis may be a good
alternative to study human liver fibrosis.

Expression levels of lumican and IRAK3, which are closely
involved in the pathogenesis of liver fibrosis, increased in the
liver following PHMG-p treatment in a dose-dependent man-
ner. Lumican, the pivotal keratan sulfate proteoglycan in the
cornea, is mainly expressed in the mesenchymal tissues in the
body, constituting a crucial component of the ECM (Chakra-
varti, 2002). In liver fibrosis, lumican regulates the assembly of
collagen fibers and activates TGF- and SMA. Moreover, up-
regulated lumican expression is observed in patients with non-
alcoholic fatty liver disease and non-alcoholic steatohepatitis,
substantiating its role in liver fibrosis (Charlton et al., 2009;
Barbariga et al., 2019; Mohammadzadeh et al., 2019; Chang
etal., 2021). In our study, //1r2 and Irak3 emerged as the most
strongly affected genes following PHMG-p treatment. IL1R2 is
a decoy receptor for members of IL1 family, and sequesters
IL1a, IL1B, and IL1Ra to modulate their signal transduction
pathways (Lang et al., 1998). In contrast, IRAKs (IRAK1-4)
are serine-threonine kinases involved in the signaling path-
ways associated with Toll-like receptor and IL-1, modulating
immune responses and inflammation. IRAKs play a key role in
cancer and in metabolic and inflammatory diseases, and their
suppression has been proposed as a therapeutic strategy
for these diseases (Singer et al., 2018). IRAK3 (also called
IRAK-M) is also important for the maintenance and repair of
endothelial barrier function after lung injury (Soni et al., 2018)
and involved in the modulation of innate immunity, of which
deficiency increased the monocyte sensitization to produce
TNF-a in human cirrhosis (Tazi et al., 2006). Furthermore, de-
ficiency of IRAK-M aggravated the liver injury in the alcoholic
liver injury model (Wang et al., 2013), suggesting its role in
human fibrosis.

In summary we developed PHMG-p-induced liver fibrosis
model in male C57/BL6 mice. Histology, staining for collagen,
immunohistochemistry for a-SMA and collagen, and PCR anal-
ysis of fibrotic genes (Acta2, Col1a1, and Timp1) confirmed
the PHMG-induced liver fibrosis in the peri-central, peri-portal,
and capsule regions. Furthermore, RNA-sequencing analysis
revealed that several biological pathways and genes related
to human liver fibrosis were altered by PHMG-p. These results
suggest that the PHMG-p-induced liver fibrosis model can be
employed to study human liver fibrosis.
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