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Abstract: Heparanase is elevated in various pathological conditions, primarily cancer and inflamma-
tion. To investigate the significance and involvement of heparanase in liver fibrosis, we compared the
susceptibility of wild-type (WT) and heparanase-overexpressing transgenic (Hpa-tg) mice to carbon
tetrachloride (CCL4)-induced fibrosis. In comparison with WT mice, Hpa-tg mice displayed a severe
degree of tissue damage and fibrosis, including higher necrotic tendency and intensified expression of
smooth muscle actin. While damage to the WT liver started to recover after the acute phase, damage
to the Hpa-tg liver was persistent. Recovery was attributed, in part, to heparanase-stimulated au-
tophagic activity in response to CCL4, leading to increased apoptosis and necrosis. The total number
of stellate cells was significantly higher in the Hpa-tg than the WT liver, likely contributing to the
increased amounts of lipid droplets and smooth muscle actin. Our results support the notion that
heparanase enhances inflammatory responses, and hence may serve as a target for the treatment of
liver damage and fibrosis.
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1. Introduction

Liver fibrosis is the pathologic result of chronic inflammatory liver diseases, character-
ized by the excessive accumulation of extracellular matrix (ECM) and involving activated
Kupffer cells and hepatic stellate cells (HSC) [1]. Kupffer cells promote inflammatory
and fibrogenic responses through the release of cytokines and chemokines that aggravate
inflammation and participate in the activation and trans-differentiation of HSC [1]. This
phenotypic change transforms HSC into cells that express alpha-smooth muscle actin (α-
SMA), proliferate, and deposit ECM proteins that progressively accumulate in the liver [2].
Clinically, the main causes of liver fibrosis include chronic hepatitis B virus (HBV) infection,
alcohol abuse, and nonalcoholic steatohepatitis (NASH) [3]. Advanced liver fibrosis results
in cirrhosis, leading to hepatocellular dysfunction, irreversible liver failure, and cancer.

Heparan sulfate (HS) proteoglycans (HSPG) constitute a major component of the
ECM, maintaining, among other multiple biological functions, the integrity of ECM [4].
Heparanase (Hpa) is the sole endoglucuronidase that specifically degrades HS in the
ECM, and thereby modulates the ECM’s structure and bioavailability of HS-bound pro-
inflammatory and pro-tumorigenic factors [5]. Alterations in HS and elevated levels of
heparanase expression have been found in diseased liver, correlated with the degree of
liver fibrosis and hepatocellular cancer [6,7], implying that heparanase plays a role in
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the pathogenesis of liver diseases. We have previously reported that overexpression of
heparanase in mouse liver led to the production of structurally altered HS, characterized
by shorter chains and a substantially higher degree of sulfation, as well as rapid turnover
and high affinity to FGF2 and its receptors [8]. Considering the multiple roles of HSPG in
the ECM and cell surface, we hypothesized that heparanase degradation of HS affects the
functions of HS under conditions of liver injuries. The present study is aimed at elucidating
the impact of heparanase on the pathogenesis of liver fibrosis, using the well-established
CCL4-induced mouse model. Briefly, WT and heparanase-overexpressing (Hpa-tg) mice
were treated with one or two peritoneal injections of CCL4 and sacrificed on days 2 and 7.
Histological and biochemical analyses revealed considerably severe pathological alterations
in Hpa-tg vs. WT mice, ascribed, in part, to heparanase overexpression.

2. Materials and Methods
2.1. Mice

The mouse strains used in this study were Hpa-tg mice overexpressing human hep-
aranase [9] in C57BL/6 and Balb/c genetic backgrounds. Wild-type C57BL/6 and Balb/c
mice were used as controls. Mice were bred and maintained in the animal facility lo-
cated at the Biomedical Center, Uppsala University. The local ethics committee (Uppsala
djurförsksetiska nämnd) approved the procedures (01751/2020) involving the animal
experiments, and the study was conducted in accordance with animal welfare regulations.

2.2. CCL4 Induced Liver Damage

Adult mice were injected (days 1 and 4) intraperitoneally with CCL4 (Merck, Rahway,
NJ, USA) mixed with olive oil (1:3) at a dose of 0.5–1.0 µL of CCL4/g body weight. The
animals were monitored 2–3 times daily. Upon termination, the mice were sacrificed and
blood was collected by cardiac punctuation, followed by perfusion with 30 mL of PBS.
The livers were dissected and divided into two parts; one part was immediately frozen
in dry ice for biochemical analyses, and the other part was fixed in paraformaldehyde for
histological studies [10].

2.3. Analysis of Plasma

Blood was collected in EDTA anticoagulation tubes. After centrifugation, plasma was
collected for analysis of p-ASAT (aspartataminotransferase) and p-ALAT (alaninamino-
transferase), carried out at the clinical biochemical laboratory of the University Hospital,
Uppsala, Sweden.

2.4. Morphological and Histological Analyses

Tissue specimens were fixed and embedded in paraffin. Sections (4 µm) of the fixed
tissues were histologically or immunologically stained as indicated in the figure legends.
The antibodies used are listed in Table 1. All images were captured by microscopy (Nikon
90i, Nikon, Tokyo, Japan), and quantification of the positive signals was performed by
Image J software.

Table 1. Antibodies Used in this Study.

Antigen Host Working Dilution Source and Code

Atg3 Rabbit 1:1000 (WB) CST#3415

Atg7 Rabbit 1:1000 (WB) CST#8558

Beclin-1 Rabbit 1:1000 (WB) CST#3495

LC3I/II Rabbit 1:1000 (WB) CST#12741

P62 Rabbit 1:1000 (WB) CST#23214

MMP9 Rabbit 1:1000 (WB) Abcam#76003
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Table 1. Cont.

Antigen Host Working Dilution Source and Code

GAPDH Rabbit 1:2000 (WB) CST#2118

Collagen III Rabbit 1:100 (IHC) Abcam #7778

HPSE Mouse 1:200 (IHC) In-house monoclonal

SMA Rabbit 1:100 (IHC) CST #19245

2.5. Tunel Assay

Paraffin-embedded tissue sections were stained with the in situ cell death detection kit
(Roche, 11684795910, Roche, Basel, Switzerland) according to the manufacturer’s instruc-
tions. At least 5 fields of each section were randomly selected, and the number of positive
cells in each field was counted using Image J software.

2.6. Western Blotting Analysis

Frozen livers were homogenized in RIPA buffer containing protease inhibitors and
incubated on ice for 30 min. After centrifugation, the supernatant was collected and protein
concentration was determined with the BCA method. Proteins (40 µg of cell lysates) were
separated by gel electrophoresis (SDS-PAGE) and electroblotted onto PVDF membrane.
The membranes were blocked with 5% BSA or milk for 1 h at room temperature and then
probed by primary antibodies (shown in Table 1) overnight at 4 ◦C. After washing ×3
in TBST buffer, membranes were incubated with secondary antibodies for 1 h at room
temperature. Signals were detected by ECL (Chemidoc mp imaging system, Bio-Rad,
Hercules, CA, USA) and quantified using Image Lab software (Bio-Rad Laboratories).

2.7. Isolation and Analysis of Hepatocytes

The two-step collagenase digestion method [11] was used with slight modifications.
In brief, livers were perfused by HBSS buffer containing 5 mM glucose, 0.5 mM EGTA, and
25 mM HEPES (pH 7.4 at 37 ◦C), followed by perfusion with DMEM containing 15 mM
HEPES and collagenase (Type IV, Worthington, 100 CDU/mL). The livers were gently
removed from the culture dish and suspended in DMEM containing 10% FBS. The digested
tissue was passed through a 70 µm nylon strainer, then centrifuged at 50× g for 2 min.
The cell pellet was suspended in DMEM supplemented with Pen/Strep, 15 mM HEPES,
100 nM dexamethasone, and 10% FBS and cultured on collagen I coated dishes. After 2 h,
the non-attached cells were removed and the attached cells were cultured in fresh medium.
For analysis of autophagy activity, cells were transferred to DMEM without FBS, and
0.5 × 106 cells were seeded into a 6-well plate and cultured overnight. Then, chloroquine
(CQ) was added to each well to a final concentration of 20 µM, and the cells were cultured
for different periods as indicated in the figure legends. For Western blot analysis, cells were
collected and lysed in lysis buffer (0.5% Triton X-100, 0.5% sodium deoxycholate, 20 mM
Tris pH 7.4, 150 mM NaCl, 10 mM EDTA) supplemented with protease inhibitor cocktail
(Thermo Scientific, Waltham, MA, USA). The cell lysates were analyzed as described above.

2.8. Isolation and Characterization of Hepatic Stellate Cells (HSC)

The procedure is essentially as described [12]. In brief, the liver was perfused in vivo
with HBSS buffer containing pronase (Sigma, P5147, Sigma-Aldrich, Saint Louis, MS,
USA) and collagenase D (about 20 mL with a flow rate of 2–3 mL/min) via the portal vein,
followed by ex vivo digestion in HBSS buffer containing pronase, collagenase D, and DNase.
The HSC were isolated by gradient centrifugation in Histodenz (Sigma, D2158). The layer
containing stellate cells was collected and washed twice with HBSS by centrifugation.
The cells were resuspended in DMEM containing 10% FBS and seeded in 6-well plates
for analysis.
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3. Results
3.1. Enhanced Damage of Hpa-Tg Liver in Response to CCL4

Hpa-tg and WT mice were treated with CCL4 mixed (1:3) with olive oil (intraperitoneal
injection of 0.5–1.0 µL/g body weight on day 1 or days 1 and 4). Upon sacrificing the mice
on days 2 and 7, plasma and livers were collected for biochemical and histological analyses.
Clinical lab analyses revealed elevated levels of both ALAT (alaninaminotransferase) and
ASAT (aspartataminotransferase) in the plasma of mice 7 days after CCL4 induction in both
groups (Figure 1). The level of the enzymes was moderately increased in WT but markedly
elevated in the Hpa-tg livers. Notably, naive Hpa-tg plasma contained significantly higher
basal levels of both ALAT and ASAT compared with naïve WT plasma. Next, we examined
the necrotic conditions of sections from paraffin-embedded liver tissues. Staining with
anti-heparanase antibody confirmed overexpression of heparanase in the Hpa-tg liver, but
its expression level did not show an obvious change upon CCL4 induction (Supplementary
Figure S1). The endogenous heparanase in naïve WT liver was not detectable, nor in WT
livers collected 2 days post-CCL4 stimulation. Heparanase was slightly elevated in WT
livers 7 days post-stimulation (Supplementary Figure S1). H&E staining revealed large
necrotic areas in livers collected 2 days after CCL4 stimulation (one injection) to a similar
degree in both the WT and Hpa-tg livers (Figure 2). The damaged areas were substantially
reduced in sections of WT liver 7 days after CCL4 stimulation, but not in the Hpa-tg mice,
indicating a slower wound healing process in the Hpa-tg liver. This result was further
confirmed by the Tunel assay. Massive apoptotic cells were detected in the livers of both
groups 2 days post-CCL4 stimulation, with a significantly higher level in the Hpa-tg liver
(Figure 3). The number of apoptotic cells was almost non-detectable in WT liver 7 days post-
stimulation, in line with the H&E staining, implying a recovery process. In comparison,
the Hpa-tg liver still contained a large number of apoptotic cells, demonstrating a slow
recovery process.
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Figure 1. Plasma was collected from naïve and CCL4-treated mice and analyzed for p-ASAT (A) and
p-ALAT (B) levels at the clinical biochemical laboratory, Akademiska hospital, Uppsala University.
Higher levels of both enzymes were noted in naïve Hpa-tg vs. WT mice and even more so in
CCL4-treated Hpa-tg vs. WT mice. (n = 6–10).
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Hpa-tg mice. (A,B) Large damaged areas are seen 2 days after treatment, with no substantial differ-
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Figure 3. Cell apoptosis in livers from naïve and CCL4-treated mice. (A) Tissue sections derived 
from naïve and CCL4-treated WT and Hpa-tg livers were subjected to TUNEL staining. Representa-
tive images were counted for positively stained apoptotic cells (×10 magnification). Arrowheads: 
indicate trace TUNEL-positive cells in the naïve mice, set arbitrarily to a value of 1. (B) Average 

Figure 2. H&E staining of paraffin-embedded liver sections from naïve and CCL4 treated WT
and Hpa-tg mice. (A,B) Large damaged areas are seen 2 days after treatment, with no substantial
difference between the two groups. On day 7, the damaged area was markedly reduced in the WT
but not the Hpa-tg liver. Shown are representative images at low (×5, upper panels) and high (×40,
lower panels) magnifications.
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Figure 3. Cell apoptosis in livers from naïve and CCL4-treated mice. (A) Tissue sections derived from
naïve and CCL4-treated WT and Hpa-tg livers were subjected to TUNEL staining. Representative
images were counted for positively stained apoptotic cells (×10 magnification). Arrowheads: indicate
trace TUNEL-positive cells in the naïve mice, set arbitrarily to a value of 1. (B) Average numbers
of TUNEL-positive cells/microscopic field. WT and Hpa-tg represent naïve mice. The values are
averages of more than 10 counted fields/mouse. (n = 4).

3.2. Higher Levels of Alpha-SMA in Hpa-Tg Liver

Immunostaining of liver sections detected collagen III-positive signals along the vessel
walls in livers of both naïve WT and Hpa-tg mice. This staining was significantly intensified
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and expanded to smaller vessels from day 2 to day 7 after CCL4 induction, displaying a
similar pattern in both groups (Figure 4). In contrast, alpha-smooth muscle actin (alpha-
SMA) signals were non-detectable in the liver of naïve mice in both groups. Positive
signals appeared 2 days post-stimulation in both the WT and Hpa-tg groups and became
considerably stronger in livers collected 7 days post-stimulation (Figure 5). Quantification
of the signals showed a significantly larger SMA-positive area in Hpa-tg vs. WT sections on
day 7, showing a typical pattern of liver fibrosis along the sinusoids. Neither the collagen
III nor the SMA signals overlapped with heparanase (HPSE) (Figures 4 and 5). Western
blot analysis of liver tissue lysates showed that MMP9 was significantly increased on day 2
after CCL4 induction, followed by reduced levels on day 7, with no difference between the
WT and Hpa-tg mice (Supplementary Figure S2).
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Figure 4. Immunohistostaining of collagen III (Col III, red) in paraffin-embedded liver sections. (A) In
naïve mice, Col III was only detected along larger vessels. Upon CCL4 induction, the signals are
intensified around veins and expanded to pericentral and periportal areas. (B) Col III -positive areas
quantified by ImageJ. More than 10 random fields were quantified for each mouse (n = 4–7 per group).
Staining intensity measured in WT naïve group was set arbitrarily to a value of 1. Heparanase (HPSE,
green) was detected only in the Hpa-tg liver.
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Figure 5. Immunohistostaining of alpha-smooth muscle actin (SMA, red) in paraffin-embedded liver
sections. (A) SMA was non-detectable in naïve mice and a trace amount was detected 2 days after
CCL4 induction. (B) Quantification of the positive areas by ImageJ revealed larger positive areas in
Hpa-tg vs. WT liver. More than 10 random fields were quantified for each mouse (n = 4 per group),
and the WT naïve value was set arbitrarily to a value of 1. Heparanase (HPSE, green) was detected
only in the Hpa-tg liver.
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3.3. Higher Autophagic Activity of Hpa-Tg Hepatocytes in Response to CCL4

Having seen a higher number of apoptotic cells in the Hpa-tg liver upon CCL4 induc-
tion, we examined markers for autophagy activity. Western blot analysis of liver tissue
lysates revealed a much higher level of LC3-II in the Hpa-tg liver on day 2 (Figure 6), in
accordance with the significantly higher number of apoptotic cells detected in the same
liver samples (Figure 3). The LC3-II levels were dramatically decreased on day 7 in both
groups, in line with the reduced apoptosis tendency (Figure 3), most likely reflecting a
protective response. P62 was slightly increased in the Hpa-tg liver on day 2, followed by a
marked decrease on day 7. Examination of additional autophagy-related proteins revealed
substantially reduced levels of Atg3 and Atg 7, with no difference between the two groups
(Supplementary Figure S3). To further elucidate the effect of heparanase on autophagy, we
analyzed hepatocytes isolated from WT and Hpa-tg naïve mice. Hepatocytes isolated from
in vivo perfused livers did not show any morphological difference between Hpa-tg and
WT mice (Supplementary Figure S3). Western blot analysis showed slightly higher basal
levels of LC3-II in Hpa-tg than in WT cells (Figure 7A; Supplementary Figure S5). Upon
chloroquine (CQ) treatment, LC3-II was steadily increased with time in both Hpa-tg and
WT cells and reached a much higher level after 24 h of stress, most notably in the Hpa-tg
hepatocytes (Figure 7A). Similarly, p62 was increased upon 24 h of CQ stress (Figure 7B).
Immunostaining of the hepatocytes showed merging of the heparanase and LC3 signals in
the Hpa-tg hepatocytes (Figure 7C). There were no obvious differences between the WT
and Hpa-tg hepatocytes in other markers related to autophagy (Supplementary Figure S5).
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quantified. (A) Equal amounts of tissue lysates (40 µg protein; n = 4–7 mice per group) were applied
onto 8–15% SDS-PAGE and subjected to Western blotting probed with the indicated antibodies.
(B) Band intensity was quantified by Image Lab software and the naïve WT value was set arbitrarily
to a value of 1. Data are expressed as mean ± SEM of three experiments (each representing pooled
liver tissue extracts derived from 4–7 mice per group).

3.4. Hepatic Stellate Cells

Given that hepatic stellate cells play central roles in liver fibrosis [13], the intensified
deposition of SMA in Hpa-tg liver upon CCL4 stimulation suggests a higher activity of
hepatic stellates. To examine the phenotype, stellates were isolated from livers of naïve WT
and Hpa-tg mice and cultured in DMEM containing 10% FBS. Quiescent cells gradually
differentiated into myofibroblasts, with no obvious morphological differences between
WT and Hpa-tg cells for the first 10 days in culture. Differences were noted after 2 weeks
of differentiation reflected by much stronger immunostaining of SMA in the Hpa-tg cells
(Figure 8A). We also observed a higher number of oil droplets in the Hpa-tg than the
WT stellates, which decreased with differentiation of the cells (Figure 8B,C). Notably, we
repeatedly obtained significantly more stellate cells derived from Hpa-tg vs. WT livers
(Figure 8D), but the Hpa-tg HSC appeared smaller in size (Figure 8E).
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Figure 8. Stellate cells. (A) Phase contrast microscopy of cells cultured for 2 weeks (upper panels) and
immunostained for alpha-smooth muscle actin (SMA, red) (lower panels), indicating differentiation
of stellate cells to myofibroblasts. Heparanase (HPSE, green) was detected only in the Hpa-tg stellate
cells. (B) Phase contrast microscopy and quantification (C) of oil droplets in WT and Hpa-tg stellate
cells. Data are average numbers of at least 35 cells per group. (D) Relative number of stellate cells
isolated from Hpa-tg and WT livers. Data are the average of 3 independent experiments (3 mice per
group in each experiment). Naïve WT value was set arbitrarily to a value of 1. (E) Cell morphology
was outlined as indicated in Supplementary Figure S6 using ImageJ, and the average cell area was
measured and setting the value of naïve WT cells as 1. More than 35 cells per group were quantified.
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4. Discussion and Conclusions

Liver fibrosis is one of the high prevalence diseases affecting about 5% of the general
population, and 18–27% of the population has risk factors, which is increased rapidly with
aging [3,14]. Among the animal models that were developed to understand the underlying
molecular mechanisms of liver injury and fibrosis, CCL4-induced liver fibrosis is commonly
used [15]. However, unlike the slow progression of the human disease, CCL4 induces robust
and rapid liver fibrosis. Elevated levels of heparanase (HPSE) were previously reported in
response to CCL4-induced liver fibrosis, declining during progression of the disease [16].
Likewise, in a model of thioacetamide-induced hepatic fibrosis in rats, heparanase protein
levels were increased [17,18]. Several studies have reported upregulation of heparanase by
tumor cells in liver biopsies derived from patients with hepatocellular carcinoma [19,20].
In contrast, the involvement of heparanase in chronic non-cancerous liver disease is poorly
demonstrated, and controversial. Previous studies suggest the involvement of heparanase
in the early stages of liver damage and indicate inflammatory macrophages as the main
source of heparanase, mediating the activation/transition of hepatic stellate cells (HSC)
into myofibroblasts [16,21]. Most interestingly, a recent study reported that inhibition of
heparanase prevents liver steatosis in mouse models [22].

To further elucidate the contribution of heparanase, we applied WT and transgenic
mice overexpressing heparanase (Hpa-tg mice) in the CCL4-induced liver damage model.
We found a highly significant ~15-fold increase in the levels of AST and ALT in the plasma
of Hpa-tg vs. WT mice, indicating more severe liver damage and dysfunction in the Hpa-tg
mice. Since the basal levels of ASAT and ALAT were slightly higher in the Hpa-tg plasma,
it is conceivable that the high heparanase activity caused minor damage to the liver of
CCL4-untreated naïve Hpa-tg mice. This may explain our observation that newborns of
Hpa-tg mice are on average smaller in size and need to be fed with soft food and require
delayed weaning (unpublished results), which may be caused by a mild liver function
impairment. Due to the high stringency of animal welfare regulation at our facility, we
could not extend the experiment beyond 7 days and hence may have not detected the
full amplitude of the heparanase pro-fibrotic effect. Moreover, because the Hpa-tg liver
expresses high levels of heparanase [8], we could not detect further up-regulation of the
enzyme in response to CCL4 stimulation. HE staining revealed similar damage to the
liver 2 days after induction. However, while WT mice recovered on day 7, there were no
signs of recovery in the Hpa-tg liver, indicating that heparanase expression delayed the
recovery process.

Hepatic stellate cells (HSCs) are pericytes located in the perisinusoidal space of the
liver. Quiescent HSCs function as a storage depot for retinoids (vitamin A and retinyl ester)
in oil droplets, while upon activation, the retinoid contents are rapidly lost [23]. HSCs
are activated when the liver is damaged, producing extracellular matrix molecules (i.e.,
Col III) and smooth muscle actin, thereby propagating liver fibrosis [24]. We found that
the total number of HSCs is significantly increased in naïve Hpa-tg livers, with a higher
number of lipid droplets in each Hpa-tg stellate cell. This, together with the higher level
of SMA, likely contributed to the more severe liver damage observed in the Hpa-tg mice
upon CCL4 induction.

Autophagy plays a crucial role in hepatic homeostasis, and its deregulation is associ-
ated with liver diseases [25]. Studies have demonstrated that transformation of quiescent
HSCs from the adipogenic to the myofibroblast profile, a hallmark in the propagation of
hepatic fibrosis, is mediated through stress-induced autophagy [25,26]. We previously re-
ported that heparanase promotes autophagy by suppressing, among other effects, mTORC1
activity [27–29]. Indeed, Hpa-tg hepatocytes exhibited a slightly higher basal level of LC3,
which was considerably increased upon chloroquine stress as compared with WT hepato-
cytes. Similarly, LC3-II was slightly increased in WT livers but was significantly elevated in
Hpa-tg livers, 2 days after CCL4 induction. These results suggest that heparanase enhances
autophagic cell death upon CCL4 stimulation, evidenced by the high number of apoptotic
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cells in the Hpa-tg livers. The rapid decrease in LC3-II, 7 days post-CCL4 stimulation, may
suggest a protective effect to avoid further death of cells and facilitate the healing process.

The pathology of liver damage and consequently fibrosis involves multiple factors. For
instance, myeloperoxidase levels are elevated in CCL4-induced liver injury [30]. Cyclooxy-
genase 2 plays a critical role in chronic inflammation and was detected in inflammatory cells
of damaged livers [31]. Notably, attenuation of liver fibrosis/cirrhosis was synergistically
attenuated in response to a combined treatment with mesenchymal stem cells and induced
bone marrow-derived macrophages [32]. Collectively, our study further elucidates the
pathological effect of heparanase in CCL4-induced liver damage. The enhancing effect
of heparanase is likely contributed to by an augmented autophagic activity in response
to the injurious stimuli. Heparanase-inhibiting strategies could provide a new option for
protection against liver injury and fibrosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11132035/s1, Figure S1: Immunohistostaining of paraffin-
embedded sections showing overexpression of heparanase in Hpa-tg liver tissues. Heparanase
expression is slightly elevated in WT liver 7 days after CCL4 induction; Figure S2: Western blot
analysis of MMP9 in liver tissue lysates derived from naïve and CCL4-treated (2 and 7 days) WT
(W) and Hpa-tg (H) mice. Frozen liver tissues were homogenized in RIPA buffer and protein was
quantified. Mixed lysates (40µg protein) from 5–6 mouse livers were applied onto 8% SDS-PAGE
and probed with anti-MMP9 antibody; Figure S3: Western blot analysis of liver tissue lysates derived
from naïve and CCL4-treated (2 and 7 days) WT (W) and Hpa-tg (H) mice. Frozen liver tissues were
homogenized in RIPA buffer and protein was quantified. Mixed lysates (40 µg protein) of 5–6 mouse
livers were applied onto 10% SDS-PAGE and probed with antibodies directed against Atg3, Atg4 and
GAPDH. Hepatocytes were isolated from naïve mouse liver and 0.5x106 cells were seeded into 6-cm
plates. Images taken on days 1 and 2 show no morphological differences between WT and Hpa-tg
mice; Figure S4: Hepatocytes were isolated from naïve mouse liver and 0.5 × 106 cells were seeded
into 6-cm plates. Images taken on days 1 and 2 show no morphological differences between WT and
Hpa-tg mice; Figure S5: Western blot analysis of hepatocyte cell lysates. Cells derived from WT (W)
and Hpa-tg (H) livers were cultured in serum-free medium for 16.5 h (starvation). Chloroquine (CQ)
was then added to a final concentration of 20 µM. Cells were collected at the indicated time points (h)
and lysed in RIPA buffer. The supernatants (40 µg total protein) were analysed by Western blotting.
Figure S6: The cell area was defined by outlining (Image J) the morphological edges of each cell.

Author Contributions: J.-p.L. designed the experiments. X.C., J.J., T.Z. and X.Z. performed the
experiments and analyzed the data. I.V. and J.-p.L. wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by grants from National Key R&D Program of China (2021YFC210
3100), the Swedish Research Council (2021-01094), and the Swedish Cancer Foundation (CAN211417Pj).

Conflicts of Interest: The authors declare there is no conflict of interest.

References
1. Pellicoro, A.; Ramachandran, P.; Iredale, J.P.; Fallowfield, J.A. Liver fibrosis and repair: Immune regulation of wound healing in a

solid organ. Nat. Rev. Immunol. 2014, 14, 181–194. [CrossRef]
2. Puche, J.E.; Saiman, Y.; Friedman, S.L. Hepatic stellate cells and liver fibrosis. Compr. Physiol. 2013, 3, 1473–1492. [PubMed]
3. Ginès, P.; Castera, L.; Lammert, F.; Graupera, I.; Serra-Burriel, M.; Allen, A.M.; Wong, V.W.; Hartmann, P.; Thiele, M.; Caballeria,

L.; et al. Population screening for liver fibrosis: Toward early diagnosis and intervention for chronic liver diseases. Hepatology
2021, 75, 219–228. [CrossRef]

4. Lindahl, U.; Kjellén, L. Pathophysiology of heparan sulphate: Many diseases, few drugs. J. Intern. Med. 2013, 273, 555–571.
[CrossRef] [PubMed]

5. Vlodavsky, I.; Ilan, N.; Sanderson, R.D. Forty Years of Basic and Translational Heparanase Research. Adv. Exp. Med. Biol. 2020,
1221, 3–59. [CrossRef]

6. Ikeguchi, M.; Hirooka, Y.; Kaibara, N. Heparanase gene expression and its correlation with spontaneous apoptosis in hepatocytes
of cirrhotic liver and carcinoma. Eur. J. Cancer 2003, 39, 86–90. [CrossRef]

https://www.mdpi.com/article/10.3390/cells11132035/s1
https://www.mdpi.com/article/10.3390/cells11132035/s1
http://doi.org/10.1038/nri3623
http://www.ncbi.nlm.nih.gov/pubmed/24265236
http://doi.org/10.1002/hep.32163
http://doi.org/10.1111/joim.12061
http://www.ncbi.nlm.nih.gov/pubmed/23432337
http://doi.org/10.1007/978-3-030-34521-1_1
http://doi.org/10.1016/S0959-8049(02)00558-0


Cells 2022, 11, 2035 11 of 11

7. Tátrai, P.; Egedi, K.; Somorácz, Á.; van Kuppevelt, T.H.; Dam, G.T.; Lyon, M.; Deakin, J.A.; Kiss, A.; Schaff, Z.; Kovalszky, I.
Quantitative and Qualitative Alterations of Heparan Sulfate in Fibrogenic Liver Diseases and Hepatocellular Cancer. J. Histochem.
Cytochem. 2010, 58, 429–441. [CrossRef] [PubMed]

8. Galvis, M.L.E.; Jia, J.; Zhang, X.; Jastrebova, N.; Spillmann, D.; Gottfridsson, E.; Van Kuppevelt, T.H.; Zcharia, E.; Vlodavsky, I.;
Lindahl, U.; et al. Transgenic or tumor-induced expression of heparanase upregulates sulfation of heparan sulfate. Nat. Chem.
Biol. 2007, 3, 773–778. [CrossRef]

9. Zcharia, E.; Metzger, S.; Chajek-Shaul, T.; Aingorn, H.; Elkin, M.; Friedmann, Y.; Weinstein, T.; Li, J.-P.; Lindahl, U.; Vlodavsky, I.
Transgenic expression of mammalian heparanase uncovers physiological functions of heparan sulfate in tissue morphogenesis,
vascularization, and feeding behavior. FASEB J. 2004, 18, 252–263. [CrossRef]

10. Faccioli, L.A.; Dias, M.L.; Paranhos, B.A.; Goldenberg, R.C.D.S. Liver cirrhosis: An overview of experimental models in rodents.
Life Sci. 2022, 301, 120615. [CrossRef]

11. Klaunig, J.E.; Goldblatt, P.J.; Hinton, D.E.; Lipsky, M.M.; Chacko, J.; Trump, B.F. Mouse liver cell culture. I. Hepatocyte isolation.
Vitro 1981, 17, 913–925. [CrossRef]

12. Mederacke, I.; Dapito, D.H.; Affò, S.; Uchinami, H.; Schwabe, R.F. High-yield and high-purity isolation of hepatic stellate cells
from normal and fibrotic mouse livers. Nat. Protoc. 2015, 10, 305–315. [CrossRef]

13. Khomich, O.; Ivanov, A.V.; Bartosch, B. Metabolic Hallmarks of Hepatic Stellate Cells in Liver Fibrosis. Cells 2019, 9, 24. [CrossRef]
14. Nah, E.-H.; Cho, S.; Kim, S.; Chu, J.; Kwon, E.; Cho, H.-I. Prevalence of liver fibrosis and associated risk factors in the Korean

general population: A retrospective cross-sectional study. BMJ Open 2021, 11, e046529. [CrossRef]
15. Ravichandra, A.; Schwabe, R.F. Mouse Models of Liver Fibrosis. Methods Mol. Biol. 2021, 2299, 339–356. [CrossRef]
16. Secchi, M.F.; Crescenzi, M.; Masola, V.; Russo, F.P.; Floreani, A.; Onisto, M. Heparanase and macrophage interplay in the onset of

liver fibrosis. Sci. Rep. 2017, 7, 14956. [CrossRef]
17. Goldshmidt, O.; Yeikilis, R.; Mawasi, N.; Paizi, M.; Gan, N.; Ilan, N.; Pappo, O.; Vlodavsky, I.; Spira, G. Heparanase expression

during normal liver development and following partial hepatectomy. J. Pathol. 2004, 203, 594–602. [CrossRef]
18. Ohayon, O.; Mawasi, N.; Pevzner, A.; Tryvitz, A.; Gildor, T.; Pines, M.; Rojkind, M.; Paizi, M.; Spira, G. Halofuginone upregulates

the expression of heparanase in thioacetamide-induced liver fibrosis in rats. Lab. Investig. 2008, 88, 627–633. [CrossRef]
19. El-Assal, O.N.; Yamanoi, A.; Ono, T.; Kohno, H.; Nagasue, N. The clinicopathological significance of heparanase and basic

fibroblast growth factor expressions in hepatocellular carcinoma. Clin. Cancer Res. 2001, 7, 1299–1305.
20. Xiao, Y. Heparanase expression in hepatocellular carcinoma and the cirrhotic liver. Hepatol. Res. 2003, 26, 192–198. [CrossRef]
21. Masola, V.; Zaza, G.; Secchi, M.F.; Gambaro, G.; Lupo, A.; Onisto, M. Heparanase is a key player in renal fibrosis by regulating

TGF-beta expression and activity. Biochim. Biophys. Acta 2014, 1843, 2122–2128. [CrossRef]
22. Kinaneh, S.; Hijaze, W.; Mansour-Wattad, L.; Hammoud, R.; Zaidani, H.; Kabala, A.; Hamoud, S. Heparanase Inhibition Prevents

Liver Steatosis in E0 Mice. J. Clin. Med. 2022, 11, 1672. [CrossRef]
23. Blaner, W.S.; O’Byrne, S.M.; Wongsiriroj, N.; Kluwe, J.; D’Ambrosio, D.M.; Jiang, H.; Schwabe, R.F.; Hillman, E.M.; Piantedosi,

R.; Libien, J. Hepatic stellate cell lipid droplets: A specialized lipid droplet for retinoid storage. Biochim. Biophys. Acta 2009,
1791, 467–473. [CrossRef]

24. Tsuchida, T.; Friedman, S.L. Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 397–411.
[CrossRef]

25. Mastoridou, E.M.; Goussia, A.C.; Glantzounis, G.K.; Kanavaros, P.; Charchanti, A.V. Autophagy and Exosomes: Cross-Regulated
Pathways Playing Major Roles in Hepatic Stellate Cells Activation and Liver Fibrosis. Front. Physiol. 2022, 12, 801340. [CrossRef]

26. Wang, H.; Liu, Y.; Wang, D.; Xu, Y.; Dong, R.; Yang, Y.; Lv, Q.; Chen, X.; Zhang, Z. The Upstream Pathway of mTOR-Mediated
Autophagy in Liver Diseases. Cells 2019, 8, 1597. [CrossRef]

27. Ilan, N.; Shteingauz, A.; Vlodavsky, I. Function from within: Autophagy induction by HPSE/heparanase—New possibilities for
intervention. Autophagy 2015, 11, 2387–2389. [CrossRef]

28. Sanderson, R.D.; Elkin, M.; Rapraeger, A.C.; Ilan, N.; Vlodavsky, I. Heparanase regulation of cancer, autophagy and inflammation:
New mechanisms and targets for therapy. FEBS J. 2016, 284, 42–55. [CrossRef]

29. Shteingauz, A.; Boyango, I.; Naroditsky, I.; Hammond, E.; Gruber, M.; Doweck, I.; Ilan, N.; Vlodavsky, I. Heparanase Enhances
Tumor Growth and Chemoresistance by Promoting Autophagy. Cancer Res. 2015, 75, 3946–3957. [CrossRef]

30. Amanzada, A.; Malik, I.A.; Nischwitz, M.; Sultan, S.; Naz, N.; Ramadori, G. Myeloperoxidase and elastase are only expressed by
neutrophils in normal and in inflammed liver. Histochem. Cell Biol. 2011, 135, 305–315. [CrossRef]

31. Wójcik, M.; Ramadori, P.; Blaschke, M.; Sultan, S.; Khan, S.; Malik, I.A.; Naz, N.; Martius, G.; Ramadori, G.; Schultze, F.C. Immun-
odetection of cyclooxygenase-2 (COX-2) is restricted to tissue macrophages in normal rat liver and to recruited mononuclear
phagocytes in liver injury and cholangiocarcinoma. Histochem. Cell Biol. 2011, 137, 217–233. [CrossRef]

32. Watanabe, Y.; Tsuchiya, A.; Seino, S.; Kawata, Y.; Kojima, Y.; Ikarashi, S.; Lewis, P.J.S.; Lu, W.-Y.; Kikuta, J.; Kawai, H.; et al.
Mesenchymal Stem Cells and Induced Bone Marrow-Derived Macrophages Synergistically Improve Liver Fibrosis in Mice. Stem
Cells Transl. Med. 2018, 8, 271–284. [CrossRef]

http://doi.org/10.1369/jhc.2010.955161
http://www.ncbi.nlm.nih.gov/pubmed/20124094
http://doi.org/10.1038/nchembio.2007.41
http://doi.org/10.1096/fj.03-0572com
http://doi.org/10.1016/j.lfs.2022.120615
http://doi.org/10.1007/BF02618288
http://doi.org/10.1038/nprot.2015.017
http://doi.org/10.3390/cells9010024
http://doi.org/10.1136/bmjopen-2020-046529
http://doi.org/10.1007/978-1-0716-1382-5_23
http://doi.org/10.1038/s41598-017-14946-0
http://doi.org/10.1002/path.1554
http://doi.org/10.1038/labinvest.2008.30
http://doi.org/10.1016/S1386-6346(03)00107-4
http://doi.org/10.1016/j.bbamcr.2014.06.005
http://doi.org/10.3390/jcm11061672
http://doi.org/10.1016/j.bbalip.2008.11.001
http://doi.org/10.1038/nrgastro.2017.38
http://doi.org/10.3389/fphys.2021.801340
http://doi.org/10.3390/cells8121597
http://doi.org/10.1080/15548627.2015.1115174
http://doi.org/10.1111/febs.13932
http://doi.org/10.1158/0008-5472.CAN-15-0037
http://doi.org/10.1007/s00418-011-0787-1
http://doi.org/10.1007/s00418-011-0889-9
http://doi.org/10.1002/sctm.18-0105

	Introduction 
	Materials and Methods 
	Mice 
	CCL4 Induced Liver Damage 
	Analysis of Plasma 
	Morphological and Histological Analyses 
	Tunel Assay 
	Western Blotting Analysis 
	Isolation and Analysis of Hepatocytes 
	Isolation and Characterization of Hepatic Stellate Cells (HSC) 

	Results 
	Enhanced Damage of Hpa-Tg Liver in Response to CCL4 
	Higher Levels of Alpha-SMA in Hpa-Tg Liver 
	Higher Autophagic Activity of Hpa-Tg Hepatocytes in Response to CCL4 
	Hepatic Stellate Cells 

	Discussion and Conclusions 
	References

