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Abstract: Liver fibrosis is a common and reversible feature of liver damage associated with many
chronic liver diseases, and its onset is influenced by sex. In this study, we investigated the mechanisms
of liver fibrosis and regeneration, focusing on understanding the mechanistic gaps between females
and males. We injected increasing doses of carbon tetrachloride into female and male mice and
maintained them for a washout period of eight weeks to allow for liver regeneration. We found that
male mice were more prone to developing severe liver fibrosis as a consequence of early chronic
liver damage, supported by the recruitment of a large number of Ly6C"8" MoM s and neutrophils.
Although prolonged liver damage exacerbated the fibrosis in mice of both sexes, activated HSCs
and Ly6CM8" MoMgs were more numerous and active in the livers of female mice than those of
male mice. After eight weeks of washout, only fibrotic females reported no activated HSCs, and a
phenotype switching of Ly6CP8" MoM s to anti-fibrogenic Ly6C'®Y MoMgs. The early stages of
liver fibrosis mostly affected males rather than females, while long-term chronic liver damage was
not influenced by sex, at least for liver fibrosis. Liver repair and regeneration were more efficient in
females than in males.
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1. Introduction

Chronic liver diseases (CLDs) usually develop from persistent liver injury of different
etiologies, including viral, non-alcoholic, and alcoholic liver diseases. CLDs are a major
global health issue, considering that, in 2021, they caused two million deaths [1]. The main
characteristics of CLDs include persistent liver damage, chronic inflammation, and fibro-
genesis [2]. Among patients with CLDs, 25-30% are expected to develop significant liver
fibrosis leading to a pathological wound-healing response toward chronic inflammation,
which is responsible for the structural and functional alterations of liver tissue [3-5]. During
chronic hepatocellular injury, intra-hepatic and extra-hepatic inflammatory cells create
a sophisticated network to encapsulate the damage [6]. Inflammatory responses driven
by Kupffer cells and bone-marrow-derived macrophages initiate fibrogenic processes by
activating multiple pathways to alleviate the damage. This results in the activation of
quiescent fibroblasts and the abnormal deposition of extracellular matrix (ECM) compo-
nents [5,7]. The formation of fibrotic scars enriched in ECM proteins (type L, IIL, IV, V, and
VI collagen and fibronectin) leads to the disruption of liver architecture and loss of liver
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function, thus causing organ failure [8,9]. Liver fibrosis is reversible, since the adverse
outcomes might be prevented, and patients might recover before the stage of irreparable
damage, known as cirrhosis, is reached [6]. Liver regeneration after fibrotic damage is
possible in patients and murine models of fibrosis after the causative agents are removed,
provided that the liver is not in the critical state of cirrhosis [5]. After the causative agent is
eliminated, a decrease in pro-fibrogenic stimuli occurs, which allows for the resolution of
liver fibrosis [10]. The regression of hepatic fibrosis is mainly characterized by a decrease in
inflammatory cytokines, senescence or apoptosis of myofibroblasts, and an increase in the
expression of collagenolytic enzymes, which promote the dissolution of fibrotic scars [11].

CLDs have a two-fold higher prevalence in males than in females [12]. The liver
exhibits sexual dimorphism, showing sex-related differences in the number of hepatocytes
and Kupffer cells, and in drug metabolism under physiological conditions [13,14]. However,
information on the role of gender in the pathophysiology of hepatic fibrosis is limited. A
study found sexual dimorphism in the rate of recruited CD11b"8" Gr-1M8" monocytes that
orchestrate tissue response in mice with acute hepatic injury. Additionally, a greater
expression of the IFNy gene was recorded in female mice than in male mice during
spontaneous recovery from acute damage [15]. However, the influence of sex on the
recruitment of pro-inflammatory and anti-inflammatory monocyte-derived macrophages
(MoMgs) due to chronic liver damage remains to be elucidated, as well as the sex-related
pathological mechanisms involved in liver fibrosis and regeneration.

Several studies have shown that sex strongly influences the onset of many CLDs,
and its underestimation as a risk factor greatly limits the prediction of the outcomes for
patients [13-15]. Although the occurrence of sexual dimorphism in liver physiology is
well-known, the mechanisms underlying sex-related differences that occur during chronic
liver damage and regeneration still need to be determined. In this study, we investigated
sex-related differences in different stages of liver fibrosis and regeneration by focusing on
the key players of tissue damage and repair and the crosstalk between intra-hepatic and
extra-hepatic macrophages and immune cells associated with the pathophysiological and
reparative mechanisms.

2. Results
2.1. The Progression of Fibrosis and Regeneration Differed between Males and Females Due to the
Differences in the Activation of Hepatic Stellate Cells

An experimental model of hepatic fibrosis was constructed by administering increasing
doses of CCly to male and female Balb/C mice for 6-12 weeks (Figure 1A); the fibrotic
areas were confirmed by staining collagen fibers. To confirm the presence of liver fibrosis,
the xSMA protein level was evaluated, as it acts as a marker for activated H5Cs, which
differentiate into myofibroblast upon activation and upregulate the genes that encode
extracellular fibrogenic genes, including xSMA, and produce collagen [16,17]. In our study,
hydroxyproline levels (Figure 1B), the percentage of fibrotic areas (Figure 1C,D), and the
expression of xSMA (Figure 1E,F) were significantly higher in mice after six weeks of
CCly administration than in the control mice. Additionally, at this time point, CCls-treated
males showed more fibrotic areas and a higher expression of the *SMA protein than
CCly-treated females.

After 12 weeks of treatment, liver fibrosis worsened in the fibrotic mice of both
sexes (Figure 1D). Although the differences in the percentages of fibrotic areas were not
statistically significant, fibrotic females showed higher hydroxyproline levels and «<SMA-
positive areas than fibrotic males (Figure 1B,E).

At the end of the washout period, the «SMA protein level was significantly lower in
fibrotic mice compared to that in the mice at the previous time point. Fibrotic females had
considerably lower collagen content and xSMA protein levels than males, which indicated
that they had more efficient regenerative mechanisms (Figure 1C-F). The xXSMA protein
levels were correlated with the different stages of liver fibrosis and regeneration. Sexual
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dimorphism in the activation of HSCs can explain the different responses observed between
the sexes toward CCl-induced damage.
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Figure 1. (A) A schematic representation of CCly treatment. Male and female Balb/C mice (eight
weeks old) were randomly divided into two groups; one group was intraperitoneally administered
corn oil (healthy), and the other group was administered increasing doses of CCly (fibrotic). Sub-
groups of animals were sacrificed at weeks 6 and 12 and after a washout period of eight weeks.
(B) Hepatic hydroxyproline levels. Healthy mice sacrificed at different time points were grouped.
(C) Representative images of Masson’s Trichrome staining (magnification: 10x). Collagen fibers were
stained green, cell cytoplasm was stained red, and cell nuclei were counterstained with hematoxylin.
(D) The fibrotic areas (green staining) were quantified using the Image]J software. (E) Representative
images of immunohistochemistry to assess the protein expression of xSMA (magnification: 10x).
(F) Quantification of xXSMA+ areas, which were determined using the Image] software. The data are
expressed as the mean 4+ SEM; * p < 0.05, # p < 0.01, ¥ p = 0.001, and ### p < 0.001 vs. healthy mice
of the same sex; ** p < 0.01 and *** p = 0.001 vs. CCly-treated female mice at the same time point,
@p <0.05 % p<0.01,%%% p =0.001, and ®®®® p < 0.001 vs. CCly-treated mice of the same sex at
different time point.

2.2. Pro-Fibrogenic TGF-B, VEGF-A, and PDGF-A Showed Different Patterns of Expression
during Different Stages of Liver Damage and Regeneration

The pro-fibrogenic growth factors TGF-f3, VEGF-A, and PDGF-A are the key activators
of HSCs and fibroblasts [18-20]. After six weeks of CCly treatment, the hepatic gene
expression of VEGF-A was significantly higher in the fibrotic mice of both sexes compared
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to that in their healthy counterparts (Figure 2B). In contrast, the mRNA levels of TGF-$
were upregulated only in fibrotic males during the initial stages of liver fibrosis (Figure 2C).
After 12 weeks of CCly administration, PDGF-A was upregulated in fibrotic mice of both
sexes, although the increase was statistically significant only in males (Figure 2A). However,
the mRNA levels of VEGF-A significantly decreased in males compared to the levels
at the previous time point (Figure 2B). The mRNA levels of TGF-$ were still higher in
fibrotic males compared to healthy mice, and were consistent across the CCly-treatment
period (Figure 2C). The expression of the TGF-B gene in fibrotic females was higher than
that in healthy females, although the difference was not significant due to very high inter-
individual variability in the fibrotic group. At the end of the washout period, the expression
of the PDGF-A and VEGF-A genes (Figure 2A,B) remained higher in fibrotic mice than that
in their healthy counterpart, but the difference was not significant. The levels of TGF-f§
were still higher in fibrotic female mice than those in healthy female mice, but the difference
was not significant. In contrast, the expression of the TGF- gene significantly decreased
in fibrotic males and showed values comparable to those in healthy males (Figure 2C). To
summarize, the initial stages of liver fibrosis were sustained by a prominent gene expression
of VEGF-A, in female and male mice, whereas TGF- was upregulated only in males. Our
results showed that the advanced stages of liver fibrosis were accompanied by an increase
in the levels of PDGFA and TGF-B but not VEGF-A.
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Figure 2. Expression of the PDGF-A (A), VEGF-A (B), and TGF-p (C) genes. The results were
normalized to those of the mRNA encoding x-actin (calculated using the change-in-cycling-threshold
method as 27 22€ (1) and presented relative to those of healthy female mice after six weeks, set as 1).
The data are presented as the mean +SEM; * p < 0.05 and # p < 0.01 vs. control mice of the same
gender; @ p < 0.05 vs. CCly-treated mice of the same sex at different time point.

2.3. Sex Influenced the Disequilibrium of the Expression of the MMP9-TIMP1 Protein

Liver fibrosis is normally associated with a decrease in the production of MMPs and
an increase in the production of specific tissue inhibitors of matrix metalloproteinases
(TIMPs) [21]. MMP-9 plays a key role in degrading the proteins in the ECM, while its
specific inhibitor, TIMP-1, promotes the development of liver fibrosis [22,23]. To determine
the role of sex in the modulation of these enzymes during the progression and regeneration
of liver fibrosis, we performed an immunohistochemical analysis of MMP-9 and TIMP-1
proteins (Figure 3A,C) [24]. After administering CCly for six weeks, the fibrotic livers of
both sexes showed a lower expression of the MMP-9 protein (Figure 3B), and higher levels
of the TIMP-1 protein, relative to their respective levels in healthy mice (Figure 3D). At this
time point, the expression of the TIMP-1 protein showed sexual dimorphism, considering
that fibrotic females had lower levels of TIMP-1 than fibrotic males (Figure 3D). Therefore,
we hypothesized that our previous results, which indicated that males developed worse
fibrosis than females during the initial stages of damage, might be explained by this increase
in the expression of TIMP-1. During chronic damage, the protein levels of MMP-9 were
restored to physiological levels (Figure 3B). In contrast, the expression of the TIMP-1 protein
significantly increased in fibrotic females treated for 12 weeks relative to its expression
in those females treated with CCly for six weeks, but males showed no variation in this
expression when compared to those at the previous time point (Figure 3D). After the
recovery period, the expression of MMP-9 was significantly higher in fibrotic female mice
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than in healthy female mice and females treated for 12 weeks (Figure 3B). This increase
was accompanied by a significant decrease in TIMP-1 levels relative to the levels of the
corresponding proteins at the previous time point (Figure 3D). The high expression of
MMP-9 in females might have facilitated the degradation of ECM, which explained the
more prominent regression of liver fibrosis in female mice than in male mice at the end of
the recovery period. In contrast, the significantly higher levels of TIMP-1 in fibrotic males
than in females might have contributed to a lower regression of fibrosis in males.
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Figure 3. (A) Representative images of the immunohistochemistry of MMP-9 (magnification: 20 x).
Black triangles indicate cells stained for MMP-9. (B) Areas stained for MMP-9 were quantified
using the Image] software. (C) Representative images of the immunohistochemistry of TIMP-1
(magnification: 10x). Black triangles indicate cells stained for TIMP-1. (D) Areas stained for TIMP-1
were quantified using the ImageJ software. The data were expressed as the mean + SEM; # p < 0.05
and # p < 0.01 vs. healthy mice of the same sex; * p < 0.05 vs. CCly-treated female/male mice; © p < 0.05.

2.4. The Infiltration of Neutrophils Was Driven by Sex-Dependent Mechanisms

In homeostasis, liver sinusoids contain only a few resident neutrophils; however,
the recruitment and infiltration of blood-circulating neutrophils are very common during
liver diseases [25]. Upon acute liver injury, neutrophils act as the first line of defense
and orchestrate the overall immune response within the hepatic parenchyma [26]. To
assess whether neutrophil recruitment upon liver damage is affected by sex differences, we
quantified neutrophil infiltration in our model of liver fibrosis and regeneration. We found
that neutrophils were recruited after six weeks of CCly treatment in male and female fibrotic
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mice relative to that observed in healthy mice; the neutrophil count was significantly higher
in males (Figure 4B). After 12 weeks of CCly treatment, and after the washout period, the
neutrophil count returned to basal levels in fibrotic mice (Figure 4B). Thus, our findings
suggested that neutrophils might contribute to the development of liver fibrosis in male
mice during the early stages of fibrotic damage, but they do not influence the progression
and resolution of the disease.
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Figure 4. (A) Flow cytometry gating strategy. After selecting cells without debris, singlets, CD45*
cells, and neutrophils were gated as double-positive CD11b* Ly6G* cells. Ly6G™ cells were further
gated as CD11b* CD3~ NK1.1~ B220~ to exclude lymphocytes and NK cells, and then, as F4/80hi8h
and CD11b" cells for identifying Kupffer cells. Based on a gate on F4/ 80"t CD11b*, Ly6Chigh and
Ly6CloW cells were identified. (B) The frequency of intra-hepatic neutrophils, identified as CD45*
CD11b* Ly6G*, and expressed as the percentage of CD45" cells (frequency of the parent). (C) The
frequency of intra-hepatic Kupffer cells, identified as CD45* CD11b* F4 /808" and expressed as
the percentage of CD11b* CD3~ NK1.1~ B220~ cells (frequency of the parent). (D) The frequency
of Ly6Chi8h MoM s (monocyte-derived macrophages), identified as CD45* Ly6G~ CD3~ NK1.1~
B220~ CD11b* F4/80™ Ly6Chi8h and expressed as the percentage of CD11b* CD3~ NK1.1~ B220~
CD11b* F4/80™™ cells (frequency of the parent). (E) The ratio of Ly6Ch8h to Ly6C'*" MoMgs. The
values from healthy female and male mice after 12 weeks of corn oil administration and after the
recovery period are grouped. All data are expressed as the mean 4+ SEM; * p < 0.05, # p < 0.01,
### 1 = 0.001, and ### p < 0.001 vs. healthy mice of the same sex; * p < 0.05 and *** p = 0.001 vs.
CCly-treated female/male mice, ®® p < 0.01, and ®®®® p < 0.001 vs. CCly-treated mice of the same
sex at different time point.
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2.5. Transient Reduction in Liver-Resident Macrophages Was Associated with Liver Injury

Liver resident macrophages, also known as Kupffer Cells (KCs), are sentinel cells that
trigger inflammatory and pro-fibrogenic processes, such as the activation of HSCs and the
recruitment of neutrophils and MoMs [27]. To assess the contribution of KCs to liver
fibrosis and its resolution, as well as elucidate potential sex differences, we monitored
the KC population in our model of liver fibrosis and regeneration. After administering
CCly for six weeks, the number of KCs was significantly lower in fibrotic female mice
than in healthy mice, and progressively decreased after 12 weeks of CCls-induced damage
(Figure 4C). In contrast, at the end of the sixth week, fibrotic males did not experience the
same variation in KCs as females did, but showed a significant decrease in KCs relative to
that in healthy mice after 12 weeks (Figure 4C). Therefore, the development of liver fibrosis
was associated with a progressive reduction in CD11b* F4/80M8h cells. After the washout
period, although the number of KCs was significantly higher in the fibrotic mice of both
sexes compared to that at the previous time point, fibrotic males still showed a significantly
lower percentage of KCs than healthy males (Figure 4C). However, at this time point, the
livers of fibrotic males were significantly more enriched in KCs than the livers of fibrotic
females, suggesting that sex-dependent repopulation of these cells occurred in the liver
(Figure 4C).

2.6. The Recruitment of Ly6C"8" MoMgs Was Sex-Dependent and Correlated with Liver Damage

A large number of Ly6Ch8" MoM s, typically classified as pro-inflammatory macrophages,
are recruited following toxic damage [28]. To evaluate whether the recruitment of Ly6Chish
MoM s was effective in our model of liver fibrosis and regeneration and whether sex af-
fected this process, we quantified the infiltration of Ly6CM8" MoM s in the liver using flow
cytometry. After administering CCly for six weeks, the amount of Ly6C"8" macrophages
increased only in fibrotic male mice compared to that in healthy mice (Figure 4D). This
suggested that the recruitment of Ly6CM8" MoM s in the initial stages of damage might be
influenced by sex (Figure 4D). At the end of the 12th week of CCly treatment, the number of
Ly6Chigh MoM s massively increased in fibrotic female mice relative to that at the previous
time point (Figure 4D). After 12 weeks, the ratio of Ly6CMsh to Ly6Cl°% was higher in
fibrotic mice than in healthy mice, particularly in females (Figure 4E), which suggested
that during the late stages of liver damage, the number of Ly6C8" was higher than that of
Ly6Cl°" (Figure 4E). After the recovery period, the percentage of Ly6CM8" macrophages
decreased in fibrotic mice, returning to basal levels (Figure 4D). The ratio of Ly6CMsh to
Ly6C'°" decreased considerably in fibrotic mice after the washout period compared to
the ratio at the previous time point (Figure 4E), although the difference was significant
only in females (Figure 4E). Our results showed that the number of intrahepatic Ly6Chish
MoM s was correlated with the different stages of liver fibrosis, and the decrease in their
number was associated with the regression of fibrosis during hepatic regeneration. These
cells might contribute to the development and progression of liver damage, considering
that they showed sex-related differences but did not participate in its regeneration. Af-
ter the washout period, the presence of a larger number of Ly6C!°" macrophages than
Ly6Chigh macrophages in fibrotic female mice indicated that the Ly6CM8" MoMgs might
have switched to Ly6C'°" MoMes during fibrosis regression and liver regeneration in a
sex-dependent manner.

2.7. The Expression of the Genes of Pro-Inflammatory Cytokines Was Differently Regulated in
Males and Females during Chronic Damage

Monocyte chemotactic factor 1 (MCP1), also known as CCL2, is a chemokine that
promotes the recruitment of monocyte-derived macrophages from the bloodstream to the
liver [29]. TNF-« is another pleiotropic cytokine that plays a dichotomous role in the
liver, considering that it triggers pro-inflammatory and restorative pathways [30]. The
pro-inflammatory function of TNF-« is attributed to the activation of HSCs mediated
by recruited macrophages, whereas its restorative function includes the promotion of
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hepatocyte proliferation [31,32]. In this study, we measured the expression of the CCL2
and TNF-a genes in hepatic tissue. We found that after six weeks of CCly treatment in
fibrotic mice of both sexes, the mRNA levels of both cytokines increased compared to
their corresponding levels in healthy mice (Figure 5A,B). After 12 weeks of treatment, the
expression of the CCL2 and TNF-« genes was significantly upregulated in fibrotic females
and males, respectively, relative to the expression of the corresponding genes in their
healthy counterparts (Figure 5A,B). At this time point, the expression of the CCL2 genes
depended on the sex, considering that the CCL2 level in fibrotic females was higher than
that in males. This indicated that CCL2 played a fundamental role in the progression of
liver fibrosis in females (Figure 5A). At the end of the recovery period, the levels of TNF-x
did not change in fibrotic females, relative to the TNF-« levels at the previous time point
and the controls; however, TNF-a was significantly lower in fibrotic males and returned
to basal levels (Figure 5B). The expression of the CCL2 gene significantly decreased in
females but did not change in fibrotic males compared to its expression at the previous
time point (Figure 5A). The mRNA levels of CCL2 were associated with the recruitment of
Ly6Chigh MoM s only in females, which suggested that the strong relationship between
this chemokine and Ly6CM8" MoM@s was sex dependent.
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Figure 5. Expression of the CCL2 (A) and TNF (B) genes. The results were normalized to those of the
mRNA encoding B-actin (calculated using the change-in-cycling-threshold method as 2~24€ ) and
presented relative to those of healthy female mice after six weeks, set as 1). The data are presented as
the mean + SEM; # p <0.05, # p < 0.01 vs. control mice of the same gender; * p < 0.05 vs. CCly-treated
female/male mice; © p < 0.05 vs. CCly-treated mice of the same sex at different time point.

2.8. Circulating Levels of CCL2 and IL-6 Were Strongly Associated with Liver Fibrosis

Many studies have shown that in patients with liver fibrosis, the plasma concentrations
of IL-6 and CCL2 increase with the severity of liver diseases [33,34]. After six weeks of
treatment, in the initial stages of liver damage in this study, the plasma concentrations
of CCL2 increased in fibrotic mice, particularly in males, although the changes were not
statistically significant (Figure 6A). The plasma level of IL-6 increased significantly in both
sexes relative to that in healthy controls, even though the increase in males occurred to a
greater extent (Figure 6B). After administering CCly for 12 weeks, the plasma level of IL-6
remained significantly higher in fibrotic females, and increased significantly relative to that
at the previous time point; fibrotic males did not experience such changes, i.e., the level
of IL-6 was similar to that at the previous time point and did not differ significantly from
the level observed in healthy male mice (Figure 6B). In contrast, the plasma concentration
of CCL2 in fibrotic females was similar to that in healthy females, whereas the level of
circulating CCL2 was significantly higher in fibrotic males than in healthy males (Figure 6A).
At the end of the recovery period, the plasma level of CCL2 in fibrotic males was higher
than that in healthy males (Figure 6A). The circulating level of IL-6 declined in fibrotic mice
of both sexes and returned to the basal levels (Figure 6B).



Int. J. Mol. Sci. 2023, 24, 16452

90f17

>

CCL2 plasma levels (pg/mL)

200+

150

100

B
O healthy female 0 O healthy female
© healthy male © healthy male
® fibrotic female @ fibrotic female
# @ fibrotic male 404 ® fibrotic male

20

IL-6 plasma levels (pg/mL)

6 weeks

O
12 weeks

Figure 6. Plasma levels of CCL2 (A) and IL-6 (B), expressed in pg/mL. The data are presented as the
mean + SEM; ¥ p <0.05, it p < 0.001 vs. control mice of the same gender; @ p < 0.05 vs. CCly-treated
mice of the same sex at different time point.

3. Discussion

The role of sex in the modulation of the onset, progression, and regression of liver
fibrosis is still not fully understood; however, the male sex represents a risk factor for
the development of many liver diseases. Immune cells, including neutrophils and pro-
inflammatory macrophages, intensify scarring during liver fibrosis by activating HSCs.
Additionally, since males and females differ in their innate immune and inflammatory
responses to damage, in this study, we investigated whether changes in the recruitment of
these cells occurred during liver fibrosis and its regression. To address our question, we
administered increasing doses of CCly in female and male mice for 6 and 12 weeks and
obtained different stages of liver fibrosis. After 12 weeks, CCly treatment was suspended
to allow for liver regeneration (Figure 1A). This protocol showed the differences between
the sexes in the modulation of pro-fibrogenic processes. The onset of fibrosis was faster
in males than in females, as indicated by higher levels of activated HSCs in males, which
might have facilitated an excessive production of the ECM (Figure 1D,F) [35]. At the
earliest time point, we observed a significant decrease in KCs in fibrotic females, which
suggested that acute hepatic injury was associated with a transient reduction in resident
macrophages only in female mice (Figure 4C) [36]. However, the decrease in KCs in females
was not associated with a loss of function, considering that the typical fibrogenic mediators
produced by these cells, such as VEGF-A and TGF-B, were still present (Figure 2B,C) [37].
These growth factors are the main activators of hepatic stellate cells, and we also found that
the level of VEGF-A mRNA was upregulated in fibrotic mice of both sexes without showing
any differences between the sexes, whereas TGF-f was overexpressed only in fibrotic males
(Figure 2A,C) [37,38]. These findings suggest that during the initial stages of liver fibrosis,
TGF-p might play a key role in the activation of HSCs in males. At this time point, fibrotic
mice of both sexes had lower levels of MMP-9 than their healthy counterparts, whereas
the level of TIMP-1 was higher only in males (Figures 2C and 3B,D). The alteration in the
expression of the MMP-9 and TIMP-1 proteins, besides sustaining the accumulation of
ECM in mice of both sexes, might have also accelerated fibrogenesis in one sex relative to
the other [9,22]. To better understand whether the recruitment of immune cells during liver
fibrosis might be influenced by sex, we measured the levels of hepatic Ly6Chigh MoMgs.
These cells are recruited by Kupffer cells via CCL2, CCL1, and CCL25; once in the liver,
they create a complex signaling network with resident cells and extra-hepatic cells [39].
In our study, after six weeks of CCly treatment, the number of hepatic Ly6CM8" MoMgs
was higher in fibrotic males than in fibrotic females, indicating sex-related differences in
their recruitment (Figure 4D) [39]. These extra-hepatic macrophages are necessary for the
development of liver fibrosis, considering that once recruited by the liver, they also recruit
neutrophils from the bloodstream to the hepatic parenchyma [39]. Hence, during acute
liver damage, we found that in fibrotic mice, the recruitment of neutrophils was influenced
by sex, considering that males had more neutrophils than females. These results suggested
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that neutrophils might be more important for the onset of liver fibrosis in males than in
females (Figure 4A).

After 12 weeks of chronic injury, fibrosis in the mice aggravated, and the damage was
slightly worse in females than in males (not statistically significant) (Figure 1D). The livers
from female mice showed higher numbers of activated HSCs associated with early damage,
suggesting that they primed the progression of liver fibrosis (Figure 1F). The upregulation
of the expression of the genes of some pro-fibrogenic factors (i.e., PDGF-A and TGF-$) in
fibrotic females might not be enough to explain the enrichment of aHSCs since our results
were not statistically significant (Figure 2A,C). In contrast, we found that in males, the
prolonged activation of HSCs across the CCly treatment period depended on the presence
of high levels of PDGF-A and TGF-$ but not VEGF-A, whose levels decreased significantly
compared to the previous time point (Figure 2A—C). From a pro-inflammatory perspective,
CCL2 and TNF-« levels were overexpressed in fibrotic females and males, respectively,
only during chronic damage (Figure 5A,B). Cytokines such as CCL2 can indirectly exert
pro-fibrogenic effects by recruiting monocyte-derived macrophages (MoM¢s) from the
bloodstream, whereas cytokines such as TNF-« promote the proliferation of myofibrob-
lasts [37,40]. These findings reported in previous studies regarding pro-fibrogenic agents
suggested that the initial stages of liver fibrosis were mainly sustained by VEGF-A in
both sexes, while chronic damage in fibrotic males was supported by an increase in the
expression of the mRNAs of PDGF-A, TGF-B, and TNF-«, which indicated that advanced
stages of liver fibrosis probably required PDGF instead of VEGF to sustain the injury.
The progression of fibrosis in females might depend on CCL2, and the regulation of this
chemokine might be driven by the sex of the individual. Additionally, consistent with
the mRNA levels of CCL2 during chronic damage, the recruitment of Ly6C"8" MoMes
was highly pronounced in fibrotic females, which suggested that in female mice, fibrosis
worsened probably due to an increase in the number of recruited macrophages over time
(Figure 4D). On the other hand, the number of resident macrophages (Kupffer cells, KCs)
decreased along with the severity of liver fibrosis, which indicated that an increase in liver
damage might be responsible for the loss of KCs in the liver (Figure 4C) [41]. The levels
of other recruited cells, such as neutrophils, quickly returned to the basal levels in fibrotic
mice of both sexes, and this was probably related to the nature of neutrophils that act as
first responders during acute inflammation (Figure 4B) [42].

At the end of the washout period, although liver regeneration occurred in the fibrotic
mice of both sexes, differences between the sexes were recorded, considering that females
showed a better regeneration ability than males (Figure 1D). The levels of activated HSCs
decreased in both sexes, but the decrease was more prominent in females (Figure 4F).
At this stage, the number of Kupffer cells increased in the fibrotic mice of both sexes,
suggesting that the liver was repopulated by these cells when the injury was repaired
(Figure 4B). One reason for these changes could be that infiltrating monocyte-derived
macrophages might have replaced the loss of KCs during the onset and progression of
fibrosis; however, further studies are needed to confirm this speculation [43]. As the number
of KCs increased, Ly6C"i#" decreased until it reached basal levels. However, by comparing
the number of Ly6Chi8h MoMs to that of Ly6C'°" MoM s, we found that the number of
anti-inflammatory Ly6C!°" MoM s was higher than the number of Ly6Chi8" MoM¢s in
fibrotic mice after recovery. This finding suggested that a phenotype switching of these cells
might have helped in sustaining liver regeneration (Figure 4E). Ly6C'°"¥ MoM s are one of
the main MMP-9-expressing cells, and this finding agrees with our data on the expression
of the MMP-9 protein during the regenerative period [44]. An increase in this enzyme
was recorded after recovery, especially in females (Figure 3B). The presence of high levels
of MMP-9 might have facilitated the degradation of the ECM, which explains why liver
regeneration was more efficient in females. Additionally, the levels of the MMP-9 inhibitor
TIMP-1 were very high in fibrotic males, suggesting that the activity of MMP9 was impaired
in these animals (Figure 3B,D). At the end of the washout period, we observed a regression
of liver fibrosis in both sexes, although it was more pronounced in females than in males,
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along with recovery from inflammation. Hence, at this time point, we found a decrease in
the CCL2 and TNF-a mRNA levels, which were highly upregulated during chronic damage.
The expression of the TGF-f gene decreased significantly relative to the previous time
point only in males (Figures 2C and 5A,B). The molecular mechanisms responsible for
sexual dimorphism in liver fibrosis regression needs to be elucidated. We showed that the
decrease in the expression of CCL2 in the liver of females at the end of the washout period
was associated with a decrease in the number of recruited Ly6C"i8" MoM@s. Therefore, we
hypothesized that lesser infiltration of pro-inflammatory macrophages in females might
be responsible for the lower activation of HSCs, which can facilitate the more effective
restoration of liver fibrosis.

4. Materials and Methods
4.1. Animals

All procedures involving animals were performed following the 3R Principle
and the European and Italian guidelines, authorized by the Italian Ministry of Health
(auth. N. 201/2019, 3 March 2019) and reviewed by the University of Padova’s Animal
Welfare and Etichal Review Board. Balb/C mice (eight weeks old) were maintained in
a conventional temperature-controlled room and followed a 12 h/12 h light/dark cycle.
They were housed in individually ventilated cages (IVC) and were provided free access to
a standard rodent diet and tap water.

4.2. Experimental Model of Liver Injury

Chronic liver injury was induced by intraperitoneally injecting increasing doses of
carbon tetrachloride (CCly, cat. N. 289116, Sigma-Aldrich, Saint Louis, MO, USA) in corn
oil (from 0.17 to 0.72 mL/kg x body weight) twice a week for a maximum of 12 weeks.
Male and female mice were randomly divided into two groups, which included the CCly-
treated fibrotic mice (n = 5 per time point per gender) and control corn-oil-treated mice
(n =5 per time point per gender). The selected time points for suppression were baseline
(healthy mice), 6 weeks, 12 weeks (end of CCly treatment), and 20 weeks (recovery groups,
ie., 12 weeks of CCly treatment was administered, followed by 8 weeks of recovery to
allow for fibrosis regression). Then, the mice were sacrificed, and their livers were excised,
weighed, and stored in 10% formalin (cat. N. HT501128-4L, Sigma-Aldrich, Saint Louis,
MO, USA) or snap-frozen with liquid nitrogen and stored at —80 °C until further analysis.

4.3. Flow Cytometry (FCM)

A flow cytometry analysis was performed to identify neutrophils and resident and
recruited macrophages. After perfusion with saline, the livers were collected in 0.1% PBS-
EDTA buffer and incubated at 37 °C for 45 min with a digestion mixture of 20 mg/mL
Collagenase IV and 0.005 pg/mL DNAse I in PBS. The digested liver tissue was filtered
with 40 um Falcon® strain (cat. N. 352340, Corning, New York, NY, USA) in a Petri dish,
and the tissue was smashed using the plunger of a syringe to gently pass the obtained cell
suspension across the filter. The cell suspension was then transferred to a 15 mL conical
tube, mixed with PBE buffer (0.5% BSA, 2 mM EDTA in PBS), and centrifuged twice at
300x g for 5 min. The cells were incubated for 15 min with 50 uL of Fc block (1:100) at
room temperature (2.4G2, anti-mouse CD16/32, Bioxcell, LIB) and then stained with a
mixture of fluorochrome-conjugated antibodies. The samples were incubated with anti-
mouse CD45-PE (cat. N. 12-0451-83, eBioscience Inc., San Diego, CA, USA), anti-mouse
CD3-PE/Cyanine? (cat. N. 100220, Biolegend, San Diego, CA, USA), anti-mouse/human
CD45R-B220-PE/Cyanine? (cat. N. 103222, Biolegend, San Diego, CA, USA), anti-mouse
NK1.1-PE/Cyanine? (cat. N. 108714, Biolegend, San Diego, CA, USA), anti-mouse/human
CD11b-BV711 (cat. N. 101242, Biolegend, San Diego, CA, USA), anti-mouse F4/80-APC
(cat. N. MCA497, Bio-Rad, Hercules, CA, USA), and anti-mouse Ly6C-5B436 (cat. N. 62-5932-80,
Invitrogen, Carlsbad, CA, USA) for 15 min at room temperature. Then, the samples were
washed twice with PBE and fixed in 2% formaldehyde. The cell samples were analyzed
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using a BD LSR II flow cytometer using the BD FACS Diva software (BD Biosciences, San
Jose, CA, USA). Single-stained samples and unstained samples were used as compensation
controls, and the data were analyzed using the Flow]o software (version 10.9.0, Tree Star Inc.,
Ashland, OR, USA). Neutrophils were identified as CD45" CD11b* Ly6G™ cells, resident
macrophages were identified as CD45" Ly6G~ CD3~ NK1.1~ B220~ CD11b* F4/80hish
cells, and recruited macrophages (Moms) were found to be Ly6G~ CD3~ NK1.1~ B220~
CD11b* F4/80™t Ly6Chi8h or Ly6C!oW cells. The ratio of Ly6CM8" to Ly6C'®" in the fibrotic
mice that were administered CCly for 12 weeks was compared to the ratio recorded in
fibrotic mice after the washout period to assess phenotype switching from Ly6Chigh to
Ly6Cl°% macrophages.

4.4. Hydroxyproline Assay

The levels of hydroxyproline, which can be used in liver tissue as an index of fibrosis,
were detected using a commercial Hydroxyproline Assay Kit (cat. N. MAKO008, Sigma
Aldrich, Saint Louis, MO, USA), following the manufacturer’s instructions. Briefly, 10 mg
of hepatic tissue was homogenized with a pellet pestle in 200 pL of a solution contain-
ing distilled water and hydrochloric acid (1:1). The samples were then heated at 120 °C
for 3 h using a multi-block heater. After centrifugation at 10,000 g for 3 min, the super-
natant was transferred to a 96-well plate and incubated with the reagent mixture. The
absorbance was recorded at 560 nm using the VICTOR Nivo Multimode Microplate Reader
(PerkinElmer, Monza, Italy), and the hydroxyproline content was calculated according to a
linear regression curve.

4.5. Histological Evaluation of Liver Fibrosis

To perform the histological analysis, the hepatic tissue sample was fixed in 10%
formalin and processed for paraffin embedding. After deparaffinization and rehydration,
5 um thick sections were stained with the Masson-Goldner kit (cat. N. 1.00485.0001, Sigma-
Aldrich, Saint Louis, MO, USA). After dehydration, the slides were mounted with Eukitt®
(cat. N. 03989, Sigma-Aldrich, Saint Louis, MO, USA). The images of the stained slices were
acquired using Nikon Eclipse Ti-S (Nikon Europe, Amstelveen, The Netherlands).

4.6. Immunohistochemical Analysis

First, tissue sections (5 pm thick) were deparaffinized and rehydrated. Heat-induced
epitope retrieval was performed in citrate (pH 6.0) or Tris-EDTA (pH 9.0) buffer for 20 min.
Permeabilization for intracellular epitopes was performed using 0.2% Triton-X-100 buffer
for 10 min. Blocking was performed by incubating the slices in PBS containing 5% fetal
bovine serum (FBS) and 1% bovine albumin serum (BSA) for 30 min at room temperature.
Then, the sections were incubated overnight at 4 °C with the following primary antibodies:
mouse monoclonal «SMA antibody (1:500) (cat. N. A5228, Cell Marque, Sigma-Aldrich,
Darmstadt, Germany), mouse monoclonal MMP-9 antibody (1:200) (cat. N. sc-21733, Santa
Cruz Biotechnology, Santa Cruz, CA, USA), and rat monoclonal TIMP-1 antibody (1:100)
(cat. N. ab61224, Abcam, Cambridge, UK). After washing with a solution of phosphate-
buffered saline (PBS), the tissues were exposed to 3% H,O, for 20 min to block endogenous
peroxidase. The sections were incubated for 1 h at 37 °C with the following secondary
antibodies: goat anti-rat HRP-conjugated IgG (1:200) (cat. N. ab97057, Abcam, Cambridge,
UK) and goat anti-mouse HRP-conjugated IgG (1:500) (cat. N. AB_10015289, Jackson
Immuno Research Labs, West Grove, PA, USA). Finally, the slices were incubated with
the DAB-Substrate (cat. N. sc-24982, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
8 min at room temperature, counterstained with hematoxylin (Histo-Line Laboratories,
Milan, Ttaly) for 30 s, dehydrated, and a coverslip was placed with Eukitt® (Sigma-Aldrich,
Saint Louis, MO, USA). Images were captured using a Nikon Eclipse Ti-S microscope and
analyzed with the Image] software (version 1.53t, National Institutes of Health, MD, USA).
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4.7. Quantification of the Expression of mRNA via gRT-PCR

Total RNA was extracted from the liver tissue using a commercial animal tissue RNA
purification kit (cat. N. 37500, Norgen, Thorold, ON, Canada), following the manufacturer’s
instructions. Briefly, 10 mg of hepatic tissue was homogenized using a manual pestle in
lysis buffer and loaded into a spin column to purify the RNA. After the DNA was digested
and washed, RNA was eluted from the spin column, and its final volume was 100 pL.
The total extracted RNA was quantified using a NanoDrop 2000/2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and stored at —80 °C until further use. The
qRT-PCR analysis was conducted using the commercial QuantiNova®, SYBR® Green RT-
PCR Kit (cat. N. 208152, Qiagen, Hilden, DE, USA). All samples were analyzed in triplicate
with 200 ng of RNA in each well. The real-time cycling conditions were set as follows: the
reverse transcription was performed at 50 °C for 10 min and 95 °C for 2 min, followed by
40 cycles of 5s at 95 °C and 10 s at 60 °C for the real-time polymerase chain reaction, and
155 at95°C,15sat 55 °C, and 15 s at 95 °C for the elaboration of the melting curve. The
primer sequences used to assess gene expression are presented in Table 1. Finally, 3-actin
was used as the housekeeping gene, and the cycle threshold (Ct) was used to calculate the
relative fold gene expression with respect to control female mice using the 224t method,
as described in another study [16].

Table 1. Pro-fibrogenic and pro-inflammatory cytokines, together with their primer sequences.

Gene Forward Primer (5'-3') Reverse Primer (3'-5')
TNF«x CCCACGTCGTAGCAAACCA TGTCTTTGAGATCCATGCCGT
TGFp GTGGAAATCAACGGGATCAGC GTTGGTATCCAGGGCTCTCC
VEGFA ACTGGACCCTGGCTTTACTG CTCTCCTTCTGTCGTGGGTG
CCL2 CCACAACCACCTCAAGCACT AGGCATCACAGTCCGAGTCA
PDGFA CTGTGTTCCTCTGCCCCTTT TGTCATGTCTCCATGCTGCC
3-ACTIN AGCAAGCAGGAGGATGAG AAAACGCAGCTCAGTAACAGT

4.8. Quantification of CCL2 and IL-6 Plasma Levels

Plasma concentrations of CCL2 and IL-6 were determined using 25 uL of mouse
plasma using a multiplexed-bead-based immunoassay, following the manufacturer’s in-
structions (cat. N. MCYTOMAG-70K-04, Milliplex MAP Cytokine/Chemokine Magnetic
Bead Panel, Merck Millipore, Darmstadt, Germany). The plate was read using a Luminex
200 Bioanalyzer (Luminex Corp., Austin, TX, USA), and the concentration of the two
analytes (pg/mL) was calculated using a logistic model with five parameters.

4.9. Statistical Analysis

All statistical analyses were performed using the GraphPad Prism software, ver. 8.0
(GraphPad Software Inc., San Diego, CA, USA). The differences among or between experi-
mental groups were determined by performing one-way or two-way ANOVA, whichever
was appropriate. All data were expressed as the mean £ SEM unless stated otherwise.
All differences among and between groups were considered to be statistically significant
atp <0.05.

5. Conclusions

The liver exhibits high sexual dimorphism, and although it is well known that liver
fibrosis predominantly affects men, the mechanisms driving these differences remain
poorly understood. Our in vivo study provided an overview of how the progression and
regression of liver fibrosis differ between the sexes (Figure 7). Our results showed that
male mice were more prone to developing severe fibrosis because of acute liver damage. In
the early stages, pro-fibrogenic processes were more prominent in males than in females,
as determined by the intensive recruitment of neutrophils and Ly6Ch8h MoM s, which,
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in turn, contributed to the activation of HSC, probably via TGF-p-mediated signaling
(Figure 7C). Although prolonged liver damage exacerbated the fibrosis in mice of both
sexes, activated HSCs and Ly6Ch8h MoM @s were more numerous and active in the livers of
female mice than those of male mice, which matched the levels of CCL2 mRNA in the liver
(Figure 7C). However, other cytokines, such as TNF-a, PDGF-A, and TGF-p, might promote
pro-fibrogenic processes in males during the advanced stages of liver injury. Therefore, we
highlighted that the early and late stages of liver fibrosis are differently regulated between
females and males.
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Figure 7. (A) Graphical representation of the major pro-fibrogenic mechanisms that were investigated
in this study. (B) Graphical representation of the main processes behind fibrosis regression and liver
regeneration. (C) Schematic representation of the differences between the responses in male and
female mice upon acute liver injury (after six weeks of CCly treatment) and chronic liver injury (after
12 weeks of CCly treatment); ns: non-significant differences between the sexes. (D) Schematic repre-
sentation of our results concerning sex-related differences in fibrosis regression; ns: non-significant
differences between the sexes.
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When the administration of CCly was stopped, fibrosis regression and liver regenera-
tion occurred in mice of both sexes. Repair and regeneration were more efficient in females
than in males since no activated HSCs were detected, while Ly6CMg" MoMgs underwent
phenotype switching to anti-fibrogenic Ly6C'°" MoMs (Figure 7D). These cells were
probably responsible for an increase in the production of MMP-9 and degradation of the
ECM in females, which led to the more effective repair of fibrosis (Figure 7D).

Although our study provided in vivo evidence that some pro-fibrogenic and regenera-
tive mechanisms might differ between males and females, it had some limitations. First,
although the CCl4 model is commonly used to induce liver fibrosis, this model does not
reflect the eventual role of the etiology of liver fibrosis in humans. Second, we provided a
valid description of how a fibrotic liver from males and females might appear, and based
on our findings, we hypothesized that the triggering mechanisms of liver fibrosis might
be differentially driven in males and females. However, further investigation, includ-
ing an analysis of the role of hormones in the regulation of fibrogenic and regenerative
mechanisms, is needed to comprehensively understand this complex issue.
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