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ABSTRACT
Liver cirrhosis (LC) involves multiple systems throughout the body, and patients with
LC often die of multiple organ failure. However, few drugs are useful to treat LC. Hair
follicle mesenchymal stem cells (HF-MSCs) are derived from the dermal papilla and
the bulge area of hair follicles and are pluripotent stem cells in the mesoderm with
broad prospects in regenerative medicine. As an emerging seed cell type widely used
in skin wound healing and plastic surgery, HF-MSCs show considerable prospects
in the treatment of LC due to their proliferation and multidirectional differentiation
capabilities. We established an LC model in C57BL/6J mice by administering carbon
tetrachloride (CCl4) and injected HF-MSCs through the tail vein to explore the
therapeutic effects and potential mechanisms of HF-MSCs on LC. Here, we found
that HF-MSCs improved liver function and ameliorated the liver pathology of LC.
Notably, PKH67-labeled HF-MSCs were detected in the injured liver and expressed the
hepatocyte-specific markers cytokeratin 18 (CK18) and albumin (ALB). In addition,
in contrast to that in the LC group, the α-SMA expression showed a decreasing trend
in the treatment group in vitro and in vivo, indicating that the pathological activation
of hepatic stellate cells (HSCs) was inhibited by HF-MSC treatment. Moreover, the
levels of transforming growth factor β (TGF-β1) and p-Smad3, a signaling molecule
downstream of TGF-β1, were increased in mice with LC, while HF-MSC treatment
reversed these changes in vivo and in vitro. Based on these findings, HF-MSCs may
reverse LC by blocking the TGF-β/Smad pathway and inhibiting the pathological
activation of HSCs, which may provide evidence for the application of HF-MSCs to
treat LC.
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INTRODUCTION
Liver cirrhosis (LC) is an advanced liver disease with a low survival rate and poor prognosis
in the clinic. It is triggered by the continuous injury of pathogen infection, alcohol, drug, and
chemical poisons (Goodman, 2007;Huang, Hu & Yang, 2010; Kisseleva, Gigante & Brenner,
2010; Silveira et al., 2010). More than 1 million people die from LC annually, and this
disease has become a burden to public health (Rybicka et al., 2020). Liver transplantation is
considered the best choice for the treatment of LC by removing the diseased liver that has
lost its function and implanting healthy liver tissue into the recipients, but its application
is limited due to a series of operation-related complications, shortage of donors, anti-host
reaction, and high medical cost (Linecker et al., 2018; Zhang et al., 2020). Therefore, the
identification of a safe and effective alternative method that can be widely used in LC
treatment is urgently needed.

Recent data have indicated that termination of the fibrotic process reverses advanced
fibrosis and even cirrhosis (Jung & Yim, 2017). The pathological activation of hepatic
stellate cells (HSCs) is closely related to cirrhosis, which is considered the most
important process in the development of LC (Friedman, 2008; Ma et al., 2016). During
LC development, HSCs are pathologically activated and are induced to transform into
contractile, proliferative and fibroblastic myofibroblasts, leading to the accumulation of
collagen and other extracellular matrix components (Friedman, 2000). Pathological HSC
activation is regulated by a variety of cytokines (Lee et al., 2004; Li, Wang & Chen, 2017),
among which transforming growth factor β (TGF-β) is one of the most effective cytokines
inducing fibrogenesis (Hellerbrand et al., 1999). Based on the description above, blocking
the TGF-β1-activated Smad signaling pathway represents a potential therapeutic target for
regulating HSC pathological activation and reversing LC (Dooley et al., 2003; Schnabl et al.,
2001).

Mesenchymal stem cells (MSCs) show considerable clinical application value in tissue
repair. MSCs are nonterminally differentiated cells with the functions of self-proliferation,
multilineage differentiation, immune regulation, hematopoiesis induction, and the repair
of damaged organs (Alfaifi et al., 2018; Srijaya, Ramasamy & Kasim, 2014) and have been
shown to be effective in the treatment of liver fibrosis (Chiabotto et al., 2020). Bone
marrow mesenchymal stem cells (BM-MSCs) have been the most extensively studied cells
in cell therapy for liver fibrosis at present, but BM-MSCs have some limitations, such as
the potential to cause damage to donors and small available quantities. Therefore, the
identification of new sources of MSCs has become a hot topic in recent years.

The hair follicle is the basic unit of hair. A reservoir of hair follicle mesenchymal stem
cells (HF-MSCs) is located in the bulge region of each hair follicle (Cotsarelis, 2006). Hair
follicles are abundant in number, easy to obtain, do very little damage to the body and have
low immunogenicity (Li et al., 2015). More importantly, they have a higher proliferative
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capacity than BM-MSCs (Bajpai, Mistriotis & Andreadis, 2012). In addition, as a type of
MSC, HF-MSCs have the characteristics of differentiation and self-renewal in vitro. They
potentially construct functional vascular grafts (Peng et al., 2011), hematopoietic tissues
(Lako et al., 2002), and full-thickness skin (Han et al., 2007), deliver controlled-release
insulin genes (Wu et al., 2015), repair peripheral nerve damage (Mii et al., 2013), and
differentiate into hepatocyte-like cells (HLCs) (Shi et al., 2016; Xu et al., 2018), indicating
that HF-MSCs have broad prospects in hepatic diseases. However, HF-MSCs have rarely
been studied as promising cells in liver diseases.

We intended to investigate the therapeutic effects of HF-MSCs on LC and the potential
mechanisms to provide theoretical support for the application of HF-MSCs in LC
treatment.

MATERIALS & METHODS
Experimental animals
Wild-type healthy C57BL/6J mice (male, 20–22 g) were purchased from the Animal Center
of the Second Affiliated Hospital of Harbin Medical University (Harbin, China). The
mice were housed in the animal center for 1 week at 25 ◦C to adapt to the environment
before the experiment. The mice were allowed to obtain feed and tap water normally.
Our experimental protocol was performed according to medical ethics principles, and the
mouse experiments were approved by the ethics committee of the Experimental Center of
the Second Affiliated Hospital of Harbin Medical University (No. SYDW2019-240).

Humane endpoints were defined when mice showed persistent self-harm behavior
and nonhealing wounds, and we euthanized the mice before the end of the experiment.
Pentobarbital sodium was used to alleviate pain or fear during euthanasia, after which
the mice were transferred to a new cage and placed in a quiet and undisturbed place. No
animals survived at the end of the experiment.

Isolation, culture, characterization and staining of HF-MSCs
The extraction of HF-MSCs was as reported previously (Sun et al., 2021). Six- to seven-
day-old mice were used for the extraction of primary HF-MSCs. The mouse vibrissa pads
were dissected and cut vertically into several small tissues. The tissues were then incubated
with 0.1% type I collagenase (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C for 4 h. The
subcutaneous fat and connective tissue around the vibrissa were peeled off and then the
hair follicles were separated from the connective tissue sheath with micro tweezers under
a binocular microscope. The hair was cut above the bulge area. One or two hair follicles
were inoculated in the middle of each well of a 24-well plate with complete medium,
containing 15% fetal bovine serum (FBS) (ScienCell, San Diego, California, USA), 100
U/mL penicillin–streptomycin (Beyotime, Shanghai, China), and DMEM/F12 (Gibco,
Gaithersburg, MD, USA), at 37 ◦C with 5% CO2. The cells were passaged when they
reached 70–80% confluence, and the medium was changed the day before passaging to
maintain cell viability. The operations described above involving cell culture were strictly
performed under aseptic conditions.
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We identified HF-MSCs by detecting the expression of the surface marker (CD29,
CD90, CD31 and CD34) and their potential to differentiate into adipocytes and osteocytes.
Third-passage HF-MSCs with good growth conditions were stained with the low-toxicity
cell membrane dye PKH67 (Sigma–Aldrich) to locate HF-MSCs in the damaged liver after
transplantation. Then, the stained HF-MSCs and their distribution in multiple organs were
captured under an upright fluorescence microscope (BX51; Olympus, Japan).

Animal model of cirrhosis and experimental design
The results of the preliminary experiment showed a significant difference when the
sample size of mice was six. Thirty-five experimental mice were used in this study. carbon
tetrachloride (CCl4) was intraperitoneally injected at a concentration of 10% to establish a
mouse LC model with a dose of 1 mL/kg and a frequency of two times per week. Cirrhosis
was evaluated by serology and histology after the last injection in the 12th week. Five mice
that died duringmodeling were excluded from the experiment, and the survivingmice were
used for subsequent experiments and analyses. Then, the CCl4-induced model mice were
divided into the following two groups at random (based on a random order generator):
(1) the HF-MSC group (n= 6), which was injected with 1 × 106 HF-MSCs dissolved in
PBS, and (2) the model group (n= 6), which was injected with an equivalent volume of
saline. Mice in the control group (n= 6) were injected with 0.9% saline. Different groups
of mice were assigned to different cages. Then the mice were administered 250 µl of the
same injection volume by tail vein injection. Three weeks after cell transplantation, the liver
tissues and serum obtained from the left ventricle were collected for subsequent analysis
(Fig. 1A).

Hepatic stellate cell line and TGF-β1-induced HSC activation
The immortalized murine hepatic stellate cell line JS1 (Otwo Biotech, ShenZhen, China)
was used to explore the effect of HF-MSCs on HSCs in vivo. JS1 cells were activated by
cocultured with TGF-β1 (Peprotech, NJ, USA) at a concentration of five ng/mL for 48 h
(Ma et al., 2018). JS1 cells were cultured in complete medium consisting of high-glucose
DMEM (Gibco). Then, the activated JS1 cells were used for the Transwell assay.

Transwell assay
Transwell assays were performed to coculture JS1 cells and HF-MSCs in a double-cell
coculture system using Transwell chambers with a 0.4 µm semipermeable membrane.
HF-MSCs (2 × 105 cells/well) were inoculated in the upper chamber of 6-well culture
plates, and the same number of activated JS1 cells was mixed and inoculated in the lower
chamber of the same well. HF-MSCs and IS1 cells were cocultured with high-glucose
DMEM. JS1 cells alone were used as a control. After coculture for 48 h with saturated
humidity and 5% CO2, cells in the lower chamber were harvested for a Western blot assay.

Western blot analysis
Liver tissues from all groups that had been stored in liquid nitrogen were ground into
a powder in a mortar and placed in an EP tube. Protease inhibitors and phosphatase
inhibitors were added to lysis buffer to prevent the decomposition and dephosphorylation
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Figure 1 Extraction, identification and staining of HF-MSCs. (A) The experimental design; (B) Primary
HF-MSCs migrated from the bulge area; (C) Second-generation HF-MSCs; (D, E) Adipogenic and os-
teogenic differentiation of HF-MSCs; (F–I) The extracted cells expressed CD29, CD90, while the expres-
sion of CD31 and CD34 was negative; (J) PKH67-labeled HF-MSCs show green light under a fluorescence
microscope, and the nucleus is stained blue by DAPI. Scale bar (B–J) 50 µm.

Full-size DOI: 10.7717/peerj.12872/fig-1

of the target proteins, and the entire lysis process was performed on ice for 30 min. The
supernatant was transferred to an EP tube after centrifugation. After measuring the total
protein concentration, the same amount of protein from each groupwas separated on 8%or
10% SDS–PAGE gels according to their molecular weights. Then, the proteins in each lane
were transferred onto polyvinylidene difluoride membranes (EMDMillipore Corporation,
Billerica, MA, USA) using a membrane transfer apparatus (Bio-Rad, Hercules, CA, USA).
Blocking buffer (Bio-Rad) was used to block nonspecific binding. After an incubation with
primary antibodies overnight, the membranes containing the proteins were then incubated
with secondary antibodies for 1 h at room temperature. The following primary antibodies
were used: anti-β-actin (ab8226, 1:1000; Abcam, Cambridge, UK), anti-TGF-β1 (#3711,
1:1000; Cell Signaling Technology, Beverly, MA, USA), anti-p-Smad2/3 (#8828, 1:1000,
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Cell Signaling Technology), anti-Smad2/3 (AF6367, 1:1500; Affinity, Changzhou, China)
and anti-α-SMA (14395–1-AP, 1:2000; Proteintech, Wuhan, China). Images of the specific
protein bands were captured using an Omega-Lum G imaging system after an incubation
with enhanced chemiluminescence solution and analyzed using ImageJ software.

Labeling HF-MSCs with DiR and in vivo imaging
DiR is a lipophilic fluorescent dye that can be used to stain cell membranes. DiR (D12731;
Invitrogen) labeled HF-MSCs were used to track HF-MSCs in vivo. Adjust the third-
generationHF-MSCs concentration to 1× 106/L, and add 5 uL of threemmol/LDIR storage
solution to one mL of cell suspension. The DiR solution and cells were incubated for 30
min. Then the stained cells were transplanted via tail vein. After 48 h, the biodistribution of
DiR-labeled HF-MSCs were performed by in vivo imaging System (Night OWL II LB983).

Immunofluorescence staining
The frozen liver, kidney, lung and spleen tissues were sectioned to a thickness of 5–6
µm. Goat serum (abs933, Absin, Shanghai, China) was used to block the sections. The
slices were incubated at 4 ◦C overnight with the following antibodies: anti-cytokeratin 18
(CK18) (ab181597, Abcam) and anti-albumin (ALB) (ab207327; Abcam). Sections were
then incubated with a goat anti-rabbit secondary antibody (SA00013–4; Proteintech) for
1 h at room temperature on the second day. Next, after 3 rinses with TBST, the sections
were incubated with 4,6-diamidino-2-phenylindole (DAPI; Beyotime) for 4 min. Then,
the stained sections were mounted with antifade mounting medium.

Pathological analysis
The dried paraffin-embedded liver tissue sections were completely immersed in xylene
and different concentrations of ethanol and then rinsed several times with PBS. Slices were
stained with an aqueous hematoxylin solution and differentiated with an acid solution
in alcohol. After an incubation with ammonia, the slices were stained with eosin and
dehydrated and sealed with neutral gum.

For Masson’s trichrome staining, the slices were stained with Weigert iron hematoxylin
solution for 7 min. The sections were differentiated with an acidic ethanol differentiation
solution for 6 s and then returned to blue with Masson’s blue solution for 4 min. After
rinses with distilled water, the sections were stained with Ponceau red magenta solution for
5 min. The slices were washed with phosphomolybdic acid solution and then immersed in
aniline blue staining solution for 2 min. After sealing with neutral gum, they were observed
under a microscope.

Serological analysis
Blood was collected from the left ventricle into a coagulation-accelerating vacuum tube
when the mice were sacrificed. During blood collection, contamination with mouse
hair was avoided, and the blood was directly collected into the bottom of the tubes to
avoid hemolysis. The supernatant was collected after the blood coagulated in an EP tube.
ELISA kits were used to evaluate serum ALB (ab207620; Abcam), alkaline phosphatase
(ALP) (SEB472Mu; Cloud-Clone Corp, Wuhan, China), alanine aminotransferase (ALT)
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(CSB-E16539 m; Cusabio, Wuhan, China) and aspartate aminotransferase (AST) levels
(ab263882; Abcam).

Statistical analyses
At least three independent replicates were performed of each experiment. All data are
presented as the means ± standard deviations (SD) and were analyzed using GraphPad
Prism 8.0 software (GraphPad Prism Software, San Diego, CA, USA). Student’s t test was
used for comparisons between two groups, and one-way ANOVA with Tukey’s test were
used to determine significant differences between multiple groups. A nonparametric test
was used for data that did not exhibit a normal distribution. Differences were considered
statistically significant when P values were less than 0.05.

RESULTS
Characteristics of HF-MSCs
The primary HF-MSCs showed adherent growth and a paving stone-like appearance
on the fifth day of cell culture (Fig. 1B). Primary cells grew rapidly after adherence and
were subcultured after 10 days. Cells of the second generation showed a typical spindle-
shaped morphology (Fig. 1C). The multilineage differentiation potential of HF-MSCs
was determined by performing osteogenesis and adipogenesis experiments (Figs. 1D–1E).
The extracted cells expressed CD29, CD90, while the expression of CD31 and CD34 was
negative (Figs. 1F–1I). Cells labeled with the PKH67 green fluorescent dye are shown in
Fig. 1J. This result indicates that we successfully extracted HF-MSCs.

Evaluation of the cirrhosis model
After 12 weeks of CCl4 administration, healthy mice and model mice were used to identify
whether the model was successfully established. HE staining showed that the structure
of hepatocytes in the normal group was clear without necrosis or inflammatory cell
infiltration, and collagen fibers were rarely observed in the perisinusoidal space. In the
model group, the arrangement of hepatocytes was altered, and the hepatocytes showed
fatty degeneration and necrosis. Collagen fibers around the central vein in the liver tissue
proliferated and formed pseudolobules (Figs. 2A–2B).

Serum assays were performed to assess hepatic function. The ALT, AST and ALP levels
in the model group were increased to varying degrees compared with those in the normal
group (all P values <0.05, Figs. 2C–2E). These features were consistent with the typical
histopathological and serological changes of LC induced by CCl4.

HF-MSCs alleviated histological injury and improved liver function in
mice
The mice were sacrificed to collect liver tissue and serum after 3 weeks of cell therapy.
The degree of LC was evaluated by performing HE and Masson’s trichrome staining.
HE staining of hepatic paraffin sections from the model group showed degeneration and
necrosis of hepatocytes and a large area of pseudolobular tissue structure, and Masson’s
trichrome staining showed thick and deeply stained deposited collagen fibers extending
outward from the portal area. However, these pathological changes related to LC were
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Figure 2 Validation of liver cirrhosis model. (A, B) HE and Masson staining between the normal group
and the LC group (n= 6); (C–E) Changes in the levels of the serological indicators ALT, AST, and ALP in
the normal and LC groups (n = 6); Scale bar (A, B) 50 µm. All data are shown as the means± SD (Stu-
dent’s t , n= 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Full-size DOI: 10.7717/peerj.12872/fig-2

significantly attenuated by HF-MSC treatment (Figs. 3A–3B). Measurements of liver
function indicated remarkable increases in the levels of ALT (175.49 ± 7.29 U/L) and
AST (238.42 ± 19.44 U/L), while the serum level of ALB (18.22 ± 0.78 g/L) exhibited a
decreasing trend in LC mice. However, these changes were reversed in the treatment group
(Figs. 3C–3E). In summary, HF-MSCs promoted the repair of liver injury.

Labeled HF-MSCs migrated to the injured liver and expressed
hepatocyte-specific markers
Three weeks after cell transplantation, PKH67-labeled HF-MSCs resided in the injured
liver tissue and showed green fluorescence (Figs. 4A–4E). The hepatocyte-specific markers
CK18 and ALB were detected in liver sections from cirrhotic animals (Figs. 4B and 4F).
More importantly, these labeled cells were exactly colocalized with the hepatocyte surface
markers ALB and CK18 (Figs. 4D and 4H), indicating that HF-MSCs in the damaged
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Figure 3 HF-MSCs relieved liver pathological damage and improved liver function. (A, B) HE staining
and Masson staining in the three groups (n= 6). (C–E) Comparison of liver serological indices ALT, AST,
and ALB in the three groups (n= 6). Scale bar (A, B) 50 µm. All data are shown as the means± SD (One-
way ANOVA, n= 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Full-size DOI: 10.7717/peerj.12872/fig-3

liver expressed hepatocyte surface markers. Notably, PKH67-stained HF-MSCs were rarely
observed in the intestine, kidney, lung and spleen tissues (Figs. 4I–4L). Pearson’s correlation
coefficient and the overlap coefficient reflecting the degree of colocalization are shown in
Fig. 4M. To detect the distribution of DiR-labeled HF-MSCs in vivo, the in vivo imaging
was performed. It showed that after transplanting the DiR-labeled HF-MSCs for 48 h, the
HF-MSCs were mostly gathered in the lung and the liver (Fig. 4N).

HF-MSCs suppressed the pathological activation of HSCs and
inhibited the TGF-β/Smad signaling pathway in vitro
The cell bodies of quiescent JS1 cells were oval or irregular (Fig. 5A). After HF-MSCs were
cocultured with JS1 cells for 48 h, the activated JS1 cells displayed enlarged cell bodies,
protruding slender pseudopods, and a star-shaped appearance (Fig. 5B). Compared with
the JS1 group, the expression of α-SMA, an indicator of JS1 cell activation, was decreased in
the cell treatment group (P < 0.05). Furthermore, levels of TGF-β1 and p-Smad3 in the JS1
group were noticeably increased, which were inhibited by cell treatment in the HF-MSC
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Figure 4 PKH67-labeled HF-MSCs homed to the damaged liver and expressed hepatocyte-specific sur-
face markers. (A, E) PKH67-labeled HF-MSCs existed in the injured liver and are shown in green (n= 6).
(B, F) Hepatocytes expressing the surface markers ALB and CK18 are shown in red (n = 6). (C, D, G, H)
PKH67-stained HF-MSCs were colocalized with the hepatocyte-specific surface markers ALB and CK18
(n= 6). a–h show partially enlarged views of A–H. (I–L) PKH67-labeled HF-MSCs were rarely seen in the
intestine, lung, spleen and kidney (n = 6). (M) Pearson’s correlation and the overlap coefficient of liver
sections costained with ALB and CK18. (N) After transplanting the DiR-labeled HF-MSCs for 48 h, the
HF-MSCs were mostly gathered in the lung and the liver. Scale bar: 50 µm (A–H), 200 µm (I–L).

Full-size DOI: 10.7717/peerj.12872/fig-4

group (P < 0.05) (Figs. 5C–5F). Based on the results described above, we determined that
HF-MSCs inhibited pathological activation of JS1 cells and that activation of the TGF-β
signaling pathway, as determined by Smad3 phosphorylation, was also suppressed in the
HF-MSC group.

HF-MSCs inhibited pathological HSC activation and Smad3
phosphorylation in the LC model
Wenext studied the role ofHF-MSC treatment in regulatingHSC activation. The expression
of α-SMA, a marker of HSC activation, showed an increasing trend in the model group,
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Figure 5 HF-MSCs inhibited HSC activation by inhibiting the TGF-β/Smad pathway in vitro. (A) Qui-
escent JS1 cells are in a static state, with irregular shapes, and the cell bodies are ovular or irregular; (B)
The activated JS1 cells have enlarged cell bodies, protruding slender pseudopods, with a star-shaped ap-
pearance; (C) Immunoblotting analysis of α-SMA, TGF-β, p-Smad2/3 in the JS1 group and the JS1+HF-
MSCs group (n = 6); (D) Semiquantitative analysis of α-SMA, TGF-β, p-Smad2/3. Scale bar (A, B) 50
µm. All data are shown as the means± SD (One-way ANOVA, n = 3). *P < 0.05, **P < 0.01, ***P <
0.001.

Full-size DOI: 10.7717/peerj.12872/fig-5
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Figure 6 HF-MSCs inhibited HSC activation by inhibiting the TGF-β/Smad pathway in vivo. (A) The
protein expression of α-SMA, TGF-β, and p-Smad2/3 in the three groups (n= 6). (B–D) Semiquantitative
analysis of α-SMA, TGF-β, and p-Smad2/3. All data are shown as the means± SD (One-way-ANOVA,
n= 3). *P < 0.05, **P < 0.01, ***P < 0.001.

Full-size DOI: 10.7717/peerj.12872/fig-6

which was reversed by HF-MSC treatment (P < 0.05) (Fig. 6). Furthermore, levels of the
TGF-β and p-Smad3 proteins in the liver tissue were measured. Immunoblotting showed
increased levels of TGF-β1 and p-Smad3 in the model group, but these changes were
suppressed to a certain degree and approached the normal level in the HF-MSC treatment
group (P < 0.05).

DISCUSSION
We proved that HF-MSCs have the ability to reverse LC, including ameliorating liver
pathology and improving liver function. Additionally, transplanted HF-MSCs were
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recruited to inflamed liver tissues and differentiated into HLCs expressing hepatocyte-
specific surface markers. In addition, HF-MSCs inhibited the pathological activation of
HSCs by blocking the TGF-β/Smad pathway in vitro and in vivo.

CCl4 was used in our study to induce a mouse LC model because the liver injury caused
by CCl4 is very similar to the pathological and functional changes observed in humans with
cirrhosis (Marti-Rodrigo et al., 2020; Wu et al., 2020). CCl4 was administered at a low dose
for a long period to ensure a low death rate in mice and the stability of the model. After 12
weeks of intraperitoneal injections of CCl4, the mice in the model group developed liver
regeneration nodules and pseudolobules, and the serum levels of liver function markers
indicating hepatocyte injury increased, indicating that we successfully established the LC
model, as verified by the levels of liver serological indicators and liver pathology.

Decompensated cirrhosis has been reported to develop into hepatocyte carcinoma and
hepatic failure with a poor prognosis. MSC therapy has been proven to have therapeutic
potential in liver fibrosis/cirrhosis (Forbes & Newsome, 2016; Haldar et al., 2016; Zhang &
Wang, 2013). The route of MSC infusion modulates the therapeutic effect of MSCs on
LC. Three main methods have been developed to transplant MSCs, namely, intravenous
injection, arterial injection, and local injection. Idriss et al. (2018) found that intravenous
injection is a more appropriate and effective treatment for liver fibrosis than intrasplenic
injection. Intravenous injection is commonly used in the clinic because of its convenience,
and we also conducted cell therapy via tail vein injection in our research. After cell therapy
for 3 weeks, liver function was restored to the greatest extent in the HF-MSC group, and
we noticed that the deposition of collagen fibers assessed in liver pathological examinations
was also reduced.

Several mechanisms are involved in the therapeutic effect of HF-MSCs on LC. However,
the differentiation of HF-MSCs and inhibition of pathological HSC activation may be
involved in the therapeutic effect of HF-MSCs on liver injury (Fig. 7). First, the repair of
liver injury requires a sufficient number of MSCs to home to the injured area. Infused
MSCs have an increased implantation efficiency in damaged areas (Francois et al., 2006).
Similarly, in our study, PKH67-labeled HF-MSCs homed to the injured liver and few
HF-MSCs were observed in other organs. Although the mechanism of MSC homing has
not been fully elucidated, some chemokines and adhesion factors are confirmed to be
involved in MSC homing (Karp & Leng Teo, 2009). The mobilization and migration of
MSCs are potentially mediated by the SDF-1/CXCR4 axis, which promote the migration
and distribution of MSCs to the injured site (Yu et al., 2016). Second, the transplantation
effect is associated with the number of homing MSCs (Karp & Leng Teo, 2009). Evidence
has revealed that increasing the expression of E-selectin ligands on MSCs increases the
homing of transplanted MSCs (Dykstra et al., 2016). Overall, an understanding of the
homing mechanism and inducing more MSCs to home to the injured liver are worthy of
further study.

MSCs can be induced into HLCs when they are exposed to the microenvironment
of liver fibrosis (Alizadeh et al., 2016; Lin et al., 2010; Yang et al., 2021). As we expected,
PKH67-stained HF-MSCs colocalized with the hepatocyte surface markers CK18 and
ALB in our study, which confirms our hypothesis that HF-MSCs have the ability to
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Figure 7 Diagram of the potential mechanism of the effects of HF-MSCs in the treatment of LC. The
therapeutic effects of HF-MSCs on LC involves multiple mechanisms. On the one hand, they can migrate
to the injured liver and differentiate into hepatocyte-like cells. On the other hand, HF-MSCs can inhibit
the TGF-β/Smad pathway and thus inhibit the activation of HSCs, reducing collagen fibers and reversing
cirrhosis.

Full-size DOI: 10.7717/peerj.12872/fig-7

differentiate into HLCs. The differentiation of MSCs is mediated by the local niche in the
body. Therefore, the regulators that induce MSCs to transform into the liver lineage may
be closely related to the liver environment. In addition, extensive cell–cell interactions are
also involved in the process of inducing MSC differentiation into hepatocytes (Qihao et
al., 2007). The mechanisms related to HF-MSC differentiation require further exploration
to improve the efficiency of HF-MSC differentiation. Although the differentiation of
MSCs into HLCs has been observed, the proportion of MSC-derived hepatocytes in the
total liver mass is relatively low (Dai et al., 2009). Improving the ability of HF-MSCs to
differentiate into HLCs contributes to the improvement of the effectiveness of HF-MSCs
in treating LC. However, based on accumulating evidence, MSCs mainly exert antifibrotic
effects through paracrine mechanisms (Berardis et al., 2015). Various types of factors are
transported outwards in a divergent mode to complete the biological function of HF-MSCs
(Bjerkvig et al., 2005; György et al., 2011). The role of MSC paracrine mechanism in LC
needs to be further studied.

Four fates of pathologically activated HSCs have been identified, namely, the conversion
of pathologically activated HSCs to resting HSCs, cell apoptosis, immune clearance,
and cell senescence (Bataller & Brenner, 2005; Chu & Liaw, 2006). As the conversion of
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pathologically activated HSCs to myofibroblasts is the critical link in the development
of LC (Kubo et al., 2015), inhibiting pathological HSC activation might represent an
essential method to treat LC (Higashi, Friedman & Hoshida, 2017). In our research, after
coculture with HF-MSCs in vitro, HF-MSCs inhibited the pathological activation of JS1
cells, as represented by α-SMA expression. A similar result was also obtained in vivo.
Researchers have tried to determine how MSCs affect HSCs. The reported hypotheses
include direct and indirect effects of MSCs on HSCs. Direct effects are mediated by the
direct contact between the two cells or the cytokines secreted by MSCs on HSCs. MSCs
can also indirectly affect the fate of HSCs by regulating hepatocytes and immune cells such
as macrophages (Higashiyama et al., 2007; Maggini et al., 2010; Yu et al., 2015). Due to the
excessive pathological activation of HSCs, phenotypic reversal is an effective method to
inhibit the process of cirrhosis and improve the liver function of patients with cirrhosis. The
regulatory effect of MSCs on HSCs provides strong support for the clinical application of
MSCs. Clarifying the mechanism by which HF-MSCs inhibit HSC pathological activation
would be helpful for identifying a more effective treatment for LC.

The pathological activation of HSCs is related to many factors, such as epithelial cell
injury, changes in the extracellular matrix, TGF-β signal transduction, chronic infection
with hepatitis virus, and intestinal dysfunction (Katsarou et al., 2020; Yavuz et al., 2020).
Among these factors, TGF-β signal is a classical pathway leading to the occurrence of LC.
TGF-β1 is protein that activates the TGF-β1/Smad pathway, which mediates pathological
HSC activation and LC occurrence (Wu et al., 2017). The downstream signaling molecules
of TGF-β1 are members the Smad protein family, which regulate collagen gene expression
and target gene transcription. Blocking the TGF-β/Smad signaling pathway represents
a powerful method to inhibit pathological HSC activation and alleviate LC. Xuan et al.
(2017) proved that MSCs relieve hepatic injury by inhibiting the TGF-β1/Smad pathway.
Consistent with their findings, the TGF-β signaling pathway was abnormally activated in
mice with LC, while the levels of TGF-β and p-Smad2/3 were dramatically decreased in
the HF-MSC group and tended to be normal in the present study. As shown in the present
study, HF-MSCs inhibit pathological HSC activation and reverse LC by inhibiting the
TGF-β1/Smad pathway.

CONCLUSIONS
In summary, HF-MSCs migrate to the injured liver and differentiate into HLCs. HF-MSC
therapy promotes the recovery of liver function and pathology in a model of cirrhosis by
inhibiting pathological HSC activation through effects on the TGF-β1/Smad pathway. Our
current study may provide a promising method to treat LC. Additional basic research is
needed to clarify the underlying mechanism before this approach is translated the clinic.

ACKNOWLEDGEMENTS
We are grateful to the Second Affiliated Hospital of Harbin Medical University laboratory
for their technical assistance.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 15/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.12872


ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was supported by a grant from the Xinjiang Production and Construction
Corps [2020AB020]. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Xinjiang Production and Construction Corps: 2020AB020.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Qi Liu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the paper, and
approved the final draft.
• Chengqian Lv performed the experiments, authored or reviewed drafts of the paper, and
approved the final draft.
• Yanan Jiang performed the experiments, analyzed the data, authored or reviewed drafts
of the paper, and approved the final draft.
• Kunpeng Luo performed the experiments, prepared figures and/or tables, and approved
the final draft.
• Yang Gao performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.
• Jingyang Liu, Xu Zhang and Jan Mohammad Omar analyzed the data, authored or
reviewed drafts of the paper, and approved the final draft.
• Shizhu Jin conceived and designed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the paper, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

the ethics committee of the Experimental Center of the Second Affiliated Hospital of
Harbin Medical University

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12872#supplemental-information.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 16/21

https://peerj.com
http://dx.doi.org/10.7717/peerj.12872#supplemental-information
http://dx.doi.org/10.7717/peerj.12872#supplemental-information
http://dx.doi.org/10.7717/peerj.12872#supplemental-information
http://dx.doi.org/10.7717/peerj.12872


REFERENCES
Alfaifi M, Eom YW, Newsome PN, Baik SK. 2018.Mesenchymal stromal cell therapy for

liver diseases. The Journal of Hepatology 68:1272–1285
DOI 10.1016/j.jhep.2018.01.030.

Alizadeh E, EslaminejadM, Akbarzadeh A, Sadeghi Z, Abasi M, Herizchi R, Zarghami
N. 2016. Upregulation of MiR-122 via Trichostatin A treatments in hepatocyte-
like cells derived from mesenchymal stem cells. Chemical Biology & Drug Design
87:296–305 DOI 10.1111/cbdd.12664.

Bajpai VK, Mistriotis P, Andreadis ST. 2012. Clonal multipotency and effect of long-
term in vitro expansion on differentiation potential of human hair follicle derived
mesenchymal stem cells. Stem Cell Research 8:74–84 DOI 10.1016/j.scr.2011.07.003.

Bataller R, Brenner DA. 2005. Liver fibrosis. Journal of Clinical Investigation
115:209–218 DOI 10.1172/JCI24282.

Berardis S, Dwisthi Sattwika P, Najimi M, Sokal E. 2015. Use of mesenchymal stem
cells to treat liver fibrosis: current situation and future prospects.World Journal of
Gastroenterology 21:742–758 DOI 10.3748/wjg.v21.i3.742.

Bjerkvig R, Tysnes B, Aboody K, Najbauer J, Terzis A. 2005. Opinion: the origin of the
cancer stem cell: current controversies and new insights. Nature Reviews Cancer
5:899–904 DOI 10.1038/nrc1740.

Chiabotto G, Pasquino C, Camussi G, Bruno S. 2020.Molecular pathways modulated
by mesenchymal stromal cells and their extracellular vesicles in experimental
models of liver fibrosis. Frontiers in Cell and Developmental Biology 8:594794
DOI 10.3389/fcell.2020.594794.

Chu C, Liaw Y. 2006.Hepatitis B virus-related cirrhosis: natural history and treatment.
Seminars in Liver Disease 26:142–152 DOI 10.1055/s-2006-939752.

Cotsarelis G. 2006. Epithelial stem cells: a folliculocentric view. Journal of Investigative
Dermatology 126:1459–1468 DOI 10.1038/sj.jid.5700376.

Dai L, Li H, Guan L, Ritchie G, Zhou J. 2009. The therapeutic potential of bone marrow-
derived mesenchymal stem cells on hepatic cirrhosis. Stem Cell Research 2:16–25
DOI 10.1016/j.scr.2008.07.005.

Dooley S, Hamzavi J, Breitkopf K,Wiercinska E, Said HM, Lorenzen J, Ten Dijke P,
Gressner AM. 2003. Smad7 prevents activation of hepatic stellate cells and liver
fibrosis in rats. Gastroenterology 125:178–191 DOI 10.1016/s0016-5085(03)00666-8.

Dykstra B, Lee J, Mortensen LJ, Yu H,Wu ZL, Lin CP, Rossi DJ, Sackstein R. 2016.
Glycoengineering of E-selectin ligands by intracellular versus extracellular fucosyla-
tion differentially affects osteotropism of human mesenchymal stem cells. Stem Cells
34:2501–2511 DOI 10.1002/stem.2435.

Forbes S, Newsome PN. 2016. Liver regeneration—mechanisms and models to
clinical application. Nature Reviews Gastroenterology & Hepatology 13:473–485
DOI 10.1038/nrgastro.2016.97.

Francois S, BensidhoumM,MouiseddineM,Mazurier C, Allenet B, Semont A, Frick
J, Sache A, Bouchet S, Thierry D, Gourmelon P, Gorin NC, Chapel A. 2006. Local

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 17/21

https://peerj.com
http://dx.doi.org/10.1016/j.jhep.2018.01.030
http://dx.doi.org/10.1111/cbdd.12664
http://dx.doi.org/10.1016/j.scr.2011.07.003
http://dx.doi.org/10.1172/JCI24282
http://dx.doi.org/10.3748/wjg.v21.i3.742
http://dx.doi.org/10.1038/nrc1740
http://dx.doi.org/10.3389/fcell.2020.594794
http://dx.doi.org/10.1055/s-2006-939752
http://dx.doi.org/10.1038/sj.jid.5700376
http://dx.doi.org/10.1016/j.scr.2008.07.005
http://dx.doi.org/10.1016/s0016-5085(03)00666-8
http://dx.doi.org/10.1002/stem.2435
http://dx.doi.org/10.1038/nrgastro.2016.97
http://dx.doi.org/10.7717/peerj.12872


irradiation not only induces homing of human mesenchymal stem cells at exposed
sites but promotes their widespread engraftment to multiple organs: a study of
their quantitative distribution after irradiation damage. Stem Cells 24:1020–1029
DOI 10.1634/stemcells.2005-0260.

Friedman SL. 2000.Molecular regulation of hepatic fibrosis, an integrated cellu-
lar response to tissue injury. Journal of Biological Chemistry 275:2247–2250
DOI 10.1074/jbc.275.4.2247.

Friedman SL. 2008.Hepatic stellate cells: protean, multifunctional, and enigmatic cells of
the liver. Physiological Reviews 88:125–172 DOI 10.1152/physrev.00013.2007.

Goodman ZD. 2007. Grading and staging systems for inflammation and fibrosis in
chronic liver diseases. The Journal of Hepatology 47:598–607
DOI 10.1016/j.jhep.2007.07.006.

György B, Szabó T, Pásztói M, Pál Z, Misják P, Aradi B, László V, Pállinger E, Pap
E, Kittel A, Nagy G, Falus A, Buzás E. 2011.Membrane vesicles, current state-of-
the-art: emerging role of extracellular vesicles. Cellular and Molecular Life Sciences
68:2667–2688 DOI 10.1007/s00018-011-0689-3.

Haldar D, Henderson N, Hirschfield G, Newsome P. 2016.Mesenchymal stromal cells
and liver fibrosis: a complicated relationship. The FASEB Journal 30:3905–3928
DOI 10.1096/fj.201600433R.

Han I, Shim KJ, Kim JY, Im SU, Sung YK, KimM, Kang IK, Kim JC. 2007. Effect of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) nanofiber matrices cocultured with
hair follicular epithelial and dermal cells for biological wound dressing. Artificial
Organs 31:801–808 DOI 10.1111/j.1525-1594.2007.00466.x.

Hellerbrand C, Stefanovic B, Giordano F, Burchardt ER, Brenner DA. 1999. The
role of TGFbeta1 in initiating hepatic stellate cell activation in vivo. The Journal of
Hepatology 30:77–87 DOI 10.1016/s0168-8278(99)80010-5.

Higashi T, Friedman SL, Hoshida Y. 2017.Hepatic stellate cells as key target in liver
fibrosis. Advanced Drug Delivery Reviews 121:27–42
DOI 10.1016/j.addr.2017.05.007.

Higashiyama R, Inagaki Y, Hong YY, KushidaM, Nakao S, NiiokaM,Watanabe T,
Okano H, Matsuzaki Y, Shiota G, Okazaki I. 2007. Bone marrow-derived cells
express matrix metalloproteinases and contribute to regression of liver fibrosis in
mice. Hepatology 45:213–222 DOI 10.1002/hep.21477.

Huang YW, Hu JT, Yang SS. 2010. Complications of alcoholic liver cirrhosis: ac-
tive assessment by endoscopy and sonography. Hepatology 52:1864–1865
DOI 10.1002/hep.23799.

Idriss N, Sayyed H, Osama A, Sabry D. 2018. Treatment efficiency of different routes of
bone marrow-derived mesenchymal stem cell injection in rat liver fibrosis model.
Cellular Physiology and Biochemistry 48:2161–2171 DOI 10.1159/000492558.

Jung YK, YimHJ. 2017. Reversal of liver cirrhosis: current evidence and expectations.
The Korean Journal of Internal Medicine 32:213–228 DOI 10.3904/kjim.2016.268.

Karp JM, Leng Teo GS. 2009.Mesenchymal stem cell homing: the devil is in the details.
Cell Stem Cell 4:206–216 DOI 10.1016/j.stem.2009.02.001.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 18/21

https://peerj.com
http://dx.doi.org/10.1634/stemcells.2005-0260
http://dx.doi.org/10.1074/jbc.275.4.2247
http://dx.doi.org/10.1152/physrev.00013.2007
http://dx.doi.org/10.1016/j.jhep.2007.07.006
http://dx.doi.org/10.1007/s00018-011-0689-3
http://dx.doi.org/10.1096/fj.201600433R
http://dx.doi.org/10.1111/j.1525-1594.2007.00466.x
http://dx.doi.org/10.1016/s0168-8278(99)80010-5
http://dx.doi.org/10.1016/j.addr.2017.05.007
http://dx.doi.org/10.1002/hep.21477
http://dx.doi.org/10.1002/hep.23799
http://dx.doi.org/10.1159/000492558
http://dx.doi.org/10.3904/kjim.2016.268
http://dx.doi.org/10.1016/j.stem.2009.02.001
http://dx.doi.org/10.7717/peerj.12872


Katsarou A, Moustakas I, Pyrina I, Lembessis P, Koutsilieris M, Chatzigeor-
giou A. 2020.Metabolic inflammation as an instigator of fibrosis during non-
alcoholic fatty liver disease.World Journal of Gastroenterology 26:1993–2011
DOI 10.3748/wjg.v26.i17.1993.

Kisseleva T, Gigante E, Brenner DA. 2010. Recent advances in liver stem cell therapy.
Current Opinion in Gastroenterology 26:395–402
DOI 10.1097/MOG.0b013e32833a6bec.

Kubo K, Ohnishi S, Hosono H, Fukai M, Kameya A, Higashi R, Yamada T, Onishi R,
Yamahara K, Takeda H, Sakamoto N. 2015.Human amnion-derived mesenchymal
stem cell transplantation ameliorates liver fibrosis in rats. Transplantation Direct
1:e16 DOI 10.1097/TXD.0000000000000525.

LakoM, Armstrong L, Cairns PM, Harris S, Hole N, Jahoda CA. 2002.Hair follicle
dermal cells repopulate the mouse haematopoietic system. Journal of Cell Science
115:3967–3974 DOI 10.1242/jcs.00060.

Lee SH, Seo GS, Park YN, Sohn DH. 2004. Nephroblastoma overexpressed gene (NOV)
expression in rat hepatic stellate cells. Biochemical Pharmacology 68:1391–1400
DOI 10.1016/j.bcp.2004.06.009.

Li P, Liu F, Wu C, JiangW, Zhao G, Liu L, Bai T, Wang L, Jiang Y, Guo L, Qi X, Kou J,
Fan R, Hao D, Lan S, Li Y, Liu JY. 2015. Feasibility of human hair follicle-derived
mesenchymal stem cells/CultiSpher((R))-G constructs in regenerative medicine. Cell
and Tissue Research 362:69–86 DOI 10.1007/s00441-015-2182-z.

Li X,Wang L, Chen C. 2017. Effects of exogenous thymosin beta4 on carbon
tetrachloride-induced liver injury and fibrosis. Scientific Reports 7:5872
DOI 10.1038/s41598-017-06318-5.

Lin SZ, Chang YJ, Liu JW, Chang LF, Sun LY, Li YS, Luo GH, Liao CH, Chen PH,
Chen TM, Lee RP, Yang KL, Harn HJ, Chiou TW. 2010. Transplantation of human
Wharton’s Jelly-derived stem cells alleviates chemically induced liver fibrosis in rats.
Cell Transplantation 19:1451–1463 DOI 10.3727/096368910X514198.

Linecker M, Krones T, Berg T, Niemann CU, Steadman RH, Dutkowski P, Clavien
PA, Busuttil RW, Truog RD, Petrowsky H. 2018. Potentially inappropriate liver
transplantation in the era of the ‘‘sickest first’’ policy—a search for the upper limits.
The Journal of Hepatology 68:798–813 DOI 10.1016/j.jhep.2017.11.008.

Ma ZG, Lv XD, Zhan LL, Chen L, Zou QY, Xiang JQ, Qin JL, ZhangWW, Zeng ZJ,
Jin H, Jiang HX, Lv XP. 2016.Human urokinase-type plasminogen activator
gene-modified bone marrow-derived mesenchymal stem cells attenuate liver
fibrosis in rats by down-regulating the Wnt signaling pathway.World Journal of
Gastroenterology 22:2092–2103 DOI 10.3748/wjg.v22.i6.2092.

Ma L, Zeng Y,Wei J, Yang D, Ding G, Liu J, Shang J, Kang Y, Ji X. 2018. Knockdown of
LOXL1 inhibits TGF-beta1-induced proliferation and fibrogenesis of hepatic stellate
cells by inhibition of Smad2/3 phosphorylation. Biomedicine & Pharmacotherapy
107:1728–1735 DOI 10.1016/j.biopha.2018.08.156.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 19/21

https://peerj.com
http://dx.doi.org/10.3748/wjg.v26.i17.1993
http://dx.doi.org/10.1097/MOG.0b013e32833a6bec
http://dx.doi.org/10.1097/TXD.0000000000000525
http://dx.doi.org/10.1242/jcs.00060
http://dx.doi.org/10.1016/j.bcp.2004.06.009
http://dx.doi.org/10.1007/s00441-015-2182-z
http://dx.doi.org/10.1038/s41598-017-06318-5
http://dx.doi.org/10.3727/096368910X514198
http://dx.doi.org/10.1016/j.jhep.2017.11.008
http://dx.doi.org/10.3748/wjg.v22.i6.2092
http://dx.doi.org/10.1016/j.biopha.2018.08.156
http://dx.doi.org/10.7717/peerj.12872


Maggini J, Mirkin G, Bognanni I, Holmberg J, Piazzon IM, Nepomnaschy I, Costa
H, Canones C, Raiden S, VermeulenM, Geffner JR. 2010.Mouse bone marrow-
derived mesenchymal stromal cells turn activated macrophages into a regulatory-like
profile. PLOS ONE 5:e9252 DOI 10.1371/journal.pone.0009252.

Marti-Rodrigo A, Alegre F, Moragrega AB, Garcia-Garcia F, Marti-Rodrigo P,
Fernandez-Iglesias A, Gracia-Sancho J, Apostolova N, Esplugues JV, Blas-Garcia
A. 2020. Rilpivirine attenuates liver fibrosis through selective STAT1-mediated
apoptosis in hepatic stellate cells. Gut 69:920–932 DOI 10.1136/gutjnl-2019-318372.

Mii S, Uehara F, Yano S, Tran B, Miwa S, Hiroshima Y, Amoh Y, Katsuoka K, Hoff-
man RM. 2013. Nestin-expressing stem cells promote nerve growth in long-
term 3-dimensional Gelfoam(R)-supported histoculture. PLOS ONE 8:e67153
DOI 10.1371/journal.pone.0067153.

Peng HF, Liu JY, Andreadis ST, Swartz DD. 2011.Hair follicle-derived smooth
muscle cells and small intestinal submucosa for engineering mechanically ro-
bust and vasoreactive vascular media. Tissue Engineering Part A 17:981–990
DOI 10.1089/ten.TEA.2010.0109.

Qihao Z, Xigu C, Guanghui C,Weiwei Z. 2007. Spheroid formation and differentiation
into hepatocyte-like cells of rat mesenchymal stem cell induced by co-culture with
liver cells. DNA and Cell Biology 26:497–503 DOI 10.1089/dna.2006.0562.

RybickaM,Woziwodzka A, Sznarkowska A, Romanowski T, Stalke P, Dreczewski M,
Verrier ER, Baumert TF, Bielawski KP. 2020. Liver cirrhosis in chronic Hepatitis B
patients is associated with genetic variations in DNA repair pathway genes. Cancers
12:3295 DOI 10.3390/cancers12113295.

Schnabl B, Kweon YO, Frederick JP, Wang XF, Rippe RA, Brenner DA. 2001. The role
of Smad3 in mediating mouse hepatic stellate cell activation. Hepatology 34:89–100
DOI 10.1053/jhep.2001.25349.

Shi X, Lv S, He X, Liu X, SunM, Li M, Chi G, Li Y. 2016. Differentiation of hepatocytes
from induced pluripotent stem cells derived from human hair follicle mesenchymal
stem cells. Cell and Tissue Research 366:89–99 DOI 10.1007/s00441-016-2399-5.

Silveira MG, Brunt EM, Heathcote J, Gores GJ, Lindor KD, MayoMJ. 2010. American
Association for the Study of Liver Diseases endpoints conference: design and
endpoints for clinical trials in primary biliary cirrhosis. Hepatology 52:349–359
DOI 10.1002/hep.23637.

Srijaya TC, Ramasamy TS, Kasim NH. 2014. Advancing stem cell therapy from bench
to bedside: lessons from drug therapies. Journal of Translational Medicine 12:243
DOI 10.1186/s12967-014-0243-9.

Sun X, Gao Y, Chen H, Yang N, Zhang Y, Liu Q, Jiang Y, Jin S. 2021. From hair to
pancreas: transplanted hair follicle mesenchymal stem cells express pancreatic
progenitor cell markers in a rat model of acute pancreatitis. American Journal of
Translational Research 13:1389–1399.

WuH, Chen G,Wang J, DengM, Yuan F, Gong J. 2020. TIM-4 interference in Kupffer
cells against CCL4-induced liver fibrosis by mediating Akt1/Mitophagy signalling
pathway. Cell Proliferation 53:e12731 DOI 10.1111/cpr.12731.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 20/21

https://peerj.com
http://dx.doi.org/10.1371/journal.pone.0009252
http://dx.doi.org/10.1136/gutjnl-2019-318372
http://dx.doi.org/10.1371/journal.pone.0067153
http://dx.doi.org/10.1089/ten.TEA.2010.0109
http://dx.doi.org/10.1089/dna.2006.0562
http://dx.doi.org/10.3390/cancers12113295
http://dx.doi.org/10.1053/jhep.2001.25349
http://dx.doi.org/10.1007/s00441-016-2399-5
http://dx.doi.org/10.1002/hep.23637
http://dx.doi.org/10.1186/s12967-014-0243-9
http://dx.doi.org/10.1111/cpr.12731
http://dx.doi.org/10.7717/peerj.12872


WuC, Liu F, Li P, Zhao G, Lan S, JiangW,Meng X, Tian L, Li G, Li Y, Liu JY. 2015.
Engineered hair follicle mesenchymal stem cells overexpressing controlled-release
insulin reverse hyperglycemia in mice with type L diabetes. Cell Transplantation
24:891–907 DOI 10.3727/096368914X681919.

Wu SP, Yang Z, Li FR, Liu XD, Chen HT, Su DN. 2017. Smad7-overexpressing rat
BMSCs inhibit the fibrosis of hepatic stellate cells by regulating the TGF-beta1/Smad
signaling pathway. Experimental and Therapeutic Medicine 14:2568–2576
DOI 10.3892/etm.2017.4836.

Xu Z, He X, Shi X, Xia Y, Liu X,WuH, Li P, Zhang H, YinW, Du X, Li L, Li Y. 2018.
Analysis of differentially expressed genes among human hair follicle-derived iPSCs,
induced hepatocyte-like cells, and primary hepatocytes. Current Stem Cell Research &
Therapy 9:211 DOI 10.1186/s13287-018-0940-z.

Xuan J, FengW, An ZT, Yang J, Xu HB, Li J, Zhao ZF,WenW. 2017. Anti-TGFbeta-1
receptor inhibitor mediates the efficacy of the human umbilical cord mesenchymal
stem cells against liver fibrosis through TGFbeta-1/Smad pathway.Molecular and
Cellular Biochemistry 429:113–122 DOI 10.1007/s11010-017-2940-1.

Yang Y, Zhao Y, Zhang L, Zhang F, Li L. 2021. The application of mesenchymal stem
cells in the treatment of liver diseases: mechanism, efficacy, and safety issues.
Frontiers in Medicine 8:655268 DOI 10.3389/fmed.2021.655268.

Yavuz B, Pestana R, Abugabal Y, Krishnan S, Chen J, HassanM,Wolff R, Rashid A,
Amin H, Kaseb A. 2020. Origin and role of hepatic myofibroblasts in hepatocellular
carcinoma. Oncotarget 11:1186–1201 DOI 10.18632/oncotarget.27532.

Yu F, Ji S, Su L,Wan L, Zhang S, Dai C,Wang Y, Fu J, Zhang Q. 2015. Adipose-derived
mesenchymal stem cells inhibit activation of hepatic stellate cells in vitro and
ameliorate rat liver fibrosis in vivo. Journal of the Formosan Medical Association
114:130–138 DOI 10.1016/j.jfma.2012.12.002.

Yu Y,Wu RX, Gao LN, Xia Y, Tang HN, Chen FM. 2016. Stromal cell-derived factor-
1-directed bone marrow mesenchymal stem cell migration in response to in-
flammatory and/or hypoxic stimuli. Cell Adhesion & Migration 10:342–359
DOI 10.1080/19336918.2016.1139287.

Zhang Z,Wang F. 2013. Stem cell therapies for liver failure and cirrhosis. The Journal of
Hepatology 59:183–185 DOI 10.1016/j.jhep.2013.01.018.

Zhang S, Yang Y, Fan L, Zhang F, Li L. 2020. The clinical application of mesenchymal
stem cells in liver disease: the current situation and potential future. The Annals of
Translational Medicine 8:565 DOI 10.21037/atm.2020.03.218.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.12872 21/21

https://peerj.com
http://dx.doi.org/10.3727/096368914X681919
http://dx.doi.org/10.3892/etm.2017.4836
http://dx.doi.org/10.1186/s13287-018-0940-z
http://dx.doi.org/10.1007/s11010-017-2940-1
http://dx.doi.org/10.3389/fmed.2021.655268
http://dx.doi.org/10.18632/oncotarget.27532
http://dx.doi.org/10.1016/j.jfma.2012.12.002
http://dx.doi.org/10.1080/19336918.2016.1139287
http://dx.doi.org/10.1016/j.jhep.2013.01.018
http://dx.doi.org/10.21037/atm.2020.03.218
http://dx.doi.org/10.7717/peerj.12872

