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a b s t r a c t

Background: Mesenchymal stem cells (MSCs) can be easily expanded. They can be acquired from medical
waste such as adipose and umbilical cord tissues, are influenced by culturing conditions, and exert anti-
inflammatory, antioxidant, anti-fibrotic, and angiogenic effects. We analyzed the multi-directional effects
of MSCs cultured under hypoxic conditions and their underlying mechanisms in the treatment of liver
cirrhosis in a mouse model.
Methods: Human bone marrow-derived MSCs cultured under hypoxic (5% O2; hypoMSCs) and normoxic
(21% O2; norMSCs) conditions were compared by cap analysis of gene expression (CAGE) with or without
serum from liver cirrhosis patients. The therapeutic effects of MSCs, including serum liver enzyme in-
duction, fibrosis regression, and hepatic oxidative stress, were evaluated by injecting 1 � 106, 2 � 105, or
4 � 104 MSCs/mouse into the tail veins of mice with carbon tetrachloride (CCl4)-induced liver cirrhosis.
Intravital imaging was performed with a two-photon excitation microscope to confirm the various MSC
migration paths to the liver.
Results: CAGE analysis revealed that the RNA expression levels of prostaglandin E synthase (Ptges) and
miR210 were significantly higher in hypoMSCs than in norMSCs. In vivo analysis revealed that both
hypoMSCs and norMSCs reduced serum alanine aminotransferase, oxidative stress, and fibrosis
compared to that in control mice in a dose-dependent manner. However, hypoMSCs had stronger
therapeutic effects than norMSCs. We confirmed this observation by an in vitro study in which hypoMSCs
changed macrophage polarity to an anti-inflammatory phenotype via prostaglandin E2 (PGE2) stimu-
lation. In addition, miR210 reduced the rate of hepatocyte apoptosis. Intravital imaging after MSC
administration showed that both cell types were primarily trapped in the lungs. Relatively a few
hypoMSCs and norMSCs migrated to the liver. There were no significant differences in their distributions.
Conclusion: The therapeutic effect of hypoMSCs was mediated by PGE2 and miR210 production and was
greater than that of norMSCs. Therefore, MSCs can be manipulated to improve their therapeutic efficacy
MSCs, MSCs cultured under normal oxygen (21% O2) conditions; hypoMSCs, MSCs cultured under hypoxic oxygen (5%
; id-BMM, Induced Bone Marrow Derived Macrophage; HHSteC, Human Hepatic Stellate Cells; LC, Liver cirrhosis; NASH,
ide; ALT, Alanine aminotransferase; ALP, Alkaline phosphatase; T-Bil, Total bilirubin; ALB, Albumin; SOD, Superoxide
hydroxy-2’-deoxyguanosine; ECM, Extracellular matrix; LPS, Lipopolysaccharide; PGE2, Prostaglandin E2; PCR, Poly-
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in the treatment of liver cirrhosis and could potentially serve in effective cell therapy. MSCs produce
several factors with multidirectional effects and function as “conducting cells” in liver cirrhosis.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Background

Chronic liver damage is caused mainly by hepatitis B and C vi-
ruses and alcoholic- and non-alcoholic steatohepatitis (NASH).
These conditions can induce liver fibrosis and, in some cases, liver
cirrhosis. This disorder is frequently associated with liver
dysfunction and may lead to port-systemic shunts and hepatocel-
lular carcinoma. Decompensated liver cirrhosis is a life-threating
disease [1]. The prognosis of progressive liver cirrhosisdsuch as
those classified as Child-Pugh grades B and Cdis poor, and liver
transplantation is the only effective treatment. However, there is a
chronic shortage of donor organs. For this reason, a new therapy is
needed to regress fibrosis and improve liver function. Liver disease
regression can be accomplished by the effective treatment and
control of its causes. Previous reports have indicated that liver
fibrosis regressed after treating hepatitis C with direct-acting an-
tivirals [2,3] and by treating hepatitis B with a nucleotide analog
[4]. Therefore, humans can regress liver fibrosis, and the effective
induction of this ability may be an ideal liver cirrhosis treatment.
Liver fibroses can lead to the following extracellular matrix (ECM)-
related disorders: hepatocyte injury, inflammation, myofibroblast
activation, and the dysregulated production of ECM components
[5]. Drugs targeting this fibrogenesis cascade may potentially serve
as novel strategies. Although some of these are being evaluated in
clinical studies, none of them have yet been approved to test their
effects on liver fibrosis regression.

Several clinical trials on cell therapies targeting fibrosis regres-
sion are underway. The most popular are those involving mesen-
chymal stem cells (MSCs) [6,7]. MSCs are obtained from the bone
marrow, adipose tissues, umbilical cord tissues, and dental pulp.
They readily expand and differentiate into osteoblasts, adipocytes,
and chondrocytes after induction. MSCs are a heterogeneous pop-
ulation presenting species-specific surface markers such as CD105
and CD73. Previous intravital imaging studies using two-photon
excitation microscopy showed that most MSCs injected into the
mouse tail vein were trapped in the lungs, and only a few migrated
to the liver. In a liver cirrhosis model, they disappeared from the
liver, lung, and spleen after 7 d [8]. MSCs secrete various cytokines,
chemokines, growth factors, and exosomes that affect immune cells
including macrophages, T cells, and B cells. They indirectly and
remotely affect tissue repair by functioning as “conducting cells.”
Depending on the host condition, MSCs regulate trophic factors and
indirectly mediate anti-apoptotic, antioxidant, antifibrotic, angio-
genic, and immunosuppressive effects. Since they have multiple
functions, readily expand, and are minimally antigenic, both
autologous and allogeneic MSCs have been used in >900 clinical
trials to treat various diseases. Several basic studies have been
conducted using MSCs to treat various liver disease models such as
cirrhosis, NASH, and acute injury. To date, ~50 trials have used
autologous and allogeneic MSCs to target acute and chronic liver
diseases. The cells were administered by injection into the pe-
ripheral vein, hepatic artery, or portal vein [9].

The origins, culture conditions, and effective administration
routes of MSCs have not yet been optimized. In the present study,
we investigated the effects of low-oxygen preconditioning on MSC
efficacy in the treatment of a mouse liver cirrhosis model. We
evaluated the changes in MSC properties resulting from hypoxia
induction and the addition of human patient serum, and confirmed
them via Cap Analysis Gene Expression (CAGE). It was determined
that several MSC factors were upregulated in response to hypoxia.

2. Methods

2.1. Preparation of MSCs

Poietics human MSCs (passage 2) were purchased from Lonza
(Basel, Switzerland), expanded until passage 4, and used as nor-
moxic MSCs (norMSCs). The cells were cultured and passaged with
StemPro MSC SFM XenoFree (Thermo Fisher Scientific, Waltham,
MA, USA) under normal oxygen conditions (21% O2) and 5% CO2 at
37 �C. Passage 4 cells were frozen and stored using liquid nitrogen.
StemPro BM MSCs (passage 4; Thermo Fisher Scientific) were
purchased from Thermo Fisher Scientific and used as hypoxic MSCs
(hypoMSCs). The cells were cultured in StemProMSC SFMXenoFree
(Thermo Fisher Scientific) under hypoxic conditions (5% O2) and 5%
CO2 at 37 �C. Cryopreservation solution with 10% DMSO was used
for cryopreservation of these cells.

2.2. CAGE analysis

Serumwas obtained from three liver cirrhosis patients (Table 1)
and one healthy person. All experiments were approved by the
Ethics Committee of Niigata University, Niigata, Japan. The mRNAs
fromMSCs grown for 48 h with or without serumwere analyzed by
CAGE (K.K. DNAFORM, Yokohama, Japan).

2.3. Induced bone marrow-derived macrophage (id-BMM)
preparation

Ten-to 12-week-old male C57BL/6 mice were sacrificed by cer-
vical dislocation and their limbs were removed. Bone marrow
precursors were flushed from the medullary cavities of the tibias
and femurs using DMEM (Thermo Fisher Scientific) with a 25G
needle. The id-BMMs were cultured at 37 �C under 5% CO2 in ultra-
low attachment flasks (Corning, Armonk, NY, USA) containing
DMEM/F12 (Thermo Fisher Scientific) and 20 ng/mL macrophage
colony-stimulating factor (M-CSF; CSF-1; recombinant murine M-
CSF; Peprotech Inc., Rocky Hill, NJ, USA). The id-BMMs were
cultured for 7 d and the medium was replaced twice weekly.

2.4. Co-culture of id-BMMs and norMSCs or hypoMSCs

The id-BMMs were cultured with or without MSCs at 37 �C
under 5% CO2 in Transwell 6-well plates (Corning) for 72 h. The id-
BMMs were then harvested and their tumor necrosis factor-a
(Tnfa), Ym-1, Fizz-1, Cd206, andMCP-1 mRNA levels were compared
to those of the controls. Prostaglandin E synthase (Ptges) from
hypoMSCs was knocked downwith HiPerFect Transfection Reagent
(Qiagen, Hilden, Germany) according to the manufacturer's in-
structions. Macrophages were cultured either with hypoMSCs or
Ptges-knockdown hypoMSCs and the mRNA expression levels of
their polarization-related markers were compared.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Information of the three liver cirrhosis patients.

sex age etiology Child-Pugh Score ALT (U/l) Platelets ( � 10000/ml)

LC1 F 54 Alcohol B (8) 14 5.7
LC2 M 67 Alcohol A (5) 22 13.6
LC3 F 80 NASH B (7) 20 6.1

ALT: alanine aminotransferase, NASH: non-alcoholic steatohepatitis.
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2.5. Mice

Eight-week-old C57BL/6 male mice were purchased from
Charles River (Yokohama, Japan). They were housed in a pathogen-
free environment and kept under standard laboratory conditions
with a 12-h day/night cycle and access to food and water ad libitum.
All animal experiments were in compliance with the regulations of
and approved by the Institutional Animal Care and Committee at
Niigata and Osaka Universities.

2.6. Preparation of the cirrhosis mouse model and cell
transplantation

Male mice were intraperitoneally injected with 1.0 mL/kg car-
bon tetrachloride (CCl4; Wako Pure Chemical Industries Ltd.) to
induce cirrhosis. CCl4 was dissolved in corn oil (Wako Pure Chem-
ical Industries Ltd.) at a 1:10 volumetric ratio. The mice received
CCl4 i.p. twice weekly over a 12-week period. They were then
randomly assigned to one of eight groups: CCl4 þ PBS (control);
CCl4 þ 1 � 106 norMSCs or hypoMSCs; CCl4 þ 2 � 105 norMSCs or
hypoMSCs; and CCl4 þ 4 � 104 norMSCs or hypoMSCs. Mice not
subjected to CCl4 treatment served as a normal control. At eight
weeks, either PBS or one of the aforementioned cell types was
injected into CCl4-induced mice through the tail vein without
immunosuppressive agents. The mice were euthanized at four
weeks after cell injection.

2.7. Biochemical analysis

Blood samples were taken from the abdominal aortas of the
mice at four weeks after cell injection. Serum was also collected.
Serum alanine aminotransferase (ALT), alkaline phosphatase (ALP),
total bilirubin (T-BIL), and albumin (ALB) concentrations were
determined by BML Inc. (Tokyo, Japan).

2.8. Oxidative stress analysis

Liver tissue was excised from the mice at 7 d and 28 d after
treatment. The levels of superoxide dismutase (SOD), total gluta-
thione, DNA 8-hydroxy-20-deoxyguanosine (8-OHdG), and malon-
dialdehyde (MDA) in the liver tissue were measured as oxidative
stress markers. SOD was measured using the SOD Assay kiteWST
(Dojindo, Kumamoto, Japan), total glutathione was measured
with a GSSG/GSH Quantification kit (Dojindo), 8-OHdG was
measured with a High Sensitive 8-OHdG Check ELISA kit (JaICA,
Shizuoka, Japan), and MDAwas measured with a lipid peroxidation
(MDA) assay kit (Abcam, Cambridge, England). All tests were con-
ducted according to the manufacturer's instructions.

2.9. Histopathological analysis

Liver tissue was excised, fixed in 10% formalin, embedded in
paraffin wax, and sliced into 4-mm sections. The paraffin sections
were deparaffinized, rehydrated, and stainedwith hematoxylin and
eosin (H&E) and Sirius red for histological examination following
the manufacturer's standard protocols. Photographs were taken
from randomly chosen sections using the HS all-in-one fluores-
cence microscope (BZ-9000; Keyence, Osaka, Japan). A quantitative
analysis of fifty randomly selected fibrotic areas was performed
using ImageJ v. 1.6.0.20 (NIH, Bethesda, MD, USA).

2.10. Hydroxyproline assay

The liver cirrhosis mouse model at 4 weeks after cell adminis-
tration was used to determine the levels of hydroxyproline, which
is a representative collagen component. Liver samples (20 mg)
were homogenized and subjected to a QuickZyme Hydroxyproline
Assay (QuickZyme Bioscience, Zernikedreef, Netherland) according
to the manufacturer's protocol. Samples were extracted and their
absorbances were measured at 570 nm. Data were expressed as the
weight of hydroxyproline in 1 mg liver tissue.

2.11. In vivo imaging

HypoMSCs were stained green with a Green Fluorescent Cell
Linker kit (Sigma Aldrich, St. Louis, MO, USA). NorMSCs were
stained red with a Red Fluorescent Cell Linker kit (Sigma Aldrich).
Staining was done according to the manufacturer's instructions.
Then, 5 � 105 cells from each type of MSCs were injected into the
cirrhosis model mice through the tail vein. Six hours after treat-
ment, the mice were anesthetized with isoflurane and the median
lobes of their livers were surgically exposed. Their internal liver
surfaces were observed under an imaging system consisting of a
two-photon inverted microscope (A1R-MP, Nikon, Tokyo, Japan)
driven by a laser (Chameleon Vision Ti: Sapphire, Coherent) tuned
to 880 nm and fitted with a water multi-immersion objective lens
(Plan Fluor; N.A., 0.75; Nikon, Tokyo, Japan). Raw imaging datawere
processed with Imaris (Bitplane, Zurich, Switzerland).

2.12. Real-time PCR

Total RNA was reverse-transcribed with a QuantiTect reverse
transcription kit (Qiagen). Gene expressionwas analyzed using pre-
validated QuantiTect primers (Supplemental Table 1) and Quanti-
Tech SYBR reagent (Qiagen, Hilden, Germany). Real-time PCR was
conducted with a Step One Plus Real-time PCR System (Applied
Biosystems, Foster City, CA, USA). The results were derived from�3
separate samples. GAPDH was used as an internal control. The fold
change in gene expression relative to the control was calculated by
the 2�DDCt method.

2.13. Hepatocyte and human hepatic stellate cell apoptosis

PXB cells (fresh hepatocytes) were purchased from PhoenixBio
(Hiroshima, Japan) and cultured on a 96-well plate according to the
manufacturer's instructions. Human Hepatic Stellate Cells (HHSteC)
were purchased from ScienCell Research Laboratories (Carlsbad,
CA, USA) and cultured on a 96-well plate according to the
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manufacturer's instructions. PXB and HHSteC cells were transfected
with lipofectamine, miR210 mimic, or miRNA210 inhibitor using
Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher
Scientific). Apoptosis was induced by adding 1000-fold diluted
actinomycin D to the medium. Twelve hours after treatment, the
cells were treated with an Apoptotic/Necrotic Cells Detection Kit
(PromoCell, Heidelberg, Germany) according to the manufacturer's
instructions and observed under a fluorescence microscope.

2.14. Statistical analysis

Datawere processed in GraphPad Prism v. 7 (GraphPad Software
Inc., La Jolla, CA, USA) and are presented as means ± SD. All data
were normally distributed. The results were assessed by Student's
t-test. Differences between groups were analyzed by one-way
ANOVA and were considered significantly different at P < 0.05.

3. Results

3.1. HypoMSCs produced more PTGES and miR-210 than norMSCs

CAGE was used to compare the mRNA levels of hypoMSCs and
norMSCs in the absence of human serum or in the presence of
serum derived from a healthy individual or a liver cirrhosis (LC)
patient. Sera derived from healthy individuals or those with LC
were used to analyze the effects of humoral factors in serum. A heat
map (Fig. 1A) revealed that without human serum, the mRNA
expression patterns of hypoMSCs and norMSCs markedly differed.
In contrast, the differences in mRNA expression were compara-
tively small between MSCs (both hypoMSCs and norMSCs) grown
with serum from a healthy person and those grown with serum
from LC patients.

Global gene expression patterns were compared between
hypoMSCs and norMSCs cultured with or without human serum.
We selected RNAs whose expression levels were >4 � higher in
hypoMSCs than in norMSCs. The miR210, Ptges, Il-6, and Cxcl1, 2, 3,
and 6 were substantially upregulated in hypoMSCs relative to
norMSCs. Moreover, after adding normal or LC human serum to
both MSCs, Aldh, Il-8, and Hgf were considerably upregulated in
hypoMSCs compared to norMSCs.

3.2. HypoMSCs decreased liver damage and fibrosis in mice in a
dose-dependent manner

To investigate the therapeutic effect of hypoMSCs, hypo- and
norMSCs were administrated to CCl4-induced liver cirrhosis mice at
1 � 106 cells/mouse, 2 � 105 cells/mouse, and 4 � 104 cells/mouse
(Fig. 2A). Four weeks after the injections, the serum ALT levels in
the hypoMSC groups were 104.2 ± 7.0 U/L (1 � 106 cells/mouse),
126.8 ± 15.5 U/L (2 � 105 cells/mouse), and 149.1 ± 26.9 U/L
(4� 104 cells/mouse). In the norMSC groups, theywere 114.9 ± 16.3
U/L (1 � 106 cells/mouse), 155.8 ± 26.8 U/L (2 � 105 cells/mouse),
and 206.2 ± 30.8 U/L (4 � 104 cells/mouse). Therefore, serum ALT
was suppressed in a dose-dependent manner. However, hypoMSCs
tended to have lower serum ALT levels than norMSCs (Fig. 2B).

We evaluated liver fibrosis using Sirius red staining and hy-
droxyproline quantitation. The areas stained with Sirius red in the
hypoMSC groups made up 4.4 ± 0.1% (1 � 106 cells/mouse),
4.6 ± 0.1% (2 � 105 cells/mouse), and 4.8 ± 0.1% (4 � 104 cells/
mouse) of the total area. For the norMSC groups, 4.7 ± 0.2%
(1 � 106 cells/mouse), 4.9 ± 0.2% (2 � 105 cells/mouse), and
5.2 ± 0.2% (4 � 104 cells/mouse) of the total areas were stained
(Fig. 3A and B). The hydroxyproline levels in the hypoMSC groups
were 1.2 ± 0.04 mM/mg liver (1 � 106 cells/mouse), 1.2 ± 0.03 mM/
mg liver (2 � 105 cells/mouse), and 1.3 ± 0.05 mM/mg liver
(4 � 104 cells/mouse). For the norMSC groups, they were
1.3 ± 0.04 mM/mg liver (1� 106 cells/mouse), 1.5 ± 0.14 mM/mg liver
(2 � 105 cells/mouse), and 1.7 ± 0.12 mM/mg liver (4 � 104 cells/
mouse). Therefore, liver fibrosis was improved in a dose-dependent
manner by all treatments. Nevertheless, hypoMSCs were more
effective at mitigating liver fibrosis than norMSCs (Fig. 3C). Overall,
hypoMSCs decreased liver damage and fibrosis in the mice in a
dose-dependent manner.

3.3. HypoMSCs induced anti-inflammatory macrophage growth via
prostaglandin E2 production

MSCs may affect macrophage polarity via several factors,
including prostaglandin E2 (PGE2) [10]. According to our CAGE
analysis, however, hypoMSCs expressed Ptges more strongly than
norMSCs. In the present study, we compared macrophage polari-
zation between hypoMSCs and norMSCs and determined whether
the discrepancy between them could be explained by their relative
differences in PGE2 expression.

Macrophages were cultured from bone marrow with M-CSF for
7 d. They were then incubated with either hypoMSCs or norMSCs
and their mRNAs were compared to detect the expression of
polarization-related markers. The anti-inflammatory marker Cd206
was upregulated in both hypoMSC- and norMSC-treated macro-
phages, and the anti-inflammatory marker Ym-1 was upregulated
in hypoMSC-treated macrophages. In contrast, the pro-
inflammatory markers Tnfa and Mcp-1 were significantly down-
regulated in hypoMSC-treated macrophages compared to levels in
norMSC-treated macrophages. Therefore, hypoMSCs tended to
induce anti-inflammatory macrophages more strongly than
norMSCs (Fig. 4A). We proposed that this discrepancy was caused
by the relative differences in Ptges expression between hypoMSC-
and norMSC-treated macrophages. To test this hypothesis, we
knocked down Ptges in hypoMSCs with siRNA (Fig. 4B), incubated
macrophages with either hypoMSCs or Ptges-knockdown
hypoMSCs, and compared their mRNA expression levels of
polarization-related markers (control; macrophages cultured
without MSCs). We confirmed that Cd206 and Ym-1 were upregu-
lated and that Tnfawas downregulated inmacrophages grownwith
hypoMSCs. In macrophages cultured with Ptges-knockdown
hypoMSCs, the expression levels of both Cd206 and Ym-1 tended to
be lower, and that of Tnfa was significantly higher, than those in
macrophages grown with normal hypoMSCs. Therefore, PGE
partially influenced the anti-inflammatory phenotype of the mac-
rophages (Fig. 4C).

3.4. HypoMSCs more effectively reduced oxidative stress than
norMSCs in both the short- and long term

It was previously reported that MSCs reduce oxidative stress in
the liver [11]. SOD, total glutathione, MDA, and 8-OHdG were
measured in livers at days 7 (short-term) and 28 (long-term) after
the injection of 1 � 106 hypoMSCs or norMSCs. Compared to a
standardized control value of 1.0 ± 0.04, the short-term SOD levels
for the hypoMSC and norMSC groups were 0.8 ± 0.06 and 1.0 ± 0.1,
respectively. The short-term total glutathione levels for the control,
hypoMSC, and norMSC groups were 86.9 ± 11.3 mmol/L,
31.0 ± 5.4 mmol/L, and 50.7 ± 4.1 mmol/L, respectively. The short-
term MDA levels for the control, hypoMSC, and norMSC groups
were 0.1 ± 0.01 nmol/mg, 0.07 ± 0.01 nmol/mg, and
0.1 ± 0.01 nmol/mg, respectively. The short-term 8OHdG levels for
the control, hypoMSC, and norMSC groups were 2.7 ± 0.02 ng/mL,
0.8 ± 0.1 ng/mL, and 2.0 ± 0.1 ng/mL, respectively. Therefore,
oxidative stress was lower in the livers of mice receiving hypoMSC
than in those receiving norMSC treatment (Fig. 5A). Compared to a



Fig. 1. Cap Analysis Gene Expression (CAGE) of mRNA expression changes in hypoxic MSCs (hypoMSCs) and normoxic MSCs (norMSCs) with or without serum from a healthy
person or a liver cirrhosis (LC) patient. (A) A heat map revealed that the mRNA expression patterns of hypoMSCs and norMSCs markedly differed in the absence of human serum
culture. Their mRNA expression levels changed after human serum was added. Relative differences in mRNA levels between MSCs cultured with healthy serum and those cultured
with LC serumwere smaller than those between MSCs cultured without human serum and those cultured with human serum. (B) The miR210, Ptges, IL-6, and Cxcl1, 2, 3 and 6 genes
were upregulated by > 4 � in hypoMSCs compared to those in norMSCs. After adding normal or LC serum to both MSCs, Aldh, IL-8, and Hgfwere upregulated in hypoMSCs compared
to that in norMSCs.
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standardized control value of 1.0 ± 0.2, the long-term SOD levels for
the hypoMSC and norMSC groups were 0.5 ± 0.1 and 0.7 ± 0.1,
respectively. The long-term total glutathione levels for the control,
hypoMSC, and norMSC groups were 78.9 ± 5.5 mmol/L,
29.4 ± 3.0 mmol/L, and 73.5 ± 10.5 mmol/L, respectively. The long-
term MDA levels for the control, hypoMSC, and norMSC groups
were 0.7 ± 0.1 nmol/mg, 0.5 ± 0.02 nmol/mg, and 0.6 ± 0.03 nmol/
mg, respectively. The long-term 8OHdG levels for the control,
hypoMSC, and norMSC groups were 3.7 ± 0.4 ng/mL, 2.0 ± 0.1 ng/
mL, and 2.4 ± 0.1 ng/mL, respectively. Therefore, the long-term
oxidative stress levels were also lower in the livers of mice
treated with hypoMSCs than they were in the those treated with



Fig. 2. Therapeutic effect of hypoMSCs and norMSCs on CCl4-induced cirrhosis in mice. (A) Schematic diagram showing the fibrosis induction, cell administration, and analysis used
in the present study. (B) Serum ALT, ALP, total bilirubin, and albumin levels four weeks after cell injection. Data are shown as means ± SD; n ¼ 9e11 mice per group; P < 0.001 (ALT,
hypoMSCs 1 � 106); P < 0.001 (ALT, hypoMSCs 2 � 105); P < 0.01 (ALT, hypoMSCs 4 � 104); P < 0.001 (ALT, norMSCs 1 � 106); P < 0.01 (ALT, norMSCs 2 � 105) relative to the control.
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norMSCs (Fig. 5B). HypoMSCs more effectively reduced oxidative
stress than norMSCs in both the short- and long-term treatments.
3.5. miR-210 reduced hepatocyte apoptosis

It was previously reported that miR-210 may reduce apoptosis
in hepatic stellate cells and hepatocytes [12]. PXB cells (hepato-
cytes) and HHSteCwere transfected with controls, miR-210mimics,
or miR-210 inhibitors. Apoptosis was then induced in the cells with
actinomycin D and the proportion of apoptotic cells was enumer-
ated. Apoptosis was not significantly reduced in HHSteC cells
(control [lipofectamine]: 13.9 ± 0.8%; miR-210 inhibitor:
12.2 ± 1.2%; miR-210 mimic: 14.1 ± 0.9%) (Fig. 6A and C). However,
apoptosis was significantly reduced in PXB cells (control [lipofect-
amine]: 9.5 ± 0.3%; miR-210 inhibitor: 10.9 ± 0.7%; miR-210 mimic:
7.8 ± 0.7%) (Fig. 6B and D). Therefore, hypoMSCs reduced apoptosis
in hepatocytes via miR-210.
3.6. After injection, most norMSCs and hypoMSCs were trapped in
the lungs and only a few migrated to the liver

We injected 5 � 105 red fluorescent norMSCs and 5 � 105 green
fluorescent hypoMSCs into the tail veins of mice and tracked their
movements and fate using a two-photon excitation microscope



Fig. 3. Sirius red staining and hydroxyproline assay showing that hypoMSCs and norMSCs mitigated mouse liver fibrosis in a dose-dependent manner, but hypoMSCs decreased
liver fibrosis more effectively than norMSCs. (A and B) Data are shown as means ± SD; n ¼ 9e11 mice per group; P < 0.001 (Sirius red, hypoMSCs 1 � 106 cells/mice); P < 0.001
(Sirius red, hypoMSCs 2 � 105 cells/mice); P < 0.001 (Sirius red, hypoMSCs 4 � 104 cells/mice); P < 0.001 (Sirius red, norMSCs 1 � 106 cells/mice); P < 0.001 (Sirius red, norMSCs
2 � 105 cells/mice); P < 0.01 (Sirius red, norMSCs 4 � 104 cells/mice) compared to the control. (C) Data are shown as means ± SD; n ¼ 9e11 mice per group; P < 0.001 (hy-
droxyproline, hypoMSCs 1 � 106 cells/mice); P < 0.001 (hydroxyproline, hypoMSCs 2 � 105 cells/mice); P < 0.01 (hydroxyproline, hypoMSCs 4 � 104 cells/mice); P < 0.01 (hy-
droxyproline, norMSCs 1 � 106 cells/mice) relative to the control.
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(Fig. 7A). We monitored cell behavior in the liver, spleen, and lungs
at 6 h after administration. Our findings corroborated those of our
previous study, in which we used the same cirrhotic liver mouse
model. The MSCs disappeared from the lung, liver, and spleen
within 7 d. The cells migrating to the liver could be detected within
3 d, but especially on the day of injection. Most MSCs were trapped
in the lungs, and only a very small proportion of both types of MSCs
migrated to the liver. Therefore, humoral factors were found to
exhibit therapeutic effects (Fig. 7B). We could not distinguish be-
tween norMSCs and hypoMSCs among the cells that had migrated
to the liver (Fig. 7C).

4. Discussion

Several clinical studies have reported on MSCs derived from
different tissues, raised under various culture conditions, and used



Fig. 4. HypoMSCs induced anti-inflammatory macrophages via prostaglandin E2 (PGE2) production. (A) mRNA expression changes in id-BMMs after co-culture with hypoMSCs or
norMSCs. Anti-inflammatory marker Cd206 (P < 0.05, hypoMSCs) (P < 0.01, norMSCs) levels were increased. Pro-inflammatory marker Tnfa (P < 0.001, hypoMSCs) and Mcp-1
(P < 0.01, hypoMSCs) levels were decreased. (B) Ptges from hypoMSCs was knocked down with siRNA (P ¼ 0.0007). (C) mRNA expression changes in id-BMMs after co-culture with
hypoMSCs or Ptges-knockdown hypoMSCs. Levels of the anti-inflammatory markers Cd206 (P < 0.05) and Ym-1 (P < 0.01) increased and that of the pro-inflammatory marker Tnfa
(P < 0.001) decreased in id-BMMs cultured with hypoMSCs. For macrophages cultured with Ptges-knockdown hypoMSCs, the expression levels of both Cd206 and Ym-1 were lower
and that of Tnfa was higher (P < 0.05) than those in macrophages grown with normal hypoMSCs. Therefore, PGE influenced the anti-inflammatory phenotype of the macrophages.
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Fig. 5. Analysis of oxidative stress in the liver at 7 d and 28 d after cell administration. SOD, total glutathione, 8-OHdG, and MDA were measured as oxidative stress markers. (A) At
day 7, SOD was reduced in the hypoMSC group (P < 0.05 compared to the control), total glutathione was reduced in the hypoMSC group (P < 0.01 compared to the control; P < 0.05
compared to norMSC), MDAwas reduced in the hypoMSC group (P < 0.05 compared to norMSC), and 8-OHdG was reduced in the hypoMSC group (P < 0.01 compared to the control;
P < 0.01 compared to norMSC). (B) By day 28, SOD was reduced in the hypoMSC group (P < 0.05 compared to the control), total glutathione was reduced in the hypoMSC group
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Fig. 6. miR-210 reduced apoptosis in hepatocytes but not human hepatic stellate cells (HHSteC). (A and C) Apoptosis was not reduced in HHSteC transfected with miR-210 mimic. (B
and D) Apoptosis was reduced in hepatocytes transfected with miR-210 mimic (P < 0.05 compared to cells transfected with miR-210 inhibitor).
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for the treatment of a number of diseases. However, the cell sour-
ces, culture conditions, and target diseases have not yet been
optimized. In this study, we found that hypoMSCs were more
efficacious than norMSCs for regressing fibrosis and decreasing
oxidative stress in a CCl4-induced mouse liver cirrhosis model.
(P < 0.001 compared to the control), MDA was reduced in the hypoMSC group (P < 0.01 com
hypoMSC group (P < 0.01 compared to the control; P < 0.01 compared to norMSC).
CAGE analysis indicated that PTGES and miR210 were upregulated
in hypoMSCs relative to norMSCs. Our in vitro investigation showed
that PTGES changed the macrophage phenotype to anti-
inflammatory (M2), and that miR210 reduced hepatocyte
apoptosis.
pared to the control; P < 0.05 compared to norMSC), and 8-OHdG was reduced in the



Fig. 7. Localization of hypoMSCs and norMSCs was assessed by intravital imaging analysis at 6 h after cell injection. (A) HypoMSCs and norMSCs were stained with green and red
fluorescent dyes, respectively. Then, 5 � 105 cells from each MSC type were injected into a cirrhosis model mouse through the tail vein. (B) In vivo imaging of the liver (left panels),
spleen (middle panels), and lung (right panels) was performed using a two-photon excitation microscope at 6 h after cell injection. Green, hypoMSCs. Red, norMSCs. Blue, collagen
fibers (second harmonic generation). The dense blue fibrous area represents fibrosis. The yellow spots represent hepatocyte debris (scale bar: 50 mm). (C) Distributions of the
hypoMSCs and norMSCs in 50 random visual fields in the liver, spleen, and lung at 6 h after cell injection.
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Previous studies reported that PGE2 was upregulated in MSCs
preconditioned with lipopolysaccharide (LPS) plus TNF-a [10], or
with interleukin-1b (IL-1b) plus interferon-g (IFN-g) [13]. In the
present study, we found that hypoxia also induced PGE2 expres-
sion. Our results were consistent with previous studies reporting
that direct PGE2 application in macrophages induced the M2-
associated macrophage markers Arg1, IL-10, and matrix
metalloproteinase 9 (MMP9). Our previous paper confirmed that
MSC-induced M2 polarization effectively regressed liver fibrosis
and regenerated the liver [8]. A future objective is to customizeMSC
preconditioning for each specific target disease.

miR210 is a major hypoxia-inducible miR [12]. It plays several
important roles in the antioxidant pathway, suppression of
apoptosis, arrest of cell proliferation, repression of mitochondrial
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respiration, interruption of DNA repair, and angiogenesis. It has
been applied in cancer and stem cell research. In this study, we
confirmed that miR210 is active against hepatocytes and stellate
cells, and found that miR210 reduced hepatocyte apoptosis.

We also observed that the angiogenic factors IL-8 and ALDH
were upregulated in hypoMSCs. Wang et al. reported that IL-8
secreted by human adipose-derived MSCs facilitated breast can-
cer growth by promoting angiogenesis [14]. Sherman et al. reported
that MSCs with high aldehyde dehydrogenase activity had strong
proliferative and vascular regenerative potential [15]. We proposed
that both IL-8 and ALDH contributed to fibrosis regression and liver
regeneration. Using transcriptome analysis, Elabd et al. indicated
that the following factors were significantly upregulated in
hypoMSCs compared to norMSCs: 1) inflammation modulation, C-
X-Cmotif chemokine ligand 5 (CXCL5), and strayfin (SFN); 2)
cellular survival, migration, proliferation, glutathione peroxidase 3
(GPX3), LYL1 basic helix-loop-helix family member (LYL1), FES
proto-oncogene, tyrosine kinase (FES), sperm-associated antigen 4
(SPAG4), transferrin receptor 2 (TR2), and thioredoxin interacting
protein (TXNIP); 3) chondrolysis, cartilage metabolism; keratin 19
(KRT19), BARX homeobox1 (BARX1), MyoD family inhibitor
(MDF1), dachsous cadherin-related 1 (DCHS1); and 4) vasculo-
genesis and angiogenesis, desmin, ras-interacting protein 1
(RASIP1), LYL1, thioredoxin-interacting protein (TXNIP), and FES
[16]. In the present study, the levels of SPAG4, BARX1, CKCL5,
KRT19, and TXNIP were >4 � , >4 � , >3.8 � , >3.6 � , and
>2.5 � higher, respectively, in hypoMSCs than in norMSCs.

Oxygen duration and concentration must be specified when
inducing hypoxia. Burakova et al. reported that there are both
short-term and permanent hypoxia exposure patterns. Short-term
exposure is defined as within a duration of 72 h at an oxygen
concentration of 0e5%. Permanent exposure is of a much longer
duration at an oxygen level of 0e10%. While short-term exposure
can cause both inhibitory and stimulatory effects, long-term culture
may have several advantages over the former [17].

Gao et al. and other groups reported that MSC expansion is
improved mainly by delaying senescence under low-oxygen con-
ditions (0e7%), which also increase angiogenesis, anaerobic
glycolysis, and ATP production [18]. Vertelov et al. reported that
MSCs derived from human bone marrow presented with substan-
tially higher targeted migration ability than normoxic cells,
particularly in terms of wound healing-related factors such as
members of the epidermal growth factor (EGF) family, the fibro-
blast growth factor family member vascular endothelial growth
factor-121 (VEGF-121), platelet-derived growth factor-AB (PDGF-
AB), IL-1b, IL-6, and TNF-a [19]. They were also found to enhance
the activation of hypoxia-inducible factor-1 (HIF-1) and Ras ho-
molog A (RhoA) in vitro [19]. Yu et al. reported that hypoxia and
low-dose induction of inflammation by TNF-a and IL-1b synergis-
tically enhanced bone marrow-derived MSC migration [20]. In the
present study, HIF-1a in hypoMSCs was slightly upregulated, the
number of MSCs migrating to the liver did not markedly increase
within 24 h, and only a few cells migrated to the liver. The target
organ specificity of various MSCs with different tissue origins re-
mains to be determined.

MSCs cultured under hypoxic conditions have several advan-
tages. Yu et al. reported that bone marrow-derived MSCs grown
under 1% oxygen promoted liver regeneration and highly expressed
VEGF in mice subjected to radical hepatectomies [21]. Zhao et al.
reported that MSCs cultured in 1% oxygen maintained stemness in
umbilical cord blood-derived CD34 þ cells in part by increasing
VEGF secretion and decreasing IL-6 secretion [22]. Wobma et al.
reported that dual IFN-g/hypoxia priming in MSCs induced greater
immunosuppressive protein (IDO and HLA-G) upregulation than
IFN-g priming alone. Wobma et al. also performed proteome and
metabolome analyses on dual IFN-g/hypoxia-primed MSCs. IFN-g
upregulated the expression of anti-pathogenic proteins, induced
MSCs to limit inflammation and fibrosis, and promoted their sur-
vival. Hypoxia induced the cells to adapt to low oxygen via the
upregulation of proteins involved in anaerobic metabolism, auto-
phagy, angiogenesis, and cell migration [23]. Ho et al. reported that
hypoxic preconditioning via spheroid formation accelerated
segmental bone defect repair. MSCs in which hypoxia was induced
via spheroid formation had higher cell viability, proangiogenic
potential, and bone repair efficacy than normoxic MSCs [24].

The present and previous reports indicated that most MSCs
were trapped in the lungs and did not migrate to the liver for 7 d
after injection. MSC migration is a very important consideration
when elucidating the therapeutic effects of MSCs. Certain reports
underscored the importance of using conditioned medium or
secreted exosomes. Lee et al. reported that human adipose-derived
MSCs cultured in hypoxic media promoted mouse liver regenera-
tion after a partial hepatectomy and expressed IL-6, TNF-a, HGF,
and VEGF, all of which are important for liver regeneration [25].
Gonxalez-King et al. reported that HIF-1a-overexpressing MSC-
derived exosomes stimulated the Notch pathway and promoted
angiogenesis [26]. The roles of trophic factors under different cul-
ture conditions, including exosomes, require further investigation.
5. Conclusions

A limitation of this study is that we could not use both
hypoMSCs and norMSCs from the same donor, because each of
these cells was prepared before use. In addition, short-term hyp-
oxia exposure may have both inhibitory and stimulatory effects.
Therefore, we used bone marrow-derived MSCs at the same pas-
sages, but originating from different sources.

MSCs have many benefits and advantages in cytotherapy. They
can be obtained from medical waste, expand easily, can be pre-
conditioned under hypoxia and with specific stimuli including IFN-
g, TNF-a, LPS, and IL-1b, and can be applied on demand as alloge-
neic cells. A future research goal is the optimization of cell type,
medium, exosomes, culture conditions, and disease targets in the
development of MSC therapy.
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