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ABSTRACT

Chronic liver injury from various causes often results in liver fibrosis (LF). Although the liver possesses
endogenous tissue-repairing activities, these can be overcome by sustained inflammation and exces-
sive fibrotic scar formation. Advanced LF leads to irreversible cirrhosis and subsequent liver failure
and/or hepatic cancer. Here, using the mouse carbon tetrachloride (CCl4)-induced LF model, we
showed that a single intravenous administration of stem cells derived from human exfoliated decid-
uous teeth (SHEDs)orof SHED-derivedserum-free conditionedmedium(SHED-CM) resulted in fibrotic
scar resolution. SHED-CM suppressed the gene expression of proinflammatory mediators, such as
TNF-a, IL-1b, and iNOS, and eliminated activated hepatic stellate cells by inducing their apoptosis,
but protected parenchymal hepatocytes from undergoing apoptosis. In addition, SHED-CM induced
tissue-repairing macrophages that expressed high levels of the profibrinolytic factor, matrix metal-
loproteinase 13. Furthermore, SHED-CM suppressed the CCl4-induced apoptosis of primary cultured
hepatocytes. SHED-CM contained a high level of hepatocyte growth factor (HGF). Notably, HGF-
depleted SHED-CM (dHGF-CM) did not suppress the proinflammatory response or resolve fibrotic
scarring. Furthermore, SHED-CM, but not dHGF-CM, inhibited CCl4-induced hepatocyte apoptosis.
These results suggest that HGF plays a central role in the SHED-CM-mediated resolution of LF. Taken
together, our findings suggest that SHED-CMprovidesmultifaceted therapeutic benefits for the treat-
ment of LF. STEM CELLS TRANSLATIONAL MEDICINE 2016;5:1416–1424

SIGNIFICANCE

This studydemonstrated that a single intravenous administrationof stemcells fromhumanexfoliated
deciduous teeth (SHEDs) or of the serum-free conditioned medium (CM) derived from SHEDs mark-
edly improved mouse liver fibrosis (LF). SHED-CM suppressed chronic inflammation, eliminated ac-
tivated hepatic stellate cells by inducing their apoptosis, protected hepatocytes from undergoing
apoptosis, and induced differentiation of tissue-repairingmacrophages expressing high levels of the pro-
fibrinolytic factor matrix metalloproteinase 13. Furthermore, hepatocyte growth factor played a cen-
tral role in the SHED-CM-mediated resolution of LF. This is the first report demonstrating the
multifaceted therapeutic benefits of secreted factors derived from SHEDs for LF.

INTRODUCTION

Liver fibrosis (LF) is a consequence ofmany chronic
liver diseases, such as viral infection and autoim-

mune hepatitis; alcohol abuse; and the use of cer-

tain drugs [1]. Chronic liver injury results in

hepatocyte death by necrosis and apoptosis and

in the subsequent activation of proinflammatory

mediators, which promote the transdifferentiation

of hepatic stellate cells (HSCs) into myofibroblasts.

The activated HSCs or myofibroblasts synthesize

extracellular matrix proteins that result in fibrotic

scar formation. Severe liver fibrosis leads to the de-

velopment of irreversible cirrhosis and subsequent

liver failure [2]. Currently, the most effective cure

forend-stage liver fibrosis is a liver transplant; how-
ever, because of the low supply of transplant do-
nors, the development of a new cure is expected.

Recent studies have revealed that hepaticmac-
rophages play central roles in both the progression
and resolution of LF [3]. Diversity and plasticity are
hallmarks of the monocyte/macrophage lineage.
M1 and M2 macrophages are thought to repre-
sent the most polarized cells at either end of a
continuum [4, 5]. M1 cells exhibit proinflamma-
tory characteristics, whereas M2 cells counteract
the proinflammatory M1-induced conditions and
exhibit tissue-repairing activities [6]. During the
injury phase of LF, M1 cells secrete high levels
of inflammatory mediators, which induce the
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profibrotic phenotype of HSCs. In contrast, restorative macro-
phages emerge during the resolution phaseof LF andexpress high
levels of matrix metalloproteinases (MMPs), whose activities de-
grade fibrotic scars and are required for the spontaneous
recovery from carbon tetrachloride (CCl4)-induced LF. These re-
storative macrophages exhibit unique properties, distinct from
that of M2 cells [7, 8]. Proinflammatory monocytes recruited to
the liver undergo a phenotypic switch, resulting in the differenti-
ation into the restorative macrophages [9]. However, the mech-
anistic basis of this phenotypic switch is largely unknown.

Stem-cell therapy is a promising approach for the treatment
of LF. Studies using theCCl4-induced LFmodel inmicehave shown
that the transplantation or infusion of adult mesenchymal stem
cells (MSCs) isolated from bone marrow (BMSCs) [10–13], umbil-
ical cord [14, 15], adipose tissue (ADSCs) [16, 17], and amniotic
mesenchymal tissues [18] reverses tissue destruction and fibro-
sis, primarily through paracrine mechanisms. However, some re-
ports indicate that the infusedMSCs can integrate into the injured
liver and differentiate into myofibroblasts, thereby accelerating
LF [19–21]. Thus, the careful examination must be required for
the effects of MSC-transplantation therapy.

Stem cells secrete a broad range of trophic and immunomod-
ulatory factors, which can be collected as serum-free conditioned
medium (CM). Recent studies have shown that the factors de-
rived from various types of stem cells have the potential for treat-
ing myriad intractable diseases [22]. In a study using the
D-galactosamine-induced acute liver injury model in rats, the sys-
temic administration of MSC-CM markedly improved the condi-
tion of the injured liver and the animals’ survival rate [23–25].
However, the therapeutic effects of these stem cell-derived fac-
tors on LF are largely unknown.

Human adult dental pulp stem cells (DPSCs) and stem cells
from human exfoliated deciduous teeth (SHEDs) are self-
renewing MSCs residing within the perivascular niche of the
dental pulp [26, 27]. These cells are thought to originate from
the cranial neural crest, which expresses early markers for both
MSCsandneuro-ectodermal stemcells [26–28]. Studies that eval-
uated engrafted SHEDs andDPSCs in various animal diseasemod-
els indicate that these cells can promote significant recovery
through paracrine mechanisms [29]. Intravenous administration
of DPSCs has been shown to ameliorate CCl4-induced LF [30]. No-
tably, we recently reported that SHED-CM treatments are thera-
peutically efficacious in various rodent disease models, such as
ischemicbrain injury [31, 32], Alzheimer’sdisease [33], spinal cord
injury [34], fulminant liver failure [25], and bleomycin-induced fi-
brotic lung injury [35]. However, the therapeutic potential of
SHED-CM for treating LF has not yet been examined.

Herewe showed that CCl4-induced LFmice treatedwith a sin-
gle intravenous dose of SHED-CMexhibited remarkable recovery.
Our data suggest that SHED-CM treatment would improve path-
ophysiology of LF by multifaceted therapeutic effects.

MATERIALS AND METHODS

Isolation of SHEDs

SHEDs were isolated as previously described [28]. In brief, exfoliated
deciduous teeth (from 6- to 12-year-old individuals), extracted for
clinicalpurposes,werecollectedatNagoyaUniversity SchoolofMed-
icine using approved guidelines set by Nagoya University (H-73,
2003). Ethical approval was obtained from the ethics committee of

NagoyaUniversity (permissionnumber8-2).Allparticipantsprovided
written informed consent. After the crownand rootwere separated,
the dental pulpwas isolated and then digested in a solution contain-
ing 3 mg/ml collagenase type 1 and 4 mg/ml dispase for 1 hour at
37°C. Single-cell suspensions (1–2 3 104 cells per milliliter) were
plated on culture dishes in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum, and then incu-
bated at 37°C in 5% CO2. Three human skin fibroblast lines (Fibros,
derivedfrom36-to40-year-old individuals)wereobtainedatpassage
5 from the Health Science Research Resources Bank.

Preparation of CM

At passages 3–9, SHEDs or Fibro at 70%–80% confluence were
washed with phosphate-buffered saline (PBS), and the culture
medium was replaced with serum-free DMEM. After the cells
were incubated for 48 hours, the medium was collected and
centrifuged for 5minutes at 1,500 rpm. The supernatantwas then
collected and centrifuged for 3minutes at 3,000 rpm. The second
supernatant was collected and used as the CM in subsequent ex-
periments. To deplete the SHED-CM of hepatocyte growth factor
(HGF) Protein-G Sepharose (GE Healthcare Life Sciences, Little
Chalfont, United Kingdom, http://www.gelifesciences.com), pre-
bound with an anti-HGF antibody (Ab), was added to the SHED-
CM. The mixture was incubated for 1 hour at 4°C, and the Ab
beads were then removed by centrifugation. The depletion pro-
cedurewas repeated3more times. The absolute concentrationof
HGF in the CMwas determined using an enzyme-linked immuno-
sorbent assay kit (Quantikine ELISA Human HGF, R&D Systems,
Minneapolis, MN, https://www.rndsystems.com/).

LF Induction in Mice and Treatment With SHEDs

Six-week-old female C57BL/6J mice from Japan SLC (Shizuoka, Ja-
pan, http://jslc.co.jp/english/index2.htm)wereused for theseex-
periments. LF was induced by biweekly intraperitoneal CCl4
injections at 1.0 mg/kg during the course of 4 weeks. After 24
hours from the last CCl4 injection, the following samples were in-
jected into the jugular vein of the CCl4-treated mice: (a) SHEDs
(1.03 106), HGF (R&D Systems; 700 pg in 0.5ml PBS) or the same
volume of PBS, or (b) SHED-CM, Fibro-CM, or serum-free DMEM
(0.5 ml). At 6, 12, or 24 hours after treatment, at least 5 animals
per treatment group were sacrificed and the tissues were col-
lected under deep anesthetized condition.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was quantified by a spectrophotometer, and RNA in-
tegrity was checked on 1% agarose gels. Reverse transcription
reactions were carried out with Superscript III Reverse Transcrip-
tase (Thermo Fisher Scientific Life Sciences,Waltham,MA, http://
www.thermofisher.com) using 0.5 mg of total RNA in a 25-ml re-
action volume. Real-time quantitative polymerase chain reaction
(qPCR) was performed by using the THUNDERBIRD SYBR qPCR
Mix (Toyobo, Osaka, Japan, http://www.toyobo-global.com)
and the StepOnePlus Real-Time PCR System (Thermo Fisher Sci-
entific Life Sciences). Mouse primers were designed using primer
3 (supplemental online Table 2).

Histological and Immunohistochemical Analysis

The animalswere anesthetized and sacrificed 12 or 24 hours after
SHED or SHED-CM infusion. Formalin-fixed, paraffin-embedded

Hirata, Ishigami, Matsushita et al. 1417

www.StemCellsTM.com ©AlphaMed Press 2016

D
ow

nloaded from
 https://academ

ic.oup.com
/stcltm

/article/5/10/1416/6397652 by The U
niversity of Tokushim

a user on 08 M
ay 2024

http://www.gelifesciences.com
https://www.rndsystems.com/
http://jslc.co.jp/english/index2.htm
http://www.thermofisher.com/
http://www.thermofisher.com/
http://www.toyobo-global.com
http://stemcellstm.alphamedpress.org/lookup/suppl/doi:10.5966/sctm.2015-0353/-/DC1


liver sampleswere cut into 4-mm-thick sections and stainedwith
hematoxylin-eosin (H&E) and Sirius red. For immunohistochem-
ical analysis, the livers were embedded in optimal cutting tem-
perature compound (Sakura Finetek, Torrance, CA, http://www.
sakura-americas.com/) and cut into 4-mm-thick sections on a
cryostat (Leica Biosystems, Wetzlar, Germany, http://www2.
leicabiosystems.com). The sections were then permeabilized
with 0.1% (vol/vol) Triton X-100 in PBS for 20 minutes, blocked
with 5% (vol/vol) bovine serum albumin for 30 minutes,
and incubated overnight with the following primary Abs:
phycoerythrin-conjugated anti-CD11b (rat IgG, 1:500; eBioscience,
San Diego, CA, http://www.ebioscience.com/), anti-MMP13 (rab-
bit IgG, 1:200; Abcam, Cambridge, United Kingdom, http://www.
abcam.com/), or anti-collagen 1 (goat IgG, 1:200; Abcam). The fol-
lowing secondary Abs were used: anti-rabbit IgG-Alexa Fluor 647
and anti-goat IgG-Alexa Fluor 647. After counterstaining with
49,6-diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com), the tissue images were captured
with a universal fluorescence microscope (BZ9000, Keyence,
Osaka, Japan, http://www.keyence.com). Apoptotic cell death
was analyzed using the terminal deoxynucleotidyl transfer-
ase 29-deoxyuridine 59-triphosphate nick-end labeling (TUNEL)
assay (In Situ Cell Death Detection Kit, Roche Life Science, Ge-
neva, Switzerland, https://lifescience.roche.com). The collagen-
stained areas with Sirius red or anti-collagen 1 Ab were quantified
with ImageJ software (National Institutes of Health, Bethesda,
MD, https://imagej.nih.gov/ij/). The average number of TUNEL/
collagen 1-positive or MMP13/CD11b-positive cells per section
was determined by counting 10 random fields in nonoverlapping
sections at3200magnification. At least 3 animals per groupwere
examined.

Bone Marrow Macrophage Assay

Bonemarrow cells were isolated from 8-week-old female C57BL/
6J mice. They were plated at 23 106 cells per 6-cm dish and dif-
ferentiated into macrophages in DMEM supplemented with
20ng/mlmacrophagecolony‐stimulating factor (M-CSF)(Peprotech,
Rocky Hill, NJ, https://www.peprotech.com), at 37°C in 5% CO2

for 7 days. The macrophages were incubated with serum-free
DMEM or SHED-CM for 24 hours, followed by mRNA analysis.

Hepatocyte Protection Assay

Hepatocytes were obtained as described previously [36]. In
brief, the livers were perfused with liver perfusion medium
(Thermo Fisher Scientific Life Sciences) at a flow rate of 3 ml/
minute for 5 minutes. The livers were then perfused with basic
perfusion solution (136 mM NaCl, 5.4 mM KCl, 5 mM CaCl2,
0.5 mM NaH2PO3, 0.42 mM Na2HPO3·12H2O, 10 mM HEPES
(pH 7.5), 5 mM glucose, and 4.2 mM NaHCO3) containing 0.5 g/l
collagenase type 4 (Yakult Pharmaceutical Industry Co., Ltd.,
Tokyo, Japan, http://www.yakult.co.jp/ypi/en/) at a flow rate
of 3ml/minute for 8minutes. Thedigested liverswere transferred
to glass dishes containing Dulbecco’s PBS and chopped into small
piecesusing a surgical knife. Theextracted cellsweredispersedby
pipetting and were passed through a 70-mm cell strainer. After
centrifugation at 500 rpm for 4 minutes, the cell pellet was sus-
pended in an iso-osmotic Percoll solution and centrifuged at
600 rpm for 10minutes. The pellet was thenwashedwith DMEM,
and single-cell suspensions (1–2 3 106 cells per milliter) were
plated on collagen 1-coated culture dishes. The isolated hepato-
cytes were stimulated with 86mmol/l CCl4 in SHED-CM or DMEM
for 24 hours and then subjected to TUNEL analysis.

Figure 1. Therapeutic effects of SHEDs in mouse CCl4-induced LF. (A): C57BL/6J mice were injected intraperitoneally with CCl4 biweekly for 4
weeks. Twenty-four hours after the last injection, cells or CM were intravenously administered. Gene expression, histological, and blood anal-
yses were carried out at the indicated time points. (B): Representative images of H&E and Sirius red-stained livers. Severe hepatocellular death
with cytoplasmic vacuolizationwas observed throughout the Pre group. A single injection of SHEDs restored the normal liver structure. Scale bar
= 300mm. (C):Quantification of Sirius red-stained areas. n=4per group. Data representmean6 SEM.p,p, .05. Abbreviations: CM, serum-free
conditioned medium; H&E, hematoxylin and eosin; PBS, phosphate-buffered saline; Pre, pretreatment; SHED, stem cells derived from human
exfoliated deciduous teeth.
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Statistical Analysis

All data are expressed as the mean6 SEM. Differences between
groups were compared using repeated-measures analysis of var-
iancewith Tukeypost hoc test (SPSS software, 19.0; IBM,Armonk,
NY, http://www.ibm.com). A p value less than .05was considered
to indicate a statistically significant difference.

RESULTS

Single Intravenous Injection of SHEDs Resolved
CCl4-Induced Liver Fibrosis

WeevaluatedthetherapeuticbenefitsofSHEDsorSHED-CMforCCl4-
induced LF inmice (Fig. 1A). The SHEDs used in this study exhibited a
fibroblasticmorphologywith a bipolar spindle shape; expressedMSC
markers (CD90,CD73,andCD105)butnotendothelial/hematopoietic
markers (CD34, CD45, CD11b/c, or HLA-DR); andwere capable of un-
dergoing adipogenic, chondrogenic, and osteogenic differentiation
[28]. There was no significant difference in the cellular survival of
the SHEDs or fibroblasts after their incubation in serum-free versus
serum-containing DMEM (data not shown).

Twenty-four hours after the eighth intraperitoneal administra-
tion of CCl4 (subsequently referred to as pretreatment), prominent
collagen accumulation and pseudolobule formation were evident
(Fig. 1B). A single intravenous infusion of SHEDs resulted in LF

resolution within 24 hours (Fig. 1B). Morphometric analysis using
Sirius red staining revealed that the collagen 1-positive area of the
livers in the SHED-treated group was about 40% of the area of the
PBS or pretreatment groups (sham, 128.6 6 22.1 nm2; pretreat-
ment, 821.7 6 4.0 nm2; PBS, 803.1 6 95.4 nm2; SHED, 339.3 6
34.3 nm2; p, .05 pretreatment vs. SHED, PBS vs. SHED) (Fig. 1B).

SHEDs Improved Liver Fibrosis by
Paracrine Mechanisms

ToanalyzetheparacrineactivitiesofSHEDs,weharvestedSHED-CMand
examineditstherapeuticeffectsonCCl4-inducedLF.Remarkably,asingle
intravenous injection of SHED-CM, but not of Fibro-CM or DMEM, re-
solved the LF and resulted in restoration of the normal liver structure
(Fig.2A). In theFibro-CM-treatedgroup, thedegreeofcollagenaccumu-
lationandtheexpressionofproinflammatorycytokineswereequal toor
greater than those of the DMEM-treated group (Fig. 2A; supplemental
onlineFig. 1). Thus,weusedDMEMcontrol thereafter. Thealanineami-
notransferase and aspartate aminotransferase levels in the peripheral
blood were increased in the pretreatment group, whereas SHED-CM
treatment significantly reduced those levels (Fig. 2B). Immunohistolog-
ical analysis revealed that collagen 1-positive area in the liver of
SHED-CM-treated mice was smaller than that of pretreatment, Fibro-
CM-treated, or DMEM-treated mice (DMEM, 634.6 6 40.9 nm2;
Fibro-CM, 662.8 6 17.3 nm2; SHED-CM, 120.2 6 13.8 nm2; p ,
.01 DMEM vs. SHED-CM, Fibro-CM vs. SHED-CM) (Fig. 2C). In

Figure 2. A single intravenous injection of SHED-CM ameliorates LF in mice. (A): Representative images of H&E, Sirius red, and collagen
1 immunofluorescence-stained livers. Scale bar = 300mm. (B and C):Quantification of AST and ALT levels (B) and collagen 1-positive areas in the
liver (C). (D) Expression of Col 1 a1 and a2 and a-SMAmRNAs in the liver. Results are expressed relative to the level in the sham-operated (no
CCl4) mice. n = 5 per group. Data represent mean6 SEM. p, p, .05; pp, p, .01. Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; CM, serum-free conditionedmedium; DMEM, Dulbecco’smodified Eagle’smedium; Fibro, fibroblast line; H&E, hematoxylin
and eosin; PBS, phosphate-buffered saline; Pre, pretreatment; SHED, stem cells derived from human exfoliated deciduous teeth; a-SMA,
a-smooth muscle actin.
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addition, qPCR analysis showed that SHED-CM treatment signif-
icantly suppressed the expression of the collagen type 1 (Col 1a1
and a2) and a-smooth muscle actin (a-SMA) mRNAs (Fig. 2D)
(p, .05 for DMEM vs. SHED-CM for all mRNAs). Taken together,
these results suggested that SHEDs improved the LF in mice, pri-
marily through paracrine mechanisms.

SHED-CM Suppressed the Chronic Inflammatory
Response in CCl4-Treated Mice

Next, we examined the expression profile of mRNAs encoding pro-
andanti-inflammatory cytokinesand induciblenitric oxide synthase
(iNOS) 24 hours after SHED-CM injection. TNF-a, IL-1b, and iNOS
mRNAs were upregulated in the DMEM control group and were
strongly suppressed by SHED-CM treatment (Fig. 3A–3C) (p, .05
for DMEM vs. SHED-CM for all genes). Although we previously re-
ported that SHED-CM treatment induces the production of anti-
inflammatory M2-like macrophages in D-galactosamine-induced
acute liver failure in rats [25] and bleomycin-induced acute lung in-
jury in mice [35], the elevation of the anti-inflammatory M2 type
macrophage markers CD206 and Arginase 1 in SHED-CM-treated
LF was marginal or not significant (Fig. 3D, 3E).

SHED-CM Induced Production of Restorative
Hepatic Macrophages

Recent studies have highlighted an important role for restorative
macrophagesexpressingMMP13in the resolutionofCCl4-induced
mouse LF [8]. Thus,we examined the temporal expression pattern
ofMMP13 in the liver of CCl4-treated mice after SHED-CM treat-
ment. We found that the MMP13 mRNA was markedly upregu-
lated 6 hours after SHED-CM injection, exhibiting a 2.5-fold
increase compared with the DMEM control (Fig. 4A) (p , .05
for DMEM vs. SHED-CM at all time points). Although the SHED-
CM-inducedMMP13 level gradually decreased, it was still signif-
icantly higher than that in the DMEMcontrol group 24 hours after
treatment. Histological analysis of the liver 24 hours after SHED-
CM or DMEM treatment showed that the number of MMP13+/
CD11b+ cells in the SHED-CM-treated mice was 5 times that in
the DMEM-treated mice (SHED-CM, 26.4% 6 1.1%; DMEM,

5.7%6 1.3%; p, .01) (Fig. 4B, 4C) and that these cells were as-
sociated with perilobular scar tissue.

Next, we examined whether SHED-CM could induce MMP13
expression inmacrophages derived fromBM in vitro. Cells isolated
from the BMwere subjected toM-CSF treatment for 1 week to in-
duce macrophages. The expression of MMP13 in the SHED-CM-
treated macrophages was 3.2 times that in the DMEM-treated
macrophages (Fig. 4D) (p , .05 for DMEM vs. SHED-CM). These

Figure 3. SHED-CM suppresses the proinflammatory M1 re-
sponse. (A–E): Quantitative polymerase chain reaction analysis
of the indicated mRNAs. Results are expressed relative to the level
in the sham-operated mice. n = 5 per group. Data represent mean 6
SEM. p, p , .05. Abbreviations: CM, serum-free conditioned me-
dium; DMEM, Dulbecco’s modified Eagle’s medium; IL, inter-
leukin; iNOS, inducible nitric oxide synthase; SHED, stem cells
derived fromhuman exfoliated deciduous teeth; TNF, tumor necrosis
factor.

Figure 4. SHED-CM increases the polarization of macrophages
expressing MMP13. (A): Changes in MMP13 mRNA expression over
time in the SHED-CM-treated and control mice. MMP13 mRNA ex-
pression was strikingly upregulated 6 hours after SHED-CM injection.
Results are expressed relative to the level in the sham-operatedmice.
n = 5 per group. Data represent mean6 SEM. p, p, .05. (B): Repre-
sentative immunohistological staining images prepared 24 hours af-
ter SHED-CM injection. Scale bar = 100mm. (C):Quantification of the
CD11b+/MMP13+ hepatic macrophages. n = 3 per group. Data repre-
sent mean6 SEM. p, p, .05, pp, p, .01, compared with the DMEM
group. (D): The effect of SHED-CM on theMMP13 expression inmac-
rophages derived from bone marrow in vitro. Result is expressed rel-
ative to the level in DMEM group. n = 6 per group. Data represent the
mean6SEM.pp,p, .01.Abbreviations: CM, serum-free conditioned
medium; DMEM, Dulbecco’s modified Eagle’s medium;MMP,matrix
metalloproteinase; SHED, stem cells derived from human exfoliated
deciduous teeth.
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results demonstrated that SHED-CM directly induced the polariza-
tion of restorative macrophages both in vivo and in vitro.

SHED-CM Accelerated HSC Apoptosis but
Protected Hepatocytes

Immunofluorescent analysis revealed that the number of TUNEL+

apoptotic cells in the DMEM group was about triple that of the
SHED-CM group. Importantly, we found that the cell types of
TUNEL+ cells were different between these two groups. In the
SHED-CMgroup,most TUNEL+ cellswereHSC-expressing collagen
1, whereas those in the DMEM group were hepatocytes located
in the parenchymal hepatic lobule (supplemental online Fig. 2).

Statistical analysis showed that the number of TUNEL+/collagen
1+ cells (HSCs) in SHED-CMwas 2.9 times higher than that of DMEM
group (TUNEL+/collagen 1+ cells, 21.46 3.9/field of view [FOV] in
SHED-CM vs. 7.4 6 1.6/FOV in DMEM control, p , .05) (Fig. 5B).
In contrast, TUNEL+/collagen 12 cells (hepatocytes) in SHED-CM
group were 13.3 times lower than that of DMEM group (TUNEL+/
collagen 12 cells, 4.6 6 0.3/FOV in SHED-CM vs. 59.9 6 8.3/FOV
in DMEM control; p , .01) (Fig. 5B). These results demonstrated
that SHED-CM treatment induced HSC apoptosis but protected he-
patocytes from undergoing apoptosis in CCl4-induced LF.

Next,weexamined thehepatocyteprotectionactivityof SHED-
CM in vitro. Hepatocytes were isolated fromwild-typemouse liver
and stimulated with CCl4 in the presence of SHED-CM or DMEM.
CCl4 treatment induced hepatocyte apoptosis in DMEM, whereas
apoptosis was significantly suppressed in SHED-CM (SHED-CM,
22.3%6 1.9%; DMEM, 75.0%6 10.2%, p, .01) (Fig. 6).

HGF Was Crucial for SHED-CM-Mediated Improvement
of LF

Previous studies have revealed that HGF exerts multifaceted thera-
peutic effects in the treatment of both acute and chronic liver
hepatitis [37–39]. To examine whether HGF is involved in the
SHED-CM-mediated resolution of LF, we prepared HGF-depleted
SHED-CM by treating the CM with Protein-G Sepharose prebound
to an anti-HGFAb, and designated as dHGF-CM (Fig. 7A).We also ex-
amined the therapeutic effect of HGF alone at the amount equal to
SHED-CM. We found that both dHGF-CM and HGF alone (700 pg)
failed to suppress theCCl4-induced liver fibrosis, proinflammatory re-
sponse, and a-SMA expression (Fig. 7B, 7C and supplemental online
Fig. 3). dHGF-CMalso failed to suppress theCCl4-inducedhepatocyte
apoptosis in vitro (supplemental online Fig. 4). Although dHGF-CM
was able to induce the MMP13+ restorative macrophage as SHED-
CM (supplemental online Fig. 5). Taken together, these results

Figure 5. SHED-CM accelerates hepatic stellate cell apoptosis but
protects hepatocytes. (A): Immunohistochemical staining and TUNEL
analyses of liver sections prepared 12 hours after SHED-CM injection.
Scale bar = 100mm. (B):Quantification of the total number of TUNEL+

cells, TUNEL+/collagen 1+ cells (apoptoticHSCs), and TUNEL+/collagen
12 cells (apoptotic parenchymal hepatocytes). n = 4 per group. Data
represent mean 6 SEM. p, p , .05; pp, p , .01 compared with the
DMEM group. Abbreviations: CM, serum-free conditioned medium;
DAPI, 49,6-diamidino-2-phenylindole; DMEM, Dulbecco’s modified
Eagle’smedium; FOV, field of view; SHED, stem cells derived fromhu-
man exfoliated deciduous teeth; TUNEL, terminal deoxynucleotidyl
transferase 29-deoxyuridine 59-triphosphate nick-end labeling.

Figure 6. SHED-CM protects hepatocytes in vitro. (A): Phase contrast
images of mouse hepatocytes stimulated with CCl4 for 24 hours in the
presence of DMEM or SHED-CM. Scale bar = 100 mm. (B): Representa-
tive images of hepatocyte TUNEL staining. Scale bar = 50mm. (C):Quan-
tification of the TUNEL+/DAPI-stained hepatocytes. Data represent
mean6SEM.p,p, .01;n=3pergroup.Abbreviations:CM, serum-free
conditioned medium; DAPI, 49,6-diamidino-2-phenylindole; DMEM,
Dulbecco’s modified Eagle’s medium; SHED, stem cells derived from
human exfoliated deciduous teeth; TUNEL, terminal deoxynucleotidyl
transferase 29-deoxyuridine 59-triphosphate nick-end labeling.
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demonstrated that HGF in SHED-CMwas involved in the hepatocyte
protection and played an essential role in the abrogation of LF.

DISCUSSION

Numerous studies have reported that the intravenous administra-
tion of various types of stem cells improves LF by paracrine

mechanisms [13, 14]. However, whether the application of stem
cell-derived paracrine factors alone, without the cell graft, would
promote significant recovery has been uncertain. Here, we report
for the first time, to our knowledge, the therapeutic benefits of ad-
ministering stem cell-derived CM for LF. Using the CCl4-induced LF
model inmice,we found that a single intravenous administrationof
SHED-CMwas significantlymoreeffective than Fibro-CM in improv-
ing the pathophysiology of LF. SHED-CM treatment suppressed the
proinflammatory response of LF and induced the polarization of re-
storative hepatic macrophages, which expressed high levels of the
profibrinolytic factor, MMP13. Furthermore, within 12 hours after
administration, SHED-CM eliminated activated HSCs by inducing
their apoptotic deathbutprotectedparenchymalhepatocytes from
apoptosis (Fig. 7D). Thus, our data suggest that SHED-CMmay pro-
vide significant therapeutic benefits for LF treatment.

We recently characterized the soluble factors in SHED-CM
by cytokine Ab array analysis and found that it contained 79 of
the array proteins at a levelmore than 1.5 times that in the con-
trol DMEM sample [34]. Here, we carried out a cluster analysis
of these proteins and identified 11 that are known to exhibit
functional properties that may be beneficial in treating LF
(supplemental online Table 1).MMP10 is reported to have pro-
fibrinolytic effects in vivo due to its ability to enhance the fibri-
nolytic activity of tissue plasminogen activator. In acute and
chronic liver injuries, mice lacking MMP10 exhibit severe liver
fibrosis [40]. Vascular endothelial growth factor controls sinu-
soidal permeability, which facilitates the recruitment and in-
filtration of antifibrotic macrophages into scar tissue [41].
Studies using a rat cirrhosis model indicate that HGF adminis-
tration induces the apoptosis of a-SMA-positive cells [39] while
protecting parenchymal hepatocytes [37]. Stem cell factor in-
hibits the apoptosis and accelerates the proliferation of hepa-
tocytes [42]. Interleukin-22, neuregulin 1, and insulin growth
factor-binding protein-1 protect hepatocytes in various toxin-
induced hepatic injury models [43–45]. Ferritin inhibits a-SMA
expression [46]. Follistatin promotes liver regeneration after
hepatectomy by facilitating DNA synthesis [47], and MCP-1 and
ED-Siglec9 induce the polarization of anti-inflammatory/tissue-
repairing macrophages [34]. The concentrations of these factors
in SHED-CMmay be low; however, we believe that the combina-
torial effects of these factors in SHED-CMmay provide therapeu-
tic benefits for treating LF.

The clearance of HSCs by apoptosis is considered a potentially
powerful therapeutic strategy for resolving fibrosis as well as cir-
rhosis [3, 48], and various pharmacological agents, such as
gliotoxin, sulfasalazine,benzodiazepine ligands, curcumin, and tan-
shinone 1, have stimulated HSC apoptosis [49]. Although many of
these agents have been tested in vitro, their therapeutic effects in
LF remain largely unknown. Uniquely, gliotoxin, when adminis-
trated into the LF, stimulated HSC apoptosis and resolved fibrotic
scar. However, gliotoxin also induced hepatocyte death at high
concentrations, and no evidence demonstrates the restoration
of liver function after gliotoxin treatment [50]. These data suggest
that the clearance of HSC by apoptosis is not sufficient and other
therapeutic effectswould be required to restore liver function.No-
tably, our data showed that SHED-CM inhibited hepatocyte apo-
ptosis both in vivo and in vitro, in addition to resolving fibrotic
scarring by stimulating HSC apoptosis. Thus, SHED-CM is predicted
to improve the liver function in LF through multifaceted effects.

Diversity and plasticity are hallmarks of the monocyte/
macrophage lineage. M1 and M2 cells are thought to represent

Figure 7. dHGF-CM fails to suppress the tissue destruction and
chronic inflammation associated with liver fibrosis (LF). (A): Hepato-
cyte growth factor levels in SHED-CM and dHGF-CM were measured
by enzyme-linked immunosorbent assay (n = 5 per group). Data rep-
resent the mean 6 SEM. (B): Representative images of H&E- and
Sirius red-stained liver sections. Scale bar = 300mm. (C):Gene expres-
sion in the livers of DMEM-, dHGF-CM-, and SHED-CM-treated mice
24 hours after treatment. n = 5 per group. Results are expressed rel-
ative to the level in the sham-operated mice. Samples were isolated
from 5 animals in each treatment group. Data represent the mean6
SEM. p, p, .05. (D): Postulated roles of SHED-CM in resolution of LF.
Chronic liver injury results in hepatocyte death and subsequent acti-
vation of proinflammatory circumstances, which promote the trans-
differentiation of hepatic stellate cells (HSCs) into myofibroblasts
synthesizing ECM proteins. SHED-CM could restore LF through (a) in-
hibition of hepatocyte death, (b) suppression of proinflammatory
response, (c) induction of the MMP13+ restorative hepatic macro-
phages, and (d) elimination of the activated HSCs by inducing their
apoptotic death. Thesemultifaceted tissue-repairing activities would
account for the resolution of LF. Abbreviations: CM, serum-free con-
ditioned medium; dHGF, hepatocyte growth factor-depleted condi-
tion medium stem cells derived from human exfoliated deciduous
teeth; DMEM, Dulbecco’smodified Eagle’smedium; ECM, extracellu-
lar matrix; H&E, hematoxylin and eosin; HGF, hepatocyte growth fac-
tor; IL, interleukin; MMP, matrix metalloproteinase; SHED, stem cells
derived from human exfoliated deciduous teeth; a-SMA, a-smooth
muscle actin; TNF, tumor necrosis factor.
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the most polarized cells at either end of a continuum [4, 5]. Our
previous studies demonstrated therapeutic effects of SHED-CM
inD-galactosamine-inducedacute liver failuremodels [25].Notably,
the therapeutic activities are associated with the SHED-CM-
mediated conversion of proinflammatory M1-type disease micro-
environments to anti-inflammatory M2 ones. In contrast, here
we found that SHED-CM treatment induced the polarization of re-
storativemacrophagesthatexpressedhigh levelsofMMP13 inCCl4-
induced LF. It has been reported that approximately half of
restorative macrophages in LF are derived from a circulating pool
of BM-derived monocytes [7]. Collectively, these findings suggest
that SHED-CMhas the potential to differentially affectmacrophage
polarization, depending on the underlying disease pathogenesis. In
an acute model, D-galactosamine injection destroys liver, primarily
through the recruitment and activation of the proinflammatory
monocyte/macrophage lineages, whereas CCl4 injection first in-
duces the hepatocyte death and consequently activates inflamma-
tion. Thus, the severe inflammatory condition of acute liver failure
may be required for SHED-CM-mediated M2 induction. It will
be important to clarify the mechanistic basis of the SHED-CM-
mediated macrophage regulation in each disease.

The therapeutic benefits and paracrine mechanisms associated
withMSCs have drawn intense attention in the field of regenerative
medicine. Nevertheless, their biological activities and the identities
of the paracrine factors are largely unknown. HGF and adiponectin
are considered promising therapeutic factors secreted from BMSCs
andADSCsor theirderivatives [51,52].Previousstudies showedthat
HGF and adiponectin induce similar tissue-repairing activities in var-
ious rodent disease models [53–58]. In LF, these factors inhibit the
proinflammatory response, protect hepatocytes, and stimulate HSC
apoptosis [37–39, 59, 60]. Our cytokine Ab array analysis revealed
that SHED-CM contains high levels of HGF but little or no adiponec-
tin. Therefore, we depleted the SHED-CM of HGF and examined
the roles of HGF in the SHED-CM-mediated liver restoration. We
found that dHGF-CM could no longer suppress the CCl4-induced in-
flammatory response or induce fibrotic scar resolution. dHGF-CM
failed to inhibit CCl4-induced hepatocyte apoptosis. These results
demonstrated that HGF in SHED-CM plays important roles in the
SHED-CM-mediated functional recovery from LF. Notably, we re-
cently reported that the HGF in SHED-CM inhibits myocardial apo-
ptosis and reduces cardiac injury after ischemia-reperfusion inmice

[61]. Thus, our studies demonstrate that HGF represents one of the
central therapeutic factor in SHED-CM.

CONCLUSION

Asingle intravenousadministrationof SHED-CMimproved thepath-
ophysiology of CCl4-induced LF. SHED-CM suppressed the chronic
inflammatory response, eliminated activatedHSCs by inducing their
apoptotic death (butprotectedparenchymal hepatocytes), andpro-
moted fibrinolysis by inducing the polarization of macrophages
expressing MMP13. Our data suggest that SHED-CM may provide
multifaceted therapeutic benefits for LF treatment.
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