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in the diabetic mice. Hyperactivity of osteoclasts in the diabetic
state has been shown in a previous study (24).

The present results also revealed that the expression of
N-cadherin on LT-HSCs and the expression of B;-integrin on
osteoblastic niche cells were reduced in diabetic mice. As
N-cadberin-mediated adhesion mediates the slow cycling and
quiescence of HSCs (1, 11, 12), and 3;-integrin is essential for
the interaction between bone marrow niche cells and HSCs and
for regulating the initial self-renewing HSC division and survival
(10), our findings suggest that HSCs failed to maintain quies-
cence, self-renewal, and survival under diabetic conditions.

The Wnt signaling cascade is triggered upon binding to a
coreceptor complex, including Fzd and LRP5/6 (2, 8, 15, 29).
Wnt, Fzd, and Dkk are included in the B-catenin phosphory-
lation complex, which leads to B-catenin degradation, and Dkk
binds to and inactivates the signaling from LRP5/6 receptors.
Wnt/B-catenin signaling may play a crucial role in the main-
tenance of the self-renewal activity in bone marrow. In the
present study, we showed that both the LRP6 expression on
LT-HSCs and the B-catenin expression on LH-HSCs were
reduced in diabetic mice, suggesting that diabetes impairs the
Wnt/B-catenin pathway, resulting in abnormalities in the re-
constituting of HSCs.

Chemokines and their receptors control the behavior of HSCs
by regulating the migration, homing, and release of HSCs within
the bone marrow. The importance of CXCL12/CXCR4 signaling
was previously demonstrated in CXCL127/~ and CXCR4™/~
mice (33, 37), which have a severe defect in their bone marrow
myeloid progenitors. We herein demonstrated that diabetes
induced the depletion of CXCL12 expression by osteoblastic
niche cells, suggesting that there is an impaired interaction
between osteoblastic niche cells and LT-HSCs in the bone
marrow in diabetic mice.

Our in vitro coculture of LT-HSCs and osteoblastic niche cells
in normal and high-glucose media aimed to mimic the diabetic
and nondiabetic microenvironments in the bone marrow niche.
The morphological features of the interactions between osteoblas-
tic niche cells and L'T-HSCs in the coculture experiments were
shown to be similar to the in vivo localization of osteoblastic
niche cells and LT-HSCs in the bone marrow sections. Further-
more, the staining pattern was the same between nondiabetic and
diabetic mice, suggesting that the surface phenotype.of osteoblas-
tic niche cells and LT-HSCs may remain in diabetic mice, sepa-
rate from their functional abnormalities. In coculture experiments,
osteoblastic niche cells derived from nondiabetic mice were found

to adhere to the culture plate for 7 days under normoglycemic, but
not hyperglycemic, conditions. The reverse was true for osteo-
blastic niche cells derived from diabetic mice, suggesting that
such cells adapt to higher glucose concentrations. The survival
frequency of LT-HSCs paralleled the existence of osteoblastic
niche cells. Therefore, our coculture experiments provide an
adequate microenvironment for keeping LT-HSCs in contact with
osteoblastic niche cells and for maintaining the stemness for at
least 7 days. Attempts have previously been made to reconstitute
a bone marrow niche using three-dimensional (17, 28) or low
oxygen tension (13) coculture systems. However, as shown here,
a conventional two-dimensional coculture appears to be sufficient.

The coculture experiments showed the same abnormalities
in the LT-HSC expression of N-cadherin, B-catenin, and Tie2
seen in vivo in the diabetic mice. The use of different coculture
combinations of LT-HSCs and osteoblastic niche cells led to
several important findings: nondiabetic LT-HSCs with diabetic
osteoblastic niche cells led to reduced expression of these
molecules, perhaps through impairment of the self-renewal,
survival, and quiescence of HSCs. Most interestingly, the in
vitro exposure of diabetic LT-HSCs to nondiabetic osteoblastic
niche cells successfully reversed these abnormalities in expres-
sion. Although it is known that diabetes induces impaired
hematopoietic stem/progenitor cell mobilization and repopula-
tion by altering the functions of the bone marrow niche (7, 27),
no previous studies have shown the effects of the replacement
of bone marrow niche cells on their partner HSCs. Our in vivo
IBM-BMT experiments revealed that the replacement of os-
teoblastic niche cells could successfully reverse the abnormal-
ities in LT-HSCs caused by diabetes.

In summary, we have demonstrated that diabetes induces im-
pairments in the expression of molecules on both LT-HSCs and
osteoblastic niche cells, which are essential for maintaining the
quiescence and reconstitution of HSCs in the bone marrow niche.
Normal LT-HSCs displayed abnormal expression of these mole-
cules when exposed to diabetic osteoblastic niche cells, but this
abnormality could be reversed after exposure to nondiabetic
osteoblastic niche cells. Although it is not known at present how
diabetic metabolism impairs the osteoblastic niche cells, the pres-
ent results provide important information for the treatment of
diabetes-induced HSC abnormalities, which could include the
replacement of bone marrow niche cells.
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Mesenchymal Stem Cell Therapy Ameliorates Diabetic
Hepatocyte Damage in Mice by Inhibiting Infiltration of
Bone Marrow-Derived Cells

Kanna Nagaishi,' Koji Ataka,' Eijiro Echizen,' Yoshiaki Arimura,” and Mineko Fujimiya'

Although mesenchymal stem cells (MSCs) have been implicated in hepatic injury, the
mechanism through which they contribute to diabetic liver disease has not been clarified.
In this study, we investigated the effects of MSC therapy on diabetic liver damage with a
focus on the role of bone-marrow—derived cells (BMDCs), which infiltrate the liver, and
elucidated the mechanism mediating this process. Rat bone-marrow (BM)-derived MSCs
were administered to high-fat diet (HFD)-induced type 2 diabetic mice and streptozoto-
cin (STZ)-induced insulin-deficient diabetic mice. MSC-conditioned medium (MSC-CM)
was also administered to examine the trophic effects of MSCs on liver damage. Thera-
peutic effects of MSCs were analyzed by assessing serum liver enzyme levels and histolog-
ical findings. Kinetic and molecular profiles of BMDCs in the liver were evaluated using
BM-chimeric mice. Curative effects of MSC and MSC-CM therapies were similar because
both ameliorated the aggravation of aspartate aminotransferase and alanine aminotrans-
ferase at 8 weeks of treatment, despite persistent hyperlipidemia and hyperinsulinemia in
HFD-diabetic mice and persistent hyperglycemia in STZ-diabetic mice. Furthermore,
both therapies suppressed the abnormal infiltration of BMDCs into the liver, reversed
excessive expression of proinflammatory cytokines in parenchymal cells, and regulated
proliferation and survival signaling in the liver in both HFD- and STZ-diabetic mice. In
addition to inducing hepatocyte regeneration in STZ-diabetic mice, both therapies also
prevented excessive lipid accumulation and apoptosis of hepatocytes and reversed insulin
resistance (IR) in HFD-diabetic mice. Conclusion: MSC therapy is a powerful tool for
repairing diabetic hepatocyte damage by inhibiting inflammatory reactions induced by
BMDCs and IR. These effects are likely the result of humoral factors derived from
MSCs. (HeratoLoGy 2014559:1816-1829)

he incidence of diabetes is second only to that (NASH). Insulin resistance (IR), fatty acid accumula-
of cancer. Type 2 diabetes (T2D) is associated tion in the liver, and proinflammatory cytokine expres-
with nonalcoholic fatty liver disease (NAFLD), sion are the main factors that increase susceptibility to
which progresses to nonalcoholic  steatohepatitis hepatocyte damage in NASH.' In addition, the preva-

Abbreviations: Akt, protein kinase B; ALT, alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotransferase; Bel2, B-cell lymphoma 2;
BM, bone marrow; BMDC, BM-derived cell; BMT, BM transplantation; b.w., body weight; Cer2, C-C chemokine receptor 2; C/EBPo, CCAAT/enhancer-binding
protein alpha; ERK, extracellular signal-requlated kinase; FABP4, fatty-acid—binding protein 4; FACS, fluorescence-activated cell sorting; Fizzl, found in inflam-
matory zone 1; FoxOl, forkhead box OI; GFE green fluorescence protein; GLUTZ, glucose transporter 2; HFD, high-fat diet; HNF-4, hepatocyte nuclear factor
4; HOMA-IR, homeostasis model assessment-estimated IR; HSECs, hepatic sinusoidal endothelial cells; ICAM-1, intracellular adhesion molecule I; IL, interleukin;
I intraperitoneal; IR, insulin resistance; Irs-2, insulin receptor substrate 2; [NK, c-Jun amino-terminal kinase; MAPK, mitogen-activated protein kinase; MCs,
mononuclear cells; MCP. monocyte chemotactic protein; Mrcl, mannose receptor C type 1; MSC, mesenchymal stem cell; MSC-CM, MSC-conditioned medium;
NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NF-XB, nuclear factor kappa light-chain enbancer of activated B cell; PBMCs,
peripheral blood mononuclear cells; PBS, phosphate-buffered saline; RBCs, red blood cells; SE, standard error; SECs, sinusoidal endothelial cell; SREBP-Ic, sterol
response element-binding protein lc; STZ, streprozotocin; T2D, type 2 diabetes; TGF-B1, transforming growth factor beta 1; Tg, transgenic; TLR4, Toll-like recep-
tor 4; TNFo, tumor necrosis factor alpha; Trop2, trophoblast cell-surface antigen 2; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling.
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lence of elevated alanine aminotransferase (ALT) is
also 3- to 4-fold higher in patients with type 1 diabe-
tes, compared with the general population, with a
marked accumulation of glycogen and steatohepatitis.”
Therefore, the therapeutic approach for reversing hepa-
tocyte damage as well as IR caused by diabetes is a
matter of significance.

Previously, we detected proinsulin- and tumor
necrosis factor alpha (TNFo)-producing abnormal cells
in the bone marrow (BM) of high-fat diet (HFD)-
induced and streptozotocin (STZ)-induced diabetic
mice and showed that these cells migrated from the
BM to infiltrate the liver.® In diabetes, BM-derived
cells (BMDCs) infiltrate the liver excessively and sub-
sequently produce cytotoxic chemokines or fuse with
hepatocytes, causing parenchymal cells to produce
proinsulin and cytotoxic TNFo, which leads to the
degeneration or apoptosis of target cells.*® These find-
ings, in the context of diabetes, suggest that hypergly-
cemia is the primary cause of abnormal cells in BM
and that infiltration of abnormal BMDCs in the liver
may be the secondary cause of hepatocyte degeneration.

Intravenous transplantation of BM-derived mesen-
chymal stem cells (MSCs) has been demonstrated to
be cffective for diabetes. However, most previous stud-
ies have investigated the potential role of BM-derived
MSCs in regenerating f§ cells and for subsequently
improving hyperglycemia in type 1 or insulin defi-
ciency diabetes models.>” A limited number of reports
have shown the effects of BM-derived MSCs on T2D
with hepatocyte damage and IR.*>? Previous studies
have reported that MSC therapy reversed hepatic
enzyme levels in HED-induced diabetic mice and sup-
pressed proinflammatory cytokine expression in the
liver, but MSC therapy failed to reverse obesity, hyper-
cholesterolemia, hyperglycemia, and IR.®  Another
study showed an improvement in IR in an HFD-
induced diabetes model’; however, rats received an
STZ injection in addition to a 2-week HFD and the
model was also an insulin deficiency model, rather
than a hyperinsulinemia T2D model, so the therapeu-
tic effects of MSCs were derived from pancreatic ff-cell
regeneration. To date, no reports have shown the

NAGAISHI ET AL. 1817

effects of MSCs on IR associated with NAFLD or
NASH in T2D with persistent hyperglycemia and -
insulinemia.

BM-derived MSCs are known to exert immunore-
gulatory and antiapoptotic effects.’® The mechanism
of action underlying MSC therapy is suggested to
mediate the cell complement effect by cell differentia-
tion or various paracrine effects through trophic factors
secreted by MSCs.'" In fact, because systemic infusion
of MSC-conditioned medium (MSC-CM) has been
shown to ameliorate hepatocellular death and stimulate
hepatocyte regeneration in a rat model of fulminant
hepatic failure,? the mechanism of action of systemi-
cally injected MSCs might be the result of their
released humoral factors. This hypothesis is conceiva-
ble because the number of MSCs logged after systemic
injection is remarkably small, considering their power-
ful therapeutic effects.

In this study, we aimed to investigate the following
effects resulting from intravenous administration of
MSCs, which contributed to a common, distinctive
pathogenesis in liver of mice in an HFD-induced T2D
model and an STZ-injected insulin deficiency model:
(1) suppression of abnormal BMDC infiltration into
the liver; (2) amelioration of hepatocyte degeneration
induced by proinflammatory cytokine expression and
subsequent apoptosis; (3) enhancement of hepatocyte
regeneration; and (4) reduction of IR associated with
lipid accumulation and proinflammatory cytokine
expression in the liver. To clarify the therapeutic effects
of MSC-derived trophic factors, effects of MSC infu-
sion were compared in parallel with those of MSC-
CM administration. The present findings may provide
new perspectives on therapeutic approaches to
diabetes-induced hepatic damage.

Materials and Methods

Animals and BM Transplantation. C57BL/G]
mice and C57BL/6-Tg (CAG-EGFP; green fluores-
cence protein-transgenic [GFP-Tg]) mice were pur-
chased from Japan SLC (Shizuoka, Japan). GFP-BM

chimeric mice were produced by lethal irradiation
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(9 Gy) and systemic injection with 4-6 X 10° BM
cells isolated from GFP-Tg mice. Four weeks after BM
transplantation (BMT), hyperglycemia was induced by
feeding a HFD containing 60% lard (High-Fat Diet
32; Clea Japan Inc., Tokyo, Japan) or by a single intra-
peritoneal (IP) injection of STZ (150 mg/kg; Wako,
Osaka, Japan) dissolved in citrate buffer (pH 4.5).
Controls were fed a normal diet or treated with an IP
injection of buffer. After 28 weeks of HFD feeding,
mice were administered 1 X 10* MSCs/g body weight
(b.w.) four tmes every 2 weeks (HFD-MSC), whereas
controls received vehicle (HFD-vehicle; Fig. 1A). At 4
weeks after STZ injection, mice were administered
twice with 1 X 10% MSCs/g b.w. every 4 weeks (STZ-
MSC), whereas controls received vehicle (STZ-vehicle;
Fig. 2A). This study was performed with the approval
of the animal experiment committee of Sapporo Medi-
cal University (Sapporo, Japan).

Isolation, Culture, and Characterization of Rat
BM-Derived MSCs. Rat MSCs were harvested from
BM of 8-week-old Lewis rats (Charles River Laborato-
ries Japan Inc., Yokohama, Japan) and cultured as
described previously."” Immunophenotype and differ-
entiation potential of rat MSCs were then determined
(Supporting Fig. 1A,B).

Preparation of MSC-CM From Rat MSCs. Rat
MSCs (2 X 10° cells) were seeded in 150-cm? culture
dishes. When MSCs reached confluence, the medium
was changed to serum-free medium and cultured for 24
hours. Then, the supernatant was collected and further
concentrated (final concentration: 1 mg/mL) as MSC-
CM by ultrafiltraton using centrifugal filter units with
a 10-kDa cutoff (Ultracel-10K; Millipore, Billerica,
MA), following the manufacturer’s instructions.

Intravenous Administration of MSCs and MSC-
CM. MSCs (1 x 10* MSCs/g b.w. per animal sus-
pended in 200 pL of phosphate-buffered saline [PBS])
or MSC-CM (2 mg/kg/day) administered
through the tail vein of mice after induction of diabe-
tes (Fig. 1D). Vehicle administration was PBS for
MSC therapy. We also administered MSC-CM to dia-
betic mice daily for 8 weeks (Fig. 2D). Vehicle admin-
istration was serum-free medium that was concentrated
using the same procedure as that for the conditioned
medium used for MSC-CM therapy.

Detection of Donor MSCs. HFD- and STZ-
induced diabetic mice without BMT were administered
MSCs labeled with PKH26 Red Fluorescent Cell
Linker Kits (Sigma-Aldrich, Saint Louis, MO), sacri-
ficed at 1, 2, or 4 weeks after MSC injection, and
lung, liver, kidney, spleen, and bone were obtained.

were

Organs were immersed in 4% paraformaldehyde, and

HEPATOLOGY, May 2014

bone was decalcified with 0.5 M of ethylenediaminete-
traacetic acid (Wako, Osaka, Japan) for 2 days. Frozen
sections of each organ were stained with 4°,6-diami-
dino-2-phenylindole (Dojindo Laboratories, Kuma-
moto, Japan) at 0.1 mg/mL. Distribution of MSCs
expressing red fluorescence in each organ was observed
by confocal laser scanning microscopy (LSM 510; Carl
Zeiss, Oberkochen, German). The ratio of MSCs dis-
tributed in each organ was determined by counting
PKH26-positive cells in 20 randomly selected visual
fields at 100X magnification per mouse (n = 3-5) and
compensated by the number of MSCs given to each
mouse.

Quantitative Analysis  of the GFP-Positive
Area. The mean percentage of the area occupied by
GFP-positive cells in the liver of each animal was
determined by sampling 20 randomly selected visual
fields at 100X magnification using the NIS eclement
BR 3.0 image analyzing system.

Isolation of GFP-Positive BMDCs From the Liver
by Fluorescence-Activated Cell Sorting. GFP-positive
BMDCs were isolated from the liver. Pieces of liver
were removed, minced, and treated with 400 U/mL of
collagenase (Wako) diluted in PBS for 30 minutes at
37°C. Dissolved tissue was further minced and filtered
with a 100-pum pore cell strainer and centrifuged for 5
minutes at 300X g. The cell pellet was treated with red
blood cell (RBC) lysis buffer (Qiagen, Venlo, the
Netherlands) to remove remaining RBCs and washed
with 2% fetal bovine serum in 0.1 M of PBS. GFP-
positive  BMDCs were isolated by fluorescence-
activated cell sorting (FACS; Aria; BD Biosciences,
Tokyo, Japan).

Isolation of Mononuclear Cells From Peripheral
Blood. DPeripheral blood mononuclear cells (PBMCs)
were isolated by the Ficoll-Paque (GE Healthcare
Japan, Tokyo, Japan) density-gradient separation
method, following the manufacturer’s instructions.

Statistical Analysis. Data are expressed as mean-
* standard error (SE) values. Analysis of variance
(ANOVA) was employed for multiple comparisons.
Two-way repeated-measures (mixed between-within
subjects) ANOVA, followed by Bonferroni’s test, was
used for serial assessment. Differences were considered
significant at 2< 0.05 in all two-tailed tests.

Results

Differentiation of Rat BM-Derived MSCs Into
Multiple Mesenchymal Lineages. Specific surface
antigens for rat MSCs were detected by FACS. CD90
was positively detected, whereas CD11b, CD31, CD43,
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Fig. 1. Rat MSC therapy for HFD-induced diabetic mice. Protocol for MSC (A) and MSC-CM (D) therapies in HFD-diabetic mice. (B and E)
Changes in body-weight and serum blood-glucose levels, AST, and ALT after beginning rMSC therapy. Data are expressed as mean = SE values
of 5-10 animals. TP < 0.05, HFD-vehicle versus control; P < 0.05, HFD-MSC or HFD-MSC-CM versus control; #P < 0.05, HFD-MSC or HFD-
MSC-CM versus HFD-vehicle. (C) Distribution of rMSCs marked with PKH26 in liver and femur of HFD mice at 1 week after initial tMSC injection
are shown in left panel. Changes in the ratio of PKH26-positive cells in liver and bone at 1; 2, and 4 weeks after initial rMSC injection are
shown in right panel. Bar, 50 um. (F) Histological findings of the periportal area in the hematoxylin and eosin-stained liver section 8 weeks after

initial MSC therapy. Bar, 20 pum.
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Fig. 2. Rat MSC therapy for STZ-induced diabetic mice. Protocol for MSC (A) and MSC-CM (D) therapies in STZ-diabetic mice. (B and E)
Changes in body-weight and serum blood-glucose levels, AST, and ALT after beginning rMSC therapy. Data are expressed as mean = SE values
of 5-10 animals. TP < 0.05, STZ-vehicle versus control; P < 0.05, STZ-MSC or STZ-MSC-CM versus control; #P < 0.05, STZ-MSC or STZ-MSC-
CM versus STZ-vehicle. (C) Distribution of rMSCs marked with PKH26 in liver and femur of STZ mice at 1 week after initial rMSC injection were
shown in the left panel. Changes in the ratio of PKH26-positive cells in liver and bone at 1, 2, and 4 weeks after initial rMSC injection are

shown in right panel. Bar, 50 um. (F) Histological findings of the periportal area in the hematoxylin and eosin-stained liver section 8 weeks after
the initial MSC therapy. Bar, 20 pm.

CD44, and CD45 were negative (Supporting Fig. 1A).
MSCs exhibited osteogenic, adipose, and chondrogenic
differentiation ability (Supporting Fig. 1B).

MSC Therapy Prevented Liver Damage in HFD-
and STZ-Diabetic Mice. MSC treatment successfully
reversed hepatocyte damage caused by diabetes, as
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indicated by recovery of aspartate aminotransferase
(AST) and ALT levels after 8 weeks of treatment in
both HFD-MSC (Fig. 1B) and STZ-MSC mice (Fig.
2B), compared to HFD- and STZ-vehicle mice,
respectively. Body-weight and blood-glucose levels were
mildly ameliorated in HFD-MSC mice, compared to
HFD-vehicle mice (Fig. 1B); however, they
were unchanged between STZ-vehicle and STZ-MSC
(Fig. 2B).

Administered MSCs Detected in Liver and BM of
HFD- and STZ-Diabetic Mice. PKH26-positive
MSCs were detected in the periportal area and in the
parenchyma of the liver, as well as around the marrow
sinusoid and in the bone parenchyma in HFD-MSC
and STZ-MSC mice (Figs. 1C and 2C). Detection fre-
quency of administered MSCs was changed, depending
on the time. The number of MSCs distributed in the
liver decreased over time, whereas it was increased for
2 weeks after administration before decreasing there-
after in bone. However, the number of PKH26-
positive MSCs detected was too small to account for
the direct effect of MSCs, such as cell-cell contact or
cell differentiation.

MSC-CM Therapy Prevented Liver Damage in
HFED- and STZ-Diabetic Mice, Similar to
MSCs. Similar to the effect of cell therapy, MSC-CM
injections successfully reversed hepatocyte damage, as
indicated by recovery of AST and ALT levels after 8
weeks of initial administration in HFD-diabetic mice
and after 4 weeks of initial administration in STZ-
diabetic mice (Figs. 1E and 2E). In contrast to cell
therapy, there were no differences in body-weight or
fasting blood-glucose levels between HFD-MSC-CM
and HFD-vehicle mice (Fig. 1E). Body weight recov-
ered in STZ-MSC-CM mice, whereas glucose level
remained unchanged (Fig. 2E). The MSC-CM dose of
2 mg/kg/day was considered suitable because our pre-
liminary study showed that 1 mg/kg/day was not effec-
tive, whereas 4 mg/kg/day proved toxic and caused
loss of body weight (data not shown). Injection of
MSC-CM caused no fever in mice.

MSC and MSC-CM Therapies Prevented Histo-
pathological Damage in Liver of HFD- and STZ-
Diabetic Mice. Significant infiltration of inflamma-
tory cells into the periportal area and numerous depo-
sition of lipid droplets, which had a round vacuolar
appearance, in hepatocytes were detected in HFD-
vehicle mice (Fig. 1F). These pathological findings
were attenuated in HFD-MSC and HFD-MSC-CM
mice. Whereas massive accumulation of inflammatory
cells in the periportal area and destruction of the
round ligament of the liver were observed in STZ-

NAGAISHI ET AL. - 1821

vehicle mice (Fig. 2F), MSC and MSC-CM therapy
suppressed excessive infiltration of inflammatory cells
and reversed the structure of hepatic tissue.

MSC and MSC-CM Therapies Suppressed Exces-
sive Infiltration of BMDCs, Especially Macrophages,
in Liver of HFD- and STZ-Diabetic Mice. Areas
occupied by BMDCs (green) were significantly larger
in HFD- and STZ-vehicle mice, compared to controls
(Figs. 3A and 4A, left). BMDCs massively infiltrated
not only the hepatic sinusoid, but also the liver paren-
chyma and sometimes encircled hepatocytes. MSC and
MSC-CM therapies reversed the increase in the quan-
titative area occupied by infiltrated BMDCs in liver of
HED- and STZ-vehicle mice (Figs. 3A and 4A, right).

We investigated the population of macrophages,
which expressed F4/80 in BMDCs of diabetic liver.
Infiltration of BM-derived macrophages (Figs. 3B and
4B, yellow) was remarkably increased in HFD- and
STZ-vehicle mice, but was reversed to normal levels
by MSC and MSC-CM therapies.

MSC and MSC-CM Therapies Modified the Char-
acter of BMDCs Infiltrating Liver and Mononuclear
Cells in Peripheral Blood of HFD- and STZ-
Digbetic Mice. Expression of interleukin (/)-6 and
Cdllc, markers for classically activated macrophages,
was unchanged in HFD-vehicle mice, compared to
controls, although MSC . and MSC-CM therapies
down-regulated CAllIc expression (Fig. 3C). //-6 and
Cdllc expression was up-regulated in STZ-vehicle
mice, but was suppressed by MSC and MSC-CM
therapies (Fig. 4C). Expression of Fizz/ (found in
inflammatory zone 1) and Mrecl (mannose receptor C
type 1), markers for alternatively activated macro-
phages, was significantly decreased in HFD- and STZ-
vehicle mice, compared to controls, but was reversed
to normal levels or up-regulated by MSC and MSC-
CM therapies (Figs. 3C and 4C).

MSC and MSC-CM Therapies Regulated Interac-
tion Between BMDCs and Endothelial Cells in the
Liver. Intracellular adhesion molecule 1 (ICAM-1)
was stained in hepatic sinusoidal endothelial cells
(HSECs), particularly in the periportal area in controls.
Staining intensity was notably increased in HFD- and
STZ-vehicle mice, but was decreased to control levels
by MSC and MSC-CM therapies (Figs. 3D and 4D).
Expression of Cer2 (C-C chemokine receptor 2), a
receptor for monocyte chemotactdc protein (MCP)—1,
in GFP-positive BMDCs in the liver was significandy
increased in HED- and STZ-vehicle mice, compared to
controls, in which Cc72 had been reversed to an almost
normal level by MSC and MSC-CM therapies
(Figs. 3E and 4E). Furthermore, expression of Cer2 in
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Fig. 3. BMDCs infiltrating liver of GFP-chimeric HFD-diabetic mice. (A) GFP-expressing BMDCs in the liver. GFP-positive density in the liver is
quantified in right panel (mean value of 20 panels per group). (B) Immunofluorescence staining of F4/80 (red) in the liver. (C) mRNA expression
of II-6, Cd11c, Fizz1, and Mrc1 on GFP-positive BMDCs in the liver. (D) Immunofluorescence staining of ICAM-1 (red) in the liver. mRNA expres-
sion of Ccr2 on GFP-positive BMDCs in the liver (E) and PBMCs (F). Relative amounts of mRNA are normalized to an intemnal control, f-actin.
Bar, 50 pm. Data are expressed as mean = SE values of 5-8 animals. *P < 0.05. mRNA, messenger RNA.

circulating mononuclear cells in peripheral blood of
HFD- and STZ-vehicle mice was significantly increased,
but MSC and MSC-CM therapies again reversed this
increase (Figs. 3F and 4F).

MSC and MSC-CM Therapies Suppressed Proin-
flammatory Cytokine/Chemokine Expression in Liver
of HFD- and STZ-Digbetic Mice. Inflammatory
molecules, such as TNFo, MCP-1, and Toll-like recep-

tor 4 (TLR4), were densely stained in both hepato-
cytes and BMDCs of HFD- and STZ-vehicle mice,
and the staining was remarkably decreased by MSC
and MSC-CM therapies (Figs. 5A and 6A). Fatty-
acid-binding protein 4 (FABP4) was expressed in both
sinusoidal endothelial cells (SECs) and hepatocytes of
HFD-vehicle mice, and the staining intensity in hepa-

tocytes was decreased by MSC and MSC-CM
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of Il-6, Cd11c, Fizz1, and Mrc1 on GFP-positive BMDCs in the liver. (D) Immunofluorescence staining of ICAM-1 (red) in the liver. mRNA expres-
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therapies (Fig. 5A). The receptor for advanced glyca-
tion endproducts was also densely stained in hepato-
cytes of STZ-vehicle mice, but staining intensity was
decreased by MSC and MSC-CM therapies (Fig. 6A).
MSC and MSC-CM Therapies Regulated Inflam-
mation, Proliferation, and Survival Signaling of
Hepatocytes in HFD- and STZ-Diabetic Mice. Phos-

phorylation of c-Jun amino-terminal kinases (JNKs)

and p38 mitogen-activated protein kinase (MAPK)
was activated in liver of HFD- and STZ-vehicle
mice (Figs. 5B, 6B), whereas activation of extracel-
lular signal-regulated kinase (ERK)1/2 and protein
kinase B (Akt) was suppressed in the liver (Figs. 5C
and 6C). MSC and MSC-CM therapies reversed
these alterations in both HFD- and STZ-diabetic
mice.





