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Abstract

Nonalcoholic fatty liver disease (NAFLD) is associated with insulin resistance, oxidative stress, and
obesity. The db/db mouse model displays increased levels of insulin resistance, obesity, and an
over-accumulation of hepatic triglycerides, making it an excellent model for studying NAFLD. In
db/db mice, intra-bone marrow-bone marrow transplantation plus thymus transplantation
(IBM-BMT+TT) improves type 2 diabetes mellitus (T2 DM) by normalizing the T-cell imbalance.
We hypothesized that this approach would improve Sirtl expression in the liver and benefit liver
development.

The db/db mice were treated with IBM-BMT+TT, and plasma MCP-1, IL-6, adiponection, LDL,
Sirtl, and HO-1 levels were then assessed. Stem cell transplantation decreased the levels of plasma
inflammatory cytokines and LDL while it increased the expression of Sirtl and HO-1, resulting in
decreased progression of fatty liver. Moreover, Sirt] and HO-1 expression were both detected in
the thymus and many HO-1-positive cells were observed in the bone marrow.

This is the first report of stem cell transplantation improving the antioxidant function in the liver,
thymus, and bone marrow of db/db mice by increasing the levels of Sirt] and HO-1. This approach
may prove useful in the treatment of nonalcoholic steatohepatitis and its clinical manifestations.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a
term used to describe a gamut of liver diseases, be-
ginning with increased fat deposition in the liver, and
having the potential to progress towards steatohepa-
titis or even cirrhosis. Along with the potential for
irreversible liver damage, NAFLD is the most com-
mon cause of chronic liver disease not due to alcohol

or hepatitis. The metabolic derangements caused by
NAFLD are associated with insulin resistance, oxida-
tive stress, and obesity [1]. Insulin resistance results in
the impaired suppression of lipolysis in adipose tissue
and increased levels of circulating non-esterified or
free fatty acids (FFA). An excess of saturated FFAs
overwhelms the capacity of the liver to esterify them,
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which induces lipotoxicity. Circulating FFAs derived
from adipose tissue lipolysis play a critical role in the
development of steatosis in NAFLD, contributing up
to 60% of hepatic fat content [2]. During the devel-
opment of obesity, expansion of adipose tissue results
in activation of the death receptor and mitochondrial
pathways of apoptosis in adipose tissue. An increase
in the death of adipocytes results in the recruitment of
macrophages to adipose tissue, with the subsequent
development of insulin resistance and hepatic steato-
sis [3].

Oxidative stress, due to increased production of
reactive oxygen species (ROS) and decreased antiox-
idant defense, is observed in both human and ex-
perimental models of steatohepatitis [4]. Elevated
HO-1 levels increase cellular antioxidant capabilities
by increasing ferritin, carbon monoxide (CO) and bil-
irubin, leading to increased insulin sensitivity [5, 6].
The protective role of HO-1 against the development
of diabetes and metabolic syndrome is well known; it
interrupts the progression of steatohepatitis by up-
regulating antioxidant chaperones, enzymes, and an-
ti-inflammatory markers such as IL-22, while con-
versely downregulating proinflammatory cytokines
[7]. Thus, the induction of HO-1 downregulates fi-
brotic genes, ameliorates fibrosing hepatitis [8], and
suppresses hepatocyte apoptosis [9].

Sirtl is a class III protein deacetylase, a crucial
cellular survival protein against oxidative stress. It
regulates glucose-lipid metabolism through its
deacetylase activity and has both direct and indirect
involvement in insulin signaling in insulin-sensitive
organs such as adipose tissue, liver and skeletal mus-
cle. The activation of Sirtl ameliorates fatty liver by
reducing the expression of lipogenic enzymes in
monosodium glutamate-treated mice [10].

Our previous study demonstrated that in-
tra-bone marrow-bone marrow transplantation com-
bined with thymus transplantation (IBM-BMT+TT)
normalized T cell subsets, cytokine imbalances, and
insulin sensitivity in db/db mice by enhancing the
expression of pAKT, pLKB1, pAMPK, and HO-1 [11].
However, it was unclear how the expression of Sirtl
in the fatty liver was regulated by this approach. In
this paper, we show that stem cell transplantation
increases Sirtl and HO-1 expression, with a resultant
improvement in metabolic function in the fatty liver
of db/db mice.

Materials and methods

Animals

Five-week-old male db/db and lean mice were
purchased from Charles River Laboratories (Yoko-
hama, Japan), and male C57BL/6 (B6) mice were

purchased from SLC (Shizuoka, Japan). All proce-
dures were according to our previous report [12]. The
same experiment was repeated three times (n=6 in
each group).

Stem cell transplantation, insulin tolerance
test and cytokine, low-density lipoprotein
(LDL) and insulin measurements

Stem cell transplantation, insulin tolerance test
and insulin measurements were carried out as in our
previous report [12]. MCP-1 and leptin were deter-
mined in mouse plasma using ELISA assay kits (R&D
Systems, Inc., MN). LDL levels were measured ac-
cording to the manufacturer’s protocol using HDL
and LDL/VLDL cholesterol assay kit (Abcam®, UK).
These experimental animals were followed up for 16
weeks after treatment.

Immunochemistry

The pancreas, adipose tissue, thymus, and livers
of the lean and db mice were removed 2 months after
transplantation. The pancreata were stained with
polyclonal guinea pig anti-swine insulin antibody
(N1542, Dako Cytomation, CA) and monoclonal rab-
bit anti-human glucagon (8233s, Cell Signaling Tech-
nology, Massachusetts). The adipose tissue was
stained with F4/80 antibody (AbD Serotec, Oxford,
UK). The livers were stained with hematoxylin and
eosin (HE), anti-Sirtl antibody (Abcam®), F4/80 an-
tibody, and anti-HO-1 antibody (Abcam®). The thymi
were stained with anti-cytokeratin 5 (CK5) antibody
(Abcam®), Sirtl antibody, and HO-1 antibody. The
bone marrow was stained with anti-HO-1 antibody.
The stained sections were examined under an Olym-
pus microscope (Olympus, Japan). HO-1 and
Sirtl-positive cells in the liver of each group were
calculated using software (Image-pro plus) for Win-
dows.

Western blot analysis of Sirtl expression and
measurement of Sirtl activity

At sacrifice, livers were dissected, pooled for
each mouse and used to measure Sirtl. Specimens
were stored at -80°C until assayed. The lysates from
the liver tissues were subjected to sodium dodecyl-
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and electroblotted onto poly (vinylidene
difluoride) (PVDF) membrane (Bio-Rad Laboratories,
Hercules, CA). Immunoblotting was carried out with
antibodies for Sirtl (Abcam®) and actin (BML, Tokyo,
Japan) as the primary antibodies. Sirtl deacetylase
activity was measured according to the manufactur-
er’s protocol using Sirtl activity assay kit (Abcam®).
Sirtl deacetylase activity was normalized by protein
content.
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Isolation of TECs and Real-Time PCR
(RT-PCR)

TEC isolation and the RT-PCR method were
performed as previously described [13]. The
CD45-negative cells were isolated for Real-Time PCR.

Statistical analysis

Fisher method of analysis was used to determine
statistical significance. A single-factor ANOVA or
unpaired ¢ test was used to test the null hypothesis for
comparing experiment groups. P value <0.05 was
considered as statistical significance.

Results

Plasma cytokine analysis and insulin tolerance
test

Both leptin and adiponectin are produced from
adipocytes. The ratio of plasma leptin and adiponec-
tin was higher in the untreated db/db mice when
compared with age-matched lean mice, but decreased
after stem cell treatment (* #p< 0.05) (Fig. 1A). Plasma
MCP-1 was 2.2 times higher in the untreated db/db
mice when compared with lean mice, but decreased
after treatment (*,#p< 0.05) (Fig.1B). LDL levels were
increased in db/db mice when compared to age

matched lean mice (0.72+0.04 vs 0.3£0.03pg/ul,
*p<0.05). Stem cell transplantation treatment de-
creased LDL levels in the db/db mice compared to
untreated db/db mice (0.48+0.08 vs 0.72+0.04pg/ul,
#p<0.05)(Fig 1C). We performed the intraperitoneal
insulin tolerance test to estimate insulin resistance,
and the results showed severe insulin resistance in the
untreated db mice. Treated db/db mice exhibited a
rapid decline in BG after insulin was administered
(Fig.1D), suggesting improved insulin sensitivity after
the treatment. BG levels (percentage of initial value) at
all time points in the treated db/db mice were lower
than those in the untreated db/db mice (*p<0.05).

Imaging analysis in pancreata, adipose tissues
and livers

Insulin and glucagon double staining was used
to estimate islets. There were far fewer insu-
lin-positive cells (brown color) in the larger pancreatic
islets of untreated db/db mice (Fig. 2B) than in those
of lean mice (Fig. 2A). However, there was increased
insulin content in the residual beta cells (Fig. 2C) of
the treated db/db mice, suggesting that beta cell de-
struction could be prevented by stem cell transplan-
tation.
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Figure 1. Analysis of cytokine production and insulin resistance. (A) Ratio of leptin and adiponectin (*#p< 0.05). (B) Plasma MCP-1 levels (#,*p<0.01) (C)
Plasma LDL levels (#,*p<0.05). *significant with respect to untreated versus lean mice. # significant with respect to treated versus untreated mice. (D) Profiles of BG
levels (percentage of initial value) after insulin administration (*p<0.05). The results are mean%SE, n=7 in each group.
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Figure 2. Imaging analysis in the pancreas, adipose tissue and livers. (A-C) Immunochemistry staining for insulin (brown ) and glucagon (black). There was
considerably more insulin content in residual beta cells (brown color in C) when compared to untreated db/db mice (B). (D-F) Immunostaining for F4/80 in visceral
fat. F4/80-positive cells (arrows in E) were observed in untreated db/db mice. (G) The low F4/80-positive cells counts were improved after stem cell transplantation.
(H-)) More F/80-positive cells were detected in the untreated db/db mice (arrows in ) than lean (arrow in H) and treated db/db mice (arrow in J). (K) The number
of F4/80 positive cells in the liver. The high F4/80-positive cell counts were improved after stem cell transplantation. (L-N) Expression of Sirtl decreased more in the
liver of untreated db/db mice (arrow in M) than lean (arrows in L) and treated db/db mice (arrows in N). (O) The number of Sirt]-positive cells in the liver. Decreased
numbers of Sirtl-positive cells were improved after stem cell transplantation. The results are meanSE, n=7 in each group. Scale bar =25pm. *significant with respect
to untreated versus lean mice. #significant with respect to treated versus untreated mice.

An increased number of F4/80-positive cells in
the visceral fat were observed in the untreated db/db
mice (arrows in Fig.2E) when compared with the lean
(Fig.2D) and treated mice (Fig.2F). The number of
F4/80-positive cells in the untreated db/db mice was
higher than in the lean mice (32+5/mm? vs 6+1/ mm?,
*p<0.05), and the number in the treated db/db mice
was lower than in the untreated db/db mice (41+2/
mm? vs 32+5/mm? #p<0.05) (Fig.2G). Similarly, a
greater number of F4/80-positive cells were observed
in untreated db/db mice (arrows in Fig.2I) than in
both lean (Fig.2H) and treated mice (Fig.2]). The
number of F4/80 positive cells in the untreated db/db
mice was higher than in the lean mice (121+19/mm?
vs 5416/ mm?, *p<0.05), and the number in the treated
db/db mice was lower than in the untreated db/db
mice (48+10/ mm? vs 12119/ mm? #p<0.05) (Fig.2K).
Sirtl-positive cells were also observed in the liver of

lean mice (arrows in Fig.2L) and treated db/db mice
(arrows in Fig.2N), but there were fewer Sirtl-positive
cells in the untreated db/db mice (arrows in Fig.2M).
The number of Sirtl positive cells in the untreated
db/db mice was lower than in the lean mice
(183£16/mm? vs 3357/ mm? *p<0.05), and the
number in the treated db/db mice was higher than in
the untreated db/db mice (319+12/ mm? vs
183416/ mm? #p<0.05) (Fig.20).

HO-1 expression in liver, thymus, and bone
marrow

Immunostaining was carried out with a specific
antibody against the murine HO-1 in hepatocytes.
HO-1-positive cells were observed in the liver of the
lean mice (arrows in Fig.3A) and the treated db/db
mice (arrows in Fig.3C), but fewer HO-1-positive cells
were observed in the untreated db/db mice (arrows
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in Fig.3B). The db/db mice exhibited a marked re-
duction in the size and cellularity of the thymus [14,
15]. HO-1 positive cells were observed in the thymus
of the lean mice (arrows in Fig.3D) and treated db/db
mice (arrows in Fig.3F), but fewer HO-1-positive cells
were observed in the untreated db/db mice (arrows
in Fig.3E). HO-1-positive cells were also observed in
the bone marrow of lean mice (arrows in Fig.3G) and
treated db/db mice (arrows in Fig.3I), but fewer
HO-1-positive cells were observed in the untreated
db/db mice (arrows in Fig.3H). The number of HO-1
positive cells per mm? was calculated, and the number
in the liver of the untreated db/db mice was lower
than in the lean mice (38+3/mm? vs 8416/mm?2,
*p<0.05), while the number in the treated db/db mice
was higher than in the untreated db/db mice
(6717 /mm? vs 38+3/mm?# p<0.05) (Fig. 3]). Similar-
ly, the number of HO-1 positive cells in the thymus of
the untreated db/db mice was lower than in the lean
mice (36:x6/mm? vs 108+12/mm?, *p<0.05), while in
treated db/db mice, the HO-1-positive cell number
was higher than in the untreated db/db mice
(62£6/mm? vs 36+6/mm?, #p<0.05) (Fig.3K). The
number in the bone marrow of the untreated db/db
mice was lower than in the lean mice (165£24/mm? vs
252414 /mm?, *p<0.05), and the number in the treated
db/db mice was higher than in the untreated db/db

Lean

Liver

Bone marrow R

Untreated db/db mice

mice (289+32/mm? vs 165+24 /mm?, #p<0.05) (Fig.3L).

Morphology of livers, results of western blot-
ting and Sirtl activity

Figure 4A and 4B shows the HE staining in the
untreated and treated db/db mice. The expression of
Sirtl and actin were detected by western blotting
(Fig.4C). Densitometry analyses showed significant
increases in the ratios of Sirtl in the treated db/db
mice (Fig4D) (1.24+0.1 vs 2.1#0.3, p<0.05). Sirtl
deacetylase activity, which is expressed in relative
fluorescence units (RFU), was significantly higher in
the treated db/db mice than untreated db/db mice
(Fig4E) (1241+87.1vs 775+232.6 RFU/pg of protein,
p<0.05).

Expression of Sirtl, IL-7, Aire and KGF in the
thymus

Sirtl was stained in the thymus, and Sirtl ex-
pression was found only in the medulla, not in the
cortex (red area in Fig.5A). CK5 is a marker of me-
dulla thymic epithelial cells (mTECs) and Sirtl was
found in the mTECs (Fig.5B-D), not in cortical TECs
(cTECs). The ratios of Aire, IL-7, and KGF in TECs are
shown in Fig. 5E-G. The ratios were significantly
lower in the untreated db/db mice than lean mice, but
were improved significantly after treatment.
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Figure 3. Analysis of HO-1 in the liver, thymus and bone marrow. (A-l) Expression of HO-1 was lower in the liver (arrow in B), thymus (arrow in E) and
bone marrow (arrow in H) in db/db mice than lean mice (arrow in A, D and G). Improved expression of HO-1-positive cells was detected in the liver (arrows in C),
thymus (arrows in F) and bone marrow (arrows in I) of treated db/db mice. (J-L) The number of HO-1-positive cells in the liver, thymus and bone marrow. The low
HO-1-positive cell counts were improved after stem cell transplantation. The results are mean+SE, n=7 in each group. Scale bar =25um. *significant with respect to
untreated versus lean mice. #significant with respect to treated versus untreated mice.
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Discussion

Sirtl is involved in a variety of diseases, includ-
ing diabetes, cardiovascular disease, cancer, neuro-
degenerative disease and inflammation in general.
Sirtl regulates insulin secretion, adiponectin produc-
tion, inflammation, gluconeogenesis, and oxidative
stress, all of which contribute to the development of
insulin resistance [16]. Our previous study showed
that, in db/db mice, stem cell transplantation upreg-
ulates the expression of HO-1 and induces adiponec-
tin secretion, followed by enhanced pLKB1-AKT-
AMP-activated protein kinase (AMPK) crosstalk, with
improvement both in inflammation and hyperglyce-
mia [11]. AMPK activates Sirtl, resulting in the en-
hanced ability of peroxisome proliferator-activated
receptor-gamma coactivator-1(PGC-1a) to stimulate
mitochodrial biogenesis and function. Sirtl also acti-
vates LKB1, which in turn activates AMPK, decreas-
ing susceptibility to metabolic syndrome-associated
disorders [17]. Moreover, pre-adipocytes
over-expressing Sirtl displayed not only reduced ad-
ipogenesis in vitro, resulting in the prevention of adi-
pocyte hypertrophy, but also the down-regulation of
adipogenic regulators such as PPARy and C/EBPa
[18, 19]. This suggests that adipogenesis is dependent
on the levels of Sirtl. In addition, HO-1 increased
FGF21 expression, glycogen content, and decreased
PGC-1a, resulting in a decrease in fatty liver [20].
Futhermore, HO-1 increases pAMPK/AKT expres-
sion and decreases adiposity in obese mice [21]. HO-1
also attenuates adiposity and vascularity resulting
from decreases in fatty acid synthesis [22]. These re-
sults showed that stem cell transplantation upregu-
lated HO-1 and AMPK, and increased the expression
of Sirt1l, which had a positive effect on fatty liver. This
suggests that normal physiological processes could be
restored by increasing the levels of Sirtl and HO-1
expression.

Obesity-induced inflammation is an important
regulator of adipocyte function and insulin sensitivi-
ty. The db/db mouse model has higher liver weights,
hepatic TG content, and lipogenic markers, including
increased hepatic gene expression and protein content
of acetyl-Co-A carboxylase, fatty acid synthase,
PPARy and SREBP-1c compared with wild type mice
[23]. Under conditions of obesity and insulin re-
sistance, hepatic influx of FFAs increased, resulting in
B-oxidation or etherification with glycerol to form
triglycerides, leading to fat accumulation in the
hepatocytes. FFAs are toxic to hepatocytes due to their
ability to increase both oxidative stress and active
inflammatory pathways [24]. Adipokines such as ad-
iponectin, leptin, and resistin, along with cytokines
such as TNFa, IL-6, and IL-1, play key functions in the

progression of steatosis to fibrosis [25]. Cytokines are
involved in the recruitment of circulating macro-
phages into the liver and the activation of Kupffer
cells and hepatic stellate cells, both being factors that
contribute to the progression from simple steatosis to
steatohepatitis [26]. Our results show that, in db/db
mice, elevated plasma insulin, MCP-1, and IL-6 levels,
as well as decreased adiponectin levels, were im-
proved after stem cell transplantation. After treat-
ment, the inflammatory cytokines were reduced to
about 60% the levels of those in the untreated db/db
mice. Oxidative stress is manifested by the imbalance
between the formation of pro-oxidants such as ROS
and/or reactive nitrogen species, and the production
of antioxidant defenses. Decreased secretion of adi-
ponectin by dysfunctional adipocytes contributes to
steatohepatitis and fibrosis [27].

Sirtl maintains the integrity of hematopoietic
cells through the elimination of ROS, FOXO activa-
tion, and p53 inhibition, suggesting that Sirtl sup-
presses the differentiation of hematopoietic
stem/progenitor cells [28]. Sirtl negatively regulates
T-cell activation and plays a major role in clonal T-cell
activity in mice. The loss of Sirtl function results in
increased T-cell activation and a breakdown of CD4
T-cell tolerance in vivo [29]. However, it must be kept
in mind that the observed increase in Sirt]l expression
following stem cell transplantation is also likely due
to a reduction in inflammation and expression of lep-
tin receptor in the thymus and bone marrow.

TECs are derived from the endodermal epithe-
lium of the third pharyngeal pouch [30]. Cortical
TECs provide a microenvironment favorable to the
generation of T-cells and the positive selection of
functional, competent T-cells, whereas mTECs con-
tribute to the establishment of self-tolerance by the
deletion of self-reactive T-cells and the generation of
regulatory T-cells. The nuclear protein Autoimmune
regulator (Aire), expressed by a subpopulation of
mTECs, is essential for the establishment of
self-tolerance in T-cells during the perinatal period
[31]. We show here, for the first time, that Sirtl ex-
pression occurs in mTECs, not in cTECs. Moreover,
the relative ratios of Aire, IL-7, and KGF in the TECs
improved after stem cell transplantation. Future
studies will focus on the development of mTECs and
their function using Sirtl KO mice. Thus, increased
Sirtl expression, taken together with increased levels
of HO-1 and adiponectin, along with a parallel reduc-
tion in pro-inflammatory cytokines and LDL levels
after stem cell transplantation, indicates the potential
of this approach to prevent increased levels of ROS
and the development of fibrosis in this animal model
of NAFLD.

The thymus is a lymphoid organ in which T cells
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develop. Thymus transplantation has been used to
treat immunodeficiency and other related diseases by
correcting immune dysfunction [32, 33]. T lymphope-
nia and thymus dysfunction are independent of the
development of insulin resistance [15]. However, our
previous study showed that stem cell transplantation
normalized the percentages of double-positive, dou-
ble-negative and CD4 cells in the thymus as well as
normalized the CD4/CDS8 ratios in the PB state. This
resulted in decreased plasma IL-6 and IL-la levels
and increased plasma adiponectin levels, followed by
improved insulin sensitivity, and improved expres-
sion of AKT and AMPK in the db/db mice [11].
AMPK and Sirtl dysfunction may induce altered lipid
metabolism, insulin resistance, inflammation, and
mitochondrial dysfunction, which then induces
T2DM and NAFLD [17]. Our studies suggest that
stem cells may normalize immune dysfunction, up-
regulate HO-land Sirtl, and benefit fatty liver in
db/db mice. At present, it is unclear whether the ac-
tivation of Sirtl is effective for treating NAFLD clini-
cally. But, in the case of metabolic disorders, activa-
tion of Sirtl has demonstrated positive effects, in-
cluding promoting lipid homeostasis, glycemic regu-
lation, and mitochondrial function, as well as control-
ling inflammatory processes [34]. Additionally, nor-
malization of immune function may help increase the
expression of HO-1 and Sirtl, suggesting the activa-
tion of HO-1 and Sirtl may prove to be therapeutic
targets in preventing the development of T2DM and
NAFLD.

Stem Cell Transplantation

Conclusion

This is the first report showing that stem cell
transplantation decreases plasma LDL levels, in-
creases the expression of Sirtl and prevents fibrosis in
the liver of db/db mice. Moreover, Sirtl is expressed
only in mTECs, not in cTECs. Thus, the demonstration
that stem cells improve blood glucose levels and in-
sulin function in db/db mice through increased HO-1
expression, upregulated Sirtl, and level of adiponec-
tin, while decreasing the levels of inflammatory cyto-
kines and LDL, offers a portal to a therapeutic ap-
proach in the treatment of NAFLD. Specifically, the
elevated levels of these antioxidant enzymes after
stem cell transplantation provides an insight into the
mechanisms involved in metabolic syndrome and its
related disorders with accompanying immune dys-
function. The increased expression of HO-1/Sirt]l may
reprogram adipocyte stem cells and improve the level
of inflammatory cytokines, since adipose tissue is as
an endocrine organ and releases cytokines and adi-
pokines [35]. Figure 6 gives a brief illustrative sum-
mary of the effects that stem cell transplantation has
on anti-oxidant enzymes, immune system function,
and inflammation. NAFLD is the full spectrum of
disease from fatty infiltration to steatohepatitis. Much
attention has been focused on the identification of
what causes fatty infiltration to progress to steato-
hepatitis in some individuals. While the explanation
remains elusive, we have clearly identified a thera-
peutic target that prevents the progression of the dis-
ease, regardless of its etiology. In the meantime, stem
cell transplantation offers an effective therapeutic
approach in the treatment of NAFLD.

Sirtl
Improved Immune System T HO-1

Inflammation

1L-6 > Fatty liver

MCP-1

Insulin
Resistance
Fatty liver ..
Adiposi
l Sirtl posity
HO-1
Inflammation
T IL-6
MCP-1

Figure 6. Schemata of stem cell transplantation resulting in improved fatty liver in the diabetic mice. Stem cell transplantation improved expression
of Sirt] and HO-1 in the liver and thymus as well as improved immune system function. The effects are beneficial for attenuating fatty liver and decreasing inflam-

mation.
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