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3.2. The enhancement of the activation of HSCs with VEGF-treated
LSEC CM via TGF-§

We investigated the molecular mechanism through which VEGF
induces hepatic fibrosis in mice using primary cell culture systems.
As assessed by the lack of an increase in the a-SMA levels (a mar-
ker of activated HSCs), VEGF did not directly activate isolated pri-
mary HSCs after 5days of treatment at 100 and 200 ng/ml,
concentrations that are nearly equivalent to the blood concentra-
tion of VEGF in in vivo experiments (Fig. 2A). VEGF also did not af-
fect the mRNA expressions of TGF-B1, PLK, and uPAR (Fig. 2B).
VEGF enhanced latent TGF-B1 concentration (1.1-fold at 200 ng/
ml VEGF) in LSEC CM (Fig. 2C) and mRNA expressions of TGF-B1
(2.4-fold at 200 ng/ml VEGF), PLK (2.1-fold at 200 ng/ml VEGF),
and uPAR (1.8-fold at 200 ng/ml VEGF) in LSECs (Fig. 2D). HSCs
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were activated via incubation with recombinant TGF-B1 (100 pg/
ml) and LSEC CM, the latter of which was blocked by incubation
with neutralizing antibodies against TGF-p1 (Fig. 2E).

3.3. Latent TGF-p secreted from LSECs is activated by PLK on the
surface of HSCs

Given the ELISA and bioassay results, we found that primary
LSECs secreted only 2.5% of TGF-B in the active form during 24 h
incubation (Fig. 2C), and that the active TGF-B concentrations in
LSEC CM were slightly higher than those in the control medium
(DMEM containing 2% FBS) (Fig. 2C). To investigate whether latent
TGF-B present in LSEC CM was activated by PLK as we previously
showed [9], we cultured primary HSCs with LSEC CM with or with-
out PI-PLC, which cleaves the glycophosphatidylinositol anchor, re-
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Fig. 3. Latent TGF-p derived from LSECs was activated on the surface of hepatic stellate cells through PLK in in vitro and in vivo. Primary HSCs were incubated with 2% FBS
DMEM or LSEC CM in the presence or absence of PI-PLC (0.5 U/mL) or camostat mesilate (500 pM) for 5 days. (A) Active TGF-B1 levels in the media were measured using the
luciferase assay in (CAGA)s-Luc CCL64 cells. Data are shown as the means + SD. (B) Cells were fixed and stained with o-SMA and R58 LAP-DPs as described in the Section 2.
The relative fluorescence intensities (% of untreated control cells) are shown as the means + SD. (C) The liver sections harvested from the VEGF-injected mice were stained
with anti-R58 LAP-DPs antibody, as described in the Section 2. The right panels show higher magnifications of the corresponding white squares in the left panels. Scale bars,
100 um. Positive areas (%) were quantitated and shown as the means + SD (n = 3). 'p < 0.05 compared with untreated control cells, *p < 0.05 compared with LSEC CM-treated

control cells.
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Fig. 4. The scheme of the molecular mechanism through which angiogenesis
promotes fibrosis in the liver. Increased neovessels provided with latent TGF-,
which PLK activates on the surface of HSCs and stimulates the activation of HSCs.
Therefore, angiogenesis might accelerate liver fibrosis.

leases uPAR and its associated with PLK from the cell surface, or
with or without camostat mesilate, a serine protease inhibitor.
Both these treatments resulted in a reduction in the concentration
of active TGF-B in the LSEC CM (Fig. 3A). LSEC CM failed to activate
the HSCs that had been incubated with either PI-PLC or camostat
mesilate (Fig. 3B). The R58 LAP-DP levels, a footprint of PLK-depen-
dent TGF-B activation [9], were reduced via either PI-PLC or camo-
stat mesilate. VEGF did not affect R58 LAP-DPs expression (Relative
fluorescent intensity: Control 100 + 56; VEGF 100 ng/ml 112 + 30;
VEGF 200 ng/ml 99 + 48). To confirm whether PLK-dependent acti-
vation might be increased along with neovessel formation in vivo,
the liver sections harvested from the VEGF-administered mice
were stained with anti-R58 LAP-DPs antibody. As expected, the
R58-positive area was increased with VEGF injection by 5.9-fold
(Fig. 3C).

4. Discussion

In the present study, we addressed a role of ECs as a source of
latent TGF-B, the precursor of the most fibrogenic cytokine TGF-
B. We provided in vitro evidence that LSEC CM promotes the acti-
vation of quiescent HSCs via the provision of latent TGF-B and
in vivo evidence that much more severe fibrosis was induced in
the livers of mice that received VEGF (Fig. 4). These data suggest
that HSC activation is promoted not only via changes in the extra-
cellular matrix, inflammatory cytokines, and oxidative stress but
also secondarily via pathological angiogenesis.

We documented that TGF-B, which is secreted from LSECs as a
latent form and activated on the surface of mainly HSCs rather than
LSECs (compare Figs. 3A and 2C), mediates enhancement in liver
fibrosis, although the expressions of PLK and uPAR increased 2-fold
in VEGF-treated LSECs (Fig. 2D). Several groups have reported that
VEGF enhanced the expression of urokinase-type plasminogen
activator and its receptor uPAR in both bovine microvascular endo-
thelial cells and human umbilical vein endothelial cells [19], en-
abling them matrix degradation and cell invasion [20], and that
bradykinin production via the PLK-dependent cleavage of high
molecular weight kininogen promotes angiogenesis via the
upregulation of basic fibroblast growth factor [21]. In our study, in-
creased PLK in LSECs might interact with HSCs and promote TGF-3
activation on the surface of HSCs. At the same time, increased uPAR
and PLK in LSECs also might contribute to angiogenesis. We
showed that VEGF increased the levels of hepatic CD31 by 3.6-fold
and R58 LAP-DPs by 5.9-fold in mice and that VEGF enhanced la-
tent TGF-B production and TGF-f1 mRNA expression in primary

LSECs. These data also suggest that LSECs serve as the source of
TGF-B for liver fibrosis.

Yoshiji et al. demonstrated that VEGF receptor expression in-
creased in HSCs along with the development of fibrosis and that
a neutralizing anti-VEGF receptor antibody attenuated both angio-
genesis and fibrogenesis in the liver [22], using activated HSCs,
whereas we used quiescent HSCs. The result in Fig. 1 suggests that
VEGF promotes the growth of LSECs, which appears to serve as a
source of latent TGF-B, thereby increasing the hepatic levels of
TGF-B1, due to the increased number of LSECs in the early stages
of liver fibrosis (Fig. 4). Eventually, HSCs were activated and began
to express the VEGF receptor, respond to VEGF, and transition to a
more activated state. However, we cannot rule out the involve-
ment of other soluble factors, such as PDGF, which is also produced
from LSECs and stimulates HSC activation [11,23].

Sorafenib, a multikinase inhibitor recently approved to treat
unresectable hepatocellular carcinoma, was beneficial in a model
of BDL-induced cirrhosis [24,25]. We have provided here evidence
that angiogenesis accelerates liver fibrosis. The anti-fibrotic effect
of sorafenib might be caused by its blocking of angiogenesis. More-
over, other anti-angiogenic treatments such as vatalanib [26] and
bevacizumab [27], are now being evaluated in clinical cancer treat-
ment trials. An implication of the current study is that anti-angio-
genic agents such as vatalanib and bevacizumab might be
beneficial for anti-fibrotic therapy in addition to sorafenib.
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Altered expression and function of hepatic natural killer
T cells in obese and diabetic KK-AY mice
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Aim: To evaluate the role of natural killer (NK)T cells in the
pathogenesis of non-alcoholic steatohepatitis (NASH), here
we investigated the expression and function of hepatic NKT
cells in KK-AY mice, an animal model of metabolic syndrome.

Methods: Male, 8-week-old KK-AY and C57Bl/6 mice were fed
a high-fat (HF) diet for 4 weeks. Some mice were given daily
intragastric injections of pioglitazone for 5 days prior to or
after dietary treatment.

Results: In untreated KK-AY mice, the percentages of NKT
cells in liver mononucleolar cells were nearly one-third of
those in C57BIl/6 controls. Elevations in interleukin (IL)-4 and
interferon (IFN)-y mRNA in the liver after a single injection of
o-galactosylceramide (GalCer) were blunted in KK-AY mice
largely. Percentages of NKT cells, as well as GalCer-induced
increases in IL-4 mRNA, were blunted significantly in both
strains after HF diet feeding for 4 weeks. Interestingly,
KK-AY mice pretreated with pioglitazone showed significant

increases in NKT cell proportion, and GalCer-induced
increases in IL-4 and IFN-y mRNA were also enhanced by
pioglitazone. In KK-AY mice, the percentages of annexin V
positive NKT cells were nearly 2.5-fold higher than those in
C57Bl/6 controls; however, pioglitazone decreased annexin V
positive cells significantly. Moreover, pioglitazone increased
NKT cell fraction in KK-AY mice even after HF diet feeding.

Conclusion: KK-AY mice exhibit proportional and functional
alterations in hepatic NKT cells in close relation with the
development of steatohepatitis, and it is postulated that
pioglitazone improves steatohepatitis in part through resto-
ration of hepatic NKT cells.

Key words: adipokines, innate immunity, metabolic
syndrome, natural killer T cells, non-alcoholic
steatohepatitis, pioglitazone

INTRODUCTION

ON-ALCOHOLIC FATTY LIVER disease (NAFLD),

which is the liver manifestation of metabolic syn-
drome, has become the most common cause of chronic
liver disease in industrialized countries worldwide.'”
NAFLD contains a spectrum of liver pathology ranging
from simple hepatic steatosis to non-alcoholic steato-
hepatitis (NASH), which demonstrates progressive dis-
eases such as advanced liver fibrosis and hepatocellular
carcinoma.'~* It is widely accepted that insulin resistance
is the common and profound pathophysiological basis
of NAFLD as well as metabolic syndrome;* however, the
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mechanism by which only a portion of NAFLD patients
develop progressive liver disease has not been well elu-
cidated. Various environmental and nutritional factors
as well as genetic susceptibilities appear to be involved
in progression of NASH. Especially, genetic and epige-
netic factors related to oxidative stress, innate immunity
and tissue repairing responses most likely regulate the
severity of metabolic abnormalities, hepatic inflamma-
tion and fibrogenesis. Among these, it is postulated that
adipokines, a group of cytokines produced exclusively
from adipose tissue (i.e. leptin, adiponectin, resistin,
plasminogen activator inhibitor-1), modulate both
metabolic balance and progression of hepatic disorder.*

Recent studies have suggested that alteration in the
innate immune system is involved in the pathogenesis
of NASH.”¢ Tt is well known that the liver contains a
variety of immune cells, with considerable proportion
of natural killer (NK)T-cell fraction.” NKT cells are a
heterogeneous subset of lymphocytes expressing both

© 2012 The Japan Society of Hepatology
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NK and T-cell surface markers.®*® Classical (type 1) NKT
cells express an invariant T-cell receptor (TCR) contain-
ing the Voi14-Ja18 chain in mice, whereas non-classical
(type 1I) NKT cells express diverse TCR.® NKT cells rec-
ognize a glycolipid antigen presented by CD1d, one of
the major histocompatibility complex molecules, on
antigen-presenting cells such as dendritic cells and mac-
rophages.®'® Several studies suggested that NKT cells
modulate hepatic inflammation and fibrogenesis;''"*
however, the precise role of these cells in liver patho-
physiology is still controversial. It has been reported
that hepatic NKT cells are depleted in ob/ob mice which
develop severe hepatic steatosis essentially caused by
genetic disruption of leptin (ob) gene,'®'” suggesting that
leptin is an important regulator of innate immune
responses in the liver.

Clinically relevant animal models are required to
investigate the pathophysiology and experimental thera-
peutics of NAFLD/NASH. KK-AY mice are a cross-strain of
diabetic KK mice'® and lethal yellow (A’) mice, which
carry mutation of the agouti(a) gene in mouse chromo-
some 2." KK-A” mice develop maturity-onset obesity,
dyslipidemia and insulin resistance, in part because of
the antagonism of melanocortin receptor-4 by ectopic
expression of the agouti protein.” Importantly, these
mice present hyperleptinemia and leptin resistance
without defects in the leptin receptor (ObR) gene, and the
expression of adiponectin is conversely downregu-
lated.?*?! The phenotype of KK-AY mice, including altered
adipokine expression, quite resembles that of most
common patients of metabolic syndrome in humans,
indicating potential usefulness of this strain as a model of
metabolic syndrome-related NASH. Indeed, KK-AY mice
are more susceptible to experimental steatohepatitis
induced by a methionine- and choline-deficient diet.** It
has also been reported that KK-AY mice are vulnerable to
acute liver injury caused by lipopolysaccharide and galac-
tosamine,? and acetaminophen.?” In addition, we have
reported recently that hepatic regeneration after partial
hepatectomy is impaired in KK-AY mice.”® These observa-
tions have suggested that KK-AY mice bear functional
abnormalities in the innate immune system; however,
the phenotypic characteristics of innate immunity, espe-
cially in terms of NKT cells in the liver, have not been
explored extensively.

In the present study, we therefore investigated the
changes in hepatic NKT cells in obese and diabetic KK-AY
mice. Further, we evaluated the effect of pioglitazone, a
thiazolidinedione derivative (TZD), which improves
insulin resistance through actions as a peroxisome
proliferator-activated receptor (PPAR)-y agonist, on
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expression and functional alteration in the NKT-cell
subset in these animals.

METHODS

Animal experiments and dietary treatment

ALE KK-AY AND C57BIl/6 mice 7 weeks after birth

were obtained from CLEA Japan (Tokyo, Japan).
Mice were housed in air-conditioned specific pathogen-
free animal quarters with lighting from 08.00-
21.00 hours, and given unrestricted access to a standard
lab chow and water for 1 week prior to experiments. All
animals received humane care in compliance with the
experimental protocol approved by the Committee of
Laboratory Animals according to institutional guide-
lines. C57Bl/6 mice were used as non-obese and non-
diabetic controls. Some KK-AY mice were treated with
25 mg/kg pioglitazone (a generous gift from Takeda
Pharmaceutical, Tokyo, Japan) or vehicle by intragastric
injection once daily for 5 days prior to or after dietary
treatment. Mice were fed a high-fat (HF) diet which
contained 56.7% of fat calories (HFD32; CLEA Japan;
Table 1) or a control diet with 10% of fat calorie ad
libitum for 4 weeks. This HF diet contains 32% total fat
content, and the percentages of saturated, monounsat-
urated and polyunsaturated fatty acid in total fatty
acid are 22.3%, 66.5% and 10.4%, respectively. Some
mice were given a single peritoneal injection of o-
galactosylceramide (GalCer, a generous gift from Kirin
Breweries, Tokyo, Japan), a specific ligand for NKT-cell-
specific TCR, and killed during the time course up to

Table 1 Components of high-fat diet (HFD32)

Ingredients (%) High-fat diet Control
(HFD32) diet
Milk casein 24.5 17.5
Egg white powder 5.0 3.6
L-cystein 0.43 0.3
Tallow powder 15.88 1.95
Safflower oil 20.0 2.45
Microcrystalline cellulose 5.5 4.0
Maltodextrin 8.25 2.0
Lactose 6.928 2.3
Sucrose 6.75 -
Caster sugar - 10.0
AIN93 vitamin mixture 1.4 1.0
AIN93G mineral mixture 5.0 3.5
Choline bitartrate 0.36 0.25
Tert-butylhydroquinone 0.002 0.0014
Corn starch ~ 51.1486

© 2012 The Japan Society of Hepatology
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24 h. Mice were killed by exsanguination from the infe-
rior vena cava, and serum and liver samples were kept
frozen at —80° C until assayed.

Histopathological evaluation

For histological evaluation, liver specimens were fixed in
buffered formalin for hematoxylin-eosin (HE) staining.
To evaluate granulocyte infiltration, double staining for
o-naphthyl acetate esterase and naphthol AS-D chloro-
acetate esterase was performed using a kit (Sigma
Diagnostics, St Louis, MO, USA) according to the manu-
facturer’s instruction. Specimens were observed and pho-
tographed using a microscope equipped with a digital
imaging system (Leica DM 2000, Leica Microsystems,
Wetzlar, Germany).

Measurement of serum aminotransferases
and enzyme-linked immunoassay (ELISA)

Serum alanine aminotransferase levels were measured
spectrophotometrically by a standard enzymatic
method using a commercial kit (KAINOS Laboratories,
Tokyo, Japan). Serum leptin and adiponectin levels were
determined using ELISA kits (leptin, Seikagaku, Tokyo,
Japan; adiponectin, Otsuka Pharmaceutical, Tokyo,
Japan) according to the manufacturer’s instruction.

Isolation of liver mononuclear cells
and fluorescence-activated cell sorting
(FACS) analysis

Under deep ether anesthesia, mice were killed by exsan-
guinations through the subclavian artery and vein, and
the liver was harvested. The liver was passed through a
stainless steel mesh and suspended in Hank's balanced
salt solution. After one washing, the cells were resus-
pended in 30% Percoll containing 100 U/mL heparin,
and centrifuged at 960 g for 15 min at room tempera-
ture. The pellet was resuspended in red blood cell
lysis solution (155 mmol/L Na,Cl, 10 mmol/L KHCO;,
1 mmol/L ethylenediamine tetraacetic acid, 170 mol/L
Tris, pH 7.3), and washed twice in 5% fetal bovine
serum-Hank’s balanced salt solution.

Surface phenotype of the NKT cells was characterized
by two-color flow cytometry (FACS). Briefly, 1 x 10° cells
were first pre-incubated with anti-CD16/32 (2.4G2)
monoclonal antibody to avoid the non-specific binding
of antibodies to FcyR. Then, the cells were incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-CD3e
monoclonal antibody (145-2C111) and phycoerythrin
(PE)-conjugated anti-NK1.1 (PK136) monoclonal anti-
body (BD Pharmingen, San Jose, CA, USA). For detection
of apoptosis, cells were stained with an Annexin V-PE

© 2012 The Japan Society of Hepatology
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Apoptosis Detection kit I (BD Pharmingen). After
washing with phosphate-buffered saline (PBS), the
stained cells were analyzed using FACS Calibur and
CellQuest software (Becton Dickinson Bioscience, San
Jose, CA, USA).

RNA preparation and real-time reverse
transcription polymerase chain
reaction (RT-PCR)

Total liver RNA was prepared from frozen tissue samples
using an Illustra RNAspin Mini RNA Isolation kit (GE
Healthcare, Buckinghamshire, UK). The concentration
and purity of isolated RNA were determined by measur-
ing optical density at 260 and 280 nm. Further, the
integrity of RNA was verified by electrophoresis on
formaldehyde denaturing agarose gels.

For real-time RT-PCR, total RNA (1 pg) were reverse
transcribed using Moloney murine leukemia virus
transcriptase (Super-Script II; Invitrogen, Carlsbad, CA,
USA) and an oligo dT (12-18) primer (Invitrogen) at
42°C for 1 h. Obtained cDNA (1 pg) was amplified
using SYBR Premix Ex TaqTM (Takara Bio, Tokyo,
Japan) and specific primers as appropriate. Primer sets
were as follows: interleukin (IL)-4 (GenBank accession
no.: NM_021283), forward, 5-TCT CGA ATG TAC CAG
GAG CCATAT C-3’, reverse, 5'-~AGC ACC TTG GAA GCC
CTA CAG A-3’, yielding a 183-bp product; interferon
(IEN)-y (GenBank accession no.. NM_008337),
forward, 5-CGG CAC AGT CAT TGA AAG CCT A-3/,
reverse, 5’-GTT GCT GAT GGC CTG ATT GTC-3’, yield-
ing a 199-bp product; and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (GenBank accession no.:
NM_001001303), forward, 5-TGT GTC CGT CGT GGA
TCT GA-3’, reverse, 5-TTG CTG TIG AAG TCG CAG
GAG-3’, yielding a 150-bp product. After a 10-s activa-
tion period at 95°C, 40 cycles of 95°C for 5 s and 60°C
for 31 s, followed by the final cycle of 95°C for 15,
60°C for 1 min and 95°C for 155, were performed
using an ABI PRISM 7700 Sequence Detection System
(PE Applied Biosystems, Foster City, CA, USA), and the
threshold cycle (Cr) values were obtained.

Statistical analysis

Data were expressed as means * standard error of the
mean. Statistical differences between means were deter-
mined using ANOVA on ranks followed by a post-hoc test
(Student-Newman-Keuls all pairwise comparison pro-
cedures). P < 0.05 was selected before the study to reflect
significance.
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RESULTS

Hepatic NKT cells are depleted in KK-AY
mice before dietary treatment

E FIRST EVALUATED the percentages of hepatic

NKT-cell fraction in KK-AY mice without dietary
treatment using FACS analysis. Male KK-AY mice 8 weeks
after birth showed very mild hepatic steatosis with
trivial inflammatory infiltration in hepatic lobules, as
compared to C57Bl/6 mice as controls (Fig. 1a). In the
control C57Bl/6 mice, the percentages of CD3- and
NK1.1-double positive cells in the liver mononuclear
cells were 27% before dietary treatment, whereas the
values were only 9.9% in KK-A’ mice (Fig. 1b,c). These
cell populations were disappeared 24 h after a single i.p.
injection of GalCer in both strains, confirming that
these populations are GalCer-sensitive NKT cells. We
further checked the proportion of NKT cells in the liver
and thymus in younger mice. The proportion of hepatic
NKT cells in KK-AY and C57Bl/6 mice at 4-week-old were
almost the same, the values being 15.6 £2.4% and
15.7 £ 0.8%, respectively. In addition, NKT cells in
thymus in these strains were 1.5 £ 0.5% and 1.5 £ 0.3%,
respectively, where no significant difference were
observed, indicating that NKT-cell maturation in
thymus is not impaired in KK-A” mice. Taken together,
these findings suggest that depletion of NKT cells in
KK-AY mice is an acquired response.

To evaluate the response of hepatic NKT cells in
these mice, we next gave a single injection of GalCer to
these mice, and mRNA levels of IL-4 and IFN-y, the
two major NKT-cell-derived cytokines, were quantified
by real-time RT-PCR (Fig. 1d,e). As expected, IL-4
mRNA in the liver was increased transiently after injec-
tion of GalCer in C57Bl/6 mice; however, the peak
levels at 3 h in KK-A” mice reached only one-sixth of
values in C57Bl/6 mice (Fig. 1d). Similarly, IFN-y
mRNA peaked 12 h after injection of GalCer, whereas
the levels in KK-A” mice being one-fifth of those in
C57Bl/6 mice (Fig. 1e). Collectively, these data indi-
cated that the response of hepatic NKT cells to GalCer
was markedly blunted in KK-A' mice even before
developing severe steatohepatitis.

HF diet induces more severe steatohepatitis
in KK-AY mice

Next, we evaluated the development of HF diet-induced
steatohepatitis in KK-AY mice. The control C57Bl/6 mice
showed very mild hepatic steatosis even after HF diet
feeding for 4 weeks as expected, whereas KK-A’ mice
exhibited extremely severe steatosis following the same
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dietary treatment (Fig. 2a). Indeed, hepatic triglyceride
content was markedly increased in KK-AY mice fed a HF
diet (Fig. 2B), confirming that KK-A” mice develop more
severe hepatic steatosis. Serum alanine aminotransferase
levels were increased by HF diet feeding in both strains;
however, the levels were much higher in KK-AY mice
than in C57Bl/6 mice (Fig. 2c). Further, we counted
infiltrated granulocytes in the liver specimens by
esterase staining. Granulocyte accumulation was signifi-
cantly higher in KK-AY mice fed a HF diet (Fig. 2d),
indicating that HF diet feeding for 4 weeks induced
more severe steatohepatitis in KK-A” mice.

In terms of expression of adipokines, KK-A’ mice
demonstrated overt hyperleptinemia and hypoadi-
ponecitinemia even before dietary treatment as
expected (Fig. 2e,f). In C57Bl/6 mice, serum leptin
levels were not changed following 4-week feeding with
HF diet. Serum adiponectin levels were decreased in
these mice by HF diet feeding significantly. In contrast,
HF diet feeding for 4 weeks enhanced both increases in
serum leptin levels and decreases in serum adiponectin
levels in KK-A” mice.

HF diet decreases hepatic NKT-cell fraction
in both C57BIl/6 and KK-AY mice

Next, we evaluated the changes in NKT-cell fraction
following HF diet feeding in both strains of mice
(Fig. 3a,b). C57Bl/6 controls showed age-related mild
increases in NKT-cell fraction, whereas HF diet feeding
for 4 weeks decreased percentages of NKT cells to 18.1%
(Fig. 3a). KK-AY mice fed a HF diet showed extended
decreases in NKT cell fraction as low as 8.3% (Fig. 3b).
Figure 3(c,d) demonstrate GalCer-induced increases
in IL-4 and IFN-y mRNA levels in HF diet-fed mice,
respectively. GalCer-induced increases in IL-4 mRNA
were blunted in C57Bl/6 mice fed a HF diet (Fig. 3c). In
contrast, elevation in IFN-y mRNA following injection of
GalCer was not decreased in C57BI/6 mice fed a HF diet
(Fig. 3d). In KK-AY mice, peak inductions of both IL-4
and IFN-y were blunted by HF diet feeding (Fig. 3¢,d).

Pioglitazone restores hepatic NKT cells in
KK-AY mice

Because insulin resistance is one of the important
characteristics of KK-AY mice, we next tested whether
pioglitazone, an insulin sensitizer, affects hepatic NKT
fraction in these mice. To test this, we first evaluated the
effect of pioglitazone in 8-week-old KK-AY mice before
dietary treatment. Interestingly, KK-AY mice pretreated
with pioglitazone for 5 days showed significant

© 2012 The Japan Society of Hepatology
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Figure 1 Expression of hepatic NKT cells in KK-A’ mice before dietary treatment. Representative photomicrographs of liver
histology from 8-week-old male C57Bl/6 mice (a; left panel) and KK-A" mice (a; right panel) are shown (hematoxylin-eosin,
original magnification x100). Hepatic NKT-cell fraction in each strain was detected by fluorescence-activated cell sorting analysis
(b). CD3 and NK1.1 dual positive NKT cells are sequestered in the upper right quarter. Representative plots from untreated C57Bl/6
(b; left upper panel), Bl/6 given GalCer 24 h prior to harvest (b; right upper panel), untreated KK-A” (b; left lower panel) and KK-AY
given GalCer (b; lower right panel) are shown. The average percentages of hepatic NKT cells are plotted (c; n =5, mean £ SEM,
*P < 0.05 vs Bl/6 controls, #P < 0.05 vs KK-A” controls, by ANOVA on ranks and Student-Newman-Keuls post-hoc test). Steady state
mRNA levels of IL-4 and IFN-y in the liver following a single injection of GalCer in both strains were measured by real time reverse
transcription polymerase chain reaction. Average values of fold increase over control C57Bl/6 levels for IL-4 (d) and IEN-y (e) in
C57Bl/6 (closed circle) and KK-A” mice (closed triangle) are plotted (n =5, mean + SEM, *P < 0.05 vs Bl/6 in each time point by
ANOVA on ranks and Student-Newman-Keuls post-hoc test). GalCer, o-galactosylceramide; IFN, interferon; IL, interleukin; NKT

cells, natural killer T cells; SEM, standard error of the mean.

«

elevation in NKT-cell proportion to the values reaching
18.3% (Fig. 4a,b). Further, GalCer-induced increases in
IL-4 and IFN-y mRNA were also enhanced in KK-AY mice
given pioglitazone (Fig. 4c,d).

Next, we analyzed apoptotic cell death in hepatic NKT
cells by detecting annexin V expression (Fig. 5). In KK-AY
mice, annexin V positive NKT cells were increased nearly
2.7-fold higher than those in C57Bl/6 controls, whereas
annexin V positive cells were significantly decreased in
mice given pioglitazone for 5 days.

Moreover, HF diet-induced severe hepatic steatosis in
KK-A" mice was reversed largely by subsequent pioglita-
zone treatment for 5 days (Fig. 6a). Indeed, pioglitazone
decreased hepatic triglyceride contents to nearly half
values of HF diet-fed KK-A” mice (Fig. 6b). As shown
in Figure 6(c), pioglitazone treatment also increased
NKT-cell fraction in KK-A” mice fed a HF diet. Finally,
pioglitazone significantly potentiated GalCer-induced
increases in IL-4 and IFN-y mRNA in the liver in KK-AY
mice fed a HF diet, the levels being 3.7- and 2.1-fold as
compared to the values without pioglitazone, respec-
tively (P < 0.05).

DISCUSSION

ERE, WE DEMONSTRATED that hepatic NKT cells

are depleted in KK-AY mice, which develop remark-
able steatohepatitis following long-term feeding with
HF diet (Fig. 2). This proportional changes in the NKT-
cell population in the liver appear to be accompanied by
functional abnormalities, because KK-AY mice showed
poor NKT-cell-derived cytokine responses in the liver
following a single injection of GalCer, a synthetic ligand
of NKT-cell-specific TCR (Fig. 1d,e). Importantly, the
proportion of NKT cells is decreased in untreated KK-AY
mice 8 weeks after birth (Fig. 1), when these mice
present very mild hepatic steatosis with trivial hepatic

inflammation, indicating that NKT-cell depletion pre-
cedes development of severe hepatic steatohepatitis fol-
lowing HF diet-feeding. Further, feeding with a HF diet
causes extended decreases in hepatic NKT cells in KK-AY
mice, while the same dietary treatment also decreases
NKT-cell fraction in C57Bl/6 mice, which is coincident
with a previous report by Li et al.* It is therefore hypoth-
esized that hepatic NKT cells play a regulatory role in
progression of steatohepatitis.

In the present study, we demonstrated that hepatic
NKT cells are progressively depleted through induction
of apoptosis (Fig. 5), suggesting that constitutive activa-
tion of NKT cells, which in turn elicits apoptotic cell
death, occurs during the development of steatohepatitis.
Emerging attention has been paid to the link between
obesity, insulin resistance and alteration in gut bacterial
flora.”?¢ Increased permeability of the gut mucosal
barrier allows the entry of bacterial substances such as
lipopolysaccharide to the portal blood flow, which par-
ticipates in the pathogenesis of steatohepatitis.”’=° It is
therefore hypothesized that gut microbiota-derived gly-
colipid antigens would play a certain role in constitutive
activation of NKT cells, which elicits production of
T-helper (Th)2 cytokines, thus leading to the functional
alteration in hepatic macrophages. These microenviron-
mental changes in the hepatic innate immune system
are most likely involved in the metabolic abnormalities,
inflammation and fibrogenesis in the liver. Indeed,
emerging lines of evidence suggest that hepatic NKT
cells are involved in hepatic fibrogenesis.’’~* We have
demonstrated recently that thioacetamide-induced
hepatic inflammation and subsequent fibrogenesis are
markedly ameliorated in CD1d knockout mice, which
lack NKT cells systemically, suggesting that NKT cells
promote inflammatory and profibrogenic responses in
the liver.”” Moreover, NKT cells are likely to prevent
hepatocarcinogenesis based on steatohepatitis. Collec-

© 2012 The Japan Society of Hepatology
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Figure 2 HF diet induces severe steatohepatitis in KK-A” mice. Both C57Bl/6 and KK-AY mice were fed a HF or control (cont) diet
for 4 weeks. Representative photomicrographs of liver histology from HF diet-fed C57Bl/6 mice (a; left panel) and KK-AY mice (a;
right panel) are shown (hematoxylin-eosin, original magnification x100). Hepatic triglyceride contents (b) and serum ALT levels
(c) were measured, and granulocytes in hepatic lobules were counted using esterase staining (d). Serum levels of leptin (e) and
adiponectin (f) were measured by enzyme-linked immunoassay. Data represent mean = SEM (n=5, *P < 0.05 vs Bl/6 controls,
**P < 0.05 vs HE-fed Bl/6, #P < 0.05 vs KK-A” controls, by ANOVA on ranks and Student-Newman-Keuls post-hoc test). ALT, alanine
aminotransferase; GalCer, a-galactosylceramide; HF, high fat; IFN, interferon; IL, interleukin; NKT cells, natural killer T cells; SEM,

standard error of the mean.

tively, alteration in hepatic NKT cells most likely exerts a
variety of actions in the pathogenesis and progression of
steatohepatitis.

Our observations are in part coincident with the pre-
vious report that hepatic NKT cells are depleted in ob/ob

© 2012 The Japan Society of Hepatology

mice, which develop severe hepatic steatosis spontane-
ously. However, with respect to expression profile of
adipokines, ob/ob mice completely lack functional leptin
expression, whereas KK-AY mice present remarkable
hyperleptinemia (Fig. 2e) as observed in common obese





