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Purpose: The purpose of this study was to investigate whether NKT cells play an important role in preventing or exacerbating
diseases caused by high-fat diet (HFD) using CD1d-knockout (KO) mice which lack NKT cells.

Methods: Five-week-old male Balb/c (wild-type; WT) or CD1dKO mice were fed with control-diet (CTD) or HFD for 16 weeks.
Results: The present study revealed four main findings. First, CD1dKO mice were susceptible to obesity caused by HFD in
comparison to WT mice. Second, clinical conditions of fatty liver caused by HFD were comparable between CD1dKO mice and
WT mice. Third, HFD-fed WT mice showed high levels of serum biochemical markers, involved in lipid metabolisms, in comparison
to WT mice fed a CTD. Notably, the serum concentrations of ALT, T-CHO, TG and HDL-C in CD1dKO mice fed a HFD were almost
comparable to those of CD1dKO mice fed a CTD. Fourth, the expression of peroxisome proliferator-activated receptor (PPAR) y, low-
density lipoprotein receptor (LDLR), CD36 of epididymal adipose tissue enhanced and proprotein convertase subtilisin/kexin type
(PCSK) 9 in serum decreased.

Conclusion: NKT cells were responsible for protection against HFD-induced obesity. However, CD1dKO mice were resistant to
serum biochemical marker abnormalities after HFD feeding. One possible explanation is that the epididymal adipose tissue of
CD1dKO mice could take up greater amounts of excess lipids in serum in comparison to WT mice.
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Introduction
The incidence of obesity caused by excessive consumption, including a high-fat diet (HFD), has been exponentially
increasing over the past 30-50 years in not only developed countries but also developing countries and is becoming an
important global problem." Diseases caused by overnutrition are associated with metabolic syndrome, including obesity,
hyperlipidemia and hyperglycemia. Thus, metabolic syndrome is a risk factor for the development of type 2 diabetes,
fatty liver disease, coronary heart diseases and various other diseases resulting in chronic health problems and death.”™
Natural killer T (NKT) cells are a bridge between innate immunity and adaptive immune system.”® NKT cells present in
various peripheral organs, especially, the liver where they represent 30-50% of the total liver lymphocytes in a steady state,””®
and in murine adipose tissues, where they represent 10-25% of adipose T cells, or 2-8% of all adipose lymphocytes.” "' NKT
cells in adipose tissue are a unique subset of NKT cells that produce IL-10 and IL-4, as anti-inflammatory cytokines, rather
than IFN-y,'>"'* and prevent the development of an inflammatory environment. Furthermore, CD1d molecules, which can
present o-galactosylceramide to activate NKT cells, express not only professional antigen-presenting cells but also hepato-
cytes and adipocytes.”'*!> Therefore, CD1d expressing cells, including hepatocytes and adipose tissue, can directly interact
with NKT cells. However, whether NKT cells are associated with the exacerbation or prevention of diseases caused by a HFD

is still controversial.!®!”
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Recently, it has reported that the number of NKT cell in adipose tissue is reduced in mice with obesity caused by HFD feeding
in comparison to lean mice and that the reduction is similar to the reduction in the number of NKT cell observed in obese human
patients in comparison to age-matched lean controls.”'® On the other hand, adoptive transfer of NKT cells induced the body
weight loss in mice with obesity caused by diet in NKT-deficient mice as well as in ob/ob mice.”'* The administration of a-
galactosylceramide to activate NKT cells in obese WT mice also reduced the body weight increase caused by HFD feeding.”'
Thus, we hypothesized that NKT cells can regulate the body weight of mice with diet-induced obesity and improve obesity-
related disorders resulting in the maintenance of metabolic homeostasis. To investigate the effects of NKT cells on obese mice,
CD1dKO mice, which lack NKT cells because of impairment of NKT cell development in the thymus,®** were used. Mice were
fed for 16 weeks with a CTD or a HFD to induce obesity. The effects of NKT cells on metabolic disorders caused by HFD feeding

were investigated.

Materials and Methods

Mice and Their Diets

For wild-type (WT) mice, 5-week-old male Balb/c mice were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan).
CD1d-knockout (KO) mice, bred on a Balb/c background, were bred in our experimental animal facility (protocol No.
BM4-112); male mice of the same age as the WT mice were used in the present study. All mice were housed under
specific pathogen-free conditions according to the animal protocol guidelines of the Institutional Animal Care and Use
Committee of Showa University (protocol No. 03041, 04007 and 05011). A high-fat diet (HFD) (Cat# D12492) and
a control diet (CTD) of equivalent caloric content to the HFD (Cat# D12450J) were purchased from Research Diet Inc.
(NJ, USA). Mice were given ad libitum access to the diet for 16 weeks. Mice were fasted for 18 h before sacrifice. The
weights of the mice were measured at every week. The weight of each mouse on week 0 was considered to be 100%.

Serum and Histopathology of the Liver Tissue

For the histopathological examination of the liver, WT mice or CD1dKO mice fed for 16 weeks with a CTD or HFD
were sacrificed under CO, gas inhalation after fasting for 18 h. Blood was collected from the heart and centrifuged to
obtain the serum. The serum was frozen until measurement of biochemical marker levels. After blood sampling, the left
lobe of livers was removed for histopathology from each mouse. Tissues were directly embedded in OTC compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and quickly frozen for histological examination. The frozen OTC-
embedded tissues were cut into sections with a microtome and then stained with oil red O at Soshiki Kagaku, Lab. Inc.
(Kanagawa, Japan). The histology was evaluated by a pathologist.

Purification of mMRNA from Liver and Adipose Tissue

At the time of removing the left lobe of the liver for histopathological examination, the right lobe of liver and both of the
epididymal adipose tissues were removed from each mouse. After measurement of the epididymal adipose tissue weight,
the tissues were homogenized in bead-based tissue homogenizer using MagNA Lyser Green Beads (Roche Diagnostics,
Mannheim, Germany) and Micro Smash™ (TOMY Seiko Co. Ltd., Tokyo, Japan). Total RNA from the liver or the
epididymal adipose tissue was purified using an RNeasy™ Mini kit (Qiagen, Hilden, Germany) or RNeasy®™ Lipid Tissue
Mini kit (Qiagen), respectively, according to the manufacturer’s protocol.?

Synthesis of Complementary DNA (cDNA) and Quantitative Real-Time Polymerase
Chain Reaction (PCR)

cDNA derived from RNA was synthesized using QuantiTect® Reverse Transcription (Qiagen), according to the
manufacturer’s instructions. The probes and primers for quantitative real-time PCR were TagMan gene expression
assays for mouse IL-1p (Assay ID: MmO00434228 ml), mouse IL-6 (Assay ID: Mm00446190 ml), mouse TNF-a
(Assay ID: Mm00443258 ml), mouse COL1A1 (Assay ID: Mm00801666 g1), mouse peroxisome proliferator-activated
receptor (PPAR) o (Assay ID: Mm00440939 m1), mouse PPARY (Assay ID: Mm00440940 m1), mouse LDLR (Assay
ID: 01177349 ml), mouse CD36 (Assay ID: Mm00432403 ml) and mouse GAPDH (Assay ID: Mm99999915 g1)
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(Thermo Fisher Scientific, MA, USA). Quantitative real-time PCR was performed using a LightCycler 480 probe Master
and LightCycler 480 instrument with the included software program (Roche Diagnostics). Each sample was calibrated to
GAPDH as the internal standard and normalized to the average value of control samples using AACT method.

Serum Biochemistry

The alanine amino transferase (ALT), total cholesterol (T-CHO), triglyceride (TG), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C) and glucose levels in serum were measured at Oriental Yeast
Co., Ltd. (Tokyo. Japan). In brief, the serum ALT, T-CHO and TG levels were determined by an enzymatic assay, the
concentrations of LDL-C and HDL-C were measured by a direct assay, and the serum glucose levels were determined by
a HK-G6PDH assay.

Measurement of the Serum Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9)

Concentration by ELISA
Serum levels of PCSK9 were measured using CircuLex mouse/rat PCSK9 ELISA kit (MBL, CA, USA) according to the
manufacturer’s protocol.

Statistical Analyses

Statistical analyses were performed using the Microsoft Excel software program (Microsoft, WA, USA). The statistical
significance of the findings was calculated using the unpaired #-test for all experimental analyses. P-values of <0.05 were
considered to indicate statistical significance. All values are presented as the mean + standard deviation (S.D.).

Results
HFD Feeding Caused a Greater Increase in Body Weight Gain in CD|dKO Mice in
Comparison to WT Mice

First, as shown in Figure 1A, the body weight of mice fed a HFD significantly increased in comparison to that of mice
fed a CTD in both WT mice and CD1dKO mice from week 1 to week 16. Furthermore, the body weight of CD1dKO
mice fed a HFD was significantly higher than that of WT mice fed a HFD from week 10 to week 16 and the body weight
gain of WT mice fed a HFD leveled off from week 8 to week 16. On the other hand, the body weight gain of both WT
mice and CD1dKO mice fed a CTD was comparable. Also, when fed a HFD, the body weight gain (in grams) of both
mouse strains significantly increased in comparison to mice fed a CTD (Figure 1B). The body weight gain (in grams) of
CD1dKO mice fed a HFD was significantly higher than that of WT mice fed a HFD for 16 weeks and the body weight
gain (in grams) of CD1dKO mice represented an almost 150% increase in comparison to that of WT mice. Moreover, the
epididymal adipose tissue index (Figure 1C) and epididymal adipose tissue gain (in grams) (Figure 1D) at 16 weeks
showed results that were in line with the indicated body weight gain. Of note, 10% of the body weight gain (in grams)
with HFD feeding was attributed to the epididymal adipose tissue gain (in grams). In other words, the epididymal adipose
tissue gain (in grams) of CD1dKO mice also represented an almost 150% increase in comparison to that of WT mice.

HFD Feeding Caused Fatty Liver, Inflammation, and Liver Fibrosis in Both Mouse

Strains

Next, we evaluated whether or not HFD feeding affects the liver condition in both mouse strains. At 16 weeks, as shown
in Figure 2A, both strains of mice demonstrably showed positive of oil red O staining after HFD feeding but not after
CTD feeding. These results demonstrated that HFD feeding for 16 weeks caused fatty liver in both of mouse strains.
Consistent with these pathologic results, in both strains of mice, HFD feeding was associated with a tendency toward
increased mRNA expression levels of liver inflammation and fibrosis markers (eg, IL-1p, IL-6, TNF-a and COL1A1) in
comparison to CTD feeding (Figure 2B), although these differences were not statistically significant. These results
indicated that HFD feeding caused comparable levels of fatty liver, inflammation, and liver fibrosis in WT and CD1dKO

mice.
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Figure | Body weight curve and epididymal adipose tissue volume after 16 weeks of CTD or HFD feeding. Mice were fed a CTD or HFD for |6 weeks. The body weights of mice
were monitored every week (A). The body weight gain (in grams) of mice was measured at 16 weeks (B). The epididymal adipose tissue index of mice at 16 weeks (C). The
epididymal adipose tissue gain (in grams) of mice was measured at 16 weeks (D). Five to six mice were evaluated per group. *p<0.01 in comparison to the CTD-fed mouse group of
the same mouse strain on the same day. **p<0.01, *p<0.05 in comparison to the HFD-fed mouse group, between WT mice and CD1dKO mice on the same day.

HFD Feeding Caused Deterioration of Serum Biological Markers of WT Mice, but Not
CD 1dKO Mice

To determine whether or not HFD feeding affects serum biological markers, serum was collected from each mouse after
feeding for 16 weeks (Figure 3). After 16 weeks of feeding with a HFD or CTD, in both strains of mice, the serum levels
of ALT were significantly increased in mice fed a HFD in comparison to those fed a CTD. However, following HFD
feeding, the serum ALT level of CD1dKO mice was significantly lower than that of WT mice. Even more surprising,
after 16 weeks of HFD feeding, the serum levels of T-CHO, TG and HDL-C in CD1dKO mice were significantly
decreased in comparison to WT mice. The decrease in the levels of these biological markers of CD1dKO mice after HFD
feeding was the same as that observed in CD1dKO mice fed a CTD. On the other hand, after HFD feeding, the serum
glucose concentrations were significantly increased in comparison to those after CTD in both strains of mice, and the
level of increase in the serum glucose concentration in the two mice strains was comparable. These results suggest that
the lipid metabolism ability, but not the glucose metabolism ability, may differ between CD1dKO mice and WT mice.

Epididymal Adipose Tissue of CD1dKO Mice Showed Increased Lipid Uptake After
HFD Feeding

Because normal serum levels of biological markers and increased epididymal adipose tissue gain (in grams) were
observed after HFD feeding in CD1dKO mice in comparison to WT mice, we hypothesized that the epididymal adipose
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Figure 2 Liver histology by oil red O staining and the mRNA expression levels of inflammation and fibrosis markers in the liver after 16 weeks of CTD or HFD feeding. Mice
were fed a CTD or HFD for 16 weeks. Liver tissue was stained with oil red O. Observation was performed under at 200-fold magnification (A). Representative images of
each liver sections are shown. The mRNA expression level of each marker was determined by quantitative real-time PCR. Five to six mice were used per group (B).
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Figure 3 Serum biologic markers of mice after 16 weeks of CTD or HFD feeding. Mice were fed a CTD or HFD for |16 weeks. Serum was collected from mice after fasting
for 18 h. Five to six mice were used per group. 0; CTD-fed group, m; HFD-fed group. *p<0.01, #p<0.05 in comparison to the CTD-fed mouse group of the same mouse
strain. ¥*¥p<0.0l in comparison to the HFD-fed mouse group, between WT mice and CDIdKO mice.

tissue may be involved in the accumulation of excess lipids in the serum in CD1dKO mice. First, as shown in Figure 4A,
after HFD feeding for 16 weeks, the PPARa, LDLR and CD36 mRNA expression in the liver of WT mice was
significantly increased in comparison to WT mice fed a CTD. Furthermore, the increase in the PPARo and LDLR
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Figure 4 The mRNA expression of markers of lipid accumulation after 16 weeks of CTD or HFD feeding. Mice were fed a CTD or HFD for |6 weeks. The mRNA
expression level of each marker was determined by quantitative real-time PCR for the liver (A) and the epididymal adipose tissue (B). Five to six mice were used per group.
#p<0.05 in comparison to the CTD-fed mouse group of the same mouse strain. *p<0.05 in comparison to the HFD-fed mouse group, between WT mice and CD | dKO mice.

mRNA expression in WT mice fed a HFD was also significantly enhanced in comparison to CD1dKO mice fed a HFD.
On the other hand, after HFD feeding, the mRNA expression of PPARYy in the epididymal adipose tissue was significantly
higher in comparison to mice fed a CTD in both mouse strains (Figure 4B). Furthermore, at 16 weeks, the mRNA
expression of PPARy, LDLR and CD36 in CD1dKO mice fed a HFD was significantly increased in comparison to WT
mice fed a HFD. The LDLR and CD36 mRNA expression of WT mice fed a HFD were not shown any more
enhancement by HFD feeding in comparison to WT mice fed a CTD. These results suggested that the epididymal
adipose tissue of CD1dKO mice may afford the accumulation of excess lipids in serum at 16 weeks. On the other hand,
the epididymal adipose tissue of WT mice may limit the uptake of excess lipids in serum.

Serum Levels of PCSK9 in CDIdKO Mice Were Significantly Lower in Comparison to
WT Mice, Regardless of CTD or HFD Feeding

As it has been reported that PCSK9 promotes the degradation of LDLR on cells leading to an increase in excess serum
lipids and that PCSK9 inhibitor treatment can reduce excess serum lipids including T-CHO, TG and LDL-C,** the serum
level of PCSK9 was measured at 16 weeks. As shown in Figure 5, the serum level of PCSK9 in CD1dKO mice was
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Figure 5 Serum level of PCSK9 after 16 weeks of CTD or HFD feeding. Mice were fed a CTD or HFD for 16 weeks. The serum level of PCSK9 was measured by ELISA.
Five to six mice were used per group. *p<0.01 in comparison to the CTD- or HFD-fed mouse group, between WT mice and CD1dKO mice.
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significantly decreased to approximately 60% in comparison to WT mice, irrespective of whether mice were fed a CTD
or HFD, suggesting that the LDLR of CD1dKO mice may be protected from degradation by PCSKO.

Discussion

In the present study, we evaluated whether or not HFD feeding affects the progression of metabolic diseases in CD1dKO
mice in comparison to WT mice, because controversy remains in relation to the clinical conditions caused by HFD
feeding, such as obesity, dyslipidemia, type 2 diabetes and non-alcoholic fatty liver in CD1dKO mice in comparison to
WT mice.'®!” Some studies reported that preventive effects against the progression of liver diseases caused by HFD
feeding were observed in CD1dKO mice.*>*° In contrast, opposite results that clinical condition caused by HFD feeding
in CD1dKO mice showed greater deterioration in comparison to WT mice have been reported,’ suggesting that NKT
cells have effects on HFD-induced obesity and metabolic disorders.

In this study, we showed that with HFD feeding, the body weight gain or adipose tissue weight volume of CD1dKO mice
were significantly increased in comparison to WT mice from week 10 to week 16 and at 16 weeks, respectively, suggesting
that CD1dKO mice are more susceptible to HFD-induced obesity. Our observations in the present study are consistent with
some reports that investigated HFD-induced obesity in CD1dKO mice. It has been reported that body weight gain and adipose
tissue weight of CD1dKO mice fed a HFD were significantly increased from week 12 to week 20 and at 14 and 20 weeks,
respectively, but not at 8 weeks, in comparison to WT mice fed a HED.® On the other hand, some reports demonstrated that,
with HFD feeding, the body weight gain of mice lacking NKT cells was comparable to that of WT mice, because Ja18KO
mice or CD1dKO mice were only fed a HFD for 5 weeks or 8 weeks, respectively.”*® The significant increase in body weight
gain and adipose tissue weight observed after HFD feeding in CD1dKO mice, in comparison to WT mice, may be dependent
on long-term HFD feeding for at least 10 weeks, and the different durations of feeding may account for these differences in
results. It has been also reported that the adoptive transfer of NKT cells into HFD-induced obese mice caused the reduction of
body weight and of epididymal adipose tissue weight.”*® Furthermore, in vivo activation of NKT cells with a-
galactosylceramide in obese mice induced a decrease in body weight and adipose tissue weight and improved metabolic
outcomes following the induction of regulatory T cells in adipose tissues.”''*'**° The administration of a-galactosylceramide
to obese mice induced an increase in body temperature and to decrease in the respiratory exchange ratio, leading to decreased
body weight and adipose tissue weight.*' Mechanistically, NKT cell activation-induced thermogenesis was partially mediated
through adipocyte-produced fibroblast growth factor 21 (FGF21), which has been shown to improve metabolic disease and
induce body weight loss.>'~*? These reports may support our finding that CD1dKO mice were more susceptible to HFD-
induced obesity than WT mice. As another possible explanation for the difference in susceptibility to HFD-induced obesity,
Martin-Murphy et al indicated that CD1dKO mice showed increased average daily HFD-food intake and decreased average
physical activity in comparison to WT mice during an experiment,® because HFD feeding affects the hypothalamus function
and it may be associated with different behavior in WT mice and CD1dKO mice.*

The clinical conditions of fatty liver caused by HFD feeding, such as lipid accumulation, inflammation and fibrosis, were
comparable between CD1dKO mice and WT mice in our study, suggesting that NKT cells are not involved in the progression
of liver diseases caused by HFD feeding. However, after HFD feeding, obvious differences in serum biological markers were
observed between CD1dKO mice and WT mice. In fact, high levels of serum biological markers caused by HFD feeding,
including ALT, T-CHO, TG and HDL-C, were detected in WT mice. On the other hand, remarkably, high concentrations of
serum biological markers were not observed in CD1dKO mice fed a HFD, and the biological marker levels measured after
HFD feeding in CD1dKO mice were almost the same as those of CD1dKO mice after CTD feeding. Similar results, regarding
serum biochemical markers, were reported by Bhattacharjee et al, who showed that liver concentrations of TG and ALT levels
in WT mice fed a HFD for 16 weeks were significantly higher than those of WT mice fed a CTD. In addition, the liver levels of
TG and serum levels of ALT observed in CD1dKO mice after HFD feeding were comparable to those of CD1dK O mice after
CTD feeding,** however, the mechanisms through which the serum biological markers of CD1dKO mice remained at normal
levels after HFD feeding were not described in their study. One possible mechanism may be involved the reinforced uptake of
excess lipids in serum by epididymal adipose tissue. We demonstrated that the epididymal adipose tissue weights of CD1dKO
mice fed a HFD were significantly increased in comparison to those of WT mice fed a HFD and that the body weight gain of
WT mice fed a HFD leveled off from week 8 to week 16, suggesting that the adipose tissues of WT mice fed a HFD may be not
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able to accumulate any more excess lipids from the serum. Brailey et al also showed that CD1d-deficient macrophages exhibit
an increased exogenous lipid import through CD36 compared with WT—macrophage.35 Furthermore, the mRNA expression of

36,37 was

PPARY in adipocytes, which induces to the uptake of excess lipids in serum and the storages of energy by lipogenesis,
significantly higher in the epididymal adipose tissue of CD1dKO mice fed a HFD in comparison to WT mice fed a HFD. The
increased mRNA expression of PPARY in epididymal adipose tissue leads to the upregulation of genes associated with lipid
uptake, including LDLR and CD36, in CD1dKO mice. As a result, normal serum levels of biochemical markers are
maintained. In fact, the targeted deletion of PPARY in the adipose tissue of mice resulted in elevated plasma levels of lipids,
including free fatty acids and triglyceride.*® In addition, serum levels of PCSK9, which is involved in promoting the
degradation of LDLR, in CD1dKO mice, were significantly lower than those in WT mice, irrespective of whether the mice
were fed a CTD or HFD. These results suggest that the epididymal adipose tissue in CD1dKO mice was able to take up greater
amounts of excess lipids in serum in comparison to WT mice; however, the mechanisms through which the increased
expression of PPARY in adipose tissue and the decreased of PCSK9 in serum are induced in CD1dKO mice fed a HFD remain
unclear. Possibly, effects of NKT cells in improvement of high levels of serum biological markers caused by HFD feeding may
result from assembling of small multiple mechanisms, although detail mechanisms of NKT cells are still unknown in the
present study. When the detail mechanisms of NKT cells would be revealed in future studies, new therapeutic strategies for the
clinical conditions caused by HFD will be exploited.

Conclusion

We demonstrated that body weight gain and the adipose tissue weight increase of CDIdKO mice fed a HFD were
significantly higher in comparison to WT mice fed a HFD. On the other hand, the serum biological markers of CD1dKO
mice fed a HFD remained at normal levels, while those of WT mice fed a HFD did not, although the exact mechanism
through which the lipid uptake by adipose tissue is regulated in CD1dKO mice fed a HFD remains unknown.
Furthermore, reports from other authors about the effects of NKT cells on HFD-induced obesity are controversial and
some of their findings conflict with our own. Moreover, the effects of the CD1d molecule on lipid metabolism are not
clear. Therefore, further studies are needed to elucidate the precise mechanisms and interaction among NKT cells, CD1d
molecules and adipose tissue in HFD-induced obesity.
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