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Impact statement

Vitamin D3 supplementation has shown
beneficial effects on hyperglycemia-
induced hepatic damage by regulation of
lipid metabolism with autophagy, apopto-
sis, and fibrosis in T2DM mice. In particu-
lar, vitamin D3 attenuated hepatic lipid
accumulation by activation of AMPK/Akt-
mTOR signaling-associated autophagy in
T2DM mice. Furthermore, vitamin D3
administration prevented progression of
steatosis by reduction of hepatic apoptosis
and fibrosis in T2DM mice. Our findings
suggested that vitamin Dz might have a
beneficial effect to ameliorate
hyperglycemia-induced hepatic damage
under diabetic condition.

Abstract

Vitamin D3 has been reported to protect liver against non-alcoholic fatty liver disease
(NAFLD) by attenuating hepatic lipid dysregulation in type 2 diabetes mellitus (T2DM).
However, the mechanism of vitamin D3 on hepatic lipid metabolism-associated autophagy
in hyperglycemia-induced NAFLD remains yet to be exactly elucidated. C57BL/6J mice
were intraperitoneally injected with 30 mg/kg of streptozotocin and fed a high-fat diet for
induction of diabetes. All mice were administered with vehicle or vitamin D3 (300 ng/kg or
600 ng/kg) by oral gavage for 12 weeks. Histological demonstrations of the hepatic tissues
were obtained by H&E staining and the protein levels related to lipid metabolism and
autophagy signaling were analyzed by Western blot. Treatment with vitamin D3z improved
insulin resistance, liver damage, and plasma lipid profiles, and decreased hepatic lipid
content in the diabetic mice. Moreover, vitamin Dz administration ameliorated hepatic
lipid dysregulation by downregulating lipogenesis and upregulating lipid oxidation under

diabetic condition. Importantly, vitamin D3 treatment induced autophagy by activating AMP-activated protein kinase (AMPK),
inactivating Akt and ultimately blocking mammalian target of rapamycin (mTOR) activation in the T2DM mice. Additionally, vitamin
D3 was found to be effective in anti-apoptosis and anti-fibrosis in the liver of diabetic mice. The results suggested that vitamin D5
may ameliorate hepatic lipid dysregulation by activating autophagy regulatory AMPK/Akt-mTOR signaling in T2DM, providing
insights into its beneficial effects on NAFLD in type 2 diabetic patients.
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Introduction

Type 2 diabetes mellitus (T2DM) is one of the chronic met-
abolic diseases, with a growing prevalence worldwide and
serious health problems. An estimated 425 million people
had DM in the world in 2017, and the number is expected to
increase to 629 million by 2045." In T2DM, high blood glu-
cose triggers blood vessel damage and causes micro- and
macro-vascular complications, contributing to increase of
disability and mortality. Non-alcoholic fatty liver disease
(NAFLD) is considered as a leading liver disorder in
T2DM.? Hepatic lipid dysregulation due to insulin resis-
tance increases fat accumulation in the liver. The progres-
sion of NAFLD is faster in T2DM patients than in
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non-diabetic patients,” consequently leading to severe com-
plications such as cirrhosis and hepatocarcinoma.

Under insulin resistance, insulin signaling to repress
gluconeogenesis is impaired, while signaling to stimulate
de novo lipogenesis (DNL) is still activated through sterol
response  element-binding protein 1c  (SREBPlc).!
Meanwhile, impairment of insulin signaling suppresses
peroxisome  proliferator-activated receptor (PPAR)-a
and carnitine palmitoyltransferase 1 (CPT1) to decrease
B-oxidation. The imbalance between lipid synthesis and
degradation causes accumulation of excessive triglyceride
(TG) in the hepatocytes. Furthermore, hyperglycemia-
induced reactive oxygen species (ROS) increase hepatic
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apoptosis by disturbing the balance between pro- and anti-
apoptotic molecules.” As the hepatocyte death increases,
activated hepatic stellate cells (HSCs) stimulate the produc-
tion of pro-fibrogenic proteins including collagen and
a-smooth muscle actin (a-SMA), to induce liver cirrhosis.®

Recent evidences have focused on protective effects of
autophagy on NAFLD. Autophagy, a self-recycling system
for cell survival, removes damaged proteins and cell organ-
elles, and also degrades lipid droplets, thereby regulates
cellular lipid stores.” Impaired autophagy reduces hepatic
B-oxidation and TG output and promotes lipid accumula-
tion, inducing NAFLD.? Evidence suggests”'® that
microtubule-associated protein 1 light chain-3B (LC3B)-II,
an autophagy-related marker, was significantly reduced in
obesity with insulin resistance, suggesting a negative link
between autophagy and insulin resistance. Several eviden-
ces suggest that AMPK/Akt-mTOR signaling is important
regulator of autophagy®'* Under stressful conditions such
as deprivations of nutrients or growth factors, mTOR is
repressed and autophagy is activated.'> AMP-activated pro-
tein kinase (AMPK) inhibits mTOR to increase autophagy,
while Akt upregulates mTOR to reduce autophagy.’® In
T2DM, hyperinsulinemia stimulates Akt and mTOR which
also inhibits AMPK, resulting in a decrease in autophagy.**

Vitamin D is a well-known hormone precursor that reg-
ulates calcium-phosphate homeostasis and bone minerali-
zation. Vitamin D also regulates inflammation by reducing
the release of pro-inflammatory cytokines, and affects insu-
lin action and lipid metabolism."” Recent studies have
shown that the vitamin D deficiency could cause insulin
resistance through inflammation, as vitamin D deficiency
is associated with increased inflammation.'® Furthermore,
the accumulating data have suggested that 1,25(OH),D3, a
biological active form of vitamin D, may defend against
liver injury by regulating lipogenesis or B-oxidation.”*® Tt
has been reported that the blood vitamin D concentration
was generally decreased in NAFLD patients.'”*’ In addi-
tion, a link between a low blood vitamin Dj level and a risk
of T2DM has been reported.”" A previously reported study
demonstrated that 1,25(OH),D3 reduced hepatic triglycer-
ide accumulation and glucose output under insulin-
resistant conditions in patients with NAFLD.?
Furthermore, the benefits of vitamin D3 supplementation
for improving insulin resistance depend on the baseline
25(0OH)Dj; status.??

However, no research has investigated the effect of vita-
min D3 on autophagy pathway in hyperglycemia-induced
hepatic complication. Therefore, we investigated whether
vitamin D3 showed ameliorative effects on hepatic lipid
dysregulation through activation of autophagy induced
via AMPK/Akt-mTOR signaling in T2DM.

Materials and methods

Animals

Four-week-old male C57BL/6] mice (16-18g) were pur-
chased from Raon Bio (Gyeonggi-do, South Korea).
All mice were housed two or three per cage in a room
maintained at 22+1°C and 50+5% humidity on a 12-

h light/dark cycle, with free access to food and distilled
water. After week-acclimation period, the mice were ran-
domly assigned to two groups; a control group and a dia-
betic group. While the CON group was fed a control diet
(AIN-93G; 10% kcal fat, Research Diets, New Brunswick,
NJ, USA), the DM group was fed a high-fat diet (HFD;
[D10110601] 40% kcal fat, Research Diets, New
Brunswick, NJ, USA). After four weeks of diet treatment,
4 h-fasted mice were intraperitoneally injected with strep-
tozotocin (30 mg/kg body weight, Sigma Aldrich) in citrate
buffer (pH 4.5) twice at a week interval to induce T2DM or
saline for the normal control mice, respectively23; 12-h fast-
ing blood glucose (FBG) level was detected from the tail
vein using a Onetouch Select glucometer (LifeScan Inc.,
Milpitas, USA) once a week. Mice with FBG >140.4 mg/
dL (7.8 mmol/L) at least twice were considered diabetic.
All protocols for the animal experiment were approved
by Institutional Animal Care and Use Committee
(IACUC) of Kyung Hee University, South Korea
[KHUASP(SE)-16-005].

Experimental design

The diabetic mice were divided into three groups and
treated with different levels of vitamin D3 supplement.
The normal control mice (NC; n=_8) fed with the control
diet was supplemented with a vehicle (olive oil). The dia-
betic control mice (DMC; n=8) fed with the HFD were
supplemented with the vehicle. Diabetic mice treated
with vitamin D; were fed HFD and supplemented with
300ng/kg (low cholecalciferol, LC; n=8) or 600ng/kg
(high cholecalciferol, HC; n=8) of vitamin D; (Sigma
Aldrich, St. Louis, MO, USA) dissolved in olive oil, respec-
tively. The vehicle and vitamin D; were administrated
everyday for 12weeks by oral gavage. Food intake,
body weight, and 10h-FBG of the mice were measured
every week.

After 12 weeks-treatment, 10 h-fasted mice were anes-
thetized with diethyl ether (Dukasn, Seoul, South Korea)
to sacrifice. Blood was drawn from the cardiac puncture
of the mice using a syringe coated with heparin (Sigma
Aldrich, St. Louis, MO, USA). The collected blood was cen-
trifuged at 845¢ for 15 min at 4°C to obtain plasma. The liver
tissue was dissected out, rinsed with saline, immediately
weighed and frozen with liquid nitrogen. The plasma
supernatants and the liver tissue were stored at —80°C
until analysis. Part of the liver was fixed with 10% formalin
for paraffin embedding.

Oral glucose tolerance test

A week before sacrificing, 12 h-fasted mice were treated
with 2g/kg of glucose (Sigma Aldrich, St. Louis, MO,
USA) by oral gavage to perform OGTT. After glucose
administration, blood glucose level was determined at 0,
15, 30, 60, 90 and 120 min using Onetouch Select glucometer
(LifeScan Inc., Milpitas, USA). The area-under-the-curve
(AUC) of blood glucose was determined by sum of the
trapezoidal area from 0 to 120 min. The AUC of each time
point was as follows



AUC of each time point
={(blood glucose) i+ (blood glucose) i-1}
x {(time) i - (time) i-1}/2 [i =time sequence]

Hepatic function test

Plasma aspartate transaminase (AST) and alanine transam-
inase (ALT) were measured by commercial kits (Asan phar-
maceutical, Gyeonggi-do, South Korea). All analysis was
performed in accordance with the instructions of
manufacturer.

Plasma and hepatic lipid profiles and plasma vitamin D
concentration

For obtainment of plasma and hepatic lipid profiles, triglyc-
eride (TG), total cholesterol (TC), and high-density lipopro-
tein-cholesterol (HDL-C) were measured by using
commercial kits (Asan pharmaceutical, Gyeonggi-do,
South Korea). Analysis of plasma 25-OH vitamin Ds;
(EAGLE BIOSCIENCES, INC., NH, USA) was performed
according to manufacturer protocols.

Hepatic lipid was extracted by the Folch method (2:1
chloroform/methanol mixture; CM mix’cure).24 All exami-
nations were conducted with the instructions of
manufacturer.

Western blot assay

To extract cytosolic protein, 0.5 g of liver tissue was homog-
enized in lysis buffer A (10mM HEPES, 10mM KCl,
0.5mM DTT, 1.5 Mm MgCl2, 0.05% NP40 and distilled
water; pH 7.9) with protease and phosphatase inhibitors
and 05M EDTA (Thermo  Fisher, = Waltham,
Massachusetts, USA). The homogenates were incubated
on ice for 1h while gently shaking, and centrifuged at
845g for 10min at 4°C. The supernatants were taken and
re-centrifuged at 18,407¢ for 30 min at 4°C, then the final
supernatants were used as cytosol extract. To prepare
nuclear protein, the pelleted remnants were homogenized
in lysis buffer B (5 mM HEPES, 0.5 mM DTT, 0.2mM EDTA,
1.5 Mm MgCl,, 26% glycerol (v/v) and distilled water; pH
7.9) with 4.6 M NaCl. The homogenates were shaken on ice
for 1h followed by centrifugation at 18,407¢ for 20 min at
4°C, and the supernatants were used as nuclear extract.
Each protein extract was separated by 6-15% SDS-
polyacrylamide gels and transferred onto PVDF mem-
branes (Millipore, Marlborough, MA, USA). After blocking
with 3% BSA in PBS-Tween 20 (PBS-T), the membranes
were incubated with primary antibodies; SREBPIc,
CCAAT-enhancer-binding proteins (C/EBPa), PPARy,
acetyl-CoA carboxylase (ACC), phosphorylated ACC
(p-ACC), PPARa, LC3B, mTOR, phosphorylated mTOR
(p-mTOR), p53 (Cell Signaling Technology, Inc., Danvers,
MA, USA, 1:2000), CPT1A, fatty acid synthase (FAS),
AMPK, phosphorylated AMPK (p-AMPK), Akt, phosphor-
ylated Akt (p-Akt), caspase-3, caspase-8, Bcl-2-associated X
factor (Bax), Bcl-2, o-SMA, Lamine Bl (Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:200), collagen 1 A
(COL1A) (Abcame, Cambridge, MA, USA, 1:2000),
o-tubluin (Sigma Aldrich, St. Louis, MO, USA, 1: 4000).
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Each membrane was washed with PBS-T followed by incu-
bation with respective horseradish peroxide (HRP)-conju-
gated secondary antibodies (Santa Cruz Biotechnology, CA,
USA, 1: 2000), and then washed with PBS-T again. For
detection of protein, the membrane was treated with ECL
luminol reagent (Biorad, CA, USA) and the protein band
intensity was scanned using G:BOX Gel and Blot Imaging
Systems (Syngene, Cambridge, UK).

Statistical analysis

Comparison of significant differences among the groups
was analyzed by one-way analysis of variance (ANOVA)
with post hoc Duncan’s multiple range test using SPSS (ver-
sion 23 for Windows, SPSS Inc., IL, USA). Statistical signif-
icance was determined at a value of P-value <0.05. The
results were expressed as the mean +standard error of
mean (S.E.M.).

Results

Effect of vitamin D3 supplementation on food intake,
body weight, and liver weight in T2DM mice

Food intake was not significantly different among all
groups. Body weight gain was similar among the diabetic
groups. However, low dose of vitamin D5 supplementation
significantly decreased liver weight (% BW) compared to
the DMC group. On the other hand, the HC group did not
show any significant difference in liver weight (Table 1).

Effect of vitamin D3 supplementation on plasma vitamin
D3 concentration, blood glucose, hepatic function, and
lipid profiles of plasma and liver in type 2 diabetic mice

There was no statistically difference in plasma 25-OH vita-
min D3 concentration between the CON and the DMC
groups. However, high dose of vitamin D3 supplementa-
tion in the diabetic mice significantly increased the
plasma 25-OH vitamin D5 level compared to the DMC
group (Table 2).

The FBG level in the DMC group was significantly
higher than the NC group. However, vitamin D3 adminis-
tration showed no significant difference compared to that
of the DMC group in FBG level during experiment (week 0
to 12).

OGTT was performed to determine glucose
homeostasis. The OGTT AUC level in the DMC group
was higher than that of the NC group. Simultaneously,
the high dose of vitamin Dj treatment showed a significant
decrease of AUC level compared with the DMC group.

Both plasma AST and ALT levels were significantly ele-
vated in the DMC group compared with the NC group.
However, vitamin D3 treatment in the diabetic mice signif-
icantly decreased the both of two levels to those of the NC
group regardless of dose.

Plasma TG and TC levels were higher in the DMC group
than the NC group, and vitamin D3 administration signif-
icantly reduced plasma TG level in the diabetic mice. While
plasma TC level was not significantly altered after vitamin
D5 administration, plasma HDL-C level was significantly
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Table 1. Effect of vitamin D3 supplementation on food intake, body weight, and liver weight in type 2 diabetic mice.

Groups
NC DMC LC HC
Body weight (g)
Before treatment 28.31+0.69° 33.4240.91° 33.3141.70° 32.76 4 1.05°
After treatment 30.41+0.86° 41.29 +1.23° 42.30 +2.90° 41.29 +1.60°
Weight gain 2.1140.332 7.88+0.94° 8.99+2.01° 8.53+1.14°
Liver weight (% BW) 3.23+0.28° 5.5140.30° 4.5240.35° 4.9340.28"°

Note: Data were presented as mean + S.E.M (n = 8). Values with the different superscript letter were significantly different (P < 0.05; ANOVA with post hoc Duncan’s

multiple range test).

NC: normal control; DMC: diabetic mellitus control; LC: low cholecalciferol; HC: high cholecalciferol; BW: body weight.

Table 2. Effect of vitamin D3 supplementation on plasma vitamin D3 concentration, blood glucose, hepatic function, and lipid profiles in type 2 diabetic

mice.
Groups
NC DMC LC HC
Plasma vitamin D5 (ng/mL) 80.00 +5.612 80.42 +3.742 90.64 +10.28%° 100.96 + 4.16°
FBG (mg/dL)
Week 0 114.00 + 8.35% 165.20 + 6.65° 169.40 + 6.69° 170.80 +7.25°
Week 6 123.00 + 4.952 163.80 + 5.38° 155.40 + 13.67° 170.20 +9.23°
Week 12 142.40 4 8.592 179.80 + 11.96° 184.80 4 14.24° 167.00 4 7.29%°

OGTT AUC (mg/dLx120 min)
Hepatic function (IU/L)

21363.40 +1679.212

35429.00 +1469.67°

31308.20 + 3229.82°°

27825.40 + 1828.19%°

Plasma AST 91.73+15.26 2 153.04 4+ 16.93° 92.43+12.72% 88.57 +25.08%

Plasma ALT 44.73 +6.95% 72.24 +4.05° 37.85+3.912 52.00+9.512
Plasma lipid (mg/dL)

TG 52.00 +2.79% 121.77 +39.23° 54.13 4+5.932 54.71 +5.46%

TC 115.82 +4.512 159.00 + 6.93° 14912 £7.77° 149.26 + 8.83°

HDL-C 43.30+2.932 52.64 +7.92%° 58.43 +5.27%° 71.33+9.98°
Hepatic lipid (mg/g liver)

TG 9.18+2.172 61.02 £ 7.89° 44.78 £ 6.51°° 39.89 +5.38°

TC 0.68+0.072 4.11+0.87° 3.56+1.00° 3.91+0.93°

Note: Data were presented as mean + S.E.M. (n = 8). Values with the different superscript letter were significantly different (P < 0.05; ANOVA with post hoc Duncan’s

multiple range test).

NC: normal control; DMC: diabetic mellitus control; LC: low cholecalciferol; HC: fasting blood glucose; FBG: oral glucose tolerance test; OGTT: area-under-the-
curve; AUC: high cholecalciferol; AST: aspartate transaminase; ALT: alanine transaminase; TG: triglyceride; TC: total cholesterol; HDL-C: high density lipoprotein-

cholesterol.

elevated following treatment with high dose of vitamin D5
under type 2 diabetic condition.

Consistent with plasma lipid profiles, hepatic TG and
TC levels were significantly higher in the DMC group
than those of the NC group. However, the high dose of
vitamin D5 supplementation reduced TG content in the
liver compared to the DMC group. Meanwhile, hepatic
TC level did not show the significant change after vitamin
Dj; treatment in diabetic mice (Table 2).

Effect of vitamin D3 supplementation on hepatic lipid
metabolism in T2DM mice

The protein levels of FAS, SREBP1c, C/EBPgy, and PPARY,
which are involved in lipogenesis and lipid accumulation,
were significantly upregulated in the DMC group than
those in the NC group. However, the low dose of vitamin
D; treatment significantly reduced FAS, SREBPlc, and
PPARY levels in the diabetic mice. Similarly, the high dose
of vitamin Dj-treatment significantly reduced FAS level
compared to the DMC group. In case of C/EBPg, no signif-
icant difference was observed between the DMC group and

the vitamin D3 groups. Moreover, vitamin D3 supplemen-
tation regardless of dose reversed the decreased p-ACC/
ACC ratio, indicating higher activity of ACC in vitamin D;
groups. Comparing with the NC group, the DMC group
showed a significant decrease in the levels of CPT1A and
PPARo, which involved in lipolysis. However, both levels
of vitamin D3 supplementation in the diabetic mice signif-
icantly increased CPT1A level. PPARa level was increased
only in the LC group (Figure 1).

Effect of vitamin D5 supplementation on hepatic
autophagy and autophagy regulatory AMPK/akt-mTOR
signaling in T2DM

LC3B-1 and LC3B-II levels were measured to determine
whether the protection against hepatic lipid deposit by
vitamin D; treatment is dependent on autophagy in
T2DM. As demonstrated in Figure 3, LC3B-I level was sig-
nificantly lower in the DMC group than the NC group, and
both low and high doses of vitamin D3 treatment in the
diabetic mice significantly upregulated LC3B-I level. On
the contrary, LC3B-II level was greater in the DMC group
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Figure 1. Effect of vitamin D3 supplementation on hepatic lipid metabolism in type 2 diabetic mice. The protein levels of fatty acid synthase (FAS), sterol response
element-binding protein 1c (SREBP1c), CCAAT-enhancer-binding proteins (C/EBPx), peroxisome proliferator-activated receptor (PPAR)-y, phosphorylation of acetyl-
CoA carboxylase (ACC), carnitine palmitoyltransferase 1 A (CPT1A) and PPARu in hepatic tissue from NC, DMC, and vitamin Ds-treated mice (LC, 300 ng/kg of vitamin
D3; HC, 600 ng/kg of vitamin D3) were analyzed by Western blot. The band level of each marker was densitometrically quantified and normalized to that of «-tubulin
(cytosol) and LaminB1 (nucleus). Data were presented as fold change relative to the NC group of mean + S.E.M for each group (n = 6). Values with the different
superscript letter were significantly different (P < 0.05; ANOVA with post hoc Duncan’s multiple range test).

than the NC group. Importantly, vitamin D3 supplemented
groups dramatically increased LC3B-II level compared to
that of the DMC group, regardless of dose, effectively in the
HC group.

One of the well-known autophagy regulatory proteins is
mTOR, which interacts with AMPK and Akt during
autophagy. To explore the potential role of vitamin D3 on
autophagy regulatory signaling, we identified the protein
levels of AMPK, Akt, mTOR and their phosphorylated
forms. In the DMC group, the level of p-AMPK was
lower and the levels of p-Akt and p-mTOR were higher
than those of the NC group. Interestingly, vitamin D3
administration regardless of dose elevated phosphoryla-
tion of AMPK and reduced phosphorylation of Akt, con-
tributing to a decrease in p-mTOR level compared to the
levels of the DMC group. Therefore, vitamin D3 supple-
mentation significantly increased p-AMPK/AMPK ratio,
and decreased p-Akt/Akt ratio and p-mTOR/mTOR
ratio, indicating that vitamin D3 would activate AMPK/
Akt-mTOR signaling in the diabetic mice (Figure 2).

Effect of vitamin D5 supplementation on hepatic
apoptosis and fibrosis in T2DM mice

The caspase-3 and caspase-8 levels were increased in the
DMC group, but those levels were significantly reduced
following treatment with vitamin D; in a dose-
independent manner. Furthermore, the vitamin Dj-treated
groups significantly decreased Bax level and increased Bcl-
2 level compared to the DMC group, thereby reduced Bax/
Bcl-2 ratio. Simultaneously, p53 level was higher in the

DMC group compared to that of the NC group, but was
significantly lower in the vitamin D3 groups.

The positive effect of vitamin D5 on hepatic fibrosis in
T2DM was demonstrated by the protein levels of COL1A
and a-SMA. Significant increases in COL1A and a-SMA
were found in the DMC group compared with the NC
group. However, only COL1A level was downregulated
in the LC group, whereas o-SMA was upregulated in both
LC and HC groups (Figure 3).

Discussion

The current study demonstrated the ameliorative effect of
vitamin D3 supplementation on NAFLD by induction of
autophagy through stimulation of AMPK/Akt-mTOR sig-
naling pathway under type 2 diabetic condition. In addi-
tion, vitamin D3 improved insulin resistance and hepatic
damage associated with apoptosis and fibrosis in T2DM
mice.

Although it is known that vitamin D5 could improve
insulin signaling,®?® previous studies reported that
vitamin D3 administration showed no significant difference
of FBG in the diabetic animals.'®*”?® The current study also
supported that vitamin Dj treatment had no direct effect on
FBG level. In a recent study, however, Benetti E et al.? con-
firmed that vitamin D3 administration ameliorated glucose
tolerance in non-diabetic obese mice. Our result reported
that increased plasma vitamin D5 concentration was corre-
lated with reduced OGTT AUC. The result suggests that
high dose of vitamin D3 supplementation would be effec-
tive to enhance insulin sensitivity in T2DM.



Experimental Biology and Medicine Volume 246 May 2021

NC DMC LC HC
LC3B-T (16 kDa) [ s S s |
LC3B-II (14 kDa) [+ === mew wow

a-tublin (50 kDa) — ———

NC DMC LC HC

AMPK (62 kDa) [l W 8 5 |
p-Akt (62 kDa) |we W m |
Akt (62 kDa) [S—"r— — —
p-mTOR (289 kDa) (e S s s
mTOR (289 kDa) [ wem o8 s |

a-tublin (50 kDa) |---_l

~
@

[l
o

E6238

Arbitrary unit
b
gomo

o
@

e
°

p-AktAkt

Asbitrary unit
~ -
o
(2]
aomo
5628
O

-

LCIB- Il

oono
B5E8

P-AMPK

Arbitrary unit
5 @

2
&

g

p-mTOR mTOR p-mTORMTOR

Figure 2. Effect of vitamin D3 supplementation on hepatic autophagy and autophagy regulatory AMPK/Akt-mTOR signaling in type 2 diabetic mice. The protein levels
of Western blot for microtubule-associated protein 1 light chain-3B (LC3B)-I and I, phosphorylation of AMP-activated protein kinase (AMPK), phosphorylation of Akt
and phosphorylation of mammalian target of rapamycin (MTOR) in hepatic tissue from NC, DMC, and vitamin D3-treated mice (LC, 300 ng/kg of vitamin D3; HC, 600 ng/
kg of vitamin D) were analyzed by Western blot. The band level of each marker was densitometrically quantified and normalized to that of a-tublin. Data were
presented as fold change relative to the NC group of mean + S.E.M for each group (n = 6). Values with the different superscript letter were significantly different

(P < 0.05; ANOVA with post hoc Duncan’s multiple range test).
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Figure 3. Effect of vitamin D3 supplementation on hepatic apoptosis and fibrosis in type 2 diabetic mice. Representative images of Western blot for caspase-3,
caspase-8, Bcl-2-associated X factor (Bax), Bcl-2, collagen 1 A (COL1A), and «z-smooth muscle actin (x-SMA) in hepatic tissue from NC, DMC, and vitamin D5-treated
mice (LC, 300 ng/kg of vitamin D3; HC, 600 ng/kg of vitamin Dg). The band level of each marker was densitometrically quantified and normalized to that of a-tubulin
(cytosol) and LaminB1 (nucleus). Data were presented as fold change relative to the NC group of mean + S.E.M for each group (n = 6). Values with the different
superscript letter were significantly different (P < 0.05; ANOVA with post hoc Duncan’s multiple range test).

Increases in blood AST and ALT levels indicate hepatic
damage such as hepatocellular necrosis.’® Previous studies
showed the positive effect of vitamin D3 administration on
lowering AST and ALT levels in diabetic animals.>"*
Furthermore, treatment with 2100 IU vitamin D3 over
48 weeks was well tolerated and decreased serum ALT
levels in non-alcoholic steatohepatitis patients.>® The simi-
lar results shown in this study suggest that vitamin Dj
treatment could improve hyperglycemia-induced hepatic
malfunction by attenuating liver damage.

Insulin resistance stimulates over-secretion of VLDL
from the liver to blood, causing hypertriglyceridemia.*® In

hypertriglyceridemia, reduced plasma HDL-C level but
increased small dense LDL particles results in dyslipide-
mia, which accelerates hepatic lipid deposit. Previous stud-
ies reported that vitamin D3 normalized serum TG, TC, and
HDL-C levels in HFD-induced NAFLD rats® and lowered
hepatic TG level in diabetic rats'® According to the result of
recent systematic reviews and meta-analysis on cross-
sectional and case-control studies, patients with NAFLD
had significantly lower levels of 25(OH) D5 than con-
trols."*° Scientists believe that lower levels of 25(OH) Dj
in patients with NAFLD might contribute to the progres-
sion of NAFLD. The exact mechanism of vitamin Ds;



deficiency and NAFLD is not fully indicated. Compared
with the placebo, reductions in triglyceride and an increase
in HDL cholesterol were seen over the 12 weeks of inter-
vention in the 25 pg of calcitriol group.®

In our research, vitamin Dj; treatment significantly
reduced plasma TG level regardless of dose. Furthermore,
vitamin D3 supplementation decreased hepatic TG level
and elevated plasma HDL-C level depending on the con-
centration of plasma vitamin Djz. Our results provide the
evidence that vitamin D3 could improve dyslipidemia and
prevent NAFLD in T2DM by inhibiting excess deposit of
lipid in the liver.

How could vitamin D5 supplementation improve hepat-
ic lipid accumulation in T2DM mice? In a previous study,'®
vitamin D3 enhanced B-oxidation by upregulating PPARa
and CPT1 expressions in a diabetic rat model. Further, vita-
min D repressed SREBP1c and FAS and enhanced PPAR«
and CPT1 in the liver of obese rodents.'® Our study showed
that vitamin D; treatment significantly lowered
lipogenesis-related proteins such as FAS, SREBPIc,
PPARY and p-ACC/ACC ratio, but increased B-oxidation-
associated proteins including PPARa and CPTIA in
diabetes. The current data support that vitamin D5 supple-
mentation would inhibit lipid accumulation in the liver by
lowering lipogenesis and improving p-oxidation under dia-
betic condition.

Autophagy, a cellular system to control turnover of
unwanted and long-lived proteins, is regarded as another
mechanism to attenuate fatty liver disease. LC3B, which
involves in autophagosome formation and maturation, is
proteolytically cleaved and converted to cytosolic form of
LC3B-I. During autophagy, LC3B-1 is conjugated to the lipo-
philic phosphatidylethanolamine (PE) and converted to
LC3-11.% Li et al.’” showed that vitamin D; elevated hepatic
LC3B-II activity and attenuated liver steatosis in HFD-fed
mice. In our study, the conversion of LC3B-I to LC3B-II in
the NC group was remarkably lowered, implying that the
activation of autophagy was not changed. It is thought that
cellular stress was not enough to induce autophagy in the
NC group. However, LC3B-II was significantly increased
after vitamin Dj treatment compared to the DMC group,
indicating that increased autophagy would lead to removal
of lipids in the liver. In particular, the result was consistent
with the decreases in hepatic lipid deposition and morpho-
logical changes. Therefore, vitamin D; supplementation
might have an ameliorative effect on hepatic lipid accumu-
lation by inducing autophagy in T2DM.

Many researchers have focused on mTOR as the major
regulatory protein of autophagy. A previous research dem-
onstrated that vitamin D5 induces autophagy by downre-
gulation of mTOR through AMPK activation in breast
cancer cells and monocytes.®® In the current study,
AMPK/Akt-mTOR signaling was significantly improved
in the LC and HC groups, supporting that vitamin Dj
would inactivate mTOR by normalizing the levels of
AMPK and Akt in T2DM mice. Furthermore, the significant
decrease in p-mTOR/mTOR ratio was accompanied by
autophagy activation, demonstrated by the significant
increase in LC3B-II in the vitamin D3 groups. Based on
our data, vitamin D3-induced autophagy might be
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associated with the enhancement of AMPK/Akt-mTOR
signaling pathway under T2DM condition.

Hyperglycemia-induced oxidative stress breaks balance
of pro-apoptotic Bax and anti-apoptotic Bcl-2 to activate
caspase-related apoptosis, which triggers hepatic morpho-
logical changes by excess cytoskeletal protein.* Wang
et al® showed that vitamin D suppressed apoptosis,
whereas it induced autophagy as demonstrated by increase
in Bcl-2 and LC3 levels in STZ-injected B-cells. Yang et al.*!
reported that vitamin D5 treatment in high glucose-treated
B-cells reduced p-Bcl-2/Bcl-2 ratio and caspase-3 by regu-
lating mTOR activity. In our study, similarly, vitamin D5
treatment attenuated hepatic apoptosis verified by sup-
pressed nuclear p53, caspase-3, caspase-8, and Bax/Bcl-2
ratio in the T2DM mice. Based on the previous studies,**4!
enhanced autophagy and repressed mTOR activity in our
vitamin Ds groups might contribute to inhibition of pro-
apoptotic proteins activity. Concerning fibrosis, Xie et al.*?
reported that vitamin Dj treatment reduced the expression
level of type Ill and type IV collagens in the diabetic kidney.
Our results reported that vitamin Dj treatment decreased
type I collagen (COL1A) and o-SMA levels except for
COL1A in the HC group. Collectively, vitamin D5 could
be effective to reduce hepatic apoptosis and fibrosis in dia-
betic mice, thus inhibit progression of steatosis in T2DM.

Our results demonstrated that vitamin D3 supplementa-
tion had ameliorative effects on hepatic lipid dysregulation
in T2DM mice. Vitamin D3 supplementation suppressed de
novo lipogenesis and enhanced B-oxidation, consequently
preventing hepatic lipid accumulation in T2DM mice. In
particular, vitamin D5 treatment reduced lipid deposit in
the liver by inducing autophagy through enhancement of
AMPK/ Akt-mTOR signaling under T2DM. In our previous
study, vitamin D; supplementation reduced lipogenesis
and increased mTOR-related autophagy in diabetic
kidney. The findings from this study supported that vita-
min Dj supplementation attenuated pro-fibrosis as well as
apoptosis in diabetic hepatic tissue, which was not in renal
tissue. Our findings suggest that vitamin D; might have
beneficial effects to prevent or ameliorate hyperglycemia-
induced NAFLD under diabetic condition.
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