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Abstract: Autophagy is an important mechanism for cellular homeostasis and survival during pathologic stress con-
ditions in the liver, such as ischemia-reperfusion injury. In this study, we hypothesized a protective role of vitamin
Din hepatic IR model. The administration of vitamin D displayed significantly preserved liver function as character-
ized by less histological damage and reduced serum enzymes level. We found that the protective effect was associ-
ated with ameliorated oxidative stress as manifested by the increase of antioxidant capacity and decrease of lipid
peroxidation. Further, increased autophagic flux after vitamin D administration was demonstrated by the increase
of protein light chain 3 (LC3) conversion both in vivo and in vitro. MEK/ERK and PTEN/PI3K/Akt/mTOR were both
found critically involved in vitamin D-induced autophagy. By employing intracellular ROS and cell viability assay, we
further confirmed this hypothesis with the observation that inhibition either of the MEK/ERK or PTEN/PI3K/Akt/
mTOR pathway partly abolished the protective effect of vitamin D-induced autophagy, while inhibiting initiation of
autophagy signaling pathway by knockdown of Beclin-1 completely reversed the protection provided by vitamin D.
Collectively, the present results indicate that the protective role of vitamin D in murine hepatic IR injury is autophagy
dependent, which is regulated by both MEK/ERK and PTEN/PI3K/Akt/mTOR pathway.
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Introduction

Liver ischemia reperfusion (IR) injuryis a clini-
cally relevant condition that occurs during
resection surgery, trauma, hypovolemic shock,
or transplantation when liver is transiently
deprived of oxygen and reoxygenated, and is a
key contributing factor in liver dysfunction and
failure [1]. Clinical and experimental data have
established that up to 10% of early graft dys-
function and higher incidence of both acute
and chronic rejection are associated with IR
injury, which results in reduced long-term graft
survival [2]. The pathophysiology of liver IR inju-
ry includes direct cellular damage as the result
of the ischemic insult as well as delayed dys-
function and damagethat result from oxidative
stress. During IR process, oxidative stress as a
common event caused by excessive production

of reactive oxygen species (ROS) is a critical
factor implicated in cellular damage [3]. Indeed,
antioxidants therapy has already been shown
to be protective against IR-mediated oxidative
damage in different experimental models [4].

As a cytoprotective process, autophagy can
play a prosurvival role under normal physiologi-
cal conditions or starvation stress. It helps to
maintain cell homeostasis in nutrient-rich envi-
ronments through its constitutive activity, and
serves as an alternative energy source for cells
under nutrient-poor conditions [5]. During the
early phase of hepatic reperfusion, the mito-
chondria temporarily repolarize and begin gen-
erating ATP, which induces autophagy. At the
same time, reperfusion of ischemic hepato-
cytes triggers Ca,, and ROS accumulation in a
subset of mitochondria [6]. When the capacity
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of autophagic clearance counter balances or
surpasses reperfusion-induced injury, altered
mitochondria are eliminated in a timely fashion
by autophagy, and hepatocyte viability is main-
tained [7]. Conversely, when intra mitochondri-
al loading of Ca,, and ROS exceed autophagic
clearance, autophagy fails to remove all dys-
functional mitochondria and widespread onset
of the mitochondrial permeability transition
ensues, leading to irreversible uncoupling of
oxidative phosphorylation, ATP depletion, ener-
getic failure and ultimately hepatocyte death [7,
8]. Thus, insufficient autophagy is a crucial
mechanism underlying IR injury to the liver.

While 1,25-Dyhydroxyvitamin D, (hereafter,
vitamin D) is most commonly associated with
the regulation of calcium homeostasis that
affects bone metabolism, the broad distribu-
tion of vitamin D receptor (VDR) suggest that
vitamin D may have a much broader spectrum
of activity. In fact, recent studies have demon-
strated that vitamin D is an important factor
playing a crucial role in human homeostasis
beyond calcium homeostasis [9-11]. The acti-
vation of vitamin D/VDR signaling affects vari-
ous processes, including apoptosis, inflamma-
tion, immunomodulation, detoxification, and
autophagy [12-14]. Therefore, vitamin D is
becoming an emerging therapeutic strategy for
diseases beyond bone metabolism.

However, till date, it remains unclear that how
vitamin D regulates the coordination of autoph-
agy and hepatocytes survival during IR insult.
Given the fact that oxidative stress represented
an important cause of cellular damage in IR
injury while autophagy could lead to adaptive
responses that allow cells to continue normal
function in the face of oxidative stress, we think
that a study targeting vitamin D in liver IR injury
may provide new insights into the understand-
ing of molecular mechanism of vitamin D/VDR
signaling and provide potential therapeuticben-
efits in liver IR injury. To this end, we hypothe-
sized that vitamin D could induce autophagy
through MAPK pathway and protect liver from
oxidative damage caused by IR injury.

Methods
Animals and vitamin D pretreatment

Male C57BL/6 mice (10-12 week, weight 23-25
g) were obtained from Joint Ventures Sipper BK

2631

Experimental Animal (Shanghai, China). All ani-
mal experiments were performed in accor-
dance with the guidelines of National Institute
of Health for the Care and Use of Laboratory
Animals, and approved by the Scientific In-
vestigation Board of Second Military Medical
University, Shanghai, China. For vitamin D pre-
treatment, mice were received vitamin D-su-
fficient diet (Solarbio, Beijing, China) at a dose
of 500 IU/kg daily for 4 weeks before being
subjected to IR, this dose strategy would be
considered as a high daily dose when calculat-
ed to human equivalency dose [15].

Induction of liver IR

Mice were anesthetized with sodium pentobar-
bital (50 mg/kg, intraperitoneally). After a mid-
line laparotomy, an atraumatic clamp (Shanghai
Medical Instruments, Shanghai, China) was
used to interrupt blood supply to the left lateral
and median lobes of the liver (70%). After 60
minpartial hepatic ischemia, the clamp was
removed to initiate hepatic reperfusion. Mice
with sham surgery (no interruption of the hepat-
ic blood flow) were used as controls. Body tem-
perature was maintained with an adjustable
heating pad at 37°C. Mice were sacrificed after
the indicated periods of reperfusion, and blood
and samples of the livers were taken for
analysis.

Assessment of liver function

Serum AST and ALT levels were determined to
assess the liver function by using a standard
Modular Auto analyzer atthe Central Laboratory,
Changhai Hospital, Shanghai.

Histopathological examination

Hematoxylin and eosin-stained slides were pre-
pared from routinely processed excised speci-
mens fixed in 10% buffered formalin and pro-
cessed in paraffin. Three representative sec-
tions from each liver were scored. At least 10
high-power fields (X200 and x400) per section
were examined for each sample. Histological
examination was performed by two patholo-
gists in a blinded fashion.

Terminal dUTP nick-end labeling (TUNEL) assay

Following the protocol of manufacturer, TUNEL
staining was conducted by an in situ cell death
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detection kit (Dead End Fluorometric TUNEL
System, Promega, Madison, USA). The nuclei of
all cells were counter-stained with DAPI. The
number of TUNEL- and DAPI-positive nuclei was
counted in six images that were chosen ran-
domly from non-overlapping areas of each
group. The data were presented as the per-
centage of TUNEL-positive cells.

Measurement of lipid peroxidation

Thiobarbituric acid-reactive substances (Sig-
ma-Aldrich, St. Louis, MI, USA) wasemployed to
assess the lipid peroxidation products in malo-
ndialdehyde (MDA) equivalents. In brief, liver
tissues were homogenized with 0.1 mol/L sodi-
um phosphate buffer. Two hundred microliters
of liver homogenates was mixed with 5 ml reac-
tion buffer (provided by the kit) and heated at
95°C for 60 min. Then the absorbance of the
supernatant was evaluated at 532 nm via a
spectrophotometric assay.

Measurement of antioxidant enzymes

Manganese-superoxide dismutase (Mn-SOD)
activity and catalase activitywas determined
using commercially assay kits (Beyotime,
Shanghai, China). Briefly, after perfusing and
rinsing with phosphate buffered saline, liver tis-
sues were weighed and homogenized with
appropriate buffers (provided by the kits). After
spinning the tissue homogenates at 10,000 g
for 15 min, the supernatantsamples were then
determined following procedures provided by
the respective manufacturers. The activities of
the enzymes in the mouse liver are expressed
in U/ug of the protein.

Measurement of GSH and GSSG levels

Briefly, liver tissues were weighed and homog-
enized with 0.1 mol/L sodium phosphate buf-
fer. The homogenates were then centrifuged
with 5% trichloroacetic acid to remove the pro-
teins. After precipitation with 1% picric acid, the
GSH level was determined in the liver homoge-
nates using Ellman’s reagent, 5,5-dithio-bis-
(2-nitrobenzoic acid). The oxidized GSH (GSSG)
level was measured by the same method in the
presence of 2-vinylpyridine, and the GSH/GSSG
ratio was calculated.

Real-time RT-PCR analysis

Total liver RNA was extracted using TRIzol
(Invitrogen, Waltham, MA, USA) reagent accord-
ing to the manufacturer’s instructions. cDNA
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was synthesized using oligo d(T) (Applied Bio-
systems, Waltham, MA, USA) and a Superscri-
pt Ill Reverse Transcriptase Kit (Invitrogen,
Waltham, MA, USA). A StepOne Real-Time PCR
System (Applied Biosystems, Waltham, MA,
USA) and a SYBR RT-PCR kit (Takara, Tokyo,
Japan) were used for quantitative real-time
RT-PCR analysis. All reactions were conducted
in a 20 yl reaction volume in triplicate. The rela-
tive expression levels for a target gene were
normalized by GAPDH. Specificity was verified
by melting curve analysis and agarose gel elec-
trophoresis. Primers used RT-PCR analysis are:
TNF-a« (5-AAG CCT GTA GCC CAC GTC GTA-3;
5-GGCACCACTAGT TGG TTG TCT TTG-3'); IL-2
(5-CCA TGA TGC TCA CGT TTA AAT TTT-37;
5-CAT TTT CCA GGC ACT GGA GAT G-3’); IL-6
(5-ACA ACCACG GCC TTC CCT ACT T-3%; 5-CAC
GAT TTC CCA GAG AAC ATG TG-3’); IL-10 (5”-GCT
CTTA CTG ACT GGC ATG AG-3’; 5-CGC AGC TCT
AGG AGC ATG TG-3’); and GAPDH (5’-TGA CCA
CAG TCC ATG CCA TC-3’; 5-GAC GGA CAC ATT
GGG GGT AG-3’). Data were analyzed using the
comparative Ct (222°) method.

Myeloperoxidase (MPQO) immunofluorescent
analysis

Liver cryostatic sections were air-dried and
fixed with acetone at -20°C. After blocking of
non-specific binding with fetal calf serum for 1
hour at room temperature, the sections were
incubated with primary antibody against myelo-
peroxidase (Beyotime Biotechnology, Shanghai,
China) overnight at 4°C. After washing, liver
sections were immunostained with secondary
antibodies for 1 h at 37°C. Cells’ nuclei of the
stained sections were marked by DAPI. The
staining was imaged with a fluorescent mic-
roscope.

Transmission electron microscopy

The livers were flushed and perfused with 2.5%
glutaraldehyde in 0.1 mol/L PBS and then sec-
tioned and photographed using a transmission
electron microscope (HITACHI H-800, Tokyo,
Japan) at 80 kV. For autophagic vacuole quanti-
fication, 20 micrographs, primary magnification
x15,000, were taken with systematic random
sampling from each sample.

Protein light chain 3 (LC3) immunofluorescent
staining

Livercryostatic sections at were fixed for 15
min in 4% paraformaldehyde, followed by per-
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meabilization with 0.25% TritonX-100 in PBS
for 5 min. After blocking with fetal calf serumfor
1 h, the slides were incubated with primary
antibodies (LC3B, Cell Signaling Technology,
Danvers, MA) overnight at 4°C. After that, liver
sections were immunostained with secondary
antibodies for 1 h at 37°C. Cells’ nuclei of the
stained sections were marked by DAPI. The
staining was imaged with a fluorescent mic-
roscope.

Western blot analysis

Proteins from liver samples were subjected to
12%/15% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to
nitrocellulose membrane. Polyclonal rabbit
anti-mouse Beclin-1, LC3B, Atg-7, SQSTM1,
ERK1/2, p-ERK1/2, mTOR, p-mTOR, p70S6K,
p-p70S6K, p-MEK1/2, PTEN, Akt, p-Akt, and
GAPDH (Cell Signaling Technology, Danvers,
MA) were used. The relative quantity of pro-
teinswas determined using a densitometer
software (ImageJ, NIH, USA).

Hepatocyte isolation and cell culture

Hepatocytes were isolated from male C57BL/6
mice by an in situ collagenase (type IV) perfu-
sion technique and purified to >98% by repeat-
ed centrifugation at 50 g, followed by further
purification over 30% Percoll. Viability at time
of plating was checked using trypan blue ex-
clusion. Highly purified hepatocytes (>98%
purity and >95% viability by trypan blue exclu-
sion) were suspended in Williams’ E medium
supplemented with 10% heat-inactivated calf
serum, 15 mM HEPES (pH 7.4), 16 units of in-
sulin, 2 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin. The cells were
plated on collagen-coated cell culture dishes
(3x10° cells/6-cm dish) or plates (2.5x10°
cells/well in 6-well plates) and cultured over-
night at 37°C under normoxic conditions (21%
0,).

To simulate tissue ischemia, anoxia conditions
were achieved by placing the hepatocytes into
an airtight modular incubator chamber (Billups-
Rothenburg, Del Mar, CA) gassed with 5% CO,
and 95% N,. After 4 hours, anoxic hepatocytes
were returned for reoxygenation in the normox-
ic incubator. Hepatocytes incubated under nor-
moxic conditions served as controls. To dis-
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solve reagents, DMSO (final concentration
<0.1%) was present in the buffer of all groups.
Some hepatocytes were pretreated before
anoxia reoxygenation (AR) with Vitamin D (50
nM) alone or in combination with Bafilomycin
Al (100 nM) or wortmannin (10 uM) or
Rapamycin (100 nM) or U0126 (5 pM) or
LY294002 (100 uM), respectively.

SiRNA transfection and cell viability assay

Before transfection, the medium was changed
to fresh medium containing FBS but without
antibiotics. Beclin-1 or scramble siRNA (Cell
Signaling technology, Danvers, MA, USA) were
added to the culture medium for 48-h incuba-
tion using siRNA transfection reagent (Sigma-
Aldrich, St Louis, MO, USA)according to the
manufacturer’s instructions.

Twenty-four hours after AR, the cell viability was
measured with CCK-8 (Dojindo Molecular
Technologies, Kumamoto, Japan) according to
the instruction of the manufacturer. The count-
ings were repeated three times.

Measurements of intracellular ROS

The level of cytosolic ROS was quantified with
an oxygen radical-sensitive probe, DCFH-DA
staining (Beyotime, Shanghai, China) as previ-
ously described [16]. Briefly, hepatocytes were
treated with AR in the presence of vitamin D,
U0126, LY294002, or Beclin-1 siRNA. Then the
cells were washed with PBS and incubated
with 20 yM DCFH-DA for 30 min. Relative fluo-
rescent intensities were quantified using a
flow cytometer.

Statistical analysis

We used the computer software GraphPad
Prism 5 (La Jolla, CA) for data analysis. The
data that were obtained from two groups were
analyzed using an unpaired Student’s ttestor a
Mann-Whitney test (two tailed). ANOVA was
used to compare the four groups, followed by
Bonferroni’'s multiple comparisons test to
assess the statistical significance between
treated and untreated groups in all experi-
ments. All of the data are expressed as mean +
SD. In every case, p<0.05 was considered to be
statistically significant.

Am J Transl Res 2015;7(12):2630-2645



Protective effect of D3 in liver IR

o - C D
g T — Revin 3 40w s
R E N
y o : g o
$ e 1 3 i i
E O g Ty
H 4

g'm g'“’" a:

;f S F ST Sham Vit D [ IRsVit D

timo aftor operation 20

-
o

B _Sham . e R

-
o

TUNEL-positive cells (%)
W

R IR+VitD

Figure 1. Protective effect of vitamin D in liver IR injury. A. Hepatic function was assessed by measuring serum ALT and AST concentrations. B. Six hours after reper-
fusion, sham and IR livers pretreated with vehicle and vitamin D were fixed in 10% buffered formalin and processed in paraffin. 4-um sections were cut and stained
with Hematoxylin and eosin. C. The histological degree of hepatic IR injury was assessed according to the Suzuki’s criteria. D. Liver paraffin sections were analyzed
for apoptosis using DAPI and TUNEL assay, apoptotic index indicates that the vitamin D treated group had significantly less TUNEL-positive cells when compared to
the control group. Data represent mean + S.D. (*p<0.05, **p<0.01).
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Figure 2. Vitamin D pretreatment decreased IR-induced oxidative stress and inflammatory milieu in the livers. Livers were harvested six hours after reperfusion. A.
The Mn SOD activity, catalase activity, and GSH/GSSG ratio were decreased, while MDA was increased by IR injury. Vitamin D, by itself, did not affect these variables
but ameliorated the effects of IR injury. B. The TNF-q, IL-6 and IL-2 were significantly higher in control mice as compared with that of vitamin D treated mice. In sharp
contrast, IL-10 was significantly higher in vitamin D treated mice after IR induction. C. Double staining of liver sections with monoclonal antibodies against MPO and
DAPI, followed by fluorescence immunodetection in sections of mice livers. Data represent mean + S.D. (*p<0.05, **p<0.01).
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Figure 4. Vitamin D increases hepatocellular autoph-
agic flux in vitro. (A) Hepatocytes were treated with
vitamin D in the presence/absence of bafilomycin A ,
wortmannin or rapamycin. The protein samples were
collected eight hours after the reoxygenation. Rela-
tive LC3-1l (B) and SQSTM1 (C) level were determined
by densitometry and normalized to GAPDH levels.
Data represent mean + S.D. (*p<0.05, **p<0.01).

Results

Vitamin D pretreatment protects livers against
IR injury

To assess the impact of vitamin Don hepatic
IRI, we first induced warm hepatic IR using a
well-established two-lobe IR model, and differ-
ent groups were subjected to 60 minutes of
partial hepatic ischemia. At different time
points post reperfusion, serum ALT and AST
concentrations were collected and showed in
Figure 1A. The serum levels of ALT and AST
were significantly higher in the IR group than
those in the IR+Vit D group, which peaked
at 6 hours post reperfusion (3606.17+445.07
versus 2760.67+392.04 [P<0.01] for sALT,
and 3761.67+542.95 versus 2766.67+527.25
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[P<0.01] for sAST). The serum transaminases
levels remained elevated at 24 hours post
reperfusion and recovered to normal level at
48 hours. We also examined the histopatho-
logical changes in liver tissues. The sham-oper-
ation micewithorwithoutvitaminDtreatmentsh-
owed no noticeable effects on liver histology,
and exhibited normal morphology. Large ne-
crotic areas as well as hemorrhagic change
were evident in IR group livers, whereas the
hepatic architecture of IR+Vit D group livers
was better preserved with small and nonconflu-
ent necrotic areas and attenuated hemorrha-
ge (Figure 1B). Hepatocellular damage was
graded according to Suzuki's criteria (score,
5.875+0.30 in IR group compared to 4.25+
0.31 in IR+Vit D group, P<0.05) (Figure 1C).
Quantitative analysis of TUNEL positive hepato-
cytes showed that the number of apoptotic
hepatocytes in mice insulted by IR was higher
than that in control mice. Treatment with vita-
min D significantly reduced the number of
apoptotic cells in the liver (Figure 1D).

Vitamin D pretreatment decreased IR-induced
oxidative stress and inflammatory milieuin the
livers

Oxidative stress is an important phenomenon
in the mechanisms of liver injury owing to its
ability to modulate inflammatory responses
[47]. To dissect the underlying mechanisms
by which vitamin D protects liver against
IR-induced injury, the status of oxidative stress
in liver tissues was determined. It was interest-
ingly noted that the level of lipid peroxidation
product MDA was significantly elevated in IR
mice compared to those in sham-operated con-
trol mice. The elevation of MDA was reduced
by vitamin D treatment, demonstrating that
vitamin D treatment inhibits IR-induced oxida-
tive stress in the livers. To demonstrate wheth-
er the reduced oxidative stress relevant tovita-
min D treatment is associated with enhanced
antioxidant capacity, we examined hepatic Mn
SOD, catalase activity, and GSH/GSSG ratio. As
expected, livers originated from mice withvita-
min D treatment showed significantly higher
activities of Mn SOD, catalase, and GSH/GSSG
ratio after IR induction as compared with those
of control mice, suggesting that vitamin D treat-
ment enhanced the antioxidant capability of
hepatocytes (Figure 2A). Given the fact that
cytokines such as TNF-q, IL-6, IL-2 and IL-10
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Figure 5. Vitamin D activates mTORC1 independent of MEK/ERK. (A) MEK/ERK and mTORC1 are positioned upstream of autophagic signaling after AR insult.
Relativep-ERK (B), p-mTOR (C), and p-p70S6K (D) levels were determined by densitometry and normalized to each total protein levels. (E) Employing the MEK1/2
inhibitor, U0126, did not have any noticeable effect on the vitamin D-induced reduction of p-mTOR and p-p70S6K. Relativep-mTOR (F), p-p70S6K (G), p-MEK (H),
and p-ERK (1) levels were determined by densitometry and normalized to each total protein levels. Data represent mean + S.D. (*p<0.05, **p<0.01).
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Figure 6. PTEN and ERK are essential for the protective role of vitamin D. (A) vitamin D downregulated the expres-
sion of PTEN and upregulated the phosphorylation of Akt after AR-insult. However, with the addition of LY294002,
the expression of p-p70S6K could not be obviously reduced by vitamin D. Relative PTEN (B), p-Akt (C), and p-
p70S6K (D) levels were determined by densitometry and normalized to GAPDH or each total protein levels. (E)
Western blot showing decrease in the expression of Beclin-1 when hepatocytes were transfected with Beclin-1
targeting siRNA. (F) Results of the CCK-8 assay showing a significant protective effect of vitamin D on hepatocytes
while U0126, LY294002, and Beclin-1 siRNA treatment caused an aggravation of cell viability in spite of vitamin D
presence. (G) DCFH-DA fluorescence measurements of cellular ROS levels showed significantly lower ROS level in
vitamin D group compared with that in control group. However, this reduction was reversed by U0126, LY294002,
and Beclin-1 siRNA treatment, respectively.
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Figure 7. A proposed model of vitamin D-induced autophagy.

play critical roles in IR-induced hepatic injury,
we therefore further compared their expres-
sions between vitamin D treated mice and con-
trol mice. Interestingly, mRNAs for TNF-«, IL-6
and IL-2 were significantly higher in control
mice as compared with that of vitamin D treat-
ed mice. In sharp contrast, IL-10 was signifi-
cantly higher in vitamin D treated mice six
hours after IR induction (Figure 2B). By indirect
immunhistochemical labelling, we also detect-
ed an early decrease in the number of MPO+
cells when treated with vitamin D six hours
after IR (Figure 2C).

Vitamin Dinduces hepatic autophagyboth in
normal situation and IR insult in vivo

Because IR-induced oxidative stresswas allevi-
ated by vitamin D treatment, we next asked if
vitamin D could enhance the capacity of
autophagic clearance, which would counterbal-
ance the ROS accumulation caused by dysfunc-
tional mitochondria. To test the autophagic
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to 7.5+0.89 (p<0.05), which
were increased to 21.5+2.9
(p<0.01) by vitamin D pre-
conditioning. Next, we deter-
mined LC3B expression using fluorescence
immunostaining technique (LC3B-positive cells
shown as green fluorescence normalized to the
DAPI stained nucleus number). As shown in
Figure 3B, vitamin D pretreatment significantly
increased the LC3B-positive cells both in nor-
mal situation and following IR insult. To con-
firm the above results, we further evaluated
the expression of autophagy markers LC3I/II,
Beclin-1, and Atg-7. Immunoblotting results re-
vealed overtly elevated levels of LC3Il, Beclin-1,
and Atg-7 following IR insult, and this elevation
was much more significant withintervention
with vitamin D during IR insult (Figure 3C).
Thus, autophagy is induced by vitamin D both
in normal situation and IR insult.

Vitamin D increases hepatocellular autophagic
flux in vitro

The dynamic process of autophagy includes

initiation, elongation, maturation and degrada-
tion, which is also called autophagic flux. An
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increase of LC3 lipidation may result from
increased formation of autophagosomes or
decreased degradation of autophagosomes.
Tofurther confirm whether vitamin D enhanc-
ed autophagic fluxby increasing formation of
autophagosomes or decreasing degradation
of autophagosomes in anoxia reoxygenation
treated hepatocytes, we treated hepatocytes
with vitamin D in the presence or absence of
bafilomycin A1 (an inhibitor of autophagoso-
mes and lysosome fusion) or wortmannin (an
inhibitor of autophagosomes initiation) or
rapamycin (an autophagy activator). As shown
in Figure 4A, bafilomycin Al increased LC3 lipi-
dation and SQSTM1 levels (a autophagy-relat-
ed protein that degraded in lysosomes after
autophagosomes fuse with lysosomes), and
more importantly, vitamin D plus bafilomycin
A1l further upregulated SQSTM1 levels. Wort-
mannin attenuated vitamin D-induced LC3 I
upregulation and SQSTM1 levels, whereas
rapamycin further increased LC3 lipidation but
potentiated vitamin D-induced downregulation
of SQSTM1 levels. Collectively, these data sug-
gest that vitamin D increased autophagic flux
rather than blocking the fusion of autophago-
somes with lysosomes (Figure 4B, 4C).

Vitamin D activates mTORC1 independent of
MEK/ERKin hepatocytes following AR insult

The MEK/ERK/mTOR pathway is an important
signaling pathway that regulates autophagic
activity. Generally, upregulation of MEK/ERK
results in inhibition of mMTORC1 pathway and
subsequently autophagic activation [18]. To
better understand the cell signaling mecha-
nisms, we determined the effect of vitamin D
on the MEK/ERK and the mTOR pathway. As
shown in Figure 5A, vitamin D elevated the
phosphorylation of ERK1/2 while inhibited the
phosphorylation of mTOR and p70S6K, a sub-
strate of MTORC1, in hepatocytes following AR
insult. However, vitamin D intake failed toaff-
ect these pathways in sham-operated group
(Figure 5C, 5D), indicating that vitamin D eff-
ectthis pathway under stress condition rather
than in normal physiological conditions. Pre-
treatment of hepatocytes with the MEK1/2
inhibitor U0126 increased phosphorylation of
MEK1/2 (Figure 5H), but inhibited the phos-
phorylation of the downstream substrates
ERK1/2 (Figure 5I). However, U0126 did not
have any noticeable effect on the vitamin
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D-induced reduction of mTORC1 as measured
by the level of mTOR and p70S6K phosphoryla-
tion (Figure 5F, 5G), indicating that the MAPK/
ERK does not play a critical role in the vitamin
D-induced mTORC1 reduction.

Vitamin D-induced mTORC1 activation is de-
pendent on PTEN-mediated Akt downregula-
tion.

Phosphatase and tensin homologue on chro-
mosome 10 gene (PTEN) is a multiphosphatase
tumor suppressor which blocks the down-
stream activity of PISBK/AKT/mTOR signaling
by degrading PIP-3 [19]. We investigated the
role of PTEN in AR-insulted hepatocytes (Figure
6A). As shown in Figure 6B, vitamin D down-
regulated the expression of PTEN after AR-in-
sult and subsequently upregulated the phos-
phorylation of Akt. Unlike decreased vitamin
D-induced PTEN expression promoted activa-
tion of Akt which leaded to the down-regula-
tion of mTORC1 activity as manifested by
decreased phosphorylation of p70OS6K, in the
present of LY294002 (a PI3K/Akt pathway
inhibitor), the ability of vitamin D to activate Akt
and inhibitmTORC1 was abolished (Figure 6C,
6D).

PTEN and ERK are essential for the protective
role of vitamin D

As PTEN/PI3K/Akt/mTORC1 and MEK/ERK sig-
naling are both play a critical role in autophagy
[20, 21], the above results prompted us to fur-
ther testthe impact of both pathways on cell
viability and ROS generation. We chose to use
Beclin-1 in examining whether knockdown of
autophagy has effect on hepatocytes. A signifi-
cant inhibition of Beclin-1 at protein levels
(>90%) was observed following siRNA treat-
ment (Figure 6E). Notably, cell viability asse-
ssed by CCK-8 showed no significant differenc-
es among vitamin D, U0126, LY294002, and
Beclin-1 siRNA treatment on hepatocytes
before AR insult. After AR insult, vitamin D
showed a significant protective effect on hepa-
tocytes while U0126, LY294002, and Beclin-1
siRNA treatment caused an aggravation of cell
viability in spite of vitamin D presence (Figure
6F). We then determined intracellular ROS gen-
eration and it was demonstrated that in the
absence of AR-insult, vitamin D nor U0126 nor
LY294002 nor Beclin-1 siRNA could alter the
intracellular ROS level. In contrast, the ROS
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level was significantly higher in the AR-insult-
ed hepatocytes (Figure 6G). As expected, hepa-
tocytes with vitamin D treatment showed sig-
nificantly lower ROS level compared with con-
trol hepatocytes. However, this reduction was
reversed by U0126, LY294002, and Beclin-1
siRNA treatment, respectively (26%, 37.67%,
and 59.17%). These results suggest that both
PTEN/PI3K/Akt/mTORC1 and MEK/ERK signal-
ing contribute to the clearance ability of vitamin
D-induced autophagy.

Discussion

The hormonally active form of vitamin D,
1,25-Dyhydroxyvitamin D,, influences the ex-
pression of various genes, whose products not
only are involved in the bone and calcium
metabolism but are able to interact with a wide
range of nonclassic organs and target tissues,
including the heart and liver [22, 23]. Ex-
perimental and preliminary clinical evidence
has demonstrated that vitamin D is critically
involved in cell proliferation, differentiation and
immunomodulation. As reported in literature,
vitamin D is able to reduce the damage follow-
ing H,0,-mediated stress in a dose- and time-
dependent manner, through the decrease of
anion superoxide generation and apoptotic
cells [24]. The present research explains the
relationship between vitamin D and antioxida-
tion is a consequence of its activity in the
autophagic signaling process. Activation of
autophagy by vitamin D partially counteract the
negative effects on hepatocytes triggered by
ischemia-reperfusion.

It is now well recognized that a protective stim-
ulus can be applied at the onset of reperfusion
to attenuate reperfusion injury. Although con-
troversial, excessive ROS is considered to inde-
pendently mediate tissue damage by strong
cellular oxidizing potential leading to mitochon-
drial injury [25]. In the present study it has been
clearly demonstrated that vitamin D adminis-
tration antecedent to IR induction provides pro-
tection to liver. After 70% hepatic ischemia,
vitamin D pretreated mice displayed significant-
ly preserved liver function as characterized by
less histological damage and reduced serum
enzymes level. We further demonstrated that
the protective effect was associated with ame-
liorated oxidative stress as manifested by the
increase of antioxidant capacity (higher SOD
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and catalase activities) and decrease of lipid
peroxidation (less generation of MDA and larg-
er GSH/GSSH ratio). By employing electron
microscopy and immunofluorescent staining,
our studies revealed that vitamin D administra-
tion significantly induced autophagy, which
removes dysfunctional mitochondria and coun-
ter balance intra mitochondrial ROS generation
[26].

Autophagy is a cellular self-defense response
involving the lysosomal degradation of cyto-
plasmic organelles or cytosolic components
[27]. Although evidence showed a significant
increasein autophagic response after vitamin D
treatment, increasing LC3 lipidation or au-
tophagosomes may result from either an en-
hancement of autophagosomal formation or
inhibition of autophagosomal degradation, or
may be caused by autophagy-independent
mechanisms [28]. Therefore, both generation
and degradation of autophagosomes must be
taken into consideration to determine autopha-
gic flux. In this study, we showed that vitamin D
decreased the level of SQSTM1 after IR insult,
but has the opposite effect in the presence
of bafilomycin Al, suggesting that vitamin D
increases the formation/maturation of auto-
phagosomes rather than blocks the fusion of
the autophagosomes and lysosomes. Further-
more, wortmannin attenuated vitamin D-pro-
moted LC3 lipidation and SQSTM1 level while
rapamycin upregulated LC3 lipidation and yet
downregulated SQSTM1 level. These results
provide additional evidence that vitamin D pro-
motes autophagic initiation instead of inhibit-
ing degradation.

The mammalian target of rapamycin (MTOR)
is anevolutionarily conserved Ser/Thr protein
kinase that exists in two distinct complexes,
mTORC1 and mTORC2. mTORC1 functions as a
convergence point for many upstream stimuli
and pathways, including MEK/ERK and PI3K/
AKT, to regulate autophagy as well as other cel-
lular activities [29]. In contrast to previous
reports of ERK-dependent mTORC1 activation
[30, 31], we showed that ERK, the well-known
upstream mTORC1 activator, did not play a criti-
cal role in VDR signaling to the mTOR pathway.
Rather, the vitamin D-induced mTORC1 activa-
tion is dependent on the activation of PI3K/Akt
pathway by downregulation of PTEN. Our data
presented in the current report are in agree-
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ment with previous studies in PTEN as the key
negative regulator of the prosurvival PI3K/Akt
signaling pathways [32, 33]. It is reported that
PTEN regulates LPS-induced TLR4 signaling
and protects from endotoxic shock through a
PI3K/Akt-dependent signaling. Activation of
PI3K/Akt negatively regulates NF-kB and the
expression of inflammatory genes in macro-
phages, whereas deletion of PTEN in macro-
phages results in diminished inflammation in
response to TLR4 signaling [34]. Moreover, in
IR injury models, a short-term PTEN downregu-
lation is observed and identified as a protective
physiological response to IR injury[35].

Previous studies have shown that autophagy
plays a pivotal role in vitamin D-mediated in-
nate immunity [36-38]. In our studies, we found
that pretreatment with vitamin D remarkably
enhanced autophagic flux and attenuated
reperfusion injury in vivo and in vitro. Figure 7
depictsthat MEK/ERK and PTEN/PI3K/Akt/
mTOR both critically involved in vitamin D-in-
duced autophagy. By employing intracellular
ROS and cell viability assay, we further con-
firmed this hypothesis with the observation
that inhibitioneither of the MEK/ERK or PTEN/
PI3K/Akt/mTOR pathway partly abolished the
protective effect of vitamin D-induced autop-
hagy, while inhibiting initiation of autophagy
signaling pathway by knockdown of Beclin-1
completely reversed the protection provided by
vitamin D.

In summary, our data resulted from a hepatic IR
model provide experimental evidence for the
effect of antecedent vitamin D exposure on
liver and hepatocytes protection against IR-
induced injury, with enhanced autophagic flux
observed in vivo and in vitro. Moreover, our
work suggests that the protective effect is
autophagy dependent, which is regulated by
both MEK/ERK and PTEN/PI3K/Akt/mTOR pa-
thway.
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