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Objectives.To ascertain if mitochondrial dysfunction (MD) of kidney cells is present in severe hemorrhagic shock and to investigate
whether polydatin (PD) can attenuate MD and its protective mechanisms. Research Design and Methods. Renal tubular epithelial
cells (RTECs) from rat kidneys experiencing HS and a cell line (HK-2) under hypoxia/reoxygenation (H/R) treatment were used.
Morphology and function ofmitochondria in isolatedRTECs or culturedHK-2 cells were evaluated, accompanied bymitochondrial
apoptosis pathway-related proteins. Result. Severe MD was found in rat kidneys, especially in RTECs, as evidenced by swollen
mitochondria and poorly defined cristae, decreased mitochondrial membrane potential (ΔΨ𝑚), and reduced ATP content. PD
treatment attenuated MD partially and inhibited expression of proapoptotic proteins. PD treatment increased SIRT1 activity and
decreased acetylated-p53 levels. Beneficial effect of PD was abolished partially when the SIRT1 inhibitor Ex527 was added. Similar
phenomena were shown in the H/R cell model; when pifithrin-𝛼 (p53 inhibitor) was added to the PD/Ex527 group, considerable
therapeutic effects were regained compared with the PD group apart from increased SIRT1 activity. Conclusions.MD is present in
severe HS, and PD can attenuate MD of RTECs via the SIRT1-p53 pathway. PD might be a promising therapeutic drug for acute
renal injury.

1. Introduction

During hemorrhagic shock and reperfusion (HS/R), reduc-
tion of systemic perfusion and local perfusion is a notable
feature and can lead tomultiple-organ failure, including acute
kidney injury (AKI) [1]. Mitochondrial dysfunction (MD) is
one of the main reasons for AKI. It has been demonstrated
that ischemia and hypoxia, dysfunction in the microcircu-
lation, release of reactive oxygen species, and endogenous
apoptotic pathways are associated with mitochondrial disor-
ders [2]. Apoptosis is an active energy-consuming process
and is regulated strictly. p53 is a tumor suppressor that
plays an important part in apoptosis regulation. The quan-
tity, stability, and activity of p53 are regulated by various

posttranslational modifications, including phosphorylation,
ubiquitination, and acetylation.

The sirtuin family is involved in transcriptional repres-
sion, chromatin silencing, and the pathogenesis of renal
diseases [3]. Silent information regulator (SIRT)1 is a nicoti-
namide adenine dinucleotide- (NAD+-) dependent histone
deacetylase, and the p53 gene was the first SIRT1 deacety-
lation nonhistone target to be discovered [4, 5]. Numerous
studies have demonstrated the deacetylation role of SIRT1 on
p53 and downregulation of p53 activity [4, 6].

In recent years, resveratrol has been reported widely to
be an activator of SIRT1 [7] and has been shown to reduce
ischemia-reperfusion injury in kidneys [8]. In addition,
resveratrol has been shown to deacetylate p53 by activating
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the SIRT1 pathway, reducing cisplatin-induced injury to
proximal tubular epithelial cells inmice [9], and doxorubicin-
induced myocardial apoptosis [10]. Therefore, sirtuin-family
members and their activators may be promising therapeutic
targets for ischemia-reperfusion injury.

Polydatin (PD; also known as “piceid”) is an active
ingredient extracted from the roots of the traditional Chi-
nese herb Polygonum cuspidatum. The chemical struc-
ture of PD has been identified to be 3,4,5-trihydroxystilbene-
3-𝛽-D-glucoside (Supplementary Figure 1 in Supplementary
Material available online at http://dx.doi.org/10.1155/2016/
1737185). Several studies have shown that PD possesses
important therapeutic effects in animal models of shock. It
has been reported that PD can attenuate damage against
ischemia-reperfusion injury in multiple organs [11–13]. Our
research team revealed that PD can alleviate oxidative stress
and can protect mitochondria in vascular smooth muscle
cells [14], neurons [15], and hepatocytes [16] against severe
shock. As a trans-resveratrol analog, PD can reduce genera-
tion of oxygen free radicals in mitochondrial electron trans-
port respiratory chain complex III, thereby demonstrating
a direct role in mitochondrial protection [15]. Recently, our
research team demonstrated that PD can alleviate injury to
the small intestine through SIRT1 activation [17]. Whether
PD can attenuate renal injury in hemorrhagic shock (HS) has
not been reported, and its exact mechanism of action is not
known.

We wished to evaluate mitochondrial function in kidney
cells and to investigate the potential effects of PD on mito-
chondrial protection and the SIRT1-p53 pathway. Thus, an
animal model of HS was created and hypoxia/reoxygenation
(H/R) human kidney- (HK-) 2 cells used.We observed severe
MD in renal tubular epithelial cells (RTECs) after HS/R that
was related to the SIRT1-p53 pathway. Moreover, PD may be
a new activator that results in a reduction of acetylated-p53
(acetyl-p53) levels, leading to attenuation of mitochondrial
damage.

2. Materials and Methods

2.1. Reagents and Antibodies. PD and its specific vehicle
(ethanol 70%, propylene glycol 20%, andNaHCO

3
10%) were

supplied by Neptunus Co. (Shenzhen, Guangdong, China);
its puritywas>99.5%.MitoProbe™ JC-1(5,5,6,6-Tetrachloro-
1,1,3,3-tetraethyl-imidacarbocyanine iodide), calcein-AM,
and MitoTracker™ (Thermo Fisher, Carlsbad, CA) were
purchased from Molecular Probes (Invitrogen, CA). The
CellTiter-Glo assay and a terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) staining kit were
supplied from Promega Corp. (Madison, WI). A mitochon-
drial/cytosolic protein extraction kit was purchased from
BestBio Co. (Beijing, China). Antibodies against cytoker-
atin 18, p53 upregulated modulator of apoptosis- (PUMA-)
𝛼, B-cell lymphoma- (Bcl-) 2, Bcl-2-associated X pro-
tein (Bax), and a SIRT1 activity assay kit were obtained
from Abcam (Cambridge, UK). Antibodies against cleaved
caspase-3 were purchased from Cell Signaling Technology
Inc. (Danvers, MA). Antibodies against SIRT1 and p53 were
supplied by Santa Cruz Biotechnology (Santa Cruz, CA).

An immunoprecipitation kit was purchased fromProteintech
(Chicago, IL). Antibodies against acetyl-p53 and cytochrome
C, as well as a fluorescein isothiocyanate (FITC) annexin
V apoptosis kit, were obtained from BD Biosciences (San
Jose, CA). The human renal proximal tubular epithelial
cell line HK-2 was supplied by American Type Culture
Collection (Manassas, VA). Cell Count Kit-8 (CCK-8) was
purchased from Dojindo Co. (Shanghai, China). Secondary
polyclonal rabbit anti-rat immunoglobulin/FITC and an
immunoprecipitation kit were obtained from Proteintech Co.
Polyvinylidene fluoride (PVDF) membranes were purchased
from Millipore (Billerica, MA). All other chemicals were
from Sigma-Aldrich (Saint Louis, MO).

2.2. Establishment of a HS/RModel in Rats. Thepresent study
was undertaken in strict accordance with recommendations
from the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD, USA). The
study protocol was approved by the Ethics Committee for
Animal Experiments of the University of Southern Medical
University (Guangzhou, China).

Adult specific pathogen-free Sprague-Dawley rats (male
or female; 180–220 g; 7-8 weeks) were obtained from the
Laboratory Animal Centre of Southern Medical University.
They were housed in metabolic cages under controlled
conditions (25∘C; 12-h light-dark cycle). Animals had free
access to standard rat chow and tap water. All efforts were
made tominimize animal suffering and to reduce the number
of rats used.

Thirty-two rats were anesthetized with a mixture of
13.3% urethane and 0.5% chloralose-𝛼 (0.65mL/100 g body
weight). Rats were subjected to HS for 120min followed by
resuscitation with shed blood as undertaken by our research
team previously, with slight modifications [15]. Briefly, after
implantation of PE-50 catheters in arterial and venous pas-
sages, the mean arterial pressure (MAP) was recorded using
measurement equipment from PowerLAB (AD Instruments,
Sydney, Australia). Rats were bled through a syringe to obtain
a MAP of 30mmHg within 10min, which was maintained
for the next 2 h by withdrawal or reinfusion of stored blood.
PD, vehicle, or PD/Ex527 (Ex527 is an inhibitor of SIRT1)
was administered via the intravenous route within 10min
and, 10min later, shed bloodwas reinfused. Rats were divided
randomly into four groups: (i) control (sham; rats were
anesthetized and underwent surgery without any other treat-
ments); (ii) vehicle (rats were subjected to HS tomaintain the
MAP at 30mmHg for 120min, followed by administration of
vehicle (0.3mL) and infusion of shed blood); (iii) PD (rats
were subjected to HS for 120min, followed by administration
of PD (30mg/kg) dissolved in 0.3mL solvent and infusion of
shed blood (PDdose administeredwas based on our previous
studies [14, 15])); (iv) PD/Ex527 (rats were subjected to HS
for 120min, followed by administration of PD (30mg/kg) and
Ex527 (5mg/kg) [18] dissolved in 0.3mL vehicle and infusion
of shed blood). Two hours after reinfusion of shed blood,
1mL of blood from each rat was collected from the femoral
artery and centrifuged for measurement of renal function.
Levels of blood urea nitrogen (BUN) and creatinine (Cr) were
measured by an automatic biochemical analyzer (AU5400;
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Olympus, Tokyo, Japan). Then, all rats (eight in each group)
were killed by cervical dislocation.

2.3. Morphological Observation and Immunohistochemistry
of Kidney Tissue. One portion of kidney tissue was used
for morphological observation, immunohistochemistry, and
protein extraction from renal cortices. Kidney samples
were prepared and observed using transmission electron
microscopy (TEM) using methods described previously [15].
Kidney tissue was fixed in neutral-buffered formalin, embed-
ded in paraffin, and cut into transverse sections (thickness,
4mm) for immunohistochemical studies. Expression of Bcl-
2, Bax, and SIRT1 in tissues was visualized using an immuno-
histochemical method (EnVision™; Dako, Copenhagen, Den-
mark) with rabbit polyclonal anti-rat antibodies. Working
concentrations of antibodies against Bcl-2, Bax, and SIRT1
were 1 : 250, 1 : 250, and 1 : 100, respectively.

2.4. Isolation of RTECs and Detection of Mitochondrial
Function. The other portion of kidney tissue was used for
isolation of RTECs by a method described previously, with
slight modifications [19, 20]. Briefly, the cortex was cut into
fragments. Cells were dissociated by incubation for 30min at
37∘C with 1mg/mL type-I collagenase. Red blood cells were
removed by lysis. RTECs were separated by Percoll gradient
density centrifugation [21]. Purity of RTECs was examined
by immunostainingwith cytokeratin-18 andHoechst dye [22]
(Supplementary Figure 2). Isolated cells were used for detec-
tion of mitochondrial function (mitochondrial membrane
potential (ΔΨ𝑚), cellular level of adenosine triphosphate
(ATP), mitochondrial permeability transition pore (mPTP),
and lysosomal stability), as described previously [15].

2.5. Cell Culture and H/R Treatment. The human renal
proximal tubular epithelial line HK-2 was cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented
with 10% (V/V) heat-inactivated fetal bovine serum (FBS)
and 1.0mmol/L sodium pyruvate at 37∘C in a humidified
atmosphere containing 5% CO

2
.

Before experimentation, cultured cells at ≈80% conflu-
ency were serum-starved for 24 h in DMEM/F12 supple-
mented with 0.1% FBS. Various concentrations of PD were
added to cells 2 h before H/R. Then, cells were exposed to
different durations of H/R and cell viability determined using
a CCK-8 kit in accordance with manufacturer instructions.
PD (50 𝜇M) was selected as the “ideal” concentration. Forty-
eight hours of hypoxia (5% CO

2
, 1% O

2
, and 94% N

2
)

followed by 2 h of reoxygenation (5% CO
2
, 21% O

2
, and 74%

N
2
) was chosen for further study (Supplementary Figure 3).
Cells were divided randomly into five groups: (i) control

(cells were incubated in normoxic conditions (5% CO
2
, 21%

O
2
, and 74% N

2
) without treatment with PD or H/R); (ii)

vehicle (cells pretreated with a specific vehicle of PD were
exposed to H/R); (iii) PD (cells pretreated with PD were
exposed toH/R); (iv) PD/Ex527 (cells pretreatedwith PD and
Ex527 (selective inhibitor of SIRT1 and used at 10 𝜇M [23])
were exposed toH/R); (v) PD/Ex527/pifithrin- (PFT-)𝛼 (cells

pretreatedwith PD, Ex527, and PFT-𝛼 (p53 inhibitor and used
at 10 𝜇M [24]) were exposed to H/R).

2.6. Immunofluorescence Studies. After drug administration
and creation of a H/R model, HK-2 cells were incubated
with staining solution containing a MitoTracker probe for
30min. After staining, cultured cells were fixed with ice-cold
4% paraformaldehyde solution for 20min and permeabilized
in 0.2% TritonX-100 for 20min. Cells were blocked with 1%
bovine serum albumin for 30min at room temperature. Pri-
mary rabbit polyclonal anti-SIRT1 and p53 (1 : 200 dilution)
were incubated with cells for >16 h at 4∘C, and secondary
polyclonal rabbit anti-rat immunoglobulin/FITC was added
to cells for 1 h at 37∘C. Finally, 4,6-diamidino-2-phenylindole
was added for nuclear staining. Cells were observed and
analyzed using a confocal laser scanning microscope (LSM
780 NLO; Carl Zeiss, Jena, Germany).

2.7. Flow Cytometry. Indices related to mitochondrial func-
tion (ΔΨ𝑚, mPTP, and lysosomal stability) were analyzed
using a flow cytometer (FACSVerse; BDBiosciences, San Jose,
CA) using methods described previously [15] accompanied
by determination of acetyl-p53 levels.

2.8. Western Blotting. Samples of renal cortex tissue and
HK-2 cells were lysed in radioimmunoprecipitation assay
buffer. Total protein and cytoplasmic protein were extracted
after centrifugation and mixed with 5x sodium dodecyl
sulfate (SDS) sample buffer. Samples were separated by SDS-
polyacrylamide gel electrophoresis using 8–12% acrylamide
gels and transferred to PVDF membranes. After incuba-
tion with primary antibodies (against PUMA-𝛼, Bax, Bcl-2,
cytochrome C, cleaved caspase-3, and SIRT1) and secondary
antibodies, protein bandswere detected using chemilumines-
cence detection reagents. acetyl-p53 levels were measured on
immunoprecipitated p53 protein.

2.9. SIRT1 Activity. Fresh lysed renal cortex tissues or cells
were immunoprecipitatedwith antibody against SIRT1 (Santa
Cruz Biotechnology) and normalized SIRT1 protein content
in each group. Then, a reaction mixture containing fluoro-
substrate peptide solution and protein-A agarose beads was
added. NAD-dependent deacetylase activity was measured
based on fluorescence intensity at 1-2min intervals at an exci-
tation wavelength of 350 and emission wavelength of 460 nm
on a SpectraMax M5 system (Thermo Fisher). Activity was
presented as a relative value comparedwith that of the control
group.

2.10. Statistical Analyses. Results are the mean ± stan-
dard deviation and were analyzed using SPSS v20.0 (IBM,
Armonk, NY, USA). The homogeneity of variance (Levene’s)
test was used to ascertain if groups had equal variance. If
Levene’s test indicated homogeneity of variance (𝑃 > 0.1),
the unpaired t-test was used to compare values between two
groups. One-way ANOVA was done to compare differences
in multiple groups after Tukey’s honestly significant differ-
ence multiple-comparison test and 𝑃 < 0.05 was considered
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Figure 1: Continued.
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Figure 1: Effect of polydatin (PD) administration on the protein expression and activity of SIRT1 in the renal cortex after HS/R and in HK-2
cells after H/R, respectively. (a) Immunohistochemistry of SIRT1; (b) expression of SIRT1 protein (𝑛 = 3); (c) SIRT1 activity in the kidney
cortex (𝑛 = 6); (d) expression of SIRT1 protein determined using western blotting (𝑛 = 3); (e-f) SIRT1 immunocytochemistry using confocal
microscopy (original magnification, ×630); (g) determination of SIRT1 activity (𝑛 = 6). 11𝑃 < 0.01, 1𝑃 < 0.05 compared with the value of the
vehicle group; 22𝑃 < 0.01, 2𝑃 < 0.05 compared with the value of the vehicle group; 33𝑃 < 0.01, 3𝑃 < 0.05 compared with the value of the PD
group; 44𝑃 < 0.01 compared with the value of the PD/Ex527 group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HS/R, hemorrhagic
shock and reperfusion; H/R, hypoxia/reoxygenation; SIRT1, silent information regulator 1; HK-2, human kidney-2.

significant. When equal variances were not assumed (based
on Levene’s test; 𝑃 < 0.1), Dunnett’s T3 post hoc comparisons
were used for robust tests of equality ofmean values.𝑃 < 0.05
was considered significant.

3. Results

3.1. PD Activates SIRT1 Activity and Deacetylates p53. Based
on a review of the effect of PD in our previous work [17],
it was hypothesized that PD could activate SIRT1 activity,
deacetylate p53, and inhibit apoptosis and serve as a thera-
peutic agent against HS. Ex527 (selective inhibitor of SIRT1)
and PFT-𝛼 (reversible inhibitor of p53) were introduced to
test this hypothesis.

First, the effect of PD on normal rats was observed. After
7-day intraperitoneal administration of PD, Ex527 (5mg/kg),
or solvent, protein expression and activity of SIRT1 were ele-
vated in the PD group but reduced in the Ex527 group (Sup-
plementary Figures 4A, 4B). Moreover, a PD/Ex527/PFT-𝛼
group was additionally added to HK-2 cells based on animal
experimental grouping to evaluate the possible relationship
between SIRT1 and p53. After preadministration of vehicle,
PD, Ex527 (10 𝜇M), or PFT-𝛼 (10 𝜇M) for 7 days, protein
expression and activity of SIRT1 were elevated in the PD
group but reduced in the Ex527 group. PFT-𝛼 did not appear
to activate SIRT1 (Supplementary Figures 4C, 4D).

Subsequently, the effect of PD on SIRT1 in the rat
model of HS/R or the cell model of H/R was elevated. As
expected, protein expression (Figures 1(a) and 1(b)) and
activity (Figure 1(c)) of SIRT1 in the renal cortex decreased
after HS/R in the vehicle group compared with that in the
control group. PD treatment partially restored the protein
expression and activity of SIRT1 compared with that in

the vehicle group. However, the beneficial effect of PD on
SIRT1 was almost abolished after Ex527 addition (Figures
1(a)–1(c)). In agreement with the animal study, protein
expression and activity of SIRT1 (which were decreased in the
vehicle group after H/R) were restored by PD administration
in HK-2 cells. However, when Ex527 was added to the
PD/Ex527 group, the beneficial effect of PD on SIRT1 was
blocked partially, suggesting that the effect of PD was related
to SIRT1 activation. Moreover, the protein expression and
activity of SIRT1 were also decreased in the PD/Ex527/PFT-
𝛼 group compared with the PD group, suggesting that PFT-
𝛼 does not affect protein expression and activity of SIRT1
(Figures 1(d)–1(g)).

In addition to SIRT1, the most reported downstream
target, p53, was also determined. Expressions of p53 protein
(Figure 2(a)) and acetyl-p53 were increased in the shocked
group (Figure 2(b)). Treatment with PD reduced the acetyl-
p53 level (Figures 2(a) and 2(b)). However, the acetyl-p53
level was reelevated after Ex527 addition in the PD/Ex527
group. Further studies were undertaken in HK-2 cells. Mito-
chondrial localization and protein expression of p53 were
observed using immunocytochemistry (Figures 2(e) and
2(f)) as well as western blotting (Figures 2(c) and 2(d)) and
flow cytometry (Figures 2(g) and 2(h)), respectively. In HK-2
cells experiencing H/R, increased translocation of p53 from
the cytosol to mitochondria (mitochondrial transfer) was
observed in addition to increased expression of p53 protein
and acetyl-p53. SIRT1 activation in the PD group resulted in
less p53 being located in mitochondria and less expression
of acetyl-p53 in HK-2 cells. However, this phenomenon was
almost reversed when Ex527 was added to the PD/Ex527
group, which was similar to that observed in the vehicle
group. Importantly, localization of p53 in mitochondria and
acetyl-p53 levels were reduced again when PFT-𝛼 was added
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Figure 2: Continued.
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Figure 2: Effect of polydatin (PD) administration on the protein expression and acetylation of p53 in the renal cortex after HS/R and in HK-2
after H/R, respectively. (a) Expression of p53 protein and (b) determination of acetyl-p53 levels on purified p53 (𝑛 = 5) in the renal cortex; (c)
expression of p53 protein determined using western blotting (𝑛 = 5); (d) expression of acetyl-p53 determined in purified p53 using western
blotting (𝑛 = 3); (e, f) intracellular redistribution of p53 protein determined using confocal microscopy (original magnification, ×630); (g, h)
expression of acetyl-p53 determined using flow cytometry. 11𝑃 < 0.01, 1𝑃 < 0.05 compared with the value of the vehicle group; 22𝑃 < 0.01,
2

𝑃 < 0.05 compared with the value of the vehicle group; 33𝑃 < 0.01 compared with the value of the PD group; 44𝑃 < 0.01 compared with the
value of the PD/Ex527 group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; H/R, hypoxia/reoxygenation; IP, immunoprecipitation.

to the PD/Ex527/PFT-𝛼 group. These results suggested that
PD increased SIRT1 activity and reduced acetyl-p53 levels and
mitochondrial transfer of p53.

3.2. PD Suppresses Apoptosis. Due to effect of PD on p53
deacetylation (molecule-orchestrated apoptosis), we tested
apoptosis in renal tissue and HK-2 cells. The number of
TUNEL-positive cells in the renal cortex increased signifi-
cantly in shocked rats (vehicle group, Figures 3(a) and 3(b)).
Also expression of proapoptotic proteins (Bax, PUMA-𝛼) and
the cytoplasm/mitochondria (cyto/mito) ratio of cytochrome
C and cleaved caspase-3 was elevated, and expression of the
antiapoptosis protein Bcl-2 was diminished (Figures 3(c)–
3(i)). PD treatment increased levels of Bcl-2 protein and
reduced expression of the proapoptotic proteins PUMA-𝛼
and Bax and the cyto/mito ratio of cytochrome C and cleaved
caspase-3, as well as apoptosis. However, in the PD/Ex527
group, the number of apoptotic cells was increased. These
results implied that PD inhibited apoptosis (Figures 3(a)–
3(i)). Consistent with determination of apoptosis, indices of
renal function (BUN, Cr) that were elevated remarkably in
shocked rats were reduced by PD administration (Figures 3(j)
and 3(k)).

In agreement with the animal-model study, a similar
result was found in the HK-2 cell model, as evidenced by the
increased number of apoptosis-positive cells, elevated level
of Bax protein, and increased cyto/mito ratio of cytochrome
C (Figure 4). As expected, PD administration reduced apop-
tosis, decreased expression of Bax, restored expression of
Bcl-2, and diminished the cyto/mito ratio of cytochrome
C. However, upon Ex527 addition, apoptosis was increased

again, as evidenced by the increased number of apoptotic
cells, increased expression of Bax and the cyto/mito ratio
of cytochrome C, and decreased expression of Bcl-2. As
expected, when PRF-𝛼 was added to the PD/Ex527/PFT-
𝛼 group, apoptosis was reduced markedly, accompanied
by reduced expression of Bax and the cyto/mito ratio of
cytochrome C and increased expression of Bcl-2.

3.3. PD Ameliorates MD. Finally, we measured the effect
of PD on mitochondrial protection. Two hours after rein-
fusion of shed blood, rats were killed and kidneys were
removed for observation ofmitochondrialmorphology using
TEM. In the control group, normal mitochondria with
preserved membranes and cristae were found. In contrast,
mitochondrial damage was noted in some renal cells after
HS/R, especially in RTECs, as evidenced by swollen and
irregular-shaped mitochondria with disrupted and poorly
defined cristae (Figure 5(a)). Thus, RTECs were isolated for
determination of mitochondrial function (mPTP, ΔΨ𝑚, and
ATP levels). The calcein-AM/CoCl

2
method was used to

determine changes in mPTP. Weak fluorescence in mito-
chondria was detected in the shocked group using confocal
microscopy, which was quantified further using flow cytom-
etry, and suggested an opened mPTP (Figures 5(d)–5(f)).
In addition, the ΔΨ𝑚 level was decreased as evidenced by
an increased JC-1 monomer/aggregate ratio (Figure 5(b)).
Moreover, the ATP level decreased (Figure 5(c)). Collectively,
these results suggested severely damaged mitochondria after
HS/R. Swollen mitochondria and irregular-shaped RTECs
were restored partially by PD treatment under TEM. In
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Figure 3: Continued.
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Figure 3: Effect of polydatin (PD) administration on mitochondrial apoptosis pathway-related protein expression and renal function after
hemorrhagic shock. (a, b) TUNEL staining of renal cortex (original magnification, ×400); (c) western blotting of expression of PUMA-𝛼,
Bcl-2, Bax, cytoplasm cytochrome C (cyto-cytC), and mitochondrial cytochrome C (mito-cytC), and cleaved caspase-3; (d) quantitation of
PUMA-𝛼, (e) Bax, (f) Bcl-2, and (h) cleaved caspase-3 protein, 𝑛 = 3; (g) cytoplasm/mitochondria (cyto/mito) ratio of cytochrome C (𝑛 = 5
in each group); (i) immunohistochemistry of the proapoptotic protein Bax and antiapoptotic protein Bcl-2; (j) determination of levels of
blood urea nitrogen and (k) creatinine, 𝑛 = 6. 11𝑃 < 0.01, 1𝑃 < 0.05 compared with the value of the vehicle group; 22𝑃 < 0.01, 2𝑃 < 0.05
compared with the value of the vehicle group; 33𝑃 < 0.01, 3𝑃 < 0.05 compared with the value of the PD group. DAPI, 4,6-diamidino-2-
phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FITC, fluorescein isothiocyanate; TUNEL, terminal deoxynucleotidyl
transferase dUTP nick-end labeling.

addition, PD elevated the fluorescence intensity of calcein-
AM inmitochondria, inhibited the loss of ΔΨ𝑚, and restored
ATP levels. However, all the beneficial effects of PD were
blocked partially by Ex527 (Figure 5(a)–5(f)). These results
suggested that PD could attenuate the mitochondrial injury
to RTECs in HS/R rats.

Interestingly, in HK-2 cells experiencing H/R, severe
mitochondrial damage was found in the vehicle group and
was attenuated by PD administration, resulting in amelio-
rated mPTP (Figures 5(g)–5(i)), elevated ΔΨ𝑚 (Figure 5(j)),
and increased ATP levels (Figure 5(k)). In contrast, mito-
chondrial damage was detected in the PD/Ex527 group. In
addition, when PRF-𝛼 was added to the PD/Ex527/PFT-𝛼
group,mitochondrial functionwas restored partially as in the
PD group (Figures 5(g)–5(k)).

4. Discussion

The present study elicited three main findings. First,
mitochondrial damage in RTECs after severe HS/R, which

is related to the decreased protein expression and activity of
SIRT1, was demonstrated. Second, decreased SIRT1 activity
may result in weaker deacetylation of p53, causing increased
translocation of p53 from the cytoplasm to the mitochondria
with release of mitochondrial proapoptotic proteins, which
leads to mitochondrial damage and apoptosis. Third, PD is a
new activator of SIRT1 that deacetylates p53, inhibits opening
of the mPTP, suppresses a mitochondria-mediated apoptotic
pathway, and attenuates renal injury against HS/R. This is
the first study to demonstrate the critical role of SIRT1-p53
signaling in the mitochondrial-protective effect of PD.

Based on the severe MD of RTECs after HS/R, a possible
molecular mechanism of MD was explored. Expression of
mitochondrial proapoptotic proteins such as cytoplasmic
cytochrome C and Bax was increased. It has been reported
that p53 is an important transcription factor involved in
regulation of mitochondrial apoptosis and that it can regulate
the permeability of the outer membranes of mitochondria
[19]. Therefore, the protein expression, intracellular distri-
bution, and acetylation level of p53 in the renal cortex
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Figure 4: Effect of polydatin (PD) administration on mitochondrial apoptosis pathway-related protein expression after hypoxia and
reoxygenation. (a-b) Apoptosis measured using an annexin V and propidium iodide kit (apoptosis was reflected by the percentage of annexin
V positive cells); (c) western blotting of expression of Bax, Bcl-2, cytoplasmic cytochrome C (cyto-cytC), and mitochondrial cytochrome
C (mito-cytC) in HK-2 cells; (d–f) quantification of the band intensity of Bax, Bcl-2, and cyto/mito ratio of cytochrome C. The result is a
representative band of three independent experiments. 11𝑃 < 0.01 compared with the value of the vehicle group; 22𝑃 < 0.01 compared with
the value of the vehicle group; 33𝑃 < 0.01 compared with the value of the PD group; 44𝑃 < 0.01 compared with the value of the PD/Ex527
group. HK-2, human kidney-2.
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Figure 5: Effect of polydatin (PD) administration on the morphology and function of mitochondria in RTECs after HS/R and in HK-2 cells
after H/R, respectively. (a) Ultrastructural alterations in RTECmitochondria were detected using TEM (original magnification, ×11,500); (b)
quantification of RTEC mitochondrial depolarization expressed as changes in the JC-1 fluorescence monomer/aggregate ratio (𝑛 = 4–6); (c)
intracellular level of ATP in RTECs (𝑛 = 8). (d–f) mPTP in RTECs was observed using confocal microscopy (original magnification, ×630)
and quantified using flow cytometry (𝑛 = 5); (g–i) mPTP (reflected by the fluorescence intensity of calcein-AM) in HK-2 cells was observed
using a microscope (original magnification, ×630) and quantified using flow cytometry; (j) quantification of depolarization of mitochondria
in HK-2 cells as JC-1 monomer/aggregate using flow cytometry; (k) intracellular level of ATP in HK-2 cells using a luciferase-based assay
(𝑛 = 3 in each group). 11𝑃 < 0.01, 1𝑃 < 0.05 compared with the value of the vehicle group; 22𝑃 < 0.01, 2𝑃 < 0.05 compared with the value
of the vehicle group; 33𝑃 < 0.01, 3𝑃 < 0.05 compared with the value of the PD group; 44𝑃 < 0.01 compared with the value of the PD/Ex527
group. HK-2, human kidney-2; H/R, hypoxia/reoxygenation; HS/R, hemorrhagic shock and reperfusion; mPTP, mitochondrial permeability
transition pore; RTECs, renal tubular epithelial cells; TEM, transmission electron microscopy.

after HS/R were measured. In agreement with the results
of AKI after ischemia-reperfusion [25, 26], it was found
that the protein expression, mitochondrial translocation, and
acetylation levels of p53 were increased and that the protein
expression and activity of SIRT1 in the kidney cortex were
decreased. When SIRT1 protein was activated by PD, SIRT1
activity was increased and acetyl-p53 level was decreased.
These results suggest that the reduction in SIRT1 activity and
downregulation of the p53 signaling pathwaymay be involved
in mitochondrial damage after HS/R in RTECs.

SIRT1 is involved in regulation of two p53-mediated
apoptotic pathways: transcription-dependent apoptosis and
transcription-independent apoptosis [27]. p53 transcription-
dependent apoptotic genes include Bax and PUMA. In
contrast, p53 transcription-independent apoptosis is reliant
upon direct interaction between p53 located in mitochondria
and the antiapoptotic Bcl-2 family, which promotes release of
cytochrome C from the inner membranes of mitochondria
and finally activates apoptosis [28].The present study demon-
strated that PD elevated the protein expression and activity of
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SIRT1; reduced the protein expression, acetylation level, and
mitochondrial translocation of p53; diminished expression
ofmitochondrial proapoptotic proteins; improvedmitochon-
drial function. Based on in vivo and in vitro experiments,
PD was used as an experimental drug. Once again, it was
shown that the increased expression and activity of SIRT1 can
reduce the acetylation level and mitochondrial translocation
of p53, leading to a mitochondrial-protective effect. In one
way, our study confirms that the SIRT1-p53 pathway is a new
therapeutic target in shock-induced cell damage. In another
way, we found that the SIRT1-p53 pathway is a molecular
mechanism related to the mitochondrial-protective effect of
PD (Figure 6).

The present study had limitations. First, only a single
dose of PD as a therapeutic drug was studied in shocked
rats. However, in a dose-response study in our previous
report [15], a 30mg/kg body-weight dose of PD showed
better therapeutic effects than the low-dose group (15mg/kg
body weight), and it showed a nearly equal therapeutic effect
to that in the high-dose group (45mg/kg body weight). In
addition, the effect of PD at a single time point (2 h after blood
reinfusion) was observed because, based on our previous
study, severe MD was evident at that time [14, 15]. More
time points may be required for further investigation of the
mechanism of action of PD. In addition, resveratrol was not
included in the present study because it showed a therapeutic
effect inferior to that of PD with regard to shock treatment
according to our previous study [15]. Moreover, in this study,
we found that PD increased Sirt1 protein levels; however, the
transcriptional regulation of PDonSirt1was not tested,which
will be examined in a future study.

5. Conclusion

Thepresent study demonstrated thatMD is present in RTECs
after HS/R and is related to the SIRT1-p53 pathway. PD
appears to be a new activator of SIRT1, which is probably
one of the mechanisms involved in the mitochondrial-
protection effect of RTECs against HS/R. Through SIRT1
activation, PD reduces H/R-induced apoptosis of HK-2 cells
via upregulation of the SIRT1-p53 signaling pathway.
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