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Abstract: Berberine (BBR), derived from Huanglian (Coptis chinensis), is a traditional Chinese herbal medicine.
In the current study, we investigated the effects of BBR in high glucose (HG) and hypoxia-induced apoptosis with
normal rat renal tubular epithelial (NRK-52E) and human kidney proximal tubular cells (HK-2) and further explored
the underlying molecular mechanism of hypoxia-inducible factor 1a (HIF-1a) in diabetic kidney disease (DKD).
Apoptosis in NRK-52E and HK-2 cells induced by HG (30 mM)/hypoxia and anti-apoptosis with BBR pretreatment
(30 uM) were analyzed by using the terminal uridine nick 3’ end labeling method. Activities of apoptotic proteins and
anti-apoptotic factor at mMRNA and protein levels were determined with real-time RT-PCR and Western blot. HIF-1a
action in the apoptosis with BBR pretreatment or siRNA interfere was investigated with flow-cytometry and Western
blot. Up-regulation of apoptotic proteins (Bax cytochrome C, caspase 9 and caspase 3) and down-regulation of
anti-apoptotic factor Bcl-xL were accompanied with HG/Hypoxia-induced apoptosis in NRK-52E and HK-2 cells but
all reversals were found after BBR pretreatment. Activity of HIF-1a was induced under HG/Hypoxia conditions and
up-regulated with BBR pretreatment. Furthermore, knockdown of HIF-1«a via siRNA significantly removed the anti-
apoptosis effects of BBR, while the BBR-mediated HIF-1a activity was suppressed by the pharmacological inhibition
of Akt. The present study thereby provided evidence that BBR protected renal tubular epithelial cells from hypoxia/
HG-induced apoptosis through activation of HIF-1a in the PI3K/Akt signal pathway and suggested that BBR could
be a potential drug in DKD.
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Introduction diabetes not only causes a reduction of oxygen

delivery but also results in an increase of oxy-

Diabetic kidney disease (DKD) as a leading
cause of end stage renal failure accounts for
high mortality rates and disabilities in the
patients with diabetes [1, 2]. Experimental
studies have reported that chronic hypoxia and
tubulointerstitial injury are involved in the
development and progression of DKD [3, 4].
Clinical observation has demonstrated that
DKD is closely associated with high levels of
oxidative stress and alterations in kidney
metabolism and oxygen handling and the func-
tional alterations precede the structural chang-
es of the kidney [5]. Furthermore, accumulating
evidence has implicated that renal hypoxia in

gen consumption [3, 6]. Chronic renal hypoxia is
a trigger for tubular epithelial cells to release a
number of cytokines and growth factors, which
may lead to phenotypic changes and apoptosis.
Consequently, tubular atrophy or extracellular
matrix (ECM) accumulation impairs tissue oxy-
genation and accelerates hypoxic injury. There-
fore, the apoptosis of renal proximal tubular
cells in hypoxic milieu in DN is a major factor
causing renal functional and pathological
changes [7, 8].

Hypoxia-inducible factor 1 (HIF-1) is composed
with a- and B-subunits and plays an important
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role in cellular oxygen homeostasis [9, 10].
Under hypoxic conditions, the a-subunit (HIF-
1a) accumulates and forms with the B-subunit
as transcriptionally active heterodimers. HIF-1a
is then transactivated and also translocated
into the nuclei for binding to hypoxic responsive
elements and up-regulates several hypoxia-
responsive genes in oxidative phosphorylation,
antioxidant defense angiogenesis and anaero-
bic metabolism [10]. In the kidneys, HIF-1« is
expressed in tubular and glomerular epithelial
cells in response to hypoxia [11, 12] and plays
a pivotal role in kidney injury in DKD [13, 14]. In
addition, oxidative stress and glucose trans-
port alterations are found to be induced by high
glucose in kidneys while intracellular ATP con-
centrations are decreased, which consequently
result in HIF-1o stability and more HIF-1 pro-
duction. Activation of HIF-1loa may not only
improve tubular transport efficiency related to
reduced oxidative stress and tubulointerstitial
damage but also prevent diabetes induced
alteration in kidney oxygen metabolism by
reducing tubular electrolyte load and mitochon-
drial leak respiration [14].

Berberine (BBR) has been used as a traditional
Chinese herbal medicine because of its anti-
inflammatory, anti-oxidant, anti-tumor and anti-
cytotoxic effects [15-17]. In the recent years,
several studies have implicated that BBR has
anti-oxidative stress and anti-inflammation
effects in diabetes [18-20]. Furthermore, BBR
has the anti-oxidant properties, which may be
effective for improving renal function based
upon the studies with diabetic animal models
and human kidney cells [16, 21]. Furthermore,
several studies have demonstrated that BBR
exerts anti-apoptotic effects and attenuates
DOX-induced cardiomyocyte apoptosis via
inhibiting an increase of the AMP/ATP ratio and
AMPK in the PI3K/Akt signaling pathways [22,
23] but no study with renal tubular epithelial
cells has been reported.

Taking together what we described above, we
had a hypothesis that BBR might have the pro-
tective effects on hypoxia-induced apoptosis
via the modulation of HIF-1a in DKD. To test this
hypothesis, in the current study, we not only
analyzed the effects of BBR on hypoxia/
HG-induced apoptotic process in renal tubular
epithelial cells but also investigated the activi-
ties of HIF-1a and the PI3K/Akt signaling path-

670

ways. Data would be useful for consideration
of BBR as a potential drug in DKD.

Research design and methods
Cell culture

Normal rat kidney tubular epithelial cell line
(NRK-52E) and human renal proximal tubular
epithelial cell line (HK-2) were obtained from
American Type Culture Collection (Rockville,
MD, USA) and Cell Bank of Type Culture
Collection of Chinese Academy of Sciences
(Shanghai, China), respectively and then cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) or DMFM/F12 (Gibco Laboratories)
containing 10% fetal bovine serum and 1% pen-
icillin/streptomycin in 5% CO, at 37°C. When
the cultured cells were almost confluent state,
they were transferred to serum-free DMEM or
DMEM/F12 for 24 h to arrest and synchronize
cell growth. The experimental condition of
hypoxia was induced by exposure to 1% O, and
5% CO, balanced with nitrogen in a multi-gas
incubator (APM-30D, ASTEC, Fukuoka, Japan).
The concentration of high glucose used in the
current study was previously described by our
group [24]. There were four groups for tubular
epithelial cell treatments. The first group is for
control with normal medium under normoxia
(21% 0,); the second group is BBR sulfate treat-
ment (30 uM) under normoxia (21% O,) for 24
h; the third group is combined hypoxia (1% O,)
and HG (30 mM) conditions together and the
final group is BBR treatment of hypoxia and HG
i.e. 30 uM BBR sulfate pre-treatment for 24 h
and then followed with HG (30 mM) incubation
24 h under hypoxic (1% 0,) condition.

Assessment of cell viability

Quantitative colorimetric assay with MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) was used for measuring the
cell viability. The cells grown in 96-well plates
were cultured with a density of 5x10% BBR
treatments with the amount of 0, 10, 30 or 90
ug were performed for 6, 12, 24, 48, and 72 h,
while 10 pl MTT (final concentration, 500 g/
mL) was added to the medium and the BBR
treated cells were incubated at 37°C for 3 h.
The reaction was ended up with 100 pl dimeth-
yl sulfoxide (DMSQ). MTT formazan product was
measured according to the absorbance at 490
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nm in a Sunrise RC microplate reader (TECAN,
Switzerland).

Analysis of apoptosis

The apoptosis of NRK-52E and HK-2 cells was
evaluated for differentiation between the sur-
vival and apoptotic cells with flow cytometry
and the kit of annexin V-FITC and propidium
iodide (Pl) assay. All cells were the harvested
with 0.25% trypsin and washed twice with cold
PBS. After then, the cell pellets were suspend-
ed in 300 yl 1x binding buffer and incubated
with staining solution (annexin V/PI, 1:2) in dark
and room temperature for 30 min. Fuorescence-
activated cell sorting (FACS) with FACSCalibur™
flow cytometer was used for the observation
and analysis [25].

Terminal uridine nick 3’-end labelling

To detect apoptotic cells, the kit of terminal uri-
dine nick 3’-end labelling (TUNEL) assay and
epi-fluorescent microscope (Ernst Leitz, Inc.,
Rockleigh, NJ, USA) were used. The nuclei of
cells were labelled with DAPIL. The ratio of
TUNEL-positive  nuclei/DAPI-positive  nuclei
numbers from 10 randomly selected fields was
used for determination of apoptosis. In each
experiment, a total of 200 cells were counted.

Immunofluorescence staining

After washing once with cold PBS, the NRK-52E
and HK-2 cells were fixed with 4% paraformal-
dehyde at 4°C for 30 min, and then incubated
with 0.2% Triton X-100 for 10 min after washed
with PBS. The cells were blocked by 5% bovine
serum albumin (BSA) and incubated with a
mouse monoclonal antibody against (1:200)
HIF-1a overnight. The secondary antibody used
for detection was Texas Red-conjugated don-
key anti-goat (Texas Red-DAM) IgG. After rinsing
with PBS, the sections were incubated with
Texas Red-DAM (1:50) at RT for 2 h and exam-
ined with a confocal laser scanning microscope
(CLSM, SP2, Leica, Germany).

Transient transfection with HIF-1o small inter-
fering (si)RNA

HIF-1a siRNA was prepared according to the
instruction from Invitrogen Life Technologies
(Carlsbad, CA, USA). The cells at a density
2x10° cells/well were plated in 6-well plates
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and 2 ml DMEM or DMEM/F12 each. The siRNA
sequences of forward and reverse oligos were
5’-GATCCGAGTTCACCTGAGCCTAATATTCAAGA-
GATATTAGGCTCAGGTGAACTCTTTTTTTCTAG-
AG-3’ and 5-AATTCTCTAGAAAAAAAGAGTTCA-
CCTGAGCCTAATATCTCTTGAATATTAGGCTCA-
GGTGAACTCG-3'. The target sequences of
HIF-la and control for siRNA were blasted
using public Basic Local Alignment Search To-
ol (http://blast.ncbi.nim.nih.gov/Blast.cgi). The
sequence of control siRNA did not match any
known human gene sequence. Lipofectamine
3000 was used for performing transient trans-
fections. Knockdown of HIF-1a gene expres-
sion was analyzed and determined with
Western blot. The transfection took 24 h and
the cells were then cultured in medium contain-
ing different glucose concentrations and
exposed to either normoxia (21% O,) or hypoxia
(1% 0,) conditions.

Real time RT-PCR

Total RNAs were extracted from NRK-52E and
HK-2 cells using TRIzol reagent protocol
(Invitrogen). According to the sequences of HIF-
1a and B-actin genes, specific primers used for
real time RT-PCR experiments were designed
for over the exon-exon junction by using Primer
Premier 5.0. The oligo primers (5-GACTATA-
GCTCCGGAGAATGC-3’ and 5-TCGTATCTGGTC-
AGCTATGG-3’) were synthesized by Takara
Biotechnology and RT-PCR experiments were
performed with Light Cycler 480 (Roche).
Relative mRNA levels of the studied gene were
normalized to the expression of 3-actin by using
the simplified comparative threshold cycle.
Advanced Relative Quantification Software
(Roche) were used for the relative gene expres-
sion data analysis.

Western blot

The protocols for preparation of cytosolic, mito-
chondrial and nuclear proteins and Western
blot experiments were used as previously
described [8]. Several primary antibodies,
including anti-P-Akt (1:400), anti-caspase9
(1:400), anti-Bax (1:400), anti-Bcl-xL(1:400),
anti-caspase3 (1:800), anti-Cyto C (1:800),
anti-HIF-1a (1:400) and anti-B-actin (1:1000),
were used. After washing with TBST, the sec-
ondary antibody was applied onto the mem-
branes at 37°C for 30 min. The autoradiogra-
phy was done with ECL reagent for HRP (60 s)
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Figure 1. BBR decreased hypoxia/HG-induced apoptosis. The apoptosis was assessed by using TUNEL analysis as
described in Materials and Methods. A1-A3. The control group; B1-B3. The BBR group; C1-C3. The hypoxia/HG/BBR
group; D1-D3. The hypoxia/HG group. Results are representative of three experiments. Scale bars = 20 ym. The
results in HK-2 cells are similar (Data not shown).

and quantified with Quantity One Software
(Bio-Rad Laboratories).

Statistical analysis

To perform statistical analysis, SPSS (Version
18 SPSS Inc. Chicago, lllinois, USA) was used.
Data were expressed as mean + SEM.
Statistical significance was examined by using
two-tailed paired or unpaired Student’s t test or
among more than two groups by one-way analy-
sis of variance (ANOVA). After ANOVA testing,
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the individual comparisons were made using
Tukey’s multiple comparison test. P value <
0.05 was considered statistically significant.

Results

Berberine restored cell survival against hy-
poxia/HG injury

To assess whether BBR influenced hypoxia/

HG-induced apoptosis in NRK-52E and HK-2
cells, the viability was detected with MTT analy-
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Figure 2. Effect of BBR on hypoxia/HG-induced apoptosis in NRK-52E cells. A. Western blots were performed with
the antibodies indicated. Relative expression of apoptosis proteins was calculated and normalized to the loading
control. B. The apoptosis was determined by flow cytometry, followed by Annexin V-PI double staining. The data were
mean £ SEM (n = 6). (**P < 0.001, vs. control, ##P < 0.001, vs. hypoxia /HG). C-H. Corresponding protein levels
were assessed using densitometry and expressed in relative intensities. All results were obtained from three inde-
pendent experiments. (**P < 0.001, vs. control, ##P < 0.001, vs. hypoxia/HG, #P < 0.05, vs. hypoxia/HG).

sis. The cell viability assay was then applied
to select optimal concentrations. BBR sulfate
at 30 pM was chosen accordingly (see
Supplementary Figure 1A and 1B). The cells
viability induced with hypoxia/HG was found to
be significantly decreased compared with the
control group (43 + 3.6%, 41 + 3.1%), while
BBR treatment at 30 uM without hypoxia/HG
resulted in a significant increase in cell survival
and restoring cell survival (65.7 + 6.3% and 63

+ 5.9%) (Supplementary Figure 1C and 1D).

Effect of BBR on hypoxia/HG induced apopto-
sis

BBR’s anti-apoptotic effects were detected
with TUNEL assay and flow-cytometric analysis.
Figure 1 showed that hypoxia/HG led to a sig-
nificant increase in the apoptotic population
among the cells compared with control group.
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BBR-treatment resulted in a substantial de-
crease of hypoxia/HG-induced tubular epitheli-
al cell apoptosis. The cell apoptosis was detect-
ed with Annexin V and Pl double staining. Flow-
cytometry assays allowed to examine a sub-
stantial increase of the apoptotic and dead
cells treated with hypoxia/HG for 24 h, while
BBR treatment significantly decreased the
apoptotic and dead cells (Figure 2B). To fur-
ther confirm the effect of BBR in hypoxia/
HG-induced apoptosis, the experiments with
Western blot was performed. In tubular epithe-
lial cell exposed to hypoxia/HG for 24 h, Bcl-xL
expression was decreased while the expres-
sions of Bax, cytochrome C, cleaved caspase-3,
and cleaved caspase-9 were increased, indi-
cating that the apoptotic process was not
return. Pretreated BBR at 30 uM partially res-
cued from Bcl-xL down-regulation, reduced up-
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Figure 3. Influence of BBR on ex-
pression of HIF-1a in NRK-52E cells.
NRK-52E cells were treated as indi-
cated, and the HIF-1a protein was
stained and observed under a fluo-
rescence microscope as described
in Materials and Methods. A1-A3.
control group; B1-B3. BBR group;
C1-C3. Hypoxia/HG group; D1-D3.
Hypoxia/HG /BBR group. (Magni-
fication, x200). E. Relative HIF-1«
fluorescaping score in NRK-52E
cells. (**P < 0.001 vs. control, ##P
< 0.001 vs. Hypoxia/HG). The re-
sults in HK-2 cells are similar (Data
not shown).

sistent with the previous studies and suggested
that BBR exerted anti-apoptotic or cyto-protec-
tive effects [16, 26].

Am J Transl Res 2019;11(2):669-682



BBR and HIF1A

A B 400 # C 700 #
= 600
E= <o
(T e D — - T O 600 *k Z 5 500
Hif-1a —— 1 e *k
T 5 € 8 400
[=] [$]
< 8 400 %% 300
B-actin e > G - 3 200 £ 200
< ~ 100
NRK-52E cells L . & ; |_|\ M " c,*""%e
M <) o
0&‘0 6%?. ~e’x‘ 2" 00“.6 %QQ‘ 1}@.‘\" .g"‘\
%) o oF ‘ﬁo Q°15
oo A
D E 350 # F 400 "
c ~ 300 <5
= 0 Z 5300
i e —— O S * e *k
Hif-1a P € 200 E8
d § £ 8o
_ 25 i2
B-actin e = e = %a‘e 100 |—| |---| TR 100 |_._|
i .
HK2 cells 0 & 0 2
&“} QQ‘ ‘,‘\0 3\(‘9" 0\50\ e?- a"‘e\e ”‘\G
o A o+ & ¢ S o
@;Q ‘\*Q Q\‘\Q \,AQ

Figure 4. Influence of BBR on expression of HIF-1a in NRK-52E and HK-2 cells. A, D. Cells were treated as described
above, and the expression of HIF-1a was detected by western blotting. B, E. Corresponding protein levels were as-
sessed using densitometry and are expressed as relative intensities. Each value represents the mean + SEM (n =
10) (**P < 0.001, vs. control, ##P < 0.001, vs. Hypoxia/HG). C, F. Transcript levels of HIF-1a gene was measured
using real-time PCR analysis. Each value represents the mean + SEM (n = 10) (**P < 0.001, vs. control, ##P <

0.001, vs. Hypoxia/HG).

Effect of BBR on expression of HIF-1« in tubu-
lar epithelial cells

To explore the mechanism of inhibition of apop-
tosis by BBR, the effects of BBR on HIF-1« acti-
vation in NRK-52E and HK-2 cells under hypox-
ia/HG conditions were examined. Data from
Western blot analysis showed that the cells
exposed to normal glucose levels did not
change the distribution pattern of HIF-1x, which
was consistent with the recent report [27].
Exposure to the hypoxia for 24 h resulted in a
translocation of HIF-1a from cytoplasm into
nuclei, indicating an activation of HIF-1x
induced by hypoxia. Furthermore, a transloca-
tion of HIF-1a from cytoplasm into nuclei of
NRK-52E cells induced by HG under hypoxic
conditions was observed (Figure 3A1-C3). In
addition, BBR treatment significantly enhanced
the hypoxia/HG-induced HIF-1« nuclear trans-
location (Figure 3D1-D3), indicating that BBR
activated HIF-1a expression under hypoxia/HG
conditions (Figure 4A-F).

Anti-apoptosis effects of BBR were mediated
by activation of HIF signaling

To understand whether BBR protected the cells
against HG-induced apoptosis through HIF-1a
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pathway, the apoptosis was investigated by
flow-cytometry and Western blot. Firstly, sSiRNA
knockdown experiments of the HIF-1x gene at
various time-points were conducted with
SsiRNA-HIF-1a transfection and the expression
of HIF-1a at protein levels was detected by
using Western blot (Figure 5A and 5B).
Secondly, the cells were divided into six groups,
including 1) the control with normal medium
and normoxia; 2) scrambled group, subjected
to scrambled siRNA transfection; 3) HIF-1x
siRNA group, subjected to HIF-1a siRNA trans-
fection; 4) Hypoxia/HG group, treated with HG
and under hypoxia for 24 h; 5) Hypoxia/HG/
BBR group, pretreated with BBR, followed with
HG treatment under hypoxia for 24 h; 6)
Hypoxia/HG/BBR/HIF-1a siRNA group, the cells
with 24 h post-transfection were pretreated
with BBR for 24 h, followed with HG treatment
under hypoxia for 24 h. The results revealed
that BBR pretreatment partially prevented
hypoxia/HG-induced apoptosis, and were con-
firmed with flow-cytometry (Figures 5C and
S2B). In addition, BBR treatment decreased the
expression of apoptosis proteins (Bax, cyto-
chrome C, caspases-9, and caspases-3) and
increased Bcl-xL levels in NRK-52E and HK-2
cells under hypoxia/HG conditions (Figures

Am J Transl Res 2019;11(2):669-682
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Figure 5. Anti-apoptosis effects of BBR are mediated by activation of HIF signaling. A, B. NRK-52E cells were trans-
fected with HIF-1a-siRNA and Western blot analysis was performed with an antibody against HIF-1a was performed
at various time-points following transfection (12, 24 and 48 h). Relative HIF-1x expression levels were calculat-
ed and normalized to the loading control. Corresponding protein levels were assessed using densitometry and
expressed in relative intensities. All results were obtained from three independent experiments. Values were ex-
pressed as the mean + SEM (n = 6; **P < 0.001, vs. control). The results in HK-2 cells are similar (data not shown).
C. Cells were treated as above indicated and the apoptosis was determined by flow cytometry, followed by Annexin
V-Pl double staining. The data were mean + SE (n = 6). (**P < 0.001 vs. control. ## P < 0.001 vs. hypoxia/HG. AAP <
0.001 vs. hypoxia/HG/BBR). D-I. Corresponding protein levels were assessed using densitometry and expressed in
relative intensities. All results were obtained from three independent experiments. Each value represents the mean

+ SEM (n = 10) (**P < 0.001 vs. control. #P < 0.05 vs. hypoxia/HG. ##P < 0.001 vs. hypoxia/HG. AAP < 0.001 vs.
hypoxia/HG/BBR).

5D-l and S2A, S2C-G). Moreover, siRNA knock-
down of HIF-la removed the BBR-induced
anti-apoptosis effects (Figures 5D-I and S2A,
S2C-G).

PI3K/Akt signaling pathway in relation with
HIF-1a activation

A previous study has demonstrated that the
PI3K/Akt signaling pathway plays an important
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role in the regulation of HIF-1a expression [28].
We thus investigated the effects of BBR in rela-
tion of HIF-1a activity and the PI3K/Akt signal-
ing pathway. The cells were divided into 8
groups, including 1) the control group: normal
medium under normoxia; 2) BBR group: BBR
sulfate pre-treatment (30 uM) under normoxia;
3) LY294002 group (an inhibitor of PI3K, 10 uM
for 1 h); 4) Wortmannin (Wort) group (an inhibi-
tor of PI3K, 5 uM for 1 h); 5) Hypoxia/HG group

Am J Transl Res 2019;11(2):669-682
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Figure 6. PI3K /Akt signaling pathway may contribute to expression of HIF-1a. The cells were incubated with as
indicated. A-C, E-G. NRK-52E and HK-2 cells were divided into 8 groups as mentioned above, corresponding protein
levels of t-Akt, p-Akt, HIF-1a were assessed using densitometry and expressed in relative intensities. B-actin was
used as loading control. All results were obtained from three independent experiments. Values are expressed as
the mean + SEM. (**P < 0.001, vs. control, *P < 0.05, vs. control, ##P < 0.001, vs. hypoxia/HG. AAP < 0.001, vs.
hypoxia/HG/BBR). D, H. Apoptosis was assessed by flow cytometry, followed by Annexin V/PI double staining. Each
value represented mean + SEM (n = 5). (**P < 0.001, vs. control, ##P < 0.001, vs. hypoxia/HG. AAP < 0.001, vs.

hypoxia/HG/BBR).

(30 mM HG treatment under hypoxic condition);
6) Hypoxia/HG/BBR group (30 uM BBR sulfate
pre-treatment followed by 30 mM HG incuba-
tion under hypoxic condition); 7) Hypoxia/HG/
BBR/LY294002 group (30 uM BBR and 10 uM
LY294002 sulfate pre-treatment followed by
30 mM HG incubation under hypoxic condi-
tions); and 8) Hypoxia/HG/BBR/ Wort group
(30 uM BBR and 5 yM Wort sulfate pre-treat-
ment followed by 30 mM HG incubation under
hypoxic (1% O,) conditions as previously report-
ed [29]). As shown in Figure 6A, 6B, 6E and 6F,
Akt phosphorylation was induced in the cells
treated with HG/hypoxia. The increase in Akt
phosphorylation was accompanied by up-regu-
lation of HIF-1a in HG/hypoxia-treated NRK-
52E and HK-2 cells. Compared with the control
group, the pretreatment of NRK-52E and HK-2
cells with 30 uM BBR significantly increased
the expression of phospho-Akt and HIF-1x
under HG/hypoxia condition. In addition, both
PI3K inhibitors LY294002 and Wort were used
to investigate whether BBR activated and/or
inhibited the stabilization of HIF-1a. HG/hypox-
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ia-induced apoptosis was found to be caused
by modulation of the PI3K/Akt pathway. The
expression of phosphorylated Akt was reduced
by LY294002 and Wort treatment, respectively,
which led further reduction of HIF-1« (Figure
6A-C, 6E-G). Furthermore, the apoptosis of
NRK-52E and HK-2 cells was detected with
flow-cytometry or TUNEL (Figure 7). The results
showed that hypoxia/HG-induced apoptosis
was significantly increased and BBR treatment
might effectively protect cells against HG/
hypoxia-induced cell apoptosis (Figures 7 and
S2D and S2H). When the cells were pretreated
with both BBR and LY294002 or Wort, however,
the protective effect of BBR was abolished
(Figures 6D, 6H and 7). The results of TUNEL in
HK-2 cells were similar with what observed in
NRK-52E cells as described above. Taking
together, these data implicated that BBR
opposed cell survival. This action might be
through HIF-1a and PI3K/Akt signal pathways
and consequently protected the NRK-52E and
HK-2 cells from HG/hypoxia-induced apoptotic
process.
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Figure 7. BBR-mediated activation of HIF-1a and PI3K/Akt signaling pathway protecting cells from hypoxia/HG induced apoptosis. A1-F3. The apoptosis was as-
sessed by using TUNEL analysis as described in Materials and Methods. A1-A3. The control group; B1-B3. The BBR group; C1-C3. LY294002 group; D1-D3. Wort-
mannin (Wort) group; E1-E3. The hypoxia/HG group; F1-F3. The hypoxia/HG/BBR group; G1-G3. Hypoxia/HG/BBR/LY294002 group; H1-H3. Hypoxia/HG/BBR/Wort
group. Results were representative of three experiments. Scale bars = 20 um.
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Discussion

We have conducted a series of experiments to
test our hypothesis whether BBR has the pro-
tective effects on hypoxia/HG-induced apopto-
sis in renal tubular epithelial cells. Apoptosis in
renal tubular epithelial cells is a major feature
of DKD and is triggered in two pathways i.e. the
extrinsic pathway stimulated by activation of
plasma membrane death receptor and the
intrinsic mitochondrial pathway [30]. Both path-
ways are followed by the increase of mitochon-
drial membrane permeability, which causes the
release of cytochrome C and apoptosis induc-
ing factor (AIF) from mitochondria into the cyto-
sol and activation of among of caspase family
that leading to apoptosis [31]. Bax exists in
equilibrium between cytosolic and mitochon-
dria-associated forms and shifts toward the lat-
ter when activated with mitochondrial stress
stimulus to induce cell death [32]. Activated
Bax accumulates on mitochondria and oligo-
merizes and permeabilizes the mitochondrial
outer membrane. Bcl-xL, as an important anti-
apoptosis factor, prevents accumulation of Bax
to the mitochondria and oligomerization and
permeabilization of the outer mitochondrial
membrane [32, 33]. Furthermore, one study in
cultured human renal tubular epithelial cells
has previously showed that BBR exerted anti-
apoptotic effect against H/R injury through
inhibiting endoplasmic reticulum stress and
mitochondrial-dependent pathways [15]. An-
other study has recently demonstrated that
BBR suppresses DOX-induced cardiomyocyte
apoptosis via protecting mitochondria, reduc-
ing the increased ratio of AMP to ATP and inhib-
iting AMPK phosphorylation as well as elevating
Bcl-2 expression in the early stage of DOX treat-
ment [23]. To test whether BBR protects from
apoptosis, in the current study, we have focused
on the investigation of intrinsic mitochondrial
pathway and analyzed the key molecules as
described above. Our findings concerning the
effects of BBR treatment mainly include: 1)
inhibited hypoxia/HG-induced apoptosis; 2) the
decrease of mitochondrial membrane permea-
bility; 3) increased Bcl-xL expression while
decreased the expression of apoptosis-related
proteins (Bax, cytochrome C, caspases-9, and
caspases-3). All these results indicated that
BBR protected renal tubular epithelial cells
from hypoxia/HG-induced cell apoptosis
through the mitochondria-mediated pathway.
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Several studies have demonstrated that HIF-1a
plays an important role in the regulation of
hypoxia-induced apoptosis [34, 35]. The role of
HIF-1a on the epithelial cells is multi-factorial
but overall it promotes cell survival by mediat-
ing cellular adaptation to hypoxia [10]. The acti-
vation of HIF by cobalt may ameliorate the CsA-
induced nephropathy by inhibiting apoptosis,
inflammation and fibrosis in renal tubular cells
[35]. These reports suggest that HIF-1a is a
potential therapeutic target in order to mitigate
hypoxia-induced tissue injury including DKD [9,
10], because hyperfiltration triggers a vicious
circle between increasing oxygen delivery and
increasing oxygen consumption that leads to
more needs for oxygen supply [9, 36, 37]. In the
current study, the NRK-52E and HK-2 cells,
which were exposed to high glucose, respond-
ed to hypoxia with increased HIF-1a expres-
sion, while down-regulation of HIF-1-a using
HIF-1a-siRNA significantly decreased the anti-
apoptosis effect of BBR as evidenced by
increasing the level of apoptosis-related pro-
tein (such as Bax, caspases-3, and caspas-
es-9). Data indicated that the renal tubular epi-
thelial cells treated with BBR resulted in acti-
vated a protective HIF-1a to adapt to the stress-
ful conditions and protected tubular epithelial
cells from apoptosis.

The PI3K/Akt pathway links extracellular sur-
vival signals with the apoptosis-related path-
way and plays a critical role in cell survival by
blocking apoptotic pathways [22, 38]. Akt as a
key modulation factor in PI3K/Akt pathway,
was able to induce HIF-1a transcriptional activ-
ity, lead to HIF-1« translocation to the nucleus,
and triggering the signaling cascade for surviv-
al [39]. A previous study reported that BBR
reduces ischemia/ reperfusion-induced myo-
cardial apoptosis against myocardial ischemic/
reperfusion injury and improves cardiac func-
tional recovery following reperfusion via acti-
vating AMPK and PI3K/Akt signaling in diabetic
rats [22]. One of our previous study demon-
strated that [-elemene could increase the
expression of HIF-1a through ROS and PI3K/
Akt/mTor signaling pathway that partially pre-
vents human osteosarcoma cells from under-
going apoptosis [40]. Recently, we have demon-
strated that anti-oxidative drugs protect from
HG-induced cells apoptosis and activate sur-
vival signals through the PI3K/Akt and Nrf2 sig-
naling pathways in tubular epithelial cells [41].
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In the current study, we found that the PI3K/Akt
signaling pathway was promoted the expres-
sion of HIF-1a protein, while the BBR-mediated
HIF-1a activation and anti-apoptosis capacity
was inhibited by a PI3K inhibitor. The results
thus suggested that BBR activated survival sig-
nals in tubular epithelial cells at least partly
through the PI3K/Akt and HIF-1a signaling
pathways.

Conclusions

The current study provides novel evidence that
BBR has a protection on tubular epithelial cells
from HG/hypoxia-induced apoptosis. This pro-
tective effect of BBR is most likely functioned
through activation of HIF-1a in the PI3K/Akt
signaling pathway. Thereby, we suggest that
BBR may be a potential drug for DKD.
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Supplementary Figure 1. Berberine restored cell survival against hypoxia/HG injury. A, B. The NRK-52E and HK-2
cells were treated with various doses of BBR (0, 10, 30 or 90 uM) for 6, 12, 24, 48 or 72 h, and the cell viability was
analyzed by MTT assay. The data were mean + SEM (n = 5). C, D. The cells were treated with as indicated in Cell
culture and the cell viability was analyzed by MTT assay. Data were mean + SEM (n = 5). (**P < 0.001, vs. control,
##P < 0.001, vs. hypoxia/HG).
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Supplementary Figure 2. Anti-apoptosis effects of BBR are mediated by activation of HIF signaling. A. Correspond-
ing protein levels were assessed using densitometry and were expressed in relative intensities. B. Cells were treated
as above indicated and the apoptosis was determined by flow cytometry, followed by Annexin V-PI double staining.
The data were mean + SEM (n=6). (**P < 0.001 vs. control. ##P < 0.001 vs. hypoxia/HG). C-G. All results were
obtained from three independent experiments. Each value represents the mean = SEM (**P < 0.001 vs. control.
##P < 0.001 vs. hypoxia/HG. AAP < 0.001 vs. hypoxia/HG/BBR). H. Effect of BBR on hypoxia/HG-induced apoptosis
in HK-2 cells.



