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Baicalin attenuates liver hypoxia/reoxygenation injury
by inducing autophagy
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Abstract. The aim of the present study was to explore the
effect of baicalin on liver hypoxia/reoxygenation (H/R)
injury and the possible mechanism involved. A cellular H/R
model was established and cells were treated with 50, 100
and 200 pgmol/I baicalin. Following reoxygenation for 6 h,
cell viability, lactate dehydrogenase (LDH), B-cell lymphoma
2 (Bcl-2), Bel-2-associated X protein (Bax), caspase 3 and
cleaved caspase 3 were assessed. Furthermore, levels of
endoplasmic reticulum stress markers binding of immu-
noglobulin protein (BIP) and CCAAT/enhancer-binding
protein homologous protein (CHOP) and autophagy markers
microtubule-associated proteins 1A/1B light chain 3B
(LC3) and beclin 1 were measured. To confirm the involve-
ment of autophagy in baicalin-mediated attenuation of H/R
injury, the autophagy inhibitor 3-methyladenine (3-MA) was
administered. The results revealed that baicalin administra-
tion increased cell viability and decreased LDH levels, most
notably at a dosage of 100 ymol/l. Baicalin pretreatment also
downregulated the expression of caspase 3, cleaved caspase
3 and Bax, while upregulating the expression of Bcl-2.
Furthermore, BIP and CHOP were decreased while LC3 and
beclin-1 were significantly increased by baicalin pretreatment.
Inhibiting autophagy using 3-MA, resulted in a significant
decrease in LC3-I1, beclin-1 and LDH, as well as increase in
the expression of BIP, CHOP, caspase 3, cleaved caspase 3 and
Bax. Bcl-2 and cell viability were also decreased. In conclu-
sion, the results of the present study indicate that baicalin
exerts a protective effect on liver H/R injury and this may be
achieved via the induction of autophagy.
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Introduction

Liver ischemia reperfusion (IR) injury is a process initiated
by hypoxia, which causes cellular damage, followed by the
return of blood flow and oxygen delivery, which exacerbates
cellular damage (1,2). Overproduction of reactive oxygen
species (ROS) and superoxide free radicals in IR causes the
destruction of the hepatic cellular membrane and increases
their permeability, leading to hepatocyte death and hepatic
injury (3). Liver IR occurs in a number of clinical settings,
including liver transplantation, partial hepatic resection, shock
and hepatic failure (4-6) At present, there is no effective
prevention strategy for liver IR injury and there is there for an
urgent need for the development of new treatments.

Baicalin is a flavonoid glycoside extracted from the
root of the traditional Chinese medicinal herb Scutellaria
baicalensis (7). It has been documented that baicalin
possesses a number of pharmacological actions, including
anti-inflammatory, anti-bacterial, anti-fibrotic, anti-oxidant
and anticancer effects (7-11). Previous studies have reported
that baicalin serves a protective effect in IR injury in various
organs, including the kidneys, brain and heart (12-14). It has
been reported that baicalin may be able to induce autophagy,
as evidenced by elevated expression of microtubule-associated
proteins 1A/1B light chain 3B LC3 and beclin-1 in human
bladder T24 cells (15) and human hepatocellular carcinoma
SMMC-7721 cells following baicalin treatment (16).

Autophagy is an important intracellular process for degrading
macromolecules, as well as recycling cytosolic proteins and
organelles, to maintain cellular homeostasis (17). When cellular
components are engulfed into double or multiple-membrane
cytoplasmic vesicles, autophagosomes are formed, which
subsequently fuse with lysosomes, forming autolysosomes and
degrading the captured proteins or organelles with lysosomal
enzymes (15,18). Autophagy is believed to exert a beneficial
effect in IR injury; autophagy ameliorates liver damage when
hepatocytes suffer from anoxia or nutrient starvation during IR
insults (19). It has also been reported that rapamycin, a mecha-
nistic target of rapamycin (mTOR) inhibitor and potent autophagy
inducer, attenuates tubular injury and renal dysfunction by
promoting autophagy in acute kidney injury (20), demonstrating
the protective role of autophagy in IR injury.

The aim of the present study was to investigate the effect of
baicalin on liver IR injury and its relationship with autophagy.
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The results of the present study indicate that baicalin may be
an effective clinical treatment for liver IR injury.

Materials and methods

Cell culture and establishment of hypoxia/reoxygenation
model. Normal human liver LO2 cells were purchased from the
Chinese Academy of Science (Shanghai, China) and maintained
in Dulbecco's modified Eagle's medium/F-12 nutrient mixture
(DMEM-F12; Gibco; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-strep-
tomycin in 21% O, at 37°C. Hypoxia/reoxygenation (H/R) was
performed as previously described (21). Briefly, cells were
seeded in 6-well plates at a density of 10° cells/well. At 80%
confluence, the 6-well plates were incubated under hypoxic
conditions (94% N,, 5% CO, and 1% O, at37°C) for 24 h in a
hypoxia chamber. Cells were then removed from the hypoxia
chamber and incubated for 6 h in an atmosphere containing 5%
CO, at 37°C. A total of 6 groups (n=3 each) were established:
Control group, H/R group, 50 zmol/l baicalin group, 100 pzmol/l
baicalin group, 200 zmol/l baicalin group and 3-methyladenine
(3-MA; 5 mmol/l) group. In the control group, LO2 cells were
cultured under normal culture conditions only. In the baicalin
and 3-MA groups, baicalin (cat. no. 572667) or 3-MA (cat.
no. M9281) (both Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) was added 1 h prior to H/R.

Cell viability analysis. Cells were seeded in a 96-well plate at
a density of 2,000 cells/well. Following 24 h hypoxia and 6 h
reoxygenation, cell survival was assessed using a Cell Counting
kit-8 (CCK-8) kit (Beyotime Institute of Biotechnology,
Haimen, China). Briefly, 10 ul of CCK-8 reagent was added
to each well and incubated for 2 h at 37°C. Cell density was
determined by measuring the absorbance at 450 nm using a
microplate reader (MDC Vacuum Products, LLC, Hayward,
CA, USA).

Lactate dehydrogenase (LDH) activity assay. The supernatant
from the 96-well plates were collected by centrifugation at
500 x g for 5 min at 25°C. LDH activity in the supernatant
(20 ul) was measured using a LDH assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) in accordance with
the manufacturer's protocol.

Annexin V and phosphatidylinositol (PI) binding staining.
Cells were washed twice with PBS and resuspended in 500 pl
staining buffer (Beyotime Institute of Biotechnology) at a
concentration of 10° cells/ml with 5 ul Annexin V-fluorescein
isothiocyanate (FITC; Beyotime Institute of Biotechnology)
and 5 ul PI. Cells were gently mixed and incubated for 15 min
at 37°C in the dark. A total of 400 ul cell suspension was
transferred into flow tubes and analyzed using a BD FACS
Aria II flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). The flow cytometry data were analyzed using FlowJo
6.0 software (FlowJo LLC, Ashland, OR, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extract from LO2 cells using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according
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to the manufacturer's protocol. A total of 3-5 ug of RNA
was transcribed into cDNA using a RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). Reverse
transcription was performed at 42°C for 60 min, followed
by 70°C for 5 min. Primers used for RT-qPCR are listed in
Table I. qPCR was conducted using the SYBR Green premix
kit from Takara Bio, Inc. (Otsu, Japan). Thermocycling condi-
tions were as follows: Initial denaturation at 95°C for 30 sec
followed by 50 cycles of 95°C for 5 sec, 60°C for 30 sec and
72°C for 60 sec. Expression levels were normalized to [3-actin
in the same samples using the 2424 method (7).

Western blotting. 1LO2 cells were washed with PBS three
times and ice-cold radioimmunoprecipitation assay buffer
(Vazyme, Piscataway, NJ, USA) was added for cell lysis.
Lysates were centrifuged at 12,000 x g at 4°C for 25 min. The
supernatant was collected and total proteins were quantified
by bicinchoninic acid assay. Samples (20 ug) were separated
by 10% SDS-PAGE, transferred onto a polyvinylidene fluo-
ride membranes and blocked with 5% skimmed milk for 1 h
at room temperature. Membranes were subsequently incu-
bated with primary antibodies against the following: B-cell
lymphoma 2 (Bcl-2; cat. no. 2872), Bcl-2-associated X protein
(Bax; cat. no. 5023), caspase 3 (cat. no. 9662), cleaved caspase
3 (cat. no. 9661), binding of immunoglobulin protein (BIP;
cat. no. 3177), CCAAT/enhancer-binding protein homologous
protein (CHOP; cat. no. 2895), beclin-1 (cat. no. 3495), LC3
(cat. no. 4108), activating transcription factor 4 (ATF4; cat.
no. 11815), X-box binding protein 1 (XBP-1; cat. no. 83418)
and GAPDH (cat. no. 5174; all 1:1,000; all Cell Signaling
Technology, Inc., Danvers, MA, USA) at 4°C overnight.
Membranes were washed with 1X TBS with 1% Tween-20
and incubated with horseradish-conjugated goat anti-rabbit
secondary antibodies (cat. no. ab6721; 1:10,000; Abcam) for
1 h at room temperature. Immunoreactive bands were visu-
alized using a chemiluminescence solution (Thermo Fisher
Scientific, Inc.) and normalized to GAPDH using Image J
software version 1.8.0 (National Institutes of Health, Bethesda,
MA, USA).

Statistical analysis. Results are presented as the
mean + standard deviation. Statistical analysis was performed
using one-way analysis of variance with Bonferroni's correc-
tion on SPSS 20 software (IBM Corp., Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Baicalin pretreatment attenuates H/R-induced damage to
LO2 cells. Cell viability and LDH levels were detected to
investigate the effect of baicalin on LO2 cell damage. The
results demonstrated that, compared with the control group,
cell viability was decreased in the H/R group. Treatment
with 100 pzmol/l baicalin significantly ameliorated the effects
of H/R (Fig. 1A). LDH, a marker of cell injury, was signifi-
cantly elevated in the H/R group, while pretreatment with
100 gmol/l baicalin significantly reversed this effect (Fig. 1B).
These results suggest that baicalin pretreatment attenuated
H/R-induced damage in LO2 cells.
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Table I. Gene specific primers used for reverse transcription-quantitative polymerase chain reaction.

Gene

Primer sequence

Binding of immunoglobulin protein
CCAAT/enhancer-binding protein homologous protein

[B-actin

Sense: AAAGAAGACGGGCAAAGATGT
Antisense: TGCTTGATGCTGAGAAGACAG
Sense: ACCACTCTTGACCCTGCTTCT
Antisense: CTCTGGGAGGTGCTTGTGAC
Sense: GTTGTCGACGACGAGCG
Antisense: GCACAGAGCCTCGCCTT
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Figure 1. Baicalin pretreatment attenuates H/R induced damage in LO2 cells. (A) LO2 cell viability was assessed using a Cell Counting Kit-8 assay. (B) LDH
expression in the supernatant was assessed following baicalin treatment. “P<0.01 ““P<0.001. H/R, hypoxia/reperfusion; LDH, lactate dehydrogenase.

Baicalin pretreatment inhibits apoptosis following H/R. Bcl-2
is an anti-apoptotic protein, whereas Bax is a pro-apoptotic
protein (12). Bcl-2 protein expression was lower in the H/R
group compared with the control, whereas Bax expression was
increased (Fig. 2A). Pretreatment with baicalin significantly
increased the expression of Bcl-2 and inhibited the expression
of Bax compared with the H/R group (Fig. 2A). The results of
flow cytometry revealed that the percentage of apoptotic cells
in the H/R group was increased compared with the control
group; however, pretreatment with 100 #mol/l baicalin signifi-
cantly decreased apoptosis compared with the H/R group
(Fig. 2B). These results suggest that baicalin pretreatment
inhibits apoptosis following H/R.

Baicalin pretreatment decreases caspase 3 expression
following H/R. Caspase 3 is a downstream effector in the
caspase cascade that directly mediates apoptosis upon activa-
tion by multiple upstream signals (22). Therefore, caspase 3 is
regarded as an important pro-apoptotic indicator. Caspase 3 and
cleaved caspase 3 were increased in the H/R group compared
with the control group (Fig. 2C). In contrast, pretreatment with
100 pmol/l significantly decreased the expression of caspase 3
and cleaved caspase 3 compared with the H/R group (Fig. 2C).

Baicalin pretreatment inhibits endoplasmic reticulum (ER)
stress following H/R. ER stress was assessed by measuring
the expression of BIP and CHOP. Compared with the control
group, levels of BIP and CHOP mRNA were higher in the H/R
group, whereas pretreatment with 100 gmol baicalin signifi-
cantly ameliorated the effects of H/R (Fig. 3A). Furthermore,

the expression of BIP and CHOP at the protein level was
increased in the H/R group compared with the control and
significantly decreased in the 100 pgmol/l baicalin group
compared with the H/R group (Fig. 3B). These results suggest
that baicalin pretreatment inhibits ER stress following H/R.

Baicalin pretreatment induced autophagy in vitro. To investi-
gate whether baicalin pretreatment is able to induce autophagy,
the expression of LC3 and beclin-1 was assessed. The results
of western blotting revealed that the expression of LC3-1T and
beclin-1 were increased in the H/R group compared with the
control (Fig. 4A). Furthermore, 100 gmol/l baicalin pretreat-
ment significantly increases the expression of LC3-II and
beclin 1 following H/R (Fig. 4A).

Baicalin pretreatment inhibits ER stress-induced autophagy
in vitro. It has been reported that ER stress induces autophagy,
whereas ATF4 and XBP1 are regarded as important inducers
of autophagy following ER stress (23,24). Western blotting
revealed that ATF4 and XBP1 was upregulated in the H/R
group compared with the control (Fig. 4B). In contrast, baicalin
pretreatment significantly reduced the expression of ATF4 and
XBPI1 compared with the H/R group (Fig. 4B).

Autophagy inhibition abrogates the protective effect of
baicalin in vitro. To further confirm the role of autophagy
in H/R injury, the autophagy inhibitor 3-MA was used. The
results revealed that LC3-II and beclin-1 levels were increased
in the H/R group compared with the control and further
increased with baicalin pretreatment (Fig. 5A). However,
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Figure 2. Baicalin pretreatment inhibits apoptosis and caspase 3 expression following H/R. (A) Western blotting was used to measure the expression of Bcl-2
and Bax in LO2 cells following H/R. (B) Cell apoptosis in LO2 cells following H/R was evaluated using flow cytometry. (C) Western blotting was used
to assess the expression of caspase 3 and cleaved caspase 3 in LO2 cells following H/R. “P<0.01 and ““P<0.001. H/R, hypoxia/reperfusion; Bcl-2, B-call
lymphoma 2; Bax, Bcl-2-associated X protein; FITC, fluorescein isothiocyanate.

co-administration with 3-MA significantly decreased the To further investigate the effect of autophagy inhibi-
expression of LC3-II and beclin-1 compared with baicalin  tion in H/R, the expression of caspase-3, cleaved caspase 3,
treatment alone (Fig. 5A). Bcl-2, Bax, BIP and CHOP, as well as cell viability and LDH
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Figure 3. Baicalin pretreatment inhibits endoplasmic reticulum stress following H/R. (A) Reverse transcription-quantitative polymerase chain reaction was used
to measure BIP and CHOP mRNA expression in each group following H/R. (B) Western blotting was used to measure BIP and CHOP protein expression in each
group following treatment. “P<0.01 and “"P<0.001. H/R, hypoxia/reperfusion; BIP, binding of immunoglobulin protein; CHOP, CCA AT/enhancer-binding
protein homologous protein.
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Figure 4. Baicalin pretreatment inhibits H/R-induced autophagy and is a potent inductor of autophagy in LO2 cells. Western blotting was used to assess the
expression of (A) beclin and LC3, as well as (B) ATF4 and XBP-1 in LO2 cells from each group. “P<0.01 and ""P<0.001. H/R, hypoxia/reperfusion; LC3,
microtubule-associated proteins 1A/1B light chain 3B; ATF4, activating transcription factor 4; XBP-1, X-box binding protein 1.

levels were measured. Co-treatment with 3-MA significantly  viability was significantly decreased in the baicalin + 3-MA
increased the expression of caspase-3, cleaved caspase 3, treatment group compared with baicalin treatment alone
Bcl-2, Bax, BIP and CHOP (Fig. 5A). Furthermore, cell  (Fig. 5B). LDH levels were significantly increased with 3-MA
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Figure 5. Autophagy inhibition abrogated the protective effect of baicalin in vitro. (A) Western blotting was used to measure the expression of beclin, LC3,
Bcl-2, Bax, caspase 3 and cleaved caspase 3 in LO2 cells. (B) LO2 cell viability was measured using a Cell Counting Kit-8 assay. (C) Effects of 3-MA on LDH
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B-call lymphoma 2; Bax, Bcl-2-associated X protein; 3-MA, 3-methyladenine; LDH, lactate dehydrogenase.

treatment compared with baicalin treatment alone (Fig. 5C).  Discussion

These results suggest that autophagy inhibition abrogates the

protective effect of baicalin on apoptosis and ER stress in ~ As a flavonoid glycoside extracted from the root of the
LO2 cells. traditional Chinese medicinal herb Scutellaria baicalensis,
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baicalin has been reported to possess a protective effect
against IR injury in multiple organs (12-14). Zheng et al (13)
demonstrated that baicalin treatment led to significantly
reduced neurological deficit, smaller infarct volume and
enhanced expression of induced myeloid leukemia cell differ-
entiation protein-1 and BCL-2 in a rat model of cerebral artery
occlusion/reperfusion, suggesting that baicalin's protective
effect against cerebral IR injury is achieved via the inhibi-
tion of ischemia-induced neuronal apoptosis. Kong er al (14)
revealed that baicalin improved left ventricular function,
reduced creatine kinase and LDH release in the coronary
effluent, and increased SOD and MDA activity in rats with IR
injury. Lin et al (12) demonstrated that baicalin ameliorates
kidney IR injury by inhibiting the production of proinflam-
matory cytokines, including tumor necrosis factor-a and
interleukin-1f3. In agreement with previous studies, the results
of the present study demonstrated that baicalin pretreatment
is able to attenuate hepatic injury and inhibit LO2 apoptosis,
possibly via the induction of autophagy.

The upregulation of Bcl-2, downregulation of Bax and
decreased percentage of apoptotic cells in the baicalin group
indicated that apoptosis was decreased following baicalin
pretreatment. Decreased apoptosis is associated with deacti-
vation of the caspase cascade (22). As a downstream effector
in the caspase cascade, caspase 3 directly mediates apoptosis
when activated by various upstream signals (22) and as such
has been reported to be a crucial modulator of apoptosis. In the
present study, caspase 3 and cleaved caspase 3 were upregu-
lated in the H/R group, but baicalin pretreatment was able to
significantly decrease their expression, indicating that baicalin
inhibits LO2 cells apoptosis.

ER stress is a cellular stress condition that disrupts ER
function and results in massive accumulation of unfolded or
misfolded proteins in the ER lumen (25). To maintain ER
homeostasis, a series of adaptive responses called the unfolded
protein response (UPR) is triggered upon ER stress (12).
This process is mediated by 3 major stress sensors, namely
inositol-requiring protein 1 (IRE1), ATF6 and protein kinase
RNA-like ER kinase (22). UPR is associated with decreased
protein load and upregulated ER chaperones, including BIP (22).
With persisting ER stress, UPR fails and cells progress into
the apoptosis phase, in which CHOP accumulation, IRE1 phos-
phorylation and c¢-JUN N-terminal kinase are activated (22).
Herein, BIP and CHOP are regarded as vital markers of ER
stress. In the present study, the expression of BIP and CHOP
were increased in the H/R group and decreased by baicalin
pretreatment, implying that ER stress occurs following H/R
and may be successfully inhibited by baicalin pretreatment.

Autophagy is a lysosome-dependent dynamic intracel-
lular pathway that involving the delivery and degradation of
unfolded or misfolded proteins (26). It has been documented
that ER stress is a potent trigger of autophagy (27). In the
process of UPR, ATF4 and XBP-1 induce autophagy (23,24).
In the present study, increased ATF4 and XBP-1 levels were
observed in the H/R group. Similarly, beclin 1 and LC3-II
were upregulate in the H/R group. Pretreatment with baicalin
inhibited the expression of ATF4 and XBP-1; however,
beclin 1 and LC3-II levels remained high in the baicalin
groups, particularly at the 100 ymol/l dosage, revealing that
baicalin pretreatment inhibited ER-induced autophagy and
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that baicalin is a potent inducer of autophagy. This ability is
similar to that of a previously reported immunosuppressive
drug, rapamycin (28). Zhu et al (28) revealed that, in a mouse
model of, ischemia reperfusion injury and thapsigargin-treated
primary hepatocytes, ATF4 and XBP1 were markedly upregu-
lated, whereas rapamycin treatment downregulated their
expression; in addition, it was also revealed that rapamycin is
able to enhance autophagy.

Todemonstratetheroleofautophagyinthebaicalin-mediated
protective effect on H/R, the autophagy inhibitor 3-MA was
administered. 3-MA is a commonly used autophagy inhibitor
and is a specific inhibitor of autophagic/lysosomal protein
degradation and the formation of autophagosomes (29).
The phosphoinositide 3 kinase (PI3K)/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) pathway has
been implicated in autophagy (29). AKT is downstream of
class I and class III PI3K (30). Class I PI3K is a major upstream
modulator of mTOR that causes the suppression of autophagy,
while the class III PI3K pathway has been recognized to
activate autophagy through sequestration of cytoplasmic
material (30). It has been reported that 3-MA is able to inhibit
the class III PI3K pathway, thus inhibiting autophagy (31). The
results of the present study revealed that pretreatment with
3-MA markedly inhibited autophagy, as evidenced by low
expression of beclin-1 and LC3-II. Furthermore, high expres-
sion of BIP and CHOP were detected following the inhibition
of autophagy, suggesting that autophagy inhibition aggravates
ER stress. This is consistent with a previous study, in which
autophagy was reported to eliminate accumulated misfolded
proteins and degrade damaged organelles to ameliorate ER
stress (32). Autophagy inhibition also increased LDH levels,
increased the expression of caspase-3, cleaved caspase 3 and
Bax and decreased cell viability and Bcl-2 expression, which
indicates a protective effect of baicalin in H/R. In conclusion,
the results of the present study demonstrate that baicalin may
have a protective effect in H/R, possibly mediated by the
induction of autophagy. Although the action and mechanism
of baicalin on liver hypoxia/reoxygenation injury were inves-
tigated, there are certain limitations to the present study. The
effect of baicalin on liver hypoxia/reoxygenation injury was
only performed in vitro and requires further study in vivo.
In addition the PI3K/AKT/mTOR signaling pathway was not
investigated in the present study and represents an important
pathway in autophagy. This should also be further investigated
in any subsequent animal studies.
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