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ABSTRACT
Background/Aims: Autophagy plays a positive role in the prevention of liver damage after hepatic ischemia-reperfusion injury (HIRI); 
however, the molecular mechanism is still a mystery. Understanding the molecular events behind this injury may have important impli-
cations for devising proper strategies for managing liver injury. This study investigated the effects of Frizzled-2 expression on autophagy 
as well as Ca2+ concentration and apoptosis in BRL-3A cells. 
Materials and Methods: BRL-3A cells exposed to the hypoxia/reoxygenation (H/R) condition were used as an in vitro HIRI hepatic cell 
model. The transfection of Frizzled-2 small interfering RNA (siRNA) or expression vector was performed to silence or overexpress Friz-
zled-2 in BRL-3A cells. The intracellular Ca2+ concentration was monitored by the fluorescence of Ca+. Western blot was used to detect 
autophagy-related proteins and apoptotic marker Caspase-3. The cellular autophagosome was observed by a transmission electron 
microscope. 
Results: Beclin-1 and Atg7 expressions were considerably induced by H/R treatment, and this induction was attenuated by Frizzled-2 
siRNA in BRL-3A cells. The LC3B-II/I ratio was inhibited by H/R treatment, although it was considerably induced by Frizzled-2 siRNA. The 
overexpression of Frizzled-2 induced intracellular Ca2+ concentration and expressed autophagy-related proteins and Caspase-3 except 
for the suppression of LC3B-II/I ratio in BRL-3A cells in the normoxia condition. 
Conclusion: The overexpression of Frizzled-2 mimicked H/R treatment and suppressed autophagy activity, whereas Frizzled-2 siRNA 
induced cellular autophagy and attenuated the H/R-induced hepatic injury in BRL-3A cells. These developments suggest that Frizzled-2 
siRNA protects hepatic BRL-3A cells from the injury of H/R via autophagy modulation.
Keywords: Frizzled-2, Hypoxia/Reoxygenation, autophagy, frizzled-2 siRNA, apoptosis, transmission electron microscopy 

INTRODUCTION
Hepatic ischemia-reperfusion injury (HIRI) is a major 
cause of liver injury in numerous clinical conditions, in-
cluding liver surgery (1, 2), liver transplantation (3, 4), 
and hepatocellular carcinomas (5). In response to vari-
ous types of stress or injury, autophagy activation plays 
an important role in programmed cell death and cellu-
lar self-protection. Autophagy is a complicated cellu-
lar process and is considered an adaptive response to 
stress. During the autophagy process, damaged proteins 
and organelles are degraded and recycled via lysosomal 
degradation, including three different major pathways: 
chaperone-mediated autophagy, microautophagy, and 
macroautophagy (6, 7). Among the three, macroauto-
phagy has been extensively studied in mammals and 
is referred to as “autophagy.” In this pathway, a dou-
ble-membrane structure, known as “autophagosome,” 
is formed with a portion of cytoplasm surrounded by 

an isolation membrane or phagophore. A compart-
ment, known as “autolysosome,” is formed when the 
double-membrane autophagosome fuses with the ly-
sosome, which results in the cellular degradation of 
autophagosomal contents by lysosomal enzymes (8). 
Autophagy is involved in the selective degrading of sin-
gle, soluble proteins; it also prevents the accumulation 
of damaged and dysfunctional constituents and organ-
elles in cells. By reorganizing cytoplasmic proteins and 
organelles and modulating intracellular energy, autoph-
agy provides essential machinery for liver regeneration 
and mitotic or hypertrophic hepatocytes under HIRI 
stress. The activation of autophagy may be one of the 
mechanisms that can be used to alleviate liver HIRI. Au-
tophagy-related proteins, including Atg7, Beclin-1, and 
Microtubule-associated protein 1 light chain 3 (LC3), are 
involved in autophagy activation and serve as markers of 
autophagy activity during injury (9).
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The accumulation of intracellular Ca2+ has been shown 
to trigger the activation of adenosine monophosphate 
(AMP)-activated protein kinase (AMPK) and the mam-
malian target of rapamycin (mTOR), which are crucial sig-
naling pathways in regulating autophagy (10). Frizzled-2 
plays an important role in driving the epithelial-mesen-
chymal transition through non-canonical Wnt5a/Friz-
zled-2 signaling in hepatocellular carcinoma (HCC) and 
liver regeneration by impacting hepatocyte proliferation, 
invasiveness, and metastasis; moreover, Frizzled-2 over-
expression has been correlated with poor patient surviv-
al (1-3). We recently showed that Frizzled-2 expression 
was induced in BRL-3A cells with hypoxia/reoxygenation 
(H/R) treatment as well as in liver tissues in in vivo mice 
under IRI. The upregulation of the Frizzled-2/Wnt5a 
pathway was correlated with an increase in Caspase-3 
dependent apoptosis accompanied by an overload of in-
tracellular Ca2+ concentration and a decrease in β-catenin 
signaling in BRL-3A cells upon H/R treatment (11). How-
ever, the involvement of autophagy in the role of the Friz-
zled-2/Wnt5a pathway during the H/R-induced hepatic 
injury remained a mystery. Given the role of autophagy in 
dealing with stress, we hypothesize that Frizzled-2 could 
be involved in regulating autophagy activity in response 
to the H/R challenge.

This study investigated the role of Frizzled-2 in regulating 
autophagy and apoptosis using the H/R-induced rat nor-
mal liver BRL-3A cells-an in vitro cell model established 
to mimic the pathophysiological HIRI (11). We examined 
the effects of Frizzled-2 gene expression on the intra-
cellular Ca2+ level, the expression of autophagy-related 
proteins (e.g., Beclin-1, Atg7, LC3B-I, and LC3B-II), and 
apoptosis marker Caspase-3 in BRL-3A cells subject-
ed to the transfection of Frizzled-2 siRNA or Frizzled-2 
expression vector to silence or overexpress Frizzled-2 
expression. The effects of Frizzled-2 expression on the 
number of autophagosomes were analyzed by a trans-
mission electron microscope.

MATERIALS AND METHODS

BRL-3A cell H/R model and experimental groups
This study was approved by the Ethical Committee guide 
of Zhujiang Hospital and Southern Medical University for 
the care and use of laboratory animals (No. ZJYY-2016-
GDEK-001). Rat hepatic tissue-derived BRL-3A cells (12) 
(American Type Culture Collection, Manassas, VA, USA) 
were maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) containing 4.5 g/L glucose, 10% fetal bovine se-
rum (FBS), and 1% penicillin/streptomycin. The cells were 

incubated in a fresh medium for 24 h prior to H/R incu-
bation. The H/R injury model was performed according to 
the previously described methods (11). The BRL-3A cells 
were exposed to hypoxia by placing the culture plates in a 
humidified incubation chamber thermoregulated at 37°C, 
with a gas mixture of 95% N2 and 5% CO2 for 4 h. Then, 
the cells were transferred to the second chamber con-
taining 95% air and 5% CO2 for reoxygenation for 1 h. The 
cells were treated in different experimental groups: (1) the 
control cell group, in which BRL-3A cells were incubated 
in DMEM; (2) the cell H/R group, in which BRL-3A cells 
were treated under an anoxic condition for 4 h, followed 
by the reoxygenation condition for 1 h; (3) the NC-H/R 
group, and (4) the Si-H/R group, in which BRL-3A cells 
challenged with H/R were subjected to a transfection of 
negative control (NC) or Frizzled-2 siRNA at 50 nM; and 
(5) the FRI group, in which Frizzled-2 overexpression was 
transfected with Frizzled-2 expression vector in BRL-3A 
cells without H/R treatment.

Transfection with Frizzled-2 small interfering RNA (siRNA)
The BRL-3A cells were plated in 6-well plates at a den-
sity of 105 cells/well or in 100 mm dishes with 106 cells in 
a growth medium without antibiotics. After cell growth 
reached 50%-60% confluence, transfection was per-
formed using Lipofectamine 2000 from Invitrogen (Ther-
moFisher Scientific, MA, USA). The cells were incubated 
in Opti-MEM I Reduced Serum Medium from Invitrogen 
with and without Frizzled-2 siRNA–Lipofectamine 2000 
complexes (50 nM) for 6 h and then with fresh DMEM 
with 10% FBS for 48 h. The transfection efficiency of 
siRNA was monitored by observing the fluorescence of 
cells transfected with FAM-labeled siRNA negative con-
trol (siRNA-NC) after 6 h. The cells were subsequently 
subjected to H/R treatment and harvested for other ex-
periments. Three different non-overlapping siRNA du-
plexes and FAM-labeled siRNA-NC were designed and 
purchased from Sigma–Aldrich (Guangzhou, China). The 
sequences of Frizzled-2 siRNA and NC were as follows: 
5’-GCUGUACUAUACUCUUCAUdTdT-3’ and 5’-UU-
CUCCGAACGUGUCACGUdTdT-3’.

Construction of the Frizzled-2 cDNA expression vector
The full-length of Frizzled-2 complementary DNA 
(cDNA), which codes for the entire Frizzled-2 protein, 
was cloned by PCR amplification using cDNA library syn-
thesized based on the rat heart tissue-derived RNA and 
ligation into pcDNA3.1+ expression vector (Dongsheng 
Biotech, Guangzhou, China). The amplification primers 
for subcloning were synthesized to contain restriction 
enzyme digestion recognition sites, as shown below: Friz-
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zled-2-EcoRI (F): 5’-ccggaattcgccaccATGCGGGCCCG-
CAGCGCCCTGCCC-3’; Frizzled-2-XhoI (R): 5’-ccgctc-
gagTCACACGGTGGTCTCTCCATGCCGGCTG-3’ 
(Jinweizhi Biotech, Suzhou, China). The subcloned Friz-
zled-2 cDNA construct (FRI) was confirmed by restriction 
enzyme digestion and DNA sequencing (Shenggong Bio-
tech, Shanghai, China).

Total RNA isolation and quantitative real-time PCR analysis
Total RNA was isolated from BRL-3A cells using Trizol 
from Invitrogen (ThermoFisher Scientific, MA, USA), 
following the manufacturer’s protocols. Quantitative 
real-time PCR (qRT-PCR) was performed using SYBR 
Green PCR SuperMix (ThermoFisher Scientific, MA USA) 
in an ABI 7500 real-time PCR system (Applied Biosyste-
ms, Foster, CA, USA) with a thermal profile (95°C for 1 
min, and 40 cycles of 95°C for 15 s; 55°C for 1 min for 
Frizzled-2 and 95°C for 1 min; and 40 cycles of 95°C for 
15 s and 60°C for 1 min for Wnt5a and β-actin). The prim-
er sequences of Frizzled-2, Wnt5a, and β-actin are list-
ed below: Frizzled-2-F: 5′-TCGTTTTGCCCGTCTCT-3′, 
Frizzled-2-R: 5′-TAGCGGAATCGCTGCAT-3′; Wnt5a-F: 
5′-CGTGGCTATGACCAGTTTAAG-3′, Wnt5a-R: 5′-CCA-
CAATCTCCGTGCACTT-3′; β-actin-F: 5′-AGGGAAATC-
GTGCGTGACAT-3′, β-actin-R: 5′-GAACCGCTCATTGC-
CGATAG-3′. The examined mRNA levels are presented 
relative to the average of all ΔCt-values in each sample 
using the cycle threshold (Ct) method after normaliza-
tion to corresponding β-actin expression.

Protein expression analysis by Western blot
Total proteins were extracted from the BRL-3A cells us-
ing ice-cold radioimmunoprecipitation assay (RIPA) lysis 
and extraction buffer (10 mM Tris, 100 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM Na-
3VO4, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium 
deoxycholate, 1% Triton-100, 10% glycerol, and 1 mM 
PMSF) containing 1 × cocktail of proteinase and phos-
phatase inhibitors (ThermoFisher Scientific, MA, USA). 
Protein concentrations were quantified using the BCA 
method (Beyotime Biotechnology Co. Ltd., Shanghai, 
China). Protein samples (20 µg) were then subjected to 
SDS polyacrylamide gel electrophoresis (SDS-PAGE) us-
ing 12% resolving gel and 6% stacking gel. Electropho-
resis was performed in the compression gel at 80 V for 
20 min and, subsequently, in the separation gel at 120 V 
for 90 min. After separation in a polyacrylamide gel, pro-
tein transfer onto a PVDF membrane was performed via 
electroblotting (Millipore, Billerica, MA, USA). The mem-
brane was blocked using 5% skim milk in TBST for 60 
min at room temperature (18°C-22°C) and rinsed three 

times with TBST for 10 min for each wash. Afterward, 
the blots were incubated overnight using specific prima-
ry antibodies Atg7, Beclin-1, LC3B-I, LC3B-II, Caspase-3 
(Cell Signaling Technology, 1:1000 dilution) and GAPDH 
as a loading control (Cell Signaling Technology, 1:5000 
dilution), followed by a wash three times with TBST for 
10 min each and incubation with secondary antibodies 
(1:5000 dilution, Santa Cruz Biotechnology, CA, USA) at 
room temperature (18°C-22°C) for 90 min. The immu-
noreactive signal was developed using West-Q Pico ECL 
Solution (GenDEPOT, Barker, TX, USA). The integrated 
optical density of the bands was evaluated by Image-Pro 
Plus 6.0 software (Media Cybernetics Inc., Silver Spring, 
MD, USA). The levels of protein expression were relatively 
expressed as being normalized to GAPDH. Each experi-
ment was repeated three times.

Fluorescence of Ca2+ and laser scanning confocal microscopy
For calcium detection, cells were grown in 6-well plates 
and incubated with the intracellular Ca2+ indicator Fluo 
8-AM from Invitrogen (ThermoFisher, MA, USA) at 37oC 
for 30 min, according to the manufacturer’s proto-
cols. The fluorescence intensity was monitored at 490 
nm/515 nm (Ex/Em). Fluorescent images were taken by 
an LSM510 confocal laser scanning microscope (Carl-
Zeiss, Jena, Germany) and analyzed using Image-Pro 
Plus 6.0 software (Media Cybernetics, Silver Spring, MD, 
USA). The means of fluorescence density in cells were 
compared. Data were expressed and represented as the 
mean±SEM of integrated optical densities from at least 
three different experiments.

Transmission electron microscopy (TEM)
Autophagosomes, also known as “autophagic vacuoles,” 
can be detected by TEM. Autophagic vacuoles have a dou-
ble-membrane structure, which is partially visible as two 
parallel membrane bilayers with morphologically intact cy-
tosol and/or organelles (9, 13). In this study, after a wash 
with 0.1 M cacodylate buffer (pH 7.4), the cells were first 
fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 
1 h and then in 1% osmium tetroxide buffer for post-fix-
ation. After dehydration in a graded series of ethanol, the 
cells were embedded in an epoxy resin (Marivac Industries, 
Montreal, QC, Canada). Ultrathin (~70 nm) sections were 
cut and placed on the grids. The sections on the grids were 
double-contrast stained with uranyl acetate and lead ci-
trate for electron microscopy (JEM-1230; JEOL, Tokyo, 
Japan). Images were viewed using a Hitachi 7600 TEM 
(Hitachi High-Technologies America, Inc., Schaumburg, IL, 
USA). In addition, the density of autophagic vacuoles was 
expressed by vacuoles/number of cells.
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Statistical analysis
All data are presented as the mean±standard error of the 
mean (SEM). One-way analysis of variance was used to 
examine the overall statistical differences using The Sta-
tistical Package for the Social Sciences (SPSS) software 
version 24.0 (IBM Corp.; Armonk, NY, USA). Differences 
between the groups were considered statistically signifi-
cant at p<0.05.

RESULTS

Frizzled-2 siRNA induced autophagy in BRL-3A cells 
with H/R treatment
The inhibition of Wnt5a/Frizzled-2 pathways was 
achieved by inhibiting Frizzled-2 expression at both 
mRNA and protein levels via the transfection of Frizzled-2 
siRNA (50 nM) (11). The effects of Frizzled-2 siRNA on 
the expressions of representative autophagy markers, 
including Beclin-1 and Atg7, were examined in BRL-3A 
cells with H/R treatment. The LC3B-II/I ratio, a hallmark 
of autophagy in mammalian cells, and the number of au-
tophagic vacuoles were further analyzed to evaluate the 
role of Frizzled-2 signaling in regulating autophagic flux. 
Both Beclin-1 and Atg7 were considerably induced at the 
protein level by H/R treatment; the induction was atten-
uated by Frizzled-2 siRNA transfection (Figures 1a-c). 
The LC3B-II/I ratio was inhibited by H/R treatment but 
remarkably induced by Frizzled-2 siRNA (Figures 1a-d). 
These results suggest that H/R treatment impeded the 
autophagy activity due to the inhibited conversion of 
LC3B-I to LC3B-II, which could be reversed by Frizzled-2 
siRNA. We further evaluated autophagic vacuoles using 
TEM. Substantial increases in both the number and size 
of nonfunctional vacuole vesicles were observed; howev-
er, compared with the normal control cell group (Figure 
2a) by TEM image analysis, autophagosomes were not 
clearly shown in NC-H/R (Figure 2b) and H/R (Figure 2d) 
groups. The nonfunctional vacuole vesicles considerably 
decreased, whereas autophagosomes increased in the 
Si-H/R group with Frizzled-2 siRNA transfection (Figure 
2c), compared with the normal control cell group (Figure 
2a), NC-H/R group (Figure 2b), and H/R group (Figure 2d). 
These results indicate that Frizzled-2 siRNA transfection 
can induce the recovery of autophagy impaired by H/R 
treatment in BRL-3A cells.

Frizzled-2/Wnt5a pathway was downregulated by Friz-
zled-2 siRNA in BRL-3A cells
To further determine the roles of the Wnt5a/Frizzled-2 
pathway in cell autophagy in hepatic cells, the expression 
of Frizzled-2/Wnt5a was examined by overexpressing 

the Frizzled-2 expression vector and silencing Frizzled-2 
gene expression in BRL-3A cells via siRNA approach un-
der normoxia. After the transfection of Frizzled-2 ex-
pression vector (FRI), the qPCR analysis showed the 
mRNA levels of Frizzled-2, followed by 266- and 3-fold 
increases in Wnt5a expression (p<0.01; Figures 3a b), as 
compared with the control cell group. The protein ex-
pression of both Frizzled-2 and Wnt5a increased dramat-
ically by 2.7- and 2.2-fold, as compared with the control 
cell group by Western blot assay (Figures 3c-e). On the 
contrary, the Frizzled-2 mRNA and protein expressions 
were suppressed by the transfection of Frizzled-2 siRNA, 
whereas the Wnt5a mRNA level remained unchanged, 
with a slight increase in the protein expression level com-
pared with the NC group.

Overexpression of Frizzled-2-induced accumulation of 
intracellular Ca2+ in BRL-3A cells
To determine the role of activation of the Wnt5a/Friz-
zled-2 pathway in modulating the level of intracellu-
lar Ca2+, confocal microscopy was used to examine the 
intensity of Ca2+ fluorescence of Fluo-3/AM after the 
transfection of Frizzled-2 expression vector or siRNA 
in BRL-3A cells. The Ca2+ fluorescence intensity con-
siderably increased in the FRI group, compared with the 
control cell group (69.90±4.34 vs. 46.49±6.30, p<0.05, 
Figures 4a, d, and e), whereas intensity was substantially 
inhibited in the Frizzled-2 siRNA group (23.71±7.68 vs. 
46.99±6.32, p<0.05, Figures 4b, c, and e).

Frizzled-2 inhibited autophagy in hepatic BRL-3A cells 
under normoxia
To determine the role of Frizzled-2 in regulating auto-
phagy activities and autophagic flux, BRL-3A cells were 
transfected with a Frizzled-2 expression vector or siRNA. 
Autophagy-related proteins and autophagosome mark-
ers LC3B-I and -II were detected by immunoblotting. 
Compared with the normal control cell group (Figures 
5a-c, Atg7, 1.00±0.00 vs. 1.95±0.08, p<0.05; Beclin-1, 
1.00±0.00 vs. 2.83±0.06, p<0.05), both Atg7 and Beclin-1 
were considerably upregulated in the Frizzled-2 overex-
pressing cells. However, compared with the siRNA-NC 
group (Figures 5a-c, Atg7, 1.00±0.00 vs. 0.48±0.03, 
p<0.05; Beclin-1, 1.00±0.00 vs. 0.59±0.01, p<0.05), Atg7 
and Beclin-1 were inhibited in cells transfected with Friz-
zled-2 siRNA. The LC3B-II level decreased while LC3B-I 
increased by Frizzled-2 overexpression (Figure 5a), lead-
ing to a substantial decrease in the LC3B-II/LC3B-I ratio 
(Figure 5d). This observation suggests that the conver-
sion of LC3B-I to LC3B-II was blocked; it also suggests 
that the number of autophagosomes decreased and that 
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autophagic flux was inhibited by Frizzled-2 overexpres-
sion. Autophagosomes in transfected BRL-3A cells were 
further examined by electronic microscopy. The results 
showed fewer autophagosomes in the Frizzled-2-over-
expressing BRL-3A cells than in the control cells (Figures 
6a, d); they also indicated a higher number of autophago-
somes in the Frizzled-2 siRNA transfected cells than in 
the siRNA-NC group (Figures 6b, c). These observations 
confirm that autophagy activity was inhibited by Friz-
zled-2 overexpression in BRL-3A cells under normoxia.

Frizzled-2-induced cell apoptosis in BRL-3A cells
Caspase-3, a crucial mediator of cell apoptosis, was 
examined to assess the effect of Frizzled-2 signal-
ing on cell apoptosis in BRL-3A cells. The level of total 
Caspase-3 protein expression considerably increased 
by overexpressing Frizzled-2, compared with the con-
trol cell group (p<0.001). The total Caspase-3 protein 
expression was, however, suppressed by its siRNA 
transfection, compared with siRNA-NC (p<0.05) (Fig-
ures 7a, b), indicating that activated Frizzled-2 sig-
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Figure 1. a-d. Effect of Frizzled-2 siRNA on the expressions of autophagy-related proteins in BRL-3A cells during H/R treatment. (a) 
Representative photographs of protein expression of Atg7, Beclin-1, LC3B-I/II, and GAPDH by immunoblotting; (b) Relative Atg7 protein 

expression. (c) Relative Beclin-1 expression; (d) The ratio of relative LC3B-I/II protein level. Band intensity was measured to quantify the relative 
protein expression and normalize it to GAPDH. Bar graphs are presented as means±SEM from three independent experiments. *p<0.05 and 

**p<0.001 vs. cell group, and #p<0.05 and ##p<0.001 vs. Si-H/R group.
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naling may induce cell death. In contrast, the silence 
of Frizzled-2 gene expression may protect cells from 
apoptosis in hepatic BRL-3A cells.

DISCUSSION
Autophagy has been shown to play a positive role in the 
prevention of liver damage after HIRI injury (14-17). In 
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Figure 2. a-d. Frizzled-2 siRNA promoted autophagy flux in BRL-3A cells during H/R treatment. Representative TEM images showed 
autophagosomes or autophagic vacuoles (red arrows) in BRL-3A cells: (a) Cell group; (b) NC-H/R group; (c) Si-H/R; (d) H/R group. The numbers of 

autophagosomes (red arrows) were determined. Scale bars denote 1 µm.
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Figure 3. a-e. Expression of Frizzled-2 and Wnt5a at mRNA and protein levels in BRL-3A cells. The levels of mRNA and protein of Wnt5a and Frizzled-2 
were detected using qPCR and Western blot, respectively. (a) The mRNA expression of the Frizzled-2 gene increased in cells transfected with Frizzled-2 
plasmid (FRI) and downregulated in cells with Frizzled-2 siRNA transfection (Si). (b) Wnt5a mRNA expression was induced by Frizzled-2 overexpression 
(FRI). (c) Representative photographs of protein expression of Frizzled-2 and Wnt5a; (d) Relative Frizzled-2 protein expression level; (e) Relative Wnt5a 
protein expression level. The relative protein expression levels were expressed as band optical densities normalized to GAPDH expression. Data were 

presented as means±SEM from three independent experiments. *p<0.05, **p<0.001 vs. cell group; #p<0.05, ##p<0.001 vs. Si group.
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this study, we investigated the effects of Frizzled-2 sig-
naling on autophagy activity under the H/R condition 
using rat hepatic BRL-3A cells (Figure 8). Our results re-
vealed that H/R treatment induced Frizzled-2 expression 
and Ca2+ overload and reduced autophagy activity. The 
overexpression of Frizzled-2 impaired autophagy under 
normoxia by elevating the expression of Atg7 and Be-
clin-1 while suppressing the conversion of LC3-I to LC3-
II and inducing the Caspase-3-dependent cell apoptosis 
(Figure 8a). In contrast, Frizzled-2 siRNA considerably 
induced autophagy activity in BRL-3A cells while it in-
hibited the intracellular Ca2+ level as well as apoptosis in 
BRL-3A, thereby attenuating the H/R-induced hepatic 
cell injury (Figure 8b). Our findings suggest that the sup-
pression of the Frizzled-2/Wnt5a pathway partially pro-
tects liver cells from H/R injury via autophagy activation.

To address the potential hepatocyte functionality in re-
sponse to HIRI, an in vitro H/R hepatic cell model was 
established by the incubation of rat normal liver BRL-3A 
cells under hypoxia (0.1% oxygen) for 4 h, followed by 
reoxygenation for 1 h (11), which can mimic in vivo he-
patic cells under the HIRI condition and allow for in vitro 

cellular functional and mechanistic studies. Our previous 
studies demonstrated that H/R treatment induces the 
expression of Frizzled-2 and Wint5a, the level of intracel-
lular Ca2+, and cell cytotoxicity and apoptosis in BRL-3A 
cells. This induction was, in turn, attenuated by Frizzled-2 
siRNA (11). These observations suggest that Frizzled-2/
Wint5a signaling mediates the H/R-induced intracellular 
Ca2+ level and cell injury in BRL-3A cells and that Friz-
zled-2 siRNA may have the potential to protect hepatic 
cells from the H/R challenge.

Autophagy is a dynamic process in which many molecular 
pathways participate in cellular proliferation, apoptosis, 
or cellular stress or injury. Other studies have shown that 
the induction of autophagy protects cells against HIRI 
(18, 19). Autophagy plays distinct roles in cells exposed to 
H/R. In this study, H/R treatment suppressed autophagy, 
which was associated with cell death, as evidenced by the 
induced expression of autophagy-related proteins Atg7 
and Beclin-1, as well as the inhibition of autophagic flux in 
BRL-3A cells. The level of LC3B-I was upregulated by the 
overexpressed Frizzled-2 gene, whereas the transfection 
of Frizzled-3 siRNA induced the LC3B-II expression and 
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Figure 4. a-e. Frizzled-2 induced intracellular Ca2+ accumulation in BRL-3A cells. Fluorescence of intracellular Ca2+ denoted by Fluo-3/AM 
(green) was detected at 48 h following the transfection of Frizzled-2 plasmid or siRNA (50 nM); (a) Weak intensity of Ca2+ fluorescence 

was observed in the control cell group by confocal microscopy; (b) Ca2+ fluorescence in the siRNA-NC group showed similar intensity to the 
control group cells; (c) A considerable decrease in intensity of Ca2+ fluorescence was shown in siRNA group (Si); (d) Stronger intensity of Ca2+ 

fluorescence was detected in cells transfected with Frizzled-2 expression vector (FRI); (e) Quantitative analysis of the intensity of intracellular 
Ca2+ fluorescence among different groups. *p<0.05, **p<0.001 vs. cell group; #p<0.05, ##p<0.001 vs. Si group.
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LC3B-II/I ratio. It also attenuated the H/R-induced ex-
pression of Atg7 and Beclin-1, suggesting that cell auto-
phagy activity was enhanced by Frizzled-2 siRNA, there-
by mitigating cell injury and apoptosis in response to H/R 
treatment in BRL-3A cells. The increased autophagic flux 
in steatotic cells exposed to HIRI was correlated with a 
corresponding increase in cell death with an induced ex-
pression of several autophagy markers, such as LC3B-II, 
Atg7, beclin-1, HMGB1, and p62 (20). Beclin-1 plays a key 
role in regulating every major step in autophagic path-

ways from autophagosome formation to autophagosome 
maturation (21). The Beclin-1 expression was upregulat-
ed during cell stress but suppressed during the cell cy-
cle (21). Autophagy under ischemia was accompanied by 
the upregulation of Beclin-1 expression in cultured car-
diac myocytes during reperfusion. Autophagy and car-
diac injury during the reperfusion phase were consider-
ably attenuated by the inhibition of Beclin-1 expression 
(21). LC3B is a protein that is positively correlated with 
the induction of autophagy. The conversion of LC3B-I 
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Figure 5. a-d. Effect of Frizzled-2 on the expression of autophagy-related proteins in BRL-3A cells. (a) Representative photographs of protein 
expression of Atg7, Beclin-1, LC3B-I/II, and GAPDH by immunoblotting; (b) Relative Atg7 protein expression; (c) Relative Beclin-1 expression; (d) 
The ratio of relative LC3B-I/II protein level. The band optical densities were measured to quantify the relative protein expression and normalize 

it to GAPDH. Bar graphs are presented as means±SEM from three independent experiments. *p<0.05 and **p<0.001 vs. cell group, and #p<0.05 
and ##p<0.001 vs. Si group.
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Figure 6. a-d. Frizzled-2 siRNA increased autophagosomes in BRL-3A cells. TEM scanning was performed in BRL-3A cells, with representative 
TEM images shown; (a) Cell group; (b) NC group; (c) Si group; (d) FRI group. The numbers of autophagosomes or autophagic vacuoles (red 

arrows) were determined. Scale bars denote 1 µm.
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to LC3B-II is the most common autophagosome marker 
because the amount of LC3B-II reflects the number of 
autophagosomes and autophagy-related structures. An-
other study showed that hypoxia and steatosis could be 
detrimental to autophagy (20). Our study demonstrated 
that Frizzled-2 siRNA suppressed the H/R-induced ex-
pression of autophagy-related proteins and recovered 
the H/R-impaired autophagy flux in BRL-3A cells. During 
the mimicking of H/R treatment, the overexpression of 
Frizzled-2 impaired autophagy under normoxia by elevat-
ing the expression of Atg7 and Beclin-1 while suppressing 
the autophagic flux by inhibiting the LC3-II to LC3-I ratio. 
A detailed study is needed to explore whether the H/R 
treatment modulation of autophagy is directly mediated 
by Frizzled-2/Wnt5 signaling.

Intracellular Ca2+ overload is one of the major patho-
logical changes of ischemic tissue injury, which directly 
triggers cell death. Therefore, the control of intracellular 
Ca2+ concentration is critical in the treatment of ischemic 
injury (22). Our previous study showed that the Wnt5a/
Frizzled-2 pathway has a critical role in controlling Ca2+ 
overload (11). Ca2+ concentration is a key determinant 
of ischemia-reperfusion-induced apoptosis (22). The 
Ca2+-dependent pathway was involved in autophagy in-
duction for notochordal cells under hyperosmotic stress 
(23). In this study, Frizzled-2 siRNA decreased the accu-
mulation of Ca2+ while it increased the number of auto-
phagosomes after H/R treatment, suggesting that Friz-

zled-2 siRNA induction of autophagy is intracellular Ca2+ 
dependent.

Caspase-3, a crucial mediator of cell apoptosis, is fre-
quently activated to catalyze the specific cleavage of 
many key cellular proteins involved in the apoptotic cell 
death (24). The cross-regulation of autophagy and apop-
tosis may be involved in the H/R context through modu-
lating the expressions of autophagy-related proteins and 
caspases (25, 26). In this study, the overexpression of 
Frizzled-2 induced cell apoptosis with an increased lev-
el of total Caspase-3 expression, which correlated with 
a corresponding decrease in the activity of autophagy. 
Nonetheless, more studies are needed to emphasize au-
tophagy’s contribution to apoptotic cell death in protect-
ing the liver from HIRI.

The transfection of Fizzled-2 siRNA in BRL-3A cells 
mainly revealed the role of Frizzled-2. The main disad-
vantages of using siRNA transfection are a short half-life 
and a limited knockdown efficiency arising from a diffi-
cult delivery. The findings of this study using the in vitro 
cell lines should be further validated in the primary he-
patocytes or in vivo animal studies.

Cell autophagy enables the cellular physiological re-
sponse to stress or injury and promotes cell survival. A 
complex interplay between hepatic autophagy and apop-
tosis determines the fate of a cell during H/R-induced 

177

Turk J  Gastroenterol  2020;  31(2) :  167-79 Hu et al .  Fr izzled-2 siRNA enhanced BRL-3A cel l  autophagy

Figure 7. a, b. Frizzled-2 induced cell apoptosis in BRL-3A. (a) Representative photographs of protein expression of total Caspase-3 and GAPDH; 
(b) The band optical densities were measured to quantify relative total Caspase-3 protein level and normalize it to GAPDH. Data are presented 
as means±SEM from three independent experiments. *p<0.05 when compared with cell group and #p<0.05 when compared with the Si group.
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injury in BRL-3A cells. In this study, the overexpression 
of Frizzled-2 while mimicking H/R injury undermined the 
cellular autophagy activity but induced the cellular Ca2+ 
level and stimulated the Caspase-3-dependent apop-
tosis. Our results suggest that Frizzled-2 siRNA stimu-
lates autophagy to protect hepatic cells by partially at-
tenuating H/R-induced hepatic injury. Much more work 
is needed to further clarify the roles of autophagy in the 
pathophysiology of the liver and the signaling pathways 
involved in the regulation of autophagy and apoptosis in 
response to H/R injury.

In conclusion, H/R treatment induced Frizzled-2 expres-
sion and Ca2+ overload and reduced autophagy activity. 
The overexpression of Frizzled-2 impaired autopha-
gy under normoxia by elevating the expression of Atg7 
and Beclin-1 while suppressing the conversion of LC3-I 
to LC3-II and inducing cell apoptosis. Frizzled-2 siRNA 
partially protected BRL-3A cells from H/R treatment by 
enhancing autophagy activity. Thus, our findings suggest 
that silencing Frizzled-2 expression may be a potential 
therapeutic target for liver HIRI.

Significance: Our findings suggest that Frizzled-2 siRNA partially 
protects hepatic BRL-3A cells against H/R-induced hepatic injury 
via the activation of autophagy.
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