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In several cancer cells, luteolin (30 ,40 ,5,7-tetrahydroxyflavone) exerts anticancer effects by upregulation of
oxidative stress and endoplasmic reticulum (ER) stress, which are shown to activate p53-dependent cell
death. Since luteolin-mediated ER stress regulation has not been investigated in hepatocellular carci-
noma (HCC) cells, we investigated the role of ER stress in anti-carcinogenic effects using p53-wild type
and p53-null HCC cells treated with luteolin. Trypan blue exclusion test was implemented to determine
cell viability. Western blot was applied to compare the difference of autophagy, apoptosis, and prolif-
eration event between cell lines. ER stress and p53 activation were determined by RT-PCR. Our results
showed that luteolin at 5e10 mmol/L induced higher cytotoxicity in p53-null Hep3B cells than in p53-
wild type HepG2 cells. Cytotoxicity was not observed in normal liver cells. Apoptosis activation and
proliferation inhibition occurred in only p53-null Hep3B cells in response to luteolin treatment. Also,
luteolin induced oxidative stress and ER stress in p53-null Hep3B cells. Although we observed the in-
duction of p21 in Hep3B cells, the concomitant increases in mRNA levels of p53 family members,
including TAp63 and TAp73, were not observed. Furthermore, luteolin induced autophagy in Hep3B cells
only, which enhanced cell viability. Taken together, this study suggests that luteolin-induced ER stress
may exert anticancer effects in a p53-independent manner.

© 2019 Published by Elsevier Inc.
1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
primary liver malignancy and the major cause of cancer-related
mortality worldwide [1]. Furthermore, HCC is diagnosed late for
unnoticeable symptoms [2]. In cancer cells, there is an imbalance
between cell proliferation and death [3]. As basal apoptotic signal of
cancer is low, an induction of apoptosis plays a key role in anti-
cancer mechanisms. p53, the tumor suppressor protein, is one of
targets in cancer treatment. In response to stress stimuli, such as
DNA damage or oxidative stress, p53 is activated to induce the
expression of target genes involved in the regulation of apoptosis,
cell cycle arrest, and autophagy [4]. As autophagy acts in buffering
stress stimuli, its induction could be crucial for cancer cells to
survive. However, deficiency in autophagy causes the failure in
sustaining homeostasis, such as eliminating damaged proteins and
managing oxidative stress, thus regulating cellular conditions that
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favor to be either pro-tumorigenic or susceptible to cell death [5].
Endoplasmic reticulum (ER) is involved in calcium homeostasis,

protein quality control, and lipid synthesis. Under prolonged or
severe ER stress, unfolded protein reaction (UPR) system is induced
to alleviate stress so that cells can survive. Through UPR system,
protein accumulation in ER is decreased by downregulation of
protein translocation to ER and folding capacity is enhanced by
activating transcription of ER-resident chaperone protein. Upon a
prolonged ER stress, X-box-binding protein-1 (Xbp-1) mRNA is
activated by splicing, leading to apoptosis via activation of the C/
EBP homologous protein (CHOP). In addition, phosphorylation of
inositol-requiring enzyme 1 (IRE1) is known to induce apoptosis by
activation of c-Jun N-terminal kinase. Thus, regulation of ER stress
becomes an important control point because it affects both cell
survival and cell death [6]. Furthermore, Xbp-1 is known to upre-
gulate the formation of autophagosome by transcriptional activa-
tion of beclin 1 [7].

Luteolin (30,40,5,7-tetrahydroxyflavone), a flavonoid that is
found in broccoli, pepper, thyme, and celery, has been shown to
exert anticancer effects via p53 and autophagy activation in HCC
autophagy by luteolin in human hepatocellular cancer Hep3B cells,
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cells [8,9]. However, the anticancer effects of luteolin via regulating
ER stress in HCC have not been studied yet. In addition, ER stress is
known to activate p53, thus influencing p53-dependent anticancer
mechanism, such as apoptosis, cell proliferation, and autophagy.
Therefore, we used p53-wild type HepG2 cells and p53-null Hep3B
cells to investigate whether ER stress is involved in anticancer ef-
fects of luteolin in HCC cells.
2. Materials and methods

2.1. Cell culture and treatment

HumanHCC cells, HepG2 (p53wild type; American Type Culture
Collection, USA) and Hep3B (p53 null type; KCLB; Korean Cell Line
Bank, Korea) were cultured in Dulbecco's modified Eagle's medium
(DMEM;WelGene, Korea) supplemented with 10% heat-inactivated
fetal bovine serum (WelGene). Murine normal liver cell line, NCTC
clone 1469 (KCLB) were cultured in DMEM (WelGene) supple-
mented with 10% horse serum (WelGene). All cell lines were
incubated in a humidified 95% air, 5% CO2 atmosphere at 37 �C.
When the cultures reached about 40e60% confluence, they were
serum starved for 16 h and were treated with various concentra-
tions of luteolin for 48 h. For the inhibition of autophagy, cells were
treated with 10 mmol/L chloroquine (CQ; Sigma, USA) or 5mmol/L
Fig. 1. Luteolin induced apoptosis and inhibited cell proliferation in p53-null Hep3B cells. (A
HepG2 cells, and normal liver cells, NCTC clone 1469. Cell were treated with luteolin (0e10
exclusion assay. (B&C) The cleavage of PARP protein levels and (D&E) PCNA protein levels we
at 5 and 10 mmol/L. HSC70 was used to normalize the data. Data were presented as mean
ANOVA followed by Duncan multiple range test, p < 0.05). CONT: 0.2% DMSO only.
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3-methyladenine (3-MA; Sigma) in the absence or presence of
luteolin. Cell viability was determined using trypan blue exclusion
test. The effect of each treatment on cell viability was assessed by
the relative value compared with control value.
2.2. Measurement of protein levels by immunoblotting

After treatment, the cells were scraped from the dishes and
lysed in ice-cold lysis buffer. The protein contents of the lysates
weremeasuredwith Protein Assay Dye Reagent (Bio-Rad, USA), and
equal amounts of protein were loaded into the lanes of an SDS-
PAGE gel, electrophoresed, and blotted onto a PVDF membrane
(Millipore, USA). After the membranes had been blocked with
either 5% nonfat milk or bovine serum albumin, they were probed
with a specific primary antibody as follows: anti-catalase (Abcam,
UK), anti-microtubule-associated protein light chain 3 (LC3; Novus
Biology, USA), anti-p53 (Santa Cruz Biotechnology, USA), anti-poly
(ADP-ribose) polymerase (PARP; Cell Signaling Technology, USA),
anti-proliferation cell nuclear antigen (PCNA; Santa Cruz Biotech-
nology), or anti-heat shock protein 70 (HSC70; Santa Cruz
Biotechnology). Membranes were then incubated with a horse-
radish peroxidase-linked secondary antibody for chemilumines-
cent detection. The band intensities were quantified with Quantity
One software (Bio-Rad).
) The effect of luteolin on cell viability of hepatic carcinoma cells, including Hep3B and
mmol/L, 0.2% DMSO) for 48 h. The cytotoxicity of luteolin was assessed by trypan blue
re determined by immunoblotting in Hep3B cells and HepG2 cells treated with luteolin
± SEM (n¼ 3e4). Bars with different superscripts are significantly different (one-way
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2.3. Measurement of gene expression using semiquantitative and
quantitative PCR analyses

After treatment, total RNA was extracted with RNAiso Plus
(Takara, Japan). cDNA was synthesized using 2 mg of total RNA with
Superscript II Reverse Transcriptase (Invitrogen, USA). To deter-
mine mRNA levels of Xbp-1, semi-quantitative PCR was used.
Amplified products were further digested by PstI (Promega, USA) to
check whether a PstI restriction site was lost after IRE1-mediated
splicing of mRNA. Amplified products were separated on an
agarose gel and visualized with a Loading STAR nucleic acid
staining solution (Dyne Bio, Korea). For quantitative PCR analysis,
mRNA expressions were analyzed by StepOne™ Real Time PCR
System (Applied Biosystems, USA) using SYBR® Green PCR Master
Mix (Applied Biosystems) according to supplier's protocol. Actbwas
used as a reference gene and relative gene expression levels were
analyzed using 2-DDCt method. The primer sequences are described
in Supplementary Table 1.
Fig. 2. Luteolin induced ER stress in p53-null Hep3B cells. (A) Antioxidant enzyme catalase
10 mmol/L luteolin. HSC70 was used to normalize the data. Gene expression levels of (B) spli
spliced Xbp-1, (F) Bip, and (G) Chop in HepG2 cells treated with 5 mmol/L luteolin. Spliced
normalize spliced Xbp-1. Bip and Chop mRNA levels were determined by quatitative PCR and
Bars with different superscripts are significantly different (one-way ANOVA followed by Du
test). CONT: 0.2% DMSO only.

Please cite this article as: Y. Lee, Y.H. Kwon, Regulation of apoptosis and
Biochemical and Biophysical Research Communications, https://doi.org/1
2.4. Statistical analyses

All data were analyzed using SPSS software (ver. 23.0, SPSS Inc.,
USA). For multiple comparison, significant difference was deter-
mined by one-way analysis of variance (ANOVA) followed by
Duncan's multiple range test. Student's t-test was used for two-
group comparison. The data are reported as the means ± SEMs,
and differences were considered significant at p< 0.05.
3. Results

3.1. Luteolin induced apoptosis and inhibited cell proliferation in
p53-null Hep3B cells, but not in p53-wild type HepG2 cells

First, we determined the effect of luteolin on viability of HCC
cells, including p53-null Hep3B and p53-wild type HepG2 cells, and
normal liver cells, cells were treated with luteolin at concentrations
of 1e10 mmol/L for 48 h. As a result, treatment of HCC cells with
protein levels were determined by immunoblotting in Hep3B cells treated with 5 and
ced Xbp-1, (C) Bip, and (D) Chop in Hep3B cells treated with 10 mmol/L luteolin, and (E)
Xbp-1 mRNA was determined by semiquantitative PCR and total Xbp-1 was used to
Actb was used to normalize the PCR data. Bars represent the means ± SEM (n¼ 3e4).
ncan's multiple comparison test, p < 0.05). *p< 0.05 compared with CONT (Student's
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luteolin at 2.5e10 mmol/L significantly decreased cell numbers
(Fig. 1A). However, NCTC clone, normal murine liver cells, showed
resistance against the cytotoxicity of luteolin at 1e10 mmol/L. To
investigate whether apoptosis is involved in a decrease in cell
viability, we measured the cleavage of PARP, a well-recognized
marker for apoptosis. Protein levels of PARP cleaved form were
significantly increased about 20 times in 10 mmol/L luteolin-treated
Hep3B cells compared to DMSO-only treated control cells (Fig. 1B).
Such a dramatic increase was not observed in luteolin-treated
HepG2 cells (Fig. 1C). We also determined whether luteolin
decreased Hep3B cell numbers by inhibition of cell proliferation.
PCNA, an indicator of cell proliferation, was downregulated in
luteolin-treated Hep3B cells in a dose-dependent manner (Fig. 1D).
However, no change was detected in HepG2 cells (Fig. 1E).
3.2. Luteolin induced ER stress in p53-null Hep3B cells, but not in
p53-wild type HepG2 cells

It has been reported that luteolin increased ER stress via
oxidative stress in cancer cells [10]. Consistently, we observed
downregulation of catalase protein levels in luteolin-treated Hep3B
cells, suggesting the generation of oxidative stress in response to
luteolin (Fig. 2A). To investigate whether luteolin induced ER stress
in HCC cells, wemeasured themRNA levels of ER stress biomarkers,
spliced form of Xbp-1, Bip, and Chop. Luteolin treatment at 10 mmol/
L significantly upregulated themRNA levels of both Bip (Fig. 2B) and
spliced Xbp-1 (Fig. 2C) in p53 null Hep3B cells. No significant effect
was observed in Chop mRNA level in Hep3B cells (Fig. 2D).
Expression of genes involved in ER stress were also measured in
p53 wild type HepG2 cells treated with 5 mmol/L of luteolin, at
which a slight increase of apoptosis was observed. There were no
Fig. 3. Induction of TAp63 and TAp73 is not involved in luteolin-induced apoptosis in p53-n
cells treated with 5 and 10 mmol/L luteolin. HSC70 was used to normalize the data. (B) The m
with 5 and 10 mmol/L luteolin. The mRNA levels of (C) p53 downstream genes and (D) p53 f
Actbwas used to normalize the PCR data. Bars represent the means ± SEM (n¼ 3). Bars with
multiple comparison test, p < 0.05). CONT: 0.2% DMSO only.
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significant changes in mRNA levels of Bip and Chop (Fig. 2E&F).
Spliced Xbp-1 mRNA levels showed only a slight increase in HepG2
cells (Fig. 2G).

3.3. Induction of TAp63 and TAp73 is not involved in luteolin-
induced apoptosis in p53-null Hep3B cells

A previous report showed that luteolin treatment induced
anticancer effects via p53 activation in HCC cells [8]. To confirm
whether p53 is activated in HepG2 cells in response to luteolin
treatment at 5 and 10 mmol/L, we measured protein levels of p53
and mRNA levels of p53 downstream genes, including the pro-
apoptotic regulators Bim, Bax, and Puma, the autophagy modu-
lator Dram1, and the proliferation regulator p21. Although increases
in p53 protein levels were observed (Fig. 3A), there were no change
in mRNA levels of p53 target genes, except Dram1 in luteolin
treated-HepG2 cells (Fig. 3B). Interestingly, luteolin treatment
upregulated p21 gene expression in Hep3B cells (Fig. 3C). Thus, we
further examined whether p53 family members, including TAp63
and TAp73, are involved in the transactivation of p53-dependent
target gene expression. However, we observed downregulation of
TAp63mRNA levels and no changes in TAp73mRNA levels in Hep3B
cells in response to luteolin (Fig. 3D).

3.4. Luteolin induced autophagy, which enhanced viability of p53-
null Hep3B cells, but not in p53-wild type HepG2 cells

To investigate whether autophagy was regulated by luteolin
treatment, wemeasured the protein levels of LC3-II and p62, which
are representative autophagy markers. During the formation of
autophagosomal membranes, the level of LC-II is increased by
ull Hep3B cells. (A) p53 protein levels were determined by immunoblotting in HepG2
RNA levels of p53 downstream genes were determined in p53-wild HepG2 cells treated
amily members were determined in Hep3B cells treated with 5 and 10 mmol/L luteolin.
different superscripts are significantly different (one-way ANOVA followed by Duncan's
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conjugation cytosolic LC3 with phosphatidylethanolamine. During
the fusion of the autophagosome with lysosomes, LC3-II proteins,
located both in- and outside of autophagosome, are also degraded
with receptor protein p62 [11,12]. Thus, the level of LC3-II is
increased and the level of p62 is decreased simultaneously when
autophagy occurs. Indeed, the protein level of LC3-II was upregu-
lated and the protein level of p62 was downregulated via luteolin
treatment in p53 null Hep3B cells (Fig. 4A). However, none of
changes were observed in p53 wild type HepG2 cells treated with
luteolin (Fig. 4B).

To further investigate whether luteolin-induced autophagy in-
creases cell death in Hep3B cells, we measured viable cell numbers
in the presence of luteolinwith the autophagy inhibitors, 3-MA and
Fig. 4. Luteolin induced autophagy, which enhanced viability of p53-null Hep3B cells. (A) LC
with 5 and 10 mmol/L luteolin. (B) LC3-II and p62 protein levels were determined by imm
normalize the data. (C) Cell viability was measured when luteolin-induced autophagy was b
viability was measured when luteolin-induced autophagy was blocked in autolysosome deg
blue exclusion assay. Bars represent the means ± SEMs (n¼ 3e5). Bars with different sup
comparison test, p< 0.05). CONT: 0.2% DMSO only.
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CQ. Interestingly, we observed that cell death was increased when
luteolin-induced autophagy was inhibited by 3-MA (Fig. 4C) and CQ
(Fig. 4D) treatment. Taken together, we identified that luteolin-
induced autophagy promotes cancer cell survival.

4. Discussion

The present study investigated anticancer effects of luteolin on
p53 activation via ER stress in HCC cells. Unexpectedly, ER stress
was only increased in p53-null Hep3B cells. In consistent with ER
stress regulation, luteolin-induced anticancer effects were also
significantly higher in p53-null Hep3B cells compared to p53-wild
type HepG2 cells. Although luteolin at concentrations of
3-II and p62 protein levels were determined by immunoblotting in Hep3B cells treated
unoblotting in HepG2 cells treated with 5 and 10 mmol/L luteolin. HSC70 was used to
locked in autophagosome formation step by co-incubation 3-MA with luteolin. (D) Cell
radation step by co-incubation CQ with luteolin. Cell viability was assessed by trypan
erscripts are significantly different (one-way ANOVA followed by Duncan's multiple
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1e10 mmol/L induced cytotoxicity of HepG2 cells, the intensity was
relatively lower than that in p53-null Hep3B. Also, we identified
that there was no upregulation of most of p53 downstream target
gene expressions, except Dram1, in HepG2 cells. Damage-regulated
autophagy modulator Dram1 is an autophagy-related gene that
promotes autophagy via regulating the degradation of autopha-
gosome [13]. However, autophagy was not induced in HepG2 cells
in response to luteolin treatment. Taken together, it is possible that
luteolin exerts p53-independent anticancer effects in HCC cells.
Consistently, a previous study reported that luteolin inhibited
proliferation and increased apoptosis in p53-mutant HCC cells [14].
Indeed, sustained ER stress has been shown to induce GCN2/eIF2a
phosphorylation and ATF4 expression, which upregulate expres-
sion of pro-apoptotic genes, such as Bid and Trb3 [15].

Interestingly, mRNA levels of p21, which is involved in cell cycle
arrest, were significantly increased in p53-null HCC cells, but not in
p53-wild type HCC cells. Several studies have reported the role of
p53 family in cell cycle arrest under stress condition [16]. Indeed,
TAp63 and TAp73, the p53 family members, were shown to trans-
activate p53 downstream genes. However, in the present study,
TAp73 was not altered and even TAp 63 was decreased in luteolin-
treated p53-null HCC cells. So, the anticancer effects of luteolin
seem to be induced via p53-independent. Further investigations
are needed to identify the mechanism of p21 regulation.

Here, we observed that luteolin induced autophagy only in p53-
null Hep3B cells. Unlike the cytotoxic effects of luteolin via
apoptosis, it was identified that luteolin-induced autophagy
inhibited a reduction of cell number by co-incubation with auto-
phagy inhibitors. In contrast, luteolin exerted autophagy, which
promoted apoptosis in p53-wild SMMC-7721 HCC cells [9]. The
concentration of luteolin treatment in the previous study was 10
times higher than that in the present study. In other studies, lower
concentration of luteolin treatment (50 mmol/L) induced cytopro-
tective autophagy in cutaneous squamous cell carcinoma cells [17],
while higher concentration (200 mmol/L) of luteolin treatment
induced lethal autophagy in lung carcinoma cells [18]. Taken
together, the concentration might be an important factor in
determining whether luteolin-induced autophagy induces or in-
hibits cell death.

In conclusion, this study showed that luteolin induces ER stress
in p53-null Hep3B cells. Furthermore, apoptosis, proliferation, and
autophagy were regulated only in luteolin-treated Hep3B cells.
Thus, anticancer effects of luteolin seem to be induced in both p53-
dependent and p53-independent manners. The extent of cellular
stress may play an important role in switching the involved
mechanism of luteolin-induced anticancer effects.
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