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Background and aims: Hepatocellular carcinoma (HCC) is a malignant tumor with a high mortality rate,
but there are still no effective treatments. The aim of this study was to investigate the anticancer po-
tential of the combined use of brefeldin A (BFA) and tunicamycin (TM) in HepG2 cells, as well as the
underlying mechanisms.
Methods: HepG2 cells were treated with different concentrations of BFA (0.1e2.5 mg/L) and TM (1
e5 mg/L) for 24 h. DMSO (0.1 %, v/v) was used as a vehicle control. Cell viability and cell migration were
measured using MTT assay and scratch wound assay, respectively. Apoptosis was detected using flow
cytometry and acridine orange (AO) staining. The protein and mRNA levels of various factors involved in
apoptosis (poly (ADP-ribose) polymerase-1 (PARP-1), caspase-12, caspase-3, and stearoyl-CoA desaturase
1) and endoplasmic reticulum (ER) stress (binding immunoglobulin protein (BiP), protein kinase R-like
endoplasmic reticulum kinase (PERK), p-PERK, phosphorylation of eukaryotic translation initiation factor
2alpha (p-eIF2a), activating transcription factor (ATF) 4, and C/EBP homologous protein (CHOP)) were
measured using Western blotting and qRT-PCR, respectively.
Results: Both BFA and TM alone significantly reduced the viability of HepG2 cells in a dose-dependent
way. The co-incubation with TM (1 mg/L) further significantly reduced the viability of HepG2 cells
treated with BFA (0.25 mg/L) alone (P < 0.05). BFA significantly increased the protein and mRNA levels of
caspase-3 and PARP-1 (P < 0.05) compared to control and DMSO-treated cells, indicating that BFA
induced apoptosis in HepG2 cells by increasing the expression of caspase-3 and PARP-1. The induction of
apoptosis by BFA could be further significantly enhanced by co-incubation with TM. In addition, BFA
significantly increased the mRNA levels of BiP, PERK and ATF4 (P < 0.05) compared to control and DMSO-
treated cells. After co-incubation of BFA and TM, the protein levels of BiP, p-PERK, p-eIF2a and CHOP
were significantly increased, indicating that TM could enhance BFA-induced ER stress in HepG2 cells
through the PERK-eIF2a-ATF4-CHOP pathway.
Conclusions: BFA could induce apoptosis and ER stress, and TM could enhance the ability of BFA to induce
apoptosis and ER stress in HepG2 cells through the PERK-eIF2ɑ-ATF4-CHOP pathway. The findings
highlight the therapeutic potential of the combined use of BFA and TM in treating HCC.
© 2025 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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1. Introduction

Liver cancer has been considered a global health challenge,
ranking as the sixth most common cancer and the third leading
cause of cancer death globally.1 Hepatocellular carcinoma (HCC)
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is a major type of liver cancer and accounts for 75%e85% of cases
in 2020.1 The treatment options for HCC are highly dependent on
the stages of HCC at diagnosis. Generally, HCC at early and in-
termediate stages is commonly treated with locoregional thera-
pies, such as surgical resection, liver transplantation, local
ablation with radiofrequency, and transarterial chemo-
embolization. However, as for HCC at advanced stages, it is often
treated with palliative therapies (i.e, systemic therapies), such as
single-agent (sorafenib and lenvatinib) targeted therapy and the
combination of a checkpoint inhibitor plus targeted therapy
(atezolizumab plus bevacizumab).2 Nevertheless, the effects of
palliative therapies are limited, and only a small portion of pa-
tients can obtain durable therapeutic benefit. Moreover, the
prognosis of HCC patients is poor and characterized by frequent
intrahepatic recurrence and extrahepatic metastasis.3 According
to cancer statistics (2015e2019) published by the National Dis-
ease Registration Service (NDRS) of the National Health Service
(NHS) of England,4 more than 45% of patients with stage I liver
cancer will survive their cancer for 4 years or more after they are
diagnosed, while the survival rates decreased to 5% for stage IV
patients. Therefore, it is urgent to develop an effective treatment
strategy for HCC.

Recent studies have shown that natural compounds have anti-
proliferative and pro-apoptotic activities against cancer cells,
without apparent side effects on normal cells.5 Brefeldin A (BFA) is
a natural fungal metabolite produced by a marine fungus Penicil-
lium sp. (HS-N-29), and it has proven to have robust anti-cancer
activity against various types of cancer, such as leukemia, mela-
noma, prostate, breast, and colon cancer.6e8 Moreover, it is also
reported that BFA inhibits colorectal prostate cancer growth by
triggering binding immunoglobulin protein/protein kinase B (BiP/
Akt)-regulated autophagy.9 However, the biological responses of
BFA are complex and highly dependent on cell lines. In addition, the
anti-cancer activity of BFA is independent of the tumor suppressor
p53, making it a promising candidate for chemotherapeutic
agents.10,11 At present, the synthesis of BFA and its derivatives for
cancer therapy has received considerable attention.12,13 Tunica-
mycin (TM) is also a natural product derived from Streptomyces, and
it exerts anti-tumor efficacy by inducing endoplasmic reticulum
(ER) stress, triggering apoptosis and inhibiting tumor growth.14,15

Thus, it is of great significance to develop natural product-based
drugs in cancer treatment.

ER stress plays an important role in apoptosis. BiP is an indicator
of ER stress, and the overexpression of BiP has been found in tumor
samples of HCC patients compared to surrounding non-tumor tis-
sues.16 In addition, stearoyl-CoA desaturase 1 (SCD1) is over
expressed in liver cancer patients and highly associated with poor
prognosis.17 The inhibition of SCD1 can induce ER stress and elicit
anti-tumor effects.18,19 Especially, SCD1 may be a new therapeutic
target in the treatment of HCC.17 Protein kinase R-like endoplasmic
reticulum kinase (PERK) is a type I transmembrane protein in the
ER, and autophosphorylated PERK (p-PERK) can phosphorylate the
eukaryotic translation initiation factor 2alpha (eIF2a), leading to
the up-regulation of activating transcription factor (ATF) 4 and C/
EBP homologous protein (CHOP).20,21 ER stress can activate the
PERK-eIF2a-ATF4-CHOP signaling pathway leading to apoptosis. In
addition, ER stress can induce the dissociation of cysteine-aspartic
acid protease 12 (caspase-12) from the ER, resulting in the activa-
tion of BiP and caspase-3 to induce apoptosis.22

In this study, we hypothesized that the combination of BFA and
TM had great potential in the treatment of liver cancer. We inves-
tigated whether BFA could induce apoptosis in HepG2 cells through
the ER stress signaling pathway. We further examined the syner-
gistic effect of TM on the ability of BFA to induce apoptosis by
mediating ER stress.
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2. Materials and methods

2.1. Cells and materials

The human hepatocellular carcinoma cell line (HepG2) was
purchased from the Stem Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). HepG2 cells were cultured in high-
glucose Dulbecco’s minimal essential medium (DMEM, Cytiva,
Hangzhou, China) supplemented with 10% fetal bovine serum
(SORFA, Huzhou, China), 100 units/mL penicillin (Solarbio, Beijing,
China), 100 mg/mL streptomycin (Solarbio, Beijing, China), and
2 mmol/L glutamine (Cytiva, Hangzhou, China) at 37 �C under 5%
CO2. At 80% confluence, cells were detached using 0.25% trypsin-
EDTA (Solarbio, Beijing, China) and seeded in 96-well plates
(6 � 105 cells/mL) for toxicity tests.

BFA (purity >98%) and TM (purity >98%) were purchased from
Beyotime Biotechnology (Shanghai, China) and Shanghai Macklin
Biochemical (Shanghai, China), respectively. The stock solutions of
BFA (1 g/L) and TM (2 g/L) in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, MO, USA) were separately prepared and stored
at 4 �C. Prior to use, they were diluted in DMEM at different
concentrations.

2.2. Cell viability, morphological observation and cell migration

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Wuhan Boster
Biological Technology, Wuhan, China). Briefly, cells were seeded in
96-well plates (6 � 105 cells/mL) and cultivated for 24 h. Then, cells
were treated with different concentrations of BFA (0.1, 0.25, 0.5, 1.0,
and 2.5mg/L) and TM (1, 2, 3, 4, and 5mg/L) for 24 h. DMSO (0.1%, v/
v) was used as a vehicle control. To observe the combined effect of
BFA and TM, 0.25 mg/L was selected as the concentration for BFA
based on the present results and relevant research,8,23 at which BFA
had been shown to significantly inhibit the viability of HepG2 cells,
and 1 mg/L was selected for TM because this dose has been clini-
cally used in cancer treatment.24 Cells were treated with the
combination of BFA (0.25 mg/L) and TM (1 mg/L) for 24 h. After
treatment, cells were washed with phosphate-buffered saline (PBS,
Solarbio, Beijing, China) once and incubated in fresh DMEM con-
taining 0.5 mg/mL MTT for another 4 h. After incubation, the media
were removed and formazan was dissolved with 100 mL DMSO at
37 �C for 10 min. The absorbance was measured at 570 nm on a
microplate reader (BioTek, Winooski, VT, USA). The changes in cell
morphology were observed using a BX51 inverted microscope
(Olympus, Japan). Cell migration was measured using scratch
wound assay on 6-cell plates. Briefly, cells were seeded in 6-well
plates (6 � 105 cells/mL) and cultivated overnight. The wounds
weremade using sterile 20 mL pipette tips. After washing, cells were
treated with BFA (0.25 mg/L) and TM (1 mg/L), either individually
or in combination, for 24 h. The plates were photographed at 0 h
and 24 h using the BX51 inverted microscope, and the areas (S) of
the wounds were quantified using ImageJ (National Institutes of
Health, Bethesda, MD, USA, https://imagej.net/ij/index.html).
Wound closures (%) were calculated as [1-(S24 h/S0 h)] � 100%.

2.3. Flow cytometry and acridine orange staining

The percentage of apoptotic cells was determined by flow
cytometry using an annexin V-FITC/propidium iodide (PI) detection
kit (Dalian Meilun Bio, China) according to the manufacturer’s
protocol. Briefly, HepG2 cells were treated with BFA and TM, either
individually or in combination, for 24 h. After treatment, cells were
digested with 0.25% trypsin for 10 min and collected by centrifu-
gation at 800 g for 5 min. After washing twice with PBS, cells were
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re-suspended in 1 � binding buffer at a density of 1 � 106 cells/mL.
After adding annexin V-FITC and PI, cells were incubated at room
temperature for 15 min in the dark. Cells were analyzed using a BD
AccuriTM C6 flow cytometer (BD Bioscience, CA, USA). In addition,
apoptotic bodies in cells were detected using acridine orange (AO)
staining (CA1142, Solarbio, China). After treatment, cells were
washedwith PBS, digestedwith 0.25% trypsin, stainedwith AO, and
observed under a BX51 inverted fluorescence microscope.

2.4. Western blot assay

Cells were seeded (6 � 106 cells/mL) in 6-well plates and
cultivated for 24 h. Then, the cells were treated with BFA and TM,
either individually or in combination. After treatment, cells were
washed with PBS three times and lysed with loading buffer con-
taining 50 mmol/L Tris-HCI (pH 6.8), 5% glycerol, 5% b-mercaptoe-
thanol, 5% sodium dodecyl sulfate (SDS, Shanxi MiniBioTechnology,
Shanxi, China), and 0.25% bromophenol blue. Protein levels were
determined using a bicinchoninic acid (BCA) assay kit (Boster Bio-
logical Techonology, Wuhan, China). The proteins were separated
using SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene difluoride (PVDF) membrane
(Immobilon-P transfer membrane, Merck KGaA, Darmstadt, Ger-
many). The membranes were blocked with 5% skim milk in PBS
with 0.05% Tween-20 (G-CLONE, Beijing, China) (PBST) for 1 h at
room temperature and incubated with primary antibodies (Table 1)
overnight at 4 �C. The membranes were washed with PBST three
times (10 min per wash), followed by incubation in horseradish
peroxidase (HRP)-conjugated secondary antibodies (Table 1) for 1 h
at room temperature. The membranes were washed with PBST
three times (10 min per wash), and the proteins were visualized
using an enhanced chemiluminescence (ECL) detection kit (Ther-
moFisher, NJ, USA) and quantified using ImageJ.

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

HepG2 cells were treated with BFA and/or TM for 24 h. After
treatment, the cells were harvested and total RNA was extracted
using RNAiso Plus reagent (TaKaRa, Japan). The purity and con-
centration of RNA were determined using a NanoDrop TM 8000
spectrophotometer (Thermo Fisher Scientific, Wilmington, USA).
The cDNA was synthesized using a PrimeScript RT Master Mix kit
(TaKaRa, Japan), and qRT-PCR was performed using a SYBR Premix
Ex Taq™ II kit (TaKaRa, Japan) on a LineGene 9600 Plus real-time
Table 1
Antibodies used for Western blots.

Antibody Manufacturer

Mouse anti-human b-actin Protein Tech, China
Rabbit anti-human ATF4 Protein Tech, China
Rabbit anti-human BiP/GRP78 Protein Tech, China
Rabbit anti-human caspase-3 Protein Tech, China
Rabbit anti-human caspase-12 Protein Tech, China
Rabbit anti-human CHOP Protein Tech, China
Rabbit anti-human eIF2a Protein Tech, China
Rabbit anti-human PARP-1 Protein Tech, China
Mouse anti-human PCNA Wuhan Boster Bio, Ch
Rabbit anti-human PERK Protein Tech, China
Rabbit anti-human Phospho-PERK Beyotine, China
Rabbit anti-human Phospho-eIF2a CST, USA
Rabbit anti-human SCD1 Protein Tech, China
Goat anti-mouse IgG Protein Tech, China
Goat anti-rabbit IgG Protein Tech, China

Abbreviations: ATF4, activating transcription factor 4; BiP, binding immunoglobulin p
factor 2a; PARP-1, poly (ADP-ribose) polymerase-1; PCNA, proliferating cell nuclear an
CoA desaturase 1.
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PCR detection system (Hangzhou Bioer Technology, China). The
fluorescence emission data were acquired for 40 cycles at an
annealing temperature of approximately 60 �C. The primer se-
quences used for PCR are listed in Table 2. The relative mRNA
expression levels were normalized to the level of the internal
reference gene (b-actin) using the 2-DDCt method.

2.6. Statistical analysis

Data are presented as means ± standard deviation (SD). Statis-
tical analyses were performed by using GraphPad Prism 9.0
(GraphPad Software, CA, USA). Data were analyzed by one-way
analysis of variance (ANOVA), with differences between groups
evaluated by Tukey’s post hoc tests. P < 0.05 was considered as
significant.

3. Results

3.1. Combination of BFA and TM reduces cell survival in HepG2 cells

HepG2 cells treated with 0.1% DMSO showed no significant
changes in cell viability compared to untreated cells (control). In
contrast, BFA and TM significantly decreased the viability of HepG2
cells in a dose-dependent manner (Fig. 1A and B). Interestingly, the
combination of BFA (0.25 mg/L) and TM (1 mg/L) significantly
decreased the viability of HepG2 cells compared to BFA alone
(Fig. 1C), indicating that TM synergistically enhanced the cytotox-
icity of BFA to HepG2 cells. Therefore, 0.25 mg/L BFA and 1mg/L TM
were selected for subsequent experiments. In addition, HepG2 cells
in the control and DMSO groups showed normal cell morphology
and were evenly distributed, however, the cells treated with BFA
and TM showed disrupted morphology and were sparsely distrib-
uted (Supplemental Fig. 1). Moreover, we performed the scratch
wound assay and found that BFA could remarkably inhibit the
migration of HepG2 cells, which could be enhanced by TM to a
certain extent (Supplemental Fig. 2).

3.2. Combination of BFA and TM inhibits the proliferation capability
of HepG2 cells

HepG2 cells in the control and DMSO groups showed similar
protein levels of proliferating cell nuclear antigen (PCNA).
Compared to the control/DMSO group, BFA or TM alone signifi-
cantly decreased the protein levels of PCNA. Moreover, the
Cat. No. Dilution

66009-1-Ig 1:2000
10835-1-AP 1:1000
66574-1-Ig 1:1000
19677-1-AP 1:500
55238-1-AP 1:500
15204-1-AP 1:500
11170-1-AP 1:1000
66520-1-IG 1:1000

ina BM0104 1:1000
24390-1-AP 1:1000
AF-5902 1:1000
3398T 1:1000
28678-1-AP 1:1000
SA0000-1-1 1:5000
SA0000-1-2 1:5000

rotein; CHOP, C/EBP homologous protein; eIF2a, eukaryotic translation initiation
tigen; PERK, protein kinase R-like endoplasmic reticulum kinase; SCD1, stearoyl-



Table 2
Primers of the genes used for qRT-PCR.

Gene Forward primer sequence (5’e3’) Reverse primer sequence (5’e3’)

ATF4 TTCCGAGATTCCATCCTACG AGGCTCACAAACGAATGGAC
b-actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA
BiP TTCCCAGCCCCTCAGATAC CAAAGAGAAGCACCAAGGAGAC
Caspase-12 CACCAGTCCTCAGACAGCACATTC AGACTCTGGCAGTTACGGTTGTTG
Caspase-3 CTCGGTCTGGTACAGATG GGTTAACCCGGGTAAGAATGTGCA
CHOP GCGATATGCTGTGGTGCTTA AGCTCCAAGTGAAACCAGGA
eIF2a CCTGGCAAGAATGCAGTCAC GGCGAAACCAATGTATTTCTGGA
PARP-1 AGGCTTGAAAAGCCCTAAAGG CTGCTTGTTGAAGATGAGTAGC
PERK ACGATGAGACAGAGTTGCGAC ATCCAAGGCAGCAATTCTCCC
SCD1 GCGATATGCTGTGGTGCTTA AGCTCCAAGTGAAACCAGGA

Abbreviations: ATF4, activating transcription factor 4; BIP, binding immunoglobulin protein; CHOP, C/EBP homologous protein; eIF2a,
eukaryotic translation initiation factor 2a; PARP-1, poly (ADP-ribose) polymerase-1; PERK, protein kinase R-like endoplasmic reticulum
kinase; qRT-PCR, quantitative real-time polymerase chain reaction; SCD1, stearoyl-CoA desaturase 1.

Fig. 1. Effects of BFA and TM on the viability of HepG2 cells at 24 h. (A) BFA alone, (B) TM alone, and (C) the combination of BFA and TM. Data are presented as means ± SD from
six independent experiments performed in triplicate. *P < 0.05 vs. control group; #P < 0.05 vs. DMSO (0.1% v/v, vehicle control) group; aP < 0.05 vs. BFA (0.25 mg/L) group. Ab-
breviations: BFA, brefeldin A; DMSO, dimethyl sulfoxide; SD, standard deviation; TM, tunicamycin.
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combination of BFA and TM decreased the protein level of PCNA to a
greater extent compared to BFA alone, though no significant dif-
ference was found (Fig. 2).

3.3. Combination of BFA and TM induces early apoptosis of HepG2
cells

We observed the presence of apoptotic bodies in HepG2 cells
treated with BFA and TM using AO staining (Supplemental Fig. 3).
To further observe whether TM could enhance the ability of BFA to
induce apoptosis, we measured the percentage of apoptotic cells
using flow cytometry. As shown in Fig. 3, DMSO and TM did not
induce apoptosis in HepG2 cells, but BFA significantly increased the
percentages of early apoptotic cells and total apoptotic cells.
Furthermore, the addition of TM significantly increased the per-
centage of early apoptotic cells induced by BFA, but it did not affect
the percentages of late and total apoptotic cells. The results sug-
gested that TM could enhance early apoptosis of HepG2 cells
induced by BFA.

3.4. Combination of BFA and TM affects apoptosis-related factors in
HepG2 cells

To examine whether TM could affect the expression of
apoptosis-related genes induced by BFA, we measured the mRNA
levels of several key genes (PARP-1, caspase-12, caspase-3, and
SCD1) in HepG2 cells using qRT-PCR. Compared to the control and
DMSO groups, BFA alone significantly increased the mRNA levels of
PARP-1, caspase-12, caspase-3, and SCD1 in HepG2 cells
(Fig. 4AeD). Though TM alone did not affect the mRNA levels of
52
these genes, it could significantly increase the mRNA levels in
combination with BFA compared to BFA alone (Fig. 4AeD).

Next, we measured the levels of these four proteins (PARP-1,
caspase-12, caspase-3, and SCD1) using Western blots. Compared
to the control and DMSO groups, BFA alone significantly increased
the protein levels of cleaved PARP-1 and caspase-12 and decreased
the expression of SCD1 (Fig. 4E, F, and H), and it also induced the
activation and cleavage of caspase-3 (Fig. 4G). Compared to BFA
alone, the addition of TM significantly decreased the protein level
of cleaved PARP-1 (Fig. 4E), but only slightly increased the protein
levels of caspase-12, cleaved caspase-3, and SCD1 (Fig. 4FeH),
without a significant difference between them. TM alone did not
affect the protein levels of cleaved PARP-1 and cleaved caspase-3
(Fig. 4E and G), but it significantly increased the protein levels of
caspase-12 and decreased the expression of SCD1 (Fig. 4F and H).
3.5. Combination of BFA and TM induces ER stress in HepG2 cells

To understand whether apoptosis induced by BFA and TM was
associated with ER stress, we studied the changes in the expression
of several key proteins involved in the PERK-ATF4-CHOP signaling
pathway. As shown in Fig. 5, the levels of BiP, PERK, ATF4, and CHOP
proteins significantly increased (P < 0.05) in the BFA and BFA þ TM
groups, compared to those in the control and DMSO groups. Similar
results were obtained when measuring the mRNA levels of the
corresponding genes (BiP, PERK, ATF4, and CHOP). As shown in Fig. 6,
the combination of BFA and TM significantly increased the mRNA
levels of PERK, eIF2a, ATF4, and CHOP (P < 0.05) compared to those
of BFA alone. The results suggested that BFA could activate the
PERK-ATF4-CHOP signaling pathway, and TM synergistically



Fig. 2. Effects of BFA and TM on the expression of PCNA in HepG2 cells. HepG2 cells
were treated with BFA (0.25 mg/L) and TM (1 mg/L), either individually or in combi-
nation, for 24 h. The protein levels of PCNA were determined using Western blot assay.
Data are presented as means ± SD from three independent experiments performed in
triplicate. *P < 0.05 vs. control group; #P < 0.05 vs. DMSO (0.1% v/v, vehicle control)
group. Abbreviations: BFA, brefeldin A; DMSO, dimethyl sulfoxide; PCNA, proliferating
cell nuclear antigen; SD, standard deviation; TM, tunicamycin.
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enhanced this process by increasing both the gene and protein
expression.
4. Discussion

This study investigated the inhibitive effects of BFA and TM,
either alone or in combination, on the growth and proliferation of
human liver cancer cells (HepG2). The results showed that BFA and
Fig. 3. Effects of BFA and TM on the percentage of apoptotic cells in HepG2 cells. (A) Earl
apoptotic cells in HepG2 cells was determined using flow cytometry. Data are presented as m
control group; #P < 0.05 vs. DMSO (0.1% v/v, vehicle control) group; aP < 0.05 vs. BFA (0.25
deviation; TM, tunicamycin.
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TM alone could reduce the viability of HepG2 cells in a
concentration-dependent manner, indicating that BFA and TM
could suppress the proliferation of HepG2 cells. Compared with
individual BFA or TM treatment, the combination of BFA and TM
significantly reduced cell survival, suggesting that TM could syn-
ergistically enhance the inhibitive effects of BFA on the proliferation
of HepG2 cells. We also providedmolecular evidence using PCNA to
confirm that BFA and TM inhibited the proliferation capability of
HepG2 cells. Synthesized and expressed in the nucleus, PCNA is an
essential protein that participates in a variety of processes of DNA
metabolism, including DNA replication and repair, and chromatin
organization. PCNA has been commonly used as a biomarker for
prognostic prediction in HCC patients due to its increased expres-
sion.25 Here, our results showed that BFA and TM, either alone or in
combination, could effectively reduce the expression levels of PCNA
in HepG2 cells, indicating that BFA and TM inhibited the prolifer-
ation of HepG2 cells.

Apoptosis plays a key role in maintaining homeostasis in
multicellular organisms, especially under pathophysiological
stresses such as developing progressive tumors. Our results
demonstrated that BFA alone significantly increased the mRNA and
protein levels of PARP-1, caspase-12, and caspase-3 in HepG2 cells,
and the combination of BFA and TM could increase their levels to a
greater extent, indicating that TM as an ER stress inducer could
enhance the ability of BFA to induce apoptosis. This synergistic
effect could be explained as follows: BFA blocked the transport of
proteins from the ER to the Golgi apparatus,26,27 and TM caused cell
cycle arrest at the G1 and G2/M phases in HCC cells, leading to
apoptosis.28 Since current data only proved that BFA mainly
induced the early stage of apoptosis in HepG2 cells, more dedicated
and controlled investigations should be conducted to shed light on
this possibility in tumor treatment.

Our study also demonstrated that BFA/TM-induced apoptosis
was associated with excessive ER stress. The ER is involved in
protein synthesis, processing, folding, and secretion. Many envi-
ronmental factors can disrupt ER homeostasis and induce ER stress,
leading to the activation of the unfolded protein response (UPR),
which involves three different signaling pathways (inositol-
requiring enzyme 1 (IRE1), PERK, and ATF6).29 These pathways
inhibit protein translation, stimulate protein degradation, and
produce chaperone proteins, leading to the restoration of ER
function or cell death. As a protein transport inhibitor, BFA can
induce Golgi dispersal and prevent the transport of proteins from
the ER to the Golgi. Our results showed that the combination of BFA
and TM could significantly increase the protein and mRNA levels of
several key factors (BiP, PERK, ATF4, and CHOP) in HepG2 cells
compared to BFA alone, especially the levels of p-PERK and p-eIF2a.
y apoptotic cells, (B) late apoptotic cells, and (C) total apoptotic cells. The percentage of
eans ± SD from three independent experiments performed in triplicate. *P < 0.05 vs.

mg/L) group. Abbreviations: BFA, brefeldin A; DMSO, dimethyl sulfoxide; SD, standard



Fig. 4. Effects of BFA and TM on the mRNA and protein levels of apoptosis-related factors (PARP-1, caspase-12, caspase-3, and SCD1). HepG2 cells were treated with BFA
(0.25 mg/L) and TM (1 mg/L), either individually or in combination, for 24 h. The relative mRNA levels of (A) PARP-1, (B) caspase-12, (C) caspase-3, and (D) SCD1 were determined by
qRT-PCR. The protein levels of (E) cleaved PARP-1, (F) caspase-12, (G) full-length and cleaved caspase-3, and (H) SCD1 were determined by Western blotting. Data are presented as
means ± SD from three independent experiments performed in triplicate. *P < 0.05 vs. control group; #P < 0.05 vs. DMSO (0.1% v/v, vehicle control) group; aP < 0.05 vs. BFA
(0.25 mg/L) group. Abbreviations: BFA, brefeldin A; DMSO, dimethyl sulfoxide; PARP-1, poly (ADP-ribose) polymerase-1; qRT-PCR, quantitative real-time polymerase chain reaction;
SCD1, stearoyl-CoA desaturase 1; SD, standard deviation; TM, tunicamycin.

Fig. 5. Effects of BFA and TM on the levels of ER stress-related proteins (BiP, PERK, eIF2a, ATF4, and CHOP). HepG2 cells were treated with BFA (0.25 mg/L) and TM (1 mg/L),
either individually or in combination, for 24 h. The protein levels of (A) BiP, (B) PERK, (C) phosphorylated PERK (p-PERK), (D) eIF2a, (E) phosphorylated eIF2a (p-eIF2a), (F) ATF4, and
(G) CHOP were determined by Western blotting. Data are presented as means ± SD from three independent experiments performed in triplicate. *P < 0.05, compared to the control
group; #P < 0.05, compared to the DMSO (0.1% v/v, vehicle control) group; aP < 0.05, compared to the BFA (0.25 mg/L) group. Abbreviations: ATF4, activating transcription factor 4;
BFA, brefeldin A; BiP, binding immunoglobulin protein; CHOP, C/EBP homologous protein; DMSO, dimethyl sulfoxide; eIF2a, eukaryotic translation initiation factor 2a; PERK, protein
kinase R-like endoplasmic reticulum kinase; SD, standard deviation; TM, tunicamycin.
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Fig. 6. Effects of BFA and TM on the mRNA levels of ER stress-related genes (BiP, PERK, eIF2a, ATF4, and CHOP). HepG2 cells were treated with BFA (0.25 mg/L) and TM (1 mg/L),
either individually or in combination, for 24 h. The relative mRNA levels of (A) BiP, (B) PERK, (C) eIF2a, (D) ATF4, and (E) CHOP were determined by qRT-PCR. Data are presented as
means ± SD from three independent experiments performed in triplicate. *P < 0.05, compared to the control group; #P < 0.05, compared to the DMSO (0.1% v/v, vehicle control)
group; aP < 0.05, compared to the BFA (0.25 mg/L) group. Abbreviations: ATF4, activating transcription factor 4; BFA, brefeldin A; BiP, binding immunoglobulin protein; CHOP, C/EBP
homologous protein; DMSO, dimethyl sulfoxide; eIF2a, eukaryotic translation initiation factor 2a; PERK, protein kinase R-like endoplasmic reticulum kinase; SD, standard deviation;
TM, tunicamycin.
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Lebeaupin et al.30 reported that the increase in CHOP expression in
the liver of mice treated with LPS and tunicamycin is associated
with the activation of both the PERK pathway and the IRE1a/spliced
X box-binding protein 1 (sXBP-1)-dependent pathway. In addition,
BFA and TM induce the activation of ATF4 at both transcriptional
and translational levels in lung cancer cells, but they do not affect
other ER stress molecules.31 Therefore, our results suggested that
BFA could activate the PERK-ATF4-CHOP signaling pathway in
HepG2 cells, and TM could enhance BFA-induced ER stress.

As one of macrolide antibiotics, BFA has remarked inhibitory
effects on various cancers, such as prostate cancer, breast cancer,
colon cancer, and liver cancer.6,8,10,11,32 Zhang et al.33 found that
nanomicelle-encapsulated BFA (M-BFA) induces caspase-
dependent apoptosis in HepG2 cells through caspase-3 activation
and PARP cleavage, which is similar to our results, suggesting that
BFA had a potential therapeutic effect on liver cancer. We further
demonstrated that BFA could induce apoptosis in HepG2 cells
through the ER stress-mediated PERK-ATF4-CHOP pathway. In
addition, TM is an ER-stress inducer and can activate IRE1-related
ER stress signaling pathways.34 In this study, we found that TM
significantly increased the expression of BiP but did not induce the
cleavage and activation of caspase-3 in HepG2 cells, and it only
slightly induced the activation of the PERK-ATF4-CHOP pathway,
which was much weaker than that induced by BFA. However, TM
significantly enhanced BFA-induced CHOP expression, which in
turn promoted the apoptosis of HepG2 cells. These results indicated
that the combination of BFA and TM could synergistically inhibit
the growth of tumor cells and had the potential to be used in cancer
treatment.8,33e35 In addition, we found that BFA and TM had
different effects on the mRNA and protein levels of SCD1. BFA
increased the mRNA expression of SCD1 but inhibited its protein
expression. The results suggested that BFA decreased the protein
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levels of SCD1 mainly by enhancing its degradation, rather than
inhibiting its gene expression at the transcriptional level. However,
TM can simultaneously inhibit SCD1 expression at the transcrip-
tional, translational, or post-translational levels. This suggests that
BFA and TM have different mechanisms for their anti-cancer
activities.

5. Conclusions

In summary, our results demonstrated that BFA could inhibit the
proliferation and induce apoptosis in HepG2 cells through the ER
stress-activated PERK-ATF4-CHOP signaling pathway. More
importantly, TM could enhance the apoptosis induced by BFA.
Therefore, the combined administration of BFA and TM may have
great potential in the treatment of aggressive cancer like HCC.
However, some limitations need to be addressed in the future: (i)
additional HCC cell lines (such as Huh7 or Hep3B) could be tested to
enhance the generalizability of our findings; (ii) xenograft nude
mice model should be used to validate the in vivo therapeutic ef-
fects of the combination regimen.
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