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Abstract: Hepatocellular carcinoma (HCC), including hepatitis C virus (HCV)-induced HCC, is a
deadly disease highly refractory to chemotherapy, thus requiring the continuous identification of
novel treatment strategies. Berberine (BBR) has been previously reported to inhibit hepatoma cell
growth, but the main type of cell death elicited by BBR, and whether the alkaloid can inhibit hepatoma
cells carrying HCV genomes, is unclear. Herein, we show that BBR treatment induced a biphasic
cell death irrespective of the presence of HCV subgenomic replicon RNA, first triggering apoptosis
that then progressed to necrosis between 24 and 48 h post-treatment. Furthermore, BBR treatment
potentiated the HCV replicon-induced reactive oxygen species (ROS) production, inhibition of which
with an antioxidant attenuated the cell death that was elicited by BBR in these cells. Moreover,
BBR dampened the autophagic response in HCV RNA-positive or negative hepatoma cells, and
pharmacological inhibition of autophagy conversely augmented the BBR-induced cell death. Finally,
BBR inhibited the growth of Huh-7 cells that were persistently infected with the full-length genome
HCV particles, and concomitant pharmacological inhibition of autophagy potentiated the killing of
these cells by BBR. Our findings suggest that combining BBR with the inhibition of autophagy could
be an attractive treatment strategy against HCC, irrespective of the presence of the HCV genome.
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1. Introduction

The incidence of hepatocellular carcinoma (HCC), which is the most common cause of primary
liver cancer, is on the rise. HCC is the sixth most common form of cancer and the second leading cause
of cancer-related deaths globally [1]. Although the etiology of HCC is multifactorial, viral hepatitis
due to hepatitis C virus (HCV) infection is an important predisposing factor, which causes over 20% of
all HCC cases in both developed and developing countries [2].

Although the current treatment strategies, including orthotropic liver transplantation, surgical
resection, and ablations, are effective against HCC at early stages, most cases detected at the advanced
stages are unsuitable for such therapies [3]. Therefore, advanced cases are subjected to targeted
therapies, such as sorafenib treatment [4]. However, the response rates remain poor, partially due to
the genetic heterogeneity of HCC [5]. Moreover, HCC at the advanced stage displays poor prognosis
with a survival time of fewer than six months in the untreated patients [6]. Although the advent of the
direct-acting antivirals (DAAs) has phenomenally improved the treatment of HCV infection, which
is a leading cause of HCC, these drugs do not reduce the development of HCV-associated HCC in
all patients [7,8]. In fact, the use of the DAAs has been associated with the high occurrence of HCC
in some settings [9]. Given that no effective vaccine still exists for the prevention of HCV infection,
identifying/validating effective treatment strategies against HCC, particularly HCV-induced HCC, is
urgently needed.

Plant-derived compounds are an important source of medicine and they have been extensively
explored to treat a variety of diseases [10]. Berberine (BBR), a plant alkaloid and a quaternary
ammonium salt that is widely found in traditional herbal medicines, is typically used to treat conditions
such as diabetes and diarrhea [11]. The alkaloid has been reported to possess anti-cancer activities both
in vitro and in vivo, including against hepatoma cells [12]. Specifically, BBR has been demonstrated
to exert its anti-hepatoma activity by inducing apoptotic, necrotic, and autophagic cell deaths in
various cell types [13–15]. However, precisely how BBR modulates these types of cell death and the
main form of cell death that is elicited by BBR in the hepatoma cells in the context of HCV infection
remains unclear.

Autophagy, which is also called type II cell death, is a stress response pathway that is evolutionarily
conserved in eukaryotes and it plays a crucial role in maintaining cellular homeostasis. The process
begins with the formation of a membrane crescent structure—phagophore/isolation membrane that
surrounds the cargo targeted for degradation [16]. The phagophore subsequently elongates via two
ubiquitin-like conjugation processes—lipidation of the microtubule-associated protein 1 light chain
3 (LC3I) to form LC3II, and the conjugation of the autophagy-related proteins (ATG5 to ATG12
and ATG16L), to form a double membrane structure that is known as the autophagosome. The
autophagosome matures by fusing with lysosomes, which leads to the degradation of the cargo and
the eventual recycling of amino acids for biogenesis [17]. Although autophagy can also act as an
antimicrobial defense mechanism through a process called xenophagy, several RNA viruses have
been documented to usurp the autophagy pathway for their benefit [18]. HCV is one such virus that
induces autophagy to prevent apoptosis, promote its replication, and, at the same time, inhibit the
innate antiviral immune response [19].

Herein, we investigated the effect of BBR treatment on hepatoma cells with or without the presence
of intracellular HCV RNA replication, given the importance of HCV infection in the development of
HCC, and to determine the main mechanism of hepatoma cell death that is induced by BBR in the
context of HCV infection. Our results demonstrated that BBR treatment induces a time-dependent
biphasic cell death in both the Huh-7 cells and Huh-7 replicon cells carrying subgenomic HCV RNA.
Moreover, BBR treatment enhanced reactive oxygen species (ROS) production in HCV replicon cells
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without exerting any significant impact on the HCV-negative parental Huh-7 cells. Consequently,
the inhibition of ROS with an antioxidant only attenuated the BBR-induced cell death in the HCV
subgenomic replicon cells and not in the parental Huh-7 cells. Furthermore, BBR treatment robustly
attenuated autophagy in both cell types, as demonstrated by a decrease in both LC3I and LC3II in the
presence of the natural alkaloid, and the pharmacological inhibition of autophagy with bafilomycin
A1 (BAF) augmented the BBR-induced cell death. Finally, we show that BBR could equally inhibit
the growth of Huh-7 cells persistently harboring full-length HCV genomes by similarly modulating
autophagy, and that concomitant BAF treatment potentiated the killing of these cells by BBR. Our
results demonstrate that BBR can inhibit hepatoma cell growth, irrespective of intracellular HCV RNA
expression, and further suggest that combining BBR with an autophagy inhibitor might enhance the
treatment efficacy of this alkaloid against HCC. These outcomes warrant further investigation on
developing molecular therapies that are based on such strategies for the management of HCC.

2. Results

2.1. BBR Inhibits Hepatoma Cell Growth Irrespective of HCV RNA Expression

BBR is a plant alkaloid that has been demonstrated to possess anti-tumor effects against a
variety of cancer cell lines, including hepatoma cells [20]. However, the exact mechanism of the
BBR-induced hepatoma cell death, and whether or not the small molecule possesses anti-tumor
activities in the context of HCV infection remains unclear. We asked whether BBR could inhibit
the growth of the HCV RNA-containing hepatoma cells, given the importance of HCV infection in
inducing HCC. To this end, Huh-7 and the HCV replicon Huh-7.HCVrep cells (Huh-7 cells expressing
the HCV genotype 1 subgenomes) were treated with various concentrations of BBR (0, 1, 5, 10, 20,
40, 80, 100, 200, and 400 µM) for 72 h, followed by CCK-8 cell viability analysis. BBR treatment
dose-dependently inhibited the proliferation of both the naïve Huh-7 cells and the Huh-7.HCVrep
replicon cells, as depicted in Figure 1a,b. The EC50 values were comparable (Huh-7: 96.1 ± 1.0 µM vs.
Huh-7.HCVrep: 105.5 ± 1.1 µM). These results indicated that the alkaloid could inhibit hepatoma cell
growth, irrespective of HCV RNA expression.
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Figure 1 

 

Figure 1. Berberine (BBR) inhibited the viability of hepatoma cells. (a) Huh-7 and (b) Huh-7.HCVrep
cells were seeded in 96-well plates (2 × 104 cells/well) and treated with the indicated concentrations of
BBR for 72 h before cell viability was analyzed with Cell Counting Kit-8 (CCK-8). The results are shown
as means ± SD from three independent repeats. The EC50 values are shown in the respective graphs.
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2.2. BBR Induces Time-Dependent Biphasic Hepatoma Cell Death

Huh-7 and the Huh-7.HCVrep cells were treated with 100 µM of BBR for 24 or 48 h before being
subjected to Annexin V/Propidium Iodide (PI) flow cytometric analysis to better understand how BBR
inhibits hepatoma cell proliferation. We chose 100 µM of BBR for all subsequent experiments, unless
otherwise stated, because this concentration does not induce massive cell death at the timepoints tested, thus
allowing for us to determine the underlying mode of cell death that is caused by BBR treatment. Prior to
Annexin V/PI staining, the cells were microscopically examined for morphological changes induced by the
drug treatment. in contrast to the untreated controls, BBR treatment induced alterations in the morphology
of the cells, particularly at 48 h post-treatment, regardless of the presence of HCV RNA, as demonstrated
in Figure 2a,b. The Annexin V/PI flow cytometry analysis showed that BBR treatment mainly induced
early apoptotic cell death (increased Annexin V-positive/PI-negative population) at 24 h post-treatment
(Figure 2c). In contrast, at 48 h post-treatment, the form of cell death shifted to predominantly necrosis,
as indicated by the increase in the PI only-positive cell populations (Figure 2d). We conducted a lactose
dehydrogenase (LDH) release assay, which is known to be increased during necrotic cell death, to further
support the induction of biphasic cell death by BBR [21]. LDH is a cytosolic enzyme that is released in the
extracellular space when the plasma membrane is disrupted and, hence, is commonly used as a marker
for necrosis [22]. Whereas no significant difference in LDH release in the presence or absence of BBR was
observed at 24 h post-treatment in both HCV RNA-positive and negative hepatoma cells (Figure 2e), the
compound significantly induced LDH release at 48 h post-treatment as compared to the controls (Figure 2f).
These results suggested that BBR treatment induced a time-dependent biphasic hepatoma cell death.
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Figure 2. Berberine (BBR) induced biphasic cell death in the hepatoma cells. (a,b) Huh-7 and
Huh-7.HCVrep cells were seeded in six-well plates (5 × 105 cells/well) and treated with or without
100 µM BBR for (a) 24 or (b) 48 h. Changes in the morphology of the cells were observed using a
microscope (indicated by black arrows). Magnification = 200×; scale bar = 25 µm. For cell death
analysis, cells treated for (c) 24 or (d) 48 h were subjected to Annexin V/Propidium Iodide (PI) staining
for flow cytometry cell death analysis. For lactose dehydrogenase (LDH) release assay, cells were
seeded in 96-well plates and treated with 100 µM BBR for (e) 24 or (f) 48 h before analysis of LDH
release. Results are shown as means ± SD from three independent repeats for a, b, c, and d, and two
independent repeats for e and f. * p < 0.05; ** p < 0.01; ns = not significant.
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2.3. Inhibition of ROS Attenuates the BBR-Induced HCV Replicon Cell Death, But Not the Parental HCV
RNA-Negative Huh-7 Cells

The above results demonstrated that BBR induced biphasic cell death—first triggering apoptosis
that then progressing to necrotic cell death at 48 h post-treatment. Next, we sought to investigate the
underlying mechanism(s) of the BBR-induced cell death. Given the importance of ROS in regulating
many biological processes, including cell death [23], we examined whether BBR treatment could
modulate ROS production in the hepatoma cells. The HCV replicon Huh-7.HCVrep cells and the HCV
RNA-negative parental Huh-7 cells were treated with or without BBR for 24 or 48 h before staining
with H2DCFDA dye, an indicator of ROS formation [24], and analyzed by flow cytometry. Although
BBR treatment only marginally increased ROS production in Huh-7 cells at 24 h post-treatment, the
drug robustly upregulated the Huh-7.HCVrep-induced ROS production, as indicated in Figure 3a.
Analysis of ROS at 48 h showed a significant decrease in the ROS levels in the treatment groups when
compared to the mock control for both cells, which we attribute to the increase in the BBR-induced
cell death at this timepoint (Figure 3b). Next, we asked whether N-Acetyl Cysteine (NAC) treatment,
a well-known antioxidant and inhibitor of ROS [25], could inhibit the BBR-mediated induction of
ROS in these cells. The cells were pretreated for 48 h with NAC and subsequently treated with BBR
for 24 h before performing H2DCFDA staining analysis. Indeed, NAC pretreatment abrogated ROS
production in both BBR-treated HCV replicon cells and parental Huh-7 cells to below basal levels, as
demonstrated in Figure 3c. We then investigated whether the inhibition of ROS using NAC could
impact BBR-induced cell death while using the same treatment method but analyzed through Annexin
V/PI staining. While inhibition the of ROS had no significant effect on the BBR-induced apoptotic
cell death in Huh-7 cells, likely due to the absence of significant ROS induction, NAC pretreatment
significantly inhibited the BBR-mediated apoptotic cell death in the Huh-7.HCVrep cells, as depicted
in Figure 3d. These results suggested that ROS plays an important role in the BBR-mediated apoptotic
cell death of the Huh-7.HCVrep cells, but not in the parental HCV RNA-negative Huh-7 cells.
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Figure 3. N-acetyl-cysteine (NAC) attenuated berberine (BBR)-induced cell death in the Huh-7 cells
carrying hepatitis C virus (HCV) subgenomic replicon RNA. Huh-7 and Huh-7.HCVrep cells were
seeded in 6-well plates and treated with or without 100 µM BBR for (a) 24 or (b) 48 h. Cells were then
stained with 20 µM 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) for flow cytometry analysis.
For reactive oxygen species (ROS) inhibition analysis, cells seeded in 6-well plates were pretreated
with 10 mM NAC for 48 h before treatment with 100 µM BBR for 24 h and subjected to (c) H2DCFDA
staining or (d) Annexin V/Propidium Iodide (PI) staining. Results are shown as means ± SD from three
independent repeats for all experiments. *** p < 0.001; ns = not significant.

2.4. BBR Modulates Autophagy in HCC Cells

Autophagy is a lysosome-dependent catabolic pathway that is implicated in promoting cell
survival under stressful conditions [17]. HCV is known to upregulate autophagy to maintain cell
survival and, hence, promote persistent viral replication [26–28]. On the other hand, hepatocytes are
known to induce autophagy at the basal level to maintain cellular homeostasis [29]. When considering
the importance of autophagy in maintaining cell survival in the hepatoma cells, we next asked whether
BBR treatment could alter autophagy in these cells. Huh-7 and the Huh-7.HCVrep cells were treated
with or without BBR for 24 or 48 h before Western blot was performed in order to analyze the autophagy
marker, LC3. LC3 exists in two forms; the cytosolic or non-lipidated form LC3I, which is covalently
linked to phosphatidylethanolamine to generate the lipidated form LC3II upon the induction of
autophagy. The conversation of LC3I to LC3II is the hallmark of autophagy [30]. The results in
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Figure 4a,b demonstrated that, while the parental Huh-7 cells did not induce LC3II formation at both
timepoints, the Huh-7.HCVrep cells robustly induce autophagy, as indicated by the high level of LC3II
expression in these cells, indicating that HCV replication triggers the autophagic response. Interestingly,
we observed that BBR treatment inhibited both the LC3I and LC3II expressions, particularly at 48 h
post-treatment in both cells. The decrease in LC3 expression in the presence of BBR could suggest
either the inhibition or potentiation of the autophagic process. The cells were prepared either untreated,
treated with BBR or the autophagy inhibitor bafilomycin (BAF) alone, or pretreated with BAF before
adding BBR for Western blot analysis, in order to understand how BBR modulates autophagy. The
results in Figure 4c,d indicated that while BAF treatment alone resulted in the accumulation of LC3II,
indicating the efficient induction of autophagic flux, BAF pretreatment followed by BBR treatment
did not further increase the BAF-induced LC3II accumulation. These results suggest that the decrease
in LC3 lipidation that was observed after BBR treatment was due to the inhibition of autophagy,
rather than its potentiation. We performed an EGFP-LC3 immunofluorescence assay to monitor the
LC3-associated punctate formation, which is increased during autophagy, to validate the effect of BBR
treatment in impeding autophagy in these cells. For this purpose, the cells were transfected with the
EGFP-LC3 plasmid and then treated with or without BBR for 24 h for immunofluorescence microscopy.
In contrast to the parental Huh-7 cells, which showed a diffused pattern (no autophagy induction) of
EGFP-LC3, with or without the presence of BBR, the Huh-7.HCVrep cells had substantially induced
punctate formation, and treatment with BBR reversed this phenomenon (Figure 4e). Together, these
results suggest that BBR inhibits autophagy in the hepatoma cells.
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Figure 4. Berberine (BBR) modulated autophagy in the hepatoma cells. Huh-7 and Huh-7.HCVrep
cells were seeded in six-well plates and treated with or without 100 µM BBR for (a) 24 or (b) 48 h.
The lysates were collected at the end of the incubation periods for a Western blot analysis against
microtubule-associated protein 1 light chain 3 (LC3). Densitometry was calculated by normalization of
LC3II expressions to β-actin. (c) Huh-7 and (d) Huh-7.HCVrep cells seeded in six-well plates were
treated either with BBR alone, bafilomycin A1 (BAF) alone, or pretreated with BAF for 4 h before
treating with BBR for an additional 24 h. The whole cell lysates were collected and analyzed by Western
blotting. For all Western blot analyses, nonstructural protein 5A (NS5A) expression indicated the
presence of hepatitis C virus (HCV) replicon, and β-actin was used as a loading control. (e) Huh-7
and Huh-7.HCVrep cells that were seeded in 24-well plates were transfected with the enhanced green
fluorescent protein (EGFP)-LC3 plasmid overnight and treated with or without BBR for 48 h. The
cells were then fixed, stained with the Hoechst nuclear stain, and then viewed using a fluorescence
microscope. Magnification = 200×; scale bar = 40 µm.
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2.5. BAF Pretreatment Augments BBR-Induced Cell Death in Hepatoma Cells Irrespective of Intracellular HCV
RNA Replication

Following the above observation that BBR inhibited autophagy in the hepatoma cells, we next
sought to investigate the relevance of autophagy inhibition in the BBR-mediated cell death. To this
end, we pretreated the cells with the autophagy inhibitor BAF for 4 h, followed by BBR treatment for
24 or 48 h prior to Annexin V/PI flow cytometry analysis. The results show that BAF pretreatment
enhanced the BBR-induced cell death at both timepoints (triggering apoptosis at 24 h and leading
to necrosis at 48 h) in both Huh-7 cell types with or without intracellular HCV RNA replication
(Figure 5a,b). We pretreated cells with BAF for 4 h, followed by BBR treatment for 48 h before assessing
cell viability using CCK-8 analysis, to confirm that inhibition of autophagy through BAF treatment
enhances the BBR-induced cell death. The results in Figure 5c demonstrated that BAF pretreatment
markedly reduced the EC50 value of Huh-7 cells that were treated with BBR alone for 48 h from
162.8 ± 0.4 µM to 23.0 ± 0.1 µM. Similar results were observed in the Huh-7.HCVrep cells, wherein
BAF pretreatment reduced the EC50 value from 130.7 ± 0.5 µM to 19.7 ± 0.7 µM (Figure 5d). These
results, in combination with the above observations, suggested that BBR inhibits autophagy to induce
hepatoma cell death. Interestingly, similar to our findings, the inhibition of autophagy was previously
reported to enhance necrotic cell death [31]. Finally, in support of the notion that BAF treatment
augments the BBR-induced cell death, we demonstrated that co-treatment of the hepatoma cells with
low concentration of both agents (5 nM BAF and 5 µM BBR) for 48 h significantly induced the hepatoma
cell death to a similar degree to BBR alone at 100 µM (Figure S1), which suggested the anti-HCC
potency of the combination treatment.
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Figure 5. Bafilomycin A1 (BAF) pretreatment augmented BBR-induced cell death in the hepatoma cells.
Huh-7 and Huh-7.HCVrep cells were seeded in six-well plates and pretreated with 100 nM BAF for
4 h. The cells were then treated with 100 µM berberine (BBR) for (a) 24 or (b) 48 h before Annexin
V/Propidium Iodide (PI) staining for flow cytometry analysis. (c) Huh-7 and (d) Huh-7.HCVrep cells
were seeded in 96-well plates and pretreated with BAF, as above. The cells were subsequently treated
with BBR at the indicated concentrations for 48 h before assessment using Cell Counting Kit-8 (CCK-8)
cell viability analysis. The results are shown as means ± SD from 3 independent repeats for a and b,
and two independent experiments for c and d. ** p < 0.01; *** p < 0.001.

2.6. Inhibition of Autophagy Enhances BBR-Induced Death of Cells Persistently Infected With HCV Particles

Finally, we examined the effect of the plant alkaloid treatment on the viability of Huh-7 cells
persistently infected with the cell culture-derived full-length genome HCV particles to further confirm
the effect of BBR in inhibiting hepatoma cells expressing the HCV RNA (Huh-7.HCVcc cells). Our
cytotoxicity analysis showed that BBR treatment robustly inhibited the Huh-7.HCVcc cell growth,
with an EC50 value of 57.1 ± 2.0 µM (Figure 6a), which is nearly two-fold lower than those that were
observed for both the parental Huh-7 cells and the HCV replicon Huh-7.HCVrep cells and, therefore,
highlights the efficacy of BBR in inhibiting cells that were infected by HCV particles. Given our results
that BBR modulates autophagy in the Huh-7 and Huh-7.HCVrep cells, we next asked whether BBR
could exert a similar effect on the Huh-7.HCVcc cells. To this end, the cells were treated with or without
BBR for Western blot analysis against the indicated autophagy proteins. Figure 6b shows that similar
to the Huh-7 and the Huh-7.HCVrep cells, BBR treatment inhibited the Huh-7.HCVcc-induced LC3
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lipidation, particularly at 48 h post-treatment, which suggests that the drug inhibits autophagy in
these cells. Finally, the cells were either left untreated or pretreated with BAF before the addition of
BBR for LDH assay to examine whether inhibition of autophagy using BAF could equally modulate
the BBR-induced Huh-7.HCVcc necrotic cell death. When compared to the mock control group at
24 h, BBR treatment only marginally increased the LDH release, with BAF pretreatment showing a
negligible effect on the BBR-induced LDH release, as shown in Figure 6c. In contrast, at 48 h, BBR
treatment remarkably increased the LDH release when compared to the mock control, which was
augmented by BAF pretreatment (Figure 6d), suggesting that BBR also induces time-dependent necrotic
cell death in the Huh-7.HCVcc cells. Taken together, our results demonstrated that BBR could inhibit
the hepatoma cell growth with or without infectious HCV RNA replication, and that combining BBR
with an autophagy inhibitor, such as BAF, could be an attractive strategy for the treatment of HCC.

 

6 

 

 

Figure 6 

Figure 6. The inhibition of autophagy enhances berberine (BBR)-induced death of cells persistently
infected with hepatitis C virus (HCV) particles. (a) Huh-7.HCVcc cells were seeded in 96-well plates
(2 × 104 cells/well) overnight and treated with the indicated concentrations of BBR for 72 h before cell
viability analysis. (b) Huh-7 and Huh-7.HCVcc cells were seeded in six-well plates and subsequently
treated with 100 µM BBR for 24 or 48 h. Lysates where then collected and subjected to Western blot
analysis against microtubule-associated protein 1 light chain 3 (LC3). HCV core expression indicated
the presence of infection, and β-actin was used as a loading control. For cell death analysis, cells were
seeded in 96-well plates and either left untreated, treated with 100 µM BBR alone for (c) 24 or (d) 48 h,
or pretreated with bafilomycin A1 (BAF) for 4 h, followed by BBR treatment for 24 or 48 h before lactose
dehydrogenase (LDH) release analysis. Results are shown as means ± SD from three independent
repeats for all experiments. ** p < 0.01; ns = not significant.
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3. Discussion

HCC is highly refractive to treatment and it is a leading cause of cancer-related deaths worldwide [1].
Thus identifying/validating efficient and effective treatment strategies against this malignant disease
is crucial. Nature-derived compounds are an important source of drug discovery against various
conditions, including HCC. Recently, several natural compounds have been discovered to possess
potent anti-HCC activity, including curcumin and its analog, EF25-(GSH)2 [32,33], resveratrol [34],
tanshinone IIA [35], and silibinin [36]. Our findings that BBR could inhibit hepatoma cell growth,
further strengthening the body of evidence on the anti-HCC bioactivity of this alkaloid [13–15], and
adds it to the growing list of natural products as lead compounds that warrant further evaluation for
the development as anti-HCC therapeutics.

BBR was previously reported to induce apoptotic cell death in the Huh-7 human hepatoma cells
at various timepoints (24, 48, and 72 h) post-treatment [14]. Partly in agreement with this report, we
also observed the induction of apoptosis at 24 h post-BBR treatment (Figure 2c). However, unlike the
above study, we saw a switch in the form of cell death from apoptosis to predominantly necrosis at 48 h
post-treatment (Figure 2d). In support of the induction of necrotic cell death at 48 h post-treatment, the
LDH assay, which is a well-known indicator for necrotic cell death [21], showed a negligible difference
between the mock control groups (Huh-7 and Huh-7.HCVrep cells only) and the BBR-treated groups at
24 h post-treatment (Figure 2e), whereas BBR treatment for 48 h significantly increased LDH release
(Figure 2f). Moreover, the analysis of poly (ADP-ribose) polymerase (PARP) cleavage, a well-described
indicator of apoptotic cell death [37], showed no significant difference between the mock control
groups and the BBR-treated groups at both timepoints (Figure S2), suggesting that BBR mainly induces
necrotic cell death at the late timepoint. It is possible that the drug could modulate cell death in a
time/concentration-dependent manner, with higher concentrations inducing necrotic cell death, given
that the authors of the aforementioned study used 10–20 µM of BBR in their study vs. 100 µM in
our study. In support of this notion, Zhang et al. demonstrated that HepG2 cells that were treated
with 100 µM of BBR elicited both apoptotic and necrotic death phenotypes [15]. How exactly BBR
induces biphasic cell death in the hepatoma cells is unclear. Previous studies have shown that the
cellular adenosine triphosphate (ATP) level is a key determinant in the switch between apoptotic and
necrotic cell deaths, with high ATP levels favoring apoptotic cell death [38]. Given that BBR has been
previously reported to decrease the ATP level in C2C12 myotubes [39], the alkaloid might deplete the
ATP in hepatoma cells at the late timepoints to induce necrotic cell death. Further research would be
needed in order to determine exactly how BBR modulates hepatoma cell death and clarify, for instance
in our case, how the drug treatment time-dependently switches the form of cell death from apoptosis
to necrosis.

HCV infection is known to induce oxidative stress in human hepatoma cell lines to favor persistent
viral infection [40,41]. Consistent with the induction of oxidative stress by HCV, we showed that
the Huh-7.HCVrep cells produced a higher level of ROS when compared to the parental Huh-7 cells
(Figure 3a,b). More importantly, BBR treatment potentiated the replicon-induced ROS production, and
the inhibition of ROS with NAC attenuated alkaloid-mediated death in these cells (Figure 3a,d). Unlike
the Huh-7.HCVrep cells, BBR treatment did not modulate ROS production in the HCV-negative parental
Huh-7 cells and, hence, the antioxidant treatment had no significant effect its BBR-induced cell death
(Figure 3d). Of note, we observed that BBR appears to be fairly more effective in inducing apoptotic
and necrotic cell death in the Huh-7.HCVrep cells than the naïve cells (Figure 2c,d). Interestingly, BBR
has been shown to promote cancer cell death by potentiating ROS production [42], which is known
to cause DNA damage [43]. Thus, the observation that the replicon cells exhibit moderately greater
BBR-induced cell death than the naïve Huh-7 cells could be partly attributed to the drug-induced
over-amplification of ROS production in these cells, leading to more cell death.

Our recent study demonstrated that BBR at low and non-cytotoxic concentration also impedes
HCV infection of Huh-7 cells by targeting early viral entry events [44]. Specifically, we show that the
alkaloid treatment could specifically block HCV particle attachment and entry/fusing into the host cells,
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thereby identifying the small molecule as a potent HCV entry inhibitor. The use of the compound could
provide dual benefits in the context of HCV-induced HCC, given our results that BBR treatment at
higher cytotoxic concentration also effectively inhibited the HCV RNA-containing Huh-7 replicon cell
proliferation. For example, the drug treatment could attenuate hepatoma cell growth, while at the same
time block viral infectivity of the host cells and restrict viral spread. Interestingly, we also observed
that BBR at a non-cytotoxic concentration marginally blocked HCV replication as has been previously
described (Figure S3) [44]. Combined, these results suggest that BBR could be further explored as an
attractive candidate compound for the treatment of HCC in the context of HCV infection.

BBR was previously reported to cause autophagic cell death in HepG2 and MHCC97-L hepatoma
cells [13]. Specifically, the authors demonstrated that BBR treatment concentration-dependently
increased LC3II lipidation and that the inhibition of autophagy using 3-methyladenine (3-MA)
attenuated BBR-induced cell death. In contrast, our results demonstrated that BBR treatment
significantly inhibited autophagy, as indicated by the substantial loss of LC3II in the parental Huh-7
cells and the HCV expressing hepatoma cells (Huh-7.HCVrep and Huh-7.HCVcc), particularly at the
48 h post-treatment (Figures 4a,b and 6b). Furthermore, pre-treatment using the autophagy inhibitor
BAF potentiated BBR-mediated cell death (Figures 5 and 6d), supporting the notion that the alkaloid
blocks autophagy to cause hepatoma cell death. Our finding that BBR impedes autophagy to induce
hepatoma cell death is therefore plausible, given the importance of autophagy in maintaining cell
survival, including cancer cell survival in response to chemotherapy [43]. Interestingly, BBR was
reported to attenuate autophagy in adipocytes by inhibiting beclin 1 expression [45], a key gene
involved in the initiation of autophagy. Whether or not the drug employs a similar mechanism to
inhibit autophagy in the hepatoma cells remains to be clarified. Nonetheless, our observations point to
a potential strategy of using BBR in combination with an autophagy inhibitor to achieve enhanced
hepatoma cell death.

In summary, we report here that BBR treatment induces biphasic cell death in the human hepatoma
cells, irrespective of HCV RNA replication, and that the inhibition of autophagy using BAF increases
BBR-induced cell death. Overall, our results suggest that combining BBR with autophagy inhibition
represents an attractive treatment strategy against HCC, including in the context of HCV infection,
and it merits further exploration in such a scenario. Further investigation of BBR treatment should also
be carried out on normal hepatocytes, such as using the primary human hepatocytes model, to help
determine the safety of BBR for its potential clinical development.

4. Materials and Methods

4.1. Chemicals and Reagents

Dimethyl sulfoxide (DMSO), N-acetyl-cysteine (NAC), and the autophagy inhibitor bafilomycin
A1 (BAF) were purchased from Sigma–Aldrich (St. Louis, MO, USA). Phosphate buffered saline
(PBS) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine serum (FBS),
gentamycin, amphotericin B, and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from
Life Technologies (Carlsbad, CA, USA). The Annexin V-FITC Apoptosis Detection Kit was purchased
from eBioscience (San Diego, CA, USA).

4.2. Cell Culture

The human hepatoma Huh-7 cells were cultured in DMEM containing 10% FBS, 1% gentamycin,
1% amphotericin B, and incubated at 37 ◦C in a 5% CO2 incubator. The AB12-A2 Huh-7 replicon
cells carrying the HCV genotype 1b subgenomic RNA (denoted as ‘Huh-7.HCVrep’) were similarly
maintained in DMEM, but supplemented with 1 mg/mL of G418 (InvivoGen; San Diego, CA, USA),
as previously described [46]. Huh-7 cells persistently producing infectious cell culture-derived HCV
particles (denoted as ‘Huh-7.HCVcc’) were initially established by electroporation of the full-length
HCV genome Jc1FLAG2 (p7-nsGluc2A), as previously described [47], and then continuously passaged
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in media containing HCVcc particles until all cells tested positive for HCV NS5A expression. The
Huh-7.HCVcc cells were maintained in medium as the parental Huh-7 cells.

4.3. Cytotoxicity Assay

The cells were seeded in 96-well plates (2 × 104 cells/well) and then treated with increasing
concentrations of BBR (0, 1, 5, 20, 40, 80, 100, 200, and 400 µM) for 72 h. Cell viability was analyzed
using Cell Counting Kit-8 (CCK-8; Sigma), following the manufacturer’s instruction. The effective
concentration of the drug that inhibited 50% of cell growth (EC50) was calculated while using GraphPad
Prism software (V7.03, GraphPad Software; San Diego, CA, USA).

4.4. Analysis of Cell Death

Cell death due to BBR treatment was assayed using the Annexin V/Propidium Iodide (PI) apoptosis
detection kit, as per the manufacturer’s instructions. Briefly, the cells were cultured in six-well plates
(5 × 105 cells/well) overnight and then treated with 100 µM of BBR for 24 or 48 h. The cells were
afterward trypsinized, washed once with PBS, and then re-suspended in binding buffer. The Annexin V
FITC (eBioscience) was then added to the cells and incubated at room temperature for 10 min. The cells
were subsequently washed with the binding buffer (1X) and re-suspended in 190 µL of fresh binding
buffer. Finally, 10 µL of PI was added to the cells and the samples were immediately analyzed while
using the BD FACSCalibur flow cytometer and the associated CellQuest Pro software (BD Biosciences;
San Jose, CA, USA).

4.5. Reactive Oxygen Species Production and Scavenging Analysis

Reactive oxygen species (ROS) production was analyzed using 2’,7’-dichlorodihydrofluorescein
diacetate (H2DCFDA; Sigma). Briefly, the cells were seeded in six-well plates overnight and then
treated with 100 µM of BBR for 24 or 48 h. For the ROS scavenging assay, cells were pre-treated with
10 mM NAC for 48 h before treating with 100 µM BBR for an additional 24 h. The cells were then
stained with 20 µM H2DCFDA for 30 min at 37 ◦C, after which they were trypsinized, washed twice
with PBS, and then re-suspended in ice-cold PBS for flow cytometry analysis, as described above.

4.6. Bafilomycin A1 Treatment

For assessing the effect of bafilomycin A1 (BAF) treatment on the BBR-mediated autophagy
inhibition, the seeded cells in the respective experiments were either treated with (i) BBR alone, (ii) BAF
alone, or (iii) pretreated with BAF for 4 h, followed by BBR treatment, and then incubated for an
additional 24 or 48 h before the cells were prepared for the respective analyses.

4.7. Lactose Dehydrogenase Activity Assay for the Detection of Necrosis

The lactose dehydrogenase (LDH) assay was conducted, as previously described [21]. Briefly,
the cells were seeded in 96-well plates and then treated with the various concentrations of the test
compounds for 24 or 48 h. To generate the maximum LDH release control, 10 µL of the 10× lysis
solution was added to the control wells and then incubated at 37 ◦C for 45 min. At the end of the
incubation, 50 µL of the supernatants were transferred into a flat-bottom 96-well plate, to which
50 µL of the LDH substrate was added, mixed, and covered with aluminum foil and incubated at
room temperature for 30 min. Finally, 50 µL of the stop solution was added and the absorbance was
immediately read at 490 nm while using an ELISA plate reader. The % LDH release was calculated
using the following formula: % LDH release = (corrected reading from test wells-corrected reading from
untreated wells)/(corrected maximum LDH release control-corrected reading from untreated wells).
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4.8. Western Blotting

Cells that were cultured in six-well plates in the presence or absence of BBR treatment were lysed
with RIPA buffer (Sigma) that was supplemented with cOmpleteTM Tablets Mini Protease Inhibitor
Cocktail (ROCHE; Basel, Switzerland) for 30 min on ice. The cells were then clarified at 12000 RPM for
30 min, followed by protein quantitation using the Bio-Rad Protein Assay Kit II (Bio-Rad Laboratories;
Hercules, CA, USA). Afterward, the whole cell lysates were separated using SDS-PAGE, and then
transferred to a PVDF membrane for probing with the following primary antibodies: rabbit anti-LC3
antibody (Thermo Fisher Scientific) at 1:1000; mouse anti-HCV NS5A (Millipore; MAB8694) at 1:250;
mouse anti-HCV core (C7-50) (Thermo Fisher Scientific) at 1:400; and, mouse anti-β-actin (C4) (Santa
Cruz Biotechnology; Santa Cruz, CA, USA) at 1:1000. The secondary antibodies that included goat
anti-rabbit IgG H&L HRP (Abcam) and anti-mouse IgG HRP (Thermo Fisher Scientific) were used at a
1:3000 dilution. The membranes were finally overlaid with ECL (Bio-Rad) before acquiring the images
while using the ChemiDoc-ItTS2 imager (UVP; Upland, CA, USA).

4.9. EGFP-LC3 Fluorescence Microscopy

The cells were seeded in 24-well plates at (1 × 105 cells/well) and transfected with 1 µg of the
EGFP-LC3 plasmid each. The transfection media was replaced the following day with growth media
only, or growth media containing 100 µM BBR, and then incubated further for 48 h. The cells were
then fixed with 4% paraformaldehyde for 30 min, washed with PBS, and then stained with the Hoechst
nuclear stain for imaging using a fluorescence microscope.

4.10. Statistical Analysis

GraphPad Prism software (Version 7.03, GraphPad Software) was used for the statistical analysis.
The values represent mean ± standard deviation (SD). Student’s t-test was used for comparison and a
p value of < 0.05 was considered to be statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/4/908/s1,
Figure S1: Co-treatment of non-cytotoxic concentrations of BBR and BAF induced hepatoma cell death similar
to 100 µM of BBR alone, Figure S2: BBR treatment did not trigger PARP cleavage, Figure S3: BBR treatment
marginally blocked HCV replication.

Author Contributions: Conceptualization, C.-J.T. (Chen-Jei Tai), A.J., and L.-T.L.; methodology, C.-J.T. (Chen-Jei
Tai), A.J., and L.-T.L.; formal analysis, C.-J.T. (Chen-Jei Tai), A.J., C.-H.L., C.-J.T. (Cheng-Jeng Tai), C.D.R.,
S.H.W., and L.-T.L.; investigation, A.J.; resources, C.D.R. and L.-T.L.; writing—original draft preparation, A.J.;
writing—review and editing, A.J., C.-H.L., and L.-T.L.; visualization, A.J., C.-H.L., and L.-T.L.; supervision, L.-T.L.;
funding acquisition, C.-J.T. (Chen-Jei Tai) and L.-T.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported in part by funding from Taipei Medical University Hospital (107TMU-TMUH-07
to CJT1 and LTL) and the Ministry of Science and Technology of Taiwan (MOST107-2320-B-038-034-MY3 to LTL).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Forner, A.; Llovet, J.M.; Bruix, J. Hepatocellular carcinoma. Lancet 2012, 379, 1245–1255. [CrossRef]
2. Mohamed, A.A.; Elbedewy, T.A.; El-Serafy, M.; El-Toukhy, N.; Ahmed, W.; Ali El Din, Z. Hepatitis C virus:

A global view. World J. Hepatol. 2015, 7, 2676–2680. [CrossRef] [PubMed]
3. Bruix, J.; Sherman, M.; American Association for the Study of Liver, D. Management of hepatocellular

carcinoma: An update. Hepatology 2011, 53, 1020–1022. [CrossRef] [PubMed]
4. Llovet, J.M.; Ducreux, M.; Lencioni, R.; Di Bisceglie, A.; Galle, P.; Dufour, J. European Association For The

Study Of The Liver European Organisation For Research And Treatment Of Cancer: EASL-EORTC clinical
practice guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2012, 56, 908–943.

5. Deng, G.L.; Zeng, S.; Shen, H. Chemotherapy and target therapy for hepatocellular carcinoma: New advances
and challenges. World J. Hepatol. 2015, 7, 787–798. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/9/4/908/s1
http://dx.doi.org/10.1016/S0140-6736(11)61347-0
http://dx.doi.org/10.4254/wjh.v7.i26.2676
http://www.ncbi.nlm.nih.gov/pubmed/26609344
http://dx.doi.org/10.1002/hep.24199
http://www.ncbi.nlm.nih.gov/pubmed/21374666
http://dx.doi.org/10.4254/wjh.v7.i5.787
http://www.ncbi.nlm.nih.gov/pubmed/25914779


Cells 2020, 9, 908 17 of 18

6. Okuda, K.; Ohtsuki, T.; Obata, H.; Tomimatsu, M.; Okazaki, N.; Hasegawa, H.; Nakajima, Y.; Ohnishi, K.
Natural history of hepatocellular carcinoma and prognosis in relation to treatment. Study of 850 patients.
Cancer 1985, 56, 918–928. [CrossRef]

7. Butt, A.S.; Sharif, F.; Abid, S. Impact of direct acting antivirals on occurrence and recurrence of hepatocellular
carcinoma: Biologically plausible or an epiphenomenon? World J. Hepatol. 2018, 10, 267–276. [CrossRef]

8. Zoulim, F.; Liang, T.J.; Gerbes, A.L.; Aghemo, A.; Deuffic-Burban, S.; Dusheiko, G.; Fried, M.W.; Pol, S.;
Rockstroh, J.K.; Terrault, N.A. Hepatitis C virus treatment in the real world: Optimising treatment and access
to therapies. Gut 2015, 64, 1824–1833. [CrossRef]

9. Villani, R.; Vendemiale, G.; Serviddio, G. Molecular Mechanisms Involved in HCC Recurrence after
Direct-Acting Antiviral Therapy. Int. J. Mol. Sci. 2019, 20, 49. [CrossRef]

10. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs over the last 25 years. J. Nat. Prod.
2007, 70, 461–477. [CrossRef]

11. Dong, H.; Wang, N.; Zhao, L.; Lu, F. Berberine in the treatment of type 2 diabetes mellitus: A systemic review
and meta-analysis. Evid. Based Complement. Alternat. Med. 2012, 2012. [CrossRef] [PubMed]

12. Tang, J.; Feng, Y.; Tsao, S.; Wang, N.; Curtain, R.; Wang, Y. Berberine and Coptidis rhizoma as novel antineoplastic
agents: A review of traditional use and biomedical investigations. J. Ethnopharm. 2009, 126, 5–17. [CrossRef]
[PubMed]

13. Wang, N.; Feng, Y.; Zhu, M.; Tsang, C.M.; Man, K.; Tong, Y.; Tsao, S.W. Berberine induces autophagic cell
death and mitochondrial apoptosis in liver cancer cells: The cellular mechanism. J. Cell Biochem. 2010, 111,
1426–1436. [CrossRef]

14. Yip, N.K.; Ho, W.S. Berberine induces apoptosis via the mitochondrial pathway in liver cancer cells. Oncol. Rep.
2013, 30, 1107–1112. [CrossRef] [PubMed]

15. Yu, R.; Zhang, Z.-Q.; Wang, B.; Jiang, H.-X.; Cheng, L.; Shen, L.-M. Berberine-induced apoptotic and
autophagic death of HepG2 cells requires AMPK activation. Cancer Cell Int. 2014, 14, 49. [CrossRef]
[PubMed]

16. Klionsky, D.J. Autophagy: From phenomenology to molecular understanding in less than a decade. Nat. Rev.
Mol. Cell Biol. 2007, 8, 931–937. [CrossRef]

17. Green, D.R.; Levine, B. To be or not to be? How selective autophagy and cell death govern cell fate. Cell 2014,
157, 65–75. [CrossRef]

18. Richards, A.L.; Jackson, W.T. How positive-strand RNA viruses benefit from autophagosome maturation.
J. Virol. 2013, 87, 9966–9972. [CrossRef]

19. Wang, L.; Ou, J.-H.J. Hepatitis C virus and autophagy. Biol. Chem. 2015, 396, 1215–1222. [CrossRef]
20. Sun, Y.; Xun, K.; Wang, Y.; Chen, X. A systematic review of the anticancer properties of berberine, a natural

product from Chinese herbs. Anticancer Drugs 2009, 20, 757–769. [CrossRef]
21. Chan, F.K.-M.; Moriwaki, K.; De Rosa, M.J. Detection of necrosis by release of lactate dehydrogenase activity.

Methods Mol. Biol. 2013, 979, 65–70. [PubMed]
22. Burd, J.F.; Usategui-Gomez, M. A colorimetric assay for serum lactate dehydrogenase. Clin. Chim. Acta 1973,

46, 223–227. [CrossRef]
23. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen

species. Biochim. Biophys. Acta 2016, 1863, 2977–2992. [CrossRef] [PubMed]
24. LeBel, C.P.; Ischiropoulos, H.; Bondy, S.C. Evaluation of the probe 2’, 7’-dichlorofluorescin as an indicator

of reactive oxygen species formation and oxidative stress. Chem. Res. Toxicol. 1992, 5, 227–231. [CrossRef]
[PubMed]

25. Zafarullah, M.; Li, W.Q.; Sylvester, J.; Ahmad, M. Molecular mechanisms of N-acetylcysteine actions. Cell Mol.
Life Sci. 2003, 60, 6–20. [CrossRef] [PubMed]

26. Dash, S.; Chava, S.; Aydin, Y.; Chandra, P.K.; Ferraris, P.; Chen, W.; Balart, L.A.; Wu, T.; Garry, R.F. Hepatitis
C virus infection induces autophagy as a prosurvival mechanism to alleviate hepatic ER-stress response.
Viruses 2016, 8, 150. [CrossRef]

27. Ait-Goughoulte, M.; Kanda, T.; Meyer, K.; Ryerse, J.S.; Ray, R.B.; Ray, R. Hepatitis C virus genotype 1a growth
and induction of autophagy. J. Virol 2008, 82, 2241–2249. [CrossRef]

28. Sir, D.; Kuo, C.F.; Tian, Y.; Liu, H.M.; Huang, E.J.; Jung, J.U.; Machida, K.; Ou, J.H. Replication of hepatitis C
virus RNA on autophagosomal membranes. J. Biol. Chem. 2012, 287, 18036–18043. [CrossRef]

http://dx.doi.org/10.1002/1097-0142(19850815)56:4&lt;918::AID-CNCR2820560437&gt;3.0.CO;2-E
http://dx.doi.org/10.4254/wjh.v10.i2.267
http://dx.doi.org/10.1136/gutjnl-2015-310421
http://dx.doi.org/10.3390/ijms20010049
http://dx.doi.org/10.1021/np068054v
http://dx.doi.org/10.1155/2012/591654
http://www.ncbi.nlm.nih.gov/pubmed/23118793
http://dx.doi.org/10.1016/j.jep.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19686830
http://dx.doi.org/10.1002/jcb.22869
http://dx.doi.org/10.3892/or.2013.2543
http://www.ncbi.nlm.nih.gov/pubmed/23784371
http://dx.doi.org/10.1186/1475-2867-14-49
http://www.ncbi.nlm.nih.gov/pubmed/24991192
http://dx.doi.org/10.1038/nrm2245
http://dx.doi.org/10.1016/j.cell.2014.02.049
http://dx.doi.org/10.1128/JVI.00460-13
http://dx.doi.org/10.1515/hsz-2015-0172
http://dx.doi.org/10.1097/CAD.0b013e328330d95b
http://www.ncbi.nlm.nih.gov/pubmed/23397389
http://dx.doi.org/10.1016/0009-8981(73)90174-5
http://dx.doi.org/10.1016/j.bbamcr.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27646922
http://dx.doi.org/10.1021/tx00026a012
http://www.ncbi.nlm.nih.gov/pubmed/1322737
http://dx.doi.org/10.1007/s000180300001
http://www.ncbi.nlm.nih.gov/pubmed/12613655
http://dx.doi.org/10.3390/v8050150
http://dx.doi.org/10.1128/JVI.02093-07
http://dx.doi.org/10.1074/jbc.M111.320085


Cells 2020, 9, 908 18 of 18

29. Schneider, J.L.; Cuervo, A.M. Liver autophagy: Much more than just taking out the trash. Nat. Rev.
Gastroenterol. Hepatol. 2014, 11, 187–200. [CrossRef]

30. Wileman, T.J.A. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy
2012, 8, 445–544.

31. White, E. Autophagic cell death unraveled: Pharmacological inhibition of apoptosis and autophagy enables
necrosis. Autophagy 2008, 4, 399–401. [CrossRef] [PubMed]

32. Zhou, T.; Ye, L.; Bai, Y.; Sun, A.; Cox, B.; Liu, D.; Li, Y.; Liotta, D.; Snyder, J.P.; Fu, H. Autophagy and
apoptosis in hepatocellular carcinoma induced by EF25-(GSH) 2: A novel curcumin analog. PLoS ONE
2014, 9. [CrossRef] [PubMed]

33. Pan, Z.; Zhuang, J.; Ji, C.; Cai, Z.; Liao, W.; Huang, Z. Curcumin inhibits hepatocellular carcinoma growth by
targeting VEGF expression. Oncol. Lett. 2018, 15, 4821–4826. [CrossRef] [PubMed]

34. Bishayee, A.; Politis, T.; Darvesh, A.S. Resveratrol in the chemoprevention and treatment of hepatocellular
carcinoma. Cancer Treat. Rev. 2010, 36, 43–53. [CrossRef]

35. Lin, C.; Chang, T.; Hsieh, W.; Hung, M.; Lin, I.; Lai, S.; Tzeng, Y. Simultaneous induction of apoptosis and
necroptosis by Tanshinone IIA in human hepatocellular carcinoma HepG2 cells. Cell Death Discov. 2016,
2, 16065. [CrossRef]

36. Varghese, L.; Agarwal, C.; Tyagi, A.; Singh, R.P.; Agarwal, R. Silibinin efficacy against human hepatocellular
carcinoma. Clin. Cancer Res. 2005, 11, 8441–8448. [CrossRef]

37. Kaufmann, S.H.; Desnoyers, S.; Ottaviano, Y.; Davidson, N.E.; Poirier, G.G. Specific proteolytic cleavage of
poly (ADP-ribose) polymerase: An early marker of chemotherapy-induced apoptosis. Cancer Res. 1993, 53,
3976–3985.

38. Leist, M.; Single, B.; Castoldi, A.F.; Kühnle, S.; Nicotera, P. Intracellular adenosine triphosphate (ATP)
concentration: A switch in the decision between apoptosis and necrosis. J. Exp. Med. 1997, 185, 1481–1486.
[CrossRef]

39. Xu, M.; Xiao, Y.; Yin, J.; Hou, W.; Yu, X.; Shen, L.; Liu, F.; Wei, L.; Jia, W. Berberine promotes glucose
consumption independently of AMP-activated protein kinase activation. PLoS ONE 2014, 9. [CrossRef]

40. Smirnova, O.A.; Ivanova, O.N.; Bartosch, B.; Valuev-Elliston, V.T.; Mukhtarov, F.; Kochetkov, S.N.; Ivanov, A.V.
Hepatitis C Virus NS5A Protein Triggers Oxidative Stress by Inducing NADPH Oxidases 1 and 4 and
Cytochrome P450 2E1. Oxid. Med. Cell Longev. 2016, 2016. [CrossRef]

41. Gong, G.; Waris, G.; Tanveer, R.; Siddiqui, A. Human hepatitis C virus NS5A protein alters intracellular
calcium levels, induces oxidative stress, and activates STAT-3 and NF-κB. Proc. Natl. Acad. Sci. USA 2001, 98,
9599–9604. [CrossRef] [PubMed]

42. Meeran, S.M.; Katiyar, S.; Katiyar, S.K. Berberine-induced apoptosis in human prostate cancer cells is initiated
by reactive oxygen species generation. Toxicol. Appl. Pharmacol. 2008, 229, 33–43. [CrossRef] [PubMed]

43. Das, C.K.; Mandal, M.; Kögel, D. Pro-survival autophagy and cancer cell resistance to therapy. Cancer
Metastasis Rev. 2018, 37, 749–766. [CrossRef]

44. Hung, T.-C.; Jassey, A.; Liu, C.-H.; Lin, C.-J.; Lin, C.-C.; Wong, S.H.; Wang, J.Y.; Yen, M.-H.; Lin, L.-T.
Berberine inhibits hepatitis C virus entry by targeting the viral E2 glycoprotein. Phytomedicine 2019, 53, 62–69.
[CrossRef]

45. Deng, Y.; Xu, J.; Zhang, X.; Yang, J.; Zhang, D.; Huang, J.; Lv, P.; Shen, W.; Yang, Y. Berberine attenuates
autophagy in adipocytes by targeting BECN1. Autophagy 2014, 10, 1776–1786. [CrossRef] [PubMed]

46. Jassey, A.; Liu, C.H.; Changou, C.A.; Richardson, C.D.; Hsu, H.Y.; Lin, L.T. Hepatitis C Virus Non-Structural
Protein 5A (NS5A) Disrupts Mitochondrial Dynamics and Induces Mitophagy. Cells 2019, 8, 290. [CrossRef]
[PubMed]

47. Liu, C.H.; Lin, C.C.; Hsu, W.C.; Chung, C.Y.; Lin, C.C.; Jassey, A.; Chang, S.P.; Tai, C.J.; Tai, C.J.; Shields, J.;
et al. Highly bioavailable silibinin nanoparticles inhibit HCV infection. Gut 2017, 66, 1853–1861. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrgastro.2013.211
http://dx.doi.org/10.4161/auto.5907
http://www.ncbi.nlm.nih.gov/pubmed/18367872
http://dx.doi.org/10.1371/journal.pone.0107876
http://www.ncbi.nlm.nih.gov/pubmed/25268357
http://dx.doi.org/10.3892/ol.2018.7988
http://www.ncbi.nlm.nih.gov/pubmed/29552121
http://dx.doi.org/10.1016/j.ctrv.2009.10.002
http://dx.doi.org/10.1038/cddiscovery.2016.65
http://dx.doi.org/10.1158/1078-0432.CCR-05-1646
http://dx.doi.org/10.1084/jem.185.8.1481
http://dx.doi.org/10.1371/journal.pone.0103702
http://dx.doi.org/10.1155/2016/8341937
http://dx.doi.org/10.1073/pnas.171311298
http://www.ncbi.nlm.nih.gov/pubmed/11481452
http://dx.doi.org/10.1016/j.taap.2007.12.027
http://www.ncbi.nlm.nih.gov/pubmed/18275980
http://dx.doi.org/10.1007/s10555-018-9727-z
http://dx.doi.org/10.1016/j.phymed.2018.09.025
http://dx.doi.org/10.4161/auto.29746
http://www.ncbi.nlm.nih.gov/pubmed/25126729
http://dx.doi.org/10.3390/cells8040290
http://www.ncbi.nlm.nih.gov/pubmed/30934919
http://dx.doi.org/10.1136/gutjnl-2016-312019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	BBR Inhibits Hepatoma Cell Growth Irrespective of HCV RNA Expression 
	BBR Induces Time-Dependent Biphasic Hepatoma Cell Death 
	Inhibition of ROS Attenuates the BBR-Induced HCV Replicon Cell Death, But Not the Parental HCV RNA-Negative Huh-7 Cells 
	BBR Modulates Autophagy in HCC Cells 
	BAF Pretreatment Augments BBR-Induced Cell Death in Hepatoma Cells Irrespective of Intracellular HCV RNA Replication 
	Inhibition of Autophagy Enhances BBR-Induced Death of Cells Persistently Infected With HCV Particles 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cytotoxicity Assay 
	Analysis of Cell Death 
	Reactive Oxygen Species Production and Scavenging Analysis 
	Bafilomycin A1 Treatment 
	Lactose Dehydrogenase Activity Assay for the Detection of Necrosis 
	Western Blotting 
	EGFP-LC3 Fluorescence Microscopy 
	Statistical Analysis 

	References

