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Abstract. Isorhamnetin is a 3’-O-methylated metabolite of quercetin that is found predominantly in
a variety of medicinal plants. Although many previous studies have reported that this flavonol has
diverse health-promoting effects, evidence for the underlying molecular mechanism of anti-cancer
efficacy is still lacking. In this study, it was examined the anti-proliferative effect of isorhamnetin
on human hepatocarcinoma Hep3B cells, and found that isorhamnetin induced cell cycle arrest at
G2/M phase and apoptosis. Isorhamnetin-induced G2/M arrest was associated with decreased expression of proliferating cell nuclear antigen as well as cyclin A and cyclin B1. However, isorhamnetin
increased expression of p21WAF1/CIP1, a cyclin-dependent kinase (Cdk) inhibitor, and increased
p21 complexed with Cdk2 and Cdc2. In addition, isorhamnetin-induced apoptosis was associated
with increased expression of Fas/Fas ligand, reduced ratio of Bcl-2/Bax expression, truncation of
Bid, cytosolic release of cytochrome c, and activation of caspase-8, -9 and -3. Isorhamnetin also enhanced intracellular levels of reactive oxygen species (ROS), while the addition of N-acetyl cysteine
(NAC), a ROS inhibitor, significantly diminished isorhamnetin-induced mitochondrial dysfunction.
Furthermore, the interruption of ROS generation using NAC significantly attenuated isorhamnetinmediated G2/M arrest and apoptosis. Collectively, this is the first report to show that isorhamnetin
inhibited the proliferation of human hepatocarcinoma cells by ROS-dependent arrest of the cell cycle
at the G2/M phase and induction of apoptosis.
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Introduction
Although new therapies are being developed for the treatment of cancer patients, chemotherapy is still a major approach to cancer treatment. However, some limitations such
as adverse side effects, limited efficacy and drug resistance
remain to be solved (Fu et al. 2018; Kumar and Jaitak 2019).
Therefore, there is an urgent need to develop new therapeutic
strategies that minimizes these limitations while enhancing
therapeutic efficacy. In this regard, there is a growing interest in the importance of compounds derived from natural
resources that have traditionally been used for the treatment of various diseases and disorders (Efferth et al. 2007;
Nobili et al. 2009; Butler et al. 2014). In particular, in many
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accumulated studies to date, a large number of naturally
occurring chemotherapeutic agents have been reported to
induce cell cycle arrest and apoptosis in cancer cells, which
is not toxic to normal cells (Hanahan and Weinberg 2011;
Medema and Macůrek 2012). These agents are also emerging
as alternatives to chemopreventive and chemotherapeutic
agents as they can specifically regulate various cellular signaling pathways in cancer cells (Schnekenburger et al. 2014;
Bolhassani 2015).
Isorhamnetin (3’-methoxy-3,4’,5,7-tetrahydroxyflavone)
is a type of flavonol aglycone present in some medicinal
plants, including Hippophae rhamnoides L., Ginkgo biloba L.
and Oenanthe javanica, which are used as traditional medicines for the treatment of hemorrhage, rheumatism and
cardiovascular disease (Zhang and Cui 2005; Gu et al. 2019).
This compound is one of the metabolites of quercetin that is
structurally similar to kaempferol, also known as 3’-O-methyl
quercetin (Castrillo et al. 1986; Rösch et al. 2004; Chen et al.
2013). Isorhamnetin exhibits many biological properties due
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to its anti-inflammatory, antioxidant and metabolic properties (Luo et al. 2015; Seo et al. 2016; Yang et al. 2016; Abdallah and Esmat 2017; Qi et al. 2018), and is also considered
to have the potential of anti-cancer agents in the results of
various cancer cell models. According to previous studies,
isorhamnetin has been reported to prevent the proliferation
of human leukemia, breast cancer, colon cancer and cervical
cancer cells through G2/M phase arrest (Li et al. 2014; Wu
et al. 2016; Wei et al. 2018; Zhang et al. 2018), and to induce
mitotic block in non-small cell lung carcinoma cells, thus
enhancing cisplatin- and carboplatin-induced G2/M arrest
(Zhang et al. 2015). On the other hand, isorhamnetin induced
S phase arrest in some cancer cells (Wang et al. 2018; Wu et
al. 2018), indicating that cell cycle arrest by isorhamnetin
depends on the type of cancer cell line.
In addition, isorhamnetin has been shown to induce apoptosis through activation of death receptor (DR)-dependent
(extrinsic) and/or mitochondria-dependent (intrinsic)
pathways in a variety of cancer cell lines (Lee et al. 2008;
Antunes-Ricardo et al. 2014; Li et al. 2015; Luo et al. 2015;
Zhang et al. 2015; Huang et al. 2017; Sak et al. 2018). It has
also been shown that the anti-cancer effect of isorhamnetin
was accompanied by the disturbance of various cellular
signaling pathways such as mitogen-activated protein kinase,
nuclear factor-kappa B and phosphoinositide 3-kinase/Akt
signaling pathway (Hu et al. 2015; Wang et al. 2018; Zhang et
al. 2018). Moreover, isorhamnetin showed a cytotoxic effect
through reactive oxygen species (ROS)-dependent apoptosis
pathway in breast cancer cells (Wu et al. 2018). Although the
potential of the growth inhibitory activity of isorhamnetin
was raised in human liver cancer cells (Poór et al. 2016; Guo
et al. 2017; Zhou et al. 2018), no molecular mechanism has
been reported to support its effect. Therefore, this study investigated the anti-cancer efficacy of isorhamnetin in human
hepatocarcinoma Hep3B cells focusing on the mechanisms
involved in inducing cell cycle arrest and apoptosis.
Materials and Methods
Chemicals and reagents
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS) and other reagents for cell culture were purchased from WelGENE Inc. (Daegu, Republic of Korea).
Isorhamnetin, dimethylsulfoxide (DMSO) and 4',6'-diamidino-2-phenylindole (DAPI) was obtained from SigmaAldrich Chemical Co. (St. Louis, MO, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT),
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylimidacarbocyanine
iodide (JC-1), 5,6-carboxy-2’,7’-dichlorodihydrofluorescein
diacetate (DCF-DA), N-acetyl-L-cysteine (NAC) and propidium iodide (PI) were obtained from Invitrogen (Carlsbad,
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CA, USA). The Annexin V-fluorescein isothiocyanate
(FITC) staining kit was purchased from BD Biosciences
(San Diego, CA, USA). Polyvinylidene difluoride (PVDF)
membranes and caspase activity assay kits were obtained
from Schleicher & Schuell (Keene, NH, USA) and R&D
Systems (Minneapolis, MN, USA), respectively. Bradford
Protein assay kit was purchased from Bio-Rad Laboratories
(Hercules, CA, USA). A mitochondrial protein isolation
kit was purchased from Active Motif (Carlsbad, CA, USA).
Primary antibodies and horseradish peroxidase (HRP)conjugated secondary antibodies were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA) and Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Enhanced
chemiluminescence (ECL) kit was purchased from Amersham Biosciences (Westborough, MA, USA). All other
chemicals used in this study were of analytical grade and
purchased from Sigma-Aldrich Chemical Co.
Cell culture and isorhamnetin treatment
The human hepatocarcinoma Hep3B cells, which are tumor
suppressor p53-null type, were obtained from the American
Type Culture Collection (Manassas, VA, USA). The cells were
cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37°C under a humidified 5% CO2.
Isorhamnetin was dissolved in DMSO to a final concentration of 100 mM. Prior to use, the stock solution was diluted
to the desired concentration with cell culture medium.
Cell viability assay
Cell viability was determined by MTT assay, as previously described (Park et al. 2014). Briefly, Hep3B cells (1×104 cells/per
well) were seeded onto 96-well plates in 100 μl medium. After
overnight incubation, the cells were exposed to various concentrations of isorhamnetin for 48 h. Thereafter, MTT reagent at
50 μg/ml final concentration was added to each well, and cells
were incubated continuously for 2 h at 37°C. After removing the
medium, 100 μl DMSO was added to each well to dissolve the
formed blue formazan crystals and then measured at 540 nm
in a microplate reader (VERSA Max, Molecular Device Co.,
Sunnyvale, CA, USA). All results were performed in three independent experiments, and the cell viability was expressed as
a percentage of the control. The morphological changes of the
cells were directly observed and photographed using a phasecontrast microscope (Carl Zeiss, Oberkochen, Germany).
Determination of cell cycle distribution by flow cytometric
analysis
PI staining was applied to analyze the DNA content and
cell cycle distribution. In brief, cells were exposed to various concentrations of isorhamnetin for 48 h, and the cells
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were harvested and fixed gently in 70% ice-cold ethanol (in
phosphate-buffered saline, PBS) at 4°C for 30 min. The cells
were re-suspended in PBS containing 40 μg/ml PI, 0.1%
Triton X-100 and 100 μg/ml RNase A in a dark room at 37°C
for 30 min, and subjected to flow cytometry (BD Biosciences,
San Jose, CA, USA), to determine the cell cycle distribution
and apoptotic cells (sub-G1 phase).
Determination of apoptotic cell death by flow cytometric
analysis
The annexin V-FITC staining kit was used to determine and
quantify the apoptotic cells, according to the manufacturer’s
instruction. In brief, the collected cells were washed with
PBS, suspended in the supplied binding buffer, and then
stained with FITC-conjugated annexin V and PI at room
temperature (RT) for 20 min in the dark. The fluorescent
intensities of the cells were detected by flow cytometry, and
the annexin V+/PI- and annexin V+/PI+ cell populations
were considered indicators of apoptotic cells.
Protein extraction, co-immunoprecipitation, and Western
blot analysis
After treatment, the cells were harvested, and the whole
cellular proteins were prepared using the Bradford protein
assay kit, according to the manufacturer’s protocol. For the
preparation of mitochondrial and cytosolic proteins from
the cells, mitochondrial and cytoplasmic extraction reagents
were applied, according to the manufacturer’s instruction.
Protein concentration was measured using the Bio-Rad protein assay kit, according to the manufacturer’s instructions.
For co-immunoprecipitation assay, the 500 μg of cell lysates
from each sample was pre-cleaned with normal rabbit IgG
and a protein-A-sepharose bead slurry, and immunoprecipitation was conducted using 1 μg of anti-cyclin-dependent
kinase 2 (Cdk2) or cell division cycle 2 (Cdc2, also call Cdk1)
antibody and protein-A-sepharose. The protein complex was
then prepared according to the previously described method
(Park et al. 2014). For Western blot analysis, equal amounts
of protein samples or immunoprecipitated proteins were
separated by electrophoresis using sodium dodecyl sulphate
(SDS)-polyacrylamide gel, and transferred to PVDF membranes. The membranes were blocked with Tris-buffered
saline (10 mM Tris-Cl, pH 7.4) containing 0.5% Tween-20
and 5% nonfat dry milk for 1 h at RT, and then probed with
the indicated primary antibodies, to react with the blotted
membranes at 4°C overnight. Afterwards, the membranes
were incubated with the corresponding HRP-conjugated
secondary antibodies, developed using an ECL detection
kit, and then visualized by Fusion FX Image system (Vilber
Lourmat, Torcy, France). All results were obtained in three
independent experiments.

Nuclear staining assay
The changes of nuclear morphology for assessing apoptosis
were assessed by DAPI staining, a cell-permeable nucleic acid
dye. Briefly, cells were cultured with or without isorhamnetin for 48 h, and then fixed with 4% paraformaldehyde for
10 min at RT. The cell were rinsed with PBS, and incubated
with 1 μg/ml DAPI solution at 37°C for 10 min. Stained
cells were visualized and photographed using a fluorescence
microscope (Carl Zeiss).
Caspase activity assay
The activity of caspases was measured according to the
manufacturer’s instructions for the Caspase colorimetric
assay kits. Briefly, cells were harvested and lysed in the lysis
buffer provided in the kit on ice for 10 min, and then centrifuged at 10,000 × g for 1 min. The supernatants containing
equal proteins were incubated with the supplied reaction
mixtures, including the fluorogenic peptide substrate
(Asp-Glu-Val-Asp specific for caspase-3; Ile-Glu-Thr-Asp
for caspase-8; and Leu-Glu-His-Asp specific for caspase-9)
labeled with p-nitroaniline (pNA) for 1 h at 37°C in the
dark. The amounts of released pNA were measured using
a microplate reader by exciting at 405 nm, and emitting
at 510 nm.
Measurement of ROS production and mitochondrial membrane potential (MMP, ΔΨm)
The production of ROS was measured using DCF-DA, as
described previously (Koh et al. 2018). At the end of the
treatment with isorhamnetin for defined periods in the
presence or absence of NAC, a well-known antioxidant,
cells were incubated with 10 μM DCF-DA in the dark at
37°C for 20 min. Subsequently, cells were analyzed for
DCF fluorescence by flow cytometry at 480 nm/520 nm.
To measure MMP, JC-1 staining was performed, according
to the manufacturer’s instructions. After treatment with
isorhamnetin for 48 h in the presence or absence of NAC,
cells were exposed to 10 μM JC-1 for 30 min at 37°C, and
then analyzed by flow cytometry at 488 nm/575 nm, as
previously described (Kim et al. 2019).
Statistical analysis
All experiments were performed at least three times. Data
were analyzed using GraphPad Prism software (version 5.03;
GraphPad Software, Inc., La Jolla, CA, USA), and expressed
as the mean ± standard deviation (SD). Differences between
groups were assessed using analysis of variance, followed by
ANOVA-Tukey’s post hoc test, and p < 0.05 was considered
to indicate a statistically significant difference.
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Results
Isorhamnetin inhibited cell viability and induced cell cycle
arrest at G2/M phase in Hep3B cells
To evaluate the growth inhibitory effect of isorhamnetin
on Hep3B cells, cells were treated with different concentrations of isorhamnetin for 48 h, and then the MTT assay was
conducted. As shown in Figure 1A, the cell viability was significantly decreased in a concentration-dependent manner
in isorhamnetin-treated cells. To investigate the mechanism
responsible for the isorhamnetin-induced anti-proliferative
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effect in Hep3B cells, the cell cycle distribution profile was
examined. Flow cytometry data indicated that the percentage
of cells arrested at G2/M phase was significantly increased
with increasing isorhamnetin treatment concentration,
coupled with a decrease in the proportion of cells in G1 and
S phases (Fig. 1B and C). In the meanwhile, a significant increase of the cells at sub-G1 phase, which is used as an index
of apoptotic cells, was observed in isorhamnetin-treated cells
in a concentration-dependent manner (Fig. 1B).
Isorhamnetin regulated the expression of G2/M
phase-associated proteins in Hep3B cells
To explore the biochemical event of the isorhamnetinelicited G2/M arrest in Hep3B cells, the levels of G2/M
phase-associated proteins were analyzed. The immunoblotting results as seen in Figure 2A revealed that following
isorhamnetin treatment, the levels of cyclin A and cyclin B1
were reduced, while expression of Cdk2 and Cdc2 remained
at the control level. Expression of proliferating cell nuclear
antigen (PCNA) was also reduced in cells treated with isorhamnetin, in a concentration-dependent manner. However,
although Hep3B cells are p53-deficient cells, the expression
of Cdk inhibitor p21WAF1/CIP1 was markedly increased
in response to isorhamnetin exposure. Additionally, it was
performed co-immunoprecipitation to investigate the role
of isorhamnetin-induced p21, and found that increased p21
by isorhamnetin treatment was apparently complexed with
Cdk2 and Cdc2 (Fig. 2B).
Isorhamnetin-induced G2/M arrest was associated with the
induction of apoptosis in Hep3B cells

Figure 1. The inhibition of cell viability and induction of cell cycle
arrest at G/M phase by isorhamnetin in Hep3B cells. Hep3B cells were
treated with the indicated concentrations of isorhamnetin for 48 h.
A. The cell viability was assessed by MTT assay. Each bar represents
the mean ± SD of three independent experiments; ** p < 0.001 and
*** p < 0.0001 compared to control. B, C. The cells were collected, and
stained with PI solution for flow cytometry analysis. B. Representative
profiles. The percentages of apoptotic sub-G1 cells were calculated as
the percentage of the number of cells in the sub-G1 population relative
to the number of total cells. C. Quantification of the cell population
(in percent) in different cell cycle phases of viable cells is shown. Data
were expressed as the mean of two independent experiments.

Under phase-contrast microscope, the phenotypic characteristics of isorhamnetin-treated Hep3B cells showed irregular
cell outlines, decrease of cell density, and increase of detached
cell (Fig. 3A). Since the increase in the frequency of cells
belonging to Sub-G1 and these morphological changes are
presumed to be related to the induction of apoptosis, DAPI
staining was performed to investigate whether isorhamnetininduced G2/M arrest was associated with apoptosis induction. As indicated in Figure 3B, morphological changes of
the nuclei that were observed in apoptosis-inducing cells
such as nuclear fragmentation and chromatin condensation
were dominantly found in isorhamnetin-treated cells. To
quantify the apoptosis induced by isorhamnetin, annexin
V/PI double staining was performed and analyzed. As shown
in Figure 3C and D, after treatment with isorhamnetin, the
corresponding populations of annexin V-staining positive
cells (total apoptotic cells) were significantly increased, as
compared to the control, indicating that isorhamnetininduced G2/M phase arrest in Hep3B cells was associated
with the induction of apoptosis.
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Isorhamnetin modulated the expression of apoptosis-regulatory
factors in Hep3B cells
To examine the pathway of isorhamnetin-induced apoptosis
in Hep3B cells, it was assessed whether isorhamnetin activated
the caspase signaling pathway and found that isorhamnetin
reduced the expression of pro-caspase-8, -9, and -3 (Fig. 3E) and
increased their enzymatic activity in a concentration-dependent
manner (Fig. 3F). Isorhamnetin also induced cleavage of poly
(ADP-ribose) polymerase (PARP), a major substrate protein of
activated caspase-3 (Hassan et al. 2014; Kiraz et al. 2016). In addition, the effects of isorhamnetin on the expression of Fas/Fas
ligand (FasL) and Bcl-2 family members, which play a critical
role in extrinsic and intrinsic apoptotic pathways, respectively
(Birkinshaw and Czabotar 2017; Edlich 2018), were determined.
As indicated in Figure 3E, both Fas and FasL expression levels
were up-regulated in isorhamnetin-stimulated cells. It was
also found that isorhamnetin increased the expression of proapoptotic Bax, and decreased the expression of anti-apoptotic
Bcl-2. In addition, the expression of truncated BH3 interactingdomain death agonist (tBid), a pro-apoptotic protein belonging
to the Bcl-2 family proteins, was increased, and the release of
cytochrome c from the mitochondria to the cytoplasm was
promoted in isorhamnetin-treated cells (Fig. 4A and B).
Isorhamnetin increased ROS generation and mitochondrial
dysfunction in Hep3B cells
To investigate the involvement of ROS on the cytotoxic effect
of isorhamnetin in Hep3B cells, conducted flow cytometry
analysis was conducted using DCF-DA. Our data indicated
that the accumulation of ROS was highest after 1 h of isorhamnetin treatment, and then gradually decreased thereafter, while
cells pretreated with NAC, a potent ROS scavenger, showed
significantly suppressed ROS levels, compared to those of
isorhamnetin alone treated cells (Fig. 4C–E). It was further
assessed whether mitochondrial dysfunction was involved in
isorhamnetin-induced apoptosis. According to the results of
flow cytometry using JC-1 dyes, the formation of JC-1 aggregates in mitochondria was maintained at a relatively high rate
in cells not treated with isorhamnetin, while the ratio of JC-1
monomers increased with increasing isorhamnetin treatment
concentration, indicating a remarkable depletion of MMP
after isorhamnetin treatment (Fig. 4F–H). However, under
the condition that NAC existed, it was markedly weakened,
indicating that mitochondrial dysfunction by isorhamnetin in
Hep3B cells was mediated through ROS-dependent pathway.
ROS acts as an upstream regulator of isorhamnetin-mediated
apoptosis and cell cycle blockade in Hep3B cells
The effect of ROS on isorhamnetin-mediated apoptosis and
G2/M phase arrest was further investigated to determine

Figure 2. Effects of isorhamnetin (ISO) on the levels of cell cycle
regulatory proteins in Hep3B cells. A. Hep3B cells were treated
with the indicated concentrations of ISO for 48 h, and then total
cell lysates were prepared. Western blotting was then performed
using the indicated antibodies and an ECL detection system. Actin
was used as an internal control. B. Cells were incubated without or
with 100 μM ISO for 48 h, and then equal amounts of proteins were
immunoprecipitated with the anti-Cdk2 or Cdc2 antibody. Western
blotting using immunocomplexes was performed using anti-p21,
anti-Cdk2 or Cdc2 antibody, and an ECL detection system. IP,
immunoprecipitation; PCNA, proliferating cell nuclear antigen.

the role of ROS in the anti-cancer activity of isorhamnetin
in Hep3B cells. As depicted in the results of DAPI staining, artificially blocking the production of ROS using NAC
drastically attenuated isorhamnetin-induced apoptosis
(Fig. 5A). In addition, NAC pretreatment significantly reversed the isorhamnetin-induced up-regulation of Bax and
down-regulation of Bcl-2, and degradation of PARP (Fig.
5B). Consistent with these results, the increased apoptosis
by treatment with isorhamnetin was significantly restored
by blocking ROS production (Fig. 5C and D). Moreover,
blocking of ROS reinstated isorhamnetin-induced decreased
expression of cyclin B1 and PCNA, and increased expression
of p21 (Fig. 6A), and subsequently protected isorhamnetinmediated cell cycle arrest at the G2/M stage, which was related to a decrease of sub-G1 phase cells (Fig. 6B and C). In
parallel, inhibiting ROS production greatly restored reduced
cell viability by isorhamnetin (Fig. 6D), demonstrating that
ROS generation was shown to be necessary for the contribution of G2/M arrest and apoptosis by isorhamnetin.
Discussion
Several previous studies have shown that isorhamnetin has
anti-cancer effects by inducing cell cycle arrest and apoptosis in various cancer cell lines, under conditions that are
not toxic to normal cells (Ramachandran et al. 2012; Hu et
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al. 2015). Although the possibility that ROS generation by
this compound may act as a major signal for the anti-cancer
activity in breast cancer cells has recently been suggested
(Wu et al. 2018), the role of ROS is still largely unknown.
Also, there have been few studies of molecular mechanisms
on the anti-cancer activity of isorhamnetin in human liver
cancer cells.
Deregulation of cell cycle control is clearly linked to the
development and progression of most tumors, and disruption of this progression is thought to be an important strategy for the inhibition of cancer cell growth (Hanahan and
Weinberg 2011; Medema and Macůrek 2012). Therefore, it
was first examined whether the growth inhibitory effect of
isorhamnetin in Hep3B cells was associated with cell cycle
arrest. The results of flow cytometry analysis showed that
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isorhamnetin caused G2/M phase arrest, similar to the results
of previous studies in several human cancer cell lines (Li et
al. 2014; Wu et al. 2016; Wei et al. 2018; Zhang et al. 2018),
suggesting that G2/M arrest is one of the mechanisms of
isorhamnetin-mediated growth inhibitory effect in Hep3B
cells. The progression of the cell cycle in eukaryotic cells is
strictly controlled by the interaction of cyclins and Cdks with
their inhibitory factors. For example, D-type cyclins bind to
and activate Cdk4 and Cdk6, leading to sequential progression from G1 to S phase. On the other hand, cyclin A/Cdk2
and Cdc2 complexes control S and G2 phases, and induction
of G2/M transition and processes during mitosis depend on
cyclin B/Cdc2 complex (Sánchez-Martínez et al. 2015; Bai et
al. 2017). In the present study, isorhamnetin reduced in the
level of cyclin A and cyclin B1 protein, without significant

Figure 3. Induction of apoptosis by isorhamnetin (ISO) in Hep3B cells. A, B. Hep3B cells were treated with 100 μM ISO for 48 h.
A. Morphological changes of Hep3B cells were observed by phase-contrast microscopy. B. The DAPI-stained nuclei were pictured under
a fluorescence microscope. Representative photographs of the morphological changes are presented. C, D. After treatment with different concentrations of ISO for 48 h, the cells were collected, fixed, and stained with annexin V-FITC and PI for flow cytometry analysis.
C. Representative profiles. The results show late apoptosis, defined as annexin V+ and PI+ cells (upper right quadrant) cells and early apoptosis, defined as annexin V+ and PI- cells (lower right quadrant). D. The percentages of apoptotic cells were determined by expressing
the numbers of Annexin V+ cells as percentages of all the present cells. The results are presented as the mean ± SD of three independent
experiments; ** p < 0.001 and *** p < 0.0001 compared to control. E. Hep3B cells were treated with the indicated concentrations of ISO
for 48 h, and then total cell lysates were prepared. Western blotting was then performed using the indicated antibodies and an ECL detection system. Actin was used as an internal control. F. The activities of caspases were evaluated using caspases colorimetric assay kits. The
data were expressed as the mean ± SD of three independent experiments; * p < 0.05, ** p < 0.001 and *** p < 0.0001 compared to control.
PARP, poly (ADP-ribose) polymerase.
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changes in the expression of Cdk2 and Cdc2. Immunoblotting analysis also revealed that the protein level of PCNA,
a critical marker of cell proliferation (Wang 2014; Juríková et
al. 2016), was markedly inhibited in isorhamnetin-stimulated
cells as compared to control cells. However, the level of p21
was markedly induced in p53-deficient Hep3B cells treated
with isorhamnetin. Moreover, complexes immunoprecipitated with antibodies Cdk2 and Cdc2 in isorhamnetintreated cells contained a greater amount of immunologically
detectable p21 protein compared to untreated control cells,
which may have contributed the reduction of Cdk2 and
Cdc2 activity and ultimately leading to G2/M arrest. p21,
a typical Cdk inhibitor belonging to the KIP/CIP family,
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was first reported to be a major inducer of tumor suppressor
p53-dependent cell cycle arrest induced by DNA damage,
but it could act as a mediator of p53-independent cell arrest
in various types of cancer cells (Reinhardt and Schumacher
2012; Karimian et al. 2016). Collectively, our data suggest that
isorhamnetin-triggered G2/M arrest was due to decreased
expression of cyclin A and cyclin B1, and an increase in p21
levels through p53-independent mechanism.
Because isorhamnetin-mediated cell cycle arrest at G2/M
phase has been reported to be related to apoptosis in some
cancer cell lines (Li et al. 2014; Zhang et al. 2015; Wu et al.
2016; Wei et al. 2018; Zhang et al. 2018), it was evaluated
whether G2/M arrest by isorhamnetin was associated with

Figure 4. Effects of isorhamnetin (ISO) on the expression of Bcl-2 family proteins and cytochrome c, ROS generation and MMP in Hep3B
cells. A. After treatment with various concentrations of ISO for 48 h, total cell lysates were prepared. Western blotting was then performed
using the indicated antibodies, and an ECL detection system. Actin was used as an internal control. B. After treatment without or with 100
μM ISO for 48 h, cytosolic and mitochondrial proteins were prepared, and analyzed for cytochrome c expression by Western blot analysis.
Equal protein loading was confirmed by the analysis of actin and cytochrome oxidase subunit VI (COX VI) in each protein extract (C.F.,
cytosolic fraction; M.F., mitochondrial fraction). C–E. Cells were treated with 100 μM ISO for the desired times (C), or pretreated with
or without 10 mM N-acetyl cysteine (NAC) for 1 h and then treated with 100 μM ISO for 1 +h (D). The medium was discarded, and the
cells were incubated for 20 min with new culture medium containing 5,6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA).
ROS generation was measured by flow cytometry. E. The data were expressed as the mean ± SD of three independent experiments; ** p <
0.001 and *** p < 0.0001 compared to control; ### p < 0.0001 compared with cells treated with ISO for 1 h. F–H. Cells were either treated
with the indicated concentration of ISO for 48 h (F), or pre-treated with 10 mM (NAC) for 1 h before treatment with 100 μM ISO (G).
The cells were stained with JC-1 dye and then analyzed to evaluate the changes in mitochondrial membrane potential (MMP). H. The
data were expressed as the mean ± SD of three independent experiments; *** p < 0.0001 compared to control; ### p < 0.0001 compared to
100 μM ISO-treated cells.
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apoptosis induction in Hep3B cells. Based on the results
of morphological changes and flow cytometry analysis, we
found that the cytotoxic effect of isorhamnetin was achieved
through the induction of apoptosis associated with G2/M
arrest. As is well known, apoptosis, a highly conserved
programmed cell death, can be largely divided into extrinsic and intrinsic pathways in mammalian cells (Hassan et
al. 2014; Pfeffer and Singh 2018). The extrinsic pathway
begins with the activation of caspase-8 by the formation of
the death-inducing signaling complex through the binding of death ligands to the cell surface DRs. For example,
when FasL, one of the typical death ligands, binds to the
corresponding DR, Fas, caspase-8 is sequentially activated
(Kantari and Walczak 2011; Pfeffer and Singh 2018). Meanwhile, the intrinsic pathway is characterized by the release
of pro-apoptotic proteins, such as cytochrome c, from the
mitochondria into the cytoplasm, which is accompanied
by increased mitochondrial permeability and the activation of caspase-9. This pathway is tightly regulated by the
Bcl-2 protein family that includes pro- and anti-apoptotic
proteins, which guard mitochondrial integrity, and control
the cytosolic release of cytochrome c through the mitochondrial transition pore (Birkinshaw and Czabotar 2017;
Edlich 2018). Caspases-8 and -9, which correspond to the
initiator caspases of each pathway, ultimately activate apoptosis through the cleavage of several cellular substrates
such as PARP by activating downstream executioner caspases, including caspase-3 (Hassan et al. 2014; Kiraz et al.
2016). Our results indicated that isorhamnetin activated
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both caspase-8 and -9, and increased the truncation of
Bid in Hep3B cells. In addition, consistent with previous
studies in non‑small cell lung cancer cells and Lewis lung
cancer cells (Lee et al. 2008; Ruan et al. 2015), mitochondrial dysfunction was induced, as confirmed by the loss of
MMP in isorhamnetin-treated cells. The loss of MMP was
accompanied by a down-regulation in the Bcl-2/Bax ratio
and promotion of cytochrome c release into the cytoplasm
from mitochondria, which are typically observed in the
activated intrinsic pathway (Birkinshaw and Czabotar 2017;
Edlich 2018). Isorhamnetin treatment also significantly increased the activity of caspase-3, and induced the cleavage
of PARP. As is well known in previous studies, caspase-8
activated by the initiation of the extrinsic pathway cleaved
and converted Bid to tBid (Billen et al. 2008; Edlich 2018).
tBid in turn translocates to the mitochondria to promote
the permeability of the mitochondrial outer membrane,
leading to the release of cytochrome c, counteracting the
cytoprotective activity of Bcl-2 protein, and amplifying the
intrinsic pathway (Billen et al. 2008; Kantari and Walczak
2011). Therefore, we speculated that the pro-apoptotic effect
of isorhamnetin in Hep3B cells could occur by simultaneously activating the extrinsic and intrinsic pathways through
tBid-mediated crosstalk.
Accumulated evidence has shown that many anti-cancer
agents promote apoptosis for removal of cancer cells through
pro-oxidant properties such as increasing ROS accumulation, or destroying cellular antioxidant systems (Bolhassani
2015; Badrinath and Yoo 2018). Mitochondria are the major

Figure 5. Roles of ROS on isorhamnetin (ISO)induced apoptosis in Hep3B cells. The cells were
either treated with 100 μM ISO for 48 h, or pretreated with 10 mM N-acetyl cysteine (NAC) for 1 h,
before 100 μM ISO treatment, and then collected.
A. The DAPI-stained nuclei were pictured under
a fluorescence microscope. B. Total cell lysates were
prepared. Western blotting was then performed using the indicated antibodies, and an ECL detection
system. Actin was used as an internal control. C, D.
The cells were stained with annexin V-FITC and
PI for flow cytometry analysis. C. Representative
profiles. The results show late apoptosis, defined
as annexin V+ and PI+ cells (upper right quadrant)
cells and early apoptosis, defined as annexin V+ and
PI- cells (lower right quadrant). D. The percentages
of apoptotic cells were determined by expressing
the numbers of annexin V+ cells as percentages
of all the present cells. The results are presented as
the mean ± SD of three independent experiments;
*** p < 0.0001 compared to control; ### p < 0.0001
compared to ISO-treated cells). PARP, poly (ADPribose) polymerase.
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Figure 6. Roles of ROS on isorhamnetin (ISO)-induced apoptosis in Hep3B cells. The cells were either treated with 100 μM ISO for 48 h,
or pre-treated with 10 mM N-acetyl cysteine (NAC) for 1 h, before 100 μM ISO treatment, and then collected. A. Total cell lysates were
prepared. Western blotting was then performed using the indicated antibodies, and an ECL detection system. Actin was used as an internal
control. B, C. The cells were collected, and stained with PI solution for flow cytometry analysis. B. Representative profiles. The percentages of
apoptotic sub-G1 cells were calculated as the percentage of the number of cells in the sub-G1 population relative to the number of total cells.
C. Quantification of the cell population (in percent) in different cell cycle phases of viable cells is shown. Data were expressed as the mean
of two independent experiments. D. The cell viability was assessed by MTT assay. Each bar represents the mean ± SD of three independent
experiments; *** p < 0.0001 compared to control; ### p < 0.0001 compared to ISO-treated cells). PCNA, proliferating cell nuclear antigen.

organelles responsible for the production of ROS in the cells,
and are also a major target of ROS. Therefore, elevating intracellular levels of ROS production is considered to be one
of the ideal mechanisms for killing cancer cells through the
activation of intrinsic pathway (Galadari et al. 2017; Moloney and Cotter 2018). Consistent with a previous study in
breast cancer cells (Wu et al. 2018), our results show that
isorhamnetin treatment markedly increased the levels of
ROS production; however, the ROS scavenger, NAC greatly
weakened the accumulation of ROS by isorhamnetin. The
quenching of ROS generation also markedly diminished the
isorhamnetin-induced disruption of MMP to the control
level, indicating that ROS act as upstream signaling molecules to enhance isorhamnetin-mediated mitochondrial
dysfunction in Hep3B cells. Our results also demonstrate
that the presence of NAC markedly attenuated isorhamnetininduced Bax/Bcl-2 ratio and PARP degradation, and NAC
treatment also significantly blocked the apoptosis induced
by isorhamnetin. Furthermore, isorhamnetin-induced
modulation of cell cycle regulatory proteins such as cyclin
B1, PCNA and p21 was reversed in the presence of NAC.

Subsequently, NAC pretreatment also significantly protected
isorhamnetin-mediated G2/M arrest and viability reduction,
confirming that increasing ROS may serve a key contributor
to the anti-cancer effects of isorhamnetin.
In summary, our findings demonstrate that isorhamnetin exerts an anti-proliferative effect on human hepatocarcinoma Hep3B cells through the induction of cell cycle
arrest at G2/M phase and apoptosis. Isorhamnetin-induced
G2/M arrest was attributed to the decrease in cyclin A and
cyclin B1 expression and the upregulation of p21. Isorhamnetin also induced apoptosis by activating caspase-8 and -9,
which belong to the initiator caspases of the extrinsic and
intrinsic pathways, respectively, followed by the activation
of effector caspase-3, leading to the degradation of PARP.
In addition, isorhamnetin enhanced the truncation of Bid
and mitochondrial dysfunction, which was associated with
an increase in Bax/Bcl-2 expression ratio and cytochrome c
release into the cytoplasm. Moreover, isorhamnetin increased the production of ROS, and the interruption of
ROS generation led cells to escape from G2/M arrest and
apoptosis. Taken together, these results suggest that the
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production of ROS by isorhamnetin plays a critical role
in the induction of G2/M arrest and apoptosis through
simultaneous initiation of both extrinsic and intrinsic
pathways in HepG3 cells.
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