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Harmine Hydrochloride Induces G2/M Cell Cycle Arrest and
Apoptosis in SK-Hep1 Hepatocellular Carcinoma Cells by
Regulating Mitogen-Activated Protein Kinases and the PI3K/AKT
Pathway
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ABSTRACT: Liver cancer is a globally common form of cancer. Thus, novel drugs derived from natural products are needed
to reduce the side effects of chemotherapy. The present study aimed to analyze the anticancer properties and effects of har-
mine hydrochloride (HMH), a water-soluble metabolite of harmine that can be easily absorbed into tissues, in treating liver
cancer cells. HMH dose-dependently inhibited cell growth, migration, invasion, and colony formation in SK-Hep] cells. It
also induced G2/M arrest by reducing the expression of p-cdc2, cyclin B1, and Rb (G2/M phase regulatory proteins) in a
dose-dependent manner. HMH treatment reduced the expression of caspase-9, caspase-3, PARP, and Bcl-2 and increased
the expression of Bax (a proapoptotic protein). Moreover, it increased the production of reactive oxygen species and de-
creased the intracellular uptake of rhodamine 123 due to mitochondrial dysfunction because of oxidative stress. HMH treat-
ment also upregulated the phosphorylation of JNK, p38, and FOXO3a in SK-Hep1 cells and downregulated the PI3K/AKT
signaling pathway. Our findings suggest that HMH may activate the compounds responsible for anticancer effects in hepato-

cellular carcinoma cells.
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INTRODUCTION

Liver cancer has high incidence and mortality rates; it is
characterized by rapid progression and commonly diag-
nosed late after onset (Calderaro et al., 2019). Currently,
the main treatment methods for liver cancer include sur-
gery and chemotherapy. However, conventional chemo-
therapy is insufficient and has various side effects (Chau
et al., 2006; Lo et al., 2007). Therefore, new and effective
chemotherapy drugs, especially those derived from natu-
ral products, are urgently needed. Alkaloids, which are
commonly found in plants, constitute a class of alkaline
organic compounds that contain nitrogen. Most alkaloids
have a complex ring structure, with nitrogen possessing
significant biological activity. Owing to their high physio-
logical and pharmacological activity, alkaloids are essen-
tial and effective ingredients in traditional Chinese herbal
medicine (Man et al., 2012). Many alkaloids have been
widely used for treating cough, hypertension, inflamma-
tion, and various tumors and improving liver function.

Harmine, a beta-carboline alkaloid isolated from the seeds
of Peganum harmala, has been traditionally used as a func-
tional food and medicine (Li et al., 2015). Previous stud-
ies have reported that harmine exhibits antiAlzheimer,
anticancer, and antiinflammatory properties (Chen et al.,
2005; Zhang et al., 2014; Filali et al., 2015; Chen et al.,
2022).

Harmine hydrochloride (HMH), a derivative of har-
mine, improves water solubility and bioavailability when
added to beta-carboline alkaloids (Patel et al., 2012). No-
tably, HMH inhibits gastric and colorectal cancer cell pro-
liferation by regulating cell invasion and migration and
inducing apoptosis (Tan et al., 2020; Kim, 2021a). How-
ever, studies on the effects of HMH in regulating the in-
vasion, migration, and activation mechanisms of hepato-
cellular carcinoma (HCC) cells remain insufficient.

Thus, the present study analyzed the anticancer effects
and mechanisms of HMH, including the regulation of the
invasion and movement of HCC cells.
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MATERIALS AND METHODS

Cell culture and viability assay

SK-Hep1, a human HCC cell line, was purchased from the
American Type Culture Collection. The cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS) and 1% antibiotic-an-
timycotics at 37°C in a 5% CO, incubator. HMH (Sigma-
Aldrich; Fig. 1A) was dissolved in 100% dimethyl sulf-
oxide. Following HMH treatment, the cell viability was
assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay, as previously reported
(Chae and Kim, 2021). Briefly, the standard medium was
removed after cells were placed on 96-well plates and cul-
tured overnight. Thereafter, the medium containing 0~
1,000 uM of HMH was added to DMEM and cultured for
24~72 h. Cell viability was determined by measuring the
optical density values at 570 nm using a Synergy HTX
plate reader (Bio-Tek Instruments, Inc.).

Wound healing assay

Wound healing assay was performed as previously re-
ported (Kim, 2021b). Briefly, the cells in each well were
wounded using a pipette tip. Consequently, dead cells
were removed by washing with fresh medium. Thereafter,
0, 12.5, 25, and 50 uM of HMH was added to fresh
DMEM containing 1% FBS, and the cells were cultured
for 24 h. The wound healing area was measured using
Image]J software (National Institutes of Health).

Invasion assay

Invasion assay was performed as previously reported (Ock
and Kim, 2021). Briefly, cells were added to 1.5 mL of
serum-free DMEM treated with different concentrations
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of HMH in the upper chamber (Corning), whereas DMEM
containing 10% FBS was added to the lower chamber.
After culturing for 24 h, cells that invaded the lower
chamber were fixed for 30 min in 4% paraformaldehyde.
Subsequently, after staining with 0.5% crystal violet solu-
tion for 30 min, invasive cells were observed under a mi-
croscope and quantified using Image]J software.

Colony formation assay

Colony formation assay was performed as previously re-
ported (Kim, 2021b). Briefly, cells were seeded in six-well
plates by adding 1,000 cells/well to 2 mL of DMEM con-
taining 10% FBS. After culturing for 24 h in medium
treated with different concentrations of HMH, the cells
were incubated in fresh medium for 14 days, during
which the medium was replaced once every 3~4 days.
Colony formation was observed and quantified using
Image] software.

Flow cytometry analysis of cell cycle distribution

The cells were spread on a 100-mm culture dish and cul-
tured for 24 h until >70% cell density was reached. Cell
cycle distribution assay was performed as previously re-
ported (Ock and Kim, 2021). Briefly, the cells were cul-
tured with 0, 12.5, 25, and 50 uM of HMH for 24 h. The
harvested cells were fixed overnight in 70% cold ethanol
at —20°C. Thereafter, the cells were stained with 50
pg/mL of propidium iodide (PI) for 30 min and analyzed
using a FACSVantage SE flow cytometer (BD Biosciences)
for cell cycle analysis.

Cell apoptosis assay
Apoptosis following HMH treatment in SK-Hep1 cells for
24 h was determined using the Annexin V-FITC Apoptosis
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Detection Kit (BD Pharmingen) in accordance with the
manufacturer’s instructions (Kim, 2021b). Briefly, the
cells were prepared in a binding buffer to 1x10° cells/mL
concentration and incubated in Annexin V-FITC and PI
for 30 min. The stained cells were analyzed using a
FACSVantage SE flow cytometer.

Measurement of intracellular reactive oxygen species
(ROS) accumulation

ROS production was measured using the fluorescent dye,
2, 7’-dichlorodihydrofluorescin diacetate (H,DCFDA, Mo-
lecular Probe). ROS production assay was performed as
previously reported (Kim, 2021a). Briefly, the cells were
treated with 0, 12.5, 25, and 50 uM of HMH for 24 h.
Thereafter, they were stained with 20 uM of H,DCFDA
for 30 min. The amount of intracellular DCF was meas-
ured using a FACSVantage SE flow cytometer.

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was evaluated us-
ing rthodamine 123 as previously reported (Kim et al.,
2013). After 24 h of HMH treatment, the cells were cul-
tured with 1 uL/mL of rhodamine 123 for 60 min. Then,
they were analyzed using a FACSVantage SE flow cyto-
meter with verapamil (20 pM) as a positive control.

Immunoblotting

The cells were treated with HMH (0, 12.5, 25, 50 uM)
for 24 h, and the proteins were extracted with a protein
extraction solution (Roche Diagnostics GmbH) for 30
min at 4°C (Ock and Kim, 2021). Protein samples were
separated using sodium dodecyl-sulfate polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
fluoride membranes (Bio-Rad Laboratories, Inc.). After
blocking membranes with Tris-buffered saline for 1 h, pri-
mary antibodies (1:500~1:1,000) were diluted in 5% bo-
vine serum albumin and left to react overnight at 4°C.
The membranes were cultured with horseradish perox-
idase-conjugated secondary antibodies (1:1,000) for 1 h
and detected using the Western Blot Detection Kit
(Amersham).

Statistical analyses

The results are presented as mean=standard deviation.
Statistical significance (P<0.05) was defined using Stu-
dent’s t-test. Statistical analyses were performed using
IBM SPSS software version 23.0 (IBM Corp.).

RESULTS

HMH inhibits the growth of SK-Hep1 cells
HMH was applied to cells at concentrations ranging from
0 to 1,000 uM for 24~72 h to determine whether HMH

has a cell growth inhibitory effect on HCC cells. The ICso
values of HMH in SK-Hep1 cells were 98.5, 55.0, and 11.5
uM after HMH treatment for 24, 48, and 72 h, respectively
(Fig. 1B). In addition, a statistically significant inhibition
of cell proliferation was observed after treatment with
100 uM of HMH for 24, 48, and 72 h (P<0.05). After
HMH treatment for 72 h, statistically significant results
were observed at a concentration of 10 uM (P<0.01). In a
subsequent analysis based on the ICs values, the changes
in cell morphology after 24-h treatment with 50 uM of
HMH revealed that 50 uM of HMH exhibited biological
activity with low cytotoxicity. Therefore, subsequent ex-
periments were performed using 50 uM of HMH (Fig.
1C).

HMH inhibits migration, invasion, and colony formation
in SK-Hep1 cells

The cells were scratched from a culture dish after reaching
approximately 70~80% confluence for migration analysis.
Notably, the amount of FBS in the cell culture medium
was reduced from 10% to 1%, and the cells were treated
with 0, 12.5, 25, and 50 uM of HMH for 24 h. The wound
healing area was 78.1% in the control group and 43.2%
and 39.5% in the 25 and 50 uM HMH treatment groups,
respectively, indicating that migration was significantly
inhibited (P<0.05; Fig. 2A). The cells were treated with
0, 12.5, 25, and 50 uM of HMH for 24 h in a chamber
with 8-um polycarbonate membranes to determine the de-
gree of invasion of HCC cells. Then, the number of cells
migrating to the lower chamber was measured and com-
pared with that of the control group (Fig. 2B). Compared
with that of the control group, the number of invading
cells in the 25 and 50 uM HMH treatment groups was
significantly reduced to 23.5% and 13.8%, respectively
(P<0.01). Next, HMH was applied at 0, 12.5, 25, and 50
uM concentrations for 24 h to evaluate the inhibitory ef-
fect of HMH on colony formation. After the HMH-con-
taining medium was removed, the colony formation abil-
ity was evaluated by culturing the cells in fresh DMEM
for 14 days (Fig. 2C). Compared with that of the control
group, the colony formation ability in SK-Hep1 cells was
significantly inhibited by 58.2% and 22.8% in the 25 and
50 uM HMH treatment groups, respectively (P<0.05).

HMH induces G2/M arrest and apoptosis in SK-Hep1

cells

SK-Hep1 cells were treated with 0~50 uM of HMH for
24 h. Notably, at 25 pM HMH concentration, the number
of cells in the GO/G1 phase decreased, whereas that in the
G2/M phase increased by 37.76% compared with 15.98%
in the control group (Fig. 3A and B). In addition, at 50
uM HMH concentration, the number of cells in the sub-
GI1 phase increased to 11.9% compared with 1.22% in the
control group. Additionally, G2/M phase-related cell cycle
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Fig. 2. Effect of harmine hydrochloride (HMH) on migration, invasion, and colony formation. (A) Cells after confluent growth in
six-well plates were scratch-wounded and treated with 0~50 uM of HMH to measure the migration area after 24 h. (B) Cells were
placed in the upper chamber with 1.5 mL of serum-free Dulbecco’s modified Eagle’s medium (DMEM), and DMEM containing 10%
fetal bovine serum was added to the lower chamber. After culturing for 24 h, non-invading cells in the upper chamber were
removed using a cotton swab, and cells invading the lower chamber were fixed using 4% paraformaldehyde and stained with
0.5% crystal violet solution. Subsequently, invasive cells were observed under a microscope. (C) Cells were seeded in six-well
plates and treated with 0~50 uM of HMH for 24 h, and then, the medium was removed. Thereafter, cells were cultured for 14
days while replacing the medium with fresh medium every 3~4 days. Cells were fixed with methanol and stained with 0.5% crystal
violet to determine colony formation. They were examined under a microscope, and wound areas and number of colonies were
determined using ImageJ software. The results are presented as the mean+SD. Student’s #-test was used to analyze statistical
differences between groups (*P<0.05, **P<0.01, ***/P<0.001 with respect to the control group). Cell morphology was visualized

using an inverted microscope at 200X magnification.

regulatory proteins were determined using Western blot
analysis (Fig. 3C). HMH increased the expression of cell
cycle regulators p53 and p21, whereas it dose-dependent-
ly decreased the expression of G2/M phase regulatory pro-
teins p-cdc2, cdc2, and cyclin Bl. In addition, a decrease in
the expression of Rb, a cell proliferation regulatory pro-
tein, was observed.

In the cell cycle regulation analysis, treatment with up
to 25 uM of HMH induced G2/M arrest, whereas treat-
ment with 50 uM of HMH increased the number of cells
in the sub-G1 phase. Therefore, an Annexin V-FITC/PI
double staining assay was performed to determine wheth-
er HMH treatment induces apoptosis. Notably, the apop-
totic cell population significantly increased to 26.92% in
the 50 uM HMH treatment group (P<0.05; Fig. 4A and
B). Antiapoptotic proteins such as caspase-9, caspase-3,
PARP, and Bcl-2 and proapoptotic protein (Bax) were

identified using Western blot analysis to study the fun-
damental mechanism underlying apoptosis induction (Fig.
4C). Apoptotic proteins, such as caspase-9, caspase-3, and
PARP, were cleaved depending on the HMH concentra-
tion. HMH treatment dose-dependently decreased the ex-
pression of Bcl-2 and increased the expression of Bax fol-
lowing apoptosis induction. Additionally, ROS production
increased to 45.0% in the 50 uM HMH treatment group
compared with 3.9% in the control group (Fig. 4D). Next,
we investigated whether ROS production by HMH is as-
sociated with the regulation of intracellular mitochondrial
membrane potential. We detected 90.5% active accumu-
lation of rhodamine 123 in positive control (20 uM ve-
rapamil) cells compared with the control group (IgG, neg-
ative control). However, rhodamine accumulation was re-
duced to 71.8% after treatment with 50 uM of HMH (Fig.
4E). The cellular uptake of rhodamine 123 was signifi-
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Fig. 3. Effect of harmine hydrochloride (HMH) on cell cycle progression. (A) After treating cells with 0, 12.5, 25, and 50 uM of
HMH for 24 h, flow cytometric analyses were performed on cells stained with propidium iodide to determine cell cycle progression.
(B) Cumulative cell distribution in the Sub-G1, GO/G1, S, and G2/M phases of the cell cycle after HMH treatment. (C) The expression
levels of G2/M-related proteins such as p53, p21, p-cdc2, cdc2, cyclin B1, and Rb were determined using Western blot analysis.

B-Actin was used as an internal control.

cantly reduced possibly because of oxidative stress-in-
duced mitochondrial dysfunction, suggesting that HMH
affects the mitochondrial membrane potential.

HMH regulates mitogen-activated protein kinases (MAPKSs)
and the PI3K/AKT signaling pathway

JNK and p38, which are representative MAPKs, are ki-
nases that link extracellular signals necessary for regu-
lating cell growth, differentiation, migration, and apopto-
sis. HMH increased the phosphorylation of JNK, p38, and
FOXO3a in a dose-dependent manner (Fig. 5A). We in-
vestigated whether HMH treatment affected the PI3K/
AKT signaling pathway in SK-Hep1 cells (Fig. 5B). West-
ern blot analysis was performed to evaluate the inhibitory
effect of protein expression following the treatment of
SK-Hepl1 cells with 0, 12.5, 25, and 50 uM of HMH for
24 h. HMH treatment decreased the phosphorylation of
PI3K, AKT, and mTOR. These results show that JNK,
p38, and the PI3K/AKT signaling pathway mediate the
inhibition of cell proliferation and migration and induc-
tion of apoptosis following HMH treatment.

DISCUSSION

Developing anticancer drugs with various physiological
activities and low toxicity from natural products is of sig-
nificant interest. In this study, HMH, a water-soluble and
stable metabolite of harmine, was used to treat HCC cells
to determine its anticancer properties and study its un-
derlying mechanism of action. HMH treatment reduced
the cell viability and inhibited the migration, invasion, and
colony formation of SK-Hepl1 cells, all of which are char-
acteristics of cancer cells. In addition, HMH treatment re-
sulted in G2/M arrest and apoptosis induction.

Cyclin and cyclin-dependent kinase (CDK) complexes
play an important role in regulating cell cycle progression.
There are four major checkpoints in cell cycle progres-
sion: G1/S, S, G2/M, and spindle assembly checkpoints
(Sanchez and Dynlacht, 2005). The G1/S phases are regu-
lated by CDK4, cyclin D1, CDK2, and cyclin E, whereas
the G2/M phases are regulated by CDK2, cyclin A, cdc2,
and cyclin B. In particular, the cyclin Bl1/cdc2 complex
identified in this study has a crucial function in control-
ling the G2/M transition. The CDK inhibitor p21"*"/“P!
inactivates the cyclin B1/cdc2 complex in p53-dependent
sustained G2/M arrest (Smith et al., 2020). In this study,
HMH induced G2/M cell cycle arrest up to a concentra-
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Fig. 4. Effects of harmine hydrochloride (HMH) on reactive oxygen species (ROS) production and mitochondrial membrane potential
following apoptosis induction. (A and B) Cells were treated with 0, 12.5, 25, and 50 uM of HMH for 24 h; stained with Annexin
V and propidium iodide (PI); and analyzed with a FACSVantage SE flow cytometer (BD Biosciences). (C) The expression of pro-/an-
tiapoptotic proteins in cells where apoptosis was induced by HMH treatment was analyzed using Western blot analysis. (D) ROS
generation was quantified by measuring DCF using 2°,7 -dichlorofluorescin diacetate in cells exposed to 0, 12.5, 25, and 50 uM
of HMH for 24 h. (E) After treatment with HMH or verapamil (positive control) for 24 h, cells were cultured with rhodamine 123
and analyzed with a flow cytometer. The results are presented as the meanxSD. Student’s #-test was used to analyze statistical
differences between groups (*P<0.05 with respect to the control group).

tion of 25 uM in SK-Hepl1 cells. Furthermore, immuno-  and downregulated cyclin B1, p-cdc2, and Rb.
blotting results indicated that HMH substantially upre- Apoptosis is induced in several ways, including the re-
gulated p53 and p21 at the protein level in SK-Hep1 cells  ceptor pathway, mitochondrial pathway, and endoplasmic
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reticulum stress-mediated death, under normal physio-
logical or pathological conditions (Khan et al., 2014). In
particular, various factors downregulate survival proteins
and upregulate apoptotic proteins in the mitochondrial
apoptosis pathway, decreasing the mitochondrial mem-
brane potential and inducing cytochrome c release from
mitochondria. Cytochrome c in the cytoplasm triggers
caspase-9, caspase-3, and PARP degradation, ultimately
leading to apoptosis (Gogvadze et al., 2009). Apoptosis
is regulated by reducing the expression of antiapoptotic
proteins on the mitochondrial membrane, such as Bcl-2,
which play an essential role, whereas the expression of
proapoptotic proteins, such as Bax, increases or remains
unchanged, which induces apoptosis (Zhou et al., 2011).
The results of our flow cytometry analysis confirmed that
the ratio of apoptotic SK-Hep]1 cells increased with HMH
treatment. In addition, the results of Western blot analy-
sis showed that HMH treatment increased the expression
of Bax and decreased the expression of caspase-9, cas-
pase-3, PARP, and Bcl-2, thereby inducing apoptosis. In
addition, ROS play an essential role in the mitochondrial
cell death pathway. Endogenous oxidative stress is high
in cancer cells. Notably, under pathological conditions,
excessive ROS can damage DNA and inhibit cancer
growth, leading to cell cycle arrest and apoptosis (Simon
et al., 2000; Chen et al., 2017). In the present study, an
increase in ROS production was observed following HMH
treatment.

JNK and p38 MAPK play vital roles in regulating inflam-
mation, cell growth and differentiation, cell cycle, cell pro-
liferation, apoptosis, and autophagy (Brancho et al., 2005;
Dhanasekaran and Reddy, 2008). Activated JNKs are trans-
located into mitochondria, decreasing the phosphorylation
of Bcl-2 (an antiapoptotic protein) and increasing that of
Bax, leading to cell death (Jeong et al., 2008). PI3K/AKT
is a crucial intracellular signaling pathway. It plays a vital
role in proliferation, growth and metabolism, and cell sur-
vival, which are closely related to tumor development and
progression in humans, by affecting the activity of down-
stream molecules (Zhang et al., 2015). FOXO3a is an
important target of the PI3K/AKT signaling pathway
(Sunters et al., 2003), which promotes the expression of
target genes such as p21, p27, p53, and cyclins D and B

and regulates the cell cycle, which in turn inhibits cancer
cell growth (Taniguchi et al., 2019; Nasimian et al., 2020).

Our results show that HMH treatment increased JNK
and p38 expression, inhibited PI3K and AKT phosphor-
ylation, and activated FOXO3a response in SK-Hep1 cells.
Notably, the inactivation of the PI3K/AKT pathway and
activation of JNK and p38 triggered FOXO3a expression
and regulated the expression of p53, p21, and cyclin B1,
resulting in G2/M cell cycle arrest. These results reveal
the anticancer bioactivity of HMH in HCC cells.
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