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Abstract: Breast cancer (BC) is one of the most common causes of death among women worldwide.
Recently, interest in novel approaches for BC has increased by developing new drugs derived
from natural products with reduced side effects. This study aimed to treat BC cells with harmine
hydrochloride (HMH) to identify its anticancer effects and mechanisms. HMH treatment suppressed
cell growth, migration, invasion, and colony formation in MCF-7 and MDA-MB-231 cells, regardless
of the hormone signaling. It also reduced the phosphorylation of PI3K, AKT, and mTOR and increased
FOXO3a expression. Additionally, HMH treatment increased p38 phosphorylation in MCF-7 cells
and activated c-Jun N-terminal kinase (JNK) phosphorylation in MDA-MB-231 cells in a dose-
dependent manner, where activated p38 and JNK increased FOXO3a expression. Activated FOXO3a
increased the expression of p53, p21, and their downstream proteins, including p-cdc25, p-cdc2,
and cyclin B1, to induce G2/M cell cycle arrest. Furthermore, HMH inhibited the PI3K/AKT/mTOR
pathway by significantly reducing p-AKT expression in combination with LY294002, an AKT inhibitor.
These results indicate that mitogen-activated protein kinases (MAPKs) and AKT/FOXO3a signaling
pathways mediate the induction of cell cycle arrest following HMH treatment. Therefore, HMH
could be a potential active compound for anticancer bioactivity in BC cells.

Keywords: harmine hydrochloride; G2/M cell cycle arrest; AKT/FOXO3a

1. Introduction

Breast cancer (BC) is one of the most common causes of death in women worldwide
and is closely associated with hormones and hormone receptors [1]. Estrogen receptor
(ER)-positive BC accounts for 80% of total BC, and the remaining 20% are human epidermal
growth factor receptor 2 (HER2)-positive BC. Triple-negative breast cancer (TNBC), which
lacks ER α, progesterone receptors, and HER2, poses a high risk of relapse and metastasis
and has a low survival rate after development [2]. Although the prognosis of patients
with BC has improved with treatment, lifestyle modification, early detection, and mas-
tectomy [3], the existing chemotherapeutics have unsatisfactory effectiveness, with some
patients showing resistance to chemotherapy drugs [4]. There are complex and diverse risk
factors for BC, and the molecular mechanisms underlying pathogenesis have not yet been
elucidated. Thus, interest in novel approaches, such as developing new drugs derived
from natural products effective in BC treatment with reduced side effects, is increasing [5].

Harmine hydrochloride (HMH) is a derivative of harmine. It is a combination of beta-
carboline alkaloid isolated from the seeds of Peganum harmala, a traditional food and drug
used in the Middle East, Central Asia, and South America, and hydrochloride to increase
water solubility and bioavailability [6,7]. Studies have reported that harmine suppresses
cancer progression by regulating cyclooxygenase-2 expression to inhibit stomach cancer
cell proliferation [8]. It upregulates p21 and p27, followed by regulation of the G1/S phase
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cyclin-dependent kinases (CDKs) and cyclins, and induces G1 arrest [9]. In addition, other
studies have reported that HMH suppresses stomach cancer cell proliferation by regulat-
ing its invasion and migration and inducing apoptosis [10]. In addition, HMH induces
apoptosis in glioblastoma cells by inhibiting Akt phosphorylation and hepatoblastoma
HepG2 cells through G2 cell cycle arrest and the mitochondrial pathway [11,12]. However,
studies on its activation and mechanisms in BC cells are lacking.

Mitogen-activated protein kinases (MAPKs) include c-Jun N-terminal kinase (JNK)
and p38 MAPK, which regulate a variety of cell activities, including proliferation, differen-
tiation, apoptosis, inflammation, and innate immunity [13,14]. The JNK and p38 MAPK
signaling pathways are activated by various types of cellular stress, including oxidation,
differentiation, apoptosis, genotoxicity, and osmotic stress and microbial components, bac-
terial lipopolysaccharides, and proinflammatory cytokines TNF-α and IL-1β [15–17]. JNK
and p38 are involved in the activation of FOXO3a in response to oxidative stress [18–20].

The PI3K/AKT/mTOR pathway is involved in regulating physiological processes,
including cellular proliferation, adhesion, and motility. This pathway is also associated with
multiple pathological processes, such as colorectal cancer [21], BC [22], liver cancer [23], and
pancreatic cancer [24]. Previous studies have shown that increased AKT activation could
promote proliferation and treatment resistance in BC cells [25,26]. FOXO3a is a downstream
target of the PI3K/AKT pathway, which is correlated with AKT phosphorylation [27] and
promotes the expression of genes, such as p21, p27, and cyclin D, which induce cell cycle
arrest and suppress cancer cell proliferation [28,29]. In addition to DNA damage-mediated
apoptosis, FOXO3a plays a vital role in initiating cell cycle arrest [30]. FOXO3a is an
important tumor suppressor that is rarely expressed in many cases of BC. Its expression
increases upon treatment with multiple anticancer drugs, implying its potential as a target
for BC treatment [31].

In this study, the anticancer effects and their mechanisms were investigated by treating
BC cell lines, including ER-positive MCF-7 cells and TNBC MDA-MB-231 cells, with HMH
(Figure 1), which has the same characteristics as harmine but with higher stability and
absorption into tissues as a water-soluble compound.

Figure 1. Chemical structure of harmine hydrochloride.

2. Results
2.1. HMH Suppresses Cell Proliferation in BC Cells

To determine whether HMH was effective in suppressing cell proliferation in human
BC cells, MCF-7 and MDA-MB-231 cells were treated with HMH at various concentrations,
ranging from 0 to 1000 µM for 24–72 h, and cell proliferation was measured. After HMH
treatment for 24, 48, and 72 h, the IC50 value was found to be 100.6, 52.4, and 18.7 µM
in MCF-7 cells and 91.9, 17.7, and 6.1 µM in MDA-MB-231 cells, respectively (Figure 2A).
In addition, significant suppression of cell proliferation was identified for all the lengths of
treatment with ≥100 µM of HMH (p < 0.05, p < 0.01, p < 0.001) following the identification of
the biologically active range of HMH concentrations based on the IC50 and morphological
changes. In Figure 2B, inhibition of cell proliferation can be observed after HMH treatment,
and after 20 µM HMH treatment, MCF-7 cells exhibited shrinkage in size compared to
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control. Moreover, MDA-MB-231 cells became more elongated. MCF-7 and MDA-MB-231
cells were treated with 0–20 µM of HMH for further experiments.

Figure 2. Effects of harmine hydrochloride on the growth of human breast cancer cell lines—MCF-7
and MDA-MB-231. (A) Cell survival curve in breast cancer cell lines following harmine hydrochlo-
ride treatment. The cells were cultured with 0, 1, 10, 100, and 1000 µM harmine hydrochloride for
24, 48, and 72 h, followed by measurement of cell proliferation through MTT analysis. (B) Morpho-
logical changes. Harmine hydrochloride suppressed the growth of MCF-7 and MDA-MB-231 cells
in a dose-dependent manner to reduce cell density. Results are expressed as mean ± SD. Statistical
differences were analyzed using Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control). Cell
morphology was visualized by inverted microscopy (200×). Scale bar, 50 µm.

2.2. HMH Inhibits the Migration of BC Cells

For migration analysis, the BC cells at a confluency of 70–80% were scratched with
a P20 pipette tip, and the amount of FBS added to the cell culture media was reduced
from 10% to 1%. HMH was then applied at concentrations of 0–20 µM for 48 h to observe
migration. As shown in Figure 3A, the wound healing area of the MCF-7 cells was 66.2%
in the control group and 0.2% in the HMH 20 µM treatment group, showing that migration
was significantly inhibited (p < 0.001). In addition, the wound healing area of the MDA-MB-
231 cells after 48 h was 100% in the control group but 7.4% in the HMH 20 µM treatment
group, also showing that the migration was significantly inhibited (p < 0.001). This has
been measured and plotted in Figure 3B. These results indicate that HMH can significantly
inhibit the migration of both the BC cell lines being investigated (p < 0.001).
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Figure 3. Effects of harmine hydrochloride on the migration of MCF-7 and MDA-MB-231 cells.
(A) Upon confluency in six-well plates, the MCF-7 and MDA-MB-231 cells were scratch-wounded
and treated with harmine hydrochloride at various concentrations in the range of 0–20 µM to
measure the migration area after 48 h. (B) The MCF-7 and MDA-MB-231 cells were observed with a
microscope, followed by measurement of the wound area, and the percentage of the healed area has
been represented after quantification using ImageJ software. Values are presented as mean ± SD.
* p < 0.05, *** p < 0.001, as shown by the Student’s t-test.

2.3. HMH Inhibits the Invasion of BC Cells

To identify the degree of BC cell invasion, HMH was applied for 48 h at 0–20 µM
with BC cells in a chamber containing 8 µm polycarbonate membranes and the number
of cells that moved to the lower chamber was measured compared to that of the control
group (Figure 4A). As shown in Figure 4B, the number of invading cells in the 20 µM HMH
treatment group compared to that in the control group was 3.98% for the MCF-7 cells and
12.14% for the MDA-MB-231 cells, which were both significantly reduced (p < 0.001).

2.4. HMH Inhibits Colony Formation of BC Cells

To evaluate the suppressive effects of HMH on colony formation, the BC cells were
treated with HMH at various concentrations for 24 h. Then, the medium containing HMH
was removed, and the cells were cultured in fresh media for 14 days to identify colony
formation (Figure 5A). As shown in Figure 5B, the size of colony formation in the HMH
20 µM treatment group compared to that of the control was 24.15% for the MCF-7 cells and
5.51% for the MDA-MB-231 cells, showing a significant reduction (p < 0.001).
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Figure 4. Effects of harmine hydrochloride on the invasion of MCF-7 and MDA-MB-231 cells.
(A) MCF-7 and MDA-MB-231 cells were separately placed into the upper chamber with 1.5 mL of
serum-free Dulbecco’s modified Eagle medium (DMEM), and DMEM containing 10% FBS was added
to the lower chamber. After 48 h of culturing, the non-invading cells in the upper chamber were
removed with a swab. Cells invading the lower chamber were fixed with 4% paraformaldehyde,
stained with 0.5% crystal violet solution, and observed under a microscope. (B) Dyed MCF-7 and
MDA-MB-231 cells were observed under a microscope, and the invading cells were measured and
quantified using ImageJ software. Values are presented as mean ± SD. * p < 0.05, ** p < 0.01,
*** p < 0.001, as shown by the Student’s t-test.

2.5. HMH Induces G2/M Cell Cycle Arrest in BC Cells

As we determined the suppressive effects of HMH on cell proliferation, additional
studies on the cell cycle regulation of MCF-7 and MDA-MB-231 cells by HMH were
conducted. Treatment with 0–20 µM HMH for 48 h revealed that the fraction of cells in the
G2/M phase in the control group was 8.69% and 13.76% for MCF-7 and MDA-MB-231 cells,
respectively, which increased to 22.50% and 22.64%, respectively, in the 20 µM HMH group
(Figure 6A). Following this, the cell cycle regulatory proteins associated with the G2/M
phase were identified through western blot analysis. As shown in Figure 6B, the expression
of p53 and p21, the cell cycle regulatory factors, increased in MCF-7 and MDA-MB-231 cells
following HMH treatment. In addition, HMH dose-dependently decreased the expression
of p-cdc25, cdc25, p-cdc2, cdc2, and cyclin B1, the G2/M phase regulatory proteins, in MCF-
7 cells. Similarly, its dose-dependence reduced the expression of p-cdc25, p-cdc2, and cyclin
B1, the G2/M phase regulatory proteins, in MDA-MB-231 cells, whereas the expression
of cdc25 and cdc2 did not vary with dose. In particular, the expression of p-cdc25, cdc25,
p-cdc2, cdc2, and cyclin B1 in MCF-7 cells was not statistically different between 5 and
10 µM HMH and control groups. However, it was significantly decreased in the 20 µM
HMH treatment group (p < 0.05), and the expression of p-cdc25 in MDA-MB-231 cells was
significantly reduced in the 10 and 20 µM HMH treatment group (p < 0.01) compared to
that in the control group (Figure 6C).
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Figure 5. Effects of harmine hydrochloride on colony formation by MCF-7 and MDA-MB-231 cells.
(A) The MCF-7 and MDA-MB-231 cells were each seeded into six-well plates followed by treatment
with harmine hydrochloride at various concentrations of 0–20 µM for 24 h and removal of the media.
Thereafter, the cells were cultured for 14 days along with the replacement of media with fresh media
every 3–4 days. After identification of colony formation, they were fixed with methanol and dyed
with 0.5% crystal violet. (B) After the observation of the MCF-7 and MDA-MB-231 cells with a
microscope, colony size was measured, and the cells were quantified using ImageJ software. Values
are presented as means ± SD. ** p < 0.01, *** p < 0.001, as shown by the Student’s t-test.

2.6. HMH Regulates the MAPKs and AKT/FOXO3a Signaling Pathways in BC Cells

P38 and JNK are the most typical kinases among MAPKs that link important extracel-
lular signals that regulate cell proliferation, differentiation, migration, and apoptosis. The
expression of MAPKs was different between MCF-7 and MDA-MB-231 cells. As shown
in Figure 7A, HMH treatment dose-dependently increased the expression of p-p38 and
p-FOXO3a in MCF-7 cells, whereas in MDA-MB-231 cells, the levels of p-JNK and p-
FOXO3a were higher. The PI3K/AKT/mTOR signaling pathway is also a good regulator of
cell proliferation and the metastatic process, allowing us to identify whether the pathway
was associated with HMH treatment of BC cells (Figure 7B). To evaluate the suppressive
effects on protein expression following HMH treatment, western blot analysis was con-
ducted for BC cells treated with 5, 10, and 20 µM HMH for 48 h. In both MCF-7 and
MDA-MB-231 cells, HMH dramatically decreased the expression of p-PI3K and p-AKT in a
dose-dependent manner, and p-mTOR expression decreased by 20 µM HMH compared
to that in the control. Therefore, the cells were treated with LY294002, an AKT inhibitor,
in combination with 0 or 20 µM HMH to determine whether HMH could function as a
PI3K/AKT inhibitor (Figure 7C). Quantification of the western blots indicate that HMH
significantly inhibited p-AKT activation in both MCF-7 and MDA-MB-231 cells (p < 0.05,
p < 0.001).
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Figure 6. Effects of harmine hydrochloride on the cell cycle progression of MCF-7 and MDA-MB-231 cells. (A) The MCF-7
and MDA-MB-231 cells were treated with harmine hydrochloride (0, 5, 10, and 20 µM) for 48 h. Then, the cells dyed with
propidium iodide (PI) were analyzed with flow cytometry to identify cell cycle progression. The cumulative distribution of
the cells in Sub-G1, G0/G1, S, and G2/M phases was identified in the MCF-7 and MDA-MB-231 cells following harmine
hydrochloride treatment. Harmine hydrochloride treatment induced the G2/M cell cycle in a dose-dependent manner.
(B) The expression levels of proteins associated with G2/M, including p53, p21, p-cdc2, cdc2, and cyclin B1, were identified
in MCF-7 and MDA-MB-231 cells using western blot. β-actin was used as an internal control. Full images can be found in
the Supplemental Materials. (C) Band intensity was normalized using β-actin. Values indicate the mean ± SD. * p < 0.05,
** p < 0.01 as shown by the Student’s t-test.
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Figure 7. Action of harmine hydrochloride on MAPK and PI3K/AKT/mTOR signaling pathways in
MCF-7 and MDA-MB-231 cells. (A) MAPK-associated protein expressions following treatment with
harmine hydrochloride at 5, 10, and 20 µM for 48 h in the MCF-7 and MDA-MB-231 cells are shown
in the representative blots. (B) PI3K/AKT/mTOR signal-associated protein expressions following
treatment with harmine hydrochloride at 5, 10, and 20 µM for 48 h in MCF-7 and MDA-MB-231
cells are shown as representative blots. β-actin was used as an internal control. (C) Additionally,
0 or 20 µM of harmine hydrochloride was applied in combination with the AKT inhibitor LY294002
to the MCF-7 and MDA-MB-231 cells to identify the p-AKT expression through western blot. Band
intensity was normalized using the total AKT. Values indicate the mean ± SD. * p < 0.05 and
*** p < 0.001, as shown by the Student’s t-test.

3. Discussion

Although current strategies for BC treatment, including hormone therapy and chemother-
apy, can lead to substantial anticancer activity, the development of new anticancer drugs
derived from natural products with low toxicity remains an area of interest. Harmine is a
natural β-carboline alkaloid isolated from Peganum harmala, which was been previously
used in folk medicine as an anticancer therapy [32]. Studies have shown that harmine
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exhibits significant antitumor activities, including inhibiting proliferation, migration, and
invasion [8,33,34], and inhibits the growth of several types of cancers, including lung [35],
gastric [36], and hepatic cancer [37]. HMH has identical pharmacological activities to
harmine, including anti-Alzheimer’s disease, anticancer, and anti-inflammatory activi-
ties [38,39]. However, the detailed molecular mechanisms underlying its activity in BC
cells are currently unknown.

ER-positive MCF-7 cells and TNBC MDA-MB-231 cells are commonly used in com-
parative studies of BC cells related to receptor heterogeneity [40,41]. In this study, HMH
suppressed the growth of ER-positive MCF-7 cells, TNBC MDA-MB-231 cells, and their
proliferation by inducing G2/M arrest. These results imply that the suppressive effects
of HMH on the growth of BC cells are independent of hormone signaling. Following the
suppression of BC cell proliferation by HMH, its inhibitory effects on migration, invasion,
and colony formation were identified. In addition to MCF-7 cells, HMH significantly
reduced the migration and colony formation of aggressive human BC MDA-MB-231 cells.
Therefore, HMH could be a highly potent active compound responsible for anticancer
bioactivity.

The PI3K/AKT/mTOR signaling pathway is an important intracellular signaling
pathway essential for cell proliferation, metabolism, and angiogenesis that functions by
affecting the activities of downstream molecules. It is also closely associated with the
development and progression of human tumors. AKT signaling regulates cell prolifera-
tion [42], and FOXO3a is an important target of the PI3K/AKT signaling pathway [43] that
regulates cell cycle arrest by activating transcriptional targets, such as p27 and p21 [44].
The results of this study show that HMH inhibits AKT phosphorylation in MCF-7 cells and
increases FOXO3a phosphorylation in a dose-dependent manner. Similarly, inhibition of
AKT phosphorylation and increase in FOXO3a phosphorylation compared to the control
following HMH treatment were identified in MDA-MB-231 cells. JNK and p38 activate
FOXO3a in response to oxidative stress. Our results also showed that HMH treatment
dose-dependently increased p38 phosphorylation in MCF-7 cells and JNK phosphorylation
in MDA-MB-231 cells to activate FOXO3a.

FOXO3a promotes the expression of target genes, such as p21, p27, p53, cyclin D, and
cyclin B, causing cell cycle arrest that inhibits cancer cell growth [45]. The cell cycle is a
common phenomenon in eukaryotic cell division, and cell cycle progression includes four
main checkpoints: G1/S, S, G2/M, and spindle assembly [46]. Cyclins and CDK complexes
regulate cell cycle progression, with differential activity in different cell cycle stages. The
G1 and S phases are regulated by CDK2, CDK6, CDK4, cyclin D1, and cyclin E, whereas
the G2/M phase is controlled by CDK2, cdc2, cyclin A, and cyclin B. In eukaryotic cells,
the cyclin B/cdc2 complex plays an important role in controlling the G2/M transition.
p21Waf1/Cip1, a CDK inhibitor, inactivates the cyclin B1/cdc2 complex in p53-dependent
sustained G2/M arrest [47]. In this study, we identified the induction of G2/M cell cycle
arrest by HMH in both MCF-7 and MDA-MB-231 BC cells. Immunoblotting results showed
that HMH remarkably upregulated p53 and p21 and downregulated p-cdc25, p-cdc2, and
cyclin B1 in BC cells at the protein level.

4. Materials and Methods
4.1. Materials

HMH (Figure 1) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and dis-
solved in 100% dimethyl sulfoxide (DMSO). A 50 mM stock solution of HMH was prepared
and stored as small aliquots at −20 ◦C until needed. DMSO, 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and horseradish peroxidase (HRP)-conjugated
anti-rabbit and anti-mouse antibodies were purchased from Sigma-Aldrich. Phospho-
specific anti-p38, anti-ERK, anti-FoxO3a, anti-cdc25, anti-PI3K, anti-AKT, and anti-mTOR,
and specific antibodies anti-p38, anti-ERK, anti-FoxO3a, anti-cdc25, anti-PI3K, anti-AKT,
anti-mTOR, and AKT inhibitor LY294002 were purchased from Cell Signaling Technol-
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ogy (Danvers, MA, USA). HRP-conjugated β-actin, p53, p21, p-cdc2, cdc2, and cyclin B1
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

4.2. Cell Culture

MCF-7 and MDA-MB-231 human breast cancer cell lines were purchased from the
American Type Culture Collection (ATCC; Rockville, MD, USA). The cells were grown us-
ing a 5% CO2 incubator at 37 ◦C in Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal bovine serum (FBS) and 1% antibiotic–antimycotic agent.

4.3. MTT Assay

The survival rates of MCF-7 and MDA-MB-231 cells following HMH treatment were
measured using the MTT assay. The MCF-7 and MDA-MB-231 cells were seeded in separate
96-well plates and cultured overnight, followed by removal of the culture medium, addition
of DMEM treated with 0–1000 µM HMH, and culturing for 24–72 h. Next, 20 µL of MTT
was added to each well at a concentration of 5 mg/mL and cultured for 3–4 h. Then, the
medium was removed, and 200 µL of 100% DMSO was added to each well to stop the
reaction and dissolve the formazan. The Synergy HTX plate reader (Bio-Tek Instruments,
Inc., Winooski, VT, USA) and Gen5 software were used to measure the OD value at 570 nm
and cell viability, respectively.

4.4. Wound Healing Assay for the Migration Assay

The cells were seeded in six-well plates and cultured for 24 h. A P20 pipette tip
was used to create an artificial wound in the cells in each well. Dead cells due to the
wound were washed with fresh medium, followed by the addition of 0–20 µM HMH to
fresh medium containing 1% FBS for 24–72 h. Following culture for 24–72 h, an inverted
microscope equipped with a camera was used to obtain images. The wound healing area
was quantified using ImageJ software.

4.5. Invasion Assay

The cell invasion assay was conducted using six-well dishes that included Transwell
inserts made of 8 µm polycarbonate membranes (Corning Incorporated Costar, Tewksbury,
MA, USA). Briefly, 1.5 mL of serum-free DMEM with cells was added to the upper chamber
(BD BioCoatTM MatrigelTM Invasion Chamber; BD Biosciences, San Diego, CA, USA), while
DMEM containing 10% FBS was added to the lower chamber. After incubation in a 5% CO2
incubator at 37 ◦C for 48 h, non-invading cells in the upper chamber were removed with a
swab for analysis of both the control and HMH treatment groups. The cells invading the
lower chamber were fixed in 4% paraformaldehyde for 30 min and then dyed with 0.5%
crystal violet solution for 30 min. Following staining, the invasive cells were observed and
quantified under a microscope.

4.6. Colony Formation Assay

In total, 1000 cells/well were added to 2 mL of DMEM containing 10% FBS and
seeded in six-well plates. The cells were cultured for 24 h in media treated with various
concentrations of HMH, followed by removal of the media. They were then replaced with
fresh media without HMH every 3–4 days at 37 ◦C and grown in a 5% CO2 incubator for
14 days to observe colony formation. Cell colonies were fixed in methanol for 15 min and
stained with 0.1% crystal violet for 10 min. The colonies (>50 cells) were counted under a
microscope (Olympus FV500; Olympus Corporation, Tokyo, Japan).

4.7. Flow Cytometry Analysis for Cell Cycle Distribution

The cells were spread on a 100 mm culture dish and incubated for 24 h. When the cell
density was >70%, 0–20 µM HMH-containing culture medium was added for 48 h. The
cells were then harvested using trypsin/EDTA and fixed overnight in cold 70% ethanol
at −20 ◦C. For cell cycle analysis, the fixed cells were centrifuged for 5 min at 5000 rpm
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and 4 ◦C, washed with cold PBS, and treated with 50 µg/mL RNase A at 37 ◦C for 30 min.
The cells were stained with 50 µg/mL propidium iodide (PI) at 37 ◦C for 30 min. The DNA
content of the stained cells was analyzed using a FACS Vantage SE flow cytometer and the
CellQuest software (BD Biosciences, San Diego, CA, USA).

4.8. Determination of Protein Expression by Western Blotting

The cells were treated with HMH (0–20 µM) for 48 h. Next, the PRO-PREP protein ex-
traction solution containing protease inhibitors and phosphatase inhibitors (Roche Diagnos-
tics GmbH, Mannheim, Germany) was used to extract proteins at 4 ◦C for 30 min, followed
by centrifugation for 30 min at 13,000 rpm and 4 ◦C. The protein samples (30–50 µg) were
separated by 6–12% SDS-PAGE and transferred to polyvinylidene fluoride membranes
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked for 1 h
using Tris-buffered saline (TBS-T) with 5% BSA (AMRESCO, Cleveland, OH, USA) and
0.1% Tween 20. Then, they were incubated overnight at 4 ◦C with 5% BSA diluted with
primary antibodies (1:500~1:1000). Next, the membranes were washed four times (3 min
each) with TBS-T. After washing, the membranes were incubated with HRP-conjugated
anti-rabbit or anti-mouse secondary antibodies (1:1000) for 1 h at room temperature, fol-
lowed by detection using an Advanced Electrochemiluminescence Western Blot Detection
Kit (Amersham, Uppsala, Sweden).

4.9. Statistical Analysis

Data are presented as mean ± SD for the indicated number of independent experi-
ments. Statistical significance (p < 0.05) was determined using the Student’s t-test for paired
data. Statistical analyses were performed using SPSS for Windows (v23.0; SPSS, Chicago,
IL, USA).

5. Conclusions

In this study, HMH treatment of BC cells inactivated the PI3K/AKT/mTOR pathway
and increased the expression of FOXO3a. In addition, it activated p38 phosphoryla-
tion in MCF-7 cells and JNK phosphorylation in MDA-MB-231 cells. Inactivation of the
PI3K/AKT/mTOR pathway and activation of p38 and JNK provoked FOXO3a expression,
which regulated the expression of p53, p21, and cyclin B1 to induce G2/M cell cycle ar-
rest. Moreover, HMH functioned as an inhibitor of the PI3K/AKT/mTOR pathway by
decreasing p-AKT expression in the group treated with a combination of AKT inhibitors.
Thus, these results show that MAPKs and AKT/FOXO3a signaling pathways mediate the
induction of cell cycle arrest following HMH treatment, implying that HMH could be a
potential active compound responsible for anticancer bioactivity towards BC.

Supplementary Materials: The following are available online, Western blot image of Figures 6 and 7.

Author Contributions: Conceptualization, G.D.K.; methodology, C.W.O.; software, C.W.O.; valida-
tion, C.W.O.; formal analysis, C.W.O.; investigation, G.D.K.; data curation, C.W.O.; writing—original
draft preparation, G.D.K.; writing—review and editing, G.D.K.; visualization, C.W.O.; supervision,
G.D.K.; project administration, G.D.K.; funding acquisition, G.D.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIT) (grant number 2020R1F1A1072191).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in the
published article.

Conflicts of Interest: The authors declare that they have no competing interests.

Sample Availability: Samples of the compounds are not available from the authors.



Molecules 2021, 26, 6714 12 of 13

References
1. Nagaraj, G.; Ma, C.X. Clinical Challenges in the Management of Hormone Receptor-Positive, Human Epidermal Growth Factor

Receptor 2-Negative Metastatic Breast Cancer: A Literature Review. Adv. Ther. 2021, 38, 109–136. [CrossRef] [PubMed]
2. Lumachi, F.; Santeufemia, D.A.; Basso, S.M. Current medical treatment of estrogen receptor-positive breast cancer. World J. Biol.

Chem. 2015, 6, 231–239. [CrossRef] [PubMed]
3. Chang, L.; Weiner, L.S.; Hartman, S.J.; Horvath, S.; Jeste, D.; Mischel, P.S.; Kado, D.M. Breast cancer treatment and its effects on

aging. J. Geriatr. Oncol. 2019, 10, 346–355. [CrossRef]
4. Nathanson, K.L.; Domchek, S.M. Therapeutic approaches for women predisposed to breast cancer. Annu. Rev. Med. 2011,

62, 295–306. [CrossRef]
5. Li, Y.; Li, S.; Meng, X.; Gan, R.Y.; Zhang, J.J.; Li, H.B. Dietary Natural Products for Prevention and Treatment of Breast Cancer.

Nutrients 2017, 9, 728. [CrossRef] [PubMed]
6. Man, S.; Gao, W.; Wei, C.; Liu, C. Anticancer drugs from traditional toxic Chinese medicines. Phytother. Res. 2012, 26, 1449–1465.

[CrossRef] [PubMed]
7. Patel, K.; Gadewar, M.; Tripathi, R.; Prasad, S.K.; Patel, D.K. A review on medicinal importance, pharmacological activity and

bioanalytical aspects of beta-carboline alkaloid “Harmine”. Asian Pac. J. Trop. Biomed. 2012, 2, 660–664. [CrossRef]
8. Zhang, H.; Sun, K.; Ding, J.; Xu, H.; Zhu, L.; Zhang, K.; Li, X.; Sun, W. Harmine induces apoptosis and inhibits tumor cell

proliferation, migration and invasion through down-regulation of cyclooxygenase-2 expression in gastric cancer. Phytomedicine
2014, 21, 348–355. [CrossRef]

9. Yang, X.; Wang, W.; Qin, J.J.; Wang, M.H.; Sharma, H.; Buolamwini, J.K.; Wang, H.; Zhang, R. JKA97, a novel benzylidene analog
of harmine, exerts anti-cancer effects by inducing G1 arrest, apoptosis, and p53-independent up-regulation of p21. PloS ONE
2012, 7, e34303. [CrossRef]

10. Tan, B.; Li, Y.; Zhao, Q.; Fan, L.; Zhang, M. The impact of Harmine hydrochloride on growth, apoptosis and migration, invasion
of gastric cancer cells. Pathol. Res. Pract. 2020, 216, 152995. [CrossRef]

11. Liu, H.; Han, D.; Liu, Y.; Hou, X.; Wu, J.; Li, H.; Yang, J.; Shen, C.; Yang, G.; Fu, C.; et al. Harmine hydrochloride inhibits Akt
phosphorylation and depletes the pool of cancer stem-like cells of glioblastoma. J. Neurooncol. 2013, 112, 39–48. [CrossRef]
[PubMed]

12. Zhang, P.; Huang, C.R.; Wang, W.; Zhang, X.K.; Chen, J.J.; Wang, J.J.; Lin, C.; Jiang, J.W. Harmine Hydrochloride Triggers G2
Phase Arrest and Apoptosis in MGC-803 Cells and SMMC-7721 Cells by Upregulating p21, Activating Caspase-8/Bid, and
Downregulating ERK/Bad Pathway. Phytother. Res. 2016, 30, 31–40. [CrossRef] [PubMed]

13. Peti, W.; Page, R. Molecular basis of MAP kinase regulation. Protein Sci. 2013, 22, 1698–1710. [CrossRef]
14. Turjanski, A.G.; Vaqué, J.P.; Gutkind, J.S. MAP kinases and the control of nuclear events. Oncogene 2007, 26, 3240–3253. [CrossRef]

[PubMed]
15. Awasthi, A.; Raju, M.B.; Rahman, M.A. Current Insights of Inhibitors of p38 Mitogen-Activated Protein Kinase in Inflammation.

Med. Chem. 2021, 17, 555–575. [CrossRef] [PubMed]
16. Arthur, S.; Ley, S. Mitogen-activated protein kinases in innate immunity. Nat. Rev. Immunol. 2013, 13, 679–692. [CrossRef]

[PubMed]
17. Sabio, G.; Davis, R. TNF and MAP kinase signalling pathways. Semin. Immunol. 2014, 26, 237–245. [CrossRef]
18. Zhu, M.; Miao, S.; Zhou, W.; Elnesr, S.S.; Dong, X.; Zou, X. MAPK, AKT/FoxO3a and mTOR pathways are involved in cadmium

regulating the cell cycle, proliferation and apoptosis of chicken follicular granulosa cells. Ecotoxicol. Environ. Saf. 2021, 214, 112091.
[CrossRef]

19. Essers, M.; Weijzen, S.; Vries-Smits, A.; Saarloos, I.; Ruiter, N.; Bos, J.; Burgering, B. FOXO transcription factor activation by
oxidative stress mediated by the small GTPase Ral and JNK. EMBO. J. 2004, 23, 4802–4812. [CrossRef]

20. Sunayama, J.; Tsuruta, F.; Masuyama, N.; Gotoh, Y. JNK antagonizes Akt-mediated survival signals by phosphorylating 14-3-3.
J. Cell. Biol. 2005, 170, 295–304. [CrossRef]

21. Papadatos-Pastos, D.; Rabbie, R.; Ross, P.; Sarker, D. The role of the PI3K pathway in colorectal cancer. Crit. Rev. Oncol. Hematol.
2015, 94, 18–30. [CrossRef]

22. Qin, H.; Liu, L.; Sun, S.; Zhang, D.; Sheng, J.; Li, B.; Yang, W. The impact of PI3K inhibitors on breast cancer cell and its tumor
microenvironment. PeerJ 2018, 6, e5092. [CrossRef]

23. Golob-Schwarzl, N.; Krassnig, S.; Toeglhofer, A.M.; Park, Y.N.; Gogg-Kamerer, M.; Vierlinger, K.; Schröder, F.; Rhee, H.; Schicho,
R.; Fickert, P.; et al. New liver cancer biomarkers: PI3K/AKT/mTOR pathway members and eukaryotic translation initiation
factors. Eur. J. Cancer 2017, 83, 56–70. [CrossRef] [PubMed]

24. Murthy, D.; Attri, K.; Singh, P. Phosphoinositide 3-Kinase Signaling Pathway in Pancreatic Ductal Adenocarcinoma Progression,
Pathogenesis, and Therapeutics. Front. Physiol. 2018, 9, 335. [CrossRef]

25. Song, L.; Zhang, H.; Hu, M.; Liu, C.; Zhao, Y.; Zhang, S.; Liu, D. Sinomenine inhibits hypoxia induced breast cancer side
population cells metastasis by PI3K/Akt/mTOR pathway. Bioorg. Med. Chem. 2021, 31, 115986. [CrossRef]

26. Faridi, J.; Wang, L.; Endemann, G.; Roth, R. Expression of constitutively active Akt-3 in MCF-7 breast cancer cells reverses the
estrogen and tamoxifen responsivity of these cells in vivo. Clin. Cancer Res. 2003, 9, 2933–2939. [PubMed]

27. Hu, M.; Lee, D.F.; Xia, W.; Golfman, L.; Ou-Yang, F.; Yang, J.Y.; Zou, Y.; Bao, S.; Hanada, N.; Saso, H.; et al. IkappaB kinase
promotes tumorigenesis through inhibition of forkhead FOXO3a. Cell 2004, 117, 225–237. [CrossRef]

http://doi.org/10.1007/s12325-020-01552-2
http://www.ncbi.nlm.nih.gov/pubmed/33190190
http://doi.org/10.4331/wjbc.v6.i3.231
http://www.ncbi.nlm.nih.gov/pubmed/26322178
http://doi.org/10.1016/j.jgo.2018.07.010
http://doi.org/10.1146/annurev-med-010910-110221
http://doi.org/10.3390/nu9070728
http://www.ncbi.nlm.nih.gov/pubmed/28698459
http://doi.org/10.1002/ptr.4609
http://www.ncbi.nlm.nih.gov/pubmed/22389143
http://doi.org/10.1016/S2221-1691(12)60116-6
http://doi.org/10.1016/j.phymed.2013.09.007
http://doi.org/10.1371/journal.pone.0034303
http://doi.org/10.1016/j.prp.2020.152995
http://doi.org/10.1007/s11060-012-1034-x
http://www.ncbi.nlm.nih.gov/pubmed/23392846
http://doi.org/10.1002/ptr.5497
http://www.ncbi.nlm.nih.gov/pubmed/26549417
http://doi.org/10.1002/pro.2374
http://doi.org/10.1038/sj.onc.1210415
http://www.ncbi.nlm.nih.gov/pubmed/17496919
http://doi.org/10.2174/1573406416666200227122849
http://www.ncbi.nlm.nih.gov/pubmed/32106802
http://doi.org/10.1038/nri3495
http://www.ncbi.nlm.nih.gov/pubmed/23954936
http://doi.org/10.1016/j.smim.2014.02.009
http://doi.org/10.1016/j.ecoenv.2021.112091
http://doi.org/10.1038/sj.emboj.7600476
http://doi.org/10.1083/jcb.200409117
http://doi.org/10.1016/j.critrevonc.2014.12.006
http://doi.org/10.7717/peerj.5092
http://doi.org/10.1016/j.ejca.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28715695
http://doi.org/10.3389/fphys.2018.00335
http://doi.org/10.1016/j.bmc.2020.115986
http://www.ncbi.nlm.nih.gov/pubmed/12912939
http://doi.org/10.1016/S0092-8674(04)00302-2


Molecules 2021, 26, 6714 13 of 13

28. Xu, Y.; Fang, R.; Shao, J.; Cai, Z. Erianin induces triple-negative breast cancer cells apoptosis by activating PI3K/Akt pathway.
Biosci. Rep. 2021, 41, BSR20210093. [CrossRef] [PubMed]

29. Yang, J.Y.; Hung, M.C. A new fork for clinical application: Targeting forkhead transcription factors in cancer. Clin. Cancer Res.
2009, 15, 752–757. [CrossRef]

30. Shrestha, A.; Nepal, S.; Kim, M.J.; Chang, J.H.; Kim, S.H.; Jeong, G.S.; Jeong, C.H.; Park, G.H.; Jung, S.; Lim, J.; et al. Critical Role
of AMPK/FoxO3A Axis in Globular Adiponectin-Induced Cell Cycle Arrest and Apoptosis in Cancer Cells. J. Cell. Physiol. 2016,
231, 357–369. [CrossRef]

31. Taylor, S.; Lam, M.; Pararasa, C.; Brown, J.; Carmichael, A.; Griffiths, H. Evaluating the evidence for targeting FOXO3a in breast
cancer: A systematic review. Cancer Cell Int. 2015, 15, 1. [CrossRef]

32. Berrougui, H.; Martín-Cordero, C.; Khalil, A.; Hmamouchi, M.; Ettaib, A.; Marhuenda, E.; Dolores Herrera, M.D. Vasorelaxant
effects of harmine and harmaline extracted from Peganum harmala L. seeds in isolated rat aorta. Pharmacol. Res. 2006, 54, 150–157.
[CrossRef] [PubMed]

33. Chen, Q.; Chao, R.; Chen, H.; Hou, X.; Yan, H.; Zhou, S.; Peng, W.; Xu, A. Antitumor and neurotoxic effects of novel harmine
derivatives and structure-activity relationship analysis. Int. J. Cancer. 2005, 114, 675–682. [CrossRef] [PubMed]

34. Dai, F.; Chen, Y.; Song, Y.; Huang, L.; Zhai, D.; Dong, Y.; Lai, L.; Zhang, T.; Li, D.; Pang, X.; et al. A natural small molecule harmine
inhibits angiogenesis and suppresses tumour growth through activation of p53 in endothelial cells. PloS ONE 2012, 7, e52162.
[CrossRef] [PubMed]

35. Abe, A.; Yamada, H. Harmol induces apoptosis by caspase-8 activation independently of Fas/Fas ligand interaction in human
lung carcinoma H596 cells. Anticancer Drugs 2009, 20, 373–381. [CrossRef]

36. Li, C.; Wang, Y.; Wang, C.; Yi, X.; Li, M.; He, X. Anticancer activities of harmine by inducing a pro-death autophagy and apoptosis
in human gastric cancer cells. Phytomedicine 2017, 28, 10–18. [CrossRef]

37. Zhang, L.; Zhang, F.; Zhang, W.; Chen, L.; Gao, N.; Men, Y.; Xu, X.; Jiang, Y. Harmine suppresses homologous recombination
repair and inhibits proliferation of hepatoma cells. Cancer Biol. Ther. 2015, 16, 1585–1595. [CrossRef]

38. Filali, I.; Bouajila, J.; Znati, M.; Garah, F.; Jannet, H. Synthesis of new isoxazoline derivatives from harmine and evaluation of their
anti-Alzheimer, anti-cancer and anti-inflammatory activities. J. Enzyme Inhib. Med. Chem. 2015, 30, 371–376. [CrossRef]

39. Abe, A.; Yamada, H.; Moriya, S.; Miyazawa, K. The β-carboline alkaloid harmol induces cell death via autophagy but not
apoptosis in human non-small cell lung cancer A549 cells. Biol. Pharm. Bull. 2011, 34, 1264–1272. [CrossRef]
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