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Naturally occurring bergapten exhibits potent anticancer effects in cisplatin-resistant
breast cancer cells: Role of PI3K/AKT signaling pathway
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ABSTRACT
The main objective of the current study was to examine the anticancer effects of naturally
occurring bergapten on human breast cancer cells (MDA-MB-231) and investigate its impact
on apoptosis, cell cycle, cell migration and invasion and PI3K/AKT signaling pathway. MTT
assay and clonogenic assay were used to study effects on cell viability and cancer colony
formation. Fluorescence microscopy and flow cytometry were used to study apoptotic effects
induced by bergapten. In vitro, transwell migration assay and transwell chambers assay were
used to study the impact on cell migration and invasion, respectively. Western blotting was
used to study the impact of bergapten on the PI3K/AKT signaling pathway. Results indicated
that bergapten led to potent cell proliferation inhibition and reduced cancer colony formation
in a dose-dependent manner. Bergapten induced apoptotic effects as shown by acridine
orange/ethidium bromide staining assay and annexin-V FITC assay. The percentage of both
early and late apoptotic cells increased significantly with increasing doses of bergapten.
Bergapten also led to the dose-dependent G2/M phase cell cycle arrest. Bergapten also caused

inhibition of cell migration and cell invasion along with causing suppression of PI3K/AKT
signaling pathway. In conclusion, bergapten exhibits strong anticancer effects in human breast
cancer cells. These effects are mediated via apoptosis, cell migration and invasion inhibition
and suppression of the PI3K/AKT signaling pathway.
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Natural products have impressed and captured the interest of researchers because of their
enormous structural varieties and rich biological activity profile (1). Since times immemorial,
plant-based natural products have aided human beings in different livelihood purposes like
food, shelter and medicine. Phytochemicals are widespread as secondary metabolites in plants
and are involved in plant defensive mechanisms against pathogens and other plants (2).
Colossal natural products have been isolated from plants, yet their hidden therapeutic potential
and chemical content have not been fully explored. Coumarins are plant isolated natural
products with tremendous structural diversities (3). They show outstanding bioactivity profiles
like antiviral (e.g. anti-HIV, anti-influenza), antimicrobial (e.g. antituberculosis), antiinflammatory, anti-tumor, antinociceptive, antioxidant, antidepressant, antiasthmatic, antiAlzheimer, and antihyperlipidemic (4–6). It has been reported that anticancer effects of
coumarins and their derivatives mediate via different mechanisms like inhibition of protein
kinase, telomerase enzyme and oncogene expression, stimulation of caspase-dependent
apoptosis, and targeting cell cycle at G2/M-phase and G0/G1-phase (7, 8). Bergapten or 5methoxypsoralen is a member of coumarins isolated from many plant species including,
Cnidium monnieri (L.) Cusson (Chinese medicinal plant) (9). Bergapten is among active
coumarins with remarkable biological activity and rich pharmacological potential. It has been
reported to induce anticancer effects in different human cancer cell lines, including breast
cancer ZR-75 and MCF7 cells (10). Anticancer potency of bergapten drug follows different
mechanisms, including the stimulation of autophagy (PTEN upregulation, targeting of pAKT/p-mTOR and Beclin 1, and transforming LC3-I to LC3-II) and apoptosis (p38 MAPK
and ERK1/2 activation) (11). Breast cancer is a leading and lethal neoplasm prevailing in
women globally (12–14). Distant disease spread enhances the disastrous effects and lethality
of breast cancer. Besides, potential advancements have been achieved in breast cancer, the

overall survival rate remains very low. Therefore, the current research was carried out to
demonstrate the effects of the bergapten drug on breast cancer cells and assesses its impact
upon cellular apoptosis, migration and invasion, PI3K/AKT signaling pathway and cell cycle.
Breast cancer prevalence remains very high among women of the Western world (15). Recent
years have also seen an alarming increase in breast cancer cases and fatalities in some Asian
countries including, China, Pakistan and India (16). Several risk factors contribute to the
emergence of breast cancer, including late diagnosis, inaccessibility of appropriate treatment,
age, less awareness, breastfeeding, poor lifestyle and socioeconomic barriers subsidizing to
higher mortality rates (17). The current research was designed to explore the possible antibreast cancer potency of the bergapten drug and its possible mechanism.

EXPERIMENTAL
Chemicals and antibodies
Bergapten was purchased from Sigma Aldrich (69664-25MG, purity = ≥99.0 %). Unless
otherwise stated, all other chemicals used were acquired from Sigma-Aldrich (USA). Anti-pPI3K, anti-PI3K, anti-p-AKT, anti-AKT, anti--actin and HRP-labelled secondary antibodies
were purchased from Cell Signalling Technology (USA).

Cell culture and conditions
The MDA-MB-231 cell line was procured from American Type Culture Collection (USA) and
was maintained in DMEM (Dulbecco’s modified Eagle’s medium (Sigma-Aldrich). DMEM
was supplemented with fetal bovine serum (ThermoFisher Scientific, Inc., USA) of 10 % and
suitable antibiotic (streptomycin (100 μg mL–1) and penicillin (100 U mL–1) obtained from
ThermoFisher Scientific, Inc. Cell cultures were maintained in a humid environment bearing
95 % air and 5 % CO2 at 37 °C.

Analysis of cell viability
To estimate the toxicity of bergapten drug against MDA-MB-231 cells, MTT (4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay was implemented. Cell lines
were subjected to culturing for 24 h before bergapten exposure. Afterwards, MDA-MB-231
cells were loaded to 96-well plates with a concentration of 2.5 × 104 cells each well followed
by supplementation of bergapten drug at variant doses viz 0, 12.5, 25, 50 and 100 µmol L–1,
for 24 and 48 h. After incubation, bergapten bergapten-treated MDA-MB-231 cells were

washed in phosphate buffer saline (PBS) and stained using MTT dye with 4 h of further
incubation. In living cells, NADPH-dependent cellular oxidoreductase enzymes reduce MTT
dye (yellow) into insoluble formazan crystals (blue). These crystals are then dissolved with
dimethyl sulphoxide for colorimetric analysis. Optical density was calculated from absorbance
measurements at 490 nm by using a spectrophotometer (PerkinElmer, Inc., USA).

Colony generation assay
To estimate the colony generation capability of MDA-MB-231 cells after exposure to
bergapten drug exposure, a clonogenic assay was performed. 1,000 MDA-MB-231 cells were
plated onto 6-well plates and grown for 12 h. Then, each well plate was supplied with bergapten
drug at variant dosesat various concentrations viz 0, 12.5, 50 and 100 µmol L–1 and left on
incubationincubated without any disturbance for 48 h. After completion of the exposure period,
cells were collected, fixed in alcohol and stained with crystal violet (1 %) dye. Cell colonies
were finally estimated under an inverted microscope (Leica Microsystems GmbH, Germany)
and only those colonies were considered significant for counting bearing ≥ 50 cells.

Apoptosis analysis
To estimate apoptosis in MDA-MB-231 cells by after bergapten exposure drug, acridine orange
(AO)/ethidium bromide (EB) and annexin V/FITC (fluorescein isothiocyanate) staining assays
were executed. The MDA-MB-231 cells were cultured onto chamber slides (Corning, USA)
with a density of 1.5 × 103 cells/slide. Afterwards, treatment with bergapten drug was instigated
at variant various concentrations viz 0, 12.5, 50 and 100 µmol L–1 for 24 h. Later, detached
cells were washed within ice-cold phosphate phosphate-buffered saline followed by fixation of
15 min with 95 % ethanol. After that, fixed cells were dehydrated and stained using 5 μL
AO/EB staining solution of 50 μg mL–1 concentration. Finally, Leica DM 14000B microscope
with a digital camera (Leica Microsystems GmbH) was used to analyse fluorescence, and each
concentration was analysed thrice. For quantification of apoptosis in MDA-MB-231 cells after
bergapten exposure, the annexin V/FITC assay was implemented. For annexin V FITC assay,
Annexin V/ Propidium Iodide (PI) apoptosis detection kit (Santa Cruz, Texas, United States)
was used by strictly obeying the manufacturer’s instructions followed by cytometric analysis
with Partec Cyflow® Cube 6 Flow Cytometer.

Flow cytometry

Flow cytometric studies were carried out to examine different cell cycle phases in bergapten -treated MDA-MB-231 cells. In brief, tumorous breast MDA-MB-231 cells were seeded
overnight onto sterile cultural plates at a density of 1.5 × 103 cells/plate, followed by bergapten
exposure at variant doses viz 0, 12.5, 50 and 100 µmol L–1. After 48 h of bergapten treatment,
MDA-MB-231 cells were washed with phosphate-buffered saline (PBS), fixed in PFA (4 %)
and stained using staining solution bearing RNase (100 μg mL–1), PI (50 μg mL–1), sodium
citrate (0.1 %), and triton×100 (0.1 %) for half an hour. Finally, different cell cycle phases were
recorded with flow cytometry using FACS CaliburTM .

Transwell assay
Transwell migration and invasion assays were performed to monitor migration rate and
invasion of MDA-MB-231 cells after bergapten exposure. In brief, upper chambers of the 24well trans-well chambers were fitted with membranes (Corning, USA) bearing 8 mm of pore
size and were supplied with DMEM containing different bergapten drug doses viz 0, 12.5, 50
and 100 µmol L–1. Lower chambers were supplied with fetal bovine serum (10 %) and DMEM
followed by incubation of all the upper and lower transwell chambers for 48 h. Unmigrated
cells were cleaned off using a cotton swab, and migrated cells were stained using 0.1 % crystal
violet (Sigma). Finally, migrated number of cells were counted and photographed under an
inverted microscope (Olympus, Japan). Similar A similar procedure was followed for invasion
assessment of MDA-MB-231 cells, except transwell chambers were coated with Matrigel.

Western blotting
Western The western blotting assay was executed to monitor the activity levels of PI3K/AKT
signaling pathway allied proteins in bergapten treated MDA-MB-231 cells. In brief, cells were
harvested at ≥ 90 % of confluence followed by treatment with different bergapten doses viz 0,
12.5, 50 and 100 µmol L–1 for 24 h. Later on, MDA-MB-231 cells were lysed using RIPA lysis
buffer (Sigma). The protein content within each lysate was quantified by BCA assay, and equal
portions of proteins (40 µg) from each lysate were separated on SDS-PAGE. Separation of the
proteins was followed by electrophoretic transference of proteins to PVDF membranes. After
that, PVDF membranes were blocked by using skimmed milk (5 %) followed by incubation
with suitable primary antibody antibodies (anti-PI3K and anti-AKT) for 12 h at 4 °C in the
dark. After washing, membranes were incubated with HRP-labelled secondary antibodies for
4 h at 25 °C. Finally, blots were developed using HRP substrate.

Statistical analysis
Analyses of variance (ANOVA) followed by Dunnett’s test were used to analyse all the
experimental data with Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) and
GraphPad Prism 4.0, respectively. Considering p < 0.05 as statistically significant, all the data
was expressed as mean ± SD.

RESULTS AND DISCUSSION

Bergapten suppresses viability of MDA-MB-231cells

Bergapten (Fig. 1) molecule has been previously reported to exhibit anti-viabilitycytotoxic
effects effects against different human cancer cell lines. On After applying bergapten drug
against MDA-MB-231 breast cancer cells, remarkable cytotoxicity was induced. It couldn’t
only inhibit the proliferation rate but also retarded the cancer colony formation by MDA-MB231 cells in a dose reliant-manner.
MTT assay was executed to assess the effects of bergapten on the cellular viability of MDAMB-231 cells. Results showed significant retardation of viability in target cancer cells by
bergapten drug within a concentration-reliant manner. It was observed that viability percentage
reduced from 100 % in the case of controls to almost 10 % at 100 µmol L–1 after 24 h of
treatment. After 48 h of treatment using the same compounddrug doses, the viability was
reduced to almost 5 % (Fig. 2). Therefore, it was concluded that the bergapten drug could
remarkably inhibit the normal proliferation of MDA-MB-231 cells. Further, the efficacy of
these cells to generate colonies was monitored by clonogenic assay. The outcomes of which
designated that bergapten suppressed the potential of colony generation (Fig. 3a). In the case
of the control group, 400 colonies and in the treated group only about 20 colonies were
generated after 24 h of bergapten treatment (Fig. 3b).

Bergapten induced apoptosis in MDA-MB-231 cells
Maximum A huge number of chemotherapeutic drugs target apoptosis to stop carcinogenesis
(18). Bergapten has been previously reported to stimulate apoptosis in SKBR-3 and MCF7
breast cancer cells (19). Herein, the bergapten drug against MDA-MB-231 cells produced
remarkable proapoptotic effects and enhanced the number of apoptotic cells in a concentrationreliant manner.

The anti-proliferative effects of bergapten against MDA-MB-231 cells were probed via AO/EB
and Annexin V-FITC staining assays for apoptosis mediation. Bergapten drug has already been
reported of remarkable proapoptotic potential. AO/EB staining revealed that the control group
showed normal cells with green fluorescence, and the treated group showed multi-colour
fluorescence, denoting different stages of apoptosis. The yellow-green fluorescence represents
early-stage apoptosis, orange-red fluorescence represents late-stage apoptosis and red
represents necrotic cells (Fig. 4). On treatment with bergapten, the green fluorescence was
observed to decline in contrast to the others. Therefore, the bergapten drug could enhance the
number of apoptotic MDA-MB-231 cells in concentration reliant-manner. Further, apoptosis
was quantified using the Annexin V-FITC assay. Results indicated that apoptosis percentage
in the control group was almost negligible while as, in the treated group, apoptosis percentage
almost reached 90 % at 100 µmol L–1 of bergapten concentration (Fig. 5). Hence, it may be
concluded that the anti-viabilitycytotoxic effects of bergapten drug are mediated via apoptosis
stimulation.

Bergapten causes cell cycle arrest in MDA-MB-231 cells
Many drugs inhibit the progression of the cell cycle at different of its check points like G2/M,
G0/G1 and S. Bergapten drug has been reported of substantial potency to target cell cycle and
previously it has been shown with targeting of the cell cycle in different lung cancer cells
including NCI-H460 and A549 NSCLC cell lines (20). Herein, the bergapten drug targeted the
cell cycle progression in MDA-MB-231 cells at the G2/M-phase of the cell cycle and hence
reduced tumor development.
The effect of the bergapten drug over the cell division potency of MDA-MB-231 cells was
evaluated via flow cytometry. Results indicated that the peak of other cell cycle checkpoints
(S and G0/G1) reduced except G2/M-phase, which amplified on bergapten (0–100 µmol L–1)
exposure (Fig. 6). The percentage of G2/M-phase cells in the control group was detected as 9.7
%, and in the treated group, the percentage was enhanced up to 46.4 %. Therefore, it may be
concluded that bergapten induces anti-viabilitycytotoxic effects against MDA-MB-231 cells
via blocking the cell cycle progression at the G2/M phase.

Bergapten suppresses MDA-MB-231 cell migration and invasion
Cell migration and invasion are the two lethal features of metastatic disease and need to be
addressed by chemotherapeutic drugs. Migration and invasion of cancer cells to distant places
augment the dangerousness of the disease and hinder its diagnosis. In the recent past,

bergapten-containing drugs have been shown with remarkable modulatory effects on
IDOL/LDLR and LXR/PI3K/Akt pathways, which show active participation in cell migration
and invasion (21). Herein, the bergapten drug-induced substantial anti-migratory and antiinvasive effects against MDA-MB-231 cells.
The transwell chambers assay was used to monitor the Bbergapten drug’s effect on migration
and invasion of MDA-MB-231 cells. After exposure to different drug concentrations (0-–100
µM), both the migration (Fig. 7) as well as an invasion (Fig. 8) was detected to reduce
significantly. Therefore, these results suggested that bergapten could inhibit metastasis of
MDA-MB-231 cells.

Bergapten targets PI3K/AKT signaling pathway in MDA-MB-231 cells
The PI3K/AKT signaling pathway is vital in for cancer cell survival and differentiation (22).
Therefore, this pathway serves as a leading target for chemotherapeutics in blocking the normal
passage of cellular processes. Western The western blotting assay was used to monitor the
effects of the bergapten drug on the PI3K/AKT signaling pathway. Diminished The diminished
expression level of p-PI3K and p-AKT proteins was were found in the bergapten -treated group
compared to the control (Fig. 9). These results indicate that PI3K/AKT signaling pathway could
be retarded by the bergapten drug and contribute to its antiproliferative property against MDAMB-231 cells.

CONCLUSIONS

In conclusion, the current research results demonstrated substantial anti-breast cancer activity
of the bergapten molecule. The anticancer effects of bergapten were attributed to its cellular
apoptotic induction, G2/M phase cell cycle arrest, inhibition of cell migration and invasion and
targeting of PI3K/AKT signaling pathway.
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Fig. 1. Chemical structure of bergapten.

Fig. 2. MTT assay was used to study the effects of bergapten drug on the viability of breast
cancer MDA-MB-231 cells. The figure represents inhibition of proliferation by the bergapten
drug in a dose-dependent manner. All the independent experiments were performed in
triplicates. Data was are expressed as mean ± SD. (*) and (**) represents p < 0.05 and p < 0.01
compared against control.

Fig. 3. a) Clonogenic assay was implemented to examine the effects of bergapten drug of
colony generation tendency of MDA-MB-231 cells. The results indicated decreasing MDAMB-231 cell colonies after exposure to indicated doses of the bergapten drug. b) Graphical
representation of a number of MDA-MB-231 colonies generated after being exposed to
indicated bergapten doses. All the independent experiments were performed in triplicates. Data
was are expressed as mean ± SD. (*) represents p < 0.05 compared against control.

Fig. 4. AO/EB staining assay was used to study apoptosis in MDA-MB-231 cells after being
exposed to various doses of the bergapten drug. The figure represents early apoptotic, late
apoptotic and necrotic cells. Individual experiments were performed three times. Early
apoptotic cells show yellow-green fluorescence, late apoptotic cells show orange fluorescence,
and necrotic cells show uneven orange-red fluorescence.

Fig. 5. Annexin V-FITC staining assay was implemented to quantify apoptosis in bergapten
treated MDA-MB-231 cells. Results showed an enhanced percentage of apoptotic cells in the
treated group compared to the control group. Individual experiments were performed in
triplicates. Data was are expressed as mean ± SD. (*) and (**) represents p < 0.05 and p < 0.01
compared against control.

Fig. 6. Flow cytometric assessment of different phases of the cell cycle in bergapten treated
MDA-MB-231 cells. All the independent experiments were performed in triplicates.

Fig. 7. Transwell chambers migration assessment to monitor MDA-MB-231 cells' ability to
migrate after being exposed to different bergapten doses. Individual experiments were
performed three times.

Fig. 8. Transwell chambers invasion assessment to monitor MDA-MB-231 cells' ability to
migrate after being exposed to different bergapten doses. Individual experiments were
performed three times.

Fig. 9. Western The western blotting assay was performed to check the activity levels of
PI3K/AKT signaling pathway allied proteins. Results showed a reduction in phosphorylation
of PI3K and AKT in comparison to the overall expression of PI3K and AKT after being
exposed to different bergapten doses. Individual experiments were performed three times.

