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A B S T R A C T   

Increasing evidence shows that Traditional Chinese Medicine (TCM) has an obvious appeal for cancer treatment, 
but there is still a lack of scientific investigation of its underlying molecular mechanisms. Bitter melon or bitter 
gourd (Momordica charantia) is an edible fruit that is commonly consumed, and it is used to cure different dis
eases in various ancient folk medical practices. We report that a bioactive protein, MAP30, isolated from bitter 
melon seeds exhibited potent anticancer and anti-chemoresistant effects on ovarian cancer cells. Functional 
studies revealed that MAP30 inhibited cancer cell migration, cell invasion, and cell proliferation in various 
ovarian cancer cells but not normal immortalized ovarian epithelial cells. When administered with cisplatin, 
MAP30 produced a synergistic effect on cisplatin-induced cell cytotoxicity in ovarian cancer cells. When low 
doses of cisplatin and MAP30 were co-injected intraperitoneally, a remarkable reduction of tumor dissemination 
and tumor growth was observed in an ovarian cancer ascites mouse model. Notably, blood tests confirmed that 
MAP30 did not cause any adverse effects on liver and kidney functions in the treated mice. MAP30 activated 
AMP-activated protein kinase (AMPK) signaling via CaMKKβ and induced cell cycle arrest in the S-phase. MAP30 
modulated cell metabolism of ovarian cancer cells via suppression of GLUT-1/-3-mediated glucose uptake, 
adipogenesis, and lipid droplet formation in tumor development and progression. MAP30 also induced an in
crease in intracellular Ca2+ ion concentration, which triggered ROS-mediated cancer cell death via apoptosis and 
ferroptosis. Collectively, these findings suggest that natural MAP30 is a non-toxic supplement that may enhance 
chemotherapeutic outcomes and benefit ovarian cancer patients with peritoneal metastases.  
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1. Introduction 

Ovarian cancer is one of the most lethal gynecological malignancies 
worldwide, including China (1). Due to the lack of reliable symptoms 
and biomarkers during the early stages, most ovarian cancer patients 
succumb to the advanced-stage disease, which is accompanied by peri
toneal metastases and poor prognosis (2). Platinum-based drugs, such as 
cisplatin, are the most potent anticancer agents commonly used to treat 
advanced ovarian cancers (3). However, the significant limitations of 
these drugs include the acquisition of resistance in initially responsive 
tumors and severe side effects at higher doses. Therefore, the exami
nation of alternative anticancer approaches, such as the use of foods and 
herbal supplements in combination with current chemotherapy, is ur
gently needed to improve the treatment efficacy of available drugs. 
AMP-activated protein kinase (AMPK) is a metabolic energy sensor that 
governs energy homeostasis in cells (4). We and others recently found 
that low AMPK activity favored cancer cell growth, and treatment with 
AMPK activators, such as AICAR or metformin, markedly inhibited cell 
growth (5–7). Increasing evidence shows that Traditional Chinese 
medicine (TCM) is an obvious choice for cancer treatment (8), but there 
is a lack of scientific investigation of its underlying molecular mecha
nisms. Evidence-based TCM for cancer therapy indicates that TCM tar
gets cancer cells and treats the entire body (9). The bioactive compounds 
from TCM exert anti-tumor activities via the targeting of multiple levels 
and signaling pathways. Therefore, TCM may be used as an adjunct 
cancer therapy. Bitter melon or bitter gourd (Momordica charantia) is an 
edible fruit that is commonly consumed, and it is used to cure different 
diseases in various ancient folk medical practices (10). Our previous 
study suggested that bitter melon extract (BME) functioned similarly to a 
natural AMPK activator in human cancer cell growth suppression and 
apoptosis induction without toxic effects in normal cells (11). 
Momordica anti-HIV protein (MAP30) is one of the most bioactive 
components in BME, and it possesses immunomodulatory, anti-tumor, 
anti-viral, and anti-human immunodeficiency virus (HIV) activities 
and inhibits in vitro protein synthesis (12). However, the 
anti-tumorigenic and anti-chemoresistant effects of MAP30 in advanced 
ovarian cancer cells are not clear. 

The present study performed a comprehensive investigation to 
characterize the effects of natural MAP30 isolated from bitter melon 
seeds on ovarian cancer cells. We used our established omental condi
tioned medium (OCM) and the mouse tumor xenograft model and 
demonstrated that non-toxic MAP30 exhibited potent anticancer and 
anti-chemoresistant effects on ovarian cancer cells in combination with 
cisplatin. These findings suggest that MAP30 may be used as a supple
ment to enhance the treatment outcomes of current platinum-based 
chemotherapy regimens. 

2. Materials & Methods 

2.1. Cell lines and human clinical samples 

The human ovarian cancer cell line A2780cp was provided by Prof. 
Benjamin Tsang, University of Ottawa, Canada. HEY and HEYA8 human 
ovarian carcinoma cells were provided by Prof. AWS Wong, School of 
Biological Sciences, University of Hong Kong. ES2 human epithelial 
ovarian cancer cells and the human embryonic kidney cell line HEK293 
were purchased from American Type Culture Collection (ATCC, Mana
ssas, VA, USA). Another human ovarian cancer cell line; OVCA433 and 
SKOV3, as well as two immortalized human ovarian surface epithelium 
(HOSE) cell lines; HOSE11-12 and HOSE96-9-18, were provided by 
Professor G. S. W. Tsao, School of Biomedical Sciences, The University of 
Hong Kong. A pair of wildtype (WT) and mutant (R531G) AMPKγ2 
isogenic HEK293 cells were provided by Prof. DG Hardie, Dundee Uni
versity, UK. All cell lines were mycoplasma free. Human omental tissues 
were collected from surgeries performed at Queen Mary Hospital with 
prior approval of the Institutional Review Board of The University of 

Hong Kong/Hospital Authority Hong Kong West Cluster (HKU/HA HKW 
IRS) (IRS Reference Number: UW 11-298). 

2.2. Purification of natural MAP30 from bitter melon dried seeds 

Natural MAP30 was isolated from dried seeds of Chinese bitter melon 
(bitter gourd). The complete isolation and purification protocols are 
deposited as Supplementary Information. Further details are described 
in Supplementary Information. 

2.3. CRISPR/Cas9-mediated gene knockout 

Knockout of the AMPK α1 and α2 genes was performed via the 
transfection of pL-CRISPR.EFS.GFP plasmids carrying sgRNA oligonu
cleotides of AMPKα1 and α2 (provided by Prof. DG Hardie, Dundee 
University, UK). After transfection, puromycin was used for screening. 
Western blot analysis was used to detect positive gene knockout clones 
of AMPKα1 and α2. 

2.4. Western blot analysis 

Protein lysates were isolated from cells using cell lysis buffer (Cell 
Signaling Technology, Danvers, MA, USA) containing a protease inhib
itor cocktail (Roche, Basel, Switzerland) and phenylmethylsulfonyl 
fluoride (Sigma-Aldrich Corp., St. Louis, MO, USA). Proteins were 
separated using 10% SDS-PAGE before transfer to polyvinylidene 
difluoride (PVDF) membranes. Immunodetection was performed using 
an enhanced chemiluminescence reagent solution and visualized on X- 
ray film or imaged by an Odyssey® CLx Imaging and analyzed with 
Image StudioTM Software (Li-Cor Biosciences). (LI-COR Biosciences, 
Lincoln, Nebraska, USA). The list of antibodies used in this study is 
attached in the Supplementary Information. 

2.5. Cell cycle and cell apoptosis analyses 

Ovarian cancer cells were stained with 250 μL of 50 μg/mL propi
dium iodide (PI) (P1304MP, Invitrogen) in PBS for 15 min in the dark. 
Flow cytometry was performed using a BD FACSCantoTM II System (BD 
Biosciences, San Jose, CA, USA). The proportion of cells in each phase of 
the cell cycle was analyzed using Modfit LT software (Verity Software 
House, Topsham, ME, USA). To detect cell apoptosis, the treated cells 
were stained using the Annexin V FITC Apoptosis Detection Kit TDS, 
according to the manufacturer’s protocol (BD Biosciences). The per
centage of apoptotic cells was analyzed using the BD FACSVerse™ 
System (BD Biosciences) after flow cytometry. To examine the levels of 
activated caspase-3 and -7 in ovarian cancer cells after MAP30 treat
ment, the treated cells in 48-well microplates (CLS3548, Corning, NY, 
USA) were analyzed using the CellEventTM Caspase-3/7 Green Detection 
Reagent (C10423, Invitrogen), according to manufacturer’s protocol. 

2.6. Lipid peroxidation assay and determination of GSH/GSSG activity 

To evaluate lipid peroxidation or ferropotosis of ovarian cancer cells 
co-treated with MAP30 (40 μg/mL), and Erastin (5 μM) (B1524, APEx
BIO Technology LLC., Boston, MA, USA) alone, or the ferroptosis in
hibitor ferrostatin-1 (Fer-1) (10 μM) (SML0583, Sigma-Aldrich, St. 
Louis, MI, USA) in combination with MAP30 (40 μg/mL) for 24 h, C11 
BODIPY 581/591 C11 dye (Lipid Peroxidation Sensor) (2.5 μM) (D3861, 
ThermoFisher Scientific, Waltham, MA USA), were used (13). Flow 
cytometry analysis was performed using a BD FACSLyric™ flow 
cytometry system (BD Biosciences, San Jose, CA, USA), and at least 10, 
000 cells were analyzed per cell sample. The oxidation of C11 BODIPY 
581/591 was shown by the rise of green fluorescent intensity (which 
indicates oxidized probe) in the FITC channel. The data were analyzed 
using FlowJo Version 7.6 software. For confocal imaging experiments, 
the treated ovarian cancer cells of each experimental group were 
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examined and imaged using a confocal imaging system (Carl Zeiss LSM 
800). Three independent biological replicates were performed for each 
condition following the manufacturer’s protocols. 

Changes in the GSH/GSSG ratios of ovarian cancer cells following co- 
treatment of MAP30 and/or Erastin were detected using the GSH/GSSG 
Ratio Detection Assay Kit II (Fluorometric - Green) (ab205811, Abcam, 
Cambridge, MA, USA) according to the manufacturer’s instructions. 

2.7. Fluo-4 NW calcium assay 

To evaluate the amount of intracellular calcium, the Fluo-4 NW 
Calcium Assay kit (F36206, Thermo) was used following the manufac
turer’s protocol. 

2.8. Determination of ATP level and Reactive Oxygen Species (ROS) 
production 

The amount of ATP within the ovarian cancer cells was evaluated 
using the Luminescent ATP Detection Assay Kit (ab113849, Abcam). 
Cellular ROS production was assessed using the DCFDA - Cellular ROS 
Assay (ab113851, Abcam) according to the manufacturer’s protocol. 

2.9. Glucose uptake and lactate production 

The level of glucose uptake in ovarian cancer cells was measured 
using the Glucose Uptake Assay Kit (Colorimetric) (ab136955, Abcam). 
To measure lactate production in and secreted from ovarian cancer cells, 

Fig. 1. MAP30 is a main component of BME and functions as a natural AMPK activator. (A) XTT cell proliferation assay showed the inhibition of cell proliferation of 
ovarian cancer cells dose-dependently, but there was no effect on HOSE11-12. (B) Focus formation assay demonstrated that MAP30 reduced the number of foci 
formed in ovarian cancer cells (A2780cp, OVCA433, and ES2) at 5 and 10 μg/mL, respectively, for one week. (C) Transwell migration assay showed that ES2 cells 
treated with MAP30 (10 and 40 μg/mL) exhibited a significant reduction in the number of cells penetrating through the membrane in a dose-dependent manner 
compared with untreated controls (upper). ES2 cells treated with MAP30 (10 and 40 μg/mL) showed less invaded cells through the matrigel compared with the 
control (lower). (D) Flow cytometry analyzed Annexin-V and Propidium iodide (PI) positive staining (apoptotic cells) in OVCA433 cells treated by MAP30 (10 and 40 
μg/mL) and AICAR (1 mM). (E) Western blot analysis showed cleavage of caspase3 and PARP (=cell apoptosis) in OVCA433 ad ES2 cells treated by MAP30 (40 μg/ 
mL) for 24-48 h. All bar charts are expressed as mean + SEM. *P < 0.05, **P < 0 .01, ***P < 0 .001 (compared with the control group). 
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the L-Lactate Assay Kit (Colorimetric) (ab65331, Abcam) was used ac
cording to the manufacturer’s protocol. 

2.10. Determination of hexokinase and lactate dehydrogenase (LDH) 
activities 

Hexokinase activity was measured using the Hexokinase Activity 
Assay kit (Colorimetric) (ab136957, Abcam), and LDH activity was 
measured using the LDH Assay Kit (Colorimetric) (ab102526, Abcam) 
according to the manufacturer’s instructions. 

2.11. Targeted metabolite relative quantitation of fatty acids 

Targeted metabolite analyses in ascites were performed using gas 
chromatography-mass spectrometry (GC-MS) at the LKS Faculty of 
Medicine, Proteomics, and Metabolomics Core Facility (CPOS - PM 
Core), The University of Hong Kong (HKU). GC/MS chromatograms 
were acquired in SCAN and SIM mode using an Agilent 7890B GC- 
Agilent 7010 Triple Quadrapole Mass Spectrometer system. Data ana
lyses were performed using the Agilent MassHunter Workstation 
Quantitative Analysis Software (CPOS - PM Core, HKU). 

2.12. Cell proliferation and focus formation assays 

Cell proliferation was evaluated using an XTT cell proliferation kit 
(Roche, Basel, Switzerland). For the focus formation assays, approxi
mately 1000 cells were cultured in each well of a six-well plate and 
incubated with different treatments. Colonies were stained with crystal 
violet and counted. 

2.13. CellTiter-Glo® 3D cell viability assay 

Ovarian cancer cells were suspended in culture medium containing 
2% Geltrex™ Matrix (Gibco BRL, Gaithersburg, MD, USA) and seeded on 
Nunclon™ Sphera™ 96U-microplates (Thermo Fisher Scientific) with a 
super low cell attachment surface at a density of approximately 1000 
cells/well in triplicate. Cells were subsequently allowed to grow for one 
week before treatment with each drug (MAP30 and cisplatin) alone at 
serially diluted concentrations or in combination at a fixed molar ratio 
for three days. After the drug treatments, viable cells were detected 
using the CellTiter-Glo® 3D cell viability assay according to the manu
facturer’s protocols (Promega Corporation, Madison, WI, USA). The 
IC50 value of each drug was determined using nonlinear regression, and 
drug synergy was determined using the Combenefit algorithm (14). 

2.14. Matrigel cell migration and invasion assays 

Cell migratory and invasive abilities were examined using Transwell 
cell migration and invasion kits (Corning, NY, USA) according to the 
manufacturer’s instructions. The migrated/invaded cells were stained 
and counted using microscopy. 

2.15. In vivo tumorigenicity assay 

To study the effect of MAP30 on tumor growth in vivo, 2 × 106 ES2 
ovarian cancer cells were injected intraperitoneally (i.p.) into 
four-week-old BALB/cAnN-nu female nude mice in groups of five. When 
palpable tumors were formed in approximately one week, the experi
mental group was treated once every 2-days via injection of MAP30 (250 
μg/kg). The control group was injected i.p. with only PBS. Fluorescence 
Stereomicroscopy (Nikon, Japan) was used to capture fluorescent and 
bright-field images of tumor nodules spreading in the murine intraper
itoneal cavity. The entire animal study was performed according to 
guidelines approved by The Committee on the Use of Live Animals in 
Teaching and Research of The University of Hong Kong (CULATR 
number: 3817-15). 

2.16. Data analysis 

All experiments were repeated at least three independent times un
less otherwise stated. Values are presented as means ± SEM, and a 2- 
tailed Student’s t-test was used for comparisons. Fisher’s exact test 
(for parametric data) and the Mann–Whitney test (for non-parametric 
data) were used, and P ≤ 0.05 was considered statistically significant. 

3. Results 

3.1. MAP30 is a main component of bitter melon extract (BME) 

Our previous study reported that BME was a natural AMPK activator 
that suppressed ovarian cancer cell growth, cell migration, and invasion 
(11). We also observed that BME from different sources activated AMPK 
to various extents, which suggests a dose-dependent effect of MAP30 
(11). We used a monoclonal MAP30 antibody and demonstrated that the 
amount of MAP30 in Thailand (Thai) BME was the highest (~12 ng/μL), 
followed by Chinese BME (~ 9.6 ng/μL), and Taiwanese (TW) BME (6 
ng/μL) (Supplementary Fig. S1A & S1B), suggesting that the different 
amounts of MAP30 from three cultivars of bitter melon were entirely 
consistent with their capacities to activate AMPK in ovarian cancer cells. 

Functional studies showed that MAP30 suppressed the cell viability 
of ovarian cancer cells (A2780cp, OVCA433, and ES2) from 40% to 80% 
in a dose-dependent manner compared to controls using an XTT cell 
proliferation assay (Fig. 1A). Notably, the cell proliferation of immor
talized human ovarian surface epithelial (HOSE11-12) cells was not 
significantly inhibited (Fig. 1A). The foci formation assay demonstrated 
that the number of colonies was markedly reduced from 50% to 90% in 
ovarian cancer cells (A2780cp, OVCA433, and ES2) following treatment 
with MAP30 (5 and 10 μg/mL) compared to controls (Fig. 1B). To test 
whether MAP30 inhibited ovarian cancer cell migration and invasion, 
ES2 ovarian cancer cells were treated with MAP30 (15 and 40 μg/mL) 
for 15 and 24 h and subjected to Transwell cell migration/invasion as
says. Quantitative analyses showed that 15 and 24 h of MAP30 (15 and 
40 μg/mL) treatment reduced the cell migration and cell invasion ca
pacities of ES2 cells by 40-70% in a dose- and time-dependent manner 
(Fig. 1C). These tumor-suppressive effects were also found in ovarian 

Fig. 2. MAP30 functions as a natural CaMKKβ/AMPK activator. Western blot analysis showed that the effect of recombinant MAP30 (30 μg/mL) (A) and (B) natural 
MAP30 (40 μg/mL) on AMPK and its downstream targets, FOXM1 and AKT activities in OVCA433 and ES2 cells. (C) Western blot analysis showed the suppressive 
effects of recombinant MAP30 (30 μg/mL) and natural MAP30 (40 μg/mL) on mTOR signaling activities in OVCA433 and ES2 cells. (D) Western blot analysis showed 
the effect of natural MAP30 (40 μg/mL) on AKT/ERK/FOXM1 signaling in OVCA433, ES2, and AMPKα1α2-/- ES2 cells. (E) The transwell cell migration (upper) and 
invasion assays (lower) showed the effect of natural MAP30 with various doses (0, 10, and 40 μg/mL) on the cell migratory and invasive capacities of AMPKα1α2-/- 
ES2 cells as compared with the negative controls (Ctrl) for 16-24 h. (F) An isogenic wildtype (WT) and mutant (RG) HEK293γ2 cell lines showed that MAP30 induced 
phosphorylation of AMPK in both cell lines in a dose- and time-dependent manner. (G) Western blot analysis showed that co-treatment of CaMKKβ inhibitor, STO-609 
(10μM), could abolish the phosphorylation of AMPK induced by MAP30 (40 μg/mL) in both cell lines. (H) Concentration-dependent escalation of cellular calcium in 
OVCA433 cells treated with MAP30 (5, 10, 20, and 40 μg/mL) for 24 h examined using Fluo-4 NW calcium assay with the treatment of calcium ionophore A23187 (2 
μM) as the positive control. (I) The MAP30-mediated concentration-dependent escalation of cellular calcium in OVCA433 AMPKα1α2-/- cells was significantly 
hampered upon knockout of AMPKα1α2-/- compared with control cells (Ctrl) treated with MAP30 (5, 10, 20 and 40 μg/mL) for 24 h. All bar charts are expressed as 
mean + SEM. *P < 0.05, **P < 0 .01, ***P < 0 .001 (compared with the control group). 
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cancer cells treated with BME (11). Based on the functional similarities 
and the MAP30 content-response of BME in ovarian cancer cells, MAP30 
is the major bioactive component of BME. MAP30 exhibited selective 
cytotoxicity and inhibition of ovarian cancer cells, while having no 
cytotoxicity on normal ovarian epithelial cells. 

3.2. MAP30 triggers cell cycle arrest and cell apoptosis in ovarian cancer 
cells 

To delineate the underlying molecular mechanisms of MAP30 inhi
bition of tumor growth, we investigated the effect of MAP30 on cell 
cycle progression of ovarian cancer cells using flow cytometry analysis 
of DNA content. Cell cycle analysis showed that MAP30 caused a notable 
arrest in S-phase with highly variable levels in various ovarian cancer 
cells, which was different than the AICAR-induced G1-phase cell cycle 
arrest (Supplementary Fig. S2). MAP30 is a main component of BME, 
and it may share similar functional effects with BME on AMPK-mediated 
cell growth arrest and apoptosis (11,15). Therefore, we examined 
whether MAP30 functioned like other AMPK activators, such as AICAR, 
in inducing apoptosis of ovarian cancer cells. OVCA433 ovarian cancer 
cells treated with MAP30 (10 and 40 μg/mL, 24 h) exhibited a 2-3-fold 
dose-dependent increase in cell apoptotic rate compared to the negative 
control (Fig. 1D). The CellEventTM Caspase-3/-7 Green Detection assay 
revealed that MAP30 induced mitochondria-mediated caspase activa
tion in ES2 cells following co-treatment with MAP30 and cisplatin 
(Supplementary Fig. S3). Western blot analysis further confirmed that 
treatment with MAP30 (40 μg/mL) increased the cleavage of PARP and 
caspase-3 activity in OVCA433 and ES2 cells (Fig. 1E). These results 
indicated that MAP30 induced cell cycle S-phase arrest and cell 
apoptosis in ovarian cancer cells. 

3.3. MAP30 functions as a natural AMPK activator 

Our previous studies showed that BME was a natural AMPK activator 
that significantly inhibited the oncogenic capacities of ovarian and 
cervical cancers via suppression of the AKT/ERK/FOXM1 and AKT/ 
FOXO3a/FOXM1 signaling pathways, respectively (11,16). The present 
study compared the functional differences between natural MAP30 
(isolated from dried bitter melon seeds) and recombinant MAP30 pro
tein (produced by Escherichia coli). Western blot analysis indicated that 
the natural MAP30 protein (40 μg/mL) and recombinant MAP30 protein 
(30 μg/mL) remarkably increased the phosphorylation of AMPK at 
Thr172 and ACC at Ser79 but reduced the level of FOXM1 and the 
phosphorylation of AKT (Ser473) and ERK in a time-dependent manner 
(Fig. 2A & 2B). Given that both recombinant MAP30 (30 μg/mL) and 
natural MAP30 (40 mg/mL) could activate AMPK, they were also shown 
to suppress another AMPK downstream target mTOR signaling activities 
in ovarian cancer cells (Fig. 2C). This finding confirmed that natural and 
recombinant MAP30 exhibited anticancer effects on ovarian cancer cells 
via negative regulation of the AKT/ERK/FOXM1 and mTOR signaling 
cascades. Notably, the effects of these proteins were consistent with the 
functional impact of BME on ovarian and cervical cancer cells (16). To 
further confirm the negative regulation of the AKT/ERK/FOXM1 
signaling cascade and its associated oncogenic properties, we used the 
CRISPR/Cas9 gene knockout system to delete AMPK-α1 and -α2 
(AMPKα1α2-/-) in ovarian cancer cells. The results confirmed that the 
complete depletion of AMPK-α1 and -α2 (AMPKα1α2-/-) significantly 
attenuated the MAP30-mediated suppression of the AKT/ERK/FOXM1 
signaling cascade (Fig. 2D) and produced an approximately 2-fold 
reduction of cell migration and invasion capacities in ovarian cancer 
cells (Fig. 2E). These results indicate that the suppressive effect of 
MAP30 occurred via an AMPK-dependent manner. 

Unlike most pharmaceutical AMPK activators, MAP30 functioned 
similarly to BME because both factors increased the phosphorylation of 
AMPK in WT and R531G AMPKγ2 isogenic HEK293 cells in a dose- and 
time-dependent manner (Fig. 2F). These results indicate that MAP30- 

mediated AMPK activation may involve an AMP-independent mecha
nism. Treatment with the CaMKKβ inhibitor STO-609 (10 μM) signifi
cantly impaired the phosphorylation of AMPK in response to MAP30 in 
WT and R531 G HEK293 cells (Fig. 2G). To further confirm the calcium- 
dependent manner of MAP30-induced AMPK activation in ovarian 
cancer cells, the Fluo-4 NW calcium assay was used. The results showed 
that the cellular level of calcium ions (Ca2+) in OVCA433 cells increased 
dose-dependently compared to the control with MAP30 co-treatment 
(Fig. 2H). In contrast, CRISPR/Cas9-mediated gene knockout of 
AMPKα1 and α2 (AMPKα1α2-/-) reduced the increase in intracellular 
Ca2+ (Fig. 2I), which confirmed the pivotal role of CaMKKβ in MAP30- 
mediated AMPK activation. 

Taken together, these data support our hypothesis that MAP30 is a 
main component of BME that activates AMPK and suppresses AKT/ERK/ 
FOXM1 and mTOR pathways, as well as the associated cell growth, cell 
migration/invasion of ovarian cancer cells via a CaMKKβ pathway. 

3.4. MAP30 induces ferroptosis in ovarian cancer cells 

MAP30 produced an increase in intracellular Ca2+ in ovarian cancer 
cells (Fig. 2G), and an influx of Ca2+ may increase cytosolic oxidative 
stress and mitochondrial dysfunction (17). Excessive cytosolic reactive 
oxygen species (ROS) may produce lipid peroxidation and ferroptosis, 
which is an alternative form of programmed cell death (18). To inves
tigate whether MAP30 induced ferroptosis, we examined whether 
MAP30 enhanced ROS production in ovarian cancer cells. We compared 
MAP30 to the ferroptosis activator Erastin and observed that MAP30 
dose-dependently increased intracellular ROS production in ovarian 
cancer cells (Fig. 3A). Notably, MAP30 induced less ROS production in 
AMPKα1α2-/- ovarian cancer cells (Fig. 3A). A reduced ratio of gluta
thione and oxidized glutathione (GSH/GSSG) is a central cellular 
anti-oxidant system to prevent oxidative damage (19). To investigate 
whether MAP30 reduced the GSH/GSSG ratio, like Erastin, during the 
increase in ROS (20), we measured the GSH/GSSG ratio in ovarian 
cancer cells co-treated with MAP30 and Erastin. MAP30 significantly 
reduced the GSH/GSSG ratio in a dose-dependent manner and showed 
an inverse correlation with the ROS level (Fig. 3B). The effect of MAP30 
on the GSH/GSSG ratio was diminished in AMPKα1α2-/- ovarian cancer 
cells, but the effects of Erastin were not different (Fig. 3B). Previous 
studies suggested that Erastin blocked cellular cysteine uptake via in
hibition of the cystine/glutamate antiporter (xCT) and glutathione 
peroxidase 4 (GPX4), and GSH depletion induced lipid peroxidation and 
ferroptosis (13,21). Therefore, we compared the effect of MAP30 on 
GPX4 to Erastin. Western blot analysis showed that MAP30 reduced 
GPX4 protein similarly to Erastin in a dose-dependent manner in wild
type and AMPKα1α2-/- ovarian cancer cells (20). By using BODIPY™ 
581/591 C11 as lipid peroxidation probe, we confirmed that MAP30 
induced lipid peroxidation in ovarian cancer cells, and a potent inhibitor 
of ferroptosis, ferrostatin-1 (Fer-1), inhibited this effect (Fig. 3D & 3E). 
Because MAP30 had a smaller impact on ROS production and 
GSH/GSSG ratio depletion in AMPKα1α2-/- ovarian cancer cells, we 
investigated the MAP30-mediated lipid peroxidation in these cells. Flow 
cytometry analysis revealed that MAP30 remarkably induced lipid 
peroxidation, which was counteracted by Fer-1 in ovarian cancer cells 
(Fig. 3F). However, MAP30 only slightly induced lipid peroxidation in 
AMPKα1α2-/- ovarian cancer cells (Fig. 3F). These findings confirmed 
that MAP30 was a ferroptosis inducer in ovarian cancer cells. However, 
the mechanism of the deletion of AMPK activity reduced the efficiency 
of MAP30 in the induction of ferroptosis remains unclear. Further 
investigation is warranted to elucidate the functional role of AMPK in 
MAP30-induced ferroptosis. 

3.5. MAP30 inhibits tumor growth in vivo without producing adverse 
effects 

The highly metastatic human ovarian cancer cell line ES2 labeled 
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with the green fluorescent protein (GFP) was inoculated intraperitone
ally into female nude mice. After palpable tumors developed in 
approximately one week, MAP30 (250 μg/kg) was injected intraperi
toneally into the tumor-bearing mice every other day for a total of 5 
injections prior to sacrifice. Tumor-bearing mice treated with MAP30 
exhibited significant suppression of tumor growth and an approximately 
1.5-fold reduction in the number of tumor nodules compared to the 
control group (Fig. 4A, 4B & 4C). These findings indicate that MAP30 
had potent in vivo efficacy against human ovarian cancer growth without 
any adverse effect on mouse body weight (Fig. 4D). Notably, similar 
ascites volumes were found in the MAP30 (250 μg/kg) treatment and 
control groups (Fig. 4E), which suggests alterations in the biological 
components of the ascites between the two groups. Therefore, GC-MS 
analysis of targeted metabolites in the ascites was performed, and the 
MAP30 treatment group exhibited a ~50% reduction in total fatty acid 
compared to the control group. Most fatty acids were unsaturated, such 
as C16:1, C18:1, C18:2, C22:1, C22:2, and C24:1, which serve the 
essential biosynthetic and bioenergetic needs of tumor cells (Fig. 4F & 4 
G). 

Although our study suggests that the MAP30 protein is non-toxic, the 
toxicity of this protein was examined in mouse models. Mice treated 
with a high dose of MAP30 (500 μg/kg) exhibited a ~10% weight loss 
(Fig. 4H & 4I). However, mice treated with lower doses of MAP30 (62.5 
and 125 μg/kg) for more than one month did not show significant 
changes in body weight, and mortality was not observed Fig. 4H & 4I). 
Biochemical analysis revealed no observable changes in the levels of 
serum creatinine, blood urea nitrogen (BUN), alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) or alkaline phosphatase in mice 
treated with 62.5 and 125 μg/kg MAP30 compared with the vehicle 
control group (Fig. 4J), which indicates no adverse effects on kidney and 
liver functions. A small deviation of AST was observed with a high dose 
of MAP30 (500 μg/kg) treatment, which suggests some minor liver 
damage (Fig. 4J). However, histopathology showed that the architecture 
of liver, kidney, and spleen in mice treated with low and high doses of 
MAP30 (62.5 and 500 μg/kg, respectively) looked similar to the control 
group (Fig. 4K), which demonstrates that MAP30 administration in vivo 
is devoid of severe toxic effects. However, some unforeseeable side ef
fects may occur at a high dose of MAP30. Therefore, a study of the long- 
term toxicity of MAP30 in mice is warranted. 

3.6. MAP30 synergistically enhances cisplatin-mediated cytotoxicity in 
vitro 

Because MAP30 induced cell apoptosis and ferroptosis in ovarian 
cancer cells, we examined whether MAP30 sensitized ovarian cancer 
cells to cisplatin/taxol-induced cell cytotoxicity. Three advanced 
ovarian cancer cell lines were co-treated with cisplatin and/or MAP30 at 
different concentrations using a 2D culture system. Treatment with 
MAP30 alone or cisplatin alone inhibited the cell proliferation of ovarian 
cancer cells 50% and approximately 20%, respectively (Fig. 5A). How
ever, co-treatment with MAP30 and cisplatin (0.5 μg/mL) enhanced the 
cell growth inhibition to at least 75% in ovarian cancer cells (Fig. 5A). 

Flow cytometry analysis indicated a significant and dose-dependent 
increase in the population of HEYA8 cells undergoing apoptotic death, 
and MAP30 dose-dependently increased cisplatin-mediated cell cyto
toxicity by approximately 1.6- to 4.5-fold compared to the control 
(Fig. 5B). 

Emerging evidence notes various restrictions of the 2D system in 
testing the chemoresistance of cancer cells, including its weak 
mimicking of the tumor microenvironment in vivo (22). An in vitro 
three-dimensional culture system (3D system) that recapitulates the in 
vivo tumor microenvironment and more accurately represents drug re
sponses was developed recently (22). Therefore, we used the 3D culture 
system to further investigate whether MAP30 synergistically enhanced 
the cytotoxicity of cisplatin. The CellTiter-Glo® 3D cell viability assay 
was used to assess the sensitivity of 3D spheroid ovarian cancer cells 
cultured in a 2% Geltrex™ Matrix (Gibco BRL) to treatment with natural 
MAP30 and/or cisplatin. MAP30 or cisplatin treatment alone produced a 
dose-dependent inhibitory effect on the cell viability of OVCA433 
(Fig. 5C) and HEY spheroids (Supplementary Fig. S4). We next deter
mined whether co-treatment with MAP30 and cisplatin enhanced the 
therapeutic effect over each drug alone. Ovarian cancer cell lines, such 
as OVCA433 and HEY cells, were treated with serial concentrations of 
MAP30 and cisplatin in combination with a fixed molar ratio. The 
combination of both drugs remarkably induced a more significant 
slowing of cell viability than the respective treatments alone in 
OVCA433 (Fig. 5C) and HEY cells (Supplementary Fig. S4). The Com
benefit algorithm was adopted to determine the effect of the drug 
combination, and the synergy matrix showed that dual inhibition 
generated an excellent synergistic anticancer effect on OVCA433 
(Fig. 5D) and HEY cells (Supplementary Fig. S4). These data suggested 
that MAP30 synergistically enhanced cisplatin cell cytotoxicity in 
ovarian cancer cells. 

3.7. MAP30 enhances cisplatin-induced cytotoxicity in vivo 

To further investigate whether MAP30 enhanced cisplatin-induced 
cell cytotoxicity in vivo, ES2 tumor-bearing nude mice were injected 
intraperitoneally with MAP30 (125 μg/kg) and cisplatin (2 mg/kg) once 
every three days for a total of five injections prior to sacrifice. Consistent 
with the in vitro findings, co-treatment with MAP30 and cisplatin 
resulted in a remarkable tumor growth reduction, as evinced by a 4-fold 
lower tumor weight (Fig. 6A & 6B) and 2-fold fewer tumor nodules 
(Fig. 6A & 6C) compared to cisplatin treatment alone. The average as
cites volumes were remarkably reduced with sole treatment of cisplatin 
or combined treatment of MAP30 and cisplatin (Fig. 6 D) without 
appreciably affecting the bodyweights of the mice at the end of the 
experiment (Fig. 6E). These findings confirmed that MAP30 was harm
less in vivo and helped the inhibition of tumor growth via the 
enhancement of cisplatin-induced cytotoxicity. 

Fig. 3. MAP30 induces ferroptosis in ovarian cancer cells. (A) Cellular ROS detection in term of the DCFDA fluorescence intensity was measured by microplate 
format in OVCA433 and ES2 parental (Ctrl) and AMPKα1α2-/- cells treated with MAP30 (20 and 40 μg/mL) and Erastin (5 and 2.5 μM) for 24 h. (B) Cellular GSH/ 
GSSG ratio detection was measured by fluorometric microplate format in OVCA433 and ES2 cells. Both OVCA433 and ES2 parental (Ctrl) and AMPKα1α2-/- cells co- 
treated with MAP30 (20 and 40 μg/mL) and Erastin (5 μM on OVCA433 cells and 2.5 μM on ES2 cells) for 24 h showed the reduction of GSH/GSSG ratio. (C) Western 
blot analysis revealed MAP30 possesses a similar inhibitory effect of Erastin on GPX4 in wildtype and AMPKα1α2-/- OVCA433 and ES2 cells. The treatment time for 
MAP30 and Erastin was 24 h in various doses. GAPDH was used as the internal control. (D) Confocal imaging showed the lipid peroxidation activity (Green) using 
C11 BODIPY 581/591 (C11) (ThermoFisher) in OVCA433 cells after treatment of Erastin (10μM), MAP30 (20 and 40 μg/mL) and the combination of Fer-1 (10 μM) 
with either Erastin (10μM) or MAP30 (40 μg/mL) for 24 h. PBS was used for negative control (Ctrl). C11Non-ox = non oxidized C11 (Red), C11Ox = oxidized C11 
(Green). (Scale bar = 20 μm). (E) Flow cytometry analysis of OVCA433 cells treated with Erastin (10μM) (Red), MAP30 (40 μg/mL) (Orange), and Fer-1 (10 μM) +
MAP30 (40 μg/mL) (Blue) for 24 h. PBS was used for negative control (Ctrl) (Green) and stained with C-11 BODIPY (ThermoFisher). (F) Flow cytometry analysis 
showed MAP30 (40 μg/mL, 24 h) induced stronger effect on lipid peroxidation activity in AMPK wildtype than AMPKα1α2-/- OVCA433 cells. Ferrostatin-1 (Fer-1) (10 
μM, 24 h) was treated as a ferroptosis inhibitor (left). Bar charts displayed the relative median fluorescence intensity of control and treatment groups (MAP30 and/ or 
Fer-1) analyzed by flow cytometry (right). All bar charts are expressed as mean + SEM. *P < 0.05, **P < 0 .01, ***P < 0 .001 (compared with the control group). 
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3.8. MAP30 suppresses glycolysis and de novo lipogenesis in ovarian 
cancer cells 

Mounting evidence suggests that AMPK is a metabolic tumor sup
pressor that controls tumor development and progression (23). The 

present study investigated whether MAP30 altered tumor metabolism to 
achieve its suppressive effects on ovarian cancer oncogenic properties. 
L-lactate assay analysis showed that ovarian cancer cells generally 
produced a relatively higher lactate level than immortalized human 
ovarian surface epithelial control cells throughout the two-day culture 

Fig. 4. MAP30 inhibits oncogenic properties of ovarian cancer cells solely. (A) A nude mouse tumor xenograft model showed that treatment with MAP30 by i.p. 
injection once every two days with a total of five doses. (A) Average tumor burden and (B) Relatively number of tumor nodules formed upon receiving MAP30 (250 
μg/kg). (C) Fluorescence Stereomicroscopy directing the locations of tumor nodules in the peritoneal cavity of mice treated with or without MAP30 (250 μg/kg). BF 
= bright field. (D) MAP30 (250 μg/kg) exerted no significant reduction in the body weight of both groups of mice throughout the experiment. (E) MAP30 (250 μg/kg) 
used did not produce statistically significant variations in ascites of both groups of mice. (F) Metabolomics data plotted in a heat map showing the key differences in 
expression of 37 fatty acids between the ascites of control (Ctrl) and MAP30 (250 μg/kg) treated animals. (G) MAP30 (250 μg/kg) treatment reduced the total fatty 
acid in the ascites of the ES2 xenograft mouse tumor model compared with the untreated control. (H) MAP30 (62.5, 125, and 500 μg/kg) exerted no noticeable 
reduction on the bodyweight of all groups of mice throughout the experiment. (I) Kaplan-Meier survival analysis showed no significant differences in survival curves 
between the low dose of MAP30. (J) Biochemical tests showed low doses of MAP30 exhibited no significant adverse effect on liver and kidney functions as controls. 
(K) Hematoxylin and Eosin (H&E) staining showed histopathology of liver, kidney, and spleen of control and MAP30-treated groups (Ctrl, 62.5 μg/kg, and 500 μg/ 
kg). (Sale bar = 100μm) All bar charts are expressed as mean + SEM. *P < 0.05, **P < 0 .01, ***P < 0 .001 (compared with the control group). ns = No Significance. 
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Fig. 5. MAP30 synergistically enhances cisplatin-mediated cytotoxicity in ovarian cancer cells. (A) XTT cell proliferation assay demonstrated that the growth rates of 
OVCA433, HEY, and HEYA8 cells were significantly reduced to the greatest extent by MAP30 combined with cisplatin. In OVC433 cells, MAP30 (5-20 μg/mL) 
combined with cisplatin (0.3 μg/mL) were used, while in both HEY and HEYA8 cells, MAP30 (1-4 μg/mL) combined with cisplatin (0.5μg/mL) were used. (B) Flow 
cytometry analysis of Annexin-V and Propidium Iodide (PI) staining of apoptotic cells revealed a dose-dependent increase in the population of apoptotic cells 
following treatment with MAP30, and the increase was more apparent when cells were co-treated with MAP30 (2.5 and 5 μg/mL) and cisplatin (0.5 μg/mL) or 48 h. 
(C) Morphological examination of OVCA433 cells treated with increasing concentrations of MAP30 and/or cisplatin for 3 days (upper). (Scale bar = 100 μm). The cell 
viability of OVCA433 cells treated with increasing concentrations of MAP30 and/ or cisplatin for 3 days with the determination of IC50 (lower). (D) Matrix rep
resentation showing the percentage of viable cells after treatment with increasing concentrations of MAP30 and/or cisplatin for 3 days (left). Synergy matrix (middle) 
and surface plots (right) showing the synergistic effect between cisplatin and MAP30 on OVCA433 cells (N = 3). All bar or line charts are expressed as mean + SEM. 
*P < 0.05, **P < 0 .01, ***P < 0 .001 (compared with the control group). 
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(Fig. 7A). This enhanced lactate production in ovarian cancer cells was 
significantly counteracted by treatment with the natural AMPK activator 
MAP30 (40 μg/mL) and the positive controls using pharmaceutical 
AMPK activators such as AICAR (1 mM) and A23187 (2 μM) (Fig. 7B), 
which indicates that the reduction in glycolysis in ovarian cancer cells 
occurred via MAP30-mediated AMPK activation. Notably, the reduced 
glycolysis positively correlated with a decrease in the activities of 
glycolytic enzymes, such as hexokinase and LDH, which were signifi
cantly suppressed by 30-80% and 50-90%, respectively, following 
MAP30 (10-40 μg/mL) treatment for 24 to 48 h (Fig. 7C and 7D). 
Notably, we hypothesized that the net reduction of glycolysis via 
MAP30-mediated AMPK activation was attributed to a decline in carbon 
flux. Therefore, a glucose uptake assay was performed. MAP30 (10-40 
μg/mL) behaved similarly to the pharmaceutical AMPK activator AICAR 
(1 mM) and inhibited glucose uptake in OVCA433 cells by ~30% to 60% 
in a dose-dependent manner (Fig. 7E). Western blot analysis further 
confirmed the remarkable reduction of the expression of GLUT1 and 
GLUT3 glucose transporters following MAP30 (40 μg/mL) treatment in a 
time-dependent manner, but another glucose transporter, GLUT4, 
remained unchanged (Fig. 7F). These data indicate that MAP30 inhibits 

glucose uptake via a reduction in GLUT-1 and -3 transporters. 
The omentum is a preferential site of ovarian cancer metastasis 

(24–26). Therefore, we hypothesized that free fatty acids enriched in the 
omental microenvironment specifically modulated ovarian tumor cells 
to promote malignant cell survival and metastatic cancer cell dissemi
nation. The OCM-cultured ovarian cancer cell line OVCA433 showed an 
increase of lipid droplet formation using Nile Red fluorescent staining, 
and MAP30 co-treatment (5 and 10 μg/mL) reduced the number of lipid 
droplets 50-70% (Fig. 7G). To further determine whether MAP30 
accelerated catabolic lipolysis within human ovarian cancer cells, a 
lipolysis assay was performed. The results showed that MAP30 (10 and 
40 μg/mL) induced an approximately 2-4 fold increase in cellular 
lipolysis in ovarian cancer cells (Fig. 7H). The ATP detection assay 
revealed a significant reduction in ATP production as a result of MAP30 
(10 and 40 μg/mL) treatment in ovarian cancer cells (Fig. 7I). Collec
tively, our findings showed that MAP30 interrupted glucose uptake and 
lipid droplet formation in ovarian cancer cells, which suggests that 
MAP30 would inhibit ovarian cancer aggressiveness and metastasis in 
the ascites microenvironment. 

Fig. 6. MAP30 enhances cisplatin-mediated 
tumor growth in vivo. To establish a nude 
mouse tumor xenograft model, ES2 cells were 
intraperitoneally inoculated into 4-5 weeks old 
female nude mice. About one week after injec
tion of tumor cells, treatment with MAP30 (125 
μg/kg) and cisplatin (2 mg/kg) were initiated 
and carried out every other day with a total of 
five injections. (A) Representative photographs 
of peritoneal dissemination with arrows (Blue) 
directing the locations of tumor nodules in the 
peritoneal cavity of mice treated vehicle PBS 
(Ctrl), cisplatin (2 mg/kg) as well as MAP30 
(125 μg/kg) and cisplatin (2 mg/kg). (B) 
Average tumor burden and (C) relatively num
ber of tumor nodules formed upon co-treatment 
were much lower than the cisplatin alone and 
the vehicle-treated control. (D) Co-treatment of 
MAP30 and cisplatin or cisplatin alone exerted 
a significant reduction in the ascites of both 
groups of mice when compared with vehicle- 
treated control. (E) Co-treatment of MAP30 
and cisplatin alone exerted no substantial 
reduction in the bodyweight of both groups of 
mice. All bar charts are expressed as mean +
SEM. *P < 0.05, **P < 0 .01, ***P < 0 .001 
(compared with the control group).   
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4. Discussion 

TCM targets cancer cells and treats the entire body, including the Qi, 
blood, organs, and the immune system (27). TCM is used as comple
mentary alternative medicine. The bioactive compounds from TCM 
possess noticeable anticancer activity via regulation of multiple levels 
and targets in cancer cells (28). Therefore, TCM and its bioactive com
pounds may be useful in modern cancer therapy as ideal adjuvants. 
Bitter melon or bitter gourd has been in medicinal use in China and India 
for improving digestion and the treatment of diabetes and obesity, and it 

is known for its "plant insulin" activity (29,30). We previously reported 
that the extract of bitter melon (BME) exerted a suppressive effect on 
ovarian cancer cells via activation of AMPK/mTOR signaling (11). The 
present study isolated MAP30 protein from the dried bitter melon seeds. 
Our functional and biochemical analyses suggest that MAP30 is a major 
bioactive component in BME. 

BME contains various bioactive compounds, and it showed anti
cancer effects in various human cancers (31–33). For example, kuguacin 
J (KJ) isolated from bitter melon extract reduced the resistance of 
ovarian cancer cells to paclitaxel (31). The ribonuclease RNase MC2 

Fig. 7. MAP30 alters glycolysis and lipid metabolism in ovarian cancer cells. (A) Ovarian cancer cells exhibited augmented aerobic glycolysis, as evidenced by the 
higher lactate production after 24 and 48 h of culture when compared with HOSE 96-9-18 cells. (B) Treatment of MAP30 (40 μg/mL) for 24 h (left) and 48 h (right) 
significantly reduced lactate production in ovarian cancer cells. AICAR (1 mM) and A23187 (2 μM) were used as positive controls of AMPK activation. (C) Hexokinase 
activity and (D) lactate dehydrogenase (LDH) activities were diminished by MAP30 (10 to 40 μg/mL) time- and dose-dependently. (E) Glucose uptake assay showed 
that glucose uptake in ovarian cancer cells declined after MAP30 (10 to 40 μg/mL) treatment with AICAR (1 mM) as the positive control. (F) Western blot analysis 
showed the expressions of GLUT1 and GLUT3 were reduced, while GLUT4 remained unchanged in ovarian cancer cells after MAP30 (40 μg/mL) for 24 to 48 h. (G) 
Nile Red fluorescence of lipid-loaded ES2 in OCM culture for 48 h. The 1%DMEM and OCM with Cleanascite treatment were used as negative controls. (H) Before 
OCM and MAP30 treatments, ovarian cancer cells were starved in DMEM without FBS overnight, and subsequent cellular lipolysis was measured by the lipolysis 
assay. The finding showed an increase in lipolysis of ovarian cancer cells upon MAP30 (10 and 40 μg/mL) treatment for 24 to 48 h with 1% FBS DMEM as the positive 
control. (I) MAP30 (10 and 40 μg/mL) treatment for 48 h reduced ATP production in ovarian cancer cells. 
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induced apoptotic mediators and cell apoptosis in human breast cancer 
(33). A novel peptide from bitter melon, BG-4, promoted cell apoptosis 
in human colon cancer (32). However, these studies did not show any 
relationship or function of AMPK. Bitter melon has been used in China 
and India for curing diabetes because it serves the same purpose as 
metformin, which is used in the first-line treatment of diabetes (34). This 
activity suggests that bitter melon possesses a functional effect on AMPK 
activation. The seeds of bitter melon are used in Chinese folk medicine 
for the treatment of diabetes and obesity (30). This use may be due to the 
enriched bioactive metabolites in bitter melon seeds that modulate cell 
metabolism, which was found in a recent study using metabolomics 
profiling (35). Fang et al. reported that the MAP30 protein isolated from 
bitter melon dried seeds promoted cell apoptosis in prostate cancer (36). 
This result urged us to separate the MAP30 protein from dried bitter 
melon seeds. The yield of MAP30 protein was 40 mg per 100 g of bitter 
melon seeds. Notably, we demonstrated that MAP30 was a main 
component of BME. MAP30 activated AMPK via the CaMKKβ pathway in 
an AMP-independent manner and suppressed mTOR and the novel 
AKT/ERK/FOXM1 signaling pathways to produce suppressive effects on 
ovarian cancer. 

AMPK is a key energy sensor in healthy cells and a crucial factor for 
tumor development (37), by maintaining the cellular energy balance 
that regulates multiple cellular metabolic pathways (38). Emerging ev
idence showed that malignant cells required high AMPK activity to 
initially overcome the metabolic stress from the tumor microenviron
ment, but relatively lower AMPK activity was favored in advanced 
cancers to enhance cell growth and progression (39). These data indicate 
that advanced and more aggressive ovarian cancer cells prefer low 
AMPK activity to reduce metabolic constraints, e.g., mTOR to exert high 
oncogenic properties. These data also provide advantages for AMPK 
activators in impairing ovarian cancer cell functions selectively without 
affecting normal cells. Natural MAP30 isolated from non-toxic bitter 
melon increased AMPK activity via the CaMKKβ pathway and in an 
AMP-independent manner, which provides another angle to target 
cancer cells whose survival and other cellular activities are not affected 
by an AMP-stressed condition, such as a nutrient-enriched microenvi
ronment. Our study showed that natural MAP30 significantly sup
pressed cell growth via S-phase cell cycle arrest, cell migration/invasion, 
and tumor growth or colonization in a mouse tumor xenograft model. 
mTOR signaling is an essential pathway in cell metabolism, growth, 
proliferation, survival, and drug resistance (40). However, mTOR in
hibitors, such as rapamycin, temsirolimus (CCI-779), everolimus 
(RAD001), and ridaforolimus (AP23573), do not exhibit broad and 
potent anticancer and anti-chemoresistance effects (41). On the other 
hand, our findings suggest that MAP30 didn’t show this deficiency in 
impairing ovarian cancer cell functions. 

Emerging evidence suggests that the ascites microenvironment pro
vides growth factors and reprograms cancer cell metabolism to promote 
ovarian cancer progression via peritoneal metastases (42). Therefore, 
the targeting of cancer cell metabolism is a promising method to impair 
ovarian cancer aggressiveness in the tumor microenvironment (42). Our 
findings indicated that MAP30 inhibited oncogenic AKT/ERK/FOXM1 
signaling cascades and modulated cell metabolism, such as reducing 
glucose uptake via suppression of the major glucose transporters GLUT1 
and GLUT3 expression, lipid droplet formation, and even lipolysis. The 
suppression of glycolysis and lipid metabolism led to a significant 
reduction in tumor dissemination in our murine ovarian cancer model. 
Our findings demonstrated that MAP30 activated the AMPK pathway via 
CaMKKβ, which led to a Ca2+ increase in ovarian cancer cells. Unre
strained Ca2+ signals may produce mitochondrial damage and increase 
ROS stress (43,44). The excess ROS induces caspase-dependent 
apoptotic cell death pathway activation in ovarian cancer cells. 

In addition to mediating caspase activation and cell apoptosis, the 
excess of ROS may induce lipid peroxidation at cell membranes and lead 
to iron-dependent cell death, i.e., ferroptosis (20). Our previous study 
showed that ovarian cancer cells take up free fatty acids (FFAs) from the 

ascites microenvironment to support their metastatic progression in 
peritoneal metastases (42). These metastatic ovarian cancer cells 
generally possess a higher ratio of unsaturated FFAs to saturated FFAs in 
the ascites microenvironment (42). Because polyunsaturated fatty acids 
(PUFAs) are excellent substrates for lipid peroxidation and are increased 
in metastatic ovarian cancer cells (45), we investigated whether MAP30 
induced ferroptosis to inhibit metastatic colonization in ovarian cancer. 
Erastin is a synthetic lethal compound that triggers ferroptosis in cancer 
cells via xCT/GPX4 and GSH depletion. We used Erastin as the positive 
control (21) and found that MAP30 similarly suppressed GPX4, reduced 
the GSH/GSSG ratio, and increased the amount of ROS, which enhanced 
lipid peroxidation (20). However, ferrostatin-1 (Fer-1) prevented the 
induction of lipid peroxidation, which confirmed that MAP30 was an 
inducer of ferroptosis in ovarian cancer cells. Erastin is a Class 1 fer
roptosis inducer (FIN) that induces ferroptosis via the inactivation of 
GPX and depletion of intracellular GSH (46). Similar to Erastin, the 
depletion of intracellular antioxidant systems by MAP30 led to the 
accumulation of lipid peroxides, which enhanced the susceptibility of 
ovarian cancer cell-free radical oxidative damage and cell death. Given 
that MAP30 is a natural AMPK activator, it is of interest to investigate 
whether AMPK activity is involved in ferroptosis. In fact, several recent 
studies showed AMPK activity mediated ferroptosis, but the outcomes in 
different cell types remain controversial. For instance, Xong X. et al. 
demonstrated that AMPK phosphorylated BECN1, which blocked system 
xCT and enhanced ferroptosis via an Erastin-type induction in colon 
adenocarcinoma cells (47). In contrast, Lee H. et al. showed that 
stress-activated AMPK inhibited ferroptosis in ischemic tissues via an 
RSL3-driven induction (48). In this study, we found that the depletion of 
AMPK reduced MAP30-induced Ca2+ influx and ROS but caused less 
reduction of GSH/GSSG ratio and lipid peroxidation in ovarian cancer 
cells. These results indicate that the presence or absence of AMPK has a 
certain influence on MAP30-induced ferroptosis in ovarian cancer cells, 
but the intimate mechanisms remain to be elucidated. 

5. Conclusion 

MAP30 is a natural AMPK activator and regulates multiple levels and 
targets simultaneously. Notably, these activities of MAP30 enhance its 
anticancer response and anti-chemoresistance in ovarian cancers, which 
supports its use as a supplement to synergistically improve the efficacy 
of current chemotherapy regimes in advanced ovarian cancers. 
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