
cancers

Article

Momordicine-I, a Bitter Melon Bioactive Metabolite, Displays
Anti-Tumor Activity in Head and Neck Cancer Involving c-Met
and Downstream Signaling
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Simple Summary: The incidence of head and neck cancer (HNC), one of the most aggressive cancers,
is increasing rapidly globally. Conventional and targeted therapies show limited success with several
undesirable side effects. Thus, there is a critical clinical need to identify additional alternative
therapeutic strategies for successfully managing the disease. Preclinical and clinical studies indicate
the crucial roles of dietary phytochemicals to manage different cancers. We and others previously
showed the potential anticancer effect of bitter melon extract (BME) to prevent various cancers,
including HNC. In this study, we identified momordicine-I (M-I) as a bioactive component in the
BME. Subsequent mechanistic study showed that M-I inhibited HNC cell (JHU022, JHU029, Cal27)
proliferation involving c-Met and downstream signaling. In pre-clinical mouse models, M-I showed
similar effectiveness to prevent HNC tumor growth in mice with no apparent toxic side effect,
suggesting an additional option for HNC therapy.

Abstract: Head and neck cancer (HNC) is one of the most aggressive cancers, and treatments
are quite challenging due to the difficulty in early diagnosis, lack of effective chemotherapeutic
drugs, adverse side effects and therapy resistance. We identified momordicine-I (M-I), a bioactive
secondary metabolite in bitter melon (Momordica charantia), by performing liquid chromatography-
high resolution electrospray ionization mass spectrometry (LC-HRESIMS) analysis. M-I inhibited
human HNC cell (JHU022, JHU029, Cal27) viability in a dose-dependent manner without an apparent
toxic effect on normal oral keratinocytes. Mechanistic studies showed that M-I inhibited c-Met and its
downstream signaling molecules c-Myc, survivin, and cyclin D1 through the inactivation of STAT3
in HNC cells. We further observed that M-I was non-toxic and stable in mouse (male C57Bl/6)
blood, and a favorable pharmacokinetics profile was observed after IP administration. M-I treatment
reduced HNC xenograft tumor growth in nude mice and inhibited c-Met and downstream signaling.
Thus, M-I has potential therapeutic implications against HNC.

Keywords: momordicine-I; bitter melon (Momordica charantia); head and neck cancer; C-MET signal-
ing; therapy

1. Introduction

Head and neck cancer (HNC) arises from the mucosal surfaces of the oral cavity,
oropharynx, larynx, paranasal sinuses, nasal cavity, and salivary glands, and is considered
the sixth most common cancer worldwide [1]. Major risk factors for HNC are habitual
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tobacco and alcohol consumption, chewing betel quid, chewing tobacco and human pa-
pillomavirus (HPV) infection. In 2021, the estimated incidence rate of cancers in the oral
cavity and pharynx is 54,010, with an associated 10,850 deaths in the USA [2]. Despite the
advancements in surgical techniques, chemotherapy and radiation therapy, treatment of
the disease is very challenging for both clinicians and patients. The overall survival rates
are 40–50%, which have not improved over the past few decades. Difficulty in perform-
ing early diagnosis, lack of early detection markers, adverse side effects, lack of effective
chemotherapeutic drugs, therapy resistance and economic expense of conventional thera-
pies make the disease management difficult. The epidermal growth factor receptor (EGFR)
inhibitors are the only approved drugs for targeted therapy with limited success and resis-
tance [3,4]. Compensatory activation of another receptor kinase mesenchymal-epithelial
transition factor (c-Met) potentially reduces the efficacy of anti-EGFR inhibitors [3]. Aber-
rant activation of c-Met signaling is frequently observed in HNC and is associated with
poor prognosis and metastasis [3–5]. The c-Met signaling shares common down-stream
targets with EGFR and induces HNC cell proliferation, migration, invasion, and metastasis.
Several agents that target c-Met have been developed, and results appear promising in
HNC preclinical studies. Clinical studies using c-Met inhibitors and monoclonal antibodies
are in developing stages. Programmed cell death receptor (PD-1) monoclonal antibodies
nivolumab and pembrolizumab were approved in 2016 to treat the advanced and therapy
resistance cases [3,4]. However, PD-1 monotherapy generates adaptive resistance and takes
a longer time to achieve clinical response than other conventional therapies [6]. Thus, the
development of additional therapeutic strategies is necessary for successfully managing
the disease.

Phytochemicals and their derivatives from plant or microbial sources are promising
alternative therapeutic option. While conventional therapy shows limited success due
to resistance and adverse side effects, several natural products have showed promising
results in preclinical studies [7–9]. Some phytochemicals have been reported to be able to
target multiple molecules in signaling pathways for the control of cancer cell growth and
cancer prevention, while being inexpensive and devoid of toxic effects [8,9]. Many clinical
trials using bioactive secondary metabolites are completed with promising outcomes
and some are ongoing. Many drugs derived from plant or microbial sources like vinca
alkaloids (vinblastine, vincristine, vindesine, vinorelbine), taxanes (paclitaxel, docetaxel),
podophyllotoxin and its derivations (topothecan, irinothecan), anthracyclines (doxorubicin,
daunorubicin, epirubicin, idarubicin) are already approved [9,10].

Our group and others have evaluated the potential anticancer effect of bitter melon
(Momordica charantia) extract (BME) in several cancers [11–16]. In HNC preclinical models,
BME prevents HNC cell proliferation targeting c-Met and downstream signaling, inhibits
glucose and lipid metabolism, induces cell death, and enhances the immune defense
system [17–21]. Bitter melon belongs to the family Cucurbitaceae, and is cultivated in
tropical and sub-tropical regions of Asia, Africa, and South America. The plant has the
highest nutritional values among other cucurbits. It contains diverse secondary metabolite
classes, including cucurbitane type triterpenes, phenolic acids, flavonoids, essential oils,
sterols, saponin, and primary metabolites, including fatty acids, amino acids, lectins, and
some proteins [11,12,16]. Among the isolated compounds, momordica antiviral protein,
30 kD (MAP30), α momorcharin, RNase MC2, kuguacin J, α eleostearic acids and lectins
showed anticancer effect in different models [16]. However, limited follow-up studies
were reported with the compounds in preclinical models. This study aimed to identify
the bioactive metabolite(s) from the BME and evaluate its role in HNC preclinical mouse
model. Our results highlighted momordicine-I (M-I) as a potent active component in the
BME. M-I is non-toxic, stable in blood and acts similarly to the extract as HNC growth
inhibitor involving c-Met and downstream signaling in both in vitro and in vivo models.
This is the first study describing the therapeutic potential of M-I for the regression of HNC
tumors in a pre-clinical model.
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2. Results
2.1. Identification of Active Ingredients in Bitter Melon Extract (BME)

We and others have reported the potential anticancer effect of BME in several can-
cer models [11–16]. The biological activity of BME depends on its chemical constituents.
Among several ingredients in bitter melon (like phenolic acids, flavonoids, essential oils,
fatty acids, amino acids, lectins, sterols, saponin and proteins), cucurbitane type triter-
penoids and cucurbitane type triterpene glycosides are a major chemical class in the family
Cucurbitaceae and are suggested to be responsible for bitterness and much of the biolog-
ical activities in the family [16]. We performed liquid chromatography coupled to high
resolution electrospray ionization mass spectrometry (LC-HRESIMS) analysis to identify
the cucurbitane type triterpenoids and triterpene glycosides present in the BME. The
LC-HRESIMS data revealed the presence of a total of 28 secondary metabolites, of which
4 metabolites belonged to cucurbitane type triterpenoids and 20 belonged to cucurbitane
triterpene glycosides in the extract (Table 1, Figure 1A). The BME also contained a cucurbi-
tane triterpenoid at a retention time 21.64 min with a molecular formula of C33H48O7 that
was not reported previously. The molecular formula and MS/MS analysis indicated this
compound to be a new derivative of 7,23-dihydroxy-3-O-malonylcucurbita-5,24-dien-19-al
with an extra double bond. Additionally, the HRMS analysis indicated the presence of
three monoterpenoid glycosides and one oleanane-type triterpene saponin. It worth noting
that many of those metabolites have unknown biological functions, otherwise reported in
Table 1.
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Figure 1. Mass-spectrometric analysis of bitter melon extract and identification of momordicine-I. (A) LC trace of bitter 
melon extract done by HRMS. The red arrow indicated the presence of momordicine-I (M-I) peak. (B) Chemical structure 

Figure 1. Mass-spectrometric analysis of bitter melon extract and identification of momordicine-I. (A) LC trace of bitter
melon extract done by HRMS. The red arrow indicated the presence of momordicine-I (M-I) peak. (B) Chemical structure of
momordicine-I. (C) HNC cells (Cal27, JHU029, JHU022) and control NOK were treated with M-I at different concentration
for 48 h, and cytotoxicity assay was performed. Small bar indicates standard error.
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Table 1. LC-HRESIMS analysis of bitter melon extract.

Retention
Time

Accurate
Mass m/z

Suggested
Formula a

Tentative
Identification b Reported Biology Chemical Class

11.72 949.53672 C47H80O19 Momordicoside B — Cucurbitane triterpenoid glycosides

11.95 969.50531 C49H76O19 Goyasaponin III — Oleanane-type triterpene saponin

12.84 819.47360 C41H70O16 Momorcharaside A — Cucurbitane triterpenoid glycosides

13.21 813.46320 C42H68O15 Momordicoside O — Cucurbitane triterpenoid glycosides

14.43 797.46797 C42H68O14 Karaviloside X — Cucurbitane triterpenoid glycosides

14.53 797.46814 C42H68O14 Momordicoside N — Cucurbitane triterpenoid glycosides

14.65 801.49957 C42H72O14 Momordicoside C — Cucurbitane triterpenoid glycosides

15.13 781.47327 C42H68O13 Goyaglycoside F — Cucurbitane triterpenoid glycosides

15.63 657.42089 C35H60O11 Momorcharaside B — Cucurbitane triterpenoid glycosides

16.13 387.20139 C19H30O8
Vomifoliol β-D-

glucopyranoside — Monoterpenoid glycosides

16.41 447.22241 C21H34O10 Sacranoside A nitric oxide inhibitory
effect Monoterpenoid glycosides

17.13 653.42599 C36H60O10 Karaviloside XI Antidiabetic Cucurbitane triterpenoid glycosides

17.54 635.41531 C36H58O9 Momordicoside L Weak α-glucosidase
inhibition Cucurbitane triterpenoid glycosides

19.78 649.43109 C37H60O9 Momordicoside K — Cucurbitane triterpenoid glycosides

20.41 649.43114 C37H60O9 Goyaglycoside A — Cucurbitane triterpenoid glycosides

20.59 663.44660 C38H62O9 Goyaglycoside C — Cucurbitane triterpenoid glycosides

20.65 315.18017 C16H26O6
Myrtenyl O-β-D-
glucopyranoside — Monoterpenoid glycosides

20.74 615.38922 C36H54O8 Charantoside VII — Cucurbitane triterpenoid glycosides

20.80 619.42041 C36H58O8 Momordicoside V — Cucurbitane triterpenoid glycosides

20.95 631.42040 C37H58O8 Charantoside I — Cucurbitane triterpenoid glycosides

21.05 633.43618 C37H60O8 Charantoside V — Cucurbitane triterpenoid glycosides

21.06 473.3627 C30H48O4 Momordicine I

• stimulate insulin
secretion in vitro

• diabetes-
associated
cardiac fibrosis.

Cucurbitane-type triterpene

21.28 635. 4518 C37H62O8 Karaviloside III
cytotoxic activity

against Hep3B and
HepG2 cell lines

Cucurbitane triterpenoid glycosides

21.54 649.46745 C38H64O8 Karaviloside II — Cucurbitane triterpenoid glycosides

21.64 557.34720 C33H48O7

No hit-new
malonylcucurbita-

trien-19-al
derivative

— Cucurbitane-type triterpene

21.72 559.36299 C33H50O7

7,23-Dihydroxy-3-O-
malonylcucurbita-

5,24-dien-19-al
— Cucurbitane-type triterpene
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Table 1. Cont.

Retention
Time

Accurate
Mass m/z

Suggested
Formula a

Tentative
Identification b Reported Biology Chemical Class

21.91 601.40955 C36H56O7 Charantoside IV Cucurbitane triterpenoid glycosides

22.60 437.34125 C30H44O2

(23E)-Cucurbita-
5,23,25-triene-3,7-

dione
— Cucurbitane-type triterpene

a High-Resolution Electrospray Ionization Mass Spectrometry (HRESIMS) using XCalibur 3.0 and allowing for M + H/M + Na adduct. The
suggested formulae are based on the Quasimolecular [M + H]+ form; b The suggested compounds were identified according to Dictionary
of Natural Products (DNP 23.1, 2015 on DVD) and Reaxys online database.

2.2. M-I Inhibits HNC Growth In Vitro

Due to their limited reported biology, we have selected a few triterpenoids and triter-
pene glycosides, based on their availability, for preliminary in vitro screening against
HNC (JHU022, JHU029, Cal27) cell lines. We identified momordicine-I (M-I) as one of the
chemical constituents at the retention time of 21.06 min in the BME (Figure 1A). The M-I
[C30H48O4, PubChem CID: 14807332; IUPAC Name: (3S, 7S, 8S, 9R, 10R, 13R, 14S, 17R) 3,7-
dihydroxy-17-(4-hydroxy-6-methylhept-5-en-2-yl)-4,4,13,14-tetramethyl-2,3,7,8,10,11, 12,15,
16,17-decahydro-1H-cyclopenta[a]phenanthrene-9-carbaldehyde] is a white crystalline
solid that belongs to the cucurbitane-type triterpene class (Figure 1B). We performed cy-
totoxicity assays of M-I in HNC cells Cal27, JHU029 and JHU022 and observed that M-I
inhibited HNS cells in a dose-dependent manner (Figure 1C). However, M-I had a mini-
mum effect on human normal oral keratinocytes (NOK). The IC50 doses of Cal27, JHU022
and JHU029 cells treated with M-I for 48 h were 7 µg/mL, 17 µg/mL and 6.5 µg/mL,
respectively. Other compounds, momordicoside K (MK), and karavilagenin D (KD), were
also examined on HNC cell cytotoxicity assay. These, two other compounds required much
higher amounts (>50 µg/mL) even for ~40% cell death (Figure S1).

2.3. M-I Inhibits c-Met Signaling in HNC Cells

We observed that BME inhibited c-Met signaling and its downstream signaling
molecules to prevent HNC growth [17]. To investigate the mechanistic effect of M-1,
Cal27, JHU029 and JHU022 cells were treated with M-I for 48 hr along with vehicle control.
BME was used in parallel as a control. A significant reduction of c-Met expression was
observed in these cells following BME or M-I treatment (Figure 2A). The receptor tyrosine
kinase c-Met induces tumor development by activating multiple downstream molecules, in-
cluding the oncogenic transcription factor signal transducer and activator of transcription 3
(STAT3) [22,23]. Upon activation of c-Met signaling, STAT3 is activated by phosphorylation
at the Tyr-705 residue, dimerized and translocated to the nucleus for activation of several
proliferation and survival related genes including c-Myc, survivin and cyclin D1 [23,24].
Activated STAT3 can also transcribe STAT3 gene as a positive feedback mechanism [25].
We observed a significant reduction in phospho-STAT3 (Tyr-705) expression following
treatment with BME or M-I in Cal27 and JHU029 cells (Figure 2B). A substantial reduction
in total STAT3 level was also noted in M-I treated cells. Next, we examined whether the
short term (15, 30, 60, 120, 240 min) BME or M-I treatment can inhibit p-STAT3 levels to
ascertain whether initially M-1 inhibits p-STAT3 levels without affecting total STAT protein
levels. Interestingly, we have observed that BME or M-I treatment on HNC cells inhibits
pSTAT3 in 15 min without affecting total STAT3, however, after 240 min of treatment,
total STAT3 was inhibited (Figure 2C). This may be due to the feedback mechanism of
pSTAT3 on STAT3 regulation as discussed earlier [25]. Further, depletion of c-Met by
specific siRNA inhibits pSTAT3 (Figure 2D). We also observed a significant inhibition of
STAT3 downstream molecules; c-Myc, survivin and cyclin D1, in Cal27 and JHU029 cells
following treatment with BME and M-I (Figure 3). Taken together, our results suggested
that M1 inhibits c-Met signaling in the prevention of HNC growth (Figure 4).
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Cancers 2021, 13, x 6 of 14 
 

 

Met by specific siRNA inhibits pSTAT3 (Figure 2D). We also observed a significant inhi-
bition of STAT3 downstream molecules; c-Myc, survivin and cyclin D1, in Cal27 and 
JHU029 cells following treatment with BME and M-I (Figure 3). Taken together, our re-
sults suggested that M1 inhibits c-Met signaling in the prevention of HNC growth (Figure 
4). 

 
Figure 2. Momordicine-I inhibited c-Met signaling in HNC cells. (A) Cal27, JHU029 and JHU022 cells were treated with 
either 2% BME or 10 µg/mL of M-I and JHU022 cells were treated with either 3% BME or 20 µg/ mL dose of M-I. Cell 
lysates were prepared after 48 hr of treatment and subjected to Western blot analysis using specific antibodies. Repre-
sentative Western blot images for c-Met expression in Cal27, JHU029 and JHU022 cells are shown. Membrane was rep-
robed with the antibody for actin as an internal control. (B) Representative Western blot image for phospho-STAT3 
(pSTAT3 Tyr-705) and total STAT3 expression in Cal27 and JHU029 cells with BME or M-I treatment. Membrane was 
reprobed by actin as an internal control. Quantitative representation of Western blot band intensities (right panel). Small 
bar indicates standard error (* p < 0.05; *** p < 0.001). (C) Cal27 cells were treated with 2% BME or M-I (10 μg/mL) at 
indicated time points. (D) Cal27 cells were treated with control siRNA or siRNA to c-Met (si-Met) for 48 hr. Cell lysates 
(from panels c and D) were subjected to analyze by western blot for pSTAT3 or STAT3 using specific antibody. Membranes 
were reprobed by actin as internal control. Quantitative representation of Western blot band intensities (right panel). Small 
bar indicates standard error (*** p < 0.001). Uncropped western blots figures are shown in Figure S2–S4. 

 

Figure 3: Momordicine-I inhibits downstream of c-Met signaling in HNC cells. Representative Western blot image for c-
Myc, survivin and cyclin D1 expression in Cal27 and JHU029 cells with treatment of BME or M-I. The same membrane 
used in panel A was reprobed. Actin was used as internal control. Quantitative representation of Western blot band in-
tensities (right panel). Small bar indicates standard error (*** p < 0.001). Uncropped western blots figures are shown in 
Figure S5. 

Figure 3. Momordicine-I inhibits downstream of c-Met signaling in HNC cells. Representative Western blot image for c-Myc,
survivin and cyclin D1 expression in Cal27 and JHU029 cells with treatment of BME or M-I. The same membrane used in
panel A was reprobed. Actin was used as internal control. Quantitative representation of Western blot band intensities
(right panel). Small bar indicates standard error (*** p < 0.001). Uncropped western blots figures are shown in Figure S5.
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2.4. Pharmacokinetic and Toxicity Profile of M-I

To evaluate the pharmacokinetic (PK) profile of M-I, a single dose (20 mg/kg) was
given to C57Bl/6 male mice by either intraperitoneal injection (IP group; n = 3) or
oral ga-vage (oral group; n = 3). A dose of 20 mg/kg was chosen based on previous
publications [26,27]. The average plasma concentration ± standard deviation at each time
point is shown in Figure 5A and corresponding PK parameters are summarized in Table 2.
M-I was rapidly absorbed with a maximum plasma concentration 1 h post-IP and PO
dose. Cmax values were 18 µM and 0.5 µM after the single 20 mg/kg IP and PO dose,
respec-tively. The observed elimination half-life was 0.9 h in the IP group and 2 h in the
PO group. The oral group had loose stool, starting four hours post-dose, which had not
re-solved by 8 h but all mice appeared normal after twenty-four hours. No adverse events
were observed for the mice in the IP dosing group. We therefore selected IP administration
of M-I for subsequence studies.

Table 2. Pharmacokinetics parameters of momordicine I (M-I) administered either through intraperi-
toneally (IP) or orally (PO) in C57Bl/6 male mice (data provided as mean ± SD).

Pharmacokinetic Parameters
C57Bl/6 Male

20 mg/Kg-IP 20 mg/Kg-PO

T 1
2

(h) 0.90 ± 0.02 2.11 ± 0.3
Tmax (h) 1.00 ± 0 1.00 ± 0.9

Cmax (ng/mL) 8427 ± 3419.4 214 ± 18.6
Cmax (µM) 17.83 ± 7.2 0.45 ± 0.04

AUClast (min*ng/mL) 762,559 ± 319,312.5 38,584 ± 16,628.4
AUCINF_obs (min*ng/mL) 765,026 ± 320,184.6 41,251 ± 17,124.75

AUC (%Extrap) 0.33 ± 0.08 6.84 ± 1.5

Abbreviations: T 1
2 : Elimination half-life; Tmax: time to reach maximum (peak) plasma concentration following

drug administration; Cmax: maximum (peak) plasma drug concentration; AUClast: area under the plasma
concentration-time curve from time zero to time of last measurable concentration; AUCINF_obs: area under the
concentration-time curve extrapolated from zero up to infinity; AUC (%Extrap): area under the first moment of
the plasma concentration-time curve extrapolated from time t to infinity as a percentage of total AUC; Cl_obs:
apparent total body clearance of the drug from plasma.



Cancers 2021, 13, 1432 8 of 15

Cancers 2021, 13, x 7 of 14 
 

 

 

Figure 4: Schematic representation showing mode of action of M-I in inhibition of c-Met signaling. 
Sharp arrows indicate activation/ induction and blunt arrows indicate inhibition. 

2.4. Pharmacokinetic and Toxicity Profile of M-I 
To evaluate the pharmacokinetic (PK) profile of M-I, a single dose (20 mg/kg) was 

given to C57Bl/6 male mice by either intraperitoneal injection (IP group; n = 3) or oral ga-
vage (oral group; n = 3). A dose of 20 mg/kg was chosen based on previous publications 
[26,27]. The average plasma concentration ± standard deviation at each time point is 
shown in Figure 5A and corresponding PK parameters are summarized in Table 2. M-I 
was rapidly absorbed with a maximum plasma concentration 1 h post-IP and PO dose. 
Cmax values were 18 µM and 0.5 µM after the single 20 mg/kg IP and PO dose, respec-
tively. The observed elimination half-life was 0.9 h in the IP group and 2 hr in the PO 
group. The oral group had loose stool, starting four hours post-dose, which had not re-
solved by 8 h but all mice appeared normal after twenty-four hours. No adverse events 
were observed for the mice in the IP dosing group. We therefore selected IP administra-
tion of M-I for subsequence studies. 

 
Figure 5: In vivo pharmacokinetic and toxicity profile of momordicine-I. (A) Concentration-time profile of momordicine-
I in C57Bl/6 male mice at 20 mg/kg single dose administered by IP injection or oral gavage (PO). Data is from n = 3 mice 

Figure 5. In vivo pharmacokinetic and toxicity profile of momordicine-I. (A) Concentration-time profile of momordicine-I
in C57Bl/6 male mice at 20 mg/kg single dose administered by IP injection or oral gavage (PO). Data is from n = 3 mice and
represents mean ± standard deviation. (B) Comparison of metabolic panel from serum among M-I (30 mg/kg/mouse) and
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For toxicity analysis, mice (n = 3) were given 20 mg/ kg of M-I twice a day or
30 mg/kg IP dose of M-I once a day by IP injection for five days. In parallel, there were
untreated control (n = 3) and BME treated group (n = 3) for comparison. Behavior and body
weight of mice were monitored daily. The body weight in all the mice was stable, with no
drastic changes seen in any of the mice tested. We collected blood on day six, and serum
chemistries related to liver and kidney function were examined. The concentration of total
bilirubin, alanine transaminase, aspartate transaminase, alkaline phosphatase, creatinine,
urea, and glucose were comparable in M-I and BME treated groups with untreated control
mice, indicating no toxic effect (Figure 5B).

2.5. Therapeutic Potential of M-I in HNC Xenograft Model

We investigated the therapeutic efficacy of M-I in HNC xenograft model. For this, we
implanted JHU029 cells in flanks of nude mice. After the formation of a palpable tumor,
mice were divided into three groups: untreated control (n = 5), BME treated group (n = 5),
and M-I treated group (n = 5). In the BME group, mice were given 30% BME through
drinking water as described previously [20]. The mice in M-I group received 30 mg/kg of
M-I through IP, once a day till the end of the experiment. Body weight and tumor volume
were measured. We observed a sudden drop in body weight (~10%) in three out of five
mice in M-I group on Day 20; however, they gained back the weight (Figure 6A). We also
observed the formation of fluid in the tumors as reported previously [17,28]. Some of the
tumors in the control group had an open wound; therefore we needed to sacrifice all the
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animals on day 32. The BME and M-I group mice displayed significantly reduced tumor
volume (Figure 6B,C). However, M-I showed a better effect in reducing tumor growth.
We examined c-Met signaling in control and treated tumors. We observed a significant
reduction in expression of c-Met and its downstream molecule c-Myc in BME and M-I
treated groups compared to untreated control tumors (Figure 6D).
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For further validation, we also examined the effect of M-I in Cal27 xenograft model.
We observed increasing body weight in all the mice throughout the experiment, and ~50%
reduction of tumor growth in BME or M-I treated xenograft tumor (Figure 7A,B). We
further observed a significant reduction in c-Met and c-Myc expression in BME and M-I
treated groups compared to the control (Figure 7C,D). Our results demonstrated that M-I
has the potential as a therapeutic candidate for HNC treatment.
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Figure 7. Therapeutic effect of momordicine-I in Cal27 xenograft model. Cal27 cells (1.5 × 106) cells were injected
subcutaneously into the flank of nude mice. After formation of palpable tumor, mice were randomly divided into three
groups (n = 5): Control (without any treatment), BME group (30% BME through drinking water) and M-I group (30 mg/kg
IP, once in a day and every day). (A) Body weight was measured in control and treated mice. (B) Tumors were measured
using a slide caliper and tumor volumes were calculated. Arrow indicates starting point BME/ M-I treatment. (C,D) Control
or treated tumor lysates were subjected to Western blot analysis for c-Met and c-Myc expression using specific antibodies
and representative bands are shown. The blot was reprobed with an antibody to Actin for normalization. Right panel shows
quantitation. Small bar indicates standard error (*, p < 0.05; **, p < 0.01; *** p < 0.001). Uncropped western blots figures are
shown in Figure S7.

3. Discussion

In this study, we identified M-I as a bioactive secondary metabolite using LC-HRESIMS
analysis of the BME. We observed that M-I inhibits c-Met signaling in HNC cell (JHU022,
JHU029, Cal27) lines. We further demonstrated a significant regression of tumor growth in
HNC xenograft models following daily administration of M-I with no toxicity, suggesting
the therapeutic efficacy of BME and M-I by targeting c-Met signaling.

Bitter melon plant and its fruit contain many phytochemicals, and among those cucur-
bitane type triterpenoids and cucurbitane type triterpene glycosides are the major chemical
constituents [16]. The cucurbitane-type triterpenoids and cucurbitane-type triterpene gly-
cosides are suggested to be responsible for bitterness and confer much of the biological
activities of the plant [16,29]. M-I belongs to the class cucurbitane-type triterpene. This
secondary metabolite was first identified and characterized in leaves and vines of Mo-
mordica charantia L. [30]. In our study, we identified M-I in the water extract of the fruit.
Although the compound was identified in 1984, the biological function of M-I was not well
evaluated. M-I was recently reported to have inhibitory effects on high-glucose-induced
cell proliferation and collagen synthesis in rat cardiac fibroblasts [31] and stimulate insulin
secretion in vitro [32], but to the best of our knowledge, the anticancer effect of M-I was not
reported. We initially screened a few metabolites from bitter melon and got a significant
inhibition with M-I with IC50 of less than 8 µg/mL in Cal27 and JHU029 cells. We observed
that M-I inhibited HNC growth and c-Met signaling. Aberrant activation of c-Met signaling
through overexpression of c-Met and its downstream molecules c-Myc, cyclin D1, and
survivin were observed predominantly in HNC [3–5], which were reduced following M-I
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treatment. Increased c-Met signaling is associated with HNC progression and metastasis,
and c-Met signalling inhibition by neutralizing antibody inhibited tumor growth and its
metastatic potential [3,5].M-I may have other targets to inhibit cell proliferation which was
not investigated in this study. We observed a significant reduction of tumor growth in two
HNC xenograft models following BME treatment with no toxicity. Further, treatment of
M-I (30 mg/kg/mouse) once a day worked similarly to twice a day in our pilot experiment
(20 mg/kg/mouse).

HNC therapy often has limited success. Resistance to approved anti-EGFR therapy
sometimes makes the treatment management difficult [3,5]. Thus, targeting c-Met is sug-
gested to be a promising alternative strategy. Many drugs that target c-Met signaling have
been developed, showing promising results in preclinical and clinical studies. However,
these drugs manifested several adverse side effects [3,5,33]. c-Met inhibitor GEN-203 and
compound 8 showed liver and bone marrow toxicity in mice and myocardial degeneration
in rats. Foretinib caused fatigue, hypertension, and gastrointestinal toxicities. Golvatinib
caused supraventricular tachycardia, convulsion, and pulmonary embolism. Tivantinib
(ARQ197) showed adverse events, including leukopenia, anemia, and neutropenia in clini-
cal trial. Thus, identifying a new natural and non-toxic c-Met signaling inhibitor would
have a high impact on HNC treatment, and M-I might be one of the major contributors
with biological activity in BME. However, the functional mechanism of M-I mediated c-Met
signaling inhibition remains to be further elucidated. Effect on M-I in the presence of an
intact immune system would need further investigation in future.

4. Materials and Methods
4.1. Cell Culture, Preparation of Bitter Melon Extract (BME) and Momordicine I (M-I)

Normal oral keratinocytes (NOK) (kindly gifted by Dr. Karl Mugner, Tuffs University,
Boston, MA, USA) were maintained in Keratinocyte SFM medium supplemented with
EGF and bovine pituitary extract (GIBCO, Life Technologies, Berkeley, MO, USA) and 1%
penicillin/ streptomycin. HNC cell line Cal27 was purchased from the ATCC. JHU029
(JHU-29) and JHU022 (JHU-22) cell lines were procured from the Johns Hopkins University
(Baltimore, MD, USA). The Cal27 and JHU022 cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM), and JHU029 cells were in RPMI1640 (Sigma, St. Louis, MO, USA)
media supplemented with 10% FBS and 1% penicillin/ streptomycin (Sigma-Aldrich, St.
Louis, MO, USA) in a humidified CO2 incubator. The cell lines are routinely tested in
our laboratory to rule out mycoplasma contamination using a commercial MycoAlert™
Mycoplasma Detection kit (Lonza, Morrisville, NC, USA). Cal27 cells are tongue origin
and JHU022 and JHU029 cells are from laryngx origin.

Bitter melon extract (BME) was prepared from the Chinese variety of young bitter
melons (raw and green) as described previously [17]. Briefly, BME was prepared by aqueous
extraction from whole fruit without seeds using a household juicer at room temperature
with subsequent centrifugation at 15000× g at 4 ◦C for 30 min. BME was stored at −80 ◦C
for further analysis. Cal27 and JHU029 cells were treated with 2% BME and JHU022 cells
were treated with 3% BME as described previously [17,21]. The momordicine-I (>98% pure)
was purchased from Chemfaces (Cat. No.: CFN92076; Hubei, China). The powder was
dissolved in DMSO and added to the cells at different concentrations. Based on cytotoxicity
data, Cal27 and JHU029 cells were treated with 10 µg/mL and JHU022 cells were treated
with 20 µg/mL dose of M-I and incubated for 48 hr for further experiments. All the
experiments were done at least in triplicate.

4.2. Cytotoxicity Assay

Cal27, JHU029, JHU022 and NOK were seeded in 96 well-plate (5000 cells/well) and
cells were treated with different concentration of M-I for 48 h. There were untreated
control and DMSO treated vehicle control group for comparison. Cytotoxicity assay was
performed using Cell Counting Kit-8 (Dojindo Molecular Technology, Rockville, MD, USA)
according to manufacturer instruction.



Cancers 2021, 13, 1432 12 of 15

4.3. Protein Isolation and Western Blot Analysis

Lysates from control, BME or M-I treated cells and tumors were prepared using
2× SDS sample buffer and subjected to western blot analysis using specific antibodies
to c-Met (1: 500, Cell Signaling Technology, CST, Denvers, MA, USA,), phospho- STAT3
(pSTAT3-Tyr-705) (1:1000, CST), total STAT3 (1:1000, CST), c-Myc (1:1000, CST), survivin
(1:500, Santa Cruz Biotechnology, SBT, Dallas, TX, USA) and cyclin D1 (1: 500, SBT). HRP
conjugated anti-mouse or anti-rabbit secondary antibodies were purchased from Bio-Rad
(Hercules, CA, USA). The blot was reprobed with HRP conjugated β-actin antibody (1:5000;
SBT) to compare protein load in each lane. Densitometry analysis was done using Image J
software (NIH, Bethesda, MD, USA).

4.4. Liquid Chromatography High Resolution Electrospray Ionization Mass Spectrometry
(LC-HRESIMS)

HRESIMS analysis of the BME was done using a LTQ Orbitrap spectrometer coupled
to an HPLC system (PDA detector, PDA autosampler, and pump, ThermoFisher Scientific,
Inchinnan, Renfrew PA4 9R, UK). The following conditions were used: capillary voltage
of 45 V, capillary temperature of 260 ◦C, auxiliary gas flow rate of 10−20 arbitrary units,
sheath gas flow rate of 40−50 arbitrary units, spray voltage of 4.5 kV, and mass range of
100−2000 amu (maximal resolution of 30,000). For LC-HRESIMS, a Sunfire C18 analytical
HPLC column (5 µm, 4.6 mm × 150 mm) was used with a mobile phase of 0 to 100% MeOH
over 20 min followed by 100% MeOH over 5 min at a flow rate of 1 mL min−1.

4.5. Pharmacokinetic and Toxicity Study

The pharmacokinetic (PK) study of M-I was performed in male C57Bl/6 mice. A
sin-gle dose of M-I (formulated at 2 mg/mL dissolved in 5% DMSO/95% of a 30% w:v
Captisol solution) was administered either by intraperitoneal injection (IP group, n = 3)
or oral ga-vage (PO group, n = 3). After dosing, 20 µL blood samples were collected into
heparin pre-coated tubes at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h and 24 h. Samples
were centrifuged, and the plasma collected. M-I concentration was determined using
liq-uid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) as described
earlier [34].

For toxicity study, C57Bl/6 male mice were received either 30% BME through drinking
water or 20 mg/kg of M-I twice a day or 30 mg/kg of M-I once a day by IP injection for
5 days. There were three mice in each group, including untreated control. Blood was
collected on day 6, and serum was prepared. Serum parameters related to hepatotoxicity
(total bilirubin, alanine transaminase, aspartate transaminase, and alkaline phosphatase)
and nephrotoxicity (urea and creatinine) were performed.

4.6. Tumorigenicity Assay

JHU029 or Cal27 cells (1.5 × 106) containing 40% Matrigel were injected subcuta-
neously into the flank of BALB/c athymic nude mice (7–8 weeks old). When the palpable
tumor was developed (>60 mm3), mice were divided into three groups randomly, 5 mice
in each group. The control group was without any treatment. The BME group received
30% (v/v) BME through drinking water. M-I group received 30 mg/kg dose of M-I once in
day, every day. Body weight was monitored, and tumor size was measured using a slide
caliper and volume was calculated using the formula 1

2 L × W2. After animal sacrifice
tumors were dissected out and snap frozen in liquid nitrogen for further analysis. All the
animal experiments were carried out in accordance NIH guidelines, following a protocol
approved (1017) by the Institutional Animal Care and Use Committee (IACUC) of Saint
Louis University.

4.7. Statistical Analysis

The results are presented as means ± standard deviations. Data were analyzed by
Student’s t-test. p value of <0.05 was considered statistically significant. All experiments
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were repeated at least three times except animal experiments, and representative data are
shown.

5. Conclusions

In conclusion, this is the first report showing M-I, a secondary metabolite from bit-
ter melon, inhibited tumor growth in HNC xenograft models with no apparent toxicity.
Mechanistic data demonstrated that M-I impairs c-Met signaling in HNC (JHU022, JHU029,
Cal27) cells, which is schematically illustrated in Figure 4. Thus, M-I could be used as an
additional chemotherapeutic agent or its structural motif to be developed against HNC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/6/1432/s1, Figure S1: caption, Figure S2: Whole blot for Figure 2A, Figure S3: Whole blot
for Figure 2B, Figure S4: Whole blot for Figure 2C,D, Figure S5. Whole blot for Figure 3, Figure S6:
Whole blot for Figure 6D, Figure S7: Whole blot for Figure 7C,D.
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AUClast area under the plasma concentration-time curve from time zero to time of

last measurable concentration
AUCINF_obs area under the concentration-time curve extrapolated from zero up to infinity
AUC (%Extrap) area under the first moment of the plasma concentration-time curve

extrapolated from time t to infinity as a percentage of total AUC
Cl_obs apparent total body clearance of the drug from plasma

https://www.mdpi.com/2072-6694/13/6/1432/s1
https://www.mdpi.com/2072-6694/13/6/1432/s1


Cancers 2021, 13, 1432 14 of 15

References
1. Vigneswaran, N.; Williams, M.D. Epidemiologic trends in head and neck cancer and aids in diagnosis. Oral Maxillofac. Surg. Clin.

N. Am. 2014, 26, 123–141. [CrossRef]
2. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics. CA Cancer J. Clin. 2021, 71, 7–33. [CrossRef] [PubMed]
3. Rothenberger, N.J.; Stabile, L.P. Hepatocyte Growth Factor/c-Met Signaling in Head and Neck Cancer and Implications for

Treatment. Cancers 2017, 9, 39. [CrossRef] [PubMed]
4. Alsahafi, E.; Begg, K.; Amelio, I.; Raulf, N.; Lucarelli, P.; Sauter, T.; Tavassoli, M. Clinical update on head and neck cancer:

Molecular biology and ongoing challenges. Cell Death Dis. 2019, 10, 540. [CrossRef]
5. Arnold, L.; Enders, J.; Thomas, S.M. Activated HGF-c-Met Axis in Head and Neck Cancer. Cancers 2017, 9, 169. [CrossRef]

[PubMed]
6. Mei, Z.; Huang, J.; Qiao, B.; Lam, A.K.-Y. Immune checkpoint pathways in immunotherapy for head and neck squamous cell

carcinoma. Int. J. Oral Sci. 2020, 12, 16. [CrossRef]
7. Nerurkar, P.; Ray, R.B. Bitter Melon: Antagonist to Cancer. Pharm. Res. 2010, 27, 1049–1053. [CrossRef]
8. Wang, H.; Khor, T.O.; Shu, L.; Su, Z.-Y.; Fuentes, F.; Lee, J.-H.; Kong, A.-N.T. Plants vs. Cancer: A Review on Natural

Phytochemicals in Preventing and Treating Cancers and Their Druggability. Anti-Cancer Agents Med. Chem. 2012, 12, 1281–1305.
[CrossRef]

9. Choudhari, A.S.; Mandave, P.C.; Deshpande, M.; Ranjekar, P.; Prakash, O. Phytochemicals in Cancer Treatment: From Preclinical
Studies to Clinical Practice. Front. Pharmacol. 2019, 10, 1614. [CrossRef] [PubMed]

10. Safarzadeh, E.; Shotorbani, S.S.; Baradaran, B. Herbal Medicine as Inducers of Apoptosis in Cancer Treatment. Adv. Pharm. Bull.
2014, 4, 421–427.

11. Dandawate, P.R.; Subramaniam, D.; Padhye, S.B.; Anant, S. Bitter melon: A panacea for inflammation and cancer. Chin. J. Nat.
Med. 2016, 14, 81–100. [CrossRef]

12. Raina, K.; Kumar, D.; Agarwal, R. Promise of bitter melon ( Momordica charantia ) bioactives in cancer prevention and therapy.
Semin. Cancer Biol. 2016, 40–41, 116–129. [CrossRef] [PubMed]

13. Jia, S.; Shen, M.; Zhang, F.; Xie, J. Recent Advances in Momordica charantia: Functional Components and Biological Activities. Int.
J. Mol. Sci. 2017, 18, 2555. [CrossRef] [PubMed]

14. Muhammad, N.; Steele, R.; Isbell, T.S.; Philips, N.; Ray, R.B. Bitter melon extract inhibits breast cancer growth in preclinical model
by inducing autophagic cell death. Oncotarget 2017, 8, 66226–66236. [CrossRef] [PubMed]

15. Fang, E.F.; Froetscher, L.; Scheibye-Knudsen, M.; Bohr, V.A.; Wong, J.H.; Ng, T.B. Emerging Antitumor Activities of the Bitter
Melon (Momordica charantia). Curr. Protein Pept. Sci. 2019, 20, 296–301. [CrossRef] [PubMed]

16. Sur, S.; Ray, R.B. Bitter Melon (Momordica Charantia), a Nutraceutical Approach for Cancer Prevention and Therapy. Cancers 2020,
12, 2064. [CrossRef] [PubMed]

17. Rajamoorthi, A.; Shrivastava, S.; Steele, R.; Nerurkar, P.; Gonzalez, J.G.; Crawford, S.; Varvares, M.; Ray, R.B. Bitter melon reduces
head and neck squamous cell carcinoma growth by targeting c-Met signaling. PLoS ONE 2013, 8, e78006. [CrossRef] [PubMed]

18. Bhattacharya, S.; Muhammad, N.; Steele, R.; Peng, G.; Ray, R.B. Immunomodulatory role of bitter melon extract in inhibition of
head and neck squamous cell carcinoma growth. Oncotarget 2016, 7, 33202–33209. [CrossRef]

19. Bhattacharya, S.; Muhammad, N.; Steele, R.; Kornbluth, J.; Ray, R.B. Bitter Melon Enhances Natural Killer–Mediated Toxicity
against Head and Neck Cancer Cells. Cancer Prev. Res. 2017, 10, 337–344. [CrossRef]

20. Sur, S.; Steele, R.; Aurora, R.; Varvares, M.; Schwetye, K.E.; Ray, R.B. Bitter Melon Prevents the Development of 4-NQO–Induced
Oral Squamous Cell Carcinoma in an Immunocompetent Mouse Model by Modulating Immune Signaling. Cancer Prev. Res. 2017,
11, 191–202. [CrossRef]

21. Sur, S.; Nakanishi, H.; Flaveny, C.; Ippolito, J.E.; McHowat, J.; Ford, D.A.; Ray, R.B. Inhibition of the key metabolic pathways,
glycolysis and lipogenesis, of oral cancer by bitter melon extract. Cell Commun. Signal. 2019, 17, 131. [CrossRef]

22. Kermorgant, S.; Parker, P.J. Receptor trafficking controls weak signal delivery: A strategy used by c-Met for STAT3 nuclear
accumulation. J. Cell Biol. 2008, 182, 855–863. [CrossRef] [PubMed]

23. Organ, S.L.; Tsao, M.-S. An overview of the c-MET signaling pathway. Ther. Adv. Med Oncol. 2011, 3, S7–S19. [CrossRef] [PubMed]
24. Akiyama, Y.; Ashizawa, T.; Miyata, H.; Ishii, H.; Oshita, C.; Matsuno, K.; Masuda, Y.; Furuya, T.; Okawara, T.; Otsuka, M.; et al.

Antitumor activity of a novel small molecule STAT3 inhibitor against a human lymphoma cell line with high STAT3 activation.
Int. J. Oncol. 2011, 38, 1245–1252. [CrossRef]

25. Ichiba, M.; Nakajima, K.; Yamanaka, Y.; Kiuchi, N.; Hirano, T. Autoregulation of the Stat3 gene through cooperation with a
cAMP-responsive element-binding protein. J. Biol. Chem. 1998, 273, 6132–6138. [CrossRef] [PubMed]

26. Asensi, M.; Medina, I.; Ortega, A.; Carretero, J.; Baño, M.; Obrador, E.; Estrela, J.M. Inhibition of cancer growth by resveratrol is
related to its low bioavailability. Free. Radic. Biol. Med. 2002, 33, 387–398. [CrossRef]

27. Qiao, H.; Zhang, X.; Wang, T.; Liang, L.; Chang, W.; Xia, H. Pharmacokinetics, biodistribution and bioavailability of isoliquiriti-
genin after intravenous and oral administration. Pharm. Biol. 2014, 52, 228–236. [CrossRef]

28. Sur, S.; Nakanishi, H.; Steele, R.; Zhang, D.; A Varvares, M.; Ray, R.B. Long non-coding RNA ELDR enhances oral cancer growth
by promoting ILF 3-cyclin E1 signaling. EMBO Rep. 2020, 21, e51042. [CrossRef]

29. Wu, S.-B.; Yue, G.G.L.; To, M.-H.; Keller, A.C.; Lau, C.B.S.; Kennelly, E.J. Transport in Caco-2 cell monolayers of antidiabetic
cucurbitane triterpenoids from Momordica charantia fruits. Planta Medica 2014, 80, 907–911. [CrossRef]

http://doi.org/10.1016/j.coms.2014.01.001
http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.3390/cancers9040039
http://www.ncbi.nlm.nih.gov/pubmed/28441771
http://doi.org/10.1038/s41419-019-1769-9
http://doi.org/10.3390/cancers9120169
http://www.ncbi.nlm.nih.gov/pubmed/29231907
http://doi.org/10.1038/s41368-020-0084-8
http://doi.org/10.1007/s11095-010-0057-2
http://doi.org/10.2174/187152012803833026
http://doi.org/10.3389/fphar.2019.01614
http://www.ncbi.nlm.nih.gov/pubmed/32116665
http://doi.org/10.1016/S1875-5364(16)60002-X
http://doi.org/10.1016/j.semcancer.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27452666
http://doi.org/10.3390/ijms18122555
http://www.ncbi.nlm.nih.gov/pubmed/29182587
http://doi.org/10.18632/oncotarget.19887
http://www.ncbi.nlm.nih.gov/pubmed/29029506
http://doi.org/10.2174/1389203719666180622095800
http://www.ncbi.nlm.nih.gov/pubmed/29932035
http://doi.org/10.3390/cancers12082064
http://www.ncbi.nlm.nih.gov/pubmed/32726914
http://doi.org/10.1371/journal.pone.0078006
http://www.ncbi.nlm.nih.gov/pubmed/24147107
http://doi.org/10.18632/oncotarget.8898
http://doi.org/10.1158/1940-6207.CAPR-17-0046
http://doi.org/10.1158/1940-6207.CAPR-17-0237
http://doi.org/10.1186/s12964-019-0447-y
http://doi.org/10.1083/jcb.200806076
http://www.ncbi.nlm.nih.gov/pubmed/18779368
http://doi.org/10.1177/1758834011422556
http://www.ncbi.nlm.nih.gov/pubmed/22128289
http://doi.org/10.3892/ijo.2011.957
http://doi.org/10.1074/jbc.273.11.6132
http://www.ncbi.nlm.nih.gov/pubmed/9497331
http://doi.org/10.1016/S0891-5849(02)00911-5
http://doi.org/10.3109/13880209.2013.832334
http://doi.org/10.15252/embr.202051042
http://doi.org/10.1055/s-0034-1382837


Cancers 2021, 13, 1432 15 of 15

30. Yasuda, M.; Iwamoto, M.; Okabe, H.; Yamauchi, T. Structures of momordicines I, II and III, the bitter principles in the leaves and
vines of Momordica charantia L. Chem. Pharm. Bull. 1984, 32, 2044–2047. [CrossRef]

31. Chen, P.-Y.; Shih, N.-L.; Hao, W.-R.; Chen, C.-C.; Liu, J.-C.; Sung, L.-C. Inhibitory Effects of Momordicine I on High-Glucose-
Induced Cell Proliferation and Collagen Synthesis in Rat Cardiac Fibroblasts. Oxidative Med. Cell. Longev. 2018, 2018, 3939714.
[CrossRef] [PubMed]

32. Keller, A.C.; Ma, J.; Kavalier, A.; He, K.; Brillantes, A.-M.B.; Kennelly, E.J. Saponins from the traditional medicinal plant Momordica
charantia stimulate insulin secretion in vitro. Phytomedicine 2011, 19, 32–37. [CrossRef] [PubMed]

33. Hu, C.T.; Wu, J.R.; Cheng, C.C.; Wu, W.S. The Therapeutic Targeting of HGF/c-Met Signaling in Hepatocellular Carcinoma:
Alternative Approaches. Cancers 2017, 9, 58. [CrossRef] [PubMed]

34. Fuerst, R.; Choi, J.Y.; Knapinska, A.M.; Smith, L.; Cameron, M.D.; Ruiz, C.; Fields, G.B.; Roush, W.R. Development of matrix
metalloproteinase-13 inhibitors—A structure-activity/structure-property relationship study. Bioorganic Med. Chem. 2018, 26,
4984–4995. [CrossRef]

http://doi.org/10.1248/cpb.32.2044
http://doi.org/10.1155/2018/3939714
http://www.ncbi.nlm.nih.gov/pubmed/30402205
http://doi.org/10.1016/j.phymed.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22133295
http://doi.org/10.3390/cancers9060058
http://www.ncbi.nlm.nih.gov/pubmed/28587113
http://doi.org/10.1016/j.bmc.2018.08.020

	Introduction 
	Results 
	Identification of Active Ingredients in Bitter Melon Extract (BME) 
	M-I Inhibits HNC Growth In Vitro 
	M-I Inhibits c-Met Signaling in HNC Cells 
	Pharmacokinetic and Toxicity Profile of M-I 
	Therapeutic Potential of M-I in HNC Xenograft Model 

	Discussion 
	Materials and Methods 
	Cell Culture, Preparation of Bitter Melon Extract (BME) and Momordicine I (M-I) 
	Cytotoxicity Assay 
	Protein Isolation and Western Blot Analysis 
	Liquid Chromatography High Resolution Electrospray Ionization Mass Spectrometry (LC-HRESIMS) 
	Pharmacokinetic and Toxicity Study 
	Tumorigenicity Assay 
	Statistical Analysis 

	Conclusions 
	References

