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Abstract 

One of the hallmarks of cancer is metabolic reprogramming which controls cellular homeostasis and therapy resist-
ance. Here, we investigated the effect of momordicine-I (M-I), a key bioactive compound from Momordica charantia 
(bitter melon), on metabolic pathways in human head and neck cancer (HNC) cells and a mouse HNC tumorigenicity 
model. We found that M-I treatment on HNC cells significantly reduced the expression of key glycolytic molecules, 
SLC2A1 (GLUT-1), HK1, PFKP, PDK3, PKM, and LDHA at the mRNA and protein levels. We further observed reduced 
lactate accumulation, suggesting glycolysis was perturbed in M-I treated HNC cells. Metabolomic analyses confirmed 
a marked reduction in glycolytic and TCA cycle metabolites in M-I-treated cells. M-I treatment significantly downregu-
lated mRNA and protein expression of essential enzymes involved in de novo lipogenesis, including ACLY, ACC1, FASN, 
SREBP1, and SCD1. Using shotgun lipidomics, we found a significant increase in lysophosphatidylcholine and phos-
phatidylcholine loss in M-I treated cells. Subsequently, we observed dysregulation of mitochondrial membrane poten-
tial and significant reduction of mitochondrial oxygen consumption after M-I treatment. We further observed M-I 
treatment induced autophagy, activated AMPK and inhibited mTOR and Akt signaling pathways and leading to apop-
tosis. However, blocking autophagy did not rescue the M-I-mediated alterations in lipogenesis, suggesting an inde-
pendent mechanism of action. M-I treated mouse HNC MOC2 cell tumors displayed reduced Hk1, Pdk3, Fasn, and Acly 
expression. In conclusion, our study revealed that M-I inhibits glycolysis, lipid metabolism, induces autophagy in HNC 
cells and reduces tumor volume in mice. Therefore, M-I-mediated metabolic reprogramming of HNC has the potential 
for important therapeutic implications.
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Graphical Abstract

Introduction
The risk factors for squamous cell carcinoma of the 
head and neck (HNC), especially oral, pharyngeal and 
laryngeal cancer, include tobacco use, excessive alcohol 
consumption, betel quid chewing and human papil-
lomavirus infection. In 2024, an estimated 58,450 new 
cases of HNC will be diagnosed in the United States 
and 12,230 people will die from the disease (NCI-Can-
cer Stat Fact Sheets). Breakthroughs have been elusive 
due to significant limitations in our understanding of 
HNC’s unique biology. Chemotherapeutic and immu-
notherapeutic drugs as well as the deployment of radia-
tion therapy have patently improved cancer treatment 
outcomes, yet significant side effects and the devel-
opment of drug resistance may be obstacles to cancer 
treatment. There is a critical need to identify additional 
therapeutic strategies for successful management of 
these patients and to understand the basic mechanism 
of the disease development and progression.

Metabolic reprogramming is one of the hallmarks in 
cancer progression. Cancer cells display different meta-
bolic profiles than normal cells due to aerobic glycolysis 
(Warburg effect) and lipogenesis for cancer progression. 
Alteration in multiple regulatory genes of the glycolysis 
pathway facilitates abnormal induction of glycolysis in 
tumorigenesis. Increased glycolysis leads to elevated lac-
tic acid accumulation in the tumor microenvironment 
which contributes to immune suppression and drug 
resistance [1]. One important metabolic adaptation in 
cancer cells is dysregulated glucose metabolism, particu-
larly the increase of glycolysis, which supplies energy and 

the precursors for biosynthesis needed for rapid cell divi-
sion [2]. The glycolytic pathway, encompassing enzymes 
such as hexokinase (HK), phosphofructokinase (PFK), 
and pyruvate dehydrogenase kinase (PDK), is tightly 
regulated to sustain the high energy demands of cancer 
cells. Glucose transporter 1 (GLUT1), which promotes 
glucose absorption into cells, and lactate dehydrogenase 
A (LDHA) which converts pyruvate to lactate, are char-
acteristic of aerobic glycolysis in cancer cells, and two 
important regulators of glucose metabolism. Dysregu-
lated expression of these glycolytic genes is common in 
HNC and other malignancies, which promotes tumor 
growth. However, inhibitors of HK, PDK or LDHA have 
limited efficacy in  vivo due to toxicity or non-specific 
effect [3, 4].

Excess pyruvate can facilitate either mitochondrial 
TCA cycle and electron transport chain activity or bio-
synthetic pathways such as de novo lipogenesis. Cancer 
cells can enhance lipogenesis and fatty acid oxidation 
for energy production, maintaining membrane integ-
rity, preventing ROS and stress induced damage [5]. 
Like glycolysis, alterations in lipid metabolism, par-
ticularly de novo lipogenesis, or the synthesis of lipids 
from alternative carbon sources plays a pivotal role in 
cancer cell survival and growth [6]. This biosynthesis of 
fatty acids and phospholipid/neutral lipids, regulated by 
enzymes such as ATP-citrate lyase (ACLY), acetyl-CoA 
carboxylase (ACC), and fatty acid synthase (FASN), 
supports both lipid oxidative metabolism, membrane 
biogenesis/maintenance, and signaling pathways vital 
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for cancer cell proliferation. Therefore, targeting these 
pathways may have a broad range of implications in 
controlling cancers [7].

Natural products have anti-cancer properties, particu-
larly in the regulation of glycolysis and lipid metabolism, 
and the activation of cell death [8–10]. Active ingredi-
ents derived from natural products are drawing atten-
tion as an alternative approach for anti-cancer therapy 
[6]. The utilization of phytochemicals with potential 
pharmacological effects is one of the emerging strate-
gies [11]. Momordicine-I (M-I), a bioactive compound 
derived from Momordica charantia (bitter melon), has 
emerged as a potential therapeutic agent in cancer due to 
its multifaceted effects on cellular processes [12–14]. In 
this study, we observed that M-I treatment of HNC cells 
inhibits glycolysis and lipogenesis signaling and induces 
autophagy. To the best of our knowledge, this is the first 
study describing the metabolic modulation by M-I in 
HNC cancer cells.

Methods
Cell culture
HNC cell lines Cal27 and JHU22 were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) [14] sup-
plemented with 10% fetal bovine serum (FBS) and 1% 
penicillin–streptomycin at 37  °C in a humidified atmos-
phere with 5%  CO2. The mouse oral squamous cell car-
cinoma (MOC2) cell line was cultured in RPMI 1640 
medium supplemented with 10% FBS and 1% penicillin–
streptomycin [14].

Momordicine‑I preparation and treatment
The momordicine-I (> 98% pure) was purchased from 
Chemfaces (Cat. No.: CFN92076; Hubei, China). The 
powder was dissolved in DMSO, and cells treated at con-
centrations as stated in figure legends. Based on cytotox-
icity data, unless otherwise specified Cal27 and JHU22 
cells were treated with 10 µg/mL and 15 µg/mL dose of 
M-I, respectively. Diluted DMSO (vehicle) was used as 
control and referred as Con. All the experiments were 
performed at least in triplicate.

RNA isolation and quantitative real‑time PCR
Total RNA was isolated using TRIzol reagent (Invitrogen, 
CA). cDNA was synthesized using a random hexamer 
with Superscript III reverse transcriptase (Thermo Fisher 
Scientific). The qRT-PCR was performed for quantita-
tion of gene expression using specific primers (Table  1) 
by SYBR green based detection system (Thermo Fisher 
Scientific) as per standard procedure. 18  s rRNA was 
used as endogenous control gene CT value, and relative 
gene expression was measured using the  2−∆∆CT formula 

(ΔΔCT = ΔCT of the sample − ΔCT of the untreated con-
trol). Each sample was loaded in triplicate.

Western blotting
Cell lysates were prepared using 2X SDS sample buffer, 
and western blot analysis was performed using specific 
antibodies to GLUT-1 (1: 1000, Cell Signaling Technol-
ogy, CST), LDHA (1:1000, SantaCruz), ACLY (1:1000, 
Cell Signaling Technology, CST), p62 and FASN (1:1000, 
SantaCruz), Cleaved PARP, LC3, AMPK, pAMPK, 
mTOT, pmTOR, Akt, and pAkt (1:1000, CST). The 
HRP-conjugated anti mouse or anti-rabbit secondary 
antibodies (1:2000) were purchased from Santa Cruz 
Biotechnology (SBT). The membrane was reprobed with 
Actin-HRP antibody (1:2500, SBT) or tubulin antibody 
(1:1000, SBT) to compare protein loading in each lane.

Shotgun lipidomics of phosphatidylcholine 
and lysophosphatidylcholine molecular species
Lipids were extracted from control or M-I treated oral 
cancer cells as described previously [4]. Briefly, cell 
suspensions were subsequently subjected to modi-
fied Bligh-Dyer extraction in the presence of lipid class 
internal standards, 1-heptadecanoyl-sn-glycero-3-phos-
phocholine and 1,2-dieicosanoyl-sn-glycero-3-phospho-
choline. For phospholipids, lipid extracts were diluted 
in methanol/chloroform (4/1, v/v), and molecular spe-
cies were quantified by electrospray ionization-tandem 
mass spectrometry (ESI–MS/MS) on a triple quadru-
pole mass spectrometry instrument using shotgun lipi-
domics. Phosphatidylcholine molecular species were 
quantified as chlorinated adducts in the negative-ion 
mode using neutral loss scanning for 50 amu (collision 
energy = 24  eV). Lysophosphatidylcholine molecular 
species were quantified as sodiated adducts in the posi-
tive-ion mode using neutral loss scanning for 59.1 amu 
(collision energy = −28  eV). Individual molecular spe-
cies were quantified by comparing the ion intensities of 
the individual molecular species to that of the lipid class 
internal standard, with additional corrections for type I 
and type II [13C] isotope effects.

Lactate production and mitochondrial membrane 
potential assay
To measure the lactate production, glycolysis kit 
(Dojindo Laboratories-G272) was used according to 
the instruction. Lactate working solution was added 
to the culture supernatants, incubated at 37  °C for 
30 min, and measured the absorbance at 450 nm. Mito-
chondrial membrane potential was assessed using the 
JC-1 MitoMP Detection Kit (Dojindo Laboratories) 
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according to the manufacturer’s instructions. Briefly, 
treated and untreated cells were incubated with JC-1 
dye for 30  min at 37  °C. After washing, fluorescence 
was measured using a microplate reader, with JC-1 
monomers (green fluorescence) indicating depolarized 
mitochondria and J-aggregates (red fluorescence) indi-
cating polarized mitochondria.

Oxygen Consumption Rate (OCR) measurement
OCR was measured using a Seahorse XFe96 Extracel-
lular Flux Analyzer (Agilent Technologies) to assess 

cellular respiration in Cal27 and JHU22 cells. The 
cells were seeded in XFe96 microplates at a density of 
15,000 cells for Cal27 or-20,000 cells for JHU22 per well 
and treated with M-I for 24  h. Culture medium was 
replaced with Seahorse DMEM medium supplemented 
with 1 mM pyruvate, 2 mM glutamine, and 10 mM glu-
cose, and the cells were incubated in a non-CO2 incu-
bator at 37  °C for 1  h. Baseline OCR measurements 
were taken, followed by the sequential addition of mito-
chondrial stress agents using the Seahorse XF Cell Mito 
Stress Test Kit: Oligomycin (1.5 µM): inhibits ATP syn-
thase to measure ATP-linked respiration. FCCP (1 µM): 
uncouples the mitochondrial membrane, allowing for 
the measurement of maximal respiration. Rotenone 
(0.5 µM) and Antimycin A (0.5 µM): inhibit complex I 
and III of the electron transport chain, respectively, to 
determine non-mitochondrial respiration. Three meas-
urements were recorded in each condition. After aver-
aging these three timepoints, further calculations were 
made. Basal respiration rates were calculated as the 
baseline rates minus the non-mitochondrial respiration 
rates. ATP-linked respiration rates were calculated as 
the baseline rates minus the oligomycin-treated respi-
ration rates. And maximal respiration rates were calcu-
lated as the FFCP-induced respiration rates minus the 
non-mitochondrial respiration rates.

BODIPY lipid staining
HNC cells were stained by boron‐dipyrromethene 
(BODIPY) 493/503 (Invitrogen) for 1  h and observed 
lipid accumulation. Stained cells were visualized with 
Leica fluorescence microscope in 20X.

Metabolomics analysis
Metabolites were extracted from treated and untreated 
cells (in two time points) using ice-cold methanol. 
Metabolite extracts were subjected to liquid chroma-
tography-mass spectrometry (LC–MS) analysis at the 
Center of Mass Spectrometry and Metabolic Tracing 
(Washington University). Briefly, ultra-high performance 
liquid chromatography coupled with mass spectrometry 
(UHPLC/MS) analyses were conducted using a Thermo 
Scientific Vanquish Flex UHPLC system, interfaced with 
a Thermo Scientific Orbitrap ID-X Tribid Mass Spec-
trometer. For the separation of polar metabolites, a HILI-
CON iHILIC-(P) Classic HILIC column (100 × 2.1  mm, 
5  µm) with a HILICON iHILIC-(P) Classic guard col-
umn (20 × 2.1 mm, 5 µm) was utilized. The mobile-phase 
solvents consisted of solvent A = 20  mM ammonium 
bicarbonate, 2.5  µM medronic acid, 0.1% ammonium 
hydroxide in 95:5 water:acetonitrile and solvent B = 95:5 

Table 1 List of primes used in qRT-PCR

Gene Species Primer type Sequence
GLUT1 Hs FP 5′-GGG GTC CTA TAA ACG CTA CGG-3′

RP 5′-GGG GGC ATT GAT GAC TCC AG-3′
FASN Hs FP 5′-GCA AGC TGA AGG ACC TGT CT-3′

RP 5′-TCC TCG GAG TGA ATC TGG GT-3′
FASN Mm FP 5′-GAT GGA AGG CTG GGC TCT ATG-3′

RP 5′-GTT CGT TCC TCG GAG TGA GG-3′
PKM Hs FP 5′-CAG AGG CTG CCA TCT ACC AC-3′

RP 5′-GGC CTT GCC AAC ATT CAT GG-3′
PDK3 Mm FP 5′-ACA CTA ACC CTG CAC ATC CG-3′

RP 5′-GAA TGG GTT TGT TTG GCG CT-3′
PDK3 Hs FP 5′-CCC CTT TGG CTG GAT TTG GTTA-3′

RP 5′-CAC AGA GAG GAC CAC AGC ATT-3′
LDHA Hs FP 5′-AGC TGT TCC ACT TAA GGC CC-3′

RP 5′-TGG AAC CAA AAG GAA TCG GGA-3′
LDHA Mm FP 5′-CCT TCT CGT CTG AGC TGT GG-3′

RP 5′-CAG GCT CAC AGG GGT AAT CG-3′
ACLY Hs FP 5′-GAC TTC GGC AGA GGT AGA GC-3′

RP 5′-TCA GGA GTG ACC CGA GCA TA-3′
SREBP-1C Hs FP 5′-TTT GAG GAC AGC AAG ACA GAAT-3′

RP 5′-ATT GAG CAG CCA GAC CAC TG-3′
Srebf1 Mm FP 5′-GAA CAG ACA CTG GCC GAG AT-3′

RP 5′-CTC AGG AGA GTT GGC ACC TG-3′
HK1 Hs FP 5′-AGT TTG ACA GGG AGA TAG ACC-3′

RP 5′-CAT CAC TGG TGT TAA ACT TCC-3′
HK1 Mm FP 5′-ATT GTA GCT GTG GTG AAT GAC-3′

RP 5′-TCA AAC TCT GTT CGA ATG TCT-3′
PFKP Hs FP 5′-CAG AAG TAC GCC TAC CTC AAC-3′

RP 5′-CTC CAG AAC GAA GGT CCT CT-3′
ACC1 Hs FP 5′-TCA CAC CTG AAG ACC TTA AAGCC-

3′
RP 5′-AGC CCA CAC TGC TTG TAC TG-3′

ACC1 Mm FP 5′-AGG CGG ATA TCT GCT GAG AC-3′
RP 5′-ATC GGG AGT GCT GGT TTA GC-3′

SCD1 Hs FP 5′-GGA GCT CAT CGT CTG TGG AG-3′
RP 5′-GCC AGG TTT GTA GTA CCT CCT-3′
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acetonitrile:water. The column compartment tempera-
ture was maintained at 45  °C, and metabolites were 
eluted using a linear gradient at a flow rate of 0.25 mL/
min as follows: 0–1  min, 90% B; 12  min, 35% B; 12.5–
14.5  min, 25% B; 15  min, back to 90% B. The injection 
volume was 2 µL. Data was acquired in both positive 
and negative ion modes. The LC/MS data were then pro-
cessed and analyzed using Skyline [15] by comparing 
retention times and mass spectra to standard compounds 
or metabolite databases.

Tumorigenicity assay
MOC2 cells (1 ×  106) containing 40% Matrigel were 
injected subcutaneously into the flank of C57BL/6 mice 
(6 −7  weeks old), purchased from Charles River. Mice 
(n = 5) were randomly divided into two groups when pal-
pable tumors developed (> 80–100  mm3). The treatment 
group received 30 mg/kg/mouse of M-I (100 uL- M-I was 
dissolved in 5% DMSO/95% of a 30% w:v Captisol solu-
tion) intraperitoneally once daily, and the control group 
received equal volume of vehicle solution, as described 
previously [12]. Body weight was monitored, tumor size 
was measured using a slide caliper, and tumor volume 
was calculated using the formula ½ L ×  W2. At the end-
point, mice were euthanized humanely, and tumors were 
collected for mRNA analysis. All animal experiments 
were performed in accordance with NIH guidelines fol-
lowing a protocol approved (protocol # 1017) by the 
Institutional Animal Care and Use Committee (IACUC) 
of Saint Louis University.

Statistical analysis
Results are presented as mean ± standard deviation (SD). 
Statistical significance was determined using Student’s 
t-test or one-way ANOVA. Data were analysed using 
GraphPad Prism software. A p-value < 0.05 was con-
sidered statistically significant. All experiments were 
repeated at least three times, and representative data are 
shown.

Results
Momordicine I (M‑I) treatment modulates glycolytic gene 
expression
Glucose metabolism is markedly altered during prolif-
eration and is a key feature of cancer cell metabolism. 
In the glycolytic pathway, hexokinase (HK) catalyses the 
first committed step in glucose metabolism by phos-
phorylating glucose to produce glucose-6-phosphate. 
GLUT1, a membrane protein, is the limiting step in the 
glucose flux into metabolic pathways [16]. GLUT-1 is 

highly expressed in several cancers including head and 
neck cancer [17]. To investigate whether M-I exerts an 
effect on glucose metabolism in HNC cells, we treated 
the Cal27 and JHU22 cells with M-I for 30 h and analysed 
changes in glycolysis genes. A significant downregulation 
of HK1 and SLC2A1 (GLUT-1) expression was observed 
in both the cell lines following M-I treatment (Fig.  1). 
Phosphofructokinase (PFK) catalyses another key regula-
tory step that converts fructose 6-phosphate to fructose 
1, 6-bisphosphate, and PFKP is a major isoform of can-
cer cells. In oral cancer, regulation of PFKP expression 
promotes cell proliferation, migration, and invasion [18]. 
PFKP mRNA was also decreased in both cells following 
M-I treatment (Fig. 1).

Pyruvate kinase converts phosphoenolpyruvate to 
pyruvate and ADP. PKM is known to be involved in pro-
gression of cell proliferation and migration and inhibiting 
apoptosis in HNC [19, 20]. M-I reduced PKM expression 
in both HNC cell lines (Fig. 1). Pyruvate dehydrogenase 
kinase (PDK) regulates the activity of pyruvate dehydro-
genase (PDH) by phosphorylation. Phosphorylated PDH 
is inactivated, thus reducing the conversion of pyruvate 
to acetyl-CoA. We observed decreased PDK3 mRNA in 
HNC cells following M-I treatment (Fig.  1). Altogether, 
these expression changes suggest that M-I decreases gly-
colytic and oxidative glucose metabolism in HNC cells. 
To further investigate the metabolic impact of M-I on 
HNC cells, we conducted a comprehensive metabolomics 
study. Our study revealed significant alterations in the 
metabolic profile of HNC cells following treatment with 
M-I.

Lactate dehydrogenase-A (LDHA) facilitates glyco-
lysis by converting pyruvate to lactate and replenishing 
NAD + . Lactate is produced in significant quantities in 
cancer cells. It causes the extracellular pH in the tumor 
microenvironment to become more acidic which pro-
motes metastasis, angiogenesis, and immunosuppres-
sion. In Cal27 and JHU22 cells, LDHA mRNA expression 
was significantly downregulated in M-I treated groups as 
compared to respective control groups (Fig. 1). Next, we 
measured the total lactate levels in Cal27 and JHU22 cells 
and observed significantly lower levels of lactate produc-
tion in M-I treated cells (Fig. 2A). We also observed inhi-
bition of GLUT1 and LDHA protein expression following 
M-I treatment in both cell lines (Fig.  2B). Furthermore, 
we also investigated the effect M-I treatment on glyco-
lytic gene expression in mouse oral squamous cell car-
cinoma (MOC2) cells. Similarly to the human cell lines, 
M-I reduced expression of Hk1, Pdk3, and Ldha (Fig. 2C), 
further suggesting a reduction in glycolytic metabolism 
by M-I treatment.
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M‑I alters metabolite pool size in HNC cells
The lactate production was significantly decreased in 
cells treated with M-I, confirming that glycolysis was 
suppressed. We further performed metabolomic study 
using Cal 27 cells treated with M-I for (10 h-M-I-1 and 

22  h (M-I-2). Metabolites associated with the glycolytic 
pathway were markedly reduced in M-I-treated cells 
compared to controls. The pool size of several intermedi-
ates of the TCA cycle (malate, citrate, isocitrate, alpha-
ketoglutarate) were reduced in Cal27 cells following 

Fig. 1 M-I treatment decreases expression of glycolytic genes in HNC cells. Relative mRNA expression of HK1, GLUT-1, PFKP, PKM, PDK3, and LDHA 
was analysed by q-RT-PCR in Cal27 and JHU22 cells with or without M-I treatment. Vehicle (DMSO) was used as control (Con). 18 s gene was used 
as internal control. Data were analysed by Student’s t-test. Small bars indicate standard error (*P < 0.05, **P < 0.01; ***P < 0.001). n = 3 biological 
replicates and 3 technical replicates

Fig. 2 M-I inhibits lactate production in HNC cells. A Cal27 and JHU22 cells were treated with M-I for 30 h and analysed for lactate production 
at 450 nm. Data were analysed by Student’s t-test. Small bars indicate standard error (***P < 0.001). n = 3 biological replicates. B Lysates from Cal27 
and JHU22 cells treated with M-I were analysed for GLUT1 or LDHa expression by western blot using specific antibody. The blot was reprobed 
with Actin antibody as an internal control. C Mouse oral cancer (MOC2) cells were treated with M-I. Total RNA was isolated from ~ 30 h of treatment 
and expression of glycolic genes (Hk1, Pdk3 and Ldha) was measured by qRT-PCR. 18 s gene was used as internal control. Data were analysed 
by Student’s t-test. Small bars indicate standard error (*P < 0.05, **P < 0.01; ***P < 0.001). n = 3 biological replicates and 3 technical replicates
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M-I treatment (Fig.  3A). On the other hand, the levels 
of amino acids (arginine, asparagine, glycine, histidine, 
leucine, lysine, methionine, phenylalanine, proline, ser-
ine, threonine, tryptophan, tyrosine, and valine) were 
increased (Fig.  3B-C), suggesting that cells may exert 
another energy acquisition for survival or cells are taking 
up amino acids to compensate for reduced glucose utili-
zation in TCA. These findings suggest that M-I treatment 
disrupts central metabolic pathways crucial for cancer 
cell energy production and biosynthesis.

M‑I treatment modulates de novo lipogenesis
Cancer cells depend on lipogenesis to fuel membrane 
growth for proliferation. To begin to investigate whether 
M-I modulates de novo lipogenesis, we examined the 
mRNA and protein expression of key enzymes. We 
observed a significant downregulation of mRNA expres-
sion of ACLY, ACC1, FASN and SCD1 following M-I 
treatment in both human HNC cell types (Fig. 4A). These 
lipogenesis genes are strongly controlled by the tran-
scription factor sterol regulatory element-binding pro-
tein (SREBP) and M-I treatment also decreased SREBP1 
expression in Cal27 and JHU22 cells. Additionally, we 
observed reduced protein levels of ACLY and FASN in 
M-I treated groups of Cal27 and JHU22 cells (Fig.  4B). 
We further observed inhibition of Fasn, Acc1, and Srebf1 
in M-I treated murine MOC2 cells (Fig. 4C). These gene 

expression changes strongly suggest M-I reduces de novo 
lipogenesis.

To further assess the effect of M-I on lipid content 
in HNSCC cells, shotgun lipidomics was conducted 
using Cal27 and JHU22 cell lines following M-I treat-
ment to elucidate alterations in lipid composition. 
Phospholipid composition provides insight into altera-
tions in cellular membranes, which play vital roles in 
disease pathways. We observed an enhancement of 
lysophosphatidylcholine (LPC) following M-I treat-
ment in Cal27 (A) and JHU22 (B) cells accompanied by 
decreased levels of several phosphatidylcholine (PC) 
molecular species (Fig. 5).

M‑I rewires mitochondrial function
Enhanced LPC may contribute to mitochondrial dys-
function [21]. We next tested the mitochondrial mem-
brane potential by a JC-1 assay which showed reduced 
mitochondrial membrane potential in HNC cells with 
M-I treatment (Fig.  5C). Mitochondria are key play-
ers in regulation of cellular bioenergetics and pro-
duce the bulk of adenosine triphosphate by oxidative 
phosphorylation (OXPHOS). Cancer cells actively 
use anaerobic glycolysis or combination of OXPHOS 
and glycolysis for ATP production under stress for 
survival. To test whether M-I affects the OXPHOS 

Fig. 3 M-I alters metabolites in TCA cycles and amino acids. A M-I inhibit TCA intermediates following 10 h (M-I-1) and 22 h (M-I-2) of treatment 
in Cal 27 cells. Blue color in heatmap is untreated control, orange colour is cells treated for 10 h and green colour is cells treated for 22 h. B-C M-I 
treatment enhances amino acids following treatment. n = 3 biological replicates
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capacity of HNC cells, we measured the oxygen con-
sumption rates (OCR) of HNC cells with and without 
M-I treatment by the Seahorse bioanalyzer. A signifi-
cant decrease in these parameters were observed in 
Cal27 (D) and JHU22 cells (E) following M-I treatment 
(Fig. 5).

M‑I induces autophagy in HNC cells
To test the lipid accumulation following M-I treat-
ment, cells were stained with lipophilic dye BODIPY 
493/503. Interestingly, we noted district punctate dots 
in M-I treated JHU22 cells (Fig. 6A), suggesting induc-
tion of autophagy. Autophagy is emerging as a double-
edged sword in cancer and is highly context-specific 
depending on the cell type, tumor microenvironment, 
disease stage, and external stimuli. To further validate, 
we examined the effect of M-I treatment on forma-
tion of the autophagosome membrane by detecting the 
conversion of LC3I to lipidated LC3II. M-I treatment 
in JHU22 cells triggered autophagy as compared to 
control cells, as indicated by increased LC3II (Fig.  6B, 
left panel), corroborating the appearance of punctate 
dots observed in BODIPY staining. Autophagic flux is 
defined as a measure of autophagic degradation activ-
ity [22]. LC3-II level is an indicative of autophagic 
flux and we observed much higher LC3II level in M-I 
treated cells. The p62 levels are negatively correlated 

with autophagic flux. We examined the expression 
level of p62 by Western blot analysis and interestingly 
observed that accumulation of p62 expression in M-I 
treated cells (Fig. 6B, right panel). p62 accumulation is 
correlated with apoptotic cell death [23]. We showed 
that bitter melon treatment accumulates p62 expres-
sion breast cancer cells [24]. The PI3K/AKT/mamma-
lian target of rapamycin (mTOR)/p70S6K pathways are 
frequently amplified in oral cancer [24, 25]. Modula-
tion of the AMPK/mTOR pathway is also associated 
with the initiating of autophagy in cancer cells. To 
investigate whether the AMPK/mTOR pathway was 
involved in M-I-induced autophagy, we observed that 
M-I activates  pAMPKT172 and reduces  pmTORS2448 in 
JHU22 cells (Fig.  6C). The higher total mTOR expres-
sion in M-I treated samples is most likely due to inhibi-
tion of mTOR phosphorylation. Inhibition of  pAktT308 
in JHU22 cell lines following M-I treatment was 
observed (Fig.  6C). To investigate whether induction 
of autophagy is related to lipogenesis, we treated the 
cells with Bafilomycin A1, an inhibitor of autophago-
some-lysosome fusion, along with M-I. We measured 
mRNA expression of FASN, ACC1 and ACLY in M-I 
or M-I + Baf1 treated cells. Our results suggested that 
blocking autophagy does not rescue the M-I mediated 
decrease in expression of lipogenesis genes (Fig.  6D). 
Together, our results showed that AMPK/mTOR/Akt 

Fig. 4 M-I treatment inhibits expression of different enzymes of de novo lipogenesis in HNC cells. A Relative mRNA expression of ACLY, ACC1, 
FASN, SCD1 and SREBP1c was analysed by qRT-PCR in Cal27 and JHU22 cells with or without M-I treatment. Vehicle was used as control (Con). 18 s 
gene was used as internal control. Small bar indicates standard error (*P < 0.05, **P < 0.01; ***P < 0.001). n = 3 biological replicates and 3 technical 
replicates. B Lysates from Cal27 and JHU22 cells treated with M-I were subjected to western blot analysis for ACLY and FASN using specific 
antibodies. The membrane was reprobed with antibody to actin as an internal control. C Total RNA was isolated from MOC2 cells treated with M-I, 
and expression of Fasn, Acc1 and Srebf1 was measured by qRT-PCR. 18 s gene was used as internal control. Data were analysed by Student’s t-test. 
Small bars indicate standard error (*P < 0.05, **P < 0.01; ***P < 0.001). n = 3 biological replicates and 2 technical replicates
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signaling pathway plays a crucial role in M-I-induced 
autophagy in HNC cells. LC3 can serve as a platform 
to facilitate apoptosis [26]. We further observed PARP 
cleavage in M-I treated JHU22 cells (Fig. 6E). In-depth 
mechanism of how autophagy leads to apoptosis in M-I 
treated HNC cells needs further investigation.

M‑I treatment represses metabolic pathway in vivo
To investigate whether M-I treatment alters the meta-
bolic pathways genes in mouse oral cancer, we gener-
ated tumors in C57BL/6 mice by implanting murine 
MOC2 cells as described previously [14]. As expected, 
M-I treatment significantly inhibited tumor growth 
without altering body weight (Fig.  7A-B). Expression 
of glycolytic enzymes Hk1 and Pdk3, and lipogenic 
enzymes Fasn and Acly were tested from these tumors 
and M-I treatment induced a significant decrease in 
both genes (Fig. 7C), in agreement with in vitro results. 
We reported previously that M-I treatment does not 
alter blood glucose level in tumor bearing mice [12].

Discussion
Cancer cell metabolic pathways are reprogrammed dur-
ing tumor progression. In this study, we showed that M-I 
modulates glucose and lipid metabolism and induces 
autophagy in HNC cells. The metabolic reprogramming 
is facilitated by M-I through inhibition of (i) crucial reg-
ulatory genes (GLUT1, PKM, PDK3) of the glycolysis 
pathway resulting in reduction in lactate production, (ii) 
inhibition of key fatty acid synthesis genes (ACLY, ACC1, 
FASN), leading to an increase of lysophosphatidylcho-
line and mitochondrial dysfunction, and (iii) induction 
of autophagy. We further observed reduced expression 
glycolytic and lipogenesis molecules M-I treated HNC 
mouse tumors.

Glucose is an important source of energy and car-
bon in normal and cancer cells. GLUT1, a key glucose 
transporter, often overexpresses in cancers and facili-
tates increased glucose uptake to support the metabolic 
demands of dividing cancer cells [27, 28]. The substantial 
reduction in GLUT 1 expression following M-I treatment 
suggests that M-I disrupts the metabolic balance of HNC 
cells. Overexpression of PFKP and PKM2 was reported 

Fig. 5 HNC cells treated with M-I enhances lysophosphatidylcholine (LPC) levels. Cal27 (A) and JHU22 (B) cells were treated with M-I and lipid 
profile was analysed by electrospray ionization-tandem mass spectrometry (ESI–MS/MS), respectively. Representative mass-spectra showing 
lysophosphatidylcholine (top panel) and phosphatidylcholine (bottom panel). C M-I treatment reduces mitochondrial membrane potential in Cal27 
and JHU22 cells as measured by JC-1 activity. (*P < 0.05, **P < 0.01; ***P < 0.001). n = 2 biological replicates and 3 technical replicates. D, E Oxygen 
consumption rate (OCR) was assessed using the Seahorse XF extracellular flux analyser. Cal27 cells (D) were treated with M-I (5 ug/ml) for 24 h. 
JHU22 cells (E) were treated with M-I (10 ug/ml -orange, 15ug/ml-black) for 24 h. Data are plotted to demonstrate the differences in the basal 
respiration rate, ATP-linked respiration, and maximal respiratory capacity (bottom panels). Small bars indicate standard error (*P < 0.05, **P < 0.001). 
n = 2 biological replicates and 10 technical replicates
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Fig. 6 M-I treatment induces autophagy in HNC cells. A M-I treated JHU22 cells were stained with BODIPY (green). A representative image 
(20 ×) is shown. White arrows indicate the puncta dots. B Cell lysates were analysed by western blot for LC3 (16 KDa and 14 KDa) expression 
using specific antibody left panel). Cell lysates were analysed by Western blot for p62 (62KDa) expression using specific antibody (right panel). 
The blot was reprobed with an antibody to actin or tubulin for comparison of protein load. C JHU22 Cell lysates were analysed by western blot 
for  pAMPKT172/AMPK (62 KDa), p-mTORS2448/mTOR (289 KDa) and  pAktT308/Akt (60KDa) expression using specific antibodies. The blots were 
reprobed with an antibody to actin for comparison of protein load. D M-I treated HNC cells were treatment with Bafilomycin A1, an inhibitor 
of autophagosome-lysosome fusion. Relative mRNA expression of ACC1, ACLY and ACLY was analysed by qRT-PCR and normalized by 18 s RNA. 
n = 2 biological replicates and 2 technical replicates. E JHU22 cell lysates were analysed by Western blot for cleaved PARP (cPARP) expression using 
specific antibody. The blot was reprobed with an antibody to actin for comparison of protein load

Fig. 7 M-I treatment inhibits glycolysis and lipogenesis in vivo. MOC2 cells (1 ×  106) were injected subcutaneously into C57BL/6 mice. Tumor‐
bearing mice were randomly divided into two groups. The control group received vehicle, and the experimental group received 30 mg/kg/mouse 
M-I via intraperitoneal injection every day until the end of the experiment. A Tumor volume post-M-I treatment. B Representative images of tumors 
from control and M-I-treated groups. C Relative mRNA expression of Hk1, Pdk3, Fasn and Acly was analysed by qRT-PCR from control or M-I treated 
tumor RNA.18 s gene was used as internal control. Small bar indicates standard error (*, p < 0.05; **, p < 0.01). n = 3 technical replicates
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in several cancers including oral cancer and inhibiting 
these molecules suppress cell growth [4, 29]. Another 
important glycolytic gene, LDHa, is upregulated in many 
cancers including HNC. Upregulation of pyruvate dehy-
drogenase kinase (PDK) isoforms including PDK3 was 
reported in different cancers and associated with chem-
oresistance. The reduced expression of HK1, PFKP, 
PDK3, PKM and LDHA in HNC cells was observed fol-
lowing M-I treatment. M-I may increase pyruvate dehy-
drogenase activity by suppressing PDK3 hence favoring 
pyruvate entry into the TCA cycle as opposed to lactate 
production. Lactate could also be reduced because glu-
cose is being shunted to different pathway. Although 
targeted therapies for HK, GLUT1 or LDHA have been 
developed against cancers, the success is limited due 
to toxicity or non-specific affect. However, we did not 
observe any systemic toxicity using M-I in this preclini-
cal study and our previous reports [12, 14]. Metabolic 
reprogramming influences the drug resistance [30]. We 
and others have shown that bitter melon extracts or M-I 
inhibited glycolysis in cancer cells [4, 31], however, mod-
ulation of glycolysis pathway in non-tumor Hek293 cells 
following M-I treatment was not noted. Thus, inhibiting 
several glycolytic genes by M-I in HNC cells suggests its 
potential therapeutic efficacy.

The de novo lipogenesis is another critical meta-
bolic pathway that enables cancer cells to generate fatty 
acids from non-lipid precursors, providing a survival 
advantage by ensuring a continuous supply of lipids for 
membrane synthesis and energy storage. This multistep 
process begins with the conversion of cytosolic citrate 
to acetyl-CoA by ACLY. Acetyl-CoA is then sequen-
tially processed by ACC and FASN to form the saturated 
fatty acid palmitate. The lipid-modifying enzyme SCD 
subsequently catalyses the conversion of palmitate to 
monounsaturated fatty acids, which are further metabo-
lized into various lipid species essential for cellular func-
tions. These enzymes are also important components of 
the de novo lipogenesis pathway, catalysing consecutive 
stages in the conversion of citrate to fatty acids, which 
are essential building blocks for lipid biosynthesis [20, 
32]. Elevated expression of SCD1 has been negatively 
correlated with survival in oral cancer patients under-
scoring the potential role of de novo lipogenesis in pro-
moting cancer progression [33]. M-I treatment in HNC 
cells reduced expression of important lipogenic enzymes 
ACLY, ACC1, FASN, and SCD1, however, no effect on 
non-tumor Hek293 cells.

Using shotgun lipidomics analysis, we observed 
enhanced level of LPC in M-I treated HNC cells. PC is 
one of the most abundant phospholipids in membrane of 
mammalian cells and subcellular organelles, and cancer 
cells generally convert free fatty acids for phospholipid 

synthesis. The concomitant loss of PC indicates LPC is 
produced by phospholipase A2 activity or diminished 
acyltransferase activity in the presence of M-1. LPC 
increases the production of pro-inflammatory cytokines, 
induces oxidative stress, and promotes apoptosis [34]. 
LPC varies greatly among different cancer patients and a 
lower level of LPC (16:0) has been found in intrahepatic 
cholangiocarcinoma, ovarian cancer, and colorectal can-
cer patients. LPC (18:0) inhibits melanoma invasion and 
metastasis [35]. Enhanced LPC exerts mitochondrial 
dysfunction. Mitochondria are central to both energy 
production and apoptotic pathways [36]. The reduction 
in mitochondrial membrane potential, as indicated by 
decreased JC-1 activity, suggests that M-I may induce 
mitochondrial dysfunction. Further, we found that M-I 
significantly decreased the OCR in HNC cells. Mito-
chondrial dysfunction can lead to reduced ATP produc-
tion and increased oxidative stress, potentially triggering 
cell death pathways [37, 38]. We observed reduced ATP 
level in our metabolomics study following M-I treat-
ment. Inhibition of glucose and lipid metabolisms induce 
apoptotic cell death, and we showed induction of apopto-
sis in M-I treated HNC cells. Further, the concentration 
of glucose was comparable in M-I treated groups with 
untreated control mice, with little measurable toxicity.

Lipid metabolic processes have been shown to be 
involved in the regulation of apoptosis, revealing the role 
in regulating tumorigenesis [39]. Enhanced glucose 
uptake is one of the hallmarks of cancer and is regulated 
by the growth factor signaling pathway that stimulates 
glucose transporter expression. M-I inhibits GLUT1 
expression suggesting that downstream pathways are 
altered resulting in less energy production. Although 
amino acids play an important role in cancer metabolism 
[40], targeting them as a single agent may influence nor-
mal cells and may have systemic toxicity. Therefore, key 
point needs to be considered when targeting the amino 
acid metabolism, not to generate toxicity in normal tis-
sues, and M-I did not display any noticeable toxicity in 
the preclinical studies [12, 14].

Autophagy is an evolutionally conserved catabolic pro-
cess in all eukaryotic cells, however, two opposite mecha-
nisms for autophagy in cancer development have been 
reported. A growing body of evidence has indicated that 
several natural products can be an autophagy inducer 
for an anticancer therapy [24, 41, 42]. We observed M-I 
treatment induces autophagy in HNC cells independ-
ent of modulation of lipogenesis. AMPK, an important 
sensor of intracellular energy levels, maintains normal 
energy balance by regulating cellular metabolism and 
inhibits mTOR signaling pathway for mechanistic mod-
ulation of autophagy. Our data demonstrated that the 
induction of autophagy by M-I in HNC cells is related 
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to the inhibition of mTOR/Akt signaling. In cancer, Akt 
signaling is also one of the key regulators of metabolism. 
The AKT pathway promotes de novo lipid synthesis via 
transcriptional and post-translational mechanisms [43]. 
Thus, inhibition of Akt signaling by M-I may alter de 
novo lipogenesis and autophagy pathways. The metabolic 
change-induced energy stress may be one of the impor-
tant reasons for the cell death [44]. Cancer targeting 
therapy is more precise with less side effects on the nor-
mal tissue as compared to traditional therapy, although 
mechanism of M-I mediated modulatory role in differ-
ent signaling pathways remains to be elucidated. In silico 
analysis suggested the interacting sites of few candidate 
molecules, however, validation of these molecules is 
needed.

In summary, current clinical outcomes are insufficiently 
robust, despite the development of various therapies, and 
new effective approaches are an unmet need. Metabolic 
rewiring unquestionably affects cancer cell proliferation, 
and the translation of metabolic reprogramming into 
clinical care will be beneficial, however, dependency on 
metabolic pathways is not universal for all cancer types. 
The metabolic changes in M-I treated HNC cells could 
affect the tumor microenvironment, influencing inter-
actions with stromal cells and the immune system. The 
lipidomic alterations induced by M-I treatment in HNC 
cells, coupled with the observed mitochondrial dysfunc-
tion, underscore the potential of M-I as a multifaceted 
therapeutic agent. These findings open new avenues 
for the development of targeted therapies that exploit 
the unique metabolic dependencies of cancer cells. Our 
study is the first to demonstrate the multifaceted effects 
of M-I, isolated from M. charantia extract, in reprogram-
ming glucose and lipid metabolism, inducing autophagy, 
disrupting mitochondrial function in HNC cells, and 
reducing tumor volume, which highlights its potential as 
a therapeutic agent targeting metabolic vulnerabilities in 
cancer.
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