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ARTICLE INFO ABSTRACT
Keywords: Calotropis gigantea stem bark extract, particularly the dichloromethane fraction (CGDCM),
Nutritional starvation demonstrated the most potent antiproliferative effects on hepatocellular carcinoma HepG2 and

Colon cancer cells

Calotropis gigantea stem bark extract
Apoptosis

Reactive oxygen species

colorectal HCT116 cells. The current study focused on enhancing the effectiveness of cancer
treatment with CGDCM at concentrations close to the IC50 in HCT116 cells by reducing their
nutrient supply. CGDCM (2, 4, and 8 pg/mL) treatment for 24 h under glucose conditions of 4.5 g/
L without fetal bovine serum (FBS) supplementation or serum starvation (G+/F—), glucose 0 g/L
with 10% FBS or glucose starvation (G—/F+), and glucose 0 g/L with 0% FBS or complete
starvation (G—/F—) induced a greater antiproliferative effect in HCT116 cells than therapy in
complete medium with glucose 4.5 g/L and 10% FBS (G+/F+). Nonetheless, the anticancer effect
of CGDCM at 4 pg/mL under (G—/F—) showed the highest activity compared to other starvation
conditions. The three starvation conditions showed a significant reduction in cell viability
compared to the control (G+/F+) medium group, while the inhibitory effect on cell viability did
not differ significantly among the three starvation conditions. CGDCM at 4 pg/mL in (G—/F-)
medium triggered apoptosis by dissipating the mitochondrial membrane potential and arresting
cells in the G2/M phase. This investigation demonstrated that a decrease in intracellular ATP and
fatty acid levels was associated with enhanced apoptosis by treatment with CGDCM at 4 pg/mL
under (G—/F-) conditions. In addition, under (G—/F—), CGDCM at 4 pg/mL increased levels of
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reactive oxygen species (ROS) and was suggested to primarily trigger apoptosis in HCT116 cells.
Thus, C. gigantea extracts may be useful for the future development of alternative, effective cancer
treatment regimens.

1. Introduction

Despite being recognized as one of the most prevalent malignancies, the mortality rate of colon cancer is also one of the highest in
the world [1,2]. The colorectal cancer (CRC) incidence is reported to be among the top three cancer rates in both men and women and
the second highest when men and women are combined [3]. Chemotherapeutic medicines, such as 5-fluorouracil (5-FU), provide a
higher risk of severe adverse effects on normal tissues, hence limiting their therapeutic efficacy [4]. Consequently, significant progress
in the discovery of potential cancer therapies has been focused on the development of plant extracts as alternative therapeutic regi-
mens to improve their effectiveness and counteract cytotoxicity in normal cells.

Normal cells rely on nutrition as the primary substrate for energy metabolism via the mitochondrial citric acid cycle, which
converts glucose into adenosine triphosphate (ATP). Additionally, glucose is required for the biosynthesis of several macromolecules
that are essential for cell growth [5]. In addition, fatty acids (FAs) function as energy substrates for cell development signaling
molecules [6-8]. In contrast to normal cells, cancer cells have a modified metabolism, including increased glucose absorption, glu-
taminolysis, and fatty acid production, as an adaptation for tumor cell growth and survival [9]. The metabolic shift of cancer cells, or
the “Warburg effect,” demonstrates enhanced anaerobic metabolism of ATP synthesis under conditions without dependence on the
supply of oxygen that leads to increased lactate production. Overexpression of transient receptor potential channel 5 (TRPC5) in breast
cancer cells enhances glucose absorption via glucose transporter protein (GLUT) upregulation, which is correlated with the PI3K/Akt
pathway and leads to enhanced breast carcinogenesis [10]. The overexpression of GLUT1 in gastric cancer cells improves glucose
uptake and consumption, elevates lactate and ATP production, and ultimately stimulates cell proliferation [11]. In addition, the
overexpression of sodium-glucose transporter 2 (SGLT2) in breast cancer [12] and human liver cancer cells [13] contributes signif-
icantly to cancer proliferation and progression.

Nutrient deprivation has a cytotoxic effect on cancer cells [14-17]. Decreasing glucose absorption by downregulating GLUT-1
inhibited the development of colon cancer cells [18]. In addition, glucose restriction promotes the anticancer efficacy of numerous
anticancer therapy regimens. Secalonic acid D, a xanthone derivative derived from the culture medium of marine-derived Penicillium
oxalicum, exhibits antiproliferative activity against human pancreatic cancer PANC-1 cells under glucose deficiency conditions by
selectively suppressing the mitochondrial oxygen consumption rate of oxidative phosphorylation [19]. Low glucose medium improved
the sensitivity of rat glioma, human glioma, and human neuroblastoma cells to chemotherapeutic agents [20]. Metformin induced
apoptosis in hepatocellular carcinoma HepG2/C3A and HuH-7 cells under glucose-depleted conditions [21]. In addition to glucose, de
novo fatty acid synthesis is a key source of energy for membrane formation and the reducing equivalent nicotinamide adenine
dinucleotide phosphate (NADPH) for the antioxidant system, hence promoting cell viability [22,23]. Fatty acid synthesis inhibition
occurs by inhibiting fatty acid B-oxidation (FAO) and fatty acid synthase (FASN) activities, resulting in apoptotic cell death [24-27].
Therefore, nutrient restriction is strongly suggestive of an antiproliferative treatment for cancers and may have prospectively enhanced
anticancer efficacy in future cancer therapeutic research.

Fetal bovine serum (FBS) is recognized as a nutrient-rich supplement to culture media that is essential for promoting cell meta-
bolism, growth, and proliferation [28]. Following serum deprivation, head and neck squamous cell carcinoma proliferation and
migration were significantly reduced as a result of abnormal cell growth, proliferation, and progression gene expression [29].
Short-term starvation increased the toxicity of the chemotherapeutic agent oxaliplatin in mice bearing CT26 colon carcinoma cells and
exhibited additive cytotoxic effects in colon cancer cell lines [30]. As a result, therapeutic development focused on the nutritional
supply of cancer cells has been highlighted as a prospective anticancer strategy.

Numerous studies have demonstrated that natural extracts are effective anticancer treatments due to their safety and practicability
in preclinical cancer therapy investigations [31]. Calotropis gigantea (C. gigantea) is a member of the Apocynaceae family and the
Asclepiadaceae subfamily. It is a native plant of various Eastern and Southeast Asian nations, including China, Thailand, Malaysia, the
Philippines, Cambodia, Indonesia, Laos, India, and Sri Lanka [32]. In Thailand, it is commonly known as “Rak”. Several parts of
C. gigantea, including the leaves, flowers, stem bark, root bark, and latex, are extensively used in folk medicine to treat illnesses, and it
has preventive properties against the proliferation of numerous types of cancer cells [33-37]. Currently, the effectiveness of mono-
therapy against cancer cells remains severely limited. Combinations of C. gigantea CGDCM extract and 5-FU at doses below their
respective IC50 were discovered to have significant therapeutic potential [37]. Therefore, it seems reasonable to hypothesize that
combining CGDCM extract from C. gigantea stem bark with nutritional disruption will enhance anticancer therapeutic results.

According to current knowledge, C. gigantea CGDCM stem bark extract has the potential to be one of the most promising cancer
therapy regimens for future cancer treatment research. The objective of our study focused on enhancing the anticancer activity of
nutrient starvation on the stem bark CGDCM extract fraction of C. gigantea at low concentrations. Our results will provide the basis for
the application of alternative anticancer therapeutic regimens comprising plant extracts and nutritional deprivation approaches
against cancer cells.



O. Simanurak et al. Heliyon 9 (2023) 18013

2. Materials and methods
2.1. Plant material and sample preparation

The collection and identification of the stem bark of C. gigantea, concomitantly with procedures including the extraction, frac-
tionation, and quantitative analysis of total contents of several phytochemicals in CGDCM, which was the sample used in this research,
were performed in our previous report elsewhere [37]. Briefly, the powdered, shade-dried stem bark of C. gigantea was extracted with
ethanol at 95% using ultrasonic assistance to obtain the crude extract and subsequently exposed to liquid-liquid partition between
water and dichloromethane to obtain the CGDCM fraction. The CGDCM sample was kept in a refrigerator (4 + 3 °C) until use. Plant
collection and use of the collected plants for research purposes was approved to comply with the Plant Varieties Protection Act B.E.
2542 (1999) Section 53 (permission number 0278) from the Department of Agriculture, Ministry of Agricultural and Cooperatives,
Thailand.

2.2. Quality control of CGDCM and characterization of calactin

Quality control of the tested sample, the CGDCM fraction, was performed in our previous report [37] by characterizing and
measuring the content of calotropin in the sample by high-performance liquid chromatography (HPLC).

In this study, one more cardenolide possessing anticancer activities, calactin, was characterized through high-resolution mass
spectrometry (HRMS) by using an Agilent 6540 UHD LCMS instrument. CGDCM was dissolved in methanol (MS grade, 1 mg/mL) and
then injected (10 pL) into a Phenomenex Luna® 3 pm C18 column (batch 5292-0075, dimensions 150 mm x 4.6 mm i.d., part number
00F—4251-EQ, serial number H5-150810) maintained the temperature of autosampler and column at 4 and then 25 °C, respectively. A
gradient system that included 0.1% formic acid-water solution and 0.1% formic acid-acetonitrile solution (0-95% acetonitrile, 30 min)
was used as the mobile phase. Throughout the analysis time, a constant flow rate of 0.8 mL/min was used. The detector used in this
procedure was the negative mode (m/z range 200-800) of the dual electrospray ionization setup with a 30 psi nebulizer pressure (N2),
a 10 L/min drying gas flow rate, and a 350 °C temperature. The retention time in the base peak chromatogram (BPC) and mass spectra
of CGDCM were used to characterize the existence of calactin in CGDCM compared to those of the blank (methanol) and calactin
standard.

2.3. Culture of HCT116 cells

HCT116 colon cancer cells were purchased from the RIKEN BRC CELL BANK (RCB2979, Japan) and cultured in McCoy’s 5A
(Corning, USA) supplemented with 10% FBS (Gibco, USA) and 1% Antibiotic-Antimycotic (Gibco, USA) as complete growth medium.
Normal human fibroblast IMR-90 cells (JCRB9054) (JCRB Cell Bank, Japan) were cultured in complete growth media of 10% FBS and
1% Antibiotic-Antimycotic supplement in DMEM (Corning, USA). A CO5 incubator set at a temperature of 37 °C and 5% CO4 was used
for cultured cells.

Cells were divided into 4 groups for the treatments: Group 1) vehicle complete medium with 4.5 g/L glucose and 10% FBS: (G+/
F+), Group 2) serum starvation with 4.5 g/L glucose and 0% FBS: (G+/F—), Group 3) glucose starvation with 0 g/L glucose and 10%
FBS: (G—/F+) and Group 4) complete starvation with 0 g/L glucose and 0% FBS: (G—/F—).

2.4. Cell proliferation assay

Cell proliferation was determined by the cell viability assay dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) (Merck, Germany). Briefly, after 24 h of treatment with various concentrations of CGDCM in complete (G+/F+) medium and
under starvation conditions, harvested cells were incubated for 4 h with MTT solution at 2 mg/mL at 37 °C. The yellow color of MTT is
converted into the violet color of formazan crystals from the activity of the mitochondrial reductase enzyme. The crystal was then
dissolved in dimethyl sulfoxide (DMSO) (Sigma, USA), and the cell viability levels were determined using a 595 nm OD microplate
reader (Synergy, BioTek, USA). GraphPad Prism 9 software was used to calculate cell viability percentages in comparison to (G+/F+)
medium.

2.5. Detection of cell proliferation by crystal violet assay

Cell proliferation was examined using crystal violet (SIGMA, USA). Briefly, after treatment, crystal violet in 70% ethanol was
applied to the cells for 30 min of incubation. Stained cells were measured with an inverted optical microscope (IX71, Olympus, Japan).

2.6. Wound healing assay

After reaching a cell monolayer density of 80% in a 12-well plate (Corning, USA), the gap between cells was created by scraping,
and then the gap distance was measured using an inverted optical microscope (IX71, Olympus, Japan) with CellSens standard (Ver.2.3)
software. The images were captured at 4x magnification.
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2.7. Flow cytometric determination of apoptosis

After 24 h of treatment, apoptosis was evaluated by double labeling cells with Annexin V/Alexa Fluor 488 conjugate (A13201,
Invitrogen, USA) and propidium iodide (PI) (P3566, Invitrogen, USA). During early apoptosis, Annexin V stains phosphatidylserine
(PS) in the outer membrane. PI can enter the cell and attach to double-stranded DNA when the cell membrane becomes permeable.
Cells in the late apoptosis stage were stained with both Annexin V and PI. The apoptotic cells were quantified with CytoFLEX flow
cytometry and CytExpert software (Version 2.4.0.28) (Beckman Coulter, USA) and calculated as percentages using GraphPad Prism9
software.

2.8. Measurement of the cell cycle by flow cytometry

After cells were treated for 24 h, harvested cells were fixed with cold 70% ethanol for 4 h at 4 °C. RNase A (AMRESCO, OH, USA)
and PI were applied to cells before the cell cycle of stained cells was detected by CytoFLEX flow cytometry and analyzed using
CytExpert software.

2.9. Reduction in mitochondrial membrane potential detected by flow cytometry and fluorescence microscopy

Mitochondrial membrane potential (MMP) is a key apoptosis regulator [38,39]. To measure MMP in the apoptosis pathway, after
cells were treated for 24 h, 10 pg/mL 5,5,6,6-tetrachloro-1,1',3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; CBIC2(3))
(Invitrogen, USA) was applied to harvested cells. MMP levels were detected by CytoFLEX flow cytometry and analyzed using CytExpert
software.

For visualization of MMP by fluorescence microscopy, after treating cells, 4% formaldehyde was applied and incubated for 15 min
at room temperature to fix cells, followed by staining cells with 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI) (Invitrogen,
USA) and JC-1 dye. Finally, visualization of the fluorescence of stained cells was performed with fluorescence microscopy (BX53F2,
Olympus Corporation, Japan).

2.10. Intracellular ATP level determination

A Luminescent ATP detection assay kit (ab113849: Abcam, USA) was used to measure the level of intracellular ATP. After treating
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Fig. 1. Base peak chromatograms and mass spectra of (A) Blank, (B) calactin standard and (C) CGDCM.
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Fig. 2. The effects of the CGDCM extract fraction from the stem bark of C. gigantea against the HCT116 cytotoxic effect after 24 h of incubation. (A)
The MTT assay was used to measure the inhibitory effect of CGDCM in complete medium (G+/F+) on HCT116 cells, and (B) IMR-90 fibroblasts
were treated with CGDCM at 2, 4, and 8 pg/mL in complete medium (G+/F+) and vehicle starvation conditions: serum starvation (G+/F—), glucose
starvation (G—/F+), and complete starvation (G—/F—). (C) Cell viability of HCT116 cells treated with CGDCM at 2, 4, and 8 pg/mL under (G+/F+),
(G+/F-), (G—/F+), and (G—/F—) conditions. (D) Representative cell viability images were obtained using the crystal violet assay to determine
HCT116 cell viability after treatment with CGDCM under (G+/F+) and starvation conditions. 0.8% DMSO in (G+/F+) and three distinct starvation
media represent the vehicle control. The data are presented as the mean + SD, and the significant differences were analyzed with one-way ANOVA
using Tukey’s HSD test at *; p < 0.05 versus the vehicle group in (G+/F+) medium. n = 3. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 3. The suppression effects on the migration ability of the CGDCM extract fraction from the stem bark of C. gigantea in HCT116 cells under
starvation conditions. Representative morphologies of the wound-healing determination of migration and a percentage of the migration gap were
obtained at 0, 12, 24, 48, and 72 h of CGDCM under (A, B) (G+/F+) medium and three distinct starvation media, (C, D) (G+/F-), (E, F) (G—/F+),
and (G, H) (G—/F—). Scale bar = 500 pm. 0.8% DMSO in (G+/F+) and three distinct starvation media represent the vehicle control. The data are
presented as the mean + SD, and the significant differences were analyzed with one-way ANOVA using Tukey’s HSD test at *; p < 0.05 versus the 0-

h vehicle media group. n = 3.
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and harvesting cells, the luciferase enzyme and luciferin were added to cells and incubated for 10 min at room temperature under light
protection. The luminescence signal was detected using a microplate reader (SpectraMax iD3, Molecular Devices, USA).

2.11. Fatty acid level determination

A nonesterified free fatty acid (NEFA) colorimetric assay kit (E-BC-K013-M: Elabscience, USA) was applied to measure intracellular
fatty acid concentrations after treating and harvesting cells, following the manufacturer’s instructions. A microplate reader at 715 nm
optical density (OD) was used for this procedure.

2.12. Measurement of reactive oxygen species (ROS) production by flow cytometry and fluorescence microscopy

2',7'-Dichlorodihydrofluorescein diacetate (H,DCFDA) (Invitrogen, USA) was applied to stain cells to measure the formation of ROS
according to the principle of the conversion of nonfluorescent HoDCFDA into highly fluorescent 2/,7'-dichlorofluorescein (DCF).
Following 24 h of treatment, cells were harvested and incubated in a CO; incubator with HoDCFDA for 45 min under light protection.
CytoFLEX flow cytometry was used to measure the DCF fluorescence signals, and CytExpert software was used for data analysis.

For fluorescence microscopy detection of ROS production, 4% formaldehyde was applied and incubated for 15 min at room
temperature to fix cells, followed by the addition of HobDCFDA and counterstaining with DAPL. Finally, the fluorescence of stained cells
was visualized by fluorescence microscopy.

2.13. Statistical analysis

Data are presented as the mean =+ SD, and the statistical significance of differences between the experimental and control groups at
p < 0.05 was analyzed with one-way analysis of variance (ANOVA) or Student’s t-test with Tukey’s post hoc test. Graph Prism Software
version 9 was used to analyze all data.

3. Results
3.1. Characterization of calactin in CGDCM

The quality control of CGDCM was previously performed and reported by using HPLC to measure the content of calotropin (6.2 +
0.32 mg calotropin/10 g CGDCM) [37,40]. Calactin, a cardenolide possessing anticancer activities, was identified in CGDCM and
characterized by using HRMS by comparing BPC and MS spectra to those of the blank and calactin standard, as shown in Fig. 1A-C. It
was found that the observed [M + HCOO]~ with m/z 577.25785 (the differences from calculated mass and standard calactin were
19.83 and 0.14 ppm, respectively) in the CGDCM sample at the retention time 16.37-16.67 min were similar to those of the calactin
standard (Cy9H4009, calculated mass 577.2693, observed [M + HCOO]~, m/z 577.25793; the difference from calculated mass was
19.69 ppm) with the same retention time of approximately 16.50-16.78 min. The results supported the existence of calactin in
CGDCM.

3.2. The antiproliferative effects on HCT116 cells treated with the extract fractions from the stem bark of C. gigantea

We previously reported the cytotoxic effects of four extract fractions, the crude ethanolic extract (CGEtOH), dichloromethane
(CGDCM), ethyl acetate (CGEtOAc), and water (CGW), from the stem bark of C. gigantea. When HCT116, HT-29, and HepG2 cells were
treated with CGDCM for 24 h, it demonstrated the highest anticancer activity compared to other fractions [37,40]. Consistent with the
previous study, the current examination indicated that CGDCM had an anticancer effect with an IC50 of 4.75 + 1.70 pg/mL after 24 h
on HCT116 cells (Fig. 2A). In consideration of this, we included CGDCM in the current study to investigate the improved anticancer
efficacy against HCT116 cells under starvation conditions.

The normal fibroblast IMR-90 cells treated with CGDCM at doses of 2, 4, and 8 pg/mL, which were below and above the IC50 in
complete medium (G+/F+) (Fig. 2B), demonstrated that after 24 h of incubation, CGDCM had no cytotoxic effect on normal fibroblast
cells, whereas vehicle starvation medium treatment, (G+/F—), (G—/F+), and (G—/F—), induced significant cytotoxicity compared to
the vehicle (G+/F+) group.

Compared to the vehicle (G+/F+), vehicle (G—/F—), and CGDCM at 4 pg/mL in (G+/F+), the inhibitory effect on cell viability of
CGDCM at 4 pg/mL in (G—/F-) starvation was significantly more effective on HCT116 cells (Fig. 2C). As shown in Fig. 2D, crystal
violet staining indicated the antiproliferative activity of CGDCM under conditions of nutrient deprivation. Consequently, this finding
suggests that complete starvation (G—/F—) enhances the antiproliferative activity of CGDCM on HCT116 cells, although it has a lesser
effect on normal cells.

3.3. The inhibitory effect on the cell migration ability of HCT116 cells after treatment with the CGDCM extract fraction from the stem bark
of C. gigantea

A wound healing assay was used to investigate the inhibitory effect on HCT116 cell migration under starvation conditions at 0, 12,
24, 48, and 72 h. As shown in Fig. 3A and B, CGDCM at 2, 4, and 8 pg/mL in complete medium (G+/F+) inhibited the migration of
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from the stem bark of C. gigantea under starvation conditions after 24 h of incubation. Cells were treated with 4 pg/mL CGDCM under (G—/F—)
starvation compared to vehicle (G+/F+) medium. (A) Representative apoptosis of flow cytometry examination staining with annexin-V and PI. (B)
The histogram displays the percentage of total apoptotic cells. (C) Representative flow cytometry analysis of phases of the cell cycle. (D) The
histogram displays the percentage of cell cycle phases. *; p < 0.05 versus the vehicle (G+/F+) medium in GO/G1 phase and #; p < 0.05 versus the
vehicle (G+/F+) medium in G2/M phase. (E) Representative flow cytometry analysis of MMP. (F) The histogram displays the percentage of MMP.
(G) Representative fluorescent images of MMP stained by JC-1 and apoptotic cell nuclei stained by DAPI. Scale bar = 20 pm. DMSO (0.8%) in (G+/
F+) and (G—/F—) medium represents the vehicle control. The data are presented as the mean + SD, and the significant differences were analyzed
with one-way ANOVA using Tukey’s HSD test at *; p < 0.05 versus the vehicle (G+/F+) medium. n = 3.
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HCT116 cells in comparison to vehicle (G+/F+). CGDCM at 2, 4, and 8 pg/mL under all starvation conditions, (G+/F-), (G—/F+), and
(G—/F-), inhibited the migration of HCT116 cells relative to their own vehicle medium (Fig. 3C-H). Thus, the suppressive effect on cell
migration verified the increased antiproliferative action of CGDCM during nutrient deprivation. In subsequent experiments, CGDCM at

4 pg/mL in the (G—/F—) condition was applied to determine its anticancer activity.
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Fig. 6. The effects of the CGDCM extract fraction of the stem bark of C. gigantea under starvation conditions for 24 h on ROS generation and
dissipation of MMP using N-acetylcysteine (NAC) preincubation for 2 h in HCT116 cells. Cells were treated with 4 pg/mL CGDCM under (G—/F—)
starvation compared to vehicle (G+/F+) medium. (A) Representative flow cytometry analysis of ROS generation. (B) The histogram demonstrates
the percentage of ROS production. (C) Representative flow cytometry determination of MMP by JC-1 staining. (D) The histogram demonstrates the
percentage of MMP. DMSO (0.8%) in (G+/F+) and (G—/F—) medium represents the vehicle control. The data are presented as the mean + SD, and
the significant differences were analyzed with one-way ANOVA using Tukey’s HSD test at *; p < 0.05 versus the vehicle (G+/F+) group. n = 3.
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3.4. Apoptosis and cell cycle arrest in HCT116 cells after treatment with the CGDCM extract fraction from the stem bark of C. gigantea
under complete starvation

Flow cytometry analysis was used to analyze the induction of apoptosis following treatment with CGDCM under starvation con-
ditions and is shown in Fig. 4A and B. Treatment of HCT116 cells with CGDCM at 4 pg/mL under (G—/F—) starvation significantly
increased the percentage of total apoptosis compared to vehicle (G+/F+) and CGDCM in (G+/F+), and vehicle (G—/F—) conditions. In
addition, cell cycle analysis showed that 4 pg/mL CGDCM in both (G+/F+) and (G—/F—) medium arrested cells in the G2/M phase, but
(G—/F—) starvation arrested cancer cells in the GO/G1 phase (Fig. 4C and D). In addition, CGDCM at 4 pg/mL in (G—/F—) starvation
significantly enhanced the loss of mitochondrial membrane potential (MMP) compared to vehicle (G+/F+), CGDCM in (G+/F+), and
vehicle (G—/F—) conditions, as shown in Fig. 4E-G. These findings suggest that complete starvation appears to enhance the effect of
CGDCM on mitochondrial membrane potential loss-mediated apoptosis and cell cycle arrest in HCT116 cells.

3.5. Under complete starvation, CGDCM induced apoptosis in HCT116 cells by modulating ATP, fatty acid, and ROS production

Fig. 5A demonstrates that after 24 h of incubation, CGDCM treatment in HCT116 cells under (G—/F—) starvation significantly
decreased ATP levels compared to vehicle (G+/F+), CGDCM in (G+/F+), and vehicle (G—/F—) conditions. As depicted in Fig. 5B, the
decrease in fatty acid levels following CGDCM treatment in HCT116 cells under (G—/F—) deprivation displayed a suppression pattern
similar to that of the ATP assay.

Fig. 5C and D demonstrate that significantly elevated ROS production was observed following treatment of HCT116 cells with 4 pg/
mL CGDCM during (G—/F—) starvation compared to vehicle (G—/F—), CGDCM 4 pg/mL in (G+/F+), and vehicle (G—/F—) conditions.
N-acetylcysteine (NAC) was applied to inhibit ROS production to demonstrate a relationship between ROS and apoptosis in cancer cells
[41]. ROS generation recovered to control levels after HCT116 cells were pretreated with NAC followed by treatment with CGDCM
under (G—/F-) deprivation for 24 h (Fig. 6A and B). Similarly, NAC significantly inhibited the dissipation of MMP produced by
treatment with 4 pg/mL CGDCM in the (G—/F—) condition (Fig. 6C and D). The data indicate that ROS generation is important for the
increased apoptotic effect of CGDCM on HCT116 cells during complete starvation (G—/F—).

4. Discussion

The extraction, fractionation, and quality control of CGDCM were performed as described in our previous report [37]. The content
of calotropin was determined and used as a bioactive marker for the anticancer activity of CGDCM. In this study, calactin, an isomer of
calotropin, which has been reported to possess stronger anticancer activity than calotropin, was also identified and characterized by
using HRMS to confirm its existence in CGDCM. However, due to the limitation of the amount of calactin standard, the determination
of calactin content in CGDCM could not be performed in this study.

Cancer cells have high glucose consumption, resulting in lower glucose levels in the tumor’s surroundings than in normal tissues
[42,43]. In addition, glucose deprivation in a tumor environment is caused by abnormal angiogenesis and over cell proliferation that
exceeds the energy supply, resulting in hypoxia and starvation that consequently enhance glycolysis independent of the availability of
oxygen supply, as recognized by the Warburg effect [43,44]. It has been suggested that a high blood glucose microenvironment
upregulates the expression of sterol regulatory element-binding protein 1 (SREBP1), resulting in accelerated cell proliferation and
cancer progression compared to normal blood glucose levels [45]. Increased glucose metabolism via glycolysis upregulates the
expression of transient receptor potential channel 5 opposite strand (TRPC50S) mRNA, leading to activated cancer cell proliferation
and tumorigenesis in breast cancer cells [10]. Increased glucose uptake and glycolytic flux reported in prostate cancer cells have been
suggested to be associated with an upregulation of glucose transporter protein-1 (GLUT1) expression [46]. In breast cancer cells, a high
glucose condition increased the expression of the anti-apoptotic protein Bcl-2, which promoted angiogenesis and proliferation
compared to a normal glucose condition [47].

In this regard, a number of studies have demonstrated that cancer cells exposed to conditions of low glucose availability or in the
presence of free glucose are more susceptible to cell death than normal cells, suggesting that nutritional fasting inhibits cancer cell
proliferation and promotes apoptosis [48,49]. In addition, inhibiting glucose uptake by sodium-glucose transporter 2 (SGLT2), whose
expression level is upregulated in breast cancer tissue compared to normal breast tissue, suppressed cancer proliferation through the
AMPK/mTOR pathway [12]. Nutrient deprivation (lack of glucose, glutamine, and calcium) inhibited C6 glioma stem-like cell
development and increased apoptosis [48]. Glucose deprivation upregulates the expression of the proapoptotic proteins Bim, Bid, Bax,
caspase-3, and ApaF—1 while downregulating the expression of the antiapoptotic protein Bcl-2, stimulating the apoptosis pathway in
breast cancer cells [50]. Glucose deprivation in human malignant mesothelioma MS1 and H513 cells decreased total ATP levels,
resulting in decreased cell growth and activation of apoptosis [51]. Hepatocellular carcinoma HepG2/C3A and HuH-7 cells exhibited
apoptosis with GO/G1 cell cycle arrest when cultured in the absence of glucose [21]. In addition, in the absence of glucose, increased
lactate production from glycolysis suppresses protease activity that decomposes the extracellular matrix for cancer cell proliferation,
resulting in the inhibition of peptides and amino acid liberation necessary for cancer cell energy production [43]. Therefore, glucose
deprivation may be a possible anticancer therapeutic strategy. Consistent with prior findings, our data demonstrate that glucose
starvation inhibited the growth of HCT116 colorectal cancer cells.

Increased ROS production has been considered a mechanism for triggering apoptosis in response to glucose deprivation [52,53].
Depletion of glucose reduced the oxygen consumption rate of cancer cells, increased mitochondrial ROS generation, and caused
apoptotic cancer cell death [48,50]. Low glucose levels triggered by ALESIA (Anticancer Ligand Enhancing Starvation-induced
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Apoptosis) produced NADPH deficiency, which impairs the ability to defend against oxidative stress, ultimately resulting in apoptosis
[42]. Upon glucose deprivation, activation of membrane-spanning 4-domains subfamily A (MS4A15)-associated Ca®"-mediated
cellular processes increased mitochondrial oxidative phosphorylation (OXPHOS) to rescue ovarian cancer cells from glucose-induced
cell death. Consequently, increased ROS generation and low ATP production contribute to apoptotic cell death [30,54]. As a result,
glucose restriction may be a promising anticancer treatment, with the production of ROS serving as a crucial mechanism of action.

In addition to ROS, apoptosis of human malignant mesothelioma cells cultured under glucose-depleted conditions was associated
with a decrease in ATP levels [31,51]. When colon cancer cells were treated with 1% serum and low glucose, the expression of glucose
transporters, GLUT1 and GLUT2, and glycolytic enzymes was suppressed, while the O, consumption rate of oxidative metabolism was
increased, which finally resulted in a decrease in ATP synthesis [30]. The impairment of glucose transport was found to decrease
mitochondrial respiration, oxidative phosphorylation, and glycolysis, resulting in a decrease in basal respiration and ATP generation
[46]. Activation of phosphofructokinase-1-activated AMP-activated protein kinase (AMPK) is responsible for the decrease in ATP
levels in A549 cancer cells after glucose deprivation [55]. Inhibition of glucose absorption by sodium glucose cotransporter-2 (SGLT-2)
increases AMP/ATP ratios and inhibits ATP generation and oxidative phosphorylation, resulting in the activation of AMPK, which
suppresses protein synthesis and cell proliferation [12].

During glucose deprivation, a compensatory response has been identified through increased p53-dependent fatty acid oxidation,
hence providing substrate for ATP production through oxidative phosphorylation [56]. Oxidative stress in glucose starvation was
ameliorated by the reduction of long-chain fatty acid synthesis from phosphorylation of acetyl-CoA carboxylase 1 (ACC1), while
stimulating phosphorylated ACC2 to promote fatty acid oxidation, activating the long-chain fatty acid transporter carnitine palmi-
toyltransferase 1 (CPT1), and ultimately generating ATP and NADPH in non-small cell lung cancer cells. AMPK plays an important role
in alleviating glucose starvation [57]. According to our findings, glucose deprivation was unable to cause the total death of all cancer
cells, which may be a result of compensation responses to cellular oxidative stress.

Several studies have also demonstrated the metabolic compensation responses of cancer cells under glucose starvation, allowing
the cell to survive in this harsh environment and preventing cell death. Glucose restriction activates the expression of nonessential
amino acid transporters, providing an alternative energy source for cancer cells [58,59]. Glucose deprivation increases malic enzyme
to provide NADPH for glutathione regeneration, resulting in ROS removal and a decrease in cancer cell death [52]. Reduced glucose
availability increases the expression of HIF—1 and GLUT1 in lung cancer cells, triggering ROS production and eventually activating
TGF—p, which promotes tumor development [60]. In addition, the absence of glucose-activated cell death was found to be attenuated
by glutamine availability, which generated Krebs cycle intermediates that resulted in catalyzing redox reactions and strengthening the
antioxidant system of cells [61,62]. Apoptosis induction by ginsenoside treatment in breast cancer cells demonstrated an increase in
cell proliferation due to the activity of glutamine and its metabolites, glutamate, alanine, aspartate, and proline [63]. Thus, under
glucose restriction, glutamine is considered to alleviate cell death, compensating for cell proliferation, migration, and invasion [63].

Under glucose restriction, cancer cells become more sensitive to anticancer therapies, enhancing treatment efficacy [64-66]. The
apoptotic activity of metformin was augmented by the formation of ROS, which causes the loss of mitochondrial integrity under
glucose starvation [67,68]. In addition, the apoptotic activity of oligomycin was dramatically enhanced in glucose-starved conditions
via an excessive increase in mitochondrial ROS production upon inhibition of ATP synthase [60]. The synergistic effect of an eryth-
rocyte membrane-biomimetic gas nanofactory and carbon monoxide therapy on the induction of the apoptosis process in tumors was
observed under glucose starvation [69].

Fetal bovine serum has been determined to correlate with an apoptotic effect in cancer cells. According to our results, serum
deprivation also caused apoptosis in HCT116 cells, which is consistent with previous research suggesting that serum deprivation has
anticancer effects on a variety of cancer cells. Removing serum from culture media contributes to the depletion of fatty acids and
growth factors [70]. Serum deprivation reduced cellular proliferation and increased apoptosis in cancer cells compared to those
cultured on 10% FBS media and normal human cells [71-73]. ROS generation during serum deprivation has been identified as a
mediator that triggers cancer cell apoptosis [74,75]. ROS formation in fasted serum was reported to result from a reduction in p67
subunits of NADPH oxidase for free radical antioxidant formation [76]. The mechanisms by which serum deprivation triggers
apoptosis in cancer cells were discovered to involve a decrease in ATP synthesis leading to an inability to exchange ADP and ATP
between mitochondria and cytosol and, eventually, hyperpolarization of the mitochondrial inner membrane [76]. The activation of
apoptosis by the activation of fatty acid oxidation pathways in cancer cells was triggered by starvation-induced decreases in glucose
absorption and ATP formation [77]. In addition, HepG2 cells deprived of serum synthesized more ketone bodies, resulting in a
decrease in ATP levels [78].

Decreasing free fatty acid (FFA) levels following serum starvation treatment in acute myeloid leukemia cells demonstrated in-
duction of apoptosis [79]. Endogenous fatty acid synthesis is required for tumor cell proliferation in human promyelocytic leukemia
HL60 cells treated with serum- or fatty acid-free conditions [80]. After serum deprivation, accelerated fatty acid oxidation resulting
from low fatty acid levels was found to trigger breast cancer cell death [72]. Consistent with glucose deprivation, however, it has been
shown that cancer can adapt to cell stress under serum depletion by increasing ketone body catabolism to produce acetyl-CoA to enter
the TCA cycle for ATP synthesis [78]. Several reports have demonstrated that the anticancer effect of cancer therapies is enhanced
under serum deprivation treatment. By activating the ATM/Chk2/p53 signaling pathway, serum deprivation induced cancer cells to
respond more to the drug cisplatin [81]. Similarly, serum fasting improved the anticancer activity of Anemarrhena asphodeloides extract
against colon cancer cells [82].

C. gigantea extracts have been identified as an alternative for the effective treatment of a wide range of cancers [35,36,83-87].
Apoptotic induction by treatment with extracts from C. gigantea stem bark has been demonstrated to be mediated by activating ROS
and fatty acids while inhibiting ATP production in colon cancer HCT116 cells [37]. The present study showed that in nutrient-depleted
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media (both glucose and serum depletion), treatment of HCT116 cells with the CGDCM extract fraction from C. gigantea stem bark at
concentrations lower than the IC50 showed a stronger anticancer effect than in complete medium. It was clearly demonstrated that, in
conjunction with nutrient deprivation, treatment of HCT116 cells with the extract enhanced apoptosis, in correlation with increased
ROS generation, and inhibited fatty acid and ATP supply. Our results suggest that the extract and nutrient deprivation-induced
anti-proliferative and apoptotic responses target the same common mechanisms underlying their anticancer effectiveness.

For the future application of C. gigantea extracts as a potentially effective alternative anticancer agent, it may be necessary to
investigate the effects of C. gigantea extracts and nutrient deprivation on an additional type of cancer cell. In addition to ROS, ATP, and
fatty acid levels, it is necessary to identify the mechanisms that correspond to cancer apoptosis via metabolic pathways. Additionally, it
may be beneficial to investigate the combined effects of CGDCM and food deprivation on animal models as part of ongoing research.
Comparing the anticancer effects of dietary restriction in animals to those of serum deprivation in cell models will establish a unique
mechanism of action. In addition, an in vivo model is necessary to investigate the deleterious effects of nutrient deprivation that
enhance the anticancer effect of CGDCM.

We conclude that the CGDCM extract fraction of C. gigantea stem bark is proposed for effective anticancer treatment, and its
improved effectiveness during food deprivation may provide a basis for the development of promising anticancer regimens in the
future.
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