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ABSTRACT

Background: Doxorubicin (Dox) is one of the potent antineoplastic drugs currently used as a chemotherapeutic 
agent for several cancers. Numerous studies suggested that multiple chemotherapeutic cycles with Dox might lead to 
development of drug resistance and cardiotoxicity in patients leading to poor prognosis, and survival outcome. Present 
study aims to lower the drug dosage of Dox without altering its antitumor potential. Aqueous Theobroma Extract 
(ATE) has been reported previously to have several anti-tumor properties and is known to be used as a traditional 
medicine in the treatment of various diseases without any adverse effects like cardiotoxicity and hepatoxicity. In 
the present study we demonstrate that ATE when used in combination with Dox exhibited a synergistic antitumor 
effect, sensitizes therapeutic resistant cervical cancer cells through induction of ferroptosis thereby reducing both the 
dosage and adverse side effects imposed by this chemotherapeutic drug. 

Materials and Methods: Initially, we developed carboplatin-resistant cervical cancer cells for analyzing the antitumor 
effects of ATE and the synergistic effects of ATE with respect to Dox. Gene expression analysis using RT-PCR and 
flow cytometry studies were performed to analyze the expression of target genes. Intracellular ferritin levels, lipid 
ROS levels were estimated to check ferroptosis induction. Lastly cell cycle analysis and apoptosis analysis were 
performed to confirm cell death.

Results: Previous studies demonstrated that CSCs are the root cause of cancer and are responsible for tumor 
recurrence and relapse. Hence it is imperative but these CSCs should be targeted to achieve complete cure for cancer. 
ATE showed synergistic anticancer effects with respect to Dox and potentially induced cancer cell death in drug-
resistant cervical cancer cells by triggering both apoptosis and ferroptosis by downregulating Bcl-2 and degrading 
ferritin respectively. Also, ATE in combination with Dox reduced the expression of stem cell markers which are 
evaluated by RT-PCR and flow cytometry. On the other hand, cell cycle analysis and apoptosis analysis suggest that 
the cell has been arrested through cell death induction. Interestingly, dox when used with ATE potentially induced 
cancer cell death in drug-resistant cervical cancer cells at lower concentrations. Our results suggest that reduced 
concentration of Dox in combination with ATE induces cancer cell death through induction of ferroptosis and also 
reduces the risk of cardiotoxicity.

Conclusion: Based on our results, we conclude that ATE and Dox combination therapy reduces drug-resistance 
and enhances cervical cancer prognosis associated with reduction of Dox dosage also protecting the cells from 
cardiotoxicity.
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INTRODUCTION

Cervical cancer is one of the most common malignancies with a 
high incidence and mortality rate among all other gynecological 
cancer. Current treatment strategies include surgical removal 
combined with radiation or chemotherapy such as Doxorubicin, 
paclitaxel, cisplatin, etc. However, these therapeutic strategies could 
not yield a better prognosis due to their adverse side effects and is 
also responsible for tumor relapse [1]. Previous studies demonstrate 
that Cancer Stem Cells (CSCs) are the crucial drivers for tumor 
relapse and recurrence because of their tumor initiating potential 
[2,3]. Administration of Dox is known to cause adverse effects such 
as fatigue, alopecia, nausea, oral sores, and increased the risk of 
secondary malignancies [4]. Dox is a microbial-derived anthracycline 
used to treat several malignancies such as breast, cervical, gastric, 
ovarian, and more. Dox acts on tumor cells in either of the two 
ways- it either disrupts topoisomerase-II mediated DNA repair 
by intercalating with the DNA leading to apoptosis or damaging 
the cellular membranes, proteins, and DNA by the generation of 
free radicals resulting in the accumulation of lipid peroxides and 
causing ferroptosis [5,6]. Although Dox is a potent anti-cancer 
drug, it has its limitations. Firstly, Dox induces cardiotoxicity [7]. 
Secondly, although Dox is a clinically valuable anti-cancer agent, 
studies showed that patients might develop therapy resistance via 
modulating ABCB1, ABCC1, and other genes encoding efflux 
pumps [8]. Figure 1 represents the hypothesis of the present study.

Due to these adverse effects of these potent anti-neoplastic drugs, 
development of therapy resistance, incidence of cancer relapse, 
and recurrence, the focus was shifted towards the mode of action 
of nutraceuticals [9]. Nutraceuticals could be defined as active 
compounds that can fight against any health disorders and are 
derived from natural food constituents. These are often regarded 
as dietary supplements that are provided with carbohydrates, 
proteins, lipids, probiotics, phytochemicals, and enzymatic 
regulators [10]. Cocoa powder derived from Theobroma cacao is 
a rich source of many bioactive compounds such as epicatechin, 
catechin, and procyanidins which have medicinal properties and 
are widely being used to cure inflammation and other diseases 
[11,12]. Due to their high antioxidant and pro-oxidant activities, 
recent studies have gained attention towards procyanidins due to 
their anti-hypertensive, anti-aging, anti-cancer, and cardioprotective 
effects [13].

Interestingly, literature suggested that the active compounds 
present in Theobroma spp shows synergism to Dox in potentially 
inhibiting topoisomerase enzymes [14]. DNA topoisomerases are 
the enzymes involved in DNA repair mechanisms during their 
replication, recombination, transcription, and even chromatin 
remodeling. Individual studies performed by John L Nitiss et 

al., and Gouveris et al., suggest that topoisomerase-I is a crucial 
target for treating various malignancies as it is upregulated in solid 
tumors [15–17]. Apart from suppressing the topoisomerase activity, 
these topoisomerase inhibitors have the potential to suppress HIF-
1α, which regulates the tumor microenvironment by maintaining 
hypoxic conditions [18]. Interestingly, suppression of HIF-1α leads 
to inactivation of VEGF and PDGF-β, which promote cancer 
cell proliferation, stabilize novel blood vessels, and reduce the 
penetration of anti-cancer drugs, which might be the potent reason 
for therapy resistance and cancer relapse [19,20]. Also, studies 
show that HIF-1α inhibits ferritin degradation thereby inhibiting 
ferroptosis [21]. The present study focuses on inducing ferroptosis 
in drug-resistant cervical cancer cells through reducing Dox dosage 
and to evaluate the synergistic effect of ATE towards Dox. Hence to 
study the antineoplastic effect of dox at lower concentrations and 
to evaluate the synergistic effect to ATE all the experiments were 
performed with half of the IC50 value of Dox obtained from MTT 
assay while keeping ATE concentration constant.

MATERIALS AND METHODS

Cell line maintenance

The human cervical cancer cell lines HeLa were procured from 
NCCS. HeLa cells were derived from cervical tumor tissue derived 
from glandular tissue and is considered to be a rare adenocarcinoma. 
The cell line was found to be free from mycoplasma contamination. 
They were maintained carefully as described in our previous 
study [22]. Briefly, cells were grown in DMEM media (Invitrogen, 
Carlbad, CA, USA) supplemented with 10% FBS, 1% Penstrep, 
and 1% Glutamax (Invitrogen, Carlbad, CA, USA). The media was 
changed every two days and incubated in a 5% CO

2
 incubator. 

When the cells were 80% confluent, they were used for further 
analysis. Theobromine and Doxorubicin were procured from 
Sigma-Aldrich (St Louis, MO, USA).

Development of drug-resistant clones

To investigate the anti-cancer effects of ATE in combination 
with Dox in drug-resistant cervical cancer cell lines we developed 
Carboplatin resistant cervical cancer cell lines (CarbR-HeLa) as 
described in our previous study [23]. For this, we seeded the cells in 
35 mm petri plates and grew till the cells reached 80% confluency. 
The cells were then treated with IC

50
 of carboplatin for 48 hours. 

After incubation, the drug-containing media was replaced with 
fresh DMEM and the cells were allowed to grow till the cells become 
80% confluent. Once the cells reached 80% confluency the cells 
were trypsinized and exposed to double the dose of carboplatin. 
This process was repeated 6 times and subsequently, MTT assay 
was performed.

MTT assay for validating CarbR- HeLa cell lines

To study the cell death kinetics, the cells seeded in 96-well plate 
were exposed to increasing concentration of carboplatin for 
48 hours and evaluated cell survival by MTT assay. Briefly, cells 
with 80% confluency were treated with various concentrations 
of carboplatin and incubated for 48 hours at 37˚C in a 5% CO

2
 

incubator. After incubation, the cells were replenished with 200 µL 
DMEM, 2 mg/mL concentration of 50 µL MTT (Sigma-Aldrich), 
and the plate was incubated for 3 hours. After incubation, the 
MTT containing media was replenished with 200 µL DMSO to 
dissolve the formazine crystals and the absorbance was measured at 

Figure 1: Pictorial representation of hypothesis of our present study.
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570 nm immediately using a plate reader.

Preparation of aqueous theobroma extract

Theobromine procured from Sigma Aldrich was used in the present 
study. 0.5 g of theobromine was weighed and is dissolved in 10 mL 
autoclaved distilled water. 50 mg/mL aqueous theobromine extract 
(ATE) was then placed in the shaker at room temperature for 48 
hours and then centrifuged at low speed for 10 mins. The aqueous 
extract was collected and further filtered using a 0.4 µ syringe filter. 
The filter ATE was stored at 4˚C till further analysis. 

MTT assay and drug treatment

The cytotoxicity effect of ATE and Dox was determined by MTT 
assay [23]. Briefly, 80% confluent cells placed in 96-well plate 
were treated with increasing concentrations of ATE and Dox 
respectively and incubated for 24 hours in 5% CO2 incubator. After 
incubation, the cells were replenished with 200 µL DMEM media, 
50 µL 2 mg/mL MTT (Sigma Aldrich) and plate was incubated for 
3 hours at 37˚C in 5% CO2 incubator After incubation, the MTT 
containing media was replenished with 200 µL DMSO to dissolve 
the formazine crystals and the absorbance was measured at 570 nm 
immediately using a plate reader. All the experiments were carried 
out in 35 mm Petri plates. When the cells reached 80% confluency, 
the cells were treated with obtained IC50 for ATE while half of the 
IC50 concentration was used for Dox. The plates were incubated for 
24 hours in a CO

2
 incubator and were used for the experiments.

Cell viability assay

To assess the cell viability, we performed trypan blue exclusion 
uptake test. Briefly, cells treated with ATE (1.2 mg/mL) and Dox 
(0.187 µM) were washed with 1X PBS twice and 0.4% of trypan 
blue solution was added. The plates were incubated for 5 mins 
and then washed with 1X PBS to eliminate background dye. Total 
number of viable cells present in control were normalised to 100% 
viability and number cells in drug treated plates were counted.

Clonogenic assay

To evaluate the synergistic effects of ATE and Dox in inhibiting 
cell colony formation we performed clonogenic assay as described 
in our previous study with slight modifications [24]. Briefly, CarbR-
HeLa was trypsinized and the 100 µL of the single-cell suspension 
was seeded in 35 mm Petri plates and the cells were allowed to 
adhere overnight. The following day the growth media was replaced 
with media containing appropriate concentrations of ATE (1.2 mg/
mL) and ATE along with Dox (1.2 mg/mL + 0.187 µM), and one 
plate was replenished with growth media without any drugs served 
as control. After incubating the plates for 24 hours in 5% CO2 
incubator the drug-containing media was replenished with fresh 
media and pictures were taken using EVOS FL imaging system 
(Thermo Fischer Scientific).

Evaluation of cellular migration through scratch assay

To evaluate the cell migration ability of CarbR-HeLa cells treated 
with desired drugs we performed a scratch assay. To perform this 
assay, we seeded CarbR-HeLa cells in 35 mm Petri plates and 
allowed them to form a confluent layer. Once the cells reached 
100% confluency the cells were washed and replenished with 
media, ATE (1.2 mg/mL) and ATE + Dox (1.2 mg/mL + 0.187 
µM) were added into the plates and a scratch was drawn across 

the plate using a sterile tip. The cells were incubated in 5% CO2 
incubator for 24 hours. After incubation the mages were captured 
using EVOS FL imaging system (Thermo Fischer Scientific).

Cell invasion assay

To evaluate the synergistic effect of ATE with respect to Dox on 
invasiveness of CarbR-HeLa cells we performed cell invasion assay. 
To perform this assay 80% confluent CarbR-HeLa cells were 
treated with ATE (1.2 mg/mL) and ATE + Dox (1.2 mg/mL + 
0.187 µM) for 24 hours. Untreated cells served as control. After 
incubation, cells were washed with 1X BS followed by replenishing 
the cells with serum free media and incubated for 24 hours. After 
incubation, the pore culture inserts were placed on to the matrigel 
pre-coated 24 well plates and 800 µL of 10% DMEM is added. 
The plate was incubated with Matrigel for 30 mins at 37˚C before 
the pore culture inserts were placed. The serum starved cells 
were trypsinized and 100 µL of the trypsinized single suspension 
was added to the respective wells and incubated under normal 
conditions for 48 hours. After incubation the inserts were removed, 
the cells were washed with PBS and fixed the cells with 5% 500 µL 
glutaraldehyde solution for 30 mins. The cells were washed with 
PBS after incubation and stained with 500 µL of 0.2% crystal 
violet solution for 30 mins and rinsed with distilled water. Non 
migrated cells were removed using cotton swab from the upper side 
of the insert. The membranes were dried overnight and then they 
were cut from the insert. The membranes were placed onto the 
microscopic slide and covered with a coverslip and observed under 
the EVOS FL imaging system (Thermo Fischer Scientific).

RNA extraction and RT-PCR gene expression analysis

To evaluate the gene expression at transcriptional level we 
performed RT-PCR analysis. Briefly, 80% confluent CarbR-HeLa 
cells were treated with ATE (1.2 mg/mL) and ATE + Dox (1.2 mg/
mL + 0.187 µM). The cells were incubated in 5% CO2 incubator and 
after incubation total RNA was isolated using the TriZol reagent 
(Takara). The extracted RNA was converted to cDNA using a high-
capacity cDNA reverse transcription kit by Applied Biosystems as 
per the instructions provided in the kit. The obtained cDNA was 
used to carry out gene expression studies using Applied Biosystems 
Real-Time PCR equipment with SYBER green master mix as the 
detector. Following genes were used to evaluate the gene expression-
HIF-1α, VEGF, CD24, and Bcl-2. GAPDH was used as an internal 
control. The sequence of the primers is listed in Table 1.

Stem expression analysis using flow cytometer

To evaluate the expression of stem cell marker ALDH1A1 in 
CarbR-HeLa cells flow cytometry analysis was carried out. Briefly 
the cells were treated with ATE (1.2 mg/mL) and ATE + Dox (1.2 
mg/mL + 0.187 µM) and were incubated at 37˚C in 5% CO2 
incubator for 24 hours. After incubation, the drug-treated CarbR-
HeLa cell lines were trypsinized to form single cell suspension. The 
trypsinized cells were washed with ice-cold PBS twice. The pellet 
was suspended with ALDH1A1 primary antibody and incubated at 
4˚C for about 30 mins. After incubation, the cells were washed and 
incubated subsequently with FITC conjugated secondary antibody. 
After incubation, the cells were washed with ice-cold PBS and the 
expression was analyzed using a flow cytometer.

Estimation of intracellular ferritin levels

To evaluate the intracellular ferritin levels the CarbR-HeLa cells 
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were treated with ATE alone (1.2 mg/mL) and in combination with 
Dox (1.2 mg/mL + 0.187 µM) for 24 hours. After drug treatment 
the cells were washed with 1X PBS and were incubated in DMEM 
containing 100 mM Ferric Ammonium Citrate (FAC) for 24 
hours in a 5% CO2 incubator. To terminate iron accumulation by 
the cells, the cells were washed with 2 mL of ice-cold PBS twice. 
After washing the cells, 50 mM NaOH was added to the plate, 
and the cells were placed on a shaker for 2 hours. The cell lysate 
was collected in Eppendorf and analysed intracellular ferritin 
levels using COBAS auto-bioanalyzer provided along with an iron 
estimation kit. CarbR-HeLa cells without any treatment were used 
as control cells.

Cell cycle analysis

To evaluate the cell cycle inhibition potentiality of ATE and ATE 
with reduced levels of Dox we performed cell cycle analysis using 
flow cytometry. Briefly, 80% confluent cells were incubated for 24 
hours with ATE (1.2 mg/mL0 and ATE + Dox (1.2 mg/mL + 0.187 
µM). After incubation, CarbR- HeLa cells were gently trypsinised 
and washed with 1X PBS by centrifuging at 3000 rpm for 5 mins at 
4˚C. To the washed cells, 50 µL of 100 µg/mL RNase was added, 
followed by the addition of 200 µL 50 µg/mL propidium iodide. 
The cells were then analyzed using Flow cytometer.

Evaluation of apoptosis by FACS

This experiment was done using Annexin-V FITC Apoptosis 
Staining/Detection kit purchased from Abcam. Briefly, the 
CarbR- HeLa cells were exposed to ATE (1.2 mg/mL) and ATE 
+ Dox (1.2 mg/mL + 0.187 µM) for 24 hours. After incubation, 
the drug-treated CarbR-HeLa cells were trypsinized to obtain single 
cell suspension and centrifuged, and the pellet was suspended 
in 500 µL 1X binding buffer, 5 µL Annexin V-FITC, and 1 µL 
SYTOX green dye. The tubes were incubated in the dark at room 
temperature for 10 mins. After incubation, the cells were analyzed 
using the flow cytometer. 

Evaluation of ROS in CarbR-HeLa cell lines

Cellular lipid ROS content is evaluated in drug resistant clones 
and compared to parental cell lines of cervical cancer cell line. 
Intracellular Reactive Oxygen Species (ROS) was estimated by 
using the fluorescent probe, DCFH-DA as per the manufacturer’s 
instructions. Briefly, CarbR-HeLa cell lines were exposed to ATE 
(1.2 mg/mL) and ATE + Dox (1.2 mg/mL + 0.187 µM) for 24 
hours. After exposing CarbR-HeLa cells to desired drugs for 24 
hours the cells were treated with tertiary butyl hydrogen peroxide 
(100 mM) for 15 min. After incubation, the cells were washed with 
phosphate buffer saline (PBS, pH-7.4) followed by treating the cells 
with DCFH-DA (20 µM) for 30 min. After washing with PBS, the 
images were recorded using EVOS FL imaging system (Thermo 
Fischer Scientific).

RESULTS

Analysis of drug-resistant clones and IC
50

 of ATE and Dox

To obtain drug-resistant clones, HeLa cells were exposed to 
increasing concentrations of carboplatin on every cycle up to ten 
cycles. We observed that HeLa cells obtained significant resistant 
towards carboplatin after a minimum of 6 cycles. To countercheck 
whether HeLa cells acquired resistance, we performed an MTT 

assay with IC
50. Surprisingly, we observed 5 times more IC50 value 

in the drug-resistant clones when compared with the parental cell 
line. 

ATE and Dox enhanced HeLa cell cytotoxicity

Cytotoxicity of ATE and Dox against CarbR-HeLa cell lines 
treated for 24 hours was measured using MTT assay. Our results 
suggest both ATE and Dox selectively enhanced the cytotoxicity 
of Carb-HeLa cells with an IC50 value of 1.2 mg/mL and 0.374 
µM respectively. However, to evaluate the synergistic effects to 
ATE and anticancer potential of Dox at low concentration, all the 
experiments were performed in triplicates with half of IC50 for Dox 
(0.187 µM) while ATE’s concertation was unchanged (1.2 mg/mL).

ATE synergistically reduced cellular viability in CarbR-
HeLa cell lines in combination with Dox

To evaluate the synergistic effect of ATE in combination with 
Dox on cell viability we performed trypan blue staining. Trypan 
blue is a selective stain that could only stain dead cells as it could 
not penetrate into live cells due to their intact cell membrane. 
Interestingly, drug-treated cells were stained blue when compared 
with control cells suggesting that ATE alone and with Dox 
synergistically reduced the viability of CarbR-HeLa cell lines. 

ATE in combination with Dox synergistically attenuated 
the colony formation in CarbR-HeLa cell lines

To evaluate the potential of the chosen drugs to inhibit colony 
formation thereby giving insight into the probable post-treatment 
behaviour of tumor cells we performed a colony formation assay. 
Apart from establishing the synergistic efficacy of ATE and dox, 
this study also hints at its potential advantage to maintain tumor-
free survival. To evaluate the ability of the chosen drugs to inhibit 
colony formation we placed very few cells in culture plates and 
allowed them to form colonies. ATE shows a synergistic effect in 
combination with Dox to inhibit the colony formation. Figure 2 
demonstrates number of colonies that are formed during efficiency 
of CarbR-HeLa treated with ATE and Dox.

ATE showed synergistic effects with Dox and potentially 
inhibited the cell migration ability

Cell migration assay or scratch assay is used to evaluate the ability 
of cancer cells to invade tumor surroundings leading to metastasis. 
To evaluate the potential of the desired drugs to inhibit metastasis 
we performed the scratch assay. Manually a scratch was drawn 
across the fully confluent cells and then the cells were allowed to 
fill up the scratch. However, the ability of scratch closure in treated 
cells is evaluated by microscopic examination. It could be observed 

Figure 2: Represents the colony formation efficiency of CarbR-
HeLa treated with ATE and Dox. 2 (a) Represents control group; 
2 (b) Represents ATE treated CarbR-HeLa cells; 2 (c) Represents 
combination treatment of ATE and Dox in CarbR-HeLa cells.
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in Figure 3, that the chosen drugs inhibited cellular migration 
of CarbR-HeLa cells, outlined by rather a consistent breadth of 
the scratch, as compared to control cells where scratch almost 
completely closed at 24 h.

ATE in combination with Dox synergistically attenuated 
the invasive capacity of CarbR-Hela cells

Invasiveness is one of the remarkable features of cancer cells 
that are solely responsible for metastasis and cancer recurrence. 
Any antineoplastic drug should not only kill the cancer cells but 
should also have the potential to inhibit the invasiveness of cancer 
cells. To evaluate whether our chosen nutraceutical compound is 
effective to inhibit the invasiveness property of CarbR-HeLa cells 
in combination with the potent chemotherapeutic drug Dox we 
performed an invasive assay. As expected, ATE synergistically 
inhibited the invasive capacity in CarbR-HeLa cells. Figure 4 
represents the microscopic images representing the invasion 
capacity of the CarbR-HeLa cells treated with desired drugs.

ATE alone as well as in combination with Dox 
significantly altered the expression of various markers

To evaluate the anti-cancer, anti-proliferative effects of ATE and 
ATE in combination with commercial drug Dox on CarbR- 
HeLa cells, RT-PCR and flow cytometry analysis studies were 
performed. Interestingly, HIF-1α, VEGF, CD24, and Bcl-2 genes 
were downregulated in both groups. Figure 5 represents the relative 
gene expression of specific genes analyzed using RT-PCR. On the 
other hand, studies state that ALDH1A1 plays a crucial role in 
contributing drug-resistance and enhancing the cell proliferation 
[25-28]. Hence to visualise the expression of ALDH1A1 in ATE 
treated and ATE + Dox treated CarbR-HeLa cells we performed 
flow cytometry analysis. Surprisingly, our results demonstrated 
that ALDH1A1 expressions were significantly reduced in both 
groups when compared with the control. However, ATE and Dox 

combination treatment yielded better results when compared with 
ATE treatment alone. Figure 6 represents the expression of specific 
stem cell markers in cell lysate analyzed using a flow cytometer.

ATE in combination with Dox significantly reduced 
ferritin levels when compared with ATE alone

To evaluate the capability of ATE alone and in combination with 
Dox to induce ferroptosis in CarbR- HeLa cells, we estimated 
intracellular ferritin levels. We observed a drastic decrease in 
Intracellular ferritin levels in both groups when compared with the 
control. To observe whether the cells accumulated FAC, we also 
assessed the ferritin levels in DMEM media. To evaluate whether 
there is excess iron in media we determined the iron levels in 
FAC treated DMEM media after incubation using COBAS auto 
bio-analyzer. Surprisingly we did not notice any ferritin in the 
media, suggesting that the cells have accumulated iron from FAC. 
However, low ferritin levels are detected in drug-treated samples, 
indicating that the cells might undergo iron-mediated cell death. 
Table 2 represents the Intracellular ferritin levels estimated in HeLa 
cell lines treated with the desired drugs.

Figure 3: Depicts the migration efficiency of CarbR-HeLa treated 
with ATE and Dox. 3 (a) Represents control group; 3 (b) Represents 
ATE treated CarbR-HeLa cells; 3 (c) Represents combination 
treatment of ATE and Dox in CarbR-HeLa cells.

Figure 5: Graphical Representation of mRNA expression of various 
genes in CarbR- treated and untreated cells. Note: ( ) ATE, ( ) ATE 
+ Dox

Figure 6: Flow cytometry analysis of expression of ALDH1A1 stem 
cell marker in CarbR- treated and untreated cells. 6 (a) represents 
unstained cells 6 (b) Represents control group; 6 (c) Represents ATE 
treated CarbR-HeLa cells; 6 (d) Represents combination treatment of 
ATE and Dox in CarbR-HeLa cells.

Figure 4: Depicts microscopic pictures representing the ability of 
CarbR-HeLa on invasiveness treated with ATE and doxorubicin. 4 
(a) Represents control group; 4 (b) Represents ATE treated CarbR-
HeLa cells; 4 (c) Represents combination treatment of ATE and Dox 
in CarbR-HeLa cells.
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The cell cycle was arrested at sub-G
1
-phase after treating 

the cells with desired drug dosage

To evaluate the progression of cell cycle in CarbR- HeLa cells after 
their treatment with ATE alone and in combination with Dox we 
performed flow cytometry analysis. As depicted in Figure 7 the sub 
G1 phase treated with ATE in combination with Dox increased the 
percent of cell population when compared with ATE alone suggests 
that the cells were arrested in sub G1 phase. Our results suggest that 
ATE in combination with Dox induced nuclear fragmentation in 
drug-resistant HeLa cells and arrested the cells in the sub-G1-phase 
of the cell cycle. Figure 7 represents the cell cycle arrest induced by 
the desired drugs in CarbR-HeLa cells.

ATE alone and in combination with Dox potentially 
induced cancer cell death

We have also examined the total proportion of cells that underwent 
apoptosis after drug treatment by FACS and AO/EtBr staining. 
Interestingly, our results were correlated with cell cycle analysis. 
FACS analysis suggested no to very few numbers of early or late 
apoptotic cells in control with a high number of live cells in control. 
However, in drug-treated cells, the number of dead cells increased 
with a concomitant decrease in live cells. Among ATE and ATE in 
combination with dox, the latter achieved good results. Figure 8 
represents the percent of apoptotic cells. 

ATE in combination with Dox synergistically lowered 
cellular lipid ROS

Intra cellular ROS is very essential for the cell to mediate 

Table 1: List of primer sequences used in the present study.

S.No Primer Forward Primer Reverse Primer

1 GAPDH ACAGTCAGCCGCATCTTCTT GGCAACAATATCCACTTTACC

2 HIF-1alpha TGCTCATCAGTTGCCACTTC AAAACATTGCGACCACCTTC

3 VEGF CTGCCTCCTGACACTTCCTC TTTCTTGCGCTTTCGTTTTT

4 CD24 AACTAATGCCACCACCAAGG GGACTTCCAGACGCCATTTG

5 Bcl-2 CGGCTGAAGTCTCCATTAGC CCAGGGAAGTTCTGGTGTGT

Table 2: Representation of Intracellular ferritin levels in CarbR- HeLa cells treated with ATE and ATE in combination with Dox.

Sample Intracellular ferritin (µg/mL)

Control 0.69

ATE 0.24

ATE and Dox 0.2

Figure 7: Flow cytometry analysis of of percent of cells in specific 
phase of cell cycle in CarbR- treated and untreated cells. ATE alone 
and in combination with dox potentially induced cell cycle arrest at 
sub G1-phase in CarbR- resistant HeLa cells suggesting that these 
cells have undergone DNA fragmentation. CarbR- HeLa cells were 
treated with appropriate concentrations of ATE and ATE along with 
dox and the cell cycle was evaluated using a Flow Cytometer. Figure: 
7 (a) represents control group; 7 (b) represents ATE treated CarbR-
HeLa cells; 7 (c) represents combination treatment of ATE and Dox 
in CarbR-HeLa cells.

Figure 8: Flow cytometry analysis of percent of apoptotic cells in 
CarbR- treated and untreated cells. 8 (a) Represents control group; 
8 (b) Represents ATE treated CarbR-HeLa cells; 8 (c) Represents 
combination treatment of ATE and Dox in CarbR-HeLa cells.
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ferroptosis because the ROS shows cytotoxic effects when present 
in high levels. However, little concentration of ROS is essential 
for cell survival which is utilized by the cancer cells and CSCs. 
Usually, Intracellular ROS levels triggers ferroptosis by mediating 
the formation of lipid peroxides. As depicted in Figure 9, the drug-
treated cells showed lower cellular ROS levels when compared to 
untreated CarbR-HeLa cell lines.

DISCUSSION

Cervical cancer is the third leading cancer with a high incidence and 
mortality rate. However, advanced treatment strategies were there 
to overcome this. Unfortunately, these treatments could not yield 
a better prognosis due to the adverse effects and therapy resistance 
from radiation and chemotherapeutic agents [29]. Present research 
on cancer therapeutics is focused chiefly on the anti-cancer activity 
of various phytochemicals derived from plants. Over the last few 
centuries, Theobroma species has been used as a medicinal plant 
due to its potent anti-inflammatory, anti-aging, cardioprotective, 
etc. [30-33]. The anti-tumour effect of cocoa powder lies in its 
potential to inhibit topoisomerase enzymes which are critical 
regulators in cancer cell proliferation [34]. Apart from their role 
in DNA repair mechanisms; these enzymes are also thought to 
modulate hypoxic conditions [35]. Yung Jung Choi and their co-
workers demonstrated that HIF-1α inhibition could be triggered 
by topoisomerase inhibitors [36]. Hypoxia is a critical regulator of 
cancer cell proliferation which inhibits various cell death pathways 
such as apoptosis, ferroptosis, autophagy and is also necessary for the 
proper regulation of VEGF and PDGF [19]. Interestingly, VEGF is 
responsible for the formation of new blood vessels by angiogenesis 
while PDGF stabilizes the newly formed blood vessels [37,38]. 
Other functions of PDGF include the stabilization of efflux pumps 
to kick out the anti-neoplastic drugs, thereby resulting in drug 
resistance and stemness. Therefore, inhibition of HIF-1α mediates 
ferritin degradation, thereby promoting ferroptosis, inhibiting 
VEGF and PDGF-β expression, thereby blocking angiogenesis and 
reducing the stability of efflux pump resulting in sensitization of 
tumor cells to the anti-neoplastic drugs.

Dox which is one of the potent anti-neoplastic drugs has all these 
properties. However, this drug might also induce cardiotoxicity 
when taken in high doses [39]. On the other hand, literature 
suggests that hepatocellular carcinoma cells treated with Dox 
induced senescence which led to elevated expression of stem cell 
markers [1]. CSCs are a group of tumor sub-population which are 
believed to initiate tumors. The reason for high mortality rate due 
to cancer is because of CSCs which usually escape from the potent 
antineoplastic drugs and rests in quiescent phase (G

0) of the cell 
cycle [40-42]. Hence, these cells are not exposed to therapies and 
become more vulnerable after relapse or recurrence.

To prevent cardiotoxicity and sensitise the stem cell markers to dox, 
we hypothesized to target drug-resistant cervical cancer cell lines 
with ATE in combination with Dox. The main aim of the study 
is to induce ferroptosis in drug-resistant cervical cancer cells at a 
low dosage of Dox coupled with ATE. Hence all the experiments 
were performed with half of the IC

50
 value of Dox while the IC

50
 

of the ATE was kept constant. The reason behind choosing ATE in 
combination with Dox is due to its potent cardioprotective effects. 
Additionally, literature has suggested that crude extract from 
this plant species is rich in flavanols and other phytochemicals, 
inhibits topoisomerase enzymes. Due to its resemblance with Dox 
in terms of its mode of action, we opted for aqueous crude extract 
from Theobroma spp to evaluate its synergistic effect towards drug 
resistant HeLa cancer cells.

Interestingly all our results matched our hypothesis. Initially, we 
assessed gene expression of HIF-1α, VEGF, CD24, and Bcl-2. 
We observed a drastic decrease in both groups when compared 
to the control. However, when the results are compared between 
cells treated with crude ATE alone and in combination with Dox, 
HIF-1α is significantly down regulated in cells treated with both 
ATE and Dox. However, VEGF expression was drastically down 
regulated in cells treated with the ATE treatment alone. Also, 
CD24 one of the potent stem cell markers was down regulated 
in the cells treated with both drugs. Interestingly flow cytometer 
analysis showed ALDH1A1 is another important stem cell 
marker has been down regulated [22]. Iron is an essential micro 
nutrient required for proper cellular homeostasis. For instance, 
haemoglobin is an iron containing protein that supplies oxygen 
to the cells. However, literature states that cancer patients become 
anaemic (low levels of haemoglobin) which leads to reduced supply 
of oxygen thereby creating hypoxic environment in which tumor 
cells are more sustainable [43]. It has also been stated that tumor 
cells need bulk amount of iron which is stored in the form of ferritin 
[44,45]. Ferritin is an iron storage protein that stores excess iron. 
Interestingly elevated levels of ferritin are one of the hallmarks of 
cancer cells [46]. Surprisingly, ferritin acts as a double-edged sword 
in cancer cells. This is because cancer cells need iron for both cell 
growth and cell death pathways in different oxidation states [47-49]. 
For cellular growth, ferric iron is essential as it acts as a co-factor 
for one of the major enzymes that catalyze nucleotide biosynthesis 
which is termed ribonucleotide reductase [50]. While coming to 
the cellular death pathway, ferrous iron triggers lipid peroxide 
generation by enhancing lipoxygenase activity [51-53]. However, 
cancer cells selectively inhibit the accumulation of ferrous iron.

To evaluate the ferritin degrading capacity and thereby determining 
the ferroptosis inducing potential of ATE alone and in combination 
with reduced levels of Dox, we measured the concentration of 
intracellular iron. Surprisingly, the ferritin estimation analysis 
suggested low levels of ferritin in both drug-treated groups 
compared with the control group, suggesting an iron-mediated 
cell death. Literature suggests that cancer cells and CSCs require 
bulk ferritin levels to sustain the harsh tumor microenvironment 
[47]. Degrading ferritin leads to a novel cell death pathway termed 
ferroptosis. As discussed in the previous paragraph, ferric iron is 
stored in the form of ferritin. Degradation of ferritin releases ferric 
iron, which is immediately converted to ferrous iron. The generated 
ferrous iron acts as a co-factor for the enzyme lipoxygenase, which 
mediates the generation of lipid peroxides which eventually leads 
to cellular death [54]. Hence to make our study strong we evaluated 
lipid ROS levels in all the groups. We observed gradual increase in 

Figure 9: Microscopic images representing cellular lipid ROS 
in CarbR-HeLa cells treated with ATE and Doxorubicin. 9 (a) 
Represents control group; 9 (b) Represents ATE treated CarbR-HeLa 
cells; 9 (c) Represents combination treatment of ATE and Dox in 
CarbR-HeLa cells.
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lipid ROS in cells treated with ATE and Dox more when compared 
with cells treated with ATE alone when compared with untreated 
control cells. All our results suggest that crude extract of Theobroma 
spp in combination with reduced levels of Dox potentially induced 
both apoptosis and ferroptosis via downregulating Bcl-2 and 
degrading ferritin respectively. 

CONCLUSION

Based on our results, we would conclude that ATE shows synergism 
with Dox and could potentially induce cancer cell death, which 
yields better cancer prognosis thereby increasing the survival rate 
of cancer patients. Our present study also deciphers that Dox 
when used in combination with ATE could reduce the dose of 
Dox thereby limiting the adverse side effects caused by Dox alone. 
However, further in vivo and ex vivo investigations are necessary to 
evaluate the potentiality of the synergistic effect of ATE on drug-
resistant cancer cells.
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