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Abstract: Objective: This study aimed to assess the cytotoxic, selective, and synergistic effects of an Empagliflozin-
Metformin mixture against HelLa cervical cancer cells and to investigate its underlying mechanism of action, especially
through metabolic disruption.

Materials and Methods: The cytotoxic effects of Empagliflozin, Metformin, carboplatin, and their mixture were evaluated
in HeLa and human foreskin fibroblast (HFF) cells using the MTT assay at 24 and 72 hours. The Combination Index (Cl)
and Dose Reduction Index (DRI) were calculated to assess drug interactions. Metabolic disruption was analyzed by
measuring the intracellular Acyl-CoA/CoA ratio. Molecular docking simulations were performed to predict binding
affinities for key metabolic enzymes, Phosphopantetheine Adenylyl Transferase (PPAT) and Carnitine Palmitoyl
Transferase 1A (CPT1A).

Results: The mixture showed clear, time-dependent cytotoxic effects on HelLa cells, with an IC5, of 207.5 yg/ml at 72
hours, which is significantly lower than the ICs, values of either agent alone. The combination exhibited high selectivity
toward malignant cells, with a Selectivity Index of over 4.82, and demonstrated strong synergistic interactions, as
indicated by a combination index (Cl) of less than 1.0. Additionally, a dose-dependent increase in the Acyl-CoA/CoA
ratio was observed (5.02 + 0.41 at 1000 pg/ml), indicating considerable metabolic stress. Molecular docking analyses
showed strong binding affinities for both drugs to PPAT and CPT1A, with docking scores of -7.4 and -8.7 kcal/mol for
Empagliflozin and -5.2 and -5.1 kcal/mol for metformin, respectively. Suggesting dual inhibitory effects on CoA
biosynthesis and fatty acid oxidation.

Conclusion: This study identifies the combination of Empagliflozin and Metformin as a promising candidate for
repurposing as a therapeutic agent in cervical cancer. The therapeutic potential is supported by the well-characterized
pharmacokinetics and established safety profiles of both agents, which are extensively used in the management of
diabetes. The observed synergistic effect facilitates effective cytotoxicity at lower concentrations, thereby potentially
minimizing adverse effects and enhancing the translational prospects of this metabolic-targeting strategy in clinical

oncology trials.
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1. INTRODUCTION

Cervical carcinoma remains a major public health
issue worldwide, ranking as the fourth most common
cancer and the leading cause of cancer-related death
among women [1]. While high-income countries have
experienced reductions in HPV-related diseases due to
widespread vaccination and screening efforts, the
disease primarily affects women in low- and middle-
income countries where access to preventive
healthcare is limited [2]. In patients with advanced,
recurrent, or metastatic disease, treatment mainly
involves platinum-based chemotherapy agents like
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cisplatin, often combined with additional drugs such as
5-fluorouracil (5-FU) [3].

However, the clinical usefulness of these regimens
is often limited by the development of acquired
chemoresistance and the occurrence of severe, dose-
limiting systemic toxicities, both of which significantly
decrease patients' quality of life [4].

Chemotherapy resistance remains a major
challenge in treating cervical cancer, often leading to
relapse and poor outcomes. To address this, drug
repurposing has emerged as a promising strategy,
leveraging existing non-cancer drugs with established
safety profiles to enhance cancer targeting. This
approach accelerates the process of bringing
treatments to patients and reduces development costs.
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For example, antidiabetic medications are currently
being explored [5-13].

An example of an anti-diabetic agent with potential
anti-cancer effects is the sodium-glucose cotransporter
2 (SGLT2) inhibitor class. The recent approval of these
drugs for the management of type 2 diabetes has
sparked increased research interest due to their
potential off-target anticancer properties. Preclinical
studies suggest that, beyond controlling blood glucose,
they may also slow tumor growth and induce cell death
by interfering with cellular glucose metabolic pathways,
such as the Warburg effect, which are often exploited
by cancer cells [14, 15].

Similarly, metformin, a widely prescribed biguanide
for the management of type 2 diabetes mellitus, has
garnered significant attention for its potential
application as an anticancer agent. In addition to its
glucose-lowering effects, metformin exhibits direct
antitumor properties, primarily mediated through the
activation of AMP-activated protein kinase (AMPK).
This activation inhibits the mammalian target of
rapamycin (MTOR) pathway, a critical regulator of
cellular growth and proliferation that is frequently
hyperactive in various cancers [16, 17]. Evidence
suggests that metformin induces cell cycle arrest and
apoptosis across various cancer models. Its capacity to
selectively target cancer cell metabolism, particularly
under hypoxic conditions, positions it as a promising
agent for combination therapy. This approach aims to
circumvent chemoresistance and reduce treatment-
related toxicity [18, 19].

To achieve effective cancer treatment, various
therapeutic targets have been proposed, among which
cancer cell metabolic pathways are of particular
interest. These cells undergo extensive metabolic
reprogramming to sustain their rapid proliferation and
survival, representing a hallmark of malignancy that
extends beyond the classical Warburg effect [20].
Central to this metabolic reprogramming is the dynamic
equilibrium of coenzyme A (CoA) species, with
particular emphasis on the acyl-CoA to free CoA
(CoASH) ratio [21]. This equilibrium is crucial for the
preservation of fundamental cellular functions, such as
lipid biosynthesis, energy generation via B-oxidation,
and the tricarboxylic acid (TCA) cycle. Central to this
metabolic adaptation is the dynamic balance of
coenzyme A (CoA) species, particularly the acyl-CoA to
free CoA (CoASH) ratio [22].

This balance is crucial for maintaining essential
cellular processes, including lipid biosynthesis, energy

generation through B-oxidation, and the tricarboxylic
acid (TCA) cycle. In oncological contexts, disruption of
the acyl-CoA/CoA ratio may indicate metabolic
distress, as the accumulation of acyl-CoA esters can
inhibit critical mitochondrial enzymes, such as a-
ketoglutarate dehydrogenase, consequently impairing
ATP synthesis and potentially inducing apoptotic cell
death [22, 23].

Consequently, targeting the induction of a metabolic
crisis by modulating the Coenzyme A (CoA) pool
emerges as a promising therapeutic strategy in
oncology. Enzymes integral to CoA metabolism,
including Phosphopantetheine adenylyl transferase
(PPAT), which catalyzes a rate-limiting step in CoA
biosynthesis, and carnitine palmitoyl transferase 1A
(CPT1A), the principal enzyme mediating mitochondrial
fatty acid oxidation (FAO), are frequently
overexpressed across diverse tumor types [24, 25].
Their increased expression is crucial for the metabolic
changes that enable cancer cells to grow, survive, and
resist chemotherapy [20, 26].

PPAT facilitates anabolic processes by supplying
essential CoA required for lipid and amino acid
biosynthesis. Concurrently, CPT1A enables cancer
cells to use fatty acids as an alternative energy
substrate, particularly under metabolic stress [27, 28].

While the individual anticancer effects of
empagliflozin and metformin are well established, their
combined capacity to induce a synergistic metabolic
crisis in cervical cancer has not been thoroughly
investigated. It is hypothesized that their simultaneous
inhibiton of PPAT and CPT1A more significantly
disrupts the acyl-CoA/CoA ratio than either agent
alone, presenting a potential mechanism-based
repurposing approach to overcome chemoresistance
with improved specificity.

Despite extensive prior research in this domain,
limitations persist in fully elucidating the anticancer
efficacy of combined Empaglifiozin and Metformin
therapy. Notably, questions remain regarding its
capacity to elicit synergistic and selective cytotoxic
effects against cervical carcinoma cells by modulating
metabolic pathways involving key enzymes such as
PPAT and CPT1A.

The current study aims to address existing research
gaps by employing an innovative method to assess the
anticancer potential of drug repurposing, specifically by
combining empagliflozin and metformin for the
treatment of cervical cancer. Additionally, a quantitative
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evaluation of drug interactions was performed.
Mechanistic insights were obtained by analyzing the
Acyl-CoA/CoA ratio and by conducting in silico
molecular docking studies that examined the binding
affinities of key metabolic enzymes, including PPAT
and CPT1A.

2. MATERIALS AND METHODS

2.1. Study Medication

Study  medications, including  Empagliflozin,
Metformin, and Carboplatin, were obtained as raw
materials from the Samarra Pharmaceutical Factory in
Irag. These compounds, along with their combined
formulation, were diluted in Minimum Essential Medium
(MEM) to achieve concentrations ranging from 0.1 to
1000 pg/mL. Specifically, in the combined formulation,
Empaglifilozin and Metformin were present at
concentrations of 0.05 to 50 pg/mL, yielding a final
concentration range of 0.1 to 1000 pg/mL.

2.2. Cytotoxicity Assay

The cytotoxicity of the study agents was assessed
in the human cervical carcinoma cell line Hela to
evaluate the anticancer effects of Empagliflozin,
Metformin, Carboplatin, and a combination of
Empagliflozin and Metformin. They also investigated
how the combination affects the normal human foreskin
fibroblast cell line, which represents healthy, non-
cancerous cells, to assess safety and potential drug
interactions that could harm cell viability.

Furthermore, the cytotoxicity and safety profiles of
these agents were evaluated by measuring cellular
viability in both cancer and normal cells across a
concentration range of 0.1-1000 pg/ml. The cell lines
used in this study were obtained from the Tissue
Culture Unit at ICCMGR.

2.2.1. Cell Lines

The study used two cell lines: a cancerous cell line,
Hela, derived from human cervical cancer tissue [29,
30]. The normal healthy cell line, represented by the
HFF cell line, originates from normal human Foreskin
Fibroblasts [31].

2.2.2. Tissue Culture Conditions

MEM media from US Biological (USA) was used to
culture the cell line. The medium was supplemented
with 10% (v/v) fetal bovine serum (FBS) from Capricorn
Scientific (Germany), along with 100 IU/mL of penicillin
and 100 pg/mL of streptomycin to prevent bacterial

contamination. The cells were maintained in a
humidified incubator at 37 °C during exponential
growth [32].

2.2.3. Cytotoxicity Study

The MTT assay is a widely used colorimetric
method for measuring cell metabolic activity. It works
by enabling living cells to convert the tetrazolium salt
MTT into insoluble purple formazan crystals, a process
driven by mitochondrial dehydrogenase enzymes.
Typically, cells are cultured in a 96-well plate and
exposed to different concentrations of test compounds.
After incubation, MTT is added to each well, and the
plates are incubated again to allow reduction to occur.
Viable cells facilitate the conversion of MTT into
formazan, which is then dissolved in a solution. The
absorbance of the resulting solution is measured at a
specific wavelength with a spectrophotometer to
evaluate cell viability.

There is a direct relationship between the number of
viable cells and the amount of formazan produced. A
reduction in formazan levels after treatment with the
tested pharmaceuticals indicates cytotoxic effects, as
evidenced by lower absorbance readings. The dose-
response curve was used to determine the half-
maximal inhibitory concentration (IC50), defined as the
drug concentration that reduces cell viability by 50%. It
is calculated using GraphPad Prism software (version
9.5.0, build 750) [33, 34].

Cells were cultured in 96-well microplates at 10,000
cells per well and incubated at 37°C for 24 hours until
confluence. The MTT assay was used to assess the
cytotoxic effects of Empagliflozin, Metformin,
Carboplatin, and the combination of Empagliflozin and
Metformin. Six replicate wells were used for each
concentration. Cells were treated with various
concentrations (0.1, 1, 10, 100, and 1000 pg/mL), with
untreated controls serving as negative references. After
24 and 72 hours of treatment, 28 pL of MTT solution (2
mg/mL) was added to each well, and the plates were
incubated for 3 h. Subsequently, 100 yL of DMSO was
added to each well and incubated for an additional 15
minutes to dissolve the formazan crystals. Absorbance
was measured at 570 nm using a microplate reader.
The growth percentage was calculated using the
following equation [35].

optical density of control wells -
optical denity of treated wells

Growth inhibition % = *100%

optical density of control wells
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2.3. Selective Toxicity Index

The selective toxicity index was used to evaluate
the cytotoxic selectivity of the Empagliflozin—Metformin
combination compared with Carboplatin in cancer cell
lines after incubation for 24 and 72 hours. IC50 values
were determined for both the combination and
Carboplatin, and the selective cytotoxicity index was
calculated using a mathematical formula based on
cellular growth curves obtained from Hela cells and
normal human Foreskin Fibroblasts (HFF) [36], as the
following mathematical equation

Selective toxicity indes (SI) = IC30 of normal cell lines

IC50 of cancer cell lines

When an Sl score is above 1.0, it indicates that a drug
can target tumor cells more effectively than it harms
normal cells.

2.4. Mapping of drug Combinations

2.4.1. Combination Index- Cl

Compusyn, a computational simulation tool, was
employed to calculate the combination index (ClI)
scores. The primary objective of this analysis was to
determine whether the mixture's constituents exhibited
synergistic, additive, or antagonistic interactions. This
assessment was conducted using concentration-effect
curves that depict the percentage inhibition of cell
proliferation across a range of drug concentrations at
24 and 72 hours post-treatment.

Cl values below one show synergy, equal to 1
indicate additivity, and above 1 indicate antagonism.
We used Compusyn software (Biosoft, Ferguson, MO)
to determine the combination index USA) [37, 38].

2.4.2. Dose Reduction Index- DRI

Compusyn, a computational simulator, determined
Dose Reduction Index (DRI) scores. The DRI score
indicates the maximum reduction in the concentration
of each drug in a mixture that preserves its cytotoxic
effect.

When the DRI score exceeds 1, it signifies a
favorable decrease in concentration. Conversely, a
score below 1 indicates an unfavorable reduction. The
DRI analysis was conducted using Compusyn software
(Biosoft, Ferguson, MO, USA) [377, 38].

2.5. Morphological Assessment

After 72 hours of treatment with the test
compounds, morphological changes in HelLa cells were

observed and photographed under an inverted light
microscope.

2.6. Quantification of the Acyl-CoA/CoA Ratio

The study aims to investigate the impact of the
empagliflozin-metformin combination on metabolic
processes in cervical cancer cells, with the goal of
elucidating the mechanisms underlying their combined
cytotoxicity and potential synergistic effects.

The intracellular Acyl-CoA to CoA ratio was
quantified. This ratio serves as a critical marker of
metabolic stress and dysregulation, reflecting the
equilibrium between activated fatty acids—substrates
for oxidation and synthesis—and free Coenzyme A, an
essential cofactor in various metabolic pathways.

2.6.1. Principle of the Assay

The intracellular ratio of Acyl-CoA to free Coenzyme
A (CoASH) was estimated utilizing a coupled
enzymatic assay, which converts all CoA forms into a
singular detectable product, NADH. The concentration
of NADH was subsequently quantified by measuring its
absorbance at 340 nm. The assay was performed in
two sequential steps.

Total CoA Measurement: Acyl-CoA esters are
hydrolyzed by the enzyme acyl-CoA hydrolase,
releasing free CoASH. The liberated CoASH, along
with the body's endogenous CoASH pools, is then
oxidized by a-ketoglutarate dehydrogenase (a-KGDH)
in the presence of a-ketoglutarate and NAD®*. This
enzymatic process produces NADH in a molar ratio to
the total CoA pool, which includes both free CoASH
and Acyl-CoA. The following reactions summarize this
overall process.

(Acyl-CoA + H,O — CoASH + Fatty Acid) followed by
(CoASH + a-Ketoglutarate + NAD* — Succinyl-CoA +
CO; + NADH)

Free CoASH Measurement: In a separate aliquot
of the sample, endogenous free CoASH is oxidized by
a-KGDH in the absence of acyl-CoA hydrolase, resul-
ting in the production of NADH proportional solely to
the free CoASH content. The concentration of acyl-CoA
is determined by subtracting the free CoASH value
from the total CoA value. Subsequently, the acyl-CoA-
to-CoA ratio is calculated from these measurements.

2.6.2. Sample Preparation

After the 72-hour treatment interval, cells cultured in
6-well plates were rinsed with ice-cold PBS and lysed
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with 200 pL of 0.6 M perchloric acid. The lysates were
then collected, vortexed vigorously, and centrifuged at
15,000 x g for 10 minutes at 4°C to facilitate protein
precipitation. The resulting acidic supernatants were
neutralized to a pH range of 6-7 by adding 50 yL of 2 M
KHCO;, followed by centrifugation to eliminate the
precipitated potassium perchlorate salt. The final
neutralized extracts were maintained on ice and used
immediately for subsequent assays.

2.6.3. Enzymatic Reaction and Spectrophotometric
Measurement

All assays were conducted utilizing a 96-well
microplate. The reaction mixture for the Total CoA
assay comprised 50 mM Tris-HCI (pH 8.0), 2.5 mM a-
ketoglutarate, 0.2 mM NAD*, 2.5 mM MgCl,, 0.1% (v/v)
Triton X-100, and 0.2 U/mL of acyl-CoA hydrolase
derived from Pseudomonas spp. (Sigma-Aldrich), and
50 pL of neutralized cellular extract. The assay was
initiated through the addition of 0.5 U/mL of a-
ketoglutarate dehydrogenase (a-KGDH) obtained from
porcine heart (Sigma-Aldrich). Variations in absorbance
at 340 nm were monitored over 20 minutes at 37°C
using a microplate reader. The Free CoASH assay was
conducted similarly, excluding the addition of acyl-CoA
hydrolase. For each experimental set, a standard curve
was generated using known CoASH concentrations
ranging from 0 to 10 nmol, thereby enabling conversion
of absorbance changes (AA;4,) to nanomoles of CoA.

Using data from six independent biological
replicates per treatment group, the concentrations were
determined as follows:

Total CoA (nmol) = (AA;4 [Total] x Dilution Factor) / (¢
x path length)

Free CoASH (nmol) = (AAz4, [Free] x Dilution Factor) /
(e x path length).

Acyl-CoA (nmol) = Total CoA - Free CoASH.
Acyl-CoA/CoA Ratio = (Acyl-CoA) / (Free CoASH).

Where ¢ (extinction coefficient for NADH) = 6220
M~™'cm™ [39].

2.7. Molecular Docking Assay

The structural configurations of Empagliflozin and
Metformin were constructed and optimized using
ChemDraw (Cambridge Soft, USA) and Chema3D.
Molecular docking simulations were conducted against
two crucial metabolic enzymes (Phosphopantetheine
Adenylyl transferase (PPAT) and carnitine palmitoyl
transferase 1A (CPT1A).

The selection of PPAT and CPT1A as key metabolic
targets is justified by their well-established roles in
cancer metabolism. Phosphopantetheine Adenylyl
transferase (PPAT) is a critical enzyme involved in the
biosynthesis of coenzyme A (CoA), which is vital for the
proliferation of cancer cells. PPAT catalyzes a rate-
limiting step, and its upregulation directly supports
increased production of lipids, amino acids, and energy
necessary for rapid tumor growth and survival.
Concurrently, Carnitine Palmitoyl transferase 1A
(CPT1A) functions as the primary enzyme regulating
mitochondrial fatty acid oxidation (FAQO). This metabolic
pathway serves as a key energy source for various
cancers, particularly under conditions of metabolic
stress, thereby contributing to chemoresistance and
inhibiting apoptosis. The frequent overexpression of
both PPAT and CPT1A across diverse cancer types
highlights their potential as therapeutic targets for
disrupting tumor metabolism and impeding cancer
progression [40, 41].

The three-dimensional structures of the metabolic
enzymes were retrieved from the Protein Data Bank
(PDB codes: 8XSK for PPAT and 2LE3 for CPT1A).
These structures were utilized in the docking analyses
due to their representation of the constitutively active,
disease-associated conformations, which are the
primary targets for therapeutic inhibition in cancer
treatment.

The structures of metabolic enzymes were refined
using AutoDock Tools, which helped identify optimal
ligand conformations and generate PDBQT files for
further analysis. Then, the structures of Empagliflozin,
Metformin, and enzymes (PPAT and CPT1A) were
imported into AutoDock Tools for docking analysis. The
resulting data, including binding energy scores and
interaction profiles, were thoroughly examined with
BIOVIA Discovery Studio, UCSF Chimera, and
AutoDock [42, 43].

2.8. Ethical Approval

Our study only used in vitro cell line models and
didn't involve human participants or lab animals.
However, we adhered to our institution's ethical
guidelines for laboratory research throughout the study.

2.9. Statistical Analysis

Normality of data was assessed using the Shapiro-
Wilk test prior to conducting parametric analyses.
Cytotoxicity data are expressed as mean * standard
deviation (SD). Differences among experimental
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groups were analyzed using one-way analysis of
variance (ANOVA). For pairwise comparisons, paired t-
tests and LSD post-hoc tests were employed. All
statistical procedures were performed with SPSS
version 20, with a significance threshold set at p < 0.05
[44].

Our study used small and capital letters in data
tables to distinguish between statistical groupings and
significance levels. When means (averages) have the
same letter, it indicates that there is no significant
difference. However, when means have different
letters, they're statistically significant. We used capital
letters to compare means across rows and small letters
to compare means across columns. This approach
offers a clear and straightforward way to present
complex statistical results without lengthy explanations.
Readers can easily see which groups are similar or
different based on the assigned letters.

3. RESULTS
3.1. Cytotoxic Assay

3.1.1. Cytotoxicity of the (Empagliflozin -Metformin)
Mixture

The mixture exhibited significant cytotoxicity against
Hela cells, with effects that intensified over time and at
higher concentrations. After 24 hours, cell inhibition
ranged from about 1.4% at 0.1 ug/ml to 70% at 1000
pg/ml, while after 72 hours, inhibition increased from
approximately 7% to over 81%. The ICs, value notably
dropped from 504.5 ug/ml at 24 hours to 207.5 ug/ml at
72 hours, indicating greater potency with longer
exposure. Conversely, the mixture had minimal effects
on human foreskin fibroblasts, highlighting its selectivity
for cancer cells. These results suggest that the
cytotoxicity of the mixture against Hela cells is
dependent on both concentrations and duration.

Table 1: The Effect of Mixture on the Survival Rates of HeLa and HFF Cell Lines at 24 and 72 Hours

Cellular proliferation inhibition (mean * SD)
Con. (ug/ml) HelLa cell line HFF cell line
24 hr. 72 hr. P- value 24 hr. 72 hr. P- value

0.1 14+05d 7.0x12e 0.012* 0.0+0.0d 1.0+04d 0.102
1 13.0+1.8¢c 22.0+21d 0.003* 20+0.7 cd 3.0+09d 0.245
10 18.0+2.0¢c 32.0+25¢c 0.001* 40+11¢c 80+13c 0.023*
100 26.0£2.3b 47.0+£3.0b 0.001* 90+15b 13.0+£1.8b 0.041*
1000 70.0t4.1a 81.0t4.5a 0.018* 120+19a 17.0+22a 0.035*

IC 50 504.5 pg/ml 207.5 pg/ml - >1000 pg/ml >1000 pg/ml -

LSD value 5.8 6.7 - 29 35 -

*: indicates p < 0.05.
Table 2: Comparing the Mixture's Effects on the Growth of HeLa and HFF Cell Lines at 24 and 72 Hours
Cellular proliferation inhibition (mean * SD)
Con. (ug/ml) 24 hr. 72 hr.
Hela cell line HFF cell line P- value Hela cell line HFF cell line P- value

0.1 14+05d 0.0+0.0d 0.055 7.0x12e 1.0+04d 0.003*
1 13.0+1.8¢c 20+0.7 cd 0.001* 22.0+21d 3.0+09d 0.001*
10 18.0+2.0¢c 40+11¢c 0.001* 32.0+25¢c 80+13c 0.001*
100 26.0+23b 90+15b 0.001* 47.0+£3.0b 13.0+£1.8b 0.001*
1000 70.0t4.1a 120+19a 0.001* 81.0t4.5a 17.0+22a 0.001*

IC 50 504.5 pg/ml >1000 pg/ml - 207.5 pg/ml >1000 pg/ml -

LSD value 5.8 29 - 6.7 35

*: indicates p < 0.05.
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Table 3: The Effect of Carboplatin on the Survival Rates of HeLa and HFF Cell Lines at 24 and 72 Hours

Cellular proliferation inhibition (mean * SD)
Con. (ug/ml) HelLa cell line HFF cell line
24 hr. 72 hr. P- value 24 hr. 72 hr. P- value

0.1 60x1.1e 1.0+x04e 0.022* 40+10e 10.0t1.6e 0.019*
1 15.0+1.7d 50+1.0d 0.007* 17.0+1.9d 24.0+22d 0.031*
10 250+22c 17.0+19¢ 0.016* 250+22c 37.0+28c 0.008*
100 37.0+28b 27.0+23b 0.028* 38.0+29b 53.0+3.2b 0.006*
1000 57.0+3.3a 39.0+29a 0.001* 53.0+3.2a 69.0+3.7a 0.009*

IC 50 650.2 pg/ml >1000 pg/ml - 800.1 pg/ml 81.5 pg/ml -

LSD value 4.9 3.9 - 4.6 5.5 -

*: significant at (P<0.05).

The outcomes demonstrate that the impact of the
mixture on the HFF cell line was lower compared to
Hela cells. After 24 hours, proliferation was minimally
affected, with only 12.0 £ 1.9% inhibition at 1000 pg/ml,
which increased slightly to 17.0 £ 2.2% after 72 hours.
The ICso values exceeded 1000 pg/ml at both time
points. Statistical analysis confirmed a significant
difference in sensitivity, indicating a selective anti-
proliferative effect on cancer cells while sparing normal
fibroblasts, as evidenced by the lower inhibition in HFF
cells Tables 1,2.

3.1.2. Carboplatin cytotoxicity

The cytotoxic effects of Carboplatin were assessed
on Hela (cervical carcinoma) and HFF (normal human
Foreskin Fibroblasts) cell lines over durations of 24 and
72 hours. Results demonstrated a concentration-
dependent inhibition of proliferation in both cell types.
Notably, HelLa cells exhibited greater sensitivity at the
24-hour mark, with an ICs, value of 650.2 pg/ml, which
increased markedly by 72 hours (ICso, > 1000 pg/ml),

with 1Cs, values decreasing from 800.1 pg/ml at 24
hours to 81.5 ug/ml at 72 hours. Statistical analysis (p
< 0.05) confirmed significant differences between time
points at each concentration for both cell lines,
indicating a time-dependent cytotoxic response. The
observed shifts in IC5, values imply distinct temporal
mechanisms of action in malignant versus normal cells
Table 3.

3.1.3. Cytotoxicity of Mixture Medications

Individually

The cytotoxic effects of Empagliflozin and Metformin
were systematically examined to understand the
mechanisms  behind  their combined toxicity.
Additionally, it investigates the nature of their
interactions, determining whether these agents show
synergistic, antagonistic, or additive effects.

3.1.3.1. Empagdliflozin Cytotoxicity

The antiproliferative effects of Empagliflozin on
cervical cancer cells were evaluated at 24 and 72

suggesting the emergence of resistance. Conversely, hours. Results demonstrated a concentration-
HFF cells showed increased susceptibility over time, dependent and time-dependent reduction in cell
Table 4: The Effect of Empagliflozin on the Survival Rates of Cervical Cancer Cells at 24 and 72 Hours
Concentration (ug/mi) Cellular proliferation inhibition (mean * SD) P-value
24 hr. 72 hr.
0.1 0.0+0.0d 50+10e 0.021*
1 60+11c¢c 14.0+1.6d 0.004*
10 11.0£15b 23.0+21¢ 0.001*
100 33.0+25a 39.0£28b 0.033*
1000 36.0£2.7a 51.0+3.1a 0.001*
IC 50 >1000 pg/ml 916.6 ug/ml -
LSD value 37 4.2 -

*: significant at (P<0.05).
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Table 5: The Effect of Metformin on the Survival Rates of Cervical Cancer Cells after 24 and 72 Hours

Cellular proliferation inhibition (mean * SD)
Concentration (ug/ml) P- value
24 hr. 72 hr.
0.1 0.0+0.0d 50+1.0d 0.018*
1 20+0.7d 21.0+20c 0.001*
10 9.0t14c 28.0£23b 0.001*
100 25.0+£22b 32.0+25ab 0.029*
1000 36.0+2.7a 440+29a 0.026*
IC 50 >1000 pg/ml >1000 pg/ml -
®LSD value 35 4.7 -

*: indicates p < 0.05.

viability. After 24 hours, significant inhibition was
observed only at higher concentrations, with 100 pg/ml
and 1000 pg/ml leading to 33.0% and 36.0% inhibition,
respectively. At 72 hours, inhibition was markedly
increased, reaching 51.0% at the highest
concentration. The ICs, decreased from over 1000
pg/ml at 24 hours to 916.6 pg/ml at 72 hours, indicating
enhanced potency over time Table 4.

3.1.3.2. Metformin Cytotoxicity

The study evaluated the effects of metformin on
cervical cancer cell growth over 24 and 72 hours.
Results showed a concentration- and time-dependent
reduction in cell viability, with modest inhibition at 24
hours (up to 36%) and more significant effects after 72
hours (up to 44%). Notably, lower concentrations
demonstrated significantly increased inhibition over
time, as illustrated by the 1 pg/ml dose, which
increased from 2% to 21% inhibition. The ICs,
exceeded 1000 uyg/ml at both time points, indicating
that high doses are needed for effectiveness. The
statistically  significant difference (p < 0.05)

underscores the importance of prolonged exposure for
achieving optimal antiproliferative results Table 5.

3.1.4. Comparison of Cytotoxicity among
Empagliflozin, Metformin, Carboplatin, and the
Mixture

The outcomes of the comparison among the various
study treatments after 24 and 72 hours revealed the
following. Carboplatin demonstrated the most potent
inhibitory effect at lower concentrations (1-10 pg/ml),
while the combination therapy showed greater efficacy
at the highest dose (1000 pg/ml), achieving 70.0
4.1% inhibition. At the 72-hour mark, the combination
treatment displayed a significant increase in
effectiveness across all concentrations, reaching 81.0 +
4.5% inhibition at 1000 pg/ml—surpassing the efficacy
of all individual agents. The ICs, values supported this
trend, with the combination exhibiting the lowest ICs, at
72 hours (207.5 pg/ml), indicating increased potency
over time. Empaglifiozin and Metformin produced
moderate, dose-dependent responses, but their ICs,
values remained high (>1000 pg/ml at 24 hours).

Table 6: Comparison of Empagliflozin, Metformin, Carboplatin, and a Combination for Inhibiting the Growth of HelLa

Cancer Cells Over 24 Hours

Cellular proliferation inhibition (mean * SD)
Concentration (ug/ml) LSD
Empagliflozin Metformin Carboplatin mix
0.1 B0.0+0.0d B0.0+0.0d A6.0t1.1e B1.4+05d 1.7
1 B6.0x1.1¢c C20+0.7d A150x1.7d A13.0+18¢c 3.6
10 C11.0+x15b C9.0t14c A250+22¢c B18.0+20c¢c 4
100 A33.0+25a B25.0+22b A37.0+28b B26.0+23b 54
1000 C36.0+t27a C36.0+t27a B57.0+33a A70.0+41a 7.2
IC 50 >1000 pg/ml >1000 pg/ml 650.2 pg/ml 504.5 pg/ml
LSD value 3.7 35 4.9 5.8

*: indicates p < 0.05.
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Table 7: Comparison of Empagliflozin, Metformin, Carboplatin, and a Combination for Inhibiting the Growth of HeLa

Cancer Cells Over 72 Hours

Concentration (ug/mi) Cellular proliferation inhibition (mean * SD) b LSD value
Empagliflozin Metformin Carboplatin mix
0.1 A50x10e A5.0+1.0d B1.0+04e A70x12e 29
1 B14.0+1.6d A210+20c Cc5.0+1.0d A220+21d 3.9
10 B23.0+21c A28.0%23b C170+19c¢ A320+25¢c 4.8
100 B39.0+28b C320zx25ab C270+23b A47.0+3.0b 5.7
1000 B51.0+3.1a BC44.0+29a C39.0+29a A810%45a 7.4
IC 50 916.6 pg/ml >1000 pg/ml >1000 pg/ml 207.5 pg/ml
LSD value 4.2 4.7 3.9 6.7
*: indicates p < 0.05.
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Figure 1: Comparison of Empagliflozin, Metformin, Carboplatin, and Their Combinations in Inhibiting HeLa Cell Growth at 24
and 72 Hours. (Empa; Empagliflozin, Met; Metformin, Carbo; Carboplatin, MIX; Empagliflozin — Metformin mixture).

Statistical analysis, including LSD values, identified
significant differences between treatments at each
concentration (p < 0.05), emphasizing the superior and
consistent cytotoxic effects of the combination therapy
Tables 6, 7, Figure 1.

3.2. Selective Toxicity Assay

The study findings showed that the selectivity index
(SI) of the Empagliflozin—Metformin combination
increased from 1.98 at 24 hours to 4.82 at 72 hours,
indicating greater selectivity for cancer cells over time.
In contrast, the S| for carboplatin decreased
significantly from 1.23 at 24 hours to 0.08 at 72 hours,
suggesting a loss of specificity for targeting cancer
cells over time. This decline may reflect the

development of resistance mechanisms in cancer cells
against carboplatin with prolonged exposure Table 8.

3.3. Medication Mixture Interaction pattern

3.3.1. Combination Index

After a 24-hour incubation period, the CIl score
revealed distinct interaction patterns among the mixture
components. Specifically, concentrations of 0.1, 1, and
10 pg/ml demonstrated very strong synergistic effects,
while the concentrations of 100 and 1000 pg/ml
exhibited moderate synergism and a synergistic
interaction pattern, respectively.

Following a 72-hour incubation period, the results
indicated that concentrations of 1, 10, and 100 ug/ml
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Table 8: Selective Toxicity Index (Sl) of the Empagliflozin-Metformin Combination and Carboplatin on HelLa vs. HFF

Cells
Incubation Time ICs, HeLa (Cancer) IC5o HFF (Normal) . a
Treatment Group (hours) Cells (pug/ml) Cells (ug/ml) Selective Index (Sl)
Empagliflozin-Metformin 24 504.5 >1000 >1.98
Combination 72 207.5 >1000 >4.82
24 650.2 800.1 1.23
Carboplatin
72 >1000 81.5 <0.08

?: Selective Index (Sl) was calculated using the formula: Sl = ICs, of Normal Cells (HFF) / ICs, of Cancer Cells (HeLa). An Sl > 1 indicates selectivity towards cancer

cells, while an Sl < 1 indicates higher toxicity to normal cells.

exhibited strong synergistic effects, whereas the 1000
pg/ml  concentration demonstrated a very strong
synergistic interaction. Conversely, the 0.1 pg/ml
concentration showed a Slight antagonistic effect
Tables 9,10, Figure 2.

3.3.2. Dose Reduction Index

Across all incubation periods and concentrations,
the DRI score consistently stayed above 1. This
suggests that the combined concentration of each
component needed to cause significant cytotoxicity is

lower than the individual toxic thresholds seen when
compounds are used alone. The lower effective
concentrations indicate a decreased risk of adverse
effects from the combined formulation, especially
compared to the side effects linked with single-agent
treatment applications Tables 9,10, Figure 2.

3.4. Acyl-CoA/CoA Ratio Assessment

The study demonstrated that exposure of Hela
cells to individual agents and their combinations for 72

hours

resulted

Table 9: Cl and DRI for the Combination after a 24-Hour Incubation Period

in a statistically significant,

dose-

(concentration pg/ml)
DRI value The ratio of (Empagliflozin- Metformin) in the combination
Combination style Cl score is 1:1
Metformin Empagliflozin Empagliflozin Metformin Combination
28.9494* 48.5536* Very Strong Synergism 0.05514 0.05 0.05 0.1
96.4807* 80.3335* Very Strong Synergism 0.02281 0.5 0.5 1
85.5566* 63.5349* Very Strong Synergism 0.02743 5 5 10
3.44840* 2.22637* Moderate Synergism 0.73915 50 50 100
5.78839* 2.12764* Synergism 0.64276 500 500 1000

Compusyn software was used to determine the values of the Combination Index (Cl) and Dose Reduction Index (DRI). A Cl value greater than 1 indicates
antagonism, a Cl equal to 1 signifies an additive effect, and a Cl less than 1 suggests synergism. A DRI value over 1 indicates reduced toxicity. An asterisk (*)

signifies a beneficial decrease in the effective cytotoxic concentration [45].

Table 10: Cl and DRI for the Combination after a 72-Hour Incubation Period

(concentration pg/ml)
DRI value The ratio of (Empagliflozin- Metformin) in the combination
Combination style Cl score is 1:1
Metformin Empagliflozin Empagliflozin Metformin Combination
1.12489* 3.26076* Slight Antagonism 1.19566 0.05 0.05 0.1
18.2400* 20.5990* Strong Synergism 0.10337 0.5 0.5 1
13.1028* 10.2695* Strong Synergism 0.17370 5 5 10
15.0434* 7.50187* Strong Synergism 0.19977 50 50 100
636.841* 103.576* Very Strong Synergism | 0.01123 500 500 1000

Compusyn software was used to determine the values of the Combination Index (Cl) and Dose Reduction Index (DRI). A Cl value greater than 1 indicates
antagonism, a Cl equal to 1 signifies an additive effect, and a Cl less than 1 suggests synergism. A DRI value over 1 indicates reduced toxicity. An asterisk (*)

signifies a beneficial decrease in the effective cytotoxic concentration [45].
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Figure 2: Plots show the combination index (Cl) on the left and the dose reduction index (DRI) on the right for the mixture after
24 hours (above) and 72 hours (below) of incubation. Epa: Empagliflozin, Met: Metformin, Cl: combination index, DRI: dose

reduction index.

dependent elevation in the Acyl-CoA/CoA ratio relative
to the untreated control (baseline, 1.0 * 0.09).
Specifically, treatment with empaglifiozin at a
concentration of 1000 pg/ml yielded a moderate
increase, elevating the ratio to 1.92 + 0.14. Metformin
at the same concentration induced a more pronounced
effect, raising the ratio to 2.58 + 0.19. Additionally, the
chemotherapeutic agent carboplatin, administered at
1000 pg/ml, increased the ratio to 2.25 + 0.18.

Strikingly, the combination of Empagliflozin and
Metformin caused a significantly greater disruption in
CoA pool homeostasis. At the highest concentration
tested (1000 pg/ml, with each drug at 500 pg/ml), this
combination produced an Acyl-CoA/CoA ratio of 5.02 +
0.41. This ratio was not only significantly higher than
the control group (p < 0.001), but also significantly
exceeded the effects seen with either drug alone at the
same concentrations (p < 0.001 for Empagliflozin; p <
0.01 for Metformin).

Furthermore, it was more than twice the ratio
caused by Carboplatin treatment (p < 0.001). Notably,
even at a lower concentration (100 pg/ml, with each
drug at 50 pg/ml), the combination resulted in a ratio of
3.28 + 0.27, indicating a synergistic metabolic
disruption Table 11.

3.5. Molecular Docking Studies

Molecular docking simulations were used to explore
the interaction of Empagliflozin and Metformin with key

metabolic enzymes. The study focused on
Phosphopantetheine Adenylyltransferase (PPAT, PDB
code: 8XSK) and Carnitine Palmitoyltransferase 1A
(CPT1A, PDB code: 2LE3). These enzymes were
chosen because they represent stable, disease-related
structures that serve as potential targets for cancer
therapy. Tools used in this research included AutoDock
Tools version 1.5.7, BIOVIA Discovery Studio, UCSF
Chimera, and AutoDock Vina [46].

3.5.1. Docking with Phosphopantetheine Adenylyl
Transferase Enzyme

The chemical docking study showed that
Empagliflozin interacts with the PPAT metabolic
enzyme, with a docking score of -7.4 kcal/mol.
Molecular docking analysis identified one "hydrogen
electrostatics bond" with amino acid residues of HIS
A:18 at a distance of 3.14 A. Additionally, a two-
electrostatics bond occurs with LYS A:42 at 3.28 A.
and ARG A:133 at 3.97 A. And finally, a two-
hydrophobic bond occurs with LYS A:42 at 4.23 A. and
5.48 A—Figure 3.

The other component in the mixture, Metformin,
exhibited the capacity to interact with the PPAT
metabolic enzyme, as evidenced by a docking score of
-5.2 kcal/mol. Molecular docking analysis revealed the
formation of three conventional hydrogen bonds with
the amino acid residues ARG A:91, GLU A:99, and
TYR A:7, at distances of 2.65 A, 2.90 A, and 1.94 A,
respectively Figure 3.
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Table 11: Effect of Empagliflozin, Metformin, Carboplatin, and (Empagliflozin, Metformin) Combination on the Acyl-
CoA/CoA Ratio in HelLa Cells after 72 Hours of Treatment

Treatment Concentration Acyl-CoA/CoA Ratio (Mean si ??.2::2:' s Statistical Significance vs.
(ng/ml) +SD) igniti vs. Combination (1000 pg/ml)
Control
Control - 1.00+0.099g - p < 0.001
100 1.38+0.10fg N.S p < 0.001
Empagliflozin
1000 1.92 £0.14 de p < 0.001 p < 0.001
100 1.97 £0.16 de p < 0.001 p < 0.001
Metformin
1000 258+0.19¢ p < 0.001 p <0.01
100 1.71+£0.13 ef p < 0.001 p < 0.001
Carboplatin
1000 2.25+0.18 cd p < 0.001 p < 0.001
Combination 100 (50+50) 3.28+0.27b p < 0.001 p <0.01
(Empa+Met) 1000 (500+500) 502+0.41a p < 0.001 ;
®LSD value - 0.42 -

Values are reported as the mean + standard deviation (SD) based on six independent replicates (n=6). The untreated control ratio is normalized to a baseline of 1.0.
Different superscript letters (a—g) indicate statistically significant differences between all treatment groups (p < 0.05), as determined by one-way ANOVA followed by
LSD post-hoc analysis. Means sharing the same letter are not significantly different.
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Figure 3: The structural configurations of PPAT binding sites are depicted in both two-dimensional (middle image) and three-
dimensional (top image) representations. Empagliflozin and Metformin are presented sequentially from left to right. The lower
three-dimensional view highlights the binding sites of the mixture (Empagliflozin (yellow) and Metformin (bright yellow)) on PPAT.



Empagliflozin-Metformin Induces Metabolic Crisis in Cervical Cancer

Journal of Cancer Research Updates, 2025, Vol. 14 259

[ van oo s B T
[ coen g tond ] m
B o e

& ASS3 n

o
ARG \ 2R rrennd
A503 _’/ * L"-'s ' AP
L é | . ' ASS)
S 8 % THR "
’ A R
v > Rie R
' Vas SER ASST
a3z Aus
™R ARG
ASOL ASS4

ASN
AsS83

AsP
A6

Figure 4: The structural arrangements of CPT1A binding sites are shown in both 2D and 3D views (middle and top images,
respectively). Empagliflozin, Metformin, and Etomoxir are displayed from left to right. The lower 3D image shows the binding
sites of the mixture (Empagliflozin (yellow) and Metformin (black)) to PDK1.

3.5.2. Docking with Carnitine Palmitoyl Transferase
Enzyme

The molecular docking analysis of the interaction
between Carnitine Palmitoyl Transferase 1A (CPT1A)
and Empagliflozin revealed a docking score of -8.7
kcal/mol. The study identified a single carbon-hydrogen
bond with the amino acid residue ASP A:553 at a
distance of 3.79 A. Additionally, a pi-pi stacked
interaction was observed with TYR A:486 at 4.45 A,
along with a pi-pi T-shaped interaction involving the
same residue at 5.86 A. An unconventional hydrogen
bond was detected with an unidentified amino acid at
2.39 A. Furthermore, three pi-alkyl interactions were
identified with TRP A:116, TYR A:557, and VAL A:605
at distances of 5.38 A, 5.24 A, and 4.70 A, respectively
Refer to Figure 4.

Moreover, the interaction between Metformin and
the CPT1A metabolic enzyme was evaluated through
molecular docking analysis, which yielded a docking

score of -5.1 kcal/mol. The analysis revealed the
formation of four conventional hydrogen bonds with
amino acid residues ARG A:554, ASN A:583, ASP
A:553, and ASN A:583, at distances of 3.07 A, 2.88 A,
231 A, and 2.28 A, respectively. Additionally, an
electrostatic interaction was observed with the ASP
A:553 residue at a distance of 4.74 A Figure 4.

For comparison, a molecular docking study
evaluated the interaction between Etomoxir (a CPT1A
inhibitor) [47] And a CPT1A metabolic enzyme,
resulting in a docking score of -6.4 kcal/mol for binding.
The study identified four conventional hydrogen bonds
involving the following amino acid residues: HIS A:372
(observed twice), TYR A:486, and SER A:488. The
respective bond distances were 2.53 A, 2.19 A, 2.38 A,
and 3.05 A. Additionally, a pi-pi T-shaped interaction
was identified with TRP A:116 at a distance of 4.47 A.
An alkyl interaction was also observed with VAL A:605
at 4.67 A. Furthermore, four pi-alkyl interactions were
detected involving TRP A:116, HIS A:372, TYR A:486,
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Figure 5: Morphological features of HelLa cells were observed using an inverted microscope at 400x magnification. (A)
Untreated Hela cells. (B) HelLa cells were treated with 100 pg/mL of Empagliflozin for 72 hours. (C) HelLa cells were exposed to
1,000 pg/mL of Metformin for 72 hours. (D) HelLa cells were treated with a 1,000 pg/mL mixture for 72 hours.

Table 12: Compares the Molecular Docking Scores of each Component within the Mixtures to those of a Standard
Medication Targeting the PPAT and CPT1A Metabolic Enzymes

Ligands
Receptor
Empagliflozin Metformin Etomoxir
PPAT -7.4 -5.2 -
CPT1A -8.7 -5.1 10.4

PPAT: Phosphopantetheine Adenylyl Transferase enzyme. CPT1A: Carnitine Palmitoyl Transferase enzyme. Docking scores (in kcal/mol) show predicted binding
affinity, with more negative values indicating stronger binding. The scores for standard inhibitors (Etomoxir for CPT1A, while for PPAT, there is no identified direct
inhibitor). These are provided for comparison and were calculated using the same molecular docking method and metabolic enzyme (PDB: 8XSK for PPAT and
2LE3 for CPT1A) as the test compounds. A dash (—) indicates that the docking simulation was not performed for that specific drug-target pair.

and TYR A:557, with distances of 4.67 A, 4.80 A, 3.76
A, and 4.63 A, respectively Figure 5.

Given the interactions of each mixture component
with PPAT and CPT1A, it is proposed that the
combined mechanism operates via complementary
pathways. This is attributed to the fact that each
medication binds to a specific site on the enzymes,
thereby producing a synergistic effect among the
components Figure 4.

To elucidate the efficacy of the mixture against
PPAT and CPT1A metabolic enzymes, the docking
scores of its constituents were compared with those of
standard drugs targeting the same enzymes (Table
12).

3.6. Histopathological Features of the Study Cell
Lines

Figure 5 illustrates the morphological alterations
observed in the HelLa cell line following a 72-hour
treatment period.

4. DISCUSSION

The management of advanced cervical cancer
encounters significant challenges due to
chemoresistance and the substantial toxicities
associated with conventional therapies. This study
explores the potential of repurposing Empagliflozin and
Metformin as a novel combinatorial therapeutic
strategy. To assess this approach, various assays were

employed: the MTT assay for quantifying cytotoxic
effects, the Selective Index (Sl) for evaluating cancer
cell specificity, and the Combination Index (CI) in
conjunction with the Dose Reduction Index (DRI) to
analyze drug interactions. Additionally, the Acyl-
CoA/CoA ratio was measured to investigate metabolic
disruption, and molecular docking studies were
conducted to predict interactions with key metabolic
enzymes.

The study findings demonstrate that the
combination of Empagliflozin and Metformin exhibits
significant, time-dependent cytotoxicity against Hela
cells, characterized by a markedly lower ICs, compared
to each agent when used individually. Notably, the
elevated Sl values support the compound's selectivity
for malignant cells over normal healthy cells. The
combination index (Cl) analysis reveals strong
synergism. In contrast, favorable drug response index
(DRI) scores suggest the potential for concentration
reduction, leading to fewer mixture adverse effects
compared to using each medication alone.
Mechanistically, this combination induces a notable,
dose-dependent increase in the Acyl-CoA/CoA ratio,
indicating substantial metabolic stress. This is further
supported by in silico docking studies, which
demonstrate the binding affinity of both drugs to key
metabolic regulators PPAT and CPT1A. Collectively,
these results suggest that the Empagliflozin-Metformin
combination synergistically impairs critical metabolic
pathways in cervical cancer cells.
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The anticancer mechanisms of the combined
empagliflozin and metformin can be explained through
two main pathways. The first pathway is based on
previous research showing the individual anticancer
effects of empagliflozin and metformin. The second
involves findings from our study assays, as measured
by the Acyl-CoA/CoA ratio, along with in silico
molecular docking analyses.

Our results revealed that empagliflozin exhibits a
definitive, concentration- and time-dependent cytotoxic
effect in HelLa cells, with the IC;, value decreasing
from over 1000 pg/mL at 24 hours to 916.6 ug/mL at 72
hours. This finding aligns with an expanding body of
literature on the antineoplastic properties of SGLT2
inhibitors. For instance, a previous study has
demonstrated that canagliflozin induces apoptosis and
endoplasmic reticulum stress in HepG2 cells,
suggesting a potential class effect extending beyond
glycemic regulation [14]. Similarly, a separate study
indicated that these agents can inhibit proliferation
across various cancer models by disrupting cellular
energy  metabolism  [48-52]. The  moderate
effectiveness observed with individual agents supports
the notion that SGLT2 inhibitors are most effective
when used as sensitizing agents. This is confirmed by
the strong synergistic effect seen with metformin, a
well-documented drug that affects AMPK activity and
mitochondrial function [16, 48].

This study demonstrates that metformin exhibits a
concentration- and time-dependent antiproliferative
effect on Hela cells. Specifically, inhibition rates
increased from 36% at 24 hours to 44% at 72 hours at
a concentration of 1000 pg/mL. These findings align
with the existing literature on metformin's anticancer
properties, which are primarily attributed to its
activation of AMP-activated protein kinase (AMPK) and
inhibition of mitochondrial complex |, resulting in
disrupted cellular energy production. For instance,
research has indicated that metformin exerts selective
cytotoxicity against breast cancer cell lines, with
enhanced efficacy observed at 72 hours, corroborating
the time-dependent effects reported herein [18].
Furthermore, an additional study has investigated the
application of metformin within innovative drug delivery
systems for cervical cancer, thereby underscoring its
potential as a candidate for drug repurposing [19, 53].

The moderate activity of a single agent observed in
our study is consistent with existing literature,
suggesting that its principal efficacy may be realized
through combination therapies. The notable synergistic

effect observed with empagliflozin underscores this
point, emphasizing the importance of incorporating
metformin into multi-targeted metabolic strategies for
cancer therapy.

Furthermore, building upon the previously described
mechanism of anticancer activity for each drug, this
study emphasizes the exploration of a novel
mechanism involving the modulation of the Acyl-
CoA/CoA ratio. The observed concentration-dependent
increase in the Acyl-CoA to CoA ratio resulting from the
combination of Empaglifiozin and  Metformin
underscores a critical mechanism in anticancer activity
rooted in metabolic disruption. This combination (mean
ratio: 5.02 + 0.41) exhibits a significantly greater effect
compared to each agent administered independently,
indicating a substantial disturbance in the CoA pool
equilibrium.

The accumulation of acyl-CoA esters alongside a
decrease in free CoASH directly compromises
mitochondrial function by inhibiting essential enzymes,
including  a-ketoglutarate  dehydrogenase. Such
inhibition impairs the tricarboxylic acid (TCA) cycle and
subsequently reduces ATP synthesis, elucidating a
potential metabolic target for therapeutic intervention
[54]. Such a pronounced metabolic lesion has a
particularly detrimental impact on cancer cells, which
rely heavily on enhanced CoA metabolism to meet their
anabolic  requirements and  promote cellular
proliferation [22]. This targeted induction of metabolic
catastrophe is the main mechanism responsible for the
mixture's ability to kill cervical cancer cells.

Along with the previously identified underlying
anticancer mechanism of the mixture, a molecular
docking study was conducted to further support this
mechanism by analyzing the ability of the mixture's
drugs to target two key metabolic enzymes:
Phosphopantetheine Adenylyltransferase (PPAT) and
Carnitine Palmitoyltransferase 1A (CPT1A) [55].

The selection of these metabolic enzymes for
molecular docking was informed by their pivotal roles in
CoA and fatty acid metabolic pathways, thereby
establishing a mechanistic link to the anticancer effects
observed with the mixture through its modulation of the
Acyl-CoA/CoA ratio. Specifically, PPAT catalyzes a
rate-limiting step in CoA biosynthesis, which is critical
for cancer cell proliferation. Concurrently, CPT1A
regulates the rate-limiting step of mitochondrial fatty
acid oxidation (FAQO), a crucial metabolic pathway
activated under conditions of cellular metabolic stress
[27, 28]. The significant disruption of the Acyl-CoA/CoA
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balance caused by the drug combination indicates a
targeted assault on these metabolic points, reducing
free CoASH levels and building up lipid intermediates
to induce metabolic failure [40, 41].

The molecular docking findings provide a structural
basis for elucidating the anticancer mechanism of the
compound mixture, illustrating the binding modalities of
each drug in relation to their physicochemical

properties. Empagliflozin, characterized by a
substantial and lipophilic scaffold, demonstrated
superior binding energies (PPAT: -7.4 kcal/mol;

CPT1A: -8.7 kcal/mol), which facilitate its insertion into
hydrophobic pockets within the target sites. This
behavior aligns with the binding patterns observed in
other rigid, polycyclic molecular frameworks interacting
with enzyme active sites [56]. In contrast, the small,
polar diguanide structure of Metformin facilitates strong
and specific hydrogen bonding interactions with
residues in the active site. This interaction pattern is
characteristic of highly polar ligands that target
metabolic enzymes [57].

Notably, the two compounds bind to distinct amino
acid residues on both PPAT and CPT1A. This
structural complementarity suggests a mechanism of
simultaneous, non-competitive inhibition —a strategy
recognized to enhance therapeutic efficacy and
circumvent compensatory pathways in cancer
treatment [49]. By simultaneously targeting CoA
biosynthesis through PPAT inhibition and mitochondrial
fatty acid uptake via CPT1A inhibition at different sites,
the combination significantly disrupts cellular energy
metabolism. This mechanism explains the severe
metabolic stress indicated by the increased Acyl-
CoA/CoA ratio.

The study's findings indicate a pronounced
synergistic interaction between empagliflozin and
metformin. This is evidenced by Combination Index
(Cl) values substantially below one and favorable Dose
Reduction Index (DRI) scores, reflecting an enhanced
cooperative cytotoxic effect against HeLa cells. The
underlying mechanism appears to involve substantial
disruption of metabolic homeostasis. Notably, the
combination therapy elicited a significant, synergistic
increase in the Acyl-CoA/CoA ratio, far exceeding the
effects observed with either agent alone, thereby
indicating severe impairment of mitochondrial function
and energy metabolism. Molecular docking analyses
provide structural insights into this synergy, revealing
that empagliflozin and metformin bind to distinct sites
on the metabolic enzymes PPAT and CPT1A. This

dual-binding modality suggests a complementary
inhibition strategy targeting CoA biosynthesis and fatty
acid oxidation, which collectively precipitate metabolic
catastrophe and induce cell death.

Despite the well-established pharmacokinetics and
safety profiles of empaglifiozin and metformin
individually, a key limitation of this study is its exclusive
in vitro nature. This model cannot replicate the complex
systemic interactions and tumor microenvironment of a
living organism. Therefore, future in vivo studies are
essential to confirm the therapeutic efficacy and safety
of this repurposed combination before clinical
translation.

5. CONCLUSION

Managing advanced cervical cancer continues to
pose a significant clinical challenge, primarily due to
the limitations  associated with  conventional
chemotherapeutic regimens. These include the
emergence of chemoresistance and the occurrence of
severe toxic side effects, which restrict dosage
administration. To mitigate these issues, this study
investigates a novel drug repurposing strategy that
combines the use of the anti-diabetic agents
empagliflozin and metformin.

The objective of this investigation was to assess the
potential synergistic cytotoxic and selective effects of
the combination treatment on Hela cervical cancer
cells compared with normal human fibroblasts. A
comprehensive  methodological framework was
employed, including MTT assays for cytotoxicity,
calculation of selectivity and combination index,
evaluation of metabolic disruption via the Acyl-
CoA/CoA ratio, and in silico molecular docking
analyses targeting the key metabolic enzymes PPAT
and CPT1A.

The findings demonstrated that the combination of
empagliflozin and metformin exerts potent, temporally
dependent cytotoxic effects on neoplastic cells, with an
IC50 significantly lower than that of either agent
administered independently. Furthermore, the
combination exhibited high selectivity for malignant
cells relative to normal counterparts. Analytical
assessments revealed a robust synergistic interaction,
accompanied by a favorable dose reduction index.
Mechanistically, this therapeutic synergy appears to
induce substantial disruptions in cellular metabolism,
as evidenced by a synergistic elevation in the Acyl-
CoA/CoA ratio. Molecular docking studies further
suggested that these effects may stem from the agents'
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complementary binding to and inhibition of key
metabolic enzymes PPAT and CPT1A.

The findings of this study provide compelling
preclinical evidence supporting the potential
repurposing of empagliflozin and metformin as a
targeted and synergistic therapeutic approach for
cervical cancer. This strategy seems to induce
metabolic catastrophe, warranting further exploration
through in vivo and clinical investigations.
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