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Abstract

Objective: This study assessed the anticancer properties of the linagliptin-esomeprazole combination and
investigated its molecular mechanism by analyzing its ability to target heat shock proteins. Methods: Over 24 and 72
hours, a HeLa cell line was used to assess the cytotoxicity of linagliptin, esomeprazole, the linagliptin-esomeprazole
mixture, and cisplatin. The safety and selective toxicity of the mixture were evaluated using the human-derived
adipose tissue cell line NHF. The concentrations of linagliptin, esomeprazole, cisplatin, and the mixture ranged
from 0.1 to 1000 pg/ml. The study involved an estimated combination index value to assess the potential
synergistic effect of linagliptin and esomeprazole. The dose reduction index was used to evaluate decreases in the
cytotoxic concentrations of the mixture components, indicating the mixture’s safety and potency. The study uses
computational molecular docking simulations to evaluate the binding affinity of linagliptin and esomeprazole to
different cancer-related heat shock proteins. Results: Our study’s findings show that linagliptin, esomeprazole,
and their combination inhibit the growth of cervical cancer cells, with the mixture being more cytotoxic than either
individual drug and cisplatin. The interaction between linagliptin and esomeprazole demonstrated synergistic
cytotoxicity, as the combination index score indicated. The mixture displayed selective toxicity toward cancer
cells, suggesting a lower risk of adverse effects, supported by the selective toxicity and dose reduction indexes.
The pilot study of computational molecular docking simulations involving various Heat shock proteins showed
optimal interactions of linagliptin and esomeprazole with HSPB1 and Hsp60, respectively, with docking scores of
-8.8 kcal/mol and -7.6 kcal/mol. Conclusion: The findings from our study, including the MTT assay, combination
index, dose reduction index, selective toxicity index, and computational docking simulations, indicate that the
linagliptin—esomeprazole mixture is a promising, effective, safer, and cost-efficient alternative to traditional
chemotherapy for cervical cancer.

Keywords: Linagliptin- esomeprazole- Hela cell line- heat shock protein 60- HSBB1

Asian Pac J Cancer Biol, 10 (3), 645-657

Introduction

Cervical cancer impacts 500,000 women each
year, resulting in more than 300,000 fatalities. Low-
and middle-income nations comprise 90% of cervical
cancer incidences. In the last three decades, organized
screening initiatives have decreased the incidence and
mortality of cervical cancer in high-income nations by

Submission Date: 04/22/2025  Acceptance Date: 06/14/2025

50%. Following diagnosis, treatment options and local
resources are contingent upon the severity of the illness.
A radical hysterectomy, chemotherapy, or a combination
of both may be required [1]. Multiple randomized clinical
trials showed that women with invasive cervical cancer
who are suitable for radiation treatment should choose
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cisplatin-based chemoradiotherapy [2-7]. An analysis of
18 research trials conducted across 11 countries indicates
that combination chemoradiation benefits prognosis. The
research demonstrated an enhancement in 12% of overall
survival rates and advancements in administering both
local and distant disease progression [8].

Chemoradiotherapy serves as a primary treatment
for cervical cancer; nonetheless, the adverse effects
associated with chemotherapy underscore the necessity for
safer alternatives. Numerous trials have been conducted
to determine an effective treatment for cervical cancer
through the repurposing of a medication originally
developed for a different therapeutic application [9-12].

Several attempts have been made to find a better and
safer way to treat cancer, such as moving drugs that are
already on the market for cancer therapy. Linagliptin and
esomeprazole are two examples of drugs that may be
able to fight cancer. The criteria for selecting these drugs
were based on their comprehensive pharmacokinetic
studies, safety profiles, and their demonstrated anticancer
capabilities, which were supported by several studies.

Linagliptin, an antidiabetic agent, impedes the
survival, growth, and motility of Glioblastoma multiforme
cancer cells. Via regulates phosphorylated NF-kB, cell
cycle proteins, and cell adhesion proteins [13]. Linagliptin
is believed to activate the apoptotic pathway, thereby
reducing the viability of osteosarcoma cancer cells [14].
Furthermore, one of the suggested anticancer mechanisms
of linagliptin occurs via targeting Hsp90 [15].

On the other hand, the anticancer properties of
esomeprazole have been extensively investigated. Certain
investigations associate the anticancer properties of
esomeprazole with the inhibition of V-ATPase. [16] and
fatty acid synthase (FASN).[17-22]. It induces apoptosis
in cancer cells and enhances drug delivery by inhibiting
V-ATPase and subsequent modulation of pH. V-ATPase
is present in cancer cells and plays a role in regulating
intra- and extracellular pH [23].

Pre-treatment of chemotherapy by omeprazole and
esomeprazole enhances the response of weakly basic
chemotherapeutics, such as cisplatin, 5-fluorouracil, and
vinblastine, in multidrug-resistant cells [ 18]. Additionally,
it was shown that omeprazole and lansoprazole enhanced
the delivery of the weakly basic anticancer drug
doxorubicin in three-dimensional breast cancer spheroids
[24].

(PPIs) can notably inhibit the invasion and
migration of aggressive cancer cells associated with
epithelial-mesenchymal transition (EMT), a critical
phase in metastasis [25, 26]. The expression alterations
of E-cadherin and mesenchymal markers, including
vimentin, fibronectin, and N-cadherin, represent critical
characteristics of the epithelial-mesenchymal transition
[27]. PPIs inhibit Snail expression, which may trigger
epithelial-mesenchymal transition (EMT) without affecting
the expression of other transcription factors related to EMT
[12,28-31]. PPIs demonstrated a substantial ability to bind
directly to the Snail protein by disrupting CREB-binding
protein (CBP)/p300-mediated Snail acetylation, thereby
facilitating Snail degradation [32].
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Recent studies indicate that heat shock proteins
(HSPs) are often overexpressed in multiple cancer types
[33-35]. and they are essential in tumor cell proliferation,
invasion, differentiation, metastasis, and apoptosis.
The primary finding indicates that these proteins led to
the overexpression of various tumors [36]. An example of
these cancer-related HSBs is HSBB1 (Hsp70) and Hsp60.

HSPBI, also known as Hsp27, is critical in cervical
cancer. It inhibits apoptosis by interacting with essential
apoptotic proteins, including caspases and BAX, while
stabilizing the mitochondrial membrane. The anti-apoptotic
function facilitates the survival of cancer cells in response
to stressors, including chemotherapy and radiation [37].
Overexpression of HSPBI is significantly linked to
tumorigenesis, metastasis, and invasiveness, resulting in
poor prognosis across various cancer types [38, 39]. The
cytoprotective function of HSP27 is associated with its
chaperone activities, direct modulation of the apoptosis
pathway, enhancement of drug resistance, and regulation
of cytoskeletal dynamics [40]. HSP27 has demonstrated
the ability to safeguard cells against death signals triggered
by various mechanisms, including apoptosis, necrosis, and
diverse physiological stresses [37, 41]. HSP27 inhibits
both intrinsic and extrinsic apoptotic pathways by binding
its small or large oligomeric form to cytochrome C or death
domain-associated protein (DAXX), respectively [37,
42]. HSP27 inhibits caspase 9, dependent on the activity
of Bcl-2-associated X protein (BAX), which is activated
by BH3 domain death agonist (BID). HSP27 interacts
with protein kinase C delta type (PKC ) and enhances
resistance to cancer therapy [43]. The association between
HSP27 and the inhibitor of kappa light polypeptide
gene enhancer in B-cells, alpha (IkB ), is crucial in the
activation of the nuclear factor kappa-light-chain-enhancer
of activated B cells (NFkB) [44]. HSBBI interacts with
the microtubule and actin proteins, which are crucial for
preserving cytoskeletal integrity and may promote cell
survival and invasion [45]. Consequently, because of its
implicated involvement in cancer, multiple drugs have
been developed to target Hsp 27, including OGX-427
(Apatorsen) [46, 47], Quercetin [48], Triptolide [49], J2
(HSP27 Inhibitor Peptide) [50].

Another crucial HSB in cancer is Hsp60. It plays an
essential role in cancer development and the transport and
folding of mitochondrial proteins. It is also associated
with various cancer types [51]. Numerous studies indicate
that HSP60 plays a role in apoptosis by promoting the
activation of pro-caspase-3 through various caspases,
such as caspase-6. HSP60, located in the cytosol, prevents
the translocation of the pro-apoptotic protein Bax into
mitochondria, thereby promoting cell survival [52].

The prognostic association of HSP60 with cervical
cancer has recently emerged as a crucial area of
investigation. Studies have assessed the prognostic
relevance of HSP60 in cervical cancer through the
application of 2-dimensional Electrophoresis (2-DE),
semi-quantitative reverse transcriptase polymerase chain
reaction (RT-PCR), and Western Blot (WB) analyses. The
findings indicate that HSP60 is essential in the progression
of cervical cancer [53]. Data from patients with advanced
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prostate cancer revealed a significant correlation between
HSP60 expression and tumor progression. The expression
of HSP 60 shows a significant correlation with androgen
independence in cases of locally advanced prostate
cancer. The extent and range of HSP60 immunoreactivity
functioned as indicators for biochemical recurrence in
prostate cancer patients. This study indicated that patients
exhibiting intense HSP60 staining in biopsy samples had
shorter recurrence-free survival than those with weak
HSP60 expression. A study of patients with prostate
cancer demonstrated that HSP60 expression is elevated
in prostate cancer tissues relative to normal prostatic
tissue [54-56]. Related to the crucial role of Hsp60 in
cancer, Multiple efforts were made to identify medications
capable of targeting it, including mizoribine, Epolactaene,
myrtucommulone, stephacidin B, and avrainvillamide
[57, 58].

Integrating currently marketed drugs for non-cancer
therapeutic uses is a viable approach for formulating
successful cancer therapies. Several studies have
been conducted on this topic, one of which has shown
that the combination of amygdalin and esomeprazole
effectively eradicates cervical cancer cells. The efficacy
of this combination depended on the concentration of the
medicine and the duration of incubation [59, 60]. Another
recent study indicated that the amalgamation of laetrile
and vinblastine markedly inhibited the proliferation of
esophageal cancer, revealing a synergistic interaction
between the combination’s constituents [61, 62]. Another
study demonstrates that the combination of ciprofloxacin
and laetrile efficiently inhibits the proliferation of
esophageal cancer cells [63].

Although many studies have been performed on
this topic, they have been limited in demonstrating
the anticancer effects of the linagliptin-esomeprazole
combination and its ability to target HSBB1 and Hsp60 in
cancer cells. The present study was performed to address
this issue.

Materials and Methods

Medications

Samarra Pharmaceutical Factory provided the study
medications as raw materials. The drugs were diluted
using RPMI medium (Sigma-Aldrich (Merck)-Germany)
to obtain concentrations varying from 0.1 pg/ml to 1000
pg/ml.

Cytotoxic assay

First, the cancer cell line (HeLa cell line), sourced
from a human malignant cervical cancer, and the Normal
human-derived adipose tissue (NHF) cell line were
maintained and grown at the tissue culture section of
ICCMGR. The cells were seeded in 75 cm? tissue culture
flasks under regulated conditions, sustaining a relative
humidity of 37°C and 5% CO2. The cells were grown
in 10% fetal bovine serum RPMI-1640 media (Sigma
Chemicals, England) supplemented with 100 U/mL
of penicillin-streptomycin (100 pg/mL streptomycin)
[64, 59].
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Using a 96-well microtiter plate to grow cervical cancer
cells and human adipose tissue cells, the cytotoxicity of
each linagliptin, esomeprazole, cisplatin, and the mixture
was evaluated. The cancer cells’ proliferation elevation
was steady and progressive throughout the logarithmic
growth phase. The cytotoxicity of study medications was
tested over two distinct incubation periods: 24 hours and
72 hours [65].

Each well in a 96-well microtiter plate contains about
10,000 cells. A medium containing 10% fetal bovine serum
is required to grow the cells. The plates were incubated at
37°C for 24 hours to promote cell adhesion. The RPMI
medium was prepared without serum and used for serial
dilutions. In RPMI medium that did not include calf serum,
linagliptin, esomeprazole, and their mixture were diluted.
A range of dilutions was made for every drug, starting at
0.1 and increasing to 1000 pg/ml [63, 66].

After 24 hours of cancer cell growth, each concentration
of diverse study treatments was distributed to six wells,
and the same number was applied to control groups.
Each well received 200 pl of RPMI medium containing
the treatments. Control wells received 200 microlitres of
maintenance media, with exposure times ranging from
one to three days. The plates were placed back into the
incubator with a firm attachment with the self-adhesive
substance. The cells were subsequently treated with MTT
dye.

The optical density of each well was measured using
a microtiter plate reader (ELISA reader) operating at a
transmission wavelength of 550 nm [67, 68].

The following mathematical equation is employed to
estimate the growth inhibition rate: [68]

Growth inhibition %= (optical density of control
wells-optical density of treated wells)/(optical density of
control wells)*100%

Selective toxicity index

This test was employed to estimate the mixture
and cisplatin’s selective toxicity toward cancer cells at
each incubation period (24 and 72 hours). The selective
cytotoxicity index was determined using the following
formula after calculating the IC50 level for the mixture
and cisplatin by employing a cell proliferation curve for
each of the two cell lines, HeLLa and NHF cell lines [69].

Selective toxicity Index (SI)=(IC 50 ofnormal cell
lines)/(IC 50 ofcancer cell lines)x100

An SI score greater than 1.0 suggests that a drug
exhibits superior efficacy in targeting tumor cells
compared to its toxicity toward normal cells.

Molecular docking

Linagliptin and esomeprazole’s chemical structures
were meticulously generated utilizing ChemDraw
software (Cambridge Soft, USA) and subsequently
refined through Chem3D. Depending on the outcomes of
a pilot study into the chemical docking of linagliptin and
esomeprazole with various cancer-associated heat shock
proteins, HSPB1 (heat shock protein betal or Hsp27)
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and Hsp60 (heat shock protein 60 chaperonins) were
selected. The molecular structure of HSPB1 (PDB: 3q9q)
and Hsp60 (PDB: 4pjl) was acquired from the Protein
Data Bank.

Utilizing AutoDock Tools, optimization and
modification of protein structures were achieved.
AutoDock Tools determined the most favorable
conformation of the ligands, creating a PDBQT file for
the ligands.

After optimization, the ligands (linagliptin and
esomeprazole) structures and the human HSPBI and
Hsp60 chaperone proteins were input into AutoDock-
Tools. The docking procedure was subsequently executed
utilizing the same program. The docking energy scores
and binding interactions were analyzed using BIOVIA
Discovery Studio, UCSF Chimera, and AutoDock Vina.
[70, 71].

Drug combinations pattern assessment

(Compusyn) A computational simulator determined
the scores of the combination index (CI) and dose
reduction index (DRI). The CI score estimate aimed
to evaluate the potential for synergistic, additive,
or antagonistic interactions among the mixture’s
components. Concentration-effect curves can show the
proportion of cells with reduced growth relative to drug
concentration, measured at 24 and 72 hours of treatment.
A CI score below one indicates a synergistic interaction
between the drugs; a score exactly at one suggests
an additive effect; and a score above one indicates an
antagonistic interaction.

The DRI score estimation quantifies the degree to
which the concentration of individual components in a
mixture can be reduced while maintaining comparable
efficacy to each drug. A DRI greater than 1 indicates a
favourable concentration reduction, whereas a DRI less
than 1 indicates an unfavorable dosage decrease.

Compusyn software (Biosoft, Ferguson, MO, USA)
calculated the combination and dose reduction index
values [72, 73].

Ethical approval
This study does not encompass human subjects within
its parameters.

Aiad Gaber Arean, et al: Exploring the Synergistic Anticancer Potential of Linagliptin and Esomeprazole in

Statistical Analysis

The cytotoxicity assay results are expressed as
mean + standard deviation (SD). A one-way analysis
of variance (ANOVA) was employed to identify the
variance among study groups. The Tukey and LSD tests
were utilized to examine the distinctions among various
groups. The research employed the statistical software
SPSS version 20, establishing a significance threshold
at p <0.05 [74].

Results

Cytotoxicity assay

We initially assessed the cytotoxicity of each
component before evaluating the cytotoxic effects of
the linagliptin-esomeprazole mixture. This preliminary
assessment sought to elucidate cytotoxicity mechanisms
and examine the interactions between the mixture’s
components, specifically assessing whether these
interactions demonstrate synergistic, antagonistic, or
additive effects.

Linagliptin Cytotoxicity

The study found that linagliptin’s cytotoxicity
demonstrated its ability to suppress the proliferation
of cervical cancer cells in a concentration- and time-
dependent manner, with a decrease in the 1C level
observed from 24 to 72 hours. Supported time-dependent
pattern of cytotoxicity Table 1.

Esomeprazole cytotoxicity

The MTT assessments demonstrated that the
antiproliferative properties of esomeprazole varied
significantly with changes in drug concentrations and
time incubation Table 1.

Cisplatin cytotoxicity

The study explored cisplatin cytotoxicity to serve
as a positive control for comparative purposes. The
established time and concentration factors influence
cisplatin cytotoxicity in both HeLa and HNF cell lines.
With a relatively similar cytotoxic impact in each cell
line Table 2.
(linagliptin -esomeprazole) mixture cytotoxicity

Table 1. The Effect of Esomeprazole, Linagliptin on Cervical Cancer Viability at 24 and 72 hours

Concentration (pg/ml) Inhibition of cellular proliferation (mean = SD?*) P- value
Esomeprazole Linagliptin
24 hrs. 72 hrs. P- value 24 hrs. 72 hrs.
0.1 C 0.00 +0 .000 D 2.00+ 1.000 0.026* C 2.00 +1.000 C 14.00 =4.000 0.007*
1 C 1.00+£1.000  CD 8.00+3.000  0.019* C7.00£2.000 BC25.00+5.000 0.001*
10 C5.00+£1.000 BC 13.00+3.000 0.012* B 16.00+4.000 B 30.00 = 2.000 0.008%*
100 B 17.00+2.000 B 21.00+ 1.000 0.036* AB22.00+£2.000 AB33.00+4.000  0.006*
1000 A35.00+2.000 A 39.00+4.000 0.196 A29.00+1.000  A40.00=1.000 0.004*
® LSD value 5.14 9.76 - 8.3 11.74 -
IC 1448.8 ng/ml 1339 pg/ml - 2072.2 pg/ml 1589.5 ng/ml -

a, standard deviation; b, least significant difference; statistically significant differences are shown by variations in capital letters within the same

column; *, significant at (P<0.05)
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Table 2. Cisplatin Impact on HeLa and NHF Cell Line Proliferation at 24 and 72 hours
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Concentration (pg/ml)

Inhibition of cellular proliferation (mean + SD?)

HeLa cell line NHF cell line

24 hrs. 72 hrs. P- value 24 hrs. 72 hrs. P- value
0.1 D 0.00+0.000 D 2.00+1.000 0.026* D 0.00 =0 .000 C 8.00+4.000 0.026*
1 D 2.00+2.000 D 7.00+2.000 0.038* CD 3.00+ 3.000 C 15.00+ 5.000 0.023*
10 C 10.00+3.000  C 20.00+2.000 0.009* C 11.00+ 3.000 B 33.00+ 3.000 0.001*
100 B 29.00+2.000 B 38.00+1.000 0.002* B 31.00+ 1.000 B 47.00+ 3.000 0.001*
1000 A 37.00+£2.000 A 58.00+3.000 0.001* A 40.00+ 3.000 A 60.00+ 4.000 0.002*
> LSD value 7.46 7.1 - 8.62 14.1 -
IC 1380.5 pg/ml 778.8 ng/ml - 1256.5 pg/ml 682.3 ng/ml -

a, standard deviation; b, least significant difference; Capital letter variations within the same column signify statistically significant differences.

* significant at (P<0.05)

Study findings demonstrated the ability of the
mixture to inhibit cervical cancer cell growth in each
incubation period, reaching up to 51 and 68 growth
inhibition percentages for each 24 and 72-hour incubation,
respectively. These findings and the IC50 level supported
the time-dependent manner of mixture cytotoxicity.
Furthermore, variation in mixture concentrations causes
variation in its cytotoxicity, reflecting a concentration-
dependent manner of cytotoxicity Table 3.

In contrast, the mixture had a less cytotoxic effect
on the NHF cell line than on the HeLa cell line. The
comparison of the mixture’s cytotoxicity on HelLa and
NHF cell lines revealed significant differences in cytotoxic
effects across all concentrations and incubation periods.
Table 4.

A further comparison across all treatment options
revealed the mixture’s cytotoxicity superiority over its
components and cisplatin, especially after 27 hours of
incubation Figure 1.

Selective toxicity index assessment

The selective toxicity index score for the linagliptin—
esomeprazole combination was 7.83 at 24 hours and
11.61 at 72 hours, indicating that the combination exhibits
selective toxicity toward cancer cells compared to normal
healthy cells, with an increase in the selectivity index

associated with longer incubation periods. In contrast,
cisplatin’s selective toxicity index score was 0.91 at 24
hours and 0.54 at 72 hours, indicating an unevaluable
selective toxicity toward cancer cells compared to normal
healthy cells Figure 2.

Molecular docking studies

A computational molecular docking simulation
was employed to assess the affinity of each linagliptin
and esomeprazole for binding with a diver’s array of
cancer-related heat-shocked proteins. The outcomes
exhibited that the best interaction of linagliptin was found
with (PDB code: 39q9q), with a docking score equal to
(-7.6) kcal/mol. Meanwhile, esomeprazole had a higher
affinity for binding with Hsp 60 (PDB code: 4pj1) with a
docking score equal to (-8.8) kcal/mol. The study utilized
AutoDock tools version 1.5.7, BIOVIA Discovery Studio
UCSF Chimera, and AutoDock Vina [75].

Molecular docking analysis for binding linagliptin with
HSPB1 was presented. Subsequently, two conventional
hydrogen bonds formed with the HIS A:103 and ARG
A:136 amino acid residues at 1.85 A and 2.94 A distances.
One carbon-hydrogen bond formed with the ARG A:136
amino acid residues at a 3.53 A distance. One pi-cation
bond formed with the ARG A:140 amino acid residues at
a 4.56 A distance. Two pi-pi-stacked bonds formed with

[ linagliptine [esomeprazole [ cisplatin
——Linear (linagliptine) ~ —— Linear (esomeprazole) —— Linear (cisplatin)
70

mixture
Linear (mixture )
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40

growth inhibition %
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o

of

1000
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@ linagliptine [ esomprazole [ cisplatin mixture
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B —
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Figure 1. A Comparison of Growth Inhibition by Linagliptin, Esomeprazole, Cisplatin, and a Mixture. Error bars, SE.

24-hour incubation (right), 72-hour incubation (left)
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Table 3. Mixture Impact on HeLa and NHF Cell Line Proliferation at 24 and 72 Hours

Concentration (pg/ml)

Inhibition of cellular proliferation (mean = SD*)

HeLa cell line NHEF cell line
24 hrs. 72 hrs. P- value 24 hrs. 72 hrs. P- value
0.1 D 7.00+2.000 D 15.00+5.000 0.062 B 0.00+0.000 B 1.00+1.000 0.158
1 D 14.00+4.000  CD 23.00+3.000 0.036* B 1.00 +£1.000 B 3.00+2.000 0.196
10 C27.00+£5.000  BC 34.67+7.572 0.217 AB 2.00£1.000 AB 5.00+1.000 0.021
100 B 39.00+2.000 B 46.00+1.000 0.006* AB 4.00+£2.000 AB 6.00+3.000 0.391
1000 A 51.00+1.000 A 68.00+2.000 0.0001* A 8.00£3.000 A 11.00£1.000 0.176
> LSD value 11.5 15.98 - 6.3 6.5 -
IC 923 pg/ml 520.2 pg/ml - 7236 pg/ml 6040.4 pg/ml -

a, standard deviation; b, least significant difference. Capital letter variations within the same column signify statistically significant differences.

*, significant at (P<0.05)

two PHE A:138 amino acid residues at4.77 A and 5.27 A
of distance. One alkyl bond formed with the ARG A:136
amino acid residues at 4.75 A of distance. Tow pi-alkyl
bound formed with LEU A:99 and ARG A:140 amino acid
residues at 5.10 A and 5.02 A of distance, subsequently.
Figure [3].

For comparative purposes, J2, a HSPBI inhibitor
[50], was studied, yielding a docking score of (-5.7) kcal/
mol. A molecular docking study regarding J2 binding to
HSPBI1 was presented. One conventional hydrogen bond
formed with PHE A:104 amino acid residues at 2.81 A.
One pi-sigma bond formed with PHE A:138 amino acid
residues at 3.92 A. Two pi-pi-T-shaped bonds formed with
two PHE A:104 amino acid residues at 5.41 A and 4.86 A
of distance. Finally, three alkyl bonds formed with ARG
A:136, LEU A:99, and ARG A:140 amino acid residues
at4.44 A, 424 A, and 4.74 A of distance Figure 3.

While Molecular docking analysis for binding
esomeprazole with Hsp60 presented, three conventional
hydrogens bound formed with two LYS A:51 and one ILE
A:150 amino acid residues at 2.31 A, 2.68 A, and 2.41
A of distance subsequently. One carbon-hydrogen bond
formed with the ASP A:399 amino acid residues at 3.71
A distance. one pi-anion hydrogen bond formed with the
ASP A:87 amino acid residues at 3.77 A distance. One
pi-sigma hydrogen bond formed with the ILE A:150 amino
acid residues at 3.95 A distance. Two alkyl bonds formed
with ILE A:150 and ILE A:494 amino acid residues at 4.78
A and 4.98 A of distance, subsequently. Eventually, four
pi-alkyl bound formed with two PRO A:33, ILE A:150,
and ILE A:494 amino acid residues at a 4.91 A, 3.93 A,
4.13 A, and 5.27 A distance, subsequently Figure 3.

For comparative purposes, mizoribine, a Hsp60
inhibitor [76], was studied, yielding a docking score of
(-7.9) kcal/mol. A molecular docking study regarding
mizoribine binding to Hsp90 was presented. Nine
conventional hydrogens bound formed with GLY A:53,
GLY A:88, two THR A:89, two THR A:91, ASP A:52,
and ASP A:399 amino acid residues at 2.02 A, 2.79 A,
2.52A,2.66A,2.76 A,2.53 A,2.73 A,2.02 A, and 2.75
A of distance. Subsequently, two carbon-hydrogen bonds
formed with ASP A:52 and GLY A:88 amino acid residues
at 3.28 and 3.45 A distances. Finally, one pi-anion bond
formed with the ASP A:87 amino acid residues at 4.12.

Figure 3.

Identifying the Maximizing Efficacy

Study findings to identify the potential synergistic
impact between a mixture of ingredients demonstrated
the subsequent results. After 24-hour incubation, the
pattern of the combination of linagliptin and esomeprazole
showed a Very Strong Synergism at 0.01, 0.1, and 1
ng/ml concentrations. Subsequently, 10 and 100 pg/ml
concentrations showed a Strong Synergism and Nearly
Additive Table 5, Figure 4.

After 72-hour incubation, the pattern of the combination
of linagliptin and esomeprazole showed a Very Strong
Synergism at 1, 10, and 100 pg/ml concentrations of each
one. Subsequently, 0.01 and 0.1pg/ml concentrations
showed slight antagonism and strong synergism. Table 5,
Figure 4.

The dose reduction index outcomes indicated that
the drugs in the mixture required to induce cytotoxicity
decreased compared to their concentrations when
used individually. This reduction was observed at
all time intervals (24 and 72 hours of incubation) for
all concentrations of linagliptin and esomeprazole,
except for the lowest concentration of linagliptin,
indicating a favorable decrease in the effective cytotoxic
concentration of the combination components, suggesting
less likelihood of mixture drug adverse effects. Table (5)

[24hrs. @72hrs.

1161

Sl score

2 0.91 0.54
0

mixture

e

cisplatin

Figure 2. The Selective Toxicity Index of Linagliptin-
Esomeprazole Mixtures and Cisplatin Across 24 hours.
And 72 hours. Incubation period. (An SI greater than 1.0
signifies a drug's enhanced efficacy against tumor cells
compared to its toxicity toward normal cells.
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Figure 3. 2D and 3D Structure of Human HspP1 (above) Binding Site with Linagliptin (right above), J2 (left above).
And Hsp60 (below) Binding Site with Esomeprazole (right below), Mizoribine (left below)

Table 4. A Comparison of the Mixture Impact on HeLa and NHF Cell Line Proliferation at 24 and 72 hours

Concentration (pg/ml)

Inhibition of cellular proliferation (mean + SD?)

HeLa cell line NHEF cell line
24 hrs. 72 hrs. P- value 24 hrs. 72 hrs. P- value
0.1 D 7.00+2.000 D 15.00+5.000 0.062 B 0.00 +0 .000 B 1.00+1.000 0.158
1 D 14.00+4.000 CD 23.00+3.000 0.036* B 1.00 +1.000 B 3.00+2.000 0.196
10 C 27.00+5.000 BC 34.67+7.572 0.217 AB 2.00£1.000  AB 5.00+1.000 0.021
100 B 39.00+2.000 B 46.00+1.000 0.006* AB 4.00+£2.000  AB 6.00+3.000 0.391
1000 A 51.00+1.000 A 68.00+2.000 0.0001* A 8.00+3.000 A 11.00£1.000 0.176
®LSD value 11.5 15.98 - 6.3 6.5 -
IC 923 pg/ml 520.2 pg/ml - 7236 pg/ml 6040.4 pg/ml -

a, standard deviation; b, least significant difference. Capital letter variations within the same column signify statistically significant differences.

*, significant at (P<0.05)

Figure (4).

The CI (Combination Index) and DRI (Dose Reduction
Index) Values were evaluated utilizing Compusyn
software. A CI score below one indicates a synergistic
interaction between the drugs; a score exactly at one
suggests an additive effect; and a score above one indicates
an antagonistic interaction. A dose reduction index (DRI)
exceeding one correlates with reduced toxicity [77].

Histopathological features of the study cell lines
Figure 5 shows the morphological changes in the HeLa
and NHF cell lines after 72 hours of treatment.

Discussion

The study aimed to find an effective and safe anticancer
treatment. This aim may be attained via many ways
that diverge from conventional anticancer therapies.
A diverse array of drugs used for many illness situations,
apart from cancer, may exhibit anticancer properties.
In conjunction with this concept, we study the anticancer
effects of the combination of linagliptin (an antidiabetic)
and esomeprazole (an antacid). The selection of
these medications is based on findings from multiple

prior studies suggesting the anti-cancer properties of
each medication. Additionally, each medication was
meticulously inspected regarding its pharmacokinetics
and safety profile.

Study outcomes of the MTT assay, combination index,
and selectivity index demonstrated that each linagliptin
and esomeprazole exhibited a harmful impact on cervical
cancer while showing less cytotoxicity toward normal
cells. At the same time, mixing them exhibited superior
anticancer properties over the cisplatin cytotoxicity and
each mixture ingredient alone via a synergism effect
between the mixture ingredients. Furthermore, from a
safety perspective and concerning the dose reduction
index, the findings indicate that the mixture has a lower
probability of adverse effects than its components. The
mixture’s safety is further supported by its favorable
selectivity index score, indicating its role as a targeted
treatment for cancer.

The histopathological analysis of HeLa cell line
slides substantiates the results obtained from the MTT
assay, exhibiting characteristic morphological changes
across various treatment groups. The untreated control
slide retained typical features of cervical carcinoma
cells, including densely aggregated, irregular nuclei and
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Table 5. Combination Index and Dose Reduction Index Value for the Cytotoxicity of Linagliptin-esomeprazole

Mixture at 24 and 72 hrs. Incubation Periods

At 24 24-hour incubation period

Concentration pg/ml Con. ratio CI value Combination behaviour DRI value
linagliptin  ciprofloxacin Mix 1:01 linagliptin ~ ciprofloxacin
0.05 0.05 0.1 0.04476 Very Strong Synergism 22.8877* 938.362 *
0.5 0.5 1 0.03342 Very Strong Synergism 35.4473* 192.067 *
5 5 10 0.03342 Very Strong Synergism 37.3030* 35.5356 *
50 50 100 0.16806 Strong Synergism 45.6942%* 6.84098 *
500 500 1000 0.9685 Nearly Additive 25.7994* 1.07557 *
At 72 72-hour incubation period
0.05 0.05 0.1 1:01 1.14936 Slight Antagonism 0.87181 430.875%*
0.5 0.5 1 0.29445 Strong Synergism 3.45614* 195.742%*
5 5 10 0.02547 Very Strong Synergism 52.6309* 154.674*
50 50 100 0.0441 Very Strong Synergism  52.5933 * 39.8650*
500 500 1000 0.00416 Very Strong Synergism 112527* 240.808*

increased mitotic figures. In contrast, cells subjected to
the mixture displayed significant antiproliferative effects,
evidenced by cellular shrinkage, nuclear pyknosis, reduced
mitotic activity, cytoplasmic vacuolization, and apoptotic
bodies.

To explore the anticancer mechanism of the mixture,
it is necessary to explore the suggested anticancer
mechanism of each mixture ingredient, which multiple
previous studies have already described. Several studies
have been conducted on the same issue as our study’s
findings regarding linagliptin. Linagliptin demonstrated
a significant capacity to reduce the viability of Saos-2
cells, a human bone cancer cell line, and hFOB1.19 cells,
a human fetal bone cell line [14]. Linagliptin has been
shown to inhibit the survival, growth, and movement
of Glioblastoma cancer cells; the pattern of growth
inhibition was primarily influenced by the incubation

duration, indicating a greater dependence on time than
concentration. This finding suggests that linagliptin’s
anticancer properties are linked to its effects on specific
cell cycle stages [78].

Numerous studies have shown various anticancer
mechanisms of linagliptin. Linagliptin has been shown to
induce cell cycle arrest in the G2/M phase at low doses
and both the G2/M and S phases at high concentrations.
[78] Another proposed mechanism is that linagliptin
strongly interacts with Cyclin-Dependent Kinase 1
(CDK1), an essential protein in cell cycle control. CDK 1
phosphorylates many substrate proteins, including
histones H1, laminin, and Rbis. Furthermore, Linagliptin
demonstrates a significant inhibitory effect on cell
proliferation and tumor growth through the selective
targeting of Aurora kinase B and CDKI, resulting in
diminished phosphorylation of Rb and a reduction

Figure 4. Log Combination Index Plot (left); dose reduction index plot (right) for the mixture at 24 hrs.(above), 72 hrs.
(below), lin; linagliptin, ezl; esomeprazole, CI: combination index, DRI: dose reduction index
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Figure 5. Morphological Features of Study Cell Lines
Observed under a Phase Contrast Microscope (400X).
(A) Human cervical cancer cells (HeLa cell line) were
left without treatment and considered a control group.
(B) Cervical cancer cells were exposed to 1000 pg/ml of
esomeprazole for 72 hours. (C) Cervical cancer cells were
exposed to 1000 pg/ml of linagliptin concentration for 72
hours. (D) Cervical cancer cells were subjected to a 1000
pg/ml concentration of a combination of linagliptin—
esomeprazole mixture for 72 hours. (E) NHF normal
cells were subjected to a 1000 pg/ml concentration of
a combination of linagliptin—esomeprazole mixture for
72 hours. (F) Human-derived adipose tissue (normal cell
line) was left untreated and considered a control group.

in Bcl-2 production. Pro-caspase 3 is a protein [79].
Also, Linagliptin demonstrated the ability to target
Aurora kinase B selectively. This kinase is a conserved
serine-threonine protein kinase within the Aurora family,
essential for regulating cell division [80].

In contrast, several studies were performed to assess
esomeprazole’s anticancer properties. Conducting
esomeprazole can inhibit the proliferation of gastric cancer
cells and significantly improve their chemosensitivity,
as evidenced by MTT assays. Flow cytometry analysis
indicated that esomeprazole induced apoptosis and
resulted in cell cycle arrest during the S and G2/M phases.
[81]. A subsequent study demonstrated that proton pump
inhibitors, specifically esomeprazole, may significantly
impede the invasion and migration of aggressive cancer
cells linked to epithelial-mesenchymal transition (EMT),
an essential stage in metastasis [25, 26, 31]. E-cadherin,
vimentin, fibronectin, and N-cadherin expression
significantly change during the epithelial-mesenchymal
transition [27]. Esomeprazole was found to inhibit Snail
expression, which can induce epithelial-mesenchymal
transition (EMT), while not influencing the expression
of other transcription factors associated with EMT
[12, 28-30]. Furthermore, Esomeprazole exhibited a
significant capacity to bind directly to the Snail protein by
inhibiting CREB-binding protein (CBP)/p300-mediated
Snail acetylation, which promotes Snail degradation [32].

Furthermore, other Proposed mechanisms include
esomeprazole’s ability to induce lysosomal membrane
permeabilization, leading to increased lysosomal outflow
into the cytoplasm, lysis of cellular components, and
subsequent cell death. Lysosomal enzymes demonstrate
hydrolytic activity and establish an acidic environment
that aids in eliminating tumor cells [60, 82, 83] .
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In addition to the anticancer mechanisms prespecified
above, the current study identified novel anticancer
mechanisms for linagliptin and esomeprazole, as
demonstrated by the results of the molecular docking
analysis, indicating their capacity to target Hsp60 and
HSPBI1. Each type of HSP plays a crucial role in cancer.

Hsp 60 plays an essential role in the transport and
folding of mitochondrial proteins and has been reported
to be associated with various cancer types [51]. ]ts plays
a pro-apoptotic role by promoting the activation of pro-
caspase-3 through various caspases, such as caspase-6.
HSP60, located in the cytosol, inhibits the translocation of
the pro-apoptotic protein Bax into mitochondria, thereby
promoting cell survival [52].

Recently, the prognostic association of HSP60
with cervical cancer has emerged as a significant area
of investigation. In these studies, the predictive value
of HSP60 in cervical cancer was assessed through
2-dimensional Electrophoresis (2-DE), semi-quantitative
reverse transcriptase polymerase chain reaction (RT-PCR),
and Western Blot (WB) analyses. The findings strongly
indicate that HSP60 is integral to the progression of
cervical cancer [53].

On the other hand, HSPB1, or Hsp27, plays a crucial
role in cancer. It inhibits apoptosis by interacting with
key apoptotic proteins, such as caspases and BAX, and
stabilizing the mitochondrial membrane. In cervical cancer,
this anti-apoptotic function helps cancer cells survive
under stress conditions, such as chemotherapy or radiation
[37]. HSPB1 overexpression is significantly associated
with tumorigenesis, metastasis, and invasiveness, leading
to unfavorable prognosis in multiple cancer types [38,
39]. The cytoprotective role of HSP27 is linked to its
chaperone activities, direct modulation of the apoptosis
pathway, enhancement of drug resistance, and regulation
of cytoskeletal dynamics [40]. HSP27 has been shown to
protect cells from death signals induced in different ways,
including apoptosis, necrosis, and various physiological
stresses [37, 41]. HSP27 inhibits intrinsic and extrinsic
apoptotic pathways by binding its small or large oligomeric
form to cytochrome C or death domain-associated protein
(DAXX), respectively [37, 42]. HSP27 inhibits caspase 9,
contingent upon the activity of Bel-2-associated X protein
(BAX), which is activated by BH3 domain death agonist
(BID). HSP27 interacts with protein kinase C delta type
(PKC ) and promotes resistance to cancer therapy [43].
The interaction between HSP27 and the nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor,
alpha (IkB ), plays a role in the activation of the nuclear
factor kappa-light-chain-enhancer of activated B cells
(NFkB) [44]. It interacts with the microtubule and actin
protein, essential for maintaining cytoskeleton integrity,
and may facilitate cell survival and invasion [45].

Each HSP type’s valuable role in cancer positions them
as a potential target for promising cancer therapies. Several
studies were performed to target these cancer-related
heat shock proteins, and several agents were designed
for Hsp60 targeting. Such as mizoribine, Epolactaene,
myrtucommulone, stephacidin B, and avrainvillamide
[57, 58]. On the other side, several agents were designed
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to target HSPBI, including OGX-427 (Apatorsen) [46,
47], Quercetin [48], Triptolide [49], J2 (HSP27 Inhibitor
Peptide) [50].

The molecular docking study findings indicate that
the linagliptin-esomeprazole mixture possesses a dual
mechanism of action that involves targeting cancer cells
via HSPB1 and Hsp60. This mechanism elucidates the
synergistic interaction among the mixture’s components.
Regarding fundal consideration, the study’s limitation
included a lack of further laboratory investigations,
including cell cycle arrest and apoptosis tests.

In conclusion, the findings of our study indicate
that linagliptin, esomeprazole, and their combination
inhibit the proliferation of cervical cancer cells. The
combination index score demonstrates the mixture’s
superior cytotoxicity compared to its components and
cisplatin. The interaction of linagliptin and esomeprazole
exhibited synergistic cytotoxicity, as evidenced by the
combination index score. The mixture demonstrated
selectivity for cancer cells and a reduced probability of
adverse effects, as evidenced by the selective toxicity and
dose reduction indexes.

The study proposes a novel anticancer mechanism
for the mixture, illustrated by computational docking
simulations via its ability to target HSPB and Hsp60
with each linagliptin and esomeprazole. The variation in
targeting HSB elucidates the synergistic impact between
linagliptin and esomeprazole in the mixture.

The study outcomes, alongside the established
pharmacokinetic, toxicological, and safety profiles of each
drug mixture, indicate that the linagliptin—esomeprazole
mixture represents a promising, effective, and safer
anticancer option, especially for cervical cancer.
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