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Abstract: Triple-negative breast cancer (TNBC) cell line MDA-MB-231 is known for Warburg metabolism and defects in

mitochondria. On the other hand, dipeptidyl peptidase-IV (DPP-IV) inhibitors such as sitagliptin and vildagliptin and GLP-

1 agonist exendin-4 are known to improve mitochondrial functions as well as biogenesis, but no study has evaluated the

influence of these drugs on mitochondrial biogenesis on metastatic breast cancer cell line. We have recently reported

anticancer effects of 5-aminoimidazole-4-carboxamide riboside on MDA-MB-231 cells via activation of AMP-dependent

kinase (AMPK), which activates the downstream transcription factors PGC-1α, PGC-1β, or FOXO1 for mitochondrial

biogenesis; above-mentioned incretin-based therapies are also known to activate AMPK. This study evaluated the effects

of sitagliptin, vildagliptin, and exendin-4 on MDA-MB-231 cells and the underlying changes in mitochondrial

biogenesis, were examined. Treatment with sitagliptin (100 µM), vildagliptin (100 µM), and exendin-4 (10 nM) for 72 h

to MDA-MB-231 cells led to a decrease in viability indicated by MTT assay, cell migration by scratch, and transwell

migration assays, accompanied with marginal reduction in cell numbers along with the apoptotic appearance, the rate of

apoptosis, and decreased lactate content in conditioned medium. These changes in the cancer phenotype were

accompanied by an increase in the mitochondrial DNA to nuclear DNA ratio, increased MitoTracker green and red

staining, and increased expression of transcription factors PGC-1α, NRF-1, NRF-2, TFAM, and HO-1. Pre-treatment of

cells with these incretin-based drugs followed by 48 h treatment with 1 µM doxorubicin increased doxorubicin

sensitivity as observed by a decrease in viability by MTT assay. Thus, sitagliptin, vildagliptin, and exendin-4 exert their

beneficial effects on TNBC cells via an increase in mitochondrial biogenesis that helps to switch Warburg metabolism

into anti-Warburg effect. Therapeutic response was in the order of: sitagliptin > vildagliptin > exendin-4.

Introduction

Mitochondrial defects have been commonly reported in most
cancer cells, and thus, metabolic alterations are thought to
play an important role in carcinogenesis (Rouzier et al., 2005;
Carey et al., 2006). Aerobic glycolysis or Warburg
metabolism is one of the hallmarks of almost all the cancers
contributing to the proliferation and inhibition of cancer cell
death (Fadaka et al., 2017; Avagliano et al., 2019). Depletion

in mitochondrial number and mutations in mitochondrial
DNA has been reported in breast cancer (Tseng et al., 2006).
Additionally, a decrease in mitochondrial number has been
correlated with the tumor progression and poor prognosis in
patients with breast cancer (Yu et al., 2007).

Breast cancer cells, including the most aggressive triple-
negative breast cancer cells (TNBC) as well as cancer-
initiating cells, are also characterized by Warburg-type
metabolic rearrangements, reduced mitochondrial activity, and
uncoupling (Ayyasamy et al., 2011; Kim et al., 2013; Feng et
al., 2014; Tang et al., 2014). Interestingly, anti-Warburg
rearrangements are known to support chemotherapeutic
responses in breast cancer (Suhane and Ramanujan, 2011).
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Recently, we have comprehensively reviewed the
crosstalk between diabetes and breast cancer pathways and
highlighted the importance of the repurposing of incretin-
based antidiabetic therapies in breast cancer (Parmar et al.,
2021; Parmar et al., 2022; Jaiswal et al., 2022).

Incretins are a group of metabolic hormones known to
potentiate insulin secretion in response to glucose or food
stimuli. Glucagon-like peptide-1 (GLP-1) is an incretin, which is
formed by the posttranslational processing of proglucagon gene
transcript in intestinal L-cells of the gastrointestinal tract (GIT)
and exerts glucose-lowering effects via binding with GLP-1
receptors. Incretins exert pleiotropic antidiabetic effects, including
insulin secretion in response to glucose, diminished glucagon
secretion, delayed gastric emptying, reduced hepatic glucose
output, and increased pancreatic β-cell survival (Jaiswal et al.,
2022). However, the metabolic fate of GLP-1 is determined by
an enzyme known as dipeptidyl peptidase-IV (DPP-IV), which is
a subset of oligopeptidase encoded by CD26. It is widely
distributed in various tissues. DPP-IV enzyme cleaves off
dipeptides from the peptides having alanine or proline at
position 2 of their N-terminal. Therefore, it inactivates the
incretin and promotes diabetes. Interestingly, incretin-based
antidiabetic therapies, including GLP-1 agonists and DPP-IV
inhibitors, are known to exert pancreatic as well as extra
pancreatic effects; some of these pathways have indicated their
potential in the treatment of breast cancer (Jaiswal et al., 2022).

On the one hand, TNBC and cancer-initiating cells are
characterized by Warburg-type metabolic rearrangements
(Ayyasamy et al., 2011; Kim et al., 2013; Feng et al., 2014;
Tang et al., 2014); on the other hand, incretin-based therapies
have been shown to promote mitochondrial biogenesis and
improvement in mitochondrial metabolism, suggesting the
potential of these therapies in breast cancer treatment. The
DPP-IV inhibitor drug sitagliptin promotes mitochondrial
biogenesis via increasing the expression of PGC-1α, NRF-1,
and TFAM and improving mitochondrial functioning (Apaijai
et al., 2013; Abuelezz et al., 2016; Weng et al., 2019). Similarly,
vildagliptin is reported to promote the expression of the genes
regulating mitochondrial biogenesis (Yang et al., 2020). A
GLP-1 agonist, exendin-4, also promotes mitochondrial
biogenesis via PGC1-α, sirtuin 1 (SIRT-1), activation of AMP-
activated protein kinase (AMPK), and c-Jun-N-terminal kinase
(JNK) proteins (Kang et al., 2015; Strycharz et al., 2018;
Mostafa Tork et al., 2019; Igoillo-Esteve et al., 2020).
Importantly, AMPK activation is known to upregulate the
mitochondrial biogenesis pathway (Tripathi et al., 2022).

In our recent review on the therapeutic potential of
repurposing the incretin-based therapies in breast cancer, we
explored all the plausible molecular mechanism(s) of DPP-IV
inhibitors and GLP-1 agonists along with the cancer-
promoting role of DPP-IV (Jaiswal et al., 2022). Recently, we
also reported the anti-cancer role of AMPK activator, 5-
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR)
via increased expression of mitochondrial biogenesis related
genes PGC-1α, NRF-1, NRF-2, and TFAM (Tripathi et al.,
2022) which is in line with the reports available on the
AMPK activation by sitagliptin, vildagliptin and exendin-4
(Zheng et al., 2018; Nath et al., 2021; Li et al., 2021). These
reports provided another clue for the therapeutic potential of
sitagliptin, vildagliptin, and exendin-4 on breast cancer, possibly

via the promotion of mitochondrial biosynthesis. However, no
report is available on these incretin-based therapies on breast
cancer cells exploring the changes in mitochondrial biogenesis
and possible reversal of aerobic glycolysis or Warburg-type
metabolism associated with the therapeutic response on breast
cancer. Therefore, in the present study, we examined the effects
of sitagliptin, vildagliptin, and exendin-4 on TNBC cells
MDA-MB-231 by evaluating viability, apoptosis, migration,
proliferation as well as changes in mitochondrial biosynthesis-
related parameters including mitochondrial (mt)-DNA to
nuclear (n)DNA ratio, MitoTracker green and red staining for
mitochondrial biomass and membrane potential, respectively,
and lactate estimation in conditioned media as a marker of
changes in the glycolytic pathway. Importantly, we also studied
the influence of pretreatment with the test drugs on the
sensitivity of doxorubicin by viability assay.

Materials and Methods

Chemicals
Dulbecco’s modified eagle medium (DMEM), fetal bovine
serum (FBS), Dulbecco’s phosphate-buffered saline (DPBS),
TrypLETMExpress enzyme, and antibiotics (Penicillin-
streptomycin) were purchased from Gibco Thermo Fisher
Scientific. Doxorubicin, sitagliptin phosphate vildagliptin,
exendin-4, thiazolyl blue tetrazolium bromide (MTT), and
cell death detection kits were purchased from Sigma-Aldrich,
Pvt., Ltd., Mo, USA. The lactate colorimetric assay kit was
purchased from Bio Vision, Milpitas, USA. Sitagliptin and
exendin-4 were dissolved in molecular grade distilled water,
whereas vildagliptin was initially dissolved in a trace amount
of dimethyl sulfoxide (DMSO), and then dilutions were
prepared with molecular grade distilled water. Aliquots of
these drugs were stored at −20°C. For experiments, stock
solutions were further diluted in a serum-free culture medium.

Chemical formulae and structures of sitagliptin, vildagliptin,
and exendin-4
Sitagliptin phosphate monohydrate (C16H15F6N5O · H3PO4

· H2O)

Mechanism of action: Sitagliptin selectively binds with
the DPP-IV enzyme, through which it inhibits DPP-IV
activity that prevents degradation of GLP-1 and other GIPs
that exert pleiotropic antidiabetic effects such as an increase
in insulin secretion and pancreatic β-cell survival, decreased
glucagon secretion, delayed gastric emptying and decrease in
hepatic glucose output. DPP-IV is known to promote the
process of carcinogenesis via collagen breakdown, inhibition
of CXCL12 and CXCR4 that diminish anti-tumor functions
of T & NK cells, promotion of EGF signaling responsible for
cancer cell survival and other oncogenic pathways, enhanced
PIN1 expression which promotes epithelial to mesenchymal
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transition) which increases tumor stemness (Jaiswal et al.,
2022). In response to sitagliptin treatment, we observed the
promotion of mitochondrial biogenesis and reversal of
Warburg-type metabolism, which seems to be an underlying
mechanism for its anti-cancer effects on the TNBC cell line.

Vildagliptin (C17H25N3O2)

Mechanism of action: Vildagliptin is another selective
inhibitor of the DPP-IV enzyme, which prevents degradation
of GLP-1 and other GIPs that exert pleiotropic antidiabetic
effects as mentioned above for sitagliptin. There are no
reports on the anti-cancer effects of vildagliptin, but as DPP-
IV activity itself is known to promote carcinogenesis and
metastasis in a variety of cancers, including breast cancer,
vildagliptin may exert anti-cancer effects through inhibition
of DPP-IV (Parmar et al., 2021; Jaiswal et al., 2022; Parmar et
al., 2022). In present study, we observed anti-cancer effects of
vildagliptin on the TNBC cell line, possibly via mitochondrial
biogenesis and reversal of Warburg-like metabolism.

Exendin-4 (C184H282N50O60S)
Peptide sequence:

H-His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-Gln-
Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-Ile-Glu-Trp-Leu-Lys-
Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2

Mechanism of action: Exendin-4 is a GLP-1R agonist
that binds with the GLP-1 receptor, which exerts similar
antidiabetic effects as observed in the case of DPP-IV
inhibitors sitagliptin and vildagliptin (as mentioned above).
Besides, exendin-4 exerts its anti-cancer effects via
inhibition of PI3K/Akt, MAPK/ ERK, and NF-κβ signaling
pathways, increase in insulin sensitivity and anti-
inflammatory effects, increase in anti-tumor immune
response, stalling pro-survival and proliferative pathways
and inducing pro-apoptotic pathways, E-cadherin up-
regulation, increased chemosensitivity via p-mTOR, cyclin B
and p34cdc2 (Jaiswal et al., 2022). In the present study, we
observed anti-cancer effects of exendin-4 on the TNBC cell
line, possibly via mitochondrial biogenesis and reversal of
Warburg-like metabolism.

Cell culture
Triple-negative breast cancer cell line (MDA-MB-231) was
obtained from the cell culture repository of the National
Centre for Cell Science (NCCS), Pune, India. Cells were
cultured in DMEM supplemented with 10% FBS (v/v) and
1% antibiotics (100 U/mL penicillin and 100 U/mL
streptomycin) in a humidified atmosphere of 5% CO2 at
37°C and the media was changed each time after two days
interval.

MTT assay
Cell viability was measured by MTT assay. In this assay,
1 × 104 cells/well were seeded into 96-well plates and
allowed to adhere properly for 12 h. After adhesion, the
cells were treated with different doses of sitagliptin,
vildagliptin, and exendin-4, while in control wells; an equal
volume of fresh media was added. Media control wells were
devoid of the cells containing media without serum. Plates
were incubated for 72 h, the media was removed, and wells
were washed with DPBS. After adding 180 µL of fresh
media, 0.5 µg of the final concentration of MTT reagent (20
µL from 5 mg/mL stock) was added to each well. Plates
were kept in a CO2 incubator for 4 h. After incubation, the
media was removed carefully, and formazan crystals were
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dissolved by the addition of a 200 µL mixture of DMSO and
ethanol (1:1) into each well. Absorbance was taken at 570
nm with a reference wavelength of 620 nm in enzyme-
linked immunosorbent assay (ELISA) plate reader
(Microscan- MS5608A, ECIL, Hyderabad, India).

Viability/apoptotic morphology
MDA-MB-231 cells were cultured in a 12-well plate
(1 × 105 cells/well) with 1 mL complete DMEM and were
allowed to reach 70%–80% confluence. Cells were then treated
with all the doses of sitagliptin, vildagliptin, and exendin-4 for
72 h and then observed under the inverted light microscope.
The apoptotic phenotype was characterized by morphological
distortion and loss of cellular contact with the matrix. An
apparent decrease in cell numbers also indicated cell death
(Hu et al., 2016; Nasser et al., 2017; Tripathi et al., 2022).

Migration assays
Scratch/wound healing assay

The migratory potential of the cells was determined by a
wound-healing assay. Cells were seeded into 24 well plates
(5 × 104 cells/well) and allowed to acclimatize overnight.
Cells were treated with the selected doses of sitagliptin,
vildagliptin, and exendin-4 and incubated for 72 h. Then, the
wound was created in each well using a 200 μL pipette tip,
and the media was removed. The plate was washed with
DPBS to remove cell debris, and these wells were replenished
with fresh media. Cell migration was observed at t = 0 and
t = 24 h. Distance of the scratch was measured by calculating
the width of the wound healed by the migratory cells. The
experiment was conducted with n = 5 which is number of
wells used for each group and repeated thrice.

Transwell migration assay
Cancer cells exhibit chemotactic movement towards
cytokines, proteins, and other factors present in the FBS.
For migration assay, 24 well-hanging inserts with 8 μm pore
size polyester membranes were used to study chemotactic
movements (Falcon, Cat # 353097). Initially, cells were
grown in a normal culture plate with complete DMEM
media along with the treatment of the selected doses of
sitagliptin, vildagliptin, and exendin-4 for 72 h. After
trypsinization, 5 × 104 cells/well were counted and reseeded
into the insert wells (upper chamber) of the transwell
migration plate containing 200 μL of serum-free media,
whereas the lower chamber had 600 µL of complete DMEM
(10% FBS as a chemo-attractant). Plates were kept in
humidified condition (5% CO2) at 37°C for 24 h. After 24 h,
non-invading cells were carefully removed using a cotton
swab. Cells that migrated towards the lower side of the
insert by passing through the insert filter were fixed with
3.7% formaldehyde and permeabilized with 100% methanol.
Migratory cells were stained with 0.1% crystal violet, and
images were acquired by inverted light microscopy (Leica
DM, IL, LED).

MitoTracker staining
Staining using MitoTracker Red and Green was performed
following the instructions of the manufacturer. MitoTracker
red was used to assess the membrane potential, and

MitoTracker Green was used to assess the mitochondrial
biomass. Cells were grown on 12 mm round-shaped
coverslips placed in 6-well plates. Then, the selected doses of
sitagliptin, vildagliptin, and exendin-4 were added in the
experimental wells, while in control wells an equal volume of
fresh media was added. Then, the plates were incubated for
72 h in a CO2 incubator under appropriate culture
conditions. After completion of incubation time, media was
removed from the wells, and the cells were washed by DPBS.
Fresh serum-free media was added to these wells, and cells
were incubated sequentially with MitoTracker Red (300 nM)
followed by MitoTracker Green (100 nM) for 25 min at 37°C
in a CO2 incubator. The unbound stain was removed by
washing twice with a serum-free medium. Cells were fixed by
3.7% formaldehyde and permeabilized by 100% methanol.
After washing, 1.5 µL of DAPI (5 µg/ml) was used for
nuclear staining for 5 min, followed by washing with DPBS.
Antifade mounting media (Vectashield Cat # H-1000-10) was
used, and images were captured by confocal microscopy
(Zeiss LSM 880 with Airyscan). Fluorescence intensities were
quantified by using Image J software.

Cell death detection assay
Cell death detection was determined using an ELISA kit from
Merck, Roche Life Science (USA). Briefly, 1 × 104 cells were
seeded into 96-well plates initially, and after adherence, cells
were incubated with the test drugs, while in control wells,
an equal volume of fresh media was added. Media was
removed after 72 h of incubation and cells were washed
thrice with DPBS. Then, 200 µL of lysis buffer was added to
each well and incubated at room temperature (RT) for
30 min and then lysates were collected into microcentrifuge
tubes. Tubes were centrifuged at 200 g for 10 min, and
20 µL supernatant from each sample was added to the
respective wells of the ELISA plate. Then, 80 µL of
immunoreagent was added, and the plate was incubated for
2 h with shaking at room temperature. After incubation, the
solution from the wells was discarded, and the wells were
washed thrice with incubation buffer. Then, 100 µL of ABTS
solution was added, and the plate was placed on a shaker
for 30 min at room temperature. Finally, 100 µL of stop
solution was added to each well, and the absorbance was
measured spectrophotometrically using an ELISA plate
reader at 405 nm and a reference wavelength of 490 nm.
Mixtures of 100 µL ABTS solution and 100 µL of stop
solution were used as a blank.

Lactate assay
Cells were treated with the test drugs. Treated and untreated
(control) groups were incubated for 72 h in 24 well plates.
After 72 h, media was removed, and cells were washed
thrice with DPBS. An equal number of cells (1 × 104 cells)
were trypsinized and reseeded into a new 96-well plate.
DMEM without phenol red and serum was added, and
plates were incubated for 24 h. Lactate assay was performed
as per the protocol provided by the manufacturer
(Biovision, Cat # K951-384). After 24 h, 12.5 µL of media
was collected from each well for the detection of lactate. The
reaction mixture was prepared using 10 µL of working assay
buffer, 0.5 µL of enzyme mix, and 2 µL of the probe per
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reaction. In this reaction mix, 12.5 µL of conditioned media
was added and incubated for 30 min at room temperature,
and the absorbance was measured at 590 nm against the
blank sample containing 12.5 µL of media without cells.

Relative quantification of mitochondrial DNA using
quantitative real-time polymerase chain reaction (qPCR)
To evaluate the relative change in the quantity of
mitochondrial DNA, cells were initially grown in the
presence or absence of the test drugs for 72 h. Then fresh
media was added and cells were further incubated for 48 h
in the CO2 incubator. Subsequently, the media was removed
and cells were washed thrice using DPBS, followed by
trypsinization. Then, 1.0 mL of DPBS was added and cells
were pelleted by centrifugation at 1200 rpm for 5 min at
room temperature. One more cycle of washing was repeated
and DPBS was removed from the pellet. These cells were
used for the isolation of total DNA or RNA. DNA was
isolated using a pure link genomic DNA mini kit
(Invitrogen, Cat # K-1820-01). For qPCR, the Aria Mxreal-
time PCR system from Agilent was used. The reaction
mixture consisted of 0.4 µL (0.4 µM) forward and 0.4 µL
(0.4 µM) reverse primer, 10 µL of 2X SYBR green master
mix (Applied biosystems Cat # A25741), 7.8 µL of DW, and
1 µL of DNA sample (4 ng) as PCR template. The sequences
of the primers to amplify a region corresponding to the D-
loop of human mitochondria were as follows: 5’-GCA GAT
TTG GGT ACC ACC CAA GTA TTG ACT CAC CC-3’
(F), 5’-GCA TGG AGA GCT CCC GTG AGT GGT TAA
TAG GGT GATAG-3’ (R) and for nuclear DNA, primers
for the β-globin gene: 5’-GAAGAGCCAAGGACAGGTAC-
3’ (F) and 5’-CAACTTCATCCACGTTCACC-3’(R) were
used. For the PCR, the following program was used: 1 cycle
at 95°C for 15 min, followed by 40 cycles at 95°C for 30 s,
58°C for 30 s, and 72°C for 90 s. The relative amount of
mtDNA to nDNA compared to the control groups was then
analyzed using the 2−ΔΔCt formula (Tripathi et al., 2022).
Each sample was run in duplicate, and the average Ct value
was considered for the calculation of relative fold change.

Quantitative gene expression analysis
The cells were treated with the test drugs and harvested in the
same manner as mentioned above for DNA isolation. RNA
was isolated using a pure link RNA mini kit (Invitrogen,
Cat # 12183018A). Expression levels of PGC-1α, NRF-1,
NRF-2, TFAM, and HO-1 mRNAs were determined using
RT-qPCR. Primer pairs used for RT-PCR were as follows:
PGC-1α 5’-GGC AGA AGG CAATTGAAG AG-3’ (F), 5’-TCA
AAA CGGTCC CTC AGT TC-3’ (R), NRF-1 5’-CGCAAGT-
GGATCCTGACTGA-3’ (F), 5’-CCAATGTCACCACCTCC-
ACA-3 (R), NRF-2 5’-CGGCTACGTTTCAGTCACTT-3’ (F),
5’-AGCTCCTCCCAAACTTGCTC-3’ (R), and TFAM 5’-
CCG AGGTGG TTT TCATCTGT -3’ (F), 5’-GCATCT GGG
TTC TGAGCT TT-3’ (R), HO-1 5’-TGGCATCTTCCCCAA-
CGAAA-3’(F), 5’-ATGGCCGTGTCAACAAGGAT-’ (R) and
the internal reference gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): 5’-GGATTTGGTCGTATTGGG-3’
(F), 5’-GGAAGATGGTGATGGGATT-3’ (R) and hypoxanthine
phosphoribosyltransferase (HPRT) 5’-GAAGAGCTATTGTAA-
TGACC-3’ (F), 5’-GCGACCTTGACCATCTTTG-3’. Total

RNA was isolated from the cells, and for reverse transcription
reaction, 250 ng of RNA per sample was used in 20 µL reaction
volumes. Besides, oligo (dTs) were also added to the reaction
mixture. For this purpose, a cDNA synthesis kit from Invitrogen
(Cat # 18080051) was used. Two control reactions—one without
reverse transcriptase and the other without RNA—were also
included for quality control. The reaction mixture for 20 µL
comprised 9.5 µL DW, 2 µL MM1 (master mix, 1 µL of
random hexamer, and 1 µL of dNTPs mix), 2.5 µL total RNA
template (250 ng RNA), and then the tubes were incubated in a
thermocycler (Aria Mxreal-time PCR system from Agilent,
California, USA) for 5 min at 65°C followed by incubation on
ice for 1 min. This was followed by the addition of 6 µL of
MM2 (4 µL of 5X buffer, 1 µL of dithiothreitol, and 1 µL of
superscript III reverse transcriptase enzyme) and incubated in
the thermocycler for 5 min at 25°C, 50 min at 50°C and 15 min
at 70°C. The final incubation was carried out for 15 min at
25°C and the tubes were then stored in a −20°C deep freezer.
Protocol for the qPCR assay was the same as mentioned above
for the determination of mtDNA to nDNA ratio, except for the
internal references, which were GAPDH and HPRT in the case
of gene expression study. Each sample was run in duplicate and
the average Ct value was considered for the calculation of
relative fold change. For delta Ct calculation geometric mean of
the Ct values of internal reference genes, GAPDH and HPRT
were used.

Experimental design
We performed a series of experiments; in experiment 1, the
cells were incubated with four different doses of sitagliptin
(10, 100, 1000, and 5000 µM), vildagliptin (10, 100, 1000,
and 5000 µM), and exendin-4 (1, 10, and 100 nM). After
completion of 72 h of incubation, media was removed and
the cells were given a DPBS wash, followed by the addition
of fresh media and further incubation for 48 h (Ligmusky et
al., 2011; Choi et al., 2015; Iwaya et al., 2017; Sarkar et al.,
2017; Yang et al., 2017; Zhang et al., 2018; Jang et al., 2019).
After incubation, an MTT assay was performed. We also
conducted a parallel setup in twelve well plates and acquired
microscopic pictures to assess the apparent morphological
changes in cells and in the cell number, if any. In
experiment 2, we standardized the dose of doxorubicin at
various concentrations (ranging from 1 to 10 µM). Among
these doses, the one showing around 40% inhibition of cell
viability (1 µM) was considered to clearly visualize the effect
of incretin-based drugs. Based on these results, we
conducted further experimentation considering the lowest
effective dose of each drug which was 100 µM for both
sitagliptin and vildagliptin and 10 nM for exendin-4.
Furthermore, individual experiments were conducted to
evaluate the influence of the above-mentioned drugs to
assess viability, cell death, scratch assay, transwell migration,
proliferation/morphological data, lactate concentration,
mtDNA to nDNA ratio, gene expression analysis, and
MitoTracker staining for mitochondrial membrane potential
and biomass determination. Based on these data, we also
examined the influence of sitagliptin, vildagliptin, and
exendin-4 pre-treatment on the sensitivity of doxorubicin in
TNBC cells through a viability assay. Subsequently, to
determine the sensitivity of the drugs, we incubated the cells
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with 100 µM of sitagliptin and vildagliptin and 10 nM of
exendin-4 for 72 h, then removed the media and
replenished the cells with fresh medium. The cells were
incubated with 1 µM of doxorubicin for 48 h, and then an
MTT assay was performed to assess the changes in
doxorubicin sensitivity after incretin-based pre-treatment.

Statistical analysis
All experimental data are represented as mean ± SEM.
Statistical analysis was performed by one-way ANOVA
(non-parametric), followed by post hoc Tukey’s multiple
comparison test using Graph pad prism software 8.3 trial
version. Significant difference was represented as *p < 0.05;
**p < 0.01; ***p < 0.001 and ****p < 0.0001. Each
experiment was repeated three times.

Results

Dose standardization for sitagliptin, vildagliptin, and exendin-
4 by MTT assay and morphological changes associated with loss
of viability/apoptotic phenotype
In response to sitagliptin treatment at 10, 100, 1000, and
5000 μM, the percent (%) viability was 85.85, 70.46, 62.36,
and 31.38, respectively (Fig. 1A), whereas in the case of
vildagliptin, the respective percent viabilities were 94.17,
74.78, 59.35, and 51.92, as compared with the control group
which was considered as 100% (Fig. 1B). Percent viability
after treatment with exendin-4 at 1, 10, and 100 nM was

97.37, 75.15, and 63.34, respectively, compared with those of
the control group (Fig. 1C). Similarly, in response to the
treatment of sitagliptin, vildagliptin, and exendin-4 at all the
above-mentioned doses for 72 h, apparent microscopic
alterations in the cellular morphology and the reduction in
cell number also revealed dose-dependent cytotoxic effects
of these drugs on TNBC (Figs. 2A–2C). The untreated cells
showed spindle-shaped morphology with a blurred outline,
having a normal, healthy appearance with an adherent
phenotype. On the other hand, cells treated with sitagliptin,
vildagliptin, and exendin-4 showed round-shaped distorted
morphology with detachment or poor adherence phenotype,
suggesting cell death (Hu et al., 2016; Tripathi et al., 2022).

The lowest possible dose was selected with 25% or more
inhibition in MTT assay and a similar magnitude of the
microscopic alterations in TNBC cells. Thus, selected doses
of sitagliptin (100 μM), vildagliptin (100 μM), and exendin-
4 (100 nM) were used for further experimentation.

Inhibition of TNBC cell migration (scratch and transwell
migration assays)
Scratch assay showed that 72 h of sitagliptin, vildagliptin, and
exendin-4 treatments decreased the cell migration (inhibition
of wound closure) after 24 h by 46.51%, 44.92%, and 45.84%
as compared with the control group (Figs. 3A and 3B).
Similarly, transwell migration also showed a significant
decrease in cell numbers per unit area migrated; transwell
after pre-treatment with sitagliptin, vildagliptin, and exendin-
4 transwell migration was 10.66, 14.50, and 9.30, respectively,
as compared to the control wells, suggesting a significant
inhibition of chemotactic migration (Figs. 3C and 3D).

Determination of apoptosis
ELISA showed a significant increase in the cell death of
sitagliptin, vildagliptin, and exendin-4 treated cells
compared to the control group. The percent increase in cell
death was 33.61, 25.17, and 17.56, respectively, in sitagliptin,
vildagliptin, and exendin-4 treated cells, as compared to the
untreated control group (Fig. 4A).

Lactate assay
In the conditioned media after pre-treatments with sitagliptin,
vildagliptin, and exendin-4, there was a 30.25%, 25.21%, and
23.52% decrease respectively in the absorbance at 590 nm,
compared with the control values (100%), consistently
revealing a significant decrease in the amount of lactate
formed (Fig. 4B).

Mitochondrial DNA to nuclear DNA ratio
In response to pre-treatment with sitagliptin, vildagliptin, and
exendin-4, the mt-DNA to n-DNA ratio increased by 3.564,
2.82, and 2.75-fold, respectively, compared with the control
group (Fig. 5A). Data indicated an increase in mitochondrial
biomass after treatment with sitagliptin, vildagliptin, and
exendin-4.

Gene expression study of transcription factors involved in
mitochondrial biogenesis
Analysis of gene expression by qPCR showed that in response
to sitagliptin, vildagliptin, and exendin-4 treatment, there was
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FIGURE 1. Effect of different doses of (A)sitagliptin, (B) vildagliptin,
and (C) exendin-4 on the viability of MDA-MB-231 cells by using
MTT assay. Data represented as mean ± SEM of n = 5 samples.
Statistical significance was determined by using one-way ANOVA
followed by post hoc Tukey’s multiple comparison test. Levels of
significance were *p < 0.1; **p < 0.01; ***p < 0.001; ****p < 0.0001,
as compared with the respective control groups.
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an increase in the expression of transcription factors known to
participate in mitochondrial biogenesis. Compared with the
control group, after sitagliptin, vildagliptin, and exendin-4
treatments, respectively, relative fold increase in expressions
of PGC-1α were 3.53, 2.53, and 2.13, NRF1 was 1.58, 1.40,
and 1.49, NRF2 was 1.37, 1.26, and 1.37, TFAM was 1.93,
1.30, and 1.30, and finally, that of HO-1 was 1.42, 1.17, and
1.25 (Fig. 5B).

MitoTracker Green and MitoTracker Red staining
Treatment with sitagliptin, vildagliptin, and exendin-4 caused an
increase in the fluorescence intensity of both MitoTracker Red
and Green, revealing an increase in mitochondrial membrane
potential as well as mitochondrial biogenesis. However, the
increase in red fluorescence was moderate compared to green
fluorescence in sitagliptin and vildagliptin-treated cells,
suggesting a more pronounced increase in mitochondrial
biomass than in membrane potential. (Figs. 6A and 6B).

Cytotoxicity evaluation of various doses of doxorubicin
MTT assay of MDA-MB-231 cells incubated with different
doses of doxorubicin (ranging from 1 to 10 µM) for 48 h
revealed a dose-dependent decrease in the viability of the
cells. The highest reduction in viability of nearly 44.65% was
observed at 10 µM, whereas the lowest viability was nearly
9.31% at 1 nM dose of doxorubicin. At 1 µM dose of
doxorubicin, approximately 37.70% inhibition of viability
was observed (Fig. 7A). Therefore, a dose of 1 µM of
doxorubicin was considered to further evaluate the effect of
test drugs on doxorubicin sensitivity.

Pre-treatment of MDA-MB-231 cells with sitagliptin,
vildagliptin, and exendin-4 at their respective selected dose
for 72 h was followed by treatment with 1 µM doxorubicin
for 48 h in fresh media. MTT assay revealed that singly,
doxorubicin treatment inhibited the cell viability by 41.24%,
whereas pre-treatment with sitagliptin, vildagliptin, and
exendin-4 followed by doxorubicin treatment inhibited cell
viability by 61.68%, 56.52%, and 55.01%, respectively. These
data clearly revealed an increase in doxorubicin sensitivity
after pre-treatment with these incretin-based drugs (Fig. 7B).

Discussion

Role of DPP-IV in the progression of metastatic breast cancer
is documented by various studies; accordingly, a number of
reports have suggested anti-cancer effects of GLP-1 agonists
and DPP-IV inhibitors (Jaiswal et al., 2022). In the present
study, we observed anti-cancer effects of DPP-IV inhibitors,
sitagliptin, and vildagliptin, wherein the drugs decreased the
viability, proliferation, and migratory potential of MDA-
MB-231 cells along with the induction of apoptosis, which
might be mediated through inhibition of DPP-IV, as MDA-
MB-231 are TNBC cells that express DPP-IV (Pascual
Alonso et al., 2022). Dose-dependent effects of exendin-4
(GLP-1R agonist) showed that the highest loss in viability
was observed at 100 nM, whereas minimum loss of viability
was observed at 1 nM. These data are in agreement with the
earlier studies, which reported that low doses could inhibit
viability or proliferation but could not induce apoptosis,
which is possibly due to the difference in the magnitude of

FIGURE 2. (A) Effect of sitagliptin,
(B) vildagliptin, and (C) exendin-
4on morphological alterations and
decrease in the apparent number of
cells. Cells were incubated in the
absence and presence of all the
studied doses of the drugs. After 72 h,
apoptotic alterations in morphology
were observed and imaged by an
inverted light microscope (Scale bar,
100 µm).
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the inhibition of pro-survival Akt and inflammatory NF-kB
pathways (Jaiswal et al., 2022). Similarly, a dose-dependent
decrease in cell viability by sitagliptin and vildagliptin might
be the result of the magnitude of DPP-IV inhibition in dose
dependent manner which is known to participate in the
process of carcinogenesis through various mechanisms
(Jaiswal et al., 2022). DPP-IV induces EGF expression,
which in turn leads to the activation of PIN1; so, on the one
hand, increase in EGF level promotes MEK/ERK and JNK/
c-Jun signaling and AP-1 activity which ultimately leads to
the cell viability, growth and cell transformation, on the
other hand, PIN1 is a peptidylprolyl cis/trans isomerase
which is a novel phosphorylation signaling regulator
controlling the proliferation and transformation (Choi et al., 2015;

Lu and Zhou, 2007). Cis/trans isomerization of Ser-Pro or
Thr-Pro peptide bonds targets several proteins that alter the
stability, localization, and protein-protein interactions (Liou
et al., 2011), and these conformational changes have
profound effects on targets proteins such as p53, cyclinD1,
c-Jun, MAPK kinase1, NF-kB, and STAT3, that influence
cell cycle progression and differentiation decisions (Jaiswal
et al., 2022; Wulf et al., 2001; Zheng et al., 2002; Ryo et al.,
2003; Fukuchi et al., 2006; Khanal et al., 2010; Kim et al.,
2014). Therefore, sitagliptin and vildagliptin treatment
might have reversed the carcinogenic effects of the DPP-IV.
Interestingly, MDA-MB-231 cells exhibit Warburg
metabolism, but in response to sitagliptin and vildagliptin
treatments, we also observed increased mitochondrial

FIGURE 3. Effects of drugs (Sitagliptin, Vildagliptin & Exendin-4) on migratory potential of MDA-MB-231 by using scratch assay/wound
healing and transwell migration. (A) Cells were incubated in the absence and presence of Sita (100 µM), Vilda (100 µM) and Exendin-4
(10 nM) and their effect was determined by percentage wound closure. Images were captured at 0 and 24 h after treatment. (B) Percentage
wound closure was calculated by comparing the images of 0 and 24 h (scale bar 100 µm). (C) In transwell insert migration assay cells were
treated with selected concentration of drugs for 72 h. Migratory cells in the lower surface of the insert were stained with crystal violet and
imaged by an inverted light microscope. (D) The number of migratory cells was quantified by counting of cells per unit area of the image
captured (Scale bar, 100 µm). Values are represented as mean ± SEM of n = 5 samples. Statistical significance was determined by one-way
ANOVA followed by posthoc Tukey’s multiple comparison test. Level of significance was ***p < 0.001; ****p < 0.0001, as compared with
control group.
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biogenesis as revealed by the increase in MitoTracker staining,
mtDNA to nDNA ratio, and increased expression of the
transcription factors involved in mitochondrial biogenesis
along with the decrease in lactate level in conditioned
media, suggesting switching of Warburg metabolism into
anti-Warburg effect and normalization of the cancer
phenotype of the cells. Other reports have further suggested
a decrease in mitochondrial number; besides, mutations in
mtDNA have been correlated with the tumor progression
and poor prognosis of breast cancer (Tseng et al., 2006; Yu
et al., 2007). Mitochondrial metabolism is a double edge
sword in treating cancer cells, as Warburg metabolism or
poor mitochondrial functioning is being found to be
associated with resistance to apoptosis, increased genome
instability, chemo-resistance, proliferation, invasion,
migration, and increased stemness of the cancer cells
(Gogvadze et al., 2009; Seyfried and Shelton, 2010; Indran et
al., 2011; Bhandary et al., 2012; Ward and Thompson, 2012;
Wallace, 2012; Han et al., 2013; Loureiro et al., 2013;
Sciacovelli et al., 2014; Gaude and Frezza, 2014; Zong et al.,
2016; Liu et al., 2018), whereas mitochondria are also
essential for cancer cell proliferation to resist oxidative stress
and reliance of cancer cells on oxidative phosphorylation for
metastasis by PGC-1α-mediated mitochondrial biogenesis
(Le Bleu et al., 2014; Tan et al., 2015; Tan et al., 2017;
Paliwal et al., 2021; Faubert et al., 2020). Contrasting
reports on mitochondrial functioning and its association
with cancer progression suggest that while a modest
improvement in mitochondrial metabolism through
mitochondrial biogenesis or improvements in their
functioning may diminish the process of carcinogenesis and
severity of cancer, the same outcome may be achieved by
severe depletion of mitochondrial functioning. In the
present study, the anti-cancer effects of incretin-based drugs
on TNBC seem to be an outcome of the modest increase in
mitochondrial biogenesis and/or improved mitochondrial
functioning. In response to the treatment of sitagliptin,

vildagliptin, and exendin-4, an increase in apoptosis and
increased chemosensitivity of doxorubicin are also results of
modest improvement in mitochondrial biogenesis, as the
decrease in mitochondrial membrane potential,
mitochondrial biomass and deletion of mitochondrial DNA
are associated with anti-apoptotic phenotype, as both
extrinsic and intrinsic pathways of apoptosis depend upon
the mitochondria (Indran et al., 2011; Shen et al., 2018).
The generation of reactive oxygen species in the
mitochondria of cancer cells also leads to mutations in the
mitochondrial genome and ultimately compromises its
function. Metabolism-directed mutations have also been
recently revealed to participate in the progression of cancer
(Ward and Thompson, 2012; Kamp et al., 2016), which
further consolidate the results of the present study.
Theobserved anti-cancer effects of exendin-4 are also in line
with the earlier reports that have shown to inhibit growth,
migration, invasion, and apoptotic induction in breast and
ovarian cancer cells (Fidan-Yaylalı et al., 2016; He et al.,
2016). These effects were suggested as a result of the
inhibition of the PI3/AKT pathway (Fidan-Yaylalı et al.,
2016). Besides, upregulation of E-cadherin was thought to
be involved in reducing migration and invasion of tumor
cells and act as a strong tumor suppressor in cancer
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FIGURE 6. Effect of drugs (Sitagliptin, Vildagliptin &
Exendin-4) on mitochondrial membrane potential &
mitochondrial biomass. MDA-MB-231 cells were
incubated in presence and absence of selected
concentrations of drugs (Sitagliptin, Vildagliptin &
Exendin-4) for 72 h. (A) To determine the difference
in the mitochondrial membrane potential and
mitochondrial biomass, treated and untreated cells
were stained with Mitotracker RedFM & Mitotracker
GreenFM, respectively. Nuclear staining was done by
DAPI stain-(a) Image of Mitotracker RedFM stain,
(b) Mitotracker GreenFM stain, (c) DAPI stain,
(d) Merge image. (B) Fluorescence intensities were
measured by confocal microscopy. Data represented
as mean ± SEM of n = 3 samples. Statistical
significance was determined by Two-way ANOVA
followed by posthoc Tukey’s multiple comparison
test. Level of significance was *p < 0.1; **p < 0.01;
***p < 0.001; ****p < 0.0001, as compared to control
group.
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progression and pro-apoptotic phenotype through induction
of cleaved caspase-3 expression (Nie et al., 2018). In
response to exendin-4 treatment, we also observed a modest
increase in the mtDNA to nDNA ratio, MitoTracker
staining, and the expression of transcription factors involved
in mitochondrial biogenesis PGC-1alpha, NRF-1, NRF-2,
and TFAM, along with a decrease in lactate concentration
in conditioned media, suggesting improvements in the
mitochondrial functioning in the cancer cells that reversed
the Warburg metabolism up to an extent through which
normalization of the cancer phenotype might have occurred.
Importantly, lactic acid has been correlated well with the
migratory potential of cancer cells and metastatic
phenotype, as lactic acid activates the vascular endothelial
growth factor (VEGF), TGF-β, IL-1, and HIF-α and these
participate in promoting invasion and migration of cancer
cells (Jiang, 2017). These findings further support our data
that the decrease in migration of TNBC cells in response to
sitagliptin, vildagliptin, and exendin-4 might be mediated
via a decrease in a glycolytic shift which is regulated by
HIF-α and higher lactic acid feedback to further enhance
the glycolysis in cancer cells (Jiang, 2017).

Increased doxorubicin chemo-sensitivity after pre-
treatment with exendin-4 is another important outcome
which is also in line with the earlier reports suggesting that
anti-Warburg rearrangements support chemotherapeutic
response in breast cancer (Suhane and Ramanujan, 2011).

Therefore, based on the data from the present study, we
conclude that sitagliptin, vildagliptin, and exendin-4 have anti-
cancer effects and improve the mitochondrial functioning via
the increase in mitochondrial biogenesis may be a major
underlying mechanism. Finally, the magnitude of anti-cancer
effects was in the order of: sitagliptin > vildagliptin > exendin-4.
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