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Abstract: Sitagliptin (STG) is a highly selective dipeptidyl peptidase-4 inhibitor recently used in
the treatment of type 2 diabetes. The current study aimed to investigate the anti-neoplastic effect
of STG alone and in combination with Doxorubicin (Dox), a known chemotherapeutic agent but
with ominous side effects. After intramuscular inoculation of 2 × 106 Ehrlich tumor cells, Female
Swiss mice were divided into tumor-bearing control, STG-treated, Dox-treated, and a combination of
STG and Dox-treated groups. The results showed a significant reduction in the tumor growth of the
treated animals in comparison with those of the positive control group with a more prominent effect
in the co-treated group. Where, the anti-proliferative and apoptotic effect of STG, and its chemo-
sensitizing ability, when used in combination with Dox, was mediated by modulation of oxidative
stress (MDA and GSH), attenuation of tumor inflammation (IL-6 and IL-1β), and angiogenesis
(VEGF), suppressing proliferation (β-catenin and cyclin-D1) and enhancement of apoptosis (survivin,
p53, caspase 3). Thus, in conclusion, STG as adjunctive therapy for Dox could be a strategy for the
treatment of breast cancer patients, by their ability in hindering cell proliferation and minimizing the
associated oxidative and inflammatory adverse reactions.

Keywords: Ehrlich solid carcinoma; sitagliptin; doxorubicin; β-catenin; cyclin-D1; survivin

1. Introduction

Breast cancer is the most common type of invasive cancer in females and the second
leading cause of cancer-related deaths worldwide with an estimated 2.1 million newly di-
agnosed cases [1]. Ehrlich solid carcinoma (ESC), a neoplasm of epithelial malignant origin
corresponding to the murine mammary adenocarcinoma, has been frequently utilized as an
in-vivo experimental model of breast cancer. Similar to human tumors, the cancer cells of
ESC are known for their aggressiveness, fast growth, and sensitivity to chemotherapy. As
a result, ESC has been utilized to investigate the possible antitumor activities of different
therapeutic products [2].

Doxorubicin (Dox) is a cytotoxic anthracycline antibiotic, widely used for the treatment
of various types of cancer including both solid and hematological malignancies [3]. How-
ever, the therapeutic value of Dox has been hampered by its severe toxicity with adverse
side effects, mediated mainly by the oxidative stress and inflammatory response [4]. Chemo-
resistance is another major obstacle to Dox resulting in poor prognosis and survival [5].
The tumor microenvironment can promote drug resistance through the upregulation of
inflammatory mediators’ synthesis such as interleukin-6 (IL-6) and interleukin-1β (IL-1β),
along with angiogenesis [6,7]. Angiogenesis itself plays a pivotal role in tumor progres-
sion, dissemination, and metastasis of solid tumors. This process is driven by vascular
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endothelial growth factor (VEGF), the key regulatory cytokine of angiogenesis [8]. These
complications observed with cancer therapies have mandated finding proper adjuvants to
increase the chemo-sensitivity, overcoming some of the established side effects, as well as
improving the patient survival and quality of life.

Sitagliptin (STG) is a highly selective dipeptidyl peptidase-4 (DPP-4) inhibitor that has
been recently used for the treatment of type-2 diabetes mellitus by blocking the cleavage
of incretin hormones, prolonging their insulinotropic activity [9]. Recent studies have
suggested that DPP-4, widely expressed in different types of cells, plays an important
role in tumor progression in several human malignancies [10–13]. By altering the fate of
many regulatory factors together with chemokines, growth factors, and other peptides,
DPP-4 could normally control cellular growth, differentiation, and intracellular signal
transduction [10,14]. Abnormal expression of DPP-4 and/or its catalytic function results
in an altered peptide activation or inactivation, contributing to the disruption of normal
cellular homeostasis, neoplastic transformation, or tumor progression [10]. Accordingly,
inhibitors of DPP-4 have been considered a new potential therapeutic modality for cancer
therapy, possibly due to their cytotoxic effects on tumor cells together with their antioxidant
and anti-inflammatory properties [15,16].

Therefore, our study aimed to investigate the potential anti-tumor effect of STG in ESC-
bearing mice and highlight the possible underlying molecular mechanisms. In addition,
the possibility of combining STG with Dox, to potentiate their chemotherapeutic effects,
was also assessed.

2. Materials and Methods
2.1. Drugs and Chemicals

STG was purchased as Januvia® tablets, 50 mg (Merck Sharp and Dohme Ltd.,
Northumberland, UK), crushed and dispersed in normal saline. Dox was obtained as
Adriablastina® vial (Pharmacia Italia S.P.A., Nerviano, Italy). All other used reagents and
chemicals purchased were of analytical grade.

2.2. Cell Line

Ehrlich ascites carcinoma (EAC) is of a mammary origin and functions as the original
tumor from which Ehrlich solid tumor was obtained. The EAC cell line (RRID: CVCL_3873)
was obtained from the Pharmacology and Experimental Oncology Unit of the National
Cancer Institute, Cairo University, Cairo, Egypt. The cells were maintained in ascetic form
through transplantation of 2.5 × 106 tumor cells into the peritoneal cavity and allowed to
multiply. The ascetic fluid containing Ehrlich tumor cells was developed within 10 days
and then collected followed by the dilution with normal saline (1:10) and counted via a
Hemocytometer (Sigma-Aldrich, St. Louis, MO, USA). The viability of the cells used is set
to be not less than 95% as confirmed by the trypan blue (Sigma-Aldrich, St. Louis, MO,
USA) exclusion assay [17].

2.3. Animals

Female Swiss albino mice (body weight of 20–25 g) were purchased from Theodor
Bilharz Research Institute, Cairo, Egypt. Male mice were excluded because of their poor
tumor growth [18]. Mice were kept in steel-mesh cages, in a standard animal facility under
controlled environmental conditions at room temperature of 22 ± 2 ◦C, 45–55% humidity,
and a 12-h light–dark cycle. They were fed standard pellet chow (23% protein and 4% fat)
and allowed free access to tap water. The animal care and experiments described in this
study comply with the ethical principles and guidelines for the care and use of laboratory
animals adopted by the “Research Ethics Committee” of Faculty of Pharmacy, Mansoura
University, Mansoura, Egypt with approval number (2021-387) which is in accordance with
the ARRIVE guidelines and the National Research Council’s Guide for the Care and Use
of Laboratory Animals (Committee for the Update of the Guide for the Care and Use of
Laboratory Animals, 2011).
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2.4. Experimental Design

Following a period of 7 days for acclimatization, solid tumors were induced by
intramuscular inoculation of 0.2 mL of the ascetic fluid, containing approximately 2 × 106

of EAC cells, in the right thigh of the hind limb of each mouse [19]. When all the solid
tumors have reached a size of 50–100 mm3, animals were randomly divided into 4 groups
(10 mice per group) as followings:

• Positive control group: mice daily received normal saline by oral gavage for 21 days;
• STG group: mice received STG (20 mg/kg/day, orally) for 21 days [14,20];
• Dox group: mice received Dox (5 mg/kg, once/week by i.p.) for 21 days [21]; and
• STG + Dox group: mice received STG (20 mg/kg/day, orally) and Dox (5 mg/kg,

once/week by i.p.) for 21 days.

2.5. Tumor Volume and Growth Inhibition Rate

The tumor mass was measured five days after the tumor cell injection (day 0) and then
every other five days for 21 days. The volume of the solid tumor was measured using a
Vernier caliper (Tricle Brand, Shanghai, China) according to the following formula [22]:

Tumor volume (mm3) = 0.5 (Length ×Width2)

While the tumor growth inhibition percentage was calculated using the following
formula [23]:

Tumor growth inhibition (%) = [(Mean tumor volume of the positive control
group −Mean tumor volume of the treated group)/Mean tumor volume

of positive control group] × 100

2.6. Tissue Samples Collection

After 21 days, mice were sacrificed using isoflurane in chamber induction according
to IACUC guidelines and the tumor mass was harvested, weighed, and separated into
three fragments. The first part was weighted, and homogenized (10% w/v) in phosphate-
buffered saline (PBS) (0.02 M, pH 7.4) using a tissue homogenizer (Heidolph SilentCrusher
M, Schwabach, Germany). The homogenates were then centrifuged at 5000 rpm for 5 min
at 4 ◦C. The resulting supernatants were stored at −80 ◦C for the subsequent evaluation
of the inflammatory parameters and oxidative stress biomarkers. The second part was
immersed immediately in 10 volumes of RNAlater® RNA Stabilization Reagent (Qiagen,
Hilden, Germany, Catalog No. 76104), incubated overnight at 2–8 ◦C, and then stored
at −80 ◦C for further nuclear extraction. The last part was fixed in 10% neutral buffered
formalin (pH 7.4) (El-Nasr Chemicals Co., Cairo, Egypt) to be embedded in paraffin wax
for histopathological and immunohistochemical examination.

2.7. Assessment of Oxidative Stress Markers

Malondialdehyde (MDA) and glutathione (GSH) were measured spectrophotometri-
cally in the homogenate of the tumor tissue using commercially available kits (Bio Diagnos-
tic, Giza, Egypt). All procedures were performed as per the manufacturer’s instructions.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

In accordance with the given instructions, the concentrations of IL-6 and IL-1β of
the tumor homogenate were determined using ELISA kits obtained from Aviva Systems
Biology (San Diego, CA, USA).

2.9. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the tumor-bearing thigh collected from different mice
groups using Qiagen RNeasy® Mini Kit (Qiagen, Hilden, Germany, Catalog No. 74104) in
RNase-free environment, following the manufacturer’s protocol. The RNA concentration
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and purity were measured spectrophotometrically (260, 260/280 nm ratio, respectively)
using the NanoPhotometer® P330 (Implen, Schatzbogen, München, Germany). A total
of 1 µg of the purified RNA was reverse-transcribed into complementary DNA (cDNA)
using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Vantaa,
Finland, Catalog No. K1622). VEGF, β-catenin, cyclin-D1, and survivin mRNA levels
were measured using Bioline SensiFAST™ SYBR® No-ROX Kit (Meridian Bioscience™,
Memphis, TN, USA, Catalog No. BIO-65053) and PikoReal 96™ Real-Time PCR System
(Thermo Fisher Scientific Inc., Vantaa, Finland). Meanwhile, mouse glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a housekeeping gene and an internal
reference control. The sequences of forward and reverse primers are illustrated in Table 1.
Relative expression of the studied genes was calculated using the 2−∆∆CT method [24],
normalized with respect to GAPDH mRNA, and relative to a calibrator sample. Untreated
positive control samples were used as calibrators.

Table 1. The primer sequences used for the amplification of mouse GAPDH, VEGF, β-Catenin,
Cyclin-D1, and Survivin genes.

Primer Sequence NCBI Reference
Sequence

Amplification
Size

Annealing
Temperature

GAPDH
F 5′-ATGGTGAAGGTCGGTGTGAAC-3′

NM_008084.3 251 60 ◦CR 5′-TTGATGTTAGTGGGGTCTCGC-3′

VEGF
F 5′-CACGACAGAAGGAGAGCAGAAG-3′

NM_001025250.3 82 60 ◦CR 5′-CTCAATCGGACGGCAGTAGC-3′

β-Catenin F 5′-GTTCGCCTTCATTATGGACTGCC-3′
NM_007614.3 146 60 ◦CR 5′-ATAGCACCCTGTTCCCGCAAAG-3′

Cyclin-D1 F 5′-AGAAGTGCGAAGAGGAGGTC-3′
NM_001379248.1 157 60 ◦CR 5′-TTCTCGGCAGTCAAGGGAAT-3′

Survivin
F 5′-GAATCCTGCGTTTGAGTCGT-3′

NM_001012273.1 207 60 ◦CR 5′-AATCAGGCTCGTTCTCGGTA-3′

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; VEGF: vascular endothelial growth factor; F: forward;
R: reverse.

2.10. Histopathological Examination

Paraffin-embedded tumor tissues of the different groups were cut into 4 µm thick
sections and processed to be stained by hematoxylin and eosin (H&E) for light micro-
scopic evaluation. All sections were blindly photographed and examined by an indepen-
dent pathologist.

2.11. Terminal dUTP Nick-End Labeling (TUNEL) Assay

For the detection of nuclear DNA fragmentation in the apoptotic cells, paraffin-
embedded tumor tissue sections were stained with the TUNEL technique using the Apo-
BrdU In Situ DNA Fragmentation Assay Kit (Biovision, Milpitas, CA, USA, Catalog No.
K401-60) in terms of the manufacturer’s instructions. Photographs were taken with a
Leica fluorescence microscope (Buffalo Grove, IL, USA), and the number of apoptotic
TUNEL-positive cells (red) was counted at a magnification of 400×.

2.12. Immunohistochemical (IHC) Analysis

p53 and caspase-3 markers were measured immunohistochemically using the BioMod-
ule™ IHC Staining Kit (Invitrogen™, Carlsbad, CA, USA, Catalog No. WFGE11), according
to the manufacturer’s protocol. Paraffin-embedded tumor tissue sections were cleared
in xylene, rehydrated, and treated with Peroxo-Block™, a specific inhibitor of endoge-
nous peroxidase activity, to efficiently remove endogenous peroxidase activity followed
by heat-induced epitope retrieval through immersing in diluted citrate buffer (pH 6.0)
and boiling the solution for 15 min. The sections were incubated with p53 polyclonal
antibody (ABclonal, Woburn, MA, USA, Catalog No. A3185; 1:100 dilution) or caspase-3
monoclonal antibody (GeneTex, Irvine, CA, USA, Catalog No. GTX30246; 1:200 dilution).
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After washing with PBS, the slides were incubated with a horseradish peroxidase enzyme
(HRP) polymer conjugate, visualized with diaminobenzidine (DAB) chromogen, and finally,
counterstained with Mayer’s hematoxylin. Slides were photographed using an Olympus®

digital camera that was attached to an Olympus® microscope (Shinjuku, Tokyo, Japan),
and then the brown color density, which represents p53 or caspase-3 protein expression,
was analyzed using ImageJ software version 1.2.4, RRID: SCR_003070 (National Institutes
of Health, Bethesda, MD, USA).

2.13. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 6, RRID:
SCR_002798 (La Jolla, CA, USA). The dissimilarities between the groups were evaluated by
one-way ANOVA followed by Tukey’s post-hoc test. The data are expressed as Mean± SD. The
differences between the groups were considered statistically significant when p value < 0.05.

3. Results
3.1. Growth Suppressive Effect of STG, Dox, and Their Combination on ESC-Bearing Mice

The growth-suppression effect of STG, Dox, and their combination was evaluated
by assessing the mean tumor volume (mm3) of the ESC in the right thigh (Figure 1) and
the weight (g) of the solid tumors (Figure 2a,b), as well as the tumor growth inhibition
percentage (Figure 2c). After 21 days of initial treatment, all treated ESC-bearing mice
showed a significant decrease in the mean tumor volume and weight when compared to
the positive control group.
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Figure 1. Growth suppressive effect of sitagliptin (STG) alone or in combination with Doxorubicin
(Dox) on Ehrlich solid carcinoma (ESC)-bearing mice. (a) Photographs of representative ESC mouse
models from each treatment group on the last day of treatment. Arrows indicate the margins of
the tumors. (b) Tumor volume (mm3) at each time point after the onset of treatment. Results are
expressed as Mean ± SD. Statistical analysis was performed using one-way ANOVA, followed by
Tukey’s post-hoc test. *** significant at p < 0.001 vs. positive control group; +++ significant at p < 0.001
vs. STG-treated group; # significant at p < 0.05 vs. Dox-treated group.
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Figure 2. Effect of sitagliptin (STG) alone or in combination with Doxorubicin (Dox) on tumor weight.
(a) The gross appearance of excised tumors from Ehrlich solid carcinoma (ESC)-bearing mice and
different treatment groups on the last day of treatment. All tumor images were taken at the same
magnification power, zooming, and distance from the camera. (b) Excised tumor weight (g) on
the last day of treatment. (c) Tumor growth inhibition percentage compared to positive control
ESC-bearing mice. Results are expressed as Mean ± SD. Statistical analysis was performed using
one-way ANOVA, followed by Tukey’s post-hoc test. *** significant at p < 0.001 vs. positive control
group; +++ significant at p < 0.001 vs. STG-treated group; ##, # significant at p < 0.01, p < 0.05,
respectively vs. Dox-treated group.

These findings were accompanied by a regression in the tumor growth by 52.3%, 62.47%
and 76.86% in the STG, Dox, and STG + Dox groups, respectively, when compared to the
positive control group. A significant difference was observed in the % tumor growth inhibition
in STG + Dox group when compared with Dox (p < 0.05) or STG (p < 0.001) groups.

3.2. Effect of Treatment with STG, Dox, and Their Combination on Oxidative Status and
Inflammatory Parameters in Tumor Tissue

Tumor lipid peroxidation marker, MDA, and the antioxidant molecule, GSH, of the
different experimental groups are shown in Figure 3a,b. Unfortunately, treatment with
Dox exhibited a significant increase in the tumor content of MDA as compared to the
positive control group (p < 0.001). In contrast, treatment with STG alone or in combination
with Dox significantly decreased the tumor content of MDA when compared to either
the positive control group (p < 0.001 and <0.05, respectively) or Dox group (p < 0.001 and
<0.001, respectively). Moreover, no significant difference in the GSH content was detected
between both Dox and the positive control groups. On the other hand, treatment with STG
alone or in combination with Dox significantly increased the GSH content when compared
to the positive control (p < 0.001 and <0.05, respectively) and Dox group (p < 0.001 and
<0.001, respectively).
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Figure 3. Effect of sitagliptin (STG) alone or in combination with Doxorubicin (Dox) on oxidative
status and inflammatory parameters in tumor tissue. (a) Malondialdehyde (MDA). (b) Glutathione
(GSH). (c) Interleukin 6 (IL-6). (d) Interleukin 1β (IL-1β). Results are expressed as Mean± SD (n = 10).
Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc test. ***,
* significant at p < 0.001, p < 0.05, respectively vs. positive control group; +++, ++, + significant
at p < 0.001, p < 0.01, p < 0.05, respectively vs. STG-treated group; ### significant at p < 0.001 vs.
Dox-treated group.

In the Dox group, tumor levels of IL-6 and IL-1β were significantly increased when
compared to the positive control group (p < 0.001) (Figure 3c,d). On the other hand,
when STG was administered, these inflammatory cytokines were significantly reduced to
levels lower than the positive control (p < 0.001 and <0.05, respectively) and Dox group
(p < 0.001 and <0.001, respectively). Consequently, combining the treatment STG with
Dox significantly decreased the tumor tissue inflammation as compared to the Dox group
(p < 0.001).

3.3. Effect of Treatment with STG, Dox, and Their Combination on the Tumor Tissue Visualized by
the Histopathological Examination

The tumor tissue sections of the positive control group have shown multiple large-
sized viable tumor areas consisting of pleomorphic EAC cells with numerous tumor giant
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cells, surrounded by minimal necrosis with numerous newly formed blood capillaries
within the tumor tissue (Figure 4a). Treatment with either STG (Figure 4b) or Dox (Figure 4c)
suppressed the tumor growth as indicated by the increased size of the necrotic areas and
several ghost cells with fewer numbers of neoplastic and tumor giant cells in the viable
areas. Likewise, the co-treatment of STG and Dox showed a more pronounced reduction in
the tumor growth than in mono-treated groups (Figure 4d).
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Figure 4. Photomicrograph of tumor sections stained with hematoxylin and eosin (H&E) from Ehrlich
solid carcinoma (ESC)-bearing mice. (a) Positive control group. (b) Sitagliptin (STG)-treated group.
(c) Doxorubicin (Dox)-treated group. (d) STG + Dox-treated group. Black arrows indicate necrotic
areas, blue arrows indicate viable areas, red arrows indicate newly formed blood capillaries, dashed
black arrows indicate ghosts’ cells, and yellow arrows indicate tumor giant cells. Low-magnification
(×100) scale bars = 100 µm and high-magnification (×400) scale bars = 50 µm. (e) % necrosis
in tumor tissue. Bar graphs show the percentage of necrotic areas to the total analyzed area.
(f) Number of blood vessels. (g) Tumor vascular area (µm2). Data are expressed as Mean ± SD
(n = 10). Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc
test. ***, **, * significant at p < 0.001, p < 0.01, p < 0.05, respectively vs. positive control group; +++, +
significant at p < 0.001, p < 0.05, respectively vs. STG-treated group; ###, ## significant at p < 0.001,
p < 0.01, respectively vs. Dox-treated group.

The histological scoring revealed a marked increase in the percentage of the necrotic
areas in STG- or Dox-treated mice compared to the positive control group (p < 0.05 and
<0.001, respectively) (Figure 4e). The increase in the percentage of necrotic areas was more
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pronounced in the STG + Dox group when compared to the positive control, STG, and Dox
groups (p < 0.001, <0.001, and <0.01, respectively). Moreover, a significant decrease in the
number of tumor vessels (Figure 4f) and tumor vascular area (Figure 4g) was observed in
groups treated with either STG alone or in combination with Dox compared to the positive
control group (p < 0.001 and <0.05, respectively). In contrast, Dox-treated group exerted a
slight increase in tumor vasculature compared to the positive control group (p < 0.01).

3.4. Effect of Treatment with STG, Dox and Their Combination on the Gene Expression of the
Angiogenic Marker, VEGF, and the Oncogenic β-Catenin, Cyclin-D1, and Survivin in EAC Tissues

Consistent with the histopathological observations, VEGF gene expression showed a
significant increase in the mice treated with Dox when compared to the positive control
group (p < 0.05) (Figure 5a). Groups treated with STG either alone or combined with Dox
showed a significant decrease in the gene expression of VEGF when compared to both the
positive control (p < 0.001) and Dox-treated groups (p < 0.001).
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Figure 5. Relative gene expression of (a) VEGF, (b) β-Catenin, (c) Cyclin-D1, and (d) Survivin in tumor
tissue from Ehrlich solid carcinoma (ESC)-bearing mice treated with Sitagliptin (STG) alone or in
combination with Doxorubicin (Dox). Results are expressed as Mean ± SD (n = 10) and represent
expression relative to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) reference gene.
Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc test. ***,
**, * significant at p < 0.001, p < 0.01, p < 0.05, respectively vs. positive control group; +++, ++
significant at p < 0.001, p < 0.01, respectively vs. STG-treated group; ### significant at p < 0.001 vs.
Dox-treated group.
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In order to estimate the proliferative capacity of tumor cells, relative gene expression
of β-catenin and cyclin-D1, a target gene induced by β-catenin, was measured in the Ehrlich
tumor of the different experimental groups (Figure 5b,c). The treatment with Dox was not
able to downregulate these genes, causing their overexpression as compared to the positive
control group (p < 0.001). Whereas STG alone or in combination with Dox significantly
downregulated their expression when compared to the positive control group (p < 0.01 and
<0.001, respectively) and Dox group (p < 0.001).

Survivin, an inhibitor of apoptosis and another targeted gene of β-catenin, was also
examined (Figure 5d). A significant decrease in its relative gene expression in all treated
groups was detected compared to the positive control group (p < 0.001).

3.5. Effect of Treatment with STG, Dox, and Their Combination on nuclear DNA Fragmentation
Illustrated by TUNEL Staining Assay

In the current study, the TUNEL assay was performed to detect nuclear DNA fragmen-
tation, one of the final stages of apoptosis (Figure 6). As apparent, few TUNEL+ cells were
observed in the solid tumor tissue of the positive control group. In contrast, treatment with
STG or Dox moderately increases the number of TUNEL+ cells compared to the positive
control group. The combined treatment of STG and Dox showed a greater increase in the
number of TUNEL+ cells when compared to either compound when administered alone.
These data indicate the apoptotic effect of STG alone or in combination with Dox was
related to the induction of p53 and caspase-3 which could induce subsequent cleavage of
nuclear DNA.
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Figure 6. Sitagliptin (STG) alone or in combination with Doxorubicin (Dox) induces Ehrlich solid
carcinoma (ESC) nuclear DNA fragmentation detected by terminal dUTP nick-end labeling (TUNEL)
assay. (a) Photomicrograph of tumor sections subjected to TUNEL staining assay (magnification: X400,
scale bars = 50 µm). (b) The number of TUNEL-positive cells. Results are expressed as Mean ± SD
(n = 10). Statistical analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc
test. *** significant at p < 0.001 vs. positive control group; ** significant at p < 0.01 vs. positive control
group; +++ p < 0.001 vs. STG-treated group; ### significant at p < 0.001 vs. Dox-treated group.
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3.6. Effect of Treatment with STG, Dox, and Their Combination on the Protein Levels of Tumor p53
and Caspase-3

The impact of STG and Dox treatment on cell apoptosis was assessed via the intrinsic
pathway inducer and the tumor suppressor, p53 (Figure 7), and its effector, activated
caspase-3 (Figure 8), by immunohistochemical assessment of the tumor tissues. Stained
tumor p53 (Figure 7a) and caspase-3 (Figure 8a) demonstrated low expression in the solid
tumor tissue of the positive control group. In contrast, treatment with STG (Figure 7b) or
Dox (Figure 7c) up-regulated p53 protein when compared with the positive control group.
Similarly, the protein level of activated caspase-3 was also enhanced by treatment with STG
(Figure 8b) or Dox (Figure 8c). The combined treatment of STG and Dox exhibited a more
superior apoptotic effect compared to either compound when administered alone, shown
by higher p53 (Figure 7d) and caspase-3 (Figure 8d).
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Figure 7. Immunohistochemical staining (IHC) of p53. (a) Positive control group. (b) Sitagliptin (STG)-
treated group. (c) Doxorubicin (Dox)-treated group. (d) STG + Dox-treated group. IHC counterstained
with Mayer’s hematoxylin. Black arrows point to a positive reaction. Low-magnification (×100)
scale bars = 100 µm and high-magnification (×400) scale bars = 50 µm. (e) % p53 protein expression.
p53 positive areas were measured using Image J software and expressed as a percentage of the total
analyzed area. Results are expressed as Mean ± SD (n = 10). Statistical analysis was performed using
one-way ANOVA, followed by Tukey’s post-hoc test. *** significant at p < 0.001 vs. positive control
group; +++ p < 0.001 vs. STG-treated group; ### significant at p < 0.001 vs. Dox-treated group.
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Figure 8. Immunohistochemical staining (IHC) of caspase-3. (a) Positive control group. (b) Sitagliptin
(STG)-treated group. (c) Doxorubicin (Dox)-treated group. (d) STG + Dox-treated group. IHC coun-
terstained with Mayer’s hematoxylin. Black arrows point to a positive reaction. Low-magnification
(×100) scale bars = 100 µm and high-magnification (×400) scale bars = 50 µm. (e) % Caspase-3
protein expression. Caspase-3 positive areas were measured using Image J software and expressed
as a percentage of the total analyzed area. Results are expressed as Mean ± SD (n = 10). Statistical
analysis was performed using one-way ANOVA, followed by Tukey’s post-hoc test. *** significant at
p < 0.001 vs. positive control group; +++ significant at p < 0.001 vs. STG-treated group; ## significant
at p < 0.01 vs. Dox-treated group.

4. Discussion

Numerous side effects have been associated with different chemotherapeutic agents,
including anthracycline antibiotics, like Dox. As a result, a continuous search has become
necessary for safer and more effective anti-cancer compounds, as a successful approach to
combat cancer, either alone or in combination with typical chemotherapy, radiation, and/or
surgery [25]. The current study aimed to evaluate the potential anti-tumor activity of STG
in ESC-bearing mice. ESC was used as an in-vivo experimental model for breast cancer
as its cells are known for their undifferentiation with rapid proliferation and sensitivity
to chemotherapies, similar to human tumors [26]. Moreover, we combined STG with Dox
to investigate the impact of the combination on its anti-tumor efficacy and the associated
inflammatory reaction and oxidative imbalance present in the tumor micro-environment.
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Monitoring the tumor volume of the ESC-bearing mice, during the 21 days of the
study, revealed the anti-tumor effect of orally administered STG (20 mg/kg/day), alone
or in combination with Dox. Interestingly, there was no significant difference in reducing
the volume of the tumor between STG and Dox. However, by combining both, the tumor
volume was significantly reduced than if Dox or STG were used alone. The potency of STG
was further confirmed by the histopathological findings, which demonstrated suppression
of tumor growth as indicated by the increase of necrotic areas. To explore the impact of
STG on the tumor microenvironment; oxidative stress, inflammation, angiogenesis, and
apoptosis were studied.

Oxidative stress is the result of excessive production of reactive oxygen species (ROS),
which causes mitochondrial dysfunction with subsequent initiation of apoptosis [27]. Dox,
a widely used chemotherapy for treating cancer, has a short-lived toxic metabolite that
interacts with molecular oxygen with the initiation of a cascade of reactions to generate
ROS and relies primarily on oxidative stress to trigger DNA damage, senescence, and
tumor cell death [28]. However, high levels of ROS are also responsible for its cytotoxic
side effects [29]. Therefore, combining Dox has been considered with other compounds
with antioxidant and anti-inflammatory properties to diminish toxicity without affecting
its anti-cancer effect.

To assess oxidative stress, MDA, as a marker of lipid peroxidation, and GSH, as an
antioxidant molecule, were measured. MDA content in mice receiving STG was signifi-
cantly decreased, unlike GSH content which was significantly increased as compared to the
positive control group. Our results are consistent with several studies showing the potential
antioxidant effect of STG in other experimental models including diabetic nephropathy [30]
and Alzheimer’s disease [31]. As expected, treatment of ESC with Dox showed a significant
increase in MDA level, indicating a worsening of the oxidative balance, even when sparing
the reduced GSH content, compared to the untreated ESC mice. By combining STG with
Dox, MDA content was significantly reduced as compared to both the positive control and
Dox-treated group. Also, more replenishment of the reduced GSH molecules was obtained
indicating a somewhat recovery from the oxidative imbalance. The antioxidant effect of
STG could be attributed to its ability to enhance the activity of nuclear factor erythroid
2-related factor 2 (Nrf2), an inducer of a variety of antioxidant enzymes [31], which are
known to be decreased during Dox treatment [32].

Oxidative stress has been critically considered a trigger of inflammation; leading to
tumor cell survival, proliferation, invasion, and angiogenesis [33]. Two inflammatory
mediators, IL-1β and IL-6, with significant impact on tumor progression have been evalu-
ated [34,35]. Our data revealed an opposing effect between STG and Dox mono-treatments
regarding tumor levels of these inflammatory cytokines. On one hand, STG significantly
decreased both, while Dox significantly increased them when compared to the positive
control group. Several studies have demonstrated that Dox induces pathways controlling
the production of downstream pro-inflammatory cytokines that includes IL-6 and IL-1β
which subsequently leads to therapeutic resistance and toxicity [36–38]. The produced IL-6
has been found to regulate nearly all the hallmarks of cancer, such as inhibition of apoptosis,
promotion of survival, proliferation, angiogenesis, invasiveness, and metastasis [34]. In
contrast, STG has been reported to decrease the expression of IL-6 and IL-1β through the
suppression of ROS [39]. Consequently, combining STG with Dox has overturned the
Dox-associated inflammation. These findings suggest not only the potential cytotoxic effect
of this combination on the tumor cells but also the minimization of probable Dox-induced
toxicity resulting from aggravation of both oxidative stress and inflammation.

Another process that we investigated is ESC-reported angiogenesis. Our results
revealed a significant increase in tumor angiogenesis and VEGF gene expression in Dox-
treated ESC-bearing mice when compared to the positive control group, a setback to Dox
as an anti-cancer agent. This finding has been previously reported, indicating the positive
effect of Dox on upregulating hypoxia-inducing factor-1α in tumor cells. Hypoxia-inducing
factor-1α is known to increase VEGF expression and stimulate tumor angiogenesis in
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return [40]. In addition, cytokines as IL-6 and IL-1β, highly produced with Dox treatment,
contribute to cancer dissemination and invasion through stimulation of VEGF synthesis
and neo-angiogenesis [35,41]. By combining STG with Dox, we have found a significant
downregulation of VEGF gene expression, which may be attributed to the ability of STG to
regulate tumor inflammation and thereby downregulated angiogenesis and VEGF gene
expression. Moreover, DPP-4, a glycoprotein expressed in various tissues and selectively
inhibited by STG, has been suggested to stimulate tumorigenesis and invasion through
activating hypoxia-inducing factor-1α/VEGF signaling [42].

The signaling pathway of Wnt/β-catenin is a key pathway in multiple aspects of
cellular processes, including cell proliferation, differentiation, and morphogenesis. It has
been associated with tumor aggressiveness and uncontrolled proliferation [43]. β-catenin
regulates the expression of a considerable number of oncogenes, such as c-myc and cyclin-D1,
both acting as important checkpoint regulators of the G1 phase [44,45].

To the best of our knowledge, our results revealed, for the first time, the possible
anti-neoplastic effect of STG through the downregulation of the expression of β-catenin
and, subsequently, cyclin-D1. This may be attributed to the anti-inflammatory effect of
STG since inflammation induces the activation of the Wnt/β-catenin pathway [46]. In
addition, STG-induced reduction of IL-6 may have attenuated pathways, such as signal
transducer and activator of transcription-3 (STAT3) signaling, which in turn, downregulated
cyclin-D1 and ultimately arrests the tumor cells at the G1/G0 phase [34]. Moreover, DPP-4
upregulates cyclin-D1 [10], suggesting that DPP-4 inhibition by STG could be a strategy for
the treatment of patients with breast cancer by hindering cell proliferation.

However, when ESC-bearing mice were treated with Dox alone, a significant increase
in β-catenin and cyclin-D1 gene expression was found. The acquired chemoresistance of
chemotherapeutic drugs, such as Dox, has been associated with the activation of Wnt/β-
catenin signaling and the upregulation of its target genes, such as cyclin-D1 [47,48]. An
increase in cyclin-D1 has been found in Dox-resistant HL-60 cells [49]. Fortunately, com-
pared to Dox alone, the combination of STG with Dox showed a greater inhibitory effect on
the expression of both β-catenin and cyclin-D1, enhancing Dox’s chemotherapeutic effect.

Of the mechanisms by which cancer cells thrive is the suppression of apoptosis by
manipulating the balance between the pro- and anti-apoptotic proteins. Effective anti-cancer
treatments stimulate the apoptotic pathways, mediated mainly by p53 and the caspases
to eradicate cancer cells [50]. Regarding the present study, either STG or Dox was able to
remarkably upregulate the expression of pro-apoptotic proteins, p53 and caspase-3, while
downregulating the gene expression of the anti-apoptotic protein, survivin. The highest
apoptotic effect was obtained in the co-treated group which could reflect the efficacy of such
a combination. These results are consistent with the ability of STG to suppress IL6/signal
transducer and activator of transcription-3 signaling, with the subsequent inhibition of
survivin production and the upregulation of p53-mediated apoptosis [34,51]. Furthermore,
by downregulating β-catenin, STG has decreased the expression of survivin, a downstream
target gene of the Wnt/β-catenin signaling pathway [52]. However, Dox induces apoptosis
by generating high levels of ROS in tumor cells leading to lipid peroxidation, DNA damage,
and the trigger of apoptosis [28]. Beside the apoptotic effect of STG, several studies
reported its impact in halting some of the Dox-induced multiple organ toxicity including
cardiotoxicity [53–55] and nephrotoxicity [56].

5. Conclusions

Our results suggest STG as a potential anti-cancer agent in the ESC experimental
model. Various mechanisms have been proposed for such potential, including modulation
of oxidative stress, suppression of inflammation, inhibition of angiogenesis, and canonical
β-catenin-induction of cell proliferation, as well as induction of tumor apoptosis. In addi-
tion, the study also opened a new perspective of combining STG with other established
chemotherapeutic agents, such as Dox, in breast cancer patients to achieve a more effective
anti-cancer therapeutic regimen, while minimizing chemotherapy toxicity and drug resis-
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tance. However, more future studies should be conducted to assess the impact of STG on
other types of experimental cancer models and further investigate its potential implications
on metastasis.
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