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Abstract: Colon illnesses, particularly ulcerative colitis, are considered a major cause of death in
both men and women around the world. The present study investigated the underlying molecular
mechanisms for the potential anti-inflammatory effect of Dapagliflozin (DAPA) against ulcerative
colitis (UC) induced by intracolonic instillation of 3% v/v acetic acid (AA). DAPA was administered
to rats (1 mg/kg, orally) for two weeks during the treatment regimen. Interestingly, compared to
the normal group, a marked increase in the index of colon/body weight, colon weight/colon length
ratio, serum lactate dehydrogenase (LDH), and C-reactive protein (CRP), besides decrease in the
serum total antioxidant capacity (TAC), were reported in the AA control group (p < 0.05). Eleva-
tion in colon monocyte chemoattractant protein (MCP1), Interleukin 18 (IL-18), and inflammasome
contents were also reported in the AA control group in comparison with the normal group. In
addition, colon-specimen immunohistochemical staining revealed increased expression of nuclear
factor-kappa B (NF-κB) and Caspase-3 with histopathological changes. Moreover, DAPA significantly
(p < 0.05) reduced the colon/body weight index, colon weight/colon length ratio, clinical evaluation,
and macroscopic scoring of UC, and preserved the histopathological architecture of tissues. The
inflammatory biomarkers, including colon MCP1, IL-18, inflammasome, Caspase-3, and NF-κB, were
suppressed following DAPA treatment and oxidants/antioxidants hemostasis was also restored. Col-
lectively, the present data demonstrate that DAPA represents an attractive approach to ameliorating
ulcerative colitis through inhibiting MCP1/NF-κB/IL-18 pathways, thus preserving colon function.
Antioxidant, anti-inflammatory, and anti-apoptotic properties of DAPA are implicated in its observed
therapeutic benefits.

Keywords: Dapagliflozin; ulcerative colitis; anti-apoptotic; anti-inflammatory-inflammasome-MCP1-IL-18

1. Introduction

Ulcerative colitis (UC) is considered one of the chronic idiopathic inflammatory disor-
ders of colonic mucosa that influences the rectum besides other parts of the colon, resulting
in a series of symptoms of abdominal pain, rectal urgency, and bloody diarrhea [1]. It
should be stressed that this chronic gastrointestinal disorder affects men and women
equally and it is also correlated with inheritable genetic traits [2]. There is high incidence
of colorectal cancer in patients with UC [3]. There is no exact etiology of the incidence
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of UC, but multiple factors are included in the pathogenesis of it. Oxidative stress is an
essential factor involved in the pathophysiology of disease [4]. Oxidative stress is induced
as a result of inflammation and results in DNA damage and carcinogenesis in local and
global sites [5]. There is infiltration of leukocytes, neutrophils, and macrophages in the
colon, leading to augmented production of pro-oxidant molecules [6], resulting in increased
levels of myeloperoxidase (MPO) induced by cytokines with generation of reactive oxygen
species (ROS) [7]. Patients with UC suffer from superficial mucosal inflammation without
granulomata but those patients exhibit diffuse infiltration of inflammatory cells, reduction
in mucus-secreting goblet cells, basal plasmacytosis, and crypt architectural distortion [8].
It seems that there is genetic association with occurrence of UC, which is represented by its
development in patients with impaired immune responses against intraluminal antigens,
and therefore it has been listed among the immune-mediated disorders [9]. Taken into
account, the mucosal changes reported in inflammatory bowel disease (IBD) are expressed
by ulcerative lesions which are accompanied by infiltration of various inflammatory cells
including macrophages, plasma cells, T lymphocytes, and neutrophils [10]. There are
several mechanisms that illustrate the activation and chemotaxis of inflammatory cells and
inflammatory mediators. The intensity of inflammation in UC is determined by production
of growth factors and proinflammatory cytokines inside the mucosa, which is further
controlled by processes of cellular recruitment, such as overexpression of vascular adhesion
molecules and chemokine expression [11].

Inflammation is involved in the pathogenesis of ulcerative colitis [12]. Interleukin (IL)
and tumor necrosis factor-alpha (TNF-α) are among the proinflammatory molecules that are
regulated by the nuclear factor-kappa B (NF-κB) family of transcription factors [13]. More
importantly, NF-κB is considered a key signaling molecule in the inflammatory process and
it promotes the expression and release of pro-inflammatory cytokines, leading to a cascade
of inflammatory responses and mucosal injury [14,15]. In addition, NF-κB activates inflam-
masomes, which are an essential part of the innate immune system, resulting in activation
of nucleotide binding and oligomerization domain-like receptor family pyrin domain-
containing 3 (NLRP3) complex. However, its dysregulation contributes to several metabolic
disorders, such as type-2 diabetes, atherosclerosis, and autoinflammatory disorders such as
UC [16]. The activation of inflammasome also targets NF-κB translocation-dependent ex-
pression of NLRP3 and formation of mature IL-1β, and this inflammatory cascade is crucial
for the pathogenesis of UC [17]. Dapagliflozin (DAPA), a sodium glucose co-transporter
2 inhibitor (SGLT2-I), has proven to be an effective hyperglycemic suppressor due to its role
in inhibiting the reabsorption of 30–50% of the glucose filtered by the kidney, besides its
role in improvement of insulin resistance [18]. Furthermore, three months of treatment with
DAPA has resulted in marked increase in lipolysis rate and insulin sensitivity, which result
from its role in increasing levels of the lipid-mobilizing adipokine zinc-alpha2-glycoprotein
(ZAG) in blood [19]. Some previous studies have also shown that inhibition of SGLT2
might suppress the expression of inflammatory cytokine and inflammasome activation,
besides its role in protecting the kidney from inflammation [20]. However, the mechanisms
underlying the colon-protective effect of SGLT2 inhibitors remain unclear. Given the above
information, the present work aimed to investigate the possible protective effect and the
pathomorphological features of Dapagliflozin on ulcerative colitis in a rat model induced
by acetic acid, combined with assessment of the antioxidant status and tissue pro- and
anti-inflammatory mediators following treatment.

2. Materials and Methods
2.1. Ethical Considerations

The study was approved by the Research, Publication and Ethics Committee of the
Faculty of Veterinary Medicine, Kafrelsheikh University, Egypt with approval code number
KFS-2020/03.
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2.2. Drugs

Dapagliflozin (10 mg tablets) was purchased and provided by (AstraZeneca phar-
maceutical company, Cairo, Egypt). Before its usage, the drug was suspended in 0.5%
carboxymethylcellulose (0.5%). Acetic acid was also purchased from (Chema jet chemical
company, Alexandria, Egypt).

2.3. Animals and Experimental Design

In the present work, a total of 40 male Sprague–Dawley rats, weighing 180–220 g,
were used for the experiment and were obtained from the Modern Veterinary Office for
Laboratory Animals (Cairo, Egypt). Throughout the experiment, animals were acclimatized
two weeks before the experiment and kept under standard environmental and nutritional
conditions. Rats were kept in individual cages and fasted overnight prior to UC induction.
Dapagliflozin was administrated orally (1 mg/kg, orally) for 14 days against AA-induced
UC (2 mL, 3% v/v, intracolonic). Animals were divided into four experimental groups
as follows: Normal control group: rats received vehicle orally once daily; DAPA group:
rats received Dapagliflozin (1 mg/kg, orally); AA group, where the colitis was induced
through intrarectal administration of AA and the rats received the vehicle once daily, orally,
48 h following induction of colitis; treated group (AA/Dapagliflozin): rats received DAPA
(1 mg/kg, orally) for 14 consecutive days which started 48 h post-induction of UC.

2.4. Induction of Colitis

Animals fasted one night before induction of colitis, but they had free access to clean
water. For the induction, animals were anesthetized with thiopental sodium (20 mg/kg. i.p).
Later on, a polypropylene tube (2 mm) was gently and carefully inserted into the colon via
the rectum at a distance of 8 cm, and then 2 mL of AA in normal saline (3% v/v) was slowly
injected into colon. Rats were then retained for 30 s in a supine Trendelenburg position to
avoid intracolonic instillation.

2.5. Scarification and Biological Samples Collection

The experimental animals were anesthetized with thiopental sodium (50 mg/kg)
and sacrificed at the end of the experimental period. Blood samples were collected from
the retro-orbital plexus and serum samples were obtained by centrifugation of blood at
4000 R.P.M. for 10 min. Sera were separated and kept in clean tubes, and stored at −20 ◦C
until use for determination of the activity of lactate dehydrogenase (LDH), C-reactive
protein (CRP), total antioxidant capacity (TAC), and malondialdehyde (MDA).

Colon lengths and body weights were measured. Furthermore, colon weight/colon
length ratio and colon/body weight index were calculated. Later on, colons were removed,
excised from adherent adipose tissue, washed with normal saline (cold), and examined for
macroscopic scoring. A longitudinal colon section was used to make colon homogenate for
determination of colon IL-18, MCP-1, and inflammasome. Another section was also im-
mersed in 10% neutral buffered formalin (NBF) for the following steps of histopathological
examination and immunohistochemical analysis.

2.6. Clinical Evaluation of UC

The clinical evaluation of AA-induced colitis was determined though examination of
stool consistency. Assessment of loose stool and diarrhea, occult and/or gross bleeding,
hemoccult positivity, and body weight were the parameters to consider. The change in
body weight for each rat was assessed, calculated, and compared to its corresponding
weight before induction of UC using AA. This former step was performed to measure the
disease activity index of AA colitis, which can be calculated by summing the weight loss,
bleeding scores, and stool consistency, then dividing the result by 3 [21].
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2.7. Macroscopic Examination and Grading of UC

Following scarification and postmortem laparotomy, around 6 cm of colon extending
approximately 2 cm above the anal margin was harvested and slit lengthwise, and the
macroscopic changes in the colonic mucosa were scaled using a scoring system ranging
from 0 to 4 as described elsewhere [22].

2.8. Preparation of Colon Homogenate

Colon was homogenized in 1.15% KCl (ice-cold, pH 7.4), following the method de-
scribed elsewhere [23], in order to produce 10% w/v colon homogenate. Homogenized
tissues were then centrifuged at 4000 R.P.M. for 30 min (4 ◦C) and the supernatants were
used for evaluation of the biochemical parameters.

2.9. Measurement of Serum Lactate Dehydrogenase (LDH) Activity and C-Reactive Protein (CRP)

LDH levels were measured using the commercially available kit (Biomed Diagnostics assay
kits, Cairo, Egypt) following the manufacturer’s protocol. On the other hand, CRP serum was
measured using CRP-Latex (Chemelex, Spain) according the manufacturer instructions.

2.10. Determination of Oxidant/Antioxidant Stress Biomarkers: Malondialdehyde (MDA) and
Total Antioxidant Capacity (TAC) Contents

Serum MDA and TAC were measured using colorimetric MDA and TAC kits (Bio-
diagnostic, Giza, Egypt) according to the manufacturer’s instructions and as described
elsewhere [24].

2.11. Determination of Rat IL-18, MCP-1, and Inflammasome in Colon Homogenate

The concentrations of IL-18, MCP-1, and inflammasome in colon homogenates were
quantified using Sandwich enzyme-linked immunosorbent assay (ELISA) kits (Bender
MedSystems, Vienna, Austria). Briefly, 50 µL of assay diluent and 50 µL of control or
sample were added per well in a 96-well microplate pre-coated with a monoclonal antibody
specific for rat IL-18, MCP-1, and inflammasome. Rat IL-18, MCP-1, and inflammasome
standards were used to construct the standard curve. After incubation for 2 h at room
temperature, wells were washed and 100 µL of rat IL-18, MCP-1, and inflammasome
conjugate was added to each well. Incubation of plates was performed for 2 h and the
plate was washed, then 100 µL of substrate solution was added to each well, incubated
for 30 min at room temperature, and protected from light. Finally, 100 µL of stop solution
was added to each well and the optical density of each well was determined within 30 min,
using a microplate reader set to 450 nm.

2.12. Histopathological Examination and Immunohistochemical Evaluation of NF-κB and
Caspase-3 Expression

Colon samples were fixed in a 10% NBF (pH 7.4). Following fixation of the samples,
they were dehydrated in alcohol, cleared in xylene, and then embedded in paraffin. Tissue
sections were then collected through microtome sectioning, and finally, the slides were
prepared and stained with hematoxylin and eosin (H&E) for light microscopy. Scoring of
the histopathological findings was performed according to a four-point score depending
on the assessment of mucosal necrosis and ulceration, submucosal oedema, hemorrhage,
and inflammation in eight HPFs as described elsewhere [25]. For immunohistochemical
staining, paraffin sections were adhered on coated slides, cleared in xylene, rehydrated,
and then immersed in an antigen retrieval (EDTA solution, pH 8). To remove nonspecific
staining, the slides were incubated in 0.3% H2O2 and blocked in 5% bovine serum albumin
in Tris-buffered saline (TBS) for 2 h. The slides were prepared and stained with anti-
NF-κB P65) and Caspase-3 (Thermo Fisher Scientific, Waltham, MA, USA then washed
with PBS for three successive times (20 min each), incubated with secondary antibody
(EnVision + System HRP; Dako, Santa Clara, CA, USA) for 30 min at room temperature,
then washed and incubated for 2 min in diaminobenzidine (DAB; Dako, Santa Clara,
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CA, USA). Subsequently, the slides counterstained with Mayer’s hematoxylin stain were
covered with a glass cover slide. The labelling index of both NF-κB P65 and Caspase-3
were expressed as the percentage of cells (positive) per total 1000 counted cells using eight
high-power fields [25].

2.13. Statistical Analysis

In each experimental group, data are expressed as means. SEM and ANOVA followed
by the Tukey–Kramer multiple comparison test were used to evaluate the statistical signifi-
cance of the results. The Kruskal–Wallis test, followed by Dunn’s Multiple Comparison
test, was also used to examine the results of histopathology scoring. The Instat-3 and prism
computer programs were used to conduct statistical testing (GraphPad Software Inc. V5.,
San Diego, CA, USA). The level of significance was considered at (p < 0.05).

3. Results
3.1. DAPA Effects on AA-Induced Changes in Colon/Body Weight Index and Colon Weight/Colon
Length Ratio

Normal rats treated with DAPA showed no relevant differences in colon/body weight
index and colon weight/colon length ratio when compared with normal group. The
colon/body weight index of AA was significantly increased by approximately 6.6-fold
when compared to the normal group (p < 0.05). Treatment showed a significant decline
in colon/body weight index by 69.3% versus the AA control group (p < 0.05). Likewise,
there was a significant increase in colon weight/colon length ratio in AA control group
by 2.6-fold in comparison to normal group. A remarkable decrease was revealed after
treatment with DAPA by 43% when compared with AA control group (p < 0.05). However,
it could not reach the level of the normal control group (Figure 1A,B).
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Figure 1. Effect of DAPA on AA-induced change in (A) Colon/body weight index, (B) Colon
weight/colon length ratio, (C) Macroscopic scoring, and (D) cCinical evaluation. Data are expressed
as mean ± SEM. Superscript characters reveal significant differences determined using one-way
analysis of variance (ANOVA) followed by the Tukey–Kramer multiple comparison test (* p < 0.05,
DAPA compared with the normal control group; # p < 0.05, DAPA compared with AA control group).
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3.2. Effect of DAPA on AA-Induced Changes in Macroscopic Scoring and Clinical Evaluation of
Ulcerative Colitis

The obtained data revealed no significant change in macroscopic scoring and clin-
ical evaluation between the normal control group and DAPA control group. Following
intracolonic AA installation, macroscopic scoring and clinical evaluation of ulcerative
colitis were each raised four-fold in comparison with the normal group (control). On the
other hand, treatment with DAPA revealed a significant decrease in macroscopic scoring,
as it inhibited macroscopic scoring by 49.68% compared to AA control group (p < 0.05).
Treatment with DAPA inhibited the clinical evaluation of ulcerative colitis by 83.87% in
comparison with AA control group (Figure 1C,D).

3.3. Effect of DAPA on AA-Induced Alterations in Serum LDH, MDA, C-Reactive Protein, and
Total Antioxidant Capacity

The normal group treated with DAPA revealed no significant changes in serum LDH,
C-reactive protein, MDA, or total antioxidant capacity compared to the normal control
group. In this respect, serum LDH and CRP increased by 3.53-fold and serum by 6.62-fold,
respectively, in the AA control group versus normal control group (p < 0.05). Furthermore,
treatment with DAPA resulted in a significant decrease in serum LDH activity (p < 0.05) by
68.53% compared to AA control group (Figure 2A). On the other hand, the LDH level was
significantly decreased in the UC group treated with DAPA by 47.07% versus AA control
(p < 0.05). However, it did not reach the normal level in the control group. Moreover, the
intracolonic installation of AA resulted in an approximately 0.35-fold decrease in serum
TAC; meanwhile, there was marked increase in MDA by approximately 1.7-fold compared
with normal group (control). On the other hand, treatment of UC with DAPA resulted in a
significant increase (p < 0.05) in TAC level by 39% versus the AA control group (Figure 2C).
Furthermore, treatment with DAPA resulted in a significant decrease (p < 0.05) in MDA
level by 28.9% compared to the AA control group, but this value was still significantly
different to that of the normal control group (Figure 2D).
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Figure 2. Effect of DAPA on AA-induced change in (A) serum Lactate dehydrogenase(LDH), (B) C-
reactive protein(CRP), (C) Total antioxidant capcity(TAC), and (D) Malondialdehde(MDA). Data
are expressed as mean ± SEM. Superscript characters reveal significant differences determined
using one-way ANOVA followed by the Tukey–Kramer multiple comparison test (* p < 0.05, DAPA
significantly different from the normal control group; # p < 0.05, DAPA significantly different from
AA control group).



Biomedicines 2022, 10, 40 7 of 16

3.4. Effect of DAPA on AA-Induced Changes in Colon IL-18 Content

IL-18 is considered a pro-inflammatory signaling pathway. As shown in Figure 3,
no significant difference was observed in colon IL-18 content between the normal control
group and the DAPA control group. Following AA installation, a significant increase (four-
fold) was noticed in colon IL-18 content compared to the normal control group (p < 0.05).
Moreover, treatment of UC with DAPA resulted in a significant down-regulation of colon
IL-18 by 55% content versus the AA control group (p < 0.05), but it did not reach the level
of the normal control group (Figure 3).
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are expressed as mean ± SEM. Superscript letters indicate the level of statistical significance that
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(* p < 0.05, DAPA significantly different from the normal control group, # p < 0.05, DAPA significantly
different from the AA control group).

3.5. Effect of DAPA on AA-Induced Changes in Colon MCP1 Content

MCP1 is a signaling pathway that promotes inflammation. As depicted in Figure 4,
no significant changes were reported in colon MCP1 content between the normal control
group and DAPA control group. On the other hand, AA installation resulted in a signif-
icant increase in colon MCP1 content by 2.25-fold compared to normal group (p < 0.05).
Furthermore, administration of DAPA has resulted in a remarkable decrease in the colon
MCP1 content by 47.95% versus the AA control group (p < 0.05), while the value was still
significantly different from the normal control group (p < 0.05).

3.6. Effect of DAPA on AA-Induced Changes in Colon Inflammasome Content

Inflammasome is a signaling pathway associated with inflammation. Figure 5 shows
that no significant difference was observed in colon inflammasome content between the
normal control group and the DAPA control group. However, AA installation resulted in a
significant increase in colon inflammasome content (3.57-fold) versus the normal control
group (p < 0.05). On the other hand, treatment of UC with DAPA was accompanied by a
significant decrease in colon inflammasome content of 64.80% in comparison with the AA
control (p < 0.05). However, this value did not reach that of the normal group.
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to the level of significance: * DAPA significantly different from the normal control group; # DAPA
significantly different from the AA control group).
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Figure 5. Effect of DAPA on AA-induced change in inflammasome in colon tissue. Data are expressed
as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by the Tukey–
Kramer multiple comparison test (p < 0.05). Superscript letters refer to the level of significance:
* DAPA Significantly different from the normal control group; # DAPA significantly different from
the AA control group).
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3.7. Effect of DAPA on AA-Induced N Histopathological Changes

Colon sections from the normal control group revealed normal colon architecture,
normal mucosal crypts, and submucosal tissues with no evidence of inflammatory lesions.
Similarly, the normal rats treated with DAPA showed normal colon tissue with an interest-
ing elongation of intestinal crypts and noticeably increased goblet cells within their lining
epithelium. Diseased rats treated with AA showed massive ulcerative hemorrhagic lesions
associated with massive confluent necrosis along the mucosa, fibrin deposition within the
mucosa and submucosa, and marked inflammatory cells infiltration along the mucosa
and lamina propria and extending deep to the musculature. Treatment of UC with DAPA
showed an improvement in mucosal lesions that were restricted to the epithelial covering,
with marked decrease in the edema and fibrin deposition within the lamina propria, and
marked decrease in inflammatory-cell infiltration (Figure 6A–D). The quantitative scores of
histopathological lesions are shown in Figure 6E and Table 1, respectively.

Table 1. Effect of DAPA on AA-induced change in count of inflammatory cells for H&E.

Normal Control Dapagliflozin
Control AA Control Dapagliflozin

Mucosal
ulceration − − +++ −

Mucosal necrosis − − +++ ++

Hemorrhage − − ++ +

Edema − − +++ ++

Inflammation − − +++ −
Score or degree of lesions; (− negative; + = mild; ++ = moderate; +++ = severe).

3.8. Effect of DAPA on AA-Induced Changes in Colon Inflammation, Immunohistochemical
Analysis of NF-κB Expression

The control and sham groups showed mild immunostaining for NF-κB P65, which was
mostly seen within the interstitial tissues. On the contrary, AA administration revealed a
marked increase in the expression of nuclear NF-κB P65. Colonic specimens from diseased
animals treated with DAPA also showed marked decrease in the expression of NF-κB P65
(Figure 7).

3.9. Effect of DAPA on AA-Induced Changes in Colon Apoptosis, Immunohistochemical Analysis
of Caspase-3 Expression

Caspase-3 immunostaining was seen in a scanty manner in the intestinal crypts of
both control and sham animals. AA treatment demonstrated marked increase in both
cytoplasmic and nuclear expression of Caspase-3 expression in colon tissue. Caspase-3
expression was markedly decreased in colonic tissues from diseased rats treated with DAPA
(1 mg/kg) (Figure 7).
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Figure 6. (A) Colonic sections stained by H&E showing the effect of DAPA for 14 days on 
AA-induced UC. Colonic sections from normal (A) and Dapagliflozin (B) control groups showing 
normal mucosa including surface epithelium and crypts (arrowheads). Colonic sections from the 
AA-induced colitis group (C) showing marked necrosis of the mucosal lining mixed with fibrin 
exudate and submucosal edema with marked inflammatory cells infiltration. Colonic sections from 
the Dapagliflozin-treated group (D) showing superficial mucosal necrosis (arrowhead). H&E, bar = 
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Figure 6. (A) Colonic sections stained by H&E showing the effect of DAPA for 14 days on AA-induced
UC. Colonic sections from normal (A) and Dapagliflozin (B) control groups showing normal mucosa
including surface epithelium and crypts (arrowheads). Colonic sections from the AA-induced colitis
group (C) showing marked necrosis of the mucosal lining mixed with fibrin exudate and submucosal
edema with marked inflammatory cells infiltration. Colonic sections from the Dapagliflozin-treated
group (D) showing superficial mucosal necrosis (arrowhead). H&E, bar = 50 µm. (E) Scoring of
inflammation. Data are expressed as mean ± SEM. Superscript letters refer to the level of statistical
significance which was calculated using one-way ANOVA followed by the Tukey–Kramer multiple
comparisons test (* p < 0.05, DAPA compared to the normal control group; # p < 0.05, DAPA
significantly different from the AA control group).
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Figure 7. Immunohistochemical analysis of colonic expression of Caspase-3 and NF-κB P65 antibodies.
(A) The first panel indicates the immunostaining of Caspase-3 within the colonic mucosa and the
second panel indicates the expression of NF-κB P65 within the mucosa of the different treated groups
(arrowheads indicate the positive expression). (B) Quantitative scoring of Caspase-3 represented with
the mean of the percentage of positive expression of the different groups. (C) Quantitative scoring of
NF-κB P65 represented with the mean of the percentage of positive expression of the different groups.
Superscript letters indicate the level of statistical significance that was performed using one-way
ANOVA followed by the Tukey–Kramer multiple comparisons test (* p < 0.05, DAPA compared to
the normal control group; # p < 0.05, DAPA compared to the UC control group).

4. Discussion

The current study investigated the potential therapeutic effects of Dapagliflozin against
experimentally produced UC. The results of current study revealed that DAPA mitigated
UC induced by acetic acid in a rat model. The oral administration of DAPA also showed
an improvement in all measured biochemical parameters, and histopathological and im-
munohistochemical examination of colon specimens. Intracolonic administration of AA
is a standard model for induction of UC [26]. In the present study, AA induced signifi-
cant increase in macroscopic scoring of colitis by affecting stool consistency and inducing
hemorrhage. The present observations are in line with a previous study [27], in which
acetic acid caused inflammation in the colon of laboratory animals. Furthermore, intra-
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rectal injection of AA induced significant weight loss due to nutrient deficiency resulting
from decreased appetite, malabsorption, and fast body-fluid loss resulting from colorectal
bleeding. Taken into account, TNF-α and IL-6 play an important role in body-weight
loss induced by the secretion of neuropeptides, suppressing the appetite in colitis [28]. In
the present work, treatment of UC with DAPA significantly improved clinical evaluation
and macroscopic scoring of colitis induced by AA and these results are consistent with
previous results of a study that reported that DAPA prevented colon shortening and de-
clined disease activity through targeting the NF-κB/AMPK/NLRP3 axis [29]. It seems that
inflammation associated with UC contributed to the presence of oxidative stress in the
colon with the production of reactive oxygen and nitrogen species (ROS, RNS). Generation
of free radicals is directly associated with the degree of severity of UC. Likewise, oxidative
stress plays a major role in the progression of chronic inflammation into colon cancer. This
disturbed oxidative homeostasis is associated with deficient antioxidant mechanisms [30].
In the present study, AA injection into the colon significantly increased inflammation in
colonic tissue, evidenced by elevated markers of inflammation such as LDH and CRP,
and this effect is consistent with a previous study [31], which reported that 4% acetic acid
caused overproduction of proinflammatory mediators, ROS, RNS, platelet-activating factor,
eicosanoids, and cytokines. These mediators induce the extension of the inflammatory
response of the gut as discussed in a previous study [32].

The current study also revealed that daily administration of oral DAPA for 14 days
decreased inflammation and its markers (LDH, CRP). These results are consistent with a
previous study [33], which revealed that 100 mg canagliflozin every other day improved en-
dothelial function in diabetic patients with suspected coronary disease through decreased
markers of inflammation. Furthermore, the present study reported that AA inducing
marked oxidative stress with significantly elevated MDA and reduced TAC in colonic
tissue, which is in harmony with a previous study [34]. In another study, intrarectal admin-
istration of 3% v/v AA increased colonic MDA and decreased colonic TAC due to increased
production of oxidant radicals and generation of excessive ROS, which induced damage of
biologic molecules of cellular components [35]. The group treated with DAPA in the recent
study relieved the degree of oxidative stress induced by AA through decreasing the levels
of colon MDA and increasing the level of TAC in colon. This finding is in agreement with a
previous study [36], in which administration of DAPA by a dose of 0.1 mg/kg body weight
once a day by oral gavage for diabetic rats managed oxidative stress and significantly
decreased its markers and protected cardiovascular function in type-2 diabetics. This
antioxidant and protective effect of DAPA occurred through inhibiting the activation of
the death pathways involved in cell apoptosis and necrosis [37]. It is noteworthy to state
that IL-18 is a potent proinflammatory cytokine which might induce colitis through the
activation of inflammatory mediators such as TNF-α and chemokines [38]. Stimulation of
p-NF-κB p65 initially activates NLRP3 inflammasome and Caspase-1 and stimulates IL-1β
and IL-18, which in turn triggers the production of other inflammatory cytokines including
IL-6 and TNF-α [39]. The current study showed that intrarectal administration of AA
significantly elevated colon IL-18, which is consistent with the aforementioned findings of a
previous study [40], in which intrarectal administration of AA increased colon level of IL-18
through upregulation of the TNFα/NF-κB/NLRP3 inflammatory pathway. This study
reported that oral administration of DAPA for 14 days significantly declined IL-18 levels
in colon tissues confirming former results of Leng et al., (2016) [41], in which intragastric
administration of DAPA 1.0 mg/kg/day for 12 weeks decreased the production of IL-1β
and IL-18 proteins in abdominal aorta of diabetic mice. This effect may be due to reduced
production of ROS and inhibition of NLRP3 inflammasome activation in the aortic root of
diabetic mice as discussed elsewhere [42]. It should be stressed that intestinal homeostasis
and inflammation are also controlled by interleukin-1 (IL-1) cytokines [43]. IL-18 is acti-
vated by cysteine protease Caspase through its activation by inflammasome then binds
to IL-18 receptor alpha chain, resulting in chemotaxis of IL-1 receptor-associated kinase
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(IRAK) and TNF receptor-associated factor (TRAF6), which in turn stimulate inhibitor of
κB (IκB) kinases (IKKs), IKKα and IKKβ [44].

Monocyte chemotactic protein-1 (MCP-1) is considered a potent chemotactic cytokine
which controls the chemotaxis and infiltration of monocytes/macrophages in the gut. It
is released by dendritic cells in the mucosa to regulate inflammatory process in the site of
tissue damage [45]. It is also produced by macrophages, endothelial cells, and fibroblasts,
and its expression is stimulated after exposure to inflammatory stimuli such as TNF-α and
IL-1 produced by Th1 cells in the colon [46]. Importantly, MCP-1 enhances the expression
and production of other inflammatory cytokines, infiltration of inflammatory cells, and
macrophages [47]. Our results showed that colonic levels of MCP-1 in the acetic acid
group were significantly increased, which is in line with the previous studies of [48], which
reported that intrarectal administration of 2 mL 4% AA upregulated the expression of
levels of MCP-1 gene in colon tissues, illustrating the proinflammatory effect of AA. In
contrast, treatment of rats with DAPA induced significant reduction in this proinflammatory
cytokine, MCP-1, which is in harmony with a previous study [49], which showed that 10
or 100 µM DAPA declined mRNA and protein expression of MCP-1 in human proximal
tubular cell line, and in turn demonstrated the anti-inflammatory effect of DAPA through
downregulation of high-mobility group box 1 (HMGB1)-receptor for the advanced glycation
end-products (RAGE)-NF-κB pathway. A previous study [10] reported that mice deficient
in MCP-1 gene showed less DNBS-induced colonic damage both macroscopically and
histologically with a smaller number of CD3+ T cells, 5-HT-expressing EC cells, and F4/80+

macrophages in addition to decreased activity of IL-12, IFN-γ, and il-1β in comparison
with wild-type (MCP-1+/+) mice, which illustrated the essential role of MCP-1 in the
pathogenesis of inflammation. In addition, NF-κB controls the expression of inflammatory
mediators, including TLR4, following stimulation by the inflammatory insult [50].

The current study also revealed that the group which received AA experienced ele-
vated levels of inflammasome in colon tissues, which is consistent with a previous study [51]
which revealed that intracolonic administration of AA elevated the colonic expression of
inflammasome. The group of rats treated with DAPA had significantly reduced colonic
levels of inflammasome in comparison with acetic acid group and these results agree with
a prior study [52] which reported that intragastric administration of 1.0 mg/kg/d DAPA
for 12 weeks diminished the activity of hepatic inflammasome in an experimental model of
diabetic steatohepatitis due to the antioxidant effect of DAPA and suppressed mitochon-
drial production of ROS. In the present work, oral administration of DAPA succeeded in
decreasing scores of mucosal ulceration, necrosis, hemorrhage, edema, and inflammation
induced by AA after histopathological examination of colon specimens, besides decreasing
the degree of NF-κB expression within the colon after immunohistochemical analysis. These
results are consistent with the previous findings of Lee et al., 2020 [53], which reported that
administration of (1mg/kg/day) DAPA for 8 weeks reduced inflammatory processes in
the milieu of the atherosclerotic plaques of rabbits through decreasing the immunostaining
of NF-κB in the DAPA-treated group in the aorta wall vascular cells of the rabbits due to
an indirect immunomodulatory effect via regulation of the IκB kinase (IKK)/IκB/NF-κB
signaling pathway, besides its direct link with the TLR4 signaling pathway [54].

In the present study, treatment with DAPA revealed a significant decrease in Caspase-
3 expression. Previous studies reported that empagliflozin prevented beta-cell death by
reducing glucotoxicity-induced oxidative stress [55]. The same study hypothesized that
hyperglycemia-induced oxidative stress has an upstream influence on apoptosis, and that
reduction in blood glucose through SGLT2 inhibition lowered apoptosis and enhanced the
beta-cell mass in diabetic rats [56]. Clearly, this finding established that GLT2 inhibition,
using DAPA, might prevent obesity induced apoptosis by attenuation of oxidative stress,
ER stress, and obesity in renal tissues of diabetic rats [57]. Another study found that
DAPA reduced apoptotic processes in diabetic rats’ renal tissue by lowering oxidative
stress and reducing renin–angiotensin system (RAS) activity [58]. Furthermore, in HK2
cells treated with high glucose concentrations, SGLT2 inhibition by empagliflozin protected
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renal proximal tubular cells from death by lowering intra-renal lipo-toxicity. They also
released that empagliflozin increased Bcl-2 expression, decreased Bax and cytochrome-C
protein expression, and inactivated Caspase-3,8, and 9 in kidney tissues [56]. Another study
reported the anti-apoptotic potentials of SGLT2 in the cardiovascular network, which could
be attributed to cardio-protective effects of these anti-diabetic medicines [59].

5. Conclusions

Collectively, Dapagliflozin provided anti-ulcerogenic and colo-protective effects against
experimentally induced UC in rats. The therapeutic impact is primarily mediated via down-
regulation of MCP1, IL-18 signaling, and NF-κB expression. Antioxidant, anti-inflammatory,
and anti-apoptotic characteristics of Dapagliflozin interplay in its anti-ulcerogenic and
colo-protective impact. Elucidation of new mechanistic pathways in ulcerative colitis is
also suggested.

Author Contributions: M.K.E., S.A.A. and A.E.K. designed the idea of the conception, performed
the methodology, formal analysis, and data curation, and contributed their scientific advice and
supervision, besides revision of the manuscript. M.K.E., S.A.A. and A.E.K. drafted the manuscript and
prepared the manuscript for publication and revision. E.K.E., W.A., H.H.A.H. and A.A. contributed
their scientific advice, data analysis, and prepared the manuscript for publication and revision. All
authors have read and agreed to the published version of the manuscript.

Funding: There was no funding provided for the study.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Research Ethics Committee of the Faculty of
Veterinary Medicine, Kafrelsheikh University, Egypt. The ethical approval code number of the study
is KFS-2020/03.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author.

Acknowledgments: The authors thank the Taif University Researchers Supporting Program (Project
number: TURSP-2020/151), Taif University, Saudi Arabia for support.

Conflicts of Interest: The authors declare no conflict of interest that can potentially influence the
results of this study.

References
1. Tripathi, K.; Feuerstein, J.D. New developments in ulcerative colitis: Latest evidence on management, treatment, and maintenance.

Drugs Context 2019, 8, 212572. [CrossRef]
2. Jena, G.; Trivedi, P.P.; Sandala, B. Oxidative stress in ulcerative colitis: An old concept but a new concern. Free. Radic. Res. 2012,

46, 1339–1345. [CrossRef]
3. Saleh, M.; Trinchieri, G. Innate immune mechanisms of colitis and colitis-associated colorectal cancer. Nat. Rev. Immunol. 2010, 11,

9–20. [CrossRef]
4. Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative Stress and Pathogenesis of Inflammatory Bowel Disease: An Epiphenomenon or

the Cause? Dig. Dis. Sci. 2007, 52, 2015–2021. [CrossRef]
5. Westbrook, A.M.; Wei, B.; Braun, J.; Schiestl, R.H. Intestinal inflammation induces genotoxicity to extraintestinal tissues and cell

types in mice. Int. J. Cancer 2011, 129, 1815–1825. [CrossRef]
6. Hamouda, H.E.; Zakaria, S.S.; Ismail, S.A.; Khedr, M.A.; Mayah, W.W. p53 antibodies, metallothioneins, and oxidative stress

markers in chronic ulcerative colitis with dysplasia. World J. Gastroenterol. 2011, 17, 2417–2423. [CrossRef]
7. Wu, C.-C.; Chen, J.-S.; Wu, W.-M.; Liao, T.-N.; Chu, P.; Lin, S.-H.; Chuang, C.-H.; Lin, Y.-F. Myeloperoxidase serves as a marker

of oxidative stress during single haemodialysis session using two different biocompatible dialysis membranes. Nephrol. Dial.
Transplant. 2005, 20, 1134–1139. [CrossRef]

8. Magro, F.; Langner, C.; Driessen, A.; Ensari, A.; Geboes, K.; Mantzaris, G.; Villanacci, V.; Becheanu, G.; Nunes, P.B.;
Cathomas, G.; et al. European consensus on the histopathology of inflammatory bowel disease. J. Crohns Coliti 2013, 7, 827–851.
[CrossRef]

9. Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev.
Immunol. 2009, 9, 313–323. [CrossRef]

http://doi.org/10.7573/dic.212572
http://doi.org/10.3109/10715762.2012.717692
http://doi.org/10.1038/nri2891
http://doi.org/10.1007/s10620-006-9622-2
http://doi.org/10.1002/ijc.26146
http://doi.org/10.3748/wjg.v17.i19.2417
http://doi.org/10.1093/ndt/gfh764
http://doi.org/10.1016/j.crohns.2013.06.001
http://doi.org/10.1038/nri2515


Biomedicines 2022, 10, 40 15 of 16

10. Khan, W.I.; Motomura, Y.; Wang, H.; El-Sharkawy, R.; Verdu, E.F.; Verma-Gandhu, M.; Rollins, B.J.; Collins, S.M. Critical role of
MCP-1 in the pathogenesis of experimental colitis in the context of immune and enterochromaffin cells. Am. J. Physiol. Liver
Physiol. 2006, 291, G803–G811. [CrossRef] [PubMed]

11. Puleston, J.; Cooper, M.; Murch, S.; Bid, K.; Makh, S.; Ashwood, P.; Bingham, A.H.; Green, H.; Moss, P.; Dhillon, A.; et al. A
distinct subset of chemokines dominates the mucosal chemokine response in inflammatory bowel disease. Aliment. Pharmacol.
Ther. 2004, 21, 109–120. [CrossRef]

12. Scarpa, M.; Castagliuolo, I.; Castoro, C.; Pozza, A.; Scarpa, M.; Kotsafti, A.; Angriman, I. Inflammatory colonic carcinogenesis: A
review on pathogenesis and immunosurveillance mechanisms in ulcerative colitis. World J. Gastroenterol. WJG 2014, 20, 6774.
[CrossRef]

13. Hong, C.Y.; Park, J.H.; Ahn, R.S.; Im, S.Y.; Choi, H.-S.; Soh, J.; Mellon, S.H.; Lee, K. Molecular Mechanism of Suppression of
Testicular Steroidogenesis by Proinflammatory Cytokine Tumor Necrosis Factor Alpha. Mol. Cell. Biol. 2004, 24, 2593–2604.
[CrossRef]

14. Feng, J.; Liu, S.; Ma, S.; Zhao, J.; Zhang, W.; Qi, W.; Cao, P.; Wang, Z.; Lei, W. Protective effects of resveratrol on postmenopausal
osteoporosis: Regulation of SIRT1-NF-κB signaling pathway. Acta Biochim. Et Biophys. Sin. 2014, 46, 1024–1033. [CrossRef]
[PubMed]

15. Liang, B.; Chen, R.; Wang, T.; Cao, L.; Liu, Y.; Yin, F.; Zhu, M.; Fan, X.; Liang, Y.; Zhang, L.; et al. Myeloid Differentiation Factor
88 Promotes Growth and Metastasis of Human Hepatocellular Carcinoma. Clin. Cancer Res. 2013, 19, 2905–2916. [CrossRef]
[PubMed]

16. Shao, B.-Z.; Xu, Z.-Q.; Han, B.-Z.; Su, D.-F.; Liu, C. NLRP3 inflammasome and its inhibitors: A review. Front. Pharmacol. 2015,
6, 262. [CrossRef]

17. Xu, J.; Kitada, M.; Ogura, Y.; Liu, H.; Koya, D. Dapagliflozin Restores Impaired Autophagy and Suppresses Inflammation in High
Glucose-Treated HK-2 Cells. Cells 2021, 10, 1457. [CrossRef]

18. Patti, A.M.; Rizvi, A.A.; Giglio, R.V.; Stoian, A.P.; Ligi, D.; Mannello, F. Impact of Glucose-Lowering Medications on Car-
diometabolic Risk in Type 2 Diabetes. J. Clin. Med. 2020, 9, 912. [CrossRef]

19. Liao, X.; Wang, X.; Li, H.; Li, L.; Zhang, G.; Yang, M.; Yuan, L.; Liu, H.; Yang, G.; Gao, L. Sodium-Glucose Cotransporter 2 (SGLT2)
Inhibitor Increases Circulating Zinc-A2-Glycoprotein Levels in Patients with Type 2 Diabetes. Sci. Rep. 2016, 6, 32887. [CrossRef]

20. Yaribeygi, H.; Katsiki, N.; Butler, A.E.; Sahebkar, A. Effects of antidiabetic drugs on NLRP3 inflammasome activity, with a focus
on diabetic kidneys. Drug Discov. Today 2019, 24, 256–262. [CrossRef] [PubMed]

21. Malago, J.J.; Nondoli, H. Sodium arsenite reduces severity of dextran sulfate sodium-induced ulcerative colitis in rats. J. Zhejiang
Univ. Sci. B 2008, 9, 341–350. [CrossRef]

22. Millar, A.D.; Rampton, D.S.; Chander, C.L.; Claxson, A.W.; Blades, S.; Coumbe, A.; Panetta, J.; Morris, C.J.; Blake, D.R. Evaluating
the antioxidant potential of new treatments for inflammatory bowel disease using a rat model of colitis. Gut 1996, 39, 407–415.
[CrossRef]

23. Buege, J.A.; Aust, S.D. Microsomal Lipid Peroxidation. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1978;
Volume 52, pp. 302–310.

24. Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979,
95, 351–358. [CrossRef]

25. Ismaeil, H.; Abdo, W.; Amer, S.; Tahoun, A.; Massoud, D.; Zanaty, E.; Bin-Jumah, M.; Mahmoud, A.M. Ameliorative Effect of
Heat-Killed Lactobacillus plantarum L.137 and/or Aloe vera against Colitis in Mice. Processes 2020, 8, 225. [CrossRef]

26. Aleisa, A.M.; Al-Rejaie, S.S.; Abuohashish, H.M.; Ola, M.S.; Parmar, M.Y.; Ahmed, M.M. Pretreatment of Gymnema sylvestre
revealed the protection against acetic acid-induced ulcerative colitis in rats. BMC Complement. Altern. Med. 2014, 14, 49. [CrossRef]

27. Khodir, A.E.; Atef, H.; Said, E.; ElKashef, H.A.; Salem, H.A. Implication of Nrf2/HO-1 pathway in the coloprotective effect of
coenzyme Q10 against experimentally induced ulcerative colitis. Inflammopharmacology 2017, 25, 119–135. [CrossRef]

28. Hunschede, S.; Kubant, R.; Akilen, R.; Thomas, S.; Anderson, G.H. Decreased Appetite after High-Intensity Exercise Correlates
with Increased Plasma Interleukin-6 in Normal-Weight and Overweight/Obese Boys. Curr. Dev. Nutr. 2017, 1, e000398. [CrossRef]

29. El-Rous, M.A.; Saber, S.; Raafat, E.M.; Ahmed, A.A.E. Dapagliflozin, an SGLT2 inhibitor, ameliorates acetic acid-induced colitis in
rats by targeting NFκB/AMPK/NLRP3 axis. Inflammopharmacology 2021, 1–17. [CrossRef]

30. Kumar, V.L.; Pandey, A.; Verma, S.; Das, P. Protection afforded by methanol extract of Calotropis procera latex in experimental
model of colitis is mediated through inhibition of oxidative stress and pro-inflammatory signaling. Biomed. Pharmacother. 2019,
109, 1602–1609. [CrossRef]

31. Tahan, G.; Aytac, E.; Aytekin, H.; Gunduz, F.; Dogusoy, G.; Aydin, S.; Tahan, V.; Uzun, H. Vitamin E has a dual effect of
anti-inflammatory and antioxidant activities in acetic acid–induced ulcerative colitis in rats. Comp. Study 2011, 54, 333. [CrossRef]
[PubMed]

32. Mirbagheri, S.A.; Nezami, B.G.; Assa, S.; Hajimahmoodi, M. Rectal administration of d-alpha tocopherol for active ulcerative
colitis: A preliminary report. World J. Gastroenterol. 2008, 14, 5990–5995. [CrossRef] [PubMed]

33. Takase, B.; Higashimura, Y.; Hashimoto, K. Effect of Canagliflozin on endothelial function in diabetic patients with suspected
coronary artery disease: Retrospective preliminary pilot study. Vasc. Fail. 2018, 2, 32–38. [CrossRef]

34. Rezaei, N.; Eftekhari, M.H.; Tanideh, N.; Mokhtari, M.; Bagheri, Z. Protective Effects of Honey and Spirulina Platensis on Acetic
Acid-Induced Ulcerative Colitis in Rats. Iran. Red Crescent Med. J. 2018, 20, 8. [CrossRef]

http://doi.org/10.1152/ajpgi.00069.2006
http://www.ncbi.nlm.nih.gov/pubmed/16728728
http://doi.org/10.1111/j.1365-2036.2004.02262.x
http://doi.org/10.3748/wjg.v20.i22.6774
http://doi.org/10.1128/MCB.24.7.2593-2604.2004
http://doi.org/10.1093/abbs/gmu103
http://www.ncbi.nlm.nih.gov/pubmed/25377437
http://doi.org/10.1158/1078-0432.CCR-12-1245
http://www.ncbi.nlm.nih.gov/pubmed/23549880
http://doi.org/10.3389/fphar.2015.00262
http://doi.org/10.3390/cells10061457
http://doi.org/10.3390/jcm9040912
http://doi.org/10.1038/srep32887
http://doi.org/10.1016/j.drudis.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30086405
http://doi.org/10.1631/jzus.B0720198
http://doi.org/10.1136/gut.39.3.407
http://doi.org/10.1016/0003-2697(79)90738-3
http://doi.org/10.3390/pr8020225
http://doi.org/10.1186/1472-6882-14-49
http://doi.org/10.1007/s10787-016-0305-0
http://doi.org/10.3945/cdn.116.000398
http://doi.org/10.1007/s10787-021-00818-7
http://doi.org/10.1016/j.biopha.2018.10.187
http://doi.org/10.1503/cjs.013610
http://www.ncbi.nlm.nih.gov/pubmed/21933527
http://doi.org/10.3748/wjg.14.5990
http://www.ncbi.nlm.nih.gov/pubmed/18932276
http://doi.org/10.30548/vascfail.2.1_32
http://doi.org/10.5812/ircmj.62517


Biomedicines 2022, 10, 40 16 of 16

35. Bitiren, M.; Karakilcik, A.Z.; Zerin, M.; Ozardalı, I.; Selek, S.; Nazlıgül, Y.; Ozgonul, A.; Musa, D.; Uzunkoy, A. Protective effects of
selenium and vitamin E combination on experimental colitis in blood plasma and colon of rats. Biol Trace Elem Res 2010, 136, 87–95.
[CrossRef]

36. Saleh, S.; Hanna, G.; El-Nabi, S.H.; El-Domiaty, H.; Shabaan, A.; Ewida, S.F. Dapagliflozin, a sodium glucose cotransporter 2
inhibitors, protects cardiovascular function in type-2 diabetic murine model. J. Genet. 2020, 99, 1–8. [CrossRef]

37. Feidantsis, K.; Mellidis, K.; Galatou, E.; Sinakos, Z.; Lazou, A. Treatment with crocin improves cardiac dysfunction by normalizing
autophagy and inhibiting apoptosis in STZ-induced diabetic cardiomyopathy. Nutr. Metab. Cardiovasc. Dis. 2018, 28, 952–961. [CrossRef]

38. Hove, T.T.; Corbaz, A.; Amitai, H.; Aloni, S.; Belzer, I.; Graber, P.; Drillenburg, P.; van Deventer, S.J.; Chvatchko, Y.; Velde, A.A.T.
Blockade of endogenous IL-18 ameliorates TNBS-induced colitis by decreasing local TNF-α production in mice. Gastroenterology
2001, 121, 1372–1379. [CrossRef]

39. Saber, S.; El-Kader, E.M.A. Novel complementary coloprotective effects of metformin and MCC950 by modulating HSP90/NLRP3
interaction and inducing autophagy in rats. Inflammopharmacology 2021, 29, 237–251. [CrossRef] [PubMed]

40. Salama, R.; Darwish, S.; El Shaffei, I.; Elmongy, N.; Afifi, M.; Abdel-Latif, G.A. Protective effect of Morus macroura Miq. fruit
extract against acetic acid-induced ulcerative colitis in rats: Involvement of miRNA-223 and TNFα/NFκB/NLRP3 inflammatory
pathway. bioRxiv 2020. [CrossRef]

41. Leng, W.; Ouyang, X.; Lei, X.; Wu, M.; Chen, L.; Wu, Q.; Deng, W.; Liang, Z. The SGLT-2 Inhibitor Dapagliflozin Has a Therapeutic
Effect on Atherosclerosis in Diabetic ApoE−/−Mice. Mediat. Inflamm. 2016, 2016, 1–13. [CrossRef]

42. Wen, H.; Gris, D.; Lei, Y.; Jha, S.; Zhang, L.; Huang, M.T.-H.; Brickey, W.J.; Ting, J.P.-Y. Fatty acid–induced NLRP3-ASC
inflammasome activation interferes with insulin signaling. Nat. Immunol. 2011, 12, 408–415. [CrossRef]

43. Neurath, M.F. Cytokines in inflammatory bowel disease. Nat. Rev. Immunol. 2014, 14, 329–342. [CrossRef]
44. Bauernfeind, F.G.; Horvath, G.; Stutz, A.; Alnemri, E.S.; MacDonald, K.; Speert, D.; Fernandes-Alnemri, T.; Wu, J.; Monks, B.G.;

Fitzgerald, K.A.; et al. Cutting edge: NF-κB activating pattern recognition and cytokine receptors license NLRP3 inflammasome
activation by regulating NLRP3 expression. J. Immunol. 2009, 183, 787–791. [CrossRef]

45. Lee, S.H.; Kwon, J.E.; Cho, M.-L. Immunological pathogenesis of inflammatory bowel disease. Intest. Res. 2018, 16, 26–42.
[CrossRef]

46. Traynor, T.R.; Kuziel, W.A.; Toews, G.B.; Huffnagle, G.B. CCR2 Expression Determines T1 Versus T2 Polarization During
PulmonaryCryptococcus neoformansInfection. J. Immunol. 2000, 164, 2021–2027. [CrossRef]

47. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte Chemoattractant Protein-1 (MCP-1): An Overview. J. Interf.
Cytokine Res. 2009, 29, 313–326. [CrossRef]

48. Motawea, M.H.; ElMaksoud, H.A.A.; Elharrif, M.G.; Desoky, A.A.E.; Ibrahimi, A. Evaluation of Anti-inflammatory and Antioxi-
dant Profile of Oleuropein in Experimentally Induced Ulcerative Colitis. Int. J. Mol. Cell Med. 2020, 9, 224–233.

49. Yao, D.; Wang, S.; Wang, M.; Lu, W. Renoprotection of Dapagliflozin in human renal proximal tubular cells via the inhibition of
the high mobility group box 1-receptor for advanced glycation end products-nuclear factor-κB signaling pathway. Mol. Med. Rep.
2018, 18, 3625–3630. [CrossRef]

50. Yan, Z.-Q. Regulation of TLR4 Expression Is a Tale About Tail. Arter. Thromb. Vasc. Biol. 2006, 26, 2582–2584. [CrossRef]
51. Serrya, M.S.; El-Sheakh, A.R.; Makled, M.N. Evaluation of the therapeutic effects of mycophenolate mofetil targeting Nrf-2 and

NLRP3 inflammasome in acetic acid induced ulcerative colitis in rats. Life Sci. 2021, 271, 119154. [CrossRef]
52. Leng, W.; Wu, M.; Pan, H.; Lei, X.; Chen, L.; Wu, Q.; Ouyang, X.; Liang, Z. The SGLT2 inhibitor Dapagliflozin attenuates the

activity of ROS-NLRP3 inflammasome axis in steatohepatitis with diabetes mellitus. Ann. Transl. Med. 2019, 7, 429. [CrossRef]
53. Lee, S.-G.; Lee, S.-J.; Lee, J.-J.; Kim, J.-S.; Lee, O.-H.; Kim, C.-K.; Kim, D.; Lee, Y.-H.; Oh, J.; Park, S. Anti-inflammatory effect for

atherosclerosis progression by sodium-glucose cotransporter 2 (SGLT-2) inhibitor in a normoglycemic rabbit model. Korean Circ. J.
2020, 50, 443–457. [CrossRef] [PubMed]

54. Mancini, S.J.; Boyd, D.; Katwan, O.J.; Strembitska, A.; Almabrouk, T.A.; Kennedy, S.; Palmer, T.M.; Salt, I.P. Canagliflozin
inhibits interleukin-1β-stimulated cytokine and chemokine secretion in vascular endothelial cells by AMP-activated protein
kinase-dependent and -independent mechanisms. Sci. Rep. 2018, 8, 1–14. [CrossRef]

55. Cheng, S.T.W.; Chen, L.; Li, S.Y.T.; Mayoux, E.; Leung, P.S. The Effects of Empagliflozin, an SGLT2 Inhibitor, on Pancreatic β-Cell
Mass and Glucose Homeostasis in Type 1 Diabetes. PLoS ONE 2016, 11, e0147391. [CrossRef] [PubMed]

56. Yaribeygi, H.; Lhaf, F.; Sathyapalan, T.; Sahebkar, A. Effects of novel antidiabetes agents on apoptotic processes in diabetes and
malignancy: Implications for lowering tissue damage. Life Sci. 2019, 231, 116538. [CrossRef]

57. Jaikumkao, K.; Pongchaidecha, A.; Chueakula, N.; Thongnak, L.; Wanchai, K.; Chatsudthipong, V.; Chattipakorn, N.;
Lungkaphin, A. Dapagliflozin, a sodium-glucose co-transporter-2 inhibitor, slows the progression of renal complications through
the suppression of renal inflammation, endoplasmic reticulum stress and apoptosis in prediabetic rats. Diabetes Obes. Metab. 2018,
20, 2617–2626. [CrossRef]

58. Shin, S.J.; Chung, S.; Kim, S.J.; Lee, E.-M.; Yoo, Y.-H.; Kim, J.-W.; Ahn, Y.-B.; Kim, E.-S.; Moon, S.-D.; Kim, M.-J.; et al. Effect of
Sodium-Glucose Co-Transporter 2 Inhibitor, Dapagliflozin, on Renal Renin-Angiotensin System in an Animal Model of Type 2
Diabetes. PLoS ONE 2016, 11, e0165703. [CrossRef]

59. Shi, G.-J.; Li, Y.; Cao, Q.-H.; Wu, H.-X.; Tang, X.-Y.; Gao, X.-H.; Yu, J.-Q.; Chen, Z.; Yang, Y. In vitro and in vivo evidence that
quercetin protects against diabetes and its complications: A systematic review of the literature. Biomed. Pharmacother. 2019, 109,
1085–1099. [CrossRef] [PubMed]

http://doi.org/10.1007/s12011-009-8518-3
http://doi.org/10.1007/s12041-020-01196-9
http://doi.org/10.1016/j.numecd.2018.06.005
http://doi.org/10.1053/gast.2001.29579
http://doi.org/10.1007/s10787-020-00730-6
http://www.ncbi.nlm.nih.gov/pubmed/32594364
http://doi.org/10.1101/2020.12.22.423927
http://doi.org/10.1155/2016/6305735
http://doi.org/10.1038/ni.2022
http://doi.org/10.1038/nri3661
http://doi.org/10.4049/jimmunol.0901363
http://doi.org/10.5217/ir.2018.16.1.26
http://doi.org/10.4049/jimmunol.164.4.2021
http://doi.org/10.1089/jir.2008.0027
http://doi.org/10.3892/mmr.2018.9393
http://doi.org/10.1161/01.ATV.0000250933.92917.dd
http://doi.org/10.1016/j.lfs.2021.119154
http://doi.org/10.21037/atm.2019.09.03
http://doi.org/10.4070/kcj.2019.0296
http://www.ncbi.nlm.nih.gov/pubmed/32153145
http://doi.org/10.1038/s41598-018-23420-4
http://doi.org/10.1371/journal.pone.0147391
http://www.ncbi.nlm.nih.gov/pubmed/26807719
http://doi.org/10.1016/j.lfs.2019.06.013
http://doi.org/10.1111/dom.13441
http://doi.org/10.1371/journal.pone.0165703
http://doi.org/10.1016/j.biopha.2018.10.130
http://www.ncbi.nlm.nih.gov/pubmed/30551359

	Introduction 
	Materials and Methods 
	Ethical Considerations 
	Drugs 
	Animals and Experimental Design 
	Induction of Colitis 
	Scarification and Biological Samples Collection 
	Clinical Evaluation of UC 
	Macroscopic Examination and Grading of UC 
	Preparation of Colon Homogenate 
	Measurement of Serum Lactate Dehydrogenase (LDH) Activity and C-Reactive Protein (CRP) 
	Determination of Oxidant/Antioxidant Stress Biomarkers: Malondialdehyde (MDA) and Total Antioxidant Capacity (TAC) Contents 
	Determination of Rat IL-18, MCP-1, and Inflammasome in Colon Homogenate 
	Histopathological Examination and Immunohistochemical Evaluation of NF-B and Caspase-3 Expression 
	Statistical Analysis 

	Results 
	DAPA Effects on AA-Induced Changes in Colon/Body Weight Index and Colon Weight/Colon Length Ratio 
	Effect of DAPA on AA-Induced Changes in Macroscopic Scoring and Clinical Evaluation of Ulcerative Colitis 
	Effect of DAPA on AA-Induced Alterations in Serum LDH, MDA, C-Reactive Protein, and Total Antioxidant Capacity 
	Effect of DAPA on AA-Induced Changes in Colon IL-18 Content 
	Effect of DAPA on AA-Induced Changes in Colon MCP1 Content 
	Effect of DAPA on AA-Induced Changes in Colon Inflammasome Content 
	Effect of DAPA on AA-Induced N Histopathological Changes 
	Effect of DAPA on AA-Induced Changes in Colon Inflammation, Immunohistochemical Analysis of NF-B Expression 
	Effect of DAPA on AA-Induced Changes in Colon Apoptosis, Immunohistochemical Analysis of Caspase-3 Expression 

	Discussion 
	Conclusions 
	References

