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ARTICLE INFO ABSTRACT
Editor name: Dr. Elisabetta Liverani Ulcerative colitis (UC) is a persistent inflammatory condition marked by the destruction of the intestinal mucosal
barrier, infiltration of inflammatory cells, and ulceration. M1/M2 macrophage polarization plays an imperative
Keywords: function in the regulation of inflammation through the nuclear factor-kappa B (NFkB) signaling pathway and
glce'?tfll"e colitis modulating microRNA-155 (miR-155). Recent studies have highlighted the anti-ulcerogenic and colo-protective
rtugliflozin

M1/M2 macrophage prop.erties of sodium—g'lucqse co-transporter-2 .(SCTL”'FZ) i?hibitors. However, the potfer.ltial protective and thera-

Tight junction proteins peutic effects of ertugliflozin (Ertu), an SGLT2 inhibitor, in UC have not yet been clarified. Therefore, the present

miR-155 research sought to investigate the potential role of Ertu in mitigating acetic acid (AA)-induced UC in rats. Forty-
two adult Wistar rats were allocated into seven groups: control, Ertu (10 mg/kg), AA, AA+ Ertu (1, 5, and 10 mg/
kg), and AA+ sulfasalazine (Sulfa) (100 mg/kg); all received oral treatments daily for 7 days. Pre-treatment with
Ertu mitigated histopathological alterations and enhanced macroscopic assessments. Ertu suppressed the
expression of NF-kB p65 and miRNA-155, promoting macrophage polarization towards M2 phenotype, as wit-
nessed by increased expression of CD206, Fizz-1, Ym-1, and Arg-1, along with elevated IL-10 protein content. It
reduced the expression of CD86 and MCP-1, besides the levels of TNF-a, IL-1p and iNOS. Moreover, Ertu
improved intestinal epithelial integrity by upregulating tight junction proteins, comprising claudin-1, occludin
and ZO-1. Ertu also demonstrated anti-apoptotic effects by reducing BAX meanwhile increasing BCL2. Notably,
Ertu (10 mg/kg) exhibited therapeutic effects comparable to the standard treatment, Sulfa, underscoring its
potential as a distinctive and valuable option for UC management.

1. Introduction impairment of patients’ well-being and an increased risk of colon cancer
[2]. Weight loss, fluid and electrolyte imbalances, bloody diarrhea, and

Ulcerative colitis (UC) is listed among the conventional prevalent colonic pain are clinical signs of UC [3]. Symptoms usually occur in
inflammatory bowel diseases that cause persistent inflammation in the sporadic episodes, which can increase in frequency over time and, in
innermost lining of the colon and rectum [1], leading to significant some cases, become severe enough to necessitate hospitalization [4,5].
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A significant number of UC patients also develop extraintestinal mani-
festations, affecting various organs and exhibiting characteristics similar
to those seen in other autoimmune diseases. Actually, two major sites of
extra-colonic gastrointestinal (GI) involvement are the pancreas and the
hepatobiliary system, whereas the most frequently affected non-GI sys-
tems include the musculoskeletal, ocular, and renal systems. [4].
Although the exact culprit of UC stays elusive, it is thought to arise from
a blend of environmental factors, genetic predispositions, gut micro-
biota and immune system dysfunctions [5,6]. Besides, research indicates
that variations among ethnic and racial groups are primarily influenced
by environmental factors, dietary patterns, and lifestyle choices, rather
than actual genetic differences [4]. A key factor in the pathogenesis of
UC is the disruption of the GI mucosal barrier, which increases intestinal
permeability and allows harmful pathogens and toxins to penetrate the
epithelial layer [5,7].

Acetic acid (AA) induced colitis is one of the most frequently used
and readily inducible murine models, closely mimicking the pathogen-
esis, histological features, and immune responses observed in human
UC. It is characterized by extensive necrosis of the mucosal and sub-
mucosal layers, along with vascular dilation, edema, and ulceration,
followed by neutrophil infiltration. Noteworthy, AA causes direct
epithelial injury and initiates a robust inflammatory response. The latter
is mediated by the activation of proinflammatory cytokines and oxida-
tive stress pathways, both of which play central roles in UC pathogenesis
[8-10]. At the mechanistic level, AA penetrates the epithelial barrier
and disperses protons into intracellular compartments, leading to local
acidification. This process disrupts cellular integrity and triggers a
cascade of tissue damage and inflammation that mirrors the patholog-
ical features of UC [11,12].

Tight junction (TJ) proteins, comprised of transmembrane proteins
including occludins and claudins, along with accessory proteins like
zonula occludens, play a fundamental function in preserving the
epithelial barrier’s integrity by connecting epithelial cells [13]. Conse-
quently, therapies that regulate TJ proteins and strengthen the epithelial
barrier are critical for effective UC treatment. In parallel, macrophages
have a crucial function in the immunological response and cytokine
signaling in UC [14]. These immune cells can polarize into two main
phenotypes: pro-inflammatory M1-like macrophages, which produce
mediators like tumor necrosis factor-alpha (TNF-a), inducible nitric
oxide synthase (iNOS) and interleukin-1 beta (IL-1p), thereby exacer-
bating inflammation, and anti-inflammatory M2-like macrophages,
characterized by the manifestation of indicators like arginase-1 (Arg-1),
chitinase-like 3 (Ym-1), and interleukin-10 (IL-10), which suppress
inflammation and promote tissue repair [15]. Noteworthy, microRNA
155 (miR-155) is upregulated in UC, favoring M1 polarization by
stimulating the nuclear factor-kappa B (NFxB) cascade while inhibiting
M2 polarization [14,16]. Therefore, targeting miR-155 to stimulate
macrophages to adopt the anti-inflammatory M2 phenotype instead of
the pro-inflammatory M1 phenotype signifies a promising therapeutic
approach for managing UC.

Despite the absence of a definitive cure for UC, several FDA-
approved medications are available to manage the condition. Sulfasa-
lazine (Sulfa) was the first antibiotic introduced for UC treatment, pri-
marily due to its combined antibacterial and anti-inflammatory
properties. However, the widespread use of traditional medications has
been limited by challenges such as reduced long-term efficacy, unde-
sirable side effects, and dosage complexities [17]. Due to the limitations
linked to UC therapies, alternative treatment approaches are under
investigation and are advancing into clinical trials such as anti-integrin,
anti-IL-23, sphingosine-1-phosphate receptor modulator and fecal
microbiota transplant [18]. Additionally, phosphodiesterase enzyme 4
inhibitors as ibudilast evidenced to have a momentous role in the
management of UC [19]. However, serious flare-ups may require hos-
pital admission and administration of steroids through intravenous
therapy [20]. Hence, there is a necessity for the manifestation of safer
and more effective curative options for UC.
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Sodium-glucose co-transporter-2 (SGLT2) inhibitors, commonly
referred to as gliflozins, represent a novel family of anti-diabetic drugs
[21] designed to reduce levels of glucose in the blood by increasing
urinary glucose excretion. Beyond their hypoglycemic effects, these
drugs exhibit notable renal and cardioprotective benefits with emerging
potential impacts on cerebral tissues [3]. Interestingly, SGLT2 is widely
expressed in the GI tract, primarily in the small and large intestines [22].
Recent studies suggest that SGLT2 inhibitors, for instance canagliflozin,
dapagliflozin, and empagliflozin, may serve as promising therapeutic
agents for UC. In animal models, these drugs have been shown to
significantly attenuate inflammation, oxidative stress, and apoptosis
while reducing colonic injury [21,23,24]. Their anti-inflammatory
properties were attributed to the modulation of innate immune cells,
suppression of pro-inflammatory cytokine expression, and inhibition of
inflammasome activation. Moreover, gliflozins enhance colonic barrier
function, contributing to their anti-ulcerogenic and colo-protective ac-
tions [3,23]. In addition, SGLT2 inhibitors have demonstrated beneficial
effects not only in the management of UC but also in a range of other
immune-mediated diseases through modulating immune responses,
reducing inflammatory cytokine production, and attenuating tissue
damage. These findings suggest a broader therapeutic potential for
SGLT2 inhibitors in treating autoimmune and inflammatory disorders
beyond their primary use in metabolic diseases [25-27]. On the other
hand, SGLT2 inhibitors are generally well tolerated but they are asso-
ciated with several notable adverse effects, most commonly genital
mycotic infections, increased urination, volume depletion, urinary tract
infections, and ketoacidosis [28]. These findings highlight the prospects
of SGLT2 inhibitors as an innovative approach for UC treatment.

Ertugliflozin (Ertu) is a selective and potent SGLT2 inhibitor,
permitted by the U.S. Food and Drug Administration and European
Medicines Agency for the treatment of type 2 diabetes at daily doses of 5
mg and 15 mg [29,30]. It is a safe and effective oral medication for
patients over 18, used alongside diet and exercise, with over 2000-fold
higher selectivity for SGLT2 compared to SGLT1 [31]. Beyond glucose
control, Ertu has demonstrated cardiovascular benefits by improving left
ventricular remodeling and reducing apoptosis and endoplasmic retic-
ulum stress in an experimental model of cardiac pressure overload,
primarily through the stimulation of protein kinase B (Akt) and down-
regulation of caspase-3, collagen I, and IL-1f [32]. Additionally, Ertu
attenuated oxidative stress [33] and demonstrated a neuroprotective
effect in rats by upregulating Akt and the anti-apoptotic protein B-cell
lymphoma 2 (BCL2), along with suppression of pro-apoptotic proteins,
including BCL2-associated X protein (BAX) and cleaved caspase-3 [34].
However, its role in UC has not been yet clarified. Thus, the current
research aims to explore the potential advantageous outcomes of Ertu in
combating experimentally induced UC in rats, and the underlying mo-
lecular mechanism involved.

2. Materials and methods
2.1. Ethics statement

The study commenced after receiving approval for the study protocol
from Cairo University’s Faculty of Pharmacy’s Ethics Committee for
Animal Experimentation (Permit Number: PT 3116). Furthermore, all
procedures adhered to ethical guidelines outlined in the Guide for the
Care and Use of Laboratory Animals [35], ensuring minimal animal
distress.

2.2. Animals

Forty-two adult male and female Wistar rats weighing ~ 180-220 g
were obtained from the animal facility of the National Research Centre
(Cairo, Egypt). The rats were permitted for a week to acclimatize at the
animal facility, kept in standard cages made of polypropylene with four
rats per cage. The cages used in the experiment were large and
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segmented so as each rat was housed alone in separate partition to
decrease the contact between rats and to avoid licking or grooming
behaviors that could interfere with the colitis model or treatment out-
comes. Also, cages were regularly cleaned, and animals were monitored
daily to ensure well-being and minimize stress. During the entire
experiment, rats had ad libitum access to a normal pellet diet (Meladco,
Cairo, Egypt) and tap water. They were maintained under controlled
conditions, including a temperature of 22 + 2 °C, relative humidity of 55
=+ 5 %, and a 12-h light/12-h dark cycle.

2.3. Induction of ulcerative colitis

Animals were deprived of food for 24 h prior to colitis induction
while being allowed free access to tap water. However, water access was
restricted two hours before the experiment. Colonic inflammation was
induced under ketamine anesthesia (50 mg/kg, i.p.), via the adminis-
tration of 2 ml of 4 % acetic acid (AA) in 0.9 % NaCl intra-rectally,
utilizing a 2 mm diameter silicone catheter, implanted 8 cm into the
colon. To prevent leakage, the rats were held upright for 2 min. Control
animals endured the same procedure, but using 0.9 % NaCl in place of
solution of the AA [36,37].

2.4. Experimental design

Ertu was obtained from Hikma Pharmaceuticals (Giza, Egypt). Ertu
was dissolved in normal saline 0.9 % to reach a final concentration of 1
mg/ml and given at doses of 1, 5 and 10 mg/kg [34,38,39]. Sulfa was
obtained from Kahira Pharmaceuticals & Chemical Industries Co. (Cairo,
Egypt) was dissolved in normal saline 0.9 % to reach a final concen-
tration of 10 mg/ml and given at the dose of 100 mg/kg [40]. Unless
specified otherwise, all chemicals and solvents used in the study were of
the highest analytical grade and sourced from reputable suppliers.

n = 6 per group
(4 rats/cage)

f

- —— —— o—
saline (10 ml/kg/day; p.o.) saline (10 ml/kg/day; p.o.) Animals |
‘ l . 0.9% NaCl sacrificed,
: intra-rectally colons |
Ertu (10 mg/kg/day; p.o.) Ertu (10 mg/kg/day; p.o.) were !
— excised
Gmup II: AA saline (10 mi/kg/day; p.o.) 2 ml of 4% saline (10 mi/kg/day; p.o.) H
AA Dose response
. . screening via 3
Group IV: AA + Ertu 1 mg Ertu (1 mg/kg/day; p.o.) intra rectally Ertu (1 mg/kg/day; p.o.) > | histopathologic I
and macroscopic ™
examination _L
Group V: AA + Ertu 5 mg Ertu (5 mg/kg/day; p.o.) > i Ertu ( 5 mg/kg/day; p.o.) ﬂ
Mechanistic
Group VI: AA + Ertu 10 mg Ertu (10 mg/kg/day; p.0.) - Ertu (10 mg/kg/day; p.0.) investigation of
Ertu 10 mg effects
Group VII: AA + Sulfa 100 mg Sulfa (100 mg/kg/day; p.o.) Sulfa (100 mg/kg/day; p.o.) bIOChemlca"y
Jo— —
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As presented in the experimental timeline design (Fig. 1), Forty-two
rats were allocated into 7 groups using simple random sampling (n = 6
rats/group), and the study was conducted for 7 days along these lines:

Group I: Animals were given saline 10 ml/kg orally daily to act as a
normal control group.

Group II: Animals were given Ertu 10 mg/kg orally daily to act as a
drug control group [34,38].

Group III: Animals were given saline 10 ml/kg orally daily from day
1 to day 7, with intrarectal administration of a single dose of 2 ml of
4 % AA on day 4 for induction of UC, to be nominated as UC group
[41,42].

Group IV: Animals were orally pre-treated with Ertu 1 mg/kg daily
from day 1 to day 7, with intrarectal administration of a single dose
of 2 ml of 4 % AA on day 4 for induction of UC [38].

Group V: Animals were orally pre-treated with Ertu 5 mg/kg daily
from day 1 to day 7, with intrarectal administration of a single dose
of 2 ml of 4 % AA on day 4 for induction of UC [34,39].

Group VI: Animals were orally pre-treated with Ertu 10 mg/kg daily
from day 1 to day 7, with intrarectal administration of a single dose
of 2 ml of 4 % AA on day 4 for induction of UC [34,38].

Group VII: Animals were orally pre-treated with Sulfa 100 mg/kg
daily from day 1 to day 7, with intrarectal administration of a single
dose of 2 ml of 4 % AA on day 4 for induction of UC [40].

By the end of the experimental period, rats were fasted overnight,
and on day 8 (Twenty-four hours after the last administered treatment).
For anesthetization, an intraperitoneal injection of 50 mg/kg ketamine
hydrochloride and 5 mg/kg xylazine was used [43]. Before euthanasia,
blood samples were collected via the retro-orbital plexus. Sera was
isolated by centrifuging the samples at 3000 rpm for 15 min and then
preserved at —80 °C for subsequent glucose level analysis. After

Treatment

Ch D

Fig. 1. Experimental timeline, designed through BioRender.com, for the exploration of the colo-protective and therapeutic upshots of ertugliflozin (Ertu) in com-
parison to the standard drug sulfasalazine (Sulfa) in combating ulcerative colitis (UC) induced by acetic acid (AA) in rats.
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euthanasia, the colons were excised, opened longitudinally, cleaned of
luminal contents, rinsed with phosphate-buffered saline, and dried.
Colitis was evaluated macroscopically by measuring the colon’s weight,
length, and diameter, and recording ulcer number and area. A 5-cm
section of each colon was fixed in 10 % formalin for histopathological
investigation, meanwhile, the remaining colon tissue was preserved at
—80 °C for biochemical assays. All evaluations were conducted blindly.

The dose-dependent colo-protective upshots of Ertu at the doses of 1,
5 and 10 mg/kg were initially assessed based on histopathological ex-
amination using Hematoxylin and Eosin (H&E) and Alcian blue stains
along with the macroscopic assessment. Accordingly, the best protective
dose of Ertu was further assessed by biochemical analysis to divulge the
functional outcomes of Ertu.

2.5. Methods

2.5.1. Disease activity index (DAD

The calculation of the disease activity index (DAI) depends on the
summed values for the percentage of body weight loss with a score from
0 to 4, stool consistency with a score from 0 to 4, and rectal bleeding
with a score from 0 to 4, and subsequently divided by 3 as formerly
reported [37,44]. DAI was determined based on the equation below:

_ body weight loss score + diarrhea score + rectal bleeding score

DAI
3.

Daily weight changes were monitored and recorded during the
experiment and body weight loss was estimated as the percentage
change compared to the pre-UC induction (Day 4) body weight and the
final body weight prior to euthanasia (Day 8). Additionally, each ani-
mal’s fecal samples were daily examined visually for indications of
rectal bleeding and diarrhea. The scoring of stool consistency was along
these lines, normal (0), loose stool (1 & 2) besides diarrhea (3 & 4). The
existence of occult blood in feces was detected by a benzidine test [45].
The acquired score for Occult blood was 0, for no change in color; 1 (+),
for faint blue color that developed after more than 30 s; 2 (+), for a blue
color that appeared within 30 s or longer; 3 (++), for an immediate
color change that occurred in less than 30 s; whereas 4, for gross blood
visible on the slide (Table 1).

2.5.2. Colon mass index (mg/g)

The colon mass index, defined as the colon weight-to-body weight
ratio, expressed as milligrams per gram, was used as an indicator to
assess the degree of colonic inflammation severity and the extent of
colonic edema [46].

2.5.3. Ratio of colon weight to length (g/cm)
The ratio of colon weight to length was calculated to verify the
severity of colitis using the following equation [40,47]:

colon weight (g)

Ratio of colon weight to length = colon length (cm)

2.5.4. Ulcer area (UA) and ulcer index (UI)
A magnifying lens (x10) was used to evaluate and quantify the ulcer

Table 1
Disease activity index (DAI).

DAI Score %weight loss Stool consistency Occult/gross bleeding
0 None Normal Negative

1 1-5% Loose stool Occult blood +

2 >5-10 % Occult blood +

3 >10-15 % Diarrhea Occult blood ++

4 >15 % Gross blood

(+) faint blue color that developed after more than 30 s; (+) for a blue color that
appeared within 30 s or longer; (++) for an immediate color change that
occurred in less than 30 s.
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area (UA) in colonic lesions, while the ulcer index (UI) was computed
using the formula below, as formerly stated [48].

Total area of the ulcer (mm?)

Ul =
Total area of the colon specimen (mm?)

Subsequently, the average lesion score for all rats was recorded and
used to estimate each group’s UL Additionally, the inhibition percentage
was calculated by means of the following equation, as described in an
earlier study [44].

UI of AA group — UI of Ertu or Sulfa groups <1

Inhibition% =
nubttion”o Ul of AA group

00

2.5.5. Colonic damage scoring

The macroscopic characteristics of UC in rats were evaluated using a
previously established scoring system [49,50], with ratings between
0 and 4:

(0) Absence of macroscopic alterations.

(1) Only mucosal erythema.

(2) The presence of mild mucosal edema, slight bleeding or minor
erosions.

(3) Moderate edema, slight bleeding ulcers or erosions.

(4) Severe edema, ulceration and tissue necrosis.

2.5.6. Biochemical assays

2.5.6.1. Measurement of glucose levels in serum. The glucose oxidase/
peroxidase method [51] was used to colorimetrically measure the serum
glucose by utilizing Thermo Fisher Glucose Colorimetric Detection Kit
(MA, USA).

2.5.6.2. Western blot analysis. Electrophoresis was executed on samples
with equivalent protein levels (= 20 pg) utilizing 10 % sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE), followed by electro-transfer
onto polyvinylidene difluoride membranes. For 2 h at room tempera-
ture, blocking of the membranes was performed using 5 % (w/v) skim
milk powder dissolved in phosphate-buffered saline with Tween-20. The
membranes were then incubated with the following polyclonal anti-
bodies, purchased from Thermo Fisher Scientific (MA, USA), each
diluted 1:1000 in Tris-buffered saline with Tween (TBST) containing 1 %
bovine serum albumin: pS536-NFxB p65 (catalog # PA5-121262, RRID
AB 2914834), total NFxB p65 (catalog # PA5-27617, RRID
AB_2545093), cluster of differentiation 86 (CD86) (catalog #
PA5-79009, RRID AB_2746125), cluster of differentiation 206 (CD206)
(catalog # PA5-101657, RRID AB 2851091), monocyte chemo-
attractant protein-1 (MCP-1) (catalog # PA5-115555, RRID
AB 2893318), arginase-1 (Arg-1) (catalog # PA5-85267, RRID
AB_2792410), chitinase-3-like protein 1 (CHI3L1/Ym-1) (catalog #
PA5-37357, RRID AB_2554024), found in inflammatory zone-1 (Fizz-1)
(catalog # BS-1884R, RRID AB _10855574), claudin-1 (catalog #
51-9000, RRID AB_2533916), occludin (catalog # 40-4700, RRID
AB_2533468), and zonula occludens-1 (ZO-1) (catalog # 61-7300, RRID
AB_2533938). p-actin (Santa Cruz Biotechnology, TX, USA) was used as
an internal control, also diluted 1:1000 in the blocking buffer. After an
hour of room temperature incubation with the relevant secondary an-
tibodies, the membranes were washed and developed. Lastly, densito-
metric measurement was carried out utilizing Image J software (Bio-
Rad, CA, USA) after images of the appropriate protein bands were
captured on the BioMax film (Kodak). Band densities were standardized
to match the density of B-actin or total protein.

2.5.6.3. Determination of relative expression of colonic miR-155, claudin-
1, occludin, and ZO-1 by real-time PCR. For total RNA extraction from
homogenized rat colonic tissue, a Qiagen tissue extraction kit (Qiagen
Sciences Inc., MD, USA) was utilized. The tissue lysates were then
centrifuged for 3 min at 10,000 xg. Following the manufacturer’s
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instructions, the supernatants were gathered and reverse-transcribed
into cDNA via a high-capacity cDNA reverse transcription kit (Applied
Biosystems, CA, USA). SYBR® Green PCR Master Mix (Applied Bio-
systems, CA, USA) was used in quantitative real-time PCR aligned with
the manufacturer’s recommendations to evaluate the expression of the
target genes claudin-1, occludin, and zonula occludens-1 (ZO-1). The
formerly reported AA CT technique [52] was implemented to gauge the
absolute target gene expression. Besides, p-actin was employed as a gene
for housekeeping.

Colonic tissue homogenate was processed to extract total miRNA
utilizing the mirVana™ miRNA isolation kit (Ambion®, TX, USA) and
subsequently reverse-transcribed into cDNA following the manufac-
turer’s protocol with the miRCURY LNA miRNA RT kit (Qiagen, Hilden,
Germany). MiRNA levels were quantified from cDNA using real-time
PCR, following the manufacturer’s protocol with the miRCURY SYBR®
Green PCR Kit (Qiagen, Hilden, Germany). Finally, the formerly re-
ported AA CT technique [52] was used to analyze the absolute expres-
sion of miRNA. Besides, U6 was employed as a gene for housekeeping
(Table 2).

2.5.6.4. Determination of mediators of colonic inflammation, oxidative
stress and apoptosis. The colonic levels of TNF-a (Catalog # CSB-
E11987r, detection range spans 6.25 to 400 pg/ml, the sensitivity is
1.56 pg/ml, the intra-assay precision is CV < 8 % and the inter-assay
precision is CV < 10 %), IL-1p (Catalog # CSB-E08055r,detection
range spans 31.25 to 2000 pg/ml, the sensitivity is 15.6 pg/ml, the
intra-assay precision is CV < 8 % and the inter-assay precision is CV <
10 %), IL-10 (Catalog # CSB-E04595r detection range spans 3.12 to 200
pg/ml, the sensitivity is 0.78 pg/ml, the intra-assay precision is CV < 8
% and the inter-assay precision is CV < 10 %), BAX (Catalog # CSB-
EL002573RA, detection range spans 62.5 to 4000 pg/ml, the sensi-
tivity is 15.6 pg/ml, the intra-assay precision is CV < 8 % and the inter-
assay precision is CV < 10 %), and BCL2 (Catalog # CSB-E08854r,
detection range spans 312 to 20,000 pg/ml, the sensitivity is 78 pg/
ml, the intra-assay precision is CV < 8 % and the inter-assay precision is
CV < 10 %) were determined using Cusabio rat ELISA kits (Wuhan,
China). While iNOS (Catalog # EEL132, detection range spans 0.31to 20
ng/ml, the sensitivity is 0.19 ng/ml, the intra-assay precision is CV < 10
% and the inter-assay precision is CV < 10 %), was determined using
Thermo Fisher Scientific; MA; USA kit. All procedures were conducted in
a manner that aligned with the manufacturer’s protocols. The results
were standardized to protein content, which was quantified utilizing the
Bradford method of protein estimation Bradford [53].

Also, oxidative stress markers, such as MDA (Catalog # E-BC-K025-S,
detection range spans 0.38 to 133.33 nmol/ml, the sensitivity is 0.38
nmol/ml, the intra-assay precision is CV < 4.9 % and the inter-assay
precision is CV < 8 %) and SOD (Catalog # EIASODC, detection range
spans 1.4 to 92 U/ml, the sensitivity is 0.044 U/ml, the intra-assay
precision is CV < 10 % and the inter-assay precision is CV < 12 %)
were determined by colorimetric assay following the manufacturer’s

Table 2
Forward and reverse primers for quantitative RT-PCR.

Gene GenBank accession number Primer Sequence 5-3'

MRS NR 1067101 R TGTTATGCTANCAGGTAGGAGTC
conin1 30515 oo
Occudin MM 031329.3 R GOTCACACAGTGACACTCCA
o1 mmmosser  LTSeCCeccuTiG
s Koo7es R AACGGTTCACGANTITGCGT
p-actin NM 031144 F: GGTCGGTGTGAACGGATTTGG

R: ATGTAGGCCATGAGGTCCACC
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protocol using available commercial kits. MDA is expressed as nmol per
mg protein (Elabscience Biotechnology Inc. Wuhan, China) while SOD is
expressed as unit per mg protein (Thermo Fisher Scientific; MA; USA).

2.5.7. Histopathological evaluation

Samples of colonic tissue were flushed and preserved for 72hin 10 %
neutral buffered formalin. After trimming, the samples underwent pro-
cessing through serial ethanol concentrations, then treated with xylene
for clearing and embedded within Paraplast® tissue embedding media.
Tissue sections, 5 pm thick, were cut using a rotatory microtome to
illustrate the intestinal wall. H&E staining was performed for general
morphology, while Alcian Blue (pH 2.5) was utilized to identify goblet
cells and acidic mucins. An experienced histologist conducted the ex-
amination following standard fixation and staining protocols [54].
Based on Khedr et al., [55], a minimum of six randomly selected non-
overlapping fields were scanned for analysis, assessing mucosal region
percentages of goblet cell mucin content and average goblet cell counts
in sections stained with Alcian Blue. A Full HD microscopic imaging
system (Leica Microsystems GmbH, Germany) equipped with the Leica
Application module was utilized to collect histological data.

2.6. Statistical analysis

The Shapiro-Wilk test was used to assess the normality of each var-
iable, confirming a normal distribution. Consequently, parametric ana-
lyses were conducted, and data were expressed as means + SD. Group
comparisons were analyzed through one-way ANOVA, succeeded by
Tukey’s post hoc test, with statistical significance set at p < 0.05. All
data processing and statistical evaluations were performed using
GraphPad Prism® (Version 9.10, CA, USA).

3. Results

The analysis of statistics indicated the absence of significant differ-
ences between the normal (Gp 1) and the drug (Gp 2) control groups
across all assessed parameters, thus comparisons were made relative to
the normal control group (Gp 1) only. Moreover, there was no mortality
noted in any of the animal groups. Notably, serum glucose levels were
normal across all groups with no significant differences observed,
leading to the exclusion of glucose data from analysis (Table 3).

3.1. Effect of Ertu 1, 5, and 10 mg/kg on macroscopic examination
features of UC

3.1.1. Disease activity index (DAD

Animals that received AA exhibited a significant upsurge in DAI by
4.6-fold in comparison to the control group [F (6,35) = 21.81]. On the
other hand, administration of Ertu at 1, 5, and 10 mg/kg caused a sig-
nificant decline in DAI by 33 %, 33 %, and 35 %, respectively, relative to
the AA group. Likewise, Sulfa (100 mg/kg) treatment revealed a 30 %
significant diminution in DAI in comparison to the AA group (Table 4).

Table 3
Effect of ertugliflozin on serum glucose levels of acetic acid-induced colitis in all
rat groups.

Control Ertu AA AA+ AA+ AA+ AA+
10 Ertu 1 Ertu 5 Ertu Sulfa
mg mg mg 10 mg 100
mg
Serum 137 + 137 121 130 134 137.6 128 +
glucose 11.6 + + + + +17.9 13.5
(mg/ 11.8 24.7 10.9 239

dn

Values symbolize the mean + SD (n = 6 per group; one-way ANOVA succeeded
by Tukey’s post hoc test. AA, acetic acid; DAI, disease activity index; Ertu,
ertugliflozin; Sulfa, sulfasalazine; UC, ulcerative colitis; UI, ulcer index.
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Macroscopic effects of ertugliflozin on acetic acid-induced ulcerative colitis in rat groups.

Groups DAI Colon mass index (g/cm) Colon weight/length ratio (g/cm) Ul Inhibition % Macroscopic Scoring
Control 0.72 + 0.20 7.63 £ 0.45 0.07 + 0.01 0.00 + 0.00 - 0.00 + 0.00

Ertu 10 mg 0.68 + 0.14 7.67 + 0.34 0.07 + 0.008 0.00 =+ 0.00 - 0.00 + 0.00

AA 3.41 + 0.24%%%* 9.51 + 0.55** 0.14 + 0.01 %%+ 0.10 + 0.07%¥** - 3.66 + 0.51%#*
AA+ Ertu 1 mg 2.28 + 0.54*% 7.99 + 0.74% 0.09 + 0.01#### 0.02 £ 0.02## 80 % 2.33 + 0.81%#

AA+ Ertu 5 mg 2.27 + 0.67%% 7.76 + 1.14%% 0.08 + 0.01%### 0.007 + 0.01%## 93 % 1.33 + 0.51%###
AA+ Ertu 10 mg 2.20 + 0.79%# 7.82 + 0.70%% 0.09 + 0.01%### 0.009 + 0.0067## 91 % 1.50 + 0.54%###
AA+ Sulfa 100 mg 2.37 + 0.55% 8.16 + 0.74* 0.10 + 0.017## 0.01 + 0.02%# 90 % 2.00 + 0.89%##

Values symbolize the mean + SD (n = 6 per group; one-way ANOVA succeeded by Tukey’s post hoc test; ** p < 0.01, vs. the control group; **** p < 0.0001, vs. the

control group; * p < 0.05, vs. AA treated group; #*# p < 0.01, vs. AA treated group;

#H##

p < 0.001, vs. AA treated group; **## p < 0.0001, vs. AA-treated group). AA,

acetic acid; DAI, disease activity index; Ertu, ertugliflozin; Sulfa, sulfasalazine; UC, ulcerative colitis; UI, ulcer index.

3.1.2. Colon mass index (mg/g)

As depicted in Table 4, AA increased colon mass index by 1.2-fold in
comparison to the control group [F (6,35) = 5.081]. In contrast, doses of
Ertu at 1, 5, and 10 mg/kg succeeded in reducing colon mass index by
16 %, 18 %, and 18 %, respectively as compared to the insult. In the
same context, Sulfa (100 mg/kg), the standard treatment, displayed a
14 % decrease in colon mass index as compared to the insult.

3.1.3. Ratio of colon weight to length (g/cm)

Acetic acid injection triggered a significant escalation in the ratio of
colon weight to length by 1.9-fold in comparison to the control group [F
(6,35) = 16.25]. Contrariwise, pre-treatment with Ertu (1, 5, and 10
mg/kg) displayed an obvious decline in the ratio of colon weight to
length by 34 %, 42 %, and 36 %, respectively, relative to the AA group.
Similarly, Sulfa treatment (100 mg/kg) caused a 29 % decrease in the
ratio of colon weight to length, relative to the AA group (Table 4).

3.1.4. Ulcer index (UI) and Inhibition %

Animals that received AA showed a noticeable increase in Ul in
comparison to the control group [F (6,35) = 7.928]. On the other hand,
pre-treatment with Ertu 1, 5, and 10 mg/kg reduced UI by 80-, 93- and
91 %, respectively, relative to the AA group. In the same line, the
administration of Sulfa (100 mg/kg) diminished UI by 90 %, relative to
the AA group (Table 4).

3.1.5. Colonic damage scoring

As illustrated in Table 4, the macroscopic scoring of colonic damage
of the dissected colon showed an obvious boost in AA-treated animals
relative to the control group [F (6,35) = 30.89]. Alternatively, the
administration of Ertu at 1, 5, and 10 mg/kg succeeded in reducing the
colonic damage score by 36 %, 64 %, and 59 %, respectively, in com-
parison to the insult. Similarly, pre-treatment with Sulfa (100 mg/kg)
lessened the colonic damage score by 45 %, relative to the AA group.

3.2. Effect of Ertu 1, 5, and 10 mg/kg on histopathological investigation

Microscopic analysis of H&E-staining colon tissues from both normal
controls (Fig. 2A & a) and drug control (Fig. 2B & b) groups demon-
strated normal, well-preserved architecture. The colon wall was intact
with well-structured colonic crypts, abundant goblet cells, and a healthy
epithelial lining. The submucosal and outer muscular layers appeared
normal without any abnormalities.

In contrast, colon sections of the AA group (Fig. 2C & c) exhibited
ulcerative hemorrhagic colitis with severe mucosal necrosis, leading to
the loss of normal colonic wall architecture and the disappearance of
glandular structures. These pathological changes were accompanied by
moderate to severe mixed inflammatory cell infiltration in the submu-
cosa and mucosa, as well as congested blood vessels and significant
submucosal edema.

Notably, pre-treatment with a low dose of Ertu (1 mg/kg) revealed
mild shielding effects, though some mucosal ulceration and epithelial
loss were present. Areas of re-epithelialization of glandular structures

were noted, but the presence of mature goblet cells was limited,
accompanied by a significant infiltration of mixed inflammatory cells
(Fig. 2D & d).

In contrast, the medium- (5 mg/kg) and high-dose (10 mg/kg) Ertu
groups, as well as the group treated with Sulfa (100 mg/kg), exhibited
obvious enhancement in histological organization. These groups
exhibited restoration of the colonic wall, with intact epithelial linings
and well-formed mucosal glands. The number of mature goblet cells
increased significantly. However, the medium-dose Ertu (5 mg/kg)
showed occasional focal necrosis in the mucosal layer, with some in-
flammatory cell infiltration into the submucosa (Fig. 2E & e). The Sulfa
group had moderate levels of persistent inflammation in the mucosa and
submucosa, along with mild submucosal edema and congested blood
vessels (Fig. 2G & g). In the high-dose Ertu group, there was a marked
reduction in inflammatory cells, with only mild infiltration and mod-
erate vascular congestion (Fig. 2F & f).

3.3. Effect of Ertu 1, 5, and 10 mg/kg on mucosal goblet cell counts and
the acidic mucin content in colonic tissues stained with Alcian blue

Asrevealed in Fig. 3, AA-induced a significant drop in the goblet cell
count by 87.1 %, in comparison to the control group [F (6,35) = 237.9].
Whereas treatment with Ertu (1, 5, and 10 mg/kg), as well as Sulfa (100
mg/kg), displayed an increase in goblet cell counts within the colon by
2.9-, 3.-8, 6.3-, and 5.4-fold, respectively, relative to AA group. Notably,
Ertu (10 mg/kg) resulted in the highest increase in goblet cell count
compared to all other groups.

Similarly, colonic acidic mucin content demonstrated a significant
decline in the AA group by 83.5 %, in comparison to the normal control
group [F (6,35) =223]. However, treatment with Ertu (1, 5, and 10 mg/
kg) in addition to Sulfa-treated group (100 mg/kg) displayed a signifi-
cant enhancement in mucin content within the colon by 2.8-, 3.8-, 4.4-,
and 3.6-fold, respectively, in comparison to AA group. Noteworthy, Ertu
(10 mg/kg) exhibited the greatest increase in mucin content compared
to the other groups.

Notably, the initial dose-response investigation evaluated the pro-
tective effects of Ertu at three dose levels (1, 5, and 10 mg/kg) using DAI,
colon mass index, ratio of colon weight to length, UI, macroscopic
scoring, and microscopic histopathological examination. The results
denoted that the high dose of Ertu (10 mg/kg) demonstrated the most
favorable outcomes. Consequently, further biochemical analyses were
conducted to elucidate the defensive mechanisms of Ertu opposition to
AA-induced UC.

3.4. Effect of high-dose Ertu (10 mg/kg) on biochemical markers

3.4.1. Colonic M1 macrophage biomarkers (CD86, MCP-1, TNF-qa, IL-1§
and iNOS)

Fig. 4A presents representative immunoblot bands for M1 macro-
phage biomarkers in colon. As portrayed in Fig. 4B and F, AA provoked
inflammatory status and shifted macrophage polarization towards M1-
macrophage as witnessed by massive upsurge in the colonic protein



M.R. Fouad et al. International Immunopharmacology 165 (2025) 115505

_Ertu10mg

Ertu 10 mg

e,
R
TP,

AA + Ertu5mg

g N

257 SR,

/e,
3

Ak A
35

ok

(caption on next page)



M.R. Fouad et al.

International Immunopharmacology 165 (2025) 115505

Fig. 2. Effect of ertugliflozin (Ertu) (1, 5, and 10 mg/kg) on the histological architecture of rat colon in an AA-induced UC model. Photomicrographs of normal (1 A-
a) and drug control (1B-b) groups demonstrated normal colonic walls and intact crypts with abundant goblet cells (green arrow), normal submucosa (green star), and
muscular coat. AA group (1C-c) exhibited pronounced ulcerative hemorrhagic colitis and mucosal necrosis (yellow arrow), infiltration of inflammatory cells (blue
arrow), vascular congestion (yellow star), and severe submucosal edema (green star). Ertu 1 mg/kg (1D-d) demonstrated persistent mucosal ulceration (yellow
arrow), glandular re-epithelialization (green arrow), minimal mature goblet cells, and inflammatory cell infiltrates (blue arrow). Ertu 5 mg/kg (1E-e), 10 mg/kg (1F-
f), and Sulfa 100 mg/kg (1G-g) improved colonic wall integrity revealing intact epithelium and mucosal glandular structures, with restored mature goblet cells (green
arrow). Ertu 5 mg/kg group showed focal necrosis (yellow arrow) and inflammatory cell aggregates (blue arrow); Ertu 10 mg/kg exhibited reduced inflammatory
cells (blue arrow); Sulfa 100 mg/kg had moderate persistence of inflammatory cells (blue arrow), mild vascular congestion (yellow star), and submucosal edema
(green star). Panels [A-G]: X100 (scale bar: 200 pm); panels [a-g]: X400 (scale bar: 50 pm). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

<

expressions of CD86 [F (4,10) = 533.3] and MCP-1 [F (4,10) = 189.6] by
6.4- and 4.4-folds-, respectively, as well as the protein contents of TNF-«
[F (4,25) = 478.9], IL-1p [F (4,25) = 1678], and iNOS [F (4,25) =1565]
by 3.4-, 2.7-, and 4.1-fold, respectively, in comparison to the control
group. Conversely, pre-treatment with Ertu (10 mg/kg) as well as Sulfa
(100 mg/kg) succeeded in suppressing inflammatory status and reduced
the colonic protein expressions of CD86 by 60.2 % and 58.6 %,
respectively, MCP-1 by 63.0 % and 60.8 %, respectively, along with the
protein contents of TNF-a by 42.1 % and 44.6 %, respectively, IL-1f by
48.8 % and 45.5 %, respectively, and iNOS by 60.8 % and 61.8 %,
respectively, relative to AA group. Remarkably, rats pre-treated with
Ertu (10 mg/kg) presented a significant drop in the quantity of IL-1$ by
6.1 % in comparison to Sulfa pre-treated rats (100 mg/kg).

3.4.2. Colonic M2 macrophage biomarkers (CD206, Fizz-1, Ym-1, Arg-1
and IL-10)

Fig. 5A illustrates representative immunoblot bands for M2 macro-
phage biomarkers in colon. To further confirm its injurious effect, AA
caused a significant drop in colonic M2 macrophage biomarkers, as
evidenced by decreases in the protein expressions of CD206 [F (4,10) =
869.9], Fizz-1 [F (4,10) = 433.8], Ym-1 [F (4,10) = 141.8], and Arg-1 [F
(4,10) = 1225] along with the protein levels of IL-10 [F (4,25) = 665.8]
by 73.4 %, 56.2 %, 64.1 %, 86.6 %, and 59.2 %, respectively, in com-
parison to the control group (Fig. 5B-5F). Contrarily, pre-treatment with
Ertu (10 mg/kg) and Sulfa (100 mg/kg) alleviated the inflammation and
shifted macrophage polarization towards M2-like macrophage as veri-
fied by an elevation in the colonic protein expressions of CD206 by 2.9-
and 3.0 folds, respectively, Fizz-1 by 2.1-folds, Ym-1 by 2.3-folds, Arg-1
by 4.8-folds and IL-10 by 2.0-folds as compared to AA group.

3.4.3. Colonic pS536-NF-kB p65, miR-155, claudin-1, occludin, and ZO-1

Fig. 6A presents representative immunoblot bands for NFkB and the
tight junction proteins claudin-1, occludin, and ZO-1. As represented in
Fig. 6B and F, AA-induced inflammatory status was attributed to an
obvious increment in the gene expression of miR-155 [F (4,25) = 581.3]
together with the colonic protein expressions of pS635-NF-kB p65 [F
(4,10) = 331.6] by 9.6- and 7.6-fold, respectively, relative to the control
group. In opposition, administration of Ertu (10 mg/kg) in addition to
Sulfa (100 mg/kg) significantly reduced miR-155 gene expression by
55.7 % and 54.5 %, respectively, as well as colonic pS635- NF-xB p65
protein expressions by 53.4 % and 53.1 %, respectively, as compared to
AA group.

Similarly, tight junction protein gene expressions; claudin-1 [F
(4,25) = 308.8], occludin [F (4,25) = 23841, and ZO-1 [F (4,25) = 7627]
(Fig. 6C-6E) were suppressed in the AA group by 83.1 %, 67.6 %, and
74.5 %, respectively, in comparison to the control group. Meanwhile,
pre-treatment with Ertu (10 mg/kg) in addition to Sulfa (100 mg/kg)
upregulated claudin-1, occludin, and ZO-1 gene expression by 4-, 2.3-,
and 3.2-fold, respectively, as related to AA group.

Correspondingly, tight junction colonic protein expressions; claudin-
1 [F (4,25) = 865.71, occludin [F (4,25) = 2823], and ZO-1 [F (4,25) =
4125] (Fig. 6G-6I) were diminished in the AA group by 76.1 %, 81 %,
and 75.8 %, respectively, compared to the control group. In contrast,
pre-treatment with Ertu (10 mg/kg) in addition to Sulfa (100 mg/kg)
augmented claudin-1, occludin, and ZO-1 protein expression by 3.4-,

4.9-, and 3.4-fold, respectively, as related to AA group.

3.4.4. Colonic oxidative and apoptotic mediators

Apart from its inflammatory effect, AA provoked apoptosis as shown
in Fig. 7A-7C and evidenced by a significant increase in the pro-
apoptotic protein BAX [F (4,25) = 1359] and BAX/BCL2 ratio [F
(4,25) = 1141], which were elevated by 2.3- and 5-fold, respectively.
Additionally, there was a 52.1 % reduction in the anti-apoptotic protein
BCL2 [F (4,25) = 924.5], in comparison to the control group. However,
in contrast, pre-treatment with Ertu (10 mg/kg) and Sulfa (100 mg/kg)
inhibited apoptosis as demonstrated by a reduction of BAX protein level
by 49.7 % and 49.4 %, respectively, and BAX/ BCL2 ratio by 74.0 %,
along with an increase in BCL2 protein level by 1.9-fold as compared to
AA group.

Additionally, AA prompted oxidative stress as proven by a significant
increase in MDA level, [F (4,25) = 6924], by 2.3-fold in comparison to
the control group. Contrariwise, pre-treatment with Ertu (10 mg/kg) in
addition to Sulfa (100 mg/kg) succeeded in defeating oxidation and
lessened the colonic level of MDA by 48.5 % and 49.5 %, respectively, as
compared to AA group (Fig. 7D). On the other hand, there was a 58.6 %
reduction in the antioxidant SOD level [F (4,25) = 4190] in comparison
to the control group. Meanwhile, administration of Ertu (10 mg/kg) as
well as Sulfa (100 mg/kg) upregulated SOD level by 2.1-fold as
compared to AA group (Fig. 7E).

4. Discussion

The present study offered innovative perspectives on the shielding
impact of Ertu, an SGLT2 inhibitor, against AA-induced UC in rats, along
with the underlying mechanisms contributing to its ameliorative impact.
Ertu effectively suppressed the inflammatory transcription factor NF-xB
p65 and downregulated the expression of miRNA-155 gene. This led to
attenuation of the M1-like macrophage phenotype, as supported by
lessened protein expression of CD86 and MCP-1, alongside the protein
contents of TNF-a, IL-1p, and iNOS. Simultaneously, Ertu promoted
macrophage polarization towards an M2-like phenotype, as witnessed
by increased protein expression of CD206, Fizz-1, Ym-1, and Arg-1,
along with elevated IL-10 protein content. Moreover, Ertu enhanced
the tight junction protein gene expressions, including claudin-1, occlu-
din, and ZO-1, aiding in the restoration of intestinal epithelial integrity.
Additionally, Ertu moderated oxidative stress by significantly
decreasing MDA, the lipid peroxidation indicator, and enhancing the
levels of antioxidant SOD. Finally, Ertu mitigated apoptosis by
decreasing the apoptotic protein BAX and enhancing the anti-apoptotic
protein, BCL2 content. These newly discovered findings reinforce earlier
research on SGLT2 inhibitors, highlighting a noteworthy association
between SGLT2 inhibitors and UC and confirming their potential pro-
tective effects. The protective benefits of gliflozins have previously been
demonstrated in studies with canagliflozin [24,56], dapagliflozin
[23,57] and empagliflozin in UC rat models [3,21].

In the current study, intra-rectal administration of AA initiated sig-
nificant histological, macroscopic, and microscopic damage to the rat
colon, consistent with previous studies [37,58]. These alterations
included mucosal hemorrhagic ulcerative lesions, necrosis, abscess for-
mation, submucosal inflammatory cell infiltration, and marked edema.
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Fig. 3. Effect of ertugliflozin (Ertu) (1, 5, and 10 mg/kg) on mucosal goblet cell counts and acidic mucin content in colonic tissues stained with Alcian blue (pH 2.5).
Photomicrographs represented the following groups: (A, a) Control, (B, b) Drug control, (C, c) AA, (D, d) AA + Ertu 1 mg/kg, (E, e) AA + Ertu 5 mg/kg, (F, f) AA +
Ertu 10 mg/kg, and (G, g) AA + Sulfa. Panels [A-G]: X100 (scale bar: 200 pm); panels [a-g]: X400 (scale bar: 50 um). Panel (H) illustrates the area percentage of
goblet cell count and panel (I) presents the area percentage of acidic mucin content. Data are depicted as mean + SD (n = 6 per group). Statistical evaluation was

conducted via one-way ANOVA succeeded by Tukey’s post hoc test; ** p < 0.01, *** p < 0.001 and **** p < 0.0001. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The effect of Ertu (10 mg/kg) on colonic protein expression and levels of M1 macrophage markers in an AA-induced UC rat model. (A) Representative
Western blot bands for CD86 and MCP-1. (B) Quantification of CD86 protein expression. (C) Quantification of MCP-1 protein expression. Protein contents of (D) TNF-
o, (E) IL-1p, and (F) iNOS. Data are depicted as mean + SD (n = 3 per group for WB and n = 6 for ELISA). Statistical evaluation was conducted via one-way ANOVA
succeeded by Tukey’s post hoc test; ** p < 0.01 and **** p < 0.0001. AA, acetic acid; CD86, cluster of differentiation 86; Ertu, ertugliflozin; iNOS, inducible nitric
oxide synthase; IL-1p, interleukin-1 beta; MCP-1, monocyte chemoattractant protein-1; Sulfa, sulfasalazine; TNF-a, tumor necrosis factor-alpha.

This damage disrupted the mucus layer, leading to goblet cell loss and
reduced mucin content, thereby compromising the intestinal barrier.
Furthermore, AA-treated rats exhibited pronounced macroscopic dam-
age, characterized by increased DAI [37,44], colon mass index [46], the
ratio of colon weight to length [40,47], UI [44], and colonic damage
score [49,50]. Conversely, pre-treatment with Ertu alleviated AA-
induced UC in rats, as demonstrated by improvements in both the his-
tological architecture of the colon and macroscopic evaluations, which
assessed the severity of intestinal inflammation. These therapeutic up-
shots were observed following a dose-dependent way, with the high dose
of Ertu (10 mg/kg/day, p.o.) demonstrating particularly significant
biochemical outcomes. Furthermore, the therapeutic efficacy of Ertu
was comparable to Sulfa, which served as the reference drug for eval-
uating its effectiveness against UC.

The pathophysiology of UC is characterized by a dysregulated im-
mune response that overreacts to normal gut microbiota, leading to
chronic inflammation [59]. Macrophages, as essential innate immune
cells, engage in a principal function in the pathogenesis of UC [60].
Macrophages can undergo polarization into two distinct phenotypes: M1
(proinflammatory) and M2 (anti-inflammatory). M1 macrophages pro-
duce excessive pro-inflammatory cytokines, which lead to barrier
damage and inflammation, meanwhile, M2 macrophages promote tissue
regeneration and wound healing [61]. Macrophages, particularly those

10

of the M2 phenotype, enhance intestinal epithelial tight-junction
integrity through exosomes delivery of microRNAs (e.g., miR-590-3p,
miR-21 and miR-23a-3p) that promote epithelial proliferation and
repair, as well as cytokine secretion, notably transforming growth factor
beta, which upregulates key tight-junction proteins such as claudin-1,
claudin-4, and occludin, thereby maintaining barrier function [62,63].

Noteworthy, the NF-kB signaling pathway serves a crucial function in
driving the classical stimulation of M1 macrophages [64]. Upon acti-
vation, IkBa undergoes phosphorylation, ubiquitination, and subsequent
degradation in the cytoplasm. This degradation allows the relocation of
NF-«B to the nucleus, in which it stimulates pro-inflammatory indicators
production as TNF-a, IL-18, MCP-1, and iNOS as reported herein and
previously [60,61,65]. This cascade amplified the inflammatory
response, facilitated M1 macrophage activation, and increased the
protein expression of CD86, a key marker for M1 macrophages.
Conversely, NF-kB activation inhibited M2 macrophage polarization as
witnessed in the reduction of the protein expression of Arg-1, Fizz-1, and
Ym-1, along with IL-10 protein level. This suppression also led to a
decline in CD206 expression, a characteristic marker of M2 macro-
phages [66,67]. Therefore, restoring the balance between M1 and M2
macrophages holds significant potential for the treatment of UC, making
macrophage polarization a promising therapeutic target.

The present research, for the first time, demonstrated that Ertu
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Fig. 5. The effect of Ertu (10 mg/kg) on colonic protein expression and levels of M2 macrophage markers in AA-induced UC rat model. (A) Representative Western
blot bands for CD206, Fizz-1, Ym-1, and Arg-1. Quantification of protein expression levels for (B) CD206, (C) Fizz-1, (D) Ym-1, (E) Arg-1, and (F) IL-10 protein
content. Data are depicted as mean + SD (n = 3 per group for WB and n = 6 for ELISA). Statistical evaluation was conducted via one-way ANOVA succeeded by
Tukey’s post hoc test; * p < 0.05, ** p < 0.01 and **** p < 0.0001. AA, acetic acid; Arg-1, arginase-1; CD206, cluster of differentiation 206; Ertu, ertugliflozin; Fizz-1,
found in inflammatory zone-1; IL-10, interleukin-10; Ym-1, chitinase-3-like protein 1; Sulfa, sulfasalazine.

attenuated the inflammatory status and shifted macrophage polarization
towards the M2 phenotype via inhibiting the NF-kB signaling pathway.
Indeed, pre-treatment with Ertu attenuated M1 macrophages activation
and decreased the secretion of its pro-inflammatory cytokine, such as
TNF-a, IL-18, MCP-1, iNOS, and CD86, thereby alleviating AA-induced
inflammation in the colon of the rats. Simultaneously, Ertu promoted
the polarization of M2 macrophages, increasing the protein expression
of Arg-1, Fizz-1, Ym-1, and CD206 together with IL-10 levels, which
contributed to tissue repair and regeneration. Also, the anti-
inflammatory upshots of Ertu can be supported by the study of Moell-
mann et al. [32] which demonstrated that Ertu triggered the phos-
phorylation of cardiac AMP-activated protein kinase (AMPK) at Thr172,
thereby influencing M1/M2 macrophage polarization. Similarly, Ertu
significantly reduced p-AKT (Ser473), p-AKT (Thr308), and IL-1, sug-
gesting that Ertu effectively modulates M1/M2 polarization. These
previous findings suggest that the phosphatidylinositol-3-kinase /Akt/
NF-kB signaling axis plays a role in inhibiting M1 macrophage polari-
zation [68]. In the bargain, earlier studies have highlighted Ertu’s anti-
inflammatory effects, including the downregulation of key inflamma-
tory mediators for instance NF-kB, IL-1f, IL-6, TNF-q, toll-like receptor 4
(TLR4), and macrophage migration inhibitory factor [69,70].

Notably, several studies have underlined the significance of M1/M2
polarization in UC. Ge et al. [65] reported that isomeranzin improved
experimentally induced colitis by modulating M1 macrophage polari-
zation through the NF-xB and ERK pathways. Similarly, Min-yao et al.
[71] showed that Huangqin decoction alleviated UC by influencing fatty
acid metabolism, which in turn regulates M2 macrophage polarization
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via the FFAR4-AMPK-PPARa pathway. Additionally, Hongda et al. [15]
demonstrated that tiliroside mitigated UC by restoring the balance be-
tween M1 and M2 macrophages. It has been well-established that the
administration of empagliflozin, another SGLT2 inhibitor, leads to a
reduction in M1 macrophage polarization while promoting the activa-
tion of the alternative M2 macrophages, thereby protecting against
excessive inflammation [72]. Previous studies have also suggested that
SGLT2 inhibitors, including dapagliflozin, exhibited anti-inflammatory
and antioxidant effects. Dapagliflozin was shown to induce a shift
from the M1 macrophage phenotype, characterized by markers for
instance IL-6, IL-1f, and iNOS, towards the M2 phenotype, represented
by markers such as CD206 and IL-10. This shift occurred through the
activation of the STAT3 signaling pathway, ultimately attenuating car-
diac fibrosis [73]. Furthermore, canagliflozin has demonstrated anti-
inflammatory and neuroprotective properties by hindering the TLR4/
MyD88/NF-kB/NLRP3 pathway, which resulted in modulation of the
M1 to M2 phenotypic shift in microglial polarization, thereby reducing
apoptosis and inflammation [55].

Of note, miR-155 has been linked to various inflammatory responses
and was stated to be over-expressed in UC [74,75]. In UC, the amplifi-
cation of miR-155 enhances NF-xB activity, which consequently am-
plifies the production of mediators of inflammation, exacerbating
inflammation [75]. Additionally, the overexpression of miR-155 leads to
the downregulation of TJ proteins, disrupting the intestinal mucosal
barrier [76]. MiR-155 has also been shown to be involved in the po-
larization of macrophages, contributing to inflammation. There is sub-
stantial evidence indicating that TLR4/MyD88 signaling plays a critical
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Fig. 6. The effect of Ertu (10 mg/kg) on colonic protein and gene expression of inflammatory and tight junction markers in AA-induced UC rat model. (A)
Representative Western blot bands for pS536-, total NF-kB p65, claudin-1, occludin, and ZO-1. Gene expression levels of (B) miR-155, (C) claudin-1, (D) occludin, and
(E) ZO-1. Quantification of (F) pS635-NF-kB, (G) claudin-1, (H) occludin, and (I) ZO-1 protein expression. Data are depicted as mean + SD (n = 3 per group for WB

and n = 6 for PCR). Statistical evaluation was conducted via one-way ANOVA succeeded by Tukey’s post hoc test; *

** p < 0.0001. AA, acetic acid; Ertu, ertu-

gliflozin; miR-155, microRNA 155; pS536-NFkB p65, phospho-serine 536 nuclear factor-kappa B; Sulfa, sulfasalazine; ZO-1, zonula occludens-1.

role in regulating miR-155 expression. Upstream miR-155 induced
expression is likely regulated by the TLR4/MyD88/NF-kB pathway, a
well-characterized inflammatory signaling axis known to induce miR-
155 in macrophages and epithelial cells [77,78]. Therefore, targeting
miR-155 inhibition presents a promising therapeutic approach for
managing UC. Indeed, inhibiting miR-155 was shown to reduce p-NF-«kB
activation and lower inflammatory cytokine release, alleviating colitis
severity [76,79]. Research indicates that miR-155 is critical in regu-
lating macrophage polarization during colitis. Specifically, down-
regulating miR-155 expression leads to a shift from the pro-
inflammatory M1 macrophage phenotype to the anti-inflammatory M2
phenotype, helping to suppress inflammation and modulate adaptive
immune responses in the colon [80]. These findings align with the
current study, where treatment with Ertu significantly reduced miR-155
expression, contributing to its anti-inflammatory effects. This outcome is
further supported by studies showing that SGLT2 inhibitors, such as
dapagliflozin, reduced miR-155 expression, promoting a shift towards
M2 macrophage polarization via NF-xB pathway inhibition [81,82].
Tight junction proteins, such as claudin-1, occludin, and ZO-1 have a
critical function in conserving gut barrier integrity by binding intestinal
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epithelial cells together [83]. During the progression of UC, disruption
of TJ leads to compromised gut barrier function, increased intestinal
permeability, microbial translocation, and persistent inflammation
[84,85]. Thus, preserving TJ function is essential for preventing the
invasion of enteric pathogens and other harmful substances within the
intestinal mucosa, thereby mitigating immune responses.

In the current study, AA administration reduced the gene expression
of claudin-1, occludin, and ZO-1, thereby impairing the integrity of the
colonic membrane. These findings align with previous studies [83,86].
Conversely, pre-treatment with Ertu significantly elevated the expres-
sion of these TJ proteins, which may explain its colo-protective effects.
This upregulation could result from the inhibition of the NF-kB signaling
cascade and its associated inflammatory cascade. These observations are
in line with the studies of Lei et al. [87] and Duo-duo et al. [85], which
demonstrated that increased TJ protein expression alleviates UC symp-
toms by restoring intestinal mucosal integrity through the suppression of
NF-xB pathway. Similarly, empagliflozin, an SGLT2 inhibitor, has
remarkably boosted the contents of TJ proteins; claudin-1 and occludin,
thereby improving colonic barrier function and promoting mucosal
healing via NF-kB pathway inhibition [3].
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Fig. 7. The effect of Ertu (10 mg/kg) on colonic protein levels of (A) BAX, (B) BCL2, (C) BAX/ BCL2 ratio, (D) MDA and (E) SOD in an AA-induced UC rat model. Data
are depicted as mean =+ SD (n = 6 per group), Statistical evaluation was conducted via one-way ANOVA succeeded by Tukey’s post hoc test; ** p < 0.01 and **** p <
0.0001. AA, acetic acid; BAX, BCL2-Associated X Protein; BCL2, B-cell lymphoma protein 2; Ertu, ertugliflozin; MDA, malondialdehyde; SOD, superoxide dismutase;

Sulfa, sulfasalazine.

Oxidative stress plays a vital role in maintaining normal cellular
functions at physiological levels; however, when excessively activated,
it can exacerbate intestinal barrier disruption and promote epithelial cell
death. Moreover, it has been implicated as a key contributor to the
pathogenesis of ulcerative colitis [88]. MDA is a major byproduct of
lipid peroxidation, resulting from the reaction between oxygen free
radicals and unsaturated fatty acids in cell membranes. It exerts
considerable harmful effects on the colonic mucosa. Therefore, MDA is
widely used as an indirect marker to assess oxygen free radical’s levels in
the colonic tissue of patients with UC. Besides, SOD plays a crucial role
in neutralizing oxygen free radicals, preventing lipid peroxidation
within intestinal tissues, and maintaining the stability of cell mem-
branes. As a result, SOD is widely regarded as a key indicator of the
body’s antioxidant defense capacity against oxidative stress [89,90].
Based on these findings, the current study showed AA administration led
to an upregulation of MDA levels, alongside a reduction in SOD content,
which is consistent with earlier studies [91,92]. Conversely, pretreat-
ment with Ertu suppressed oxidative stress by lowering the levels of
MDA while enhancing SOD content. These findings are in line with
earlier research [93] which confirmed that Ertu exhibited oxidative
stress-inhibiting properties.

The apoptotic pathway plays a crucial role in UC pathogenesis,
adjusted by the equilibrium amid the pro-apoptotic proteins (e.g., BAX)
and anti-apoptotic proteins (e.g., BCL2). An elevated BAX/BCL2 ratio
activates caspase-3, enhancing apoptosis [94]. Intestinal epithelial cells
are essential for maintaining immune responses, mucosal homeostasis,
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and host defense. However, apoptosis triggered via the TLR4/NF-«B axis
disrupts the epithelial barrier, leading to intestinal injury, improper
fluid secretion, and symptoms such as diarrhea, gas, and cramping.
Thus, restoring mucosal barrier integrity by inhibiting apoptosis im-
proves UC outcomes [95,96]. In light of these outcomes, the present
study demonstrated that AA administration raised BAX and caspase-3
levels while reducing BCL2 levels, aligning with previous research
[94,97]. On the other hand, pre-treatment with Ertu inhibited apoptosis
by reducing BAX and caspase-3 and increasing BCL2 content, an effect
likely correlated with the repression of the NF-kB signaling pathway.
This was consistent with previous studies [32,34], which demonstrated
that Ertu exerted anti-apoptotic effects by repressing BAX and caspase-3
while boosting BCL2. Similarly, canagliflozin, an SGLT2 inhibitor, has
been shown to reduce the BAX/BCL2 ratio and caspase-3 levels in UC
models [24,56]. Furthermore, the anti-apoptotic effects of dapagliflozin
in UC have been attributed to its ability to suppress caspase-3 expression
[23].

Regarding the comparison between the high dose of Ertu (10 mg/kg)
and the standard drug Sulfa in alleviating AA-induced UC, both
exhibited nearly the same results including the histological, macro-
scopic, and biochemical assay markers in light of the previous literature
which unveiled the robust effect of Sulfa in the treatment of UC [98].

In conclusion, Ertu alleviated AA-induced UC in rats by inhibiting the
NF-kB signaling cascade and its downstream pro-inflammatory cyto-
kines, thereby promoting a shift in macrophage polarization from the
pro-inflammatory M1 phenotype to the anti-inflammatory M2
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phenotype. Additionally, Ertu suppressed the expression of miR-155,
restored mucosal barrier integrity by upregulating the TJ proteins, and
mitigated apoptosis and oxidative stress. These findings position Ertu as
another promising SGLT2 inhibitor with protective effects against UC,
paving the way for future research into its therapeutic potential in other
inflammatory bowel diseases.

The present study has some limitations that warrant future consid-
eration. To comprehensively evaluate the therapeutic efficacy of Ertu in
UG, its impact should be examined across different experimental models
in addition to AA, including chronic models, such as DSS or TNBS, which
would allow a more thorough evaluation of the long-term impact of Ertu
on disease progression and mucosal healing, as well as genetically
modified models that better mimic human disease pathogenesis. Also,
future research needs to evaluate the safety and efficacy of co-
administering Ertu with anti-TNF-o biologics utilized in UC treatment.
Direct quantification of infiltrating macrophages as CD68+/CD163+
cells could complement the current findings as well as, directly assessing
M1/M2 polarization markers in macrophages themselves rather than
detecting them in rat tissues. Assessment of BAX and BCL2 expression
using Western blotting or the TUNEL assay could further validate the
results by providing advanced apoptosis detection data. Future research
should also include direct measurements of blood or urine volume,
osmolality, and hematocrit to conclusively rule out adverse effects of
Ertu as an osmotic diuretic.
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