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Abstract. Sepsis is often complicated by the onset of acute kidney injury (AKI) through processes
involving inflammation, oxidative stress, tubular damage, and cell death. In this study, we investigated
whether enavogliflozin might mitigate acute renal damage following Cecal Ligation and Puncture
(CLP)-induced sepsis.

Methods. Twenty-four male mice were allocated to the following four experimental groups: sham
operation (Sham), CLP, CLP plus dimethyl sulfoxide (DMSO), and CLP plus enavogliflozin.
Enavogliflozin was administered intraperitoneally at Img/kg, 1h before CLP surgery. At 24 hours
after surgery, blood and kidney tissue samples were collected. Serum creatinine was measured to
assess kidney function, while renal tissue levels of kidney injury molecule-1 (KIM- 1), nuclear factor
kappa B (NF-xB), malondialdehyde (MDA), caspase-3, and nuclear factor erythroid 2-related
factor 2 (Nrf2) were measured using an enzyme-linked immunosorbent assay (ELISA). We also
performed a kidney histopathological assessment using Hematoxylin & Fosin staining and a score
assigned for renal damage.

Results. Serum creatinine was significantly elevated in mice undergoing CLP compared to sham controls
(2.240 £ 0.2546 mg/dL vs 0.4307 = 0.05516 mg/dL; P < 0.0001). Administration of enavogliflozin
in CLP animals resulted in a decrease in serum creatinine levels (1.117 £ 0.1276 mg/dL vs 2.240
+ 0.2546 mg/dL; P < 0.01). Compared with the CLP group, enavogliflozin significantly reduced
renal tissue levels of the tubular injury marker KIM-1 (359.3 £ 12.30 vs. 461.4 = 18.32 pg/mL;
P < 0.001), the inflammatory mediator NF-xB (844.7 = 20.09 vs. 1429 *= 11.38 pg/mL;
P <0.0001), the oxidative stress marker MDA (204.5 = 18.79vs. 320.6 + 23.51 ng/mL; P < 0.01),
and the apoptosis-related protein caspase-3 (7.726 = 0.4581 vs. 10.21 £ 0.5911 ng/mL; P < 0.05).
In contrast, renal Nrf2 levels were significantly higher in enavogliflozin-treated mice than in the
CLP group (4383 = 123.6 vs. 3210 + 117.6 pg/mL; P < 0.0001), indicating enhancement of the
antioxidant response. Histologically, renal tissue of enavogliflozin-treated mice showed ameliorated
injury scores compared to the CLP controls [0.0 (0.0—1.0) vs 3.5 (3.0—4.0); P < 0.05].

Conclusions. Treatment with enavogliflozin attenuates acute CLP-induced renal injury by
ameliorating tubular damage, suppressing inflammation and oxidative stress, and promoting an
antioxidative cellular response. Further studies are warranted to elucidate the mechanism of action
and establish the clinical utility of enavogliflozin administration following sepsis.

Keywords: sepsis, acute kidney injury, sodium-glucose transporter 2 inhibitors, enavogliflozin, cecal
ligation and puncture, oxidative stress.
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Anaa K. Annaxepil, Ani M. /Ixxana0i?

Enasor.1ii03uH 3MeHIIY€E TSZKKICTh PAHHBOIO CENCHC-aCOoiiiOBAHOIO
roCTporo nOomkKoOI2KCHHA HUPOK Y MUIIaviii MOIle.l]i 3 HepEB’HSyBaHHﬂM
i MyHKIi€I0 CJINOI KUIIKHU
I®akyneret hapmauii, Yaisepcurer Kydpu, Hagxad, Ipax
2Kadenpa papmakoJorii Ta Tokcukosorii, @akynsreT apmauii, YHisepcurer Kybu, Hamxad, Ipax

Pestome. Cencuc uacmo yckaaonoemocs cocmpum noutkooxcenuam Hupox (I'IH), y poseumky sxoeo eéaxcaugy
poab gidieparome 3ananeHHs, OKCUOAMUBHUI cmpec, NOWKOO0MICEHHS HUPKOBUX KAHAAbYIE | 3acubenb KaimuH. Y ubomy
docnioxnceHHi OUiHIGAAU 30amHiCMb eHaBoenipr03uHy 3meHuysamu msaxckicmo T'IIH y modeni cencucy, indyxoseanoeo
nepee’a3y8aHHAM [ NYHKUIE CAINOT KUWKU.

Memoou. /leadysme yvomupu camyi muuieii 6yau po3noodineni Ha Yomupu eKxcnepumMenmanbti epynu: nceodoone-
posari meapunu (Sham), nepes’azyeanns ma nynxuyis cainoi kuwku (CLP), CLP i3 6sedenuam dumemuacynoorcudy
ma CLP i3 6gedenuam enasoenigprosuny. Enaeoenighnozun 6600unru enympiunboouepedurto 6 003i 1 me/xe 3a 1 2o00uny do
onepayii CLP. Yepe3 24 codunu nicas onepayii idoupaniu 3pasku Kpogi ma mkaHuru HUpok. /[ns oyinku @yHKyii HUpoK
BU3HAYANU KOHUEHMPAUiII0 KPeamuHiHy 6 CUpo8amuyi Kpoei, a 6 MKAHUHI HUPOK Memo0oM iMyHOpepMeHmHo20 ananisy
(IDA) suznauanu pieni mosexyau nouikooxcenns nupok-1 (KIM- 1), soeproeo pakmopa kanna B (NF-xB), maronosoeo
dianvdecidy (MDA), kacna3u-3 ma sdeproeo pakmopa, noeé’13anoeo 3 epumpoionum gaxmopom 2 (Nrf2). Takoxc npo-
6800UAU 2icMOA02IUHe 00CAI0NCEHHS MKAHUHU HUPOK 3 3a0ap8AeHHIM 2eMaAmMOKCUAIHOM MA e03UHOM I U3HAYAAU CYNIHb
NOWKO00XNCEHHS HUPOK 3a OAAbHOI WKAA0IO0.

Pezynomamu. Y muweii epynu CLP konyenmpayis KpeamuHiny cuposamiu Kpogi 0yaa 3HAYHO GUULOI0, HIdC Y
ncesdooneposarnux meapur (2,240 = 0,2546 npomu 0,4307 £ 0,05516 me/on; p < 0,0001). Beedenus enasoenighnozuny
meapunam epynu CLP cynposodicysanoce 3nuxcennsm Konuenmpauii kpeamuniny (1,117 = 0,1276 npomu 2,240 +
0,2546 me/on; p < 0,01). Ilopienano 3 epynoio CLP, 66edents eHago2nihno3uny cCynpo8ooscysanoch 3HAYHUM 3HUINCCH-
HAM Y MKAQHUHI HUPOK PIGHS MaApKepa KaHaivleo2o nouikooxcenns KIM-1(359,3 £ 12,30 npomu 461,4 = 18,32 ne/ma;
p <0,001), mediamopa 3ananenns NF-kB (844,7 £ 20,09 npomu 1429 = 11,38 ne/ma; p < 0,0001), mapkepa okcuda-
mueroeo cmpecy MDA (204,5 + 18,79 npomu 320,6 + 23,51 ne/ma; p < 0,01) ma nogé’szanoi 3 anonmosom Kacnaszu-3
(7,726 = 0,4581 npomu 10,21 + 0,5911 ne/ma; p < 0,05). Boonouac pieenv Nrf2 y mxkaununi HUpox 6y6 3HAUHO 6U-
wum y mumieil, SKi Ompumyeanu eHagoenignosun, nopiensano 3 epynoio CLP (4383 + 123,6 npomu 3210 = 117,6 ne/ma;
p<0,0001), wo ceiduums npo NOCUAEHHSI AHMUOKCUOAHMHOT 8I0N06I0I. 3a pe3yrbmamamu 2icmonociuH020 00CAI0NCeHHS
Muwi, IKi OmpumMyeaiu eHaeo2Aiha03ul, Maiu HUMCHUN 6AN NOUKOONCEHHS HUPKOBOi MKAHUHU NOPIGHAHO 3 MBAPUHAMU
epynu CLP [0,0(0,0—1,0) npomu 3,5 (3,0—4,0); p < 0,05].

Bucnosxu. Enasoenigpnosun smenuysas maxckicmo I'ITH, wo nposeasinocs sMeHueHHAM KAHAAbUEB020 NOULKO-
0oICeHHs, 3ananeHHs ma OKCUOAMUBHO20 Cmpecy, A MAaKOIC NOCUACHHAM AHMUOKCUOaHmMHOI 8idnogidi. Tlodasvuii do-
cridcenHs HeoOXIOHI 0as1 YMOUHEHHS MeXaHi3mie Oii eHasoenighno3uHy ma OyiHKU NepcneKmue 1oeo 3acmocy8aHHs y
nayieHmie i3 cencucom.

KmouoBi cioBa: cencuc. eocmpe nouiko0icenns HUpoK. iHeiOimopu HAmpili-2nKo03H020 Komparcnopmepa 2
muny. Enaeoenighno3un. nepes’a3yeannsa ma nyHKyis cAinoi KuwKu, oKcuoamusHuil cmpec.

Introduction. Sepsis is a life-threatening condition
that develops in the dysregulated host’s response to
infection. It remains one of the leading causes of organ
failure and death worldwide [1, 2]. Sepsis-associated
acute kidney injury (SA-AKI) is a common and critical
condition that has a poor prognosis and mortality, along
with limited therapeutic options [3]. Although reduced
renal blood flow would appear to be the main cause of
SA-AKI, inflammation, oxidative stress, endothelial

Ali M. Janabi
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injury, microcirculatory dysfunction, mitochondrial
injury, and tubular epithelial cell injury all play a role in
the occurrence of SA-AKI [4, 5].

Inflammation induced by sepsis has leukocytes
going to renal tissue as an organ damage process
mediated by nuclear factor kappa B (NF-xB) [4].
Simultaneously,theemergenceofreactive oxygenspecies
(ROS) induces lipid peroxidation, apoptosis, renal
architecture disturbance and higher concentrations of
malondialdehyde (MDA), caspase-3, and kidney injury
molecule-1 (KIM-1) [6, 7]. Nuclear factor erythroid
2-related factor 2 (Nrf2) mediates cellular responses
to oxidative stress and inflammatory stimulation,
promoting increased antioxidant capacity and limiting
oxidative/inflammatory cell damage [8, 9]. Recent
experimental work suggests the association between
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Nrf2/NF-kB axis activation and the pathogenesis of
SA-AKI [10]. However, changes in Nrf2 and NF-«B
levels measured by enzyme-linked immunosorbent
assay (ELISA) should be interpreted with caution.
Such measurements can suggest an association with
these pathways, but they do not confirm direct pathway
activation or inhibition.

Naively designed to address diabetes, sodium-
glucose cotransporter-2 (SGLT2) inhibitors provide
additional benefits in metabolic function beyond
glycemic control, with beneficial effects in kidney and
cardiovascular disease settings [11—13]. Clinical trials
show anti-inflammatory response, antioxidant activity
and protective effect of some SGLT?2 inhibitors in acute
organ injury models. Previous studies indicated that
dapagliflozin could improve the prognosis of kidney
injury in an experimental AKI model [14], and the use
of ertugliflozin reduced sepsis-associated acute liver
injury in mice [15], suggesting therapeutic potential.

The new SGLT?2 inhibitor enavogliflozin (licensed
recently in Korea for type 2 diabetes) was reported for its
pharmacokinetic action, safety, biodistribution in the
body, and even in the kidney [16—18]. It has also shown
protective qualities in experimental inflammatory and
metabolic disorders like diet-induced steatohepatitis
[19]. However, the effect of enavogliflozin on SA-AKI
has not yet been established.

The cecal ligation and puncture (CLP) model
is the predominant polymicrobial model of sepsis in
rodent species, and reproduces a large number of sepsis-
related components, such as inflammatory/systemic/
organ dysfunction responses [20]. While several
SGLT?2 inhibitors have been studied in AKI models and
patients with sepsis-induced organ destruction [21].
The effectiveness of enavogliflozin in CLP-induced
SA-AKI is not clear. Importantly, the mechanism by
which enavogliflozin reduces early kidney dysfunction,
tubular injury, oxidative stress, apoptosis, and
inflammation after CLP-induced sepsis has not been
definitively shown [21]. Accordingly, in this study, we
attempted to determine whether enavogliflozin could
attenuate early kidney injury in a mouse model of CLP-
induced SA-AKI and to explore its possible association
with inflammatory, oxidative stress, and apoptotic
responses.

Materials and methods. Animals and ethical
approval. This study was conducted on 24 adult male
mice (aged 6-8 weeks; 25-35 g weight), which were
obtained from the animal facility at the College of
Science, University of Kufa. Before experimentation,
animals were adapted for one week in laboratory
conditions (maintained at stable temperature and
humidity with a 12 hr light/dark cycle, and provided
with unlimited access to food and water).

The whole experiment was performed at the
laboratories of the Faculty of Pharmacy, University
of Kufa, Najaf, Iraq. All the animal experiments were
performed according to the Institutional Animal Care
and Use Committee, University of Kufa, Najaf, Iraq

(Approval number 2329 on February 3, 2026). The
care of animals and experiments was performed in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. Animals
were observed for symptoms of marked distress, poor
mobility, extreme weakness, and moribundity.

Sample size. Each experimental group included
six mice. A formal sample size calculation was not
performed before the study. The number of animals was
chosen based on similar experimental studies using the
CLP model, and with consideration of reducing animal
use. For this reason, the study should be regarded as an
exploratory preclinical experiment.

The model. Sepsis-associated acute kidney injury
was induced by CLP, with minor modifications to
the method described by Li et al [22]. Briefly, the
mice were anesthetized using a mixture of ketamine
(100mg/kg) and xylazine (10mg/kg). After the loss of
deep surgical planes of anesthesia, the skin overlying
the abdomen was shaved and surgically prepared with
Betadine solution. A midline abdominal incision of
approximately 1-2 cm length was performed, exposing
the cecum. The cecum was exteriorized and ligated
using a 6-0 silk suture at approximately 50-75% of its
length from the ileocecal valve. It was then punctured
two times with a 22-gauge needle, and a small amount
of fecal material was gently extruded to ensure patency
of the punctured sites. Following the procedure, the
cecum was replaced into the abdominal cavity, and the
abdominal incision was closed with surgical sutures.

After the surgery, the animals received 1 mL of
normal sterile saline subcutaneously as supportive fluid.
The animals were placed on a warming pad until they
recovered from anesthesia. The sham-operated animals
underwent an identical procedure except for the cecal
ligation and puncture.

After adaptation, the mice were randomly divided
into four groups of six animals per group. The sham
group underwent only laparotomy without cecal
ligation and puncture and without treatment. The CLP
group underwent cecal ligation and puncture without
treatment. The CLP + DMSO group received dimethyl
sulfoxide (DMSO) vehicle intraperitoneally 1 h before
CLP. The CLP + enavogliflozin group received
enavogliflozin (1 mg/kg) intraperitoneally 1 h before
CLP [15].

Drug preparation and administration.
Enavogliflozin was purchased from TargetMol
(Boston, MA, USA) with Cat No: T38843; purity
98%. Dimethyl sulfoxide was purchased from
TargetMol (Cat. No.: T0341). Fresh stock solutions
of enavogliflozin were prepared daily for the day of the
experiment. The stock solution of enavogliflozin was
prepared first with dimethyl sulfoxide, then diluted
with normal sterile saline.

Enavogliflozin was prepared at a final dose of 1mg/
kg, according to a recent research study that illustrated
its antioxidant and anti-inflammatory characteristics
in experimental models [23]. For the control vehicle
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group, the same volume of DMSO was injected
intraperitoneally. This administration took place 1 hr
before sepsis induction.

Sample preparation. Twenty-four hours after
surgery, mice were deeply anesthetized, and blood was
collected by cardiac puncture as a terminal procedure.
Immediately after blood collection, mice were
euthanized under deep anesthesia with a high dose of
ketamine and xylazine, and death was confirmed before
kidney collection.

Blood samples were collected and centrifuged at
1500 rpm for 15 min at 4°C. Serum was separated and
stored at -80°C until the renal function assessment was
performed. The kidneys were quickly removed and
flushed with normal cold sterile saline solution. Kidney
tissue was divided into two parts, one used for biochemical
measurements and the second one fixed in 10% buffered
formalin solution. The parts of kidney samples designated
for biochemical analysis were weighed and homogenized
in cold phosphate-buffered saline solution at a ratio of 1:9
weight/volume, and then centrifuged for 15 minutes at
12,000 rpm at 4°C [24]. The supernatanti were collected
and kept at -80°C until use.

Blood and kidney samples were coded prior to lab
testing to minimize assessment bias; this was performed
on serum and kidney tissue samples. Biochemical
measurements were taken blindly. The group identities
of the samples were unknown. Histological sections were
also examined by a pathologist blinded to the groups
under study to ensure minimized evaluation bias.

Measurement _of renal injury, inflammatory,
oxidative stress, antioxidant, and apoptotic markers.
The renal injury was assessed by measuring serum
creatinine. Serum creatinine was assayed using a UV-
1900i spectrophotometer (Shimadzu, Japan) according
to the manufacturer’s instructions. The results were
expressed as mg/dL.

Concentration of KIM-1, NF-xB, MDA,
caspase-3, and Nrf2 in the renal tissue homogenate
supernatant was determined using commercial ELISA
kits (SunLongBiotech Co., Ltd., Hangzhou, China),and
catalog numbers are SL0339Mo (KIM-1), SL0723Mo
(NF-xB), SL0370Mo (MDA), SL0679Mo (caspase-3),
SL1027Mo (Nrf2). The procedures followed are as per
the kit instructions. The absorbance at a wavelength of
450nm was measured with a microplate Humareader
HS, HUMAN Diagnostics, Wiesbaden, Germany.

Standard curves were used for each marker in
order to extrapolate the concentration in the unknown
sample. Values are expressed as pg/mL for KIM-1,
NF-kB, Nrf2, and ng/mL for MDA, caspase-3.

Histopathological examination. Kidney samples
fixed in 10% buffered formalin solution were sectioned
at 5 m thickness using a microtome after paraffin
embedding and stained with Hematoxylin & Eosin [25].
The sections were observed under a light microscope.
The renal damage was graded on a semi-quantitative
scale from 0 to 4, based on observed pathologist findings,
which were: tubular epithelial degeneration, tubular

swelling, vascular congestion, and inflammatory cell
infiltration [26]. The scale was as follows: 0 for normal
renal tissue, 1 for mild injury which occurred in less than
25% of the field, 2 for moderate injury, which occurred
in 25% to 50% of the field, 3 for marked injury which
occurred in 51% to 75% of the field, and 4 for severe
injury which occurred in >75% of the field.

Statistical analysis. Data analysis was performed
using GraphPad Prism version 10.6.1 (GraphPad
Software, Boston, MA, USA). Data were analyzed
for normal distribution using the Shapiro-Wilk test.
Normally distributed biochemical data were presented
as mean * standard error of the mean. Comparisons
among groups were performed using one-way analysis
of variance followed by Bonferroni’s post hoc test.

Histopathological scores were presented as median
with interquartile range. These data were analyzed
using the Kruskal—Wallis test followed by Dunn’s
multiple comparison test. A p-value less than 0.05 was
considered statistically significant.

Results. Enavogliflozin improved kidney function
after CLP. To evaluate kidney function after CLP,
serum creatinine was assessed 24 h post-CLP. There
was a significant increase in serum creatinine levels in
the CLP group compared to the sham group, indicating
renal dysfunction induced by sepsis. CLP + DMSO
groups had similar elevation in serum creatinine levels
compared to the CLP group, revealing that the vehicle
itself did not attenuate kidney function. In contrast, in
the enavogliflozin group, the serum creatinine levels
were lower compared to the CLP group (Fig. 1). The
numerical values corresponding to the graphical data
are provided in Supplementary Tables S1 and S2.
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Fig. 1. Effect of enavogliflozin on serum creatinine levels.

Data are presented as M = SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. **P < 0.01, ***P < 0.001, and
**AEP < (0.0001.
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Enavogliflozin decreased renal KIM-1 levels. Renal
KIM-1 was measured as a marker of tubular injury.
Compared to the sham group, the KIM-1 expression
increased significantly in the CLP group. The CLP +
DMSO group had a similar significant up-regulation
compared to the sham group. Enavogliflozin treatment
decreased KIM-1 expression significantly compared
to the CLP group, showing that the damage of renal
tubules is attenuated (Fig. 2).
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Fig. 2. Effect of enavogliflozin on renal KIM-1 levels after CLP.

Data are presented as M = SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. ***P < 0.001 and ****P < 0.0001.

Conversely, compared to the sham group, Nrf2
levels decreased in the CLP group, indicating attenuated
antioxidant response following sepsis. In the enavogliflozin
treatment group, Nrf2 expression increased significantly
compared to the CLP group (Fig. 4).

Enavogliflozin _attenuated oxidative stress and
apoptosis-related markers in the kidneys. MDA was
evaluated to analyze oxidative stress levels. Similar to
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Fig. 4. Effect of enavogliflozin on renal Nrf2 levels after CLP.

Data are presented as M + SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. **P < 0.01, ***P < 0.001, and
*xxxP < 0.0001.

Enavogliflozin reduced renal NF-x B expression and
upregulated renal Nrf2 expression. Renal NF-xB and
Nrf2 expressions were measured to analyze the renal
inflammatory and antioxidant status. Compared to the
sham group, NF-kB levels increased in the CLP group
and CLP + DMSO group significantly. The treatment
of enavogliflozin attenuated NF-xB expression
compared to the CLP group (Fig. 3).
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Fig. 3. Effect of enavogliflozin on renal NF-kB levels after CLP.

Data are presented as M = SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. ****P < 0.0001.

other parameters, MDA levels significantly increased
after CLP compared to the sham group. The elevated
MDA levels in CLP + DMSO groups compared to the
sham group showed that the vehicle did not ameliorate
the oxidative injury. Enavogliflozin treatment
ameliorated the increase in MDA levels compared to
the CLP group, indicating that it significantly decreased
the oxidative stress in the renal tissue (Fig. 5).
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Fig. 5. Effect of enavogliflozin on renal MDA levels after CLP.

Data are presented as M + SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. **P < 0.01, ***P < 0.001, and
*xxxP < 0.0001.
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In addition, cleaved caspase-3 expression levels
were detected as an indicator of apoptosis-related
events. Compared to the sham group, caspase-3
levels increased in the CLP and CLP+DMSO groups,
demonstrating increased apoptosis-related activity in
kidney tissues following CLP. Enavogliflozin treatment
attenuated caspase-3 levels compared to the CLP group
(Fig. 6).

Enavogliflozin improved renal histology. In the sham
group, the renal tissues exhibited preserved structure,
and the glomeruli were morphologically normal,
whereas the tubules were intact. The renal tissues
were obviously damaged in the CLP group and CLP
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Fig. 6. Effect of enavogliflozin on renal caspase-3 levels after CLP.

Data are presented as M = SEM, n = 6 per group. Statistical
analysis was performed using one-way ANOVA followed by
Bonferroni’s post hoc test. *P < 0.05, **P < 0.01, and ***P
<0.001.

Fig. 8. Representative kidney histology after CLP-induced sepsis.

+ DMSO group, with degeneration of renal tubular
epithelium, tubular swelling, vascular congestion, and
infiltration of inflammatory cells.

The renal injury score in the CLP and CLP +
DMSO groups was significantly higher compared with
that of the sham group. Compared with the CLP and
CLP + DMSO groups, enavogliflozin administration
decreased the degree of these damages in the renal
tissue. The renal tissues of the enavogliflozin treatment
group were observed with milder tubular injury,
vascular congestion, infiltration of inflammatory cells,
and well-preserved structure compared with the CLP
group (Fig. 7 and 8).
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Fig. 7. Effect of enavogliflozin on renal histopathological
injury score.

Tubular degeneration, tubular swelling, vascular congestion,
and inflammatory cell infiltration were evaluated using a
semi-quantitative score from 0 to 4. Data are presented as
median with interquartile range, n = 6 per group. Statistical
analysis was performed using the Kruskal—Wallis test
Jfollowed by Dunn’s multiple comparison test. *P < 0.05 and
**P < 0.01.

Representative hematoxylin and eosin-stained kidney
sections from the experimental groups are shown. The
sham group showed normal renal architecture with
preserved glomeruli and tubules. The CLP group
showed marked renal injury, including tubular epithelial
degeneration, vascular congestion, and inflammatory cell
infiltration. The CLP + DMSO group showed similar
tissue damage. The CLP + enavogliflozin group showed
milder renal injury, with reduced tubular damage, less
congestion, and better preservation of renal structure.
Magnification: 100x.
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Discussion. The present study showed that
enavogliflozin attenuates early renal injury in the
mouse model of CLP-induced SA-AKI. The presence
of CLP resulted in renal impairment with high serum
creatinine, as well as elevated renal KIM-1, which
suggested tubular damage. Histological injury, including
tubular epithelial degeneration, vascular congestion,
and inflammatory cell infiltration, supported these
biochemical processes. A pretreatment of enavogliflozin
lowered serum creatinine and KIM-1 levels and
improved renal histology. It decreased renal NF-«B,
MDA, and caspase-3 and raised Nrf2. Taken together,
the study showed that enavogliflozin has anti-early
septic AKI activity by inflammation, oxidative stress,
antioxidant, and apoptosis effects. As far as we know,
our study is the first to assess the effect of enavogliflozin
against SA-AKI in a CLP model.

Previous work demonstrated improved renal
injury due to dapagliflozin in experimental models of
sepsis and lipopolysaccharide-induced AKI [14, 27].
Empagliflozin additionally lowered oxidative stress and
enhanced antioxidant pathways in kidney ischemia/
reperfusion injury [28], and ertugliflozin lowered liver
injury markers in a mouse model of sepsis-induced
acute liver injury [15]. Our results are consistent with
these studies and extend a possible protective effect of
SGLT?2 inhibitors to enavogliflozin in septic kidney
injury.

Improvement in serum creatinine and KIM-1 levels
indicates that enavogliflozin decreased both functional
and tubular components of renal injury. KIM-1 is an
early marker of tubular epithelial injury and typically
rises after proximal tubular damage [29]. Tubular
injury is not a consequence of a single mechanism in
septic AKI, but rather involves the multijunctive effects
of an inflammatory mechanism, microcirculatory
dysfunction, oxidative stress and damage to cells [3, 5].
Thus, the KIM-1 deficiency and improved histological
structure align with the hypothesis that enavogliflozin
attenuated early renal tissue insult after CLP.

Inflammation plays a major role in the
pathophysiology of SA-AKI. NF-kB is a cornerstone
in inflammatory signaling and has been associated with
kidney injury in studies of sepsis [10]. In the present
study, CLP increased the level of renal NF-xB and
enavogliflozin suppression on that level was observed.
This suggests that the protective renal effects of
enavogliflozin may, at least in part, be associated with
inhibition of the inflammatory response. Comparable
anti-inflammatory effects have been described with the
other SGLT?2 inhibitors in experimental organ injury.
For instance, empagliflozin lowered inflammatory
NF-kB-dependent cytokine induction in sepsis-
induced myocardial injury [30], and enavogliflozin
is also noted to attenuate neuroinflammation in an
experimental model of Alzheimer’s disease [31].

Oxidative stress is a major mechanism in septic
AKI. High ROS can harm the lipids, proteins and
cellular structures, with tubular failure and cell

death [5, 7]. MDA is often used as a marker for lipid
peroxidation, and Nrf2 controls antioxidant defenses.
In this study, CLP increased renal MDA levels and
decreased renal Nrf2 levels. This suggests that CLP-
induced sepsis caused oxidative stress and weakened the
antioxidant response in kidney tissue. The changes were
reversed by enavogliflozin with inhibition of MDA and
enhanced Nrf2. Indeed, this pattern goes in line with
previous studies indicating activation of antioxidant
responses could safeguard against SA-AKI [8, 9]. It
is also consistent with the antioxidant effects of the
SGLT?2 inhibitors reported in experimental renal injury
models [28].

Apoptosis also plays its part in renal tubular injury
during sepsis. Caspase-3 is a critical apoptosis marker,
usually upregulated during sepsis-associated organ
death [32]. Herein, levels of caspase-3 were increased
following CLP and decreased after enavogliflozin
treatment, indicating that enavogliflozin could
moderate apoptotic tubularloss. Caspase-3 decrease also
supported histological signs, where lower tubular injury
in the enavogliflozin-treated group indicated better
preservation of renal architecture. When combined,
the current results indicate that enavogliflozin may
shield the kidney in early sepsis by inhibiting multiple
mediating pathways rather than an isolated pathway.
Lower NF-«xB levels might indicate less inflammatory
response, lower MDA levels may suggest less lipid
peroxidation, increased Nrf2 may indicate enhanced
antioxidant response if the organism has a greater
antioxidant response or increased Nrf2 value in the early
sepsis phase, and therefore, less necrosis associated with
apoptosis can indicate reduced cellular damage due to
lower mitogenesis.

There are several limitations in our study. The first
limitation is the small sample size, with only 6 mice per
group; the findings must be considered as preliminary.
Second, only male mice were used, and therefore, no
assessment of sex-specific differences in enavogliflozin
response can be made. Third, a single dose of
enavogliflozin was used and only single time points 24h
after CLP. The dose-response and late progression of
kidney injury are thus unknown.

Another limitation is that the enavogliflozin was
given 1h before CLP, which would test protective
actions but is likely to be less representative of a clinical
setting where therapy is initiated after the development
of sepsis. Moreover, survival rate, bacterial load,
systemic inflammation, blood pressure, urine output
and renal perfusion were not measured. These would
offer a comprehensive overview of disease progression
and response.

Also, the mechanistic findings need to be
interpreted with caution. NF-xB and Nrf2 were
measured by ELISA in kidney tissue homogenate, but
do not necessarily confirm activation or inhibition of
the Nrf2/ NF-«xB signaling pathway. Western blotting,
PCR, immunohistochemistry, or pathway-specific
assays are required for confirmation of the molecular
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mechanism. Finally, this was an experimental study and
direct translation of these findings to clinical S-AKI will
require further preclinical and clinical investigation.

Conclusionis. Enavogliflozin may attenuate early
SA-AKI in a mouse model of CLP, by improving serum
creatinine and reducing renal KIM-1, NF-xB, MDA
and caspase-3 levels. In addition, it increases renal Nrf2
expression and improves renal histology. Our findings
suggest that the renoprotective effect may be attributed
to attenuated tubular injury, inflammation, oxidative
stress and apoptosis with a superior antioxidant
response. However, in light of the small size of the study
and the unconfirmed molecular pathways, this study
should be considered to be exploratory. Further studies
are needed to confirm the molecular mechanisms, test
different doses and time-points, and demonstrate the
therapeutic relevance of enavogliflozin in a post-sepsis
scenario.
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