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Abstract:

Introduction: Renal ischemia/reperfusion injury is a sequence of complicated events that involve a reduction in
blood supply followed by a recovery of perfusion and oxygenation to the kidneys. Ertugliflozin is a selective inhibitor
of SGLT2. To our best knowledge, there is limited published data about the nephroprotective effects of ertugliflozin
via the Nrf2 and RIPK1/MLKL molecular pathways. The aim of this study is to investigate the nephroprotective effects
of ertugliflozin through Nrf2 and RIPK1/MLKL molecular pathways.

Materials and Methods: 24 Sprague Dawley rats were assigned to four groups: Sham, I/R, I/R + Veh, and I/R +
EGZ.  The  sham  group  underwent  laparotomy  without  induction  of  the  I/R  model.  The  other  three  groups  were
subjected to 30 minutes of bilateral renal ischemia and 24 hours of reperfusion. The I/R + Veh and I/R + EGZ groups
received DMSO and 20 mg/kg ertugliflozin intraperitoneally one hour before ischemia induction, respectively.

Results:  KIM-1,  TNF-α,  IL-1β,  NF-κB,  and  caspase-3  levels  were  quantified  using  ELISA.  Nrf2  and  MLKL  were
assessed  through  IHC,  while  RIPK1  expression  was  determined  via  RT-qPCR,  in  addition  to  histopathological
examination.  In  I/R  and  I/R  +  Veh  groups,  KIM-1,  TNF-α,  IL-1β,  NF-κB,  caspase-3,  RIPK1,  MLKL,  and
histopathological findings were remarkably elevated. On the contrary, the administration of ertugliflozin substantially
reduced renal damage, inflammation, cell death, and histological features. Nuclear translocation of Nrf2 was greatly
increased in the ertugliflozin-treated group, and molecular docking revealed that ertugliflozin was bound to Keap1.

Discussion: The administration of ertugliflozin notably increased the Nrf2 expression. These findings, along with the
reduction in renal damage, Necroptosis, and apoptosis, indicate the nephroprotective effect of ertugliflozin.

Conclusion: Ertugliflozin showed marked nephroprotective effects evidenced by reduced oxidation, inflammation,
Necroptosis, apoptosis, and necrosis through translocation of Nrf2 and inhibition of RIPK1/MLKL pathways.

Keywords: Ertugliflozin, Renal ischemia/reperfusion injury, Nrf2, RIPK1, MLKL, Necroptosis.
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1. INTRODUCTION
Renal Ischemia/Reperfusion Injury (IRI) is a sequence of

complicated  events  involving  a  reduction  in  blood  supply
followed  by  recovery  of  perfusion  and  oxygenation  to  the
kidneys [1]. It includes both local and systemic effects and
primarily  involves  two  steps:  first,  ischemia,  where  the
Adenosine  Triphosphate  (ATP)  loss  occurs,  and  second,
reperfusion,  during  which  the  oxidative  stress,  inflam-
mation,  and  cell  death  occur  [2].  IRI  frequently  occurs
during  cardiovascular  procedures,  cardiogenic  shock,  or
organ  transplantation  [3].  Immunologically,  innate
immunity is the key component of the early response to IRI;
it  includes  various  types  of  cells,  like  neutrophils  and
monocytes/macrophages.  On  the  other  hand,  adaptive
immunity  comprises  antigen-presenting,  dendritic  cell
maturation,  T  cell  proliferation  and  activation,  and
lymphocyte interactions [4]. Physiologically, the generation
and  scavenging  of  Reactive  Oxygen  Species  (ROS)  are
dynamically equilibrated. Once this equilibrium is disturbed
by  the  overproduction  of  ROS  and  the  reduction  of
antioxidant defenses,  oxidative stress happens, promoting
inflammation  and  cellular  damage  [5,  6].  Nuclear  factor
erythroid 2-related factor 2 (Nrf2) is the major transcription
factor  regulator  of  oxidative  stress,  participating  in
cytoprotection,  redox  homeostasis,  drug  metabolism,  iron
and amino acid metabolism, cellular proliferation, and other
physiological  functions [7].  Physiologically,  two molecules
of  kelch-like  ECH-associated  protein  1  (Keap1)  homo-
dimerize with two Nrf2 motifs and then with Cullin-3/RING-
box  protein,  ubiquitinating  the  lysine  residue  of  Nrf2.
Consequently, Nrf2 is removed and degraded while Keap1
is reutilized again. This process will sequester the Nrf2 and
prevent  its  nuclear  translocation  [8].  Conversely,  during
oxidative stress, the cysteine residue of Keap1 is oxidized,
triggering  a  conformational  change and the  separation  of
Keap1. As a result, the Nrf2 is released, translocates to the
nucleus,  and  heterodimerizes  with  the  small
Musculoaponeurotic  fibrosarcoma  (sMaf).  This  complex
interacts  with  antioxidant  response  elements,  activating
downstream cytoprotective genes [9]. Necroptosis was first
described  in  2005  as  a  cellular  programmed  pathway  of
necrosis.  It  is  pro-inflammatory,  non-caspase-dependent,
and shares features of both apoptosis and necrosis. On the
one  hand,  it  is  similar  to  apoptosis  in  that  it  is  strictly
regulated  and  initiated  by  certain  signals,  while  on  the
other  hand,  it  is  morphologically  resembling  necrosis,
where  the  cells  are  ruptured,  resulting  in  the  leaking  of
damage-associated molecular patterns with the subsequent
inflammation [10, 11]. Stressful conditions like IRI, drugs,
calcium overload, and heat and osmotic stress can activate
necroptosis  through  several  ligand/receptor  signaling
pathways,  among which the  Tumor Necrosis  Factor-alpha
(TNF‐α)//TNF  Receptor  (TNFR)  1  interaction  is  the  most
studied  one  [12].  The  consequences  of  TNF-α/TNFR1
interaction are cellular  survival,  apoptosis,  or  necroptosis
[13]. Ertugliflozin is a selective inhibitor of Sodium-Glucose
Cotransporter-2  (SGLT2).  It  is  the  newest  member  of  the
SGLT2 inhibitor family and, together with diet and physical
activity, lowers blood glucose in diabetic patients [14, 15].
In  healthy  euglycemic  individuals,  the  glomerulus  filters
about 180 grams of glucose each day. Most of the glucose is

reclaimed from the proximal tubule by SGLT2, accounting
for  more  than  90%  of  glucose  reabsorption  [16].
Ertugliflozin  selectively  blocks  SGLT2,  limiting  glucose
reabsorption from the kidney, increasing glucose excretion
in urine, and lowering blood sugar and glycated hemoglobin
A1c [17].

Additionally,  it  reduces  body  weight  by  reducing
calories from glycosuria, lowers blood pressure due to its
natriuretic and diuretic effects, and significantly benefits
the  kidney  and  cardiovascular  system  [18].  There  are
limited published data on the nephroprotective impacts of
ertugliflozin  through  Nrf2  and  Receptor-Interacting
Serine/Threonine-Protein Kinase 1 (RIPK1)/ Mixed Lineage
Kinase  Domain-like  Pseudokinase  (MLKL)  molecular
pathways in renal IRI. This study aims to investigate the
nephroprotective effects of ertugliflozin through Nrf2 and
RIPK1/MLKL  molecular  pathways  and  by  assessing
inflammatory  and  cell  death  markers.

2. MATERIALS AND METHODS

2.1. Chemicals and Assay Kits
Ertugliflozin  (CAS  No.  1210344-57-2,  MW:  436.88,

purity:  99%)  was  purchased  from  Macklin  Biochemical
Technology, China. Dimethyl Sulfoxide (DMSO) (CAS No.
67-68-5,  MW:  78.13)  was  purchased  from  CDH,  India.
Ketamine (10%) and xylazine (2%) were purchased from
Alfasan, Netherlands. Rat ELISA kits for KIM-1 (Cat. No.
SL0433Ra),  TNF‐α  (Cat.  No.  SL0722Ra),  Interleukin-1
beta (IL‐1β) (Cat. No. SL0402Ra), Nuclear Factor kappa-
light-chain-enhancer of activated B cells (NF-kB) (Cat. No.
SL0537Ra),  and  caspase-3  (Cat.  No.  SL0152Ra)  were
purchased  from  Sunlong,  China.  Nrf2  (Cat.  No.  E-
AB-93081)  and  MLKL  (Cat.  No.  E-AB-67102)  polyclonal
antibody  IHC  kits  were  purchased  from  ELABSCINE,
China. GoTaq® 1-Step RT-qPCR system (Cat. No. A6020),
AddScript cDNA synthesis kit (Cat. No. 22701), RIPK1 and
GAPDH  primers,  and  Easy-spin™  (DNA-free)  total  RNA
extraction  kit  (Cat.  No.  17221)  were  purchased  from
Promega/USA,  Addbio/Korea,  Macrogen/Korea,  and
Intron/Korea,  respectively.

2.2. Animals
The  resource  equation  method  [19]  was  utilized  for

sample size calculation, as estimating the effect size was
challenging.  Since  the  study  included  four  groups,  the
total number of animals ranged from 16 to 24. Therefore,
24 animals were used. Twenty-four male Sprague-Dawley
rats,  about  eight  weeks  of  age,  and  200-250  grams  in
weight  were  used  in  the  current  study.  They  were
obtained from the Faculty of Sciences at the University of
Kufa, Najaf, Iraq. Rats were kept in separate cages, with
water and diet ad libitum, under-regulated environments
of a temperature of 25 ± 2°C and a 12-hour light and dark
cycle. After the surgery, each rat was kept in a cage until
the sample collection. After a two-week adaptation period,
rats  were  used  in  the  study.  The  inclusion  criteria  were
healthy male rats of the age and weight mentioned earlier.
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2.3. Animal Ethical Approval
The  policy  of  the  University  of  Kufa  for  scientific

purposes was followed in the care and usage of animals.
Pain, distress, and discomfort were avoided or minimized
by  anesthetizing  rats  with  a  mixture  of  ketamine  and
xylazine based on their body weight. Upon completion of
the  procedure,  a  high  dose  of  anesthesia  was  used  to
euthanize the rats. The Central Committee of Bioethics at
the University of Kufa, Iraq, approved all the procedures
and experimental design (Approval No. 20554) on August
29,  2024.  This  research  complies  with  internationally
accepted standards for animal studies and adheres to the
3Rs  principle.  The  ARRIVE  criteria  were  utilized  to
promote  ethical  research  practices.

2.4. Experimental Design
Rats were assigned randomly into four groups (six rats

each):

Sham  group:  rats  were  anesthetized  and  underwent[A]
laparotomy without Ischemia/Reperfusion (I/R)
I/R  group:  rats  were  anesthetized  and  subjected  to  30[B]
minutes  of  bilateral  renal  ischemia,  then  24  hours  of
reperfusion.
I/R+Vehicle group (I/R+Veh): This group is similar to the[C]
I/R group, but the ertugliflozin (10% DMSO) solution was
administered  intraperitoneally  (I.P.)  1  hour  before
bilateral  renal  ischemia.
I/R + ertugliflozin (I/R + EGZ) group: It is similar to the[D]
I/R group, but 20 mg/kg of ertugliflozin was administered
[20, 21] to the animals by the I.P. route one hour before
bilateral renal ischemia.

2.5. Model of Renal Ischemia/Reperfusion Injury
Renal  I/R  was  performed  based  on  several  scientific

studies  [22-25].  Under  aseptic  conditions,  rats  were
anesthetized  with  a  combination  of  I.P.  100  mg  of
ketamine and 10 mg of xylazine per kg of the rat's weight
[26, 27]. The extent of anesthesia is examined by the tail
pinch and pedal reflex. Afterward, rats were placed supine
by  fixing  their  limbs  with  surgical  plaster.  A  midline
laparotomy was made, the intestine was retracted, and the
renal pedicle was exposed. Bilateral ischemia was induced
by  clamping  the  renal  blood  vessels  with  non-traumatic
microvascular clamps for 30 minutes; the ischemic phase
was examined visually by changing the kidneys' color. To
keep  rats  well  hydrated,  1ml  of  0.9% normal  saline  was
injected into the abdomen, then the abdomen was covered
with wet, warm gauze. After 30 minutes of ischemia, the
clamps were removed, and the reperfusion phase began,
which was  visually  assessed by  changes  in  kidney color.
The  abdominal  incision  was  sutured  in  two  layers  with
zero  nylon  surgical  sutures,  disinfected  with  10%
povidone-iodine,  and  covered  with  surgical  plaster.  The
reperfusion  phase  lasted  24  hours;  afterward,  rats  were
anesthetized again for tissue and blood collection. Lastly,
rat  euthanasia  was  done  with  a  high  dose  of  anesthesia
[28].

2.6. Tissue Collection
At  the  end  of  the  24-hour  reperfusion  phase,  both

kidneys were harvested. The left kidney was divided into
two halves, put in an Eppendorf tube, and snap-frozen in
liquid  nitrogen.  One-half  was  used  to  measure  the  gene
expression of RIPK1 by RT-qPCR, while the other half was
used  for  measuring  KIM-1,  TNF-α,  IL-1β,  NF-κB,  and
caspase-3  levels  using  the  ELISA  technique.  The  right
kidney  was  preserved  in  10%  formalin  and  stored  until
used  for  measuring  Nrf2  and  MLKL  by  the  Immuno-
histochemistry (IHC) technique and for Hematoxylin and
Eosin (H&E) staining.

2.7. Tissue Preparation
For  ELISA  and  RT-qPCR,  tissue  was  prepared  by

thawing the kidney and cleaning it with Phosphate Buffer
Saline  (PBS).  Then,  the  kidney  was  weighed  and
homogenized in 1:10 PBS containing 1% Triton X-100 with
a  cocktail  of  protease  inhibitors.  More  homogenization
was  performed  using  a  high-intensity  ultrasonic  liquid
processor  to  obtain  the  supernatant,  which  was  used  to
measure  levels  of  KIM-1,  TNF-α,  IL-1β,  NF-κB,  and
caspase-3  in  tissue  by  ELISA,  and  RIPK1  by  RT-qPCR.

2.8. Docking Study
The  BTB  domain  of  KEAP1  was  obtained  from  the

Protein Data Bank (PDB ID: 4CXI). The protein preparation,
performed  using  MOE  software  2015,  involved  removing
aqueous solvent molecules to enhance the receptor/ligand
interactions  and  adding  protons  to  enhance  protein
preparation. The two-dimensional structure of ertugliflozin
was designated by Chem-Bio Draw pro19.0. MOE was used
to protonate the three-dimensional structure, assign partial
charges, and minimize the energy. Ertugliflozin was docked,
and  the  pose  exhibiting  a  higher  S-score  with  an
appropriate  RMSD  value  was  chosen.

2.9. Renal Histopathology
The  formalin-fixed  kidney  was  processed  through

various tissue processing steps using an automated tissue
processor. A microtome was used to obtain 5-um sections
of paraffin blocks, which were mounted on slides for tissue
staining. The slides were then de-paraffinized, rehydrated,
washed,  and  stained  with  H&E.  An  independent  histo-
pathologist blinded to experimental groups examined the
histopathological changes. The degree of tubular damage
was scored from 0 to 4, where 0 indicates no damage, 1
signifies  less  than  25%,  2  represents  25-50%,  3  denotes
50-75%, and 4 exceeds 75% [29].

2.10. IHC Staining
The slides were de-waxed with xylene, rehydrated by

immersing them in descending concentrations of ethanol,
and rinsed with distilled water. The slides were incubated
in  the retrieval  solution in  a  water  bath,  cooled to  room
temperature, and rinsed with the washing buffer solution
to  unmask  the  sample  antigens.  Peroxidase,  a  blocking
agent,  prevented  non-specific  binding.  The  post-protein
block  was  applied  for  five  minutes,  and  then  washed
again.  The  primary  antibodies  against  Nrf2  and  MLKL
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were diluted to 1:100, applied to the slides, incubated, and
washed with buffer solution. Consequently, the secondary
antibody was added to the slides. The next steps include
adding  horseradish  peroxidase,  chromogen,  and
hematoxylin (the counterstain). As in H&E staining, levels
of  Nrf2  and  MLKL  were  examined  by  an  independent
histopathologist  blinded  to  study  groups.  The  quick  H-
score  was  used  to  quantify  the  Nrf2  and  MLKL,  as
described by Charafe-Jauffret et al. [30] and Parris et al.
[31].

2.11. Gene Expression
Total  RNA  extraction  was  performed  using  the  Easy-

spin™ kit. Then, cDNA was synthesized using the AddScript
cDNA Synthesis  Kit.  Primers  were made according to  the
manufacturer's instructions. They were reconstituted with
double-distilled  water  to  a  stock  solution  of  100  pM/µl,
which was stored at -20°C. A 10 pM/µl concentration was
produced as a working primer. Lastly, the gene expression
assay was performed using the GoTaq® RT-qPCR System
protocol. The 2^-ΔΔCT technique was employed to examine
the  gene  expression  data.  For  RIPK1,  the  5'-3'  sequence
was  GACCGAGTTCACAACCACCA  (forward)  and
TGTTAGCGAAGACGGCTTGA  (reverse),  the  product  (bp)
was 75,  and the accession number was XM_017600528.3.
For  GAPDH,  the  5'-3'  sequence  was  ATGACTCTACCCA
CGGCAAG  (forward)  and  CTGGAAGATGGTGATGGGTT
(reverse),  the  product  (bp)  was  89,  and  the  accession
number  was  NM_017008.

2.12. Statistical Analysis
The normality test was done using the Shapiro-Wilk test.

For  parametric  data,  the  one-way  Analysis  of  Variance
(ANOVA)  was  applied  to  check  the  significant  differences
among  study  groups,  and  multiple  comparisons  were
conducted using the Tukey post-hoc test. Nuclear Nrf2 and

histopathological  examination  (nonparametric  data)  were
assessed  using  the  Kruskal–Wallis  test,  and  pairwise
comparisons were done by the Mann–Whitney U test. Data
were  presented  as  mean  ±  Standard  Deviation  (SD).
GraphPad Prism v10.0 and IBM SPSS Statistics v26.0 were
utilized  to  perform  statistical  analysis.  Data  visualization
was generated via GraphPad Prism v10.0.

3. RESULTS
The descriptive statistics of the study parameters are

presented in Table 1.

3.1. Ertugliflozin Lowers the Damage Marker in the
Renal IRI Model

To evaluate the effect of ertugliflozin on renal function,
KIM-1  was  measured  in  renal  tissue.  The  model  of  I/R
extremely increases the level of KIM-1 as seen in I/R (p <
0.01) and I/R + Veh (p < 0.001) groups, in contrast to the
sham group. Conversely, ertugliflozin statistically lowered
the  KIM-1  level  (p  <  0.05);  nevertheless,  no  substantial
variation was observed between I/R and I/R + Veh groups
(p > 0.05) (Fig. 1).

3.2. Ertugliflozin Binds with Keap1
Molecular  docking  explained  that  ertugliflozin

interacted  with  Keap1  through  His129  and  His154 
(Fig. 2).

3.3. Ertugliflozin Increases the Nuclear Localization
of Nrf2

To  investigate  the  effect  of  ertugliflozin  on  Nrf2,  we
measured  cytoplasmic  and  nuclear  Nrf2.  Regarding
cytoplasmic  Nrf2,  there  was  a  non-statistical  variation
among all study groups (p > 0.05). However, nuclear Nrf2
was  substantially  elevated  in  the  group  of  ertugliflozin
relative  to  the  sham,  I/R,  and  I/R  +  Veh  groups  (p  <
0.0001)  (Table  2  and  Fig.  2).

Fig. 1 contd.....
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Fig. (1). Effect of ertugliflozin on renal damage, inflammatory, and oxidative stress markers in a rat model of I/R. (A) KIM-1. (B) NF-κB
(C) TNF-α (D) IL-1β. The sham group underwent laparotomy without induction of the I/R model. The I/R, I/R+Veh, and I/R+EGZ groups
were subjected to 30 minutes of bilateral renal ischemia and 24 hours of reperfusion. The I/R+Veh and I/R+EGZ groups received the
solvent and 20 mg/kg of ertugliflozin intraperitoneally one hour before the ischemia induction, respectively. All markers were measured in
renal tissue using the ELISA technique. Data expressed as Mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.

Table 1. Descriptive statistics of the study parameters.

Biomarkers

Mean ± SD

Sham I/R I/R+Veh I/R+EGZ

KIM-1 (pg/ml) 1311±85.90 1988±177.9 2110±169.1 1565±384.0

NF-κB (pg/ml) 4765±1049 9055±954.1 7972±1246 5679±1100

TNF-α (ng/l) 430.4±8.528 514.7±24.07 507.9±25.82 447.2±29.13

IL-1β (pg/ml) 93.43±6.373 116.7±10.48 106.8±9.363 96.25±2.750

Cytoplasmic Nrf2 (Quick H-score) 21.67±18.62 26.50±12.08 25.00±20.00 25.00±13.78

Nuclear Nrf2 (Quick H-score) 0.000±0.000 0.000±0.000 0.000±0.000 12.00±6.841

Caspase-3 (ng/ml) 4.363±0.6860 5.913±0.4938 6.384±0.4870 4.660±0.6091

RIPK1 (2^-Δ Δ CT) 1.000±0.000 4.147±0.3138 3.369±0.9125 0.4867±0.2569

MLKL (Quick H-score) 35.50±17.41 177.2±45.70 160.7±37.45 55.83±44.77

Histopathological examination (Damage score) 0.000±0.000 3.833±0.4082 4.000±0.000 2.833±0.4082

Note: I/R ischemia/reperfusion, Vehicle (Veh),  EGZ ertugliflozin,  KIM-1 Kidney Injury Molecule-1,  NF-κB Nuclear Factor Kappa-light-chain-enhancer of
activated B cells, TNF-α Tumor Necrosis Factor-alpha, IL-1β Interleukin-1 beta, Nrf2 Nuclear Factor Erythroid 2-related factor 2, RIPK1 Receptor-Interacting
Serine/Threonine-Protein Kinase 1, MLKL Mixed Lineage Kinase Domain-like Protein.

(C) (D) 
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Fig. (2). Effect of ertugliflozin on cytoplasmic and nuclear Nrf2 in a rat model of I/R. (A) Chemical structure of ertugliflozin. (B) The 2D
model of the molecular docking of the ertugliflozin-Keap1 complex. (C) The 3D model of the molecular docking of the ertugliflozin-Keap1
complex. (D) Immunostaining image of Nrf2 in renal tubules of the sham group. (E) Immunostaining image of Nrf2 in renal tubules of the
I/R group. (F) Immunostaining image of Nrf2 in renal tubules of the I/R+Veh group. (G) Immunostaining image of Nrf2 in renal tubules of
the I/R+EGZ group. The sham group underwent laparotomy without induction of the I/R model. The I/R, I/R+Veh, and I/R+EGZ groups
were subjected to 30 minutes of bilateral renal ischemia and 24 hours of reperfusion. The I/R+Veh and I/R+EGZ groups received the
solvent or 20 mg/kg of ertugliflozin intraperitoneally one hour before ischemia induction, respectively. Molecular docking was performed
using  the  MOE  software  2015.  Nrf2  was  measured  in  renal  tissue  by  IHC  staining.  Data  expressed  as  Mean  ±  SD,  S=-6.05703,
RMSD=0.731347, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(A) (B)                                                                            

 

 

 

 

 

(C) (D)                                                                            

 
(E)                                                                            (F)                                                                            

  
(G)                                                                            
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Table 2. Statistical analysis of cytoplasmic and nuclear Nrf2 among the study groups.

- Tukey's Multiple Comparisons Mean Difference p-value

Cytoplasmic Nrf2

Sham vs. I/R -4.833 0.9560
Sham vs. I/R+Veh -3.333 0.9847
Sham vs. I/R+EGZ -3.333 0.9847

I/R vs. I/R+Veh 1.500 0.9985
I/R vs. I/R+EGZ 1.500 0.9985

I/R+Veh vs. I/R+EGZ 0.000 >0.9999

- Mann–Whitney U test Mean Difference p-value

Nuclear Nrf2

Sham vs. I/R 0.00 1.000
Sham vs. I/R+Veh 0.00 1.000
Sham vs. I/R+EGZ -12.00 0.002

I/R vs. I/R+Veh 0.00 1.000
I/R vs. I/R+EGZ -12.00 0.002

I/R+Veh vs. I/R+EGZ -12.00 0.002
Note: I/R Ischemia/Reperfusion, Veh vehicle, EGZ ertugliflozin, Nrf2 Nuclear Factor Erythroid 2-related factor 2.

Table 3. Statistical analysis of MLKL and histopathological examination among the study groups.

- Tukey's Multiple Comparisons Mean Difference p-value

MLKL

Sham vs. I/R -141.7 <0.0001
Sham vs. I/R+Veh -125.2 <0.0001
Sham vs. I/R+EGZ -20.33 0.7919

I/R vs. I/R+Veh 16.50 0.8753
I/R vs. I/R+EGZ 121.3 0.0001

I/R+Veh vs. I/R+EGZ 104.8 0.0006

- Mann–Whitney U test Mean Difference p-value

Histopathological
Examination

Sham vs. I/R -3.833 0.002
Sham vs. I/R+Veh -4.000 0.002
Sham vs. I/R+EGZ -2.833 0.002

I/R vs. I/R+Veh -0.167 0.699
I/R vs. I/R+EGZ 1.000 0.009

I/R+Veh vs. I/R+EGZ 1.167 0.002
Note: I/R Ischemia/Reperfusion, Veh Vehicle, EGZ ertugliflozin, MLKL Mixed Lineage Kinase Domain-Like Protein.

3.4. Ertugliflozin Reduces Inflammation in the Renal
IRI Model

For  assessing  the  impact  of  ertugliflozin  on
inflammation,  TNF-α,  IL-1β,  and  NF-κB  levels  were
measured in renal tissue. TNF-α, IL-1β, and NF-κB levels in
the  I/R  and  vehicle  groups  were  substantially  elevated
compared  with  the  sham  group  (p  <  0.05).  Ertugliflozin
exhibited a remarkable reduction relative to the I/R group
for  TNF-α  (p  <  0.01),  IL-1β  (p  <  0.05),  and  NF-κB  (p  <
0.01).  Furthermore,  a  significant  reduction  was  also
observed  in  contrast  with  the  I/R  + Veh  group  for  NF-κB
and TNF-α (p < 0.05). A non-noticeable difference between
I/R  and  I/R  +  Veh  groups  was  found  in  all  measured
inflammatory  markers  (p  >  0.05)  (Fig.  1).

3.5. Ertugliflozin Downregulates the Markers of the
Necroptosis Pathway in the Renal IRI Model

The extent of gene expression of RIPK1 was measured
in renal tissue. The induction of the I/R model dramatically
elevated the gene expression level of RIPK1 in the I/R and
vehicle groups as opposed to the sham group (p < 0.0001).
In contrast, ertugliflozin substantially decreased the level of
RIPK1 in the I/R + EGZ group, compared to that of I/R and
I/R + Veh groups (p < 0.0001). Instead, RIPK1 exhibited no
substantial variation between I/R and I/R + Veh groups (p >
0.05) (Fig. 3). Regarding the role of ertugliflozin on MLKL,
MLKL was measured in renal tissue. The induction of renal
IRI remarkably escalated MLKL in I/R and I/R + Veh groups
as opposed to the sham group (p < 0.01). Conversely, the
ertugliflozin-treated  group  demonstrated  a  considerable
reduction  in  MLKL,  unlike  the  IRI-induced  and  vehicle
groups  (p  <  0.05)  (Table  3  and  Fig.  3).
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Fig. (3). Effects of ertugliflozin on the necroptosis pathway, (A) RIPK1 (Fold change), (B) Caspase-3, (C) Immunostaining image of MLKL
in renal tubules of the sham group, (D) Immunostaining image of MLKL in renal tubules of the I/R group, (E) Immunostaining image of
MLKL in renal tubules of the I/R+Veh group, (F) Immunostaining image of MLKL in renal tubules of the I/R+EGZ groups. The sham group
underwent  laparotomy  without  induction  of  the  I/R  model.  The  I/R,  I/R+Veh,  and  I/R+EGZ groups  were  subjected  to  30  minutes  of
bilateral renal ischemia and 24 hours of reperfusion. The I/R+Veh and I/R+EGZ groups received the solvent or 20 mg/kg of ertugliflozin
intraperitoneally one hour before ischemia induction, respectively. RIPK1 was measured in renal tissue by RT-qPCR; the fold change was
calculated by the 2-ΔΔCT method. Caspase-3 was measured in renal tissue using the ELISA technique. MLKL was measured in renal tissue
by IHC staining. Data expressed as Mean ± SD, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.6.  Ertugliflozin  Mitigates  Apoptosis  in  the  Renal
IRI Model

The caspase-3 level exhibited a substantial increment in
I/R and I/R + Veh groups relative to the sham group (p  <
0.001  vs.  I/R,  p  <  0.0001  vs.  I/R  +  Veh).  Conversely,
ertugliflozin  in  I/R  +  EGZ  remarkably  reduced  the
caspase-3 level relative to the I/R group (p < 0.01) and I/R
+ Veh group (p  < 0.001).  However,  the I/R group did not
exhibit remarkable differences from the vehicle group (p >
0.05) (Fig. 3).

3.7.  Ertugliflozin  Enhanced  the  Histopathological
Findings in the Renal IRI Model

Renal tubular histology was normal in the sham group
(Fig.  4A).  The  histopathological  findings  in  I/R  include
cellular  swelling,  inflammation,  edema,  cytoplasmic
eosinophilia,   and   loss   of   brush   border   (p  <  0.0001)  
(Fig.  4B).  The  vehicle  group  had  morphological  features
like  those  of  the  I/R  group  (p > 0.05)  (Fig. 4C). As  in 
Fig. (4D), there was a substantial reduction of microscopic
findings in the group treated with ertugliflozin as opposed
to  the  I/R  and  I/R+Veh  groups  (p < 0.05)  (Table 3 and
Fig. 4).

Fig.  (4).  Histopathological  photomicrographs  of  the  study  groups.  (A)  Sham group:  Normal  histology,  (B)  I/R  group:  Renal  tubules
showing a damage score of 4, affecting 80% of the observed tubules, (C) I/R+Veh group: Renal tubules showing a damage score of 4,
affecting 85% of the observed tubules, (D) I/R+EGZ group: Renal tubules showing a damage score of 2, affecting 40% of the observed
tubules. The sham group underwent laparotomy without induction of the I/R model. The I/R, I/R+Veh, and I/R+EGZ groups were subjected
to 30 minutes of bilateral renal ischemia and 24 hours of reperfusion. The I/R+Veh and I/R+EGZ groups received the solvent or 20 mg/kg
of  ertugliflozin  intraperitoneally  one  hour  before  ischemia  induction,  respectively.  Green  arrow  (normal  renal  tubules),  red  arrow
(disruption of renal tubular integrity), orange arrow (vascular congestion and hemorrhage). Histopathological examination was done by
H&E staining. Magnification X400. Data expressed as Mean ± SD.
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4. DISCUSSION
AKI is an abrupt deficiency of renal function, resulting

in an elevation in serum creatinine and/or a reduction in
urine  production,  which  is  associated  with  elevated
mortality,  morbidity,  hospitalization,  and  chronic  kidney
disease  [32].  Renal  IRI  is  a  sequence  of  complex  events
that  involve  a  reduction  in  blood  supply  followed  by  a
recovery of perfusion and oxygenation to the kidneys [1].
It  is  a  life-threatening  leading  cause  of  AKI.  It  is  a
multifaceted  process  encompassing  various  mechanisms
and molecular pathways of cellular dysfunction and death,
including necroptosis and apoptosis [33]. It is worth noting
that there are no approved pharmacotherapeutic agents to
prevent,  treat,  or  improve  AKI  recovery  [34,  35].  The
development  of  novel  biomarkers  for  AKI  is  critically
required  for  early  diagnosis,  severity  assessment,  and
monitoring of tubular damage. Using serum creatinine and
blood  urea  as  biomarkers  in  renal  diseases  lacks
sensitivity and specificity. Furthermore, these biomarkers
assess the functional but not the damaging changes [36,
37].  The  current  study  showed  that  induction  of  the  I/R
model significantly elevated the KIM-1 level. In contrast,
administering  20  mg/kg  of  ertugliflozin  one  hour  before
ischemia  induction  substantially  lowered  KIM-1
concentration. These findings align with those of Liu et al.
[38], who reported that taking ertugliflozin reduced KIM-1
levels in participants. KIM-1 is overexpressed in proximal
epithelial cells in response to stressful conditions like IRI
and toxicity, transforming epithelial cells into phagocytic
cells,  alleviating  and  repairing  the  tubular  damage,
inducing  cellular  autophagy,  and  disposing  of  necrotic
tissue  and  apoptotic  cells  [39,  40].  Nrf2  is  a  master
orchestrator  that  regulates  the  genetic  expression  of
antioxidant  and  phase  II  enzymes  and  is  physiologically
inhibited  by  Keap1  [41].  Several  chemicals  and  ROS
dissociate  Keap1 from Nrf2  in  the  cytoplasm,  leading  to
Nrf2 activation, nuclear translocation, and upregulation of
various  cytoprotective  genes  [42].  The  present  study
measured both cytoplasmic and nuclear Nrf2. Cytoplasmic
Nrf2  levels  did  not  increase  in  the  ertugliflozin-treated
group;  however,  a  substantial  elevation  in  nuclear  Nrf2
levels  was  observed  with  the  ertugliflozin  pretreatment.
To point out the mechanism by which ertugliflozin exerts
its effect, we docked ertugliflozin with Keap1. The in-silico
study  results  showed  that  ertugliflozin  interacts  with
Keap1  through  His129  and  His154  near  the  critical
Cys151.  Further  studies  are  needed  to  highlight  the
significance of  this  binding.  The overall  findings showed
that  ertugliflozin  increased  the  nuclear  translocation  of
Nrf2, possibly by affecting the Nrf2-Keap1 complex. NF-κB
is  a  transcriptional  factor  that  regulates  several  cellular
processes,  including  inflammation,  tissue  injury,  and
repair [43]. The reperfusion phase of renal IRI can induce
ROS and NF-κB expression, with the subsequent increase
in TNF-α and IL-1β [44]. Inversely, activation of Nrf2 can
inhibit  the  NFκB  pathway  by  upregulating  antioxidant
genes,  thus  decreasing  pro-inflammatory  cytokines  [45].
Hence, we evaluated the NF-κB, TNF-α, and IL-1β levels in
renal  tissue.  The  current  study  showed  that  these

biomarkers are elevated in rats following I/R induction. At
the same time, ertugliflozin reduced these biomarkers in
contrast  to  the  I/R  group.  Abd  Uljaleel  and  Hassan  [20]
reported  that  ertugliflozin  markedly  reduced  TNF-α  and
IL-1β in the acute lung injury in mice. The interaction of
TNF-α  with  its  receptor,  TNFR1,  initiates  multiple
pathways  with  distinct  outcomes,  including  cellular
survival,  apoptosis,  and  necroptosis.  Necroptosis  is
thought to significantly contribute to the development of
renal  IRI  [46].  Necrosome  is  the  core  complex  of
necroptosis,  comprising  RIPK1,  RIPK3,  and  MLKL  [47].
After phosphorylation and activation of RIPK1 and RIPK3,
the  RIPK1-RIPK3  complex  is  recruited,  and  MLKL  is
phosphorylated,  triggering  MLKL  oligomerization.
Afterward, this cluster of phosphorylated MLKL travels to
the plasma membrane to trigger necroptosis by forming a
group  of  pores  that  damage  the  membrane  or  by
regulating  the  influx  of  ion  channels  [48].  To  assess  the
effects of ertugliflozin on cell survival and death in the AKI
model,  we  first  studied  the  molecular  pathway  of
necroptosis by measuring the gene expression of RIPK1 by
RT-qPCR  and  MLKL  levels  by  IHC.  The  results  showed
that induction of the I/R model dramatically increased the
levels  of  both  RIPK1  and  MLKL.  Simultaneously,
ertugliflozin  remarkably  lowered  the  levels  of  these
markers in contrast to the I/R and vehicle groups. Then,
we  measured  caspase-3  in  renal  tissue  as  a  marker  of
apoptosis. Caspase-3 is an executioner caspase and a key
apoptosis  regulator  [49].  The present  study showed that
ertugliflozin  administration  markedly  reduced  caspase-3
levels, which were greatly elevated in the I/R and vehicle
groups.  Consistent  with  our  results,  the  research  of
Moellmann et al. [50] showed that ertugliflozin decreased
apoptosis  by  lowering  the  caspase-3  levels  in  the  mice
cardiac tissue. The histopathological examination further
emphasizes the nephroprotective effect of ertugliflozin on
renal  parenchyma,  showing  that  the  treated  group  had
improved  histological  findings.  These  results  align  with
Abd Uljaleel and Hassan [20] in mice's lungs. Our results
strongly  imply  that  ertugliflozin  effectively  reduces
oxidation,  inflammation,  necroptosis,  apoptosis,  and
necrosis.

5. LIMITATIONS OF THE STUDY
This  study  had  a  few  limitations.  The  study  used  only

male  rats;  future  research  on  both  sexes  is  needed  to
investigate hormonal effects. Furthermore, we administered
ertugliflozin before ischemia induction; further studies can
administer  it  before  and  after  ischemia  induction  to
evaluate  the  preventive  and  therapeutic  effects  of
ertugliflozin.

CONCLUSION
The  current  study  demonstrated  that  the  induction  of

IRI  in  rats'  kidneys  substantially  increased  inflammation
and  cell  death.  Conversely,  ertugliflozin  showed  marked
nephroprotective  effects  evidenced  by  reduced  inflam-
mation,  necroptosis,  apoptosis,  and  necrosis  through
activation of Nrf2 and inhibition of RIPK1/MLKL pathways.
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