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ABSTRACT ARTICLE HISTORY
Objectives: The objectives of this study were a) to investigate the effect of targeting the  Received 16 June 2022
PANoptosome with 3,4-methylenedioxy-B-nitrostyrene (MNS) on PANoptosis in the Renal  Accepted 17 September 2022
ischemia-reperfussion (RIR) model b) to investigate the kidney protective effect of MNS toward KEYWORDS

RIR injury. PANoptosis; PANoptosome;
Methods: Thirty-two rats were divided into four groups randomly. The groups were assigned as 3,4-methylenedioxy-B-nitrostyrene;
Control, Sham, DMSO (dimethyl sulfoxide) and MNS groups. The rats in the MNS group were ischemia; renal
intraperitoneally given 20mg/kg of MNS 30minutes before reperfusion. 2% DMSO solvent that

dissolves MNS were given to the rats in DMSO group. Left nephrectomy was performed on the

rats under anesthesia at the 6th hour after reperfusion. Glutathione peroxidase (GPx),

malondialdehyde (MDA), catalase (CAT), superoxide dismutase (SOD) and 8-Okso-2'-deoksiguanozin

(8-OHdG) levels were measured. Immunohistochemical analysis, electron microscopic and histological

examinations were carried out in the tissues.

Results: Total tubular injury score was lower in the MNS group (p<0.001). Caspase-3, Gasdermin

D and MLK (Mixed Lineage Kinase Domain Like Pseudokinase) expressions were considerably

decreased in the MNS group (p<0.001). Apoptotic index (Al) was found to be low in the MNS

group (p<0.001). CAT and SOD levels were higher in the MNS Group (p=0.006, p=0.0004,

respectively). GPx, MDA, and 8-OH-dG levels were similar (p>0.05) in all groups. MNS considerably

improved the tissue structure, based on the electron microscopic analysis.

Conclusions: Our results suggested that MNS administrated before the reperfusion reduces

pyroptosis, apoptosis and necroptosis. These findings suggest that MNS significantly protects the

kidney against RIR injury by reducing PANoptosis as a result of specific inhibition of Nod-like

receptor pyrin domain-containing 3 (NLRP 3), one of the PANoptosome proteins.

Introduction pyroptosis, a programmed cell death pathway, also increases
renal structural and functional kidney damage [1].
Necroptosis is another pathway of programmed cell death,
dative stress, and acute inflammation. Apoptosis or necro- ,nd it is also associated with RIR damage [2]. Therefore,
ptosis in renal tubular epithelium is the major pathogenesis blocking pyroptosis, apoptosis and necroptosis, and reducing
of acute kidney failure caused by RIR injury. Moreover, the effects of these pathways, which are an important part

RIR injury has a complex pathophysiology, including oxi-
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of programmed cell death, could provide a high level of
protection against RIR damage.

Recently a novel pathway of proinflammatory pro-
grammed cell death, namely PANoptosis has been identified.
The name follows the terms of Pyroptosis (P), apoptosis
(A) and necroptosis (N) that are regulated simultaneously,
and thus called as PANoptosis [3]. PANoptosis is regulated
via a recognized cytoplasmic protein complex, the
PANoptosome, which initiates three parallel ways of pro-
grammed cell death: necroptosis, apoptosis, and pyroptosis
[4]. Traditionally, these three pathways were known to affect
cell death independently of each other, however, with the
discovery of PANOptosis, a link is identified among these
three pathways, and the PANoptosome [5, 6].

Because of this interaction, targeting a protein of the
PANoptosome that could block the PANoptosis is essential
in the formation of RIR damage. In this way, renal damage
might be kept to a minimum level by suppressing pyro-
ptosis, apoptosis and necroptosis, simultaneously.
Therefore, PANoptosis could be inhibited through inter-
actions in the programmed cell death pathway, especially
necroptosis, by selecting MNS as the agent since MNS is
a special blocker of NLRP 3, which is one of the
PANoptosome proteins.

NLRP3 increases in bacterial infection, and tissue damage.
It plays a key role in immune activation and inflammatory
response. Reducing NLRP3 activation reduces the inflam-
mation and cellular damage caused by immune response.
MSN reduces NLRP3 inflammasome activation by directly
binding to NLRP3, and inhibiting ATPase activity. In addi-
tion, MNS reduces the IL-1P, IL-18 secretion, caspase-1
levels, and inhibits tyrosine kinases leading to trombosite
aggreagtion inhibition. MNS also reduces apoptosis. Due to
all these effects, MNS can have protective effect by reducing
tissue damage in renal ischemia-reperfussion [7].

Previous studies also suggested the clinical utility of
MNS. As NLRP3 activation has a role in inflammatory
diseases, MNS is suggested to be a new agent for treatment
of inflammatory diseases. Previously, the treatment effects
of MNS on cancers such as osteosarcoma has been reported,
where MNS induces the apoptosis in tumor cells. MNS
plays a role in platelet-dependent thrombosis treatment by
inhibiting tyrosine kinase. MNS is therefore suggested to
be a potential anti-cancer agent in triple negative breast
cancer [7-10].

The present study’s objectives were a) to investigate the
effect of targeting the PANoptosome with MNS on
PANoptosis in the Renal ischemia-reperfussion model and
b) to investigate the kidney protective effect of MNS toward
RIR injury.

Materials and methods

Thirty-two female Wistar albino rats were separated at
random (10-12weeks old, and weighed between 200g and
250¢g), into 4 groups, and each group included 8 rats:
Control (n: 8), Sham Group (n:8), DMSO Group (Group
3) (n:8), MNS Group (Group 4) (n:8).

MNS

Commercial MNS is a B-nitrostyrene synthesized from pre-
cursor molecules such as piperonal and nitromethane in
C,H,NO, isomer formula with a molecular weight of
193.16 gr/mol (United States, National Center for
Biotechnology Information, Pubchem). MNS inhibits Syk
and Src thyrosine kinases, and NLRP3. MNS is also known
as Syk Inhibitor III. It inhibits tubulin polymerization, telo-
merase activity, and protein phosphotase activity. MNS also
inhibits PI3K/AKT/mTOR signaling [8]. MNS is insoluble
in water, partially soluble in ethanol, but highly soluble in
DMSO and dimethyl formamide. We used DMSO in our
study as the solvent. MSN shows its effect within minutes
[9]. According to United States Environmental Protection
Agency data, the biodegradation half-life of MNS is reported
to be 3.55days. The MNS can be administered intraperito-
neally or intravenously. According to U.S. National Library
of Medicine data in toxicology studies with mice, MNS
toxicity is seen in lower doses when given intravenously,
and toxic effects are seen in higher doses when given intra-
peritoneally. Toxicology studies reported LD50 as 32 mg/kg
in intravenous administration. We administered 20 mg/kg
MNS intraperitoneally in this study. This dose has been
used in the literature, and reported to inhibit NLRP3 [11].
As the administered dose was enough to show inhibitory
effects, and risk for toxicity at higher doses only a single
dose is administered.

Surgical technique

The rats were kept in the cages with 18-24°C temperature
and twelve hours of day-night cycle. The selection of female
rats in our study was not a special case. However, all rats
were synchronized in terms of hormonal cycles. Rats were
fed regular rat diet and water. Animal care was conducted
in accordance with NIHs publication: "Guide for the care
and use of laboratory animals". The rats in Control group
were not given any medicines or agents prior to the pro-
cedure. The rats in the control group did not undergo renal
ischemia and reperfusion. No agent was administered to the
rats in the Sham group. Only renal ischemia reperfusion
was applied to the rats in this group. The rats in group 3
received 2% DMSO, which dissolves 3,4-methylenedioxy-f-
nitrostyrene. DMSO was given intraperitoneally in 2ml of
pysiologic saline 30 minutes before the reperfusion. Rats in
group 4 received 20mg/kg of 3,4-methylenedioxy-p-
nitrostyrene (Sigma-Aldrich, St. Louis, MO, USA) dissolved
in 2% DMSO. Dissolved 3,4-methylenedioxy-p-nitrostyrene
was given intraperitoneally 30 minutes before the reperfusion
in 2ml of pysiologic saline. The 20mg/kg MNS dose is
reported to inhibit NLRP3 inflammasome without toxic
effects [11]. Ketamine (Ketalar, Pfizer, USA) 75mg/kg and
10 mg/kg Xylazine (Rompun, Bayer AG, Leverkusen,
Germany) were administered intraperitoneally to the rats as
anesthesia. After anesthesia, a 5cm midline laparotomy was
applied to all rats. After opening the abdomen, 10ml of
sterile 0.09% NaCl was administered intraperitoneally for
the replacement of lost fluids.



In rats, a short-term ischemia-reperfusion model was
developed [12]. According to the ischemia-reperfusion
model, left renal peduncle was found and closed with a
microvascular clamp. Left renal blood flow was stopped by
keeping the renal clamp closed for 45 minutes. The micro-
vascular clamp was then released, allowing renal blood flow
to resume. After the kidney color returned to normal, the
abdomen of all rats was closed continue with 3/0 silk suture
(Dogsan, Istanbul, Turkey). Left nephrectomy was performed
on the rats under anesthesia at the 6th hour after reperfusion.

The renal tissues were separated into three pieces, each
of which was divided into three equal portions. One of the
parts was put in an eppendorf tube and kept at —80°C until
biochemical analysis. For histological evaluation, the other
piece was preserved in formaldehyde. The last piece was
fixed in glutaraldehyde solution for electron microscopy
examination.

Electron microscopic evaluation

The renal tissue samples were fixed in a five percent glutar-
aldehyde solution produced with Millonig’s phosphate buffer
for three hours prior to electron microscopic examination.
After shaking two times in the buffer for ten minutes, the
samples were fixed in a 1 percent osmium tetraoxide solution
prepared with Millonig’s phosphate buffer. After 2hours of
osmium tetraoxide fixing, the tissues were washed twice with
phosphate buffer for ten minutes each time. After that, the
tissues were sequentially dehydrated in 50 percent, 70 percent,
86 percent, 96 percent, and 100 percent of ethyl alcohol (each
for 15minutes). Following that, the tissues were treated with
propylene oxide twice for fifteen minutes each time, followed
by propylene oxide+resin for thirty minutes each time
(twice). The renal tissue pieces were then placed in tubes
containing newly prepared embedding material (resin) and
swirled for 6hours in a mixer. The kidney tissue sections
were first placed in Beem® tablets the next day using newly
manufactured embedding substance, and the material was
then polymerized for two days in a 60°C drying oven. The
ultrathin slices (50nm in thickness) were then cut using a
Leica Reichert Ultracut S ultramicrotome (Austria). Saturated
uranyl acetate produced in 70% ethyl alcohol and lead citrate
solutions were used to stain the sections. Using a Transmission
Electron Microscopy (TEM, Japan), the stained slices were
examined and micrographed.

Histopathologic analysis

Histopathological preparation. The rat kidney tissues
were sent for pathological examination in 10% buffered
formaldehyde solution. The samples were placed in
paraffin, and, Hematoxylin and eosin staining was used
on 4pum thinly sliced sections. Preparations were evaluated
for histopathological changes under light microscopy
(Nikon Ni 50, Japan).

Histopathological evaluation and grading. The
histopathological evaluation and grading of the tissue
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samples were conducted blindly by a board certified
pathologist. The extent of kidney damage was determined
according to the previously described score system,
ranging from 0 to 4 [13].

Immunohistochemical analysis. Inmunostaining was done
with the Ventana device (Ventana Medical Systems, Inc.).
For Caspase-3, Cleaved Caspase-3 (Rabbit Mab#9661,
clone no; Asp175, 1/1400 dilution, Cell Marq, USA); for
Gasdermin, Cleaved Gasdermin D (Rabbit Mab#36425,
clone no; Asp275, E7H9G, 1/1500 dilution, Cell Marq,
USA); for MKLK Mouse Mab#3B2, clone no; 293201,
1/1000 dilution, (Santa Cruz Biotechnology Inc, USA)
were used. The tissues were deparaffinized in xylene.
Manufacturer’s instructions were followed for analysis.
(Ventana Medical Systems, Inc.).

Caspase-3 evaluation. The standard avidin-biotin
peroxidase complex method [14] was followed. Caspase-3
was measured in tissues immunohistochemically. The
polyclonal Caspase-3 antibody (Ventana, Roche, USA) was
diluted 1:100, and sections were stained by an avibiotin
HRP procedure [13].

The following formula was used to determine the
Apoptotic Index:

The average amount of cells that are

C -3+ fi 5 rand
aspase rom o random areas %100

The average amount of total cells in 5 different areas

Gasdermin D and MLKL evaluation. The samples
were scored semi-quantitatively to evaluate the
immunohistochemical distribution pattern. The staining
strength score was graded as follows: 0 (there is no
expression), 1+ (light dyeing), 2+ (medium dyeing), 3+
(heavy dyeing). The percentage of cells that were positive
for Gasdermin D and MLKL was graded as follows;
0=negative or uncommon positive cells; 1=10 percent of
positive cells, 2=10-25 percent of positive cells, 3=26-50
percent of positive cells, 4=51-75 percent of positive cells,
5=>75 percent of positive cells. Immunohistochemical
composite score was calculated by multiplying Gasdermin
D and MLKL staining strength and staining percentage
scores.

Biochemical studies

We measured the protein concentrations based on the
method of Bradford [15]. MDA levels were determined by
the Mihara and Uchiyama method [16]. The efficiency of
SOD was determined using the Joe M Mccord’s previously
reported technique [17]. Following the previously established
protocol of Luck [18] CAT activity was determined. We
determined GPx activity using Lawrence RA’s method [19].



4 (&) E.UYSALETAL

The LCMSM technique was used to determine the level of
8-OHdG. It was performed using the DNA isolation method
previously described by Gupta [20]. Then the measurement
was made spectrophotometrically [21]. After hydrolysis of
DNA with formic acid [22] following the protocol described
previously [23] instrumental analyzes of 8-OHdG were con-
ducted via a LC-MS/MS system consisting of an Agilent
Technologies 1200 series G6460C triple quadrupole (QqQ)
HPLC/MS/MS with Jet-StreamW (ESI-MS/MS; Agilent,
USA). A Poroshell 120SB-Aq, 2.7m, 50mm, 4.6mm LC
column was injected with six microliters (uL) of the extract.
The mobile phase included fifty percent of 5mM ammonium
acetate plus 0.1% acetic acid in water and fifty percent of
acetonitrile, respectively. Optimum operating conditions were
programmed as follows: sheath gas and auxiliary gas (N2,
99.99%) flow rates are 9L/min and 8L/min, respectively;
the jacket gas temperature was 400°C; capillary voltage
3500V, negative, nozzle voltage 500V, negative; Six standard
solutions of 1, 2, 4, 6, 8, and 10ppb 8-OHdG in water were
evaluated for linearity. Peak areas of 8-OHdG were deter-
mined by R*> 0.99. Results were expressed as ng
8-OHdG/mg DNA.

Statistical analysis

Shapiro-Wilk and Ansari-Bradley tests were used to check
the normality and homogeneity of variances assumptions,
respectively. Means and their standard deviations (SD) were
reported on the tables. One-way ANOVA was used to assess
the differences between the groups for variables with normal
distribution and non-parametric Kruskal-Wallis test was
used for variables with non-normal distribution. Moreover,
all pairwise multiple comparisons with the four groups were
conducted with Bonferroni correction. For pairwise com-
parisons, pairwise t-tests and pairwise Wilcoxon tests were
conducted for variables with and without normal distribu-
tion, respectively. R software (v. 3.6.1) (Organization for
Statistical Information, Vienna, Austria) were used for all
statistical analyses.

Ethic statement

The local animal ethics commission (K. University) approved
the research (Approval number: 2021/04-03).

Results
Electron microscopic evaluation

Control group

Electron microscopic evaluation of tissue samples obtained
from control group included the fine structures of distal
tubule and proximal tubule cells, mesangium, glomerular
capillary and visceral epithelial cells (podocytes). The renal
tissues in the control group had densely packed mitochon-
dria that mixed with the basal membrane folds and filled
the cytoplasm between the basal membranes and nuclei.
The renal tissue sections in the control group had a normal

morphology, with no evident structural changes in glomer-
ular capillary and mesangial cells (Figure la and b).

Sham group

Using electron microscopy, tissue samples from the sham
group were examined. Following RIR, a detailed analysis of
glomerular structure revealed small but significant alter-
ations. Brush boundaries in sham group proximal tubule
cells were uncommon and difficult to identify. Membranous
whorl structures due to organelle damage was observed in
the cytoplasm of tubule cells. Furthermore, in RIR kidneys,
the cellular membranes of distal tubule epithelial cells were
poorly defined, the basal lamina folds were extremely dis-
ordered, and the tightly packed mitochondria were nearly
completely displaced. Ubiquitous multivesicular bodies of
autophagic vacuoles indicating transition of cells progressing
toward death, were observed in tubule cells of the sham
group (Figure 2a and b).

DMSO group
The fine structure of the tissue samples obtained from the
DMSO group showed that in proximal tubule cells although

Figure 1. Representative transmission electron micrographs of control group;
(a) Normal chromatin arrangement in distal tubule cells nuclei (N) are seen.
The arrows indicate junctional complex between distal tubule cells. Mitochondria
(m) maintain normal fine structure with their cristae and membranes Bar: 1um.
N, nucleus; Lu, lumen. (b) In glomerulus, podocytes are observed with their
foot processes (pedicels) in normal fine structure. Glomerular basement mem-
brane (GBM) lies between podocyte pedicels and capillary endothelial cells
Bar: 0,5um. US, urinary space.



Figure 2. Representative transmission electron micrographs of sham group;
(c) proximal tubule cells nuclei (N) and mitochondria (m) are seen. The white
open arrow indicate autophagic vacuoles symbolizing intracellular digestion
as hallmarks of necrosis. Membranous whorl structure (w) due to organelle
damage is remarkable. Bar: 1um. (d) Diffuse effacement of podocyte pedicels
(arrows) and laminated (arrowheads) basement lamina (BL) are noteworthy.
Bar: Tpm. N, nuclei of podocytes.

mitochondria were normal, vacuolization of the cytoplasm
was frequently observed. Heterochromatin increase in the
nucleus, membranous whorl structures due to organelle
damage, residual body in the cytoplasm, increase in edema
areas and enlargement in the basal folds were noticed.
Furthermore, electron micrographs of the DMSO group
revealed normal Bowman’s capsule architecture, as well as
usual podocytes, mesangial cells, and capsular space in the
renal corpuscule (Figure 3a and b).

MNS treatment group

In the electron micrographs of tissue samples obtained from
the MNS group, degenerative changes in the filtration bar-
riers of glomerules and tubular cells were less severe than
the sham group. The glomerular basal membrane, mesangial
cells and capillary endothelial cells were usually in normal
appearance. Degenerative changes in tubular cells were rarely
observed. Microvilli of the proximal cells were mostly nor-
mal in structure. In distal tubule cells, there were a large
amount of mitochondria between the basal folds. Also, lyso-
somes and lipid droplets were observed in cytoplasm
(Figure 4a and b).
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Histopathologic assessment

Tubular njury. Control group: Minimal cortical changes
were seen at a rate of 5% (score 1) in only one of the
rats. In other rats, glomeruli and tubules with the usual
morphological structure were observed in the cortex and
medullary areas. No necrotic and/or degenerative changes
were observed. The mean and its standard deviation of
the tubular injury score was 0.1+0.4 (Table 1).

MNS group: Almost no renal damage (score 0) was
observed in one of the rats in this group. Minimal score
(score 1) was seen in five rats. Histopathological findings
reflecting mild (score 2) changes were observed in two of
the rats. Scoring range, mean value and standard deviation
were 0-2 (1.1£0.6). The score value of the MNS group was
significantly lower compared to the Sham group. (p <0.001)
(Table 1) (Figure 5).

Sham group: Five of the rats in this group had moderate
(score 3) renal damage. Histopathological findings reflecting
severe (score 4) changes were observed in three of the rats.
Scoring range, mean value and standard deviation were
founded as 3-4 (3.4+0.5). Sham group’s score value was
significantly higher compared to the control group (p<0.001)
(Table 1) (Figure 5).

DMSO group: Mild (score 2) morphology was observed
in one of the rats in this group. Based on the histopatho-
logical findings, moderate changes were observed in four
of the rats (score 3) and severe changes (score 4) in three
rats. Scoring range, mean value and standard deviation were
recoded as 2-4 (3.3+0.70). There was no statistically sig-
nificant difference in score values compared to the Sham
group. (p>0.05) (Table 1) (Figure 5).

Immunohistochemical evaluation

Caspase-3. The sham and DMSO groups had more
significant caspase-3 staining, but the MNS group had
less. Caspase-3 staining was negligible in both of the
glomeruli, tubuli and interstitial areas in the control
group. Al range, mean value and standard deviation
was founded as 15-18, 16.3+1.3 in the Sham group. Al
range, mean value and standard deviation was founded as
2-5, 3.6£0.9 in the MNS group. There was a statistically
significant difference between the two groups (p<0.001).
Similar significance was also obtained for the glomeruli.
(Table 1) (Figure 6).

Gasdermin D. Only one of the rats in the sham group
had moderate (score 2+) staining, while 7 had strong
(score 3+) staining. 75% (6/8) of the stainings comprised
50-75% of the kidney parenchyma. Total scoring range,
mean value and standard deviation was founded as 6-15,
11.6 £2.50 in the Sham group. Gasdermin D staining
was higher in Sham and DMSO groups, while it was
lower in the MNS and Control groups. While there
was no staining in 7 rats in the control group, only 1
rat had weak (score 1+) staining. While there was no
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Figure 3. Representative transmission electron micrographs of DMSO group;
(@) Heterochromatin increase in the nucleus (N) of proximal tubule cells. In
cytoplasm of proximal tubule cell, vacuoles (V) and edematous areas (*) are
noticed. Arrow indicate enlargement in basal folds. Bar: 0,5 um. m, Mitochondria;
BL, basal lamina. (b) Visceral epithelial cells are seen with their foot processes
in normal fine structure Bar: 0,5um. GBM, glomerular basement membrane;
RBC, red blood cell.

Table 1. Histopathological and Immunohistochemical comparisons.

Figure 4. Representative transmission electron micrographs of MNS group; (a)
It is seen that proximal tubule cells has normal fine structure with nucleus (N)
and cytoplasm. Mitochondria (m) and lysosomes (Ly) are noticed in the cyto-
plasm. Red blood cell (RBC) was seen in peritubuler capillary. Endothelial cell
(En) was observed with normal fine structure. Bar: 1um. (b) Viseral epithelial
cells are seen with their foot processes in normal fine structure Bar: 0,5um.
GBM, glomerular basement membrane; N, nuclei of podocyte.

MNS (n=38) Control (n=8) Sham (n=8) DMSO (n=38) P value'

Apoptotic Index
Glomerules 1-2 (1.4£0.5) 0-1 (0.3£0.5)® 4-6 (5.0+£0.8)° 3-5 (4.4+0.7)° < 0.001
Tubuls 2-5 (3.6+£0.9) 0-1 (0.3£0.5)° 15-18 (16.3+1.3)¢ 15-18 (16.6 +1.3)¢ < 0.001
Tubular Injury 0-2 (1.1£0.6)2 0-1 (0.1£0.4)® 3-4 (3.4+0.5) 2-4 (3.3+£0.7)¢ < 0.001
Gasdermin D 0-4 (1.6+1.5) 0-0 (0.0£0.0)° 6-15 (11.6+£2.5)° 8-15 (11.5+£2.1)¢ < 0.001
MLKL 1-4 (21£1.2)2 0-0 (0.0£0.0) ® 6-15 (12.0+2.5)° 8-12 (9.6 +1.5)¢ < 0.001

'P values obtained from non-parametric Kruskal-Wallis tests; small letters indicate significantly different groups based on pairwise Wilcoxon tests. Mean+SD is
presented in the parentheses. The small letters a, b, ¢ indicate significantly different groups in statistical comparisons.

MLKL: Mixed Lineage Kinase Domain Like Pseudokinase.
DMSO: Dimethyl sulfoxide, MNS: 3,4-methylenedioxy-B-nitrostyrene.

staining in 1 rat in the MNS group, weak staining was
observed in 5 rats (score 1+), and moderate staining was
observed in 2 rats (score 2+). 62.5% (5/8) of Gasdermin
D Stainings comprised <10% of the kidney parenchyma.
Total scoring range, mean value and standard deviation
was 0-4, 1.6+1.5 in the MNS group, and the values
were significantly lower compared to the sham group
(p<0.001) (Figure 6) (Table 1).

MLKL. Only 3 of the rats in the sham group had medium
strength (score 2+) staining, while 5 had strong (score

3+) staining. MLKL staining covered 50-75 percent of
the renal parenchyma in 75 percent (6/8) of the rats.
Total scoring range, mean value and standard deviation
were 6-15, 12+2.5 in the Sham group. MLKL staining
was higher in the sham and DMSO groups, while it was
lower in the MNS and control groups. While there was
no staining in 7 rats in the control group, only one rat
had weak (score 1+) staining. In the MNS group, five rats
had poor staining (score 1+) and three rats had moderate
(score 2+) staining. Total scoring range, mean value and
standard deviation were 1-4, 2.1£1.2 in the MNS group,
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Figure 5. Histopathological findings of experimentally induced renal ischemia reperfussion injury. (A) Diffuse eosinophilic casts (black arrows) in tubular lumens
and focal interstitial nephritis are seen in sham Group (H&Ex200). (B) Seperation of tubular epithelium, apoptotic bodies indicative of ischemic damage. Sham
Group (H&Ex400). (C) Interstitial nephritis finding that did not improve with solution administration in the DMSO Group (H&Ex400). (D) Renal damage appears
to be significantly reduced with NLRP3 inhibitor in MNS Group. Please compare with Figure A-B-C and Figure D (H&Ex400).DMSO: dimethyl sulfoxide, MNS:

3,4-methylenedioxy-B-nitrostyrene

and these values were significantly lower compared to the
sham group (p<0.001) (Table 1) (Figure 6).

Biochemical studies. Significant differences between the
groups were observed in terms of the biochemical test
results. SOD and CAT values were significantly increased
in the MNS and control groups compared to the DMSO
and sham groups (p=0.006, p=0.0004, respectively). In
terms of GPx MDA and 8-OH-dG levels, no statistical
significance was identified between the groups. (p >0.05;
Table 2).

Discussion

In rats in which the RIR model was established, we observed
that PANOptosis was reduced by administration of MNS, a
strong inhibitor of NLRP 3, one of the PANoptosome pro-
teins. With the decrease of PANoptosis, kidney damage after
RIR was found to be significantly lower in rats administrated
by MNS in comparison to the those of sham and DMSO
groups. Degenerative changes in the filtration barriers of
glomerules and tubular cells were less severe than the sham
group in the ultrastructural examination performed by elec-
tron microscopy. The glomerular basal membrane, mesangial
cells and capillary endothelial cells were usually in normal
appearance. Degenerative changes in tubular cells were rarely
observed. Microvilli of the proximal cells were generally
normal in structure. Our results then suggest that MNS
significantly protects the kidney from RIR injury in the RIR

model. MNS demonstrates this effect via reducing panoptosis
through specific inhibition of NLRP 3.

A novel mechanism of proinflammatory planned cell
death known as PANoptosis has just been discovered.
PANoptosis is controlled by a cytoplasmic protein complex
called the PANoptosome. Necroptosis, apoptosis, pyroptosis
are managed with PANoptosome control [1]. All three
pathways are at the center of the complex events in the
pathogenesis of RIR damage [2, 24, 25]. Prior to the intro-
duction of the definition of PANoptosis, it was observed
that targeting only one of necroptosis, apoptosis and pyro-
ptosis protected the kidney against RIR damage [24,
26, 27].

After the adoption of PANoptosis concept, necroptosis,
apoptosis and pyroptosis are revealed to be interrelated, and
they are controlled by the PANoptosome. Therefore, we
hypothesized that inhibiting NLRP 3 would reduce
PANoptosis and protect the kidney against RIR damage.
Thus, MNS, a potent inhibitor of NLRP 3, was chosen for
the treatment group (Figure 7).

To the best of our knowledge, the effect of MSN on RIR
has not been investigated yet. Moreover, there are no study
reported the relationship between PANoptosis and RIR.
Thus, the current study is the first study to address all
these points. The effects of agents other than MSN on
pyroptosis, apoptosis, and necroptosis has been investigated
separately. However, the novality of this study is to evaluate
pyroptosis, apoptosis, and necroptosis together, and we
observed that blocking pyroptosis, apoptosis and necroptosis
together reduces the RIR injury.
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Figure 6. Immunohistochemical staining of panapoptotic markers. (A) Caspase-3 staining in Sham group shows high apoptotic index (Al) (x200). (B) Apoptotic
cells still appear to be dense in the DMSO Group (x200). (C) Significant reduction of apoptosis due to treatment effect of MNS Group (x400). Only a few cells
show Caspase-3 staining. (D) Strong staining of pyroptotic cells in renal injury with Gasdermin D is seen in sham group rats. (x200). (E) Gasdermin D staining
of pyroptotic cells is still observed as a weak response in rats in the DMSO group (x200). (F) As an indicator of the MNS treatment effect, only a few cells are
stained with Gasdermin D in MNS Group (x400). (G) Significant staining in favor of necroptosis is seen with MLKL in the Sham group (x200). (H) MNS Group
shows almost no staining with MLKL, which is the treatment effect of MNS (x200). Please compare with G.DMSO: dimethyl sulfoxide, MNS: 3,4-methylenedioxy-{3-

nitrostyrene

Apoptosis is an important type of programmed cell death
that plays a key role in the pathogenesis of RIR damage.
Several complex pathways are activated during apoptosis [28,
29]. Caspase activation is crucial in the initiation of apoptosis.
In the apoptosis abortion phase, caspase-3 plays a critical
function [30, 31]. Pro-inflammatory cytokines generated
through apoptotic pathways are also involved in renal tubule
cell death. The release of inflammatory cytokines is also aided
by caspase activation. At PANoptosis, caspase-3 is also a
marker for apoptosis [30, 32].

In this study, we evaluated apoptosis by calculating the
AT through Caspase-3 expiration. When comparing the MNS
group to the sham and DMSO groups, the apoptosis index
was shown to be considerably lower in both tubular and
glomerular cells. Tissue damage is caused by an increase in
apoptosis. Li M et al. showed that Caspase-3 was decreased
in rats given allicin, and the kidney was protected against
RIR damage in this group [31]. Zheng Y et al. reported
that Carnosol decreased apoptotic tubular cell death and
Caspase 3 activity in their experimental RIR model [33]. In
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Parameter MNS (n=38) Control (n=8) Sham (n=38) DMSO (n=8) P value'
SOD (U/mg prt) 6.4+3.22 49+1.92 2.8+1.0° 344130 0.006
GPx (U/mg prt) 0.19+0.082 0.29+0.152 0.17+£0.06* 0.12+0.05° 0.06
CAT (U/mg prt) 4573 +£ 8942 4942 +29472 2905+573° 3002 +764° 0.0004
MDA (nmol/mg prt) 5.8+1.6° 45+0.8° 5.6+0.5° 58+14° 0.10
8-OH-dG (80HdG ng/ 1.9+1.0° 2.1+1.52 24+232 3.8+2.42 0.14

mg of DNA)

Mean£SD are presented.

'P values obtained from non-parametric Kruskal-Wallis tests; small letters indicate significantly different groups based on pairwise Wilcoxon tests for non-parametric
comparisons. The small letters a and b indicate significantly different groups in statistical comparisons.
SOD: Superoxide dismutase, Gpx: Glutathione peroxidase, CAT: catalase, MDA: Malondialdehyde, 8-OH-dG: 8-Okso-2'-deoksiguanozin, DMSO: dimethyl sulfoxide,

MNS: 3,4-methylenedioxy-B-nitrostyrene.

Renal ischemia-reperfusion injury

PANoptoseme RIBKI-3

NLRP 3

Gasdermin D CASPASE 3

J

Pyroptosis

Apoptosis

MNS

MLKL

|

Necroptosis

PANoptosis

Figure 7. Targeting NLRP 3, one of the PANoptoseme proteins, by the MNS.MNS: 3,4-methylenedioxy-B-nitrostyrene, NLRP 3: Nod-like receptor pyrin
domain-containing 3, RIBK 1-3: Receptor-interacting protein kinase 1-3, MLKL: Mixed Lineage Kinase Domain Like Pseudokinase

the study of Kang Y et al., RIR damage and apoptosis were
reduced with the application of Penehyclidine hydrochloride
[34]. Our findings are also consistent with these reports.
Another important mechanism of planned cell death is
pyroptosis. Pyroptosis is important in the development of
inflammatory tissue damage and has also been linked to
RIR [1, 35]. Pyoptosis is triggered by the cytoplasmic pro-
tein Gasdermin D, and it is also triggered by the release
of interleukin-1. Gasdermin D expression was used to eval-
uate pyoptosis in our study. When comparing the MNS
group to the Sham and DMSO groups, gasdermin D expres-
sion was found to be considerably lower in the MNS group.
In fact, previous studies showed that decreasing pyroptosis
protects cells against cardiac and cerebral ischemia, as well
as RIR injury [36, 37]. Tajima T et al. reported that
B-hydroxybutyrate protects the kidney against RIR damage
through anti-pyroptotic effects [35]. Zhu Y. et al. showed
that the kidney was protected against RIR damage by

regulating the NLRP3-induced pyroptosis activation of
epoxyeicosatrienoic acid in experimental RIR models [38].
The onset of tubular cell destruction is aided by gasdermin
D-dependent tubular cell pyroptosis [39]. In the previous
experimental RIR model, Wu W. et al., observed that GSDM
D-mediated pyroptosis was reduced in the Cholecalciferol
group, and the kidney was protected against RIR damage
[40]. Furthermore, according to Pang et al.,, Caspase-1/
Gasdermin D-linked pyroptosis reduction in mice given
Salvianolic acid B preserved the kidney against RIR injury
via activating the Nrf2/NLRP3 signaling pathway [26]. The
results obtained in our study are compatible with the find-
ings of these previous studies.

Inflammation is supported by necroptosis, which is a
type of programmed cell death. [41]. Moreover, a prior
research suggested that necroptosis may be a primary mech-
anism of cell death in RIR damage, and that inhibiting
necroptosis might protect the kidney from RIR damage [2].
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Receptor-interacting protein kinase 1-3 (RIPK 1-3) and
MLKL are all involved in regulating necroptosis. Furthermore,
it is triggered by MLKL phosphorylation by RIPK 3 [41,
42]. MLKL, along with RIPK 1 and RIPK 3, is thought to
be a necroptotic marker [2]. RIR damage has also been
linked to RIPK-1 acting as a regulator of RIR [24]. Chen
et al. found that inhibiting the necroptotic pathway’s major
components, such as MLKL, RIPK-1, and RIPK-3, lowers
RIR damage. Necroptosis mediated by RIPK 3 and MLKL
is linked to initial renal damage in RIR injury. Additionally,
necroptosis stimulated the activation of the NLRP3 inflam-
masome [43].

Li C. et al. showed that the kidney was protected against
acute kidney injury by blocking necroptosis with a chalcone
derivative. Chalcone derivative shows this effect by blocking
the RIPK 1, RIPK 3, MLKL signaling pathway [44]. In
another experimental study, acute kidney injury caused by
RIR or cisplatin administration was reduced in mice given
gypenoside XLIX. Gypenoside XLIX was found to exert this
effect by means of reducing renal necroptosis [45]. Martens
et al. also found that Sorafenib tosylate inhibits RIPK 1 and
RIPK 3, and thereby lowers MLKL expression. They demon-
strated that this medication, as an inhibitor of TNF-linked
necroptosis, prevented the kidney against RIR injury as a
result of lowering MLKL expression and necroptosis. [46].
Necroptosis was shown to be lower in the MNS group com-
pared to the sham and DMSO groups in our study. The
findings are also consistent with the results of previous
studies.

Free oxygen radicals increase in tissue, and cause cell
and tissue damage during renal ischemia. Especially, free
oxygen radicals’ increasing kidney damage through causing
lipid peroxidation and tissue damage is more evident during
reperfusion [47]. Antioxidant defense mechanisms like GPx,
SOD and CAT has a crucial role in protecting against free
oxygen radicals [48]. Fatty acid peroxidation causes MDA
to be generated in the cell. MDA generation rises in tandem
with the rise of free oxygen radicals. MDA generation that
is higher than normal suggests oxidative stress. MDA ele-
vation reflects oxidative stress [49]. In previous RIR models,
it was observed that the MDA level decreased in the treat-
ment groups, while the activities of antioxidant defense
systems such as CAT, SOD, and GPx were increased. Thus,
the oxidative stress is reduced and the kidney is protected
[50, 51]. In our study, there was no significant difference
in MDA levels across the groups. The reason for this may
be the fact that MDA cannot rise sufficiently due to the
short-term reperfusion period. The high values of MDA
occur hours after initiation of reperfusion [49]. In our
study, changes may not be observed due to the short-term
reperfusion period, and lack of MDA measurements at
12th, 24th and 36 hours after the reperfusion. In addition,
various MNS dosages were not used in our research.
Aboutaleb et al. obtained different MDA levels with dif-
ferent lavender oil doses in their study on RIR damage
[52]. Therefore, future studies examining different MNS
doses on MDA levels are still needed to examine the
reported dosage effect.

Another indicator of oxidative stress, 8-OH-dG, has been
studied as an oxidative stress biomarker. Moreover, 8-OH-
dG is the main oxidative lesion originating from free radicals
[53]. As shown previously, the level of 8-OH-dG decreases
with the reduction of oxidative stress [54, 55]. In the current
study, there was no statistical significance between the
groups in terms of 8-OH-dG levels. With oxidative stress,
8-OH-dG rises very rapidly in tissue and falls within min-
utes [56]. These changes could not be observed during our
study period. Thus, future studies would alinvestigate the
possible effects of different MNS doses and durations on
8-OH-dG.

Antioxidant defense systems such as GPx, CAT, and SOD
are thought to protect the kidney against RIR injury.
Moreover, during renal ischemia and reperfusion, the levels
of CAT, SOD, and GPx drop significantly, while the quantity
of free oxygen radicals rises. In fact, boosting CAT, SOD
and GPx decreases free oxygen radical damage to cells and
tissues. [57, 58]. Previous studies reported the relationships
between pyroptosis, apoptosis and lipid peroxidation [59, 60].

The MNS group showed a considerable rise in CAT and
SOD levels when compared to the sham and DMSO groups
in our study. Although the GPx level was found to be higher
in the MNS group compared to the sham and DMSO
groups, the result was marginally siginficant (p=0.06). Since
our study was designed as the 6-hour short-term reperfusion
model, the GPx values obtained after long-term reperfusion
such as 24hours could not be observed. Syng-Ook Lee et al.,
reported that After performing short-term reperfusion, there
was no significant change in GPx levels across the groups
[57]. Moreover, in the present study, we did not investigate
the efficacy of different MNS dosages. Jiang G. et al. pre-
viously investigated the effect of administration of pachymic
acid on ferroptosis in mice with RIR. They compared GPx
levels between groups after 24hours of reperfusion. While
GPx increase was not significant with low dose pachymic
acid, they found a significant increase at high doses [61].

There are some limitations in our study. High MNS doses
can reduce ATPase activity, increase NLRP3 inhibition, and
significantly reduce inflammatory response [7]. However, in
the current study, there was only one dose of MNS admin-
istered to rats. As a result, we could not investigate the
effectiveness of various dosages. Future research involving
the effects of various doses of these medicines on RIR dam-
age would help us understand further on this manner.
Moreover, different administration routes may result in dif-
ferent effects. The effects of the intraperitoneal route of
administration were observed in our study. In our study,
we investigated the results of the short-reperfusion period.
Further future research will be needed to determine the
efficacy of various ischemia and reperfusion time frames.

Conclusion

Taking all into consideration, our findings suggest that MNS
reduces apoptosis, necroptosis and pyroptosis in the exper-
imental renal ischemia reperfusion model before reperfusion.
In addition, tubular damage, glomerular and tubular A,



gasdermin D, and MLKL expression were all significantly
lower in the MNS group. Antioxidant defense system acti-
vation, such as SOD and CAT, was found to be increased
in the MNS group. In conclusion, inhibition of NLPR 3,
one of the PANoptosome proteins, by MNS, reduces
PANoptosis and protects the kidney against renal
ischemia-reperfusion injury.
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