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ABSTRACT

Introduction: Renal Ischemia/Reperfusion (I/R) causes acute kidney injury known by Keywords:

impaired renal function, which has partially been connected to kidney apoptosis as well as Curcuminoids

the impairment of Cyclooxygenase-2 (COX-2) and Na*/K*-ATPase signaling. Curcuminoids Nanoparticle

have been proposed to have potential renoprotective effects. Thus, the present research work Renal ischemia/reperfusion
aimed to assess the effect of Nanomicellar Curcuminoids (NC) in a rat model of renal I/R. Na"K* -ATPase
Methods: Adult male Sprague-Dawley rats were allocated to three treatment groups (n=5/ COX-2

group). NC at the dose of 25 mg/kg/i.p or its vehicle was administered 60 min before renal Rat

ischemia induction. Then, the animals were subjected to bilateral renal ischemia for 60 min
and reperfusion for 24 h. Subsequently, blood samples were collected to assess Blood Urea
Nitrogen (BUN) and Creatinine (Cr) levels. In addition, kidneys were isolated to evaluate
renal histopathology, caspase-3 cleavage, and COX-2 and Na'/K*-ATPase pump levels.
Results: The results showed that NC improved kidney function (P<0.0001) and attenuated
I/R-induced histopathological injuries (P<0.0001) and caspase-3 cleavage (P<0.01).
However, the downregulation of renal COX-2 and Na*/K* -ATPase expression induced by
I/R was not restored by the renoprotective dose of NC.

Conclusion: The findings of the present study indicated that the renoprotective effect of
NC in the renal I/R rat model coincided with the inhibition of histopathological injuries and
apoptosis, but not with compensation for renal COX-2 and Na*/K* -ATPase downregulation.

Introduction etal., 2019; Soares et al., 2019). Furthermore, renal I/R
Ischemia followed by reperfusion (I/R) leads to seri- is an important cause of acute renal failure characterized

ous organ damage (Soares et al., 2019). Renal /R isa by low rates of glomerular filtration and tubular necrosis

common outcome of clinical procedures such as renal (Shiva et al., 2020).

transplantation and partial nephrectomy (Lugo-Baruqui During ischemia, mitochondrial oxidative phosphor-
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ylation is inhibited due to the lack of oxygen. This phe-
nomenon impairs ATP synthesis and reduces the activ-
ity of energy-dependent pumps, which can lead to cell
death (Malek and Nematbakhsh, 2015). ATP depletion
may also affect Na"/K*-ATPase as the main pump in-
volved in renal sodium reabsorption (Féraille and Dou-
cet, 2001; Matsuzaki et al., 2007; Sampaio et al., 2018).
Moreover, renal I/R activates the inflammatory cascades
that contribute to renal injury. Therefore, modulation of
the inflammatory process is considered a therapeutic
approach in renal I/R (Malek and Nematbakhsh 2015).
Cyclooxygenase-2 (COX-2) is considered a pro-inflam-
matory factor involved in renal I/R injury (Nerregaard
etal., 2015). Thus, the use of COX-2 inhibitors has been
suggested to benefit renal I/R (Goetz Moro et al., 2017).
However, some studies have revealed a decrease in the
expression of COX-2 during renal I/R (Nerregaard et
al., 2015). Hence, it is unknown whether the decrease
in the COX-2 level is a protective or damaging factor
(Norregaard et al., 2015).

Recently, scientists have been inspired to evaluate the
effects of herbal agents on I/R. Turmeric has been ex-
tensively used as a traditional medicine to treat various
disorders such as biliary disorders, liver diseases, an-
orexia, common cold, diabetic wounds, and rheumatism
(Amalraj et al., 2016). The active ingredients of turmeric
called curcuminoids include curcumin, Demethoxycur-
cumin (DMC), and Bisdemethoxycurcumin (BDMC).
Curcuminoids have been suggested to exert several pro-
tections such as renoprotective effects (Amalraj et al.,
2016). Howbeit, the protective effects of curcuminoids
are limited by their low bioavailability and low aque-
ous solubility (Amalraj et al., 2016; Liu et al., 2016b).
Therefore, several efforts have been made to improve
the bioavailability of curcuminoids to enhance their
therapeutic effects (Amalraj et al., 2016; Dawidczyk et
al., 2014). Nano-micelles have been considered effec-
tive tools to encapsulate drugs with low water solubility
(Williams et al., 2013). The micelle core-shell structure
inhibits water penetration, thereby providing a suitable
environment for curcumin compared to its native form
(Hatamipour et al., 2019). A new formulation of Nano-
micellar Curcuminoids (NC) with enhanced solubility,
oral bioavailability, and stability of all the three major
curcuminoids; i.e. curcumin, DMC, and BDMC, has
been fabricated (Hatamipour et al., 2019) and commer-
cialized with the trade name of SinaCurcumin by Exir

Nano Sina Company (Tehran, Iran), which is currently
utilized as a curcuminoid supplement. Several reports
have indicated the beneficial effects of this compound
in multiple clinical trials (Prasad et al., 2014; Wright et
al., 1982).

Considering the advantages of the nanomicelles of
curcuminoids, the present study aims to investigate
the renoprotective effects of SinaCurcumin® as an NC
drug on kidney function, histopathological injuries, re-
nal caspase-3 cleavage, and COX-2 and Na/K*-ATPase
levels in a rat model of renal I/R.

Materials and Methods

Materials

NC registered as SinaCurcumin® was purchased
from Exir Nano Sina Company, Tehran, Iran (IRC:
1228225765). The characterization of SinaCurcum-
in® has been published previously (Hatamipour et al.,
2019). The western blot analysis antibodies, Na"/K*-AT-
Pase, GAPDH, and anti-goat IgG Horseradish peroxi-
dase-conjugated antibodies were prepared by the Santa
Cruz Company. Caspase-3, COX-2, and secondary An-
ti-Rabbit [gG HRP-conjugated antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA).
Besides, Polyvinylidene Difluoride (PVDF) membrane
was purchased from Millipore and the protease inhib-
itor was supplied by Pierce. Additionally, Amersham
Enhanced Chemiluminescence (ECL) select reagent kit
was obtained from GE Healthcare Life Sciences, UK.
Other reagents were obtained from usual commercial
sources.

Experimental animals

Adult male Sprague-Dawley rats (weight 220-250
g) were purchased from the Laboratory Animal Center
of Shiraz University of Medical Sciences, Shiraz, Iran.
The rats had access to water and food ad libitum and
were housed under controlled temperature (20+2°C)
and lighting (07:00 to 19:00 h). Ethical approval was
obtained from the Local Committee for the Ethics of
Scientific Research of Shiraz University of Medical
Sciences (approval No. IR.SUMS.REC.1399.556). All
animal experiments were carried out in accordance with
the National Institutes of Health guide for the care and
use of laboratory animals (NIH publications No. 8023,
revised 1978).

The animals were randomly allocated into three treat-
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ment groups (n=5/group):
1. Sham group: received saline as the vehicle of NC
one h before laparotomy without ischemia induction.
2. I/R group: received saline as the vehicle of NC one
h before bilateral I/R induction.
3. NC + I/R: received NC 25 mg/kg/ip one hour be-
fore I/R induction.

Renal ischemic—reperfusion induction

Renal I/R was induced as described previously (Ghol-
ampour et al., 2019; Karimi et al., 2021). Briefly, the an-
imals were anesthetized using ketamine (50 mg/kg/i.p.)
and xylazine (10 mg/kg/i.p.). Following a middle lapa-
rotomy, the rats were subjected to bilateral renal pedicle
occlusion for 60 min using a microaneurysm vascular
clamp. After 60 min, the clamps were removed and the
wounds were sutured in two layers. The animals expe-
rienced a 24 h reperfusion afterward. The animals in
the sham group underwent laparotomy without pedicel
clamping.

Assessment of the plasma levels of blood urea nitro-
gen and creatinine

Following 24 h of reperfusion, the animals were anes-
thetized using ketamine (50 mg/kg/i.p.) and xylazine
(10 mg/kg/i.p.). Then, blood samples were obtained
from their tails for biochemical assessments. The blood
samples were centrifuged at 4000 rpm for 15 min, and
the plasma was stored at -20°C for the assessment of
Blood Urea Nitrogen (BUN) and Creatinine (Cr) levels.
The plasma levels of BUN and Cr were analyzed by an
auto-analyzer (RA-1000 Technicon, America).

Histological analysis and injury scoring

Following 24 h of reperfusion, the right kidney was
isolated in anesthetized rats to assess the histological
parameters in all the study groups (n=4 randomly as-
signed). The isolated kidney was post-fixed in formalin
10%, dehydrated with alcohol, and embedded in paraf-
fin for Hematoxylin-Eosin (H &E) staining. The tissue
block was then sliced into 4 um sections and stained
with H&E and the histopathological injury scoring was
performed using light microscopy. The percentage of in-
jury was calculated using several parameters including
the shedding of brush border, tubular necrosis, vascu-
lar congestion, exfoliation of epithelial cells, and cast
deposition. The degree of renal damage was determined

using 10 randomly selected fields in both the cortex and
medullary area for each animal using the following cri-
teria: 0=no damage, 1=minor (<20% abnormality of the
cortex or outer medulla), 2=moderate (21-40% abnor-
mality of the cortex or outer medulla), 3=severe (41-
60% injury of the cortex or outer medulla), and 4=more
severe defects (>81% involvement of the cortex or outer
medulla).

Western blot analysis

Following 24 h of reperfusion, the left kidney was
isolated in anesthetized rats to assess caspase-3, COX-
2, and Na"/K*-ATPase levels (n=3 randomly assigned).
The kidney tissues were homogenized and lysed in cold
RIPA (Radioimmunoprecipitation assay) lysis buffer
containing protease and phosphatase inhibitors. The
lysates were then centrifuged at 12000 rpm at 4°C for
25 min. Afterwards, the supernatant was isolated and its
protein content was determined using the Lowry meth-
od. The Western blot technique was performed as pre-
viously described (Amiri et al., 2016; Moosavi et al.,
2014). Briefly, equal protein samples (40 pg/sample)
were electrophoresed on a 10% Sodium Dodecyl Sul-
fate PolyAcrylamide Gel Electrophoresis (SDS—-PAGE)
and were transferred onto PVDF membranes (Millipore,
Burlington, MA, United States) using the Bio-Rad trans-
fer system (Bio-Rad, USA). The blots were blocked with
5% Bovine Serum Albumin (BSA) in TBST (100 mM
Tris, 2.0% NaCl pH 7.6, 1% Tween-20) at room tem-
perature for one h. The membranes were then exposed to
primary antibodies including caspase-3 (1/1000), COX-
2 (1/2000), Na/K*-ATPase (1/2000), and GAPDH
(1/2000) overnight at 4°C. After that, the membranes
were washed three times with TBST (10 min each) and
were exposed to their corresponding HRP-conjugated
secondary antibodies at room temperature for one h. Af-
ter washing with TBST, the bands were revealed using
enhanced chemiluminescence (ECL select; GE Health-
care) and photographic films in a dark room. Image J
software from NIH (Bethesda, MD, USA) was used to
quantify the intensities of the protein bands.

Statistical analysis

The data have been presented as mean + Standard
Error of Measurement (SEM), P<0.05 was defined sta-
tistically significant. Data analysis was performed us-
ing GraphPad Prism version 6 (GraphPad software, San
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Diego, CA). The data were analyzed by one-way ANO-
VA followed by Tukey’s test for multiple comparisons.

Results

NC treatment improved renal function
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Renal I/R led to a significant increase in the plasma
levels of BUN (F (2, 12) = 227; P<0.0001) and Cr (F
(2, 12) = 172; P<0.0001), indicating renal function dis-
ruption. Treatment with NC 25 mg/kg/ip 60 min before
ischemia induction significantly decreased the plasma
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FIGURE 1. The plasma levels of BUN (A) and Cr (B) in the sham, I/R, and NC 25 mg/kg + I/R groups. The data have been presented as mean
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FIGURE 2. The histopathological results following renal I/R. Light microscopic images of renal cortex and medulla stained with H&E (400X
magnification) in the sham (A and D), I/R (B and E), and NC+I/R (C and F) groups. In the I/R group, the enlargement of the bowman space has
been shown with a white horizontal arrow (B), destruction of the proximal tubule with a white upward arrow (B and E), damage to the thick
ascending limb with a white downward arrow (C), intratubular cast formation with a black arrow (B and E), and vascular congestion with a
triangle arrow (B and E). The quantitative injury score of H&E staining has been presented in Fig. 3G. The data have been presented as mean
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levels of BUN (P<0.001, Figure 1A) and Cr (P<0.0001,
Figure 1B) compared to the I/R animals.

NC administration reduced the histological lesions

The representative histopathological images of the
cortical and medullary kidneys of the sham, I/R, and I/R
+ NC groups have been depicted in Figure 2 A-F. As
shown in Figure 2B and 2E, renal I/R led to tubular and
vascular enlargement (including the bowman space),
destruction of proximal and thick ascending tubules,
intratubular cast formation, and vascular congestion
in the cortex and medulla (Figure 2B and 2E). These
histopathological changes were attenuated following
the treatment with NC 25 mg/kg (Figure 2C and 2F).
The total histopathological injury scores have been pre-
sented in Figure 2G. The results of one-way ANOVA
revealed a significant difference among the study groups
(F (2,9)=274; P<0.0001). As shown in Figure 2G, NC
administration significantly improved renal injury com-
pared to the I/R group (£<0.0001).

The protein levels of cleaved caspase 3, Cox-2, and
Na'/K*-ATPase following NC administration

A, Control IR

The amount of cleaved caspase-3 protein was de-
termined using the western blot technique, and the re-
sults have been depicted in Figure 3A. The quantitative
analysis of cleaved caspase-3 has also been shown in
Figure 3B. The results of one-way ANOVA indicated a
significant difference among the study groups (F (2, 6)
=6.75, p=0.0291). Additionally, the results of post-hoc
Tukey’s test showed a significant difference between the
sham and renal I/R groups (P<0.05), while there was no
significant difference between the sham and NC + I/R
groups. These results revealed the anti-apoptotic effect
of NC in the rat model of renal I/R.

The level of COX-2 protein was determined using
the western blot technique, and the results have been
presented in Figure 3A. Besides, the quantitative ratios
of COX-2 in the sham, I/R, and NC + I/R groups have
been shown in Figure 3C. The results of one-way ANO-
VA indicated a significant difference among the study
groups (F (2, 6) = 13.9, p=0.0056). The results of post-
hoc Tukey’s test also demonstrated a significant differ-
ence between the sham and renal I/R groups (P<0.01).
However, NC treatment was not able to restore the renal
COX-2 downregulation.
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FIGURE 3. The protein levels of renal cleaved caspase-3, Cox-2, Na'/K*-ATPase, and GAPDH in the sham, I/R, and NC+I/R groups (A). The
quantitative ratio of cleaved caspase-3 (B), Cox-2 (C), and Na'/K'-ATPase (D) in different groups. Data have been shown as mean + SEM.
"P<0.05, **P<0.01, and " P<0.001 represent statistical differences between the control and other groups. #P<0.01 represents differences be-

tween the I/R and NC + I/R treated groups.
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The immunoblot results of renal Na*/K*-ATPase have
been shown in Figure 3A. In addition, the quantitative
ratios of Na*/K*-ATPase in different groups have been
presented in Figure 3D. The results of one-way ANO-
VA revealed a significant difference among the study
groups (F (2, 6) =22.4, p=0.0016). The results of post-
hoc Tukey’s test also revealed that renal I/R significant-
ly reduced Na”/K™-ATPase expression in the kidney
(P<0.01) and the renoprotective dose of NC did not pre-
vent I/R-induced Na*/K*-ATPase downregulation.

Discussion

The present study results revealed an increase in the
plasma levels of BUN and Cr following renal I/R. How-
ever, a single CN administration at the dose of 25 mg/
kg/ip significantly decreased the levels of these param-
eters, representing the beneficial effect of NC on renal
function. Previous studies have mostly dealt with the
renoprotective effect of curcumin (Kaur et al., 2016; Liu
et al., 2017; Liu et al., 2016a; Najafi et al., 2015; Zhang
et al., 2018). Nonetheless, curcumin is not the only bio-
active curcuminoid. Moreover, the previously reported
protective doses of curcumin were quite higher than that
administered in the present investigation. For instance,
in the study performed by Najafi et al., rats were ad-
ministered with a 20 mg/kg curcumin intraperitoneal
injection following ischemia induction. Following a 24
h reperfusion, curcumin could not significantly decrease
the serum level of Cr in I/R animals (Najafi et al., 2015).
Other studies reported that curcumin at the dose of 100
(Kar et al., 2020) and 200 mg/kg/i.p. (Aydin et al., 2014;
Karahan et al., 2016) might protect rats against renal
I/R injury (Aydin et al., 2014; Karahan et al., 2016).
Therefore, the triple curcuminoid formulation and the
higher bioavailability of NC used in the present study
(Hatamipour et al., 2019) might potentiate the protec-
tive effects and lower the efficient dose. Furthermore,
the histopathological results showed an improvement in
tubular necrosis, exfoliation of the epithelial cells of the
proximal tubule and the thick ascending limb, cast for-
mation, and vascular congestion following a single NC
treatment.

The results of the current research disclosed that re-
nal I/R led to the downregulation of the Na"/K*-ATPase
pump. Generally, Na*/K*-ATPase is highly expressed in
the kidney, because the maintenance of the Na™ gradient
is fundamental to reabsorb amino acids and glucose as

well as to regulate blood pH and electrolytes (Clausen et
al., 2017). Additionally, the energy metabolic dysfunc-
tion induced by ischemia seems to be closely connected
to the Na”/K*-ATPase action (Matsuzaki et al., 2007;
Sampaio et al., 2018). However, the nephroprotective
effect of NC did not coincide with the restoration of Na*/
K*-ATPase pump expression in the present study. There-
fore, it seems that the restoration of the Na*/K"-ATPase
pump is not involved in the renoprotective effect of NC.

Previously, a strong association was recommended
between COX-2 and renal I/R injury (Nerregaard et al.,
2015). Therefore, the COX-2 level was assessed within
the renal tissue in the present research. The results re-
vealed that renal I/R downregulated COX-2, which was
in agreement with the results of another report, which
showed a significant decrease in the COX-2 level within
the I/R kidney (Villanueva et al., 2007). Although some
studies have demonstrated that COX-2 was involved in
I/R pathology and its inhibition could reduce renal dam-
age and oxidative stress (Feitoza et al., 2005; Suleyman
et al., 2014; Suleyman et al., 2015), evidence has indi-
cated that pharmacological or genetic blockage of COX-
2 increased renal injury and dysfunction following renal
I/R (Hwang et al., 2013; Patel et al., 2007). The results
of the present study disclosed that treatment with NC
did not restore the COX level in the renal tissue, as there
was no significant difference between the I/R and NC +
I/R groups. Therefore, it seems that the protective effect
of NC is not dependent on COX-2 restoration.

The present study findings revealed an increase in re-
nal caspase-3 cleavage following I/R. Caspase-3 is con-
sidered the main effector of apoptosis (McComb et al.,
2019) and its upregulation has been reported following
renal I/R injury (Karimi et al., 2021; Yang et al., 2018).
In the current study, NC significantly reduced caspase-3
cleavage in the I/R animals. Thus, it could be conclud-
ed that the inhibition of apoptosis was involved in the
protective effect of NC in renal I/R. This finding was
compatible with those of the previous studies showing
the anti-apoptotic impact of curcuminoid nanoparticles
in the human renal tubular epithelial cell line (Xu et al.,
2016) as well as in the renal tissue (Karimi et al., 2021).

In conclusion, the present study results indicated that
NC had renoprotective and anti-apoptotic effects in the
rat model of renal I/R. Moreover, renal I/R led to COX-
2 and Na”/K*-ATPase downregulation, while the ne-
phroprotective effect of NC was not dependent on Na'/
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K*-ATPase and COX-2 restoration.
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