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ABSTRACT

Introduction: Although simvastatin attenuates renal injury in several ways, its poor solubility Keywords:
and bioavailability may reduce its efficiency. This study evaluated the effect of simvastatin- Simvastatin
loaded nano-niosomes against myocardial ischemia/reperfusion (MI/R)-induced kidney failure Inflammation
and compared its efficiency with simvastatin. Oxidative stress
Methods: Nano-niosomes were prepared using the surface-active agent film hydration method. Apoptosis

For inducing MI/R, the left anterior descending artery (LAD) was ligated, and then recirculation
was established. Drug formulations at a concentration of 3 mg/kg were administered into the
myocardial tissue. Western blot assay was applied to measure protein levels. An ELISA assay
was used to evaluate the expression of inflammatory cytokines, oxidative stress markers, and
markers of renal function. H&E staining was done to determine tissue damage.

Results: The induction of MI/R in rats increased serum levels of creatinine, BUN, and uric
acid; elevated levels of pro-inflammatory cytokines (TNF-a, IL-1pB, IL-6, and IL-11), NF-«B,
BAX, and caspase-3 in renal tissue; and decreased the activities of antioxidant enzymes SOD,
GPX, and catalase, as well as Bcl-2 protein in renal tissue. Although all of these changes were
neutralized by medication with simvastatin and simvastatin-loaded nano-niosomes, simvastatin-
loaded nano-niosomes had a more powerful impact on reducing MI/R-induced renal injury
compared to simvastatin.

Conclusion: The outcomes conclude that nano-niosomes can be considered a good candidate
to improve the efficiency of simvastatin against MI/R-induced renal injury. Simvastatin-loaded
nano-niosomes are capable of reducing MI/R-induced renal injury and improving renal function
by reducing inflammation, suppressing oxidative stress, targeting NF-«kB protein, and attenuating
apoptotic cell death.
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Introduction

There is a bidirectional correlation between chronic
renal disorder disease and cardiovascular condition that
is defined as cardiorenal syndrome (Rangaswami et al.,
2019). Acute kidney injury (AKI) is a syndrome and one
of the substantial complications of cardiac surgery. It is
characterized by loss of renal function in patients and
is associated with long hospital stays and high mortali-
ty (Gallagher et al., 2015). Coronary revascularization,
shock, and cardiopulmonary bypass (a surgery for the
replacement of a heart valve) are linked with a high
prevalence of AKI (Choi et al., 2011). Development of
AKI has been reported in almost 50% of subjects after
exposure to cardiopulmonary bypass, which is associ-
ated with shorter survival (Pickering et al., 2015). The
incidence of AKI following cardiopulmonary bypass
and coronary revascularization is correlated with several
factors, such as reduction in relative perfusion pressure,
loss of pulsatile blood flow during surgery, and initia-
tion of oxidative stress and inflammatory responses ow-
ing to foreign body reaction (Tang et al., 2020). Among
these factors, perioperative renal hypoperfusion results
in kidney ischemia-reperfusion injury (I/RI), excessive
generation of reactive oxygen species (ROS), and hence
aggravation of injury because of the elevation of oxi-
dative stress and acute inflammatory reactions (Chen et
al., 2014; Ozer et al., 2005). After an acute myocardial
infarction, acute inflammatory reactions may confer ad-
verse cardiac remodelling, and circulating inflammato-
ry cytokines may mediate leukocyte infiltration in the
kidney, which in turn causes renal injury (Ernandez and
Mayadas 2016).

Some investigations have suggested that the residual
inflammatory risk of myocardial infarction (MI) patients
is connected to renal dysfunction. For example, Fu BS
et al. found that elevated high-sensitivity C-reactive pro-
tein, an indicator of inflammation in the body, in post-MI
patients is associated with an increased risk for AKI in
these patients (Fu et al., 2019). Another study indicated
that there is a close inflammatory interplay between the
cardiac and the renal tissue early after MI that is relevant
to CXCR4 and its ligand (Werner et al., 2021).

Statins, as competitive and selective inhibitors of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, are usually employed to reduce dyslipidemia
and plasma cholesterol as well as prevent coronary ar-
tery disorders (Pang et al., 2020; Tokgozoglu and Zamo-

rano, 2020). Several studies have indicated that the use
of statins contributes to reducing renal ischemia/reper-
fusion injury by enhancing angiogenesis (Chade et al.,
20006), inhibiting oxidative stress (Zhang et al., 2017),
and inhibiting inflammation (Zhao et al., 2014). Cur-
rently, nano-niosomes have gained much attention from
the research community owing to their unique proper-
ties like biocompatibility, biodegradability, stability,
non-toxicity, and their capacity for loading both lipo-
philic and hydrophilic compounds (Bahrololoumi and
Nikazar 2023; Izhar et al., 2023). No previous investi-
gation has assessed simvastatin-loaded nano-niosomes
specifically for MI/R-induced cardiorenal disorder, with
simultaneous assessment of inflammation, oxidative
stress, apoptosis, and NF-kB signaling. Owing to the
poor solubility and bioavailability of simvastatin (Ullah
et al., 2022), in this study, we designed a nanocarrier
system using simvastatin-loaded nano-niosomes to im-
prove the poor solubility and bioavailability of the drug
and explore whether this nano-formulation is capable
of improving myocardial ischemia/reperfusioninduced
acute kidney injury in rats by targeting inflammation.

Material and Methods

Synthesis of nano-niosomes

Preparation of nano-niosomes was based on our pre-
vious investigation and the surface-active agent film hy-
dration method (Naseroleslami et al., 2022). After dis-
solution of polyethylene glycol (PEG), cholesterol, and
nonionic surface-active Span-60 in 100% ethanol under
stirring for 5 min at 60°C (150 rpm), the solvent was
evaporated using a rotary evaporator, and a thin layer
was formed on the wall of the bottom flask. After adding
the dissolved drug to the surface-active and cholesterol
film, it was hydrated for 10 min at 60°.

Characterization of particles

Transmission electron microscopy (TEM) analysis
was used to assess the shape and size of particles. To this
end, the samples were deposited onto the copper grid
covered with carbon at an increasing voltage of 80 kV.

Animal models and consideration of ethics

Male Wistar rats (250-350 g) were procured from the
Animal Center of Iran University of Medical Sciences.
The rats were placed in a pathogen-free room on a natu-
ral 12 h light/dark schedule, with 60 + 5% humidity, at a
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temperature of 20-22°C with free accessibility to water
ad libitum and meals. All steps were performed accord-
ing to the approval of the Ethics Committee of Iran Uni-
versity of Medical Sciences. Moreover, all experimental
procedures were based on the principles outlined in the
Guide for the Care and Use of Laboratory Animals cre-
ated by the US National Institutes of Health.

Study design

The animals were accidentally divided into Five
groups (5 rats per category): 1) Sham group (Sham):
The animals were exposed to surgical shock without
ligation of the left anterior descending artery (LAD);
2) myocardial ischemia/reperfusion (MI/R) group: the
animals were exposed to LAD for 45 min and then recir-
culation was established for 24 h; 3) MI/R + nano-nio-
somes group: the animals were exposed to LAD for 45
min and then they intramyocardially received a dose of
3 mg/kg nano-niosomes 10 min prior to the end of LAD
ligation; 4) MI/R + simvastatin: the animals were ex-
posed to LAD for 45 min and afterward they intramyo-
cardially received a dose of 3 mg/kg simvastatin 10 min
prior to the end of LAD ligation; 5) MI/R + nano-sim-
vastatin: The animals were exposed to LAD for 45 min
and then a dose of 3 mg/kg nano-niosomes containing
simvastatin was intramyocardially injected prior to the
end of LAD ligation. The intramyocardial drug admin-
istration allows us to evaluate the direct delivery of the
target drug to the heart tissue by avoiding the systemic
effects of intravenous injection.

MI/R model

In order to establish an MI/R model in rats, a mix-
ture of ketamine (60 mg/kg) and xylazine (5 pg/kg) was
intraperitoneally administered to animals. After anaes-
thesia, the rats were fixed in a supine sleeping position
and endotracheal intubation was performed through a
vein puncture needle and its connection to a small-an-
imal ventilator (tidal volume 2-3 mL, respiratory rate
65-70 per min). To induce MI/R, a left thoracotomy
at the fourth intercostal space was performed, and the
pericardium was opened to reveal the heart. Then, a lig-
ature was established by passing a 5-0 silk suture un-
der the LAD. The regional cyanosis of the myocardial
surface, QRS widening, and ST-segment changes were
monitored to assess the successful establishment of the
model. The rats’ body temperature was monitored and

maintained at 37°C throughout the procedure via a rec-
tal probe.

Assessment of serum creatinine, BUN, and uric acid

At the end of reperfusion, blood samples were ob-
tained and centrifuged at 1,000 % g for 10 min at 4°C.
Next, serum was collected and kept at —20°C. The se-
rum amounts of creatinine, BUN, and uric acid were
assessed by commercial products according to the pro-
ducer’s guidelines.

Assessment of pro-inflammatory cytokines and oxida-
tive stress factors

After reperfusion, the animals were sacrificed and the
left kidney was dissected and collected on ice. After
washing the tissue with cold saline solution and weigh-
ing, 150 mg of the tissue was separated and homoge-
nized within 1.5 mL phosphate buffer using a homog-
enizer (IKA T18, Basic ULTRA TURRAX, USA) at
5000 rpm for 3 min. Whole steps were performed at 4°C
to minimize the destruction of cytokines and enzymes.
Afterwards, the samples were centrifuged at 1,200 x g
for 10 min, and the supernatant was collected. Measure-
ment of pro-inflammatory cytokines and oxidative stress
factors was done using commercial products based on
the manufacturer’s instructions.

Western blot test

The proteins were isolated from frozen renal samples
after homogenization using RIPA buffer (protease and
phosphatase inhibitor) (Sigma-Aldrich). The protein
concentration was evaluated using a BCA protein as-
say product. The 12% SDS-PAGE was used to separate
equal amounts of protein (30 pg) at 100 V for 3 h. Pro-
teins were transferred onto polyvinylidene Difluoride
membranes at 200 mA for 2 h, and then the membranes
were incubated with primary antibodies overnight at
4°C. The samples were washed three times and incu-
bated with secondary antibody at a dilution of 1:2,000
in TBS-T containing 5% skimmed milk for 60 min at
25°C. Enhanced chemiluminescence (PerkinElmer,
Inc., Waltham, MA, USA) was used as a detector of the
immunoreactive bands on X-ray film. The Alpha Ease®
FC Imaging System was applied to measure the opti-
cal density of the bands. B-Actin was used as a loading
control.
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FIGURE 1. Impact of simvastatin-loaded nano-niosomes on renal function. (A) Creatinine, (B) BUN, and (C) Uric acid (***p <0.001, **p
<0.01, and *p <0.05 vs. sham; ## p <0.01 and ###p <0.001 vs. MI/R; $ p <0.05 and $ $p<0.01 vs. MI/R + simvastatin).

Renal histopathological evaluation

After the experimental period was terminated, the
animals were sacrificed under deep anaesthesia. The
left kidney tissue was dissected and fixed in 10% For-
malin overnight. Then, they were cut into 5 pm thick
sections, embedded in paraffin, and stained with he-
matoxylin at 37°C for 3 min and eosin at 37°C for 10
sec. Photographed sections were examined using a light
microscope (Nikon Eclipse 80i; Tokyo, Japan). A renal
pathologist, unaware of the study structure, performed a
morphological assessment.

Statistical analysis

Results are presented as mean + SD. GraphPad Prism
software version 5 was used to perform statistical as-
sessments. Comparison between categories was done by
a one-way test of variance and then the Tukey post hoc
test for multiple comparisons. A p-value less than 0.05
was considered statistically significant.

Results

Evaluation of nano-formulation

Following setting the specimens onto the carbon-coat-
ed copper grid at an increasing voltage of 80 kV, the
shape and size of nano-carriers were evaluated by trans-
mission electron microscopy (TEM). Dynamic light
scattering (DLS) with He—Ne laser at a wavelength of
632.8 nm (Malvern, Zetasizer Nano ZSE, Worcester-
shire, UK) was applied to assess the hydrodynamic size
of nano-niosomes with SIM or without SIM. Fourier
transform infrared (FTIR) spectrum with a Nicolet Ava-

tar 360 FT-IR spectrometer (USA) was used to calculate
loading SIM into the form of nano-niosomes. FTIR was
done with a scanning spectrum in the range of 4000400
cm—1 (19).

Serum concentrations of creatinine, BUN, and uric
acid

As shown in Figure 1 A-C, significantly elevated se-
rum concentrations of creatinine (p <0.001), BUN (p
<0.001), and uric acid (p <0.001) were seen in MI/R ver-
sus the sham category. Following the induction of MI/R,
administration of both SIM (p <0.01 and p <0.001) and
SIM-loaded niosomes (p <0.001) markedly reduced se-
rum concentrations of creatinine, BUN, and uric acid
versus the MI/R category, whereas only nano-niosomes
failed to produce substantial changes in serum levels of
creatinine, BUN, and uric acid versus the MI/R cohort.
SIM-loaded niosomes exhibited more efficacy in reduc-
ing serum levels of creatinine, BUN, and uric acid ver-
sus SIM alone.

Tissue levels of Oxidative stress factors

The occurrence of MI/R in rats significantly decreased
the function of antioxidant enzymes SOD (p <0.001),
GPX (p <0.001), and catalase (p <0.001) in renal tissue
in comparison with the sham animals. However, treat-
ment of MI/R animals with both SIM (p <0.05 and p
<0.01) and SIM-loaded niosomes (p <0.01 and p <0.001)
markedly improved the function of antioxidant enzymes
SOD, GPX, and catalase in renal tissue versus the MI/R
cohort. There were no substantial differences between



Physiology and Pharmacology 30 (2026) 329-339 | 333

Mohseni et al.

0O

g 8
©“

80- " 250
£ $$ T 200
[ (7]
£ o0 i g
& # 4. 1504 id
[=1] ww o ——
E i < E ool
= *hH wa 2
Q 20 = & 5o
o - T - L} D
& Q& & i & o
& & & 2 ,,éb 2 ¥
& A g &
&
(=] ‘b\ é 0<‘P
& ® & &
& N ey @
&L o
» &

3
1
|
CAT (Uimg protein)
- [} w
£=] Q (=] (=]
. 4
™
| P 3
'+

& & & & Q& & &
& & S PO ® @;g% &
(o“ 6‘4 & & 4

S & & & &

*® oo‘ (‘d . @ (P,e

Q.
3 b & Q—‘ & ‘!\& 4 g

n e\} @q.

FIGURE 2. Impact of simvastatin-loaded nano-niosomes on antioxidant enzymes. (A) SOD, (B) GPX, and (C) CAT (***p <0.001 and
**p <0.01 vs. sham; ## p <0.01 and ###p <0.001 vs. MI/R; $ p <0.05 and $$p<0.01 vs. MI/R + simvastatin).

the MI/R cohort and the MI/R + nano-niosomes cohort.
SIM-loaded nano-niosomes displayed a more powerful
effect in restoring the function of antioxidant enzymes
(Figure 2 A-C).

Tissue levels of pro-inflammatory factors

To assess renal injury caused by MI/R, we measured
amounts of inflammation factors such as TNF-a, IL-1j,
IL-6, and IL-11 (Figure 3 A-D). Following MI/R-induc-
tion in rats, tissue contents of pro-inflammatory factors
TNF-a (p <0.001), IL-1B (p <0.001), IL-6 (p <0.001),
and IL-11 (p < 0.001) were markedly increased versus
sham rats. Although significantly reduced concentra-
tions of pro-inflammatory factors were seen in renal tis-
sue following treatment with both SIM (p < 0.05 and p
<0.01) and SIM-loaded niosomes (p <0.001), encapsu-
lating the drug in nanocarriers resulted in more efficacy
in reducing TNF-a, IL-10, IL-6, and IL-11.

Tissue levels of BAX, Bcl-2, and Caspase-3

To provide greater insights into the mechanism be-
hind the protective impact of SIM-loaded niosomes
against MI/Rinduced AKI in rats, we measured tissue
amounts of BAX, Bcl-2, and Caspase-3 (Figure 4 A-C).
Based on analysis, MI/R in rats was correlated with
significantly elevated concentrations of BAX (p <0.01)
and Caspase-3 (p <0.01) and decreased levels of Bcl-2
protein (p <0.01) in comparison with those in the sham
cohort. The SIM-loaded niosomes treatment cohorts
exhibited markedly suppressed induction of BAX and
Caspase-3 and Bcl-2 upregulation in comparison with

the MI/R cohort (p <0.05 and p <0.01). SIM-loaded
niosomes had stronger effects on the inhibition of apop-
tosis, and only simvastatin failed to create significant
differences.

Tissue levels of NF-kB protein

Tissue levels of NF-kB protein (p < 0.001) were con-
siderably elevated in the kidney samples of the MI/R co-
hort in comparison with those in the sham cohort (Fig-
ure 4D). NF-kB was markedly underexpressed in the
renal tissue of MI/R animals treated with both SIM (p <
0.05) and SIM-loaded niosomes (p < 0.001). SIM-load-
ed niosomes exhibited more efficacy in the suppression
of sample amounts of NF-«xB protein.

Tissue damage

Compared to the sham, haemorrhage and cell degen-
eration were seen in MI/R and MI/R + nano-niosomes.
Both SIM and SIM-loaded niosomes were able to re-
duce injury more than MI/R and MI/R + nano-niosomes

(Figure 5).

Discussion

The newly identified findings of the current investiga-
tion are that the encapsulation of SIM-loaded nano-nio-
somes resulted in more efficient and protective effects
against MI/R-induced renal injury. Moreover, we found
that the protective effects of SIM-loaded nano-niosomes
against MI/R-induced renal failure are associated with
the attenuation of inflammation, OS, and targeting of
the ERK/NF-«xB signaling pathway. MI/R-induced re-
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FIGURE 3. Impact of simvastatin-loaded nano-niosomes on pro-inflammatory factors. (A) TNF-o, (B) IL-1p, (C) IL-6, and (D) IL-11
(*¥**p <0.001 vs. sham; # p <0.05, ## p <0.01 and ###p <0.001 vs. MI/R; $ p <0.05 and $$$p<0.001 vs. MI/R + simvastatin).

nal injury is a common complication after MI and car-
diopulmonary bypass, which in turn increases the eco-
nomic burden. MI/R-induced renal injury may increase
the mortality of all cardiac surgery subjects up to 60%
and gives rise to a 25-fold increase in deaths relevant to
valve surgeries (Borthwick and Ferguson 2010; Engl-
berger et al., 2011). The abnormal physiological reper-
fusion caused by MI and cardiac surgery initiates OS,
inflammation, and hence apoptotic cell death in the renal
tissue (Grayson et al., 2003). There is a close relation-
ship between mortality risk in patients with acute MI
and declining estimated glomerular filtration rate (GFR)

(Anavekar et al., 2004). The most commonly used bio-
marker to determine renal function is serum creatinine.
BUN is another determinant of early renal dysfunction
that occurs post-MI (Wen et al., 2020). Likewise, ele-
vated serum uric acid levels in subjects with congestive
heart failure are associated with a derangement in renal
function (Tian et al., 2012). These results are compatible
with our results that the introduction of MI/R gave rise
to elevated concentrations of creatinine, BUN, and uric
acid, indicating renal dysfunction caused by MI/R, and
such changes were reversed by both SIM and SIM-load-
ed niosomes. Supporting our data, Zhang et al. showed
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FIGURE 5. H&E staining of renal tissues in the experimental groups. Hemorrhage and cellular degeneration were observed in MI/R ani-
mals, which were ameliorated following treatment with both simvastatin and simvastatin-loaded nano-niosomes. Images were obtained at

100> magnification, and the scale bar represents 100 pm.

that SIM pretreatment improved renal impairment in
rats with kidney I/R by reducing levels of creatinine and
BUN (Zhang et al., 2017).

Several investigations have indicated that reduced re-
nal function following MI/R is linked to excessive pro-
duction of ROS (Tong et al., 2020). Excessive genera-
tion of ROS triggers lipid peroxidation, along with DNA
and protein impairment, and apoptotic and necrotic cell
death in several ways (Piko et al., 2023; Zhou et al.,
2022). Moreover, excessive generation of ROS is asso-
ciated with decreased function of antioxidant enzymes
(SOD, CAT, and GPX) involved in the neutralization of
ROS-mediated injury (Ighodaro and Akinloye 2018).
Lee et al. found that cardiac arrest-induced OS is asso-
ciated with decreased function of antioxidant enzymes
(SOD, CAT, and GPX) in renal tissue (Lee et al., 2023).
Consistent with previous reports, our results showed re-
duced function of antioxidant enzymes (SOD, CAT, and
GPX) in renal tissue after MI/R, indicating elevation
of OS in the kidney tissue in post-MI/R rats that was
restored by both SIM and SIM-loaded nano-niosomes.

Corresponding to our reports, Kafkasli et al. reported
that prolonged SIM treatment reduced damage in the
I/R—I/R-induced acute kidney failure model of rats by
reinforcing the anti-oxidative defence system (Kafkasli
and Ozkorkmaz 2021).

NF-xB is an OS-dependent factor that is activated in
MI/R-induced renal injury. Fujii et al. found that activa-
tion of NF-kB is associated with increased OS in renal
tissue after MI in rats (Fujii et al., 2016). In normal con-
ditions, NF-kB forms a complex with the inhibitor of
kB (IkB) proteins and remains inactive in the cytoplasm.
During pathological conditions, exposure to ROS and
other stimulators confers substantial changes, such as
rapid phosphorylation, site-specific ubiquitination, sep-
aration of IkB, translocation to the nucleus, and hence
modulation of genes involved in inflammation and
apoptotic cell death (Henke et al., 2007; Li et al., 2021;
Zhang and Sun, 2015). These previous reports are com-
patible with our findings that demonstrated increased
levels of NF-kB, BAX, and Caspase-3 and downregu-
lation of Bcl-2 protein in renal tissue after MI in rats,
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which were reversed by both SIM and SIM-loaded nio-
somes. Consistent with what we found, a previous study
showed that SIM is capable of ameliorating apoptosis
in renal tissue by reducing caspase-3 and upregulating
cell-survival molecules (Nezi¢ et al., 2020). NF-«xB
activation is associated with overproduction of pro-in-
flammatory cytokines (Zhang et al., 2020). In addition
to OS, MI/R is associated with elevated mRNA levels
of inflammatory cytokines, overexpression of VCAM-
1 in renal glomeruli, and leukocyte infiltration in the
renal tissue (Ruparelia et al., 2013). In line with these
previous reports, our study indicates that tissue amounts
of pro-inflammatory markers TNF-a, IL-1B, IL-6, and
IL-11 were markedly increased after MI/R, which were
reduced by both SIM and SIM-loaded nano-niosomes.

Collectively, the findings of the current study suggest
that SIM-loaded niosomes probably reduce MI/R-in-
duced renal injury and improve renal function by reduc-
ing inflammation, suppressing OS, and targeting NF-xB
protein. Moreover, our results revealed that encapsu-
lating SIM into niosomes enhanced its efficiency and
protective effects in coping with MI/R-induced renal
damage.

This study has several limitations that should be con-
sidered when interpreting the findings. First, the use of a
rat model restricts the direct translation of results to clin-
ical settings, as human physiological responses to MI/R
injury and to SIM-loaded niosomes may be different. In
addition, this investigation focused only on short-term
outcomes, and hence the long-term effects of treatment,
such as potential chronic renal changes, fibrosis devel-
opment, or sustained inflammatory responses, remain
undiscovered. The study also used just one dose of SIM
and SIM-loaded niosomes, without dose—response or
time-course assessments, which hampers understand-
ing of the optimal therapeutic window. Furthermore,
although the study examined OS and the ERK/NF-kB
signaling axis, other key pathways involved in MI/R-
induced renal injury remained unexamined, potentially
narrowing the mechanistic insight gained. Another lim-
itation is the lack of pharmacokinetic or biodistribution
analysis to determine how SIM-loaded nano-niosomes
are processed in vivo. Potential toxicities or off-target
effects of the formulation were also not assessed. Final-
ly, a reduced sample size may restrict statistical power
and decrease the ability to generalize the results. The
use of intramyocardial injection for delivering drugs

may introduce variability in drug distribution, poten-
tially leading to inconsistent therapeutic effects across
the heart and complicating the evaluation of myocardial
repair. Additionally, the short reperfusion time after MI
may not properly mimic the chronic effects of I/R inju-
ry, limiting the ability to examine long-term kidney dys-
function or remodelling in the post-MI setting. Finally,
the absence of a standardized kidney histological scor-
ing system hinders the interpretation of renal damage.
These factors collectively undermine the reliability and
clinical applicability of the findings, indicating the need
for more refined methodologies to improve the accuracy
and generalizability of outcomes.

Acknowledgement
There was no external grant for this project.

Conflict of interest
There was no conflict of interest.

Ethics

Animal experiments have been performed in accor-
dance with the Guide for the Care and Use of Labo-
ratory Animals according to the ARRIVE Guidelines
of Research Ethics Committee, Faculty of Pharmacy
and Pharmaceutical Sciences, Tehran Islamic Azad
University of Medical Sciences with code of IR.IAU.
PS.REC.1403.020. Conceptualization, M.N., M.M.,
and N.A.; writing—original draft preparation, K.B. and
Z.B.; editing and review, M.M. and M.N. All authors
have read and agreed to the published version of the
manuscript. This research received no external funding.

References

Anavekar N S, McMurray J J, Velazquez E J, Solomon S D,
Kober L, Rouleau J-L, et al. Relation between renal dys-
function and cardiovascular outcomes after myocardial
infarction. New England Journal of Medicine 2004; 351:
1285-1295. https://doi.org/10.1056/NEJMoa041365

Bahrololoumi S, Nikazar S. Niosomes as a promising nanove-
sicular drug delivery. Advanced and Modern Approaches
for Drug Delivery: Elsevier, 2023: 223-258. https://doi.
org/10.1016/B978-0-323-91668-4.00011-3

Borthwick E, Ferguson A. Perioperative acute kidney inju-
ry: risk factors, recognition, management, and outcomes.
British Medical Journal 2010; 341: ¢3365. https://doi.
org/10.1136/bm;j.c3365


https://doi.org/10.1056/NEJMoa041365
https://doi.org/10.1016/B978-0-323-91668-4.00011-3
https://doi.org/10.1016/B978-0-323-91668-4.00011-3
https://doi.org/10.1136/bmj.c3365
https://doi.org/10.1136/bmj.c3365

Simvastatin-loaded nano-niosomes and MIIR-induced kidney failure

Physiology and Pharmacology 30 (2026) 329-339 | 338

Chade A R, Zhu X, Mushin O P, Napoli C, Lerman A, Lerman
L O. Simvastatin promotes angiogenesis and prevents mi-
crovascular remodeling in chronic renal ischemia. FASEB
Journal 2006; 20: 1706-1708. https://doi.org/10.1096/1].05-
5680fje

Chen T-H, Liao F-T, Yang Y-C, Wang J-J. Inhibition of in-
ducible nitric oxide synthase ameliorates myocardial isch-
emia/reperfusion injury— induced acute renal injury. Trans-
plantation Proceedings 2014; 46: 1123-1126. https:/doi.
org/10.1016/j.transproceed.2013.12.018

Choi Y S, ShimJ K, Kim J C,Kang K S, Seo Y H, Ahn K R, et
al. Effect of remote ischemic preconditioning on renal dys-
function after complex valvular heart surgery: a random-
ized controlled trial. J Journal of Thoracic and Cardiovascu-
lar Surgery 2011; 142: 148-154. https://doi.org/10.1016/;.
jtevs.2010.11.018

Englberger L, Suri R M, Greason K L, Burkhart H M, Sundt
III' T M, Daly R C, et al. Deep hypothermic circulatory ar-
rest is not a risk factor for acute kidney injury in thoracic
aortic surgery. The Journal of Thoracic And Cardiovascu-
lar Surgery 2011; 141: 552-558. https://doi.org/10.1016/;.
jtcvs.2010.02.045

Ernandez T, Mayadas T N. The Changing Landscape of Re-
nal Inflammation. Trends in Molecular Medicine 2016; 22:
151-163. https://doi.org/10.1016/j.molmed.2015.12.002

Fu E L, Franko M A, Obergfell A, Dekker F W, Gabrielsen
A, Jernberg T, et al. High-sensitivity C-reactive protein and
the risk of chronic kidney disease progression or acute kid-
ney injury in post-myocardial infarction patients. American
Heart Journal 2019; 216: 20-29. https://doi.org/10.1016/j.
ahj.2019.06.019

Fujii H, Yonekura Y, Yamashita Y, Kono K, Nakai K, Goto S,
et al. Anti-oxidative effect of AST-120 on kidney injury af-
ter myocardial infarction. British Journal of Pharmacology
2016; 173: 1302-1313. https://doi.org/10.1111/bph.13417

Gallagher S M, Jones D A, Kapur A, Wragg A, Harwood S
M, Mathur R, et al. Remote ischemic preconditioning has a
neutral effect on the incidence of kidney injury after coro-
nary artery bypass graft surgery. Kidney International 2015;
87: 473-481. https://doi.org/10.1038/ki.2014.259

Grayson A D, Khater M, Jackson M, Fox M A. Valvular heart
operation is an independent risk factor for acute renal fail-
ure. The Annals of Thoracic Surgery 2003; 75: 1829-1835.
https://doi.org/10.1016/S0003-4975(03)00166-8

Henke N, Schmidt-Ullrich R, Dechend R, Park J K, Qadri F,
Wellner M, et al. Vascular endothelial cell-specific NF-kap-
paB suppression attenuates hypertension-induced renal

damage. Circulation Research 2007; 101: 268-276. https://
doi.org/10.1161/CIRCRESAHA.107.150474

Ighodaro O, Akinloye O. First line defence antioxidants-su-
peroxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPX): Their fundamental role in the entire anti-
oxidant defence grid. Alexandria Journal of Medicine 2018;
54: 287-293. https://doi.org/10.1016/j.ajme.2017.09.001

Izhar M P, Hafeez A, Kushwaha P, Simrah. Drug delivery
through niosomes: A comprehensive review with therapeu-
tic applications. Journal of Cluster Science 2023; 34: 2257-
2273. https://doi.org/10.1007/s10876-023-02423-w

Kafkasli A, Ozkorkmaz E G. Prolonged simvastatin treatment
provided a decrease in apoptotic, inflammatory, and oxida-
tive stress markers in ischemia-reperfusion-induced acute
kidney injury model of rats. Analytical and Quantitative
Cytopathology and Histopathology 2021; 43: 167-173.

Lee JH, Islam M S, Yoo Y J, Kim S E, Kim R H, Jang Y J,
et al. Changes of antioxidant enzymes in the kidney after
cardiac arrest in the rat model. Brazilian Journal of Medi-
cal and Biological Research 2023; 56: €12408. https://doi.
org/10.1590/1414-431x2023e12408

LiX,ZouY,FuY-Y, XingJ, Wang K-Y, Wan P-Z, et al. Ibudilast
attenuates folic acid-induced acute kidney injury by block-
ing pyroptosis through TLR4-mediated NF-kB and MAPK
signaling pathways. Frontiers in Pharmacology 2021; 12:
650283. https://doi.org/10.3389/fphar.2021.650283

Naseroleslami M, Niri N M, Akbarzade I, Sharifi M, Abouta-
leb N. Simvastatin-loaded nano-niosomes confer cardio-
protection against myocardial ischemia/reperfusion injury.
Drug Delivery and Translational Research 2022; 12: 1423-
1432. https://doi.org/10.1007/s13346-021-01019-z

Nezi¢ L, Skrbi¢ R, Amidzi¢ L, Gajanin R, Milovanovi¢ Z,
Nepovimova E, et al. Protective effects of simvastatin on
endotoxin-induced acute kidney injury through activation
of tubular epithelial cells’ survival and hindering cyto-
chrome C-mediated apoptosis. International Journal of Mo-
lecular Sciences 2020; 21: 7236. https://doi.org/10.3390/
jms21197236

Ozer M K, Parlakpinar H, Vardi N, Cigremis Y, Ucar M, Acet
A. Myocardial ischemia/reperfusion-induced oxidative
renal damage in rats: protection by caffeic acid pheneth-
yl ester (CAPE). Shock 2005; 24: 97-100. https:/doi.
org/10.1097/01.shk.0000168525.97716.28

Pang J, Chan D C, Watts G F. The Knowns and Unknowns
of Contemporary Statin Therapy for Familial Hypercholes-
terolemia. Current Atherosclerosis Reports 2020; 22: 64.
https://doi.org/10.1007/s11883-020-00884-2


https://doi.org/10.1096/fj.05-5680fje 
https://doi.org/10.1096/fj.05-5680fje 
https://doi.org/10.1016/j.transproceed.2013.12.018 
https://doi.org/10.1016/j.transproceed.2013.12.018 
https://doi.org/10.1016/j.jtcvs.2010.11.018
https://doi.org/10.1016/j.jtcvs.2010.11.018
https://doi.org/10.1016/j.jtcvs.2010.02.045
https://doi.org/10.1016/j.jtcvs.2010.02.045
https://doi.org/10.1016/j.molmed.2015.12.002
https://doi.org/10.1016/j.ahj.2019.06.019
https://doi.org/10.1016/j.ahj.2019.06.019
https://doi.org/10.1111/bph.13417
https://doi.org/10.1038/ki.2014.259
https://doi.org/10.1016/S0003-4975(03)00166-8
 https://doi.org/10.1161/CIRCRESAHA.107.150474 
 https://doi.org/10.1161/CIRCRESAHA.107.150474 
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1007/s10876-023-02423-w
https://doi.org/10.1590/1414-431x2023e12408 
https://doi.org/10.1590/1414-431x2023e12408 
 https://doi.org/10.3389/fphar.2021.650283
 https://doi.org/10.1007/s13346-021-01019-z
https://doi.org/10.3390/ijms21197236 
https://doi.org/10.3390/ijms21197236 
https://doi.org/10.1097/01.shk.0000168525.97716.28 
https://doi.org/10.1097/01.shk.0000168525.97716.28 
https://doi.org/10.1007/s11883-020-00884-2 

Physiology and Pharmacology 30 (2026) 329-339 | 339

Mohseni et al.

Pickering J W, James M T, Palmer S C. Acute kidney inju-
ry and prognosis after cardiopulmonary bypass: a me-
ta-analysis of cohort studies. American Journal of Kidney
Diseases 2015; 65: 283-293. https://doi.org/10.1053/;.
ajkd.2014.09.008

Piko N, Bevc S, Hojs R, Ekart R. The role of oxidative stress
in kidney injury. Antioxidants (Basel) 2023; 12: 1772.
https://doi.org/10.3390/antiox 12091772

Rangaswami J, Bhalla V, Blair J E A, Chang T I, Costa S,
Lentine K L, et al. Cardiorenal syndrome: classification,
pathophysiology, diagnosis, and treatment strategies: A
scientific statement from the american heart association.
Circulation 2019; 139: e840-e878. https://doi.org/10.1161/
CIR.0000000000000664

Ruparelia N, Digby J E, Jefferson A, Medway D J, Neubau-
er S, Lygate C A, et al. Myocardial infarction causes in-
flammation and leukocyte recruitment at remote sites in the
myocardium and in the renal glomerulus. Inflammation Re-
search 2013; 62: 515-525. https://doi.org/10.1007/s00011-
013-0605-4

Tang C, Hu Y, Gao J, Jiang J, Shi S, Wang J, et al. Dexme-
detomidine pretreatment attenuates myocardial ischemia
reperfusion induced acute kidney injury and endoplasmic
reticulum stress in human and rat. Life Sciences 2020; 257:
118004. https://doi.org/10.1016/).1f5.2020.118004

Tian Y, Chen Y, Deng B, Liu G, Ji Z-G, Zhao Q-Z, et al. Se-
rum uric acid as an index of impaired renal function in con-
gestive heart failure. Journal of geriatric cardiology 2012;
9: 137. https://doi.org/10.3724/SP.J.1263.2011.11281

Tokgozoglu L, Zamorano J L. Current perspectives on the
use of statins in the treatment of dyslipidaemic patients:
focus on pitavastatin. Drugs Context 2020; 9. https://doi.
org/10.7573/dic.2020-4-4

Tong X, Zhao H, Lu X. Renal damage induced by myocardi-
al ischemia reperfusion in mouse: Role of oxidative stress.
Indian Journal of Animal Research 2020; 54: 1486-1489.
https://doi.org/10.18805/ijar.B-1150

Ullah F, Ali Khan M F, Khan N H, Rehman M F, Shah S S,
Mustageem M, et al. Simvastatin-loaded lipid emulsion
nanoparticles: characterizations and applications. ACS
Omega 2022; 7: 23643-23652. https://doi.org/10.1021/ac-
somega.2c02242

Wen Z, Mai Z, Zhu X, Chen Y, Geng D, Wang J. Compar-
ison of renal impairment post-myocardial infarction with
reduced and preserved left ventricular function in rats with
normal renal function. Renal Failure 2020; 42: 358-368.
https://doi.org/10.1080/0886022X.2020.1752241

Werner R A, Hess A, Koenig T, Diekmann J, Derlin T, Melk
A, et al. Molecular imaging of inflammation crosstalk along
the cardio-renal axis following acute myocardial infarction.
Theranostics 2021; 11: 7984-7994. https://doi.org/10.7150/
thno.61423

Zhang H, Sun S C. NF-kappaB in inflammation and re-
nal diseases. Cell & Bioscience 2015; 5: 63. https://doi.
org/10.1186/s13578-015-0056-4

Zhang Y, Rong S, Feng Y, Zhao L, Hong J, Wang R, et al.
Simvastatin attenuates renal ischemia/reperfusion injury
from oxidative stress via targeting Nrf2/HO-1 pathway. Ex-
perimental and Therapeutic Medicine 2017; 14: 4460-4466.
https://doi.org/10.3892/etm.2017.5023

Zhang Y, Tang P M, Niu Y, Garcia Cordoba C A, Huang X R,
Yu C, et al. Long Non-coding RNA LRNA9884 Promotes
Acute Kidney Injury via Regulating NF-kB-Mediated Tran-
scriptional Activation of MIF. Frontiers in Physiology 2020;
11: 590027. https://doi.org/10.3389/fphys.2020.590027

Zhao Y, Feng Q, Huang Z, Li W, Chen B, Jiang L, et al.
Simvastatin inhibits inflammation in ischemia-reperfu-
sion injury. Inflammation 2014; 37: 1865-75. https://doi.
org/10.1007/s10753-014-9918-x

Zhou L, Tang S, Li F, Wu'Y, Li S, Cui L, et al. Ceria nanoparti-
cles prophylactic used for renal ischemia-reperfusion injury
treatment by attenuating oxidative stress and inflammato-
ry response. Biomaterials 2022; 287: 121686. https://doi.
org/10.1016/j.biomaterials.2022.121686


https://doi.org/10.1053/j.ajkd.2014.09.008 
https://doi.org/10.1053/j.ajkd.2014.09.008 
https://doi.org/10.3390/antiox12091772
https://doi.org/10.1161/CIR.0000000000000664 
https://doi.org/10.1161/CIR.0000000000000664 
https://doi.org/10.1007/s00011-013-0605-4 
https://doi.org/10.1007/s00011-013-0605-4 
https://doi.org/10.1016/j.lfs.2020.118004
https://doi.org/10.3724/SP.J.1263.2011.11281
https://doi.org/10.7573/dic.2020-4-4 
https://doi.org/10.7573/dic.2020-4-4 
https://doi.org/10.18805/ijar.B-1150
https://doi.org/10.1021/acsomega.2c02242 
https://doi.org/10.1021/acsomega.2c02242 
https://doi.org/10.1080/0886022X.2020.1752241
https://doi.org/10.7150/thno.61423 
https://doi.org/10.7150/thno.61423 
https://doi.org/10.1186/s13578-015-0056-4 
https://doi.org/10.1186/s13578-015-0056-4 
https://doi.org/10.3892/etm.2017.5023
https://doi.org/10.3389/fphys.2020.590027
https://doi.org/10.1007/s10753-014-9918-x
https://doi.org/10.1007/s10753-014-9918-x
https://doi.org/10.1016/j.biomaterials.2022.121686
https://doi.org/10.1016/j.biomaterials.2022.121686

