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ABSTRACT

Background: Hepatic ischemia—reperfusion (I/R) injury is a major complication of liver surgery and transplantation, often
extending its harmful effects to distant organs such as the kidneys. Naloxone, a non-selective opioid receptor antagonist, has
shown potential protective properties against I/R-induced tissue damage, but its role in renal protection following hepatic I/R
remains unclear.

Objective: This study aimed to investigate the protective effects of naloxone pre-treatment on renal injury induced by hepatic /R
in rats.

Methods: The adult male albino rats (n=40) were subjected to a random division into four experimental cohorts: control, sham-
operated, hepatic I/R, and naloxone + I/R.

Hepatic ischemia was induced by occluding the portal triad for 45 minutes, followed by 60 minutes of reperfusion. Serum ALT,
AST, urea, and creatinine levels were measured, along with renal malondialdehyde (MDA) and TNF-a levels. Kidney tissues
were evaluated histologically (H&E), immunohistochemically (COX-2, NF-«kB, and caspase-3), and morphometrically.

Results: Hepatic I/R resulted in significant hepatic and renal dysfunction, oxidative stress, and inflammatory changes, evidenced
by elevated serum biomarkers, disrupted renal histology, and increased COX-2, NF-kB, and caspase-3 expression. Naloxone pre-
treatment markedly attenuated these alterations, preserving renal architecture, reducing oxidative stress, and lowering
inflammatory and apoptotic marker expression.

Conclusion: Naloxone pre-treatment exhibits a protective effect against renal injury secondary to hepatic I/R by mitigating
oxidative, inflammatory, and apoptotic pathways. These findings suggest its potential application as an adjuvant therapeutic
strategy in liver surgery and transplantation.
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INTRODUCTION

Ischemia/reperfusion injury (I/RI) is characterized by a series of functional and structural disturbances that occur when blood
flow is re-established after a period of ischemia. Although the restoration of circulation is critical for tissue survival, it
paradoxically can exacerbate injury, leading to necrosis of irreversibly damaged cells, pronounced cellular edema, and
heterogeneous reperfusion within the affected tissue. This disordered reflow, often termed the "No-Reflow Phenomenon." This
pathological condition results from a self-perpetuating cycle of vascular, endothelial, and mitochondrial dysfunction,
characterized by impaired local perfusion, severe structural disturbances, edema, and other detrimental effects. The development
of metabolic disturbances during both the ischemic phase and subsequent reperfusion is now recognized as a major contributor
to cellular and tissue damage (Soares et al., 2019).

Hepatic ischemia-reperfusion injury (IR1) represents a major challenge during liver surgery, liver preservation for transplantation,
and can cause hemorrhagic shock with severe hypoxemia and trauma. (Pretzsch et al., 2022). The liver is especially vulnerable
to systemic ischemia/reperfusion injury (SI/RI), and prior research has linked hepatic I/RI to mitochondrial dysfunction, the
overproduction of reactive oxygen species, and elevated rates of apoptosis (Zhou et al., 2021).

Importantly, liver I/R has widespread systemic consequences, potentially impairing the function of distant organs such as the
lungs, kidneys, intestines, pancreas, adrenal glands, and heart. These remote organ injuries are believed to be partially driven by
oxidative stress and an amplified inflammatory response following reperfusion (Nastos et al., 2014; Mouratidou et al., 2023).
Acute kidney injury (AKI) represents a major global health challenge, characterized by high morbidity and mortality rates, which
has driven extensive research into effective preventive and therapeutic strategies. Among the primary mechanisms underlying
AKI, ischemia—reperfusion (I/R) injury plays a pivotal role by inducing profound cellular damage (Murry et al., 1986).

Several therapeutic approaches have been explored to mitigate liver ischemia—reperfusion (I/R) injury, including organ
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preservation techniques, suppression of reactive oxygen species (ROS) generation, and modulation of immune responses. Among
these, organ preservation strategies have yielded the most favorable outcomes. In contrast, pharmacological interventions such as
tumor necrosis factor (TNF) inhibitors, corticosteroids, and antioxidants like N-acetylcysteine have generally demonstrated
limited or inconsistent protective effects (PuraSevi¢ et al., 2021). Naloxone, particularly its (Z)-stereoisomer, acts as a
stereospecific but non-selective antagonist of the three primary opioid receptors. Interestingly, emerging evidence suggests that
naloxone's protective effects may be attributed more to its influence on inflammatory pathways than to its interaction with
classical opioid receptors (van Lemmen et al., 2023). Several studies have indicated that naloxone administration can attenuate
tissue damage in experimental models of ischemia-reperfusion injury, supporting its potential as a protective agent (Chen et al.,
2016; Wang et al., 2019). Opioids, via their receptors, are believed to contribute to the mechanisms underlying I/R injury. Thus,
opioid receptor blockade by naloxone may offer a means to mitigate such damage. Despite these insights, the exact role of
naloxone in mitigating ischemia—reperfusion (I/R) injury has not been fully elucidated. Therefore, the primary objective of this
research was to evaluate the potential of naloxone pretreatment to provide protection against renal damage following hepatic I/R
in rats.

MATERIALS AND METHODS

Ethical Approval

The research protocol received ethical approval from the Faculty of Medicine’s Ethical Committee at Minia University, in October
2020.

Chemicals

Naloxone hydrochloride was used in the form of NARCAN, a 0.4 mg/ml injectable solution manufactured by SERB
Pharmaceuticals, Europe. It was administered intravenously at a dose of 3.0 mg/kg, 30 minutes prior to the induction of ischemia,
in accordance with previous research (Takhtfooladi et al., 2016).

Experimental Animals

Forty adult male albino rats (200-250 g) were obtained from the university’s animal facility. All animals were Specific-Pathogen-
Free (SPF) and acclimatized for one week before the experiments. They were housed under standard laboratory conditions in
ventilated plastic cages with unrestricted access to food and water.

Experimental Design
The forty rats were randomly allocated into four experimental groups (n=10 per group):

. Group I (Control) (C): received a standard laboratory diet and water without any surgical intervention.

. Group II (Sham-operated) (SC): underwent the full surgical protocol except for hepatic vascular clamping.

. Group IIT (LIR): subjected to hepatic ischemia/reperfusion (LIR) surgery.

. Group IV (LIR+ naloxone): received intravenous naloxone (3.0 mg/kg) 30 minutes before undergoing the LIR
procedure.

Liver Ischemia/Reperfusion Surgical Procedure

The animals were anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg) and placed in a supine position on a heating
pad maintained at 36-37 °C. Following aseptic preparation, a midline laparotomy (abdominal incision) was performed. Liver
ischemia in the LIR and naloxone + LIR groups was induced by clamping the portal triad (the portal vein, hepatic artery, and
common bile duct) with an atraumatic microvascular bulldog clamp for 45 minutes. To prevent hypothermia and visceral
dehydration, the peritoneal cavity was kept moist with warm saline (37 °C), and the incision was covered with plastic wrap.
Following 45-minute ischemic interval, the clamp was released, to allow 60 minutes of reperfusion, consistent with Pringle’s
maneuver (Kamel et al., 2015). Macroscopically, the liver exhibited pallor during the ischemic phase and became visibly
congested/bluish upon reperfusion.

Tissue and Sample Collection

Upon completion of the reperfusion period, the rats were immediately euthanized. Blood samples were collected from the
descending abdominal aorta and centrifuged at 4000 xg for 10 minutes to obtain serum for liver enzyme and kidney function
analysis. The kidneys were harvested, divided and processed as follows: one portion was homogenized in cold saline, then stored
at —20°C, and centrifuged at 5000 xg for 15 minutes for subsequent biochemical analyses (MDA and TNF-a). The remaining
portion was fixed in 10% neutral-buffered formalin for subsequent histopathological and immunohistochemical processing.

Liver Function Assessment
Levels of Serum alanine transaminase (ALT) and aspartate transaminase (AST) were measured via enzymatic colorimetric assay
kits from Biodiagnostic (Cairo, Egypt), strictly adhering to the procedures set by the manufacturer.

Renal Function Assessment
Urea (blood urea nitrogen, BUN) and creatinine concentrations were determined according to enzymatic colorimetric kits from
Biodiagnostic (Cairo, Egypt) strictly following the provided guidelines.

Renal Oxidative Stress Markers
Renal lipid peroxidation was assessed by determining malondialdehyde (MDA) levels through the thiobarbituric acid reactive
substances (TBARS) method, using 1, 1, 3, 3- tetramethoxypropane as the standard (Buege & Aust, 1978). Tumor necrosis factor-
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alpha (TNF-a), a key indicator of inflammatory response, was quantified using an ELISA kit (Elabscience Biotechnology Inc.,
USA; Cat. No. E-EL-RO019E).

Histopathological Examination

Kidney tissue samples were dissected into small pieces and fixed in 4% formaldehyde for 48 hours. The fixed samples were then
processed by graded ethanol dehydration, xylene clearing, and paraffin embedding. Serial 4-um sections were cut, deparaffinized,
and stained with hematoxylin and eosin (H&E) following standard histological procedures (Suvarna et al., 2018).

Histochemical technique: Periodic Acid—Schiff (PAS) Staining

Periodic Acid-Schiff (PAS) staining is a histochemical technique used to detect polysaccharides, such as glycogen,
mucosubstances, and glycoproteins, in tissues. The procedure begins with formalin-fixed, paraffin-embedded sections (4-5 \mu
\text{m} thick), which are first deparaffinized and rehydrated. The tissues are then oxidized with 0.5-1\% periodic acid for 5-10
minutes to generate aldehyde groups from carbohydrate components. After rinsing, the sections are incubated with Schiff's
reagent for 10-15 minutes, leading to a distinctive magenta coloration where aldehydes are present. A tap water rinse enhances
color development. PAS staining is valuable for highlighting basement membranes, glomerular structures, brush borders,
glycogen deposits, and fungal organisms in histopathological analysis (Carson et al., 2015).

Immunohistochemical Analysis

Paraffin-embedded renal sections (4 pum) were mounted on positively charged slides, deparaffinized, and rehydrated. Antigen
retrieval was achieved via 0.1%trypsin digestion for 15 minutes at 37 °C, followed by a wash with phosphate-buffered saline
(PBS). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, followed by the application of an Ultra V Block
to prevent nonspecific background staining. Sections were incubated overnight in a humid chamber with primary antibodies
targeting (i) COX-2 (inflammation marker), (ii) NF-kB p65 (rabbit polyclonal, Cat. No BS-20159R, Bios Antibodies; 1:100), and
(iii) caspase-3 (rabbit polyclonal, Cat No PA1-29157, Thermo Fisher Scientific; 1:100) to evaluate inflammatory and apoptotic
activity (Maae et al., 2011).

Morphometric Evaluation

The immuno-positive area fraction for COX-2, NF-«xB, and caspase-3 cells was calculated as a percentage by examining ten non-
overlapping microscopic fields per tissue section. Analysis was performed using ImageJ 22 software under an Olympus CX41
light microscope at 400x magnification.

Statistical Analysis

All quantitative data, including serum ALT, AST, LDH, urea, creatinine, and renal MDA and TNF-a levels, were presented as
mean + standard error of the mean (SEM). Statistical differences between groups were assessed using one-way ANOVA, followed
by Tukey—Kramer post hoc test, using GraphPad Prism (version 9) software. A p-value of <0.05 was considered statistically
significant.

RESULTS

Biochemical results:

Effect of Naloxone on LIR-Induced Hepatic Dysfunction

In terms of hepatic function, the sham-operated (SC) group exhibited a non-significant elevation in serum alanine
aminotransferase (ALT) levels compared to the control (C) group (p = 0.3455). However, a statistically significant increase in
serum aspartate aminotransferase (AST) level was observed in the SC group relative to the C group (p = 0.0013). Rats subjected
to liver ischemia-reperfusion (LIR) showed markedly elevated serum ALT and AST levels compared to both the C and SC groups
(p <0.0001 for both). Treatment with naloxone in the LIR + naloxone group significantly reduced these enzymes levels compared
to the untreated LIR group. Nevertheless, enzyme levels in the naloxone-treated group remained significantly higher than those
in the C and SC groups (all p < 0.0001) (Tables 1, 2 and Histograms 1, 2)

Effect of Naloxone on LIR-Induced Renal Dysfunction

Assessment of renal function revealed that the SC group exhibited a significant increase in serum urea levels compared to the C
group (p <0.0001), while serum creatinine levels remained statistically non-significant (p = 0.5316). The LIR group demonstrated
a significant increase in both serum urea and creatinine levels compared to C and SC groups (p < 0.0001 for both). Naloxone
administration in the LIR + naloxone group significantly attenuated these levels relative to the LIR group but did not restore them
to baseline levels, as they remained significantly higher than in the C and SC groups (all p <0.0001) (Tables 3, 4 and Histograms
3,4).

The impact of Naloxone on LIR-induced renal malondialdehyde (MDA) (nmol\mg) and renal tumor necrosis factor-alpha

(TNF-0) (pg/mg):

Regarding oxidative stress and inflammation markers, the SC group exhibited a non-significant increase in renal
malondialdehyde (MDA) levels compared to the C group (p = 0.8171), but a significant increase in tumor necrosis factor-alpha
(TNF-a) levels (p = 0.048). The LIR group displayed highly significant increases in both renal MDA and TNF-a levels compared
to C and SC groups (p <0.0001). Naloxone treatment significantly reduced these markers in the LIR + naloxone group compared
to the LIR group; however, the values remained significantly elevated compared to C and SC groups (all p < 0.0001) (Tables 5,
6 and Histograms 5, 6).
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Hematoxylin and Eosin results:

The Control group (C) and Sham-operated group (SC):

Examination of H&E-stained sections in the control group (Fig. 1) and in sham operated group (Fig. 3) showed normal
histological structure of the renal cortex demonstrating renal corpuscles, proximal (PCTs) and distal (DCTs) convoluted tubules.
These renal corpuscles were formed of lobulated capillary tufts (the glomeruli), which were surrounded by Bowman’s capsule
(consisting of a parietal layer and a visceral layer). A patent urinary space (Bowman’s space) was visible between these two
layers. The renal corpuscles were surrounded by PCTs and DCTs (Figs. 2, 4).

The PCTs occupied the main bulk of the renal cortex. They exhibited variable shapes with narrow lumina, and were lined by high
cuboidal (pyramidal) cells with indistinct cell boundaries. The cytoplasm was acidophilic and granular with basal rounded
vesicular nuclei (Figs. 2, 4).

The DCTs appeared with larger, regular, and distinct lumina. They were lined with low cuboidal cells featuring pale acidophilic
cytoplasm and rounded nuclei (Figs. 2, 4).

Liver Ischemia-Reperfusion group (LIR group):

Examination of H&E-stained sections obtained from the LIR group revealed patchy and variable histological changes in the renal
cortices, characterized by significant glomerular and tubulointerstitial injury. Some areas exhibited distorted renal corpuscles that
were shrunken and atrophied, while others appeared hypertrophied with narrowing of their bowman's spaces. Most renal
corpuscles appeared congested (Figs. 5,6).

Congestion of peritubular capillaries and interstitial hemorrhage was also observed in some sections (Figs.6).

Marked tubular distortion was observed in several renal cortical sections. Tubular epithelial cells exhibited marked vacuolation
and desquamation into the tubular lumina accompanied by cellular debris accumulation. Some cells exhibited nuclear ghosting
(pyknosis/ karyolysis) and loss of cytoplasm, while others showed flattening of the epithelial lining with reduction in cell height
(Figs.6,7).

Some tubular lumina showed homogeneous eosinophilic hyaline casts (Fig.7). Additionally, an interstitial inflammatory infiltrate,
composed mostly of lymphocytes, was noted (Fig.6).

Liver Ischemia-Reperfusion and Naloxone group (LIR + naloxone group):
This group demonstrated an amelioration of the previously mentioned pathological findings, as evidenced by a reduction in
histological changes compared to the LIR group.

The renal cortex showed a marked restoration of its architecture (Fig. 8). The renal corpuscles exhibited a near-normal size and
morphology, showing significant recovery from the atrophy noted in the LIR group, although some congestion of glomerular
capillaries persisted. Peritubular congestion was decreased, and interstitial hemorrhage was absent.

However, some intraluminal hyaline casts were still observed. Most PCTs and DCTs retained their near-normal epithelial lining,
with no cellular casts observed (Fig. 9).

Periodic acid-Schiff (PAS) results:

The control group (C-group):

Renal cortical tissues of this group showed positive PAS reactions in the basement membranes of intact glomerular capillaries,
the parietal layer of bowman's capsules and the PCT and DCT cells. Positive PAS reactivity was also observed in the intact apical
brush borders of the PCT and DCT cells (Fig.10).

The sham operated group (SC-group):

Sections of the renal cortex of the SC-group showed a PAS-positive reaction was nearly identical to that of C-group in the
basement membranes of intact glomerular capillaries, parietal layer of bowman's capsule and the PCT and DCT cells. However,
a positive reaction was observed in PCT and DCT apical brush borders with only few, minor focal interruptions noted in the
glomerular basement membranes (Fig.11).

Liver ischemia reperfusion group (LIR group):

PAS-stained sections of the renal cortex from the LIR group demonstrated a significantly reduced PAS reaction. This reduction
was manifested as partial or complete effacement (loss) of the brush border in the majority of distorted tubules. Furthermore, the
basement membranes of renal tubules and glomerular capillaries appeared fragmented and attenuated (thinned) in several areas
(Fig.12).

Liver ischemia reperfusion-naloxone group (LIR+ naloxone group):

Sections of the renal cortex of the LIR+ naloxone group demonstrated a significantly preserved PAS reaction in the majority of
the brush borders of the PCTs and DCTs. The basement membranes of glomerular capillaries, parietal layer of Bowman's capsules,
and the PCTs and DCTs cells appeared continuous and structurally intact. Only few renal tubules exhibited a diminished PAS
reaction associated with focal interruptions of their brush borders (Fig.13).

IMMUNOHISTOCHEMICAL STUDY:

A. Immunohistochemical Study of Cyclooxygenase-2 (COX-2) Expression:

The positive immunoreactivity for COX-2 appeared as brown cytoplasmic coloration in the reactive cells.
The Control Group (C-group):
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Control group rat renal sections stained for COX-2 showed negative cytoplasmic immunoreactivity in the glomerular, proximal
convoluted tubule (PCT), and distal convoluted tubule (DCT) cells (Fig. 14).

The Sham-Operated Group (SC group):
This group showed negative COX-2 immunoreactivity in glomerular and tubular cells, similar to the C-group (Fig. 15).

Liver Ischemia-Reperfusion (LIR) Group:

Sections from this group displayed numerous, deeply stained COX-2 cytoplasmic immunoreactive cells in the glomeruli, PCTs,
and DCTs. This was in contrast to the control groups, which showed only faint positive cytoplasmic immunoreactivity in some
glomerular and tubular cells (Figs. 16, 17).

Liver Ischemia-Reperfusion and Naloxone (LIR + Naloxone) Group:
There was an apparent decrease in COX-2 immunoreactivity in this group compared to the LIR group. Most glomerular, PCT,
and DCT cells showed faint positive cytoplasmic immunoreactivity (Fig. 18).

B. Immunohistochemical Study of Nuclear Factor Kappa B (NF-kB) Expression:

The positive immunoreactivity for NF-kB appeared as brown cytoplasmic coloration in the reactive cells.

The Control Group (C-group):

Control group rat renal sections stained for NF-kB showed negative cytoplasmic immunoreactivity in the glomerular, PCT, and
DCT cells (Fig. 19).

The Sham-Operated Group (SC group):
This group showed negative NF-kB immunoreactivity in glomerular and tubular cells, similar to the C-group, except for faint
cytoplasmic expression in a few tubular cells (Fig. 20).

Liver Ischemia-Reperfusion (LIR) Group:

Sections from this group displayed numerous, deeply stained NF-kB cytoplasmic immunoreactive cells in PCT and DCT cells.
Compared to the C-group, faint positive cytoplasmic immunoreactivity was also observed in other glomerular and tubular cells
(Fig. 21).

Liver Ischemia-Reperfusion and Naloxone (LIR + Naloxone) Group:

There was an apparent decrease in NF-kB immunoreactivity in this group compared to the LIR group. Some glomerular, PCT,
and DCT cells showed faint positive cytoplasmic immunoreactivity, while other cells showed negative
immunoreactivity (Fig. 22).

C. Immunohistochemical study of the rat kidney using activated (cleaved) Caspase-3 Expression:

Positive immunoreactivity for activated caspase-3 was observed as brown coloration in the cytoplasm and/or nuclei of the
immunoreactive cells.

The Control Group (C-group):

No detectable immunolabeling for activated caspase-3 was found in the renal tissue sections of the control group (Fig. 23).

The Sham-operated Group (SC-group):
The SC-group sections showed negative immunoreactivity for activated caspase-3 in the renal sections, similar to the C-group
(Fig. 24).

Liver Ischemia/Reperfusion Group (LIR group):

There was increased immunoreactivity for activated caspase-3 in renal glomerular cells and renal tubular cells. The cells of the
renal corpuscle showed positive cytoplasmic immunoreaction for activated caspase-3. Additionally, tubular cells exhibited
positive cytoplasmic and nuclear immunoreactions (Fig. 25).

Liver Ischemia/Reperfusion-Naloxone Group (LIR + Naloxone Group):

There was an apparent reduction in the immunoreactivity for activated caspase-3 when compared to the LIR group. Faint
cytoplasmic expression of activated caspase-3 was observed in glomerular and renal tubular cells, with mild or absent
immunolabeling of activated caspase-3 in other cells (Fig. 26).

Morphometric Evaluation (Analysis)

A. Morphometric Analysis of Cyclooxygenase-2 (COX-2) :
Morphometric analysis revealed that the SC-group exhibited an insignificant increase in renal COX-2 immunoreactivity
compared to the C-group (p=0.999). The LIR group showed a significant increase in renal COX-2 immunoreactivity
compared to both the C and SC groups (both p<0.0001). However, the administration of naloxone in the LIR+ naloxone
group significantly reduced COX-2 immunoreactivity compared with the LIR group (p<0.0001). Conversely, this reduced
expression significantly increased compared with the C and SC groups (both p<0.0001) (Table 7, Histogram 7).

B. Morphometric Analysis of Nuclear Factor Kappa B (NF-kB ) Expression:
Morphometric analysis revealed that the SC-group exhibited an insignificant increase in NF-kB immunoreactivity in renal
tissue compared to the C-group (p=0.999). The LIR group demonstrated a significant increase in renal NF-xB
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immunoreactivity when compared to both the C and SC groups (both p<0.0001). However, the administration of naloxone
in the LIR+ naloxone group significantly reduced NF-kB immunoreactivity compared with the LIR group (p<0.0001).
Conversely, this reduced expression remained significantly increased compared with the C and SC groups (both p<0.0001)
(Table 8, Histogram 8).

C. Morphometric Analysis of the rat kidney using activated (cleaved) Caspase-3:
Morphometric analysis revealed that the SC-group exhibited an insignificant increase in caspase-3 immunoreactivity in renal
tissue compared to the C-group (p=0.999). The LIR group demonstrated a significant increase in caspase-3 immunoreactivity
when compared to both the C and SC groups (both p<0.0001). However, the administration of naloxone in the LIR+ aloxone
group significantly reduced caspase-3 immunoreactivity compared with the LIR group (p<0.0001). Conversely, this reduced
expression remained significantly elevated compared with the C and SC groups (both p<0.0001) (Table 9, Histogram 9).

DISCUSSION

1. The Main Conclusion and Functional Confirmation

Acute Kidney Injury (AKI) following procedures that induce hepatic IR is a severe complication that significantly increases
morbidity and mortality (Lee et al., 2009).

This study aimed to investigate the protective effects of Naloxone pretreatment against Acute Kidney Injury (AKI) secondary to
remote hepatic Ischemia/Reperfusion (I/R) injury in rats. The findings unequivocally demonstrate that Naloxone significantly
mitigates renal dysfunction and morphological damage, establishing its potential as a renoprotective agent in this clinically
relevant setting.

The severe renal injury observed in the LIR group was confirmed by highly significant elevations in serum Creatinine and Urea
(p < 0.0001), reflecting profound functional impairment. Conversely, Naloxone pretreatment dramatically attenuated these
increases, restoring these functional biomarkers close to the levels of the control groups. Histopathological analysis (H&E and
PAS) further corroborated the functional data, showing marked tubular degeneration, necrosis (as noted by pyknosis/karyolysis),
and brush border loss in the LIR group, which were significantly reduced or even reversed in the LIR + Naloxone group (Gao et
al., 2024).

2. Mechanistic Insight: The Role of Oxidative Stress, Inflammation, and Apoptosis
To elucidate the mechanism underlying Naloxone's protective action, we investigated key molecular pathways known to mediate
the liver-kidney crosstalk (Rad et al., 2024).

Oxidative Stress Mitigation: Hepatic I/R is known to generate vast amounts of reactive oxygen species (ROS), leading to systemic
oxidative stress and subsequent remote organ damage (Nastos et al., 2014). Malondialdehyde (MDA), a terminal byproduct of
lipid peroxidation, is utilized as one of the most common and reliable biomarkers for assessing the extent of oxidative stress
(Singh et al., 2014; Jadoon et al., 2017). Elevated MDA levels correlate directly with the severity of oxidative damage and
impaired antioxidant capacity in various pathological states, including IR injury (Khoubnasabjafari et al., 2015). Therefore,
quantifying MDA levels was a crucial component of this study for assessing the severity of IR-induced damage.

Our data confirmed this, showing a significant increase in renal Malondialdehyde (MDA) levels (a biomarker for lipid
peroxidation) in the LIR group. The ability of Naloxone to significantly reduce renal MDA indicates that its renoprotection
involves potent antioxidant activity and preservation of cellular membranes against ROS attack, consistent with prior findings on
Naloxone in I/R injury models (Takhtfooladi et al., 2016).

Suppression of Inflammatory Signaling: Inflammation is a critical driver of remote AKI. Our results showed profound
activation/translocation of the master regulator of inflammation, NF-kB, and its downstream target, COX-2, alongside a
significant increase in the pro-inflammatory mediator TNF-alpha. Crucially, the administration of Naloxone significantly
suppressed the expression of NF-kB and COX-2 (p < 0.0001 for both). This result strongly suggests that Naloxone exerts its anti-
inflammatory effect by inhibiting the NF-kB signaling pathway, thereby interrupting the systemic inflammatory cascade that
transmits injury from the liver to the kidney (Wang et al., 2019).

Anti-Apoptotic Effect: Furthermore, LIR injury triggered significant programmed cell death, as confirmed by the strong
immunohistochemical expression of activated Caspase-3. The significant decrease in Caspase-3 expression in the Naloxone group
confirms the drug's role in preserving renal tubular cell viability by inhibiting the intrinsic apoptotic pathway. This anti-apoptotic
action is a key mechanism identified for Naloxone in other models of ischemic injury (Wang et al., 2019).

3. Comparison with Existing Literature and Novelty

The phenomenon of hepatic I/R-induced AKI is a major clinical concern in transplantation and liver surgery [Ref. 2.4]. Our
findings align with the established knowledge that this remote damage is driven by circulating inflammatory and oxidative
mediators (Rad et al., 2024).

The novelty of this study lies in the comprehensive, multi-target validation of Naloxone's role in this specific remote injury model.
Naloxone, an opioid receptor antagonist, is suggested to possess protective properties, possibly by blocking specific opioid
receptors (ORs) that typically exacerbate inflammation (Gao et al., 2024). Our results demonstrate that Naloxone's protective
effect is mediated by the simultaneous targeting of oxidative stress, NF-kB-dependent inflammation, and apoptosis. This
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comprehensive, multi-pathway inhibition makes Naloxone a highly promising therapeutic candidate, particularly since its
mechanism goes beyond simple OR antagonism to include direct anti-inflammatory signaling (Lin et al., 2017).

4. Conclusion and Future Perspectives

In conclusion, Naloxone pretreatment effectively mitigated secondary AKI following hepatic I/R in rats. This protection is
mediated by its capacity to reduce oxidative stress, inhibit the NF-kB inflammatory pathway, and suppress Caspase-3 dependent
apoptosis. These findings suggest that Naloxone could represent an adjuvant therapeutic strategy to be considered prior to major
liver surgeries or transplantation to significantly reduce the risk of postoperative AKI. Future studies should focus on identifying
the specific OR subtypes involved in this renoprotection and evaluating its efficacy in a clinical setting.

CONCLUSION

LIR not only induces marked hepatic damage but also triggers systemic oxidative stress, and significant renal injury, as evidenced
by biochemical, histopathological, and immunohistochemical alterations. Administration of naloxone demonstrated a protective
effect against LIR-induced multi-organ injury, likely through its anti-inflammatory, anti-apoptotic, and antioxidant properties.
These findings highlight naloxone’s potential therapeutic role in mitigating ischemia-reperfusion-related systemic complications.

FUTURE PERSPECTIVES AND RECOMMENDATIONS

e  Future studies should investigate the specific signaling pathways involved in naloxone’s anti-inflammatory and anti-
apoptotic effects.

o Dose-response studies are recommended to identify the most effective and safest therapeutic concentration of naloxone.

e Longer reperfusion intervals should be evaluated in further studies to assess the durability of naloxone’s protective effects.

e The current findings should be validated in larger animal models or early-phase clinical studies to explore their translational

potential.

e  Comparative studies of naloxone against established antioxidants or anti-inflammatory agents are needed to benchmark its
efficacy.
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Table 1: Mean level of serum Alanine aminotransferase (ALT) (u/L) in the studied groups (n=10):
Group Mean + SEM p- value
C-group 28.79+ 0.26
SC-group 30.14+0.28 0.3455%

<0.0001*

LIR group 48.43 £ 0.64 <0.0001°"
<0.0001*
LIR+ naloxone group 40.90 £ 0.42 <0.0001%*
<0.0001%"
# versus C-group, * versus SC-group, & versus LIR group, *p <0.05 is significant.
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Histogram 1: Mean level of serum alanine aminotransferase (ALT) (u/L) in the studied groups (n=10), # versus C-group, $ versus

SC-group, & versus LIR group, *p <0.05 is significant.
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Table 2: Mean level of serum AST (aspartate aminotransferase) (u\L) in the studied groups (n=10):

Group Mean + SEM p- value
C-group 94.88+0.79
SC-group 117.3+ 1.05 0.0013*
#*
LIR group 264.6 + 6.48 zg'ggg}v
<0.0001*
LIR+ naloxone group 210.5 +3.64 <0.0001%"
<0.0001%"
# versus C-group, * versus SC-group, ¢ versus LIR group, *p <0.05 is significant.
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Histogram2: Mean level of serum aspartate aminotransferase (AST) (u/L) in the studied groups (n=10), # versus C-group, $ versus

SC-group, & versus LIR group, *p <0.05 is significant.

Table 3 Mean level of serum urea (mg/dl) in the studied groups (n=10):

Group Mean + SEM p- value

C-group 22.69+0.23

SC-group 33.41+0.59 <0.0001*
<0.0001*

LIR group 43.34 £ 0.49 <0.0001%
<0.0001*

LIR+ naloxone group 37.03 £0.53 <0.0001%"
<0.0001%*

# versus C-group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.
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Histogram3: Mean level of serum urea (mg/dl) in the studied groups (n=10), # versus C-group, $ versus SC-group, & versus LIR
group, *p <0.05 is significant.
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Table 4: Mean level of serum creatinine (mg/dl) in the studied groups (n=10):

Group Mean + SEM p- value
C-group 0.61+0.03
SC-group 0.76 + 0.02 0.5316"
#*
LIR group 29+0.15 :8'88815*
<0.0001**
LIR+ naloxone group 1.49+£0.03 <0.0001%"
<0.0001%*
$% versus C-group, ® versus SC-group, *versus LIR group, *p <0.05 is significant.
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Histogram 4: Mean level of serum creatinine (mg/dl) in the studied groups (n=10),
# versus C-group, $ versus SC-group, & versus LIR group, *p <0.05 is significant.

Table 5 Mean level of malondialdehyde (MDA) in renal tissue (nmol\ml) in the studied groups (n=10):

Group
C-group
SC-group

LIR group

LIR+ naloxone group

# versus C-group, ¥ versus SC-group, & versus LIR group, *p <0.05 is significant.

Mean level of MDA in renal tissue (nmol/mL)

Groups

S00

400

300

200

100

Mean + SEM p- value
193.6 £ 0.98
196.8 £2.9 0.8171%
<0.0001**
400.1 £ 3.65 <0.00015°
<0.0001**
247 +£2.23 <0.0001%"
<0.0001%"
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Histogram 5: Mean level of malondialdehyde (MDA) in renal tissue (nmol\ml) in the studied groups (n=10), # versus C-group, $
versus SC-group, & versus LIR group, *p <0.05 is significant.
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Table 6 Mean level of tumor necrosis factor (TNF-a) in renal tissue (pg/mg) in the studied groups (n=10):

Group Mean = SEM p- value
C-group 84.6 £2.07
SC-group 90.64 +1.26 0.048#*
#*
LIR group 134.7 % 1.68 zg'ggg}v
<0.0001*
LIR+ naloxone group 105.7 £0.96 <0.0001%"
<0.0001%*

# versus C-group, ¥ versus SC-group, & versus LIR group, *p <0.05 is significant.
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Histogram 6: Mean level of tumor necrosis factor (TNF-a) in renal tissue (pg/mg) in the studied groups (n=10), # versus C-group,
$ versus SC-group, & versus LIR group, *p <0.05 is significant.

Table 7 Mean surface area fraction of COX-2 immunoreactivity in kidney tissue in the studied groups (n=10):

Group Mean + SEM p- value

C-group 1.061 +0.035

SC-group 1.113 +0.047 0.999*

40.76 + 1.01 <0.0001""

LIR group <0.0001%*
<0.0001*

LIR+ naloxone group 25.04=1.52 <0.0001%"
<0.0001%"

# versus C-group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.
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Histogram 7: Mean surface area fraction of COX-2 immunoreactivity in kidney tissue in the studied groups (n=10), # versus C-
group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.
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Table 8 Mean surface area fraction of NF-xB immunoreactivity in kidney tissue in the studied groups (n=10):

Group Mean = SEM p- value

C-group 1.133+0.13

SC-group 1.20£0.11 0.999%

34.13+0.89 <0.0001*

LIR group <0.0001%*
0.0001*"

LIR+ naloxone group 18.46+0.93 0.0001%*
<0.0001%"

# versus C-group, * versus SC-group, € versus LIR group, *p <0.05 is significant.
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Histogram 8: Mean surface area fraction of NF-xB immunoreactivity in kidney tissue in the studied groups (n=10), # versus C-
group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.

Table 9 Mean surface area fraction of caspase-3 immunoreactivity in kidney tissue in the studied groups (n=10):

Group Mean + SEM p- value

C-group 1.14+£0.20

SC-group 1.17+0.13 0.999%

3221 +£1.05 <0.0001*

LIR group <0.00015*
<0.0001*

LIR+ naloxone group 15.61+0.36 <0.0001%"
<0.0001%"

# versus C-group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.

Mean surface area fraction of caspase-3
Immue-expression in kidney tissue

Histogram 9: Mean surface area fraction of caspase-3 immunoreactivity in kidney tissue in the studied groups (n=10), * versus C-
group, ® versus SC-group, & versus LIR group, *p <0.05 is significant.
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renal corpuscles (RC), PCTs (p) and DCTs (d).
H&E X100
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Fig. 2: A photomicrograph of kidney tissue section of C-group showing normal structure of renal corpuscles (RC), Bowman’s
space (bs), PCTs (p) and DCTs (d). PCTs lined with cuboidal cells of acidophilic cytoplasm with central rounded vesicular
nuclei. DCTs with wider lumina lined with less acidophilic cuboidal cells.
H&E x400
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Fig.3: A photomicrograph of kidney t of SC-group showing normal organization of the renal cortex consisting of
renal corpuscles (RC), PCTs (p) and DCTs (d).
H&E X100
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Fig.4: A photomicrograp of kidney tissue section of SE—group showing normal structe of renal corpusclg(RC) except for
congested glomerular capillaries (g), Bowman’s space (bs), PCTs (p) and DCTs (d). PCTs lined with cuboidal cells of
acidophilic cytoplasm with central rounded vesicular nuclei. DCTs with wider lumina lined with less acidophilic cuboidal cells.
H&E x400
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a) Disruption of normal organization of the renal cortex with areas of focal loss (stars), shrunken distorted renal
corpuscles (S) with widening of bowman’s space (dotted arrow).
b) Other areas showed hypertrophied renal corpuscle (g) with narrowing of bowman’s space (curved arrow). Notice
dilatation of some tubular lumina (d) and inflammatory cellular infiltrate (thick arrow).
H&E X100
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Fig.6: A photomicrograph of kidney tissue section of LIR group showing distorted renal corpuscle (star), congested glomerular
capillaries (g), congestion of peritubular capillaries (c) and interstitial hemorrhage (Hg). Tubular distortion; vacuolation of some
tubular cells (thin arrows), and other cells with ghosts of the nuclei and disappearance of cytoplasm (circles). Notice inflammatory cell
infiltrate mostly lymphocytes (thick arrow).
H&E X400
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Fig.7: A photomicrograph of kidney tissue section of LIR group showing congested glomerular capillaries (g), congestion of
peritubular capillaries (c), vacuolation of some tubular cells (V), flattening of some epithelial lining (red arrows) with
desquamation of some cells with cellular debris in tubular lumina (arrow). Notice some tubular lumina with eosinophilic
material; hyaline casts (dotted arrows).
H&E X400
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Fig.8: A photomicrograph'o-f ki'd‘ne ti

cortex; renal corpuscles (RC) and tubules. Notice some hyaline casts in some tubular lumina (arrows).
H & E x 100

capillaries (g) and apparent normal PCTs (p) and DCTSs (d). Notice hyaline casts in some tubular lumina (dotted arrow).
H & E x 400

67
VASCULAR & ENDOVASCULAR REVIEW

www.VERjournal.com


http://www.verjournal.com/

Naloxone Pretreatment Mitigates Secondary Renal Injury Following Hepatic Ischemia-Reperfusion in Rats

> : S P U e i 0% 191 :

Fig.10: A photomicrograph of kidney tissue section of C-group showing positive PAS reaction in the BMs of glomerular blood
capillaries (thin arrow), parietal layers of Bowman's capsules (dotted arrow), PCTs (thick arrows) and DCTs (double arrows) cells.
Notice the staining of brush borders (stars) of the PCT (p) and DCT (d).

PAS X 400

. e " s - A
Fig.11: A photomicrograph of kidney tissue section of SC-group showing positive PAS reaction in the BMs of glomerular

blood capillaries (thin arrow), parietal layers of Bowman's capsules (dotted arrow), PCTs (thick arrows) and DCTs (double
arrows) cells. Notice the staining of brush borders (stars) of the PCT (p) and DCT (d) except for some areas of interruption of
basement membrane of glomerular blood capillaries (arrow heads).

PAS X 400
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Fig.12: A photomicrograph of renal cortex of LIR group showing partial (thin arrows) or complete loss (thick arrows) of the
brush border of distorted renal tubules. Notice interruption of basement membrane (arrow heads) of the distorted glomerulus (g)
and tubules (t).
PAS X 400

of PCTs (p), DCTs (d), continuous basement membranes of glomerular blood capillaries (thin arrow), parietal layers of
Bowman's capsule (dotted arrow), PCTs (thick arrows) and DCTs (double arrows) cells. Notice some tubules showing partial
loss of the brush border (arrow heads).
PAS X 400
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Fig.14: A photomicrograph of kidney of C-group showing negative COX-2 cytoplasmic immune expression in the glomerular
(G), PCT (p) and DCT (d) cells.
COX-2 immunohistochemistry counterstained with H X 400
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Fig.15: A photomicrograph of kidney of SC-group showing negative COX-2 cytoplasmic immune expression in the glomerular
(G), PCT (p) and DCT (d) cells. Notice faint expression in few tubular cells (arrow)
Immunohistochemistry counterstained with H X 400
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Fig. 16: A representative photomicrograph of a section in rat kidney of LIR group showing deeply stained cytoplasmic COX-2
immune reactivity in the tubular cells (arrows).
COX-2 Immunohistochemistry counterstained with H X 400

: ) o 1 &£ 8 ot 8 B -
Fig.17: A representative photomicrograph of a section in rat kidney of LIR group showing deeply stained cytoplasmic COX-2
immune reactivity in the glomerular (G), PCT (p), DCT (d) cells (arrows) with some faint cytoplasmic reaction in other
glomerular and tubular cells (dotted arrows).

COX-2 Immunohistochemistry counterstained with H X 400
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Fig.18: A representative photomicrograph of a section in rat kidney of LIR+ naloxone group showing faint COX-2

cytoplasmic expression (arrows) in most glomerular (G), PCT (p) , DCT (d) cells
COX-2 Immunohistochemistry counter stain H x400
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Fig. 19: A representative photomicrograph of a section in rat B cytoplasmic immune
expression in the glomerular (G), PCT (p) and DCT (d) cells.
NF-kB Immunohistochemistry counterstained with H X 400

e
; t

“4

2w S NS 4 Nl |
Fig. 20: A representative photomicrograph of a section in rat kidney of SC-group showing negative NF-kB cytoplasmic
immune expression in the glomerular (G), PCT (p) and DCT (d) cells. Notice faint expression in few tubular cells (arrows).
NF-kB Immunohistochemistry counterstained with H X 400
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Fig.21: Representative photomicrographs of a section in rat kidney of LIR group showing deeply stained cytoplasmic NF-xB
immune reactivity in PCT (p) and DCT (d) cells (arrows) with some faint cytoplasmic reaction in other glomerular and tubular
cells (dotted arrows).

NF-kB Immunohistochemistry counterstained with H X 400
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Fig.22: A representat'iJ\./Le photomicrograph of a section in rat kidnéy of LIR+ naloxone gro’u? showing faint NF-xB
cytoplasmic expression (arrows) in some glomerular (G), PCT (p) , DCT (d) cells
NF-xB Immunohistochemistry counter stain H x400
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Fig.23: A representative phoomicrograph of a_sgt:?ion in ratv kidney_ of C-group showing negative casphse-S immune
expression in the glomerular (G), PCT (p) and DCT (d) cells.
Caspase-3 Immunohistochemistry counterstained with H X 400
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Fig.24: A representative photomicrograph of a section in rat kidney of SC-group showing negative caspase-3 immune

expression in the glomerular (G), PCT (p) and DCT (d) cells.
Caspase-3 Immunohistochemistry counterstained with H X 400
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Fig.25: Representatlve photomlcrographs of a section in rat kidney of LIR group showmg positive cytoplasmlc (dashed
arrow), nuclear (arrows) and both cytoplasmic and nuclear (double headed arrows) caspase-3 immune reactivity in the
glomerular (G), PCT (p) and DCT (d) cells.

Caspase-3 Immunohistochemistry counterstained with H X 400
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Fig.26: A representative photomicrograph of a section in rat kidney of LIR+ naloxone group showing mild caspase-3 positive
cytoplasmic (dashed arrow) and nuclear (arrows) expression in some glomerular (G) and tubular cells
Caspase-3 Immunohistochemistry counter stain H x400

78
VASCULAR & ENDOVASCULAR REVIEW

www.VERjournal.com


http://www.verjournal.com/

