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Abstract: 

__________________________________________________ 

Background: Cardiorenal syndrome-3 (CRS3) represents the 

pathological link between kidneys and heart where acute 

kidney injury (AKI) causes serious cardiac abnormalities. 

Disrupted mitochondrial dynamics are the main contributor to 

CRS3. Mitophagy plays a protective role through reducing 

mitochondrial damage and oxidative-stress. Empagliflozin 

(EMPA), a sodium-glucose cotransporter-2 inhibitor, has 

therapeutic effects on cardiac and renal pathology with or 

without diabetes type-2 through anti-oxidative, anti-

inflammatory &anti-apoptotic mechanisms. Aim of work: 

Evaluating EMPA probable reparative impact on the 

myocardium of adult male albino rat CRS3-model using 

biochemical, histological &immunohistochemical studies. 

Materials and Methods: Twenty-eight adult male albino rats 

(3months old, 200g weight) were divided into: control  
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&experimental (subjected to AKI) groups. AKI-rats were 

subdivided equally into 3 subgroups, AKI, AKI/recovery 

&AKI/EMPA (received daily oral 20mg/kg EMPA 1week after 

renal surgery for 3weeks). Results: AKI induced a significant 

rise in serum urea, creatinine, cardiac TNF-α, H2O2 levels, P62, 

cytochrome-C area percentage, besides a non-significant 

increase in Mn-SOD level, mitophagy-PINK1/PARKIN 

&mitochondrial biogenesis-PGC1α gene expression, LC3B, 

sirtuin-3 area percentage &a significant decrease in ATP level. 

Myocardium showed darkly stained shrunken nuclei, disrupted 

transverse striations by H&E stain and minimal collagen 

deposition by Masson’s trichrome. AKI/recovery recorded 

further reduction in ATP, Mn-SOD levels, PINK1/PARKIN, 

PGC1α expression, LC3B, sirtuin-3 area percentage and 

evident increase in H2O2 level, P62, cytochrome-C area 

percentage with marked myocardial affection &more collagen 

deposition. AKI/EMPA demonstrated an obvious 

improvement in the previously mentioned results. Conclusion: 

EMPA ameliorated CRS3-induced myocardial damage 

through the inhibition of inflammation &mitochondrial 

oxidative-stress in addition to mitophagy &mitochondrial 

biogenesis activation.  

__________________________________________________________________ 

1. Introduction: 

The crosstalk between kidneys and heart is 

the backbone that maintains metabolic waste 

removal, hemodynamic stability, and body 

functions [1]. Cardiorenal syndrome 3 

(CRS3), also called acute renocardiac  

 

 

syndrome, defines where an acute kidney 

injury (AKI) predisposes to cardiac  

dysfunctions [2]. AKI is considered the 

pathologic contributor and starter of CRS3, 

about 70% of patients with AKI develop 

CRS3 [3,4]. 

https://ejmr.journals.ekb.eg/
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Several pathophysiological mechanisms, 

direct and indirect ones, participate in the 

establishment of CRS3. Direct mechanisms 

include oxidative stress, mitochondrial 

dysfunction, inflammation, apoptosis, and 

sympathetic nervous system activation. 

While indirect mechanisms are attributed to 

fluid overload, imbalance of electrolytes and 

uremic toxins [2,5]. Impaired mitochondrial 

function is the principal mechanism involved 

in promotion of both kidney and heart lesions 

[2] leading to myocardial infarction, acute 

heart failure, arrhythmia, and acute 

cardiogenic shock [1].  

Mitophagy is a specific kind of autophagy 

which eliminates defective mitochondria [6]. 

This is through the signaling pathway 

phosphatase & tensin homolog- 

(PTEN) induced kinase 1 (PINK1) and 

mitochondrial E3 ubiquitin-protein ligase 

PARKIN (known as PARK-2, Parkinson 

protein 2 that was first identified in 

Parkinson’s disease), the key receptor-

independent pathway [7]. In normal situations, 

PINK1 is transferred into healthy 

mitochondria then degraded by 

intramembrane serine protease [8]. While 

during stressful conditions, PINK1 transport 

is impeded causing its collection on the outer 

mitochondria membrane that becomes 

phosphorylated. After that, PINK1 recruits 

the activated cytoplasmic PARKIN, and 

further, protein P62, sequestosome 1 

(SQSTM1) (one of the autophagy’s selective 

cargo receptors), which combines with LC3 

(microtubule-associated protein 1 light 

chain), allowing degradation of dysfunctional 

mitochondria and ultimately mitophagy is 

completed [9]. This pathway showed an 

influential effect on quality control of 

mitochondria, cellular survival, and kidney 

function during AKI [10,11,12].  

Mitochondrial quality control, a complicated 

process, includes biogenesis of mitochondria, 

dynamics (preserving biochemical and 

genetic uniformity) and mitophagy 

(eliminating defective mitochondria). The 

harmony among these processes is 

fundamental to conserve mitochondrial 

number, morphology, as well as function [13]. 

The major organizer of mitochondrial 

synthesis is assigned to peroxisome 

proliferator-activated receptor gamma 

coactivator 1 alpha (PGC1α), that becomes 

upregulated following increased energy 

demands or stress conditions [14, 15], to replace 

the destructed mitochondria eliminated by 

mitophagy, in addition to repopulating the 

regenerating cells [16]. 

Sirtuin-3 (SIRT-3), a nicotinamide adenine 

dinucleotide, NAD+, -dependent protein 

deacetylase in mitochondria, is concerned 

with oxidative phosphorylation, and fatty 
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acid oxidation [17]. SIRT-3 is closely related 

to adenosine triphosphate (ATP) generation 

process through deacetylation of complexes 

I, II, III, & IV of mitochondria. 

Approximately 90% of ATP production is 

attributed to complexes I & III [18]. 

Furthermore, SIRT-3 has been shown to 

exhibit variable impacts in regulation of 

mitophagy, inhibition of cell death [19], 

mitochondrial biosynthesis [20] and 

scavenging reactive oxygen species (ROS) 

[21]. 

However, with disease progression or in 

cases of massive renal injury, the quantity of 

defective mitochondria becomes beyond the 

capability of mitophagy, or the mitophagy 

process itself becomes reduced. Thus, 

cellular death becomes inevitable inducing 

excessive tissue damage [16].  

Empagliflozin (EMPA) is one of the sodium–

glucose cotransporter-2 inhibitor (SGLT2i) 

drugs. These are hypoglycemic drugs which 

possess a selective inhibitory action on 

sodium and glucose reabsorption from 

proximal renal tubules, which stimulates 

excretion of glucose in urine, and so, reduces 

serum glucose levels [22]. The promising 

effects of SGLT2i detected in cardiovascular 

lesion are attributed to a diversity of 

mechanisms like improved glucose 

metabolism, decreased body weight, blood 

pressure level in addition to sodium overload 

[23].  

Although SGLT2 is selectively expressed in 

kidneys and very limited in heart [24], SGLT2i 

were recorded to exert cardioprotective 

effects in patients even without diabetes or 

hypertension [25]. Correspondingly, multiple 

pleiotropic effects of EMPA were shown in 

the aorta through intracellular signaling 

independent of SGLT2 [26].  Interestingly, 

SGLT2i were reported to possess few 

adverse effects and hardly lead to 

hypoglycemia, even in non-diabetic patients 

[27]. 

Aim of work:  

The present work evaluates the role of 

mitophagy along with mitochondrial 

biogenesis on myocardium of experimentally 

induced CRS3 in male albino rats and the 

potential ameliorative impact of EMPA. 

2. Materials and Methods:  

Drugs  

Empagliflozin (EMPA): 

(Jardiance, supplied as tablets each including 

25 mg empagliflozin, Boehringer Ingelheim 

Pharma GmbH & Co. KG, Biberach, 

Germany). The EMPA was prepared by 

crushing each tablet and dissolving the 

powder in 6.25 ml 0.9% NaCl solution [28].  

https://ejmr.journals.ekb.eg/
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Animals 

Thirty-six adult male albino rats (8 rats 

for pilot study and 28 rats for experimental 

study) of 3 months old and 200 g weight were 

housed in cages at 24 ± 1°C in normal 

light/dark cycle for 2 days former to the start 

of the experimental study to acclimatize to 

the new environmental state. Then rats were 

maintained in the same previous situations 

through the whole experimental durations 

and allowed for regular chow as well as water 

ad libitum. This was performed in Laboratory 

Animal House Unit of Kasr Al-Aini, Faculty 

of Medicine, Cairo University and in 

accordance with the guidelines of 

Institutional Animal Care and Use 

Committee (IACUC), Cairo University, 

[approval number CU/III/F/42/23].  

Experimental Design 

This work was divided into 2 parts: 

A) Pilot study included 8 rats: 

It was done as a former study has illustrated 

a relevant increase in inflammatory cytokines 

and cardiac cell affection at one week of 

unilateral renal ischemia reperfusion 

procedure in mice [29], so a pilot study was 

conducted to verify these alterations in 

cardiac muscle in rats. 

Four rats (model rats) were subjected to AKI, 

by ligation of kidneys’ pedicles with clamps 

for bilateral renal artery and vein occlusion 

for 45 min then both clamps were reopened 

to permit reperfusion [30].  

Four rats were used as sham rats and were 

subjected to the same process as AKI rats 

without ligation of the renal pedicles. 

Following the procedure, two model rats and 

their corresponding sham rats were 

euthanized after 1 week, as well as 4 weeks 

(for detection of potential recovery).   

B) The experimental study included 28 

rats that were categorized into: 

Group I (control group, 10 rats):  

Rats were subdivided into: 

Subgroup Ia (2 rats): animals were not 

subjected to any procedure then sacrificed 

after 1 and 4 weeks. 

Subgroup Ib (sham-operated) (4 rats): that 

was subjected to AKI procedure of 

experimental group without ligation the 

kidneys pedicles (without bilateral renal 

artery and vein occlusion). Sham rats were 

equally euthanized 1 and 4 weeks following 

the procedure.    

Subgroup Ic (4 rats): rats were subjected to 

same procedure as subgroup Ib then one 

week later, each rat was orally given 1ml of 

0.9% NaCl solution, the vehicle of EMPA, on 

daily basis for 3 weeks [28]. 

Group II (experimental group, 18 rats):  

Briefly, anesthesia for animals was 

performed via intraperitoneal injection of 

ketamine (80 mg/ kg)/xylazine (10 mg/kg) [30] 

https://ejmr.journals.ekb.eg/
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then bilateral flank incision was done to 

access kidneys. Renal I/R injury was applied 

by ligation of renal pedicles with 

microaneurysm clamps for 45 min for 

bilateral renal artery and vein occlusion. 

Renal ischemia was followed by reopening of 

clamps to allow reperfusion that was proved 

by the alteration in kidneys’ color. Then, 

abdominal incisions were sutured by a 4–0 

nylon monofilament thread. The rat’s body 

temperature was carefully maintained 

throughout the experiment by controlling the 

thermostatic surgical table using a heating 

pad of 37 °C [30]. Postoperative antibiotic and 

analgesic treatments were administered by a 

single intramuscular injection of 24,000 

UI/kg of penicillin G benzathine and 

subcutaneous injection of dipyrone analgesic 

(150 mg/kg) for 3 days [31]. 

Following renal I/R induction the animals 

were randomly subdivided into three 

subgroups (6 rats each):  

Subgroup IIa (AKI subgroup):  

One week following renal I/R induction, the 

rats were sacrificed to verify the cardiac 

changes induced by AKI.  

Subgroup IIb (AKI/recovery subgroup):   

Following one week of AKI, rats of this 

subgroup received 1ml of 0.9% NaCl 

solution via oral gavage daily for 3 weeks.  

Subgroup IIc (AKI/ EMPA subgroup):  

Animals in this subgroup were treated as 

subgroup IIb, however each rat was 

administered 1ml of 0.9% NaCl solution 

containing 4mg EMPA (20mg/kg) once daily 

for 3 weeks through oral gavage [28]. 

Animal studies  

Serological study:  

Blood samples from each rat were collected 

from their tail veins immediately at the end of 

week 1 and 4 to assess the renal function 

using the enzymatic colorimetric assay to 

determine urea level (ab83362, United 

States) and creatinine level (ab65340, United 

States) at Biochemistry Department, Faculty 

of Medicine, Cairo University. 

Animal sacrifice: 

After the end of each experimental point 

(one and four weeks), the rats were 

euthanized after being anaesthetized by 

intraperitoneal injection of ketamine (80 

mg/ kg)/xylazine (10 mg/kg) [30]. The 

heart of each rat was excised. Two 

segments (2-2.5 mm each) were obtained 

from apex to base of left ventricle in a 

level parallel to atrioventricular groove. 

The first slice was to prepare cardiac 

homogenates [32]. This was done at 

Biochemistry Department, Faculty of 

Medicine, Cairo University for ELISA, 

PCR, and mitochondrial studies. The 

second slice was processed for paraffin 

blocks preparation at Histology 

https://ejmr.journals.ekb.eg/
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Department, Faculty of Medicine, Cairo 

University. 

I.Enzyme-linked immunosorbent assay 

(ELISA): 

Tumour necrotic factor alpha (TNF-α), a 

pro-inflammatory cytokine [MBS175904, 

MyBioSource, USA], was assessed 

according to the datasheet guidelines. 

II.Quantitative real-time polymerase chain 

reaction (qRT-PCR): 

Total RNA was isolated then 

complementary DNA synthesis and 

detection of the relative mRNA expression 

was done for PINK1/PARKIN (main 

mitophagy pathway) and PGC1α (crucial 

regulator of mitochondria biosynthesis) 

using the primers and the Rotor Gene 6000 

series software version 1.7 (Corbett Life 

Science, USA). Then the relative 

expression of genes was studied as a 

normal ratio to beta actin (internal control).  

The primer PCR sequences used were: 

PINK1: Forward 5′- 

CATGGCTTTGGATGGAGAGT-3′ 

Reverse 5′-TGGGAGTTTGCTCTTCAA 

GG-3′ 

PARKIN: Forward 5′- 

CTGGCAGTCATTCTGGACAC-3′ 

Reverse 5′- 

CTCTCCACTCATCCGGTTTG-3′ 

PGC1α: Forward 5′- 

AAACTTGCTAGCGGTCCTCA-3' 

Reverse 5′- 

TGGCTGGTGCCAGTAAGAG-3' 

 Beta actin: Forward: 5'- 

GGCATCCTGACCCTGAAGTA-3' 

Reverse: 5' - 

GGGGTGTTGAAGGTCTCAAA-3'  

III. Mitochondrial isolation: 

Isolation of mitochondria from heart was 

done by centrifugation according to 

described method of Gumustaz et al., 

2006 [33]. Then, according to guidelines of 

manufacturer, the following was 

assessed: 

- ATP content using ATP Assay Kit, 

(Beyotime, China).       

-  Hydrogen peroxide (H2O2) level using 

Amplex Red reagent (Invitrogen), an 

indicator of oxidative stress.  

- Manganese superoxide dismutase, Mn-

SOD, (a special type of SOD in 

mitochondria, its activity represents the 

cell’s capacity to remove mitochondrial 

superoxide) [34]. It was measured using 

Mn-SOD activity Assay Kit with WST-

8 (Beyotime, China). 

IV. Histological Study 

Paraffin block preparation: 

https://ejmr.journals.ekb.eg/
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Cardiac slices were fixed by keeping them 

for one day in 10% formol saline, then the 

specimens were prepared to paraffin blocks. 

Six μm-thick sections were sliced then 

stained with: 

1- Hematoxylin and Eosin stain (H&E) 

[35]: To illustrate structure and 

alterations of myocardium. 

2- Masson’s trichrome stain [35]: To 

visualize collagen fibers.    

3- Immunohistochemical staining for:  

a. LC3B, microtubule-associated protein 

1-light chain 3 beta, [rabbit polyclonal 

antibody, ab48394, abcam, USA]: a 

form of LC3II, represents one of the 

structural proteins of autophagosome, 

and considered as an autophagosome 

marker [36] that appears as cytoplasmic 

reaction.   

b. SQSTM1/P62, sequestosome 1, protein 

P62, [rabbit polyclonal antibody, 

ab91526, abcam, USA]: a substrate of 

LC3 [9] which appears as positive 

reaction in the cytoplasm. 

c. SIRT-3, sirtuin-3 [rabbit polyclonal 

antibody, ab189860, abcam, USA]: a 

NAD+ dependent protein deacetylase 

that regulates mitochondrial target 

proteins [17]. It appears as cytoplasmic 

immunoreactivity. 

d. Cytochrome C [rabbit polyclonal 

antibody, ab90529, abcam, USA]: an 

initiator of apoptosis through its leakage 

from mitochondria to cytoplasm [37]. It 

appears as cytoplasmic immunostaining.  

- Immunostaining was performed by avidin-

biotin technique [35]: 

1- Boiling of cardiac sections was applied in 

10 mM citrate buffer (cat no 005000) for 10 

min at pH 6 for antigen retrieval.  

2- This was followed by cooling the cardiac 

sections at standard temperature for 20 min.  

3-Incubation with primary antibodies was 

performed for 60 min. According to 

manufacturer’s datasheet, optimal 

recommended dilutions were 1/200 - 1/400 

for LC3B antibody, 2 - 5 μg/ml for 

SQSTM1/P62 antibody, 1/20 - 1/50 for SIRT-

3 antibody, and 1 μg/ml for cytochrome C 

antibody.  

4- Immunostaining was accomplished by 

utilizing Ultravision One Detection 

System (cat no TL - 060- HLJ) and Lab 

Vision Mayer's hematoxylin 

counterstaining (cat no TA- 060- MH).  

The following materials: Citrate buffer, 

Ultravision One Detection System along 

with Ultravision Mayer's hematoxylin 

were bought from Labvision, 

ThermoFisher scientific, USA. 

https://ejmr.journals.ekb.eg/
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The positive control for LC3B and 

SQSTM1/P62 appeared as cytoplasmic 

immunoreaction in the brain tissue and 

heart respectively. Regarding SIRT-3, the 

positive control was kidney tissue and 

that of cytochrome C was skeletal muscle 

with positive immunoexpression in 

cytoplasm. While the negative control 

cardiac sections were submitted to the 

prior steps without adding the primary 

antibodies.  

V. Morphometric study 

Using Leica Qwin-500 LTD-software 

image analysis computer system 

(Cambridge, England) connected to a 

light microscope with a colored video 

camera, the area percent of collagen 

fibers in Masson’s trichrome-stained 

sections as well as the area percent of 

positive immunoreactivity of LC3B, 

P62, SIRT-3 and cytochrome C were 

measured in the corresponding 

immunostained sections. This was 

done in 10 non-overlapping areas for 

each animal in each group (×100) 

using the binary mode. 

VI. Statistical analysis  

 All biochemical and morphometric results 

were analyzed using IBM Statistical Package 

for the Social Sciences (SPSS) version 21. 

This was achieved by one-way analysis of 

variance (ANOVA) and “Tukey” post hoc 

test. The findings were illustrated as mean ± 

standard deviation and were regarded 

significant when probability value was < 

0.05 [38]. 

All the histological and morphometric 

studies were accomplished at the 

Histology Department, Faculty of 

Medicine, Cairo University. 

3. Results: 

General observations 

- No deaths were noticed in all experimental 

rats.  

- Rats of subgroups Ia, Ib and Ic exhibited the 

same biochemical, and histological results; 

therefore, they were all described as control 

(group I).  

Biochemical Results   

- Renal function tests (serum urea, and 

creatinine) [Figs. 1a&1b] and cardiac 

TNF-α [Fig. 1c] displayed significant rise 

in subgroups IIa and IIb versus group I. As 

regards subgroup IIb, non-significant 

reduction was recorded in relation to 

subgroup IIa. Whereas there was 

significant reduction in subgroup IIc 

versus IIb and non-significant elevation as 

compared to group I. 

- Mitochondrial levels of ATP [Fig. 1d] 

revealed significant decrease in subgroup 
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IIa and subgroup IIb compared to group I. 

As well, subgroup IIb recorded significant 

low values as compared to subgroup IIa. 

On the contrary, subgroup IIc showed 

significant increase in comparison to 

subgroup IIb and significant decrease 

versus the control group. 

- Mitochondrial H2O2 [Fig. 1e] showed 

significant high values in subgroup IIa 

and subgroup IIb versus control group. 

Additionally, there was significant rise 

in subgroup IIb versus subgroup IIa. 

However, subgroup IIc demonstrated 

significant diminution compared to 

subgroup IIb and significant increase 

compared to control.  

- Regarding the Mn-SOD activity [Fig. 1f] 

and the relative mRNA expressions of 

mitophagy associated markers (PINK1 

and PARKIN), together with biogenesis 

marker, PGC1α, [Figs. 1g, 1h &1i 

respectively] non -significant increase 

was recorded in subgroup IIa versus 

group I. In addition, subgroup IIb 

illustrated a significant decrease versus 

subgroup IIa and group I. However, a 

significant rise in subgroup IIc versus 

subgroup IIb and significant decrease 

compared to group I were detected. 

 

 

Histological Results 

H&E-stained sections 

In control group [Fig. 2a], longitudinally cut 

cardiac muscle was composed of cylindrical 

branched cardiac muscle fibers with 

acidophilic sarcoplasm and transverse 

striations. Each cardiomyocyte had a single 

central oval nucleus with prominent 

nucleolus and joined with other 

cardiomyocytes with intercalated discs. 

Connective tissue (CT) endomysium 

contained vascular network seen between 

cardiac muscle fibers.  

However, in subgroup IIa (AKI subgroup) 

[Fig. 2b] some myocardial fibers showed 

darkly stained shrunken nuclei, focal areas of 

degeneration comprising disrupted 

myofibrils and transverse striations, and 

interrupted intercalated discs. Additionally, 

apparently widened CT endomysium with 

inflammatory infiltration was observed.  

Subgroup IIb (AKI/recovery subgroup) 

[Figs. 2c&2d], showed disrupted histological 

architecture of multiple muscle fibers. They 

were illustrated as focal areas of degeneration 

in the sarcoplasm with lost transverse 

striations, multiple pyknotic nuclei, and 

disrupted intercalated discs. In addition to the 

presence of widened CT endomysium that 

was occupied by inflammatory cell 
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infiltration and multiple elongated fibroblasts 

like cells.  

Concerning subgroup IIc (AKI/EMPA 

subgroup) [Fig. 2e], apparent improvement 

of cardiac muscle histological alterations was 

illustrated. However, some muscle fibers 

showed pyknotic nuclei and scarce focal 

areas of degeneration with disrupted 

transverse striations. CT endomysium 

showed very few inflammatory cells. 

Masson’s trichrome-stained sections  

Control group [Fig. 3a] and subgroup IIa 

(AKI subgroup) [Fig. 3b] showed minimal 

collagen deposition in the CT endomysium 

among the muscle fibers. However, 

subgroup IIb (AKI/recovery subgroup) 

[Fig. 3c] exhibited apparent increase in 

collagen fibers amount that was decreased in 

subgroup IIc (AKI/EMPA subgroup) [Fig. 

3d]. 

LC3B immunostained sections  

The negative control myocardial sections 

[Fig. 4a] without adding the LC3B primary 

antibody demonstrated negative 

immunoreaction. 

The group I (control group) [Fig. 4b] and 

subgroup IIa (AKI subgroup) [Fig. 4c], 

showed profuse positive cytoplasmic 

immunoreactivity in cardiac muscle fibers. 

Such immunoreaction was regressed in 

multiple cardiac muscle fibers of subgroup 

IIb (AKI/recovery subgroup) [Fig. 4d]. 

While prominent positive cytoplasmic 

immunoreactivity was expressed in most 

cardiac muscle fibers in subgroup IIc 

(AKI/EMPA subgroup) [Fig. 4e]. 

 P62 immunostained sections 

The negative control cardiac sections [Fig. 

5a] showed negative immunostaining when 

omitting the addition of P62 primary 

antibody. 

In group I (control group) [Fig. 5b], the 

positive immunoreaction was sparse in the 

cytoplasm of muscle fibers. This 

immunoreaction was illustrated in some 

fibers in subgroup IIa (AKI subgroup) 

[Fig. 5c]. On the other hand, subgroup IIb 

(AKI/recovery subgroup) [Fig. 5d] 

displayed an apparent increase in the positive 

immunoreaction. Such immunoreactivity 

was few in cardiac muscle fibers of 

subgroup IIc (AKI/EMPA subgroup) [Fig. 

5e]. 

SIRT-3 immunostained sections 

The negative control myocardial sections 

[Fig. 6a] after skipping SIRT-3 primary 

antibody illustrated negative 

immunoreactivity. 

Group I [Fig. 6b] and subgroup IIa (AKI 

subgroup) [Fig. 6c] showed widely 
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distributed cytoplasmic positive 

immunoreaction in cardiac muscle fibers. 

While a few areas of cytoplasmic 

immunoreaction were noticed in subgroup 

IIb (AKI/recovery subgroup) [Fig. 6d]. As 

regards subgroup IIc (AKI/EMPA 

subgroup) [Fig. 6e] abundant positive 

immunoreactivity in muscle fibers cytoplasm 

was observed. 

Cytochrome C immunostained sections  

Regarding the negative control of 

myocardium sections [Fig. 7a], negative 

immunoreaction was demonstrated with 

omitting the step of adding cytochrome C 

primary antibody. 

The group I (control group) [Fig. 7b] 

demonstrated scarce positive cytoplasmic 

immunoreactivity in very few cardiac muscle 

fibers. However, multiple cardiac muscle 

fibers showed positive cytoplasmic 

immunoreactivity in subgroup IIa (AKI 

subgroup) [Fig. 7c] that appeared 

widespread in subgroup IIb (AKI/recovery 

subgroup) [Fig. 7d], then was limited to 

some fibers in subgroup IIc (AKI/EMPA 

subgroup) [Fig. 7e]. 

Morphometric Results 

Statistically, the mean area percent of 

collagen fibers in Masson’s trichrome-

stained sections [Fig. 3e] showed non-

significant elevation in subgroup IIa versus 

control. However, subgroup IIb exhibited a 

significant increase versus control and 

subgroup IIa. As regards subgroup IIc, a 

significant reduction versus subgroup IIb and 

non-significant rise versus the control were 

demonstrated. 

Concerning, the mean area percent of LC3B 

[Fig. 4f] as well as SIRT-3 [Fig. 6f], positive 

immunoreactivity exhibited non-significant 

increase in subgroup IIa and significant 

diminution in subgroup IIb versus group I. 

While a significant low value was noticed in 

subgroup IIb versus subgroup IIa. Subgroup 

IIc displayed significant increase versus 

subgroup IIb and significant decrease versus 

group I.  

P62 [Fig. 5f] and cytochrome C [Fig. 7f] 

positive immunoreactions’ mean area percent 

displayed significant increase in subgroups 

IIa & IIb as opposed to control group. 

Moreover, a significant increase was 

observed in subgroup IIb versus subgroup 

IIa. While in subgroup IIc, there was 

significant reduction versus subgroup IIb and 

significant elevation versus group I.  

https://ejmr.journals.ekb.eg/


Egyptian Journal of Medical Research (EJMR), Volume 5, Issue 2, April, 2024   

 

19                                                                                                      https://ejmr.journals.ekb.eg/  
 

 

Figure 1: Histogram illustrating mean values of: 

1a,1b &1c: Serum urea & creatinine and cardiac TNF-α levels.  

1d,1e&1f: Mitochondrial ATP, H2O2 and Mn-SOD activity levels.  

1g,1h&1i: PINK1, PARKIN and PGC1 α relative mRNA expressions.  

[a as compared to group I, b as compared to subgroup IIa & c as compared to subgroup IIb 

(significant difference at P < 0.05)]  
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Figure 2: Photomicrographs of H&E-stained longitudinal sections of cardiac muscle: 

2a (group I, control group): Illustrating cylindrical branched muscle fibers (MF) consist of 

cardiomyocytes joined together with intercalated discs (arrow). Each cardiac cell exhibits 

acidophilic sarcoplasm with transverse striations and a single oval central nucleus (N) with 

prominent nucleolus. CT endomysium (star) is seen between cardiac muscle fibers containing 

capillary network (C). 

 2b (subgroup IIa, AKI subgroup): Showing some muscle fibers that appeared with shrunken 

darkly stained nuclei (N), focal areas of degeneration (D) of disrupted myofibrils and transverse 

striations, and interrupted intercalated discs (arrow). Apparently, the CT endomysium appears 

widened (star) with inflammatory cell infiltration (IN). 2c&2d (subgroup IIb, AKI/recovery 

subgroup): Illustrating multiple muscle fibers having small darkly stained nuclei (N), focal areas 

of degeneration (D) with lost transverse striations, and interrupted intercalated discs (arrow). CT 

endomysium is widened (star) containing inflammatory cell infiltration (IN) (in 2c) and multiple 

elongated fibroblasts like cells (F) (in 2d).  

2e (subgroup IIc, AKI/EMPA subgroup): Apparently ameliorated histological architecture is 

noted in cardiac muscle fibers (MF) that formed of cardiac myocytes joined by intercalated discs 

(arrow). In addition to the presence of some shrunken deeply stained nuclei (N), sparse focal areas 

of degeneration (D) with disrupted transverse striations and very few inflammatory cells (IN) in 

CT endomysium (star).  

[H&E, x400&inset x1000] 
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Figure 3: Photomicrographs of Masson’s trichrome stained myocardium sections: 

3a (control group) and 3b (AKI subgroup): Minimal collagen fibers deposition (arrow) is 

detected in connective tissue endomysium between the muscle fibers.  

3c (AKI/recovery subgroup): The amount of collagen fibers deposition (arrows) is apparently 

increased. 

3d (AKI/EMPA subgroup): There are some collagen fibers depositions (arrow) noticed between 

muscle fibers.  

[Masson’s trichrome stain, x400].   

3e: Histogram demonstrating the mean area % of collagen fibers. [a,b& c as compared to group 

I , subgroups IIa &  IIb respectively (significant difference at P < 0.05)] 
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Figure 4: Photomicrographs of LC3B immunostained cardiac muscle sections: 

4a negative control cardiac sections after omitting the LC3B primary antibody showing negative 

immunostaining. 

4b (Group I) and 4c (AKI subgroup): Abundant positive cytoplasmic immunostaining (arrow) is 

observed in cardiac muscle fibers. 

 4d (AKI/recovery subgroup): Exhibits markedly reduced positive cytoplasmic immunostaining 

(arrow) in multiple muscle fibers. 

 4e (AKI/EMPA subgroup): Positive cytoplasmic immunoreactivity (arrow) is prominent in most 

of cardiac muscle fibers.  

[anti LC3B immunohistochemical stain, x400].  

4f: Histogram showing the mean area % of LC3B positive immunoreaction. [a,b& c as 

compared to group I , subgroups IIa &  IIb respectively (significant difference at P < 0.05)] 
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Figure 5: Photomicrographs of P62 immunostained cardiac muscle sections: 

5a negative control cardiac sections after skipping the P62 primary antibody step showing 

negative immunoreaction. 

5b (Group I): Barely noted positive immunostaining (arrow) in cytoplasm of myocardium fibers.  

5c (AKI subgroup): Shows some positive cytoplasmic immunoreaction (arrow) in muscle fibers. 

 5d (AKI/recovery subgroup): An obvious increase in positive immunoreaction (arrows) is 

illustrated in myocardial fibers’ cytoplasm.  

5e (AKI/EMPA subgroup): Positive immunoreactivity (arrow) is noticed in the cytoplasm of few 

muscle fibers.  

[anti P62 immunohistochemical stain, x400].  

5f: Histogram illustrating the mean area % of P62 positive immunoreaction. [a,b& c as 

compared to group I , subgroups IIa &  IIb respectively (significant difference at P < 0.05)] 
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Figure 6: Photomicrographs of SIRT-3 immunostained cardiac muscle sections: 

6a negative control sections of myocardium without adding the SIRT-3 primary antibody 

showing negative immunoreaction. 

 6b (Group I) and 6c (AKI subgroup): Illustrating widespread positive cytoplasmic 

immunoreaction (arrows) in cardiac muscle fibers. 

 6d (AKI/recovery subgroup): The positive cytoplasmic immunoreaction (arrow) is confined to 

few cardiac muscle fibers. 

 6e (AKI/EMPA subgroup): The positive cytoplasmic immunostaining (arrow) is profuse in many 

cardiac muscle fibers.  

[anti SIRT-3 immunohistochemical stain, x400].  

6f: Histogram demonstrating the mean area % of SIRT-3 positive immunoreaction. [a,b& c as 

compared to group I , subgroups IIa &  IIb respectively (significant difference at P < 0.05)] 
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Figure 7: Photomicrographs of cytochrome C immunostained cardiac muscle sections: 

7a negative control sections of heart tissue without addition of the cytochrome C primary 

antibody showing negative immunostaining. 

 7b (Group I): The positive cytoplasmic immunoreaction (arrow) appears in sparse cardiac muscle 

fibers.  

7c (AKI subgroup): The positive cytoplasmic immunoreaction (arrow) is considerable in many 

cardiac fibers. 

 7d (AKI/recovery subgroup): There is widely distributed positive cytoplasmic 

immunoexpression (arrows) in most cardiac muscle fibers. 

 7e (AKI/EMPA subgroup): Positive cytoplasmic immunoreactivity (arrow) is noted in some 

muscle fibers.  

[anti cytochrome C immunohistochemical stain, x400]. 

 7f: Histogram showing the mean area % of cytochrome C positive immunoreaction. [a,b& c as 

compared to group I , subgroups IIa &  IIb respectively (significant difference at P < 0.05)] 
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4. Discussion: 

 Renal ischemia-reperfusion (I/R) 

injury is related to diverse clinical as well as 

operative settings, enclosing sepsis and 

kidney transplantation [39,40,41]. It is 

characterized by renal blood flow blockage 

followed by reperfusion and re-oxygenation. 

This might be progressed to acute renal 

failure which correlates with high morbidity 

as well as death [42]. Renal failure is not 

usually the fundamental cause of mortality as 

it was suggested that injury of other organs 

can explain the outcome of patients [37]. 

Mortality among AKI patients complicated 

by multi-organ dysfunction stays high [43]. 

Till now, cardiovascular affection constitutes 

a main reason of AKI patients’ mortality [44].  

 In CRS3, the AKI and cardiac 

malfunction interact in pathophysiologic 

pathways that are still insufficiently 

understood [45]. Nevertheless, new research 

has connected dysfunction of mitochondria to 

the pathogenesis of multiple kidney & 

cardiac disorders. Interestingly, the human 

body's greatest levels of mitochondria and 

oxygen utilization are found in the heart and 

kidney [46,47].  

 The current work established kidney 

I/R injury in male albino rats through renal 

ischemia bilaterally for 45 min, after that 

reperfusion was restored. Male rats were 

chosen in this research to prevent 

cardioprotective impact of female hormones 

particularly when oxidative stress is present 

[48]. One week after renal I/R injury induction, 

rats of subgroup IIa (AKI subgroup) 

experienced a marked rise in urea along with 

creatinine concentrations versus sham-

operated group. This agrees with prior work 

that documented a comparable significant 

elevation after 8 days of unilateral renal I/R 

injury in mice [49,50]. Buildup of uremic toxins 

due to inability of removing waste products 

generated from metabolism as urea and 

creatinine, represent a key indicator of renal 

impairment [51].  

 Previous research has established that 

the primary targets in the regulation of AKI-

related cardiac dysfunction are the 

mitochondria-related cardiomyocyte 

bioenergetics [52]. Generation of ATP, 

production of ROS and regulation of the 

intrinsic pathway of apoptosis, are all 

essential functions of the mitochondria [53]. In 

light of the aforementioned data, the present 

work recorded a significant decrease in 

mitochondrial ATP level in AKI subgroup 

compared to control group, while 

mitochondrial H2O2 level as well as the mean 

area percent of cytochrome C 
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immunoexpression, displayed a significant 

elevation. 

 Agreeing with these findings, CRS3 

mice model has previously shown a 

considerable reduction in cardiomyocyte ATP 

generation, accompanied by higher levels of 

mitochondrial ROS, 3 days following I/R 

injury [54]. During ischemia, electron 

transport chain (ETC) exists in a reduced 

condition, while, after reperfusion, ETC 

combines with oxygen to produce ROS [55]; 

which increases mitochondrial permeability, 

leading to impaired function and, in turn, 

increased ROS formation [56]. Added to the 

previous findings, in a CRS3 model an 

increase in mitochondrial fragmentations was 

demonstrated [4]. It was suggested that 

alterations in mitochondrial morphology 

could prevent oxidative phosphorylation 

resulting in depletion of intracellular ATP.  

As mitochondria become fragmented, 

cytochrome C leaks through the outer 

membrane of mitochondria and is regarded as 

the principal trigger of caspase cascade [37]. 

Mitochondrial malfunction formerly 

assessed in mice hearts subjected to renal I/R 

injury, has demonstrated fragmentation 1 day 

after injury, and increased caspase-3 activity 

and cytochrome C release into 

cardiomyocytes cytosol after 3 days detected 

by Western blot analysis, indicating 

stimulation of apoptosis [57].    

 The preceding data correlates with the 

present histological cardiac muscle 

alterations detected in AKI subgroup, focal 

areas of degeneration in some muscle fibers 

in the form of disrupted myofibrils and 

transverse striations, interrupted intercalated 

discs, along with darkly stained shrunken 

nuclei. This might be attributed to the renal 

ischemia resulting in elevated oxidative 

stress marker (H2O2) that react with 

biomolecules causing deoxyribonucleic acid 

cleavage (nuclear condensation and 

pyknosis), degradation of sarcoplasmic 

myofibrils and cardiac junction proteins and 

finally initiation of an apoptotic cascade. In 

light of this picture, a former study [58] 

illustrated similar early histological cardiac 

changes induced by kidney I/R. Likewise, the 

current experiment also spotted 

inflammatory cell infiltrations within 

widened endomysium which were in line 

with a former CRS3 model that attributed 

myocardial edema to the inflammatory 

reaction and considered it to be one of the 

mechanisms underlying cardiac dysfunction 

triggered by AKI [3].   

 Resonating with these histological 

findings, in the present work, cardiac levels 
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of TNF-α in AKI subgroup recorded a 

significant rise in relation to control group. In 

support of this result, prior studies have 

found, following one week of kidney I/R, a 

maximum rise in pro-inflammatory 

cytokines, TNF-α, interleukin 1 beta (IL-1β) 

as well as interferon gamma (IFN-γ) [59] in 

conjunction with elevated cardiac cell 

damage [60]. This was similarly reported in 

other models of renal I/R injury, where serum 

and cardiac inflammatory cytokines elevated 

8 days later, while hypertrophy biomarkers 

increased after 15 days of the injury [59,61]. 

Correlating with the former outcomes, in the 

current research, the occurrence of 

inflammatory infiltration is suggested to 

activate fibroblast proliferation and 

differentiation to myofibroblast with 

subsequent collagen deposition. This was 

emphasized by the reported non-significant 

rise in the mean area percent of collagen 

fibers in AKI subgroup versus group I. This 

suggestion was in line with documentation of 

a former study [61]. It observed that 

inflammation might modulate heart tissue 

structure and regulate collagen amount in 

mice subjected to kidney I/R. 

 Inflammatory cascades that result in 

cell death and cardiac dysfunction is 

triggered by mitochondrial ROS [55], which, 

as mentioned earlier, was increased in the 

heart in renal I/R injury [45]. Mitophagy, a 

chief regulator of mitochondrial homeostasis, 

is considered as the most effective method for 

removing intracellular ROS [62].  

 On that account, the most crucial 

mechanism for detecting mitochondria 

during cellular stress is PINK1/PARKIN-

mediated mitophagy. When PINK1/PARKIN 

is ubiquitinated, it recruits the receptor 

protein P62/ sequestosome1 (SQSTM1), that 

connects the ubiquitin-labeled mitochondria 

with LC3 in the autophagosome’s membrane, 

resulting in removal of damaged 

mitochondria [63,64]. Throughout autophagy, 

LC3-I is transformed into LC3-II, 

subsequently, the level of LC3-II reflects the 

autophagosomes count [65]. P62, as a cargo 

receptor for autophagy, is considered the 

main defence protein controlling the 

autophagic destruction of mitochondrial 

remnants after oxidative stress [66]. 

Unfragmented autophagosomes are released 

outside of the cells as exosomes, which 

trigger inflammatory processes that damage 

mitochondria, exacerbate ROS buildup, 

prevent autophagosome breakdown, which 

finally create a pathophysiological vicious 

cycle [67]. This offers further explanation to 

the significant rise in H2O2 level in AKI 

subgroup. 
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 Correlating with the above-described 

pathway, in the current research, a non-

significant elevation in mRNA expression of 

PINK1/PARKIN levels and the mean area 

percent of LC3IIB immunoreaction in 

cardiac fibers was detected in AKI subgroup 

when compared to group I. However, the 

mean area percent of P62 immunoexpression 

presented a significant rise in AKI subgroup 

versus control. An adaptive increase of 

autophagy might constitute an explanation to 

the former results, as the increase in LC3IIB, 

being non-significant, implies that the 

oxidative stress condition in the 

cardiomyocytes is beyond the capacity of 

autophagy process to overcome. This 

justifies the significant high level of P62, 

reflecting the shortfall of its degradation.  

  Levels of PINK1 and PARKIN in 

kidney were previously estimated, by 

immunoblotting, to be significantly increased 

3 days following cisplatin-induced kidney 

injury [68]. As well, in a former study, a 

significant increase in LC3B level through 

immunohistochemical staining 2 weeks after 

acute myocardial infarction was recorded [69]. 

On the contrary, in an AKI model by cisplatin 

[70], the authors found after 3 days, a 

significant decrease in renal levels of LC3 

II/LC3 I, PINK1, in addition to PARKIN 

measured by Western blotting. Meanwhile, in 

consistence with our findings, P62 levels 

recorded a significant rise. The variations 

presented among the formerly mentioned 

studies could be attributed to differences in 

modalities, type and severity of tissue injury, 

species in addition to age of animals used, or 

duration of the study.   

The induced mitophagy in AKI subgroup was 

supported by the SIRT-3 upregulation 

illustrated in the current work as a non-

significant increase versus group I. As 

formerly reported, SIRT-3 enhances the 

upregulation of the PINK1-PARKIN 

pathway of mitophagy to prevent apoptosis 

[19]. Similarly in diabetic cardiomyopathy 

models [71,72], an activation of SIRT-3 was 

demonstrated to enhance PARKIN 

expression which retrieves mitophagy, 

alleviates oxidative stress, and preserves 

normal mitochondria synthesis [72]. 

 Sirtuin-3 (SIRT-3), a NAD+-

dependent protein deacetylase, [18] is strongly 

present in the mitochondria of heart tissues 

[73] and activated by oxidative stress [74]. It is 

noteworthy that SIRT-3 deacetylates both 

Mn-SOD [21] and peroxisome proliferator-

activated receptor gamma coactivator 1 alpha 

(PGC1α) [20]. Manganese superoxide 

dismutase (Mn-SOD) represents a key 

enzyme for maintaining redox homeostasis 
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through scavenging superoxide in the 

mitochondria [75,76]. By deacetylation and 

activation of Mn-SOD, SIRT-3 has a 

significant effect in pathological cardiac 

remodeling; through its antioxidant effect 

[21,77]. Notably, SIRT-3 deacetylates PGC1α, 

that exists abundantly in heart tissues, and 

upregulates its expression in stressful 

conditions [78] to enhance mitochondrial 

biogenesis in AKI [20]. This offers an 

explanation for the non-significant rise 

detected in the mean area percent of SIRT-3 

immunoreactivity, mitochondrial Mn-SOD 

as well as the mRNA expression of PGC1α, 

versus the control group. This non-significant 

enhancement might be linked to the 

previously recorded significant rise in the 

mitochondrial H2O2 level, and the 

impairment of oxidant/antioxidant balance 

manifested by AKI subgroup. 

 Subgroup IIb (AKI/recovery 

subgroup) was designed to explore the 

influence of a recovery period on heart tissue. 

Thus, rats of this subgroup were sacrificed 4 

weeks after AKI induction. Their serum urea 

and creatinine levels showed significant rise 

versus control group along with non-

significant decrease in comparison to AKI 

subgroup. Similarly, previous investigators 

recorded elevated serum urea in ischemia 

group compared to sham rats after four weeks 

of left renal artery and vein clamping for 60 

minutes [79]. This uremic metabolic 

disturbance along with the inflammatory 

stimulation are linked to AKI-triggered 

cardiac injury [1]. 

 Several pathological processes, 

including lipid peroxidation, enzyme 

denaturation, and DNA damage are triggered 

by ROS in the hypoxia/reoxygenation state 

[80]. All these processes are suggested to 

contribute to the persistence of myocardial 

damage in AKI/recovery subgroup. This was 

backed the significant increase in 

mitochondrial H2O2 levels, and subsequently 

the mean area percent of cytochrome C 

immunostaining, along with significant drop 

in mitochondrial levels of ATP in 

AKI/recovery subgroup versus control group. 

In addition to the recorded non-significant 

difference versus AKI subgroup. 

 An exacerbated histological picture 

of cardiac tissue alterations was demonstrated 

in multiple muscle fibers in AKI/recovery 

subgroup, depicted as sarcoplasmic areas of 

degeneration with lost transverse striations, 

disrupted intercalated discs and pyknotic 

nuclei. This might be attributed to the 

conducted renal ischemia reperfusion injury 

which was bilateral; acting as a major factor 

contributing to the elevated mitochondrial 
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H2O2 resulting in persistent cardiac affection. 

Additionally widened endomysium was seen 

in sections of AKI/recovery subgroup. It was 

occupied by inflammatory cells, fibroblasts 

like cells, in addition to collagen fibers 

deposition that exhibited a significant rise in 

the mean area percent versus group I and AKI 

subgroup displayed by Masson’s trichrome 

staining. Parallel with this picture, TNF-α 

cardiac levels displayed a non-significant 

decrease in relation to AKI subgroup, yet a 

significant rise versus control group. 

Going with these preceding findings, 

cardiac tissue sections studied 4 weeks after 

AKI in mice recorded cardiac inflammation, 

fibrosis, and cardiac dysfunction [81]. Further 

support documented in a previous study where 

cardiac fibrosis was encountered 4 weeks after 

I/R-AKI in mice [82]. Moreover, progressive 

cardiac and kidney failure is reported to be 

primarily mediated by long-term heart 

hypertrophy and cardiorenal fibrosis. This 

could be elucidated by the significant role that 

transforming growth factor- β1 (TGF-β1) 

plays in fibrosis process especially in the heart 

and kidney [83,84]. It was previously reported 

that, macrophages, which eliminate necrotic 

cardiomyocytes [85], become able to activate 

fibroblasts via TGF-β1-dependent manner [86], 

leading to suppression of the inflammatory 

response and promotion of fibroblast’s 

transformation into myofibroblasts [87]. 

Myofibroblasts overproduce collagen causing 

fibrosis following I/R injury [88]. This could 

explain the recorded significant increase in 

collagen deposition of AKI/recovery 

subgroup versus the AKI subgroup in the 

current work. 

 Regarding the relative mRNA 

expressions of PINK1 and PARKIN and 

mean area percent of LC3IIB 

immunoexpression, AKI/recovery subgroup 

recorded a significant reduction in 

comparison to AKI subgroup and control. On 

the other hand, the mean area percent of P62 

immunoreactivity displayed a significant 

elevation. In accordance with our results, 

following acute myocardial infarction 

induction, at week 2 through 4, it was found 

that, in cardiac and renal tissues, LC3-II 

changed from a significant elevation to a 

minimal rise, and P62 altered from a non-

evident increase to a significant elevation; as 

at week 4, the autophagy was inefficient [69]. 

Moreover, in a former study, by 

immunoblotting, renal PINK1 and PARKIN 

as well as LC3 levels were found to be 

significantly decreased 38 days after 

cisplatin-induced kidney injury [68]. 

Likewise, PINK1 as well as PARKIN 

expression was decreased, and that of P62 

was elevated in cardiac mitochondria 
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following 4 weeks of myocardial ischemia-

induced heart failure [89]. 

 It has been hypothesized that 

persistent oxidative stress can damage 

lysosomes, inactivate autophagy, and trigger 

the cell death pathway [69]. Therefore, the 

increase of P62 is considered as a marker for 

suppression of autophagy or abnormalities in 

autophagic breakdown [90]. Another 

suggestion for the decreased mitophagy 

markers, and the increased P62 was linked to 

elevated apoptosis rate 4 weeks, relative to 2 

weeks of acute myocardial infarction [69]. It 

was reported that continuous cell stress 

causes the apoptotic signals to be activated, 

which makes it unable to induce autophagy 

[91].  

 The Mn-SOD activity, mRNA 

expression of PGC1α along with mean area 

percent of SIRT-3 immunostaining in 

AKI/recovery subgroup, detected a 

significant reduction as compared to AKI 

subgroup & control. The downregulation of 

SIRT-3 has been proven to impair oxidative 

phosphorylation and consequently imbalance 

of cardiomyocytes energy metabolism [92]. 

Being substantially related to mitochondrial 

damage [93], SIRT-3 contributes to antioxidant 

defense and mitochondrial ROS scavenging 

[21]. This links the drop detected in the levels 

of SIRT-3, Mn-SOD and ATP in 

AKI/recovery subgroup, as well as the rise in 

H2O2, all together. Along those lines, elevated 

oxidative stress and mitochondrial 

dysfunction were previously reported to be 

associated with suppressed PGC1α 

expression in heart failure [94]. 

 Lately, studies have revealed 

favorable impact of EMPA, the SGLT2i, on 

the kidney and heart, playing an interesting 

part in attenuation of mitochondrial 

dysfunction. Fortunately, in non-diabetic 

normoglycemic people, EMPA causes only 

minimal urine glucose excretion and 

insignificant decrease of circulatory glucose 

levels. Therefore, hypoglycemia is 

uncommon [95]. This could be explained by 

EMPA’s glucose lowering activity being 

proportionate to the blood glucose level and 

glomerular filtration rate [22]. Thus, EMPA 

was the drug of choice in this study to 

navigate its effect on rat model of CRS3 and 

explore its role in mitochondrial quality 

control.     

 To test the potential ameliorative 

influence of EMPA on the heart in CRS3, rats 

of subgroup IIc (AKI/EMPA subgroup) were 

treated with EMPA, starting one week after 

AKI induction and continued for three weeks. 

Their urea and creatinine levels showed a 

significant reduction versus AKI/recovery 

subgroup, and also, a non-significant rise 
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versus group I. In prior research [96], EPMA 

was administered 24 days after CRS 

induction in rats. By day 42 after CRS 

induction, EMPA had lowered the creatinine 

level in comparison to CRS group. This result 

denoted the potentiality of EMPA in 

preserving the renal function. 

 AKI/EMPA subgroup’s 

mitochondrial level of ATP displayed a 

significant increase versus AKI/recovery 

subgroup, and significant diminution versus 

control group. In contrast, mitochondrial 

H2O2 measurements and cytochrome C 

immunoreactivity detected a significant 

decrease versus AKI/recovery, and a 

significant rise in relation to control. Parallel 

to these findings, EMPA treatment has shown 

to be able to preserve mitochondrial integrity 

through stabilization of their membrane 

potential; and thereby suppress ROS 

generation and increase levels of 

mitochondrial ATP in cardiomyocytes. This 

was recorded in different models such as 

CRS [54], regional myocardial ischemia [97] 

and cardiac arrest induction [98]. A Similar 

pattern was found in a former study [96] where 

EMPA treatment in CRS rat model resulted in 

decrease in caspase-3 and cytosolic 

cytochrome C by Western blotting.   

 An improvement in cardiac muscle 

histological alterations was observed in 

AKI/EMPA subgroup. Although, pyknotic 

nuclei, scarce focal areas of degeneration in 

some muscle fibers and very few 

inflammatory cells in the endomysium were 

spotted. Associating with this analysis, TNF-

α cardiac levels recorded significant decrease 

in relation to AKI/recovery subgroup, along 

with a non-significant increase versus group 

I; this might account for the preceding 

ameliorated histological outcome. As for 

Masson 's trichrome staining, a significant 

diminution in the mean area percent of 

collagen fibers in relation to AKI/recovery 

subgroup and non-significant elevation 

versus control was displayed which matched 

the inflammatory condition.   

 In line with the former data, EPMA 

administration in rat CRS model [96] 

demonstrated reduced myocardial 

inflammatory indicators; TNF-α, IL-1ß & 

nuclear factor kappa (NF-κB), as well as 

decrease in Masson’s trichrome-stained 

fibrotic area in the myocardium. This might 

be attributed to the reduction of TGF-β. 

Furthermore, EMPA treatment has 

diminished the myocardial injury, cardiac 

dysfunction, and fibrosis in cardiac arrest rat 

model [98].   

 In the present work, conforming to 

the fact that triggering mitophagy shields 
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cells against malfunction of the mitochondria 

and cell damage [99], mRNA expression of 

PINK1 and PARKIN and the mean area 

percent of LC3IIB immunoreactivity showed 

a significant elevation in AKI/EMPA 

subgroup as compared to AKI/recovery 

subgroup and significant decrease compared 

to control group. As for the mean area percent 

of P62 immunostaining, AKI/EMPA 

subgroup displayed a significant decline 

versus AKI/recovery subgroup and 

significant rise versus control group. 

Supporting the aforementioned findings, it 

was previously illustrated that EMPA 

administration, markedly improved LC3-

II/LC3-I ratio in renal ischemia reperfusion 

injury [100] and doxorubicin-induced 

cardiomyopathy model [101], as well as 

increased LC3-II and decreased P62 

expression in diabetic tubulopathy model [65]; 

reflecting its ability to enhance the 

autophagic flux.  

 Regarding Mn-SOD level, mean area 

percent of SIRT-3 positive immunoreaction 

and mRNA expression of PGC1α, 

AKI/EMPA subgroup showed a significant 

elevation versus AKI/recovery subgroup and 

significant decline versus control group. 

EMPA treatment for 14 days before 

myocardial infarction was shown to enhance 

the expression of antioxidant stress proteins, 

SOD2 levels and lower the oxidative stress 

indicators in the rats [102] which is compatible 

with our findings. Furthermore, in a prior 

study, rats treated with EMPA had 

considerably higher levels of the protein 

SIRT-3, which is involved in the activation of 

SOD2 as previously noted [103]. Along those 

lines, PGC1α levels were shown to be 

upregulated by EMPA treatment in renal I/R 

injury [100]. The former data delivers a notable 

interconnection between the cardiomyocyte 

mitochondrial oxidant/antioxidants 

homeostasis, mitophagy/mitochondrial 

biogenesis, and the capability of EPMA 

treatment to enhance both. 

5. Conclusion: 

 Cardiorenal syndrome type 3 defines 

an intersection where AKI induces cardiac 

muscle damage. Mechanisms through which 

AKI impairs the heart comprise the 

accumulation of uremic toxins, oxidative 

stress, cardiac energy deficit, myocardial 

inflammation, fibrosis, cardiomyocyte 

apoptosis and dysregulated mitochondrial 

homeostasis. The promising effects of EMPA 

on the heart revolve around enhancing 

cardiac energy metabolism and decreasing 

pathological remodeling, directed primarily 

by EMPA’s key contribution to 

mitochondrial quality control process.  
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Recommendations: 

From the current study, it is recommended to 

administer EMPA to AKI susceptible 

individuals as early as possible. Nonetheless, 

further study is required to provide more 

clarification of the underlying 

pathophysiological processes of CRS3 and to 

validate more clarification of EMPA’s 

different mechanisms preserving the cardiac 

structure and function. 
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