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Acute kidney injury secondary to myocardial ischemia-reperfusion is a serious complication driven by oxidative 

stress and inflammation. Although reperfusion restores oxygenation, it also increases reactive oxygen species gener-

ation, worsening renal injury. S-allyl cysteine, a garlic-derived organosulfur compound, exerts antioxidative effects 

by enhancing endogenous antioxidant defenses. Hence, this study investigates the effects of S-allyl cysteine in ovar-

iectomized rats subjected to myocardial ischemia-reperfusion injury. Thirty-two female Wistar rats underwent either 

ovariectomy (n=24) or sham surgery (n=8). After a 3-week recovery, myocardial ischemia-reperfusion injury was 

induced by 30 min of left anterior descending coronary artery ligation followed by 2 h of reperfusion. S-allyl cysteine 

or propargylglycine was administered via the right carotid artery at reperfusion onset. Kidney tissues were analyzed 

biochemically and histologically. S-allyl cysteine significantly reduced malondialdehyde levels and insignificantly 

increased both glutathione level and catalase activity in renal tissues. However, no changes were observed in super-

oxide dismutase activity and hydrogen sulfide levels. Renal histology revealed that S-allyl cysteine preserved renal 

morphology in ovariectomized rats, likely via reactive oxygen species scavenging and Nrf2 pathway activation. This 

study concludes that S-allyl cysteine attenuates myocardial ischemia-reperfusion-induced kidney injury in estrogen-

deficient rats by reducing oxidative stress and enhancing antioxidant defenses, suggesting potential as a therapeutic 

supplement to reduce risk of acute kidney injury in menopausal women. 
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In  

La lesión renal aguda secundaria a la isquemia-reperfusión miocárdica constituye una complicación grave impulsada 

por el estrés oxidativo y la inflamación. Aunque la reperfusión restablece la oxigenación, también incrementa la 

generación de especies reactivas de oxígeno, agravando el daño renal. La S-alil cisteína, un compuesto organosulfu-

rado derivado del ajo, ejerce efectos antioxidantes al potenciar las defensas antioxidantes endógenas. Por ello, este 

estudio investiga los efectos de la S-alil cisteína en ratas ovariectomizadas sometidas a lesión por isquemia-reperfu-

sión miocárdica. Treinta y dos ratas Wistar hembras fueron sometidas a ovariectomía (n=24) o cirugía simulada 

(n=8). Tras un período de recuperación de tres semanas, se indujo la lesión por isquemia-reperfusión miocárdica 

mediante 30 minutos de ligadura de la arteria coronaria descendente anterior izquierda, seguidos de 2 horas de reper-

fusión. La S-alil cisteína o la propilglicina se administraron a través de la arteria carótida derecha al inicio de la 

reperfusión. Los tejidos renales fueron analizados bioquímica e histológicamente. La S-alil cisteína redujo significa-

tivamente los niveles de malondialdehído y aumentó de manera no significativa tanto el nivel de glutatión como la 

actividad de la catalasa en los tejidos renales. Sin embargo, no se observaron cambios en la actividad del superóxido 

dismutasa ni en los niveles de sulfuro de hidrógeno. La histología renal reveló que la S-alil cisteína preservó la mor-

fología renal en ratas ovariectomizadas, probablemente mediante la eliminación de especies reactivas de oxígeno y 

la activación de la vía Nrf2. Este estudio concluye que la S-alil cisteína atenúa la lesión renal inducida por la isquemia-

reperfusión miocárdica en ratas con deficiencia de estrógenos al reducir el estrés oxidativo y potenciar las defensas 
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antioxidantes, lo que sugiere su potencial como suplemento terapéutico para disminuir el riesgo de lesión renal aguda 

en mujeres posmenopáusicas. 
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Introduction 

 

Acute kidney injury (AKI) is a frequently reported 

complication following myocardial ischemia reper-

fusion, with an incidence of approximately 26 % 

among patients with acute myocardial infarction and 

an associated mortality rate of 20.5 %, compared 

with only 0.6 % in patients without AKI1. Myocardial 

infarction and post cardiac arrest related cardiac dys-

function reduce renal perfusion, thereby predispos-

ing the kidneys to ischemic injury. During reperfu-

sion therapies especially percutaneous coronary in-

tervention (PCI), restoration of blood flow results in 

the abrupt reintroduction of molecular oxygen, lead-

ing to excessive generation of reactive oxygen spe-

cies (ROS). This oxidative surge further exacerbates 

cellular and molecular damage within renal tissues2. 

Consequently, the ischemia reperfusion cascade cul-

minates in AKI, ultimately impairing renal function 

and precipitating AKI3. Patients developing AKI fol-

lowing reperfusion procedures are often associated 

with poor short-term prognosis, with higher rates of 

developing major bleeding, reinfarction and stroke 

within 30 days and death4. Interestingly, sex hor-

mones disturbance, particularly estrogen, may influ-

ence susceptibility to AKI during myocardial ische-

mia-reperfusion events, thereby placing females in a 

predisposing condition for developing AKI follow-

ing reperfusion interventions5. Menopause is a natu-

ral process caused by cessation of menstruation and 

ovarian hormone depletion due to follicle develop-

ment loss. Estrogen deficiency, a hallmark of meno- 

 

 

pause, increases the risk of developing AKI during 

myocardial ischemia-reperfusion events6. While me-

nopause itself is not a direct cause of cardiovascular 

disease, however the associated hormonal changes 

that occur during the transition (particularly the de-

cline in estrogen levels) contribute to the adverse al-

terations in lipid profiles, lipoprotein and vascular 

function. These changes ultimately increase the risk 

of developing cardiovascular disease in postmeno-

pausal women7. Estradiol, a primary estrogen steroid 

hormone mainly produced in the ovaries, had showed 

renoprotective effects. These protective effects are 

potentially mediated via transforming growth factor 

(TGF)-β1 inhibition8 and nitric oxide-mediated vas-

odilatation9. The renoprotective role of estrogen is 

further supported by findings from Ji et al.10, which 

showed that estrogen deficiency activates renin-angi-

otensin system (RAS), promotes oxidative stress and 

inflammation, and exacerbates myocardial ischemia-

reperfusion-induced renal hypoperfusion and AKI. 

S-allyl cysteine (SAC) is an organosulfur compound 

derived from aged garlic (Allium sativum). Previous 

studies have shown that SAC exhibits antioxidant, 

anti-inflammatory, as well as cardioprotective prop-

erties. Due to its powerful antioxidative properties, 

SAC attenuates lipid peroxidation, mitigates oxida-

tive stress in damaged tissues11. Studies by Khaje-

vand-Khazaei et al.12 demonstrated that SAC admin-

istration reduces malondialdehyde (MDA) levels 

while enhancing glutathione, superoxide dismutase 
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(SOD), and catalase (CAT) levels in lipopolysaccha-

ride-induced AKI mouse model, resulting in the im-

provement of antioxidant defenses while lowering 

serum creatinine and blood urea nitrogen. This 

demonstrates its potential benefits in reducing oxida-

tive stress conditions and indirectly improving AKI. 

Additionally, SAC exerts anti-inflammatory effects 

by NF-κB inhibition which suppresses pro-inflam-

matory cytokines (tumor necrosis factor (TNF)-α, in-

terleukin (IL)-1β, IL-6) and attenuates immune cell 

infiltration into renal tissue12. Together with its po-

tent antioxidative properties, SAC moderates oxida-

tive injury, inflammation, and apoptosis, preserving 

renal function following myocardial ischemia-reper-

fusion injury. Therefore, SAC demonstrates thera-

peutic potential in mitigating the risk of postmeno-

pausal AKI induced by myocardial ischemia-reper-

fusion. Although many studies have been conducted 

on SAC and its general health benefits, there is still a 

lack of specific research on the effects of SAC on 

myocardial ischemia-reperfusion-induced kidney in-

jury. Thus, this research aims to investigate the ef-

fects of SAC on kidney injury induced by myocardial 

ischemia-reperfusion in ovariectomized rats, provid-

ing insights into its potential as a natural supplement 

to reduce kidney damage. 

 

Materials and methods 

 

A total of 32 female Wistar rats weighing between 

200-250 g underwent either ovariectomy (n=24) or 

sham (n=8) surgery and left to recover for 3 weeks. 

The sham-operated rats served as the normal control 

(Sham, normal saline). The ovariectomized rats were 

randomly divided into 3 groups; (1) OVX-IR: ovari-

ectomized rats with ischemia-reperfusion, adminis-

tered with normal saline; (2) OVX-IR-SAC: ovariec-

tomized rats with ischemia-reperfusion administered 

with SAC (98 % purity; lot number, WWHCI OC; 

Tokyo Chemical Industry) at 10 mM/kg; and (3) 

OVX-IR-SAC-PAG: ovariectomized rats with ische-

mia-reperfusion supplemented with SAC (10 mM/-

kg) and DL-propargylglycine (PAG) (98 % purity; 

batch number, 102544340; Sigma Aldrich) (1 mM/-

kg), with PAG serving as a negative control owing to 

its inhibitory effect on cystathionine γ-lyase. All tre-

atments were administered to their respective group 

intravenously through the jugular vein at perfusion 

onset following myocardial ischemia. Prior to myo-

cardial ischemia-reperfusion procedure, estrogen de-

ficiency was achieved by performing ovariectomy 

procedure. Under general anesthesia (ketamine-xyla-

zine cocktail via intraperitoneal injection), all ovari-

ectomized groups underwent complete bilateral ovar-

iectomy while the Sham group underwent a sham 

surgical procedure without ovarian excision. A 21-

day recovery period was given to ensure estrogen de-

pletion13. Myocardial ischemia-reperfusion protocol 

was performed according to left anterior descending 

artery ligation as described by14. Following this 

method, the left anterior descending coronary artery 

was directly ligated for 30 minutes, followed by 120 

minutes of reperfusion. At reperfusion onset, treat-

ment was administered via the right carotid artery ac-

cording to their respective group. After the myocar-

dial ischemia-reperfusion procedure was completed, 

the rats were sacrificed, and kidneys were harvested 

for biochemical analysis and histopathological obser-

vation. 

Renal oxidative stress was assessed by measuring an-

tioxidants and peroxidation products in kidney ho-

mogenates. Homogenates were prepared in buffer 

and centrifuged to obtain supernatants for assays. 

MDA was quantified via thiobarbituric acid (TBA) 

reactive substances assay at 532 nm15. Hydrogen sul-

fide (H2S) was measured by methylene blue for-

mation at 665 nm16. Reduced glutathione was deter-

mined using the Ellman method at 415 nm17. SOD 
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activity was evaluated by inhibition of nitroblue te-

trazolium reduction at 560 nm18, and CAT activity by 

hydrogen peroxide breakdown at 240 nm19. Chromo-

genic products were analyzed colorimetrically with a 

microplate reader, except catalase, measured by 

spectrophotometer, with all assays standardized us-

ing controls and calibration curves. 

Kidney tissue collected were immediately fixed in 10 

% formalin, followed by dehydration through a 

graded alcohol series and paraffin embedding. Sec-

tions of 5 μm thickness were prepared and stained 

with hematoxylin and eosin. Images were captured 

using light microscopy. Finally, one-way analysis of 

variance (ANOVA) statistical analysis was used to 

compare the means of all parameters measured 

across groups, with data expressed as mean ± stand-

ard error of means (SEM). Significance was set at 

p<0.05. 

 

Results 

 

 

 
Figure 1 A Comparison of MDA concentration between study 

groups. *p<0.05 vs. Sham, #p<0.05 vs. OVX-IR and @ p<0.05 vs. OVX-

IR-SAC. B Comparison of hydrogen sulfide (H2S) concentration be-

tween study groups 

 

The findings show that the Sham group (157.6±1.523 

nmol/g), which served as the control, exhibited the 

highest level of MDA compared to the OVX-IR group 

(147.5±0.854 nmol/g) and the OVX-IR-SAC group 

(140.2±0.566 nmol/g). Notably, treatment with SAC 

significantly reduced oxidative stress relative to all 

groups, including the OVX-IR-SAC-PAG group 

(151.5±3.861 nmol/g) (Figure 1A). 

Statistical analysis revealed no significant differ-

ences (p > 0.05) in the H2S levels among all groups, 

namely Sham (0.05813±0.001 µg/mL/mg), OVX-IR-

SAC (0.05350±0.002 µg/mL/mg), OVX-IR-SAC-

PAG (0.05645±0.001 µg/mL/mg), and OVX-IR 

(0.05631±0.001 µg/mL/mg) (Figure 1B). 

 

 
Figure 2 A Comparison of reduced glutathione (GSH) concentration 

between study groups. B Comparison of superoxide dismutase 

(SOD) activity between study groups. C Comparison of catalase 

(CAT) activity between study groups. *p<0.05 vs. Sham, #p<0.05 vs. 

OVX-IR, @ p<0.05 vs. OVX-IR-SAC 

 

Figure 2A shows renal GSH levels. The OVX-IR-

SAC group (0.2843±0.03206 mmol/mg) demon-

strated a significant increase compared to OVX-IR 

(0.1982±0.00741 mmol/mg) and OVX-IR-SAC-PAG 

(0.2101±0.01204 mmol/mg). Although higher than 

Sham (0.2361±0.00421 mmol/mg), the increase was 

not significant. 

Figure 2B presents renal SOD activity. Both OVX-IR 

(6.313±0.1690 E/mg/min) and OVX-IR-SAC (6.612 

±0.1856 E/mg/min) showed significantly lower ac-

tivity (p < 0.05) compared with Sham (7.843±0.4684 

E/mg/min). No significant differences were observed 

between OVX-IR-SAC-PAG (6.835±0.1995 E/mg/ 

min) and other groups. 

Figure 2C depicts renal CAT activity. OVX-IR 

(0.000251±0.000017 mmol/min/mg) and OVX-IR-

SAC (0.000224±0.000021 mmol/min/mg) showed 

significantly higher activity compared with Sham 
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(0.000170±0.000006 mmol/min/mg). The OVX-IR-

SAC-PAG group (0.000284±0.000013 mmol/min/-

mg) exhibited a further significant increase relative 

to SAC treatment. 

 

 

 
Figure 3 Histopathological differences in kidney tissue sections 

stained with hematoxylin and eosin (H&E) staining (40x magnifica-

tion; scale bar: 100 µm). A and E Sham; B and F OVX-IR; C and G 

OVX-IR-SAC; D and H OVX-IR-SAC-PAG 

 

Figure 3 shows representative H&E-stained kidney 

sections (400×). The Sham group (A and E) exhibited 

largely normal glomerular morphology with occa-

sional degeneration and mild tubular epithelial swell-

ing. The OVX-IR group (B and F) demonstrated 

marked tubular dilatation, epithelial swelling, and 

prominent interstitial inflammatory infiltration. The 

OVX-IR-SAC group (C and G) showed preserved glo-

merular morphology with mild tubular dilatation and 

epithelial swelling. Normal tubular structures were 

evident within the kidney. The OVX-IR-SAC-PAG 

group (D and H) exhibited interstitial edema, tubular 

dilatation, epithelial swelling, and glomerular degen-

eration with Bowman’s space expansion. 

 

Discussion 

 

This study manifested that SAC exerts antioxidant 

effects in ovariectomized rats with AKI induced by 

myocardial ischemia and reperfusion. SAC treatment 

significantly reduced MDA levels compared to other 

ovariectomized groups, suggesting ROS scavenging 

effect and inhibition of lipid peroxidation. These ef-

fects are potentially mediated by activation of nu-

clear factor erythroid 2-related factor 2 (Nrf2) path-

way, which enhances the synthesis of endogenous 

antioxidants20. Although a more detailed discussion 

of Nrf2 involvement follows, it is worth noting here 

that enhanced antioxidant levels observed with SAC 

treatment may reflect, at least in part, this pathway’s 

activation. 

Despite SAC administration, H2S levels remained 

unchanged, possibly due to myocardial ischemia-

reperfusion- and AKI-induced downregulation of 

cystathionine γ-lyase which is an enzyme involved in 

H2S synthesis21,22. Interestingly, SOD activity was 

significantly reduced in SAC-treated ovariectomized 

rats. This decline may reflect the absence of estrogen, 

which is necessary for optimal activation of antioxi-

dant pathways23. A similar trend was observed with 

CAT activity, which was also reduced following 

SAC treatment, presumably due to decreased oxida-

tive burden and reduced need for compensatory up-

regulation of catalase. CAT activity is dynamically 

regulated in response to cellular oxidative burden, 

with expression and activity changing according to 

ROS levels as part of redox homeostasis24. While in-

crease in reduced glutathione levels in the SAC-

treated group was not statistically significant com-

pared to Sham, a positive trend was noted. This may 

be attributed to the thiol groups present in SAC, 
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which directly neutralize ROS and thereby reduce 

glutathione consumption during oxidative stress25. 

Additionally, SAC may support glutathione restora-

tion by acting as a cysteine donor. 

Estrogen is crucial for redox homeostasis by modu-

lating antioxidant defenses26. It upregulates cystathi-

onine γ-lyase, which is necessary for H2S synthesis, 

an essential activator of the Nrf2 pathway27. Estrogen 

also influences Nrf2 activity via estrogen receptor 

signaling. In ovariectomized rats, the lack of estrogen 

suppresses the Nrf2 pathway, leading to decreased 

expression of antioxidant genes such as glutathione 

synthase and SOD, which worsens oxidative stress 

during myocardial ischemia-reperfusion injury28,29. 

The effectiveness of the Nrf2 pathway closely de-

pends on H2S-mediated regulation. Under physiolog-

ical conditions, H2S sulfhydrates Keap1 which stabi-

lizes Nrf2 and promoting its nuclear translocation 

and antioxidant response element (ARE)-driven gene 

transcription, subsequently stimulates the production 

of antioxidant including glutathione and SOD. How-

ever, during myocardial ischemia-reperfusion with 

estrogen depletion, H2S deficiency impairs this 

mechanism, hence weakening antioxidant de-

fenses27,28. 

Despite SAC, H2S levels in the OVX-MIR-SAC group 

remained statistically unchanged compared to sham-

operated rats. This is notable because myocardial is-

chemia-reperfusion and estrogen deficiency are typi-

cally associated with downregulation cystathionine 

γ-lyase27. The maintenance of H2S at near-physiolog-

ical levels in the SAC treated group suggests that S-

allyl cysteine may compensate for this suppression 

by acting as a cysteine donor, thus supporting cysta-

thionine γ-lyase’s functions and H2S production de-

spite the absence of estrogen. This restoration of H2S 

may have helped maintain Nrf2 activation and miti-

gate ROS accumulation. Moreover, thiol group in S-

allyl cysteine directly scavenge ROS, thereby pre-

serving mitochondrial function and reducing inflam-

matory cytokines like TNF-α and IL-6, which further 

protects against renal damage30. PAG or propargyl-

glycine serves as a negative control that specifically 

inhibits cystathionine γ-lyase, blocks H2S synthesis, 

and inhibits the antioxidant and anti-inflammatory 

pathways31. In other words, it negates the renoprotec-

tive effects of S-allyl cysteine. As seen in OVX-IR-

SAC-PAG rats, PAG removes the S-allyl cysteine’s 

ability to suppress lipid peroxidation, thus confirm-

ing that ROS scavenging capacity of SAC is disabled 

due to Nrf2 pathway inactivation. 

Histopathological observation expresses severe tub-

ular dilation, tubular edema, and glomerular atrophy 

similar to untreated OVX-IR oxidative damage. In 

contrast, SAC treatment to ovariectomized rats was 

observed to preserve glomerular structure integrity 

with only mild tubular dilation, similar to findings in 

previous study32. The renoprotective effect of SAC 

against renal structural alterations may be mediated, 

at least in part, through mechanisms known to influ-

ence tissue injury in ischemia reperfusion induced 

AKI, including attenuation of ROS, reduction of in-

flammatory cytokines, preservation of adenosine tri-

phosphate (ATP) levels, and maintenance of Na⁺/ 

K⁺‑ATPase activity, which collectively contribute to 

minimizing morphological damage12,30,33,34. Addi-

tionally, SAC-mediated protection likely involves 

activation of the Nrf2 pathway via H2S signaling. 

The presence of mild tubular dilation suggests that 

residual hypoxic damage had occurred from endothe-

lial dysfunction and probable peritubular capillary 

congestion35. 

In conclusion, SAC effectively attenuates myocar-

dial ischemia-reperfusion-induced renal injury in es-

trogen-depleted rats by reducing oxidative stress, en-

hancing antioxidant defenses, and preserving renal 

morphology (Figure 4). These findings highlight the 
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potential of SAC as a natural and effective therapeu-

tic supplement for mitigating myocardial ischemia-

reperfusion-associated renal damage, particularly in 

postmenopausal women. SAC may thus offer a pro-

mising strategy for supporting renal antioxidant ca-

pacity and managing estrogen deficiency related kid-

ney injury. 

 

 
 
Figure 4 Potential of SAC in protecting the kidneys against myocar-

dial infarction reperfusion injury 
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