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Abstract

Background—Renal ischemia-reperfusion (I/R) is a severe clinical complication with no 

specific treatment. Resveratrol has been shown as a promising experimental agent in renal I/R due 

to its effect on cellular energy metabolism, oxidative stress, and inflammation. Recently, we 

identified two biologically active resveratrol analogues (RSVAs), RSVA405 and RSVA314. We 

hypothesized that both RSAVs would attenuate I/R-induced renal injury.

Methods—Adult male rats were subjected to renal I/R through bilateral renal pedicle clamping 

for 60 min, followed by reperfusion. RSVA405 (3 mg/kg BW), RSVA314 (3 mg/kg BW), or 

vehicle (10% DMSO and 33% Solutol in PBS) was administered by intraperitoneal injection 1 h 

prior to ischemia. Blood and renal tissues were collected 24 h after I/R for evaluation.

Results—Administration of RSVA405 and RSVA314 significantly reduced the serum levels of 

renal dysfunction and injury markers, including creatinine, blood urea nitrogen, aspartate 

aminotransferase, and lactate dehydrogenase, compared to vehicle. The protective effect of 

RSVA405 and RSVA314 was also reflected on histologic evaluation. Both RSVAs reduced the 

number of apoptotic cells by more than 60% as determined by TUNEL assay, compared to 
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vehicle. The renal ATP levels of the vehicle group was decreased to 52.4% of control, while those 

of the RSVA405 and RSVA314 groups were restored to 72.3% and 79.6% of control, 

respectively. Both RSVAs significantly reduced the protein expression of inducible nitric oxide 

synthase and nitrotyrosine, and the mRNA levels of TNF-α, IL-6 and IL-1β.

Conclusions—RSVA405 and RSVA314 attenuate I/R-induced renal injury through the 

modulation of energy metabolism, oxidative stress, and inflammation.
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1. Introduction

Renal ischemia-reperfusion (I/R) injury is a severe complication commonly occurring 

during major vascular surgery and is unavoidable in renal transplantation (1–4). It is the 

most common cause of acute kidney injury (AKI) in the surgical intensive care unit. Patients 

with AKI are at an increased risk for chronic kidney disease, end stage renal disease, and 

mortality (5). Further, the severity of AKI is predictive of the likelihood for progression to 

chronic kidney disease (6). The treatment of AKI in the clinical setting is limited to reversal 

of the causal insult and managing the complications of decreased renal function (7). 

Therefore, the identification of novel therapeutic agents is of priority for this disease.

The pathophysiology of renal I/R can be described as an early energy deficit during 

ischemia which is followed by a secondary phase of oxidative injury, inflammation, and 

metabolic dysfunction during reperfusion (8). Resveratrol is a polyphenol which has 

significant protective effects against ischemia-reperfusion injury of various organs (9–14). 

Specifically, resveratrol has been shown to be protective in several animal models of renal 

I/R-induced injury through its anti-oxidant and anti-inflammatory effects (15–20). 

Interestingly, resveratrol is also an activator of the metabolic enzymes sirtuin 1 (Sirt1) and 5′ 

adenosine monophosphate-activated protein kinase (AMPK) (21). Pharmacologic activation 

of these two enzymes has been shown to be protective in renal I/R-induced injury through 

the enhancement of renal energy metabolism (11, 22–24).

Although the beneficial effects of resveratrol have been demonstrated in vitro and in animal 

studies, the poor bioavailability of this molecule has been a major concern in human studies 

(25). To identify alternatives, we have screened several molecules with structural similarity 

to resveratrol as previously described (26). RSVA405 and RSVA314 were shown to activate 

AMPK 50 times more potently than resveratrol (26, 27). In addition, RSVA405 and 

RSVA314 were also shown to have an anti-inflammatory effect through the inhibition of 

STAT3 function (27, 28). In this study, we hypothesized that administration of these two 

newly identified resveratrol analogues would be protective against I/R-induced renal injury. 

To test this hypothesis, we employed a previously established rodent model of bilateral renal 

I/R injury (29). Animals subjected to renal I/R were pre-treated with RSVA405 or 

RSVA314. The effects of treatment with these two resveratrol analogues on I/R-induced 
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renal injury were determined by analyzing several markers of renal injury, energy 

metabolism, oxidative stress, and inflammation.

2. Materials and methods

2.1. Experimental animals

Male Sprague-Dawley rats (300–350 g) were purchased from Charles River Laboratories 

(Wilmington, MA). Only males were used in this study to eliminate potential gender 

variability. The rats were housed in a temperature-controlled room, on a 12-h light/dark 

cycle. Rats were fed a standard Purina rat chow diet and allowed water ad libitum.

2.2. Rodent model of renal I/R injury

Rats were randomly assigned into different groups (n=5/group). Initially, rats were 

intraperitoneally injected with 0.5 ml of 3 mg/kg BW RSVA405, RSVA314, or 10% 

dimethyl sulfoxide (DMSO) plus 33% Solutol in PBS as vehicle. The dose range and route 

of drug administration were selected based on previous publications using resveratrol in 

renal I/R (18, 19, 30). RSVA405 and RSVA314 were obtained from Chembridge (Hit2Lead 

compounds # 5113025 and 5194489, respectively; San Diego, CA) and their chemical 

structures are depicted in Fig. 1 (26). An hour after injection, the rats were anesthetized with 

isoflurane (Butler Schein, Dublin, OH) inhalation. Using a midline abdominal incision, renal 

I/R injury was induced by bilateral renal pedicle clamping for 60 min. Then the clamp was 

removed, and reflow (reperfusion) was visually verified. No anti-coagulants were 

administered at any point during this study. Control animals were euthanized for sample 

collection and were not subjected to any surgical procedures. At 24 h after reperfusion, 

animals were anesthetized and plasma and tissue samples were harvested and stored at 

−80°C until analysis. All experiments were performed in accordance with the guidelines for 

the use of experimental animals by the National Institutes of Health (Bethesda, MD) and 

were approved by the Institutional Animal Care and Use Committee (IACUC) of the 

Feinstein Institute for Medical Research.

2.3. Determination of organ injury variables

Plasma levels of creatinine, blood urea nitrogen (BUN), aspartate aminotransferase (AST), 

and lactate dehydrogenase (LDH) were determined at 24 h after reperfusion by using 

commercial assay kits according to the manufacturer’s instructions (Pointe Scientific, 

Lincoln Park, MI).

2.4. Histologic examination

Morphologic alterations in the kidneys at 24 h after reperfusion were examined by light 

microscopy. The tissue was fixed in 10% formalin and later embedded in paraffin. The 

tissue paraffin sections (4-μm thick) were stained with hematoxylin and eosin. Histologic 

injury was assessed and scored by a blinded investigator according to a modified score by 

Kelly et al (31). Briefly, 10 random high power fields (HPFs) along the corticomedullary 

junction were examined. Each HPF was evaluated for tubular cell injury (karyorrhexis, 

karyolysis), tubular cell detachment, loss of brush border, abnormal bowman space, and cast 

formation. Each of the aforementioned categories was scored using a semi-quantitative 
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scale: 1, <10%; 2, 10–25%; 3, 26–75%; and 4, >75% of damage area in the kidneys. An 

average score for each sample was then calculated.

2.5. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Paraffin-embedded sections were deparaffinized in xylene and rehydrated in a graded series 

of ethanol. Fluorescence staining was performed using an In Situ Cell Death Detection Kit 

(Roche Diagnostics, Indianapolis, IN). The assay was conducted according to the 

manufacturer’s instructions. The nucleus was stained with 4′,6-diamidino-2-phenylindole 

(DAPI). Results were expressed as the average number of TUNEL-positive staining nuclei 

per 10 HPF.

2.6. Determination of adenosine triphosphate (ATP) levels

The right and left kidneys were divided into sagittal sections. Each half of the kidney was 

immediately frozen in liquid nitrogen. Later, the frozen right and left kidneys were 

pulverized together in liquid nitrogen. Kidney tissue (100 mg) was homogenized in 300 μl 

assay buffer and centrifuged at 13,000g for 10 min. The supernatant was deproteinized by 

perchloric acid precipitation followed by potassium hydroxide neutralization before 

subjecting to the ATP assay kit from BioVision (Mountain View, CA).

2.8. Western blotting

Kidney tissue (100 mg) was homogenized in 500 μl of lysis buffer (10 mM Tris-HCl pH 7.5, 

120 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) containing a protease 

inhibitor cocktail (Roche Diagnostics) using high frequency sonication. Samples were then 

centrifuged at 12,000 rpm at 4°C for 15 min and supernatant was collected for further 

analyses. Protein concentration was determined by a BIO-RAD DC™ protein assay kit 

(BIO-RAD, Hercules, CA). 50 μg of protein was fractionated on a Bis-Tris gel and 

transferred to a nitrocellulose membrane. The membranes were blocked by incubation in 

0.2× PBS with 0.1% casein and incubated with primary anti-nitrotyrosine, iNOS and β-actin 

antibodies (Santa Cruz Biotechnology) in 0.2× PBS with 0.1% casein and 0.1% Tween 20. 

After washing, the blots were incubated subsequently with corresponding fluorescent 

secondary antibody (LI-COR, Lincoln, NE). Bands were detected using the Odyssey FC 

Dual-Mode Imaging system 2800 (LI-COR). Protein density was analyzed by NIH ImageJ 

software and all protein densities presented were normalized to their respective β-actin 

bands.

2.7. RT-PCR analysis

Total RNA was extracted from tissue samples after 24 h reperfusion using TRIzol reagent 

(Invitrogen, Carlsbad, CA). cDNA was synthesized from 3.5 μg of total RNA using Oligo 

(dT)12–18 primer (Invitrogen) and murine leukemia virus reverse transcriptase (Applied 

Biosystems, Foster City, CA). The expressions of target mRNAs were detected by 

quantitative real-time PCR (7300 Real Time PCR System, Applied Biosystems) with SYBR 

Green as detection dye. Primer sequences are TNF-α: F- TGATCGGTCCCAACAAGGA, 

R- GGGCCATGGAACTGATGAGA; IL-6: F- AGGGAGATCTTGGAAATGAGAAAA, 

R- CATCATCGCTGTTCATACAATCAG; IL-1β: F- GACCTGTTCTTTGAGGCTGACA, 
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R- AGTCAAGGGCTTGGAAGCA; and β-actin: F- CGTGAAAAGATGACCCAGATCA, 

R- TGGTACGACCAGAGGCATACAG. Relative expression of each mRNA was 

calculated using ΔΔ Ct threshold method. The level of β-actin mRNA was used for 

normalization. Relative expression of mRNA was expressed as fold change in comparison to 

the control tissues.

2.9. Statistical Analysis

Data are expressed as mean ± standard error and compared by one-way analysis of variance 

using Student-Newman-Keuls’ test. Differences in values were considered significant at P < 

0.05.

3. Results

3.1. Resveratrol analogues attenuate renal injury and protect renal function after I/R

Serum levels of creatinine and BUN were used as indicators of renal dysfunction after I/R. 

The levels of these markers were significantly increased in the vehicle group in comparison 

to the control group (Fig. 2A and B), indicating a marked degree of renal dysfunction after 

I/R in our model. RSVA405 and RSVA314 treatment showed a 35.8% and 46.2% decrease 

in serum levels of creatinine (Fig. 2A), and a 44.3% and 47.9% decrease in serum levels of 

BUN (Fig. 2B), respectively, compared to the vehicle group.

Serum levels of AST and LDH were used as indicators of renal injury after I/R (32). The 

levels of these markers were significantly increased in the vehicle group in comparison to 

the control group (Fig. 2C and D), indicating a severe degree of renal injury after I/R in our 

model. RSVA405 and RSVA314 treatment showed a 33.0% and 46.6% decrease in serum 

AST levels (Fig. 2C), and a 59.8% and 63.2% decrease in serum LDH levels (Fig. 2D), 

respectively, compared to the vehicle group.

3.2. Resveratrol analogues preserve renal histologic architecture after I/R

Histologic evaluation of the kidneys from the vehicle group was associated with marked 

kidney damage as represented by tubular cell injury, tubular epithelial cell sloughing, and 

cast formation (Fig. 3). The extent of injury was reduced in the treatment groups (Fig. 3). 

The difference in injury is semi-quantitatively represented in Fig. 4. The scoring method 

ranged from 0 to 20, the highest number representing maximum injury as described in 

Materials and Methods. The vehicle group scored 17.9 ± 0.4 in comparison to a score of 2.0 

± 0.4 in the control group (Fig. 4). Treatment with RSVA405 and RSVA314 significantly 

reduced the histologic injury score to 7.9 ± 0.4 and 10.3 ± 1.6, respectively, compared to the 

vehicle group (Fig. 4).

3.3. Resveratrol analogues decrease apoptosis after renal I/R

TUNEL assay was performed on renal tissue sections for assessment of apoptosis (Fig. 5A). 

There was a significant increase in the number of apoptotic cells after renal I/R as 

represented by a mean of 55.7 ± 7.3 TUNEL-positive nuclei/HPF in the vehicle group in 

comparison with 1.5 ± 0.2 in the control group (Fig. 5B). RSVA405 and RSVA314 
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markedly decreased the number of apoptotic cells after I/R by 63.1% and 64.2%, 

respectively, compared to the vehicle group (Fig. 5B).

3.4. Resveratrol analogues preserve renal ATP levels after I/R

Renal tissue ATP levels were measured to assess for the effects of resveratrol analogues on 

renal energy metabolism after I/R. Consistent with previous reports (23, 33, 34), ATP levels 

were 52.4% lower than the control at 24 h after reperfusion (Fig. 6). The ATP levels were 

significantly improved to 72.3% and 79.6% of the control by RSVA405 and RSVA314, 

respectively, after renal I/R (Fig. 6).

3.5. Resveratrol analogues decrease oxidative stress after I/R

Inducible nitric oxide synthase (iNOS) and nitrotyrosine protein levels were measured by 

Western blotting, as markers for oxidative and nitrosative stress (35–39). The expression of 

iNOS was 1.8-fold higher in the vehicle group than the control (Fig. 7A). This was 

decreased to the control levels with the administration of RSVA405 and RSVA314 (Fig. 

7A). Further, nitrotyrosine protein expression mimicked the pattern shown by iNOS, with a 

1.5-fold increase in the vehicle group, which was restored to control levels in the treatment 

groups (Fig. 7B).

3.6. Resveratrol analogues attenuate renal inflammation after I/R

To assess for renal inflammation, mRNA expression of various inflammatory cytokines 

were measured using RT-PCR (Fig. 8). Expression of TNF-α, IL-6, and IL-1β were 

significantly increased by 1.50-, 1.62-, and 3.01-fold, respectively, in the vehicle group, 

compared to the control group (Fig. 8A–C). RSVA405 and RSVA314 significantly reduced 

the levels of TNF-α by 49.6% and 34.3%, IL-6 by 25.0% and 21.2%, and IL-1β by 58.6% 

and 50.3%, respectively, compared to the vehicle group (Fig. 8A–C).

4. Discussion

AKI secondary to renal I/R still remains a major complication without specific therapy due 

to its complex pathophysiology. I/R injury encompass a number of deleterious cellular 

processes highlighted by dysregulated energy metabolism, inflammation and oxidative 

stress, which ultimately results in cellular death and organ dysfunction. Resveratrol has been 

shown to modulate each of these cellular events in various models of I/R injury, including 

renal I/R (15); however, its clinical use has been limited (25). We have previously identified 

that RSVA405 and RSVA314 have higher biological activity than resveratrol in activating 

AMPK. In this study, we sought to investigate the efficacy of these two novel RSVAs in 

attenuating I/R-induced renal injury. We have demonstrated that RSVA405 and RSVA314 

significantly reduced serum markers of renal dysfunction and injury, including creatinine, 

BUN, AST, and LDH. This was further supported by the preservation of renal histologic 

architecture in the treatment groups when compared to the vehicle group. Further, treatment 

with RSVA405 and RSVA314 were associated with a significant reduction in apoptosis 

induced by I/R injury.
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There is a significant body of literature which supports the role of resveratrol in the 

activation of the metabolic regulators AMPK and Sirt1 (21, 40, 41). Activation of these two 

enzymes results in an increase in energy production and mitochondrial biogenesis, which is 

associated with protection against renal I/R injury (23, 33, 42–46). In line with these studies, 

we have shown that treatment with RSVA405 and RSVA314 significantly increased ATP 

levels in the kidneys and decreased the severity of renal injury after I/R. Similarly, our lab 

has also demonstrated that the combination of AMPK activator 5-amino-1-β-D-

ribofuranosyl-imidazole-4-carboxamide (AICAR) and carnitine can enhance energy 

metabolism and thereby protect against renal I/R injury (33). We have also recently shown 

that pharmacologic activation of Sirt1 with SRT1720, a compound structurally unrelated to 

resveratrol, preserves the mitochondrial mass, increases ATP levels and attenuates I/R-

induced renal injury (23). Taken together, stimulating energy metabolism to enhance ATP 

production may provide another strategy to protect the kidneys from I/R-induced injury.

Oxidative stress is a hallmark of I/R injury (8, 35, 47). Particularly, iNOS has been 

implicated in the pathogenesis of renal I/R-induced oxidative injury (32, 35, 36, 38). iNOS 

catalyses the production of nitric oxide which reacts with free oxygen radicals and form 

peroxynitrite. The generation of peroxynitrite in turn induces tissue injury through lipid 

peroxidation, apoptosis, necrosis, and neutrophil recruitment by nitration of tyrosine 

residues on tissue proteins (48). This effect was further confirmed in vivo where mice 

lacking the iNOS gene were protected from renal I/R injury in comparison to their wild-type 

counterparts (32, 38). In correspondence, we have observed that treatment with RSVA405 

and RSVA314 decreases the iNOS expression in the kidneys and concomitantly decreases 

peroxynitrite generation, as measured by nitrotyrosine levels (39), after I/R. It has been 

repeatedly demonstrated that many of the beneficial effects of resveratrol can be attributed 

to its antioxidant properties, either through direct scavenging properties or through the 

regulation of enzymes involved in redox balance (19, 49, 50). In a study by Bertilli et al 

pretreatment with resveratrol prior to bilateral renal ischemia in rats reduced oxidative stress 

and decreased renal-I/R induced mortality (16). Thus, RSVA405 and RSVA314 possess 

similar antioxidative effects as resveratrol. Other agents targeting iNOS have been shown to 

be beneficial in the setting of hypoxia-induced injury. For example, treatment with 

GW274150 and FR260330, potent iNOS inhibitors, was renoprotective in both mice and rats 

after bilateral renal I/R (32) as well as in vervet monkeys (38).

Renal I/R is associated with an inflammatory response due to the release of damage 

associated molecules, which results in the recruitment of inflammatory cells from the 

circulation into the renal parenchyma (8). This is usually accompanied by the release of 

inflammatory cytokines. We have demonstrated the capability of RSVA405 and RSVA314 

in effectively inhibiting the mRNA expression of the proinflammatory cytokines TNF-α, 

IL-6, and IL-1β elevated in the kidneys after I/R injury. This observation is in support of our 

previous work showing an inhibitory effect of RSVA405 and RSVA314 on the 

inflammatory regulator STAT3 in lipopolysacharide-stimulated RAW cells, ultimately 

resulting to decreased cytokine release (28). Such anti-inflammatory activity has also been 

described using resveratrol in multiple disease models (51, 52). In a rat renal I/R model, 

Sener et al reported a significant decrease in serum TNF-α levels at 6 h after reperfusion in 
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the group which was pretreated with intraperitoneal injection of resveratrol (20). In addition 

to inhibiting STAT3 phosphorylation (53), resveratrol can also inhibit NF-κB signaling 

through Sirt1 activation thereby attenuating the production of proinflammatory cytokines 

(54, 55).

There are a few limitations of this work which will need to be further addressed before these 

two resveratrol analogues can be considered for clinical use. In this study, only male rats 

were used. It would be necessary to demonstrate effectiveness of RSVA405 and RSVA314 

in both genders in the future. The resveratrol analogues were administered prior to the onset 

of ischemia in this study, which limits its clinical applicability to planned surgical 

procedures such as transplantation, cardiac bypass, or vascular clamping. It will be 

interesting to know the efficacy of these resveratrol analogues when administered after the 

onset of I/R or later, which will make them applicable to a wider range of clinical settings. 

Also important, is the determination of the pharmacokinetic and safety profile of these 

agents, which is necessary for future drug development.

Herein, we describe RSVA405 and RSVA314 as two novel agents with beneficial effects on 

renal I/R-induced injury. The molecular mechanisms by which these two compounds 

provide protection from renal I/R remains to be further investigated. Nevertheless, we have 

demonstrated that RSVA405 and RSVA314 may accomplish their renoprotective effects 

through decreasing apoptotic cell death, enhancing energy metabolism, and attenuating 

oxidative stress and inflammation after I/R. Thus, these two resveratrol analogues may be 

promising agents in the treatment of patients suffering from renal I/R injury.
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Fig. 1. 
The chemical structure of the resveratrol analogues RSVA405 and RSVA314.
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Fig. 2. 
RSVA405 and RSVA314 attenuate renal injury after renal I/R. Blood of the vehicle-, 

RSVA405- and RSVA314- treated rats were collected 24 h after reperfusion. Serum (A) 

creatinine, (B) blood urea nitrogen (BUN), (C) aspartate aminotransferase (AST) and (D) 

lactate dehydrogenase (LDH) were measured. Data are presented as mean ± standard error 

(n=4–5/group). *P < 0.05 vs. control; #P < 0.05 vs. vehicle. Con, control; Veh, vehicle; 

R405, RSVA405; and R314, RSVA314.
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Fig. 3. 
RSVA405 and RSVA314 preserve renal architecture after I/R. Kidney tissues of the 

vehicle-, RSVA405- and RSVA314-treated rats were collected 24 h after reperfusion. 

Representative photomicrographs of histological staining with hematoxylin and eosin in the 

corticomedullary junction at 100× (Left) and 200× magnification (Right).
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Fig. 4. 
Histologic score of renal I/R injury. The extent of damage at the corticomedullary junction 

was graded with a modified schema as described in Materials and Methods. The score 

represents the percentage of morphologic alterations as follows: 1, <10%; 2+, 10–25%; 3+, 

26–75%; 4+, >75%. Data are presented as mean ± standard error (n=3–4/group). *P < 0.05 

vs. control; #P < 0.05 vs. vehicle. Con, control; Veh, vehicle; R405, RSVA405; and R314, 

RSVA314.
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Fig. 5. 
RSVA405 and RSVA314 decrease apoptosis after renal I/R. Kidney tissues of the vehicle-, 

RSVA405- and RSVA314-treated rats were collected 24 h after reperfusion. (A) 

Representative photomicrographs of terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL; green) and 4′,6-diamidino-2-phenylindole (DAPI) as counterstain (blue) 

at 200× magnification. (B) Graph representing the number of TUNEL positive nuclei per 

high power field as described in Materials and Methods. Data are presented as mean ± 

standard error (n=3–4/group). *P < 0.05 vs. control; #P < 0.05 vs. vehicle. Con, control; 

Veh, vehicle; R405, RSVA405; and R314, RSVA314.
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Fig. 6. 
Resveratrol analogues increase ATP levels after renal I/R. (A) Kidney tissues of the 

vehicle-, RSVA405- and RSVA314-treated rats were collected 24 h after reperfusion for 

determination of ATP levels. Data are presented as mean ± standard error (n=4–5/group). *P 

< 0.05 vs. control, #P < 0.05 vs. vehicle. Con, control; Veh, vehicle; R405, RSVA405; and 

R314, RSVA314.
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Fig. 7. 
Resveratrol analogues attenuate oxidative stress after renal I/R. Kidney tissues of the 

vehicle-, RSVA405- and RSVA314-treated rats were collected 24 h after reperfusion for 

determination of (A) inducible nitric oxide synthase (iNOS) and (B) nitrotyrosine protein 

expression levels by Western blotting. Data are presented as mean ± standard error (n=3–5/

group). *P < 0.05 vs. control; #P < 0.05 vs. vehicle. Con, control; Veh, vehicle; R405, 

RSVA405; and R314, RSVA314.
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Fig. 8. 
Resveratrol analogues decrease the expression of renal pro-inflammatory cytokines after I/R. 

Kidney tissues of the vehicle-, RSVA405- and RSVA314-treated rats were collected 24 h 

after reperfusion. Renal tissue mRNA expression of (A) TNF-α, (B) IL-6 and (C) IL-1β are 

determined by RT-PCR analysis. Data are presented as mean ± standard error (n=4–5/

group). *P < 0.05 vs. control; #P < 0.05 vs. vehicle. Con, control; Veh, vehicle; R405, 

RSVA405; and R314, RSVA314.
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