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Abstract

Renal ischemia-reperfusion (IR) injury is one of the major causes of acute kidney injury and 

represents a significant risk factor for renal transplantation. The level of renal damage is 

influenced by the ischemic duration and is caused by excessive amounts of produced reactive 

oxygen species (ROS). Adaptor protein p66Shc is known to regulate cellular and organ’s 

sensitivity to oxidative stress and to contribute significantly to mitochondrial production of 

hydrogen peroxide in stress conditions. Studies carried out in cultured renal cells suggest 

that p66Shc-mediated mitochondrial dysfunction and ROS production are responsible for renal 

ischemic injury. We used our genetically modified rats, which either lack p66Shc expression, or 

express p66Shc variant, which constitutively generates increased quantities of hydrogen peroxide, 

to evaluate potential contribution of p66Shc signaling to renal damage in ischemia reperfusion rat 

model. Analysis of outer medulla tubule damage revealed the lack of contribution of either p66Shc 

expression or its constitutive signaling to IR injury in rat model.
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Introduction

Adaptor protein p66Shc contributes to production of hydrogen peroxide and is generally 

accepted to serve as an oxidative stress sensor [1,2]. Renal ischemia-reperfusion (IR) injury 

is a common cause of acute kidney injury (AKI) that results from multiple factors including 

alterations in renal blood flow which could increase oxidative stress [3]. Accordingly, 

the role of p66Shc expression and/or signaling in progression of IR injury was studied 

in multiple cellular systems. It was reported that p66Shc inhibits pro-survival signaling 
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during severe oxidative stress in mouse renal proximal tubule cells [4]. Furthermore, 

p66Shc-mediated mitochondrial dysfunction in renal proximal tubule cells was observed 

during oxidative injury [5]. Additionally, the suppression of p66Shc seems to prevent 

hypoxia/reoxygenation-induced injury in cultured rat proximal tubular cells [6]. In summary, 

multiple studies carried out in cultured tubular epithelial cells support the idea that p66Shc 

signaling could be a principal factor in IR injury development. Nevertheless, studies carried 

out in animal models of IR injury are needed to establish the role of p66Shc in renal 

pathologies associated with IR injury. We have used our genetically modified rats with 

targeted editing of Shc1 gene in established model of IR injury to evaluate the role of 

p66Shc expression and signaling in progression of IR injury.

Materials and Methods

Renal ischemia and reperfusion

All animal procedures were conducted according to the National Institute of Health 

Guidelines for the Care and Use of Laboratory Animals and the Medical College of 

Wisconsin Institutional Animal Care and Use Committee. Transgenic p66Shc rats were 

established on Dahl Salt Sensitive MCW (SS) background using zinc-finger nucleases (ZFN) 

as described previously by our group [7]. Male rats 8–16 weeks of age were anesthetized 

with ketamine (25–40 mg/kg, i.m.) and sodium pentobarbital (25–50 mg/kg, i.p) and were 

placed on a heated surgical table to maintain body temperature at 37°C. Kidneys were 

exposed by a midline abdominal incision and the renal arteries and veins were subjected 

to bilateral occlusion for 30 minutes using microvascular clamps. The clamps were then 

removed, and the abdominal incision was closed. Post-surgery, rats were treated with Baytril 

(5 mg) and Buprenex (0.015 mg b.i.d.) and allowed to recover for 24 hours or seven 

days. Rats were then euthanized with sodium pentobarbital (100 mg/kg, i.p.), and blood 

was collected by cardiac puncture for measurement of plasma creatinine (Jaffe reaction, 

BioAssay Systems, USA) and blood urea nitrogen (improved Jung, BioAssay Systems, 

USA).

Tubular injury analysis

After euthanasia, kidneys were extracted, sectioned in half longitudinally, fixed in zinc 

formalin and embedded in paraffin blocks. 4-micron sections were prepared on slides and 

processed by hematoxylin-eosin staining. 10 random images were taken of each kidney in 

the outer medulla region where the most injury is expected to occur. A grid pattern was used 

to select up to 20 tubules per image, each being assessed for indications of damage, which 

resulted in 120–180 tubules counted per animal. A tubule was “damaged” if there were signs 

of apoptosis or necrosis, cell desquamation, intralumenal protein casts, or lumen dilation. 

Overall damage is tabulated as the percentage of tubules counted. No distinction was made 

to identify differences of the quality of damage or recovery.

Western blot analysis

After recovery from ischemia and reperfusion, kidneys were collected, the outer medulla 

separated from inner medulla and cortex, and snap frozen in liquid nitrogen and stored 

at −80°C until analysis. Protein extracts were prepared on ice in lysis buffer (in mM; 50 
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Tris-HCl, 150 NaCl, 5 EDTA, 25 beta-glycerophosphate, 50 NaF, 1 PMSF, 1% IGEPAL 

CA-650 and Complete-mini protease inhibitor (Roche, USA) from frozen tissue using 25 

strokes of a Teflon Potter-Elvehjem homogenizer followed by a single 30-second sonication 

at setting 3.5 (Sonic Dismembrator 550, Fisher Scientific, USA). Samples were centrifuged 

at 12,000 × g for 10 minutes at 4°C to separate unbroken cells and debris. The supernatant 

was collected, and equal amounts of protein were loaded on SDS-PAGE gels and processed 

as a multi-strip western blot as described [8]. Briefly, after electrophoresis, each of the 

gels were cut in half at the 37 kDa marker and corresponding (top or bottom) strips were 

assembled together for simultaneous transfer onto the same PVDF membrane to allow 

statistically reliable comparisons of multiple experimental conditions. Protein expression 

levels were detected using primary antibodies against SHC (610081 BD Transduction 

Labs; 1:1000), NGAL/Lipocalin-2 (AF-3508 R&D Systems, USA; 1:2000), total Actin 

(A5060 Millipore-Sigma, USA; 1:10000), and near-infrared fluorescent IR-Dye secondary 

antibodies (LI-COR, USA; 1:15000) and data acquired by the Odyssey CLx imaging system 

(LI-COR). Total protein stain used for normalization of blot signals was obtained using 

Revert Total Protein Stain (LI-COR).

Results

Renal IR causes outer medulla tubule damage in rats [3]. Medullary blood flow in rats which 

undergo 30 minutes renal ischemia and 180 minutes of reperfusion fails to return to baseline 

levels exacerbating tubular epithelial cell injury [3]. Our panel of genetically modified rats 

which differ in p66Shc expression and/or signaling provided unique opportunity to evaluate 

the role of p66Shc in renal injury caused by IR. All our salt-sensitive rat strains were 

maintained at low salt diet to prevent the development of hypertension.

We have compared tubular injury in parental rat strain (p66Shc-WT), previously described 

p66Shc knockout rat strain (p66Shc-KO) [7] and previously described rat strain with 

introduced deletion in Shc1 gene which results in a presumably constitutive signaling by 

p66Shc (p66Shc-Del) [9].

Hematoxylin-eosin-stained histological images of the renal outer medulla of rats subjected 

to IR injury were evaluated for the loss of brush border, tubule dilation and presence of 

protein casts, necrosis and cellular desquamation (Figure 1A). The peak of tubular injury 

was observed 24 hours after IR injury with partial restoration of brush border, whereas an 

increased epithelial cell remodeling and proliferation occurred by the seventh day after IR. 

These characteristics were absent in control sham animals. Analysis and quantification of 

tubule damage failed to reveal any differences between WT, p66Shc-KO or p66Shc-Del rats 

subjected to IR (Figure 1B). Additional evidence of equal manifestation of kidney injury 

and recovery after IR in WT and our genetically modified rat strains with targeted editing of 

Shc1 gene was provided by measurements of Blood Urea Nitrogen (Figure 1C) and serum 

creatinine levels (Figure 1D).

Neutrophil Gelatinase-Associated Lipocalin (NGAL) is expressed in renal tubular epithelial 

cells in response to inflammation and serves as a marker of tubular damage [10]. The level 

of NGAL expression is associated with degree of kidney dysfunction and is used to monitor 
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acute kidney injury [11,12]. Furthermore, NGAL could be used to differentiate the type of 

acute kidney injury [13]. Expression of NGAL is dramatically induced in the outer medulla 

in rats exposed to 30 minutes renal ischemia and after 24 hours reperfusion (Figure 2A) 

and expression returned to basal levels by the seventh day of recovery (Figure 2B). There 

was no significant difference in the level of NGAL expression following IR between WT, 

p66Shc-KO and p66Shc-Del rat strains.

Since p66Shc expression is known to be a subject of regulation by stress factors, it was 

necessary to verify that p66Shc and p66Shc-Del mutant are present in corresponding rat 

strains after IR. As demonstrated in Figure 3 wild type p66Shc expression is indeed induced 

in parental rats, whereas p66Shc-Del mutant expression is observed in genetically modified 

rats, albeit stimulation of expression is less prominent. As expected, p66Shc is not expressed 

and is not detected in p66Shc-KO rats. There is no difference in expression of p52Shc 

and p46Shc isoforms between WT, p66Shc-KO and p66Shc-Del rats. Some changes in 

expression of p52Shc and p46Shc during recovery phase could reflect the increase of the 

number of tubular cells due to remodeling/proliferation.

Taken together, our data suggest that tubular injury in rat model of renal IR injury proceeds 

independently of p66Shc expression and signaling. Therefore, IR injury is not caused by 

p66Shc.

Discussion

Ability of p66Shc to promote oxidative stress and contribute to oxidant injury has been 

established in different systems [14–16]. In renal proximal tubular cells chronic nicotine 

exposure-induced ROS production was mediated by p66Shc expression [17]. Furthermore, 

p66Shc was shown to play an essential role in injury of cultured mouse renal proximal 

tubule cells during oxidative stress [4]. Accordingly, it seems logical to hypothesize that 

proximal tubular cells injury that occurs in IR and is accompanied by oxidative stress 

should be mediated by p66Shc. However, our studies carried out with genetically modified 

rats do not provide data in support of this hypothesis and, on the contrary, suggest that 

expression and signaling by p66Shc play no significant role in renal IR injury. One possible 

reason of this discrepancy is that studies demonstrating p66Shc principal role in oxidative 

stress-related injury of renal proximal tubular cells were carried out in cell cultures [4,6], 

whereas we have employed in vivo system with rats genetically modified to differ in 

p66Shc expression and signaling. It seems important that in a study carried out with p66Shc 

knockout mice authors also reached conclusion that p66Shc-derived ROS do not contribute 

either to IR injury or to cardioprotection by ischemic preconditioning [18]. p66Shc is 

also not involved in the development and progression of right ventricular hypertrophy, the 

process in which ROS have been suggested to play a role [19].

We have previously reported that p66Shc-Del mutant is characterized by increased hydrogen 

peroxide production in rat renal tissues and could be considered to represent a constitutively 

signaling p66Shc variant [9]. Thus, inability of p66Shc-Del to exacerbate proximal tubular 

epithelial cell injury at 24 hours after IR, or to mitigate restoration of brush border after 7 

days is another evidence of lack of contribution of p66Shc signaling to these processes.
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As kidney is sensitive to increases in oxidative stress, p66Shc plays a critical role in 

the progression and aggravation of hypertension induced nephrology, diabetic-induced 

hyperglycemia, renal disease induced by the glycoxidation product Nε-(carboxymethyl) 
lysine CML and age-related pathologies [2,20,21]. Apparently, it is not however a crucial 

player in IR injury of renal tissues and particularly renal epithelial proximal tubular cells 

in vivo. It may be argued, that p66Shc contribution becomes important, when the damage 

is somewhat related to vascular pathologies. Adaptor protein p66Shc is a regulator of 

renal vascular tone and in hypertension induced nephropathy it impairs renal vascular 

reactivity [7]. Inactivation of p66Shc restores renal vascular reactivity and decreases renal 

damage in diabetic rats [20]. Protection of p66Shc knockout mice from CML-induced 
glomerulopathy [21] could be also related to prevention of Advanced Glycation End 
products-induced vascular dysfunction [22]. Beside kidney, p66Shc mediates oxidative 

stress-linked cerebrovascular events, which can be responsible for diabetes-related cognitive 

decline [23]. p66Shc was shown to be involved in regulation of the pulmonary vascular tone 

with effect of p66Shc knockout being specific for the pulmonary vasculature [24]. Recently, 

we have shown that modulation of p66Shc signaling impairs cerebral artery myogenic tone 

in a low renin model of hypertension [25].
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• Expression or enhanced signaling by adaptor protein p66Shc does not 

contribute to tubular damage induced by renal ischemia-reperfusion injury 

in rat

• p66Shc expression or signaling does not mitigate restoration of brush border 

in rat model of ischemia-reperfusion injury

• Ischemia-reperfusion injury is not caused by p66Shc
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Fig. 1. p66Shc does not protect against renal injury caused by ischemia and reperfusion.
(A) Representative hematoxylin-eosin stained, histological images of the renal outer medulla 

during the course of IR injury in WT, p66Shc-KO and p66Shc-Del salt-sensitive rats. Peak 

injury (loss of brush border and tubule dilation indicated by asterisk; protein cast indicated 

by arrowhead; necrosis and cellular desquamation indicated by an arrow) was evident by 

24 hours of reperfusion. Recovery was marked at 7 days by restoration of brush border and 

increased epithelial cell remodeling and proliferation. Scale bar is equal to 100 microns. 

(B) Summary analysis of ischemia-reperfusion injury in WT (black dot), p66Shc-KO (white 

dot) and p66Shc-Del (black triangle). There were no statistically significant differences in 
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renal function among p66Shc-WT, p66Shc-KO and p66Shc-Del as measured by levels of 

(C) blood urea nitrogen and (D) serum creatinine.
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Fig. 2. NGAL expression following IR is similar in WT, p66Shc-KO and p66Shc-Del rat strains.
Western blot analysis of outer medullar proteins at 24 hours (A) and seven days (B) post-

ischemia. Each lane represents a unique replicate animal. Vertical black lines indicate image 

splices from the same blot used in both panels. Total protein stain was used to normalize 

NGAL signals and densitometry revealed no significant statistical difference in NGAL 

expression among rats undergoing IR.
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Fig.3. Expression of p66Shc isoforms after IR in wild type and genetically modified rat strains.
Western blot analysis of outer medullar proteins at 24 hours (A) and seven days (B) post-

ischemia. Each lane represents a unique replicate animal. The faster migration of p66Shc in 

p66Shc-Del is indicative of the nine amino acid deletion. Vertical black lines indicate image 

splices from the same blot used in (A) and (B). Total protein stain was used to normalize 

SHC signals for densitometry analysis. No significant statistical difference in the induction 

of p66-, p52- and p46Shc expression was seen among rats undergoing IR.
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