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INTRODUCTION

Renal cell carcinoma is one of the most common adult solid 

tumors occurring in almost 3% of the worldwide population, mostly 

in older adults between 50 and 70 years of age [1]. In recent years, 

patients with renal cell carcinoma are being detected at their early 

stages of the cancer due to the advent of sophisticated imaging 

techniques such as abdominal ultrasound, computed tomography 

and magnetic resonance imaging. As a result of the advanced 

and early detection, clinicians are increasingly relying upon more 

conservative approaches to the treatment of small renal cancer 

masses such as open or laparoscopic partial nephrectomies, with the 

ultimate aim of preserving the global parenchymal function [2,3]. 

Advances in nephron sparing surgical techniques, particularly in 

experienced medical centers, help maintain long term renal function 

and prevent the development of chronic renal disease in patients with 

small cancer masses [4,5]. Small renal cancer masses are currently 

described as having a size equal to or smaller than 4 cm (staged as 

T1a) while the tumors slightly bigger (between 4 and 7 cm) are staged 

at T1b [6]. Th e ultimate goal of nephron sparing surgery is to save 

and preserve as much healthy renal parenchyma as possible while 

at the same time achieving complete cancer resection and control 

with no positive surgical margins and without cancer recurrence 

[5,7]. Th ese techniques include either open partial nephron sparing 

or laparoscopic partial nephron sparing surgeries and include polar 

resection, wedge resection, enucleation, excavation or enucleo-

resection, with minimal damage to the nephrons that span the cortex 

and medulla while leaving the renal pelvis and the artery, vein and 

the ureter intact [5,7]. Th e surgical decision as to which route to take 

is mandated by several variables such as the clinical status of the 

patient, pathological f indings, tumor stage, etc., and is left  entirely to 

the discretion of the surgeon involved. But, what is not variable is the 

prospect of the patient undergoing renal ischemia as a result of the 

renal pedicle occlusion during the surgery as it has to be performed in 

a bloodless fi eld, followed by reperfusion, which causes a unique type 

of renal injury on its own [8]. In this connection, the warm ischemia 

or the cold ischemia duration and the resulting damages to the renal 

parenchyma has become a major subject of laboratory and clinical 

investigation in recent years [9-12]. Numerous studies have been 

published with respect to how to minimize the ischemia time and 

maximize the recovery of renal function during the past decade and 

readers are referred to several excellent reviews that are available in 

the literature [13-17]. In this review, we will focus on the parameters 

that are not in the control of the surgeon, namely the mechanisms 

of renal ischemia and reperfusion injury, the rationale behind warm 

or cold ischemia, the critical nature of the time or duration of the 

blood/nutrient supply occlusion (which has given rise to the concept 

of “every minute counts”), issues with the mechanisms to preserve 

the functioning of the kidney aft er surgery [18]. We will take stock of 

some of the most recent animal and laboratory studies performed and 

lessons learned. We will make a case for timely and crucial studies in 

a clinical setting on the basis of some of the new information gained 

from these laboratory investigations in order to improve the recovery 

of parenchymal function post-surgery [19,20]. In this article, we 

focus on the second of the two most important factors that ultimately 

decide on the successful recovery of the parenchymal function: 

quantity and quality. While the “quantity” may be determined by 

“surgical precision”, the “quality” is determined solely by “molecular 

precision”, by one or more or all of the infl uencing factors that are 

described in this article. Since there is no “single” magic bullet that 

will positively aff ect the proper functioning and recovery of the 

parenchyma, we feel it is necessary to describe all these parameters 

and emphasize the most important ones that will help in future 

investigations and possibly foster clinical trials that would benefi t the 

patient. Most of these strategies concentrate on minimizing the renal 

ischemia and reperfusion injury while some focus on modulating the 

innate immunity that may be activated once the insult to the kidney 

is started, such as renal artery occlusion.

Because most of the studies on the tolerance of the kidney to 

varying warm ischemia times were initially studied using animal 

systems, it is diffi  cult to extrapolate the benefi ts of these studies to 

human conditions in terms of structural and functional loss [21]. 

For example, using mice and rat systems, it was found that any warm 

ischemia time more than 35 minutes caused irreversible damage to 

the parenchyma and compromised glomerular fi ltration parameters, 

increased serum creatinine and induced the expression of several 

ischemia specifi c markers, a fi nding which could relate to the human 

situation [22,23]. Interestingly, when patients were subjected to 

varying amounts of warm ischemia during their renal reconstruction 

surgeries (ranging from 30 to 60 minutes), it was found that humans 

were relatively resistant to the genesis of ischemic pathologies and 

underwent only limited structural compromise such as brush border 

loss and clubbing, fragmentation, desquamation and the secretion of 

ischemia markers such as creatinine and cystatin-C into the blood 

[24]. Th e ischemia induced structural changes were less dramatic 

compared to what was observed in animal systems for the same 

duration of the ischemic insult. However, when the ischemia time 
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was increased (> 60 minutes) the probability of inducing signifi cant 

structural changes also increased [25]. Th ese fi ndings have important 

implications to the surgeon operating on the patient for small renal 

cancer masses using partial nephrectomy (PN) procedures. In 

particular, these studies reveal the intrinsic tolerance and/or resistance 

of the kidney to clamped ischemia during PN. While many reasons 

may be proposed, it is very likely that the human kidney possesses 

a better cellular response to ischemia and precise oxygen sensing 

and metabolic reprogramming mechanisms due to its capacity to 

upregulate reno-protective transcription factors such as Hypoxia 

Inducible Factor-1α (HIF-1α) among many other factors [26]. In 

spite of these impressive human studies, it is very imperative that the 

surgeon takes no solace in extending the warm or cold ischemia time to 

anything more than 30-35 minutes, since it is always better to bank on 

the side of caution and be safe than sorry in the consideration of time 

taken (ischemia time) in these renal reconstruction surgeries. But, in 

the case of solitary kidneys, a warm ischemia time of even 20 minutes 

was shown to result in poorer postoperative Glomerular Filtration 

Rate (GFR) and a decline of renal function aft er renal resection [27]. 

Th erefore, this article assumes that there is considerable ischemia and 

reperfusion related damages and focuses on how to mitigate these 

damages and related pathologies using recently described animal and 

human studies as model systems with the main goal of preserving 

parenchymal function through molecular means.

THE THERAPEUTIC POTENTIAL OF INDUC-
ING HYPOMETABOLISM: THE ROLE OF HY-
DROGEN SULFIDE (H

2
S)

Th ere are at the least 4 enzymes that are capable of generating 

hydrogen sulfi de within the body, namely Cystathionine β 

Synthetase (CBS), cystathionine γ Lyase (CSE), 3-Mercaptopyruvate 

Sulfurtransferase (3MST) and Cysteine Amino Transferase (CAT). 

H
2
S was initially regarded as an obnoxious and toxic gas produced 

as a byproduct of a few metabolic pathways, but recent research has 

shown that at very low concentrations, it is truly cytoprotective and its 

protective eff ects were fi rst shown in brain and retinal systems [28]. Its 

benefi cial eff ects on renal ischemia systems have been recognized only 

very recently [29-32]. Th e impressive eff ects of H
2
S stems from the fact 

that it is a powerful, specifi c and reversible inhibitor of cytochrome c 

oxidase, also known as complex IV or the terminal enzyme complex 

of the electron transport chain in the mitochondria. Studies by 

Blackstone and coworkers showed that treatment of mice with 80 

Parts Per Million (80 ppm) of H
2
S created a deep suspended animation 

or hypometabolic state with a signifi cant reduction in metabolic rate 

and core body temperature [33,34]. Th e translational benefi t of this 

gasotransmitter was immediately realized and it was proposed that it 

would be of great medical benefi t in a variety of medical conditions 

including ischemia and reperfusion injury, transplantation, trauma 

such as gunshot wounds etc [35]. Later studies showed that apart 

from inducing a hibernation-like state, the benefi cial eff ects of H
2
S 

included to a reduction of infl ammation and oxidative stress by 

facilitating the production of glutathione, the major intracellular 

anti-oxidant and by being a scavenger of reactive oxygen species in 

mitochondria [36]. H
2
S also regulated accompanying endoplasmic 

reticulum stress by facilitating the translocation of the transcription 

factors nuclear factor erythroid 2-related factor-2 (Nrf2) and nuclear 

factor kappa light chain enhancer of activated B cells (NFkB) into 

the nucleus to up regulate the transcription of anti-oxidant and anti-

apoptotic genes respectively [36]. Most importantly, studies showed 

that the hibernation-like state induced by H
2
S protected mice from 

lethal hypoxia, a state that many organs such as the kidneys face when 

the renal pedicle is occluded during reconstruction surgeries [37,38]. 

H
2
S mainly functions in-vivo by adding sulfane sulfur (sulfur with 

a zero oxidation state and a storage form of H
2
S) to many proteins 

by a process called sulfh yration or sulfuration through the formation 

of polysulfi des [39]. A fi ft h pathway for the production of hydrogen 

sulfi de and the benefi cial sulfane sulfur was discovered recently and 

is called the D-amino acid pathway [40]. Essentially, the human 

body also metabolizes D-cysteine (as opposed to the amino acid 

L-cysteine that is found in all proteins). Relevant to this discussion, 

the human kidney was shown to metabolize D-cysteine to produce 

H
2
S and sulfane sulfur 80 times better than L-cysteine [39,40]. 

In experimental animal systems, such as mice, administration of 

D-cysteine increased the level of sulfane sulfur in the kidney 2.5 times 

the level of the control and decreased gradually to the control level 

around 12 hours aft er the administration of the D- amino acid [39,40 

]. Th is 12 hour window was reduced to a mere 3 hours when the same 

experiment was repeated with L-cysteine [39,40]. When the kidneys 

were analyzed aft er ischemia induction and reperfusion, there was 

signifi cant protection of the kidney, as evidenced by several typical 

ischemia markers, when D-cysteine was administered compared to 

L-cysteine [39,40]. Th ese studies highlight the important therapeutic 

and translational potential of D-cysteine whose administration 

increased the levels of H
2
S and the formation of protein bound 

sulfane sulfur which protected the kidney from ischemia-reperfusion 

injury. During renal ischemia reperfusion injury, introduction of the 

hydrogen sulfi de donor Sodium Hydrosulfi de (NaSH) at clamping 

decreased serum creatinine, enhanced microvascular blood fl ow with 

a signifi cant decrease in infl ammation, necrosis and apoptosis in the 

tubule cells [37]. Bos and coworkers [37] created a hypometabolic 

state by gaseous H
2
S but without hypothermia and showed that 

bilateral renal ischemic damages could be prevented by H
2
S given 

before ischemia, compared to the controls. Th ey also showed that pre-

treatment with gaseous H
2
S before ischemia caused less mitochondrial 

swelling and reduced oxidative stress and degeneration [37]. Th e role 

of the mitochondria in the action of H
2
S was later confi rmed by other 

investigators [38]. Later work by Bos and his group [41] showed that 

CSE was the major modulator of H
2
S in the kidney. CSE knock out 

[+/-] animals showed low renal H
2
S levels, increased morbidity and 

mortality, increased DNA damage response and renal functional loss 

upon bilateral renal ischemia [41]. It was also shown that some of these 

structural and functional damages to the kidney could be reversed 

by the administration of the H
2
S donor NaSH. Further translational 

studies done in human transplant biopsies by Bos and coworkers 

[35] revealed that the level of CSE mRNA could be correlated with 

improved renal function aft er kidney transplantation. However, it is 

very important to note that H
2
S may have both anti-infl ammatory 

(the “good”) as well as the pro-infl ammatory (“the bad”) eff ects in a 

context and concentration dependent manner which could explain 

some of the contrasting and confl icting evidence in the recent literature 

[42]. For example, the H
2
S donor NaSH is known to release H

2
S too 

quickly and its concentration fades over time, making interpretation 

of experiments diffi  cult since this phenomenon does not correspond 

to a meaningful recapitulation of endogenous H
2
S biosynthesis [43]. 

For this reason, the pharmacological developments of several “slow 

release” H
2
S donors are gaining more signifi cance [44]. Th eir slow 

and steady release of H
2
S consistently over a period of time correlates 

with the physiological steady state concentrations of H
2
S, allowing 

more meaningful investigations of the eff ects of H
2
S in chronic and 
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acute infl ammation [44]. Recent studies with these advanced H
2
S 

slow-release compounds have indicated that ischemia reperfusion 

injury could be minimized due to their specifi c mitochondria 

protective actions [44]. In fact, families of mitochondrially targeted 

hydrogen sulfi de donors are being developed, specifi cally reducing 

mitochondrial oxidative stress in-vitro and reducing renal structural 

injury in-vivo [44]. Moreover, this type of specifi c H
2
S treatment 

also increases its bioavailability to minimize renal endothelial cell 

dysfunction [45]. Th us, while the precise molecular mechanisms 

are still being worked out, H
2
S releasing compounds reveal their 

therapeutic potential in minimizing renal ischemia reperfusion injury 

and dysfunction. Th erefore, they can be considered therapeutically 

not only for decreasing the metabolic demand of the kidney (creating 

a state of renal hypometabolism), but also for signifi cantly reducing 

the oxidative stress, particularly in the renal cell mitochondria by 

increasing their chances of survival of the parenchyma under hypoxic 

conditions.

THE THERAPEUTIC POTENTIAL OF INDUC-
ING HYPOMETABOLISM: THE ROLE OF 5’-
AMP

Th e second concept that is relevant to the topic of inducing a 

hypometabolic state arises from the work of Lee and his group as well as 

work from our own laboratory [46,47]. In response to severe external 

stressors such as lack of food and water supply, extreme heat, cold 

or lack of oxygen supply, several species including certain mammals 

undergo metabolic adjustment to sustain life throughout their life 

cycle. Th is type of hypometabolism, similar to what is described for 

the therapeutic potential of hydrogen sulfi de (see above) is central 

to the survival of hibernators such as bears, arctic ground squirrels 

and even in some mammals closer to man, such as tropical Malagasy 

lemurs [48]. Th eir entrance into a hypometabolic or hibernation state 

is the body’s attempt to minimize energy expenditure under metabolic 

stress caused by insuffi  cient nutrient supply [49-52]. However, the 

uniqueness of these hibernators is that these hypo metabolic changes 

are rapidly reverted to normal metabolism when these animals are 

aroused again when the spring season arrives without any signs of 

cellular or organ injury. Relevant to this discussion, all their organ 

systems including the brain, heart and kidneys start to function 

in a normal fashion, in spite of the fact that they underwent  long 

and near ischemic episodes. Studies by Lee’s group deciphered this 

mechanism and showed that a small molecule that is available in 

every cell in the body and namely 5’-Adenosine Monophosphate 

(5’-AMP) and allowed the non-hibernators such as mice to rapidly, 

safely and most importantly reversibly enter a deep hypo metabolic 

and hibernation-like state [46]. Th ese studies pave the way for the 

adoption of hypothermia and hypometabolism as a routine clinical 

tool in several conditions in the future such as renal reconstruction 

surgeries and renal transplantation etc. Recent biochemical studies 

from the same group proved that AMP caused hypometabolism by 

reducing the oxygen carrying capacity of hemoglobin in erythrocytes 

which forces all the tissues to reprogram their metabolism and reduce 

all their energy intensive (i.e., ATP requiring) programs such as 

protein synthesis, functioning of transporters, etc. [53]. Recent work 

from our laboratory expanded on this concept and showed that non-

hibernators such as mice could be protected from renal ischemia 

reperfusion injury by the administration of 5’-AMP before ischemia 

by reprogramming the kidney metabolism to a hypometabolic state 

[47]. Th is is mainly done by a signifi cant reduction of oxidative stress 

markers and ischemia specifi c parameters brought out by a specifi c 

activation of the master metabolic stress sensor, namely Adenosine 

Monophosphate Kinase (AMPK) [47]. Our work on the benefi ts 

of pre-conditioning with 5’AMP also showed that it enhanced the 

expression of the renoprotective transcription factor HIF-1α and 

enhanced the expression of the anti-oxidant response genes such 

as Nrf2, which is already known to be protective in experimental 

acute kidney injury. Our studies also indicate that the benefi ts of 

inducing hypometabolism by 5’-AMP are several fold which could be 

applicable in a future clinical setting: 

1. It positively benefi ts the functioning as well as recovery of the 

parenchymal function as evidenced by the reduced expression 

of several ischemia markers.

2.  It reveals an “extended window of opportunity” (around 120 

minutes, in our system) in which the blood fl ow to the kidney 

could be naturally reduced because of a signifi cant reduction 

in heart rate. Th is may help the surgeon to work in a relatively 

bloodless fi eld during PN surgery.

3. As a result of this natural hypometabolism, the kidney may 

withstand the eff ects of additional clamping of the renal 

pedicle with no signifi cant eff ects of structural damage. 

4. Th is 2 hour window of opportunity potentially extends the 

warm ischemia time that could be tolerated by the kidney 

without any additional damage, off ering the surgeon precious 

extra minutes. 

5. Th e marked reduction in core body temperature of the animal 

under surgery naturally minimizes the extra metabolic and 

energy demands, reducing the resultant stresses in the kidney, 

including severe oxidative stress due to the generation of 

Reactive Oxygen Species (ROS) 

6. Most importantly, the recovery of the blood fl ow, oxygen 

consumption and reperfusion in a “gradual fashion” may 

markedly reduce the eff ects of fast blood re-fl ow upon clamp 

release that causes severe reperfusion injury. 

Th us, this method allows for reperfusion to occur in an incremental 

manner which may allow for a signifi cant reduction in the oxidative 

stresses that overwhelm the anti-oxidant responses as a result of abrupt 

blood fl ow back into the kidney. We also feel that the introduction of 

these novel concepts in a clinical setting in the future may allow the 

surgeon to perform renal reconstruction surgeries for small cancer 

masses with artery clamping and yet operate under an environment 

of “near-zero ischemia” (as opposed to “severe ischemia” using the 

current procedures) resulting in improved clinical outcomes. Th ese 

strategies may help increase the quality of the parenchymal mass 

preserved. Th e renoprotective cocktail described in our studies was 

designed to induce both hypometabolism and hypothermia and 

we propose that both clamping and fl ushing the kidney with the 

renoprotective cocktail will create not only a relatively blood-less 

fi eld but also a near-zero ischemia fi eld, which surgeons can exploit to 

their advantage in enhancing renal function recovery as the best way 

to avoid ischemic injury is to avoid ischemia itself [22,23,47]. Th ere 

are two more avenues to experimentally induce hypometabolism, 

namely, the use of ghrelin and 3-Iodo-Th yronamine [T
1
AM] [54,55 

]. But, these experimental concepts are still in their infancy to be 

seriously considered for signifi cantly reducing ischemia reperfusion 

injuries during PN.

THE CONCEPT OF INDUCING HYPOTHER-
MIA

As noted in the discussion above, the two benefi cial factors that 
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make the administration of either hydrogen sulfi de or 5’-AMP very 

attractive are: 

1. Both are capable of inducing a hypometabolic state.

2. Both are capable of reducing the Core Body Temperature 

(CBT) which will reduce the metabolic rate in a natural way. 

It is standard practice to “cool” the kidney by a slush of ice in 

PN procedures. In transplantation surgeries too, it is common to 

transport the kidney on ice, which in fact off ers clinical benefi t to some 

extent. But, we feel that cooling the kidney, as practiced clinically, 

is not based on sound scientifi c reasoning and in fact the benefi ts 

of cooling can be improved with the following modifi cations, the 

rationale behind which is described below. Traditionally, cooling the 

kidney through ice is thought to generate therapeutic hypothermia, 

giving rise to the concept of targeted temperature management. But, 

in non-hibernating species such as man, the mechanisms of this 

targeted hypothermia are complex and are still poorly understood. 

Th e aim of cooling the tissue is “metabolic rate depression” with an 

eye towards reducing the cascade of secondary infl ammation and 

injury mechanisms which start immediately aft er the initial insult. 

By cooling the tissue, there is an expectation that there would be less 

oxygen consumption and a decreased metabolism when the oxygen 

and nutrient supply is impaired. Moreover, it is also expected that 

kidney cooling may reduce the production of free radicals injurious 

to the kidney. While all the above factors may function giving the 

surgeon some clinical benefi t during open PN surgery, there are still a 

number of theoretical and practical matters that should be considered. 

Several clinical studies have been performed comparing cold 

ischemia to warm ischemia in patients undergoing PN [56-58]. Th ese 

studies indicate that while cold ischemia provides a better recovery 

particularly when the ischemia times were prolonged compared to 

warm ischemia, the overall benefi ts appear to be relatively modest 

[56-58]. We feel that this is mainly because the potential benefi t of 

hypothermia is counteracted by its negative eff ects, off setting its 

overall benefi t. 

First, because one puts the kidney on ice, it does not mean that 

the mitochondrial bioenergetics which is responsible for producing 

ATP as well as heat (through electron transport and uncoupling 

mechanisms) will also slow or shut down. In fact, the opposite 

happens upon cooling, particularly in non-hibernators such as man 

[59,60]. Th e ultimate aim of ice-cooling during PN is to produce a 

slower metabolic state which may have certain potential clinical 

benefi ts. But, this type of ice-induced low metabolic rate has no 

connection with the naturally induced hypometabolism and has 

little relevance/benefi t when one considers what really happens to 

the kidney, particularly to its mitochondria upon cooling [61-63]. 

Second, humans, unlike hibernators, are not designed metabolically 

to facilitate cooling beyond a very mild hypothermia (less than 32-

34°C, which can be accomplished by certain anesthesia regimens). 

Any cooling below this temperature may cause severe shivering and 

possibly cardiac arrest in man. But, the work of Lee and his group, 

as described earlier, has shown that it is possible to reduce the core 

body temperature of a non-hibernating mammal (mice) to 26°C, 

yet without inducing shivering and/or cardiac arrest [46]. Th is is a 

major conceptual advancement in itself to make a statement that 

non-hibernators are perfectly capable of generating and withstanding 

extreme hypometabolism.

But, the studies done through 5’-AMP or hydrogen sulfi de 

have one parameter in common. Th ey all slow down the progress 

of electrons through the electron transport chain during oxidative 

phosphorylation in the mitochondria, whereas hypometabolism 

through 2-deoxy glucose decreases ATP production through the 

inhibition of glycolysis. Th us, lowering of ATP levels by any means 

would down regulate energy intensive processes and biochemical 

reactions necessary for thermal regulation defense mechanisms. But, 

hypothermia induced by ice cooling is a result of undefended heat loss 

from the kidney to the outside. As a result, upon cooling, the kidney 

mitochondria, which have not inherently slowed down, are kept under 

severe stress as they continually try to compensate for the cooling eff ect 

by producing more heat through the action of uncoupling proteins 

(UCPs). But, in the absence of nutrient supply and more importantly 

oxygen supply (oxygen being the fi nal acceptor of electrons in the 

electron transport chain), the mitochondria are kept under severe and 

exacerbated stress, not only by the loss of nutrients and oxygen supply 

but also by cooling, increasing the necessity to produce more heat to 

compensate [61-63]. Each hibernating mammalian species (such as 

bears, ground squirrels or Malagasy lemurs) has an optimum core 

body temperature and a range of temperature that they can tolerate. 

Once this threshold is crossed and temperature lowered further, their 

hypometabolic pathways are activated for their survival. But, in man, 

such temperature compensation and its tight regulation mechanisms 

to maintain a core body temperature with all the metabolic activities 

(both biosynthetic and catabolic) comes at an enormous price, i.e., 

at a signifi cant cost of energy which requires a continuous supply 

of nutrients, oxygen and other supplies [49-52]. As a result of the 

signifi cant lack of thermoregulatory compensation mechanisms in 

man, any external cooling will only aggravate and exacerbate the 

mitochondrial distress [61-63]. Viewed from this angle, it is possible 

to further appreciate the signifi cance of the work of Lee and his group 

which showed for the fi rst time the potential of non-hibernators 

to undergo hypometabolism. In the light of their studies, one can 

infer that a proper cooling (i.e., a drop in core body temperature) 

and hypometabolism can be achieved by agents such as H
2
S or 5’-

AMP while at the same time protecting the mitochondria (from 

undergoing severe oxidative stress) by “cooling” the system from 

the “inside” while ice only cools the system from the “outside” while 

leaving the mitochondria all the room to undergo oxidative stress. 

Th us, preserving the kidney by forcing it to undergo hypometabolism 

either by hydrogen sulfi de or 5’-Adenosine monophosphate could 

be better at protecting the kidney compared to cooling on ice. As 

a practical alternative, one can consider the administration of one 

or both of these hypometabolism inducing agents while still mildly 

cooling the kidney on ice. Whether this combination has synergistic 

benefi ts needs to be investigated in laboratory studies before it could 

be applied clinically.

THERAPEUTIC POTENTIAL OF A RENO-
PROTECTIVE COCKTAIL

Since the optimal function of the postoperative kidney is 

determined by the integrity of the renal parenchyma preserved and 

by limiting the duration of the Ischemia Reperfusion Injury (IRI)  our 

laboratory has developed a reno-protectice cocktail which was shown 

to mitigate the negative eff ects of IRI and improve renal recovery and 

function. Th e work of Villanueva and his group indicated that during 

ischemia and reperfusion, the kidney expresses a set of genes and 

proteins closely resembling embryonic kidney development markers 

[64,65]. Th ese developmental markers are very likely an eff ort by the 

kidney to protect itself during IR injury. Th ese proteins include Basic 

Fibroblast Growth Factor (BFGF), Bone Morphogenic Protein-7 
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(BMP-7) and Vascular Endothelial Growth Factor (VEGF). Among 

these proteins, BFGF participates in the early kidney development as 

a morphogen and is expressed in the recovery phase of IR. Aft er IR 

injury, the kidney is also known to upregulate Stromal Cell Derived 

Factor-1 (SDF-1) which mobilizes bone marrow derived cells into 

the circulation to repulate and repair the damaged renal tissue [64-

67]. For these reasons, we included BFGF, BMP-7, SDF-1 and VEGF 

in the renoprotective cocktail [22,23]. We also supplemented the 

cocktail with hypoxia inducible gene products such as Erythropoietin 

(EPO) which has been demonstrated to be protective in a murine 

acute renal failure model [22,23,68-70]. EPO is apparently protective 

possibly because of the positive feedback loop by which EPO itself 

upregulated the expression of the Hypoxia Inducible Factor-1α (HIF-

1α) under hypoxic conditions [71].

Additionally, our cocktail also included a set of amino acids 

known to protect the mitochondria from excessive oxidative stress 

(reactive oxygen species, ROS) generated due to sudden oxygen 

loss during IRI [22,23,72]. Weinberg and associates showed that 

mitochondrial dysfunction could be prevented to a signifi cant 

extent by the use of specifi c citric acid cycle intermediates such as 

a mixture of α-ketoglutarate, L-Aspartate and malate that help 

anerobically maintain electron fl ux and proton extrusion at the 

level of Complex 1 in the electron transport chain [72]. Th ese types 

of ATP production at the substrate level at the least help retain the 

structural and functional integrity of the mitochondria by reducing 

ROS production [72]. Later studies however, have placed the 

mitochondrial defect upstream of complex 1 [73]. Our cocktail also 

included other biochemical’s known to protect the mitochondrial 

membrane and enhance glutathione synthesis namely α-lipoic acid, 

N-Acetyl cysteine and N-Acetyl carnitine [74-76]. Finally, we also 

incorporated glutamine as a renoprotective agent since it has been 

safely used in critical care medicine with signifi cant benefi ts such as 

tissue protection, immune modulation, preservation of glutathione 

and anti-oxidant capacity and most importantly, in reprogramming 

and preserving the metabolic pathways that are deranged during IRI 

[77,78]. Glutamine donor pretreatment of rat kidney transplants 

upregulated Heat Shock Protein-70 (HSP-70) and strongly 

attenuated the early structural damage suggesting a cytoprotective 

role for HSP-70 [79]. Very recent studies have shown that glutamine 

induces HSP-70 expression via N-Acetyl glucosamine modifi cation 

and subsequent increased expression of the transcription factor Heat 

Shock Factor (HSF) and also by increasing the phosphorylation of 

HSF [80,81]. Th is was verifi ed by our own earlier studies using this 

renoprotective cocktail [22,23]. Very likely, the benefi t of glutamine 

lies in the expression of protective factors of the heat shock response, 

to protect the proteins that are unfolded and dysfunctional aft er (IRI) 

[82]. Th ese results support our earlier hypothesis that empowering 

and protecting the mitochondria during IR injury and generating a 

robust cytoprotective response may be the key to reverse ischemic 

damage during PN. While we are aware that these animal models only 

approximate human physiology and human kidney’s tolerance and 

response to ischemia, we feel that the lessons learned in these animal 

studies will pave the way for future clinical trials [83]. It is interesting 

to note that similar “cocktail approach” has been used by other 

investigators. In one such study, a mixture of allopurinol, Vitamin 

E and C and glutathione precursors such as N-Acetyl cysteine used, 

showed promise in a lower torso ischemia system [84]. But again, its 

potential role in the benefi t of patients undergoing PN mediated IRI 

has not been investigated using our renoprotective cocktail.

Other than the above potential treatments that might benefi t 

the kidney during IRI, there are a few more and as yet unresolved 

issues in the pharmacological manipulation of the kidney, in order to 

improve its function aft er PN. For example, use of mannitol has been 

widespread and it appears to protect the kidney from ischemic injury 

[85,86]. But recent clinical studies tend to question the rationale 

behind the use of this compound as a free radical scavenger, as an 

agent that induces osmotic nephrosis and its overall clinical benefi t 

[85,86]. In the same way, use of dopamine or dopamine receptor 

agonists such as fenoldopam have also failed to show impressive 

renoprotective eff ects [87].

ROLE OF SUPEROXIDE DISMUTASES IN 
RENAL ISCHEMIA REPERFUSION INJURY

Earlier work of MacMillan-Crow and her coworkers have 

suggested that the loss of the anti-oxidant mechanisms including the 

inactivation of the mitochondrial Manganese Superoxide Dismutase 

(MnSOD) might play an important role in renal injury aft er IR 

[88]. Saba and colleagues have shown that there was a therapeutic 

benefi t in using the catalytic anti-oxidant and SOD mimetic Mn-

porphyrin (MnTnHex-2-PyP5+, Compound I) in animal models 

of oxidative stress injury [89]. Th ey showed that this porphyrin 

derivative administered to rats 24 hours before surgery protected the 

animals against Adenosine Triphosphate (ATP) depletion, nitration 

of tyrosine residues in proteins, MnSOD inactivation and renal 

dysfunction. Work of Batinic-Haberle and her group has shown 

that these MN porphyrin derivatives are mitochondriotrophic due 

to its higher liphophilicity where it prevents the inactivation of SOD 

which occurs under oxidative stress [90,91]. In collaboration with the 

Batinic-Haberle and her group, [22,23] we have used Compound I in 

our own studies on the development of the renoprotective cocktail. 

Our studies showed that inclusion of Compound I in the cocktail 

upregulated several endogenous anti-oxidant defenses, such as 

glutathione peroxidases, peroxiredoxins, thioredoxin reductase and 

mitochondrial superoxide dismutase. Th ese data highly suggest that 

the Mn porphyrin compound I not only could act as a SOD mimetic 

but also acts as an Nrf2 inducer which in turn upregulated these 

anti-oxidant enzymes. It is very relevant to note here that a few next-

generation derivatives of compound I, such as MnTnBuOE-2-PyP5+ 

have entered Phase I and II clinical trials to treat brain cancers such 

as glioma and similar novel derivatives are currently employed in 

other clinical trials to treat Amyelotrophic Lateral Scelerosis (ALS) 

and in protect pancreatic β cells during islet cell transplants [92,93]. 

Th erefore, we feel that such novel derivatives of compound I have 

tremendous translational potential in protecting the kidney during 

IRI aft er PN surgery. However, such novel applications are yet to be 

tested in clinical trials involving renal reconstruction surgeries.

THE FEASIBILITY OF ZERO ISCHEMIA 
DURING PN

As the best way to avoid renal IRI is to take ischemia out of 

consideration, several investigators have attempted to develop what 

is called “zero ischemia” PN using special manipulations such as 

segmental clamping [94,95]. As this technique requires sophisticated 

vascular micro dissection maneuvers to isolate the branch vessels 

leading into the tumor, intraoperative three dimensional CT 

reconstructions and color Doppler ultrasonography, these zero 

ischemia techniques have proven to require experienced hands 

and can be performed only at a few established medical centers 
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[97]. In spite of all its promise, there was no overall advantage in 

performing this novel procedure when compared to open PN when 

the recovery of global renal function was estimated aft er normalizing 

for parenchymal loss [97].

On the basis of the laboratory studies and clinical studies done so 

far, it is tempting to propose that there is an urgent need to develop 

an “ischemia prevention solution” that can be used when the surgeon 

performs PN for small renal cancer masses, that is similar in design 

to “renal preservation solution” used in transplantation studies 

[98-100]. If the arteries are clamped and the ischemia prevention 

solution is perfused, the surgeon can not only perform the surgery 

in a signifi cantly bloodless fi eld, but also aim to protect the renal 

parenchymal function in a non-ischemic fashion during PN for small 

renal cancer masses. However, these concepts are still in their infancy 

and need to be clinically investigated.

POTENTIAL ROLE OF REMOTE ISCHEMIC 
PRE-CONDITIONING [RIPC] DURING PN 
SURGERY FOR SMALL RENAL CANCER 
MASSES

Remote ischemic preconditioning is defi ned as brief periods of 

intermittent ischemia followed by reperfusion of (usually forearm) 

one tissue (skeletal muscle) that can potentially confer subsequent 

protection against ischemia reperfusion injury in remote organs such 

as heart and kidneys. Th e potential of this concept was investigated 

in animal models with signifi cant and encouraging results [101]. Th is 

inexpensive way of protecting tissues against ischemic damage infl icted 

by a number of procedures such as cardiac surgery and intravenous 

administration of contrast media in human patients holds much 

promise [102]. Several human studies with healthy volunteers and 

clinical trials with patients undergoing PN surgeries have been done, 

aft er promising initial clinical trials focusing on the mitigations of the 

eff ects of cardiac surgery [103,104]. Particularly in renal medicine, 

tissue damage extends beyond the initial ischemic insult well into 

reperfusion due to overwhelming of antioxidant mechanisms by the 

onslaught of the reactive oxygen species produced. RIPC is thought 

to be clinically therapeutic since it is an application of a transient 

and non-lethal episodes of ischemia preferably to the skeletal muscle 

that reduces the eff ect of a subsequent and much larger ischemic 

episode at a distant organ and limiting the reperfusion injury that 

follows in that organ [105-109]. Incidentally, several studies with 

patients undergoing laparoscopic partial nephrectomy for small 

renal cancer masses revealed a very diff erent picture with potentially 

confl icting results about this renoprotective strategy [110,111]. We 

feel that these diff ering results are mainly due to diff erences in study 

design, duration and frequency of the ischemic pre-conditioning 

method applied among many other variables [112-114]. Th erefore, 

caution must be applied before ruling out this procedure entirely as a 

potential for parenchymal preservation aft er PN.

Nevertheless, it is important to consider here the molecular 

mechanisms by which RIPC might work exerting its potential 

benefi cial eff ects. As with the initial descriptions on the importance 

of protecting the mitochondria in this article, RIPC might protect the 

tissue by reducing the oxidative and the apoptosis inducing stresses in 

the remote organ(s) [115,116]. Extensive laboratory studies indicate 

that RIPC may off er benefi t through a multitude of protective 

mechanisms [117,118]. 

1. Th e protective signal may be conveyed to the remote site 

following intermittent limb ischemia by several humoral, neuronal 

and systemic mechanisms [117,118]. Th ese diverse communicating 

pathways have been shown to converge on Glycogen Synthase Kinase 

3β GSK 3β [119]. Inhibition of GSK 3β subsequent to RIPC reinforces 

the Nrf2 mediated anti-oxidant defenses, reduces the transcription 

factor NFkB dependent pro-infl ammatory response and most 

importantly enhanced the pro-survival tendencies by desensitizing 

the mitochondrial permeability transition pore, limiting apoptosis 

[119]. Th ese studies again highlight the critical role played by the 

mitochondria in generating and propagating the ischemia reperfusion 

injury, a molecular theme that was repeatedly stressed in our earlier 

studies.

2. In a rat system, Hussein, et al [120] showed that RIPC activated 

the anti-oxidant Nrf2, Heme Oxygenase-1 (HO-1) and NAD (P) H : 

Quinone Oxidoreductase 1 (NQO1) and anti-apoptotic genes (bcl-

2 and bcl-X
L
) and inhibited the expression of pro-infl ammatory 

cytokine genes TNF-α, IL-1β and Intercellular Adhesion Molecule1 

(ICAM1) in the kidney, underscoring the renoprotective eff ects of 

RIPC. 

3. As a corollary, these anti-infl ammatory responses are proposed 

to be the ultimate eff ect of inhibition of the “infl ammasomes” of 

the kidney that receive their pro-infl ammatory signals through the 

activation of toll-like receptors 2 and 4 on renal cell epithelia by 

binding with Damage Associated Molecular Patterns (DAMPs) 

[121,122]. Work of Zarbock and his group [106,108] established 

that these DAMP signaling are the main reason for the pro-

infl ammatory environment in the post-ischemic and re-perfused 

kidney. Zarbock and his group have further shown [Zarbock A, 

personal communication] that a low level of production of the 

DAMP signals from the muscle during RIPC “sub-lethally” activates 

the infl ammasome pathway in the remote organ [i.e., the kidney] 

so that the organ is “primed” but not “fully activated”. Such “pre-

conditioning” of the kidney with respect to the infl ammasome 

activation produces a protection of the organ to a subsequent and 

lethal ischemic insult, which falls well within the boundaries of the 

classical defi nition of the term “pre-conditioning” the only exception 

being that such pre-conditioning is done via a remote organ.

4. Another mechanism for the protective benefi ts of RIPC has 

been proposed, which deals with the kidney generated renoprotective 

factor Erythropoietin (EPO). It is highly possible that during RIPC 

and ensuing brief hypoxia, a small quantity of Hypoxia Inducible 

Factor-1α (HIF-1α) is generated which in turn upregulates its target 

gene EPO in the remote organ (i.e., the kidney). Th e generated EPO 

pre-conditions the kidney and protects it from further damage by a 

subsequent bigger ischemic insult [69-71].

5. As a corollary to the above reasoning, it has also been shown that 

either remote pre-conditioning or EPO pre-treatment before surgery 

primes the kidneys to clear out the ischemia-reperfusion damaged 

cells in a pig renal ischemia model [123]. Th is study apparently 

provides enough justifi cation for the potential reno-protective eff ects 

of RIPC and EPO treatment and off ers a possible connection between 

the two mechanisms. Incidentally, EPO is an established drug for 

the clinical treatment of anemia. Gardner and his group also showed 

that the renoprotective value of either RIPC or EPO treatment may 

also relate to their infl uence on the renal cortical cell handling and 

clearance of the apoptotic cellular debris that is generated during 

ischemia and reperfusion as described above [123]. It is worth noting 

that we had introduced the EPO mediated pre-conditioning in the 
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development of our own renoprotective cocktail as shown by our 

previous studies [22,23].

6. As an extension of the hypoxia mediated benefi cial eff ects of 

RIPC, it was also shown that hypoxia at the remote organ induced 

the expression and release of extracellular vesicles (exosomes) that 

protected the kidney remotely, very likely through its cargo namely, 

specifi c protective microRNAs [124]. However, these studies are still 

under investigation.

7. Very recent work of Kaelin and his group showed another 

important angle to the protective benefi ts of RIPC through extensive 

metabolomics, proteomic and parabiosis studies that the inhibition 

of the Prolyl Hydroxylase 2 (PHD2) in the remote organ (i.e., skeletal 

muscle) by hypoxia, or by a pharmacological inhibitor or by specifi c 

genetic ablation techniques produced specifi c protection against 

myocardial infarction following ischemia [125]. Th ey characterized 

the circulating protective factor to be a metabolite of the amino acid 

tryptophan namely Kynurenic Acid (KYNA). Th eir studies also 

showed KYNA to be a mediator of ischemic preconditioning, which  

was further proved by abrogating the eff ects of RIPC through the 

pharmacological inhibition of the tryptophan metabolic pathway 

[125]. PHD2 inactivation in the skeletal muscle during RIPC 

apparently increases the circulating KYNA levels and causes a parallel 

increase in the obligatory PHD co-substrate α-Keto-Glutarate (α-

KG), which in its transit through the liver, produced enhanced 

levels of KYNA, which exerted its reno-protective actions [125]. In 

confi rmatory studies on the fundamental role of α-KG, these authors 

also showed that systemic α-KG administration protected hearts 

from ischemia reperfusion injury. 

8. As further evidence supporting the protective role of RIPC, 

Davidson, et al [126] showed that RIPC involves signaling through 

the Stromal Derived Factor-1α (SDF-1α)/CXCR4 signaling axis. It 

is very important to note here that even before all these molecular 

studies were published, our earlier work had included EPO, α-KG as 

well as SDF-1α in our renoprotective cocktail [22,23]. Th erefore, it is 

tempting to speculate that, on the basis of all these recently published 

studies on RIPC, the renoprotective cocktail designated as “GPM” in 

our previous studies was in fact a “remote preconditioning” cocktail 

designed to mimic what happens in the muscle [104,106,116]. 

Th erefore, the GPM cocktail could in reality be a cocktail designed to 

induce RIPC beside its many other renoprotective and mitochondrio-

centric functions [22,23].

It must be noted here that in spite of all these highly plausible 

and exciting mechanistic studies, it is still a challenge to translate 

RIPC studies on animal models into clinically meaningful studies 

in humans, particularly in patients undergoing PN for renal cell 

cancer masses. We feel that it is only a matter of time before the right 

conditions for application of RIPC to patients are worked out in 

reproducible detail and introduced into the clinic.

THE BENEFITS OF ETHYL PYRUVATE IN 
ISCHEMIA REPERFUSION INJURY

Even though it may not be detectable by accepted measures, 

it is safe to assume that ischemic injury starts at the moment the 

renal vessels are occluded. Th is injury only intensifi es over time and 

becomes noticeable beyond 30 minutes of ischemia by following 

the ischemia specifi c markers such as Kidney Injury Molecule-1 

(KIM-1), Neutrophil Gelatinase Associated Lipocalin-2 (NGAL), 

Galectin-3 (Gal-3), creatinine and cystatin-c etc either in the tissue 

or in urine [127,128]. But, the innate immunity mechanisms do not 

have this time lapse luxury of waiting beyond 30 minutes. As a fi rst 

line of defense, the innate immune cells are activated the moment 

the ischemic injury markers are produced, even at undetectable 

concentrations. Th is is mainly because most of the ischemia injury 

markers are “Damage Associated Molecular Patterns” (DAMPs) 

[121,122]. Th erefore, as mentioned at the beginning of this article, 

we have to not only mitigate the “ischemia reperfusion injury” that 

occurs, but also have to minimize the “innate immune cell attack” 

that is initiated by DAMPs. Th ese ischemia specifi c markers that 

are capable of activating innate immune cells include extracellular 

produced Heat Shock Proteins (HSPs), small molecules like Uric 

Acid (UA), Adenosine Triphosphate (ATP), S-100 protein, and 

dissolution of the extracellular matrix producing small Molecular 

Weight Hyaluronic Acid (LMW-HA), High Mobility Group Box 

Protein 1 (HMGB1) to name a few [121,122]. Among these ischemia 

specifi c markers, HMGB1 has received much attention with respect 

to its role in activating the immune cell attack [129,130]. HMGB1 was 

shown to be a multifunctional protein [131]. Intracellularly, it acts as 

an architectural chromatin binding factor responsible for the stability 

of chromosomes. However, it can be passively released by any cell 

during cellular damage or virus infection or it can be actively secreted 

by innate immune cells in response to exogenous stimuli such as 

bacterial pathogens or by endogenous stimuli such as DAMPs, 

Tumor Necrosis Factor α (TNF α) or by Interferon-γ (IFN-γ). Th us, 

HMGB1, once released into the extracellular environment, acts as 

another DAMP and interacts with Toll-like recptors-2 and 4 (TLR2 

and TLR4) and with the Receptor for Advanced Glycation End 

Products (RAGE) [132]. Th e signal transmitted through this activation 

culminates in the intracellular activation of the NFkB signaling 

pathway and subsequently the proteolytic cascade platform called 

the “infl ammasome” [133]. Th ese infl ammasomes, in turn accelerate 

the extracellular release of more HMGB1 apart from the release of 

active infl ammatory mediators such as Interleukin-1β (IL-1β) which 

activates the infl ammasome pathway in the manner of a vicious cycle. 

Th erefore, many investigators have focused on inhibitors of HMGB1 

release as a potential therapeutic mechanism to mitigate ischemia 

and innate immune cell mediated damage that occurs during partial 

nephrectomy procedures that require prolonged periods of warm 

or cold ischemia. One such inhibitor, characterized to a great extent 

is the small molecule Ethyl Pyruvate (EP) which is a simple ester 

of pyruvic acid and ethyl alcohol [134-136]. Th is is shown to be 

superior to the eff ects of using pyruvic acid or sodium pyruvate alone 

because of its enhanced stability, hydrophobicity and cell penetrating 

property. Recent results from several laboratories have shown that 

EP treatment reduced the severity of ischemia mediated damages in 

many experimental systems [134-136]. Th e most notable mechanism 

is the capacity of EP to inhibit the release of HMGB1 from the nucleus 

into the cytoplasm which has to be accomplished before its release into 

the extracellular environment where it can act as a DAMP, initiating 

infl ammation and ischemia mediated damaging signals downstream 

[137]. Other potentially benefi cial mechanisms of EP include: 

1. Its capacity to act as a scavenger for the Reactive Oxygen 

Species (ROS) [137].

2. Its induction of the anti-oxidant transcription factor Nrf2 and 

the anti-oxidant protein Heme Oxygenase-1 (HO-1) [138]. 

3. Competing with the infl ammatory transcription factor NF-kB 

for binding to its co-activator protein p300, thus preventing 

the entry of the active NF-kB subunit complex p65/p50 into 

the nucleus [139-141]. 
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4. By inhibiting the immune modulator enzyme Indolamine 

Dioxygenase (IDO) [142].

HOW METABOLIC REPROGRAMMING CAN 
PROTECT RENAL PARENCHYMA FROM 
ISCHEMIA-REPERFUSION INJURY AND AC-
TIVATION OF INNATE IMMUNITY MECHA-
NISMS?

Unmasking the real renal dysfunction/Acute Kidney Injury 

(AKI) mechanisms in the operated kidney while the healthy 

contralateral kidney is still functional has been a challenge aft er 

partial nephrectomy/renal reconstruction procedures. Even though 

patients develop varying degrees of AKI during and aft er PN due 

to ischemia, most of these patients exhibit a signifi cant recovery of 

renal function. Th e development of AKI aft er surgeries such as PN is 

qualitatively and quantitatively diff erent from the AKI that develops 

aft er Chronic Kidney Disease (CKD) [143]. Recovery from AKI aft er 

PN is a function of the parenchyma preserved among many other 

parameters such as ischemia time, warm/cold ischemia and the 

route of approach to the surgery itself. Several recent studies have 

shown that the extent or percentage of recovery depends upon the 

metabolic status of the operated kidney and how well it readjusts or 

achieves metabolic homeostasis by reprogramming its metabolism 

aft er the initial trauma of the inevitable surgical procedure of PN 

itself. Th erefore, it is worth taking stock of the recent advances in the 

metabolic pathways that are deranged when surgery happens and the 

metabolic eff orts made by the kidney to revert back to normalcy. Th e 

extent of this reversion to normal state will determine the functional 

recovery of the parenchymal mass that is spared. Irrespective of the 

surgical route taken, infl ammation, ischemia, subsequent reperfusion 

and the activation of the innate immunity mechanisms appear to be 

common denominators that ultimately determine the extent of AKI 

and functional recovery aft er PN. Th erefore, the metabolic pathways 

that regulate the above processes are very important determining 

factors for the functional recovery of the patient.

It is important to note that these metabolic pathways are 

deranged (leading to varying degrees of AKI) the moment the 

surgery is started, starting from trauma, infl ammation and 

activation of innate immunity eff ectors. Our earlier studies with 

the development of a renoprotective cocktail and studies from 

other laboratories emphasized the importance of protecting the 

mitochondria by preventing its production of Reactive Oxygen 

Species (ROS) in unacceptable amounts [22,23,144]. Moreover, 

other studies have indicated that the tumor suppressor protein p53 

induced the target protein TIGAR that acted in a pro-apoptotic or 

pro-survival mechanism by reprogramming the cellular metabolism 

in kidney proximal tubules depending upon the ischemic burden 

[145]. And, at the same time, the role of mitochondria in regulating 

the cell metabolism should be considered. As the level of ischemic 

injury depends upon the ischemia time, it stands to reason that the 

metabolic reprogramming that occurs in the parenchyma aft er PN is 

critically dependent upon and directly proportional to the extent of 

ischemic injury. Since the tumor suppressor protein p53 is the gate 

keeper of metabolic homeostasis inside the cell, recovery of the global 

parenchymal function aft er PN may be a function of the p53 status in 

the kidney and how this tumor suppressor protein directs its eff ector 

signaling pathways downstream [146]. Studies have indicated that the 

fi nal eff ect of p53 in renal ischemia mitigation is context dependent 

[147,148]. Th erefore, the issue of metabolic reprogramming should 

be viewed with caution as it can function as a double edged sword 

in regulating the eff ects of ischemic injury [149]. Apart from p53, 

proteins such as mammalian Target of Rapamycin Complex-

1(mTORC1) and HIF-1α also help in maintaining renal tubular 

metabolic homeostasis and are essential in response to ischemic 

stress particularly in regulating the tubular energy and glycolysis 

metabolism [150,151]. Most of the metabolic reprogramming that 

occurs aft er PN [during ischemia and reperfusion] can be classifi ed 

as those pathways such as

1. Impaired purine metabolism

2. Impaired arginine metabolism 

3. Transition from glucose to lipid metabolism 

4. Reprogramming of taurine and hypotaurine metabolism [152-

154]. 

Th ese metabolic reprogramming pathways are associated with 

the lesions that occur as a result of early injury, alternative energy 

sources, infl ammation, activation of innate immunity pathways 

such as infl ammasomes and late phase kidney recovery, ultimately 

determining the level of reversal to homeostasis and parenchymal 

function. Th ese shift ing metabolic pathways (particularly towards 

glycolysis) explain why some regenerating proximal tubules undergo 

atrophy as they are infl uenced by factors such as HIF-1α, mTORC1 

and pro-fi brotic transforming growth factor-β (TGF-β) and the 

mitochondrial alterations [155]. Since these tubules support a high 

level of transport functions which require a constant ATP supply, 

any change in the mitochondrial metabolism from oxidative 

phosphorylation to glycolysis, particularly as a result of HIF-1α 

induction during hypoxia (due to surgery, which depends upon the 

ischemia time) will force the tubule cells to dediff erentiate [155]. 

Parallel input from the pro-fi brotic TGF-β will force these cells to 

atrophy if the metabolic reprogramming due to dediff erentiation 

is not reversed in time. Rediff erentiation mechanisms promoting 

survival of these tubules again depends upon a specifi c metabolic 

reprogramming whose signatures have been worked out recently 

[155,156]. While metabolic programming through HIF-1α mediated 

shift  to glycolysis and fatty acid utilization are a characteristic feature 

of dediff erentiated proximal tubules, the level of insult from pro-

fi brotic TGF-β forces these tubules to fail to rediff erentiate, reverse 

their mitochondrial pathologies and fail to regenerate, causing 

fi brotic complications aft er surgery as a result of maladaptive repair 

[155-157]. Th us, these complications will determine the quality of the 

parenchymal function aft er PN as described earlier.

CONCLUDING REMARKS

In this review, we have attempted to give a comprehensive listing 

of the molecular parameters that may infl uence the “quality” of the 

parenchymal mass preserved during the nephron sparing surgeries, 

while the “quantity” is entirely in the control of the surgeon. Th e 

fi nal functional outcome of patients undergoing partial nephrectomy 

is very likely determined by the preserved parenchymal volume as 

well as the extent of warm or cold ischemia time, tumor complexity 

and the precision of excision. However, this matter is still debated. 

It is our view that apart from the surgical parameters that are being 

extensively studied, there is still more to be done in the name of 

improvement, particularly in the strategies to minimize ischemia 
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time, protecting the parenchymal mass from infl ammatory and 

oxidative injury resulting from occlusion of blood fl ow. It is our hope 

that the parameters described in this review will stimulate further 

discussions and translational research in this fi eld.

ACKNOWLEDGMENTS

Th is work was supported in part by the Susan Schott Memorial 

Fund and the St. Vincent’s Urology Research Fund. TD and MG are 

grateful to several members of the laboratory who have contributed 

to the project on renal preservation strategies.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics. CA Cancer J Clin. 2016; 66: 
7-30. https://goo.gl/XEn398

2. Jayson M, Sanders H. Increased incidence of serendipitously discovered 
renal cell carcinoma. Urology. 1998; 51: 203-5. https://goo.gl/KEufZy

3. Shuch B, Lam JS, Belldegrun AS. Open partial nephrectomy for the treatment 
of renal cell carcinoma. Curr Urol Rep. 2006; 7: 31-8. https://goo.gl/rnoSBd

4. Uzzo RG, Novick AC. Nephron sparing surgery for renal tumors: Indications, 
techniques and outcomes. J Urol. 2001; 166: 6-18. https://goo.gl/yX5Jzu

5. Kirkali Z, Canda AE. Open partial nephrectomy in the management of small 
renal masses. Adv Urol. 2008; 309760. https://goo.gl/KJF9NF

6. Campbell SC, Novick AC, Belldegrun A, Blute ML, Chow GK, Derweesh IH, et 
al. Guidelines for the management of the clinical T1 renal mass. J Urol. 2009; 
182: 1271-9. https://goo.gl/HrR8yj

7. Cozar JM, Tallada M. Open partial nephrectomy in renal cancer: A 
feasible gold standard technique in all hospitals. Adv Urol. 2008; 916463. 
https://goo.gl/VEzv2j

8. Volpe A, Blute ML, Ficarra V, Gill IS, Kutikov A, Porpiglia F, et al. Renal 
ischemia and function after partial nephrectomy: A collaborative review of the 
literature. Eur Urol. 2015; 68: 61-74. https://goo.gl/iAUyLj

9. Salvadori M, Rosso G, Bertoni E. Update on ischemia-reperfusion injury in 
kidney transplantation: Pathogenesis and treatment. World J Transplant. 
2015; 5: 52-67. https://goo.gl/zuTpjY

10. Kim SP, Thompson RH. Kidney function after partial nephrectomy: current 
thinking. Curr Opin Urol. 2013; 23: 105-11. https://goo.gl/PHUPsc

11. Mir MC, Pavan N, Parekh DJ. Current paradigm for ischemia in kidney 
surgery. J Urol. 2016; 195: 1655-63. https://goo.gl/575p6c

12. Mir MC, Ercole C, Takagi T, Zhang Z, Velet L, Remer EM, et al. Decline 
in renal function after partial nephrectomy: etiology and prevention. J Urol. 
2015; 193: 1889-98. https://goo.gl/2k55HL

13. Becker F, Van Poppel H, Hakenberg OW, Stief C, Gill I, Guazzoni G, et al. 
Assessing the impact of ischemia time during partial nephrectomy. Eur Urol. 
2009; 56: 625-34. https://goo.gl/zqa8t1

14. Rod X, Peyronnet B, Seisen T, Pradere B, Gomez FD, Verhoest G, et al. 
Impact of ischemia time on renal function after partial nephrectomy: a 
systematic review. Eur Urol. 2009; 56: 625-34. https://goo.gl/5qnjM4

15. Dorai T, Michels C, Goldfarb DS, Grasso M. Strategies to extend warm 
ischemia time during laparoscopic partial nephrectomy-Part I. Int J Nephrol 
Urol. 2009; 1: 79-93.

16. Dorai, T, Michels C, Goldfarb DS, Grasso M. Strategies to extend warm 
ischemia time during laparoscopic partial nephrectomy-Part II. Int J Nephrol 
Urol 2010; 2: 157-171.

17. Simmons MN, Lieser GC, Fergany AF, Kaouk J, Campbell SC. Association 
between warm ischemia time and renal parenchymal atrophy after partial 
nephrectomy. J Urol. 2013; 189: 1638-1642. https://goo.gl/ffALjH

18. Thompson RH, Lane BR, Lohse CM, Leibovich BC, Fergany A, Frank I, 
et al. Every minute counts when the renal hilum is clamped during partial 
nephrectomy. Eur Urol. 2010; 58: 340-5. https://goo.gl/9aYCjq

19. Simmons MN, Hillyer SP, Lee BH, Fergany AF, Kaouk K, Campblell SC. 
Functional recovery after partial nephrectomy: Effects of volume loss and 
ischemic injury. J Urol. 2012; 187: 1667-73. https://goo.gl/cT4KNK

20. Mir MC, Campbell RA, Sharma N, Remer EM, Simmons MN, Li J, 
et al. Parenchymal volume preservation and ischemia during partial 
nephrectomy: functional and volumetric analysis. Urology. 2013; 82: 263-8. 
https://goo.gl/d4gzhn 

21. Eltzschig HK, Eckle T. Ischemia and reperfusion-from mechanism to 
translation. Nat Med. 2011; 17: 1391-401. https://goo.gl/jff8ii

22. Dorai T, Fishman AI, Ding C, Batinic-Haberle I, Goldfarb DS, Grasso M. 
Amelioration of renal ischemia reperfusion injury with a novel renoprotective 
cocktail. J Urol. 2011; 186: 2448-54. https://goo.gl/nY2vcY

23. Cohen J, Dorai T, Ding C, Batinic-Haberle I, Grasso M. The administration of 
renoprotective agents extends warm iuschemia in a rat model. J Endourol. 
2013; 27: 343-8. https://goo.gl/JPBoUG

24. Parekh DJ, Weinberg JM, Ercole B, Torkko KC, Hilton W, Bennett M, et al. 
Tolerance of the human kidney to isolated controlled ischemia. J Am Soc 
Nephrol. 2013; 24: 506-17. https://goo.gl/mKPGpc

25. Thompson RH, Blute ML. At what point does warm ischemia cause permanent 
renal damage during partial nephrectomy? Eur Urol. 2007; 52: 961-3. 
https://goo.gl/aPcrQo

26. Conde E, Alegre L, Blanco-Sanchez I, Saenz-Morales D, Aguado-Fraile 
E, Ponte B, et al. Hypoxia inducible factor-1α ( HIF-1α) is induced during 
reperfusion after renal ischemia and is critical for proximal tubule survival. 
PLoS One. 2012; 7: e33258. https://goo.gl/qH84Hb

27. Lane BR, Novick AC, Babineau D, Fergany AF, Kaouk JH, Gill IS. Comparison 
of laparoscopic and open partial nephrectomy for tumor in a solitary kidney. J 
Urol. 2008; 179: 847-51. https://goo.gl/9dLkGw

28. Kimura H. The physiological role of hydrogen sulfi de and beyond. Nitric 
Oxide. 2014; 41: 4-10. https://goo.gl/enZKqF

29. Tripatara P, Patel NS, Collino M, Gallicchio M, Kieswich J, Castiglia S, et al. 
Generation of endogenous hydrogen sulfi de by cystathionine –gamma lyase 
limits renal tissue ischemia/reperfusion injury and dysfunction. Lab Invest. 
2008; 88: 1038-48. https://goo.gl/fi SgVW

30. Lee HJ, Mariappan MM, Feliers D, Cavaglieri RC, Sataranatarajan K, Abboud 
HE, et al. Hydrogen sulfi de inhibits high glucose-induced matrix protein 
synthesis by activating AMP-activated protein kinase in renal epithelial cells. 
J Biol Chem. 2012; 287: 4451-61. https://goo.gl/mWoVZ6

31. Liu YH, Lu M, Bian JS. Hydrogen sulfi de and renal ischemia. Expert Rev Clin 
Pharmacol. 2011; 4: 49-61. https://goo.gl/pafZ8k

32. Nicholson CK, Calvert JW. Hydrogen sulfi de and ischemia-reperfusion injury. 
Pharmacol Res. 2010; 62: 289-97. https://goo.gl/Mh658c

33. Blackstone E, Morrison M, Roth MB. H2S induces a suspended animation-like 
state in mice. Science. 2005; 308: 518. https://goo.gl/zn9FfR

34. Blackstone E, Roth MB. Suspended animation-like state protects mice from 
lethal hypoxia. Shock. 2007; 27: 370-2. https://goo.gl/UnNz5v

35. Bos EM, van Goor H, Jole JA, Whiteman M, Leuvenink HGD. Hydrogen 
sulfi de: physiological properties and therapeutic potential in ischemia. Br J 
Pharmacol. 2015; 172: 1479-93. https://goo.gl/eJVNyv

36. Longen S, Beck KF, Pfeilschifter. H2S induced thiol based redox switches: 
Biochemistry and functional relevance for infl ammatory diseases. Pharmacol 
Res. 2016; 111: 642-51. https://goo.gl/WvPzES

37. Bos EM, Leuvenink HG, Snijder PM, Kloosterhuis NJ, Hillebrands JL, 
Leemans JC, et al. Hydrogens sulfi de induced hypometabolism prevents 
renal ischemia reperfusion injury. J Am Soc Nephrol. 2009; 20: 1901-5. 
https://goo.gl/z5NP8i

38. Lobb I, Jiang J, Lian D, Liu W, Haig A, Saha MN, et al. Hydrogen sulfi de 
protects renal grafts against prolonged cold ischemia-reperfusion injury 
via specifi c mitochondrial actions. Am J Transplant. 2017; 17: 341-352. 
https://goo.gl/vTtGRi

39. Kimura H. Signaling molecules: Hydrogen sulfi de and polysulfi de. Antioxid 
Redox Signal. 2015; 22: 362-76. https://goo.gl/wHBVRp

40. Shibuya N, Koike S, Tanaka M, Ishigami-Yuasa Y, Kimura Y, Ogasawara K, 
et al. A novel pathway for the production of hydrogen sulfi de from D-cysteine 
in mammalian cells. Nat Commun. 2013; 4: 1366. https://goo.gl/ESdwdc



American Journal of Urology Research

SCIRES Literature - Volume 2 Issue 1 - www.scireslit.com Page - 026

41. Bos EM, Wang R, Snijder PM, Boersema M, Damman J, Fu M, et al. 
Cystathionine gamma lyase protects against renal ischemia/reperfusion 
by modulating oxidative stress. J Am Soc Nephrol. 2013; 24: 759-70. 
https://goo.gl/zSgMtb

42. Whiteman M, Winyard PG. Hydrogen sulfi de and infl ammation: the good, the 
bad, the ugly and the promising. Expert Rev Clin Pharmacol. 2011; 4: 13-32. 
https://goo.gl/GhF9nd

43. Wallace JL. Hydrogen sulfi de releasing anti-infl ammatory drugs. Trends 
Pharmacol Sci. 2007; 28: 501-5.  https://goo.gl/4rybbL

44. Ahmad A, Olah G, Szczesny B, Wood ME, Whiteman M, Szabo C. AP39, 
a mitochondrially targeted hydrogen sulfi de donor exerts protective effects 
in renal epithelial cells subjected to oxidative stress in vitro and acute renal 
injury in vivo. Shock. 2016; 45: 88-97. https://goo.gl/VQVK5D

45. Wang R, Szabo C, Ichinose F, Ahmad A, Whiteman M, Papapetropoulos A. 
The role of H2S bioavailability in endothelial dysfunction. Trends Pharmacol 
Sci. 2015; 36: 568-78. https://goo.gl/ceSKRP

46. Lee CC. Is human hibernation possible? Annu Rev Med. 2008; 59: 177-86. 
https://goo.gl/uQrCaG

47. Alexander B, James M, Fishman A, Grasso M, Dorai T. Induction of 
hypometabolism as a novel strategy to minimize ischemia reperfusion injury 
in renal reconstruction surgeries. Transplantation Technology and Research. 
2016; 6: 164. https://goo.gl/M1Ac5D

48. Dausman KH, Gos J, Ganzhom JU, Heldmaier G. Hibernation in the 
tropics: Lessons from a primate. J Comp Physiol B. 2005; 175: 147-55. 
https://goo.gl/8Gmjxv

49. Bouma HR, Verhaag EM, Otis JP, Heldmaier G, Swoap SJ, Strijkstra AM, et 
al. Induction of torpor: mimicking natural metabolic suppression for biomedical 
applications. J Cell Physiol. 2012; 227: 1285-90. https://goo.gl/UWLL1D

50. Storey KB, Storey JM. Metabolic rate depression: the biochemistry 
of mammalian hibernation. Adv Clin Chem. 2010; 52: 77-108. 
https://goo.gl/J37PWt

51. Storey KB. Out cold: biochemical regulation of mammalian hibernation-A mini 
review. Gerontology. 2010; 56: 220-230. https://goo.gl/9D9ayo

52. Heldmaier G. Physiology: Life on low fl ame in hibernation. Science. 2011; 
331: 866-867. https://goo.gl/nEQ97c

53. Daniels IS, Zhang J, O’Brien WG 3rd, Tao Z, Miki T, Zhao Z, et al. A Role of 
Erythrocytes in Adenosine Monophosphate initiation of Hypometabolism in 
Mammals. J Biol Chem. 2010; 285: 20716-20723. https://goo.gl/fc6NYE

54. Gluck EF, Stephens N, Swoap SJ. Peripheral ghrelin deepens torpor bouts 
in mice through the arcuate nucleus neuropeptide Y signaling pathway. 
Am J Physiol Regul Integr Comp Physiol. 2006; 291: R1303-R1309. 
https://goo.gl/wdWvuW

55. Scanlan TS. Mini review: 3-Iodothyronamine (T1AM): A New Player on 
the Thyroid Endocrine Team? Endocrinology. 2009; 150: 1108-1111. 
https://goo.gl/3YxHuf

56. Funahashi Y, Yoshino Y, Sassa N, Matsukawa Y, Takai S, Gotoh M. 
Comparison of warm and cold ischemia on renal function following partial 
nephrectomy. Urology. 2014; 84: 1408-1412. https://goo.gl/gMrc76

57. Tatsugami K, Eto M, Yokomizo A, Kuroiwa K, Inokuchi J, Tada Y, et al. 
Impact of cold and warm ischemia on postoperative recovery of affected 
renal function after partial nephrectomy. J Endourol. 2011; 25: 869-873. 
https://goo.gl/z4dTjv

58. Eggener SE, Clark MA, Shikanov S, Smith B, Kaag M, Russo P, et al. Impact 
of warm versus cold ischemia on renal function following partial nephrectomy. 
World J Urol. 2015; 33: 351-357. https://goo.gl/PDxNhi

59. Saba H, Munusamy S, Macmillan-Crow LA. Cold preservation mediated renal 
injury: Involvement of mitochondrial oxidative stress. Renal Fail. 2008; 30: 
125-133. https://goo.gl/fhEg5X

60. Yin M, Currin RT, Peng XX, Mekeel HE, Schoonhoven R, Lemasters JJ. 
Different pattern of renal cell killing after warm and cold ischemia. Renal Fail. 
2002; 24: 147-163. https://goo.gl/eJNX6T

61. Baumann M, Bender E, Stömmer G, Gross G, Brand K. Effects of warm and 
cold ischemia on mitochondrial functions in the brain, liver and kidney. Mol 
Cell Biochem. 1989; 87: 137-145. https://goo.gl/yszewW

62. Dugbartey GJ, Hardenberg MC, Kok WF, Boerema AS, Carey HV, Staples 
JF, et al. Renal mitochondrial response to low temperature in non-hibernating 
and hibernating species. Antioxid Redox Signal. 2017. https://goo.gl/a7cepc

63. Bartels-Stringer M, Kramers C, Wetzels JF, Russel FG, Groot Hd, Rauen 
U. Hypothermia causes a marked injury to rat proximal tubular cells that is 
aggravated by all currently used preservation solutions. Cryobiology. 2003; 
47: 82-91. https://goo.gl/8JP5pk

64. Villanueva S, Céspedes C, Vio CP. Ischemic acute renal failure induces the 
expression of a wide range of nephrogenic proteins. Am J Physiol Regul 
Integr Comp Physiol. 2006; 290: R861-R870. https://goo.gl/bFSfL2

65. Villanueva S, Cespedes C, Gonzalez A, Vio CP. bFGF induces an earlier 
expression of nephrogenic proteins after ischemic acute renal failure. 
Am J Physiol Regul Integr Comp Physiol. 2006; 291: R1677-1687. 
https://goo.gl/LHxUCJ

66. Hu X, Dai S, Wu WJ, Tan W, Zhu X, Mu J, et al. Stromal derived factor 
1 α confers protection against myocardial ischemia-reperfusion injury. 
Circulation. 2007; 116: 654-663. https://goo.gl/dWAA3o

67. Morigi M, Imberti B, Zoja C, Corna D, Tomasoni S, Abbate M, et al. 
Mesenchymal cells are renotrophic, helping to repair the kidney and improve 
function in acute renal failure. J Am Soc Nephrol. 2004; 15: 1794-1804. 
https://goo.gl/TpuuzU

68. Sharples EJ, Yaqoob MM. Erythropoietin and acute renal failure. Semin 
Nephrol. 2006; 26: 325-331. https://goo.gl/vXHqNJ

69. Sharples EJ, Patel N, Brown P, Stewart K, Mota-Philipe H, Sheaff M, et al. 
Erythropoietin protects the kidney against injury and dysfunction caused 
by ischemia and reperfusion. J Am Soc Nephrol. 2004; 13: 2115-2124. 
https://goo.gl/XGqZ6g

70. Okada T, Sawada T, Kubota K. Asialoerythropoietin has strong renoprotective 
effects against ischemia reperfusion injury in a murine model. Transplantation. 
2007; 84: 504-510. https://goo.gl/E4muUQ

71. Imamura R, Moriyama T, Isaka Y, Namba Y, Ichimaru N, Takahara S, et 
al. Erythropoietin protects the kidneys against ischemia reperfusion injury by 
activating hypoxia inducible factor-1α. Transplantation. 2007; 83: 1371-1379. 
https://goo.gl/qDJJMH

72. Weinberg JM, Venkatachalam MA, Roeser NF, Nissim I. Mitochondrial 
dysfunction during hypoxia/reoxygenation and its correction by anerobic 
metabolism of citric acid cycle intermediates. Proc Natl Acad Sci USA. 2000; 
97: 2826-2831. https://goo.gl/n22zd4

73. Feldkamp T, Kribben A, Roeser NF, Senter RA, Kemner S, Venkatachalam 
MA, et al. Preservation of complex 1 function during hypoxia-reoxygenation 
induced mitochondrial injury in proximal tubules. Am J Physiol Renal Physiol. 
2004; 286: F749-F759. https://goo.gl/TLznCd

74. Lee R, West D, Phillips SM, Britz-McKibbin P. Differential metabolomics 
for quantitative assessment of oxidative stress with strenuous exercise 
and nutritional intervention: Thiol specifi c regulation of cellular metabolism 
with N-Acetyl cysteine pretreatment. Anal Chem. 2010; 82: 2959-2968. 
https://goo.gl/HE4dQe

75. Ustundag S, Sen S, Yalcin O, Ciftci S, Demirkan B, Ture M. L-Carnitine 
ameliorates glycerol induced myoglobinuric acute renal failure in rats. Renal 
Fail. 2009; 31: 124-133. https://goo.gl/sy2HHQ

76. Sehirli O, Sener E, Cetinel S, Yüksel M, Gedik N, Sener G. α-lipoic acid 
protects against renal ischemia reperfusion injury in rats. Clin Exptl Pharmacol 
Physiol. 2008; 35: 249-255. https://goo.gl/ZzZ4v9

77. Novak F, Heyland DK, Avenell A, Drover JW, Su X. Glutamine supplementation 
in serious illness: A systematic review of the evidence. Crit Care Med. 2002; 
30: 2022-2029. https://goo.gl/1Ue9tG

78. Fuller TF, Rose F, Singleton KD, Linde Y, Hoff U, Freise CE, et al. Glutamine 
donor pretreatment in rat kidney transplants with severe preservation 
reperfusion injury. J Surg Res. 2007; 140: 77-83. https://goo.gl/woVgKF

79. Wischmeyer PE. Glutamine: The fi rst clinically relevant pharmacological 
regulator of heat shock protein expression. Curr Opin Clin Nutr Metab Care. 
2006; 9: 201-206. https://goo.gl/GSbSWc

80. Hamiel CR, Pinto S, Hau A, Wischmeyer PE. Glutamine enhances heat 
shock protein 70 expression via increased hexosamine biosynthetic 
pathway activity. Am J Physiol Cell Physiol. 2009; 297: C1509-C1519. 
https://goo.gl/wsybsD



American Journal of Urology Research

SCIRES Literature - Volume 2 Issue 1 - www.scireslit.com Page - 027

81. Gong J, Jing L. Glutamine induces heat shock protein 70 expression 
via O-GlcNAc modifi cation and subsequent increased expression and 
transcriptional activity of heat shock factor-1. Minerva Anesthesiol. 2011; 77: 
488-495. https://goo.gl/dZo65o

82. Oehler R, Roth E. Regulatory capacity of glutamine. Curr Opin Clin Nutr 
Metab care. 2003; 6: 277-282. https://goo.gl/DMjQy3

83. Lieberthal W, Nigam SK. Acute renal failure II: Experimental models for acute 
renal failure: Imperfect but indispensable. Am J Physiol Renal Physiol. 2000; 
278: F1-F12. https://goo.gl/ftMJVS

84. Wijnen MH, Roumen RM, Vader HL, Goris RJ. A multiantioxidant 
supplementation reduces damage from ischemia reperfusion in patients after 
lower torso ischemia: A randomized trial. Eur J Vasc Endovasc Surg. 2002; 
23: 486-490. https://goo.gl/vtZ1uA

85. Nomani AZ, Nabi Z, Rashid H, Janjua J, Nomani H, Majeed A, et al. Osmotic 
nephrosis with mannitol: review article. Renal Fail. 2014; 36: 1169-1176. 
https://goo.gl/DGknE8

86. Gillbe CE, Sage FJ, Gutteridge JM. Commentary: Mannitol: molecule 
magnifi que or a case of radical misinterpretation? Free Radic Res. 1996; 24: 
1-7. https://goo.gl/gNRGn3

87. Martenssen J, Bellomo R. Prevention of renal dysfunction in postoperative 
elderly patients. Curr Opin Crit Care. 2014; 20: 451-459. https://goo.gl/yjPzdU

88. Macmillan-Crow LA, Cruthirds DL. Manganese superoxide dismutase in 
disease. Free Redic Res. 2001; 34: 325-336. https://goo.gl/69zcr6

89. Saba H, Batinic-Haberle I, Munusamy S, Mitchell T, Lichti C, Megyesi J, et 
al. Manganese porphyrins reduce renal injury and mitochondrial damage 
during ischemia-reperfusion. Free Radic Biol Med. 2007; 42: 1571-1578. 
https://goo.gl/7S7UdA

90. Odeh AM, Craik JD, Ezzeddine R, Tovmasyan A, Batinic-Haberle I, Benov 
LT. Targeting mitochondria by Zn (II) N-Alkyl pyridyl porphyrins: the impact 
of compound sub-mitochondrial partition on cell respiration and overall 
photodynamic effi ciency. PLoS One; 2014; 9: 108238. https://goo.gl/aKYuuu

91. Miriyala S, Spasojevic I, Tovmasyan A, Salvemini D, Vujaskovic Z, St Clair 
D, et al . Manganese superoxide dismutase, MnSOD and its mimics. Biochim 
Biophys Acta. 2012; 1822: 794-814. https://goo.gl/Z3DFmd

92. Yulyana, Tovmasyan A, Ho IA, Sia KC, Newman JP, Ng WH, et al. Redox 
active Mn Porphyrin based potent SOD mimic MnTnBuOE-2-PyP5+ 
enhances carbenoxolone mediated TRAIL induced apoptosis in Glioblastoma 
Multiforme. Stem Cell Rev. 2016; 12: 140-155. https://goo.gl/beKUYE

93. Batinic-Haberle I, Tovmasyan A, Spasojevic I. An educational overview of 
the chemistry, biochemistry and therapeutic aspects of Mn Porphyrins: From 
superoxide dismutation to H2O2 driven pathways. Redox Biol. 2015; 5: 43-65. 
https://goo.gl/MZWK25

94. Alenezi A, Novara G, Mottrie A, Al-Buheissi S, Karim O. Zero ischemia partial 
nephrectomy: a call for standardized nomenclature and functional outcomes. 
Nat Rev Urol. 2016; 13: 674-683. https://goo.gl/gEwgqt

95. Hou W, Ji Z. Achieving zero ischemia in minimally invasive partial 
nephrectomy surgery. Int J Surg. 2015; 18: 48-54. https://goo.gl/VuQbK7

96. Kriegmair MC, Pfalzgraf D and Häcker A, Michel MS. ZIRK technique: zero 
ischemia resection in the kidney for high risk renal masses: Perioperative 
outcome. Urol Int. 2015; 95: 216-222. https://goo.gl/STe8ab

97. Mir MC, Ercole C, Takagi T, Zhang Z, Velet L, Remer EM, et al. Decline 
in renal function after partial nephrectomy: etiology and prevention. J Urol. 
2015; 193: 1889-1898. https://goo.gl/hMvMWs

98. Chatauret N, Thuillier R, Hauet T. Preservation strategies to reduce ischemic 
injury in kidney transplantation: pharmacologic and genetic approaches. Curr 
Opin Organ Tranplant. 2011; 16: 180-187. https://goo.gl/2GFhzd

99. Wilson CH, Brook NR, Talbot D. Preservation solutions for solid 
organ transplantation. Mini Rev Med Chem. 2006; 6: 1081-1090. 
https://goo.gl/6ATGHT

100. Timsit MO, Tullius SG. Hypothermic kidney preservation: a remembrance 
of the past in the future? Curr Opin Organ Transplant. 2011; 16: 162-168. 
https://goo.gl/hjJc2C

101. Murry CE, Jennings RB, Reimer KA. Pre-conditioning with ischemia: A delay 
of lethal cell injury in ischemic myocardium. Circulation. 1986; 74: 1124-
1136. https://goo.gl/68ptqo

102. Er F, Nia AM, Dopp H, Hellmich M, Dahlem KM, Caglayan E, et al. Ischemic 
preconditioning for prevention of contrast medium-induced nephropathy: 
randomized pilot RenPro Trial (Renal Protection Trial). Circulation. 2012; 
126: 296-303. https://goo.gl/JKFBDT

103. Gassanov N, Nia AM, Caglayan E, Er F. Remote ischemic preconditioning 
and renoprotection: From myth to a novel therapeutic option? J Am Soc 
Nephrol. 2014; 25: 216-224. https://goo.gl/gbTjxa

104. Crowley LE, McIntyre CW. Remote ischemic conditioning: therapeutic 
opportunities in renal medicine. Nat Rev Nephrol. 2013; 9: 739-746. 
https://goo.gl/JGjztR 

105. Sabbagh S, Henry Salzman MM, Kloner RA, Simkhovich BZ, Rezkella SH. 
Remote ischemic preconditioning for coronary artery bypass graft operation. 
Ann Thorac Surg. 2013; 96: 727-736. https://goo.gl/zK5oDT

106. Zarbock A, Kellum JA. Remote ischemic preconditioning and protection of 
the kidney- A novel therapeutic option. Crit Care Med. 2016; 44: 607-616. 
https://goo.gl/G6dK2V 

107. Yoon YE, Lee KS, Choi KH, Kim KH, Yang SC, Han WK. Preconditioning 
strategies for kidney ischemia reperfusion injury: implications of the “time 
window” in remote ischemic preconditioning. PLoS One. 2015; 10: 0124130 
https://goo.gl/7Ka3Re

108. Zarbock A, Schmidt C, Aken HV, Wempe C, Martens S, Zahn PK, et al. 
Effect of remote ischemic preconditioning in kidney injury among high risk 
patients undergoing cardiac surgery: A randomized clinical trial. JAMA. 
2015; 313: 2133- 2141. https://goo.gl/u9zuh8 

109. Huang J, Chen Y, Dong B, Kong W, Zhang J, Xue W, et al. Effect of ischemic 
preconditioning on renal protection in patients undergoing laparoscopic 
partial nephrectomy: A blinded randomized controlled trial. BJU Int. 2013; 
112: 74-80. https://goo.gl/B5QWch 

110. Kierulf-Lassen C, Kristensen ML, Birn H, Jesperson B, Norregaard R. No 
effect of remote ischemic conditioning strategies on recovery from renal 
ischemia reperfusion injury and protective molecular mediators. PLoS One. 
2015; 10: e0146109. https://goo.gl/nB6y7H

111. Chen Y, Zheng H, Wang X, Zhou Z, Luo A, Tian Y. Remote ischemic 
preconditioning fails to improve early renal function of patients undergoing 
living donor renal transplantation: A randomized control trial. Transplantation. 
2013; 95: e4-e6. https://goo.gl/e4SWV9

112. Przyklenk K. Ischemic conditioning: Pitfalls on the path to clinical translation. 
Br. J Pharmacol. 2015; 172: 1961-1973. https://goo.gl/nKL5vB

113. Kork F, Holger K, Eltzschig .The devil is in the detail: Remote ischemic 
preconditioning for perioperative kidney protection. Anesthesiology. 2017; 
126: 763-765. https://goo.gl/b9LiRi 

114. McCafferty K, Forbes S, Thiemermann C, Yaqoob MM. The challenge of 
translating ischemic conditioning from animal models to humans: the role of 
comorbidities. Dis Model Mech. 2014; 7: 1321-1333. https://goo.gl/QEHEGQ 

115. Kierulf-Lassen C, Nieuwenhuijs GJ, Krogstrup NV, Oltean M, Jesperson B, 
Dor FJ. Molecular Mechanisms of Renal Ischemic Conditioning Strategies. 
Eur Surg Res. 2015; 55: 151-183. https://goo.gl/48CpXs

116. Kharbanda RK, Nielsen TT, Redington AN. Translation of remote ischemic 
preconditioning into clinical practice. Lancet. 2009; 374: 1557-1565. 
https://goo.gl/njiJTa

117. Kapitsinou PP, Haase VH. Molecular mechanisms of ischemic preconditioning 
in the kidney. Am J Physiol Renal Physiol. 2015; 309: F821-F834. 
https://goo.gl/v94hdL 

118. Gleadle JM, Mazzone A. Remote ischemic preconditioning: closer 
to the mechanism? F1000Res. 2016; 5 (F1000 Faculty Rev) 2846. 
https://goo.gl/vP4vDP

119. Liu Z, Gong R. Remote ischemic preconditioning and kidney protection: 
GSK2β centric insights into the mechanism of action. Am J Kidney Dis. 
2015; 66: 846-856. https://goo.gl/TPJrGL

120. Hussein AM, Harra AM, Awadalla A, Barakat N, Khater S, Shokeir AA. 
Remote limb ischemic preconditioning (rIPC) activates antioxidant and 
antiapoptotic genes and inhibits proinfl ammatory cytokine genes in renal 
ischemia/ reperfusion injury. Gen Physiol Biophys. 2016; 35: 77-86. 
https://goo.gl/PZU8qY

121. Timmermans K, Kox M, Scheffer GJ, Pickkers P. Danger in the intensive 



American Journal of Urology Research

SCIRES Literature - Volume 2 Issue 1 - www.scireslit.com Page - 028

care unit: DAMPs in critically ill patients. Shock. 2016; 45: 108-116. 
https://goo.gl/abwhUh

122. Pradeu T, Cooper EL. The danger theory: 20 years later. Front Immunol. 
2012; 3: 287. https://goo.gl/5M75dN

123. Gardner DS, Welham SJM, Dunford LJ, McCulloch TA, Hodi Z, Sleeman 
PM. Remote conditioning or erythropoietin before surgery primes kidneys 
to clear ischemia-reperfusion damaged cells: A renoprotective mechanism? 
Am J Physiol Renal Physiol. 2014; 306: F873-F884. https://goo.gl/122P65

124. Giricz Z, Varga ZV, Baranyai T, Sipos P, Poloczik K, Kittel A, et al. 
Cardioprotection by remote ischemic preconditioning of the rat heart is 
mediated by extracellular vesicles. J Mol Cell Cardiol. 2014; 68:75-78. 
https://goo.gl/DgHJHt 

125. Olenchock BA, Moslehi J, Baik AH, Davidson SM, Willaims J, Gibson WJ, 
et al. EGLN1 inhibition and rerouting of α-keto glutarate suffi ce for remote 
ischemic protection. Cell. 2016; 164: 884-895. https://goo.gl/JjQZX6

126. Davidson SM, Selvaraj P, He D, Boi-Doku C, Yellon RL, Vicencio JM, 
et al. Remote ischemic preconditioning involves signaling through the 
SFD-1α/CXCR4 signaling axis. Basic Res Cardiol. 2013; 108: 377. 
https://goo.gl/j8FfLJ 

127. Abassiz Z, Shalabi A, Sohotnik R, Nativ O, Awad H, Bishara B, et al. Urinary 
NGAL and KIM1: Biomarkers for assessment of acute ischemic kidney 
injury following nephron sparing surgery. J Urol. 2013; 189: 1559-1566. 
https://goo.gl/p1U7va 

128. Ko GJ, Grigoryev DN, Linfert D, Jang HR, Watkins T, Cheadle C, et al. 
Transcriptional analysis of kidneys during repair from AKI reveals possible 
roles for NGAL and KIM-1 as biomarkers of AKI-to-CKD transition. Am J 
Physiol Renal Physiol. 2010; 298: F1472-F1483. https://goo.gl/N3PTai

129. Williams JH, Ireland HE. Sensing danger: HSP-72 and HMGB1 as candidate 
signals. J Leukoc Biol. 2008; 83: 489-492. https://goo.gl/wd1eEG 

130. Yang H, Wang H, Chavan SS, Anderson U. The high mobility group box 
protein-1(HMGB1): The prototypical endogenous danger molecule. Mol 
Med. 2015; 21(Suppl 1): S6-S12. https://goo.gl/95cC9Q

131. Yang H, Antoine DJ, Anderson U, Tracey KJ. The many faces of HMGB1: 
Molecular structure-functional activity in infl ammation, apoptosis, 
chedmotaxis. J Leukoc Biol. 2013; 93: 865-873. https://goo.gl/UySryA 

132. Keyel PA. How is infl ammation initiated: Individual infl uences of IL-1, IL-1β 
and HMGB1? Cytokine. 2014; 69: 136-145. https://goo.gl/ihtxw4 

133. Lu B, Wang H, Anderson U, Tracey KJ. Regulation of HMGB1 release by 
infl ammasomes. Protein Cell. 2013; 4: 163-167. https://goo.gl/4HDYAr 

134. Yang R, Zhu S, Tonnessen TI. Ethyl pyruvate is a novel anti-infl ammatory 
agent to treat multiple infl ammatory organ injuries. J Infl ammation. 2016; 13: 
37-47. https://goo.gl/djqoFi

135. Chung KY, Park JJ, Kim YS. The role of high mobility group box-1 in renal 
ischemia and reperfusion injury and the effect of ethyl pyruvate. Transplant 
Proc. 2008; 40: 2136-2138. https://goo.gl/Yub13g

136. Reade MC, Fink MP. Bench-to-bedside review: Amelioration of acute 
renal impairment using ethyl pyruvate. Crit Care. 2005; 9: 556-560. 
https://goo.gl/mNbEcL 

137. Kao K, Fink MP. The biochemical basis for the anti-infl ammatory and 
cytoprotective actions of ethyl pyruvate and related compounds. Biochem 
Pharmacol. 2010; 80: 151-159. https://goo.gl/tsjCXH

138. Jang HJ, Kim YM, Tsoyi K, Park EJ, Lee YS, Kim HJ, et al. Ethyl pyruvate 
induces heme oxygenase-1 through p38 mitogen activated protein kinase 
activation by depletion of glutathione in RAW 264.7 cells and improves 
survival in septic animals. Antiox Redox Signal. 2012; 17: 878-889. 
https://goo.gl/MQhy9o

139. Kim S-W, Lee H-K, Shin J-H, Lee J-K. Up-down regulation of HO-1 and 
iNOS gene expressions by ethyl pyruvate via recruiting p300 to Nrf2 
and depriving it from p65. Free Radic Biol Med. 2013; 65: 468-476. 
https://goo.gl/vPQ67m 

140. Mizutani A, Maeda N, Toku S, Higa-Nakamine S, Isohama Y, Sunakawa H, 

et al. Interaction of ethyl pyruvate in vitro with NF-kB subunits RelA and p50. 
Eur J Pharmacol. 2011; 650: 151-156. https://goo.gl/ZSdb2j 

141. Mizutani A, Maeda N, Toku S, Isohama Y, Sugahara K, Yamamoto H. 
Inhibition by ethyl pyruvate of the nuclear translocation of nuclear factor-
kB in cultured lung epithelial cells. Pulm Pharm Ther. 2010; 23: 308-315. 
https://goo.gl/TjtVLB

142. Muller AJ, DuHadaway JB, Jaller D, Curtis P, Metz R, Prendergast GC. 
Immunotherapeutic suppression of indolamine 2,3-dioxygenase and 
tumor growth with ethyl pyruvate. Cancer Res. 2010; 70: 1845-1853. 
https://goo.gl/xrr5vS

143. Ferenbach DA, Bonventre JV. Acute kidney injury and chronic kidney 
disease: From the laboratory to the clinic. Nephrol Ther. 2016; 125: 541-
548. https://goo.gl/vrEJKz

144. Szeto HH, Liu S, Soong Y, Birk AV. Improving mitochondrial bioenergetics 
under ischemic conditions increases warm ischemia tolerance in the kidney. 
Am J Physiol Renal Physiol. 2015; 308: F11-F21. https://goo.gl/WdWvvv

145. Kim J, Devalaraja-Narasimha K, Padanilam BJ. TIGAR regulates glycolysis 
in ischemic kidney proximal tubules. Am J Physiol Renal Physiol. 2015; 308: 
F298-F308. https://goo.gl/bnHcd8

146. Sutton TA, Wilkinson J, Mang HE, Knipe NL, Plotkin Z, Hosein M, et al. 
p53 regulates renal expression of HIF-1α and pVHL under physiological 
conditions and after ischemia-reperfusion injury. Am J Physiol Renal Physiol. 
2008; 295: F1666-F1677. https://goo.gl/wbeAFm

147. Ying Y, Kim J, Westphal SN, Long KE, Padanilam BJ. Targeted deletion of 
p53 in the proximal tubule prevents ischemic renal injury. J Am Soc Nephrol. 
2014: 25: 2707-2716. https://goo.gl/XmK2TR

148. Shen YL, Sun L, Hu YJ, Liu HJ, Kuang XY, Niu XL, et al. p53 inhibitor 
pifi thrin-α prevents the renal tubular epithelial cells against injury. Am J 
Transl Res. 2016; 8: 4040-4053. https://goo.gl/4ScYnw

149. Mc Nicholas BA, Griffi n MD. Double edged sword: a p53 regulator mediates 
both harmful and benefi cial effects in experimental acute kidney injury. 
Kidney Int. 2012; 81: 1161-1164. https://goo.gl/JnXDrw 

150. Grahammer F, Haenisch N, Steinhardt F, Sandner L, Roerden M, Arnold 
F, et al. mTORC1 maintains renal tubular homeostasis and is essential 
in response to ischemic stress. Proc Natl Acad Sci USA. 2014; 111: 
E2817-E2826. https://goo.gl/9FvmB6 

151. Yang CC, Lin LC, Wu MS, Chien CT, Lai MK. Repetitive hypoxic 
preconditioning attenuates renal ischemia/reperfusion induced oxidative 
injury via upregulating HIF-1α dependent bcl-2 signaling. Transplantation. 
2009; 88: 1251-1260. https://goo.gl/3cc556

152. Nakayama Y, Ueda S, Yamagishi S, Obara N, Taguchi K, Ando R, et al. 
Asymmetric dimethylarginine accumulates in the kidney during ischemia-
reperfusion injury. Kidney Int. 2014; 85: 570-578. https://goo.gl/NNqsnF

153. Jouret F, Leenders J, Poma L, Defraigne JO, Krzesinski, de Tullio P. Nuclear 
magnetic resonance metabolomics profi ling of mouse kidney, urine and 
serum following renal ischemia/reperfusion injury. PLoS One. 2016; 11: 
e0163021. https://goo.gl/6BMoa2 

154. Wei Q, Xiao X, Fogle P, Dong Z. Changes in metabolic profi les during acute 
kidney injury and recovery following ischemia/reperfusion. PLoS One. 2014; 
9: e106647. https://goo.gl/aa9ANS 

155. Lan R, Geng H, Singha PK, Saikumar P, Bottinger EP, Weinberg JM, et 
al. Mitochondrial pathology and glycolytic shift during proximal tubule 
atrophy after ischemic AKI. J Am Soc Nephrol. 2016; 27: 3356-3367. 
https://goo.gl/CmE66V 

156. Geng H, Lan R, Wang G, Siddiqi AR, Naski MC, Brooks AI, et al. Inhibition 
of auto regulated TGFβ signaling simultaneously enhances proliferation 
and differentiation of kidney epithelium and promotes repair following renal 
ischemia. Am J Pathol. 2009; 174: 1291-1308. https://goo.gl/2DTacX

157. Yang L, Humphreys BD, Bonventre JV. Pathophysiology of acute kidney 
injury to chronic kidney disease: Maladaptive repair. Contrib Nephrol. 2011; 
174:149-155. https://goo.gl/BgZW5r 


	Ischemia Time in Partial Nephrectomiesfor Kidney Cancer: Strategies toPreserve Parenchymal Function
	ABSTRACT
	INTRODUCTION
	THE THERAPEUTIC POTENTIAL OF INDUCINGHYPOMETABOLISM: THE ROLE OF HYDROGENSULFIDE (H2S)
	THE THERAPEUTIC POTENTIAL OF INDUCINGHYPOMETABOLISM: THE ROLE OF 5’-AMP
	THE CONCEPT OF INDUCING HYPOTHERMIA
	THERAPEUTIC POTENTIAL OF A RENOPROTECTIVECOCKTAIL
	ROLE OF SUPEROXIDE DISMUTASES INRENAL ISCHEMIA REPERFUSION INJURY
	THE FEASIBILITY OF ZERO ISCHEMIADURING PN
	POTENTIAL ROLE OF REMOTE ISCHEMICPRE-CONDITIONING [RIPC] DURING PNSURGERY FOR SMALL RENAL CANCERMASSES
	THE BENEFITS OF ETHYL PYRUVATE INISCHEMIA REPERFUSION INJURY
	HOW METABOLIC REPROGRAMMING CANPROTECT RENAL PARENCHYMA FROMISCHEMIA-REPERFUSION INJURY AND ACTIVATIONOF INNATE IMMUNITY MECHANISMS?
	CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	REFERENCES

