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Kidney transplantation is the treatment of choice for patients with kidney failure. Compared to dialysis therapy,
it provides better quality of life and confers significant survival advantage at a relatively lower cost. However,
the long-term success of this life-saving intervention is severely hampered by an inexorable clinical problem
referred to as ischemia-reperfusion injury (IRI), and increases the incidence of post-transplant complications
including loss of renal graft function and death of transplant recipients. Burgeoning evidence shows that nitric
oxide (NO), a poisonous gas at high concentrations, and with a historic negative public image as an environ-
mental pollutant, has emerged as a potential candidate that holds clinical promise in mitigating IRI and pre-
venting acute and chronic graft rejection when it is added to kidney preservation solutions at low concentrations
or when administered to the kidney donor prior to kidney procurement and to the recipient or to the reperfusion
circuit at the start and during reperfusion after renal graft preservation. Interestingly, dysregulated or abnormal
endogenous production and metabolism of NO is associated with IRI in kidney transplantation. From experi-
mental and clinical perspectives, this review presents endogenous enzymatic production of NO as well as its
exogenous sources, and then discusses protective effects of constitutive nitric oxide synthase (NOS)-derived NO
against IRI in kidney transplantation via several signaling pathways. The review also highlights a few isolated

studies of renal graft protection by NO produced by inducible NOS.

1. Introduction

Kidney transplantation is a renal replacement therapy that has
become the treatment of choice for patients with end-stage renal disease,
as it provides better quality of life and confers significant survival
advantage at a much lower cost compared to dialysis therapy. However,
like the transplantation of other solid organs, the long-term success of
kidney transplantation is severely hampered by ischemia-reperfusion
injury (IRI). Renal IRI is an inevitable clinical challenge due to tempo-
rary cessation of blood flow during renal graft procurement (warm
ischemia) followed by storage in cold preservation solution (cold
ischemia) and restoration of warm oxygenated blood (reperfusion) upon
implantation of the renal graft. IRI increases the incidence of delayed
graft function, primary non-function, and other post-transplant com-
plications [1-3]. This has necessitated the search for novel approaches
to modify the existing kidney transplantation protocol to limit IRI and its
detrimental effects.

Nitric oxide (NO), formerly known as endothelium-derived relaxing

factor, is the first identified member of a family of gaseous signaling
molecules referred to as “gasotransmitters”, and has emerged as a po-
tential candidate that holds clinical promise in mitigating IRI and pro-
tecting against acute and chronic graft rejection when it is added to
kidney preservation solution or administered to the kidney donor prior
to kidney procurement and to the recipient or to the reperfusion circuit
at the start and during reperfusion. This is due to its therapeutic prop-
erties, which include vasodilation, antioxidant, anti-inflammatory and
anti-apoptotic properties, which it shares with other members of the
gasotransmitter family [4-7]. NO is a colorless and odorless free radical
gas with high lipid solubility but limited water solubility, and denser
than air. It is a non-flammable, poisonous and highly reactive gas, an
environmental pollutant that is emitted at high concentrations into the
atmosphere from fuel combustion in mobile and stationary sources [8].
However, its endogenous production at low physiological concentra-
tions in the vascular endothelium, neural and some other cell types plays
important roles in vascular homeostasis (e.g. vascular smooth muscle
relaxation and regulation of arterial blood pressure), oxygen delivery,
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post-natal angiogenesis, neurotransmission, immune and sexual func-
tions and a myriad of physiological processes. NO also has numerous
vasoprotective and anti-atherosclerotic effects. Interestingly, dysregu-
lated or abnormal endogenous production and metabolism of NO is
widely associated with pathogenesis and progression of vascular
dysfunction and impaired tissue perfusion, which negatively impacts
kidney transplantation outcomes. For example, over-production of NO
has been associated with the development of macrovascular compro-
mise, bioenergetics failure and cytotoxicity [9-12] while reduced NO
production is linked to microvascular dysfunction [13-17]. From
experimental and clinical perspectives, this review presents endogenous
enzymatic production of NO as well as its exogenous sources, and then
discusses protective effects of constitutive nitric oxide synthase
(NOS)-derived NO against IRI in kidney transplantation via several
signaling pathways. The review also highlights a few isolated studies of
graft protection by NO-producing iNOS.

2. Sources of nitric oxide
2.1. Production of nitric oxide in the body

As illustrated in Fig. 1 below, NO is synthesized by a group of en-
zymes called nitric oxide synthases (NOS), using L-arginine and mo-
lecular oxygen as substrates and reduced nicotinamide-adenine-
dinucleotidephosphate (NADPH), and reduced tetrahydrobiopterin
(BH4) as co-factors to produce L-citrulline, with NO as a by-product [18,
19]. After its production, NO is quickly degraded to nitrate and nitrite
(NOx; stable end products), and serve as noninvasive biomarkers of
renal graft rejection, as they can be measured in serum and urine. The
NO produced by NOS rapidly diffuses in a paracrine fashion into the
adjacent smooth muscle layer, where it acts on several target proteins
and enzymes to exert its physiological function through activation of
soluble guanylate cyclase, an enzyme that converts guanosine triphos-
phate (GTP) to cyclic guanosine monophosphate (cGMP) to mediate
many of the biological effects of NO [20]. Three structurally distinct
isoforms of NOS have been recognized in mammals and named ac-
cording to tissue type in which they were first identified. These iso-
enzymes are neuronal NOS (nNOS or NOSI), inducible NOS (iNOS or
NOSII) and endothelial NOS (eNOS or NOSIII). Interestingly, all the
three NOS isoforms can be found in a variety of cell types despite their
names. For example, nNOS is also found in enteric system, kidney
macula densa cells, pancreatic islet cells, skeletal muscle and in the
vascular smooth muscle cells besides its predominant localization in the
nervous system [21,22]. Endothelial NOS is also expressed in cardiac
myocytes, platelets, certain neurons in the brain, human placenta and
renal tubular epithelial cells besides being predominantly found in the
endothelium [22-25]. Inducible NOS is primarily found in macro-
phages, but its expression can be activated in any cell or tissue that re-
ceives the appropriate inducing agent [22,24]. In addition, all three
isoforms bind to calmodulin, which regulates their activities. In nNOS
and eNOS, which are constitutively expressed in mammalian cells,
calmodulin binding is activated by increased intracellular Ca®* con-
centration (between 200 and 400 nM), which catalyzes electron transfer
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reactions from NADPH during the synthesis of NO from L-arginine [26,
27]. Thus, increased Ca®"/calmodulin concentration increases NO pro-
duction by nNOS and eNOS momentarily and in the regulation of
physiological processes by NO. In iNOS, however, calmodulin binding is
independent of intracellular Ca?* concentration, as the binding can
occur even below intracellular Ca%" concentration of 40 nM [26]. This
unique feature of iNOS is due to the different amino acid structure at the
calmodulin-binding site compared to that in nNOS and eNOS. Hence,
production of NO by iNOS lasts much longer and with much higher
concentrations in cells than from nNOS and eNOS. It is important to note
that iNOS is not typically expressed in resting cells, and requires in-
duction by cytokines or microbial products such as bacterial endotoxins.
Thus, iNOS is predominantly expressed in response to inflammatory
stimulus but is also constitutively found in some tissues albeit at low
levels [28,29]. This suggests that iNOS is a pathological isoform of NOS
that contributes to pathophysiology of inflammatory conditions
including graft rejection in organ transplantation. However, the balance
between the beneficial and harmful effects of NO is determined by a
cascade of cellular and molecular events that regulate the site and de-
gree of NO production in response to inflammation.

2.2. Exogenous sources of nitric oxide

As dysregulated or abnormal production and metabolism of endog-
enous NO is widely associated with pathogenesis and progression of
vascular dysfunction and impaired tissue perfusion [12,15,17], and the
fact that the classic form of inhalation of NO gas is hampered by rapid
scavenging and inactivation by hemoglobin after diffusion into the
blood (i.e. short half-life) and thereby limiting its vasodilatory effect
largely to the lungs, there are organic and inorganic compounds from
other exogenous sources that function as NO donor molecules by pro-
ducing NO through mechanisms that are independent of NOS [30,31].
These NO donor molecules represent a useful pharmacological tool to
transport and control the release of NO systemically to mimic endoge-
nous NO synthesis, and have been used clinically for several decades.
These compounds include nitroprusside and nitroglycerin (glyceryl tri-
nitrate), which are widely used in vascular medicine [32]. Under
ischemic condition, NO donor molecules stimulate microcirculatory
relaxation and inhibit inflammatory pathways. This property makes NO
a suitable candidate drug for patients undergoing organ transplantation.
Other NO donors are isosorbide dinitrate, isosorbide mononitrate, iso-
amyl nitrate, nicorandil, S-nitrosothiols, inorganic nitroso compounds,
sydnonimines, NONOates, and hybrid NO donors such as nitroaspirin
and S-nitro-NSAIDs [30,33,34].

3. Nitric oxide in kidney transplantation

There is currently a global shortage of donor kidneys due to the
increasing number of dialysis patients on the transplant waiting list
compared to the number of transplantable kidneys available. This has
led to increasing use of suboptimal renal grafts from high-risk donors
such extended criteria donors, donors-after-brain-death (DBD) and
donors-after-cardiac-death (DCD), previously called non-heart-beating
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Fig. 1. Enzymatic production of endogenous NO. NO is synthesized by a group of enzymes called nitric oxide synthases (nNOS, iNOS and eNOS) using L-arginine and
molecular oxygen as substrates and reduced nicotinamide-adenine-dinucleotide phosphate (NADPH), and reduced tetrahydrobiopterin (BH4) as co-factors.



G.J. Dugbartey

donors. However, kidneys from these sources have greater ischemic
damage prior to reperfusion and show reduced viability after trans-
plantation. Nonetheless, they represent an inevitable option to expand
the donor pool to meet the increasing global shortage and demand for
donor kidneys. The current clinically approved method of donor kidney
preservation for transplantation is static cold storage (SCS) in University
of Wisconsin (UW) solution or histidine-tryptophan-ketoglutarate (HTK)
solution on ice at 4 °C with the aim of mitigating IRI by slowing cellular
activity and reducing production of toxic metabolites prior to trans-
plantation [35-38]. However, SCS also contributes to IRI of the renal
graft with increased rates of acute tissue necrosis, decreased graft sur-
vival, and delayed graft function [35,39-41]. The patholphysiology of
IRI involves complex and multifactorial mechanisms including deleption
of adenosine triphosphate (ATP), opening of mitochondrial permeability
transition pores (MPTP; an indicator of mitochondrial dysfunction)
during ischemia and subsequent realease of calcium into the the cyto-
plams, and thereby activating Ca"-dependent cytosolic phospholipases
and lipases and resulting cell swealling. In addition, MPTP opening re-
sults in mitochondrial release of pro-apoptotic factors such as cyto-
chrome c¢, endonuclease G and apoptosis-inducing factor into the
cytoplasm and nucleus, which activate caspase cascade and other
downstream events that lead to apoptosis in a caspase-dependent and
caspase-independent manner [35,42,43]. Restoration of warm oxygen-
ated blood during reperfusion of the ischemic graft also activates addi-
tional pathological pathways including over-production of reactive
oxygen species (ROS; a destructive mediator of cell and tissue injury)
mainly from the mitochondria as well as system release of
pro-inflammatory mediators such as cytokines, chemokines, adhesion
molecules, which compromises cell permeability and culminates in cell
death [35,42,43]. While limiting warm and cold ischemic time is
currently the only approach to minimize IRI, there is a growing interest
in experimentally exploring novel pharmacological strategies involving
endogenous nitric oxide and its donor compounds against IRI, which
could aid the necessity of increasing the quality of renal graft preser-
vation and perhaps safely extend the cold ischemic time with minimal or
no injury.
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3.1. Endogenously produced nitric oxide in kidney transplantation

As mentioned in subsection 2.1 above, iNOS is a pathological isotype
of NOS that contributes to pathophysiology of inflammatory conditions.
Therefore, inhibition of iNOS has been reported to protect renal grafts.
In a rat model of kidney allotransplantation, Barakat et al. [44] observed
markedly decreased serum creatinine and blood urea nitrogen (BUN)
and minimal renal tubular damage in transplant recipient rats following
administration of 300 mg/kg L-arginine (precursor of NO) to donor rats
before renal graft procurement and transplantation. Although the au-
thors did not explore potential mechanisms underlying renal graft pro-
tection by L-arginine, other studies reported that inhibition of NO/cGMP
signaling pathway abolished renal graft-protecting effect of L-arginine
[45], suggesting that the graft protecting-effect of L-arginine is depen-
dent on NO/cGMP mechanism, a pathway that mediates vasodilation
and other biological effects (Fig. 2). The involvement of NOS in renal
allograft protection was confirmed by the same research group when
they reported that administration of constitutive NOS inhibitors resulted
in renal allograft dysfunction in transplant recipient rats [44]. In another
study, L-arginine also reduced proteinuria and glomerulosclerosis and
improved the function and survival of renal allografts in acute phase of
kidney transplantation in rats [46]. Similarly, pharmacological inhibi-
tion of constitutive NOS with n-omega-nitro-L-arginine methyl ester
(L-NAME) and NG-monomethyl-L-arginine (L-NMMA) in a rat model of
renal allograft rejection produced a severe graft damage by aggravating
alloimmune response evidenced by vascular leukostasis, vasculitis, and
T-cell and monocyte infiltration of the tubulointerstitium under cyclo-
sporine A therapy [47]. In a dog model of renal autotransplantation in
which renal grafts were cold-stored in UW solution for 24 h, renal pro-
duction of NO was significantly higher following reperfusion, which
correlated with reduced levels of serum creatinine, nitrogenous free
radicals while NO inhibition abrogated these benefits, contributing to
death of the transplant recipient dogs after post-transplant day 7 [48].
Also, as iNOS expression is well-known to be upregulated in acute and
chronic rejection in renal allografts in concert with influx of macro-
phages and other immune cells [49,50], its blockage with the specific
inhibitors, iminoethyl-lysine and 7-butylhexahydro-1H-azepin-2-imine
in transplant recipient rats under cyclosporine A therapy improved

Fig. 2. Renal allograft protection mediated by NO.
Endogenous production of NO or its exogenous supple-
mentation mediates renal graft protection by inhibiting
inflammatory and pro-apoptotic pathways while simulta-
neously activating antioxidant and vasodilatory pathways.
BAX; Bcl-2-associated X protein, BCL; B-cell lymphoma,
c¢GMP; cyclic guanosine monophosphate, GPx; glutathione
peroxidase, GTP; guanosine triphosphate, Karp; potassium-
sensitive adenosine triphosphate channel, MAPK; mitogen-
activated protein kinase, NF-xB; nuclear factor-kappaB,
NO; nitric oxide, sGC; soluble guanylate cyclase, and
SOD; superoxide dismutase.
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renal hemodynamics, reduced renal vascular resistance and restored
glomerular filtration rate (GFR) along with reduced tubulointerstitial
injury compared to cyclosporine A-treated control rats that did not
receive iNOS inhibitors [49,51]. Furthermore, renal proximal tubules
isolated from iNOS knockout mice were resistant to hypoxic injury (in
vitro version of ischemic injury in in vivo models) in comparison with
wildtype control tubules, while tubules from constitutive NOS suc-
cumbed to hypoxic injury [52]. These pieces of laboratory evidence
suggest that NO production by iNOS contributes to pathophysiology of
renal allografts and that pharmacological or genetic inhibition of iNOS
may be protective against IRI in transplantation. In contrast, iNOS
deficiency in kidney donors resulted in significantly advanced allograft
failure in a mouse model of kidney allotransplantation [53]. This was
evidenced by decreased recipient survival by over 4-folds along due to
more severe renal tubular injury and marked decrease in renal function
compared to wildtype allografts [53]. In a separate eperiment by the
same authors, upregulation of iNOS expression in renal tubular epithe-
lial cells was associated with a stronger resistance to apoptosis mediated
by allogeneic lymphocytes [53]. This suggests that renal production of
NO by iNOS can also contribute to renal allograft protection. However,
further investigations are needed to support this report.

Beyond the boundaries of these promising preclinical findings, a
clinical study involving 18 patients who underwent DCD kidney trans-
plantation revealed increased iNOS expression in acute renal graft
rejection [54] while increased eNOS expression during early reperfusion
in 25 children who underwent living related-donor kidney trans-
plantation was associated with enhanced recovery from renal ischemia
and prolonged graft survival [55]. In another clinical study, L-arginine
administration increased renal blood flow (RBF) and GFR with a decline
in renal vascular resistance in kidney transplant recipients [56] and also
improved renal function in a randomized, double-blind study in which
54 kidney transplant recipients received grafts that were subjected to a
short period of cold storage and from young donors [46]. Taken
together, NO produced by iNOS participates in renal graft injury while
NO produced by constitutive NOS protects renal grafts.

3.2. Nitric oxide donors in kidney transplantation

A substantial body of experimental evidence has established pro-
tective effects of NO donors in kidney transplantation and their impor-
tance in vascular homeostasis. In an ex vivo porcine model of DCD
kidney transplantation to determine the effects of NO on renal function,
18 h of cold storage of the renal graft in Marshall’s solution at 4°C fol-
lowed by 3 h of reperfusion at 37°C with addition of sodium nitroprus-
side (NO donor) to the reperfusion circuit at a rate of 1.5 mg/h resulted
in significantly increased RBF, improved renal oxygen consumption,
creatinine clearance, fractional excretion of sodium compared to control
grafts without sodium nitroprusside supplementation [57]. This result
supports that of a previous ex vivo porcine model DCD of kidney trans-
plantation by another research group in which sodium nitroprusside
delivered at a rate of 25 mL/h for 5 min before and during the first hour
of reperfusion markedly improved RBF and reduced serum creatinine
level following 2 h of warm preservation at 39°C and 16 h of cold storage
at 4°C [58]. In both studies, the improvement in RBF observed in the
NO-supplemented renal grafts implies vasodilation induced by NO,
which could be via mechanisms such as PI3/Akt and sGC/PKG signaling
pathways and opening of adenosine triphosphate-sensitive potassium
(Katp) channels as was reported in a rat model of renal
ischemia-reperfusion injury [59,60] (Fig. 2). In addition, the
graft-protecting property of NO is partly due to its ability to suppress the
signaling pathways of mitogen activated protein kinases (MAPK; a major
inflammatory mediator) as well as free radical formation and apoptosis
[61-63] (Fig. 2).

While the result by Yates et al. [57] is promising, they also observed
accumulation of nitrogenous free radicals later in reperfusion, which
impaired RBF. This corroborates a previous finding in a rat model of
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ischemic preconditioning in kidney allotransplantation to determine the
most suitable preconditioning schedule. In that study, prolonged
reperfusion after administration of spermine NONOate (NO donor) in
donor rats at 5 minutes before induction of warm ischemia followed by
cold storage in Euro-Collins solution at 4°C abrogated
preconditioning-induced allograft protection, with increased renal
content of reactive nitrogen species (RNS; a destructive tissue mediator)
while allograft protection was observed during early reperfusion and
associated with reduced renal RNS [64]. Clinically, this suggests that
although NO administration to the organ donor prior to graft procure-
ment or addition to the reperfusion circuit improves renal allograft
function, caution should be taken to prevent potential detrimental ef-
fects associated with accumulation of nitrogenous compounds in the
renal allograft. In a rat model of kidney transplantation to assess the
effect of newly developed NO donors (LA-803, LA807 and LA810),
24 hours of cold storage of renal allografts in Euro-Collins solution fol-
lowed by supplementation with 1.8 ymol/kg these NO donors at
30 minutes prior to 4 hours of reperfusion as well as administration of
the NO donors in recipient rats significantly reduced tissue and plasma
levels of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interferon-gamma (IFN-y), interleukin-lbeta (IL-1f) and
neutrophil infiltration, and superoxide anions while increasing the level
of IL-10 (an anti-inflammatory mediator) [65]. Overall, administration
of NO donors to organ donors prior to transplantation or to transplant
recipients or its addition during reperfusion improves renal allograft
function and survival via mechanisms which include PI3/Akt, sGC/PKG
signaling  pathways, Ksrp channel opening, antioxidant,
anti-inflammatory, anti-apoptotic and other potentially unidentified
mechanisms.

4. Spatiotemporal pattern of nitric oxide release kinetics and
biological effect

The biological effects of NO such as vasodilation can be attributed to
the spatiotemporal patterns of its production and degradation. For
example, the response of blood vessels to NO was determined by the
spatial location of NO synthesis in which large vasodilation events were
followed by post-stimulus vasoconstrictions due to increased NO
degradation by high levels of free hemoglobin in the plasma under
pathological conditions such as hypoxia or hyperoxia [66]. Using
magnetic resonance imaging and computational fluid dynamics
modeling, Qian and colleagues [67] also observed uneven distribution
of NO on the endothelial surface in human atherosclerotic carotid artery,
with higher volume-weighted average NO concentrations in areas with
atherosclerotic plaques compared to plaque-free regions. This report
indicates that atherosclerotic plague or its components contribute in
determining space-averaged NO concentration on the endothelial sur-
face in arteries. These two results are in agreement with a previous study
in which intracellular near-infrared fluorescent nanosensor probe
revealed spatiotemporal NO signaling gradients in pathologies as well as
in physiological functions [68]. Collectively, these studies suggest that
vascular dynamics may be due to averaged local concentrations of NO.

5. Other gasotransmitters in kidney transplantation

Besides NO, other members of the gasotransmitter family such as
carbon monoxide (CO) and hydrogen sulfide (HyS) have also been re-
ported to be beneficial in experimental kidney transplantation. Although
historically regarded solely as a poisonous gas, CO is the second iden-
tified member of the gasotransmitter family, with therapeutic potential
at low physiological concentrations. Using a rat model of orthotopic
kidney transplantation, SCS of renal allografts in UW solution at 4 °C for
24 hours followed by implantation in CO-treated recipients (250 ppm)
markedly downregulated the expression of pro-inflammatory genes
including HO-1 and iNOS genes, reduced serum creatinine level and
macrophage sequestration in renal allografts relative to air-exposed
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control recipients [69]. Compared to air-exposed control group, CO also
significantly reduced tubular necrosis score, interstitial hemorrhage and
edema in renal allografts in CO-treated recipients, along with preserved
glomerular vasculature and improved RBF, and thereby contributing to
prolonged recipient survival [69]. This implies that CO affords renal
allograft protection against transplantation-IRI via several mechanisms
that include HO-1/CO/NO signaling pathway. The same salutary effect,
including reduction in the occurrence of delayed graft function, was
observed in other animal models of kidney transplantation in which CO
was either added to preservation solution during SCS of renal grafts or
administered to donor animals prior to donor kidney procurement
[70-73]. In place of gaseous CO, other researchers also used
CO-releasing molecules and reported the same therapeutic benefits after
experimental kidney transplantation [74-76].

Just like NO and CO, renal graft protection has also been reported
following administration of HaS. HyS is the third established member of
the gasotransmitter family after NO and CO, and has been used in the
form of donor compounds (e.g. sodium thiosulfate, sodium hydrosulfide,
GYY4137 and AP39) in a various animal models of human diseases
including kidney transplantation. In a recent rat model of syngeneic
orthotopic kidney transplantation, for example, supplementation of UW
solution with 150 uM of sodium thiosulfate (STS) during 24 h of SCS of
renal isografts at 4°C, improved acute tubular necrosis scores and graft
function, with significantly decreased serum creatinine level that was
comparable to sham-operated rats, and culminated in prolonged recip-
ient survival compared to control group without STS treatment [77].
Similarly, addition of 200 nM of AP39 to UW solution during 4 hours of
SCS at 4 and 21°C significantly improved renal graft outcomes compared
to untreated control grafts in a porcine model of ex vivo kidney preser-
vation and reperfusion [78,79]. This was evidenced by significantly
higher urine production, tissue oxygenation, perfusate pOs levels, as
well as reduced proteinuria and apoptotic injury in comparison with
control grafts [78,79]. Other HyS donors such as sodium hydrosulfide
and GYY4137 produced the same outcomes by preventing ROS-induced
oxidative stress, downregulating the expression of pro-apoptotic genes
(e.g. BID) while upregulating anti-apoptotic gene (e.g. ERK-1) expres-
sion in experimental models of kidney transplantation [80-82]. In the
same animal models of kidney transplantation, these HaS donors also
inhibited inflammatory pathways by reducing neutrophil and macro-
phage infiltration in renal grafts and downregulating renal expressions
of IFN-y and intercellular adhesion molecule-1, and increased RBF along
with decreased renal resistive index through vasodilation [80-82]. It is
important to note that among these HyS donor compounds, STS is the
only one which is clinically viable, and is currently used to treat calci-
phylaxis in patients with end-stage renal disease, cisplatin-induced
toxicity in cancer patients and as an antidote for acute cyanide
poisoning [83-85]. Collectively, H2S shows the same renal graft pro-
tection after kidney transplantation as was shown using NO and CO.
Remarkably, while other H,S donors are not clinically viable, the finding
that STS offers the same renal graft protection as non-clinically viable
HoS donors in experimental kidney transplantation is a promising
outcome, and suggests its future use in clinical transplantation, with the
potential of becoming an inexpensive and non-toxic pharmacological
approach to modify conventional renal graft preservation technique,
which could be extended to preservation of other transplantable solid
organs. However further experimental studies including the use of large
animal models (e.g. pigs) are required to validate this first preclinical
result.

6. Conclusion

Nitric oxide synthase appears to have biphasic actions in biological
systems, playing beneficial and detrimental roles in renal grafts as seen
in its anti-inflammatory and pro-inflammatory responses. Several
studies have established that pharmacological and genetic inhibition of
iNOS and production of constitutive NOS-derived NO protect renal
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grafts against IRI and acute and chronic graft rejection. Also, adminis-
tration of the NO precursor, L-arginine, or NO donors to the organ donor
prior to transplantation and/or to the organ recipient before or after
transplantation or addition to the cold preservation solution and
reperfusion circuit improves renal graft quality and increases graft
function and survival via several molecular mechanisms such NO/sGC/
c¢GMP signaling pathways, PI3/Akt, Katp channel opening, antioxidant,
anti-inflammatory and anti-apoptotic pathways. While the results of
these studies are promising, a few studies have also reported divergent
results in which upregulated iNOS expression correlated with graft
protection while constitutive NOS such as eNOS produced detrimental
effect. However, these contradictory findings should be considered in
individual cases. Overall, it is apparent that NO derived from constitu-
tive NOS exhibits renal graft-protecting effect while NO produced by
iNOS plays a significant detrimental role in renal IRI and graft rejection
after transplantation.
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