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The Role of Nitric Oxide in Renal Transplantation

By Ingrid H. C. Vos, Jaap A. Joles, and Ton J. Rabelink

his review discusses the concept that nitric oxide synthase (NOS) may orchestrate both the inflammatory
esponse to the renal allograft and anti-inflammatory defense in the graft itself. NO is produced by endothelial,
pithelial, as well as inflammatory cells. In the setting of transplantation, the endothelium is the first lining to be
ubjected to the early response to injury. In turn, activated endothelial cells facilitate leukocyte recruitment,

mmune-mediated injury, and angiogenesis. On activation by inflammatory stimuli, endothelial cells up-regulate
ultiple vasoactive substances, oxygen radicals, cytokines, chemokines, and growth factors. Therefore, endo-

helial integrity, especially the expression of protecting vasoactive agents, such as NO, may be a key factor in
esistance or sensitivity to transplantation-mediated injury. Thus, evaluating the mechanisms by which NO is
nvolved in either protecting or injuring the transplanted allogeneic kidney is important for our understanding of
enal allograft rejection. This review focuses on the role of NO in the inflammatory endothelial-leukocyte interac-
ions, which are implicated in acute and chronic rejection of the transplanted kidney.

2004 Elsevier Inc. All rights reserved.
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IDNEY TRANSPLANTATION has im-
proved survival and quality of life for pa-

ients with end-stage renal failure. On transplanta-
ion and during graft rejection, protection by
ndothelium-derived nitric oxide (NO) appears to
e defective because vasoconstriction, inflamma-
ion, thrombosis, and intimal proliferation are com-
on features in graft vasculopathy.1-3 Acute phe-

omena, before the inflammatory response and
ndothelial dysfunction, are leukocyte-endothelial
nteractions including the expression of cell adhe-
ion molecules,4 and release of chemokines,5,6 cy-
okines,7 and growth factors.8 The cell adhesion
olecule–mediated process of leukocyte recruit-
ent often results in endothelial cell dysfunction,
anifested as impaired endothelium-dependent va-

orelaxation in arterioles, excess fluid filtration in
apillaries, and enhanced protein extravasation in
enules.9-11

Hence, the condition of the endothelium and its
elease or deficit of vasodilating agents, such as
O, have been implicated in a variety of vascular
isorders such as ischemia/reperfusion injury,12

asculitis in acute allograft dysfunction,10 as well
s hypertension,13 angiogenesis,14 and arterioscle-
osis3 in chronic allograft dysfunction. This review
iscusses these aspects for the transplanted kidney
s observed in the subsequent phases of ischemia/
eperfusion, acute rejection, and chronic vascu-
opathy.

NO SYNTHASE IN THE
TRANSPLANTED KIDNEY

ole of Endothelial NO Synthase

Contribution of the different NO synthase
NOS) isoforms can be distinguished either by

elective pharmacologic inhibition or by knockout

eminars in Nephrology, Vol 24, No 4 (July), 2004: pp 379-388
odels. The protective properties of NO derived
rom constitutive NOS are well established in renal
ransplantation.12,15-19 Inhibition of NO production
y all NOS isoforms, with the L-arginine ana-
ogues N(G)-nitro-L-arginine methyl ester and L-
NA, decreased renal allograft survival15,20 either
y aggravation of the allo-immune response or by
raft ischemia. Aortic allografts deficient in endo-
helial NOS (eNOS) were associated histologically
ith marked graft allo-arteriosclerosis, compared
ith grafts from inducible NOS (iNOS)-deficient
ice.21 Functionally, genetic deficiency of eNOS

xpression was correlated with hypertension in hu-
an recipients.22 Thus, NO production by NOS is

ssential for maintaining graft function.

ole of iNOS

The role of iNOS in the kidney graft is both
dvantageous and disadvantageous.23 Several in
itro and in vivo investigations have shown that
elective inhibition of NO production by iNOS
ould prevent NO-mediated renal transplant injury.
ubules isolated from iNOS knockout mice, or

reated with anti-sense iNOS, were resistant to
ypoxic and ischemia/reperfusion injury, in con-
rast to tubules from eNOS knockout mice.24,25
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VOS, JOLES, AND RABELINK380
elective iNOS blockade by iminoethyl-lysine and
utylhexahydro-azepin-imine protected the trans-
lanted kidney from tubulointerstitial macrophage
nfiltration and injury.26 The deleterious effect of
NOS also has been seen in acute rejection of
ung27 and heart.28 However, long-term iNOS in-
ibition,29 as well as targeted deletion of the iNOS
ene in heart mouse recipients,30 was shown to
orrelate with graft allo-arteriosclerosis. Moreover,
ransduction with iNOS by using an adenoviral
ector completely suppressed the development of
yointimal hyperplasia in chronic cardiac and

orta allograft rejection.21,29 Interestingly, Mi-
amoto and Pinsky31 showed that tracheal trans-
lants into iNOS-deficient recipients selectively
howed reduced intima proliferation leading to
raft occlusion. In contrast, allografts donated
rom iNOS(�/�) knock-out mice transplanted into

T allograft recipients were not protected from
ejection, suggesting that recipient-derived iNOS
xpressed by graft-infiltrating leukocytes modu-
ated and promoted rejection.

O Availability: Production Versus Degradation

NO availability can be reduced by a decrease in
O production and/or increase in NO degradation.
ess NO is produced when eNOS activity is re-
uced, either owing to a deficiency of the NOS
ubstrate L-arginine32,33 or the NOS cofactor tet-
ahydrobiopterin (BH4).17,34 NOS may be depleted
rom L-arginine owing to competitive inhibition by
ndogenous asymmetric and symmetric dimethyl-
rginine, which has been found to be increased in
hronic renal failure.35,36 BH4 depletion can occur
n ischemia/reperfusion owing to degradation by
xygen radicals.37

However, the predominant cause of impaired
O bioavailability might be increased degradation
f NO by superoxide (O2

�), directly or indirectly
y inactivating BH4, rather than impaired forma-
ion of NO. In the context of transplantation, this
athologic imbalance between NO and O2

� is crit-
cally involved in ischemia/reperfusion-associated
ndothelial injury and leukocyte recruitment, pro-
iding a key component for rejection. Thus, we
ostulate that NO-mediated effects, either benefi-
ial or detrimental, are dependent on the relative
vailability of NO versus vasoconstrictors. By def-
nition, NO availability depends on net NO pro-

oting versus NO degrading conditions in the mi- a
roenvironment, as well as the site of production,
ence, the microenvironment itself.
Collectively these findings lead to 3 important

onclusions about NOS in transplant rejection:

1. NO produced by eNOS is protecting the allo-
graft: on unselective NOS inhibition, the pro-
inflammatory and vasoconstriction effects by
inhibiting the eNOS isoform probably offset
the beneficial effect of inhibiting iNOS, which
has been associated with macrophage cytotox-
icity;

2. NO produced by iNOS is an intriguing mod-
ulator of vascular rejection, depending on
temporal and spatial patterns. (a) The early
detrimental features of iNOS oppose the late
protective potential of iNOS. The latter acts
mainly by suppressing inflammatory cell re-
cruitment and neointimal smooth muscle cell
accumulation. (b) Whether iNOS acts as a
beneficial NO-producing enzyme depends on
sufficient cofactor availability. Detrimental ef-
fects of iNOS are related to peroxynitrite for-
mation on insufficient cofactor and/or antiox-
idant capacity in the microenvironment;

3. Recipient-derived iNOS, expressed by graft-
infiltrating leukocytes, exerts the dominant in-
fluence on rejection outcome rather than the
potentially beneficial donor-derived iNOS, ex-
pressed by graft resident parenchymal cells.

ISCHEMIA/REPERFUSION

xidative Stress: Free Radical Formation

Ischemia and subsequent reperfusion are inevi-
able events in organ explantation and implanta-
ion. However, ischemia/reperfusion injury in or-
an transplantation is a major cause of delayed
raft function. Ischemia, and in particular reoxy-
enation during reperfusion, disturb several meta-
olic systems, thereby inducing massive genera-
ion of reactive oxygen-derived species (ROS).
ree radical production secondary to ischemia (ie,
eductive stress) and reperfusion (ie, oxidative
tress) primarily is a direct consequence of aden-
sine triphosphate depletion. Adenosine triphos-
hate degradation into adenosine diphosphate,
denosine monophosphate, adenosine, and, ulti-
ately, hypoxanthine, creates a substrate that will

e oxidized by xanthine oxidase on reoxygenation,
eading to the formation of superoxide anion (O2

�)
38 �
nd hydrogen peroxide (H2O2). When O2 reacts
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NO AND RENAL TRANSPLANTATION 381
ith H2O2, catalyzed by free iron, which has been
ccumulating during the preceding period of isch-
mia, hydroxyl radical (OH�) is formed.39 This
nhanced generation of ROS will lead to destruc-
ion of biomolecules in membranes (lipid peroxi-
ation), in enzymes (protein oxidation), and DNA
strand breaks and cross-links to other molecules)40

n endothelium, and underlying parenchymal tissue
n the reperfused kidney.13,41 However, recently we
ound that intrarenal infusion of O2

� by hypoxan-
hine plus xanthine oxidase causes a marked in-
rease in fractional sodium excretion without a
ecrease in glomerular filtration rate, mimicking
he natriuresis often seen after ischemia/reperfu-
ion. Remarkably, this effect was fully reversible
nd occurred in the absence of glucosuria or pro-
einuria. Thus, initially O2

� has functional effects
n sodium transporters before the development of
tructural changes.42

uperoxide Production by NOS: Uncoupling
oncept

With low L-arginine substrate or low BH4 co-
actor, degradation of NO by oxygen-derived free
adicals was even more pronounced.43 In fact, in
onditions of insufficient L-arginine44 or BH4,45

OS itself may produce O2
� (instead of NO46), a

rocess called NOS uncoupling, as oxidation of the

Fig 1. Renal NO production and macrophage in
schemia/reperfusion. Left, NO has been measured spe
n control (■ ) and transplanted rat kidney. NO content
howing that treatment with the BH4 precursor sepiapt
aline-treated kidney allograft (�). Right, the number o
ular area of intrarenal vessels, showing that BH4 su
onocyte influx on ischemia/reperfusion compared w
ata from Huisman et al.50
educed form of nicotinamide-adenine dinucle- C
tide phosphate at the reductase domain and sub-
equent electron shift are uncoupled from NO syn-
hesis from L-arginine at the oxygenase domain.
ensitivity of NOS isoform dimer stability to L-
rginine and BH4 deficiency in vitro varies mark-
dly,47 showing that eNOS association depended
ost on L-arginine, whereas iNOS association de-

ended more on BH4 binding. Substantial amounts
f O2

� are generated by uncoupled eNOS, as we
howed in patients with hypercholesterolemia.48

ncoupled iNOS recently has been shown to be a
eroxynitrite-generating enzyme in in vitro and in
ivo conditions.49,50

Although (i)NOS uncoupling in the setting of
ransplantation remains to be investigated further,
lockade of BH4 synthesis (by inhibiting
uanosine triphosphate cyclohydrolase) resulted in
ncreased O2

� production with a reciprocal reduc-
ion of NO production by eNOS in ischemia/reper-
usion injury in coronary arteries.51 In the trans-
lanted rat kidney, BH4 deficiency appears to be
he underlying condition of iNOS uncoupling be-
ause in vivo sepiaterin (ie, BH4 precursor) injec-
ion of the recipient decreased renal O2

� release
hile enhancing basal NO production (Fig 1).50

oreover, this was associated with a reduction of
he primary inflammatory response to the graft.

the allogeneic transplanted kidney 24 hours after
ly in renal tissue by the NO spin trap Fe-MGD complex
ressed as arbitrary U/mg wet weight of kidney tissue,
atched bars) increased NO availability compared with
� monocytes/macrophages infiltrated in the perivas-
ented allograft (hatched) is associated with reduced
untreated allograft (�). Data shown are mean � SEM.
flux in
cifical
is exp
erin (h
f ED1

pplem
ith the
onsistently, activated mononuclear infiltrate, pro-
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VOS, JOLES, AND RABELINK382
ucing high levels of both O2
� and NO, were

olocalized with 3-nitrotyrosine in early rat26 and
uman kidney graft rejection.52

ntioxidant Capacity of the Renal Transplant

Under normal conditions, free radicals are scav-
nged by endogenous antioxidants such as cata-
ase, glutathione peroxidase, and superoxide dis-
utase,40 or exogenous antioxidants such as

itamins C and E.53 However, antioxidant capacity
f renal tissue was decreased significantly after
ransplantation,54 with lower enzymatic activity of
atalase, glutathione peroxidase, and superoxide
ismutase.55 MacMillan-Crow et al54 showed that
anganese superoxide dismutase was tyrosine ni-

rated and inactivated during human kidney allo-
raft rejection, leading to increased levels of O2

�

nd concomitant increases in peroxynitrite
ONOO�). Interestingly ONOO�, generated from

2
� and NO in a diffusion-limited reaction with a

ate constant of �6.7 � 109 mol/L � s�1,40 would
e the most potent biological oxidant to inactivate
nzymatic activity of manganese superoxide dis-
utase as well as to destroy proteins, DNA, and

ipids on ischemia/reperfusion. Indeed, intravenous
dministration of superoxide dismutase before
eperfusion increased graft survival.56 Moreover,
-acetylcysteine (a potent antioxidant) and phos-
horamidon (an endothelin-converting enzyme in-
ibitor) synergistically attenuated renal ischemia/
eperfusion injury with the NO donor nitroprusside
y protecting cells against free radical damage.55

hus, ROS may underlie ischemia/reperfusion in-
ury by causing oxidative degradation of NO.

ite of Oxidative Stress

In our model of acute renal allograft rejection,
elective iNOS inhibition diminished tubulointersti-
ial injury and nitrotyrosine staining in tubular epi-
helium and infiltrating cells despite a minor decrease
f vascular and glomerular injury. However, in the
ame transplant model, chronic inhibition of all NOS
soforms increased scores for vascular injury much
ore than for parenchymal lesions.15 The lesions in

oth compartments, however, were accompanied by
evere T-cell and monocyte/macrophage infiltration.
ecause macrophages account for one half of the

nfiltrating leukocytes, and macrophage activation
arkers appeared to be indicative of the severity of

sub)clinical renal allograft rejection,57 the invad-

ng macrophages probably are a primary site of f
ADP(H)-dependent oxidative stress in the trans-
lant. In addition, infiltrating monocytes and iNOS
xpression have been found to be colocalized in
he transplanted kidney,58 indicating macrophages
s the primary site of iNOS production in this
odel. Thus, activated macrophages produce both
O and O2

� radicals via activation of iNOS and
ADP(H)oxidase, accounting for macrophage cy-

otoxicity.59

In chronic NOS deficiency, renal cortical O2
�

ctivity was increased markedly after 3 weeks and
ssociated with renal injury and increased blood
ressure. ROS formation was attenuated by the

2
� scavenger vitamin E.53 Application of antioxi-

ants cannot identify the primary source or site of
xidative stress. Although uncoupling of eNOS
mplies that the vasculature is the source of free
adical formation, we recently showed that in
hronic NOS inhibition in the kidney the extravas-
ular compartment was the responsible site. By
eans of a novel lipophylic ROS-sensitive probe
e could link O2

�-mediated lipid peroxidation to
he tubular epithelium.60 Moreover, attenuation of
ipid peroxidation to control levels by use of the
elective NADPH-antagonist apocynin, implied
hat in the tubules NADPH oxidase is the source of

2
�. This approach has not yet been applied to

odels of acute or chronic allograft rejection.
hus, it is unknown to what extent the tubular
ompartment is contributing the oxidative stress
esponses in the transplanted kidney.

ACUTE REJECTION

Acute rejection can occur in the first days to
onths posttransplantation and is cell mediated.61

ecruitment, adhesion, and extravasation of leuko-
ytes into tissue are critical for normal healthy
mmune surveillance, as well as inflammatory re-
ponses in ischemia/reperfusion injury, vasculitis,
nd alloimmune responses to the graft. Endothelial
ells actively recruit inflammatory cells by produc-
ng cytokines and cell adhesion molecules that
ssist transendothelial migration into the parenchy-
al compartment. In addition, early endothelial

njury will facilitate random as well as antigen-
riven inflammation and rejection by increasing
raft immunogenicity,62 as depicted in Figure 2A.
e postulate a central role for NO through nuclear
actor � B (NF-�B) (Fig 2B).
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NO AND RENAL TRANSPLANTATION 383
F-�B and NOS

Posttransplantation endothelial injury elicits an
nflammatory response by neutrophils, macro-
hages, platelets, as well as allo-activated T cells.
ecruitment of activated T cells and effector cells

nto the renal allograft has been shown to involve
ocally expressed chemokines6,63 and leukocyte-
ndothelial adhesion molecules.4 Peritubular cap-
llary vascular cell adhesion molecule-1 is reported
o be associated specifically with chronic rejec-
ion.7,64 NF-�B appears to be the key upstream
omponent of leukocyte recruitment because it is
ctivated by oxygen-derived free radicals and pro-
nflammatory cytokines such as tumor necrosis
actor-� and interleukin-1. In turn, NF-�B facili-
ates inflammation by transcriptional activation of
NOS, various cytokines (interferon-�, tumor ne-
rosis factor-�, interleukin-2, and interleukin-6),
dhesion molecules (intercellular adhesion mole-
ule-1, vascular cell adhesion molecule-1, E-selec-
in), and chemokines monocyte chemotactic pro-

Fig 2. (A) Pathophysio-
ogic processes involved in
he progression from short-
erm to long-term graft dys-
unction. (B) Cell types and
ompartments involved in
raft nephropathy. Many fac-
ors, including pretransplant
ondition of the organ, isch-
mia/reperfusion injury in the
ransplant process, and leu-
ocyte- and antigen-medi-
ted inflammation, interact

n the different compart-
ents. Ultimately, outcome

f these stresses interact
ith ongoing repair and an-
iogenesis in the transplant
issue, thereby enhancing
ndothelial permeability and
acilitating inflammation. APC,
ntigen presenting cells.
ein-1 [MCP-1], macrophage inflammatory protein a
MIP]-1�) in endothelial and (tubular) epithelial
ells.65 The fact that NF-�B enhances immunoge-
icity by up-regulating major histocompatibility
omplex (MHC)-II expression, reveals NF-�B as
n important effector mechanism in allograft rejec-
ion. Importantly, NO itself is involved in a nega-
ive feedback loop inhibiting NF-�B.66 This im-
lies that NO could be used to modulate rejection
Fig 2B).

mmunogenicity and NOS

Persistent host alloresponsiveness is reported in
idney allografts despite adequate maintenance of
mmune suppression. First, the recipient-derived
eukocytes create a continuous immunologic stim-
lus leading to destruction of donor endothelial
ells. As such, the donor-derived dendritic cells (ie,
assenger leukocytes) are critical for the direct
-cell allorecognition response to the graft endo-

helial and epithelial cells. Second, in particular,
he antigen-specific recall responses by donor allo-

ntigen presentation to self-MHC restricted T cells
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VOS, JOLES, AND RABELINK384
indirect pathway) are critical for the effector
echanism of rejection.67,68 In the context of an-

igen-specific leukocyte recruitment, it is very in-
eresting that iNOS activation in the recipient is
eported to be essential for indirect platelet antigen
rocessing.69,70

ndothelial Permeability, Vascular Endothelial
rowth Factor, and NOS

Because mononuclear cells infiltrate the acutely
ejecting kidney, and within the kidney foster ox-
dative stress and a cytokine-enriched milieu, they
hemselves are implicated in changed permeability
f the endothelium.71 Alteration in the endothelial
unctions can be induced by leukocyte-derived
hrombin, bradykinin, histamine, vascular endothe-
ial growth factor (VEGF), and inflammatory cy-
okines. One of the key players that regulate acute
hanges in endothelial permeability is NO because
ndothelial cells that were pretreated with NOS
nhibitors lose their ability to respond to VEGF.72

he pro-angiogenesis factor VEGF is produced by
ndothelial cells, vascular smooth muscle cells, as
ell as macrophages and T cells. VEGF is acti-
ated by various stimuli such as hypoxia, some
ytokines, and CD40 (on endothelial cells and
onocytes) with CD40 ligand (on activated T

ells) binding.73 Moreover, NO generated by iNOS
nhances synthesis of VEGF in vascular smooth
uscle cells and macrophages.74 Recent evidence

n bovine retinal microvascular endothelial cells
nd in umbilical vein endothelial cells revealed
hat VEGF is critically involved upstream of NF-
B–induced pro-inflammatory genes. VEGF stim-
lated activated protein-1 (AP-1) and NF-�B ac-
ivity, respectively, in a concentration- and time-
ependent manner.75

Thus, on endothelial cell activation a cellular
tress response is triggered with up-regulation of
EGF and activation of endothelial NF-�B. The

ubsequent cytokine-adhesion molecule cascade
romotes an initial inflammatory response with
nfiltration of leukocytes, activation of macro-
hages, hence, up-regulation of iNOS, and produc-
ion of diverse pro-inflammatory cytokines. Be-
ause NF-�B is involved in the expression of
riming cytokines, MHC antigens, as well as
NOS, it may provide positive feedback in im-

une- and injury-mediated inflammation. r
CHRONIC TRANSPLANT VASCULOPATHY

hronic Inflammation

Graft failure develops over time in most vascu-
arized allografts. The leading risk for chronic al-
ograft nephropathy are acute rejection episodes
nd donor age.76,77 Chronic rejection occurs after
onths or years and may be injury-mediated rather

han being solely driven by a continuing immuno-
ogic process. This slowly progressing allograft
ephropathy is characterized by vascular oblitera-
ion owing to proliferation and scarring of intima
nd media in the renal vessels, and membrane
ultilayering in the peritubular capillaries. The

nterstitium also shows gradual fibrosis and gener-
tion of extracellular matrix. Tubules develop atro-
hic features.78 iNOS messenger RNA and protein
ere found in resident vascular smooth muscle and
esangial cells, as well as in invading macro-

hages and lymphocytes in patients with chronic
llograft nephropathy.79,80 Frequency of acute re-
ection episodes, in particular vascular rejection,
s a major risk linking acute and chronic graft
ailure.15,77 Inflammation as the driving process of
therosclerosis in general has been well accepted.
hronic inflammatory processes also may be the
echanism of function in the development of

raft arteriosclerosis and late allograft dysfunction.
ediators of inflammation, including activated mac-

ophages and lymphocytes, cytokines, chemokines,
nd growth factors, can be found at different stages of
rogressive chronic rejection.6,8,14

ngiogenesis

Angiogenesis, the formation of new blood ves-
els from preexisting ones, is characteristic for an
ngoing healing inflammatory process. This angio-
enic response could be involved in chronic endo-
helial activation leading to arteriosclerosis-like
hronic allograft nephropathy (Fig 2A and 2B).
hahbazi et al81 reported that genotypes encoding
igher VEGF production were strongly associated
ith acute renal allograft rejection. Grone et al82

eported expression of VEGF in human recipients
ith renal vascular disease and chronic renal allo-
raft rejection. In particular, macrophages are
hought to play an important role in angiogenesis
n the chronically rejecting allograft. Pronounced
EGF expression colocalized with monocyte/mac-

ophage infiltration into the parenchyma of human

enal allografts with evidence of interstitial fibro-
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NO AND RENAL TRANSPLANTATION 385
is.14 This concurs with observations in rodent
odels of cardiac allotransplantation; sprouting of
icrovessels was increased markedly in the ex-

anded intima of the donor vessels compared with
he recipient’s own arteries.83 Also, in patients,
eovascularization was colocalized with VEGF-
roducing inflammatory cells that had infiltrated
he outer layers of the intima in cardiac allograft
rteriosclerosis.84,85 Moreover, angiogenesis in the
rteriosclerotic lesions provides a site of entry for
eukocytes, thereby sustaining the ongoing inflam-
atory process.

THERAPEUTIC INTERVENTIONS BASED ON
THE NO SYSTEM

Early inflammatory events may be an effective
arget for therapeutic intervention with long-term
oals. One may postulate that blocking the initial
nflammatory responses associated with ischemia/
eperfusion injury and acute rejection may be of
ignificant clinical importance to maintain graft
orphology and function over time. The NO sys-

em plays a key role in kidney allograft rejection.
arious factors that directly or indirectly are in-
olved in/related to the NO system could affect the
athophysiologic response to kidney transplanta-
ion/kidney transplantation outcome. We showed
ecovery from initial inflammatory responses and
nhibition of acute graft rejection by supplement-
ng the NOS cofactor BH4

50 or the NOS substrate
-arginine,86 and by inhibiting the transcription

actor NF-�B87 or iNOS,26 respectively. Hence,
iminution of inflammatory prorejection condi-
ions can be achieved by modulating the NO sys-
em in experimental renal transplantation. How-
ver, long-term effects of BH4 supplementation or
NOS inhibition on renal allograft function have
ot yet been reported.

-Arginine-NO Pathway in Renal Transplantation

In experimental acute renal failure, decreased
enal plasma flow and glomerular filtration rate
evels were associated with decreased tissue L-
rginine levels, eNOS III expression, NO forma-
ion, and nitrite excretion.19 Therefore, L-arginine,
he substrate of NO, was suggested to be beneficial
n acute renal failure as well as hypertension, ure-
eral obstructive nephropathy, and cyclosporin A
ephrotoxicity. The outcome of L-arginine supple-
entation in kidney transplant recipients was not
niform in experimental and human studies. Sev- u
ral studies focusing on reduced renal perfusion
nd filtration19,88 or on increased blood pressure
evels89 reported beneficial hemodynamic effects
f L-arginine supplementation immediately after
idney transplantation. L-arginine infusion also in-
reased renal vasodilatation and natriuresis in renal
ransplant patients under long-term cyclosporine
reatment, indicating that L-arginine counteracts
he antinatriuretic effect of cyclosporin.90 How-
ver, Zhang et al91,92 reported that late L-arginine
reatment either by infusion or long-term oral sup-
lements failed to reverse cyclosporine-induced
enal vasoconstriction in patients with established
hronic graft dysfunction. Similar negative find-
ngs were reported in heart transplant patients.93

reliminary results in a kidney transplant model
howed that long-term L-arginine supplementa-
ion, starting before the onset of chronic transplant
ailure, protected the graft from developing focal
lomerulosclerosis and proteinuria.94

CONCLUSION

Multiple strategies that can modulate the NO
athways need to be evaluated in terms of their
fficacy in reducing the initial inflammatory re-
ponse to injury and hence long-term graft sur-
ival. Balancing the cytoprotective and cyto-oxi-
ative actions of NO will remain a major challenge
n the coming years.
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