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Abstract
This review summarizes the evidence for a detrimental role of nitric oxide (NO) derived from
inducible NO synthase (iNOS) and/or reactive nitrogen species such as peroxynitrite in acutely-
rejecting cardiac transplants. In chronic cardiac transplant rejection, iNOS may have an opposing
beneficial component. The purpose of this review is primarily to address issues related to acute
rejection which is a recognized risk factor for chronic rejection. The evidence for a detrimental role
is based upon strategies involving non-selective NOS inhibitors, NO neutralizers, selective iNOS
inhibitors and iNOS gene deletion in rodent models of cardiac rejection. The review is discussed in
the context of the impact on various components including graft survival, histological rejection and
cardiac function which may contribute in toto to the process of graft rejection. Possible limitations
of each strategy are discussed in order to understand better the variance in published findings
including issues related to the potential importance of cell localization of iNOS expression. Finally,
the concept of a dual role of NO and its down-stream product, peroxynitrite, in rejection vs. immune
regulation is discussed.

Introduction
The first human heart transplantation was performed in 1967 but it awaited the introduction of
cyclosporine immunotherapy in the early 1980’s before success was routine leading to
acceptable levels of graft survival and quality of life for the recipient. Despite these advances,
acute rejection in cardiac transplant recipients continues to be a leading factor in first year
mortality and morbidity following transplantation [1]. Acute rejection has been shown to
account to as much as 30% of all deaths after transplantation according to the registry of the
International Society for Heart and Lung Transplantation [2]. Many clinical trials to improve
outcomes use the incidence of allograft rejection episodes as an endpoint in order to develop
newer strategies to improve clinical outcomes.

Clinical suspicion of acute rejection is confirmed by evidence derived histologically upon
endomyocardial biopsy which is the current ‘gold standard’. Rejection may be associated with
functional problems such as contractile dysfunction as determined by echocardiography or
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other diagnostic procedures. The management of rejection varies depending on the severity of
rejection, frequency of episodes, and evidence of associated compromise in hemodynamic
performance. The therapeutic strategies include the concomitant use of steroids and antibody
treatment such as OKT3 [1]. Amelioration of left ventricular dysfunction can also be
compensated by inotropic therapy but this strategy does not resolve the underlying pathology
of rejection.

Histological rejection is usually manifested by inflammatory cell infiltration along with the
possibility of associated myocardial injury including parenchymal cell necrosis and apoptosis
[3,4]. In the case of cardiac transplantation, the specific loss of cardiac myocytes due to
apoptosis can be a significant determinant of cardiac graft function due to fact that the mature
cardiac myocyte has a poor proliferative capacity to replace the loss of cells via apoptosis.

Despite the use of immunosuppression therapy, recurrent episodes of acute rejection can persist
and in some cases tolerance to drugs such as cyclosporine can ensue making the recurrence of
acute rejection more likely. This recurrence is of concern as there is growing evidence that
there is a significant cumulative impact of acute rejection on the development of cardiac
allograft vasculopathy [5]. The latter remains one of the most common complications that limits
long-term graft survival.

Acute allograft rejection is a complex and incompletely understood process. The complexity
arises from the interaction of several cell types as well as a variety of mediators of inflammation.
This complexity makes it difficult to isolate with precision all of the factors and cell-cell
interactions that regulate graft rejection. In the simplest context, antigen-presenting cells
interact with macrophage and T-lymphocytes in the initial stages of organ rejection [6,7].
CD4+ lymphocytes stimulated by allo-immune activation release inflammatory cytokines such
as interleukin-2 (IL-2), interferon-γ (IFN-γ), IL-4 and other mediators. The synthesis of IL-2
is a pivotal event which serves to stimulate CD8+ lymphocytes to produce IFN-γ. The cytokine,
IFN-γ, in turn, activates macrophage cells to produce IL-1, IL-6, TGF-β, TNF-α and nitric
oxide (NO). The latter is produced following up-regulation of inducible NO synthase (iNOS)
which occurs initially predominately in macrophage cell infiltrates and later within graft
parenchymal cells [8].

NO arising from iNOS, is believed to play a significant detrimental role in a variety of allo-
transplanted cells or tissues including lung [9,10], kidney [11], pancreatic islets [12,13], cornea
[14], and aorta [15]. There are disparate findings regarding the role of iNOS in solid organ
transplant rejection, in general [see below]. Clearly, iNOS may not always play a detrimental
role in rejection of all types of organ transplants. So caution is advised when extrapolating
findings from one form of transplant rejection to another.

To this end, this review focuses on the role of iNOS in acute cardiac transplant rejection where
much of the research has evolved. It is hoped that the reader appreciates that the issue is far
more complex and that the lack of experimental data in several key areas limits a complete
understanding of its role.

The importance of other NOS isoforms in acute cardiac rejection has received much less
attention as has the interaction between individual NOS isoforms. Certainly, there is sufficient
evidence showing coronary endothelial dysfunction in experimental heart rejection in porcine
[16] and canine [17] models of rejection. This dysfunction is assumed to be via defects in
endothelial NOS (eNOS). In this context, eNOS (NOS3) immunoreactivity was shown to
slowly decrease with time in human heart transplantation [18]. Interestingly in humans the
dysfunction in endothelium-dependent relaxations was found only in patients with high
TNFα levels and with higher iNOS mRNA expression [19,20] suggesting a linking between
iNOS up-regulation and defects in eNOS-dependent function.
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In experimental cardiac transplantation, there was no difference in time to rejection in cardiac
allografts between eNOS knockout and wild-type mice [21]. This would tend to arguer that
eNOS does not play a role in acute cardiac rejection. There have been studies to examine the
role of eNOS over-expression in graft rejection. In one of the first studies, coronary flow and
contractility were found to be unchanged by over-expression of eNOS by adenoviral
transduction [22]. This finding raises doubts about the protective role of eNOS at least in regard
to hemodynamic function. However, the study did not address issues of allo-immune rejection
since both donor and recipient animals were of the same inbred rat strain. A subsequent study
conducted in rabbit allogeneic cardiac transplant model showed that liposome-mediated
transfer of eNOS gene had a beneficial effect to increase graft survival time and to decrease
by halve the amount of neutrophil and T-lymphocyte infiltration into the cardiac graft [23].
This finding would seem to conflict with findings in lung allograft rejection in which
adenoviral-mediated gene transfer did not alter histological rejection [24]. So the issue of
whether the eNOS isoform is protective in acute cardiac rejection remains an open question.
No data exist to the authors’ knowledge on the possible role of nNOS in acute cardiac rejection.

Opposing role of iNOS in acute vs. chronic cardiac transplant rejection
This review examines the evidence supporting the detrimental role of iNOS in acute cardiac
rejection. It should be recognized; however, that iNOS appears to play an opposing beneficial
role in chronic rejection (see Figure 1) as has been shown by genetic deletion of iNOS in models
for aorta [25], heart [26,27] and kidney [28]. In this case, iNOS functions as an anti-
inflammatory effector molecule to limit chronic transplant-induced atherosclerosis and
vasculopathy. The mechanism of this protective action has been explained by the ability of NO
to limit adhesion of platelets and leukocytes to vascular endothelium and to induce apoptosis
of macrophages and proliferating vascular smooth muscle cells [29]. In contrast to these studies
in a model of chronic airway rejection, the absence of iNOS in cyclosporine-treated mice
receiving tracheal transplants has been shown to reduce luminal obliteration and rejection
[30]. Thus, again caution is advised in extrapolating the role of iNOS in chronic rejection of a
specific type of solid organ transplantation to another type of organ transplantation.

Traditionally, investigators have relied on different endpoints including graft survival,
histological rejection scoring and in some cases graft function in experimental transplant
rejection models. The first two endpoints are the most commonly used in evaluating
experimental transplant rejection. In order to better understand the complex role of NO, it is
important to understand that these endpoints may reflect different aspects of the overall process
of graft rejection. Thus, one must consider that there are potentially several levels by which
iNOS expression and/or elevations of NO could regulate the process of cardiac rejection.

The issue of chronic rejection is not a focus of the present review owing to other underlying
etiologies and the outstanding uncertainties about the additional complication of the direct
effects of immunosuppressant therapy on vasculopathy. The importance of acute rejection is
that it is recognized as a major risk factor for chronic graft failure and rejection [31,32].

Role of iNOS on myocardial graft function in humans
Clinically, the role of NO arose from early studies in human cardiac transplantation in which
a positive correlation was shown between iNOS expression and left ventricular contractile
dysfunction measured by echocardiography and Doppler techniques [33]. An association
between left ventricular dysfunction and iNOS expression was confirmed in another human
study one year later [34]. Paradoxically, it was shown that iNOS expression was not related to
histological rejection based on standardized International Society for Heart and Lung
Transplantation (ISHLT) scoring criteria. This dissociation between functional endpoints and
histological rejection is unclear but not unprecedented. However, these findings illustrate the
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limitations of relying on a sole endpoint parameter when evaluating the overall phenomenon
of effects of NO on acute rejection/graft dysfunction in cardiac transplants.

Limitations
In the clinical setting, the intrinsic difficulty to directly determine cause-effect relationships
limits precise determination of the role of iNOS in acute rejection. Overlaying this limitation
are the potential problems inherent in evaluation of patients who receive changing modalities
of different regimens of immunosuppressant therapy. So, the basic understanding has naturally
arisen from a variety of models using experimental laboratory animals.

Evidence using broad-spectrum NOS inhibitors
Early, and more recent, studies yielded inconsistent findings utilizing non-specific, substrate-
based, NOS inhibitors, including L-NG-monomethylarginine (L-NMMA) or L-nitroarginine
methyl ester (L-NAME) (summarized in Table 1). Treatment of recipients with these agents
either prolonged graft survival [35,36], had no effect on graft survival [37,38] or decreased
graft survival [39]. None of these studies provided information on either graft function prior
to graft failure or independent evaluation of histological rejection scores. The reason for the
disparity in findings on graft survival among these reports likely relates to the use of various
NOS inhibitors that lack specificity for iNOS. Indeed, doses of these agents used may have
been in the range that inhibits the constitutive NOS (cNOS) activity; therefore, counteracting
any benefits arising from inhibition of iNOS activity. In this context, the study showing
decreased graft survival following treatment with L-NAME identified a hypertensive side-
effect of the L-NAME regimen [39]. Antagonizing the hypertensive action of L-NAME with
concomitant treatment with the angiotensin converting enzyme inhibitor, cilazapril, resulted
in significantly improved graft survival times [39].

Limitations
These original studies hinted at a potentially negative role of iNOS in acute cardiac allograft
rejection. The limitation of the use of these agents is that these compounds do not adequately
distinguish individual isoforms of NOS but at the time of most of these studies more selective
inhibitors of iNOS were not generally available for wide-spread experimental use. Thus, these
compounds may have untoward side-effects which may counteract any benefits derived by
inhibition of NO derived from iNOS.

Evidence using NO neutralizing agents
An alternative strategy to evaluate a role of NO arises from the ability of certain compounds
to scavenge and neutralize detrimental effects of elevated NO levels due to up-regulation of
iNOS. These agents take advantage of the avid binding characteristics of metal complexes.
Among the most characterized are NO complexes with iron [40–42], cobalt [43–45] and
ruthenium [46,47] derivatives. At the time that other laboratories were evaluating the effect of
broad-spectrum NOS inhibitors, early work in our laboratory took into consideration the
principle that dithiocarbamate derivatives bind iron and this complex serves to bind NO.

In the first experiment, pyrrolidine dithiocarbamate, an iron-chelator, prolonged grafts survival
and inhibited down-stream effects on nitrosylation of myocardial heme protein [48,49]. While
this agent inhibited NF-κB binding activity, it was not determined whether the decreased heme
protein nitrosylation was due secondarily to NO scavenging or to decreased iNOS protein
expression. The benefits on graft survival appeared to be independent on gross changes in
inflammatory cell infiltration into the graft suggesting that this intervention did not
significantly impact histological rejection but rather some undefined process involved in
overall graft survival [48].
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These studies were followed by evaluation of two related compounds, NOX-100 and NOX-700
developed by Medinox, Inc., San Diego, CA. These compounds were shown to be able to
scavenge NO in vivo and to significantly improve graft survival [50–52]. In combination with
low-dose cyclosporine, both agents dramatically improved graft survival beyond that achieved
by either agent used alone. In addition, in a long-term combination treatment strategy, re-
transplantation of a 2nd donor heart several weeks after cessation of treatment resulted in
permanent graft acceptance [50]. This finding suggests latent drug-induced effects of allo-
immune activation. We had assumed that the action related to a de-sensitization of lymphocytes
to initiate allo-immune responses. This property was delineated in follow-up experiments using
NOX-700 in which treatment results in refractoriness of lymphocytes to allo-immune
activation including lymphocyte proliferation and blunted inflammatory cytokine release
indicating a novel action [52].

An alternative strategy to that of iron-dithiocarbamate molecules was to evaluate metal-based
NO scavengers of different chemical structures. We chose AMD6221, a ruthenium (III)
polyaminocarboxylate complex [47]. This compound was shown in our studies to inhibit the
increased plasma levels of NO metabolites [53]. Furthermore, scavenging of NO by the
ruthenium-based compound in vivo was confirmed by HPLC analysis of the nitrosylated
ruthenium complex species [53]. Treatment also prolonged cardiac allograft survival, inhibited
histological rejection and inhibited down-stream effects on heme protein nitrosylation. In
agreement with the previous studies using dithiocarbamate-based NO scavengers, AMD6211
also potentiated graft survival when used in combination with low-dose cyclosporine.

Limitations
A limitation of assessing a role of iNOS using iron-dithiocarbamate is that these compounds
are NO scavengers which may also possess other properties. In this context, findings using the
ruthenium-based compound with different chemical structure than the iron-dithiocarbamate
class of compounds indirectly suggests that NO scavenging likely plays a significant role in
protecting from acute rejection. However, this alternative approach still does not give
information what portion of the action or iron-dithiocarbamate compounds were related to NO
scavenging vs. what portion might have arisen from NO-independent properties of the
compounds. Collectively, both classes of agents decrease bulk NO levels in vivo. Thus, these
agents have in common that they do not differentiate the NO produced by the iNOS isoform
vs. that produced by other NOS isoforms. This caveat is offset by the higher solubility of the
compounds in the aqueous phase that leave sufficient residual levels of NO intact which
essentially acts to preserve constitutive NO levels. While these agents are effective in protection
from acute rejection, they can only be regarded as giving indirect evidence supporting a role
of iNOS in acute rejection.

Evidence using semi-selective iNOS inhibitors
Aminoguanidine is a hydrazine-based NOS inhibitor that has a higher iNOS to cNOS
selectivity [54]. Aminoguanidine prolonged cardiac allograft survival [55,56]. This was
associated with decreased histological rejection [55,56] and specifically a decreased infiltration
of CD4+ and CD8+ T-lymphocytes. Treatment with aminoguanidine was also associated with
improved contractile function ex vivo based on length-tension measurements in isolated
papillary muscles [55] or by improved left ventricular pressure-volume curves generated in
isolated, perfused heart grafts [57]. Collectively, these studies provided more consistent
evidence than that arising from data derived from broad spectrum NOS inhibitors that iNOS
is implicated in acute cardiac rejection.
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Limitations
A limitation of using aminoguanidine arises from the fact that this compound exhibits other
properties. Under in vitro conditions aminoguanidine has been shown to inhibit diamine
oxidase at nM concentrations as opposed to μM concentrations for iNOS inhibition [58].
Aminoguanidine also contains antioxidant properties and can inhibit aldose reductase [59]. As
aldose reductase is up-regulated by NO [60], it is possible that this enzyme may also be induced
under conditions of iNOS induction. Despite these alternative actions, there are no independent
data available to determine whether aminoguanidine acts via these alternative mechanisms in
models of acute cardiac rejection. Nevertheless, the importance of the latter property is relevant
by the fact that sorbinil, an aldose reductase inhibitor, inhibited lipopolysaccharide (LPS)-
induced expression of inflammatory cytokines and iNOS in cardiac myocytes [61]. This effect
may not be peculiar to aldose reductase inhibitors but perhaps relative to the presence or
absence of aldose reductase activity based on new studies using siRNA for aldose reductase.
These studies show a diminished NO production and iNOS expression in LPS-treated
macrophages [62].

Evidence using highly-selective, iNOS inhibitors
Other more selective, substrate-based, imidazole-like, iNOS inhibitors have been developed
by Berlex Biosciences. These compounds act to limit NO production by iNOS by allosterically
inhibiting iNOS subunit dimerization via a pterin- and L-arginine-independent mechanism
[63]. Szabolcs et al. [64] using two pyrimidylimidazole-based iNOS dimerization inhibitors
(BBS-1 and BBS-2) showed significant prolongation of graft survival. Interestingly, while both
inhibitors decreased histological rejections scores and decreased infiltration of inflammatory
T cells and macrophages, the effect on reduction of histological rejection was only statistically
significant for BBS-2 and not BBS-1. Both inhibitors appeared to be equi-effective in
decreasing apoptosis.

An interesting finding is that the expression of iNOS protein was also decreased by this
treatment strategy. The significance of this finding is unclear considering the small sample size
evaluated in this study. However, similar findings arise from reports in other cell types in
culture that these iNOS inhibitors also decrease iNOS protein expression [65]. So, these iNOS
inhibitors may have additional properties under certain conditions to also decrease iNOS
expression.

Other studies conducted in our laboratory using the iNOS inhibitor, N6-(1-iminoethyl)-L-lysine
(L-NIL) show that this agent improves graft survival and histological rejection scores [66].
Interestingly, graft survival per se was not prolonged at higher doses despite the finding that
the same dose did improve rejection scores. This finding underscores the idea that rejection
scores and graft survival times may have different etiologies. The improvement in rejection
scores following treatment with L-NIL occurred without any change on iNOS expression which
distinguishes it from the actions above of the iNOS inhibitors, BBS-1 and BBS-2.

Evidence using pterin-based iNOS inhibitor
Alternative to the iNOS inhibitors above, a pterin derivative, 4-aminobiopterin, which binds
to the pterin domain of iNOS has been developed. This analog inhibits with equivalent efficacy
the NO production by individual purified NOS isoforms but shows selectivity for inhibiting
the iNOS isoform in cells [67]. Treatment of mouse cardiac allograft recipients with 4-
aminobiopterin decreased histological rejection from ISHLT grade 4 in untreated allografts to
scores between ISHLT grade 1B and grade 3B [68,69]. Graft survival was also significantly
prolonged by treatment of recipient animals with 4-aminobiopterin. These findings were
especially interesting in that the degree of prolongation of graft survival was equivalent to that
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achieved by a high dose of cyclosporine. This occurred despite the finding that this intervention
unlike cyclosporine did not alter expression of inflammatory cytokines suggesting a novel
mechanism of its protective action. Other studies show that this 4-amino derivative down-
regulated T-cell activation by dendritic cells via an iNOS-independent pathway [70]. Thus it
is possible that the action in vivo on cardiac graft survival might also be related, at least in part,
to an iNOS-independent pathway.

Limitations
The use of selective iNOS inhibitors (substrate-based or pterin-based) provides some of the
best evidence to date that iNOS plays a detrimental role in acute cardiac rejection. However,
each of the class of selective iNOS inhibitors may have caveats owing to different additional
mechanisms of action in vivo. As with all NOS inhibitor studies, such interventions do not
discriminate the source of iNOS. The eventual development of cell-specific inhibitors of iNOS
could be an advantage owing to the finding that iNOS may arise from within the graft and from
infiltrating immune cells from the recipient (see next section below). This latter finding makes
some findings using iNOS deletion strategies subject to other possible interpretations.

Evidence using gene deletion strategies
The role of iNOS in cardiac allograft rejection has also been evaluated by utilizing the strengths
of gene deletion strategies. Similar to the pharmacological approaches, this strategy has also
revealed contradictory information including either increasing graft survival, decreasing graft
survival or having no effect as detailed below.

In the first study, transplantation of donor hearts into iNOS−/− and iNOS+/+ recipient mice
indicated that the deletion of iNOS gene decreased histological rejection although no
information on graft survival per se was evaluated [71]. This was accompanied by a reduction
in apoptosis as evaluated by a variety of end-points which pointed to apoptosis as a key factor
in iNOS-derived acute cardiac allograft rejection. In the same year, Mannon et al. [72] found
no difference in either histological rejection or cardiac allograft survival time between
iNOS−/− and wild-type mice. In contrast, another group found decreased graft survival times
in iNOS−/− donor hearts vs. wild-type donor hearts in mice [21].

Theoretically, the differences in the findings above may arise from the specific design of the
study specifically whether the iNOS−/− animal was used as the donor or the recipient. In the
first study [71], the experimental design tested the effects of iNOS on the recipient immune
response by varying gene expression in the recipient rather than in the donor heart. This is
important considering that iNOS is derived from both infiltrating inflammatory cells of the
recipient as well as iNOS arising from parenchymal cells of the donor heart. The significance
of this distinction in cellular localization will be elaborated upon later in this review.

In the 2nd study [72], these authors also first tested the effects of iNOS on the recipient immune
response and found no statistical difference in either graft rejection time or histological
rejection between donor hearts transplanted into iNOS−/− and iNOS+/+ recipient mice,
respectively. The only apparent difference between the studies is the choice of mice strains.

To evaluate the role of iNOS expression in the donor, the 2nd study also evaluated the actions
of transplantation of iNOS−/− and iNOS+/+ donor hearts into the same allogenic recipients.
Here again, there was no difference between graft survival time and rejections scores between
the two groups.

In a 3rd more recent study (illustrated in Figure 2), Szabolcs et al. [73] showed in an initial
strategy that there was no difference in graft survival time or ISHLT rejection scores for donor
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hearts transplanted into iNOS−/− and iNOS+/+ recipient mice. Similar findings were obtained
in a second strategy if iNOS−/− and iNOS+/+ donor hearts were transplanted into the same
iNOS+/+ strain allograft recipients. Finally in a third strategy, elimination of iNOS in both
donor and recipient mice strongly augmented graft survival, decreased ISHLT rejections scores
and inhibited apoptosis in cardiac myocytes. This report was enlightening as it demonstrated
that elimination of iNOS in either the donor or recipient did not prevent iNOS up-regulation
in the graft owing to iNOS arising from both inflammatory cell infiltrate due to the immune
response of the recipient and to iNOS in the parenchymal cells of the donor organ.

Implications of gene deletion studies
There are significant implications for the findings in this latter study. The iNOS deletion
strategy in the study above illustrated nicely that both donor and recipient sources of iNOS
may contribute to the process of cardiac allograft rejection and that the divergent findings to
date in the gene deletion strategy must be understood in the context of the individual
experimental designs. In the studies using selective iNOS inhibitors, the pharmacological
strategy would not be impacted by the source of iNOS. Collectively, it is more clear from these
studies that overall iNOS does, in fact, play a significant detrimental role in acute cardiac
allograft rejection.

Limitations
As explained in a latter section, NO may have biphasic actions in biological systems both
beneficial and detrimental which may be related, in part, to its other action as an
immunosuppressant molecule. This factor should be considered in individual cases using iNOS
deletion strategy since ablation eliminates the beneficial effects of NO and this factor could
come into play for donor and recipient deletion strategies when assessing chronic cardiac
allograft rejection.

A potential complication is that iNOS gene deletion can up-regulate inflammatory cytokine
production in some models. This action could counteract any benefits to preventing the
damaging activities of high NO production via iNOS. For example TNF-α gene expression is
up-regulated in skin grafts of iNOS knockout vs. wild-type mice [74]. Assessment of
lymphocyte proliferation revealed significant up-regulation of IFN-γ by iNOS−/− vs. wild type
lymphocytes [75]. This finding could potentially explain the lack of change in skin allograft
rejection as a consequence of iNOS gene deletion strategies. However, skin grafts are tissue
that are most susceptible to rejection and differ from other organ grafts in that they often are
least likely to respond to immunosuppression therapy.

In cardiac transplant models, the current information is incomplete. Deletion of iNOS in
recipients apparently has no effect on mRNA for TNFα [71] or other cytokines [72]. However,
the effects of iNOS depletion on donors or donors plus recipients on inflammatory cytokine
expression in cardiac transplant rejection models are not known.

Finally, another potential limitation in the use of iNOS knockout strategies is the possibility
that the findings may be masked by compensation for the loss of a given NOS isoform by
increased expression of other NOS isoforms. This is phenomenon is well-established, for
example, by several studies in other models showing that the deletion of eNOS results in
increased expression of nNOS isoform [76–79]. It is less clear; however, whether this isoform
compensation occurs in the case of iNOS deletion strategies. Unfortunately, studies using iNOS
deletion strategies in the transplant research area and more specifically for heart have not
addressed this issue.
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NO interaction with metalloproteins in cardiac rejection
Early studies established the biological reaction of NO with metal-containing proteins, notably,
iron-containing proteins [see reviews, 80–82]. Exploration of this potential interaction in acute
cardiac rejection has been extremely limited. Lancaster and colleagues [83] were the first to
report iron-nitrosylation of both heme- and non-heme-containing complexes coincidental with
rejection using low-temperature (i.e. 77°K), electron paramagnetic resonance (EPR)
spectroscopy of frozen samples in rat cardiac allografts. Signals in grafts were attributed to
nitrosylation of the heme protein, myoglobin, and to non-heme dinitrosyl complexes of iron-
sulfur cluster proteins. Heme nitrosylation was also seen in packed red blood cells taken from
allograft recipients that were attributed to nitrosylated hemoglobin. The EPR signals in red
blood cells and grafts were attributable to immune activation as they were absent in cardiac
isografts and blocked by treatment of allograft recipients with FK506. Similar conclusions
were obtained using cyclosporine [50].

Two other individual laboratories showed that heme- and non-heme-containing iron-
nitrosylated EPR signals were eliminated by using L-NMMA [37] or aminoguanidine [55].
This suggested that the EPR signals detected in cardiac allografts arise from a NOS-dependent
nitrosylation process. Subsequently, we showed that the nitrosylated heme EPR signal was
significantly decreased using a selective iNOS inhibitor, L-NIL, confirming a role of
enzymatically-derived NO from iNOS in this nitrosylated EPR signal [84]. However, a small
fraction of nitrosylated EPR signal in cardiac allografts remained after L-NIL treatment.
Studies in anoxic or ischemic myocardium have revealed that NO might also be formed via
NOS-independent pathways such as a xanthine oxidase catalyzed reduction of endogenous
nitrate or nitrite [85,86]. We found that a combined treatment of allograft recipients with L-
NIL plus allopurinol completely inhibited the remaining L-NIL-resistant component of
mononitrosyl iron complexes [84].

This suggested that only a small, but measureable, component of heme-nitrosylation occurs
via a NOS-independent, xanthine oxidase-catalyzed NO formation pathway.

Limitations
A variety of agents that inhibit graft rejection are usually found to significantly decrease or
prevent nitrosylation of heme protein in acute cardiac rejection. The question was proposed
earlier [83] whether formation of these modified heme proteins causes some functional change
that contributes to the process of rejection or whether it could be a useful marker to monitor
NO-mediated graft rejection. Thus the precise functional consequences of heme nitrosylation
on graft function or rejection remain unclear.

Regarding non-heme iron nitrosylation, it is believed that this represents a cytotoxic effect of
NO in target cells [87]. It was found that the formation of the dinitrosyl, non-heme iron EPR
signal at g =2.04 and g =2.015 was blocked by either cyclosporine or the iNOS inhibitor, L-
NIL [88]. This implied that formation of these other nitrosylated EPR complexes arises from
an iNOS-dependent pathway. Subsequent measurements of aconitase enzymatic activity, an
important non-heme, Fe-S cluster protein in heart mitochondria revealed this as a potential
iron-containing, protein target of NO [88]. Here again, the inhibition of aconitase enzymatic
activity in acute cardiac allograft rejection was prevented by both cyclosporine or L-NIL
treatments. This inactivation preceeded the nitration of MnSOD reported elsewhere [89]. Since
most all of the aconitase activity in heart is mitochondrial in origin, it is intriguing to speculate
that mitochondrial aconitase inactivation could provide, at least in part, a source of reactive
oxygen for mitochondrial protein nitration.
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iNOS and negative chronotropism
In laboratory animals, cardiac allograft rejection is frequently associated with severe
bradycardia and impaired contractile activity. In several cases, contractile dysfunction may not
directly parallel histological rejection suggesting that different mechanisms contribute to the
total process of graft survival. In addition, it has not been precisely delineated what proportion
of graft dysfunction is due to concurrent reversible effects of NO derived from iNOS vs. the
dysfunction related to irreversible pathology via iNOS-dependent and iNOS-independent
etiologies.

The issue of bradycardia also is important in the clinical condition in cardiac transplant
recipients. Sinus bradycardia may occur early after cardiac transplantation and contributes to
a higher risk of mortality. Clinically, pacemaker implantation or theophylline are two strategies
used to manage bradycardia post-transplantation [90]. Some studies suggest that adenosine
plays a role in the pathogenesis of sinus bradycardia following transplantation. The role of NO
and, specifically iNOS expression, on bradycardia following transplantation is incompletely
understood.

Interestingly, NOS inhibitors can induce bradycardia while addition of NO can increase heart
rate. In addition, NO can positively and negatively regulate heart rate at high and low
concentrations, respectively. The effects of NO in vivo are complex and even more difficult to
understand owing to the effects of central actions of NO on the autonomic nervous system and
the modulatory role of NO via the parasympathetic pathway [91,92].

In this context, one must consider that the cardiac graft of human and experimental laboratory
transplant recipients is denervated. One study was able to show a positive chronotropic activity
of nitroprusside and a negative chronotropic activity of the NOS inhibitor, L-NMMA, in
denervated human cardiac transplant recipients [93]. However, the direct role of NO derived
from iNOS on heart rate is unclear and more complex owing to recent findings in our laboratory
that heart rate in situ was not different at post-transplant day 4 in untreated allografts vs. isograft
controls but was decreased at post-transplant day 6 despite equivalent levels of iNOS gene
expression at both time periods [94].

A possible explanation of this dichotomy in heart despite equivalent iNOS expression may be
related to a potential uncoupling of iNOS. Indeed, in one study conducted in a non-transplanted
heart model, authors could not show any changes in either basal heart rate or fractional
shortening determined by echocardiography between hearts of cardiac-specific iNOS
transgenic vs. wild-type mice [95]. However, in another study using a conditional transgenic
expression strategy controlled by tetracycline-responsive transcriptional activator,
investigators showed prolonged PR intervals at both atrial and AV sites due to iNOS transgene
compared to wild-type mice. Furthermore, this finding was associated with protein nitration,
heart block and increased incidence of sudden death in iNOS over-expressing but not wild-
type mice [96]. While not determined, it is intriguing to speculate that knowledge of levels of
peroxynitrite may be more important than actual NO levels in determining chronotropic
abnormalities in disease states such as acute cardiac allograft rejection. For detailed
information regarding the inotropic, chronotropic and lusitropic actions of NO on the heart,
readers are referred to an excellent review on this subject [97].

Limitations
The role of iNOS in modulating heart rate in cardiac transplantation remains to be examined.
Much of the current understanding about the relationship of NO and heart rate derives from
studies conducted in normal, innervated hearts. Little information is available how up-
regulation of iNOS influences chronotropism in the setting of the pathology of acute transplant
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rejection and how this response is influenced by the additional factors of sympathetic and
parasympathetic denervation to the heart following transplant surgery. Most of the primary
focus has been on the role of iNOS up-regulation on inotropic responses.

Effects of NO and cytokines on contraction in isolated cardiac myocytes
Using isolated cardiac myocytes in the absence of inflammatory stimuli, it was shown that NO
released from NO donor compounds decreased contractile activity [98–100]. This mechanism
appeared to be via NO-induced inhibition of cardiac calcium current [101]. These studies
clearly showed that NO can have a direct effect on contractile properties of cardiac myocytes.
However, other factors present in allo-immune rejection of cardiac transplants such as
cytokines could also play a role and this effect may or may not be mediated via NO or iNOS.

In regards to the mechanism(s) of cytokine-induced contractile dysfunction, the findings are
variable and attributed to constitutive NOS, iNOS or a NOS-independent pathways. In order
to discern these conflicting findings, one must consider the possibility that these divergent
mechanisms may relate to duration of cytokine exposure and/or whether the dysfunction is a
reversible or irreversible phenomenon.

In papillary muscle and isolated neonate cardiac myocyte preparations, TNFα and other
cytokines caused contractile dysfunction within 5 min. This effect was reversed by L-NMMA
[102]. Similar findings were confirmed in TNFα-stimulated neonate cardiac myocytes which
was reversed by addition of L-arginine but not D-arginine [103]. In both cases, the contractile
dysfunction occurred in a very short period of time. Thus, up-regulation of iNOS protein
expression could not be expected to be yet increased. Accordingly, activation of the constitutive
NOS activity rather than iNOS up-regulation was implicated in the acute phase of contractile
dysfunction stimulated by TNFα.

Another group showed that incubation of adult feline cardiac myocytes for 18 hr with TNFα
caused contractile dysfunction and reduction in Ca2+ transients albeit in the absence of any
increased NO levels or cGMP generation. Furthermore, the contractile abnormalities seen in
this model were not restored in the present of NOS inhibitors, L-NMMA and L-nitroarginine
(L-NA) [104]. These findings were supported by similar finding in two other studies following
treatment with LPS in adult guinea pig cardiac myocytes and isolated perfused rat hearts
[105,106].

It is unclear what can explain why NOS inhibitors alter cytokine-mediated actions in one case
and not in the other. First, one possibility may be the differences in responses of neonate vs.
adult cardiac myocytes. The studies suggesting a role of NO in contractile dysfunction induced
by cytokines were conducted in neonate cells. In contrast, the studies showing that NOS
inhibitors did not alter contractile abnormalities in response to cytokines were conducted in
adult cardiac myocyte preparations. Second, it should be noted that the studies in neonate
myocytes showed the negative effects on contraction acutely (i.e. in minutes) while the studies
showing contractile dysfunction in adult myocytes were conducted several hours later. Finally,
another consideration is that the effects may be unique to different cytokines. In line with this
hypothesis, it has been reported using the same model system that L-NMMA reversed effects
on cell shortening and Ca2+ that are induced by IL-6 but not by TNF-α [107].

Limitations
Collectively, it is concluded that our understanding of the etiology of contractile impairment
in isolated cardiac myocytes stimulated with cytokines remains incompletely characterized.
The relative contribution of eNOS, iNOS or NOS-independent mechanisms to dysfunction at
various stages after cytokine stimulation still needs further evaluation.
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iNOS and contractile dysfunction in allograft-derived cardiac myocytes
A limited number of studies have examined contractile behavior of isolated cardiac myocytes
or cardiac tissue taken from allograft recipients. When cardiac myocytes were isolated from
adult mouse allografts at a time of mild-to-moderate rejection, basal shortening was found to
be either unaltered [108] or decreased [109], respectively. In the case of the mouse cardiac
myocytes, the investigators found no difference in calcium current between cardiac myocytes
isolated from isografts and allografts. However, β-adrenergic challenging of cardiac myocytes
revealed impaired contractile activity in myocytes from rat allografts [110] but again not in
mouse allografts [111]. The differences in the findings are unknown but may simply represent
species differences or differential level of rejection in each species.

A role of NO in contractile dysfunction in cardiac myocytes isolated from cardiac allografts
was subsequently proven by two strategies. The findings are summarized in Table 2. First, the
addition of L-arginine to bathing media decreased myocyte shortening in cells derived from
both rat and mouse cardiac allografts but not did not decrease myocyte shortening in cells
derived from isografts [108,111]. Second, the addition of the iNOS inhibitor, aminoguanidine,
reversed the impaired contractile shortening and the decreased calcium current in rat cardiac
allograft myocytes [109,111]. Collectively, despite the acknowledged caveats of use of
aminoguanidine, these studies appear to show that in early rejection the contractile
abnormalities due to NO derived from iNOS are still reversible. However, it is recognized that
the etiology of contractile dysfunction at later stages of rejection may or may not be acutely
reversible by interventions to antagonize NO production from iNOS and may arise from
cumulative effects of rejection involving additional etiologies including protein nitration (see
below).

iNOS and contractile dysfunction ex vivo in isolated allograft tissue
Several investigators using isolated right ventricular papillary muscles derived from
transplanted rodent hearts [55,112] or perfusion of intact hearts from transplant recipients show
contractile dysfunction before the onset of significant myocyte necrosis. Contractile
dysfunction was shown after stimulation with the β-adrenoceptor agonist, isoproterenol, or
increasing calcium concentrations but not at baseline. In contrast to the cell culture studies
above, this dysfunction was present despite the absence of exogenous L-arginine added to
buffers.

Therefore, it is not clear whether the latent contractile defects examined may or may not be
related to acute cardiac depressive activities of NO put rather due to pathology arising from
chronic NO up-regulation. It was concluded that iNOS played a role, at least in part, by findings
that chronic treatment with aminoguanidine inhibited the level of contractile dysfunction [55,
112]. Authors also reported that iNOS was expressed in macrophage infiltrating cells but not
endothelium or adjacent cardiac myocytes. Therefore, authors conclude that the contractile
dysfunction was primarily mediated via immune cells rather than via a paracrine effect of iNOS
up-regulation within cardiac myocytes.

Limitations
A current limitation in our knowledge of the role of iNOS in contractile dysfunction in acute
rejection is that in vitro measurements of quantitative contractile function of tissue derived
from allografts have not yet been determined using more highly-selective iNOS inhibitors. In
addition, an assumption in the findings cited above is that contractile dysfunction in the right
ventricular papillary muscle is representative, in general, of left ventricular dysfunction in the
context of an intact organ. Finally, an underlying limitation to date in most studies is that the
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ex vivo strategies have not evaluated contractile dysfunction in the milieu of other factors
present under in vivo conditions.

iNOS and contractile dysfunction in cardiac allografts in vivo
In situ or in vivo measurements of cardiac dysfunction in allografts have been determined;
however, there are remarkably few studies which have specifically examined the role of NO-
derived from iNOS in contractile dysfunction in vivo. In mouse heart allografts using strain-
gauges, increasing the resting diastolic tension resulted in impaired contractile response curves
that were partially reversed by chronic treatment with a non-selective NOS inhibitor, L-NMMA
[36].

In situ measurement of allograft dysfunction has been determined by echocardiography [113]
and in our laboratory using sonomicrometry. Impaired function was inhibited by chronic
treatment of allograft recipients with vitamin E, a superoxide dismutase (SOD) mimetic or a
peroxynitrite decomposition catalyst [114–116]. While the effect of treatment with an iNOS
inhibitor had not been evaluated in the context of graft function, the results with the SOD
mimetic or the peroxynitrite decomposition catalyst suggest the possibility that peroxynitrite
formation via interaction of superoxide and NO may play a significant role in acute cardiac
allograft rejection. This conclusion would be consistent with the known cardiac depressive
activity of ONOO− given to normal hearts [117] and the reversal of cardiac dysfunction in
cytokine perfused rat hearts using an SOD mimetic, L-NA or a peroxynitrite decomposition
catalyst [118].

Limitations
To date there are no quantitative measurements of contractile function in vivo using techniques
such as sonomicrometry or the less invasive echocardiography in allografts treated with highly-
selective iNOS inhibitors. Likewise, these in vivo quantitative techniques have not been used
to evaluate the role of iNOS in contractile function in acute cardiac rejection in iNOS knockout
vs. wild-type mice.

Peroxynitrite and Protein Nitration in Cardiac Allograft Rejection/Graft
Dysfunction

The studies above hint that NO bioactivity from iNOS rather that iNOS expression per se may
be more important to our understanding of its effects in acute cardiac allograft failure. One of
the possibilities to be considered is that peroxynitrite and other downstream effects of iNOS
up-regulation such as protein nitration rather than NO per se may contribute to acute cardiac
allograft dysfunction and rejection.

Earlier studies documented the formation of nitrotyrosine in experimental cardiac allograft
rejection [119]. Likewise, in human cardiac transplantation, nitrotyrosine formation was seen
in biopsies of cardiac grafts with grade III rejection scores but not in biopsies of grafts with
grade 0 rejection scores suggesting that nitration of cardiac protein and rejection were possibly
related [120]. Besides cardiac transplantation, nitrotyrosine has been shown in other forms of
organ rejection including hepatic [121], renal [11] and corneal rejection [122]. Thus, protein
nitration may be a process that is not unique to cardiac rejection.

Far fewer studies have examined the nitration of specific proteins in graft rejection. Nitration
of specific proteins such as the mitochondrial proteins MnSOD or cytochrome c has been
demonstrated in both renal and cardiac allograft rejection [89,123]. Collectively, nitration of
these proteins may be a mechanism to signal a cascade of events leading to apoptosis. The
nitration of these mitochondrial proteins is believed to be especially pivotal for cardiac
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allografts as these organs like brain are especially rich in the number of mitochondria. In our
laboratory, the loss of MnSOD protein and activity in rejecting cardiac allografts was shown
to be eliminated by treatment of recipients with the selective iNOS inhibitor, L-NIL implicating
an iNOS-dependent pathway.

Limitations
Despite the findings above, there are no published data in any model of transplant rejection
that has documented nitration of any specific protein including MnSOD or cytochrome c arising
specifically via an iNOS-dependent pathway.

Pathways of Protein Nitration in Cardiac Rejection
It is recognized that protein nitration can occur via the action of peroxynitrite from the
interaction of superoxide and NO derived from NOS. It is also acknowledged that nitrotyrosine
can be formed by peroxynitrite-dependent and peroxynitrite -independent pathways. An
example of the latter is proposed by myeloperoxidase catalyzed nitration in the presence of
nitrite and H2O2 [124]. In this context, it is known that myeloperoxidase activity is increased
in experimental and human rejecting cardiac grafts [116,125,126]. Currently, there are no direct
studies which have definitely ruled in or out this latter pathway of protein nitration in acute
cardiac allograft rejection, specifically, nor in organ rejection, in general.

A role of NO and allo-immune activation in protein nitration in acute cardiac rejection was
first suggested by studies showing blockade of increased nitration by the NO scavenger,
NOX-700 or by the immunosuppressant agent, cyclosporine [52,116]. The theory here is that
the former scavenges NO while the latter inhibits iNOS up-regulation. Additional studies in
our laboratory using L-NIL show that this treatment blocked the increase in total protein
nitration within the graft without altering iNOS expression, thereby, implicating a role of iNOS-
derived protein nitration presumably [89]. This finding agreed with previous studies showing
inhibition of nitration using other selective iNOS inhibitors [64,127]. Finally, the role of iNOS
in nitrotyrosine formation was firmly established in mouse heart transplants using genetic
ablation of iNOS [73].

To evaluate a role of peroxynitrite in protein nitration, studies were conducted using a
peroxynitrite decomposition catalyst. This strategy resulted in decreased nitration in cardiac
allografts [116]. The fact that the same treatment did not alter myeloperoxidase activity
suggests that myeloperoxidase-derived nitration is likely not a major pathway of nitration in
acute cardiac rejection. Collectively, it is concluded from the studies above that the major
pathway of protein nitration in acute cardiac rejection arises from peroxynitrite formed via an
iNOS-dependent pathway.

Cell localization of nitration
Clinically, immunoreactive nitrotyrosine is seen in biopsies of cardiac grafts displaying grade
III rejection but not in biopsies with grade 0 histological rejection scores suggesting that protein
nitration is associated with human cardiac graft rejection [120]. In experimental cardiac
allograft rejection, nitrotyrosine has been detected within infiltrating inflammatory cells and
in cardiac myocytes [52,64,116,119,128].

Therapeutic interventions that are shown to decrease nitrotyrosine formation in cardiac
myocytes per se have, in general, also been shown to increase graft survival or inhibit
histological rejection [52,129,130]. In studies using a COX-2 inhibitor, graft survival was
prolonged with weak staining for nitrotyrosine which was confined to inflammatory cells
[129]. Furthermore after treatment with a selective iNOS inhibitor, staining for nitrotyrosine
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within cardiac myocytes was negative [64]. That nitration of cardiac grafts arises specifically
from iNOS was clear in studies conducted in iNOS−/− and wild-type mice. Nitrotyrosine was
present when either donor or recipient was iNOS positive; however, nitrotyrosine was absent
when iNOS−/− donor hearts were transplanted into iNOS−/− recipient mice [73].

Conclusions
Emerging evidence suggests that cardiac myocytes are targeted for apoptosis in acute cardiac
rejection and the pathway is related, at least in part, to protein nitration. As cardiac myocytes
loose the capacity to proliferate upon maturation, it is hypothesized that the loss of these cardiac
muscle cells via nitrosative stress and apoptosis may critically contribute to cardiac dysfunction
and graft rejection.

NO actions on inflammatory cells in acute cardiac rejection
The role of NO in acute cardiac rejection has been considered mainly in the context of effects
on cardiac muscle. Another aspect worthy of consideration is the role of NO on immune cell
function in acute cardiac rejection. In this context, NO is known to have significant
immunosuppressive activity to down-regulate T-lymphocyte proliferation as well as down-
regulate T-lymphocyte activation [131–138]. This action potentially confounds the general
understanding of the totality of the role of NO derived from iNOS on acute cardiac allograft
rejection.

In addition, NO is reported to preferentially act on T cell sub-types. Early studies indicated
that NO inhibited the function of Th1 cells but not Th2 cells [139,140]. This action has the
effect of altering the balance of Th1 vs Th2 cytokine response favoring the anti-inflammatory
Th2 type response. Indeed, one study even showed that NO could up-regulate anti-
inflammatory Th2 cytokines such as IL-4 and IL-10. This shift from a Th1 to Th2 response is
considered as an additional possible explanation by which NO positively regulates transplant
tolerance [135]. Another mechanism is the inhibition by NO of IL-12 synthesis from
macrophages. This occurs at the transcriptional level [141]. IL-12 is a major inducer for the
differentiation of Th1 cells. Thus, inhibition of IL-12 short-circuits Th1 cell differentiation and
subsequent amplification of IFN-γsignaling and release by Th1 cells [141].

A subsequent study by the same group revealed a bimodal action of NO on Th1 cell
differentiation in CD4+ subset of Th1 cells [142]. Here the NO donor, S-nitroso-acetyl-
penicillamine (SNAP), was shown to increase IFN-γ production by Th1 cells at low levels of
NO donor (i.e. 1 to 10 μM) whereas IFN-γ production was strongly inhibited at high levels of
NO donor (i.e. 100 μM).

Other studies failed to confirm that NO-derived from SNAP selectively inhibited Th1 cells but
rather equally inhibited proliferation of both Th1 and Th2 cells [133]. This effect was
concentration-dependent up to 100 μM SNAP followed by increasing apoptosis with
concentrations of SNAP about 300 to 1,000 μM. This biphasic effect of NO on T cell function
is reminiscent of the biphasic actions of NO seen in other blood cells which indicated
stimulation at low concentrations and inhibition at high concentrations of NO [141–145].
Furthermore, the finding that proliferation was inhibited when SNAP was added 24 hours after
stimulation suggests that NO acts at a later stage to limit proliferation rather than at the initial
induction stage [133]. This finding has implications for understanding the role of NO in allo-
immune activation in vivo since up-regulation of iNOS lags behind inflammatory cell
activation.
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Limitations and implications
Crucial in all of these studies is the lack of understanding of the actual concentrations of NO
achieved in the environment of T cells in vivo during allo-immune activation in acute cardiac
allograft rejection. Then there is the issue with in vitro work using NO donors which produce
kinetics of NO release that may not precisely mimic the continuous release seen by NO
generated enzymatically via iNOS in the biological setting.

Nevertheless, the in vitro findings of the influence of NO on the response of immune cells have
potential implications for a better understanding of many of the controversial findings reported
earlier in this review regarding the effects of limitation of NO production by pharmacological
means and effects on graft survival. In this context, studies showing improved cardiac allograft
survival using NOS inhibitors or NO neutralizers were generally seen when the treatment
strategies left residual elevated levels of NO. It is intriguing to speculate that the residual NO
might exhibit a protective action to counteract rejection via the immunosuppressive action on
T cell function (Figure 1).

Actions of peroxynitrite on inflammatory cells in acute cardiac rejection
There is the other issue of the NO-derived nitration in different cell types in rejection. It is well
recognized that nitration can lead to apoptosis in many cell types. The fact that cardiac cells
have limited capacity to regenerate makes loss of cardiac cells via nitration-induced apoptosis
a significant concern for acute cardiac allograft rejection. In contrast, apoptosis in inflammatory
cells could be desirable to serve to counter further immune activation during graft rejection.

A possible explanation for the inhibitory action of NO on inflammatory cell function could be
via peroxynitrite formation. Indeed, peroxynitrite has been shown to inhibit T lymphocyte
activation and proliferation. This action is believed mediated by blocking tyrosine
phosphorylation signaling and subsequently favoring peroxynitrite-mediated apoptosis of T
lymphocytes [146].

Limitations
Currently, there is incomplete understanding of the ramifications of the specific localization
of nitrotyrosine within infiltrating lymphocytes and macrophage cells as opposed to
parenchymal cells such as cardiac myocytes in the setting of acute cardiac rejection. However,
future studies in this area may help to better understand the complex role of NO and down-
stream reactive nitrogen species such as peroxynitrite in the etiology of cardiac graft rejection.

Issues of iNOS expression vs. iNOS-derived NO bioactivity
An emerging viewpoint is that NO bioactivity via iNOS rather than iNOS expression per se
may be more important to understanding the complexities of NO. This notion should be a
consideration for understanding a role of NO in acute allograft rejection. Traditional
measurements in a plethora of studies of experimental cardiac transplant rejection have shown
increased levels of plasma or serum or urinary NO metabolites, nitrate plus nitrite [35,37,50].
The fact that these NO metabolites were increased in allografts but not isografts excludes any
increases due to complications of surgery. The finding that urinary NO metabolites returned
to baseline after cardiac allografts are fully-rejected has been interpreted to be due to decreased
release of NO into the systemic circulation since the graft is no longer functionally-perfused.
While an important probe of increase NO, these peripheral measures of NO metabolites have
limitations in that they did not give information that is specific to the graft.

Complimentary studies utilizing ex vivo measurements of NO production based on arginine-
to-citrulline conversion assays of cardiac tissue homogenates. Studies by Worrall et al. [10,

Pieper and Roza Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2009 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



55] have shown a several fold increase in calcium-independent, L-NMMA-inhibitable, iNOS
activity in cardiac allografts as compared to isograft controls [10,55]. This increase in iNOS
activity was blocked by using the iNOS inhibitor, N-aminomethyl-L-lysine [147]. One study
using a NO-selective electrode showed increased in situ levels of NO at 13.41 μM in allografts
compared to 3.43 μM in isograft control levels [148]. The increase in NO levels was decreased
to isograft levels using the iNOS inhibitor, aminoguanidine. The latter is the only study to our
knowledge to measure in situ levels of NO bioactivity using this technology.

Limitations
A limitation of the arginine-to-citrulline assays for iNOS enzyme activity is that the
measurements are made ex vivo using tissue homogenates incubated under saturating levels of
substrate and co-factors. Such conditions may or may not exist under in vivo conditions. The
in situ measurements with a NO electrode mentioned above have certain advantages in that
these measurements do not suffer from this limitation.

Post-translational regulation of NO bioactivity from iNOS
A new area of research that deserves greater attention is the actual NO bioactivity as determined
by post-translational factors in the setting of acute cardiac rejection. We have recently reported
increases in iNOS activity ex vivo at post-transplant days 4 and 6 in rat cardiac allografts using
citrulline assays. In contrast, NO content per se measured without addition of exogenous excess
arginine and tetrahydrobiopterin to the assay was increased at initial early stages of acute
cardiac allograft rejection (i.e. post-transplant day 4) but then return to isograft controls at later
stages of rejection (i.e. post-transplant day 6) [94]. This later decreased NO content was
associated with impaired GTP cyclohydrolase synthesis of tetrahydrobiopterin at post-
transplant day 6 but not at early stages of rejection at post-transplant day 4. This suggests that
tetrahydrobiopterin levels may be unable to support NO production via iNOS.

Interestingly, this secondary decline in NO content from its early peak in graft tissue per se
does not parallel the increases in plasma NO metabolites seen previously in our laboratory
which remain elevated to equivalent levels at both post-transplant days 4 and 6 [94]. This
illustrates that previous peripheral measurements of NO production may not be reliable
indicators of the actual NO content within cardiac grafts. Collectively, these studies indicate
that iNOS enzyme activities measured under optimal conditions ex vivo may not accurately
reflect the actual production of NO occurring within cardiac allografts at various stages of
rejection. Our recent findings may suggest that NO bioactivity rather than iNOS expression
may be more important in understanding better the etiology of effects of iNOS on graft
rejection.

The concept that post-translational factors can determine NO bioactivity derived from iNOS
raises questions about the possible uncoupling of NO production derived from iNOS in
rejecting cardiac allografts in vivo. This consideration requires that more studies are necessary
to better understand the post-translational modification of NO production from iNOS by
tetrahydrobiopterin in transplant rejection. This concept is inferred from other recent findings
in a renal transplant model in which supplementation with sepiapterin to increase levels of
biopterin via the salvage pathway increased NO content and decreased superoxide production
[149]. It was not clearly determined; however, that iNOS was the source of superoxide
production in renal rejection and the improved NO production following treatment with
sepiapterin occurred via iNOS or constitutive NOS.

We have hypothesized that the iNOS present in acute cardiac rejection may be uncoupled
[94]. This concept would be consistent with our earlier findings that protein nitration is
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increased at post-transplant day 6 [89] when cardiac NO content is decreased but nitration is
not increased at post-transplant day 4 when cardiac NO content is elevated in cardiac allografts.

Future Studies
It is clear that much still needs to be understood regarding the role of NO derived from iNOS
in acute cardiac rejection. This includes the possibility that post-translational regulation of
iNOS bioactivity must be part of the consideration. Future studies which examine iNOS
bioactivity and iNOS uncoupling may provide new insights into this complex understanding.
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Abbreviations
cNOS  

constitutive nitric oxide synthase

EPR  
electron paramagnetic resonance

iNOS  
inducible nitric oxide synthase

IFN-γ  
interferon-γ

IL-2  
interleukin-2

ISHLT  
International Society of Heart and Lung Transplantation

L-NIL  
N6-(1-iminoethyl)-L-lysine

L-NA  
L-nitroarginine

L-NAME  
L-nitroarginine methyl ester

L-NMMA  
L-NG-monomethylarginine

LPS  
lipopolysaccharide

SNAP  
S-nitroso-acetyl-penicillamine

SOD  
superoxide dismutase

TNF-α  
tumor necrosis factor-α
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Figure 1.
The opposing roles of iNOS in cardiac graft rejection.
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Figure 2.
Illustration showing that iNOS derived from the donor and recipient influence cardiac graft
survival and acute histological rejection. Upper left illustrates the effects of iNOS deletion
from donor sources. Upper right illustrates the effects of iNOS deletion from recipient sources.
Lower panel illustrates the effects of iNOS deletion in both donor and recipients. Conclusions
are a summary of the findings by Szabolcs et al. [2001] using various surgical strategies.
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Table 1
Summary of effects of NO modulation on acute cardiac allograft survival and
rejection

Source Agent Graft Survival Histological Rejection

Non-selective NOS inhibitors
Winlaw (1995) L-NMMA ⬆ ➡
Menon (1998) L-NMMA ⬆ ➡
Bastian (1994) L-NMMA ➡ n.d.
Paul (1996) L-NAME ⬇
Yamamoto (2007) L-NMMA ➡ n.d.
NO neutralizers
Cooper (1998) PDTC ⬆ ➡
Pieper (2002) DETC-Fe ⬆ ⬇
Roza (2000) NOX-100 ⬆ ➡
Pieper (2001) ⬆
Pieper (2004) NOX-700 ⬆ ⬇
Pieper (2002) AMD6221 ⬆ ⬇
iNOS inhibitors
Worrall (1995) Aminoguanidine ⬆ ⬇
Takahashi (2000) Aminoguanidine ⬆ ⬇
Szabolcs (2002) BBS-1 ⬆ ⬇

BBS-2 ⬆ ➡
Pieper (2004) L-NIL ⬆ ➡ ⬇
Pterin-based NOS inhibitor
Brandacher (2001) 4-aminobiopterin ⬆ ⬇
Brandacher (2006) 4-aminobiopterin ⬆ ⬇
iNOS knockout
Koglin (1999) INOS−/− recipients n.d. ⬇
Mannon (1999) iNOS−/− recipients ➡ ➡

iNOS−/− donors ➡ ➡
Lee (2000) iNOS−/− donors ⬇ n.d.
Szabolcs (2001) iNOS−/− recipients ➡ ➡

iNOS−/− recipients ➡ ➡
iNOS−/− donors and recipients ⬆ ⬇

DETC-Fe, diethyldithiocarbamate-iron complex; L-NAME, L-nitroarginine methyl ester; L-NIL, N6-(1-iminoethyl)-L-lysine; L-NMMA; L-NG-
monomethylarginine; PDTC, pyrrolidine dithiocarbamate; ⬆ increased; ⬇ decreased; ➡ unchanged; n.d., not determined

n.d. (not determined)
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Table 2
Summary showing the effects of NO modulation on function of cardiac myocytes
from allograft recipients

Source Result

Ex vivo function in cardiac myocytes
Ziolo (2001) normal basal ICa but ICa decreased in presence of L-arginine
Ziolo (1998) decreased basal shortening; improved shortening by aminoguanidine in the cell culture
Ritter (2001) normal L-type Ca2+ currents, [Ca2+]i, transient amplitude and fractional shortening and normal isoproterenol-

stimulated peak [Ca2+]I; addition of L-arginine unmasked decreased cell shortening
Ex vivo function in isolated papillary muscles
Worrall (1997) decreased β-adrenergic- and calcium-stimulated maximum tension, (+) dP/dt and (−) dP/dt; improved by

aminoguanidine treatment
Worrall (1994) decreased calcium-activated increase in contractile tension; reversed by aminoguanidine treatment
Ex vivo function in isolated perfused grafted hearts
Soto (2000) lower left ventricular filling (left-shifted, LV pressure-LV volume curves); reversed by aminoguanidine

treatment
In situ function
Koglin (1998) decreased graded palpation scoring of contractility in iNOS−/− recipients vs. wild-type recipients
Menon (1998) impaired tension-contraction response curves; partially reversed by L-NMMA
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