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ABSTRACT

Cardiac Allograft Vasculopathy, an accelerated form of arterial occlusive disease, is the major cause of death in the
long-term after heart transplantation. Multiple factors influence the initiation and progression of CAV. These include
ischemia-reperfusion, dyslipidemia, insulin resistance, and hypertension due to the use of immunosuppressive agents,
the direct effects of immunosuppressive agents on endothelial function, and viruses (CMV). Impaired endothelial func-
tion reflects abnormalities in the production or activity of several vasoactive substances. Disruption of the nitric oxide
synthase (NOS) pathway leads to changes in vascular reactivity, structure, and interaction with circulating blood com-
ponents. Since endothelium-derived nitric oxide (NO) suppresses vascular cell proliferation and vascular inflammation,
a deficit in vascular NO facilitates development of CAV. The link between oxidative stress and CAV largely exists in
the balance between free radical superoxide (O;) generation and NO production. This review focuses on identifying
the oxidative stress factors affecting CAV.
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1. Introduction

The technique of successful heart transplantation has
existed for more than 45 years now and so has Cardiac
Allograft Vasculopathy (CAV) almost for the same
number of years. However, CAV still continues to re-
main the major threat to long term survival of the cardiac
allograft. CAV, an accelerated form of arterial occlusive
disease, is the major cause of death in the long-term after
heart transplantation. This review focuses on identifica-
tion of factors of oxidative stress adversely influencing
the initiation and progression of CAV.

CAV is considered as the result of a combination of
immunological and non-immunological insults to the car-
diac allograft status post transplantation [1]. Multiple
factors can influence the initiation and progression of
CAV. These include ischemia-reperfusion, dyslipidemia,
insulin resistance, and hypertension due to the use of
immunosuppressive agents, the direct effects of some
immunosuppressive agents on endothelial function, and

viral infections most commonly cytomegalovirus (CMV).

It must be emphasized that the common denominator is
endothelial dysfunction.
Impaired endothelial function reflects abnormalities in
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the production or activity of several vasoactive sub-
stances. Disruption of the nitric oxide synthase (NOS)
pathway leads to changes in vascular reactivity, structure,
and interaction with circulating blood components. Since
endothelium-derived nitric oxide (NO) suppresses vas-
cular cell proliferation and vascular inflammation, a
deficit in vascular NO facilitates development of CAV.
One of the molecules that have risen to prominence as an
endogenous inhibitor of NOS is Asymmetric Dimethyl
Argninine (ADMA) [2]. ADMA, first reported in 1992
[2], is a modified amino acid which is derived from the
methylation of internal arginine residues in proteins and
the subsequent hydrolysis of these proteins. ADMA is an
endogenous inhibitor of NOS. Increased tissue and
plasma levels of this molecule are consistent with devel-
opment of intimal hyperplasia. Infections with cy-
tomegalo virus (CMV) can cause eclevations of plasma
ADMA levels leading to impaired endothelial function
and predisposition to CAV.

The link between oxidative stress and CAV largely
exists in the balance between free radical (superoxide
(O;)) generation and NO production. An imbalance,
favoring superoxide anion generation, activates oxi-
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dant-sensitive transcriptional pathways that induce genes
such as MCP-1 and VCAM involved in atherogenesis
(see Figures 1 and 2). This assumes importance as CAV
and native atherogenesis share certain pathophysiological
traits. Insult and injury secondary to oxidative stress oc-
curs when an organ is separated from its native blood
supply and then reperfused. Thus, graft ischemic time,
quality of graft preservation during transport, hemody-
namic status of the donor, catecholamines used for ino-
tropic support, and reperfusion itself will influence
ischemia perfusion effects. This injury continues during
subsequent periods of immunological attacks on the do-
nor organ by the recipient system. Damage to the endo-
thelium following hypoxia, occurs via loss of the ability
to release nitric oxide within minutes after reperfusion.
This can be explained by the consumption of nitric oxide
by superoxide radicals formed early during reperfusion.
Endothelial damage can result from either denuding or
nondenuding injury. In nondenuding injury, replacement
of injured endothelial cells leads to endothelial dysfunc-
tion [3]. Both immune-related and nonimmune-related
factors contribute to nondenuding injury. In contrast,
denuding injury is caused by ischemia-reperfusion injury
during transplantation or during episodes of acute cellu-
lar rejection.

Another important factor contributing to the develop-
ment of CAV is CMV infections. The mechanisms un-
derlying the process are poorly understood but there ex-
ists a definite link. As early as 1989, it was noted that
CMV infection led to increased frequency of rejection
and CAV [4]. Endothelial dysfunction has been de-
scribed as the major force in CMV induced CAV
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Figure 1. Molecular basis of oxidative stress.
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Figure 2. Cellular mechanisms contributing to cardiac al-
logr aft vasculopathy.
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[4-6].

2. Endothelial Cell Dysfunction and
Molecular Aspects of Oxidative Stress

Understanding the mechanisms of endothelial dysfunc-
tion may lead to endothelial-targeted therapies for pre-
vention of CAV. Endothelial dysfunction is characterized
by vascular inflammation and intimal proliferation, lead-
ing to luminal stenosis of epicardial arteries, occlusion of
smaller vessels, and myocardial infarction. Histological
lesions may range from concentric, diffuse intimal hy-
perplasia to fibrofatty plaques indistinguishable from
spontaneously occurring atherosclerosis [7]. Coronary
endothelial cells of the allograft can serve as antigen-
resenting cells as well as targets of allogeneic lympho-
cyte reactivity. T-cell-interaction with graft endothelial
cells, initiates and sustains the chronic immune response
leading to injury [8]. At the molecular level endothelial
cell dysfunction occurs with up regulation of expression
of adhesion molecules and chemokines, which participate
in the inflammatory process leading to a prothrom-
bogenic state. Predisposing conditions include preserva-
tion injury, ischemia-reperfusion, acute rejection, T cell
activation, antibody deposition and complement fixation,
and viral infection. The ongoing inflammation is thought
to accelerate the development of CAV.

Endothelial dysfunction of the epicardial arteries can
be defined as a paradoxical vasoconstriction of >10% in
response to intracoronary injections of acetylcholine and
this may be manifested very early status post transplant.
Endothelium dependent flow responses declined signifi-
cantly in a 3 year follow-up study [9-12]. Homeostatic
balance between endothelial vasodilators and vasocon-
strictors contributes to adverse changes in vascular
structure and reactivity. Endothelium derived NO is
vasoprotective and reduction in the synthesis or bioactiv-
ity of endothelium-derived NO promotes processes fa-
voring CAV.

Increase in reactive oxygen species (ROS) in cells
within the graft or recruited to it and associated with a
decline of antioxidant enzymes, can lead to covalent
oxidative modifications of lipids, proteins, and DNA.
Elevations in reactive nitrogen species (RNS) contribute
to tissue modification and destruction. RNS are derived
from nitric oxide (NO) via up regulation of inducible NO
synthase (iNOS) noted in animal models [13-15] with
excess NO reacting with superoxide anion to form per-
oxynitrite. The nitrating and oxidizing properties of per-
oxynitrite produce significant cellular toxicity in the set-
ting of cardiac allograft rejection [16]. The formation of
both ROS and RNS via the induction of a ROS-sensitive
transcription factor, nuclear factor-«B (NF-xB), leads to
iNOS upregulation [17]. In a murine heterotopic trans-
plantation model, administration of antioxidants until
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postop day 3 produced a significant decrease in nitrosa-
tive and oxidative stress in cardiac allografts leading to
better modulation of the immune system and in turn
shielding the graft from CAV. In this model, a significant
decrease of NF-xB and inducible NOS was noted [18].

Immunesuppressive therapy itself can cause increased
levels of ROS leading to vascular dysfunction. ROS is
produced mainly by the NADPH oxidase system in vas-
cular endothelial cells. The NADPH oxidase subunits
Nox1, Nox2 and Nox4 are exclusively found in vascular
cells. Activation of the GTP-dependent protein subunit
Race 1 is required for this enzyme to function. Therefore
inhibition of this protein subunit should reduce NADPH
oxidase-induced oxidative stress. Oxidative stress is
manifested as hypertension, hypertrophy, fibrosis, con-
duction abnormalities, endothelial dysfunction, and CAV.
As opposed to cyclosporine and tacrolimus, the immu-
nosuppressive drug mycophenolate inhibits the Rac 1
subunit thus inhibiting NADPH oxidase in the vascula-
ture. Reducing oxidative stress leads to decrease in graft
rejection and vascular damage and therefore appears to
exert a protective effect against CAV [19].

3. ADMA an Endogenous I nhibitor of NOS

ADMA is a competitive inhibitor of NOS. This modified
amino acid is derived from the methylation of internal
arginine residues in proteins and the subsequent hydroly-
sis of these proteins. ADMA is never produced by me-
thylation of free arginine, and is not affected by L-ar-
ginine intake [20,21]. ADMA is excreted by the kidney
to a lesser extent and maximally metabolized by the en-
zyme dimethylarginine dimethylaminohydrolase (DDAH)
to citrulline and dimethylamine (Figures 3 and 4). Hence
inhibitors of DDAH in turn increase ADMA levels. En-
dothelium-derived NO is a potent endogenous vasodila-
tor and also prevents vascular inflammation and lesion
formation in the vessel wall by inhibiting platelet and
leukocyte adherence and by suppressing vascular smooth
muscle cell proliferation [22]. In patients who have re-
ceived cardiac allografts ADMA levels appear to be ele-
vated in parallel with endothelial dysfunction. Therefore
a notable link appears to exist. It has also been shown
that infusion of L-arginine in patients who have received
a cardiac transplant endothelial dysfunction is reversed.
In animal models inhibition of the NOS pathway accel
model of CAV overexpression of DDAH reduced plasma
and tissue ADMA concentrations and thereby increased
NO production [27]. In transgenic mice overexpressing
DDAH an increase in plasma NO levels and a reduction
in systemic vascular resistance were noted [28]. When
donor hearts of wild-type mice were heterotopically
transplanted into transgenic mice overexpressing human
DDAH-I, or transplanted into wild-type (WT) littermates,
the DDAH-I expressing mice
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Figure 3. Inhibition of nitric oxide synthase by ADMA.

had less CAV incidence at erates atherosclerosis and
enhancement of NO synthesis reduces vascular lesion
formation [23-26]. In a murine 30 days post transplanta-
tion [29]. These animal models drive home the point that
ADMA is an important regulator of NO synthesis and a
genetic reduction in plasma or tissue. ADMA levels have
a protective effect on vasculature.

4. Roleof CMV

Viral pathogens such as CMV cause endothelial dysfunc-
tion via an activation of molecular mechanisms of in-
flammation and coagulation. In recipients of cardiac
transplants CMV has been historically linked to CAV [4].
It is interesting that CMV levels correlate with develop-
ment of CAV and plasma ADMA levels correlate with
CMV viremia. In vitro endothelial cell cultures show
CMV infection elevates ADMA levels and decreases
DDAH activity and levels. Viral infection showed in-
creased nitrite levels. Intracellular cyclic GMP levels
reflect NO bioactivity. The levels of cGMP were reduced
in CMV infected cells. In these experiments basal pro-
duction of the superoxide radical was increased with
CMYV infection. Addition of superoxide dismutase to the
culture medium showed decreased levels of superoxide
molecules and this effect seemed to be accompanied by
decreased ADMA production. The pathogenesis eluci-
dated in vitro seems to exist in vivo and increased
ADMA and decreased DDAH levels appear to correlate
with CMV infection. CMV causes induction of TNF al-
pha which causes up regulation of inducible NOS (iNOS).
iNOS in turn elicits generation of superoxide anions.
TNF alpha is also known to down regulate vascular
DDAH activity and therefore increases ADMA activity.
Treatment of post-transplant patients with sirolimus for
immunesuppression appears to decrease ADMA levels
and incidence of CAV. Correlations of this nature de-
duced in small animal and human studies are interesting,
but exact causation is difficult to extrapolate without
larger studies [30-32].

4.1. Insulin Resistancein CAV

Metabolic syndrome and insulin resistance have known
to be accelerating factors in development of CAV. In
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Figure4. Synthesis and degradation of ADMA.

recent studies, metabolic syndrome has gained consider-
able importance in predisposing post-transplant patients
to CAV. Insulin resistance, which is a part of the meta-
bolic syndrome, is considered detrimental. In patients
treated with pioglitazone, in-stent restenosis was found to
be reduced in diabetics and non-diabetics. The mecha-
nism has been postulated to be via a reduction of leptin
and in insulin resistance, and therefore, improved endo-
thelial function. Additionally, in small studies of pa-
tients’ status post transplants, a synergic interaction has
been noted between markers of systemic inflammation
such as CRP and insulin resistance (TG/HDL) [33-36].

4.2. Mia-Reperfusion Injury and Treatments
with Antioxidants

Ischemia-reperfusion (IR) injury associated with oxida-
tive stress is a major contributor to CAV initiation and
progression. Microvascular dysfunction that ensues can
result in primary graft failure or untreatable chronic re-
jection leading to CAV. At the molecular level, IR in-
creased transendothelial PMN migration, NADPH oxi-
dase activity, and SOD activity in PMNs and endothelial
cells. Pioglitazone, a peroxisome proliferator-activated
receptor (PPAR)-gamma agonist, could attenuate graft
oxidant stress in cardiac transplantation in a murine
model. It was able to achieve an anti-oxidant balance in a
murine model. Seven days post transplantation, PPAR-
gamma was significantly up-regulated by pioglitazone,
but nuclear factor-kappaB and inducible nitric oxide
synthase were significantly down-regulated in this model
[371].

In a rat model, a peroral single-dose of simvastatin—
the 3-hydroxy-3-methylglutaryl coenzyme A reductase
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and the Rho GTPase inhibitor given 2 hours before graft
procurement attenuates the microvascular dysfunction.
Simvastatin treatment inhibited microvascular endothe-
lial cell and pericyte RhoA/Rho-associated protein kinase
activation and endothelial cell-endothelial cell gap for-
mation; decreased intragraft mRNA levels of hypoxia-
inducible factor-1a, inducible nitric oxide synthase, and
endothelin-1. It increased heme oxygenase-1 reducing
microvascular injury. In chronic rejection transforming
growth, factor-f1-induced microvascular endothelial-to-
mesenchymal transition and led to myocardial fibrosis.
This effect was abolished by simvastatin treatment via
inhibition of transforming growth factor-f1 [38].

The discovery of the TLRs (Toll-like receptor) family
has led to a better understanding of the innate immune
system. TLR-2 and TLR 4 have been implicated in myo-
cardial injury via ischemia-reperfusion. Murine models
deficient in TLR -2 and TLR-4 confer protection from IR
injury. TLR2 deficient models appear to have less LV
dysfunction status post IR injury. TLR4 deficient mice
show protection against myocardial injury via PI3K/Akt-
dependent signaling pathways [39,40]. Therefore modu-
lation of TLRs and their downstream signaling pathways
may help modulate IR injury.

5. Conclusion

CAYV and oxidative stress are intrinsically linked via the
NOS pathway and is mediated by a variety of factors.
Preexisting arteriosclerotic disease in the graft, graft is-
chemia before transplantation, immunosuppressive agents
post transplantation and the known risk factors (hyperpi-
demia, hypertension, diabetes, hyperhomocysteinemia),
as well as CMV, all contribute to CAV initiation. Im-
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pairment of the NOS pathway and the role of the en-
dogenous inhibitor of NOS (ADMA) are substantial det-
riments to graft survival due to oxidative stress. Identifi-
cation and modulation of therapeutic targets that could
impact the NOS pathway and endothelial function may
be key to protection from CAV and enhancing long term
graft survival.
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