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Streszczenie
Pomimo postępów w zapobieganiu i leczeniu epizodów odrzu-
cania, waskulopatia przeszczepionego serca (cardiac allograft 
vasculopathy – CAV) pozostaje nadal istotnym czynnikiem 
ograniczającym długoterminowe przeżycie graftu. Etiopato-
geneza CAV nie została w pełni poznana, jednak kluczową 
rolę przypisuje się uszkodzeniu komórek śródbłonka naczyń 
wieńcowych z udziałem mechanizmów immunologicznych 
i nieimmunologicznych. Do czynników immunologicznych na-
leżą różnice pomiędzy układem HLA biorcy i dawcy, obecność 
alloreaktywnych przeciwciał oraz epizody ostrego odrzucania 
przeszczepu. Natomiast wśród czynników nieimmunologicz-
nych istotne są: wiek dawcy, uszkodzenie niedokrwienno-
-reperfuzyjne oraz zakażenie wirusem cytomegalii. Nie bez 
znaczenia są również klasyczne czynniki ryzyka sercowo-na-
czyniowego (cukrzyca, nadciśnienie, otyłość i hiperlipidemia). 
W pracy przedstawiono przegląd dotychczasowej wiedzy na 
temat etiopatogenezy waskulopatii, roli śródbłonka i procesu 
zapalnego w jej powstawaniu, a także poddano analizie czyn-
niki mogące służyć jako markery ryzyka rozwoju waskulopatii 
w przeszczepionym sercu.
Słowa kluczowe: waskulopatia przeszczepionego serca, czyn-
niki ryzyka, śródbłonek.
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Abstract
Despite advances in prevention and treatment of heart trans-
plant rejection, development of cardiac allograft vasculopathy 
(CAV) remains the leading factor limiting long-term survival 
of the graft. Cardiac allograft vasculopathy etiopathogenesis 
is not fully understood, but a significant role is attributed to 
endothelial cell damage, caused by immunological and non-
immunological mechanisms. Immunological factors include 
the differences between the recipient’s and the donor’s HLA 
systems, the presence of alloreactive antibodies and episodes 
of acute rejection. Among the non-immunological factors the 
most important are the age of the donor, ischemia-reperfusion 
injury and cytomegalovirus infection. The classical cardiovas-
cular risk factors (diabetes, hypertension, obesity and hyperlip-
idemia) are also important. This study presents an up-to-date 
overview of current knowledge on the vasculopathy etiopatho-
genesis and the role played by endothelium and inflammatory 
processes in CAV, and it also investigates the factors which 
may serve as risk markers of cardiac allograft vasculopathy.
Key words: cardiac allograft vasculopathy, risk factors, endo-
thelium.
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Introduction
Cardiac allograft vasculopathy (CAV), also called accel-

erated coronary artery disease, is one of the major causes 
of late failure after heart transplantation and greatly re-
duces the graft survival in long-term observation, i.e. from 
12 months after heart transplantation [1, 2]. The frequency 
of CAV is estimated at 8% one year after transplantation, 
at 30% in a 5-year follow-up, and as high as 50% within  
10 years [2]. Although a relatively small percentage of pa-
tients develops vasculopathic changes within the first year, 
the quick and fulminant CAV development in this period 
does not bode well for graft survival [3].

Cardiac allograft vasculopathy manifests itself in a wide 
range of changes. Characteristic is the picture of vasculopa-
thy, in which diffuse intima proliferative lesions of the distal 
segments of the coronary arteries, resulting from the endo-
thelium damage, are predominant. The main cells involved 
in the cell proliferation are membrane smooth muscle cells, 
fibroblasts, macrophages and T cells [4, 5]. Coronary artery 
damage contributes to the development of CAV induced by 
various noxious stimuli. A significant role is attributed to 
immune system activation. Particularly important are the 
episodes of acute rejection and the presence of anti-HLA 
and other antibodies (non-HLA and alloreactive T cells), 
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which affect the progression rate in the vessels [4, 5]. Addi-
tionally, an important role in CAV development is assigned 
to non-immunological factors which include the donor’s 
age and gender, cytomegalovirus (CMV) infections and 
ischemia-reperfusion injury [6, 7]. An equally important role 
is played by the classic cardiovascular risk factors (obesity, 
dyslipidemia, hypertension, diabetes, and smoking) [4, 8]. 
Vasculopathy development is also, paradoxically, associat-
ed with immunosuppressive therapy conducted after heart 
transplantation, due to the side effects of immunosuppres-
sive drugs, including induction of post-transplant diabetes 
mellitus, hypertension, hyperlipidemia, nephrotoxicity and 
increased incidence of CMV infections [4, 9]. These factors 
in turn influence the rate of CAV progression. Calcineurin 
inhibitors and glucocorticosteroids may have particularly 
adverse effects on vasculopathy development [9].

The understanding of the vasculopathy pathophysiol-
ogy, as well as the role of endothelial dysfunction and in-
flammation in the CAV pathogenesis, plays a key role in the 
development of new therapies. The possibilities of inter-
ventional treatment of graft vasculopathy are limited. Thus, 
CAV prevention is the key to improvement of transplant pa-
tients’ survival.

Cardiac allograft vasculopathy 
etiopathogenesis and the role  
of the endothelium

The endothelial cells constitute the inner lining of the 
lumen and are characterized by diverse biological activity. 
The substances produced within them play an important 
role in vascular tone regulation and the preservation of 
their proper functionality. A properly functioning endothe-
lium prevents leukocyte adhesion and platelet aggregation, 
inhibits proliferation of vascular smooth muscle cells and 
regulates coagulation [10].

Cardiac allograft vasculopathy etiopathogenesis is com-
plex and multifactorial. From the perspective of CAV patho-
physiology, endothelial activation seems to be the starting 
point for the development of transplant vasculopathy [1]. 
Endothelial dysfunction is caused by both immunological 
and non-immunological risk factors. After cardiac trans-
plant, the humoral and cellular immune response to HLA 
antigens, endothelial cell antigens and ischemic injury is 
the source of endothelial destruction [11, 12]. At the point of 
the vascular endothelial cell damage, it leads to procoagu-
lant surface expression and, therefore, increased expres-
sion of adhesion molecules (endothelium leukocyte adhe-
sion molecule 1 [ELAM-1], intercellular adhesion molecule 1  
[ICAM-1], vascular cell adhesion molecule 1 [VCAM-1]),  
which, together with the chemoattractants, cause the mi-
gration of granulocytes, macrophages and lymphocytes to 
the site of the process [10, 13, 14]. Recruitment of leuko-
cytes requires intercellular communication between infil-
trating cells, the endothelium, parenchymal cells, and com-
ponents of the extra-cellular matrix [13].

The exposed collagen fibers of the damaged endotheli-
um are the site of increased aggregation and platelet adhe-

sion [15]. They change their shape, adjacent to each other, 
and undergo aggregation to form a platelet thrombus. This 
leads to expression of the receptors for fibrinogen and its 
binding on the platelet surface, as well as the exposure of 
many membrane proteins [14, 16]. Also characteristic for 
CAV development are the stimulation of vascular smooth 
muscle proliferation and vasoconstriction, increased micro-
vascular permeability and increased production of reactive 
oxygen species [10]. Initiation of endothelial cell injury trig-
gers a cascade of processes associated with the release of 
cytokines and the activation of inflammatory mediators 
which would consequently contribute to deepening of the 
vasculopathic changes [11-14]. The genetic and metabolic 
factors of the recipient and the donor acting at the level 
of the coronary artery walls are not without significance 
for the progression of CAV [17]. Mutations in hemostasis 
adhesion proteins and cell adhesion proteins, with genetic 
susceptibility, are associated with the development of vas-
culopathy [17]. 

An assessment of the endothelium can be made by an 
analysis of the various markers reflecting the vascular en-
dothelium functions at different levels of its activity, com-
prising measurement of factors such as VCAM-1, ICAM-1, 
fibrinogen, thrombomodulin, interleukin, and the von Wil-
lebrand factor. These markers indirectly or directly reflect 
the degree of endothelial damage or dysfunction [10, 18, 
19]. The state of the endothelium is considered to be an 
integrated indicator of all the factors affecting coronary 
vasculopathy development. Thus, the markers that reflect 
activation of different components of the endothelium can 
be valuable markers used to detect and monitor the prog-
ress of CAV [14].

Systemic inflammatory response
Chronic inflammation is recognized as one of the main 

features of atherosclerosis development. In the past few 
years, numerous studies have indicated that systemic in-
flammation may also accompany CAV [20, 21]. Chronic in-
flammation is a result of the release of pro-inflammatory 
cytokines and chronic activation of the immune system. 
The biochemical exponent of the inflammatory process is 
an increased number of neutrophil granulocytes, C-reac-
tive protein, fibrinogen, adhesion molecules (ICAM-1 and 
VCAM-1), and pro-inflammatory cytokines. On the other 
hand, circulating cytokines may impair the functioning 
of the endothelium, either directly or indirectly, through 
the impact on the level of factors such as high-sensitivity  
C-reactive protein (hs-CRP) and fibrinogen [14, 22, 23].

One of the most sensitive markers of systemic inflam-
mation is the C-reactive protein. C-reactive protein is pro-
duced in the liver and it reflects the total cytokine activity 
in the body [20]. Research shows that increased levels of  
hs-CRP can be used as an indicator of increased vasculopathy 
risk [21, 22]. Other studies also confirm the role of hs-CRP as 
a sensitive marker of the risk for vasculopathy development  
and a medium constituting the composite endpoint of car-
diovascular events and death in patients after transplanta-
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tion [21]. Furthermore, Pethig et al. reported that the level 
of hs-CRP correlates with the rate of progression of vascu-
lopathic changes [20], and a high level is associated with 
higher graft losses [21]. C-reactive protein is also associated 
with increased expression of ICAM-1 and VCAM-1 on endo-
thelial cells. In turn, these molecules play a significant role 
in attracting the cells to the site of atherosclerotic plaque 
formation [23]. Labarrere et al. reported that increased ex-
pression of ICAM-1 levels in plasma, accompanying the in-
crease of CRP, is a prognostic factor of an aggressive and 
rapidly progressive CAV [24]. Significantly higher levels of 
CRP, fibrinogen, ICAM-1 and VCAM-1 adhesion molecules 
and an increased number of leukocytes have been noted in 
patients with cardiac allograft vasculopathy with a consid-
erable degree of coronary lesions, compared to those with 
CAV with minor changes in the vessels. Given the effect of 
the increased inflammation on CAV development, proven 
in numerous clinical studies, future clinical trials should be 
directed at the inhibition of inflammation, particularly in 
the postoperative period. In addition, patients with high hs-
CRP levels should be carefully monitored.

Classic cardiovascular risk factors for cardiac 
allograft vasculopathy development 

Important groups of risk factors for CAV development are 
modifiable and non-modifiable classic cardiovascular fac-
tors. Modifiable factors include dyslipidemia, diabetes melli-
tus, hypertension, obesity, markers of chronic inflammation, 
metabolic syndrome and prothrombotic factors. Non-modifi-
able factors include age, gender and genetic markers. In ad-
dition, a separate and a very important group consists of life-
style factors: diet, smoking and physical activity [8, 15, 25].

Risk factors for cardiovascular diseases are closely relat-
ed to the development of classical coronary atherosclerosis. 
There has been more and more conclusive evidence that 
the classical cardiovascular factors also affect CAV develop-
ment, as well as the progression of vascular lesions of the 
transplanted heart [8]. Many cardiovascular risk factors, in-
cluding diabetes, obesity, dyslipidemia, and hypertension, 
are often more prevalent in a population of patients after 
heart transplantation, as compared with the general popu-
lation [9]. This group of patients should be subjected to 
careful observation.

Sánchez Lázaro et al. studied the impact of cardiovas-
cular risk factors in heart transplant recipients on CAV 
occurrence in a one-year follow-up. In this study dyslipi-
demia and ischemia were significantly associated with CAV 
development. In the case of factors such as older age, hy-
pertension, smoking and obesity, only a tendency towards 
frequent CAV occurrence was observed in the analyzed 
group of patients [8]. In the population of patients after 
heart transplantation the classic risk factors, especially 
hypertension, dyslipidemia, smoking and diabetes, often 
accumulate, and therefore the resultant of all these fac-
tors contributes to faster progression of coronary lesions. 
On the other hand, other studies also show that older age, 
male gender, higher weight and blood type O occurring 

in the donor are associated with an increased CAV risk in 
heart transplant recipients. The cumulative risk of CAV de-
velopment increases from 22% after 5 years to 39% after 10 
years [5]. A higher weight of the donor may be associated 
with a higher probability of the presence of atherosclerosis 
“transferred” together with the heart from the donor to the 
recipient, and it also forms the basis for CAV. Importantly,  
the research shows that donor age above 32 is already 
associated with an increased CAV risk in the recipient 
[5]. Heart transplant patients are at risk for a number of  
atherogenic factors that may significantly contribute to 
CAV development. Particularly important is the presence of 
an increased ratio of total cholesterol/high-density lipopro-
tein (HDL), increased level of triglycerides, lipoprotein a, ho-
mocysteine, fibrinogen and reduced HDL level [26]. Many of 
these factors are present in patients with cardiac allograft 
vasculopathy. The role of lipid disorders in CAV progression 
is also confirmed by its lesser severity or regression in pa-
tients taking cholesterol-lowering drugs [1, 26].

Disorders of carbohydrate metabolism may adversely af-
fect the coronary arteries by several mechanisms. Diabetes 
mellitus is common in heart transplant recipients and occurs 
in 28% of them within one year after transplantation, and in 
40% of patients within five years after the surgery [1]. Diabe-
tes manifesting itself in the early post-transplant period may 
also play a role in the development of the acute rejection pro-
cess. Numerous episodes of acute rejection are in turn a factor 
contributing to the development of vasculopathy. Metabolic 
disorders developing in diabetes are also associated with im-
paired endothelial functions, inducing generalized inflamma-
tion, and disorders in the balance of the coagulation system 
processes closely related to CAV [27-29]. In contrast, another 
study reported that diabetes induced after transplantation 
does not affect the incidence of CAV [30]. Similar observations 
regarding the lack of the impact of type 2 diabetes on CAV 
development were made by Zakliczyński et al. [31]. Due to am-
biguous data on the impact of diabetes on the development 
of vasculopathy, there is a need for further studies that will 
define the role of diabetes in CAV development.

Markers of insulin resistance, defined as TG/HDL ratio 
≥ 3, and CRP level in excess of 3 mg/l of insulin can also 
lead to endothelial dysfunction and CAV development [1, 
31]. The significant correlation between markers of insulin 
resistance and systemic inflammation suggests a patho-
physiological link between immuno-inflammatory activa-
tion and insulin resistance.

Many risk factors for cardiovascular disease are com-
mon among heart transplant recipients. In order to prevent 
or slow the progression of vasculopathic changes, an inten-
sive treatment aimed at the modification of these factors 
should be taken into consideration.

The effect of Cytomegalovirus and hepatitis C 
virus infections on the development of cardiac 
allograft vasculopathy

Cytomegalovirus is one of the most common viral pa-
thogens isolated in patients after heart transplantation. 
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With the start of immunosuppressive treatment, the rate of 
the infection with this virus is significantly increased, due 
to the blocking of the most important step of the antiviral 
defense, which is a cytotoxic T lymphocyte response de-
pendent on HLA, by immunosuppressive drugs. In the first 
months after transplantation, CMV infection occurs in 60-
90% of the transplant recipients [7].

Data show that the frequent CMV infections in patients 
after heart transplantation affect the rate of accelerated 
coronary atherosclerosis development [7, 32]. The presence 
of the adenoviral genome in heart transplant recipients 
increases the risk of CAV development six-fold, suggest-
ing the role of viral infection in the progression of changes 
in the coronary arteries of the graft [32]. Cytomegalovirus 
modulates the immune system and leads to stimulation of 
the inflammatory process with a simultaneous release of 
cytokines. The occurrence of coronary vasculopathy in pa-
tients after heart transplantation may now be explained 
on the immunological basis, which is stimulated by CMV 
[7, 32]. In the recipients diagnosed with CMV infection, the 
presence of autoantibodies of different specificity occurs. 
There is a close correlation between high levels of these 
antibodies and changes within the coronary endothelium 
of the transplanted heart. An excessive humoral response 
in relation to endothelial cells carries a significant risk 
of adverse changes within the vascular graft and conse-
quently lower graft survival [7, 32]. Cytomegalovirus can di-
rectly damage endothelial cells as well as acting indirectly 
by stimulating the immune system, including the release 
of pro-inflammatory cytokines, and an increase of the ex-
pression of soluble forms of adhesion molecules (ICAM-1, 
VCAM-1, selectins) and chemokines [13, 33]. Significant 
concentric intimal proliferation and scattered atheroscle-
rotic lesions, which lead to lumen narrowing in patients 
with asymptomatic or symptomatic cytomegalovirus in-
fection, have been observed in various studies [32, 33]. 
Early detection of subclinical CMV infection in transplant 
patients may lead to the limitation of incidence of acute 
rejection episodes and help to reduce the progression rate 
of the vasculopathic changes within the graft [7].

Many studies have analyzed the effect of CMV infec-
tions on the development of cardiac graft vasculopathy, 
while only a few have focused on the effects of the infec-
tion with hepatitis C virus (HCV) on the incidence and the 
progression rate of changes in coronary vessels of the graft. 
The frequency of HCV infection among heart transplant 
recipients is about 7-18% [34]. The infection transmission 
may occur through blood transfusions and with the heart 
of a HCV-positive donor. However, the exact mechanisms of 
HCV transmission from seropositive donors to heart trans-
plant recipients are not fully understood. It appears that 
HCV seropositivity of the donor can be one of the factors 
influencing the graft survival and CAV development [34, 35].  
Haji et al. have reported that a donor HCV infection is an 
independent risk factor for accelerated coronary artery dis-
ease development after heart transplantation. The CAV risk 
in an observation period of 3.4 ± 1.6 years was 3-fold higher 

in patients with HCV-positive donors, as compared to the 
control group, in which both the donor and recipient were 
not infected with HCV. The mechanism of this phenome-
non has not been identified [35]. Other studies also confirm 
that the heart transplanted from a seropositive donor is the 
cause of worse graft survival, regardless of the condition 
and age of the recipient [34]. There is a need to investigate 
this matter further, due to the scarce data on the impact of 
HCV seropositivity of the donor on CAV development.

N-terminal propeptide B-type natriuretic 
peptide as a vasculopathy indicator

N-terminal propeptide B-type natriuretic peptide  
(NT-proBNP) is a marker of cardiac volume overload, and its 
synthesis and secretion are the result of complex and inter-
related neuroendocrine and immunological mechanisms.

The evaluation of NT-proBNP is useful in the diagnosis of 
heart failure, but more and more studies have been show-
ing that high levels of this indicator correlate with the rate 
of vasculopathy development after heart transplantation 
[36, 37]. Studies by Mehra et al. indicate that BNP is closely 
related to CAV development and may also serve as a mark-
er for the probability of sudden cardiac death [36]. The in-
crease in BNP level after heart transplantation can reflect 
the direct impact of metabolic factors, which include diabe-
tes, hypertension and lipid disorders, on the development 
of coronary vasculopathy [5, 36]. The close connection be-
tween the development of vasculopathy with an increased 
NT-proBNP level in patients after heart transplantation has 
also been confirmed by Ambrosi et al. [37]. It is suggested 
that the levels of BNP and pro-BNP are associated with graft 
rejection, left ventricular hypertrophy, a history of immuno-
suppressive therapy, renal failure, and increased levels of 
endothelin, and thus the factors which affect the progres-
sion rate of CAV [37, 38]. Therefore, NT-pro-BNP level may 
be a useful predictor of CAV development and a prognostic 
factor for survival of the graft [36, 37].

The role of uric acid in cardiac allograft 
vasculopathy development

Uric acid is the final metabolite of purine metabolism, and 
an increased level of it may be the result of overproduction 
or reduction of the renal excretion. Uric acid stimulates the 
synthesis of monocyte chemoattractant protein (MCP-1),  
interleukin-1β, interleukin-6 and tumor necrosis factor α 
(TNF-α). It should be pointed out that many of these factors 
are associated with CAV development [39-41].

Arora et al. evaluated the relationship between uric acid 
in the serum and CAV development and mortality within 
one year following heart transplantation. The authors re-
ported that an increased level of uric acid in serum is an 
important risk factor for the development of moderate to 
severe CAV. Additionally, a high level of uric acid is associat-
ed with the presence of a significantly higher concentration 
of hs-CRP and NT-pro-BNP [39]. The association between 
high levels of uric acid and high CRP concentration shows 
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the relationship between uric acid and inflammation [41].  
Other researchers have also confirmed that an increased 
level of uric acid is a predictive factor for the development 
of CAV [40]. However, no studies have determined the exact  
relationship between uric acid and the progression rate of 
CAV in long-term follow-up. In the future these studies may 
have clinical relevance regarding the use of xanthine oxi-
dase inhibitors in transplant recipients in order to inhibit 
the development of CAV.

Conclusions
Cardiac allograft vasculopathy is one of the major caus-

es of late failure after heart transplantation. The complex 
pathophysiology of the disorder and the strong influence of 
immunological and non-immunological factors on the pro-
gression of vasculopathy greatly hinder effective treatment 
of the already developed changes. Therefore, the treat-
ment strategy of patients after heart transplant should be 
based on CAV prevention, through modification of the risk 
factors. Early diagnosis of the disease, by monitoring the 
level of risk factors strongly associated with CAV develop-
ment, may prove to be a key element in preventing or slow-
ing progression of the disease. Particularly, patients with 
multiple risk factors for CAV development should undergo 
a thorough analysis and be carefully monitored.
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