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Abstract

The development and application of new more effective antiretroviral therapies
and the expanding number of newly diagnosed cases of AIDS have contributed to
an overall increase in the number and variety of HIV-related chronic diseases
including AIDS related heart disease. AIDS patients have a higher incidence of
infectious myocarditis due to their underlying immune deficiencies. However, there
is an increasing number of cardiomyopathies of presumable non-infectious origin
being reported among HIV-infected individuals. Many heart conditions appearing
in AIDS patients resemble chronic dilated cardiomyopathies (DCMs) which are
usually seen in older uninfected individuals and suggests that a unique set of risk
factors exists for the accelerated development of AlIDS-related DCM. Both AIDS-
related and non-AIDS-related DCM develop after the triggering of tissue
remodeling and reinforcement programs in response to cardiac insult. In AIDS
patients with co-existing clinical conditions, e.g. opportunistic infections,
nutritional deficiencies, cardiotoxic effects of HAART and illicit drug use provide
for a greater variety of external triggers that potentially contribute to the increased
heterogeneity of clinical manifestations seen in HIV-related DCM. This review will
focus on unique factors that play a role in the etiology of AIDS-related DCM that
have evolved along four separate and overlapping pathogenic pathways:
interactions between HIV-infected leukocytes and the cardiac microvascular
endothelium, viral interactions with cardiac tissues, AlIDS-related nutritional
deficiencies, and the cardiotoxic effects of therapeutic and illicit drugs.
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Introduction

In the absence of pathology, cardiac tissues are
integrated in a dynamic, relationship.with a fibrous
collagen extracellular/ matrix AECM)! that |defings
and maintains the form and function of the heart.
Under normal physiologic conditions, thetheartfes
sponds to external signals triggered by cthanges'in
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steady -state Fhemedynamic demands, such as
changes’in bady sizeor in aerobic activities, by ad-
justing the composition, phenotype, and intercellu-
J&n Telatiopships of patdiac) tissues and the cardiac
ECM, a process called cardiac tissue remodeling’.
External insults that result in local toxicity and death
obcardiac tissues trigger a complex series of inter-
related and cascading molecular events that in-
duce pathological reparative remadeling tespons-
és) in¢lyding yaqcytehypertrophy and apoptosis,
ECM degradation, fibrablast groliferation, and re-
placement fibrosis®3. The contractile function of the
heart is supported by the proper linkage and align-
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ment of cardiac myocytes to the ECM. The degra-
dation of the ECM by matrix metalloproteinases
(MMPs) during reparative remodeling results in
“myocyte slippage” and thinning or dilatation of the
ventricular myocardium*5. This in turn imposes an
increased mechanical demand on the heart leading
to hypertrophy of the misaligned cardiomyocytes.
Inefficient cross-linking of nascent type | and type
[l fibrillar collagen expressed by proliferating fi-
broblasts during replacement fibrosis compromises
the integrity of the cardiac ECM causing stiffness
and reduced heart function, thus contributing to the
general pathology of heart disease referred to as
dilated cardiomyopathy (DCM).

Since the first cases described by Cohen et af in
1986, the number of reports of AIDS related DCM
has steadily increased. Estimates based primarily
on diagnoses from autopsy results and echocardio-
graphy suggest that approximately two thirds of
AIDS cases show evidence of cardiovascular dis-
ease including DCM during late stage HIV-infec-
tion’. In non-AIDS-related DCM there exists a large
diversity of external stimuli, which target both my-
ocyte and non-myocyte cardiac tissues, that are ca-
pable of triggering pathogenic reparative process-
es characterized by cardiomyocyte hypertophy and
matrix remodeling. In the setting of AIDS unique
sets of related cardiac insults may occur which can
initiate similar pathologic events converging on the
common irreversible pathway toward DCM. Al-
though many of the eitological connections remain
unclear this review will describe several of the
AIDS-related pathologies that may contribute to
DCM including AIDS-related leukocyte-endothelial
interactions, hormonal-cytokine-growth factor dys-
regulation, myocarditis, nutritional deficiencies, and
related drug cardiotoxicites.

Leukocyte-endothelial interactions

A fundamental connection between AIDS and the
immunopathogenesis of DCM is HIV-induced adhe-
sion of leukocytes to the vascular endothelium. Ad-
hesion and transmigration of HIV infected leuko-
cytes into cardiac parenchymal tissues is an initial
step in the pathogenesis of immune mediated DCM
in AIDS:

Perpherial blood mononuclear cells (PBMCs) in-
fected with HIV demon
primary cultures of vasc

HIV infection has been shown to Increase leuko-

Furthermore, two HIV encoded proteins, the HIV

transactivator of transwq)ﬂ?‘@ Ioéfbp ?FUF‘

HIV envelope glycoprotein ave 'demon-

endothelial cells and on monocytes |n®
absence of HIV infection. HIV-tat induces the ex-

ICAM-1, and VCA 1 on vasou ar en othellal cells.
Leukocyte-endothelial interactions also enhance vi-

\MTNEOL is u regulat

strated important potentiating eﬁeots on i cular U?@@res% ed by HIV-infected infiltrating leukocytes.

pression IL- 6 IL- 8 and TNF -o by m mggerlng reparaﬂve tissug.re
oytes™ or ara
ECs, in th fu ele th at

ral infection by promoting HIV replication. Viral repli-
cation in monocytes is amplified by EC derived IL-
6, IL-1b and MCP-18'2, The potentiation of viral
replication creates the opportunity for increased
HIV driven leukocyte interactions thus promoting
subsequent pathologic events. In addition to leuko-
cyte adhesion, HIV-tat also influences leukocyte
transendothelial migration by inducing expression
of endothelial cell derived MCP-1 and monocyte
MMP9'3.14 Thus, chemotactic signals and prote-
olytic enzymes are available to facilitate leukocyte
diapedesis into parenchymal tissues where they
can trigger pathologic cardiac reparative remodel-
ing processes (see below). Exposure to HIV-gp-120
has recently been shown to induce apoptosis in
vascular endothelial cells™17. HIV-gp120 binding to
CXCR4 chemokine receptors on cardiac microvas-
cular endothelial cells causes a decrease in the ex-
pression of Bcl2 and an increase in the expression
of BAX and cytochrome C inducing caspase 3 de-
pendent apoptosis and increased vascular perme-
ability. Thus, the combined effects of HIV-infection,
HAV-tat, and HIV-gp120 are increased leukocyte-
EC interactions leading to cytokine expression and
migration of virally infected leukocytes into cardiac
extravascular tissues.

The pathogenic significance of interactions be-
tween the cardiac vascular endothelium and HIV-in-
fected leukocytes on the progression towards DCM
is related to two aspects of reparative cardiac tis-
sue remodeling: cardiac hypertrophy and cardiac
ECM degradation. Under physiological conditions
hypertrophy is an adaptive response by terminally
differentiated cardiac myocytes to increased hemo-
dynamic demand. Hypertrophic responses to exter-
nal pressures and mechanical stress are mediated
by vasoactive peptides, e.g. Angll and ET-1, and by
signaling from the NA*/H* exchanger in cardiac
myocytes'®. However, in addition to mechanical sig-
nals, hormones, cytokines, and growth factors ex-
pressed during inflammation, viral infection, or
pathogenic reparative tissue remodeling can also
trigger hypertrophic responses (Table 1). Adult car-
diac myocytes are arrested in the GO/G1 phase of
the cell cycle and do not undergo mitotic division.
Therefore, their response to external growth signals
is increased synthesis of contractile proteins (e.g.
B-myosin heavy chain and troponin T) and non-con-

t ctile proteins trial- and brain-natriuretic
elncrea ﬁlﬁhﬂ\ﬁtr@uwbﬁ@ﬁa OlﬁhEéba%/ a@@ gene expression (f-

myosin and a-skeletal actin), and increased size
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tosis in cardlac myooytes can also be triggered by
ST R1 death receptor®®?!.
dtﬁwg HIV infection and is

& [démbined effects can all lead to myocyte
dropout compromising cardiac contractile function

od li
model—
olo gered
by myooyte dea h oardlao dys unc |on or pressure
overload. In an attempt to balance contractile func-




J Bruce Sundstrom and Aftab A. Ansari. Pathogenesis of AIDS related Dilated Cardiomyopathy

Table 1. Growth factors that induce hypertrophy in cardiac myocytes in AIDS-related DCM.

Stimulus Cardiac Tissue Source Receptor, Transducer Pathway Ref
Factors
FGF Myocytes, ECM, ECs, SMCs FGFR, Ras-MEKK1-SEK-JNK [67;67]
IGF Fibroblasts, SMC, ECs IGFR, Ras-MEKK1-SEK-JNK [68]
PDGF ECs, SMCs PDGFR, Ras-MEKK1-SEK-JNK [19]
TGF SMCs TGF Type I/l receptors, Smad proteins [69]
Cytokines
CT-1 Myocytes, fibroblasts LIFR, gp130-JAK/STAT or gp130-Rac-MEKK-
SEK-IJNK/SAPK [70-72]
IL-6 SMC, ECs IL6R, Ras-MEKK1-SEK-JNK [73]
IL-1B SMC, EC, fibroblasts, monocyte/macrophages  JAK/STAT or Rac-MEKK-SEK-JNK/SAPK [74;75]
TNF-a cardiac myocytes, SMC, EC, fibroblasts, TNFR2 (P75), MAP3K-NFkB [76;77]
monocyte/macrophages, T cells
Hormones
NE al-AR, Gg-PKC-Raf-1;
#-AR,Gi-Src-Shc-Grb2-Ras-Raf [63]
AT-ll cardiac fibroblasts AT-IR, JAK/STAT or Raf-MAPKK-MAPK [69;78;79]
ET1 Endothelial cells, Cardiac myocytes, other ET-A, Ras-MEKK1-SEK-JNK [67;69;80;81]

Table 2. Matrix metalloproteinases associated with AIDS-related DCM.

Common Alternate Names Substrate Specificities Disease Association
Name
MMP 1 Collagenase, Fibroblast Collagen I, II, ll, X, gelatin Idiopathic restrictive DCM
Collagenase,
Interstitial collagenase
MMP 2 Gelatinase A, Type IV Collagen 1, IV, V, VII, gelatin, Laminin Ischemic; DCM
collagenasae,
neutrophil gelatinase
MMP 3 Stromelysin, Transin Collagen lILIV, V, IX, gelatin, fibronectin, proteoglycans Ischemic; DCM
DCM
MMP 7 Matrilysin, PUMP Gelatin, fibronectin, proteoglycans DCM
MMP 9 Gelatinase B Collagen 1V, V, VII, gelatin, proteoglycan,
fibronectin, elastin, FAS-L
MMP 13 Gelatinase 3 Collagen I, IL,1ll DCM

tion with hemodynamic demand, the collagen ECM
in damaged cardiac tissue is degraded by MMPs
(Table 2) and repaired by new ECM proteins se-
creted by cardiac fibroblast and stromal
cells®52223 |n AIDS these reparative remodeling
programs can be compromised. HIV infection in-
duces MMP-expression in-monocytes. In-our labo-
ratory we have measured increased expression of

gration through the vascular endothelium, in in-
creased viral replication, increased synthesis of
chemokines, cytokines, growth factors, hormones,
and MMPs all of which contribute to accelerated
reparative cardiac tissue remodeling and DCM.

AlIDS-related myocarditis

MMP1, MMP2, MMP?7, in_HiV:zinfecte Experimental infection. of non-myocyte cardiac
PBMCs. The combined gy&t%ﬁto@tﬂlﬂtﬁ eﬁUbJslﬁ)éH 5@) Mt)é%/\/b been reported by sev-

pression of these proteases, which are also found in

eral laboratories® 25, In our own laboratory we have
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and dilatation of the myocardium. Furthermore,
growth factors (e.g. beﬁ&

bound to heparan sulfate residues on ECM proteins

dothelial cells are susceptible to both monocytor-

fich) Bré [seereted] and \\Qriciend T E}ﬂ@rrm‘l?%?@ﬁf HIV and SIVZ°. How-

ever, detection of HIV infected vascular endotheli-

are released and activated by MMP _proteolytic myin vivo especially in the heart by immunohisto-
ra%ct yp U&Be“rﬁt

cleavage and thus can contribute to

pertrophy. The significance of chronic exposure to
MMPs i e

been S

of advanced AIDS, HIV-infection and/HIV-associat-
ed proteins promote leukocyte adhesion and mi-

QcEr by molecular in situ hybridization tech-
niques has so far not been convincing; moreover,

elopment of DCM has receptly —experimental infection of cardi ocyteswith HIV
tr ' madel] |ipryi ee ssfulf’| Flrthefmore, de-
which pres srpm‘a? ud%@gset ingu T | r ﬂf etectiop Jof [HIV Jproviral

ifr
DNA in myocytes isolated from cardiac tissues from
AIDS patients using in situ DNA hybridization or
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nested PCR techniques, there is no direct evidence
that HIV infection of cardiac myocytes contributes
to the pathogenesis of DCM?2829,
Immunosuppression that occurs during disease
progression to advanced AIDS, especially in com-
bination with cocaine abuse, significantly increases
the risk for developing active infections with car-
diotropic viruses associated with DCM, e.g. cox-
sackie virus B3 (CVB3) or cytomegalovirus (CMV)30-33,
Reactivation of CMV can also induce immunosup-
pression and thus compound the risk for viral my-
ocarditis and DCM3*. The enteroviruses, especially
CVBS3, are the most common viruses associated
with viral cardiomyopathies®'. It has been demon-
strated that CVB infection leads to cardiac myocyte
cell death in vitro®%, In vivo this would correspond
to cardiac myocyte dropout and the initiation of
reparative tissue remodeling leading to DCM. In
vivo viral infections of the heart have also been
shown to cause auto-immune myocarditis in exper-
imental animal models®. In CVB3 infections in
mice, pathogenic autoimmune responses triggered
by antigenic mimicry are characterized by detec-
tion of heart specific autoantibodies, and heart infil-
trating auto-reactive cytotoxic T cells®. Cytokines
e.g. TNF-a also contribute to decreased myocyte
function, cardiotoxicity, and myocyte drop out®.
Mice immunized with murine cardiac myosin in the
absence of viral infection develop autoimmune my-
ocarditis similar to CVB3 infected mice*. Thus, in
addition to direct killing of infected cardiac my-
ocytes cardiotropic viruses such as CVB3 can con-
tribute to the development of DCM by triggering
pathological cardiac specific autoimmune responses.
However, the role such virally mediated im-
munopathological pathways may play in the setting
of immunosuppression in advanced AIDS is un-
clear. Recently, a molecular basis for a causal rela-
tionship between CVB infection and DCM was de-
scribed3'4142 CVB encodes an enzyme, protease
2A, that specifically cleaves the cytoskeletal protein
dystrophin at its hinge 3 region causing the disrup-
tion of the cardiac sarcogylcan complex. This ef-
fectively dissociates the cardiac myocyte from its
tethered relationship to the cardiac ECM resulting in
myocyte slippage and the progression towards
DCM. This same DCM is seen in subjects with
Duchenne and Becker muscular dystrophies which
are characterized by a gommon genetic mutation in
the gene encoding dyNgbh@. Jc&hiné
study, enteroviral-specific nucleotide sequences

Thus, viral infection of the heart can lead to AIDS-
ship of cardiac myocytes to the cardiac

by di-

ducing myocyte-directed auto-immune e

caused both by malabsorption in ut and by de-
pletion of micronutrients during virus infection and

o

replication. Deficiencies in micronutrients including
selenium, p-carotene, vitamins A & E, the B vita-
mins, zinc, and magnesium have all been docu-
mented in the disease progression to AIDS and
have been associated with increased oxidative
stress and with defective T cell function®46. Among
these, selenium deficiency is of greatest signifi-
cance in the pathogenesis of AIDS-related car-
diomyopathy*”4°. Selenium deficiency has been
identified as the primary cause of Keshan disease,
a dietary related form of dilated congestive car-
diomyopathy. Selenium is also a co-factor for glu-
tathione peroxidase, an important cellular antioxi-
dant. Decreased levels of selenium that occur with
disease progression to late stage AIDS are associ-
ated with an accumulation of reactive oxygen
species (ROS) and an overall increase in the levels
of oxidative stress within the heart>4648, This in turn
interferes with the physiological regulation of intra-
cellular Ca* and the activity of the cardiac sar-
colemmal NA*/H* exchanger causing cardiac my-
ocyte dysfunction and contributing to the develop-
ment of DCM®051,

Selenium is also involved in attenuating toxic lev-
els of proinflammatory cytokines which occur in ad-
vanced AIDS. During late-stage HIV infections, sys-
temic levels of TNFo and IFN-y increase due to
chronic inflammation contributing to wasting and
malabsorption of micronutrients. Elevated levels of
TNF-a also promote an increase in HIV viral repli-
cation by activation of the NF-xB pathway thus per-
petuating HIV-antigen driven inflammation. Elevat-
ed levels of TNF-a also cause myocyte dysfunction
and death%. Selenium inhibits TNF-o. mediated HIV
replication®® and modulates the pathogenic effects
of TNF-a by down-regulating expression of TNF
type |l receptors®. Thus selenium (as well as other
AIDS-sensitive micronutrients, e.g. vitamin E) plays
a critical role in preventing the development of DCM
by promoting proper immune function, attenuating
oxidative stress, controlling HIV replication, and
ameliorating the adverse effects of proinflammatory
cytokines.

AIDS related nutritional deficiencies also con-
tribute to the pathogenesis of viral myocarditis. The
traditional view has assigned the deleterious effects
that AIDS-related nutritional deficiencies may im-
pose on host immune function as the reason for in-
creased susceptibility to infection with cardiotropic
bﬁa@u@mmagb\(b@r the effects of a nutri-

tionally restricted environment on virus replication

lents i ymphocytc MybEaid ond B! IS B Bea M eed. Becenty. Meinga Be

has described a relationship between micronutri-

related DCM by disrypjing f@@@(ﬂhrgg’?\a{t@r{r \/\ﬁn[tﬁ@pp@f s@g[@lgm@@termination of virulent

genotypes 'o in_mice*%2%:5  Experimental

ol mice were fed a normal diet. After four
weeks both groups were injected with an avirulent

rectly killing infected cardiac myocytes, %Eg in- ice were maintained on a selenium deficient diet
foe pulblish

AIDS- d Futritional deficienci iu strain, CVB3/0 vvhichart()aIe ic e: in. '?hir:weig
Nutri d ioiégﬁa s ;tiy‘é IDS reu '@ T@aﬁ mgwt ce| developed obvi-
the [

ous myocarditis while control mice were disease
free. When virus was isolated from the experimental
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group and introduced into the healthy controls, they
developed viral myocarditis, suggesting that the
disease was related to a change in viral phenotype
as opposed to a nutritionally weakened host im-
mune response.

Selenium is involved in the synthesis of a variety
of proteins, however, as a cofactor for the antioxi-
dant glutathione peroxidase, selenium plays an im-
portant role in regulating oxidative stress. Glu-
tathione peroxidase activity in mice fed selenium
deficient diets was only 20% of that measured in the
control group. Therefore, to determine if the ob-
served effect of selenium on the selection of viral
pathogenic phenotypes was related to oxidative
stress, glutathione peroxidase knockout mice and
control mice were injected with the CVB3/0 strain.
Again, after ten days all of the control mice were
disease free. However, greater than 50% of the
knockout mice developed viral myocarditis. Se-
quence analysis of the genomes of virus isolated
from mice that had developed myocarditis and from
healthy controls revealed that a mutation involving 7
nucleotides was consistently found in the knockout
mice with myocarditis. Furthermore, essentially the
same mutations were seen in viruses isolated from
the selenium deficient mice with myocarditis. These
results demonstrate that nutritionally-related oxida-
tive stress in the setting of AIDS may play a deter-
ministic role in the development of viral myocarditis
related to DCM.

AIDS-related drug effects

Highly active antiretroviral therapy (HAART) is a
multi-drug therapy that combines protease in-
hibitors and nucleoside reverse transcriptase in-
hibitors (NRTIs) to limit HIV viral replication in AIDS
patients. Among these antiretroviral therapeutic
agents, NRTIs are more closely associated with
AIDS-related DCM. Cardiac myocytes contain the
highest density of mitochondria of any cell in the
body, presumably because of their increased re-
quirement for ATP energy production. It is thought
that NRTI cardiotoxicity is related to detrimental ef-
fects on cardiac mitochondrial function. NRTI’s like
zidovudine (3-azido-3-deoxythymidine [AZT]) en-
ter infected cells where they become phosphorylat-

ed and behave as competitive inhibitor iral re-
verse transcriptase. AZRT % Q?aibhﬁrd@ u

greater affinity for viral RT than for human cellular

choryited formé of AZT and Lk SO el

scribed NRTIs, such as ddC and d4T, are able to in-
hibit human DNA polyme
to the mitochondrial matrix and involved in' mtDNA

and cocaine-i

chondrial and ultimately myocyte dysfunction. De-
spite some reports of the negative effects of zi-
dovudine on cardiac dysfunction and on the devel-
opment of cardiomyopathy in murine models®€°,
questions remain regarding the specific mecha-
nisms and tissue specific responses to AZT in-
volved in humans.

Effects of HIV infection and cocaine abuse

Left ventricular hypertrophy and DCM have been
described as myocardial manifestations of chronic
cocaine abuse in both human cases and in animal
studies®%4. The cocaine-induced catecholamine,
NE, has been shown to induce hypertrophic
changes in neonatal cardiac myocytes cultured in
the absence of mechanical stress®. Cate-
cholamines can also trigger the synthesis and ex-
pression of extracellular matrix proteins by fibrob-
lasts. However, the complicated pathogenic mech-
anisms involved in the development of DCM in the
setting of cocaine abuse and advanced AIDS have
not been elucidated.

In vitro studies have demonstrated that HIV in-
fection increases the adhesion of monocytes to hu-
man umbilical vein endothelial cells in vitro. Our
laboratory has recently studied the combined ef-
fects of HIV infection and NE on leukocyte-en-
dothelial interactions. For these studies matched
sets of autologous human cardiac microvascular
endothelial cells and HIV-infected PBMCs were
placed in coculture for 48 hours. A dose dependent
enhancement in leukocyte adhesion was measured
under both static and flow conditions after the ad-
dition of NE. NE significantly increased adhesion of
both infected and uninfected PBMCs relative to un-
treated controls. MMP activities were also mea-
sured under the same culture conditions. Interac-
tion of HIV-infected PBMCs with HMVEC-Cs result-
ed in increased detectable levels of activity in
MMP1, MMP2, MMP7, and MMP9, as well as in-
creased surface expression of CD147 or extracellu-
lar matrix metalloproteinase inducer (emmprin)8568
on infected PBMCs. MMP activity was not detected
in cocultures with uninfected PBMCs. However, ad-
dition of NE in coculture induced MMP activitity in
uninfected cocultures and enhanced the active lev-
els of MMP1, MMP2, MMP7, and MMP9 in cocul-

ith HI\-infec Cs. The potentiating ef-

&iﬁigﬂéﬁmﬁf n on leukocyte interac-

tions with HMVEC-Cs and on MMP expression sup-

bined effects of HIVinfection

‘W@t@f@ QX'W atecholamines in the patho-
genesis of AIDS-related DCM.
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Fig. 1. Proposed model for overlapping pathogenic pathways in the development of AIDS-related dilated cardiomyopathy.
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