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Abstract

Human immunodeficiency virus (HIV)–related pulmonary arterial
hypertension has been found to be more prevalent in intravenous
drug users. Our earlier cell-culture findings reported down-
regulation of bone morphogenetic protein receptors (BMPRs) in
combination with enhanced proliferation of human pulmonary
arterial smooth muscle cells (PASMCs) in the presence of HIV–
Trans-activator of transcription (Tat) and cocaine compared with
either treatment alone. Here, we report physiologic evidence of
significant increases in mean pulmonary arterial pressure in HIV-
transgenic (Tg) rats intraperitoneally administered 40 mg/kg body
weight cocaine (HIV-cocaine group) once daily for 21 days when
compared with HIV-Tg rats given saline (HIV group) or wild-type
(WT) Fischer 334 rats treated with (WT-cocaine group) and without
cocaine (WTgroup). In addition, right ventricle systolic pressure was
also found to be significantly higher in the HIV-cocaine rats
compared with the WT group. Significant down-regulation in
protein expression of BMPR-2 and BMPR-1B was observed in total
lung extract from HIV-cocaine rats compared with the other three
groups. Furthermore, the PASMCs isolated from HIV-cocaine rats
demonstrated a higher level of proliferation and lower levels of
apoptosis compared with cells isolated from other rat groups.
Interestingly, corroborating our earlier cell-culture findings, we
observed higher expression of BMPR-2 and BMPR-1B messenger
RNA and significantly lower levels of BMPR-2 and BMPR-1B
protein in HIV-cocaine PASMCs compared with cells isolated

from all other groups. In conclusion, our findings support
an additive effect of cocaine andHIV on smoothmuscle dysfunction,
resulting in enhanced pulmonary vascular remodeling
with associated elevation of mean pulmonary arterial pressure
and right ventricle systolic pressure in HIV-Tg rats exposed to
cocaine.

Keywords: pulmonary hypertension; drug abuse; smooth muscle;
bone morphogenetic protein receptor; human immunodeficiency
virus-1

Clinical Relevance

We previously reported enhanced pulmonary vascular
remodeling in the lungs of human immunodeficiency virus
(HIV)–infected intravenous drug users, mainly cocaine
abusers. Given that human samples are mostly confounded
with various other risk factors, the current study, using a
noninfectious HIV-transgenic rat model, demonstrates the
direct effect of cocaine on pulmonary arteriopathy and
HIV-related pulmonary arterial hypertension (PAH). These
findings confirm that the HIV-infected intravenous drug use
population is at greater risk for developing PAH, and the rat
model may be used to understand the mechanisms and
identify novel targets for future drug therapies.
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Human immunodeficiency virus (HIV)
infection continues to be a worldwide
health concern. Modern treatment with
antiretroviral therapy has improved the
survival of patients in regard to infectious
causes of death. However, other
complications have surfaced with increased
longevity, one of the most devastating
being HIV-related (HR) pulmonary
arterial hypertension (HRPAH) (1, 2).
PAH from any cause is characterized by
vascular remodeling (3) of pulmonary
arteries that leads to an increase in mean
pulmonary arterial pressure (mPAP) and
pulmonary vascular resistance, followed by
right ventricular failure and, ultimately,
early mortality. Recent estimates indicate
elevated systolic pulmonary artery pressure
in 35% of patients with HIV by
echocardiogram. This, however, is not the
definitive diagnostic test, as any form of
PAH requires a right-heart catheterization
for diagnosis. When a confirmatory
right-heart catheterization was performed,
prevalence was found to be approximately
0.46% in the French registry (4, 5).
Nevertheless, the burden of HRPAH in
developing countries, such as those in
Africa with approximately 23 million
infected with HIV-1 and an estimated
prevalence of HRPAH of 5% (6), could be
overwhelming. Furthermore, a recent
report by Quezada and colleagues (2)
suggests a 10% prevalence of HRPAH in
the cohort from Spain. No matter the
route of infection, all patients with HIV
have increased risk of developing
pulmonary vascular dysfunction. However,
it appears to be most common in those
that have a history of intravenous drug
abuse (intravenous drug users [IVDUs]),
with as many as 59–70% of HRPAH
cases arising from this group of patients
(1, 2). To further confound the population,
patients with HIV are also commonly
coinfected with herpesvirus or hepatitis B/C
virus. According to one report, human
herpesvirus-8 is also related to PAH (7);
however, no definitive relation of human
herpesvirus-8 has been found in HIV-
infected individuals with PAH (5). The
presence of hepatitis C virus or other liver
diseases is also common in IVDUs, and
may lead to portopulmonary hypertension
(another etiology of PAH) (8). Although
neither our laboratory nor others
observed significant relationships between
Pneumocystis jirovecii pneumonia and
pulmonary vascular remodeling in

simian-immunodeficiency–infected
macaques (9, 10), one report demonstrated
development of pulmonary vasculopathy
on Pneumocystis infection using a murine
model (11).

Cocaine and other abused drugs
have been shown to be an independent
risk factor for the development of
PAH (12). However, we have shown
in previous work that HIV infection and
intravenous drug use may work in
concert to cause endothelial cell injury/
dysfunction, as well as smooth cell
proliferation/migration with subsequent
vascular remodeling (10, 13, 14). This
suggests a “multiple-hit” phenomenon.
Our studies have shown down-
regulation of tight junction proteins,
resulting in endothelial injury and
enhanced permeability with HIV-1
infection and/or cocaine use (13).
Recently, we also demonstrated that
cocaine and the HIV protein Trans-
activator of transcription (Tat)
decreased bone morphogenetic protein
(BMP) receptor (BMPR) expression in
human pulmonary arterial smooth
muscle cells (PASMCs), leading to
enhanced proliferation of pulmonary
SMCs (15). Based on these previous
results, we hypothesized that there
would be an additive, in vivo effect of
cocaine and HIV proteins on pulmonary
vasculature remodeling and smooth
muscle dysfunction.

To test our hypothesis, we used an
NL4-3Dgag/pol HIV-transgenic (Tg)
noninfectious rat model that is known
to demonstrate clinical manifestations
resembling those seen in HIV-1–infected
patients, including pulmonary vascular
remodeling (16, 17). Our laboratory
and Lund and colleagues (17)
previously reported pulmonary
vascular remodeling and pulmonary
hypertension, respectively, in this
noninfectious HIV-Tg rat model. Here,
we report significant augmentation in
the mPAP and pulmonary arteriopathy
accompanied by severe down-modulation
of BMPR protein expression in 4- and
9-month-old HIV-Tg rats exposed to
cocaine when compared with either
HIV-Tg or wild-type (WT) rats
injected with cocaine. This BMPR
dysregulation was associated with a
remarkable increase in the proliferation
of rat pulmonary SMCs isolated from
HIV-Tg rats exposed to cocaine,

with a corresponding reduction in cell
apoptosis.

Material and Methods

HIV-1–Tg and WT Rats
Male Fischer HIV-1 Tg rats containing a
gag-pol deleted NL4-3 provirus that
expresses HIV-1 proteins in lymphocytes
and monocytes were purchased from
ENVIGO (Indianapolis, IN). The 4- or
9-month-old rats (n = 5–7/group) were
intraperitoneally administered 40 mg/kg
body weight of cocaine (HIV-cocaine
group) or saline (HIV group), once daily
for 21 days. The cocaine dosage in rats
was based on previous published results
(18–20) as well as our preliminary findings,
where we tested this dose for 7, 14, and
21 days. Age-matched WT F334 rats were
also injected with either cocaine (WT-
cocaine group) or saline (WT group) for
comparison. The animals were housed at
the University of Kansas Medical Center
(Kansas City, KS) in strict accordance
with the National Institutes of Health
guidelines. See the online supplement for
details on catheterization, hemodynamics,
tissue harvesting, and isolation of rat
arterial SMCs, as well as additional
details on methodology.

Results

Cocaine Exacerbates the Increase in
mPAP and Right Ventricular Systolic
Pressure of HIV-Tg Rats
We compared hemodynamics
measurements in 4- to 5-month-old HIV-
Tg rats exposed to cocaine (HIV-cocaine
group) or saline (HIV group) with age-
matchedWT rats with cocaine (WT-cocaine
group) and without cocaine (WT group).
As illustrated in Figure 1A, there was
a significant increase in the mPAP in
the arteries of WT-cocaine group rats
compared with the WT group. Similarly,
elevated mPAP was also observed in HIV
group rats compared with the WT group.
However, as expected, the highest increase
in mPAP was seen in HIV-Tg rats
exposed to cocaine. This increase was also
significant when compared with the HIV
or WT-cocaine groups. Furthermore, we
used the right ventricular (RV) systolic
pressure (RVSP) measurements to confirm
the presence of PAH. On right-heart
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catheterization, we observed elevated
RVSP in HIV with and without cocaine
or WT-cocaine rats when compared with
WT rats, although a significant increase
in RVSP was only recorded in the
HIV-cocaine group (Figure 1B).

We also measured hemodynamics via
right-heart catheterization in 9-month-old
HIV-Tg rats in the same four groups
(HIV-cocaine, HIV, WT-cocaine, and WT).
mPAPs were significantly more elevated
in the HIV-cocaine group than in any of
the other three groups (Figure 2A). The
WT-cocaine and the HIV group did have
more elevated mPAP than the WT group,
but not as significantly as the HIV-cocaine
group. In addition, of note is that the
average mPAP in the 9-month-old
HIV-cocaine rats was more elevated than
that in the 4- to 5-month-old group. As
observed in the 4-month-old animals, there
was a significant increase in the RVSP levels
in the 9-month-old HIV-cocaine group
compared with the WT group (Figure 2B).
To investigate the RV response to these
hemodynamic changes, we segregated
half of the rats in each group for
measurement of RV weight and half for
cross-sectional analysis of RV thickness.
As shown in Table E1 in the online
supplement, we found an increase in RV
weight/body weight on exposure of
9-month-old HIV-Tg rats to cocaine.
However, this increase was not significant,
as determined by multivariate analysis.
Nevertheless, we observed a remarkable
increase in the RV fibrosis among 4- and
9-month-old HIV-cocaine rats when
compared with HIV or cocaine group
rats, as indicated by the blue-colored
Masson’s trichrome–stained collagen
fibers shown in Figures 1C and 2C.
Notably, there was a further increase
in RV fibrosis in the 9-month-old
HIV-cocaine rats compared with their
4-month-old counterparts. Fibrosis was
also found to be higher in the 9-month-old
HIV-Tg rats not treated with cocaine.

Enhanced Pulmonary Vascular
Remodeling in HIV-Tg Rats Treated
with Cocaine
As presented in Figure 1D, remarkable
thickening in the arterial vessel wall was
observed by Verhoeff-Van trichrome
staining in HIV-cocaine group rats
compared with the other three groups.
Blebbing of endothelial cells was also
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Figure 1. Hemodynamics and pulmonary arterial remodeling in 4-month-old human
immunodeficiency virus (HIV)–transgenic (Tg) rats exposed to cocaine. The 4-month-old male Fischer
HIV-Tg rats were administered 40 mg/kg body weight of cocaine (HIV1Coc. group) or saline (HIV
group) daily for 21 days. Wild-type (WT) F334 rats with (WT1Coc. group) and without cocaine (WT
group) were used for comparison. (A) Mean pulmonary arterial pressure (mPAP) and (B) right ventricle
(RV) systolic pressure (RVSP) were measured after RV catheterization. Values are mean (6SEM) of
n> 6 per group. (C) Masson’s trichrome staining in snap-frozen, formaldehyde-fixed, paraffin-
embedded heart sections. Scale bars: 100 mm. (D) Lungs were harvested, fixed, paraffin-embedded,
and sectioned followed by staining for Verhoeff-Van trichrome (VVT), von Willebrand factor (vWF), and
a-smooth muscle actin (a-SMA). Scale bars: 50 mm. (E) Thickening of vessels was assessed by
measuring inner and outer diameter of various-sized vessels. Significant increase in the thickness
of arteries with a diameter less than 50 mm was observed in the HIV1Coc. group. (F)
a-SMA–positive vessels with an outer diameter less than 30 mm were counted per rat within each
group (n = 5 rats/group) to determine the percentage of muscularization of intra-acinar vessels. *P,
0.05, **P, 0.01, and ***P, 0.001 versus WT, #P, 0.001 versus WT1Coc., $P, 0.001 versus HIV.
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observed in HIV-cocaine group rats.
Remarkable thickening of the pulmonary
arterial smooth muscle layer was observed
in some of the larger vessels (between 50-
and 100-mm diameter) in a 4-month-old
HIV-cocaine animal, as shown in
Figure 1D. We then measured the
thickness of vessel diameters ranging from
200 to over 50 mm between the four
groups. As seen in Figure 1E, there was an
increase in vessel hypertrophy in the
cocaine, HIV, and HIV-cocaine rats
compared with the WT group in vessels
ranging from 50- to 200-mm diameter.
This difference was significant in vessels
less than 50 mm in the cocaine and HIV-
cocaine groups compared with the WT
group in the 4-month-old animals. In the
9-month-old group, there appeared to be
more smooth muscle hypertrophy and
adventitial thickening in the HIV-cocaine
group, as highlighted by Verhoeff-Van
trichrome staining in Figure 2D. Focal
proliferation of endothelial cells and
presence of smooth muscle layer in intra-
acinar vessels (Figure 2D) were more
common in HIV-cocaine group rats
compared with other groups. There was a
significant increase in the thickness of
vessels of 50 mm or less in diameter in the
HIV-cocaine group, as seen in Figure 2E.
Furthermore, the number of smooth
muscle–positive vessels with less than 30
mm diameter was assessed using Aperio
after scanning the a-smooth muscle actin
(a-SMA)–stained tissue sections. The
4-month-old HIV or cocaine groups had
higher number of these a-SMA–positive
vessels compared with the WT group.
However, the increase was greatest in the
HIV-cocaine group, and was significantly
higher compared with the WT group
(Figure 1F). Interestingly, in the older
animals aged 9 months, the cocaine group
also demonstrated significantly higher
a-SMA–positive vessels less than 30 mm in
diameter (Figure 2F) compared with
untreated WT rats. Similar to the
4-month-old rats, the maximum number
of these small vessels was also in the
9-month-old HIV-cocaine group, which
was significantly higher than that of WT
or HIV groups. These results suggest that
the combination of HIV-1 transgene
expression and exposure to cocaine causes
greater structural damage to the lung
compared with HIV or cocaine alone.

Significant Decrease in the Protein
Expression of BMPRs in Lungs from
Cocaine-Exposed HIV-Tg Rats
Similar to our earlier report (15), we
identified significant reduction in BMPR2
and BMPR1B protein expression in the
total lung extract from HIV-Tg rats
exposed to cocaine compared with lung
homogenates from WT rats. A trend
toward decrease was also seen in BMPR1A
expression in the HIV-cocaine group
compared with WT controls. In contrast,
neither HIV nor WT-cocaine group rats
showed significant alterations in BMPR2
expression. However, HIV-group rats
were found to have significantly lower
BMPR1A protein expression, whereas
the WT-cocaine group demonstrated
significant decreases in BMPR1B levels
when compared with WT rats (Figure 3A).
In the case of 9-month-old rat lung tissues,
we observed a complete knockdown of
BMPR2 protein expression in three out of
five animals in the HIV-cocaine group, as
well as in the cocaine group, by Western
blot analysis. However, BMPR2 expression
in the lung tissue from two rats from
the cocaine group was higher than the
expression in two animals from the
HIV-cocaine group. Hence, to avoid
experimental bias in representation of
Western blot images, we pooled the protein
samples from all the groups and performed
Western blot for BMPR. As seen in the
blots in Figure 3B, the minimum BMPR2,
BMPR1B, and BMPR1A expression was
observed in the HIV-cocaine group
compared with either group alone or WT
rats. The decrease in BMPR2 protein
expression in the HIV-cocaine group was
also confirmed by immunohistochemistry.
As seen in representative images
(Figure 3C), a remarkably low staining
intensity was observed in the 4-month-old
rats from the HIV-cocaine group compared
with lung sections from the age-matched
WT group with abundant BMPR2
expression, as indicated by reddish brown
coloration.

Hyperproliferation of PASMCs
Isolated from HIV-Tg Rats Exposed to
Cocaine
Next, we determined the proliferation
status of pulmonary SMCs isolated from
rats with HIV with and without cocaine and
WT rats with and without cocaine. The
purity of isolated cells was confirmed by the

positive a-SMA expression and negative
von Willebrand factor staining (see Figure
E1 in the online supplement). As illustrated
in Figure 4A, the (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) cell
proliferation assay revealed a significant
increase in the proliferation of rat PASMCs
(RPASMCs) isolated from HIV group rats
when grown in full media. The same trend
was observed in serum-starved cells, as
shown in Figure 4B. The RPASMCs
isolated from cocaine group rats also
proliferated at a higher rate compared with
controls on 2 days of serum starvation, with
the difference becoming significantly higher
after 4 days. However, the cells from the
HIV-cocaine group rats showed maximum
proliferation at all time points tested,
both under serum-starved and regular
medium conditions. The difference in the
cell number from the HIV-cocaine group
rats was also significant compared with
either the cocaine or HIV groups. A
qualitative representation of proliferating
cells grown in 0.1% FBS is shown in
Figure 4C by crystal violet staining. Here,
the difference in cell number between all
four groups is clearly apparent by visual
comparison, with maximum proliferation
seen in cells isolated from the HIV-cocaine
group. These findings were further
validated by Western blot of protein extract
from non–serum-starved RPASMCs for
the proliferating cell nuclear antigen
(Figure 4D). As seen in the densitometry
analysis, significantly higher proliferating
cell nuclear antigen expression was
observed in HIV-cocaine rats compared
with the WT group.

Development of Apoptosis
Resistance in PASMCs Isolated from
HIV-Tg Rats Exposed to Cocaine
As expected, cell death ELISA revealed a
downward trend of apoptosis in RPASMCs
from cocaine, HIV, and HIV-cocaine
groups compared with that of WT cells
grown in complete (Figure 5A) as well as
serum-deprived (Figure 5B) rat smooth
muscle cell medium. Although there was
significantly lower apoptosis in RPASMCs
from HIV group rats, an even lower rate of
apoptosis was seen in the HIV-cocaine
group compared with the other three
groups. This could indicate the
development of apoptosis resistance,
considering the higher level of proliferation
shown in Figure 4. We further confirmed
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the ELISA results by staining these cells for
apoptosis marker, annexin V. As shown in
Figure 5C, the maximum number of
annexin V–positive cells per field were
observed in the WT group compared with
the cocaine group, relatively few in the HIV
group, and negligible in the HIV-cocaine
group–derived RPASMCs. Similarly,
Western blot for cleaved poly ADP ribose
polymerase (PARP) showed the least protein
expression in the RPASMCs from the HIV-
cocaine group compared with only cocaine or
HIV, which was significantly lower compared
with RPASMCs isolated from WT and
WT-cocaine group rats (Figure 5D).

Down-Regulation of BMP Signaling in
Pulmonary SMCs Isolated from
Cocaine-Treated HIV-Tg Rats
Consistent with our earlier report (15), we
found significantly increased mRNA
expression of BMPR2 and BMPR1B
(Figures 6A and 6B) in RPASMCs from
HIV-cocaine rats compared with
the WT group. The increase in BMPR2
mRNA in cells from HIV-cocaine rats
was also significant compared with either
the cocaine or HIV groups. However, as
observed in the total lung extract from
HIV-cocaine rats, a significant
reduction in the protein expression of
BMPR2 and BMPR1B was found in
RPASMCs from HIV-cocaine rats
compared with WT rats (Figure 6C). This
reduced BMPR expression in cells from
HIV-cocaine rats also correlated with a
significant decrease in the mRNA
expression of the downstream target
gene, ID1 (Figure 6D).

Viral Protein Staining in the Lung
Sections from Fischer and Sprague-
Dawley Strains of HIV-Tg Rats
As the objective of the study was to
characterize the effect of HIV proteins on
the pulmonary vasculature, we further
evaluated the presence of HIV-Tat and
negative regulatory factor (Nef) proteins
in the paraffin-embedded lung sections.
Notably, the HIV-cocaine group showed a
remarkable presence of Nef protein in the
endothelial lining of remodeled vessels, as
indicated by the dark brown coloration seen
in Figure 7A, with negligible positivity for
Nef in SMCs. The presence of Nef staining
was also observed in the mononuclear cells
surrounding the vessels in the HIV-cocaine
group (Figure 7A) and the HIV group
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Figure 2. Hemodynamic measurements and vascular remodeling in 9-month-old HIV-Tg rats
in the presence or absence of cocaine. The 9-month-old HIV-Tg rats or WT F334 rats were
administered cocaine or saline daily for 21 days, and (A) mPAP and (B) RVSP were measured. Values
are mean (6SEM) of n = 5 per group. (C) Heart sections from the respective animals were stained with
Masson’s trichrome. Scale bars: 100 mm. (D) Representative images from paraffin-embedded and
sectioned lung tissues from each group, stained for VVT, vWF, and a-SMA. Scale bars: 50 mm.
Morphometric analysis of the pulmonary vessels from HIV-Tg or WT rats treated or untreated with
cocaine (E and F). *P, 0.05, ***P, 0.001 versus WT, #P, 0.001versus WT1Coc, $P, 0.001
versus HIV.
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(Figure 7B), as well as in the epithelial cells.
However, we did not observe significant
perivascular inflammation in the Fischer
strain of HIV-Tg rats, as we saw in our
earlier published findings on Sprague-
Dawley (SD) HIV-Tg rats (16). We reported
significant pulmonary artery medial
hypertrophy with RV hypertrophy in the SD
strain of HIV-Tg rats, even in the absence of
cocaine (16). Here, when we stained paraffin-
embedded lung sections from the same SD
HIV-Tg rats, we observed intense positivity
for Nef protein in the remarkably increased
number of inflammatory cells surrounding
the remodeled vessels (Figures 7D and 7E).
Similar to the Fischer strain, endothelial cells
were also found to be positive for Nef, but

not SMCs, in SD rats. Importantly, SD HIV
rats had notably more vascular remodeling
when compared with the Fischer strain in the
absence of cocaine. The staining for Tat
protein showed a similar pattern as Nef
staining in the Fischer as well as SD HIV-Tg
rats, with high Tat expression in the
inflammatory cells surrounding the
remodeled vessels in the SD strain (Figures 7J
and 7K). In addition, mild Tat expression
was also seen in the arterial SMCs (Figures
7G, 7H, 7J, and 7K), but this could have
been a false positive, as one of the
Fischer WT rats also showed some
background staining (Figure E2). Overall the
WT strains of both Fischer and SD rats were
negative for HIV proteins (Figures 7C, 7F, 7I,

and 7L). In addition, we noted that SD WT
rats had increased cellularity to begin
with, and relatively slightly more
thickened vessels in certain areas when
compared with Fischer WT rats.

Discussion

In this study, we took a multifaceted
approach to support the additive effect of
cocaine and HIV infection on pulmonary
vascular remodeling using a noninfectious
HIV-Tg rat model. From a hemodynamic
standpoint, the mPAP and RVSP were
significantly elevated in the group
exposed to both cocaine and HIV. This
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Figure 3. Significant decrease in the protein expression of bone morphogenetic protein (BMP) receptors (BMPRs) in the lungs from cocaine-exposed
HIV-Tg rats. (A) Total protein was extracted from rat lung tissues (n = 3 per group) from 4-month-old animals using RIPA buffer followed by Western blot
for BMPR2, -1A, and -1B. The blot probed with BMPR1A was stripped and reprobed for BMPR1B antibody. The graphs represent the average
densitometry of protein expression. Values are means (6SEM). *P, 0.05, **P, 0.01 versus WT. (B) Almost complete loss of BMPR2 expression was
observed in the pooled samples from 9-month-old HIV1Coc. rats compared with WT (n = 5/group). (C) Representative images showing BMPR2
expression after immune-histochemical staining of paraffin-embedded rat lung sections. Absence or very low reddish-brown coloration was seen in the
thickened smooth muscle layer of pulmonary arteries from the HIV1Coc. Group, as indicated. Scale bars: 50 mm.
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was evident in both the 4- and 9-month-
old groups. Histologically, significantly
increased SMC hypertrophy was evident
in both the 4- and 9-month-old groups.
There was a significant decrease in BMP
expression and down-regulation of BMP
signaling in the HIV-cocaine group. In
addition, there appeared to be development
of hyperproliferation of pulmonary SMCs
along with development of apoptosis
resistance in the HIV-cocaine group.

Although not all HRPAH is due to
intravenous drug abuse, it appears to be one
of the major risk factors for the development
of the disease (1, 2). Cocaine and other

stimulants have also been implicated in
the development of PAH without HIV
infection (12). We have previously reported
enhanced pulmonary vascular remodeling
in HIV-infected lung tissues from
intravenous heroin and cocaine abusers
(14). Simian immunodeficiency
virus–infected macaques exposed to
morphine developed a severe pulmonary
arteriopathy, including the presence of
plexiform lesions similar to those found in
humans with PAH (10). In addition, we
demonstrated that cocaine synergizes with
HIV-Tat to promote proliferation in
PASMCs (15). The findings we present in

this current report further support our
previous results showing additive effect
of abused drugs and HIV infection on
pulmonary vascular dysfunction.

The pathophysiology of the
development of HRPAH remains unclear
at this time, in part due to limited options
in regard to an animal model. Several
studies have demonstrated that pulmonary
vasculature cells are not directly infectable,
and HIV proteins released by the infected
lymphocytes and macrophages play a major
role in the development of HRPAH (21).
Apart from one report suggesting
HIV-infection of arterial SMCs with low
levels of viral replication in vitro (22), no
evidence of the virus or viral DNA in
pulmonary endothelial cells or SMCs has
been reported (23, 24). HIV proteins, such
as Tat, Nef, and envelope glycoprotein-120
(gp120), alone can lead to the development
of pulmonary arteriopathy with the ability
to directly act on the endothelium/smooth
muscle and alter cellular function (25, 26).
HIV-envelope gp120, for example, has
been shown to directly activate SMCs via
the presence of CD4 cells and mitogen-
activated protein kinase pathways, leading
to enhanced atherosclerosis and
arteriogenesis (27). gp120 also appears to
have the ability to induce apoptosis in
endothelial cells, even in the absence of
infection (28). HIV-Tat can act as an
angiogenic and oncogenic factor by
promoting growth, migration, and
production of growth factors in various cell
types (29, 30). In our previous findings, we
have shown that cocaine synergizes with
Tat to promote proliferation of PASMCs
(31) through activation of platelet-derived
growth factor signaling. It can also induce
apoptosis of microvascular endothelial cells
via caspase activation (25). In earlier
studies, HIV-1–Tg rat lungs have been
observed to be under significant oxidative
stress, as signified by enhanced expression
of hypoxia-inducible factor-1a (16). It is
plausible that HIV proteins in conjunction
with a second exposure to drugs of abuse
enhance these mechanisms, inciting
increased oxidative stress, dysregulation of
growth factors, and inflammation, resulting
in pulmonary arteriopathy.

Using a SD noninfectious HIV-Tg rat
model, we previously reported development
of pulmonary vascular remodeling in the
presence of HIV-1 proteins without an
active infection (16). In the present study,
we used Fischer HIV-1–Tg rats containing
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Figure 4. Hyperproliferation of pulmonary arterial smooth muscle cells (PASMCs) isolated from
HIV-Tg rats exposed to cocaine. Rat PASMCs (RPASMCs; 33 103) from WT, WT-cocaine, HIV,
and HIV-cocaine group rats (passage 3) were plated on 96-well plates. After 48 hours of plating, cells
were made quiescent by adding 0.1% FBS containing rat smooth muscle cell medium (RSMCM) for
48 hours, followed by the addition of either (A) complete RSMCM or (B) 0.1% FBS containing
RSMCM. (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
cell proliferation assay was later performed after 2, 4, and 6 days. Values are means (6SD) of n = 3
rats/group. *P, 0.05, **P, 0.001 versus WT, #P, 0.001 versus WT1Coc., $P, 0.001 versus HIV.
(C) Representative images of crystal violet–stained RPASMCs isolated from various groups are
shown. Cells were grown in 0.1% serum containing RSMCM. Magnification, 43. (D) RPASMCs
(passage 3) grown in complete medium were lysed with RIPA buffer followed by protein extraction
and Western blot for proliferating cell nuclear antigen (PCNA). Graph represents average densitometry
for three rats per group. Values are means (6SEM). *P, 0.05 versus WT.
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a gag-pol NL4-3 nonreplicative provirus,
just like SD rats that express seven of
the nine HIV genes throughout the
lymphoreticular system, including
functional tat and env. This HIV-Tg rat
model was developed by Reid and
colleagues (32) and has been proven to
be an effective tool for investigating
pathologies associated with HIV disease,
including age-associated alterations in the
immune response, T cell abnormalities
(33), kidney failure (34), and neuronal
changes (32). It was created by
microinjecting a noninfectious proviral
plasmid into fertilized single-cell SD3
Fisher344/NHsd F1 eggs (32). The

integration of microinjected plasmid is
expected to occur at a single-cell stage,
because foreign DNA is present in every
cell of the Tg animal, including germ cells
(35). This notion has also been supported
by various investigators where the
expression of viral proteins is shown in
various HIV-Tg rat tissues, including the
lymph nodes, thymus, liver, lung, kidney,
spleen, blood, epidermis, and brain (32, 36,
37). Furthermore, levels of viral protein
gp120 in the lung lavage fluid of HIV-Tg
female rats were not significantly different
from those of HIV-Tg male rats (37). In
addition, in our earlier report, we used both
female and male SD HIV-Tg rats, and

did not find sex-dependent changes in
pulmonary vessels or right ventricle (16). The
HIV-Tg rat model also appears to be superior
to mouse models, as HIV-Tg mice replicate
only some of the human pathologies of HIV
infection, as the viral promoter does not
function normally in mice (38).

Several studies have demonstrated lung
parenchymal, hemodynamic, and right
ventricular changes in this HIV-Tg rat
model as well. Lund and colleagues were
among the first to report significantly
elevated RVSP as well as RV hypertrophy in
3 and 9 months aged Fischer HIV-Tg rats
compared with age-matched controls. In
our previous report showing increased
smooth muscle remodeling in SD strain
of these 4–5 months old HIV-Tg rats, we
also demonstrated significantly more
RV hypertrophy compared with WT rats
using the Fulton index:Right ventricle/left
ventricle1septum (RV/LV1S) ratio.
However, in this study, using Fischer
HIV-Tg rats, we have demonstrated an
elevated mPAP and RVSP, as well as
increased SMC proliferation in the HIV-Tg
rats only after exposure to cocaine in
both the 4- and 9-month-old groups.
Interestingly, the HIV-Tg rats did not
show evidence of pulmonary hypertension
in the absence of cocaine. This is in contrast
to what we reported earlier in SD HIV-Tg
rats and by Lund and colleagues (16, 17).
Strain-specific differences in pulmonary
vascular remodeling have been reported
earlier (39). It may be that the Fischer344
strain is more resistant to pulmonary
vascular remodeling, as shown by He and
colleagues (39), when compared with SD
rats. In addition, studies by Lund and
colleagues (17) were conducted at high
altitude, which may have led to hypoxic
challenge. Studies by Porter and colleagues
(40) also demonstrated resistance of
Fischer344 to vascular injury while
investigating the effect of HIV-1 proteins
on pulmonary vascular remodeling in the
presence of hypoxia. Similar to our
present study, they reported no significant
changes in HIV-Tg rats when compared
with WT rats; however, increased RVSP,
RV hypertrophy, and pulmonary artery
smooth muscle thickness was observed on
exposure to hypoxia.

Comparison of histological findings
in this study suggests remarkably more
pulmonary vasculopathy in SD HIV-Tg rats
than in Fischer HIV-Tg rats. Furthermore,
we observed enormous perivascular
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Figure 5. Development of apoptosis resistance in pulmonary SMCs isolated from HIV-Tg rats
exposed to cocaine. RPASMCs (1.23 104) from three rats per group were plated on 96-well plates
followed by changing medium the next day to (A) complete RSMCM or (B) 0.1% FBS containing
RSMCM. Apoptosis was measured after 24 hours by oligonucleosome ELISA. Values are means
(6SD) of n = 3 rats/group. (C) RPASMCs were grown to 80% confluency on coverslips in 24-well
plates followed by Alexa Fluor 488 annexin V binding on live cells and mounting with 49,6-diamidino-
2-phenylindole. Representative fluorescence images were captured at 403. Scale bars: 50 mm. (D)
The blot of RPASMC protein lysate used for probing PCNA was re-probed for cleaved poly ADP
ribose polymerase (c-PARP) expression. Graph represents average densitometry for c-PARP
expression from three rats per group. Values are means (6SEM). *P, 0.05, **P, 0.01, ***P, 0.001
versus WT, #P, 0.05, ##P, 0.001 versus WT1Coc.
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inflammation in SD HIV-Tg rats when
compared with cocaine-treated or
untreated Fischer HIV-Tg rats, and this
corresponded with significantly more
vascular remodeling in SD rats. In addition,
these inflammatory cells were abundantly
positive for HIV proteins, as shown by
Nef and Tat staining, whereas negligible
positivity was observed in SMCs within the
remodeled vessels. Nevertheless, it is notable
that Tinkle and colleagues (41), although

using a different HIV-Tg mouse model,
describe a vasculopathy induced by the
expression of HIV-1 mRNA in vascular
SMCs and the recruitment of inflammatory
cells in adventitia. In addition, we report
the presence of Nef and Tat proteins in the
pulmonary endothelium of both Fischer
and SD HIV-Tg rats. Previous studies based
on PAH animal models suggest that
endothelial injury is the first step in the
development of pulmonary arteriopathy,

and, upon activation, elicits responses on
SMCs leading to the muscularization of
vessels (42). Presence of Nef-positive
endothelial cells in the remodeled
pulmonary vessels in the lungs of
simian-HIV-infected macaques has been
reported previously by Marecki and
colleagues (24). These findings suggest that
the perivascular inflammation is associated
with more medial hypertrophy in HIV-Tg
rats, and underscore the importance of
communication between inflammatory
cells, endothelial cells, and SMCs during
pulmonary arteriopathy.

The lack of significant differences in
the Fulton index among Fischer HIV-Tg
rats in the presence or absence of cocaine
when compared with WT rats may, in
part, be due to total weight differences,
especially in the 9-month-old group. The
HIV-Tg rats exposed to cocaine had
significantly less weight gain than the other
groups. The HIV-cocaine group mean
weight was 311 g versus 417 g for the
cocaine group, 404.6 g for the WT group,
and 327 g for the HIV group. The
exposure of both HIV proteins and
cocaine may have caused the HIV-cocaine
group to gain less weight over time. We
did find an increase in the ratio of RV
weight:total body weight in HIV-Tg rats
on cocaine exposure, but, likely due
to a small sample size, no significant
difference was observed. However,
increase in RV size was supported by
increase in RV fibrosis in these rats on
cocaine exposure. Hematocrit was also
obtained on all animals, and there was
no significant difference. Hematocrit is
expected to rise in animals and humans
exposed to hypoxia; however, our rats were
only exposed to normoxic conditions, and
the altitude of our current laboratory is only
265 m above sea level.

Furthermore, as in our previous
study using SD HIV-Tg rats (10),
pulmonary arteriopathy was associated
with medial hypertrophy, smooth muscle
hyperproliferation, and some endothelial
injury, as seen by blebbing and proliferation
of cells in some small vessels, but we did
not find significant angio-obliteration or
presence of plexiform lesions. Plexiform
lesions are the hallmark end-stage lesions
found in severe PAH (43). However, in
the most frequently studied animal
models, including chronic hypoxic and
monocrotaline-injected rats, plexiform
lesions are rarely found (44). Only recently
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has a potential rodent model been tested
that was subjected to hypoxia/normoxia
and injected with the vascular endothelial
receptor blocker, semaxinib. Abe and
colleagues (45) did find that these
animals developed plexiform lesions that
appeared similar to those found in
human subjects. Lack of advanced-stage
plexiform lesions in our HIV-Tg rat
model also may be due to the age of the
animals; it may be that these lesions
develop later than 9 months.

BMPR dysfunction has been found to
be one of the key factors in familial and
idiopathic PAH (IPAH) (46). BMPs, on
binding to heteromeric complexes of
BMPR1A or BMPR1B with BMPR2,
negatively regulate SMC growth and
proliferation (46, 47). Reduction in the
BMPR expression has been reported in
monocrotaline and hypoxia-induced
animal models of PAH (48, 49).

Although BMPR2 has been most
extensively reported to be mutated in
familial and IPAH, there are specific reports
on the loss of BMPR1A or BMPR1B
causing attenuated SMC hyperproliferation
in patients with IPAH (50, 51) as well. In
our recent article, we reported a paradoxical
decrease in the protein expression of
BMPR1A, BMPR1B, and BMPR2 in spite
of significant increases in their mRNA
expression on exposure of HPASMCs to
both Tat and cocaine. These in vitro
findings were further corroborated by
ex vivo findings demonstrating significant
increases in mRNA, but decreases in
protein expression of BMPRs in human
lung tissues from IVDUs with HIV
showing enhanced vascular remodeling
compared with lungs from HIV-infected
non–drug abusers or uninfected IVDUs
(15). Likewise, here, we report significant
down-regulation in the protein expression

of BMPRs with higher expression of
BMPR mRNA in RPASMCs isolated from
the HIV-cocaine group compared with
cells isolated from all other groups,
further suggesting the involvement of
post-transcriptional regulation of BMPR2
expression. There have been similar
reports of discrepancies in mRNA and
corresponding protein expression (52, 53).
This may be due to a negative feedback
loop generated on enhanced BMPR mRNA
expression, triggering an exacerbated
expression of microRNAs that may inhibit
the translation of BMPRs (54). We are
currently focusing on the post-
transcriptional regulation of BMPRs, and
some of our preliminary findings are
published in the form of an abstract (55).
Another possible mechanism could
be direct tagging of BMPR proteins
for ubiquitin-mediated degradation (56).

Finally, although the HIV-Tg rat is
likely one of the better small animal models
to explore the link between HIV and the
development of pulmonary arteriopathy, it
is not a replica of true HIV infection in
patients, and results may not be completely
extrapolated to humans. Also of note is
that the RV/LV1 S ratio, which has been
widely used in similar studies, was not
significantly increased in our present study.
However, we were able to provide
hemodynamics data, including mPAP,
which is the definitive diagnostic test in the
human population. In addition, it is
difficult to compare the amount of cocaine
given to rats in a controlled laboratory
setting versus people who usually
consume in “binge” settings, often in
combination with other illicit drugs. This
is certainly another limitation of the
study; however, a controlled laboratory
investigation with an animal model is
important to understand the direct
effects of cocaine on HIV-associated
cardiopulmonary dysfunction.

In summary, we demonstrate evidence
of the potentiation of pulmonary vascular
remodeling, hemodynamic changes, and
development of significant pulmonary
arteriopathy in a HIV-Tg rat model exposed
to cocaine. Mechanistically, we also provide
evidence that these changes were due, in
part, to the development of apoptosis
resistance as well as down-regulation of
BMP signaling in the PASMCs. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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