
Pulmonary Circulation | January-March 2013 | Vol 3 | No 158

Research Ar t ic le

Human immunodeficiency virus-1 transgene 
expression increases pulmonary vascular 

resistance and exacerbates hypoxia-induced 
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ABSTRACT

Pulmonary arterial hypertension (PAH) is a progressive disease characterized by increased pulmonary arterial resistance and 
vessel remodeling. Patients living with human immunodeficiency virus-1 (HIV-1) have an increased susceptibility to develop 
severe pulmonary hypertension (PH) irrespective of their CD4+  lymphocyte counts. While the underlying cause of HIV-PAH 
remains unknown, the interaction of HIV-1 proteins with the vascular endothelium may play a critical role in HIV-PAH development. 
Hypoxia promotes PH in experimental models and in humans, but the impact of HIV-1 proteins on hypoxia-induced pulmonary 
vascular dysfunction and PAH has not been examined. Therefore, we hypothesize that the presence of HIV-1 proteins and hypoxia 
synergistically augment the development of pulmonary vascular dysfunction and PH. We examined the effect of HIV-1 proteins 
on pulmonary vascular resistance by measuring pressure-volume relationships in isolated lungs from wild-type (WT) and HIV-1 
Transgenic (Tg) rats. WT and HIV-1 Tg rats were exposed to 10% O2 for four weeks to induce experimental pulmonary hypertension 
to assess whether HIV-1 protein expression would impact the development of hypoxia-induced PH. Our results demonstrate 
that HIV-1 protein expression significantly increased pulmonary vascular resistance (PVR). HIV-1 Tg mice demonstrated 
exaggerated pulmonary vascular responses to hypoxia as evidenced by greater increases in right ventricular systolic pressures, 
right ventricular hypertrophy and vessel muscularization when compared to wild-type controls. This enhanced PH was associated 
with enhanced expression of HIF-1α and PCNA. In addition, in vitro studies reveal that medium from HIV-infected monocyte 
derived macrophages (MDM) potentiates hypoxia-induced pulmonary artery endothelial proliferation. These results indicate that 
the presence of HIV-1 proteins likely impact pulmonary vascular resistance and exacerbate hypoxia-induced PH.
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An estimated 1.2 million United States residents are 
infected with human immunodeficiency virus-1 (HIV-1) and 
nearly 600,000 people with acquired immune deficiency 
syndrome (AIDS) have died since the epidemic began.[1]  
Patients with HIV have increased susceptibility to develop 
infectious pulmonary complications such as bacterial 
pneumonia and tuberculosis. The advent of highly active 
antiretroviral therapy (HAART) and subsequent restored 
immune function has greatly reduced the incidence of 
infectious disorders and improved survival. However, 

noninfectious complications of HIV-1 such as pulmonary 
hypertension (PH) are now being recognized with 
increasing frequency.

Pulmonary arterial hypertension (PAH) is defined as 
a sustained elevation of pulmonary arterial pressure 
greater than 25 mmHg and a pulmonary capillary wedge 
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pressure or left ventricular end diastolic pressure less 
than 15 mmHg.[2,3] Pathogenic vascular alterations in PH 
are characterized by abnormal muscularization of small 
pulmonary arteries and progressive intimal hyperplasia. 
Patients with severe PH may develop obstructive 
plexiform lesions in the distal pulmonary circulation.[4] 
These occlusive lesions are associated with decreased 
lumen cross-sectional area and progressive increases 
in pulmonary vascular resistance, which leads to the 
development of right ventricular hypertrophy (RVH) 
and PH. Although the underlying cause of PH remains 
unknown, endothelial activation and proliferation are 
implicated as major contributors to PH pathogenesis 
and progression.[5,6] Significant endothelial alterations 
have been identified in the pulmonary arteries of PH 
patients.[7] Abnormal endothelial cell growth patterns 
have also been documented in the vascular wall and in 
cultured pulmonary artery endothelial cells isolated 
from patients with idiopathic pulmonary arterial  
hypertension (IPAH).[8]

HIV-associated pulmonary arterial hypertension (HIV-PAH) 
was first identified in 1987[9] and has been increasingly 
diagnosed thereafter.[10,11] According to the most updated 
clinical classification of PH, HIV is designated as a Group I 
disease associated with the development of PAH.[12] In 2001, 
the incidence of PH in HIV-1 patients was estimated to be 
1:200, whereas PH in the general population occurs in 
approximately 1-2 in one million patients.[13] More recent 
studies estimate that up to 1% of HIV-1 patients will develop 
PH.[10] This increase is still likely to underestimate the 
true incidence of HIV-PAH because the complication is not 
routinely evaluated in patients and is often misdiagnosed.[11] 
HIV-PAH also progresses more rapidly[14] and is associated 
with a poorer prognosis than PH in the general population.[15] 
Furthermore, epidemiological studies demonstrate that 
the survival of patients with HIV-PAH is significantly less 
than other patients classified with Group I PAH, including 
IPAH-, collagen vascular disease-, and congenital heart 
disease-associated PAH.[16]

The pathogenic mechanisms that predispose HIV patients 
to develop PAH are unclear. However, studies show that 
HIV-PAH occurs in the absence of any apparent lung 
disease and PAH disease severity does not correlate with 
CD4+ lymphocyte count.[13,14] In addition, HIV has not been 
found in endothelial cells of patients who develop PAH[17,18] 
nor has HIV DNA, RNA, or p24 antigen been detected in 
the pulmonary vessels of HIV-PAH patients.[19-21] These 
data suggest the pathogenesis of HIV-PAH is unrelated 
to infection or immune dysfunction and may be partially 
attributable to the indirect actions of HIV-1 proteins on 
the vasculature.[18] Supporting evidence demonstrate that 
the HIV proteins Tat, Nef and gp120 are able to enter the 
endothelium[22,23] and alter cell function. HIV-1 proteins may 

also act as a “priming” mechanism to increase susceptibility 
of vascular endothelial cells to a “second hit” which 
promotes PH development.[24-27]

Previous studies in an HIV-1 Tg model indicate that the 
expression of HIV-1 proteins results in the development 
of PH.[28,29] The present study extends these results by 
examining the response of the HIV-1 Tg to chronic hypoxia 
in a strain that is more resistant to PH. Therefore, these 
studies address how HIV-1 proteins may impact the 
response to conditions that promote PH. Our results 
indicate that HIV-1 protein expression alters pulmonary 
vascular resistance (PVR), promotes cellular proliferation, 
and exacerbates the development of hypoxia-induced 
pulmonary hypertension.

MATERIALS AND METHODS

Animals
Male Fischer 344 Wild-type (WT) and HIV-1 Transgenic (Tg) 
rats were obtained from Harlan (Indianapolis, Ind.) and 
bred in the animal facility at the Atlanta VA under a 12:12 
light-dark cycle. All studies were completed in compliance 
with protocols approved by the Atlanta VA Animal Care 
and Use Committee. The HIV-1 Tg rats for this study were 
generated from established lines of an HIV provirus. 
This HIV-1 Tg rat model was developed at UMD using the 
NL4-3 gag/pol HIV-1 transgene[30] and has proviral DNA 
with deleted gag and pol but intact env and tat, nef, rev, 
vif, vpr, and vpu accessory genes.[31,32] HIV-1 transgenic 
rats have dense cataracts at birth but otherwise appear 
healthy. However, by six months of age, they begin to display 
evidence of systemic disease including poor weight gain 
and muscle atrophy that progresses over time.[30] HIV-1 
transgene expression has been detected in the intestines and 
at low levels in kidney, lymph nodes, lung and spleen.[30,33]  
Hemizygous rats, ages seven to nine months, were used for 
this study.

Chronic hypoxia model
A chronic hypoxia model that has been previously 
used by our lab to induce experimental PH, RVH, and 
pulmonary vascular remodeling was employed in the 
current study.[34] Rats were housed in normoxic (21% O2) 
or hypoxic (10% O2) conditions. Hypoxic conditions were 
created by infusing nitrogen gas into an enclosed chamber 
until the desired oxygen tension was reached (Biospherix). 
Rats placed in the hypoxia chamber remained there for four 
weeks to induce experimental pulmonary hypertension. 
Food and water were provided ad libitum.

Isolated perfused lung
Rats were anesthetized with isoflourane and mechanically 
ventilated after tracheal cannulation at a rate of ~60 
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strokes per minute with a tidal volume of 2.5 mL/breath. 
The heart and lungs were exposed by thoracotomy, and 
heparin was administered. The pulmonary artery was 
cannulated with a 14 G cannula connected to a pressure 
transducer (AD Instruments, Colorado Springs, Colo., USA). 
The pulmonary artery was then perfused with 37ᵒC Hanks’ 
Balanced Salt Solution (Sigma Chemical, St Louis, Mo.) at a 
rate of 7 ml/min for five minutes while the right atrium was 
incised to allow removal of the perfusate. Pressure/volume 
relationships were generated using a calibrated peristaltic 
pump at flow rates of 7, 16, 26, and 35 ml/min. Data were 
collected using the Power Lab digital acquisition and 
analyzed using Chart software (AD Instruments, Colorado 
Springs, Colo., USA).

Hematocrit measurements
Whole blood was collected and placed in heparinized, 
microcapillary tubes (Fisher). Blood was subjected to 
centrifugation using an Adams MHCT II. Hematocrit levels 
were determined using an International Micro-Capillary 
Reader. Values are expressed as percentage of red blood 
cells in the blood sample.

Right ventricular systolic pressure
Right ventricular systolic pressure (RVSP) was assessed 
using a 0.8 F microtip pressure transducer (Millar 
Instruments) as previously described.[34] In brief, rats 
were anesthetized with isoflourane and the 0.8 F microtip 
pressure transducer was inserted into the right jugular 
vein and advanced to the right ventricle. Right ventricular 
pressure was monitored for a period of 10 minutes. Data 
were analyzed using the Powerlab system (AD Instruments, 
Denver, Colo., USA).

Right ventricular hypertrophy measurements
Right ventricular hypertrophy was assessed by 
determining the Fulton index of right ventricle/left 
ventricle  +  septum (RV/LV  + S) gross weight ratios as 
previously described.[34]

Histology
The pulmonary circulation was perfused with phosphate 
buffered saline (PBS) to remove red blood cells followed by 
perfusion with calcium-free PSS. Lungs were inflated with 
4% paraformaldehyde via the trachea. Perfused lungs were 
immersed in 4% paraformaldehyde, embedded in paraffin, 
and sectioned for analysis. Medial thickness of pulmonary 
arteries was quantified by measuring wall thickness, as 
delineated by the internal and external elastic lamina, 
and expressing it as a percentage of the vessel diameter. 
In addition, the percentage of smooth muscle within the 
media was also determined by staining with antibodies 
to smooth muscle α-actin (Sigma, St Louis, Mo., USA). 
Immunohistochemistry samples were quantitated using 
Scion software (Scion Corporation, Frederick, Md., USA). 

Photomicrographs were obtained using a Leica DM4000B 
microscope.

Western blot analysis
Rat lung homogenates were subjected to Western Blot 
analysis as reported.[35] Briefly, 40 micrograms of protein 
were loaded per lane and subjected to SDS-PAGE. Protein 
samples were then transferred to nitrocellulose membranes 
using the Fast Semi-Dry Blotter according to manufacturer’s 
instruction (Thermo Scientific). After blocking in 5% nonfat 
dried milk (NFDM), membranes were placed either (1) in 
a goat primary antibody solution (1:400 dilution) raised 
against HIF-1alpha (Novus Biologicals), (2) overnight at 
4°C then fluorescent anti-goat, or (3) in a 1:500 dilution 
of rabbit primary antibody solution raised against 
PCNA (Abcam). Membranes were incubated overnight at 
4°C, washed with TBST, and placed in solutions containing 
fluorescent anti-goat or anti-rabbit secondary antibodies. 
Immunoreactive bands were detected using the Licor 
system and the proteins of interest were quantified by 
densitometry and normalized to beta-actin levels within 
the same sample.

Cell proliferation assays
Human pulmonary arterial endothelial cell (HPAEC) 
proliferation was assessed using MTT Assay (ATCC). 
Briefly, proliferating cells reduce the tetrazolium MTT 
resulting in intracellular formazan. Detergent reagent was 
added to cell to solubilize formazan. Supernatants were 
then collected and quantified using a spectrophotometer 
at 562 nm. HPAEC were seeded at 10,000 cells/well in 
24-well plates. Selected cells were cultured in an incubator 
under normoxic conditions (21% O2, 5% CO2), and others 
were exposed to hypoxic conditions (1% O2, 5% CO2) in 
a hypoxia chamber (Biospherix, Lacona, N.Y., USA) for 
72 hours. Following exposure to normoxic or hypoxic 
conditions, cells were subjected to MTT assay according 
to the manufacturer’s protocol.

Monocyte-derived macrophages
Medium from infected and control monocyte-derived 
macrophages were obtained from Dr. William Tyor 
of the Atlanta VA Medical Center. Primary human 
monocyte-derived macrophages (MDM) were cultured at 
37°C with 5% CO2in DMEM containing 10% human serum, 
L-glutamine, penicillin-streptomycin, and macrophage 
colony stimulating factor (M-CSF) for seven days. 
MDM (5 × 106) were infected with HIV-1ADA (clade B) at a 
multiplicity of infection (MOI) of 0.1 for one hour. Following 
infection, MDM were resuspended in medium devoid 
of M-CSF and cultured for 14 days with media changes 
every three days.[36] HIV-1 p24 levels were measured in 
media (1:10,000 dilutions) by ELISA (Advanced BioScience 
Laboratories, Kensington, Md., USA).
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Exosome isolation
Exosomes were isolated from HIV-MDM medium using the 
ultra-centrifugation method as previously described.[37] 
Briefly, medium was subjected to repeated centrifugations 
to remove dead cells and debris at 200 and 3,000 rpm 
at 4°C, respectively. Medium was then spun down at 
100,000 rpm for 70 minutes at 10°C using a Beckman XL-90 
ultracentrifuge and Type 50.4 TI rotor. Supernatants and 
exosome-containing preparations were carefully collected 
and stored at 4°C.

Statistical analysis
A student’s t-test analysis was used for comparison of two 
groups. One-way ANOVA with Tukey’s post-test was used for 
the comparison of multiple groups. Statistical significance 
was defined as P < 0.05.

RESULTS

Effects of HIV-1 protein expression on pulmonary 
vascular resistance
Pressure-flow measurements were obtained to examine 
pulmonary vascular reactivity in WT and HIV-1 Tg 
pulmonary arteries. In response to increases in pulmonary 
flow, lungs from HIV-1 Tg rats showed significantly 
greater elevations in pressure when compared to 
wild-type controls (Fig. 1). These data indicate that vessels 
from HIV-1 Tg animals are less able to regulate pressure 
responses due to alterations in blood flow (n  = 4-5; 
P < 0.0001). Furthermore, this data indirectly demonstrates 
that HIV-1 proteins can affect pulmonary vascular 
resistance.

Effect of HIV-1 proteins on hypoxia-induced 
HIF-1alpha expression
Hematocrit levels were measured to determine whether 
hypoxia exposure affected red blood cell counts in WT 
and HIV-1 Tg rats similarly. Increases in serum red 
blood cell counts occur in response to decreased oxygen 
tension. Following the 4 weeks of normoxia or hypoxia 
exposure, rats were sacrificed and blood was collected 
via cardiac puncture. Blood from hypoxic wild-type 
and HIV Tg mice exhibited a significant increase in the 
percentage of red blood cells when compared to normoxic 
controls (45.1% following normoxia vs. 58.2% following 
hypoxia; P  <  0.0001; n  =  12-16). Hematocrit levels 
between normoxic wild-type and HIV-1 Tg rats were 
not significantly different and there was no difference 
between hematocrit levels of hypoxic wild-type and 
HIV-1 Tg animals (data not shown). We also assessed 
whether HIV-1 protein expression affects hypoxia-induced 
HIF-1alpha protein expression. While no differences in 
lung HIF-1alpha expression were found between WT 
or HIV-1 Tg animals exposed to normoxic conditions, 

Figure 1: HIV-1 Tg expression (dotted line) increases pulmonary vascular 
resistance when compared to WT rats (solid line) (n  = 4-5). Rats were 
anesthetized with isoflourane, mechanically ventilated and the pulmonary 
artery was cannulated with a 14G cannula connected to a pressure transducer. 
Pressure/volume relationships were generated using a calibrated peristaltic 
pump at flow rates of 7, 16, 26 and 35 ml/min. *denotes P < 0.0001 when 
compared to pulmonary arteries of wild-type controls.

Figure 2: Hypoxia exposure induces greater HIF-1alpha expression in 
HIV-1 Tg animals (n  = 3). Wild-type and HIV-1 Tg rats were housed in 
either normoxic or hypoxic conditions for four weeks. Lung homogenates 
were subjected to SDS-PAGE, transferred to nitrocellulose membranes and 
exposed to anti-HIF-1alpha antibodies overnight at 4°C, rinsed and incubated 
in anti-rabbit fluorescent antibody solution. Hypoxia exposure stimulates HIF-
1alpha protein expression in rat lung homogenates when analyzed by Western 
blot analysis (A). Lung homogenates from HIV-1 Tg animals exhibit a 2-fold 
increase in HIF-1alpha protein expression following hypoxia exposure (B). 
*denotes P < 0.01 when compared to normoxic groups. **denotes P < 0.05 
when compared to hypoxic wild-types.

B

A

the increase in HIF-1alpha expression in HIV-1 Tg rats 
exposed to hypoxia was significantly greater when 
compared to normoxic animals and hypoxic wild-type  
controls (Fig. 2).
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Effects of HIV-1 protein expression on hypoxia-
induced right ventricular systolic pressures and 
right heart hypertrophy
Right ventricular systolic pressures (RVSP) and right 
ventricular hypertrophy (RVH) are indices used to confirm 
the presence of PH. To determine whether HIV-1 protein 
expression exacerbates hypoxia-induced PH, we assessed 
RVSP and RVH following four weeks of hypoxia exposure in 
WT and HIV-1 Tg rats. HIV-1 Tg rats between 7-12 months 
of age demonstrate no change in RVSP and RVH following 
normoxia when compared to wild-type animals (data 
not shown). HIV-1 Tg rats (P  < 0.0001) exhibit greater 
elevations in RVSP in response to hypoxia when compared 
to hypoxic wild-type and normoxic control rats Fig. 3A. 
Hypoxic HIV-1 Tg rats also exhibit marked increases in RVH 
when compared to hypoxic wild-type and normoxic control 
rats Fig. 3B. These results demonstrate that the expression 
of the HIV-1 transgene causes exaggerated pulmonary 
vascular responses to hypoxia and structural alterations 
to the right ventricle.

Effect of HIV-1 on PH-induced vessel wall 
thickness
PH is associated with enhanced vascular wall cell 
proliferation and vascular remodeling. These alterations 
progressively narrow the vascular lumen and increase 
the pulmonary vascular resistance. To determine if 
HIV-1 transgene expression causes vascular remodeling 
as evidenced by increased vessel wall thickness, the 
smooth muscle actin-alpha content was measured in rat 
pulmonary arteries by immunostaining. In representative 
images showing smooth muscle actin-alpha Fig. 4A, 
pulmonary arteries from hypoxic HIV-1 Tg rats exhibit a 
greater staining intensity when compared to normoxic 
HIV-1 or WT pulmonary arteries. Fig. 4B shows a 
graphical representation of smooth muscle actin-alpha 
staining in pulmonary vessels. Pulmonary arteries from 
hypoxia-exposed HIV Tg rats demonstrated significant 
increases in vessel thickness when compared to all other 
groups. There was no difference in pulmonary artery vessel 
thickness between normoxic wild-type and HIV-1 Tg rats.

Figure 4: HIV-1 Tg expression increases hypoxia-induced vessel 
muscularization (A) (n = 3). Rats were exposed to normoxia or hypoxia for four 
weeks. Rat lungs were isolated, pressure perfused, inflated and immersed with 4% 
paraformaldehyde and embedded in paraffin. The percentage of smooth muscle 
within the media was determined by staining with antibodies to smooth muscle 
α-actin (α-SMA).Scale bar in each image = 50 µm. Hypoxia exposure increases 
HIV-1 Tg rat vessel thickness (B). **denotes P < 0.0001 when compared to 
normoxic groups. *denotes P < 0.01 when compared to hypoxic controls.

Figure 3: HIV-1 transgene expression exacerbates PH development. Hypoxic 
HIV-1 rats have significantly greater RVSP (A) (n = 6-11) and right ventricular 
hypertrophy (B) (n = 7-9) than normoxic controls and hypoxic wild-types. 
Wild-type and HIV-1 Tg rats were housed in either normoxic or hypoxic 
conditions for four weeks. Rats were anesthetized with isoflourane and right 
ventricular pressure was monitored using a microtip pressure transducer. 
* denotes P < 0.0001 when compared to normoxic groups. ** denotes a P < 0.01 
when compared to hypoxic wild-types.

A

B

A

B
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Effect of HIV-1 proteins on cell proliferation
The excessive proliferation of pulmonary endothelial and 
smooth muscle cells is believed to contribute to the abnormal 
vascular phenotype characteristic of PH. To examine 
whether HIV-1 proteins exacerbate hypoxia-induced 
cellular proliferation in vivo, the proliferating cell nuclear 
antigen (PCNA) content in lung homogenates from HIV-1 
Tg rats was assessed by Western blot. Representative 
Western blot images show that lungs from hypoxic HIV-1 
Tg rats express significantly greater PCNA than normoxic 
WT or HIV-1 Tg animals (Fig. 5A). To assess whether 
HIV-1 proteins exacerbate hypoxia-induced proliferation 
in vivo, we exposed HPAEC to 1% oxygen for 72 hours 
in the presence or absence of medium of HIV-infected 
monocyte derived macrophage (HIV-MDM) diluted to 
approximate p24 levels observed in infected patients or 
50 pg/ml.[38] Our data indicated that hypoxia-exposed 
HPAEC cultured in HIV-MDM medium exhibit significant 
increases in cell proliferation when compared to all other 
treatment groups (Fig. 5B). Results also indicated that 
exosomes mediate the HIV-MDM-induced potentiating in 
cellular proliferation following hypoxia exposure. Whereas 
HIV-MDM medium devoid of exosomes (MDM-) produces 
no additive effect on hypoxia-induced proliferation, 
HIV-MDM medium containing exosomes (MDM+) induce 
further increases HPAEC proliferation following hypoxia 
exposure (Fig. 5C).

DISCUSSION

In this study, we demonstrate that HIV-1 protein expression 
promotes PH development following prolonged hypoxia 
exposure. Using an HIV-1 transgenic rat model, we show 
that HIV-1 protein expression alters pulmonary vascular 
resistance and exacerbates hypoxia-induced increases 
in right ventricular systolic pressures, right ventricular 
hypertrophy, and vessel muscularization. In addition, 
in vivo and in vivo studies demonstrate that HIV-1 protein 
exposure exacerbates pulmonary cell proliferation 
following prolonged hypoxia exposure.

Our experimental design employed the NL4-3 ∆ gag/pol 
HIV-1 transgenic (Tg) rat model. The HIV-1 transgenic model 
allows the study of the physiological effects of HIV-1 proteins 
in vivo in a noninfectious and relevant manner. Due to the 
deletion of gag and pol regions of the viral genome, this animal 
model expresses a non-replicative HIV-1 provirus under the 
viral promoter. The transgene encodes for the viral genes 
env, tat, nef, rev, vif, vpr and vpu.[30] These levels of viral gene 
products are consistent with those observed in the blood and 
lymphoid tissue of HIV-1 patients. Moreover, HIV-1 gp 120 
has been detected in bronchoalveolar lavage fluid (BALF) and 
serum of HIV-1 Tg rats at approximate levels of 10 ng/ml and 
28 ng/ml, respectively.[39] The transgenic rat is also a useful 

Figure 5: HIV-1 protein exposure exacerbates pulmonary cellular proliferation. 
Lung homogenates from HIV-1 Tg rats express significantly greater PCNA than 
normoxic WT or HIV-1 Tg rats (A) (n = 4). Following four weeks of normoxic or 
hypoxic conditions, rats were sacrificed and lungs removed for protein expression 
analysis. Lung homogenates were subjected to SDS-PAGE, transferred to 
nitrocellulose membranes and stained with anti-PCNA antibodies. *denotes 
P < 0.05 when compared to normoxic controls. ** denotes P < when compared 
to all other groups. Incubation of HPAEC treated with media from HIV-infected 
Monocyte derived Macrophages exacerbates hypoxia-induced proliferation of 
human pulmonary artery endothelial cells (B) (n = 4). Exosome-containing 
fractions of HIV-MDM (MDM+) potentiate hypoxia-induced HPAEC 
proliferation when compared to HIV-MDM devoid of exosomes (MDM-) (C) 
(n = 4). HPAEC were exposed to 1% oxygen for 72 hours in the presence or 
absence of HIV-MDM media. Following exposure to normoxic or hypoxic 
conditions, cells were subjected to MTT assay to assess cell proliferation. 
*denotes P < 0.0001 when compared to treated and untreated normoxic groups. 
**denotes P < 0.01 when compared to untreated hypoxic groups.

A

B

C
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model for studying HIV-1-associated neurological and cardiac 
pathologies because it displays clinical manifestations that 
resemble those seen in HIV-1 patients.[30] Thus, the transgenic 
HIV-1 model is a useful and appropriate tool for examining 
the physiological consequences of HIV-1 proteins on cells of 
the vasculature.

In these studies, HIV-1 Tg rats were exposed to normobaric 
hypoxia to examine the contribution of HIV-1 proteins to PH 
development. These studies are clinically relevant as chronic 
hypoxia occurs as a result of pulmonary parenchymal 
disease, sleep disordered breathing and severe chronic 
obstructive pulmonary disease (COPD).[40] Additionally, 
pulmonary hypertension is usually of mild-to-moderate 
severity in COPD patients but is nonetheless associated 
with increased risk of exacerbations and decreased 
survival.[41] Consistent with clinical studies and statistics, 
our results showed that the presence of HIV-1 exacerbates 
PH development following hypoxia exposure. HIV-1 Tg rats 
demonstrated increased systolic pressures and right 
heart hypertrophy when compared to wild-type controls. 
In addition, pulmonary arteries of hypoxic HIV-1 Tg rats 
exhibited a 65% increase in vessel muscularization and 
cellular proliferation when compared to normoxic controls.

Interestingly, in our model, the expression of HIV-1 proteins 
failed to induce PH under normoxic conditions. Yet, hypoxia 
exposure markedly exacerbates PH development in wild-type 
and HIV-1 Tg animals. These results conflict with data 
recently published demonstrating that HIV-1 Tg animals 
spontaneously exhibit PH.[28,29] Several potential factors may 
provide an explanation for these conflicting results. Studies 
published by Lund et al. were performed in Albuquerque, 
New Mexico, USA, which is located at an elevation of 5,312 
feet above sea level. This altitude could result in hypoxic 
challenge and is associated with altitude-related lung 
diseases such as high altitude pulmonary edema and chronic 
mountain sickness.[42] Additionally, other research indicated 
that HIV-1 Tg animals display increases in pulmonary vessel 
wall thickness and HIF-1α expression independent of hypoxia 
exposure.[29] However, strain differences may account for the 
varied results.[43-46] The animals used in the Mermis et al.[29] 
studies were completed in HIV Tg rats in the Sprague Dawley 
strain, whereas our studies were completed in rats on the 
Fischer 344 background. Research demonstrated that this 
strain is more resistant to hypoxia-induced PH. For example, 
rats on the Wistar-Kyoto background exhibit an exacerbated 
PH following prolonged hypoxia exposure compared 
to those on the Fischer 344 background.[43] Moreover, 
isolated perfused lung preparations from Fischer 344 rats 
demonstrate a reduced pulmonary vascular response to 
alveolar hypoxia when compared to lungs from Sprague 
Dawley rats.[47] These studies suggest that Fischer 344 rats 
may be more resistant to vascular injury and likely explain 
the differences in outcome.

The underlying mechanism of HIV-related PH is unknown. 
However, research suggests that endothelial cell dysfunction 
and excessive proliferation may contribute to HIV-PH 
pathogenesis. Studies show that the endothelium is 
continually exposed to actively secreted viral proteins 
due to its position between the blood and the vascular 
wall.[48] Clinical studies revealed that antiretroviral-naïve 
HIV-1 patients display markers of endothelial activation. 
Plasma levels of von Willebrand factor, plasminogen activator 
inhibitor-1 antigen, and tissue-type plasminogen activator 
are significantly elevated in HIV-1 positive patients.[49,50] In 
addition, comparison of flow-mediated dilation (FMD) of the 
brachial artery in 75 HIV-1 positive and 223 control subjects 
revealed significantly impaired endothelial function in the 
HIV-1-infected population.[51] A smaller study also showed that 
both treated and HAART-naïve HIV-1 infected children between 
3.5 to 19.5 years old have significantly reduced FMD compared 
to non-infected age- and sex-matched controls.[52] These 
studies suggest that HIV-1 significantly affects endothelial 
cell function in the absence of cardiovascular risk factors and 
irrespective of age or duration of infection.

In addition to the cardiovascular effects, HIV-1 also 
significantly impairs lung function.[53] Despite the 
availability of combination antiretroviral therapies, 
respiratory complications and chronic lung disease remain 
common among HIV-infected individuals,[54-56] and rates of 
hospitalization and deaths from pulmonary obstructive 
diseases are growing.[57,58] Lung cancer[59] and chronic 
obstructive pulmonary disease (COPD)[60,61] diagnoses are 
significantly higher in the HIV-1 population. Recent studies 
also report that HIV-1 patients are almost three times more 
likely to develop asthma than the general population, with 
no correlation between the risk of asthma and viral load 
or CD4 lymphocyte count.[62] These studies highlight the 
targeted effects of HIV-1 on the lung and the contribution 
of HIV-1 to pulmonary disease.

Although we utilized a noninfectious, replication-incompetent 
animal model, we report that HIV-1, particularly HIV-1 proteins, 
contributes to PH pathogenesis. These data also indicate 
that HIV-1 protein exposure potentiates hypoxia-induced 
endothelial proliferation. Although previous studies report 
that hypoxia exposure fails to promote endothelial cell 
proliferation,[63] our findings demonstrating that 72 hours 
of hypoxia promotes endothelial cell proliferation and are 
consistent with published data.[64,65] Furthermore, our studies 
suggest that exosomes contribute to the HIV-MDM-induced 
potentiation of pulmonary artery endothelial proliferation 
following hypoxia exposure. We postulate that the increase in 
cellular proliferation is linked to the dysregulation of HIF-1α, 
as hypoxia significantly increases HIF-1alpha expression in 
HIV-1 Tg animals. This finding is interesting as HIF-1alpha 
is suggested to regulate the metabolic shift to glycolysis 
in pulmonary hypertensive endothelial cells associated 
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with abnormal proliferation and apoptosis-resistance.[66] 
Hypoxia-induced increases in HIF-1α also promote reductions 
in Nrf2 expression and activity in human lung endothelial 
cells.[67] Moreover, inhibition of HIF-1α by the cardiac 
glycoside digoxin attenuates hypoxia-induced increases in RV 
pressures, RV hypertrophy, and vascular remodeling.[68] These 
data suggest that hypoxia-induced HIF may contribute to PH 
pathogenesis by stimulating endothelial cell proliferation, 
reducing antioxidant availability, and altering pulmonary 
vascular function.

At this time, it is unclear how HIV-1 proteins mediate the 
effects seen in this study. However, the HIV-1 proteins (tat, 
gp 120, and/or Nef) have been shown to affect endothelial 
cell function and are suggested to mediate PH pathogenesis 
and progression in HIV-1 patients. The HIV-1 protein 
Tat is a transcriptional transactivator with the ability to 
upregulate viral gene expression by increasing the rates 
of transcription initiation and elongation.[69] As a secreted 
protein from HIV-1 infected cells, Tat has been shown to 
enter non-infected cells from the circulation and alter 
normal cellular function.[48] With this capacity, Tat is known 
to induce endothelial activation,[70,71] inflammation,[72] cell 
growth,[73] and injury. Porcine coronary arteries exhibit 
significant decreases in eNOS expression and alterations in 
endothelium-dependent relaxation when incubated in HIV-1 
Tat.[74] Tat transgenic mice also exhibit marked increases in 
oxidant levels and oxidative stress genes when compared 
to wild-type mice.[24] Additionally, HIV-1 Tat stimulates the 
production of proinflammatory cytokines, such as IL-6, which 
has been found in the lungs of patients with severe PAH.[75]

Another potential mediator is the HIV-1 accessory protein 
Nef. Nef is found in HIV-infected patients at a level of 
10 ng/mL[76] and may mediate PH development by altering 
pulmonary morphology. For example, Marecki reported 
that simian HIV carrying a functional Nef protein promotes 
vascular remodeling [77,78] and induces PAH in macaques. The 
same study also showed an enhanced accumulation of Nef 
in endothelial cells in plexiform lesions in lungs of patients 
with HIV-PAH. In addition, Nef administration is shown to 
alter endothelium-dependent relaxation, decrease HPAEC 
eNOS mRNA levels, and increase superoxide production in 
porcine pulmonary arteries.[79]

The HIV-1 surface protein gp120 is also implicated 
in the development of pulmonary vascular disorders.
gp120 is actively secreted into the bloodstream and is 
readily detectable in sera of HIV-1 infected patients at 
concentrations ranging from 0.24 ng/mL to 92 ng/mL.[80] In 
2005, Kanmogne showed that gp 120 significantly increases 
the secretion of endothelin-1 by human lung endothelial 
cells.[81] Similarly to Tat, gp 120 induces monocyte adhesion 
and increased ICAM-1 gene expression, but not VCAM-1 
or E-selectin in human endothelial cells.[82] Furthermore, 

gp120-induced generation of reactive oxygen species (ROS) 
has been implicated in endothelial cell toxicity.[83]

Exosomes released by HIV-infected cells may also contribute 
to vascular injury as evidenced by the HIV-MDM-induced 
potentiation of hypoxia-induced proliferation. Exosomes are 
released by most cell types and act as intercellular signaling 
molecules influencing the physiology of neighboring 
cells.[84] Although the mechanism of action remains unclear, 
exosomes are thought to alter cellular function by binding 
to cell-surface receptors of nearby cells or by transferring 
both mRNA and microRNAs to recipient cells.[85] Further 
studies are needed to determine the role of exosomes in 
HIV-associated pathologies.

Oxidative stress may also mediate the development of 
pulmonary hypertension in our HIV-1 model. Our group has 
previously shown that aortas from HIV-1 Tg demonstrated 
increases in superoxide and 3-nitrotyrosine due to a 
diminished antioxidant capacity particularly GSH and Cu/Zn 
superoxide dismutase activity.[35] Similarly, lung lavage fluid 
from HIV-1 Tg rats showed decreases in GSH and increased 
ratios of glutathione disulfide (GSSG) to GSH.[86] In addition, 
hydrogen peroxide (H2O2) was increased in lung tissue from 
HIV-1 Tg rats.[86] These results are consistent with clinical data 
which shows that lung homogenates from severe PH patients 
demonstrate decreased total SOD activity, reduced MnSOD 
protein levels and increased nitrotyrosine expression.[87]

Although HIV-1 transgene expression induces significant 
oxidative stress, HIV-1 Tg animals do not show signs 
of chronic inflammation. Previous studies showed no 
difference in HIV-1 Tg cytokine levels when compared 
to wild-type controls. Lassiter et al.[86] showed similar 
concentrations of interleukin-2, TNF-α, and interleukin-4 
in lung lavage fluids of HIV-1 Tg rats and wild-type 
controls. These results are consistent with previous studies 
performed by our group which showed no difference in 
GM-CSF, IL-12, IL-6, IL-10, IL-4, IL-2, IL-1β or TNF-α in HIV-1 
Tg mouse serum when compared to wild-type controls.[88]

In summary, our results establish that expression of 
HIV-1 proteins impairs pulmonary vascular function and 
exacerbates hypoxia-induced PH development. Collectively, 
these studies underscore the potential contribution of 
HIV-1 proteins to HIV-PAH. Furthermore, using an HIV-1 
transgenic rat model, we demonstrated that HIV-1 protein 
expression alters pulmonary vascular resistance and 
exacerbates hypoxia-induced changes in right ventricular 
pressure, right ventricular hypertrophy, and pulmonary 
vascular remodeling. In addition, in vitro and in vivo studies 
demonstrate that HIV-1 protein exposure exacerbates cell 
proliferation. These results indicate that similar to the 
HIV-1 patient, HIV-1 Tg rats are more susceptible to the 
development of pulmonary hypertension. Therefore, these 
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studies highlight a contributing role of HIV-1 proteins in 
HIV-PAH pathogenesis.
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