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Summary
	 Background:	 HIV infection and treatment with highly active antiretroviral therapy (HAART) including HIV 

protease inhibitor ritonavir (RTV) have been associated with endothelial dysfunction and cardio-
vascular disease including pulmonary arterial hypertension. The objective of this study was to de-
termine if nordihydroguaiaretic acid (NDGA), a natural herbal antioxidant found in the creosote 
bush Larrea tridentate, can protect vascular tissues against RTV-induced vascular injury.

	Material/Methods:	 Fresh porcine pulmonary artery (PA) rings were treated with a clinically relevant concentration of 
RTV (15 µmol/L) with or without NDGA for 24 hours, and then subjected to myograph analysis 
for vasomotor reactivity. Expression of endothelial nitric oxide synthase (eNOS) in both treated 
PA rings and human pulmonary artery endothelial cells (HPAECs) was analyzed by real-time PCR 
and immunohistochemistry. Oxidative stress levels were analyzed with the lucigenin-enhanced che-
miluminescence and glutathione assay.

	 Results:	 In response to bradykinin at 10–10 mol/L, RTV-treated PA rings showed a 39% reduction in endo-
thelium-dependent vasorelaxation compared with the control vessels (P<0.05); when co-cultured 
with NDGA (1.75 or 3.50 µmol/L), the relaxation increased by 25% and 48%, respectively. RTV also 
decreased the maximal contraction and endothelium-independent vasorelaxation in RTV-treated 
vessels, while NDGA improved these vasomotor responses. In addition, treatment of RTV signifi-
cantly decreased eNOS mRNA levels in both porcine PAs and HPAECs, and reduced eNOS immu-
noreactivity in porcine PAs, while NDGA significantly inhibited this effect of RTV. Furthermore, 
NDGA significantly blocked RTV-induced increase of superoxide anion in the PA rings and inhib-
ited RTV-induced decrease of glutathione in HPAECs.

	 Conclusions:	 NDGA effectively inhibits the detrimental effects of HIV protease inhibitor RTV on vasomotor func-
tions in porcine PAs. NDGA also blocks RTV-induced decrease of eNOS expression and increase 
of oxidative stress in both porcine PAs and HPAECs. This study may provide valuable information 
for the development of effective strategies for the prevention and treatment of HAART-associated 
cardiovascular complications.
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Background

The clinical use of HIV protease inhibitors (PIs) for the 
treatment of HIV infection has significantly improved surviv-
al of patients; so, PIs have become a key component in the 
highly active antiretroviral therapy (HAART). Meanwhile, 
HIV infection and treatment with HAART have been asso-
ciated with a high incidence of endothelial dysfunction and 
cardiovascular disease including pulmonary arterial hyper-
tension [1–3]. Although the mortality associated with HIV-
1 infection has been markedly reduced with the advent of 
HAART, cardiovascular complications have emerged as a 
major non-infectious cause of death in HIV-1 patients [4]. 
Long-term HAART may promote oxidative stress and vas-
cular dysfunction leading to cardiovascular complications 
[4]. We have recently demonstrated that ritonavir (RTV), 
one of HIV PIs, causes endothelial dysfunction in porcine 
coronary and pulmonary arteries and in human endothelial 
cells, associated with a decrease in endothelial nitric oxide 
synthase (eNOS) expression and increased oxidative stress 
[5–8]. Endothelial dysfunction is the initial step in patho-
genesis of the vascular lesion formation and is character-
ized by decreased bioavailability of nitric oxide (NO); this 
may be due to enhanced NO catabolism secondary to in-
creased superoxide anion (O2

–) production or reduced ex-
pression and/or activity of eNOS [9,10]. Therefore, using 
antioxidants that directly scavenge O2

− or inhibit its produc-
tion in cells may effectively reduce the cellular level of ox-
idative stress. Nordihydroguaiaretic acid (NDGA) is a nat-
ural herbal antioxidant found in the creosote bush, Larrea 
tridentate [11,12]. The objective of this study was to investi-
gate whether NDGA can protect vascular tissues against RTV-
induced vascular injury. We used a clinically relevant con-
centration of RTV as well as low concentrations of NDGA. 
Porcine pulmonary arteries were used to study the effect 
of RTV and NDGA on vasomotor functions, eNOS expres-
sion, and O2

− production. Human pulmonary artery endo-
thelial cells (HPAECs) were also used to elucidate chang-
es in eNOS expression and oxidative stress. This study may 
provide valuable information leading to the development 
of effective strategies for the prevention and treatment of 
cardiovascular and pulmonary vascular complications in 
HIV-infected patients.

Material and Methods

Chemicals and reagents

NDGA was obtained from Cayman Chemical (Ann 
Arbor, Michigan). Thrombaxane A2 analogue U46619 
(9,11-Dideoxy-11, 9-epoxymethanoprosta-glandin F2), bra-
dykinin, sodium nitroprusside (SNP), phosphate buffered 
saline (PBS) solution were obtained from Sigma Chemical 
Co. RTV was obtained from AIDS research and Reference 
Reagent Program (NIH). Dulbecco’s modified Eagle’s 
medium (DMEM) was obtained from Life Technologies, 
Inc. Antibiotic-antimycotic solution was obtained from 
Mediatech Inc.

Myograph model

Porcine lungs from freshly slaughtered young adult farm 
pigs were harvested and placed in cold PBS solution; the 
main pulmonary arteries were flushed with PBS to prevent 

clot formation, and the lungs were immediately transport-
ed to the laboratory on ice. The pulmonary arteries were 
cleared of surrounding connective tissue and dissected from 
the middle and upper lobes. The vessels were cut into 5 mm 
rings and incubated in culture medium (DMEM with 1% an-
tibiotic solution) for 24 hours at 37°C and 5% CO2 with one 
of the following treatments: 15 µmol/L RTV alone or both 
NDGA (1.75 or 3.5 µmol/L) and 15 µmol/L RTV togeth-
er. DMEM with 0.1% dimethylsulfoxide (DMSO) served as 
a control because RTV and NDGA were dissolved in DMSO.

The myograph tension system used in our laboratory has 
been previously described [5–8,13]. Briefly, after 24 hours 
of incubation in culture medium in the treatment groups 
described above, the vessel rings were suspended between 
the wires of the organ bath myograph chamber (Danish 
Myo Technology Organ Bath 700 MO, Aarhus Denmark) 
in 6 ml Kreb’s solution at 37°C and bubbled with pure 
oxygen. The rings were subjected to a slow, stepwise in-
crease in tension until they reached 3 mN. After equilibra-
tion, each ring was then precontracted with 20 µl U46619 
(10–7 mol/L). After 60 minutes of contraction, the relax-
ation was generated by adding 60 µl of bradykinin at con-
centrations of 10–10 mol/L for 3 minutes. Finally 60 µl SNP 
(10–6 mol/L) was added, and endothelium-independent va-
sorelaxation was recorded.

Cell culture

HPAECs were purchased from Cambrex (San Diego, CA). 
The cells were used at passage 4 to 5. When cells grew to 80 
to 90% confluence in six-well culture plates, they were treat-
ed with DMSO (control) or RTV with and without NDGA 
at the concentrations described above for 24 hours at 37°C. 
Cells were then applied to studies of eNOS expression and 
superoxide anion production.

Real-time PCR

The porcine pulmonary artery endothelial cells were collect-
ed by scraping the luminal surface of cultured artery rings 
with surgical blades. HPAECs were collected from cell cul-
ture by trypsin digestion. Total cellular RNA was then extract-
ed using an RNAqueous-4PCR kit (Ambion, Austin, TX), 
and eNOS mRNA levels were detected by real-time PCR. 
Primers for eNOS were designed via the Beacon Designer 
2.1 software (Bio-Rad, Hercules, CA) as previously report-
ed [5]. Relative mRNA levels of eNOS were normalized to 
CD31 mRNA levels for porcine vessels, and to glyceralde-
hydes 3-phosphate dehydrogenase (GAPDH) mRNA lev-
els for HPAECs and presented as 2[Ct(CD31 or GAPDH) _ Ct(eNOS)] as 
previously described [14].

Immunohistochemistry for eNOS

Porcine pulmonary artery rings treated with RTV and/or 
NDGA were fixed in 10% formalin and embedded in par-
affin. Samples were then sectioned at a 5-µm thickness and 
slides were incubated with monoclonal antibody against hu-
man eNOS (1:500) for 30 min at room temperature. After 
being washed with PBS, the slides were incubated with bio-
tinylated secondary antibody for 30 min. Then, an avidin-
biotin reaction using peroxidase enzyme was used for pro-
tein detection (ABC kit; Vector Laboratories, Burlingham, 
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CA). Images were captured using microscopy as previous-
ly described [15].

ROS measurement

Levels of O2
− produced by the endothelial cells of porcine 

arteries were detected using the lucigenin-enhanced che-
miluminescence method previously described in our stud-
ies [5,15]. Time based reading with luminometer was re-
corded. The data were represented in relative light units 
per second (RLU/second) for each sample. To normalize 
the data for each sample, the area of each vessel segment 
was precisely measured using a digital caliper.

Glutathione (GSH) is an intracellular antioxidant, which 
reversely correlates with cellular ROS levels. HPAECs were 
treated with either RTV (15 µmol/L) or pretreated with 
NDGA for 30 min followed by RTV treatment for 45 min. 
Cellular GSH levels were measured as per manufacture’s 
instructions by following a GSH-Glo Glutathione assay kit 
(Promega, Madison, WI).

Statistical analysis

All data are presented as the mean ±SEM. Differences among 
three or more groups were analyzed using one way analy-
sis of variance. Student’s t-test was used for comparison be-
tween two groups. A P value <0.05 was regarded as significant.

Results

NDGA inhibits RTV-induced endothelial dysfunction in 
porcine pulmonary arteries.

The effects of RTV and NDGA on vasomotor functions in 
porcine pulmonary arteries were determined using a myo-
graph system which included measurement of vascular con-
traction (induced by thromboxane A2 analog U46619), 
endothelium-dependent relaxation (bradykinin) and en-
dothelium-independent relaxation (SNP). Porcine pulmo-
nary artery rings (5 per group) were cultured for 24 hours 
in DMEM with DMSO as a control or treated with a clini-
cally relevant amount of RTV alone (15 µmol/L) or RTV 
and NDGA (1.75 or 3.50 µmol/L). In response to U46619 
(10–7 M), the control vessels contracted maximally to 25 mN. 
Treatment with RTV reduced contraction by 36% compared 
with controls; when cultured together with NDGA (1.75 and 
3.50 µmol/L), the contraction increased by 21% and 71%, 
respectively, compared with RTV-alone group (Figure 1A, 
P<0.05, n=5). Endothelium-dependent vasorelaxation was 
induced by the addition of brandykinin (10–10 mol/L) to the 
organ bath, and the control vessels relaxed by 36%, while 
RTV-treated vessels relaxed by only 22%, which represented 
a 39% reduction in endothelium-dependent vasorelaxation; 
when co-cultured with NDGA (1.75 and 3.50 µmol/L), the 
relaxation increased by 25% and 48%, respectively, over the 
relaxation achieved by the RTV-treated vessels (Figure 1B, 
P<0.05, n=5). In response to SNP, treatment with RTV re-
duced endothelium-independent vasorelaxation by 17.5%; 
when NDGA was included with the RTV treatment, endo-
thelium-independent relaxation was restored (Figure 1C, 
P<0.05, n=5). Taken together, these data demonstrate that 
RTV induces vasomotor dysfunction in porcine pulmonary 
arteries, and NDGA effectively inhibits it.

NDGA inhibits the RTV-induced decrease of eNOS 
expression in porcine pulmonary arteries and HPAECs

In our previous studies, we demonstrated that eNOS pro-
tein is involved in RTV-induced vasomotor dysfunction in 
porcine pulmonary arteries; RTV treatment significantly 
decreases eNOS expression in a concentration-dependent 

Figure 1. �Effects of RTV and NDGA on vasomotor functions in porcine 
pulmonary arteries. The vessel rings were cultured with 
DMEM and DMSO (control) or treated with RTV (15 µmol/L) 
alone or together with NDGA (1.75 or 3.50 µmol/L) for 
24 hours. (A) Vessel contraction. Maximal contraction 
in response to thromboxane A2 analog U46619 (10–7 
mol/L). (B) Endothelium-dependent vasorelaxation in 
response to bradykinin (10–10 mol/L). (C) Vessel relaxation. 
Endothelium-independent vasorelaxation in response to 
SNP (10–6 mol/L). Values are means ±SEM, n=5, *P<0.05.
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manner in both porcine pulmonary artery cells and HPAECs 
[5,6,8]. In this study, we investigated whether NDGA can 
inhibit RTV-induced reductions in eNOS expression. After 
treatment with 15 µmol/L of RTV, there was a reduction in 
eNOS mRNA levels by 21% in arterial rings and by 38.5% 

in HPAECs compared with their respective DMSO controls. 
However, after co-treatment with RTV and NDGA (1.75 and 
3.50 µmol/L), eNOS mRNA levels in the vessel rings and 
HPAECs significantly increased compared with RTV only 
group (Figure 2A, B, P<0.05, n=3).

Figure 2. �Effects of RTV and NDGA on eNOS mRNA levels in porcine pulmonary arteries and HPAECs. The vessel rings or HPAECs were cultured with 
DMEM and DMSO (control) or treated with RTV (15 µmol/L) alone or together with NDGA (1.75 or 3.50 µmol/L) for 24 hours. eNOS mRNA 
levels were determined by real-time PCR and normalized to CD31 or GAPDH mRNA. (A) eNOS mRNA levels in porcine artery rings. (B) eNOS 
mRNA levels in HPAECs. Values are means ±SEM, n=3, * P<0.05.
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Figure 3. �Effects of RTV and NDGA on eNOS immunoreactivity in porcine pulmonary arteries. The vessel rings were treated with DMEM and DMSO 
(control), NDGA (3.5 µmol/L), RTV (15 µmol/L), and RTV (15 µmol/L) together with NDGA (3.50 µmol/L) for 24 hours. The eNOS protein 
expression was determined by immunohistochemistry. Dark brown color represents positive staining of eNOS at the luminal endothelial 
layer (arrowheads). Original magnification, ×200.
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eNOS protein levels in the porcine pulmonary arteries were 
analyzed using immunohistochemistry staining (Figure 3). 
Levels of the dark brown-staining eNOS protein were re-
duced at the luminal endothelial layer in the RTV alone 
group compared with the DMSO control group. When co-
treated with NDGA and RTV, eNOS immunoreactivity was 
significantly increased to the control level; meanwhile NDGA 
alone did not alter the eNOS protein level compared with 
controls. Therefore, NDGA inhibits the RTV-induced de-
crease of eNOS expression at the protein level in porcine 
pulmonary arteries.

NDGA inhibits RTV-induced ROS production in porcine 
pulmonary arteries and HPAECs

Oxidative stress has been shown to cause endothelial dys-
function and vascular injury. The HIV protease inhibitor 
RTV has been shown to significantly increase superoxide 
anion production in porcine pulmonary arteries [5,6,8]. To 
investigate whether NDGA can block the superoxide pro-
duction induced by RTV, superoxide anion production in 
porcine pulmonary arterial rings and HPAECs was analyzed 
using lucigenin-enhanced chemiluminescence and GSH-
mediated quantification of ROS, respectively. Superoxide 
anion levels in the arterial rings were significantly increased 
in response to RTV treatment. RTV (15 µmol/L) treatment 
of the vessel rings increased the chemiluminescence signal 
to 8.55±1.32 RLU/sec/mm2, compared with the control val-
ue of 5.66±0.66 RLU/sec/mm2 (Figure 4A, P<0.05, n=4). 
This indicates a 51% increase of superoxide anion produc-
tion in the RTV-treated rings over controls. Co-treatment 
with NDGA (3.5 µmol/L) in addition to RTV led to a re-
duction in the chemiluminescence signal to 6.36±1.07 
RLU/sec/mm2, indicating a partial reversal of the effects 
of RTV to increase ROS.

Superoxide production was assessed in HPAECs indirectly 
using a GSH-mediated quantification kit. GSH levels reverse-
ly correlate to ROS levels in the cells. RTV treatment led 
to a significant decrease in GSH levels by 56% in HPAECs 
compared to controls (Figure 4B, P<0.05, n=4); this indi-
cates that ROS production increased by 56%. As before, 

this RTV-induced increase in ROS, was blocked by NDGA. 
In this case, the NDGA alone group showed a higher GSH 
level than the control group, indicating its capacity to fur-
ther reduce ROS levels over baseline control levels.

Discussion

The major finding of this study is that the natural herbal an-
tioxidant NDGA can effectively inhibit the reduction in va-
socontractility and endothelium-dependent vasorelaxation 
induced by HIV protease inhibitor RTV in porcine pulmo-
nary arteries. This may be mediated by restoration of eNOS 
expression, as we found NDGA blocked the RTV-induced 
decrease of eNOS expression in both porcine pulmonary 
arteries and HPAECs. Furthermore, NDGA inhibits RTV-
induced superoxide anion production in porcine pulmo-
nary arteries and HPAECs. As such, this study suggests that 
NDGA may be a useful therapy in HIV-infected patients.

The endothelium is considered an active biologic inter-
face between the blood and all other tissues. Functions of 
the endothelium include control of vascular tone, modu-
lation of inflammation, promotion or inhibition of vascu-
lar growth, and regulation of thrombosis. Endothelial dys-
function can be broadly defined as an imbalance between 
vasodilating and vasoconstricting substances produced by 
the endothelium [16,17]. This endothelial dysfunction is 
an important mechanism underlying idiopathic pulmonary 
arterial hypertension. In addition, it has been seen in a vari-
ety of pathological conditions such as atherosclerosis, hyper-
cholesterolemia, diabetes, hypertension, heart failure, cig-
arette smoking and aging. It is characterized by decreased 
bioavailability of NO, which may be due to enhance NO ca-
tabolism secondary to increased superoxide anion produc-
tion or reduced expression and/or activity of eNOS [9,10].

In this study, we used a clinically relevant concentration of 
RTV (15 µmol/L) and a well-defined myograph tension sys-
tem to test our hypothesis that the natural herbal antioxidant 
NDGA can protect vasomotor function against oxidative dam-
age in porcine pulmonary arteries. Our data demonstrate 
that RTV significantly decreases endothelium-dependent 

Figure 4. �Effects of RTV and NDGA on ROS production in porcine pulmonary arteries and HPAECs. The vessel rings or HPAECs were treated with 
DMEM and DMSO (control), RTV (15 µmol/L), RTV (15 µmol/L) together with NDGA (3.50 µmol/L), or NDGA (3.5 µmol/L) for 24 hours. (A) 
Superoxide anion levels at the endothelial layer were determined with the lucigenin-enhanced chemiluminescence assay. (B) GSH levels 
in HPAECs were assayed using a GSH-mediated quantification kit. GHS levels reversely correlate to cellular ROS levels. Values are means 
±SEM, n=4, * P<0.05.
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vasorelaxation in response to bradykinin in porcine pulmo-
nary arteries, as expected. In addition, endothelium-inde-
pendent vasorelaxation was reduced by RTV. These changes 
indicate that RTV has direct effects on the vascular endo-
thelium and are consistent with several clinical studies [18]. 
Meanwhile, when the pulmonary artery rings were cultured 
with NDGA (1.75 or 3.50 µmol/L) in addition to RTV, there 
was a significant reversal of the detrimental effects of RTV 
on vasomotor reactivity in a concentration-dependent man-
ner. In other studies, natural antioxidants such as ginsen-
osides, ginkgo [5], soybean isoflavonoid equol [19], capsa-
icin [6], and dihydroxybenzyl alcohol [8] have been shown 
to block RTV-induced endothelial dysfunction. Like these 
antioxidants, NDGA showed a strong effect against RTV-
induced vasomotor dysfunction.

In the endothelium, NO is constitutively generated from 
the conversion of L-arginine to L-citrulline by the enzymat-
ic action of eNOS. This NO is critical in the maintenance of 
vascular tone. However, eNOS may become dysfunctional 
or its expression may decrease under various pathological 
conditions [20]. Dysfunctional eNOS or low levels of eNOS 
reduce NO availability, which results in impaired endothe-
lium-dependent vasorelaxation and accelerated vascular le-
sion formation [21]; the development of pulmonary arterial 
hypertension is likewise promoted. In the current study, re-
al-time PCR analysis showed that there was reduced eNOS 
mRNA expression in the RTV-treated porcine pulmonary 
arteries and cultured HPAECs, and immunohistochemistry 
showed a significant decrease of the eNOS protein levels in 
the endothelium of RTV treated vessels. However, NDGA 
effectively blocked these effects of RTV on downregulating 
eNOS at both the mRNA and protein levels, suggesting a 
potential therapeutic role for NDGA.

In a previous paper, it was reported that the two HAART 
drugs RTV and AZT substantially increased the phosphor-
ylation of ERK2 in HPAECs, and a MEK/ERK inhibitor ef-
fectively blocked RTV- or AZT-induced reductions in eNOS 
protein levels in HPAECs; this indicated that MAPK signal-
ing is involved in the development of endothelial dysfunc-
tion induced by HAART drugs [5]. In this study, we found 
that NDGA reversed the decrease of eNOS protein level; 
this may be due to inhibition of the ERK 1/2 activation in-
duced by RTV. NDGA is a general lipoxygenase (LOX) en-
zyme inhibitor. Of note, it has been reported that treatment 
with NDGA reduces ERK 1/2 phosphorylation in 15-LOX-
1 overexpressing HCT-116 cells [22].

Oxidative stress plays a critical role in pulmonary arterial 
hypertension. Our previous studies have demonstrated that 
some HAART drugs including RTV significantly increase 
superoxide anion production in porcine pulmonary arter-
ies and HPAECs [5,6,8]. Increased ROS contribute to en-
dothelial dysfunction and vascular pathology. Superoxide 
can influence NO bioavailability by binding to NO to form 
the highly reactive intermediate ONOO–. The speed of this 
reaction is about 10 times faster than the dismutation of su-
peroxide by the superoxide dismutase [23]. Thus, excessive 
amount of superoxide may substantially limit NO bioavail-
ability and its effects. Furthermore, increased superoxide 
and ONOO– may impair the function of eNOS by reduc-
ing the bioavailability of its coenzyme tetrahydrobiopterin. 
ONOO– may also influence the synthesis of other endothelial 

mediators, such as the enzyme prostacyclin synthase, there-
fore leading to reduced production of vasodilator, anti-ag-
gregant and anti-inflammatory prostaglandins [24]. Our 
study demonstrates that NDGA also effectively abolishes 
the oxidative stress induced by RTV in both porcine pul-
monary arteries and HPAECs; NDGA either blocks the su-
peroxide anion production or directly scavenges superox-
ide anion. The latter is more likely, considering the NDGA 
alone treatment group led to a higher GSH level than the 
control group, indicating a lower superoxide anion level. 
Also, it has been reported that NDGA is a strong superox-
ide anion scavenger by Floriano-Sanchez [12].

Conclusions

In summary, the natural herbal compound NDGA could 
potentially have a protective role against RTV-induced vas-
cular dysfunction. NDGA effectively inhibits the detrimen-
tal effects of HIV protease inhibitor RTV on the vasomotor 
functions of endothelial and smooth muscle cells in por-
cine pulmonary arteries. NDGA also blocks the decrease 
in eNOS expression and the increase in superoxide anion 
production induced by RTV. These findings suggest that 
NDGA may have clinical applications in the prevention of 
systemic and pulmonary vascular complications associated 
with the long term use of HAART drugs in HIV patients.
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