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Abstract
Pulmonary arterial hypertension (PAH) is characterized by pulmonary vascular remodeling
leading to right ventricular (RV) hypertrophy and failure. Intralipid®, a source of parenteral
nutrition for patients, contains γ-linolenic acid and soy-derived phytoestrogens that are protective
for lungs and heart. We therefore investigated the therapeutic potential of Intralipid® in preventing
and rescuing monocrotaline-induced PAH and RV dysfunction. PAH was induced in male rats
with monocrotaline (60mg/kg). Rats then received daily Intralipid® (1mL of 20% Intralipid®/day,
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intraperitoneal) from day 1 to day 30 for prevention protocol or from day 21 to day 30 for rescue
protocol. Other monocrotaline-injected rats were left untreated to develop severe PAH by day 21
or RV failure (RVF) by ~day 30. Saline or Intralipid®-treated rats served as controls. Significant
increase in RV-pressure and decrease in RV-ejection fraction in RVF group resulted in high
mortality. Therapy with Intralipid® resulted in 100% survival and prevented PAH-induced RVF
by preserving RV-pressure and RV-ejection fraction, and preventing RV-hypertrophy and lung
remodeling. In pre-existing severe PAH, Intralipid® attenuated most lung and RV abnormalities.
The beneficial effects of Intralipid® in PAH seem to result from interplay of various factors
among which preservation and/or stimulation of angiogenesis, suppression and/or reversal of
inflammation, fibrosis and hypertrophy in both lung and RV appear to be major contributors. In
conclusion, Intralipid® not only prevents the development of PAH and RV failure, but also
rescues pre-existing severe PAH.
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Introduction
Category I pulmonary hypertension, also known as pulmonary arterial hypertension (PAH),
includes idiopathic, familial, and acquired PAH1. PAH is characterized by arterial
obstruction resulting from excessive proliferation of pulmonary artery smooth muscle cells
and endothelial cells, endothelial dysfunction and inflammation2. Progressive increase in
pulmonary artery pressure eventually leads to right ventricular (RV) hypertrophy, RV failure
and sudden cardiac death. Currently available therapies for PAH only improve the
symptoms and delay the progression of the disease. A definitive therapy for PAH is still
lacking3.

Lipids and in particular polyunsaturated fatty acids have recently received special
cardiovascular research attention. Intralipid® (ILP) is the first safe emulsion of fatty acids
for human use. ILP has been widely used as a source of parenteral nutrition for patients for
more than 4 decades. ILP 20% is an emulsion of soybean oil (20%), egg-yolk phospholipids
(1.2%) and glycerol (2.2%). Gamma-linolenic acid (GLA), one of the key essential fatty
acids in ILP, has been shown to be protective against doxorubicin-induced cardiotoxicity4.
A soy-derived phytoestrogen, genistein, has been shown to ameliorate monocrotaline
(MCT)-induced PAH5.

As some of the constituents of ILP, like GLA and soy-derived phytoestrogens, are protective
for lungs and heart, we hypothesized that ILP may prevent and rescue the development of
PAH and RV failure. We report that ILP prevents MCT-induced pulmonary and cardiac
dysfunction by preserving both lung and RV structure. Most importantly, ILP is effective in
rescuing severe pre-existing PAH by restoring lung and RV structure and function.

Methods
For full methodological details please see the supplement at http://hyper.ahajournals.org.

Animals and treatments
Male Sprague-Dawley rats ~3–4 months old (350–400 g) were treated with a single
subcutaneous dose (60 mg/kg) of monocrotaline (MCT) at day-0 to induce PAH by day-21
and RVF by day-30. Some MCT-treated rats received daily Intralipid® (1mL of 20%
Intralipid®/day, intraperitoneal) from day 1 to day 30 for prevention protocol or from day 21
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to day 30 for rescue protocol. Rats treated with a single dose of PBS, or daily injection of
ILP for 30 days served as controls (Fig. S1,A,B). Protocols received institutional review and
committee approval.

Cardiac and pulmonary hemodynamics
B-mode, M-mode and pulmonary pulsed-wave Doppler echocardiography were performed
(VisualSonics Vevo 770, 30-MHz linear transducer) to accurately monitor the stage of
disease. Direct cardiac catheterisation was performed to record RV pressure just before
sacrifice6.

Gross histologic evaluation
The lungs, RV wall, left ventricular (LV) wall and interventricular septum (IVS) were
dissected. The wet lung weight and RV hypertrophy index [RV/(LV+IVS)] were
determined.

Real time PCR
Total RNA from lungs and RV were isolated using Trizol (Invitrogen) and reverse
transcribed with oligo-dt using the Omniscript RT kit (Qiagen). Controls were: (1) the
reaction without reverse transcriptase; and (2) H2O instead of cDNA.

Western blot analysis, immunohistochemistry and imaging
Standard Western blot analysis was performed using whole lung and RV lysates. Tissue
sections of hearts and lungs were stained with immunofluorescence, immunoperoxidase,
standard hematoxylin-eosin or Masson trichrome staining. The images were acquired using
light microscopes (Zeiss Axiovert 135, and Nikon Eclipse E400) or with a high-resolution
laser scanning confocal microscope (Olympus).

Statistical Analysis
One-way ANOVA tests were used to compare between groups using SPSS13.0 for
Windows. When significant differences were detected, individual mean values were
compared by post-hoc tests (Bonferroni) that allowed for multiple comparisons. P<0.05
were considered statistically significant. Values are expressed as mean±SE.

Results
Improvement of cardiopulmonary function with ILP therapy

A single injection of MCT induced RV failure secondary to PAH in ~30 days (Fig. S1).
Peak systolic RV pressure (RVP) increased sharply to 68±1mmHg at day 21 and further to
70±2mmHg at ~day 30 (Fig. 1A). RV ejection fraction (RVEF) was initially increased to
72±2% at day 14, a stage known as compensated hypertrophy, but later declined rapidly to
39±1% at day 21 and further to 31±3% at day 30, a clear indication of RVF (Fig. 1B). ILP
also prevented the sharp increase in RVP and the development of RVF by maintaining
RVEF above 50% throughout the course of therapy (Fig. 1A,B). Both RVP (34±2 in ILP vs.
30±2mmHg in CTRL) and RVEF (62.8±1.5% in ILP vs. 66±1% in CTRL) did not differ
significantly between ILP and CTRL at day 30. In RVF group mortality started as early as
day 24 and reached 100% by day 32 (Fig. S2). Daily ILP therapy from day-1 to 30 resulted
in 100% survival of rats and significantly improved body weight gain (Fig. S2).

Since PAH is not always diagnosed early, we explored whether ILP could also rescue pre-
existing severe PAH. As severe PAH was already evident at day 21 (Figs. 1,2), we started
ILP therapy at day 21 until day 30 (Fig. S1). We found that even 10 days of ILP therapy was
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sufficient to rescue pre-existing severe PAH as RVP (44.7±1.1mmHg) and RVEF
(53.6±0.4%) were rescued to a great extent (Fig. 1C,D). These data suggest that ILP not
only prevents PAH but also rescues pre-existing severe PAH.

Preservation and reversal of cardiopulmonary structure with ILP therapy
PAH also led to structural changes in the lungs and RV. ILP prevented the increase in lung
weight (1.8±0.06g in ILP vs. 2.38±0.2g in RVF; 1.36±0.1g in CTRL, Fig. S1C), pulmonary
arteriolar medial hypertrophy (Fig. 2A,F), RV hypertrophy (RV/(LV+IVS)=0.33±0.04 in
ILP vs. 0.68±0.1 in RVF; 0.24±0.06 in CTRL, Fig. S1D), RV dilatation (Fig. 2B) and the
increase in RV end-diastolic diameter (Fig. S2A). ILP was also able to even reverse pre-
existing severe lung and RV remodeling (lung weight: 2.01±0.05g in ILP-Res vs.
2.39±0.15g in PAH, and RV hypertrophy: 0.39±0.02 in ILP-Res vs. 0.65±0.08 in PAH,
Figs. S1C,D). ILP also prevented and reversed both the increase in pulmonary artery (PA)
acceleration time and appearance of mid-systolic notching on PA flow (Fig. 2C).

ILP ameliorates and/or reverses cardiopulmonary fibrosis and inflammation associated
with PAH-induced RVF

ILP therapy was associated with significantly lower total fibrosis in the lungs (4.46±0.92%
in ILP vs. 18±1% in RVF; 3.35±0.35% in CTRL, Fig. 2D,G, S3) and RV (5.53±0.67 in ILP
vs. 34.3±2.9% in RVF; 3.33±0.43% in CTRL, Fig. 2E,H, S3). Interestingly ILP was also
able to reverse the pre-existing fibrosis in both lung (5.80±0.48% in ILP-Res vs. 17.33±2%
in PAH) and RV (7.99±1.05% in ILP-Res vs. 21.3±0.66% in PAH).

In addition to fibrosis, ILP not only prevented but also reversed the significant increase in
ED-1 positive inflammatory cells in PAH and RVF (cells per field: 19±3 in ILP vs. 70±4 in
RVF, 14±2 in CTRL; 28±3 in ILP-Res vs. 64±2 in PAH, Fig. 3A,B). In addition, in the
prevention protocol, ILP therapy was associated with significantly lower levels of IL-6
transcript (one of the known pro-inflammatory markers of PAH, Fig. 3C,D) and cleaved
caspase-3 levels in both tissues (Fig. S4). These data suggest that suppression and/or
reversal of lung macrophages, cardiopulmonary fibrosis as well as restoration of IL-6 and
caspase-3 (in the prevention protocol) by ILP could be the mechanisms contributing to
improved cardiopulmonary function.

ILP prevents and rescues loss of capillaries in RV
We examined whether preservation or stimulation of cardiac capillary growth participated in
ILP-induced prevention and/or rescue of PAH. ILP therapy not only prevented the loss of
blood vessels observed in RVF (microvessels/cardiomyocytes normalized to CTRL:
1.03±0.001 in ILP vs. 0.52±0.07 in RVF), it even stimulated capillary growth by fully
restoring the loss of capillaries in RV (0.98±0.002 in ILP-Res vs. 0.69±0.07 in PAH, Fig.
4A,B). Concomitant with decline of capillary density, there was a significant reduction of
pro-angiogenic vascular endothelial growth factor (VEGF) protein levels in lungs and RV of
RVF which was fully restored by ILP prevention therapy in both lungs and RV (Fig. 4C,D).

Discussion
Here we show that Intralipid® (ILP), the first clinically safe lipid emulsion for parenteral
nutrition in humans, not only prevents the progression of PAH to RV failure but also
effectively rescues pre-existing severe PAH by reversing cardiopulmonary dysfunction in
rats. ILP therapy resulted in 100% survival, whereas mortality in untreated rats reached
100% by day 32 (Fig. S2). The complete disappearance of the characteristic mid-systolic
notching on PA flow in PAH and RVF rats was another very strong indicator of the effective
prevention and rescue action of PAH by ILP (Fig. 2C). ILP was not only able to prevent the
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onset of PAH-induced RVF, but to also reverse the deleterious effects of pre-existing PAH.
We demonstrated that preservation and/or stimulation of angiogenesis, suppression and/or
reversal of hypertrophy, inflammation and fibrosis are pivotal events associated with the
therapeutic efficacy of ILP (Fig. S5).

ILP therapy preserves and rescues lung and heart structure and function
Our results clearly demonstrate that ILP prevents the development of fatal PAH and rescues
even established pre-existing PAH. Since ILP has been shown to protect the heart (against
ischemia/reperfusion injury7 and local anesthetic-induced cardiac arrest8) and lungs (adult
dogs9 and newborn rats10), we speculate that the beneficial actions of ILP are mediated
through its combined protective effects on the lungs and on the heart. One of the key
essential fatty acids in ILP, γ-linolenic acid (GLA), is a precursor of prostacyclin, a potent
pulmonary vasodilator and platelet aggregation inhibitor11 that is effective in the treatment
of PAH12. GLA improves lung microvascular permeability, oxygenation, and
cardiopulmonary function and reduces pro-inflammatory eicosanoid synthesis and lung
inflammation13. Besides GLA, ILP also contains 20% soybean oil. Genistein, a soy-derived
phytoestrogen also found in ILP, has previously been shown to ameliorate MCT-induced
PAH5. Thus, the combined effects of the soy and GLA, along with other components found
in ILP, offer even more optimal and global cardiopulmonary benefits against PAH.

ILP ameliorates lung and RV inflammation, fibrosis and apoptosis associated with PAH
We have observed severe lung and RV remodeling in PAH and RVF as previously
reported6, as well as pulmonary and RV fibrosis (Figs. 1,2). ILP not only prevented but also
reversed these cardiopulmonary abnormalities observed in PAH-induced RVF.
Inflammation plays an important role in the progression of PAH in animal models as well as
in PAH patients, most notably in the lungs14 and the RV15. IL-6 is an established pro-
inflammatory cytokine in PAH16, and its serum levels are elevated in PAH patients17. In
fact, IL-6 serum levels could predict patient survival, as these levels were correlated with the
severity of the disease18. Here we show that ILP therapy prevented the upregulation of IL-6
both in the lungs and the RV of PAH rats. Furthermore, ILP not only prevented but also
rescued the accumulation of macrophages/monocytes in the lungs (Fig. 3). RV
cardiomyocyte apoptosis has recently been shown to be a key mechanism in the progression
of RVF secondary to PAH19. The significant upregulation of cleaved caspase-3 protein in
both lung and RV of RVF were effectively prevented by ILP (Fig. S4).

Taken together, increase in lung weight, medial hypertrophy and pulmonary fibrosis
observed in the PAH and RVF groups indicate active lung remodelling, while RV
hypertrophy, fibrosis, inflammation and apoptosis indicate RV remodelling. ILP very
effectively attenuated and remarkably reversed adverse cardiopulmonary remodelling
associated with PAH and RVF.

Preservation and/or stimulation of cardiopulmonary angiogenesis by ILP
RV ischemia has been described in hearts of PAH patients with normal coronary arteries20

caused by increased oxygen demand and loss of RV microvessels21. Stimulation of
pulmonary neoangiogenesis has been suggested as treatment of PAH-induced RV failure22.
Cardiac angiogenesis has also been shown to be a key event in maintaining heart function
during adaptive hypertrophy23. We demonstrated that ILP therapy not only preserved the
capillary density but also stimulated capillary growth and regeneration in the RV after the
onset of PAH. The decrease in RV capillary density has been proposed to be due to an
insufficient up-regulation of vascular endothelial growth factor (VEGF)24. We found a
significant reduction of VEGF protein in lungs and RV of RVF. ILP was able to prevent
VEGF downregulation in both tissues (Fig. 4C,D), which may also contribute to its

Umar et al. Page 5

Hypertension. Author manuscript; available in PMC 2012 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



beneficial effect. Therefore, increased myocardial blood vessels and preservation of VEGF
by ILP both in lung and heart may underlie the prevention of RV failure and decrease in PH
severity, thus leading to marked improvements in cardiopulmonary structure and function.

Conclusion
In conclusion, ILP prevents and rescues the development of MCT-induced PAH, RV
hypertrophy and RV failure by preserving and even reversing the abnormalities in lung and
heart structure and function. Suppression and/or reversal of inflammation, fibrosis, and
hypertrophy as well as preservation and/or stimulation of angiogenesis are vital mechanisms
in ILP-induced prevention and rescue of PAH (Fig. S5). Our findings raise the exciting
prospect that ILP, a clinically safe lipid emulsion for human use, may be used for
prevention/treatment of PAH and consequent RV failure, which most definitely warrants
further investigation.

Perspectives
Despite significant advances in cardiopulmonary research, PAH still remains a difficult
disease to treat, as therapeutic strategies to simultaneously reduce pulmonary vascular
damage and prevent RV dysfunction are lacking. The hallmark of PAH is remodelling of
pulmonary vasculature, resulting in RV hypertrophy and failure. As daily administration of
Intralipid® 1) protected rats from monocrotaline-induced PAH, 2) attenuated RV
dysfunction, and 3) proved to be very effective in rescuing severe pre-existing PAH,
Intralipid® promises new clinical applications in patients with PAH.
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Figure 1. ILP prevents and rescues severe PAH
A, C. Right ventricular pressure (RVP) measured by echocardiography throughout the
course of experiment except at the end of the experiment measured by direct RV
catheterization (day-30 for all groups and day-21 in PAH) and B, D. RV ejection fraction
(RVEF), measured by echocardiography, as a function of time in prevention and rescue
protocol (n=7–8 rats per group).
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Figure 2. ILP preserves and reverses the cardiopulmonary abnormalities induced by PAH
A. Immunofluorescence labelling of pulmonary arterioles stained with anti-α-smooth
muscle actin antibody (green). B. Hematoxylin-eosin staining of heart cross-sections. C.
Echocardiographic images of pulse-waved Doppler (taken at day 30 except for PAH-group
at day 21) show mid-systolic notch (arrows) present in PA flow in PAH and RVF groups
only. Masson trichrome staining of lung (D) and RV sections (E), arrows point to fibrosis
(blue). Quantification of pulmonary arteriolar medial wall thickness (F), lung fibrosis (G)
and RV fibrosis (H), please see http://hyper.ahajournals.org for quantification details.
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**P<0.01 vs. CTRL; ***P<0.001 vs. CTRL; $$$P<0.001 vs. PAH; ##P<0.01 vs.
RVF; ###P<0.001 vs. RVF; ^P<0.05 vs. ILP (n=3–4 animals/group).
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Figure 3. ILP therapy was associated with suppression and even reversal of pulmonary
macrophage recruitment as well as prevention of cardiopulmonary IL-6 upregulation
A. Lung sections stained for ED1, a marker for macrophage/monocyte inflammatory cells.
Red arrows indicate the ED1-positive cells (brown). The box in RVF is also shown at higher
magnification. B. Quantification of ED1-positive cells per field **P<0.01 vs.
CTRL; $$$P<0.001 vs. PAH; ##P<0.01 vs. RVF (n=3–4 animals per group) please see
http://hyper.ahajournals.org for quantification details. Relative transcript expressions of lung
IL-6 (C) and RV IL-6 (D) *P<0.05 vs. CTRL; #P<0.05 vs. RVF (n=5 animals per group).
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Figure 4. Preservation and even stimulation of cardiac capillary growth as well as preservation
of cardiopulmonary VEGF expression by ILP
A. Single confocal images of RV sections immunostained for CD31 (green, upper panel),
overlay of CD31 (green) and wheat germagglutinin (red, middle panel) and at higher display
magnification of the respective squares (lower panel). B. Quantification of RV capillary
density as microvessels/cardiomyocyte. Representative immunoblots of lung (C) and RV
(D) lysates labelled with anti-VEGF and GAPDH or vinculin antibodies together with
Western blot analyses normalized to GAPDH or vinculin. *P<0.05 vs. CTRL; **P<0.01 vs.
CTRL; ***P<0.001 vs. CTRL; $P<0.05 vs. PAH; $$$P<0.001 vs. PAH; #P<0.05 vs.
RVF; ###P<0.05 vs. RVF (n=3 animals per group).
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