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Abstract: Pulmonary arterial hypertension (PAH) is a rare disease characterized by significant vascular remodeling. The obesity epidemic
has produced great interest in the relationship between small visceral adipose tissue depots producing localized inflammatory conditions,
which may link metabolism, innate immunity, and vascular remodeling. This study used novel micro computed tomography (microCT)
three-dimensional modeling to investigate the degree of remodeling of the lung vasculature and differential proteomics to determine small
visceral adipose dysfunction in rats with severe PAH. Sprague-Dawley rats were subjected to a subcutaneous injection of vascular en-
dothelial growth factor receptor blocker (Sugen 5416) with subsequent hypoxia exposure for 3 weeks (SU/hyp). At 12 weeks after hyp-
oxia, microCT analysis showed a decrease in the ratio of vascular to total tissue volume within the SU/hyp group (mean ± standard
deviation: 0.27 ± 0.066; P = 0.02) with increased vascular separation (0.37 ± 0.062 mm; P = 0.02) when compared with the control
(0.34 ± 0.084 and 0.30 ± 0.072 mm). Differential proteomics detected an up-regulation of complement protein 3 (C3; SU/hyp ∶ control
ratio = 2.86) and the adipose tissue–specific fatty acid binding protein-4 (FABP4, 2.66) in the heart adipose of the SU/hyp. Significant
remodeling of the lung vasculature validates the efficacy of the SU/hyp rat for modeling human PAH. The upregulation of C3 and FABP4
within the heart adipose implicates small visceral adipose dysfunction. C3 has been associated with vascular stiffness, and FABP4 sup-
presses peroxisome proliferator–activated receptor, which is a major regulator of adipose function and known to be downregulated in
PAH. These findings reveal that small visceral adipose tissue within the SU/hyp model provides mechanistic links for vascular remodeling
and adipose dysfunction in the pathophysiology of PAH.
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Pulmonary arterial hypertension (PAH) is a rare disease charac-
terized by ever-increasing pulmonary vascular resistance caused
by significant vascular remodeling within each layer of the vascu-
lar wall.1-4 Although the classic indicators of PAH progression are
well recognized, the initiating factors involved in the pathogenesis
of PAH are not well understood. The structural remodeling of the
pulmonary artery vascular wall that occurs in PAH is now consid-
ered a vasculopathy,3 and emerging evidence suggests that chronic
inflammation plays an important part.5,6 The role of chronic in-
flammation in cardiovascular disease is well established,7-9 and we
have found complement proteins 3 and 4 (C3 and C4) bound to
the collagen and elastin of the vascular wall and throughout the
surrounding perivascular adipose tissue (PVAT) in mouse models
of atherosclerosis.10 Increasing complement deposition was associ-
ated with vascular stiffness,11 and this same mechanism involving

complement proteins may play a role in the development of vas-
cular remodeling and stiffness associated with the pathogenesis of
PAH.

Adipose tissue is a potential source for both complement pro-
teins and factors that are implicated in the pathophysiology of PAH,
such as peroxisome proliferator–activated receptor γ (PPARγ).12

With the sustained obesity epidemic, cellular and metabolic links
between adipose tissue, the innate immune system, and vascular
remodeling are being established.13-15 This may be particularly
relevant in PAH given the propensity for higher body mass in-
dex in contemporary populations with this disease.16 Increased
adiposity due to volumetric expansion leads to the creation of a
hypoxic environment, which leads to adipose tissue hypertrophy
and an inflammatory response.17 Small visceral adipose depots that
surround the coronary arteries and other vasculature (e.g., aorta)
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are of particular interest given their proximity to the vascular
walls and the potential to produce a localized, acute inflammatory
environment, which may contribute to vascular remodeling.18-22

We chose to use a rat model of PAH, which utilizes a subcuta-
neous injection of vascular endothelial growth factor receptor
blocker (Sugen 5416) with subsequent exposure to hypoxic condi-
tions (SU/hyp) to study the relationship between small visceral
adipose tissue depots and the development of vascular remod-
eling.23-26 We characterized the three-dimensional (3-D) remod-
eling of the lung vasculature using micro computed tomography
(microCT) and established links between heart adipose dysfunc-
tion and the innate immune system using differential adipose tis-
sue proteomics.27

METHODS

Animals
All experimental procedures were approved by the institutional
animal care and use committee. Adult male Sprague-Dawley rats
weighing 180–200 g (n = 11) were subcutaneously injected with
Sugen 5416 (20 mg/kg) and subsequently exposed to hypoxic con-
ditions (10% O2) for 3 weeks followed by normoxic conditions
(21% O2) for 12 weeks.23 Control rats (n = 11) with no injection
or hypoxic exposure were housed for the same length of time.

Ultrasound echocardiographic assessment of right
ventricular wall thickness
The rats were lightly anesthetized with isofluroane in 100% O2,
and in vivo transthoracic echocardiography of the right ventricu-
lar wall using an 11–24 MHz RMV scanhead (RMV 716) inter-
faced with a VEVO 770 (VisualSonics, Toronto, Canada) was used
to obtain M mode images to measure right ventricular (RV) and
left ventricular (LV) wall and septum (S) thickness, obtaining ra-
tios for RV/LV or RV/(LV+S).28

Tissue samples
At the end of the ultrasound, blood samples were collected, and
rats were administered a sublethal dose of ketamine. The abdomi-
nal cavity was opened, the diaphragm was incised to expose the
pleural cavity, and the ribs were cut away to access the heart. An
incision was made in the right ventricle, and polyethylene tubing
(Tygon, 1.78-mm outside diameter) was inserted into the pulmo-
nary artery and ligated. The circulatory system was flushed with
10 mL of heparinized saline using a syringe pump (Harvard Ap-
paratus, PHD 2000). The left pulmonary artery was exposed and
ligated. Immediately, the right lung was perfused with 10 mL of
radio-opaque silicone rubber polymer (Microfil, MW-122, yellow,
Flow-Tech) for contrast enhancement during the microCT analy-
sis at a constant rate of 2 mL per minute. The Microfil was al-
lowed to polymerize for 24 hours at 4°C. Right lungs were then
fixed in 10% neutral buffered formalin for a minimum of 48 hours
before microCT scanning. The left pulmonary artery was then
transected, and a 10-mL syringe was inserted into the left pulmo-
nary artery to perfuse the left lung with optimum cutting tempera-

ture freezing medium (Tissue-Tek, NewcomerSupply, Middleton,
WI). The lung was transversely sectioned to create a proximal and
distal half, cryopreserved by snap freezing in liquid nitrogen, and
stored at −80°C.

MicroCT
Each of the 4 lobes of the right lungs was individually imaged
with microCT using a Skyscan 1172 (Bruker-Skyscan, Contich,
Belgium) system with a 9.97-μm voxel size and the following con-
ditions: 55 kVp, 181 uA, 240-ms exposure, rotation step 0.250
degrees, frame averaging 10, with a 360° angular range. The 3-D
volumes of the lungs were reconstructed from the raw files using
NRECON (Skyscan Bruker) with a 40% beam-hardening correction.

The imaged lobes were processed and analyzed separately
(lobes proximal to distal: superior, middle, inferior, and accessory).
Using CTAn software (Bruker-Skyscan), a region of interest trac-
ing the contour of each lung lobe with an exclusion of a uniform
750-μm edge to eliminate edge defects was generated by interpola-
tion of similar user-defined regions of interest on each lobe slice.
Individual lobe regions of interest were then processed as separate
data sets. The threshold was set at a grayscale value that was 25%
lower than the one corresponding to the peak of the perfused pul-
monary artery density distribution.

For the postscan analysis of the imaged lung volumes, we used
direct 3-D measurements that have been well documented in
characterizing bone microarchitecture.27,29 In addition to the com-
monly used volume fraction, thickness, and spacing measure-
ments, we used another tool—3-D artery lumen diameter maps—
that provided the opportunity to study the organization of vascu-
lature in space. Each new data set was processed for 3-D lumen
diameter maps using SCANCO software (SCANCO Medical,
Brüttisellen, Switzerland), using the same segmentation.

Adipose proteomics
Sample preparation. SU/hyp and control heart adipose
samples were washed with phosphate-buffered saline, and the pro-
teins were extracted using two-dimensional (2-D) lysis buffer and
cleaned up using GE healthcare 2-D Quant kit and redissolved
into 2-D gel rehydration buffer with 50 mM Tris pH8.0. The
protein concentrations were evaluated using Bradford method and
adjusted to 1 μg/μL. Then 1 μL of Cy2, Cy3, or Cy5 was added to
50 μg of proteins in each sample (Cy2 for mixed standard, Cy3
for control, Cy5 for hypoxia or vice versa for technical reproduc-
ibility purposes) and incubated on ice for 30 minutes in the dark.
Then 1 μL of 10 mM lysine was used to quench the reaction by
incubating on ice for 10 minutes in the dark. Two-dimensional
differential gel electrophoresis (DiGE) was performed for individ-
ual comparison and technical reproducibility and was mixed in
the pool of each group for data statistics.

Isoelectric focusing (IEF) and sodium dodecyl sulfate
(SDS) gel. IEF and SDS gel electrophoresis were performed as
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described elsewhere.30 Briefly, 15 μg of each labeled sample was
mixed together and diluted further in rehydration buffer to 450 μL
for 24-cm strip pH3-10NL. Then 2% dithiothreitol (DTT), 0.5%
IPG buffer, and 0.002% bromophenol blue were added before re-
hydration at room temperature for 8 hours. Rehydrated strips were
loaded on Ettan IPGphor 3 IEF system overnight for 60,000 volt-
hours and equilibrated with 1% DTT followed by 2.5% iodoace-
tamide for 15 minutes each and separated in 13.5% SDS gel.

Image acquisition and data analysis. The gels were
scanned using a Typhoon 9400 scanner. The pictures were edited
using ImageQuant TL 7.0 software, and differential in-gel analysis
and biological variation analysis of the 2-D DiGE results were
performed using DeCyder 2-D 7.0 Software.

Protein identification by mass spectrometry. Protein
identification was performed as described elsewhere.31 Briefly,
protein spots of interest from 2-D gel were excised, reduced by
DTT, and alkylated with iodoacetamide, then digested with tryp-
sin and desalted with C18 ZipTips (Millipore). Both mass spec-
trometry and tandem mass spectrometry analyses of the digested
peptides were performed on a MALDI-TOF/TOF tandem MS
(Bruker UltrafleXtreme MALDI TOF/TOF mass spectrometer,
Bruker Daltonics, Billerica, MA). The database search and analysis
were performed using FlexAnalysis and BioTools software (Bruker
Daltonics) against other Mammalia (other than primate and ro-
dents) in the Swiss-Prot protein database using a local Mascot
search engine.

Western blotting
For Western blotting detection, proteins were extracted from heart
adipose using lysis buffer, and the protein concentrations were
evaluated using Bradford method and adjusting protein con-
centration to 1 μg/μL. Twenty micrograms of protein from each
individual were separated by 15% SDS–polyacrylamide gel elec-
trophoresis and transferred onto nitrocellulose membrane. The
membranes were blocked with 5% milk and probed with anti-C3
antibody (1 ∶ 2,000) and anti-FABP4 antibody (1 ∶ 3,000; Abcam,
Cambridge, MA) and visualized with enhanced chemiluminescent
substrate (PerkinElmer, Waltham, MA). Actin (Santa Cruz, CA)
was used as loading control.

Comparative lung histology and immunofluorescence
(IF) analysis
Using a cryostat (Leica CM3050, Nussloch, Germany), serial sec-
tions of the left lung were cut at −22°C and mounted on
Superfrost Plus glass slides (VWR, 48311-703, West Chester, PA)
and stored at −20°C until use. Slide preparation was performed as
described elsewhere.10

Within the lung serial sections, Masson trichrome, Verhoeff
Van Gieson, and Oil Red O (ORO; Newcomer Supply, Middleton,
WI) were used to identify collagen and elastin along with lipid-
laden tissue, respectively. Monoclonal C3 and C4 mouse antirat

primary antibodies (Santa Cruz) and isotype control immunoglob-
ulin G (IgG) 1 (BD Pharmingen) were used with fluorochrome-
conjugated donkey antimouse secondary antibody Alexa Fluor 555
(Abcam) for IF analysis. Monoclonal FABP4 rabbit antirat pri-
mary antibody (Abcam) and isotype control IgG (Abcam) were
used with goat antirabbit Alexa Fluor 555 (Invitrogen).

Statistical analysis
Normality was assessed using the Shapiro-Wilk test. Parametric
covariates were expressed as mean and standard deviation, whereas
nonparametric covariates were expressed as median and inter-
quartile range (IQR; 25th–75th percentile). All between-group
(SU/hyp vs. control) quantitative microCT parameters and US
measures done in triplicate were assessed using a repeated-
measures analysis of variance (Stata/IC 12.1, StatCorp, College Sta-
tion, TX).

Figure 1. Micro computed tomography postscan analysis. A,
Cross-section optimally thresholded. B, Maximum intensity pro-
jection of lung lobe, revealing complete perfusion of Microfil into
the vasculature.
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Figure 2. Three-dimensional lumen diameter maps of individual right lung lobes. A–D, Control superior, middle, inferior, and accessory
lobes, respectively; E–H, SU/hyp superior, middle, inferior, and accessory lobes, respectively. I, Ratio of the total lung vascular volume to
total lung volume for control and SU/hyp lungs as a function of arterial lumen diameter (scale bar range: 0.000–0.200 mm). SU/hyp: rat
model of pulmonary arterial hypertension using a subcutaneous injection of vascular endothelial growth factor receptor blocker (Sugen
5416) with subsequent exposure to hypoxic conditions.



RESULTS

Right ventricle hypertrophy within the SU/hyp
The right ventricular wall thickness of the SU/hyp (median [IQR]:
2.30 mm [1.9–2.9 mm]) was significantly greater when compared
with the control group (1.24 mm [1.1–1.4 mm], P = 0.01), and the
RV/LV ratio was significantly greater in the SU/hyp (0.880 [0.61–
1.1]) when compared with the control group (0.405 [0.37–0.42],
P = 0.011), both of which findings are indicative of the right
ventricle hypertrophy that occurs in response to significant PAH.

MicroCT analysis of the lung vasculature shows
inferior vasculature network within SU/hyp
We could visually determine the lung vasculature filling with
Microfil during the perfusion of the contrast agent. We were able
to verify a perfusion of the vasculature with Microfil by visually
evaluating successive slices, finding vascular continuity down to
40 μm of each lung lobe (superior, middle, inferior, and accessory
lobes) through postscan analysis (Fig. 1A, 1B).

Topographic and quantitative analysis for artery lumen diam-
eters less than 0.200 mm was used to capture the small-diameter
vasculature, whereas the blue field captures the vascular separa-
tion (Fig. 2A–2H). Qualitatively, the control lungs appear to have
greater vascular density with many more small-gauged blood ves-
sels when compared with the SU/hyp lungs.

From the created 3-D lumen diameter maps, we obtained
whole right lung values for the ratio of vascular volume to tissue
volume (vascular density), connectivity density, vascular number,
vascular lumen diameter, vascular separation, and the ratio of vas-
cular surface area to vascular volume (Table 1). The vascular den-
sity was significantly greater in the control lung when compared
with the SU/hyp lung (P = 0.02), whereas the separation between
vessels was significantly less in the control lung when compared

with the SU/hyp lung (P = 0.02), which is also evident on the 3-D
maps (Fig. 2A–2H; Table 1). This is readily seen when evaluating
the histogram, reflecting the ratio of lung vascular volume to total
lung volume as a function of arterial lumen diameter. Increased
small-diameter vascular volumes are more prevalent within con-
trol lungs, whereas there is an increase in large-diameter vascular
volumes within the SU/hyp lungs, which is indicative of small-
diameter vessel pruning (Fig. 2I).

The vascular number represents the number of distinct and
continuous blood vessel structures within the 3-D lung volume,
with a higher number reflecting limited vascular pruning. The
results show a trend for a higher vascular number in the control
lungs (P = 0.08). Additionally, a trend was detected for a greater
ratio of vascular surface area to volume in the SU/hyp group
versus the control group (P = 0.07), which would be indicative of
large vessel diameters.

Differential heart adipose proteomics show an
upregulation of C3 and FABP4 in the SU/hyp group
The heart adipose samples of both the SU/hyp and control groups
were analyzed using differential in-gel analysis of the 2-D DiGE,
through which we were able to identify 1,865 different proteins.
Of those proteins, using a threshold factor of 2.0 (signal 2 times
greater or less than) to determine statistically significant differ-
ences in protein expression, 1,844 (98.9%) were not significantly
up- or downregulated. However, we were able to detect 16 (0.9%
of the total protein number tested) significantly downregulated
proteins and 5 (0.3%) significantly upregulated proteins (Fig. 3A).

We spot picked the proteins that were significantly different
(21 protein spots) and, using mass spectroscopy, were able to
positively identify 2 proteins that related to our hypothesis regard-
ing the involvement of the innate immune system (complement

Table 1. Comparison of microCT three-dimensional morphometry parameter values from the right lungs of control
and SU/hyp animals

Covariate Control SU/hyp P

Vascular volume/tissue volume 0.34 (0.084) 0.27 (0.066) 0.02

Connectivity density 25 (17–48) 27 (17–42) 0.9

Vascular number (arteries/mm) 2.7 (2.4–3.0) 2.6 (2.3–2.8) 0.08

Vascular luminal diameter (mm) 0.49 (0.13) 0.47 (0.13) 0.32

Vascular separation (mm) 0.30 (0.072) 0.37 (0.062) 0.02

Vascular surface area/vascular volume (mm2/mm3) 12.8 (12–14) 14.6 (13–16) 0.07

Note: Data are given as normality-dependent mean (± standard deviation) or median value (25th–75th percen-
tile). Vascular volume/tissue volume indicates the relative volume of vasculature in lung. Connectivity density
indicates the branching of vasculature, with a higher number signifying more vascular branching. Vascular number
indicates the number of blood vessels that are not discontinued at any point. Vascular lumen diameter indicates
blood vessel lumen diameter. Vascular separation indicates the distance between the centers of adjacent blood
vessels. Vascular surface area/vascular volume indicates the relative surface area of the blood vessels related to total
vascular volume. microCT: micro computed tomography; SU/hyp: rat model of pulmonary arterial hypertension
using a subcutaneous injection of vascular endothelial growth factor receptor blocker (Sugen 5416) with subsequent
exposure to hypoxic conditions.
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protein C3) and adipose dysfunction (FABP4). The heart adipose
protein signals were upregulated in the SU/hyp for both C3 (SU/
hyp ∶ control = 2.86) and FABP4 (SU/hyp ∶ control = 2.66), which
can be qualitatively discerned in Figure 3B and 3C.

Western blot comparison confirms upregulation of C3
and FABP4 in heart adipose tissue in SU/hyp
The upregulation of proteins C3 and FABP4 were confirmed us-
ing a Western blot comparison of control and SU/hyp heart adi-
pose tissue (Fig. 4). There is evidence of C3 in the adipose tissue
of both the control and SU/hyp heart adipose tissue; however,

there is a stronger signal within the SU/hyp animals (P = 0.02).
Additionally, there is very little to no FABP4 found in the control
heart adipose, but the signal is upregulated in the SU/hyp heart
adipose (P = 0.006).

Comparative lung histological and IF analysis reveals
colocalization of lipid-laden cells and C3/C4 along with
extensive FABP4 deposition
An intense lipid staining in close proximity to the lung vascula-
ture was observed in both control and SU/hyp lungs using ORO-
stained lung sections (Fig. 5). The ORO pattern for both groups

Figure 3. Two-dimensional differential gel electrophoresis of complement protein 3 (C3) and fatty acid binding protein-4 (FABP4) found
in heart adipose tissue. A, Colocalized control (Cy3) versus SU/hyp (Cy5). B, Control only. C, SU/hyp only. SU/hyp: rat model of
pulmonary arterial hypertension using a subcutaneous injection of vascular endothelial growth factor receptor blocker (Sugen 5416) with
subsequent exposure to hypoxic conditions.

Pulmonary Circulation Volume 6 Number 4 December 2016 | 591



was localized around the lung vasculature and asymmetric, which
suggests the existence of lipid-laden cells within the lung and
shows their irregular accumulation in proximity to the lung vas-
culature.

The collagen deposition and elastin content of the lung and
lung vasculature were assessed using Masson trichrome and
Verhoeff Van Gieson staining. Collagen was only detected in the
control lung within the well-defined walls of the lung vasculature.
The elastin of the thin vascular walls within the control lung was
well delineated (Fig. 6A, 6C, 6D). In contrast, the SU/hyp lung
had extensive collagen deposition within the lung (Fig. 6B) and
ambiguous vascular wall boundaries with loosely arranged colla-
gen and much separated elastin (Fig. 6B, 6E, 6F).

Complement C3 and C4 were detected in both the control and
SU/hyp lung tissue using IF (Fig. 7A–7F). Both C3 and C4 were
localized, surrounding lung vasculature, in the SU/hyp lungs
(Fig. 7A–7C), whereas in the control lungs the complement was
more diffuse (Fig. 7D, 7E). Additionally, IF was also used to detect
FABP4 within the lung tissue and was found diffusely throughout
both the SU/hyp and control lung tissue (Fig. 7G–7I).

DISCUSSION

The results of this study are twofold. First, as reflected in the
microCT lung characterization data, the SU/hyp rat model
develops significant lung vascular remodeling, reminiscent of the
vascular pruning described for the human lung affected by
PAH.23,32,33 Second, the upregulation of C3 and FABP4 within the
heart adipose implicates small visceral adipose dysfunction related
to inflammation in the pathophysiology of this experimental ani-
mal model of PAH. The significance of this finding is high, con-
sidering that we had no a priori knowledge of the upregulated pro-
teins in the heart adipose, and it readily supports our earlier work
regarding complement and adipose dysfunction in cardiovascular
disease and autoimmune diseases.10,11,34

The SU/hyp experimental model of PAH is recognized to be
more representative of the human progression of PAH when com-
pared with other experimental models, in part because of the de-
velopment of humanlike plexiform lesions within the lung vascu-
lature.23 MicroCT has previously been used both in vivo and ex
vivo in the analysis of animal models of PAH;35-37 however, we

Figure 4. Western blot of heart adipose tissue. A, Complement
protein 3 (C3) and fatty acid-binding protein-4 (FABP4) in con-
trol (n = 3) versus SU/hyp (n = 3). Percentage of total protein
from Western blot for C3 (B; P = 0.02) and FABP4 (C; P = 0.006).
Actin was used as loading control. SU/hyp: rat model of pulmo-
nary arterial hypertension using a subcutaneous injection of vas-
cular endothelial growth factor receptor blocker (Sugen 5416) with
subsequent exposure to hypoxic conditions. Asterisk indicates a
statistically significant difference.

Figure 5. Lipid staining using Oil Red O of left lung in control
lung (A; original magnification ×10) and SU/hyp lung at original
magnification ×10 (B) and stitched ×10 (C). SU/hyp: rat model of
pulmonary arterial hypertension using a subcutaneous injection of
vascular endothelial growth factor receptor blocker (Sugen 5416)
with subsequent exposure to hypoxic conditions.
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are the first to use it for a quantitative evaluation of the lung vas-
cular microarchitetcture, including the very-late-stage experimen-
tal SU/hyp rat model of PAH.

The microCT analysis was able to resolve small-diameter vas-
culature and detect a significant decrease in the vascular density
and a respective significant increase in vascular separation when
comparing the control lungs with the SU/hyp lungs. Additionally,
we were able to determine that there was an overall loss of small-
diameter blood vessels in the SU/hyp lungs, which supports the
small-diameter vascular pruning process that is present in clinical
PAH, marked by a loss of vascular density, an increased distance

between vessels, and an increase in surface area of the vessels
relative to their volume due to a decrease in small-diameter ves-
sels. This quantitative and qualitative microCT analysis supports
the efficacy of the model for mimicking PAH.

The innate immune system, and in particular the complement
cascade, are becoming increasingly linked with the various sys-
tems, including the cardiovascular and metabolic systems. Previ-
ous findings have shown a potential pathological role of com-
plement proteins when bound to vascular wall ultrastructure,
resulting in increased vascular stiffness in both humans and ani-
mal models.10,11,38 At the same time, the absence of certain com-

Figure 6. Staining left lung tissue for evidence of vascular remodeling using Masson trichrome. A, Control lung, original magnification
×10. B, SU/hyp lung, original magnification ×10; collagen, cytoplasm. Staining with Verhoeff Van Gieson in control lung, original
magnification ×10 (C) and ×20 (D), and in SU/hyp lung, original magnification ×20 (E) and ×60 (F); collagen, elastin. SU/hyp: rat model
of pulmonary arterial hypertension using a subcutaneous injection of vascular endothelial growth factor receptor blocker (Sugen 5416)
with subsequent exposure to hypoxic conditions.
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plement proteins may be beneficial to humans in the context of
vascular stiffness and in the case of a mouse model of PAH.39,40

Using chronic hypoxia to induce pulmonary hypertension, Bauer
et al.40 found that vascular remodeling in peripheral arterioles was
attenuated in the C3 double knock-out mouse strain (C3−/−) when
compared with normoxic or hypoxic wild-type mice. We found
complement protein C3 upregulated in the heart adipose tissue of
the SU/hyp, indicative of an inflammatory response, which may
also target the vascular wall structural proteins.

PPARγ, which is known to be downregulated in PAH, is a
major regulator of adipocyte differentiation and adipogenesis and
promotes lipid efflux.41-46 A hypoxic adipose tissue environment
is created by the rapid expansion of adipose tissue or hypertrophy
and is exacerbated by a decrease in angiogenesis, ultimately lead-
ing to adipose fibrosis and a decrease in PPARγ levels. In hypoxic
regimens attempting to mimic PAH, PPARγ expression and activ-
ity are attenuated through several pathways (ERK1/2, p65, and

Nox4 dependent).47 Another potential mechanism for PPARγ
down-regulation is inherent in adipose dysfunction and related to
FABP4.

FABP4 is highly expressed in adipocytes and macrophages,
acts as a fatty acids chaperone, and has been associated with in-
sulin resistance, but it is also induced by PPARγ.48-52 Garin-
Shkolnik et al.52 hypothesized that the necessary but opposing
actions of these two proteins may be due to excessive lipid accu-
mulation increasing FABP4, which then compromises PPARγ ac-
tivities. We found FABP4 upregulated in our SU/hyp heart adi-
pose tissue, which may be due to the combination of hypoxic
conditions created in our model and a downregulation of PPARγ
indicative of adipose dysfunction. Disruption of the FAB4-PPARγ
axis within small visceral adipose depots due to hypoxic condi-
tions created from excessive lipid accumulation may exacerbate
inflammation. Not only is there a lack of fascial boundary be-
tween the heart adipose and the coronary arteries, but there is also

Figure 7. Immunofluorescence labeling of left lung tissue for evidence of complement protein 3 (C3), complement protein 4 (C4),
and fatty acid binding protein-4 (FABP4). SU/hyp lung tissue labeled for C3 (A, B), C4 (C), and FABP4 (G). Control lung tissue labeled
for C3 (D), C4 (E), and FABP4 (H). F, C3 and C4 immunoglobulin G (IgG) 1 isotype control; I, FABP IgG isotype control. C3/C4: red;
autofluorescence: green; FABP4: purple. A, C–I, original magnification ×10; B, original magnification ×20.
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no separation between the heart adipose and the heart muscle
tissue. Heart adipose dysfunction may not only locally affect the
vascular remodeling of coronary arteries or have a paracrine effect
on the lung vasculature but may also diminish ventricular func-
tion.53 Additional experiments evaluating the small visceral adi-
pose depots in various vascular beds, including adipose sur-
rounding the pulmonary artery, will aid in determining a localized
versus a systemic inflammatory contribution to vascular remod-
eling and the progression of PAH.

Within the actual lung tissue, we found lipid-laden cells sur-
rounding the lung vasculature in both the SU/hyp and control
lungs colocalized with positive labeling for complement proteins
C3 and C4. This is consistent with our earlier findings of C3 and
C4 throughout the aorta PVAT in our mouse model of athero-
lesion formation and suggests that the small lipid-laden cells may
be a source of C3 and C4.10 The relatively small areas of lipid-
laden positive cells surrounding the vasculature within the lung
tissue need further characterization.54,55 We also detected exten-
sive FABP4 labeling throughout both SU/hyp and control lung
tissue not colocalized with the lipid-laden cells. FABP4 can also be
produced by macrophages, which are readily abundant in both
healthy lung tissue (alveolar spaces) and severe PAH–associated
lung tissue (pulmonary lesions).56,57 These IF findings within the
control and SU/hyp lung tissue suggest that there is an acceptable
amount of inflammation necessary for lung tissue homeostasis,
just as we have seen with heart adipose.10

Conclusions
We have shown supportive evidence of the extensive lung vascula-
ture remodeling found in the very-late-stage SU/hyp rat model of
PAH using quantitative microCT analysis. We have supported the
hypothesis of small visceral adipose depots potentially contribut-
ing to the pathogenesis of PAH by implicating innate immune
system complement proteins and adipose-specific FABP4 influ-
ence over PPARγ.
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