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Original Article
Leptin deficiency recapitulates the histological features
of pulmonary arterial hypertension in mice
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Abstract: Leptin is a neuroendocrine peptide released by adipose tissue that enhances metabolism and acts on the
hypothalamus to suppress appetite. Leptin also regulates aspects of cardiovascular function and low serum leptin
has been associated with increased mortality in humans. We hypothesized that leptin deficiency alters the structure
and function of the pulmonary vasculature. Methods: We examined two groups of C57BL/6 male mice aged 12
weeks: five ob/ob (B6.VLep®®) leptin-deficient and five wild type (WT) (C57BL/6) control mice. As expected, weight
was significantly greater in ob/ob mice relative to WT mice [weight (g), Mean + SD): ob/ob 52 + 2.5 g, wild type 30
+ 2.5 g; p < 0.001]. The pulmonary vasculature of ob/ob mice and WT control animals was examined by histology,
immunohistochemistry and immunofluorescence staining. Results: Pulmonary arterial wall thickness was signifi-
cantly increased in ob/ob mice relative to WT littermates [median (interquartile range) distance in pixels: ob/ob
0.13 (0.05-0.18), wild type 0.03 (0.02-0.04); p = 0.001]. The ob/ob mice also exhibited significant right ventricular
hypertrophy in comparison to control animals [RV thickness (Mean * SD): ob/ob 0.75 + 0.19, wild type; 0.58 + 0.13
p < 0.001]. We observed substantial macrophage infiltration and abundant proliferation of myofibroblasts and fibro-
blasts in histological sections of pulmonary arterioles of ob/ob mice. In addition, we noted increased hyaluronan
deposition, colocalizing with SMC-actin in the pulmonary vasculature of ob/ob mice relative to WT controls. Conclu-
sions: The pulmonary pathology of leptin deficiency in ob/ob mice recapitulates many of the histological features of
pulmonary vascular diseases, including pulmonary hypertension, suggesting that leptin deficiency is associated to
the pathogenesis of pulmonary vascular disease.
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Introduction strated in rats [11]. Leptin may also up-regulate
inducible nitric oxide synthases (iNOS) to pro-
duce NO, potentially impairing endothelial func-

tion and promoting oxidative stress and athero-

Leptin is a 16-kDa neuroendocrine peptide
released by adipose tissue that increases the

metabolic rate and suppresses appetite th-
rough direct modulation of hypothalamic activ-
ity [1, 2]. Mounting evidence suggests that in
addition to playing a central role in metabolic
homeostasis, leptin is an important mediator
of cardiovascular processes including activa-
tion of the sympathetic nervous system [3-6],
angiogenesis [7-9] and endothelial nitric oxide
(NO) production [8, 10, 11]. While it has been
demonstrated that endothelial cells express
functional leptin receptors, the role of leptin in
endothelial regulation remains controversial.
Leptin-dependent endothelial NO production
and subsequent vasodilation has been demon-

genesis [12].

Low serum leptin has been associated with
increased incidence of cardiovascular events
and mortality among patients with coronary
artery disease, independent of related risk fac-
tors such as obesity [13]. Additional studies
have reported an association between elevated
serum leptin and decreased risk of cardiovas-
cular mortality among patients with diabetes
[14] and chronic kidney disease [15].

We have recently demonstrated low serum
leptin concentration is independently associat-
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Figure 1. Lung tissues from ob/ob (A)
and control (B) lungs were stained
using hematoxylin and eosin (H&E).
H&E staining demonstrates thick-
ening smooth muscle cell wall and
hyperplasia in the ob/ob arteriole
(arrow in A) that was not observed in
control animals. The p value for the
difference in thickness of the arterial
wall (distance in pixels) and standard
errors were calculated from three dif-
ferent slides by using 10 arteries in
each slide. Ten distinct segents of
the arterial wall were measured (C).
Bar is 100 pm.
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ed with increased overall mortality in patients
with pulmonary arterial hypertension (PAH)
[16]. Pulmonary arterial hypertension is charac-
terized by restricted flow through the pulmo-
nary circulation, resulting in increased pulmo-
nary vascular resistance and, ultimately, right
heart failure and death [17]. Pathological evalu-
ations of tissues collected from patients with
PAH have demonstrated a positive correlation
of median fractional thickness of the pulmo-
nary arteries with perivascular inflammation
and pulmonary hemodynamic measurements
[18].

Leptin stimulates the proliferation and migra-
tion of vascular smooth muscle cells [19].
Related studies have demonstrated that leptin
directs the synthesis and secretion of endothe-
lin-1 in human umbilical vein endothelial cells
[20], and promotes the expression of preproen-
dothelin-1 and endothelin ET, receptor, angio-
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tensinogen, and angiotensin type 1 receptor in
rabbit portal vein smooth muscle cells [19].
Endothelin is a potent vasoconstrictor and mito-
gen and as a consequence, a dysregulation of
the endothelin pathway mediates vascular ab-
normalities associated with PAH [21-23].

On the basis of these observations, we hypoth-
esized that leptin deficiency alters the structure
and function of the pulmonary vasculature. To
test this hypothesis, we conducted a histopath-
ological evaluation of the pulmonary vascula-
ture in obese leptin-deficient mice (ob/ob) [24,
25] and wild type control animals.

Material and methods
Animals

All experimental protocols were approved by
the Institutional Animal Care and Use Commi-
ttee (IACUC) at the Cleveland Clinic. All efforts
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Figure 2. Immunohistochemical
staining of frozen lung sections
ffor the macrophage marker
F4/80 in the lung of ob/ob mice
(A) and control mice (B). F4/80
staining demonstrates accumula-
tions of macrophages in the ob/
ob arteriole (arrow in A) that was
not observed in control animals.
The p value for the difference in
thickness of the arterial wall (dis-
tance in pixels) and standard er-
rors were calculated from three
different slides by using 10 ar-
teries in each slide. Ten distinct
segents of the arterial wall were
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measured (C). Bar is 100 uym. 01 =

were made to minimize pain and distress dur-
ing animal husbandry and experimental assess-
ments. Male C57BL/6 Leptin-deficient (ob/ob)
and wild type (WT) control mice (n = 5 in each
group) aged 12 weeks were purchased from
Jackson Laboratory (Bar Harbor, ME) and were
fed ad libitum with regular chow diet for 3
weeks before euthanasia.

Histological studies

Lung tissues obtained from ob/ob and control
mice were inflated and embedded in optimal
cutting temperature (OCT) compound (R. A.
Lamb; Eastbourne, UK) and 4-um sections
were prepared from frozen sections. The sec-
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tions were stained with hematoxylin and eosin
(H&E) for morphological examination. We mea-
sured the pixel intensity from microscopic
images of each pulmonary arterial section
using Image J software (NIH, Bethesda, MD),
along ten radial line scans, each beginning out-
side the artery and extending across the artery
wall. A total of 10 sections representing 10
arteries were quantified as described from both
the ob/ob and control groups. Care was taken
when staining sections and when obtaining and
quantifying images to ensure identical proce-
dures were applied to both groups.

Cardiac tissue from both the ob/ob and control
animals were fixed in paraffin after the heart
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Figure 3. Lung
tissues from ob/
ob (A) and con-
trol (B) animals
were stained for
collagen with pi-
crosirius red. Bar
is 100 ym.
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was transversely cut at the level of the left ven-
tricular papillary muscles. Right ventricular (RV)
hypertrophy was assessed by measuring the
thickness of the RV wall at 20 different sectors
per slide using Image J software in the manner
described above.

Collagen staining

In a separate series of experiments, lungs were
removed, inflated/embedded in OCT (R.A.
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Lamb; Eastbourne, UK), and prepared in 4-um
sections from the frozen tissue. After the
removal of OCT in water, collagen was stained
for 30 min using picrosirius red [0.1% (wt/vol)
Sirius red 3FB (Aldrich; Dorset, UK) in saturated
aqueous picric acid] with gentle agitation.
Images were collected using an HCX PL APO x
40 / numerical aperture (NA) 1.25 oil-immer-
sion objective lens on a Leica DMR upright
microscope (Leica Microsystems, Wetzlar, Ger-
many) equipped with a Retiga EXi Cooled CCD
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Figure 4. Lung tissues from ob/ob (left) and control (right) mice were stained for FSP1/S100A4 (fibroblasts). There
is more intense fibroblast staining (green) in ob/ob arterioles (A) compared with the control (C). B and D are negative
controls of the same sections stained by the secondary antibody only. Blue staining represents the 4,6-diamidino-
2-phenylindole (DAPI) staining of the nuclei. Bar is 100 ym.

Camera (QImaging, Burnaby, British Columbia,
Canada) and Image Pro Plus software (Media
Cybernetics, Silver Spring, MD).

Immunostaining

In lung tissues, smooth muscles cells (SMCs)
were stained with rabbit polyclonal anti-smooth
muscle actin antibody (Abcam, cat. no.
ab15267-7), hyaluronan (HA) was detected by
HA binding protein probe (Calbiochem, cat. no.
385911). Lung macrophages (F4/80+ cells)
were detected with rat anti-mouse F4/80 Ab
(Serotec, cat. no. MCA497G) and fibroblasts
were stained with polyclonal anti-FSP1/S10-
0A4 (Millipore, cat. no. 07-2274). Slides were
pre-incubated in Hank’s Balanced Salt Solution
(HBSS) containing 2% Fetal Bovine Serum
(FBS) for 30 min at room temperature. After dis-
carding the medium, tissue slides were incu-
bated in HBSS with biotinylated HA binding pro-
tein (1:100 dilution), anti-FS1/S100A4 (1:100

1939

dilution), and anti-smooth muscle actin (1:100
dilution) overnight at 4°C in a humidified cham-
ber to prevent drying. After overnight incuba-
tion, the tissue slides were washed three times
with HBSS without FBS and then incubated
with fluorescein-tagged secondary antibody
(1:1000 dilutions) in HBSS with 2% FBS for 60
min at room temperature. The tissue slides
were washed three times with HBSS without
FBS and mounted with Vectashield mounting
medium containing 4,6-diamidino-2-phenylin-
dole (DAPI; Vector Laboratories, Burlingame,
CA). The slides were sealed with nail polish and
the slides stored at -20°C. Fluorescence imag-
es were collected as described above.

Statistical analysis

All reported p values were reported as two-
tailed. Continuous variables were compared
using an independent, two-tailed Student’s
t-test. A p value of < 0.05 was considered sta-
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Figure 5. Lung tissues from ob/ob (left) and control (right) lungs were stained for smooth muscle cell actin (SMCs;
smooth muscle actin) and HA (HA binding protein). The intensity of SMC actin (red) and HA (green) staining surround-
ing the ob/ob arteriole (A and B) is greater compared with the control (E and F). C and G are composite pictures
of HA and SMC actin for the same sections of ob/ob and control lung tissues, respectively. D and H are negative
controls of the same sections stained by the secondary antibody only. The minimal green staining here represents
autofluorescence by the elastica, and the blue staining represents the 4,6-diamidino-2-phenylindole (DAPI) staining
of the nuclei. Bar indicates 100 ym.
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Figure 6. Transverse heart sections at the level of the left ventricular papillary muscles, showing right ventricle
thickness (left-right arrows) in ob/ob (panel A) and wild type (panel B) mice. Panel C is a boxplot of the RV thickness
measured in pixels, in 20 different sectors, on each slide for leptin deficient (ob/ob) and wild type (WT) mice. Bar
indicates 100 um.

tistically significant. The statistical analyses
were performed using the statistical software
package JMP (Cary, NC), and R version 2.13.0
(The R Foundation for Statistical Computing)
[26].

Results
Evaluation of pulmonary arterial wall thickness

We examined five ob/ob (C57BL/B6.V Lep°°P)
and five lean wild type (C57BL/6J) mice. As
expected, the mean (SD) weight was signifi-
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cantly greater among the ob/ob mice relative to
the wild type mice [weight (g), Mean + SD): ob/
ob 52 + 2.5, wild type 30 + 2.5; p < 0.001].
Pulmonary arterial wall thickness, measured in
H&E stained arterial sections, was significantly
greater in the ob/ob mice relative to control
mice (Figure 1). Arterial thickness (median
(interquartile range)) was 0.13 pixels (0.05-
0.18) and 0.03 pixels (0.02-0.04) for the ob/ob
and the wild type mice group, respectively
(mean difference (95% Cl): 0.12 (0.09-0.14), p
< 0.001).
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Immunohistochemical evaluation of pulmonary
artery pathology

Immunohistochemical detection of the macro-
phage-specific antigen F4/80 Ab revealed
increased macrophage infiltration in the pulmo-
nary arterioles of ob/ob mice relative to control
animals. The thickness of the arterial wall,
measured as distance in pixels (mean + SE),
was significantly greater in ob/ob mice when
compared with wild type animals in the macro-
phage-specific antigen F4/80 Ab stained arte-
rial sections (ob/ob: 1.9 + 0.02 px and wild
type: 0.05 + 0.004 px, p < 0.001)] (Figure 2).

Similarly, collagen deposition measured as dis-
tance in pixels (stained with picrosirius red)
was more extensive in the pulmonary arterioles
of ob/ob mice relative to wild type control mice,
with Mean + SE of 0.15 + 0.07 in ob/ob and
0.06 = 0.02 in the wild type, p < 0.001 (Figure
3). Fibroblasts (stained with anti-FSP1/S10-
0A4) were also more prevalent in arterioles of
ob/ob mice than in the control animals (Figure
4). Immunofluorescence staining for smooth
muscle cell actin and hyaluronan, an extracel-
lular component, indicated greater staining
intensity and prevalence of both SMA and HA in
the pulmonary arteries of ob/ob mice in com-
parison to control animals (Figure 5).

Comparison of thickness of right ventricular
wall

We examined cardiac tissue from ob/ob mice
and wild type control animals and found evi-
dence of right ventricular hypertrophy in the ob/
ob group. Measurement of right ventricular wall
thickness as distance in pixels in 20 different
sectors obtained from the five ob/ob mice and
five wild type mice revealed a mean (SD) thick-
ness of 0.58 (0.13) in the wild type mice and
0.75 (0.19) in the ob/ob mice (p < 0.001)
(Figure 6, scale bar 600 pum).

Discussion

Leptin increases the metabolic rate and sup-
presses appetite through direct modulation of
hypothalamic activity [1, 2]. Recent evidence
suggests that in addition to playing a central
role in metabolic homeostasis, leptin is an
important mediator of cardiovascular process-
es including activation of the sympathetic ner-
vous system [3-6], angiogenesis [7-9] and
endothelial NO production [8, 10, 11].

1942

The present study demonstrates including
increased pulmonary arterial wall thickness,
right ventricular hypertrophy, proliferation of
inflammatory and fibrotic cell types, and altered
extracellular matrix deposition in the pulmo-
nary vasculature of mice with a spontaneous
deletion of the gene encoding the neuroendo-
crine peptide leptin (ob/ob). Decreased serum
leptin concentration has been previously asso-
ciated with increased mortality among patients
with pulmonary arterial hypertension indepen-
dent of other risk factors including BMI [16]; the
present build on previous findings and suggest
a potential mechanistic connection between
decreased leptin secretion and the pathogene-
sis of pulmonary disease involving increased
infiltration of inflammatory cells, expansion of
fibrotic tissue, and altered extracellular matrix
deposition.

Plasma leptin concentrations are inversely pro-
portional to body fat mass in both humans and
mice [27-29]. Elevation of circulating leptin has
been associated with vascular calcification,
increased blood pressure, and vascular compli-
ance; these conditions have been attributed to
acquired leptin resistance rather than the
direct effects of excess leptin [30-32]. We
observed that leptin deficient mice (ob/ob)
developed the characteristic pulmonary vascu-
lar pathology of PAH, including increased pul-
monary artery thickness due to the expansion
of smooth muscle cells and right ventricular
hypertrophy. Two possible explanations may
account our observations: direct modulation of
vascular function through endothelial and vas-
cular smooth muscle cell leptin receptors, or
the indirect effects of the absence of leptin on
angiogenesis, sympathetic nerve activity, ecto-
pic lipid deposition, insulin sensitivity or other
related metabolic pathways [9-11, 33]. Leptin
is required for the maintenance of vascular
compliance through the regulation of vascular
function. The activation of the endothelial NO
synthase (eNOS) phosphorylation pathway and
the release of endothelin-1 by leptin in response
to increases in nitric oxide (NO) production [10,
34, 35], may be an important counterbalance
to the vasodilation mediated by NO [20].

In ob/ob mice we observed an increase in pul-
monary artery collagen and hyaluronic acid
deposition similar to the previously reported
pathology of human PAH arterioles [36]. We
also observed increased prevalence of smooth
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muscle cells, fibroblasts, and macrophages.
Macrophages play an important role in the
inflammatory and immune response and they
are also major sources of inflammatory media-
tors. Elevated macrophage numbers are
observed in obesity and are known to produce
growth factors, including vascular endothelial
growth factor (VEGF) and platelet-derived
growth factor (PDGF) that are important media-
tors of PAH pathogenesis [37, 38]. Macropha-
ges are present in pulmonary vascular lesions
in PAH [39, 40] and dysregulated immunity and
inflammation are increasingly recognized as
key pathologic features of PAH [41, 42].
Inflammatory cells, including macrophages,
accumulate in the small- to medium-sized pul-
monary arteries of PAH patients, a finding that
suggests a role for these cells in the pathogen-
esis of the disease [43]. The observation of
inflammatory macrophage infiltration in the pul-
monary arteries of leptin-deficient ob/ob mice
is strikingly similar to the reported pathology of
PAH. Together with the association between
leptin deficiency and human PAH [16], our
results suggest that leptin deficiency may plays
a critical role in the pathogenesis of PAH-like
macrophage infiltration of the pulmonary
vasculature.

Leptin is known to promote the synthesis and
secretion of endothelin-1 in human umbilical
vein endothelial cells [20], and promotes the
expression of preproendothelin-1 and endothe-
lin ET, receptor, angiotensinogen, and angio-
tensin type 1 receptor in rabbit portal vein
smooth muscle cells [19]. Macrophages,
smooth muscle cells, and fibroblasts are all
potential sources endothelin-1 (ET-1) [44], a
very potent vasoconstrictor acting through two
subtypes of smooth muscle endothelin recep-
tor, ET, and ET,. Increased plasma ET-1 is asso-
ciated with PAH [45] and is correlated with ele-
vated right atrial pressure, elevated pulmonary
vascular resistance, and increased mortality
[46, 47]. Future studies will be necessary to
examine the potential mechanistic link between
leptin deficiency and the synthesis of ET-1 in
ob/ob mice and in human PAH.

In ob/ob mice we also observed right ventricle
hypertrophy relative to wild type control ani-
mals. It is well known that right ventricular dys-
function and failure are strong indicators of
poor prognosis in PAH. Decreased cardiac
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index and RV ejection fraction are associated
with elevated mortality rates even in the pres-
ence of aggressive medical therapy [48-50].

There are important challenges in studying
leptin. Obesity is associated with hyperlepti-
nemia, which in turn increases leptin resistance
[27, 28, 51, 52] and further enhances the ten-
dency towards obesity, making leptin resis-
tance both a consequence and cause of obesi-
ty [52]. Thus the level of leptin resistance
determines whether leptin signaling is ade-
quate or inappropriately low [31, 52, 53].
Increased circulating leptin, an indicator of
leptin insensitivity, may be directly associated
with insulin resistance [54] and cardiovascular
disease [55, 56]. In mice it is difficult to clearly
distinguish between the effects of obesity and
the specific effects of leptin deficiency. Leptin-
deficient ob/ob mice are characterized by
severe obesity resulting from increased energy
intake and decreased energy expenditure [25],
while wild type obese mice exhibit elevated
plasma leptin concentrations as a result of
acquired leptin resistance [28, 57]. A future
study with hemodynamic and echocardiograph-
ic determinations in ob/ob mice, under normox-
ia/hypoxia and receiving/not receiving replace-
ment of leptin would be important to help clarify
the leptin role in the pathogenesis of PAH.

Conclusions

The precise mechanistic role of leptin in the
pathogenesis of human PAH remains unre-
solved and may be addressed by future investi-
gations. However, the results of the present
study demonstrate that leptin-deficient mice
exhibit many of the characteristic pulmonary
vascular pathology of human PAH, including
increased pulmonary arterial wall thickness,
right ventricular hypertrophy, proliferation of
inflammatory and fibrotic cell types, and altered
extracellular matrix deposition. Thus, leptin
deficiency or leptin resistance may be essential
components of the pathogenesis of human
PAH.
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