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Obliteration of the vascular lumen by endothelial cell growth is
a hallmark of many forms of severe pulmonary arterial hypertension.
Copper plays a significant role in the control of endothelial cell
proliferation in cancer and wound-healing. We sought to determine
whether angioproliferation in rats with experimental pulmonary
arterial hypertension and pulmonary microvascular endothelial cell
proliferation in humans depend on the proangiogenic action of
copper. A copper-depleted diet prevented, and copper chelation
with tetrathiomolybdate reversed, the development of severe
experimental pulmonary arterial hypertension. The copper
chelation–induced reopening of obliterated vessels was caused by
caspase-independent apoptosis, reduced vessel wall cell prolifera-
tion, and a normalization of vessel wall structure. No evidence was
found for a role of super oxide–1 inhibition or lysyl–oxidase–1 inhi-
bition in the reversal of angioproliferation. Tetrathiomolybdate
inhibited the proliferation of human pulmonary microvascular
endothelial cells, isolated from explanted lungs from control sub-
jects and patients with pulmonary arterial hypertension. These data
suggest that the inhibition of endothelial cell proliferation by
a copper-restricting strategy could be explored as a new therapeutic
approach in pulmonary arterial hypertension. It remains to be de-
termined, however, whether potential toxicity to the right ventricle
is offset by the beneficial pulmonary vascular effects of antiangio-
genic treatment in patients with pulmonary arterial hypertension.
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Perhaps because pulmonary vasoconstriction is not an important
disease component in most patients with chronic pulmonary arte-
rial hypertension (PAH), more than a decade of treating PAH
patients with vasodilator drugs has not had a decisive impact on
outcomes (1). Based on the demonstration of endothelial cells

with apoptosis-resistant and hyperproliferative characteristics
in the lungs of patients with PAH, a conceptual model of
quasimalignant cell growth in an “angiogenic niche” was pro-
posed to explain the mechanism of complex vascular lesion
formation in severe PAH (2–8). According to increasing evi-
dence, copper plays a significant role in the control of normal
endothelial cell growth (9, 10) and endothelial cell prolifera-
tion in wound-healing (11) and cancer (12). The copper chela-
tor tetrathiomolybdate (TTM) was shown to inhibit tumor
angiogenesis in animal models (13, 14), and is currently under
investigation as an adjuvant cancer therapy in a number of
clinical trials (clinicaltrials.gov). The mechanisms by which cop-
per regulates endothelial cell growth have yet to be elucidated,
but may involve the function of a number of copper-dependent
enzymes and transcription factors, including super oxide dismu-
tase (SOD)–1 (15), lysyl–oxidase (LOX)–1 (12), and hypoxia-
inducible factor (HIF)–1a (16). Interestingly, increased tissue
and serum concentrations of copper in pulmonary hyper-
tensive patients and in animals with experimental pulmonary
hypertension were already reported in the 1980s (17, 18).
Moreover, pulmonary vascular remodeling in human and ex-
perimental PAH is associated with the increased expression of
HIF-1a and of downstream vascular endothelial growth fac-
tor (VEGF) (19, 20). If pulmonary angioproliferation is to
some degree attributable to “vascular wound-healing gone
awry,” then copper-depleting strategies might affect the
process of pulmonary vascular angioproliferation in severe
PAH.

Here we test the hypothesis that angio-obliteration in exper-
imental severe pulmonary hypertension is copper-dependent.
We show that after exposure to the VEGF receptor tyrosine ki-
nase inhibitor SU5416 and hypoxia (the SuHx model) (21–23),
rats will only develop endothelial proliferation and severe pul-
monary hypertension when they are provided with sufficient
quantities of dietary copper. We also show that established pul-
monary hypertension and angio-obliteration in SuHx rats can
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CLINICAL RELEVANCE

Severe pulmonary arterial hypertension is characterized by
small pulmonary vessel lumen obliteration by the exuberant
growth of endothelial cells. Angiogenesis and wound repair
are critically dependent on the availability of copper. Pul-
monary vascular remodeling in experimental pulmonary
hypertension in rats and the in vitro proliferation of human
pulmonary microvascular endothelial cells are copper-
dependent. Copper chelation may be explored as a new
therapeutic strategy in patients with pulmonary arterial
hypertension.
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be reversed by chronic treatment with TTM, and that TTM
inhibits the proliferation of cultured human lung endothelial cells
from patients with PAH and control subjects. In the lung vessels
of SuHx rats, the therapeutic effects of TTM are associated with
the reduced expression of Survivin, the increased production of
the proapoptotic sphingolipid metabolite ceramide, and the in-
creased expression of apoptosis-inducing factor (AIF) and Bim,
a B-cell leukemia/lymphoma (Bcl)–2 family member promoting
apoptosis.

MATERIALS AND METHODS

Animal Models

All experiments were approved by the Institutional Animal Care and
Use Committee of Virginia Commonwealth University. Pulmonary hy-
pertension was induced in male Sprague-Dawley rats through their ex-
posure to the VEGF receptor tyrosine kinase inhibitor SU5416 and
chronic hypoxia (SuHx model), as described previously (21–23), and
in different sets of age-matched and gender-matched rats by exposure
to 10% hypoxia for 8 weeks, or by administrating a single 60 mg/kg
dose of monocrotaline (MCT). Animals received a diet with normal
copper content (20–25 mg copper per kg diet, LM-485) or a copper-
deficient diet (6 mg/kg copper, TD80388; both diets were comparable
in trace elements other than copper, and were obtained from Harlan
Teklad, Madison, WI). TTM (10 mg/kg; Sigma-Aldrich, St. Louis, MO)
was dissolved in normal saline and administered intraperitoneally every
other day for 10 days. Other rats received intraperitoneal injections of
b-aminopropionitrite (100 mg/kg in normal saline, 5 days a week for 4
weeks; Sigma-Aldrich) or the pan-caspase inhibitor Z-Asp (3 mg/kg in
DMSO and saline, daily for 10 days; Bachem, Buckinghamshire, United
Kingdom). TTM, b-aminopropionitrite, and Z-Asp treatments were ini-
tiated either directly upon return to normoxic air breathing (4 weeks
after the initial exposure to SU5416), or 2 weeks later. A low dose of
TTM was chosen after determination of the lowest effective dose that
caused no weight loss or other phenotypic changes. Doppler echocardi-
ography, using the Vevo770 imaging system (VisualSonics, Toronto, ON,
Canada), and hemodynamic measurements, using a 4.5-mm conductance
catheter (Millar Instruments, Houston, TX) and the Powerlab data

acquisition system (AD Instruments, Colorado Springs, CO), were per-
formed as described previously (22, 23).

Cell Culture

Human endothelial lung cells from four patients with idiopathic PAH
and four control subjects were isolated from lung specimens obtained at
time of transplantation (PAH) or lobectomy or pneumonectomy for lo-
calized lung cancer (control subjects), and were cultured according to
previous protocols (24). The mean age (6 SD) was 42 6 9 years in
patients with idiopathic PAH, and 48 6 11 years in control subjects.
The mean pulmonary arterial pressure (6 SD) in patients with idio-
pathic PAH was 60 6 13 mm Hg. Preoperative echocardiography was
performed in all control subjects to rule out pulmonary hypertension,
and lung specimens were collected at a distance from the tumor foci.
This study was approved by the local ethics committee (Comite de
Protection des Persones Ile-de-France VII, Le Kremlin-Bicêtre, France).
All patients gave informed consent before the study. Endothelial cell
proliferation was measured by the incorporation of 5-bromo-2-
deoxyuridine and staining using the DELFIA Cell Proliferation Kit
(PerkinElmer, Courtaboeuf, France) and a time-resolved fluorometer
EnVision Multilabel Reader (PerkinElmer). Cells were counted using
a Neubauer hemocytometer (Hausser Scientific, Horsham, PA) with
trypan blue dye exclusion.

Protein Expression, Histology, and Immunohistochemistry

See the online supplement for details.

Statistical Analysis

Differences between groups were assessed with ANOVA (parametric)
and the Kruskall-Wallis test (nonparametric). Bonferroni (parametric)
and Dunn (nonparametric) post hoc tests were used to assess significant
differences between pairs of groups. P , 0.05 was considered significant.
For reasons of clarity, all data are reported as means 6 SEM, unless
specified otherwise, even if differences between groups were tested with
a nonparametric test that makes no use of means and standard devia-
tions. We used 6 to 8 rats per group, unless otherwise specified.

Figure 1. Angioproliferative pulmonary hypertension develops in rats receiving a normal diet (ND), but not in rats on a restricted copper diet (DCR).

This is reflected by less right ventricular (RV) dilatation (A) (RVID, RV inner diameter in diastole), less RV hypertrophy (C) (LV 1 S, left ventricular plus
septal weight), a lower mean pulmonary artery pressure (mPAP) (B), and a lower percentage of small pulmonary vessels with complete luminal

obliteration (D). (E–H) Representative lung-tissue sections (high and low magnifications; hematoxylin and eosin stains). Arrows indicate remodeled

small pulmonary vessels. SuHx, model involving exposure to the vascular endothelial growth factor receptor tyrosine kinase inhibitor SU5416 and

hypoxia.
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RESULTS

Dietary Copper Restriction Inhibits the Development

of Severe Pulmonary Hypertension Induced by SU5416/

Hypoxia, but Exerts No Effect on Pulmonary Hypertension

Induced by Chronic Hypoxia or MCT

Rats receiving a normal diet and exposed to SU5416 plus 4 weeks
of hypoxia (the SuHx model) (21–23) all developed severe
angioproliferative PAH and right ventricular (RV) dilatation
and hypertrophy (Figures 1A–1C). As described previously
(21, 25), the increased pulmonary vascular resistance in this
model is attributable to a combination of small pulmonary artery
medial thickening and luminal obstruction, in part by proliferating,
apoptosis-resistant endothelial cells (Figures 1D and 1F). Dietary
copper restriction (DCR) commencing 2 weeks before initiating
the SU5416/hypoxia protocol and continuing throughout the ex-
periment completely prevented pulmonary vascular occlusion
(Figures 1D and 1H), which resulted in a lower mean pulmonary
artery pressure (mPAP; Figure 1B) and in a reduction of RV
hypertrophy (Figure 1C), dilatation (Figure 1A), and fibrotic
remodeling (data not shown). DCR did not prevent the develop-
ment of mild pulmonary hypertension and RV hypertrophy in
rats exposed to chronic hypoxia or MCT (Figures 2A and 2B). In
contrast to its effect on vascular luminal occlusion in SuHx rats,

DCR did not affect the degree of pulmonary artery media thick-
ening in any of the three pulmonary hypertension models, includ-
ing the SuHx model (Figures 1H, 2C, 2F, and 2G). Thus, the
experimentally generated pulmonary arteriolar muscularization
was not dependent on dietary copper.

Reversal of Pulmonary Hypertension in SuHx Rats by

Administration of the Copper Chelator Tetrathiomolybdate

Is Associated with Reduced Cell Proliferation and Increased

Rates of Cell Death; Pulmonary Hypertension Returns upon

Cessation of Treatment

In SuHx rats with established severe PAH (either 4 weeks after
the initial exposure to SU5417, i.e., upon return to normal air
breathing, or 6 weeks after SU5416, i.e., after 2 weeks of normal
air breathing), a switch from a normal diet to DCR after the
establishment of angioproliferative pulmonary vascular lesions
did not result in a reopening of occluded pulmonary vessels
(data not shown). In contrast, treatment with the copper chela-
tor TTM (10 mg/kg every other day), whether or not combined
with DCR, resulted in a reopening of pulmonary vessels in
established SuHx lungs (Figures 3A and 3C; see also Figure
E1 in the online supplement; the effect was evident after the
first dose of TTM, and reached a plateau after 10 days),

Figure 2. Dietary copper content (ND, normal diet; DCR, dietary copper restriction) does not affect the development of pulmonary hypertension

(mean pulmonary artery pressure, mPAP) (A) or right ventricular hypertrophy (B) (RV/LV 1 S, right ventricular over left ventricular 1 septal weight)

after exposure to monocrotaline (MCT) or chronic hypoxia (CH). Likewise, dietary copper content does not affect the degree of media thickening in

any of the three models (SuHx, MCT, or CH) (C; see also Figure 1H). DCR-induced changes in right ventricular hypertrophy and media thickening in
the CH model did not reach statistical significance. (D–G) Representative lung tissue sections (high and low magnifications; hematoxylin-and-eosin

stains). Remodeled (muscularized) small pulmonary vessels are denoted by arrows.
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a lowering of pulmonary artery pressure (Figure 3B), and
a reduction in RV remodeling (Figure E2). The lungs of un-
treated SuHx rats showed evidence of increased rates of cell
proliferation (increased expression of proliferating cell nuclear
antigen [PCNA] was demonstrated by immunohistochemistry
and Western blotting; Figures 3A, 3D, and 3E) and the emer-
gence of resistance to apoptosis (increases in whole-lung expres-
sion of Survivin; Figures 3A, 3D, and 3F). TTM treatment was
associated with a normalization of PCNA and Survivin expres-
sion (Figures 3D and 3F). Lungs in SuHx rats showed evidence
of increased cell turnover, because exuberant cell proliferation
was found along with high rates of cell death (as reflected by
positive terminal deoxynucledotidyl transferase dUTP nick end
labeling (TUNEL) staining; Figures 4 and E3). TTM treatment
was not only associated with a further increase in overall rates of
TUNEL positivity, but also with a change in the localization of
TUNEL positivity: the copper chelator induced the death of cells
within (and obstructing) the lumen of small pulmonary vessels,
whereas in untreated SuHx lungs, evidence of cell death primar-
ily existed around obstructive vascular lesions. Increased rates
of cell death in SuHx lungs were confirmed by the finding of
elevated concentrations of the proapoptotic sphingolipid metab-
olite ceramide (Figure 4I). In accordance with the TUNEL data,
TTM treatment resulted in a further increase in ceramide con-
centrations. With the cessation of TTM treatment, RV pressure
overload, RV hypertrophy, and luminal occlusion all reappeared
(Figure E4),indicating that temporary TTM treatment does not
forever eliminate the angioproliferative potential within the
SuHx lung. Ten days of TTM treatment in control rats did not

result in phenotypic or hemodynamic changes, and did not affect
the protein expression of PCNA or cleaved caspase-3 in compar-
ison with vehicle-treated control rats (data not shown).

TTM Inhibits the Proliferation of Primary Lung Endothelial

Cells Derived from Patients with Idiopathic PAH

To exploremore fully the potential for copper chelation as a ther-
apeutic strategy in PAH, we cultured human primary lung
endothelial cells derived from patients with idiopathic PAH in
the presence of incremental concentrations of the copper chela-
tor TTM. TTM significantly inhibited the proliferation of endo-
thelial cells derived from both normal control subjects and
patients with PAH (Figure 5). Growth inhibition occurred in
PAH endothelial cells at a lower concentration of TTM, but no
concentration of TTM led to the normalization of cell prolifer-
ation to control levels.

Copper Chelation Is Associated with the Activation

of Caspase-Independent Pathways of Cell Death

Both preventing the proliferation of lumen-obstructing cells and
inducing the death of these cells likely contributed to the ther-
apeutic effect of TTM. Surprisingly, whole-lung lysates from
TTM-treated SuHx rats exhibited a decreased expression of
cleaved caspase-3 (Figure 6A). The concurrent administration
of the pan-caspase inhibitor Z-Asp did not prevent the reopen-
ing of small pulmonary vessels by TTM, as shown by a persistent
drop in mPAP after TTM 1 Z-Asp cotreatment (Figure 6B).

Figure 3. Copper chelation with tetrathiomolybdate (TTM; 10 mg/kg every other day for 10 days) reverses pulmonary hypertension in SuHx rats, as

shown by a reduction in mean pulmonary artery pressure (mPAP) (B) and a reduced percentage of fully occluded blood vessels (C). The intraluminal

cells in characteristic occlusive lesions in the SuHx lung stain partly positive for von Willebrand Factor (VWF), and partly positive for a–smooth muscle
actin (SMA) (A). Photographs were taken using a 340 objective, at 3400 magnification. Scale bar ¼ 25 mm. TTM removes most intraluminal cells,

thereby restoring a monolayer of cells that maintain vWF and a-SMA positivity. Staining with proliferating cell nuclear antigen (PCNA) suggests an

increased proliferation rate of intraluminal cells in vehicle-treated SuHx rats, whereas PCNA positivity diminishes after TTM treatment (A). These

findings are confirmed by PCNA protein expression in whole-lung lysates (D and E). Consistent with the emergence of resistance to apoptosis, the
protein expression of Survivin is increased in the SuHx lung, and normalizes after TTM treatment (D and F).
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Because ceramide was implicated in both caspase-dependent
and caspase-independent cell death pathways (26–28), we ex-
plored in TTM-treated SuHx rats the expression of two markers
of caspase-independent cell death: AIF and the proapoptotic
Bcl-2 family member Bim (29, 30). Lungs from SuHx rats not
treated with TTM did not exhibit any Bim-positive vascular
luminal cells (Figure 7A), whereas the TTM treatment of SuHx
rats resulted in the appearance of von Willebrand factor (vWF)
and Bim coexpressing cells in pulmonary vessels (Figures 7B
and 7C; quantified in Figure 7D). Furthermore, the whole-
lung protein expression of AIF and BIM in SuHx rats was ele-
vated with TTM treatment (Figures 7E–7G).

Copper Chelation Does Not Reverse Angioproliferation

via the Inhibition of Cu/Zn SOD-1 or LOX-1

Copper is an essential cofactor for the antioxidant enzyme SOD-1,
andTTM treatment is associatedwith reduced SOD-1 activity in cul-
tured cancer cells and endothelial cells (15). Because TTM reduced
cytosolic SOD-1 activity in SuHx and control lungs (Figure 8C), we
looked for evidence supporting the hypothesis that TTM exerted
its therapeutic effect via the induction of oxidative stress. How-
ever, concurrent treatment with N-acetylcysteine (1% in drinking
water) or with the cell-permeable SOD mimetic 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (1 mmol/L in drinking water) did not
prevent the treatment effect of TTM in SuHx rats (Figure 8E).
Strikingly, there was complete absence of SOD-1 expression within
the occluded pulmonary vessels of SuHx rats, whereas control
endothelial cells showed abundant expression of SOD-1 (Figures
8A and 8B). This makes SOD-1 a very unlikely treatment target of

TTM in the SuHx model. Alternatively, TTM could have exerted
its anti-angioprolifierative effect via the inhibition of LOX-1, which
is another copper-dependent enzyme. LOX-1 is involved in extra-
cellular matrix protein cross-linking. Consistent with alterations in
extracellular matrix remodeling, we found increased expression of

Figure 4. (A and B) Untreated SuHx

lungs exhibit high rates of death of vas-
cular lesions cells, with preferential termi-

nal deoxynucledotidyl transferase dUTP

nick end labeling (TUNEL) staining of
cells outside the lumen of occluded ves-

sels and little positive TUNEL staining of

lumen cells within fully occluded vessels.

(C and D) Four days after a single dose of
TTM, TUNEL-positive cells begin to ap-

pear within the lumen of reopened small

pulmonary arteries (arrows indicate

examples of positive cells). (E–G) After 2
weeks of tetrathiomolybdate (TTM) treat-

ment, the TUNEL positivity of lumen cells

of small pulmonary vessels is increased

further. (H) Quantification of TUNEL
images. (I) Increased rates of cell death

in the SuHx lung are also reflected by

an increased expression of ceramide in
whole-lung lysates, whereas TTM treat-

ment leads to a further increase in ceram-

ide. d, days; Veh, vehicle; wks, weeks.

Figure 5. Tetrathiomolybdate (TTM) inhibits the proliferation of hu-

man primary endothelial cells (P-ECs) derived from healthy control
subjects and patients with idiopathic pulmonary arterial hypertension

(iPAH). At all concentrations of TTM, cell proliferation is significantly

higher in iPAH endothelial cells than in control endothelial cells. A

significant inhibition of cell proliferation occurs at concentrations of
1 mM and higher in both types of endothelial cells. BrdU, 5-bromo-2-

deoxyuridine.
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avb3 integrin in SuHx lung tissue, which was reversed by TTM
treatment (Figures 8F–8H). Rather than mimicking the effect of
TTM, treatment with the LOX-1 inhibitor b-aminopropionitrile
(100 mg/kg) worsened angioproliferation in SuHx rats, and led
to the development of very severe pulmonary hypertension
(Figure 8I) with evidence of fibrinoid necrosis of the vascular
wall (Figure 8J).

DISCUSSION

Patients with severe and progressive forms of PAH frequently
manifest complex angio-obliterative vascular lesions, and are re-
fractory to vasodilator treatment. According to one concept of
the pathogenesis of angio-obliterative PAH, pulmonary arteriolar
lumens are filled by proliferating, phenotypically altered and ap-
optosis-resistant cells (2–8). Antiproliferative effects were de-
scribed for prostacyclins, endothelin receptor antagonists, and
phosphodiesterase inhibitors, but because these currently used
PAH medications predominantly act to decrease vascular tone,
the use of new antiproliferative and antiangiogenic drug treat-
ments may require further exploration in PAH (31). The trace
metal copper has long been recognized for its proangiogenic and
wound-healing properties (9–11), and the copper chelator TTM
was shown experimentally to inhibit tumor growth in murine

models (12). The availability of this drug allowed us to conduct
proof-of-principle studies and to examine the question of whether
established pulmonary angio-obliterative lesions can be resolved,
resulting in a drop in pulmonary artery pressure.

Here we show that the angio-obliterative process in the SuHx
model is associated with the simultaneous elevated expression of
markers of cell death, proliferation, and resistance to apoptosis.
The net result of this elevated rate of cell turnover is a conglom-
erate of heterogenous lumen-obstructing cells that stain partly
positive for vWF and for a–smooth muscle actin. The adminis-
tration of the VEGF-receptor (R) inhibitor SU5416 was shown
to cause apoptosis of lung endothelial cells and a subsequent
loss of alveoli (32), an observation that led to the recognition of
a VEGF-dependent lung vascular maintenance program. Be-
cause SU5416 is administered to SuHx rats only once (at the
onset of hypoxic exposure), the death of lung endothelial cells
in later stages of the disease is probably independent from the
inhibition of VEGF-R, and depends instead on other sources of
injury, including elevated shear stress and inflammatory re-
sponses. This hypothesis is consistent with the fact that the
SuHx model is progressive even after reexposure to normoxic
air, and also with the fact that in addition to hypoxia, the ab-
sence of regulatory T cells is also sufficient as a second hit to
induce angioproliferation after SU5416 administration (33). In

Figure 6. The reopening of small vessels and the reduction
of pulmonary hypertension by tetrathiomolybdate (TTM)

is associated with reduced cleaved caspase-3 expression

(A), and cannot be prevented by concurrent treatment
with the pan-caspase inhibitor Z-Asp (B), which suggests

that the induction of cell-death by TTM is caspase-

independent.

Figure 7. The administration of

tetrathiomolybdate (TTM) in

SuHx rats is associated with the

appearance of a B-cell leukemia/
lymphoma–2 family member

promoting apoptosis (Bim)/von

Willebrand factor (vWF) coex-

pressing cells in TTM-treated
SuHx lungs. (A) SuHx lung. (B

and C) TTM-treated SuHx lungs.

Blue, nuclei (49,6-diamidino-2-

phenylindole [DAPI] stain); red,
vWF-positive cells; green, Bim-

positive cells (DAPI stain). (D) A

quantification of immunofluo-
rescence data. (E–G) The in-

creased protein expression of

Bim and apoptosis-inducing fac-

tor (AIF) in whole-lung lysates
of TTM-treated SuHx rats is con-

sistent with the induction of

caspase-independent pathways

of cell death.
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addition to its association with high rates of cell death, the
pulmonary vascular remodeling observed in the lungs of SuHx
rats was characterized by high rates of cellular proliferation.
One possible explanation for this high cell turnover involves
a phenomenon that has been termed “apoptosis-induced
compensatory proliferation” (34), which relates to the strong
stimulus for cell proliferation provided by the presence of

apoptotic cells. Our study did not address the question of
whether the high rates of cell proliferation in the SuHx model
require the continued presence of apoptotic cells, or whether
the process of remodeling is associated with a permanent phe-
notypic switch of the remaining endothelial cells, providing
them with a self-sustaining, permanent quasi-malignant pheno-
type (35).

Figure 8. Super oxide dismutase (SOD)–1 expression is absent in the obliterated lumen of SuHx rats (A), whereas extensive SOD-1 expression can be
found in normal lung endothelial cells (B, arrow). Whole-lung SOD activity tends to be lower in SuHx rats, whereas 2 weeks of treatment with the

copper chelator tetrathiomolybdate (TTM; 10 mg/kg every other day) resulted in a further significant decrease in SOD activity (C). The reversal of

angioproliferation by treatment with TTM is not prohibited by concurrent treatment with the scavenger N-acetylcysteine (not shown) or with the

SOD mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) (D, hematoxylin-and-eosin stain of angioproliferative lesions in the lung of
a vehicle-treated SuHx rats; E, hematoxylin-and-eosin stain of reopened lung vessels in a TTM 1 TEMPOL–treated SuHx rat). (F–H) Lung vascular

remodeling in the SuHx model is associated with an up-regulation of avb3 integrin, which is consistent with remodeling of the extracellular matrix.

The inhibition of lysyl–oxidase (LOX)–1 by b-aminopropionitrile (BAPN) does not mimic the treatment effect of TTM, but leads instead to very severe

pulmonary hypertension (I depicts a representative pressure tracing) and a remarkable degree of lung-vessel remodeling, with fibrinoid necrosis of
the media and a large adventitial cell infiltrate (J, hematoxylin-and-eosin stain).
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We also show that a copper-depleted diet initiated before the
commencement of the SuHx protocol prevented the develop-
ment of angioproliferative lesions and severe PAH (Figures
1B, 1D, and 1H). Importantly, the TTM treatment of SuHx
rats reduced the degree of pulmonary hypertension without
affecting media thickening. In fact, TTM exerted no effect
on the media in any of our three experimental models of pul-
monary hypertension (i.e., SuHx, MCT, and chronic hypoxia).
This suggests that angio-obliteration is an important compo-
nent of pulmonary vascular resistance in the SuHx model, and
is likely to be similarly important in pulmonary vascular re-
modeling in patients with PAH. The striking resemblance of
vascular lesions in SuHx rats and patients with PAH was re-
cently demonstrated (36), and it is of importance to underline
the fact that PAH-like vascular obstructions are not found in
other frequently used pulmonary hypertension models, incl-
uding the MCT and chronic hypoxia models. Our findings
demonstrate that an antiangiogenic treatment strategy is fun-
damentally different from current treatment strategies in
patients with PAH, which are all predominantly directed to-
ward vasodilatation and pulmonary artery smooth muscle
hypertrophy, but not toward reopening obliterated small pul-
monary arteries. The similarities between cancer angiogenesis
and vascular remodeling in PAH (2) may suggest that, as in
cancer treatments, PAH may be appropriately treated with
a multimodality approach, perhaps using copper chelation in
conjunction with tyrosine kinase inhibitors, which are also be-
ing explored in PAH (37).

Consistent with the notion that copper is required for the for-
mation of angioproliferative lesions, the cessation of copper re-
striction and chelation led to the recurrence of lesions and of
PAH (Figure 4). Although a unifying mechanism of action of
TTM in the SuHx model has yet to be elucidated, our data
indicate that the copper chelator not only slows the growth of
pulmonary endothelial cells (including cells cultured from
patients with idiopathic PAH; Figure 5), confirming earlier
reports of the antiangiogenic action of the molybdate (13, 14),
but also induces the apoptosis of intraluminal vascular
lesion cells. With TTM treatment, nonadherent, TUNEL-
positive cells were seen in the pulmonary vascular lumen, and
many of these cells expressed Bim, which is a marker of apo-
ptosis of cells induced by inadequate or inappropriate cell–matrix
interactions, or anoikis (38). After 2 weeks of TTM treatment,
the total lung tissue expression of the antiapoptotic protein
Survivin had decreased, and the amount of tissue ceramide
had increased beyond the amount measured in SuHx lung
tissue. TTM treatment was also associated with the increased
expression of AIF, whereas the pan-caspase inhibitor Z-Asp
did not prevent the reopening of arterioles and the reduc-
tion of pulmonary hypertension by TTM. These findings,
taken together, are consistent with the induction of caspase-
independent pathways of cell death (27, 29, 30), rather than
with vessel luminal reopening by means of caspase-dependent
apoptosis. We lack information regarding whether ceramide
can contribute to the caspase-independent death of lung cells,
although endothelial cell apoptosis in the lung after the stim-
ulation of ceramide production has been reported (39), simi-
lar to the death of cancer cells (26–28).

The intracellular actions of TTM are a subject of intense in-
vestigation. In our experiments, dietary copper restriction com-
pletely prevented the development of vascular lesions, which
suggests that the elimination of copper by TTM is an important
mode of action. Recent studies indicate that the extraordinary
affinity of molybdenum sulfate for copper is responsible for
the ability of TTM to block metal transfer functions between
copper-trafficking proteins (40). In this way, TTM effectively

eliminates the function of copper without physically removing
the trace metal from the cell. By this mechanism, TTM may
affect the phenotype of lumen-obliterating cells in SuHx rats.
Copper serves as a critically important cofactor of enzymes that
regulate cellular respiration, antioxidant defenses, and iron me-
tabolism (9). Hyperproliferative lesions in cancer and athero-
sclerosis have higher cell nuclear copper levels than normal
tissue cells (41). Our choice of a TTM dose of 10 mg/kg was
based on the literature concerning safe and effective antiangio-
genic treatments in rodents. Because the effect of TTM does not
depend on the prevention of intestinal absorption or on the
physical removal of copper from tissues, we did not consider
it critical to titrate toward an effective minimal dose, or to add
an experimental group of SuHx rats treated with TTM and fed
a high copper diet.

In fully occluded pulmonary arterioles, the expression of the
antioxidant enzyme SOD-1, surprisingly, was lost, as shown by
immunohistochemistry, and TTM treatment for 2 weeks reduced
SOD activity in lung tissue below the control activity level. The
latter finding was expected, because TTM affects the expression
and action of the CuZn SOD (15). Although the combination
of elevated ceramide concentrations and reduced SOD activity
may have exposed pulmonary arteriolar lesion cells to intensive
oxidant stress, we were unable to block the lumen-opening actions of
TTM by treating SuHx animals with high doses of N-actelycysteine
or a SOD mimetic, suggesting that reduced SOD activity alone
does not explain the mechanism of TTM in this model of PAH.
Lastly, we considered that TTM might resolve pulmonary vas-
cular lesion cells by inhibiting the copper-dependent elastin and
collagen cross-linking enzyme LOX-1, but we found that
an established inhibitor of this enzyme (b-aminopropionitrile)
only worsened the pulmonary vascular remodeling and pulmo-
nary hypertension in Su/Hx animals. In our experiments, we did
not address the possibility of immune modulation by copper
restriction and TTM, although there is work suggesting that
such mechanisms could be involved (42).

We conclude that in the SuHx model, proliferative lumen-
obliterating pulmonary vasculopathy is copper-dependent.
Both the cell growth and the phenotypic switch of cells to
apoptosis-resistant status can be prevented by copper defi-
ciency, whereas the vascular muscularization in the chronic
hypoxia and MCT models cannot. The mechanism of luminal
reopening in our model of severe PAH appears to be complex,
depending on a formof caspase-independent apoptosis, a reduc-
tion of cell proliferation, and a return to a more normal vessel
wall cell phenotype. The increased expression of the avb3 in-
tegrin was described as characteristic of activated endothelial
cells and of endothelial cell growth (43–47). In this context, it
is of interest that the treatment of SuHx animals with TTM for
2 weeks normalized the tissue expression of this integrin.

Based on our data, exploring the possibility of TTM treat-
ment in patients with PAH seems justified. After establishing
the feasibility and safety of TTM treatment in cancer patients
(48, 49), the efficacy of the drug as an anticancer treatment is
being tested. Although the drug may appear safe in oncologic
patients, inherent dangers to antiangiogenic treatment may
arise in patients with pulmonary hypertension. We recently
reported that RV adaptation to mechanical stress induced by
pulmonary artery banding is impeded by dietary copper restric-
tion (23). For a given degree of RV pressure overload, copper
restriction is associated with excessive fibrogenesis and capillary
rarefaction. The preclinical data presented here suggest that
TTM treatment may be safe as long as it can induce a substantial
decrease in pulmonary vascular resistance. This concept will
need to be rigorously tested before TTM can be proposed as
a novel therapeutic agent in PAH.
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