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ABSTRACT
Reduced lung capillary expression of angiotensin I-converting enzyme (ACE), a key enzyme in
cardiovascular pathophysiology, and of caveolin-1, an important regulator of endothelial cell
signalling, has been demonstrated in various models of pulmonary arterial hypertension (PAH).
We addressed the relationship between PAH and ACE expression in caveolin-1 knockout mice
(Cav1-/-), which have moderate PAH. Tissue ACE activity was reduced by 50% in lungs from 3month old Cav1-/- mice compared to wild type (WT). A similar reduction in lung endothelial
ACE expression was observed by measuring the lung uptake of
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I-labeled monoclonal anti-

ACE antibody and by quantitative immunohistochemistry. These alterations in ACE are limited
to capillary segments of the pulmonary circulation. Functionally, the increase in pulmonary
artery pressure (PAP) in response to ACE conversion of angiotensin I to angiotensin II in
isolated, perfused mouse lungs was reduced significantly in Cav1-/- mice compared to WT.
Thus, these complementary approaches demonstrate the dependence of lung microvascular
endothelial cell ACE protein expression on caveolin-1 expression and underscore the vital role of
caveolin-1-regulated pulmonary vascular homeostasis on endothelial ACE expression and
activity. In summary, we have revealed a novel role of caveolin-1 in the regulation of ACE
expression in pulmonary capillary endothelial cells. Further understanding of the mechanism by
which reduced caveolin-1 expression leads altered pulmonary vascular development, PAH, and
reduced ACE expression may have important clinical implications in patients with these severe
lung diseases.
Key words: pulmonary hypertension, endothelial dysfunction, anti-ACE monoclonal antibody.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a devastating illness characterized by increased
pulmonary vascular resistance and right heart failure.

The typical histopathologic features

include luminal narrowing of muscular pulmonary arteries and plexiform lesions (Channick and
Rubin, 2005). Recent studies examining plexiform lesions documented the reduced expression
of caveolin-1 (Achcar et al., 2006), a multifaceted 22 kD adaptor protein localized on the inner
leaflet of plasmalemma vesicles. Caveolae are 50-100 nm diameter vesicles originating from
specialized sphingosine- and cholesterol-rich plasma membrane microdomains/lipid rafts
(Anderson, 1998) abundant in endothelial cells and adipocytes. Caveolin-1, the major structural
protein of caveolae, physically interacts with many cell signaling molecules and thus is critically
involved in the regulation of cellular functions such as Ca2+ influx, cell cycle progression,
trafficking of macromolecules, nitric oxide (NO) production and cholesterol transport (Anderson,
1998; Minshall et al., 2002, Minshall et al., 2003).
Caveolin-1 knockout (Cav1-/-) mice exhibit developmental abnormalities in the lung
microvasculature (Drab et al., 2001, Maniatis et al, 2008, Razani et al., 2001), pulmonary arterial
hypertension (PAH) (Maniatis et al., 2008, Zhao et al., 2002) and fibrosis (Drab et al., 2001,
Razani et al., 2001) due to altered type I collagen deposition (Maniatis et al., 2008). The absence
of caveolin-1 in endothelial cells of Cav1-/- mice leads to increased endothelial nitric oxide
synthase (eNOS) activity and NO generation resulting in enhanced relaxation of preconstricted
aortic rings (Drab et al., 2001) and destabilization of cell-cell junctions (Miyawaki-Schimizu et
al., 2006, Schubert et al., 2002).

Therefore, Cav1-/- mice are a model of lung vascular

pathologies characterized by abnormal lung microvessel structure, increased pulmonary vascular
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resistance, thickening of alveolar septa, and PAH despite elevated plasma NO levels (Maniatis et
al., 2008, Zhao et al., 2002). Moreover, administration of the caveolin-1 scaffolding domain
peptide, consisting of amino acids 82-101 of caveolin-1, ameliorated experimental
(monocrotaline-induced) PAH, thus implicating caveolin-1-regulated signalling events in the
pathogenesis of the disease (Jasmin et al., 2006).

Interestingly, Cav1-/- x eNOS-/- double

knockout mice show reduced pulmonary artery pressure compared to Cav1-/- mice (Zhao et al.,
2009) indicating elevated eNOS activity may play a causal role in the etiology of PAH in the
absence of Cav1.
Angiotensin-Converting Enzyme (ACE) is a key enzyme in cardiovascular pathophysiology
(Yang et al., 1970, Ehlers et al., 1989, Bernstein et al., 2005). ACE is critically involved in
endothelial homeostasis by controlling the circulating levels of bradykinin and angiotensin II and
thereby affects vascular development, tone, and permeability, particularly in the lung, the organ
with the highest level of endothelial cell ACE expression. Lung and blood activity of ACE is
also a sensitive marker of endothelial dysfunction, including PAH and lung vascular injury (Kay
et al., 1982, Keane et al., 1982, Oparil et al., 1988, Muzykantov and Danilov, 1991, Morrell et
al., 1995a, Atochina et al, 1997, Orfanos et al., 2000).
Since Cav1-/- mice have PAH in addition to alterations in pulmonary vascular development,
we investigated the relationship between caveolin-1 expression, pulmonary artery pressure, and
ACE expression. Endothelial ACE expression was measured by in vivo radiolabeled mAb
binding (Danilov et al. 1989, Muzykantov and Danilov, 1995, Balyasnikova et al, 2006) and
quantitative immunohistochemistry using a set of mAbs to denatured mouse ACE (Balyasnikova
et al., 2005). The approach, based on the lung accumulation of anti-ACE monoclonal antibodies,
has been proven to be an early and sensitive method to monitor endothelial dysfunction and lung
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injury (Danilov et al, 1989, Muzykantov and Danilov 1991, 1995) as shown in various lung
injury models (Muzykantov and Danilov, 1995).

In the present study, we applied this

methodology in combination with classic measures to examine whether the absence of caveolin1 affects ACE expression in different tissues.

In isolated lung preparations, we measured

increased pulmonary artery pressure (PAP) in response to ATI infusion as a physiological
measure of ATI to ATII conversion by ACE. Using these complementary approaches, we
observed significantly reduced ACE expression and activity in Cav1-/- mouse lungs and reduced
ATI-mediated pulmonary artery vasoconstriction compared to WT mice.
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MATERIALS and METHODS
Chemicals and Reagents. Hippuryl-L-histidyl-L-leucine (Hip-His-Leu), ATI and II and other
reagents were obtained from Sigma (St. Louis, MO), or as specified. For the present studies, we
used rat mAb 4B10.5, which recognizes an epitope localized on the C-terminal domain of native
mouse ACE (Balyasnikova et al., 2006) and rat mAb 4G6, which recognizes both the somatic
and testicular isoforms of ACE (Balyasnikova et al., 2005).
Animals. All animal procedures were approved by the University of Illinois Institutional Animal
Care and Use Committee. Mice were housed in groups of maximally five mice/cage and were
maintained at a 12-hr light-dark cycle, species-appropriate relative humidity and temperature and
ad libitum access to food and water. Mice used in this study were 12-16 week-old Cav1-/- mice
(Jackson Laboratory, Bar Harbor, ME) and strain-matched Black Swiss control mice. [Note: the
background strain of Cav1-/- mice has subsequently changed to B6/129SJ2, which continue to
show reduced ACE expression (unpublished observation)]. For organ harvesting, isofluraneanesthetized mice underwent laparotomy followed by blood sampling from the inferior vena
cava and exsanguination by severing the abdominal aorta. Blood was flushed by injecting 10 ml
of PBS into the right ventricle before organ collection.
ACE activity assay. ACE activity was measured as described (Friedland and Silverstein, 1976).
Briefly, 20 µl of plasma or tissue homogenate (1/10, w/v) diluted in PBS-BSA (0.1 mg/ml) were
added to 200 µl of ACE substrate (5 mM Hip-His-Leu) and incubated 30 min at 37°C. The
reaction was terminated with 0.28 M NaOH, and the His-Leu product was estimated by
incubation with O-phthaldialdehyde. All samples were centrifuged for 3 min at 3000 g before
measurement of the fluorescence using 365 nm excitation and 500 nm emission wavelengths.
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Antibody radiolabeling and in vivo biodistribution. Radio-iodination of antibodies with
was performed in Iodo-Gen precoated tubes (Pierce, Rockford, USA).
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I

Briefly, 100 µg of

antibody was incubated for 5 min on ice with 100 µCi of Na125I. Excess iodine was removed by
gel-filtration on a PD-10 (Sephadex G-25) mini-column (Pharmacia, Uppsala, Sweden). Mice
were injected with antibodies (0.5 µCi) via a jugular vein PE-10 catheter under isoflurane
anesthesia. After 1 hr, the animals were sacrificed and tissue radioactivity was determined by
gamma scintillation counter. Results are expressed as radioactivity per g of wet tissue (cpm/g) as
well as organ/blood radioactivity ratio (Muzykantov and Danilov 1991, 1995).
Immunohistochemistry. To determine possible changes in local ACE expression in lungs and
other organs of Cav1-/- mice versus WT, we performed a systematic study of ACE expression
using mAb 4G6 to denatured mouse ACE, suitable for immunohistochemistry (IHC) on paraffinembedded tissues (Balyasnikova et al., 2005). Routinely processed formalin-fixed and paraffinembedded and native mouse tissues of from 6 mice (3 wild-type Black Swiss mice and 3 Cav 1
KO mice) were obtained from normal parts of several organs with known and characteristic
expression sites of ACE: lung, heart, vessels, liver, kidney, spleen, and testis.
Formalin-fixed and paraffin-embedded 2 to 4 µm tissue sections were generated from lung,
heart, liver, spleen and kidney. The paraffin-embedded material was mounted on super-plan
slides and dried overnight at 37°C.

Microwave treatment was performed in citrate target

retrieval solution (pH 6.0, Dako, Hamburg, Germany). Immunohistochemistry was performed
using the rat alkaline-phosphatase-anti-alkaline-phosphatase (APAAP) technique as described
(Balyasnikova et al., 2005). Sections were incubated with the primary mAb followed by the
secondary rabbit anti-rat immunoglobulin (1:40, Dako, Hamburg, Germany) supplemented with
reconstituted lyophilized mouse serum (1:600, Dianova, Hamburg, Germany) and the rat
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APAAP complex (1:50, Dako Hamburg, Germany). Each step lasted 30 min at RT. Alkaline
phosphatase substrate reaction with fuchsin (100 µg/ml) and levamisole (400 µg/ml) was
performed for 20 min at RT. Sections were counterstained with hematoxylin and mounted in
gelatin.
Semi-quantitative analysis of ACE immunostaining. In order to estimate the level of ACE
expression, semi-quantitative analysis of immunostaining was performed visually and also by
computer-assisted pixel analysis (CAPA; DatInf® GmbH, Tübingen, Germany).. The visual
analysis of endothelial ACE was estimated using a four scale system of no (--), weak (+),
moderate (++), or strong expression (+++) which we have previously used to quantify changes in
local ACE expression in rat models pulmonary hypertension (Morrell et al., 1995) and human
non-neoplastic kidney diseases (Metzger et al., 1999). From each slide, 3 representative pictures
were taken (Zeiss, Axio-Imager A1; camera: Zeiss Ic3; magnification: x10), analysed by CAPA
(DatInf® GmbH, Tübingen, Germany), and averaged (MS Excel). All together, more than 600
slides of all organs from 6 mice were analyzed.
Isolated mouse lung preparation. Ketamine (100 mg/Kg ip)/Xylazine (10 mg ip)-anesthetized
mice were placed on mechanical ventilation via tracheostomy, and following sternotomy, a PE10
catheter was placed in the pulmonary artery (PA) and the left atrium. The lungs were perfused
via the PA catheter with HEPES-buffered RPMI medium and the PAP was recorded
continuously via a force displacement transducer (Maniatis et al., 2006). Drugs were infused
through a side port at 10x concentration and diluted to desired concentration in the main
perfusion line.
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Statistical analysis. All data are presented as mean ± SD. Statistical comparisons were made
using Student’s t-test or one-way analysis of variance (ANOVA).
considered significant.
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P values < 0.05 were

RESULTS
Tissue ACE activity in Cav1-/- mice.
We undertook an initial survey of ACE activity in various organs from WT and Cav1-/- mice,
including lungs, kidneys, brain, spleen, small intestine, heart, striated muscle, liver, testes and
plasma. Whole organ ACE activity of tissue homogenates was taken as the amount of His-Leu
produced by hydrolysis of ACE substrate Hip-His-Leu.

In Cav1-/- mice, we observed a

significant reduction in ACE activity in various organs compared to WT mice (Fig. 1A, B). The
most striking differences were found in the lungs, where ACE activity was reduced by 44% in
Cav1-/- lungs (11,522 ± 908 vs 6452 ± 709 mU/g tissue; n=4, p<0.05). ACE activity was also
significantly reduced in the kidneys (6164 ± 535 vs 5227 ± 418 mU/g tissue; n=4, p<0.05), brain
(125 ± 17 vs 96 ± 5 mU/g tissue; n=4, p<0.05) and spleen (88 ± 5 vs 62 ± 8 mU/g tissue; n=4,
p<0.05) of Cav1-/- mice. No differences in ACE activity between WT and Cav1-/-mice were
observed in the intestine, heart, striated muscle, liver, testes or plasma (Fig. 1A, B).

Endothelial ACE expression in Cav1-/- mice.
To assess ACE expression specifically in endothelial cells, we measured the accumulation of
intravenously injected
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I-labeled mAb 4G10.5 directed against native, catalytically active

mouse ACE (Balyasnikova et al., 2006). This approach has been used previously to quantify
endothelial-bound ACE in various experimental rat injury models, using mAb 9B9 recognizing
rat ACE (Muzykantov and Danilov, 1991, 1995). Consistent with the notion that the pulmonary
capillary endothelium is the main site of ACE expression, the majority of intravenously
administered

125

I-labeled mAb 4G10.5 was retained in lung tissue. In WT mice, 77% of the
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tracer accumulated in the lung, resulting in a 6-fold enrichment in

125

I-labeled mAb 4G10.5

compared to plasma counts of 125I-labeled mAb 4G10.5 (Fig. 2A).
In Cav1-/- lungs, however, we observed only a 4-fold increase in anti-ACE mAb accumulation
relative to plasma (Fig. 2B). All other organs tested had much lower endothelial ACE
expression and thus anti-ACE mAb binding was well below the plasma level of radiolabeled
anti-ACE mAb (Fig. 2A, B). Non-specific accumulation of 125I-labeled rat non-immune IgG into
the studied organs (negative control) did not exceed 10 % of the injected dose per gram of tissue
(in contrast to over 500 % of the injected dose per gram of lung with specific 125I-mAb to ACE
(4B10.5).
Thus, we found a significant (50%) decrease in anti-ACE mAb accumulation in the lungs, which
likely reflects a decrease in endothelial ACE expression (Fig 2C, p<0.05), whereas no
differences were observed between Cav1-/- and WT mouse ACE expression in the plasma, heart,
liver, kidney, spleen, striated muscle and testes (Fig. 2C). These results reflect the difference
between high-level ACE expression of pulmonary ECs and low-level ACE expression seen in
endothelia of the systemic circulation (Franke et al., 1997, Danilov et al., 2001), including the
near absence of ACE in renal endothelia (Metzger et al., 1999) .

Histology and immunohistochemistry of tissue ACE.
The morphology of Cav1-/- tissues was evaluated in paraffin sections by hematoxylin and eosin
staining. Compared to WT lungs, Cav1-/- lungs showed collapsed alveolae and septal thickening
(Fig. 3A and 3B) as reported previously (Maniatis et al., 2008, Zhao et al., 2002).
Immunohistochemical staining profiles in both Cav1-/- and WT mice were consistent with known
ACE expression sites. In WT and Cav1-/- lungs, we observed homogeneous and robust ACE
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staining in all large vessels, including the aorta, large and small arteries, arterioles, veins, and the
pulmonary microcirculation. In most tissues (other than the kidney and lung), ACE expression
in the microcirculation (capillaries and small veins) was detected in approximately 10% of
endothelial cells, in agreement with our previous report (Balyasnikova et al., 2005) , whereas
WT and Cav1-/- lungs showed uniform ACE-labelling in the endothelium of the entire
microcirculation.
Semi-quantitative measurements of ACE expression in the lungs and different organs of WT and
Cav1-/- mice revealed significant differences. In Figure 3, representative images of the lung
histology and anti-mouse ACE mAb 4G6 immunostaining of lung and heart are shown. Whereas
the percentage of ACE-positive capillaries in Cav1-/- mice and WT was equal, the intensity of
staining was significantly reduced in Cav1-/- mice lungs (Fig. 3 C-F). Quantification by
computer-assisted pixel analysis showed a 40% decrease in ACE expression in Cav1-/- lungs
compared to WT, predominantly in the alveolar microvessels. The value of 40% reduction in
ACE expression in the lung of CAV-1 mice was based on the analysis of at least 10 lung sections
from each animal and at least 5 views from each section. Therefore, this value was based on the
analysis of more than 300 views from lungs of 6 mice.

Pulmonary artery presser response to angiotensin I (ATI) and angiotensin II (ATII)
PAP was measured in isolated perfused mouse lungs during infusion of ATI or ATII. Because
the perfusate flow and venous outflow pressure were held constant, changes in PAP in response
to pharmacologic interventions reflect changes in pulmonary vascular resistance. Baseline PAP
during a perfusate flow of 2.0 ml/min was elevated in Cav1-/- lungs compared to WT (6.9 ± 0.14
cmH2O vs. 6.0 ± 0.27 cmH2O; p<0.05, n=3-4). Infusion of 1 µΜ ΑTI increased PAP by 29.3 ±
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3.9% in WT lungs and 17.2 ± 3.0% in Cav1-/- lungs (p<0.05, n=3-4) and 10 µΜ ΑT I raised PAP
by 31 ± 11.0% in WT lungs and 19.4 ± 1.5% in Cav1-/- lungs (p<0.05, n=3-4). Similarly,
infusion of 10 µΜ ΑT ΙI raised PAP by 36.3 ± 16.0% in WT lungs and 13.6 ± 0.3% in Cav1-/lungs (p<0.05, n=3-4) (Fig. 4), indicating pulmonary arteries in the Cav1-/- mouse have reduced
reactivity to AT I and II.

Wunderlich et al. (Wunderlich et al., 2008) recently demonstrated that increased plasma NO2 and
NO3 levels reflect the generation of reactive oxygen species (ROS) rather than purely increased
NO production. To test whether significant increase in plasma ROS in Cav1-/- mice at 3 and 5
months age (181% and 177%, respectively) reduces plasma ACE activity via probably oxidative
inactivation of ACE denaturation, we determined the ratio of Hip-His-Leu to Z-Phe-His-Leu
hydrolysis by plasma ACE from Cav1-/- and WT mice. Similar to our recent report indicating
that this ratio is sensitive to even small denaturation/inactivation in the N and C domain active
centers in somatic ACE (Danilov et al., 2008), the ZPHL/HHL ratio was weakly albeit
statistically higher in Cav1-/- mice (0.91+0.026 versus 0.86+0.025, p=0.026).
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DISCUSSION
Caveolae, the primary vesicular carriers and important signalling hubs in endothelial cells,
are required for proper endothelial function (Minshall et al., 2002; Minshall et al., 2003). Mice
lacking caveolae have severe phenotypic defects due to endothelial impairment resulting in
altered microvessel development (Razani et al, 2001) and barrier integrity (Schubert et al., 2002),
and PAH and right ventricular remodelling despite the paradoxically elevated level of plasma
NO (Zhao et al., 2002).
Previously, using specific monoclonal antibodies to defined epitopes on ACE, we identified
the lung microvascular endothelium as the primary site of lung ACE expression in the rat, human
and mice (Franke et al., 1997, Morrell et al., 1995a, Danilov et al. 2001, Balyasnikova et al.
2006). ACE distribution pattern is altered in hypoxia-induced PAH, predominantly due to a
reduction in capillary ACE expression, whereas in small muscularized arteries, ACE is upregulated (Morrell et al., 1995a). Differences in ACE expression in the lung vasculature provide
a unifying explanation for the paradoxical result that ACE inhibitors attenuated pulmonary
hypertension (Morrell et al., 1995b; Niazova et al., 1996) despite a reduction in total lung ACE
activity (Morrell et al., 1995a).
Because mice lacking caveolin-1 also demonstrated PAH (Drab et al., 2001; Maniatis et al.,
2008; Zhao et al., 2002), we assessed ACE expression in these mice. Using complementary
techniques to discern endothelial from non-endothelial ACE expression, we demonstrated a
significant reduction in endothelial ACE activity and expression level in the lung of Cav1-/- mice.
Whole organ ACE activity was diminished by 50% in lung homogenates, whereas smaller, albeit
significant decreases were also found in the kidney, brain and spleen of Cav1-/- mice. Because
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endothelial cell ACE expression in these organs is very low to undetectable, the observed
differences likely reflect changes in non-endothelial ACE.
The tissue distribution of radiolabeled anti-mouse ACE mAb in mice (Balyasnikova et al.,
2006) correlates with ACE expression on the surface of endothelial cells as shown previously for
mAbs against rat and human ACE (Danilov et al., 1989). In our studies, 77% percent of
intravenously injected ACE mAb was retained in the lung, consistent with the high level of ACE
expression in pulmonary microvessel endothelial cells (Danilov et al., 2001; Franke et al., 1997).
The level of anti-ACE mAb binding in the lung exceeded the plasma concentration by a factor of
6, whereas anti-ACE mAb binding in the remaining organs was far below the plasma levels,
reflecting lower level ACE expression in endothelial cells in the systemic circulation. Using this
method, we showed a 50% decrease in anti-ACE mAb accumulation in the lung of Cav1-/- mice
compared to WT mouse lungs, which likely reflects decreased endothelial cell ACE expression.
This decrease is the same magnitude of difference observed when total lung ACE activity is
measured.

ACE expression in other organs was much lower relative to the lung, and no

differences were observed between Cav1-/- and WT mice in these other organs. This result
reflects a fundamental difference between the two methods of ACE quantification.

The

determination of ACE activity in a whole-organ homogenates reflects total ACE in all cells of
the organ, whereas intravenous injection of radiolabeled antibodies to ACE detects enzyme
expression specifically on the surface of endothelial cells.

As shown previously by other

methods (Maniatis et al., 2008), the capillary density in Cav1-/- mice is not decreased and our
findings cannot be explained by diminished microvascular surface area. Also, because plasma
ACE levels did not change, the observed effect is probably not attributed to shedding of ACE
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into the circulation. Due to the low-level endothelial ACE expression in extrapulmonary tissues,
no differences in antibody uptake were observed between Cav1-/- and WT mice.
In order to determine the anatomic distribution of ACE expressed in the lungs of Cav1-/mice, we performed immunohistochemical staining of lung sections using our mouse-specific
mAbs and quantified the intensity of staining. ACE was distributed almost exclusively in
pulmonary capillaries in WT and Cav1-/- mouse lungs and was not detected in larger pulmonary
blood vessels. However, using this technique, we observed a 40% reduction in ACE expression
in Cav1-/- lungs compared to WT, which was approximately the same difference observed with
the two other methods.
In addition to showing a significant effect of the absence of caveolin-1 on tissue ACE
expression, the present study indicates that evaluation of ACE expression may be an approach to
assess lung endothelial injury in patients with lung abnormalities. Previously, an increase in
serum ACE activity was thought to indicate lung endothelial injury (Kay et al. 1982,
Muzykantov and Danilov, 1991; Orfanos et al., 2000). However, the extent of the increase in
blood ACE activity depends not only on the rate of ACE shedding from lung endothelial cells,
but also on the hepatic clearance rate of ACE from the circulation (Orfanos et al., 2000). The
ability of the liver to metabolize circulating proteins might be also compromised in pathological
conditions and therefore measurement of lung ACE may be a more useful approach.
How can lung ACE be measured in patients? There are at least three approaches. One
approach utilizes injection of labeled ACE substrates and estimation of the rate of the hydrolysis
of these in the blood during passage through the lung (Orfanos et al, 2000, 2001). Another
approach utilizes injection of a labeled ACE inhibitor and determination of the dose required to
specifically block pulmonary ACE activity, which is proportional to the mass of ACE in the
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lung, using positron emission tomography (Qing et al., 2000). Both techniques demonstrated
reliable sensitivity in the detection of lung ACE content and changes induced by pathological
conditions.
Our approach utilizes selective vascular endothelial cell binding of monoclonal antibodies to
ACE, which indicate the amount of ACE in the lung. We found that lung accumulation of mAb
9B9 is a sensitive and early marker to detect acute lung injury before pulmonary edema
formation (Muzykantov and Danilov, 1995; Muzykantov et al., 1991). These prior studies
reproducibly demonstrate that lung accumulation of anti-ACE mAb 9B9 is significantly reduced
in the endotoxin-induced model of septic shock in rats. Even in non-edematous endotoxemia,
accumulation of mAb 9B9 was 30% less than control (Muzykantov et al., 1991). This suggests
that the measurement of anti-ACE mAb accumulation in patients with septic shock may be
useful for estimating the degree of lung injury.

For example, gamma-scintigraphy of

radiolabeled anti-ACE mAb (Muzykantov and Danilov, 1995) in septic patients could be used
clinically for early detection of potentially fatal pulmonary microvascular injury.
The detection of lung endothelial ACE by monoclonal antibodies could be a feasible
approach to surveying endothelial involvement in various pathological conditions in human
lungs as well as other vascular beds. The advantage of this approach compared to currently
existing methods would be the minimal invasiveness, since it would obviate the need for arterial
and central venous catheterization and cardiac output measurement. Thus, it would be possible
for many investigators to widely use the technique in order to assess its validity as a diagnostic
tool and as a means to monitor treatment responses by obtaining serial measurements.
We confirmed the presence of increased PAP in isolated perfused Cav1-/- lungs compared to
WT mouse lungs. Because the left atrial pressure was held constant, an increase in PAP reflects
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increased pulmonary vascular resistance as recently described (Maniatis et al, 2008). PAH in
Cav-1-/- mice is related to a reduction in the density of perfused precapillary vessels due to
distortion and compression of capillaries (Maniatis et al., 2008).

Infusion of ATI led to

vasoconstriction of pulmonary arteries and increased PAP in WT lungs upon conversion to ATII
by ACE. This effect was attenuated in Cav1-/- lungs, in line with reduced ACE levels. However,
we also observed a blunted response to direct ATII infusion indicating the Cav1-/- vascular
muscle cells may be less reactive to vasoconstrictors in general, perhaps due to the higher NO
levels, disruption of ATII signalling (Zuo et al., 2005), or reduced vascular muscle cell Ca2+
influx as observed in caveolin-1 null endothelial cells (Kwiatek et al., 2006). Therefore, the
diminished presser effect of ATI may be only partially due to reduced ACE expression.
Using a variety of techniques, we show a significant and highly reproducible reduction in
ACE levels in the Cav1-/- mouse lung, suggesting a role for caveolin-1 in regulating ACE
expression. Possible mechanisms may include alterations of endothelial cell phenotype with
failure of endothelial cells and microvessels to mature, perhaps due in part to elevated levels of
NO (Fernandez-Alfonso and Gonzàlez, 1999).

Recent data by Wunderlich et al., 2008

demonstrated that increased plasma NO2 and NO3 levels may in fact reflect increased ROS
generation rather than simply enhanced NO production. Our results showing decreased ACE
activity in the lung and increased blood levels of NO3 and NO2 in Cav1-/- mice (Maniatis et al.,
2008) may indicate partial denaturation of lung ACE by ROS and thus a decrease in ACE
activity, immunostaining, and surface expression in Cav1-/- mice. We and others previously
demonstrated oxidative inactivation of ACE (Sakharov et al., 1991; Michel et al., 2001).
Bearing in mind that the C domain of ACE is more sensitive (susceptible) to denaturation
(Marcic et al., 2000; Voronov et al., 2002), the slight decrease in the hydrolysis ratio of ACE
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substrates ZPHL and HHL by plasma ACE and overall lung ACE activity in Cav1-/- mice
perhaps can be explained, at least in part, by accumulation of reactive oxygen species in 3 and 5
month old Cav1-/- mice (Wunderlich et al., 2008).
An alternative explanation for decreased lung capillary ACE in Cav1-/- mice might be due to
the increase in pressure per se, i.e., the “pressure hypothesis”.

We previously made the

observation that capillary endothelial ACE expression appears to respond to changes in systemic
and pulmonary arterial pressure. Thus, only 10-15 % of capillary endothelial cells in the
systemic circulation (having a pressure of approximately 25-30 mmHg) express ACE. The
important exception to this general pattern of endothelial ACE expression was found in the lung
where all endothelial cells (100%) of pulmonary capillaries strongly expressed ACE (Morrell et
al., 1995a; Franke et al., 1997; Danilov et al., 2001), and where the pressure in healthy adults
does not exceed 15-18 mmHg. The opposite was shown for kidney endothelial cells which do
not express ACE and are exposed to pressures of more than 50 mm Hg (Morrell et al., 1995a;
Orfanos et al., 2001). Additional confirmation of the validity of this hypothesis comes from a
study of hypoxia-induced pulmonary hypertension in rats (Morrell et al., 1995a). Exposure of
rats to hypoxic conditions lead to a marked increase in pulmonary pressure (from 17.8 mmHg to
27-31 mmHg mean PAP) and to a significant (50%) decrease in ACE expression in lung
capillaries (Morrell et al., 1995a).

The inverse relationship between pulmonary capillary

pressure and ACE expression was also noted in rats with pulmonary hypertension induced by
monocrotaline (Kay et al., 1982).

Finally, Quing et al., 2000, using PET scanning with

fluorocaptopril, demonstrated that lungs of patients with PPH have 30% of the ACE expression
of healthy controls. It is therefore plausible to suggest that reduction in lung ACE expression in
Cav1-/- mice may be due to an affect of the hypertension per se.
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Our finding may also be relevant to the pathogenesis of pulmonary hypertension. Previous
studies have shown a reduction in caveolin-1 expression in plexiform lesions from patients with
PAH (Achcar et al., 2006). Furthermore, ACE expression is also reduced in patients with
scleroderma (Matucci-Cerinic et al., 1990; Orfanos et al., 2001), a disease associated with PAH.
In addition, caveolin-1 was shown to control collagen production in lung fibroblasts from
scleroderma patients (Tourkina et al., 2005). Therefore, it appears worthwhile to investigate the
function of caveolin-1 in patients with these disorders and to look for caveolin-1 gene
polymorphisms in patients with PAH or scleroderma with lung involvement. In summary, we
have revealed a novel role of caveolin-1 in the regulation of ACE expression in pulmonary
capillary endothelial cells. Further understanding of the mechanism by which reduced caveolin1 expression leads altered pulmonary vascular development, PAH, and reduced ACE expression
may have important clinical implications in patients with these severe lung diseases.
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FIGURE LEGENDS

Figure 1. Tissue ACE activity. Mice were sacrificed, blood and tissues weighed, and
homogenates (1:10 w/v ratio) prepared as described in Methods. ACE activity was measured
fluorimetrically with Hip-Hs-Leu as substrate. A. ACE activity of blood (mU/ml) and tissues
(mU/g of tissue) from WT mice. (B) ACE activity in Cav1-/- mice expressed as percentage of
wild-type mice. Data are mean ± SD, N =7; * p< 0.05.

Figure 2. Endothelial ACE expression. Accumulation of intravenously injected

125

I-labeled

mAb 4B10.5 was used to assess intravascular endothelial cell surface ACE expression.
Radiolabeled mAb injected intravenously into WT and Cav1-/- mice was measured in blood and
tissues after circulating for 1 hr. A, B. 125I-mAb 4B10.5 accumulation is expressed as cpm/ml of
plasma or cpm/gram of tissue (A) and as the organ/blood ratio (B). C. Accumulation of mAb
4B10.5 in organs of Cav1-/- mice is expressed as a % of WT animals. Data are mean ±SD, n=7;
* p< 0.05.

Figure 3. Tissue histology and immunohistochemistry of lung ACE.
Representative paraffin sections from Cav1-/- (A, C, and E) and WT mice (B, D, and F).
Hematoxylin-eosin staining of lung tissue sections shows a substantial thickening of the alveolar
wall and collapsed alveolae apparent in Cav1-/- mice (A) compared with the WT in B. Original
magnification, x400, H&E. ACE immunostaining shows uniform ACE labelling in the
endothelium of the entire alveolar microcirculation of Cav1-/- mice (C) and WT (D). Quantitative
immunostaining for ACE revealed a 40% decrease in ACE expression in Cav1-/- lungs compared
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to WT, as quantified by computer-assisted pixel analysis, based on at least 10 lung sections from
3 animals from each strain (WT and Cav1-/- ) and at least 5 views from each section. C/D mouse
lung: mAb 4G6, original magnification x 200, rat APAAP.
In all organs the percentage of ACE-positive EC in Cav1-/- mice (E) and WT (F) is equal, but the
intensity of staining per EC is significantly reduced in Cav1-/- mice. E and F show heart muscle
with a small muscular artery. Visual quantification revealed weak expression in EC of Cav1-/mice (arrow in E) and strong expression in EC of WT (arrow in F). E/F mouse heart: mAb 4G6,
original magnification x400, rat APAAP.

Figure 4. Effect of AI Infusion on Pulmonary Artery Pressure in the Isolated Perfused
Mouse lung. Pulmonary artery pressure (PAP) was measured in isolated buffer-perfused and
ventilated mouse lung preparations (flow rate = 2.0 ml/min) at baseline and following infusion of
angiotensin I (ATI) and angiotensin II (ATII). Data presented in panel A are absolute PAP values
in cmH2O and in panel B are as percent change from baseline following infusion of ATI and
ATII. PAP at baseline was significantly increased (by 15%) in Cav1-/- lungs compared to WT
(A). Infusion of 1 µΜ and 10 µΜ ΑTΙ increased PAP in both groups (A, B), but the response
was attenuated in Cav1-/- lungs (A, B). Infusion of 10µΜ ΑTII also raised PAP to a greater
extent in WT lungs compared to Cav1-/- lungs (A, B) (*p<0.05, n=3-4).
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