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Abstract
Lung cancer is a leading cause of death in both men and women, with over 1,000,000 new cases
diagnosed worldwide annually and a 5-year survival rate of only 14%, a figure that has improved
little in the past thirty years. This poor prognosis suggests a need for novel approaches for the
treatment and prevention of lung cancer. The renin-angiotensin system is an established, primary
regulator of blood pressure, homeostasis, and natriuresis; however, compelling evidence indicates
that the angiotensin peptides also play a role in cell proliferation and inflammation. Angiotensin II
is a vasoconstrictor, a mitogen, and an angiogenic factor, while angiotensin-(1-7) has vasodilator,
anti-proliferative, and anti-angiogenic properties. This review focuses on studies examining the
renin-angiotensin system in pulmonary cancers and whether clinical intervention of this pathway
may serve as an effective chemotherapeutic and/or chemopreventive modality for lung cancer.
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Lung cancer is one of the most frequent human cancers with over one million people
diagnosed worldwide each year. The mortality from lung cancer among men and women in
developed countries approaches almost 200,000 new cases and 160,000 deaths annually in
the United States [1-4]. Cigarette smoking accounts for 80-90% of the lung cancer cases.
Chronic exposure to tobacco consumption products is the leading cause of premature
mortality in industrialized countries, resulting in about 50% of deaths in people between 35 -
65 years old. Exposure to asbestos, radon, and other environmental agents, as well as genetic
factors contribute to the remainder of the cases. Despite improvements in treatment
modalities, the 5-year lung cancer survival rate has improved to only 14% in the past thirty
years. The high mortality is due to the frequent presence of advanced stage metastasis at the
initial diagnosis, with more than two-thirds of patients showing lymph-node metastases at
the time of presentation. This grim prognosis indicates the need for novel therapies targeting
unique signaling pathways to reduce lung cancer deaths. This review summarizes studies
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investigating the role of the renin-angiotensin system (RAS) in lung carcinogenesis as well
as explores potential RAS targets for chemotherapy and chemoprevention.

THE RAS
The RAS is a physiological regulator of blood pressure, homeostasis, and cell proliferation,
as reviewed in [5-8]. The parent compound angiotensinogen, produced predominantly in the
liver and secreted into the circulation, is degraded by circulating renin to the decapeptide
angiotensin I (Ang I), as shown in Fig. (1). The cascade diverges with the proteolytic
processing of Ang I to the peptide hormones, Ang II and Ang-(1-7), products with different
carboxy termini and contrasting biological actions. Angiotensin converting enzyme (ACE),
produced primarily in the epithelial cells of the lung, catalyzes the conversion of Ang I to
Ang II and attenuation of the enzyme actions by selective inhibitors, such as enalopril,
captopril, perindopril, is among the therapeutic modalities commonly used to treat patients
with high blood pressure. Blockade of ACE activity prevents the formation of the
vasoconstrictor and mitogen Ang II and the degradation of the vasodilators bradykinin and
Ang-(1-7), leading to a reduction in blood pressure as well as the myriad of beneficial
effects attributed to ACE inhibition. Ang-(1-7), a heptapeptide with anti-proliferative
properties, is normally present in the circulation at concentrations similar to Ang II and is
primarily derived from Ang I by tissue peptidases, including neprilysin, thimet
oligopeptidase and prolyl endopeptidase (as reviewed in [9]). The two arms of the pathway
are bridged by the moncarboxypeptidase angiotensin converting enzyme 2 (ACE2) which
generates Ang-(1-7) from Ang II [10, 11]. While ACE inhibitors have no direct effect on
ACE2 activity [12, 13], we found a marked up-regulation of ACE2 mRNA in Lewis rats
treated with lisinopril [14] as well as an increase in cardiac ACE2 activity [14]. This study
showed that ACE inhibitors indirectly affect ACE2 activity by a transcriptional regulatory
mechanism and supports a role for Ang-(1-7) in the cardioprotective effects of ACE
inhibitors. Ang-(1-7) is also a substrate for ACE [15], suggesting that ACE inhibition not
only elevates Ang-(1-7) by increasing Ang I, a substrate for Ang-(1-7) production, but also
by preventing Ang-(1-7) degradation (Fig. 2).

Ang II acts through two pharmacological classes of seven transmembrane, G protein-
coupled receptors—the angiotensin type 1 (AT1) and angiotensin type II (AT2) receptors
[16, 17] (Fig. 1). In rodents, there are two AT1 receptors (AT1a and AT1b) which have
similar functions but have differential localization, while humans have a single AT1
receptor. The majority of physiological effects associated with Ang II, including
vasoconstriction, natriuresis, diuresis, and mitogenesis, are mediated by the AT1 receptor
and antagonists selective for blockade of AT1 receptor function (angiotensin receptor
blockers or ARBs) are also commonly used in the treatment of hypertension [18]. The AT2
receptor has a more limited tissue distribution but is present in increased amounts in prenatal
tissues and following tissue injury, such as myocardial infarction. Proposed functions for the
AT2 receptor include stimulation of apoptosis and inhibition of cell growth [19-23].

Ang-(1-7) is a poor competitor at the prototypical AT1 or AT2 receptor [24, 25] and the
majority of responses to Ang-(1-7) were not blocked by an AT1 or AT2 receptor antagonist
[25, 26]. [D-alanine7]-angiotensin-(1-7) ([D-Ala7]-Ang-(1-7)), a modified form of Ang-
(1-7) in which proline at position 7 is replaced by D-alanine, selectively blocked responses
to Ang-(1-7), was a poor competitor at the AT1 or AT2 receptor, and did not block pressor
or contractile responses to Ang II [27-30]. We showed that the inhibition of mitogen-
stimulated VSMC growth by Ang-(1-7) was not prevented by AT1 or AT2 receptor
antagonists but [D-Ala7]-Ang-(1-7) effectively blocked growth inhibition by Ang-(1-7) [31,
32]. Santos et al. [33] reported that the orphan G protein-coupled receptor mas is an Ang-
(1-7) receptor. Ang-(1-7) competed for binding to a [D-Ala7]-Ang-(1-7)-sensitive receptor
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and stimulated arachidonic acid production in stably transfected cell lines containing the
mas gene.

Besides serving as an endocrine system, the RAS has paracrine as well as autocrine
functions. RAS complexity is compounded by localization in tissues, resulting in the
synthesis, release, and action of the angiotensin peptides [9, 34, 35]. A functional tissue
RAS was identified in every organ and tissue investigated, although some components of the
pathway, particularly renin, are not always synthesized locally but are acquired from the
endocrine RAS. In addition to normal tissues, RAS components are expressed in a variety of
tumor cells, including carcinomas of the bladder, brain, cervix, colon, kidney, liver, lung,
pancreas, prostate, skin, and stomach as previously reviewed [5, 36-38] as well as additional
articles in this issue. The RAS as a chemotherapeutic target for cancer garnered attention in
recent years since Ang II is implicated in cell proliferation and migration, angiogenesis,
inflammation, and extracellular matrix formation. In addition, anti-hypertensive drugs
currently on the market that manipulate the RAS have strong safety profiles and are
relatively inexpensive.

ANGIOTENSIN PEPTIDE SYNTHESIZING ENZYMES AND LUNG CANCER
A role for RAS in lung cancer was suggested by studies initiated in the 1980s demonstrating
that patients with pulmonary tumors had reduced concentrations of circulating ACE. Romer
found that the serum ACE levels were significantly lower in 141 patients newly diagnosed
with primary lung cancer as compared to healthy controls [39]. This finding was
corroborated by others, demonstrating low serum ACE levels in patients with lung tumors as
compared to patients with other pulmonary diseases or carcinomas [40, 41]. The lowest
serum ACE levels correlated with poor prognosis and higher relapse rate [39, 42, 43] as well
as metastatic disease, suggesting that quantification of serum ACE may be a prognostic
indicator for lung cancer [44]. Further, ACE activity increased in patients with bronchial
carcinoma following chemotherapy or radiotherapy [41, 43, 45] as well as in patients in
clinical remission [44]. Prochazka et al. observed a reduction in ACE activity in primary
human lung tumors as compared to normal lung tissue [46]; a decrease in serum ACE in
patients with lung cancer is likely reflective of increased tumor burden, leading to reduced
pulmonary epithelial cells which are the primary source for circulating ACE, as well as
diminished ACE production by the lung cancer cells. Treatment of patients with
chemotherapy or radiotherapy reduces the tumor load resulting in increased ACE production
[41, 43]. Taken together, these results suggest that plasma ACE activity may serve as an
effective biomarker for patients with poor prognosis as well as an indicator of responders to
therapeutic intervention. With the advent of more sophisticated imaging techniques, ACE is
no longer assessed as a biomarker for lung cancer; however, these studies indicate a
perturbation of the RAS with lung carcinogenesis. Circulating concentrations of ACE are
still quantified as a clinical measure of pulmonary sarcodosis [47].

Neprilysin [CD10, neutral endopeptidase 24.11, common acute lymphoblastic leukemia
antigen (CALLA)] is a cell surface, zinc metalloprotease that cleaves peptide bonds on the
amino side of hydrophobic amino acids. This enzyme catalyzes the conversion of a number
of endogenous peptides, including bradykinin, substance P, neurotensin, oxytocin, atrial
natriuretic factor, endothelin, Met-enkephalin, and Leu-enkephalin. As shown in Fig. (1),
neprilysin also hydrolyzes the precursor RAS peptide Ang I to Ang-(1-7). Neprilysin is
expressed at high levels in the lung, particularly in pulmonary epithelial cells, and regulates
broncho-constriction and tissue responses to peptides. Cigarette smoke inactivates neprilysin
in the lung, leading to the accumulation of mitogenic peptides in the bronchoalveolar lavage
fluid [48-50]. The enzyme is reduced in small cell and non-small cell lung cancer cell lines
and tumors [49] as well as in bronchioalveolar lavage fluid of lung cancer patients [50].
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Transfection of human lung cancer cells with an expression vector containing the neprilysin
gene resulted in reduced proliferation in vitro and in vivo in athymic mouse xenografts [51].
In several of these reports, the authors proposed that the ability of neprilysin to degrade
mitogenic peptides was important in the growth regulation of lung cancer cells. This
suggests that the lack of Ang II degradation as well as reduced production of Ang-(1-7) by
neprilysin may account, at least in part, for the aberrant growth of lung cancer cells. A
summary of the pre-clinical data discussed in this review suggesting that the RAS plays a
role in lung cancer is found in Table 1.

ANG II AND LUNG CANCER CELL GROWTH
There are limited studies examining the Ang II-mediated signaling pathways activated in
lung cancer cells. A dose-dependent, transient increase in cytosolic free calcium was
observed in human A549 lung cancer cells following treatment with Ang II [54]. Losartan
blocked the effect, indicating that AT1 receptor activation was involved in the process. Ang
II had no effect on calcium levels in normal lung cells or small cell lung cancer cell lines,
suggesting that the elevation in free calcium in the A549 cells by the octapeptide may play a
role in non-small cell lung carcinogenesis. Ang II increased COX-2 and prostaglandin E2
production in normal lung fibroblasts in a dose-dependent manner but not in the human lung
adenocarcinoma A549 cell line; this difference may be due to an enhanced level of COX-2
in the cancer cells, thereby limiting the regulatory effect of the angiotensin peptide [66-69].
Further studies are needed to corroborate these findings in vitro and in vivo.

Bruce Uhal and colleagues demonstrated that the ACE inhibitors captopril or lisinopril
blocked apoptosis induced by activation of the Fas receptor in human and rat alveolar
epithelial cells as well as human A549 lung cancer cells [55, 56]. Conversely, direct Ang II
treatment stimulated apoptosis in these cells and the effect was blocked by losartan, a
specific AT1 receptor blocker but not by the selective AT2 receptor antagonists PD-123319
or PD-126055 [70]. The activation of Fas as well as the stimulation of apoptosis by either
bleomycin or amiodarone resulted in increased Ang II concentration and angiotensinogen
mRNA in both rat alveolar epithelial cells and human A549 lung cancer cells which was
blocked by anti-sense oligonucleotides to angiotensinogen, ACE inhibitors, or ARBs [56,
71]. These results suggest that Ang II promotes apoptosis in lung cancer cells; treatment
with ACE inhibitors that prevent Ang II synthesis or ARBs that block the actions of Ang II
inhibits this response. Conversely, the ACE inhibitor captopril induced apoptosis in LNM35
lung cancer cells [72], the ARB losartan increased apoptosis in C6 glioma cells or tumors
[73] as well as human pancreatic cells [74], telmisartan, an AT1 receptor antagonist, induced
early apoptosis and DNA fragmentation in prostate cancer cells [75] and ACE inhibitors or
ARBs enhance programmed cell death in leukemic cell lines [76]. As the studies from Uhal
and colleagues also conflict with existing literature demonstrating that Ang II promotes
proliferation in a variety of vascular and cancer cells, further study is warranted to determine
the balance between the proliferative and apoptotic actions of Ang II in lung cancer cells.
The discrepancy observed may be due to differences in the ratio of the AT1 to AT2 receptor
on the cancer cell lines examined. Receptor binding assays using pharmacological
antagonists for the two receptor subtypes are needed to begin to understand the regulation of
apoptosis in various cancers by Ang II.

EFFECT OF ACE INHIBITORS AND ARBS ON LUNG CARCINOGENESIS
In a retrospective study of 5207 patients in Scotland, the relative risks of incident and fatal
cancer among the 1559 patients treated with ACE inhibitors were significantly reduced, to
0.72 and 0.65, respectively [77]. The relative risk was lowest in patients with lung, colon, or
sex-specific cancer, as compared with other sites. Inhibition of ACE activity decreases the
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vasoconstrictor and growth stimulator Ang II and increases Ang-(1-7), a heptapeptide with
vasodilator and anti-proliferative properties [78, 79] (Fig. 2). This suggests that the reduced
risk of cancer could result not only from decreased Ang II but also from the elevation in
Ang-(1-7). Since this clinical study demonstrated a reduced incidence of lung cancer, the
alteration in the angiotensin peptide levels by ACE inhibitors may not only inhibit the
growth of lung cancer cells, but also prevent lung tumor formation. In a similar retrospective
study, patients with advanced non-small-cell lung cancer that received a therapy regimen of
an ACE inhibitor or ARB with a first-line platinum-based chemotherapeutics had a 3.1
month longer median survival than patients not receiving the anti-hypertensive medication
[80]. These results suggest that ACE inhibitors or ARBs may provide enhanced efficacy for
lung cancer in combination with chemotherapeutics.

Pre-clinical studies with ACE inhibitors or ARBs also demonstrate a role for the RAS in
lung carcinogenesis as well as prevention of lung tumor formation. Prontera et al. showed
that the combination of the matrix metalloproteinase inhibitor batimastat and the ACE
inhibitor captopril markedly reduced the mean volume, mean metastasis and survival time of
Lewis lung tumors in syngeneic C57BL/6 mice as compared to control animals [59]. In
addition, cyclosporin-enhanced pulmonary metastases were reduced to control levels in mice
following treatment with the AT1 receptor antagonist losartan [62]. Attoub et al. reported
that the ACE inhibitor captopril reduced the growth of human LNM35 lung tumors as well
as lymph node metastases in mice by more than 50% as compared to tumors in control
animals with no appreciable side-effects [72]. Immunohistochemical analysis of tumor tissue
sections showed that captopril administration markedly reduced the cell proliferation marker
Ki67. Captopril induced apoptotic morphological changes in LNM35 lung cancer cells,
suggesting that the anti-proliferative effect of this ACE inhibitor was due to induction of
programmed cell death. Taken together, these studies suggest that administration of ACE
inhibitors or ARBs may effectively reduce lung cancer proliferation as well as lung tumor
metastases to prevent further tumor formation.

EFFECT OF ACE INHIBITORS AND ARBS ON LUNG TUMOR
ANGIOGENESIS

Ang II increased the growth of vascular smooth muscle cells in vitro and stimulated blood
vessel formation in several in vivo models of angiogenesis [81-84]; conversely, ACE
inhibitors that block endogenous Ang II production or ARBs that attenuate Ang II activity
reduce angiogenesis. The AT1 receptor antagonist candesartan (TCV-116, CV11974)
significantly inhibited the growth of pulmonary metastases from renal cell carcinoma with
an associated decrease in vascular endothelial growth factor (VEGF) and inhibition of
angiogenesis as compared to control animals [63]. In similar studies, the lung metastasis of
intravenously injected Lewis lung carcinoma cells was markedly inhibited following
candesartan or ACE inhibitor lisinopril treatment with a significant decrease in tumor-
associated blood vessel formation [61]. A significant reduction in VEGF-A mRNA and
protein in association with attenuated tumor growth was also observed in Lewis lung tumors
following candesartan administration [52], Incubation of Lewis lung carcinoma cells with
Ang II caused a significant increase in VEGF-A mRNA and protein which was prevented by
co-administration of an AT1 receptor antagonist. While these studies demonstrate that Ang
II stimulates angiogenesis in lung tumors through activation of AT1 receptors, the molecular
signaling pathways involved in the process are not known.

AT2 RECEPTOR AND LUNG CARCINOGENESIS
As illustrated in Fig. (1), Ang II activates both AT1 and AT2 receptors, two distinct
pharmacological classes of seven transmembrane, G protein-coupled receptors [16, 17].
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While the physiological role of the AT1 receptor in blood pressure regulation, diuresis, and
mitogenesis is established, the precise function of the AT2 receptor is not clear for many
tissues. Several studies demonstrate that Ang II binding to the AT2 receptor may be involved
in lung carcinogenesis. Kanehira et al. showed that AT2 receptor-null mice had reduced
tumor number and multiplicity following treatment with NNK [4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone] as compared to control [64]. Co-incubation of A549 human lung
cancer cells with lung fibroblasts from the AT2 receptor-null mice decreased colony count
with an associated increase in transforming growth factor-β (TGF-β) production, suggesting
that the AT2 receptor on lung fibroblasts may be involved in chemical carcinogen-induced
lung tumorigenesis. The immunostain for both the AT1 and AT2 receptors was enhanced in
NNK-induced tumor sections, [65] indicating a potential role not only for the angiotensins
receptors on lung cancer cells but also on cells of the tumor microenvironment in lung
carcinogenesis. In support, the volume of Lewis lung tumor xenografts was significantly
reduced in mice following administration of the AT2 receptor antagonist PD123,319 (20 mg/
kg/day) with an associated reduction in VEGF [60]. Inhibition of the parent cell growth was
also observed following blockade of the AT2 receptor with an associated reduction in
VEGF. These studies suggest that activation of the AT2 receptor may promote lung
tumorigenesis by increasing cell proliferation and tumor angiogenesis. Conversely, Pickel et
al. [85] found that over-expression of the AT2 receptor using nanoparticle vectors reduced
the growth, increased the number of apoptotic cells and activated caspase 3 in the human
adenocarcinoma cell line A549 and bronchioalveolar carcinoma line H358. These results
suggest that activation of the AT2 receptor may inhibit lung cancer proliferation and are in
conflict with the studies described above in carcinogen-induced lung tumorigenesis and in
the Lewis lung tumor xenografts. The differences may be reflective of the AT2 receptor
number as an 80-fold increase in the AT2 receptor mRNA was detected in the A549
transfected cell line [85]. While the protein concentration of the receptor was not
determined, the mRNA data suggest that the level of the AT2 receptor achieved by
transfection using the nanoparticle vectors may be considerably higher than occurs by
normal, physiological regulation. Further studies are certainly needed to rectify this
conflicting data before the AT2 receptor could be considered as a target for lung cancer
intervention.

ANG-(1-7) AND LUNG CANCER
As discussed above, Ang-(1-7) is an endogenous, seven amino acid peptide hormone of the
RAS with vasodilator, anti-proliferative, and anti-thrombotic properties. Ang-(1-7) mediates
biological properties through activation of a unique, G-protein-coupled AT(1-7) receptor,
mas. We showed that this heptapeptide inhibits the growth of human lung cancer cells
through a reduction in MAP kinase [53]. Ang-(l-7) caused a significant decrease in serum-
stimulated growth of human SK-LU-1, A549, and SK-MES-1 lung cancer cells with a dose-
and time-dependent reduction in DNA synthesis and IC50’s in the sub-nanomolar range.
Other angiotensin peptides, Ang I, Ang II, Ang-(2-8), Ang-(3-8) and Ang-(3-7), did not
attenuate mitogen-stimulated DNA synthesis of SK-LU-1 cells, demonstrating that Ang-
(l-7) selectively inhibits the growth of these human cancer cells. The Ang-(l-7) receptor
antagonist [D-Ala7]-Ang-(l-7) blocked the attenuation of serum-stimulated DNA synthesis
in SK-LU-1 cells by Ang-(l-7), while neither AT1 nor AT2 angiotensin receptor subtype
antagonists prevented the response to the heptapeptide. Mas mRNA and protein were
detected in the three lung cancer cell lines, suggesting that mas mediated the anti-
proliferative response. Pretreatment of SK-LU-1 cells with 10 nM Ang-(l-7) reduced serum-
stimulated phosphorylation of ERK1 and ERK2 (by 61% and 68%, respectively), indicating
that the anti-proliferative effects may occur, at least in part, through inhibition of the ERK
signal transduction pathway. These results suggest that Ang-(l-7) inhibits lung cancer cell
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growth through activation of an angiotensin peptide receptor and may represent a novel
therapeutic and/or preventive treatment for lung cancer.

Ang-(1-7) administration markedly attenuated the growth of human A549 lung cancer
xenografts [57]. Tumor volume was reduced by 30% following medication with the
heptapeptide as compared with the size before treatment; in contrast, tumor size in the
saline-treated animals increased 2.5-fold. No adverse side effects, including changes in heart
and body weight, heart rate or blood pressure, were observed following Ang-(1-7)
administration. The tumor inhibition correlated with a reduction in the proliferation marker
Ki67 as well as cyclooxygenase 2 (COX-2) mRNA and protein in tumors from the Ang-
(1-7)-medicated animals as compared with the saline control tumor tissue. In contrast, the
heptapeptide had no effect on COX-1 mRNA in xenograft tumors. Similar results for COX
regulation were observed with the parent A549 human lung cancer cells in tissue culture.
These results suggest that Ang-(1-7) may decrease COX-2 activity and pro-inflammatory
prostaglandins to inhibit lung tumor growth. Because Ang-(1-7) reduces growth through
activation of a selective AT(1-7) receptor, the heptapeptide may serve as a first-in-class,
targeted therapy for lung cancer by reducing COX-2.

COXs, the key enzymes in the conversion of arachidonic acid to prostaglandins (PGs) and
other bioactive lipids, are up-regulated by a wide variety of mitogens and tumor promoting
agents involved in the regulation of normal growth responses and in aberrant cellular
growth. Selective COX-2 inhibitors provided a promising treatment for lung cancer. COX-2
is over-expressed in lung tumors [86-89] COX-2 inhibitors prevent lung cancer in
experimental animals, [86, 87, 90, 91] and epidemiological studies suggest that regular use
of NSAIDs can reduce incidence of lung cancer [92]. Unfortunately, a number of these
drugs were withdrawn from the market due to an increased risk of cardiovascular events
with long-term drug treatment for colon cancer [93]. The APPROVe (Adenomatous Polyp
Prevention on VIOXX) study was stopped after 18 months since patients taking rofecoxib
had twice the risk of a myocardial infarction compared with those receiving placebo.
Increased incidence of thrombotic events (myocardial infarction, angina, stroke, transient
ischemic events, etc.) was reported in previous clinical trials with Vioxx (VIGOR, with
8076 patients) and Celecoxib (CLASS, with 8059 patients); additionally, in 23,407 patients
in primary prevention trials, the increased incidence of cardiovascular events was 0.74% and
0.80% with rofecoxib and celecoxib, respectively, compared to the normal population
(0.52%) [93]. Since Ang-(1-7), an endogenous peptide hormone, causes a significant but not
complete reduction in COX-2, treatment with the heptapeptide or drugs that elevate
endogenous Ang-(1-7) may represent a novel mechanism to reduce COX-2 activity and
inhibit lung cancer cell growth and tumor formation. Ang-(1-7) has anti-thrombotic
properties, which will oppose any increase in thrombosis by reduced COX-2 activity. Ang-
(1-7) caused a decrease in thrombus weight following vena cava occlusion as well as
reduced collagen adhesion to platelets, in 2-kidney, 1-clip hypertensive rats [94]. Yoshida et
al. [95] reported an increase in plasminogen activated inhibitor-1 (PAI-1) and tissue
plasminogen activator in cultured human umbilical vein endothelial cells treated with Ang-
(1-7). These results suggest that Ang-(1-7) may reduce COX-2 to inhibit lung cancer cell
growth as well as provide anti-thrombotic protection against cardiovascular events due to
decreased COX-2 in blood vessels.

ANG-(1-7) AND ANGIOGENESIS
Ang-(1-7) inhibited angiogenesis in a murine sponge model, a technique representative of
the formation of new blood vessels from pre-existing blood vessels during wound healing
[82]. In this model, a cannulated sponge disc was implanted subcutaneously in the dorsa of
mice to induce a wound repair response. Infusion of Ang-(1-7) reduced hemoglobin content,
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blood flow, and proliferative activity in the disc, as compared to a disc-containing vehicle.
The anti-angiogenic effect of the heptapeptide in this model was regulated by a [D-Ala7]-
Ang-(1-7)-specific receptor and was blocked by pre-incubation with either aminoguanidine
or NG-nitro-Z-arginine methyl ester (L-NAME), indicating that the response was mediated
by nitric oxide [96]. While this is a model of angiogenesis during wound healing, it suggests
that Ang-(1-7) may inhibit the angiogenesis that occurs during tumor formation, to supply
necessary nutrients for tumor growth.

We showed that subcutaneous injection of Ang-(1-7) not only caused a significant reduction
in human A549 lung tumor xenograft growth in mice but also markedly decreased vessel
density [58], suggesting that the heptapeptide inhibits angiogenesis to reduce tumor size.
VEGF-A, a primary angiogenic factor, was reduced approximately 85% in lung tumor
xenografts from mice medicated with Ang-(1-7) as compared to tumors from saline-treated
animals. An associated decrease in VEGF-A mRNA suggested that a transcriptional
regulatory mechanism was involved in the reduction of angiogenic factor by the
heptapeptide. Similar results were obtained with the parent A549 human lung cancer cells in
culture with a maximal decrease in VEGF-A after 12 h treatment with Ang-(1-7).
Antagonists specific for the Ang-(1-7) receptor completely blocked the reduction in VEGF-
A by the heptapeptide. We previously showed that intravenous infusion of 24 μg/kg/h of
Ang-(1-7) for 28 days markedly attenuated human A549 lung cancer xenografts [57]. As
shown in Fig. (3), VEGF-A was also reduced in the tumors from animals administered Ang-
(1-7), suggesting that the decrease in the angiogenic factor by the heptapeptide was not
affected by different drug scheduling modalities. Taken together, these results suggest that
Ang-(1-7) attenuates tumor angiogenesis by reducing VEGF-A.

Additional in vitro and in vivo models of angiogenesis were used to assess the anti-
angiogenic properties of Ang-(1-7).[58] A decrease in human endothelial cell tubule
formation in Matrigel was observed following a 16 h incubation with Ang-(1-7), with a
maximal reduction at a 10 nmol/L concentration. The Ang-(1-7)-mediated effects were
blocked by the specific Ang-(1-7) receptor antagonist [D-proline(7)]-Ang-(1-7). Similar
results were obtained using human EA.hy.926 cells, a transformed human endothelial cell
line derived from umbilical vein endothelial cells.[97] EA.hy.926 cells retain their
endothelial phenotype and were previously used to study angiogenesis.[98,99] The cells
were seeded onto Matrigel with or without 10 nM Ang-(1-7) and after 16 h, the EA.hy.926
cells were photographed to visualize and quantify tubule formation. As shown in Panel A of
Fig. (4), EA.hy.926 cells formed multiple tube-like structures on Matrigel. In contrast,
EA.hy.926 cells seeded in the presence of Ang-(1-7) formed fewer tube-like structures and
the length of the tubes decreased compared to those in cells cultured in the absence of the
heptapeptide. Tube formation was reduced significantly in the presence of increasing
concentrations of Ang-(1-7) (Fig. 4, Panel B), suggesting that the heptapeptide inhibits
angiogenesis in a dose-dependent manner. The chorioallantoic membrane (CAM) assay also
was used to assess the effect of Ang-(1-7) on vascularization in vivo.[58] Control embryos
displayed extensive neovascularization, while a marked reduction in vessel formation and
branching was observed following 2-day incubation with 100 nM Ang-(1-7). These effects
were blocked completely by the specific Ang-(1-7) receptor antagonist [D-proline(7)]-Ang-
(1-7), suggesting that the anti-angiogenic actions of the heptapeptide were mediated by an
AT(1-7) receptor. Taken together, these preclinical studies suggest that Ang-(1-7) may be a
first-in-class compound for the treatment of lung cancer, providing combination therapy as a
selective COX-2 and angiogenic inhibitor, targeting a specific AT(1-7) receptor mas.
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PERSPECTIVE
The studies discussed above suggest that the RAS not only may be an effective target for
chemotherapeutic/chemopreventive intervention but also may be involved in lung
carcinogenesis. Undoubtedly, controversies prevail and additional research is required.
Since ACE inhibitors and ARBs are currently prescribed for hypertension control and the
safety profile of these drugs is known, properly designed clinical trials with lung cancer
patients assessing these two medications is certainly feasible. Of note, there are multiple
formulations of ACE inhibitors and ARBs and their efficacy may differ depending on the
drug structure chosen. It is unlikely that ACE inhibitors or ARBs will be a single drug
treatment for lung cancer; however, these medications may provide synergistic effects to
existing chemotherapies by reducing Ang II-mediated mitogenesis and angiogenesis as well
as increasing the anti-proliferative and anti-angiogenic effects of Ang-(1-7). In addition, the
tortuous structure of tumor blood vessels leads to vasoconstriction, thereby limiting drug
delivery. Administration of either ACE inhibitors or ARBs could cause dilation of the tumor
vessels, leading to improved overall drug delivery. The use of these two anti-hypertensive
agents in combination with other chemotherapeutic agents is worthy of investigation.

Both arms of the RAS must be considered in the development of new therapeutic
medications. Drugs that limit the synthesis or activity of Ang II will potentially decrease
tumor growth by attenuating the mitogenic and angiogenic properties of the peptide. On the
other hand, increased production of Ang-(1-7), administration of the heptapeptide, or
activation of the mas receptor with synthetic agonists should inhibit tumor growth by
initiating signaling pathways that reduce cell growth and new blood vessel formation. Since
Ang-(1-7) counteracts the anti-proliferative effects of Ang II as well as other mitogens [31],
drugs that activate the Ang-(1-7) arm of the RAS may be more effective. Based on our
preclinical data discussed above, we initiated a Phase I clinical trial to examine the toxicity
of Ang-(1-7) in patients with solid tumors. The Phase I trial was completed in 18 months
and the results were published in Clinical Cancer Research [100]. The drug was well-
tolerated with no hypertension, bleeding disorders, or drug-related deaths. Of the 15
evaluable patients treated with the heptapeptide, 4 patients displayed clinical benefit with an
associated reduction in circulating placental growth factor, while the remainder of the
patients did not. This is in agreement with our preclinical data demonstrating the anti-
angiogenic effects of Ang-(1-7) [58]. These results suggest that Ang-(1-7), a drug that would
increase endogenous synthesis of Ang-(1-7), or a synthetic agonist of the mas receptor may
represent a novel cancer treatment. However, it is essential that the cardiovascular effects
are considered when designing a chemotherapeutic drug targeting components of the RAS,
as this pathway plays a critical role in blood pressure regulation, homeostasis and
natriuresis.
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ABBREVIATIONS

RAS renin-angiotensin system

Ang angiotensin

ACE angiotensin converting enzyme
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ACE2 angiotensin converting enzyme 2

AT1 angiotensin type 1

AT2 angiotensin type 2

ARB angiotensin receptor blocker

[D-Ala7]-Ang-(1-7) [D-alanine7]-angiotensin-(1-7)

CACCA common acute lymphoblastic leukemia antigen

COX2 cyclooxygenase 2

VEGF vascular endothelial growth factor

NNK [4-methylnitosamino-1-(3-pyridyl)-1-butone]

TGF-β transforming growth factor-β

APPROVe adenomatous polyp prevention on VIOXX

PAI-1 plasminogen activated inhibitor – 1

L-NAME NG-nitro-2-arginine methyl ester
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Fig. (1).
The renin-angiotensin system.
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Fig. (2).
Effect of ACE inhibition on angiotensin peptides.
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Fig. (3).
Reduction of VEGF-A in human A549 lung tumor xenografts infused with saline or Ang-
(1-7). n = 3 for each group.
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Fig. (4).
Ang-(1-7) inhibition of endothelial cell tubule formation. Panel A – A representative
photograph of endothelial cells incubated with or without Ang-(1-7) on Matrigel. Panel B –
Quantification of tubule number following 16 h treatment with various doses of Ang-(1-7).
*p<0.05; n = 3-5.
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Table 1

Summary of Pre-Clinical Studies Supporting a Role for the RAS in Lung Cancer

Source Key Finding Reference

Human NCI-H345, H209, H146,
H82, H69, H187, H2122 and A549

Neprilysin is reduced in small cell and non-small cell lung cancer lines; transfection of
the
neprilysin gene resulted in reduced proliferation. [49]

Murine Lewis lung carcinoma cells

Ang II increased Lewis lung cell VEGF-A which was prevented by addition of an AT1
receptor
antagonist CV11974. [52]

Human SK-LU-1, A549, SK-MES-1
lung cancer cells

Ang-(l-7) caused a significant decrease in serum-stimulated growth of human lung
cancer cells
with an associated reduction in MAP kinase. [53]

Human A549 lung tumor cells
Ang II activation of the AT1 receptor increased cytosolic free calcium in human A549
lung cancer cells. [54]

Ang II promoted apoptosis in lung cancer cells; treatment with ACE inhibitors or ARBs
inhibited the response. [55,56]

Human A549 lung tumor xenografts Ang-(1-7) reduced COX-2 mRNA and protein in human A549 lung cancer cells. [57]

Subcutaneous injection of Ang-(1-7) markedly decreased vessel density with a
concomitant
reduction in VEGF. [58]

Murine Lewis lung carcinoma
xenograft

Batimastat and AT1 receptor blocker captopril reduced the mean volume and mean
metastasis
of Lewis lung tumors. [59]

Attenuated lung tumor growth and a decrease in VEGF-A was observed following ACE
inhibitor candesartan administration. [52]

Tumor xenografts were reduced following AT2 receptor antagonist treatment with an
associated reduction in VEGF. [60 ]

Lewis lung carcinoma metastasis was inhibited following candesartan or lisinopril
treatment
with a decrease in blood vessel formation. [61]

Murine lung metastasis from renal
cell carcinoma

Cyclosporin-enhanced pulmonary metastases were reduced in mice following treatment
with
losartan. [62]

Candesartan inhibited the growth of pulmonary metastases with a decrease in VEGF and
inhibition of angiogenesis. [63]

Chemically-induced mouse lung
tumor

AT2 receptor-null mice had reduced tumor number and multiplicity following treatment
with NNK. [64]

AT2 receptor on lung fibroblasts may be involved in chemical carcinogen-induced lung
tumorigenesis. [64]

Immunostaining for the AT1 and AT2 receptors was enhanced in NNK-induced tumor
sections. [65]
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