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Abstract Angiotensin-(1-7) is a heptapeptide hormone of the renin-angiotensin
system with anti-proliferative, anti-inflammatory, anti-oxidant, anti-angiogenic, and
anti-fibrotic properties. This chapter summarizes published preclinical and clin-
ical research assessing the use of angiotensin-(1-7) as a chemotherapy for cancer
and cancer-related pathologies. Animal studies demonstrate that the heptapeptide
hormone activates a unique angiotensin receptor masl to attenuate lung, breast,
prostate, nasopharyngeal, and liver tumor growth by regulating multiple signaling
pathways critical for carcinogenesis initiation and progression as well as reducing
tumor-associated angiogenesis, inflammatory response, and fibrosis. Clinical benefit
with limited side effects was observed in cancer patient trials assessing Ang-(1-7)
alone or in combination with standard of care therapies. The published results thus far
indicate that angiotensin-(1-7) may serve as a first-in-class, targeted monotherapy
for the treatment of cancer or as an effective adjuvant to enhance reductions in cancer
progression and reduce toxicity of current cancer therapeutic regimens.

Keywords Angiotensin-(1-7) - Cancer * Proliferation - Angiogenesis * Fibrosis -
Metastasis - Clinical trials + Analogs

Introduction

Angiotensin-(1-7) [Ang-(1-7)] is a seven amino acid peptide hormone of the renin-
angiotensin system (RAS), a primary regulator of blood pressure, electrolyte balance,
cardiovascular and renal function, and cell growth [1-4]. In the RAS cascade, the non-
functional precursor protein angiotensinogen is cleaved by the aspartyl protease renin
to form the decapeptide angiotensin I (Ang I) (Fig. 24.1). Subsequently, one of three
enzymes, neprilysin, thimet oligopeptidase, or prolylendopeptidase, convert Ang I
to Ang-(1-7) depending on the physiological compartment. In a two-step process,
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Ang-(1-7) is produced by the cleavage of Ang I to the octapeptide Ang II by the
dipeptidyl-carboxypeptidase angiotensin converting enzyme (ACE) or the endopep-
tidase chymase. The monocarboxypeptidase ACE2 then cleaves Ang II to Ang-
(1-7). The heptapeptide hormone is ultimately degraded by two potential enzymes:
ACE catabolizes Ang-(1-7) to the inactive degradation product Ang-(1-5) [5], while
dipeptidyl peptidase 3 degrades the heptapeptide hormone to Ang-(3—7) or Ang-(5—
7) (Fig. 24.1) [6, 7]. It is important to note that the RAS cascade is highly regulated
with the proteolytic enzymes playing a critical role in maintaining the balance of
tissue and circulating Ang IT and Ang-(1-7) concentrations for normal physiological
function.

The biological actions of peptide hormones are mediated by binding and activating
cell-surface receptors, to initiate cascades of downstream reactions that modulate
physiological processes. Ang II is the endogenous ligand for two G-protein coupled
receptors (GPRCs), angiotensin 1 (AT1) and angiotensin 2 (AT2) receptors, while
Ang-(1-7) binds and activates a unique 325 amino acid GPCR mas1, encoded by the
MASI1 gene [1-4]. Ang-(1-7) interaction with the mas]1 receptor promotes down-
stream signaling through generation of cyclic adenosine monophosphate (cAMP) [8,
9] to reduce cellular proliferation [8, 9]. Incubation with Rp-CAMPS, an inhibitor
of the cAMP-dependent protein kinase A (PKA), in VSMCs abrogated the Ang-
(1-7)-mediated reduction in cell proliferation, indicating that activation of PKA by
cAMP is necessary for the heptapeptide hormone to exert inhibitory effects on cell
growth [10]. Subsequent decades of research demonstrated that the heptapeptide
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hormone through activation of masl1 receptor counter-regulates the actions of mito-
gens, cytokines, and growth factors to prevent dysregulated vasoconstriction, cell
proliferation, oxidative stress, fibrosis, inflammation, angiogenesis, and thrombosis,
depending on the cell type and tissue (Fig. 24.2).

Summarized below are published studies assessing the anti-cancer properties of
Ang-(1-7). This article will focus on the in vivo preclinical research investigating
the effect of the heptapeptide hormone on various types of cancer in animal models,
the clinical trials reported using Ang-(1-7) as a chemotherapeutic drug, and the use
of Ang-(1-7) in combination with standard of care therapies. The research described
below highlight the use of Ang-(1-7) or viral vectors producing Ang-(1-7). In vivo
studies that overexpress ACE?2 to enhance production of Ang-(1-7) were not included
as this enzyme has multiple physiological substrates complicating the ability to assess
the precise molecular mechanism producing the observed effect in the animal or
patient.

Ang-(1-7) and Cancer in Preclinical Animal Models
Lung Cancer

The first evidence that Ang-(1-7) inhibited cancer cell proliferation was reported in
lung cancer cells by Gallagher and Tallant [11]. Sub-nanomolar concentrations of
the heptapeptide hormone significantly reduced DNA synthesis and proliferation of
human adenocarcinoma SK-LU-1 and A549 cells as well as non-small lung cancer
SK-MES-1 cells as determined by attenuated serum-stimulated [*H]-thymidine
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incorporation, decreased cell number and ERK1/ERK2 dephosphorylation. Treat-
ment with the heptapeptide hormone also decreased MAP kinase signaling and Akt
and PI3K activation in platinum-resistant human lung cancer cells [12]. Delivery of
Ang-(1-7) by lentiviral transduction resulted in reduced lung cell proliferation with
an associated decrease in DNA synthesis and the replicative protein Cdc6 [13, 14],
suggesting that the heptapeptide hormone regulates multiple proliferative signaling
pathways. No reduction in lung cancer cell proliferation was observed following
incubation with Ang I, Ang II, Ang-(2-8), Ang-(3-7) or Ang-(3-8) [11], demon-
strating peptide specificity. Inhibition of proliferation by Ang-(1-7) was blocked by
the mas1 receptor antagonist [D-Alanine’]-Ang-(1-7) (D-ala). Incubation with the
Ang II type 1 receptor antagonist losartan or the Ang II type 2 receptor antago-
nist PD123319 did not attenuate the reduction in lung cancer cell proliferation by
Ang-(1-7), supporting a selective receptor-mediated process.

Administration of the heptapeptide hormone by osmotic mini-pump [15], subcu-
taneous injection [16] or adenoviral vector delivery [13, 14] caused a significant
reduction in lung tumor xenograft volume and wet weight as well as a decrease in
the immunostaining of proliferation marker Ki67 in tumors from mice as compared
to saline-treated control rodents. A similar attenuation of tumor volume and weight
was observed following Ang-(1-7) treatment of mice harboring platinum resistant
lung tumors [12]. No adverse reactions in the animals or tissue and organ abnormal-
ities were observed with Ang-(1-7) administration, indicating that the heptapeptide
hormone was well-tolerated and may have limited quality-of-life effects when admin-
istered to patients. A marked decrease in COX-2 mRNA and protein was observed
in tumor tissue from Ang-(1-7) treated mice as compared to controls, suggesting
that regulation of prostaglandin synthesis by the heptapeptide hormone may play a
role in the attenuation of lung tumor growth. In support of these in vivo findings,
Ang-(1-7) or the microRNA miR-513a that is upregulated by Ang-(1-7) inhibited
COX-2 production and activity in serum-stimulated human A549 lung cancer cells
with an associated decrease in the anti-inflammatory prostaglandin E2 [11, 17, 18].

Ang-(1-7) also inhibited angiogenesis in human A549 tumor xenografts [16]
and platinum-resistant lung cancer xenografts [12] with a concomitant decrease in
the pro-angiogenic cytokine VEGF. Treatment of the parent A549 lung cancer cells
or platinum-resistant human lung cancer cells with the heptapeptide hormone also
resulted in a reduction in VEGF protein and mRNA. Additionally, the heptapep-
tide hormone markedly reduced neovascularization of the chick chorioallantoic
membrane and endothelial tubule branching, two models of angiogenesis. Collec-
tively, these studies suggest that Ang-(1-7) could serve as an anti-angiogenic drug
to reduce lung cancer growth.

Migration and invasion of human A549 lung cancer cells in vitro were attenuated
significantly following treatment with nanomolar concentrations of Ang-(1-7) [19].
A concomitant inactivation of Akt/pKB and MAPK signaling and a decrease in metal-
loproteinase 2 and 9 activity was observed, suggesting that the heptapeptide hormone
blocks migration and invasion by inhibiting the degradation of the extracellular matrix
by these two enzymes. Lung cancer cell invasion was attenuated by Ang-(1-7) or
miRNA-149-3p, a microRNA upregulated by the heptapeptide hormone, with an



24 Angiotensin-(1-7): A Prospective Cancer Therapeutic 487

Fig. 24.3 Summary of the ¥ Aberrant Proliferation
characteristics of tumors Lung Tumors
reduced by Ang-(1-7) Breast Tumors

activation of the masl

receptor Prostate Tumors

Nasopharyngeal Tumors
Liver Tumors

¥ Tumor Fibrosis ¥ Inflammation
Breast Tumors Ang-(1-7) Lung Tumors

i ﬂ ) Breast Tumors

masl
¥ Angiogenesis ¥ Migration/Invasion
Lung Tumors Lung Tumors
Prostate Tumors Breast Tumors
Nasopharyngeal Tumors Prostate Tumors
Liver Tumors Nasopharyngeal Tumors

associated decrease in integrin subunit beta, a key protein in proliferation and extra-
cellular matrix interaction [17, 18]. Knockdown or antagonist blockade of the mas1
receptor prevented the decrease in migration and invasion by Ang-(1-7), indicating a
receptor-mediated process. In addition, epithelial-mesenchymal transition in which
epithelial cells gain migratory properties was inhibited in human lung cancer cells
following transfection with a lentiviral construct to over-express the heptapeptide
hormone [13, 14]. The results of these studies suggest that Ang-(1-7) may inhibit
multiple steps in the metastasis cascade (Fig. 24.3); however, animal studies are
needed to determine whether the heptapeptide hormone effectively reduces lung
cancer metastasis in vivo.

Breast Cancer

Ang-(1-7) inhibited the growth of human estrogen receptor positive tumors or human
estrogen receptor positive, HER2-overexpressing tumors in the mammary fat pad of
ovariectomized female mice receiving estrogen replacement therapy, as compared to
tumors from control animals [20]. A concomitant decrease in interstitial and perivas-
cular fibrosis and collagen I deposition was observed in tumors from mice infused
with the heptapeptide hormone, in addition to the reduction in tumor volume and
weight. This suggests that one mechanism whereby Ang-(1-7) attenuates tumor
growth is by preventing the proliferation of growth-promoting cancer-associated
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fibroblasts [21]. In support, the heptapeptide hormone inhibited in vitro proliferation
of fibroblasts isolated from orthotopic breast tumors with an associated reduction in
the pro-fibrotic proteins fibronectin and transforming growth factor § (TGF-) [20].
A decrease in MAP kinase phosphorylation and an accompanying increase in the
phosphatase DUSP1 was observed in tumor-associated fibroblasts incubated with
Ang-(1-7), suggesting an attenuation of MAP kinase signaling to reduce fibroblast
proliferation.

Luoetal. [22] showed that treatment with tamoxifen caused an up-regulation of the
mas] receptor in estrogen-receptor positive MCF-7 cells but not triple-negative basal
A MDA-MB-468 cells. Cell proliferation and invasion were inhibited but apoptosis
was enhanced significantly in estrogen-receptor positive MCF-7 cells, triple-negative
basal A MDA-MB-468 cells, and triple-negative basal B 4T1 cells incubated with
Ang-(1-7). These effects were prevented in all cell lines by knockdown of mas1 with
an siRNA. Further, increased tumor growth was observed following injection of 4T'1
cells transfected with the mas1 siRNA as compared to 4T1 cells containing a control
siRNA. Taken together, these results demonstrate the receptor-mediated action of
Ang-(1-7) in the regulation of proliferation and suggest that mas1 may serve as a
negative regulator of tumor growth (Fig. 24.3).

Ang-(1-7) also prevented the migration of human triple negative MDA-MB-231
cells; migration was equivalent to control levels following co-administration of the
mas] receptor antagonist A-779 with the heptapeptide hormone [23]. Incubation
of MDA-MB-231 cells with Ang-(1-7) resulted in increased E-cadherin, a cancer
metastasis suppressor, and reduced ZEB1, TWIST1 and Snaill, negative transcrip-
tional regulators of E-cadherin, supporting the potential anti-metastatic actions of the
heptapeptide hormone. Further, a marked decrease in NF-kB p65, a transcriptional
regulator of Snaill, phosphorylation of PAK1, a regulator of Snaill nuclear translo-
cation, and the activity of the intracellular Ca** regulator SOCE was observed in
MDA-MB-231 cells after incubation with Ang-(1-7). Taken together, these results
suggest that the heptapeptide hormone modulates the PAK1/NF-kB/Snaill signaling
pathways by decreasing SOCE-mediated Ca?* influx to reduce metastasis.

Prostate Cancer

Krishnan et al. [24] demonstrated a marked reduction in the proliferation of human
LNCaP prostate cancer cells with an associated decrease in secreted angiogenic
factors VEGF and PIGF following incubation with Ang-(1-7). Further, the transcrip-
tion factor HIF-1a, a primary regulator of VEGF family signaling, was also reduced,
suggesting that the heptapeptide hormone could inhibit prostate tumor growth in part
by attenuating angiogenesis. This was supported by in vivo studies in that the volume
and weight of human LNCaP prostate xenograft tumors as well as tumor angiogen-
esis was diminished following infusion of Ang-(1-7) for 54 days. Ki67 and MAP
kinase Erk1/2 phosphorylation were decreased in tumors from mice treated with
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the heptapeptide hormone, demonstrating the anti-proliferative actions of Ang-(1—
7). In addition, tumors from mice administered Ang-(1-7) had reduced VEGF and
PIGF protein and mRNA as well as VEGF receptors Flt-1 and Flk1 but enhanced
concentrations of sFlt-1. SFIt-1 is a soluble decoy receptor that traps VEGF and
PIGF to reduce circulating concentration of the angiogenic factors. Additionally,
s-Flt-1binds to the membrane VEGF receptors and disrupts proliferative signaling.
Taken together, these results suggest that Ang-(1-7) disrupts VEGF family signaling
to reduce prostate tumor angiogenesis, leading to an attenuation of tumor growth
(Fig. 24.3).

Ang-(1-7) attenuated the migration of human PC3 cells in vitro, an effect blocked
by the mas receptor antagonist D-alanine-Ang-(1-7), suggesting that activation of
mas by the heptapeptide hormone may block an early step in metastasis [25]. In
support, infusion of Ang-(1-7) into mice one week prior to the injection of human
PC3 cells into the aortic arch prevented the formation of tumors at metastatic sites,
while 100% of the control mice developed tumors in the submandibular bone, the
spinal column or the long bone of the leg. The heptapeptide hormone also prevented
the growth of tumors produced by injecting prostate cancer cells directly into the
tibia. The inhibition of tumor proliferation was associated with a decrease in osteo-
clastogenesis, indicating that the heptapeptide hormone inhibited the formation of
osteolytic pits required for tumor cell engraft and grow in the bone microenvironment
[26]. These studies suggest that Ang-(1-7) may serve as an effective anti-metastatic
agent in men with prostate cancer.

Nasopharyngeal Carcinoma

The Ang-(1-7) receptor mas was increased in nasopharyngeal carcinoma cell lines
and patient tumors as compared to an immortalized nasopharyngeal epithelial cell line
and normal human nasopharyngeal epithelial tissue, suggesting that nasopharyngeal
carcinomas may be susceptible to the anti-proliferative effects of the heptapeptide
hormone [13]. Transduction of nasopharyngeal carcinoma cells with a lentiviral
construct producing Ang-(1-7) significantly reduced cell proliferation and migration
as compared to cells harboring the control construct. The effect was blocked by the
mas receptor antagonist A-779. Similar to the observations of Krishnan et al. [25]
in prostate tumors, the transduced nasopharyngeal carcinoma cells producing Ang-
(1-7) had reduced phosphorylation of the MAP kinases ERK1/2 and p38, decreased
angiogenic factors VEGF, PIGF, transcription factor Hif-1a, VEGF receptors Flt-1
and Flk-1, and increased the soluble decoy VEGF receptor sFlt-1. These data indicate
that the heptapeptide hormone could attenuate nasopharyngeal carcinoma growth by
inhibiting angiogenesis. Injection of an adenoviral vector construct that produced
Ang-(1-7) significantly decreased the weight of nasopharyngeal xenograft tumors
with an associated reduction in the proliferation marker Ki67. A significant reduction
in vessel density was observed in the tumors from mice injected with the Ang-(1-7)
adenoviral construct as well as a decrease in tumor VEGF and PIGF, HIF-1«, as
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well as FlItl and Flk1 as compared to tumors from control mice. Conversely, the
sFlt-1 was increased with the enhanced production of the heptapeptide hormone,
suggesting that Ang-(1-7) attenuates nasopharyngeal cancer through inhibition of
angiogenesis.

Daily subcutaneous injection of Ang-(1-7) also reduced nasopharyngeal carci-
noma xenographs with a concomitant reduction in the proliferation marker Ki67 [27].
In addition, the phosphorylation of p38, Akt, p-GSK3-8, and mTOR was decreased
significantly in tumors from mice treated with the heptapeptide hormone, while an
increase in the autophagy proteins PI3K, LC3-II, and Becline-1 was observed. Co-
administration of the masl receptor antagonist A779 prevented the attenuation of
tumor growth, the inactivation of the PI3K/Akt/mTor and p38 signaling pathways
and the induction of autophagy by the heptapeptide hormone. Ang-(1-7) reduced
proliferation, migration, and invasion of nasopharyngeal carcinoma cells in vitro
as well as activated autophagy, further supporting the in vivo observations. The
results of the two studies published thus far indicate that the heptapeptide hormone
may reduce nasopharyngeal carcinomas by multiple mechanisms and warrant further
investigation (Fig. 24.3).

Liver Cancer

The growth of mouse hepatic tumor xenografts was inhibited significantly following
subcutaneous infusion of Ang-(1-7) as assessed by tumor volume and weight [28].
The effect was blocked by the mas receptor antagonist A779, demonstrating a
receptor-mediated process. The decrease in hepatic tumor proliferation was asso-
ciated with an increase in apoptotic cells and caspase 3 activity. Administration of
the heptapeptide hormone to tumor-bearing mice also markedly attenuated angio-
genesis in the liver tumors with a concomitant reduction in VEGF mRNA and
protein. Reduced proliferation and increased apoptosis following incubation with
Ang-(1-7) was observed in hepatic H22 cancer cells. The effect was blocked by
co-administration of A779, further supporting the in vivo results.

Mao et al. [29] also demonstrated attenuation of hepatic tumor growth in mice
using adenoviral delivery of Ang-(1-7). A significant reduction in tumor size and
weight was observed in mice administered the heptapeptide hormone as compared
to animals receiving the control vector. Inhibition of cancer cell proliferation was
demonstrated by a reduction in immunostaining of Ki67 and Cdc6 (cell division cycle
6 protein) in tissue sections of tumors from Ang-(1-7) treated mice as compared to
controls. In addition, a marked decrease in the mRNA of the angiogenic factors
VEGF and PIGF as well as the VEGF receptors Flt-1 and Flk-1 was observed in
tumor samples from mice receiving the heptapeptide hormone. Taken together, these
two studies demonstrate that Ang-(1-7) reduces liver cancer in mice by pleiotropic
mechanisms and suggest that the heptapeptide hormone may effectively inhibit liver
cancer in patients (Fig. 24.3).
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Preclinical animal studies support a cytostatic mechanism of action for Ang-(1—
7). While the heptapeptide hormone inhibits tumor growth as compared to the tumors
from untreated control animals, the tumor weight or size is generally not decreased
to baseline measures prior to initiation of Ang-(1-7) treatment [12, 15, 16, 20, 25,
27, 30, 31]. Thus, it may be possible to reduce doses of cytotoxic chemotherapeutics
in combination with Ang-(1-7) and still obtain positive outcomes.

Clinical Trials in Cancer Patients Administered Ang-(1-7)

Subcutaneous injection of Ang-(1-7) in escalating doses (100, 200, 400, and
700 pg/Kg) was administered to cohorts of 3 patients with solid tumors refractory
to standard of care therapy for five consecutive days of a 21 day cycle [32]. Serum
concentrations of the heptapeptide hormone prior to study initiation were equivalent
to healthy adults [33]. The mean half-life was between 25 and 37 min, similar to
previous report by Rodgers et al. [34] in breast cancer patients, with a maximum
bioavailability of 1 h post injection. Attenuation of tumor growth for at least three
months was observed in four of the 15 evaluable patients, while one patient with
metastatic sarcoma receiving the highest dose of Ang-(1-7) had a mixed response
without disease progression for 10 months. The heptapeptide hormone was well
tolerated with mild toxicities for most patients. The maximum tolerated dose (MTD)
was defined as 400 pg/kg since serious adverse events, including vascular abnor-
malities or neuropathy, were observed in two of six patients at the 700 pwg/kg dose.
Prevention in tumor growth was associated with a decrease in circulating concentra-
tions of the angiogenic factor PIGF [32, 35], suggesting a reduction in angiogenesis
by Ang-(1-7).

In a Phase II trial, patients with advanced metastatic sarcoma self-injected
20 mg/day of Ang-(1-7)in a 21-day cycle [36]. This dose was approximately equiva-
lent to the MTD of 400 . g/kg designated in the Phase I trial [32]. Response Evaluation
Criteria in Solid Tumors (RECIST 1.1) [37, 38], an assessment of tumor burden, was
used to evaluate patient response to the heptapeptide hormone. In 9 of 20 patients,
tumor progression was attenuated for more than three months; two of these patients
had disease stabilization for 10 and 19 months. No progressive decrease in plasma
PIGF or VEGF with Ang-(1-7) administration was observed in any patient. One
patient experienced a grade 3 deep vein thrombosis, which was resolved with anti-
coagulants. The primary endpoint of a 10% response rate (percentage of patient’s
cancer reduction after treatment) was not reached with this small cohort.

Based on these two studies, further clinical trials with Ang-(1-7) as amonotherapy
are warranted, as stabilization of tumor progression was observed in a significant
percentage of the small number of patients assessed. Similar to animal studies
described above, the clinical trial results described thus far suggest that the heptapep-
tide hormone has cytostatic actions and may be more efficacious when administered
with cytotoxic therapeutics.
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Combination Therapy with Ang-(1-7) in Preclinical Models

Summarized below are studies assessing Ang-(1-7) with radiation or standard of care
chemotherapeutics. Cancer therapy regimens generally consist of multiple proce-
dures, including surgery, radiation, and cancer drugs. Studies in animal models are
vital to determine whether a combination therapy is more efficacious without the
addition of side effects and there are no antagonistic actions.

Circulating white blood cells as well as bone marrow myeloid, erythroid and
megakaryocyte progenitor cells were increased markedly following Ang-(1-7)
administration to mice receiving total body irradiation [39]. Co-administration of
A779, the masl receptor antagonist, blocked the improvement in hematopoietic
recovery induced by the heptapeptide hormone. Surprisingly, treatment with Ang-(1—
7) several days after total body irradiation still invoked an improvement in hematopoi-
etic recovery [40]. In fact, a more pronounced enhancement of bone marrow progen-
itor cells was observed when Ang-(1-7) treatment was delayed until after cessation
of the myelotoxic damage induced by irradiation. Treatment with the heptapep-
tide hormone also reduced pathological fibrosis induced by radiotherapy. Interstitial
and perivascular fibrosis was increased significantly in the skeletal muscle of mice
exposed to clinically equivalent doses irradiation in the hindlimb as compared to non-
irradiated mice [41]. Infusion of Ang-(1-7) prior to radiation effectively prevented
the pathological fibrotic effect. The radiation-induced increase in the profibrotic
cytokines TGF-f and connective tissue growth factor CTGF in the soleus muscle was
blocked by administration of the heptapeptide hormone prior to irradiation. These
results suggest that Ang-(1-7) may serve as an effective prophylactic to prevent or
recover tissue or organ damage caused by radiotherapy.

Many chemotherapeutic drugs also cause multi-lineage cytopenias and most
hematopoietic agents do not provide protection for the various cell types found
in the blood. Adjuvant treatment of Ang-(1-7) significantly increased early lineage
bone marrow progenitor cells in mice following treatment with the myelosuppres-
sive drugs 5-fluoruracil or cyclophosphamide [42, 43] or gemcitabine [44]. The
combination drug treatment not only enhanced the number of bone marrow progen-
itor cells, circulating blood cells and platelets in myelosuppressive mice greater
than the concentration observed with either agent alone but reduced concentra-
tions of Neupogen or Epogen was required when in combination with Ang-(1-7).
Collectively, these studies indicated that Ang-(1-7) may enhance recovery of bone
marrow hematopoietic precursors and circulating blood cells and elements in patients
following myelosuppressive chemotherapy.

Ager et al. [30, 31] published the first study showing that Ang-(1-7) effectively
reduced liver metastasis induced by intrasplenic injection of colorectal cancer into
mice. Combination therapy of the heptapeptide hormone with an ACE inhibitor or
AT1 receptor blocker did not result in enhanced tumor inhibition. A subsequent
study supported the attenuation of liver metastasis in mice by Ang-(1-7) or the ACE
inhibitor Captopril and further showed that both treatments also caused a marked
increase in hepatic macrophages at the tumor margins [30, 31]. This suggests that
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one mechanism whereby the heptapeptide hormone or ACE inhibitors reduce liver
metastasis is through the immunomodulation of Kupffer cells, which secrete anti-
proliferative factors.

Doxorubicin (Dox) is an effective, anti-cancer drug used to treat patients with
breast, lung, ovarian, bladder, and pediatric cancers. Unfortunately, clinical admin-
istration is limited due to potential cumulative, dose-dependent drug toxicity, which
may be transient or ultimately lead to heart failure. Clinically equivalent doses of Dox
induced alterations in cardiac morphometry as well as global and diastolic dysfunc-
tion in male and female juvenile rats, similar to the pathologies observed in pediatric
patients administered anthracycline therapy [45]. The Dox-mediated cardiac toxicity
was blocked by Ang-(1-7) co-administration to the rats. The heptapeptide hormone
attenuated the increase in NADPH oxidase 4 (Nox4), by-products of lipid peroxi-
dation, malondialdehyde and 4-hydroxynonenal and the decrease in the antioxidant
enzymes superoxide dismutase and catalase caused by Dox administration. Further,
the heptapeptide hormone prevented the enhanced interstitial and coronary vessel
fibrosis with an associated increase in inflammatory cardiac TGF-$1 and pPSMAD2
in the hearts of juvenile rats of both sexes following Dox administration. Dox caused
a significant increase in pulse wave velocity, a measure of arterial stiffness in rats
of both sexes but the mechanism was distinct [46]. An increase in lumen diameter,
wall thickness, media hypertrophy and reduced elasticity was observed in the aortic
arches of male rats administered Dox, while in the juvenile female rats the anthracy-
cline increased fibrosis. The Dox-mediated damage to the juvenile rat aortic arches
was prevented by co-administrations of Ang-(1-7). The results of these two studies
suggest that the heptapeptide hormone may serve as an effective preventative agent
to reduce cardiovascular damage caused by anthracycline administration to cancer
patients (Fig. 24.4).

Administration of Ang-(1-7) or sunitinib (a multi-targeted receptor tyrosine
kinase inhibitor) reduced human clear cell renal cell (RCC) cancer growth in mice;
however, treatment with both drugs in combination more effectively diminished
tumor proliferation [47]. The mas1 receptor antagonist A779 blocked the heptapep-
tide hormone inhibition of RCC growth in mice, demonstrating a receptor-mediated
process. Similar results were obtained with co-administration of Ang-(1-7) with
axitinib, a combined PD-L1 (immune checkpoint inhibitor of the programmed death-
ligand 1) and VEGF-TKI (VEGEF receptor-tyrosine kinase inhibitor), a chemotherapy
regimen used to treat resistant RCC. Monotherapy using Ang-(1-7) or the dual
combination of VEGF-TKI and PD-L1 inhibitor significantly inhibited RCC tumor
growth in mice compared to tumors in the control animals, while combination of the
two drugs enhanced the reduction in tumor proliferation. These results suggest that
this multiple drug regimen including Ang-(1-7) may be more efficacious in patients
with RCC cancer than standard of care therapy.

Taken together, the result of these combination studies suggest that Ang-(1-7)
may enhance the efficacy as well as prevent the toxicity of standard of care therapies,
as no adverse outcomes were reported in the animals receiving combination therapy.
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Fig. 24.4 Dox-induced cardiac damage that is prevented by Ang-(1-7) administration

Clinical Trials in Cancer Patients Administered Ang-(1-7)
With Standard of Care Therapy

Rodgers et al. [34] assessed the use of Ang-(1-7) as an adjuvant to Dox and
cyclophosphamide chemotherapy administered in newly diagnosed breast cancer
patients. This Phase I/II trial evaluated the toxicity and optimal biologic dose of
Ang-(1-7) administered to breast cancer patients after surgery as well as before
and during chemotherapy to mitigate multiple types of cytopenia. Two days after
chemotherapy and at least 10 consecutive days in three consecutive cycles, patients
received escalating doses of Ang-(1-7) by subcutaneous injection or filgrastim,
an approved synthetic drug that stimulates bone marrow production of granulo-
cyte colony-stimulating factor. Ang-(1-7) was administered daily two days after
surgery for seven consecutive days followed by a 1 week drug holiday before the
first cycle of chemotherapy to assess toxicity. No dose limiting toxicity was found
for Ang-(1-7) and no patients administered with the heptapeptide hormone expe-
rienced a treatment-related SAE. While the dose required to mitigate cytopenia
varied by hematological lineages, patients treated with the heptapeptide hormone
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following chemotherapy showed stabilized platelet concentration, reduced incidence
of anemia, lymphopenia, and mucositis, as well as an accelerated recovery of leuko-
cytes, lymphocytes, neutrophils and hemoglobin. This study suggests that Ang-
(1-7) is safe and mitigated the multilineage cytopenias caused by chemotherapy,
demonstrating the potential of Ang-(1-7) as an adjuvant for chemotherapy.

Similar results were obtained in a clinical trial evaluating the efficacy of Ang-
(1-7) as an adjuvant therapy for patients with recurrent ovarian, Fallopian tube,
or peritoneal carcinoma [48]. In this randomized, double-blind, placebo-controlled
Phase II trial, patients received placebo or Ang-(1-7) with either intravenous cisplatin
followed by gemcitabine or gemcitabine with carboplatin. The heptapeptide hormone
in combination with myelosuppressive chemotherapy markedly enhanced platelet
count and reduced Grade 4 thrombocytopenia in patients. Importantly, Ang-(1-7) was
evaluated as a safe, tolerable drug with limited side effects. Unfortunately, the study
was terminated early, due to low enrollment, lower than expected grade 3—4 throm-
bocytopenia in the placebo group, and a change in clinical practices to taxane-based
chemotherapies. Nevertheless, the results of this trial support the use of Ang-(1-7)
as a therapeutic to prevent cumulative myelotoxicity induced by chemotherapeutic
agents.

Conclusions

The research data summarized above indicate that Ang-(1-7) attenuates the growth
of multiple tumor types in mice by pleiotropic mechanisms, including altered or
activated cellular signaling, reduced angiogenesis, tumor-associated fibrosis, and
inflammation as well as increased apoptosis and autophagy. Ang-(1-7) activates
masl, a unique angiotensin receptor to mediate these anti-cancer properties, indi-
cating that the heptapeptide hormone is a targeted therapy. The heptapeptide hormone
has a broader spectrum of anti-cancer properties than current standard-of-care ther-
apies with limited toxicity, indicating enhanced quality-of-life for patients. Thus,
Ang-(1-7) may effectively serve as a first-in-class, targeted drug for the treatment of
cancer and cancer-related pathologies or as an adjuvant to mitigate toxicity caused
by existing treatment regimens. However, before Ang-(1-7) could be considered a
marketable drug it will be necessary to overcome the limited stability of the heptapep-
tide hormone in the circulation as well as the lack of oral bioavailability and a
patent-protected structure needed for drug development to proceed.
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