
Development of angiotensin II (1-7) analog as an oral
therapeutic for the treatment of 
chemotherapy-induced myelosuppression

Though widely used, cytotoxic chemotherapy is asso-
ciated with potentially life threatening drug-induced neu-
tropenia, thrombocytopenia, and anemia.1-3 Beyond the
acute dangers of infection, severe fatigue and uncon-
trolled bleeding, the hematological toxicities associated
with these agents may require dosage attenuation or
treatment delays.  Mitigation of hematological deficits
can allow for more dose-dense, on-time, and on-dose
administration - a proven strategy for increasing treat-
ment efficacy.4 Recombinant human granulocyte-colony

stimulating factor (rhG-CSF) for neutropenia and erythro-
poietin (rhEPO) for anemia are now widely used, front-
line treatments for chemotherapy-induced myelosup-
pression.1,5 As biologics, they are both expensive and
require daily injections or the use of cumbersome on-
body injectors. Synthetically accessible and orally
bioavailable alternatives to these drugs could help to
simultaneously decrease the cost of care while improving
patient comfort and compliance.   

Angiotensin (1-7) (A(1-7)) - the endogenous peptide
agonist for the Mas receptor of the renin-angiotensin sys-
tem (RAS) -  plays a well-documented role in stimulating
hematopoiesis and accelerating the recovery of circulat-
ing cells.6 A(1-7) has multi-lineage, proliferative effects on
early bone marrow progenitors including myeloid
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Figure 1. Oral treatment with Nle3-A(1-7) and not A(1-7) reversed leukopenia induced by gemcitabine. Mice (n=7/group in 1 independent experiment) were
treated with 160 mg/kg of gemcitabine on day 0 (gray arrow) and treated starting on day 1 through day 21.  WBC counts were quantified on days -1 (baseline),
3, 8, 15, and 21. To ease visualization of statistical comparisons, each XY graph is also displayed as a bar graph segmented by day.  (A-B) Daily subcutaneous
treatment with A(1-7) and Nle3-A(1-7) or oral treatment with Nle3-A(1-7) resulted in a rapid WBC recovery from gemcitabine-induced leukopenia.  These treat-
ments showed significantly higher circulating WBCs compared to both SQ vehicle and oral A(1-7) treatment starting on day 8. (C-D) Platelet counts were quan-
tified on days -1 (baseline), 3, 8, 15, and 21. After 21 days of treatment, mice treated daily orally with Nle3-A(1-7) showed a recovery from gemcitabine-induced
thrombocytopenia with statistically higher circulating platelets compared to SQ vehicle. (E-F) No effects were seen on RBC counts throughout the study with any
treatment. *P≤0.05, **P≤0.01, ***P≤0.001, and ****P≤0.0001 in comparison with vehicle controls and #P≤ 0.05, ##P≤0.01, ###P≤0.001, and ####P≤0.0001
in comparison with oral A(1-7) treatment by one-way analysis of variance (ANOVA). WBC: white blood cell; RBC: red blood cell; SQ: subcutaneous; CD: cyclodex-
trin. 
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(colony forming unit (CFU)-GM), megakaryocytic (CFU-
MEG), erythroid (burst forming unit (BFU)-E), and com-
mon myeloid (CFU-GEMM) progenitor cells and works
synergistically with lineage specific growth factors to
increase the concentration of circulating formed ele-
ments.7 In a phase I/IIa clinical trial, A(1-7) reduced grade
2-4 anemia, lymphopenia, and thrombocytopenia in
breast cancer patients receiving doxorubicin and
cyclophosphamide.8 In a phase IIb study, A(1-7) 
treatment reduced the incidence and severity of throm-
bocytopenia in ovarian carcinoma patients receiving a
combination of gemcitabine and platinum-based
chemotherapy and allowed for an on-time and on-dose
delivery of the scheduled chemotherapy dose.9

During the development of A(1-7) for hematologic dis-
orders, an analog of A(1-7) substituted at the third posi-
tion with norleucine (Nle) in place of the valine of A(1-7),
Nle3-A(1-7) was developed for topical use.  In a number
of studies, Nle3-A(1-7) displayed a greater ability to stim-
ulate wound healing than A(1-7).10 While clinical data
supports the potential of peptide Mas agonists to stimu-
late hematopoietic recovery, we sought to develop novel
formulations that allow for the oral administration of
A(1-7) and Nle3-A(1-7).

To allow oral dosing treatment while maintaining
hematologic potency, we assessed the ability of inclusion
complexes of these A(1-7) and Nle3-A(1-7) to impart oral
efficacy. β-cyclodextrins are well known for their capaci-
ty to increase the oral bioavailability of peptide therapeu-
tics, including A(1-7).11 β-cyclodextrin formulations of
A(1-7) (β-CD:A(1-7)) and Nle3-A(1-7) (β-CD:Nle3-A(1-7))
were prepared by lyophilization.  

The efficacy of these formulations was tested in a gem-
citabine-induced myelosuppression mouse model in
which A(1-7) was previously shown to be effective at
restoring circulating white blood cell (WBC) levels.7

Starting 24 hours after gemcitabine dosing, mice were
treated daily by oral gavage with β-CD:A(1-7) or 
β-CD:Nle3-A(1-7) or daily by subcutaneous (SQ) injection
with A(1-7) (SQ:A(1-7)), Nle3-A(1-7) (SQ: Nle3-A(1-7)), or
saline (SQ:Vehicle). Both the oral and SQ dose were at
0.3 mg/kg, the dose of A(1-7) used in the phase IIb clini-
cal trial.9 In addition to day -1 baseline, WBCs, platelets,
and red blood cells (RBCs) were quantified on days 3, 8,
15, and 21 in blood samples.  

By day 3, the gemcitabine injection produced a marked
reduction in circulating WBC (Figure 1A,B) and platelet
(Figure 1C,D) levels, though no effects on RBCs (Figure
1E,F) were seen by day 21. Daily SQ treatment with both
Mas agonist peptides, A(1-7) and Nle3-A(1-7), resulted in
a significant amelioration of gemcitabine-induced
leukopenia (Figure 1A,B).7 Compared to SQ:Vehicle con-
trols, WBCs were significantly higher with SQ:A(1-7)
treatment by day 8 and with SQ:Nle3-A(1-7) treatment
by day 3, an effect that remained robust through day 21.
While oral gavage dosing of β-CD:Nle3-A(1-7) recapitu-
lated the restorative effects of SQ:Nle3-A(1-7) on WBCs
by day 8 and onward, oral β-CD:A(1-7) treatment result-
ed in WBC counts comparable to the SQ:Vehicle controls
(Figure 1A,B). Although β-CD:Nle3-A(1-7) treatment dis-
played a day 3 increase in platelets relative to SQ:Vehicle,
this only reached statistical significance relative to 
β-CD:A(1-7) at days 15 and 21 and SQ:Vehicle and
SQ:A(1-7) at day 21 (Figure 1C,D).  Finally, a comparison
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Figure 2. Treatment with Nle3-A(1-7) and not AT1R antagonist treatment ameliorated gemcitabine-induced leukopenia. Mice (n=7/group in 1 independent
experiment) were treated with 160 mg/kg of gemcitabine on day 0 (gray arrow) and treated starting on day 1 through day 21.  WBC counts were quantified on
days -1 (baseline), 7, 14, and 21. To ease visualization of statistical comparisons, each XY graph is also displayed as a bar graph segmented by day. (A-B) Mice
treated daily with oral β-CD:Nle3-A(1-7) resulted in a rapid recovery in WBCs from gemcitabine-induced leukopenia with statistically higher circulating WBCs com-
pared to both SQ vehicle and oral A(1-7) treatment starting on day 7.  Interestingly, treatment with SQ:ARB had no effect on WBCs. (C-D)  Platelet counts were
quantified on days -1 (baseline), 3, 8, 15, and 21. After 21 days of treatment, mice treated daily orally with Nle3-A(1-7) showed a recovery from gemcitabine-
induced thrombocytopenia with statistically higher circulating platelets compared to SQ vehicle. *P≤0.05, **P≤0.01, ***P≤0.001, and ****P≤0.0001 by one-
way analysis of variance (ANOVA). WBC: white blood cell;  SQ: subcutaneous; CD: cyclodextrin; ARB: AT1R antagonist.    
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of the RBC counts for the SQ:Vehicle showed no gemc-
itabine-induced RBC toxicities as no significant changes
were seen in RBCs over the course of the study (Figure
1E,F).  Due to its effects on WBCs and platelets, oral 
β-CD:Nle3-A(1-7) was selected for further study.    

In order to validate the utility of activating Mas over
blocking the activation of the angiotensin II type 1 recep-
tor (AT1R), the hematological effect of AT1R antagonist
(ARB) losartan was assessed relative to Nle3-A(1-7). The
same myelosuppression model was used with four treat-
ment groups: SQ:Vehicle, SQ:ARB (10 mg/kg of losartan),
oral β-CD:Vehicle, and oral β-CD:Nle3-A(1-7) (0.3
mg/kg).  As in the first study, oral β-CD:Nle3-A(1-7) treat-
ment stimulated rapid WBC recovery with significant
increases in WBC counts compared to all treatment
groups at all time points measured (Figure 2A,B).
SQ:ARB treatment resulted in WBC counts equal to or
lower than either control arms, SQ:Vehicle and oral
β-CD:Vehicle.  Though oral β-CD:Nle3-A(1-7) treatment
produced significantly higher platelet counts at day 21
compared to SQ:Vehicle, β-CD:Vehicle and SQ:ARB also
elevated counts, indicating the effects of treatment on
platelets could be reproduced by the ARB or β-CD treat-
ment (Figure 2,D).  

To explore the mechanism of β-CD:Nle3-A(1-7) effica-
cy, the effects of the treatments on stem cell populations
in the bone marrow were assessed. The bone marrow
harvested at necropsy was cultured in two CFU assays:
one to quantify hematopoietic progenitor colonies BFU-
E, CFU-GM, and CFU-GEMM and a second to quantify
mesenchymal stem cells (MSCs). Across both the
hematopoietic lineages measured and MSCs, treatment
with oral β-CD:Nle3-A(1-7) increased colony numbers
(Figure 3).  In contrast, SQ:ARB treatment resulted in pro-
genitor colonies that were comparable to both vehicle
treatment groups.  These effects on progenitor popula-
tions provide a potential mechanism of action of oral 
β-CD:Nle3-A(1-7) and can potentially account for the dif-
ferences between the effects of the ARB and Nle3-A(1-7)
on WBCs.  While these effects on stem cell populations
are compelling, further study is needed to assess the
effect of Nle3-A(1-7) on neoplastic hematopoiesis and re-
treatment toxicity during chemotherapy cycling, though
the latter concern is assuaged by the clinical data show-
ing that A(1-7) treatment allowed for the maintenance of

a greater chemotherapy dose density than a placebo.9 

Although A(1-7) has a well-documented ability to treat
chemotherapy-induced myelosuppression, thus far the
development of Nle3-A(1-7) has focused on its use as a
topical agent for healing dermal injuries.6,8-10 Therefore, in
our understanding, this is the first study of Nle3-A(1-7) in
this setting. Nle3-A(1-7) has demonstrated equal to or
greater efficacy than A(1-7) in a number of models,
which suggested that Nle3-A(1-7) would be efficacious via
parenteral administration. However, the stark contrast
between the efficacy of oral β-CD:A(1-7) and 
β-CD:Nle3-A(1-7) was not predicted.  We hypothesize
that this physiological difference between orally dosed
A(1-7) and Nle3-A(1-7) in β-cyclodextrin results from
physiochemical differences between the two peptides.
The change from the smaller, bulkier valine of A(1-7) to
the more flexible, linear, and hydrophobic norleucine
potentially increases the ability of Nle3-A(1-7) to access
the β-cyclodextrin cavity and increase van der Waals
forces once inside the cavity.12  

Our new oral β-CD:Nle3-A(1-7) formulation produced
comparable effects on WBCs to SQ:A(1-7) and SQ:Nle3-
A(1-7).  However, oral β-CD:Nle3-A(1-7) was the only
agent that produced any significant effects on platelets.
As stated previously, in our phase I/IIa and II study,
megakaryocytes lineage produced the most robust
response to A(1-7) treatment.  In our first study, this
platelet response was, interestingly, only seen when Nle3-
A(1-7) was dosed orally in β-CD, but not when SQ
dosed. When repeated with the appropriate 
β-CD:Vehicle, both β-CD formulated groups, Nle3-A(1-7)
and Vehicle, and SQ:ARB produced comparable effects
on platelets, demonstrating this effect was not exclusive
to Nle3-A(1-7).       

Through the use of ARB losartan, we have clearly
demonstrated that the hematological effects of A(1-7)
and Nle3-A(1-7) on WBCs and progenitor populations
cannot be produced by blocking the actions of
angiotensin II (A-II) at the AT1R.  Previous work in our
lab and by other groups have shown the ability of A-II to
stimulate hematopoietic proliferation.13,14 Therefore,
through the use of the ARB, losartan, we are blocking the
AT1R-mediated beneficial effects of A-II on
hematopoiesis, which indicates the importance of 
A-II/AT1R activation in hematopoiesis and also points to
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Figure 3. Oral Nle3-A(1-7) treatment significant-
ly increased all hematopoietic lineages meas-
ured and MSCs in the bone marrow. Mice
(n=7/group in 1 independent experiment) were
treated for 21 days beginning 24 hours post-
gemcitabine dosing.  Bone marrow was harvest-
ed at necropsy and bone marrow cells (total
nucleated) were cultured in MethoCult™ (1x105

cells in 900 mL of media) and MesenCult™
(5x105 cells in 2 mL media) (Stemcell
Technologies; Cambridge, MA, USA) to enumer-
ate bone marrow progenitors.  In progenitors
measured, oral β-CD:Nle3-A(1-7) treatment sig-
nificantly increased colony counts relative to all
other treatments.  Interestingly, antagonism of
AT1R signaling with SQ:ARB treatment had no
effect on MSCs or hematopoietic lineages.
**P≤0.01, ***P≤0.001, and ****P≤0.0001 by
one-way analysis of variance (ANOVA). SQ: sub-
cutaneous; CD: cyclodextrin; ARB: AT1R antago-
nist; BFU-E: burst forming unit-erythroid; CFU-
GM: colony forming unit-granulocyte,
macrophage;  CFU-GEMM: colony forming unit-
granulocyte, erythrocyte, macrophage,
megakaryocyte; CFU-F: colony forming unit-
fibroblast.   



a unique therapeutic profile of Mas agonists relative to
existing RAS-targeting therapeutics.        

MSCs were also increased in the bone marrow with 
β-CD: Nle3-A(1-7) treatment.  While MSCs are well-doc-
umented in their capacity to produce a number of differ-
ent cell types, there is increasing evidence of their role in
the bone marrow niche.15 Therefore, the increase in bone
marrow MSCs induced by Nle3-A(1-7) treatment could
either be the result of MSCs protecting and supporting
hematopoietic progenitors in the face of chemotherapy,
or of MSCs serving as additional evidence of the protec-
tive effects of Nle3-A(1-7) on multiple stem cell lineages. 

Finally, in contrast to Nle3-A(1-7), treatment with the
ARB losartan had no progenitor effect, further supporting
the functional differences between A-II blockers and Mas
agonists. In addition to the well-published ability of Mas
agonists to counter-regulate the pathological actions of
A-II, they also appear capable of mimicking the beneficial
stem cell effects of A-II.14  Further work to tease out these
differences between angiotensin-converting enzyme
inhibitors, ARBs, and Mas agonists are of great impor-
tance to assist in the clinical development of Mas ago-
nists. 
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