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Abstract Purpose: Previous studies have shown that
angiotensin peptides stimulate the proliferation of he-
matopoietic progenitors in vitro, promote survival after
exposure to lethal irradiation as well as accelerate the
recovery of white blood cells (WBC), i.e., lymphocytes,
monocytes and neutrophils, and platelets. These changes
in the level of formed elements in the blood after irra-
diation was thought to be due to increases in the num-
bers of bone marrow progenitors including myeloid,
erythroid and megakaryocyte progenitors by the action
of angiotensin peptides. In view of these findings, the
effect of angiotensin peptides on recovery after chemo-
therapy was assessed. Materials and methods: The effect
of angiotensin II (AIl) and angiotensin(1-7) (A1-7) on
the recovery of WBC and platelets in the blood, as well
as the number of myeloid, erythroid and megakaryocyte
progenitors in the bone marrow and the number of
myeloid progenitors in the blood after intravenous ad-
ministration of chemotherapeutic drugs was assessed in
a mouse model. Results: In initial studies, subcutaneous
administration of 10 or 100 pg/kg per day of AIl start-
ing either 2 days before or 2 days after intravenous ad-
ministration of 5-fluorouracil (5FU) accelerated WBC
recovery (return to baseline between 7 and 14 days).
Further, consistent with previous observations, the
number of myeloid progenitors in the bone marrow and
blood was increased after systemic administration of
angiotensin peptides. The comparability of A(1-7) and
All in their effect on hematopoietic recovery after che-
motherapy was shown in subsequent studies. Daily ad-
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ministration of both AIl and A(1-7) increased platelet
numbers in the peripheral blood and myeloid, erythroid
and megakaryocyte progenitors in the bone marrow. As
S5FU is not a stem cell toxin, these studies were repeated
with administration of A(1-7) initiated before or after
intravenous cyclophosphamide. Following treatment
with A(1-7) before cyclophosphamide the numbers of
circulating WBC initially increased and then decreased
starting on day 14. Following treatment with A(1-7)
2 days after cyclophosphamide the numbers of WBC
and the numbers of myeloid progenitors increased in the
peripheral blood and bone marrow. Conclusions: These
findings suggest that angiotensin peptides accelerate
hematopoietic recovery in multiple cellular lineages after
chemotherapy, perhaps through an increase in the
number of early hematopoietic progenitors.

Keywords Angiotensin I - Angiotensin(1-7) -
Hematopoietic recovery - Intravenous chemotherapy

Introduction

Angiotensin II (AIl) is a product of the renin angio-
tensin system that has recently been shown to have
multiple effects beyond the usually recognized cardio-
vascular effects. However, Al is only one of the natu-
rally occurring active peptides that are formed from
angiotensin I (AI). Through angiotensin-converting en-
zyme, Al is converted to AIl. However, another enzyme,
termed neutral endopeptidase, catalyzes the cleavage of
Al to the seven amino acid peptides A(1-7) [14]. A(1-7)
shares the first seven amino acids of AIl and lacks the
eighth amino acid, phenylalanine, which is involved with
the hypertensive actions of AII [27, 29]. Subsequent
studies have shown that, although A(1-7) does not in-
crease blood pressure, this peptide has biological actions
in the cardiovascular and renal systems [3, 7, 8, 12, 14,
15].

Studies have shown that AIl is also a potent regulator
of tissue regeneration and angiogenesis [1, 4, 5, 9, 10, 11,
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13, 19, 20, 30, 36, 37, 38, 39, 43, 44]. Further, studies
have shown that AII increases the release of growth
factors, growth factor gene expression, growth factor
receptor expression, and expression of growth-related
protooncogenes [2, 6, 21, 23, 24, 25, 26, 28, 33, 34, 45,
46, 47]. Some of the effects of AIIl on cell function are
mediated through alterations in growth factor produc-
tion and may be additive to the effects of growth factors
per se. Recently, A(1-7) has been shown to be compa-
rable to AII in their ability to accelerate repair dermal
injuries [41].

During studies assessing the effect of AIl on tissue
healing it was noted that angiotensin peptides affect the
infiltration of mesenchymal stem cells and the prolifer-
ation of epidermal stem cells [39, 41]. Based upon these
observations, the effect of AIl on the proliferation of
hematopoietic progenitors was evaluated. These studies
showed that AII stimulates the proliferation of human
and murine hematopoietic progenitors in vitro in a
concentration-dependent manner [40]. AIl was shown to
increase the number of colonies formed, under optimal
culture conditions, by Lin~ and Lin Scal © bone marrow
cells from mice and CD34" and CD34"CD38 cells
from human cord blood.

As recovery of bone marrow and circulating white
blood cells (WBC) after irradiation is a form of tissue
regeneration, requires the proliferation of progenitor
cells and may be augmented by growth factors, the
ability of angiotensin peptides to act as a hematopoietic
factor after irradiation was evaluated and compared
with that of filgrastim. These studies showed that in
vivo, systemic administration of AIl and A(1-7) stimu-
lates hematopoietic recovery as measured by circulating
WBC and platelet concentrations as well as the number
of myeloid, erythroid and megakaryocyte progenitors in
the bone marrow of irradiated animals [42]. AIl stimu-
lates recovery of WBC from multiple lineages with an
action more prolonged than filgrastim with cessation of
therapy 7 days after irradiation. With administration of
filgrastim, increases were observed in WBC numbers
through day 13 after irradiation, whereas with All, in-
creases continued through day 21. Further increases in
circulating myeloid progenitors and platelets were ob-
served when angiotensin peptides were administered
after myelosuppressive irradiation. If AIl was given for 2
or 7 days after irradiation, with bone marrow evaluation
occurring on day 35 (28-33 days after cessation of
treatment), increased numbers of myeloid progenitors
were observed. This is in contrast to the effects of fil-
grastim on the number of myeloid progenitors in the
bone marrow.

The effect of AIl may be as a stimulator of early
hematopoietic progenitors as following administration
of AII the numbers of granulocyte macrophage colony
forming units (GM-CFU) in the bone marrow have been
found to be increased for as long as 28 days after ces-
sation of AII treatment. This is further supported by the
stimulatory effects of angiotensin peptides on the mul-
titude of hematopoietic lineages, including lymphocytes,

monocytes, neutrophils and platelets in the blood and
myeloid and megakaryocyte progenitors in the bone
marrow, and types of hematopoietic progenitors, in-
cluding GM-CFU, granulocyte erythroid, megakaryo-
cyte, macrophage colony forming units (GEMM-CFU),
burst-forming units erythroid (BFU-E) and megak-
aryocyte colony forming units (Meg-CFU) in the bone
marrow after irradiation.

In the study reported here, the effects of administra-
tion of AIl and A(1-7) on hematopoietic recovery after
intravenous treatment with S5-fluorouracil (SFU) or
cyclophosphamide were evaluated.

Material and methods

Animals

Female C57BIl/6 mice, 6-8 weeks old, were purchased from Simonsen
Laboratories (Gilroy, Calif.) or Harlan and housed in the USC
vivarium on a 12/12-h light/dark cycle with food and water available
ad libitum. The mice were quarantined at least 1 week prior to use.
After quarantine, the mice were placed in the study.

Study design

In the initial study, subcutaneous administration of AIl (10 or
100 pg/kg per day) was initiated 2 days before, the day of, and
2 days after intravenous administration of SFU (150 mg/kg), and
the injections were continued until the animals were killed. On
either day 7 or day 14 after administration of SFU, the animals
were killed and the peripheral blood and bone marrow were har-
vested. The peptide was administered for 9 or 16 days (starting
2 days before 5FU), for 7 or 14 days (starting the day of SFU) or
for 5 or 12 days (starting 2 days after 5SFU). The numbers of WBC
in the blood and the number of GM-CFU in the bone marrow and
blood were determined.

In a second study, the female C57Bl/6 mice were injected with
150 mg/kg SFU intravenously. Administration of AIl and A(1-7)
by subcutaneous injection was begun 2 days after administration of
SFU and continued daily until 10 days after SFU administration at
which time the mice were killed for determination of the numbers
of WBC and platelets, and GM-CFU in the bone marrow and
peripheral blood. On days 4 and 7 after SFU administration, blood
was taken under methoxyflurane anesthesia from the retro-orbital
sinus for determination of WBC and platelet numbers. This study
was repeated with determination of the numbers of platelets in
peripheral blood on days 6, 10 and 14. These studies were per-
formed with different times before the animals were killed to allow
evaluation of the bone marrow at different stages of recovery.

In the final study, the female C57Bl1/6 mice were injected with
200 mg/kg cyclophosphamide intravenously. Administration of
A(1-7) by subcutaneous injection was begun 2 days before or
2 days after administration of cyclophosphamide and continued
daily until the animals were killed (day 28) for evaluation of mature
formed blood elements in the circulation and the number of GM-
CFU in the bone marrow and peripheral blood. On days 5, 9, 14,
21 and 28 after cyclophosphamide administration, blood was taken
under methoxyflurane anesthesia from the retro-orbital sinus for
the determination of WBC numbers.

Evaluation of myeloid and erythroid progenitors
in the blood and bone marrow

The blood was harvested by cardiac puncture at necropsy to assess
mobilization of myeloid progenitors into the peripheral blood. The
femurs and tibias were also collected and the bone marrow was



harvested by flushing with PBS containing 2% fetal calf serum.
After collection of the blood and bone marrow, the red blood cells
(RBC) were lysed with a hypotonic solution (0.83% NH,CI,
10 mM EDTA, 0.5% NaHC05), mixed with 0.04% trypan blue and
the nucleated cells counted by hematocytometer under light mi-
croscopy. Aliquots of cells were then resuspended at 1x10° cells/ml
(bone marrow) or 1x10° cells/ml (blood). An aliquot of each sus-
pension was added to semisolid medium (100 pl suspension to
900 pl medium) containing 0.9% methyl cellulose in Iscove’s
MDM, 15% fetal calf serum, 1% bovine serum albumin, 10 pg/ml
bovine pancreatic insulin, 200 pg/ml human transferrin, 10~ M
2-mercaptoethanol, 2 mM L-glutamine, 10 ng/ml recombinant
murine interleukin 3 (IL-3), 10 ng/ml recombinant human IL-6,
50 ng/ml recombinant murine stem cell factor and 3 U/ml
erythropoietin. This mixture was then added to duplicate wells of a
24-well plate. The cultures were then placed at 37°C in a humidified
atmosphere of 5% CO, in air. On day 12, the BFU-E formed
were counted under phase-contrast microscopy. On day 14, the
GM-CFU and GEMM-CFU formed were counted.

The BFU-E colonies contained predominantly erythroid cells
with greater than 200 cells. GEMM-CFU colonies were large ery-
throid-containing colonies, granulocytes, monocyte/macrophage
cells and megakaryocytes. GM-CFU colonies were large and con-
tained cells from both the granulocyte and monocyte/macrophage
lineage. The numbers of progenitors (CFU) present in bone mar-
row from untreated mice of this strain, sex and age are approxi-
mately 1x10° GM-CFU per femur, 5x10>° GEMM-CFU per femur
and 1.6x10* BFU-E per femur.

Evaluation of Meg-CFU in the bone marrow

Cells were isolated from the bone marrow as described above. After
counting the viable nucleated cells isolated, an aliquot of the cells
was resuspended to a concentration of 1x10° cells/ml. Of this sus-
pension, 100 pl was mixed with 2 ml medium containing 1.1 mg/ml
collagen, 1% BSA, 10 pg/ml bovine pancreatic insulin, 200 pg/ml
human transferrin, 2 mM L-glutamine, 10 pg/ml 2-mercaptoetha-
nol, 50 ng/ml recombinant human thrombopoietin, 20 ng/ml re-
combinant human IL-6, 50 ng/ml recombinant human IL-11,
100 ng/ml recombinant murine IL-3 in Iscove’s MDM (MegaCult-
C; Stem Cell Technologies, Vancouver, BC). The cells and medium
were mixed and dispensed onto a tissue culture slide, spread evenly
and allowed to gel. The culture slide was incubated at 37°C in a
humidified atmosphere of 5% CO, in air for 8 days.

At the end of the culture time, the formation of megakaryocytes
from megakaryocyte precursors (Meg-CFU) was determined by
staining for the expression of acetyl cholinesterase. The culture
slides were opened and the collagen gel was fixed in an acetone
solution and air-dried. The substrate solution (0.5 mg/ml acetyl-
thiocholiniodide in 0.075 M sodium phosphate buffer, 0.01 M
sodium citrate, 3 mM copper sulfate and 0.5 mM potassium
ferricyanide solution) was added to the fixed slides and allowed to
incubate in a humid chamber for 3.5 h. The slides were then fixed in
a solution of 95% ethanol for 10 min, rinsed and air-dried. The
slides were then counterstained with hematoxylin solution for 30 s,
rinsed and dried. The colonies that stained positive for acetyl
cholinesterase were counted under the microscope.

WBC and platelet numbers

At various times after irradiation, the mice were anesthetized with
methoxyflurane and bled via the retro-orbital sinus. Approximately
100 pl blood was obtained from the retro-orbital sinus with a
heparinized capillary tube. The blood was then placed in a 1.7-ml
microfuge tube containing 10 mM EDTA and held on ice until
further processing.

The blood (20 pl) was mixed with 200 pl of RBC lysing solution
(0.83% NH4CI, 10 mM EDTA, 0.5% NaHCO;). The mixture was
then incubated for 10 min at 4°C. After this incubation, the su-
pernatant was removed and the pellet was resuspended in 100 pl
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PBS. To this, 100 pl of 0.04% trypan blue was added. This mixture
was vortexed and the number of WBC (baseline approximately 7—
10x10° WBC/ml) was determined by hematocytometer under light
microscopy and the number of platelets (baseline approximately
2.5x10% platelets/ml) was determined by hematocytometer under
phase-contrast microscopy.

Statistics

The data were analyzed by comparing values from drug-treated
mice with those from their respective saline-treated controls using
Student’s z-test. P values less than 0.05 were considered significant.

Results

Effect of angiotensin peptides on progenitor cell
numbers after intravenous administration of SFU

In the initial study, AIl administration increased the
numbers of progenitors in the bone marrow and pe-
ripheral blood of animals treated with SFU. Adminis-
tration of 5FU decreased the number of GM-CFU
(myeloid progenitors) in the bone marrow of saline-
treated mice. Subcutaneous administration of AII also
had a profound effect on the number of myeloid pro-
genitors in the bone marrow of mice treated with SFU
(Fig. 1). The greatest increase in myeloid progenitors in
the bone marrow was observed if All treatment was
initiated 2 days after SFU. The effects of AIl on myeloid
progenitors was dose-dependent and maximal in the
100 pg/kg dosage group.
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Fig. 1 Effect of AIl on GM-CFU progenitors in the bone marrow
after SFU treatment. Female C57Bl/6 mice, 6-8 weeks old, were
treated with 150 mg/kg SFU by intravenous injection. Subcutane-
ous administration of AII was initiated 2 days before (-d2, 9 days
of peptide), on the day of (d0, 7 days of peptide) or 2 days after
(+d2, 5 days of peptide) SFU injection. The animals were killed
7 days after SFU injection, and the bone marrow harvested. The
GM-CFU formed from cells isolated from bone marrow after RBC
lysis by culturing in semisolid medium containing recombinant
colony-stimulating factors were counted. The results presented are
the means = SE of the data from three animals per group (dose and
time-point). *P <0.05 vs saline-treated control
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Fig. 2a, b Effect of AIl on GM-CFU progenitors in the blood
after SFU treatment. Female C57Bl/6 mice, 6-8 weeks old, were
treated with 150 mg/kg SFU by intravenous injection. Subcutane-
ous administration of AIIl was initiated 2 days before (—d2, 9 days
of peptide), on the day of (d0, 7 days of peptide) or 2 days after
(+d2, 5 days of peptide) SFU injection. The animals were killed
7 days (a) or 14 days (b) after SFU injection, and peripheral blood
harvested. The GM-CFU formed from nucleated peripheral blood
cells isolated after RBC lysis by culturing in semisolid medium
containing recombinant colony-stimulating factors were counted.
The results presented are the means+ SE of the data from three
animals per group (dose and time-point). * P <0.05 vs saline-treated
control

The effect of AIl administration in conjunction with
5FU on the mobilization of myeloid progenitors into the
peripheral circulation was also assessed (Fig. 2a, day 7,
Fig. 2b, day 14). Administration of SFU alone increased
GM-CFU in the blood over that expected in normal
animals. Administration of AIIl on day 0 or day 2 rela-
tive to SFU further increased in a dose-dependent
fashion the mobilization of myeloid precursors by up to
50 times on day 7 over that observed with 5FU.

In a second study, the effects of AIl and A(1-7) on
the number of myeloid progenitors in the bone marrow
and peripheral blood were investigated. Administration
of S5FU significantly reduced the number of myeloid
progenitors (GM-CFU) in the bone marrow. Adminis-
tration of A(1-7) 2 days after SFU increased the num-
bers of GM-CFU in the bone marrow 2-3.5 times and
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Fig. 3a, b Effects of All and A(1-7) on GM-CFU. Female C57Bl/
6 mice, 6-8 weeks old, were treated with 150 mg/kg SFU by
intravenous injection. Subcutaneous administration of All or A
(1-7) was initiated 2 days after SFU injection (8 days of peptide).
The animals were killed 10 days after SFU injection, and bone
marrow (a) or peripheral blood (b) harvested. The GM-CFU
formed from cells isolated from bone marrow or peripheral blood
after RBC lysis by culturing in semisolid medium containing
recombinant colony-stimulating factors were counted. The results
presented are the means+ SE of the data from up to four animals
per group (dose and time-point). * P <0.05 vs saline-treated control

administration of AII increased the numbers of GM-
CFU 2-4 times compared to the numbers in control
animals (Fig. 3a). Administration of A(1-7) following
5FU increased the numbers of GM-CFU in the pe-
ripheral blood four to ten times and administration of
AIl increased the numbers of GM-CFU six times
(Fig. 3b).

In a final study, the effects of AIl and A(1-7) on
progenitors of multiple hematopoietic lineages were
evaluated. Administration of SFU significantly reduced
the number of myeloid progenitors (GM-CFU), early
mixed progenitors (GEMM-CFU) and erythroid pro-
genitors (BFU-E) in the bone marrow. Administration
of AIl or A(1-7) 2 days after SFU increased the number
of these progenitor cells in the bone marrow (Fig. 4a—c).
Administration of AIIl or A(1-7) after SFU also resulted
in an increase in the number of Meg-CFU in the bone
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Fig. 4a—d Effects of angiotensin peptides on (a) GEMM-CFU, (b)
GM-CFU, (¢) BFU-E, and (d) Meg-CFU in the bone marrow.
Female C57B;/6 mice, 6-8 weeks old, were treated with 150 mg/kg
SFU by intravenous injection. Subcutaneous administration of AIl
or A(1-7) was initiated 2 days after SFU injection. The animals
were killed 14 days after SFU injection, and the bone marrow was
harvested and cultured with the appropriate recombinant hemat-
opoietic factors. The numbers of the hematopoietic progenitors
were determined after culture. The results presented are the
means £ SE of the data from up to five mice per group. *P <0.05
vs saline-treated controls

marrow (Fig. 4d). Further, administration of A(1-7)
or AII after SFU increased the number of GM-CFU
progenitors in the peripheral blood (Fig. 5).

Effect of angiotensin peptides on hematopoietic
recovery

Given the effect of angiotensin peptides on the progen-
itors in the bone marrow and peripheral blood of ani-
mals treated with SFU, the effect on hematopoietic
recovery was also evaluated. An initial study involved
determination of WBC numbers in the peripheral blood
on days 7 and 14 after intravenous injection of 5FU. In
this study, the nadir (approximately 83% reduction) in
WBC numbers was observed on day 7 after SFU ad-
ministration (Fig. 6a). The WBC nadir was nearly two
times higher in All-treated animals than in control an-
imals when the AIl was begun on day 0. The WBC
numbers were approximately 40% greater in All-treated
animals on day 14 than in control animals (Fig. 6b).
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Fig. 5 Effects of angiotensin peptides on GM-CFU in the blood.
Female C57B1/6 mice, 6-8 weeks old, were treated with 150 mg/kg
SFU by intravenous injection. Subcutaneous administration of AIl
or A(1-7) was initiated 2 days after SFU injection. Animals were
killed 14 days after SFU injection, and the blood harvested by
cardiac puncture. After lysis of the RBCs in hypotonic solution, the
nucleated cells were counted and adjusted, and the cells were
cultured with the appropriate recombinant hematopoietic factors.
The number of GM-CFU were determined after 14 days in culture.
The results presented are the means + SE of the data from up to five
mice per group. *P <0.05 vs saline-treated controls

With initiation of treatment on day 2 after SFU, there
was an approximately twofold increase in WBC num-
bers on day 7 and recovery was complete by day 14.
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Fig. 6a, b Effects of AIl on WBC numbers in the blood after SFU
treatment. Female C57Bl1/6 mice, 6-8 weeks old, were treated with
150 mg/kg SFU by intravenous injection. Subcutaneous adminis-
tration of AII was initiated 2 days before (—d2), on the day of (d0)
or 2 days after (+d2) SFU injection. The animals were killed
7 days (a) or 14 days (b) after SFU injection, and peripheral blood
harvested. The WBCs were counted by hematocytometer after
RBC lysis. The results presented are the mean=+ SE of the data
from three animals per group (dose and time-point). *P <0.05 vs
saline-treated controls

The second study showed that AIl and A(1-7)
accelerated the recovery of WBCs after intravenous
administration of SFU (Fig. 7). The decrease in WBC
numbers as a result of administration of SFU reached
approximately 86% in saline-treated controls. In A
(1-7)-treated animals, WBC levels were nearly twice as
great as in control animals on day 7 and increased in the
100 pg/kg group to 64% of baseline. However, A(1-7)
administration did not affect the time to nadir. In AIl-
treated animals, WBC levels were again nearly twice as
high as in control animals by day 7 with further
increases by day 10. A(1-7) and AII produced similar
dose-dependent increases in WBC levels compared to
control treatment. The increase in WBC continued
throughout the experimental period with a maximum
observed at the high dose of peptide on the day the
animals were killed.
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Fig. 7a, b Effects of AIl (a) and A(1-7) (b) on WBC numbers after
SFU treatment. Female C57BIl/6 mice, 6-8 weeks old, were treated
with 150 mg/kg SFU by intravenous injection. Subcutaneous
administration of AIl or A(1-7) was initiated 2 days after SFU
injection. On days 4, 7 and 10, peripheral blood was harvested.
WBCs were counted microscopically using a hematocytometer
after RBC lysis. The results presented are the means=+SE of the
data from up to four animals per group

An increase in platelets after administration of both
peptides (Fig. 8) was also observed. Intravenous ad-
ministration SFU resulted in a decrease of approxi-
mately 60% in platelet numbers that was maximal on
day 7 in control animals. Animals treated with A(1-7)
showed a consistent dose-dependent increase in platelet
numbers, but the time to nadir did not vary. Animals
treated with A(1-7) at the higher dose (100 pg/kg per
day) showed a 50% higher platelet nadir compared to
control animals on day 7. Animals treated with A(1-7)
at 10 pg/kg per day did not show platelet numbers sig-
nificantly different from control animals. Animals
treated with AIT at 10 pg/kg per day showed a 50%
higher nadir than control animals, while those treated at
higher doses showed similar levels to control animals on
day 7. By day 10, All-treated animals showed similar
platelet numbers that were 40% higher than in control
animals. These findings were reproduced in a second
study in which the evaluation was continued through
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Fig. 8a, b Effects of AIl (a) and A(1-7) (b) on platelet numbers
after SFU treatment. Female C57Bl/6 mice, 6-8 weeks old, were
treated with 150 mg/kg SFU by intravenous injection. Subcutane-
ous administration of AIl or A(1-7) was initiated 2 days after SFU
injection. On days 4, 7 and 10 after SFU injection, peripheral blood
was harvested. The platelets were counted by hematocytometer
after RBC lysis. The results presented are the means=+SE of the
data from up to four animals per group (dose and time-point).
*P<0.05 vs saline-treated controls

day 14. In this second study, the nadir was seen in
control animals on day 14. As expected, the effect of the
peptide was more pronounced when the platelet num-
bers fell (Fig. 9).

Effect of A(1-7) on hematopoietic recovery
after cyclosphosphamide

A study was then conducted that showed that A(1-7)
accelerated the recovery of WBC after intravenous ad-
ministration of cyclophosphamide when A(1-7) treat-
ment was initiated 2 days after cyclophosphamide
(Fig. 10a). The increase in WBC numbers was observed
within 9 days after cyclophosphamide treatment. How-
ever, if A(1-7) treatment was initiated 2 days prior to
administration of cyclophosphamide, there was a de-
crease in WBC numbers compared to that in control
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Fig. 9 Effects of AIl and A(1-7) on platelet numbers after SFU
treatment. Female C57Bl/6 mice, 6-8 weeks old, were treated with
150 mg/kg SFU by intravenous injection. Subcutaneous adminis-
tration of AIIl or A(1-7) was initiated 2 days after SFU injection.
On days 6, 10 and 14 after SFU injection, peripheral blood was
harvested. The platelets was counted microscopically using a
hematocytometer after RBC lysis. The results presented are the
means £ SE of the data from up to five mice per group. *P <0.05 vs
saline-treated controls

animals starting on day 14 after cyclophosphamide
treatment (Fig. 10b). This suggests that, as with irradi-
ation, pretreatment with an angiotensin peptide prior to
and continuing during administration of a stem cell
toxin may reduce hematopoietic recovery.
Administration of cyclophosphamide also signifi-
cantly reduced the number of myeloid progenitors (GM-
CFU) in the bone marrow. Treatment with A(1-7)
(100 pg/kg per day) 2 days prior to treatment with
cyclophosphamide slightly reduced the number of
GM-CFU in the bone marrow of treated animals
(Fig. 11a). However, A(1-7) administration 2 days after
cyclophosphamide increased the number of myeloid
progenitor cells in the bone marrow (Fig. 11a). This may
have been due to the ability of cyclosphosphamide to
injure cells that are proliferating at the time of treat-
ment. Further, administration of A(1-7) after cyclo-
phosphamide increased the number of myeloid
progenitors in the peripheral blood (Fig. 11b).

Discussion

Evidence is increasing that angiotensin peptides are
potent modulators of cellular proliferation and function.
Numerous studies have shown that AIl can stimulate
growth factor release and increase the expression of
growth factor receptors. More recent studies have shown
that exposure to AIl can increase the production of
IL-6, a cytokine that can contribute to hematopoiesis,
by mesangial cells, vascular smooth muscle cells and
macrophages [22, 31, 35]. Further, the levels of extra-
renal erythropoietin production in animals and the levels
of circulating erythropoietin in patients made anemic by
induced hemorrhage are increased by administration of
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Fig. 10a, b Effects of A(1-7) on hematopoietic recovery after
cyclophosphamide treatment. Female C57B1/6 mice, 6-8 weeks old,
were treated with 200 mg/kg cyclophosphamide by intravenous
injection. Subcutaneous administration of A(1-7) was initiated
2 days after (a) and 2 days before (b) cyclophosphamide injection.
The animals were killed 5, 9, 14, 21 and 28 days after cyclophos-
phamide injection, and peripheral blood harvested. The WBCs
were counted by hematocytometer after RBC lysis. The results
presented are the means+ SE of the data from three animals per
group (dose and time-point). *P <0.05 vs saline-treated controls

both pressor and subpressor concentrations of AII [16,
17, 18].

While AII affects factors known to affect hemato-
poiesis, there is also an effect on progenitor prolifera-
tion. Studies from this laboratory have shown that
angiotensin peptides have a profound effect on the
proliferation of less mature cells, including epidermal
stem cells [38, 39, 41] and hematopoietic progenitors [40,
42]. As both early hematopoietic progenitors and bone
marrow stromal cells express receptors for AIl, and
proliferation and function of these cells are necessary for
hematopoietic recovery, the effect of angiotensin pep-
tides after myelosuppressive therapy has been evaluated
[40, 42]. After myelosuppressive irradiation, adminis-
tration of AII promotes survival and accelerates recov-
ery of WBC, lymphocytes, monocytes, neutrophils, and
platelets. Further, angiotensin peptides increase the
number of myeloid, erythroid and megakaryocyte pro-
genitors in the bone marrow of irradiated mice. In the
studies reported here the effect of AIl and A(1-7), an
angiotensin peptide that does not increase blood pres-
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Fig. 11a, b Effects of A(1-7) on hematopoietic recovery after
cyclophosphamide treatment. Female C57Bl/6 mice, 6-8 weeks
old, were treated with 200 mg/kg cyclophosphamide by intrave-
nous injection. Subcutaneous administration of A(1-7) was
initiated 2 days after and 2 days before cyclophosphamide injec-
tion. The animals were killed 28 days after cyclophosphamide
injection, and bone marrow (a) and peripheral blood (b) harvested.
The numbers of GM-CFU formed from cells isolated from bone
marrow and peripheral blood after RBC lysis by culturing in
semisolid medium containing recombinant colony-stimulating
factors were determined. The results presented are the means +SE
of the data from three animals per group (dose and time-point).
*P<0.05 vs saline-treated controls

sure, on hematopoietic recovery after intravenous
chemotherapy were evaluated.

In an initial study, it was demonstrated that admin-
istration of AII accelerated, in a dose-dependent man-
ner, the recovery of WBC after intravenous SFU. The
increase in WBC appeared to be the result of an increase
in the number of myeloid (GM-CFU) progenitor cells in
the bone marrow. Further, administration of AIl
increased the number of GM-CFU progenitors in
the peripheral blood induced by SFU administration.
Increased platelet concentrations were also observed
following A(1-7) and AII treatment at a dose of 100 pg/
kg after SFU. Increased concentrations of GM-CFU
progenitors in the bone marrow and mobilized GEMM-
CFU, GM-CFU, BFU-E, and Meg-CFU progenitors
from the bone marrow into the peripheral blood were



observed in a dose-dependent manner following AII and
A(1-7) treatment.

Finally, the results of the administration of A(1-7) in
conjunction with cyclophosphamide were similar to
those observed after irradiation. This correspondence
between irradiation and cyclophosphamide treatment
and the disparity between cyclophosphamide and SFU
may have been due to the site of action of these myel-
osuppressive agents. Cyclosphosphamide, like radiation,
causes damage to DNA, whereas 5FU is an antimeta-
bolic agent. Pretreatment with A(1-7) resulted in a de-
creased WBC recovery compared with saline-treated
controls starting on day 14 after chemotherapy. As with
irradiation, there was an initial increase that may have
reflected an effect on later committed progenitors and a
late effect on WBC which might have resulted from an
effect on early hematopoietic progenitors.

This is consistent with the results of a comparative
study between AII and filgrastim after myelosuppressive
irradiation [42]. Along with a more prolonged effect on
WBC recovery after cessation of therapy (6 days with
filgrastim, 14 days with AII), an increase was observed
in the number of myeloid progenitors in the bone mar-
row 28 days after cessation of AII administration,
whereas no increase was observed at this time after
filgrastim treatment. As filgrastim and AIl or A(1-7)
might act at distinct sites of the hematopoietic pathway,
these drugs might have increased benefit in terms of
WBC recovery when used in combination. Further, A
(1-7) and AII, in contrast to filgrastim, increased cir-
culating platelets, perhaps through an effect on megak-
aryocyte precursors and megakaryocytes. These
findings, together with previously reported effects of AIl
on erythrogenesis [32, 40], suggest that AIl and A(1-7)
have the potential to stimulate the recovery of multiple
hematopoietic lineages after myeloblative therapy. This
is confirmed by the results of a phase I clinical study in
which A(1-7) was administered daily starting 2 days
after Adriamycin/cyclophosphamide chemotherapy for
breast cancer and continuing for 12 to 15 days. In this
trial, a reductions in anemia, thrombocytopenia and
lymphopenia were observed confirming the multilineage
effect of this peptide in hematopoietic recovery after
chemotherapy (Blachly et al., personal communication).
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