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Fragments of Nle3-
angiotensin(1-7) accelerate
healing in dermal models
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stability

Abstract: The renin angiotensin system (RAS) has been shown to
be present in dermal tissue and exogenous peptides from the RAS
accelerates healing and reduces scarring. An analogue of Angio-
tensin(1-7) [A(1-7)], Norleucine3-A(1-7) [NIe3-A(1-7)], is the lead
compound under development for treatment of dermal injuries.
As proteases are prevalent in wounded tissue and at very high
levels in chronic wounds, the ability of fragments of Nle>-A(1-7) to
accelerate healing and the effect of proteases on the peptide were
determined. Daily application of fragments of Nle3-A(1-7) of five
or six amino acids accelerated healing in two models of dermal
injury. In addition, the peptide was found to be stable (not sub-
stantially degraded) after incubation for 4 h in the presence of
Cathepsin G, collagenases blend (from clostridium), matrix metal-
loprotease [MMP] 2, MMP 3, MMP 9, elastase (human leukocytic or
porcine pancreatic) or plasmin. Only kallikrein, an enzyme known
to cleave peptides of the RAS, cleaved the peptide into two major
fragments one of which was identified as NorLeu®-A(1-4). These

data support the activity of Nle3-A(1-7) on dermal wounds.

Abbreviations: A Il, Angiotensin II; A(1-7), Angiotensin Il (1-7);
CMC, carboxymethyl cellulose; MAU, milliabsorbance units; MMP,
matrix metallo protease; Nle, Norleucine; RAS, renin angiotensin

system.

Introduction

A physiological role for the renin angiotensin system (RAS)
in multiple systems involved in cellular proliferation and
differentiation has been proposed. The skin represents one
of the few mammalian tissues with a very high turnover
rate (generation time of keratinocytes is approximately
40-65 days) and is continuously undergoing differentiation.
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Studies by multiple laboratories have shown the expression
of the RAS system in the skin (1—5). Angiotensin receptors
are expressed both in rat neonates and adults, with the
receptor phenotype changing with maturation. Upon injury,
the expression of receptors is upregulated and down regu-
lates as the tissue heals (1-3,5). In human skin, AT, and
AT, receptors were found in the epidermis and in dermal
vessel walls (4). The same expression pattern was found for
angiotensinogen, the gene product from which active pep-
tides are derived, renin and ACE. All components were also
demonstrated at the mRNA level in cultured primary ker-
atinocytes, melanocytes (except AT, receptors) dermal
fibroblasts, and dermal microvascular endothelial cells. The
synthesis of AIl by cultured keratinocytes was increased in
an in vitro model of injury (4). Most recently, mice deficient
for the angiotensin receptor Mas were found to spontane-
ously develop dermal lesions upon aging (personal com-
munication, T. Walther).

The peptides, angiotensin II (AIl), and angiotensin II (1-7)
(A(1—7)), of the RAS are highly effective in stimulating
wound healing in a variety of in vivo animal models (6-12).
Both angiotensin peptides are naturally expressed in the
body. A(1-7) was identified and shown to be comparable to
All in facilitating wound healing (9). An analogue of A(1-7),
Nle3-A(1-7), that is more potent than A(1—7) in accelerating
wound repair, was also identified and is undergoing pre-
clinical development as a therapeutic for chronic wounds
(10,11). In normal rats and diabetic mice, the peptide, when
delivered in a viscoelastic vehicle, was highly effective in
accelerating re-epithelialization of full thickness wounds.
Full healing was observed in 60% of wounds in mice treated
topically or systemically with Nle3-A(1—7). In contrast,
Regranex® (human recombinant platelet derived growth
factor in carboxymethyl cellulose) did not fully heal any
wounds and A(1-7) only healed 20% of the wounds (10).
Further, administration of Nle3-A(1—7) reduced fibrosis and
scarring in the healed wound (10,12). This action was more
pronounced the longer the peptide was given after injury. In
fact, if the administration of Nle3-A(1-7) by systemic
administration continued during the remodeling phase, the
formation of new adnexal structures at the center of full-
thickness excision wounds was observed including an
increase in the appearance of immature hair follicles at the
site of the excision wound (10,11). Histological examination
showed that Nle3-A(1-7) accelerated collagen deposition
six-fold and increased the number of blood vessels at the
wound site three-fold (11). Thus, Nle3-A(1-7) appears to be
more active in preclinical models than FDA approved drug

for wound healing (Regranex).
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The mechanisms by which A(1—7) and Nle3-A(1-7) sti-
mulate wound healing are not entirely understood. A(1-7)
has little affinity for AT, receptors (13-15) and is believed
to act via a unique receptor (16—20). The effects of A(1-7)
were not altered by AT, or AT, receptor antagonists, but
were blocked by D-Ala’-A(1-7), which is believed to be a
selective antagonist of the A(1-7) receptor (21,22). Actions
of A(1-7) are not present in Mas knockout mice sug-
gesting that this is the preferred receptor for A(1—7) and
dAla’-A(1-7) blocks the actions of A(1-7) in cells trans-
fected by Mas (23). Similarly, Nle3-A(1—7) actions on
wound healing are blocked by this A(1-7) receptor ant-
agonist (11).

There is extensive evidence that increased levels of pro-
teases in chronic wounds contribute to reduced efficacy of
agents developed for acceleration of chronic ulcer healing.
In order to understand the possible contribution of
increased protease levels to the efficacy of our lead com-
pound, studies were undertaken to evaluate the ability of
fragments of Nle3-A(1—7) to accelerate healing in normal
rats and diabetic mice. Further, the stability of this peptide
was assessed in the presence of enzymes commonly found
in wound fluid, cathepsin G, collagenase, MMPs, elastase,
and plasmin in vitro. Kallikrein, an enzyme known to
cleave angiotensin peptides, was used as a positive control
for these in vitro studies.

Materials and Methods

Materials

The viscous vehicle was prepared from carboxymethyl
(CMC
St. Louis, MO, Lot Number 34Ho310) consisting of 10%

cellulose sodium salt, low viscosity, Sigma,
low viscosity CMC in 0.05 m phosphate buffer, pH 7.2, and
sterilized by autoclaving followed by mixing with sterile
peptide solutions. The active peptide that is the lead com-
pound, Nle3-A(1-7), was prepared by Bachem under Good
Manufacturing Practices. The remaining peptides, Nle3-
A(1—4), Nle*-A(2-7), Nle*-A(3—7), Nle3-A(1-6), and Nle3-
A(1-5), were manufactured at the USC Microchemical Core
facility.

Enzymes were purchased from Sigma (St. Louis, MOJ:
cathepsin G from human leukocytes, collagenase mixed
from Clostridium, elastase from human leukocytes, ela-
stase from porcine pancreas, kallikrein from porcine pan-
creas, matrix metalloproteinase 2 (MMP 2}, MMP 3, MMP

9, and plasmin from human plasma.
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Rat full-thickness excision model

During the experimental period, Sprague-Dawley rats were
housed one per cage and maintained in a central animal care
facility with a 12 h light/dark cycle. Water and standard
rodent laboratory chow were supplied ad libitum. All ani-
mals used for this study received humane care as defined by
the National Research Council’s criteria for humane care.
The study protocols were approved by the University of
Southern California’s Institutional Animal Care and Use
Committee before initiation of the studies.

Female Sprague-Dawley rats, 175-200 g, were anesthe-
tized with intramuscular ketamine/rompun. The backs of
the rats were shaved with animal clippers, scrubbed with
betadine, and washed with 70% alcohol before surgery.
Two 2.25 cm® excisions, approximately 1-2 cm apart,
extending to the panniculus carnosus were made mid-dor-
sally. The edges of the wound were traced onto a glass slide
immediately after wounding and at each postoperative time
point. In the group of animals that received topical medi-
cation, immediately after tracing the wound, the various
medicaments were administered topically at the wound
site. After treatment, the wounds were covered with a
semipermeable polyurethane dressing and the covering
sealed with benzoin solution. Rats were lightly anesthe-
tized with intramuscular ketamine/rompun on day 2 and 4.
After anesthesia, the bandages were removed and the area
was cleaned before further administration of peptide in 10%

carboxymethyl cellulose.

Wound measurement

Wound areas were measured on days o, 2, 4, 7, and 9. The
animals were either lightly anesthetized with Metofane (if
just measuring wounds) or intramuscular ketamine/rom-
pun (if bandages were changed), and the area of wound
closure and the area of the wounds covered with granula-
tion tissue were traced. The wounds were considered
closed if moist granulation tissue was no longer apparent
and the wound appeared covered with epithelium. Wound
areas were determined by tracing the wound area onto
graph paper and weighing the graph paper. The tracing of
the wound on day o was used as the original area, and all
of the subsequent areas are expressed as a percentage of the
original area. For each measurement time, the percentage
of the original area from the treated wound area was
divided by the percentage of the original area of the vehicle
treated wound to determine the percentage of control re-
sponse. A value less than 100% would be indicative of

acceleration in wound repair.

Diabetic mouse surgical model

Male Cs57Bl/6-db/db diabetic mice, 6-8 weeks old, were
used for these studies. All animals were handled and
maintained in accordance to the ‘Guide for the Animal Care
and Use of Laboratory Animals’ and were approved by the
USC Institutional Animal Care and Use Committee. At day
0, animals were anesthetized with ketamine/xylazine and
backs were shaved and cleaned with Betadine and 70%
isopropyl alcohol. Afterwards, a 1.3 cm diameter full
thickness skin area was excised on the back of each animal.
Wound margins were treated with Benzoin Tincture
(Western Medical Supply, Arcadia, CA), and 100 mL of the
peptide preparation or vehicle was placed in each wound.
Wounded areas were covered with Tegaderm transparent
dressing that was sealed at the edges with Benzoin Tinc-
ture. Daily over 10 days, 100 mL of medicament or vehicle
preparation was injected with a 26G needle through the
Tegaderm into the wound bed. At day o (directly after
wounding), and every 3—4 days, animals were anesthetized
with isoflurane, and wound margins were traced onto glass
slides. The bandages were changed every 2—3 days through
day 14.

To evaluate dermal healing, wound areas were measured
on days o, 3, 7, 10, 14, 17, 21, and 24. The animals were
either lightly anesthetized with Metofane (if just measuring
wounds) or intramuscular ketamine/rompun (if bandages
were changed), and the area of the wounds covered with
epithelium was traced (7,10,11). The wounds were consid-
ered closed if moist granulation tissue was no longer
apparent and the wound appears covered with epithelium.
The measurements were performed by a trained observer
blinded to the treatment the animals received. At necropsy,
the dressing was removed and the wound was traced.
Wound areas were determined by tracing the wound area
onto graph paper (1 mm?® square) and weighing the graph
paper. The tracing of the wound on day o was used as the
original area, and all of the subsequent areas were expressed

as a percentage of the original area that was still open.

In vitro stability studies

The enzymes were diluted in 2 tubes (duplicate) in 9 mL of
phosphate buffered saline, pH 7.2, and warmed to 37 °C at
the following concentrations (represents concentration in
final 10 mL volume): cathepsin G from human leukocytes
0.5 Units/mL; collagenase, Sigma blend, 1 mg/mL; elastase
from human leukocytes o0.01 Units/mL; elastase from
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porcine pancreas o.05 mg/mL; kallikrein from porcine
10 Units/mL; MMP 2 o0.01 ug/mL; MMP 3
0.01 pg/mL; MMP 9 0.01 pg/mL; and plasmin 10 pug/mL.

pancreas

At time o, 1 mL of 10 mg/mL Nle3-A(1—7) (final concen-
tration 1 mg/mL) was added to each tube and the solutions
mixed. Immediately, 1 mL was removed from each tube
(duplicate for each enzyme and time point) and placed in a
bath containing dry ice and ethanol for snap freezing. At 1,
5, 15, 30 min, 1, 2, and 4 h, 1 mL samples was removed
from the tubes and snap frozen in the appropriate contain-
ers. Samples were kept frozen until HPLC testing for deg-
radation products.

During the HPLC testing, the samples were thawed one
at a time and kept cold until processing to reduce enzyme
activity. Sample tubes were removed from —20 °C and
thawed by hand. The thawing process took approximately
s min. Thawed samples were filtered using a 0.45 pm syr-
inge filter (PALL PN4556T) directly into a glass vial.
Injections were made immediately after filtration was
complete.

Results

Rat full thickness excision model

The ability of several fragments of Nle3-A(1-7) to accelerate
the healing of full thickness excision wounds was initially
tested on rats. The data, expressed as a percent of the con-
trol wound size (therefore when lines are below 100 there is
an acceleration of healing), showed that Nle3 substituted
peptides of five or greater amino acids accelerated wound
closure (Fig. 1). Fragments of AIl of four amino acids were
effective at promoting wound repair (data not shown).
However, with Nle substitution at position 3 (of All), pep-
tides with less than five amino acids were not effective at
increasing wound repair (Fig. 1). This may indicate that the
conformational changes that occur in the shorter peptides
with the substitution of Nle reduces biological activity,

perhaps by altering receptor interaction.

Diabetic mouse full thickness excision model

In Figs 2 and 3, the ability of fragments of Nle3-A(1-7) to
accelerate healing of full thickness wounds in diabetic mice
Nle*-Af2~7),

accelerated

was evaluated. Fragments of Nle3-A(1-7),
Nle3-A(1-6), Nle'-A(3-7), and Nle3-A(1-5),
healing comparable to the intact peptide. The ability of
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Figure 1. The ability of fragments of Nle3-A(1—7) to accelerate healing
was evaluated in a full thickness excision model in rats. Five female
Sprague Dawley rats per group received two wounds. Daily, through day
5, the placebo (control) or vehicle containing peptide (100 pL, 1 mg/mL)
was applied. The amount of wound not re-epithelialized was measured
on days 2, 4, 7, and 9. These data are represented as the percentage of
the wound size as a ratio (treated wound size/placebo wound

size) x 100. Points marked with (*) were significantly different

(P < 0.05) from the placebo treated wound.
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Figure 2. The ability of fragments of Nle3-A(1-7) to accelerate healing
was evaluated in a full thickness excision model in diabetic mice. Five
males diabetic (db/db) mice per group received one wound. Daily,
through day s, the placebo (control) or vehicle containing peptide

(100 pL, 1 mg/mL) was applied. The amount of wound not re-epthili-
alized was measured on days 3, 7, 10, 14, 17, 21, and 24. These data are
represented at the percentage of the wound size as a ratio of (treated
wound size/placebo wound size) x 100. Points marked with (*) were
significantly different (P < 0.05) from the placebo treated wound.

these molecules to accelerate healing in this model is also
demonstrated by the percentage of wounds fully healed
(Fig. 3). All fragments tested (five and six amino acids in
length) accelerated healing in this model.

In vitro stability with enzymes

In order to assess the stability of the peptides in the pres-

ence of enzymes found in chronic wound fluid, the peptide
Nle3-A(1—7) was incubated in the presence of purified
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Figure 3. The data from Fig. 2 is represented here as the percentage of
wounds fully healed at days 17, 21, and 24 including wounds from
surgical and vehicle controls. As can be seen, Nle3-A(1~7) and all frag-
ments tested accelerated the healing of the diabetic wounds.

Table 1. Levels of intact Nle3-A(1-7) after in vitro incubation with
purified enzymes. Intact peptide levels (ug/mL)

Intact peptide levels (ng/mL)

Enzyme Omin 15min 4h

Cathepsin G - 960 946
Collagenase Blend - 910 869
Human Elastase - 988 971
Porcine Elastase 943 921 663
Kallikrein 177 13 0
MMP 2 987 995 982
MMP 3 - 974 1010
MMP 9 - 992 977
Plasmin - 1009 992

enzymes (Table 1). Only the positive control, kallikrein, an
enzyme known to be involved in the RAS, has substantial
degradation potential and none of the human enzymes
found in wounds have ability to degrade the peptide (Figs 4
and s5). The preferential cleavage site of tissue kallikrein is
Arg-/-Xaa. This reaction is selectively involved in the
release of bradykinin or kallidin from kininogen in which
the preferential cleavage is Met-/-Xaa or Leu -/-Xaa. How-
ever, for this peptide cleavage occurred between Tyr and Ile
as the major fragment equal (% to the remaining major
peak) as identified as Nle3-A(1—4) as the remaining peak is
of equal area, it is expected that this peak is A(5-7), the
fragment that would be cleaved from Nle3-A(1—7) to gen-
erate Nle3-A(1—4). There is slight degradation with two of
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Figure 4. Peptide, one part Nle3-A(1—7) (10 mg/mL), was mixed with
nine parts kallirein enzyme at time = o and duplicate tubes were
immediately snap frozen. Additional tubes were collected at 15 min
and 4 h. The frozen samples were then thawed and the degradation
profile analyzed by HPLC (panel a). The Y axis is mAU (milliabsorbance
units) at 220 nm sampled every 0.2 s over a 26 min interval. The
tracing of the synthetic peptide Nle3-A(1—4) is overlaid on this graph to
show the identity of one of the two major peaks formed by exposure to
kallikrein (panel b).
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Figure s. Peptide, one part Nle3-A(1—7) (10 mg/mL), was mixed with
nine parts porcine pancreatic elastase at time = o and duplicate tubes
were immediately snap frozen. Additional tubes were collected at

15 min and 4 h. The frozen samples were then thawed and the degra-
dation profile analyzed by HPLC. The Y axis is mAU (milliabsorbance
units) at 220 nm sampled every 0.2 s over a 26 min interval.
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the crude enzyme preparations (collagenase blend and por-
cine pancreatic elastase), but not human elastase from
leukocytes or purified collagenases. Within 15 min of
exposure to the porcine pancreatic elastase, approximately
8% of the peptide was degraded. By 4 h, 66.4% of the pep-
tide remained intact. The degradation of the peptide with
the crude preparation of porcine pancreatic elastase was
more pronounced than that with collagenase blend
(Table 1).

Discussion

Recent studies have made clear that components of RAS are
present in dermal tissue, that receptor profiles change upon
injury of dermal tissue and receptor antagonists delay der-
mal healing. Through structure activity studies, Nle3-
A(1-7) was identified in preclinical in vivo and in vitro
studies as a therapeutic that accelerates healing better than
the native peptide and in a manner superior to Regranex,
and reduces scarring (9—12). This peptide is being developed
as a therapeutic for the treatment of dermal wounds,

including diabetic ulcers and scar reduction.
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