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Abstract

The renin angiotensin system (RAS) plays an important role in wound repair; however, little is
known pertaining to RAS expression in response to thermal and the combination of radiation plus
burn injury (CRBI). The purpose of this study was to test the hypothesis that thermal injury
modifies expression of RAS components and CRBI delayed this up-regulation of RAS. Skin from
uninjured mice was compared to mice receiving local thermal injury or CRBI (injury site). Skin
was analyzed for gene and protein expression of RAS components. There was an initial increase in
the expression of various components of RAS following thermal injury. However, in the higher
CRBI group there is an initial decrease in ATy, (vasoconstriction, pro-proliferative) AT,
(vasodilation, differentiation) and Mas (vasodilation, anti-inflammatory) gene expression. This
corresponded with a delay and decrease in AT, AT, and MAS protein expression in fibroblasts
and keratinocytes. The reduction in RAS receptor positive fibroblasts and keratinocytes correlated
with a reduction in collagen deposition and keratinocyte infiltration into the wounded area
resulting in a delay of re-epithelialization following CRBI. These data support the hypothesis that
delayed wound healing observed in subjects following radiation exposure may be in part due to
decreased expression of RAS.
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INTRODUCTION

In a nuclear disaster, individuals proximal to the source will be exposed not only to varying
amounts of radiation but also thermal injury from the initial explosion and/or subsequent
fires. The combination of total body irradiation (TBI) with thermal injury is more commonly
referred to as combined radiation and burn injury (CRBI). When a sublethal dose of TBI is
combined with a non-lethal dermal injury, increased mortality may occur as compared to
either injury alone (1). Currently there is very little data with regards to the mechanism(s)
associated with the pathophysiology of CRBI.

The renin angiotensin system (RAS) is best recognized for its role in regulating blood
pressure and fluid balance. Physiologic properties associated with angiotensin Il (A-11)
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mediated activity include vasoconstriction, fluid balance, and enhanced aldosterone
secretion (2). A-11 acts through two main receptors, ATy, which is constitutively expressed
and AT, which is a fetal receptor that is upregulated under conditions of stress such as heart
failure and wound healing (3). More recently, it was found that cell growth and proliferation
could also be mediated through AT, activation (4, 5), whereas A-Il binding onto AT,
receptors appears to be anti-proliferative, anti-inflammatory, stimulate differentiation (6, 7)
and induce vasodilation (3, 8). Most physiological activities of A-11 in the adult are ascribed
to AT,-mediated activities. These activities include wound healing (4, 9-11), where A-11
activation of ATy regulates the expression of various cytokines and elaboration as well as
synthesis of extracellular matrix proteins (12). Takedaand colleagues showed that AT
receptor signaling blockade using a specific receptor antagonist suppresses angiogenesis
during wound healing and that the repair process regulated by AT, includes the balance of
opposing signals between AT, and AT, (4). Similarly, Kurosaka et al reported that AT1a
receptor knockout mice with full-thickness excisional skin wounds healed much slower and
showed reduced angiogenesis as compared to wild type mice (13).

Angiotensin (1-7) (A(1-7)) is a seven amino acid and is a member of the RAS. Unlike A-11,
A(1-7) does not have vasoconstrictive activity; in fact it may decrease blood pressure
secondary to nitric oxide (NO) release (14). Recent studies have shown this peptide has
significant activity in several biological systems including renal function (15) and wound
repair (16-18). The main receptor for A(1-7) is Mas, a G protein coupled receptor (19),
where its activation leads to the elaboration of NO (20). Some of the effects of A(1-7)
however have been attributed to its ability to either directly or indirectly act via the AT (21)
and AT, (22) receptors as well. A(1-7) promotes wound healing by increasing the re-
epithlialization of wounds and by increasing the proliferation of stem cells at the base of the
hair follicles (17). Further, studies by Roadgers and colleagues have shown that antagonism
of the receptor for A(1-7) delays healing in a diabetic mouse model (23).

This study focuses on CRBI in mice and its impact on the expression of RAS components.
The delay in the upregulation of RAS components in animals receiving CRBI provides
evidence for the hypothesis that the RAS is involved in skin healing and that modification of
this system delays healing.

Materials and methods

Animal Study Design

This study was approved by the IACUC of the Keck School of Medicine of the University
of Southern California. To evaluate impact of thermal injury alone, radiation alone (1 and 6
Gy) and the combination of the two types of injury, C57BI/6 female mice, 6-8 weeks old
(n=5 per group and time point) were purchased from Jackson Laboratories and quarantined
at least 1 week prior to injury. The mice were randomized into various injury groups the day
prior to injury.

Thermal injury

One day prior to thermal injury induction, the hair from the back of the mice was removed
by shaving. On the day of the injury, the mice were anesthetized with intramuscular
ketamine (80mg/kg) and xylazine (10mg/kg), and then were placed on a silicone mold,
which exposed 10% of the body surface area, and immersed into 75°C water for 10 seconds
which results in a partial thickness burn. Immediately after the thermal injury, 3 ml of sterile
lactated Ringer’s were administered subcutaneously to provide fluids and nutrition.
Buprenex (0.25 mg/kg) was administered twice daily for 3 days after the injury as an
analgesic.
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Radiation injury

Necropsy

Mice in radiation only or CRBI groups received either 1 or 6 Gy. The TBI was administered
at 0.94 Gy/minute using a single aerated chamber irradiator (Atomic Energy, Canada)
outfitted with a dual 137Cs source. In the groups to receive CRBI, the mice were irradiated
first and then received the thermal injury an hour later.

At specific time points post injury (0.2h (immediate response to injury), Day1 (acute
inflammation phase), Day?2 (beginning of resolution of inflammation), Day5 (beginning of
epithelialization), Day7 (keratinocyte proliferation and migration) and Day10 (initiation of
remodeling phase)), groups of animals were euthanized and the skin from the back of the
mice (burned area only or a comparable site in the TBI only group) was harvested and
placed in formalin for tissue processing to immunohistochemistry or RNALater for
measures of gene expression.

Reverse-transcriptase polymerase chain reaction

The gene expression for RAS receptors was quantified in wounded skin using quantitative
reverse transcriptase-polymerase chain reaction (QRT-PCR) (24). Total RNA was isolated
from tissues using RNeasy kit (Qiagen, Valencia, CA) and RNA concentration was
measured using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE)
at 260 and 280 nm. Following RNA quantification, cDNA was synthesized by using
SuperScript TM 111 First strand Synthesis SuperMix (Invitrogen, Foster City, CA). The
MRNA expression for ATq,, ATy, ATo, Mas, ACE, ACE2, renin and angiotensinogen was
determined by gRT-PCR using SYBR Green ER (Invitrogen, Foster City, CA). 28S rRNA
and GAPDH were used as the control housekeeping primer for each sample and skin from
uninjured mice were used to normalize the results. The fold changes are compared between
non-injured mice with tissues from injured animals.

Immunohistochemical staining (IHC)

The formalin fixed skin was embedded in paraffin and thin sections (5 um) were prepared.
The slides were rehydrated and were subjected to heat induced epitope retrieval (HIER) in
Antigen Retrieval Citra Plus (Biogenex, San Ramon, CA). In order to prevent nonspecific
binding the sections were incubated for 10 minutes each in a 5% milk solution followed by
2% horse serum. Goat anti-mouse monoclonal antibodies directed against ATy, AT, and
MAS (Santa Cruz Biotechnology, Santa Cruz, CA) were used at 1:250 dilutions. Avidin-
biotin complex method of detection was used where the secondary antibody used was
biotinylated horse anti-goat antibody (1/300) which was then attached to streptavidin linked
horseradish peroxidase (1/300) (Vector Laboratories, Burlingame, CA). The sections were
then incubated in diamino benzidine (DAB) for 8-10 minutes and counterstained using
hematoxylin. After mounting they were observed using light microscopy.

Measurement of keratinocyte infiltration and size of hair follicles

Keratinocyte infiltration was measured by using a 10 x 10 optical grid which was calibrated
against a micrometer at 100X magnification. The total wound area and re-epithelialized
wound area were measured using the optical grid and percentage healed was calculated as
described in Rodgers et al (25). In order to measure hair follicle size at the healing edge of
the wound photomicrographs were taken of all the slides at 40x magnification. Then using
NIS-Elements D v3.2 (Nikon Instruments Inc, Melville, NY) software the hair follicles were
traced and their sizes were compared.
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Collagen staining

To evaluate the changes in collagen slides were stained with modified Trichrome Masson
and imaged under 400x magnification. The total area of newly formed collagen at the
healing edge was measured using NIS-Elements D v3.2 (Nikon Instruments Inc, Melville,
NY) software. Maturity of deposited collagen was also measured based on the complexity of
the collagen network as described in Rodgers et al (25).

Maturity of the collagen deposited was assessed with tissue sections stained with Trichrome
stain on a 4-point scale:

1. Very short, fine, fibrils; very lightly stained; no to minimal deposition.
2. Fine, long and thin, slightly greater density (disorganized).

3. Fine fibrils undergoing condensation into slightly thicker, more dense fibres,
disorganized in arrangement.

4. Thicker bands of fibres lying randomly in a basket-weave like pattern, tending to
align across the injured area, organized in arrangement.

Statistical analysis

Results

All the data was analyzed using GraphPad 5.0 (GraphPad Software, San Diego, CA, USA).
Analysis of variance (ANOVA) along with Tukey posttest was used, where appropriate, to

compare data from more than two groups. Mann-Whitney test was used to analyze collagen
maturity. An alpha of 0.05 was set a priorii as the threshold for statistical significance. Data
are expressed as mean value + standard error of the mean (SEM).

Gene Expression of RAS Receptors in Relations to Types of Injury

The various types of injuries were compared with tissues derived from uninjured animals.
AT, expression was significantly upregulated at day 7 in the thermal injury group as
compared to CRBI 6Gy (Figure 1a). Thermal injury alone caused a marked and immediate
(within 2 hours) increase in other RAS receptor gene expression (Figure 1b-d), particularly
Mas, which revealed a 20-fold mMRNA expression increase (Figure 1d). Mice receiving 1 Gy
TBI only also showed an increase in RAS receptors expression however maximal changes
appeared at later time points, where Mas expression was increased 5-fold from day 5
onwards (data not shown). In contrast tissue from mice receiving 6 Gy TBI, had a 2-5 fold
increase of ATy, and AT, from day 5 onwards until the end of the study on Day 10, where a
12-fold Mas expression was observed (data not shown). The CRBI groups followed a
different pattern of RAS receptor expression compared to thermal injury only. With CRBI
1Gy the expression of AT, and Mas are markedly increased on the day of the injury as well
as the next day as compared to thermal injury alone (Figure 1b and 1d). In contrast, the
group receiving CRBI 6 Gy demonstrated a delay in RAS receptor expression as compared
to thermal injury by itself until Day 2 where MRNA expression was increased up to 6-fold
for ATqp, AT, and Mas. (Figure 1b-d).

We also examined gene expression of angiotensinogen and the metabolic enzymes
regulating the biosynthesis of RAS peptides. In dermal tissue, the expression of
angiotensinogen, the precursor of bioactive RAS peptides, ACE or ACE2, enzymes involved
in metabolism of angiotensin peptides, genes were not significantly different throughout the
observation period for all of the treatment groups (data not shown). The expression of renin
was not altered in the thermal injury or 1Gy TBI only groups, however a significant increase
in renin gene expression was seen in the group receiving 6 Gy TBI alone, where a 30-fold
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increase was seen on Day 5 that persisted till Day 10 (data not shown). In animals receiving
CRBI 1 Gy, an 8-fold increase in renin gene expression was seen 2 hours after injury (Figure
2). Whereas, in mice receiving 6 Gy CRBI, renin expression was delayed until Day 2 after
injury where mRNA expression reached a 20-fold increase (Figure 2).

RAS receptor protein expression

RAS receptor proteins expression was evaluated at the site of injury and compared to
uninjured skin using IHC. The expression of RAS receptors was limited and confined to the
bulge of the hair follicle in uninjured skin (Figure 3a). The various types of injuries induced
RAS receptor expression in keratinocytes, fibroblasts and subdermal cells as summarized in
Figure 3. The number of AT1 AT, and Mas positive fibroblasts were decreased in animals
receiving CRBI as compared to animals receiving thermal injury alone (Figure 4[a-f]).
Fibroblasts are responsible for the deposition of collagen, thus we evaluated the level of
collagen deposition in various injury models using trichrome staining. A reduction in total
area of collagen deposition was observed in the CRBI groups as compared to thermal injury
by itself at the healing edge of the wound (Figure 5a). In addition, there was a reduction in
the maturity of the collagen deposited as well, with the CRBI groups having more immature
collagen at Day 10 as compared to thermal injury only (Figure 5b).

With injury, the keratinocytes that infiltrated the wound stained positive for AT, AT, and
Mas receptors. However, there was significant reduction in the volume of hyperplastic
epithelium and epithelialization at the wound sites of animals with CRBI compared to those
from mice receiving only thermal injury (Figure 5c). In addition, the number of subdermal
cells staining for AT, AT, and Mas receptors was determined. AT, and Mas positive
subdermal cells were relatively lower in number and did not show any significant difference
between the injury groups (data not shown), whereas, the number of AT, positive subdermal
cells in the 6 Gy CRBI groups was significantly lower when compared to thermal injury
only (Figure 5d). The size of hair follicles at the healing edge of the wound at Day 2 after
injury was also measured. A decrease in the size of the hair follicles was found in the 6 Gy
CRBI group as compared to thermal injury by itself (Figure 6).

After a wound, angiogenesis plays an important role in wound healing. To assess the level of
angiogenesis, we quantified the number of blood vessels seen at the wound site. No
discernible difference was observed between the different injury groups (data not shown).

DISCUSSION

Delaying of the dermal wound healing process after exposure to radiation is well
documented (26). Radiation injury results in decreased production of various pro-
proliferative and angiogenic factors, such as basic fibroblast growth factor (FGF) and
VEGF, and decreases in progenitors expressing CD31 and CD34. Exposure to radiation also
increases MMP2 and MM9 levels in the skin resulting in increased proteolytic cleavage of
extracellular matrix. It also reduces the proliferation of fibroblasts and transforms
keratinocytes into a less differentiated state (27). Finally, radiation increases and prolongs
the production of inflammatory cytokines, such as IL1p, IL6 and TNFa in dermal tissue
thus delaying the dermal wound healing response (28). These effects have been associated
with delayed dermal wound healing (27, 29, 30). Although the effects of radiation exposure
alone have been studied in detail, there is a dearth of knowledge as to the mechanism as how
CRBI affects cells. Individuals exposed to high levels of radiation will develop radiation
sickness as well as thermal-induced injuries. Thus, it is important to evaluate the impact of
the combination of these two types of injuries as compared to these injuries alone on wound
healing.
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The gene expression data from this study shows that, as compared to mice receiving thermal
injury alone, the groups receiving 6 Gy CRBI had delayed expression of RAS receptors
AT1p, AT, and Mas. In addition to the delay in receptor expression, there is also a decrease
in the intensity i.e. fold change, of expression in the 6Gy CRBI groups as compared to
thermal injury by itself. Previously we have shown that the A-11 receptor levels in rat skin
are altered in response to full thickness excision and sutured wounds (10, 11). Stecklings et
al showed that A-11 as well as the receptors AT, and AT is present in the human skin and
that they play an important role in cutaneous wound healing (8, 31). 7akeda et alfound that
AT inhibition blocks keratinocyte re-epithelialization and myofibroblast recovery, whereas
inhibition of AT, has the opposite effect. These findings suggest that dermal wound healing
is regulated by the opposing signals involving AT, and AT (4).

When we evaluated the expression of enzymes important for the biosynthetic enzymes
found in the RAS pathway, no notable changes were detected except for renin. Reduction in
renin expression was observed in CRBI 6 Gy group when compared to the CRBI 1 Gy
group. As renin mediates the formation of A-I, the substrate from which All and A(1-7) can
be formed, this reduction in renin expression may result in a local reduction in the
generation of these bioactive peptides. A recent study has shown that local levels of All are
increased through day 7 after dermal injury (32). In contrast, the absence of change in renin
expression in the thermal injury group might be due to sufficient endogenous level of
angiotensin peptides in the healing skin; however, this hypothesis still needs to be validated.
A second hypothesis to explain absence of change in renin expression at the site of injury is
the possibility that, like the cardiac system, systemic renin is responsible for the production
of A-1 and the local RAS then further processes it (33).

The IHC data further confirmed gRT-PCR, where a notable decrease in number of ATy AT,
and MAS positive fibroblasts was seen in CRBI treated animals at different time points for
each of the RAS receptors. These observations reaffirm the fact that even though these
receptors may be involved in the wound healing process, their roles may be different. The
complexities of keratinocyte-fibroblast interactions have been explained in detail by Werner
et al along with the crucial role these interactions play in the wound healing process (34).
The delay and decrease in both the number of fibroblasts and the collagen deposition at the
site of the injury along with the decrease in keratinocyte re-epithelialization in the CRBI
groups as compared to thermal injury by itself could be due to these complex interactions.
A-11 is known to promote the secretion of collagen (35) and fibronectin (36) in cardiac
fibroblasts as well as growth factors such as TGF-g (37, 38) and PDGF (39, 40) through the
AT receptor. The decreased RAS receptor staining in the CRBI treated groups might
explain the delayed wound healing response observed as compared to thermal injury by
itself. In order to explore this further it would be interesting to study the effect of CRBI on
inflammation as well as factors such as TGF-p and KGF in skin which would give us a
better insight into the effect of this type of injury on wound healing.

Hair follicles play an important role in the re-epithelialization process after an injury (41,
42) and the reduced size of hair follicles in the CRBI group as compared to thermal injury
by itself points to a delayed healing response. The decrease in number of ATy positively
stained cells in the subdermis of CRBI groups as compared to thermal injury by itself may
correlate with a delayed inflammatory response in the CRBI group. Angiotensin 11 is known
to induce inflammation via the ATy receptor (43) whereas, both AT, and Mas have been
shown to have an anti-inflammatory effect (44-46). This would explain why the subdermal
cells, which are predominantly inflammatory cells, stain positively for AT, whereas AT,
and Mas staining is significantly reduced. Since angiogenesis at the site of injury plays an
important role in the wound healing process the number of blood vessels were quantitated.
No observable difference was seen between the groups. However, in this respect our study
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has temporal constraints and it is possible that with a longer study duration that we might
see some effects on angiogenesis.

Several studies have shown that progenitor cells from the bone marrow are mobilized to the
site of dermal injury and participate in the healing process (47). Radiation has been shown to
affect mesenchymal stem cells (MSC’s) by reducing their proliferative and differentiation
capacities (48) as well as endothelial progenitor cells (EPC’s) by diminishing their
functional capabilities resulting in vascular damage (49, 50). Since progenitor cells are
known to enhance the wound healing process both MSC’s and EPC’s have been used
successfully to treat chronic wound injuries (51, 52). Moreover, CRBI is also known to
severely suppress the bone marrow, which may contribute to the delay in healing. We have
previously shown that irradiated mice treated with A-11 and A(1-7) accelerated
hematopoietic recovery, increased number of hematopoietic progenitors in bone marrow,
increased white blood cell count in the peripheral circulation. Further, these two peptides
were shown to accelerate wound healing in both normal and delayed wound-healing models
(18, 25, 53, 54). Changes in the bone marrow mediated by these peptides might affect
wound healing at a number of levels

The data presented above are consistent with our initial hypothesis that the delay and
blunting of RAS receptor expression in the combined injury group may in part be
responsible for the decreased and delayed wound healing following CRBI. Ongoing work in
our lab is evaluating the treatment of dermal wounds in animals exposed to CRBI with
angiotensin peptides to further therapeutic options.

CONCLUSION

CRBI is a complex injury and mechanisms by which it damages cells are poorly understood.
Our findings show that reduced expression of renin and RAS receptors as a result of CRBI
might be one of the possible explanations for delayed wound healing observed in this type of
injury. These findings open up new strategies as how to mitigate CRBI-induced effects.
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RAS Receptor Gene Expression: Skin from mice receiving thermal injury, CRBI 1Gy and
CRBI 6Gy were collected and mRNA expression for ATy, (), ATyp (b), AT, () and Mas
(d) was measured using gRT-PCR where target gene expression was normalized using
GAPDH as the housekeeping gene and then compared to uninjured controls. Error bars are
expressed as mean +/— SEM where n=5. #p< 0.05 for CRBI 1Gy as compared to thermal
injury and *p<0.05 for CRBI 6Gy as compared to thermal injury
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Figure 2.

Renin gene expression: Skin from mice receiving thermal injury, CRBI 1Gy and CRBI 6Gy
were collected and mRNA expression for Renin was measured using qRT-PCR where target
gene expression was normalized using GAPDH as the housekeeping gene and then
compared to uninjured controls. Error bars are expressed as mean +/— SEM where n=5.
*p<0.05 for CRBI 6Gy as compared to thermal injury
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Figure 3.

Protein expression of RAS receptors: Skin sections were stained immunohistochemically for
ATy AT, and Mas in a. Uninjured, b. Thermal injury, c. TBI 1Gy, d. TBI 6Gy, e. CRBI
1Gy, f. CRBI 6Gy. Bar = 100pm
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a. Fibroblast Infiltration into Wound Site: Sections stained immunohistochemically for AT
AT, and Mas were enumerated for the total number of fibroblasts stained positively for
these receptors, where ‘healing’ stands for the healing edge of the wound and “injured’ is the
area of the wound that has yet to be re-epithelialized(i-vi). b. IHC for subdermal cells: The
number of subdermal cells positively stained for RAS components were counted at the
injury site and compared between the different groups. Error bars are expressed as mean +/-
SEM where n=5. #p< 0.05 for CRBI 1Gy as compared to thermal injury and *p<0.05 for
CRBI 6Gy as compared to thermal injury
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Collagen deposition and keratinocyte infiltration: The above data compares the thermal and
CRBI injuries with regards to the total area of collagen deposited at the healing edge of the
wound at day 10 (a), the maturity of the collagen deposited at day 10 (b), the percentage of
keratinocyte re-epithelialization at day 5 and 10 (c) and the number of subdermal cells
positively stained for RAS components at the injury site (d). Error bars are expressed as
mean +/— SEM where n=5. p< 0.005 for (a) and (d); p<0.0001 (b) and (c).
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Hair follicle size: The above graph compares the size of the hair follicles between the injury
groups at the healing edge of the wound at day 2. Error bars are expressed as mean +/- SEM
where n=5. p< 0.005 for CRBI 6Gy as compared to thermal injury.
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