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Abstract
Background/Objective: Androgens are not currently part of the therapeutic guidelines in burns
management. However, oxandrolone, an androgen analogue, has been reported to have significant
benefits in burn wound recovery, but there are still concerns regarding its side effect profile.
Preliminary studies have identified that the inactivation of androgen receptors (AR) slows wound
healing post-burn injury. This finding is opposite to that of experimental evidence for androgens in
cutaneous (non-burn) wound healing, on which they exert an inhibitory effect. Therefore, this study
aimed to identify the role of androgen signalling in severe, hypermetabolic burn injury both at the
local wound and systemic levels.
Design: Experimental study.
Setting: Research laboratory.
Subjects: Male Balb/c mice; wild type (WT) and androgen receptor knockout (ARKO) using
Cre/LoxP system.
Interventions: 4 cm2 contact burn injury (representing 10% Total Body Surface Area (TBSA)).
Main Results: ARKO mice demonstrated slower wound healing and poorer body weight
maintenance and recovery. This was associated with preferential activation of white adipose tissue
over brown adipose tissue, larger splenic size and smaller hepatic size. There was no difference in
local wound inflammatory cytokine mRNA expression between WT and ARKO mice.
Conclusions: Androgens play a positive modifying role in wound healing in the context of burn
injury, a finding opposite to its reported inhibitory actions in cutaneous wound healing. This is likely
resultant from an attenuation of the systemic hypermetabolic response. This contradictory, contextdependent action urges further research into the beneficiary effects of androgens in burns
management, particularly its modulation of systemic inflammation and the host immune response.
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1. Introduction
1.1 Burns
1.1.1 Types and Classification systems
Burns are a type of injury to skin and tissue caused by a variety of stimuli, causing denaturing of
proteins in cells and cell death. Burn injuries include: thermal burns caused by flame, scald, contact,
friction or flash; electrical burns; radiation burns; and chemical burns from acids, alkalis and other
corrosive substances. Burn injuries can be classified in two different manners: depth and total body
surface area (TBSA).

Burns can be classified by the depth of injury, from superficial (formerly first degree), partial
thickness (second degree) to full thickness (third degree) burns.

Figure 1. 1 Burn Injury Classification.
Superficial (1st degree) localized to epidermis. Partial thickness (2nd degree) extending to dermis. Full thickness (3rd
degree) extending beyond dermis into subcutaneous tissue. Adapted from [1].

Superficial burns damage the epidermis only. These are often erythematous and painful, but with no
blistering or scarring. Superficial burns usually heal within one week, and require no treatment. An
example of a superficial burn is the simple sunburn.
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Partial thickness burns involve damage to the dermis. They are divided into superficial partial
thickness and deep partial thickness burns depending upon extension into the papillary and reticular
layers respectively.
Superficial partial thickness burns present with erythema, extensive blistering, and are extremely
painful due to irritation of nociceptive pain fibers present within the papillary dermis. However,
underlying capillary beds are undisturbed, preserving blood flow and thereby allowing fast wound
healing. These injuries heal with full recovery of function over 2-3 weeks. Treatment involves
temporary wound dressings to promote wound healing and minimize wound infections.
In contrast, deep partial thickness burns (i.e. extending into the papillary and reticular layers)
present with a mixed picture. Capillary refill may initially still be present, but will be absent 2448hrs post-injury as a result of superficial vessels ceasing to function. Recovery time may take up to
8 weeks, and permanent scarring may result. Surgical escharotomy and skin grafts are treatment
mainstays.

Full thickness burns are burns that extend beyond the dermis into subcutaneous fat or muscle layers.
These severe burns destroy nociceptive pain fibers, and as a result, there is limited or no pain
associated with the burn itself. Furthermore, full-thickness burns present as waxy, white and leathery
or charred and deeply red due to erythrocyte extravasation and lysis. Recovery time can extend into
months, with multiple skin grafts and skin escharotomies required.

2

Figure 1. 2 Appearance of burns by depth of injury.
(A) Superficial, (B) Superficial partial thickness, (C) Deep partial thickness, and (D) Full thickness.

The second classification system for burns is the percent of ‘Total Body Surface Area’ (TBSA)
involved. As suggested by the name, TBSA is a simple measurement of gross amount of tissue burnt,
and is determined by the ‘rule of nines’ as demonstrated by Figure 1.3, with 1% TBSA equaling the
surface of a patient’s hand.
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Figure 1. 3 Rule of Nines.
1%TBSA represented by the area of the patient’s hand. Head and arms represent 9%TBSA each; legs represent
18%TBSA each; front and back torso represent 18% each; remaining 1%TBSA represented by groin.2

When the burn injury is over 20% of TBSA, it not only triggers the wound healing process but also
stimulates a systemic hypermetabolic response.3 The greatest risks to these severe burn injury
patients are from shock, sepsis and respiratory insufficiency. This will be further covered in Section
1.1.3b.

1.1.2 Epidemiology
Burns are one of the most common injuries, with over 2766 total burns cases reported and managed
by participating sites in the Burns Registry of Australia and New Zealand in 2014-15, and over
50,000 total hospital admissions (including emergency department). It was estimated that there are
over 220,000 burns per year across Australia and New Zealand,4 and approximately 6.6 million
people suffer from burns globally each year.5

Moreover, causes of burns in the adult population from most to least common are as follows: flame
(46%), scald (28%), contact (13%), chemical (6%), friction (4%), radiation (2%), and electrical
(1%). In regards to severity of burn size, 80% of burns were <9% TBSA, and 8% of burns were
>20%TBSA.4

Burn care and management is extraordinarily expensive. According to a previous study, the total
calculated cost of the average adult burns (mean %TBSA of 7.52%) patient was AU$71,056.6 The
cost of burn care increases with increasing %TBSA involved – for >20% TBSA the estimated cost
sits at over $120,000 per patient. Furthermore, disability and disfigurement, commonly due to wound
contracture, account for over 10 million Disability Adjusted Life Years (DALY’s) lost globally per
4

year.7 In Australia and New Zealand, only 1% of burn patients died before hospital discharge,
although this figure rose significantly with increased %TBSA – out of 19 patients with %TBSA >
50%, 9 (47.4%) died.4

1.1.3 Pathophysiology
As with many injuries to skin, burns will stimulate a host response, initiating an organised, timely
and predictable cascade of cellular and biochemical events that characterise local wound healing.
Additionally though, severe burns (>20%TBSA) also induce a systemic catabolic response,
characterised by a ‘stress’ hypermetabolic state.
1.1.3a Local Burn Injury & Healing
Wound healing involves a number of overlapping phases: initial haemostasis, inflammation, cell
proliferation and recruitment, and finally tissue or matrix remodelling (Figures 1.4 and 1.5).

Figure 1. 4 Phases of wound healing
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Regulated and systematic cascade of events characterising local wound healing organised into four overlapping phases of
haemostasis, inflammation, cell proliferation and tissue remodelling. Adapted from [8].

Figure 1. 5 Wound healing mechanisms
a) haemostasis/inflammation, b) proliferation and c) matrix remodelling.9

i.

Haemostasis:

Haemostasis is the most immediate response to tissue and blood vessel injury. Haemostasis is
comprised of three stages. Firstly, endothelial cell damage causes vasospasm and vasoconstriction.
Second is thrombosis – or ‘platelet plug formation’ – where by platelets adhere to damaged vascular
endothelium. Thirdly, there is coagulation, or ‘clot formation’. Clotting factor are activated in a
‘coagulation cascade’ that converts circulating inactive fibrinogen plasma protein into a fibrin mesh
to strengthen the initial thrombus.

ii.

Inflammation

The inflammation stage is a tightly regulated, protective response of the body designed to eliminate
the primary aetiology of cell injury, clear damaged or necrotic tissue, and initiate tissue repair. This
is achieved by accelerated movement of plasma and leukocytes from circulating plasma into
6

surrounding tissue. Movement is facilitated by vasodilation of surrounding healthy vascular
endothelial cells in response to mediators including histamine, prostoglandins, leukotrienes, and
nitric oxide released by a variety of resident tissue leukocytes, macrophages, dendritic cells, mast
cells and histiocytes. This causes the ‘leakage’ of plasma from intra- to extra-vascular spaces as
exudate, which causes oedema. Furthermore, other resident leukocytes within the vessel walls begin
to release cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour necrosis factor α
(TNF-α), which stimulate further extravasation of leukocytes.10,11

The initial leukocytes involved in acute inflammation (24-48 hours) are granulocytes including
neutrophils and basophils, which act to phagocytise foreign antigens. Subsequently, after 48 hours,
macrophages being to replace neutrophils (which undergo apoptosis). Macrophages in turn continue
to phagocytise bacteria, but also break down and debride damaged tissue using proteases. Moreover,
macrophages also begin to alter the cytokine environment, releasing growth factors including
transforming growth factor β (TGFβ) and epidermal growth factor (EGF) that are in part responsible
for angiogenesis and granulation tissue formation, thus assisting the following proliferation phase.9

iii.

Proliferation

Proliferation overlaps with the inflammatory phase as described, and involves various processes
including angiogenesis, granulation tissue formation, fibroplasia and epithelialisation. Granulation
tissue consists of a combination of new blood vessels, fibroblasts, inflammatory cells and
components of new extracellular matrix (ECM), such as fibronectin, collagen, proteoglycans and
hyaluronan. Fibroblasts are the key cells in the maturation of the granulation tissue into proper ECM
via the excretion of further collagen – mostly type III – and fibronectin over the course of the
proliferation period. Concurrently, as this new tissue forms, epidermal cells proliferate and migrate
to ‘re-epithelialise’ the surface.
7

iv.

Remodelling

As mentioned, fibroblasts produce type 3 collagen during the proliferation phase. As time passes,
type 3 collagen is replaced by stronger type 1 collagen, a process modulated by fibroblasts,
keratinocytes and inflammatory cells that release proteolytic enzymes, elastases and matrix
metalloproteinases.9 The disordered collagen is further remodelled and organised along tension lines,
creating a mature and functional ECM to complete cutaneous wound healing.
1.1.3b Systemic Effects of Severe Burns
It is well established that severe burns (>20%TBSA) stimulate an ‘ebb’ and ‘flow’ systemic
metabolic response.12-15 This refers to an immediate, 2-3 day period in which an imbalance between
increased metabolic demands and decreased cardiac function causes a state of hypovolaemia and
tissue hypoxia. This systemic hypermetabolic state is driven by increased ‘stress’ inflammatory
mediators, such as TNF, IL-6 and IL-8, mostly attributed to cell lysis and death.15
Hypermetabolism, by definition, is a state in which there is increase in an organism’s basal metabolic
rate and thus increased organ energy expenditure rate. In fact, patients with >25% TBSA full
thickness burn injury demonstrate a basal metabolic rate of 118-210% compared to normal uninjured
people.16 This increased energy expenditure creates a specific milieu of hormones, in which catabolic
hormones (such as glucocorticoids, catecholamines and glucagon) are promoted whilst anabolic
hormones (such as androgens, insulin and growth hormones) are demoted. For example,
corticosteroid and catecholamine levels have been found to increase up to 10-50 fold post-burn
injury (~day 10 post burn).17
Resultant from this millieu is an acceleration of catabolic processes, such as glycolysis, lipolysis,
proteolysis, insulin resistance, liver dysfunction, loss of lean body mass (LBM) and total body
mass.18 Protein catabolism is particularly useful in analysing the effects of burn injury. In the
catabolic state of severe burn injury, protein loss occurs rapidly due to the utilisation of all available
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amino acids for energy. It is not surprising that a curvilinear increase in metabolic rate is associated
with burn injury: near normal for burns less than 10% TBSA, whereas greater than 40% TBSA burn
causes severe protein catabolism and is usually fatal.19
Despite marked advances in sepsis management, airway support, early excision and skin grafting,
effective control of this hypermetabolic state remains one of the unsolved problems in the ongoing
treatment of burn patients.20 Without adequate control, there is massive protein and lipid catabolism,
endocrine dysfunction, immune compromise, poor wound healing and muscle breakdown, all of
which leads to a loss of LBM.12-15 Consequently, this hypermetabolic state can result in a condition
of absolute physiological exhaustion if left untreated, reflected in significantly increased risks of
long term morbidity and mortality.12
Thus, it is important to investigate whether rectification of this imbalance of catabolic and anabolic
hormones – including androgens – is able influence the recovery period from systemic burns.

1.2 Androgens
Androgens are steroid hormones that exert physiological and tissue influence by binding to androgen
receptors (AR). The most well-known and abundant androgen circulating in the body is testosterone
(T). Androgens have a number of functions and are often delineated into anabolic and virilising
effects. In truth, this distinction is poor, as these very much overlap. In essence, anabolic effects
commonly refer to muscle development via protein synthesis, as well as increasing bone density and
growth. Virilising effects, on the other hand, refer to male sexual maturation and development of
male secondary sex characteristics, notably during puberty. These include penis and scrotal
development, deepening of voice and increased body hair. Testosterone is also critically important in
spermatogenesis, and thereby sexual reproduction.
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As with all steroid hormones, testosterone is synthesised from cholesterol in a process called
steroidogenesis, involving a number of enzymes and intermediate adrenal androgens, which include
dehydroepiandrosterone (DHEA), DHEA-sulphate (DHEAS) and androstenedione. These adrenal
androgens are converted by enzymes such as 3b-hydoxysteroid dehydrogenase and 17bhydoxysteroid dehydrogenase. In men, the majority of testosterone is synthesised in Leydig cells in
the testes, whilst the remaining amount is created in the adrenal glands. In women, on the other hand,
testosterone is produced in thecal cells of the ovaries; however, the majority of testosterone is
irreversibly converted to estradiol by the aromatase enzyme in females (Figure 1.6). This
aromatisation process also occurs in men – albeit on a lesser scale – which leads to secondary
effects, acting indirectly via its conversion to estrogens and binding to estrogen receptors (ER).

Figure 1. 6 Conversion of Testosterone to Dihydrotestosterone (DHT) or Oestradiol.
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Testosterone (T) is able to be irreversibly converted to either dihydrotestosterone (DHT) or oestradiol, dependent upon
enzyme 5a-reductase or aromatase, respectively.21 Triangles represent binding of hormones onto either estrogen
receptors (ER) or androgen receptors (AR). T can bind directly to AR, and DHT binds with greater affinity to AR than T.

Importantly, via 5α-reductase enzymes – which are present in various isoforms in target tissues such
as prostate, epididymis skin, liver and brain – testosterone is further transformed into
dihydrotestosterone (DHT) (Figure 1.6). DHT is a more potent androgen receptor agonist,
demonstrating 2-3 fold affinity levels for AR compared to testosterone, and up to 15-30 times the
affinity of the aforementioned adrenal androgens.

Furthermore, levels of testosterone in the body are regulated via the hypothalamic-pituitary-gonadal
(HPG) axis. This axis is a classic negative feedback loop that is similar to most endocrine pathways
in the body, such as the more familiar hypothalamic-pituitary-adrenal (HPA) axis, which governs the
production of corticosteroids. This HPG axis tightly regulates testosterone production in homeostatic
levels. The hypothalamus releases gonadotropin-releasing hormone (GnRH), which stimulates the
anterior pituitary gland to secrete luteinizing hormone (LH) and follicle-stimulate hormone (FSH).
These hormones influence the testes (in males) in regard to spermatogenesis as well as the secretion
of testosterone. In turn, levels of testosterone, DHT and inhibin (produced by spermatogenic cells)
all inhibit the production of GnRH by the hypothalamus as part of the negative feedback loop.

1.3 Androgen Receptor
Androgens exert influence and mediate its effects via binding to AR. The AR is classically defined
as a ligand-activated nuclear hormone receptor, as well as a ligand-inducible transcription factor. In
essence, androgens bind to the AR, stimulating receptor homodimerisation. AR then translocates to
the target DNA sequence (androgen response element (ARE)), causing up- or down-regulation of
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gene transcription. Subsequently, this causes the synthesis of mRNA and eventual translation into
proteins.

Figure 1. 7 Androgen Receptor and its Function.
Androgen (ligand) binds to the ligand-binding domain (LBD) of the androgen receptor (AR). This AR-ligand complex
either performs non-genomic functions or translocates to the nucleus and binds to androgen response elements (ARE) of
various gene targets.22

The AR is a protein consisting of 919 amino acid residues with a molecular mass of 110 kilodaltons
(kDa), and is present in two isoforms – AR-A and AR-B. AR is specifically encoded on the Xchromosome, position Xq11-12. AR is structured similarly to other nuclear receptors, whereby
consisting of a number of distinct domains. Firstly, there is a ligand binding domain (LBD),
responsible for high affinity binding to androgens. Secondly, a DNA-binding domain (DBD),
consisting of 8 cysteine residues forming two zinc fingers, binds to the ARE. Third is a N-terminal
domain (NTD), which is the primary effector in the transactivation of targeted genes. Figure 1.9
depicts the protein-coding region of AR. There are a total of 8 exons, representing the
aforementioned domains: NTD by exon 1; DBD by exons 2 and 3; and, the C-terminal LBD across
the remaining exons 4-8.
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Figure 1. 8 Domain Structure of the AR.
A) represents the NTD; B) represents the DBD; C), represents the hinge region 623-670; and D) represents the LBD.23

1.4 Androgens in Cutaneous Wound Healing
Investigation into androgens and their impact upon wound healing is still a relatively new area of
research. ARs have been demonstrated to be expressed in inflammatory cells, fibroblasts, and
epidermal keratinocytes in skin suggesting that androgens exacerbate inflammation, delay matrix
deposition and re-epithelialisation.10 Therefore, androgens have been considered to have inhibitory
effects on local wound healing. Local wound healing is an intrinsic component of burn recovery, and
hence these models also help to inform our understanding of burn injuries.

1.4.1 Androgens and the Inflammatory Phase
Both systemic and topical administration of anti-androgenic drug, such as flutamide, has been shown
to accelerate cutaneous wound healing.10,24 Flutamide is a non-steroidal anti-androgen (NSAA),
acting as a selective antagonist of the AR, and used to treat hyperandrogenic states including
polycystic ovarian syndrome (PCOS) in women. These studies report how androgens impair wound
healing via modulating inflammatory cytokine levels, particularly by increasing expression of TNFα. Moreover, castrated mice have also been found to have faster healing wounds in association with
13

lower wound IL-6 and TNF-α levels, further supporting the aforementioned observations regarding
androgens and inflammation.10 Interestingly, treatment with MK-434 (a 5α-reductase inhibitor)
resulted in decreased IL-6 only.11 Nonetheless, both groups demonstrated similar accelerated healing
rates, suggesting that androgens are the primary retarding factor in delayed wound healing.

Although castration and anti-androgen drugs have been demonstrated to accelerate cutaneous wound
healing, the role of the AR is not clear. Studies involving AR-knockout (ARKO) mice, such as Lai et
al. (2009) demonstrated general ARKO (GARKO) mice healed faster compared to wild type (WT).
More specifically, they showed ARs expressed on monocytes augmented TNF-α production via: i)
increasing numbers of circulating monocytes, ii) enhancing monocyte recruitment and chemotaxis,
and iii) increasing TNF-α expression at transcriptional levels in monocytes.24 Of clinical
significance, they also examined the administration of ASC-J9, a compound that degrades ARs and
used to suppress castration-resistant prostate cancer in humans. This specific AR blockade was
shown to be associated with both reduced tissue expression of TNF-α as well as reduced wound
macrophage population, also leading to accelerated wound healing.

1.4.2 Androgens and Cell Proliferation and Tissue Remodelling
Using a combination of ARKO mouse models, 5α-reductase inhibitors and silicon splints at
cutaneous wound sites, Wang et al. were able to demonstrate how AR-mediated androgen action
directly and positively impact cell proliferation and remodelling.25 By using silicon splints, they were
able to remove wound contracture (known as the main mechanism of wound healing in rodents) as a
variable in their investigation of wound healing. They consistently demonstrated increased rates of
re-epithelialisation, keratinocyte proliferation and wound collagen accumulation (as a surrogate
marker of fibroblast proliferation and migration). These findings all corroborated with findings in
castrated mice, in which they were found to have increased wound deposition of collagen I and
14

fibronectin, likely owing to decreased matrix metalloproteinases and thereby decreased matrix
degradation.10,11

1.5 Androgens and Burn Wound Healing – Clinical Evidence
Currently, there are no experimental studies investigating androgens in burn injury. There are only
limited clinical trials on both children and adult burn patients,14,15,19,26-33 that involve treatment with
androgens (e.g. testosterone) or with an androgen analogue, such as oxandrolone.

Oxandrolone is an anabolic androgenic steroid, a 17 α-methyl derivative of testosterone, which is
reported to have an anabolic activity that is 5 to 10 times greater than that of methyltestosterone, and
claiming to possess significantly less virilising effects and an absence of serious hepatotoxic
effects.18,34 Oxandrolone has two actions: i) it binds to intracellular androgen receptors and ii)
provides competitive inhibition of the glucocorticoid receptor.15

It has been used in clinical

situations such as severe burn injury, HIV-related muscle wasting, neuromuscular disorders,
alcoholic hepatitis and trauma following major surgery for over 40 years, having been first
synthesised in 1962.34
1.5.1 Oxandrolone and Burn Wound Healing
Oxandrolone appears to consistently improve gross parameters of LBM, total body mass, bone
mineral composition, strength and length of stay (LOS).19,27-30,32,33,35-41 The improvements to LBM
and total body mass are perhaps most important in young children. Severe burn injury causes
significant depletion in LBM and its complications such as infection can result in a failure to thrive
due to increased metabolic demands and inefficient energy utilisation. This can cause stunting,
wasting, short stature and impairment to growth and intellectual development. However,
interestingly, oxandrolone was not found to significantly decrease the resting expenditure rate (REE)
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or basal metabolic rate (BMR) when measured by indirect calorimetry, suggesting that oxandrolone
does not reduce or attenuate the hypermetabolic state.35-37,40

However, some studies have demonstrated the role of oxandrolone in modulating the hormonal
environment. Oxandrolone has been seen to stimulate an upregulation in supplementary, systemic
anabolic hormones, including IGF-1 and thyroid hormones, all of which promote protein synthesis,
leading to improvements in LBM.32,39,40 Furthermore, oxandrolone has also been demonstrated to
block glucorticoid action via androgen receptors, thus limiting systemic catabolism and proteolysis.37

1.5.2 Oxandrolone – Side Effects
Unfortunately, oxandrolone is not approved for use by the TGA in Australia. Studies have
demonstrated mild hepatotoxicity and elevations in liver function tests (LFTs).29,33,35,38,42,43 The other
major concern is androgenic virilising effects on young girls. There have been reports of hirsutism
and clitoromegaly with oxandrolone administration in spite of its safety claims.38,39,44

1.6 Rationale
Preliminary research has established a burn injury model and found that AR inactivation in male
ARKO mice significantly impaired wound healing post thermal injury, a finding opposite to that
seen in cutaneous (non-burn) wound healing. These results point to a previously unrecognised,
contradictory, and context-dependent role of androgens in wound healing. As these anabolic
functions of androgens open novel therapeutic avenues in potentially treating severe burn injury, it is
necessary to identify and define the precise mechanisms that shape the role of AR-mediated
androgens in regulating burns recovery.
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The aim of this project is to determine the role that AR-mediated androgen actions play in severe,
hypermetabolic burn wound healing, both in systemic recovery and local wound healing.

Objectives
1. To identify the role of androgens in local wound healing in the context of severe burn injury
and associated catabolism.
2. To determine whether AR-mediated androgen actions play a positive or negative systemic
role in severe burn injury.
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2. Materials and Methods
2.1 Materials
Table 2. 1 Reagents, Disposables and Equipment

Reagent/Disposable/Equipment
DetectX® Corticosterone Enzyme

Supplier
Arbor Assays, MI, United States

Immunoassay Kit
Phosphomolybdic-phosphotungstic acid

ARCOS organics, NJ, United States

Light Green SF yellowish

ARCOS organics, NJ, United States

Polyamp DuoFit® saline ampoules 5 mL

AstraZeneca Pty. Ltd., North Ryde, NSW,
Australia

Bouin’s Fixative

Australian Biostain Pty. Ltd. Tararalgol,
VIC, Australia

Harris’s Haematoxylin

Australian Biostain Pty. Ltd. Tararalgol,
VIC, Australia

Insulin Syringe 1 mL

BD Medical Supplies, Macquarie Park,
NSW, Australia

200 μl individual PCR tubes

Bio-Rad Laboratories, Hercules, CA, United
States

96 well plate

Bio-Rad Laboratories, Hercules, CA, United
States

CFX RT-PCR Detection System

Bio-Rad Laboratories, Hercules, CA, United
States

T1000 Thermal Cycler

Bio-Rad Laboratories, Hercules, CA, United
States

SYBR Green

Bio-Rad, Reagents Park, NSW, Australia

FLUOstar Omega Microplate Reader

BMG Labtech, Ortenberg, Germany

Ketamine

CEVA Animal Health, Pty. Ltd. Glenorie,
NSW, Australia

RNase-free 5 mL screw-cap tubes

Corning, Clayton, VIC, Australia

Surgilast® tubular elastic dressing retainer

Derma Sciences, NJ, United States
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MilliQ H2O

EMD Millipore Corporation, Merck, NJ,
United States

5424 Centrifuge

Eppendorf, Hamburg, Germany

S35 microtome sectioning blade

Feather Safety Razor Co. Ltd. Osaka, Japan.

Atrauman® non-stick dressing

Hartmann, Keywood, United Kingdom

Positive charged microscope slides

Hurst Scientific Pty. Ltd., Perth, WA,
Australia

SuperScript™ III kit

Invitrogen, Massachusetts, USA

Kimtech Science Kimwipe

Kimberly-Clark

Professional,

Milsons

Point, NSW, Australia
Polytron® PT2100 Homogeniser

Kinematica, Luzern, Switzerland

100% Ethanol

Labtech, Windsor, NSW, Australia

Surgipath® MM 24 Mounting Media

Leica

Biosystems

Richmond,

Inc.,

Richmond, Illinois, United States
NucleoSpin® RNA kit

Machery-Nagel,

Cheltenham,

VIC,

Australia
OsteoMeaure® Software

OsteoMetrics Inc. Decatur, GA, Unites
States

EnSpire® multimodal plate reader

PerkinElmer, Waltham, MA, United States

Nuclease-free water

Promega, Madison, Wisconsin, USA

24 x 50 mm Coverglass No. 1 coverslips

ProSciTech, Thuringowa, QLD, Australia

Histology cassettes

ProSciTech, Thuringowa, QLD, Australia

Celestine Blue

Sigma-Aldrich, Saint Louis, MI, USA

Ponceau Acid Fuschin

Sigma-Aldrich, Saint Louis, MI, USA

TRI Reagent®

Sigma-Aldrich, Saint Louis, MI, USA

100% Chloroform

Sigma-Aldrich, Saint Louis, MI, USA

Isopropanol

Sigma-Aldrich, Saint Louis, MI, USA

Formalin solution, neutral buffered, 10%

Sigma-Aldrich, Saint Louis, MI, USA

Forward/reverse primer

Sigma-Aldrich, Saint Louis, MI, USA

Visitrak® film grid wound measurement Smith&Nephew, NSW, Australia
system
Excelsior ES Tissue Processor

Thermo Fischer Scientific, Waltham, MA,
United States
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HistoStar Tissue Paraffin Embedder

Thermo Fischer Scientific, Waltham, MA,
United States

Micro HM355S Automatic Microtome

Thermo Fischer Scientific, Waltham, MA,
United States

Ambion RNase-free 1.5 mL tubes

Thermo Fischer Scientific, Waltham, MA,
United States

EVOS FL Auto imaging microscope

Thermo Fischer Scientific, Waltham, MA,
United States

Nanodrop spectrophotometer

Thermo Fischer Scientific, Waltham, MA,
United States

Xylazine

Troy Laboratories Pty. Ltd. Glendenning,
NSW, Australia

Gurr Certistain - Eosin Y alcohol/0.05 % VWR International Ltd., Radnor, PA,
(v/v) acetic acid

United States

Plate shaker

VWR International Ltd., Radnor, PA,
United States

Carprofen

Zoetis, NJ, United States

2.2 Animals
Male Balb/c mice, 10-12 weeks old, weighing ~20±5g, (Animal Resources Centre, Murdoch, WA)
(WT n=27, ARKO n=20, (n=3–7 mice/group/time point including control and days 3, 5, 7, 14) were
housed in the Molecular Physiology Unit at the ANZAC Research Institute. Mouse lines were
originally generated courtesy of the Andrology Research Group, ANZAC Research Institute. All
protocols were approved by the Sydney Local Health District Animal Welfare Committee (Protocol
No. 2013/059) and in accordance with the National Health and Medical Research Council (NHMRC)
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes.
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Mice were kept with littermates and housed in semi-transparent cages in standard conditions:
temperature regulated to 19-22oC, ad libitum access to standard rodent feed and water, 12-hour lightdark cycle.

The AR knockout ARKO mouse model used in this project was created by crossing Sox2Cre with
“floxed” AR mice – a Cre/loxP system and genotyped as previously described and utilised by the
ANZAC Research Institute.45-47 Specifically, there is deletion of exon 3 of the AR, responsible for
encoding the second zinc finger of the DBD – the target gene is flanked by loxP, which are digested
by the bacterial Cre-recombinase enzyme (see figure 2.1). In essence, the AR becomes nonfunctioning as it is unable to bind to DNA or undergo nuclear binding, and thus downstream
androgen-mediated effects are halted. Only hemizygous males with the defective AR gene were
eligible in this study.

Figure 2. 1 ARKO mouse generation using Cre/loxP recombination:
A transgenic global Cre-recombinase mouse line is crossed with a “floxed” mouse line with the target exon 3 gene (red)
flanked by two loxP sites (green triangle). The exon 3 gene is excised by Cre-recombinase which digests the loxP sites,
resulting in an inactive DBD of the AR.

Polymerase chain reaction (PCR) was performed on toe clippings from infant mice to confirm the
presence/absence of non-defective WT AR gene. Moreover, because the hemizygous male ARKO
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mice possess a female phenotype, PCR was also performed to detect the sex-determining region Y
chromosome (SRY) to identify their chromosomal gender.
A

B

Figure 2. 2 PCR genotyping
PCR genotyping for defective AR gene products. WT with AR+/+, ArKO with AR-/-, and heterozygotes (HT) with both
products AR+/-. (A) PCR genotyping for sex-determining region Y (SRY) to identify hemizygous male ARKO mice. (B)

2.3 Burn Injury Model
Prior to burn injury, mice were anaesthetised via intraperitoneal administration of a mixture of 0.75g
ketamine (75mg/ml) and 0.1g of xylazine (10mg/ml) in 0.9% normal saline. The anaesthetic was
given at 0.01ml/g of body weight. Pedal and tail reflexes were checked to ensure adequate
anaesthesia before the surgical procedure.

The dorsal area of the mice was shaved, the skin was cleaned with Betadine followed by saline wash.
The burn wound was created using a 4cm2 hot brass plate (reflecting approximately 10% TBSA).
22

The brass plate was heated with a Bunsen burner to 1500C and applied and allowed to rest on the
dorsum of the mice for 10s. This represented a large severe burn injury. Mice were then rehydrated
via intraperitoneal injection of 1ml warm saline. Carprofen (5mg/kg), a non-steroidal antiinflammatory drug, was given intra-peritoneally post-surgery and the following two days as
analgesia. Forty-eight hours post burn injury, the mouse was again anaesthetised and the burn wound
was debrided using surgical scissors. The open wound was subsequently covered using non-stick
dressing Atrauman® (Hartmaan, Australia) and IV3000 dressing (Smith & Nephew, Australia),
wrapped with Surgliast® tubular elastic dressing retainer. Mice were caged individually for the first
two days post-surgery, then allocated two per cage thereafter. Adequate food and water was
provided. The health of the mice was monitored daily.

Figure 2. 3 Burn injury, debridement and wound dressing:
(A) brass plate 2x2cm; (B) burn injury to shaved dorsum of mouse; (C) debridement of eschar 48hrs post burn injury;
(D) Atrauman non-stick dressing; (E) IV3000 dressing; (F) Surgilast tubular elastic dressing retainer.
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For continuous measurement of wound sizes and wound dressing changes, 3% isofluorane was used
as an anaesthetic. Wound size area was measured at day of debridement, day 3, 5, 7, 14 using the
VISITRAK Wound Measurement Grid (Smith & Nephew, Australia).

2.3 Sample Collection
At days 3, 5, 7 and 14, mice were anaesthetised using a solution of ketamine/xylazine
(100mg/100mg/kg) and culled by cervical dislocation. Cardiopuncture was performed to collect
blood. The blood was then centrifuged at 10,000 rpm for 5 mins. The separated serum was then
collected and stored at -80oC.

Subsequently, the following tissues were harvested: wound, normal skin, white adipose tissue
(WAT), brown adipose tissue (BAT), liver, spleen, extensor digitorum longus (EDL) muscle. WAT
was harvested from the bilateral inguinal regionals proximal to the knee joint; BAT was harvested
from the deep neck fat pad. The EDL muscle was isolated and dissected away from the tibia after
first removing the larger and immediately superficial tibialis anterior muscle in the anterior
compartment of the hind leg. The wet weights of WAT, BAT, liver, spleen and EDL muscle were all
measured. Samples of the above tissue were harvested from control WT and ARKO mice with no
burn injuries for comparison.

Half the wound and normal skin were placed in RNAlater (Thermo Scientific, USA) for RNA
stabilisation before being placed in a -80oC freezer and the other half in 10% formalin and replaced
with 70% ethanol after 24 hours. All other tissues were either frozen in liquid nitrogen and into -80
o

C freezer or placed in 10% formalin for 24 hrs and subsequently 70% ethanol.
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2.4 Histology Analysis
2.4.1 Tissue Processing and Embedding
The wound samples were placed in Kimtech Science Kimwipes (Kimberly Clark Professional,
Australia) and into histology cassettes (ProSciTech, Australia). The cassettes were transferred into
the Excelsior ES Tissue Processor (Thermo Scientific, USA). The processor removes water from the
tissue with ethanol, in turn being removed by xylene and finally replaces xylene with paraffin. The
wound samples were then vertically embedded in paraffin wax using the HistoStar Embedding
Workstation (Thermo Scientific, USA).

2.4.2 Tissue Sectioning
The tissue samples were then sectioned using the HM 355S Automatic Rotary Microtome (Thermo
Scientific, USA) and prepared onto microscope slides for histology. The paraffin-embedded tissue
blocks were trimmed at 10 μm and then sectioned at 5 μm. The sections were warmed and separated
in a water bath before being placed onto Superfrost Plus microsope slides (Thermo Scientific, USA).
The slides were incubated for at least 24 hours at 600C prior to staining.

2.4.3 Haematoxylin and Eosin Staining (H&E)
All sectioned slides were deparaffinised by 10-15 dips in triplicated washes of 100% xylene (Point of
Care Diagnostics Healthcare, NSW, Australia). The tissues were then dehydrated in 100% ethanol
washes (Point of Care Diagnostics Healthcare, NSW, Australia) three times. All sections were
subsequently rehydrated in running water for 2 minutes, followed by being placed in filtered Harris’
Haematoxylin for 4 minutes with a further wash in running water. Slides were then dipped 3-5 times
in acid alcohol (0.3% HCL in 70% ethanol). All sectioned tissue was checked under microscope at
this point to ensure a deep purple stain of cell nuclei prior to a further wash in running water for 4
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minutes. Slides were then placed in alcoholic eosin for 20 seconds and then rinsed in water for 30
seconds. Afterwards, the slides were dehydrated again by 10-15 dips in three washes of 100%
ethanol. Finally, two sets of 10 dips in 100% xylene were used to clear any remaining residue from
the slides.

All slides air dried sufficiently prior to mounting 24 x 50 mm coverglasses (ProSciTech, Australia)
over the tissues, using Surgipath MM 24 Mounting Media (Leica Biosystems, USA). They were then
allowed to dry overnight.

2.4.4 Masson’s Trichrome Staining
Masson’s Trichrome stain is applied to differentiate between cells and connective tissue. Collagen
stains green; nuclei stains black; and keratin, cytoplasm and muscle fibres stains various shades of
red.
All slides underwent a similar process of deparaffinisation, dehydration and rehydration as in section
2.4.3. Post-rehydration, the slides were incubated in Bouin’s Fixative (Point of Care Diagnostics,
Australia) at 56oC for 1 hour. All slides were rinsed in running water and then stained in Celestine
Blue and Harris’ Haematoxylin in succession for 5 minutes each. Residual dye was removed under
running water, an acid alcohol wash (1% HCL in 70% ethanol) for 1-3 dips, and a further wash in
water for 4 mins. The slides were then placed into ponceau-acid fuchsin stain for 10 mins, and again
rinsed in water until clear. Subsequently, the slides were placed into a phosphomolybdicphosphotungstic acid differentiator for 5 mins. Slides were checked under a fluorescent microscope
to ensure colourless collagen fibres were present in the context of bright red muscle fibres. Further
incubations in the differentiator are still viable options if the collagen fibres were insufficiently
decoloured. Following this, all slides were stained in Light Green for 1 min to dye the collagen
green, and then washed under running water until clear. The tissue samples were then dehydrated in
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100% ethanol and cleaned with 100% xylene similarly to H&E staining in section 2.4.3 prior
mounting of coverslips.

2.4.5 Epidermal Migration
Epidermal migration was measured to determine the rate of reepithelialisation. On days 5, 7 and 14
wound slides were analysed using OsteoMeasure™ software (OsteoMetrics Inc., USA) at 4x
magnification under an Olympus BX60 (Olympus, Japan) using free-form line settings. Skin
appendages were used as markers for the non-damaged skin edge, and measured along this layer into
the wound as demonstrated in figure 2.2 below.
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Figure 2. 4 Measurement of epidermal migration:
Blue line commencing at the last skin appendage and continuing into the wound edge.

2.4.6 Collagen Deposition
Slides stained using Masson’s Trichrome were viewed using the EVOS imaging microscope
(Thermo Fisher Scientific, Australia). Images at 10x magnification were taken across the breadth of
the wound and stitched together to make a composite picture. This image was processed using
ImageJ (National Institutes of Health, USA) to isolate the green stained collagen fibres. This was
then converted to a black/white binary image, the mean saturation of which was analysed and
compared between populations.
2.4.7 Hepatocyte Proliferation
H&E slides of liver were analysed for evidence of cell proliferation post burn injury. Multiple
randomised sections across samples with a central vein in situ were viewed under 20x magnification.
Binucleated cells (mitotic activity) were used as markers of hepatocyte proliferation. These were
counted in each high power field and compared across all time points days 3, 5, 7 and 14 as well as
control.
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Figure 2. 5 Cell Count – Hepatocyte Proliferation
H&E stained section of liver with central vein @ 20x magnification. Yellow circle over example of a binucleated cell.

2.5 Inflammation Response
2.5.1 Corticosterone Assay
Corticosterone plasma levels at days 3, 5, 7 and 14 were analysed via enzyme-linked immunosorbent
assay (ELISA). The chosen kit used was the DetectX® Corticosterone Enzyme Immunoassay Kit
(Arbor Assays, Michigan, USA), and subsequently measured using the EnSpire Multimode Plate
reader (PerkinElmer, USA) reading optical density at 450nm.

Fifty microlitres of standards and each sample were pipetted into wells as triplicates. Eight standards
were aliquoted to determine a standard concentration curve. Standard 1 consisted of 450 μl of assay
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buffer, and 50 μl of stock solution. Standard 2 used 250 μl of assay buffer and 250 μl of standard 1.
The serial dilution was repeated for Standards 3 – 8. Moreover, 75μL of Assay Buffer was used nonspecific binding wells and 50μL was used in maximum binding wells. 25μL DetectX®
Corticosterone Conjugate was then added to all wells, followed by 25μL of DetectX®
Corticosterone Antibody (except for the non-specific binding wells) to trigger the binding reaction.
The plate was agitated to ensure adequate mixing of reagents, and then covered with a plate sealer.
The plate was then left to agitate at room temperature for 1 hour. Subsequently, the wells were
aspirated, washed with wash buffer, and then tapped dry. One hundred microliters of 3,3’,5,5’tetramethylbenzidine (TMB) substrate was added to the dried wells to react with the now bound
corticosterone conjugate, and then the plate incubated for 30 minutes (at room temperature). At the
end of incubation, 50μL of Stop Solution was added to each well to complete the process.

2.5.2 Local Wound Inflammation
The mRNA levels of inflammatory cytokines of TGFβ-1 and IL-6 were measured in wound tissue
samples using real-time PCR analysis.
2.5.2a RNA Extraction
Wound samples were placed in 1mL of TRI Reagent® (Sigma Aldrich, St Louis, MO) and were
homogenised (POLYTRON®, Kinematica, Switzerland) before transferring into new tubes and
incubating for 5 mins at room temperature. The tubes were subsequently centrifuged for 10 mins at
2-80C at 12000 rpm, and the supernatant was collected and transferred to a new tube. Two hundred
microliters of chloroform was then added to the supernatant and was shaken vigorously, before a 5
min incubation at room temperature, and centrifugation at 12000 rpm for 15 mins (2-8oC). The clear
aqueous phase was transferred to a new tube and 500μL isopropanol was added before incubating on
ice for 2 hours to allow for RNA precipitation.
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This purified RNA was further isolated in accordance with the NucleoSpin® RNA clean-up kit
protocol (Machery-Nagel, Germany). Firstly, the RNA precipitate was thawed and mixed prior to
use. This lysate was loaded into a NucleoSpin® RNA Column and centrifuged for 30s at 11,000 g to
bind the RNA to the membrane. Following the centrifugation, 350μL of MDB (Membrane Desalting
Buffer) was added to the column, and then centrifuged again for 1 minute at 11,000 g. Ninety-five
microliters of DNase reaction mixture (prepared with 10μL of reconstituted rDNase and 90μL of
Reaction Buffer for rDNase) was then added and incubated for 15 minutes at room temperature. The
digestion process was inactivated using 200μL of Buffer RAW2 addition and centrifugation for 30s
at 11,000 g. This solution underwent two separate washes and left to dry for 15 minutes at room
temperature. Finally, the RNA was rehydrated with RNase-free water, left to incubate for 10
minutes, before a final centrifugation at 11,000 g for 1 minute. The resulting extracted RNA samples
were kept at -800C in 1.5mL nuclease-free collection tubes until further use.

RNA was quantified using the FLUOstar Omega Microplate Reader (BMG Labtech, Ortenberg,
Germany) and assessed for purity.

2.5.2b cDNA Synthesis
cDNA was prepared using SuperScript™ III kit following RT Protocol (Invitrogen, Massachusetts,
USA). RNA samples were first denatured at 65oC for 30 mins, cooled on ice for 2 minutes, and then
centrifuged at 10,000 rpm for 30s prior to use. One microliter of RNA sample was mixed with 5μL
of 2xRT (reverse transcriptase) Reaction Mix, 1μL of RT Enzyme Mix before incubating at 25oC for
10 minutes, 50oC for 30 minutes, and 85oC for 5 minutes (Bio-Rad T100 Thermal Cycler).
Following this incubation, 2μL of a 1:4 dilution of E.Coli RNase H in DEPC-treated water was
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added before a second incubation for 20 minutes at 37oC. Finally, all samples were diluted with
40μL of DEPC-treated water before being stored at -20oC.

2.5.2c PCR amplification
Wound cDNA samples underwent real time polymerase chain reaction (RT-PCR) to quantify and
compare levels of gene expression of inflammatory mediators TGFβ-1 and IL-6. Housekeeping
genes Cyclophillin and Ribosomal protein L19 were used for normalisation.

Master mixes were prepared with the following ratios for each individual sample: 5μL of SYBR
Green (Bio-Rad, Reagents Park, NSW, Australia), 0.5μL of 10μM forward primer and reverse
primers (Sigma-Aldrich, St. Louis, Missouri, USA) and 2μL of nuclease free water (Promega,
Madison, Wisconsin, USA). Eight microliters of this master mix was combined with 2μL of cDNA
in triplicate wells. A no template control (NTC) was prepared with 2μL of nuclease free water to
detect contamination or primer dimer formation. Furthermore, ‘pooled cDNA’ (consisting of 2μL of
each cDNA sample) was used to create standards, starting with 8μL of pooled cDNA then serial
dilution with 4μL of nuclease free water for each successive standard. To each standard well
containing 4μL of standard, 6μL of a second master mix was added (consisting of 5μL SYBR Green
and 0.5μL of forward and reverse primer). The plate was then sealed and spun at 800 rpm for 1
minute. The Bio-Rad CFX Connect™ Real Time System was programmed for DNA polymerase
activation as follows: heating to 95oC for 3 minutes, denaturing at 95oC for 30s, annealing at 60oC
for 30s, with extension at 72oC for 30s over 40 cycles.

The Bio-Rad CFX Manager software was used to analyse the melt curves and standard curve to
obtain a quantification cycle (Cq) values that were normalised against the average of corresponding
mRNA expressions of Cyclophilin and Ribosomal protein L19 housekeeping genes.
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2.6 Statistical Analysis
All data is expressed as mean±standard error (SE). To determine statistically significant difference in
means of parameters between WT and ARKO populations, two-way analysis of variance (ANOVA)
with Tukey’s post hoc test was performed. Statistically significant differences were accepted at
p£0.05. All analyses were conducted in SPSS V.25 (IBM Analytics Australia, version 25.0).
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3. Results
3.1 Local Wound Healing Process
3.1.1 Wound Size
After the initial post-debridement period, wounds increased in size in both groups up to
112.1±11.5% for WT mice and 126.2±14.1% for ARKO mice at day 1 (Figure 3.1). ARKO mice
showed slower wound healing, resulting in enlarged wounds until day 5. On day 3, wounds of
ARKO mice still measured approximately 128.1±14.2% of initial debridement size, whereas WT
mice wounds were reduced to 99.8±4.4%. However, both populations exhibited comparable wound
healing from day 5. By day 7, both WT and ARKO mice demonstrated ~25% wound closure, and
~70% wound closure by day 14 without significant differences between groups.
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Figure 3. 1 Wound size post burn injury
Wound sizes represented as a % of initial debridement size measured at time points days 1,3,5,7,14. Data presented as
mean±SEM (standard error of mean). Wounds of ARKO mice larger than WT mice on days 1 and 3 post-debridement.
(n=3-16).

34

3.1.2 Inflammation – Gene Expression of Local Inflammatory Cytokines in Wounds
IL-6 mRNA expression in non-burned skin of ARKO mice was significantly higher (~2-fold)
compared to WT mice (Figure 3.2). However, there was no significant differences in IL-6 or TGFb-1
levels between the two groups from days 3 to 7, although IL-6 levels in ARKO mice at day 3
remained slightly higher than WT mice. Both groups demonstrated generally down-trending mRNA
levels of local inflammatory cytokines to similar levels of expression by day 5-7 in both groups,
likely reflecting their conversion into protein.
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Figure 3. 2 Local wound IL-6 and TGFb-1 mRNA expression post burn injury
Comparison of local wound mRNA expression of IL-6 and TGFb-1 relative to housekeeping genes Cyclophilin and
Ribosomal protein L19. No significant difference between WT and ARKO at days 3-7 post burn injury. Data presented
as mean±SEM (standard error of mean). *p£0.05. (n=3-6)

3.1.3 Epidermal Migration
WT mice showed slightly better reepithelialisation compared to ARKO mice. At day 7, WT mice
had established 0.72±0.06mm of epidermal migration, whereas there was 0.66±0.12mm for ARKO
mice (Figure 3.3-A). Again, at day 14, WT mice continued to demonstrate better epidermal
migration with 1.65±0.03mm compared to 1.28±0.11mm for ARKO mice.
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Figure 3. 3 Epidermal Migration:
Epidermal migration (mm) at days 5,7, 14. (A) H&E stained burn wounds at days 5 and 14 at 4x magnification. Black
arrows representing proximal non-damaged skin edge as marked by skin appendage and red arrows representing distal
edge of reepithelialisation. (B) Data presented as mean±SEM (standard error of mean). (n=3-8)

3.1.4 Remodelling – Collagen Deposition
WT and ARKO D7 and D14 wound sections were stained with Masson’s to compare collagen
deposition between groups. As shown in Figure 3.4, increased collagen accumulation was noted with
stronger and more consistent staining of collagen fibres in green, along with decreasing
inflammatory cell numbers at day 14. However, insufficient samples collected for ARKO D14 were
collected for quantitative comparison of collagen fibres deposition.
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Figure 3. 4 Collagen deposition
ARKO and WT burn wounds at days 7 and 14 under Masson’s Trichrome stain at 20x magnification.

3.2 Catabolic State – Systemic Response
3.2.1 Body Weight
Post burn-injury body weight as a % of original pre-burn weight was measured and compared
between groups (Figure 3.5). In general, WT mice were better at preserving body weight after burn
injury compared to ARKO mice. WT mice lost a maximal ~6.1% body weight over the first two days
post-debridement before beginning to regain weight. In comparison, ARKO mice lost weight for
three days post-debridement, resulting in maximal ~10.6% body weight loss. Both ARKO and WT
mice proceeded to gain weight after this initial catabolic period.

There was a significant difference between ARKO and WT mice in preserved body weight at days 3
and 5 and 14. At day 3, ARKO mice remained lower in % body weight compared to original weight
by ~4.9% (p<0.05) compared to WT mice, and remained ~5.2% lower (p<0.05) at day 5. At day 14,
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the weights of ARKO mice were still lower than WT mice, this time by ~7.4% (p<0.05) of original
pre-burn weight. At day 14, WT mice had recovered to 98.76±0.80% of their original weight before
injury compared to ARKO mice who only gained up to 91.38±1.42%. This data suggests that ARmediated androgen actions are beneficial in the maintenance and recovery of body weight post
severe burn injury.
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Figure 3. 5 Body weight post burn injury
Comparison between body weight as a % of original pre-burn weight of ARKO and WT mice. Better body weight
preservation observed in WT mice compared to ARKO at days 3, 5, 14. Data presented as mean±SEM (standard error of
mean). *p£0.05 between WT and ARKO. (n=3-22)

3.2.2 Liver and Spleen
WT mice demonstrated a significant difference of ~1.3% total body weight (TBW) (p<0.05) greater
liver weight at day 3 post burn compared to ARKO mice (Figure 3.6-A). From day 5 on, however,
liver weights of WT and ARKO mice were similar, with ARKO mice showing a slightly larger
increase from ~4.6 to 6.4% compared to ~5.9 to 6.4% for WT mice from day 3 to day 14.
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Quantitative histological analysis showed significant proliferation of hepatocytes in both ARKO and
WT mice at day 3 in response to burn injury, with generally smaller number of binucleated cells in
ARKO liver samples from days 3 to 7 compared to WT (Figure 3.6-B,D). This suggests that
androgens support hepatocyte hyperplasia in response to severe burn injury.

The gross weight of spleen of control ARKO mice was greater than control WT mice by ~0.1% of
TBW (p<0.01) (Figure 3.6-E). Furthermore, ARKO mice demonstrated an initial decrease in spleen
weight at day 3 from 0.48±0.01 to 0.40±0.03% TBW, whereas WT spleen weight remained similar
to control weight. Following this, however, ARKO mice exhibited consistently greater rate increases
in spleen weight over time compared to WT mice. By day 14, there was significant difference in
spleen weight –~0.4% TBW (p<0.05) heavier in the ARKO group compared to WT. With H&E
staining, preservation of white pulp was more noticeable in in the WT group in comparison to
ARKO mice (Figure 3.6-F). There was also more evidence of oedema within the splenic tissue with
increasing days post burn.
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Figure 3. 6 Hepatic and Splenic Response post burn injury
Comparison of liver weights between WT and ARKO mice (% of total body weight (TBW)). Larger liver in WT at day
3. (A) Comparison of hepatocyte proliferation between WT and ARKO mice. Cell count of binucleated cells per 20x
magnification high power field. Significantly increased proliferation at day 3 in both groups. (B) H&E stained liver at 4x
magnification across all time points. Mildly distorted architecture in ARKO mice. (C) H&E stained liver (day 3) at 20x
magnification demonstrating increased density of binucleated cells in WT mice as represented by yellow circles. (D)
Comparison of spleen weights between WT and ARKO mice (% of TBW). Consistently larger spleen in ARKO mice.
(E) H&E stained spleen at 4x magnification across all time points demonstrating increasingly amorphous red and white
pulp in ARKO mice. White star representing white pulp. Red star representing red pulp. (F) Data presented as
mean±SEM (standard error of mean). *p£0.05. **p£0.01 WT control vs. day 3. ^^p£0.01 ARKO control vs. day 3.
##p£0.01. (n=3-7)

3.2.3 Brown Adipose Tissue and White Adipose Tissue
The BAT weight of ARKO mice were markedly different to that of WT mice, appearing to
minimally utilise BAT during burn recovery. At baseline, BAT of ARKO mice weighed ~0.2% of
TBW less than WT mice (p<0.05) (Figure 3.7-A). Post burn-injury, ARKO mice demonstrated
minimal decrease in BAT weight, with a gross maximal loss of only 0.01% of TBW at day 5 from
control BAT weight. In comparison, the BAT weight of WT mice dropped significantly by ~0.2% at
day 3 (p<0.05), representing a ~40% drop in total BAT weight. Thereafter, both groups showed
steady increase in BAT weight. Histologically, there was the expected combination of white and
brown (multilocular) adipocytes in the BAT in both groups across time points (Figure 3.7-C).
However, at day 3, ARKO mice BAT showed a lower density of multilocular adipocytes compared
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to the WT group. This suggests that ARKO mice are inferior to WT in the activation of BAT post
burn-injury.

On the other hand, there was less obvious disparity in the pattern of WAT utilisation between the
two populations, both demonstrating a significant drop in gross WAT weight by about ~0.3% (of
TBW) at day 3 compared to control weight (p<0.01) (Figure 3.7-B). Whilst both groups showed
recovery in WAT weight at day 5, ARKO mice were worse at maintaining WAT weight compared to
WT mice. While WAT of WT mice remained at ~0.3% of TBW, ARKO mice showed a small gross
decline from 0.44±0.05% back down to 0.34% (n=1). Histologically, however, there was increased
“beigeing” of WAT seen in ARKO mice compared to WT mice, defined by the presence of new
multilocular adipocytes (Figure 3.7-D).
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Figure 3. 7 Brown and White Adipose Tissue Response post burn injury
Comparison between organ weights of brown and white adipose tissue. Minimal change in BAT weight post burn injury
in ARKO mice. Significant drop in WAT weight at day 3 post burn injury in both groups. (A-B) H&E stained BAT at
20x magnification. Lower density of multilocular adipocytes in ARKO BAT at day 3 post burn. (C) H&E stained WAT
at 20x magnification. Increased “beigeing” observed in ARKO mice compared to WT, indicated by multilocular
adipocytes. (D) Data presented as mean±SEM (standard error of mean). *p£0.05. #p£0.05 WT control vs day 3.
**p£0.01 WT control vs. day 3. ^^p£0.01 ARKO control vs. day 3. (n=3-7, except n=1 for ARKO day 14)

44

3.2.4 Extensor Digitorum Longus
Weight changes in the fast-twitch, metabolically active EDL muscle was measured, having been
shown in prior studies to be a sensitive marker of protein breakdown in response to burn injury.48,49
However, it is important to acknowledge that EDL is an extremely small muscle, with gross weight
ranging from 8mg to 17mg in this study. The control EDL weight of the ARKO population was less
compared to the WT population by ~0.008% of TBW.

Both WT and ARKO mice demonstrated mild protein catabolism post-burn injury, with slightly
prolonged consumption in WT mice compared to ARKO mice (Figure 3.8). WT mice showed a
maximal decrease at day 7 from an initial 0.034 to 0.030% of TBW. In contrast, EDL of ARKO mice
decreased from 0.027 to 0.025% of TBW at day 3 before demonstrating recovery.
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Figure 3. 8 Extensor digitorum longus weight (% of TBW) post burn injury
EDL weight as % of total body weight in control and across days 3, 5, 7 and 14 post burn injury. Data presented as
mean±SEM (standard error of mean). (n=3-7)
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3.2.5 Corticosterone
We noted a large variation in corticosterone levels measured this way in the control mice with no
burn injury, ranging from ~250nM – 1000nM in the WT group and from ~650nM – 1100nM in the
ARKO group (Figure 3.9). Systemic levels of corticosterone were relatively similar between ARKO
and WT populations across subsequent time points post-burn injury, and there was no significant
increase in corticosterone levels to correlate with a hypermetabolic response phase in the early postburn phase.
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Figure 3. 9 Serum corticosterone concentration levels post burn injury
Serum corticosterone concentration (nM) in control and at days 3, 5, 7 and 14 post burn injury. No significant increase
demonstrated in early post-burn phase observed. Data presented as mean±SEM (standard error of mean). (n=3-6 except
for n=1 for ARKO day 14)
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4. Discussion
ARKO mouse models have not yet been used to experimentally investigate the role of androgens in
burn injury wound healing. In this present study, an ARKO mouse model was used for the first time
to investigate how AR-mediated androgens impact local wound healing as well as systemic recovery
post severe burn injury. This particular global ARKO mouse model, as outlined in section 2.2, was
chosen to study the role(s) of androgens in burn wound healing as it produces a subject that exhibits
a complete androgen insensitivity syndrome.

In contrast to previous research targeted at cutaneous wound healing in non-burn injury patients and
mice, AR-mediated effects do not appear to be detrimental to local wound healing in severe burn
injury, but may instead exhibit a positive effect. In regards to the systemic effects of burns in WT
and AKRO mice, there are three major findings. Firstly, AR-mediated effects aid body weight
maintenance and recovery post-burn injury. Secondly, ARKO mice preferentially activate WAT over
BAT compared to WT mice during severe burn injury, suggesting that androgens help to ameliorate
the hypermetabolic response. Thirdly, androgens affect the splenic and hepatic response to burn
injury, potentially correlating to a modulation in the host immune response.

4.1 Androgen and Local Wound Healing in Burn Injury
In this study, debrided wounds of burned ARKO mice remained enlarged compared to WT mice
over the first 3 days and exhibited slightly slower rates of epidermal migration compared to WT.
This data suggests that the lack of AR-mediated effects impairs local wound healing in burn subjects.
This finding is opposite to previous reports on cutaneous wound healing in non-burned mice, which
demonstrated up to ~10% better epidermal migration in ARKO mice compared to WT.25
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Furthermore, this study showed a lack of significant difference in wound IL-6 and TGFb-1 mRNA
levels between WT and ARKO groups. If anything, ARKO mice demonstrated slightly higher levels
of IL-6 mRNA wound expression in the early post-burn phase. This is especially pertinent when
taken into consideration with previous reports, which concluded that androgens delayed cutaneous
wound healing due to increased local inflammatory cytokine expression.24 In contrast, this study
suggests that with a loss of androgenic effects, there is no impact on local cytokine expression but
surprisingly poorer wound healing in the context of severe burn injury. Inflammatory cytokines have
been reported as essential in regulating vital wound healing processes, with the role of IL-6 in
increasing leukocyte infiltration, reepithelialisation and collagen accumulation while TGFb-1 being
critical for inflammatory cell migration, fibroblast proliferation and angiogenesis.50,51 Studies have
long reported that the under or over expression of these cytokines can either prolong or dampen
inflammation and affect wound healing.52-54 As there are no significant differences in the local
expression of key inflammatory cytokines in WT and ARKO mice post burn injury, this strongly
suggests that the overall positive effects of androgens on burn wound healing instead lies in their
systemic impact rather than the modulation of the local inflammation process.

No conclusions could be made from the data obtained on the matrix remodelling phase of burn
injury, as there was insufficient ARKO mice numbers to make quantitative assessments of collagen
deposition in burn wounds at day 14.

4.2 Androgens and the Metabolic Response in Burn Injury
4.2.1 Androgens and Hypermetabolism Post Burn-Injury
WT mice demonstrated better body weight preservation and recovery compared to ARKO mice after
burn injury, highlighting the positive benefits of androgens on the hypermetabolic state. This is

48

consistent with studies involving the administration of testosterone or oxandrolone in clinical
settings, in which body weight preservation was consistently improved. On the other hand, there was
no appreciable difference in EDL weight between groups, suggesting that protein breakdown and
loss of lean body mass (LBM) was not ameliorated by ARs in the setting of severe burn injury. This
is also seen in previous reports, noting minimal benefit to net muscle deposition with oxandrolone
compared to controls.19,36 The marginally increased efficiency in protein synthesis in patients treated
with oxandrolone was also attributable to an upregulation of genes governing transcription factors,
growth factors, and muscle-associated proteins, including myosin, light chain and calmodulin, whilst
also downregulating phosphatase I inhibitor. Further analysis of LBM in burn injury mice would aid
in confirming the effect of androgens, such as through whole body dual energy x-ray absorptiometry
(DEXA) scans.

No conclusions regarding systemic corticosterone levels could be made with the data obtained, as
corticosterone levels measured in our experiments are likely confounded by stress-related activation
of the hypothalamic-pituitary-adrenal axis during animal handling.55-58 Both WT and ARKO mice
were anaesthetised prior to blood collection via cardiac puncture, a method which has been found to
consistently cause hypercorticosteronaemia. Future experiments should employ methods that reduce
stress related artefacts, such as tail snip blood sampling.

4.2.2 Differential Activation of Brown Adipose Tissue vs. White Adipose Tissue
Furthermore, this study also demonstrates that AR knockout results in a reduced ability to activate
BAT post burn injury, but instead activate WAT to a higher degree, causing overall greater
hypermetabolism. Activation of both WAT and BAT has already been strongly linked with the
hypermetabolic state in severe burn injury in the literature.59-63 Firstly, BAT activation has been
shown to be associated with increased resting energy expenditure (REE) and thermogenesis in
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animals. Recent studies using PET-CT in human subjects have revealed that BAT also has
physiological relevance in adult humans (and not just neonates), and is also positively correlated
with REE.63-67 Decreased activation of BAT in ARKO mice here is consistent with analysis of
metabolism in non-burned ARKO mice, which has shown 30% lower oxygen consumption and
lower mitochondrial concentrations compared to WT.68 This is further supported by histological
analysis, which shows a lower density of multi-locular adipocytes in ARKO BAT at day 3 post burn,
contrarily suggesting that AR function loss may actually decrease the metabolic rate post burninjury.

Moreover, the ‘beigeing’ of WAT in burn/trauma/cold injury, defined by the presence of new
multilocular adipocytes in response to an exogenous stimulus, has also been consistently linked to
hypermetabolism and increased REE. This has been investigated both microscopically and via
uncoupling protein-1 (UCP-1) gene expression,61,62 which is widely expressed in BAT, and therefore
used as a marker of beigeing of WAT. One particularly interesting study by Abdullhai et al.
demonstrated that a genetic loss of circulating IL-6 levels (using transplanted IL6KO haematopoietic
cells) completely prevented the beigeing of WAT.59 Accordingly, in conjunction with this study’s
findings of increased beigeing of WAT in the ARKO group as well as their poorer preservation of
body weight, this implies that androgens overall attenuate the hypermetabolic response post-burn
injury, perhaps achieved by a dampening of systemic IL-6 levels.

4.3 Androgens and the Immune Response in Burn Injury
4.3.1 Splenic Response
The spleen is the largest secondary lymphoid organ.2 It has well known dual functions that are
delineated anatomically by the “red pulp” and “white pulp”.69 The red pulp is filled with

50

macrophages that filter circulating blood. The white pulp functions as part of the active immune
response as a major site of interaction between naive mature lymphocytes and antigens. In mice, the
white pulp also serves as a reserve of monocytes that are released in the event of tissue injury.70

In this study, the global loss of AR function enlarges the spleen, not only in control non-injured
mice, but during the response to severe burns. Histological analysis directs attention specifically
towards the increasingly amorphous appearance of both the red and white pulp in ARKO mice,
suggesting that androgens may influence the immune response to burn injury. ARs are already
known to be expressed in a variety of lymphoid tissues and immune cells, including the spleen,
monocytes, macrophages and T-cells, all of which are key players in the inflammatory phase of
wound healing.71-73 The increased splenic size found here appears consistent with other studies
involving androgen resistant mice and the thymus, another important and highly androgen-sensitive
lymphoid tissue, which becomes significantly enlarged with the loss of testosterone.74,75 Androgens
have been reported to have varied effects on cytokine production from monocytes, involving
reduction in IL-6 secretion and increase in TNF-a, IL-12 and IL-1b.76-79 This variable modulation of
cytokines muddies the aforementioned hypothesis by Ashcroft et al. that castration enhances local
wound healing by decreasing local macrophage numbers and causing a definitive downregulation in
inflammatory cytokines. Accordingly, the significant differences in spleen weight and histology
found in this study therefore hint toward a critical but poorly understood role of AR-mediated
androgens and the immune response to burn injury, particularly in regards to the splenic deployment
of monocytes and their effect on the delicate circulatory milieu of inflammatory cytokines.

4.3.2 Hepatic Response
The liver performs a large spectrum of physiological roles, including serving as a secondary
lymphoid organ as part of the reticuloendothelial/mononuclear phagocyte system (of which the
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spleen is the largest organ).80 In the present mouse model, there was significantly larger livers at day
3 post burn-injury in WT mice compared to ARKO mice. Histologically, there was increased density
of binucleated hepatocytes in WT compared to ARKO mice, but there was no major difference in
levels of fatty infiltration or oedema between the groups. This implies that the lower liver weights
associated with the lack of androgen function in ARKO mice is caused primarily by lower levels of
hepatocyte proliferation. In severe burn injury human patients, hypermetabolism is well associated
with hepatomegaly, with subsequent immune dysregulation, sepsis and higher morality.81-83 In
mouse burn injury models, cell proliferation in response to hepatocyte apoptosis has been considered
to be a significant contributor to liver size change aside from fatty infiltration and oedema.84,85
Bortolin et al. also found that there was an increase in hepatocyte area, density of binucleated
hepatocytes and sinusoidal cells post burn injury. The histology and smaller liver sizes in the ARKO
group suggests that androgens may play a role in increasing hepatocyte proliferation in the early
response to acute burn stress, leading to the preservation of the liver’s lymphoid function and
preventing immune dysregulation.

4.4 Strengths and Limitations
Although murine models are important tools for investigating burn pathophysiology and potential
treatments, some limitations must be acknowledged, particularly key differences in wound healing
mechanisms and response to burn injury.86 Mice wounds heal primarily through wound contracture
whereas humans heal mostly via re-epithelialisation and granulation. Moreover, there are well
established deficiencies in chemokines and monocyte chemoattractants in mice that are essential in
the regulation of epithelialisation, tissue remodelling and angiogenesis.87 Finally, acknowledging that
the hypermetabolic response to burn injury is in part a thermoregulatory response, the dense hair coat
of mice helps to insulate and decrease heat loss via the skin, decreasing their metabolic demands and
hence reduce their overall hypermetabolic response compared to humans. This is most clearly
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appreciated in the fact that the mice were able to remain active and feed normally within 24hrs after
burn injury.

Nevertheless, the use of mouse models like this study has been essential to investigating the
molecular mechanisms in burn injury and exploring novel therapeutic approaches like androgens.
There are a number of well-recognised benefits – notably both ethical and economic
considerations.86 The nature of burns means that in vitro models are limited in their ability to capture
all aspects of burns pathophysiology and the complex clinical features of human burn injury.
Without animal models, it would not be possible to harvest wet samples and study significant
numbers to direct future translational human studies.

Unfortunately, during the course of this experiment, the ARKO mouse line was unable to be
maintained prior to the complete collection of D14 and D21 post burn injury data that was initially
planned. Hence, analysis of the matrix remodelling phase of wound healing was not able to be
performed.

4.5 Future Directions
This study has generated broad findings regarding the role of androgens in wound healing in the
context of burn injury. From the data collected, we hypothesise that a systemic mechanism likely
underlies the context-driven effects of androgens on local wound healing. Future studies will
investigate whether pellet-implants releasing dihydrotestosterone (DHT) into the circulatory system
in conjunction with local anti-androgen scaffolds directly at the burn injury site will accelerate
wound healing. We also hypothesise that androgens positively modify the host immune system by
influencing splenic and hepatic function. Investigating the differences in splenic monocyte
population in WT mice compared to those that have been administered exogenous DHT is thus
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prudent. Furthermore, examination of the effect of androgens on circulatory levels of inflammatory
cytokines in burn injury, particularly IL-6, should be undertaken as their interplay with local
expression of cytokines may hold the key to understanding the contradictory effects of androgens on
wound healing.
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5. Conclusion
The results presented point to a previously unrecognised, contradictory, and context-dependent role
of androgens in wound healing. AR inactivation has been shown here to retard wound healing in
burn injury, a finding opposite to that seen in cutaneous (non-burn) wound healing. On a systemic
level, androgens appear to affect the hypermetabolic burn state in a number of ways. Metabolically,
ARKO mice demonstrated significantly impaired body weight preservation, significantly lower BAT
utilisation and preferential activation of WAT in response to burn stress. Immunologically,
significantly decreased liver size of ARKO mice appeared secondary to impaired hepatocyte
proliferation whilst significantly increased splenic size could perhaps be related to androgenic effects
on monocyte function, specifically their secretion of cytokines. When considered together with the
inhibitory effects that androgens have on non-burn wound healing, reportedly mediated by
upregulation of local inflammatory cytokines, this points to the modulation of systemic levels
cytokines as having an overriding impact in the context of severe burn injury. Overall, these findings
provide evidence that androgens play a positive role in burn injury by mitigating the hypermetabolic,
catabolic response and thereby enhancing wound healing.
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