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Abstract—

An inflammatory response is the normal response to a burn-induced injury.

The burn-associated inflammation can lead to further tissue damage as the tissue tries to repair
the damage. Prolonged or excessive inflammation is associated with increased fibrosis of
burn wounds and the development of hypertrophic scars. The high incidence of hypertrophic
scar formation is one of the many challenges to treating deep partial-thickness burns.
Prophylactic treatment to improve burn-induced hypertrophic scarring is lacking. For this
reason, we evaluated prophylactic treatment of deep partial-thickness burns with pirfenidone
in C57BL/6 mice. Pirfenidone is an FDA-approved anti-fibrotic drug for systemic use in the
treatment of idiopathic lung fibrosis and other fibrotic disorders. Additionally, pirfenidone has
anti-inflammatory activity. We tested treatment efficacy of pirfenidone using a mouse model
of deep partial-thickness burns. Inflammatory cytokines including IL-1f3, IL-2, IL-6, IL-13,
G-CSF, and MIP-1«, along with neutrophil infiltration, were significantly reduced in wounds
when mice were treated during the inflammatory phase of burn wound healing. Additionally,
pirfenidone significantly reduced expression of xSMA 12 days after the induction of burns
and modestly reduced hydroxyproline in 22-day-old burn wounds. Results show that
pirfenidone treatment modulated the inflammatory response of the burn wound. The findings
in this study indicate that further examination is required to validate the use of pirfenidone for
prophylactic treatment to improve long-term outcomes of scarring and contracture in deep
partial-thickness burn wounds.
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Burn wounds are some of the leading causes of mor-
bidity and mortality. The immediate damage from the burn
can be devastating and life threatening depending on the
total body surface area (TBSA) involved. Superficial burns
involve the upper dermis and require minimal intervention.
Deep partial- and full-thickness burns require more medi-
cal care. Deep partial-thickness burns, in particular, can be
a challenge to treat in part due to the difficulty in determin-
ing burn depth [9]. Moreover, burn wounds can continue to
progress 2—4 days after thermal injury because of tissue
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damage exacerbated by the inflammatory response [5, 9].
When the inflammatory response continues unchecked
past the initial inflammatory phase of wound healing, there
is an increased potential of excessive fibrosis leading to
hypertrophic scarring.

Hypertrophic scarring is a commonly occurring se-
quelae in patients that experience a deep partial-thickness
burn. The hypertrophic scars can occur in as much as 50%
of patients after a deep partial-thickness burn [3]. Deep
partial-thickness burns retain some viable dermal tissue
that contains keratinocyte stem cells and fibroblasts. Due
in part to chronic inflammation, these cells, specifically
fibroblasts, are dysregulated and prone to develop a pro-
fibrotic phenotype characterized by excessive production
of collagen, as seen in hypertrophic scars [26, 32]. Hyper-
trophic scars have both functional impairment and detri-
mental psychological impacts on the patient [25]. Current
treatment options for patients with hypertrophic scars are
limited and minimally effective [1, 32]. Prophylactic treat-
ment of burn-induced hypertrophic scarring is lacking [10].
We hypothesize that using prophylactic treatment options
prior to the development of hypertrophic scars presents a
viable treatment alternative. This approach may include
treatment options to control the fibrotic or inflammatory
response during the early phase of burn wound repair.

Pirfenidone (Pf) is an FDA-approved anti-fibrotic
drug indicated for the treatment for idiopathic pulmonary
fibrosis. It is a small molecule that is shown to have both
anti-inflammatory and anti-fibrotic activity in several or-
gans in both animal models and clinical trials [2, 11, 30,
34]. Our in vitro studies demonstrate that Pf is effective in
dampening transforming growth factor (TGF)-f3 signaling
that leads to myofibroblast differentiation and fibrotic re-
sponses [15]. Additionally, the drug targets p38 kinase
signaling, known to be involved in inflammatory pathways
[20, 31, 35]. We used our mouse model of deep partial-
thickness [23] to evaluate the effectiveness of prophylactic
treatment with Pf ointment formulations to ameliorate in-
flammatory responses that occur after experimental induc-
tion of burn wounds in C57BL/6 mice. We found that
prophylactic treatment of deep partial-thickness burn
wounds with topical Pf lessened inflammatory cytokines,
a-smooth muscle actin, and hydroxyproline deposition in
wound tissues.

MATERIALS AND METHODS

Mouse Scald Procedure. Research was conducted in
compliance with the Animal Welfare Act, the implementing
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Animal Welfare Regulations, and the principles of the Guide
for the Care and Use of Laboratory Animals, National
Research Council. The facility Institutional Animal Care
and Use Committee approved all research conducted in this
study. The facility where this research was conducted is fully
accredited by AAALAC International. Male C57BL/6 mice,
15 weeks old, weighing 24 to 35 g (Jackson Laboratory, Bar
Harbor, ME), were individually housed for 1 week prior to
initiation of burn procedures. After acclimation period, mice
were scalded using a previously established model [23].
Briefly, all animals were anesthetized with 3—5% isoflurane,
and their dorsal hair were shaved and depilated with a hair
removal cream the day before the scald. To avoid any
potential chemical burn, any residual hair removal cream
was removed from the skin by repetitive cleansing using
water-soaked gauze. After this procedure, they were ran-
domly assigned to different treatment groups with six per
group. Prior to burn, mice were injected subcutaneously
with 1.2 mg/kg of buprenorphine SR Lab (Zoopharm,
Windsor, CO) and allowed to rest for approximately
30 min for the drug to take effect. All animals were then
anesthetized with a combination of ketamine (50—
100 mg/kg) and xylazine (5-10 mg/kg), injected intramus-
cularly. Following anesthesia, mice were scalded at 54 °C
for 20 s to induce a deep partial-thickness burn. One half to
1 mL of pre-warmed (36 °C) lactated Ringer’s solution
was injected intraperitoneally to aid in resuscitation and
prevent dehydration. All mice were tattooed with tattoo paste
(Ketchum Manufacturing Inc., Brockville, Canada) using
lancets (Medipoint, Inc., Mineola, NY) to mark the corners
and sides of the burn wounds. Mice were then allowed to
recover in an incubator and returned to their cages once they
were awake and ambulatory. Hydrogel food supplements
(ClearH20, Westbrook, ME) and other nutritional supple-
ments were placed in the cage to reduce dehydration and
weight loss. Throughout the experiment, the mice’s general
state was observed, although, the pain assessments were
performed twice daily for 72 h postburn. Any additional
fluids and pain medication were administered as needed
based on assessments but generally were not required.
Treatment. Anesthetized mice were first treated imme-
diately after the burn and again 48-h postburn. A treatment
timeline is shown in (Fig. 1). The treatment groups included
1%, 3.5%, and 6.5% w/w Pf as well as vehicle ointment. Pf
ointments were optimized to deliver Pf over 48 h. Develop-
ment and characterization of the ointments were previously
described in detail [7]. Mice were treated by adding 0.5 g of
Pf-formulated ointment or vehicle on the burn area of the
mouse. The wound and ointment were covered with
Tegaderm (3 M, St. Paul, MN) film and sealed with Vetbond
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Fig. 1. Timeline depicting treatment and experimental procedures. Anesthetized mice were burned at day 0 and treated immediately after burn and 48 h later
with vehicle, 1%, 3.5%, or 6.5% Pf. Mice were euthanized, and skin biopsies were collected at days 3, 12, or 22 after the induction of a deep partial-thickness
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burmn. Blue arrow heads indicate treatment days, and black arrows indicate date of biopsy collections.

(3 M, St. Paul, MN) tissue adhesive. At 48 h after the initial
treatment, the original Tegaderm was cut out on the inside of
the Vetbond seal, the wound was wiped clean and replaced
with the next dose of the corresponding ointment formula-
tion. The wound was then covered with Tegaderm and
resealed with Vetbond. Mice were anesthetized and then
euthanized at the appropriate time points, and biological
samples taken at post-operative days (POD) 3, 12, or 22.
Histology and Immunohistochemistry. Skin biopsies
were fixed in 10% neutral buffered formalin for 48 h.
Samples were processed using the Leica tissue processor
ASP6025 (Leica Biosystems, Buffalo Grove, IL). Using
Leica Biosystems reagents (Leica Biosystems, Buffalo
Grove, IL), hematoxylin and ecosin (H&E) staining were
done according to the standard manufacturer provided
protocol in a Leica Autostainer XL (Leica Biosystems,
Buffalo Grove, IL). H&E-stained sections were scanned
using the Aperio Versa 200 (Leica Biosystems, Buffalo
Grove, IL) slide scanner. Immunohistochemical (IHC)
staining was done on deparaffinized skin sections using a
modified Abcam ITHC protocol. Briefly, antigen retrieval
was performed with sodium citrate buffer at 95-100 °C for
15 min and allowed to cool down for an additional 15 min.
Skin sections were incubated with 1:500 anti-ocSMA pri-
mary rabbit monoclonal antibody clone EPR5368 (Abcam,
Cambridge, MA) overnight at 4 °C. Negative controls
included IgG isotype and no primary antibody. Neither
control showed nonspecific binding. Endogenous peroxi-
dase activity was quenched with hydrogen peroxide
blocking reagent (Abcam, Cambridge, MA), incubated
with secondary goat anti-rabbit HRP-labeled antibody
(Bio-Rad, Hercules, CA; 1:500), developed with a DAB
peroxidase substrate kit (Vector Laboratories, Inc., Burlin-
game, CA) chromogen for 10 min, counterstained with
hematoxylin QS (Vector Laboratories, Inc., Burlingame,
CA) for 10 s, and scanned with the Aperio Versa 200.
Bioplex and aSMA ELISA Assays. Mouse skin samples
were snap frozen upon collection. Tissues were stored at —
80 °C prior to use. Skin was pulverized and homogenized
in tissue lysis buffer (10-mM HEPES pH 7.9, 100-mM

KCI1, 50-mM sucrose, 1% NP-40, 0.5% sodium
deoxycholate) containing protease inhibitor mini tablets
(Thermo Scientific, Waltham, MA). Samples were allowed
to lyse for 4 h at 10 °C with gentle rocking. The homog-
enized samples were snap frozen. Lysates were then
thawed on ice and centrifuged at 10,000 rcf for 5 min and
transferred to new tubes in aliquots. Protein concentration
was determined using a commercial BCA assay kit (Ther-
mo Scientific, Waltham, MA). Samples were normalized to
900 pg/mL and cytokines assayed at a twofold dilution,
using Bio-Rad Pro Mouse Cytokine 23-plex magnetic bead
assay kit following included protocol. Assay was per-
formed using the Bio-Rad Bio-Plex 200 system and Bio-
Rad Bio-Plex Pro wash station (Bio-Rad, Hercules, CA).
For xSMA ELISA, the same lysates were normalized to
1 mg/mL (Biomatik, Wilmington, DE) and assayed ac-
cording to manufacturer’s included protocol.

Myeloperoxidase Assay. A commercially available
myeloperoxidase detection kit was purchased from Cell
Technology (Cell Technology, Mountain View, CA). The
assay was conducted according to manufacturer instruc-
tions. Briefly, frozen burn wound skin samples were pul-
verized. The samples were then homogenized with assay
buffer according to protocol, centrifuged, and pellet solu-
bilized with solubilization buffer. Samples were then son-
icated using a Sonic Dismembrator Model 100 (Thermo
Fisher, Waltham, MA) for 30 s in 5-s pulses. Finally,
samples were put through two freeze thaw cycles before
centrifuging and performing a BCA assay for protein con-
centrations. Samples were normalized to 150 pg/mL, and
the myeloperoxidase assay was performed according to
manufacturer’s instructions.

Hydroxyproline Assay. A commercially available hy-
droxyproline colorimetric assay kit was purchased from
BioVision (BioVision Incorporated, Milpitas, CA). Frozen
skin samples were lyophilized for 24 h using a VirTis advan-
tage Plus EL-85 lyophilizer (SP Scientific, Warminster, PA).
The dried samples were weighed prior to preparing for assay.
Samples were hydrolyzed and assayed according to manu-
facturer’s instructions.
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Statistics. Animal experiments were repeated twice,
three mice each for a total of six mice (n = 6) per treatment
group. All samples were evaluated as technical duplicates.
Results were expressed as the mean + standard deviation.
Statistics were performed using GraphPad Prism v. 7.03
software. Student’s two-tailed ¢ test or two-way ANOVA
was performed where noted. A P value of <0.05 was
considered significant.

RESULTS

Pirfenidone Reduces Inflammatory Cytokine Response
in Deep Partial-Thickness Burn Wounds in C57BL/6
Mice

Pfis both an anti-fibrotic and anti-inflammatory drug.
We evaluated the effects of Pf on the inflammatory re-
sponse in a deep partial-thickness burn wounds in
C57BL/6 mice. Skin biopsies were assayed for inflamma-
tory cytokines. Figure 2a—f shows that Pf can significantly
decrease the expression of inflammatory cytokines IL-1[3,
IL-2, IL-6, IL-13, G-CSF, and MIP-1 when comparing
vehicle to Pf 6.5% (P=0.0042, 0.005, 0.0297, 0.02,
0.0318, and 0.0072, respectively).

Pirfenidone Reduces Neutrophil Infiltration in C5S7BL/
6 Mice Burn Wounds

We further evaluated the anti-inflammatory effects of
Pf by evaluating the effects on inflammatory cell infiltra-
tion of burn wounds. Histology indicated a qualitative
decrease in the number of cellular infiltrates in mice treated
with Pf (Fig. 3a—d). Burn wounds were evaluated for
myeloperoxidase activity to quantitate the presence of neu-
trophils. When comparing the vehicle control to Pf 6.5%
treated mice, Pf significantly reduced the expression of
neutrophil myeloperoxidase in burn wounds dose depen-
dently (P =0.0369) (Fig. 3e).

Pirfenidone Decreases xSMA Expression in Burn
Wounds

Part of our long-term studies is to determine the
effectiveness of Pf used as a prophylactic drug to prevent
excessive scarring and contractures after a deep partial-
thickness burn. To that end, we evaluated the anti-scar
effect of Pf during treatment of the inflammatory phase
of burn wound healing. Skin sections were evaluated by
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IHC for the presence of myofibroblasts using xSMA as a
marker. Positive xSMA staining was seen in the dermis
within the burn areas, indicative of myofibroblast traffick-
ing to the site of injury (Fig. 4a—d). Additional staining was
observed on the vasculature and muscles around the hair
follicles of all treatment groups. Skin biopsies were
assayed by ELISA to quantify the amount of «SMA ex-
pression by pirfenidone treatment. Treating the burn
wounds in mice with Pf twice during the inflammatory
phase of burn wound healing significantly reduced expres-
sion of xSMA (P=0.005) (Fig. 4¢). The treatment also
reduced hydroxyproline deposition, an indicator of colla-
gen content, during the remodeling phase of wound
healing (Fig. 4f).

DISCUSSION

The initial phase of burn wound healing produces an
inflammatory response that can exacerbate the tissue dam-
age already present from the thermal injury. Part of the
inflammatory response is due to the tissue destruction and
the released damage-associated molecular patterns
(DAMPs), such as HMGBI, S100A12, and degraded ma-
trix constituents [5, 27, 33]. Additionally, pathogen-
associated molecular patterns (PAMPs) such as LPS, fla-
gellin, and peptidoglycan from normal flora and pathogen-
ic bacteria, which can readily enter the breached skin
barrier resulting from burns, can further exacerbate the
inflammatory response [4, 5]. Exaggerated inflammation
during the early phases of wound healing may contribute to
excessive fibrosis and is associated with the development
of hypertrophic scarring [5, 8, 26]. Our study found that Pf
can significantly lessen the inflammatory response associ-
ated with a deep partial-thickness burn injury in C57BL/6
mice and dampen pro-fibrotic responses.

In our previous study, we demonstrated that the Pf
ointment can significantly decrease IL-12p70 and TNF«x in
burn wounds [7]. The current study shows that Pf can also
reduce expression of other inflammatory cytokines and
chemokines which include IL-1p3, IL-2, IL-6, IL-13, G-
CSF, and MIP-1a. Overexpression of IL-1(3 is associated
with hypertrophic scars [29]. Additionally, IL-2 and IL-6
mediate collagen deposition and fibroblast proliferation [6,
28]. Moreover, IL-13 is associated with skin fibrosis [24].
G-CSF is shown to support the proliferation, activation,
and differentiation of neutrophils [16]. Finally, MIP-1ccis a
pro-inflammatory chemokine that can regulate a variety of
immune cells by recruiting inflammatory cells to the sites
of injury [18].
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Fig. 2. Pirfenidone reduces pro-inflammatory cytokines during the inflammatory phase of wound healing. Skin samples were evaluated for inflammatory
cytokines at the peak of inflammation, 3 days after the induction of a deep partial-thickness burn wound by Bioplex assay. Mice were treated with vehicle, 1%,

3.5%, or 6.5% Pf as described in Fig. 1. Student’s # test analysis showed that cytokines IL-1f (a), IL-2 (b), IL-6 (¢), IL-13 (d), G-CSF (e), and MIP-1« (e)
concentrations in skin lysates were significantly decreased when comparing vehicle to Pf 6.5%.

These cytokines and chemokines have important
roles during the early onset of the inflammatory response
for wound healing. However, when dysregulated, these
inflammatory mediators can also cause excessive inflam-
matory response harmful to healing. Our earlier in vitro
data have shown that Pf inhibits p38 kinases in TGF-31-

stimulated human dermal fibroblasts [15]. Like other
mitogen-activated protein (MAP) kinases, p38 kinases
can activate the transcription factors driving the expression
of inflammatory mediators [5]. It is conceivable that Pf
could also target p38 kinases in inflammatory cells for
lessening the early inflammatory phase of healing. A
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Fig. 3. Pirfenidone reduces expression of myeloperoxidase in burn wound bed. H&E stains are shown for deep partial-thickness wounds in mice treated with
vehicle (a), Pf 1% (b), Pf3.5% (¢), and Pf6.5% (d). Black arrow heads point to cellular infiltrates. There was a qualitative difference in the cell infiltrates for
mice treated with the different ointment formulations. Wound beds were also evaluated for myeloperoxidase activity (e). Student’s 7 test showed there was a

significant difference in mice treated with Pf 6.5% compared to vehicle.

topical p38 kinase inhibitor has been used before to mod-
ulate the inflammatory response to reduce dermal cyto-
kines in rat burn wounds, but long-term outcomes such as
effects on xSMA and collagen deposition were not deter-
mined [20]. By contrast, excessive dampening of inflam-
matory response could negatively impact healing as shown

in our other study in which clinical doses of indomethacin
delay wound closure of rabbit ear wounds [26]. Therefore,
it appears that treatments to dampen tissue-damaging in-
flammation for optimal healing need to be properly timed
and titrated to reduce risks of stalled healing [5]. The use of
Pf may offer a potential treatment that could bring the
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Fig. 4. Pirfenidone lowers expression of xSMA, and modestly lessens hydroxyproline deposition. IHC staining for xSMA for deep partial-thickness wounds
in mice treated with vehicle (a), Pf 1% (b), Pf3.5% (c), and Pf 6.5% (d). Black arrow heads point to xSMA-positive cells within the dermis. The effects of Pf
on aSMA were evaluated over time in mice with a deep partial-thickness bumn by ELISA (e). Two-way ANOVA analysis revealed a significant reduction in
«SMA expression at 12 days after burn in mice treated with P£6.5% compared to vehicle. Hydroxyproline expression was evaluated with a colorimetric assay
(f). Although not statistically significant, Pf treatment of burn wounds shows a reduction of hydroxyproline deposition.
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inflammatory response into balance with the tissue’s need
for inflammation to repair the damage. In this context, we
have reported previously that the use of Pf during the
inflammatory phase of wound healing lessens inflamma-
tion but did not interfere with the rate of reepithelization of
deep partial-thickness burn wounds [7].

The inflammatory responses associated with a
burn wound include the influx of inflammatory cells
to the site of injury. Compared to vehicle treatment, we
saw a qualitative difference in the cell infiltrates in the
burn wounds treated with Pf. The results were consis-
tent with the reduction of dermal pro-inflammatory
cytokines and chemokines seen in burn wounds treated
similarly. Many of these cellular infiltrates were neu-
trophils. Neutrophils are some of the first cells that
reach the site of injury [13]. Neutrophils are recruited
to sites of injury by DAMPs and PAMPs, and are there
to clear damaged tissue and to kill microbial pathogens
that may have crossed the burn-induced damaged skin
barrier [5, 19]. However, prolonged presence of neu-
trophils can cause damage to surrounding tissue and
impair healing as shown in many chronic non-healing
wounds. This again underscores the importance of
balancing the inflammatory response in order to favor
the wound healing dynamics toward healing. Interest-
ingly, Martin et al. showed that mice without macro-
phages and functioning neutrophils are still able to heal
and appear to have a reduced “scar” [22].

The burn wound inflammatory phase transitions
into the proliferative phase where myofibroblasts pro-
liferate and begin laying down extracellular matrix and
keratinocytes proliferate and migrate over the wound
bed as the body attempts to seal the broken skin barrier.
This tightly controlled process can be dysregulated such
as excessive deposition of extracellular matrix and de-
layed wound closure which could lead to increased
fibrosis that carries into the remodeling phase [13].
Studies show that the level of inflammatory responses
affect fibrosis during wound healing [26, 28, 29]; there-
fore, we have evaluated the effects of Pf treatment
during the inflammatory phase on fibrosis markers into
the proliferative and remodeling phases of wound
healing. We detected a significant reduction in the ex-
pression of «SMA and a modest reduction in the hy-
droxyproline content of the wounds. Elevated levels of
«SMA and collagen expression are found in hypertro-
phic scars due to activation of myofibroblasts [14].
Fibrosis, such as the type found in hypertrophic scars,
is characterized by an increase in extracellular matrix
and prolonged survival by myofibroblasts, which can be

a result of prolonged or elevated inflammation [12, 14,
15]. xSMA together with mature focal adhesions is an
essential component of the mechanoregulatory contrac-
tile machinery responsible for contractility seen in
myofibroblasts when exposed to external mechanical
and biochemical cues from extracellular matrix [21].
The decrease of xSMA as a result of Pf treatment could
potentially dampen the contractility seen in
myofibroblasts in these wounds. It may be possible that
the use of Pf as a prophylactic treatment to inhibit p38
kinases during the early inflammatory phase of wound
healing could improve long-term wound outcomes with
reduced scarring and contracture as shown in this study
and other studies [17].

A recent article from Finnerty et al. [10] argues
that severe scarring is one of the greatest challenges
that clinicians and patients face after a severe burn.
The authors also express a need for prophylactic ther-
apies to prevent scar formation [10]. Our findings
indicate that Pf is a promising prophylactic treatment
option for lessening dermal inflammation and fibrosis
in mouse deep partial-thickness burn wounds. The
study also indicates the need for testing this prophy-
lactic treatment option for improving long-term out-
comes of scarring and contracture as seen in humans
resulting from deep partial-thickness burns using an
animal model that can adequately recapitulate these
adverse long-term outcomes.

FUNDING INFORMATION

This research was supported in part by an appoint-
ment to the Postgraduate Research Participation Program
at the US Army Institute of Surgical Research administered
by the Oak Ridge Institute for Science and Education
through an interagency agreement between the US Depart-
ment of Energy and USAMRMC. This work is funded in
part through the Congressionally Directed Medical Re-
search Programs, US Army Medical Research and Materiel
Command W81 XWH-15-2-0083, and the Naval Medical
Research Center’s Advanced Medical Development pro-
gram MIPR N3239815MHX040.

COMPLIANCE WITH ETHICAL STANDARDS

Research was conducted in compliance with the An-
imal Welfare Act, the implementing Animal Welfare Reg-
ulations, and the principles of the Guide for the Care and
Use of Laboratory Animals, National Research Council.
The facility Institutional Animal Care and Use Committee



52

approved all research conducted in this study. The facility
where this research was conducted is fully accredited by
AAALAC International.

Disclaimer. The opinions or assertions contained herein
are the private views of the author and are not to be
construed as official or as reflecting the views of the
Department of the Army or the Department of Defense.

REFERENCES

Aarabi, S., M.T. Longaker, and G.C. Gurtner. 2007. Hypertrophic
scar formation following burns and trauma: new approaches to
treatment. PLoS Medicine 4 (9): ¢234. https://doi.org/10.1371/
journal.pmed.0040234.

Armendariz-Borunda, J., I. Lyra-Gonzalez, D. Medina-Preciado, 1.
Gonzalez-Garcia, D. Martinez-Fong, R.A. Miranda, R. Magana-
Castro, et al. 2012. A controlled clinical trial with pirfenidone in
the treatment of pathological skin scarring caused by burns in
pediatric patients. Annals of Plastic Surgery 68 (1): 22-28. https://
doi.org/10.1097/SAP.0b013e31821b6d08.

Bombaro, K.M., L.H. Engrav, G.J. Carrougher, S.A. Wiechman, L.
Faucher, B.A. Costa, D.M. Heimbach, F.P. Rivara, and S. Honari.
2003. What is the prevalence of hypertrophic scarring following
burns? Burns 29 (4): 299-302.

Chen, L., and L.A. DiPietro. 2017. Toll-like receptor function in
acute wounds. Adv Wound Care (New Rochelle) 6 (10): 344-355.
https://doi.org/10.1089/wound.2017.0734.

D'Arpa, P., and K.P. Leung. 2017. Toll-like receptor signaling in
burn wound healing and scarring. Adv Wound Care (New Rochelle)
6 (10): 330-343. https://doi.org/10.1089/wound.2017.0733.
Doersch, K.M., D.J. DelloStritto, and M.K. Newell-Rogers. 2017.
The contribution of interleukin-2 to effective wound healing. Exper-
imental Biology and Medicine (Maywood, N.J.) 242 (4): 384-396.
https://doi.org/10.1177/1535370216675773.

Dorati, R., J.L. Medina, P.P. DeLuca, and K.P. Leung. 2018. Devel-
opment of a topical 48-H release formulation as an anti-scarring
treatment for deep partial-thickness burns. AAPS PharmSciTech 19:
2264-2275. https://doi.org/10.1208/s12249-018-1030-3.

Dunkin, C.S., J.M. Pleat, P.H. Gillespie, M.P. Tyler, A.H. Roberts,
and D.A. McGrouther. 2007. Scarring occurs at a critical depth of
skin injury: precise measurement in a graduated dermal scratch in
human volunteers. Plastic and Reconstructive Surgery 119 (6):
1722-1732; discussion 1733-1724. https://doi.org/10.1097/
01.prs.0000258829.07399.10.

Evers, L.H., D. Bhavsar, and P. Mailander. 2010. The biology of
burn injury. Experimental Dermatology 19 (9): 777-783. https://
doi.org/10.1111/j.1600-0625.2010.01105.x.

Finnerty, C.C., M.G. Jeschke, L.K. Branski, J.P. Barret, P.
Dziewulski, and D.N. Herndon. 2016. Hypertrophic scarring: the
greatest unmet challenge after burn injury. Lancet 388 (10052):
1427-1436. https://doi.org/10.1016/S0140-6736(16)31406-4.
Flores-Contreras, L., A.S. Sandoval-Rodriguez, M.G. Mena-
Enriquez, S. Lucano-Landeros, I. Arellano-Olivera, A. Alvarez-
Alvarez, M.G. Sanchez-Parada, and J. Armendariz-Borunda. 2014.
Treatment with pirfenidone for two years decreases fibrosis,

12.

13.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Medina, Sebastian, Fourcaudot, Dorati, and Leung

cytokine levels and enhances CB2 gene expression in patients with
chronic hepatitis C. BMC Gastroenterology 14: 131. https://doi.org/
10.1186/1471-230X-14-131.

Gauglitz, G.G., H.C. Korting, T. Pavicic, T. Ruzicka, and M.G.
Jeschke. 2011. Hypertrophic scarring and keloids: pathomechanisms
and current and emerging treatment strategies. Molecular Medicine
17 (1-2): 113-125. https://doi.org/10.2119/molmed.2009.00153.
Gurtner, G.C., S. Werner, Y. Barrandon, and M.T. Longaker. 2008.
Wound repair and regeneration. Nature 453 (7193): 314-321.
https://doi.org/10.1038/nature07039.

Hall, C., C. Hardin, C.J. Corkins, A.Z. Jiwani, J. Fletcher, A.
Carlsson, and R. Chan. 2017. Pathophysiologic mechanisms and
current treatments for cutaneous sequelae of burn wounds. Compre-
hensive Physiology 8 (1): 371-405. https://doi.org/10.1002/
cphy.c170016.

Hall, Caroline L., Adrienne R. Wells, and Kai P. Leung. 2018.
Pirfenidone reduces profibrotic responses in human dermal
myofibroblasts, in vitro. Laboratory Investigation. 98: 640-655.
https://doi.org/10.1038/s41374-017-0014-3.

Hamilton, J.A., A.D. Cook, and P.P. Tak. 2016. Anti-colony-
stimulating factor therapies for inflammatory and autoimmune dis-
eases. Nature Reviews. Drug Discovery 16 (1): 53-70. https://
doi.org/10.1038/nrd.2016.231.

Hirano, S., R.S. Rees, and R.R. Gilmont. 2002. MAP kinase path-
ways involving hsp27 regulate fibroblast-mediated wound contrac-
tion. The Journal of Surgical Research 102 (2): 77-84. https://
doi.org/10.1006/jsre.2001.6315.

Hsieh, C.H., M. Frink, Y.C. Hsieh, W.H. Kan, J.T. Hsu, M.G.
Schwacha, M.A. Choudhry, and I.H. Chaudry. 2008. The role of
MIP-1 alpha in the development of systemic inflammatory response
and organ injury following trauma hemorrhage. Journal of Immu-
nology 181 (4): 2806-2812.

Huebener, P., J.P. Pradere, C. Hernandez, G.Y. Gwak, J.M. Caviglia,
X. Mu, I.D. Loike, R.E. Jenkins, D.J. Antoine, and R.F. Schwabe.
2015. The HMGB1/RAGE axis triggers neutrophil-mediated injury
amplification following necrosis. The Journal of Clinical Investiga-
tion 125 (2): 539-550. https://doi.org/10.1172/JCI76887.

Ipaktchi, K., A. Mattar, A.D. Niederbichler, L.M. Hoesel, M.R.
Hemmila, G.L. Su, D.G. Remick, S.C. Wang, and S. Arbabi.
2006. Topical p38MAPK inhibition reduces dermal inflammation
and epithelial apoptosis in burn wounds. Shock 26 (2): 201-209.
https://doi.org/10.1097/01.shk.0000225739.13796.12.

Livne, A., and B. Geiger. 2016. The inner workings of stress fibers -
from contractile machinery to focal adhesions and back. Journal of Cell
Science 129 (7): 1293—1304. https://doi.org/10.1242/jcs.180927.
Martin, P., D. D'Souza, J. Martin, R. Grose, L. Cooper, R. Maki, and
S.R. McKercher. 2003. Wound healing in the PU.1 null mouse—
tissue repair is not dependent on inflammatory cells. Current Biol-
ogy 13 (13): 1122-1128.

Medina, J.L., A.B. Fourcaudot, E.A. Sebastian, R. Shankar, A.W.
Brown, and K.P. Leung. 2018. Standardization of deep partial-
thickness scald burns in C57BL/6 mice. Int J Burns Trauma 8 (2):
26-33.

Oriente, A., N.S. Fedarko, S.E. Pacocha, S.K. Huang, L.M. Lichten-
stein, and D.M. Essayan. 2000. Interleukin-13 modulates collagen
homeostasis in human skin and keloid fibroblasts. The Journal of
Pharmacology and Experimental Therapeutics 292 (3): 988-994.
Penn, J.W., A.O. Grobbelaar, and K.J. Rolfe. 2012. The role of the
TGF-beta family in wound healing, burns and scarring: a review. Int
J Burns Trauma 2 (1): 18-28.

Qian, L.W., A.B. Fourcaudot, K. Yamane, T. You, R.K. Chan, and
K.P. Leung. 2016. Exacerbated and prolonged inflammation impairs


http://dx.doi.org/10.1371/journal.pmed.0040234
http://dx.doi.org/10.1371/journal.pmed.0040234
http://dx.doi.org/10.1097/SAP.0b013e31821b6d08
http://dx.doi.org/10.1097/SAP.0b013e31821b6d08
http://dx.doi.org/10.1089/wound.2017.0734
http://dx.doi.org/10.1089/wound.2017.0733
http://dx.doi.org/10.1177/1535370216675773
http://dx.doi.org/10.1208/s12249-018-1030-3
http://dx.doi.org/10.1097/01.prs.0000258829.07399.f0
http://dx.doi.org/10.1097/01.prs.0000258829.07399.f0
http://dx.doi.org/10.1111/j.1600-0625.2010.01105.x
http://dx.doi.org/10.1111/j.1600-0625.2010.01105.x
http://dx.doi.org/10.1016/S0140-6736(16)31406-4
http://dx.doi.org/10.1186/1471-230X-14-131
http://dx.doi.org/10.1186/1471-230X-14-131
http://dx.doi.org/10.2119/molmed.2009.00153
http://dx.doi.org/10.1038/nature07039
http://dx.doi.org/10.1002/cphy.c170016
http://dx.doi.org/10.1002/cphy.c170016
http://dx.doi.org/10.1038/s41374-017-0014-3
http://dx.doi.org/10.1038/nrd.2016.231
http://dx.doi.org/10.1038/nrd.2016.231
http://dx.doi.org/10.1006/jsre.2001.6315
http://dx.doi.org/10.1006/jsre.2001.6315
http://dx.doi.org/10.1172/JCI76887
http://dx.doi.org/10.1097/01.shk.0000225739.13796.f2
http://dx.doi.org/10.1242/jcs.180927

Pirfenidone suppresses the inflammatory response in mouse burn wounds 53

27.

28.

29.

30.

wound healing and increases scarring. Wound Repair and Regener-
ation 24 (1): 26-34. https://doi.org/10.1111/wrr.12381.

Rani, M., S.E. Nicholson, Q. Zhang, and M.G. Schwacha. 2017.
Damage-associated molecular patterns (DAMPs) released after burn
are associated with inflammation and monocyte activation. Burns 43
(2): 297-303. https://doi.org/10.1016/j.burns.2016.10.001.

Ray, S., X. Ju, H. Sun, C.C. Finnerty, D.N. Herndon, and A.R.
Brasier. 2013. The IL-6 trans-signaling-STAT3 pathway mediates
ECM and cellular proliferation in fibroblasts from hypertrophic scar.
The Journal of Investigative Dermatology 133 (5): 1212-1220.
https://doi.org/10.1038/jid.2012.499.

Salgado, R.M., L. Alcantara, C.A. Mendoza-Rodriguez, M. Cerbon,
C. Hidalgo-Gonzalez, P. Mercadillo, L.M. Moreno, R. Alvarez-
Jimenez, and E. Krotzsch. 2012. Post-burn hypertrophic scars are
characterized by high levels of IL-1beta mRNA and protein and
TNF-alpha type I receptors. Burns 38 (5): 668-676. https://doi.org/
10.1016/j.burns.2011.12.012.

Schaefer, C.J., D.W. Ruhrmund, L. Pan, S.D. Seiwert, and K.
Kossen. 2011. Antifibrotic activities of pirfenidone in animal
models. European Respiratory Review 20 (120): 85-97. https:/
doi.org/10.1183/09059180.00001111.

31.

32.

33.

34.

35.

Symons, A., S. Beinke, and S.C. Ley. 2006. MAP kinase kinase
kinases and innate immunity. Trends in Immunology 27 (1): 40-48.
https://doi.org/10.1016/;.it.2005.11.007.

Tredget, E.E., B. Levi, and M.B. Donelan. 2014. Biology and
principles of scar management and burn reconstruction. The Surgi-
cal Clinics of North America 94 (4): 793-815. https://doi.org/
10.1016/j.suc.2014.05.005.

Venereau, E., M. Schiraldi, M. Uguccioni, and M.E. Bianchi. 2013.
HMGBI and leukocyte migration during trauma and sterile inflam-
mation. Molecular Immunology 55 (1): 76-82. https://doi.org/
10.1016/j.molimm.2012.10.037.

Veras-Castillo, E.R., L. Cardenas-Camarena, 1. Lyra-Gonzalez, J.F.
Munoz-Valle, S. Lucano-Landeros, J. Guerrerosantos, B. Gonzalez-
Ulloa, et al. 2013. Controlled clinical trial with pirfenidone in the
treatment of breast capsular contracture: association of TGF-beta
polymorphisms. Annals of Plastic Surgery 70 (1): 16-22. https:/
doi.org/10.1097/SAP.0b013e31822284f4.

Zhang, Q., M. Raoof, Y. Chen, Y. Sumi, T. Sursal, W. Junger, K.
Brohi, K. Itagaki, and C.J. Hauser. 2010. Circulating mitochondrial
DAMPs cause inflammatory responses to injury. Nature 464 (7285):
104-107. https://doi.org/10.1038/nature08780.


http://dx.doi.org/10.1111/wrr.12381
http://dx.doi.org/10.1016/j.burns.2016.10.001
http://dx.doi.org/10.1038/jid.2012.499
http://dx.doi.org/10.1016/j.burns.2011.12.012
http://dx.doi.org/10.1016/j.burns.2011.12.012
http://dx.doi.org/10.1183/09059180.00001111
http://dx.doi.org/10.1183/09059180.00001111
http://dx.doi.org/10.1016/j.it.2005.11.007
http://dx.doi.org/10.1016/j.suc.2014.05.005
http://dx.doi.org/10.1016/j.suc.2014.05.005
http://dx.doi.org/10.1016/j.molimm.2012.10.037
http://dx.doi.org/10.1016/j.molimm.2012.10.037
http://dx.doi.org/10.1097/SAP.0b013e31822284f4
http://dx.doi.org/10.1097/SAP.0b013e31822284f4
http://dx.doi.org/10.1038/nature08780

	Pirfenidone Ointment Modulates the Burn Wound Bed in C57BL/6 Mice by Suppressing Inflammatory Responses
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Pirfenidone Reduces Inflammatory Cytokine Response in Deep Partial-Thickness Burn Wounds in C57BL/6 Mice
	Pirfenidone Reduces Neutrophil Infiltration in C57BL/6 Mice Burn Wounds
	Pirfenidone Decreases αSMA Expression in Burn Wounds

	DISCUSSION
	References



