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Abstract

Background: One of the most pervasive complications of burn injury is wound progression, char-

acterized by continuous tissue destruction in untreated wounds, which leads to wound infection,

inflammation, oxidative stress and excessive scar formation. We determined whether additional

tissue destruction could be attenuated with Livionex formulation (LF) lotion, which contains a

metal-chelating agent and reduces inflammation in burn wounds.

Methods: We subjected male Sprague Dawley rats to a 2% total body surface area (TBSA) burn

using a brass comb model and topically applied LF lotion (containing ethylenediaminetetraacetic

acid and methyl sulfonyl methane) to the affected area every 8 hours over 3 days. Inflammatory

cytokine levels, cell apoptosis andwound healingwere compared in LF lotion-treated and untreated

rats. Statistical analysis was performed using a one-way analysis of variance in conjunction with

Tukey’s post-hoc test.

Results:Serum inflammatory cytokineswere not detectable after 3 days, suggesting that small burn

wounds induce only an immediate, localized inflammatory response. Microscopy revealed that LF

lotion improved burn site pathology. Deoxynucleotidyl transferase biotin-d-UTP nick-end labeling

staining showed reduced cell death in the LF-treated samples. LF lotion prevented the spread of

tissue damage, as seen by increased amounts of Ki-67-positive nuclei in the adjacent epidermis and

hair follicles. Tumor necrosis factor-alpha, interleukin-6 and inducible nitric oxide synthase levels

in LF-treated skin sections from burned rats were comparable to the levels observed in unburned

control sections, indicating that LF lotion reduces inflammation in and around the burn site.

Conclusions: These results establish LF lotion as a therapeutic agent for reducing inflammatory

stress, cell death and tissue destruction when applied immediately after a burn injury. Further

studies of LF lotion on large TBSA burns will determine its efficacy as an emergency treatment

for reducing long-term morbidity and scarring.
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Background

Traumatic burns cause significant psychosocial and economic

burden to patients, their families and society. Worldwide,

burn injuries lead to about 330,000 deaths yearly [1]. In the

US, more than 2 million individuals sustain burns annually

[2], with $18 billion spent on the specialized care of burn

patients [3].

Burn wound progression refers to tissue destruction in

untreated burn wounds, in the absence of infection, which

continues to develop after the reduction of the initial burn

insult [4]. Thus, a partial-thickness second-degree burn (espe-

cially a deep second-degree burn) becomes a full-thickness

burn (third-degree) as the burn wound progresses [4–6]. The

injury progression itself may change individual treatment

paradigms, including increasing the need for burn wound

excision or subsequent skin grafting. Accordingly, the likeli-

hood of severe scarring, contracture, local discomfort and/or

even disability may increase. Although estimates of the per-

centage of second-degree burn wounds converting to third-

degree burn wounds are not known, the wound progres-

sion may aggravate the initial injury. Systemic inflammation

and/or the oxidative stress response may be exacerbated

during burn progression, leading to the deterioration of local

and systemic homeostasis and immunity [7]. These seque-

lae significantly increase the risk of infection, the length of

hospital stay and the cost of specialized care. It is therefore

imperative to develop efficacious therapeutic interventions

that will limit or block the burn wound progression.

Major efforts have been made to understand the

mechanisms underlying burn wound progression and to

seek topical and/or systemic therapeutic interventions [6, 8].

Proposed mechanisms underlying burn wound progression

include acute thrombosis with a dermal and subcutaneous

vascular blockade, reduction of local perfusion, oxidative

stress [6, 8–10] and excessive inflammatory responses (as

reviewed Schmauss et al. [11]). Accordingly, efforts to

develop therapeutic interventions have targeted each of these

mechanisms [12–14].

Previous studies by Tobalem et al. have also addressed

the role of ischemia in burn wound conversion and treat-

ment strategies to prevent the zone of stasis from becom-

ing necrotic, including early treatment with erythropoietin,

which is known to induce angiogenesis and prevent ischemia-

induced cell death and inflammation [15, 16]. The same

group has shown that early intervention (45 minutes post-

burn) is more effective than late treatments (6 hours post-

burn) in reducing burn wound progression [15] [17]. Severe

burn is associated with increased levels of local and systemic

inflammatory cytokines, such as interleukin-6 (IL-6) and

tumor necrosis factor-alpha (TNF-α), or chemokines, such as

interleukin-8 [17]. Inflammatory cytokines activate a cascade

that leads to the generation of reactive oxygen species (ROS)

[18–20], lipid peroxidation and cellular injury [21–23]. The

polyunsaturated fatty acids localized to the plasmamembrane

are prone to lipid peroxidation and yield toxic lipid alde-

hydes [24, 25]. Lipid aldehyde production is also induced

by trace metals like iron and copper [26, 27], although the

mechanisms are not entirely understood [28]. We reported

that the topical application of metal chelators, like ethylene-

diaminetetraacetic acid (EDTA), inhibits the oxidative and

inflammatory insults in animal models of glaucoma [29],

uveitis [30] and diabetic cataract [31].

Using a modified rat brass comb burn model, we recently

tested our hypothesis that topical application of a lotion

containing EDTA and methyl sulfonyl methane (MSM),

Livionex formulation (LF) lotion, chelates the redox-active

metals, blocks the formation of ROS and attenuates burn

wound progression [32]. We reported that the application

of LF lotion immediately post-burn significantly reduces the

accumulation of reactive aldehydes and lipid peroxidation

product 4-hydroxynonenal (malondialdehyde and acrolein)

in the interspaces [32]. Morphologically, topical LF lotion

application mildly reduced the histological characteristics of

burn wound progression when compared to untreated burn

wounds, including a depth of epithelial and endothelial cell

necrosis, collagen denaturation, vessel blockade, and skeletal

muscle damage [32]. The LF lotion-treated interspaces

exhibit moderate morphological improvements, including

reduced destruction and discoloration of the skeletal muscle,

a reduced vascular expansion and congestion of the capillary

loops and sub-papillary plexus, fewer inflammatory cells

around expanded and clogged arteries in the hypodermis and

an increase in the vertical length of survived interspaces [32].

This report investigates the effects of LF lotion on local

and systemic inflammatory responses and epithelial cell death

and proliferation in the burn sites and the non-burned inter-

spaces 72 hours after burn. We measured the concentra-

tions of plasma cytokines and chemokines to monitor sys-

temic inflammation. Deoxynucleotidyl transferase biotin-d-

UTP nick-end labeling (TUNEL) was used as an indicator of

cell death. We examined whether burn progression impairs

cell proliferation and if the application of LF lotion might

reverse this effect. Local tissue inflammatory response was

assessed via immunohistochemistry.We found that immediate

topical application of LF lotion not only reduced positive

TUNEL labeling and increased Ki-67 immunolabeling in

epithelial structures of the burn site, but also prevented cell

death and enabled cell proliferation in the unburned inter-

spaces. This suggests that LF lotion efficiently reduces burn

wound progression.

Methods

LF lotion and brass comb

As described previously [32], LF lotion (a proprietary lotion

containing EDTA and MSM), and a control lotion/vehicle (a

proprietary lotion without EDTA and MSM) was provided

by Livionex Inc. (USA). We used a modification of the brass

comb described in the Regas and Ehrlich model [33] with

three 10-mm teeth separated by two 10-mm notches, instead

of 5 mm, as used by Regas and Ehrich, to increase the

surface of the interspaces and follow burn wound progression
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without interfering with the next burn area. The brass comb

yielded three 10×19 mm rectangular contact burn sites, rep-

resenting the zone of coagulation, separated by two 10×19

mm rectangles of the unburned interspace,which modeled the

zone of stasis or ischemia.

Animals

Male Sprague Dawley rats weighing ∼350 g (Charles River

Laboratories International, USA) were housed individually

in a temperature- and humidity-controlled environment with

a 12-hour light–dark cycle. During the acclimation period,

the rats received standard diet and water ad libitum for at

least a week before the experiment. All experiments complied

with the National Institutes of Health (NIH) ‘Guide for the

Care and Use of Laboratory Animals’ and were approved

by the Institutional Animal Care and Use Committee of the

University of Texas Medical Branch at Galveston.

Experimental protocol

Experimental details are described elsewhere [32]. Briefly,

the animals were anesthetized using 90 mg/kg of ketamine

(10%) and 10 mg/kg of xylazine (2%) (both intraperitoneal).

The dorsum of each animal was then shaved. A 19×50

mm rectangle was marked parallel to, and approximately

10 mm distal to, either side of the dorsal middle line between

the caudal end of the scapula and rostral end of the ilium,

resulting in two burn areas, one on each side of the animal.

Rats were randomly assigned to four treatment groups (n =5

each): sham control, burn alone, burn plus vehicle and burn

plus LF lotion. Sham control animals were treated the same

way as the burn animals, except for the burn. The burn was

induced by applying a brass comb (which was preheated in

boiling water (100◦C) for 3 minutes) on each pre-marked

rectangle with no additional pressure for 30 seconds. Within

5minutes post-burn,we applied LF lotion (∼1mL) or vehicle,

covering the entire burn region inclusive of burn sites as well

as unburned interspaces. LF lotion application was repeated

every 8 hours for 3 days. After the burn procedure, the ani-

mals were placed on a heating pad with oxygen provided until

they recovered fully from the anesthesia. The animals were

given buprenorphine (0.01 mg/kg, intraperitoneal) for the

first 24 hours after the burn to relieve pain and discomfort.

The animals were euthanized by decapitation 72 hours post-

burn and blood and skin samples collected.

Determination of plasma cytokines and chemokines

We determined plasma levels of cytokines and chemokines

with the use of a MILLIPLEX MAG rat cytokine/chemokine

magnetic bead enzyme-linked immunosorbent assay (ELISA)

kit, along with Luminex xMAP detection, according to the

manufacturer’s instructions (Biorad Laboratories, Hercules,

CA).We alsomeasured the levels of individual cytokines using

ELISA kits from R&D systems (Minneapolis, MN). Data

were presented as picograms per milliliter.

Sample harvesting

As elucidated in the inset of Figure 1 and previously published

[32], 2 skin tissue blocks were harvested from each wound

immediately after sacrifice and fixed in 10% neutral buffered

formalin before embedding in paraffin. Tissue blocks were cut

into 5-µm sections and stored at −20◦C until processing for

histochemistry, TUNEL labeling or immunohistochemistry.

Microscopic analysis of the burn site pathology

Skin sections were deparaffinized, rehydrated and stained

with hematoxylin–eosin (Hematoxylin Stain Harris Formu-

lation and Eosin Y; StatLab, USA) and Masson’s trichrome

(Sigma-Aldrich Corporation, USA). Burn wound depth pro-

gression (vertical progression) was determined by measuring

the depth of collagen discoloration in Masson trichrome-

stained sections and scored as described in Table 1. Verti-

cal burn wound progression was defined by measuring the

microscopic depth of blood vessel blockage and necrosis of

epithelial and endothelial cells [34]. The depth of these lesions

was scored as detailed in Table 2. The scoring was performed

in the middle of both burn sites for each segment, resulting in

eight scores from each animal. Each animal’s scores were then

averaged to determine one value for that animal. Assessments

and scoring were performed by two observers blinded to the

treatment. The score was accepted when the two observers

agreed on the scoring.

TUNEL labeling

Formalin-fixed paraffin-embedded skin sections were deparaf-

finized, rehydrated and then TUNEL stained as described

before [35], with modification. The sections were incubated

in 0.85% NaCl and 0.01 M phosphate buffered saline (PBS)

for 5 minutes each, fixed in 4% paraformaldehyde in PBS

for 15 minutes and then washed with PBS. The sections were

then incubated with proteinase K (20 µg/ml) for 10 minutes,

washed with PBS, blocked with avidin/biotin solutions

(Invitrogen, USA) for 15 minutes each and incubated in a

TUNEL reaction buffer (30 mM Tris-HCl, pH 7.2; 140 mM

sodium cacodylate; and 1 mM CoCl2). Subsequently, the

sections were incubated in a humidified chamber for

90minutes at 37◦Cwith TUNEL reactionmixture-containing

biotin-16-dUTP (10 nmol/ml) (Roche, USA) and terminal

deoxynucleotide transferase (TdT) (200 U/ml) (Roche).

Negative controls were incubated without TdT. Sections were

then washed in PBS, incubated with ABC reagents (Vectastain

ABC Elite Kit; Vector Laboratories, USA) for 60 minutes

and stained with 3, 3 –diaminobenzidine (DAB) substrate

(Dako, USA).

Immunohistochemistry

Paraffin-embedded skin sections were deparaffinized and

rehydrated. After antigen retrieval with citrate buffer the

sections were washed with PBS. Sections were treated with

3% hydrogen peroxide/methanol to block endogenous
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Figure 1 Microscopic scoring of the depth of (a) collagen discoloration, (b) blood vessel blockage, (c) epithelial cell necrosis and (d) endothelial cell death.
∗p < 0.05 vs. burn alone or burn plus vehicle lotion. The inset shows each sampling block that encompasses 2 burn sites and 1 inter-space from each burn area

(Block1 and Block 2). LF Livionex formulation

Table 1. Measurements and microscopic scoring of collagen dis-
coloration in burn sites

Score Depth of collagen discoloration

0 No discoloration

1 Discoloration at the top half of dermis

2 Discoloration extending below the hair follicles

3 Discoloration through 25% of the hypodermis

4 Discoloration through 50% of the hypodermis

5 Discoloration in the whole hypodermis

peroxidases before washing and incubating in a blocking

solution (3% normal goat serum/2% total body surface

area (TBSA)/0.1% cold fish skin gelatin/0.1% Triton X-

100/0.05% Tween 20/0.05% sodium azide in 0.01 M

PBS). The sections were then blocked with avidin/biotin

and incubated with the primary antibody. After washes

and incubation with secondary biotinylated antibodies, the

sections were processed with ABC reagents and developed

with DAB substrate. All sections were counterstained with

0.5% methyl green. The optimal concentration of primary

antibody and negative control staining was predetermined

for each immunohistochemistry (IHC) experiment. For each

negative control, the primary antibody incubation was

omitted. The following primary antibodies were used in

Table 2.Measurements and microscopic scoring of the pathology
of interest in burn sites

Score Depth of vessel blockade and cell necrosis (or lesion)

0 No lesion

1 Lesion limited at or above the epidermis

2 Lesion in the dermis but above the bottom of hair follicles

3 Lesion down to the hypodermis but above the skeletal muscle

4 Lesion down to skeletal muscle

5 Lesion down below the skeletal muscle

this study: rabbit polyclonal anti-TNF-α (#NBP1–19532)

and rabbit anti-Ki-67 (#NB500–170) (both from Novus

Biologicals, USA); and rabbit polyclonal anti-inducible nitric

oxide synthase (iNOS) (#ab15323) and rabbit polyclonal

anti-IL-6 (#ab6672) (both from Abcam, USA).

Image visualization, acquisition and analysis

All TUNEL-labeled and immunohistochemical-stained skin

sections were imaged with an Olympus BX53 digital micro-

scope equipped with the CellSense Program CellSense pro-

gram ( Olympus, USA). Analysis of TUNEL-labeled images

was carried out using ImageJ software from the NIH to

automatically measure the mean intensity of DAB staining
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in the structures of interest, such as the epidermis and hair

follicles. The average value of images taken from 8 burn sites

from each animal was used to represent that animal.

Statistical analysis

Data are presented as the mean± standard deviation. Statisti-

cal analysis was performed using a one-way analysis of vari-

ance in conjunction with Tukey’s post-hoc test (GraphPad,

USA). Differences were considered significant at p <0.05.

Results

Burn size and plasma concentrations of cytokines and

chemokines

TBSA was estimated using Meeh’s formula (TBSA= kW2/3)

with a k value of 9.83 [36]. TBSA values were 558±15 cm2

in control animals, 538± 9 cm2 in the burn-alone group and

564±7 cm2 in the burn-plus-LF lotion rats, showing no

significant differences among the three groups (p >0.05). No

significant change for burn size (percent of TBSA burned) was

seen between the 2 burn groups: 2.12%± 0.02 in the burn-

alone group and 2.02%±0.02 in the burn-plus-LF lotion

group (p >0.05).

We measured plasma concentrations of a total of 23

cytokines and chemokines (data not shown). Only three

cytokines, IL-12p70, GRO-KC and Leptin were detectable

but showed no significant differences among the three groups.

The remaining 20 cytokines/chemokines were not detectable.

They included: IL-1β, IL-1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13,

IL-17, IL-18, IP-10, MCP-1, MIP-1a, RANTES, Eotaxin, G-

CSF,GM-CSF, IFNγ , TNF-α and VEGF. It appears that a burn

size as small as 2%TBSA did not induce a significant systemic

inflammatory response. However, since these results were

obtained 72 hours post-burn, they only suggest that there is

no long-lasting systemic inflammatory response and an acute

systemic inflammatory response, as reported by others [17,

37], cannot be excluded.

Microscopic analysis to determine the effect of burn on

skin histology

As presented in Figure 1 and Tables 1 and 2, and as reported

earlier [32], the untreated burn sites displayed various patho-

logical microscopic changes post-burn that were significantly

improved in the LF-treated burn sites. Notably, the vehicle-

treated burn sites did not show any significant improvement

of the burn-induced pathology. Therefore, we excluded the

specimens from the vehicle-treated group in all subsequent

studies and limited the data analysis to the following groups:

control, burn alone and burn-plus-LF lotion.

TUNEL labeling in epithelial structures

In tissue sections from control animals there was no pos-

itive TUNEL labeling in individual epithelial cell nuclei in

either the epidermis or hair follicles (Figure 2a). In burn-alone

animals, extensive positive TUNEL staining was observed in

the epidermis, hair follicles and sebaceous glands in the burn

sites (Figure 2b) compared to the surrounding dermal areas

in the same sections. The staining intensity was also higher in

these animals when compared to similar structures in control

animals without burn or lotion application (Figure 2a). In

the burn sites of the LF lotion-treated animals (Figure 2c),

TUNEL labeling was reduced in the hair follicles, epidermis

and sebaceous glands, when compared to the burn-alone

animals (Figure 2b). Quantification of the TUNEL staining

intensity in burn sites further confirmed that LF lotion did

not completely eradicate TUNEL staining but significantly

reduced the intensity of positive TUNEL staining in the

epidermis (Figure 2d), hair follicles (Figure 2e) and sebaceous

glands (data not shown) in the burn sites.

In the interspaces of TUNEL-stained burn sections

(Figure 2f–k), epithelial structures did not show a smear-

like staining compared to the controls (Figure 2f, i). instead,

a strong TUNEL staining of individual epithelial cell nuclei

in the epidermis and hair follicles was recorded (Figure 2g, j).

Under high magnification, individual nuclei with strong

positive TUNEL staining were seen scattered and lined up

above the basement membrane, and most of the TUNEL-

positive cells were located in the basal layer (Figure 2g).

Unlike the epidermis, the hair follicles showed not only amore

extensive DAB staining intensity (compared to the control)

but also tiny focal patches of individual nuclei with positive

TUNEL labeling (Figure 2j). The small patches appear as

clusters of individual epithelial cell nuclei with strong TUNEL

staining at the base of each hair follicle. TUNEL staining of

sebaceous glands in burn-alone sections was more intense and

no epithelial nuclei showed strong positive TUNEL labeling

(Figure 2j). TUNEL staining intensity in the epidermis, hair

follicles and sebaceous glands of LF lotion-treated animals

(Figure 2h, k) was comparable to that seen in sections from

control animals (Figure 2f, i). No individual epithelial nuclei

with strong TUNEL labeling were noted, demonstrating that

early and continuous application of LF lotion prevented

epithelial cell death in the epidermis and hair follicles of

the interspaces. The epithelial cell death in the interspaces

might be a direct result of burn wound progression over the

72 hours. Application of LF lotion prevented burn wound

progression to nearby interspaces in this model.

Epithelial Ki-67 expression

Ki-67 expression was observed in epithelial cell nuclei of the

epidermis (Figure 3a), sebaceous glands and hair follicles

(Figure 3d) of control animals. In burned animals, Ki-67

expression was not observed in individual cell nuclei of burn

sites (Figure 3b, e), although light labeling was noted in the

cytoplasm of sebaceous glands (Figure 3e). In the burn sites

of the LF lotion-treated animals, the epidermis (Figure 3c)

showed similar Ki-67 immunoreactivity to the burn-only

animals (Figure 3b). However, Ki-67 immunoreactivity was

significantly increased in the hair follicles of LF-treated
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Figure 2. LF lotion reduces the burn-induced apoptosis in the burn sites and interspaces. (a–c) Representative micrographs of deoxynucleotidyl transferase

biotin-d-UTP nick-end labeling (TUNEL) staining in the burn site showing extensive labeling in the epidermis, hair follicles and sebaceous glands in burn-alone

animals but significantly less staining in controls and Livionex formulation (LF) lotion-treated animals. (a) Control, with neither burn nor any lotion; (b) burn site

72 hours post-burn alone; (c) burn site 72 hours post-burn plus topical application of LF lotion every 8 hours starting 5 minutes after the burn; (d) mean positive

TUNEL intensity of epidermis; (e) mean positive TUNEL intensity of hair follicles. TUNEL staining in interspace epidermis (f–h) and hair follicle (i–k), showing

strong TUNEL-positive labeling of individual epithelial nuclei scattered over the basement of the epidermis (g) or focused on the hair follicles (j) of burn-only

animals. The control sections (panels (f) or (i)) and LF lotion-treated sections (panels (h) or (k)) showed very few positive TUNEL-stained individual epithelial

nuclei in the epidermis (panels (f) and (h)) and hair follicles (panels (i) and (k)). (f) and (i), sham control; (g) and (j), 72 hours post-burn alone; (h) and (k), 72

hours post-burn and topical application of LF lotion every 8 hours starting 5 minutes right after the injury. ∗p < 0.05, vs. control, #p < 0.05 vs. burn alone. Scale

bar = 100 µm in (a–c), 20 µm in (f–k). Open triangles 1 indicate basal cells with TUNEL-positive staining, black triangles N point to the hair follicle epithelial cells

with TUNEL-positive staining. Ep, epidermis, SG, sebaceous gland, HF hair follicles, HS hair shaft
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Figure 3. Ki-67 immunostaining in the burn sites and interspaces. (a–c) Representative micrographs of Ki-67 immunostaining in the burn site epidermis and (d–f)

the hair follicles, showing the absence of Ki-67 immunoreactivity in the epidermis of both (b) burn-alone and (c) LF lotion-treated animals. The hair follicles,

however, showed higher immunoreactivity to Ki-67 in (f) the Livionex formulation (LF) lotion-treated sections compared to (e) the burn-alone animals. (g–l) In the

interspace, Ki-67 immunostaining in (g–i) the epidermis and (j–l) hair follicles showed a dramatic decrease in (h) the epithelial cells of the epidermis, sebaceous

gland and (k) hair follicles of burn-alone animals. In the LF lotion-treated animals (panels (i) and (l)), both (i) epidermis and (l) hair follicles showed a similar

number of Ki-67-positive cells to that in the control animals (panels (g) and (j)). The quantification of Ki-67 staining intensity in panels (g), (h) and (i) is shown

in panel (m). Panels (a), (d), (g) and (j) depict controls, with no burn or lotion; (b), (e) and (h), (k), burn site 72 hours after 30 seconds burn alone; (c), (f) and (i),

(l), burn site 72 hours after 30 seconds burn plus topical application of LF lotion every 8 hours started 5 minutes after the injury;. Scale bar = 50 µm. Data are

mean±SEM. ∗p < 0.05, ∗∗∗p < 0.001. Epi epidermis, SG sebaceous gland, HF hair follicles

animals (Figure 3f) compared to burn-only animals (Figure 3e).

These data suggest that burn impairs the capability of cells

around the epithelial region to proliferate and that LF lotion

reverses this effect.

In the interspaces of burn-only animals, few Ki-67-positive

nuclei were observed in the epidermis (Figure 3h) and seba-

ceous glands (Figure 3k), but no Ki-67 was seen in the hair

follicles (Figure 3k), indicating that burn wound progression

may impair epithelial cell proliferation in the epidermis

(Figure 3h) and sebaceous glands (Figure 3k) and completely

eradicate cell proliferation in the hair follicles (Figure 3k).

When matched to controls (Figure 3g, j), LF lotion-treated

interspaces presented comparable or even greater numbers

of Ki-67-positive nuclei in all epithelial structures including

the epidermis (Figure 3i), sebaceous glands and hair follicles

(Figure 3l). These data were further supported by the

quantification of Ki-67 immunostaining intensity in the

epidermis (Figure 3m). Therefore, topical administration of

LF lotion starting in the immediate aftermath of a burn

reduced the progression of the burn wound to nearby

interspaces and rescued epithelial cell proliferation in this

model.

Local expression of TNF-α, iNOS and IL-6 by IHC

TNF-α immunoreactivity in control skin sections was min-

imal (Figure 4a). Untreated burn sites stained similarly to

controls for TNF-α (image not shown). In contrast, TNF-

α immunostaining in the sebaceous glands, epidermal cells

and hair follicles within the untreated interspaces (Figure 4b)

was markedly increased. The interspaces treated with LF

lotion showed marked reduction of TNF-α staining in the

cells of the hair follicles (Figure 4c). These observations were

confirmed by quantification of TNF-α immunoreactivity in

the interspaces (Figure 4d), suggesting a protective effect of

LF lotion from the harmful effects of TNF-α overproduction.
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Figure 4. Representative immunohistochemistry (IHC) microphotographs counterstained with methyl green showing (a–c) positive immunostaining of tumor

necrosis factor-alpha (TNF-α), (e–g) inducible nitric oxide synthase (iNOS) and (i–k) interleukin-6 (IL-6) in the interspaces of controls (panels (a), (e) and (i)), burn-

alone animals (panels (b), (f) and (j)), and burn plus Livionex formulation (LF) lotion-treated animals (panels (c), (g) and (k)). Samples were collected 72 hours

post-burn. We applied LF lotion every 8 hours starting 5 minutes post-burn. Panels (d), (h) and (l) show the respective quantification of the staining intensity for

TNF-α, iNOS and IL-6. Scale bar = 50 µm. Data are mean± standard error of the mean. ∗p < 0.05, ∗∗∗p < 0.001. Epi epidermis, HF hair follicles, SG sebaceous

gland

In control sections, iNOS immunoreactivity showed light-

to-moderate intensity in all epithelial and mesenchymal cells

(Figure 4e). The middle of the untreated burn sites exhibited

minimal staining in epithelial cells but intense staining in

mesenchymal cells within the hair follicle and hypodermis

(images not shown). The center of untreated interspaces,

however, showed increased iNOS immunoreactivity in the

epidermal epithelial cells (Figure 4f) when compared to con-

trols (Figure 4e), while the mesenchymal cells stained sim-

ilarly to controls. Quantification of DAB staining intensity

showed a burn-induced increase in iNOS immunoreactivity

that did not reach significance (Figure 4h). The LF lotion-

treated interspaces demonstrated the same intensity of iNOS

staining in the epidermal epithelial cells compared to controls

(Figure 4g, e), indicating that topical LF lotion application

blocked burn-induced iNOS production.

IL-6 immunoreactivity was moderate-to-intense in the

epithelial (Figure 4i) and mesenchymal cells (image not

shown) of control animals. The untreated burn sites also

showed moderate IL-6 immunoreactivity in all cellular

structures except the hair follicle cells (image not shown).

The untreated interspaces (Figure 4j) exhibited slightly higher

IL-6 immunostaining and the LF-treated interspaces revealed

similar staining intensity compared to the controls (Figure 4k,

i). These data were confirmed by the assessment of IL-6

immunostaining intensity using ImageJ (Figure 4l).
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Discussion

Burn wound progression may convert a mild injury to a

severe one. An efficacious therapeutic intervention should

attenuate or stop burn wound progression. Such a therapeutic

strategy would be beneficial for the management and healing

of various types of burn wounds, including superficial

(first-degree), superficial and deep partial-thickness (second-

degree) and full-thickness (third-degree) burn wounds.

Preventing burn wound progression may decrease the risk

of developing wound infections, shorten the recovery time,

decrease the need for surgical interventions, such as wound

excision and grafting, and reduce the risk of scar formation

and wound contraction. Various treatment strategies were

used to attenuate burn wound progression, including

erythropoietin [15, 16], keratin hydrogels [38], mesenchymal

stem cell injections [39, 40], hypothermia [41] and increased

perfusion of burn wounds [42].Many molecular mechanisms

have been found to be involved in burn wound conversion,

including apoptosis [43, 44], necrosis [6, 45], ischemia [12,

33, 45, 46], oxidative stress [10, 15], inflammation [6, 17, 41]

and autophagy [44]. While various treatment strategies have

been investigated to target specific or groups of mechanisms

involved in burn progression (as reviewed by Schmauss

et al. [11]), we sought to use the LF lotion containing a

metal chelator to determine the mechanism by which metal

chelation might prevent burn wound conversion.

In this study, application of the LF lotion containing

the reactive metal chelator EDTA and the excipient MSM

significantly reduced positive TUNEL staining in the

epithelial structures of burn sites and blocked cell death

in the epidermis of the interspaces. Additionally, LF lotion

successfully reversed the effects of burn wound progression

on cell proliferation in the interspaces. These data suggest

that reducing the formation of ROS by chelating reactive

metals prevented burn wound progression to the interspaces

and reduced the vertical and horizontal progression of burn

wounds. We have previously reported that early applica-

tion of LF lotion attenuates burn wound progression by

decreasing the accumulation of reactive lipid aldehydes and

protecting aldehyde dehydrogenase isozymes [32]. Together,

these results demonstrate the implication of oxidative

stress in burns and the therapeutic effects of this novel

lotion.

It is well documented that burns induce a significant

increase in systemic inflammation [17, 37]. In the present

study, systemic plasma cytokine and chemokine concentra-

tions were not increased by 72 hours following the injury,

which may be a result of the small burn size of this model

(∼2% of TBSA burned). This does not rule out a possible

early increase in cytokine expression that has declined by

72 hours post-injury. In local wounds, however, the expres-

sion of IL-6, iNOS and TNF-α was still significantly increased

at 72 hours as assessed by immunohistochemistry.Our results

are in agreement with previous reports of both local and

systemic increases of TNF-α levels post-burn [17]. More

Figure 5. Schematic overview illustrating the mechanism underlying the

various pathways targeted by Livionex formulation (LF) lotion to reduce

burn wound progression. Since oxidative and inflammatory pathways are

generally metal-catalysed, we propose that LF lotion will attenuate burn

wound conversion by targeting various mechanisms activated after the burn

to reduce the expression of the main downstream effectors. IL-6 Interleukin-

6, IL-1β interleukin-1 beta, NF-κB nuclear factor kappa-light-chain-enhancer

of activated B cells, MMPs matrix metalloproteinases, TNF-α tumor necrosis

factor-alpha, HNE 4-hydroxynonenal, iNOS inducible nitric oxide synthase

interestingly, the application of the LF lotion immediately

post-injury significantly reduced the burn-induced TNF-α

expression in the interspaces, indicating that reducing the for-

mation of ROS attenuated the release of TNF-α in interspace

epithelial structures, including the epidermis and hair follicles.

These data are in accordance with the established relationship

between the oxidative response and inflammatory mediators

as elucidated in the study schematic overview (Figure 5) and

reported in the literature [17–23]. While the burn-induced

increased expression of iNOS did not reach significance in

the time point examined in our study, LF lotion-treated

animals maintained similar iNOS expression levels to con-

trol animals. These data agree with a previous report by

Tobalem et al. showing that early erythropoietin treatment

reduces burn wound progression independently of iNOS

expression [15]. A similar conclusion may be drawn from

our study. Early topical application of LF lotion also com-

pletely blocked epithelial cell death (as determined by positive

TUNEL staining) and rescued the capability of epithelial cell

proliferation.

TNF-α is well known to induce cell apoptosis through the

TNF-α-induced signaling complex II pathway. Therefore, it is

reasonable to conclude that TNF-α plays an important role

in the pathogenesis of epithelial cell death in the interspaces

of the epidermis and hair follicles in the current model

(Figure 5). Although thermal injury-induced TNF-α elevation

can initiate free radical production [47–49], the increase in
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ROS expression can also stimulate TNF-α generation [50].An

increase in ROS also enhances the production of toxic alde-

hydes that contribute to oxidation-induced injury [51–54],

including burn injury [32]. The protective effect of LF lotion

on burn sites is not as strong in the interspaces, suggesting that

LF lotion prevents burn wound progression more horizon-

tally than vertically.However, this may be due to the complex-

ity of the contributors to burn wound progression. In addition

to the heat-induced, direct, irreversible damage to skin com-

ponents, the deeper layers of the skin, including epithelial cells

(epidermal and hair follicle), endothelial cells of microvessels,

dermal fibers (collagens) and mesenchymal cells, may also

be damaged to an extent that may be reversible during a

short period following the initial thermal injury (for example,

within 1–2 hours) if there is no additional damage from com-

plications such as infection. The pathology of burn wound

progression is dynamic: it starts immediately after the initial

injury and, depending on the severity, can last for several

days thereafter. Locally, damaged cells or tissue components

may release various bioactive substances including proteins,

peptides or molecules, such as cytokines, chemokines, ROS

species, vasoactive factors, blood cell activators, etc. Systemi-

cally, the initial burn triggers the response of multiple systems

(immune, peripheral and central nervous and adrenal/cortex

stress response systems), resulting in the release of a plethora

of factors into the circulation. These factors are then carried

to the wound where they act on the tissue responding to

the injury. The bioactive substances from systemic and local

sources form a complicated network in which there may be

reciprocal causation. Each factor may be a product of other

early response signaling mechanisms but then serve as an

effector in later interactions. During this complicated process,

reversible injuries to epithelial and endothelial cells, dermal

fibers and mesenchymal cells become permanent, resulting in

the cells being unable to recover,which may lead to additional

wound excision and grafting procedures. Future approaches

targeting multiple pathways simultaneously may bemore effi-

cacious in preventing vertical burn wound progression from

the initial burn.

Conclusions

In summary, the current study demonstrated that thermal

injury induces a significant increase in cell death and

expression of cytokines and inflammatory markers as

examined 72 hours after injury. LF lotion acted as a

therapeutic agent for reducing inflammatory stress, cell death

and tissue destruction when applied immediately post-burn.

Based on our previous and current studies, it appears that

early iron chelation blocked the formation of free radicals

and, in turn, prevented the production of reactive aldehydes,

inflammation and cell death. Further study of LF lotion

for large TBSA burns is needed to determine the efficacy

of the lotion as an effective alternative treatment for reducing

morbidity and scarring long-term.

Abbreviations

IL-6: interleukin-6; TNF-α: tumor necrosis factor-alpha; ROS:

reactive oxygen species; EDTA: ethylenediaminetetraacetic acid;

MSM: methyl sulfonyl methane; LF: Livionex formulation; TUNEL:

deoxynucleotidyl transferase biotin-d-UTP nick-end labeling; NIH:

National Institutes of Health; TdT: terminal transferase; iNOS:

inducible nitric oxide synthase; TBSA: total body surface area.

Acknowledgments

The authors are grateful to San F. Yang for technical assistance. We

also acknowledge the service received from the UTMB Histopathol-

ogy Core Facility.

Funding

This work was supported by grants from Livionex (Flow through

NIH SBIR Phase I, NIAMS (R43 AR062419) and by the Army,

Navy, NIH, Air Force, VA and Health Affairs to support the

AFIRM II effort, under Award No. W81XWH-13-2-0054. The US

Army Medical Research Acquisition Activity, 820 Chandler Street,

Fort Detrick MD 21702–5014 is the awarding and administering

acquisition office. Opinions, interpretations, conclusions and

recommendations are those of the authors and are not necessarily

endorsed by the Department of Defense. Support was also provided,

in part, by National Institute of Environmental Health Sciences (P30

ES006676), National Institute of General Medical Sciences (P50

GM060338 to DNH and R01 GM112936 to CCF) and Shriners

Hospitals for Children (84202 to AE and 80500 to DNH). None of

the study sponsors had any role in the study design; in the collection,

analysis or interpretation of the data; in the writing of the report; or

in the decision to submit the article for publication.

Availability of data and materials

If needed, the corresponding author can be contacted to share

the data.

Authors’ contributions

AEA, CZW, MZ, MW and AP (faculty members, research scientists

and graduate students) were involved in conducting animal experi-

ments, data analysis and/or manuscript preparation.

AEA, CCF, PE, DNH and NHA (faculty members) were involved

in planning and/or data analysis, conducting the experiments and

manuscript preparation.

Ethics approval and consent to participate

All animal studies adhered to the NIH Guidelines for the Care and

Use of Laboratory Animals. The Institutional Animal Care and Use

Committee (IACUC) of the University of Texas Medical Branch

at Galveston approved all animal manipulations reported in this

manuscript under the IACUC protocol # 0705020A. Housing and

care of the rats met the National Research Council guidelines.

Consent for publication

Not applicable.



Burns & Trauma, 2020, Vol. 8, tkaa024 11

Conflicts of interest

The authors have no conflicts of interest to declare.

References

1. Peden M, McGee K, Sharma G. The injury chart book: a graph-

ical overview of the global burden of injuries. Geneva, World

Health Organization, 2002.

2. Brigham PA,McLoughlin E. Burn incidence andmedical care use

in the United States: estimates, trends, and data sources. J Burn

Care Rehabil. 1996;17:95–107.

3. ChurchD,Elsayed S,ReidO,Winston B,Lindsay R.Burnwound

infections. Clin Microbiol Rev. 2006;19:403–34.

4. Jackson DM. The treatment of burns: an exercise in emergency

surgery. Ann R Coll Surg Engl. 1953;13:236–57.

5. Jackson DM. Diagnosis in the management of burns. Br Med J.

1959;1:1263–7.

6. Shupp JW, Nasabzadeh TJ, Rosenthal DS, Jordan MH, Fidler

P, Jeng JC. A review of the local pathophysiologic bases

of burn wound progression. J Burn Care Res. 2010;31:

849–73.

7. El Ayadi A, Jay JW, Prasai A. Current approaches targeting the

wound healing phases to attenuate fibrosis and scarring. Int J

Mol Sci. 2020;21:1105.

8. Singh V,Devgan L, Bhat S,Milner SM. The pathogenesis of burn

wound conversion. Ann Plast Surg. 2007;59:109–15.

9. Horton JW. Free radicals and lipid peroxidation mediated injury

in burn trauma: the role of antioxidant therapy. Toxicology.

2003;189:75–88.

10. Parihar A, Parihar MS, Milner S, Bhat S. Oxidative stress and

anti-oxidative mobilization in burn injury.Burns.2008;34:6–17.

11. Schmauss D, Rezaeian F, Finck T, Machens HG, Wettstein R,

Harder Y. Treatment of secondary burn wound progression in

contact burns-a systematic review of experimental approaches.

J Burn Care Res. 2015;36:e176–89.

12. Choi M, Ehrlich HP. U75412E, a lazaroid, prevents pro-

gressive burn ischemia in a rat burn model. Am J Pathol.

1993;142:519–28.

13. Fazal N, Al-Ghoul WM, Choudhry MA, Sayeed MM. PAF

receptor antagonist modulates neutrophil responses with ther-

mal injury in vivo. Am J Physiol Cell Physiol. 2001;281:

C1310–7.

14. Singer AJ, Huang SS, Huang JS, McClain SA, Romanov A,

Rooney J, et al.A novel TGF-beta antagonist speeds reepithelial-

ization and reduces scarring of partial thickness porcine burns.

J Burn Care Res. 2009;30:329–34.

15. Tobalem M, Harder Y, Rezaeian F, Wettstein R. Secondary

burn progression decreased by erythropoietin. Crit Care Med.

2013;41:963–71.

16. TobalemM,Harder Y, Schuster T, Rezaeian F,Wettstein R. Ery-

thropoietin in the prevention of experimental burn progression.

Br J Surg. 2012;99:1295–303.

17. Gauglitz GG, Song J, Herndon DN, Finnerty CC, Boehning D,

Barral JM, et al. Characterization of the inflammatory response

during acute and post-acute phases after severe burn. Shock.

2008;30:503–7.

18. Cetinkale O, Belce A, Konukoglu D, Senyuva C, Gumustas

MK, Tas T. Evaluation of lipid peroxidation and total antiox-

idant status in plasma of rats following thermal injury. Burns.

1997;23:114–6.

19. Haycock JW, Ralston DR, Morris B, Freedlander E, MacNeil

S. Oxidative damage to protein and alterations to antioxidant

levels in human cutaneous thermal injury. Burns. 1997;23:

533–40.

20. HosnuterM,Gurel A, Babuccu O,Armutcu F,Kargi E, Isikdemir

A. The effect of CAPE on lipid peroxidation and nitric oxide

levels in the plasma of rats following thermal injury. Burns.

2004;30:21–5.

21. Schneider C, Porter NA,Brash AR.Routes to 4-hydroxynonenal:

fundamental issues in the mechanisms of lipid peroxidation. J

Biol Chem. 2008;283:15539–43.

22. Gueraud F,AtalayM,BresgenN,Cipak A, Eckl PM,Huc L, et al.

Chemistry and biochemistry of lipid peroxidation products. Free

Radic Res. 2010;44:1098–124.

23. Niki E. Biomarkers of lipid peroxidation in clinical mate-

rial. Biochimica et Biophysica Acta (BBA) – General Subjects.

2014;1840:809–17.

24. Negre-Salvayre A, Auge N, Ayala V, Basaga H, Boada J, Brenke

R, et al. Pathological aspects of lipid peroxidation. Free Radic

Res. 2010;44:1125–71.

25. Lee SE, Park YS. Role of lipid peroxidation-derived alpha, beta-

unsaturated aldehydes in vascular dysfunction. Oxid Med Cell

Longev. 2013. doi: 10.1155/2013/629028.

26. Welch KD, Davis TZ, Van Eden ME, Aust SD. Deleterious

iron-mediated oxidation of biomolecules. Free Radic Biol Med.

2002;32:577–83.

27. Jones CM, Burkitt MJ. EPR spin-trapping evidence for the

direct, one-electron reduction of tert-butylhydroperoxide to the

tert-butoxyl radical by copper(II): paradigm for a previously

overlooked reaction in the initiation of lipid peroxidation. J Am

Chem Soc. 2003;125:6946–54.

28. Cheng Z, Li Y. What is responsible for the initiating chemistry

of iron-mediated lipid peroxidation: an update. Chem Rev.

2007;107:748–66.

29. Liu P, Zhang M, Shoeb M, Hogan D, Tang L, Syed MF,

et al. Metal chelator combined with permeability enhancer

ameliorates oxidative stress-associated neurodegeneration in rat

eyes with elevated intraocular pressure. Free Radic Biol Med.

2014;69:289–99.

30. ShoebM,ZhangM,Xiao T, SyedMF, Ansari NH.Amelioration

of endotoxin-induced inflammatory toxic response by a metal

Chelator in rat eyes. Invest Ophthalmol Vis Sci. 2018;59:31–8.

31. Zhang M, Shoeb M, Liu P, Xiao T, Hogan D, Wong IG,

et al. Topical metal chelation therapy ameliorates oxidation-

induced toxicity in diabetic cataract. J Toxicol Environ Health

A. 2011;74:380–91.

32. Wang CZ, Ayadi AE, Goswamy J, Finnerty CC, Mifflin R,

Sousse L, et al. Topically applied metal chelator reduces thermal

injury progression in a rat model of brass comb burn. Burns.

2015;41:1775–87.

33. Regas FC,EhrlichHP.Elucidating the vascular response to burns

with a new rat model. J Trauma. 1992;32:557–63.

34. Singer AJ, Berruti L, Thode HC Jr, McClain SA. Standardized

burn model using a multiparametric histologic analysis of burn

depth. Acad Emerg Med. 2000;7:1–6.

35. Wang CZ, Johnson KM. The role of caspase-3 activation in

phencyclidine-induced neuronal death in postnatal rats. Neu-

ropsychopharmacology. 2007;32:1178–94.

36. Gouma E, Simos Y, Verginadis I, Lykoudis E, Evangelou A,

Karkabounas S. A simple procedure for estimation of total

https://doi.org/10.1155/2013/629028


12 Burns & Trauma, 2020, Vol. 8, tkaa024

body surface area and determination of a new value of Meeh’s

constant in rats. Lab Anim. 2012;46:40–5.

37. UeyamaM,Maruyama I,OsameM, Sawada Y.Marked increase

in plasma interleukin-6 in burn patients. J Lab Clin Med.

1992;120:693–8.

38. Poranki D, Goodwin C, Van Dyke M. Assessment of deep

partial thickness burn treatment with keratin biomaterial hydro-

gels in a swine model. Biomed Res Int. 2016. https://doi.o

rg/10.1155/2016/1803912.

39. Oksuz S, Ulkur E, Oncul O, Kose GT, Kucukodaci Z, Urhan M.

The effect of subcutaneous mesenchymal stem cell injection on

statis zone and apoptosis in an experimental burn model. Plast

Reconstr Surg. 2013;131:463–71.

40. Abbas OL, Ozatik O, Gonen ZB, Ogut S, Entok E, Ozatik FY,

et al. Prevention of burn wound progression by Mesenchymal

stem cell transplantation: deeper insights into underlying mech-

anisms. Ann Plast Surg. 2018;81:715–24.

41. Rizzo JA, Burgess P, Cartie RJ, Prasad BM. Moderate sys-

temic hypothermia decreases burn depth progression. Burns.

2013;39:436–44.

42. Zawacki BE. Reversal of capillary stasis and prevention of

necrosis in burns. Ann Surg. 1974;180:98–102.

43. Hirth D,McClain SA, Singer AJ, Clark RA. Endothelial necrosis

at 1 hour postburn predicts progression of tissue injury.Wound

Repair Regen. 2013;21:563–70.

44. Tan JQ, Zhang HH, Lei ZJ, Ren P, Deng C, Li XY, et al. The

roles of autophagy and apoptosis in burn wound progression in

rats. Burns. 2013;39:1551–6.

45. Singer AJ, McClain SA, Taira BR, Guerriero JL, Zong W. Apop-

tosis and necrosis in the ischemic zone adjacent to third degree

burns. Acad Emerg Med. 2008;15:549–54.

46. Salibian AA, Rosario ATD, Severo LAM, Nguyen L, Ban-

yard DA, Toranto JD, et al. Current concepts on burn wound

conversion-a review of recent advances in understanding the

secondary progressions of burns. Burns. 2016;42:1025–35.

47. Corda S, Laplace C, Vicaut E, Duranteau J. Rapid reactive

oxygen species production by mitochondria in endothelial cells

exposed to tumor necrosis factor-alpha is mediated by ceramide.

Am J Respir Cell Mol Biol. 2001;24:762–8.

48. Kim JJ, Lee SB, Park JK, Yoo YD. TNF-alpha-induced ROS

production triggering apoptosis is directly linked to Romo1 and

Bcl-X(L). Cell Death Differ. 2010;17:1420–34.

49. Shoji Y, Uedono Y, Ishikura H, Takeyama N, Tanaka T. DNA

damage induced by tumour necrosis factor-alpha in L929 cells is

mediated by mitochondrial oxygen radical formation. Immunol-

ogy. 1995;84:543–8.

50. Abdul-Muneer PM, Chandra N, Haorah J. Interactions of

oxidative stress and neurovascular inflammation in the patho-

genesis of traumatic brain injury. Mol Neurobiol. 2015;51:

966–79.

51. Ansari NH, Wang L, Srivastava SK. Role of lipid aldehydes in

cataractogenesis: 4-hydroxynonenal-induced cataract. Biochem

Mol Med. 1996;58:25–30.

52. Choudhary S, Xiao T, Srivastava S, Zhang W, Chan LL, Vergara

LA, et al. Toxicity and detoxification of lipid-derived aldehydes

in cultured retinal pigmented epithelial cells. Toxicol Appl Phar-

macol. 2005;204:122–34.

53. Choudhary S, Xiao T, Vergara LA, Srivastava S, Nees D,

Piatigorsky J, et al. Role of aldehyde dehydrogenase isozymes

in the defense of rat lens and human lens epithelial cells

against oxidative stress. Invest Ophthalmol Vis Sci. 2005;46:

259–67.

54. Zhang M, Shoeb M, Goswamy J, Liu P, Xiao TL, Hogan D,

et al. Overexpression of aldehyde dehydrogenase 1A1 reduces

oxidation-induced toxicity in SH-SY5Y neuroblastoma cells. J

Neurosci Res. 2010;88:686–94.

https://doi.org/10.1155/2016/1803912
https://doi.org/10.1155/2016/1803912

	Metal chelation reduces skin epithelial inflammation and rescues epithelial cells from toxicity due to thermal injury in a rat model
	Background
	Methods
	LF lotion and brass comb
	Animals
	Experimental protocol
	Determination of plasma cytokines and chemokines
	Sample harvesting
	Microscopic analysis of the burn site pathology
	TUNEL labeling
	Immunohistochemistry
	Image visualization, acquisition and analysis
	Statistical analysis

	Results
	Burn size and plasma concentrations of cytokines and chemokines
	Microscopic analysis to determine the effect of burn on skin histology
	TUNEL labeling in epithelial structures
	Epithelial Ki-67 expression
	Local expression of TNF-a, iNOS and IL-6 by IHC

	Discussion
	Conclusions
	Funding
	Availability of data and materials
	Authors' contributions
	Ethics approval and consent to participate
	Consent for publication
	Conflicts of interest


