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Abstract

Oxidative stress is an inherent pathophysiological feature in burn wound healing. Severe burns trigger rapid changes in patients’ conditions,
leading to ischemia-reperfusion injury from early fluid resuscitation, neuroendocrine stress, and fluid imbalances, which exacerbate oxidative
damage and organ dysfunction. This review highlights the critical role of oxidative stress in post-burn wound healing, its potential to cause
cellular and tissue damage, and oxidative stress mechanisms. Antioxidant therapy is recommended as a cost-effective method of modulating
inflammation and burn outcome. Preparative measures of successful antioxidant therapy should be developed in improving burn patients’ wound
healing.
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Highlights:

* Oxidative stress plays a very important role in post-burn wound healing, devastating redox homeostasis and enhancing tissue damage through overpowering
reactive oxygen species (ROS) production.

» Severe burns cause systemic oxidative stress, with inflammation, organ dysfunction, and impairment of wound repair, and the levels of ROS are closely
related to the severity of burns.

¢ Antioxidant therapy offers itself as a promising treatment, targeting ROS-mediated injury to limit inflammation and improve burn patient clinical outcomes.

* The primary mechanisms of oxidative stress include neutrophil activation, mitochondrial dysfunction, and impaired antioxidant defenses, all of which
collectively inhibit the healing process.

* Novel therapies like Nrf2 activators and mitochondrially targeted antioxidants have the potential to restore redox homeostasis and enhance recovery in
burns.

Background

Burn injuries are one of the most common forms of trauma
with the potential to induce significant complications,
elevated mortality rates, and serious long-term effects on
the quality of life for patients. For severe burns, oxidative
stress arises through various mechanisms: local production
of reactive oxygen species (ROS) at site of burning, systemic
generation of ROS due to inflammation, and interference
with antioxidant defense mechanisms. This cascade leads to
increased production of inflammatory factors, activation of

inflammatory signaling pathways, increased inflammatory
cell infiltration and inflammatory cell activation, and resulting
organ dysfunction [1, 2]. All of these are unfavorable factors
for burn wound healing. Therefore, mitigation of oxidative
stress damage after severe burn is an important clinical
problem.

Systemic inflammatory reactions to burn damage have
their pathophysiology intrinsically linked to mechanisms of
oxidative stress. The oxidative stress response following injury
not only deteriorates wound healing and decreases skin graft
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survival rates of skin grafts but also maximizes tissue damage,
thereby worsening patient prognosis [3]. As such, the manage-
ment of oxidative stress remains a critical therapeutic strategy
to improving wound healing in burn patients.

ROS production is caused by both endogenous cellular
metabolic processes and external sources after gross tissue
damage. Under normal physiological conditions, redox home-
ostasis within the human organism is regulated by a multi-
dimensional antioxidant defense mechanism that involves key
enzymes such as copper-zinc superoxide dismutase (Cu, Zn-
SOD), catalase (CAT), and glutathione peroxidase (GSH-Px).
These enzymes regulate ROS levels to prevent toxicity [4].
However, the deep metabolic changes due to burn trauma may
disturb this balance and lead either to the depletion of antiox-
idants or to the excess generation of ROS, thereby adding to
oxidative stress. A characteristic manifestation of post-burn
oxidative stress is the disturbance of redox homeostasis, as
illustrated by a disequilibrium between ROS generation and
antioxidant defense. The degree of oxidative stress in vital
organs following severe injury due to burns can be quanti-
tatively determined using the combined reduced antioxidant
markers and elevated level of markers of oxidative stress
indicators, i.e. myeloperoxidase (MPO) and xanthine oxidase
(XOD) activity, which are reliable biomarkers of thermal
injury-induced oxidative damage [5].

The present research supports the application of antioxi-
dant therapy in burn wound healing, and the evidence sup-
ports the use of systemic delivery of exogenous antioxidants
in aiding recovery after burns. This approach offers novel
perspectives for the design of antioxidant treatment regimens
in patients with burns [6]. Designing secure, efficient, quick-
acting, and easy-to-use therapeutic drugs to manage blood
glucose levels and enhance critical organ antioxidant abil-
ity during the initial phase of critical burns is a significant
research focus toward the establishment of burn wound heal-
ing therapies.

This review incorporates latest research findings related to
ROS-induced oxidative damage in burn wound healing and
contrasts existing antioxidant treatment strategies for burn
patients.

Review

Definition and biological basis of oxidative stress
Oxidative stress is a condition in which there is an imbal-
ance between oxidants, such as ROS and reactive nitrogen
species (RNS), and antioxidants, leading to a predominance
of oxidative reactions. The imbalance leads to neutrophil
inflammatory infiltration, increased secretion of proteases,
and the generation of numerous oxidative intermediates [7].
Excessive ROS under oxidative stress conditions can damage
cellular proteins, lipids, and DNA, causing lethal cellular dam-
age and contributing to various pathologies, including aging,
cancer, neurodegenerative diseases, cardiovascular diseases,
and diabetes [8].

The biological source of oxidative stress includes ROS like
the superoxide anion (-O,7), hydroxyl radical (-OH), and
hydrogen peroxide (H,O;) and RNS like nitric oxide (-NO),
nitrogen dioxide (-NO>), and peroxynitrite (-ONOO-) [9].

Generation and elimination of reactive oxygen species

Reactive oxygen species are chemically reactive molecules that
are generated through the incomplete reduction of oxygen
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and play a vital role as inflammatory mediators of inflam-
mation [10]. ROS primarily include hydroxyl radicals (-OH),
superoxide anion (O?~), single linear state oxygen (O, ), and
hydrogen peroxide (H,O3) [11].

ROS are generated through three primary mechanisms
(Figure 1):

(1) Mitochondrial electron transport chain (METC): The
majority of ROS are of METC origin. During cellular
oxidation, electrons that are transferred through the
METC are coupled with proton production across
the mitochondrial inner membrane. While most of the
electrons are safely transferred from the donor to the
acceptor molecule via redox pathways, some may leak
too early, reducing oxygen to O, which then mutate
to HyO, [12]. Increased mitochondrial membrane
permeability allows ROS produced by the METC to be
made available for release into the cytoplasm and induce
inflammation by signal transduction or biomolecular
toxicity [10].

(2) Cellular enzymes: ROS are also produced as byproducts
of various cellular enzymes, such as nicotinamide ade-
nine dinucleotide phosphate oxidases (NOX), xanthine
oxidoreductase (XOR), and lipoxygenases (LOX) [13].
NOX produces ROS by its catalytic subunit that delivers
electrons from nicotinamide adenine dinucleotide phos-
phate (NADPH) to molecular oxygen. The NOX family
comprises seven members, including NOX-1 through
NOX-5 and dual oxidases (DUOX)-1 and DUOX-2; both
DUOX and NOX-4 produce predominantly H, O, [14].
XOR, the molybdenum metalloenzyme, catalyzes the
hydroxylation of xanthine to uric acid and exists in two
functionally equivalent forms: xanthine dehydrogenase
(XDH) and xanthine oxidase (XO). XO utilizes O, and
serves as the terminal electron acceptor utilized by XO
to produce ROS [15]. LOX also catalyzes the oxidation
of arachidonic acid (AA) and polyunsaturated fatty acid
(PUFA) to form hydroperoxylated derivatives and tran-
sitory ROS byproducts [16].

(3) Ionizing radiation (IR): IR is a significant source of ROS,
primarily through the radiolysis of water. Low linear
energy transfer (LET) IR, such as gamma rays and X-
rays, results in the ionization and excitation of water
molecules, producing ROS, primarily in the form of free
radicals [17]. These reactive radicals may react with
water and oxygen molecules further, producing more
reactive radicals through indirect effects [18].

ROS-scavenging mechanisms

In order to preserve homeostasis within the body, organisms
strive to control highly reactive ROS with an antioxidant
network [4]. Two primary pathways of ROS scavenging are
as follows (As shown in Figure 1):

(1) Endogenous antioxidant enzymes: They include super-
oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GPx). SOD, the first line of defense, rapidly
converts superoxide into molecular oxygen and H,O»,
thereby lessening the reactivity of ROS [19]. CAT inac-
tivates HyO; by decomposing it into molecular oxygen
and water [4]. GPx utilizes glutathione (GSH) to catalyze
the reduction of H,O; to water [20].

(2) Low molecular weight scavengers: These include
vitamins, B-carotene, coenzyme Q, selenium, and zinc.
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Generation and elimination of reactive oxygen species (ROS)

ROS generation

Mitochondrial electron transport chain (METC)
Electron leakage — 02 — H,0,
Increased mitochondrial membrane permeability —
ROS release
Cellular enzymes
NOX family: NADPH — H,0, ( DUOX, NOX-4)
XOR: xanthine — uric acid + ROS
LOX: AA/PUFA oxidation — ROS
lonizing radiation (IR)

Radiolysis of water — free radicals

ROS elimination

Endogenous antioxidant enzymes
SOD: 02 — H,0, + 0,
CAT: H,0, — H,O + 0,
GPx: H,0, + GSH — H,0 + GSSG
Low molecular weight scavengers
Vitamin D: inhibits NOX, enhances
Vitamin E: terminates oxidative chain reactions
Zinc: inhibits NOX-2

Figure 1. Generation and elimination of reactive oxygen species (ROS). METC mitochondrial electron transport chain, NOX nicotinamide adenine
dinucleotide phosphate oxidase, DUOX dual oxidase, XOR xanthine oxidoreductase, LOX lipoxygenases, AA arachidonic acid, PUFAs polyunsaturated
fatty acids, /R ionizing radiation, SOD superoxide dismutase, CAT catalase, GPx glutathione peroxidase, GSH reduced glutathione, GSSG oxidized

glutathione, Zn zinc

These scavengers either trigger antioxidant enzymes or
halt oxidative chain reactions. For instance, vitamin
D inhibits NOX activity and enhances antioxidant
enzyme activity, facilitating the scavenging of ROS [21].
Vitamin E functions as a peroxyl radical scavenger,
preventing chain reactions through the donation of
phenolic hydrogens to peroxyl radicals, which results in
the formation of inactive tocopherol radicals [22]. Zinc
inhibits NOX-2, exhibiting antioxidant activity, but its
accumulation in mitochondria can cause mitochondrial
ROS (mtROS) levels to increase, thereby activating the
downstream signaling molecule nuclear transcription

factor (NTF) [23].

Biomarkers of oxidative stress

ROS are inherently unstable molecules in themselves with
extremely short half-lives, such that the valid clinical measure-
ment of individual ROS such as O2-~ and H, O, is particularly
challenging [24]. To bypass this limitation, methods have
been developed to quantify stable byproducts of ROS activity
as surrogates of oxidative status. Current biomarkers used
to analyze redox status in human samples primarily include
oxidation products of lipids, DNA, and proteins [25].

1) Lipid peroxidation

Polyunsaturated fatty acids (PUFAs) like phospholipids,
glycolipids, and cholesterol are particularly susceptible to
oxidative damage. Raised levels of ROS initiate lipid per-
oxidation, and the best-studied biomarkers for this reaction
are malondialdehyde (MDA) and isoprostanes [26]. MDA, a
secondary product of peroxidation of PUFAs, can also bind to
proteins to give rise to adducts and are commonly estimated
using the thiobarbituric acid (TBA) test. This colorimetric
assay is the one which measures TBA-reactive substances
(TBARS), which react with MDA to yield a characteristic pink
chromophore upon reaction with MDA [27]. F2-isoprostanes,
lipid peroxidation end products that are stable, are measur-
able tissues and in some of the human biological fluids, such

as urine, plasma, and cerebrospinal fluid [28]. There have
been some experimental and clinical studies that have demon-
strated significant correlations between plasma and urine F2-
isoprostane concentrations and systemic ROS production and
oxidative stress [29].

2) Non-enzymatic total antioxidant capacity

Total antioxidant capacity refers to the overall activity of
non-enzymatic antioxidants in biological systems, excluding
enzymic defenses such as superoxide dismutase, catalase, and
peroxidase. This assay quantifies both water-soluble and lipid-
soluble low molecular weight antioxidants like urates, biliru-
bin, vitamin C, thiols, flavonoids, carotenoids, and vitamin E

[30, 31].
3) Oxidative modification of DNA and proteins

DNA and proteins are particularly susceptible to redox
disturbance-induced oxidative changes. The most common
oxidative changes include nitrosylation, S-glutathionylation,
peroxidation, and carbonylation [32, 33].

The most commonly employed methods for the quantifica-
tion of oxidative stress are as follows: (1) assessment of blood
biomarkers, which includes ROS metabolite measurement, in
the form of hydrogen peroxide (H,O;) and superoxide anion
(O27), and measurement of antioxidant enzyme activities,
including SOD and glutathione peroxidase (GSH-Px), and
lipid peroxidation products, such as MDA; (2) tissue sam-
ple analysis, which includes assessment of protein oxidative
modification markers, such as high-profile protein carbonyl
content, and oxidative damage markers to DNA, in particular
8-hydroxydeoxyguanosine (8-OHdG); (3) monitoring urine
biomarkers, such as the isoprostanoid 8-isoprostane Fya [34].

Relationship between oxidative stress and burn wound
healing

Burn wound healing is a complex and dynamic process com-
prising four overlapping phases: hemostasis, inflammation,

920z 4890joQ €| U0 3s8n6 Aq 99Z091.8/0¥0IEMHASUING/EE0 |0 |/10P/2[ONE/BWNENSUING/WOD dNO"DILISPEOE WO} POPECIUMO(]



proliferation, and remodeling [1]. During the inflammatory
phase, neutrophils and macrophages are recruited to the
wound bed to eliminate pathogens and debris and secrete ROS
and pro-inflammatory cytokines [35]. During proliferative
phase, fibroblasts and endothelial cells migrate into the
wound, depositing extracellular matrix (ECM) and forming
granulation tissue, which is supported by angiogenesis [36].
Keratinocytes subsequently proliferate and differentiate to
re-epithelialize the wound. Finally, the remodeling phase
entails the reorganization of the ECM reorganization and scar
formation, which is mediated by matrix metalloproteinases
and tissue inhibitors of metalloproteinases [37].

Under physiologic conditions, the production and removal
of intracellular ROS are tightly regulated by a number of
mechanisms to maintain ROS at optimal levels for cell sig-
naling without causing damage. Burn injury, on the other
hand, disrupts this equilibrium by inducing either ROS over-
production or impaired clearance. This imbalance leads to
excessive inflammation and significantly greatly hinders the
wound healing processes [38].

Severe burn injury has been widely investigated to
demonstrate significant increases in ROS levels both locally
in wounds and systemically. Histological analysis of burn
tissue samples from animal models reveals very high
concentrations of 8-hydroxy-2'-deoxyguanosine (8-OHdG),
a specific marker of DNA oxidative damage [39]. Clinical
studies have revealed that serum concentrations of MDA are
markedly elevated in burn patients, indicating enhanced lipid
peroxidation [40]. Also, wound tissues have significantly
reduced activity of key antioxidant enzymes like SOD and
GSH-Px, indicating compromised antioxidant defenses [41].
Electron spin resonance spectroscopy analysis also verified
substantial increases in free radical signals in burn wound
tissues [42].

Time course of ROS generation following burn injury
exhibits typical phases. During the acute stage (0-72 h), levels
of ROS increase significantly, primarily due to neutrophil
respiratory burst [42]. During the subacute stage (3-14 days),
ROS remains elevated, directly proportional to persistent
inflammatory responses and mitochondrial dysfunction [43].
During the chronic stage (>14 days), ROS levels drop slowly
but continue to be above physiological levels, continuing to
interfere with wound healing mechanisms [44].

Clinical research has established significant correlations
between the extent of ROS levels and burn injury severity.
Specifically, ROS content is well positively correlated with the
total body surface area (TBSA) burned [45]. Histological find-
ings indicate that third-degree burn injury has significantly
higher levels of ROS levels compared to second-degree burns
[46].

Certain levels of concentration for ROS-induced tissue
damage have been established by research. Local tissue ROS
concentrations of more than two to three times the normal
level are capable of causing widespread cellular apoptosis
and tissue damage [47]. Systemic damage occurs at greater
thresholds, with serum ROS concentrations greater than four
times the normal level having the potential to cause multiple
organ dysfunction syndrome [48].

As immune activation and the effector phase, the removal of
foreign or altered self-antigens is succeeded by inflammatory
responses. Oxidation and inflammation are connected dur-
ing the immune homeostasis, with a moderate level of ROS
keeping normal immune defense mechanisms [49, 50]. ROS

Burns & Trauma, 2025, Vol. 13, tkaf040

play dual roles as cytotoxic agents against malignant cells
and microbes and as regulators of antibody and cytokine pro-
duction. The membrane composition of immune cells makes
them particularly susceptible to oxidative injury compared
with other cells [49]. Oxygen free radicals are mediators of
the inflammatory responses, and their unchecked production
triggers inflammation by pattern recognition receptor (PRR)
and non-PRR pathways [50].

The cross-talk between inflammation and free radical-
catalyzed oxidative stress drives a self-promoting cycle
through transcriptional activation, becoming a vicious cycle
of ROS, oxidative stress, and inflammation. Oxidative stress
is an obligatory component of inflammation, augmenting
inflammation through oxidative injury, while inflammatory
mediators simultaneously cause subsequent oxidation. Such
pathologic circle ultimately results in the impairment of
wound healing in burn injury [51].

Mechanisms of oxidative stress in burn wound
healing
Enhanced local ROS generation during burn wound
healing

Burn trauma and resulting fluid resuscitation cascade trigger
traumatic and wound healing cascades involving macrophage
activation and chemotaxis through cytokine, leading to gener-
ation of excessive ROS at injury sites, causing systemic imbal-
ance of oxidative stress. The primary mechanisms responsible
for ROS overproduction are as follows:

(1) Neutrophil activation and production of radicals: Neu-
trophils are rapidly mobilized to traumatized wounds
and damaged organs following extensive burns [52].
Neutrophils demonstrate a significant stimulation of
oxygen consumption during phagocytosis of bacteria.
This activity involves the reduction of coenzyme II
oxidase and coenzyme I oxidase, enzymes catalyzing
electron transfer reactions, yielding the formation of
considerable amounts of ROS [35]. Respiratory burst
is characterized by increased oxygen consumption,
ROS generation, and increased activity of the pentose
phosphate pathway.

(2) Xanthine oxidase activity: Following a burn, xan-
thine dehydrogenase is converted to xanthine oxidase.
In reperfusion, deranged cellular energy metabolism
decreases adenosine triphosphate (ATP) production,
leading to adenine ribonucleotides being degraded to
hypoxanthine. Hypoxanthine and xanthine generate
substantial quantities of ROS in the presence of xanthine
oxidase [53].

(3) Complement activation: Complement activation follow-
ing a burn trauma augments oxygen free radical respira-
tory burst. Neutrophil phagocytosis of Candida albicans
through complement has been reported to be greatly
increased after severe burn trauma, confirming comple-
ment participation in neutrophil activation and ROS
generation [54].

Local tissues release a broad spectrum of cytokines and
chemokines, including IL-8, CCL2, and CCL1, following a
burn injury. These mediators solicit and activate the immune
cells like neutrophils and macrophages, which migrate to
the wound. The neutrophils, the very first immune cells to
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Figure 2. The mechanism of local reactive oxygen species (ROS) production during the healing process of burn wounds. Burns and the subsequent fluid
resuscitation protocol elicit a chain of trauma and wound healing responses, including cytokine-induced chemotaxis and macrophage activation. These
processes lead to excessive ROS production at the site of injury and cause systemic oxidative stress imbalance. ROS reactive oxygen species, y§ T cell
gammadelta T cell, XDH xanthine dehydrogenase, XO xanthine oxidase, ATP adenosine triphosphate, AMP adenosine monophosphate, 6-HP

6-hydroxypurine

penetrate into the wound (in 24 to 48 h post-injury), foster
the removal of necrotic tissue and infecting organisms through
the release of ROS and proteases. Macrophages subsequently
infiltrate the wound, playing a vital immunomodulatory role
by removing pathogens and necrotic tissue and releasing many
cytokines and chemokines to regulate the immune response
and promote wound healing [55-57].

After a burn injury, ROS formation grows immensely with
immune cell activation by neutrophils and macrophages and
impairment of the mitochondrial respiratory chain. ROS func-
tion as signaling compounds initiating pathways including
NF-«B, which increase release and production of inflamma-
tory molecules by neutrophils and y§ T cells. This aggravates
the process of inflammation and disrupts the healing of a
wound [58-60].

The y8 T cells play a critical role in healing burns by recog-
nizing and eliminating infected cells and releasing cytokines
and chemokines crucial in immune regulation and repair
of injured tissues. Critical cytokines like IL-2, interferon-
gamma (IFN-y), and IL-17 induce inflammatory responses
and regulate the invasion and proliferation of neutrophils
and monocytes [61, 62]. In addition, y§ T cells control the
integrity of epithelial cells, fibrogenesis, and wound healing
by releasing keratinocyte growth factor and connective tissue
growth factor.

Interaction between ROS and y§ T cells during post-burn
immunity is intricate. ROS are not only crucial to activate
y8 T cell but also to intensify T-cell receptor (TCR) signal
transduction and provoke proliferation. Conversely, y§ T cells
also regulate ROS production and clearance through cytokine

and chemokine production. For instance, IFN-y secreted by
y8 T cells activates macrophages, which stimulates the release
of IL-15, which further stimulates y§ T-cell clumping and
activation at the site of damage. Additionally, y8 T cells also
mitigate oxidative stress by secreting antioxidant enzymes and
other scavenger molecules that clear excess ROS, preventing
cell damage [5, 63, 64].

Collectively, these pathways lead to increased local produc-
tion of ROS production following burns and induce oxidative
stress that is toxic to wound healing (Figure 2).

Systemic inflammatory response and ROS production in
burn wound healing

Severe burns cause massive fluid exudation, impaired cardiac
function, and reduced effective circulating blood volume,
resulting in compromised tissue perfusion. Although early
fluid resuscitation restores blood volume and tissue perfu-
sion, it also increases oxygen delivery while causing damage
to ischemic tissues. Delayed resuscitation to some degree
increases tissue oxygenation but creates a peculiar ischemia—
reperfusion model, inducing ROS overproduction [65, 66].
The mechanisms implicated in increased ROS production in
burn wound healing include the following (Figure 3):

(1) Enhanced lipid peroxidation and biomembrane damage:
Reperfusion generates a burst of free radicals in the
form of hydroxyl radicals, which initiate the homolytic
cleavage of polyunsaturated fatty acids of cell mem-
branes. The reaction forms lipid radicals and peroxides,
injuring membrane function. The aldehyde products of
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Figure 3. Mechanism underlying the systemic inflammatory response and generation of reactive oxygen species (ROS) production in burn wound
healing process. Extensive fluid loss occurs in severe burns with compromised cardiac output and reduction in effective circulating volume of blood,
ultimately culminating in inadequate tissue perfusion. While the initial fluid resuscitation can re-establish blood volume and increase tissue perfusion, it
at the same time accelerates oxygen delivery and, therefore, leads to ischemic tissue damage. Conversely, delayed resuscitation partially corrects tissue
oxygenation and instead induces an abnormal ischemia—reperfusion model that enables the excessive formation of ROS

lipid peroxidation possess endotoxin-like activity and
result in multi-organ damage. Burn patients have a per-
sistent oxidative-antioxidant imbalance, with systemic
levels of oxidative stress corresponding to burn severity
[67]. MDA, a terminal product of lipid peroxidation, is
a widely used biomarker of oxidative stress due to its
detectability and sensitivity.

(2) Intracellular Ca?t overload: Free radical-induced lipid
peroxidation reduces membrane fluidity and increases
permeability, leading to the influx of extracellular Ca%*t
and ultimately leading to cell death [68, 69].

(3) DNA strand breaks and chromosomal aberrations: ROS
directly damage DNA, leading to strand breaks and
chromosomal abnormalities. Inflammatory responses
are induced after burns, during which a great amount
of ROS, including superoxide anions and hydroxyl
radicals, are produced in the body. These free radicals
possess strong oxidizing capability and can attack
DNA molecules. They specifically cause the breakage
of phosphodiester bonds in DNA strands, resulting in
ultimate single-stranded DNA breakage [70].

(4) Denaturation of protein and enzymatic activity reduc-
tion: ROS result in protein denaturation and loss of
enzyme activity. After burn injury, the body’s oxida-
tive stress response is initiated, and a great quantity of

free radicals like ROS and RNS is generated. The free
radicals possess the capability of inducing carbonyla-
tion modification of protein molecules. More specifically,
carbonyl groups are introduced to the protein struc-
ture, altering charge distribution and space conforma-
tion, thereby favoring protein denaturation. In the case
of enzymes, these oxidative modifications may occur
directly at the enzyme’s active site or at nearby regions
that are functionally related. This disturbance interferes
with the enzyme’s binding to the substrate, blocking the
process of catalytic reaction process and leading to a
decrease in enzyme activity [70].

(5) Induction of inflammatory mediators: ROS enhance
intracellular free calcium levels, which activate lipoxy-
genase and cyclooxygenase in plasma membranes
and microsomes. These enzymes break down arachi-
donic acid into biologically active products, including
prostaglandins, thromboxanes, and leukotrienes [65].

Faulty antioxidant defense system

Burn injury triggers the activation of excess oxygen free radi-
cals, which induce lipid peroxidation of cellular and organelle
membranes. Lipid peroxidation degrades unsaturated fatty
acids, destroying the membrane’s structural integrity and
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Role of oxidative stress in post-burn wound healing
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Figure 4. Oxidative stress role in wound healing after burns. Burn triggers monocytes, macrophages, and neutrophils. They recognize DAMPs and
PAMPs by TLRs, NLRs (PRRs), stimulating NF«B, secretion of IL-1, IL-6, and TNF-, initiating systemic inflammation and immune impairment. ROS
generated enhances inflammation and lipid peroxidation. Macrophages get polarized to M1 (producing IL-1, etc.) or M2 (secreting I-10, etc.). LPS
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apoptosis. ROS inhibits the IKK phosphatases, continues NF« B, and activates ASK1 and JNK, leading to cell death. Oxidative stress impairs immune
function and slows wound healing. DAMPs damage-associated molecular patterns, PAMPs pathogen-associated molecular patterns, PRRs pattern
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signal-regulating kinase 1

fluidity, permeability, ion transport, and barrier functions.
Lipid peroxidation is the primary mechanism of oxidative
membrane damage and cell necrosis and is the most significant
oxidative stress—induced injury following a burn [71-73].

Excess production of ROS following burns increases Ca>*t
influx, resulting in intracellular Ca2* overload. Intracellular
Ca?t overload results in DNA breakage, protein denatura-
tion, and reduced enzyme activity. Additionally, ROS also
directly damage DNA by activating poly ADP-ribose poly-
merase (PARP). Hyperactivation of PARP drains adenosine
triphosphate (ATP), which induces apoptosis and impairs the
antioxidant defense system [74, 75].

In summary, the mechanisms involved in healing of burn
injuries significantly increase the levels of ROS, leading to
oxidative stress that adversely impacts tissue repair and
recovery.

Role of oxidative stress effect on post-burn wound
healing

Burn injuries have a significant impact on the immune system
(Figure 4) [76]. Immune cells like monocytes, macrophages,
and neutrophils become activated in hours following the
injury to recognize endogenous damage-associated molecu-
lar patterns (DAMPs) or alarm proteins that are secreted
from damaged tissues [77]. DAMPs and pathogen-associated
molecular patterns (PAMPs) are recognized by PRRs, like Toll-
like receptors (TLRs) and NOD-like receptors (NLRs). Ligand
binding of these receptors activates downstream inflamma-
tory processes, which initiate NF-¢B, a master transcription
factor responsible for the release of inflammatory mediators
such as IL-1, IL-6, IL-8, IL-18, and TNFE The release of

the cytokines and chemokines perpetuates the inflammatory
cycle, leading to a wound healing syndrome presenting as
uncontrolled cytokine release of cytokines, hyperleukocytosis,
fever or hypothermia, tachycardia, and tachypnea [2, 78].
Notably, other immune functions like macrophage antigen
presentation and neutrophil pathogen-killing activity are sig-
nificantly compromised [79]. Furthermore, T-cell prolifera-
tion and IL-2 generation are blocked, resulting in impaired
adaptive immune responses and increased susceptibility to
infection [80, 81].

Macrophage response in burn wound healing

Research has established that ROS generated during the heal-
ing of burns enhance inflammation and lipid peroxidation,
a significant marker of oxidative damage in burns [82-
84]. Myeloperoxidase activity and MDA, the end product
of lipid peroxidation, cause acute tissue injury and pose
challenging obstacles to the healing of wounds. During the
pathogenesis of burns, macrophages are activated through the
classical NF-¢B pathway. Classically activated macrophages
(M1) secrete pro-inflammatory cytokines such as IL-1, IL-
6, IL-12, TNF-a, and chemokines promoting pathogenic
events and contributing to inflammatory T-cell differentiation
[85]. In contrast, alternatively activated macrophages (M2)
secrete anti-inflammatory cytokines like IL-10 and IL-13
that decrease inflammation and contribute to wound healing
[86]. Lipopolysaccharide (LPS), a TLR4 ligand, enhances
M1 differentiation by employing MyD88-dependent and
TRIF pathways [87]. Genetic studies have revealed that
activation of M1 leads to the expression of pro-inflammatory
cytokines [88].
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Activation of inflammation signaling pathways in burn
wound healing

TNF-a, a strong pleiotropic cytokine, plays a critical role in
cell growth, differentiation, and septic shock pathogenesis and
apoptosis [89]. TNF-« interacts with tumor necrosis factor
receptor 1 (TNF-R1), which triggers NF-«B and AP-1 tran-
scription factor pathways, which regulate cell survival follow-
ing TNF-R family stimulation. In physiological conditions,
NF-«B controls the ROS level and, together with mitogen-
activated protein (MAP) kinase phosphatases (MKPs), inhibits
the c-Jun N-terminal kinases (JNKs) pathway, which con-
trols programmed cell death by necrosis or apoptosis [90].
Increased ROS generation during burn wound healing lead
to oxidative stress, which causes damage to DNA, lipids,
and proteins. While NF-«B activation by TNF-R1 down-
stream initially inhibits inflammation by regulating antioxi-
dants such as thioredoxin-1 and thioredoxin-2, the elevated
ROS [91, 92] and cytokine levels activate MAP kinase kinases
(MAP3Ks), e.g. apoptosis signal-regulated kinase 1 (ASK1),
and inactivate MKPs. The outcome is the activation of the
JNK pathway, which triggers necrosis or apoptosis [90]. ROS
also regulate NF-«B activity by inhibiting IKK phosphatases
[93], thereby ensuring cell survival. ROS mediation of JNK
activation causes production of mitochondrial ROS by SAB
(SH3 domain-binding protein 5), which involves SH3 struc-
tural domain-binding protein 5. CYTOP overload through
inhibition of thioredoxin activates ASK1 and JNK, but ROS-
mediated phosphatase 5 negatively regulates ASK1, further
activating the JNK pathway [94, 95].

Inflammatory cell responses to burns

Activated phagocytes, including neutrophils, eosinophils, and
macrophages, are major producers of ROS. Phagocytes, as
the first line of defense against invading organisms, utilize
ROS to kill invaders by going through the process of the
“respiratory burst,” characterized by an immediate surge in
oxygen consumption [96]. This leads to the generation of
ROS, including superoxide anion, hydrogen peroxide, nitric
oxide, and hypochlorous acid. While these molecules are
effective against pathogens, they can also cause harm to
surrounding tissues and be involved in pathological processes
such as carcinogenesis and atherosclerosis [97].

The increased level of ROS produced in the healing
of burns severely damages immunity by leading to the
infiltration and activation of inflammatory cells. This leads
to systemic infection and increased morbidity and mortality
[98]. Oxidative stress also raises intracellular Ca2*, which
induces the activity of lipoxygenase and cyclooxygenase
found in microsomes and plasma membranes. The mech-
anism drives the arachidonic acid cycle, resulting in the
creation of prostaglandins [99]. Prostaglandins, an essential
immunomodulating factor, inhibit the synthesis of IL-1 and
IL-2 expression in helper T lymphocytes. Schwacha speculated
that the post-burns hyperproduction of prostaglandins is
a significant etiology of immunosuppression [100]. Valenti
et al. demonstrated that ROS generated during healing of
burn wounds suppress the splenic T-lymphocyte function
directly, which implies the direct immunosuppressive effect
of oxidative stress [101].

Relationship between oxidative stress during
wound healing and post-burn organ dysfunction

Severely burned patients are at great risk for infectious
complications during the wound healing process, of which
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ventilator-associated pneumonia is most notable [102].
Infection may also result from the patient’s own flora from
the skin, lung, and gastrointestinal tract. Violation of the skin
barrier and impaired host defenses predispose to bacterial,
yeast, fungal, and viral infections; enhance the virulence
of pathogens; and result in secondary organ failure [103,
104]. Autopsy findings show that infectious complications
account for >60% of all burn deaths, and nearly all are
marked by the presence of at least one organ failure, with
common progression to multiple organ failure [105, 106].
It is reported that each septic episode will lead to organ
dysfunction and ultimately cause failure of vital organs such as
the kidneys, lungs, liver, gastrointestinal tract, heart, and bone
marrow.

Excessive production of ROS in wound healing results in
systemic oxidative injury that is not restricted to the wound
location but also includes uninjured organs through systemic
inflammation (Figure 5) [107]. Sequestration of neutrophils
in gastric mucosa, liver, and lungs takes place early in wound
healing. Neutrophil sequestration, facilitated by ROS, exac-
erbates local wound healing and induces distal organ injury
[108]. ROS are major contributors to burn shock and distal
organ injury—including the lungs, heart, liver, kidneys, and
gastrointestinal mucosa—in animal models and are significant
contributors to mortality in full-thickness third-degree burns
[39, 109].

Lung injury
Glutathione (GSH), a crucial non-enzymatic antioxidant, is
mostly produced in the liver and utilized in the lungs and thus
the lungs are very vulnerable to oxidative damage. Oxidative
stress due to burns leads to lung injury through two major
mechanisms:

(1) Direct cellular damage: Free radicals produced by the
xanthine-xanthine oxidase system in pulmonary vascular
endothelial cells play a significant role in lung injury.
Elevated levels of hypoxanthine in the blood of patients
with acute respiratory distress syndrome (ARDS) corre-
late with the severity of lung damage [110, 111].

(2) Inhalation injury: Chemical irritants in smoke trigger
uncontrolled pulmonary inflammation, resulting in
leukocyte infiltration, activation, and oxidative damage.
This process leads to airway mucosal ulceration, sub-
mucosal edema, and systemic inflammatory responses
due to increased oxygen demand and microvascular
permeability [112, 113].

Liver injury

Severe burns may lead to impaired wound healing that
causes the release of excessive amounts of pro-inflammatory
cytokines, such as IL-18, IL-6, or TNF-a [114-116].
Elevated cytokine levels disrupt the anti-inflammatory control
regulated by IL-10 and lead to hepatocyte dysfunction
[117]. ROS and RNS released during wound healing activate
NF-«B, which further induces pro-inflammatory cytokines
production and causes liver injury through via TNF-a-
mediated cytotoxicity [118].

The liver, as a major site for ROS scavenging, produces
huge amounts of GSH for detoxifying oxidative stress. During
burn wound healing, neutrophils infiltrate the liver in large
numbers, having been stimulated by hepatic macrophages,
which generate overwhelming ROS, inducing intracellular
and extracellular oxidative stress in hepatocytes [119]. The

920z 4890joQ €| U0 3s8n6 Aq 99Z091.8/0¥0IEMHASUING/EE0 |0 |/10P/2[ONE/BWNENSUING/WOD dNO"DILISPEOE WO} POPECIUMO(]



Burns & Trauma, 2025, Vol. 13, tkaf040

Cause of the injury

1.Xanthine—xanthine oxidase system
2.Chemicals in smoke during
inhalation injury

Relationship between
oxidative stress and organ
dysfunction due to the
wound healing process

Cause of the injury

1.Dysfunction of mitochondrial and
microsomal enzyme systems
2.Metabolic disorders of vitamins and
iron

after burns

Further leading to

Congestion and edema of airway K
mucosa, ulcer formation, laryngeal

spasm, and uncontrolled

inflammation in the lungs

Cause of the injury
1.Abundant blood oxygen supply to the
kidneys
2.Acute kidney injury (AKI) and chronic
kidney disease (CKD)
3.Significant decrease in antioxidant '

enzyme activity in the kidneys

Kidney

Further leading to

Vascular dysfunction, immune
system activation, and deterioration
of renal tubular epithelial cell function
and structure

: (

Cardiac

Further leading to

Disrupting mitochondrial integrity ,
Inducing oxidative stress within liver
cells

”

Cause of the injury

1.Myocardial mitochondrial injury
2.Lipid peroxidation of myocardial

cells
x 3.Myocardial ischemia-reperfusion

Further leading to

Tachycardia, myocardial arrest,
reperfusion arrhythmia, endothelial
and microvascular dysfunction
and myocardial cell death

Figure 5. Relationship between oxidative stress and organ dysfunction due to the wound healing process after burns. AK/ acute kidney injury, CKD

chronic kidney disease.

intracellular stress results from mitochondrial and microso-
mal injury [120], while extracellular stress is mediated by
neutrophils and hepatic stellate cells (HSCs). Activated HSCs
release superoxide anions, hydrogen peroxide (H,O>), and
nitric oxide (NO), all of which contribute to oxidative injury.
Meanwhile, endothelial cells increase the synthesis of antiox-
idants to neutralize oxidative stress and protect hepatocytes
[121, 122]. Experiments have indicated that there is a drastic
reduction of in hepatic GSH content in burn wound healing,
pointing to the central role of oxidative stress in liver failure
[123, 124].

Renal injury

Acute kidney injury (AKI) is a common and severe complica-
tion in burn patients with burns affecting >20% of the total
body surface area (TBSA), occurring in 15%—40% of critically
ill patients [125]. Early-stage AKI, which develops within
5 days of the burn, has a poor prognosis and a high mortality
rate of ~80% [126]. The mechanism of pathogenesis of AKI is
due to intravascular hypovolemia, systemic vasoconstriction,
early organ dysfunction, and myoglobinuria due to oxidative
stress or apoptosis [127]. ROS-mediated oxidative stress is
the central feature of renal insufficiency and AKI through the
induction of cellular process disruption and mitochondrial-
associated apoptosis [128, 129].

The high content of polyunsaturated fatty acids in the
kidney makes it particularly susceptible to ROS-dependent
injury [130]. Apoptosis, a conserved renal reaction to injury, is
exacerbated by circulating pro-apoptotic mediators and ROS-
induced mitochondrial injury in tubular epithelial cells [131,
132]. Inflammatory processes also perpetuate AKI progres-
sion, with cellular necrosis of cells initiating the uncontrolled

release of inflammatory mediators, increased vascular perme-
ability, and causing tubular injury [133, 134].

Cardiac injury

Oxidative stress is a major contributor to acute myocardial
injury during burn wound healing [135]. Severe burns cause
excessive production of ROS overproduction and oxidative
overload in the cardiomyocytes, which are extremely wvul-
nerable to oxidative damage [136]. ROS can cause damage
to lipids, protein, and DNA, resulting in irreversible cellular
damage and targeted cardiac injury [137].

Mitochondrial failure is an important determinant of
myocardial injury. Since cardiomyocytes are mitochondrially
dense (~35% of cell volume) and depend on mitochondrial
energy production to maintain cardiac function [138], the
hypermetabolic response following burn, by increasing
mitochondrial uncoupling and oxidative stress, impairs
cardiac function [139]. Experiments have demonstrated that
burn injury cripples mitochondrial ROS defense mechanisms,
resulting in reduced antioxidant enzyme activity (e.g. MnSOD,
GPx) and enhanced lipid peroxidation, which ultimately
results in myocardial dysfunction [140]. Antioxidant ther-
apies, such as vitamin supplementation, have been shown
to enhance myocardial function through the restoration of
mitochondrial antioxidant defenses [137, 141].

Mitochondrial reactive oxygen species (mtROS) and frag-
ments of mitochondrial DNA (mtDNA) from the damaged
mitochondria induce apoptotic signals, which further exac-
erbate cardiac injury [142, 143]. Healing of burn wounds
increases the release of mitochondrial cytochrome ¢, mtROS,
and mtDNA into the cytoplasm, leading to apoptosis of
cardiomyocytes [144, 145].
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Potential interventional strategies targeting
oxidative stress during burn wound healing

Cells possess a battery of antioxidant defense mechanisms
to counteract excess oxidants. Antioxidants are compounds
that prevent or inhibit the oxidation of susceptible substrates.
They occur as cellular, membrane, and extracellular mecha-
nisms. The cellular antioxidant mechanism utilizes endoge-
nous antioxidants such as GSH-Px, SOD, and CAT. SOD,
found in mitochondria and cytoplasmic lysates, catalyzes the
dismutation of superoxide anions to oxygen and hydrogen
peroxide. GSH-Px, also found in these compartments, detox-
ifies hydrogen peroxide, while CAT, found in peroxisomes,
detoxifies large amounts of hydrogen peroxide [6] [36].

Membrane-associated antioxidants include vitamin E,
B-carotene, and coenzyme Q. Vitamin E (a-tocopherol)
scavenges peroxyl radicals and inhibits lipid peroxidation
chain reactions. In addition, membrane structures with
optimal cholesterol-to-phospholipid ratios are resistant to
oxidative damage [146]. Extracellular antioxidant defenses
include metal-binding proteins such as transferrin, lactoferrin,
albumin, haptoglobin, urate, vitamin C, and bilirubin. They
chelate reactive metal ions (i.e. copper and iron) so that they
cannot participate in lipid peroxidation and ROS formation
[147, 148]. All these mechanisms in combination provide
an optimum balance for oxidants and antioxidants to favor
optimum biological function. The potential intervention
strategies targeting oxidative stress during wound healing
after burn injury are shown in Figure 6, and the specific
methods and drugs are shown in Table 1.

Utilization of antioxidants (e.g. vitamin C, glutathione)

Antioxidants are classified into two categories: non-enzymatic
and enzymatic.

(1) Non-enzymatic antioxidants: Non-enzymatic antioxi-
dants, such as ascorbic acid, vitamin C, GSH, mannitol,
N-acetylcysteine (NAC), vitamin A, and vitamin E, play
a crucial role in reducing mortality, reducing cellular
dynamics, protecting the microcirculation, reducing
lipid peroxidation, improving cardiac output, and
diminishing the need for resuscitation fluids in burn
wound healing. NAC, a precursor of GSH, increases
intracellular GSH levels, deactivates ROS, and reduces
oxidative stress. Experiments have shown that NAC
significantly decreases oxidative stress markers, i.e.
MDA, and improves burn patient clinical outcomes
[149]. Treatment with antioxidant vitamins combined
with fluid resuscitation inhibits NF-«B nuclear translo-
cation; suppresses release of TNF-«, IL-18, and IL-6
from cardiomyocytes; and enhances cardiac contractility
[150]. Mannitol, a diuretic agent with ROS-scavenging
properties, should be used cautiously in severe burns in
order to avoid exacerbating hypovolemia and worsening
of renal damage [151, 152].

(2) Enzymatic antioxidants: Enzymes such as SOD, GSH-
Px, glutathione reductase (GSH-Rd), and CAT enzymes
reduce edema, tissue damage, and inflammation in burn
wound healing. The enzymes decrease peroxide genera-
tion of lipid, increase serum copper and selenium levels,
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Table 1. Interventional therapeutic strategies to overcome oxidative stress in burn patients and wound patients

Classify Intervention strategy Specific methods Mechanism of action
Application of Non enzymatic Vitamin C, glutathione (GSH), mannitol, Reduce mortality, protect
antioxidants antioxidants N-acetylcysteine (NAC), vitamin A, microcirculation,decrease lipid peroxidation,
vitamin E, etc improve cardiac output, and reduce the demand
for resuscitation fluid
Enzyme antioxidants Superoxide dismutase (SOD), Reduce edema, tissue damage, and inflammation,
glutathione peroxidase (GSH Px), decrease the formation of lipid peroxides, and
catalase (CAT), etc enhance the ROS scavenging ability of non
enzyme antioxidants
Application of Nrf2 Classical pathway Keap1 conformational changes release Protect cells from oxidative damage, apoptosis,
activators Nrf2, which forms heterodimers with inflammation, and tumorigenesis
sMaf protein and binds to ARE, inducing
expression of cell protective genes
Autophagy mediated SQSTM1/p62 competes with Keap1 for ~ Enhancing Nrf2 activity through autophagy
pathway binding, promoting Nrf2 stability and pathway, improving oxidative stress and

activation

inflammation

Mitochondrial-targeted Regulation of
antioxidant therapy B-adrenergic signaling
pathway

Regulation of TNF-«
signaling pathway

Calcium signal regulation Taurine and mitochondrial calcium

inhibitors

Mitochondrial targeted antioxidants,
such as vitamin C, vitamin E, etc

Inhibit TNF-a-induced mitochondrial
dysfunction and reduce ROS generation  improving mitochondrial respiration and ATP

By regulating B-adrenergic receptors, reducing
mitochondrial ROS generation, and improving
cardiac function

By inhibiting the TNF-«a signaling pathway,

synthesis, and reducing cardiac dysfunction

By regulating calcium signaling, reducing
mitochondrial calcium overload andarrhythmia,
and improving cardiac function

Vitamin C
supplementation

Other antioxidant
strategies

Subcutaneous injection of Subcutaneous injection of insulin

insulin

Combination therapy
with antioxidants

Intravenous injection of vitamin C

Combination use of anti-inflammatory
and potent antioxidants oxidants

By neutralizing the toxicity of oxygen free
radicals,reducing inflammation andoxidative
stress, and promoting wound healing

Promote wound healing after burns by
controlling blood sugar, reducing fluidintake,
and controlling infections

Promote wound healing by reducing
inflammation while neutralizing toxic substances
in affected organs

and enhance the activity of non-enzymatic antioxidants
in scavenging ROS [153, 154].

Application of Nrf2 activators

Nuclear factor-E2-related factor 2 (Nrf2) is a significant tran-
scription factor of OS regulation in burn wound healing,
playing key roles in redox homeostasis, drug metabolism
and excretion, iron and amino acid metabolism, cell sur-
vival, and proteasomal degradation. It is also involved in
the regulation of cell cycle homeostasis, cytoprotection, and
innate immunity in response to cellular stress [155]. Nrf2
activation protects cells from oxidative damage, apoptosis,
inflammation, and tumorigenesis and therefore is a major
target for OS-related diseases [156—158]. Activation of Nrf2
occurs primarily through two pathways:

(1) Classical pathway: Under OS [159], Keapl (Kelch-like
ECH-associated protein 1) undergoes conformational
changes, releasing Nrf2 from ubiquitin-proteasome
degradation. Nrf2 translocates to the nucleus, het-
erodimerizes with small Maf proteins (sMafs), and binds
to the antioxidant response elements, thereby initiating
the transcription of cytoprotective genes [160, 161].

(2) Autophagy-mediated pathway: Sequestosome-1 (SQST
M1/p62) competes with Nrf2 for Keap1 binding, thereby
inducing Nrf2 stabilization and activation [162, 163].
Synthetic Nrf2 activators, such as bardoxolone methyl,
inhibit Keapl, thereby enhancing Nrf2 activity and
alleviating oxidative stress and inflammation in burn
patients [37].

Additionally, MAPK signaling molecules (e.g. p38, JNK)
and protein kinase C (PKC) can activate Nrf2 via phospho-
rylation of its Neh2 domain, causing its dissociation from
Keap1 [164, 165]. P21, a cell cycle regulator, stabilizes Nrf2
as well by inhibiting Keap1-dependent ubiquitination, with
further facilitation of its cytoprotective activity [166-168].
Nrf2 activators thus have tremendous potential as a promising
therapeutic strategy in minimizing oxidative stress in burn
wound healing.

Mitochondria-targeted antioxidant therapy
1. Regulation of the B-adrenergic signaling pathway:

Burn wound healing induces sustained catecholamine
elevation of catecholamines, which stimulates B-adrenergic
receptors (B-ARs) and promotes mitochondrial ROS genera-
tion. Sustained B-AR stimulation exacerbates cardiovascular
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dysfunction and arrhythmias by augmenting sarcoplasmic
reticulum Ca?*t leakage [169-171]. Mitochondria-targeted
antioxidants restore Ca%t management and inhibit arrhyth-
mias [172]. The NO-cGMP-PKG pathway, activated by 8-
AR stimulation, also safeguards mitochondria and triggers
ischemic preconditioning [173, 174].

2. Regulation of the TNF-« signaling pathway:

TNF-a levels rise significantly in serum and cardiac tissue
following burn injury, repressing mitochondrial respiration,
reducing complex I activity, and increasing ROS production.
TNF-a-induced mitochondrial dysfunction impacts ATP gen-
eration and Ca?* regulation, causing cardiac dysfunction
[175-177].

3. Cardiac alterations in calcium signaling:

Regular cardiac contraction requires stringent Ca2* regula-
tion. Burn wound recovery disrupts Ca®* recovery, leading to
mitochondrial Ca?* overload and arrhythmias. Taurine and
mitochondrial Ca2* blockers antagonize these processes by
reducing ROS formation and increasing cardiac function [178,
179].

Conclusions

Briefly, post-burn wound healing is regulated by oxidative
stress with its characteristic feature of hyperproduction of
ROS, impaired antioxidant defenses, and systemic inflamma-
tion that collectively exacerbate organ dysfunction and tissue
injury. The disturbance in redox homeostasis following the
burn activates inflammatory cascades such as NF-«B and
JNK, leading to chronic inflammation and extended recovery.
Antioxidant treatments, enzymatic and non-enzymatic inter-
ventions, and Nrf2 activators are promising for minimizing
oxidative damage and outcome benefits. Optimal treatment
regimens remain to be further clinically validated to normalize
variability of burn severity and responses. The future direction
of studies should be to optimize antioxidant protocols to fur-
ther define their effectiveness and integration into protocols
of standard care for burns.
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