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NOX2 Expression Is Increased in Keratinocytes After Burn

Injury

H. Ibrahim Korkmaz, PhD,*t Magda M. W. Ulrich, PhD,** Giilbahar Celik, BSc,*
Wessel N. Van Wieringen, PhD,!® Paul P. M. Van Zuijlen, MD, PhD,%** Paul A. J. Krijnen, PhD,*-t
and Hans W. M. Niessen, MD, PhD*-h.t

Reepithelialization is crucial for effective wound repair in burn wounds. Reactive oxygen species (ROS) have
shown to be important in this. Recent studies suggest that NOX proteins produce ROS in keratinocytes. In

the present study, we have studied NOX proteins in burn wounds, including the effect of Cl-esterase inhibitor
(Clinh) hereon, which is the endogenous inhibitor of complement activity whereof we have shown previously that
it also increased the rate of reepithelialization in burn wounds. Skin tissue derived from healthy control Wistar
rats (z = 6) were compared with burn-injured rats, with (7 = 7) or without Clinh treatment (7 = 7). After 14
days, rats were terminated. From the burn-injured rats, the entire wound and nonburned skin from the hind leg,
that is, internal control was excised. From the control rats, dorsal skin was excised. In these skin samples, NOX2
and NOX4 were analyzed immunohistochemically. In nonburned rats, NOX2 was found in keratinocytes in both
the basal layer and suprabasal layer of the epidermis; and the number of NOX2-positive keratinocytes was 367/
mm? (254-378). In burned rats, the number of NOX2-positive keratinocytes was significantly increased in the
newly forming epidermis in the burned area to 1019/mm? (649-1172), especially in the suprabasal layer, but
significantly decreased in remote nonburned skin to 22/mm? (6-89). Clinh treatment counteracted these changes
in epidermal NOX2 expression in burned rats, both in the burned area as in remote nonburned skin. No NOX4

expression was found in the epidermis in none of the groups. NOX2 expression was increased in keratinocytes
in newly forming epidermis after burn injury. Clinh, a drug that increases the rate of reepithelialization,
counteracted this effect. These results suggest a role for NOX2 in the reepithelialization of burn wounds.

Reepithelialization is an important process for effective
wound repair in burn wounds.!=® It relies on the migra-
tion, proliferation, and differentiation of keratinocytes, the
major cellular component of the epidermis.*® Reactive ox-
ygen species (ROS) are involved in these various cellular
functions in keratinocytes.®!® Recent in vitro data, albeit
not directly related to burn injury, suggest that keratinocytes
produce ROS specifically via a family of specialized proteins,
called the Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) Oxidases (NOX) proteins.!'"!® In humans, seven
NOX proteins have been identified.!® These NOX proteins
have been shown to produce superoxide (O2-), the major
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source of ROS, and hydrogen peroxide (H202) and to
play a role in several sometimes opposing cellular processes
ranging from apoptosis to cell growth.!"18 However, the
role of NOX proteins in keratinocytes after burn has not
been studied until now.

Nevertheless, several nonburn studies have described
roles for NOX proteins in keratinocytes. Specifically, NOX2
and NOX4 have been reported to play a central role in the
cell proliferation, migration, and host defense of human
keratinocytes.!>!3 In addition, NOX proteins were also linked
to keratinocyte apoptosis. Sun et al found in immortalized
human skin keratinocytes (HaCaT) cells that apoptosis, in-
duced by pro-apoptotic advanced oxidative protein products
(AOPDs), coincided with increased cellular ROS levels and
increased NOX4 expression.!®

Moreover, Hara-Chikuma et al showed in primary keratin-
ocyte cultures from mice with psoriasis, that ROS produced
by NOX2 was required for NF-xB activation in keratinocytes
in the development of psoriasis.!®

Until now, only one study analyzed NOX proteins in
burn wounds. Fang et al demonstrated in human skin tissue
homogenates from burn wounds that NOX4 expression was
significantly increased, however, they did not specify, which
cells in the homogenate were positive for NOX4.2° Neither
did they analyze other NOX proteins herein.

We have previously shown that the complement inhibitor
Cl-esterase inhibitor (Clinh) significantly increased the rate
of reepithelialization in a rat burn wound model.?! Clinh is an
endogenously expressed member of the serpin family of pro-
tease inhibitors, is among others present in blood plasma, and
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is a natural regulator of both the classical and lectin activation
pathways of complement.?? Interestingly, it was shown in renal
ischemia/reperfusion models that Clinh inhibited NOX2 and
NOX4 expression.?? We therefore wondered whether Clinh
would interfere with NOX expression in keratinocytes during
burn injury.

As the role of NOX1 in keratinocytes is primarily linked to
skin carcinogenesis,?#?® we have focused on the putative role
of NOX2 and NOX4 in burned skin, including the effect of
Clinh hereon, in an in vivo rat burn wound model.

MATERIALS AND METHODS

All procedures were executed in agreement with the national
guidelines and with permission of the Animal Experimental
Committee of the VU University of Amsterdam.

Rat Burn Wound Model

We used skin tissue of a previous study in which we studied
the role of Clinh treatment on local burn wound healing and
systemic inflammation in a rat burn wound model.?! In short,
12-week-old female Wistar rats (# = 14) were acclimatized for 1
week prior to the experiment. Fourteen rats were anesthetized
using 2.5% isoflurane and received Temgesic (buprenorphine,
0.05 mg/kg, subcutancous) as an analgesic. Then, a dorsal
full-thickness burn wound (4 x 2 cm) was created on a shaved
part of the skin by using a copper stamp (100 g) heated to
100°C for 15 seconds on the skin. Nonadhesive bandage was
used to cover the wounds. Seven burn-injured rats received
purified human plasma derived Cl-esterase inhibitor (Clinh)
(100 U/kg), (Sanquin, Amsterdam, The Netherlands) daily
intravenously. The other seven burn-injured rats were not
subjected to this treatment. After 14 days, all 14 rats were
terminated. The complete wound as well as nonburned skin
from the hind leg which served as internal control was excised.
Six additional rats who did not receive a burn wound served
as noninjured healthy controls. From these rats, dorsal skin
was excised. The skin samples were immediately transferred to
formalin for fixation and subsequently embedded in paraffin.

Immunohistochemistry

For immunohistochemical analysis, 4-pm sequential sections
were dewaxed in xylene and rehydrated in ethanol (100%),
followed by incubation in methanol/H,O, 0.3% solution for
30 minutes to block endogenous peroxidase activity. For an-
tigen retrieval, slides were either boiled in a 10 mM citrate
buffer (pH 6.0) (myeloperoxidase [MPO]) or 10 mM Tris/
EDTA buffer (pH 9.0) (AE1/3, NOX2 NOX4 and Ki-67) in
a microwave for 15 minutes.

Before the primary antibody, the sections to be stained with
NOX2 and NOX4 were incubated with 1:50 normal rabbit
serum (Dako, Glostrup, Denmark) for 10 minutes at room
temperature. Then, the sections were incubated for 1 hour at
room temperature with either 1:25 monoclonal mouse anti-
human/rat NOX2 (Sanquin, Amsterdam, The Netherlands),
or 1:25 monoclonal goat anti-human,/rat NOX4 (Santa Cruz
Biotechnology Inc, Heidelberg, Germany) or 1:100 monoclonal
mouse anti-human /rat AE1 /3 (Dako) to visualize keratinocytes,
or 1:50 polyclonal rabbit anti-human/rat MPO (Dako) to vis-
ualize neutrophilic granulocytes, or 1:400 monoclonal rabbit
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anti-human /rat Ki-67 (clone SP6) (Thermoscientific, Fremont
CA) to visualize proliferative cells. The sections were then
incubated with either 1:25 polyclonal rabbit anti-mouse HRP
(Dako) for NOX2, or 1:200 rabbit anti-goat HRP (Dako) for
NOX4, or goat anti-mouse/rabbit envision HRP (Dako) for
AE1 /3 and MPO, or goat anti-rabbit envision HRP (Dako) for
Ki-67 for 30 minutes at room temperature.

Staining ~ was  visualized by  incubation  with
3,3-diaminobenzidine (DAB, 0.1 mg,/ml, 0.02% H,O, ) (Dako)
for 10 minutes at room temperature in the dark. Sections were
then counterstained with hematoxylin, dehydrated, and cov-
ered. As a control, the same procedure was conducted, but
instead of the primary antibody, normal antibody diluent
(Immunologic, Duiven, The Netherlands) was used.

Immunohistochemical Analysis

In order to quantify the number of NOX2-positive
keratinocytes per mm? surface area, the number of NOX2-
positive keratinocytes per epidermis section was deter-
mined and the surface area of the epidermis was measured
using QuickPHOTO Micro software windows version 3.1
(PROMICRA, Prague, Czech Republic). In burn wound
areas, we analyzed the newly formed epidermis. As NOX2 is
also expressed in neutrophils, sequential slides stained with the
AE1/3 (keratinocyte marker) and MPO (neutrophilic granu-
locyte marker) to verify whether NOX2 staining was related
with keratinocytes. NOX2 expression was compared between
the basal layer of the epidermis versus the suprabasal layer.!?

Statistical Analysis

GraphPad Prism 6 software (Graphpad Software Inc.,
California) was used for statistical analysis. Data were analyzed
using Mann-Whitney U test or Wilcoxon test when appro-
priate. In order to control the type I error, a Bonferroni ad-
justment was applied to the resulting P-values. Corrected
P-values < .05 were considered significant. Results are
described /depicted as: median (“line”); first quartile (Q1) —
third quartile (Q3).

RESULTS

NOX Expression in Keratinocytes Is Increased in
Newly Forming Epidermis After Burn Injury in Rats

NOX2 expression was found in epidermal keratinocytes in
control rats and burned rats, both in the newly forming epi-
dermis (Figure 1A) and in remote nonburned skin. NOX2 was
also present in blood vessels in the dermis (data not shown).
NOX2 was found especially in the nucleus of keratinocytes
and to a lesser extent also in the cytoplasm. NOX2-positive
keratinocytes were present in both the basal and suprabasal
epidermal layers. Herein, there was no difference between
the front of the neo-epidermis and the rest of the epidermis.
To exclude that the presence of NOX2 in the epidermis was
related to infiltrating neutrophilic granulocytes,?® sequential
slides were stained with keratinocyte marker AE1/3 (data
not shown) and neutrophil marker MPO. No neutrophilic
granulocytes were found in the epidermis (Figure 1A and B).

We subsequently quantified the number of NOX2-positive
keratinocytes in the whole epidermis (Figure 2A). In control
rats (367,/mm? [254-378]), NOX2-positive keratinocytes



Journal of Burn Care & Research
Volume 41, Number 2

Figure 1. NOX2, MPO, Ki-67, and NOX4 staining in the burn
wound. An example of NOX2 expression (A) and MPO staining (B)
on serial slides in newly formed epidermis of the burn wound. (C)
Ki-67 expression in keratinocytes in newly formed epidermis of the
burn wound. (D) NOX4 expression in blood vessels (red arrows) in
the dermis, at 14 days postburn.
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were counted, expressed as median (Q1-Q3) (Figure 2A).
In burned rats, in the newly forming epidermis, this number
was significantly higher (1019/mm? [649-1172]), whereas in
remote nonburned skin, this number was significantly lower
(22/mm? [6-89]), compared to control rats (corrected P <
.01 and P < .05, respectively).

Although NOX-produced ROS have been related to apop-
tosis induction, we did not find histological evidence for ker-
atinocyte apoptosis (visualized as dyskeratotic cells?”) in none
of the groups.

As NOX proteins are also related to keratinocyte prolifer-
ation, we first verified whether burn injury had an effect on
the number of proliferating cells in the epidermis, visualized
via Ki-67 expression.?® In control rats and burned rats (both
in the newly forming epidermis and in remote nonburned
skin), we found Ki-67 expression only in keratinocytes of the
basal epidermal layer (Figure 1C). This indicates that as to
be expected, proliferation was only found in the basal layer.
No significant difference in the number of Ki-67-positive cells
was found between the groups control, internal control and
burned rats. The number of Ki-67-positive cells was 215/
mm? (171-256), 7/mm? (1-31), and 164/mm? (86-322),
respectively (Figure 2D).

Next, to analyze NOX2 expression in proliferating and,/or
differentiating keratinocytes, the number of NOX2-positive
keratinocytes was quantified in the basal- versus the suprabasal
epidermal layer.!? In the basal layer of control rats the number
of NOX2-positive keratinocytes was 261/mm? (159-327)
(Figure 2B). In burned rats, the number of NOX2-positive
keratinocytes in the newly forming epidermis (345/mm?
[226—405]) was slightly higher than in control rats but not
significantly. In contrast, in the remote nonburned skin, this
number (20/mm? [4-84]) was significantly lower compared
to both control rats and newly forming epidermis of burned
rats (corrected P<.05). In the suprabasal layer of control rats,
the number of NOX2-positive keratinocytes was 89,/mm?
(52-1006) (Figure 2C). In burned rats, this number was sig-
nificantly higher in the newly forming epidermis (668,/mm?
[319-845]; corrected P < .01) and significantly lower in the
remote nonburned skin (2/mm? [1-21]; corrected P < .05).

Comparison between the basal- and suprabasal epi-
dermal layers revealed that in control rats and the remote
nonburned skin of burned rats, the number of NOX2-
positive keratinocytes in the basal layer was higher than in the
suprabasal layer (P < .05 and P = .00, respectively; Figure 2E).
In contrast, in the newly forming epidermis of burned rats,
the number of NOX2-positive keratinocytes in the basal layer
was lower than in the suprabasal layer, albeit not significantly.

We also analyzed NOX4 expression in the skin. We however
did not find NOX4 expression in keratinocytes in none of the
groups, but only in blood vessels of the dermis (Figure 1D).

C1inh Treatment Normalizes NOX2 Expression in
Keratinocytes in Burned Rats

We subsequently analyzed whether Clinh treatment affected
NOX2 expression in keratinocytes in burned rats. In remote
nonburned skin of Clinh-treated rats, the number of NOX2-
positive keratinocytes of the whole epidermis (456,/mm? [439—
4891]) was significantly increased compared to nontreated rats
(22/mm? [6-89]; corrected P < .01) (Figure 3A). In contrast,
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Figure 2. Quantification of NOX2 and Ki-67 expression in the
skin. The number of NOX2 positive keratinocytes per mm2 in the
whole epidermis (A), the basal layer (B), the suprabasal layers of
the epidermis (C) and the number of Ki-67 positive keratinocytes
per mm2 (D) in healthy skin from noninjured control rats (Con),
burn-injured skin (Burn) and remote skin (Internal Control [IC])
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the number of NOX2 positive keratinocytes in the newly
forming epidermis was reduced by Clinh from 1019/mm?
(649-1172) to 554/mm? (395-635) in burn-injured rats, al-
though statistically not significant.

In the basal epidermal layer of remote nonburned skin,
Clinh significantly increased the number of NOX2-positive
keratinocytes to 250/mm? (221-280) compared to 20
mm? (4-84) in nontreated rats (corrected P < .01; Figure
3B). Whereas in the basal layer of newly forming epidermis,
Clinh significantly reduced this number to 345/mm? (226-
405) compared to 186/mm? (124-199) in nontreated rats
(corrected P < .01). Also, in the suprabasal layer of remote
nonburned skin, Clinh significantly increased the number
of NOX2-positive keratinocytes to 174/mm? (132-215)
compared to 2/mm? (1-21) in nontreated rats (corrected P <
.01; Figure 3C). While in the newly forming epidermis, Clinh
reduced this number to 357/mm? (254-459) compared
to 668/mm? (319-845) in nontreated rats, although not
significantly.

We subsequently analyzed whether Clinh treatment af-
fected the number of Ki-67-positive keratinocytes in burned
rats. However, no significant differences in the number of
Ki-67-positive keratinocytes were found between Clinh-
treated and nontreated rats: 300/mm? (197-340) and 164/
mm? (86-322), respectively (Figure 3D). Both in nontreated
and in Clinh-treated rats, Ki-67-positive keratinocytes were
found only in the basal epidermal layer (data not shown).

DISCUSSION

Reepithelialization is crucial for effective wound healing after
burn injury, in which keratinocytes play a pivotal role.!-
ROS have been demonstrated to be important for keratin-
ocyte proliferation, migration, and apoptosis, processes
central to reepithelialization. Previous in vitro data suggest
that NOX proteins are an important source of ROS pro-
duction in keratinocytes. Here, we show in burned rats that
NOX2 expression was significantly increased in the newly
formed epidermis while it was significantly decreased in re-
mote nonburned skin compared to healthy control rats. This
increased NOX2 expression in the newly formed epidermis
was especially evident in the suprabasal layer. Interestingly,
Clinh treatment, which we have shown before to increase the
rate of reepithelialization,?® normalized epidermal NOX2 ex-
pression in burned rats. Finally, NOX4 expression was only
found in blood vessels of the dermis, not in the epidermis.
NOX proteins produce low levels of intracellular ROS
that were found to serve as signaling intermediates. In this
way, NOX2 as well as NOX4 are involved in various cellular
signaling pathways including cell death, cellular differentiation,
and proliferation.?'=33 Chamulitrat et al showed that NOXI,
NOX2, and NOX4 mRNA were constitutively expressed in
human immortalized keratinocytes (HaCaT cells) as detected

from burn-injured rats, at 14 days postburn. (E) The number of
NOX2 positive keratinocytes per mm2 in the basal layer (b) and the
suprabasal layer (s) within control rats (Con), remote skin (internal
control) from burn-injured rats (IC) and burned skin (Burn) at 14
days postburn. Median (“line”); first quartile (Q1) — third quartile
(Q3). *= corrected P < .05.
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Figure 3. Effect of Clinh administration on NOX2 and Ki-67 ex-
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by RT-PCR.!? However, NOX2 and NOX4 protein expres-
sion in keratinocytes was not yet demonstrated on protein
level. In the present study, we presented for the first time that
NOX2 is expressed in keratinocytes in both in healthy skin as
well as in newly forming epidermis after burn injury, while
we did not detect NOX4 in keratinocytes. The lack of NOX4
in keratinocytes in the rat is at odds with the NOX4 mRNA
previously found in HaCaT cells.!> Whether this is related to
a difference in species or whether NOX4 is also absent from
primary nonimmortalized human keratinocytes remains to be
established.

In healthy skin from control rats and remote nonburned
skin from burned rats, NOX2 was mainly expressed in
keratinocytes in the basal epidermal layer. As confirmed with
Ki-67 staining and as expected, virtually all keratinocytes in
the basal layer are proliferating. This suggests that NOX2 may
be involved in keratinocyte proliferation, also under physio-
logical conditions. As NOX2-positive keratinocytes were also
found in the basal layer of newly forming epidermis in burned
rats, NOX2 may also play a role in keratinocyte proliferation
under pathophysiological conditions. The results of a study
by Hara-Chikuma et al who showed in primary keratinocyte
cultures from mice with psoriasis that NOX2-produced ROS
were required for keratinocyte proliferation,'® support such
arole.

The increase in NOX2 expression in the newly forming ep-
idermis was especially evident in suprabasal keratinocytes. As
suprabasal keratinocytes lose the ability to proliferate,!? and
we also did not observe any Ki-67-positive keratinocytes in
this layer, it is unlikely that the increase in NOX2 expression
in the suprabasal layer is associated with keratinocyte prolifer-
ation. Moreover, we did not find any dyskeratotic cells in the
epidermis. Hence we cannot verify a role for NOX2 in kera-
tinocyte apoptosis.

In the present study, we found that Clinh normalized
NOX2 expression in keratinocytes both in the newly forming
epidermis and in the remote nonburned skin of burned rats.
Previously, we showed that treatment with Clinhsignificantly
increased the rate of reepithelialization after burn injury in
rats.?! It is important to note that the reepithelialization of
the burn wounds was ongoing both in Clinh-treated and
nontreated rats, averaging 55 + 4% and 38 = 4% of the sur-
face area of the burn wounds covered with newly formed epi-
dermis, respectively.?! This shows that the normalizing effects
of Clinh on epidermal NOX2 expression were not the result
of a completed reepithelialization. For the moment, it is un-
clear whether Clinh affects NOX2 expression in keratinocytes
in a direct or an indirect manner, for instance, via an inhibitory
effect on inflammation.

In conclusion, our results demonstrate that burn wounds
have increased NOX2 expression in keratinocytes and that
Clinh can avert this. However, this has to be studied further
in order to explore the underlying mechanism in more detail.

from burn-injured nontreated (IC) and burn-injured Clinh-treated
(IC — Clinh) rats, and burned skin from burn-injured nontreated
(Burn) and burn-injured Clinh-treated (Burn — Clinh) rats, at 14
days postburn. Median (“line”); first quartile (Q1) — third quartile
(Q3). *= corrected P < .05. **= corrected P < .01. ***= corrected
P<.001.



432 Korkmasz et al

ACKNOWLEDGEMENTS

The authors gratefully acknowledge financial support from the
Dutch Burns Foundation (DBF), Beverwijk, project 13.104.

REFERENCES

1. Morasso MI, Tomic-Canic M. Epidermal stem cells: the cradle of epi-
dermal determination, differentiation and wound healing. Biol Cell
2005;97:173-83.

2. Pastar I, Stojadinovic O, Yin NC et al. Epithelialization in eound healing: a
comprehensive review. Adv Wound Care (New Rochelle) 2014;3:445-64.

3. Velnar T, Bailey T, Smrkolj V. The wound healing process: an overview of
the cellular and molecular mechanisms. J Int Med Res 2009;37:1528-42.

4. Raja, Sivamani K, Garcia MS, Isseroff RR. Wound re-epithelialization:
modulating keratinocyte migration in wound healing. Front Biosci
2007;12:2849-68.

5. Stojadinovic O, Pastar I, Vukelic S et al. Deregulation of keratinocyte dif-
ferentiation and activation: a hallmark of venous ulcers. J Cell Mol Med
2008;12(6B):2675-90.

6. Chen CT, Shih YR, Kuo TK, Lee OK, Wei YH. Coordinated changes of mi-
tochondrial biogenesis and antioxidant enzymes during osteogenic differ-
entiation of human mesenchymal stem cells. Stem Cells 2008;26:960-8.

7. Diehn M, Cho RW, Lobo NA etal. Association of reactive oxygen species levels
and radioresistance in cancer stem cells. Nature 2009;458(7239):780-3.

8. Finkel T. Signal transduction by reactive oxygen species. J Cell Biol
2011;194:7-15.

9. Hamanaka RB, Chandel NS. Mitochondrial reactive oxygen species regulate
cellular signaling and dictate biological outcomes. Trends Biochem Sci
2010;35:505-13.

10. Hamanaka RB, Glasauer A, Hoover P et al. Mitochondrial reactive oxygen
species promote epidermal differentiation and hair follicle development
Sci Signal 2013;6(261):ra8.

11. Andre-Levigne D, Modarressi A, Pepper MS, Pittet-Cuenod B. Reactive
oxygen species and NOX enzymes are emerging as key players in cuta-
neous wound repair. Int J] Mol Sci 2017;18 (10), pii: E2149:1-28.

12. Chamulitrat W, Stremmel W, Kawahara T et al. A constitutive NADPH
oxidase-like system containing gp9lphox homologs in human
keratinocytes. J Invest Dermatol 2004;122:1000-9.

13. Nam HJ, Park YY, Yoon G, Cho H, Lee JH. Co-treatment with hepato-
cyte growth factor and TGF-betal enhances migration of HaCaT cells
through NADPH oxidase-dependent ROS generation. Exp Mol Med
2010;42:270-9.

14. Stanley A, Hynes A, Brakebusch C, Quondamatteo F. Rho GTPases and
Nox dependent ROS production in skin. Is there a connection? Histol
Histopathol 2012;27:1395-1406.

15. Sun B, Ding R, Yu W, Wu Y, Wang B, Li Q. Advanced oxidative pro-
tein products induced human keratinocyte apoptosis through the NOX-
MAPK pathway. Apoptosis 2016;21:825-35.

16. Bedard K, Krause KH. The NOX family of ROS-generating NADPH
oxidases: physiology and pathophysiology. Physiol Rev 2007;87:245-313.

Journal of Burn Care & Research
March/April 2020

17. Chan EC, Jiang F, Peshavariya HM, Dusting GJ. Regulation of cell prolif-
cration by NADPH oxidase-mediated signaling: potential roles in tissue
repair, regenerative medicine and tissue engineering. Pharmacol Ther
2009;122:97-108.

18. Roy S, Khanna S, Nallu K, Hunt TK, Sen CK. Dermal wound healing is
subject to redox control. Mol Ther 2006;13:211-20.

19. Hara-Chikuma M, Satooka H, Watanabe S et al. Aquaporin-3-mediated
hydrogen peroxide transport is required for NF-xkB signalling in
keratinocytes and development of psoriasis. Nat Commun 2015;6:7454.

20. Fang Q, Guo S, Zhou H, Han R, Wu P, Han C. Astaxanthin protects
against early burn-wound progression in rats by attenuating oxidative
stress-induced inflammation and mitochondria-related apoptosis. Sci Rep
2017;7:41440.

21. Begieneman MP, Kubat B, Ulrich MM et al. Prolonged C1 inhibitor ad-
ministration improves local healing of burn wounds and reduces my-
ocardial inflammation in a rat burn wound model. J Burn Care Res
2012;33:544-51.

22. Davis AE 3rd, Mgjia P, Lu F. Biological activities of C1 inhibitor. Mol
Immunol 2008;45:4057-63.

23. Simone S, Rascio F, Castellano G et al. Complement-dependent NADPH
oxidase enzyme activation in renal ischemia/reperfusion injury. Free
Radic Biol Med 2014;74:263-73.

24. Meyskens FL Jr, Liu-Smith F. Redox-redux and NADPH oxidase (NOX):
even more complicated than we thought it might be. J Invest Dermatol
2017;137:1208-10.

25. Raad H, Serrano-Sanchez M, Harfouche G et al. NADPH oxidase-1 plays a
key role in keratinocyte responses to UV radiation and UVB-induced skin
carcinogenesis. ] Invest Dermatol 2017;137:1311-21.

26. Singel KL, Segal BH. NOX2-dependent regulation of inflammation. Clin
Sci (Lond) 2016;130:479-90.

27. Fonseca LAF, Alves CAXM, Aprahamian I, Pinto CAL. Pemphigus
foliaceus as a differential diagnosis in vesicobullous lesions. Einstein (Sao
Paulo) 2017;15:220-2.

28. Scholzen T, Gerdes J. The Ki-67 protein: from the known and the un-
known. J Cell Physiol 2000;182:311-22.

29. van de Goot F, Krijnen PA, Begieneman MP, Ulrich MM, Middelkoop E,
Niessen HW. Acute inflammation is persistent locally in burn wounds:
a pivotal role for complement and C-reactive protein. J Burn Care Res
2009;30:274-80.

30. Sumimoto H, Miyano K, Takeya R. Molecular composition and regulation
of the Nox family NAD(P)H oxidases. Biochem Biophys Res Commun
2005;338:677-86.

31. Gorlach A, Brandes RP, Nguyen K, Amidi M, Dehghani F, Busse R. A
gp91phox containing NADPH oxidase selectively expressed in endothe-
lial cells is a major source of oxygen radical generation in the arterial wall.
Circ Res 2000;87:26-32.

32. Krijnen PA, Meischl C, Hack CE et al. Increased Nox2 expression in
human cardiomyocytes after acute myocardial infarction. J Clin Pathol
2003;56:194-9.

33. Meischl C, Krijnen PA, Sipkens JA et al. Ischemia induces nuclear NOX2
expression in cardiomyocytes and subsequently activates apoptosis.
Apoptosis 2006;11:913-21.

34. Korkmaz HI, Krijnen PAJ, Ulrich MMW, de Jong E, van Zuijlen PPM,
Niessen HWM. The role of complement in the acute phase response after
burns. Burns 2017;43:1390-9.



