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Abstract

Benzalkonium bromide (BB) has been widely used as a skin antiseptic for

wound management. However, BB had proinflammation and reactive oxy-

gen species (ROS) induction effect, making its role in wound healing com-

plex and unclear. A rat full-thickness skin defect wound model was

established. The effects of BB, povidone iodine (PVP-I), chlorhexidine gluco-

nate (CHG), and normal saline (NS) on wound healing and infection control

were then evaluated based on wound healing rate (WHr) and bacterial kill-

ing. The wound tissues were sectioned for histopathological evaluation and

nuclear factor E2 related factor 2 (Nrf2) expression determination. The ROS

production, Nrf2 activation, and heme oxygenase 1 (HO-1) expression of the

HaCat cells and the cytotoxicity treated with BB were further explored.

Compared with NS, PVP-I, and CHG, BB showed the best wound infection

control efficiency while delayed wound healing with the WHr of 91.42

± 5.12% at day 20. The wound tissue of the BB group showed many inflam-

matory cells but few granulation tissue and capillaries and no obvious colla-

gen deposition, resulting in the lowest histopathological scores of 4.17

± 0.75 for BB group. BB showed higher cytotoxicity on HaCat cells with the

lowest IC25, IC50, and IC75 of 1.90, 4.16, and 9.09 g/mL compared with

PVP-I and CHG. TUNEL staining evaluated the cytotoxicity of BB on wound

tissue, which indicates the high apoptosis index BB group (5.05 ± 1.77).

Compared with PVP-I and CHG, BB induced much more cell apoptosis. The

results of flow cytometry and fluorescence staining showed that PVP-I,

CHG, and BB induced ROS production in a concentration-dependent man-

ner and cells treated with BB had the highest ROS production at the same

inhibition concentration. The cells and the wound tissues treated with BB

showed highest Nrf2 activation and HO-1 expression than PVP-I and CHG.

BB was highly efficient in wound infection control while delayed wound

healing. The prolonged and strengthened inflammation and the raised ROS

production originating from BB administration may contribute to delayed

wound healing.
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1 | INTRODUCTION

Wound management is a common problem in clinical
work and wound related complications are a major cause
of mortality. Wound threaten global public health and
increase medical costs worldwide.1-3 Wound healing is a
complex and dynamic physiological process that is often
divided into four distinct phases: haemostasis, inflamma-
tion, proliferation, and remodelling. The complexity of
wound healing makes it vulnerable to interruption. Many
intrinsic and extrinsic factors, which can affect physiologic
responses and cellular function can affect wound healing,
including infection, blood supply, age, nutrition, and
health status.4,5 Among them, infection can delay or pre-
vent the healing of different types of wounds.6,7 Therefore,
controlling wound infection is an effective approach to
promote wound healing. Oral or topical antibiotics can
effectively control wound infection. However, the micro-
bial spectrum controlled by antibiotics is often relatively
narrow. Besides, an increasing emergence of resistance to
topical and systemic antibiotics has been observed. The
emergence of multidrug-resistant bacteria and methicillin-
resistant Staphylococcus aureus has reduced the efficiency
of antibiotics in wound infection control. Microbial colo-
nies in wounds often produce a biofilm, consisting of a
polysaccharide extracellular matrix, to protect themselves.
This can significantly reduce the bactericidal activity of
antibiotics.8,9 So, an efficient alternative strategy must be
developed for wound infection control.

Antiseptics are commonly used for wound infection
control and have the advantages of low cost and wide
antimicrobial activity.10 Because they kill bacteria
through a variety of mechanisms, skin antiseptics rarely
lead to bacterial resistance.8 Antiseptics also provide bet-
ter wound infection control because they can penetrate
biofilms, necrotic tissue, and scabs. Although some anti-
septics have shown poor tissue tolerance, the use of new
stabilisers and carriers has greatly improved their bio-
compatibility and tolerance.11 The latest World Health
Organization (WHO) guidelines state that skin antiseptics
should be used in preparation for surgery and antibiotics
should be avoided.12

A variety of skin antiseptics have been used for
wound infection control, including povidone iodine
(PVP-I) and chlorhexidine gluconate (CHG).13 PVP-I is
an iodine-containing chemical complex that is widely
used. It can slowly release free iodine to kill bacteria.
Unlike the traditional iodine antiseptics, PVP-I is much

less irritating. It is stable, non-cytotoxic, a non-sensitiser,
and has a low potential for developing drug resistance
bacteria.10 CHG is a biguanide chlorobenzene and a cat-
ionic surfactant with strong antimicrobial effects and a
broad antimicrobial spectrum. The good biocompatibility
of CHG favours its use for skin disinfection, oral, and
dental practice.14,15 Although normal saline (NS) has no
bactericidal effect, many studies have demonstrated that
NS irrigation has an anti-infection effect on wound sur-
faces, making it to be an ideal candidate for wound infec-
tion control in clinical work.16

Benzalkonium bromide (BB) is a quaternary ammo-
nium cationic surfactant. BB has lipophilic properties

Key Messages

• benzalkonium bromide (BB) has been widely
used as skin antiseptic for wound manage-
ment, while some studies have demonstrated
that BB had toxic effect on mammalian cells,
making its role in wound healing complex and
unclear. So, we evaluated the overall effect of
BB on wound healing and further explored its
mechanism

• sixty male Sprague Dawley rats were used for
wound healing model establishment. The
effects of BB, povidone iodine (PVP-I), chlor-
hexidine gluconate (CHG), and normal saline
(NS) on wound healing and infection control
were discussed based on wound healing rate
and bacterial killing. The wound tissues were
sectioned for HE, Masson and TUNEL
staining, and immunohistochemical staining
for nuclear factor E2 related factor 2 (Nrf2)
expression determination. The cytotoxicity of
BB, PVP-I, CHG, and NS on HaCat cells and
the reactive oxygen species (ROS) production,
Nrf2 activation, and heme oxygenase 1 expres-
sion of the cells were further explored

• although BB is highly efficient in wound infec-
tion control, it shows negative overall effect on
wound healing. The prolonged and strength-
ened inflammation and the raised ROS produc-
tion may contribute to delayed wound healing
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allowing it to intercalate into the lipid layer of the cell
membrane, changing the ionic resistance and boosting
membrane permeability or even rupturing the cell mem-
brane. This causes leakage of the cell contents and the
death of microorganisms.17 Because of its bactericidal
effect, BB has been widely used as a skin antiseptic and a
preservative for eye drops. Compared with PVP-I and
CHG, BB is of low bactericidal concentration and lacks an
unpleasant smell. BB is colourless, making it easier to
determine the wound status after BB irrigation.18,19 How-
ever, BB may have cell toxicity because of its destructive
effects on cell membrane integrity. BB can also activate
excessive local inflammatory responses for cancer therapy.20

The cytotoxicity of benzalkonium chloride (BAC), which is
an analogue of BB and an eye drop preservative, has been
studied. BAC has a very strong proapoptotic effect on con-
junctival cells.21 BAC can also induce the release of cyto-
chrome C to activate caspase-9 and caspase-3 pathways,
resulting in cell apoptosis. BB and BAC can produce reac-
tive oxygen species (ROS) in cells, leading to oxidative stress
on tissues and damage to normal and tumour tissues.17,22

These findings indicate that the role of BB in wound healing
is complex and unclear. Its overall effect on wound healing
and its mechanism of action deserve further study.

In this study, we explored the topical effect of BB on
wound healing compared with NS and other commonly
used antiseptics. In addition, we further examined the
potential cellular and molecular mechanisms of BB on
wound tissues and HaCat cells.

2 | MATERIALS AND METHODS

2.1 | Materials

BB, PVP-I, and CHG were purchased from Lircon
(Shandong, China). Masson staining solution was obtained
from Jiancheng Bioengineering Institute (Nanjing, China).
The In Situ Cell Death Detection Kit was purchased from
Roche (Basel, Switzerland). Radio immunoprecipitation
assay (RIPA) lysis buffer, protease inhibitor cocktail (for
mammalian cell and tissue extracts), bicinchoninic acid
(BCA) protein assay kit, and Count Kit-8 (CCK-8) was
obtained from Beyotime Biotechnology Company (Beijing,
China). Anti-human nuclear factor E2 related factor
2 (Nrf2) antibody (ab62352), anti-rat Nrf2 antibody
(ab137550), anti-human Nrf2 (phosphoS40) antibody
(ab76026), and anti-human heme oxygenase 1 (HO-1) anti-
body (ab68477) were all purchased from Abcam (Cam-
bridge, United Kingdom). Actin beta (ACTB) Rabbit
monoclonal antibody was obtained from Abclonal (Wuhan,
China). Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Sec-
ondary Antibody-Alexa Fluor 647 was purchased from

Thermo Fisher Scientific (Waltham, Massachusetts). Goat
anti-Rabbit diaminobenzidine (DAB) antibody was pur-
chased from R&D systems (Minneapolis, Minnesota). Mini-
mum essential medium (MEM) and penicillin/streptomycin
were purchased from Hyclone (Logan, Utah). Foetal bovine
serum (FBS) was obtained from Scitecher (Beijing, China).
ROS Fluorescent indicator (H2DCFDA) was purchased
from Tocris Bioscience (Bristol, United Kingdom). Phospha-
tidylcholine, Tween 80, and agar medium were obtained
from Solarbio (Beijing, China).

2.2 | Animal model of wound healing
and antiseptics treatment

Under the permission of the Animal Welfare and Ethics
Committee of the Army Medical University, 60 male
Sprague Dawley rats with a body weight of 200 ± 20 g
were used for wound healing model establishment. The
rats were purchased from Chongqing TengXin Biotech-
nology Co. and maintained in the experimental animal
centre of the XinQiao hospital. Rats were kept at 23
± 1�C and a relative humidity of 50 ± 10% under con-
trolled light conditions (12:12 hours, L:D) following the
3R principle. Food and water were freely available.

After rats were anaesthetised by intraperitoneal injec-
tion of pentobarbital sodium (32.5 mg/kg body weight)
and skin preparation, a circular mark (18 mm in diame-
ter) was pressed onto the dorsal interscapular area per-
pendicular to the skin, and the full-thickness skin within
the circular area was cut off along the indentation. After
successfully modelling, the rats were divided into four
groups. The control group received NS treatment, while
the wounds of the other three groups were irrigated with
2 g/L BB, 0.5 g/L PVP-I, and 0.2% CHG once a day. At
6 and 9 day after treatment, five rats in each group were
euthanised and their wounds were excised for histopath-
ological and immunohistochemical assays. The wounds
were photographed with a Nikon D90 camera (Tokyo,
Japan) every day and then analysed with ImageJ
software.

When the wounds reached epithelialisation with no
moist granulation tissue and no obvious exudation, the
wounds were regarded as healed. The wound closure was
used for determining wound healing rate (WHr) and cal-
culated according to the following formula (day 0 is the
modelling day).

Wound closure %ð Þ
=
Wound area onday 0−Wound area on the indicated day

Wound area onday 0

× 100%
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2.3 | Histopathological evaluation of
wound tissues

For the histopathological assay, the tissues were fixed in
4% paraformaldehyde, dehydration, transparency,
waxing, embedding, sectioning, and then stained with
haematoxylin-eosin. Masson staining was also performed,
according to manufacturer instructions, to observe tissue
collagen. Two pathologists scored the tissues based on
granulation tissue, degree of epithelialisation, amount of
collagen deposition, number of inflammatory cells, and
angiogenesis.23 The TUNEL method was used for the
apoptosis measurement and the apoptosis index (AI) was
calculated as follows:

AI %ð Þ= number of apoptosis cells
total number of cells

× 100%

For determination of Nrf2 expression, paraffin sec-
tions of wound tissue were first dewaxed. After closure
with H2O2, the sections were incubated with rabbit anti
rat Nrf2 antibody (1:250) overnight at 4�C and biotin
labelled goat anti rabbit IgG for 30 minutes. After DAB
chromogenic and haematoxylin staining, the tissues were
observed and photographed using Olympus BX63 micro-
scope (Olympus, Tokyo Japan).

2.4 | Bacterial killing on wound surface

Six hours after modelling, sterile swabs were used to sample
the wounds before and after application of 2 g/L BB, NS,
0.5 g/L PVP-I, and 0.2% CHG. The sampled swab head was
cut and placed into 5 mL HEPES (N-2-hydro-
xyethylpiperazine-N-2-ethanesulfonic acid) buffer con-
taining 0.14% (wt/vol) lecithin and 1.0% (wt/vol) Tween-80,
and the mixtures were rotated for 20 seconds to form a bac-
terial suspension. The suspensions were then diluted 10-,
100-, and 1000-fold and inoculated on a non-selective agar
plate. After 48 hours incubation at 37�C, the number of col-
onies was counted. The killing rate (Kr) and killing loga-
rithm value (KI) were used for the evaluation of the effect of
NS, PVP-I, BB, and CHG for infection control, which was
calculated as follows: Kr = (number of colonies before
− number of colonies after)/number of colonies
before × 100%, KI = logarithm value of colonies before
− logarithm value of colonies after.

2.5 | Cell viability

Human immortalised keratinocyte HaCat cells were used
for cell experiments. HaCat cells were purchased from

Shanghai Cell Bank of Chinese Academy of Sciences and
routinely cultured under standard conditions (humidified
atmosphere of 5% CO2 at 37�C) in complete growth
medium, which was composed of 85% MEM, 15% FBS, and
penicillin (100 U/mL)/streptomycin (100 g/mL). The 75%
inhibitory concentration (IC75), 50% inhibitory concentra-
tion (IC50), and 25% inhibitory concentration (IC25) of BB,
PVP-I, and CHG on HaCat cells were determined by the
CCK-8 kit. Briefly, the HaCat cells were seeded into 96-well
plates at a concentration of 104 /100 μL and incubated over-
night for cell adherence. Then, BB, PVP-I, and CHG were
diluted to corresponding concentrations with complete
growth medium (0.42, 0.70, 1.17, 1.94, 3.24, 5.40, 9.00, 15.00,
and 25.00 mg/L for BB; 4.75, 6.33, 8.44, 11.25, 15.00, and
20.00 mg/L for PVP-I; 1.69, 2.64, 4.12, 6.44, 10.07, 15.73,
24.58, 38.40, and 60.00 mg/L for CHG). After removing the
original growth medium, 100 μL mediums with different
concentrations of BB, PVP-I, and CHG were added into
96-well plates successively. After 4 hours of culturing, the
medium in the 96-well plates was removed, and 100 μL of
mixed medium containing 90 μL fresh complete growth
medium and 10 μL WST-8 was added. After 1.5 hours of
additional incubation, the absorbance of each well was mea-
sured with Thermo Scientific Varioskan LUX (Waltham,
Massachusetts). The IC75, IC50, and IC25 of BB, PVP-I, and
CHG were calculated using GraphPad Prism 8.

2.6 | ROS production, Nrf2 activation,
and HO-1 expression analysis

For ROS analysis, HaCat cells were planted in a six-well
plate. After adherence, the original medium was replaced
with the medium containing BB, PVP-I, and CHG at the
concentration of IC25, IC50, and IC75. After 4 hours of
incubation, the medium was removed and fresh complete
growth medium containing 10 μM H2DCFDA probes was
added and cells were incubated for an additional
40 minutes. Cells were observed and photographed
directly using the Incucyte Live cell imaging and analysis
system (Ann Arbor, Michigan), and then collected for
ROS detection by flow cytometry (BD Biosciences, San
Jose, California). FlowJo software was used to analyse the
mean fluorescence intensity (MFI).

For Nrf2 activation analysis, HaCat cells were first
planted in confocal dishes overnight. Then, the cells were
cultured with complete growth medium containing BB,
PVP-I, and CHG at a concentration of IC25, IC50, and
IC75 for 4 hours. The medium was then removed and
cells were fixed, membrane penetrated, and closured in
sequence. After incubation with primary antibody and
secondary antibody, the cells were re-stained with 40, 60-
diamidino-2-phenylindole (DAPI), and then observed
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and photographed under a laser confocal microscope
(Zeiss LSM 880; Carl Zeiss, Jena, Germany).

Nrf2 activation and HO-1 expression were analysed
with western blotting. When the cells were attached to
culture flask, fresh complete medium mixed with BB,
PVP-I, and CHG at a concentration of IC25, IC50, and
IC75 was added. After 4 hours of incubation, cells were
broken for protein extraction using lysates and protease
phosphatase inhibitors. The expressions of Nrf2, pNrf2,
and HO-1 were determined using western blotting analy-
sis following the procedure described previously. The
cells cultured in the complete growth medium containing
NS were used as the control for the ROS production, Nrf2
activation, and HO-1 expression analysis.

2.7 | Statistical analysis

A generalised linear mixed model was used to evaluate the
wound healing from repeated observations. A Student's t test
was used to compare the measurement data of two groups,
and a one-way analysis of variance with Bonferroni's post hoc
test was used for multiple comparisons. For non-normally
distributed data, we used the Kruskal-Wallis followed by
Dunn's post hoc test for statistical analysis. P < .05 was

considered to be statistically different. All statistical work was
performed using SPSS software (V20.0.0, IBM Co.).

3 | RESULTS

3.1 | Wound healing

The wounds healed and the wound area of every group
decreased gradually over time. Compared with the NS
group, wound healings were all delayed by different
degrees after PVP-I, BB, and CHG irrigation (Figure 1A-C).
Within the first 10 days, the WHr of each group were sig-
nificantly different (P < .01). At day 20, the WHr of NS,
PVP-I, BB, and CHG group reached 99.62 ± 0.54%, 92.26
± 8.06%, 91.42 ± 5.12%, and 95.5 ± 1.95%, respectively.
The generalised linear mixed model estimated that the
WHr of the NS, PVP-I, BB, and CHG groups was 94.35
± 1.13%, 82.72 ± 1.13%, 77.11 ± 1.20%, and 84.69 ± 1.13%
(Figure 1C). The WHr of PVP-I, BB, and CHG group were
all significantly lower than that of NS group (P < .01) with
the estimated values of −11.63 ± 1.60, −17.25 ± 1.65, and
−9.67 ± 1.60, respectively. Different from PVP-I and CHG
group, which had a similar effect on wound healing
(P = .219), BB delayed the wound healing significantly

FIGURE 1 Effect of BB, PVP-I, CHG, and NS on wound healing and infection control. A, Photographs of wounds in each group. B, The

wound healing rate within 20 days of BB, PVP-I, CHG, and NS treated wound. C, Estimated mean values and statistical analysis using a

generalised linear mixture model (the red lines in the rhomboids indicates significant difference (P < .05); the blue line indicates no

significant difference). D, The killing rate and killing logarithm value of BB, PVP-I, CHG, and NS (*P < .05; **P < .01)
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(Figure 1C). In addition, the skin of the rats was severely
corroded after irrigation with undiluted BB (30 g/L)
(Figure S2).

3.2 | Histopathology

For the microscopic evaluation of wound healing and
mechanism exploration, histopathological analysis of
wound tissue was conducted. HE and Masson staining
results are shown in Figure 2A. At day 9, inflammatory
cell infiltration in the NS group had subsided. A medium
thickness granulation tissue, many fibroblasts, and exten-
sive neovascularisation were seen within the wound tis-
sue. Many epithelial cells migrated from the margin to the
centre and formed an epithelial tongue. Meanwhile, there
was substantial collagen deposition within the wound.
The sections of PVP-I and CHG groups were of the similar
microscopic image, and contained more inflammatory
cells and fewer capillaries, granulation tissue, fibroblasts,
and collagen than the NS group. The wound tissue of the
BB group showed a comparable number of inflammatory
cells with PVP-I and CHG group, but they had much less
granulation tissue and new capillaries and no obvious col-
lagen deposition. After evaluation by two pathologists, the
scores of wound tissues from the NS, CHG, PVP-I, and BB
groups were 6.83 ± 0.75, 5.67 ± 0.82, 5.17 ± 0.7, and 4.17
± 0.75, respectively. Compared with the NS group, the
scores of CHG, PVP-I, and BB group were significantly
lower (P < .05) and the tissue of the BB group received the
lowest score (P < .01) (Figure 2B). Figure 2C shows the

TUNEL staining of the wound tissues and indicates that
the AI of PVP-I, CHG, and BB group (1.47 ± 0.65, 2.25
± 0.67, and 5.05 ± 1.77) were much higher than that of
the NS group (0.92 ± 0.35). Compared with PVP-I and
CHG, BB induced much more cell apoptosis (P < .01)
(Figure 2D).

3.3 | Bactericidal analysis

Figure 1D shows the KI and Kr of NS, PVP-I, CHG, and
BB. The KI were 4.37 ± 0.38, 4.33 ± 0.52, and 4.37 ± 0.46
for PVP-I, CHG, and BB, which were much higher than
that of NS (1.32 ± 0.19), indicating better their bacteri-
cidal effect. Although the KI of NS was significantly
lower, its Kr was still more than 95%, indicating satisfac-
tory wound infection control efficiency. There was no
wound infection for all the wounds from any group dur-
ing the whole wound healing process, suggesting that NS,
PVP-I, CHG, and BB were all satisfactory for wound
infection control (Figure 1D).

3.4 | Cytotoxicity and ROS analysis

To further explore the influence on wound healing and
the possible mechanism, we evaluated cytotoxicity of NS,
PVP-I, CHG, and BB on HaCat cells and quantified the
intracellular ROS production of the treated cells. BB,
CHG, and PVP-I had obvious concentration-dependent
cytotoxicity on HaCat cells, while NS had no obvious

FIGURE 2 Histopathological evaluation of wound tissues. A, HE (10×) and Masson staining (4×) of wound tissues. The black dotted

line is the wound edge. B, Histopathological score of wound tissues. C, The TUNEL staining of wound tissues. D, Apoptosis rate of the

wound tissues in each group. ***: significant difference compared with NS group (P < .01)
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toxic effect. Increased treatment concentration of BB,
CHG, and PVP-I decreased cell viability. Compared with
PVP-I and CHG, the cells treated with BB at the same
concentration showed lower viability. The IC75 of BB,
CHG, and PVP-I on Hacat cells were 9.09, 19.52, and
12.13 g/mL, IC50 was 4.16, 10.01, and 8.71 g/mL, IC25
was 1.90, 5.14, and 6.26 g/mL, respectively (Figures 3A
and S1).

The intracellular ROS production of cells treated with
NS, PVP-I, CHG, and BB with different concentrations
was quantitatively determined by flow cytometry
(Figure 3B,C). PVP-I, CHG, and BB induced more ROS
than NS in HaCat cells. With increasing concentration,
the production of ROS increased in each group. After
co-incubation with the same inhibition concentration
(IC25, IC50, or IC75), cells treated with BB had the

FIGURE 3 Viability and

reactive oxygen species (ROS)

production analysis of BB,

PVP-I, CHG treated cells. A,

Growth inhibition curves of cells

based on CCK-8 analysis. B, ROS

production of cells detected by

flow cytometry. C, Mean

fluorescence intensity of

H2DCFDA probe in cells. D,

Fluorescence images of cells

after H2DCFDA probe staining.

**P < .01; ***P < .001
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highest ROS production. Cells showed significant ROS
induction when treated with BB concentrations as low as
IC25. After treatment with a BB concentration of IC75
for 4 hours, the MFI value of ROS in HaCat cells was
15 754 ± 671.7, which was significantly higher than that
of cells treated with NS, PVP-I, and CHG with a concen-
tration of IC75 (P < .001). Fluorescence imaging of cells
verified the quantitative analysis of ROS by the flow

cytometer. PVP-I, CHG, and BB at different concentra-
tions induced the production of ROS in cells (Figure 3D).
However, cells co-incubated with BB at concentrations of
IC25, IC50, or IC75 showed higher ROS production than
PVP-I and CHG at the same inhibition concentration.
Flow cytometry analysis and fluorescence images both
showed that no significant ROS production occurred in
cells treated with NS (Figure S3).

FIGURE 4 Nrf2 activation and HO-1 expression analysis. Immunofluorescent staining of activated Nrf2 in HaCat cells treated with BB,

PVP-I, CHG, A, and NS and the negative control, B. C, Mean fluorescence intensity of pNrf2 in the nucleus measured using ImageJ. D,

Immunohistochemical staining of Nrf2 in wound tissues. The black dotted line indicates the wound edge. E, Positive cell rate based on the

Nrf2 immunohistochemical staining. F, The expressions of Nrf2, pNrf2 and HO-1 in HaCat calls determined by WB. *P < .05;

**P < .01; ***P < .001
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3.5 | Nrf2 activation and HO-1
expression analysis

Expression and location of Nrf2 can indirectly reflect
the degree of oxidative stress in tissues and cells.24 We
evaluated the expression and activation of Nrf2 to
determine the oxidative stress of wound tissues and
treated cells indirectly. Figure 4A shows laser confocal
microscopy images of cells treated with PVP-I, CHG,
and BB at concentrations of IC25, IC50, and IC75.
Nrf2 activation and translocation are present in all the
cells treated with PVP-I, CHG, and BB at concentra-
tions of IC25, IC50, and IC75. With increased concen-
tration, more Nrf2 were activated and translocated
into the nucleus of the treated cells. Compared with
PVP-I and CHG, the cells incubated with BB at the
same inhibition concentration had much higher Nrf2
activation (Figure 4A,C). In contrast, there was no
obvious Nrf2 activation detected and the inactivated
Nrf2 was located within the cytoplasm surrounding
the nucleus in the NS group (Figure 4B). The cells
treated with a high concentration of BB (IC75) showed
morphological changes of the nucleus.

Nrf2 activation was found in rat wound tissues
using immunohistochemical staining (Figure 4D). At
day 6, obvious Nrf2 activation was seen in the wound
tissues irrigated with PVP-I, BB, and CHG, while no
Nrf2 activation was detected in the NS group. The BB
irrigated wound showed a higher level of Nrf2 activa-
tion than the PVP-I and CHG irrigated wounds. Using
the ImageJ software, we obtained the Nrf2 activation
positive cell rates of the wound tissues treated with
NS, PVP-I, BB, and CHG, which were 19.36 ± 2.81%,
35.43 ± 4.86%, 53.42 ± 4.26%, and 37.53 ± 3.67%,
respectively. These data indicated that the highest Nrf2
activation was in the BB treated wound (P < .01)
(Figure 4E).

After translocation into the nucleus, the activated
Nrf2 usually binds antioxidant response elements to pro-
mote the expression of several antioxidant enzymes,
including HO-1.25 Therefore, we evaluated the expression
of Nrf2, pNrf2, and HO-1 in HaCat cells treated with
NS, PVP-I, CHG, and BB using western blotting to show
the oxidative stress state of cells (Figure 4F). Compared
with NS, all the cells treated with PVP-I, CHG, and BB
at concentrations of IC25, IC50, and IC75 showed an
upregulated expression of Nrf2, pNrf2, and HO-1. With
increased concentration, the cells incubated with PVP-I,
CHG, and BB showed greater expression of Nrf2, pNrf2,
and HO-1. Compared with PVP-I and CHG, BB induced
more Nrf2, pNrf2, and HO-1 expression at the same
concentration.

4 | DISCUSSION

Wound healing is a complex process governed by sequen-
tial yet overlapping phases that are characterised by dif-
ferent biological events. Many factors influence wound
healing, including ischaemia, infection, foreign bodies,
oedema, and infection is one of the most important fac-
tors.26 Local wound infection can prevent healing by
prolonging and strengthening the inflammation. The
microorganisms colonised within the wound can also
interfere with epithelialisation, contraction, and collagen
deposition. In addition, the endotoxins from bacteria will
stimulate phagocytosis and the release of collagenase,
resulting in the degradation and destruction of pre-
existing normal collagen and tissues.6 The local hypoxia
originating from wound contamination can suppress
macrophage regulated fibroblast proliferation and delay
or suspend wound healing.27 Therefore, wound infection
control has been a crucial part of wound management.

Antiseptics have been used for wound treatment for
centuries.9 However, because of the toxicity of Lister's car-
bolic wound spray and the introduction of the antibiotic
penicillin G, antiseptic use for wound infection control
declined for many decades. The development of effective
and well-tolerated antiseptic substances and the emergence
of multidrug resistant organisms have ushered in a new era
for antiseptics.18 Many kinds of antiseptics are now used
for daily clinical work, including octenidine
dihydrochloride, polyhexanide, PVP-I, CHG, and quater-
nary ammonium compounds.12 Although sufficient evi-
dence is generally lacking for optimal choice of antiseptics
to prevent wound infections and treat wounds, some guide-
lines recommend particular antiseptics for the treatment of
specific wound. BB is a quaternary ammonium compound
used at low bactericidal concentrations. It lacks an unpleas-
ant smell and is clear making it desirable for wound infec-
tion control. However, some studies have demonstrated
that BB can have a toxic effect on mammalian cells, mak-
ing it less desirable for wound healing.28 The application of
BB for wound management is now controversial.

Antimicrobial activity is particularly desirable in anti-
septics. We evaluated the wound infection control effi-
cacy of BB using a rat wound model. Although the Kr of
BB, PVP-I, and CHG were all nearly 100%, the KI of BB
was slightly higher than that of PVP-I and CHG (4.373 vs
4.37 and 4.333), indicating that BB was more effective in
wound infection control. However, after irrigation with
BB, PVP-I, and CHG, the wound healings were all del-
ayed compared with the NS group and the wound treated
with BB had the lowest WHr of 91.42 ± 5.12% at day 20.
The overall impact of BB administration was judged to be
negative for wound healing.
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Many coordinated biological events are involved in
wound healing, including inflammation. Although
inflammation is an inevitable stage of wound healing and
an appropriate inflammatory response usually benefits
the wound healing, prolonged, and intensified inflamma-
tion is a hallmark characteristic of delayed wound
healing.5,29 We evaluated the inflammation of the wound
bed using HE staining. At day 9, inflammatory cell infil-
tration in NS group had subsided, while a large number
of inflammatory cells were observed in the wounds
treated with antiseptics, especially with BB. This phe-
nomenon is reasonable because BB can induce IL-2,
IL6, and IL-8 secretion and further activate the inflam-
matory response.21 Because of the prolonged inflamma-
tion phase and failed progression into the next
scheduled phase, the formation of capillaries, granula-
tion tissue, fibroblasts, and collagen in the BB group
was reduced compared with the much less NS, PVP-I,
and CHG groups. Because of the pro-inflammation
effect, BB has been used as a potential instillation drug
for bladder cancer therapy.20

Excessive ROS may cause cell damage or cell death
and be involved in the occurrence and development of
many diseases, including diabetes, hypertension, and
Alzheimer's disease.30 BB or BAC administration can
induce the production of ROS in different cells and pro-
duce cell apoptosis and necrosis.31 ROS may also play a
role in the BB related wound healing delay. In this study,
cytotoxicity analysis of BB on HaCat cells showed that
BB had higher cytotoxicity than PVP-I, CHG, and
NS. Cells treated with BB showed the highest ROS pro-
duction. High ROS levels usually produce oxidative stress
in the cell. During oxidative stress, the Nrf2 expression
will increase and the Nrf2 located in the cytoskeleton will
separate from kelch-like ECH-associated protein
1 (Keap1). Then, the free Nrf2 will translocate into the
nucleus to activate the expression of antioxidant genes
and phase II detoxification enzymes, including HO-1,
maintaining the intracellular oxidation-reduction homeo-
stasis.25,32 We further evaluated the Nrf2 activation and
HO-1 expression of the treated cells and wound tissues.
Fluorescence imaging of pNrf2 and western blotting of
HO-1 confirmed the oxidative stress of BB treated cells
indirectly. Correspondingly, The BB irrigating wound
showed the highest level of Nrf2 activation. The delayed
wound healing of BB probably resulted from its pro-
inflammation and ROS induction effects.

5 | CONCLUSION

We evaluated the efficacy of BB on wound healing
in vitro and in vivo. BB showed better KI and comparable

Kr to PVP-I and CHG, indicating that BB was more effec-
tive in wound infection control. However, BB delayed
wound healing and showed an overall negative effect on
wound healing. The prolonged and strengthened inflam-
mation and the raised ROS production originating from
BB administration may result in the apoptosis of epider-
mis cells and the less formation of capillaries, granulation
tissue, fibroblasts, and collagen. These effects contribute
to delayed wound healing.
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