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ABSTRACT
For the past 20 years, super-oxidised solutions (SOSs) have been shown to be potent antimicrobials and
disinfectants via oxidative damage. However, the potential toxicity of SOSs on eukaryotic cells has not been
documented in vitro. This is relevant because oxygen and chlorine reactive species may possibly induce ageing
and irreversible cellular dysfunctions that eventually produce cell death. The present study investigates the
cytotoxicity and oxidative stress induced by a novel, pH-neutral SOS (i.e. Microcyn�, MCN) on young, primary
diploid – human dermal fibroblast (HDF) cultures. For this purpose, hydrogen peroxide (HP) was used as a positive
control of oxidative damage. When these solutions were used at concentrations indicated for wound care (i.e.
undiluted MCN or 880 mM HP), HP was significantly more toxic than MCN. After 5 and 30 minutes of exposure,
cell viability was 38% and 5%, respectively, in 880 mM HP-treated cells versus 75% and 70% in MCN-treated
populations, respectively. HP induced both apoptosis and necrosis, whereas MCN induced only necrosis.
Genotoxic and ageing studies were then conducted at sublethal HP concentrations as previously reported in the
literature. Cellular DNA and RNA were partially degraded only in HDFs exposed to 500 mM HP for 30 minutes but
not in those exposed to undiluted MCN. At this same concentration, HP induced the formation of 8-hydroxy-
2#deoxyguanosine adducts in HDFs but this effect was neither observed in control- nor observed in MCN-treated
cells. HDFs were further exposed to 5 mM HP or 10% MCN for 1 month. The expression of senescence-
associated-b-galactosidase was only significantly elevated in cells chronically exposed to 5 mM HP. Altogether,
these results show that MCN is significantly less cytotoxic than antiseptic HP concentrations (i.e. 880 mM) and
that, in vitro, it does not induce genotoxicity or accelerated ageing.
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INTRODUCTION
Super-oxidised solutions (SOSs) are elec-

trochemically processed aqueous solutions

manufactured from pure water and salt (e.g.

USP-grade sodium chloride, NaCl). During

the electrolysis process, molecules are dissoci-

ated and reactive species of chlorine and

oxygen are formed. These species can poten-

tially damage nucleic acids, proteins or lipids

(1). For example, oxygen free radicals such as

superoxide (•O2
�) and the hydroxyl radical

(•OH) could react directly with proteins and

other macromolecules to produce carbonyls

(aldehydes and ketones), cross-linking and

lipid peroxidation (2). Others like hydrogen

peroxide (H2O2) and hypochlorite (OCl�) are

not themselves free radicals but these oxygen-

containing molecules can facilitate free-radical

formation (3).

Key Points
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For the past 20 years, SOSs have been shown

to be potent antimicrobial agents (4). They

have already been tested as disinfectants for

instruments and hard inanimate surfaces (5,6).

The literature also describes applications for

human beings in various clinical disorders

(7,8). A pH-neutral SOS (Microcyn�, MCN),

for example, is used as a wound care product

in various countries. This is a hypotonic

solution with an osmolarity of 13 mOsm and

known chemical species including super-

oxidised water (99�98%), hypochlorous acid,

sodium hypochlorite and sodium chloride at

pH 7�2–7�8. Because of its high oxidation–

reduction potential (ORP . 800), MCN effi-

ciently kills bacteria, fungi, viruses and even

spores in seconds to minutes depending on the

type of test (i.e. suspension or carrier tests) (9).

The mechanism of action for MCN eradica-

tion of various micro-organisms has not been

fully defined but it involves a two-step pro-

cess: MCN alters the integrity of the bacterial

cell wall – or the viral capsids – because of its

high ORP. Cell lysis occurs via the osmotic

pressure imbalance between the cell and the

(hypotonic) MCN solution. Using contrast

microscopy, bacterial swelling is observed

within the first 30 seconds of exposure to

MCN followed by bacterial cell rupture (10).

MCN does not induce skin sensitisation or

irritation in animal studies despite its high ORP

and antimicrobial activity (11). A major concern,

however, has been the potential oxidative

damage to human cells. Therefore, the effects

of MCN on cell viability and oxidative stress

in young primary diploid – human dermal

fibroblast (HDF) cultures, as measured by

8-hydroxy-2#deoxyguanosine (8-OHdG) adducts,

nucleic acid stability and ageing process, were

evaluated in this study. HDFs were thus

exposed to different concentrations of MCN

and hydrogen peroxide (HP). HP was used as

a positive control of oxidative stress.

MATERIALS AND METHODS

Chemicals
All chemicals and reagents were of analytical

grade and were purchased from Sigma Chem-

ical Co. (St Louis, MO). MCN was purchased

commercially. This is a hypotonic solution with

an osmolarity of 13 mOsm and known chemical

species including super-oxidised water (99�98%),

hypochlorous acid (0�00252%), sodium hypo-

chlorite (0�00357%) and sodium chloride

(0�0105%) at pH 7�2–7�8. The total free available

chlorine in the solution ranges from 50 to 80

p.p.m. Several other reactive species are also

generated in trace amounts during its produc-

tion including ozone, HP and chlorine dioxide.

However, the latter compounds are unstable and

are not measurable in the final product.

Cell culture
HDFs were isolated from normal human neo-

natal foreskin. Informed consent was obtained

from both parents of the child (Hospital Angeles

del Pedregal, Mexico City, Mexico). The isolated

tissue was washed three times in phosphate-

buffered salt solution (PBS 1�) containing 1500

U/ml of penicillin/streptomycin (Sigma Chem-

ical Co.). Foreskin slices were incubated for 4

hours at 37�C under sterile conditions in 0�3%

collagenase (CLS-2; Worthington Biochem,

Lakewood, NJ) in Dulbecco‘s modified Earl’s

medium (DMEM; GIBCO, Carlsbad, CA) con-

taining 2 mM L-glutamine and 1500 U/ml

penicillin/streptomycin/antimicotic (Sigma).

After incubation, cells and tissue debris were

removed by centrifugation at 800 g for 5 min-

utes. The pellet was re-suspended in DMEM

supplemented with 2 mM of L-glutamine, 1500

U/ml penicillin/streptomycin/antimicotic sup-

plemented (complete media) with 10% foetal

bovine serum (FBS; GIBCO). The filtrate was

seeded onto 75 cm2 tissue culture flasks (Nunc-

International, Rochester, NY). All cell cultures

were kept at 37�C with 5% CO2. Twenty-four

hours later, cultures were washed three times

in sterile saline solution (0�9% NaCl) for the

removal of red blood cells.

Cell cycle analysis
This assay was used to evaluate the ploidy of

HDF cultures. After removal of the mainte-

nance media, proliferating cells (1 � 106) were

washed three times with PBS pH 7�4 and

harvested from the flasks with 0�25% trypsin–

versene solution. Trypsinisation was termi-

nated with DMEM containing 10% FBS. The

cellular suspension was centrifuged at 800 g

for 5 minutes. The resulting pellet was stained

with propidium iodide as per the manufac-

turer‘s instructions (CycleTEST� PLUS DNA

Reagent Kit, BD, Franklin Lakes, NJ). Samples

were analysed in a FACSCalibur Flow Cytom-

eter (BD, Palo Alto, CA). The ModFit LT soft-

ware was used to determine the various cell

cycle phases (12).

Key Points

• because of its high oxidation-
reduction potential, MCN effi-
ciently kills bacteria, fungi,
viruses and even spores in
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Determination of the population’s
doubling times
Frozen cell stocks were thawed at 37�C,

washed once in complete DMEM and further

plated (1 � 106 cells). At 80–90% confluence,

cells were dissociated and subcultured at 5 �
105 cells in T25 culture flasks (Nunc-Inter-

national). Doubling times were calculated as

follows: td ¼ ln(2) � (delta T)/ln(final count/

initial count), where delta T is the time from

plating to subculture, in hours; final count is

the number of cells at subculture; and initial

count is the number of cells plated at the start

of the culture (13).

Viability assay
Cells growing in T25 culture flasks (Nalge;

Nunc-International) at 60–70% of confluence

(5 � 105) were exposed in triplicate to either

DMEM supplemented with 10% Bovine Fetal

Serum (SFB) (control), 500 mM HP or 880 mM

HP (3%) or different dilutions of MCN for 5

and 30 minutes. All the solutions were prepared

fresh with saline solution (0�9% NaCl) for each

experiment. After removal of the media, HP

and MCN, cells were very carefully scraped

for mechanical detachment from the plates

immediately, and the cell viability was deter-

mined by flow cytometry (FACScalibur; BD)

for 7-aminoactinomycin D staining according

to the manufacturer‘s instructions (BD).

Necrosis–apoptosis assay
The ratios of necrosis and apoptosis in the cells

after exposure to antiseptic concentrations of HP

(880 mM) and MCN (100%) were determined

using annexin V–fluoroisothiocyanate (FITC)

and propidium iodide according to the man-

ufacturer’s protocol (Annexin-V-Fluos Staining

kit; Roche, New Brunswick, NJ). These meas-

urements were recorded simultaneously in the

cells used for the cell viability assay.

Genomic DNA extraction
Total DNA was extracted from 3 � 106 control

and acute treated cells. The fibroblast cultures

in T75 flasks were washed once with PBS and

then exposed to MCN (100%) or 500 mM of HP

in saline solution (0�9% NaCl) or saline

solution for the control treatment for 30 min

at 37�C in 5% CO2 atmosphere. After exposure

time, the solutions were retired, and new

complete media were added. The DNA was

extracted 3 hours later. The DNA isolation was

carried out in triplicate as per the manufac-

turer‘s instructions for the QIAamp DNA midi

kit (Qiagen�, Hilden, Germany). Total geno-

mic DNA (600 ng) was dissolved in a mixture

of 9 ml tris-EDTA (TE) buffer and 1 ml gel

loading buffer (0�25% bromophenol blue,

0�25% xylene cyanol, 30% v/v glycerol) and

then loaded into a 1% agarose gel in tris acetic

acid (TAE) buffer. The isolated DNA was ana-

lysed by native electrophoresis containing 0�5
mg/ml of ethidium bromide. DNA Ladder

(100 pb) of Promega� (Madison, WI) was used

as size marker. To control for integrity of the

DNA, the expression of the b-globin gene was

also analysed using primers and conditions

already described (14).

Reverse transcriptase–polymerase
chain reaction
Total RNAwas obtained from 3� 106 control and

acute treated cells (30 minutes of exposure with

MCN 100% and HP (500 mM) as per the

manufacturer’s instructions (Qiagen�). Isolated

RNAs (5 mg) were used to create complementary

DNA (cDNA) libraries with the SuperScript�
First-Strand Synthesis System (Invitrogen�,

Carlsbad, CA) and the oligo(dT18) primer. Two

microlitres of the resulting reverse transcriptase

(RT) products were further expanded with Taq

DNA polymerase (Roche). The polymerase

chain reaction (PCR) mixture for amplification

contained 10 mM Tris–HCl (pH 8�5), 50 mM KCl,

1�5 mM de MgCl2, 0�05 mM dithiotheratol, 0�05

mM ethylenediaminetetraacetic acid, 0�5%

Tween, 0�5 Nonidet P40, 25% glycerol, 0�2 mM

deoxynucleotide triphosphate, 0�2 mM of spe-

cific primers and 2�5 U of the Taq DNA poly-

merase in 50 ml of reaction. The housekeeping

human gene glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) was analysed with the

following primer sequences for obtain one 460-

pb-sized fragment: up 5#-ACC ACA GTC CAT

GCC ATC AC-3# and down 5#-TCC ACC ACC

CTG TTG CTT GTA-3#. The amplification was

carried out in a thermal cycler (Genius, Techne,

Staffordshire, UK) using the following pro-

gram: 3 minutes at 94�C for an initial denatur-

ation; 94, 60 and 72�C for 40 seconds each, for

30 cycles, and one final extension step at 72�C
for 5 minutes. The isolated RNA and PCR

products were analysed by electrophoresis

on a 1�5% agarose gel that contained ethidium

bromide. Contamination of genomic DNA in

all the RNA samples was detected trough the

RT–PCR reaction without the enzyme RT.
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Cell treatment for 8OH-guanosine
measures (acute treatment)
HDF cultures used in these experiments were

in passage 3 (10–15 doublings populations).

A total of 5 � 106 cells were seeded in 175-cm2

culture flasks (Nunc) with complete DMEM

and incubated for 48 hours (60–70% conflu-

ence). Three groups of the 40 � 106 cells each

(five flasks per group) were then formed: (1)

control group, with cells exposed to DMEM

without serum; (2) cells treated with a sublethal

concentration of HP (500 mM) and (3) cells

treated with MCN without dilution (i.e. 100%

solution). Another three groups of cells were

treated in the same way but kept in supple-

mented medium for 3 hours after the exposure

to HP and MCN (recovery group) and prior to

DNA extraction. The exposure was conducted

with 10 ml of each experimental solution for

30 minutes at 37�C and 5% CO2. After the

exposure time, the solution was removed, and

complete DMEM was added.

8-OHdG enzyme-linked
immunosorbent assay
Control and treated cells were detached from

the flasks with 0�25% trypsin (w/v) and

further centrifuged. The pellets were recovered

and DNA isolated from 40 � 106 cells

(Qiagen�) as per the manufacturer‘s instruc-

tions. All DNA samples were analysed on

agarose gels prior to digestion. All samples

were normalised at 100 mg of total DNA.

Samples were then re-suspended in 200 ml of

20 mM sodium acetate (pH 4�8) and digested

down to nucleotides with 20 mg of nuclease P1

(US Biological, Swampscott, MA) at 37�C for

30 minutes. This step was followed by the

addition of 20 ml of 1 M Tris–HCl (pH 7�4) and

treatment with 1�3 U of Escherichia coli alkaline

phosphatase (Roche) at 37�C for 60 minutes

(15,16). After digestion, the samples were

passed through a 30 000-molecular-weight

cut-off filter (UltraFree MC, Millipore, Bedford,

MA), and 50 ml of the digested samples were

used for the ELISA BIOXITECH� 8-OHdG-

EIA� kit (OXIS Health Products, Inc, Portland,

OR). The assay was carried out at triplicate.

Cell treatment for senescence-
associated-b-galactosidase
determination (chronic)
Chronic oxidative stress was induced by 5 mM

HP or 10% MCN (v/v) in complete DMEM.

Medium exchange was carried out every 2

days. The treatment started with HDFs in

passage 2, and it was continued for up to

passage 12 (<40–50 doublings). Cells with the

same passage doublings were compared to

age-matched control cells grown in the absence

of HP or MCN.

Senescence-associated-b-galactosidase
staining
A total of 1 � 105 cells in the treated and

control groups were seeded in six-well plates

(in triplicate for each condition). After 24

hours, cells were washed twice in cold PBS,

fixed at room temperature in 2 ml of 2%

formaldehyde/0�2% glutaraldehyde for 5 min,

further washed and incubated with fresh

staining solution (1 mg of 5-bromo-4-chloro-

3-indolyl b-D-galactosidase (X-Gal)/ml, 40 mM

citric acid/sodium phosphate, pH 6�0/5 mM

potassium ferrocyanide/5 mM potassium fer-

ricyanide/150 mM NaCl and 2 mM MgCl2).

Plates were incubated at 37�C without CO2 for

16 hours. The number of blue (positive) cells

was counted in 20 fields at 400� magnification

and expressed as number of positive cells (17).

DNA ploidy of HDF cultures
HDF cultures were obtained from three differ-

ent foreskins, which were pooled and cryopre-

served together for the purpose of this study.

Only diploid cells were used for all experi-

ments. On cell cycle analysis, DNA diploidy

was defined as the presence of a single G0–G1

peak with a CV �7% and a corresponding G2/

M peak collected from at least 20 000 total

events (Figure 1).

Statistical analysis
Statistical analysis was performed by the T test

for dependent samples. P < 0�05 was consid-

ered significant. The Tukey honest significant

difference test was used for the analysis of

variance between groups. The Statistica ver-

sion 6�00 software was used for these analyses.

RESULTS

Effects of MCN on the cellular viability
of HDFs
Figure 2A shows the dose–response curves in

HDF cultures exposed to different concentra-

tions of MCN and HP. In this assay, cells were

exposed to concentrations used for wound care

(i.e. undiluted MCN and 880 nM HP) and to

diluted solutions for 5 and 30 minutes. Cell

viability decreased 25–30% when HDFs were
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exposed to undiluted MCN or 500 mM HP

independent of the exposure time. At this

concentration, MCN induced a statistically

significant reduction in HDF’s viability in

comparison to the control group (P < 0�05). In

contrast, cell viability was 39% and 5% after

exposure to 880 mM HP for 5 and 30 minutes,

respectively (Figure 2A). MCN induced cell

death through necrosis because .15% of the

cells incorporated propidium iodide in the

flow cytometry analysis at both exposure times

(Figure 2B). MCN does not induce cell death

via apoptosis because only 3% of MCN-treated

cells exposed annexin-V on the cellular surface

(Figure 2C). This percentage is similar to that

measured in the control group. Finally, 880

mM HP induced necrosis/apoptosis in 20%/

15% and 75%/20% of treated cells at 5 and

30 minutes of exposure, respectively.

Effects of acute exposure of HDF to
MCN on nucleic acid stability
Oxidation agents are known to cause direct

damage to nucleic acids. It has also been shown

that 500 mM HP is a sublethal dose that can be

used as a positive control of genotoxicity in in

vitro experiments (18). Figure 3A shows a na-

tive electrophoresis of genomic DNA (gDNA)

samples from undiluted MCN- and 500 mM

HP-treated HDFs. In MCN samples, there were

high-molecular-weight DNA fragments (.12 kb)

that suggest integrity of the gDNA, whereas

there was a DNA degradation smear in the HP

samples. The integrity of total RNA extracted

from MCN- and 500 mM HP-treated cells was

also analysed under denaturing conditions on

agarose gels. Two discreet bands that corre-

spond to intact ribosomal eukaryotic RNAs

(i.e. 28S and 18S) were seen only in the con-

trol and MCN samples. In contrast, there was

a low-molecular-weight smear in the HP sam-

ples because of RNA degradation (Figure 3B).

To further analyse the integrity of nucleic

acids, we amplified samples from cells treated

with undiluted MCN or 500 mM HP. gDNA

samples from both conditions were used as

a template for PCR amplification of the human

b-globin gene. One 270 pb fragment could be

amplified from all samples, even in the HP

samples (Figure 4, upper panel). This is not

unexpected because the gDNA degradation in

HP-treated cells was only partial. RNA sam-

ples from both conditions also underwent

reverse transcription and amplification (RT–

PCR) of the constitutive human GAPDH gene.

This reaction is widely used as control of RT–

PCR amplification because of the abundance

and steady levels of this messenger in eukary-

otic cells (19). In this study, RT–PCR assays

used the same starting cDNA load for the

amplification reaction of all samples. As shown

in Figure 4 (lower panel), RNA samples ob-

tained from cells exposed to undiluted MCN

were appropriate for the amplification of this

gene in the same proportion as in the control

samples. In contrast, the partial or total deg-

radation of the RNA in HP-treated cells re-

duced the quantity of GAPDH transcripts and

the amplification levels of the GAPDH human

gene in these samples.

Figure 1. Cell cycle analysis of human dermal fibroblast (HDF) cultures isolated from human foreskin. This is a representative DNA

histogram of an HDF culture at passage 2 (<20 PD) in which more than 93% of the population was on phase G0–G1 (n ¼ 3).
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Oxidative DNA damage and adduct
formation (8-OHdG) in HDFs
It is known that the production of 8-OHdG

adducts in a cell is a marker of oxidative

damage at specific residues of the DNA

molecule (20). In addition, high cellular levels

of this adduct correlate with mutagenesis,

carcinogenesis and cellular ageing (21–23).

Figure 5 shows the levels of 8-OHdG adducts

present in DNA samples from treated HDFs

with control, undiluted MCN or a sublethal

concentration of HP (i.e. 500 mM) for 30

minutes. DNA extraction was then performed

immediately (T0) or 3 hours (T3) after

exposure to evaluate any change in the

concentration of adducts. The exposure of

HDFs to MCN for 30 minutes did not increase

the formation of adducts in these cells in

comparison to the controls at T0 and T3. In

contrast, the amount of 8-OHdG adducts

observed in HDFs treated with 500 mM HP

for 30 minutes increased 20 times in compar-

ison to the control at T0. These cells were able

to repair the oxidation process and partially

decrease the levels of 8-OHdG adducts after

3 hours (T3) of incubation in supplemented

DMEM. Despite this recovery period, HP-

treated cells still presented five times more

Figure 2. Acute effects of MCN and hydrogen peroxide (HP) on primary human dermal fibroblasts (HDFs) viability. (A) Cell viability

of primary HDFs exposed to different concentrations of MCN and HP. Cells (5 � 105) were exposed to antiseptic concentrations of

MCN (100%, undiluted) or HP (880 mM) as well as to diluted solutions for 5 and 30 minutes (blank and black bars, respectively).

Cell viability was measured by 7-aminoactinomycin D incorporation using flow cytometry analysis (* significant statistical difference,

P < 0�05). (B) Propidium iodide staining of HDFs exposed to undiluted MCN or 880 mM HP after 5 and 30 minutes of exposure.

Positive staining was evaluated by flow cytometry as a marker of necrosis. (B) Annexin V–FITC detection in HDFs exposed to either

undiluted MCN or 880 mM HP after 5 and 30 minutes of exposure. Positive staining was evaluated as a marker of apoptosis.

Percentage values expressed as mean � SD (n ¼ 3).
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adducts than control- or MCN-treated cells

at T3.

Effects of chronic exposure of HDFs to
low concentrations of MCN or HP
It is known that chronic oxidative stress

induced by low HP concentrations promotes

premature ageing in human fibroblasts (24). In

order to mimic prolonged oxidative stress in

this study, primary HDF cultures were chron-

ically exposed to low concentrations of MCN

(10%) and HP (5 mM) during 20 passage doubl-

ing (PD). After 1 month of continuous exposure,

the expression of the senescence-associated-

b-galactosidase (SA-b-Gal) enzyme was ana-

lysed. The expression and activity of this

isoform have been previously associated with

the senescence process in vivo and in vitro (25).

Chronic treatment of HDFs with the sublethal

HP concentration herein tested increased the

SA-b-Gal expression in 86% of cells. In con-

trast, the treatment with MCN did not induce

overexpression of this protein.

DISCUSSION
It is common practice to evaluate efficacy and

safety of wound cleansers by demonstrating

antimicrobial activity and lack of skin irritation

and sensitisation in animal models. SOSs have

been shown to be effective antimicrobials with

potential clinical applications (4,7,8,10). Of

these SOSs, a neutral-pH solution (i.e. MCN)

is currently used in wound care and does not

induce skin sensitisation or irritation in animal

models despite its high ORP (.800) (11).

However, a major concern when using SOSs

Figure 3. The acute treatment of human dermal fibroblasts

(HDFs) with undiluted MCN did not alter DNA or RNA stability.

(A) Ethidium-bromide-stained 1% agarose gel. The 70 ng of

total gDNA was loaded for native electrophoresis of DNA

extracted from non treated HDF cultures (C) and from treated

cultures with undiluted MCN or 500 mM hydrogen peroxide

(HP). (B). Two micrograms of total RNA samples were run on

a 1�5% denaturing agarose gel stained with ethidium bromide.

The 18S and 28S ribosomal RNA bands are clearly visible in the

samples from control (C) and MCN-treated cells. The degraded

RNA appears as a lower molecular weight smear in the sample

from HP-treated cells.

Figure 4. Amplification of the human b-globin and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes.

Human dermal fibroblasts (HDFs) were treated with either

undiluted MCN or 500 mM hydrogen peroxide (HP) for

30 minutes prior to gDNA and total RNA extraction. Upper

panel: Ethidium-bromide-stained 1% agarose gel. DNA

samples (300 ng) from control and treated HDFs were used

for polymerase chain reaction (PCR) amplification of the human

b-globin gene as described in the Materials and Methods

section. Lower panel: Stained 1% agarose gel showing PCR

products of the human GAPDH gene. Even when the

complementary DNA load used for amplification of all HDFs

samples was the same for the three conditions, only the

treatment of HDFs with 500 mM HP reproducibly diminished

the amplification efficiency of GAPDH (n ¼ 3).

Key Points

• a major concern when using
SOSs in wounds has been the
potential induction of oxidative
stress in HDFs

• we have therefore conducted
a series of in vitro experiments
to explore this issue

• the toxicity of MCN was com-
pared with that of another
common wound care product,
HP, which is also the best
positive control for oxidative
stress in vitro
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in wounds has been the potential induction of

oxidative stress in HDFs. We have therefore

conducted a series of in vitro experiments to

explore this issue.

For this purpose, the toxicity of MCN was

compared with that of another common

wound care product, HP, which is also the

best positive control for oxidative stress

in vitro. Cell viability and oxidative stress

markers were evaluated in HDFs at different

concentrations of MCN and HP. Direct expo-

sure of HDFs to either agent was the preferred

route of administration for acute experiments

in order to avoid inactivation with proteins

found in supplemented media (26). All experi-

ments were conducted with primary HDF

cultures that contain more heterogeneous cell

populations than established cell lines (27,28).

This was important in order to have a more

representative cell population with different

fibroblast phenotypes, thus more closely mim-

icking the cell population heterogeneity found

in wounds. Finally, 8-OHdG adducts and

SA-b-Gal expression were selected as cellular

markers of oxidative stress because elevation

of their levels correlates with mutagenesis,

carcinogenesis or cellular ageing (20–24).

Others have showed that the HP concentra-

tion regularly used for wound care (i.e. 3% or

880 mM) is lethal to HDFs, whereas sublethal

concentrations of HP (e.g. 500 and 5 mM)

are still genotoxic to these cells (24,26). Under

our experimental conditions, more than 90% of

the cells died after 30 minutes of exposure to

Figure 5. Levels of 8-hydroxy-2#deoxyguanosine (8-OHdG)

adducts in human dermal fibroblasts. Cells were treated with

control (C), undiluted MCN or 500 mM hydrogen peroxide (HP).

DNA was further extracted right after the exposure (T0, white

bars) or 3 hours after the challenge period (T3, black bars).

DNA was digested, and the 8-OHdG adducts were measured by

enzyme-linked immunosorbent assay kit as per the manufac-

turer’s instructions. Only cells treated with a sublethal – but

genotoxic – HP dose showed an increase in the levels of the

8-OHdG adducts at T0. These adduct levels partially decreased

after a 3-hour recovery period of the cells in supplemented

medium. Values (ng/ml) as mean � SD (n ¼ 3).

Figure 6. Overexpression of a senescence-associated-b-galactosidase (SA-b-Gal) enzyme in human dermal fibroblasts after

chronic exposure to low concentrations of MCN or hydrogen peroxide (HP). Cells were exposed for 1 month to 10% MCN or 5 mM

HP in culture medium. The overexpression of the enzyme SA-b-Gal was further analysed by counting the number of blue cells in

20 microscopic fields (A). As shown in (B), only HP treatment accelerated the ageing of cells as measured in the number of cells

overexpressing this enzyme (n ¼ 3).

Key Points

• these results showed that undi-
luted MCN is significantly less
cytotoxic than commonly used
antiseptic HP concentrations
and that it neither induces
DNA oxidation nor accelerated
ageing, as do sublethal HP
concentrations

Super-oxidised water affects fibroblasts

248 ª 2007 The Authors. Journal Compilation ª 2007 Blackwell Publishing Ltd and Medicalhelplines.com Inc



880 mM HP. In contrast, exposure of HDFs to

undiluted MCN or to 500 mM HP for

30 minutes induced cell death in 30% of

the population. However, the viable HDFs

exposed to undiluted MCN did not show

DNA or RNA degradation or increased levels

of 8-OHdG adducts, as did those HDFs

exposed to 500 mM HP. Furthermore, when

HDFs were chronically exposed to an even

lower concentration of HP (5 mM) or MCN

(10% v/v) for 1 month, premature ageing was

only induced in the HP-treated group. These

results showed that undiluted MCN is signi-

ficantly less cytotoxic than commonly used,

antiseptic HP concentrations (i.e. 880 mM) and

that it neither induces DNA oxidation nor

accelerated ageing, as do sublethal HP con-

centrations.

To evaluate the type of cell death induced

by HP and MCN, fibroblasts underwent

annexin-V and propidium iodide staining and

were further analysed by flow cytometry. As

reported elsewhere (29–31), HP also induced

apoptosis and necrosis in HDFs under our

experimental conditions. In theory, HP induces

oxidation of nucleic acids and plasma mem-

brane, which leads to apoptosis and necrosis,

respectively. In contrast, undiluted MCN

induced only necrosis. Because exposure to

MCN for 30 minutes did not alter DNA or

RNA stability, it is possible that exposure to

undiluted MCN produced only limited dam-

age to the plasma membranes of HDFs.

The induction of DNA oxidation by sub-

lethal concentrations of HP (500 mM), but not

by undiluted MCN, is further evidence that

MCN does not affect cell nuclei. At this

concentration, HP caused a 20-fold increase

in levels of 8-OHdG in HDFs. Instead, the

level of DNA adducts in MCN-treated cells

remained the same as in the control cells.

Because cultures of young fibroblasts (<20

PDs) had been reported to re-establish the

basal levels of 8-OHdG in a period of

60 minutes after the removal of the oxidative

agent (24), we cultured MCN- and HP-treated

cells in supplemented medium for 3 hours

prior to a second measurement of 8-OHdG.

After this recovery period, adduct levels in

HP-treated cells were still five times higher

than in control and MCN-treated cells. These

data confirm that sublethal concentrations of

HP induce extensive DNA oxidation that

cannot be repaired in 3 hours, whereas MCN

does not induce the accumulation of DNA

adducts, as originally hypothesised.

Finally, it has been shown that accelerated

ageing in fibroblasts, as measured by the

expression of SA-b-Gal, can be induced by

chronic exposure of these cells to low con-

centrations of HP (i.e. 5 mM) (24,25). The

expression of this isoform has been associated

with degenerative processes in vivo and with

cellular ageing or ‘replicative senescence’ in

vitro (18, 19). After 1 month of exposure to

5 mM HP, there was increased expression of

SA-b-Gal in HDFs but not with 10% MCN.

Moreover, only 5 mM HP increased the

doubling times in HDFs(which isa characteristic

of senescent cultures) as compared to control-

and MCN-treated cells (data not shown).

These results are intriguing because MCN kills

bacteria, fungi, viruses and spores in short

periods of time, from seconds to few minutes,

depending on the type of test conducted. In

suspension tests, for example, a log10 reduction

factor �8 in the level of bacteria usually occurs

in 15–30 seconds of exposure to MCN (9).

Apparently, the reactive species of SOS

rapidly react and denature the bacterial cell wall

and membrane followed by lysis (32).

We conclude that exposure of HDFs to

undiluted MCN, as used in wound care, is

significantly less cytotoxic than antiseptic HP

concentrations (i.e. 880 mM). In addition,

MCN does not induce DNA oxidation or ac-

celerated ageing, as do sublethal HP concen-

trations. These results are supported by the

lack of sensitisation, irritation or genotoxicity

that have been described (11).
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