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ABSTRACT
Bacterial burden significantly interferes with the healing process in chronic ulcers. Nitric oxide (NO) plays a key role in regulating skin’s response to infection
and wound healing. In previous studies, we demonstrated that exogenous NO gas
(gNO) at 200 parts per million (ppm) exhibits potent antimicrobial effects against
a representative range of pathogens. The aim of the present study is to explore the
antimicrobial properties of gNO in vivo and to determine skin cells’ sensitivity to
the cytotoxic effects of gNO. To test gNO’s antimicrobial effects, full-thickness
wounds were infected with Staphylococcus aureus on the dorsal skin surface of
New Zealand White rabbit and treated with 200 ppm gNO for 8 hours/day for 3
consecutive days. Significant reduction in wound bacterial content was observed
in the presence of gNO. In a separate experiment, primary cultures of human
ﬁbroblasts, keratinocytes, and endothelial cells were established to test gNO’s
cytotoxicity in the skin. Methyl thiazolyl tetrazolium proliferation assays demonstrated that human skin cells, unlike bacterial cells, exhibited significant resistance toward gNO cytotoxicity. In vitro migration studies on keratinocytes and
endothelial cells revealed that gNO treatment does not seem to interfere with reepithelialization and angiogenesis during the process of wound healing.
Following 24 hours of gNO treatment, ﬁbroblasts expressed significantly higher
levels of procollagen and, to a lesser degree, a decrease in matrix metalloproteinase -1 mRNA. In conclusion, the present study provides evidence for the
potential application of high doses of gNO as an antimicrobial agent for the
treatment of infection in chronic nonhealing ulcers or burn patients, without
compromising the viability, and function of skin cells.

It is well known that wound bacterial burden significantly
interferes with the normal process of healing in chronic
cutaneous ulcers.1 The emergence of antibiotic-resistant
strains, the relatively avascular nature of nonhealing
wounds, and the presence of a complex network of bacterial bioﬁlm, hinder the effect of systemically administrated
conventional antibiotics.2,3 Therefore, research and development of novel antimicrobial agents have become extremely crucial in the ﬁght against chronic wound
infection.
The potential role of nitric oxide (NO) in nonspecific
host defense mechanisms was ﬁrst brought to light in the
early 1990s.4 In the past decade, it has become increasingly
evident that this small gaseous molecule possesses antimicrobial effects on a wide range of microorganisms including bacteria, viruses, fungi, and yeast.5–7
NO is expressed and released by all major cell types in
the skin such as keratinocytes, ﬁbroblasts, endothelial
cells, and melanocytes and plays a significant role in the
skin’s response to infection and injury.8–10 In recent years,
several investigators have studied the potential therapeutic
role of topical NO donors in controlling skin infection and
promoting repair in chronic nonhealing wounds.7,11–13 To
overcome some of the difﬁculties with predicting the parameters of NO release and the side effects of residual donor complexes, we recently investigated the application of
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exogenous medical-grade gaseous NO (gNO) as a potential topical antimicrobial agent in cutaneous infections.
Pure gNO can easily be administered to cells and tissues
without the need for a carrier vehicle, a time-release system, and optimizing reaction conditions such as pH and
temperature. Our previous studies have demonstrated
significant bactericidal action at 200 parts per million
(ppm) gNO against a representative range of pathogens
common in skin infection.14–17
At higher concentrations, it has been shown that NO
can act as a cytostatic and cytotoxic effector molecule in
various cells and tissues18–20 and can also promote cell apoptosis.21,22 Mammalian cells vary greatly, however, in
their sensitivity toward the cytotoxic effects of NO. For
example, human keratinocytes and ﬁbroblasts demonstrate significantly higher resistance toward NO cytotoxicity in comparison with islet or neuron cells.22
We have previously demonstrated the potent cytotoxic
effect of gNO against several skin pathogens in vitro.15
However, an antimicrobial agent must demonstrate minimal side effect on the host cells, while retaining the ability
to destroy the pathogens. Therefore, in the present study,
we examined the cytotoxic effects of gNO on the viability,
proliferation, migration, and differentiation of primary
human ﬁbroblasts, keratinocytes, and endothelial cells.
Furthermore, in a pilot study, we investigated the
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potential antimicrobial effects of gNO in an in vivo model
of skin infection.

METHODS AND MATERIALS
NO exposure device

The design and validity of the continuous horizontal-ﬂow
gNO delivery device used in this study have been described
in detail elsewhere.14 In brief, the device consisted of two
cylindrical Plexiglas exposure chambers with separate gas
entry ports and a common exit port. These chambers were
surrounded by an airtight Plexiglas jacket to create a thermally isolated environment. This jacket enclosed an electrical heater unit controlled by an internal thermostat
(Invensys Appliances Control, Carol Stream, IL), which
provided stable temperatures inside the chamber. Independent lines from each of the two exposure chambers
provided samples of the gas mixtures to a NO/nitrogen dioxide/oxygen electrochemical analyzer (AeroNOx, Pulmonox Medical Inc., Toﬁeld, AB, Canada) to detect the
exact composition of the various gases in the mixture.
Gases were supplied from pressurized cylinders at a constant pressure of 50 pounds per square inch (psi). These
included 800 ppm medical-grade NO diluted in nitrogen
(ViaNOx-H, Pulmonox Medical Inc.), medical air, oxygen, and carbon dioxide (Praxair, Mississauga, ON, Canada). These gases were then mixed together at
predetermined concentrations using a dilution manifold
and a digital mass ﬂow meter (TSI Inc., Shoreview, MN).
The gas mixture was delivered to the exposure chamber at
2.0 L /minute through two independent humidiﬁers
(MR850, Fisher & Paykel Healthcare, Laguna Hills, CA)
set at 90% relative humidity (RH%).
Fibroblast, keratinocyte, and endothelial cell cultures

Rheinwald and Green’s procedure23 was utilized for cultivation of human foreskin keratinocytes using keratinocyte
serum-free medium (KSFM) (Invitrogen, Burlington, ON,
Canada) supplemented with bovine pituitary extract
(BPE) and epidermal growth factor (EGF) at ﬁnal concentrations of 50 and 5 mg/mL, respectively. Primary-cultured
keratinocytes from passages 3–5 were used in this study.
To establish ﬁbroblast cultures, normal skin punch biopsies obtained from patients were established in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) as described
previously.24 Fibroblasts from passages 3–6 were used for
this study. These cells were used for either monoculture or
ﬁbroblast-populated collagen gel (FPCG) experiments.
Human umbilical vein endothelial cells (HUVECs) were
isolated by collagenase digestion25 and grown in a gelatincoated ﬂask in M199 medium (Invitrogen) supplemented
with 20% FBS and endothelial cell growth supplement
(ECGS) (VWRCanlab, Mississauga, ON, Canada) at a ﬁnal concentration of 10 mg/mL.
Cell proliferation assay

Colorimetric methyl thiazolyl tetrazolium (MTT) [3-(4,5dimethylthazol-2-yl)-2,5-diphenyl tetrazolium bromide]
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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assay was used to evaluate the cytotoxic effects of gNO
on proliferation. The MTT analysis is dependent on the
reduction of the tetrazolium salt MTT by the mitochondrial dehydrogenase of viable cells to form a blue formazan
product. Cells were plated at a density of 5104/well in a
24-well plate (Corning, Lowell, MA). Cells were treated
with 200 ppm gNO for 8 hours/day for 3 days. Control
cultures were treated with medical air alone under identical conditions as the treated group. At the end of the treatment intervals, 100 mL of MTT solution (5 mg/mL; Sigma,
Oakville, ON, Canada) in phosphate-buffered saline was
added to the wells and incubated at 37 1C for 5 hours. After the MTT incubation, 500 mL of dimethyl sulfoxide
(DMSO) was added to each well and incubated at 37 1C
for 5 minutes. The resultant solution was read in a microplate reader at 570 nm. The optical density reﬂects the
number of living cells present in the culture. Experiments
were performed in triplicate and repeated twice.
Fibroblasts populated in collagen gel (FPCG)

FPCG were prepared, using bovine type-I procollagen extracted in our laboratory by a procedure described by Volpin and Veis,26 utilizing a modiﬁcation by Bell et al.27
Experiments were performed using six-well plates (Fisher,
Nepean, ON, Canada) with a 35 mm diameter. Each well
contained 350 mL 3DMEM1Ab, 26 mL 0.4 N NaOH,
and 440 mL cell suspension (2106 cells/mL) in 1
DMEM110% FBS, 125 mL FBS (for a ﬁnal concentration of 10%), and 870 mL of acid-extracted fetal bovine
type-I procollagen (2.14 mg/mL). Each treatment group
was prepared in triplicate and was immediately transferred
to a humidiﬁed incubator at 37 1C in an atmosphere of 5%
CO2. To investigate the effects of gNO on ﬁbroblast migration and their subsequent proliferation, a migration,
and proliferation assay was performed.28 In brief, following 8 hours/day treatment with 200 ppm gNO for 3 days,
6 mm punch biopsies were taken from treated and untreated FPCG. Punch biopsies were placed in triplicate onto
six-well plates. Fibroblast migration from the collagen gel
onto a plastic plate was monitored and photographed for
10 days. The cell population migrating out of the gel and
their subsequent proliferation were measured in treated
and untreated groups by removing the punch biopsies and
performing an MTT proliferation assay, as described before.
Keratinocyte migration

Primary human skin keratinocytes were seeded on 60 mm
plates. After reaching 90% conﬂuency, ‘‘wounds’’ were
created by scratching a monolayer of cells with a sterile
1000 mL pipette tip. After washing away suspended cells,
the media were changed with fresh KSFM. Cells were then
exposed to 200 ppm gNO or medical air alone for 8 hours/
day for 3 days. The progress of migration was photographed at the start or end of each 24-hour period postwounding, with an inverted microscope equipped with a
digital camera. Photographs were calibrated and distances
were analyzed using microtome slide images at different
magniﬁcations in combination with a scientific image
management system (Quartz PCI, Quartz Imaging Corp.,
Vancouver, BC, Canada).
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Matrigel tube formation assay

Twenty-four-well plates were coated with growth factorreduced Matrigel (0.4 mL/well; Becton Dickinson Labware, Oakville, ON, Canada) and incubated at 37 1C for
30 minutes. HUVECs were treated with trypsin-ethylene
diamine tetra acetic (EDTA) and suspended in the M199
medium. The cells were seeded at a density of 2104 cells/
well on polymerized Matrigel. The plates were then treated
with 200 ppm gNO or medical air for 3, 8, or 24 hours.
Photographs were taken under a phase contrast light microscope (Carl Zeiss, Toronto, ON, Canada) at each time
point to monitor the tube formation of HUVECs.
Northern blot analysis
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sional wounds were made on each rabbit (four wounds on
each side of the dorsal midline) using an 8 mm AccuPuncht disposable biopsy tool (Dormer Laboratories,
Mississauga, ON, Canada). After bleeding had been controlled, each wound was inoculated with 100 mL of bacterial suspension containing 1.0106 colony-forming units
(cfu) of Staphylococcus aureus. The wounds were left untouched for 5–10 minutes to allow bacterial cells to settle
down and adhere to the wound bed. The entire experimental area was then covered with a sterile nonadhering mesh
gauze (Xeroform, Sherwood Medical, St. Louis, MO) and
secured with self-adherent wrapping (Coban, 3 M, St.
Paul, MN) for 24 hours. On day 1 postwounding, following visual examination and conﬁrmation of the infection,
the wound area was directly exposed to either 200 ppm
gNO or medical air (control) continuously for 8 hours/
day. The gas was securely delivered to the back of the animal by utilizing a specialized wound cover attached to a
tether and swivel system. The tether and swivel system allowed the rabbits to be treated in their standard cages
without impacting their ability to groom themselves or
their easy access to food and water. The animals did not
show any behavioral change or discomfort postoperation.
Following 3 days of treatment, the animals were sacriﬁced
and samples were collected from each wound, using a sterile 6 mm biopsy tool, and processed for histological hematoxylin & eosin (H&E) staining and wound bacterial
counts. For bacterial counts, a serial dilution of full-thickness wound tissue homogenate was plated on tryptic soy
agar (TSA) and incubated at 37 1C for 24 hours. The gNO
and control groups were compared in terms of their cfu
count/g of tissue at the appropriate serial dilutions. An arterial blood sample was collected at the beginning and end
of each experiment to assess methemoglobin and nitrite
levels in the serum. Methemoglobin level in the blood was
measured with a blood gas analyzer (Radiometer ABL700,
Diamond Diagnostics, Holliston, MA), and serum nitrite
level was measured using Griess reagent.31

Fibroblasts and keratinocytes were released from the culture plate by trypsinization and pelleted by centrifugation
at 1,100 rpm for 10 minutes. Pellets were then lysed with
500 mL of 4 M guanidium isothiocyanate (GITC) solution,
and the total ribonucleic acid (RNA) from each group was
isolated using the GITC/CsCl procedure of Chirgwin et
al.,29 applying phenol : chloroform (1 : 1), followed by
chloroform : isoamyl alcohol (49 : 1). Total RNA from
each individual ﬁbroblast culture was then separated by
electrophoresis (10 mg/lane) on a 1% agarose gel containing 2.2 M formaldehyde and blotted onto nitrocellulose
paper. To control the loading, quantities of 18S ribosomal
RNA were compared visually by ethidium bromide ﬂuorescence. The blots were baked for 2 hours at 80 1C under
vacuum and prehybridized for 4 hours at 45 1C in a prehybridization solution. Hybridization was performed at
45 1C in the same solution, using cDNA probes for human
matrix metalloproteinase-1 (MMP-1), type-I procollagen,
involucrin, or tumor growth factor-b1 (TGF-b1). The
cDNA probes were labeled with P-a32-dCTP by nick
translation. Filters were initially washed at room temperature with 2 sodium citrate/sodium chloride buffers and
0.1% sodium dodecylsulfate for 1 hour and ﬁnally washed
for 20 minutes at 65 1C in 0.1 sodium citrate/sodium
chloride buffer and 0.1% sodium dodecylsulfate. Autoradiography was performed by exposing a Kodak X-Omat
ﬁlm (Eastman Kodak Company, New Haven, CT) to nitrocellulose ﬁlters at 80 1C, in the presence of an intensifying screen. Quantitative analysis of autoradiographs was
accomplished by densitometry.

The results were analyzed using the unpaired Student’s t
test for comparison between any two groups. Unless otherwise speciﬁed, p < 0.05 indicated statistical significance.
Results were represented by mean  standard deviation
from at least three independent measurements.

In vivo wound infection model

RESULTS

Four New Zealand White adult rabbits, weighing 2–3 kg
each, were utilized in this pilot study. All work conducted
on these animals was consistent with the standards and
protocols approved by the University of Alberta Health
Sciences Animal Policy and Welfare Committee. The rabbits were premedicated with buprenorphine (Buprenext,
Reckitt & Coleman, Richmond, VA) before each surgery.
Surgical plane anesthesia was induced and maintained by
facemask using Isoﬂuranet (Biomeda-MTC, Cambridge,
ON, Canada) and oxygen. The animals were shaved and
the skin was examined to been sure that it was infectionfree. The dorsal surface was prepared with 70% ethanol
and 10% Betadinet (Purdue Fredrick Inc., Toronto, ON,
Canada) before manipulation. Eight full-thickness exci370

Statistical analysis

Proliferation of dermal cells in the presence of
exogenous gNO

Exogenous gNO exhibits potent antimicrobial properties
at a concentration of 200 ppm following 8–12 hours of exposure.14,15 In previous dose–response studies, the proliferation of primary culture of human dermal ﬁbroblast was
significantly reduced following exposure to 400 ppm of
gNO after 24 hours.15 In order to utilize this gas in treatment of skin infection, one must minimize its cytotoxic effect on skin resident cells. As a result, we decided to
explore the cytotoxic effects of gNO at 200 ppm on various cells resident in the skin. As one of the markers of
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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cytotoxicity, we monitored the proliferation of dermal ﬁbroblasts, keratinocytes, and HUVEC primary cells in the
presence or absence of gNO. Cells were exposed to either
air (control) or gNO for 8 hour each day, in order to minimize gNO’s cytotoxic effects. In between treatments, all
cells were incubated in a conventional CO2 chamber at
37 1C. Proliferation data were expressed as a relative percentage of the control cells (Figure 1). All primary human
skin cells demonstrated relatively strong resistance toward
the cytotoxic and cytostatic effects of gNO at 200 ppm.
Compared with other skin cells, keratinocytes expressed
greater sensitivity toward the gNO treatment (Figure 1B),
although this did not reach statistical significance (t test,
p50.0939).
Cell migration was not compromised by
exogenous gNO

Following an injury to the skin, migration ability of resident cells is crucial for wound closure, deposition of new
granulation tissue, and tissue remodeling. To test the effect
of gNO exposure on cell migration, we established assays
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for ﬁbroblasts, major cell type in skin dermis, keratinocytes, cells responsible for wound closure, and endothelial cells that form new blood vessels. The ability of
ﬁbroblasts to migrate out of a collagen gel lattice was
studied in the presence and absence of gNO for up to 10
days. Cells were treated with gNO for 8 hour/day,followed
by incubation in a conventional CO2 chamber. In comparison with controls on day 2, 5, and 10, gNO-treated ﬁbroblasts did not show any difference in their migration
ability out of the collagen gel lattices (Figure 2A). In addition, proliferation assays of treated and untreated cells did
not reveal any significant difference in the number of cells
migrating out of gel and repopulating the culture dish
(Figure 2B).
To assess keratinocyte migration in the presence of
200 ppm gNO, scratch migration assays were utilized. The
‘‘wound closure’’ in treated and untreated groups was
monitored and photographed for 3 days postwounding
(Figure 3A). Following calibration of digital images, distances migrated by keratinocytes were measured and expressed as a relative percentage of the original ‘‘wound’’
size. Exposure to gNO did not cause any delay, in comparison with the control, in the migration pattern or closure rate of keratinocytes (Figure 3B). Both gNO-treated
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Figure 1. Effect of gaseous nitric oxide (gNO) on human skin
cell proliferation. Fibroblast-populated collagen gel (A), keratinocytes (B), and endothelial cells (C) were exposed to 200 ppm
gNO or medical air for 8 hours/day inside the gNO chamber.
Culture media were replaced with fresh medium following
each treatment. Methyl thiazolyl tetrazolium assay was performed following 3 consecutive days to monitor cell proliferation. The control group was incubated in a conventional CO2
culture incubator. Data are presented as a relative percentage
of proliferation compared with the control group. Data represent the mean  standard deviation for three separate experiments.
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society

Air
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Figure 2. Gaseous nitric oxide (gNO)-treated and non-treated
fibroblasts have a similar pattern of cell migration and proliferation. Fibroblasts embedded in collagen gel were treated either
with medical air or 200 ppm gNO for 3 days (8 hours/day). The
control group was incubated in a conventional CO2 culture incubator. Following the last treatment, three 6 mm punch biopsies were taken from each gel and placed onto six-well plates,
and the pattern of migrating cells was microscopically photographed for up to 10 days (A). On day 10, punch biopsies were
removed and methyl thiazolyl tetrazolium proliferation assay
was performed and expressed as a percentage relative to the
control group (B).
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and nontreated keratinocytes achieved approximately
40% ‘‘wound’’ closure by day 3.
In a separate study, the inﬂuence of gNO on the ability
of HUVECs to reorganize as capillary tubes, when cultured or embedded in Matrigel lattice, was evaluated.
Pseudotube formation was observed as early as 3 hours
postincubation both in the control and gNO-treated
groups (Figures 4A and D). Extensive tube formation with
numerous cellular extensions forming multicentric junctions did not appear until 16–24 hours postincubation
(Figures 4C and F). Digital images from a phase-contrast
microscope were analyzed for qualitative evaluation of
pseudotube formation in ten randomly selected ﬁelds.
Treatment with 200 ppm gNO for up to 24 hours produced
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Figure 4. Gaseous nitric oxide (gNO)-treated and nontreated
human umbilical vein endothelial cells (HUVECs) show a similar
pattern of angiogenesis. Subconfluent endothelial cells were
plated to Matrigel-coated six-well plates and incubated under
200 ppm gNO or medical air. Representative photomicrographs
of capillary-like structure formations are shown at specified
time points. Arrows in (C) and (F) show the capillary structures
formed by HUVECs following 24 hours of treatment. Images
were observed under 100 magnifications.

gNO

no apparent inhibition in HUVECs’ ability to migrate and
reorganize on the Matrigel.
Extracellular matrix expression in FPCG
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Figure 3. Keratinocyte migration pattern is not altered following gaseous nitric oxide (gNO) treatment. Scratch wounds
were created in confluent primary keratinocyte cell cultures
and artificial wound closure was photographed for 3 days (A).
During this period, cells were treated with 200 gNO or medical
air for periods of 8 hours/day. Distances between the ‘‘wound’’
margins were measured (shown by arrows) by an imaging software. The distance migrated by each leading edge was calculated and presented as a percentage of original wound size on
day 0 (B). Solid bars at the bottom of images represent 150 mm.
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Collagen is the most abundant protein in ECM of skin tissue. Collagen production and its degradation and rearrangement by MMP family are essential for proper healing
of the injured tissue. Dermal ﬁbroblasts are the major contributors in the production of both collagen and MMPs
during wound healing.32 To examine the effect of gNO on
ECM expression in dermal FPCG, we analyzed the expression of type-I procollagen and interstitial collagenase
(MMP-1) mRNA in the presence and absence of 200 ppm
gNO. In order to mimic our in vivo study, FPCG were exposed to gNO for 8 hours/day for a total of 3 days. At the
end of the last exposure, ﬁbroblasts were dissociated from
the gel by collagenase treatment, and Northern Blot analysis was carried out on the total RNA extracted from cells.
Densitometry analysis was performed to adjust mRNA
expression relative to ribosomal 18S mRNA expression.
Collagen gene expression was up-regulated by almost 50%
following gNO treatment (Figures 5A and B). The expression of MMP-1 in FPCG exposed to gNO appeared to be
down-regulated compared with the control, although this
difference did not become statistically significant in any of
the three independent experiments (Figures 5A and C).
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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Figure 5. Matrix metalloproteinase (MMP-1) and type-I procollagen mRNA expression in fibroblast-populated collagen gel
(FPCG). Fibroblasts were treated with either medical air or
200 ppm gaseous nitric oxide (gNO) for 8 hours/day. At the
end of the 3rd day, total RNA was extracted and subjected to
Northern Blot analysis. (A) shows the representative pattern of
MMP-1 and procollagen-1 mRNA expression. Expression of
18S rRNA was used as the loading control. (B and C) show the
combined densitometry results of three independent experiments showing the ratio of MMP-1 and procollagen-1 mRNA to
18S rRNA expression, respectively. For analysis, the densitometric values for the control (air) signals were set at 100% and
other groups were calculated relative to this. (np < 0.05 vs. air
in [B]).

Keratinocyte differentiation was not altered by gNO
Treatment

Continuous differentiation of basal keratinocytes is vital
for the formation and integrity of the epidermis barrier.33
The in vitro effect of gNO treatment on the expression of
involucrin, a strong marker for normal keratinocyte differentiation, was measured in human primary keratinocyte
cultures. Conﬂuent cultures of keratinocytes were exposed
8 hours/day for as long as 10 days to 200 ppm gNO or
medical air (control). Involucrin mRNA expression was
evaluated by Northern Blotting as shown in Figure 6A.
In the control group, the transcript level of involucrin
was significantly increased on day 5 posttreatment and
heightened expression continued through day 10. The
keratinoctyes exposed to gNO also demonstrated their
ability to differentiate as indicated by the increase in the
mRNA level of involucrin on both days 5 and 10. Densitometry analysis was performed to adjust for mRNA loading and to quantify the relative expression of involucrin
(Figure 6B).
Antimicrobial effect of gNO in vivo

Following an injury to the skin, the control of bacterial infection is vital in the early stages of wound healing as well
as in chronic nonhealing wounds. S. aureus is one of the
most common pathogens isolated in skin infections.34 To
examine the antimicrobial effect of gNO in vivo, full-thickness wounds on dorsal surface of New Zealand White rabbits were infected with a known concentration of S. aureus
24 hours before treatment. Following visual conﬁrmation
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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Figure 6. Basal keratinocytes retain the ability to differentiate
following long-term gaseous nitric oxide (gNO) treatment. The
mRNA expression of a differentiation marker, involucrin, in human skin keratinocyte cell cultures was analyzed in the presence and absence of 200 ppm gNO. Keratinocyte cell cultures
were allowed to reach confluency before treatment with gNO.
On days 0, 5, and 10, total RNA was extracted and subjected to
Northern Blot analysis (A). Expression of 18S rRNA was used
as the loading control. To quantify the involucrin expression,
combined densitometry results of three separate experiments
are used to show the ratio of involucrin mRNA to 18S rRNA expression (B). All signals are expressed as percentages relative
to the highest signal (set to 100%) observed on day 10 in the
absence of gNO.

of infection, wounds were treated with 200 ppm gNO for 8
hours/day for 3 consecutive days. Bacterial counts and
histological samples were obtained from both gNO- and
air-treated (control) wounds at the end of the third day.
The number of surviving S. aureus in the wounds exposed
to gNO was significantly reduced compared with the nontreated wounds (Figure 7A). Histological analysis of the
parafﬁn sections stained with H&E showed a significant
reduction of inﬁltrating immune cells throughout the
wounds treated with gNO. A more severe immune response, possibly due to a higher bacterial burden, was observed in the wounds of all control animals. Interestingly,
NO2 and NO3 levels (NOx), the predominante end products of NO in systemic circulation, did not increase following topical administration of gNO. Blood serum NOx
levels on day 3 of study were measured at 34.0  4.0 and
30.2  2.0 mmol/L in control and gNO-treated animals, respectively. In addition, no significant differences were observed in the serum methemoglobin levels between the two
groups (data not shown), indicating lack of systemic toxic
effects following topical administration of gNO.

DISCUSSION
Infection of chronic wounds and nonhealing ulcers can
lead to serious complications including sepsis, amputation,
and death. Bacteria impair repair processes by producing
toxic byproducts and competing with cells for oxygen and
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nutrients.35 However, it has been shown that wounds retain the ability to recluse after the bacterial burden is reduced.36 During the past two decades, S. aureus and
enterococci have gained prominence as causes of wound
infection and in many countries methicillin-resistant S.
aureus (MRSA) infections have been increasing in frequency since 1985.37 Exogenous NO exhibits strong
antimicrobial properties against a wide range of
pathogens.5,7,13 NO signaling also appears to play a vital
role in wound healing.38 Application of a variety of NO
donors as topical agents has been used with some success
in augmenting wound healing and reducing wound bacterial burden.11,12,39,40 We have recently demonstrated the
potent antimicrobial properties of gNO blended with air
against a wide range of pathogens including clinical and
MRSA, Group B Streptococcus, Candida albicans, Escherichia coli, and Pseudomonas aeruginose.14–16 Although
different strains demonstrate variable resistance, almost
all bacteria exposed to 200 ppm gNO show significant reduction in growth after 5 hours of exposure.15 In the present study, full-thickness wounds infected with S. aureus
revealed a significant reduction in bacterial content following 3 days of intermittent (8 hours/day) exposure to
200 ppm gNO. Concurrently, skin cells exposed to the
same level of gNO in vitro did not demonstrate any cytotoxic effect.
The skin, the largest organ of the body, is composed of
the epidermis, the dermis, and a subdermal layer. All of the
374

Figure 7. Antimicrobial properties of gaseous
nitric oxide (gNO) in vivo. Full-thickness 6 mm
punch biopsy wounds were infected with 1106
cfu Staphylococcus aureus 1 day before treatment. Once the presence of infection had been
confirmed, the animals were treated with
200 ppm gNO or medical air alone for a period
of 8 hours/day. Following 3 days of treatment, a
bacterial count (cfu/g of tissue) was obtained for
each wound (A). Paraffin serial sections from
day 3 wounds treated in the presence (C, D) or
absence (A, B) of gNO were stained with hematoxylin and eosin in order to visualize tissue cellularity and immune cell infiltration. Areas
outlined in boxes in (A) and (C) (100) are magnified under (B) and (D) (400).

major cell types residing in these three layers, including
keratinocytes, ﬁbroblasts, melanocytes, and endothelial
cells, express NO synthase (NOS) and are capable of releasing NO.41 In addition to binding to heme groups such
as hemoglobin and cytochrome c oxidase, NO may also
bind with nucleophilic centers like sulfur, nitrogen, oxygen, and aromatic carbons. Therefore, NO has the ability
to react with proteins and nucleic acids, its primary targets
in the cell.22 Interestingly, the cytotoxic effects of NO are
not consistent across different cell types and seem to be
dose dependent.42 Studies carried out by Krischel, et al.,43
revealed that both epidermal human keratinocytes and
ﬁbroblasts are resistant to the cytotoxic or apoptosisinducing effect of exogenous NO. In their study, they exposed primary culture cells to a number of different NO
donors such as nitroprusside, DETA/NO, and SNAP at
concentrations ranging from 0.5 to 5.0 mM for up to 48
hours. Given that the diffusion and reactivity of gNO are
very different in aqueous media in comparison with release
of NO from donor complexes used in Krischel studies, we
investigated whether 200 ppm exogenous gNO expresses
the same level of cytotoxicity in human skin cells as it does
in common pathogens in skin infection. The discontinuity
of gNO treatment in our study was designed to minimize
the cytotoxic effects of this molecule toward the host cells.
The diffusion rate for 200 ppm gNO was calculated to be
approximately 88.4 mM/hour in a cell culture medium such
as DMEM.14 At this rate, less than 1.0 mM gNO is taken
Wound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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up cumulatively by the media in an 8-hour exposure. Although potent antimicrobial effects were observed at these
levels of gNO in the ﬁrst 8-hour exposure, our current investigation did not reveal any significant cytotoxic effect in
FPCG, keratinocytes, or endothelial cells following 3 days
of treatment. It is important to note that a significant reduction in ﬁbroblast proliferation was observed on doubling the dose to 400 ppm in a similar delivery system.15
This ruled out the possibility that gNO is not reaching the
intracellular compartment of treated cells. Further support for diffusion capacity of gNO in an aqueous medium
was provided by the significant sensitivity of bacterial cells
exposed to the same level of gNO in previous studies.14,15
Although the exact mechanism of tolerance to these levels
of gNO is the subject of an ongoing study, it has been suggested that a more established S-nitrosoglutathione reductase pathway in mammalian cells may be responsible, in
part, for this effect.44,45
The biphasic action of NO on the proliferation of keratinocytes has been reported previously where increasing
keratinocyte proliferation was manifested at low NO concentrations, whereas the pattern changed at higher doses
of NO. Skin ﬁbroblasts, however, have exhibited a significant decrease in proliferation at low concentrations of
NO.43 Under intermittent exposures to 200 ppm gNO, we
did not observe a different reaction in the proliferation of
keratinocytes and FPCG. It should be noted that keratinocytes exhibited a slight decrease in their proliferation rate
in the presence of gNO, but it did not reach statistical significance under our exposure conditions.
In addition to the role of cell proliferation in the postinjury phase, the ability of skin cells to migrate into the
wound area is also extremely crucial during the process of
wound repair.46 Several hours following an injury to the
skin, reepithelialization is initiated, with keratinoctye migration from the wound edge into the wound clot.47 NO’s
important regulatory role is apparent from the severe delay in wound reepithelialization and wound closure in
iNOS-deﬁcient or selective iNOS inhibitor-treated animals.48,49 Using the ‘‘scratch’’ techniques, a migration rate
of approximately 1.0 mm in 48 hours was reported for cultured keratinocytes.50,51 In our study, the migration pattern of ‘‘injured’’ keratinocyte layer did not reveal any
significant difference in the presence or absence of gNO.
Similarly, migration of endothelial cells to form tubular
structures, as observed during the angiogenesis phase of
wound healing, was not jeopardized following gNO treatment.
Simultaneously with and subsequent to reepithelialization, ﬁbroblast proliferation, migration, and ECM deposition play a vital role in the granulation and remodeling
phase of wound repair.47 It is imperative that a topical antimicrobial agent not impede such functions in ﬁbroblasts
during wound healing. As the most abundant ECM protein in the skin, collagen production and its degradation by
MMPs such as collagenase-1 (MMP-1) is critical in proper
healing of the injured tissue.52 To investigate the functional integrity of ﬁbroblasts at the transcription level, we
looked into the gene expression of MMP-1 and collagen
following exposure to 200 ppm gNO. FPCG in the treated
group demonstrated a significant increase in collagen type
I mRNA expression. Although a slightly lower expression
of MMP-1 was observed, this did not reach statistical sigWound Rep Reg (2007) 15 368–377 c 2007 by the Wound Healing Society
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nificance. Up-regulation of collagen production in ﬁbroblasts treated by NO donors has been described previously
by other groups as well.11,53,54 As the main focus of the
study was on the antimicrobial effect of gNO in clearing
wound infection, the 3-day in vivo exposure was not designed to observe the effect of type-I collagen up-regulation on wound closure. Interestingly, in a recent case study
of a 2-year-old nonhealing venous ulcer, exposure to gNO
resulted in clearance of critical colonization and wound
closure after 14 days of treatment.16
The predominant cell types in early wound healing are
lymphocytes, granulocytes, and macrophages. Immune
cells play a critical regulatory role in transition between
wound inﬂammation and the next phase of granulation
tissue deposition in wound healing.55 Although the exact
role of NO in immune regulation is still unclear, it is mainly considered to inhibit the expression of genes involved in
cellular proliferation and growth.56 Interestingly, NO has
also been shown to express antiapoptotic effects.57 Although the initial iNOS knockout animal experiment suggested a role in inhibition of Th1 and promotion of Th2
cells,58 subsequent studies indicate that both Th1 and Th2
respond similarly to NO and both subsets produce comparable amounts of NO possibly as part of a negative
feedback.59 In treating nonhealing infected ulcers with
gNO, as proposed in our study, it is unlikely that immunosuppressive effects of NO will lead to any significant
impairment of the healing process. While in acute wounds
the inﬂammatory phase is transient, in chronic wounds
there is a prolonged and increased presence of T-cell inﬁltrate. In chronic venous and diabetic ulcers, the wound
seems to be frozen in a chronic low-grade inﬂammatory
state and transition into granulation deposition by ﬁbroblasts and angiogenesis by endothelial cells does not take
place.55 It is likely that an immunosuppressive agent such
as NO might shock the wound environment out of this
frozen state and revive the healing process.16 Furthermore,
persistence of infection and bacterial antigens, as commonly seen in chronic ulcers, can induce anergy and apoptosis of T cells. Rapid accumulation of bacterial toxins
can cause hyperactivation of the immune system and massive release of antiinﬂammatory cytokines, resulting in
septic shock, acute respiratory distress syndrome, and
death.60 Chronic infection can further disrupt the normal
process of healing by impairing recruitment and migration
of appropriate cells (neutrophils, macrophages, ﬁbroblasts, etc.) to the site of injury, leading to abnormal levels of cytokines and growth factors.61 Therefore, the
clearance of bacterial burden is of the highest priority in
treating chronic and nonhealing ulcers. Based on clinical
observations, epithelialization can proceed normally once
the quality of wound bed has improved.55 In addition, by
inducing vascular permeability and vasodilation, gNO can
potentially increase the blood supply and oxygenation in
wound bed microenvironment.62
In conclusion, our results, along with our previous in
vitro studies, provide further evidence of the effectiveness
of gNO as an antimicrobial agent in vivo. We also demonstrated a differential in the cytotoxicity of gNO between
bacterial and human skin cells. Recognizing that NO acts
as a ‘‘double edged sword’’ in pathophysiology of the
body, it is possible to identify a narrow range where the
cytotoxic effects of this molecule are minimized without
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jeopardizing its antimicrobial properties. Considering the
recent increase of antibiotic-resistant strains, the topical
application of gNO as an antimicrobial agent could prove
to play a crucial role in the treatment of skin infection,
particularly in burns and nonhealing chronic wounds.
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