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Summary

The main pathological condition in patients with impaired wound
healing is diabetes mellitus. These patients have significantly low
circulating nitric oxide (NO) levels because the stimulatory action
of insulin on NO synthesis is absent. Additionally, asymmetric
dimethylarginine (ADMA), an
increased owing to the generation of oxidative stress. NO was

inhibitor of NO synthase, is

thought to contribute to wound healing. Hyperbaric oxygen
(HBO) treatment is generally used in order to accelerate the
healing of wounds. The aim of this study was to determine the
changes in plasma procollagen type I and III N-terminal peptides
(PINP and PIIINP), total nitrite/nitrate (NOx) and ADMA levels;
and to evaluate their relation to healing during the HBO
treatment of foot ulcers. Data obtained from 18 diabetic patients
before and after the HBO therapy were compared statistically by
the Wilcoxon test. NOx was increased in 11 and ADMA was
decreased in 12 patients following HBO treatment. Both PINP
(32.6£29.4 g/l vs 44.3+33.4 ug/l) and PIIINP (6.97+3.01 pg/l
vs 7.92+£2.49 ug/l) were significantly increased (p<0.05).
Progressive reductions were observed in wound areas, as
assessed by the digital wound imaging. In 12 patients, wounds
healed by 50 % or higher; whereas only two subjects had
minimal improvements (15 % or less healing). The duration of
diabetes correlated negatively with wound healing (r = -498,
p<0.05). This study suggests that increased collagen synthesis is
associated with wound healing during hyperbaric oxygen therapy.
Nitric oxide generation may also contribute to the healing
process.
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Introduction

Wound healing is a complex process, involving
inflammation, fibroplasia, neovascularization, collagen
deposition, epithelialization and wound contraction.
Collagen synthesis in wounds has been documented by
increased concentrations of fibroblasts, presence of type I
collagen mRNA, increased production of growth factors,
and decreased activity of the matrix metalloproteinases
(Sheikh et al. 2000, Kang et al. 2004). On the other hand,
elevated expression of extracellular matrix metallo-
proteinases, decreased proliferation rate of fibroblasts and
decreased expression of growth factors have been
demonstrated in  non-healing  chronic  wounds
(Hehenberger et al. 1998, Cowin et al. 2001, Norgauer et
al. 2002). Measurements of the N-terminal propeptides of
type 1 (PINP) and III (PIIINP) collagens in blood are
commonly used as markers of collagen formation. The
concentration of these propeptides reflects the synthesis
rate of type I and III collagens. During wound healing,
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types I and III collagens which are produced and
deposited by fibroblasts increase the tensile strength of
the wound (Mutsaers et al. 1997). It was reported that
scar fibroblast selectively increases the biosynthesis of
type I collagen, this abnormal metabolism results in the
deposition of collagen in scar and alters the steady-state
ratio of collagen type I/III in the process of wound
healing (Zhang et al. 1995, Niessen et al. 1999). It has
been shown by animal experiments that exposure to
hyperbaric oxygen increases the expression of type I
collagen in healing of tendon laceration (Ishii et al
1999).

The main pathological condition in the patients
with impaired wound healing is diabetes mellitus. In
diabetic patients, high blood glucose hinders proliferation
of cells and decreases collagen production in foot ulcers
that may result in amputation of the extremities
(Hehenberger et al. 1998). Hyperbaric oxygen (HBO)
therapy has been widely used to treat chronic wounds
associated with pathological conditions compromising
blood supply and tissue oxygenation (Abidia et al. 2003).
Repeated (20-40) exposures of HBO have been shown to
exert beneficial effects on glucose metabolism in diabetic
patients (Kakhnovski et al. 1982) and to improve the
healing in diabetic foot ulcers (Faglia et al. 1996, Kalani
et al. 2002).

NO, a versatile signal molecule, is the most
potent endogenous vasodilator that regulates many
processes including collagen synthesis and matrix
remodeling. Kuboki et al. (2000) found that diabetic
patients have significantly lower circulating NO levels
because the stimulatory action of insulin on NO synthesis
is absent. Nitric oxide synthase (NOS), the enzyme that
uses L-arginine and molecular oxygen as substrates for
the production of NO and L-citrulline, is the key enzyme
for the regulation of NO availability. Asymmetric
dimethylarginine (ADMA) is an endogenous inhibitor of
NOS, and is derived from the catabolism of proteins
containing methylated arginine residues. Increased
oxidative stress has been shown to lead to increased
levels of ADMA (Baylis 2006). In diabetic patients,
increased levels of ADMA have been reported (Abbasi et
al 2001), but its possible involvement in the wound
healing has not been investigated.

In this study, attempts were made to determine
the changes in plasma PINP and PIIINP, total
nitrite/nitrate (NOx) and ADMA levels; and to evaluate
their relation to wound healing during the HBO treatment
of foot ulcers in diabetic patients.

Subjects and methods

Subjects

Eighteen patients (13 men, 5 women) with
diabetic foot ulcers who received hyperbaric oxygen
therapy were included in the study. The procedures were
in accordance with the revised form of the Helsinki
Declaration 2004 and all participants signed an informed
consent form. The study protocol was approved by the
local ethical committee. Patients were followed by the
same physician responsible from diabetic control, wound
care and antibiotic therapy according to the clinical and
laboratory findings, and were given a diet depending on
their metabolic needs without vitamin supplementation.
No significant difference occurred in the glucose and
HBA,, levels of patients during the experimental period.
Fasting blood glucose levels ranged between 100-300
mg/dl and blood HbA . concentrations were between 6.3-
12.6 % (for other characteristics of patients see Table 1).

Table 1. Clinical and laboratory characteristics of the patients
before and after hyperbaric oxygen treatment (HBOT).

Before After
HBOT HBOT
Men/Women 13/5
Age 61 £8.26
BMI (kg/m’) 26.1+3.73
DM duration (vears) 18.6 £10.0
PINP (ug/l) 32.6+294 443 +33.4%
PIIINP (ug/l) 6.97 £3.01 7.92 £ 2.49%
ADMA (umol/l) 1.33+0.5 1.20+0.49
NOx (umol/l) 76.6 £41.5 83.7 £38.9

*p<0.05 compared to baseline values. DM — diabetes mellitus.

HBO treatment

Along with the standard wound care and medical
therapy, all subjects underwent HBO treatment according
to a routine protocol for diabetic foot ulcers with healing
problems, determined by the European Committee on
Hyperbaric Medicine and also by the Hyperbaric Oxygen
Committee of Undersea and Hyperbaric Medicine (Wattel
1998, Feldmeier 2003). HBO treatment was carried out in
a multiplace hyperbaric chamber once a day, and six days
in a week. The treatment protocol was inhalation of
3x25 min periods of 100 % oxygen at a pressure of
2.4 ATA, interspersed with 5 min periods of air breathing.
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Sample collection and wound size evaluation

On the day of HBO treatment, the patients were
admitted to the clinic between 8.00-11.00 a.m. Venous
blood samples (10 ml) were collected from each patient
prior to the hyperbaric oxygen therapy in a standard
sterile vacuum tube containing EDTA, and immediately
centrifuged at 600 g for 15 min. Aliquots of plasma were
stored at —80 °C until used for the determinations of
PINP, PIIINP, NOx and ADMA. After 25-30 sessions of
HBO therapy, varying degrees of clinical healing were
observed in the patients, and blood samples were
collected for the repetitive measurements.

Clinimetric evaluation of the wounds was based
on digital wound imaging, and the changes in the wound
surface area were calculated with planimetric
measurements using a constant reference (Kantor and

Margolis 1998, Quan et al. 2007).

Analytical procedures

PINP and PIIINP levels were measured using
commercially available competitive radioimmunoassay
kit (Orion Diagnostica UniQ, Espoo, Finland). Minimum
detectable doses were 2 pg/l and 0.3 pg/l, the interassay
CVs were <9.8 % and <6.5 %; and intraassay CVs
<9.8 % and <3.0 %, respectively. Results were expressed
as pg/l.

NOx (nitrite and nitrate) analyses were carried
out using total nitric oxide assay kit (R&D System
Europe, Abingdon, UK). Minimum detectable dose

ranges from 0.09 to 0.78 mmol/l, the interassay CV was
<4.6 %, and intraassay CV <2.5%.
expressed as pmol/l.

Results  were

ADMA levels were measured in samples by a
commercial ELISA kit (DLD Diagnostika, Hamburg,
Germany). The reference ranges were between 0.4 and
0.75 mmol/l; the intraassay and interassay coefficients of
variation were <8 % and <10 %, respectively. Results
were expressed as pmol/l.

Statistics

Results were expressed as means + SD. The
significance of differences between groups was assessed
using Wilcoxon test. P<0.05 values were regarded as
significant. Correlations were estimated using the
Spearman test. All analyses were performed with the
Statistical Package for the Social Sciences (12.0 software

version, SPSS Inc, Chicago, IL, USA).

Results

Biochemical data obtained in patients before and
after 25-30 sessions of HBO treatment are shown in
Table 1.

PINP and PIIINP levels were increased in 14
patients when compared with the baseline values, the
increments being statistically significant (p<0.05). Eleven
patients with increased levels of procollagen peptides had
50 % or more decreased wound surface arca. Wounds
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were evaluated by measuring the surface area twice on
digital wound imaging, prior to the therapy and after
25-30 successive HBO treatments; and the degree of
healing was expressed as the percentage of healed area.
Two subjects were excluded from this evaluation due to
the absence of the digital imaging data. Of 16 subjects,
two had minimal improvements on wound surface (with
15 % or less healing), whereas the remaining patients
gave a favorable response as follows: in 7 patients, the
degree of wound healing 78 % or higher; and 7 patients
with the healing percentages 33 to 57 (Figure 1).
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Fig. 2. Plasma NOx levels before and after 25-30 sessions of
HBO therapy in diabetic patients who were classified according to
the degree of wound area change. ? p<0.05 in comparison to
basal levels (before HBO). ® p<0.05 in comparison to the patients
with less than 50 % healing (before HBO).

When the patients were classified according to
the degree of healing (<50 % or >50 %), the baseline
NOx levels differed significantly between the two groups
(p<0.05; Fig. 2). In addition, elevated NOx levels were
seen in patients whose wounds were healed by 50 % or
more following HBO therapy. On the other hand, the
patients who showed minor improvements (less than
50 % of healing) had decreased levels of NOx after the
exposure to HBO. The individual variations in NOx
levels are shown in Figure 3.

Baseline plasma ADMA was lower in patients
(1.25+0.5 pmol/l) who responded favorably (50 % or
more healing) to HBO treatment when compared to that
(1.59+0.56 umol/l) in the other patients who poorly
responded to the treatment (below 50 %). In 7 patients
with 78 % or more healing, plasma ADMA was lowest
before the therapy (1.09+0.55 umol/l). No significant

difference was observed between ADMA levels before
and after HBO treatment when the patients were
classified according to the degree of healing (data not
shown).

The duration of diabetes was negatively
correlated with wound healing (r=0.498, p<0.05); but
after adjusting for HbA . by two-tailed partial correlation,
this negative correlation no longer existed.

No correlation was detected between PINP and
PIIINP levels. Neither ADMA nor NOx levels were
correlated with the procollagen peptides. There was no
significant relation between these two parameters either
before or after the 25-30 sessions of HBOT. The relation
between the changes in wound area and in the above-
mentioned biochemical parameters was examined by the
categorical analysis (the increment in the measured
parameter versus >50 % of healed area), the changes in
NOx levels were found to be significantly associated with
the degree of healing (p=0.001).

Discussion

The improvement of wound healing is directly
associated with the periwound-tissue oxygen tension
(Smith et al. 1996). The beneficial effects of hyperbaric
oxygen on the healing of foot ulcers and glucose
metabolism have been documented in patients with
diabetes mellitus (Kakhnowski et al. 1982, Kalani et al.
2002, Abidia et al. 2003, Kessler et al. 2003). In the
present study, type I and III procollagen N-peptides were
significantly increased in sera following 25-30 sessions
of HBO. This finding suggests that successive exposures
to HBO increase collagen synthesis as the rate of healing
is accelerated. It is well known that molecular oxygen is
essential for collagen synthesis, especially for the post-
translational hydroxylation of proline and lysine in
procollagen during the process of collagen maturation.
the concentrations of PINP and PIIINP
measured in this study reflect the rate of synthesis rather
It has
previously been shown that HBO exposure may activate

However,
than the maturation of procollagen fibers.

secretion of growth factors through the generation of
reactive oxygen species (Tandara and Mustoe 2004, Shyu
2008). After HBO therapy, an
transforming growth factor (TGF)-3 production has been

et al increase in
observed (Kang et al. 2004). Together with the previous
reports, our findings support a promoting role for oxygen
on collagen synthesis rather than maturation process.
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It has previously been shown that deposition of
collagen types in wound area differs with regard to the
stages of healing. In the earliest stage, excessive type III
collagen is seen but later type I collagen predominates
(Mutsaers et al. 1997). Since the degree of wound healing
was not similar in our subjects, a significant association
between PINP and PIIINP could not be detected.

Ongoing experimental and clinical wound
healing studies have presented NO as a critical mediator
of tissue repair (Schwentker and Billiar 2003). NO levels
were found to be significantly increased in wound fluid
(Boykin and Baylis 2007), while it remained unaltered in
plasma after a short-term HBO treatment (Chen et al.
2007). Reports related to the effect of hyperbaric oxygen
on NO production in normal tissues are conflicting
(Thom et al. 2003, Elayan et al. 2000, Akgul et al. 2007).
In our study, the basal levels of NOx were significantly
higher in patients who exhibited a lesser degree of wound
healing in response to the therapy. In this group, NOx
levels were significantly decreased after the HBO
exposure. In contrast, the patients who had a good
response to HBO therapy had a relatively low baseline
NOx, which was followed by a slight elevation after
HBO. In a recent study, an improved wound healing due
to increased nitric oxide generation has been
demonstrated after HBO (Gallagher et al. 2007). These
observations led us to suggest that there is an optimum
NO level for its contribution the healing process.

In our study, ADMA levels were slightly higher

than those in healthy subjects, which are estimated to be
~1 pmol/l (Cooke 2000). This elevation may be related to
oxidative stress owing to diabetes. Some studies have
shown an elevation, while others demonstrated a decrease
in ADMA levels of diabetic patients (Abbasi ef al. 2001,
Paiva et al. 2003), but the role of this metabolite on
wound healing has not been investigated. In this study,
we observed a lesser degree of healing in patients with
relatively high baseline ADMA levels, while baseline
ADMA levels were lowest in 7 patients who favorably
responded to HBO treatment with 78 % or more healing.
Since our study had a limited sample size, further studies
should be carried out in order to claim that determination
of plasma ADMA levels may be useful to predict the
diabetic
Supplementation of L-arginine, which is a common

prognosis  of  healing in patients.
precursor for NO and polyamine synthesis, has enhanced
wound healing in experimental animals (Shi et al. 2003).
Therefore, the ratio of arginine to ADMA appears to be
more important than ADMA alone for the repairing
process.

HBO

significant increases in both type I and IIl collagen

In conclusion, treatment results in
synthesis. A slight increase observed in NO levels during
this process may contribute to the wound healing. Further
studies are needed to establish whether the effect of
hyperbaric oxygen therapy on healing of diabetic foot
lesions can be enhanced by L-arginine supplementation in

humans.
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