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Arginine supplementation has been identified as advantageous in experimental wound healing. However,
the mechanisms underlying this beneficial effect in tissue repair remain unresolved. Animal studies sug-
gest that the beneficial role of arginine supplementation is mediated, at least in part through NO. The lat-
ter component mediates processes involved in tissue repair, including angiogenesis, epithelialization and
collagen formation. This prospective study is performed to investigate arginine metabolism in acute sur-
gical wounds in man. Expression of enzymes, known to be involved in arginine metabolism, was studied
in donor sites of skin grafts of 10 hospitalized patients undergoing skin transplantation. Plasma and
wound fluid levels of arginine metabolites (ornithine, citrulline, nitrate and nitrite = NOx) were measured
using High Performance Liquid Chromatography. Expression of iNOS, eNOS, arginase-1 and arginase-2
was studied by immunohistochemistry in paraffin sections of skin tissue. Arginase-1 concentration
was measured in plasma and wound fluid using ELISA. Arginase-2 was determined using Western blot
analysis. We observed increased levels of citrulline, ornithine, NOx and arginase-1 in wound fluid when
compared with plasma. Arginase-2 was expressed in both plasma and wound fluid and seemed higher in
plasma. iNOS was expressed by neutrophils, macrophages, fibroblasts, keratinocytes and endothelial cells
upon wounding, whereas eNOS reactivity was observed in endothelial cells and fibroblasts. Arginase-1
was expressed in neutrophils post-wounding, while arginase-2 staining was observed in endothelial cells,
keratinocytes, fibroblasts, macrophages and neutrophils. For the first time, human data support previous
animal studies suggesting arginine metabolism for an NO- as well as arginase-mediated reparation of

injured skin.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Wound healing represents a complex process, initiated to re-
store tissue damage. The amino acid arginine has been identified
as an important mediator in this process [1]. Arginine is the sole
precursor of nitric oxide (NO), a signal molecule, among others, in-
volved in immune responses, angiogenesis, epithelialization and
formation of granulation tissue, all essential aspects accompanying
wound healing [2].

Nitric Oxide Synthase (NOS) converts arginine to NO and citrul-
line. Three isoforms of NOS exist: neuronal NOS (NOS 1) and endo-
thelial NOS (NOS 3) are constitutively expressed by neuronal and
endothelial cells, respectively. Inducible NOS (NOS 2), is expressed
in response to inflammatory cytokines and endotoxins, such as
seen during wound repair. The beneficial effects of arginine supple-
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mentation on wound healing have been attributed to enhanced
synthesis of NO by NOS [3-6]. Former studies with rodents showed
that arginine-free diets impair wound healing, with decreased
breaking strengths of incisions and collagen deposition in granula-
tion tissue) [7,8], while supplementation of arginine increased
hydroxyproline concentration, a marker of collagen synthesis [9-
12]. In addition, to its role as precursor of NO, arginine can be
metabolized by arginase [13-17]. Two different isoforms of this
enzyme have been identified: arginase-1 (ARG1) and arginase-2
(ARG2). The liver type, ARG1, is the cytosolic isoform. ARG2 is
the mitochondrial isoform, located in kidney, prostate, small intes-
tine and the breast. Arginase catalyses the conversion of arginine to
ornithine and urea. Ornithine is an essential precursor for collagen
and polyamines synthesis [18], both required for wound healing
processes [19-25]. Moreover, arginase seems to influence the im-
mune response, another important contributor involved in tissue
repair. Activated macrophages and neutrophils (PMN’s) show in-
creased NO-production for their anti-bacterial function. This NO-
production is subsequently down-regulated by arginase through
substrate competition [26-28].
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Although arginine supplementation is considered to promote
the wound healing process, little is known of its metabolism during
normal human wound healing. This study examines the role of
arginine during uncompromized human wound healing. To this
end, levels of arginine, its metabolites and arginase were measured
in wound fluid and plasma of superficial surgical wounds in man.
In addition, we evaluated the immunohistochemical distribution
of the enzymes arginase, iNOS and eNOS in these wounds on par-
affin-embedded tissue sections.

Materials and methods

A prospective study was performed in ten hospitalized healthy
adults undergoing skin transplantation as part of reconstructive
surgery at the Department of Plastic Surgery in University Hospital
Maastricht. Details of their characteristics are given in Table 1.
Exclusion criteria were: age younger than 18 or older than
70 years, kidney or liver failure, pregnancy, use of steroids or dia-
betes mellitus.

Patients underwent screening evaluation, including medical
history and physical examination. Nutritional assessment was ob-
tained measuring body weight and length and expressed as Body
Mass Index (=weight/length?). Age and sex of the patients were
noted. The Maastricht Hospital Medical Ethical Board approved
the investigation protocol. Each patient signed informed consent.

Wound protocol. For the purpose of this study we used the donor
site of a skin graft as a model for an acute surgical wound. Under
aseptic conditions and general anaesthesia skin grafts were obtained
by using an electric dermatome (Aesculaap®) with a thickness of
0.3 mm. Biopsies of normal skin obtained on day 0 (=day of opera-
tion) were used as controls. To collect wound fluid donor sites were
covered with a layer of Gordasoft®, then a polyvinylalcohol (PVA)
sponge was applied to the wound (Coldex®) and on top of that a
transparent dressing (Tegaderm®), as previously described [29].

Study protocol. The initial protocol was to sample on day 2, 5
and 10 after surgery. However, on day 10 wound fluid samples
could only be harvested in three patients, as in the other patients
no wound fluid was present in the sponge. Twenty-four hours be-
fore sampling, the dressing was changed by removing the transpar-
ent dressing and the PVA-sponge and reapplying a new sponge and
transparent dressing. On the day of sampling, biopsies were taken
under local anaesthesia (1% lidocaine), using a 3 mm punch biopsy
from the central part of the wound. The sponge was removed, and
immediately stored on ice. Simultaneously a venous blood sample
was drawn from a major vein in the cubital fossa and also put on
ice. After sampling a new dressing was applied to the wound.

Table 1

Patient characteristics.

Patient F/M? Age BMI® Diagnosis

1 M 52 314 Burn wounds of the thorax
2 M 43 26.6 Open fracture leg

3 M 32 24.7 Chronic wound ankle

4 F 35 19.7 Defect face after trauma
5 M 75 24.6 Sarcoma of the leg

6 M 36 40.2 Chronic ulcer leg

7 M 70 235 SCC leg

8 F 27 27.9 Trauma of the hand

9 M 39 21.2 Leg amputation

10 M 68 25.8 Defect face after SCC*
Mean 47.2 26.5

SEM 5.3 1.9

Min/max 27-75 19.7-40.2

2 Female/male.
> Body Mass Index.
¢ Sqamous cell cancer.

Sample collection, processing and analysis

Blood was centrifuged at 4 °C for 10 min (4000 rpm) within 1 h
after sampling. After centrifugation, 500 pl of plasma was deprote-
inized using 20 mg dry sulphosalicylic acid (SSA), vortexed and fro-
zen in liquid nitrogen. Samples were stored at —80 °C until
analysis. To obtain wound fluid from acute wounds, sponges were
centrifuged at 4 °C for 10 min (11,000 rpm). After centrifugation,
500 pl of wound fluid was treated similar to the plasma.

Amino acid concentrations

Plasma and wound fluid amino acids were determined using a
fully automated High Performance Liquid Chromatography system
(HPLC) as described previously. Nitrate/nitrite concentrations in
plasma and wound fluid were also determined using HPLC [6].

Nitrate/nitrite (NOx) concentrations

To study production of NO by NOS we measured nitrite and ni-
trate concentrations. The sum of both nitrite and nitrate (NOXx) is
used as an indirect indicator of NO-production as described in sev-
eral studies [6,14,30]. NOx concentrations in plasma and wound
fluid were determined using HPLC [6,31].

Elisa for arginase-1

Plasma and wound fluid arginase-1 levels were measured using
sandwich ELISA [32]. Standard, primary and secondary antibodies
were kindly provided by HBT (Uden, The Netherlands). In short, a
96-wells plates were coated overnight at 4 °C with 100 pL of the
purified anti-human liver-type arginase monoclonal IgG (first anti-
body; Mo6G3, 5 mg/L carbonate buffer, pH 9.5). Plasma samples
were prediluted 1:2 in dilution buffer (1x PBS-0.1% BSA) and
wound fluid samples 1:400. Samples were added to the plate.
Bound arginase was detected with a second biotinylated antibody
(Mo9C5 in dilution buffer 1:200), followed by peroxidase-conju-
gated streptavidin and TMB.

Western blot arginase-2

Plasma or wound exudates were centrifuged at 10,000 rpm for
5 min, supernatants were collected and total protein concentra-
tions were determined using the BCA protein assay kit (Pierce
Chemical Co., Rockford, IL).

Aliquots with equal amounts of protein were heated at 100 °C
for 5 min in Laemmli buffer with B-mercaptoethanol, separated
on 10% SDS-polyacrylamide gels and transferred to polyvinylidene
fluoride membranes (Immobilon P; Millipore, Bedford, MA). After
incubation with primary antibody, 1 pg/ml anti-human arginase-
2 (Santa Cruz Biotechnology, Inc., Santa Cruz, USA) and washing,
membranes were incubated with a horseradish peroxidase-conju-
gated secondary anti mouse IgG. Positive bands were detected
using the chemiluminescent substrate Supersignal West Pico
(Pierce Chemical Co.) and transferred onto an X-ray film.

Immunohistochemical staining

The cellular distribution of arginine-metabolizing enzymes was
studied in man during the process of wound healing. Sequential
biopsies were collected in a period of 10 days post-wounding. Skin
tissue samples were stained with arginase-1, arginase-2, iNOS and
eNOS and compared them to normal skin. For immunophenotyping
a standard staining with haematoxylin and eosin (H&E), alpha-
smooth muscle actin (ASMA), CD31 and CD68 was performed (data
not shown).
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Biopsies were fixed in 4% buffered formaldehyde, processed by
routine histological procedures and embedded in paraffin. Four
micrometre sections were subsequently obtained from each paraffin
block. Specimens were initially stained with H&E. Parallel sections
were immunohistochemically stained for ASMA (smooth muscle
cell staining, Dako, monoclonal mouse-anti-human, 1:500), CD31
(endothelial cell staining, Dako, monoclonal mouse-anti-human,
1:50, pre-treatment TRIS/EDTA/pH 8.0, blocking 5% BSA) and CD68
(macrophage staining, DAKO, monoclonal antibody, pre-treatment
pepsin 1:100, no blocking). Subsequently sections were stained
using polyclonal rabbit anti-human-iNOS antibody (Zymed Labora-
tories, Inc., South San Francisco, USA), polyclonal goat anti-human
eNOS antibody (R&D systems, Las Vegas, USA), rabbit-anti-argi-
nase-1 (Sigma-Aldrich, St. Louis, USA) and rabbit anti-human
type-2 Arginase (kindly provided by Tomomi Gotoh, Kumamoto
University, Japan). Briefly, slides were dewaxed and rehydrated in
decreasing concentrations of alcohol. For arginase-1, slides were
pre-heated in citrate buffer. Sections were then incubated for
30 min with iNOS, eNOS, arginase-1 and arginase-2 antibodies (resp.
diluted 1:50, 1:10, 1:750, and 1:500 in 1% BSA/TBS/0.1% Tween-20
solution). Then slides were treated with biotinylated anti-rabbit (di-
luted 1:200, Dako) or biotinylated anti-goat (diluted 1:400, Dako)
and treated with avidin-biotin-peroxidase-complex (Dako). Posi-
tive staining was visualized by applying alkaline phosphatase (Vec-
tor Laboratories, Inc., Burlingame) and slides were counter-stained
with Mayer’s haematoxylin. Negative controls were treated in the
same manner but with the omission of the primary antibodies. The
slides were independently reviewed in a blinded fashion by two
observers, by light microscope. For determination of the wound
score, slides were rated semi-quantitatively on a score of 0-4 for
cells with cytoplasmic staining. O (negative staining); 1 (0-25% of
the cells stained positive); 2 (26-50% of the cells stained positive),
3 (51-75% of the cells stained positive) and 4 (76-100% of the cells
stained positive).

Statistical analysis

Data are expressed as mean + SEM. Amino acid concentrations
were expressed as pM. Differences of plasma and wound fluid
parameters were analysed using ANOVA repeat measurements
tests from SPSS, this statistical package for social sciences (SPSS)
software was used for statistical analysis. In all cases, p <0.05
was considered statistically significant.

Results
Patient characteristics

Patient characteristics are shown in Table 1. Eight males and two
females entered the study, mean age was 47 years. Patients werein a
general good condition. Mean Body Mass Index was 26.5 and none of
the patients had suffered from weight loss > 10% of bodyweight
prior to our study (data not shown). Patients needed reconstruction
of soft tissue defects for different reasons (Table 1). Seven patients
underwent a free vascularized tissue transfer in combination with
skin transplantation, three patients received only skin transplanta-
tion. All donor sites healed without complications.

Plasma and wound fluid amino acid concentrations

Wound fluid samples were collected on day 2, 5 and 10. At day
10, wound fluid was only harvested from three out of ten patients,
and therefore these data were excluded from analysis.

Plasma arginine levels did not differ over time and were similar
to healthy humans [31]. Wound fluid arginine levels were lower
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Fig. 1. Concentrations of arginine in plasma and wound fluid (1M). Plasma samples
are obtained pre-operatively, and days 2-5 post-operative. Wound fluid samples
are obtained days 2-5 post-operative. Data are expressed as mean = SEM, n =10,
*p <0.05.

compared to plasma, however this difference was not significant
(Fig. 1).

Plasma citrulline levels showed no significant difference over
time and were similar to healthy humans [31]. In contrast to argi-
nine, wound fluid citrulline levels were significantly higher than
plasma levels (Fig. 2).

Plasma ornithine levels were higher than normal healthy sub-
jects (normal value: 57 + 1.0 uM [33]). Although an incline was ob-
served from day 2 to 5, no significance was reached over time.
Wound fluid ornithine levels were higher compared with plasma.
A significant difference was seen on day 2 (Fig. 3).

Plasma and wound fluid NOx

Comparison of plasma and wound fluid nitrite/nitrate levels
shows significantly higher NO concentration in wound fluid com-
pared with plasma (Fig. 4).
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Fig. 2. Concentrations of citrulline in plasma and wound fluid (uM). Plasma
samples are obtained pre-operatively, and days 2-5 post-operative. Wound fluid
samples are obtained days 2-5 post-operative. Data are expressed as mean * SEM,
n=10, *p <0.05.
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Fig. 3. Concentrations of ornithine in plasma and wound fluid (uM). Plasma
samples are obtained pre-operatively, and days 2-5 post-operative. Wound fluid
samples are obtained days 2-5 post-operative. Data are expressed as mean * SEM,
n=10, *p < 0.05.
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Fig. 4. Concentrations of NOx (=nitrate + nitrite) in plasma and wound fluid (uM).
Plasma samples are obtained pre-operatively, and days 2-5 post-operative. Wound
fluid samples are obtained days 2-5 post-operative. Data are expressed as
mean = SEM, n =10, *p <0.05.

Plasma and wound fluid arginase-1

Comparison of plasma and wound fluid Arginase-1 concentra-
tions revealed significantly higher concentrations in wound fluid
compared with plasma (Fig. 5).

Plasma and wound fluid arginase-2

Arginase-2 expression was investigated by Western blot analy-
sis. Using densiometric analysis with LeicaQwin software (Leica
Microsystems Switzerland, Ltd.), we could observe increased levels
of ARG2 in plasma (Fig. 6A and B).
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Fig. 5. Arginase-1 concentrations in plasma and wound fluid (uM). Measurements
were performed in plasma on the day of operation (day 0), day 2 and 5 post-
operatively. Wound fluid samples were only measured on day 2 and 5 post-
operatively. Data are expressed as mean * SEM, n = 10, *p < 0.05.
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Fig. 6. (A and B) Arginase-2 levels in plasma and wound fluid. Enzyme detection by
Western blot (A). Densiometric quantification of levels, expressed as I0D;
mean + SEM, n =10, * p <0.05 (B).
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Immunohistochemical distribution of iNOS, eNOS and arginase-2 in
wounds

The basic histological pattern was similar for all wound sec-
tions. Haematoxylin and eosin-stained wound tissue showed a
connective tissue matrix filled with fibrin, inflammatory cells,
fibroblasts, glandular cells, vessels, smooth muscle cells.

iNOS (Fig. 7)

In unwounded skin, some constitutive expression was detected
in epithelial cells, smooth muscle and endothelial cells. This was in
contrast with the abundant staining in wounds (Fig. 7A, magnifica-
tion 20x), where iNOS was additionally expressed by macro-
phages, fibroblasts and PMN'’s (Fig. 7B, magnification 40x ). Semi-
quantitative analysis showed significantly more positive cells and
cell types in wounds compared to normal skin (Table 2). Negative
control was negative (Fig. 7C, magnification 20x).

eNOS (Fig. 8)

In unwounded skin, moderate eNOS expression was observed in
some of the endothelial cells. In addition, mild eNOS staining was
found in keratinocytes and smooth muscle (Fig. 8A, magnification
20x ). Semi-quantitative analysis showed equal expression of eNOS
in vessels in wounds at all time points p < 0.05 (Table 2). However,
in wounded skin the number of blood vessels was significantly in-
creased from day 5 to 10 compared with normal skin (16.1 + 1.7 to
28.1 + 3.8 vessels/um?, p < 0.05) (Fig. 8B, magnification 40x ). Neg-
ative control was negative (Fig. 8C, magnification 20x).

Arginase-1 (Fig. 9)

In unwounded skin no arginase-1 staining is observed (Fig. 9A,
magnification 20x ). In wounded tissue arginase-1 staining is only

A 56 um

-

e

Table 2

Cell types expressing iNOS, eNOS, arginase-1 and arginase-2, normal (unwounded)
versus wounded skin. Mean score of enzyme expression on a four point scale; 0: no
expression, 1: 1-25% expression, 2: 26-50% expression, 3: 51-75% expression and 4:
76-100% expression. Mean percentage + SD is shown.

Cell type Unwounded Day 2 Day 5 Day 10
iNOS

Epithelial cells 0 0.75+0.35 04+05 0.6+0.3
Fibroblasts 0 0.7+0.3 05+03 0.7+04
PMN’s 0 0.7+0.2 0.35+0.1 0.25+£0.0
Macrophages 0 0.5+0.1 0.7+0.3 0.7+0.2
Endothelial cells 0 0.8+04 0.7+03 08+04
Glandular cells 0 09+0.2 1.0+ 0.0 0.65 £ 0.5
eNOS

Epithelial cells 1.0£0.0 1.0+0 0.5+0.5 1.0+0
Fibroblasts 0 03x0.2 0.2+0.1 03x0.2
PMN’s 0 02+0.2 0.1+0.1 0.25+0.2
Macrophages 0 0 0 0
Endothelial cells 1.0£0.0 1.0+0 1.0+0 1.0+0
Glandular cells 0 0 0 0
ARG2

Epithelial cells 0.5.0+0.1" 1.0+0.2 1.0+0.1 1.0+0.2
Fibroblasts 0 1.0+0 1.0+0 1.0+0
PMN’s 0 0904 0.9+0.25 0304
Macrophages 0 0.6+0.2 0.5+0.1 0.7+0.3
Endothelial cells 0 1.0+0 1.0+0 1.0+0
Glandular cells 0.5+0.3" 1.0+0 1.0+0 1.0+0
ARG1

Epithelial cells 0 0 0 0
Fibroblasts 0 0 0 0
PMN’s 0 1.0£0 1.0£0 1.0£0
Macrophages 0 0 0 0
Endothelial cells 0 0 0 0
Glandular cells 0 0 0 0

PMN'’s: polymorphonuclear cells.
" p<0.05 versus days 2, 5 and 10 post-wounding.

seen in PMN’s (Fig. 9B, magnification 40x). Macrophages do not
show positive staining. Semi-quantitative scoring shows signifi-

B -y
AL A

Fig. 7. (A-C) iNOS-staining in normal human skin and wounds 10 days post-wounding. Normal skin shows constitutive iNOS-staining in epithelial cells, smooth muscle and
endothelial cells (A, magnification 20x). Wounded skin shows similar findings, in addition fibroblasts, PMN’s and macrophages stained positive during wound healing (B,

magnification 40x ). Negative control (C, magnification 20x).
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Fig. 8. (A-C) eNOS-staining in normal human skin and wounds 10 days post-wounding. Normal skin shows constitutive eNOS-staining in few endothelial cells and
keratinocytes (A, magnification 20x). Wound tissue shows positive eNOS-staining predominantly in vessels and some in fibroblasts (B, magnification 40x ). Negative control
(C, magnification 20x).

cant more ARG1 expression in PMN'’s post-wounding compared to Arginase-2 (Fig. 10)
normal skin and equal expression of positive PMN'’s at different

days post-wounding (Table 2). Negative control was negative In unwounded skin constitutive staining was observed in kerat-
(Fig. 9C, magnification 20x). inocytes, smooth muscle and endothelial cells (Fig. 10A, magnifica-
A B

Fig. 9. (A-C) Arginase-1 staining in normal skin and wounds 10 days post-wounding. Normal skin shows no arginase-1 staining (A, magnification 20x). In wounded skin
arginase-1 staining is only seen in PMN’s. Macrophages are not stained (B, magnification 40x ). Semi-quantitative scoring shows significant more ARG1 positively stained
PMN’s in wounds compared to normal skin and equal expression of positive PMN’s at different days post-wounding (Table 2). Negative control (C, magnification 20x).
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Fig. 10. (A-C) arginase-2-staining in normal human skin and wounds 10 days post-wounding. Constitutive staining was observed in keratinocytes, smooth muscle and
endothelial cells of normal skin (A, magnification 20x). In wounds predominantly fibroblasts, macrophages and PMN’s stained positive (B, magnification 40x). Negative

control was negative (C, magnification 20x).

tion 20x). All cells showed milder expression of arginase-2 in un-
wounded skin. In wounded tissue (Fig. 10B, magnification 40x)
additional staining of macrophages, fibroblasts and PMN'’s was ob-
served when compared to healthy skin. Semi-quantitative analysis
showed significant more cells expressing ARG2 compared to nor-
mal skin (Table 2). No difference in ARG2-expression was observed
at sequential time points during healing. Negative control was neg-
ative (Fig. 10C, magnification 20x).

Discussion

Data from animal studies suggested that arginine metabolism
occurs during wound healing. In addition, arginine supplementa-
tion in animals and humans appears to improve skin repair. How-
ever the mechanisms underlying this effect remain unidentified. To
our opinion, this is the first study supporting the role of arginine
metabolism in normal wound healing in man. It provides insight
in the mechanisms by showing expression of arginine-metabolites
and arginine-metabolizing enzymes at different time points during
normal healing of surgical wounds, compared with normal skin.

The supporting evidence is shown by increased levels of wound
fluid citrulline and NOx when compared with plasma, indicating
arginine conversion by NOS [14,34,35]. Moreover, a significant rise
of ornithine detected in wound fluid compared with plasma sug-
gests that L-arginine is also metabolized by arginase. Since citrul-
line and ornithine are not released by protein breakdown, these
findings are indicative for arginine metabolism both through NOS
and arginase-pathways. This suggestion is also supported by levels
of ARG1 and ARG2 detected in wound fluid. Although not signifi-
cant, arginine levels in wound fluid tend to be lower compared
to plasma. This is in line with animal studies [35,36,14], which
showed decreased arginine levels in wound fluid when compared

with plasma during healing, suggesting arginine consumption at
the wound site [34,37-39].

We observed simultaneous increase levels of citrulline and orni-
thine in wound fluid. Experimental studies show temporal eleva-
tion of NOx and ornithine in wound fluid when compared to
plasma, suggesting sequential activation of the different arginine
metabolic pathways [35,39]. Moreover, others like Finnen et al.
suggest a time course requirement for different arginine metabo-
lites, as increased healing upon NO-application in the early healing
phase was observed [40,41]. Since the number of sequential sam-
ples was limited, we cannot draw conclusions about the time
course activation or requirements of arginine metabolism. Unfor-
tunately, more extensive sampling was not ethical for our patients.

The mechanisms by which arginine stimulates cutaneous
wound repair is still not completely understood. In the present
study, we observed iNOS expression in macrophages, PMN'’s, fibro-
blasts, epithelial and endothelial cells upon wounding. In contrast,
these cells did not express iNOS in normal skin, indicating wound-
ing activates arginine metabolism. All these cells have specific
functions during the complex process of healing and NO has been
implicated as a mediator. PMN’s and macrophages are needed to
debride the wound area and attract other cells important for
wound healing. Human neutrophils generate NO [42-44] which
modulates their migration [45]. In addition, activated macrophages
and neutrophils need arginine for adequate NO-synthesis [46-48].
Moreover, after arginine supplementation, an increased myeloper-
oxidase-activity in PMN’s is observed, that was accompanied by in-
creased NO levels and wound tensile strength [49-51]. Fibroblasts
are responsible for collagen formation in granulation tissue, a pro-
cess essential in tissue repair. In vitro and animal studies show that
NO regulates collagen synthesis in wound fibroblasts [25,38,52,
39,53]. Wang et al. showed that fibroblasts derived from human
skin express eNOS and iNOS upon stimulation with LPS and INF-y
[54,55]. This is in line with our findings, as eNOS and iNOS were ex-
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pressed in fibroblasts of wounds at all time points, suggesting NO-
mediated collagen formation in wound healing in man (Table 2).
Neovascularization is of central importance in wound healing. In vi-
tro studies showed that VEGF, the most potent known angiogenic
protein, is induced by NO [56,57]. Inhibition of NO-synthesis impairs
VEGF expression and angiogenesis. Moreover, it delays wound heal-
ing [58-61]. We observed constitutive expression of eNOS in endo-
thelial cells, which did not alter upon wounding, whereas iNOS was
expressed in endothelial cells only after injury. Comparable findings
were observed in keratinocytes in present study. They showed a
constitutive expression of eNOS and iNOS in normal skin, whereas
after injury a more abundant expression of iNOS was noticed. Kerat-
inocytes in normal human skin express all NOS isoforms [61] and
iNOSis induced in proliferating keratinocytes upon cutaneous injury
inrodents [62]. As all our wounds healed without complications, we
speculate that the up-regulation of iNOS/eNOS as seen in the present
study implicates that normal human wound healing is NO-medi-
ated, and therefore arginine is required.

Arginase, the other major L-arginine-consuming enzyme, regu-
lates polyamines and proline synthesis through the production of
ornithine [1,63]. In addition, arginase regulates NO-formation
through substrate competition [64-66,67]. Previous animal and
in vitro studies showed exclusive up regulation of ARG1 during
normal wound healing, which was required for collagen formation
[25]. Human studies that addressed the role of arginases during
wound healing are limited. They described overexpression of argi-
nase in pathological wound states (e.g. diabetes, psoriasis and ve-
nous ulcers) [13,16,68]. We detected ARG1 in both plasma and
wound fluid. Surgery and sepsis are known to induce elevated plas-
ma levels of ARG1. It has been suggested that ARG1 is released by
inflammatory cells, hepatocytes and erythrocytes in order to de-
crease T-cell immunity [69-72]. In this study, ARG1 levels were
significantly higher wound fluid than in plasma, supporting our
hypothesis of arginine metabolism through ARG1 in the wound
environment. In contrast, we measured higher plasma ARG2 levels
compared with wound fluid (Fig. 6B). ARG2 has a wide tissue dis-
tribution, with the highest expression in kidney, prostate and vas-
culature. In vessels it appears to be involved in the regulation of
vascular tone and atherosclerosis [66]. Only Corraliza et al. mea-
sured ARG2 in joint fluid from arthritic joints and suggested that
this contributed to the disturbed healing process [15]. At present,
we do not have an explanation for the elevated levels of ARG2 in
plasma and wound fluid observed in this study.

Interestingly we observed coexpression of ARG1 and ARG2 in
PMN'’s, at all time points post-wounding, while no expression
was seen in PMN’s of normal skin. Coexpression of ARG1 and
ARG2 has not yet been reported in PMN’s [69]. However, it has
been observed in endothelial cells, where intracellular ARG1 and
ARG2 compete for arginine, leading to decreased NO-production.
A specific role for arginase isotypes has been suggested; ARG1:
ornithine synthesis and ARG2: polyamines production [73]. Jacob-
sen suggested that the function of release of arginase from PMN’s is
to reduce NO-formation by macrophages, endothelial and T-cells
[74]. All, these previous findings could apply to PMN function in
human wound healing, but the complexity of wound healing
in vivo warrants more research. Another interesting finding is that
we only observed ARG2 expression in macrophages after injury.
Arginase expression by macrophages seems to be species and cell
specific as murine macrophages express ARG1 and ARG2, rat mac-
rophages ARG1 [25,75,76] and human myeloid cells express ARG1
[27]. The role of arginase in activated macrophages seems to be
down regulation of NO-production through substrate competition
which is more pronounced when L-arginine availability is reduced
[76,77]. Gotoh et al. suggested early and late arginase expression in
macrophages: first ARG2 to produce polyamines for macrophage
growth and differentiation and later on ARG1 to produce ornithine

for collagen production [77]. It is possible that assessment of ARG
in this study was only conducted in the early ARG-expressing
phase. Alternatively, different arginase isotypes may play different
roles during normal and pathological healing.

Comparable findings were observed in fibroblasts, only express-
ing ARG2 upon injury. In rats, up-regulation of only ARG1 is de-
tected in fibroblasts after wounding to provide substrate for
collagen-synthesis and cell proliferation [25,78].

Furthermore, our study shows ARG2 expression in endothelial
cells. Non-human endothelial cells express ARG1. Unstimulated hu-
man endothelial cells express some ARG2, which increases upon
stimulation [79,80]. Arginase seems to be involved in vascular func-
tion [65]. In addition, Li et al. suggested ARG1 is needed for ornithine
and ARG2 for polyamines production by bovine endothelial cells
[73,24]. Which makes both pathways important for the formation
of new blood vessels, an essential process for wound healing.

Finally, expression of ARG2 in epithelial cells of healthy skin
was seen, and increased in wounds. The expression of ARG2 in nor-
mal skin was already seen by Wohlrab et al. [81]. Present study is
the first to show that expression of ARG2 is increased in normal
wound healing in man.

In summary, our findings support previous experimental stud-
ies suggesting arginine metabolism for an NO-mediated as well
as arginase-mediated reparation of injured skin. Our findings sug-
gest a more prominent role of ARG2 in normal healing. As it is
known that ARG1 is more activated in pathological skin healing
our finding may have important therapeutic consequences. Inhibi-
tion of ARG1 and stimulation of ARG2 during pathological wound
healing might be considered in the future. More work remains to
be done to translate the needs of injured skin into clinically useful
agents.
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