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Tissue injury initiates a temporally ordered sequence
of local cellular and metabolic responses presumably
necessary for successful repair. Previous investiga-
tions demonstrated that metabolic evidence for nitric
oxide synthase (NOS) activity is detectable in wounds
only during the initial 48 to 72 hours of the repair
process. Present results identify the cell types contrib-
uting inducible NOS (iNOS) to experimental wounds
in rats. iNOS antigen was expressed in most macro-
phages present in wounds 6 to 24 hours after injury,
and these cells exhibited NAPDH diaphorase and NOS
activity. Polymorphonuclear leukocytes contained lit-
tle iNOS antigen and no NADPH diaphorase activity
and were minimally able to convert L-arginine to
L-citrulline. The frequency of iNOS-positive macro-
phages declined on days 3 and 5 after wounding. By
day 10, most macrophages in the wound were nega-
tive for iNOS. These cells, however, acquired iNOS
antigen and activity in culture. Wound fluids, but not
normal rat serum, suppressed the induction of iNOS
during culture. Findings indicate that the expression
of iNOS in healing wounds is restricted to macro-
phages present during the early phases of repair and
that components of wound fluid suppress the induc-
tion of iNOS in macrophages in late wounds. Poly-
morphonuclear leukocytes contribute little iNOS ac-
tivity to the healing wound. (Am J Pathol 1999,
154:1097–1104)

Previous work described a temporally restricted pattern
of activity for two distinct enzymes of L-arginine metabo-
lism, arginase and the inducible form of nitric oxide syn-
thase (iNOS), in healing wounds.1,2 Arguing from the
accumulation of specific L-arginine catabolites in extra-
cellular fluid obtained from experimental wounds and in
cultures of whole-wound explants, it was proposed from
this laboratory that the expression of iNOS in acute

wounds was restricted to the period of polymorphonu-
clear leukocyte (PMN) infiltration, which encompasses
the initial 24 to 72 hours after injury. Results also indi-
cated that macrophage-derived arginase was the pre-
ponderant, and probably the only, high-flux enzyme of
arginine catabolism in the wounds thereafter. Additional
support to the latter conclusion and an enzymatic basis
for the virtual disappearance of L-arginine from the extra-
cellular space of late wounds were given by the accumu-
lation of arginase in extracellular fluids obtained from
wounds of increasing maturity.1,2 Additional studies iden-
tified other wound-associated microenvironmental fac-
tors, such as hypoxia, as decidedly preferential in induc-
ing L-arginine metabolism in macrophages through
arginase rather than iNOS.3,4

The relevance of the product of iNOS, NO, and its
putative derivatives to inflammatory processes in general
and more specifically to wound healing has recently been
highlighted.5 It has been proposed, in this regard, that
the sustained expression of NOS in healing wounds is
critical to the accumulation of collagen and the acquisi-
tion of mechanical strength in wounds.5 These results
were, interestingly, obtained in part using the same
wound model used in previous reports from this labora-
tory. Because they differed so substantially from obser-
vations contrary to the significant expression of NOS in
the wound past the initial 24 to 72 hours after wounding,
experiments were performed to better define the tempo-
ral pattern of iNOS expression and identify the cells ex-
pressing this enzyme in healing wounds. Results pre-
sented herein further support a redundant system of NOS
regulation in healing wounds that includes, along with the
degradation of extracellular L-arginine by arginase in late
wounds,1,2 the restricted expression of iNOS to macro-
phages in the early phases of repair and the suppression
of iNOS induction in macrophages from late wounds by
factors present in the wound’s extracellular fluid.
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Materials and Methods

Wound Model: Cell Harvesting and Culture

Male Fischer rats (150 to 200 g; VAF-Plus, Charles River
Breeding Laboratories, Wilmington, MA) were used in all
wounding experiments. VAF-Plus animals are certified
free of common rat pathogens by the supplier and
housed in an isolation environment on their arrival at the
laboratory. The animals were monitored by Brown Uni-
versity/Rhode Island Hospital veterinary personnel. Ster-
ile circular polyvinyl alcohol sponges (Unipoint Indus-
tries, High Point, NC) measuring approximately 1 cm in
diameter and 0.4 cm in thickness were implanted subcu-
taneously through a 7-cm midline incision in the dorsum
of each animal (10 sponges per animal) under anesthesia
(Pentobarbital, Abbott Laboratories, North Chicago, IL; 5
mg/100 g body weight).1,2

At designated times after sponge implantation, the
animals were sacrificed with CO2, and cells contained in
the sponges were harvested exactly as described previ-
ously.1,2 That cellular recovery from the sponges is virtu-
ally complete was demonstrated experimentally by the
lack of detectable DNA in the sponges after cell extrac-
tion (not shown). Total cell yields were used for differen-
tial counts and for the immunoblot detection of iNOS.
Wound-derived macrophages were isolated from the
wound cell preparation by adherence to plastic and re-
covered with ice-cold Ca- and Mg-free Hanks’ balanced
salt solution. Purity was greater than 90% as determined
by Wright-Giemsa staining and by immunofluorescence
using an anti-rat macrophage antibody (Ab).6 Viability at
the time of harvest was .95% by trypan blue exclusion.
Viability after various periods of incubation in culture
medium (RPMI 1640 (GIBCO, Grand Island, NY) supple-
mented with 1% bovine serum albumin, 10 mmol/L 3-(N-
morpholino)-propanesulfonic acid, and antibiotics) was
determined by lactic dehydrogenase release into super-
natants and was .85% at 24 hours. Cell-free wound fluid
was obtained by centrifugation of whole sponges in the
cold as described previously.2

Peritoneal exudate cells were obtained by peritoneal
lavage 6 hours after the intraperitoneal injection of oyster
glycogen (Sigma Chemical Co., St. Louis, MO). These
cells were .90% PMNs by staining with a specific mouse
anti-rat PMN monoclonal (M)Ab.7

Immunoblot Analysis of iNOS Expression

Postnuclear supernatants of cell lysates obtained from
freshly harvested or cultured cells were size fractionated
in 7.5% SDS-polyacrylamide gel electrophoresis loaded
with 15 mg of cell protein per lane. Proteins were trans-
ferred to a nitrocellulose membrane and incubated over-
night in blocking buffer containing 10 mmol/L Tris/HCl,
pH 7.5, 1% bovine serum albumin, 100 mmol/L NaCl, and
0.1% Tween-20. Blots were probed with a mouse MAb
against macrophage iNOS (Transduction Laboratories,
Lexington, KY) diluted 1:500 in blocking buffer for 1 hour
at room temperature followed by washing for 30 minutes
in blocking buffer. Antibody was detected using alkaline-

phosphatase-conjugated goat anti-mouse immunoglob-
ulin (Sigma) and visualized with nitroblue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate (Bio-Rad Labora-
tories, Hercules, CA). A contour plot of each band was
generated, and optical density of the area was deter-
mined using a PDI desktop densitometer and Quantity
One one-dimensional gel analysis software (PDI, Hun-
tington Station, NY).

Immunofluorescence Analysis

Cells were either cytospun onto glass slides when immu-
nostaining was to be performed on freshly isolated prep-
arations or adhered in Permanox eight-well chambered
slides (Nunc, Naperville, IL) in experiments warranting an
incubation period. Fixation was accomplished in acetone
at 220°C for 5 minutes. Cells were blocked in PBS con-
taining 1% normal goat serum and incubated with pri-
mary Ab in PBS plus 1% normal goat serum for 45 min-
utes at room temperature. Primary antibodies included
rabbit anti-iNOS (1:50; Transduction Laboratories) and
ascitic fluids containing either mouse anti-rat macro-
phage IgG (KU-1) at 1:200 dilution6 or mouse anti-rat
neutrophil IgG (RP3) at 1:200 dilution.7 Slides were
washed and incubated with fluorescein-conjugated goat
anti-mouse IgG (1:100; Sigma) and Texas-Red-con-
jugated sheep anti-rabbit IgG (1:500; Biosource, Cama-
rillo, CA) for 30 minutes at room temperature. Cells were
observed using a Nikon Microphot-FXA, and images
were captured using a SenSys CCD fitted with PVCAM
acquisition software (Photometrics, Tucson, AZ) and an-
alyzed using IPLab Spectrum 3.1 (Signal Analytics Co.,
Vienna, VA).

L-Arginine Metabolism by Wound-Derived Cells

Cells freshly harvested from 1-day-old wounds were en-
riched for macrophages or PMNs using NIM.2 density
gradients (Cardinal Associates, Santa Fe, NM). Enriched
populations were cultured in medium containing 1
mmol/L L-arginine and 0.1 mCi of [guanido-14C]L-arginine
(DuPont NEN, Cambridge, MA) for 1, 3, or 5 hours at a
density of 106 cells/ml. At each time point the appear-
ance of radiolabeled L-citrulline in culture supernatant
was determined using a Bio-LC amino acid analyzer
(Dionex, Sunnyvale, CA) and on-line peak detection. Flux
of L-arginine through iNOS is reported as cpm in its
product, [ureido-14C]L-citrulline. Similar metabolic exper-
iments were performed using freshly harvested or over-
night cultured 10 day wound-derived macrophages. In
this case, cultures with radiolabeled L-arginine were con-
ducted for 2 hours. Flux of L-arginine through iNOS was
calculated from the radioactivity in L-citrulline and the
initial L-arginine-specific radioactivity in the medium at
the beginning of culture.

NADPH Diaphorase Activity

Wound-derived cells were fixed for 5 minutes with 4%
paraformaldehyde and rinsed with PBS. NADPH diapho-
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rase activity was demonstrated by incubating cells at
37°C for 45 minutes with 0.5 ml of NADPH (1.25 mg/ml),
nitroblue tetrazolium (100 mg/ml), and 0.2% Triton X-100
in 0.1 mol/L phosphate buffer (pH 8.0) and an additional
1 ml of PBS. The cells were washed with PBS and stained
with nuclear fast red (1%) for 3 minutes to chelate am-
monium ions.

Results

Evidence that iNOS Antigen Is Predominantly
Detectable in Healing Wounds during the Initial
72 Hours after Wounding: iNOS
Immunoreactivity Is Mostly Associated with
Macrophages and Not with PMNs in Early
Wounds

Figure 1 displays immunoblots for iNOS in lysates of
unfractionated cell preparations harvested from wounds
1 through 10 days after injury. As can be seen, iNOS
immunoreactivity was prominently present in lysates from
freshly harvested wound-derived cells on days 1 and 3
and declined thereafter. Rat blood monocytes lacked
immunodetectable iNOS protein (not shown).

Differential counts of cells isolated from the wounds
over time are shown in Table 1. PMNs constitute the bulk
of the inflammatory infiltrate during the initial 48 hours
after wounding and are progressively replaced by mac-
rophages. By 10 days after injury, practically all cells
isolated from the wounds are macrophages. Because of
the high proportion of PMNs contained in early wounds
and their reported ability to express iNOS,8 it was pro-

posed from this laboratory that it was these cells that
contained and expressed iNOS in the early wounds.2

Adding support to this hypothesis, Miles, et al reported
that lysates of peritoneal cells isolated shortly after the
intraperitoneal injection of oyster glycogen, a technique
for the enrichment of peritoneal exudate for PMNs,
strongly immunoreacted to an Ab against iNOS.9 Immu-
nofluorescent examination of cells isolated from 1-day-
old wounds (Figure 2), however, demonstrated that
PMNs provide only low-level signal for iNOS antigen and
indicated that iNOS antigen present in wound cells at that
time is predominantly associated with the macrophages
found in the preparation. Evidence in this regard includes
the coincident staining of macrophages with an anti-rat
macrophage-specific Ab and the anti-iNOS Ab (Figure
2C) as well as the mutual exclusion of iNOS staining and
that obtained with an Ab specific for rat PMNs (Figure
2G). Almost identical findings resulted from the examina-
tion of wounds harvested 6 hours after wounding, with a
predominance of iNOS-negative PMNs in the prepara-
tions and the presence of occasional macrophages that
were, for the most part, iNOS positive (not shown).

To quantify iNOS expression in wound macrophages
and PMNs, all cells displaying any specific staining for
iNOS were scored as positive and counted, and their
relative fluorescence was quantified using image analy-
sis (Table 2). Applying this criterion to results from six
independent experiments, the majority of day 1 wound
macrophages were positive for iNOS, whereas approxi-
mately one-half of PMNs in these wounds contained de-
tectable iNOS antigen. Although there were, indeed,
iNOS-positive PMNs to be found in these preparations,
there was an order of magnitude difference in the inten-
sity of iNOS-specific staining between macrophages and
PMNs (Table 2). Moreover, as will be shown later, PMNs
found by immunofluorescent staining to contain iNOS
antigen may not actually express iNOS activity.

The frequency of iNOS-positive macrophages in the
wound declined after day 1. On days 3 and 5 after
wounding, 26.7% and 10% of macrophages contained
iNOS by immunofluorescent staining, respectively (not
shown). By day 10, 5% to 7% of macrophages, which as
stated previously constitute .95% of the cells harvested
from the wounds at this time, showed immunofluorescent
evidence for iNOS antigen (Figure 3).

Acquisition of iNOS Antigen by Late Wound
Macrophages in Culture

Previous findings from this laboratory demonstrated that
overnight culture of wound-derived macrophages ob-
tained 10 days after injury resulted in increased cellular
content of iNOS antigen.3 In agreement with these find-
ings, immunofluorescent staining demonstrated that 5%
to 7% of the wound day 10 cells expressed iNOS imme-
diately on harvest, increasing to 29% to 49% iNOS-pos-
itive cells after overnight culture (Figure 3). This variability
represents the range found in data collected from six
separate experiments. iNOS was found to be present in a
subset of macrophages rather than being uniformly dis-

Figure 1. Immunoblot analysis of iNOS in freshly isolated wound cells.
Wound cells harvested 1, 3, 5, or 10 days after wounding were isolated, lysed,
and immunoblotted for iNOS antigen as described in Materials and Methods.

Table 1. Changing Cellularity of the Healing Wound

Post-wound
day

PMNs
(3106/animal)

Macrophages
(3106/animal)

1 33.2 6 1.4 4.8 6 0.4
2 15.0 6 1.1 7.9 6 1.9
3 11.3 6 0.6 19.6 6 0.6
5 1.4 6 0.5 21.7 6 3.2

10 0.3 6 0.03 11.0 6 0.3

Differential counts of cells isolated from sponge wounds are
expressed as total recovered cells per animal. Data are mean 6 SEM
of cell counts from three to nine experiments per harvest day. Day 10
wound preparations also contained 8.4 6 2.4 3 105 lymphocytes and
8.7 6 2.8 3 105 fibroblasts.
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tributed among the entire population both in freshly har-
vested and overnight cultured cells. No quantitative dif-
ferences were detected in the intensity of iNOS
immunofluorescent staining between iNOS-positive mac-
rophages stained immediately on harvest and those ex-
amined after overnight culture. A redistribution of the
antigen recognized by the anti-rat macrophage Ab KU-1
may be noted after overnight culture (Figure 3, A and D).
This is a reproducible, albeit incidental, finding in the
context of this report as the Ab is used here solely as a
phenotypic marker. The nature of the epitope recognized
by this Ab remains uncharacterized although preliminary
data suggest it might be the rat equivalent of the human
CD68 antigen (unpublished observations).

More closely examining the acquisition of iNOS by
macrophages harvested from 10-day-old wounds in cul-

ture, results shown in Figure 4 illustrate the time course of
the appearance of iNOS antigen in these cells during an
overnight incubation as well as evidence that iNOS

Figure 2. Immunofluorescent analysis of wound-
derived cells harvested 24 hours after injury dem-
onstrating strong iNOS antigen expression among
infiltrating macrophages and undetectable or
weak staining of PMNs. A: anti-iNOS polyclonal
Ab; B: Anti-rat macrophage Ab; C: Dual staining
demonstrating iNOS expression in macrophages;
D: Phase contrast of cells shown in A to C; E:
Anti-iNOS polyclonal Ab; F: Anti-rat PMN Ab; G:
Dual staining demonstrating minimal iNOS expres-
sion in PMNs; H: Phase contrast of cells shown in
E to G. Bar, 10 mm.

Table 2. Immunodetection of iNOS in Day 1 Wound-Derived
PMNs and Macrophages

Cells % iNOS-positive cells

Relative
fluorescent

intensity

PMNs 40–65 1.16 3 105

Macrophages 70–85 1.12 3 106*

Data are the range of the percentage of iNOS-positive PMNs or
macrophages in six independent experiments and the relative
immunofluorescent staining intensity in these cells determined as
described in Materials and Methods.

*P 5 0.0001 versus PMN (Mann-Whitney U test).
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mRNA accumulates in the cells before the appearance of
iNOS protein. That the expression of iNOS in cultured
wound macrophages did not result from cell adherence
in culture was demonstrated in experiments where cells
were incubated in Teflon bags. Cells so cultured also
acquired iNOS protein during overnight incubation (not
shown). Differentiation into wound macrophages is ap-
parently necessary for the induction of iNOS in culture as
blood monocytes did not express iNOS after overnight
culture (not shown).

As demonstrated in Figure 4, removal of macrophages
from the wound and their culture results in increased
expression of iNOS in the cells. Although this phenome-
non could result from the effects of any of multiple media
components, it could also be explained by the presence
of inhibitors or suppressors of iNOS induction in the ex-
tracellular space of the wound. To explore this possibility,
wound macrophages harvested 10 days after wounding
were cultured overnight in the presence of varying con-
centrations of cell-free wound fluid obtained from the
same animals (1% to 10% v/v) or normal rat serum up to
20% by volume. Figure 5 illustrates results from these
experiments. Data shown there demonstrate, first, that
the addition of 1 mmol/L L-arginine to culture media sup-
presses the induction of iNOS relative to results obtained
when L-arginine was added at 6 mmol/L, a concentration
closely resembling that actually found in the extracellular
space of wounds 10 days after wounding.2 This finding

Figure 3. Immunofluorescent analysis of iNOS expression in wound macrophages harvested 10 days after injury demonstrating infrequent iNOS expression in
freshly harvested cells and its induction after overnight culture. Macrophages were stained on harvest (A to C) or after overnight culture (D to F). A and D: Anti-rat
macrophage Ab; B and E: Anti-iNOS polyclonal Ab; C and F: Dual staining. Bar, 20 mm.

Figure 4. Immunoblot and Northern blot analysis of iNOS in macrophages
harvested from wounds 10 days after injury and cultured for the times
indicated.
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supports the conclusion made previously, on the basis of
experiments where NO production by wound macro-
phages was modulated through the regulation of O2

availability, that NO down-regulates iNOS expression.3 In
regard to the potential presence of an inhibitor of iNOS
expression in wound fluids, addition of such fluids to 6
mmol/L L-arginine medium resulted in a dose-related sup-
pression of iNOS appearance. Rat serum was without
effect and is not shown.

Correlation between Immunodetectable iNOS
and iNOS Activity

To further define the activity of iNOS in freshly harvested
day 1 and day 10 wound cells, these cells were analyzed
for their ability to metabolize L-arginine to L-citrulline in
culture and for NADPH diaphorase activity.10 Figure 6
illustrates results of experiments where wound cells iso-
lated 1 day after wounding were partially enriched for
PMNs or macrophages and cultured for up to 5 hours in
the presence of [guanido-14C]L-arginine. Results in Figure
6 indicate that most L-arginine catabolism through NOS to
[ureido-14C]L-citrulline was conducted by the macro-
phage-enriched population, with little flux through this
enzyme in the PMN-enriched fraction. Moreover, Figure
7A demonstrates that only macrophages in day 1 wound-
cell preparation expressed NADPH diaphorase activity.

Similar metabolic experiments were performed using
day 10 wound macrophages. Results from these exper-
iments are shown in Table 3, demonstrating that freshly
harvested macrophages produced little radiolabeled
L-citrulline from radiolabeled L-arginine. Results shown in
Figure 7C, in addition, demonstrate that no NADPH di-
aphorase activity was detectable in these cells. Over-
night cultured day 10 macrophages produced substan-
tially more labeled L-citrulline from L-arginine (Table 3)
and stained strongly for NAPDH diaphorase activity (Fig-
ure 7D). These results suggest that iNOS present in
freshly harvested day 10 wound-derived macrophages,
in contrast to that found in day 1 cells and in overnight
cultured day 10 macrophages, has limited to nil func-
tional activity.

Discussion

The present results confirm and extend previous reports
from this laboratory indicating a temporally segregated

pattern of expression of enzymes of L-arginine catabolism
in experimental wounds.1,2 According to data reported
here and elsewhere,2 the inducible form of NOS is sig-
nificantly and actively expressed in wound cells only
during the initial 72 hours after injury.

Additional results identified the cellular population ex-
pressing iNOS in early wounds as macrophages and not
PMNs. Although multiple cell types, including endothelial
cells and platelets, could contribute to the production of
NO in the early phases of inflammation, it was of interest
to note that blood monocytes lacked iNOS and that
wound macrophages expressed this enzyme as early as
6 hours after wounding. PMNs present in wounds har-
vested at that time, although theoretically capable of
expressing iNOS, were mostly silent for immunodetect-
able iNOS, consumed little L-arginine in culture, and
showed no histochemical evidence for NADPH diapho-
rase activity.

As mentioned previously, a report by Miles et al9 con-
cluded that PMNs present in the peritoneal cavity of rats
injected with oyster glycogen expressed iNOS. This con-
clusion was based on findings in immunoblots performed
on lysates of unfractionated peritoneal exudate cells. It
appeared unlikely that two methods for PMN elicitation,
wounding or glycogen injection, would give discordant
results in terms of iNOS detection. Immunodetection ex-
periments were performed, therefore, using glycogen-
elicited peritoneal PMNs. Just as described by Miles et
al, immunoblotting of lysates prepared from these cells
provided a strong signal for iNOS (not shown). However,
immunofluorescent staining of the cells indicated that,

Figure 5. Evidence that day 10 wound macrophage culture in media con-
taining L-arginine (1 mmol/L) or wound fluid harvested from the same
wounds suppresses the induction of iNOS. Wound macrophages harvested
10 days after wounding were cultured overnight in media containing 1
mmol/L (1) or 6 mmol/L (2) L-arginine, with or without the addition of
cutaneous wound fluid at 1, 5, or 15% by volume. The addition of normal rat
serum up to 20% by volume did not suppress iNOS induction (not shown).

Figure 6. NOS activity in day 1 wound cells enriched for macrophages or
PMNs. Cells isolated from day 1 wounds were enriched for macrophages or
PMNs as described in Materials and Methods. Unfractionated cell prepara-
tions contained 14.5% macrophages and 83.7% PMNs. The macrophage-
enriched population contained 41.8% macrophages and 56.9% PMNs. The
PMN-enriched population contained 3.3% macrophages and 96.3% PMNs.
Cells were cultured for 1, 3, or 5 hours in the presence of [guanido-14C]L-
arginine (1 mCi/ml). Culture supernatants were assayed for the appearance
of [ureido-14C]L-citrulline by HPLC. Error bars were smaller than the symbols
indicating the values of the means.
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just as found in wound cells, it is the macrophages
present in the preparation that account for the positive
identification of iNOS (not shown).

Macrophages proved to be, on a cell-by-cell basis, the
predominant cell in the expression of iNOS in early
wounds. It must be kept in mind, however, that over 85%
of all cells isolated from those wounds are PMNs, so that
low-level iNOS expression by these cells could result in
substantial aggregate NO production. This does not
seem to be the case because these cells were not capa-

ble of metabolizing significant amounts of L-arginine to
L-citrulline in culture and because NADPH diaphorase
staining of early wound cells demonstrated no enzyme
activity in the PMNs. It may be that iNOS protein that is
immunodetected in these cells is functionally inert.

iNOS expression in wound cells declined as the wound
aged. The markedly reduced immunodetectable iNOS in
macrophages freshly harvested from day 10 wounds,
their limited capacity to metabolize L-arginine to L-citrul-
line when assayed immediately after harvesting, and re-
sults of NADPH diaphorase staining experiments are in
line with previous observations indicating the inability of
late wound explants to process L-arginine to L-citrulline in
culture.2

As demonstrated in this communication, freshly har-
vested day 10 wound macrophages contain little immu-
noreactive iNOS and iNOS mRNA. iNOS-specific mRNA
appears in the cells within 3 hours of culture, and iNOS
protein follows at approximately 12 hours. The suppres-
sion of iNOS appearance in the cells by culture with
wound fluids and not with normal rat serum suggests the
presence of a fluid-phase inhibitor of iNOS induction in
late wounds. Preliminary results argue against transform-
ing growth factor (TGF)-b as the cytokine responsible for

Figure 7. Histochemical detection of NADPH diaphorase activity in freshly harvested day 1 wound cells (A and B), freshly harvested day 10 wound cells (C), and
overnight cultured day 10 wound cells (D).

Table 3. L-Arginine Metabolism by Freshly Harvested and
Overnight Cultured Day 10 Wound-Derived
Macrophages

Macrophage

Citrulline
production

(nmol/h/106 cells)

Freshly harvested 0.18 6 0.07
Overnight cultured 4.01 6 0.33

Wound-derived macrophages obtained 10 days after injury were
cultured in the presence of 1 mmol/L L-arginine and 0.1 mCi/ml
[guanido 14C]L-arginine for 2 hours either immediately after harvest or
after overnight culture. The appearance of radiolabel in L-citrulline, an
indicator of iNOS activity, in culture supernatants was determined as
indicated in Materials and Methods.
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the suppressive effects of wound fluids because the in-
clusion of a neutralizing anti-TGF-b antibody in cultures of
wound macrophages with wound fluid failed to allow the
appearance of iNOS protein in the cells. The potential
roles of other compounds known to be able to inhibit the
induction of iNOS in macrophages (interleukin-10, inter-
leukin-4, or corticosterone) are under current investiga-
tion. Incidentally, the appearance of iNOS protein and
activity in day 10 wound-derived macrophages during
culture explains the finding of high concentrations of
NO2

2, a degradation product of NO, in supernatants of
overnight incubations of these cells that was reported by
others.11

The temporal restriction in the expression of iNOS in
wounds shown here may not precisely apply to other
species or wound types. A recent report describes the
delayed expression of iNOS, with peak message found in
the wound 4 days after injury, in cutaneous wounds in
mice.12 Moreover, that report indicates that wound clo-
sure proceeds slower in iNOS knock-out mice than in
wild-type animals and that delayed repair in iNOS-defi-
cient animals could be reversed by the local application
of an adenoviral vector containing human iNOS cDNA at
the time of injury. It must be kept in mind that knock-out
animals did, after all, close their wounds. Thus, although
potentially relevant in determining the rate of repair, early
iNOS expression does not appear to be essential to
wound healing.

It can be proposed that the suppression of iNOS in late
wounds may be important to the process of repair. In this
connection, evidence reported here and elsewhere indi-
cates that the late wound environment is particularly ad-
verse to the expression of iNOS. First because, as shown
here, wound fluids suppress the expression of iNOS in
wound macrophages. Second, because wound fluids
harvested from late wounds contain a remarkably high
arginase activity, which results in the almost complete
disappearance of L-arginine from the free amino acid
pool of the wound extracellular space.1,2 The wound
environment, then, both suppresses iNOS expression
and decreases substrate availability to this enzyme. As
judged from the amino acid composition of wound fluid1,2

and the lack of L-citrulline production by cultured whole
wounds previously reported from this laboratory,2 this
double hit effectively suppresses iNOS activity in late
wounds. The antiproliferative effects of NO or its deriva-
tives,13,14 their ability to suppress protein synthesis,15

and their capacity to inhibit prolyl hydroxylase,16 an en-
zyme that is rate limiting for the processing of nascent
collagen, may explain the need to suppress the expres-
sion of iNOS in wounds after the phase of early inflam-
mation by multiple and overlapping mechanisms.
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