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Abstract

After injury, wound healing is essential for recovery of the integrity of the body. It is a complex, sequential cascade of events. Nitric
oxide (NO) is a small radical, formed from the amino acid L-arginine by three distinct isoforms of nitric oxide synthase. The inducible
isoform (iNOS) is synthesized in the early phase of wound healing by inflammatory cells, mainly macrophages. However many cells
participate in NO synthesis during the proliferative phase after wounding. NO released through iNOS regulates collagen formation, cell
proliferation and wound contraction in distinct ways in animal models of wound healing. Although iNOS gene deletion delays, and arginine
and NO administration improve healing, the exact mechanisms of action of NO on wound healing parameters are still unknown. The current
review summarizes what is known about the role of NO in wound healing and points out path for further research. © 2002 Excerpta Medica,
Inc. All rights reserved.
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NO is a short-lived free radical that is involved in many
important biological functions. As a testimony to the rapidly
expanding knowledge about its multiple biological roles,
NO, after its discovery in 1987, was named molecule of the
year in 1992 [1].

NO is formed from the terminal guanidino nitrogen atom
of arginine. The guanidino nitrogen accepts five electrons in
an oxidation process requiring molecular oxygen, resulting
in formation of NO and citrulline. L-hydroxy-arginine is
formed as an intermediate product (Fig. 1). Nitric oxide
synthases (EC 1.14.13.39) the enzymes responsible for this
conversion, are homodimeric flavoprotein enzymes (130–
150 kDA subunits). They require tetrahydrobiopterin, fla-
vine mononucleotide (FMN), flavine adenine dinucleotide
(FAD), nicotinamide-adenine-dinucleotide phosphate
(NADPH) and oxygen as co-factors for full activity [2]. The
NO synthases exist in three distinct isoforms, two constitu-
tives (endothelial and neuronal) and one inducible isoform.
The constitutive isoforms are permanently active generating
low concentrations of NO. Their enzymatic activities are
regulated by intracellular calcium fluxes or exogenous cal-
modulin [Fig. 2(a)]. The expression, transcription, and func-

tion of the inducible isoform (iNOS) is induced by a variety
of cytokines, growth factors and inflammatory stimuli on
target cells which leads to release of high levels of NO
compared to the amounts generated by the constitutive iso-
forms [Fig. 2(b)]. Therefore, the regulation of iNOS takes
places mainly at the gene level. The constitutives and in-
ducible isoforms have only about 50% sequence homology
[2].

The high amounts of NO formed by the inducible iso-
form account for some of its detrimental effects in inflam-
matory situations such as sepsis [3]. iNOS is also released
during wound healing, burn injury, endotoxin exposure,
arthritis and inflammatory bowel diseases.

NO expression in wounds

L-arginine—the substrate

The metabolism of NO is critically dependent on the
metabolism of L-arginine since this amino acid is the sole
substrate for NO synthesis. Although some reports have
described spontaneous, non-enzymatic dependent NO for-
mation [4], this is probably not relevant to wound healing.
Levels of arginine, a semiessential amino acid [5], become
critically low after wounding [6,7].
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It is important to note that L-arginine can also be me-
tabolized in wounds via arginase, which is present in high
concentrations in wound fluid due to its release by wound
macrophages [8] (Fig.1). Through the action of arginase,
ornithine is formed which is a precursor for proline and
polyamine generation [8]. It had been hypothesized that this
may be a significant pathway for wound healing since pro-
line serves as substrate for collagen synthesis, whereas poly-
amines are involved in cell proliferation [9,10].

Arginine utilization by means of arginase may also down
regulate NO synthesis during wound healing by substrate

depletion [11]. In vitro work has indeed shown that arginine
utilization and breakdown by arginase can impair NO for-
mation in macrophages because of substrate limitation [12].
To date, however, no in vivo data are available proving that
this alternative pathway of L-arginine catabolism affects
wound healing.

There are also strong regulatory mechanisms between
the different arginine metabolizing pathways. L-hydroxy-
arginine and nitrite, the intermediate and end product re-
spectively of the NO pathway, are both strong arginase
inhibitors [13,14]. Further, urea, end product of arginase
activity, inhibits NO formation [15]. Distinct cytokines fa-
vor the various degradative pathways. TGF-� and IL-4
increase arginase and inhibit iNOS activity, whereas IFN-�,
IL-1, LPS work inversely [16–18].

As NO is difficult to measure directly, stable metabolites
are used as surrogates for NO formation. Nitrite and nitrate,
two widely used stable end products, can be measured in
wound fluid [19]. However, these measurements should not
be translated as equimolar formation of NO since nonenzy-
matic NO formation can occur [20]. Several other direct or
indirect detection methods can be performed such as immu-
nohistochemistry, direct measurement of enzyme content
and/or activity, peroxynitrite formation in tissue, gene ex-
pression and others. However no study has so far investi-
gated arginine kinetics after wounding taking into account
local and systemic arginine metabolism [21,22].

Fig. 1. Various pathways of arginine metabolism in wounds.

Fig. 2. Main biological effects of endothelial and inducible NO.
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NO—time course

Before NO was known, Albina et al. investigated argi-
nine metabolism in wounds and demonstrated increased
citrulline formation which was imputed to an arginine de-
iminase-like activity [23]. Up to that time, this pathway of
arginine disposal had been described only in bacteria and
fungi. Subsequently, generation of NO during wound heal-
ing was deduced by demonstrating increased urinary nitrate
secretion after wounding [24]. Thereafter several studies
confirmed these data and extended it to healing after burn
injury [25,26]. In these models, urinary nitrate levels re-
mained elevated until complete healing had occurred. Later
experiments confirmed that the highest NOS activity occurs
during the early phases of wound healing [8].

By using a polyvinyl alcohol sponge model in rats, a
progressive accumulation of nitrate/nitrite in wound fluid
can be shown, suggesting sustained NO synthesis [27].
However species-specific differences in NO formation exist
[28].

With the development of NOS isoform specific antibod-
ies and primers for transcriptional and translational analysis
it was demonstrated that iNOS expression is highest in the
early phase after acute inflammation. RT-PCR and Northern
Blotting detect iNOS during the first 5 days in rat models of
healing [29,30].

It is conceivable that the majority of NO synthesis is due
to the inflammatory cells present during the early phase of
healing, especially macrophages [31]. However, fibroblasts,
keratinocytes and endothelial cells contribute to ongoing

NO synthesis but to a lesser degree [32,33]. Therefore the
overall time course of iNOS activity and NO generation
during wound healing has to be viewed as a decreasing
curve over time (Fig. 3).

NO—the regulation

Although the in vitro signals of iNOS induction are well
elucidated, little is known of the in vivo signals during
wound healing. Of the numerous cytokines and growth
factors secreted and released into the wound environment,
interleukin-1, TNF-�, and �-interferon are the most ikely
inducers of iNOS. Wound fluid, as a biological reflection of
the wound environment, induces NO synthesis in a variety
of cells [34].

Although iNOS expression is high during the early
phases of wound healing, little is known about the down-
regulation of iNOS activity at the wound site during the
later phases of healing. Presumably iNOS activity can be
down regulated by the resolution of the inflammatory re-
sponse or by cytokine signaling. It is likely that colonized or
infected wounds with continued inflammatory responses
would continue to generate large amounts of NO, although
this has not been studied directly. TGF-�1 is one of the
strongest iNOS inhibitors during wound healing [35]. How-
ever even during the inflammatory phase of wound healing
there is counter regulation of NO synthesis, as demonstrated
by the presence of an unknown factor which reduces iNOS
activity, but not by substrate depletion [31].

Fig. 3. Phases of wound healing and the generation of wound NO.
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Mechanism of action

NO acts by way of multiple and different mechanisms.
Some of its effects are due to its chemical reaction with
oxygen leading to formation of reactive radical species [36].
Others are due to its affinity with heme or metal containing
enzymes such as the Fe in guanyl-cyclase [Fig. 2(a)]. As a
review of the complex NO chemistry is beyond the scope of
this article, we will concentrate on biological aspects rele-
vant to wound healing.

NO has been shown to be cytostatic to multiple cell types
including endothelial cells, smooth muscle cells, hepato-
cytes, and fibroblasts [37–39]. Depending on the cell type
this effect can be cGMP dependent [40] or independent
[41]. Target enzymes include complexes I and II of the
respiratory chain [42] and ribonucleotide reductase [43], a
rate-limiting enzyme in the DNA synthetic pathway. NO is
cytostatic in large doses. However, several studies have
shown that NO can stimulate cell proliferation when added
in low concentrations [44,45]. Recent evidence suggests
that NO can also reduce cell proliferation by inhibiting
ornithine-decarboxylase activity, the rate limiting enzyme
for polyamine formation [46].

NO also regulates gene expression [47,48] and cellular
differentiation [49,50]. Regulation of gene expression by
NO probably occurs indirectly, through amplification of
other regulatory mechanisms [51]. For example, although
NO is critical for wound collagen deposition, clear-cut en-
hancement of collagen synthesis or gene expression has not
been found (see the following). Collagen metabolism and
accumulation are tightly regulated through the activity of
collagenases and their inhibitors, tissue inhibitors of metal-
loproteinases (TIMP). Inhibiting the collagenolytic pathway
can enhance collagen accumulation. Addition of the NO
donor SNAP to rat mesangial cells increases gelatinase A
activity [52] whereas rat fibroblasts collagenase activity is
unaffected by SNAP [41]. Another potential mechanism of
posttranslational collagen regulation by NO is regulation of
protein kinase C (PKC) activity [53,54]. By inhibiting PKC
activity, NO could down-regulate PKC-related collagen
synthesis in fibroblasts.

Function of NO in Wound Healing

There is increasing evidence for a functional role of NO
in wound healing. Inhibition of iNOS by competitive inhib-
itors decreases collagen deposition and breaking strength of
incisional wounds and impairs the healing of other wound
models [55–57]. When rats are fed an arginine-free diet,
wound healing is impaired: conversely, when humans and
animals are fed an arginine-enriched diet there is improved
healing as measured by collagen deposition and breaking
strength [58–60]. Arginine-supplemented rats have higher
levels of NO metabolites in their wound fluid, strongly
suggesting that the supplemental arginine is metabolized, at
least partly, by way of NO synthesis [61]. Finally, use of
NO donors also improves incisional and excisional wound
healing in rats [62–64]. The data demonstrating that NO has
a positive regulatory effect on repair is summarized in Table
1.

The mechanism of action of NO on wound healing re-
mains unclear. However, there is also data suggesting that at
least some effects of NO on wound healing might be sys-
temically mediated: (1) Arginine-free nutrition inhibits
LPS-induced NO synthesis in several organs not only at the
wound site [65]; (2) NO mediates inflammation-induced
edema formation and inhibits cell infiltration into granulo-
mas [66,67]; (3) the effect of NO on wound healing is not
only iNOS-mediated since eNOS knock-out mice also dem-
onstrate impaired healing [68]; and (4) iNOS inhibitors have
a high lethality in high concentrations [55].

In vitro studies of fibroblasts derived from keloids and
hypertrophic scars demonstrate low constitutive NOS ex-
pression, thus stimulating higher cell proliferation which is
responsible for the high cellularity characteristic of these
disorders. In vivo, keratinocyte proliferation is iNOS-de-
pendent [29] and wound reepithelialisation is also NO de-
pendent probably mediated indirectly by way of VEGF
[69]. Interestingly, induction of iNOS in keratinocytes is
paralleled by induction of GTP-cyclohydrolase I, the rate-
limiting enzyme for tetrahydrobiopterin formation, which is
essential for full iNOS activity [70].

Collagen synthesis correlates with NO synthesis during
wound healing. iNOS inhibition impairs whereas NO ad-

Table 1
Studies of NO and wound healing

Treatment NO metabolites Wound breaking
strength

Collagen synthesis Epithelialisation Wound contraction

iNOS knock-out (excisional model) Decreased � � Decreased Decreased
iNOS knock-out (incisional model) No effect No effect No effect � �
eNOS knock-out � Decreased � Decreased Decreased
iNOS-inhibition Decreased Decreased Decreased Decreased Decreased
Arginine feeding Increased Increased Increased � �
Arginine free diet Decreased �
NO donor Increased Increased Increased �
iNOS transfection Increased Increased Increased � Increased
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ministration and iNOS transfection enhance matrix synthe-
sis [56,62,71]. Further, wound derived fibroblasts are char-
acterized by a distinct phenotype where endogenous iNOS
expression correlates with increased collagen synthesis
[32].

Wound contraction is a major contributor to closure of
open wounds. In excisional wounds closure is delayed by
iNOS inhibition [69]. In vitro studies showed that NO in-
duces a locomotory phenotype in keratinocyte [72].

Wound healing is characterized by the organized secre-
tion of growth factors. This represents a potential target for
regulating wound healing. Little is known whether NO can
directly affect growth factor or cytokine secretion, activa-
tion or time of action. Arginine is known to down-regulate
TNF-� after trauma thereby affecting outcome [73]. TGF-�
and EGF directly and indirectly down-regulate NO or the
NO mediated effects [74].

Recently we have examined if lack of iNOS gene ex-
pression alters wound cytokine expression. Using noniso-
topic in situ hybridization quantitative analysis we studied
eNOS, basic FGF (bFGF), TGF-�1, TNF-�, VEGF, and
IL-4 expression in incisional wounds and compared expres-
sion in wild type and iNOS-KO mice. eNOS and bFGF ex-
pression nearly doubled on POD 7 in iNOS-KO incisions and
remained two- through threefold elevated thereafter. TGF-�1
expression was increased approximately 50%–100% in
iNOS-KO wounds on POD 5 and 7. VEGF and IL-4 expres-
sion was elevated by 25%–100% in wild-type compared with
iNOS-KO animals at all time points. We hypothesize that the
over-expression of TGF-�1 and eNOS may represent mecha-
nisms in iNOS-KO mice to compensate for their loss of func-
tional iNOS, resulting in incisional wound healing equivalent
to controls. The impaired expression of VEGF and IL-4, on the
other hand, may partially explain the delayed excisional wound
healing noted in these animals (Most and Barbul, in press).

Impaired wound models

After the discovery that NO is synthesized during wound
healing and that inhibition of its production impairs healing,
the next step was to investigate whether there is a correla-
tion between NO and outcome of healing. Several impaired
wound models were used to seek such correlation.

In diabetes at least three studies have demonstrated de-
creased formation of NO metabolites in the wound environ-
ment [75–77]. It is not clear whether this decrease is due to
the lesser inflammatory response characteristic of diabetes
or to a net decrease in NO formation by all wound cells.
L-arginine as well as NO donors can partially reverse the
impaired healing of diabetes and in parallel restore wound
NO levels toward more normal values [62, 77]. More work
needs to be carried out to confirm whether these agents
might serve as future treatment options.

Malnutrition and radiation induced injury are other con-
ditions associated with impaired or delayed healing [78]

(Schaffer, unpublished). Steroids, strong inhibitors of heal-
ing, alter arginine metabolism by impairing both the iNOS
and the arginase pathways [79].

iNOS knock-out mice demonstrate delayed closure of
excisional wounds which can be reversed by transfection
with iNOS-cDNA [80]. Surprisingly however, there is no
effect on collagen deposition or breaking strength in inci-
sional wounds in iNOS knockout mice [81]. Supplemental
L-arginine does not enhance wound healing in iNOS knock-
out mice, suggesting that metabolism of arginine via iNOS
is an essential pathway in the positive effects of arginine on
healing [61]

eNOS knock-out mice also demonstrate delayed healing
in excisional wound models [68]. Wound fluid extracted
from these wounds, induces a lesser angiogenic response in
the cornea angiogenesis models than controls, underscoring
the importance of eNOS for neoangiogensis during wound
healing.

Future directions

Treatment of acute and chronic wound failure is still a
major unresolved goal. 25% of the delays in hospital dis-
charge can be attributed to wound failure. Wound dressings
delivering NO have been used in experimental models [64].
Recently NO-releasing NSAID have been investigated in
experimental wound healing [82]. Combining NO to a
NSAID enhanced collagen synthesis that was otherwise
decreased when NSAID was administered alone [83]. High
dose arginine supplementation as a means of elevating
wound NO synthesis and enhancing wound healing awaits
wider application in the clinical arena.

Acknowledgments

Supported by Grants Deutsche Forschungsgemeinschaft
(Wi 1499/2-1)(MBW) and by the National Institutes of
Health, grant no.GM54566 (AB).

References

[1] Koshland DE. Molecule of the year. Science 1993;262:1953.
[2] Knowles RG and Moncada S. Nitric oxide synthases in mammals.

Biochem J 1994;298: 249–58.
[3] Tsukahara Y, Morisaki T, Horita Y, et al. Expression of inducible

nitric oxide synthase in circulating neutrophils of the systemic in-
flammatory response syndrome and septic patients. World J Surg
1998;22:771–7.

[4] Nagase S, Takemura K, Ueda A, et al. A novel nonenzymatic path-
way for the generation of nitric oxide by the reaction of hydrogen
peroxide and D- or L-arginine. Biochem Biophys Res Commun
1997;233:150–3.

[5] Seifter E, Rettura G, Barbul A, et al. Arginine: an essential amino
acid for injured rats. Surgery 1978:84:224–30.

410 M.B. Witte and A. Barbul / The American Journal of Surgery 183 (2002) 406–412



[6] Nijveldt RJ, Prins HA, Siroen MP, et al. Low arginine plasma levels
in patients after thoracoabdominal aortic surgery. Eur J Clin Nutr
2000;54:615–7.

[7] Caldwell MD, Mastrofrancesco B, Shearer J, et al. The temporal
change in amino acid concentration within wound fluid–a putative
rationale. Prog Clin Biol Res 1991;365:205–22.

[8] Albina JE, Mills CD, Henry WL, Jr., et al. Temporal expression of
different pathways of L-arginine metabolism in healing wounds.
J Immunol 1990;144:3877–80.

[9] Albina JE, Abate JA, Mastrofrancesco B. Role of ornithine as a
proline precursor in healing wounds. J Surg Res 1993;55:97–102.

[10] Selamnia M, Robert V, Mayeur C, et al. Effects of L-valine on growth
and polyamine metabolism in human colon carcinoma cells. Biochim
Biophys Acta 1998;1379:151–60.

[11] Shearer JD, Richards JR, Mills CD, et al. Differential regulation of
macrophage arginine metabolism: a proposed role in wound healing.
Am J Physiol 1997;272:E181–90.

[12] Chang CI, Liao JC, Kuo L. Arginase modulates nitric oxide produc-
tion in activated macrophages. Am J Physiol 1998;274:H342–8.

[13] Boucher JL, Custot J, Vadon S, et al. N omega-hydroxyl-L-arginine,
an intermediate in the L-arginine to nitric oxide pathway, is a strong
inhibitor of liver and macrophage arginase. Biochem Biophys Res
Commun 1994;203:1614–21.

[14] Hrabak A, Bajor T, Temesi A, et al. The inhibitory effect of nitrite,
a stable product of nitric oxide (NO) formation, on arginase. FEBS
Lett 1996;390:203–6.

[15] Prabhakar SS, Zeballos GA, Montoya ZM, et al. Urea inhibits induc-
ible nitric oxide synthase in macrophage cell line. Am J Physiol
1997;273:C1882–8.

[16] Shearer JD, Richards JR, Mills C D et al. Differential regulation of
macrophage arginine metabolism: A proposed role in wound healing.
Am J Physiol 1997;272: E181–90.

[17] Corraliza IM, Soler G, Eichmann K, et al. Arginase induction by
suppressors of nitric oxide synthesis (IL-4, IL10, and PGE2) in
murine bone-marrow-derived macrophages. Biochem Biophys Res
Commun 1995;206:667–73.

[18] Modolell M, Corraliza IM, Link F, et al. Reciprocal regulation of the
nitric oxide synthase/arginase balance in mouse bone marrow-derived
macrophages by TH1 and TH2 cytokines. Eur J Immunol 1995;25:
1101–4.

[19] Green LC, Wagner DA, Glogowski J et al. Analysis of Nitrate and
[l5N] Nitrate in biological fluids. Anal Biochem 1982;126:131–8.

[20] Zweier JL, Samouilov A, Kuppusamy P. Non-enzymatic nitric oxide
synthesis in biological systems. Biochim Biophys Acta 1999;1411:
250–62.

[21] Castillo L, Beaumier L, Ajami AM, et al. Whole body nitric oxide
synthesis in healthy men determined from [15N] arginine-to-[15N]citrul-
line labeling. Proc Natl Acad Sci U.S.A 1996;93:11460–5.

[22] Beaumier L, Castillo L, Ajami AM, et al. Urea cycle intermediate
kinetics and nitrate excretion at normal and “therapeutic” intakes of
arginine in humans. Am J Physiol 1995;269:E884–96.

[23] Albina JE, Mills CD, Barbul A, et al. Arginine metabolism in
wounds. Am J Physiol 1988;254:E459–67.

[24] Smith DJ, Dunphy MJ, Strang LN, et al. The influence of wound
healing on urinary nitrate levels in rats. Wounds 1991;3:50–8.

[25] Becker WK, Shippee RL, McManus AT, ET AL. Kinetics of nitrogen
oxide production following experimental thermal injury in rats.
J Trauma 1993;34:855–62.

[26] Carter EA, Derojas WT, Tamir S, et al. Nitric oxide production is
intensely and persistently increased in tissue by thermal injury. Bio-
chem J 1994;304:201–4.

[27] Schaffer M R, Tantry U, van Wesep RA, et al. Nitric oxide metab-
olism in wounds. J Surg Res 1997;71:25–31.

[28] Dull BJ, Gittes RF, Goldman P. Nitrate production and phagocyte
activation: differences among Sprague-Dawley, Wistar-Furth and
Lewis rats. Carcinogenesis 1988;9:625–7.

[29] Frank S, Madlener M, Pfeilschifter J, et al. Induction of inducible
nitric oxide synthase and its corresponding tetrahydrobiopterin-co-
factor-synthesizing enzyme GTP-cyclohydrolase I during cutaneous
wound repair. J Invest Dermatol 1998;111:1058–64.

[30] Nill MR, Oberyszyn TM, Ross MS, et al. Quantification of inducible
nitric oxide gene expression during incisional wound healing. Surg
Forum 1995;46:753–5.

[31] Reichner JS, Meszaros AJ, Louis CA, et al. Molecular and metabolic
evidence for the restricted expression of inducible nitric oxide syn-
thase in healing wounds. Am J Pathol 1999;154:1097–104.

[32] Schaffer MR, Efron PA, Thornton FJ, et al. Nitric oxide, an autocrine
regulator of wound fibroblast synthetic function. J Immun 1997;158:
2375–81.

[33] Paulsen SM, Wurster SH, Nanney LB. Expression of inducible nitric
oxide synthase in human burn wounds. Wound Repair Regen 1998;
6:142–8.

[34] Witte MB, Efron DT, Kiyama T, et al. Wound fluid regulates nitric
oxide expression in fibroblasts. Surg Forum 1998;49:623–4.

[35] Vodovotz Y, Bogdan C, Paik J, et al. Mechanisms of suppression of
macrophage nitric oxide release by transforming growth factor �. J
Exp Med 1993;178:605–13.

[36] Stamler JS, Singel DJ, Loscalzo J. Biochemistry of nitric oxide and its
redox-activated forms. Science 1992;258:1898–902.

[37] Stadler J, Billiar TR, Curran RD, et al. Effect of exogenous and
endogenous nitric oxide on mitochondrial respiration of rat hepato-
cytes. Am J Physiol 1991;260:C910–6.

[38] Thomae KR, Nakayama DK, Billiar TR, et al. The effect of nitric
oxide on fetal pulmonary artery smooth muscle growth. J Surg Res
1995;59:337–43.

[39] Garg UC, Hassid A. Nitric oxide-generating vasodilators inhibit mi-
togenesis and proliferation of BALB/C 3T3 fibroblasts by a cyclic
GMP- independent mechanism. Biochem Biophys Res Commun
1990;171:474–9.

[40] Patel MJ, Wypij DM, Rose DA, et al. Secretion of cyclic GMP by
cultured epithelial and fibroblast cell lines in response to nitric oxide.
J Pharmacol Exp Ther 1995;273:16–25.

[41] Witte MB, Thornton FJ, Efron DT, et al.Enhancement of fibroblast
collagen synthesis by nitric oxide. Nitric Oxide: Biol Chem 2000;4:
572–82.

[42] Stadler J, Curran RD, Ochoa JB, et al. Effect of endogenous nitric
oxide on mitochondrial respiration of rat hepatocytes in vitro and in
vivo. Arch Surg 1991;126:186–91.

[43] Kwon NS, Stuehr DJ, Nathan CF. Inhibition of tumor cell ribonucle-
otide reductase by macrophage-derived nitric oxide. J Exp Med 1991;
174:761–7.

[44] Du M, Islam M, Lin L, et al. Promotion of proliferation of murine
balb/C3T3 fibroblasts mediated by nitric oxide at lower concentra-
tions. Biochem Mol Bio Int 1997;41:625–631.

[45] Efron DT, Kirk SJ, Regan MC, et al. Nitric oxide generation from
L-arginine is required for optimal peripheral blood lymphocyte DNA
synthesis. Surgery 1991;110:327–334.

[46] Buga GM, Wei LH, Bauer PM, et al. NG-hydroxy-L-arginine and
nitric oxide inhibit Caco-2 tumor cell proliferation by distinct mech-
anisms. Am J Physiol 1998;275:R1256–64.

[47] Park R-W, Kim I-S, Jo J-S. Bisindolylmaleimide inhibits the PMA-
induced down-regulation of collagen synthesis in fibroblasts. Bio-
chem Mol Bio Int 1996;40:101–9.

[48] Pilz RB, Suhasini M, Idriss S, et al. Nitric oxide and cGMP analogs
activate transcription from AP-1- responsive promoters in mamma-
lian cells. FASEB J 1995;9:552–8.

[49] Boss GR. cGMP-induced differentiation of the promyelocytic cell
line HL-60. Proc Natl Acad Sci U.S.A 1989;86:7174–8.

[50] Magrinat G, Mason SN, Shami PJ, et al. Nitric oxide modulation of
human leukemia cell differentiation and gene expression. Blood
1992;80:1880–4.

411M.B. Witte and A. Barbul / The American Journal of Surgery 183 (2002) 406–412



[51] Peunova N, Enikolopov G. Amplification of calcium-induced gene
transcription by nitric oxide in neuronal cells. Nature 1993;364:
450–3.

[52] Trachtman H, Futterweit S, Garg P, et al. Nitric oxide stimulates the
activity of a 72-kDa neutral matrix metalloproteinase in cultured rat
mesangial cells. Biochem Biophys Res Commun 1996;218:704–8.

[53] Clementi E, Sciorati C, Nistico G. Growth factor-induced Ca2�
responses are differentially modulated by nitric oxide via activation
of a cyclic GMP-dependent pathway. Mol Pharmacol 1995;48:1068–
77.

[54] Gopalakrishna R, Chen ZH, Gundimeda U. Nitric oxide and nitric
oxide-generating agents induce a reversible inactivation of protein
kinase C activity and phorbol ester binding. J Biol Chem 1993;268:
27180–5.

[55] Schaffer MR, Tantry U, Thornton FJ, et al. Inhibition of nitric oxide
synthesis in wounds: pharmacology and effect on accumulation of
collagen in wounds in mice. Eur J Surg 1999;165:262–7.

[56] Schaeffer MR, Tandry U, Gross SS, et al. Nitric oxide regulates
wound healing. J Surg Res 1996;63:237–40.

[57] Murrell GA, Szabo C, Hannafin JA, et al. Modulation of tendon
healing by nitric oxide. Inflamm Res 1997;46:19–27.

[58] Bulgrin JP, Shabani M, Smith DJ. Arginine-free diet suppresses nitric
oxide production in wounds. J Nutr Biochem 1993;4:588–93.

[59] Barbul A, Fishel RS, Shimazu S, et al. Intravenous hyperalimentation
with high arginine levels improves wound healing and immune func-
tion. J Surg Res 1985;38:328–34.

[60] Barbul A, Lazarou SA, Efron DT, et al. Arginine enhances wound
healing and lymphocyte immune responses in humans. Surgery 1990;
108:331–6.

[61] Shi HP, Efron DT, Most D, et al. Supplemental dietary arginine
enhances wound healing in normal but not inducible nitric oxide
synthase knockout mice. Surgery 2000;128:374–8.

[62] Witte MB, Thornton FJ, Kiyama T, et al. Nitric oxide enhances
wound collagen deposition in diabetic rats. Surg Forum 1997;48:
665–7.

[63] Shabani M, Pulfer SK, Bulgrin JP, et al. Enhancement of wound
repair with a topically applied nitric oxide-releasing polymer. Wound
Rep Reg 1996;4:353–62.

[64] Bauer JA, Rao W, Smith DJ. Evaluation of linear polyethyleneimine/
nitric oxide adduct on wound repair: therapy versus toxicity. Wound
Rep Reg 1998;6:569–77.

[65] Wu G, Flynn NE, Flynn SP, et al. Dietary protein or arginine defi-
ciency impairs constitutive and inducible nitric oxide synthesis by
young rats. J Nutr 1999;129:1347–54.

[66] Iuvone T, Carnuccion R, Di Rosa M. Modulation of granuloma
formation by endogenous nitric oxide. Eur J Pharmacol 1994;265:
89–92.

[67] Iuvone T, Van ON, D’Acquisto F, et al. Differential effect of L-
NAME and S-methyl-isothiourea on leukocyte emigration in carrag-
eenin-soaked sponge implants in rat. Br J Pharmacol 1997;121:1637–
44.

[68] Lee PC, Salyapongse AN, Bragdon GA, et al. Impaired wound
healing and angiogenesis in eNOS-deficient mice. Am J Physiol
1999;277:H1600–8.

[69] Stallmeyer B, Kampfer H, Kolb N, et al. The function of nitric oxide
in wound repair: inhibition of inducible nitric oxide-synthase severely
impairs wound reepithelialization. J Invest Dermatol 1999;113:1090–8.

[70] Frank S, Kolb N, Werner ER, et al. Coordinated induction of induc-
ible nitric oxide synthase and GTP -cyclohydrolase I is dependent on
inflammatory cytokines and interferon -gamma in HaCaT keratino-
cytes: implications for the model of cutaneous wound repair. J Invest
Dermatol 1998;111:1065–71.

[71] Thornton FJ, Schaffer MR, Witte MB, et al. Enhanced collagen
accumulation following direct transfection of the inducible nitric
oxide synthase gene in cutaneous wounds. Biochem Biophys Res
Commun 1998;246:654–9.

[72] Noiri E, Peresleni T, Srivastava N, et al. Nitric oxide is necessary for
a switch from stationary to locomoting phenotype in epithelial cells.
Am J Physiol 1996;270:c794–802.

[73] Cui XL, Iwasa M, Iwasa Y, et al. Arginine-supplemented diet de-
creases expression of inflammatory cytokines and improves survival
in burned rats. J Parenter Enteral Nutr 2000;24:89–96.

[74] Heck DE, Laskin DL, Gardner CR, et al. Epidermal growth factor
suppresses Nitric oxide and hydrogen peroxide production by kera-
tinocytes. J Biol Chem 1992;267:21277–80.

[75] Bulgrin JP, Shabani M, Chakravarthy D. Nitric oxide synthesis is
suppressed in steroid-impaired and diabetic wound healing. Wounds
1995;7:48–57.

[76] Schaffer MR, Tantry U, Efron PA, et al. Diabetes-impaired healing
and reduced wound nitric oxide synthesis: A possible pathophysio-
logic correlation. Surgery 1997;121:513–9.

[77] Witte MB, Thornton FJ, Tandry U, et al. L-arginine enhances diabetic
wound healing. Wound Rep Reg 1999;7:A326.

[78] Schaffer MR, Tantry U, Ahrendt GM, et al. Acute protein-calorie
malnutrition impairs wound healing: A possible role of decreased
wound nitric oxide synthesis. J Am Coll Surg 1994;184:37–43.

[79] Ulland AE, Shearer JD, Coulter C, et al. Altered wound arginine
metabolism by corticosterone and retinoic acid. J Surg Res 1997;70:
84–8.

[80] Yamasaki K, Edington HD, McClosky C, et al. Reversal of impaired
wound repair in iNOS-deficient mice by topical adenoviral-mediated
iNOS gene transfer. J Clin Invest 1998;101:967–71.

[81] Efron DT, Witte MB, Tandry U, et al. Incisional wound healing in
two different strains of inducible nitric oide synthase kock-out
(iNOS-KO) mice. Wound Rep Reg 1999;7:A295.

[82] Muscara MN, McKnight W, Asfaha S, et al. Wound collagen depo-
sition in rats: effects of an NO-NSAID and a selective COX-2
inhibitor. Br J Pharmacol 2000;129:681–6.

[83] Bauer JA. Hydroxocobalamins as biologically compatible donors of
nitric oxide implicated in the acceleration of wound healing. Med
Hypoth 1998;51:65–7.

412 M.B. Witte and A. Barbul / The American Journal of Surgery 183 (2002) 406–412


