.

CONTRACT NO: DaMD17-84-C-4108
TITLE: STUDIES ON WOUND HEALING
PRINCIPAL INVESTIGATOR: Rajendra S. Bhatnagar, Ph.D.

CONTRACTING ORGANIZATION: University of California
Department of Stomatology
San Francisco, California 94143-0650

REPORT DATE: April 1, 1992 DTlC

ELECTE
TYPE OF REPORT: Final Report JUNQ 11994

B

PREPARED FOR: U.S. Army Medical Research, Development,
Acquisition and Logistics Command (Provisional),
Fort Detrick, Frederick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for public release;
distribution unlimited

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.

94-16233 =
lIIMWII\ﬂI LT e

94 5 31 059




o e e

REPORT DOCUMENTATION PAGE o e o188

thering and the data and pieting and reviewing the collection of information Send comments reqarding this burden estimate or any other aspect
?&m« information, inciud for red this buvmﬂ?o Washington Headquarters Services, Dwmonl:?or tnformation Operations and Reports, 1213 Jetferson
Davis Highway, Suite 1204, Arlington, VA 222024302, snd 10 the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503

Public reporting burden for this collection of miomuuon 1% ESUMBTEd 10 average ) hour Der response, including the ime for reviewing INstructions, searching existing dats w;'u::,'

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

1l April 1992 Final Repo =
4 TITLE AND SUBTITLE S. FUNDING NUMBERS

Studies on Wound Healing Contract No.
DAMD17-84-C-4108

6. AUTHOR(S)

Rajendra S. Bhatnagar

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
. ) . . REPORT NUMBER

University of California

Department of Stomatology

San Francisco, California 94143-0650

{9 SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 0. SPONSORING /MONITORING
U.S. Army Medical Research, Development, AGENCY REPORT U
Acquisition and Logistics Command (Provisional),
Fort Detrick, Frederick, Maryland 21702-5012

] 11. SUPPLEMENTARY NOTES

123. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimitLd

P ————
13. ABSTRACT (Maximum 200 words)

The overall objective of this research is to examine the feasi-
bility of accelerating wound healing by understanding the intra-cellula]
cellular mechanisms involved in the regulation of collagen synthesis.
Collagen is a key component of all tissues. It is involved in
defining the architecture and biomechanical characteristics of all
tissue and organs and plays a major role in the modulation of cell
proliferation, migration and differentiation. Collagen synthesis is a
crucial step in wound healing. :

14. SUBJECT TERMS 15. NUMBER OF PAGES

Collagen, Lab animals, Rabbits, Rodents

RAD II 16. PRICE CODE

o e e e o ———— e e T e e~ e e ety P et -y~~~ T

17. SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION ] 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified |__Unclassified | =

NSN 7580.01.280.5¢ e Form 298 (Rev. 2-

NSN 7540-01-280-5500 :':?:ardw 2;:\ 2% ,(’. ’o.v )




Summary

The overall objective of this research is to examine the feasibility of
accelerating wound healing by understanding the intra-cellular
cellular mechanisms involved in the regulation of collagen synthesis.
Collagen is a key component of all tissues. It is involved in defining
the architecture and biomechanical characteristics of all tissue and
organs and plays a major role in the modulation of cell proliferation,
migration and differentiation. Collagen synthesis is a crucial step in
wound healing.

The present studies are based on our hypothesis that the synthesis of
collagen is regulated by the superoxide free radical (02°). Superoxide
is produced in large amounts by phagocytes which infiltrate a wound

in the early stages.

In the first two years of our study, our objective was to demonstrate

a mechanistic relationship between (0?°) and collagen synthesis and
prepare the background for extending these studies to in vivo

animal models in the continuation of the project. An in vivo wound
chamber model using rabbits was adapted from our collaborative For
studies with colleagues at UCSF and used for initial studies on wound 3 DE |

. . sas a
healing. As the Contract ended at the end of the initial two years, we | | a

have reportable data only for the effect of (02°) on collagen synthesis

in the in vitro tissue culture model for wound healing. = S
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Our studies showed that IMR-90 fibroblasts derived from human
fetal lung tissue are a suitable model for investigations on collagen
synthesis. These cells retain many of the biochemical characteristics
of fibroblasts in tissues. We examined the synthesis of collagen and
the levels of the collagen related enzyme prolyl hydroxylase in these
cultures in the prtesence or absence of (02°). Exposure to (02°)
resulted in a marked stimulation of collagen synthesis and an
increase in the activity of prolyl hydroxylase. We also examined the
nature of collagen synthesized in the presence and absence of (02°).
These experiments showed that (02°) increased the synthesis of type
III collagen to a much greater extent than the syntiiesis of type I
collagen. This observation is consistent with the biochemical events
occurring in repairing wounds in vivo. Thus our studies supported
our hypothesis that an increase in (02°) levels increases the synthesis
of collagen and suggest that measures to increase (02°) may also
promote collagen synthesis in healing tissues in vivo and facilitate
wound healing.




Introduction

The role of oxygen wound healing is well recognized and documented
in our original proposal. The availability of oxygen is critical for
repair processes. The beneficial effects of hyperbaric oxygen
therapy on wound repair have been amply demonstrated. Increased
oxygen supply promotes wound healing whereas decreased oxygen
supply retards repair. The beneficial efects of oxygen on wound
healing can be directly correlated with its direct involvement in
collagen synthesis which is crucial to repair. Collagen is responsible
not only for tissue architecture and biomechanical characteristics, but
also plays a regulatory role as it modulates cell proliferation,
migration and anchorage, and contributes to cell and tisue
differentiation. Oxygen is a substrate for the extremely important
post-translational hydroxylation of proline and lysine residues in
collagen.

Many lines of evidence suggest that oxygen may also act at the
genetic and epigenetic levels to modulate the expression of collagen
genes and the expresion of genes for the enzymatic machinery
required in the post-translational modification of collagen. The
active species in this regulatory role of oxygen is not the oxygen
molecule but a product of its metabolism, superoxide free radical
(02°). Superoxide is the product of univalent reduction of oxvgen, the
first step in the biological fixation of oxygen. The (O2’) free radical is
a highly reactive species which can react with a variety of important
molecules and macromolecules in the cell, however, it is well known




that its interaction with the genetic material of cells results in a trin
of events that results in the unmasking and increased expression of
certain genes. Our hypothesis is that the (02°) free radical is a major
stimulant for collagen synthesis and that it should be posible to
improve the efficiency of wound repair by increasing the tissue
levels of (02°) free radical. In fact during normal wound healing, an
important event is the generation of (02’) free radical by phagocytic
cells of the immune response which sets the pace of repair. Itis our
belief that an understanding of the regulation of collagen syntheis by
superoxide can lead to the development of procedures for promoting
wound healing, especially under those circumstances where oxygen
delivery may be impaired by hypervolemia and other trauma
related factors. In these studies we have examined the participation
of (02°) free radical in collagen synthesis to confirm its involvement
in the regulation of collagen synthesis and to elucidate the
mechanisms involved in the modulation of collagen synthesis. Our
studies are summarized in the article reproduced in the following

pages.
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STIMULATION OF COLLAGEN SYNTHESIS IN FIBROBLAST
CULTURES BY SUPEROXIDE

Gowri CHANDRAKASAN! anp Rasenora S. BHATNAGAR

! Central Leather Research [nstitute, Adyar, Madras - 600 020, India,
Laborasory of Connective Tissue Biochemistry, Box 0650, C-628J, School of Dentistry,
University of California, San Francisco, CA 94143-0650, USA.

Accepsed, August 31, 1989

Abetract: Exposure of diploid feial humaa fibroblasts (IMR-90) 10 superoxide generated by
dihydroxyfumarats resulted in increased collages synthesis. The synthesis of typs Il collagen was
stimulssed 10 a grestes exient than the synthesis of type | collagen. The stimulation of collagen synthesis
was abolished by superoxide dismutase. Our cbeervations suggost that supsroxide may play a role in the
regulation of coliagen synthesis and may modulsse differential coliagen gene exprassion. Thess cbearvations
may explain the increased synthesis of collagen in tissues (ollowing inflameation or exposwss 10 oxident
conditions,

Key words: Supevoxide, stimulation, collagen synthesis, typs 1 collagen, typs U collagen, fibroblasts

STIMULATION DE LA SYNTHESE DU COLLAGENE EN CULTURES DE
FIBROBLASTES PAR LE SUPEROXYDE

Résemé: L'exposition de (ibroblastes diploides (étaux humaing (IMR-90) ) du superoxyds généré par
Je dihydroxyfumarae 3 entrainé une sugmentation de ta synthbse du collagbne. La synthies ds collagine
typs 11 a éof stimulée 3 un degré ples fort qus cells du collagine typs L. La stimulation ds la synthies de
coliagine a éud sbolie par la suporoxyds dismetass. Nos obssrvations sugghrent qus is superonyds jous
un role dans la réguiation de ia synthiss de collagine et puisss moduler uns expression diffirendiclie des
gtnes du collagine. Ces obssrvations pesvent expliquer 1’ sugmentation de la synthiss du collagtne dans
les tisous, suite A une infllammation ou b uns exposition A des conditions oxydanes.

Motsciel: Superoxyde, simulation, synchbes ducollagine, collagéne type L. collagine type 111, fibroblases

INTRODUCTION

Several lines of evidence suggest a role for oxygen and its metabolites in the regulation of collagea synthesis.
Inflammation, & pathobiological condition characserized by the generation of superoxide free radical O,, leads
10 excess collagen synthesis and deposition in tissues (Bames ¢t al., 1976; Kent ¢1 al., 1976) The symbesis of
collagen during wound repair is modulated by the availability of oxygen (Knightoa et al., 1982). Exposure of
tissues 10 hypéroxic conditions (Chvapil and Peng, 1975) and oxidants such as ozone (Bhamagar eral., 1963)
results in increased collagen synthesis. In addition, agents such as Bleomycin and paraquat (methy! viclogea)
which generase O, also stimulasecollagen syndhesis (Hussain and Bhamagar, 1979: Husaainetal., 1985). Becanse
of the importance of inflammation in fibrotic disease, it is of interest 10 examine the mechanisms involved ia
the stimulation of collagen synthesis under thess conditions. We have investigased the synthesis of collagea in
the presence of exogenous O, in IMR-90 diploid fibroblasts.

' To whom corvespondancs should bs addvessed.
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MATERIALS AND METHODS

Cell Culture Procedures

Diploid fibroblasts (IMR-90) derived from fetal human lung were obtained in the fifth and sixth passages from the Institute for
Medical Ressarch, Camden, NJ. All experiments were carried out in the eigth to twelfth passages. The cells were grown o confluence
in 60 mm dishes (Falcon Plastics) in Dulbecco’s modification of Eagles minimum essential medium supplemented with 10% fewy
boving serum.

Exposure of Fibroblasts w0 Superoxide

Thecells were exposed 10 O, in the presence of dihydroxy fumaraie (DHF), s well imown generstor of the free radical (Fischer, 1981),
Previous stdies (Auor ¢f al., 1980) showed that DHF generates O, in tissue culture media and that the (ree radical produced under
thess conditions is scavenged Dy superoxide dismutase. We used this agent because its other metaboliles are not known 10 have
significant effects oa cells, and therefore the observed cellular effects can be atnbuted to the production of oxygen metabotites in
the culture medium,

Preliminary experiments using Trypan Blue exclusion assay showed no cytotoxic effects in the presence of DHF in concenwrations
used in these experiments. The lack of significant cytomoxicity st DHF concentrations lower than 601M wasconfirmed by experiments
in which the incorporation of radiolabelled precursors 1nw cellular macromolecules was examined.

Collagen Biosynshesis

Cuiture proweing were labelled with 10 uCi [U'“C] - proline (268 mCi/mMole, New England Nuclear) for 24 hra., in the pregence of
3-aminopropionitrile, sn inhibitor of collagen crosslinking (Prockop and Tuderman, 1982) 1o facilitaee the analysia of collagen. This
agent is not known 10 affect O, or SOD. For analysis of radioactive incorporation and collagen synthesis, the medium and cell layer
were harvesiod and dialyzed against H,0 in the presence of | mM ethylene diamine tetraacstic acid and | mM pheayl methyl suifonyl
flvoride at 4°. Control experiments showed over 95% recovery of labelled prosein by this procedure. The dialyzed samples were
hydrolyzed in 6 N HC1 for 24 hes. at 110° and the hydrolyzaies wese analyzed for [*C]-Nydroxyproline by published methods (Juva
and Prockop, 1966). DNA content as a measure of cell population was determined by the diphenylamine method (Bunon, 1956). Towal
prowin conent was desermined by Coomassie Brilliamt Blue procedure (Bradford, 1976).

Analysis for Type | and Type 11l Collagen

In order w0 isolate and quantitaie the newly synthesized typs | and typs 11 collagens, both the conditioned medium and the cell layer
were subjecied 0 limited pepsin digestion (0 (acilitate the compiess solubilization and chain separation of the collagens. The collagens
were separated by fractional sakt precipitation with 1.7 M and 2.6 M NaCl at pH 7.0 (Miller and Rhoads, 1982). The labelled collagen
chains were separated by chromatography oa columns of carbozymethyt celtuloss. The identity of the chaing was confirmed by
polyscrylamide gel eloctrophoresis.

RESULTS

In preliminary experiments (data not shown), we determined the optimal concentration of DHF for use in these
studies. Since hydroxyproline synthesis occurs as a result of intracellular hydroxylation of proline incorporated
in polypeptide precursors of collagen, we followed the synthesis of {“C]-hydroxyproline as a measure of collagen
synthesis The amount of radioactivity incorporased into hydroxyproline measured as a function of DNA content
increased in the presence of DHF. Maximal increase in hydroxyproline synthesis was achieved at DHF
concenations of 10-20 uM and no further increase occurred beyond these concentrations. All subsequent
experiments were carried out st DHF concenoations of 10uM. Maximal collagen synthesis in fibroblast cultures
occurs when the cultures become confluent (Peterkolsky, 1972). All experiments reported here were carried
out with confluent cultures. In order 10 examine the possibility that the effect of DHF on collagen synthesis may
have resulted from an increase in the number of cells, we desermined the total DNA and protein content of the
culcures (Fig. ). Exposure of cells to O, for periods upto 24 hrs. did notresultin any increases in DNA or proteia
content, indicating that the free radical did not induce cell proliferation in the confluent cultures. The increass
in ('“C) hydroxyproline synthesis as a function of the DNA content of the cultures was apparent as early as 6
hrs. after the addition of DHF (Fig. 2). The increase was lineer during the 24 hrs. period of observation.

In order to confirm if the increase in collagen synthesis in the presence of DHF resulted from generation of O,
the effect of removing the free radical by suproxide dismutase was examined. As seen in Table 1, exposurs of
cultures to 10 uM DHF for 24 hrs. resulted in a 23% increase in the incorporation of (“C]-proline and 2 130%
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Fig. 1 Fig. 2
Fig. 1 The lack of effect of DHF on cell growth: Confluent cultures were exposed 10 10 uM DHF
for 24 hes. and DNA and protein content were determined as descnbed. Each value is the mean of
uiplicate cuitures. Open cucles and tnangles represemt data from control cultures, filled circles
and thangies represent DHF-treated cultures.

Fig. 2 Increased coilagen synihesis in the presence of DHF: Confluent cultures were exposed 10
10 UM DHF and Labelled with {**C]-proline for vanious times. The contemt of (CJ-hydroxyproline
was desermined as descnbed in Methods. Each point is the average of triplicate cultures. Closed
circles represent comrol, and open curcies represent data from DHF-tressed cultures,

TABLE 1 [14C] - Proline Incorporation and Synthesis of [{4C|-hytrocyproline in the presence of DHF

Radioactivity Incorporated (dpmviug DNA x 10-4)

Treatment Total Radioactivity (14C)-hydroxyproline
Experiment [ Conuol 188.7 £ 21 33992033
+ DHF, 10 pg/ml 2315 £22(+23%)* 7.81 £ 0.77 (+130%)**
+ DHF, 10 ug/ml + SOD) 1900 £ 18 383 £ 039
Experiment 2 Conuol 1596 £ 18 2.76 £ 0.30
+ DHF, 10 ug/mi 211.9 £23 (+32%)* 8.03 £ 0.85 (+196%)**
+ DHF, 10 ug/ml + SOD 161.2 £ 17 2.81 £ 030

Conflyent cultures were incubseed for 24 hrs. in the presence of DHF and (*C)-proline with or
without SOD. Ia experiments with SOD. the cells were equilibrmed in SOD-comaining medium for
30 min. before the addition of DHEF. The mumbers in parentheses indicaie percent change from
control. Each number is the meas £ $.D. of five deserminations. * P < 0.05, °* P < 0.001.

increass in the synthesis of ('‘C}-hydroxyproline, on a per DNA basis. Since hydroxyproline is present in
significant amounts only in collagen, these data suggest that the increased incorporation of proline could be
accoumed for largely by increased collagen synthesis. This increase was abolished by superonide dismutase
added at a concentration of 10 U/ml in the cuiture medium. Heat denatured superoxide dismutase had no effect,
These data support the concept that the stimulatory effect of DHF on coilagen synthesis may be mediated by O,

The expression of collagen phenorypes is altered in tissues under conditions characterized by increased exposure
10072 (Bailey etal..1972; Batemaneral., 1981; Clove esal.. 1979). We examined the nature of collagen symthesized
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in the presence of DHF. The labelled procollagens were subjected to limited pepsin digestion to ensure complete
recovery from the matrix, and were differentially precipitated with NaCl to separate type [ and type (Il chains,
The chains were further purified by chromatography on carboxymethyi cellulose columns and the radioactivity
incorporated in type [ and type IlI chains was measured. These data are presented in Table 2. As seen in Table
2, ... synthesis of type Il collagen was increased by 42% whereas there was no significant increase in type {
collagen synthesis.

TABLE 2 Relative Synthesis of Tvpe I and Type lIl Collagens in the Presence of DHF

Treaunent *Radioactivity, dpm x 10-4 Type [I/Type |
Type | Type I
Control 1.82+ 23 0.32£0.35 0.176
+DHF, 10 ug/mi 191 % 2.1 0.46 £0.41 (+42%)** 0.238

*Radioactivity in pooled fracuons from carboxymethyl cellulose chromatography of differential salt
precipitaies of type { and type [II collagens. Each value is the average of uriplicate experimens + S.D.
The number in parenthesis denowes percent change from control. ** P < 0.05.

DISCUSSION

Our studies suggest that O, may directly simulate the synthesis of collagen. Other studies in our laboratory
showed that the free radical induces increased prolyl hydroxylase activity in IMR-90 fibroblasts. The increase
in prolyl hydroxylase activity in the presence of O, was abolished by scavengers of the free radicals. These data
provide an explanation for the increase in collagen synthesis observed in tissues under conditions that elevate
O, levels, including inflammation (Babior, 1982), exposure to increased oxygen (Chvapil and Peng, 1979),
oxidants such as ozone (Bhatnagar ef al.,1983), and exposure to O, generating agents such as paraquat and
Bleomycin (Hussain eral.,1983; Hussain and Bhatnagar, 1979). The observation that anti-inflammatory agents
decrease the production of O, (Oyangui, 1976) and cause a lowering of collagen synthesis (Kruse er al., 1978;
Phan et al., 1981) also supports this concept.

Type [ collagen synthesis is markedly enhanced in tissues in carly stages of fibrosis and other scasring
processes (Bateman eral., 1981; Kenteral., 1976; Kruse etal., 1978; Phan et al., 1981). Type 1l collagen also
accumulates in repair tissue during wound healing (Bailey et al., 1972; Clove er al.,1979). The greater increase
in type NI collagen synthesis in the presence of O, observed by us suggests that the free radical may play a role
in the modulation of differential collagen gene expression.

The present studies do not provide information as to the mechanisms of regulation of collagen synthesis by O,.
The free radical is known to affect cell growth and differentaton (Micheison, 1982; Michelson and
Buckingham, 1974). The genetic level regulatory effects of the free radical may arise from its interaction with
informational macromolecules ( Brown and Fridovich, 1981; Leska er al., 1980; Moody and Hassan, 1982).
Inceraction of the free radical with specific sites on the chromatin may result in the expression of the genetic
complex for collagen synthesis, including the enzymes involved in its post-transiational processing.

In higher organisms the inflammatory response elicited by foci of irritation such as injury, bacteria, or
particulace material elicits the synthesis of collagen o wall off the irritant stimulus. Collagen plays a protective
role by forming a tough and imprevious barrier against injurious stimuli including radiation and oxidants. It
has been suggested that (Cerruti, 1985) tissue pro-oxidant states characterized by increased levels of oxygen-
derived free radicals may induce the expression of certain genes that are a part of the organism’s defensive
response, reminiscent of the SOS function in bacteria. It is interesting to speculate that weleologically collagen
and its biosynthetic machinery may be a part of such pro-oxidant mechanisms in animal cells.




Stimulation of collagen synthesis by superoxide 755

Acknowiedgementr: G. Chandrakasam acknowiodges support from the Fulbright Program. These studies were suppored by grants
from the National [nstinates of Health. Ms. Beima Enriquez provided expert technical assistaace

REFERENCES

Autor, A.P., McLennan, G. and Fox, A.W., Oxygen froe radicals generated by dihydroxyfumarate and ionizing radiation: Cytowoxic
effect on isolased pulmonary macrophages. [n: Molecular Basis of Environmenial Toxzicity, Bhatnagar, R.S. (ed.), Ann Arbor
Science, Ana Asbor, 1980, pp. S1-67.

Babior, B.M., In: Pathology of Oxygen. Autor, A.P. (ed.), Academic Press, New York, 1982, pp. 45-58.

Bailey, AJ.,Sims, TJ..LeLous, M. and Bazin, S.. Collagen polymorphism in experimental granulation tissue. Biochem. Biophys. Res.
Commmn. 1972, 66: 1160-116S.

Barmes, MJ., Morwoa, LF., Benneu, R.C., Bailey, A.J. and Sims, T J., Presence of type [Il collagen in guines pig dermal scar. Biochem.
J. 1976, 157: 263-266.

Batoman, E., Turner-Warwick, M. and Adeiman-Grill, Immuno-histochemical sasdy of collagen typesia buman fetal lung and fibrotic
lung dissass. Thorax 1981, 36: 645-653.

Bhanagar, R.S., Hussain, MZ.. Sarensen, K R.. Mustafs, M.G. and von Dohlen, F.M., Effect of 0zone on lung coilagen biosynthesis.

Advan. modern environm. Toxicol. 1983, §: 311-321. un
Bradford, M., A rapid and seasitive method for the quantitation of microgram quantities of protein utilizing the principle of prowia
dye binding. Anal. Biochem. 1976, T2: 248-254.
Browa, K;l and Fridovich, I, DNA strand scission by enzymaticaily generated oxygen radicals. Arch. Biochem. Biophys. 1981, 206:
4144)9.
Bunon, K.. A study of the conditions and mechanism of the diphenylamine reaction for the colorimetric estimation of deox yribosucleic
acid. Biochem. /. 1956, 62: 315-323.
Cerutti. P.A., Prooxidant state of tumor promotion. Science 1985, 227: 375-381.
Chvapil, M. and Peng, Y. M., Oxygen and lung (ibrosis. Arch. enviroam. Health 1975, 3. $28-538.
Clove, J.N..Cohen, LK. and Diegeimann, R F., Quantitation of collagen types | and 1 during wound healing in rat skin. Proc, Soc.
exp. Biol. Med. 1979, 161: 337-340.
Epsein, E. H. Jr., Scort, R.D., Miller, EJ. and Piez, K.A., Isolation and characterization of the peptides derived from soluble buman
and beboon skin collagen afier cyanogen bromide cleavage. /. diol. Chem. 1971, 246 1718- 1724,
Fischer, LJ., Evidence that alloxan and dihydroxyfumarase alter pancrestic islet cell function through the generation of oxyges froe
radicals. In: Oxygen and Oxygen Radicals in Chemistry and Biology, Rodgers, M. A. J. and Powers, E.L. (eds.), Academic Press,
New York, 1981, pp. 631-633.
Hussain, MZ. and Bhatragar, R S.. Involvement of superoxide in the paraquat induced enhancement of lung collagen sythesis inorgan
culture. Biochem. biophys. Res. Commun. 1979, 89: 71.76,
Husssin, M. Z., Giri, S.N. snd Bhatnagar, R.S.. Poly (ADP-riboss) synthetass activity during Bleomycia induced lung fibrosis in
hamuers. Exp. mol. Pashol. 1983, 43: 162-176.
Juva, K. and Prockop, DJ., Modified procedure far the assay of *H or *C labelled hydroxyproling. Anel. Biochem. 1966, 15: 77-83,
Kent,G..Gay. S .. Inouye, T.. Bahw, R., Minick, O.T. and Popper, H., Vitamia A- containing lipoyses and formation of typs [l collagen
in liver injury. Proc. namm. Acad. Sci. US.A. 1976, 73: 3193722
Knigiton, D.R.. Hunt, T.K.. Thakral, K.K. and Goodson, W.H.. Role of pistelets and (ibria in the healing sequencs. Aar. Swg. 1982,
196: 379-«n.
Kruse, NJ.. - . DJ., Funimoto, WJ. and Bomsiein, P., Inhibitory effects of glucocorticoids oa collagen synthesis by sponge
granulomas .- granuloma fibroblasts in culture. Biockim. diophys. Acta 1978, S48 101-107.
Leska, S.A.. Lorenuzen, RJ. and Ts'0, P.OP.. Rols of suparoxids in deosynbonaucieic acid strand scission. Biochemisery 1980, 19:
3023-3028.
Micheison. A.M. and Buckinghasm, M.E., Effects of superozids radicals on myoblast growth and differentistion. Biockem. biophyw.
Res. Commun. 1974, 58: 1079-1006.

Michelson, A M., Oxygen radicals Agents and Acsions. Suppl. 1962, 11: 179-201.

Moody, C.S. and Hassan, HLM., Mutagenicity of oxyges fres radicals. Proc. aee. Aced. Sci. US.A. 1962, 79: 2855- 89,

Oyangui, Y., Inhibition of superoxide anion production in macrophages by anti-inflameetory drugs. Biochem. Pharmscol. 1976, 2%
1473-1480,

Phan, SH., Theall, R.$. and Williasms, C., Blsomycin-induced pulsmonary fibrosis: Effects of steroids on kung collagea metaboliom.
Amer. Rev. resp. Dis. 1981, 124 428434, .

Pesrkofaky, 8.. The effacs of ascorbic acid on collagen polypeptide synthesis and prolyl hydroxylation during growsh of culnwed
fibsoblams. Arch. Bischem. Biophys. 1972, 152: 318-328.

Prockop, D.J. snd Tuderman, L., Post-translational enzymes in the biosysthesis of collagen: Exoraceliularenzymes. Methous Eazrymol.
1962, §2: 305-319.




Conclusions

Our studies support the hypothesis that superoxide is a stimulant for
collagen synthesis. It promotes the overall synthesis of collagen, but
the increase in type III collagen synthesis is much greater than that
observed in type I collagen synthesis. Type III collagen is a fetal
type collagen that is involved in development and differentiation of
tissues. Increasing levels of type III collagen in wound tissues can
be expected to have beneficial effects on tisue repair and
regeneration. Our studies support the concept that increased
delivery of superoxide to wounds may accelerate and facilitate
repair. We suggest continuing studies along these lines to

o Examine the effect of superoxide on collagen synthesis in
Vivo,

° Examine the effect of increased superoxide levels on wound
healing, and

° Develop strategies to administer superoxide to wounds.




