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REVIEW

Growth Factors and Wound Healing: Part II.
Role in Normal and Chronic Wound Healing

Neil T. Bennett, Mn, Gregory S. Schultz, pib, Guineswille, Fiorida

Wound healing is a complex biologie process that
involves the integration of inflammation, milosis,
angiogenesis, synthesis, and remodeling of the ex-
tracellelar matrix, Part I of this two-part ceries ra-
views the results of experiments that indicate that
growth factors and their receptors regulate key as-
pects of soft and hard tissue repair. Results of clini-
cal studies are also reviewed that demonstrate that
growth factor treatment aceelerates healing of nor-
mal tissues nnd promotes healing of impaired
wounds.

From the Departments of Surgery (NTH) and Obstetrics and Gynecol-
ogy (GSS), University of Floride, Gainesville, Florida, This work was
supported in part by the US. Army Medical Research end Develop-
ment Command under Contract Mo, DAMDIT-91-C-1095 and by
Gramt EY 05587 from the Netional Institutes of Health.

Reguests for reprints should be addressed to Gregory S, Schultz,
PhD, Department of Obstetrics and Gynecology, University of Florida
Health Sciences Center, Box 100294, Gainesville, Florida 32610.

Menuscripl received May 21, 1992, and sccepted in revised form
March 3, 1943,

Wﬂund healing is a complex biclogic process that is
well characterized at the microscopic level, but its
regulation is poorly understood at the moleculdar level.
Data now indicate that peptide growth factors and their
receptors regulate key processes of wound healing. Full-
thickness skin incisions have been studied extensivelyasa
general model of wound healing, and the general princi-
ples of wound healing that have been learned from that
model can be used to formulate hypotheses about the
roles of growth factors and their receptors in wound hezl-
ing.
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ing, 2nd the entire process can last many months. The
inflammatory stage lasts several days and is initiated by
the processes of blood clotting and platelet degranulation.
Contained within the o-granules of platelets are several
protein growth factars, including platelet-derived growth
factor (PDGF), insulin-like growth factor=I (1GF-1}, epi-
dermal growth factor (EGF), and transforming growth
factor-@ {TGF-3), which are potent chemotactic factors
for inflammatory cells [/]. The burst of growth factors
released from platelets quickly diffuses from the wound,
and neutrophils rapidly enter the wound, followed by
macrophages. Macrophages in the wound begin 1o syn-
thesize and secrete additional growth factors including
TGF-8, TGF-«, macrophage-derived growth factor
{MDGF, a PDGF-like protein), basic fibroblast growth
factor (bFGF), and heparin-binding epidermal growth
factor (HB-E(GF). The growth factors secreted by mac-
rophapges stimulate migration of fibroblasis, epithelial
cells, and vascular endothelizl cells into the wound [2].

As the fibroblasts and other eells migrate into the site
of injury, they begin to proliferate, and the cellularity of
the wound increases. This begins the proliferative and
repair phase, which often lasts several weeks. As the
number of inflammatory cells in the wound begins to
decrease, other cells in the wound, such as fibroblasts,
endothelial cells, and keratinocytes, continue to synthe-
size growth factors. Fibroblasts secrete IGF-1, bFGF,
TGF-A, PDGF, and keratinocyte growth factor (KGF).
Endothelial cells produce bFGF and PDGF. Kerating-
cytes synthesize TGF-8, TGF-a, and kerafinocyte-de-
rived autocrine factor (KAF). These growth factors con-
tinue to stimulate proliferation, the synthesis of
extracellular matrix proteins, and new capillary forma-
tion.

Aflter the initial scar forms, proliferation and neovas-
cularization cease, and the wound enters the remodeling
phase, which usually lasts several months. During this
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gd to cultures of hurman fibroblasts,
and DNA synthesis was messured by
incarporation of tritiated thymidine.
Mastectomy fluids stimulzted high
levelz of DNA synthesis, open wound
fluids stimulated lower levels of DA
gynthesls, and chvonic wound fluids
were inhibitory,
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last phase, a balance is reached between synthesis of new
compenents of the scar metrix and their degradation by
proteases such as collagenase,

Assuming that this model for the role of growth fac-
tors in wound healing 1s correct, several hypotheses can be
proposed and tested. First, protein growth factors should
directly regulate many of the processes crucial for normal
wound healing, including chemotactic migration of in-
flammatory cells, mitosis of fibroblasts, keratinocytes,
and vascular endothelial cells, neovascularization, and
synihesis and degradation of extracellular matrix compo-
nerts. Second, the environment of hezling wounds should
contain protein growth factors, and their levels should
change during the course of wound healing. Also, wound
healing should be impaired if a growth factor is prevented
from acting, Third, the environment of chronic wounds
should have low levels of growth factor activity, Fourth,

| treatment of chronic wounds with growth factors should
| promote healing.

BIOLOGIC EFFECTS OF CROWTH FACTORS

Proteins from each of the five major growth factor
families (EGF, PDGF, IGF, TGF-3, and fibroblast
growth factor [FGF]) have significant chemotactic activ-
ity in vitro for wound cells. Interestingly, growth factors
often have some degree of selectivity for the type of cell
that they aitract. For example, TGF-3 is an extremely
potent chemotactic factor for human peripheral blood
monocytes, with an optimal concentration of 0.5 pg/mL
[3]. PDGF is chemotactic for fibroblasts but not for
monocytes, bFGF and IGF-1 are chemotactic for vascu-
lar endothelial cells [4], and EGF stimulztes chemotactic
migration of epithelial cells [5].

All growth factors stimulate mitosis of ene or more
cells involved in wound healing, However, each growth
factor exhibits some degree of selectivity, EGF and TG F-
o are very effective [or epithelial cells. BFGF is an effec-

tive mitogen far fibroblasts and vaseular endothelial cells.
IGF-1 and PDGF primarily stimulate mitosis of meso-
dermal cells, such as fibroblasts and smooth muscle cells,
TGF-4 is a bifunctional regulator of cell division, stimu-
lating mitosis of cells derived from mesoderm, such as
fibroblasts, but inhibiting mitosis of cells derived from
ectoderm, such as keratinocytes (for a review of growth
factor actions, sce Part | of this review series).
Synthesis of extracellular matrix components is in-
creased substantially by several growth factors. EGF
stimulates synthesis of fibronectin [6]. TGF-g stimulates
synthesis of collagen, elastin, and tissue inhibitors of me-
talloproteinases while decreasing production of collage-
nase [7]. Neovascularization is zlso induced by several

Wt& ding chemotactic migration of
Narmmators: cells, mijosis of wound celis, neovas lariza:
tihﬁ,an%? '.&xfm%u!%‘ﬁf%ﬁuﬁ*&a@cﬁéms:
Several models have been used to determine if growth
factors are present in the environment of healing wounds
and whether their levels change during the course of
healing. TGF-8 and IGF-1 levels were measured in
wound chambers implanted under the skin of rats, Aver-
age levels of TGF-3 were low 2 days after implaniation,
then peaked at 7 days, and decreased by 16 days [9]. A
substantial amount of IGF-1 was present on day 7 after
implantation (0.4 ug/mL) [10]. In humans, mastectomy
drain fluids were assayed for PDGF and MDGF [11].
PDGF-AA was highest in the immediate postoperative
period and was absent by 36 hours, No PDGF-BB form
was found. MDGF levels remained elevated during the
36 hours of the evaluation. Levels of immunoreactive

TGF-w in mastectomy drain fluid peak p;ltw%a 3 after

surgery _Eunpublishc{! data). Thus, gr wih -
Wound in the  environment. of spontancously hea
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FERCENT OF WOUND SURFACE HEALED
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Flgure 2, Etfect of epidermal growth factor (EGF) on healing of
pariigl-thickness dermztome Injurles. Pajred darmatome injuries
wera creaaled in 12 patients and treated twice daily with EGF (=)
or vehicle (). Haaling is expressed as the percentzge of the
ariginal wound area that was epithelialized, Significant Increases
In healing ware seen [0 the EGF-treated wounds ondays 11g5.

; dies have reported attempts 1o inkibit the
actions of growth factors in wounds. Treatment of rat
incisions with neutralizing antibodies 10 TGF-§ capsed

molecular envi

SKIN WOLNDS

The ability of peptide growth faciors 1o stimulate -
gration. mitosis, and svnthesis of extracellular matriy
proteins by fibroblasts and epithelial cells iy it
prompred the evaluation of several growth factorsin ani
mal models of wound healing, Frankkin and Lynch [13)
were among the first to show that repeated tapical appli-
cation of EGF accelersted closure of full-thickness
wounds of rabbit ears. Topical application of EGF
[14,15], TGF-w [16], FGF [17], and the combination of
PDGF plus 1GF-1 [18] have all been reported 10 Stimu-
late the rate of epidermal regeneration of partial-thick-
ness dermatome injuries or partial-thickness by o injuries
in pigs. Similar results have been reported in humans.
Brown and o

ronment of spontaneously healing skin
wounds may not have the optimal level of peptide growth
factors. Second, the g i jglermal reenora-
thap vehicle controls. In a small wound, tie ciimical sa-
JWBHMEWPRmasu in healing would be negligi-
ble, but, in a large injury, increasing the rate of epithelia-
lization by 30% might have clinical benafiy

fewer macrophages and blood vessels, and lower colla gen @  The zbility of exogenous peptide prowth factars to

and fibronectin contents than incisions treated with vehi-
cle [12]. Tensile strengths of incisions treated with TGE-
£ neutralizing antibody or with vehicie were not signifi-
cantly different,

Analysis of the moleculsr environment of chronic
wounds is just beginning. We found that fluids collected
from chronic wounds consistently failed to stimulate
DNA synthesis of human foreskin fibroblasts (Figure 1),
In contrast, fluids from spontaneously healing mastecion
my weunds increased DNA synthesis two- to threefold
above the level of cells cultured in serum-free mediym,
Ome explanation for this difference could be that the fluid
from healing wounds contains higher levels of growih
factors than the fluid from chronic wounds. Our prelimi-
nary analysi¢ indicates that growth factar levels are often
decreased in fluids from chronic wounds, However, 1he
levels do not appear to be low enough to account for the
lack of mitogenic activity of the fluids,

A more likely explanation for the lack of mitogenic
activity in fluids from chronic wounds may involve the
levels of protease activity. Our results indicate that levels
of protease activity in chronic wound fluids were an aver-
age of 125-fold higher than levels measured in mastecto-
my drain fluids (range: 4- to 500-fold higher). Farther-
more, fluids from chronic wounds readily degraded EGF
and the EGF receptor, whereas mastectomy [uids did
not. Although much remains to be studied in this area,
these results suggest that/ql nen

e T
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MERRR. Trcaiment of full-thickess skin Wounds 1 ge-
netically ;@E[;_q"ﬁﬁtbwhh recombinant PDGF-BB or
bFGF significantly decreased the time to wound closure
and increased the number of fibroblasts and capillaries in
the wound bed [20], Iniectinp of TGF-3 into wound
chambers ofg@oxc -treated rallsreversed some of
the healing impairment, and injection of TGF-2 with
EGF and PDGF restored wound collagen deposition to
86% of the collagen deposition seen in normal rats [21].
Daily injections of EGF into subcutaneaus wound cham-
bers of rats reversed the inhibitic Eamulet
formation produced bl
[22]. In puinea allon-TeaTs
incisions wounds was partially reversed
TGF-3 [24].
Clinical trials have also assessed the effects of growth
factor treatment on fEEfNg BlLE 1 b
One of the earliest studies unlize ract o
autologous platelets to treat 41 patients with chranie,
nonhealing cutaneous uleers in a nonrandomized phase I
trial. Knighton and colleagues [24] reported successful
epithelialization in 93% of the chronic wounds, with an
average time to complete epithelialization of 7.5 weeks.
In a subsequent prospective, randomized, double-blind,
cross-over, placebo-controlled clinjeal trial of platelet ex-
tract, 17 of 21 wounds (81%) treated in the positive arm
achieved complete epithelialization in a average of 8.6
weeks of treatment. In the placebo arm, 2 of 13 wounds
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(15%) healed during the initial 8 weeks of placebo treat-
ment. The 11 wounds that failed 1o heal with placebo
treatment were crossed over to treatment with platelet
extract, and all 11 wounds had complete epithelialization
in an average of 7.1 wecks [25], Although the

Wﬁq has not been completely characienzed
biochemically, platelets have been shown to contain mul-
tiple peptide growth factors including PDGF, TGF-8,
1GF-1, and EGF. These studies demonstrated that chron-
ic wounds may benefit from treatment with combinations
of growth factors,

More recent clinical studies assessed the effects of
individual peptide growth factors on chronic wounds. Ina
phase-1 cross-aver study, eight of nine patients with
chronic wounds achieved complete epithelialization after
cross-over to EGF treatment [26]. Robson and colleagues
[27] recently testéd PDGE-BB in a phase 1/11, random-
ized. double-blind, placebo-coftrolled siudy of 20 pa-
tients with chronic pressure ulcers. After 28 days of treat-
ment, ulcers of patients trezted with 100 mg/mL of
PDGF-BB had significantly smaller velume than uleers
treated with vehicle (6% versus 22% of initial ulcer vol-
ume). Lower doses (1 or 10 mg/mL of PDGF) had little
effect. Although these initial clinical results are encour-
aging, more research remains to be done to achieve the
potential benefit of peptide growth factor treatment of
chronic skin wounds.

SPECIAL CONSIDERATIONS FOR
TREATMENT OF WOUNDS WITH GROWTH
FACTORS

Several conditions appear to contribute to the effec-
tiveness of growth factor treatment of wounds. One im-
portant consideratio m quit

rcirro and in vivo. Cultured fibroblasts require continuous
exposure to EGF for 3 to 4 hours before they commit 10
cell division [28]. Lynch er af [2%] noted that single
topical applications of TGE:a..b *im and
in gels failed 10 accelerate the healing of par-
tial-thickness dermatome wounds in pigs. Greaves [30]
reported no effect on healing of suction bullae wounds in
healthy adult volunteers when EGF was applied in saline
for 5 minutes, after which the excess solution was wiped
off. EGF also had noeffect on healing of partial-thickness
burns when applied once daily as a mist [3{].
Prolonged exposure of cells to growth factors can be
accomplished by formulating the growth factor in a vehi-
cle that slowly releases it over an extended period of time.
Brown and colleagues [32] illustrated this principle by
demonstrating that a single application of EGF formula-
ted in saline and placed into surgical incisions in rat skin
failed to increase tensile strength. However, a single ap-
plication of EGF formulated in multilamellar liposomes,
which release EGF slowly aver 5 days, significantly in-
creased tensile strength 14 days after surgery. In a related
study, Buckley et al [33] found that daily injections of
EGF in saline into polyvinyl aleohol sponges implanted
subcutancously in rats produced only & modest increase in

granulation tissue. However, placement of EGF into
slow-release pellets prior to implantation into the sponges
caused a dramatic increase in the extent and organization
of granuiation tissue.
It is important to note that g

B L e =i .-
: . : sing c"ﬂpﬁTimiiun of
[GE-din a collagen vehicle increased the tensile strength
ol surgical incisions in rats [32], and a single application
of oin saline increased the tensile strength of rat
surgica| incisions [34]. ‘z

Other conditions may be important in optimizing the
cifectof srowih Ll ghiguathaaling

Agivigual gro “{aetars ¥This concept was demon-
strated by Lynch and colleagues [/8] who reported that
neither PDGF or IGGF-1 alone significantly increased the
thickness of the regenerated epidermis or dermis of par-
tial-thickness dermatome injurics on pig skin. However,
the combination of PDGF plus 1GF-1 induced a signifi-
cant increase in the thickness of new dermal tissue and
epidermis in the wound. Using a different wound model,
Sprugel and colleagues [35] found that a combination of
PDGF plus bFGF increased the DNA content of wound
chambers implanted in rats better than any single growth
factor. These results suggest that growth factors in com-
bination may act synergistically on wound cells 10 aug-

1] o albh healings .-

kamura and collcagues [36] reported

that an ointment containing EGF and nafamostat, a ser-

ine protease inhibitor, increased the dry weight of granu-
lation tissue in open wounds in rats threefold over control
wounds treated with ointment alone. Other parameters of
wound healing also increzsed, including the hyaluronic
acid and hvdroxyproline content. The degradation of 1%°1-
EGF by an extract of the wound tissue was also signifi-
cantly decreased by the addition of nafamostat, suggest-
ing that the stability of EGF in the wound site was
increased. Protease inhibitors should also help prevent
egradation of growth factor receptors on wound cells.
The cancentration of an exogenous growth factor also
influences the extent of healing. In general, the concen-
trations of exogenous growth factors that are applied to
wounds are in the range of 10 to 1,000 mg/mlL., which is
about 1,000 times higher than the concentrations of
growth factors that are needed to stimulate DMA synthe-
sis or migration of wound cells in vitra, The reason why
higher concentrations are needed in vive is not known but
it may be a consequence of rapid diffusion of the growth
factor from the wound site or proteolytic destruction of
the growth factor.

CORNEA

The cornea is another tissue that has been investigated
extensively for the effects of growth factors on wound
healing. The cornea consists of three distinct layers of
tissue: the epithelium, the stroma, and the endothelium.
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Because cach of these layers has a different complement
of cell types, they heal by different mechanisms. None-
theless, peptide growth factors appear to have key rolesin
the healing wounds to each layer.

Corneal epithelial cells were one of the first cells to be
recognized as targets for growth factor action. In 1972,
Frati et af [37] injected ' I-EGF into the peritoneal
cavity of rats and found that high concentrations of radio-
activity accumulated in the corneal epithelium. Soon af-
terward, Savage and Cohen [38] reported that EGF stim-
ulated the preliferation of epithelial cells of embryonic
human and chicken corneas during organ culture. These

divide in rivo, and endothelial wounds heal predominate-
Iy by migration and enlargement of surviving cells, There
is considerable interest in evaluating whether pepride
growth factors can stimulate mitosis in buman corneal
endothelial cells and, thereby, enhance endothelial wound
hc--:]_-ing i E ~C 115 TTEh 1 1 ! Ty

e, W hsch ﬁuEgﬁSL‘i 1hat mlran«.mar grumh I'"u:mr treat-
ment may augment the healing of endothelial injuries
[44].

results demonstrated that corneal epithelial cells ex- =

pressed EGF receptors and preliferated in response to

EGF invitre. [twas reasonable to test whether exogenous |

EGF might stimulate healing of corneal epithelial
wounds, Numerous studies in animals have indeed dem-
onstrated that the topical application of EGF eye drops
accelerated healing of epithelizl wounds ereated by vari-
ous methods, including scraping, organic solvents, or mild
chemical burns [39]. In these animal models, the rate of
closure of epithelizl wounds was increased 15% 1o 30%
compared with vehicle-treated corneas. EGF is not the
only growth factor that has been shown to enhance heal-
ing of corneal epithelial wounds. bBFGF increased corneal
Lp:lhe.ml ee! 1 pmhlcrctmn in L.'a‘m and increased 1hc

Xper

clinical trials uiilizing EGl cye drnpﬁ 1o treat cumcai
epithelial wounds, Daniele et al [41] treated 104 patients
with various categories of epithelial defects and stromal
ulcers with eve drops of mouse EGF. Treatment with
EGF improved the rate of epithelial regeneration, partic-
ularly in patients with traumatic epithelial loss or thermal
burns. EGF was not effective in patients with metaherpe-
tic ulcers or stromal keratitis. The investigators noted
that the effectiveness of EGF decreased as the extent of
stromal erosion increased. A multicenter, double-blind
trial of recombinant human EGF treatment of 104 pa-
tients with traumatic epithelial defects found that EGF
eye drops accelerated healing by approximately 30%
compared with eyes treated with vehicle [42]. In another
study, mouse EGF eye drops were reported to not aceeler-
ate epithelial regeneration in 35 patients following corne-
al transplantation [39]. Stromal keratocytes express re-
ceptors for EGF and respond mitogenically to EGF in

NS ven when EGF 1reatmem
was combined with steroid treatment [3%]. The potential
usefulness for growth factors in stromal healing may be
greatest in situations such as corneazl transplantation in
which healing is greatly delayed due to the use of postop-
erative steroids, which reduce inflammation and graft
rejection,

Human corneal endothelial cells perform the essential
task of pumping lons from the stroma to maintain the
proper level of stromal hydration necessary for corneal
clarity. Human corneal endothelial cells; however, rarely

¥ ulcers ﬂem:}nstmtcd that EG

1,.tc Eastru: aud secretion 2nd had a beneficial effect
on ulcers in dogs [45]. The structure of urogastrone was
subsequently determined to be identical to that of human
EGF. In addition to its ability to affect gastric acid secre-
tion, £ o e T s Rl H

. Moreover, i

human saliva [47.48], gastric juices [48,49], and duode-
nal secretions [48], leading rescarchers to postulate that
EGF may have a role in healing uleers of the gastrointes-
tinal tract. Studies in rats using cysteamine [50], zcetic
acid [51], stress via water immersion [52], aspirin plus
hvdrochloric acid [53], or acidified mhanu] [.'.r-a‘] 10 :ndum

The mechanism by uhlch EGF exerts its cytoprotec-
tive effects is unknown but involves more than just the
inhibition of gastric acid secretion. Several experimental
protocols that used EGF in a manner that did not affect
gastric 2cid secretion still found EGF to be protective.
EGF stimulates DNA synthesis of gastric and duodenal
mucosa. Inhibition of DINA synthesis by the administra-
tivn of difluoromethylornithine abolished the protective
effect of parenteral EGF in models of water immersion
and aceticacid administration, suggesting that cell prolif-
eration is an imtegral part of the cytoprotective mecha-
nism of EGF. However, another study showed that par-
enteral EGF administered just 10 10 30 minutes before
the initiation of zastric injury with acidified ethanol de-
creased the extent of mucosal injury [54]. In this model,
the time from EGF administration to injury was too brief
for mitosis to occur; therefore, other cyvtoprotective mech-
anisms were probably employed.

Sucralfate is a medication routinely used {or the treat-
ment of peptic ulcers, Many mechanisms of cytoprotec-
tion by sucralfate have been proposed including the bind-
ing of EGF. Sucralfate has a large capacity to bind EGF
atlow pH and, thus, can act as a reservoir to deliver EGF
to the ulcer bed [33]. Furthermore, animal experiments
found that the healing ability of sucralfate was signifi-
cantly diminished in rats whose salivary glands had been
surgically removed, but when the combination of sucral-
fate and EGF was used, the healing ability of sucralfate
was restored [56]. This may be partly due to the fact that
rat salivary glands secrete large amounts of EGF.

The effect of EGF on the healing of gastrointestinal
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anastomaosis has also been evaiuated [37]. The SSRSis
HT[L[l]:l ol I pear inesons of stomach, ilewm, and colon
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bFGF has also been reported to enhance the healing
of gastrointestinal injuries in an animal model. In a recent
review, Folkman et al [58] investigated the role of bFGF
in healing rat duodenal ulcers induced with oral cyste-
amine-hydrochloride. Since bFGF is denatured at low
pH, an acid-stable mutant bFGF protein (mutein) was
created. Rats were treated with mutein, cimetidine, wild-
type bFGF, or vehicle alone. After 21 days of treatment,
only 40% of rats treated with mutein still had ulcers, as
opposed to more than 85% of rats in the other groups.

LIVER
Following a two-thirds hepatectomy, total regenera-
tion of rodent liver occurs in 10 to 14 days. Substantial
data indicate that TGF-«, TGF-8, acidic FGF (aFGF),
and EGF regulate hepatic regeneration. EGES TGE-a)
and aFGF all stimulate DNA synthesis of hepatocyies i
Gro (ov.60  and invive (61148 _evels of mRNA for TGF-
« and aFGF in regenerating liver also correspond tempo-
rally to the peak of DNA synthesis that occurs 48 hours
after partial hepatectomy. It appears that TGF-a or
aFGF produced by hepatocytes may be stimulating hepa-
tocyte proliferation in an a,mﬁgmg mannF{. In addition,
reduction of serum EGF levels by removal of the salivary
glands retards hepatic regeneration in rats, and treatment
with €xogenous EGF returns the rate to normal [62].
e prsEssidr DNA
synthesis in ) the Tiver. ~-f is not expressed by hepato-
cytes but is secreted by nonparenchymal cells, such as
endothelial cells. The increase in hepatocyte DNA syn-
thesis normally caused by EGF or TGF-a was blocked by
exogenously admmlstered TGF-ﬁ both in vitro [59] and
m UIDO [63].

BONE

Bone matrix is a rich source of growth factors, and
cultures of bone cells produce IGF-I, IGF-II, PDGF,
FGF, and TGF-8 [64]. The addition of IGF-I, PDGF,
EGF, or TGF-8 to cultures of chondrocytes or bone cells
stimulates cell growth and matrix synthesis [65].

In vivo experiments have demonstrated that IGF-I
stimulates bone formation and mediates the effects of
growth hormone on bone [66]. PDGF and bFGF may
also benefit bone formation. Both PDGF and bFGF are
mitogenic for osteoblasts {67] and stimulate matrix pro-
tein synthesis [68]. PDGF has also been found to stimu-
late heterotopic bone growth in rats [69]. TGF-8 appears
to be the most important growth factor for promoting
osteogenesis and bone repair. TGF-8 mRNA and protein
were detected around bone particles implanted into sub-
cutaneous tissues of rats during the period of cartilage
and endochondral bone formation [70]. Closed femoral
fractures in rats were found to contain TGF-8 mRNA

CHROWTH FACTORS AND WOUND HHEALING

and prolciin ab a Wme COIesponding o ine penod of
i[ntramembranous and endochondral bone formation
71].

TGF-f injections also promoted bone and cartilage
formation in vivo. The injection of TGF-8 under the
femoral periosteum of newborn rats induced chondrogen-
esis followed by endochondral bone formation at the in-
jection site [71], and the injection of TGF-B over the
calvarial bones of mice induced the formation of woven
bone followed by formation of lamellar bone [72]. Treat-
ment of bone fractures with local injections of TGF-8 is
under active investigation, and preliminary results appear
promising. Coating implant devices with TGF-8 to en-
hance ingrowth of bone is another area of interest.

NEURAL TISSUE

The most recent area of investigation for growth fac-
tors and wound healing is nerve regeneration. Although
little data are available, the results are encouraging.
Many growth factors are found in neurons, including
IGF-I and bFGF, and injury to neurons or adjacent cells
appears to stimulate release of the factors [73]. Most
experiments have examined the ability of growth factors
to increase neuron survival or enhance regeneration of
peripheral nerves. bFGF prolonged the survival of cells
cultured from the hippocampus, cortex, septum, thala-
mus, and spinal cord, and stimulated replication in
Schwann cells, oligodendrocytes, astrocytes, and neurob-
lasts [74]. bFGF also prevented death of lesioned cholin-
ergic neurons in vivo [75). Several studies indicated that
bFGF may promote regeneration of peripheral nerves.
Experiments using the transected rat sciatic nerve model
showed that bFGF treatment improved the rate of nerve
regeneration, although long-term complications devel-
oped from scarring [76-78].

IGF-I and IGF-II have been found in the central and
peripheral nervous systems [79], and immunohistochemi-
cal analysis of transected sciatic nerves revealed an in-
crease in IGF-I in the region of the injury [73]. In vivo
experiments of crush-injured or freeze-injured rat sciatic
nerve demonstrated an increase in the rate of regenera-
tion with IGF-I administration [80,81]. TGF-a and EGF
are both present in brain. Recently, EGF was reported to
induce proliferation of cells isolated from the adult mouse
striatum [82]. Proliferation could not be induced with
PDGF, bFGF, or nerve growth factor. The proliferating
cells subsequently developed the morphology and anti-
genic characteristics of neurons and astrocytes. These
results indicate that the central nervous system, at least in
mice, may contain stem cells that may be stimulated to
undergo neurogenesis.
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