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Previous experimental studies have suggested that tumor necrosis
factor (TNF) may have either a beneficial or a detrimental role
in wound healing. Control and doxorubicin-treated (6 mg/kg,
intravenously) rats underwent paired dorsal 5-cm linear wounds
and had either vehicle or recombinant (r)TNF (0.5, 5, or 50 ug)
applied locally to the wound. Paired wounds were harvested at
7 and 14 days after wounding and analyzed for wound-bursting
strength (WBS) and activity of the gene for type 1 collagen and
TNF. Doxorubicin treatment decreased WBS at 14 days but not
at 7 days after wounding. Local application of 50 ug of rTNF
decreased WBS in saline-treated rats and concentrations of 5
and 50 ug decreased WBS in doxorubicin-treated rats when
measured 7 days after wounding. These effects dissipated when
WBS was measured 14 days after wounding. Doxorubicin de-
creased wound collagen gene expression and local TNF treatment
decreased wound collagen gene expression in saline-treated rats
and further decreased it in doxorubicin-treated rats. The dec-
rement in collagen gene expression induced by rTNF increased
as the local dose of rTNF increased. The gene for TNF was not
detectable in wounds from normal or doxorubin-treated rats at
3,7, 10, or 14 days after wounding. These data suggest that the
gene for TNF is not expressed in wounds and that the local
application of TNF is detrimental to wound healing as it decreases

WBS and activity of the gene for collagen.
I peptide produced by macrophages in response to
endotoxin, is a highly conserved molecule that
appears to play a major role in the pathogenesis of gram-
negative shock.' It is also named cachectin because it has
many metabolic effects that may result in the wasting syn-
dromes that accompany chronic disease states.? In addi-
tion studies have shown that TNF has potent, highly spe-
cific effects on many different types of cells.>-?

Tumor necrosis factor stimulates fibroblast prolifera-
tion,® prostaglandin production, and collagenase gene

UMOR NECROSIS FACTOR-a (TNF), a 17-kd poly-
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expression.* The ability of TNF to stimulate fibroblast
proliferation may be due, in part, to its ability to promote
production of interleukin-6 (IL-6) by fibroblasts® because
IL-6 or B2-interferon is known to function as an autocrine
mediator of cell proliferation in fibroblasts. Tumor ne-
crosis factor stimulates the expression of endothelial cell
surface antigens, including intercellular adhesion mole-
cule-1 (ICAM-1), that modulate the adherence of inflam-
matory leukocytes to endothelial cells.® Tumor necrosis
factor is chemotactic for macrophages,’ and has been
shown to activate macrophages in vitro.® It stimulates an-
giogenesis when implanted in rat cornea and when applied
to developing chick chorioallantoic membrane.® It has
been shown to induce the release of growth factors, in-
cluding platelet-derived growth factor, known to be in-
volved in the early phases of wound healing.'”

In vitro the action of TNF has been elucidated at the
molecular level. Tumor necrosis factor appears to increase
protein kinase C activity in fibroblasts, resulting in pro-
longed activation of jun gene expression, increased acti-
vator protein-1 (AP-1) activity, and induction of AP-1
responsive genes, including collagenase, resulting in a
marked increase in collagenase transcription.'' The ability
of TNF to stimulate fibroblasts to repopulate a wound
space, attract macrophages and other inflammatory cells
to a site of tissue injury, and to promote angiogenesis
makes it a prime candidate for a role as a mediator of the
cellular response to tissue injury.'> However contrary to
the in vitro evidence supporting a role for TNF in normal
wound healing is the fact that TNF inhibits collagen gene
expression in cultured fibroblasts.'> Although increased
collagenase gene expression and decreased collagen syn-
thesis induced by TNF may have a role in tissue remod-
eling,'* this combination is not likely to be beneficial as

175



176

an early promoter of healing. Whether TNF acts as a me-
diator of the local response to tissue injury and how it
affects collagen or collagenase synthesis in vivo is still un-
known.

Recent work using a sponge matrix model suggested
that TNF may be present in normal wound fluids but
levels were minimal (1.4 U/mL) and may not have bio-
logic relevance.!” Furthermore contradictory evidence
exists regarding whether local application of TNF to
wounds improves healing. One recent study'® indicates
that it does, while another recent study'’ suggests that it
does not. In light of in vitro evidence for a beneficial effect
of TNF on wound healing*'* and contradictory in vivo
evidence,'>"'7 we performed the following study to deter-
mine if the gene for TNF was expressed in wounds and
to identify the effects of local application of recombinant
human TNF (rTNF) on normal and doxorubicin-im-
paired healing.

Materials and Methods

Materials

Recombinant human TNF was a gift of Cetus Corpo-
ration (Emeryville, CA) and had a specific activity of 107
U/mg, as measured in the 1.929 bioassay and an endotoxin
level of 30 pg/2.5 X 10° U as measured by a standard
limulus assay.'® The human type I & (1)—collagen cDNA
probe and the human glyceraldehyde-phosphate dehy-
drogenase (GAPDH) cDNA probe all have been described
previously.'® The human TNF-« probe also has been de-
scribed before.?’ Phosphate-buffered saline (PBS) was
purchased from Biofluids (Rockville, MD). Doxorubicin
(Adriamycin, Adria Laboratories, Dublin, OH) was pur-
chased from Farmitalia Carlo Erba (Milan, Italy).

General Wound Model

Adult Male Fischer 344 rats weighing between 150 to
200 g were anesthetized with 35 mg/kg sodium pentothal
(intraperitoneally) and shaved. Five-centimeter paired
linear dorsal incisions were made 2 cm from the midline.
The wounds were dressed with sterile absorbable collagen
sponges (Helistat, US Surgical Corp., Norwalk, CT) into
which rTNF (0.5, 5, 50 ug in 0.2 mL PBS with 0.5% bovine
serum albumin [BSA]) or vehicle alone (PBS with 0.5%
BSA) was placed, and covered with Bioclusive transparent
dressings (Johnson and Johnson Products Inc., New
Brunswick, NJ) that were held in place with Mastisol,
(Ferndale Laboratories, Ferndale, MI) and skin staples
(Accustaple, Deknatel, Division of Howmedica, Queens
Village, NY). Animals then each received an intravenous
injection of doxorubicin (6 mg/kg) or an equivalent vol-
ume of 0.9% sodium chloride via the dorsal penile vein.
Animals were killed at designated intervals by sodium
pentothal overdose. The pelts were harvested and a 1 cm
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X 3 cm wound specimen was taken from the middle of
the wound for wound-bursting strength (WBS), using a
standard cutting form. Wound-bursting strength was
measured on a Tensiometer (Instron, Canton, MA) at a
velocity of 10 cm/min and was expressed in grams. The
remaining part of the wound was excised and immediately
placed in liquid nitrogen for RNA studies. Wound spec-
imens were stored at —70 C.

In the initial experiment, 51 rats were wounded and
randomly allocated to either the doxorubin or saline
treatment groups and had one of three doses of rTNF
(0.5, 5.0, and 50.0 ug) applied locally to one of the wound
pair. These animals were each killed 7 days later. In a
second experiment, 40 rats were wounded and allocated
to either doxorubicin or saline treatment and two possible
doses of rTNF (5.0 and 50 ug) applied locally as before.
These animals had WBS measured 14 days later. In a
final experiment, 40 rats were wounded and randomly
treated with either doxorubicin and saline and one of three
possible doses of r”TNF applied locally to one of the wound
pair. Wounds were harvested for RNA analysis 3, 7, 10,
and 14 days after wounding.

Northern Blotting and Processing of Wounds for RNA

Total RNA extraction was a modification of the method
of Chirgwin et al.?! Frozen wound tissue (0.1 to 0.5 g)
was ground into a fine powder using a mortar and pestle,
homogenized in guanidine isothiocyanate buffer, placed
on a cesium chloride gradient, and centrifuged overnight
in a SW41 rotor (Beckman Instruments, Palo Alto, CA)
at 30,000 RPM. The RNA pellet was taken up in 0.3 mol/
L sodium acetate and precipitated with chilled, absolute
ethyl alcohol. The resulting pellet was resuspended in au-
toclaved, deionized, distilled water. RNA concentration
and purity was evaluated using a Beckman DU-50 spec-
trophotometer (Beckman Instruments) and a minigel.
Thirty micrograms total RNA was loaded on a 1% Agarose
gel containing 2.2 mol/L formaldehyde and run at 20 mV
overnight. Gels were stained with ethidium bromide and
then transferred to nitrocellulose filters (Bethesda Re-
search Labs, Gaithersburg, MD) by capillary blotting in
10X sodium chloride sodium citrate (SSC) buffer. The
nitrocellulose filters were then vacuum baked for 3 hours.
The filters were prehybridized for 2 to 4 hours at 42 C in
prehybridization solution containing formamide, 5X SSC,
TRIS buffer, Denhart’s solution, and Salmon Sperm DNA
(from 5'3', West Chester, PA) 20 ug/mL. Probes were
labeled with P32 by the Random Primer labeling method
(Lofstrand Labs, Rockville, MD) and filters were then
hybridized overnight using 2 X 10’ CPM of labeled probe
(specific activity 5 X 10 CPM/25 ng) in hybridization
solution containing the above prehybridization solution
components as well as 10% dextran sulfate. Filters were
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then washed extensively with 1X SSC with 0.1% sodium
dodecyl sulfate and finally with 0.5% SSC. Filters were
then exposed to x-ray film at —70 C with an intensifying
screen. The films were processed and scanned using a
Beckman DU-8 Spectrophotometer (Beckman Instru-
ments). The collagen mRNA index was calculated as de-
scribed previously'® by normalization with GAPDH for
loading differences and comparison to FS-4 fibroblast or
normal rat skin as a positive control because these cells
express mRNA for the type 1 collagen gene. RNA from
peritoneal exudative cells stimulated with endotoxin and
probed for TNF served as the positive control for the TNF
gene.

Cell RNA Samples

FS-4 fibroblasts were a gift from Dr. Jan Vilchek, New
York University, New York, NY. Two large flasks of cells
grown to confluence were harvested and washed in sterile,
autoclaved PBS. Cells were resuspended in guanidium
isothiocyanate (GIT) buffer, vortexed for 2 minutes, and
then processed for RNA extraction as above and probed
as for the tissue specimens.

Rat thioglycollate elicited peritoneal macrophages were
harvested as previously described?? and incubated for 2
hours at 37 C in the presence of lipopolysaccharide (10
ug/mL). Cells were then processed for RNA as described
above.

Statistics

Data are presented as mean = standard error of the
mean and compared by dependent and independent Stu-
dent’s t test.

Results
Wound-bursting Strength

Recombinant TNF decreases WBS at 7 days in saline-
treated animals when rTNF was applied locally at a dose
of 50 ug (p < 0.05) (Fig. 1). There was no effect on WBS
in saline-treated animals at local rTNF doses of 0.5 or 5
ug. In the doxorubicin-treated animals, there was a sig-
nificant decrease in WBS at local rTNF doses of 5 and 50
ug (p < 0.05, Fig. 1). Seven days after wounding there
were no differences in WBS of control wounds from saline-
treated rats compared to the same wounds of doxorubicin-
treated rats (Fig. 1). However locally applied TNF at a
dose of 5 ug significantly decreased WBS in doxorubicin-
treated rats compared to saline-treated animals that re-
ceived the same dose of local rTNF (p < 0.05) (Fig. 1).
At 14 days after wounding there were no significant dif-
ferences in WBS of wounds treated locally with either
dose of rTNF compared to paired control wounds treated
with buffered vehicle (Fig. 2). At 14 days rats previously
given intravenous doxorubicin had significantly reduced
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EFFECT OF LOCALLY APPLIED
TNF ON WOUND HEALING
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FiG. 1. Effect of locally applied TNF on wound-bursting strength (WBS)
of 7-day wounds. Rats were treated with either saline (left panel) or
doxorubicin (right panel) and wounded. Either vehicle or rTNF (0.5, 5,
or 50 ug) was applied locally to paired wounds on the day of wounding.
Wound bursting strength in grams was measured 7 days after wounding.
*The local application of 50 ug of rTNF in saline-treated rats significantly
reduced WBS compared to vehicle-treated paired wounds (p < 0.05).
*The local application of either 5 or 50 ug of TNF in doxorubicin-
treated rats significantly reduced WBS compared to vehicle-treated paired
wounds (p < 0.05). tDoxorubicin administration significantly decreased
WABS in wounds treated locally with 5 ug of TNF (p < 0.05).

WBS compared to animals given saline (Fig. 2). The same
doxorubicin-induced reduction in WBS was present with
or without locally applied rTNF (Fig. 2).

Wound RNA

Northern blots of RNA from FS-4 fibroblasts (Fig. 3A)
and normal rat skin (Fig. 3B) hybridized against a specific
cDNA probe for type I collagen demonstrate the presence
of message and serve as a positive control. The collagen
message is not expressed by macrophages that serve as a
negative control (Fig. 3B). Wounds from doxorubicin-
treated rats (dox) have decreased levels of collagen gene
expression compared to wounds from saline-treated an-
imals (con) (dox 7 days versus con 7 days, Fig. 3A and
dox 7 days versus con 7 days, Fig. 3B). When normalized
for inadvertent loading variability by comparing it to
expression of the gene for GAPDH (collagen index), the
reduction in collagen gene expression by doxorubicin is
approximately 40%. Local rTNF treatment decreased
collagen gene expression in wounds from saline-treated
animals at doses of 0.5, 5.0, and 50 ng (sal 7 days/TNF
50, sal 7 days/TNF 5, and sal 7 days/TNF 0.5 versus CON
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EFFECT OF LOCALLY APPLIED TNF ON WOUND
HEALING IN 14 DAY WOUNDS

Fi1G. 2. Effect of locally applied TNF on WBS of 14-day wounds. Rats
were treated as in Figure 1 except that only two doses of local rTNF
were used, either 5 or 50 ug. Local application of either dose of rTNF
at wounding did not affect WBS measured 14 days later. Systemic ad-
ministration of doxorubicin (6 mg/kg IV) significantly reduced 14-day
WBS whether the wound was treated locally with vehicle or rTNF (p <
0.05).

7 days, Fig. 3B). When adjusted for loading differences,
the negative effect of rTNF on collagen gene expression
appeared to be dose related: as the dose of rTNF increases
the amount of collagen gene expression decreases (Fig.
3b). In doxorubicin-treated rats there is also a dose-related
decrease in collagen gene expression with local rTNF
treatment at doses of 5 (dox 7 days/TNF 5 versus dox 7
days, Fig. 3B) and 50 ug (dox 7 days/TNF 50 versus dox
7 days, Fig. 3A). The reduction in collagen gene expression
with the combination of 50 ug of local TNF and intra-
venous doxorubicin was so profound that collagen gene
expression is barely detectable 7 days after treatment at
a time when control wounds have a collagen index greater
than 2 (Fig. 3A).

Northern blot analysis for the expression of the TNF
gene (Fig. 4) is positive only for the endotoxin-stimulated
macrophages that are known to produce TNF?2 and serve
as a positive control. RNA from wounds of saline-treated
or doxorubicin-treated rats demonstrate no evidence for
the expression of the gene for TNF (Fig. 4).

Discussion

Despite the previous reports of in vitro (fibroblast pro-
liferation, chemotaxis, and angiogenesis)*'*!'?> and in
vivo'® data that suggest that TNF may improve wound
healing, the present data suggest that exogenous rTNF
applied locally to wounds impairs both WBS and collagen
gene expression. The detrimentai effects of TNF on WBS
were apparent in both saline- and doxorubicin-treated
animals 7 days after wounding. In doxorubicin-treated
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rats a decrease in WBS was seen with a lower dose of
rTNF than in saline-treated rats (Fig. 1), which suggests
that the deleterious effects of local TNF on WBS may be
even more substantial during conditions that are known
to impair healing. This observation further indicates that
local application of rTNF will not be useful to correct
healing in conditions associated with impaired healing.
In fact the use of it in these conditions may have the
opposite effect and further worsen the healing process.
Local application of TNF had no apparent effect on
bursting strength 14 days after wounding in either saline-
or doxorubicin-treated rats, suggesting that the initial re-
duction in WBS seen with locally applied TNF may be
reversible with time (Fig. 2). The results of northern blot
analysis for the gene for type-1 collagen also indicated
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FiG. 3A and 3B. Collagen gene expression in wounds. A, (top) Gel (left)
and Calculated collagen mRNA index (right) for wounds harvested at
either 3 or 7 days after wounding normalized to FS-4 fibroblasts (positive
control) by calculation of the collagen mRNA index. Gels probed with
cDNA for type-1 collagen and glyceraldehyde-phosphate dehydrogenase
GAPDH. Collagen mRNA expression is presented as an index by nor-
malization with GAPDH for loading differences and comparison with
FS-4 cells (index = 1). Abbreviations used: CON = control, 3d or 7d
postwounding day 3 or 7, respectively, DOX = doxorubicin, TNF 50
= 50 ug tumor necrosis factor applied to the wound. B, (bottom). Same
as A except rat skin is positive control and macrophages are negative
control. Collagen mRNA expression is presented as an index by nor-
malization with GAPDH for loading differences and comparison with
normal rat skin (index = 1). Abbreviations used: same as A except SAL
= saline-treated IV, TNF 0.5, 5, and 50 = 0.5, 5, and 50 ug of TNF
applied to the wound.
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FIG. 4. Tumor necrosis factor gene expression in wounds. Gel demon-
strating TNF-a gene expression in rat skin, macrophages treated with
endotoxin and various treated wounds 3, 7, 10, and 14 days after wound-
ing. Gels probed with cDNA for TNF and cDNA for GAPDH. Despite
the fact that each lane had RNA present (blot) with GAPDH probe),
only macrophages had evidence of the gene for TNF (positive control).
The TNF gene was not expressed in normal rat skin or in any wound
tested. Abbreviations used: CON = control, DOX = doxorubicin treated,
3,7,10, 14d = 3, 7, 10, 14 days after wounding, and TNF 50 = wound
treated locally with 50 ug TNF.

that the local application of rTNF to wounds reduced the
expression of the gene for collagen in a dose-dependent
manner (Fig. 3). This effect was again additive with doxo-
rubicin in that doxorubicin also decreases the expression
of this gene but the application of rTNF decreased it fur-
ther. This finding suggests that one mechanism of rTNF’s
reduction in WBS is decreased synthesis of collagen, the
basic protein element in healing. The application of TNF
to fibroblast cultures in vitro also has resulted in decreased
collagen gene expression.'? In other words rTNF appears
to have a direct inhibitory effect on the gene that controls
new collagen synthesis.

Northern blots for collagen also demonstrated that 7
days after wounding doxorubicin-treated animals had de-
creased levels of collagen mRNA expression relative to
saline-treated controls (Figs. 3A and B), despite the fact
that the WBS were comparable (Fig. 1). This reduction
in new collagen synthesis resulted in a decrease in WBS
of doxorubicin-treated rats (compared to saline-treated
controls) 14 days after wounding (Fig. 2).

When the present observations that local application
of rTNF can reduce WBS and collagen gene expression
are combined with the fact that the message for TNF is
not present in either normal or doxorubicin-treated
wounds (Fig. 4), it is difficult to suggest that the paracrine
action of TNF may be used as a strategy to improve im-
paired healing. Rather these results suggest that TNF is
not a local factor in normal or chemotherapy-impaired
wound healing and that conditions resulting in high local
levels of TNF may cause reduced collagen gene expression
and impaired healing. Pathologic conditions that are
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known to result in elevated serum levels of TNF also are
associated with impaired wound healing. These include
gram-negative endotoxic shock,?>?* acquired immune
deficiency syndrome,? meningococcemia,?® and cancer.?’
In addition, during recent investigations in our laboratory,
we administered sublethal systemic doses of rTNF to rats
and measured WBS. As expected from the current results,
we found that systemically administered rTNF signifi-
cantly reduced WBS when administered twice daily for 7
days after wounding (unpublished observations). This
finding is consistent with the hypothesis that disease states
associated with elevated circulating levels of TNF may
mediate a healing impairment through the presence of
systemic levels of TNF. However further investigations
will be necessary to determine unequivocally if the wound
healing impairment associated with these conditions is,
in fact, mediated through an effect of TNF.

Despite previous reports of in vitro*~'%'2 and in vivo'¢
evidence that suggests that tumor necrosis factor may be
an important acute mediator of healing'? and that the
addition of exogenous TNF may improve impaired heal-
ing,'® the present results suggest that the gene for TNF is
not expressed in either normal or doxorubicin-impaired
wounds and that when exogenous TNF is added to
wounds it reduces the expression of the gene for type 1
collagen and it reduces the force required to disrupt the
wound. These changes appear to be amplified by the con-
current administration of doxorubicin, a substance known
to inhibit healing. Our results suggest that the local ap-
plication of TNF will not be useful to improve impaired
healing.
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