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Selective blockade of the OGF-OGFr pathway by naltrexone
accelerates fibroblast proliferation and wound healing
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Abstract

Naltrexone (NTX) is an opioid receptor antagonist that acts at classical and non-classical opioid receptors including the opioid
growth factor receptor (OGFr). Animal models of type 1 and type 2 diabetes, as well as normal rodents, have shown that topical
NTX enhances the healing rates of corneal epithelium and full-thickness cutaneous wounds. The mechanism of this general opioid
antagonist on growth, and in particular the specific receptor pathway involved, is not understood. Tissue culture studies using NIH
3T3 fibroblasts and primary rat auricular fibroblasts were established to evaluate growth following opioid receptor antagonist
treatment. Treatment of cells with CTOP, naltrindole, or nalmefene, selective antagonists for mu, delta, and kappa opioid recep-
tors, respectively, did not accelerate cell replication. Addition of the classical opioid receptor peptides DAMGO, DPDPE, or EKC
did not alter cell growth, suggesting that the classical opioid receptors were not involved in cutaneous wound healing. However,
NTX (10~° M) increased the growth of NIH 3T3 fibroblasts in culture over a 96-h period, and the specific ligand OGF decreased cell
growth, supporting that the OGF-OGFr axis is tonically active and constitutively expressed in fibroblasts, the primary cell type in
granulation tissue of the skin. Transfection of NIH 3T3 cells with OGFr siRNA reduced receptor protein; subsequent treatment with
NTX did not accelerate cell proliferation. These data indicate that blockade of the OGFr pathway enhances proliferation of fibro-
blasts in vitro, and in a primary culture of auricular fibroblasts, suggesting that the effect of NTX on growth is mediated through the
OGF-OGFr axis. Finally, antagonists for classical opioid receptors as well as NTX were topically applied to cutaneous wounds in
type 1 diabetic rats; only NTX accelerated wound closure. These studies indicate that the mechanistic pathway underlying the
effects of NTX to enhance cutaneous wound closure in diabetic and nondiabetic subjects is specific blockade of the OGF-OGFr
regulatory axis.
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wound closure* and accelerates proliferation of endothelial
and smooth muscle cells related to angiogenesis.” Collagen
deposition and organization of wounds are promoted in
rats with type 1 diabetes treated with NTX,® and the pri-
mary cell type involved in collagen formation is the fibro-
blast. Fibroblasts are an integral cell type involved in
cutaneous wound healing and migrate into the wound
bed to deposit new extracellular matrix.'* In the diabetic

Introduction

Diabetes mellitus affects more than 26 million individuals in
the USA' and 382 million persons worldwide.” Type 1 and
type 2 diabetes are accompanied by complications related to
delayed epithelialization during wound healing, leading to
infection, ulceration, and even amputation."? Delayed
repair of foot ulcers is a leading cause of hospital admissions
for patients with diabetes in the developing world, with up

to 15% of the diabetic population experiencing delayed
wound closure.?

Topical administration of naltrexone (NTX) has been stu-
died in animal models with type 1 and type 2 diabetes for
treatment of full-thickness cutaneous wound closure, as
well as re-epithelialization of the corneal surface.*” NTX
in Vigamox accelerates corneal epithelialization.*"" NTX
dissolved in moisturizing cream enhances cutaneous

ISSN: 1535-3702
Copyright © 2014 by the Society for Experimental Biology and Medicine

animal, complications associated with fibroblast prolifer-
ation and collagen deposition are observed.*” Alterations
include decreases or impairments in growth factor produc-
tion, collagen accumulation, and fibroblast migration and
proliferation along with modifications in the balance
between extracellular matrix accumulation and matrix
remodeling by matrix metalloproteinases (MMPs).'*""”
NTX is a non-specific opioid receptor antagonist cap-
able of binding to classical and non-classical opioid
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receptors.'®!? NTX lacks intrinsic opiate activity but is cap-
able of blocking the interactions of opioid peptides
and receptors.”’ and was originally discovered as a treat-
ment of opiate addiction.”” Systemic and topical
exposure to NTX, administered in a high dose, produces a
continuous blockade of opioid receptors that accelerate
DNA synthesis, cell proliferation, and in the case of diabetic
animal models, wound healing.*'** One of the peptides is
opioid growth factor (OGF), which interacts with the
nuclear-associated receptor, OGFr. OGF is a pentapeptide
(MW~574; Tyr-Gly-Gly-Phe-Met), chemically termed
[Met’]-enkephalin that has growth inhibitory action
mediated by cyclin-dependent inhibitory kinase pathways.
OGF is not tissue specific and has been identified in normal
and neoplastic tissues, and depresses cell replication
in homeostasis, wound closure, cancer, and normal
development.*®

Classical opioid receptors are present in skin and
function in peripheral nerve fibers innervating skin, mel-
anocytes, and hair follicles. Activation of pain receptors is
relevant in the treatment of psoriasis®® and pruritus,” and
interactions between cutaneous stimulation of immune
cells and pain receptors are important for management
(i.e. differentiation and cell death) of inflamed and/or
damaged skin*® Oral epithelial cells are stimulated to
migrate following morphine binding to delta opioid recep-
tors.”! The specific receptor pathway targeted by NTX for
advancing wound healing requires characterization.
Utilizing tissue culture models of fibroblasts, as well as a
cutaneous wound model in type 1 diabetic rats, the present
study determined that the opioid receptor blocked by NTX
to enhance proliferation rat model of type 1 diabetic rat
is OGFr.

25-27

Materials and methods
Cell culture

NIH 3T3 fibroblast cells, originally derived from the Swiss
mouse and spontaneously immortalized, were utilized.
NIH 3T3 fibroblasts were grown in a humidified atmos-
phere of 5% CO,/95% air at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM). Media was supplemented with
10% fetal calf serum, 1.2% sodium bicarbonate, and anti-
biotics (5000 units/mL penicillin, 5pg/mL streptomycin,
and 10 mg/mL neomycin).

Primary rat fibroblasts were isolated from auricular car-
tilage of 8- to 12-week-old male Sprague-Dawley rats.
Animals were euthanized using intraperitoneal (i.p.) injec-
tions of Euthasol®. The ears were swabbed with ethanol
and antiseptic prior to dissection, placed in 70% ethanol
for 3min, and rinsed in sterile DMEM. Using sterile
single-edged razor blades, the ears were minced and
tissue trypsinized (2mL of 0.25% trypsin) at 37°C for 1h,
with vortexing every 10 min. Tissue was centrifuged, resus-
pended in fresh DMEM, and plated; media was replaced
after 48 h. Primary fibroblasts were grown in a humidified
atmosphere of 5% CO,/95% air at 37°C, and passaged eight
times before new cultures were established.
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Immunocytochemistry

To confirm the purity of fibroblast cultures, cells grown on
22 x22mm cover slips were stained with vimentin, an
intermediate filament specific to fibroblasts, and counter-
stained with DAPL

The presence and distribution of OGF and OGFr in NIH
3T3 fibroblast cells and primary auricular fibroblast cells
were assessed by semiquantitative immunocytochem-
istry.>* Log-phase cells were fixed in 95% ethanol, and
stained with anti-OGF (CO-172) and anti-OGFr (Santa
Cruz, Dallas, TX, USA) polyclonal antibodies followed by
staining with rhodamine-conjugated secondary antibodies.
The OGF antibody was generated and characterized by our
laboratory.”® Cultures incubated with secondary antibody
only served as controls. All cells were examined for semi-
quantitative imaging using an Olympus IX-81 epifluores-
cence microscope.

Cell growth

To establish the growth characteristics of fibroblast cells,
NIH 3T3 cells were utilized. Cells were seeded in 6- or
24-well plates and counted after 24h (time 0); triplicate
wells were established for each treatment. All compounds
were prepared in sterile water and dilutions represent final
concentrations; control wells received sterile water. Unless
otherwise stated, media and compounds were replaced
daily. At designated times, cells were harvested by 0.25%
trypsin-EDTA and counted with a hemacytometer using the
trypan blue exclusion methodology. Two aliquots per well
and two or three wells per treatment were counted at each
time point. At least two independent experiments were con-
ducted for each assay.

Naltrexone selectivity of opioid receptors

To determine the receptor pathway utilized by NTX to
enhance cell replication, NIH 3T3 cells were subjected to a
variety of concentrations of CTOP, naltrindole, or nalme-
fene, specific for |, §, or k classic opioid receptors, respect-
ively. NTX was added as a general antagonist. Cell number
was monitored after 72 h or 96 h of growth in the presence of
antagonists at concentrations of 107*M to 107'°M, or an
equivalent volume of sterile water. Binding affinities (Kj)
for all of the antagonists to their selected receptor were
comparable.***® For growth curves, cultures were treated
with NTX (10~°M), OGF (10"°M), or an equivalent volume
of sterile water at 24, 48, 72, and 96 h.

Specificity of OGFr

To confirm that the specific receptor associated with
increased cell growth was OGFr, siRNA technology was
utilized to knockdown OGFr and measure cell number in
the presence of agonists and antagonists. NIH 3T3 fibro-
blast cells were transfected for 48 h with 20 nmol/L concen-
trations of OGFr siRNA or scrambled siRNA (Ambion,
Austin, TX, USA) wusing Oligofectamine reagent
(Invitrogen, Carlsbad, CA, USA).32'36 In addition, untrans-
fected and mock treatment groups were prepared. Mock
transfection wells received only Oligofectamine, whereas
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untransfected wells were treated with equivalent volumes
of sterile water. siRNAs were administered to wells at 24 h
and 48h after seeding. Following transfection, cells were
treated for 72h with 107°M concentration of the general
opioid antagonist NTX, or [D-Alaz, N-MePhe?, Gly-ol]-
enkephalin (DAMGO), [D-Pen®*’]-enkephalin (DPDPE), or
ethylketocyclazocine, agonists specific for , , and « opioid
receptors, respectively. In addition, OGF was tested as
the specific agonist for OGFr.*® Cells were harvested for
Western blot analysis of protein expression or growth
assays. The level of protein knockdown resulting from
OGFr siRNA transfection following treatment with NTX
and classical opioid receptor agonists DAMGO, DPDPE,
or EKC was determined by Western blotting following
published procedure >

In vitro function
Scratch wound assays

To assess function in vitro, scratch wound assays were
established to determine whether any specific opioid recep-
tor antagonist or the general antagonist NTX altered migra-
tion of NIH 3T3 fibroblasts. Cells were seeded (70,000/ well)
in 24-well plates and maintained for four days until conflu-
ent. Uniform scratches to remove cells were made using a
sterile plastic 10 uL. pipette tip.”” Cultures (in triplicate)
were exposed to 10°M concentrations of NTX, CTOP, nal-
mefene, or naltrindole, or an equal volume of sterile water.
Phase contrast microscopy (10x) was used to visualize the
scratched pathway at 3, 6, 16, and 20 h. For each treatment
group, three images were taken of each scratch from three
wells per treatment. The width of the scratch was measured
using Image-Pro Plus 6.2 software. All analysis was com-
pleted prior to 24 h to ensure cell proliferation was not con-
tributing to scratch closure.

Cell death analysis

To evaluate whether selective antagonists altered cell
number by inducing or inhibiting cell death, a trypan blue
exclusion test was conducted at 24, 48, and 72 h. Cell death
was assessed on attached cells, as well as the media.
Supernatants from individual wells were collected, centri-
fuged, and pelleted cells resuspended in trypan blue stain
and counted. Two aliquots per well (four samples/aliquot)
were counted; viable cells exclude the stain and necrotic
cells are stained blue.

Selective receptor studies: in vivo wound closure
in diabetes

Information obtained from the in vitro assays was con-
firmed by animal studies utilizing a full-thickness cutane-
ous wound model of type 1 diabetes.*®

Animals and induction of diabetes

To induce type 1 diabetes, six-week old Sprague-Dawley
rats (~150 g; Charles River Laboratories, Wilmington, MA,
USA) received intraperitoneal injections of 40 mg/kg strep-
tozotocin (STZ, Sigma-Aldrich, St. Louis, MO, USA) or

citrate buffer for two consecutive days.”'’ Rats receiving
citrate buffer were considered normal (Normal). Blood glu-
cose levels were monitored from the dorsal tail vein using a
True Track Smart System glucometer (Home Diagnostics,
Ft. Lauderdale, FL, USA) and measured prior to induction
of hyperglycemia by STZ and at one, four, and eight weeks
after STZ injection. STZ-injected rats had blood glucose
levels of >350mg/dL within four days of STZ injection. If
an animal had sustained blood glucose measurements of
600mg/dL or greater, and appeared lethargic and unable
to eat, it was not included in the study. All rats were housed
at the Central Animal Quarters of the Penn State Hershey
College of Medicine in an environmentally controlled
animal room, and provided with water and food (2018
Global Rodent Diet, Teklad®, Indianapolis, IN, USA) ad-
libitum. All surgical procedures followed an approved
protocol and the guidelines of The Pennsylvania State
University College of Medicine Institutional Animal Care
and Use Committee.

Cutaneous wound surgery

Full thickness cutaneous wounds were created as described
previously.”® In brief, rats were anesthetized using a mix-
ture of ketamine (60 mg/kg), xylazine (10 mg/kg), and ace-
promazine (1mg/kg). Under sterile conditions, four
excisional circular (6 mm diameter) skin wounds were cre-
ated on the dorsum (two on each side of the midline) to the
level of the panniculus muscle. Wounds and surrounding
tissue were treated with antiseptic surgical scrub and left
uncovered.

Photographs of wound closure were taken immediately
after surgery and on days 2, 4, 6, 8, 10, 12, 14, and 16.5
A metric ruler was photographed with the wound to deter-
mine magnification. Areas of residual wound were
monitored by capturing images with a digital camera
mounted on a tripod located ~15cm from the surface.
For photography, rats were lightly sedated by isoflurane
regulated with a mixture of oxygen. Areal analyses of the
images were performed using Image ProPlus 6.2
(Media Cybernetics, Inc., Bethesda, MD, USA), and the
percent residual wound was calculated at each time point
for every rat.

Treatment with opioid receptor antagonists

Opioid antagonists dissolved in water were mixed in moist-
urizing cream to a final concentration of 107°M; sterile
saline dissolved in moisturizing cream served as control.
NTX, CTOP, nalmefene, and naltrindole, specific antagon-
ists for OGFr, 1, k, and 8 opioid receptors, respectively, were
topically applied three times daily (0800, 1300, and 1800) for
20 days to the wounded area. Placement of treatments was
randomized across all four wounds. Three wounds per rat
were treated with the same antagonist and one wound
received control cream; six to eight wounds within each
cohort of type 1 diabetic (N=9) and normal rats (N=6)
were established for each treatment.
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Statistical analysis

All data were analyzed using GraphPad Prism software
(GraphPad Software, Inc.). Data were subjected to one-
way analysis of variance (ANOVA), with Newman-Keuls
post hoc tests for subsequent comparisons.

Results

Antagonists for classical opioid receptors do not
stimulate fibroblast proliferation

Immunocytochemistry staining for vimentin showed that
>99% of cultured NIH 3T3 cells were fibroblasts
(Figure 1a). A seven-fold dosage range of selective antag-
onists for classical opioid receptors revealed that CTOP
(Figure 1b), nalmefene (Figure 1c), and naltrindole (Figure
1d) did not accelerate cell number. In fact, the highest dos-
ages (107*~10°M) of the kappa opioid receptor antagonist
nalmefene resulted in depressed cell number. Naltrindole,
the selective antagonist for delta opioid receptors, inhibited
cell number at 10~*M to 10~°M range. The reduction in cell
number in cultures treated with nalmefene or naltrindole
was related to cell death. Addition of 107" M to 10~*M NTX
to cell cultures resulted in 18% to 35% more cells after 72h
of treatment relative to sterile water-treated controls.

Agonists selective for classical opioid receptors
do not alter growth

Fibroblast cultures treated with DAMGO, EKC, or DPDPE,
selective agonists for the p, x, and § classical opioid recep-
tors, respectively, were not altered in growth (Figure 2).
Exposure to OGEF, a specific agonist for the OGFr inhibited
growth inhibited growth by nearly 24%.

Silencing of OGFr blocks the stimulatory action of NTX

The requirement of OGFr for NTX’s stimulatory action was
evaluated using a siRNA knockdown technique (Figure 3).
The addition of NTX to NIH 3T3 cultures treated with mock
siRNA, scrambled siRNA (Figure 3a), or an equivalent
volume of sterile water resulted in 20-34% increase in cell
number at 72h. Western blot analyses of cultures trans-
fected with OGFr siRNA indicated that OGFr protein was
reduced approximately 38%. Addition of NTX to fibroblast
cells with decreased expression of OGFr did not alter
growth.

Exposure of mock-transfected cultures to selective agon-
ists DAMGO, DPDPE, EKC, or OGF revealed that in
the presence of intact receptors, OGF inhibited growth
(Figure 3b), but knockdown of OGFr nullified the inhibitory
effect of OGF (Figure 3c).

The OGF-OGFr axis is present and functional in NIH
3T3 fibroblasts

OGF and OGFr are present in NIH 3T3 fibroblasts
(Figure 4a). OGFr immunostaining was located in the peri-
nuclear area, whereas OGF immunolabeling was diffuse
throughout the cytoplasm.

To determine the effects of OGF on growth of fibroblast
cells, cell number was calculated after 96 h of exposure to

Naltrexone targets OGFr to enhance wound healing

10~*M to 10~'"M OGF. Concentrations of 10~*M to 10~°M
OGF reduced cell number by 32-34% relative to cultures
treated with sterile water (Figure 4b). Cell growth over a
period of four days was recorded following treatment with
10~°M OGF or NTX. OGF inhibited cell number at 72 and
96 h by 14 and 21%, respectively. Exposure to NTX signifi-
cantly increased cell proliferation by approximately 26-34%
compared to cultures treated with sterile water over the
96-h period.

NIH 3T3 fibroblast doubling times were calculated from
growth curves. Cells treated with NTX had a doubling
time of approximately 22 h in comparison to 27 h for control
cultures; OGF exposure extend the doubling time to
approximately 30 h.

Cell migration and cell death

Closure rates of scratch wounds created in confluent fibro-
blast cultures revealed no significant differences between
residual widths of scratches at 20h in cultures treated
with specific antagonists for classical opioid receptors, the
general opioid antagonist NTX, or the selective agonist for
OGFr, OGFE.

At 24,48, and 72 h, there were no differences in cell death
of attached fibroblasts by the trypan blue exclusion test
with treatment of any compound. However, analysis of
cells in the supernatant 48 and 72h showed substantial
cell death following 10~*M, 10°M and 10~°M concentra-
tions of naltrindole. At 72h of treatment, the range of dead
cells floating in the supernatant was 2.5 x 10° to 17.5 x 10°
for fibroblasts treated with 107°M to 10~*M naltrindole.
There were no notable dead cells in the supernatant of fibro-
blasts treated with nalmefene.

The OGF-OGFr axis is present and functional in primary
rat fibroblasts

Primary rat fibroblast cultures were stained with vimentin
to determine that cultures were approximately 99% pure.
Immunostaining with antibodies to OGF and OGFr
revealed that rat fibroblasts expressed peptide and receptor.
OGFr presented diffusely throughout the cytoplasm.
OGF was heavily present in the perinuclear area and dif-
fusely present throughout the remainder of the cytoplasm
(Figure 5a).

Exposure to OGF at concentrations of 10~*M-10""M
decreased fibroblast cell number by 27-37% relative to con-
trols (Figure 5b). NTX treatment accelerated proliferation of
primary fibroblasts in a dose-related manner, with cell
number increasing approximately 33-39% relative to con-
trols (Figure 5¢). Within 48 h of treatment, primary rat fibro-
blast growth was increased 17% by 107°M NTX and
decreased 30% by 10"°M OGF in comparison to controls
(Figure 5d). At 72 and 96 h, NTX increased cell proliferation
by approximately 12% at each time point, and OGF
decreased growth of fibroblasts between 24 and 40% rela-
tive to sterile water-treated control cultures. Primary fibro-
blast cells doubled within 32h, whereas NTX treatment
reduced the doubling time to 28h and OGF required 38 h
for doubling the number of cells (Figure 5d).
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Figure 1 (a) Photomicrograph of NIH 3T3 fibroblast cells stained for vimentin, and counter-stained with DAPI to demonstrate purity of cultures. Inset: NIH 3T3 cells
stained with secondary antibody only and DAPI. Bar =5 um. (b-e) Cell number of NIH 3T3 fibroblasts grown for 72 h in the presence of various concentrations of CTOP
(b), nalmefene (c), or naltrindole (d), specific antagonists for p, k, and & classical opioid receptors, respectively, as well as naltrexone (), a general opioid antagonist.
Control cells were treated with sterile water; compounds and media were replaced daily. Data represent means &= SEM for at least two aliquots/well and three wells/
treatment group. *P < 0.05 or ***P < 0.001 significantly different from sterile water-treated controls. (A color version of this figure is available in the online journal)

FuII-thl_ckness wound closure was accelerated treated with nalmefene, naltrindole, CTOP or sterile water
only with NTX ..

were comparable in size to each other, and markedly larger
Diabetic rats had residual wounds that were larger than  than wounds treated with NTX at each time photographed
those recorded in non-diabetic rats throughout the observa-  between day 2 and 16. Wounds on day 18 and 20 were too
tion period. Residual wound areas in diabetic rats topically ~ small for statistical differences to be recorded (Figure 6).
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Type 1 diabetic animals treated with NTX had 10% to 51%
smaller wound areas than control-treated diabetic rats. For
example, on day 8, residual wound sizes were 65% of the
original in 1, K, 8, or control-treated animals in comparison
to a 14% wound area remaining in the NTX-treated group.
By day 14, NTX-treated wounds were closed, whereas
wounds treated with other antagonists or control cream
required at least six additional days for closure (Figure 6).

E3 Control

3 OGF
- B DAMGO
[ DPDPE
EKC

Cells x 10*

Figure 2 OGFr is required for NTX’s stimulatory action on growth of NIH 3T3
fibroblast cells. Log phase cells were transfected for 48 h with OGFr siRNA or
scrambled siRNA; some cultures received only Oligofectamine (mock-trans-
fected), or were untreated (Control). Following transfection, cultures were treated
with 107®M NTX for 72 h. Media and compounds were replaced daily. Data
represent means + SEM for at least two aliquots/well and three wells/treatment
group. **Significantly different from sterile water-treated controls
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Discussion

NTX application to full-thickness wounds accelerates clos-
ure by increasing proliferation of cells related to blood
vessel formation, connective tissue, and the epithelium.‘l'5
Topical NTX dissolved in moisturizing cream advances
wound repair in normal mice and rats, as well as animal
models of type 1 and type 2 diabetes.*” NTX is a general
opioid antagonist, and the specific opioid receptor pathway
mediating these effects was unknown. This study demon-
strated that the selective opioid receptor blocked by NTX
and stimulating growth is OGFr. Using a fibroblast tissue
culture model, application of selective agonists (DPDPE,
DAMGO, EKC) and antagonists (CTOP, nalmefene, naltrin-
dole) for p, §, and k opioid receptors did not enhance cell
proliferation. Knockdown of OGFr and the addition of
selected agonists had no effect of cell proliferation.
However, the loss of OGFr protein nullified the stimulated
growth observed following NTX treatment. Selective antag-
onists had no effect on fibroblast migration or cell death; the
general antagonist NTX also did not induce cell death or
fibroblast migration in a scratch wound assay. Selective
antagonists for classical opioid receptors did not enhance
cutaneous wound closure in type 1 diabetic rats, whereas
NTX application expedited wound closure.

This study revealed that independent of systemic biol-
ogy, the stimulatory effect of NTX on fibroblasts is mediated
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Figure 3 OGF is the specific agonist that mediates growth at the OGFr. (a) Cell number of NIH 3T3 fibroblasts treated for 72 h with specific opioid receptor agonists
including OGF, DAMGO, DPDPE, or EKC, specific for OGFr, 1, 8, or k classical opioid receptors, respectively. (b) siOGFr transfected or (c) mock-transfected NIH 3T3
cells treated for 72 h with 107®M concentrations of OGF, DAMGO, DPDPE, or EKC which are selective agonists for OGFr, p, 8, or k classical opioid receptors,

respectively. Media and compounds were replaced daily. Data (cell number) represent means + SEM for at least two aliquots/well and three wells/treatment group.

**P < 0.01 or *P < 0.05 significantly different from sterile water-treated controls
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by the OGF-OGFr axis. Blockade of three other classical  cell line, as well as in primary cultures of rat fibroblasts.
opioid peptide-receptor pathways is not involved in Interaction between this opioid peptide and receptor was
wound closure. Using a tissue culture model of fibroblasts,  tonically active. The addition of OGF inhibited growth in a
this study shows that NTX is capable of accelerating prolif-  dose-related manner, and NTX blocked the interaction and
eration of a major cell type involved in the wound-healing  accelerated growth. OGF was found to be the only opioid
process. Fibroblast cells are critical to contraction and  peptide capable of inhibiting cell growth in fibroblasts; this
remodeling of a full-thickness wounds and their role in  is consistent with studies on neoplasia where OGF is the
wound healing is altered in the diabetic model."*” only synthetic or natural opioid peptide that alters

The opioid peptide OGF and its receptor OGFr are pre-  growth.*® Exposure to siRNAs for y, k, and 8§ opioid recep-
sent and functional in the immortalized mouse fibroblast  tors indicates that classical opioid receptors did not play a

NIH 3T3 Fibroblasts

(b)
=t
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x
0
©
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(c) 80- i
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-+~ NTX

kkk

Cells x 10*
8

204

0 24 48 72 96
hours

Figure 4 Presence and function of the OGF-OGFr axis in NIH 3T3 fibroblasts. (a) Photomicrographs of anti-OGFr (left panel) and anti-OGF (right panel) antibody
staining of log phase fibroblasts. Inset: image of cultures stained with secondary antibody only. Bar =5 um. (b) Fibroblast growth was inhibited by OGF in a dose-
dependent manner. Concentrations of OGF (10~*M to 10~ '° M) were added to cells for 72 h. (c) OGF inhibits growth and NTX accelerates growth of NIH 3T3 cells over a
96-h period of time. Data (cell number) represent means + SEM for at least two aliquots/well and three wells/treatment group. *P < 0.05, **P < 0.01, or ***P < 0.001
significantly different from sterile-water treated controls. (A color version of this figure is available in the online journal)
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Figure 5 The OGF-OGFr axis is present and functioning in primary rat cartilage fibroblast cultures. (a) Fibroblasts isolated from adult rat auricular cartilage were
purified (vimentin) and grown to log phase before staining with anti-OGFr or anti-OGF antibodies. Inset is image of cultures stained with secondary antibody only.
Bar =5 um. Cell growth of primary fibroblast cultures treated for 72 h with various concentrations of OGF (b) and NTX (c) or for 96 h (d) with 10-®M concentrations of
OGF or NTX; sterile water served as control for all growth assays. Drugs and media were replaced daily. Data (cell number) represent means + SEM for at least two
aliquots/well and three wells/treatment group. *P < 0.05, **P < 0.01, or **P < 0.001 significantly different from sterile water-treated controls. (A color version of this

figure is available in the online journal)

role in growth regulation of several neoplastic cell
lines.****?® When administered to NIH 3T3 and primary
fibroblast cultures, OGF depressed cell proliferation,
while treatment with NTX increased proliferation by inter-
facing with the OGFr.

OGF and OGFr have been documented in human and
mouse skin,* with NTX regulating epithelial cell prolifer-
ation in a circadian rhythm-dependent manner as mea-
sured by tritiated thymidine incorporation.”” The effects
of systemic injections of OGF were constitutively function-
ing because concomitant administration of naloxone
blocked the inhibitory effects of the peptide.*

Blockade of opioid receptors by NTX was critical in the
discovery of the OGF - opioid growth factor receptor
(OGFr) axis.**™* Systemic administration of NTX resulted
in divergent outcomes dependent on the dosage of NTX
utilized. Low dosages of NTX (e.g. 0.1 mg/kg) administered
systemically to rats reduced DNA synthesis and produced
smaller body and brain weights. Higher dosages of NTX
(e.g. 50mg/kg) or repetitive application of lower dosages,
resulted in significantly larger body, brain, and organ
weights.***> Further study revealed that the duration of
opioid receptor blockade by NTX, and not the dosage of
NTX, is important in determining the biological outcome.”
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Figure 6 OGFr is the specific opioid receptor pathway blocked by NTX for enhancement of cutaneous wound closure. Adult male rats, rendered hyperglycemic by
injections of streptozotocin, were surgically wounded on the dorsum. Selective antagonists for classical opioid receptors (CTOP, nalmefene, naltrindole) or NTX were
topically applied three times daily to the wounds. Control diabetic rats received only moisturizing cream (Normal + Vehicle); normal rats receiving vehicle only were
included for comparison (normal + vehicle). Wounds were photographed and areal analysis used to determine the percent residual wound. Values represent

means + SEM for 8-12 wounds per treatment. All data from diabetic rats treated with vehicle or classical opioid antagonists differed significantly from the DB + NTX
group at P <0.01 (**) and P < 0.001 (***). Residual wound areas for DB+ Vehicle rats differed significantly from normal + vehicle animals at P < 0.05 (") and P < 0.01 (AA).

(A color version of this figure is available in the online journal)

The OGF-OGFr axis is an endogenous opioid receptor
system that is tonically active and a determinant of cell pro-
liferation. Topical or systemic administration of NTX has
been shown to block this pathway in normal development
as well as cancer. Intermittent blockade invoked by low
dosages of naltrexone (LDN) results in upregulation of
OGF and OGFr, and subsequent reduction in cell number
and proliferation of human ovarian cancer cells in vitro and
in nude mice. However, continuous blockade induced
by higher dosages of NTX or repetitive application of low
dosages of NTX enhances cell replication and tissue
organization.***”

In summary, the findings from this study provide under-
standing of the regulation of cell growth by NTX.
Modulation of the OGF-OGFr axis was accomplished in
primary fibroblast cells. These cells have undergone limited
passages and are representative of a functional component
of the in vivo state compared to an immortalized cell line
like NIH 3T3 fibroblast cells. The ability to manipulate the
growth of primary mammalian fibroblasts suggests that
NTX can alter skin repair in patients with impairments in
wound healing. Fibroblasts are a critical cell type in the
healing process, and modifications to their physiology
have been observed in studies of non-healing wounds, a
common complication experienced with diabetes mellitus.
The ability to increase the quantity of fibroblast cells present
in a diabetic ulcer may reduce the morbidity associated
with this complication of diabetes and lessen the number

of amputations preformed each year on individuals with
the disease.
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