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Abstract

Background—Topically applied opioids promote angiogenesis and healing of ischemic wounds
in rats. We examined if topical fentanyl stimulates wound healing in diabetic rats by stimulating
growth-promoting signaling, angiogenesis, lymphangiogenesis and nerve regeneration.

Methods—We used Zucker diabetic fatty rats that develop obesity and diabetes on a high fat diet
due to a mutation in the Leptin receptor. Fentanyl blended with hydrocream was applied topically
on ischemic wounds twice daily, and wound closure was analyzed regularly. Wound histology was
analyzed by hematoxylin and eosin staining. Angiogenesis, lymphangiogenesis, nerve fibers and
phospho-PDGFR-f were visualized by CD31-, lymphatic vessel endothelium-1, protein gene
product 9.5- and anti-phospho PDGFR-B-immunoreactivity, respectively. Nitric oxide synthase
(NOS) and PDGFR-f signaling were analyzed using Western immunoblotting.

Results—Fentanyl significantly promoted wound closure as compared to PBS. Histology scores
were significantly higher in fentanyl-treated wounds, indicative of increased granulation tissue
formation, reduced edema and inflammation, and increased matrix deposition. Fentanyl treatment
resulted in increased wound angiogenesis, lymphatic vasculature, nerve fibers, nitric oxide, NOS
and PDGFR-f signaling as compared to PBS. Phospho PDGFR-J co-localized with CD31 co-
staining for vasculature.

Conclusions—Topically applied fentanyl promotes closure of ischemic wounds in diabetic rats.
Increased angiogenesis, lymphangiogenesis, peripheral nerve regeneration, NO and PDGFR-
signaling are associated with fentanyl-induced tissue remodeling and wound healing.
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University of Minnesota, Mayo Mail Code 480; 420 Delaware Street SE, Minneapolis, MN, 55455, USA, Phone: 612-625-7648, Fax:
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IThe significant finding of the study: Topical application of fentanyl accelerates the healing of ischemic open wounds in diabetic rats.
2This study adds: Mu opioid receptor agonists show the potential to stimulate angiogenesis, lymphangiogenesis and nerve fiber
expansion in association with nitric oxide and PDGFR- signaling in the wounds, and may even reduce pain.

DISCLOSURE

None declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

GUPTA et al. Page 2

Keywords
opioid; opioid receptor; fentanyl; pain; wound; nerve fiber; angiogenesis; lymphangiogenesis

Introduction

Leg ulcers are a serious complication of diabetes.? Half of all lower extremity amputations
in hospitalized patients occur in diabetics.2% No satisfactory therapy exists for this severely
debilitating handicap, and the mechanisms underlying ulceration and wound healing are not
clearly understood.

Diabetes is accompanied by long-term microvascular and neurologic complications,
mediated by destructive inflammatory processes stemming from glycation of native
proteins.*> Microangiopathy in diabetes may prevent the adequate transfer of nutrients and
oxygen to wounded tissue, thereby interfering with the normal healing process® and
triggering nerve dysfunction.”® Blood vessels have been shown to contribute to the nerve
fiber thickness in the retina,® suggestive of the dependence of peripheral nerves on the local
vasculature. Agents that stimulate angiogenesis also promote wound healing.1011
Angiogenesis is often followed by lymphangiogenesis.

Growth factors including vascular endothelial growth factor (VEGF), epidermal growth
factor (EGF) and platelet derived growth factor (PDGF) have shown promise in the healing
of acute and chronic wounds, but lack appropriate supportive clinical data and show limited
success.12-16 These growth factors act via their respective receptor tyrosine kinases (RTK)
on epithelial, vascular, lymphatic and fibroblast cells, which are integral to tissue
regeneration. Opioids co-activate RTKs for VEGFR2, PDGFR-f and EGFR.17-21 Opioids
also stimulate lymphangiogenesis?2 and promote pericyte recruitment to vasculature via
phosphorylation of PDGFR-B in tumors in mice.1® Topically applied opioids including
fentanyl stimulate angiogenesis in ischemic wounds in rats, and promote wound closure/
healing via opioid receptor-mediated signaling.23

Opioids interact with the nervous system via mu-, delta- and kappa-opioid receptors
(MOP/R, DOP/R and KOP/R, respectively), but provide analgesia via MOP/R.24 These
opioid receptors (OP/Rs) are also expressed on the endothelium, inflammatory cells and
epithelial cells in the skin.2>-27 MOP/R also stimulates NO in vascular endothelium.28
Lower NO has been reported in diabetes and sickle cell disease patients as compared to
normal healthy subjects and may contribute to leg ulceration and poor healing.2%-32 NO-
based therapies have been shown to be effective in the healing of wounds.3933-35 Thus,
opiods have the ability to promote the regenerative process by inducing growth-promoting
signaling and NO at a multicellular level. Indeed, when applied topically fentanyl, morphine,
and hydromorphone, were effective in healing ischemic wounds in Fischer 344 rats.23 In this
study, fentanyl was more effective than the other two opioids. Therefore, we examined if
topically applied fentanyl promotes healing of ischemic wounds in Zucker diabetic fatty
(ZDF) rats via PDGFR and NO mediated signaling.
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METHODS

All animal studies were performed with approval from the Institutional Animal Care and
Use Committee at the University of Minnesota.

Animal model of diabetes

ZDF Rats (Charles River, Indianapolis, IN) a model of type 11 diabetes that demonstrates
both hyperglycemia and insulin resistance was used.38 ZDF rats are Leptin receptor mutants,
and develop obesity and diabetes on a high fat diet (Purina diet #5008, Purina Mills,
Richmond, IL) after 11 weeks of age, with blood glucose rising to 400 mg/dL. Healing of
perforated tympanic membranes is significantly delayed in these rats as compared to normal
control Sprague-Dawley rats and streptozotocin-induced diabetes in rats.3” Blood glucose
was measured using glucostrips twice a week and rats with blood glucose levels of 400 + 57
mg/dL were used.

Excisional Ischemic Open Wound Model

We used the delayed excisional wound-healing model, which mimics the physiologic and
molecular abnormalities of chronic wounds in humans as described previously.23 We created
2 full thickness wounds per animal, 8 mm in diameter, within a narrow bipedicled flap raised
on the dorsum of rat, by incisions on the two sides, under isofluorane anesthesia. In this
model the blood supply to the wounds is mostly impaired, resulting in ischemia and slower
healing.

Topical Fentanyl Application and Wound Measurement

Pharmacological grade fentanyl (Baxter Esilerderle Mfd. Healthcare Corporation, Cherry
Hill, NJ) was obtained from the Boynton Pharmacy at the University of Minnesota.
Fentanyl, 5 ug/g hydrocream (Paddock Labs, Minneapolis, MN) or phosphate buffered
saline (PBS) were blended with hydrocream. Wounds were cleaned gently with saline prior
to each application. Fentanyl or control PBS cream was then applied topically in a thin film
(approx. 1 mm thick) covering the entire wound twice a day. Gross observations were made
on each wound daily. Wound area was measured in two different ways: (i) tracing twice onto
clear plastic sheets every 2 days and (ii) recording digital images using a Nikon Coolpix
5700 digital camera once a week. Wound area was calculated using Adobe Photoshop and
NIH Image as described.23 The initial (Day 1) wound area following the creation of wound
was used to calculate % wound closure for each wound on any given day.3839 The
percentage of wound area covered by new granulation tissue = ([Area; - Areap]/Areq;) x 100,
where A; is the initial area and Ay, is the area at day n. At the experimental end point, rats
were euthanized by CO, and wound scars were collected for analysis.

Wound Histology

Sections of formalin-fixed wound scars were stained with hematoxylin and eosin (H&E) and
scored for edema, congestion, hemorrhage, thrombosis, granulation tissue thickness, dermal
and epidermal organization and inflammatory cells as described.23 Briefly, in a double blind
manner histological scores were determined on a scale of 1 — 4, where 1 is the least and 4 is
the most organized and dense dermal organization and granulation tissue. Another measure
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of tissue remodeling, collagen staining, was evaluated by Masson’s trichrome staining as
described.?3

Immunofluorescence Staining

Sections of cryopreserved scars were stained with rat endothelial cell-specific antibody (Ab)
a-RECA-1 (Serotec Ltd., Oxford, UK) and lymphatic vessel endothelium-specific anti-
LYVE-1 (Upstate Cell Signaling Solutions, Charlottesville, VA), followed by secondary
Abs, Rhodamine Red-conjugated goat anti-mouse Ab and FITC-conjugated anti-rabbit Ab,
respectively (Jackson Immunoresearch Laboratories Inc., West Grove, PA). Sections were
co-stained with 4°,6-Diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR) for
nuclear co-localization as described.2223 Another set of cryosections was co-stained with
anti-RECA-1 and PDGFR-f3 Ab (Upstate Cell Signaling Solutions, Charlottesville, VA),
followed by Rhodamine Red and FITC-conjugated secondary antibodies as described above.
For peripheral nerve localization, 10-micron thick cryosections were fixed in 4%
paraformaldehyde and permeabilized with 0.3% TritonX100, followed by staining with a-
protein gene product 9.5 (PGP 9.5; Calbiotech, Spring Valley, CA) and secondary
conjugated Ab Cy-5 (Jackson). Nerve bundles were quantified in a double blind manner in
each field of view by enumerating their numbers from the immunofluorescent images.

Microvessel Density Analysis

Morphometric analysis of wound angiogenesis, was performed on RECA-1 positive images
following their binarization and skeletonization using Adobe Photoshop and the Image
Processing Tool-Kit Plug-in Functions for Adobe Photoshop (Reindeer Games, Asheville,
NC). Immunoreactive pixels and total length of vessels were quantified as described by us
previously.19

Nitric Oxide Assay

Total NO was analyzed in the skin/wound lysates by colorimetric determination of nitrite by
Greiss reaction following the enzymatic conversion of nitrate to nitrite by nitrate reductase
using the Total Nitric Oxide and Nitrate/Nitrite Assay kit from R&D Systems, Minneapolis,
MN. The optical density (OD) of the color produced was measured in a microplate reader
set at 540 nm with wavelength correction at 690 nm.

Western Blot Analysis

Lysates of wound scars were resolved on a 3-15% gradient SDS-PAGE gel and transferred to
a PVDF membrane (Immobilon; Millipore, Bedford, MA). Membranes were probed with
antibodies, a-RECA 1 (Serotec Inc., Raleigh, NC); a-phospho- and a-total-PDGFR-
(Upstate Cell Signaling, Charlottesville, VA), a-i- and a-e-NOS (BD Transduction
Laboratories, San Diego, CA), a-PCNA and a—f Actin (Santa Cruz Biotechnology, Santa
Cruz, CA). Immunoreactive protein bands were visualized with species-specific secondary
Abs conjugated with alkaline phosphatase and ECF Western Blotting system (Amersham
Life Sciences, Buckinghamshire, UK). Chemiluminescent signals of protein bands were
acquired using a Storm Phosphorimager (Molecular Dynamics, Sunnyvale, CA) as
described.?!
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Statistical Analysis

Student’s t-test was used to compare data between PBS and fentanyl treatment. Data are
presented as mean + SEM, and a p-value of < 0.05 was considered significant. All statistical
analysis was performed using Prism software (v 5.0a, GraphPad Prism Inc., San Diego, CA).

RESULTS

Topical fentanyl promotes wound closure in diabetic rats

We analyzed wound closure over a period of time following PBS or fentanyl treatment
applied topically. Wound area was calculated on day one upon wounding for each wound
and was used for calculating % wound closure for each respective wound on any given day.
Fentanyl consistently promoted wound healing after day 12 over time, resulting in complete
healing of all wounds between days 28 and 36 (Fig. 1 A, B). PBS treated wounds showed
swelling and exudate formation at early time points (Day 1 and 3). Fentanyl-treated wounds
did not show swelling, but appeared more vascular (Fig. 1B). PBS-treated wounds started
healing but stalled after day 12 (Fig. 1A), and wounds appeared larger on day 28 (left
wound) as compared to day 20 (Fig. 1B). In contrast, wound closure continued to progress in
fentanyl-treated wounds, showing normal pigmentation of skin on day 36 (Fig. 1B). Thus,
fentanyl accelerates closure of ischemic wounds in diabetic rats.

Fentanyl treatment influences wound histology and collagen deposition

On day 28, PBS-treated wounds showed poor dermal and epidermal organization and thin
granulation tissue in wound scars stained with H&E (Fig. 2). In contrast, fentanyl treatment
resulted in complete re-epithelialization and dense granulation tissue in the wound scars on
day 36 (Fig 2). Overall, fentanyl-treated wounds demonstrated significantly higher
histological scores as compared to PBS treatment (Table 1). Masson’s trichrome staining
demonstrated increased collagen content in fentanyl- as compared to PBS-treated wounds

(Fig. 2).

Fentanyl stimulates angiogenesis, lymphangiogenesis and nerve fiber formation

Fentanyl treatment markedly increased both angiogenesis (red vessels) and
lymphangiogenesis (yellow-green and green vessels) on day 36 (Fig. 3A). The intense red
staining pattern in fentanyl-treated wounds indicates increased vasculature (Fig. 3A). Some
red vessels are also seen surrounding hair follicles, suggestive of normal architectural
organization of vasculature in addition to increased density. In the intact unwounded skin of
ZDF rats, lymphatic vessels are scarce and display defective orientation (right panel, Fig.
3A): unlike in normal skin, where lymphatics run perpendicular to the epidermis and parallel
to hair follicles, lymphatics in ZDF rat skin are parallel to the epidermis and do not robustly
parallel hair follicles. Fentanyl stimulated lymphangiogenesis, with lymphatics running
perpendicular to the epidermis and some aligned parallel to hair follicle (arrows, Fig. 3A
with fentanyl). Quantitatively the blood vessels and lymphatics are significantly increased in
the wounds and in the healed skin scars post-closure following fentanyl treatment as
compared to PBS (Fig. 3B). Thus, fentanyl treatment stimulates angiogenesis and
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lymphangiogenesis, and also normalizes the vascular and lymphatic architecture during the
healing process.

Fentanyl-treated wounds also showed significantly increased PGP 9.5-immunoreactive nerve
fiber density, with different layers of nerve fibers running parallel to the epidermis in the
sub-epidermal and dermal regions (Fig. 3C,D). Nerve fibers are barely visible in PBS-treated
wounds. Together, these data demonstrate that fentanyl treatment supports vascular,
lymphatic and nerve fiber density and architecture, consistent with the promotion of wound
healing.

Fentanyl stimulates phosphorylation of PDGFR-B in a time-dependent manner

We detected robust activation of PDGFR-f that co-localized with the vascular endothelium
after 20 days of fentanyl application (Fig. 4A and B). PDGFR-3 was not activated by
fentanyl at 36 days, or in unwounded or PBS-treated skin at any time (Fig 4B). Therefore, it
is likely that fentanyl stimulates the transactivation of PDGFR-f only in the wounded skin
during the healing process and not in normal skin.

Fentanyl stimulates NO/NOS signaling and correlative PCNA expression

We found that NO was significantly reduced in the PBS-treated wounds as compared to the
intact skin (Fig 5A). Conversely, in fentanyl treated wounds NO was significantly increased
in the wounds as compared to the intact skin and remained consistently increased following
wound closure. NO levels were significantly increased in wounds treated with fentanyl as
compared to PBS during the process of healing and at the time of wound closure. Consistent
with increased NO, fentanyl treatment led to a significant increase in e- and i-NOS (Fig. 5B-
D). PCNA, the marker of cell proliferation was also significantly increased in the fentanyl
treated wounds (Fig 5E). Together, these data suggest that fentanyl-induced NO signaling
may promote cell proliferation in the wounds.

DISCUSSION

Diabetic wounds continue to pose major therapeutic challenges, and the mechanisms
underlying impaired wound healing in diabetes remain unclear. We demonstrate that an
inter-dependent triad of vascular, lymphatic and peripheral nervous system changes are
integral to the healing process. Fentanyl, a MOP/R agonist, can interact with the nervous,
vascular and lymphatic systems. We show that fentanyl promotes healing of ischemic
wounds in diabetic rats by acting on each of these three systems and activating PDGFR-3
signaling and NO. Our data are consistent with prior reports of the contribution of opioids
and opioid receptors to wound healing.2325-27

A comprehensive review of published clinical reports concluded that topically applied
opioids significantly reduced pain in chronic wounds without any adverse effects, whereas
systemic delivery had minimal effect on pain.2® The effect of opioids on wound healing was
not reported, but it was noted that exudate may impair drug penetration and may even dilute
drug concentration, thus impairing opioid efficacy.26 Cleaning of the wound prior to drug
application is essential to enable drugs to penetrate tissue.40 We cleaned wounds with saline
prior to each application, which perhaps increased the efficacy of fentanyl in our study.
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MOP/R signaling has a cytoprotective effect that can lead to the healing of intestinal injury
in mice.4142 Morphine induced healing via DOP/R-mediated MAPK/ERK signaling in
primary human mucosal epithelial cell scratch wound assays.*3 Morphine has also been
shown to be cardioprotective in ischemic injury in rodents via MOP/R, DOP/R and KOP/
R.4445 The MOP/R agonist remifentanil reduced the markers of cardiac injury following
coronary artery bypass surgery in a double blind, randomized clinical trial.*6 Taken together,
these data suggest that opioid signaling through OP/Rs has a cytoprotective effect in
ischemic injury and potentiates healing.

In the present study, fentanyl-induced wound closure was accompanied by normal dermal
and epidermal organization, with more collagen formation and denser granulation tissue than
PBS-treated wounds. These granulation and epidermal changes may be direct results of
fentanyl and/or secondary to increased angiogenesis. In acute wounds, 3-endorphin and
MOP/R are expressed at a balanced level, but in chronic wounds the ligand is highly
expressed while MOP/R is downregulated.#” Dalargin, a leu-enkephalin analog, accelerates
healing by promoting macrophage-fibroblast interaction, capillary growth, fibroblast
proliferation, granulation tissue maturation and epithelialization,*® similar to opioid-induced
wound healing in rats observed by us previously23 and in the current study. Furthermore, B-
endorphin plays an important role in limb generation in non-mammalian vertebrates.4® On
the other hand, deletion of MOP/R leads to thinner epidermis in mouse skin, suggesting that
MOP/R is required for epithelialization.%9 These data suggest that MOP/R and its agonists
such as fentanyl may play critical roles in multiple processes required for skin regeneration.
Furthermore, additional OP/Rs may also regulate the normal structural organization of the
skin and facilitate the healing process. For example, DOP/R knockout mice show impaired
skin wound healing by influencing keratinocyte adhesion and migration.>!

The OP/R antagonist naltrexone as well as opioid growth factor (OGF) has been studied in
the setting of wound healing, and lead to the promotion and inhibition of corneal re-
epithelialization, respectively.5253 Naltrexone inhibits corneal neovascularization,>*
consistent with our observations that OP/R-agonists promote neovascularization while
OP/R-antagonists inhibit it.>> OGF is an endogenous peptide that acts via an OGF receptor,
unlike exogenously applied OP/R agonists that act via classical OP/Rs. Moreover,
neovascularization is required for healing of skin wounds but it has a negative effect on
corneal healing due to the avascular nature of the cornea. These findings suggest that corneal
and skin wounds may have different underlying pathophysiology and mechanisms of
regeneration. Thus, it is critical to use highly specific models to study wound healing such as
the ZDF rat skin ischemic wound model used by us herein.

We found that impaired angiogenesis in diabetic rat wounds is accompanied by poorly
developed lymphatics and peripheral nerve fibers, which are restored with fentanyl
treatment. Fentanyl-treated wounds showed a well-formed epidermis with mature sub-
epidermal and dermal regions, including restoration of peripheral nerves in these tissues.
The role of peripheral nerve destruction is well described in the development of diabetic
neuropathy, and the degeneration of nerves and lymphatics may preclude ulcer healing. It is
likely that increased angiogenesis stimulated by fentanyl leads to subsequent effects on
lymphatics and nerve fibers, but a direct effect of fentanyl on these structures is also
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possible. We previously found that morphine promoted lymphangiogenesis in a murine
breast cancer model,22 but the mechanistic role of OP/R agonists in lymphangiogenesis
remains unclear.

The lymphatic system consists of a network of thin-walled capillaries of endothelial cells
that drain protein-rich lymph from the extracellular space, maintain normal pressure, and
mediate the immune response.56-59 The time course and extent of newly formed lymphatics
in circumferential wounds of the rabbit ear, including lymphatic bridging through newly
formed scar tissue, was documented in early studies.%61 Lymphatic insufficiency may be
responsible for the characteristic impairment of lymphatic drainage seen on clinical
lymphangiography of individuals with lymphedema-distichiasis, a disabling condition
characterized by swelling of extremities.#”62 Notably, half of these individuals also show
venous insufficiency. This is likely of significance in non-healing venous ulcers. Therefore,
the excessive swelling and exudates observed in non-healing ulcers could in part be due to
disrupted lymphangiogenesis. Prevention of edema and exudate formation in fentanyl-
treated wounds suggests that lymphatics drain wound fluid, which may otherwise interfere
with the normal healing process. We hypothesize that this fluid imbalance and inflammation
due to the absence and dysfunction of lymphatics may also contribute to diabetic wound
pathobiology.

Opioids stimulate pro-angiogenic signaling directly and via co-activation of RTKs, which
leads to the promotion of angiogenesis.1719205556 Growth-promoting signaling pathways
including mitogen activated protein kinase/extracellular signal-regulated kinase (MAPK/
ERK) and Stat3, activated by EGFR, VEGFR2 and PDGFRs are key mediators of the
normal healing process.61 Importantly, opioids co-activate PDGFR, EGFR and
VEGFR2.17-2124 Fentanyl-induced activation of PDGFR-f in wound endothelium is
consistent with opioid-induced activation of RTKs. We detected robust activation of
PDGFR-f that co-localized with the vascular endothelium after 20 days of fentanyl
application. This signal was absent on day 36 when wounds had healed completely, and also
in unwounded skin. Fentanyl may thus stimulate the transactivation of PDGFR-f only in
wounded skin during the process of angiogenesis, and not in normal skin where
angiogenesis is not actively occurring. Furthermore, MOP/R downregulation in healed and
normal skin may attenuate fentanyl signaling. We have observed that MOP/R protein and
RNA were upregulated in the wounds but were barely detectable in the unwounded skin of
C57BL/6 mice (unpublished observations).

The activation of PDGFR- is critical with respect to concomitant increase in NO and NOS
in fentanyl stimulated wounds. Activation of PDGFR-J is known to induce vascular and
lymphatic dilatation via a nitric oxide mediated mechanism.%364 It is likely that activation of
PDGFR-f by fentanyl leads to increased vascular and lymphatic relaxation via a NO
mediated mechanism. Together, these physiological effects of PDGFR- activation lead to
increased wound oxygenation and reduced edema, thus promoting a microenvironment
conducive to wound healing.

NO perhaps plays a critical role in fentanyl-induced wound healing by promoting
angiogenesis. Like PDGFR-B, angiopoietin-like 4 stimulates NO via iNOS and STAT-3
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activation and promotes wound healing in diabetic mice.3* In the present study fentany!
stimulated NO, i-NOS and e-NOS in the wounds of ZDF rats. PCNA expression was also
increased in these wounds, suggestive of cell proliferation via NO mediated signaling which
may contribute to the promotion of healing observed by us. NO releasing nanoparticles have
been shown to accelerate wound healing in mice.333% NO-nanoparticle treatment led to
increased angiogenesis, cell migration and collagen formation in the wounds. Fentanyl-
induced angiogenesis, collagen formation and acceleration of wounds in diabetic rats
observed by us is likely due to fentanyl-induced increase in NO in the wounds. Higher
expression of both e- and i-NOS in fentanyl treated wounds as compared to PBS-treated
wounds contributes to increased NO. Furthermore, NO-based therapies appear to be
promising in healing of diabetic wounds.3? MOP/R mediates the release of NO in vascular
endothelium.28 Thus, fentanyl promotes the healing of wounds by stimulating NO via
MOP/R and activation of PDGFR-f. Since leg ulcers are often painful, the added advantage
of using MOP/R agonists such as fentanyl is that they can also ameliorate pain.

Many patients such as those with sickle cell disease are on chronic opioid therapy but still
develop painful non-healing leg ulcers.3165 Since, these wounds are ischemic, it is likely that
vasculopathy and microangiopathy that occur in sickle cell disease or diabetes preclude
delivery of systemic therapy to the wound when applied away from the wound bed. These
wounds may thus require local, topically applied therapy such as that used by us in this
study.

Taken together, our observations demonstrate that topical opioid treatment of ischemic
wounds may be potentially beneficial in the healing of diabetic wounds, augmenting their
known analgesic effect. Additionally, these data provide insight into the underlying signaling
mechanisms and requirement of normal vascular, lymphatic and nerve architecture in the
skin for the regenerative process.
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Figure 1. Topical fentanyl acceler ates healing of ischemic woundsin Zucker diabetic fatty rats
(A) Each point shows the mean = SEM of % wound area healed relative to day 1 following

fentanyl (solid circles) or PBS (open triangles) treatment. *p<0.05 Vs same day treatment
between fentanyl and PBS. (B) Representative images of wound appearance over a period of
time with PBS or fentanyl. Black dot (6 mm in diameter) shows the standard area that was
used for calculating wound area in (A). Wound area for each time point was compared to the
area of wound created upon wounding on day 1. N = 8 separate wounds per treatment from 4
different animals.
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Figure 2. Effect of fentanyl on wound histology and collagen formation
Wound scars from ZDF rats were analyzed for dermal and epidermal organization using

H&E stained sections after 36 days post-wounding and for collagen formation using
Masson’s trichrome staining. Original magnification x100. Each figure represents 12
sections stained from 4 different animals per treatment.
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Figure 3. Vascular, lymphatic and nerve fiber modulation by topical fentanyl
(A) Representative merged images of CD31-ir blood vessels (red), LYVE-1-ir lymphatics

(green) and DAPI-stained nuclei (blue) in PBS or fentanyl treated wound scars post closure
from ZDF rats. N=4 different rats/treatment. White arrows show lymphatics. Original
magnification, x150. (B) Blood vessel pixels and length and number of lymphatics in each
field of view of images in (A) are shown. Each bar shows the mean+SD from 4 separate
experiments. P values are indicated above the bars. (C) Protein gene product 9.5-ir nerve
fibers in the PBS or fentanyl treated wound scars post closure of wounds. Original
magnification, x100. Each image represents 12 sections from 4 different animals per
treatment. (D) Number of nerve bundles in each field of view shown in (C). Each bar shows
the mean£SD from 4 separate experiments. P values are indicated above the bars.
Abbreviations. Wnd, wound on day 20; PC, post closure on day 36; PBS, phosphate
buffered saline; Fent, fentanyl; hf = hair follicle, sg = sebaceous gland, n = nerve fibers.
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Figure 4. Fentanyl stimulates the endothelial-cell specific phosphorylation of platelet-derived
growth factor-beta receptor in atime-dependent manner in wounds

(A) Immunofluorescent microscopy of wound scars 20 days post-treatment costained with
a-RECAL1 for vessel endothelium (red) and a-phospho-PDGFR-f (green). Original
magnification x600. Each figure represents images from 4 different animals per treatment.
(B) Protein bands for phospho PDGFR-} and total PDGFR-3 on days 20 and 36 in the
wound scars post-wounding and in the intact unwounded skin. Blots represent images from
3 reproducible experiments from tissues obtained from 3 different animals per time point for
each treatment. Abbreviations: Wnd, wound day 20; PC, wound post closure on d 36; a-
RECA 1, rat endothelial cell antigen I; PDGFR-p, platelet-derived growth factor-§
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Figure 5. Fentanyl stimulates nitric oxide signaling and cellular proliferation
(A) Intact skin removed to create wounds, wounds on day 20 and wound scars post-closure

were analyzed for NO concentration. *p=0.002 Vs. fentanyl treated wound; #p=0.007 Vs.
fentany! treated post-closure scar. Other p values are indicated above the bars. Each bar
shows the mean+SD from 4 separate experiments. (B) Representative images of 4 different
Western blots of wound scars on day 20 analyzed for i- and e-NOS, PCNA and B-Actin. (C-
E) Densitoimetric values of each protein band weighed against the respective 3 -Actin band
of the Western blotting in (B) are shown. Each bar represents mean+SD from 4 different
rat’s Western blots. P values are indicated above each set of bars. Abbreviations. NO, nitric
oxide; PBS, phosphate buffered saline; Fent, fentanyl; Wnd, wound scar 20 days post-
wounding; PC, wound scar post closure on day 36.
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Table 1

Changes in wound histology induced by topical fentanyl

Group  Histologic Epidermal Granulation Vasculature
score and dermal tissue

regeneration

PBS 1.2 Little Thin Altered angiogenesis (1-2 vessels per
epidermal and  granulation site). These vessels have a high degree of
dermal tissue edema, hemorrhage with occasional
regeneration congestion and thrombosis

Fentanyl 3.6 Complete Thick Newly formed capillaries (5-6 per site).
epidermal and  granulation There is moderate degree of
dermal tissue perivascular and interstitial edema with

regeneration

congestion. There is no thrombosis or
congestion. There is also the presence
of slight perivascular edema

Histological scores on a scale of 1-4, where 1 represents little epidermal organization/thin granulation and 4 represents complete dermal

organization/thick granulation.
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