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Abstract

Selecting an appropriate treatment for a given case of skin wound is crucial for
inducing optimal healing. We used an animal model developed from normal rabbit
ears in order to assess the efficacy of treatments for skin wounds with or without a wet
dressing, anti microbial reagent or topical wound-stimulatory reagents. The degree of

healing in each group was evaluated and compared using four histological parameters:
(i) degree of reepithelialisation, (ii) amount of granulation tissue formation, and (iii)
the number of capillary lumens and (iv) fibroblasts in the granulation tissue. Treatment
using wet dressings resulted in an increase in capillary number compared with the
open dry wound. Although the retention of povidone-iodine (PI) in wound tissue
after application significantly inhibited reepithelialisation (P < 0-05), rinsing PI off
with saline was comparable in effect to using only a wet dressing. The three topical
reagents, namely, basic fibroblast growth factor, prostaglandin E1 and dibutyryl cyclic
adenosine monophosphate, significantly improved reepithelialisation (P < 0-05). In
conclusion, wounds should be kept hydrated by applying topical reagents. If there
are any signs of bacterial infection, PI can be applied and rinsed later with saline in
order to minimise its cytotoxic effects.

doi: 10.1111/1.1742-481X.2012.01016.x

Introduction name, U-PASTA® (Kowa Company Ltd, Nagoya, Japan) and
is reportedly clinically effective in promoting rapid healing of

Wound healing occurs in three phases: inflammation, granula- A . o
wounds and reducing bacterial contamination (7,8).

tion tissue and matrix formation and remodelling (1). Select-
ing an appropriate treatment for a given case of skin wound is
crucial for inducing optimal healing. It is commonly observed,
for instance, that skin wounds heal faster in a hydrated envi-
ronment than in a dry one (2,3).

Povidone-iodine (PI), a compound of iodine and polyvinyl-
pyrrolidone, is a common anti microbial agent (4) and has
been used as a surgical scrub or a skin cleanser in various
forms. Although PI has a strong anti microbial effect, the use
of PI as a topical agent was limited because of its cytotox-
icity (5). Tissue damage due to anti microbial agents should
be minimised unless there is no recourse because of severe
bacterial infection. Sugar and related products from various
natural sources have been used to promote wound healing
to good effect (6). A paste consisting of 70% sugar and 3%
PI(SP) is commercially available in Japan under the brand

Key Messages

e it is commonly known that skin wounds heal faster in
a hydrated environment than in a dry one

e although povidone-iodine (PI) has a strong anti micro-
bial effect, the use of PI as a topical agent was limited
because of its cytotoxicity

e basic fibroblast growth factor (bFGF), prostaglandin E1
(PGE1) and dibutyryl cyclic adenosine monophosphate
(DBcAMP) are effective topical reagents for treating
skin wounds

e we used an animal model prepared with normal rabbit
ears in order to assess the efficacy of treatments
for skin wounds with or without a wet dressing,
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anti microbial reagent or topical reagent, and analysed
the histopathology of these wounds quantitatively

e treatment using wet dressings resulted in an increase in
the number of capillaries compared with the open dry
wound

e although the retention of PI in wound tissue after appli-
cation significantly inhibited reepithelialisation (P <
0-05), rinsing PI off with saline after application was
comparable in effect to using only a wet dressing

e there was no significant difference among the effects of
the five vehicles

o the three topical reagents, namely, bFGF, PGE1l and
DBCcAMP, significantly improved reepithelialisation
(P < 0:05)

e skin ulcers can be caused by various aetiological fac-
tors such as bacterial infection, ischaemia and malnutri-
tion; nonetheless, the results of this study afford some
insights into the healing process in complicated skin
ulcers as well

o the moist or wet healing environment resulted in less
necrosis and faster and better quality of healing in the
formation of newly regenerated epidermis

e in developing countries, most patients with chronic
ulcers are not treated with moist wound dressings
because of their high cost and physicians’ traditional
management of wounds

e although PI is a commonly used, effective anti microbial
agent, the toxicity of PI to fibroblasts is well known, and
these adverse effects can be minimised by rinsing with
saline

e bFGF, PGE1 and DBcAMP are commercially available
only in Japan although they are highly effective in
accelerating wound healing, and we expect that they
will eventually be used globally for the various types
of skin wounds such as pressure ulcers, venous ulcers,
diabetic skin ulcers and burns

Application of basic fibroblast growth factor (bFGF) accel-
erated wound healing in both a diabetic mouse model (9) and
clinical cases (10). Prostaglandin E1 (PGE1) (11) and dibu-
tyryl cyclic adenosine monophosphate (DBcAMP) (12) are
also effective topical reagents for skin wounds. These three
reagents are commercially available and widely used in Japan
in spray or ointment form to treat skin wounds.

In this study, we used an animal model prepared from
normal rabbit ears in order to assess the efficacy of treatments
for skin wounds with or without a wet dressing, anti-microbial
reagent or topical reagents, and analysed the histopathology
of these wounds quantitatively.

Materials and methods

Reagents

PI (10%) was purchased from Meiji Co., Ltd (Tokyo, Japan).
The SP paste, consisting of 70% sugar and 3% PI (US
patent 4844898, U-PASTA®), was manufactured by Kowa
Company Ltd. It contains a water-soluble base including
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polyethylene glycol 400, glycerin and water, in addition to
sugar and PI. For the bFGF spray, Fibrast®spray (Trafer-
min), purchased from Kaken Pharmaceutical Co., Ltd (Tokyo,
Japan), was used. For the PGE1 ointment, Prostandin® oint-
ment (Alprostadil alfadex), purchased from Ono Pharmaceu-
tical Co., Ltd (Osaka, Japan), was used. For the DBcAMP
ointment, Actosin® ointment (Bucladesine sodium), purchased
from Maruho Co., Ltd (Osaka, Japan), was used.

Animals and wounding

The wound design and sampling for histological assessment
were conducted according to our previously reported meth-
ods (13). Normal female rabbits (Jla:JW, 2.5 kg, 8 week old)
were purchased from Saitama Experimental Animals Supply
Co., Ltd (Sugito, Japan). All rabbits were housed individually
and maintained on a standard laboratory diet and received
water ad libitum. They were anaesthetised with sodium pen-
tobarbital solution (Dainippon Sumitomo Pharma Co., Ltd,
Osaka, Japan 25 mg/kg, injected into the femoral muscle)
and with 3 ml of intravenous ketamine hydrochloride (Daiichi
Sankyo Co., Ltd, Tokyo, Japan). Four round, full-thickness
wounds were prepared on the inner surface of each ear using
a punch biopsy instrument (6-mm diameter; Nipro Medi-
cal Industries Co., Ltd, Tatebayashi, Japan) (Figure 1). The
wounds, treated with or without the reagents, were cov-
ered either with a sterilised transparent dressing (Cathereep;
Nichiban Co., Tokyo, Japan) or with a cotton gauze, or were
kept open according to the experimental protocol. Later, each
ear was covered with a gauze and bandage; 0-1 ml of PI was
applied to the wounds and allowed to remain for 3 minutes.
The wounds were rinsed with 2 ml of saline forced through
a syringe (2-5 ml). Then the saline was removed from the
wound by gently pressing cotton gauze onto the wound sur-
face. The PI was removed using cotton gauze in the same way
in which the saline was removed after an incubation period of
3 minutes. The reagent was applied to the wounds and then
removed by rinsing with saline every other day over 7 days,
for a total of four times. Four wounds on the right ear were
treated using the same procedure, whereas the wounds on the
left ear were treated using a different procedure. The same

Figure 1 Wounding of the rabbit ear skin. Four round, full-thickness
wounds, 6 mm in diameter, were prepared on the inner surface of the
rabbit ear.
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experiment was performed twice, so that there were a total of
16 wounds for each treatment. The rabbits were anaesthetised
with sodium pentobarbital solution (Dainippon Sumitomo
Pharma Co., Ltd) and sacrificed by cervical dislocation on day
7. The wounds were excised and fixed in 10% buffered for-
malin solution. All studies were approved by the Animal Care
Committee of the Tokyo Medical University animal facility.

Experimental design

Four assessment categories were formed in order to determine
the effect of various treatment procedures on wound healing
in an animal model consisting of normal rabbit ears.

Effect of dressing and rinsing on wound healing

Four procedures for inducing wound healing were compared.
Group 1: wounds kept open for 7 days; group 2: wounds
covered with sterilised transparent dressing; group 3: wounds
covered with sterilised transparent dressing and rinsed with
saline; and group 4: wounds covered with sterilised dry cotton
gauze and rinsed with saline.

Effect of the application of PI

The five procedures for the treatment of wounds covered
with sterilised transparent dressing were compared. Group 1:
wounds occluded for 7 days without application of PI; group
2: PI previously applied to wounds allowed to remain; group
3: PI applied to wounds and later rinsed oft with saline; group
4: PI applied to wounds and later removed with cotton gauze;
and group 5: SP applied to wounds.

Effect of the application of various vehicles on wounds

The wounds were filled with the following vehicles and
then covered with a sterilised transparent dressing. Group
1: wounds occluded for 7 days without application of any
vehicle; group 2: wounds filled using white petrolatum; group
3: wounds filled with plastibase; group 4: wounds filled with a
cream base; group 5: wounds filled with polyethylene glycol;
and group 6: wounds filled with sugar.

Assessment of topical reagents for skin wounds

The effects of the three topical reagents for skin wounds,
namely, bFGF spray, PGEI ointment and DBcAMP ointment,
were compared with the negative control. Group 1 (control
group): wounds occluded for 7 days with sterilised transparent
dressing; group 2: wounds treated with bFGF spray; group 3:
wounds treated with PGE1 ointment; and group 4, wounds
treated with DBcAMP.

Histological evaluation

After overnight fixation, the tissue was trimmed and cut
through at the widest margin, then embedded in paraffin and
sliced into 5-um sections. The sections were made perpen-
dicular to the proximal—distal axis of the ear and the wound
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surface. Three sections were placed on a slide and stained
with haematoxylin and eosin. Specimens that showed signs of
bacterial infection or were excised improperly were excluded
from the analyses. The sections with the widest original wound
margin were used for assessment. The samples were assessed
according to the following parameters: degree of reepithelial-
isation, area of granulation tissue, number of capillaries and
number of fibroblasts in the dermis. Each of the parameters
was assigned a numerical score, as described below.

Reepithelialisation

The degree of reepithelialisation was measured by comput-
erised morphometric analysis (IPAP WIN; Sumika Technose-
vice Co., Ltd, Takarazuka, Japan) and was given a percentage
value, 0% being equivalent to no closure and 100% equivalent
to complete wound closure.

Area of granulation tissue

The amount of granulation tissue was quantified by measuring
the area of granulation tissue (mm?) in the section perpendic-
ular to the surface of the wound. Granulation tissue was traced
by computerised morphometric analysis (IPAP WIN).

Capillary number

The number of capillary lumens in the granulation tissue was
counted in the complete wound cross section at 100x magni-
fication.

Fibroblast number

The number of fibroblasts in the granulation tissue was
counted in the complete wound cross section at 100x magni-
fication.

Statistical analysis

In order to compare the effects of the treatments using (1) wet
dressing or vehicles, and (2) PI with or without washing or
as a SP paste, the data obtained were analysed by analysis
of variance (ANOVA) and the Tukey—Kramer test using
statistical software Stat View 5-0 (Abacus Concepts Inc.,
Piscataway, NJ). To assess the effects of the topical reagents
on the skin ulcers, namely, bFGF spray, PGEl ointment
and DBcAMP ointment, the data obtained were analysed by
unpaired Student’s ¢-test and compared with the negative
controls using Stat View 5-0 (Abacus Concepts Inc.). The
results were expressed as mean =+ standard error of the mean.

Results

Effect of dressing and rinsing on wound healing

The four procedures for inducing wound healing were com-
pared. In group 1, wounds were kept open for 7 days; in group
2, wounds were covered with a sterilised transparent dressing;
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Figure 2 Effects of dressing and rinsing on wound healing.
(A) Reepithelialisation; (B) capillary number. Lane 1: wounds open for
7 days, n=29; lane 2: covered wounds with sterilised transparent
dressing, n=14; lane 3: covered wounds with sterilised transpar-
ent dressing and rinsed with saline, n= 14; lane 4: covered wounds
with sterilised dry cotton gauze and rinsed with saline, n=10. *P <
0-05. The data obtained were analysed by analysis of variance and the
Tukey—Kramer test. Each bar represents mean =+ standard error of the
mean. (C) Representative histopathology of open and closed wounds
on day 7. Group 1: an open wound; group 2: a covered wound with
sterilised transparent dressing. Arrow heads indicate the original wound
edges (haematoxylin and eosin staining, scale bar: 500 um).

in group 3, wounds were covered with a sterilised transparent
dressing and rinsed with saline; and in group 4, wounds were
covered with sterilised dry cotton gauze and rinsed with saline.
Each group comprised of 16 wounds. Rinsing of the wounds
with sterilised saline was performed every other day, over
7 days for a total of four times. The rabbits were sacrificed on
day 7. There was no significant difference in reepithelialisation
(Figure 2A) among the four groups (P = 0-06 by ANOVA).
In comparison with the other procedures, covering with a dry
gauze delayed reepithelialisation, although not to a statistically
significant degree. Dry gauzes always adhered to the wound
surface when the treatments were performed every other day.
Closed wounds (group 2) showed significant increases in cap-
illary number (P < 0-05 by Tukey—Kramer test) compared
with open wounds (group 1) (Figure 2B). There was no sta-
tistically significant difference among the four groups in terms
of the area of granulation tissue and fibroblast number (data
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not shown; P = 0-70, 0-69 by ANOVA, respectively). Repre-
sentative histopathological images of open wounds (group 1)
and closed wounds (group 2) on day 7 are shown in Figure 2C.
Reepithelialisation was complete in both open and closed
wounds, whereas synthesis of capillaries in granulation tissue
was noticeable in the closed wounds.

Influence of the application of Pl

The five procedures for the treatment of wounds covered with
sterilised transparent dressing were compared. In group 1,
wounds were closed for 7 days without application of PI; in
group 2, PI applied to the wounds was allowed to remain; in
group 3, PI was applied to the wounds and later rinsed off
with saline; in group 4, PI was applied to the wounds and
later removed with a cotton gauze; and in group 5, SP was
applied to the wounds. Each group comprised of 16 wounds.
Application of PI or SP was performed every other day over
7 days for a total of four times. The rabbits were sacrificed
on day 7. The retention of PI in the wounds in group 2
significantly inhibited reepithelialisation (P < 0-05) compared
with the wounds in group 3, in which the PI was removed after
application using saline. There was no significant difference
between rinsed wounds (group 3) and non-treated wounds
(group 1) (Figure 3A). The number of capillary lumens in
group 1 was significantly higher (P < 0-05) compared with
the other groups (groups 2, 3 and 5), in which the wounds
were treated using PI (Figure 3B). There was no significant
difference in the area of granulation tissue and fibroblast
number (P = 0-39 and 0-19 by ANOVA, respectively; data not
shown). The representative histopathology of wounds in which
PI was either retained or removed by rinsing (groups 2 and 3,
respectively) on day 7 is presented in Figure 3C. Retention of
PI delayed reepithelialisation, whereas removal of PI did not
and led to complete reepithelialisation.

Effect of the application of various vehicles on wounds

The wounds were filled with the following vehicles and
then covered with a sterilised transparent dressing. In group
1, wounds were closed for 7 days without application of
any vehicle; wounds in group 2 were filled using white
petrolatum; in group 3, plastibase; in group 4, a cream
base; in group 5, polyethylene glycol and in group 6, sugar.
Application of each vehicle was performed every other day
for a total of four times. The rabbits were sacrificed on day
7. There was no statistical difference in reepithelialisation
(Figure 4) among the six groups (P = 0-25 by ANOVA)
although reepithelialisation was most extensive after the
application of white petrolatum. There was also no significant
difference in the area of granulation tissue, capillary number
or fibroblast number among the six groups (P = 0-12, 0-13
and 0-38 by ANOVA, respectively) although the area of
granulation tissue and the number of capillaries were greatest
following the application of polyethylene glycol, and the
number of fibroblasts was greatest when the wounds were
covered only with a sterilised, transparent dressing (data not
shown).
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Figure 3 Effect of the application of povidone-iodine (PI).
(A) Reepithelialisation; (B) capillary number. Lane 1: without application
of Pl, n=13; lane 2: retention of Pl, n = 12; lane 3: rinsing the Pl off with
saline after application, n = 15; lane 4: wiping the Pl off with gauze after
application, n= 11; lane 5: application of SP (a paste comprising 70%
sugar and 3% PI), n=15. *P < 0-05. The data obtained were analysed
by analysis of variance and the Tukey—Kramer test. Each bar represents
mean =+ standard error of the mean. (C) Representative histopathology
of wounds applied with Pl on day 7. Group 2: a wound retaining PI; group
3: a wound following removal of Pl using saline. Arrow heads indicate
the original wound edges (haematoxylin and eosin staining, scale bar:
500 pum).
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Figure 4 Effect of the application of various vehicles on wounds.
Lane 1: wounds occluded for 7 days without application of vehicles;
lane 2: vaseline application; lane 3: plastibase application; lane 4:
cream application; lane 5: polyethylene glycol application; lane 6: sugar
application. The data obtained were analysed by analysis of variance
(P = 0-25). Each bar represents mean =+ standard error of the mean.

Assessment of topical reagents for skin wounds

The effects of the three topical reagents namely, bFGF spray,
PGEI ointment and DBcAMP ointment on skin wounds were
compared with the negative control. Each reagent was applied
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to a wound, which was then occluded for 7 days with a ster-
ilised transparent dressing. In group 1 (control group), the
wounds were occluded for 7 days with a sterilised transpar-
ent dressing; in group 2, the wounds were treated with bFGF
spray; in group 3, the wounds were treated with PGE1 oint-
ment and in group 4, the wounds were treated with DBcAMP.
Each group comprised of 16 wounds. Application of the
reagents was performed every other day for a total of four
times, and the rabbits were sacrificed on day 7. Application of
bFGF, PGEI and DBcAMP significantly increased reepithe-
lialisation (P < 0-05, 0-01 and 0-05, respectively, by Student’s
unpaired 7-test) compared with the control group (Figure 5A).
Application of bFGF significantly increased the area of gran-
ulation tissue (P < 0-05 by Student’s unpaired ¢-test) com-
pared with the control group (Figure 5B), whereas application
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Figure 5 Assessment of topical reagents for skin wounds.
(A) Reepithelialization; (B) area of granulation tissue. Lane 1: control
(dressing only), n=11; lane 2: application of basic fibroblast growth
factor (bFGF) spray, n=14; lane 3: application of prostaglandin E1
(PGE1T) ointment, n=12; lane 4: application of dibutyryl cyclic adeno-
sine monophosphate ointment, n=11. *P < 0.05, **P < 0-01. The
data obtained were analysed by unpaired Student's t-test. Each bar
represents mean =+ standard error of the mean. (C) Representative
histopathology of wounds applied with topical reagents. Group 2: a
wound treated with bFGF spray; group 3: a wound treated with PGE1
ointment. Arrow heads indicate the original wound edges (haematoxylin
and eosin staining, scale bar: 500 um).
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of PGE1 and DBcAMP did not. There was no significant
difference in terms of the number of capillaries or fibrob-
lasts between each reagent group and the control (data not
shown). The representative histopathology of wounds treated
with bFGF and PGEI1 (groups 2 and 3, respectively) on day 7
is presented in Figure 5C. Reepithelialisation was complete in
both wounds, and granulation tissue had increased remarkably
after the application of bFGF.

Discussion

In this study, we showed that treatment using wet dressings
and various vehicles resulted in progressive reepithelialisation
and increased granulation tissue formation, compared with the
open, dry wound. Although the retention of PI in wound tis-
sue after application significantly inhibited reepithelialisation,
removal of PI using saline after application was comparable
in effect to using only the wet dressing. The three topical
reagents produced significant improvement in reepithelialisa-
tion, and bFGF increased the amount of granulation tissue.
Because we employed an excisional wound model using the
ears of normal rabbits, the results obtained in this study reflect
normal wound healing. Skin ulcers, on the other hand, can be
caused by various aetiological factors such as bacterial infec-
tion, ischaemia and malnutrition. Nonetheless, the results of
this study afford some insights into the healing process of
complicated skin ulcers as well.

Since the 1950s, it has commonly been observed that
occlusive dressing accelerates wound closure although dry
treatment of wounds has one advantage: it reduces the
incidence of certain Gram-negative infections (14). The moist
or wet healing environment resulted in less necrosis and
faster and better quality of healing in the formation of
newly regenerated epidermis (15), and showed a more rapid
progression towards healthy levels of vascularisation than dry
wounds (16). Unfortunately, in developing countries, most
patients with chronic ulcers are not treated with moist wound
dressings because of their high cost and physicians’ traditional
management of wounds (17). Another crucial problem in the
treatment of wounds is the cytotoxicity of PI. Various studies
have provided evidence showing that in most instances, PI
failed to effectively promote optimal wound healing. Most
studies showed impaired wound healing (4). Our opinion
that these negative findings regarding the application of PI
to wounds need to be balanced by the recognition of the
usefulness of PI led us to undertake this study.

Although PI is a commonly used, effective anti microbial
agent (4), its toxicity to fibroblasts is well known, as stated
above, causing progressive retardation at concentrations of
0-01% and 0-025%, and complete inhibition at 0-1% and
1%, in solution (18). Reepithelialisation of wounds treated
with PI was delayed on the dorsum of ears in male hair-
less mouse (19). It was also shown that application of PI
decreased the blood flow in the capillary circulation of the
granulation tissue by using a laser Doppler flow meter in
rabbit ear chambers (20). However, in this study we showed
that these adverse effects can be minimised by rinsing with
saline. Furthermore, the ameliorative effects of SP paste on
wound healing have been shown in an animal model in our
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previous in vivo study. Application of SP significantly accel-
erated reepithelialisation and decreased the colony-forming
units of methicillin-resistant Staphylococcus aureus (MRSA)
in MRSA-infected wounds, compared with the non-treated
group, in a study of the wound healing process using a
bacterial infection model with diabetic db/db mice (6). In
Europe and North America, as well as Japan, Cadexomer-
iodine, a commercially available ointment that releases iodine
slowly from beads of dextrin and epichlorohydrin, is com-
monly used in treatments. This preparation is an effective
debridement and antiseptic agent for treating chronic, exuda-
tive wounds (21-23), because it removes necrotic tissue, bac-
terial components and biofilm synthesised by bacteria (24,25),
and stimulates epidermal regeneration (26).

In a comparison of the five vehicle groups and the groups
using only sterilised transparent dressings in this study,
white petrolatum was clearly conducive to reepithelialisation,
polyethylene glycol to increasing the area of granulation tissue
and capillary formation and the sterilised transparent dressing
to increasing fibroblast count. However, there was no sta-
tistical difference in these benefits, which suggests that the
chemical reagents used for wound healing can be mixed with
any of these vehicles provided that they form a chemically
stable combination. In clinical practice, bFGF is sprayed on
wounds and can be covered with any vehicle according to the
manufacturer’s protocol (Fibrast® spray; Kaken Pharmaceuti-
cal Co., Ltd). The commercially available vehicles of choice
for PGE1 ointment (Prostandin® ointment; Ono Pharmaceu-
tical Co., Ltd) and DBcAMP ointment (Actosin® ointment;
Maruho Co., Ltd) are white petrolatum and polyethylene gly-
col, respectively.

bFGF stimulated the migration of cultured keratinocytes
(27) and accelerated wound healing in a diabetic mouse
model (9) and in pressure ulcers (10). PGE1 increased the
intracellular cyclic AMP and reduced platelet aggrega-
tion (28,29) and was also found to increase tissue blood flow
in an animal model (30). Furthermore, intravenous adminis-
tration of PGE1 was effective in treating venous ulcers (31),
diabetic skin ulcers (32) and skin ulcers stemming from col-
lagen diseases (33). PGE1 ointment was effective in treating
patients with incurable peripheral ischaemic ulcers (34) and
burn patients presenting rapid epithelialisation (11). DBcAMP
stimulated the growth of keratinocytes and fibroblasts by
inducing secretion of several cytokines (35,36), and its top-
ical application resulted in significant acceleration of wound
healing in an animal model (12). Clinical study of this oint-
ment has also shown its benefits in the treatment of pressure
ulcers (37). Although these reagents are commercially avail-
able in Japan only, they are effective and useful for accel-
erating wound healing as we have shown in this study. We
expect that they will be used globally for various types of skin
wounds such as pressure ulcers, venous ulcers, diabetic skin
ulcers and burns.
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