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Abstract

Wound healing is a complex process that involves several biological events, and a delay in
this process may cause economic and social problems for the patient. The search continues
for new alternative treatments to aid healing, including the use of herbal medicines. Mem-
bers of the genus Caesalpinia are used in traditional medicine to treat wounds. The related
species Poincianella pluviosa (DC.) L.P. Queiroz increases the cell viability of keratinocytes
and fibroblasts and stimulates the proliferation of keratinocytes in vitro. The crude extract
(CE) from bark of P. pluviosa was evaluated in the wound-healing process in vivo, to vali-
date the traditional use and the in vitro activity. Standardized CE was incorporated into a gel
and applied on cutaneous wounds (TCEG) and compared with the formulation without CE
(Control) for 4, 7, 10, or 14 days of treatment. The effects of the CE on wound re-epitheliali-
zation; cell proliferation; permeation, using photoacoustic spectroscopy (PAS); and pro-
teins, including vascular endothelial growth factor (VEGF), superoxide dismutase 2 (SOD-
2) and cyclooxygenase 2 (COX-2) were evaluated. The TCEG stimulated the migration of
keratinocytes at day 4 and proliferation on the following days, with a high concentration of
cells in metaphase at 7 days. Type | collagen formed more rapidly in the TCEG. PAS
showed that the CE had permeated through the skin. TCEG stimulated VEGF at day 4 and
SOD-2 and COX-2 at day 7. The results suggest that the CE promoted the regulation of pro-
teins and helped to accelerate the processes involved in healing, promoting early angiogen-
esis. This led to an increase in the re-epithelialized surface, with significant mitotic activity.
Maturation of collagen fibers was also enhanced, which may affect the resistance of the
extracellular matrix. PAS indicated a correlation between the rate of diffusion and biological
events during the healing process. The CE from P. pluviosa appears promising as an aid in
healing.
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Introduction

The skin forms a barrier that protects the body against intentional or accidental damage such
as burns, cuts, abrasions or cutaneous ulcers, which can compromise its function [1,2]. These
types of damage are repaired in the wound-healing process, which is very complex and involves
several biological events, including vascular and cellular changes, epithelial proliferation, colla-
gen synthesis and deposition, fibroblast proliferation, and wound contraction. However, the
time required to complete these stages can change when wound healing is impaired or fails.
Nearly 6 million people worldwide are estimated to suffer from unhealed wounds [3].

The cells produce pro-inflammatory cytokines and reactive oxygen species (ROS) such as
the superoxide anion and hydrogen peroxide [4,5]. ROS are essential to protect the tissue
against microorganisms [5] and stimulate immune cells to release high levels of vascular endo-
thelial growth factor (VEGF) [6]. VEGF induces migration and proliferation of endothelial
cells [7]. A “respiratory burst” is caused by an excessive increase in ROS release [8]. Extensive
tissue damage including inhibition of cell migration and proliferation can occur if ROS are not
detoxified [9]. Superoxide dismutase (SOD), catalase, and some peroxidases are scavengers of
these reactive species. Hydrogen peroxide (H,O,) can be produced by the action of SOD on the
superoxide anion. In the endothelial cells, H,O, can stimulate the expression of cyclooxygenase
2 (COX-2) and metalloproteinases [10].

A delay in wound repair causes economic and social problems for the patient, raising con-
cerns regarding the reduction in quality of life, mental and physical health, and complications
that can cause morbidity and mortality [11]. Due to the high cost of treatment associated with
poor wound healing, the search for new drugs to accelerate the healing process has become a
priority. For this process to be effective, the wound must close rapidly. A normal healing pro-
cess should produce a resistant and esthetically satisfying scar [12]. In modern medicine, herbal
compounds are assuming an important role in tissue repair. Some reports have described the
effects of herbal drugs on wound healing [13,14]. In Brazil, several traditional medicinal plants
have been used and studied for their acceleration of wound healing [14,15], although many
species remain to be evaluated.

A member of the family Fabaceae, Poincianella pluviosa (DC.) L.P. Queiroz is popularly
known as "sibipiruna” or "false Brazilwood", and is also reported under its synonyms Caesalpi-
nia peltophoroides (Benth.), Caesalpinia pluviosa DC., and Caesalpinia pluviosa var. peltophor-
oides (Benth.) G.P. Lewis [3,16]. The bark has been investigated as an antimalarial [17] and for
its healing activity. Bueno et al. showed that a crude extract of P. pluviosa increased the in vitro
cell viability of keratinocytes (HaCaT), and fibroblasts (P)NHDEF), stimulated the proliferation
of keratinocytes and demonstrated the presence of hydrolyzable tannins in the active fraction
[16]. In traditional Indian medicine, members of the related genus Caesalpinia are used to treat
wounds and other injuries [18]. Caesalpinia contains about 500 species, and their compounds
have diverse biological activities [19]. Several species are used and/or have been evaluated for
their healing potential [20,21,22,23].

The present study evaluated the in vivo healing effect of a crude extract from the bark of P.
pluviosa on the process of wound re-epithelialization, antioxidant effects, angiogenesis, cell
proliferation, and permeation.

Materials and Methods
Plant material and crude extract (CE) preparation

Bark of P. pluviosa was collected on the campus of the Universidade Estadual de Maringa
(UEM), Maringd, Parang, Brazil (23°24'10"S; 51°56'28"W, 564 m a.s.1.). A voucher specimen
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was deposited in the UEM Herbarium under number HUEM-12492. The bark samples were
dried under forced-air circulation (40°C) and then milled in a Tigre ASN-5 stainless-steel ham-
mer mill. Milled bark of P. pluviosa (10% w/v) was extracted using 50% ethanol (v/v) by turbo-
extraction (Ultra-Turrax UTC 115KT, IKA, USA; 15 min; t <40°C). The crude extract (CE)
was concentrated in a rotary evaporator under reduced pressure and then lyophilized.

Antioxidant capacity and total polyphenol content

Antioxidant capacity was estimated based on the DPPH (2,2-diphenyl-1-picrylhydrazyl) radi-
cal-scavenging activity, according to the method described by Amarowicz et al., and the results
are presented as ICs, (ug/mL) [24]. Vitamin C was used as a reference (W.P., China, 100.0%).
The CE was standardized according to Bueno et al. [16,25], and the total polyphenol content
(TP) was determined using a modified Folin-Ciocalteu method [25].

Animal experimentation

Gel formulation. Two carbopol gel formulations with hydrophilic characteristics, a base
gel without CE (BG) and a CE gel containing 1% CE (CEG), were prepared as described by
Silva-Corazza et al. and stored at 4-8°C [26]. The formulations were prepared before the begin-
ning of the experiments, and were used during the entire treatment period.

Ethics statement and experimental animals. The study was approved by the Animal Eth-
ics Committee of the Universidade Estadual de Maringé (Permit number: 141/2010). Male Wis-
tar rats (Rattus norvegicus) weighing 220 to 240 g were kept in individual cages, on a 12-h
light/dark cycle, temperature 22°C, with water and chow (Nuvital) ad libitum. The animals
(n = 34) were divided into four groups, corresponding to 4, 7, 10, and 14 days of treatment.
Each group was evaluated by means of histological tests (n = 5), photoacoustic spectroscopy
measurements (n = 3), and the Western Blot test (n = 3; except at day 14).

The animals were anesthetized with 2% Rompum (Bayer, Sdo Paulo, Brazil)/10% Ketamine
Agener (Agener Unido, Sdo Paulo, Brazil) (1:1; 0.1 mL/100 g), positioned for a cervical epila-
tion, and two wounds (1 cm” each) were made side by side, by removing the epidermis and der-
mis. Beginning on the next day, each cutaneous wound was treated daily with base gel on the
right side (Control) and CEG on the left side (TCEG). After 4, 7, 10, or 14 days of treatment,
the animals were euthanized with an overdose of anesthetic (120 mg/kg Thiopentax, Cristalia,
Sao Paulo, Brazil). The cutaneous wounds were examined visually and then skin samples were
removed. In the histological test, 2 h before the animals were euthanized, vincristine sulfate
(0.5 mg/kg; Tecnocris 1 mg/mL, Zodiac, Sao Paulo, Brazil) was administered to block mitosis
in the epithelial cells.

Histological study. The skin samples taken at days 4 and 7 were cut in half. All samples
were Bouin-fixed, paraffin-embedded, and cut in semi-serial 6 um-thick sections. The slides
were stained with hematoxylin-eosin (HE) and Sirius red [27]. The re-epithelialization (length
and thickness) and number of metaphases were evaluated under an Olympus BX41 light
microscope with a 3.2 Megapixel Olympus Q-Color-3 Imaging System coupled to an image
capture system (Q-Capture Pro). Types I and III collagen fibers were quantified by the Picro-
Sirius technique under an optical microscope coupled to a polarizer (Attachment Nszh-KPO).
All slides were analyzed using Image Pro-Plus (v. 4.5).

Analyses of re-epithelialization. At days 4 and 7, the upper re-epithelialized surface was
measured on each side of the wound. The thickness was evaluated at days 10 and 14, by mea-
suring the re-epithelialized surface at three different points, starting from the center of the
wound. Three sections of each slide were analyzed, using a 10X objective. The number of cells
in mitosis was determined above the basal and supra-basal surface layers. Five sections of each
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slide, with a total length of 10,000 pm, were analyzed under a 40X objective. The results were
expressed in number of cells in metaphase/mm [28].

Collagen fibers. The natural birefringence of collagen, revealed with Picro-Sirius staining
and polarized light, allows the types of collagen to be differentiated by their density [27]. The
collagen-stained area was calculated by the density of the fibers. Green-stained fibers represent
type III collagen, and red-, orange- or yellow-stained fibers represent type I. Three fields were
analyzed on each slide, observed using a 20X objective. The results were expressed as percent-
age of fibers.

Analysis of protein by Western Blot. At days 4, 7, or 10, the wounds were removed, frag-
mented, and homogenized with Tris buffer (50 mmol/L, pH 6.8) containing the protease inhib-
itors PMSF (10 mg/mL) and aprotinin (2 mg/mL) [29]. The samples were placed in an
ultrasonic bath (3 x 15 s) and centrifuged at 4°C. Total protein (ug/mL) present in the superna-
tant of each sample was measured by the Bradford method [30], and then diluted in a solution
containing 1% SDS, 2% 2-mercaptanol, and 10% glycerol, and placed in boiling water for 5
min. Separation and packaging gels containing 10% and 4% polyacrylamide, respectively, and
molecular weight standards from 6.9 to 200 kDa (Mark12 Unstained Standard) were used.
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) is a constitutive protein and was used
as a loading control. After separation by electrophoresis in SDS-PAGE, the proteins were trans-
ferred to a nitrocellulose membrane and blocked with Tris buffer solution containing 0.2%
Tween-20 (TBST, pH 7.5), and 10% milk protein for 1 h. The membrane was incubated over-
night with rabbit monoclonal VEGF, COX-2, SOD-2, and GAPDH (1:250) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), and washed with TBST. The membrane was revealed
using a secondary antibody F(ab') 2 fragment of goat anti-mouse IgG (Santa Cruz Biotechnol-
ogy) conjugated to peroxidase (1:1000) for 1 h. The blot was incubated in a chemiluminescence
solution (Novex Chemiluminescent Substrates, Invitrogen) at room temperature, and was
autoradiographed with a ChemiDoc XRS System (Bio-Rad). Protein levels were analyzed by
densitometry (Image] 1.47) and normalized against the GAPDH response (100%).

Photoacoustic spectroscopy (PAS) measurements. PAS measurements were carried out
according to Rocha et al. [31]. The photoacoustic optical absorption spectra were measured
using the light modulation frequency at 22 Hz and scanned the wavelength between 200 and
800 nm. The gel was applied 30 min before the samples were collected and analyzed on the epi-
dermal and dermal surfaces. The absorptions of the CE, BG, and CEG were measured. Spectra
obtained on the dermal and epidermal surfaces were subtracted to better assess the skin
permeation.

Statistical analysis

The software Statistica 8.0 (StatSoft, Inc. 1984-2007) was used for the statistical analyses. Data
are expressed as meantstandard deviation (SD) using the Mann-Whitney test, a nonparamet-
ric analysis for Western Blot; and the Tukey test, a unilateral analysis of variance (one-way
ANOVA) for multiple comparisons. Significant differences were determined using p<0.05 as
the significance criterion.

Results

Antioxidant activity estimated by the DPPH method showed that the inhibitory concentration
(ICsp) was 7.4040.10 pg/mL for the CE and 4.36+0.08 pg/mL for vitamin C. The total polyphe-
nol content of the CE was 22.7%. The gel formulation was therefore standardized to 22.7 mg%
of total polyphenols. The amount of CE in the carbopol gel was optimized from previous stud-
ies with Stryphnodendron adstringens (barbatimao) [15]. Visual observation of TCEG showed
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A Control
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Fig 1. (A) Photographs of excisional wounds on day 2 of treatment: TCEG and Control; (B)
Photomicrographs of histological sections stained in hematoxylin-eosin: skin at days 4,7, 10, and 14
of TCEG and Control. The original magnification was 2x. (@) Representative re-epithelialized surface. (™)
500 um. TCEG: wound treated with gel containing 1% crude extract; Control: wound treated with base gel.

doi:10.1371/journal.pone.0149223.g001

no exudate, inflammation or bleeding on all days of treatment. However, on the second day a
rapid browning (darker cherry-red color) and drying crust were observed in the TCEG. In the
Control, the crust was less consistent and colored bright red (Fig 1A). These different colors
were observed until day 5.

Histological study

Fig 1B shows the re-epithelialized surface on the days of treatment. Fig 2A and 2B shows the
length (at days 4 and 7) and thickness (at days 10 and 14) of the re-epithelialization surface,
respectively. At day 4, the length of the re-epithelialized surface at the wound center was greater
in the TCEG. At days 10 and 14, the epidermal layer was thicker than that of the Control. At
day 7, the re-epithelialized surface peaked in the Control but was thinner than in the TCEG.
Statistical analysis showed significant differences (p<0.05) on all days in both treatments. In
the evaluation of mitotic activity (Fig 2C), at day 4 the TCEG and Control showed 25.0+0.46
and 12.0+0.22 cells in metaphase/10 mm, respectively. At day 7 this number doubled for the
treatments, resulting in 45% more cells in metaphase in the TCEG. At day 10, more cells in
metaphase were present in the Control, and at day 14 in the TCEG. The results of the treat-
ments were statistically different (p<0.05).

The percentage of type III (immature) collagen was higher at days 4 and 7 for the Control
(50.02+1.99 and 56.32+5.61, respectively) as well as for the TCEG (53.1449.56 and 52.23+3.69,
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Fig 2. (A) Length at days 4 and 7; (B) thickness at days 10 and 14 of the re-epithelialization surface. (C) Number of cells in metaphase/mm in basal and
supra-basal re-epithelialized surface at days 4, 7, 10, and 14. The results are expressed as meantstandard deviation. Values are means of 3 independent
experiments. Statistical data were used to compare the days of treatment between TCEG and Control (*p<0.05). (Jll) TCEG and (Jll) Control. TCEG: wound
treated with gel containing 1% crude extract; Control: wound treated with base gel.

doi:10.1371/journal.pone.0149223.9002

respectively). The percentage decreased on the succeeding days, due to replacement by type I
collagen (mature). However, at day 10 there was a significant difference (p<0.05) between
treatments, with 67% more type I collagen in the TCEG. At day 14 there was re-establishment
of the type I collagen in the Control. Fig 3A and 3B shows the collagen on all days of treatment.
At days 4, 7, and 10, type I collagen fibers were present in higher percentages (p<0.05) in the
TCEG compared to the Control (S1 Fig).
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Fig 3. Percentages of (A) type lll collagen (immature) and (B) type | collagen (mature) at days 4, 7, 10, and 14. The results are expressed as mean
tstandard deviation. Values are means of 3 independent experiments. Statistical data were used to compare the days of treatment between TCEG and
Control (*p<0.05). (l)) TCEG and (lll) Control. TCEG: wound treated with gel containing 1% crude extract; Control: wound treated with base gel.

doi:10.1371/journal.pone.0149223.g003

Analysis of protein by Western blot

The levels of SOD-2, VEGF, and COX-2 protein was detected at 24, 45, and 70 kDa (Fig 4A),
respectively. At day 4, no changes in the protein levels of SOD-2 and COX-2 were observed. In
TCEG, VEGF showed a significant (p<0.05) increase at 4 day and SOD-2 and COX-2 showed
significant (p<0.05) up-regulation at day 7. The proteins returned to basal levels after the max-

imum peak (Fig 4B).
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Fig 4. (A) Western blot analyses of COX-2, SOD-2, VEGF, and GAPDH protein at days 4, 7, and 10 of TCEG (T) and Control (C). (B) Measurement obtained
from the ratio between optical densities of protein bands from treatments and loading control (GAPDH). GAPDH was set to 100%. The results are expressed
as meanzstandard deviation. Values are means of 3 independent experiments. Statistical data were used to compare the days of treatment between TCEG
and Control (*p<0.05). TCEG: wound treated with gel containing 1% crude extract; Control: wound treated with base gel.

doi:10.1371/journal.pone.0149223.9004
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Photoacoustic spectroscopy (PAS) measurements

The results obtained from photoacoustic spectroscopy showed the spectra of BG and CEG (Fig
5A), where BG has no absorption in the spectral range of 250-450 nm. In Fig 5A-inset, from
the determination of Gaussian fit, absorption bands of P. pluviosa are shown considering the
main band at 290 nm. Fig 5B shows the spectra of the dermis treated with CEG, where all spec-
tra have absorption between 250 and 450 nm. Fig 5C shows the subtraction of TCEG dermal
spectra from the spectra for the Control dermis, and the presence of bands around 290 nm
compared to the band of the CEG. Fig 5C-inset shows the Gaussian fit adjustment of the CEG
contribution to the subtraction spectra. The area of this band at 290 nm provides an estimate
of the permeation during the healing process (Fig 5D).

Discussion

Seconds after an injury, hemostasis is triggered with hemorrhage into the wound. Instantly, a
blood clot is formed, serving as a physical barrier and producing chemotactic signals [11,32].
The fibrin clot acts as a temporary matrix for cell migration in the next wound-repair stages
[1,11]. In our experiment, during the first five days of TCEG, the clot was darker and more
consistent than in the Control. This feature can be explained by the presence of polyphenol
compounds (22.7%) in CE. Tannins, belonging to the polyphenol group, are able to precipitate
with proteins and form a dark crust that covers the wound. They have astringent, antioxidant,
and antimicrobial properties [33].

The proliferative phase begins with re-epithelialization involving the extracellular matrix and
collagen production [34]. Re-epithelialization closes the wound, reorganizing the cytoskeleton
through the migration and proliferation of keratinocytes from the wound edges [35]. As wound
closure progresses, epidermal re-epithelialization can be determined by the thickness (days 10 and
14) and length (days 4 and 7) of the re-epithelialization layer. At day 4, the TCEG showed intense
migration and proliferation of keratinocytes, and at day 7 the migration was inhibited and prolif-
eration was stimulated. At days 10 and 14. keratinocyte proliferation and differentiation were visi-
ble. Cellular proliferation is essential to form a dense hyperproliferative epithelium and restore
skin integrity [35]. In the Control, the keratinocyte migration was observed at days 4 and 7, and
keratinocyte proliferation at days 10 and 14. Interruption of mitosis at metaphase by the adminis-
tration of vincristine sulfate, which binds to tubulin and prevents microtubule formation [36], can
demonstrate cell proliferation in the TCEG. Mitosis in the TCEG remained high up to day 7,
while in the Control, mitosis peaked after day 10, about 3 days later. The results showed that
TCEG accelerated re-epithelialization compared to the Control. Values in the re-epithelialization
area (after 4 days) and for epidermal thickness (days 10 and 14) were always higher in the TCEG.

While re-epithelialization is proceeding, the extracellular matrix is being laid down. Granu-
lation tissue is the new stroma and consists of fibroblasts, collagen fibers, and new vessels.
Fibroblasts are responsible for producing collagen in the temporary extracellular matrix, which
is beginning to be replaced by a resistant elastic tissue [34]. At this stage of healing (days 4 and
7), larger amounts of type III (young) collagen were quickly replaced by type I (mature) colla-
gen fibers in the TCEG, with subsequent formation of stronger and less-vascularized tissue
[37]. The fibroblast response is related to the increased proliferation of this cell type in this
stage of healing [38]. The dermis at days 10 and 14 showed better-organized type I collagen
fibers than in the Control. During the fibroblast attachment and maturation, the process of
wound contraction reaches its maximum efficiency and the tensile strength may be increased.
The ratio of the re-epithelialized area, number of metaphases, and accelerated progression to
mature collagen fibers indicate a higher proliferative potential and resistance in wounds treated
with the gel containing the CE of P. pluviosa.
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Each stage of wound healing can be regulated by many bioactive compounds including
growth factors, cytokines, and eicosanoids. Prostaglandins (PGs), which are inflammatory
mediators, belong to the eicosanoid class. Arachidonic acid is converted by cyclooxygenase 1
and 2 (COX) into PGs [39]. The major PG is PGE,, which is formed by COX-2, and is involved
in keratinocyte proliferation [40], angiogenesis [41], and mediation of the inflammatory
response. [42] observed large amounts of COX-2 in the basal layer of wound epidermis and
also expressed in inflammatory cells. In this study, COX-2 was stimulated (p<0.05) by TCEG,
indicating a possible effect on inflammatory cells and keratinocyte proliferation. However,
VEGEF was stimulated by TCEG at day 4 and returned to basal levels, indicating that P. pluviosa
promoted angiogenesis. VEGF is the most important proangiogenic factor that increases with
initial hypoxia [43,44]. The epicatechin gallate, a phenolic compound, stimulated COX-2 and
VEGEF, improving wound healing in a rat model [45].

Another process that influences wound healing is the presence of large amounts of reactive
oxygen species (ROS), which are formed from oxide-reduction reactions during the processes
of energy production, phagocytosis, regulation of cell growth, synthesis of substances, and
intercellular signaling [46,47]. Free radicals produce numerous disorders, but can be eliminated
by antioxidants that are present in the crude extract, which facilitates the healing process [48].
The CE IC5, was similar to that of vitamin C; this activity is probably due to phenolic com-
pounds. Another possibility is the production of SOD-2 (day 7), the most common scavenger
of ROS found in the mitochondrial matrix [49].

The gel formulation for topical application was also evaluated for permeation of the CE of
P. pluviosa from the dermis to the bloodstream [50]. The PAS spectra were used to determine
the penetration profile of the substances through the skin. The resulting bands were evaluated
by Gaussian analysis on each day of treatment. The permeation profile was obtained by sub-
tracting the absorption spectrum obtained for the control dermis from the spectrum for the
treated dermis, giving the absorption profile for the CE only. As with sunscreens, the gel used
to treat skin wounds should have a minimum permeation to the bloodstream, performing its
effects in the skin layers [51]. The PAS technique allowed us to determine that the crude extract
was absorbed in the wound, showing that the formulation was appropriate to evaluate the
wound-healing treatment. The rates of drug diffusion in wounds are affected by the morpho-
logical evolution during the repair process, where the most important event for the re-estab-
lishment of skin integrity is re-epithelialization. At day 4, the increase in vascularity favored
the CE transport into the systemic circulation, as was observed with a propolis extract after 7
days of treatment [15]. Even with the remodeling of the number of blood vessels and the prolif-
eration and differentiation of keratinocytes, the amount of CEG increased until 10 days of
treatment. At 14 days, the wound contraction, epidermal reconstitution, and formation of col-
lagen fibers reduce the penetration rate in the skin to a low level [15].

Conclusion

Use of the formulation containing the crude extract of P. pluviosa stimulated the formation of
collagen fibers and re-epithelialization, indicating that it promotes the formation of more-orga-
nized tissue and accelerates wound healing. The up-regulation of proteins by the cells helped to
accelerate the processes involved in healing. Phenolic compounds with antioxidant activity
present in the CE had a positive effect, providing greater protection for the injured tissue by
inhibiting the oxidant agents produced in excess. Photoacoustic spectroscopy allowed us to
determine the spread of the formulation during the skin healing, showing a correlation between
the rate of diffusion and the biological events of the healing process. Therefore, the CE of P.
pluviosa, applied topically, proved to be a potent promoter of wound repair.
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Supporting Information

S1 Fig. Photomicrographs of histological sections stained with Sirius Red: type I collagen
(yellow/orange/red) and type III collagen (green) at days 10 and 14, for the TCEG and Con-
trol. The original magnification was 2x. (™) 500 um. TCEG: wound treated with gel con-
taining 1% crude extract; Control: wound treated with base gel.
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