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Magalhães Nunesa, Ailma Oliveira da Paixãoa, Reinaldo Belo Netoa, Sidnei Mourab

Ricardo Luiz Cavalcanti Albuquerque Juniora,c, Edna Aragão Farias Cândidoa,c, Francine Ferreira Padilhaa,c,
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ABSTRACT
Context: Peripheral axon injury and degeneration are often mediated by oxidative stress and
inflammation. The hydroalcoholic extract of the red propolis (HERP) has attracted great attention
because of its antioxidant and anti-inflammatory activities.
Objective: The objective of this work is to study the effect of HERP on nerve repair and functional
recovery after sciatic nerve injury (SNI) in rats.
Materials and methods: The chemical markers in HERP were identified using high-resolution mass
spectroscopy. After axonotmesis of sciatic nerve, ibuprofen (IBP) and HERP treatments were orally
administered for 28 d. Behavioural tests were performed weekly after SNI. The myelinated axon
number was counted using morphometric analysis.
Results: The compounds found in HERP were pinocembrin, formononetin, vestitol, and biochanin A.
The animals that underwent SNI showed a significant decrease in motor function based on the
Basso, Beattie and Bresnahan scale and sciatic functional index compared with sham animals until 7
d after the surgery (p50.05). After 14 and 21 d, the SNI groups treated with either HERP or IBP
showed significant improvement (p50.01), and the SNI group treated with HERP 10 mg/kg showed
accelerated motor recovery compared with the other groups (p50.01). SNI caused also a reduction
in the myelinated axon counts, and treatment with HERP 10 mg/kg induced a significant increase in
the number of myelinated fibres compared with all other groups.
Conclusion: HERP promoted regenerative responses and accelerated functional recovery after
sciatic nerve crush. Thus, it can be considered to be a new strategy or complementary therapy for
treating nerve injuries.
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Introduction

Peripheral nerve injury (PNI) is a very common
neurological problem (Bobinski et al. 2011). Because
the current array of anti-inflammatory drugs used in
PNI exhibits a wide spectrum of adverse effects and/or
ineffectiveness, the investigation of new alternatives is
ongoing (Ortega-Álvaro et al. 2012).

During the last decade, studies that used natural
products showed positive results with regard to the
improvement of neuroregeneration after PNI (Jang et al.
2012). For example, it was demonstrated that the
epimedium extract facilitated the regeneration of per-
ipheral nerves and coordinated their growth (Kou et al.
2013). Furthermore, the Butea monosperma (L.) Taub.
(Fabaceae) extract promoted behavioural, biochemical,

and histological changes in animals with sciatic nerve
injuries. These results were mainly attributed to the
antioxidant and anti-inflammatory properties of the
extracts (Thiagarajan et al. 2002). Thus, the use of
natural products as pharmacological agents appears to be
a promising approach for modulating local inflammation
and avoiding secondary damage, which may improve the
regeneration process (Tamaddonfard et al. 2013).

Propolis, also termed bee glue, is an important bee
product with great potential as a medicine because of its
numerous pharmacological activities (Cinegaglia et al.
2012). The red propolis is a new Brazilian variety, which
is rich in antioxidant compounds including phenolics,
flavonoids, naphthoquinones, and others (Righi et al.
2011; Morsy et al. 2013). Its botanical origin was
described to be Dalbergia ecastophyllum (L) Taub.
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(Fabaceae) (López et al. 2014). Extracts from the red
propolis have been shown to demonstrate several
biological activities including cytotoxic activity against
tumour cells (Awale et al. 2008) and antimicrobial and
antioxidant properties (Righi et al. 2011). Recently,
our group demonstrated that the hydroethanolic
extract of the red propolis (HERP) exhibited healing
(Albuquerque-Júnior et al. 2009; Almeida et al. 2013;
Souza et al. 2013) and antitumoural (Frozza et al. 2013)
activities.

Based on its chemical composition, and considering
its activities as a potent anti-inflammatory and antioxi-
dant compound (Tufek et al. 2013), we hypothesized that
the administration of HERP could improve the neuror-
egeneration process after sciatic nerve constriction
injury. Thus, the aims of this study were to evaluate
the functional recovery, inflammatory profile, and mor-
phological changes in nerve tissue after sciatic nerve
injury (SNI) in rats treated with HERP.

Materials and methods

Hydroalcoholic extract of red propolis

Propolis was collected at Brejo Grande/Sergipe/Brazil
(10�2802500S and 36�26012 00W) in October 2011. The
extraction was performed using propolis samples (1 g)
and 70% ethanol (12.5 mL) at room temperature for 1 h
in an ultrasound bath. After extraction, the mixture was
filtered, and the solvent was evaporated to produce
HERP.

High-resolution mass spectrometry (HRMS)

The dry extract was dissolved in a solution of 50% (v/v)
chromatographic grade acetonitrile (Tedia, Fairfield,
OH), 50% (v/v) deionized water, and 0.1% ammonia
hydroxide for negative-ion mode electrospray ionization
mass spectrometry [ESI(�)-MS]. The solution was
infused directly into the ESI source by means of a
syringe pump (Harvard Apparatus, Warner Instruments,
Hamden, CT) at a flow rate of 10 mL min�1. ESI(–)-MS
and tandem were acquired using a hybrid high-reso-
lution and high accuracy (5mL/L) microTOF-QII (Q-
TOF) mass spectrometer (Bruker Scientific, Billerica,
MA). Capillary and cone voltages were set to +3500 V
and +40 V, respectively, with a de-solvation temperature
of 100 �C. Diagnostic ions in the crude extract were
characterized by comparison of their exact mass (m/z)
with compounds identified in previous studies. Hystar
software (Bruker Scientific, Billerica, MA) was used for
data acquisition and processing. The data were collected
in the m/z range of 70–900 at a speed of two scans per

second, providing a resolution of 50 000 (FWHM) at m/z
200. No relevant ions were observed below m/z 120 or
above m/z 500.

Biological assay

Animals

Male Wistar rats weighing 200–300 g were kept in a
temperature-controlled room (23 �C ± 2 �C), with a 12 h
light/dark cycle. Food and water were provided ad
libitum. The experiments were conducted according to
the Ethical Principles in Animal Research adopted by the
Brazilian College of Animal Experimentation. This study
was approved by the local ethics committee for animal
research under the protocol number 011213.

SNI

Rats were anesthetized with a mixture of xylazine
(14 mg/kg) and ketamine (100 mg/kg) administered
intraperitoneally. For the SNI, a 2 cm surgical incision
was made, the left sciatic nerve was exposed, and four
clampings of 20 s each were made at 5 mm before
anatomical bifurcation with a haemostatic clamp. In the
sham group, the left nerve was exposed without nerve
crush. Subsequently, the incision was sutured.

Experimental groups

A total of 36 rats were used in the study. The animals
were randomly divided into six groups (n¼ 6 per group).
The control groups were sham operated and received
vehicle (2% Tween 80 in saline solution; Sham/vehicle)
or the highest dosage of HERP (10 mg/kg; Sham/
HERP10). The groups with lesions were orally treated
with vehicle (SNI/vehicle), HERP 1 mg/kg (SNI/HERP1),
HERP 10 mg/kg (SNI/HERP10), or ibuprofen 60 mg/kg
(SNI/IBP). All animals received their respective treat-
ments once a day for 28 consecutive days.

Behavioural evaluation

All tests were performed on the 1st, 7th, 14th, 21st, and
28th days. A baseline performance assessment was taken
1 d before surgeries. All experiments were performed
using blind methodology.

Basso, Beattie, and Bresnahan (BBB) test

Functional recovery was assessed using the BBB loco-
motor rating scale (Basso et al. 1995). Scores of 0 and 21
were given when there were no spontaneous movements
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and normal movements, respectively. A score of 20
represents full weight support and complete limb
coordination, whereas zero represents the absence of
movements. The animals were observed and assessed
over a 6 min exposure to an open area (transparent box
70 cm� 40 cm, height 20 cm). BBB scores were recorded
once before the surgery (pre-test) to establish a baseline
control and weekly after the surgery.

Sciatic function index (SFI)

The walking track analysis was performed weekly after
surgery to evaluate motor function recovery after
treatments. Pre-operatively, the rats were trained to
walk down a wooden track (70 cm� 10 cm) into a
darkened goal box. The rats’ hind paws were painted
with non-toxic finger paint, and any changes in their
paw prints that resulted from nerve injury were
recorded. The recordings continued until six measurable
footprints were collected. A formula used for SFI (Bain
et al. 1989) considered the print length as the distance
from the heel to the top of the third toe, intermediary toe
spread as the distance from the second toe to the fourth
toe, and toe spread as the distance between the first toe
and the fifth toe, from the operated and non-operated
foot. The SFI is an indicator of the degree of nerve
dysfunction and varies from 0 to�100 with 0 corres-
ponding to normal function and�100 corresponding to
complete dysfunction.

Beam walk performance

The functional test was assessed using a beam walk task
where the objective was to record the animals’ walking
ability on narrow wooden beams (from 7.7 to 1.7 cm
wide). Briefly, the task required the rats to traverse a
narrow wooden beam (70 cm in length). The scoring
criteria for distance travelled were based on a rating scale
from 0 to 12, where 0 indicates an inability to ambulate
beyond the 7.7 cm wide wooden beam, 1–5 presents
uncoordinated ambulation on the 7.7 cm wide wooden
beam and 6–12 indicates traversal of the entire length of
progressively narrower wooden beams (from 7.7 to
1.7 cm wide) and entrance into the goal box. Rats were
trained prior to injury to perform the tasks without
errors.

Withdrawal reflex

Each animal was gently placed on a non-slippery surface,
and the interdigital folds of the hind limbs were pressed
around the first rack using a Halsted haemostat. The data

were recorded when the animal displayed pain, withdrew
the paw, made noise, or bit (Von Euler et al. 1996).

Histological evaluation

On day 28 after SNI, the rats were euthanized in a CO2

chamber. The distal segment of the sciatic nerve (2 cm
before anatomical bifurcation, pieces of 10 mm) was
removed, formalin-fixed, and paraffin-embedded.
Histological sections (5mm) were cut using a microtome,
stained with haematoxylin and eosin (HE), and then
examined under light microscopy. Nerve sections were
analysed qualitatively and quantitatively (percent of
preserved area around epineurium, mean number of
myelinated fibres in the transversal area [250 mm2], and
inflammatory profile [graded as 0 for absent, 1 for mild,
2 for moderate, or 3 for severe]). At least four
histological fields in close proximity to the lesion
epicenter were selected in each nerve for analysis.
Image analysis was performed using a microscope
(Nikon, Tokyo, Japan) equipped with a 10� (for
measuring total nerve areas) and 40� (for axon
number counting) objective coupled to a photographic
camera (Nikon, Tokyo, Japan) and connected to a
computer system. The software Axovision (ZEISS,
Monroeville, PA) was used to collect the measurements.

Statistics

All data are expressed as the mean ± standard error of
mean. Non-Gaussian data (scores) were analyzed using
the Kruskal–Wallis test followed by Dunn’s multiple
comparison tests. All statistical analyses were performed
using SPSS version 19.0 (SPSS Inc., Chicago, IL). Values
of p50.05 were considered to represent statistically
significant differences.

Results

Chemical composition by HRMS

The chemical composition was evaluated by direct
infusion-based HRMS. The analysis in the negative-ion
mode, using ammonia hydroxide 0.1% in a solution of
water:acetonitrile (1:1), was effective for compounds in
the crude extract. The region between m/z 230–320,
where the major markers were found, is shown in Figure
1. The chemical structures, elemental formulas, and the
differences in parts per million (ppm) to exact mass are
exhibited in Figure 1. In comparison with results from
previously published studies (Righi et al. 2011; Frozza
et al. 2013; López et al. 2014), pinocembrin (m/z
255.0652, diff. 2.09 ppm), formononetin (m/z 267.0651,
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diff. 2.37 ppm), vestitol (m/z 271.0966, diff. 1.60 ppm),
and biochanin A (m/z 283.0610, diff. 1.24 ppm) were
confirmed in HERP. Because of the widely accepted
accuracy threshold for confirmation of elemental com-
positions, 5 ppm (Lacorte and Fernandez-Alba 2006),
this analysis has been associated with highly reliable
identification of the target compounds.

Behavioural evaluation

BBB test

All the animals that underwent SNI showed a significant
decrease in motor function when compared with the
sham animals 7 d after surgery (p50.05; Figure 2A).
After 14 d, the SNI/HERP10 and the SNI/IBP groups,
despite displaying similar results when compared with
the SNI/vehicle group, showed results akin to those
found in the sham groups, with gradual improvement in
behavioural parameters (Figure 2B). After 21 d, we
observed that the SNI/HERP10 group demonstrated a
significant increase in the BBB score (p50.05) when
compared with the SNI/vehicle group (Figure 2C). On
day 28 after SNI, both HERP10 and IBP resulted in
increased scores statistically on par with those observed
in the sham groups (p40.05; Figure 2D).

SFI

In the SFI test performed on day 7 after the surgery
(Figure 2E), the SNI groups showed a significant
reduction in values compared with the sham/vehicle
group (p50.05). Despite the statistically similar results
between the sham/HERP10 group and the sham/vehicle
group (p40.05), no behavioural differences were
detected when compared with the SNI groups with the
exception of SNI/HERP10. On day 14 after the surgery
(Figure 2F), all SNI groups showed the same results

(p40.05), which were statistically different from those
observed in the sham groups (p50.05). On day 21 after
the surgery, the SNI/HERP10 and SNI/IBP groups
presented similar results when compared with the
sham groups (p40.05; Figure 2G). After 28 d, all treated
groups (SNI/HERP1, SNI/HERP10, and SNI/IBP)
reached values statistically equal to those of the sham
groups (p40.05). The SNI/HERP10 group was the only
treated group that presented a significant difference from
the SNI/vehicle group (p50.001; Figure 2H).

Beam walk performance

On day 7 after the surgery, we observed that the SNI/
HERP10 and SNI/IBP groups presented similar scores in
relation to the sham groups (p40.05), although they
were similar to the SNI/vehicle group scores (p40.05;
Figure 3A). After 14 d, the SNI/HERP1 group reached
the statistical level of performance of the sham groups
(p40.05; Figure 3B). All treated groups presented their
highest scores on day 28 and showed significant
differences compared with the SNI vehicle group
(p50.05; Figure 3D).

Withdrawal reflex

On day 7, the SNI/IBP group showed increased reflexes
compared with the SNI/vehicle and SNI/HERP1 groups
(p50.01), and the SNI/HERP10 group presented results
statistically similar to those of the sham groups (Figure
3E). After 14 d and 21 d with the injury, the SNI/vehicle,
SNI/HERP1, and SNI/HERP10 groups maintained a
statistical difference from the sham groups (p50.05;
Figure 3F and G). By day 28, all SNI-treated groups
showed the same scores as sham animals with the
exception of the SNI/vehicle group (p50.01; Figure 3H).

The SNI/vehicle group presented an increase on day
14, and the score was maintained until day 28

Figure 1. High-resolution mass spectrometry (HRMS) of HERP.
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Figure 2. BBB score: day 7 (A), day 14 (B), day 21 (C), and day 28 (D) after surgery (p50.05). SFI score: day 7 (E); day 14 (F); day 21 (G),
and day 28 (H) after surgery (p 50.05) (SNI, sciatic nerve injury; IBP60, ibuprofen 60 mg/kg treatment; HERP 1, 1 mg/kg treatment;
HERP10, 10 mg/kg treatment).
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Figure 3. Beam walking test day 7 (A), day 14 (B), day 21 (C), and day 28 (D) after surgery (p50.05); withdrawal reflex test: day 7 (E),
day 14 (F), day 21 (G), and day 28 (H) after surgery (p50.05) (SNI, sciatic nerve injury; IBP60, ibuprofen 60 mg/kg treatment; HERP 1,
1 mg/kg treatment; HERP10, 10 mg/kg treatment).
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(p50.0001). The improvement of this score was
observed in all HERP groups (p50.01) such that SNI/
HERP10 presented improvement by day 7, maintained
it up to day 21, and increased it again on day 28
(p50.01).

Histological examination

Qualitative analysis revealed that the SNI group treated
with vehicle showed nerve derangement. This character-
istic was almost absent in groups treated with HERP and
IBP (Figure 4).

Axon number: After post-surgical week 8, the mean
axon number in the vehicle-treated SNI group was
significantly decreased compared with the other groups.
IBP and HERP1 promoted recovery in the axon number,
obtaining means near those of the sham group.
Moreover, when HERP10 was administered to SNI
animals, the mean axon number increased, even
compared with sham animals (p50.0001; Table 1 and
Figure 4).

Inflammatory profile: Although the inflammatory
infiltrate was not observed (absent) in the sham group,
the injured group treated with vehicle presented mod-
erate levels of cellular inflammatory infiltrate. The scores
were significantly decreased to mild grade in the SNI/
HERP1, SNI/HERP10, and SNI/IBP groups. Moreover,
HERP10 reduced the inflammatory profile from moder-
ate to mild–absent (Kruskal–Wallis followed by Dunn’s,
p50.0001; Table 1).

Discussion

For the rapid analysis of natural metabolites, HRMS has
been considered to be an important tool. Considering the
complex constituents of HERP, direct infusion-based
HRMS ESI(�)-MS was applied. In Brazil, 13 varieties of
propolis are found because of the megabiodiversity and
wide territorial area of the country. The green variety
(botanical source is Baccharis dracunculifolia) has
received the most attention in the published literature
and presents a different chemical composition from the

Figure 4. Effects of HERP and IBP treatments on morphology of the sciatic nerves in rats at the 4th week post-surgery (hematoxylin–
eosin staining). Photomicrographs show the left sciatic nerve (400�), 28 d after surgery. (A) Sham operated; (B) sciatic nerve injured
treated with vehicle; (C) sciatic nerve injured treated with ibuprofen (60 mg/kg); (D) sciatic nerve injured treated with hydroethanolic
extract of red propolis (10 mg/kg). Upper, the lower magnification (100�) illustrates the total area in each group. The integrity of axon
morphology that is evident in sham group (A) (surrounding epineurium, fascicle divisions) is completely loss after SNI (B). It can be also
observed the fusion of the extracellular material (B) and hyperemia (dashed with arrow). These characters were improved by IBP (C) and
HERP (D) Myelinated axons are indicated by black arrows (in longitudinal and transversal arrangement, mostly in sham and HERP groups)
and the inflammatory cells are indicated by white arrows (almost absent in groups sham, IBP, and HERP, but infiltrated in SNI).
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most recently identified propolis, the red variety. The
chemical composition of the green propolis showed
phenolic compounds, such as p-coumaric acid and
artepillin C (Franchi et al. 2012; Berretta et al. 2013),
which are not found in the red variety. In addition,
isoflavones including formononetin and biochanin A are
already considered to be chemical biomarkers of the red
propolis (López et al. 2014).

In this study, we determined the major compounds
present in the hydroalcoholic extracts of the Sergipe red
propolis to evaluate the activity of these compounds. In
comparison with the positive-ion mode, the negative-ion
mode was determined to be the most effective, because of
the presence of hydroxyls in flavonoids. With m/z
255.0652, 267.0651, 271.0966, and 283.0610, we con-
firmed the presence of pinocembrin, formononetin,
vestitol, and biochanin A, respectively, as components
of the red propolis from Sergipe (Figure 1).

These chemical differences between the red and green
propolis are responsible for the biological efficiency of
the bee glue. In 2013, Almeida et al. showed that red
propolis treatment was associated with faster resolution
of the healing process compared with green propolis
treatment. This finding was attributed to the chemical
composition of the red propolis. While studying the
antitumor activity of propolis extracts in 2012, Franchi
et al. demonstrated that the red propolis was more
cytotoxic than the green variety in several human
leukaemia cell lines and established that their positive
results were associated with one or more of the chemical
ingredients of the red propolis.

In this study, HERP attenuated the behavioural and
histological changes induced by sciatic nerve crush
injury. The axonal growth associated with functional
recovery was observed after SNI using natural products
and flavonoids (Thiagarajan et al. 2002; Quintans et al.
2014). These actions are frequently attributed to their
antioxidant and anti-inflammatory activities because the
influence of the microenvironment (oxidative potential,
presence of inflammatory and glial cells, and altered
calcium levels) in upholding or reducing the overall

regeneration of peripheral nerves has been found to be
essential (Muthuraman and Singh 2012; Kou et al. 2013;
Tufek et al. 2013).

Here, the BBB, SFI, and beam walking performance
tests were conducted to assess the peripheral nerve
recovery that influences sensorimotor functions (Dinh
et al. 2009). The higher dose of HERP (10 mg/kg)
accelerated functional recovery after SNI compared with
all other treatments and presented results similar to
those of the sham group in 4 weeks. The lower dose
(1 mg/kg) showed a profile similar to IBP with the best
outcome compared with the vehicle treated group. These
results indicated an important neuroprotective effect of
HERP after SNI.

In agreement with our results, it has been demon-
strated that the constituents of the red propolis have
beneficial actions against neuronal cell death and
degeneration. Formononetin, an isoflavone present in
our sample and described as a marker in the red propolis
(Righi et al. 2011), demonstrated neuroprotective action
against neuronal hypoxia (Sun et al. 2012), glutamate-
induced toxicity (Chen et al. 2008), and superoxide-
induced damage (Yu et al. 2009) in vitro. Furthermore,
formononetin protected the rat brain from oxidative
stress in an animal model of Alzheimer’s disease
(Occhiuto et al. 2009). After traumatic brain injury in
rats, formononetin reduced inflammatory responses by
decreasing malondialdehyde, tumour necrosis factor-a,
and interleukin-6 concentrations and the mRNA levels
of cyclooxygenase-2 in the brain, while increasing the
activities of glutathione peroxidase, superoxide dismu-
tase, and the protein expression of nuclear factor
E2-related factor 2 (Li et al. 2014) for neuroprotection.

Furthermore, the compounds pinocembrin and bio-
chanin A were identified in our sample and have
demonstrated neuroprotective actions against important
neuronal damage factors including apoptosis and mito-
chondrial dysfunction (Liu et al. 2012). Pinocembrin was
found to protected brain tissue from ischemia/reperfu-
sion injury (Liu et al. 2008) by attenuating endoplasmic
reticulum stress-induced apoptosis (Wu et al. 2013),
attenuating blood–brain barrier injury induced by global
cerebral ischemia–reperfusion in rats (Meng et al. 2011),
and prevention of glutamate-induced apoptosis in neur-
onal cells (Gao et al. 2008). Biochanin A ameliorated
behavioural and neurochemical deficits in a model for
Alzheimer’s disease (Biradar et al. 2014) and protected
PC12 cells against Ab-induced toxicity (Choi et al. 2010).
Additionally, this compound has demonstrated neuro-
protective activity against oxidative stress (Occhiuto et al.
2009) and lipopolysaccharide-induced damage through
inhibition of microglia activation and proinflammatory
factor generation (Chen et al. 2007).

Table 1. Histological examination 28 d after surgery.

Group (n¼ 6) % Area Axon number/
250 mm2

Inflammatory
profile

Sham/vehicle 100.00 ± 6.23a 32.55 ± 1.35a 0.00 ± 0.00a

SNI/vehicle 62.14 ± 4.04b 17.15 ± 0.90b 1.73 ± 0.06b

SNI/HERP 1 81.52 ± 2.66c 26.02 ± 1.09a 1.14 ± 0.05c

SNI/HERP 10 85.31 ± 2.85c 49.31 ± 2.49c 0.08 ± 0.04d

SNI/IBP 60 88.33 ± 4.51a,c 31.00 ± 3.39a 1.19 ± 0.06c

Different letters in the same column indicates significant difference
(p50.0001, histological examination was submitted to one way ANOVA
followed by Tukey post-hoc test. Non-Gaussian data from inflammatory
profile were analyzed by the Kruskal–Wallis test followed by Dunn’s
multiple comparison tests).
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Two types of events occur after nerve injury. The
distal stump (also termed Wallerian degeneration),
which is important for the preparation of the regener-
ation microenvironment, contributes to the removal of
degenerated myelin and the recruitment of new Schwann
cells. Furthermore, the degeneration of the distal stump
is involved in the functional recovery of the target organs
and the sprouting of new axons in the proximal stumps
(Sta et al. 2014). Oxidative stress is markedly generated
in peripheral nerve injury, interfering with the accumu-
lation of macrophages that clear myelin debris (Zhang
et al. 2013) during the first stages of Wallerian degen-
eration. Therefore, antioxidant agents such as HERP
(Frozza et al. 2013) may be helpful in the clearance of
degenerated myelin by macrophages and thus accelerate
the regenerative process.

Furthermore, the Schwann cells in the distal nerve
initially raise an effective response that promotes axon
regeneration; however, their ability to survive and
support axon growth declines within 8 weeks of
denervation (Sulaiman and Gordon 2000) because of
apoptotic cell death (Sulaiman and Gordon 2002). This
time-dependent loss of support in the distal nerve is one
factor that limits successful long-distance peripheral
axon regeneration. Thus, the anti-apoptotic properties of
HERP compounds (4 weeks of treatment) may have an
important role in the management of axonal growth.

The HERP compounds may be related to a regenera-
tive response, as formononetin has been shown to
accelerate the differentiation of neural stem cells into
neurons by increasing the transcription of pro-neural
genes through neurogenin-2 promoter activity (Arai
et al. 2013). Moreover, the protective mechanism of
action of a formononetin sulfonate derivate in the central
nervous system was attributed to the suppression of cell
apoptosis and improved angiogenesis (Zhu et al. 2014).
These events are closely related to the latter phase of
nerve regeneration at the distal end (Heumann et al.
1987), suggesting that HERP may have neuroregenera-
tive potential and plastic effects.

Compatible with this consideration, results found in
the histological analysis revealed conserved nerve area,
preserved number of myelinated axons, and decreased
inflammatory infiltrate 28 d after SNI in groups treated
with HERP and IBP. Because HERP 1 mg/kg presented
very similar results to IBP, we performed histological
analyses only for HERP 10 mg/kg. Notably, HERP10
induced an increase in the number of myelinated axons
compared with the sham treatment.

Therefore, it is possible that HERP accelerated axonal
growth and promoted sprouting. Sprouting is considered
a hallmark of regeneration and usually appears 2 weeks
from chronic nerve compression injury in animals

(Mozaffar et al. 2009). During the initial stages of
peripheral nerve regeneration, each injured axon pro-
duces collaterals at the injury site; however, many of the
new axons do not reach the distal nerve ends. Thus, the
distal nerve segments are characterized by a prominent
mass of interlaced connective tissue with a small number
of nerve fibres organized in typical mini fascicles
(Keilhoff et al. 2007).

IBP was able to induce sprouting and regeneration in
the central nervous system (Wang et al. 2009). After
peripheral nerve injury, IBP improved functional recov-
ery and axon regeneration, effects attributed to the
inhibition of the small GTP-binding protein Rho
(Madura et al. 2011). Based on our results, HERP was
more effective in improving axonal growth and guidance
which helps to explain the accelerated functional recov-
ery from 1 to 4 weeks after surgery.

An analysis of paw withdrawal reflexes was used to
assess the integrity of the afferent pathways and spinal
reflexes related to axonal recovery (Metz et al. 2000). IBP
showed the best effects, although all treatments reached
values equal to sham within 28 d. However, it is possible
that IBP and HERP act in different aspects of afferent
transmission after SNI. Although the effects of IBP are
mediated by COX enzymes (Carty et al. 2011), the effects
of propolis and formononetin seem to indicate an
interference with cytokine (IL-1b and TNF-a) produc-
tion (Wang et al. 2012; Li et al. 2014). Furthermore,
HERP may have an analgesic action against inflamma-
tory pain by interfering with sensorial responses and
reducing free radicals (Franchin et al. 2013).

Nerve injury initiates an inflammatory response and
induces expression of pro-inflammatory cytokines
including TNF-a, IL-1b, and IL-6, and induces a
significant accumulation of inflammatory cells
(Ruohonen et al. 2005). These inflammatory cells and
mediators not only cause tissue damage and secondary
injury but also play an important role in the regenerative
process. For example, inflammatory cells and mediators
are responsible for the recruitment of immature
Schwann cells and the accelerated rapid migration of
Schwann cells (Shamash et al. 2002).

However, the IL-1 and TNF pathways are involved in
the recruitment of cells such as neutrophils and
proinflammatory M1 macrophages (Nadeau et al.
2011). Moreover, these cytokines play a key role in the
development and maintenance of pain after peripheral
nerve injury (Scholz and Woolf 2007).

The recruitment of inflammatory cells, such as
neutrophils, into the injured site contributes to the
generation of altered behavioral and sensorial parameters
and has been associated with the inflammatory response
after SNI (Liou et al. 2013). Interestingly, the main
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phenolic compounds vestitol and neovestitol, discovered
in the ethanolic extract of the red propolis (Inui et al.
2014), have demonstrated anti-inflammatory actions
by inhibiting neutrophil migration (Franchin et al.
2013). This effect would be beneficial in reducing
the exacerbation of secondary inflammatory response
and damage. In agreement with this assertion, the
inflammatory infiltrate, although discrete, was reduced
after 28 d.

Recently, da Silva et al. (2015) evaluated the acute and
sub-acute toxicities of HERP and observed that this
extract showed no lethal effects in rats orally adminis-
tered with 300 mg/kg, indicating that HERP has an LD50
above this value. Toxic signals were observed only at
doses higher than 100 mg/kg in a sub-acute study,
whereas 10 mg/kg was shown to be safe. Because of the
multiple pathways involved in the pathophysiology of
nerve injury (Sulaiman and Gordon 2002), a natural
product such as the red propolis, with a wide variety of
activities and low toxicity, may represent a novel
therapeutic approach in the management of various
aspects relevant for nerve regeneration.

Conclusion

Treatment with HERP promoted protective effects as
evidenced by improved sensorimotor recovery, decreased
inflammatory grade, preserved nerve area, and increased
myelinated axons after SNI. These results suggested that
HERP may be a novel therapeutic approach that should
be considered for the treatment of SNI.
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Santos Lima BD, da Silva FA, de Souza Araújo AA, de
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