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A B S T R A C T

The gastrointestinal tract is extremely sensitive to ischemia and reperfusion (I/R). Studies have reported that
resveratrol (RSV) is able to combat damage caused by intestinal I/R. Because of its effectiveness in increasing the
permanence and bioavailability of resveratrol in the intestinal epithelium, we investigated whether the effect of
resveratrol-loaded in poly(anhydride) nanoparticles reduce oxidative stress and promote myenteric neuropro-
tection in the ileum of rats subjected to I/R. Physicochemical evaluations were performed on nanoparticles. The
animals were divided into nine groups (n=6/group) and treated every 48 h. Treatments with resveratrol (7mg/
kg of body weight) were applied 5 days before surgery and continued for 7 days after surgery (reperfusion
period). The superior mesenteric artery was occluded to cause I/R injury. Oxidative stress, myeloperoxidase,
nitrite, aspartate aminotransferase, alanine aminotransferase, immunolabeling of myenteric neurons and glial
cells, and gastrointestinal transit was evaluated. Both nanoparticle formulations presented negative charge with
homogeneous distribution, and the payload, showed an encapsulation efficiency of 60%. Resveratrol adminis-
tered in free form prevented alterations that were caused by I/R. The results of the groups treated with RSV-
loaded nanoparticles presented similar results to the group treated with free resveratrol. Treatment with empty
nanoparticles showed that poly(anhydride) is not an ideal nanocarrier for application in in vivo models of in-
testinal I/R injury, because of hepatotoxicity that may be caused by epithelial barrier dysfunction that triggers
the translocation of nanoparticles.

1. Introduction

Ischemia/reperfusion (I/R) is a pathological condition that is in-
itially characterized by the restriction of blood flow, followed by sub-
sequent restoration (Eltzschig and Eckle, 2011). Several clinical events,
such as surgery, transplantation, accidents, and visceral atherosclerosis,
can result in I/R. The gastrointestinal tract is extremely sensitive to I/R.
Injury to the intestines mainly affects the mucosa and enteric nervous
system (Borges et al., 2016; Marosti et al., 2015), including enteric glial
cells, the expression of vasoactive intestinal polypeptide (VIP), neu-
ronal nitric oxide synthase (nNOS)-immunoreactive nitrergic neurons
(Calcina et al., 2005), and the general population of HuC/D-im-
munoreactive neurons (Borges et al., 2016), which altogether can

impair gastrointestinal transit (Calcina et al., 2005; Rivera et al., 2012).
In addition to the activation of proinflammatory cytokines (Eltzschig
and Eckle, 2011), I/R induces the production of free radicals that can
overwhelm the neutralizing capacity of endogenous antioxidants. These
free radicals exert their deleterious (Bhattacharyya et al., 2014; Grace,
1994) actions by promoting lipid peroxidation and generating oxidative
stress (da Silva de Souza et al., 2015).

Previous studies have reported that oral treatment with 10mg/kg
resveratrol (RSV) in rats combats oxidative stress in animals that are
subjected to intestinal I/R (Borges et al., 2016; da Silva de Souza et al.,
2015). Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a polyphenol
that is found mainly in grape seeds and red wine and has antioxidant
and antiinflammatory activity (Kumar and Sharma, 2010). Kumar and
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Sharma (2010) suggested that RSV eliminates free radicals and in-
creases the levels of antioxidant enzymes by neutralizing oxidative
stress and promoting neuroprotection. One of the main difficulties of
using RSV orally is its short half-life, in which it is rapidly metabolized
(Walle et al., 2004). In order to solve this drawback, the use of nano-
particles with bioadhesive properties have been proposed (Penalva
et al., 2015). In fact, these nanocarriers may be useful to significantly
prolong the residence time of the dosage form in close contact with the
absorptive epithelium and, in addition, control the release of the cargo.
As a consequence, these nanoparticulate drug delivery systems may be
of interest to improve the efficacy of resveratrol as potential treatment
for gastrointestinal sections affected by I/R.

In this context, the main objective of this work was to evaluate the
capability of resveratrol nanoencapsulated in poly(anhydride) nano-
particles as treatment to reduce the oxidative stress and to afford
myenteric neuroprotection in the ileum of rats subjected to I/R. For this
purpose, nanoparticles based on the combination between Gantrez® AN
[poly(anhydride)] and hydroxypropyl-β-cyclodextrin (HPβCD) were
selected as delivery systems for resveratrol. On one hand, poly(anhy-
dride) nanoparticles based on Gantrez® AN display high bioadhesive
properties (Agüeros et al., 2011). On the other hand, the use of the
oligosaccharide is based on its ability to promote the payload of low
absorption compounds in polymer nanoparticles (Agüeros et al., 2011)
as well as on its capability to inhibit the effect of intestinal P-glyco-
protein and cytochrome P450 enzymatic complexes (Agüeros et al.,
2010, 2011), that have the ability to metabolize and promote the ex-
trusion of drugs and other compounds from the epithelium to the in-
testinal lumen (Agüeros et al., 2010, 2011).

2. Materials and methods

2.1. Preparation of RSV-loaded nanoparticles (RSV-NP)

Resveratrol (Galena. Campinas, SP, Brazil; lot no. C20110928) and
HPβCD (Sigma-Aldrich. Steinheim, Germany), (0.3:1 molar proportion)
were dispersed in 2mL of ethanol for 15min and then in 5mL of
acetone that contained 100mg of previously dissolved poly(anhydride)
(Poly(methyl vinyl ether-co-maleic anhydride) (poly[anhydride];
Gantrez® AN 119; molar weight, 200,000) ISP (Koln, Germany)). The
mixture was magnetically stirred for 15min at room temperature.
Nanoparticles were formed by the addition of 20mL of a mixture with
ethanol:ultrapure water (1:1, v/v). The organic solvents were evapo-
rated under vacuum at 45 °C in a rotary evaporator (Büchi R-144,
Switzerland). The resulting nanoparticles were purified by both slow
and rapid centrifugation (3,000× g for 4min and 21,000× g for
20min). The supernatants were removed and the pellets resuspended in
water. The formulations were frozen and lyophilized (Genesis 12EL,
Virtis, USA) using 5% sucrose (p/p) as the cryoprotectant. As control,
empty nanoparticles (NP) were prepared in the same way as described
above but in the absence of RSV.

2.1.1. Physicochemical characterization
The mean hydrodynamic diameter of the nanoparticles and their

zeta potential were determined by photon correlation spectroscopy and
electrophoretic laser Doppler anemometry, respectively, using a
Zetaplus analyzer (Brookhaven Instruments, USA). The diameter of the
nanoparticles was determined after dispersion in ultrapure water (1:10)
and measured at 25 °C by dynamic light scattering angle of 90 °C. The
polydispersity index (PDI), which indicates the homogeneity of this
distribution, was also calculated. The zeta potential was determined as
follows: 200 μL of the samples were diluted in 2mL of a 0.1 mM KCL
solution. The yield of the process was calculated by gravimetry as de-
scribed previously by Arbós and colleagues (Arbós et al., 2003). The
formulations were measured in triplicate, and the results are expressed
as mean ± standard error.

2.1.2. Morphological analysis
The morphology of the nanoparticles was analyzed and photo-

graphed using a scanning electron microscope (Zeiss DMS 940A SEM;
Oberkochen, Germany) with a digital image capture system (Point
Electronic GmBh, Halle, Germany). Lyophilized nanoparticles were
resuspended in ultrapure water and centrifuged at 27,000× g for
20min at 4 °C. The supernatants were then discarded, and pellets were
assembled on a glass plate and adhered with double-sided adhesive tape
on dry metal bases under warm airflow. Finally, the nanoparticles were
covered with a thin 12 nm layer of gold using an Emitech K550 cathode
pulverizer device (Emitech, UK). The micrographs were obtained under
the following conditions: 10 kV and 5000X of 9mm distance.

2.1.3. Resveratrol quantification
Samples of lyophilized nanoparticles were centrifuged, and the

pellets were solubilized in acetonitrile (3/4, v/v) for nanoparticle
rupture. The amount of encapsulated RSV was determined by an ul-
traviolet-visible spectrum spectrophotometer at 305 nm using a cali-
bration curve performed under a range of 0.6–7 μg/mL (r2 > 0.997) in
acetonitrile (3/4, p/v). The results are expressed as μg of RSV/mg of
nanoparticles. The encapsulation efficiency (EE) was calculated using
the following equation: EE (%)= (Encapsulated RSV weight/Initial
RSV weight) × 100.

2.2. Animals and experimental protocol

We used 54 male albino Wistar rats (Rattus norvegicus;
255 ± 2.704 g). The animals were obtained from the Central
Bioterium of the Universidade Estadual de Maringá and housed in the
Sectorial Room of the Department of Morphological Sciences. During
the treatment period, they remained in an environment at 22 °C ± 2 °C
with a 12 h/12 h light/dark cycle. The animal procedures were ap-
proved by the Committee of Ethics in the Use of Animals of the
University State of Maringá (opinion no. 149/2013) and were in ac-
cordance with the ethical principles adopted by the Brazilian Society of
Science in Laboratory Animals (SBCAL/COBEA).

The animals received standard rodent chow (NUVILAB, re-
commended by the National Research Council and U.S. National
Institutes of Health) and water ad libitum. The animals were divided
into nine groups (n=6/group) and treated every 48 h. Treatment
began 5 days before surgery and continued for 7 days after surgery
(reperfusion period). The animals were treated by gavage with 7mg/kg
resveratrol (in free or nanoencapsulated form; Table 1). Free resveratrol
was diluted in 10% grain alcohol and 90% water. The nanoparticles
were diluted only in water. The C, SC, and IRC groups were treated with
a solution that contained only vehicle: 10% grain alcohol and 90%
water before and after surgery.

2.3. Induction of ischemia

Prior to surgery, all of the animals were fasted for 15 h. After the

Table 1
Experimental groups and treatments. S: sham; IR: ischemia/reperfusion.

Groups SMAa Treatment

C Not operated – Vehicle
SC Underwent surgery Not occluded Vehicle
STR Underwent surgery Not occluded Free resveratrol (unencapsulated)
STEN Underwent surgery Not occluded Empty nanoparticle
STRN Underwent surgery Not occluded Resveratrol−loaded nanoparticle
IRC Underwent surgery Occluded Vehicle
IRTR Underwent surgery Occluded Free resveratrol (unencapsulated)
IRTEN Underwent surgery Occluded Empty nanoparticle
IRTRN Underwent surgery Occluded Resveratrol−loaded nanoparticle

a SMA superior mesenteric artery.
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animals were intramuscularly anesthetized with a mixture of 20mg/kg
xylazine (Sespo Industry and Commerce, Paulínia, SP, Brazil) and
100mg/kg ketamine (Sespo Industry and Commerce, Paulínia, SP,
Brazil), all of the groups except for the control group underwent ab-
dominal laparotomy.

We occluded the superior mesenteric artery using a microvascular
clamp to cause I/R injury, and lateral irrigation between the ischemic
and non-ischemic regions was blocked by loops. After 45min of
ischemia, the clamp and loops were removed, and blood flow was re-
established. The abdomen was sutured with 3-0 nylon thread. During
the 7-day reperfusion period, the animals remained in individual cages.

2.4. Gastrointestinal transit analysis

For the analysis of gastrointestinal transit, 300 μL of a solution that
contained 3% Carmin hydro and 0.5% ethylcellulose (Corantec, São
Paulo, Brazil) diluted in water was administered orally 48 h before
euthanasia. The animals were placed in individual cages with free ac-
cess to food and water. For this analysis, the latency (in min) for the
animal to eliminate the first fecal pellet that contained the colorant was
recorded.

2.5. Blood and ileum sampling

After being anesthetized with a lethal dose of 120mg/kg thiopental
sodium (Cristália Pharmaceutical and Chemicals Products, Brazil), 5 mL
of blood was collected from each animal and centrifuged for 10min at
3000× g. The resulting plasma was used to determine the levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
using commercial Analisa® kits with the aid of a spectrophotometer
(Bioplus2000, São Paulo, Brazil) at a wavelength of 340 nm. The distal
portion of the ileum was collected, fractionated, and processed for
evaluate the biochemical markers of oxidative stress and inflammatory
parameters and for immunofluorescence staining of myenteric neuronal
and glial population.

2.6. Biochemical assays

2.6.1. Reduced glutathione and lipid hydroperoxide levels
The ileum was weighed and homogenized in 200mM potassium

phosphate buffer (pH 6.5). The reaction of GSH with 5,5′-dithiobis-2-
nitrobenzoic acid was read at 412 nm. Individual values were inter-
polated based on a GSH standard curve and are expressed as μg of GSH/
g of tissue.

The other part of the homogenate was centrifuged for 20min at
9000× g, and part of the supernatant was used to determine lipid
hydroperoxide (LOOH) levels according to Jiang et al. (Jiang et al.,
1991). Readings were performed at 560 nm using a spectrophotometer.
LOOH concentrations were determined using an extinction coefficient
of 4.3 mmolar 1/cm, and the results are expressed as mmol/mg of
tissue.

2.6.2. Superoxide dismutase and glutathione s-transferase enzymatic
activity

After the ileum was homogenized in 200mM potassium phosphate
buffer (pH 6.5) and centrifuged, the resulting supernatant was collected
to perform the biochemical assays to determine the enzymatic activity
of superoxide dismutase (SOD) and glutathione s-transferase (GST). The
enzymatic assay for SOD is based on the ability of SOD to inhibit the
autooxidation of pyrogallol (Marklund and Marklund, 1974). Readings
were performed at 405 nm using a spectrophotometer. The results are
expressed as U of SOD/mg of protein. The enzymatic activity of GST
was determined according to the method of Warholm et al. (Warholm
et al., 1985). Readings were performed at 340 nm using a spectro-
photometer, with an extinction coefficient of 9.6 mmolar 1/cm. The
results are expressed as μmol/min/mg of protein.

2.6.3. Myeloperoxidase enzyme activity
The precipitate from ileum homogenate centrifugation was re-

suspended in 80mM potassium phosphate buffer that contained 0.5%
hexadecyltrimethylammonium. The samples were homogenized and
centrifuged for 20min at 11,000× g at 4 °C. The reaction was per-
formed in a 96-well plate using tetramethylbenzidine. Enzymatic ac-
tivity of myeloperoxidase (MPO) was determined at 620 nm using a
spectrophotometer. The results are expressed as units of optical density
(OD)/min/mg of protein.

2.6.4. Determination of nitrite levels
Nitric oxide levels were measured based on the total nitrite esti-

mation that was obtained by the Greiss reaction, adapted from the
method of Tiwari et al. (Tiwari et al., 2011). A portion of the ileum was
homogenized in 0.1M sodium phosphate buffer solution (PBS) pH 7.4
and centrifuged for 10min at 3000× g. Subsequently, 50 μL of this
supernatant was added to 50 μL of Greiss reagent (i.e., a solution that
contained phosphoric acid, sulfanilamide, and N-1-naphthalylethyle-
nediamide) and measured in 96-well plates at 570 nm using a spec-
trophotometer. Nitrite concentrations were calculated using a standard
curve that was located in the range of 100 to 1.56 μM of sodium nitrite
(NaNO2). Nitrite levels are expressed as μM.

2.7. Immunohistochemistry

After washing in 0.1 M PBS (pH 7.4) and fixed for 3 h in 4% par-
aformaldehyde solution (pH 7.4), the intestine was cut into transverse
segments and dissected using tweezers under a stereomicroscope.

2.7.1. Evaluation of huC/D- and nNOS-immunoreactive myenteric neurons,
VIPergic varicosities, and S100- and GFAP-immunoreactive glial cells

Whole-mounts of the muscular tunica from the distal ileum of each
animal underwent immunohistochemistry to label the general popula-
tion of myenteric neurons (HuC/D-immunoreactive), subpopulation of
nitrergic neurons (nNOS-immunoreactive), vasoactive intestinal poly-
peptide (VIP)-ergic varicosities, and enteric glial cells (S100- and glial
fibrillary acid protein [GFAP]-immunoreactive) in the muscular tunica.
Double-labeling of HuC/D+nNOS and GFAP+S100 and single-la-
beling of VIPergic varicosities were performed.

The segments were washed twice for 10min in 0.1M PBS (pH 7.4)
and Triton-X100 with 0.5% PBS-T and then incubated for 1 h in
blocking solution that contained 2% bovine serum albumin (BSA) and
10% donkey serum in PBS-T. Double-labeling was performed using the
following primary antibodies: anti-HuC/D (1:600, mouse, catalog no.
A21271, Molecular Probes, Invitrogen, Eugene, OR, USA), anti-nNOS
(1:500, goat, catalog no. SC-49055, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-glial fibrillary acidic protein (GFAP; 1:700, goat,
ab53554, Abcam), anti-S100 (1:400, rabbit, catalog no. 18-0046,
Molecular Probes, Invitrogen, Eugene, OR, USA), and anti-VIP (1:400,
rabbit, catalog no. T-4245, Peninsula Laboratories). Incubation with the
primary antibodies was maintained for 48 h at room temperature under
stirring. The incubation substrate consisted of PBS-T, 2% BSA, and 2%
donkey serum.

After incubation with the primary antibody, the membranes were
washed three times in PBS-T for 10min. They were then incubated with
the following secondary antibodies for 2 h in the dark: anti-mouse
(1:500, Alexa Fluor 488, Molecular Probes, Invitrogen, Eugene, OR,
USA), anti-goat (1:500, Alexa Fluor 568, Molecular Probes, Invitrogen,
Eugene, OR, USA), and anti-rabbit (1:500, Alexa Fluor 488, Molecular
Probes, Invitrogen, Eugene, OR, USA). The incubation substrate con-
sisted of PBS-T, 2% BSA, and 2% donkey serum. The membranes were
then washed three times in PBS-T for 10min and attached on histolo-
gical slides that contained Antifade® (Life Technologies of Brazil Comm.
Ind. Prod. Biotec. Ltda, SP, Brazil), stored under refrigeration, and
protected from light.
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2.7.2. Quantitative analysis of myenteric neurons and glial cells
Quantitative analyses were performed using samples of the total

membrane preparations, based on images that were captured using a
high-resolution camera coupled to an FSX100 fluorescence microscope
(Olympus). The images were later analyzed using ImagePro Plus
4.5.029 software (Media Cybernetics, Silver Spring, MD, USA). For
HuC/D, nNOS, and S100 quantification, all of the neurons or glial cells
that were evident in 30 images that were captured with a 20× objec-
tive were counted. The area of each image was approximately
0.14725mm2, and the total area quantified was 4.41768mm2. The
results are expressed as neurons/cm2.

2.7.3. Morphometric analysis of immunoreactive neurons and myenteric
varicosities

To assess the morphometry of the neuronal populations of the
myenteric plexus, images that were captured with a 20× objective
were analyzed using ImagePro Plus software. For HuC/D- and nNOS-
immunoreactive neurons, the area of 100 cell bodies per animal was
measured. The area of 400 VIPergic varicosities per animal were also
measured using images that were captured with a 40× objective. The
morphometric results are expressed as μm2.

2.7.4. Fluorescence analysis of glial fibrillary acidic protein
GFAP immunolabeling was performed using membrane prepara-

tions to assess the intensity of fluorescence. Thirty ganglia per animal
were captured using a 20× objective. The images were captured using
the same high-resolution camera and fluorescence microscope that was
described above for the quantitative analyses. The exposure time,
brightness, contrast, and focus adjustment were maintained for all of
the photomicrographs. ImageJ 1.43 software (National Institutes of
Health, Bethesda, MD, USA) was used to measure the intensity of GFAP
immunolabeling based on red-green-blue (RGB).

2.8. Statistical analysis

The statistical analysis was performed using GraphPad Prism 5
software. The results are expressed as mean ± standard error. For
comparisons between groups with a normal distribution of data, one-
way analysis of variance (ANOVA) was performed, followed by Tukey’s
post hoc test. The Kruskal-Wallis nonparametric test was applied to data
that had a non-normal distribution, followed by Dunn’s post hoc test.
Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Physicochemical characterization of nanoparticles

The physicochemical characteristics of the nanoparticle formula-
tions employed in this work are presented in Table 2. The loading of
resveratrol on poly(anhydride) nanoparticles importantly increased the
mean size of the resulting nanocarriers (234 nm for RSV-NP vs 169 for
NP) but has negligible effects on the zeta potential and polydispersity of
the resulting nanocarriers. Thus, both nanoparticle formulations dis-
played a negative charge with a homogeneous distribution (PDI below
0.2). Regarding the payload, the amount of nanoencapsulated RSV was
calculated to be close to 60 μg per mg nanoparticle with an en-
capsulation efficiency of 60%.

The size of the nanoparticles that were observed by scanning elec-
tron microscopy (SEM) was similar to that observed by photon corre-
lation spectroscopy, presenting a spherical shape. The RSV-NP dis-
played a rough surface.

3.2. Levels of AST and ALT

The levels of AST and ALT in the IRTEN (Table 1) group were sig-
nificantly higher than in the other groups (p < 0.001; Fig. 1). In the
other groups, no significant alterations were observed compared with
the C group (p > 0.05; Fig. 1).

3.3. Biochemical tests

Fig. 2a shows the increase in SOD activity in the IRC group com-
pared with the C and STR groups (p < 0.05). The IRTR and IRTRN
groups presented results that were similar to the C group and sig-
nificantly different from the IRC group (p<0.05). The other groups did
not present significant differences from the C group (p > 0.05; Fig. 2a).
No significant differences in GST and MPO enzymes were observed
between groups (p > 0.05; Fig. 2c, e).

Among the sham groups, GSH levels were significantly lower in the
STEN group than in the C and STR groups (p < 0.01) and significantly
lower in the STRN group than in the C group (p < 0.01) and STR group
(p < 0.05). Among the I/R groups, a decrease in GSH levels was ob-
served in the IRC group compared with the C and STR groups
(p < 0.01). A decrease in GSH levels was observed in the IRTEN group
compared with the C group (p < 0.001), STR group (p < 0.001), and
SC group (p < 0.05). A decrease in GSH levels was observed in the
IRTRN group compared with the C and STR groups (p < 0.05). The
IRTR group presented results that were similar to the C group but sig-
nificantly different from the STEN and STRN groups (p < 0.05).
Among the I/R groups, GSH levels in the IRTR group differed sig-
nificantly from the IRC group (p < 0.05) and IRTEN group (p < 0.01).
The IRTRN group presented no significant difference in GSH levels
compared with the IRC, IRTEN, or IRTR group (p > 0.05; Fig. 2b).

An increase in LOOH levels was observed in the STEN group
(p < 0.05) and IRC group (p < 0.01) compared with the C group. The
IRC group also presented an increase in LOOH levels compared with the
SC group (p < 0.05). The other groups did not present significant
differences in LOOH levels compared with the C or SC group
(p > 0.05). The IRTR, IRTEN, and IRTRN groups also did not present
significant differences in LOOH levels compared with the IRC group
(p > 0.05; Fig. 2d).

Nitrite levels in the IRTEN group were significantly higher than in
the C group (p < 0.001), STR group (p < 0.001), STRN group
(p < 0.001), and IRC group (p < 0.05; Fig. 2f). The IRTR and IRTRN
groups presented results that were similar to the C group (p > 0.05)
but significantly different from the IRTEN group (p < 0.001). The
other groups presented no significant differences in nitrite levels
(p > 0.05; Fig. 2f).

3.4. Immunohistochemistry

3.4.1. Quantitative and morphometric analysis of myenteric neurons
According to the density of the general neuronal population (HuC/

D-immunoreactive) analysis among the sham groups, only the STEN

Table 2
Physico-chemical characterization of nanoparticles. NP: empty nanoparticles; RSV-NP: resveratrol-loaded nanoparticles. Data expressed as mean ± standard error, n=3.

Diameter (nm) PDIa Zeta potential (mV) Gravimetric yield (%) RSV complexed (μg/mg NP) Encapsulation efficiency (E.E%)

NP 169 ± 2.2 0.13 −45.2 ± 0.44 90.5 ± 2.3 – –
RSV-NP 234 ± 1.5 0.17 −50 ± 0.72 76 ± 1.1 60 ± 2.9 60 ± 2.95

a PDI Polydispersity index.
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group presented a lower density compared with the C group (p < 0.01)
and SC group (p < 0.05). Among the I/R groups, a lower overall
neuronal density was observed in the IRC and IRTRN groups compared
with the C group (p < 0.05), and a lower density was observed in the
IRTEN group compared with the C group (p < 0.01), SC group
(p < 0.05), STR group (p < 0.05), and STRN group (p < 0.05). The
IRTR group presented results that were similar to the C group
(p > 0.05). The IRTR group had a higher neuronal density than the IRC
group (p < 0.05) and IRTEN group (p < 0.01). The IRTRN group did
not present a significant difference from the IRC, IRTEN, or IRTR group
(p > 0.05; Fig. 3d).

Among the sham and I/R groups, the density of the nitrergic sub-
population (nNOS-immunoreactive) was not significantly different be-
tween groups (p > 0.05; Fig. 3e). Double-labeling revealed that the
proportion of nitrergic neuron densities relative to the general neuronal
population was approximately 16% in the C, SC, STR, STRN, and IRTR
groups. An increase in this proportion (approximately 20%) was ob-
served in the groups that exhibited neuronal loss (STEN, IRC, IRTEN,
and IRTRN groups).

No change in the general population of HuC/D-immunoreactive
neurons was observed in the sham groups (SC, STR, STEN, and STRN
groups; p > 0.05). Among the I/R groups, only the IRTEN group pre-
sented an increase in the neuronal profile compared with the C group
(p < 0.05), STR group (p < 0.001), and STRN group (p < 0.01;
Fig. 3f).

The nitrergic subpopulation (nNOS-immunoreactive) presented an
increase in neuronal profile in the SC group (p < 0.05) and STR group
(p < 0.001) compared with the C group. All of the I/R groups pre-
sented an increase in the neuronal profile of the nitrergic subpopulation
compared with the C and SC groups (p < 0.001). Compared with the
STR group, a significant difference was found in the IRC group
(p < 0.001), IRTEN group (p< 0.001), IRTR group (p < 0.01), and
IRTRN group (p < 0.01). The I/R groups also presented an increase in
the nitrergic neuronal profile compared with the STEN and STRN
groups (p < 0.001). No significant difference in the nitrergic neuronal
profile was observed among the I/R groups (p > 0.05; Fig. 3g).

Among the sham groups, the area of VIPergic varicosities increased
in the STR group compared with the SC group (p < 0.01) and in-
creased in the STEN group compared with the C and SC groups
(p < 0.001). The STRN group presented a VIPergic varicosity profile
that was similar to the C and SC groups but a significantly smaller area
compared with the STEN group (p < 0.01). All of the I/R groups
presented an increase in VIPergic varicosities compared with the C and
SC group (p < 0.001). The IRC group (p < 0.05), IRTEN group
(p < 0.05), and IRTR group (p < 0.01) presented a significant in-
crease in VIPergic varicosities compared with the STR group. Compared
with the STRN group, the IRC group (p < 0.001), IRTR group

(p < 0.001), IRTRN group (p < 0.001), and IRTEN group (p < 0.05)
presented an increase in VIPergic varicosities. No significant differences
in VIPergic varicosities were found among the I/R groups (p > 0.05;
Fig. 4b).

3.4.2. Quantitative analysis and fluorescence intensity of myenteric glial
cells

The assessment of myenteric glial cells (S100-immunoreactive) re-
vealed an increase in density in the STEN group (p < 0.01), IRTRN
group (p < 0.01), IRC group (p < 0.001), and IRTEN group
(p < 0.001) compared with the C and SC groups. The IRC and IRTEN
groups (p < 0.01) also exhibited glial cell proliferation compared with
the STR group. The STEN group (p < 0.05), IRTRN group (p < 0.05),
IRC group (p < 0.001), and IRTEN group (p < 0.001) also presented a
significant increase in glial cell density compared with the STRN group.
The IRTR group maintained glial cell density that was similar to the C,
IRC, and IRTRN groups but significantly lower than the IRTEN group
(p < 0.05; Fig. 5d).

The analysis of the mean fluorescence intensity of GFAP im-
munoreactivity among the sham groups revealed an increase in the
STEN group compared with the C and STR groups (p < 0.001). The
STR group presented a lower fluorescence intensity compared with the
SC group (p < 0.001). The STRN group presented a lower fluorescence
intensity compared with the SC group (p < 0.01) and STEN group
(p < 0.001). Among the I/R groups, the IRC group presented an in-
crease in fluorescence intensity compared with the C, STR, and STRN
groups (p < 0.001), and the IRTEN group presented an increase in
fluorescence intensity compared with the SC group (p < 0.01), C group
(p < 0.001), STR group (p < 0.001), and STRN group (p < 0.001).
The IRTR and IRTRN groups presented a mean fluorescence intensity
that was similar to the C group but different from the STEN group
(p < 0.001). Among the I/R groups, the IRTR and IRTRN groups pre-
sented a lower fluorescence intensity compared with the IRC and IRTEN
groups (p < 0.001; Fig. 5e).

3.5. Gastrointestinal transit analysis

The IRC and IRTEN groups presented a longer gastrointestinal
transit time compared with the C and SC groups (p < 0.001). The IRC
group presented a longer gastrointestinal transit time compared with
the STR group (p < 0.01) and STRN group (p < 0.05). The IRTEN
group presented a longer gastrointestinal transit time compared with
the STR group (p < 0.001) and STRN group (p < 0.01). Among the I/
R groups, the IRTR and IRTRN groups presented gastrointestinal transit
times that were similar to the C group (Fig. 6).

Fig. 1. Levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT). aSignificant difference from C group. bSignificant difference from SC group. cSignificant difference
from STR group. dSignificant difference from STEN group. eSignificant difference from STNR group. fSignificant difference from IRC group. gSignificant difference from IRTR group.
hSignificant difference group IRTEN group. The data are expressed as mean ± standard error (n=6).
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4. Discussion

The present study found that 45min of ischemia followed by 7 days
of reperfusion promoted oxidative stress, loss of the general population
of myenteric neurons, an increase in the neuronal profile of the ni-
trergic subpopulation and VIPergic varicosities, glial cell proliferation
(S100-immunoreactive), reactive gliosis (GFAP-immunoreactive), and a
longer gastrointestinal transit time. Several pathophysiological pro-
cesses are involved in I/R injury. Ischemia is associated with significant
alterations in the transcriptional control of gene expression (i.e., tran-
scriptional reprogramming), which can lead to the activation of pro-
grammed cell death (Eltzschig and Eckle, 2011). The reperfusion period
after ischemia is characterized by a substantial increase in free radicals
that promote further tissue injury. In the present study, these patho-
physiological alterations led to a significant decrease (to 23%) of the
general population of myenteric neurons (HuC/D-immunoreactive)
compared with the control group. Other studies also reported myenteric

neuron death after 7 days of reperfusion (Borges et al., 2016; Marosti
et al., 2015). In the present study, the analysis of the density of the
nitrergic subpopulation revealed no significant differences between
groups. Therefore, neuronal loss likely occurred because of the con-
tinuous formation of reactive species and progression to a condition of
oxidative stress, which has been previously observed in studies of I/R-
related injury (Bhattacharyya et al., 2014; da Silva de Souza et al.,
2015).

The present study found high levels of oxidative stress in the in-
testinal wall in the IRC group. The enzymatic activity of SOD in the IRC
group was 41% higher than in the control group. Some authors have
reported a decrease in SOD activity during periods of ischemia followed
by reperfusion up to 12 h (Brahmbhatt et al., 2013; Liu et al., 2015).
After 7 days of reperfusion, modulation of the antioxidant system may
favor the increase in SOD activity to eliminate superoxide radicals that
are still produced. Similarly, the tripeptide GSH is used as an indicator
of oxidative stress, acting as an electron donor to eliminate peroxides

Fig. 2. Biochemical assays. Enzymatic activity of superoxide dismutase (SOD) (a), glutathione S-transferase (GST) (c), and myeloperoxidase (MPO) (e). Levels of non-protein sulfhydryl
groups (GSH) (b), lipid hydroperoxides (LOOH) (d), and nitrite (f). aSignificant difference from C group. bSignificant difference from SC group. cSignificant difference from STR group.
dSignificant difference from STEN group. eSignificant difference from STNR group. fSignificant difference from IRC group. gSignificant difference from IRTR group. hSignificant difference
from IRTEN group. nsNot significant. The data are expressed as mean ± standard error (n=6).
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and other reactive species. Reduced glutathione levels in the IRC group
decreased approximately 50% compared with the control group. Low
levels of GSH in the gut in rats that are subjected to I/R have been
previously reported (da Silva de Souza et al., 2015; Karabulut et al.,

2006). Lipid peroxidation is one of the outcomes of the actions of re-
active species, and LOOH levels are an indirect measure of damage that
is caused by oxidative stress (Orsu et al., 2013). IRC group displayed a
49% increase in LOOH levels, compared with the control group. The

Fig. 3. Photomicrographs showing fluorescence of myenteric neurons that were immunoreactive to HuC/D (a) and nNOS (b) proteins and double-labeled with HuC/D and nNOS (c).
Calibration bar= 50 μm. (d, e) Density of the general neuronal population (d) and nitrergic subpopulation (e). (f, g) Mean area of neuronal cell bodies of the general neuronal population
(f) and nitrergic subpopulation (g). aSignificant difference from C group. bSignificant difference from SC group. cSignificant difference from STR group. dSignificant difference from STEN
group. eSignificant difference from STNR group. fSignificant difference from IRC group. gSignificant difference from IRTR group. nsNot significant. The data are expressed as mean ±
standard error (n=6).

Fig. 4. Photomicrograph showing fluorescence of myenteric VIPergic varicosities (a). Calibration bar=20 μm. Mean area of myenteric VIPergic varicosities (b). aSignificant difference
from C group. bSignificant difference from SC group. cSignificant difference from STR group. dSignificant difference from STEN group. eSignificant difference from STNR group. The data
are expressed as mean ± standard error (n=6).
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antioxidant enzyme GST is responsible for detoxifying xenobiotic
compounds and lipid hydroperoxides. We found high levels of lipid
peroxidation in the IRC group but no significant changes in GST ac-
tivity. Oxidative stress can occur through inflammatory reactions,
among other factors, after injury. Several authors have reported that
injury that is caused by ischemia followed by reperfusion up to 24 h
increased MPO activity (Lin et al., 2014; Yildiz et al., 2009). After
7 days of reperfusion, we found that the activity of this inflammatory
enzyme did not significantly change, but other inflammatory para-
meters that were not assessed in the present study may be related to I/
R-induced injury.

Among the alterations that are caused by I/R injury, the present
study found an 18% increase in the nitrergic neuronal profile in the IRC
group compared with the control group. These alterations likely oc-
curred through oxidative stress or an increase in intracellular Ca2+

levels during I/R (Dong et al., 2006; Hossmann, 2006). Excess Ca2+ can
activate destructive processes, such as enzyme and cytoskeletal protein

degradation (Dong et al., 2006). The profile of VIPergic varicosities also
presented a 20% increase in the IRC group compared with the control
group. Enteric neurons have the ability to increase VIP expression
under conditions of stress (Borges et al., 2016; Sand et al., 2008), and
the increase in VIPergic varicosities may represent a defense me-
chanism of the enteric nervous system in response to I/R (Borges et al.,
2016). Vasoactive intestinal polypeptide also stimulates astrocyte pro-
liferation in the central nervous system (Delgado and Ganea, 2003). In
the present study, we observed an increase in the profile of VIPergic
varicosities in the enteric nervous system and further found that I/R
injury significantly increased glial cell proliferation (S100 im-
munoreactivity) by 24% and increased the fluorescence intensity of
GFAP immunoreactivity (reactive gliosis) by 26%. Alterations in the
enteric glial cell population may be related to neuroinflammation and
neurodegenerative processes (Bradley et al., 1997) that are promoted
by I/R.

Previous studies reported delays in gastrointestinal transit that
occur as a consequence of cellular and tissue alterations that are pro-
moted by I/R (Calcina et al., 2005; Rivera et al., 2012). We observed
significant slowing of gastrointestinal transit in the IRC group com-
pared with the control group. Several factors may contribute to the
increase in gastrointestinal transit time, including oxidative stress, in-
flammation (Lubbers et al., 2010), and glial (McClain et al., 2014) and
enteric neuron dysfunction (Calcina et al., 2005).

The pathophysiological changes that are caused by I/R may be
potentially ameliorated by resveratrol (Borges et al., 2016; da Silva de
Souza et al., 2015). In order to improve the efficacy of resveratrol, one
possible strategy may be its encapsulation into polymeric nanoparticles
with bioadhesive properties. In this context, in the present work, the
ability of poly(anhydride) nanoparticles combined with HPβCD has
been evaluated.

The group that was subjected to I/R and treated with RSV-NP
(IRTRN group) presented SOD activity, LOOH levels, nitrite levels, an
HuC/D-immunoreactive cell profile, GFAP fluorescence intensity, and
gastrointestinal transit time that were similar to the control group.
However, this treatment was unable to prevent all the damage that was

Fig. 5. Photomicrographs showing fluorescence of myenteric glial cells immunoreactive to S100 (a) and GFAP (b) proteins and double-labeling of S100 and GFAP (c). Calibration
bar= 50 μm. (d) Density of myenteric glial cells (d). (e) Fluorescence intensity of GFAP protein. aSignificant difference from C group. bSignificant difference from SC group. cSignificant
difference from STR group. dSignificant difference from STEN group. eSignificant difference from STNR group. fSignificant difference from IRC group. gSignificant difference from IRTR
group. hSignificant difference from IRTEN group. The data are expressed as mean ± standard error (n=6).

Fig. 6. Gastrointestinal transit. aSignificant difference from C group. bSignificant differ-
ence from SC group. cSignificant difference from STR group. dSignificant difference from
STEN group. eSignificant difference from STNR group. The data are expressed as
mean ± standard error (n=6).
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caused by I/R. The I/R group that was treated with RSV-NP (IRTRN
group) presented an approximately 20% loss of myenteric neurons
compared with the control group. We also observed increases in the
nitrergic neuronal profile, VIPergic varicosities, and glial cell pro-
liferation (S100 immunoreactivity) and a decrease in GSH activity. This
partial protection by RSV-NP may be explained by the findings in the I/
R group that was treated with empty nanoparticles (IRTEN group). The
IRTEN group presented a significant 182% increase in AST levels (i.e., a
nonspecific marker of hepatic injury) and 160% increase in ALT levels
(i.e., a specific marker of hepatic parenchymal injury) compared with
the control group. Animals that were subjected to I/R and treated with
NP presented hepatotoxicity. In the I/R group that was treated with
RSV-NP (IRTRN group), AST and ALT levels were similar to the control
group. The IRTRN group may have been protected by the antiin-
flammatory and antioxidant actions of resveratrol itself. These results
appeared to contradict previous results by Ojer and collaborators (Ojer
et al., 2012) who described poly(anhydride) nanoparticles containing
HPβCD (NP in the present work) as safe when orally administered in
rats (Ojer et al., 2012). This apparent discrepancy would be related
with the fact that the present I/R model promotes the destruction of
intestinal cells and negatively affect to the mucosal integrity, leading to
an increase in intestinal epithelial permeability and dysfunction
(Eltzschig and Eckle, 2011; Lin et al., 2014). Therefore, this disruption
of intestinal epithelium would facilitate the passage of nanoparticles
and their arrival to the liver, inducing hepatotoxicity (e.g., increased
levels of AST and ALT). This idea would be supported by the fact that it
has been described that in I/R model animals, the translocation of
bacteria and endotoxins is facilitated (Lin et al., 2014; Tassopoulos
et al., 2016).

In addition to causing liver damage, we also found that the empty
nanoparticles promoted intestinal injury. The I/R group that was
treated with empty nanoparticles (IRTEN group) presented 28% loss of
the general neuronal population compared with the control group. It
also presented increases in the general neuronal profile, nitrergic sub-
population, VIPergic varicosities, glial cell proliferation (S100-im-
munoreactive), and reactive gliosis (GFAP-immunoreactive), a decrease
in GSH levels, and a delay in gastrointestinal transit. The IRTEN group
also exhibited a substantial 352% increase in nitrite levels. We assessed
nitrite levels as a secondary indicator of the presence of nitric oxide
(NO) in intestinal tissue. Excess NO can cause cellular and tissue da-
mage (Kobayashi, 2010; Kubes and McCafferty, 2000) and result in
formation of the peroxynitrite radical (ONOO−), a powerful oxidizing
agent (Rivera et al., 2011). Excess nitrite in the IRTEN group may have
been an inflammatory response to I/R, followed by the translocation of
empty nanoparticles and consequently toxicity in tissue.

The empty nanoparticles also promoted damage in the sham group.
The STEN group presented overall neuronal loss of 25% compared with
the control group. We also observed increases in the profile of VIPergic
varicosities, glial cell proliferation (S100-immunoreactive), and re-
active gliosis (GFAP-immunoreactive). The sham group that was treated
with empty nanoparticles also exhibited oxidative stress in ileal tissue.
The sham group that was treated with empty nanoparticles presented a
significant 40% increase in lipid peroxidation (LOOH levels) and 52%
decrease in GSH activity compared with the control group. These al-
terations in the sham group were attenuated by treatment with RSV-NP.
With the exception of GSH levels, the sham group that was treated with
RSV nanoparticles (STRN group) presented a general neuronal density,
VIPergic varicosity profile, glial cell density (S100-immunoreactive),
GFAP fluorescence intensity (GFAP-immunoreactive), and LOOH levels
that were similar to the control group.

Resveratrol treatment in the STRN and IRTRN groups appeared to
be responsible for attenuation of the adverse effects of I/R. The al-
terations that were caused by I/R were attenuated or even prevented by
RSV in free form. In addition to neutralizing free radicals, RSV can
activate the synthesis of antioxidant enzymes (Frémont, 2000; Kumar
and Sharma, 2010), inhibiting the formation of oxidative stress. The I/R

group that was treated with resveratrol in free form (IRTR group)
presented SOD activity, GSH activity, LOOH levels, and nitrite levels
that were similar to the control group, indicating its antioxidant effects.
Treatment with RSV in free form also prevented myenteric neuronal
loss, glial cell proliferation, reactive gliosis, and the delay in gastro-
intestinal transit in the I/R group. Other authors that used the same
experimental design and treated I/R animals with 10mg/kg resveratrol
in free form also found that this polyphenol inhibited oxidative stress
and promoted neuroprotection (Borges et al., 2016; da Silva de Souza
et al., 2015).

Despite the limited intrinsic bioavailability of RSV, the treatment
performed with the free form when compared to the nanoencapsulated
form, exceeded the capacity to relieve oxidative damage promoted by
IR, myenteric and glial neuronal protection, and the maintenance of
gastrointestinal transit time. These results, in addition to those of the
empty nanoparticles, suggest that poly(anhydride), when applied as a
nanoparticulate polymer carrier, fallout into limited results in terms of
neuroprotection and reduction of oxidative stress. In the I/R group that
was treated with empty nanoparticles (IRTEN group), the poly(anhy-
dride) nanoparticles appeared to translocate, causing high hepatotoxi-
city and myenteric neuronal loss in animals that were treated with this
formulation. Treatment with poly(anhydride) nanoparticles that con-
tained the RSV yielded results that were similar to free resveratrol with
regard to neuroprotective and antioxidant effects. Overall, these results
indicate that this nanocarrier system is not ideal for the treatment of
intestinal injury that is caused by I/R because of hepatotoxicity that
may be caused by epithelial barrier dysfunction that triggers the
translocation of nanoparticles. Other kinds of nanocarriers may re-
present possible alternatives to ameliorate RSV administration for in-
testinal I/R injury.
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