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A B S T R A C T

Aims: The aim of our study was to study the pathological mechanisms induced by the rheumatoid arthritis (RA)
on the Enteric Nervous System (ENS).
Main methods: We evaluated the effect of the chronic arthritis and its treatment with 50mg/kg quercetin alone
(AQ) and combined with 17.5 mg/kg ibuprofen (AIQ) for 60 days on neurons, glial cells and intestinal wall.
Other groups were used: control (C), arthritic (A) and arthritic treated with 17.5 mg/kg ibuprofen (AI). After 60
days, the jejunum was removed and processed for immunohistochemical techniques. Immunostainings were
performed for HuC/D and S100 (myenteric and submucosal plexuses), and GFAP (only myenteric plexus), while
immunolabeling for CD45 and CD20 lymphocytes was performed using cryosections. Western blot was per-
formed for GDNF, S100 and GFAP.
Key findings: A group yielded a remarkable density decrease of the neurons and glial cells with morphometric
changes in the myenteric and submucosal plexuses, reduction of the GDNF expression and GFAP-related para-
meters (GFAP expression, occupancy area and GFAP-expressing glial cells) and intestinal inflammation and
atrophy of the mucosa and intestinal wall. AQ group substantially reversed most of these effects, except for
intestinal atrophy of the jejunum. The AI and AIQ groups displayed lower beneficial results than AQ for para-
meters related to the neurons and glial cells, although AIQ did not prevent the inflammation of the mucosa.
Significance: The severe chronic rheumatoid arthritis induced severe effects on ENS and mucosa, and quercetin
treatment continues to be an important antioxidant supplement preventing the progression of the RA severity.

1. Introduction

Rheumatoid arthritis (RA) is an inflammatory and autoimmune
disease that causes bone and cartilage destruction [1,2]. RA is also
considered a multisystemic disease that affects extra-articular organs
(e.g. skin, eye, heart, lung, kidneys, heart, blood vessels, nervous and
gastrointestinal systems) [3–6] and is more frequent in patients with
severe and progressive disease associated with increased mortality [3].
Currently, 1-2% of the worldwide population has been affected by the
RA [2,7] and 40% of the arthritic patients may develop extra-articular
manifestations either at the onset or during progression of the disease

[3]. The presence of autoantibodies, increased oxidative stress and
production of pro-inflammatory cytokines underlies the pathophy-
siology of the RA [7–9].

Few studies have been performed to confirm changes on enteric
glial cells (EGC) and neurons of the Enteric Nervous System (ENS) in-
duced by RA, although presence of peripheral neuropathy has reported
in patients with RA [10–12]. In a RA model, jejunal and ileal segments
of arthritic rats induced by complete Freund's adjuvant displayed no
quantitative changes on enteric neurons, although morphometric
changes were observed in the myenteric neurons [13]. The gastro-
intestinal tract (GIT) is innervated by a complex nervous network and
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distributed in myenteric and submucosal plexuses [14,15]. These EGC
and neurons are involved in the intestinal functional homeostasis
[16–22].

The EGC display a crucial structural role to neurons and their sur-
vival, maintenance and function [19], and these cells form a network
that consists in intermediate gliofilaments protecting the neurons
[19,21]. EGC are also present in non-ganglionated plexuses and mucosa
[21,23–26]. Mature glial cells richly express the glial fibrillary acidic
protein (GFAP) in their intermediate filaments, which may be up- or
downregulated during differentiation and inflammatory conditions
[20]. Furthermore, EGC also have a calcium binding protein (S100)
present in the cytoplasm and/or nucleus that regulates specific in-
tracellular signaling pathways (e.g. regulation of the calcium home-
ostasis, cytoskeletal stability and apoptosis induction) [26]. S100 exerts
a metabolic support to ENS and displays crucial role in enteric neuro-
transmission, secretion, nutrient uptake, motility, immune and in-
flammatory processes [26,27]. Studies have confirmed that EGC avoid
the neuronal death by the release of the glial cell derived neurotrophic
factor (GDNF), which is produced by the EGC in pathological and
neuropathy processes. The key function of the GDNF is the maintenance
and survival of the neurons reducing the neuronal death by apoptosis
and inflammation [16,28–30].

The pharmacotherapy of the RA is based on five main classes of
medicines: analgesics, non-steroidal anti-inflammatory drugs (NSAIDs),
glucocorticoids, nonbiologic and biologic disease-modifying antirheu-
matic drugs (DMARS) [31]. Given the absence of cure by the RA
treatment, the aim of the antirheumatic therapy is to alleviate the
symptoms and avoid joint and organ damages [2]. Quercetin, a potent
antioxidant, is commonly found in fruits and vegetables and exerts
several biological activities (e.g. inflammatory, anticancer, hepatopro-
tective, antidiabetic and antibacterial properties), including anti-rheu-
matic actions [32–35].

The quercetin has showed protective activities protecting the EGC
and neurons from cellular death by diseases [36–40], and anti-rheu-
matic effects mostly occur due to its antioxidant and anti-inflammatory
properties [33–35]. Based on its biological properties, this study aimed
to assess the effect of quercetin alone (50mg/kg) and combined with
ibuprofen (17.5mg/kg) on enteric neurons, EGC and jejunal lympho-
cytes.

2. Methods

2.1. Experimental design

The experimental study was performed in accordance with the in-
ternational guidelines of ethical regulation and previously approved by
the Committee of Ethical Conduct on the Use of Animals in
Experimentation (CEAE) of the State University of Maringá - Paraná -
Brazil (UEM), CEUA no 4462180216.

A group of twenty-five 56-day-old male Holtzman rats (Rattus nor-
vegicus) was housed in polypropylene boxes with following dimensions:
length (40 cm), width (33 cm) and height (17 cm). The rats received
food and water ad libitum and were kept under constant environmental
conditions of temperature (22° ± 2 °C) and illumination (cycle 12 h
light/12 h dark). All animals received standard balanced Nuvital feed
(Nuvital®, Colombo, PR, Brazil).

The experimental groups consisted of 5 groups with 5 animals per
group randomly distributed: control (C), adjuvant-induced arthritic (A),
adjuvant-induced arthritic treated with 17.5mg/kg ibuprofen (AI),
adjuvant-induced arthritic treated with quercetin (50mg/kg) (AQ) and
adjuvant-induced arthritic treated with quercetin (50mg/kg) and ibu-
profen (17.5mg/kg) (AIQ).

The quercetin was administered at the dose of 50mg/kg diluted in
water and ibuprofen at a dose of 17.5mg/kg was diluted in carbox-
ymethylcellulose (CMC) solution. The CMC was used as a pharmaco-
logical inert diluent in order to dissolute ibuprofen in water [41–44].

For this reason, additional groups only treated with vehicle (CMC or
water) was not performed in our study since the main objective of this
research was to assess the arthritis-induced effects on ENS and joint
inflammation, and the treatment impact of the quercetin alone and
combined with ibuprofen.

2.2. Induction of rheumatoid arthritis

The induction of the arthritic model was obtained by the in-
tradermal injection of 0.1ml complete Freund's adjuvant (CFA) of 5%
heat-killed suspension of Mycobacterium tuberculosis into the right hind
paw of each animal [45,46]. The negative control (non-arthritic rats)
also received an intradermal injection that only contained 0.1 mL of the
vehicle (mineral oil; Nujol®, Schering-Plow, São Paulo-Brazil).

To confirm the establishment of arthritic disease, the left paw
edema was measured on days 0 (induction day), 1st, 3rd and 6th of the
experiment using a digital hydro plethysmograph, expressed by the
increase in the volume (μL) of the left paw compared to the initial
volume.

2.3. Treatment

The experimental treatment was daily carried out by gavage during
60 days. The dose of 50mg/kg of the quercetin was chosen based on
previous effects of the quercetin supplementation in water at a dose of
200mg/kg [37,38] and 40mg/kg [36,39]. In this study, the dose of
17.5 mg/kg of the ibuprofen was selected in line with previous studies
as a positive control and conventional anti-inflammatory drug used by
the humans [41–44].

2.4. Collection and processing of samples

After 60 days, the animals were maintained for a 12 h fasting
period. Afterwards, all rats were intravenously administered with vin-
cristine (0.5 mg/kg body weight - Eurofarma®, Brazil) using penile vein
2 h before euthanasia in order to block the formation of the cellular
microtubules. After 2 h, the animals were intraperitoneally injected
with thiopental (40mg/kg body weight - Abbott Laboratories, Chicago,
IL, USA), the celiotomy was performed to collect the entire small in-
testine and its length was measured. The jejunal segment was removed
and then, opened along the mesenteric border and its width was also
measured. The total area of the small intestine was determined by the
multiplication of the width by the length, expressed in cm2. These
opened tissues were incubated in Zamboni's fixative for 18 h [47] and
subsequently, rinsed in phosphate-buffered saline (PBS; 0.1 M, pH 7.4).
Afterwards, the intestinal samples were incubated in a 18% sucrose
solution (w/v) for 24 h and then, immersed in a solution of optimum
cutting temperature (OCT) and frozen −80 °C. Subsequently, the his-
tological sections of 10 μm thickness were placed on microscope slides
using a cryostat for the subsequent immunostaining techniques of the
intestinal wall [48].

The non-opened jejunal samples were firstly rinsed in PBS and filled
with Zamboni's solution and then, incubated for 18 h at 4 °C.
Afterwards, the samples were opened along the mesenteric border and
successively rinsed in 80% alcohol to remove the fixative completely.
Subsequently, the jejunal samples were sequentially dehydrated using
increasing concentrations of alcohols (95% and 100%), diaphanized in
xylol and then, rehydrated in descending concentrations of alcohols
(100%, 90%, 80% and 50%). After that, the intestinal tissues were
stored in PBS containing 0.08% sodium azide (Sigma-Aldrich, Inc., St.
Louis, MO, USA) at 4 °C until the subsequent immunohistochemical
procedures. These intestinal tissues were cut into small pieces of ap-
proximately 1 cm2 and microdissected using a stereomicroscope Stemi
DV4 (Zeiss, Jena, Germany) in order to obtain thin specific layers where
are found the muscular tunica and the submucosa. The evaluation of
the ganglionated plexuses of the ENS consisted in the removal of the
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tunica mucosa to obtain the myenteric plexus. The submucosal tissue
was obtained by scraping of the mucosal layer for the exposure of the
submucosal plexus [47].

2.5. Study on ENS and frozen cryosections

2.5.1. Immunohistochemistry for the HuC/D, S100 and GFAP
The both microdissected membranes were rinsed in PBS

(2× 10min) that contained 0.5% Triton X-100 (T8532; Sigma-Aldrich,
Saint Louis, MO - USA). Afterwards, the jejunal samples were incubated
in blocking solution containing PBS (0.1 M, pH 7.4), 2% BSA (bovine
serum albumin, A9647 - Sigma, Saint Louis, MO - USA), 10% donkey
serum and 0.5% Triton X-100 for 1 h. After blocking, the tissues were
incubated in a new solution that contained the same formula used in the
blocking solution adding the following primary antibodies: anti-HuC/D
and anti-S100 (double immunostaining) [47] and GFAP [49] (single
immunolabeling) (Table 1) for 48 h at room temperature (RT). After
antibody incubation, the intestinal segments were rinsed in a solution
that contained PBS and 0.5% Triton X-100 (2× 10min). Subsequently,
the intestinal membranes were incubated in the corresponding sec-
ondary antibody (Table 1) for 2 h at RT. Subsequently, the jejunal tis-
sues were rinsed in PBS (2× 10min), placed on slides with buffered
glycerol with PBS (9:1) and stored at 4 °C. For the negative control, the
primary antibody was not used. The GFAP immunostaining was only
performed in myenteric plexus. Furthermore, the GFAP im-
munolabeling was counterstained with DAPI to visualize the nuclei.

2.5.2. Single immunohistochemistry for CD45 and CD20 lymphocytes using
frozen histological sections

Frozen histological sections, previously obtained from the cryostat
and placed on microscope slides, were washed in PBS with Triton X-100
(0.5%) (2× 10min). After rinsings, the blocking was performed with

PBS, 2% BSA, 10% donkey serum and Triton X-100 (0.5%) for 1 h. After
that, the jejunal samples were incubated in a solution with anti-CD20
and anti-CD45 primary antibodies produced in mice for 48 h at RT
(Table 1). After incubation, risings were performed using PBS
(2×10min) and then, the samples were incubated using the Alexa
Fluor anti-mouse 488 secondary antibody (1:500) for 2 h at RT
(Table 1). After rinsing in PBS, the slides were mounted with buffered
glycerol [50]. For the negative control, the primary antibody was
omitted.

2.5.3. Image acquisition
The images were obtained by a Moticam® 2500 5.0 Mega Pixel high

resolution camera (Motic China Group Co., Shanghai, China) coupled to
an Olympus fluorescence optical microscope® BX40 (Olympus Co.,
Japan), transferred to microcomputer through the software Motic
Images Plus® 2.0ML (Motic China Group Co., Shanghai, China) and
recorded. For double labeling for S100 and HuC/D, 30 images were
captured using a 20× objective lens, whereas 20 images were obtained
for GFAP using a 40× objective lens. For the immunostaining for
lymphocytes (CD45 and CD20) using frozen histological sections, a
10× objective lens was used and a number of images was acquired
until obtaining 30 villi.

2.5.4. Correction of neuronal and glial density
The cellular correction was used to avoid morphoanatomical al-

terations that occur in several pathophysiological conditions and may
interfere in the results of the cellular density of the neurons and EGC
(cell dispersion or concentration) [51,52]. Comparing the mean areas of
the arthritic groups (A, AI, AQ and AIQ) to the control group, a cor-
rection factor was calculated by the ratio between the areas of the in-
testinal segments in the arthritic groups and the control group
(Table 2). The cellular density of each arthritic group in the

Table 1
Primary and secondary antibodies used in immunohistochemical and Western blot reactions.

Primary antibody Source Dilution (IHC) Dilution (WB)

Monoclonal produced in mouse anti-HuC/D Molecular Probes, Invitrogen, OR, USA 1:300 —
Monoclonal produced in rabbit anti-S100 Santa Cruz Biotechnology, USA 1:200 1:1000
Monoclonal produced in mouse anti -GFAP Santa Cruz Biotechnology, USA 1:200 1:1000
Policlonal produced in goat anti-GDNF Santa Cruz Biotechnology, USA — 1:1000
Monoclonal produced in mouse anti-GAPDH Santa Cruz Biotechnology, USA — 1:1000
Policlonal produced in mouse anti-CD45 Molecular Probes, Invitrogen, OR, USA 1:300 —
Policlonal produced in mouse anti-CD20 Molecular Probes, Invitrogen, OR, USA 1:300 —
Secondary antibody
Alexa fluor 488 (donkey anti-rabbit) Molecular Probes, Invitrogen, OR, USA 1:200 —
Alexa fluor 568 (goat anti-mouse) Molecular Probes, Invitrogen, OR, USA 1:500 —
Alexa fluor 488 (donkey anti-mouse) Molecular Probes, Invitrogen, OR, USA 1:300 —
HRP-conjugated goat anti-rabbit Novex, Invitrogen, USA — 1:1000
HRP-conjugated rabbit anti-mouse Novex, Invitrogen, USA — 1:2000
HRP-conjugated mouse anti-goat Novex, Invitrogen, USA — 1:2000

IHC= immunohistochemistry; WB= Western blot; HRP=horseradish peroxidase.

Table 2
Volume of left paw edema obtained by a hydroplethysmograph, mean area of the jejunum and the correction factor used to correct the neuronal and glial density.
Experimental groups: control (C), arthritic (A), arthritic treated with ibuprofen 17.5mg/kg (AI), arthritic treated with quercetin 50mg/kg (AQ) and arthritis treated
with 50mg/kg quercetin and 17.5mg/kg ibuprofen (AIQ).

Groups Paw edema (μL) Jejunal area (cm2) FC

Day 0 Day 1st Day 3rd Day 6th

C 132 ± 2 132 ± 2 135 ± 2 137 ± 3 186 ± 15 -
A 126 ± 2 299 ± 18a 333 ± 16a 349 ± 17a 168 ± 7a 0.9
AI 120 ± 2a 257 ± 12a,b 287 ± 20 a,b 283 ± 19a,b 173 ± 8 0.93
AQ 124 ± 2a 255 ± 10a,b 293 ± 13 a,b 314 ± 10a,b 166 ± 5a 0.89
AIQ 123 ± 1a 230 ± 5a,b 255 ± 10 a,b 285 ± 8a,b 162 ± 7a 0.87

FC= correction factor. a= significant in comparison to the control group (p < 0.05) and b= significant in comparison to the arthritic group (p < 0.05). Data are
expressed as mean ± standard error. n=5 animals per group.
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quantitative analysis was multiplied by this correction factor.

2.5.5. Quantification and morphometry of the S100-IR glial cells and HuC/
D-IR enteric neurons of the myenteric and submucosal plexuses

For the immunohistochemical techniques for HuC/D and S100, the
analysis was performed in the intermediate region of the jejunum. The
neuronal and glial populations of each image were quantified using the
Image-Pro® Plus version 4.5 program (Media Cybernetics Inc.,
Rockville, MD, USA) [47]. The results were expressed as cells per cm2,
which were obtained considering the measurement of the image area
and correction of the intestinal area for the calculation of the neuronal
and glial density. For the morphometric analysis, the area of 100 cells
(S100-IR EGC and HuC/D-IR neurons) per animal was measured using
the same program [47]. The morphometric results were expressed in
μm2.

2.5.6. Quantitative analysis of glial cells expressing the GFAP protein and
the occupancy area by the GFAP-IR intermediate filaments

The quantification of the GFAP-expressing EGC [53], which is ob-
served surrounding the glial cellular body stained with DAPI, was
performed using Image-Pro® Plus software version 4.5. Analyzing 20
parts of the nervous ganglia present in intermediate region of the je-
junum, the occupancy area by the GFAP-IR intermediate filaments was
measured using ImageJ® software version 1.43° (NIH), where the
images were converted to 16 bits and a binarization function was used
to remove the background intensity [54].

2.5.7. Quantification of CD45 and CD20 lymphocytes of intestinal mucosa
and assessment of total thickness and villus height of jejunum

For the quantification of the CD45 and CD20 lymphocytes, 30 villi
were counted per animal using Image-Pro® Plus version 4.5 Software
[48]. The results were expressed as a mean of lymphocytes/villus.

For the morphometric analysis of histological sections of the je-
junum, 30 units of the villi and total wall thickness of jejunum were
measured [47]. The length of the villi comprises from the extension of
the crypt-villus junction until the top of the villus. The total height of
the intestinal wall includes the extension of the intestinal wall from the
serous tunic until the top of the villi.

2.6. Western blot

The jejunal protein expressions for the GFAP, GDNF and S100
proteins were evaluated. After celiotomy, the jejunal segments were
repeatedly rinsed in Krebs-Ringer buffer (pH 7.4). The intestinal tissues
were centrifuged for 10min at 10.000×g using a homogenization
buffer [50mM Tris HCl, pH 7.4, 600mM NaCl, 1 mM ethylenediami-
netetracetic acid (EDTA) Sigma-Aldrich] and the supernatant was col-
lected and frozen (−80 °C). Total protein concentration per sample was
measured using the Bradford protein assay (Bio-Rad, Hercules, CA,
USA) [55]. Afterwards, the proteins were separated using the gel
electrophoresis SDS-PAGE and sequentially transferred to nitrocellulose
membranes. After protein transfer, the immunostaining was initiated
using a blocking solution containing 5% skimmed milk in TBS buffer
(2.24 g/L Tris base and 8 g/L NaCl, pH 7.6) and 0.1% Tween-20 for
1 h at RT. Subsequently, nitrocellulose membranes with proteins were
incubated in primary antibodies against GFAP, GDNF, S100 and gly-
ceraldehyde-3-phosphate dehydrogenase GAPDH proteins overnight at
4 °C (Table 1). After that, membranes were incubated in their corre-
sponding horseradish peroxidase-conjugated secondary antibodies for
2 h at RT (Table 1). The band intensity of the immunodetection was
revealed using a Novex ECL Chemiluminescent Substrate Reagent Kit
(Thermo Fisher Scientific, Waltham, MA, USA). The ChemiDoc MP
imaging program was used for the image acquisition. The bands of the
molecular weights for GFAP (50 kDa), GDNF (15 kDa) and S100 (9-
13 kDa) were measured using ImageJ® version 1.43° software. Changes
in the proteins expression in this study were normalized comparing

with the level expression of GAPDH. The results were expressed in ar-
bitrary units. The Western blot was performed according to do Nasci-
mento et al. (2019) [48] and Vicentini et al. (2016) [52].

2.7. Statistical analysis

The statistical analysis was performed using Statistica 8.1 and
GraphPad Prism 6.1, and expressed as mean ± standard error of the
mean. The morphometric data were designed in Randomized Block
Design, followed by the Fisher's Test. For the quantitative data, one-way
ANOVA analysis of variance was performed, followed by the Fisher's
Test. The p < 0.05 was considered significant.

3. Results

3.1. Volume of paw edema and intestinal area

The analysis of the intestinal area revealed significant effects (F(4,
16)= 3.1719; p= 0.04249) in this study. Comparing the experimental
groups, no statistically significant differences for the jejunal area of the
small intestine, except for A group that displayed a intestinal area
atrophy of 10% compared to C group (p < 0.05; Table 2).

Considering the analysis of volume of the left hind paw edema,
significant results were also obtained on days 0 (F(4, 16) = 4.4332;
p=0.01334), 1st (F(4, 16) = 36.621; p= 0.00001), 3rd (F(4,
16)= 34.138; p= 0.00001) and 6th (F(4, 16)= 56.450; p= 0.00001). A
group displayed an increase of the paw volume (p < 0.0001) in rela-
tion to the control on days 1st, 3rd and 6th (Table 2). In these same
days, there were reductions in the paw volume for the AI (p < 0.05),
AQ (p < 0.05) and AIQ (p < 0.0001) groups compared to A group
(Table 2).

3.2. Density and morphometry for the HuC/D-IR neurons and S100-IR glial
cells

The analysis of the density of the HuC/D-IR neurons displayed
significant values in the myenteric (F(4, 741)= 17.485; p=0.00001)
and submucosal (F(4, 741)= 15.306; p=0.00001) plexuses. Regarding
the density of the S100-IR EGC, significant results were also obtained in
the myenteric (F(4, 741) = 50.821; p= 0.00001) and submucosal (F(4,
741) = 127.81; p=0.00001) plexuses. Comparing the groups, the
density of the HuC/D-IR neurons in the myenteric and submucosal
plexuses reduced 35.9% and 26.9% in arthritic group, respectively (vs
C; p < 0.0001; Fig. 1A). The density of the S100-IR EGC in the
myenteric and submucosal plexuses also displayed a decreased number
of 43.7% and 72.4% in A group, respectively (vs C; p < 0.0001;
Fig. 1B). In the AI, AQ and AIQ groups, there was a density preservation
of the HuC/D-IR myenteric neurons of 19%, 43% and 22% compared to
A group, respectively (vs A; 0.0001; Fig. 1A). In the submucosal plexus,
a neuronal preservation of the HuC/D-IR neurons was observed in AQ
(16%; p < 0.003) and AIQ (12%; p < 0.05) groups (vs A; Fig. 1B). In
these same groups, AI, AQ and AIQ groups yielded a density pre-
servation of S100-IR EGC in the myenteric plexus of 29.3%, 72% and
39.7%, respectively (vs A; p < 0.0001; Fig. 1B). In the submucosal
plexus, the preservation of the S100-IR cells was much more expressive:
106% (AI), 156% (AQ) and 138% (AQ) (vs A; p < 0.0001; Fig. 1B). For
both HuC/D and S100 markers, the cellular densities in the AQ group
were similar to those observed in control (p > 0.05).

Evaluating the analysis of the areas of the neuronal bodies, sig-
nificant values were obtained in the myenteric (F(4, 2491) = 61.381;
p=0.00001) and submucosal (F(4, 2491) = 9.6369; p=0.00001)
plexuses. For the glial somatic area of the EGC, significant effects were
also observed in the myenteric (F(4, 2491) = 38.117; p=0.00001) and
submucosal (F(4, 2491) = 24.290; p=0.00001) plexuses. Comparing the
experimental groups, an increased area of 21% and 18.7% was ob-
served in the myenteric plexus for the neurons and EGC, respectively (A
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vs. C; p < 0.0001; Fig. 1C and D). However, the arthritis resulted in a
7.4% reduction of cellular area of the S100-IR EGC in the submucosal
plexus (A vs. C; p < 0.0001; Fig. 1D).

In the treated groups (AI, AQ and AIQ), decreased cellular body
areas were observed for the HuC/D-IR neurons (23.4%, 29.7% and
19.1%, respectively; p < 0.0001; Fig. 1C) and the S100-IR EGC
(13.7%, 16.3% and 21%, respectively; p < 0.0001; Fig. 1D) in the
myenteric plexus in comparison to A group. In the submucosal plexus,
an increased cellular body area (9.7%; p < 0.0001) of the HuC/D-IR
neurons in the AI group was observed, whereas AQ group displayed a
decreased somatic area (6.8%; p < 0.05) for these neurons (vs A;
p < 0.01; Fig. 1C). Reductions for the S100-IR EGC (vs A; Fig. 1D)
were seen in AIQ (6.1%; p < 0.05) and AQ (10.9%; p < 0.0001)
groups in the submucosal plexus. Representative images of S100-IR
EGC and HuC/D-IR neurons are shown in Fig. 2 and Fig. 3.

3.3. Occupancy area by the GFAP-IR intermediate filaments and
quantification of the GFAP-expressing EGC in the myenteric plexus

Significant effects were obtained for the analysis of the GFAP-IR
intermediate filaments (F(4, 491)= 22.103; p=0.00001) and density of
the GFAP-expressing EGC (F(4, 491)= 28.105; p= 0.00001). Regarding
the experimental groups, arthritis (group A) resulted in a decrease of
34% (p < 0.0001) and 49% (p < 0.0001) for the occupancy area by
the GFAP-IR intermediate filaments (Fig. 4A and C) and density of the
GFAP-expressing EGC, respectively (Fig. 4B and C). Comparing the
treatment effects to the arthritic group, increases of the occupancy area
by the GFAP-IR gliofilaments were observed for the AQ (66%) and AIQ
(72%) groups (vs A; p < 0.0001; Fig. 4A). For the GFAP-expressing

EGC, enhances of 62%, 113% and 89% were observed for the AI, AQ
and AIQ groups, respectively (vs A; p < 0.0001; Fig. 4B). For both
analyzes, quercetin treatment (AQ) displayed similar values to the
control (p > 0.05).

3.4. Expression of the GFAP, S100 and GDNF proteins

Statistically significant values were observed regarding the analysis
of the expressions of the GFAP (F(4, 16)= 6.5844; p=0.00249), S100
(F(4, 16)= 3.3976; p=0.03416) and GDNF (F(4, 16) = 5.5467;
p=0.00536) proteins. Comparing the experimental groups, there was
a reduction of the GDNF (33.5%; p < 0.0001; Fig. 5C) and GFAP (18%;
p < 0.0001; Fig. 5A) expressions in the arthritic animals (A group)
compared to C group. In the treated group (AI, AQ and AIQ), there was
an increase of the GFAP expressions in 20.2%, 29% and 34%, respec-
tively (vs A; p < 0.05; Fig. 5A). For the GDNF expressions, enhances of
32% (p < 0.0001), 72% (p < 0.05) and 60% (p < 0.05) were found
for AI, AQ and AIQ groups, respectively (vs A; Fig. 5C). In the AI, AQ
and AIQ groups, decreased S100 expressions of 9% (p < 0.05), 4.8%
(p < 0.0001) and 40% (p < 0.05) were evidenced (vs A; Fig. 5B).

3.5. Quantification of the CD45 and CD20 lymphocytes and length of the
villi and total wall thickness

Significant effects were observed for the density of the CD45 (F(4,
741) = 43.860; p= 0.00001) and CD20 (F(4, 741) = 88.741;
p=0.00001) lymphocytes. A group exhibited remarkable increases of
the density of the CD45 (91%) and CD20 (159%) lymphocytes per villus
compared to C group (Fig. 6A; p < 0.0001). Evaluating the CD45

Fig. 1. Results of the quantitative analysis of HuC/D-IR neurons (A) and CGE-IR glial cells (B) expressed in cm2; and the morphometric analysis of the HuC/D-IR
neurons (C) and CGE-IR glial cells (D) expressed in μm2 in the myenteric (MP) and submucosal (SP) plexuses of the jejunum. Experimental groups: control (C),
arthritic (A), arthritic treated with 17.5 mg/kg ibuprofen (AI), arthritic treated with 50mg/kg quercetin (AQ) and arthritis treated with 50mg/kg quercetin and
17.5 mg/kg ibuprofen (AIQ). a= significant in comparison to the control group (p < 0.05) and b= significant in comparison to the arthritic group (p < 0.05).
Results are expressed as mean ± standard error. n= 5 animals per group.
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lymphocyte density of the treated groups in relation to A group
(Fig. 6A), decreased densities of 33% (p < 0.0001; AI group) and 29%
(p < 0.0001; AQ group) were observed for the total CD45 lympho-
cytes, whereas AIQ group showed a 11% higher density of these lym-
phocytes (p < 0.05). For the CD20 lymphocytes (Fig. 6A), density re-
ductions of 40% and 41% were observed for the AI and AQ groups (vs
A; p < 0.0001), respectively.

Statistically significant results values were also obtained for the
analysis of the villus height (F(4, 741)= 29.767; p=0.00001) and total
wall length (F(4, 741) = 45.816; p=0.00001). A group displayed a de-
crease of 11% villus height and 8% total wall size (vs C; p < 0.0001;
Fig. 6B). Furthermore, increased villus heights were found in AI
(17.2%), AQ (6%) and AIQ (14.8%) groups (vs A; p < 0.0001; Fig. 6B).
Regarding the total thickness of jejunal mucosa, AI and AIQ groups
yielded an increase of 12% and 5.9% in its length, respectively (vs A;
p < 0.0001; Fig. 6B). Photomicrographs of the immunostainings for
CD45 and CD20 are shown in Fig. 6C.

4. . Discussion

In this study, the chronic and severe model of CFA-induced arthritis
demonstrated that the extra-articular and systemic effects of RA nega-
tively affected the cellular components of the SNE and intestinal mu-
cosa. These findings deserve the researchers' attention since until now
few studies have demonstrated cellular and molecular impairment on
ENS and GIT induced by the RA in order to uncover how this disease
results in some gastrointestinal symptoms in arthritic patients (e.g.
abdominal pain, which is considered almost universal, whereas nausea,
vomiting or diarrhea occur in about one-third of patients) [56,57]. The
establishment of this inflammatory model was confirmed by the in-
crease of the left hind paw edema of these animals on 1st, 3rd and 6th
days. Since the occurrence of systemic manifestations mainly occurs in
severe arthritic disease [3], in this study, RA resulted in remarkable
neurodegeneration in the jejunum of the arthritic rats due to the de-
creased density of the enteric neurons and the EGC in the myenteric and
submucosal plexuses, which may affect the functioning of the ENS and
GIT. The RA-induced effects on ENS should also be investigated in the

Fig. 2. Immunostaining for the HuC/D-IR neurons and S100-IR glial cells, and merge of both markers in the myenteric plexus of the jejunum of arthritic rats.
Experimental groups: control (C), arthritic (A), arthritic treated with 17.5 mg/kg ibuprofen (AI), arthritic treated with 50mg/kg quercetin (AQ) and arthritis treated
with 50mg/kg quercetin and 17.5mg/kg ibuprofen (AIQ). Scale bar= 20 μm.
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acute phase for future studies in order to determine the severity in this
stage on ENS.

The increased body area of the neurons and EGC in the myenteric
plexus of the arthritic animals (A group) observed in this study suggests
a beneficial compensatory effect due to an increase in the cellular en-
zymatic machinery in order to reestablish the gastrointestinal activity
the closest to the ideal due to neuronal and glial loss [36,58,59].
However, in the submucosal plexus, only EGC displayed reduction of
their cellular area, which may indicate a deleterious gliopathic effect
induced by the arthritic disease, resulting in a lower enzymatic activity
of these cells [36,59]. Phenotypic changes of the EGC and enteric
neurons indicate the presence of cellular plasticity to suit changes in
environmental conditions that the ENS is exposed [23]. Furthermore,
the decrease of the glial network, GFAP expression and GFAP-expres-
sing EGC indicates that these cells are not compensating their glial
density reduction and neuronal loss, thus being more susceptible to the
damages caused by the arthritic disease. It is well-known that these
cells create a protective microenvironment that provides support to the
neurons through the expansion of these gliofilaments and synthesis of

neurotrophic factors (e.g. GDNF), preventing the neuronal death
[23,59]. These EGC play a crucial structural role for the enteric neurons
involving their cellular bodies and axons [27,56]. In addition, EGC are
responsible for responding to mechanical and exogenous stimuli, in-
creasing the production of GFAP-IR intermediate filaments to provide a
structural and physical barrier against cytotoxic and immunological
effects on enteric neurons [23].

In line with the results described above, the lower GFAP and GDNF
expressions observed by the RA (A group) probably occurred due to the
substantial glial loss in this study. Furthermore, the increased expres-
sion of the S100 protein, even considering the reduction of the EGC in
both ganglionated plexuses, may be explained by the increase of the
glial somatic area in the myenteric plexus where there are higher glial
density than the submucosal plexus. Despite of the decrease of glial
bodies in submucosal plexus, a higher production of S100 probably
occurred in the cytoplasm and nucleus [14,15,23]. However, the in-
creased expression of this protein may activate the inflammatory and
immune process through the production of pro-inflammatory cytokines
by the EGC but, in its downregulation, S100 may be beneficial reducing

Fig. 3. Immunostaining for the HuC/D-IR neurons and S100-IR glial cells, and merge of both markers in the jejunal submucosal plexus of arthritic rats. Experimental
groups: control (C), arthritic (A), arthritic treated with 17.5 mg/kg ibuprofen (AI), arthritic treated with 50mg/kg quercetin (AQ) and arthritis treated with 50mg/kg
quercetin and 17.5mg/kg ibuprofen (AIQ). Scale bar= 20 μm.
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the intestinal inflammation and increasing the synthesis of GFAP and
GDNF [60–63]. For this reason, the increased S100 expression may
indicate an intensification of the inflammatory bowel process, which
probably justifies the presence of the remarkable inflammation of the
intestinal mucosa observed by the expressive increase of the B and total
lymphocytes in arthritic animals. Furthermore, the decreases of the
villus height, total wall thickness and the intestinal area of the jejunum
suggest atrophic processes, which may indicate a reduction in intestinal
absorption capacity [64]. Inflammation of the small and large intestine
has been recently described in arthritic patients [52]. Several studies on
the ENS and mucosa have been carried out using models of parasitic
infection (e.g. Chagas disease, toxoplasmosis, schistosomiasis, etc.),
diabetes, aging, blood hypoperfusion, obesity, cancer, etc. Surprisingly,
based on the results found in this study, the severe and chronic arthritic
disease displays a high relevance in the area of gastroenterology.

Regarding the quercetin effects (AQ group) on ENS and intestinal
mucosa, our results indicated that quercetin treatment at a dose of

50mg/kg resulted in protective effects compared to the arthritic group,
reestablishing almost all parameters evaluated in this study affected by
the disease. These results show that quercetin promoted neuro- and
glioprotective effects on the ENS, as well as anti-inflammatory actions
on the intestinal mucosa. Possibly, antioxidant effects may have also
occurred since the reduction of glial and neuronal somatic area, even
comparing to the healthy control, suggests protective antioxidant ef-
fects, decreasing the amount of intracellular free radicals as a beneficial
compensatory effect [36]. Such antioxidant effects are directly re-
sponsible for preventing the neuronal and glial loss [36–39].

Given the antioxidant and neuroprotective properties of the quer-
cetin [36–40], several studies have been conducted in diabetic animals
showing protective effects of the quercetin on the population of the
enteric neurons and/or glial cells using quercetin supplementation in
water at doses of 200mg/kg [37,38] and 40mg/kg [36,39]. The dose of
50mg/kg per gavage in this in vivo arthritic model showed superior
results on the ENS than quercetin supplementation in water previously

Fig. 4. Occupancy area by the intermediate fila-
ments of GFAP (A) and quantification of GFAP-ex-
pressing glial cells (B) in the myenteric plexus. Fig.
C illustrates the immunostaining for GFAP-IR in-
termediate filaments and their merge with DAPI in
the myenteric plexus of the jejunum of arthritic rats.
Experimental groups: control (C), arthritic (A), ar-
thritic treated with 17.5 mg/kg ibuprofen (AI), ar-
thritic treated with 50mg/kg quercetin (AQ) and
arthritic treated with 50mg/kg quercetin and
17.5mg/kg ibuprofen (AIQ). Results are expressed
as mean ± standard error. a= significant in com-
parison to the control group (p < 0.05) and
b= significant in comparison to the arthritic group
(p < 0.05). n=5 rats per group. Scale
bar= 40 μm.

Fig. 5. Representative immunoblots for the
following proteins: GFAP (A), S100 (B) and
GDNF (C) and standard GAPDH proteins
used for normalization. The results of
Western blot analyzes were expressed as the
percentage of arbitrary units. n= 4 rats per
group. Groups: control (C), arthritic (A),
arthritic treated with 17.5 mg/kg ibuprofen
(AI), arthritic treated with 50mg/kg quer-
cetin (AQ) and arthritis treated with 50mg/
kg quercetin and 17.5mg/kg ibuprofen
(AIQ). Results expressed as mean ±
standard error. a= significant in compar-
ison to the control group (p < 0.05) and
b= significant in comparison to the ar-
thritic group (p < 0.05). n= 4 rats.
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used for diabetic rats. Based on anti-rheumatic effects and anti-in-
flammatory actions of this flavonoid [33–35], quercetin treatments by
gavage demonstrated anti-inflammatory effects on the joints [40,65]
and other systemic organs affected by the disease, such as the liver and
lung [38]. Our results displayed reduction of the paw edema by the
quercetin treatment (AQ group) on the days 1st, 3rd and 6th, indicating
anti-inflammatory effects. For these reasons, quercetin supplementation
by the humans may avoid cartilage and joint damages and protect the
GIT. Furthermore, quercetin treatment used alone may result in su-
perior and inferior results compared to other studies depending on the
dose, time and in vivo model. Aiming to search new promising therapies
in order to simultaneously protect the ENS and joint inflammation, the
efficacy of the quercetin was evaluated alone and in combination with
ibuprofen in this research. In addition, new formulations using quer-
cetin (e.g. nanoparticle-delivered quercetin, quecertin-loaded micro-
capsules, etc) have been developed due to the multifaceted therapeutic
applications of this flavonoid that gradually control its release in the
small intestine. New combinatory therapies using quercetin and anti-
rheumatic drugs may be performed (e.g. changes of the doses of each
substance, treatment time, combinations with other antirheumatic
drugs used by the humans, etc). Co-administration of antioxidants with
other antirheumatic drugs already present in the market (e.g. DMARS
and other NSAIDs) may reach higher prognosis against arthritis-in-
duced harmful effects (e.g. joint inflammation and enteric neurode-
generation). In this study, quercetin treatment in healthy animals was
not evaluated since studies have shown that quercetin, depending on
the dose and time of administration, may result in pro-oxidant and toxic
effects [64–69].

Treatment with ibuprofen, the commercially available anti-in-
flammatory drug and used by the humans, at the standard dose of
17.5 mg/kg as well as the combination of ibuprofen and quercetin
displayed beneficial results compared to AQ, although these effects
were lesser expressive. The results showed that the treatment alone
with ibuprofen confirmed its anti-inflammatory activity on the ENS and
the intestinal mucosa. Aiming to find combinatorial therapies with
additive and synergistic effects, in this work, combined treatment

(quercetin and ibuprofen) showed inferior results than those obtained
by the treatment with quercetin alone in jejunum, in addition to being
unable to reduce intestinal inflammation of the jejunal mucosa, even
considering anti-inflammatory properties of these two substances.
Lower doses of both drugs in combination could be assessed to obtain
synergistic effects in the evaluated parameters.

5. Conclusion

In summary, this study confirmed that rheumatoid arthritis results
in important neurodegenerative processes on the ENS of the jejunum
and inflammatory process in the intestinal mucosa of arthritic rats.
These findings are relevant in the gastroenterology for the correct in-
terpretation of GIT symptoms that arthritic patients suffer. Treatment
with quercetin alone reversed almost all degenerative effects on ENS,
possibly due to its antioxidant, anti-inflammatory and neuroprotective
roles. Treatment with ibuprofen alone showed effective anti-in-
flammatory effects, but lower expressive effects than the treatment with
quercetin alone. The combined treatment of quercetin with ibuprofen
yielded beneficial results against the arthritic neuropathy but did not
reduce the inflammatory process in the jejunal mucosa.
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Fig. 6. Quantification of CD45 and CD20 (A) lym-
phocytes in the villi of the intestinal mucosa and
measurement of the villus height and total wall
thickness of the jejunum (B). Results are expressed
as mean ± standard error. Representative im-
munostainings (C) of lymphocyte density of CD45
(total lymphocytes) and CD20 (B lymphocytes), and
measurements of villus height and total thickness of
jejunal mucosa of arthritic rats. Experimental
groups: control (C), arthritic (A), arthritic treated
with 17.5 mg/kg ibuprofen (AI), arthritic treated
with 50mg/kg quercetin (AQ) and arthritis treated
with 50mg/kg quercetin and 17.5mg/kg ibuprofen
(AIQ). a= significant in comparison to the control
group (p < 0.05) and b= significant in comparison
to the arthritic group (p < 0.05). n=5 animals per
group. Scale bar= 10 μm.
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