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BIOMEDICAL SCIENCES

Quercetin and ibuprofen combination displayed
anti-inflammatory effects and also extenuates
the enteric neurons damage of arthritic rats

BRUNA THAIS DA SILVA, JULIANA VANESSA C. MARTINS-PERLES, GLEISON DAION
P. BOSSOLANI, MARIANA M. LIMA, CAMILA C. SEHABER-SIERAKOWSKI, LUCAS B.
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Abstract: This study aimed to investigate the antioxidant and anti-inflammatory
properties of quercetin on the cellular components of the Enteric Nervous System
in the ileum of rats with arthritis. Rats were distributed into five groups: control (C),
arthritic (AIA), arthritic treated with ibuprofen (Al), arthritic treated with quercetin
(AQ) and arthritic treated with both ibuprofen and quercetin (AIQ). The ileum was
processed for immunohistochemical techniques for HuC/D, calcitonin gene-related
peptide, and vasoactive intestinal polypeptide. Measurements in histological sections,
chemiluminescence assays, and total antioxidant capacity were also performed.
Rheumatoid arthritis resulted in a decrease in neuronal density, yet neuroplasticity
mechanisms were evident through observed changes in varicosities size and neuronal
area compared to the control group. Reduced paw edema and neuroprotective effects
were predominantly noted in both plexuses, as evidenced by the increased density
preservation of HuC/D-IR neurons in the AIQ group. The increase of lipoperoxidation
levels and paw edema volume in the AQ group was observed compared to the
arthritic, whereas the AIQ group mainly showed similar results to those observed in
the control. The enteropathy associated with arthritis proved to be significant in the
field of gastroenterology, and the combination of quercetin and ibuprofen demonstrated
promising anti-inflammatory and neuroprotective effects.

Key words: Enteric nervous system, ileum, neuroplasticity, quercetin, rheumatoid
arthritis.

INTRODUCTION

Rheumatoid arthritis (RA) affects approximately
1% of the world's population, and it can cause
irreversible changes in the body (Taneja 2014). RA
is recognized as a chronic inflammatory disease
that is not only limited to the bones and joints
but can also affect several body systems. It is
characterized as an autoimmune, multisystem
disease, which includes the digestive system
and consequently the enteric nervous system

(ENS) (Veselinovic et al. 2014, Smolen et al. 2016,
Quinonez-Flores et al. 2016).

The digestive system becomes sensitized
in arthritic individuals, who may experience
symptoms such as gastroesophageal reflux,
abdominal pain, diarrhea, and constipation.
These symptoms may be directly related to
the disease itself or the medications used,
ultimately affecting the enteric nervous system
(Smolen & Aletaha 2015).
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In the traditional treatment of RA drugs
have been used to reduce joint pain, stiffness,
and swelling., mainly methotrexate, disease-
modifying antirneumatic drugs (DMARDs), and
non-steroidal anti-inflammatory drugs (NSAIDs,
e.g. ibuprofen) (Jeyadevi et al. 2013, Ji et al. 2013,
Smolen & Aletaha 2015). Frequent use of these
medicines is associated with gastrointestinal
side effects (Jeyadevi et al. 2013). Biologic drug
therapies have been used for severe cases of
RA, which are agents that inhibit the synthesis
of inflammatory cytokines and regulate
lymphocyte activity (Vivar & Van Vollenhoven
2014). Co-administration of antioxidants with
traditional antirheumatic drugs already present
on the market may result in promising beneficial
effects (Helmy et al. 2001).

In this context, quercetin, a flavonoid and
polyphenolic compound that stands out due to
its widespread consumption in the human diet,
through found in fruits (e.g. apples and grapes),
and vegetables (e.g. broccoli and onions) cereals,
nuts, wines, and teas, is renowned for its anti-
inflammatory and antioxidant properties (Liu et
al. 2015). It is known for its anti-inflammatory
and antioxidant properties, which can be
beneficial both for alleviating the side effects of
traditional medication for rheumatoid arthritis
and as a means to reduce systemic damage
caused to the gastrointestinal tract, primarily
due to effects related to exacerbated oxidative
stress (Wang et al. 2021).

Recent studies have highlighted the anti-
inflammatory, antioxidant, hypertensive,
anti-obesity, anti-hypercholesterolemic, anti-
atherosclerotic, and anti-tumor activities of
quercetin (Hasnat et al. 2024). It has been shown
to alleviate arthritis symptoms by suppressing
the release of inflammatory cytokines, reducing
levels of cyclooxygenase (COX-2) induced
by lipopolysaccharide, and inhibiting bone
resorption through the suppression of nuclear
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factor-kappa B (NF-kB) and AP-1 activity. In the
pathophysiology of the disease, the increase
of oxidative stress and the production of pro-
inflammatory cytokines has been reported in
chronic degenerative diseases, additionally,
quercetin prevents the recruitment of
macrophages, neutrophils and synoviocyte
proliferation (Parthiban et al. 1995, Obrosova
2002, Veselinovic et al. 2014, El-Said et al. 2022).

Entericneurodegenerationispoorlyreported
in RA (Cojocaru et al. 2011). The gastrointestinal
tract is innervated by neurons of the Enteric
Nervous System (ENS), which are responsible
for the control of motility, absorption, secretion,
maintenance of mucosal integrity, and immune
function (Furness 2008). Peripheral neuropathy
has been already reported as extra-articular
manifestations induced by RA, which leads to
sensory and motor alterations (Albani et al.
2006, Agarwal et al. 2008, Sim et al. 2014). In
a study using the RA model, segments of the
jejunum and ileum of Holztman arthritic rats
induced by Complete Freud’s Adjuvant (CFA)
did not display quantitative changes, although
morphometric changes were observed in the
myenteric neuronal population (Souza et al.
2011).

The vasoactive intestinal polypeptide
(VIP) has anti-inflammatory, antioxidant, and
anti-apoptotic effects and stimulates smooth
muscle relaxation and secretion of fluids and
electrolytes. This neurotransmitter is able to
regulate various transduction and transcription
pathways, leading to a decrease of inflammation
by the inhibition of the production of a broad
spectrum of proinflammatory cytokines
(Furness 2008, Nezami & Srinivasan 2010).
Furthermore, VIP exerts an important control
of defense cells (e.g. neutrophils, macrophages
and lymphocytes). This polypeptide is also
involved in neuroplasticity and neuroprotection
mechanisms and is considered a neurotrophic
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factor, which stimulates the synthesis of other
growth factors and inhibits cellular apoptosis
induced by oxidative stress (Delgado et al. 2004,
Ekblad & Bauer 2004, Gonzalez-Rey et al. 2005,
Brenneman 2007, White et al. 2010, Morell et al.
2012, Deng et al. 2016).

Calcitonin gene-related peptide (CGRP) is a
vasodilator neuropeptide that exerts a crucial
role in nociceptive transmission pathways and
downregulation of inflammatory responses,
expressing antioxidant and anti-inflammatory
properties. CGRP also stimulates smooth muscle
relaxation and is expressed by different immune
cells (Furness 2008, Chandrasekharan et al. 2013,
Holzmann 2013, Wu et al. 2015).

Quercetin has important biological effects
(e.g. anti-inflammatory and antioxidant
activities) (Nabavi et al. 2015, Caparroz-Assef et
al. 2007). Building upon these findings, we can
hypothesize in our study that quercetin, with its
potential properties, may aid in the treatment
of rheumatoid arthritis by alleviating the effects
of the inflammatory disease itself and the side
effects caused by traditional medication.

Theobjective ofthisstudywasto evaluatethe
effects of quercetin on rheumatic inflammatory
parameters and on the morphology of ENS
structures in the ileum of arthritic rats using a
dosage of 50 mg/kg and combined treatment
of 17.5 mg/kg of ibuprofen with 50 mg/kg of
quercetin.

MATERIALS AND METHODS

Animals and experimental designs
Experimental procedures were carried out
following the international norms of ethical
conduct and were previously approved by the
Committee of Ethical Conduct on the Use of
Animals in Experimentation of the Universidade
Estadual de Maringa - Parana - Brazil, CEUA n°
4462180216.

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM

We used twenty-five 56-day-old male
Holtzman rats (Rattus norvegicus) obtained
from the Central Bioterium of the Universidade
Estadual de Maringa. Rats were kept in controlled
environmental conditions of temperature (22° +
2°C) and illumination (cycle 12/12 hours light-
dark). All animals received standard balanced
Nuvital feed (Nuvital®, Colombo, Parana, Brazil)
and water ad libitum in the Sectorial Bioterium
of the Department of Pharmacology and Therapy.

After 3 days of adaptation, the 56-day-old
rats were weighing 183.2 + 13.8 g. The animals
were randomly distributed into 5 groups: control
(C), adjuvant-induced arthritic without treatment
(AIA), arthritictreated with ibuprofen (Al), arthritic
treated with quercetin (AQ) and combined
treatment with ibuprofen and quercetin (AlQ).
Animals were maintained during 60 days of the
experimental period and the treatments were
performed every day using gavage. Animals were
weighed on alternating days to calculate the
daily dose to be administered.

RA was induced by intradermal injection
of 0.1 mL CFA of 5% heat-killed suspension of
Mycobacterium tuberculosis in the plantar
region of the left hind paw. Control animals were
submitted to the same procedure but received
an intradermal injection containing only the
vehicle mineral oil (Nujol®, Schering-Plow, S&o
Paulo, Brazil) (Bracht et al. 2012, Costa et al. 2016).
Treatments were carried out via gavage with
quercetin administered at the dose of 50 mg/kg
(Kaur et al. 2011, Phillips & Powley 2007), diluted
in water and ibuprofen 17.5 mg/kg diluted in
carboxymethylcellulose 10% (Kaur et al. 2011).
Control animals received gavage only using the
diluents. In this study, a dosage of 17.5 mg/kg
of ibuprofen was chosen to align with previous
research as a positive control, representing a
conventional anti-inflammatory medication
commonly used by humans (Wisniewski-Rebecca
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et al. 2015, Aguiar et al. 2017, Barbosa et al. 2017,
da Rocha et al. 2017).

Evaluation of chronic inflammatory response

Body weight

Body weight was measured on alternating days
in the morning throughout the experimental
period.

Total and differential leukocyte quantification

Blood was collected from the tail of each animal
one day prior to induction and at the end of the
experiment. Samples were diluted 1:20 in Turk’s
liguid and total leukocytes were quantified
using an optical microscope (Motic China Group,
Shanghai, China) in a 10x objective lens with
a Neubauer chamber and then, multiplied
by a correction factor of 50x. Differential
quantification was performed using a blood
smear and stained by the May-Grinwald-Giemsa
method and quantified by optical microscopy in
a 100x objective lens using immersion oil.

Paw edema

The increase of paw volume (uL) was measured
from hind paws to tibiotarsal joints using a
digital plethysmograph (Ugo Basili®, Milan, Italy)
on days 1%, 3", 10", 14", 21%, 28", 35" 42" 49"
and 56" after RA induction.

Euthanasia, sample collection, and processing
of tissues

After sixty days, animals, which were
previously kept for 12 hours of fasting, received
administration of vincristine (Fracaro et al.
2016) (0.5 mg/kg body weight; Eurofarma®, Sao
Paulo, Brazil) via penile vein 2 hours before
euthanasia in order to block the formation
of microtubules and cell proliferation (Binet
et al. 1990) Subsequently, the euthanasia was
performed under intraperitoneal anesthesia
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using thiopental 40 mg/kg body weight (Abbott
Laboratories, Chicago, IL, USA). The celiotomy
was performed to remove the small intestine
and then, its length and the ileal width were
measured, and the total area of the small
intestine was calculated in cm (Veselinovic et al.
2014, Vicentini et al. 2016).

The ileum was rinsed in phosphate-
buffered saline (PBS; 01 M; pH 7.4), filled with
Zamboni's fixative solution and then incubated
for 18 hours at 4 °C. The samples were opened
along the mesenteric border and washed in 80%
alcohol until removal of the fixative. Tissues
were sequentially dehydrated using a series of
alcohols (95% and 100%), diaphanized in xylol,
rehydrated with descending series of alcohols
(100%, 90%, 80% and 50%) and then, stored in
PBS containing 0.08% sodium azide (Sigma-
Aldrich, Inc., St. Louis, MO, USA) at 4 °C.

Tissues were cut into pieces of
approximately 1 ¢cm? and microdissected in
stereoscopic binocular loupes Stemi DV4 (Zeiss,
Jena, Germany) in order to obtain whole-mount
preparations of the muscular tunica and the
submucosa.

Immunohistochemistry

Whole-mount preparations of the submucosal
and muscular layers were washed in PBS with
0.5% Triton X-100 (Sigma, St. Louis, MO, USA) (2 x
10 minutes) and incubated in the same solution
that also contained 2% bovine serum albumin
(BSA) and 10% normal donkey serum (blocking
solution) for 2 hours at room temperature (RT).
The tissues were incubated in the following
primary antibodies: mouse anti-HuC/D (1:400;
Molecular Probes, Eugene, OR, USA), rabbit anti-
VIP (1:300; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and rabbit anti-CGRP (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) in a solution
that contained PBS, 0.5% Triton X-100, 2% BSA
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and 10% normal donkey serum for 2 hours in an
incubator at 37 °C.

Samples were kept at RT for 46 hours
under constant shaking. Intestinal samples
were rinsed using PBS and 0.5% Triton X-100
and then, the tissues were incubated in the
following secondary antibodies for 6 hours at
RT: Alexa fluor 488 donkey anti-mouse (1:400;
Molecular Probes, Eugene, OR, USA) against
HuC/D, Alexa fluor 568 goat anti-rabbit (1:250;
Molecular Probes, Eugene, OR, USA) against VIP
and Alexa Fluor 488 donkey anti-rabbit (1:500;
Molecular Probes, Eugene, OR, USA) against
CGRP. Subsequently, whole-mount preparations
were washed in PBS, the slides were mounted
using 10% buffered glycerol and stored at 4 °C.

Quantitative analysis of the enteric neurons
HuC/D-IR and VIP-IR

Analysis was performed by random sampling in
theintermediate region oftheileal circumference
(60° - 120° and 240° - 300°, considering 0° as
the mesenteric border) (Zanoni et al. 2005).
Thirty images per animal were captured using
Table I. Physiological parameters.

Parameters

C AIA
1A (cm?) 192 + 41.0 162 + 8.7

CF Standard 0.84
ITL/mm’ 9.2 + 0.44 109 £ 0.73
FTL/mm? 10.2 + 0.67 20.7 £1.93*
IML (%) 96.4 + 1.44 91.2 +1.02
FML (%) 79.6 +2.20 71.0 +3.72
IPL (%) 3.6 + 144 8.8 +1.02
FPL (%) 204 +2.20 29.0 +3.72

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM

Olympus’ BX40 fluorescence optical microscope
(Olympus, Tokyo, Japan) with 20x objective lens.

For the quantitative analysis of the
myenteric and submucosal plexuses, all
neurons present per image were counted.
Quantification and determination of the image
area were performed using Image Pro” Plus 4.5
image analysis software (Media Cybernetics, Inc.
Silver Spring, MD, USA). The density for the total
populations and subpopulations of neurons
was expressed as the total number of neurons
per cm’.

A correction factor was calculated by
comparison between the area of the intestinal
segments of all experimental groups in relation
to control area (Vicentini et al. 2016) (Table 1).
All density data were multiplied by a correction
factor.

Morphometric analysis of neurons and varico-
sities
The measurements of the area size of neuronal

body and varicosities in the nerve fibers were
performed using the same images for neuronal

Experimental groups

Al AQ AIQ
163 + 121 138 + 4.9 148 +58
0.85 0.72 0.77
107 + 0.89 10.5 + 0.92 102+ 0.61
194 + 217 274+ 263+ 17.0 131
912+ 037 92.8 + 174 89.0 + 349*
63.6 + 4.70% 66.8 + 2.82* 67.6 + 2.54*
88037 724174 11.0 + 3.49*
364 + 470 332 + 2.82% 324 £ 2547

Intestinal area (IA, expressed in cm?), correction factors (CF) for neuronal density, quantification of initial (ITL) and final (FTL)
total leukocytes (mm?®), differential quantification of initial mononuclear leukocytes (IML) final mononuclear leukocytes (FML)
and initial polymorphonuclear leukocytes (IPL) and final polymorphonuclear leukocytes (FPL) in percentage. Experimental
groups: control (C), adjuvant-induced arthritic without treatment (AIA), arthritic treated with 17.5 mg kg” ibuprofen (Al), arthritic
treated with 50 mg kg” quercetin (AQ); arthritic treated with 50 mg kg quercetin and 17.5 mg kg" ibuprofen (AlQ). n = 5 rats per
group. Values expressed as mean * standard error.” p < 0.05 compared to control, * p < 0.05 compared to AlA.
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quantification. The areas (um?) of 100 cell bodies
were obtained for HUC/D-IR neurons from each
animal in both plexuses, but VIPergic neuronal
area was only measured in the submucosal
plexus using 20x objective lens using Image
Pro® Plus 4.5 program. For the morphometric
evaluation of the VIP-IR and CGRP-IR varicosities
in both plexuses, the areas of 400 varicosities
were measured per animal of images obtained
using 40x objective lens using Image Pro® Plus
4.5 program.

Intestinal mucosa

The ileum was carefully washed for stool
removal and opened along the mesenteric
border. Samples were adhered on carton paper
with the mucosal surface facing upwards and
then, immersed in 10% buffered formalin for 6
hours at RT.

After fixation, dehydration and paraffin
inclusion were performed, 2 uym thick semi-
serial sections were obtained on a Leica
RM2265 microtome (Leica Biosystems Nussloch
GmbH, Nussloch, Germany) and stained using
hematoxylin-eosin and finally, mounted with
Permount.

The crypt depth and villus height were
measured in histological sections, in which
the crypt depth included the length between
the junction crypt-villus and the base of the
crypt, and villus height was measured from the
junction until the top of villi. Morphometry was
performed measuring 10 units of crypts and villi
per animal using the software Image Pro® Plus
(Media Cybernetics, MD, USA).

Oxidative state study

After collection, the intestinal segments were
immediately washed, frozen in liquid nitrogen
and then, stored in a freezer at -80 °C.

The level of lipoperoxidation of the samples
was measured by chemiluminescence induced
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by tert-butyl hydroperoxide (Gonzalez Flecha
et al. 1991), only modified by the addition of
hemin (Zamburlini et al. 1995). The analysis was
performed in relative light units (RLU) in the
luminometer according to the consumption of
the t-butyl hydroperoxide oxidizing agent that
was added to the reaction. Determination of the
total antioxidant capacity was also performed
measuring the levels of total antioxidants
of the tissue, mainly of low molecular weight
antioxidants (Repetto et al. 1996), using vitamin
D analogous (trolox) antioxidant as standard. A
homogenate was obtained from the ileum using
10mM monobasic phosphate buffer (pH 7.4, 0.9%
NaCl), which was prepared at a concentration
of 5 mg mL" for chemiluminescence induced by
tert-butyl hydroperoxide and 15 mg mL" for total
antioxidant capacity.

Statistical analysis

The results were submitted a randomized block
design in the programs Statistica 7, followed
by the Fisher’s Test with a level of significance
of 5%. The graphics were created in GraphPad
Prism 6.1 and expressed as mean * standard
error of the mean.

RESULTS
Physiological and inflammatory parameters

The initial body weight of the animals was
similar between all groups (p > 0.05; Figure 1e).
The arthritic animals demonstrated a decreased
final body weight in relation to the control (p <
0.05; Figure 1e and 1f). In the AIA and AQ groups,
softer and diarrheic feces were found, mainly at
the end of the experimental period.

There was no difference between the
groups (p > 0.05; Table 1) in the initial leukocyte
quantification, whereas there was an increase of
103% for AIA, and 67% for AIQ and 90% for Al in
the final total leukocytes compared to control
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Figure 1. Evolution of physiological parameters. Paw edema in the left hind (induction site) induced by Freund'’s
complete adjuvant (a and b) and right hind (contralateral paw) (c and d) in Holtzman rats and evolution of body
weight during the experimental period (e and f) in the following experimental groups: control (C), adjuvant-
induced arthritic without treatment (AIA), arthritic treated with 17.5 mg kg™ ibuprofen (Al), arthritic treated with 50
mg kg” quercetin (AQ) and arthritic treated with 50 mg kg" quercetin and 17.5 mg kg™ ibuprofen (AIQ). Figures a, ¢
and e illustrate the treatment effects of ibuprofen (Al group) and figures b, d and f show the treatment effects of
quercetin (AQ) and the combination of ibuprofen and quercetin (AlQ). The results were expressed as paw volume
increase (uL) from 1 up to 56" day. Each point was expressed as mean # standard error and body weight was
expressed in grams (g). n = 5 animals per group; * p < 0.05 compared C to the other groups; # p <0.05 compared to
AlA.
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at the end of the experiment (p < 0.05; Table I).
In AQ, there was almost a three-fold increase in
the final total leukocytes than control (p < 0.05;
Table I).

The quantification of initial mononuclear
leukocytes demonstrated a small difference
between the AlIQ compared to control (p <
0.01; Table ). The final polymorphonuclear
leukocytes increased 78%, 63% and 59% in
the Al, AQ and AlQ groups compared to the
control, respectively (p < 0.05). Comparing AlA
to the control, there was a 42% increase of
these final polymorphonuclear leukocytes in
arthritic rats, even being non-significant result
for polymorphonuclear leukocytes (p > 0.05).
However, the final mononuclear leukocytes
showed significant reductions of 20%, 16% and
15% in the Al, AQ and AlQ groups in relation to
control, respectively (p < 0.05; Table 1). When we
compare the treated groups (Al, AQ and AlQ) with
the untreated arthritic group (AIA) a significant
increase of 35.6% was observed only in the AQ
group in relation to AIA in the final leukocytes
total parameter, the other parameters presented
in the table showed no significant difference for
groups Al, AQ AIQ in relation to AIA.

Evolution of the paw edema

Figures 1a and 1b illustrate the evolution of
edema in the left hind paw (injection site) for
the C, AIA, Al, AQ and AIQ groups. At the day of
induction (1" day), all arthritic animals displayed
an increased paw volume in relation to C group
(p < 0.05; Figure 1a and 1b). Treatment with
ibuprofen displayed a beneficial reduction on
left paw edema from 1% (p < 0.01) until 28" day
(p < 0.008; Figure 1a). For the arthritic animals
treated with quercetin (AQ), the reduction of left
paw inflammation occurred significantly on the
1°(p < 0.008), 3" (p < 0.04) and 6" (p < 0.03) days,
whereas there was a significant increase of this
edema compared to AIA (Figure 1b) on the 35" (p

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM

< 0.03), 49" (p < 0.025) and 56" (p < 0.002) days.
The AlQ group displayed an improvement of the
inflammatory status in the left hind paw that
remained from the 1° (p < 0.000) until 28" day (p
< 0.003). On 35" and 42" days, the values were
not statistically different for AlQ in relation to
the AlA, although there was again an attenuation
of the edema on 49" (p < 0.02) and 56" (p < 0.04;
Figure 1b) days.

In the evolution of right paw edema
(contralateral), paw swelling was observed in all
arthritic animals from the 10" day until the end
of experimental period (p < 0.05; Figures 1c and
1d). The anti-inflammatory effect of ibuprofen
was beneficial and significant from 10" (p <
0.0001) until the 28" day (p < 0.04). However, a
reduction of paw edema was not observed in
Al due to similar values to the AIA from 35" day
until the end of the experimental period (p >
0.05; Figure 1c). The administration of quercetin
alone was able to attenuate the edema until the
10" day (p < 0.001), although similar results to
those observed in the AIA were seen in the other
days until the end of the experiment (p > 0.05;
Figure 1d). However, the combined treatment of
quercetin and ibuprofen displayed beneficial
effects on the edema evolution from 10" (p <
0.0001; Figure 1d) until 21° day (p < 0.003; Figure
1d). From 28" until 56" day, the results were
similar to those observed in AIA (p > 0.05; Figure
1d).

Quantitative analysis of the HuC/D-IR and VIP-
-IR neurons

There was a decrease intestinal area in 16%,
15%, 28% and 23% for AIA, Al, AQ and AIQ groups
compared to the control, respectively.

The density of HuC/D-IR enteric neurons
decreased 38% in the myenteric plexus for AIA
in comparison to control (p < 0.05; Table II).
However, an increased neuronal density of 33%,
17% and 31% was observed for Al, AQ and AIQ
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Table II. Neuronal density of myenteric and submucosal plexuses in ileum of arthritic rats.

Groups Myenteric Plexus Submucosal plexus
HuC/D HuC/D VIP VIP (%)
C 17391 + 728 12821 + 507 4161 + 163 32.5
AIA 10762 + 460* 6322 + 259* 3210 + 128* 50.8
Al 14314 + 592*% 6337 + 229* 3397 + 125* 53.6
AQ 12637 + 478*" 6357 + 225* 3263 * 114* 513
AlQ 14065 + 536* 8382 + 305+ 3791 + 142° 452

VIPergic neurons and overall neuronal population (HuC/D protein) (neurons/cm?) and relative proportion (%) between HuC/D-
and VIP-IR submucosal neurons. Groups: control (C), adjuvant-induced arthritic without treatment (AIA), arthritic treated with
17.5 mg kg™ ibuprofen (Al), arthritic treated with 50 mg kg" quercetin (AQ); arthritic treated with 50 mg kg" quercetin and 17.5 mg
kg" ibuprofen (AlQ). n = 5 rats per group. Values expressed as mean + standard error. * p < 0.05 compared to control, # p < 0.05

compared to AlA.

groups compared to AIA group, respectively (p <
0.05; Table II).

In the submucosal plexus, the HuC/D-IR
neuronswere more affected by RAthan myenteric
plexus, where a reduction of approximately 50%
of enteric neurons in the AIA (p < 0.05; Table
I1) was observed. Neuroprotective effects were
observed on the HuC/D-IR submucosal neurons
in AlQ due to the neuronal preservation of 24%
compared to AlA (p < 0.0001; Table I1).

The VIP-IR submucosal neurons
demonstrated a reduction of 23% compared to
C (p < 0.0007; Table II). In AIQ, there was a 15%
increase in the VIPergic density (p < 0.002; Table
1) in relation to AIA, displaying similar values to
those observed to control (p > 0.05; Table ). The
relative proportion of VIP is shown in Table | and
the immunostainings for HuC/D-IR and VIP-IR
neurons are shown in Figures 2a and 3a.

Morphometric analysis of the HuC/D-IR neu-
rons

The neuronal body area of the HuC/D-IR
myenteric neurons was similar between C, AIA
and Al groups (p > 0.05; Figure 2b). in AQ and
AlQ, there was a reduction of neuronal body size
compared to AIA (p < 0.05; Figure 2b). Reductions

in neuronal body size for HuC/D-IR submucosal
neurons were seen in all groups compared to
control (p < 0.03; Figure 2c). The treatment with
ibuprofen (Al) for the HuC/D-IR submucosal
neurons increased their cell body area in
comparison to untreated arthritic animals (p <
0.03; Figure 2¢).

Representative photomicrographs of the
immunostaining of HuC/D-IR neurons are
shown in Figure 2a.

Morphometric analysis of immunostaining for
VIP

The neuronal body area of the VIP-IR
submucosal neurons was similar between C,
AIA, Al and AIQ groups (p > 0.05; Figure 3d). The
size of neuronal bodies in AQ were increased
25% in comparison to AIA (p < 0.00001; Figure
3a). The VIP-IR varicosities in the arthritic
animals (AIA) displayed an increase of their size
in the myenteric and submucosal plexuses in
comparison to the control (p < 0.0001; Figures 3e
and 3f). In the myenteric plexus, all treatments
reduced the varicosity sizes in 25%, 19% and
26% for Al, AQ and AIQ groups in relation to
AIA, respectively (p < 0.000071; Figure 3e). Similar
results were seen in the submucosal plexus, in
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Figure 2. Morphometry of HuC/D-IR neurons. Representative photomicrographs of immunostaining HuC/D-IR
neurons in the myenteric (MP) and submucosal (SP) plexuses (a) of the ileum. Morphometric analysis of the
neuronal bodies in the myenteric (b) and submucosal (c) plexuses of the ileum. Experimental groups: control

(C), adjuvant-induced arthritic without treatment (AIA), arthritic treated with 17.5 mg kg” ibuprofen (Al), arthritic
treated with 50 mg kg” quercetin (AQ); arthritic treated with 17.5 mg kg" ibuprofen and 50 mg kg™ quercetin (AIQ). n
=5 animals per group. * p < 0.000001 was compared to C; “p <0.007 compared to AlA. Calibration bar = 50 um.

which Al, AQ and AlQ demonstrated reductions
invaricosity sizes of 30%, 22% and 11% in relation
to AIA, respectively (p < 0.00001; Figure 3c).
Representative photomicrographs
of morphometric analysis of the VIP
immunostainings illustrate the VIPergic
submucosal neurons (Figure 3a), and

VIP-IR varicosities in myenteric (Figure 3b) and
submucosal plexuses (Figure 3c).

Morphometric analysis of immunostaining for
CGRP

The CGRP-IR varicosities in myenteric plexus
of the arthritic animals (AIA) were larger than
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Figure 3. Morphometry of VIP-IR neurons and varicosities. Representative photomicrographs of VIP-IR neuronal
bodies in the submucosal plexus (SP) (a) and VIP-IR varicosities in the myenteric (MP) (b) and submucosal (c)
plexuses of the ileum. Morphometric analysis of VIP-IR submucosal neurons (d), morphometric analyses of VIP-IR
varicosities in the myenteric (e) and submucosal (f) plexuses. Experimental groups: control (C), adjuvant-induced
arthritic without treatment (AIA), arthritic treated with 17.5 mg kg™ ibuprofen (Al), arthritic treated with 50 mg kg”
quercetin (AQ); arthritic treated with 17.5 mg kg” ibuprofen and 50 mg kg™ quercetin (AlQ). n = 5 animals per group.
* p < 0.001 compared to C; ** p < 0.001 indicates that all groups were compared to each other; “p < 0.001 compared
to AIA. The calibration bar used for neurons and varicosities was 50 pm and 25 pm, respectively.

control (p < 0.05; Figure 4b). The treatment
with quercetin (AQ) reduced varicosity area
in relation to the control (p < 0.01, Figure 4a
and 4b). Treatment with ibuprofen alone (Al)
showed similar areas compared to untreated
arthritic animals (AIA) (p > 0.05), whereas AQ
demonstrated a 15% smaller varicosity area but
AlQ displayed a 15% larger size of these CGRP-IR
varicosities than those results observed in AIA
(p < 0.05; Figure 4b).

In the submucosal plexus, AIA displayed
smaller varicosity areas compared to the control
(p < 0.05; Figure 4c). The AQ group demonstrated
similar areas to those observed in the AIA (p >
0.05; Figure 4c). The treatments with ibuprofen
(Al and AIQ) promoted increased areas of CGRP-
IR varicosities compared AIA group (p < 0.05;
Figure 4c).

Representative photomicrographs of
immunostaining for CGRP-IR varicosities are
shown in Figure 4a.
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Figure 4. Morphometry of CGRP-IR varicosities. Representative photomicrographs of in the myenteric (MP) and
submucosal plexuses (SP) (a) of the ileum. Morphometric analysis myenteric (b) and submucosal (c) plexuses.
Experimental groups: control (C), adjuvant-induced arthritic without treatment (AIA), arthritic treated with 17.5
mg kg™ ibuprofen (Al), arthritic treated with 50 mg kg” quercetin (AQ); arthritic treated with 17.5 mg kg™ ibuprofen
and 50 mg kg™ quercetin (AlIQ). n = 5 animals per group. * p < 0.01 compared to C; # p < 0.0001 compared to AIA.

Calibration bar = 25 pm.

Intestinal mucosa

An increase in villus height (p < 0.0005; Figure
5b) and crypt depth (p < 0.00007; Figure 5c)
was observed in the arthritic animals (AIA)
in relation to control. In animals treated with

ibuprofen alone (Al), there was an increase of
20% villus height (p < 0.00006; Figure 5b) and
reduction of 16% crypt depth (p < 0.03; Figure 5¢)
in comparison to AIA. The villus height and crypt
depth in AQ animals were lower in relation to
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Figure 5. Intestinal mucosa.
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AIA (p < 0.05; Figures 5b and 5c¢). The villus height
was 16% lower in AIQ (p < 0.00001, Figure 5b)
compared to that observed in AIA, whereas the
crypt depth was similar to C (p > 0.05; Figure 5¢).
Representative photomicrographs of the
intestinal mucosa are shown in Figure 5a.

Oxidative status

In tert-butyl hydroperoxide-induced
chemiluminescence technique, the AIA animals
demonstrated no significant differences in
relation to control (p > 0.05; Figure 6a and 6b).
The highest mean values were observed in AQ
compared to other groups (p < 0.05; Figure 6b).
The combination of ibuprofen and quercetin

(AlIQ) demonstrated more similar results to
those observed in the control than the other
groups (p > 0.05).

The total tissue antioxidant capacity showed
similarity between all groups (p > 0.05; Figure
6C).

DISCUSSION

The RA model displayed significant reductions
of body weight, including in the chronic phase
when an adaptation to the disease occurs. The
RA-induced cachexia has been reported in up
to two thirds of arthritic patients due to the
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Figure 6. Tissue oxidative state. Chemiluminescence technique induced by tert-butyl hydroperoxide is illustrated
by the mean curve (a) and area under the curve (b). Figure ¢ shows the total antioxidant capacity (TAC).
Experimental groups: control (C), adjuvant-induced arthritic without treatment (AIA), arthritic treated with 17.5 mg
kg ibuprofen (Al), arthritic treated with 50 mg kg" quercetin (AQ); arthritic treated with 17.5 mg kg™ ibuprofen and
50 mg kg™ quercetin (AlQ). n = 5 animals per group. * p < 0.05 compared to AIA.

production of pro-inflammatory cytokines such
as TNF-a and IL-1, which play an important role
in energy and protein metabolism (Roubenoff
2009).

Regarding the effects of RA on the
quantification of leukocytes and paw
inflammation in both paws, the increased
number of total leukocytes and the enhance
of inflammation process of the right and left
hind paw in the AIA is in line with the literature
(Tracey et al. 2008, Rodrigues Silva et al. 2008,
Oliveira de Melo et al. 2011). However, the highest

An Acad Bras Cienc (2024) 96(Suppl. 1)

number of systemic total leukocytes at the end
of the experiment observed in AQ may explain
the highest inflammation process in the paw
edema, even higher than AIA, which was mainly
found at the second month of the experimental
period.

In these both analyzes, ibuprofen, which is
often used by humans, yielded its expected anti-
inflammatory effects in the most days during
the experiment, reducing the paw edema and
total leukocytes at the end of the experiment.
The significant reduction in the number of total
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leukocytes observed in the AIQ group, more
significantly than in the Al group, suggests that
the anti-inflammatory effect of ibuprofen may
have been potentiated by quercetin. Studies
have demonstrated an immunomodulatory
effect of quercetin in vivo and in vitro (Nair
et al. 2002, Sallam et al. 2022). Furthermore,
the combination of quercetin and ibuprofen
exhibited the highest anti-inflammatory
effects in both right and left hind paw edema,
particularly evident during the second month
of the rheumatoid arthritis experiment. These
collective results suggest promising anti-
inflammatory effects of this combined therapy,
potentially enhancing the prognosis for arthritic
patients (Rodrigues Silva et al. 2008).

The arthritic disease (AIA group) displayed
negative impact on ENS due to the significant
reduction of the HuC/D-IR neurons for both
plexuses, as well as VIP-IR submucosal neurons
in this work. Several diseases affect the ENS,
although this animal model of severe and
chronic RA displayed to be relevant in the
gastroenterology field as an enteropathy and
neurodegenerative disease, which has been
barely reported in the literature. Presence of
peripheral neuropathy and gastrointestinal
symptoms (e.g. abdominal pain, nausea,
vomiting and diarrhea) in arthritic patients
confirms the extra-articular manifestations of
the disease (Cojocaru et al. 2011, Sim et al. 2014,
Albani et al. 2006, Agarwal et al. 2008, Choi &
Kim 2010, Craig & Cappelli 2018, Pagnoux et al.
2005). Furthermore, RA causes an activation of
pro-inflammatory pathways resulting in joint
and systemic inflammation, which may affect
multiple organ systems, and neuro-inflammatory
events have been already observed in the brain
(Fuggle et al. 2014).

Rheumatological manifestations are
frequent in inflammatory bowel diseases
(Rodriguez-Reyna etal.2009), indicating a certain

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM

correlation between these two autoimmune
diseases. The submucosal plexus was much more
affected by disease than myenteric plexus. The
neuronal loss in the AIA probably occurred due
to a neurodegenerative effect as a consequence
of the systemic inflammatory response of the
RA and due to the low production of growth
factors, decreased neuronal activity and the
production of its neurotransmitters (Liu et
al. 2010, Pereira et al. 2011). Furthermore, the
submucosal plexus displayed reductions of the
area size of the HuC/D-IR neuronal bodies and
CGRP-IR varicosities, which may indicate lower
production of neurotransmitters. However, the
increased varicosity area of VIP for both plexuses
and CGRP in the myenteric plexus in AIA may
indicate neuronal plasticity with increased
release of the neurotransmitters (Vicentini
et al. 2016, de Souza et al. 2017), since VIP and
CGRP have antioxidant and anti-inflammatory
properties (Duan et al. 2017) to compensate the
neuronal damage against the disease.

Ibuprofen was used in this study as a
positive control since it is considered an anti-
inflammatory drug that has been traditionally
used by the worldwide population. In general,
neuroprotective effects were observed in
guantitative and morphometric parameters
using all markers (VIP, CGRP and HuC/D) for Al.
In recent studies, quercetin supplementation
has reduced the diabetes-induced neuronal
damages, thus promoting neuroprotection
on the duodenum (Lopes et al. 2012), cecum
(Ferreira et al. 2013) and jejunum (Vieira-Frez et
al. 2017).

In the AQ animals, the quantitative
analysis demonstrated that the treatment with
quercetin alone was not able to protect the
general and VIPergic neuronal populations in
the submucosal plexus. Negative effects of
quercetin were observed through that majority
of morphometric analysis, which displayed
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decreased areas of neuronal bodies, except for
VIPergic neuronal area, and CGRP- and VIP-IR
varicosities which may be related to a decreased
release of neurotransmitters, thus demonstrating
negative neuroplastic effects possibly due to
the pro-oxidant action of quercetin (Harwood
et al. 2007). The increased VIPergic somatic
area in the submucosal plexus would reflect
more productions of neurotransmitters as a
compensatory mechanism against VIPergic
neuronal loss induced by the disease (Tuncel et
al. 2012).

However, this VIPergic hypertrophy of
the submucosal neurons associated with
the reductions of VIP-IR varicosities may be
explained by defective axonal transport of
neuronal proteins that are synthesized inside
the neuronal body due to the accumulation of
these proteins (de Souza et al. 2017). In general,
the highest inflammation process observed by
paw edema and final leukocyte quantification
at the end of the experiment in AQ may explain
the lack of neuroprotection by quercetin on
the ileum. Despite this inflammatory effect is
unexpected in the chronic phase in AQ, these
data can be explained by pro-oxidant effects
observed by the chemiluminescence technique
due the increased oxidative stress in this group.
Increased reactive oxygen species levels induces
cellular damage on lipids, proteins and nucleic
acids and, whether this oxidant imbalance
is associated with antioxidant deficiency
persistence, cellular redox signaling pathways
are affected (Quinonez-Flores et al. 2016).
Furthermore, only animals of AIA and AQ groups
displayed the presence of diarrhea and softer
feces during the experiment, demonstrating
that the rheumatic enteropathy affects the
functioning of Gl tract and quercetin treatment
was not able to avoid this effect.

In this study, the combination of quercetin
and ibuprofen exhibited the highest neuronal

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM

density preservation for HuC/D-IR neuronal
population for both plexuses and VIP-IR
submucosal neurons. The treatments with
ibuprofen (Al) and quercetin (AQ) presented
lower neuroprotective effects in this study. In
contrast to AQ, the increased CGRP-IR varicosity
areas observed in both ganglionated plexuses
in AIQ may indicate a neuroprotective activity,
since CGRP exerts a crucial role in inflammatory
diseases due to its anti-inflammatory and
antioxidant properties, leading to a suppression
of inflammatory process in the intestine by
inhibition the synthesis of inflammatory
mediators (Wu et al. 2015, Liu et al. 2015, Tuncel
et al. 2012, Raud et al. 1991, Russell et al. 2014).

VIP exerts direct and indirect effects on
the permeability of the intestinal epithelium
through regulation of the epithelial barrier
function, which may reflect mucosal
susceptibility to inflammatory process. VIPergic
submucosal neurons directly innervate the
intestinal epithelial crypt and promote intestinal
secretion of ions and fluids. The increase of
villus height and crypt depth observed in AlA
may have occurred to offset the reduction of
VIP-IR submucosal neurons and likely due
to the increase of the VIP-IR varicosity area
(Chandrasekharan et al. 2013), enhancing the
production and release of VIP.

Quercetin has been mainly studied for its
anti-inflammatory and antioxidant properties
(Caparroz-Assef et al. 2007). Slight anti-
inflammatory effects were observed in the acute
phase of the experiment regarding the paw
edema. However, the significant inflammatory
process in the chronic phase probably occurred
due to either its prolonged administration of
quercetin or its dose. The administration of
quercetin at high doses may cause oxidative
effects that would lead to cellular apoptosis in
long-term experiment due to the accumulation
of quercetin in the brain and liver. For molecules
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that are highly antioxidant, pro-oxidant effects
may also occur (Choi & Kim 2010, Harwood et
al. 2007).

Other studies have been demonstrated
pro-oxidant and hepatotoxic effects of free
quercetin at a dose of 100 mg/kg during 30
days of treatment (Jain et al. 2014). Quercetin at
dose of 150 mg/kg demonstrated no significant
anti-inflammatory effects by assessment of paw
edemain RA model during 30 days in other study
(Gardi et al. 2015), similar to the initial results
(acute phase) observed in our study. However,
quercetin has already shown significant anti-
inflammatory effects in arthritic rats evaluating
the paw diameter with quercetin administration
at a high dose 160 mg/kg during treatment
period from the 9" until 21° day of the disease,
in the acute phase that shows a higher severity
period of disease than chronic stage (Ansari et
al. 2014).

Probably the relationship of pro-oxidant
effect and inflammatory action is related to dose
depending on the time of use. Our study was a
chronic treatment so the dosage may have been
excessive for the long time it was used. This
same dosage can have an anti-inflammatory
effect in shorter periods, in chronicity it did not
show the same action.

Therefore, this study showed that the
arthritic enteropathy led to remarkable
alterations on ENS through the remarkable
reduction of neuronal density that has
been rarely reported in the literature and
deserves the gastroenterologist's attention for
arthritic patients. Furthermore, the combined
treatment with ibuprofen and quercetin (AlQ)
displayed beneficial effects on the reduction
of inflammation and neuroprotective effects,
preventing neurodegeneration in the ileum.

RHEUMATOID ARTHRITIS AND ENTERIC NERVOUS SYSTEM
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