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Naringenin mitigates titanium dioxide (TiO,)-induced chronic arthritis
in mice: role of oxidative stress, cytokines, and NFkB
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Abstract

Objective To evaluate the effect and mechanisms of naringenin in TiO,-induced chronic arthritis in mice, a model resembling
prosthesis and implant inflammation.

Treatment Flavonoids are antioxidant and anti-inflammatory molecules with important anti-inflammatory effect. Mice
were daily treated with the flavonoid naringenin (16.7-150 mg/kg, orally) for 30 days starting 24 h after intra-articular knee
injection of 3 mg of TiO,.

Methods TiO,-induced arthritis resembles cases of aseptic inflammation induced by prosthesis and/or implants. Mice were
stimulated with 3 mg of TiO, and after 24 h mice started to be treated with naringenin. The disease phenotype, treatment
toxicity, histopathological damage, oxidative stress, cytokine expression and NFkB were evaluated after 30 days of treatment.
Results Naringenin inhibited TiO,-induced mechanical hyperalgesia (96%), edema (77%) and leukocyte recruitment (74%)
without inducing toxicity. Naringenin inhibited histopathological index (HE, 49%), cartilage damage (Toluidine blue tibial
staining 49%, and proteoglycan 98%), and bone resorption (TRAP-stained 73%). These effects were accompanied by inhibi-
tion of oxidative stress (gp91P"* 93%, NBT 83%, and TBARS 41%) cytokine mRNA expression (IL-33 82%, TNFa 76%,
pro-IL-1p 100%, and IL.-6 61%), and NFkB activation (100%).

Conclusion Naringenin ameliorates TiO,-induced chronic arthritis inducing analgesic and anti-inflammatory responses with
improvement in the histopathological index, cartilage damage, and bone resorption.

Keywords Flavonoids - Arthritis - Implant - Arthroplasty - Pain - Aseptic inflammation

Introduction

Arthroplasty is a successful procedure in advanced cases of
inflammatory arthritis including osteoarthritis and rheuma-
toid arthritis, and also in cases of fractures and osteonecro-
sis that replaces the dysfunctional joint for a prosthesis [1,
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2]. Exemplifying the importance of this procedure, nearly
7 million Americans had total knee or hip replacements in
2010 and until 2030 close to 11 millions of Americans will
have total knee or hip replacements [3]. In this sense, arthro-
plasty is an efficient and successful procedure with a low
relative cost for terminal stage patients with dysfunctional
joints [4]. Despite the success of the arthroplasty procedure,
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about 10-15% of the patients present osteolysis and failure
in prosthesis-replaced dysfunctional joint due to immune-
inflammatory [5] response to debris biomaterials of the pros-
thesis released by wearing [6].

The titanium dioxide (TiO,) is a white and odorless pow-
der used in designing prosthesis and implants in orthopedic
and dentistry fields [7, 8]. There is evidence that TiO, is a
contributing molecule to prosthesis or implants wear debris-
induced inflammation. In agreement with the rationale that
implants induce inflammation, a patient without a familiar
history of rheumatic diseases developed implant-related
arthritis due to titanium translocation from the cervical cage
implant to the joints [9]. Furthermore, incubation of TiO,
with patient’s peripheral mononuclear blood cells induces
TNFa release [9]. TiO,-induced chronic arthritis is a useful
model in translational medicine to study the cellular and
molecular mechanisms that involve TiO,-triggered chronic
joint inflammation and bone destruction. In fact, TiO,
induces articular pain, knee edema, oxidative stress, IL-33,
TNFa, IL-1f, and IL-6 inflammatory cytokines production,
and increased RANKL/RANK signaling pathway ultimately
leading to joint destruction [10].

The flavonoid naringenin (4',5,7-trihydroxy-flavanone)
is a polyphenol compound found in the human diet [11],
mainly in citrus fruits including lemon, orange, tangerine,
and grapefruit [12]. Mice oral intake of 200 mg of a Chinese
extract containing naringenin is absorbed and plasma con-
centration is detected in 60 min. The elimination half-life of
naringenin is 4.69 h and its elimination is almost complete
in 24 h [13]. Regarding naringenin pharmacological activi-
ties, this flavonoid is an analgesic molecule [14—-16] acting
through the activation of the analgesic signalling pathway
NO-cGMP-PKG-K ,1p channel [14]. In addition to its anal-
gesic action, naringenin reveals anti-inflammatory activity
by inhibiting TNFa [14, 15], IL-1f [15, 16], and IL-6 [15]
release in several models of inflammatory pain. Naringenin
also inhibits RANKL-induced osteoclastogenesis and bone
resorption through suppression of the p38 MAPK phospho-
rylation inhibiting osteolysis in titanium particles-induced
calvarial osteolysis [17].

In general, the inflammatory response includes the devel-
opment of clinical signs such as increase in local or systemic
temperature, erythema, edema, and pain [18]. These clinical
symptoms directly affect patients’ quality of life [19]. The
analgesic, anti-inflammatory, and anti-osteolytic properties
of naringenin [14-16, 20] would be important activities in
the context of prosthesis-induced inflammation. Considering
the physiopathology and clinical symptoms of prosthesis-
induced arthritis as well as the pharmacological evidence
on the activities of naringenin, we reason that naringenin
has pharmacological potential on the treatment of prosthe-
sis-induced arthritis. Thus, in the present study, we evalu-
ated the therapeutic effect and mechanisms of the action
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of naringenin in the pathogenesis of TiO,-induced chronic
arthritis.

Materials and methods
General experimental procedures

In the first series of experiments, mice (n=6 per group per
experiment) were stimulated in the right joint with an intra-
articular (i.a.) injection of 3 mg of TiO, per knee joint as
described previously [10]. 24 h after TiO, stimulus, mice
were treated daily with titrated doses of naringenin [16.7,
50, or 150 mg/kg, per oral (p.o.)] [14]. Mechanical hyper-
algesia and knee joint volume (e.g., edema) evaluation
started 24 h after TiO, stimuli and occurred every other day
before and after naringenin treatment (1 h, 3h, 5h, 7 h, and
24 h after naringenin treatment in the first day and 1 h after
naringenin treatment once a day up to 30 days) [10, 21].
The naringenin dose of 50 mg/kg was chosen based on the
results of hyperalgesia and edema. Stomach and blood sam-
ples were harvested on the 30th day to evaluate the possible
side effects and toxic effects of chronic naringenin treatment.
Parameters were stomach myeloperoxidase (MPO) activity,
and plasmatic levels of aspartate transaminase (AST), ala-
nine transaminase (ALT), urea, and creatinine. Knee joint
and knee joint lavages were collected for histopathology
[hematoxylin—eosin stain (HE)] and leukocytes recruitment
analyses. Cartilage damage was determined with toluidine
blue staining and patella proteoglycan levels. Bone resorp-
tion was evaluated by histochemical staining tartrate-resist-
ant acid phosphatase (TRAP; a marker of osteoclasts) and
RANKL/RANK/OPG signalling pathway by RT-qPCR. Oxi-
dative stress was evaluated with gp91P"* mRNA expression
[RT-gqPCR], superoxide anion [nitroblue tetrazolium reduc-
tion levels], and lipid peroxidation (thiobarbituric acid reac-
tive substances [TBARS]), and pro-inflammatory cytokines
mRNA expression (TNFa, prolL-1f, IL-6 and IL-33), and
NFxB activation (ELISA) were analyzed with the mentioned
methods. Free movements of animals were not altered by i.a.
injection of TiO,. The 30 days final time point was selected
in preliminary experiments aiming to determine joint carti-
lage and bone damage [14], which were known not to occur
before 7 days of TiO, inflammation [21]. All experiments
were performed blinded.

Animals

Male Swiss mice weighing between 20 and 25 g from the
Londrina State University, Londrina, Parana, Brazil, were
used in this study. Mice were housed in standard clear plas-
tic cages with water and food ad libitum, light/dark cycle
of 12/12 h and controlled temperature (21 °C). Mice were
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maintained in the vivarium of the Department of Pathol-
ogy of Londrina State University for at least 2 days before
experiments. Mice were used only once and were acclima-
tized to the testing room at least 1 h before the experiments,
which were conducted during the light cycle. Animal care
and handling procedures were in accordance with the Inter-
national Association for Study of Pain (IASP) guidelines
and approved by the Londrina State University Ethics Com-
mittee on Animal Research and Welfare (process number
11849.2015.19). All efforts were made to minimize the num-
ber of animals used and their suffering.

Test compounds

The compounds used in this study were saline solution
(NaCl 0.9%; Frenesius Kabi Brasil Ltda, Aquiraz, CE, Bra-
zil), ethylenediaminetetraacetic acid disodium salt (EDTA;
Synth, Diadema, SP, Brazil), and naringenin (Santa Cruz
Biotechnology, Inc., 98%, Dalla, TX, USA). Titanium diox-
ide was purchased from Synth (Diadema, SP, Brazil), and
the particle size was < 1 um with an average of 862.2 nm as
determined by size distribution analysis (Malvern Instru-
ments Ltd, UK). Immediately before the injections, TiO,
was suspended in sterile saline (10 uL) and naringenin was
diluted in sterile saline solution. Naringenin (16.7, 50, or
150 mg/kg) and saline were administrated by p.o. in a vol-
ume of 100 pL.

Evaluation of articular mechanical hyperalgesia

The knee joint mechanical hyperalgesia was evaluated as
previously described [22]. Briefly, in a quiet room, mice
were placed individually in acrylic cages (12x 10X 17 cm)
with a wire grid floor 15-30 min before the test for environ-
mental adaption. An electronic pressure-meter test consist-
ing of a handheld force transducer fitted with a polypro-
pylene tip (electronic von Frey Anesthesiometer; Insight,
Ribeirdo Preto, SP, Brazil) was used to evaluate mechanical
articular nociception. For this model, a large tip (4.15 mm?)
was adapted to the probe. An increasing perpendicular force
was applied to the central area of the plantar surface of the
hind paw to induce a flexion movement of the tibiofemoral
joint followed by paw withdrawal. The electronic pressure-
meter apparatus automatically recorded the intensity of the
force applied when the paw was withdrawn. The flexion-elic-
ited mechanical threshold was expressed in grams (g) [22].

Articular edema measurements

Articular edema of the tibiofemoral joint was assessed
through measurements of the transverse diameters using
a caliper (Digmatic Caliper, Mitutoyo Corporation,
Kanagawa, Japan). Thickness values of the femorotibial

joint were expressed as the percentage change by the ratio
between the delta (the difference between the diameters
measured before [basal value] and after TiO, i.a. injection)
and basal value multiplied by 100.

Histopathology

Joints were fixed in 4% formaldehyde for 2 days before
decalcification in NaOH/EDTA solution (pH 7.3-7.4) and
processed for paraffin embedding. Tissue longitudinal
sections (7 um) were prepared and stained with HE. HE-
stained tibiofemoral joint sections were examined blinded
and scored by a pathologist using light microscopy, and
the degree of synovial hyperplasia, inflammatory infiltrate,
and vascular proliferation were determined with modifica-
tions as described previously [23, 24]. The degrees of the
following parameters were: (a) synovial hyperplasia (from
0 =no pannus formation, to 3 = most severe pannus forma-
tion); (b) inflammatory infiltrate (from 0 =no inflamma-
tion, to 3 =most severe inflammation; and (c) vascularity
(from 0 =no vascular proliferation, to 3 =most severe pro-
liferation). Regarding vascular proliferation, it was consid-
ered the quantity of the capillary blood vessels. The final
score was determined by summing all three parameters
(a—c) resulting in a score for each sample expressed as the
mean of six samples accordingly to the groups.

Myeloperoxidase activity

Myeloperoxidase (MPO) activity was used to evaluate
possible naringenin-induced gastric damage, consider-
ing its activity increases with gastric damage induced
by non-steroidal anti-inflammatory drugs [25]. Samples
of the stomach were harvested in 50 mM K,HPO, buffer
(pH 6.0) containing 0.5% hexadecyl trimethylammonium
bromide (HTAB) and kept at — 86 °C until use. Frozen
samples were homogenized using a tissue turrax (Tissue-
Tearor 985370, BioSpec Products, Bartlesville, OK, USA)
and centrifuged (2 min, 16,000g, 4 °C), and the resulting
supernatant was assayed using a spectrophotometer (Mul-
tiskan GO Microplate Spectrophotometer, ThermoScien-
tific, Vantaa, Finland) for MPO activity determination at
450 nm. The MPO activity of samples was compared to
a standard curve of neutrophils. Briefly, 15 uL of sample
was mixed with 200 pL. of 50 mM phosphate buffer (pH
6.0), containing 0.167 mg/mL O-dianisidine dihydro-
chloride and 0.0005% hydrogen peroxide. Indomethacin
(2.5 mg/kg, i.p., diluted in tris/HCI buffer, for 7 days) was
used as positive drug control for stomach damage. The
results were presented as MPO activity (number of neu-
trophils x 10%/mg of tissue).
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Liver and kidney toxicity assays

Blood was harvested into microtubes containing 50 uL of the
anticoagulant EDTA (5000 IU/mL) and centrifuged (200g,
10 min, 4 °C), and the plasma was separated. To deter-
mine naringenin-induced liver and kidney toxicity, plasma
samples were used. Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were used as markers of
hepatotoxicity, and acetaminophen was used as a positive
drug control (650 mg/kg, intraperitoneal [i.p.], diluted in
sterile saline, once). Urea and creatinine levels were used to
evaluate nephrotoxicity, and diclofenac was a positive drug
control (200 mg/kg, orally, diluted in sterile saline, once).
Plasma samples were processed according to the manu-
facturer’s instructions (Labtest Diagnéstico S. A., Brazil).
Results were presented as U/mL (AST and ALT) or mg/dL
(urea and creatinine) of plasma.

Evaluation of leukocyte migration

The total and differential counts of recruited leukocytes
to the knee joint cavity were determined as previously
described [26]. Briefly, knee joint cavities were washed with
saline containing EDTA, which was recovered to evaluate
total and differential cell counts. Total cell counts were per-
formed in Neubauer chamber using Turk solution, and dif-
ferential cell counts (100 cells per slide) were performed
in slices stained with the panoptic kit (Laborclin, Pinhais,
PR, Brazil) under a light microscope (Olympus CX31RTSF,
Tokyo, Japan). Results were expressed as total leukocytes,
polymorphonuclear, and mononuclear cells (cells x 10*/knee
joint).

Proteoglycan assays

Proteoglycan degradation was evaluated using toluidine blue
staining in samples processed for histopathology [21]. The
percentage of stained areas (femoral and tibial cartilages)
was measured using ImageJ 1.50i software. The load-bearing
region was outlined in black and the same minimum (170)
and maximum (255) threshold values for each sample analy-
sis were used. Proteoglycan concentration was determined
in patella using a colorimetric assay [27]. Briefly, the patella
was carefully collected from mice and fixed with formalde-
hyde (4%) overnight using a shaker and decalcified in formic
acid (5%) for 4 h using a shaker. Each patella sample was
digested at 60 °C for 16 h with 60 pL of papain digestion
buffer (5 mg/mL) in calcium- and magnesium-free PBS with
5 mM cysteine and 10 mM EDTA, pH 7.4. After reaching
room temperature, samples were centrifuged for 10 min
at 1000g to collect the condensation droplets. Next, 50 uL
of the supernatants and of serial chondroitin sulfate solu-
tions (standard curve; 50-1000 mg/mL) was placed into
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96-well plates. Then, 300 uL of a 1,9-dimethylmethylene
blue (DMMB; 50 mg/L, Polysciences) solution was added
to each well, and proteoglycan contents [21] were determined
by spectrophotometer reading at 525 nm (Multiskan GO
Microplate Spectrophotometer, ThermoScientific, Vantaa,
Finland). The glucosaminoglycan (GAG) knee joint con-
tent was calculated from a standard curve using chondroitin
6-sulfate sodium salt from shark cartilage as standard. Results
were presented as proteoglycan per milligram (mg) of tissue.

Histochemical stain for TRAP

TRAP was used as a histochemical marker of osteoclasts
activation in 6 um sections [10]. Sections were stained
according to TRAP kit 387A (Sigma—Aldrich, St. Louis,
MO, USA) and TRAP-positive cells appeared as dark pur-
ple. Digitally acquired images were analyzed in the ImageJ
1.44 software, using the threshold tool with color-based
selection for positive staining analyzed in a total area
of 3,145,728 pixels, which is a maximum area that can
be acquired with our equipment (Olympus CX31RTSF,
Tokyo, Japan coupled with lumenera Infinity 1 microscope
camera, Ottawa, Canada). Three slices per sample of knee
joint tissue were analyzed and data were averaged. Results
were expressed by total stained pixels of TRAP staining.
Control and experimental knee joints were processed
under the same conditions.

Nitroblue tetrazolium reduction

The superoxide anion production was determined by the
reduction of the redox dye nitroblue tetrazolium (NBT)
[28]. Knee joint frozen tissue from mice were homoge-
nized with 500 pL of saline using an ultra-turrax (Tissue-
Tearor 985370, BioSpec Products, Bartlesville, OK, USA)
and centrifuged (10 min, 3,300 g, 4 °C), and 50 pL of the
homogenate was placed in a 96-well plate, followed by
the addition of 100 pL of nitroblue tetrazolium solution
(1 mg/mL) (NBT, Sigma) and maintained at 37 °C in a
warm bath for 5 min. The supernatant was removed, and
the formazan precipitated was then solubilized by add-
ing 120 pL of 2 M KOH and 120 pL of dimeltisulfoxide
(DMSO). The optical density was measured using a micro-
plate spectrophotometer reader (Multiskan GO Microplate
Spectrophotometer, Thermoscientific, Vantaa, Finland) at
600 nm. The NBT reduction levels were corrected per the
total protein concentration and the results were presented
as NBT reduction (OD/mg of protein).

Lipid peroxidation

Tissue lipid peroxidation was assessed by the levels of thio-
barbituric acid reactive substances (TBARS) [29]. For this
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assay, TCA 10% was added to the homogenate and the mix-
ture was centrifuged (3 min, 1000g, 4 °C) to precipitate the
proteins. The protein-free supernatant was then separated
and mixed with TBA (0.67%). The mixture was kept in a
water bath (15 min, 100 °C). Malondialdehyde (MDA), an
intermediate product of lipid peroxidation, was determined
by the difference between absorbance at 535 and 572 nm
using a microplate spectrophotometer reader. The TBARS
were corrected per the total protein concentration and the
results presented as TBARS (AOD Ay35—As;, /mg of pro-
tein) [29].

RT-qPCR

The knee joint was dissected 30 days after TiO, and homog-
enized in TRIzol reagent®. Total RNA was extracted by
using the SV Total RNA Isolation System (Promega). The
purity of total RNA was measured using a spectropho-
tometer (Multiskan GO Microplate Spectrophotometer,
Thermoscientific, Vantaa, Finland) and the wavelength
absorption ratio (260/280) was between 1.8 and 2.0 for all
preparations. Reverse transcription of total RNA to cDNA
and qPCR was carried out using GoTaq® 2-Step RT-qPCR
System (Promega) and specific primers, A no-reverse tran-
scription control was applied for cDNA production (running
the samples without adding reverse transcriptase enzyme)
and a no-template control (NTC) was carried out for gPCR
(running the qPCR reaction without cDNA). The qPCR
reaction was performed in a StepOnePlus™ Real-Time
PCR System (Applied Biosystems®). The relative gene
expression was measured using the comparative 2~ (A4C%)
method. The primers used were: RANKL, sense: 5-CAG
AAG ATG GCA CTC ACT GCA-3', antisense: 5-CAC
CAT CGC TTT CTC TGC TCT-3"; RANK, sense: 5'-CTA
ATC CAG CAG GGA AGC AAAT-3', antisense: 5-GAC
ACG GGC ATA GAG TCA GTTC-3'; osteoprotegerin
(OPQG), sense: 5'-GGA ACC CCA GAG CGA AAT ACA-
3’, antisense: 5-CCT GAA GAA TGC CTC CTC ACA-3';
gp91Ph* sense: 5'-AGC TAT GAG GTG GTG ATG TTA
GTGG-3', antisense: 5'-CAC AAT ATT TGT ACC AGA
CAG ACT TGAG-3"; TNFa, sense: 5'-TCT CAT CAG TTC
TAT GGC CC-3', antisense: 5'-GGG AGT AGA CAA GGT
ACAAC-3'; pro-IL-1B, sense: 5-'GAA ATG CCA CCT TTT
GAC AGTG-3', antisense: 5'-TGG ATG CTC TCA TCA
GGA CAG-3', IL-6, sense: 5'-GAG GAT ACC ACT CCC
AAC AGA CC-3', antisense: 5'-AAG TGC ATC ATC GTT
GTT CAT ACA-3', IL-33, sense: 5'-TCC TTG CTT GGC
AGT ATCCA-3’, antisense: 5'-TGC TCA ATG TGT CAA
CAG ACG-3'; glyceraldehyde 3-phosphate dehydrogenase
(Gapdh), sense: 5'-CAT ACC AGG AAA TGA GCT TG-3',
antisense: 5'-ATG ACA TCA AGA AGG TGG TG-3
B-actin: sense: 5'-AGC TGC GTT TTA CAC CCT TT-3,
antisense: 5'-AAG CCA TGC CAA TGT TGT CT-3'. The

expressions of Gapdh and f-actin mRNA were used as the
reference gene, and the results were expressed as mRNA
expression (normalized to Gapdh and p-actin).

NFkB activation

The knee joint samples were homogenized in 400 pL of
the appropriate buffer containing protease inhibitors. The
homogenates were centrifuged (10 min, 16,100g, 4 °C),
and the supernatants were used to assess the levels of phos-
phorylated and total NFxB p65 subunit by ELISA using
PathScan® kits (Cell Signaling) at 450 nm (Multiskan GO
Thermo Scientific) according to the manufacturer’s direc-
tions. The phosphorylated and total NFkB p65 subunit
were corrected per the total protein concentration and the
results are expressed as NFkB activation (IoD phospho-p65/
totalp65 ratio/mg of protein).

Statistical analysis

The results are presented as means + SEM of measurements
made on six mice in each group per experiment and are rep-
resentative of two separate experiments. Two-way repeated
measures analysis of variance (ANOVA) followed by Tuk-
ey’s post hoc was used to compare all groups and doses at
all times when responses were measured at different times
after the stimulus injection. Differences between responses
were evaluated by one-way ANOVA followed by Tukey’s
post hoc for data of single time point. Statistical differences
were considered significant when p <0.05.

Results

Naringenin inhibits TiO,-induced mechanical
hyperalgesia and edema without inducing toxicity

Mice were treated with naringenin (16.7, 50, or 150 mg/kg)
by p.o. route starting 24 h after the i.a. injection of 3 mg/
joint of TiO,. Animals were treated daily for 30 days, 1 h
before the articular mechanical hyperalgesia and edema
measurements since naringenin peak-effect in mechanical
hyperalgesia at day 1 occurred 1 h after naringenin treat-
ment (Fig. 1a). The saline group did not present articular
mechanical hyperalgesia (Fig. 1a) and edema (Fig. 1b). The
i.a. injection of TiO, at day O induced articular mechani-
cal hyperalgesia (Fig. 1a) and edema (Fig. 1b) from 24 to
48 h after i.a. injection on the first day and subsequently
from the 2nd to 30th day. All doses of naringenin inhibited
TiO,-induced articular mechanical hyperalgesia at day 1.
Naringenin effect lasted less than 24 h, thus daily treatment
was required. Naringenin treatment inhibited TiO,-induced
articular mechanical hyperalgesia from the 2nd to 30th day.

@ Springer
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Fig. 1 Naringenin inhibits TiO,-induced articular mechanical hyper-
algesia and edema without inducing toxicity. Mice were treated daily
for 30 days with naringenin (16.7, 50, or 150 mg/kg, p.o.) starting
24 h after intra-articular injection of TiO, (3 mg/joint). a Articular
mechanical hyperalgesia and b edema were measured initially from
24 to 48 h (day 1) after TiO, injection and subsequently every other
day until day 30 after TiO, injection (days 2-30). At day 30, narin-
genin induced ¢ MPO activity in the stomach, d AST, and e ALT
plasmatic levels; f urea, and g creatinine plasmatic levels were deter-
mined to evaluate treatment toxicity. As positive drug control for gas-
tric, hepatic, and renal toxicity, indomethacin (2.5 mg/kg, i.p., diluted

The dose of 16.7 mg/kg inhibited TiO,-induced articular
mechanical hyperalgesia from 1 to 5 h after the treatment
(25-29 h after TiO, i.a. injection) on day 1 and up to 30 days.
The dose of 50 mg/kg of naringenin inhibited TiO,-induced
articular mechanical hyperalgesia from 1 to 7 h after the
treatment (25-31 h after TiO, i.a. injection) on day 1 and
subsequently from days 2 to 30. In addition, the analgesic
effect of the dose of 50 mg/kg of naringenin was statistically
different compared to the other doses from days 2 to 30. The
dose of 150 mg/kg of naringenin inhibited TiO,-induced
articular mechanical hyperalgesia only 5 h after naringenin
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in tris/HCI buffer, during 7 days), acetaminophen (650 mg/kg, i.p.,
diluted in saline), and diclofenac (200 mg/kg, p.o., diluted in saline,
once) were used, respectively. Results are presented as mean+SEM
of six mice per group per experiment and are representative of two
separate experiments. [*p<0.05 compared to the saline group;
#p <0.05 compared to the TiO2 group; **p <0.05 compared to the
TiO, and naringenin (150 mg/kg) groups; fp <0.05 compared to the
TiO, and naringenin (16.7 and 150 mg/kg) groups (repeated meas-
ures two-way ANOVA (a, b) and one-way ANOVA (c—g) followed by
Tukey’s post hoc)]

treatment (29 h after TiO, i.a. injection) at day 1 and up to
30 days (Fig. 1a). Only the dose of 50 mg/kg of naringenin
inhibited TiO,-induced articular edema 5 h after naringenin
treatment (29 h after TiO, i.a. injection) at day 1 and from
days 4 to 30. In addition, the inhibition of edema by a dose of
50 mg/kg of naringenin was statistically different compared
to the other doses (Fig. 1b). Therefore, naringenin presented
a bell-shaped dose-response curve with maximal effect with
the dose of 50 mg/kg, which was chosen for the next experi-
ments. At day 30, 1 h after naringenin treatment, stomach
and blood samples were collected to evaluate if naringenin
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would induce gastric, hepatic, and renal damage. Naringenin
did not induce MPO activity in stomach samples (Fig. 1c)
or increase the levels of AST (Fig. 1d), ALT (Fig. le), urea
(Fig. 1f), and creatinine (Fig. 1g) in the plasma. Therefore,
chronic 30 days treatment with naringenin at a dose of
50 mg/kg did not induce detectable gastric, hepatic, or renal
lesion/damage. The treatment with positive control groups
following previously established protocols demonstrates that
the assays used can detect the selective tissue lesion markers
[10, 28] (Fig. 1c—g).

Naringenin inhibits TiO,-induced histopathological
damage, recruitment of total leukocytes,
polymorphonuclear, and mononuclear cells

Mice were treated daily for 30 days with naringenin (50 mg/
kg, p.o.) starting 24 h after the i.a. injection of 3 mg/joint
of TiO,. At day 30, 1 h after naringenin treatment, the knee
joint was harvested for HE histopathology (Fig. 2a—g)
evaluation and knee joint lavages were collected to count
the number of total leukocytes (Fig. 2h), polymorphonu-
clear (Fig. 2i), and mononuclear cells (Fig. 2j). Naringenin
inhibited TiO,-induced synovial hyperplasia, inflammatory
infiltrate, and vascular proliferation as observed in the histo-
pathological index analyses (Fig. 2g). In agreement, narin-
genin inhibited TiO,-induced recruitment of total leukocytes
(Fig. 2h) and polymorphonuclear (Fig. 2i) and mononuclear
cells (Fig. 2j) to the knee joint. Thus, naringenin reduced
the recruitment of inflammatory cells induced by TiO, in
the knee joint.

Naringenin inhibits TiO,-induced cartilage erosion
in the knee joint

Mice were treated as in Fig. 2 and knee joint samples
were collected for toluidine blue staining of cartilage and
analyses (Fig. 3a-k). Patella samples were also collected
for the determination of proteoglycan levels (Fig. 3i). TiO,
decreased toluidine blue-stained cartilage area (Fig. 3b, e,
h) in the tibia (Fig. 3b, h, k), but not in the femur (Fig. 3b,
e, j) and patella proteoglycan content (Fig. 3i). Naringenin
inhibited TiO,-decreased toluidine blue staining cartilage
in the tibia (Fig. 3c, i, k) and patella proteoglycan content
(Fig. 31). These results demonstrate that naringenin inhibited
TiO,-induced cartilage destruction.

Naringenin inhibits TiO,-induced bone resorption

Mice were treated as in Fig. 2 and knee joint samples were col-
lected to evaluate the TRAP staining (osteoclast marker) and
the mRNA expression by RT-qPCR of the RANKL/RANK/
OPG system. TiO, induced an increase of TRAP staining
(Fig. 4b, e, g) and the RANKL mRNA expression (Fig. 4h),

which were inhibited by naringenin treatment. TiO, did not
alter the mRNA expression of RANK (Fig. 4i) and decreased
OPG expression (Fig. 4j), but naringenin reduced the RANK
mRNA expression and increased OPG mRNA expression.
Therefore, naringenin inhibited TiO,-induced dysregulation
of markers of increased bone resorption [10, 30, 31].

Naringenin inhibits TiO,-induced oxidative stress

Animals were treated as in Fig. 2 and knee joint samples
were collected to evaluate the effect of naringenin on
TiO,-induced oxidative stress. TiO, induced an increase
of gp91PP* mRNA expression (Fig. 5a), and the produc-
tion of superoxide anion (Fig. 5b) and lipid peroxidation
(Fig. 5c), which were inhibited by naringenin treatment.
Thus, this demonstrated that naringenin not only inhibited
TiO,-induced oxidative stress, but also the upregulation of
a NADPH oxidase (NOX)2 subunit involved in superoxide
anion production [32].

Naringenin inhibits TiO,-induced cytokines mRNA
expression

Mice were treated as in Fig. 2 and the knee joint samples
were collected to evaluate IL-33, TNFa, pro-IL-1p, and
IL-6 mRNA expression. TiO, induced the expression of
TNF-a (Fig. 6a), pro-IL-1p (Fig. 6b), IL-6 (Fig. 6¢), and
IL-33 (Fig. 6d) mRNA expression, which were inhibited
by naringenin treatment. Therefore, naringenin reduced the
TiO,-induced expression of pro-inflammatory cytokines
involved in pain, edema, leukocyte recruitment, and joint
tissue degradation [26, 30, 33—41].

Naringenin inhibits TiO,-induced NFxB activation

Considering that naringenin inhibited TiO,-induced oxidative
stress and the mRNA expression of enzymes and cytokines
that are regulated by NFxB activation [42, 43], mice were
treated as in Fig. 2 and knee joint samples were collected to
evaluate NFxB activation by ELISA (Fig. 7). TiO, induced an
increase in phosphorylated p65 NF«xB/total p65 NF«kB ratio,
indicating NFxB activation (phosphorylation), which was
inhibited by naringenin treatment (Fig. 7). Therefore, narin-
genin inhibited the TiO,-induced activation of a crucial pro-
inflammatory transcription factor, NFkB. The present results
are summarized in Fig. 8.

Discussion
Arthroplasty is an efficient and successful procedure to

recover joint mobility and functionality [4]. However,
about 10-15% of the patients present intense inflammatory
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Fig.2 Naringenin inhibits TiO,-induced histopathological damage,
recruitment of total leukocytes and polymorphonuclear and mono-
nuclear cells. Mice were treated daily for 30 days with naringenin
(50 mg/kg, p.o.) starting 24 h after intra-articular injection of TiO,
(3 mg/joint). Histopathological analysis (a—f) and index (g), total
leukocytes (h), and polymorphonuclear (i) and mononuclear cell (j)
count in knee joint lavages were evaluated 30 days after TiO, injec-
tion. The sites where the images of d—f were captured were from a
to c. The parameters analyzed were (asterisk) invasive pannus forma-

response triggered by wear debris released by biomaterials
[6, 44]. TiO, is one of the main biomaterials used in the
metallic prosthesis and implants and also a causative agent
of articular inflammation and loosening of prosthesis and
implants [9, 45]. In the present study, data show that nar-
ingenin reduced TiO,-induced arthritic pain, edema, and
leukocyte recruitment to the knee joint. These beneficial
effects of naringenin were related to the reduction of oxida-
tive stress and cytokine expression, which are consequences

@ Springer

TiO, + Naringenin

i j
TiO, TiO,
154 1 20

2 2

S H 4
ES * 015
9 5 C ®
g s TS
23 9 3
s ¢ o ¢
<% 2
= g 210
O ™ C o
I==) S5
> < = <
S X x
o o »w 5

© ©

8 S

0_
Saline _ 0 50
Naringenin
(mg/kg)

0_
Saline _ 0 50
Naringenin
(mg/kg)

tion; leukocyte infiltration was represented by an arrow; and vascular-
ity with an arrowhead. Saline (a and d); TiO, (b and e); and TiO,
treated with naringenin (c and f). The samples were stained with HE.
Original magnification 4X (scale bar 200 um) and 40x (scale bar
50 pm), n=6. Results are presented as mean+ SEM of six mice per
group per experiment and are representative of two separate experi-
ments. [*p<0.05 compared to the saline group; *p <0.05 compared
to the TiO, group (one-way ANOVA followed by Tukey’s post hoc)]

of naringenin inhibition of TiO,-induced NFxB activation.
Naringenin effect occurred in a bell-shaped dose—response
curve indicating that naringenin treatment reached a maxi-
mum effect at a dose and increasing naringenin dose does
not improve but rather reduces its efficacy. If naringenin goes
through clinical testing, a dose range for naringenin must
be determined and increasing the dose indefinitely will not
necessarily increase its efficacy. Considering that naringenin
acts as an antioxidant, and other flavonoids such as myricetin
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Fig.3 Naringenin inhibits TiO,-induced cartilage erosion in the knee
joint. Mice were treated daily for 30 days with naringenin (50 mg/
kg, p.o.) starting 24 h after intra-articular injection of TiO, (3 mg/
joint). a—i Toluidine blue staining quantification of j femoral and k
tibial-stained areas; and 1 quantitative quantification of proteoglycan
levels in the knee joint samples were evaluated on the 30th day. a, d,
g Saline; b, e, h TiO,; and ¢, f, i TiO, treated with naringenin. The
percentage of toluidine blue-stained areas in the j femoral and k tibial

inverse their antioxidant effects to pro-oxidant effect at high
doses, it is reasonable to speculate that upon reaching the
maximal antioxidant dose, higher doses of naringenin may
start reducing the intended effect similarly to myricetin [46].

cartilage in the load-bearing region were measured through the area
outlined in black. d—f and g-i demonstrate the analysis performed in
the femur and tibia, respectively. Original magnification 10X (scale
bar 100 pm), n=6. Results are presented as mean+ SEM of six mice
per group per experiment and are representative of two separate
experiments. [*p <0.05 compared to the saline group; #p <0.05 com-
pared to the TiO, (one-way ANOVA followed by Tukey’s post hoc)]

Evidence shows that the analgesic mechanisms of narin-
genin may encompass the targeting of nociceptive neurons
function. For instance, naringenin modulates transient poten-
tial receptors (TRP) by blocking TRPV1 and TRPM3 and
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Fig.4 Naringenin inhibits TiO,-induced bone resorption. Mice were
treated daily for 30 days with naringenin (50 mg/kg, p.o.) starting
24 h after TiO, i.a. injection (3 mg/joint). a—f TRAP histochemical
staining; g quantitative analysis of TRAP-positive cells; g RANKL,
i RANK, and j OPG mRNA expression were determined on the 30th
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observed in d-f that were used to determine g TRAP histochemical
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Fig.5 Naringenin inhibits TiO,-induced oxidative stress. Mice were
treated daily for 30 days with naringenin (50 mg/kg, p.o.) starting
24 h after TiO, i.a. injection (3 mg/joint). a gp91P** mRNA expres-
sion, b superoxide anion production, and ¢ TBARS levels were deter-
mined on the 30th day after TiO, injection. Results are presented as
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lowed by Tukey’s post hoc)]
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Fig.6 Naringenin inhibits TiO,-induced cytokines mRNA expres-
sion. Mice were treated daily for 30 days with naringenin (50 mg/kg,
p.o.) starting 24 h after TiO, i.a. injection (3 mg/joint). a IL-33, b
TNFa, ¢ pro-IL-1B, and d IL-6, mRNA expression were determined
by RT-qPCR 30 days after TiO, injection. Results are presented as
mean +SEM of six mice per group per experiment and are represent-
ative of two separate experiments. [*p <0.05 compared to the saline
group; #p <0.05 compared to the TiO, group (one-way ANOVA fol-
lowed by Tukey’s post hoc)]

activating TRPMS [47, 48]. Naringenin also activates the
analgesic NO-cGMP-PKG-K ,;p channel signaling path-
way [14, 16]. These data indicate that the analgesic effect
of naringenin can also target the nociceptive neurons and
not solely the peripheral inflammation as we demonstrated
herein. In this sense, these results add to each other since
they present different perspectives. Naringenin presented a
pronounced effect on TiO,-induced knee edema, which lined
up well with the inhibition of oxidative stress and cytokines
since these molecules induce edema [49-51]. Depending on
the underlying physiopathological mechanisms of the arthri-
tis type and its degree of severity, therapeutic approaches
may include the use of opioids, glucocorticoids, non-steroi-
dal anti-inflammatory drugs, and disease-modifying anti-
rheumatic drugs [52]. Depending on the drug, doses, and
chronicity of use, there are possible side effects including
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Fig.7 Naringenin inhibits TiO,-induced NFxB activation. Mice
were treated daily for 30 days with naringenin (50 mg/kg, p.o.)
starting 24 h after TiO, i.a. injection (3 mg/joint). NFxB activation
determined 30 days after TiO, injection. Results are presented as
mean + SEM of six mice per group per experiment and are represent-
ative of two separate experiments. [*p <0.05 compared to the saline
group; #p <0.05 compared to the TiO, group (one-way ANOVA fol-
lowed by Tukey’s post hoc)]

respiratory failure, addiction, gastrointestinal complications,
hepatotoxicity, nephrotoxicity, cardiovascular effects, and
nausea [53]. The present evidence shows that naringenin is
a safe drug given that long-term treatment (30 days) did not
induce gastric, hepatic, or kidney damage. Corroborating
the safety of naringenin, in vitro cell viability assay demon-
strated that naringenin presents low toxicity when compared
to other flavonoids, even at a high concentration such as
200 uM [54]. Short-term treatment (7 days) with naringenin
also does not induce liver and stomach damage [16].

Herein, naringenin inhibited TiO,-induced histopatholog-
ical alterations including severe histopathological damage
with vascular proliferation, increased leukocyte infiltration,
and pannus formation (synovial hyperplasia) [10]. In agree-
ment, naringenin reduces the histopathological alterations in
monoiodoacetate (MIA)-induced osteoarthritis [55]. In addi-
tion, naringenin inhibited TiO,-induced cartilage destruction
and proteoglycan loss. We have previously observed that
TiO,-induced cartilage destruction with a decrease of pro-
teoglycan content in the knee joint affects mainly the tibia
[10]. In agreement with the present data, naringenin inhib-
its MIA- and IL-1B-induced metalloproteinases (MMP)-3
production in rats cartilage and primary cultured articular
chondrocytes, respectively [55]. MMP play important role in
cartilage destruction [56] and MMP-3 is well known for pro-
teoglycan degradation and activation of procollagenases [57]
This is a very important clinical benefit of naringenin, since
once the articular cartilage is destructed, there is no current
treatment to heal it back to pre-disease condition [58].

The pronounced articular inflammation and cartilage
destruction fuel the bone loss, which predisposes to bone

@ Springer



1008

M. F. Manchope et al.

Fig.8 Naringenin ameliorates
TiO,-induced chronic arthritis
inhibiting a articular pain and
edema, b cartilage degradation,
¢ bone resorption, d leukocyte
recruitment, e oxidative stress,
and f NFkB activation and
mRNA expression of inflamma-
tion biomarkers
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fractures and increases the severity of motor incapacity and
pain. TiO, induced an increase of TRAP staining, which
indicates the increase of osteoclastic activity in the bone.
The TRAP staining aligned with the increase of RANKL and
decrease of OPG mRNA expression, since RANKL induces
osteoclast formation and bone resorption and OPG inhibits
the activity of RANKL [59, 60]. RANK expression was not
altered indicating that the receptor for RANKL already has
sufficient expression for enhanced RANKL activity. Narin-
genin inhibited these alterations in bone metabolism induced
by TiO,, and also decreased RANK and increased OPG
mRNA expression, which further supports the capacity of
naringenin to reduce bone erosion. The cartilage loss facili-
tates the interaction of recruited neutrophils and osteoclasts.
This neutrophil-osteoclast interaction induces osteoclast
differentiation [61]. Thus, the cartilage loss and activated
inflammatory cells account for increase in bone loss.
Naringenin possesses in vitro and in vivo antioxidant
activity [14-16, 54]. In fact, in vitro data show that nar-
ingenin presents scavenger ability at 40 uM and molecular
docking demonstrated that naringenin reduces NADPH oxi-
dase activation by inhibiting PKC-mediated p47P"* phos-
phorylation by interacting with Gly-253 and Leu-251 amino
acid residues [54]. In addition, in vivo data show that narin-
genin also increases Nrf2 activation, a transcription factor
that is related to the expression of antioxidant molecules
such as GSH [14, 16] suggesting that naringenin not only
reduces ROS, but also increases antioxidant defense. In
agreement, naringenin inhibits oxidative stress in superoxide
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anion- [14] and carrageenan-induced [16] inflammatory pain
and streptozotocin-induced diabetic neuropathy [62]. On the
other hand, these effects of naringenin seem to impair the
microbicidal activity of neutrophils. For instance, naringenin
inhibits the killing of Staphylococcus aureus by neutrophils
[63]. Therefore, given the relationship between oxidative
stress and pain, the inhibition of the parameters herein evalu-
ated is an important mechanism of naringenin to mitigate
aseptic inflammatory pain.

Phagocytes such as macrophages and neutrophils express
the NOX2 that has gp91P'™ as a subunit regulating super-
oxide anion production that, in turn, will lead to the produc-
tion of other ROS and in the end lipid peroxidation [32].
TiO, enhances the phagocytic activity of neutrophils in a
Syk (spleen tyrosine kinase)-dependent manner [64] and
as a consequence activates NADPH oxidase generating
superoxide anion [65]. Naringenin inhibited TiO,-enhanced
gp91PP*mRNA expression, which corroborated the superox-
ide anion production and lipid peroxidation. In agreement,
naringenin inhibits superoxide anion-induced oxidative
stress inhibiting superoxide anion production, lipid peroxi-
dation and gp91P"* mRNA expression [14]. ROS contribute
to tissue lesion and account for cartilage and bone destruc-
tion [66—69]. Superoxide anion causes bone fragility due to
lowering the turnover resulting in osteoporosis and impair-
ing collagen cross-linking [70]. For instance, ROS, and in
specific gp91P"°*, contributes to osteoclast differentiation
[71], and naringenin inhibits RANKL-induced osteoclast
differentiation and bone resorption [20]. Superoxide anion
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also induced hyperalgesia, edema, and leukocyte recruit-
ment by further inducing the production of cytokines such
as TNFa and IL-1p [14, 72], which were reduced by narin-
genin [14]. The superoxide anion-induced cytokine produc-
tion depends on activating NFxB [72].

Herein, naringenin inhibited TiO,-induced mRNA
expression of IL-33, TNFa, IL-1p and IL-6. TiO, activates
macrophages [9], which release pro-inflammatory cytokines,
including TNFa [9], IL-1 [73] and IL-6 [74]. Naringenin
inhibits TNFa, IL-1p, IL-6 and IL-33 in carrageenan-, LPS-,
and superoxide anion-induced inflammatory pain [14-16].
These cytokines participate in the chemoattraction of neu-
trophils [26, 40, 41]. TiO, also activates the recruited neu-
trophils [64] that participate in the destruction of cartilage
and bone directly by releasing neutrophil extracellular traps
(NETs). Releasing NETs results in histone citrullination,
which is a mechanism involved in rheumatoid arthritis and
also in TiO, and implant-induced arthritis [75]. Cytokines
produced by TiO, stimulus, such as IL-33, IL-1f, and TNFa
that increase the release of MMP, activate chondrocytes
and osteoclasts [26, 76]. Further, naringenin inhibits IL-1p-
induced MMP-3 production in primary cultured articular
chondrocytes [55]. TNFa and IL-6 induce osteoclastogen-
esis in osteoclast medium culture with synovial cells from
RANK knockout mice, showing a RANK-independent man-
ner to induce osteoclast formation [30]. Naringenin might
also inhibit osteoclast formation in a RANK-independent
manner since it reduces TNFo and IL-6 production in LPS-
induced inflammation [15]. TiO, also enhances neutrophils
phagocytosis in a Syk (spleen tyrosine kinase)-dependent
manner [64] and activates NADPH oxidase generating
superoxide anion [65]. Cytokines produced upon TiO, stim-
ulus induce superoxide anion production. This result lined
up with the inhibition of leukocyte recruitment and also with
the inhibition of oxidative stress, edema, cartilage destruc-
tion and bone degradation. In addition, evidence shows that
naringenin reduces TNFa-induced ICAM-1 expression in
human endothelial cells [77], a mechanism essential for leu-
kocyte recruitment [78—80]. In chronic inflammation and
neuropathic conditions IL-33 [33], TNFa [34], IL-1p [35]
and IL-6 [36] activate sensory neurons, which is a nocic-
eptive mechanism. In this sense, the inhibition of cytokine
production is also an analgesic effect [81].

NF«B activation plays an essential role in the devel-
opment and progression of arthritis once it is directly
involved in the regulation of pro-inflammatory mediators
production in the inflamed joint [82]. Herein, naringenin
inhibited TiO,-induced NFxB activation in the knee joint.
NFxB signaling pathway also possesses an important role
in RANKL-induced osteoclast formation given that NFxB
selective inhibitors such as SC-514 (IKKp inhibitor) and
NBD (IKKYy inhibitor) block osteoclast differentiation
[83]. Accumulated TiO, induces NFkB activation and

TNFa release in the brain of rats [84] and in HepG2 cells
[85]. Further, naringenin inhibits NFkB activation in MIA-
induced osteoarthritis [55] and in LPS- and carrageenan-
induced inflammatory pain in mice [15, 16].Therefore,
naringenin inhibition of NF«B activation is a consistent
effect in varied models.

In conclusion, the present data suggest that naringenin
ameliorates TiO,-induced chronic arthritis. Naringenin
mitigates TiO,-induced inflammatory pain, knee edema,
histopathological damage, leukocyte recruitment, carti-
lage erosion, and bone resorption by inhibiting oxidative
stress, cytokine mRNA expression, and NFxB activation.
Therefore, naringenin represents a promising therapeutic
approach to mitigate the complications related to implant-
induced aseptic inflammation.
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