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Abstract: Rheumatoid arthritis (RA) development is strongly associated with cigarette smoke ex-
posure, which activates the aryl hydrocarbon receptor (AhR) as a trigger for Th17 inflammatory
pathways. We previously demonstrated that the exposure to hydroquinone (HQ), one of the major
compounds of cigarette tar, aggravates the arthritis symptomatology in rats. However, the mecha-
nisms related to the HQ-related RA still remain elusive. Cell viability, cytokine secretion, and gene
expression were measured in RA human fibroblast-like synoviocytes (RAHFLS) treated with HQ and
stimulated or not with TNF-α. Antigen-induced arthritis (AIA) was also elicited in wild type (WT),
AhR −/− or IL-17R −/− C57BL/6 mice upon daily exposure to nebulized HQ (25ppm) between
days 15 to 21. At day 21, mice were challenged with mBSA and inflammatory parameters were
assessed. The in vitro HQ treatment up-regulated TNFR1, TNFR2 expression, and increased ROS
production. The co-treatment of HQ and TNF-α enhanced the IL-6 and IL-8 secretion. However, the
pre-incubation of RAHFLS with an AhR antagonist inhibited the HQ-mediated cell proliferation and
gene expression profile. About the in vivo approach, the HQ exposure worsened the AIA symptoms
(edema, pain, cytokines secretion and NETs formation) in WT mice. These AIA effects were abolished
in HQ-exposed AhR −/− and IL-17R −/− animals though. Our data demonstrated the harmful
HQ influence over the onset of arthritis through the activation and proliferation of synoviocytes.
The HQ-related RA severity was also associated with the activation of AhR and IL-17 pathways,
highlighting how cigarette smoke compounds can contribute to the RA progression.

Keywords: environmental pollutant; benzene metabolite; cigarette smoking; fibroblast-like synovio-
cytes; antigen-induced arthritis

1. Introduction

Rheumatoid arthritis (RA) is a debilitating autoimmune disease characterized by
synovial hyperplasia and severe chronic inflammation of the joints [1,2]. Enhanced prolifer-
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ation of fibroblast-like synoviocytes (FLS) that constitute the synovial pannus is one of the
RA hallmarks [3]. This pathogenic process is activated by pro-inflammatory cytokines that
facilitate the release of reactive oxygen species (ROS), matrix metalloproteinases (MMPs)
and growth factors [4]. The local inflammation is extended by the arrival of T and B
lymphocytes, monocytes, dendritic cells and neutrophils that promote joint and bone
destruction [4,5].

Indeed, the inflamed synovial cavity is composed by a complex chemical environment,
of which tumor necrosis factor (TNF)-α and interleukin (IL)-17 exert pivotal actions in
the RA pathophysiology. Within the sinovia, activated FLS, neutrophils, macrophages
and lymphocytes primarily secrete TNF-α that binds to highly expressed receptors TNFR1
and TNFR2 [6]. This response also triggers the secretion of IL-1β, IL-23, IL-6, IL-8 and
IL-17, resulting in a significant decrease in the frequency of regulatory T cells, favoring the
establishment of a Th17 cell pattern [7]. The CD4+ T cell-secreted IL-17A can activate FLS,
mature osteoclasts, and recruit neutrophils, macrophages and B cells to be activated [8,9].
In terms of the IL-17A relevance to this process, the treatment with an anti-IL-17A antibody
has not been effective as the anti-TNF therapy is for RA patients [10]. However, models of
experimental arthritis have shown that the deficiency of Th17 cells or other Th17 cytokines
can reduce the RA severity or prevent the disease development [9,11].

The connection between genetic and environmental factors is known to influence the
RA onset and evolution. Since the RA incidence has been highly reported in residents
of industrialized countries, it has been suggested that the exposure to environmental
pollutants may trigger and/or aggravate the disease [12]. Earlier reports have proposed
that smoking is the major environmental risk factor involved in the RA pathogenesis [13,14].
In addition, smoking has been correlated with an increased and worsened RA incidence as
well as to a diminished responsiveness to therapy [1,15].

Cigarette smoke is a complex aerosol system composed by roughly 8700 identified
harmful substances, including nicotine, particulate matter, organic compounds, solvents,
metals, gas substances and free radicals [16]. Many of them, such as radical species, impact
the redox system, resulting in oxidative stress, inflammatory responses, carcinogenesis, and
dysfunction of the immune cells [17–19]. In vitro studies with cigarette smoke condensate
or isolated polycyclic aromatic hydrocarbons (PAHs) have pointed out the aryl hydrocarbon
receptor (AhR) to participate in the RA aggravation in smokers [20–22]. Of note, smokers
display an up-regulated level of AhR expression in their synovial membranes [23]. This
receptor is a cytosolic transcription factor activated by ligands such as persistent organic
pollutants, stimulating the expression of downstream genes. Among them, the cytochrome
P450 (CYP) 1 family members are involved in the oxidation of endogenous hormones,
drugs and xenobiotics [24]. Moreover, the AhR activation has been described as essential
for the differentiation and activation of Th17 cells in the RA genesis [21,22,25].

Regarding the cigarette compounds, the hydroquinone (HQ) has been particularly
associated with oxidative stress in the particle matter phase and is detected in about
100 µg/cigarette [16]. During the biotransformation of benzene, the HQ is also generated
and can cause myelotoxicity and immunotoxicity in the lungs, liver and bone marrow [26].
Our research group has pointed out the HQ toxic properties to the immune system, espe-
cially those that cause the impairment of innate and acquired immune responses [27–29].
Another harmful effect of the HQ exposure has being the age-related macular degeneration,
a disease with high incidence in smokers [30,31].

Also, we recently demonstrated that the experimental model of collagen-induced
arthritis (CIA) in rats can be significantly intensified upon the HQ exposure. The synovia of
these HQ-exposed CIA rats presented elevated levels of IL-6, higher inflammation, pannus
formation and increased influx of immune AhR+ and IL-17+ cells [32,33]. Herein, we
aimed to investigate the involvement of AhR and IL-17 in the mechanism of action in
the worsened HQ-related arthritis and evaluate the outcome of RA human fibroblast-like
synoviocytes (RAHFLS) exposed to HQ, associated or not with the activation of the TNF-α
pathway. Our data clearly show the HQ influence over the synoviocyte activation, cytokine
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secretion and oxidative stress, and confirm the involvement of AhR and IL-17R on the
exacerbated experimental arthritis in vivo.

2. Materials and Methods
2.1. Chemicals and Reagents

The following materials were used: complete Freund’s adjuvant (CFA; Sigma-Aldrich,
St. Louis, MO, USA; #F5881); incomplete Freund´s adjuvant (IFA; Sigma-Aldrich, St. Louis,
MO, USA); hydroquinone (Hydroquinone 99%—Sigma-Aldrich, St. Louis, MO, USA);
TNF-α (#DY410), IL-6 (#DY406) and IL-17 (#DY421) mouse ELISA kits (R&D Systems, Min-
neapolis, MN, USA); IL-6 (#33-7068-68) and IL-8 (88-8086-88) human ELISA kits (Thermo
Fisher Scientific, Waltham, MA, USA); Dulbecco’s modified Eagle’s medium F12 (DMEM
F12, Thermo Fisher, Waltham, MA, USA); fetal bovine serum (FBS; GIBCO Invitrogen,
Carlsbad, CA, USA), penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA); human
TNF-α (Sigma-Aldrich, St. Louis, MO, USA); bovine serum albumin (BSA, Sigma-Aldrich,
St. Louis, MO, USA); dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA);
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA); Cytofix/Perm
kit (BD Biosciences, San Jose, CA, USA); 3-(4,5-dimethylthylthiazol-2-yl)-2,5 diphenyl-
tetrazolium bromide CM-H2DCFDA (Invitrogen, Carlsbad, CA, USA); PE-conjugated
anti-CD90 antibody (clone eBio5E10; eBioscience, San Diego, CA, USA); anti-AhR anti-
body (RPT1; Abcam, Cambridge, UK); goat anti-mouse IgG Alexa Fluor 488 antibody
(Life Technologies, Carlsbad, CA, USA); Vectashield mounting solution containing 40,
6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA); anti-
TNFR1 antibody (Rabbit polyclonal antibody to TNF Receptor I, Abcam, Cambridge, UK),
anti-TNFR2 antibody (Rabbit polyclonal antibody to TNF Receptor II, Abcam, Cambridge,
UK); rabbit anti-citrullinated H3 primary antibody; goat anti-rabbit IgG Alexa Fluor 488
antibody (Invitrogen, Carlsbad, CA, USA); AhR antagonist α-naphthoflavone (αNF, Sigma-
Aldrich, St. Louis, MO, USA); methylated bovine serum albumin (mBSA; Sigma-Aldrich,
St. Louis, MO, USA); RNeasy Mini Kit (Qiagen, Hilden, Germany); High Capacity Kit (Life
Technologies, Carlsbad, CA, USA); Taqman Gene Expression Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA).

2.2. Cell Culture and Phenotypical Characterization

Primary human fibroblast-like synoviocytes from RA patients (RAHFLS) were pur-
chased from Articular Engineering (Northbrook, IL, USA), and cultured in DMEM F12
culture medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL strep-
tomycin at 37 ◦C in a 5% CO2 incubator. Three to nine cell passages were utilized in
experiments of this study.

To confirm that RAHFLS could maintain the arthritic phenotype along the culture
passages, even upon the HQ exposure, we verified their ability to express CD90 (Thy-1), a
glycosylphosphatidylinositol (GPI)-linked cell surface glycoprotein that indicates enhanced
proliferantion [34] and is highly expressed in the synovia of RA patients [35], through
FACS. For this, 1 × 104 cells were seeded per well in 24-well plates and treated with HQ
(1 or 10 µM) and/or with TNF-α (2 ng/mL) for 24 h. Thereafter, cells were harvested, fixed
and stained with a PE-conjugated anti-CD90 antibody (diluted 1:100 in PBS + 0.1% BSA +
0.01% sodium azide) during 1 h at 37 ◦C. Then, 10,000 events were acquired in a Accuri C6
cytometer (BD Biosciences, San Jose, CA, USA). The flow cytometry analysis was carried
out with the FlowJo software (Tree Star Inc, Ashland, OR, USA). Results are presented as
arbitrary units of fluorescence.

2.3. Animals

Adult male wild-type (WT) C57BL/6, AhR genetic-deficient (AhR−/−) and IL-17
receptor genetic-deficient (IL-17R−/−) mice were bred in a specific pathogen-free animal
facility at the School of Medicine of Ribeirão Preto (University of São Paulo, Brazil). Animals
were maintained in sterile, isolated, ventilated cages with controlled temperature, light
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conditions and were supplemented with food and water ad libitum. All the genetic-deficient
mice (AhR−/− and IL-17R−/−) displayed overall good health conditions and optimal
breeding. All procedures were performed according to the guidelines of the Brazilian
Society of Science of Laboratory animals for the proper care and use of experimental
animals. Experimental procedures were approved by the Ethics Committee on Animal
Use from the University of São Paulo (protocol numbers 563; 048/2012). AhR−/− mice
on the C57BL/6 background were provided by Dr Frank Gonzalez (National Cancer
Institute, National Institute of Health, Bethesda, USA) and IL-17R−/− mice on the C57BL/6
background were provided by Professor Jay Kolls (University of Pittsburgh, School of
Medicine, USA). All WT and KO animals have the same C57BL/6 genetic background but
are not considered true littermates.

2.4. In Vivo Hydroquinone (HQ) Exposure

Mice were daily exposed to a HQ solution at 25 ppm (1.5 mg/60 mL) through an
ultrasonic nebulizer (NS® São Paulo, SP, Brazil) for 1 h during 7 consecutive days after
the second immunization (between days 15 to 21), as previously described [32,33]. As
control, animals were exposed to HQ vehicle solution (5% ethanol in saline) during the
same period.

2.5. Antigen-Induced Arthritis (AIA)

Animals were anesthetized with 2% isoflurane before immunization and challenge.
On day 0, mice were subcutaneously (s.c.) injected with 500 µg of mBSA in prepared 200 µL
of an emulsion containing equal volumes of saline and Complete Freund´s Adjuvant
(CFA). On days 7 and 14, mice were boosted via s.c. with the same protein adjuvanted
with the Incomplete Freund´s Adjuvant (IFA). A week later, mice were challenged with an
intra-articular (i.a.) mBSA injection (30 µg diluted in 10 µL of PBS) into the right knee joint.

2.6. Assessment of Articular Hyperalgesia and Edema

Arthritic symptoms, such as articular hyperalgesia of the joints and edema, were
determined 6 h after the mBSA challenge as previously described [36]. Briefly, animals
were placed in acrylic cages with wire grid floors in a silent room for environmental
adaptation 30 min before the tests. To measure hyperalgesia, the animals need at least
one of the paws without pain to support their weight in the cages and the measurements
were performed only when mice did not present exploratory movements. The electronic
pressure-meter utilized in this assay consisted of a hand-held force transducer fitted with a
polypropylene tip (4.15 mm2) (IITC Life Science Instruments, Woodland Hills, CA, USA).
An increasing perpendicular force was applied to the central area of the plantar surface of
the hind paw to induce flexion of the femur-tibial joint followed by the paw withdrawal.
Thus, the pressure of the applied force was recorded through the pressure meter when the
paw was withdrawn. Whereas the mechanical threshold was expressed in grams (g), the
hyperalgesia was equated to the reduction of this threshold.

The edema formation was determined in the femur-tibial joint area using a caliper
before and 6 h after the mBSA challenge. The edema unit was expressed in millimeters
through the quantification of paw volumes.

2.7. Synovial Fluid Collection and Measurement of Cell Influx

The synovial fluid was obtained 6 h after the mBSA challenge upon the mouse eu-
thanasia, through 2 injections of 10 µL of PBS in the femur-tibial articular cavities. Cells
were diluted in Turk´s solution and their total number was determined through cell count-
ing on a Neubauer chamber. Leukocytes subpopulations were determined by performing
a cytospin method followed by a differential cell counting method using a commercial kit
(Panotico; Renylab, Barbacena, MG, Brazil), based on Romanowsky´s staining method [37].
Results were expressed as the number of cells per joint.
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2.8. Histopathological and Immunofluorescence Analyses

Murine femur-tibial joints (4 animals per group) were collected 24 h after the mBSA
challenge upon the animal euthanasia. Then, joint tissues were fixed in 10% formalin,
decalcified in 10% EDTA solution (pH 7.4) during 21 days and histologically processed and
analyzed. Tissues were embedded in paraffin and 5 µm sagittal sections were obtained,
stained in hematoxylin & eosin (H&E) and analyzed. Three sections/knee joint were
microscopically examined by a single pathologist (T.A.S.) and scored in a blind manner
for different parameters, as follows: severity of synovial hyperplasia and/or discontinuity
(0–4); and intensity and extension of influx of inflammatory cells (0–5). The grades were
summed to obtain an arthritis index (ranging from 0 to 9), with the results expressed
as the mean histopathological score, according to Willians et al. 2007 [38]. Images were
acquired through 4× magnification objective lenses, using an Axioskop 40 microscope
(CarlZeiss, Oberkochen, Germany) adapted to a digital camera (Canon PowerShot A620,
Tokyo, Japan).

The formation of neutrophil extracellular traps (NETs) was indicated through indirect
immunofluorescence. Tissue slices were processed and stained overnight with an anti-
citrullinated H3 primary antibody (diluted 1:1000 in PBS + 0.1% BSA + 0.01% Triton-X-100)
at 4 ◦C. After 3 washing steps with PBS, the slides were stained with a goat anti-rabbit IgG
Alexa Fluor 488 secondary antibody (diluted 1:2000 in PBS + 0.1% BSA+ 0.01% Triton-X-
100), for 2 h at room temperature. Slides were mounted with Vectashield containing DAPI
and analyzed on a confocal microscope (TCS SP5, Leica Microsystems, Wetzlar, Germany).
In order to obtain a representative image of the real AIA effect on the knee joints, we
initially scanned the total area of the slides, always using the same magnification (images
were acquired through 40× magnification objective lenses with 2× zoom). Afterwards,
we selected 4 different tissue areas to analyze. The ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used to quantify the fluorescence intensity in the areas of
interest for each slide. At least, 4 fields per slide (totaling 16 images per experimental group)
were considered for the final analysis. Then, the mean intensity values were extracted of
data derived from 4 sections of each knee joint and used for the statistical analysis.

2.9. Cell Viability

Cell viability was measured through the 3-(4,5-dimethylthylthiazol-2-yl)-2,5 diphenyl-
tetrazolium bromide (MTT) method. Briefly, 1 × 104 RAHFLS were seeded per well in
96-well plates and cultured with DMEM F12 culture medium supplemented with 10%
FBS for 24 h. Thereafter, cells were washed with PBS and incubated with DMEM F12
culture medium supplemented with 0.1% of BSA for 24 h. After another washing step,
cells were incubated with DMEM F12 culture medium supplemented with 2% FBS or
HQ (1 or 10 µM) for 24 h. Then, plates were washed and incubated with MTT solution
(0.5 mg/mL–100 µL/well) for 3 h in the dark at 37 ◦C. Subsequently, the plates were
washed with PBS and 200 µL of DMSO were added to each well. Plates were shaken for
5 min and the optical density reading was obtained through spectrophotometry at 570 nm.
DMEM F12 culture medium supplemented with 10% FBS was used as positive control, and
the BSA addition synchronized all cells in the G0 phase.

2.10. Cytokine Quantification

Cytokines related to the RA onset were quantified upon in vitro and in vivo ap-
proaches in this study. Initially, 1 × 104 RAHFLS were seeded per well in 48-well plates
and treated with HQ (1 or 10 µM) for 4 h, followed by the incubation with or without
TNF-α (2 ng/mL) for 20 h. The inverse protocol was also attempted, in which cells were
pre-treated with TNF-α for 4 h, followed or not by the HQ treatment (1 or 10 µM) for 20 h.
The supernatants were collected 24 h later for the quantification of human IL-6 and IL-8
through ELISA according to the manufacturer’s instructions (Thermo Fisher Scientific,
Waltham, MA, USA).
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The same type of assay was used to measure the cytokine concentrations in ho-
mogenates of murine knee joints. To prepare the tissue homogenates, the murine femur-
tibial joints were collected, frozen in liquid nitrogen, macerated in a metal apparatus with
the aid of a hammer, ressuspended in 500 µL of PBS containing protease inhibitor (25×)
(Roche), and centrifuged for 10 min, 4 ◦C, at 1500× g. After that, the supernatants were
collected and stored at −70 ◦C until used to quantify TNF-α, IL-6 and IL-17 concentrations
according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). All
results are expressed as picograms (pg) of cytokine produced per supernatant per milliliter
(mL) for human and mouse cytokines.

2.11. Protein Expression and Cell Frequency Measurements

To evaluate the effects of the HQ exposure on the expression of TNFR1 and TNFR2,
indirect immunofluorescence assays were performed. For the TNF receptors, 1 × 104

RAHFLS were plated in culture slides (8 Chamber Polystyrene Vessel Tissue Culture
Treated Glass Slide, BD Falcon, San Jose, CA, USA) and treated with HQ (1 or 10 µM) in the
presence or not of TNF-α (2 ng/mL) for 24 h. Then, cells were washed with PBS, fixed in
cold methanol for 20 min at −20 ◦C, followed by the cell permeabilization with 0.01% Triton-
X-100 for 20 min. After rinsing slides 3 times with PBS, cells were treated with 5% FBS
diluted in PBS to reduce nonspecific background staining for 1 h. Slides were rinsed with
PBS again and cells were incubated with anti-TNFR1 or anti-TNFR2 primary antibodies,
(diluted 1:100 in PBS + 0.1% BSA + 0.01% sodium azide), for 1 h at 37 ◦C, according to
Xiao et al., 2017 [39]. After 3 washing steps, cells were stained with goat anti-rabbit IgG
Alexa Fluor 488 secondary antibody, diluted 1:200 in PBS + 0.1% BSA + 0.01% sodium azide,
for 1 h at room temperature. Slides were mounted with Vectashield containing DAPI and
analyzed on a fluorescent imaging microscope (Imager.A2 Axio, Carl Zeiss, Oberkochen,
Germany). Images were acquired with 100× magnification objective lenses and analyzed
with the ImageJ software (National Institutes of Health, Bethesda, MD, USA). The ImageJ
software was used to quantify the fluorescence intensity in the areas of interest for each
culture slide. At least, 4 fields per well (totaling 12 images per experimental group) were
considered for the final analysis. Then, the mean intensity values were extracted of data
derived from 4 regions of each slide and used for the statistical analysis.

2.12. In Vitro Detection of Reactive Oxygen Species

The intracellular accumulation of reactive oxygen species (ROS) was monitored in
cell cultures using the fluorescent probe CM-H2DCFDA. Briefly, 1 × 104 RAHFLS were
seeded per well in 24-well plates and incubated with HQ (1 or 10 µM) in the presence or
not of TNF-α (2 ng/mL) for 24 h. Then, 10 µM CM-H2DCFDA were added to the cells,
whose incubation was performed at 37 ◦C for 30 min in the dark. After a washing step,
cells were ressuspended in PBS and 10,000 events were acquired in an Accuri C6 cytometer
(BD Biosciences, San Jose, CA, USA). Phorbol 12-myristate 13-acetate (PMA, 50 nM) was
used as positive control. Results were presented as arbitrary units of fluorescence.

2.13. Influence of AhR Antagonist in RAHFLS Proliferation, TNFR Expression and
ROS Generation

To investigate whether the HQ-derived cellular alterations were triggered through
AhR activity, 1 × 104 RAHFLS were plated per well in a 24-well plate and pre-treated with
the AhR antagonist α-naphthoflavone (αNF, 100 µM) for 30 min. Then, cells were treated
with HQ (1 or 10 µM) for 24 h, followed by the staining with a PE-conjugated anti-CD90
antibody (diluted 1:100) as previously described. AhR+ cells were quantified through flow
cytometry as described above. The same AhR antagonist had its effect evaluated over the
expression profile of TNF receptors and ROS generation. Regarding the TNFR expression,
1 × 104 RAHFLS were plated per well in an 8-chamber culture slides and pre-treated
with αNF (100 µM) for 30 min. Then, cells were treated with HQ (1 or 10 µM) for 24 h.
Afterwards, cells were processed, stained with anti-TNFR1 or anti-TNFR2 antibodies and
analyzed on a fluorescent imaging microscope as previously described. About the ROS



Antioxidants 2021, 10, 929 7 of 18

generation, 1 × 104 RAHFLS were seeded per well in 24-well plates and pre-treated with
αNF (100 µM) for 4 h. Then, cells were incubated with HQ (1 or 10 µM) for 20 h, followed
by the 10 µM CM-H2DCFDA loading. The intracellular ROS accumulation was further
analyzed through flow cytometry as described above.

2.14. Quantification of mRNA Expression

For the gene expression analysis, 1 × 105 RAHFLS were plated per well in a 6-well
and treated with HQ (1 or 10 µM) for 30 min. Total RNA (50 ng) was extracted using
RNeasy Mini Kit following manufacturer´s instructions (Qiagen, Hilden, Germany), and
reverse-transcribed to cDNA with the High Capacity Kit. Real time PCR assays were
performed using Taqman Gene Expression Master Mix. Taqman gene assay numbers:
Cyp1a1 (Hs01054797_g1) and Gapdh (Hs04420632_g1). All data were normalized to Gapdh
values as an internal control. All experiments were performed into a Viia7 Real-time PCR
system (Thermo Fisher Scientific, Waltham, MA, USA), and the comparative threshold
cycle method was used to determine the relative expression levels.

2.15. Statistical Analysis

The data sets were subjected to normality tests and analyzed by one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test. The level of significance adopted
was 95% (p < 0.05). All data are represented as mean± standard error of the mean (S.E.M.).
All calculations were performed with GraphPad Prism version 7.0 (GraphPad Software,
San Diego, CA, USA).

3. Results
3.1. In Vitro HQ Exposure Induces RAHFLS Activation

To investigate the HQ effects over primary FLS from RA patients (RAHFLS), cells
were incubated with different HQ concentrations (1–100 µM) for 24 h. Whereas the HQ
treatments with 1 µM and 10 µM could maintain the viability of synovial cells, the highest
HQ concentration (100 µM) could not (Supplementary Materials Figure S1A–D). Thus, the
HQ treatment with 100 µM was excluded from further analyses. The RAHFLS showed
an increased activation after 24-h incubation with 10 µM of HQ in comparison to cells
cultured with the lowest HQ concentration or culture medium (Figure 1A).

Figure 1. In vitro HQ exposure enhances the viability of RAHFLS. RAHFLS (1 × 104 cells) were incubated with culture
medium or with HQ (1 or 10 µM) for 24 h, and had their viability and ability to proliferate determined through the MTT
method (A) and the flow cytometry method based on the staining with an anti-CD90 antibody (B,C). Data represent
mean ± SEM from three independent experiments and were analyzed by one-way ANOVA (A): ** p < 0.01 vs. culture
medium; * p < 0.05 vs. HQ 1 µM; (B): * p < 0.05 vs. culture medium and vs. HQ 1 µM. (A): positive control: DMEM F12
culture medium supplemented with 10% FBS.

During the onset of RA, activated synoviocytes proliferate in response to inflam-
matory mediators, such as TNF-α [4] and CD90 is a marker that indicates enhanced
proliferation [34]. In fact, we observed around 92% of CD90+ cells after the CD90 staining.
The HQ treatment with 10 µM showed not only a higher CD90 staining of synoviocytes
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(Figure 1B), but also that the majority of cells were CD90+, in comparison to the other
tested conditions, suggesting that the HQ exposure may augment the proliferation capacity
of synoviocytes (Figure 1C).

3.2. In Vitro HQ Exposure Potentiates the Cytokine Secretion and Enhances TNFR1 and TNFR2
Expression in TNF-α-Treated RAHFLS

The TNF-α effects in the RA progression are mediated by its binding to specific
receptors (TNFR1 and TNFR2) expressed in synoviocytes, triggering the secretion of
inflammatory cytokines, such as IL-6 and IL-8 [6]. Hence, we investigated the HQ effect
over the cytokine secretion in RAHFLS cultures. Our data showed that both pre- and
post-HQ treatments could enhance the secretion of IL-6 and IL-8, but only in the presence
of TNF-α (Figure 2A–D). Therefore, the HQ exposure clearly strengthens the ability of
TNF-α-treated RAHFLS to secrete inflammatory cytokines, which may also be a potential
mechanism to worsen RA in patients. Despite the importance of other cytokines in the
RA pathogenesis, such as IL-17 and IL-10, we have not quantified their production in this
study as they are not produced by synoviocytes [40].
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# p < 0.05, ## p < 0.01 and ### p < 0.001 vs. respective groups without TNF-α; && p < 0.01 and
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Furthermore, it remained elusive whether the HQ effect over RAHFLS was restricted
to cytokine secretion or if it could also affect earlier stages of that process, such as the
expression of TNF-α receptors. Thus, we sought to determine whether the HQ exposure
could up-regulate the expression of TNFR1 and TNFR2 in TNF-α-treated RAHFLS. Both
HQ (10 µM) and TNF (2 ng/mL) induced a significant up-regulation of TNFR1 and TNFR2
in RAHFLS cultures. However, the combined treatment of TNF-α (2 ng/mL) and HQ (1 µM
and 10 µM) for 24 h did not enhance the expression of TNFR1 and TNFR2 (Figure 3A–D).
Thus, our data suggest that the presence of HQ in the synovial environment can promote



Antioxidants 2021, 10, 929 9 of 18

the expression of TNF-α receptors in RAHFLS. Once activated by TNF-α, the triggered
intracellular signaling can potentially stimulate a particular profile of cytokine secretion
associated to the aggravation of the RA symptomatology.
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Figure 3. In vitro HQ treatment induces TNFR1 and TNFR2 expression in RAHFLS. RAHFLS
(1 × 104 cells) were incubated with culture medium, or TNF-α (2 ng/mL) or HQ (1 or 10 µM) in
presence or absence of TNF-α (2 ng/mL) for 24 h. Then, the expression of TNFR1 (A) and TNFR2 (C)
were quantified through an indirect immunofluorescence assay and the mean intensity of immunore-
active areas were quantified (B,D). DAPI—positive staining for nuclei. Original magnification—100×.
Data represent mean ± SEM from three independent experiments and were analyzed by one-way
ANOVA. *** p < 0.001 vs. culture medium or HQ 1 µM.

The transcription factor NF-κB is responsible for the transcriptional activity of pro-
inflammatory mediators. For this, an important upstream step is the nuclear translocation
of the NF-κB p65 unit and further NF-Kb activation [41]. As expected, the TNF-α treatment
promoted the upregulation of NF-κB p65 in RAHFLS. On the other hand, distinct concen-
trations of HQ were not able to augment this readout in the same cell culutre, suggesting
that HQ could activate other pro-inflammatory pathways in RAHFLS (Supplementary
Materials Figure S2).

3.3. In Vitro HQ Exposure Triggers the ROS Generation in RAHFLS

The induction of oxidative stress in synoviocytes has been strongly associated with the
RA severity in patients [42]. Since HQ is known to facilitate the ROS generation in several
cell subsets [32,33,43,44], we wondered whether the exposure to this toxic compound could
impact the ROS generation in FLS cultures. Thus, we demonstrated that the incubation
with 1 or 10 µM of HQ elicited a significant increase in the ROS production, similar to those
presented by PMA-treated RAHFLS (positive control), relative to untreated synoviocytes
(Figure 4).
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Figure 4. In vitro HQ treatment enhances the ROS generation by RAHFLS. RAHFLS (1 × 104 cells)
were incubated with culture medium or HQ (1 or 10 µM) with or without TNF-α (2 ng/mL) for
24 h. ROS was quantified in synoviocytes using DCFH-DA assay. Data represent mean ± SEM from
three independent experiments and were analyzed by one-way ANOVA. * p < 0.05 and ** p < 0.01 vs.
culture medium.

3.4. AhR Activity Is Involved in the HQ-Induced RAHFLS Proliferation and TNFRs Expression

We have previously shown that the in vivo HQ exposure significantly increased the
frequency of AhR+ cells in the synovial membrane of knee joints from CIA-rats during the
late phase of the experimental RA model disease in comparison to their counterparts [32,33].
Similar effects were also detected in HQ-exposed CIA-rats during both the sensitization
and the final RA phases (Supplementary Materials Figure S3A,B). Thus, we decided to
investigate the HQ influence on the regulation of the AhR activity in human synoviocytes.
Since the AhR activation has been associated with the transcription of metabolic enzymes
belonging to the CYP1 family [45], we quantified the Cyp1a1 transcripts in HQ-exposed
RAHFLS. Despite the lack of a significant difference among groups, RAHFLS treated with
10 µM of HQ tended to up-regulate the Cyp1a1 mRNA expression in comparison to cells
exposed to HQ 1 µM and untreated cells (Figure 5A).

To ensure the AhR relevance in the RA-related processes, we treated the RAHFLS with
alpha-naphthoflavone (αNF, 100 µM), a pharmacological AhR antagonist, prior to the HQ
treatment and evaluated the effects of this co-stimulation on the synovial proliferation, ROS
generation and TNFRs expression. Of note, the AhR antagonist pre-treatment hindered the
increased expression of TNFR1 (Figure 5B and Supplementary Materials Figure S4A) and
TNFR2 (Figure 5C and Supplementary Materials Figure S4B) and the synovial proliferation
(Figure 5D) elicited by the HQ exposure with 10 µM. However, the αNF treatment did
not alter the enhanced ROS levels triggered by the 10 µM of HQ stimulation in RAHFLS
cultures (Figure 5E).

In order to confirm the possibility of interaction between HQ and AhR, we used an
in-silico approach to investigate the potential HQ-AhR interaction mapping. For this, the
AhR surface was scanned through FTMap for putative binding site recognition and the
most representative cluster of molecular probes were located close to the A’α helix and A, H
and I β-sheets (Supplementary Materials Figure S5A). Among the 22 probes in the cluster,
three of them (a phenol and two benzaldehydes) had the same structural features as the
investigated ligand (Supplementary Materials Figure S5B), an aromatic ring and hydrogen
bond acceptors (HBAs) as substituent groups. These three probes were interacting with
different residues, but the R236 in the Hβ was the only shared (polar or non-polar) contact
among them. After superimposing their predicted binding modes, the HBAs were located
at opposite sides of the benzene ring (Supplementary Materials Figure S5C), as on the
hydroquinone structure. These findings converged with the predicted binding mode
generated by molecular docking (Supplementary Materials Figure S5D). The HQ was not
only interacting with the R236 residue, but also had hydrogen bonds connecting with
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E211 and Q234 and Van der Waals contacts with G235 and I262. Hence, this network of
strong polar interactions in a small cavity suggested by this consensus analysis supports
a plausible binding mode for HQ. These results corroborate with both of our in vitro and
in vivo findings.

Figure 5. In vitro AhR antagonist treatment prevents cell proliferation and TNFRs expression evoked
by HQ exposure. RAHFLS (1 × 104 cells) were treated with HQ (1 or 10 µM) with or without the
AhR antagonist α-naphthoflavone (αNF, 100 µM). After 30 min of treatments, the Cyp1a1 mRNA
expression was quantified by RT-PCR (A). After 24 h of treatments, the TNRF1 and TNFR2 expression
were quantified by indirect immunofluorescence assay in the synovial cells (B,C) and the synovial
proliferation was quantified through flow cytometry (D). The ROS generation was quantified using
DCFH-DA assay (E). Data represent mean ± SEM of three independent experiments in RAHFLS.
Data were analyzed by one-way ANOVA. * p < 0.05 and *** p < 0.001 vs. culture medium; & p < 0.05
and &&& p < 0.001 vs. αNF; %% p < 0.01 vs. HQ 1 µM; @@ p < 0.01 vs. HQ 10 µM + αNF; ## p < 0.01
and ### p < 0.001 vs. respective groups without αNF.

3.5. AhR and IL-17 Are Involved in the AIA Worsening upon an In Vivo HQ Exposure

We have previously demonstrated that the HQ exposure worsens CIA in rats with
increased infiltrate of AhR+ and IL-17+ cells in the synovia [32,33]. To investigate the
HQ mechanism of action in vivo, we induced AIA in mice deficient in AhR (AhR−/−)
or IL-17R (IL-17R−/−). The exposure to nebulized HQ in the last 7 days of the disease
enhanced edema (Figure 6A), hypernociception (Figure 6B), levels of IL-6, IL-17 and
TNF-α (Figure 6C–E) and the mean histopathological score (characterized by synovial
hyperplasia and influx of inflammatory cells) in the femur-tibial joints of AIA-WT animals
(Figure 6F,G). Regarding the increased influx of inflammatory cells into the articular cavity,
mainly characterized by neutrophils, it was observed that the HQ exposure also triggered
a higher incidence of H3 citrullination, which is an indicative of NET formation in the
femur-tibial joints of WT mice (Figure 6H,I). However, none of these HQ-related AIA effects
were observed in AhR−/− mice (Figure 6A–I).

Regarding the role of IL-17R in this disease pathophysiology, this receptor seems to
have a direct participation on its process. AIA-IL-17R−/− mice exposed to HQ displayed
neither augmented edema (Figure 7A), hypernociception (Figure 7B), nor neutrophil influx
to the synovia cavity (Figure 7C) as observed in AIA-WT mice. The IL-6 and IL-17 levels
were also diminished in the synovia of AIA-IL-17R−/− mice in comparison to AIA-WT
mice (Figure 7D,E). The exception was only the TNF-α level that was similar between
AIA-WT and -IL-17R−/− mice exposed to HQ (Figure 7F). Moreover, synovial hyperplasia,
influx of inflammatory cells in the femur-tibial joints and NET formation on the knee joints
were strongly reduced in AIA-IL-17R−/− mice relative to AIA-WT mice (Figure 7 G–J).
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Figure 6. AhR is involved in the AIA aggravation after the in vivo HQ exposure. C57BL/6 WT and AhR−/− mice were
exposed to HQ or vehicle, 1 h/day between days 15–21 after the first immunization. On the 21th day after the first
immunization, animals were challenged with mBSA. Six hours later, mice were euthanized and edema (A), mechanical
articular hyperalgesia (B), quantification of cytokines IL-6 (C) and IL-17 (D), TNF-α (E), histopathological analyses (F,G)
and indirect immunofluorescence analyses of NET formation by assessing the quantification of H3 citrullination (H,I).
(F): original magnification—4×. (H): original magnification—40×. Data represent mean ± SEM of four animals in each
group and were analyzed by one-way ANOVA. * p < 0.05, ** p < 0.01 and *** p < 0.01 vs. HQ vehicle; # p < 0.05, ## p < 0.01
and ### p < 0.001 vs. respective group in WT mice.
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Figure 7. IL-17 is involved in the AIA aggravation triggered by the in vivo HQ exposure. C57BL/6 WT and IL-17R−/−

mice were exposed to HQ or vehicle, 1 h/day between days 15–21 after the first immunization. On the 21th day after the
first immunization, animals were challenged with mBSA. Six hours later, mice were euthanized and edema (A), mechanical
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4. Discussion

The connection between the exposure to environmental pollutants and the adverse
effects in humans undoubtedly reflects the rise of severe public health problems, especially
to chronic diseases. RA is a debilitating chronic disorder, of which the genesis has been
strongly linked to pollutant exposure [12,46]. Our group has pointed out the hydroquinone
(HQ) as a harmful environmental pollutant able to aggravate experimental animal models
that mimic RA. We postulate that a continuous pollutant exposure in low concentrations
can alter the host homeostasis, weakening the individual ability to properly activate the
immune system. Indeed, the HQ exposure did not cause any abrupt modification in the
synovia or blood of healthy animals. Nevertheless, if the HQ exposure occurs during the
sensitization and later CIA phases, it can definitely worsen symptoms and alter biochemical
and histological parameters in CIA-rats [32,33]. The present study outlines HQ actions
over human synoviocytes, leading them to proliferate, secrete cytokines, express TNF-α
receptors, and produce ROS. Also, our data suggest that the activation of the AhR/IL-17
pathway is closely involved in the worsening of experimental arthritis in HQ-exposed mice.

In a clinical perspective, the critical role of synoviocytes on the progress of RA-related
articular lesions led us to address the potential HQ mechanisms of action in these cells.
Activated synoviocytes are known to secrete inflammatory mediators into the synovia,
such as IL-6 and IL-8 [1,5], and remodel the extracellular matrix upon the production of
structural components, including collagen and lubricating molecules [47]. Indeed, the
higher frequency of CD90+ synoviocytes, the augmented deposition of collagen fibres in
the synovia, and the elevated IL-6 levels of the synovial fluid from HQ-exposed CIA-rats
indicate that FLS may be activated even upon an in vivo HQ exposure [32,33]. The inflam-
matory effects of HQ in healthy synoviocytes will be further investigated to determine the
specific action of the xenobiotic in pre-stimulated cells.

RA human fibroblast-like synoviocytes (RAHFLS) have been widely employed to
study the RA pathogenesis. Herein, we select them to evaluate the HQ influence over
human cells. Indeed, the HQ exposure augmented the number of RAHFLS may be due to
an enhanced proliferation rather than inhibition of cell death. HQ was previously described
as an inducer of cell proliferation in the renal tubular epithelium as a mechanism to induce
spontaneous progressive nephropathy and ensuing renal adenomas [48].

We have already displayed the HQ ability to activate TNF-α pathways in inflamma-
tory process. In this context, the HQ exposure elicited the trachea reactivity mediated
through a hyper TNF-α secretion by epithelial cells [29]. Also, our data clearly showed
that the HQ exposure potentiates the TNF-α secretion and enhanced the expression of
TNFR1 and TNFR2 in RAHFLS. Moreover, it has been fully demonstrated that the TNF-α
interaction with TNFRs leads to the activation of NF-κB pathway, triggering the synthesis
of inflammatory molecules [36,49,50]. We also showed here that TNFα-stimulated RAHFLS
presented an increased expression of NF-κB p65, event unrelated to the HQ presence in the
cell culture. Overall, these data corroborate previous studies that indicated a cell inability
to upregulate NF-κB units (p65) under the HQ presence in vitro [51,52], unveiling that HQ
may activate other signaling inflammatory pathways in synoviocytes.

To treat RA, an usual therapeutic approach attempts to block the TNF-α pathway,
which ends up affecting a specific subset of regulatory T cells. TNFR2+ Tregs have been
described to present a stable FoxP3 expression via gene hypomethylation [53,54]. However,
TNFR2−/− mice had an enhanced FoxP3 methylation in Treg cells and symptoms of a
delayed-type hypersensitivity RA [54]. Also, selective agonists of TNFR2 were shown to
augment the number of FoxP3 CD8+ T cells and alleviated CIA symptoms [53]. Therefore,
the profile of the TNFR2 expression in other RA-related cells must be further investigated.

The RA regulation by AhR links the xenobiotics-stimulated immune system with the
disease. This receptor is highly expressed in immune cells especially during the Th17 cell
polarization, noted during the onset of some autoimmune diseases, including RA [21,22,24].
Some studies have indicated that AhR plays a role in exacerbating RA in smokers, espe-
cially due to IL-17A-derived actions [55–57]. Studies with experimental models have also
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suggested that AhR−/− mice are more resistant to CIA and that AhR deficient-T cells
can suppress the disease development [21]. Our previous studies demonstrated higher
frequencies of AhR- and IL-17-expressing cells in the inflamed synovia of HQ exposed-
rats, indicating that the AhR pathway could be activated by the HQ exposure in synovial
cells [32,33]. Considering that AhR is expressed in RAHFLS and its activation results in
cytokine secretion and cell proliferation [25,58], we investigated whether the HQ could
exert its effects via AhR pathway. Whereas the HQ incubation enhanced the AhR activity
in synoviocytes, the addition of an AhR antagonist reduced significantly the cell ability to
proliferate and express TNFRs. Although our in vitro data with RAHFLS suggest that RA
patients could display a similar pattern, experiments with primary synoviocytes derived
from RA patients are still needed to confirm this possibility.

It is well-established that the AhR affinity and the degree of its activation by xenobi-
otics likely reflect the planarity, aromaticity and hydrophobicity of the ligand. Previous
studies have shown that quinone structures display agonist activities to AhR. Nevertheless,
the size of the hydrocarbon is important to fit within the AhR binding pocket. Therefore, it
was suggested that aromatic hydrocarbons with one or two rings, such as benzene and HQ,
could not activate AhR [59]. Indeed, benzene and HQ were not able to bind and activate
AhR in Hepa1c1c7 cells [59]. Nonetheless, in vivo and in vitro studies contrast these data as
follow: (1) benzene-mediating hematopoietic toxicity was not exhibited in AhR knockout
mice due to, at least in part, the lack of AhR expression in bone marrow hematopoietic
cells [60–62]; (2) benzene exposure up-regulated the AhR and Cyp1a1 expression in growth
hormone producing-pituitary cells [63] and in primary pituitary cells of rats [64]; (3) ben-
zene and HQ co-localized with AhR in Hepa1c1c7, without overexpressing Cyp2e1, a
known marker of AhR activation, suggesting a non-classical pathway of AhR activation
by benzene metabolites [65]. Although further studies are required to understand the
controversial data about benzene and HQ as AhR ligands, our in vivo, in vitro and in silico
data provide evidence that the AhR overexpression occurs after the HQ exposure in RA
conditions. Furthermore, this pathway is associated with more severe symptoms of the
disease in HQ-exposed mice.

As the HQ exposure was shown to enhance the oxidative stress in vivo and in vitro,
it may affect the balance of pro-oxidant and anti-oxidant pathways. Considering that
oxidative stress is a pivotal underlying mechanism for the RA progression [42,66], herein we
confirmed the ensuing pro-oxidative HQ action in RAHFLS and suggested the involvement
of this mechanism in the RA worsening. Nevertheless, the HQ-mediated oxidative stress
was not reversed by the pre-incubation with an AhR antagonist, suggesting that HQ may
also trigger toxic events in synoviocytes independently of AhR pathway.

In addition, the in vivo HQ exposure in AIA-C57BL/6 WT mice corroborated with
the harmful effects of that xenobiotic on the development of experimental diseases that
mimic human RA, as already demonstrated in CIA-rats [32,33]. Therefore, the HQ is an
indubitable pollutant that worsens such as CIA as AIA experimental arthritis in different
animal species. Animal models of inflammatory arthritis are extensively used to investigate
the immunopathogenic mechanisms that culminate in inflammation-mediated articular
damage. Among them, CIA and AIA are the two most common models utilized to mimic
clinic symptoms of human RA [67]. However, each model features different mechanisms
that drive the disease establishment. Whereas the CIA involves failure in the immuno-
logical tolerance, resulting in a systemic autoantibody-driven arthritis, AIA raises from
an articular T cell-mediated damage and displays a detrimental pathophysiology [67,68].
Nevertheless, AhR-induced Th17 polarization is a fundamental pathway related to the
enhanced inflammation in RA and to both experimental models [21,22,24,69].

Also, we showed here that the HQ exposure did not exacerbate the arthritis symp-
tomatology in AhR- or IL-17R-KO mice, associating the AhR and IL-17 pathway with
the HQ actions. In AhR and IL-17R-KO mice, RA-relating edema, pain, cytokines levels,
synovial hyperplasia, influx of inflammatory cells and NET formation were reduced in
HQ-exposed animals. Regarding the NET analysis, H3Cit has been described as a useful
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biomarker for early detection of NETosis [70], this process can occur in an independent H3
citrullination-manner as recently shown for atherosclerosis [71]. If that is the case for RA, it
remains elusive. On the other hand, it has been demonstrated that the H3 citrullination
can propagate the neutrophil activation [72], followed by the NET secretion. Also, an
assay based on the quantification of NETs based on the detection of citrullinated histone
H3 bound to DNA has been recently published [73]. Thus, our data indicate that the H3
citrullination staining detected in our study could indicate NET formation. Therefore,
these data show a straight connection between AhR/IL-17 and HQ, whose actions may be
further studied on diseases related to benzene or HQ exposures.

In conclusion, our data highlight the harmful direct effects of the HQ on cultured
human synoviocytes, with the involvement of the AhR pathway. The AhR participation
on the worsening of the HQ-driven RA was further corroborated with in vivo data that
were linked to the activation of the IL-17 pathway. Hence, these data seem to contribute in
clarifying the mechanism underlying immune-related diseases in smokers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antiox10060929/s1. Figure S1: Viability of RAHFLS after the HQ treatment. Figure S2:
Effects of the in vitro HQ exposure on the NF-kB activation in RAHFLS. Figure S3: In vivo HQ
exposure evokes AhR expression on the synovia of CIA-rats. Figure S4: Effects of the in vitro HQ
exposure on the expression of TNFR1 and TNFR2 in RAHFLS. Figure S5: AhR-Hydroquinone
interaction mapping.

Author Contributions: Conceptualization, C.S.H. and S.H.P.F.; Data acquisition, C.S.H., P.B.D.,
A.H.S., A.L.F., R.A.G., I.M.V.-B., T.A.d.S.; Data curation and analysis, C.S.H., P.B.D., A.H.S., A.L.F.,
R.A.G., I.M.V.-B., D.V.T., T.A.d.S., G.H.G.T., G.N., E.L.V.S., F.Q.C., S.H.P.F.; Writing—original draft
preparation, C.S.H. and S.H.P.F.; writing—review and editing, C.S.H., P.B.D., A.H.S., A.L.F., R.A.G.,
I.M.V.-B., D.V.T., T.A.d.S., G.H.G.T., G.N., E.L.V.S., F.Q.C., S.H.P.F.; Supervision, S.H.P.F.; Fund-
ing acquisition, C.S.H. and S.H.P.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo
[FAPESP, S.H.P.F.—grant numbers 2014/07328-4 and 2019/19573-7; Post-doctoral fellow to C.S.H.—
grant number 2017/26998-9].

Institutional Review Board Statement: The study was conducted according to the guidelines of the
of the Brazilian Society of Science of Laboratory animals for the proper care and use of experimental
animals, and approved by the Ethics Committee on Animal Use from the University of São Paulo
(protocol numbers 048/2012; 563 approved in September 2018).

Informed Consent Statement: Please add “Informed consent was obtained from all subjects in-
volved in the study.” OR “Patient consent was waived due to REASON (please provide a detailed
justification).” OR “Not applicable.” for studies not involving humans. You might also choose to
exclude this statement if the study did not involve humans. Written informed consent for publica-
tion must be obtained from participating patients who can be identified (including by the patients
themselves). Please state “Written informed consent has been obtained from the patient(s) to publish
this paper” if applicable.

Conflicts of Interest: The authors declare that they have no conflicting interests.

References
1. Firestein, G.S. Evolving concepts of rheumatoid arthritis. Nat. Cell Biol. 2003, 423, 356–361. [CrossRef] [PubMed]
2. Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [CrossRef]
3. Bottini, N.; Firestein, G.S. Duality of fibroblast-like synoviocytes in RA: Passive responders and imprinted aggressors. Nat. Rev.

Rheumatol. 2013, 9, 24–33. [CrossRef] [PubMed]
4. McInnes, I.B.; Schett, G. Cytokines in the pathogenesis of rheumatoid arthritis. Nat. Rev. Immunol. 2007, 7, 429–442. [CrossRef]
5. Bessis, N.; Decker, P.; Assier, E.; Semerano, L.; Boissier, M.-C. Arthritis models: Usefulness and interpretation. Semin. Immunopathol.

2017, 39, 469–486. [CrossRef] [PubMed]
6. Youn, J. Regulation of TNF-α-mediated hyperplasia through TNF receptors, TRAFs, and NF-κB in synoviocytes obtained from

patients with rheumatoid arthritis. Immunol. Lett. 2002, 83, 85–93. [CrossRef]



Antioxidants 2021, 10, 929 16 of 18

7. NiuBei, Q.; Cai, B.; Huang, Z.-C.; Shi, Y.-Y.; Wang, L.-L. Disturbed Th17/Treg balance in patients with rheumatoid arthritis.
Rheumatol. Int. 2011, 32, 2731–2736. [CrossRef]

8. Gaffen, S.L.; Jain, R.; Garg, A.V.; Cua, D.J. The IL-23–IL-17 immune axis: From mechanisms to therapeutic testing. Nat. Rev.
Immunol. 2014, 14, 585–600. [CrossRef] [PubMed]

9. Lubberts, E. The IL-23–IL-17 axis in inflammatory arthritis. Nat. Rev. Rheumatol. 2015, 11, 415–429. [CrossRef]
10. Radner, H.; Aletaha, D. Anti-TNF in rheumatoid arthritis: An overview. Wien. Med. Wochenschr. 2015, 165, 3–9. [CrossRef]
11. Murphy, C.A.; Langrish, C.L.; Chen, Y.; Blumenschein, W.; McClanahan, T.; Kastelein, R.A.; Sedgwick, J.D.; Cua, D.J. Divergent

Pro- and Antiinflammatory Roles for IL-23 and IL-12 in Joint Autoimmune Inflammation. J. Exp. Med. 2003, 198, 1951–1957.
[CrossRef] [PubMed]

12. Sigaux, J.; Biton, J.; André, E.; Semerano, L.; Boissier, M.-C. Air pollution as a determinant of rheumatoid arthritis. Jt. Bone Spine
2019, 86, 37–42. [CrossRef]

13. Sokolove, J.; Wagner, C.A.; Lahey, L.J.; Sayles, H.; Duryee, M.; Reimold, A.M.; Kerr, G.; Robinson, W.H.; Cannon, G.W.;
Thiele, G.M.; et al. Increased inflammation and disease activity among current cigarette smokers with rheumatoid arthritis: A
cross-sectional analysis of US veterans. Rheumatology 2016, 55, 1969–1977. [CrossRef] [PubMed]

14. Tobon, G.; Youinou, P.; Saraux, A. The environment, geo-epidemiology, and autoimmune disease: Rheumatoid arthritis. J.
Autoimmun. 2010, 35, 10–14. [CrossRef]

15. Klareskog, L.; Stolt, P.; Lundberg, K.; Källberg, H.; Bengtsson, C.; Grunewald, J.; Harris, H.E.; Ulfgren, A.-K.; Rantapää-
Dahlqvist, S.; Eklund, A.; et al. A new model for an etiology of rheumatoid arthritis: Smoking may trigger HLA–DR (shared
epitope)–restricted immune reactions to autoantigens modified by citrullination. Arthritis Rheum. 2005, 54, 38–46. [CrossRef]

16. Stabbert, R.; Dempsey, R.; Diekmann, J.; Euchenhofer, C.; Hagemeister, T.; Haussmann, H.-J.; Knorr, A.; Mueller, B.P.; Pospisil, P.;
Reininghaus, W.; et al. Studies on the contributions of smoke constituents, individually and in mixtures, in a range of in vitro
bioactivity assays. Toxicol. Vitr. 2017, 42, 222–246. [CrossRef]

17. Arimilli, S.; Schmidt, E.; Damratoski, B.E.; Prasad, G.L. Role of Oxidative Stress in the Suppression of Immune Responses in
Peripheral Blood Mononuclear Cells Exposed to Combustible Tobacco Product Preparation. Inflammation 2017, 40, 1622–1630.
[CrossRef] [PubMed]

18. Izzotti, A.; Pulliero, A. Molecular damage and lung tumors in cigarette smoke-exposed mice. Ann. N. Y. Acad. Sci. 2015, 1340,
75–83. [CrossRef] [PubMed]

19. Scharf, P.; da Rocha, G.H.; Sandri, S.; Heluany, C.S.; Filho, W.R.P.; Farsky, S.H. Immunotoxic mechanisms of cigarette smoke and
heat-not-burn tobacco vapor on Jurkat T cell functions. Environ. Pollut. 2021, 268, 115863. [CrossRef]

20. Adachi, M.; Okamoto, S.; Chujyo, S.; Arakawa, T.; Yokoyama, M.; Yamada, K.; Hayashi, A.; Akita, K.; Takeno, M.; Itoh, S.; et al.
Cigarette Smoke Condensate Extracts Induce IL-1-Beta Production from Rheumatoid Arthritis Patient-Derived Synoviocytes, but
Not Osteoarthritis Patient-Derived Synoviocytes, Through Aryl Hydrocarbon Receptor-Dependent NF-Kappa-B Activation and
Novel NF-Kappa-B Sites. J. Interf. Cytokine Res. 2013, 33, 297–307. [CrossRef]

21. Kishimoto, T.; Nguyen, N.T.; Nakahama, T.; Nguyen, H.C.; Tran, T.T.; Le, V.S.; Chu, H.H. Aryl hydrocarbon receptor antagonism
and its role in rheumatoid arthritis. J. Exp. Pharmacol. 2015, 7, 29–35. [CrossRef]

22. Talbot, J.; Peres, R.S.; Pinto, L.G.; Oliveira, R.D.R.; Lima, K.A.; Donate, P.B.; Silva, J.R.; Ryffel, B.; Cunha, T.M.; Alves-Filho, J.C.;
et al. Smoking-induced aggravation of experimental arthritis is dependent of aryl hydrocarbon receptor activation in Th17 cells.
Arthritis Res. 2018, 20, 119. [CrossRef] [PubMed]

23. Kazantseva, M.G.; Highton, J.; Stamp, L.K.; A Hessian, P. Dendritic cells provide a potential link between smoking and
inflammation in rheumatoid arthritis. Arthritis Res. Ther. 2012, 14, R208. [CrossRef]

24. Mescher, M.; Haarmann-Stemmann, T. Modulation of CYP1A1 metabolism: From adverse health effects to chemoprevention and
therapeutic options. Pharmacol. Ther. 2018, 187, 71–87. [CrossRef]

25. Nakahama, T.; Kimura, A.; Nguyen, N.T.; Chinen, I.; Hanieh, H.; Nohara, K.; Fujii-Kuriyama, Y.; Kishimoto, T. Aryl hydrocarbon
receptor deficiency in T cells suppresses the development of collagen-induced arthritis. Proc. Natl. Acad. Sci. USA 2011, 108,
14222–14227. [CrossRef]

26. McGregor, D. Hydroquinone: An Evaluation of the Human Risks from its Carcinogenic and Mutagenic Properties. Crit. Rev.
Toxicol. 2007, 37, 887–914. [CrossRef] [PubMed]

27. Fabris, A.L.; Nunes, A.V.; Schuch, V.; De Paula-Silva, M.; Rocha, G.; Nakaya, H.I.; Ho, P.L.; Silveira, E.L.; Farsky, S.H.P.; Rocha, G.
Hydroquinone exposure alters the morphology of lymphoid organs in vaccinated C57Bl/6 mice. Environ. Pollut. 2020, 257, 113554.
[CrossRef] [PubMed]

28. Ribeiro, A.L.T.; Shimada, A.L.B.; Hebeda, C.B.; de Oliveira, T.F.; Loureiro, A.P.D.M.; Filho, W.D.R.P.; Santos, A.M.D.A.; de
Lima, W.T.; Farsky, S.H.P. In vivo hydroquinone exposure alters circulating neutrophil activities and impairs LPS-induced lung
inflammation in mice. Toxicology 2011, 288, 1–7. [CrossRef]

29. Shimada, A.L.B.; Lino-Dos-Santos-Franco, A.; Bolonheis, S.M.; Nakasato, A.; Damazo, A.S.; Tavares-De-Lima, W.; Farsky, S.H.P.
In vivo hydroquinone exposure causes tracheal hyperresponsiveness due to TNF secretion by epithelial cells. Toxicol. Lett. 2012,
211, 10–17. [CrossRef] [PubMed]



Antioxidants 2021, 10, 929 17 of 18

30. Pons, M.; Cousins, S.W.; Csaky, K.G.; Striker, G.; Marin-Castaño, M.E. Cigarette Smoke-Related Hydroquinone Induces Filamen-
tous Actin Reorganization and Heat Shock Protein 27 Phosphorylation through p38 and Extracellular Signal-Regulated Kinase
1/2 in Retinal Pigment Epithelium: Implications for Age-Related Macular Degeneration. Am. J. Pathol. 2010, 177, 1198–1213.
[CrossRef]

31. Rim, T.H.; Cheng, C.-Y.; Kim, D.W.; Kim, S.S.; Wong, T.Y. A nationwide cohort study of cigarette smoking and risk of neovascular
age-related macular degeneration in East Asian men. Br. J. Ophthalmol. 2017, 101, 1367–1373. [CrossRef] [PubMed]

32. Heluany, C.S.; Kupa, L.D.V.K.; Viana, M.N.; Fernandes, C.M.; Farsky, S.H.P. Hydroquinone exposure worsens the symptomatology
of rheumatoid arthritis. Chem. Interact. 2018, 291, 120–127. [CrossRef] [PubMed]

33. Heluany, C.S.; Kupa, L.D.V.K.; Viana, M.N.; Fernandes, C.M.; Silveira, E.L.V.; Farsky, S.H.P. In vivo exposure to hydroquinone
during the early phase of collagen-induced arthritis aggravates the disease. Toxicology 2018, 408, 22–30. [CrossRef] [PubMed]

34. Hardy, R.S.; Hülso, C.; Liu, Y.; Gasparini, S.J.; Fong-Yee, C.; Tu, J.; Stoner, S.; Stewart, P.M.; Raza, K.; Cooper, M.S.; et al.
Characterisation of fibroblast-like synoviocytes from a murine model of joint inflammation. Arthritis Res. Ther. 2013, 15, R24.
[CrossRef]

35. Fueldner, C.; Mittag, A.; Knauer, J.; Biskop, M.; Hepp, P.; Scholz, R.; Wagner, U.; Sack, U.; Emmrich, F.; Tárnok, A.; et al.
Identification and evaluation of novel synovial tissue biomarkers in rheumatoid arthritis by laser scanning cytometry. Arthritis
Res. Ther. 2012, 14, R8. [CrossRef]

36. Pinto, L.G.; Cunha, T.; Vieira, S.M.; Lemos, H.D.P.; Cunha, F.Q.; Ferreira, S.H. IL-17 mediates articular hypernociception in
antigen-induced arthritis in mice. Pain 2010, 148, 247–256. [CrossRef]

37. Horobin, R. How Romanowsky stains work and why they remain valuable—Including a proposed universal Romanowsky
staining mechanism and a rational troubleshooting scheme. Biotech. Histochem. 2011, 86, 36–51. [CrossRef]

38. Williams, A.S.; Richards, P.J.; Thomas, E.; Carty, S.; Mari, A.N.; Goodfellow, R.M.; Dent, C.M.; Williams, B.D.; Jones, S.A.; Topley, N.
Interferon-g protects against the development of structural damage in experi-mental arthritis by regulating polymorphonuclear
neutrophil influx into diseased joints. Arthritis Rheum. 2007, 56, 2244–2254. [CrossRef]

39. Xiao, X.; Feng, Y.-P.; Du, B.; Sun, H.-R.; Ding, Y.-Q.; Qi, J.-G. Antibody incubation at 37 ◦C improves fluorescent immunolabeling
in free-floating thick tissue sections. Biotechniques 2017, 62, 115–122. [CrossRef]

40. Katsikis, P.D.; Chu, C.Q.; Brennan, F.M.; Maini, R.N.; Feldmann, M. Immunoregulartory role of interleukin 10 in rheumatoid
arthritis. J. Exp. Med. 1995, 179, 1517–1527. [CrossRef]

41. Asehnoune, K.; Strassheim, D.; Mitra, S.; Kim, J.Y.; Abraham, E. Involvement of reactive oxygen species in toll-like receptor
4-dependent activation of NF-κB. J. Immunol. 2004, 172, 2522–2529. [CrossRef]

42. Pryor, W.A.; Stone, K. Oxidants in Cigarette Smoke Radicals, Hydrogen Peroxide, Peroxynitrate, and Peroxynitrite. Ann. N. Y.
Acad. Sci. 1993, 686, 12–27. [CrossRef]

43. Mao, J.; Dai, W.; Zhang, S.; Sun, L.; Wang, H.; Gao, Y.; Wang, J.; Zhang, F. Quinone–thioether metabolites of hydroquinone play
a dual role in promoting a vicious cycle of ROS generation: In vitro and in silico insights. Arch. Toxicol. 2019, 93, 1297–1309.
[CrossRef]

44. Peng, C.; Arthur, D.; Liu, F.; Lee, J.; Xia, Q.; Lavin, M.F.; Ng, J.C. Genotoxicity of hydroquinone in A549 cells. Cell Biol. Toxicol.
2013, 29, 213–227. [CrossRef] [PubMed]

45. Go, R.-E.; Hwang, K.-A.; Choi, K.-C. Cytochrome P450 1 family and cancers. J. Steroid Biochem. Mol. Biol. 2015, 147, 24–30.
[CrossRef]

46. Zhao, C.N.; Xu, Z.; Wu, G.C.; Mao, Y.M.; Liu, L.N.; Dan, Y.L.; Tao, S.S.; Zhang, Q.; Sam, N.B.; Fan, Y.G.; et al. Emerging role of air
pollution in autoimmune diseases. Autoimmun. Rev. 2019, 18, 607–614. [CrossRef]

47. Chimenti, M.S.; Triggianese, P.; Conigliaro, P.; Candi, E.; Melino, G.; Perricone, R. The interplay between inflammation and
metabolism in rheumatoid arthritis. Cell Death Dis. 2015, 6, e1887. [CrossRef] [PubMed]

48. Whysner, J.; Verna, L.; English, J.; Williams, G. Analysis of Studies Related to Tumorigenicity Induced by Hydroquinone. Regul.
Toxicol. Pharmacol. 1995, 21, 158–176. [CrossRef] [PubMed]

49. Brenner, D.; Blaser, H.; Mak, T.W. Regulation of tumour necrosis factor signalling: Live or let die. Nat. Rev. Immunol. 2015, 15,
362–374. [CrossRef]

50. Simmonds, R.; Foxwell, B.M. Signalling, inflammation and arthritis: NF- B and its relevance to arthritis and inflammation.
Rheumatology 2008, 47, 584–590. [CrossRef]

51. Hebeda, C.B.; Pinedo, F.J.; Bolonheis, S.M.; Ferreira, Z.F.; Muscará, M.N.; Teixeira, S.; Farsky, S.H.P. Intracellular mechanisms of
hydroquinone toxicity on endotoxin-activated neutrophils. Arch. Toxicol. 2012, 86, 1773–1781. [CrossRef] [PubMed]

52. Pyatt, D.W.; Stillman, W.S.; Irons, R.D. Hydroquinone, a Reactive Metabolite of Benzene, Inhibits NF-κB in Primary Human
CD4+T Lymphocytes. Toxicol. Appl. Pharmacol. 1998, 149, 178–184. [CrossRef] [PubMed]

53. Fischer, R.; Proske, M.; Duffey, M.; Stangl, H.; Martinez, G.F.; Peters, N.; Kraske, A.; Rainer, H.S.; Bethea, J.R.; Kontermann, R.E.;
et al. Selective activation of tumor necrosis factor receptor II induces antiinflamatory re-sponses and alleviates experimental
arthritis. Arthritis Rheum. 2018, 70, 722–735. [CrossRef] [PubMed]

54. Santinon, F.; Batignes, M.; Mebrek, M.L.; Biton, J.; Clavel, G.; Hervé, R.; Lemeiter, D.; Breckler, M.; Busato, F.; Tost, J.; et al.
Involvement of Tumor Necrosis Factor Receptor Type II in FoxP3 Stability and as a Marker of Treg Cells Specifically Expanded by
Anti–Tumor Necrosis Factor Treatments in Rheumatoid Arthritis. Arthritis Rheumatol. 2020, 72, 576–587. [CrossRef] [PubMed]



Antioxidants 2021, 10, 929 18 of 18

55. Baka, Z.; Buzás, E.; Nagy, G. Rheumatoid arthritis and smoking: Putting the pieces together. Arthritis Res. Ther. 2009, 11, 238.
[CrossRef] [PubMed]

56. Kobayashi, S.; Okamoto, H.; Iwamoto, T.; Toyama, Y.; Tomatsu, T.; Yamanaka, H.; Momohara, S. A role for the aryl hydrocarbon
receptor and the dioxin TCDD in rheumatoid arthritis. Rheumatology 2008, 47, 1317–1322. [CrossRef]

57. Nguyen, N.T.; Nakahama, T.; Kishimoto, T. Aryl hydrocarbon receptor and experimental autoimmune arthritis. Semin. Im-
munopathol. 2013, 35, 637–644. [CrossRef]

58. Lahoti, T.S.; John, K.; Hughes, J.M.; Kusnadi, A.; Murray, I.A.; Krishnegowda, G.; Amin, S.; Perdew, G.H. Aryl hydrocarbon
receptor antagonism mitigates cytokine-mediated inflammatory signalling in primary human fibroblast-like synoviocytes. Ann.
Rheum. Dis. 2013, 72, 1708–1716. [CrossRef]

59. Abiko, Y.; Puga, A.; Kumagai, Y. Covalent binding of quinones activates the Ah receptor in Hepa1c1c7 cells. J. Toxicol. Sci. 2015,
40, 873–886. [CrossRef]

60. Hirabayashi, Y.; Yoon, B.-I.; Li, G.-X.; Fujii-Kuriyama, Y.; Kaneko, T.; Kanno, J.; Inoue, T. Benzene-induced hematopoietic toxicity
transmitted by AhR in wild-type mouse and nullified by repopulation with AhR-deficient bone marrow cells: Time after benzene
treatment and recovery. Chemosphere 2008, 73, S290–S294. [CrossRef]

61. Hirabayashi, Y.; Inoue, T. Benzene-induced bone-marrow toxicity: A hematopoietic stem-cell-specific, aryl hydrocarbon receptor-
mediated adverse effect. Chem. Interact. 2010, 184, 252–258. [CrossRef] [PubMed]

62. Yoon, B.-I.; Hirabayashi, Y.; Kawasaki, Y.; Kodama, Y.; Kaneko, T.; Kanno, J.; Kim, D.-Y.; Fujii-Kuriyama, Y.; Inoue, T. Aryl
hydrocarbon receptor mediates benzene-induced hematotoxicity. Toxicol. Sci. 2002, 70, 150–156. [CrossRef] [PubMed]

63. Fortunati, N.; Guaraldi, F.; Zunino, V.; Penner, F.; D’Angelo, V.; Zenga, F.; Giraldi, F.P.; Catalano, M.G.; Arvat, E. Effects of
environmental pollutants on signaling pathways in rat pituitary GH3 adenoma cells. Environ. Res. 2017, 158, 660–668. [CrossRef]
[PubMed]

64. Tapella, L.; Sesta, A.; Cassarino, M.F.; Zunino, V.; Catalano, M.G.; Giraldi, F.P. Benzene and 2-ethyl-phthalate induce proliferation
in normal rat pituitary cells. Pituitary 2016, 20, 311–318. [CrossRef] [PubMed]

65. Badham, H.J.; Winn, L.M. Investigating the role of the aryl hydrocarbon receptor in benzene-initiated toxicity in vitro. Toxicology
2007, 229, 177–185. [CrossRef]

66. Desai, P.B.; Manjunath, S.; Kadi, S.; Chetana, K.; Vanishree, J. Oxidative stress and enzymatic antioxidant status in rheumatoid
arthritis: A case control study. Eur. Rev. Med. Pharmacol. Sci. 2010, 14, 959–967.

67. Brand, D.D. Rodent models of rheumatoid arthritis. Comp. Med. 2005, 55, 114–122.
68. Nickdel, M.; Conigliaro, P.; Valesini, G.; Hutchison, S.; Benson, R.; Bundick, R.; Leishman, A.; McInnes, I.; Brewer, J.; Garside, P.

Dissecting the contribution of innate and antigen-specific pathways to the breach of self-tolerance observed in a murine model of
arthritis. Ann. Rheum. Dis. 2008, 68, 1059–1066. [CrossRef]

69. Quintana, F.J.; Basso, A.S.; Iglesias, A.H.; Korn, T.; Farez, M.F.; Bettelli, E.; Caccamo, M.; Oukka, M.; Weiner, H.L. Control of Treg
and TH17 cell differentiation by the aryl hydrocarbon receptor. Nat. Cell Biol. 2008, 453, 65–71. [CrossRef] [PubMed]

70. Nomura, K.; Miyashita, T.; Yamamoto, Y.; Munesue, S.; Harashima, A.; Takayama, H.; Fushida, S.; Ohta, T. Citrullinated Histone
H3: Early Biomarker of Neutrophil Extracellular Traps in Septic Liver Damage. J. Surg. Res. 2019, 234, 132–138. [CrossRef]
[PubMed]

71. Tsourouktsoglou, T.-D.; Warnatsch, A.; Ioannou, M.; Hoving, D.; Wang, Q.; Papayannopoulos, V. Histones, DNA, and Citrullina-
tion Promote Neutrophil Extracellular Trap Inflammation by Regulating the Localization and Activation of TLR4. Cell Rep. 2020,
31, 107602. [CrossRef] [PubMed]

72. Sohn, D.H.; Rhodes, C.; Onuma, K.; Zhao, X.; Sharpe, O.; Gazitt, T.; Shiao, R.; Fert-Bober, J.; Cheng, D.; Lahey, L.J.; et al. Local Joint
Inflammation and Histone Citrullination in a Murine Model of the Transition from Preclinical Autoimmunity to Inflammatory
Arthritis. Arthritis Rheumatol. 2015, 67, 2877–2887. [CrossRef] [PubMed]

73. Li, M.; Lin, C.; Leso, A.; Nefedova, Y. Quantification of Citrullinated Histone H3 Bound DNA for Detection of Neutrophil
Extracellular Traps. Cancers 2020, 12, 3424. [CrossRef] [PubMed]


