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A B S T R A C T

The mechanisms underlying temporomandibular disorders following orofacial pain remain unclear. Hydrogen
sulfide (H2S), a newly identified gasotransmitter, has been reported to modulate inflammation. Cystathionine γ-
lyase (CSE) is responsible for the systemical production of H2S, which exerts both pro- and antinociceptive
effects through inflammation. In the current study, we investigated whether the endogenous H2S production
pathway contributes to arousal and maintenance of orofacial inflammatory pain, through the investigation of the
effects of a CSE inhibitor, propargyglycine (PAG), in a rat CFA (Complete Freund Adjuvant)-induced tempor-
omandibular inflammation model to mimic persistent pain in the orofacial region. For this, rats received either
CFA or saline in the temporomandibular joints (TMJs), and after 3 or 14 days, they received a single injection of
PAG or saline and were evaluated for nociception with the von Frey and formalin test. Also, pro-inflammatory
cytokines, tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β) were analyzed in TMJs and trigeminal
ganglion (TG). In this last one, glial cells reactivity was also verified. Endogenous H2S production rate were
measured in both, TMJ and TG. Our results indicated decreased allodynia and hyperalgesic responses in rats
submitted to CFA after injection of PAG. Moreover, PAG inhibited leucocyte migration to temporomandibular
synovial fluid after 3 and 14 days of inflammation. PAG was able to reduce levels of CBS, CSE, TNF-α, and IL-1β
in the TMJ and TG, after 13 days of CFA injection. The observed increased activation of glial cells in the
trigeminal ganglia on the 14th day of inflammation can be prevented by the highest dose of PAG. Finally, CBS
and CSE expression, and endogenous H2S production rate in the TMJ and TG was found higher in rats with
persistent temporomandibular inflammation compared to rats injected with saline and PAG was able to prevent
this elevation. Our results elucidated the molecular mechanisms by which H2S exerts its pro-inflammatory and
pro-nociceptive role in the orofacial region by alterations in both local tissue and TG.

1. Introduction

Chronic orofacial pain is a challenging clinical condition due to its
multifactorial etiology and, therefore, difficult diagnosis and complex
treatment. Likewise, its undefined molecular mechanisms also con-
tribute to the complexity of chronic orofacial pain [1]. Tempor-
omandibular dysfunctions (TMDs) associated or not with muscular
symptoms comprise the major cause of chronic states of pain in

orofacial structures [2,3]. Besides their high incidence, the pathophy-
siology of temporomandibular joint (TMJ) pain remains unclear even
with the notable evolution already made towards the clarification of
their pathogenesis [4]. Classical animal models of inflammatory pain
allow us to examine these disorders and their potential therapeutics
having remarkable relevance to translational science. In fact, CFA
(Complete Freund Adjuvant)-rat is a reliable model that promotes acute
and chronic states of inflammatory pain. Numerous studies have been
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using this model to analyze systemic [5,6] and orofacial pain [7–9].
The closely mutual neuro-immune interaction contributes to the

pain response [10]. The release of cytokines [such as tumor necrosis
factor-α (TNF-α) and interleukin-1β (IL-1β)] within inflamed joints by
many types of cells [11,12] induces pain by the direct activation of their
receptors in the terminal nerve or indirectly by increasing the expres-
sion and production of others pain-related mediators [10]. TNF-α and
IL-1β are strongly expressed in the joints affected by TMJ disorders
[11,13]. Many studies have shown substantial levels of both in the
synovial fluid of patients suffering from this condition [14]. In chronic
pain conditions, there is also an increase in the release of cytokines by
the nociceptors neurons activating satellite glial cells and con-
comitantly facilitating central pain sensitization [15]. Accordingly, TG
also has an increase in microglial activation [16] and an increase in
TNF-α production [17] in CFA-model.

Hydrogen sulfide (H2S) is an endogenous gaseous element synthe-
sized from the metabolism of L-cysteine by the handling of cystathio-
nine γ-lyase (CSE – mainly expressed in peripheral tissues) or cy-
stathionine β-synthase (CBS – mainly expressed in the brain) [18].
Numerous efforts have been made to clarify the pathophysiology of this
gas since its discovery [19,20]. About pain states, it has been shown
that H2S exerts pro- and antinociceptive effects [21–23] which appear
to result from various interrelated mechanisms dependent upon the
distinct molecular targets. Among them, H2S mediates local in-
flammation-induced pain through mechanisms involving neutrophil
migration, cytokine production and edema formation [24,25]. More-
over, a potential therapeutic role of H2S in systemic and orofacial in-
flammatory pathologies has been proposed [26–29].

It is a well-acknowledged fact, particularly about orofacial pain,
that the TMJ inflammation-induced hyperalgesia produces an upregu-
lated intraarticular CBS gene expression [8]. Additionally, a recent
finding from our research group pointed out the anti-nociceptive effect
of CSE inhibition on temporomandibular inflammatory pain. This study
reveals the acute and persistent anti-nociceptive effect of local H2S
inhibition, while the systemic injection caused only a persistent anti-
nociceptive effect [29]. It has also been demonstrated that stimulation
of H2S signaling increases neuronal excitability of trigeminal neurons
[30]. The trigeminal system has been plentifully studied in mammals
and birds being responsible for motor coordination, sensory and cog-
nitive oral functions [31–33]. The main feature of this system is the
presence of two distinct primary afferent neuronal groups: trigeminal
ganglion (TG) and mesencephalic trigeminal nucleus (MTN). Cell
bodies of these primary afferent neurons are present in TG [34], and a
few are located in the MTN. MTN is involved mainly in proprioception
[35,36]. Regarding the TG, the dorsomedial part is involved in noci-
ception, thermoreception, and proprioception while its ventrolateral
part is involved in mechanoreception [33]. Signals from the trigeminal
system are transmitted by second order neurons into the brainstem and
ascend to different regions of central nervous system (CNS) [34].

Considering TG is an essential relaying station firstly activated in
the processing of painful orofacial information, the study of the role of
H2S in this region may be a promising therapeutic strategy by de-
creasing neuro-immune interactions inducing pain response. Notably,
the doses chosen to our study are described to do not change body core
temperature [37] or systolic blood pressure [38] under basal or health
conditions, indicating that PAG might be a possible therapeutic target
for persistent orofacial pain without side effects. This question is re-
levant in the context of the necessity to develop novel analgesics since
some patients do not respond to analgesics such as opioids and non-
steroidal anti-inflammatory drugs and others patients might suffer from
their major adverse effects.

Hence, the present study investigated the unexplored anti-nocicep-
tive and anti-inflammatory effects of a CSE inhibitor, propargylglycine
(PAG) in different doses on the CFA-induced inflammatory hypernoci-
ception (acute and persistent states) in the TMJ of rats by evaluating the
leucocytes infiltrate in synovial fluid of the joint and IL-1β and TNF-α

levels, CBS and CSE expression in TMJ tissue and trigeminal ganglia.
Moreover, the activation of satellite glial cells on ganglion was also
investigated, since glial plasticity is part of modifications in the per-
ipheral nervous system during the development of chronic states of pain
and inflammation, and it was measured H2S production rate in both
structures. This pioneering investigation was undertaken to test the
hypothesis that the modulatory effect of PAG on the orofacial noci-
ception is regulated by H2S in the TMJ and TG and it may provide
insights into chemical events that initiate and maintain chronic in-
flammatory pain in TMJ.

2. Methods

2.1. Animals

Male Wistar rats (n= 6 per group; 160–220 g) were housed in
standard plastic cages, they had access to food and water ad libitum and
were maintained in a temperature-controlled room (23 ± 2 °C) with a
12/12-h light-dark cycle. This study was conducted in accordance with
the local Institutional Animal Care and with the approval of the local
ethical committee (2016.1.415.58.5) and we designed it to reduce an-
imal suffering and the number of animals.

2.2. Drugs

The drugs used in this study - Complete Adjuvant of Freund (CFA,
temporomandibular inflammation inducer) and Propargylglycine (PAG,
an inhibitor of CSE) - were purchased from Sigma-Aldrich and dissolved
in sterile saline (vehicle; 0.9%). The doses of PAG were based according
to reports in the literature [39].

2.3. CFA-induced inflammatory hypernociception on temporomandibular
region

Initially, rats were anesthetized with an intramuscular injection of
ketamine 10% (75mg/kg) and xylazine 4% (10mg/kg) followed by
bilateral intraarticular administration with 50 μg of CFA
(Mycobacterium tuberculosis) suspended in a 50 μL paraffin oil (Sigma
Aldrich) or 0.9% saline solution (SAL). This dose was based on previous
reports [40]. A 26 G ½ needle attached to a 1mL plastic syringe was
used for the injection. To locate the TMJ for the injection, we palpated
the zygomatic arch and the condyle. The needle was inserted im-
mediately below the posteroinferior border of the zygomatic arch and
advanced anteriorly to contact the edge of the posterolateral condyle
[41].

2.4. Experimental protocols

On Fig. 1, it is possible to see an experimental design evidencing the
experimental protocols of this work. After 3 and 14 days of CFA in-
jection inducing acute or persistent inflammation, respectively, in the
temporomandibular joints, concomitantly or not with local PAG treat-
ment, behavioral tests (orofacial mechanical and chemical nocicep-
tion), euthanasia and sample collection (synovial fluid, tissue joint, and
trigeminal ganglion) and inflammatory analysis (cell counting and
ELISA) were all performed.

2.5. Evaluation of orofacial hypernociception

2.5.1. Mechanical threshold evaluation – Von Frey test
Inflammatory hypernociception in the TMJ was evaluated by mea-

suring the threshold of force needed to be applied to the TMJ region
until the head withdrawal occurred. The measurements were performed
by a blinded examiner who used a digital device (Insight, Brazil) that
consisted of a rigid filament linked to an electronic device – automatic
Von Frey anesthesiometer, which in turn measures the response
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threshold in grams (g) when the filament is applied to the surface of the
tested region [29]. The facial areas to be tested around the TMJ were
shaved before the experimental procedure, and the animals were placed
in individual plastic cages 45min before the tests. The animals under-
went conditioning sessions in the testing room for 4 consecutive days.
On day five, the basal force threshold value was recorded three times,
and the average of these values was calculated.

2.5.2. Formalin test
To evaluate a tonic chemogenic pain response of rats in the orofacial

region, we performed an orofacial formalin test. For the administration
of saline or formalin solutions, the rats were allowed to adapt to a
testing chamber for 20min. The experimental room had little human
activity, and a controlled temperature of 25 ± 1 °C. The animals were
removed from the box and a volume of 50 μL of 2% formalin or 0.9%
saline solution (control group) was injected subcutaneously into the
orofacial region between the nose and the upper lip (vibrissae area). A
30 G 1/2” needle attached to a plastic syringe of 1mL was used for the
injections. Injections were performed as quickly as possible to avoid
prolonged handling that could interfere with the results of this study.
Immediately after the injection, rats were returned to the testing
chamber, and the number of seconds they spent rubbing the ipsilateral
face was recorded. According to Grabow and Dougherty [42], the or-
ofacial formalin test can be characterized by two phases. Phase 1 is the
first interval of vibrissal rubbing (0–3min), and phase 2 is defined as
the period of vibrissal rubbing from min 15 to 45 of the test period. In
general, the peak of the vibrissal rubbing in phase 2 was observed
during interval 7 (min 21 to 24) and diminished before interval 15 (min
43 to 45).

2.6. Euthanasia

Rats were deeply anesthetized with urethane (1.5 g/kg, Sigma

Fig. 1. Experimental line.

Fig. 2. PAG prevents mechanical alodinia and or-
ofacial hyperalgesia induced by CFA in ATMs. A:
Mechanical nociception threshold (in grams) of the
rats submitted to 3 days of temporomandibular in-
flammation by CFA or injected with Saline. B:
Mechanical nociception threshold (in grams) of rats
submitted to 14 days of temporomandibular in-
flammation by CFA or injected with saline (SAL). C:
Orofacial grooming time after formalin injection
(1.5%) in the region of vibrissae of rats submitted to
3 days of temporomandibular inflammation by CFA
or injected with saline (SAL). D: Orofacial grooming
time after formalin injection (1.5%) in the region of
vibrissae of rats submitted to persistent tempor-
omandibular inflammation by CFA or injected with
Saline. Data are expressed as mean ± standard error
of the mean. *P < 0.05, vs. control group (SAL) at
the same dose of PAG. #P < 0.05, vs. CFA treated
with vehicle of PAG group. The pharmacological
treatment consisted of PAG injected locally into the
joint at different doses (3, 10, 30 mg/kg) or its ve-
hicle (VEH; saline injection).

Table 1
Quantification of leucocytes on synovial fluid of TMJs from rats submitted to
acute (3 days after CFA injection) or persistent (14 days after CFA injection)
temporomandibular inflammation or 3 or 14 days after saline injection (SAL).
Data are expressed as mean ± standard error of the mean. *P < 0.05,
compared to SAL and #P < 0.001, compared to CFA inducing acute tempor-
omandibular inflammation. The pharmacological treatment consisted of PAG
injected locally into the joint at different doses (3, 10, 30mg/kg) or its vehicle
(VEH; saline injection).

Leucocytes count in synovial fluid (x 103/ul)

Saline 3 days Saline 14 days CFA 3 days CFA 14 days

Vehicle 50.3 ± 1 50.2 ± 2.1 115.3 ± 1.3* 210 ± 1.6*#

PAG 3mg 48.8 ± 0.3 52.3 ± 1.4 106 ± 1.6*+ 93.2 ± 0.9*#

PAG 10mg 52.8 ± 1.3 52.2 ± 1.8 92.8 ± 0.7*+ 82.8 ± 0.7*#

PAG 30mg 53.3 ± 2 49.2 ± 0.4 53.2 ± 1.6+ 64.8 ± 1.3*#

E.G. Garattini, et al. Nitric Oxide 93 (2019) 90–101

92



Aldrich) and were rapidly euthanized by means of decapitation. To
relieve any suffering, decapitation was performed by an experienced
person in the area and in a quiet environment. The remaining animals
were kept in a separate environment to avoid any influence of the odor
of blood. In addition, after each decapitation, the materials were wa-
shed and cleaned with 70% alcohol. Brains were immediately removed
for TMJ and TG dissection.

2.7. Sample collection

2.7.1. Synovial fluid
The superficial tissues were dissected, and the TMJ cavity was wa-

shed two times to collect the synovial fluid by the pumping and as-
piration technique using 0.05mL of EDTA (1.77 mg EDTA/mL PBS).
These samples were used for leucocyte count.

2.7.2. Joint tissue and trigeminal ganglion
Temporomandibular joint and trigeminal ganglion were dissected

with the help of a magnifying lens (Leica Zoom 2000) and removed

Fig. 3. PAG reduces proinflammatory cytokines in
TMJ after 3 (acute inflammation) and 14 days (per-
sistent inflammation) of CFA-induced tempor-
omandibular inflammation. A: Quantification of
TNF-α from rats submitted to acute tempor-
omandibular inflammation by CFA or injected with
Saline. B: Quantification of TNF-α from rats sub-
mitted to persistent temporomandibular inflamma-
tion by CFA or injected with Saline. C: Quantification
of IL-1β from rats submitted to acute tempor-
omandibular inflammation by CFA or injected with
Saline. D: Quantification of IL-1β from rats sub-
mitted to persistent temporomandibular inflamma-
tion by CFA or injected with saline (SAL). Data are
expressed as mean ± standard error of the mean.
*P < 0.05, vs. control group (SAL) at the same dose
of PAG. #P < 0.05, vs. CFA treated with vehicle of
PAG group. The pharmacological treatment con-
sisted of PAG injected locally into the joint at dif-
ferent doses (3, 10, 30 mg/kg) or its vehicle (VEH;
saline injection).

Fig. 4. The major dose of PAG (30mg/kg) reduces
pro-inflammatory cytokines in the trigeminal ganglia
after 14 days of CFA-induced persistent tempor-
omandibular inflammation. A: Quantification of
TNF-α from rats submitted to acute tempor-
omandibular inflammation by using CFA or saline
(SAL). B: Quantification of TNF-α from rats sub-
mitted to persistent temporomandibular inflamma-
tion by CFA or injected with saline (SAL). C:
Quantification of IL-1β from rats submitted to acute
temporomandibular inflammation by CFA or injected
with saline (SAL). D: Quantification of IL-1β from
rats submitted to 14 days of temporomandibular in-
flammation by CFA or injected with saline (SAL).
Data are expressed as mean ± standard error of the
mean. *P < 0.05, vs. control group (SAL) at the
same dose of PAG. #P < 0.05, vs. CFA treated with
vehicle of PAG group. The pharmacological treat-
ment consisted of PAG injected locally into the joint
at different doses (3, 10, 30 mg/kg) or its vehicle
(VEH; saline injection).
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according to Ref. [9]. All joints were weighted and stored in a freezer at
−80 °C. These samples were used for ELISA and WB techniques.

2.8. Synovial lavage collection and cell counting

3 or 14 days after CFA injections inducing acute or persistent in-
flammation, in the temporomandibular joints, respectively, the rats
were sacrificed under anesthesia and the synovial fluid from TMJs was
collected. The present protocol was based in previously described stu-
dies [43]. For the determination of the total number of white cells in the
synovial lavage, a total leucocyte count was performed in a Neubauer
chamber using 20 μl of articular lavage solution diluted in 380 μl Turk
(1:20 dilution).

2.9. TNF-α and IL-1β ELISA assays

The TMJ tissue and the trigeminal ganglion were excised 3 or 14
days after the CFA-injection inducing acute or persistent tempor-
omandibular inflammation, respectively, in rats and were homogenized
in a solution of RIPA Lysis Buffer System (Santa Cruz Biotechnology).
The samples were centrifuged at 10,000 rpm for 15min at 4 °C. The
supernatants were stored at −80 °C for posterior analysis to evaluate
the protein levels of TNF-α and IL-1β in the TMJ tissue and the tri-
geminal ganglion. The following kits quantified the cytokine levels:
TNF-α–Rat TNF-alpha/TNFSF1A Quantikine ELISA Kit (R&D Systems,
catalog number RTA00); and IL-1β–Rat IL-1 beta/IL-1F2 Quantikine
ELISA Kit (R&D Systems, catalog number DY501). The absorbance was
measured at 450 nm. IL-1β and TNF-α concentrations were expressed as
pg/μg.

2.10. Western blot (WB) analysis

Trigeminal ganglion (TG) samples were stored at −80 °C until use.
The sample was homogenized on ice in 200 μL of tissue in sterile saline
using a Polytron® PT 1200 handheld homogenizer (Kinematica Inc).
The homogenate was used for WB measurement. For the immunoblot
analysis, the protein was isolated from the TGs of both controls and
experimental rats. Samples were treated with boiling lysis buffer (1%
sodium dodecyl sulfate, 1.0 mM sodium orthovanadate, 10mM Tris, pH
7.4). Equal amounts (30 μg) of total protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and trans-
ferred to polyvinylidene difluoride membranes. Immunostaining of the
blots was performed using four primary antibodies, rabbit polyclonal
antibody to GFAP, CBS (1:1.000; Millipore and Cell Signaling, respec-
tively) and mouse monoclonal antibody to CSE and anti-β-actin
(1:1,000 and 1:10,000; Sigma-Aldrich and Abnova Corporation, re-
spectively). Membranes were then incubated with peroxidase-coupled
secondary antibodies (1:2,000; Millipore) for 1 h at room temperature.
Blots were developed using the Amersham ECL Prime western blotting
detection reagent (GE Healthcare). Densitometric analysis was per-
formed using the Eagle Eye TMII Still Video System (Stratagene).

2.11. Measurements of H2S production rate in the TMJ and TG

To test our hypothesis that H2S production is altered in TMJ and TG,
we measured H2S production rate in homogenates of these tissues of
animals with or without temporomandibular inflammation. TMJs and
TGs samples were homogenized in potassium phosphate buffer
(100mM; pH 7.4) using a microprocessor (VirTis, Gardiner). Each
sample (50% w/v; 100 μl) contained L-cysteine (10mM; 20 μl), pyr-
idoxal 5′-phosphate (2mM; 20 μl) and PBS (30 μl). The reaction was
performed in eppendorf tubes sealed with parafilm, and started by
transferring the tubes from ice to bath at 37 °C. After 2 h incubation,
zinc acetate (1% w/v; 100 μl) was included to trap evolved H2S fol-
lowed by tricloroacetic acid (10% w/v; 100 μl) to precipitate proteins
and thus finalize the reaction. After centrifugation, N,N-dimethyl-p-
phenylenediamine sulfate (20mM; 50 μl) in HCl 7.2M followed by
FeCl3 (30mM; 50 μl) in HCl 1.2M was then added to 50 μl of the su-
pernatant, and optical density was measured at 670 nm. The H2S con-
centration of each sample was calculated against a calibration curve of
absorbance of Na2S solutions (0.1–100 μg/mL). To quantified the pro-
tein content of the samples, the pellets were diluted in 4mL of sodium
hydroxide (0.1 N) and the solution was then assayed by using a protein
dye reagent (Bio-Rad Laboratories; code number: 500–0006). NaSH
(0–250 μM). The results were expressed as nmol/mg proteins per 1 h.

2.12. Statistical analysis

The data are presented as the mean ± SEM when appropriate.
Differences between means were compared using two-way ANOVA
followed by the Student-Newman-Keuls post-test. A value of p < 0.05
indicated significant differences.

3. Results

3.1. Endogenous H2S mediates mechanical orofacial acute and persistent
inflammatory hypernociception

Recent studies have shown a dual role of H2S in inflammatory hy-
pernociception. Pro- and anti-nociceptive functions have been re-
cognized for this endogenous gas until now [39]. Notably, on the or-
ofacial region, evidence has indicated H2S exerting a pro-nociceptive
effect [28,29,44]. The present study evaluated the effect of the pre-
treatment of rats with PAG (3–30mg/kg) on the nociceptive mechan-
ical threshold (Fig. 2A and B), as well as chemical nociception (Fig. 2C
and D) in the orofacial region. These data show decreased hyperalgesia

Fig. 5. The persistent state of CFA-induced temporomandibular inflammation
(14 days) produced an increased expression of reactive SGCs in trigeminal
ganglia and PAG (30mg/kg) was able to reverse this change. A: Representative
gel from WB technique indicating expression of GFAP protein in TG from rats
submitted to 14 days of temporomandibular inflammation by CFA or injected
with Saline and β-actin expression as a control. B: Percentage of GFAP ex-
pression in TG from rats submitted to persistent temporomandibular in-
flammation by CFA or injected with saline (SAL). Data are expressed as
mean ± standard error of the mean. *P < 0.05, vs. control group (SAL) at the
same dose of PAG. #P < 0.05, vs. CFA treated with vehicle of PAG group. The
pharmacological treatment consisted of PAG injected locally into the joint at
different doses (3, 10, 30 mg/kg) or its vehicle (VEH; saline injection).
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and allodynia in CFA-induced acute or persistent temporomandibular
inflammation rats treated with PAG. The only exception was on the
mechanical threshold of animals that received 3mg/kg of PAG acutely,
since there was no difference between its control (SAL) at same dose of
PAG.

3.2. Leucocyte migration seems to be involved in the pro-nociceptive role of
endogenous H2S

Research groups have shown that neutrophils and leucocytes
[39,45–47] play an important role in the genesis of inflammatory hy-
pernociception. Since endogenous H2S production has been shown to be
involved in the recruitment of inflammatory cells [27,48] during the
inflammatory disease, we tested the hypothesis that leucocyte recruit-
ment mediates the inflammatory hypernociception also in orofacial
processes. Our data consistently show that PAG (3–30mg/kg) pre-
treatment inhibited CFA-induced leucocyte migration to tempor-
omandibular synovial fluid (Table 1). This effect was observed in the
acute and persistent phase of the inflammation.

3.3. Endogenous H2S inhibition reduce joint tissue TNF-α and IL-1β in both,
acute and persistent phases of temporomandibular pain

Based on the TMJ-leucocyte role in the effect of H2S inhibition as an
anti-nociceptive mechanism and considering also previous results about
plasmatic extravasation on TMJ mediating this reaction [29], we now
investigate the role of the main inflammatory cytokines related to in-
flammatory hypernociception on pro-nociceptive H2S function. The
data evidenced on TNF-α and IL-1β on temporomandibular tissue from
CFA-induced inflamed rats after treatment with PAG, in acute and
persistent inflammation development in all doses tested (Fig. 3).

3.4. Endogenous H2S inhibition reduce TNF-α and IL-1β in trigeminal
ganglion in persistent phase of temporomandibular pain

Considering that H2S exerts an effect on the periphery and also on
the nervous system [39], it is important to evaluate if, in our tempor-
omandibular inflammation model, there is some indication of neural
plasticity. The first structure on the nervous system related to the
processing of orofacial nociceptive information is the trigeminal gang-
lion, which contains the bodies of the primary neurons participating in
this modulation. There are significant findings of H2S effects on neuron
excitability [30,49], receptors [44] and enzymes (CBS and CSE [8]) on
trigeminal ganglion. However, the present study is the pioneer in
analyzing inflammatory cytokines in this structure after H2S inhibition
(Fig. 4). Our data support the idea that PAG is able to reduce the pro-
duction of TNF-α and IL-1β on trigeminal ganglion in a persistent
temporomandibular inflammation in a dose of 30mg/kg. The other
doses had no significant effect. Remarkably, the highest dose of PAG
was able to block the CFA-induced IL-1β increase at 14 days of in-
flammation, since it was not observed statistical difference between its
control (SAL) at the same dose of PAG (Fig. 4D).

3.5. The reduction of TNF-α and IL-1β in the TG in the persistent phase of
temporomandibular pain is accompanied by reduction activation of satellite
glial cells (SGCs) in trigeminal ganglion induced by endogenous H2S
inhibition

Following an abnormally intense pain elicited by noxious stimuli,

increased levels of Anti-Glial Fibrillary Acidic Protein (GFAP), a marker
of activated glial cells, can be detected [50]. This effect occurs in the
CNS as well as in the peripheral nervous system on nervous ganglia, as
TG [51]. This glial activation leads to pro-inflammatory cytokines like
TNF-α and IL-1β [52]. Fig. 5B precisely shows increased activation of
SGCs in TG on the 14th day of temporomandibular inflammation. In-
terestingly, the highest dose of PAG (30mg/kg) was able to prevent this
stimulation, since, after the therapy; the levels of GFAP protein ex-
pression on TG are in basal conditions, found by Western blotting
analysis (Fig. 5).

3.6. Endogenous H2S inhibition reduces TMJ and TG H2S production rate
in both, acute and persistent phases of temporomandibular pain

The production rate of H2S was measured in TMJ and TG samples of
Wistar rats at 3 and 10 days of inflammation treated or not with PAG
(Fig. 6A and B; 7A, B, respectively). Fig. 6A and B precisely show in-
creased H2S production rate in the TMJs after 3 and 14 days of CFA
induced inflammation and specific doses of PAG inhibiting this H2S
elevation in both acute inflammation (PAG – 30mg/kg) and persistent
process (PAG – 10 and 30mg/kg). In the same manner, Fig. 7A and B
presents an increased H2S production rate in the TG after 3 and 14 days
of CFA-induced inflammation and all doses of PAG inhibiting this H2S
elevation in both acute inflammation and persistent process.

3.7. CSE (but not CBS) expression is increased in the TMJ in the acute
phase of temporomandibular pain

CSE and CBS expression were measured in TMJ samples of Wistar
rats at 3 and 10 days (acute and persistent inflammation, respectively)
of inflammation treated or not with PAG (Fig. 6). It was observed that
the inflammatory response and consequently the acute pain observed at
the initial days of this model is only related to an increase in the ex-
pression of CSE in the TMJ and this response was abolished using PAG
(Fig. 6C, E).

3.8. CSE and CBS expression are increased in the TMJ in the persistent
phase of temporomandibular pain

Interestingly, CSE expression was maintained increased (Fig. 6F),
but an increase in CBS expression in the TMJ was observed at the
persistent phase of inflammation (Fig. 6D). This result indicates that
CBS overexpression in the TMJ is a consequence of the neuro-immune
interaction at the persistent phase of this inflammation model. Un-
fortunately, PAG was not capable of decrease the expression of CBS in
the TMJ of rats with persistent inflammation.

3.9. TG CSE and CBS expression are increased in both, acute and persistent
phases of TMJ pain and PAG treatment caused a decrease in the expression
of CBS and CSE in the TG

As expected [8], the overexpression of CBS in the TG was observed
at the acute and persistent phase of inflammation induced in the TMJ
area (Fig. 7C and D). Likewise, CSE expression was also increased in the
TG of Wistar rats in both phases of inflammation indicating its role in
orofacial inflammatory response (Fig. 7E and F). The peripheral treat-
ment with PAG caused a decrease not only in the expression of CSE in
the TMJ (Fig. 6E and F) but also in the TG, indicating its action cen-
trally. Also, the highest dose of PAG used here caused a decrease in CBS

Fig. 6. Acute and persistent state of CFA-induced temporomandibular inflammation (3 and 14 days) and the H2S production rate (A, B), CBS (C, D) and CSE (E, F)
expression in the TMJ. Data are expressed as mean ± standard error of the mean. Representative gel from WB technique indicating expression of each protein in the
TMJ is shown at the top of its respective graph. β-actin expression was used as a control.*P < 0.05, vs. control group (SAL) at the same dose of PAG. #P < 0.05, vs.
CFA treated with vehicle of PAG. The pharmacological treatment consisted of PAG injected locally into the joint at different doses (3, 10, 30 mg/kg) or its vehicle
(VEH; saline injection).
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expression in the TMJ (Fig. 7D), highlighting the importance of CBS in
the TMJ inflammatory-induced pain.

4. Discussion

We recently reported that a CSE inhibitor was able to produce an
anti-nociceptive effect induced by temporomandibular inflammation
which was accompanied by the decrease in joint region-plasmatic ex-
travasation [29]. Since local injection has shown consistent results in
this nociception model, PAG was injected on TMJs in distinct doses. We
demonstrate here that the endogenous H2S could upregulate cytokine
production in both, TMJ and TG tissue, contributing to TMJ in-
flammatory hypernociception. These results are based on the PAG effect
in local tissue (TMJ) and trigeminal ganglion (TG). Moreover, this study
is pioneer in detecting molecularly H2S production rate in TMJ and TG
of rats with CFA-induced temporomandibular inflammation treated
with PAG at distinct doses, as well as, in two phases of orofacial pain
(acute and persistent).

The periods of 3 and 14 days after CFA injection used for analysis
were established based on previous evidences with CFA-induced in-
flammation [53]. The two periods chosen for the analysis of this study
show a peak of the acute phase of the CFA effect as an inflammatory
agent and an established chronic inflammatory phase of the painful
state, respectively. According to reports in the literature, CFA as an
inflammatory inducing agent may be active within 42 days of experi-
mentation [54], and this model is one of the major types to show long-
lasting chronic pain [55]. In general, the CFA model stability starts to
represent severe hypersensitivity to mechanical and thermal stimula-
tion from one to three days [53]. Importantly, this model also presents
an advantage to produce neuroplasticity in diverse parts from the
central and the peripheral nervous system [56]. In fact, besides cellular
alterations [57], synaptic transmission is altered in critical cortical
areas for nociceptive and chronic pain processing after a CFA-induced
peripheral inflammation [53].

Our results show an acute and persistent nociceptive profile in rats
injected with CFA in the temporomandibular joints. These results are
consistent with previous studies showing the greater effectiveness of
CFA compared to other irritants inducing articular inflammation in
various periods of time [58,59]. Evidently, PAG was able to reduce the
nociceptive behavior, in both phases of pain, suggesting an acute and
chronic pro-nociceptive role of H2S in orofacial inflammatory pain.

Physiological gaseous mediators have been proposed to induce, in-
hibit and regulate the inflammatory process [60]. We believe that the
antinociceptive effect of inhibition of H2S synthesis is directly related to
its anti-inflammatory action. The number of leucocytes and proin-
flammatory cytokines on TMJ of CFA-inflamed rats were reduced by
PAG injection. Accordingly, Andruski [61] used an acutely inflamed
knee joints model to show an H2S effect on leucocyte-endothelium in-
teractions. The authors reveal that H2S has the propensity to interfere in
the generation of mediators necessary for leucocyte recruitment. Again,
the absence of leucocyte trafficking was attributed to an alteration in
the expression of adhesion molecules and their associated ligands in the
synovial microvasculature. Considering our results about leucocytes
count on synovial fluid and an inflamed joint model used for us, it is
possible that PAG effects on leucocytes are related to these impairments
on the infiltration of leukocytes into the temporomandibular joint.

Leucocyte growth and differentiation are stimulated by cytokines in
an inflammatory process [62]. The proinflammatory cytokines tumor
necrosis factor (TNF) α, and interleukin (IL) 1β have been strongly

implicated in the pathogenesis of chronic pain [63]. In addition, TNF-α
and IL-1β are mediators associated with structural changes found in
osteoarthritis or other arthritic conditions of the TMJ [64,65]. In
agreement, these cytokines reduce the expression of type II collagen
and aggrecan by the increased secretion of matrix metalloproteinases
by chondrocytes, favoring joint destruction [66]. We observed in-
creased levels of TNF-α and IL-1β in TMJ tissue on the 3rd and 14th
days after inflammation induction. Consistent with our results, other
studies showed statistically higher concentrations of these proin-
flammatory mediators upon induction of articular inflammation in
acute [40], intermediate [67] and chronic phases [58,68]. The inhibi-
tion of H2S synthesis caused a reduction of these levels in both phases of
pain and the three doses of PAG were effective. In agreement, the lit-
erature shows this ability of PAG in decreasing these cytokines during
inflammatory states [27,69]. In the data, nothing was known in relation
to the temporomandibular joint or orofacial structures, which re-
inforces the novelty of the present study.

Moreover, we observed a reduction in TNF-α and IL-1β in the tri-
geminal ganglion (TG) after PAG treatment in rats from 14 days of CFA-
induced temporomandibular inflammation. This effect was found when
30mg/kg of PAG was administered. In the trigeminal ganglia, TNF- α is
mostly produced by the satellite reactive glial cells which increases
BDNF expression suggesting its role in neuroplasticity [70]. Reconciling
the neuroplastic effect of TNF- α with our data, we suggest that there is
a process of neuroplasticity installed in the structure. This process in-
cludes morphological, physiological and neurochemical modifications
of the cells that make up the neural tissue, including both neurons and
glial ones [71]. Satellite glial cells (SGCs) are the main type of glia in
sensory ganglia, such as TG, and SGCs can proliferate under patholo-
gical conditions [72], upregulating glial fibrillary acidic protein (GFAP)
and interleukin-1β, augmenting intercellular coupling to increase gap
junctions [73] as evidenced by upregulation of gap junction connexin
43 [73], and altering electrophysiological properties [74]. Such
changes suggest that glial cell activation in peripheral ganglia partici-
pates in nociception [75,76]. Furthermore, TNF-α expression increases
in dorsal root ganglion which has been immunoreactively detected in
SGCs and neuronal bodies after neuropathic hyperalgesia [77,78]. In
fact, according to the literature, glial cells are able to produce pro-in-
flammatory substances in the face of insults, such as a nociceptive state
[79,80]. They become reactive through proliferation, conformational
change, and production of these pro-inflammatory agents. These events
participate in the neuroplasticity process and normally occur in chronic
conditions of injury with the goal of adjusting the tissue to the ongoing
condition and ensure the system is sensitized [81].

The pro-inflammatory changes observed in our work in TG occurred
after 14 days of inflammation that is indicative of the neuroplasticity
installed in this structure. PAG was effective in controlling the in-
flammation and pain evoked by CFA on TMJs, not only blocking local
alterations, but also modulating the information transmitted by per-
ipheral sensory nerve endings. This proposal is further supported by the
data found in the analysis of GFAP expression in TG. Our results evi-
denced that the increase of pro-inflammatory cytokines in this region
induced by the inflammatory state in the TMJs at 14 days. This re-
sponse was accompanied by an increase in activated SCGs. Similarly;
the robust reduction in pro-inflammatory response caused by PAG lo-
cally was also reproduced for glial cells. In fact, elegant studies have
suggested that SGCs are also involved in the peripheral mechanisms of
pain facilitation. Morphologically, the cell bodies of TG neurons are
completely surrounded by several SGCs, forming distinct functional

Fig. 7. Acute and persistent state of CFA-induced temporomandibular inflammation (3 and 14 days) and the H2S production rate (A, B), CBS (C, D) and CSE (E, F)
expression in the TG. Data are expressed as mean ± standard error of the mean. Representative gel from WB technique indicating expression of each protein in the
TMJ is shown at the top of its respective graph. β-actin expression was used as a control.*P < 0.05, vs. control group (SAL) at the same dose of PAG. #P < 0.05, vs.
CFA treated with vehicle of PAG. The pharmacological treatment consisted of PAG injected locally into the joint at different doses (3, 10, 30 mg/kg) or its vehicle
(VEH; saline injection).
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units [82]. Following an abnormally intense pain elicited by noxious
stimuli, increased levels of GFAP, a marker of activated glia cells, can be
detected [50]. The activated SGCs may directly influence neuronal
activity by releasing inflammatory mediators such as IL-1β and TNF-α,
contributing to the development and maintenance of allodynia and
hyperalgesia responses [15]. Our suggestion is that the local H2S acts on
neuro-immune interactions inducing painful states from orofacial re-
gions since its action was not restricted to local effects, but it also in-
creases central pain sensitization by increasing the production of IL-1β
and TNF-α in the TG and facilitating glial activation. This suggestion is
sustained not only by the increase overproduction rate of H2S, by also
by the overexpression of CSE and CBS in both tissues.

Miao [8] observed that CBS overexpression in the trigeminal ganglia
contributes to inflammatory pain in the TMJ. Here, we add the im-
portance of TMJ CBS/H2S pathway in the induction of persistent TMJ
pain. It is also described in the literature that H2S production is in-
creased after inflammatory stimuli and thus, stimulates TRPV1 re-
ceptors which are intrinsically involved in central pain sensitization
[15,83]. Our hypothesis is that CFA induces inflammation and, conse-
quently, can increase H2S production in the TMJ. This increase in H2S
levels activate TRPV1 receptors in the nerve sensory endings facilitating
central pain sensitization leading to CBS and CSE overexpression in the
trigeminal ganglia.

The analysis of H2S production rate, CBS and CSE expression in both
tissues, TMJ and TG are firstly described by the present data. Our
evidences indicate an increased H2S production rate in both structures
after the temporomandibular inflammation stimulation and interest-
ingly, PAG treatment prevented this elevation, strongly suggesting a
modulation of H2S as one of the mechanisms for temporomandibular
nociception and indicating H2S as a proinflammatory and pro-noci-
ceptive endogenous gas for orofacial conditions.

5. Conclusion

For the first time, we elucidated one of the molecular mechanisms,
acting in the nervous system, both locally and peripherally (TG), by
which H2S plays a role as a pro-inflammatory and pro-nociceptive en-
dogenous gas for orofacial conditions. The pathophysiologic relevance
of our findings is consistent in deepening the search for new therapeutic
targets for TMDs.
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