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Abstract
Objective and design  To investigate the role of heme oxygenase-1 (HO-1), carbon monoxide (CO), and biliverdin (BVD) 
in the zymosan-induced TMJ arthritis in rats.
Materials and Methods  Mechanical threshold was assessed before and 4 h after TMJ arthritis induction in rats. Cell influx, 
myeloperoxidase activity, and histological changes were measured in the TMJ lavages and tissues. Trigeminal ganglion 
and periarticular tissues were used for HO-1, TNF-α, and IL-1β mRNA time course expression and immunohistochemical 
analyses. Hemin (0.1, 0.3, or 1 mg kg−1), DMDC (0.025, 0.25, or 2.5 µmol kg−1), biliverdin (1, 3, or 10 mg kg−1), or ZnPP-IX 
(1, 3 or 9 mg kg−1) were injected (s.c.) 60 min before zymosan. ODQ (12.5 µmol kg−1; s.c.) or glibenclamide (10 mg kg−1; 
i.p.) was administered 1 h and 30 min prior to DMDC (2.5 µmol kg−1; s.c), respectively.
Results  Hemin (1 mg kg−1), DMDC (2.5 µmol kg−1), and BVD (10 mg kg−1) reduced hypernociception and leukocyte 
migration, which ZnPP (3 mg kg−1) enhanced. The effects of DMDC were counteracted by ODQ and glibenclamide. The 
HO-1, TNF-α, and IL-1β mRNA expression and immunolabelling increased.
Conclusions  HO-1/BVD/CO pathway activation provides anti-nociceptive and anti-inflammatory effects on the zymosan-
induced TMJ hypernociception in rats.

Keywords  Inflammation · IL-1β · Heme oxygenase-1 · Temporomandibular joint · TNF-α.

Abbreviations
DMDC	� Dimethyl dicarbonate
ZnPP-IX	� Zinc protoporphyrin IX
ODQ	� 1H- [1,2,4] oxadiazolo[4,3,-a]quinoxalin-1-one
TNF-α	� Tumor necrosis factor-alpha
IL-1β	� Interleukin-1beta

Introduction

Temporomandibular joint (TMJ) arthritis encompasses a 
group of musculoskeletal and neuromuscular disorders. It 
possesses diverse signs and symptoms which are frequently 
associated with acute or persistent pain [1–3]. Experimental 
models that allow the study of the TMJ inflammatory pain 
mechanisms are of great clinical relevance. It is known that 
zymosan, a polysaccharide from yeast cell walls, produces 
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a severe and erosive synovitis that is also associated with 
hyperalgesia and gait disturbances [4–6].

We developed a rat model of zymosan-induced TMJ 
arthritis during in which animals present maximal hyper-
nociception between 4 and 6 h after zymosan injection 
[7]. It exhibits clinical and histopathological features like 
the human counterpart and has helped us understand the 
molecular mechanisms involved in the pathogenesis of TMJ 
inflammatory pain. A variety of inflammatory mediators are 
involved in the zymosan-induced TMJ arthritis such as nitric 
oxide (NO), reactive oxygen species, and cytokines (IL-1β, 
TNFα, and IL-6), but no evidence of the involvement of 
heme oxygenase (HO) in the TMJ inflammatory pain has 
been revealed [7–9].

HO catalyzes heme degradation to iron, sequestered by 
ferritin, carbon monoxide (CO), and biliverdin, which is 
reduced to bilirubin-by-biliverdin reductase [10]. Ferritin, 
biliverdin, and bilirubin are antioxidant molecules, and CO 
suppresses the synthesis of inflammatory mediators and 
exhibits some properties like those of NO. One of the main 
mechanisms of action of CO is to activate guanylyl cyclase 
resulting in production of cGMP which in turn activates 
several types of K+ channels leading to hyperpolarization 
[11–17].

To date, three isoforms of HO have been identified. 
HO-1 is inducible by a variety of cells, including endothe-
lial cells, monocytes/macrophages, neutrophils and fibro-
blasts, by heme, endo-heme, endotoxins, cytokines, nitric 
oxide, reactive oxygen species, hypoxia and hyperoxia, and 
other mediators produced during inflammatory responses, 
whereas HO-2 and a spliced variant of HO-2 are consti-
tutively expressed [18–20]. Many studies indicate a link 
between HO-1 and inflammation [12, 16, 18, 21]. Thus, this 
study aims to evaluate the unexplored role of HO-1/biliver-
din or HO-1/CO/cGMP/ATP-sensitive K+ channel pathway 
in the modulation of zymosan-induced TMJ inflammatory 
hypernociception in rats.

Methods

Animals

Male Wistar rats (160–220 g) were housed in standard 
plastic cages with food and water available ad libitum. 
They were maintained in a temperature-controlled room 
(23 ± 2 °C) with a 12/12-h light–dark cycle. All experiments 
were designed to minimize animal suffering and to use the 
minimum number of animals required to achieve a valid sta-
tistical evaluation. This study was conducted in accordance 
with the Helsinki declaration as well as the International 
Association for the Study of Pain (IASP) for the care and use 
of animals. In addition, the Institutional Animal Care and 

Use Committee of the Federal University of Ceará guide-
lines approved this protocol under the registration number 
26/08.

TMJ arthritis induction

Rats were anesthetized with tribromoethanol (0.01 mL g−1, 
i.p.) and received an intra-articular (i.art.) injection of 1 
or 2 mg zymosan (40 µL total volume) dissolved in sterile 
saline into the left TMJ using a 29-gauge needle and 0.5 mL 
syringe. Sham animals received saline i.art. Before zymosan 
or saline injections, the TMJ skin region was carefully 
shaved, the posteroinferior border of the zygomatic arch 
was palpated, and the needle was inserted inferior to this 
point and advanced in a medial and anterior direction until 
the needle contacted the condyle. This contact was verified 
by the moving of the mandible, and the puncture of the nee-
dle into the joint space was confirmed by the loss of resist-
ance. Gentle aspiration ruled out intravascular placement, 
after which the specified volume of zymosan or saline was 
injected. As shown by our group [7], the zymosan-induced 
TMJ inflammatory hypernociception development is maxi-
mal at 4 h of arthritis, whereas cell influx peaks at 6 h. Based 
on these results, we used these timepoints to assess both 
nociceptive (head withdrawal threshold) and inflammatory 
parameters (total cell counting and myeloperoxidase assay).

Evaluation of inflammatory hypernociception

Inflammatory hypernociception in the TMJ was evaluated 
by measuring the threshold of force intensity that needed 
to be applied to the TMJ region until the occurrence of a 
reflex response of the animal (e.g., head withdrawal). The 
measurements were performed by an examiner unaware of 
the treatments and used a digital device (Insight, Ribeirão 
Preto, SP, Brazil) that consisted of a rigid filament linked to 
an electronic device that measured the response threshold 
in grams (g) when the filament was applied to the surface 
of the tested region. The facial areas to be tested around the 
TMJ were carefully shaved, and the animals were put into 
individual plastic cages 45 min before the beginning of the 
tests. The animals were submitted to a conditioning session 
of head withdrawal threshold measurements in the testing 
room for 4 consecutive days under controlled temperatures 
(23 ± 2 °C) and low illumination. On day 5, the basal force 
threshold value was recorded (in triplicate) before the i.art. 
injections of either zymosan or vehicle and after 4 h.

Synovial lavage collection and cell counting

Zymosan injection (i.art) was performed in anesthetized 
rats. Six hours after zymosan-induced TMJ arthritis, the 
rats were sacrificed under anesthesia and exsanguinated. 
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The superficial tissues were dissected, and the TMJ cavity 
was washed to collect the synovial lavage by a pumping 
and aspiration technique using 0.5 mL of EDTA in neutral 
buffered PBS. This procedure was repeated twice. The 
total number of white cells in the synovial lavage was 
counted using a Neubauer chamber.

Myeloperoxidase activity analysis

Myeloperoxidase (MPO) is an enzyme found primarily in 
the azurophilic granules of the neutrophils and has been 
used extensively as a biochemical marker of granulocyte 
infiltration into various tissues. The MPO activity assay 
measurement was previously described [22]. In our study, 
the MPO assay was conducted on the collected synovial 
lavage 6 h after the zymosan-induced TMJ arthritis. MPO 
activity in the collected synovial lavage was assayed by 
measuring the change in absorbance at 450 nm using 
o-dianisidine dihydrochloride and 1% hydrogen peroxide. 
The results are reported as the MPO units/joint lavage. A 
unit of MPO activity was defined as the conversion of 1 
µmol of hydrogen peroxide to water in 1 min at 22 °C.

Histopathological analysis

Six hours after the zymosan-induced arthritis animals 
were sacrificed and the TMJ was excised. The specimens 
were fixed in 10% neutral buffered formalin for 24 h, 
demineralized in 10% EDTA, embedded in paraffin, and 
sectioned along the long axis of the TMJ. Sections of 5 
µm, which included the condyle, articular cartilage, artic-
ular disc, synovial membrane, periarticular tissue, and the 
skeletal muscle periarticular tissue, were evaluated under 
light microscopy. For the specimens processed for rou-
tine hematoxylin–eosin (H&E) staining, the histological 
analysis considered a 0–4 score grade based on the fol-
lowing parameters: cell influx in the synovial membrane 
(SM) and cell influx in the periarticular tissue and in the 
skeletal muscle periarticular tissue.

Time course analysis of the expression of HO‑1, 
TNF‑α, and IL‑1β mRNA in the periarticular tissue 
and trigeminal ganglion by qRT‑PCR

To study the time course of the genetic expression of HO-1 
and its temporal interaction with the HO-1/BVD/CO path-
way with the mRNA expression of two of the most impor-
tant inflammatory mediators—TNF-α and IL-1β—we 
determined the mRNA levels of HO-1, TNF-α, and IL-1β 
in the TMJ periarticular tissues and trigeminal ganglion. 
The qRT-PCR technique was used due to its sensibility and 
efficiency when analyzing the genetic expression. We used 
the genes for HO-1, TNF-α, IL-1β, and GAPDH (housekeep-
ing). Albeit this technique is sensible, this tool needs opti-
mization and normalization procedures for reliable results in 
each model of study. To guarantee the suitable experimen-
tal conditions when applying this technique, primers used 
for the target genes were developed at the exon–exon junc-
tion, not allowing the genomic DNA amplification to occur, 
which would overestimate the PCR results. In addition, their 
sequences (Table 1) were designed to obtain a total specific-
ity for the animal species Rattus novergicus albinus, avoid-
ing the amplification of existing contaminants.

Immunohistochemistry analysis of HO‑1, TNF‑α, 
and IL‑1β in the periarticular tissue and trigeminal 
ganglion

Immunohistochemistry for HO-1, TNF-α, and IL-1β was 
performed using the streptavidin–biotin (Labelled Strepta-
vidin–Biotin–LSAB) method in formalin-fixed, paraffin 
embedded tissue sections (5 µm thick), mounted on glass 
slides previously prepared with an organosilane-based 
adhesive (3-aminopropyltriethoxysilane). Briefly, it con-
sisted of the following steps: the sections went through 2 
baths in xylol, each lasting ten minutes. After this, they were 
immersed in three passages of absolute alcohol, then washed 
in running water, and afterward, a passage in distilled water. 
Antigen recovery was performed with citrate at pH 6.0, for 
30 min at 99 °C. After returning to room temperature, the 
sections were immersed in a 3% hydrogen peroxide blocking 

Table 1   Category and description of primer sequences used according to the National Center for Biotechnology Information (NCBI)

Description Symbol Sequence Access number Amplicon size

Heme oxygenase-1 HO-1 F 5′ ACA​GCA​TAC​GTA​AAG​CGT​CTCCA-3′
R 5′CAT​GGC​CTT​CTG​CGC​AAT​CTT​CTT​-3′

NM_012580.2/NCBI 136

Interleukin-1 beta IL-1β F 5′- CCC​TGC​AGC​TGG​AGA​GTG​TGG-3′
R 5′- TGT​GCT​CTG​CTT​GAG​AGG​TGCT-3′

NM_031512.2/NCBI 153

Tumor Necrosis Factor alpha TNF-α F 5′- AGA​ACA​GCA​ACT​CCA​GAA​CAC​CCT​-3′
R 5′- ATC​TCG​GAT​CAT​GCT​TTC​CGT​GCT​-3′

NM_012675.3/NCBI 148

Glyceraldehyde-3-phosphate 
dehydrogenase

GAPDH F 5′-GGG​GGC​TCT​CTG​CTC​CTC​CC-3′
R 5′-CGG​CCA​AAT​CCG​TTC​ACA​CCG-3′

NM_017008.3/NCBI 108
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solution for 10 min. After returning to room temperature, 
the sections were incubated overnight (4 °C) with a pri-
mary rabbit anti-HO-1, anti-TNF-α, and anti-IL-1β antibody 
(ab13243, ABCAM®, England, UK), at the dilution of 1:200, 
and then washed with a phosphate-buffered saline solution, 
PBS (phosphate-buffered saline). The samples were incu-
bated with the secondary antibody LSAB Kit for 10 min at 
ambient temperature. Next, incubation was performed in a 
chromogen solution prepared with 3,3′ diaminobenzidine 
(DAB), for 10 min in a dark chamber. Afterward, the speci-
mens were washed in running water and then in distilled 
water. Counterstaining was performed with hematoxylin, 
and afterward, the specimens were dehydrated in alcohol and 
diaphanized in xylol. Finally, they were mounted on glass 
slides, which were examined under an optical microscope. 
The negative control sections were performed, excluding 
the application of the primary antibody. The parameter of 
positivity for the immunohistochemical marking of the anti-
gen in all the specimens included in the sample consisted of 
the cells that exhibited brown staining in their cytoplasm, 
irrespective of the intensity of the immunomarker.

Pharmacological modulation

Heme oxygenase/carbon monoxide–biliverdin pathway mod-
ulators, hemin (substrate of HO-1/BVD/CO pathway; 0.1, 
0.3 or 1 mg kg−1; s.c), DMDC (CO donor; 0.025, 0.25, or 2.5 
µMol kg−1; s.c), ZnPP-IX (specific HO-1 inhibitor; 1, 3 or 
9 mg kg−1; s.c), or biliverdin (product of HO-1 pathway; 1, 3 
or 10 mg kg−1; s.c) were used 60 min before zymosan (2 mg) 
injection, except those rats pre-treated with ZnPP-IX or its 
vehicles, which received a lower dose of zymosan (1 mg). 
This dose of 1 mg of zymosan was used in rats pre-treated 
with ZnPP-IX to promote a sub-maximal hypernociception 
and to allow a possible enhancement of the hypernociception 
by treatment with the HO inhibitor. Sham group received 
saline into left TMJ. Indomethacin (5 mg kg−1, s.c.) was 
used as a positive control 1 h before zymosan injection. 
Furthermore, to analyse the putative involvement of the 
HO-1/CO/cGMP/ATP-sensitive K+ channel pathway, ODQ 
[an inhibitor of soluble guanylate cyclase (sGC); 12.5 µmol 
kg−1; s.c.] or glibenclamide (an inhibitor of ATP-sensitive 
K+ channel; 10 mg kg−1; i.p.) was administered 1 h and 
30 min prior to DMDC (2.5 µMol kg−1; s.c), respectively.

Statistical analysis

The data are presented as the means ± S.E.M. or medians, 
where appropriate. Differences between means were com-
pared using a one-way ANOVA followed by the Bonferroni 
test. The Kruskal–Wallis test followed by Dunn’s test was 
used to compare medians. A probability value of P < 0.05 
indicated significant differences.

Results

Effects of hemin, DMDC, biliverdin, or ZnPP‑IX 
on the inflammatory hypernociception 
and inflammation of zymosan‑induced TMJ arthritis

A 2-mg injection of zymosan resulted in inflammatory 
hypernociception as measured by a clear decrease in the 
mechanical threshold of head withdrawal (Fig. 1) (p < 0.05 
vs. Sham). In the intra-articular saline-injected animals 
(Sham), no significant changes in mechanical withdrawal 
thresholds were observed. The intra-articular (i.art.) 2-mg 
injection of zymosan also resulted in a significant increase 
in the total leukocyte count after 6 h (Fig. 2) (p < 0.05 vs. 
Sham). Neutrophils counting rise was determined by the 
increase in MPO activity in the synovial lavage (Fig. 2) 
(p < 0.05 vs. Sham).

To determine whether HO-1 could modulate the inflam-
matory hypernociception, rats were treated 1 h before the 
arthritis induction with the following pharmacological 
tools: hemin, an HO-1 inducer; DMDC, a CO donor, or 
biliverdin, the final products of the HO-1/BVD/CO path-
way; and ZnPP-IX, specific HO-1 inhibitor. Six hours after 
the zymosan-induced TMJ arthritis, rats were culled. Fig-
ure 1A shows a significant increase in the mechanical noci-
ceptive threshold (p < 0.05 vs. zymosan) after hemin (0.3 
and 1 mg kg−1). Figure 1B shows a significant increase 
in the mechanical nociceptive threshold (p < 0.05 vs. 
zymosan) after DMDC (0.25 and 2.5 µmol kg−1), empha-
sizing that DMDC (2.5 µmol kg−1) was similar to sham. 
Figure 1C shows a significant increase in the mechanical 
nociceptive threshold (p < 0.05 vs. zymosan) after biliver-
din (1, 3, and 10 mg kg−1) treatments. The anti-nociceptive 
effects of indomethacin were similar to biliverdin, and it 
was exceeded by the highest dose of hemin and DMDC 
treatment, which were similar to the sham group.

Besides, as shown in Fig. 2a, cell infiltration into the TMJ 
cavity was significantly reduced by hemin (0.3 and 1 mg 
kg−1). In Fig. 2b, it is shown that cell infiltration into the 
TMJ cavity was significantly reduced by DMDC (0.025, 
0.25, and 2.5 µmol kg−1). In addition, in Fig. 2c, cell infiltra-
tion into the TMJ cavity was significantly reduced by biliver-
din (1, 3, and 10 mg kg−1) (p < 0.05 vs. zymosan). The MPO 
activity was also reduced in all the three treatments (Fig. 2E) 
(p < 0.05 vs. zymosan). The anti-inflammatory effects of 
indomethacin were also alike hemin, DMDC, and biliver-
din treatments. ZnPP-IX (1, 3, and 9 mg kg−1) significantly 
reduced the mechanical hypernociception threshold, com-
pared to a sub-maximal dose of zymosan (1 mg) (p < 0.05 
vs. zymosan) (Fig. 1d). In addition, ZnPP-IX (3 mg kg−1) 
significantly enhanced both the leukocyte count (Fig. 2d) 
and the MPO activity (Fig. 2f) (p < 0.05 vs. zymosan).
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Histopathological analysis

Six hours after the zymosan-induced TMJ arthritis, inflam-
matory cell influx was observed in the synovial membrane, 
the periarticular tissue, the musculoskeletal tissue, and the 
thickness in synovial membrane (Fig. 3a), compared with 
the sham group (Fig. 3e). The cell types were predominantly 
neutrophils, which characterizes acute inflammation.

Edema was also observed in the synovium (Fig. 3a). 
Histopathological analysis showed that hemin (1 mg kg−1) 
(Fig. 3b), DMDC (2.5 µmol kg−1) (Fig. 3c), and biliverdin 
(10 mg kg−1) (Fig. 3d) reduced the inflammatory parameters 

to a normal status with a lower inflammatory cell influx into 
the synovial membrane, the periarticular tissue, the mus-
culoskeletal tissue, and a lower thickness in the synovial 
membrane was observed. ZnPP-IX (3 mg kg−1), however, 
augmented all these parameters, including the thickness of 
the synovial membrane.

Table 2 shows the scores attributed to TMJ histopatho-
logical analysis and compares the values between the 
sham and the arthritic TMJ groups. In addition, it was 
compared the values between the arthritic TMJ and the 
arthritic TMJ treated with hemin (1 mg kg−1), DMDC 
(2.5 µmol kg−1), and biliverdin (10 mg kg−1). A significant 

Fig. 1   Effects of hemin, DMDC, biliverdin, and ZnPP on the 
zymosan-induced hypernociception in the TMJ arthritis. Zymosan 
(1 or 2 mg; 40 µL) or saline were injected i.art. into the left TMJ of 
rats. Hemin (0.1, 0.3, or 1 mg kg−1), DMDC (0.025, 0.25, or 2.5 µmol 
kg−1), biliverdin (1, 3, or 10 mg kg−1), or ZnPP (1, 3, or 9 mg kg−1) 
were injected (s.c.) 60  min before zymosan. The mechanical nocic-
eptive threshold was measured in hemin (a), DMDC (b), biliverdin 

(c), and ZnPP-treated animals (d) before and 4 h after i.art. injection 
of zymosan or saline. Indomethacin (5  mg kg−1) was used as posi-
tive control. Data are expressed as means ± SEM (n = 6). *P < 0.05 
vs. Sham. +P < 0.05 vs. zymosan (ANOVA, Bonferroni). F val-
ues 1A F(7, 40) = 4.254, 1B F(10,50) = 1.312, 1C F(5,29) = 3.258, 1D 
F(4,25) = 5.518
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Fig. 2   Effects of indomethacin, hemin, DMDC, biliverdin, and ZnPP 
on leukocyte cell numbers and MPO activity. Zymosan (1 or 2 mg; 
40 µL) or saline was injected i.art. into the left TMJ rats. Hemin (0.1, 
0.3, or 1 mg kg−1), DMDC (0.025, 0.25, or 2.5 µmol kg−1), Biliver-
din (1, 3 or 10 mg kg−1), or ZnPP (1, 3 or 9 mg kg−1) were injected 
(s.c.) 60  min before zymosan. After 6  h, leukocyte migration was 
evaluated in Hemin (a), DMDC (b), Biliverdin (c), and ZnPP-treated 

animals (d) by cell counting in TMJ synovial lavage. MPO activity 
was measured in TMJ synovial lavage in Hemin-, DMDC-, Biliver-
din (e) and ZnPP-treated animals (f). Indomethacin (5 mg kg−1) was 
used as positive control. Data are expressed as means ± SEM (n = 6). 
*P < 0.05 vs. Sham. +P < 0.05 vs. zymosan (ANOVA, Bonferroni). F 
values 2A F(6,27) = 5.830, 2B F(5,33) = 6.716, 2C F(5,25) = 4.222, 2D 
F(5,26) = 2.999, 2E F(5,25) = 3.584, 2F F(2,13) = 2.212
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Fig. 3   Temporomandibular joint histopathological analysis. Photomi-
crographs of the TMJ of zymosan group (A) and hemin (1 mg kg−1), 
DMDC (2.5 µmol/kg), and biliverdin (10 mg/kg)-treated animals (b–
d) and sham animals (e). a Arthritic rats, induction by zymosan 2 mg 
showing inflammatory cell influx into the synovial membrane, periar-
ticular tissue, musculoskeletal tissue, and synovial membrane thick-

ness (400×), b TMJ of arthritic rats injected with zymosan 2 mg and 
treated with hemin 1 mg kg−1 (400×), c TMJ of arthritic rats injected 
with zymosan 2  mg treated with DMDC 2.5  µmol kg−1 (400×), d 
TMJ of arthritic rats injected with zymosan 2 mg treated with Biliver-
din 10 mg kg−1, and e TMJ of sham animals injected with 40 µL of 
saline solution (400×). Hematoxylin and eosin staining

Table 2   Histopathological 
analysis of TMJ: the effects 
of HO-1/CO/BVD pathway 
modulators

*p < 0.05 vs. Sham
+ p < 0.05 vs. zymosan (Kruskal–Wallis, Dunn’s)

Cell influx into the synovial 
membrane

Periarticular cell 
influx

Cell influx into 
the muscular 
tissue

Sham 0 (0–0) 0 (0–0) 0 (0–0)
Zymosan 2 mg 2.5 (1–3)* 4 (4–4)* 3 (2–4)*
Hemin 1 mg kg−1 0.5 (0–1)+ 1 (0–2)+ 1.5 (1–3)+

DMDC 2.5 µmol kg−1 1 (1–2)+ 2.5 (1–4)+ 1.5 (1–3)+

Biliverdin 10 mg kg−1 1 (0–2)+ 1 (0–2)+ 1 (0–2)+

Zymosan 1 mg 2 (2–2)* 4 (2–4)* 1 (1–2)*
ZnPP 3 mg/kg 4 (3–4)+ 4 (4–4)* 3.5 (3–4)+
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(p < 0.05 vs. Sham) increase in the inflammatory param-
eters was observed in the arthritic TMJ group. A signifi-
cant (p < 0.05 vs. zymosan) reduction in the inflammatory 
parameters was observed in all the treated groups with 
with hemin (1 mg kg−1), DMDC (2.5 µmol kg−1), and 
biliverdin (10 mg kg−1). ZnPP-IX (3 mg kg−1), however, 
enhanced the cell influx into the synovial membrane, the 
periarticular tissue and the muscular tissue (p < 0.05 vs. 
zymosan).

Effects of the inhibition of cGMP synthesis 
and the ATP‑sensitive K+ channel blockage 
on the inflammatory hypernociception 
of zymosan‑induced TMJ arthritis

To determine whether the inhibition of soluble guanylate 
cyclase (sGC) generating cGMP and the blockage of the 
ATP-sensitive K+ channel affect the anti-nociceptive and 
anti-inflammatory effect of the via HO-1/CO, ODQ (an 
inhibitor of sGC) or glibenclamide (an inhibitor of ATP-
sensitive K+ channel) was administered 1 h or 30 min 
prior to DMDC, respectively, to analyse the participation 
of the HO-1/CO/cGMP/ATP-sensitive K+ channel pathway 
on the inflammatory hypernociception in the zymosan-
induced TMJ arthritis.

Figure 4a shows a significant reduction in the mechani-
cal nociceptive threshold (p < 0.05 vs. DMDC) after ODQ 
and glibenclamide treatments prior to DMDC, revealing 
that the anti-nociceptive effect of the DMDC depends 
from sGC and ATP-sensitive K+ channel. The inflamma-
tory hypernociception of the ODQ and the glibenclamide 
groups was similar to the zymosan group. Figure 4b shows 
a significant reduction in the leucocyte influx (p < 0.05 vs. 
DMDC) after ODQ and glibenclamide treatments prior 
to DMDC, revealing that the anti-inflammatory of the 
DMDC effect depends from sGC and ATP-sensitive K+ 
channel. The leucocyte influx of the ODQ and the glib-
enclamide groups was also similar to the zymosan group. 
This was corroborated by MPO activity that was signifi-
cantly reverted to a similar condition of the zymosan group 
(p < 0.05 vs. DMDC) (Fig. 4c).

Fig. 4   Effects of the inhibition of cGMP synthesis and the potassium 
channel blockage in the zymosan-induced TMJ arthritis. Zymosan 
(2 mg; 40 µL) or saline was injected i.art. into the left TMJ of rats. 
ODQ (12.5 µmol kg−1; s.c.) or glibenclamide (10 mg kg−1; i.p.) was 
administered 1  h and 30  min prior to DMDC (2.5 µMol kg−1; s.c), 
respectively. ODQ and glibenclamide, prior to DMDC, reverted the 
mechanical nociceptive threshold on the 4th h after i.art. injection 
of zymosan (a), the leukocyte migration (b), and the MPO activity 
from TMJ synovial lavage (c), both on the 6th h after i.art. zymosan 
injection. Data are expressed as means ± SEM (n = 6). *P < 0.05 vs. 
Sham or DMDC (2.5 µMol/Kg) (ANOVA, Bonferroni). F values 4A 
F(4,25) = 2.474, 4B F(4,22) = 2.930, 4C F(4,57) = 3.865
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Time course analysis of the expression of HO‑1, 
TNF‑α, and IL‑1β mRNA in the periarticular tissue 
and trigeminal ganglion by qRT‑PCR

It can be observed a significant increase (p < 0.05) in the 
HO-1 relative gene expression in the rat TMJ from hours 6 
to 24 after the zymosan injection (2 mg), peaking at hour 9 
when compared with sham group (Fig. 5a). In the trigemi-
nal ganglion, the HO-1 relative expression significantly 
increased 12 h after the intra-articular injection of 2 mg 
of zymosan (p < 0.05) in comparison with the sham group 
(Fig. 5b).

There is also a significant relative gene  expression 
enhancement of TNF-α in the rat TMJ from hours 3 to 
24 after the zymosan injection (p < 0.05); this expression 
peaked at hour 9 when compared with the sham group 
(Fig. 5c). In the trigeminal ganglion, the TNF-α gene expres-
sion consistently increased from hours 6 to 12 after the 
zymosan injection in comparison with the sham group 
(Fig. 5d).

Regarding the relative gene expression of IL-1β, it can 
be observed a rise in the IL-1β mRNA levels in the rat TMJ 
from hours 3 to 24 after the injection of zymosan, peak-
ing at hour 9 in comparison with the sham group (p < 0.05) 
(Fig. 5e). In the trigeminal ganglion, a significant increase 
(p < 0.05) in the relative gene expression of IL-1β is 
observed from hour 6 after zymosan injection, peaking at 
hour 12 compared with the sham group (Fig. 5f).

Immunohistochemical analysis for HO‑1, TNF‑α, 
and IL‑1β in the periarticular tissue and trigeminal 
ganglion

Immunohistochemical analysis showed increased HO-1 
expression characterized by brown-colored cells in the 
TMJ of arthritic rats (Fig.  6b–d). The cell types which 
expressed HO-1 were chondrocytes (Fig. 6b), neutrophils 
(Fig. 6c), and synovial cells (Fig. 6d). The negative con-
trol group sections consisted of zymosan-induced TMJ 
samples that were not incubated with anti- HO-1 antibody 
(Fig. 6a). The sham group is observed a light expression of 
HO-1 (Fig. 6e). Regarding the HO-1 immunohistochemical 
analysis in the rat trigeminal ganglion 12 h after the zymosan 
injection, it can be observed a rise in the HO-1 expression 
(Fig. 6g) in comparison with control (Fig. 6e) and sham 
animals (Fig. 6f). This can be observed through an intense 
brown coloring of the cells. Arthritic animals show a cel-
lular immunolabeling for HO-1 that is identified either in 
the neuronal body (green arrow) and in the glial cells (white 
arrow) (Fig. 6g).

At the immunohistochemical analysis of the TNF-α 
expression, it can be observed a slightly increase in this 
cytokine immunolabeling in arthritic rats (Fig.  7c, d) 

compared with the sham animals (Fig. 7a, b). In arthritic ani-
mals, the TNF-α immunolabeling occurred in chondrocytes 
(Fig. 7c), synovial cells, and neutrophils (Fig. 7d). Further-
more, the TNF-α immunohistochemical expression in the rat 
trigeminal ganglion 12 h after the zymosan injection shows a 
mild rise in this cytokine expression in this neural structure 
(Fig. 7f), compared with the sham group (Fig. 7e). This can 
be observed through an intense brown coloring of the cells. 
Like the HO-1 expression, the TNF-α immunolabeling was 
identified in the neuronal body (green arrow) and glial cells 
(white arrow).

The immunohistochemical analysis of the IL-1β expres-
sion shows a noticeable increase of this cytokine expression 
in the TMJ of the arthritic rats (Fig. 8b, c) in comparison 
with sham animals (Fig. 8a). The IL-1β immunolabeling 
was identified in chondrocytes (Fig. 8b), synovial cells, and 
neutrophils (Fig. 8c) of the arthritic rats. In addition, it can 
be observed that the IL-1β immunolabeling in neutrophils 
is more intense than the TNF-α one. In relation with the 
IL-1β expression in the rat trigeminal ganglion 12 h after the 
zymosan injection, it is noticeable a very intense immuno-
labeling for this cytokine in arthritic animals (Fig. 8e) com-
pared with the sham group (Fig. 8d). Resembling the HO-1 
and TNF-α expression, the IL-1β expression was observed 
in the the neuronal body (green arrow) and glial cells (white 
arrow) (Fig. 8e) of the zymosan group animals.

Discussion

Heme oxygenase (HO) activity is known to down-regulate 
inflammatory events. Here, we address the role of HO and its 
metabolites, carbon monoxide (CO), and biliverdin (BVD), 
in the zymosan-induced temporomandibular joint (TMJ) 
arthritis in rats. In addition, we found evidence that HO/
CO pathway acts, at least in part, on cGMP and ATP-sen-
sitive K+ channel-dependent mechanisms, downregulating 
hypernociception during temporomandibular joint arthritis. 
Our data provide the first evidence that pharmacologically 
induced up-regulation of HO-1 triggers a robust protective 
anti-inflammatory response in the TMJ arthritis.

Over the last few years, numerous studies have demon-
strated that HO-1 expression and the concomitant produc-
tion of its metabolites, CO and BVD, have anti-nociceptive 
and anti-inflammatory consequences [16, 18, 21, 23–28]. In 
a zymosan-induced air pouch inflammation model, hemin 
administration increased both HO-1 expression and activity, 
which were associated with bilirubin production and anti-
inflammatory outcomes—reduction in leukocyte migration, 
exudation, and pro-inflammatory mediator release [20]. It 
is known that HO-1 induction in microvascular endothe-
lial cells confers resistance to oxidative stress and inhibits 
up-regulation of adhesion molecules, resulting in decreased 
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leukocyte recruitment [29]. In this context, the control of 
inflammatory responses by HO-1 could be related to inhibi-
tory effects on P- and E-selectin expression in vascular 
endothelial cells mediated by the antioxidant molecules 
biliverdin or bilirubin [30].

In this regard, we demonstrated that HO-1 induction by 
both hemin and biliverdin, the final products of the HO-1 
pathway, suppressed the development of inflammation 
and hypernociception in the TMJ arthritis. Based on these 
results, we can propose that the action of HO-1 in the TMJ 
arthritis is, at least in part, mediated by decreasing neutro-
phils recruitment, since hemin or biliverdin administration 
was associated with leukocyte count reduction and MPO 
activity in the synovial lavage of the TMJ. Histological fea-
tures corroborate with these data, also showing a reduction 
of acute inflammation in the synovial membrane, in the peri-
articular tissue and in the musculoskeletal tissue.

Our data are in accordance with the previous findings 
[31], which showed a protective anti-inflammatory response 
of the HO-1 up-regulation in a model of non-autoimmune 
arthritis in mice. In chronic experimental models of arthritis, 
however, it was observed a dual effect of HO-1, since induc-
tion of HO-1 resulted in inhibition of cartilage erosion and 
reduction in joint fibrosis, while HO-1 inhibition reduced 
joint inflammation, cartilage destruction, leukocyte infiltra-
tion, hyperplasic synovitis, erosion of articular cartilage and 
osteolysis, as well as, the production of inflammatory media-
tors [32, 33]. The involvement of HO-1 in chronic condi-
tions, thus, needs further investigation, especially in chronic 
TMJ arthritis, since it has been proposed that during chronic 
inflammation HO-1 would exert an anti-inflammatory action 
by inhibiting leukocyte infiltration as well as by facilitat-
ing tissue repair through vascular endothelial growth factor 
(VEGF)-driven angiogenesis [34].

It is known that the anti-inflammatory effects of HO-1 
depend on the biochemical properties of heme degrada-
tion products, namely, CO, ferritin, and BVD [16]. We 
have recently found evidence that the molecular cascade 

formed by HO/CO/BVD reduced nociception during an 
acute inflammatory reaction [26]. Kobayashi et al., 2006 
[35] reported that CO, but not Fe2+ nor BVD, was responsi-
ble for the suppressive effects of endogenously expressed or 
chemically induced HO-1 on cytokine synthesis. It was also 
demonstrated that HO/CO pathway plays an anti-nociceptive 
role during carrageenan-evoked inflammation and that CO 
is the HO product involved in the evoked antinociception 
[36]. In accordance with these previous findings, our present 
study demonstrated that inflammatory hypernociception was 
reduced by DMDC, a CO donor. Furthermore, we observed 
that treatment with ZnPP-IX, a specific inhibitor of HO-1, 
potentiates the inflammatory hypernociception induced by 
a sub-maximal dose of zymosan.

Most of CO action has been reported to be dependent 
on both the activation of sGC activity and the subsequent 
increases in cGMP levels [15, 37]. These biochemical effects 
result in a reduced production of pro-inflammatory cytokines 
(IL-1, TNFα, IL-6, and IL-8) and enhanced synthesis of 
the anti-inflammatory cytokine IL-10 [35, 38]. The HO/
CO/cGMP pathway has been reported to be involved in the 
peripheral and the spinal modulation of both inflammatory 
and non-inflammatory pain [36, 39–41]. Besides, it is known 
that elevated levels of cGMP are associated with nociceptor 
hypersensitivity inhibition [42, 43], and pharmacological 
evidence suggested that cGMP may increase K+ conduct-
ance by opening ATP-sensitive K+ channel directly or indi-
rectly via protein kinase G [44]. The present data are consist-
ent and it is the first study to base the notion that the HO/CO/
cGMP/ATP-sensitive K+ channel pathway can modulate the 
inflammatory hypernociception during the zymosan-induced 
TMJ arthritis and could be a possible molecular target for 
pharmacological modulation, but more assays are required 
as only a CO donor was tested against.

To date, HO-1 protein was highly expressed in synovio-
cytes, infiltrating inflammatory lymphocytes, and endothe-
lial cells of synovial tissue, in chondrocytes and in periph-
eral blood mononuclear cells from patients with rheumatoid 
arthritis and osteoarthritis, and both synovial tissues and 
chondrocytes have been reported to produce inflammatory 
cytokines which were reduced by up-regulation of the HO-1 
system [35, 38, 45–47]. In fact, within inflamed joints, a 
plethora of cells are potential sources of HO-1, including 
synoviocytes, chondrocytes, and mast cells, as well as infil-
trating neutrophils and monocytes.

In the present study, immunohistochemical analysis 
showed increasing HO-1 expression in synoviocytes, chon-
drocytes, and neutrophils of zymosan arthritic TMJ, sug-
gesting that these cells are probably involved in the synthe-
sis of cytokines and may be modulated by the HO-1/BVD/
CO pathway. Moreover, we observed that HO-1 was lightly 
expressed in TMJ tissues without arthritis. In this regard, in 
the normal TMJ, we also showed the physiological presence 

Fig. 5   Time course of the relative gene expression of HO-1, TNF- 
α, and IL-1β in the TMJ periarticular tissue and trigeminal ganglion 
of rats after zymosan injection (2 mg; 40 µL) into the temporoman-
dibular joint. After sacrifice, the left TMJ periarticular tissue and the 
trigeminal ganglion were excised and processed for qRT-PCR. There 
is a rise in the relative gene  expression of HO-1 from the 6th hour 
in the TMJ (a) and at the 12th hour in the trigeminal ganglion (b). 
TNF-α relative  gene expression increases from the 3rd hour, peaking 
at the 9th hour in the TMJ (c). In the trigeminal ganglion, it peaks 
at the 6th and 12th hours (d). The IL-1β relative gene expression 
shows similar patterns—there is an increase in its expression from 
the 3rd hour, peaking at the 9th hour in the TMJ (e) and it peaks at 
the 6th and 12th hours in the trigeminal ganglion (f). All the calcu-
lations were carried out by the 2−ΔΔCt method. *P < 0.05 in relation 
with sham groups (ANOVA, Bonferroni). F values 5A F(5,12) = 2.892, 
5B F(6,14) = 2.488, 5C F(5,12) = 1.472, 5D F(6,14) = 1.788, 5E 
F(5,12) = 0.9496, 5F F(6,14) = 1.471

◂
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Fig. 6   Immunostaining for HO-1 in the temporomandibular joint and 
trigeminal ganglion of arthritic animals after zymosan injection. Ani-
mals were sacrificed 6 h after the zymosan injection and the tempo-
romandibular joint was removed for immunohistochemical analysis. 
Negative control (sections in the absence of anti-HO-1 antibody) (a) 
in the arthritic rats. TMJ arthritis induced by 2 mg of zymosan show-
ing strong immunostaining for HO-1 in chondrocytes (b), neutro-

phils (c), and synoviocytes (d) (400×). For the immunohistochemical 
analysis of HO-1 in the trigeminal ganglion, animals were sacrificed 
12 h after the zymosan injection. e Negative control control (sections 
in the absence of anti-HO-1 antibody), f sham group, and g zymosan 
group showing intense brown coloring for HO-1 in the neuronal body 
(green arrow) and glial cells (white arrow) (400×)
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of iNOS in synoviocytes and chondrocytes [7]. Accordingly, 
HO-1 may also play an important role in the physiological 
maintenance of the TMJ. In addition, we showed that the 

HO/CO/cGMP/ATP-sensitive K+ channel pathway modu-
lates the inflammatory hypernociception in the zymosan-
induced TMJ arthritis.

Regarding the cytokine expression, TNF-α/IL-1β mRNA 
expression rose over time and the immunohistochemi-
cal analysis showed markedly cytokine expression. It was 
observed that the increase in the cytokine levels preceded the 
peak pain, which reinforce that pro-inflammatory cytokines 
play an important role in the pathophysiology of pain as 
inflammatory stimuli or tissue injuries stimulate the release 
of characteristic cytokine cascades, which ultimately trigger 
the release of final mediators responsible for inflammatory 
pain. These final mediators, such as prostanoids or sym-
pathetic amines, act directly on the nociceptors to cause 
hypernociception, which results from the lowering of the 
threshold due to modulation of specific voltage-dependent 
sodium channels [48, 49].

In addition, pro-inflammatory cytokines, including tumor 
necrosis factor TNF-α and IL-1β, play a crucial role in the 
pathogenesis of arthritis, increasing the recruitment of 
neutrophils into the joint and driving the enhancement of 
chemokines and degradative enzymes production [50, 51]. 
In addition, elevated levels of TNF-α in the capsule of the 
temporomandibular joint are implicated in the underlying 
pathology of temporomandibular disorders [52].

Moreover, HO-1 can be modulated by cytokines, since 
the pro-inflammatory cytokines IL-1β and TNF-α down-reg-
ulate this protein, whereas the anti-inflammatory cytokine 
IL-10 opposes such effect [53–55]. In addition, the suppres-
sion of endogenously expressed HO-1 results in significant 
enhancement of spontaneous TNF-α and LPS-induced 
IL-6 and IL-8 synthesis, whereas HO-1 induction leads to 
reduced synthesis of the pro-inflammatory cytokines and 
COX-2 expression [35]. Our results thus provide evidence 
that elevated levels of IL-1β and TNF-α in the periarticu-
lar tissues and trigeminal ganglion promotes nociception, 
suggesting that, following the HO-1 inhibition, the levels 
of these inflammatory cytokines rise to enhance the TMJ 
inflammatory hypernociception. In addition, the protective 
role of HO-1 explains why its mRNA levels did not coincide 
with pain peak, because a protective response is more likely 
to be mounted after noxious stimuli have occurred.

In summary, our data provide evidence that the HO-1/
CO/BVD pathway exerts anti-inflammatory and anti-nocic-
eptive effects on the zymosan-induced temporomandibular 
inflammatory hypernociception in rats. These effects may 
be dependent on metabolites derived from the HO-1 activ-
ity, since the administration of CO and BVD also reduced 
inflammatory parameters. In addition, the inhibition of the 
HO-1 pathway abolished its anti-inflammatory and anti-
nociceptive effects, increasing inflammatory parameters. 
Considering the well-demonstrated anti-nociceptive and 
anti-inflammatory effects of HO-1/CO/BVD pathway, the 

Fig. 7   Immunostaining for TNF-α in the temporomandibular joint 
and trigeminal ganglion of arthritic animals after zymosan injec-
tion. Animals were sacrificed 6  h after the zymosan injection and 
the temporomandibular joint was removed for immunohistochemical 
analysis. Negative control (sections in the absence of an anti-TNF-α 
antibody) a, b sham group. c, d Arthritic rat TMJ showing slightly 
TNF-α immunolabeling in chondrocytes (c), neutrophils, and syn-
oviocytes (d) (400×). For the immunohistochemical analysis of 
TNF-α in the trigeminal ganglion, animals were sacrificed 12 h after 
the zymosan injection. e Sham group, and f zymosan group showing 
slightly TNF-α immunolabeling in the neuronal body (green arrow) 
and glial cells (white arrow) (400×)
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designing of alternative compounds to classical anti-inflam-
matory and analgesic agents is very encouraging to define 
new pharmacological targets of the inflammatory TMJ pain-
ful condition.
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