
Vol.:(0123456789)

Inflammation 
https://doi.org/10.1007/s10753-022-01623-2

ORIGINAL ARTICLE

Influence of Pinealectomy and Long‑term Melatonin 
Administration on Inflammation and Oxidative Stress 
in Experimental Gouty Arthritis

Arwa Fadil Haqi Ballur1 , Eyup Altinoz1 , Gurkan Yigitturk2 , Melike Ozgul Onal2 , 
Hulya Elbe2 , Yasemin Bicer1 , Melike Karayakali1  and Mehmet Demir3,4   

Received 11 December 2021; accepted 4 January 2022

Abstract— Gout is an inflammatory arthritis characterized by the deposition of monoso-
dium urate (MSU) crystals in the joints or soft tissue. MSU crystals are potent inflamma-
tion inducers. Melatonin (MLT) is a powerful endogenous anti-inflammatory agent and 
effective in reducing cellular damage. In the present study, possible underlying mechanisms 
associated with anti-inflammatory and antioxidative effects were investigated in rats with 
gouty arthritis and melatonin deprivation treated with MLT. Fifty-six rats were divided into 
seven groups: control, sham control, pinealectomy (PNX), MSU (on the 30th day, single-
dose 20 mg/ml, intraperitoneal), MSU + MLT (10 mg/kg/day for 30 days, intraperitoneal), 
MSU + PINX and MSU + PINX + MLT. PNX procedure was performed on the first day 
of the study. As compared to the controls, the results showed that MSU administration 
caused significant increases in oxidative stress parameters (malondialdehyde and total 
oxidant status). Besides, significant decreases in antioxidant defense systems (glutathione, 
superoxide dismutase and total antioxidant status) were observed. A statistically signifi-
cant increase was found in the mean histopathological damage score in the groups that 
received MSU injection. It was found that histopathological changes were significantly 
reduced in the MSU + MLT group given MLT. In our study, it was determined that many 
histopathological changes, as well as swelling and temperature increase in the joint, which 
are markers of inflammation, were significantly reduced with MLT supplementation. These 
results suggest that melatonin ameliorates MSU-induced gout in the rat through inhibition 
of oxidative stress and proinflammatory cytokine production.
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INTRODUCTION

Gout is a metabolic disease characterized by high 
serum urate level (hyperuricemia) triggered by purine 
catabolic pathway disorders [1], leading to the accumu-
lation of monosodium urate (MSU) crystals in synovial 
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joints and tissues [2]. The incidence and prevalence of 
gout are rising globally in recent years, imposing great 
disease burden worldwide [3]. Gout could be classified 
as primary and secondary gout. Primary gout is the most 
common type observed without any underlying disease 
that could lead to hyperuricemia. Secondary gout is a 
less common form exacerbated by the effects of genetic 
enzymatic defects, obesity, chemotherapy, alcohol poi-
soning and immunosuppressants [4]. Hyperuricemia 
could result due to hepatic overproduction of uric acid 
and/or inadequate excretion of urate in the small intestine 
and kidneys [5]. Hyperuricemia and gout prevalence has 
been increasing worldwide due to lifestyle changes, obe-
sity, consumption of purine-rich nutrients, beverages with 
fructose, and spirits [6]. Increase in serum urate concen-
trations (hyperuricemia, ≥ 7.0 mg/dL) is manifested in the 
inflammation induced by the deposition of MSU crystals 
in cartilage, synovial bursa, tendons, or soft tissues [7]. 
It is currently accepted that the accumulation of crystal-
lized MSU in the joints is a central risk factor for gout [8]. 
MSU crystals are potent inflammation inducers. These 
crystals stimulate a local inflammatory reaction within 
the joint, neutrophil recruitment, and the production of 
pro-inflammatory cytokines as well as other inflamma-
tory mediators [9].

Melatonin (MLT) is an indolamine derived from 
the essential amino acid tryptophan via serotonin [10]. 
The main production site is the pineal gland located in 
the brain [11]. Circadian rhythms play a key role in the 
development of physiological and pathological responses 
based on daily environmental variations [12]. MLT is 
released to regulate the circadian rhythm and has anti-
inflammatory [13], antitumor, and antiapoptotic effects 
[14]. Furthermore, MLT is a powerful antioxidant that 
reduces oxidative stress due to its capacity to directly 
scavenge reactive species and modulate the antioxidant 
defense system by increasing antioxidant enzyme activi-
ties [15].

Recent studies demonstrated that several factors, 
including MLT, play a role in the regulation of the rhyth-
mic migration of neutrophils. However, the mechanisms 
underlying the regulation of the rhythmic neutrophil 
migration by endogenous MLT remain unclear [16]. In 
the pineal gland, where MLT is produced, changes asso-
ciated with age such as decreased pinealocyte count, 
increased calcification, and decreased MLT production 
were observed [17]. The antioxidant catalase (CAT) and 
superoxide dismutase (SOD) enzymes and the endoge-
nous antioxidant reduced glutathione (GSH) significantly 

protect the organism against the oxidative stress. GSH is 
found in almost all cells. It is among the main cellular 
antioxidants with various physiological functions [18].

In the present study, an experimental MSU crystal-
induced rat model was set up to investigate the poten-
tial effects of MLT on gouty arthritis and gouty arthritis 
induced by melatonin deprivation. In the study, possible 
underlying mechanisms associated with anti-inflamma-
tory and antioxidative effects were also investigated in 
rats with gouty arthritis and melatonin deprivation treated 
with MLT.

MATERIAL AND METHODS

The study was conducted on 56 male Wistar Albino 
rats that weighed 250–300 g. Rats were divided into 7 
groups (n = 8). During the experiments, animals were 
kept in an environment under 21 ± 1 ºC temperature and 
12 h of light and 12 h of dark, and ad libitum standard rat 
chow and regular tap water were provided.

The study was approved by Zonguldak Bülent Ece-
vit University Faculty of Medicine Experimental Ani-
mals Ethics Committee (Protocol No: 2020–10-07/05). 
All experimental procedures were conducted in accord-
ance with the Animal Ethics Committee Guidelines for 
experimental animals.

Preparation and Injection of Melatonin Solution

MLT was dissolved in 0.5% ethanol (0.5%) and 
adjusted to the adequate concentration with physiological 
saline solution. The final concentration of ethanol in the 
solution was set to 0.5% [19]. Based on the study group, 
10 mg/kg/day i.p. MLT or MLT solution was adminis-
tered for 30 days.

Preparation and Injection of MSU Crystals

MSU crystals (20 mg/ml) were prepared as 50 
µL sterile phosphate buffer solution (PBS). Rats were 
anesthetized with 80 mg/kg i.p. ketamine (Ketalar-
Eczacıbaşı/Turkey) and 8 mg/kg xylazine (Rompun-
Bayer/Turkey) [20]. After the anesthesia, 50 µL PBS 
MSU was injected into the medial side of the left tibio-
tarsus joint.
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The Pinealectomy Procedure

An incision was applied on the scalp, equidistant 
from the two eyes of the anesthetized rats, between 
the back of the nose and the nape. The periosteum was 
stripped to reveal the lambda. A circular incision was 
applied in the upper part of the skull with a micromilling 
drill (Proxxon MICROMOT 50/E, Germany) to accom-
modate the access of forceps tip. The pineal gland located 
under the venous sinus was removed massively with the 
forceps. Then, the removed bone piece was replaced, the 
scalp was sutured, and 10% povidone iodine was applied.

Study Design

Rats were separated into 7 groups of 8 animals 
each as follows:

Control group: No application was conducted in this 
group.
Sham Pinealectomy (PINX) group: The rats in this 
group underwent sham PINX on the first day of the 
experiment. Intraperitoneal (i.p.) 0.9% saline (MLT 
solvent) injection was administered for 30 days after 
the first day, and a single intra-articular (i.a.) 50 µl 
phosphate buffer solution (PBS; MSU solvent) injec-
tion was administered on the 30th day of the study.
MSU group: MLT solvent was administered intra-
peritoneally to the rats in this group for 30 days. On 
the 30th day, single-dose 20 mg/ml MSU was admin-
istered in 50 µL of sterile PBS [21].
MSU + MLT group: The rats in this group were admin-
istered 10 mg/kg/day MLT i.p. for 30 days [22]. On 
the 30th day, single-dose 50 µl MSU was injected i.a.
PINX group: The rats in this group underwent PINX 
procedure on the first day of the study.
PINX + MSU group: The rats in this group underwent 
PINX on the first day of the study. MLT solution was 
administered intraperitoneally for 30 days. On the 
30th day, single-dose 50 µl MSU was injected i.a.
PINX + MSU + MLT group: The rats in this group 
underwent PINX procedure on the first day of the 
study. MLT solution was administered intraperito-
neally for 30 days. On the 30th day, single-dose 50 µl 
MSU was injected i.a.

On the 30th day of the study, the circumference 
of the ankle joint was measured with a digital caliper 
in all groups. Edema in the ankle was determined based 

on the increase in ankle circumference [23]. Twenty-
four hours after the induction of gout (determined based 
on the ankle circumference measurements), rats were 
decapitated, and blood and joint tissue samples were col-
lected. Malondialdehyde (MDA) level, an end product of 
lipid peroxidation, and GSH level, an endogenous non-
enzymatic antioxidant, and SOD and CAT antioxidant 
enzyme activities were determined in blood serum. Fur-
thermore, histopathological evaluation of the joint tissues 
was conducted.

The Analysis of Ankle Circumference and Joint 
Skin Temperature Changes

After all applications were conducted (on day 30), 
the circumference of the left tibiotarsal joint of each rat 
was measured with a digital caliper after 0, 2, 8, 16, and 
24 h. Similarly, the joint temperatures of these rats were 
measured with a precision thermometer.

Histopathological Evaluation

After the procedures, the rats were killed with 
ketamine/xylazine anesthesia. The heart tissue samples 
were fixed in 10% neutral formalin buffer. Tissues were 
washed in running water and demineralized in 10% eth-
ylenediaminetetraacetic acid (EDTA) solution with a 7.4 
pH for ~ 4 weeks at room temperature (mean tempera-
ture: 28 °C). In EDTA samples, the solution was replaced 
every 2 or 3 days. Then, the tissues were dehydrated with 
increasing ethanol concentrations (50%, 75%, 96%, and 
100%). Then, the samples were transferred into xylene 
to achieve transparency and embedded in paraffin. Six 
6-μm paraffin blocks were incised, mounted on slides, and 
stained with hematoxylin and eosin (H-E). The tissue sec-
tions were examined with light microscopy. The param-
eters evaluated for severity of articular damage included 
cartilage destruction, inflammation, and bone erosion in 
10 microscopic fields in each section. Histopathological 
findings were analyzed with grading scales, as described 
above [24]. Cartilage destruction and bone erosion 
were graded based on a scale between 0 and 3, where 
0 depicted no change, 1 depicted identifiable changes, 2 
depicted moderate changes at few sites, and 3 depicted 
severe cartilage destruction and bone erosion. Inflamma-
tion was also graded on a 0–3 scale, where 0 reflected 
no cells with inflammation, 1, low increase in inflam-
matory cell count, 2, moderate increase in inflammatory 
cell count, and 3, severe increase in inflammatory cell 
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count. All sections were examined with a Nikon Eclipse 
80i light microscope and Nikon Image Analysis system 
(Tokyo, Japan).

Statistical Analysis

Statistical analysis was conducted with the SPSS for 
Windows v. 14.0 (SPSS Inc., Chicago, III., USA) statis-
tics software. All data are given in arithmetic mean ± SE. 
The normal distribution of continuous variable data was 
determined with the Shapiro–Wilk test. The variables did 
not exhibit normal distribution (p < 0.05). Kruskal–Wallis 
and Mann–Whitney U tests were employed to compare the 
variables in the groups. p < 0.05 was considered significant.

Biochemical Analysis

After the anesthesia, blood samples were collected 
from the abdominal vein via laparotomy and the animals 
were decapitated. The blood samples were stored at room 
temperature for about one hour for coagulation, and then 
the serum samples were obtained with centrifugation at 
4000 rpm for 20 min. After the serum samples were sepa-
rated into Eppendorf tubes, they were stored in a deep 
freezer at -80 °C for biochemical tests.

Preparation of the Samples

The MDA, GSH, SOD, CAT analyses were con-
ducted on the samples, and total antioxidant (TAS), total 
oxidant (TOS) levels, oxidative stress index (OSI), inter-
leukin-6 (IL-6), and protein levels were determined.

Measurement of Serum MDA Level

Serum MDA analysis was conducted based on the 
method described by Ohkawa et al. [25]. After the serums 
were mixed with 1% H3PO4 and 0.6% thiobarbituric acid 
in a plugged glass tube, they were incubated in a boiling 
water bath for 45 min after the tube plugs were tightly 
wrapped with aluminum foil. Then, the mixture was 
extracted with n-butanol, and the pink color separated in 
the n-butanol phase with centrifuge and placed in micro-
plate wells based on the study groups and measured at 
535 nm wavelength in an ELISA reader to determine the 
MDA level. N-butanol was employed as the blank, and 
tetramethoxypropane was used as the standard. The find-
ings are presented in µmol/L.

Measurement of Serum GSH Level

Serum GSH analysis was conducted with the 
method described by Ellman [26]. After the serums were 
deproteinized, they were reacted with 5,5’-dithiobis  
2-nitrobenzoic acid (DTNB) in an Eppendorf tube and 
incubated to form a yellow-green color. The colored 
product was placed on microplates based on the study 
group and measured at a wavelength of 410 nm in an 
ELISA reader to determine the GSH level. Different dilu-
tions prepared with distilled water were used as blank, 
and 5 mM/L stock GSH solution was used as standard. 
Results are presented in µmol/L.

Measurement of Serum SOD Enzyme Activity

Serum SOD activities were determined with the 
method developed by Sun et al. [27]. Superoxide radi-
cals are formed by the xanthine–xanthine oxidase reac-
tion in the experimental medium. These radicals lead to a 
blue formazan by reducing NBT (nitroblue tetrazolium). 
Serum SOD activities were determined based on the 
measurement of this blue-colored formazan at 560 nm in 
an ELISA reader. The results are presented in U/g protein.

Measurement of Serum CAT Enzyme Activity

Serum CAT activities were determined with the 
method proposed by Aebi et al. [28]. The supernatant and 
H2O2 phosphate buffer (pH: 7.5 mM) were mixed in the 
experiment medium. H2O2 is broken down to H2O and O2 
due to serum CAT activity. Degradation of hydrogen per-
oxides in the medium leads to a decrease in absorbance 
at 240 nm. The decrease in absorbance was observed for 
1 min to calculate the CAT activity. Results are presented 
in K/g protein.

Measurement of Serum Protein Level

To calculate the serum SOD and CAT enzyme 
activities, the protein levels were determined with the 
method published by Lowry et al. [29]. The result-
ing blue color was measured with an ELISA reader at 
700 nm wavelength to calculate the protein content. 
Results are presented in mg/ml.



Influence of Pinealectomy and Long‑term Melatonin Administration on Inflammation and Oxidative…

Measurement of Serum TOS Level

Serum TOS was measured with the Erel’s method 
[30]. Total oxidant status was determined based on the 
kit procedure (Rel Assay Diagnostics, Gaziantep Tur-
key). The colored compounds were measured with an 
ELISA reader at 530 nm wavelength to calculate the 
serum TOS. 20 µmol/L H2O2 solution was used as the 
standard. Results are presented in µmol H2O2 equiv./L.

Measurement of Serum TAS Level

Serum TAS was determined with the Erel’s 
method [30]. Total antioxidant status was determined 
with the kit procedure (Rel Assay Diagnostics, Gazi-
antep, Turkey). Reagent 1 was added to the supernatant 
placed on microplates as per the kit instructions, and 
first reading was conducted at 660 nm, and the second 
reading was conducted after the reagent 2 was added. 

Fig. 1   Effects of MLT on joint swelling induced by MSU crystal in rats. MSU crystals led to a significant increase in ankle circumference of rats 
compared to normal control rats. Of note, treatment with MLT (10 mg/kg/day) significantly suppressed MSU crystal-induced ankle swelling. (Rep-
resentative images of the left leg from each group are shown. Arrows indicate location of measurement).

Fig. 2   The mean ankle circumference of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded as significant. * 
p < 0.05 vs group 1 ** p < 0.05 vs group 2 *** p < 0.05 vs group 3 # p < 0.05 vs group 4 ## p < 0.05 vs group 5 ### p < 0.05 vs group 6.
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The difference between the two absorbances was deter-
mined to calculate the serum TAS. Trolox, a water-
soluble analog of vitamin E, was used as the calibrator. 
Results are presented in mmol Trolox equiv./L.

Measurement of Serum OSI Level

Serum OSI was calculated with the Erel’s method 
[30]. OSI equals TOS divided by TAS: OSI (Arbitrary 
Unit) = TOS (μmol H2O2eqv/1) / TAS (mmol Trolox 
eqv/l) × 10. The findings are reported in arbitrary units 
(AU).

Measurement of Serum IL‑6 Level

Serum IL-6 levels were determined with the Rat 
ELISA kit (Cat. No E0135Ra) purchased from Bioassay 
Technology Laboratory (BT Lab, CHINA) based on the 
kit protocol, and the results are presented in pg/ml.

RESULTS

The Effects of MLT on MSU Crystal‑Induced 
Ankle Circumference and Skin Temperature 
in Rats

Since the increases in temperature and swelling 
in joints and periarticular regions are the most common 
symptoms of gout, we first investigated whether mela-
tonin could prevent these symptoms caused by MSU. 
The circumference of the knee joint was measured 0, 2, 
8, 16, and 24 h after the intra-articular MSU injection. 
The comparison of MSU injection groups and the other 
groups revealed a significant increase in ankle circumfer-
ence (Fig. 1).

In particular, significant increases in ankle circum-
ference and skin temperature in the above-mentioned 
region were identified after 2 h in MSU group rats with-
out MLT treatment (p < 0.001) (Figs. 2 and 3). How-
ever, the ankle circumference and joint skin temperature 

Fig. 3   The mean ankle temperature of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded as significant. * 
p < 0.05 vs group 1 ** p < 0.05 vs group 2 *** p < 0.05 vs group 3 # p < 0.05 vs group 4 ## p < 0.05 vs group 5 ### p < 0.05 vs group.
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of the rats with MLT treatment (MSU + MLT and 
MSU + PINX + MLT groups) before MSU injection did 
not increase due to MLT treatment (Figs. 2 and 3). MLT 
treatment prevented MSU crystal-induced inflammation.

Comparison of Serum MDA and GSH Between 
the Groups

PINX application to experimental animals (PINX 
group) led to significant increases in MDA levels when 
compared to control and SHAM groups (p < 0.001), 
while significant decreases (p < 0.001) were observed in 
GSH levels (Fig. 4). Furthermore, MSU injection (MSU 
group) led to an increase in MDA levels when com-
pared to the control group (p < 0.001), while significant 
decreases were observed in GSH levels (p < 0.001). On 
the other hand, MLT treatment before the MSU injec-
tion (MSU + MLT group) led to significant decreases in 
MDA levels (p < 0.001), while significant increases were 
observed in GSH levels (p < 0.001) when compared to the 
group without MLT treatment (MSU group). Also, the 
comparison of the animals that underwent PINX before 
MSU injection (MSU + PINX) and the animals with MLT 

treatment before MSU injection (MSU + MLT) revealed 
that MDA level significantly increased and GSH level 
decreased (p < 0.001) in the group without MLT treat-
ment. On the other hand, MLT treatment before MSU 
injection after the PINX procedure (MSU + PINX + MLT 
group) led to decreases in MDA levels (p < 0.001), while 
GSH levels significantly improved (p < 0.001) when com-
pared to the group without MLT treatment (MSU + PINX) 
(Fig. 4).

Comparison of Serum SOD and CAT Activities 
Between the Groups

It was observed that PINX procedure (PINX 
group) led to a significant decrease in antioxidant 
CAT (p < 0.001) and SOD (p < 0.001) enzyme levels 
when compared to the control group (Fig. 4). Further-
more, MSU injection (MSU group) led to a decrease in 
CAT (p < 0.005) and SOD (p < 0.001) activities when 
compared to the control group. On the other hand, 
MLT treatment before MSU injection (MSU + MLT 
group) led to an insignificant increase in CAT activ-
ity, while a significant increase was observed in SOD 

Fig. 4   The mean tissue oxidant–antioxidant parameters of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded 
as significant. * p < 0.05 vs group 1 ** p < 0.05 vs group 2 *** p < 0.05 vs group 3 # p < 0.05 vs group 4 ## p < 0.05 vs group 5 ### p < 0.05 vs group 6.
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activity (p < 0.001) when compared to the group with-
out MLT treatment (MSU group). The comparison of 
the animals that underwent PINX before MSU injec-
tion (MSU + PINX) and the animals with MLT treat-
ment before MSU injection (MSU + MLT) demon-
strated that CAT activity decreased insignificantly in 
the MSU + PINX group without MLT treatment, while 
SOD activity significantly decreased (p < 0.001). On 
the other hand, MLT treatment before MSU injection 
after PINX procedure (MSU + PINX + MLT group) 
led to no significant improvement in CAT activity 
when compared to the group without MLT treatment 
(MSU + PINX), while significant improvements were 
observed in SOD activities (p < 0.001) (Fig. 4).

Comparison of Serum TAS, TOS, and OSI 
Between the Groups

PINX procedure (PINX group) led to a signifi-
cant decrease in serum TAS and significant increases in 
TOS and OSI index when compared to the control group 

(p < 0.001) (Fig. 5). Furthermore, MSU injection (MSU 
group) led to significant decreases in serum TAS and sig-
nificant increases in TOS and OSI index when compared 
to the control group (p < 0.001). MLT treatment before 
MSU injection (MSU + MLT group) led to a significant 
improvement in TAS (p < 0.001), an insignificant decrease 
in TOS, and a significant decrease in OSI index when 
compared to the group without MLT treatment (MSU 
group) (p < 0.001). The comparison of the animals that 
underwent PINX before MSU injection (MSU + PINX) 
and the animals with MLT treatment before MSU injec-
tion (MSU + MLT) revealed a significant decrease in 
TAS in the MSU + PINX group without MLT treatment 
(p < 0.005) and significant increases in TOS and OSI index 
(p < 0.001). On the other hand, significant increases were 
observed in TAS (p < 0.005) and significant improvements 
were observed in TOS and OSI index (p < 0.001) in the 
group where MLT was administered after the PINX pro-
cedure and before MSU injection (MSU + PINX + MLT 
group) when compared to the group without MLT treat-
ment (MSU + PINX group) (Fig. 5).

Fig. 5   The mean tissue oxidant–antioxidant status of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded as sig-
nificant. * p < 0.05 vs group 1 and 2 ** p < 0.05 vs group 3 *** p < 0.05 vs group 4 # p < 0.05 vs group 5 ## p < 0.05 vs group 6.
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Comparison of Group Serum IL‑6 Levels

PINX procedure (PINX group) led to significant 
increases in serum IL-6 level when compared to the 

control (p < 0.001), while MSU injection (MSU group) 
led to increases in IL-6 levels when compared to both the 
control (p < 0.001) and PINX groups (p < 0.001) (Fig. 6). 
On the other hand, MLT treatment before MSU injection 

Fig. 6   The mean IL-6 levels of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded as significant. * p < 0.05 vs 
group 1 and 2 ** p < 0.05 vs group 3 *** p < 0.05 vs group 4 # p < 0.05 vs group 5 ## p < 0.05 vs group 6.

Fig. 7   Control and Sham groups had normal histological appearance. Mild inflammation was seen in the PINX group. A. Control group, H-E; X20. 
B. Control group, H-E; X10. C. Sham group, H-E; X20. D. Sham group, H-E; X10. E. PINX group, H-E; X20. F. PINX group, H-E; X10.
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(MSU + MLT group) led to a significant decrease in 
IL-6 level when compared to the group without MLT 
treatment (MSU group) (p < 0.001). Furthermore, the 
comparison of the animals that underwent PINX before 
MSU injection (MSU + PINX) and the animals with 
MLT treatment before MSU injection (MSU + MLT) 
revealed a significant increase in IL-6 levels in the 
MSU + PINX group when compared to the group with-
out MLT treatment (p < 0.001). The comparison of the 
animals that underwent PINX before MSU injection 
(MSU + PINX) and the animals with MLT treatment 
before MSU injection (MSU + MLT) revealed a signifi-
cant increase in IL-6 levels in the MSU + PINX group 
without MLT treatment (p < 0.001). On the other hand, 
MLT treatment before MSU injection after PINX pro-
cedure (MSU + PINX + MLT group) led to a significant 
decrease (p < 0.01) in IL-6 level when compared to the 
group without MLT treatment (MSU + PINX) (Fig. 6).

Histopathological Findings

Control and sham groups exhibited normal his-
tological appearances (Fig. 7A, D), and there was no 
significant difference between these groups (p > 0.05). 
Mild inflammation was obvious in the PINX group 

(Fig. 7E, F). Histopathological findings such as carti-
lage tissue damage, bone erosion, severe inflammatory 
cell infiltration and hemorrhage in the surrounding tis-
sues, synovial membrane thickening were significant in 
the MSU group (Fig. 8A, B, C). The comparison of the 
control, Sham, and PINX groups with the MSU group 
revealed a statistically significantly higher mean histo-
pathological damage score in MSU group sections. His-
topathological changes were significantly reduced with 
melatonin treatment in the MSU + MLT group (Fig. 9A, 
B, C). The most severe damages were observed in the 
MSU + PINX group (Fig. 8D, E, F). The comparison of 
the MSU + PINX + MLT and MSU groups revealed no 
statistically significant difference (p > 0.05) (Fig. 9D, E, 
F). The mean histopathological damage scores are pre-
sented in Fig. 10.

DISCUSSION

The present study aimed to determine whether the 
development of gout was affected by MLT deprivation 
(pinealectomy) and whether exogenous MLT administra-
tion had a protective effect against gout histologically and 
biochemically.

Fig. 8   Histopathological findings were evident in the MSU and MSU + PINX groups. Destruction of the cartilage tissue (A, D), bone erosion 
(B, E), severe inflammatory cell infiltration and hemorrhage in the surrounding tissue (C, F), and thickening of the synovial membrane (D) were 
detected. The MSU + PINX group was the most severely damaged. A. MSU group, H-E; X20. B. MSU group, H-E; X20. C. MSU group, H-E; X20. 
D. MSU + PINX group, H-E; X20. E. MSU + PINX group, H-E; X20. F. MSU + PINX group, H-E; X20.
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It was demonstrated that MLT is a specific anti-
oxidant due to its amphiphilic property that allows pen-
etration of physiological barriers, reducing oxidative 

damage in both lipid and aqueous cell environments 
[31]. The antioxidant MLT activity is the result of three 
complementary factors: (a) direct effect due to free 

Fig. 9   Histopathological changes were found to be significantly reduced in the MSU + MLT group. A. MSU + MLT group, H-E; X20. B. 
MSU + MLT group, H-E; X10. C. MSU + MLT group, H-E; X20. When the MSU + PINX + MLT group and MSU group were compared, there 
was no statistically significant difference (p > 0.05). D. MSU + PINX + MLT group, H-E; X20. E. MSU + PINX + MLT group, H-E; X10. F. 
MSU + PINX + MLT group, H-E; X20.

Fig. 10   The mean histological damage score of MSU-induced gout model. Data are expressed mean ± SE (n = 8). p < 0.05 was regarded as signifi-
cant. * p < 0.05 vs group 1, 2, 3 ** p < 0.05 vs group 5 *** p < 0.05 vs group 6.
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radical scavenger capacity, (b) indirect effect (radical 
avoidance) due to its ability to reduce free radical pro-
duction, and (c) antioxidant enzyme upregulation [32]. 
MLT treatment in experimental and clinical settings 
effectively reduced oxidative stress, also had advantages 
over other antioxidants since some of its metabolites are 
toxic species scavengers [33]. However, pinealectomy 
inhibits the effects of MLT. In rheumatoid arthritis, 
pinealectomy reduces cytokine and antibody concen-
trations in the joints in addition to oxidative stress and 
increases serum oxidative marker levels [34]. In a study 
where the effect of melatonin on experimental rheuma-
toid arthritis was investigated in rats, it was determined 
that low-dose melatonin administration to pinealecto-
mized rats led to a significantly less pronounced inflam-
matory response, while high-dose melatonin, which 
induced a 50–60-fold increase in plasma melatonin, 
increased the inflammatory and immune responses [35].

Gout, a metabolic disease, is characterized by MSU 
crystal deposition-induced inflammation due to high 
serum urate concentrations [36]. Several studies reported 
that MSU induced the expression of several cytokines, 
including tumor necrosis factor-α (TNF-α), IL-1β, and 
IL-6, leading to higher neutrophil influx into the syn-
ovium [37]. Thus, the inhibition of the MSU-induced 
neutrophil recruitment and the block of the release of 
inflammatory mediators could be beneficial in the con-
trol of gout [38].

Intra-articular MSU injection is a good experimen-
tal model in rats that mimics the manifestation of gout in 
humans (intra-articular MSU deposition, joint redness, 
warmth, and pain) [39]. The deposition of MSU crystals 
in the joints induces oxidative stress in defensive cells and 
leads to the release of proinflammatory mediators [40].

In a previous study, it was determined that serum 
melatonin levels and the expression of mRNA melatonin 
receptor 2 were significantly lower in acute gout patients 
when compared to healthy individuals. In the present 
study, to confirm the in vivo role of melatonin, acute 
gout inflammation was induced by MSU administration 
to C57B/6L mice, and it was demonstrated that the mouse 
paw thickness increased significantly in the model group 
when compared to the control group. The study findings 
demonstrated that melatonin reduced both paw thick-
ness and the inflammation index, as well as the IL-1β, 
IL-6 mRNA levels, and NLR family pyrin domain that 
included 3 (NLRP3) inflammasomes in the mouse model 
[41]. In another study where the impact of Zhisheng 
Shenqi Decoction (ZSD) on MSU crystal-induced gouty 

arthritis was investigated, it was determined that swelling 
of the ankle was the most significant symptom within 24 h 
following the MSU injection. NALP inflammation by 
MSU injection leads to the conversion of pro‑caspase‑1 to 
active caspase‑1, which indirectly results in active IL‑1β 
production. In addition to the chemotactic factors, IL‑1β 
could activate several proinflammatory cytokines such as 
TNF‑α and nuclear factor kappa B (NF-κB), which are 
critical for the initiation and propagation of the inflamma-
tory response and contribute to bone erosion and damage. 
Furthermore, ZSD treatment led to the downregulation of 
NACHT domain leucine-rich repeat protein (NALP)1 and 
NALP6 inflammasome expression levels. ZSD treatment 
prevented MSU crystal‑induced inflammatory responses 
and reduced serum TNF‑α and IL‑1β levels and inhibited 
the activation of NF‑κB [42].

In our study, the most prominent symptoms 
observed within the 24-h post-injection period included 
ankle swelling and high joint temperature in the model 
groups (MSU group and MSU + PINX group) with 
intra-articular MSU injection (20 mg/ml). The pres-
ence of these symptoms indicated that the desired 
model was successfully created. Furthermore, it was 
determined that ankle swelling and high joint tempera-
ture were significantly reduced in the MSU + MLT and 
MSU + PINX + MLT groups treated with melatonin when 
compared to the model groups, demonstrating that mela-
tonin could inhibit the inflammation induced by MSU.

The primary pathological characteristic of gout is 
the endothelial activation induced by IL-1β, TNF-α, and 
IL-6, the influx of neutrophils into the joint fluid, and the 
ensuing monocyte influx [43]. After the monocytes and 
neutrophils are activated, these cells actively phagocy-
tose the MSU crystals, which then trigger inflammatory 
caspase responses. Thus, the inhibition of inflammatory 
cell infiltration could be an effective therapeutic strat-
egy against gout inflammation[44]. In the present study, 
IL-6 levels were determined since IL-6 is a prominent 
cytokine in gout inflammation. Serum IL-6 levels were 
significantly higher in the MSU injection model groups 
(MSU and MSU + PINX groups). In a study where 
the impact of rebamipide on acute gouty arthritis was 
investigated in MSU-induced rats, it was reported that 
IL-1β, IL-6, IL-10, and TNF-α serum levels were high 
[45]. In another study where the effect of polygonum 
cuspidatum ethanol extract on acute gouty arthritis was 
investigated in mice on the NLRP3/ASC/caspase-1 axis, 
it was reported that ankle joint swelling significantly 
increased in model mice, while IL-1β, IL-6, and TNF-α 
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expressions increased significantly [46]. In another study, 
it was revealed that IL-1β and IL-6 mRNA expression 
levels were inhibited by MLT [41]. In the current study, 
it was determined that IL-6 levels decreased in the 
MSU + MLT and MSU + PINX + MLT groups treated 
with MLT when compared to the model groups that were 
not treated with MLT. MLT has quite low toxicity and 
adverse effects, as well as desirable properties found in 
ideal antioxidants. Thus, melatonin is an attractive can-
didate to prevent oxidation-induced damages [47].

All living organisms are constantly exposed to 
both endogenous and exogenous oxidizing agents. Free 
radical production induced by oxidative stress plays 
a key role in the development of tissue damages and 
aging [48]. Phagocytosis of MSU crystals by tissue 
macrophages leads to the production of ROS, inflam-
matory cytokines, and chemokines [49]. The oxygen 
radicals are produced by the metabolic conversion of 
hypoxanthine and xanthine to uric acid, as well as neu-
trophil collection in the necrotic area in tissues. Subse-
quent reactions produce cytotoxic and oxidation prod-
ucts as well as lipid peroxides, including MDA [50]. In 
a study where the effects of Selaginella moellendorffii 
were investigated in MSU-induced gout model in rats, it 
was observed that plasma MDA levels increased, while 
the serum SOD levels decreased in the gout model 
group when compared to rats in the control group [51]. 
In another study that investigated plasma paraoxo-
nase-1, oxidized low-density lipoprotein, and lipid 
peroxidation levels in gout patients, a decrease in SOD 
levels and an increase in MDA levels were observed in 
gout patients [52]. In the present study, pinealectomy 
(PINX group) and MSU injection (MSU group) led to 
significant increases in MDA levels when compared to 
control and sham groups. The increase in MDA levels 
was inducted by increased ROS and lipid peroxidation. 
It was also determined that lipid peroxidation and MDA 
levels decreased in groups treated with melatonin before 
injections and the procedure (MSU, PINX) due to the 
strong antioxidant property of the melatonin. Antioxi-
dant enzymes such as SOD and CAT form the main line 
of defense against oxidative damage. The decrease in 
SOD and CAT activities reflects a significant increase 
in free radicals, superoxide, and hydrogen peroxide that 
lead to cellular damage [53]. In a study that investigated 
oxidative stress and the antioxidant effect of allopurinol 
in gout patients, it was reported that CAT and SOD lev-
els were significantly lower before the treatment when 
compared to the control group, and these variables ​​

improved after allopurinol treatment [54]. In another 
study conducted with MSU-induced rats, significant 
decreases were observed in antioxidant enzymes such 
as SOD, CAT, and GSH. In our study, pinealectomy 
(PINX group) and MSU injection (MSU group) led to 
decreases in CAT and SOD antioxidant enzyme activi-
ties when compared to the control groups. Furthermore, 
MLT treatment before MSU injection led to a signifi-
cant increase in SOD enzyme activity, while PINX 
before MSU injection led to a significant decrease in 
SOD enzyme activity. However, the increase in CAT 
levels after MLT treatment before MSU injection and 
the decrease in CAT levels after PINX procedure before 
MSU injection were not statistically significant. In a 
study on MSU-induced gouty arthritis in mice, it was 
observed that MSU significantly depleted GSH [55]. 
In another study on MSU-induced gouty arthritis, 
the effect of cyclopentatone type-15 deoxy-Δ12,14-
prostaglandin J2, a natural ligand that stimulates per-
oxisome proliferator-active receptor gamma (PPAR-γ), 
on gout was investigated [56]. It was reported that oxi-
dative stress elevated by MSU injection was reduced 
with 15d-PGJ2 and this effect was associated with its 
antioxidant properties [57]. On the other hand, 15d-
PGJ2 increased the scavenger receptor CD36 expres-
sion in murine macrophages due to Nrf2 activation, and 
PPAR-γ activation increased endogenous antioxidant 
defenses by upregulating Nrf2/HO-1 signaling [58].

In our study, PINX procedure and MSU injection 
led to a significant decrease in GSH level, which could 
be due to the increase in oxidative stress, indicating 
that GSH was depleted to overcome oxidative stress 
via the reaction with and neutralizing superoxide radi-
cals. While significant increases were observed in GSH 
and TAS in our rat groups treated with melatonin, sig-
nificant improvements were observed in TOS and OSI. 
Several studies emphasized that persistent MSU crystal 
deposition and inflammation could lead to chronic gout, 
which results in bone erosion, joint destruction, and 
significant disabilities [59].

The histopathological damage scores determined 
in our study revealed that MSU increased the cartilage 
tissue damage, bone erosion in certain regions, wide-
spread inflammatory cell infiltration in the surround-
ing tissue, while melatonin significantly reduced these 
histopathological changes.

The protective effect of endogenous MLT is mani-
fested by the reduction in cellular damage induced by 
free radicals or via immunity regulation. However, in 
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cases where endogenous MLT is insufficient, the need 
for exogenous MLT administration could be necessary 
to sustain the possible protective effects. Thus, it could 
be suggested that melatonin could lead to improvements 
in the pathological changes observed in gout due to its 
antioxidant and anti-inflammatory properties; thus, it 
could be employed as a supplement to medical treat-
ment. However, further clinical studies are required for 
more concrete evidence.
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