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Abstract
Epidemiological studies indicate that a higher plasma level of uric acid (UA) associates with the reduced risk of Parkinson’s 
disease (PD). To confirm the role of UA as a biomarker for PD, we evaluated changes in the serum UA level in the 6-hydroxy-
dopamine (6-OHDA)-induced hemiparkinsonism in rat. For this purpose, 6-OHDA was administered in the medial forebrain 
bundle by stereotaxic surgery. According to the apomorphine-induced rotational test, the increased intensity of behavioral 
symptoms as a function of time was associated with the further reduction of UA level. On the other hand, the level of UA 
increased in the midbrain of the injured hemisphere. The level of reduction in the serum UA level of rats with severe and 
moderate symptoms was significantly higher than that of rats with mild symptoms. The immunohistofluorescence and bio-
chemical analyses showed that the serum UA level was also correlated with the death of tyrosine hydroxylase (TH)-positive 
neurons in the substantia nigra pars compacta (SNc), reduced level of striatal dopamine, and severity of oxidative stress in 
the midbrain. The rats with mild symptoms also showed a significant decrease in TH-positive neurons and striatal dopa-
mine level. These findings suggest a positive correlation between the level of reduction in the serum urate level and severity 
of 6-OHDA-induced Parkinsonism. In addition, our findings indicated that UA had no marked neuroprotective effects, at 
least at concentrations obtained in this study. On the other hand, UA was introduced as a biomarker for PD, as a significant 
decline was observed in the serum UA level of rats with mild behavioral symptoms but with significant dopaminergic cell 
death in the SNc.

Keywords  Uric acid · 6-OHDA-induced hemiparkinsonism · Medial forebrain bundle · Apomorphine-induced rotational 
test · TH-positive neurons · Striatal dopamine level

Introduction

Parkinson’s disease (PD) is a chronic and progressive neu-
rodegenerative disorder, affecting about 6 million people 
worldwide [1]. The prevalence of PD is expected to dou-
ble within the next 20 years, considering the increasing age 
of the population [2]. The most important characteristic 
of this disease is the progressive degeneration of dopa-
minergic (DA) neurons within the substantia nigra pars 
compacta (SNc) of the midbrain. The pathophysiological 
mechanisms of DA degeneration remain unknown, although 

mitochondrial dysfunction and oxidative stress are believed 
to play important roles in the events leading to DA neuronal 
death. Levodopa treatment removes dopamine deficiency 
and effectively improves movement-related symptoms. How-
ever, it cannot halt or retard progressive neurodegeneration, 
and side effects, such as dyskinesia, are developed in the 
long term [3–6].

PD is currently examined via clinical evaluation of 
extrapyramidal signs, such as tremor, rigidity, slowness or 
absence of voluntary movements, postural instability, and 
freezing. These symptoms occur when more than 70% of DA 
neurons are lost [7, 8]. Therefore, early diagnosis of PD may 
help select and initiate the proper treatment to decelerate the 
neurodegenerative process and disease progression.

Identification of biomarkers for PD can be valuable in 
its early detection. The biomarkers also allow for a better 
follow-up of patients and facilitate objective measurements 
in clinical trials [9]. Nonetheless, research on the biomarkers 
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for PD is still in its early stages, despite the urgent need for 
new treatment strategies [9]. Among the proposed biomark-
ers for PD, uric acid (UA) has attracted the greatest amount 
of attention. Urate, as the dissociated form of UA, is the final 
product of purine catabolism and has marked antioxidant 
properties [10]; it is also responsible for most of the antioxi-
dant activities of the human plasma [11].

Involvement of urate in the pathophysiology of PD was 
first indicated by its low level in the SNc of patients with 
PD, as well as UA capacity to decrease dopamine oxidation 
[12]. A study on urate level and risk of PD among 7968 men, 
enrolled in the Honolulu Heart Program, was the first to 
introduce UA as a potential biomarker [13]. Two other pro-
spective studies have also reported similar findings [14, 15]. 
However, studies comprising both males and females have 
reported conflicting results. Some claimed that the associa-
tion of low serum urate level with the risk of PD is signifi-
cant only for men [16–18], whereas others did not find any 
gender differences [14, 19, 20]. In addition, pharmacological 
therapy can increase this confliction, as additional oxida-
tive stress may be induced by Levodopa treatment [21, 22]. 
Although the results of epidemiological studies are inter-
esting, they do not clarify whether the inverse association 
between urate level and PD progression is merely related to 
a pre-existing high level of plasma UA or dynamic changes 
in the level of endogenous urate during DA nigrostriatal 
degeneration.

To confirm the role of UA as a biomarker for PD, we 
evaluated the serum UA changes in a well-established 
6-hydroxydopamine (6-OHDA) animal model. 6-OHDA is 
an organic neurotoxic compound, which selectively destroys 
DA neurons in the SNc after intracranial injection into the 
medial forebrain bundle (MFB) or striatum [5, 23, 24]. A 
major advantage of this model is the quantifiable motor 
deficit, which was evaluated in a well-known rotational test. 
Following the systemic administration of dopamine ago-
nists, 6-OHDA-treated rats show asymmetrical rotations. 
This behavior is particularly observed after toxin injection 
into the MFB, which causes major DA cell death in the SNc, 
besides marked depletion of dopamine in the striatum [23, 
24]. Therefore, any correlation between the serum urate level 
and intensity of rotations indicates the association of urate 
level with DA cell loss in the SNc and striatal dopamine 
depletion.

Experimental Procedures

Animals and Experimental Groups

Adult male Wistar rats (Razi Institute, Karaj, Iran), weigh-
ing 250–300 g, were housed in large cages (38 × 59 × 20 cm) 
in a temperature-controlled colony room in a 12:12 h light/

dark cycle with free access to tap water and standard feed. 
All procedures in this study were in accordance with the 
guidelines for animal experiments by the Research Council 
of Qazvin University of Medical Sciences. The rats were 
divided into three experimental groups with respect to the 
stereotaxic injections: (1) control group, receiving no treat-
ment; (2) vehicle group, receiving the vehicle (normal saline 
containing ascorbic acid) intracerebrally; and (3) 6-OHDA 
group, receiving 6-OHDA intracerebrally. Each group con-
sisted of 20 rats (Fig. 1).

Surgical Procedures

Except for the animals in the control group, all other rats 
were subjected to stereotaxic surgery. The vehicle and 
6-OHDA were injected into the right MFB by stereotaxic 
surgery, using a 10-µL Hamilton syringe. Briefly, the rats 
were anesthetized with an intraperitoneal (i.p.) injection of 
a solution, containing ketamine (100 mg/kg) and xylazine 
(5 mg/kg). Subsequently, 4 µL of 6-OHDA (4 µg/µL; Sigma) 
was dissolved in isotonic sodium chloride (NaCl) solution 
(containing 0.2 mg/mL of ascorbic acid) and injected at 2 
sites with the following coordinates: anterior-posterior (AP): 
− 4, lateral (L): − 1.8, dorsoventral (DV): 9; and AP: − 4.4, 
L: − 2, DV: 8.8. The AP and L coordinates were measured 
from the bregma, while DV was measured from the surface 
of the skull according to the Atlas by Paxinos and Watson 
[25]. The same volume of vehicle was injected at these sites 
in the vehicle group. At the end of each injection, the needle 

6-OHDA injection
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Fig. 1   Experiment design. Only rats showed less than 10 rotations per 
hour in presurgery apomorphine-induced rotational test were used for 
experiments. Rotational test was also carried out 3 and 6 weeks after 
the 6-OHDA injection. Blood sampling was carried out at three inter-
vals: before the toxin and 3 and 6 weeks after the 6-OHDA injection. 
Six weeks after the surgery, six rats from each group were perfused 
and immunohistofluresance staining was carried out on the midbrain 
sections. For biochemical measurements, the brain of the other rats 
was freshly removed and separate homogenates were prepared from 
striatum and midbrain of both hemispheres. Dopamine concentration 
in striatum and urate concentration, superoxide dismutase (SOD), 
glutathione peroxidase (GPx) and malondialdehyde (MDA) concen-
trations in midbrain were measured using immunosorbent assay kits. 
Numbers show the days after the toxin injection. UA uric acid
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was left in place for 5 min and then withdrawn at a rate of 
1 mm/min.

Apomorphine‑Induced Rotational Test

The apomorphine-induced rotational test was carried out in 
all animals before the surgery and toxin injection, as well 
as 3 and 6 weeks after surgery according to the method 
described by Fujita et al. in [26]. The animals were initially 
allowed to acclimate to their environment for 5 min and then 
received an i.p. injection of apomorphine hydrochloride dis-
solved in saline (0.5 mg/kg). After 1 min, the number of full 
rotations was counted for 60 min in a cylindrical container 
(diameter = 28 cm; height = 38 cm). Contralateral (away 
from the lesion side) and ipsilateral (towards the lesion 
side) rotations were counted as positive and negative scores, 
respectively, and the net number of rotations was determined 
by subtracting the negative scores from the positive scores.

Immunohistofluorescence Staining

Immunohistofluorescence staining was carried out on tis-
sues of 6 rats from each group. After anesthesia induction 
with ketamine and xylazine, the rats were perfused tran-
scardially with phosphate-buffered saline (PBS), followed 
by 4% paraformaldehyde. Subsequently, their brains were 
removed and postfixed overnight in paraformaldehyde and 
transferred to 30% sucrose in PBS at 4 °C. The midbrain 
section was isolated and frozen in a cryostat embedding 
medium (Bio-Optica, Italy) at − 22 °C. The coronal sections 
(8-µm thickness) were prepared using a cryostat (Histo-Line 
Laboratories, Italy). One out of every serial three sections 
was permeabilized with 0.2% Triton X-100 and blocked with 
10% normal goat serum for 1 h. The sections were incubated 
overnight at 4 °C with an anti-tyrosine hydroxylase (TH) 
antibody (1:250; Abcam) and incubated with proper fluo-
rescently labeled rabbit secondary antibodies. Afterwards, 
the sections were coverslipped using a mounting medium 
(sc-24941; Santa Cruz), which contained 4′,6-diamidino-
2-phenylindole (DAPI) as the nuclear stain. They were then 
visualized on an Olympus microscope at ×10 magnification, 
and sections including the SNc (AP, − 4.8 to − 5.2 relative 
to the bregma) were selected. Then five sections in each 
animal were selected from totally 50 sections which were 
divided into five series rostrocaudally. There were at least 
5-section intervals between two selected sections. TH-pos-
itive cells were visualized and counted manually at ×100 
magnification.

Blood Sampling and UA Measurement

The blood specimens were collected at three intervals: 
before the surgery and toxin injection, 3 weeks after the 

surgery, and 6 weeks after the surgery (Fig. 1). The first 
and second specimens were collected from the caudal vein, 
while the third sample was collected from the heart of ani-
mals under deep anesthesia. Blood was allowed to coagulate, 
and then, the serum was separated. To determine the urate 
level in the midbrain section, the brain was removed follow-
ing deep anesthesia, and the midbrain portion was isolated. 
Then, it was sonicated in PBS (pH 7.4) and centrifuged, and 
the supernatant was collected. The sera and supernatants 
were stored at − 80 °C to urate measurements.

The Alpha Classic Autoanalyzer was used to determine 
the urate level. The urate level in the specimens was meas-
ured using uricase and a tribromophenol-aminoantipyrine 
chromogen. In this method, urate reacts with water and oxy-
gen in the presence of uricase enzyme to produce allantoin 
and hydrogen peroxide. Enzymatic analysis of differential 
absorbance in these substances at 293 nm allows for the 
colorimetric assay of urate level.

Dopamine Measurement

Dopamine concentrations in the striatum were measured 
in 14 rats from each group, using the Dopamine Research 
ELISA™ Kit (BA E-5300; Nordhorn, Germany), accord-
ing to the manufacturer’s instructions. Briefly, striatal tis-
sues were homogenized in hydrogen chloride (0.01 N; 1 mL 
for 50 mg of tissue) with 1 mM EDTA and 4 mM sodium 
metabisulfite. Under these conditions, dopamine is charged 
positively, and its solubility reaches the optimized level. 
Afterwards, the homogenate was centrifuged at 15,000×g 
for 15 min (4 °C), and the supernatant was collected for the 
measurements. The measurements were performed in 20 µL 
of standard and diluted samples, using a microplate reader at 
450 nm (reference wavelength 620–650 nm). The concentra-
tion of dopamine in the samples was calculated according to 
6 standards from 0 to 90 ng. The ELISA kit provides a very 
sensitive approach (lower limit 0.7 ng/mL) for the measure-
ment of dopamine.

Measurement of Oxidative Stress Markers

Three markers, including superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), and malondialdehyde (MDA), 
were measured in the midbrain homogenates (n = 14 per 
group), using specific research ELISA™ kits (EASTBI-
OPHARM, Hangzhou), according to the manufacturer’s 
instructions. The midbrain portion was isolated and soni-
cated in PBS (pH 7.4). After centrifugation, the supernatant 
was collected. The test wells were first filled with 40 µL of 
the sample, followed by both specific antibody and streptavi-
din-horseradish peroxidase. Subsequently, the sealing mem-
brane was sealed, gently shaken, and incubated for 60 min at 
37 °C. The absorbance was read at 450 nm for all markers.
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Statistical Analysis

Data are expressed as mean ± standard error of mean (SE) 
in spite of the probable skewed distribution of scores. 
Data were initially analyzed by Kolmogorov–Smirnov 
test to determine their normal distribution. Then, analysis 
of variance (single-factor ANOVA), followed by New-
man–Keuls test, was performed. Paired t test was also 
used for comparison of the number of rotations on two 
postsurgical rotational tests. The significance level was 
set at p ≤ 0.05.

Results

Apomorphine‑Induced Rotational Test and Serum 
Urate Level

Before the stereotaxic injection of 6-OHDA, the mean ± SE 
of urate level was 3.54 ± 0.2 (range 1.2–9.8 mg/dL), the age 
of animals was 3–4 months, and their weight was 240–280 g 
(n = 112); these data are related to 7 different experimental 
groups of rats, which were intact and did not receive any 
treatments. However, we evaluated the urate level in three 
groups, including the control, vehicle, and toxin-treated 
(6-OHDA) rats (20 rats per group). Figure 2 quantifies the 

Fig. 2   Serum urate level signifi-
cantly decreased in the toxin-
treated rats. Upper plot: after the 
surgery, only 6-OHDA-treated 
rats showed significant rotations 
(n = 20 per group). Middle 
plots: urate level in 6-OHDA-
treated group (PD) decreased 
remarkably in samples collected 
3 and 6 weeks after the toxin 
injection (n = 20 per group). 
Left lower plot: urate level in 
right midbrain of toxin-treated 
rats was significantly higher 
than that in left midbrain and 
midbrains of both sides of con-
trol and vehicle groups (n = 8 
per group). RM right midbrain, 
LM left midbrain. Data are 
expressed as means ± S.E. of 
animals in each group (n = 20). 
*p < 0.05, **p < 0.01 and 
***p < 0.001 in compared to 
first test after the toxin in rota-
tional activity(paired t test), in 
compared to serum urate level 
before the toxin injection (one 
way ANOVA) and in com-
pared to midbrain urate level in 
control and vehicle groups(one 
way ANOVA). #p < 0.05 and 
###p < 0.001 in compared to 
values in control and vehicle 
groups in the same sampling. 
One-way ANOVA followed 
by Newman–Keuls test. Right 
lower plot displays Pearson’s 
correlation coefficient between 
serum urate level and severity 
of rotational behavior. *p < 0.05 
and **p < 0.01. See text for 
more information
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rotational activity, as well as the serum and midbrain urate 
levels.

Before toxin injection, no significant difference was 
observed in the rotational activity and serum urate level 
between the groups. After toxin injection, noticeable rota-
tions were only observed in toxin-treated rats. The number 
of rotations increased as a function of time and was remark-
ably higher in the second postsurgical test, compared to the 
first postsurgical test (upper plot in Fig. 2). The biochemi-
cal data showed that serum urate level did not change in 
the control and vehicle groups during the experiments. On 
the other hand, in the toxin-treated group, the level of urate 
significantly decreased (3.6 ± 0.4 mg/dL before toxin injec-
tion, 2.7 ± 0.2 mg/dL at 3 weeks after toxin injection, and 
1.84 ± 0.2 mg/dL at 6 weeks after toxin injection) (middle 
plot in Fig. 2). The statistical analysis showed a significant 
negative correlation between urate level and intensity of 
rotations after toxin injection (Pearson’s correlation coef-
ficient − 0.541 and p < 0.05 for the third week after toxin 
injection; Pearson’s correlation coefficient − 0.741 and 
p < 0.01 for the sixth week after toxin injection). A sig-
nificant positive correlation was found between urate level 
before toxin injection and intensity of rotations in the sixth 
week (correlation coefficient 0.481; p < 0.05) (right lower 
plot in Fig. 2).

The lower plot in Fig. 2 illustrates the urate level in the 
midbrain portion of the brain. In both hemispheres of the 
control and vehicle groups, as well as the left midbrain 
of toxin-treated rats (8 rats per group), the urate level was 
roughly close to the serum level of the control group. How-
ever, in the right midbrain of toxin-treated rats, the urate 
level was remarkably higher than that of the control group.

The intensity of rotational behaviors was not similar 
in toxin-treated rats. To further evaluate the association 
between Parkinsonism and serum urate level, we divided 
toxin-treated rats into three groups: severe group (n = 8) 
with more than 300 rotations per hour in one of the post-
surgical tests; moderate group (n = 6) with 60–300 rota-
tions; and mild group (n = 6) with less than 30 rotations. 
Figure 3 quantifies the rotational activity and urate level in 
these groups. As can be seen in the upper plot, the intensity 
of rotational activities increased remarkably in the second 
postsurgical test in the severe and moderate groups, but not 
the mild group.

Before toxin injection, the serum urate level in the 
mild group was significantly lower than that of the severe 
group. After toxin injection, all groups showed a signifi-
cant reduction in the urate level; however, the rate of this 
decline in the severe group was much higher than that of 
the mild group (lower diagram in Fig. 3). Also, statistical 
analysis showed a significant negative correlation between 
urate level after toxin injection and intensity of rotations 
in the severe group (correlation coefficient − 0.691 and 

p < 0.01 for the third week after toxin injection; correla-
tion coefficient − 0.785 and p < 0.01 for the sixth week 
after toxin injection). In this group, there was a positive 
correlation between urate level before toxin injection and 
intensity of rotations in the sixth week (correlation coef-
ficient 0.561; p < 0.01) (right lower plot in Fig. 3).

Evaluation of TH‑Positive Neurons in the SNc 
and Assessment of Striatal Dopamine Level

To evaluate the association between urate level and 
6-OHDA-induced DA cell death, we traced TH-positive 
neurons in the SNc, using immunohistofluorescence 
staining. We also measured the striatal dopamine level to 
evaluate the association with toxin-induced loss of DA 
terminals in the striatum. The photomicrographs in Fig. 4 
present TH-positive neurons, and the upper plot represents 
the counts. Expectedly, in the severe group (n = 2), mas-
sive DA cell loss was observed in the right injured SNc 
(B); in fact, the number of TH-positive neurons in the right 
SNc was > 70% lower than that of the left SNc (upper 
plot in Fig. 4). Nevertheless, no significant difference was 
observed in the number of TH-positive neurons between 
the severe and moderate (n = 2) groups. On the other hand, 
in the mild group (n = 2), although a major lesion was 
identified in the SNc, the number of TH-positive neurons 
was remarkably higher than that of the severe and moder-
ate groups. The statistical analysis revealed that the num-
ber of TH-positive neurons was positively correlated with 
urate level (correlation coefficient 0.588; p < 0.05 in the 
sixth week) (lower plot in Fig. 4).

The striatal dopamine level could mostly discriminate 
toxin-treated rats (Middle plot in Fig. 4). Relative to the 
intact side, 70, 55, and 30% reductions were observed in the 
dopamine level of the injured striatum in the severe (n = 6), 
moderate (n = 4), and mild (n = 4) groups, respectively. A 
significant positive correlation was found between dopamine 
and urate levels in the sixth week (correlation coefficient 
0.686; p < 0.01) (lower plot in Fig. 4).

Evaluation of Oxidative Stress in the Midbrain

Three conventional markers of oxidative stress, including 
SOD, GPx, and MDA, were measured in the midbrain of 
rats. Plots in Fig. 5 quantify the activity and level of these 
markers. In all toxin-treated rats (n = 10), substantial oxida-
tive stress was found in the midbrain of the injured hemi-
sphere. However, no significant difference was observed 
between the severe (n = 6) and moderate (n = 4) groups. On 
the other hand, the level of oxidative stress in the mild group 
(n = 4) was significantly lower than that of the severe group.
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Discussion

According to several prospective and cohort studies, a higher 
plasma urate level associates with the reduced risk of PD and 
can predict the slower progression of this disease [14–22]. 
Urate is an important natural antioxidant, iron chelator, and 
free radical scavenger in the blood and brain tissues [10, 
11]. Moreover, urate has been shown to reduce the rate of 
DA autoxidation in homogenates of the caudate and SNc of 
patients with PD [12].

In the present study, to further investigate the associa-
tion between PD and urate level, serum urate changes were 
evaluated in an experimental rat model of PD, developed 
by unilateral intracranial injection of 6-OHDA. Overall, 

6-OHDA causes DA neuronal death in the SNc through 
major oxidative stress [23, 24, 27]. Oxidative stress is 
also the most common mechanism, which has been sug-
gested for DA cell death in the SNc among patients with 
PD [3, 5, 6]. Therefore, a common pathophysiological 
mechanism underlies DA cell death in PD among humans 
and 6-OHDA-induced Parkinsonism in rats. Our findings 
showed that the serum urate level decreased in 6-OHDA-
treated rats. The level of reduction was directly correlated 
with the severity of behavioral symptoms. First, increased 
severity of rotational behaviors as a function of time was 
associated with further reduction in urate level. Second, 
the level of reduction in rats with more rotations (severe 
group) was significantly higher than that of rats with fewer 
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Fig. 3   Toxin-treated rats showed different degree of rotational 
behavior and urate profile. Left upper plot: based on the number 
of rotations, toxin-treated rats were divided into three groups of 
severe (more than 300 rotations/h, n  =  8), moderate (between 60 
and 300 rotations/h, n = 6) and mild (mild, less than 30 rotations/h, 
n = 6). Right upper plot and left lower plot: before the toxin injec-
tion  =  serum urate level in severe and moderate groups was sig-
nificantly further than that in mild group. After the toxin injection, 
urate level in severe and moderate groups decreased remarkably in 
the both postsurgical sampling. Such decrease in mild group was 
only observed 6 weeks after toxin injection. Data are expressed as 

means ± S.E. of animals in each group (n  =  8, 6 and 6 for severe, 
moderate and mild groups, respectively). *p < 0.05, **p < 0.01 and 
***p < 0.001 in compared to first test after the toxin injection in rota-
tional test (paired t test) and in compared to urate level before the 
toxin injection (paired t test). #p < 0.05, ##p < 0.01 and ###p < 0.001 
in compared to values in severe and mild group in rotational test 
and severe and moderate groups in urate level in the same sampling. 
One-way ANOVA followed by Newman–Keuls test. Right lower plot 
displays Pearson’s correlation coefficient between serum urate level 
and severity of rotational behavior in severe group. *p < 0.05 and 
**p < 0.01. See text for more information
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rotations (mild group). These findings are in agreement 
with human studies, showing that UA level is inversely 
correlated with disease severity and duration in patients 
with PD. In fact, patients at the stages of third and upper 
have significantly less plasma UA levels relative to patients 
at the first two stages [21, 22].

Rotational activity is the behavioral outcome of unilateral 
DA degeneration in the SNc and striatal DA depletion [5, 
23, 24, 28]. Our histological and biochemical findings con-
firmed this result, and an inverse relationship was observed 
between the intensity of rotational activities, survival of DA 
neurons in the SNc, and striatal DA level. Therefore, further 
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Fig. 4   Toxin-treated rats showed different degree of both DA cell loss 
in SNc and decrease in striatal dopamine level. Photomicrographs 
present tyrosine hydroxylase (TH)-positive neurons in SNc (AP: − 5 
relative to bregma) of veh (a), severe (b), moderate (c) and mild (d) 
groups. Note to massive DA cell loss in severe and moderate groups. 
Scale bar 100  µm. Upper plot quantifies number of remaining TH-
positive neurons in injured hemisphere. The number of TH-positive 
neurons was counted and then calculated as a ratio of the injured side 
to intact side of SNc (n = 6 for control and veh groups and n = 2 for 
other groups). Middle plot quantifies striatal dopamine level. Level of 

dopamine in the both hemisphere was measured using immunosorb-
ent assay kit and then calculated as a ratio of the injured side to intact 
side. Data are expressed as means ± S.E. of animals in each group 
(n  =  14 for control and veh groups and n  =  6, 4 and 4 for severe, 
moderate and mild groups, respectively). **p < 0.01 and ***p < 0.001 
in compared to veh group. #p < 0.05 and ##p < 0.01 in compared to 
severe group. One-way ANOVA followed by Newman–Keuls test. 
Lower plot displays Pearson’s correlation coefficient between serum 
urate level and number of TH-positive neurons and striatal dopamine 
level. *p < 0.05 and **p < 0.01. See text for more information
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reduction in the serum urate level was associated with the 
greater severity of DA neuronal loss and further reduction 
in the striatal DA level.

We also measured three markers of oxidative stress, 
including SOD, MDA, and GPx. Our findings showed that 
the intensity of oxidative stress in rats with severe Par-
kinsonism was significantly higher than that of the mild 
group. Based on the findings, severity of oxidative stress 
was directly correlated with the severity of DA neuronal 
loss, reduction in striatal DA level, and severity of rotational 
behaviors. This finding confirms a large body of evidence, 
indicating oxidative stress as the main pathophysiological 
mechanism of 6-OHDA-induced Parkinsonism [3–6, 23, 

24, 27, 28]. Therefore, in 6-OHDA-treated rats, an increase 
in oxidative stress was accompanied by a decline in serum 
urate level; in fact, urate was used as an antioxidant against 
6-OHDA-induced oxidative stress. Similarly, Andreadou 
et al. [22] suggested the possibility of increased consump-
tion of UA as a scavenger of oxidants in PD. Our findings are 
also in agreement with studies, which revealed the protective 
effects of urate on DA neurons against 6-OHDA neurotox-
icity [29–31]. The Akt/GSK3β and Nrf2 signaling path-
ways underlie the neuroprotection produced by UA against 
6-OHDA [29, 31].

In contrast to serum UA, the level of UA increased in 
the right midbrain of 6-OHDA-treated rats. This finding is 
in agreement with a study by De Luca et al. [32], which 
reported that striatal urate level increases in the injured hem-
isphere of 6-OHDA-treated rats. On the other hand, human 
studies have shown that urate level in the midbrain of patients 
with PD is lower than that of age-matched controls [12, 20, 
33]. The observed disagreement may be due to different 
modes of DA degeneration in humans and 6-OHDA-treated 
rats. DA degeneration in humans is chronic and progres-
sive, while 6-OHDA stimulates fast and severe degeneration 
after injection into the MFB. Similarly, De Luca et al. [32] 
showed that partial DA degeneration, induced by 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), only triggered 
a trend towards a significant increase in the striatal urate 
level of mice. Another difference between humans and rats 
can further explain this disagreement. In humans, a tenfold 
gradient from the blood to cerebrospinal fluid has been sug-
gested for urate [18]. On the other hand, our data showed 
that UA concentration in the midbrain and serum of rats 
is roughly equal. This finding is in agreement with a study 
by Gong et al. [31], which reported a major correlation in 
the UA levels of blood and brain in male Sprague–Daw-
ley rats. Furthermore, UA level in the brain is associated 
with the integrity of the blood–brain barrier (BBB), and its 
impairment increases the urate level in the cerebrospinal 
fluid [34]. Several studies have shown that intracranial injec-
tion of 6-OHDA causes major damage to BBB [35, 36]. The 
higher level of urate in the rat midbrain may be due to the 
in situ production of urate as a compensative mechanism 
[34]. Our data showed that 6-OHDA increases the cerebral 
urate level, which could be a compensatory mechanism to 
attenuate 6-OHDA-induced oxidative stress and DA neuro-
degeneration in the SNc.

However, urate was not highly effective against 6-OHDA-
induced neurotoxicity, as further reduction in serum urate 
level was associated with more severe DA cell loss and 
Parkinsonism. Also, before the surgery and 6-OHDA 
injection, rats with severe Parkinsonism had higher serum 
urate levels, compared to those with mild Parkinsonism. 
This finding indicates that rats with higher urate levels are 
more susceptible to the development of 6-OHDA-induced 
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Parkinsonism. This finding is in contrast with epidemiologi-
cal studies, which suggested high urate level as a predictor 
of a lower risk of PD [13–22]. There is a marked differ-
ence in urate metabolism between humans and rodents. In 
human body fluids, urate is present in an anionic form of 
UA (2,6,8-trioxy-purine) and accounts for most of the anti-
oxidant capacity of the plasma [10, 11]. On the other hand, 
in rodents, urate is further metabolized to allantoin by urate 
oxidase [37]. Therefore, the serum urate concentration in the 
blood of rats might not be adequate to ameliorate 6-OHDA-
induced Parkinsonism. In fact, before toxin injection, urate 
concentration in our control specimens (3.54 ± 0.2 mg/dL) 
and even rats with severe Parkinsonism (4.46 ± 0.7 mg/dL) 
was lower than that of humans (about 6 mg/dL in men) [38]. 
Similarly, Gong et al. [31] increased the plasma urate level in 
rats after i.p. injection of urate at doses higher than 200 mg/
kg for 10 days (twice daily). This treatment ameliorated the 
behavioral deficits, DA neuronal loss, and dopamine deple-
tion in the nigrostriatal system of 6-OHDA-treated rats. 
They induced Parkinsonism in rats through injection of 
6-OHDA into the striatum [31], which causes moderate and 
progressive Parkinsonism [39]. Also, the neurodegeneration 
produced by 6-OHDA injection into MFB may be so fast and 
severe that it counteracts the antioxidant potential of urate.

Remarkable DA degeneration and significant decline 
in the level of striatal dopamine were also observed in 
6-OHDA-treated rats with a mild number of rotations. Rota-
tional test is a well-established and common approach for the 
assessment of the intensity of Parkinsonism in 6-OHDA rat 
models [40, 41]. However, evaluation of histological, behav-
ioral, and neurochemical outcomes of 6-OHDA neurotoxic-
ity showed that it can only distinguish partial lesions from 
near-complete lesions (> 90%) of DA neurons in the SNc 
and cannot discriminate a lesion size of 50–80% [39]. There-
fore, in the mild group, DA degeneration was so slight that 
it could not produce significant behavioral deficits. On the 
other hand, serum urate level in this group of rats decreased. 
In human being, clinical symptoms of PD are recognized 
when more than 60–70% of DA neurons are lost in the SNc 
[7, 8]. Therefore, the mild group of rats was similar to indi-
viduals in early stages of PD with remarkable DA cell death, 
but without any clinical symptoms. Therefore, serum urate 
changes can predict mild and subclinical DA degeneration 
and can predict development of PD.

In conclusion, our findings showed that in 6-OHDA-
induced Parkinsonism, there is a significant correlation 
between the level of reduction in serum urate level and 
intensity of behavioral deficits, degree of DA neuronal cell 
death in the SNc, level of reduction in the striatal dopamine 
level, and severity of oxidative stress in the midbrain. In 
contrast, the midbrain urate level increased in the injured 
hemisphere. These findings support previous human studies, 
describing an important role for urate in the development 

and progression of PD. However, since further reduction in 
serum urate level is correlated with more severe behavioral 
deficits and DA neuronal death, it is difficult to consider a 
marked neuroprotective role for urate, at least at concentra-
tions obtained in this study. However, higher concentrations 
of urate may produce significant neuroprotective effects. Our 
findings introduced serum urate level as a biomarker for PD, 
since a significant decline was observed in the urate level of 
6-OHDA-treated rats, which had major DA cell death in the 
SNc, but did not show marked behavioral symptoms.
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