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ABSTRACT

Objectives: One of the main pathological features of Parkinson’s disease (PD) is the loss of dopaminergic neurons in the nigrostriatal pathway. Pre-
clinical research has shown that tauroursodeoxycholic acid (TUDCA) monotherapy can alleviate the neuropathological complications of PD. The 
present study aimed to compare the therapeutic benefits of combination TUDCA and syndopa therapy with those of TUDCA and syndopa monotherapy 
in a mouse model of PD induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).

Methods: Male C57BL/6 mice received MPTP (30 mg/kg body weight/day, intraperitoneal, 5 days) to induce PD, followed by TUDCA (150 mg/kg 
body weight/day, intraperitoneal), syndopa (12 mg/kg body weight/day, oral), or both for 21 days. The midbrain reactive oxygen species (ROS), 
malondialdehyde (MDA), peroxynitrite, nitric oxide (NO), and urea contents, as well as the total antioxidant capacity (TAC), were measured. Midbrain 
and liver histopathology and histomorphometry assessed neuronal and hepatic damage.

Results: MPTP increased the ROS (2.41-fold, p<0.01), MDA (2.07-fold, p<0.01), peroxynitrite (1.62-fold, p<0.01), NO (2.23-fold, p<0.01), and urea 
(1.88-fold, p<0.01) contents and reduced the TAC (1.92-fold, p<0.01) compared with the control. Combination therapy reduced the ROS content by 
2.33 fold, the MDA content by 2.12 fold, the urea levels by 1.83 fold, peroxynitrite levels by 1.59 fold, NO by 2.65 fold, and neuronal loss by 3.68 fold (all 
p<0.05 vs. the MPTP group), outperforming both TUDCA (1.66 fold reduction in the ROS content, p>0.05, NS) and syndopa (1.38 fold reduction in the 
ROS content, p>0.05, NS) monotherapy. The same trend followed for other parameters, such as urea, TAC, MDA, NO and peroxynitrite. Moreover, the 
histopathology and histomorphometric results confirmed that TUDCA monotherapy and combination therapy markedly attenuated MPTP-induced 
neuronal and liver damage, with the combination therapy showing superior efficacy.

Conclusions: TUDCA + syndopa offers synergistic neuroprotection and represents a novel therapeutic strategy for PD.

Keywords: Parkinson’s disease, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, Tauroursodeoxycholic acid, Syndopa, Oxidative biomarkers, 
Histomorphometry, C57BL/6 mice.

INTRODUCTION

Parkinson’s disease (PD) is a common degenerative disorder of the central 
nervous system that is characterized by the progressive impairment 
of voluntary motor control [1]. This condition involves the death of 
dopaminergic neurons, which leads to a decrease in dopamine [2,3] and thus 
disruption of neuronal communication and impaired motor functions [3]. 
The incidence and prevalence of PD are increasing markedly. Globally, the 
prevalence of PD cases was 11.77 million in 2021, and projections indicate 
the number of people living with PD will rise from 112% to 25.2 million 
worldwide by 2050 [4]. PD is now considered to be the second most 
prevalent neurological disorder [5,6].

Diagnosing PD is challenging because the symptoms manifest in 
different forms in different individuals and mimic other neurological 
disorders. The clinical symptoms of PD are divided into motor and 
non-motor [7]. The most common motor symptoms are tremors, 
dyskinesia, rigidity, and postural instability. The non-motor symptoms 
include depression, anxiety, sensory abnormalities, sleep difficulties, 
gastrointestinal problems, amnesia, and dementia [8]. Aggregation of 
α-synuclein in the form of Lewy bodies and neurites in various regions 
of the brain are the pathological hallmarks of PD [9]. The present 

standard therapy for PD involves the administration of dopamine pre-
cursors, such as levodopa and carbidopa, which relieve the symptoms 
but cannot cure the disease [10-12].

Oxidative stress, resulting from an imbalance between antioxidants 
and free radicals, is a major factor in the pathophysiology of PD 
and is particularly detrimental to dopaminergic neurons [11-14]. 
The CNS is particularly susceptible to oxidative damage due to its 
high oxygen demand: It consumes about 20% of the body’s oxygen 
supply [11]. Moreover, it is vulnerable to lipid peroxidation due to its 
high content of polyunsaturated fatty acids and its relatively low levels 
of antioxidants [15-17]. Depletion of reduced glutathione (GSH) and the 
presence of malondialdehyde (MDA) are key indicators of increased lipid 
peroxidation and oxidative damage in dopaminergic neurons [18,19]. 
GSH can act alone or in coordination with other enzymes to scavenge 
hydroxyl radicals, superoxide radicals, and peroxynitrite [20,21].

Animal models have been crucial to better understand the biology of PD 
and to investigate novel therapies [22]. A widely used model involves the 
injection of mice with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), which mimics the motor and non-motor symptoms of PD seen in 
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humans [23,24]. MPTP is a highly lipophilic substance that easily crosses 
the blood–brain barrier (BBB). In astrocytes, monoamine oxidase B 
(MAO-B) transforms MPTP into MPDP+, which then spontaneously 
oxidizes to produce MPP+ [25,26]. MPP+ is taken up by dopamine 
transporters and accumulates in the mitochondria of dopaminergic 
neurons, where it disrupts respiratory chain complex I, thereby leading 
to oxidative stress and cell death [27,28]. This disruption leads to 
oxidative stress, including a reduction in adenosine triphosphate (ATP) 
synthesis and eventual neuronal death [25,29]. The neurotoxic effects 
of MPTP are dose-dependent, region-specific, and time-dependent [30], 
and can be protected against by an MAO-B inhibitor [31].

Tauroursodeoxycholic acid (TUDCA) is an endogenous bile acid that 
has been investigated for its therapeutic potential in neurodegenerative 
diseases, such as PD [32,33]. It has been shown to be neuroprotective 
as it prevented MPTP-induced dopaminergic cell death in a mouse 
model of PD [34-36,75]. According to Rosa et al. [38], TUDCA attenuated 
the MPTP-mediated decrease in dopaminergic fibers and ATP levels, 
mitochondrial dysfunction, and neuroinflammation. There was also 
a considerable reduction in foot dragging and gait improvement. In 
another study that used the MPTP mouse model, TUDCA inhibited the 
pro-inflammatory cytokine interleukin 1 beta as well as microglial 
markers and upregulated the anti-inflammatory protein annexin A1 [36]. 
TUDCA can alleviate a multitude of symptoms in various animal models 
of neurodegeneration by acting as a chemical chaperone [33,35,36]. 
It has also demonstrated protective effects against mitochondrial 
dysfunction and neuroinflammation caused by MPTP and has been 
shown to improve motor symptoms in a mouse model of PD [37].

All the published evidence stating that TUDCA exerts therapeutic 
effects in PD models through several mechanisms, and the 
mechanisms involved in the few, like how the free radicals, reactive 
oxygen species (ROS), antioxidants, urea, and histopathological 
changes were affected, were not significantly discussed. TUDCA has 
shown promise as a neuroprotective agent by ameliorating motor 
deficits and improving gait quality in such models, thereby addressing 
critical aspects of disease progression. Furthermore, TUDCA may 
protect healthy neurons and glial cells, preserving a greater number 
of dopaminergic neurons and thus potentially delaying disease 
progression and symptom onset alone. Moreover, researchers have 
studied TUDCA monotherapy alone, but it will be more beneficial 
if it can be used in combination therapy with the present drug of 
choices available to yield better results in the therapeutic progression 
and well-being, TUDCA, with other therapeutics, may exert more 
beneficial effects. In our study, we have used TUDCA in combination 
with Syndopa (which is the most effective drug of choice available 
in the PD treatment, but there are well-established consequences 
were reported with long-term use of syndopa alone which including 
aggravation of neurodegeneration). Hence, the combination therapies 
may be helpful in PD to overcome the limitations of individual drugs, 
to effectively reduce symptoms, and to circumvent the side effects by 
targeting multiple complications at once.

METHODS

o‐Phenylenediamine, a butanol-pyridine mixture, sodium dodecyl 
sulfate (SDS), and thiobarbituric acid (TBA) were procured from 
Thermo Fischer Scientific (Chennai, India). The Urea Assay Kit was 
purchased from Abcam ab83362 (Boston, MA, USA).

Animals
Male C57BL/6 mice, 2–3  months old and weighing 30–40  g, were 
purchased from Mass Biotech (Chengalpattu, India). They were housed 
under a 12-h photoperiod with relative humidity of 30–70% and had 
access to sufficient food and water during the entire experiment. This 
research was approved by Saveetha Medical College’s Institutional 
Animal Ethics Committee (IAEC Approval Number SU/CLAR/
RD/34/2023), which adheres to the CCSEA guidelines and principles 
for the conduct of animal experimentation.

Treatment groups
The mice were randomly divided into five groups of six mice (see the 
details below). The random number table method was employed for 
randomization. A  specific non-sequential number was assigned to 
each mouse. Then, the numbers were picked randomly from a table 
to allocate each mouse to one of the experimental groups (described 
below). For blinding and to avoid sample bias, the group allocation was 
masked by randomly coding the samples with numbers. The tested 
doses of TUDCA (150 mg/kg body weight) [39] and syndopa (12 mg/kg 
body weight) [40] were selected based on previous studies. The five 
treatment groups were:
•	 Group 1: Control group, received saline (0.2 mL/mouse delivered 

intraperitoneally)
•	 Group 2: Administered MPTP (30 mg/kg body weight/day delivered 

intraperitoneally) dissolved in saline for 5 consecutive days
•	 Group 3: Administered MPTP as described for group 2, followed by 

TUDCA (150 mg/kg body weight/day delivered intraperitoneally) 
dissolved in phosphate-buffered saline (PBS) for 21 days

•	 Group 4: Administered MPTP as described for group 2, followed by 
syndopa (12 mg/kg body weight/day delivered orally) dissolved in 
water for 21 days

•	 Group 5: Administered MPTP as described for group 2, followed by 
TUDCA (150 mg/kg body weight/day delivered intraperitoneally) 
and syndopa (12  mg/kg body weight/day delivered orally) for 
21 days after MPTP administration as described for group 2. The 
time interval between the administration of TUDCA and syndopa 
was 2 h.

Each mouse was housed for 7  days before treatment (for 
acclimatization), followed by 26 days of treatment, for a total of 33 days. 
The investigators were blinded to the group assignments during sample 
analysis to minimize bias.

Cardiac perfusion, isolation of target organs, and preparation of 
midbrain homogenate
The animals were fasted overnight (for approximately 12 h) on the final 
day of the experiment. Then, they were anaesthetized with isoflurane 
inhalation and subjected to transcardial perfusion using normal saline 
(0.9% NaCl). The liver was carefully removed and immediately placed 
in 10% neutral buffered formalin. The skull of each mouse was opened, 
and the midbrain was carefully isolated on ice and then washed with 
ice-cold (PBS, pH  7.4). A  portion of the midbrain was fixed in 10% 
neutral buffered formalin to examine histopathology, and the rest was 
preserved to examine biochemical markers.

The choice of homogenization method depends on the type of tissue and 
the purpose [41]. In this study, A 10% (w/v) homogenate was prepared 
by homogenizing one gram of midbrain tissue in 10 mL of ice-cold PBS 
(pH 7.0). The homogenate was centrifuged at 1000 rpm for 20 min at 
4°C to produce the post-nuclear fraction. For the enzyme assays, the 
fraction was centrifuged again at 12,000 rpm for 60 min at 4°C.

ROS assay
Antioxidants such as GSH can combat oxidative stress mediated by 
ROS. Apoptosis or necrosis can result when oxidative stress damages 
biomolecules such as proteins, DNA, and membrane lipids. Apoptosis is 
the primary cause of neuronal death in PD, underscoring the link between 
ROS generation and neurodegenerative diseases [42,43]. 

The ROS content was examined based on staining dihydroethidium 
(DHE), which is oxidized by ROS (especially superoxide radicals) to 
produce a red fluorescent product. In brief, midbrain tissue sections 
were stained with 2 μm DHE in the presence or absence of Tiron (10 mM, 
a non-enzymatic superoxide radical scavenger). At least five random 
fields from each section were examined with a fluorescence microscope 
(BX53, Olympus, Tokyo, Japan) with excitation at 485 nm and emission 
at 535  nm. At least three fields per replicate were photographed and 
analyzed with the Zen 3.1 Blue Edition software. The corrected total cell 
fluorescence (CTCF) was calculated, using the Image J software, based on 
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the formula: CTCF = Integrated density − (Area of selected field × Mean 
background fluorescence). The results are expressed as arbitrary units.

The total antioxidant capacity (TAC) assay
Given that oxidative stress is elevated in the PD brain [44,45], the TAC 
was determined to assess oxidative stress in the midbrain. It is based on 
the ability to prevent the formation of TBA reactive substances (TBARS) 
from sodium benzoate in the presence of free oxygen radicals from the 
Fenton reaction. Following the addition of the midbrain homogenate, 
a yellowish-brown color is produced; the antioxidants in the sample 
scavenge the oxidants in the process, providing a reliable estimate of TAC.

Estimation of MDA
Lipid peroxidation and DNA damage are increased in the substantia 
nigra of the brain in patients with PD [46]. The extent of lipid 
peroxidation is measured based on the TBARS assay, which measures 
MDA. For this assay, 1.5 mL of 20% acetic acid, 0.2 mL of 6% SDS, and 
1.5 mL of TBA were added to 0.5 mL tissue homogenate. The volume 
was adjusted to 4.0 mL with distilled water, and then the sample was 
heated at 95°C for 60 min using a glass ball condenser. After cooling, 
4.0  mL of a butanol-pyridine mixture was added to the reaction, and 
the tube was shaken. After centrifugation for 10  min at 4,000  rpm, 
the absorbance of the organic layer was measured at 532 nm using a 
spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). Standards and 
blanks were run in parallel.

Estimation of peroxynitrite
Peroxynitrite may substantially induce lipid peroxidation and can 
directly damage DNA and proteins. According to Uttara et al. [47], lipid 
peroxidation has a role in the degeneration of neurons in both acute 
and chronic PD. Peroxynitrite in the midbrain was measured based on 
peroxynitrite-mediated oxidation of o-phenylenediamine, a colorless 
material, to produce a colored reaction [48]. With a limit of detection of 
1.7 × 10-7 mol/L (3σ), the increase in absorbance is linearly proportional 
to the peroxynitrite concentration for the range of 4.4 × 10-7 to 8.0 × 
10-6 mol/L. In brief, 0.1 mL of tissue homogenate and 1.9 mL of 5 mM 
phenol in 5 M sodium phosphate buffer (pH 7.4) were added to a glass 
test tube. The solution was mixed and incubated for 2 h. Then, 15 µL of 
0.1 M NaOH was added and the absorbance was measured at 412 nm.

Estimation of nitric oxide (NO)
Nitrosative stress can result from the overproduction of reactive 
nitrogen species (RNS), especially Nox, resulting in neuronal damage 
and death, apoptosis, and even neurodegeneration [49]. The sum of 
the nitrite and nitrate concentrations is frequently used to calculate 
the total NO concentration. The analyzed materials showed a color 
response with Griess’s reagent (Sigma-Aldrich, Stainheim, Germany) 
when nitrate was reduced to nitrite in the presence of cadmium and 
then transformed to nitric acid. A  spectrophotometer (UV-1800, 
Shimadzu) was used to measure the absorbance at 540 nm to assess 
the nitrite levels.

Estimation of urea
A significant metabolic abnormality in individuals with 
neurodegenerative diseases is elevated urea in the brain [50]. Thus, 
the urea content in the midbrain was estimated. To eliminate insoluble 
materials, tissue (20  mg) was homogenized in 100 μL of urea assay 
buffer and centrifuged at 15000  g for 10  min. Each well of a 96-well 
plate received 50 µL of the reaction mix containing urea assay buffer 
(42 µL), OxiRed probe (2 µL), enzyme mix (2 µL), developer (2 µL), and 
converter enzyme (2 µL), as well as 10 µL of the test sample or the urea 
standard. Fifty microliters of the sample control mixture were added 
to the sample control well. After thoroughly mixing, the reaction was 
incubated at 37°C for 60 min in the dark. The absorbance at 570 nm 
was with a microplate reader (DT-ER-007, Bio-Rad, Hercules, CA, USA).

Midbrain and liver histology
Midbrain and liver samples were fixed in 10% formalin, dehydrated, 
and embedded in paraffin wax. Sections (5–6 µm for the midbrain and 

5–7 µm for the liver) were cut and stained with haematoxylin and eosin 
(H&E). The sections were viewed under a light microscope (LabomedCxl 
Binocular, Labo America, Fremont, CA, USA) at ×40 magnification, and 
photographs were taken.

Midbrain histomorphometry
The diameter and numerical density of neurons were calculated. 
Neuronal density (NV) was calculated using the formula NV = [NA/
(A×(D+T))], where NA is the average number of cells, A is the area of 
the reticule, T is the section thickness, and D is the mean diameter of the 
cells. Three slides per animal/group were evaluated.

Liver histomorphometry
Ten hepatocytes were measured per image of the central vein or 
portal triad, totaling 100 hepatocytes per slide. The number of normal, 
necrotic, and bi-nucleated hepatocytes was determined.

Statistical analysis
The data showed a normal distribution (based on the Shapiro–Wilk test) 
and are expressed as the mean and standard error (SE). The data were 
analyzed by one-way analysis of variance (ANOVA). When the ANOVA 
result was significant, the t-test with Bonferroni’s correction was 
used for multiple comparisons. A  p≤0.05 was considered statistically 
significant. SigmaPlot 14.5 version (Systat Software Inc., San Jose, USA) 
was used for statistical analysis and to generate graphs.

RESULTS

Biochemical parameters in the midbrain
The mean±SE values of ROS parameter for control, MPTP, TUDCA, 
syndopa, and TUDCA + syndopa groups were 2.067±0.433, 4.983±0.63, 
3.0±0.147, 3.6±0.227, and 2.133±0.120, respectively. The concomitant 
values of urea content were 93.9±3.3, 176.1±17.7, 105.6±3.5, 121.4±6.4, 
and 95.9±2.1. The TAC values were observed to be 643.7±8.5, 334.7±54.9, 
562.5±26.9, 485.3±11.9, and 605.3±4.7. The measured peroxynitrite 
levels were 4.11±0.064, 6.67±0.692, 4.32±0.107, 4.725±0.123, and 
4.187±0.105. The values of MDA results were 0.897±0.024, 1.86±0.136, 
1.093±0.024, 1.308±0.093, and 0.877±0.030. Finally, the values of NO 
content were 0.383±0.018, 0.855±0.098, 0.512±0.036, 0.645±0.037, 
and 0.323±0.030, respectively.

As shown in Fig.  1, the ROS, MDA, peroxynitrite, NO, and urea levels 
were significantly increased in the midbrain of the MPTP group 
compared with the control group (p<0.05). By contrast, the TAC was 
significantly decreased in the MPTP group compared with the control 
group (p<0.05). Treatment with TUDCA alone, syndopa alone, or TUDCA 
and syndopa together considerably ameliorated the changes caused 
by MPTP (p<0.05). Overall, the combination of TUDCA and syndopa 
therapy produced the best result, followed by TUDCA monotherapy and 
syndopa monotherapy.

Midbrain and liver histology
In the midbrain of the control group (Fig. 2a), there were neurons with 
normal nuclei and prominent nucleoli (black arrow) along with a few 
pigmented neurons (blue arrow). In the MPTP group (Fig. 2b, b1, and 
b2), there was an increase in pigmented neurons, the perivascular space 
(yellow arrow), cytoplasmic inflammation (black arrow), glial cells, 
structural damage, and pyknotic nuclei (brown arrow). In the TUDCA 
group (Fig.  2c, c1, and c2), there was less neurodegeneration and 
more normal nucleoli (orange arrowhead) compared with the MPTP 
group, vacuolation of neutrophils (green arrow), oligodendrocytes 
(blue arrowhead), and fewer apoptotic neurons in the substantia 
nigra (circle). In the syndopa group (Fig.  2d, d1, and d2), there were 
pigmented neurons (orange arrow), few glial cells (black arrow), and 
evidence of nuclear vacuolization (red broad arrow). Finally, in the 
midbrain of the combination TUDCA and syndopa group (Fig. 2e and 
e1), the neurons were the optimal size and had well-defined nuclei 
(black arrow) and pigmented neurons and microglia (triangle head), 
which indicates no cell damage, and an increased number of neurons. 
Taken together, TUDCA monotherapy and combination TUDCA and 
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Fig. 1: (a) The effect of TUDCA and syndopa on the midbrain ROS levels in MPTP-induced PD in mice. The MPTP group differed significantly from 
the combination TUDCA and syndopa group (p<0.05). (b) The effect of TUDCA and syndopa on the midbrain urea levels in MPTP-induced PD in 
mice. The MPTP group differed significantly compared with the TUDCA and combination TUDCA and syndopa groups (p<0.05). (c) The effect of 
TUDCA and syndopa on the midbrain TAC in MPTP-induced PD in mice. The MPTP group differed significantly compared with the TUDCA and 

combination TUDCA and syndopa groups (p<0.05). (d) The effect of TUDCA and syndopa on the midbrain peroxynitrite level in MPTP-induced 
PD in mice. The MPTP group differed significantly compared with the TUDCA and combination TUDCA and syndopa groups (p<0.05). (e) The 

effect of TUDCA and syndopa on the midbrain MDA level in MPTP-induced PD in mice. The MPTP group differed significantly compared with the 
TUDCA, syndopa, and combination TUDCA and syndopa groups (p<0.05). (f) The effect of TUDCA and syndopa on the midbrain nitric oxide level 

in MPTP-induced PD in mice. The MPTP group differed significantly compared with the TUDCA and combination TUDCA and syndopa groups 
(p<0.05). The graphs show the mean ± standard error of the mean (n = 5–6). The data were analyzed with one-way analysis of variance followed 
by t-tests with the Bonferroni correction for multiple comparisons. The F and p-values from the analysis of variance are indicated on each graph. 

Bars with the same lowercase letter do not differ significantly. MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PD: Parkinson’s disease, 
syndopa: Levodopa and carbidopa, TAC: Total antioxidant capacity, TUDCAL: Tauroursodeoxycholic acid

a

c

e f

d

b
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syndopa therapy drastically reduced the MPTP-induced neuronal 
abnormalities and neuronal death.

In the liver of the control group (Fig. 3a and a1), hepatocytes appeared 
normal (blue arrowhead) with well-preserved cytoplasm, prominent 
nuclei, and normal architecture (black arrow). In the MPTP group 
(Fig.  3b, b1, b2, and b3), there was severe thinning of hepatic cords 
due to hepatocellular atrophy (blue arrow), severe structural damage 
characterized by necrosis (black arrow mark) around the central 
vein, inflammatory cell infiltration (yellow arrow), and slight diffuse 
cytoplasmic hepatocellular vacuolation (long arrow). In the TUDCA 
group (Fig. 3c and c1), there was hepatocyte regeneration, along with 
cytoplasmic hepatocellular vacuolation (arrowheads) and occasional 
focal widening of the perivenous centrilobular spaces. In the syndopa 
group (Fig. 3d, d1, and d2), there was some necrosis (small arrow), less 
pronounced loss of centrilobular hepatocytes, and less inflammation 
adjacent to the central veins (arrowheads). Finally, in the combination 
TUDCA and syndopa group (Fig. 3e, e1, and e2), the hepatocytes were 
normal with no inflammation (arrowhead) and occasional cytoplasmic 
focal widening of the perivenous centrilobular spaces (red arrow mark). 
These results demonstrate that MPTP causes liver damage in mice; this 
damage can be ameliorated by TUDCA monotherapy and combination 
TUDCA and syndopa therapy. However, syndopa monotherapy exerted 
less protection against liver damage.

Histomorphometric analysis of the midbrain and liver
Fig.  5 shows the histomorphometric analysis of the liver. The MPTP 
group again showed notable changes compared with the control group: 
A reduction in normal hepatocytes (3.7±0.8 vs. 22.0±2.0, p<0.001), an 
increase in necrotic hepatocytes (18.7±2.6 vs. 0.7±0.6, p<0.001), and a 
small reduction in binucleated hepatocytes (1.5±0.5 vs. 2.3±0.6, p>0.05, 

NS). Normal hepatocytes were restored to the control level with TUDCA 
monotherapy (17.9±1.9, p<0.001 compared with the MPTP group) and 
TUDCA + syndopa combination therapy (17.7±3.0, p <0.001 compared 
with the MPTP group). Syndopa monotherapy had a less pronounced 
effect (11.3±1.5, p <0.001 compared with the MPTP group).

The necrotic hepatocytes were considerably reduced with TUDCA 
monotherapy (5.8±1.7, p<0.001 compared with the MPTP group) and 
TUDCA + syndopa combination therapy (2.3±0.6, p<0.001 compared 
with the MPTP group). However, syndopa monotherapy also manifested 
a reasonable effect (11.0±1.4, p <0.001 compared with the MPTP 
group).

Compared with the control group, the binucleated hepatocytes 
were found to be higher with TUDCA monotherapy (3.8±1.0, p<0.01 
compared with the MPTP group) and TUDCA + syndopa combination 
therapy (5.0±1.0, p<0.001 compared with the MPTP group). The effect 
of syndopa monotherapy was not significant (3.0±0.8, p>0.05 compared 
with MPTP), and the number of binucleated hepatocytes were little 
higher than the control group.

Based on these results, the syndopa monotherapy is the least efficacious, 
TUDCA monotherapy shows intermediate efficacy, and TUDCA + 
syndopa combination therapy has the highest efficacy in ameliorated 
MPTP-induced histomorphometric changes.

DISCUSSION

The major neuropathological sequelae that drive the progression of 
PD are oxidative stress and neuroinflammation in the brain. These 
phenomena lead to the degeneration and death of dopaminergic 

Fig. 2: (a-e1) Micrographs of midbrain sections stained with haematoxylin and eosin (×40 magnification). The scale bar is 50 µm

a b b1

b2 c c1

c2 d d1

d2 e e1
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neurons [51,52]. ROS is considered a by-product of MPTP toxicity, and 
its production is markedly elevated in the brains of patients with PD. 
Antioxidant therapy is essential for those who are at high risk of PD 
when they have elevated oxidative stress in their brains [44]. Based on 
findings from animal models of PD and humans with PD, there is notable 
lipid peroxidation in the midbrain, denoted by elevated MDA and a 
decrease in the TAC [53-56]. Moreover, the substantia nigra shows lipid 
peroxidation and DNA damage [44]. Peroxynitrite may substantially 
induce lipid membrane peroxidation and can directly damage DNA and 
proteins. This injury has a role in neuronal degeneration in both acute 
and chronic degenerative PD [46]. Accumulating evidence indicates 
that defective antioxidant signaling, including GSH and its associated 
molecules, is involved in the progression of PD [57]. In general, MPP+ 
triggers astrocyte apoptosis, thereby elevating the ROS content and 
the ratio of oxidized GSH (GSSG) to GSH [58]. Moreover, GSH depletion 
in the substantia nigra of patients with PD correlates negatively with 
motor activity and functions [59].

Based on recent accumulating evidence [60,61], including from our 
group [14,62], urea accumulation in the brain is one of the detrimental 
events in PD progression, although the cause for urea accumulation 
in PD is still not clear. Indeed, a significant metabolic abnormality in 
individuals with neurodegenerative diseases is elevated urea in the 
brain [50], which can result in the overproduction of RNS, especially 
NOx, leading to nitrosative stress, neuronal damage, and eventual 
neuronal death through apoptosis [49]. Consistently, there are elevated 
ROS and RNS levels in the midbrain and substantia nigra of PD models 
[63]. RNS-mediated events in PD affect axo-dendritic functions, leading 
to a reduction in dendritic spines, mitochondrial dysfunction, such as 
impaired respiration in dopaminergic neurons, and defective dopamine 
homeostasis [63]. These abnormalities result from the breakdown 
of dopamine by mitochondrial MAO, which produces the metabolite 
3,4-dihydroxyphenylacetic acid (DOPAC). DOPAC interacts with NO to 
disrupt mitochondrial respiration [64] and to decrease the GSH content 
[65]. Moreover, NO and peroxynitrite serum levels in PD also correlate 

Fig. 3: (a-e2) Micrographs of liver sections stained with haematoxylin and eosin (×40 magnification). The scale bar is 25 µm
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with the oxidative stress and the severity of PD [66]. Peroxynitrite 
inactivates tyrosine hydroxylase through sulfhydryl oxidation [67]. 
In addition, nitration of tyrosine residues induced by peroxynitrite 
triggers oxidative stress in patients with PD [68].

TUDCA is a natural compound that easily crosses the BBB and has no 
known adverse effects [38,69,70]. It has antioxidant, anti-inflammatory, 

and anti-apoptotic activities that together account for its neuroprotective 
properties in different models of neurodegenerative diseases, including 
PD [32-38,71-73,75-77]. It likely exerts these functions by binding 
efficiently to the plasma membrane and stabilizing mitochondria 
[76]. TUDCA has been shown to exert anti-apoptotic activity and to 
ameliorate MPP+-induced mitochondrial dysfunction and to promote 
mitochondrial turnover. It prevents MPTP-mediated ROS formation in 
the midbrain and striatal areas [32,75]. However, in the cortical regions 
of MPTP-treated mice, short-or long-term TUDCA treatment could not 
inhibit ROS based on DCF-DA measurements [38]. Our results from the 
midbrain differ from the findings reported by Moreira et al. [75], who 
also examined the effects of TUDCA in the MPTP-induced mouse model 
of PD. Importantly, the combination of TUDCA and syndopa therapy 
had a better protective effect than TUDCA or syndopa monotherapy 
based on its ability to reduce the ROS, MDA, NO, peroxynitrite, and 
urea contents in the midbrain. The benefits of TUDCA would likely also 
extend to other neurogenerative diseases.

TUDCA renders neuroprotection against MPTP-induced neurotoxicity 
in the mouse brain cortex through the upregulation of antioxidant 
enzymes (glutathione peroxidase 1 and haem oxygenase 1), Parkin, 
AMP-activated protein kinase, and the anti-inflammatory protein 
ANXA1. It also reduces the MPTP-mediated loss of ATP and inhibits the 
inflammatory markers connected with microgliosis and astrogliosis 
to stimulate neuroprotection [37]. The neuroprotective mechanism 
of TUDCA in the MPTP-induced PD model involves inhibition of 
motor impairment, dopaminergic fibre loss, ATP loss, mitochondrial 
damage, brain inflammation, and chaperone activity [32,37,38,74]. 

count, and density). The data are presented as the mean ± 
standard error (n = 5-6). The data were analysed with one-way 

analysis of variance followed by t-tests with the Bonferroni 
correction for multiple comparisons (p < 0.01 was considered 

significant). For each panel, the F and p values from the analysis 
of variance are indicated, and bars with the same lowercase 
letter do no differ significantly. MPTP = 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine; PD = Parkinson’s disease; syndopa 
= levodopa and carbidopa; TUDCA = tauroursodeoxycholic acid. 
It shows the histomorphometric analysis of the midbrain. The 

MPTP group showed significant changes compared with the 
control groups: a drastic decrease in the neuronal count (0.602 

± 0.118 × 103 cells/mm2 vs. 2.577 ± 0.0666 × 10³ cells/mm2, p < 
0.001), the neuronal cell diameter (2.438 ± 0.166 μm vs. 14.267 

± 0.569 μm, p < 0.001), and neuronal density (20.243 ± 1.720 
cells × 103 cells/mL vs. 53.933 ± 2.775 × 10³ cells/mL, p < 0.01), 

reflecting MPTP-induced neurotoxicity. Compared with the MPTP 
group, TUDCA monotherapy significantly increased the neuronal 
count to 2.140 ± 0.0816 × 103 cells/mm2, the neuronal diameter 
to 9.725 ± 0.261 μm and the neuronal density to 36.367 ± 4.289 

× 103 cells/mL (p < 0.01). TUDCA + syndopa also significantly 
increased the neuronal count (2.220 ± 0.101 × 103 cells/mm2), 
the neuronal diameter (10.567 ± 0.862 μm), and the neuronal 

density (43.933 ± 1.909 × 103 cells/mL) compared with the 
MPTP group (p < 0.001). Syndopa monotherapy led to a moderate 

improvement in the neuronal count (1.532 ± 0.0946 × 103 
cells/mm2), the neuronal diameter (5.480 ± 0.474 μm), and the 
neuronal density (27.850 ± 3.740 × 103 cells/mL) (p < 0.001). 

 Fig. 4: The effects of TUDCA and syndopa on MPTP-induced 
PD changes in brain histomorphometry (neuronal diameter, 

Fig. 5: The effects of TUDCA and syndopa on MPTP-induced PD 
on liver histomorphometry (the number of normal, binucleated, 

and necrotic cells). The data are presented as the mean±standard 
error of the mean (n=5–6). The data were analyzed with one-

way analysis of variance followed by t-tests with the Bonferroni 
correction for multiple comparisons (p<0.01 was considered 

significant). For each panel, the F and p-values from the analysis 
of variance are indicated, and bars with the same lowercase 

letter do no differ significantly. MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, PD: Parkinson’s disease, syndopa: Levodopa 

and carbidopa, TUDCA: Tauroursodeoxycholic acid
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TUDCA attenuates ROS levels and alters mitochondrial biogenesis 
and neurogenesis by activating the nuclear factor erythroid 2-related 
factor 2 signaling [75,77]. In mice with spinal cord injury, TUDCA 
administration led to a striking reduction of inflammation, apoptosis, 
and oxidative stress to improve axon regeneration and remyelination 
in the affected spinal cord region [73]. We found that TUDCA markedly 
inhibited ROS and RNS, which implicates its significant role in the redox 
balance and antioxidant signaling mechanisms.

Histopathological techniques, such as H&E staining of brain sections, 
have clarified the anatomical and structural abnormalities of PD [14], 
including one of the pathological hallmarks of PD: Accumulation of 
Lewy bodies, which contain alpha-synuclein. Of note, the administration 
of acute or sub-chronic doses of MPTP to mice does not lead to the 
formation of Lewy bodies [24]. Nevertheless, we used H&E staining to 
examine the anatomical structure of the midbrain and liver, specially 
to determine whether the tested drugs could reverse MPTP-induced 
toxicity. Based on hepatocellular morphometry, we found that TUDCA 
and syndopa ameliorated the toxic effects of MPTP. TUDCA was able to 
protect hepatocytes from MPTP-induced toxicity when administered 
alone or combined with syndopa. Researchers have stated that 
variations in the hepatic disposition of MPTP may influence the extent 
of neurotoxicity [78]. Mitochondrial dysfunction has been implicated 
in hepatotoxicity induced by another neurotoxin, alpha-amanitin [79]; 
it involves mitochondrial ROS production, loss of the mitochondrial 
membrane potential, and hepatocyte apoptosis. TUDCA-mediated 
hepatoprotective effects have been reported for different hepatic 
diseases and toxic agents [80,81]. A  recent study involving a CCl4-
induced model of hepatotoxicity suggests that TUDCA protects the liver 
and enhances liver regeneration by reducing fibrosis through GATA3 
activation [82]. In addition, LPS-induced liver injury, inflammation, and 
apoptosis were ameliorated by TUDCA in mice by altering hepatic tumor 
necrosis factor-α, interleukin-1β, caspase-1, and caspase-11 mRNA 
expression, hepatic caspase-3 and CAD protein expression levels and 
serum aspartate transaminase and alanine transaminase levels [83]. 
Although TUDCA protects against MPTP-mediated hepatotoxicity, the 
mechanisms require further investigation. Drugs that efficiently cross 
the BBB can be useful for PD treatment [84].

To conclude, our findings underscore that oxidative stress is a primary 
pathogenic factor in PD, leading to the degeneration of dopaminergic 
neurons. The observed increase in MDA and decrease in the TAC in 
the MPTP group align with the literature, which has confirmed lipid 
peroxidation and oxidative damage in animal models of PD. The 
elevated ROS, peroxynitrite, and NO in the midbrain also correlate 
with previous research [51-53]. Our study demonstrated that both 
TUDCA monotherapy and the combination of TUDCA and syndopa 
therapy effectively ameliorated the MPTP-induced biochemical and 
histopathological changes. While syndopa offers only symptomatic 
relief, our findings indicate that combining it with TUDCA could 
represent a comprehensive approach to rescue the underlying oxidative 
stress, free radical complications, and neuronal cell death associated 
with PD. While TUDCA monotherapy also considerably ameliorated 
the oxidative stress to protect midbrain neurons, the synergistic 
effects of the combination therapy were more beneficial. Our results 
suggest that combining TUDCA with syndopa provides a more robust 
neuroprotective effect than either drug alone.

Limitations and future directions
Although this study has provided valuable insights into the combined 
effects of TUDCA and syndopa, it has also some limitations. The MPTP 
model does not mimic all the symptoms manifested in patients with 
PD. Our sample size is small; a larger number of samples is required 
to draw more robust conclusions. We did not assess striatal dopamine 
levels and complex I activity. However, we have explored tyrosine 
hydroxylase immunoreactivity in our recent publication [85]. Thus, 
our study has limited mechanistic depth, and future studies should 
examine these parameters to provide a more detailed mechanistic 
understanding of the neuroprotective effects. We did not include PD-

specific functional or behavioral assays, such as the rotarod or pole 
test. Based on an earlier publication [38], behavioral parameters, 
such as the rotarod and pole tests are not able to confirm whether a 
drug leads to a functional improvement of motor deficits in the MPTP 
mouse model. Indeed, the authors reported that MPTP did not affect 
rotarod or balance beam test performance, suggesting that the balance 
of these animals was preserved after MPTP administration. However, 
the authors did show that TUDCA had positive effects on swimming 
latency, gait quality, and foot dragging in MPTP-treated mice. Finally, we 
did not examine the mechanism by which TUDCA counteracts MPTP-
mediated hepatotoxicity. Future studies are needed to explore the 
precise mechanisms.

CONCLUSION

 The findings of the current study results suggest the therapeutic 
potential of TUDCA monotherapy and TUDCA-Syndopa combined 
therapy in ameliorating the toxicity of MPTP through various 
biochemical parameters, histopathological and histomorphometric 
studies. However, the current findings could pave way for an elaborate 
preclinical investigations and molecular pathways to facilitate TUDCA-
Syndopa treatment in translational research.
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