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A b s t r a c t

Introduction: Derangements in monoaminergic transmission in the substan-
tia nigra with disturbed signaling in the hypothalamic-pituitary-adrenal axis 
are the major characteristics of Parkinson’s disease (PD). It has been report-
ed that the administration of hydrogen sulfide (H2S) is in practice to treat 
PD because of its redundant nature in regulating various neuronal signals. 
Hence, the current investigation was performed to evaluate the hypothesis 
that H2S might exert protective action via the inhibition of epigenetic his-
tone acetylation. 
Material and methods: To test this notion, 6-hydroxydopamine (6-OHDA) 
was used to induce PD and sodium hydrogen sulfide (SHS) was used as 
a H2S donor and tubastatin A  (TSA) was tested in an in vivo rat model to 
delineate the signaling mechanism. 
Results: Induction of PD in rats demonstrated elevated oxidative stress 
with an evidenced decrease in antioxidant enzymes, while elevated pro-in-
flammatory cytokines and inflammatory mediators were observed in the 
striatum of PD rats compared to controls. On the other hand, elevated  
(p < 0.01) levels of dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), 
mRNA transcript of HDAC-2, -3, -4, -6 and total histone deacetylase (HDAC) 
were found with reduced levels of histone acetyltransferase (HAT) in the 
brain tissues of PD induced rats. 
Conclusions: Diversely, H2S exposure reversed these alterations with re-
duced HDAC activity. Further, PD rats treated with HDAC inhibitor showed 
a dramatic upsurge in the level of tyrosine hydroxylase, with a decreased 
level of glial fibrillary acidic protein, α-synuclein, tumor necrosis factor α, 
and other cytokines. Thus the results of the study suggest that H2S exerts 
protection via inhibition of HDAC. 

Key words: Parkinson’s disease, hydrogen sulfide, histone deacetylase, 
histone acetyltransferase, cytokines.
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Introduction

The age-linked neurodegenerative Parkinson’s 
disease (PD) is the main reason for disability of 
ageing worldwide. It imposes a burden on the so-
cio-economic welfare of the society. PD is consid-
ered to involve advanced degeneration of dopami-
nergic neurons (DN) in the substantia nigra of the 
midbrain  and depletion of the neurotransmitter 
dopamine (DA) in the striatum [1, 2]. The symp-
toms are debilitating and include slow movement, 
rigidity, resting tremor, bradykinesia and postural 
inability [3]. Lewy bodies that are the cytoplas-
mic aggregate of α-synuclein protein along with 
the loss of DN are the distinctive features of the 
disease. The primary cause of nigral dopaminergic 
cell death in PD is oxidative injury and a neurotox-
in that causes oxidative stress by binding to the 
dopamine transporter and delivers its toxicity to 
DN by generating reactive oxygen species (ROS) 
such as superoxide radicals [4–6] and kills them. 

Treatment of PD involves usage of the drug 
levodopa, which removes the DA deficiency. But 
prolonged treatment with levodopa has long term 
side effects that include dyskinesia and it does not 
arrest the neurodegeneration. Recently, hydrogen 
sulfide, which is a  toxic and flammable gas, has 
been used to treat PD. H2S that is produced by 
the enzymatic actions of cystathionine b-synthase 
and cystathionine c-lyase on L-cysteine would act 
to regulate cell proliferation, apoptosis, regulation 
of insulin release, calcium homeostasis and con-
trol of oxidative stress [7–13]. The administration 
of H2S in combating oxidative stress and to give 
neuroprotection has already been reported for 
neurodegenerative diseases such as Alzheimer’s 
and vascular dementia [14–16]. Intracytoplasmic 
protein inclusions known as Lewy bodies are pri-
marily composed of synaptic protein called α-sy-
nuclein that accumulates in the substantia nigra 
pars compacta (SNpc) of DN due to degeneration 
of dopaminergic nigrostriatal pathways [17, 18] 
and are primarily responsible for the motor-related 
symptoms in PD. Furthermore, activated microg-
lia activates the brain’s innate immune response, 
which results in the secretion of pro-inflammatory 
cytokines, such as tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6) and interleukin-1β [19].

The pathogenicity of PD has been associated 
with the epigenetics where histone modifications 
and DNA methylations could hold the key. Histone 
deacetylase (HDAC) enzymes mediate the deacetyl-
ation of N-terminal lysine residues of core histones. 
It affects the chromatin structure and condenses 
it, thereby preventing access to transcribe certain 
genes that are important in regulating the neu-
rological and inflammatory pathologies. Histone 
acetyl transferases (HAT) attempt to reverse the 
activities of HDAC. The activities of HDAC and HAT 

are important in maintaining the cell homeostasis 
in which the gene transcription is in dynamic equi-
librium between the two [20, 21] and any imbal-
ance seen in these cases seems to be the hallmark 
of onset of the disease. Various researchers have 
demonstrated such premonitions in the develop-
ment of neurodegeneration in Alzheimer’s disease, 
lateral sclerosis [22] and in experimental models 
of PD [23]. HDAC are natural targets and inhibiting 
their activity has been reported to rescue the cells 
which are leading to cell death in the associated 
pathways in PD, giving valuable leads in the treat-
ment of this disease. 

With this observation on the possible notes 
of HDAC, the present study was performed using 
6-hydroxydopamine (6-OHDA), a neurotoxin that 
is used widely [24–26] to induce PD in animal 
models and the impact of HDAC inhibitor TSA on 
reversing the pathological effects of 6-hydroxydo-
pamine (6-OHDA) in the destruction of nigrostria-
tal dopaminergic neurons was investigated.

Material and methods

Chemicals and kits

6-OHDA hydrobromide, tubastatin A, and sodium 
hydrogen sulfide were obtained from Sigma Aldrich. 
RNA isolation kits, cDNA synthesis, and SYBR Green/
ROX master mix were from Qiagen. Primer sequenc-
es for PCR were obtained from Eurofins MWG (Oper-
on). Protein carbonyl, lipid peroxidation, superoxide 
dismutase (SOD), catalase (CAT), and glutathione 
(GSH) assays kits were obtained from Cayman 
Chemicals, USA. The HDAC activity assay kit was ob-
tained from Biomol, PA, USA. The HAT activity assay 
kit was acquired from Active Motif, Carlsbad, CA, 
USA. The Fluoro-Jade C assay kit was obtained from 
Millipore Sigma, Burlington, MA, USA. GFAP mono-
clonal antibody and the corresponding anti-mouse 
secondary antibody were obtained from Santa Cruz 
Biotechnology, USA. ELISA kits for IL-1β (ER1094), 
IL-2 (ER0039), IL-17 (ER0035), IL-8 (ER1623), IL-6 
(ER0042), TH (ER0534), GFAP (ER0229), α-synuclein 
(ER0921), and TNF-α (ER1393) were obtained from 
Fine Biotech, China. All other chemical reagents 
used were analytical grade.

PD rat model

The experimental method was accepted by the 
Institutional Animal Care and Use Committee, De-
partment of Rehabilitation Medicine, The Second 
Affiliated Hospital of Xi’an Medical University,  
Xi ‘an, Shaanxi, China. All animal works were car-
ried out strictly in accordance with institutional 
committee regulations. For the study, Wistar male 
rats weighing 160–200 g were used in the study. 
The animals were anesthetized with ketamine and 
xylazine (100 : 25 mg/kg, i.p.) and placed in a ste-
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reotaxic apparatus. Using the Hamilton syringe 
0.46 mm diameter blunt needlepoint at a  rate of 
0.5 µl per min, 6-OHDA (10 µg of 6-OHDA hydrobro-
mide dissolved in 5 µl germ-free saline comprising 
0.02% L-ascorbic acid) was injected into the left 
striatum (coordinates from bregma: AP, +1.0 mm; 
ML, +3.0 mm; DV, –4.5 mm). Concurrently, sham-op-
erated rats were injected with 5 µl of saline con-
taining 0.02% L-ascorbic acid into the left striatum 
and used as controls. After the induction, the rats 
were maintained separately in cages and exposed 
to a 12 : 12 h light-dark cycle with unrestricted ac-
cess to tap water and food for 5 weeks. The induc-
tion of PD was confirmed by apomorphine-induced 
rotations as described earlier [27]. 

Experimental group

Wistar rats were separated into four exper-
imental groups as follows: Set 1: Control (Saline 
treated); Set 2: PD induced; Set 3: PD + NaHS; Set 
4: PD + tubastatin A (TSA). The doses and the ad-
ministration protocol of NaHS [28] and TSA [29] 
were selected based on the results from prior pub-
lications. After the experimental period, the ani-
mals were killed; brain tissues were removed and 
saved at –80°C until analysis. A portion was fixed 
in 10% phosphate-buffered formalin, processed 
and embedded in paraffin blocks. Further 5  µm 
thick sections made from blocks were used for he-
matoxylin and eosin (H&E) staining or unstained 
for immunofluorescence analysis. Additionally, to 
reveal the neurons undergoing degeneration, the 
fluorescein derivative stain Fluoro-Jade was used. 
Briefly, the paraffin sections were rehydrated and 
incubated in 0.06% potassium permanganate 
(KMnO

4) solution for 15 min, washed in distilled 
water, and transferred to a  Fluoro-Jade solution 
for 30 min and washed and observed with a fluo-
rescence microscope.

Apomorphine-induced rotations test

The imbalance in the nigrostriatal dopaminer-
gic pathways or nigrostriatal bundle (NSB), be-
tween the right (lesioned) and left (unlesioned) 
brain hemispheres on apomorphine administra-
tion causes the changes in rotational behavior. 
The intraperitoneal injection of apomorphine 
(1 mg/kg) induced contralateral rotation (opposite 
to the lesioned right side) was monitored for 1 h 
and the number of rotations was recorded and 
compared between groups.  

Biochemical, cytokine, HDAC and HAT 
analysis

At the end of drug treatments, the brain tis-
sues were harvested, homogenized in radioim-
munoprecipitation assay buffer (RIPA buffer) and 

centrifuged (10000×g) for 20 min at 4°C for the 
extraction of protein. For the biochemical analy-
sis, commercial kits from Cayman chemicals were 
used. For analysis of lipid peroxidation, protein car-
bonyl content, the antioxidant enzymes SOD, CAT, 
glutathione peroxidase (GPx) and reduced GSH, the 
assays were performed as per the manufacturer’s 
protocol. The amount of nitric oxide in the brain tis-
sue was quantified using Griess reagent. In order 
to determine the levels of cytokines in the striatum 
of control and experimental animals, brain tissue of 
rats was prepared and the cytokines were analyzed 
as per the manufacturer’s guidelines. Further, us-
ing the commercial assay kits to analyze HDAC and 
HAT activity, the nuclear protein was extracted from 
the brain tissues and incubated with correspond-
ing HDAC and HAT activity assay buffers with the 
substrate and the reaction was developed and the 
total activity was quantified using a fluorimeter as 
per the manufacturer’s instructions. 

Analysis of dopamine and its metabolite

The DA and DOPAC (3, 4-dihydroxyphenylacetic 
acid) content in the striatal area was determined 
by high performance liquid chromatography 
(HPLC). The brain tissue homogenates were pre-
pared in 10% HClO4 and centrifuged (10000×g) 
for 15 min at 4°C and the supernatant was used 
as the sample to inject (20 ml) into the HPLC col-
umn. The Shimadzu L-ECD-6A electrochemical de-
tector coupled Shim-Pak CLC- ODS column (25 cm 
length) with the flow volume of 0.6 ml/min was 
used. The mobile phase (pH 3.0) was composed of 
150 mM monohydrated citric acid, 67 mM sodium 
octyl sulfate, 2% tetrahydrofuran, and 4% aceto-
nitrile in deionized water. The retention time of 
the analytes was determined using the standard 
monoamines and test samples were quantified by 
comparison with standards and the results are ex-
pressed as ng/g wet tissue. 

Confocal immunofluorescence staining

The immunofluorescence staining was carried 
out according to the methods as earlier reported 
with slight modification [30]. The paraffin sections 
were hydrated using xylene and series of ethanol 
and distilled water. The brain sections were perme-
abilized with Triton X-100/PBS (0.3%) for 10 min  
and blocked with BSA (10%) in PBS for another 
30 min. After that, the sections were incubated 
with mouse monoclonal GFAP antibody (1 : 500, 
Sigma) for 2 h at 23ºC and followed with appropri-
ate goat anti-mouse secondary antibody incuba-
tion for 1 h. After 1 h of incubation, the cells were 
washed three times with PBS and counterstained 
using DAPI and visualized under a Zeiss LSM 700 
confocal microscope (magnification 20×). 
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Reverse transcription-PCR

Total RNA was extracted from the brain tissue 
using TRIzol reagent. The brain tissue was homog-
enized in TRIzol and then maintained at 23ºC for  
5 min. To this chloroform was added and tubes 
were mixed forcefully and were centrifuged 
(12000×g) for 15 min at 4°C. The colorless upper 
aqueous stage was moved to a  new tube con-
taining isopropanol and incubated for 10 min at 
25°C followed by centrifugation (12000×g) for  
10 min at 4°C. The obtained RNA was washed 
with 70% ethanol and the concentrations were 
determined using a NanoDrop Spectrophotometer 
2000C (Thermo Fisher Scientific, USA). An equal 
amount of RNA was transcribed to cDNA using the 
iScript cDNA synthesis kit. The real-time RT-PCR 
was done for specific genes using SYBR green/
ROX master mix and amplified using the Bio-Rad 
real-time PCR system and data were analyzed by 
comparing with control house keeping genes. The 
forward (F) and reverse (R) primers used for the 
specific genes are given in Table I. The PCR reac-
tion was carried out with the following conditions: 
95°C for 10 min; 32 cycles at 95°C, 10 s and 60°C, 
1 min; followed by 1 cycle at 95°C, 1 min, 55°C, 
30 s and 95°C, 30s for the detachment curve. The 
fold increase in the gene transcript was calculated 
from the Ct values and the gene expression was 
determined by the comparative Ct method (ΔΔCt) 
with expression values of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) as an endogenous 
control.

Statistical analysis

Statistical significance was evaluated with 
a one-way analysis of variance (ANOVA) followed 
by a post hoc (Bonferroni) test for multiple group 
comparison. For comparison of two groups, Stu-

dent’s t-test was used. Differences with a p-value 
less than 0.05 were considered statistically signif-
icant.

Results 

To evaluate the role of the epigenetic mediat-
ed mechanism in the protective effect exerted by 
hydrogen sulfide, in the present study, rats were 
selected and unilateral lesions were made with 
6-hydroxydopamine (6-OHDA) to induce PD. In the 
current investigation, the experimentally made le-
sions in the brain tissues showed obvious damage 
in the brain tissues histology. The photomicro-
graphs of another group of rats exposed to sodi-
um hydrosulfide (NaHS) and trichostatin A  (TSA) 
demonstrated a reduction in the damage that may 
be a reversal of neurons’ development (Figure 1 A).  
Further, the results on the time course of the 
apomorphine-induced rotation study elicited  
(p < 0.001) a marked contralateral rotation toward 
the intact hemisphere from week 4 to 7 after injec-
tion of 6-OHDA into the left striatum compared to 
the control, in which no rotation was observed even 
after 60 min. On the other hand, apomorphine-in-
duced rotational behavior was significantly  
(p < 0.01) reduced in the NaHS and TSA admin-
istered group compared to the 6-OHDA-lesioned 
group (Figure 1 B). 

Further, to evaluate the cellular oxidant-antiox-
idant levels, the levels of lipid peroxidation (LPO), 
protein carbonyl (PCO), and nitric oxide (NO) were 
analyzed in the brain tissues of PD-induced rats 
and the results demonstrated increasing levels of 
LPO including PCO with elevated nitric oxide lev-
els; while SOD, CAT and GSH were shown to have 
depleted levels. Conversely, PD rats administered 
with NaHS and TSA showed restored (p < 0.05) 
anti-oxidant levels with reduced oxidant levels 
(Figure 2). 

Table I. Oligonucleotides used in this study

Gene Primer Sequence Annealing Accession number

HDAC2 F CATGCGCCTGGTGTTCAAAT 59 NM_053447.1

R TCAGCGACATTCCTACGACC

HDAC3 F ACACCCGATGAAACCCCATC 59 NM_053448.1

R TCAGAATGGAAGCGGCACAT

HDAC4 F TGGAAGAGCTGCAGACAGTG 57 NM_053449.1

R TCAGCGAGCTGTCCAGTTTC

HDAC6 F CCATGCCATCAAAGAGCAGC 56 KY009929.1

R TAGGTGCCTGCAAGAACTCG

GAPDH F AGTGCCAGCCTCGTCTCATA 58 NM_017008.4

R GGTAACCAGGCGTCCGATAC
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Figure 1. A – Histopathological analysis in the brain tissue of control and experimental groups of rats. Figure inset- 
a, c & d. Normal brain architecture of control (group 1), NAHS treated PD rats (group 3) and TSA treated PD rats 
(group 4). Brain tissue architecture of PD induced rats was quite well-differentiated from the surrounding tissue 
with richly cellular, nuclear changes and increased anaplasia was found (group 2); B – The apomorphine-induced 
contralateral rotations of control and experimental groups of rats

Values are expressed as mean ± SE (n = 6). Statistical significance expressed as ***p < 0.001 compared to saline-treated controls, 
$$p < 0.01 NAHS compared to PD rats; ##p < 0.01 TSA compared to PD rats.
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Figure 2. A–F – Represents the levels of LPO, PCO, NO, SOD, catalase, and glutathione in control and experimental 
group of rats. The units for LPO are represented as nmoles of MDA released/g of protein; PCO as nmol/mg protein. 
The enzyme activity unit for SOD and catalase is expressed as units/mg protein; GSH as µg/mg protein

Values are expressed as mean ± SE (n = 6). Statistical significance expressed as *p < 0.05, **p < 0.01 compared to saline-treated 
controls, $p < 0.05 NAHS compared to PD rats; #p < 0.05 TSA compared to PD rats.
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Moreover, Figure 3 shows the Fluoro-Jade stain-
ing which demonstrated the neuron pattern. In 
the present study, in the 6-OHDA-lesioned group, 
an increased number of Fluoro-Jade stained de-
generating neurons in the striatum that appears 
in bright green fluorescence compared to the con-
trol. The observed fluorescence was diminished in 
the NaHS and TSA treated group, which indicates 
that less neuronal degeneration was found in 
PD-developed animals. The histogram represents 
the relative fluorescence observed between 
groups measured in 3 to 5 fields and quantified 
by the Image J software. The presynaptic neuronal 
protein α-synuclein, a  Lewy body indicator pro-
tein, was found to be attenuated (p < 0.01) in the 
NaHS and TSA group, which was increased 3-fold 

in the PD group, showing that the H2S or HDAC 
inhibition exerts protection (Figure 3).

Further, the protective effect of NaHS and TSA 
on the levels of neurochemical was evaluated in 
PD induced rats, as depicted in Figure 4. The levels 
of dopamine and DOPAC in the lesioned side of 
the 6-OHDA group showed significantly (p < 0.01) 
reduced levels compared to the control. The levels 
of decreased dopamine (DA) and DOPAC contents 
were dramatically raised to levels (p < 0.05) equiv-
alent to the control in both NaHS and TSA admin-
istered groups (Figure 4).

From the above results, the neurochemical ab-
normality was observed in PD animals that might 
be due to the defective enzymatic pathway that 
leads to the metabolite synthesis. Hence, the level 

Figure 4. A, B – The level of dopamine (DA) and DOPAC contents in control and experimental group of rats. The 
amount of DA and DOPAC is expressed as ng/g tissue

Values are expressed as mean ± SE (n = 6). Statistical significance expressed as *p < 0.05, **p < 0.01 compared to saline-treated 
controls, $p < 0.05 NAHS compared to PD rats; #p < 0.05 TSA compared to PD rats.
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cation 20×). C – The level of α-synuclein measured using ELISA is shown
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of TH was analyzed using a commercial ELISA kit 
and the results demonstrate that the levels of TH 
were significantly (p < 0.01) reduced in PD induced 
animals. At the same time, the immunofluores-
cence analysis revealed that there was an increase 
in GFAP positive cells compared to the control. On 
the other hand, rats under NaHS and TSA expo-
sure presented improved (p < 0.05) TH levels with 

reduced immunoreactivity of GFAP as fluores-
cence, suggesting that physiological functions re-
lated to movement control and astrocyte-neuron 
interactions are efficiently protected in NaHS and 
TSA treatment (Figure 5). 

Further, to substantiate the role of H2S in the 
modulation of histone deacetylases (HDACs), the 
mRNA levels of HDACs were identified in the pres-

Figure 5. A – Immunofluorescence and densitometric analysis of GFAP protein. The details of the staining protocol 
are given in the methodology section. The fluorescence intensities have been quantified and compared between 
groups
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ent study and the results of the expression levels of 
HDACs explained by real-time quantitative PCR in 
relation to the control gene are shown in Figure 6.  
The results show a profound upsurge (p < 0.01) in 
the mRNA expression of HDAC-2 (4-fold), HDAC-3  
(5.2-fold), HDAC-4 (2-fold), HDAC-6 (3-fold) with 
total HDAC and reduced HAT activity in PD rats 
compared to the control. However, the enhanced 
levels of these HDAC genes were found reduced in 
NaHS and TSA treatment, indicating that the drug 
has initiated the restoring mechanism to maintain 
the normal functioning (Figure 6). 

Conversely, an additional experiment on illumi-
nating the cytokine levels was carried out and the 
results are presented in Figure 7. In the present 
study, rats with PD induced using 6-OHDA-lesions 
demonstrated a significant increase in the levels 
of cytokines such as TNF-α (p < 0.01), IL-2 (p < 
0.05), IL-17A (p < 0.01), IL-6 (p < 0.001), and IL-1β 
(p < 0.05) compared to the control. These inflam-
matory cytokines were diminished in the NaHS 
and TSA treatment, indicating that the signaling 
of PD progression is reduced on HDAC inhibition 
(Figure 7). Thus the results of the current investi-
gation demonstrate that the protective role of H2S 
may be mediated via HDAC inhibition, which can 
contribute to the development of novel treatment 
strategies in PD.

Discussion

Apoptosis or literally cell death is due to the re-
sponse of the system to eliminate the injured cells 
[31]. In PD, the degeneration of DN is due to oxida-
tive stress-induced apoptosis [32]. The induction 

of cell death in the neurons of rats induced with 
6-OHDA is due to the generation of ROS by autox-
idation in the cytosol of the brain. The sustained 
effect of 6-OHDA is evident in the major contribu-
tion of free radicals and a simultaneous increase 
in lipid peroxidation due to LPO (Figure 2 B) in 
the striatum of the rats lesioned with 6-OHDA in 
PD-developed rats. The free radicals that are gen-
erated in PD mice have been shown to be dramat-
ically reduced when treated with NHS and TSA. 
The reduction in the free radicals is made possible 
by the increase in oxidative enzymes such as SOD, 
CAT and GSH (Figures 2 D–F of NAHS and TSA), 
which serve as endogenous antioxidant defenses 
in the cells. The increase in these oxidant enzymes 
in the cells could also be due to the treatment of 
these cells with drugs, and in this case, it is with 
TSA. The effect of TSA would be to neutralize the 
inflicted damage of lipid peroxidation and protein 
nitration which is found in the brain tissues. Hy-
drogen peroxide tends to get eliminated by the 
enzymatic action of CAT and lipid peroxides along 
with free radicals would be removed by GSH in as-
sociation with NADPH [33]. Hence the antioxida-
tive mechanism of TSA in fighting the 6-OHDA-in-
duced oxidative stress in PD animals can be better 
explained.

Lewy bodies are intracellular protein aggre-
gates containing α-synuclein as their major 
component. They are present in the pre-synaptic 
terminals and are first hand evidence of the neu-
rodegeneration in PD [18, 34]. The aggregation 
and accumulation of α-synuclein could be a great 
challenge to the cellular machinery as the chap-

Figure 5. Cont. B – Immunofluorescence and den-
sitometric analysis of GFAP protein. The details of 
the staining protocol are given in the methodolo-
gy section. The fluorescence intensities have been 
quantified and compared between groups. C, D – 
Levels of TH and GFAP levels measured using ELISA 
in control and experimental group of rats

Statistical significance expressed as *p < 0.05, **p < 0.01 
compared to saline-treated controls, $p < 0.05, $$p < 0.01 
NAHS compared to PD rats; #p < 0.05, ##p < 0.01 TSA 
compared to PD rats.

CB

D

Re
la

ti
ve

 in
te

ns
it

y 
[A

U
]

G
FA

P 
[n

g/
m

l]

Ty
ro

si
ne

 h
yd

ro
xy

la
se

 [n
g/

m
l]

250

200

150

100

50

0

6

5

4

3

2

1

0

4

3

2

1

0

 Control PD NAHS TSA

Experimental group

 Control PD NAHS TSA

Experimental group

 Control PD NAHS TSA

Experimental group

* *

**

$
$

$$

# #

##



Yang Sun, Dai Li, Yuqiang Su, Haikang Zhao, Weiwei Pang, Wei Zhao, Shengjun Wu

1132 Arch Med Sci 4, 1st July / 2023

erones [35], in PD-induced animals, would be in-
effective in handling the overwhelmed population 
of aggregated proteins at the DA neurons. This 
tilts the cellular balance between protein synthe-
sis and degradation. NAHS and TSA treatment in 
cells decreases the accumulation of aggregated 
α-synuclein in 6-OHDA-treated cells, as can be 
seen in Figure 3, and hence decreases the overall 
toxicity of the cells due to its accumulation. Ac-
cording to Ximenes et al., the decrease in DA in 
the substantia nigra is due to the degeneration 
of neurons and also due to ‘innervations’ in the 
striatum caused by dopaminergic cell bodies. We 
showed in Figure 4 that the main symptom of PD 
is a defect in motor neurons and that is due to the 
loss of dopamine depletion in the neurons. This 
effect obtained in cells treated with 6-OHDA is 

completely reversed when these cells are treated 
with NHS or TSA to the control levels (Figure 4 A). 
The neuroprotective effects of TSA are discerned 
from the reversal of DA and DOPAC to near-control 
levels when these cells are treated with NHS and 
TSA. Also, the levels of DOPAC-DA metabolite were 
restored to control levels with the treatment of 
cells with NHS or with TSA (Figure 4 B).

In the first line of attack of 6-OHDA-induced 
PD, dopaminergic neurons are affected and the 
glial reactions that occur in this experimental 
model would next affect the astrocytes and it is 
also involved in the pathophysiology of PD. As-
trocytes that are affected are enlarged and have 
a prominent expression of the glial fibrillary acid-
ic protein (GFAP). We have shown in Figure 5 C 
that induction of rats with 6-OHDA would increase 
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Figure 6. A–D – qRT-PCR mRNA expression analysis of HDAC-2, -3, -4, -6 respectively in control and experimental 
groups of cells. The fold increase of gene expression is compared with the housekeeping gene GAPDH. E, F – HDAC 
and HAT activity

Statistical significance expressed as *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline-treated controls, $p < 0.05, $$p < 0.01 
NAHS compared to PD rats; #p < 0.05, ##p < 0.01 TSA compared to PD rats.
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the expression of GFAP in astrocytes and that the 
treatment with TSA has decreased it. This indi-
cates that the behavioral deficits such as akinesia, 
bradykinesia, and defects in the use of paws and 
forelimbs would be rectified with the therapeutic 
action of TSA. Similarly, the dopaminergic neuro-
degeneration evaluated by levels of tyrosine hy-
droxylase (TH), the limiting enzyme for DA synthe-
sis, in immunohistochemistry results shows that 
PD rats do show repeated dopaminergic toxic in-
sults with reduced levels of TH and it is increased 
in intensity as ELISA results show with TSA actions 
(Figure 5 D).

The pathophysiology of PD is best explained 
by the neuroinflammation that is caused due to 
increase in 6-OHDA induction. Activated microg-
lia secrete pro-inflammatory cytokines such as 

TNF-α, IL-1β, and IL-6 due to 6-OHDA treatment in 
the cells [36] and contribute to the impairment of 
neurons and subsequent inflammation and neuro-
degeneration [37]. The increase in these cytokines 
in the dopaminergic region acts as a compensato-
ry response and a ‘trigger’ [38] to neurodegener-
ation. The blood-brain barrier compromised in PD 
[39, 40] could lead to infiltration of T and B cells 
and that would generate IL-1 β, IL-6, and TNF-α to 
stimulate inflammatory reactions in neurons [41]. 
The toxic effects of these cytokines contribute to 
the pathophysiology of PD [42–44]. These are the 
clinical evidence contributing to the inflammatory 
response in PD [45]. 

We have also found IL-17 to be increased in 
PD. But we are not excited to report that a ‘direct 
correlation’ exists between induction of PD in rats 
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Figure 7. A–F – Cytokine expression analysis of TNF-α, IL-2, IL-17, IL-8, IL-6, and IL-1β, and presynaptic neuronal 
protein, α-synuclein respectively in control and experimental groups of rats. The details of the experiment are given 
in the methodology section

Statistical significance expressed as *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline-treated controls, $p < 0.05, $$p < 0.01 
NAHS compared to PD rats; #p < 0.05, ##p < 0.01 TSA compared to PD rats.
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and IL-17 generation. The trends are reversed with 
the action of TSA on PD-induced cells (Figure 6) 
wherein the rise of NO due to oxidative stress is 
curtailed and hence decreases the expression of 
TNF-α, IL-1β, and IL-6 to control levels.

In conclusion, in the present study, it has been 
shown that TSA has protective action against 
Parkinson’s properties and symptoms in the 
6-OHDA-induced PD in a rat model. This is signif-
icant assuming its actions against neuroinflam-
mation by fighting against the pro-inflammatory 
cytokines by increasing the oxidant enzymes and 
also simultaneously inhibiting HDAC6 from tran-
scribing them. Also, the toxic effects arising from 
protein aggregates of α-synuclein are reduced. 
Further contributions from TSA include resuscita-
tion of DA and DOPAC in inflamed neurons. Hence, 
we propose to use TSA as a primary candidate in 
PD clinical trials to investigate further the thera-
peutic mechanism in the treatment of PD. 
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