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Abstract

Parkinson’s disease (PD) is characterized by progressive degeneration of dopaminergic neurons in the substantia nigra and loss of
both motor and non-motor features. Several clinical and preclinical studies have provided evidence that estrogen therapy reduces
the risk of PD but have limitations in terms of adverse peripheral effects. Therefore, we examined the potential beneficial effects
of the brain-selective estrogen prodrug, 103, 173-dihydroxyestra-1,4-dien-3-one (DHED) on nigrostriatal dopaminergic neuro-
degeneration and behavioral abnormalities in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD. Wild-
type mice were treated with daily subcutaneous injections of DHED (50 and 100 pg/kg) or vehicle for four weeks. To produce
PD-like symptoms, mice were injected with MPTP (18 mg/kg in saline; intraperitoneally) four times at 2-hr intervals for one day.
After behavioral examination, mice were sacrificed, and the brains were isolated for neurochemical and morphological exam-
inations. MPTP injected mice exhibited loss of dopaminergic neurons and fibers in substantia nigra and striatum respectively,
along with impaired motor function at day 7 post MPTP injection. These phenotypes were associated with significantly increased
oxidative stress and inflammatory responses in the striatum regions. DHED treatments significantly mitigated behavioral im-
pairments and dopaminergic neurodegeneration induced by MPTP. We further observed that DHED treatment suppressed
oxidative stress and inflammation in the striatum of MPTP treated mice when compared to vehicle treated mice. In conclusions,
our findings suggest that DHED protects dopaminergic neurons from MPTP toxicity in mouse model of PD and support a
beneficial effect of brain-selective estrogen in attenuating neurodegeneration and motor symptoms in PD-related neurological
disorders.
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Parkinson’s disease (PD) is a progressive neurodegenerative
disease that affects more than 10 million people worldwide.
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rons in the substantia nigra pars compacta (SNpc) coupled
with proteinaceous inclusions composed of misfolded or ag-
gregated form of «-synuclein (Goedert 2001; Breydo et al.
2012). This nigral neuronal loss consequently results in dopa-
mine depletion in striatum, resulting in enervating motor func-
tion. The PD symptoms usually begin slowly and worsen over
time. Despite extensive research over the past several decades,
there are no effective treatments that can slow or stop the
progression of the disease. The current therapeutics for PD
only provide symptomatic relief and do not stop the progres-
sive loss of the dopaminergic neurons in the substantia nigra
of the brain. Therefore, there is a critical need to identify
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effective and safe drugs that provide a higher quality of life for
individuals affected with PD.

Exposure to environmental neurotoxin, 1-methyl-4-phe-
nyl-1,2,3, 6-tetrahydropyridine (MPTP) is known to produce
parkinsonian features in humans, primates and recapitulates
dopaminergic degenerations in the nigrostriatal pathway in
rodents (Przedborski and Vila 2003). The active and toxic
metabolite of MPTP, 1-methyl-4-phenylpyridinium (MPP+)
is selectively taken up by the dopaminergic neurons where it
causes disruption of oxidative phosphorylation and redox ho-
meostasis along with generation of reactive oxygen species
(ROS) and inflammatory responses, leading to dopaminergic
neurotoxicity (Khan et al. 2013; Dauer and Przedborski 2003).
Therefore, MPTP is widely adopted as a tool to study the
molecular and neuropathological events in PD and to screen
potential neuroprotective drugs.

Several studies have documented that increased oxidative
stress, and overt neuroinflammation lead to impaired cellular
function which in turn, exacerbates neurodegeneration in age-
related neurodegenerative diseases such as PD (Hald and
Lotharius 2005; Mosley et al. 2006). The human brain, be-
sides being rich in phospholipids and polyunsaturated
fatty acid, consumes a substantial amount of oxygen and is
thus always under higher oxidative threat. Oxidative damage
to lipids and biomolecules such as DNA and proteins alters
cellular and molecular phenomenon and exacerbate the PD
progression (Jenner and Olanow 2006). Analysis of the post-
mortem human PD brain and experimental models of PD
showed that activation of glial cells and increased oxidative
stress occur where neurodegeneration occurs (Dias et al. 2013;
Ouchi et al. 2009). Therefore, it can be speculated that the
inhibition of sustained inflammation and oxidative stress
may preserve the degeneration of dopaminergic neurons.

Biological sex is an important unequivocal risk factor for
PD and potentially impacts the onset and progression of PD.
Epidemiologic studies have suggested that the incidence of
PD was higher in men than that in women (Van Den Eeden
et al. 2003; Hirsch et al. 2016), suggesting a possible protec-
tive influence of female sex hormone estrogen. Consistent
with this notion, a study by Ragonese and colleagues found
an association between factors suppressing estrogen stimula-
tion during life and the development of PD (Ragonese et al.
2006). It is well documented that 173-estradiol has neuropro-
tective effects in several neurodegenerative diseases, via its
antioxidant and anti-inflammatory effects (Butler et al. 2020;
Thakkar et al. 2016; Vegeto et al. 2003; Khan et al. 2019).
Several preclinical studies suggest that estradiol exerts neuro-
protective effects on dopaminergic neurons and promotes do-
paminergic activity in the striatum (Lee et al. 2019; Sawada
et al. 1998). Consistent with rodent studies, case-control and
prospective studies have indicated that estrogen treatments
may alleviate PD symptoms in women (Tsang et al. 2000).
However, the efficacy of estrogen therapy in PD is still under
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debate due to adverse peripheral side effects, such as breast
cancer and cerebrovascular conditions. 103,173-
dihydroxyestra-1,2-dien-3-one (DHED), is a brain-targeting
bioprecursor prodrug of human estrogen 17{3-estradiol
converting to 173-estradiol only in the brain (Prokai et al.
2015). This prodrug also possesses favorable physicochemi-
cal properties for blood-brain barrier transport compared to
those of 173-estradiol (Merchenthaler et al. 2016). Recent
studies have demonstrated the neuroprotective effect of
DHED in several mouse models of neurodegenerative dis-
cases (Rajsombath et al. 2019; Tschiffely et al. 2016, 2018).
Therefore, DHED may be a safe approach for delivering 173-
estradiol selectively into the brain for the potential treatment
of PD. In this study, we report that DHED treatments protect
dopaminergic neurons and preserve motor function by sup-
pressing oxidative stress and neuroinflammation in MPTP-
treated mouse model of PD.

Materials and Methods
Animals and Treatment

C57BL/6J wild-type (WT) mice were maintained at The
University of Tennessee Health Science Center animal care
facility. All mouse experiments were performed in accordance
with the National Institutes of Health’s Guidelines for the Care
and Use of Laboratory Animals and approved by our
Institutional Animal Care and Use Committee. As the endog-
enous female sex hormone estrogen can protect against a
broad range of neurotoxic insults, we chose to use male mice
in all experiments to avoid the potential complication of
interpreting a neuroprotective effect of the exogenous brain-
selective estrogen DHED on PD. Mice were randomly divided
into four groups. The first group was vehicle-treated and
served as a control group; the second group was MPTP-
injected. The third and fourth groups received a daily subcu-
taneous injection of DHED (Millipore Sigma; # SML1642)
for 3 weeks at 50 and 100 pg/kg concentration in corn oil
respectively, before MPTP injections and was continued
one-week post MPTP treatment. Mice received four intraper-
itoneal injections of MPTP (18 mg/kg body weight in saline,
at 2 h intervals; Tokyo Chemical Industry Co., Ltd) as de-
scribed previously (Khan et al. 2013, 2015). Mice were
sacrificed on the seventh day post MPTP treatment right after
behavioral assessment.

Behavioral Assessments

Mice in each group were weighed and subjected to a battery of
behavioral tests as described previously (Khan et al. 2013,
2015, 2018). All behavioral tests were performed in the
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following order: raised beam task, rotarod, and grip strength,
by investigators blinded to the treatment groups.

Raised-Beam Task The raised-beam test was done to assess
motor coordination and balance. Mice were acclimated to an
80-cm long, 20-mm wide beam elevated 50 cm above a padded
base. A 60W lamp at the start served as an aversive stimulus,
whereas the opposite end of the beam entered a darkened es-
cape box. Transversal time were measured as mice traversed a
12-mm diameter square and round beam. All testing was per-
formed in triplicate and Mean values were used for subsequent
statistical analyses as previously described (Khan et al. 2018).

Rotarod The rotarod test was done to evaluate motor coordi-
nation and balance using a rotarod apparatus. Mice were ac-
climated to a Rotamex-5 rotarod (Columbus Instruments) ro-
tating at 5 revolutions per minute (rpm) for 5 min on the day
prior to data acquisition. On the following day, mice were
exposed to a 30 s acclimation period at 4 rpm followed by
an acceleration of 4 rpm every 30 s to a target of 40 rpm at
5 min. Mice were given 3 trials at the same time. Mean values
were used for statistical comparisons as previously described
(Khan et al. 2013, 2018).

Grip Strength To measure grip strength, mice were held by the
scruff of the neck with one hand and the base of the tail with
the other hand. Mice were then free to grasp a metal grid
attached to a force meter (Columbus Instruments) with their
forelimbs as they were moved along the axis of the grid.
Maximal strength (g) with which mice pulled the grid was
measured in triplicate trials with a minimal inter-trial interval
of 5 min. Mean values were used for subsequent statistical
analyses as previously described (Khan et al. 2013, 2018).

Tissue Preparation for Biochemical and Histological
Analysis

After behavioral analysis, mice of each group were eutha-
nized, the brains were removed, and striatal tissues were dis-
sected for biochemical analysis. For immunohistochemical
studies, brain tissues were fixed in 4% paraformaldehyde in
0.1M phosphate buffered saline (PBS, pH 7.4) and
cryoprotected with 30% sucrose in 0.1M PBS.

Immunohistology and Immunofluorescence Staining

The immunohistochemistry was performed as described by us
(Khan et al. 2013, 2015). Briefly, 25 um serial coronal sec-
tions of substantia nigra pars compacta (SNpc) and striatum of
each group were cut on a cryostat (Leica). Endogenous per-
oxidases were quenched with 0.3% H,0, in PBS, and sections
were rinsed with PBS followed by blocking with 5% BSA for
1 h at room temperature. Sections were incubated overnight

with primary antibodies rabbit anti-tyrosine hydroxylase (TH)
antibody (dilution 1:500; # AB152; Chemicon) or SODI an-
tibody (dilution 1:200; #ab13498, Abcam) followed by bio-
tinylated secondary antibodies (Vector Laboratories). After
rinsing three times with PBS, sections were developed using
Vectastain ABC Kit from Vector Laboratories. The sections
were then visualized by 3,3 diaminobenzidine (DAB; Vector
laboratories) followed by cresyl violet counter staining. These
sections were washed, dehydrated with gradient ethyl alcohol,
cleared in xylene and mounted using DPX mounting media.
The number of TH-positive neurons in four sections of the
substantia nigra from each mouse was counted under light
microscopy. Then, the mean number of TH-positive neurons
was calculated and taken as the neuronal count of each mouse.

For immunofluorescence, the staining was done in the sec-
tions of striatum as described above except using primary anti-
bodies for y-H2A.X (Ser139) (1:100; monoclonal mouse, Cell
Signaling), or ionized calcium binding adaptor molecule 1 (di-
lution 1:500; Ibal; Wako) or glial fibrillary acidic protein (di-
lution 1:500; GFAP; Millipore Sigma # AB5804). One of the
following fluorescent secondary antibodies was used: Alexa
Fluor 555 anti-rabbit, Alexa Fluor 488 anti-rabbit, Alexa
Fluor 488 anti-mouse (1:500, Life technologies, Grand Island,
NY). Tissue sections were then washed and mounted using
4’ 6-diamidino-2-phenylindole (Vector laboratories) as mount-
ing media which provided labeling of all cell nuclei. All the
counting was done under a fluorescence microscope at 400X
magnifications in five non-overlapping fields per mouse and
then averaged by an investigator blinded to the groups.

Assays for Oxidative Stress

A thiobarbituric acid reactive substances (TBARS) assay kit
(Cayman Chemical, # 700,870) provided a tool for the direct
quantitative measurement of malondialdehyde (MDA) in bio-
logical samples. The TBARS assay kit was used according to
the manufacturer’s instructions to determine the TBARS level in
the striatum of mice of each group as a marker of lipid peroxi-
dation. TBARS levels were determined by absorbance at
535 nm with a microtiter plate reader (Bio-Rad iMARK) and
the results were expressed as nmol TBARS formed /mg protein.

Glutathione (GSH) was measured in striatal homogenates
with a commercial enzyme-linked immunosorbent assay kit
(Cayman Chemical, #703,002) in accordance with the manu-
facturer’s instructions. Briefly, 50 pL of standards and sam-
ples were added to a reaction mixture containing nicotinamide
adenine dinucleotide phosphate, glutathione reductase, glu-
cose-6-phosphate, and 5,5'-dithiobis-2-nitrobenzoic acid.
The reaction was carried out at 37 °C for 10 minutes, and then,
GSH levels were determined by absorbance at 420 nm with a
microtiter plate reader. The results were expressed as pmol
GSH/mg protein. Protein concentrations were determined
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with a BCA Protein Assay Kit (ThermoFisher Scientific,
Waltham, MA, USA).

Enzyme-linked Immunosorbent Assays

Brain tissues (striatum) from the mice of each group were col-
lected and homogenized in tissue lysis buffer (50 mM Tris HCI,
pH 8.0, 5 mM NaCl, and 1% Triton X-100) containing Halt
protease and phosphatase inhibitor cocktail. Supernatants from
homogenates were used for determination of IL-6, and IL-13
with commercial ELISA kits (R & D System) in accordance
with the manufacturer’s instructions. Briefly, the capture anti-
body was diluted to the working concentration in PBS and used
to load a 96-well microplate with 100 pl per well. The plate was
sealed and incubated overnight at room temperature. After
washing, standards and samples were pipetted into the wells
and incubated for 2 hrs. After washing away unbound sub-
stances, an enzyme-linked polyclonal antibody specific for
IL-6 or IL-13 were added to the wells. Following a wash to
remove any unbound antibody-enzyme reagent, a substrate so-
lution was added to the wells and color developed in proportion
to the amount of bound IL-6 or IL-1{3. The reaction was termi-
nated by the addition of stop solution (2N sulfuric acid). The
absorbance was measured at 450 nm with a microtiter plate
reader (Bio-Rad iMARK).

Statistical Analysis

One-way analysis of variance (ANOVA) with Tukey-Kramer
post-hoc test was used to calculate the statistical significance
between various groups on biochemical and histological mea-
sures using GraphPad Prism software. A value of P <0.05 was
considered as statistically significant and data are expressed as
mean + SEM.

Results

DHED Treatment Attenuates Oxidative Stress in
MPTP-treated Mice

Oxidative stress generally occurs by increased levels of reac-
tive oxygen species (ROS), which can damage lipids, proteins
and nucleic acids (DNA and RNA). To evaluate the effects of
DHED on MPTP-induced oxidative stress, we examined
TBARS, GSH and Cu/Zn superoxide dismutase (SOD1) ex-
pression levels in the brains (striatum) of mice in each group.
Measuring TBARS contents proffers a convenient method of
determining the relative peroxidation of lipids in tissue ho-
mogenates and their protection by DHED. We found a signif-
icant (P < 0.01) increase of TBARS contents following MPTP
administration as compared to the control group. DHED treat-
ment (100 pg/kg) followed by MPTP administration

@ Springer

significantly inhibited (P <0.05) the apparent increase in
TBARS content as compared to the MPTP injected group
(Fig. 1a). The antioxidant system including GSH and SOD
play important roles in detoxification of free radicals and are
commonly reduced in neurodegenerative diseases (Seaton
et al. 1996; Chi et al. 2007). As expected, GSH content was
reduced significantly (P <0.01) upon MPTP treatment, as
compared to the saline injected control group (Fig. 1b). The
decrease in GSH content due to MPTP was significantly (P <
0.05) abolished when treated with DHED at 100 pg/kg.
Similarly, MPTP significantly decreased SOD1 expression,
compared with the control, while treatment with DHED with
concentration of 100 pg/kg significantly (P <0.05) rescued
MPTP-induced decrease in the expression of SOD1 (Fig. 1c¢).

DHED Treatment Reduces DNA Damage in MPTP-
treated Mice

Increased ROS accumulation is a major cause of DNA dam-
age and other deleterious changes to DNA. Given the role of
DNA damage in PD (Milanese et al. 2018; Gonzalez-Hunt
and Sanders 2020), we sought to determine whether DHED
treatment can reduce MPTP-induced DNA damage in the
brains of mice. For this purpose, we investigated DNA dam-
age in the striatum of mice of each group by examining phos-
phorylated H2A.X immunohistochemistry. Detection of phos-
phorylated H2A. X [y-H2AX (Ser139)] serves as a sensitive
and reliable molecular marker for DNA damage (Mah et al.
2010; Siddiqui et al. 2015). We found that y-H2A.X (ser139)-
immunoreactive cells (Fig. 2a and b) were more numerous
(P<0.01) in the striatum of MPTP-treated mice compared
to saline treated mice. DHED treatment at dose of 100 pg/kg
significantly (P <0.05) decreased the MPTP-induced DNA
damage as compared to MPTP-treated group.

DHED Treatments Inhibits Glial Cells Activation in
MPTP-treated Mice

Activation of microglia and astrocytes, hallmarks of neuroin-
flammation, has been reported in several neurodegenerative
disorders (Guzman-Martinez et al. 2019). In the present study,
we analyzed astrocytic (GFAP) and microglial (Ibal) activa-
tion in the brains of mice in each group (Fig. 3a-d). GFAP
immunostaining exposed astroglial activation and nearly 4-
fold increase in activated astrocytes in the striatum of
MPTP-treated mice compared to the control group mice
(Fig. 3a and b). DHED treatment at both concentrations sig-
nificantly reduced the increased number of GFAP-positive
cells following MPTP injection (Fig. 3a and b). Increased
expression of Ibal as an index of inflammatory response, in-
dicates a 3-fold increase in the number and activation of mi-
croglia were observed in MPTP injected mice (Fig. 3c and d),
consistent with previous reports (Khan et al. 2013; Yang et al.
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Fig. 1 DHED treatment attenuates oxidative stress in MPTP-treated
mice. TBARS level was significantly increased while GSH and SOD1
protein abundance were significantly reduced in the MPTP group as
compared to the control group of mice. DHED treatment at dose of
100 pg/kg followed by MPTP injection significantly prevented both the

2020). DHED treatment at the higher concentration signifi-
cantly (P <0.01) prevented the MPTP-induced increase in
the number of microglia and their activation.

Effect of DHED on MPTP-induced Inflammatory
Response

The development and progression of PD are associated with a
robust inflammatory response. To determine whether DHED
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MPTP-induced elevation of TBARS (a) as well as MPTP-induced de-
crease in GSH level (b) and SOD1 expression (¢ and d). The values are
expressed as mean+ SEM *P<0.05; **P<0.01 (N =5-6/group for
TBARS and GSH contents; N=3/group for SODI1
immunohistochemistry)

has a beneficial effect on the MPTP-induced inflammatory
response, we measured cytokines production in the striatum
of mice from each group. MPTP-treated mice demonstrated
significantly elevated levels of interleukin (IL)-6 (P <0.01),
and IL-1f3 (P <0.01) compared with saline-treated WT mice
in the supernatant fractions of brain homogenates (Fig. 5a and
b). The concentration of IL-6 at 7 days post MPTP-injections
was 56.59 pg/mg protein compared to 22.59 pg/mg protein in
saline-injected controls (Fig. 4a). Similarly, the concentration
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Fig. 2 DHED treatment reduces DNA damage in MPTP-treated mice.
Left panel (a) shows representative confocal images of DNA DSBs (y-
H2A.X (Ser139); red) and right panel (b) shows quantitative analysis of
v-H2A.X (Ser139) positive cells in the striatum of control, MPTP and
DHED + MPTP treated groups. Increased DNA damage was observed in

of IL-1f3 at 7 days post MPTP-injections (Fig. 4b) was signif-
icantly higher (169.15 pg/mg proteins) than found in control
group (56.11 pg/mg protein). In contrast, IL-6 and IL-1f3 cy-
tokine production caused by MPTP treatment was significant-
ly reduced by both concentrations of DHED treatments.

DHED treatment protects dopaminergic neuron in
mice following MPTP treatment

Tyrosine hydroxylase (TH) is the rate-limiting enzyme for
dopamine synthesis, and the loss of TH-positive fibers in the
striatum is considered to contribute to PD. The SNpc has
dopaminergic projections to the striatum, and the degeneration
of dopaminergic neurons in SNpc can lead to dopamine de-
pletion in the striatum. To determine the neuroprotective ef-
fects of DHED on dopaminergic neurodegeneration, we per-
formed immunohistochemistry of TH in the SNpc and stria-
tum following MPTP injection in DHED-treated mice. In
MPTP-treated mice, the number of TH-positive neurons in
the SNpc and the density of TH-positive fibers in the striatum
were significantly decreased compared with the saline-treated
control group which are consistent with previous reports
(Khan et al. 2013, 2015; Jackson-Lewis et al. 1995). DHED-
treated mice show significantly reduced nigrostriatal dopami-
nergic neuron loss following MPTP injection (Fig. 5a and b).
Additionally, DHED treatment significantly abolished the de-
creasing TH fibers density induced by MPTP in the striatum
of' mice as compared to the MPTP injected group (Fig. 5c and
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MPTP treated mice compared to saline treated mice. In contrast, DHED
treated mice reduced MPTP-induced DNA damage accumulation when
compared to MPTP-treated mice. Scale bar, 50 um. The values are
expressed as mean = SEM *P < 0.05, **P <0.01 (N =3/group)

d). Therefore, DHED treatments attenuated the loss of dopa-
minergic neurons induced by MPTP in mice.

DHED Treatment Improves Motor Abnormalities in
MPTP-treated Mice

We determined the effects of DHED treatment on behavioral
function in MPTP-treated mice using raised beam task,
rotarod, and a grip strength test. Behavioral tests for each
group of mice were initiated on day 7 post MPTP injection.
MPTP-treated mice performed poorly on the rotarod, raised-
beam task and grip strength test, which is consistent with
previous reports (Zhang et al. 2019; Khan et al. 2013).
DHED treatments significantly preserved motor function fol-
lowing MPTP treatment. Rotarod latency to fall from an ac-
celerating rotating rod was measured in mice of each group.
MPTP-injected mice had a shorter latency (P < 0.01) to fall in
comparison to saline-treated WT littermates (Fig. 6a). The
mice treated with DHED (100 pg/kg) significantly
(P <0.05) improved muscular coordination skill following
MPTP injections as compared to MPTP injected group only.
A significant decrease (P < 0.05) in motor strength as mea-
sured by the grip strength test was observed in the MPTP
injected group as compared with the saline-treated WT mice.
DHED treatments (100 pg/kg) significantly protected mice
from the MPTP-induced decline in motor strength (Fig. 6b).
Raised-beam tasks assessed the ability of mice to traverse
narrow horizontal beams to reach a dark box. There was a
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Fig. 3 DHED treatments inhibits glial cells activation in MPTP-treated
mice. The expression of microglial (Ibal) and astrocytic (GFAP) markers
was determined by immunofluorescence in the brains of mice of each
group. The upper panel shows representative fluorescent images of GFAP
(a) and Ibal (c) in striatum. The lower panel shows quantitative analysis
of GFAP (b) and Ibal (d) in brain. The profound expression of Ibal and

significant effect (P <0.01) of MPTP treatment on traversal
times on the both 12-mm square and round horizontal beam.
Mice from the MPTP injected group moved slower than the
saline-treated control group mice (Fig. 6¢). The latency to
cross the 12-mm square beam was improved (P <0.05) in
mice treated with DHED at a concentration of 100 pg/kg
when compared with the MPTP injected group. On the 12-
mm round beam, DHED at higher concentrations (100 png/kg)
were effective to improve the latency to cross.

Discussion

Several experimental studies suggest that estrogen can protect
against a broad range of neurotoxic insults. However, clinical
use of estrogen therapy remains controversial due to the ob-
served peripheral side effects. Recent studies investigated the
beneficial effect of DHED, a brain-selective (Prokai et al.
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GFAP (green color) were observed in MPTP group as compared to con-
trol group, while the MPTP group treated with DHED has shown a mod-
erate staining of Ibal and GFAP. However, the control group has shown
reduced staining. Scale bar, 50 um. The values are expressed as mean +
SEM *#P <0.05; **P < 0.01 (N = 3/group)

2015) prodrug of 17{3-estradiol and found it to be effective
in several preclinical models of neurological disorders
(Rajsombath et al. 2019; Tschiffely et al. 2016, 2018; Prokai
et al. 2015). In the present study, we demonstrate that DHED
exerted protection of dopaminergic neurons and improvement
of behavioral function in the MPTP-induced mouse model of
PD. These neuroprotection’s by DHED include reduction of
oxidative and inflammatory responses, corroborating previous
studies (Rajsombath et al. 2019; Sawada et al. 1998; Yan et al.
2019; Prokai-Tatrai et al. 2018; Tschiffely et al. 2018). These
data, which present the first report of brain selective estrogen
treatment on dopaminergic neurons in a MPTP-induced PD
mouse model, implicate the beneficial effect of estrogen in
regulation of PD-like neuropathology and motor symptoms.
Similar to our findings, other studies have reported estrogen to
galvanize neuroprotective mechanisms in mouse models of
PD (Tripanichkul et al. 2007; Rodriguez-Perez et al. 2013;
Shen et al. 2017). Furthermore, estrogen treatment has been
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Fig. 4 Effect of DHED on MPTP-induced inflammatory response.
Quantification of interleukin (IL)-6, and IL-1{3, by enzyme-linked immu-
nosorbent assay in the supernatant of brain homogenates from the stria-
tum region from mice of each group. MPTP-treated mice demonstrated

associated with reduced oxidative stress, diminished inflam-
mation and increased TH-positive neurons in experimental
models of PD (Tripanichkul et al. 2006, 2007; Rodriguez-
Perez et al. 2013). Consistent with these findings, we observed
a significant reduction in markers of oxidative stress along
with inflammatory markers as well as protection of dopami-
nergic neurons in DHED-treated males.

There is growing evidence supporting the role of oxidative
stress in the development and progression of several neurode-
generative disorders including PD (Dias et al. 2013; Hald and
Lotharius 2005). Increased and sustained oxidative stress trig-
gers inflammation, which subsequently fuel the degeneration of
dopaminergic neurons. It has been reported that MPTP admin-
istration in mice leads to excessive generation of ROS, which
can cause oxidative stress by disrupting the balance of antiox-
idant and prooxidant levels (Khan et al. 2013; Zhu et al. 2019).
The brain is particularly susceptible to oxidative damage due to
its high levels of fatty acids and relatively low antioxidant de-
fenses (Sanders and Timothy Greenamyre 2013). Oxidative
damage to macromolecules including, lipids, proteins and
DNA can lead to structural and functional disruption of the cell
membrane and inactivation of enzymes, which ultimately leads
to cell death (Lin and Beal 2006). GSH is the most abundant
intracellular non-protein thiol and plays an important role in
maintaining redox balance within a cell (Dringen 2000).
Depletion of GSH may impair H,O, clearance and increases
the free radical accumulation, which in turn, promotes oxidative
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significantly elevated levels of IL-6 and IL-1f3 in the supernatant fraction
of brain homogenates compared to control. The DHED remarkably re-
duced the levels of IL-6 and IL-1[3 in MPTP-treated mice. The values are
expressed as mean = SEM *P < 0.05; **P <0.01 (N = 6/group)

stress and consequently disrupts homeostasis (Aquilano et al.
2014). Superoxide dismutase (SOD) is the major antioxidant
defense systems against superoxide, and catalyzes the conver-
sion of superoxide into H,O,, which may participate in cell
signaling (Fukai and Ushio-Fukai 2011). The increase in
H,0, might have induced the peroxidation of fatty acids and
lead to the generation of cytotoxic metabolites of lipid such as
TBARS, 4-HNE, and MDA. Increased concentration of oxi-
dized lipid can cause decreased membrane fluidity, reduced
membrane potential, and altered ions transport (Gaschler and
Stockwell 2017). In view of our findings, it is reasonable to
speculate that the depletion of GSH triggers lipid peroxidation,
which, in turn, caused oxidative damages and ultimately lead to
degeneration of dopaminergic neurons. Consistent with these
notions, our present study showed that MPTP administration
increased the level of TBARS and decreased the expression
levels of GSH and SOD in the striatum of MPTP-treated mice.
Interestingly, DHED treatment inhibited the formation of
TBARS complex, and suppressed the loss of GSH and SOD
in the brains of Parkinsonian mice. Our data show that DHED
improved antioxidant protein abundance, but we do not know if
DHED altered ROS production.

DNA damage is a modification in DNA structure and has
been implicated in the pathogenesis of several neurological
diseases (Gonzalez-Hunt and Sanders 2020). If left unrepaired
or misrepaired, they can ultimately lead to chromosome break-
age and genome instability, immune system activation, and
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Fig. 5 DHED treatment protects dopaminergic neuron in mice following
MPTP treatment. Representative immunohistochemistry images of TH-
positive neurons (a) and TH-fiber density (c) in the SNpc and striatum
regions of each group, respectively and their quantifications (b and d).
TH-positive neurons and TH-fiber density were significantly reduced in

neurodegeneration. Elevated levels of DNA damage were de-
tected in the brains of PD patients (Camins et al. 2010;
Gonzalez-Hunt and Sanders 2020) and in mouse models of
PD (Wang et al. 2016; Gonzalez-Hunt and Sanders 2020).
Wang et al. reported that accumulation of damaged DNA pre-
ceded onset of motor phenotype and dopaminergic degenera-
tion in o-synuclein (AS53T) overexpressing transgenic mice
(Wang et al. 2016). Consistent with these studies, we found that
mice treated with MPTP exhibit higher levels of DNA damage,
and DHED treatments inhibited the accumulation of DNA
damage in the brains of MPTP-treated mice.

Inflammation is closely intertwined with pathogenesis of
PD. As documented by several studies, neuroinflammation is
manifested by activation of glial cells and secretion of inflam-
matory cytokines including IL-1{3 and IL-6 in the brain
(Guzman-Martinez et al. 2019; Javed et al. 2020). The up-
regulation of Ibal expression following MPTP administration
is an indicator of microglial activation. Human post-mortem
studies as well as mouse models of PD also reveal the presence
of activated microglia in the nigrostriatal regions of PD brains
(Joers et al. 2017; Javed et al. 2020). This observation is
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MPTP group as compared to control group. Interestingly, DHED treat-
ment for four weeks attenuated TH-positive neuronal loss and TH-fibers
density in the SNpc region and striatum, respectively following MPTP

treatment. Scale bar, 200 um (a) and 500 pm (c¢). The values are
expressed as mean + SEM *P < 0.05, **P < 0.01 (N =3/group)

consistent with increased inflammatory response correlating
positively with dopaminergic neuronal loss, as documented
by other studies (Yang et al. 2020; Javed et al. 2020; Khan
et al. 2013). Here, through the expression analysis of GFAP,
and Ibal, we show that DHED treatment suppressed the glial
cell activation-induced inflammatory response and rescues do-
paminergic neuron from MPTP-induced toxicity.

Behavioral functions are closely linked to the degree of neu-
ronal dysfunction and its assessment serves as a more powerful
endpoint in evaluating neuroprotection. Therefore, examining the
behavioral defects in the current study provides a sensitive eval-
uation of the DHED’s ability to provide neuroprotection.
Consistent with previous studies (Khan et al. 2013; Anandhan
et al. 2010), MPTP injections caused severe motor deficits as
assessed by rotarod, grip strength, and raised beam task test in
mice and DHED was found to improve motor deficits in MPTP-
treated mice. Our present findings are in agreement with the
earlier reports that motor deficits in Parkinsonian mice have been
attenuated by estrogen supplementation (Quesada and Micevych
2004; Rodriguez-Perez et al. 2013; Yadav et al. 2017). Protection
of the antioxidants defense system and suppression of
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Fig. 6 DHED treatment protects against MPTP-induced behavioral im-
pairments. Mice (C57BL/6; WT) were assessed on a battery of behavioral
tests to assess motor function. a Rotarod latency to fall from an acceler-
ating rotating rod was measured in saline-injected mice, MPTP-injected
mice, MPTP-injected mice treated with 50 and 100 pg/kg DHED. In each
trial, n = 6 mice for each condition; 3 trials conducted. MPTP treated WT
mice had a shorter latency to fall in comparison to saline-treated WT mice
and significantly recovered in DHED treated mice (100 pg/kg) as com-
pared to only MPTP treated mice. b The grip strength decreased signif-
icantly in the MPTP injected animals as compared to control animals.

inflammation were further emphasized by the restoration of TH
expression by the DHED. TH is a rate-limiting enzyme in the
formation of dopamine, and its expression is the marker for do-
paminergic neuron survival. Inhibition of the loss of dopaminer-
gic neurons by DHED treatment further support the neuroprotec-
tive role of DHED in MPTP-induced toxicity, as observed in the
present study. The marked protective effects of DHED against
dopaminergic neurodegeneration observed in this study are con-
sistent with an earlier study (Rajsombath et al. 2019). Oxidative
stress and inflammation are closely intertwined pathobiological
processes that may contribute to several neurodegenerative dis-
eases including, PD. Our present study showed that MPTP ad-
ministration caused oxidative stress that was concomitant with an
inflammatory response, while DHED ameliorates oxidative stress
and suppresses the inflammatory cascade in mice. Given that
oxidative stress is an upstream event that can activate inflamma-
tion and amplify the production of cytokines, it is likely that
DHED inhibited oxidative stress and inflammation, at least in
part, by this demonstrated antioxidant and anti-inflammatory ef-
fects. The limitation of this study is that we did not quantify the
brain and peripheral estrogen level in mice treated with DHED,
given that the previously published studies reported that DHED
converts to estrogen in the brain but not in the periphery
(Rajsombath et al. 2019; Prokai et al. 2015; Merchenthaler
et al. 2020). The other limitation of this study is that we do not
know whether DHED directly interferes with uptake of MPP* by
dopaminergic neurons via the dopamine transporter. These limi-
tations encourage further studies that focus on the neuroprotective
mechanism of DHED in a mouse model with progressive dopa-
minergic neurodegeneration, similar to human PD condition.
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Treating the animals with DHED followed by MPTP injections has im-
proved motor deficit as compared with MPTP only injected group.
¢ Raised-beam tasks assessed the ability of mice to traverse narrow beams
to reach a dark box. Overall, MPTP-treated mice moved slower than
saline-treated WT mice, whereas, DHED treated mice with a dose of
100 pg/kg significantly took less time to cross the traverse narrow beams
to reach a dark box as compared to the MPTP treated group. Data were
analyzed by one-way ANOVA analysis. The values are expressed as
mean = SEM *P <0.05, **P <0.01

In conclusion, we showed that MPTP injection alters the
behavioral and neuropathological parameters that characterize
Parkinson-related disorders. DHED treatment attenuated these
alterations by reinstating near-normal levels of markers of
oxidative stress and inflammation, suggesting neuroprotective
actions of DHED. Further studies are required to confirm the
protective effect of DHED in another mouse model of PD, and
to identify the molecular mechanisms by which DHED pro-
tects the nigrostriatal dopamine neurons.
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