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Summary. Background. Mildronate (3-[2,2,2-trimethylhydrazinium] propionate dihydrate) 
traditionally is a well-known cardioprotective drug. However, our recent studies convincingly dem-
onstrated its neuroprotective properties. The aim of the present study was to evaluate the influence 
of mildronate on the expression of proteins that are involved in the differentiation and survival of 
the nigrostriatal dopaminergic neurons in the rat model of Parkinson’s disease (PD). The following 
biomarkers were used: heat shock protein 70 (Hsp70, a molecular chaperone), glial cell line-derived 
nerve growth factor (GDNF, a growth factor promoting neuronal differentiation, regeneration, and 
survival), and neural cell adhesion molecule (NCAM).

Material and Methods. PD was modeled by 6-hydroxydopamine (6-OHDA) unilateral intra-
striatal injection in rats. Mildronate was administered at doses of 10, 20, and 50 mg/kg for 2 weeks 
intraperitoneally before 6-OHDA injection. Rat brains were dissected on day 28 after discontinu-
ation of mildronate injections. The expression of biomarkers was assessed immunohistochemically 
and by Western blot assay.

Results. 6-OHDA decreased the expression of Hsp70 and GDNF in the lesioned striatum 
and substantia nigra, whereas in mildronate-pretreated (20 and 50 mg/kg) rats, the expression of 
Hsp70 and GDNF was close to the control group values. NCAM expression also was decreased 
by 6-OHDA in the striatum and it was totally protected by mildronate at a dose of 50 mg/kg. In 
contrast, in the substantia nigra, 6-OHDA increased the expression of NCAM, while mildronate 
pretreatment (20 and 50 mg/kg) reversed the 6-OHDA-induced overexpression of NCAM close to 
the control values.

Conclusion. The obtained data showed that mildronate was capable to regulate the expression of 
proteins that play a role in the homeostasis of neuro-glial processes.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative 

disorder characterized by a progressive loss of dopa-
minergic neurons in the substantia nigra (SN) and 
depletion of the neurotransmitter dopamine in the 
striatum (1). The conventional therapy for PD is fo-
cused mostly on the stimulation of the already de-
generating dopamine cells (2). The novel pharma-
cotherapeutic strategies that may open new avenues 
in the treatment of PD are being developed in order 
to prevent or delay the earlier stages of neurodegen-
erative cascades. Therefore, the search for cell tar-
gets that could be essential to be regulated by novel 
drugs are on agenda of PD researchers. 

Mitochondria are considered as one of essen-
tial targets. Mitochondrial damage plays a crucial 
role in the development of oxidative stress, which 

is the primary pathogenetic mechanism of nigral 
dopaminergic cell death in PD (3). Particularly, de-
rangements of complex I are considered as central 
and early cause of PD, since defi ciency in complex 
I activity initiates further respiratory chain dysfunc-
tion that involves mitochondria-dependent apop-
totic cascades resulting in cell death (4). 

In addition, the aggregation of misfolded pro-
teins (e.g., α-synuclein) plays a crucial role in PD, 
because they activate proinfl ammatory molecules, 
hence switch on the neuroinfl ammatory and apop-
totic events. Recent evidence suggests that misfold-
ed proteins and their aggregates are in close rela-
tion with the activities of endogenous or molecular 
chaperons, the intracellular molecules capable of 
unfolding the protein conformation (5). Thus, mo-
lecular chaperones are proteins that recognize and 
selectively bind nonnative proteins to form stable 
complexes, hence preventing misfolding and aggre-
gation of folding intermediates and keep proteins 
on the productive folding pathway (6). Molecu-
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lar chaperones comprise several highly conserved 
families of unrelated proteins, and many of them 
are ubiquitous and belong to the heat shock protein 
(Hsp) family. Hsps are molecular chaperones that 
assist in the proper folding of newly synthesized 
proteins as well as those subjected to stress-induced 
denaturation. Hsps also exhibit a variety of cytopro-
tective functions and inhibition of apoptosis (7, 8). 
It has been demonstrated that Hsp70 overexpres-
sion reduces α-synuclein accumulation and toxicity 
in both mouse and Drosophila models of PD (8, 9). 
Furthermore, it has been recently shown that 6-hy-
droxydopamine (6-OHDA) induces the heat shock 
response, leading to the increased levels of Hsp25 
and Hsp70 (10). However, there are contradictory 
data that overexpressing Hsp70 in a mouse model of 
alpha-synucleinopathy did not lower the toxic load 
of alpha-synuclein species and had no benefi cial ef-
fect on alpha-synuclein-related motor defi cits (11). 

Recent evidence has implicated macroglia (astro-
cytes) and microglia cell activation in the initiation 
and progression of PD (12). Moreover, activated 
astrocytes may promote neurogenesis by producing 
energy substances and growth factors. Glial cell-
derived neurotrophic factor (GDNF) is a proposed 
substance to promote survival and differentiation of 
dopamine neurons (13). It has been recently dem-
onstrated that chronic infusion of GDNF prevents 
6-OHDA-induced dopaminergic cell degeneration 
in a rat model of Parkinson’s disease (14). 

In addition, recent data suggest that neural cell 
adhesion molecule (NCAM) plays an important role 
in neurogenesis, neural cell adaptation, and survival. 
Furthermore, NCAM has been identifi ed as an al-
ternative signaling receptor for GDNF (15). 

It is increasingly recognized that the novel phar-
macotherapy of PD is of great importance. It is ex-
pected that the drugs that could promote neuronal 
adaptation, differentiation, and survival would be 
benefi cial. Our recent fi ndings showed that mil-
dronate, a representative of aza-butyrobetaine class, 
might regulate the expression of different proteins 
altered by neurotoxins 6-OHDA (PD model) and 
azidothymidine (AZT) (16, 17). Therefore, in PD 
model rats, mildronate increased the number of ty-
rosine hydroxylase-positive dopaminergic neurons 
and Notch-3-positive progenitors cells, and de-
creased the numbers of cells positive for glial fi bril-
lary acidic protein (GFAP), inducible nitric oxide 
synthase (iNOS), ionized calcium binding adaptor 
molecule 1 (IBA-1), and ubiquitin (16). In AZT-
induced neurotoxicity model in mice, mildronate 
suppressed the neuroinfl ammatory and apoptotic 
events by protecting abnormal expression of mark-
ers, such as cytochrome oxidase c, caspase 3, iNOS, 
cellular apoptosis susceptibility protein (CAS), and 
GFAP  (17). 

In addition, we have shown that 6-OHDA le-
sion caused a dramatic (5-fold) decrease in tyrosine 
hydroxylase (TH)-positive nerve endings and in-
terneurons in the lesioned striatum and TH-posi-
tive neurons in substantia nigra compared with the 
control group. However, the administration of mil-
dronate completely protected against a 6-OHDA-
induced decrease in TH expression (16).

Furthermore, in studies on isolated rat liver mi-
tochondria, mildronate showed mitochondria-pro-
tecting properties (17).

The aim of the present study was to investigate 
the effects of mildronate in a 6-OHDA rat model of 
PD by assessing cellular protein biomarkers that are 
involved in signaling cascades and that are crucial 
for neuronal survival, adaptation, and neural and 
glial integration: Hsp70, GDNF, and NCAM.

Materials and Methods
Animals. Male Wistar rats were obtained from the 

Laboratory of Experimental Animals, Riga Stradins 
University, Riga, Latvia. Each animal weighed 230–
250 g at the beginning of the experiment. All of the 
experimental procedures were performed in accord-
ance with the guidelines of Directive 86/609/EEC 
“European Convention for the Protection of Ver-
tebrate Animals Used for Experimental and Other 
Scientifi c Purposes” (1986) and were approved by 
the Animal Ethics Committee of the Food and Vet-
erinary Service (Riga, Latvia). 

Drugs. Mildronate (3-[2,2,2-trimethylhydrazin-
ium] propionate dihydrate) was obtained from the 
Joint Stock Company “Grindex” (Riga, Latvia), dis-
solved in saline, and prepared as 2% stock solution. 
6-OHDA was obtained from Sigma-Aldrich (St. 
Louis, MO, USA), dissolved in 0.2% ascorbic acid 
solution, and prepared as stock solution at a con-
centration of 20 μg/3 μL. Ketamine and imipramine 
were obtained from Sigma-Aldrich (St. Louis, MO, 
USA).

Experimental Design. The rats were adapted to 
the experimental conditions and divided into 8 
groups (8 animals per group). Mildronate or saline 
(control) in a volume of 1 mL/kg was administered 
intraperitoneally (IP) every day for 14 days at doses 
of 10, 20, and 50 mg/kg. On day 15, the neurotoxin 
6-OHDA was administered into the right corpus 
striatum (i/str) at a concentration of 20 μg/3 μL. 
The control group received artifi cial cerebrospinal 
fl uid (aCSF).

The groups were as follows: group 1, saline IP 
for 2 weeks followed by aCSF i/str; group 2, mil-
dronate, 10 mg/kg IP for 2 weeks followed by aCSF 
i/str; group 3, mildronate, 20 mg/kg IP for 2 weeks 
followed by aCSF i/str; group 4: mildronate, 50 mg/
kg IP for 2 weeks followed by aCSF i/str; group 
5, saline IP for 2 weeks followed by 6-OHDA i/
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str; group 6, mildronate, 10 mg/kg IP for 2 weeks 
followed by 6-OHDA i/str; group 7, mildronate, 
20 mg/kg IP for 2 weeks followed by 6-OHDA i/
str; group 8, mildronate, 50 mg/kg IP for 2 weeks 
followed by 6-OHDA i/str.

Surgical Procedures. After the intraperitoneal 
administration of mildronate or saline for 2 weeks, 
the rats were anesthetized (ketamine 75 mg/kg plus 
xylazine 10 mg/kg) and placed in a stereotaxic 
frame (Stoelting Inc., USA). Thirty minutes before 
the induction of general anesthesia, the rats received 
imipramine (at a dose of 20 mg/kg) to protect adr-
energic neurons against the development of 6-OH-
DA-induced lesions. Anesthetized rats received 
6-OHDA solution (20 μg/3 μL) or aCSF in the 
right striatum using a Stoelting microinjector. The 
injection rate was 1 μL/min, and the cannula was 
maintained in the delivery position for additional 
3 minutes prior to its slow retraction. Coordinates 
(according to Paxinos & Watson) were as follows: 
AP+0.2; LM+2.5; DV-5.0 mm from the bregma. 

Brain Tissue Processing. The brain tissue was cut 
into 10 μm-thick sections using a cryostat at –20°C 
(Leica CM1850, Leica Microsystems, Germany), 
and 24 sections each from the corpus striatum (stri-
atum) and substantia nigra (s. nigra) were obtained. 

The sections were transferred to polylysine-
coated slides (3 sections on each slide). The slides 
were air-dried for 15 minutes, and then immersed 
in ice-cold acetone for 15 minutes and air-dried for 
2 hours. The slides were wrapped in aluminum foil 
and stored at –20°C.

Immunohistochemical Examination of the Brain 
Tissue. Tissue sections 10 μm in thickness were 
stained to visualize the cells that were positive for 
Hsp70, GDNF, and NCAM. Endogenous peroxi-
dase activity was blocked with 3.0% H2O2 for 10 
minutes. Nonspecifi c primary antibody binding was 
blocked by incubating the slides with normal horse 
serum. These slides were incubated with rabbit pol-
yclonal Hsp70 (AbCam, dilution at 1:100) or rabbit 
polyclonal GDNF (AbCam, 1:100) or rabbit poly-
clonal NCAM (AbCam, 1:100) for 1 hour at room 
temperature. The detection of bound antibody was 
performed using an EnVision reagent (Dako, Den-
mark). 

The immunoperoxidase color reaction was de-
veloped by incubating the slides with diaminoben-
zidine for 5 minutes. A negative control without 
primary antibody was included in each experiment. 

Imaging and Quantitation of Cells. Hsp70-, 
GDNF-, and NCAM-immunopositive cells were 
counted bilaterally in striatum and substantia ni-
gra in 6 independent sections each from all of the 
experimental groups. The total number of positive 
cells was quantifi ed at magnifi cation ×400. The re-

gion of interest was captured using a Motic digital 
camera (Motic, China) mounted on a microscope 
(Motic BA400) using the Motic Image Advanced 
3.2 software. Whole striatal and nigral sections were 
captured and analyzed. The results are expressed as 
cells per square millimeter. 

Western Blot of the Brain Tissue. For the Western 
blot, frozen rat brain tissue was homogenized using 
RIPA lysis buffer (150 mM NaCl, 1.0% IGEPAL® 
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 
and 50 mM Tris, pH 8.0.) and protease inhibitors 
(10 μM leupeptin, 1 μM pepstatin, 1 μM aprotinin, 
and 100 μM PMSF). The homogenate was spun at 
2000 rpm for 10 minutes at 4°C. The supernatant 
was decanted and used for polyacrylamide gel elec-
trophoresis (PAGE)-Western blot analysis to detect 
Hsp70, GDNF, and NCAM. The supernatant was 
spun at 12 000 rpm for 20 minutes at 4°C; the pel-
let was resuspended with homogenization buffer 
and used for PAGE-Western blot analysis. Brain 
homogenate proteins (20 μg of total extracts) were 
heated at 90°C for 5 minutes in 2× loading buffer 
and separated on 10% SDS-PAGE gels for 1 hour 
at 150 V. Proteins were transferred onto a PVDF 
membrane (Immobilon, Millipore) for 60 minutes 
at 150 mA. Membranes were blocked with 3% BSA 
in PBS for 1 hour and then incubated overnight 
at 4°C with one of the following antibodies: rab-
bit polyclonal anti-Hsp70 (1:10 000), anti-GDNF 
(1:5000), anti-NCAM (1:10 000), and rabbit pol-
yclonal anti β-actin (1:5000). After washing with 
PBS, the blots were incubated for 30 minutes with 
peroxidase-coupled goat anti-rabbit IgG (1:10 000, 
Sigma-Aldrich) or rabbit anti-mouse IgG (1:10 000, 
Sigma Aldrich) and then washed again in PBS. The 
blots were developed using chemiluminescence rea-
gents (GE Healthcare). Band densitometry analysis 
of the membrane was performed using scanned im-
ages of nonsaturated immunoblot fi lms. Pixel inten-
sities of the bands obtained in each experiment were 
normalized using β-actin signals.

Statistical Analysis. For the statistical analysis, 
the GraphPad Prism 5 software was used. The re-
sults are expressed as mean ± SEM, and the level of 
signifi cance was P<0.05 (unpaired t test).

Results
Hsp70 Expression. The administration of 

6-OHDA decreased the number of Hsp70-positive 
cells in the rat striatum in comparison with the con-
trol group (2±1 vs. 7±2 cells/mm2, P=0.03; Fig. 1A). 
Mildronate per se at doses of 10, 20, and 50 mg/
kg did not infl uence Hsp70 expression, whereas its 
pretreatment at doses of 20 and 50 mg/kg increased 
the number of Hsp70-positive cells in 6-OHDA-
lesioned striatum in comparison with the 6-OHDA 
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group (8±2 vs. 2±1, P=0.0009; and 23±2 vs. 2±1 
cells/mm2, P<0.0001; respectively). Similar results 
were obtained by Western blot analysis (Fig. 1B). 

In the SN, the administration of 6-OHDA de-
creased the number of Hsp70-positive cells in 
comparison with the control group (2±1 vs. 7±2 

cells/mm2, P=0.03, Fig. 1C). Similarly, like as in 
the striatum, mildronate alone at doses of 10, 20, 
and 50 mg/kg did not infl uence Hsp70 expression, 
while mildronate pretreatment at doses of 20 and 
50 mg/kg increased the number of Hsp70-positive 
cells in comparison with the 6-OHDA group (10±2 
vs. 2±1, P=0.0007; and 14±4 vs. 2±1 cells/mm2, 
P=0.003, respectively). 

Fig. 2 shows the number of Hsp70-positive cells 
in the striatal tissue.

GDNF Expression. The administration of 
6-OHDA decreased the number of GDNF-positive 
cells in the rat striatum in comparison with the 
control group (5±2 vs. 16±1 cells/mm2, P=0.0004) 
(Fig. 3A). Mildronate alone at doses of 10 mg/kg 
did not infl uence GDNF expression; however, at 
doses of 20 and 50 mg/kg, it increased the number 
of GDNF-positive cells compared with the saline 
group (23±2 vs. 16±1, P=0.005; and 21±2 vs. 2±1 
cells/mm2, P=0.01; respectively). Similar data were 
obtained by Western blot analysis (Fig. 3B).

Mildronate pretreatment at doses of 20 and 50 
mg/kg increased the number of striatal GDNF-
positive cells in the 6-OHDA-lesioned striatum in 
comparison with the 6-OHDA group (18±2 vs. 5±2, 
P=0.001; and 24±3 vs. 5±2 cells/mm2, P=0.0001). 
In the SN, GDNF expression did not differ signifi -
cantly between the groups (Fig. 3C).

NCAM Expression. The administration of 
6-OHDA decreased the number of NCAM-positive 
cells in the rat striatum in comparison with the con-
trol group (3±2 vs. 9±3 cells/mm2, P=0.049) (Fig. 
4A). Mildronate per se at a dose of 10 mg/kg tended 
to decrease NCAM expression; however, at doses 
of 20 and 50 mg/kg, it did not infl uence NCAM 
expression. Mildronate pretreatment at a dose of 50 
mg/kg increased the number NCAM-positive cells 
in the 6-OHDA-lesioned striatum compared with 
the 6-OHDA group (17±5 vs. 3±2, P=0.008). West-
ern blot analysis confi rmed these data (Fig. 4B).

In the SN, the administration of 6-OHDA in-
creased the number of NCAM-positive cells in com-
parison with the control group (14±2 vs. 7±2 cells/
mm2, P=0.005). Mildronate per se at doses of 10 
and 50 mg/kg did not infl uence NCAM expression, 
whereas at a dose of 20 mg/kg, it increased NCAM 
expression compared with the control group (12±2 
vs. 7±2 cells/mm2, P=0.049). Mildronate pretreat-
ment at doses of 10, 20, and 50 mg/kg decreased 
the number of NCAM-positive cells in comparison 
with the 6-OHDA group (Fig. 4C).

Discussion
Immunohistochemical and Western blot exami-

nation of brain tissues in our ex vivo study demon-
strated that mildronate regulates the expression of 
biomarkers Hsp70, GDNF, and NCAM, which are 

Fig. 1. The number of Hsp70-positive cells (A), Hsp70 protein 
expression assessed by Western blot (B) in the 

6-OHDA-lesioned striatum, and the number of Hsp70-positive 
cells in the substantia nigra (C)

Immunohistochemical examination of rat tissue using an Hsp70 
antibody. Saline (SAL, 1 mL/kg) and mildronate at doses of 10, 
20, and 50 mg/kg (M10, M20, and M50) were administered 
intraperitoneally 2 weeks prior to the injection of 6-OHDA 
or artifi cial cerebrospinal fl uid (aCSF); 6-OHDA injection 
in mildronate-treated rats: M10+6-OHDA, M20+6-OHDA, 
and M50+6-OHDA. Striatum: *P=0.03, SAL+6-OHDA vs. 
SAL+aCSF; **P<0.0001, M20+6-OHDA vs. SAL+6-OHDA, 

and •P<0.0001, M50+6-OHDA vs. SAL+6-OHDA. 
Substantia nigra: *P=0.03, SAL+6-OHDA vs. SAL+aCSF; 

**P=0.0007, M20+6-OHDA vs. SAL+6-OHDA; and 
•P=0.003, M50+6-OHDA vs. SAL+6-OHDA; unpaired t test. 

Number of animals per group (n=8).

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

Actin

30
25
20
15
10
5
0H

sp
70

 e
xp

re
ss

io
n,

 m
m

2

20

15

10

5

0

H
sp

70
 e

xp
re

ss
io

n,
 m

m
2

C

B

A

*

**

*

**

Regulation of Protein Expression by Mildronate



556

Medicina (Kaunas) 2011;47(10)

Fig. 2. Photomicrographs showing Hsp70 expression in the striatal tissue
A, SAL+aCSF; B, mildronate (M) at a dose of 50 mg/kg; C, SAL+6-OHDA; D, M50+6-OHDA. 

An arrow indicates positively stained cells. Immunohistochemical staining method with an Hsp70 antibody (magnifi cation ×200).

BA

DC

responsible for neuronal adaptation, survival, and 
neuronal glial communication. 

In our study, 6-OHDA injection considerably 
decreased Hsp70 immunostaining in both the stria-
tum and the SN. These fi ndings are in agreement 
with literature data, which showed that the loss of 
Hsp70 activity is associated with neurodegeneration 
and the formation and induction of the pathologi-
cal conversion of misfolded proteins into cytotoxic 
species such as amyloid deposits of alpha-synuclein, 
which constitute the intraneuronal inclusions in PD 
human patients known as Lewy bodies (8, 11). It was 
also demonstrated that the expression of lysosomal-
associated membrane protein 2A (LAMP2A) and 
heat shock cognate 70 (hsc70) protein was signifi -
cantly reduced in the substantia nigra of PD human 
brain and that was explained by chaperone-mediat-
ed autophagy activity in the PD brain (18). Howev-
er, there are also contradictory data. For instance, in 
an in vitro study, 6-OHDA induced the heat shock 
response leading to the increased levels of Hsp25 
and Hsp70 (10). Some other fi ndings demonstrated 

that overexpression of Hsp70 in a mouse model of 
alpha-synucleinopathy did not lower the toxic load 
of alpha-synuclein species and had no benefi cial ef-
fect on alpha-synuclein-related motor defi cits (11). 

Mildronate pretreatment (20 and 50 mg/kg) for 
2 weeks increased the number of Hsp70-positive 
cells, which were decreased by 6-OHDA intrastria-
tal injections. In this context, one may suggest that 
mildronate in neurodegenerative conditions can 
act by regulating (normalizing) action on the ex-
pression of endogenous molecular chaperone mol-
ecule Hsp70. This effect may have a great impor-
tance, since Hsps recently have become a target in 
PD therapy (19). This action may be provided ei-
ther by antioxidant activity and protecting effect of 
mildronate at the level of mitochondrial complex I 
(20) or/and by capability of mildronate to regulate 
ubiquitin proteasome pathway (16). However, one 
cannot exclude the infl uence of mildronate on pro-
tein conformation and its chemical chaperone-like 
properties. Mildronate molecule at least in part cor-
responds to requirements for chemical chaperons, 

Sergejs Isajevs, Darja Isajeva, Ulrika Beitnere, et al.
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since it possesses both quaternary nitrogen and 
negatively charged oxygen, which could easily bind 
to charged amino acids of cellular proteins and/or 
target protein-protein interfaces.

Our study demonstrated also a capability of mil-
dronate at doses of 20 and 50 mg/kg to infl uence the 
expression of trophic protein GDNF in the striatum 
that was dramatically decreased by 6-OHDA. Inter-

estingly, mildronate per se at these doses also in-
creased GDNF expression. It is known that GDNF, 
which is produced in glial cells, is a substance that 
promotes survival and differentiation of dopamine 
neurons (13, 21). It has been recently demonstrated 
that chronic infusion of GDNF prevents 6-OHDA-

Fig. 3. The number of GDNF-positive cells in the 6-OHDA-
lesioned striatum (A), GDNF protein expression assessed by 
Western blot (B) in the 6-OHDA-lesioned striatum, and the 

number of GDNF-positive cells in the substantia nigra (C)
Immunohistochemical and Western blot examination of rat 
tissue using a GDNF antibody. Saline (SAL, 1 mL/kg) and 
mildronate at doses of 10, 20, and 50 mg/kg (M10, M20, and 
M50) were administered intraperitoneally 2 weeks prior to the 
injection of 6-OHDA or artifi cial cerebrospinal fl uid (aCSF). 
6-OHDA injection in mildronate-treated rats: M10+6-OHDA, 

M20+6-OHDA, and M50+6-OHDA. 
Striatum: *P=0.05, M20+aCSF vs. SAL+aCSF; **P=0.01, 
M50+aCSF vs. SAL+aCSF, •P=0.0004, SAL+6-OHDA vs. 
SAL+aCSF; ••P=0.001, M20+6-OHDA vs. SAL+6-OHDA; 
and •••P=0.0001, M50+6-OHDA vs. SAL+6-OHDA; unpaired 

t test. Number of animals per group (n=8).

C

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

SA
L+

aC
SF

M
10

+
aC

SF

M
20

+
aC

SF

M
50

+
aC

SF

SA
L+

6-
O

H
D

A

M
10

+
6-

O
H

D
A

M
20

+
6-

O
H

D
A

M
50

+
6-

O
H

D
A

Actin

30
25
20
15
10
5
0G

D
N

F 
E

xp
re

ss
io

n,
 m

m
2

G
D

N
F 

E
xp

re
ss

io
n,

 m
m

2

B

A

* **

30
25
20
15
10
5
0

Fig. 4. The number of NCAM-positive cells (A), NCAM pro-
tein expression assessed by Western blot (B) in the 6-OHDA-
lesioned striatum, and the number of NCAM-positive cells in 

the substantia nigra (C)
Immunohistochemical and Western blot examination of rat 
tissue using a NCAM antibody. Saline (SAL, 1 mL/kg) and 
mildronate at doses of 10, 20, and 50 mg/kg (M10, M20, and 
M50) were administered intraperitoneally 2 weeks prior to the 
injection of 6-OHDA or artifi cial cerebrospinal fl uid (aCSF). 
6-OHDA injection in mildronate-treated rats: M10+6-OHDA, 

M20+6-OHDA, and M50+6-OHDA. 
Striatum: *P=0.049, SAL+6-OHDA vs. SAL+aCSF; **P=0.008, 

M50+6-OHDA vs. SAL+6-OHDA.
Substantia nigra: *P=0.04, M20+aCSF vs. SAL+aCSF; 

**P=0.049, SAL+6-OHDA vs. SAL+aCSF; •P=0.001, 
M10+6-OHDA vs. SAL+6-OHDA; ••P=0.001, M20+6-OHDA 
vs. SAL+6-OHDA; and °P=0.005, M50+6-OHDA vs. SAL+6-
OHDA; unpaired t test. Number of animals per group (n=8).
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induced defi cits in a rat model of Parkinson’s disease 
(14). Furthermore, it was confi rmed that GDNF has 
potent dopaminotrophic effects leading to a reliable 
recovery of phenotypic expression of tyrosine hy-
droxylase in surviving nigral neurons. These effects 
were long-lasting and sustained, remaining after the 
cessation of GDNF infusion (22). The capability of 
mildronate to increase GDNF expression is suggest-
ed to be benefi cial in comparison with that of high-
molecular antigenic trophic factors, because mil-
dronate is a small molecule that lacks antigenicity. 
The question whether mildronate stimulates GDNF 
synthesis remains to be elucidated.

In addition, our data showed that mildronate at 
doses of 20 and 50 mg/kg normalizes the expres-
sion of NCAM close to the control values in the 
6-OHDA lesioned striatum. Surprisingly, in rat 
SN, where 6-OHDA increased the expression of 
NCAM, mildronate also normalized the expression 
of NCAM close to the control group value. Besides, 
mildronate per se at a dose of 20 mg/kg increased 
the expression of NCAM in the SN as compared 
with the control group. Our results are consistent 
with other observations that NCAM is upregulated 
in the 6-OHDA-lesioned SN (23). The importance 
of the effect of mildronate cannot be overestimat-
ed, because NCAM has a role in cell-cell adhesion, 

neurite outgrowth, synaptic plasticity, and learning 
and memory (24).

Conclusions
Summarizing the obtained data, one may stress 

the capability of mildronate to normalize the 
6-OHDA-altered expression of proteins involved 
in neuronal survival, such as molecular chaperone 
molecule Hsp70, trophic factor GDNF, and nerve 
adhesion molecule NCAM. These biomarkers may 
serve as the therapeutic targets in Parkinson’s dis-
ease. The capability of mildronate to normalize the 
expression of an array of proteins involved in apop-
tosis, neuroinfl ammation, and microgliosis, report-
ed in our previous studies, allow us to conclude that 
mildronate acts as a regulator of protein functioning 
at the levels of neuronal-glial communication. These 
properties of mildronate speak in favor of its benefi -
cial effects in the treatment of Parkinson’s disease.

Acknowledgments
ESF project No. 2009/0217/1DP/1.1.1.2.0/09/

APIA/VIAA/031, Latvian Science Council grant 
No. 09.1025.

Statement of Conflict of Interest
The authors state no confl ict of interest.

References
1. Moore DJ, West AB, Dawson TM. Molecular pathophysiol-

ogy of Parkinson’s disease. Annu Rev Neurosci 2005;28:57-
87.

2. Rascol O, Lozano A, Stern M, Poewe W. Milestones in 
Parkinson’s disease therapeutics. Mov Disord 2011;26(6): 
1072-82.

3. Yoo MS, Chun HS, Son JJ, DeGeorgio LA, Kim DJ, et al. 
Oxidative stress regulated genes in nigral dopaminergic 
neuronal cells: correlation with the known pathology in Par-
kinson’s disease. Brain Res Mol Brain Res 2003;110:76-84.

4. Vila M, Przedborski S. Targeting programmed cell death 
in neurodegenerative diseases. Nat Rev Neurosci 2003;4(5): 
365-75.

5. Dawson TM, Dawson VL. Molecular pathways of neurode-
generation in Parkinson’s disease. Science 2003;302(5646): 
819-22.

6. Giffard RG, Xu L, Zhao H, Carrico W, Ouyang Y, Qiao 
Y, et al. Chaperones, protein aggregation, and brain pro-
tection from hypoxic/ischemic injury. J Exp Biol 2004; 
207(18):3213-20.

7. Mayer MP, Bukau B. Hsp70 chaperones: cellular functions 
and molecular mechanism. Cell Mol Life Sci 2005;62(6): 
670-84.

8. Auluck PK, Chan HYE, Trojanowski JQ, Lee VM, Bonini 
NM. Chaperone suppression of α-synuclein toxicity in a 
Drosophila model for Parkinson’s disease. Science 2002; 
295(5556):865-8.

9. Klucken J, Shin Y, Masliah E, Hyman BT, McLean PJ. 
Hsp70 reduces α-synuclein aggregation and toxicity. J Biol 
Chem 2004;279(24):25497-502.

10. Gorman AM, Szegezdi E, Quiqney DJ, Samali A. Hsp27 

inhibits 6-hydroxydopamine-induced cytochrome c release 
and apoptosis in PC12 cells. Biochem Biophys Res Com-
mun 2005;327:801-10

11. Shimshek DR, Mueller M, Wiessner C, Schweizer T, van 
der Putten PH. The Hsp70 molecular chaperone is not ben-
efi cial in a mouse model of alpha-synucleinopathy. PLoS 
One 2010;5(4):e10014.

12. Herrera AJ, Tomas-Camardiel M, Venero JL, Cano J, Ma-
chado A. Infl ammatory process as a determinant factor for 
the degeneration of substantia nigra dopaminergic neurons. 
J Neural Transm 2005;112:111-9.

13. Krieglstein K. Factors promoting survival of mesencephalic 
dopaminergic neurons. Cell Tissue Res 2004;318:73-80.

14. Voutilainen MH, Back S, Peranen J, Lindolm P, Raasmaja 
A, Mannisto PT, et al. Chronic infusion of CDNF prevents 
6-OHDA-induced defi cits in a rat model of Parkinson’s dis-
ease. Exp Neurol 2011;228:99-108. 

15. Cao PJ, Wang HJ, Yu JK, Yang H, Xiao CH, Gao DS. In-
volvement of NCAM in the effects of GDNF on the neurite 
outgrowth in the dopamine neurons. Neurosci Res 2008; 
61:390-7.

16. Klusa VZ, Isajevs S, Svirina D, Pupure J, Beitnere U, Ru-
maks J, et al. Neuroprotective properties of mildronate, a 
small molecule, in a rat model of Parkinson’s disease. Int J 
Mol Sci 2010;11:446-4.

17. Pupure J, Isajevs S, Skapare E, Rumaks J, Svirskis S, Svi-
rina D, et al. Neuroprotective properties of mildronate, a 
mitochondria-targeted small molecule. Neurosci Lett 2010; 
470:100-5.

18. Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM, Cabal-
lero C, Ferrer I, Obeso JA, et al. Chaperone-mediated au-

Sergejs Isajevs, Darja Isajeva, Ulrika Beitnere, et al.



559

Medicina (Kaunas) 2011;47(10)

tophagy markers in Parkinson disease brains. Arch Neurol 
2010;67(12):1464-72. 

19. Luo CR, Chen S, Le WD. Are heat shock proteins thera-
peutic target for Parkinson’s disease? Int J Biol Sci 2006;15: 
20-6.

20. Pupure J, Fernandes MA, Santos MS, Moreno AJ, Kalvinsh 
I, Klusa V, et al. Mitochondria as the target for mildronate’s 
protective effects in azidothymidine (AZT)-induced toxic-
ity of isolated rat liver mitochondria. Cell Biochem Funct 
2008;26(5):620-31.

21. Yasudo T, Mochizuki H. Use of growth factors for the treat-
ment of Parkinson’s disease. Expert Rev Neurother 2010; 
10(6):915-24.

22. Gonsalez-Aparicio R, Flores JA, Fernandez-Espejo E. Anti-
parkinsonian trophic action of glial cell line-derived neuro-
trophic factor and transforming growth factor β1 is enhanced 
after co-infusion in rats. Exp Neurol 2010;226(1):136-47. 

23. Nomura T, Yabe T, Rosenthal ES, Krzan M, Schwart JP. 
PSA-NCAM distinguishes reactive astrocytes in 6-OHDA-
lesioned substantia nigra from those in the striatal terminal 
fi elds. J Neurosci Res 2000;61(6):588-96.

24. Stoenica L, Senkov O, Gerardy-Schahn R, Weinhold B, 
Schachner M, Dityatev A. In vivo synaptic plasticity in the 
dentate gyrus of mice defi cient in the neural cell adhesion 
molecule NCAM or its polysialic acid. Eur J Neurosci 2006; 
23:2255-64.

Received 29 September 2011, accepted 31 October 2011

Regulation of Protein Expression by Mildronate




