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Parkinson’s disease (PD) is a progressive neurodegenerative disorder, characterized by the loss
of dopaminergic neurons in the substantia nigra pars compacta. The causes of PD are not
fully understood; however, increasing evidence implicates disturbed respiratory function of
the mitochondria and a lack of energy in cells. Aim. To study the effects of 2.3-diazepine
(2.3-DP), a new derivative of benzodiazepine, on liver tissue respiration (LTR) and energy
dependent processes of bile and bile acids (BAs) production in a rat model of PD. Methods.
PD was induced by intraperitoneal injections of rotenone (ROT). LTR (the intensity of the
oxygen uptake) was assessed using the polarograph LP-9 (Czech Republic). Secreted bile was
collected during 1 hour of the experiment through the polyethylene catheter inserted into the
common bile duct. BAs were separated by the method of thin layer chromatography. Results.
ROT diminished the index of liver oxygen consumption by 34 % (p<0.001), reduced bile flow
by 33.8 % (p<0.001) and disturbed the conjugation of cholic acid with amino acids taurine
and glycine reducing the index of conjugation by 29.2 % (p<0.001). ROT also increased by
25.6 % (p<0.001) the part of acidic pathway in the biosynthesis of BAs. The application of
2.3-DP results in full or partial recovery of LTR, bile flow, concentrations of BAs and their
ratio in the bile of rats with PD. Conclusion. 2.3-DP markedly affected function of the liver
parenchyma in a rat model of PD. This drug changed the intensity of LTR, bile flow and no-
tably modified bile chemical compositions.
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The evaluation of 2.3-diazepine influence on liver in rats with a rotenone model of Parkinson’s disease

Introduction

Parkinson’s disease (PD) is a progressive neu-
rodegenerative disorder, characterized by the
selective loss of dopaminergic neurons in nigra
pars compacta of the midbrain leading to a sig-
nificant reduction in dopamine levels in the
striatum [1]. The factors causing selective neu-
ronal cell death have not been clearly defined.
To date, more than 15 genes have been identi-
fied which are associated with the hereditary
forms of primary parkinsonism. The most stud-
ied PARK1 a-synuclein plays an important role
in synaptic vesicular transport and storage of
neurotransmitters. Mutations (hereditary or due
to the effects of exogenous neurotoxic factors)
in the a-synuclein gene lead to a change in the
structure of the protein, its accumulation in the
neuron and aggregation with the formation of
Levi’s bodies. Currently, a-synuclein is con-
sidered as a key molecular marker of pathol-
ogy of neurons and modulation of neurodegen-
eration of Parkinson’s type [2]. Numerous stud-
ies suggest that an inhibition of mitochondrial
complex I and a mitochondrial dysfunction
leading to respiration disorder and energy def-
icit in the neurons might play an important role
in neurodegeneration during progression of PD
[3]. The cardinal manifestation of PD is severe
abnormalities in motor function, namely rigi-
dity, tremor in rest, bradykinesia, and the loss
of postural reflexes as well as non-motor fea-
tures [1, 4]. Previous studies have shown that
in PD, altered metabolic pathways may be
associated with the exchange of certain
compounds, in particular bile acids (BAs) [5].
Rotenone (ROT), an inhibitor of mitochon-
drial complex I, is usually used to reproduce
the pathological features of PD in animal mo-

dels [6, 7]. The modeling of PD in rats by
systemic administration of ROT revealed the
symptoms similar to human pathology, namely
nigrostrial degeneration and dysfunction of
mitochondria [8]. Nowadays, pharmacological
treatment of PD is performed by dopamine and
levodopa (Ldopa) agonists. Dopamine agonists
are the medicines that activate the dopamine
receptor. They mimic or copy the function of
dopamine in the brain but cause several serious
undesirable effects, including nausea, vomiting,
hypotension, and, in the long run, motor com-
plications [9]. In this context, the drugs with
the ability to modulate mitochondrial dynam-
ics, function and biogenesis may have impor-
tant clinical applications in the future treatment
of PD. L.A. Fonseca et al. showed that benzo-
diazepine- derivative substances protect the
neuronal mitochondria against ROT-induced
damage in rats model of PD [10]. Ukrainian
scientists have developed the chemical com-
pounds of the class of 2.3-benzodiazepines,
which are characterized by the activity in rela-
tion to CNS. The clinical success of tofizopam,
one of these drugs, initiated further researches
in order to obtain new derivatives of
2.3-benzodiazepine. As an inhibitor of the
y-secretase enzyme, which plays an important
role in the investigation of Alzheimer's disease
(AD), a derivative of the 2.3-benzodiazepine-
1.4-dione containing the diamond fragment
1.106 was proposed [11]. In the late 90s of the
last century the first publications appeared de-
voted to the biological activity of condensed
2.3-benzodiazepines containing annelated
heterocycles in the position of 3-4. Thus, the
derivatives of triazolo [4.5-c] imidazo [1.2-c]
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[2.3] diazepine 1.104 showed a high
anticonvulsant activity of the Talampanel drug.

The liver is an organ with intense metabo-
lism and in a healthy person, it consumes
about 20 % of the total amount of oxygen in
the body [12]. In turn, LTR is provided by
mitochondria. The functioning of the mito-
chondria in neurons and hepatocytes is similar,
therefore it was reasonable to establish the
involvement of hepatocyte mitochondria in
this pathology. The oxygen-dependent biosyn-
thetic processes in the liver are closely related
to the energy metabolism. Consequently, the
consumption of oxygen by the liver may ad-
ditionally indicates the functional status of the
mitochondria.

The present study therefore was aimed to
investigate: 1) the features of liver function in
rats with ROT-induced PD, in particular, tissue
respiration of this organ, the rate of bile flow,

C16H1203
MW 252,26

To a suspension of 1.26 g (0.005 mol) of
3-(4-hydroxy-3-methylphenyl)-1H-isochro-
men-1-one (1) in 25 ml of isopropyl alcohol
0.9 ml (0.015 mol) of 80 % hydrazine hydrate
was added and the mixture was refluxed
3—4 hours (during the reaction, isocoumarin
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as well as the biliary content of BAs, the syn-
thesis of which directly depends on the state
of energy metabolism in hepatocytes; 2) the
effect of the synthetic agent of 2.3-DP on the
parameters of LTR, the rate of bile secretion
and the content and ratio of BAs in the bile of
rats with experimental ROT model of PD.

Materials and Methods

Compounds and reagents. ROT, dimethyl sulf-
oxide (DMSO) and urethane were purchased
from Sigma (St. Louis, MO, USA).
Thiopentalum natrium was produced in
Ukraine (OAO “Kyivmedpreparat™).
Elemental analysis of 2.3-DP was per-
formed in the analytical laboratory of
V.P. Kukhar Institute of Bioorganic Chemistry
and Petrochemistry, NAS of Ukraine, Kyiv,
Ukraine: (E)-4-(4-Hydroxy-3-methylphenyl)-
2H-benzo[d][1.2]diazepin-1(5H)-one

OH  C4gH14N202
MW 266,29

slowly dissolved, the conversion was controlled
by TLC). The resulting solution of product 2
was evaporated using a rotary evaporator to
half-volume and cooled. The crystal solid was
separated by filtration and recrystallized from
isopropyl alcohol. Yield 85 %. Mp 256258 °C.
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'H, 13C NMR spectra were recorded at Bruker
Avance DRX500 NMR operating at 500 MHz
frequency for 'H and 125 MHz for 13C ex-
periments. NMR chemical shifs are reported in
ppm, in the d scale and are referenced using
TMS as internal standard. LC-MS data were
acquired on Agilent 1100 HPLC system
equipped with diode matrix and Agilent LC/
MSD SL mass-selective detector, with chemi-
cal ionization at atmospheric pressure (APCI).

'H NMR (500 MHz, DMSO-d;, 8, ppm, J,
Hz): 2.14 (3H, s, CH;-3¢), 3.99 (2H, s, CH,-5),
6.83 (1H, d, J = 8.4, H-5¢), 7.38 (1H, t, J =
7.3, H-8), 7.48-7.56 (2H, m, H-6,7), 7.62 (1H,
br. d, J = 8.3, H-6¢), 7.67 (1H, s, H-2¢), 7.78
(1H, d, J = 7.6, H-9), 9.83 (1H, br. s, OH),
11.01 (1H, NH).

13C NMR (125 MHz, DMSO-d;, 6, ppm):
16.5, 34.3, 115.1, 124.8, 126.0, 126.5, 127.7,
127.8,129.8, 130.1, 132.6, 133.3, 138.4, 158.2,
160.2, 167.2.

LCMS, m/z: 267 [M+1]*.

Found, %: C, 72.24; H, 5.26; N, 10.53. Calc.
for C,sH4N,0,, %: C, 72.16; H, 5.30; N, 10.52.

Experimental animals. Study has been done
in acute experiments on 60 male mature Wistar
rats (obtained from Institute of Toxicology,
Academy of Medical Sciences of Ukraine
(Kyiv, Ukraine)), weighing 230-270 g. The
animals were housed under standard conditions
of humidity (55-60 %), in a temperature-con-
trolled environment (22 + 2°C) with a 12 h
light/dark cycle, with unlimited access to fil-
tered water and commercial food throughout
the experimental period. Animal housing care
and the application of experimental procedures
were in accordance with the existing interna-
tional requirements and norms of humane at-
titude towards animals (Strasbourg, 1986, Law

of Ukraine dated February 21, 2006,
No. 3447-1V) and to the decision held by
Biological Ethics Committee, Faculty of
Biology, National Taras Schevchenko
University of Kyiv (protocol No. 3 from
April 9, 2009). This work has been done in
accordance with Declaration of Helsinki
(World medical assembly, 1964), Declaration
of Principles on Tolerance (28th session of
UNESCO, 1995), Universal Declaration on
Bioethics and Human Rights related to intro-
duction of new biomedical technologies, ac-
cepted in 1997 in the city of Oviedo (Spain)
and signed by parliament of Ukraine in 2002,
Law of Ukraine No. 3447 IV ”About animals
protection from brutal behavior”.
Experimental design. Rats were injected with
either ROT (2.0 mg/kg, intraperitoneally (i.p.))
suspended in sunflower oil (1 ml/kg) (ROT
vehicle) or vehicle alone [13], daily for 28 con-
secutive days (from 10:00 a.m to 12:00 a.m.).
After one week, the rats were randomly divided
into six groups: (1) control group (n=10), rats
received an injection of sunflower oil (1 ml/kg
of body weight) that did not include ROT;
(2) ROT group (n=9), ROT (2.0 mg/kg);
(3) ROT+1 % solution of DMSO group (n=8),
ROT (2.0 mg/kg)+1 % DMSO (1 ml/kg);
(4) ROT+2.3-DP group (n=8), ROT (2.0 mg/
kg)+2.3-DP (0,5 mg/kg); (5) ROT+ 2.3-DP
group (n=8), ROT (2.0 mg/kg)+2.3-DP (1,0 mg/
kg); (6) ROT+2.3-DP group (n=8), ROT
(2.0 mg/kg)+2.3-DP (2.0 mg/kg). Immediately
before use, 2.3-DP was freshly suspended in a
1 % DMSO solution. 2.3-DP (0.5, 1.0 and
2.0 mg/kg) or 1 % DMSO (1 ml/kg), were ad-
ministrated daily, i.p. as a single dose, for
28 days, starting immediately after the last in-
jection of ROT. The dose had been determined
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based on the lowest dose of other neuroprotec-
tive factors shown to be effective. During the
experimental study period, animals from each
group were weighed every seven days.
Behavioral Analysis. In the ROT-treated
groups, rat fur became yellow and dirty; the
rats showed reduced and slow movement,
tremor, rigor and an unstable gait, which were
identified as PD-like symptoms [13].
Locomotor Activity. The open-field test can
be used to evaluate the spontaneous activity
of rats. Twenty nine days following treatment
rats were placed in an open field square box
(100 cm long, 100 cm wide, and 40 cm high),
and the test area is well illuminated. The ex-
periment was carried out in a quiet environ-
ment. Rats were video-recorded (Fotocam,
Canon) for 6 min, 1 min for habituation and
5 min for behavioral analyzes. The animal was
placed into the center of the bottom of the box
and turn on the camera to observe for 5 min.
Two motor parameters were quantified
throughout this test: locomotion frequency
(number of squares crossings, defined as the
number of quadrant crossings with the four
paws) and rearing frequency (times the animal
rise for at least 2s on their rear paws in the air
or against the walls). Before the test, 70 %
ethanol was used to thoroughly wipe the inner
wall and bottom surface of the box, so as not
to affect the results of the next test. Replace
the animals and continue the experiment [ 14].
Study of LTR. The intensity of oxygen ab-
sorption by the liver tissues was assessed by
the rate of decrease in pO, in the liver paren-
chyma with half a minute occlusion of the
portal vein and the hepatic artery. Before the
experiment, the rats were anesthetized with
urethane (1 g/kg, 1 ml/kg, intraperitoneally
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(i.p.)). Oxygen tension (pO,) in the liver pa-
renchyma was recorded using an LP-9 polaro-
graph (Czech Republic). An open platinum
microelectrode in glass insulation (d = 0.3 mm)
with an operating voltage of 0.65 V was used
as an indicator. A standard calomel electrode
was used as a reference electrode. Several
platinum electrodes were inserted into the liv-
er, and the electrical signals from them were
sent to the polarograph. To calculate the level
of pO, in the liver tissue, the method of the
electrodes calibration in an environment with
a known level of pO, was applied [15]. pO, in
the liver was calculated according to the equa-
tion: pO, = pO,atm * Ae * Se / (Ac * Sc), where:
pO,atm is the oxygen tension in a calibrated
saline solution, balanced by an atmospheric
pressure of O, 150 mm Hg; Ac, Ae is the
amplitude of the calibration and experimental
signals (in mm of record); Sc and Se are the
sensitivity of the polarograph scales during
calibration and experiment. The rate of oxygen
consumption by the liver tissue was determined
by the curve of the drop in pO, during as-
phyxia of the animal or occlusion of the affer-
ent liver vessels [16]. The coefficient of oxygen
consumption by the liver was calculated from
this curve: K =1g (I, / L) / / 0,43 « (t,-t)),
where: I, and I, are the polarogram current
values corresponding to pO, at times t; and t,
from the onset of asphyxia or occlusion of the
liver afferent vessels. The coefficient K was
determined in the interval from the 10th to the
30th second of asphyxia or vascular occlusion.

Determination of the bile flow and the bile
concentration of different BAs. Every rat was
anesthetized with thiopentalum natrium
(4 mg/100 g rat b.w., i.p.). Common bile duct
was cannulated with polyethylene catheters and
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secreted bile was collected every 30 minutes
during 1 hour of the experiment by micropi-
pette connected to cannula located in the bile
duct. Bile flow was calculated by pl/g of rat
body weight. All manipulations were performed
after stabilization of the bile flow (30 minutes).

Free and conjugated BAs were divided by
thin layer chromatography method [17]. For this
purpose, 0.1 ml of bile was added to 1.9 ml of
cold, extracted mixture of ethanol and acetone
(1 : 3). Samples were kept cool (—10 to 0°C) in
an ice chamber for 25-30 minutes and then
centrifuged for 10—12 minutes at 3000—4000
r.p.m. The extracts were then poured in conoid
glass test tubes and dried at 37-40°C to get dry
remainders. Dry remainders were dissolved in
50-100 pl of ethanol-water mixture (6 : 4). 5-10
ul of samples were inflicted on the preliminary
washed and marked chromatography plates
(15%15 cm, silica gel plates on aluminium back,
Kavalier, Czech). Free and conjugated BAs
deviation was carried out in the system contain-
ing amyl ester acetic acid, toluole, butanole,
acetic acid and water (3:1:1:3:1, respectively),
in glass chromatography chambers.
Chromatograms were dyed after five times
sprinkling from a glass fine-disperser pulver-
iser with the dye stuff (15 ml icy acetic acid, 1
g phosphomolybdic acid, 1 ml sulphuric acid
and 5 ml of 50 % trichloroacetic acid solution).
Chromatograms were put at 60—70°C during 5
minutes. Quantitative determination of BA con-
tent was performed by densitometer GP-920
(Shimadzu, Japan) under reflected light (A 620
nm). This method allowed dividing mixture of
BAs into following fractions: TCA,
TCDCA+TDCA, GCA, GCDCA+GDCA, CA,
CDCA+DCA. BAs content was calculated by
mg per 100 ml of bile (mg%).

Statistical analysis. The results were as-
sessed by: the parametric one-way ANOVA
method and also in combination with the Tukey
test for pairwise comparison and p values less
than 0.05 were considered significant; the non-
parametric Kruskal-Wallis ANOVA method and
also in combination with the Mann-Whitney
test for pairwise comparison with Bonferroni
correction and p values less than 0.01 were
considered significant. Statistical analysis was
performed by Origin Pro 8.0, and the charts
were drawn by Excel software.

Results. The present results revealed a sig-
nificant decrease in rearing frequency (by 71 %,
p <0.001) and in locomotion frequency (by 92 %,
p <0.001) in ROT group as compared to the
control group. 2.3-DP treatment improved be-
havioral performance of rats with PD (Fig. 1, 2).

The current data revealed that during 56
days of the experiment in the control group of
rats, body weight increased by 47 % compared
to baseline. In the ROT+DMSO group for the
same period of time, the weight gain was only
19.1 % (p<0.001). In contrast to the previous
group, the use of 2,3-DP in doses of 0.5 and
1.0 mg/kg improved the weight gain of rats
poisoned with ROT by 30.8 % (p<0.001) and
23 % (p<0.001), respectively (Fig. 3).

The administration of ROT to rats caused a
significant inhibition of LTR, as evidenced by
a decrease in the oxygen consumption (K)
compared with the control group by 34 %,
p <0.001 (Table 1). In rats with a ROT model
of PD which were treated with 1 % DMSO
solution during 28 days, LTR recovered up to
73.4 % of control level whereas in animals
treated with 2.3-DP at doses of 0.5 and 1 mg/
kg, LTR was restored to control levels (K =
1.96 £ 0.15 and 1.98 = 0.17, respectively).
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Fig. 1. Change in rearing frequency
in rats with ROT-induced PD treated
with 2.3-DP (open field test was
used). The data are presented as the
means £ S.E.M. * — p<0.05, *** —
p<0.001 versus control group.

Fig. 2. The effect of 2.3-DP treat-
ment on the locomotion frequency in
rats with ROT-induced PD (open
field test was used). The data are pre-
sented as the means = S EM. * —
p <0.05, *** — p<0.001 versus con-
trol group.

Fig. 3. Effects of 2.3-DP treatment
on the weight gain in ROT-poisoned
rats. ***— p<0.001 versus control
group; the data are presented as the
means + S.EM. # — p<0.05, ## —
p<0.01 versus ROT+DMCO group;
o — p<0.05 in comparison with the
ROT+2.3-DP 0.5 mg/kg group.
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Under the effect of 2.3 DP no significant
changes were obtained in the group ROT+2.3-
DP 2 mg/kg.

In ROT treatment the rats significantly re-
duced the level of bile secretion as evidenced
by a decrease in bile volume in the group on
average by 33.8 % (p<0.001). In rats of the
ROT+DMSO and ROT+2.3 DP 2.0 groups,
bile flow was lower on average by 24.3 %
(p < 0.01) than in control rats. In 2.3-
DP-treated rats (0.5 and 1 mg/kg), the value
of the bile flow did not differ from the control
level (Table 2).

The biochemical analysis of bile showed that
bile levels of TCA and GCA in ROT-treated rats
were decreased by 18.2 % (p < 0.001) and by
17.0 % (p < 0.01), respectively as compared
with vehicle group. In ROT+2.3-DP group, the
levels of TCA in the bile were found to be sig-
nificantly increased following drug administra-
tion for 28 days. Without applying 2.3-DP, the
concentration of TCA in bile did not return to
normal level reaching 84 % of the control. On
the contrary, administration of 2.3-DP did not
affect the reduced content of GCA. Meanwhile,

Table 1. The effects of 2.3-DP on ROT-induced
decrease in liver tissue oxygenation

the concentration of TCDCA+TDCA in rat bile
did not change in all experimental groups in
comparison with control data (Table 3) where-
as the concentrations of both GCDCA+GDCA
and CA increased by 19.5 % (p <0.05) and by
18.8 % (p<0.05), respectively. In 2.3-DP-treated
group the content of GCDCA+GDCA remained
elevated in the ROT+2.3-DP 2 mg/kg group,
but CA concentration recovered to the control
level in all 2.3-DP-treated groups of rats.

Under the effect of ROT, the content of
CDCA+DCA in bile was modified. This index
was significantly increased as compared with
control data. The stimulatory effect of ROT on
CDCA+DCA level in rat bile was about 58.3 %
(p <0.001) when compared with vehicle (con-
trol) group. After the application of 2.3-DP,
this indicator completely returned to the con-
trol level only in the ROT+2.3-DP 0.5 mg/kg
group (Table 3).

The current data revealed that the total BAs
concentrations in ROT and ROT+DMSO
groups were less as compared with control data
by 9.7 % (p <0.05) and by 9.1 % (p<0.01),
respectively. Under the influence of 2.3-DP at

Table 2. The influence of 2.3-DP on bile flow in rats
(nl/g) with ROT-induced PD

Animals group consumption (100 Animal group Seerted bie.
Control 1.92+0.03 Control 2.7£0.08
ROT 2 mg/ kg 1.27+0.08 ™~ ROT 2 mg/kg 1.8+0.08""*
ROT 2 mg / kg +1 % DMSO 1.414+0.12"** ROT 2 mg/kg +1 % DMSO 2.1+0.1"*"
ROT 2 mg / kg + 2.3-DP 0.5 mg/kg 1.96+0.15 # ROT 2 mg/kg + 2.3-DP 0.5 mg/kg 2.4+0.09##
ROT 2 mg / kg +2.3-DP 1 mg/kg 1.98+0.17 # ROT 2 mg/kg + 2.3-DP 1 mg/kg 2.3+0.08###
ROT 2 mg / kg + 2.3-DP 2 mg/kg 1.5:0.18 ROT 2 mg/kg + 2.3-DP 2 mg/kg 2.10.07

The data are presented as the means + S.E.M. Different lettes:
p<0.01); n=9. *** — p <0.001 compared with the control
group; ## — p <0.01 compared with the ROT+DMSO group.

The data are presented as the means + S.E.M. Different lettes:
p<0.01; n=_8. ** —p <0.01; *** — p <0.001 compared with the
control group; ## — p <0.001 compared with the ROT group.
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Table 3. The effect of 2.3-DP on the concentration of BAs in the bile of rats with PD

Animal grou TCA TCDCA+TDCA GCA GCDCA+GDCA CA CDCA+DCA

group mg/% mg/% mg/% mg/% mg/% mg/%
Control 219.2+5.2 106.7+3.7 121.243.8 22.5+1.05 15.4+0.7 13.2+0.5
ROT 2 mg/kg 179.3+£6.0 117.3£3.1 107.5£2.7 26.9+0.9" 18.3+0.8 20.9+0.4
ROT 2 mg/kg +1 % 184.0+5.1 97.1+£2.8 95.9+£2.7 21.4£1.0 17.5+£0.55 16.5+£0.4
DMSO *kk ### skokok * ***’ #
ROT 2 mg/kg 219.7£5.3 97.3£2.9 104.2+3.3 23.2+1.0 15.4+0.4 13.0+0.6
+2.3-DP 0.5 mg/kg #i#, aoo Hi *+ #H Hith
ROT 2 mg/kg + 2.3-DP 217.7+£3.7 111.8+£3.0 92.5+£3.6 24.2+1.2 16.3£1.0 10.8+£0.7 *
1 mg/kg H#i#H, aao a, £ ok HitH
ROT 2 mg/kg + 2.3-DP 204.1+4.5 99.8+3.3 99.7£1.9 27.5+£0.9 16.8+0.6 11.2+0.6
2 mg/kg #H #H ok * HH *,

Values are presented as the means = SEM. * —p <0.05, ™ — p <0.01; ™ — p < 0.001 vs. the vehicle control group; # —
p <0.05,# —p <0.01, # — p < 0.001 vs. the ROT group; * — p < 0.05, ®* — p < 0.001 vs. the ROT+ 1 % DMSO group;

£ — p<0.05 vs. the ROT+2.3-DP 0.5 mg /kg group.

doses of 0.5 and 1 mg/kg, the concentration of
total BAs were equal to the control level.
Similar differences were observed in the
changes of total conjugated BAs content in the
bile of rats with PD. This index was decreased
by 12.2 % (p<0.001) and by 17.3 % (p<0.001)
in both ROT and ROT+DMSO groups, respec-
tively. ROT-treated rats exhibited an increase
in biliary total conjugated BAs level relative-
ly to the control data after applying 2.3-DP
doses of 0.5 and 1 mg/kg. In the ROT+DMSO
and ROT+2.3 DP groups, the bile concentra-
tion of total conjugated BAs remained lower
than the control indicators by 17.3 % (p<0.001)
and by 10.6 % (p<0.01), respectively. The
content of total free BAs, in response to ROT
administration, was higher than in the control
rats by 31.3 % (p<0.01). On the contrary, after
2.3 DP-treatment the total free BAs content
diminished to the initial level in all experimen-
tal groups. In ROT+DMSO group when com-
pared with ROT-treated rats no statistical dif-
ference was observed. Accordingly, the ratio
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between total conjugated and total free BAs
diminished in this groups of rats by 26.7 %
(p<0.01) and by 29.2 % (p<0.001), respec-
tively compared to control values (Table 4).
The obtained results indicate that in rats
with ROT model of PD the statistically sig-
nificant decrease of the content of total trihy-
droxycholanic BAs was 12.2 % (p<0.001), and
the level of total dihydroxycholanic BAs, on
the contrary, increased by 16.2 % (p<0.01).
Accordingly, the coefficient of hydroxylation
decreased by 16 % (p<0.001). All rats of the
ROT+DMSO group exhibited somewhat re-
duced bile concentration (by 16.5 %, p<0.001)
of total trihydroxycholanic BAs. The similar
result was observed in ROT+2.3-DP 0.5 and
ROT+2.3-DP 1.0 groups except for ROT+2.3-
DP 2.0 group, the indicators of which were as
in the control group. Conversely, the content
of dihydroxycholanic BAs in the bile was re-
stored to [the] control level in all groups of
rats with modeled PD both treated by 1 %
DMSO and by 2.3-DP in different doses. Thus,
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Table 4. Changes in the concentration of total, total conjugated and total free BAs in the bile of rats with

ROT-induced PD treated by 2.3-DP

Animal group Total BAs mg/% TotglAcsorlgg/gozted Total free BAs mg/% co;itglgtggt:ﬁje?rézt%l As
Control 511.3£9.2 482.0+8.7 29.4+1.0 16.1+0.7
ROT 2 mg/kg 472.5+12.9" 423.2+£10.7" 38.6+0.8"" 11.5+0.6™"
ROT 2 mg/kg+1 % DMSO 432.5+7.5"*# | 398.6+7.7 " 33.940.3"" 11.8+0.3**"
ROT 2 mg/kg +2.3-DP 0.5 mg/kg 476.5+5.7* 448.1+£5.5 oa 28 .4+0.7###, aoa 15.2+0.4###, aoa
ROT 2 mg/kg+2.3-DP 1 mg/kg 473.4+9.4¢ 446.2+8.7% 27.240.8###, aoa 15.840.45%# oa
ROT 2 mg/kg+2.3-DP 2 mg/kg 459.1+8.8"" 431.1+£8.7* 28.0+0.45###, aaa 15.4+40.3###, aaa

The data are presented as the means = S.E.M. Different symbols: * — p <0.05; ** — p <0.01; *** — p <0.001 as compared
with control rats; # — p < 0.05, ## — p < 0.01, ## — p < 0.001 relative to ROT+DMSO group; ¢ — p < 0.05, ®* — p < 0.01,
w0 p <(0.001 vs. the ROT+DMSO group. Secreted bile was collected during 1 hour of the experiment.

the ratio between total trihydroxycholanic and
total dihydroxycholanic BAs in these groups
of rats also corresponded to the control values
(Table 5).

Discussion. PD is accompanied not only by
motor disorders, but also by non-motor symp-
toms, such as weight loss, constipation, loss
of the sense of smell, sleep disturbances, cog-
nitive deficits and depression [4]. Available
diagnostic approaches still lead to a high pro-
portion of false diagnoses, in particular, at the
early stages of PD, so biochemical markers are
required to inform the pathogenesis of parkin-
sonism. Here, we applied the thin layer chro-
matography method to determine the profiles

of bile metabolites. Characteristics of the me-
tabolites indicate perturbations in the BAs
metabolism in PD, which underscores the
power of metabolomic approaches.

ROT, a mitochondrial complex I inhibitor,
was reported to reproduce a number of neu-
ropathological features of PD, including loss
of dopaminergic neurons [6, 8]. We predicted
that this substance may induce a significant
inhibition of LTR. Indeed, in the present
study, ROT application resulted in a decreased
coefficient of oxygen consumption by the
liver tissue by 34.3 %. 2.3-DP in doses of 0.5
and 1 mg/kg completely restored this index
in rats with experimental model of PD. These

Table 5. The ratio between total trihydroxycholanic and total dihydroxycholanic BAs within bile of rats

with PD under the influence of 2.3-DP

Animal group Total trihydroxycholanic BAs, mg/% | Total dihydroxycholanic BAs, mg/% | Hydroxylation factor
Control 356.1+£9.6 142.2+4.3 2.5+0.03
ROT 2 mg/ kg 307.2+£9.2"** 165.3+4.7* 1.86+0.06™""
ROT +1 % DMSO 297.3546.5"" 135.2+4.6% 2.240.08#*
ROT+2.3-DP 0.5 mg/kg 324,555 " 133.5+2.9 2.4+0.06%
Rot + 2.3-DP 1.0 mg kg 312.2+4. 1" 146.8+£3.5 2.3+0.08*
Rot +2.3-DP 2 mg kg 320.7+4.3 138.5+4. 1% 2.240.04#*

Means + S EM. * —p <0.05; ** —p < 0.01; *** — p < 0.001 as compared with control group; ## — p < 0.01 as compared

with ROT group.
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results suggest that the LTR is an adequate
indicator in the drug effectiveness research
that may be involved in the correction of
liver functions disturbed by PD. In rats with
PD induced by ROT, a disturbance in the
functions of hepatocyte mitochondria presum-
ably takes place, which resulted in the reduc-
tion of the intensity of tissue respiration and
oxygen dependent biosynthetic processes in
the liver. Thus, on the one hand the volume
of produced bile decreased, the conjugation
of CA with the amino acids taurine and gly-
cine reduced (the conjugation factor reduced
by 29.2 %), but on the other hand, the portion
of acidic pathway in the biosynthesis of BAs
increased, enhancing the hydrophobicity of
BAs pool. Our results demonstrated that 2.3-
DP protects against ROT-induced disorders
of liver functions in rats with PD promoting
the conjugation of CA with taurine to increase
the concentration of TCA. In the presented
study, the metabolic changes in the bile of the
rats with ROT-simulated PD, were mainly
related to the functional state of hepatocyte
mitochondria as well as the exchange of BAs.
Our results demonstrated that in the rats with
PD the total secreted bile volume during over-
all time of the experiment decreased by 33 %
compared to the control subjects. The animals
with PD treated by 2.3-DP, exhibited im-
proved bile flow.

The bile formation is a unique function of
the liver which is vital for survival of the or-
ganism. BAs, as well as their salts, determine
the basic properties of bile as a digestive secre-
tion. The intensity of bile secretion is closely
related to LTR. As previously has been shown,
the reduction in the oxygenation of the liver
tissue steadily leads to a decrease in bile volu-
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me, formed for a certain period of time. It was
concluded that the hepatic tissue oxygenation
affects hepatic energy metabolism, thus mod-
ifying the rate of bile flow in the liver [18].
The unique detergent properties of BAs are
essential for the digestion and absorption of
hydrophobic nutrients in the small intestine,
including dietary fats, fat-soluble vitamins.
They also modulate biliary and lipid secretion,
regulate the activity of key enzymes involved
in the cholesterol homeostasis and prevent
cholesterol precipitation [19]. Taking into ac-
count the regulatory importance of bile and
BAs, we can assume that disorders in both the
formation of bile flow and the exchange of
BAs may cause a derangement of many com-
plex physiological and biochemical processes
in the body. To assess the functional state of
the liver, namely the quality of secreted bile,
the ratio between individual groups of BAs is
important. Therefore, the ratio between total
BAs conjugated with amino acids taurine and
glycine and total free BAs, the so-called con-
jugation factor, was studied as well as the ratio
between bile trihydro- and dihydrocholates.
The findings of this work showed that ROT
with long-term (during 28 days) administration
significantly reduced the rate of conjugation
of CA with glycine (11.3 %), and especially
with taurine (by 18.2 %), whereas the concen-
tration of free CA within bile increased (by
19.0 %). As a result, the rate of total conju-
gated BAs significantly decreased and the
number of total free BAs, on the contrary,
increased.

The results of our experiments agree with
the findings of Govorukha et al. [20]. They
found that liver tissue hypoxia caused by var-
ious methods, increased the level of free CA



The evaluation of 2.3-diazepine influence on liver in rats with a rotenone model of Parkinson’s disease

in bile. These data confirm the inhibitory ef-
fect of ROT on the activity of enzymes that
provide conjugation of free CA with amino
acids. Under the influence of 2.3-DP in doses
of 0.5 and 1 mg/kg, the bile content of TCA
returned to the control levels. On the contrary,
the bile content of GCA in all groups of ani-
mals remained lower than in the control group.
Both amino acids taurine and glycine, interact
with CoA-ether of the corresponding BA dur-
ing conjugation. The catalysts of this reaction
are microsomal CoA-ligase and cytosolic
N-acetyltransferase, which operate with the
energy consumption and in the presence of
NAD, AMF, Mg?*, CoA. The energy deficit
in the cell inhibits the conjugation of CA with
amino acids. 2.3-DP improved the conjugation
of free CA with taurine in ROT-treated rats,
probably affecting one of the components of
this complex process. Concurrently with the
above-mentioned events, in the bile of rats
with PD, the level of free CDCA+DCA in-
creased markedly (by 58.3 %) with a partial
enhance in their conjugation with glycine. The
tested drug also improved this parameter in
all 2.3-DP-treated groups of rats, reducing it
to the control level. The reduction of conjuga-
tion factor in ROT-treated group in general
indicates a markedly decrease (by 29.3 %) in
the activity of enzymes involved in this pro-
cess. Under the effect of 2.3-DP, this index
was completely restored in rats with a ROT
model of PD.

Decreased BAs secretion leads to defective
micellar solubilization of dietary lipids, and
this contributes to lipid malabsorption in these
patients. The ability of the bile to emulsify the
fats and promote their absorption in the intes-
tine depends on the content of the conjugated

BAs [21]. Based on the latter, it can be as-
sumed that 2.3-DP improves these properties
of bile. Noteworthy, in addition to the above-
mentioned we also found that the ROT reduced
the content of trihydroxycholanic BAs, but
caused an increase in the level of dihydroxy-
cholanic BAs. The ratio of trihydroxy- to di-
hydroxycholanic BAs indicates an increase of
the role of the “alternative (acidic) pathway”
in the biosynthesis of BAs in rats with PD.
This synthesis is carried out with the participa-
tion of mitochondrial enzymes and is con-
firmed by a significant increase in bile levels
of CDCA and DCA. As is known, BAs are
formed by hepatocytes with cholesterol in two
pathways: neutral (DCA and CDCA in equal
parts) and acidic (predominantly CDCA). The
classic pathway involving cholesterol
7a-hydroxylase is the major pathway in BAs
biosynthesis because its contribution to total
BAs synthesis is ~90 % in humans and ~75 %
in mice [22]. The ratio between these compo-
nents of the bile is determined as the coeffi-
cient of hydroxylation. This factor shows both
the hydrophobicity of BAs pool and the degree
of emulsification of fats in the duodenum.
According to the obtained results, the coeffi-
cient of hydroxylation of BAs was signifi-
cantly decreased in rats with PD however,
2.3-DP improved this rate. On the other hand
noteworthy, the hydroxylation factor returned
to the control level also in the group of rats,
treated with 1 % DMSO solution only.
Consequently, the using of 2.3-DP was not of
fundamental importance in this case, since the
body had enough resources for providing ho-
meostasis. Recently, Rosa A, et al. have shown
in mice that some BAs, in particular taurour-
sodeoxycholic acid, act as mitochondrial sta-
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bilizer and anti-apoptotic agent in a number of
models of neurodegenerative diseases, includ-
ing PD. This substance prevented a decrease
of dopaminergic fibers and ATP levels, mito-
chondrial dysfunction and neuroinflamma-
tion [23].

In our study we observed that ROT-treated
rats showed a tendency to weight loss and
increased mortality rate. Possible causes re-
lated to this decline in body weight could be
caused to a gastrointestinal dysfunction in PD
[24], in particular with a delay in gastric emp-
tying and the damage to gastrointestinal neu-
rons, occurred during ROT intoxication [25].
We also observed that ROT-treated animals
administered with 2.3-DP were less prone to
lose weight and to die, arguing in favor of the
protective effects of tested drug.

Earlier it was found that severe defects in
the complex I activity induce mitochondria
depolarization and Ca?* disregulation [26]. The
excessive mitochondrial Ca2" uptake can cause
non-selective permeabilization of the inner
mitochondrial membrane possibly leading to
swelling the mitochondria and dissipation of
the membrane potential from massive proton
leakage. Fonseca-Fonseca LA and co-authors
support this mechanism. They found that mi-
tochondria isolated from brain of rats with PD,
induced by ROT, spontaneously lost their
membrane potential and were more prone to
membrane permeability/swelling than the ve-
hicle group [10]. Here we observed a decrease
in the intensity of LTR in rats following ROT
administration. The improvement of this indi-
cator after application of 2.3-DP shows the
restoration of mitochondrial functions in he-
patocytes of the liver under the influence of
the tested substance. The improvement of the
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liver choleretic function, the biochemical com-
position of bile, which we observed in our
experiments, also indicates an increase in the
energy status of hepatocytes under the influ-
ence of 2.3-DP.

Conclusions Our results demonstrate that
2.3-DP protects against ROT-induced disorders
in PD by promoting the LTR and especially
conjugation of CA with taurine to enhance bile
concentration of TCA. Additionally, the tested
drug normalizes the ratio between the acidic
and the neutral pathways in the biosynthesis
of BAs, attenuating the hydrophobicity of bile.
Probably, the improvement of liver secretory
function in rats with PD, which we observed,
is associated with the restoration of energy
homeostasis of the liver under the influence of
2.3-DP. Considering the complexity of mo-
lecular and neurological systems, further stud-
ies are required to characterize 2.3-DP as a
new possible drug against PD.
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Omninka BBy 2.3-1ia3eniny Ha TKAHNHHE
JMXaHHA i 30BHILIHbOCEKPETOPHY QPyHKLiI0
NneviHKU HIypiB 3 POTEHOHOBOIO MO/AEJJII0 XBOPOOH
ITapkincona

B. II. Xung, I1. 1. Anuyk, JI. 4. llltanosa,
C. I1. Becenbcokuii, T. B. BoBkyH, O. B. [{umbantok,
B. C. Mockgsina, O. B. IIla6nikina, C. JI. borsa.

XBopoba ITapkincona (XIT) — 11e mporpecyrode He-
HponereHepaTrBHE 3aXBOPIOBAHHS, 110 XapaKTePH3Y€ETh-
cs BTPaToro AopaMiHepridyHuX HEHpOHIB y cyOcTaHIii
nigra pars compacta. [lpuunan XI1 He MOBHICTIO 3pO-
3yMiJli, IpOTe, BCe OLIbIIE JaHWX CBITYUTH MPO TOPY-
MIeHHs TUXaIbHOI (PYHKIIT MITOXOHIPIN 1 HecTadi eHep-
rii B xiituHax. Mera. Bupuntu Brume 2.3-mia3emniny
(2.3-1I1), HoBOTO MOXiTHOTO OCH30Mia3eImiHy, Ha TKa-
HunHe nuxanag nedinku (THIT) i emepreTidHo 3amexHi
MpoIecH MPOMyKIii »xoBui i xoBuHuX Kuciotr (KK) y
mypiB 3 XII, moaensoBaHow poreHoHoM (POT).
Metoau. XI1 Oyna BUKIMKaHA y IOIypiB BHYTPIITHBOO-
yepeBuHHUMH iH’ekiisimu POT. TAIT (iHTeHCHBHICTD
MTOTJIMHAHHS KUCHIO) OLIIHIOBAJIM 32 JIOTIOMOTOIO ITOJISI-
porpacda LP-9 (Uecpka Pecrry6iika). CexpeToBaHy KOBY
30Mpay NpoTAroM | roIWHU EKCIIEPUMEHTY 4Yepes I10-
JIETUIICHOBUH KaTeTep, BCTABJICHUH B 3araJlbHUI KOB-
gHUH TpoTik. KK po3aiasm MeTomoM TOHKOMApOoBOl
xpomarorpadii. PesyabraTn. POT 3MmeHiryBaB koedi-
nieHT cnoxusaHHsa O, B nevinni Ha 34 % (p < 0.001),
3HMXKYBaB BiATIK >x0B4i Ha 33.8 % (p < 0.001) i mopy-
IIyBaB KOH IOTaIli0 XOJIEBOT KUCJIOTH 3 aMiHOKHCIIOTaMH
TaypuHOM 1 TJIIIMHOM, 3MEHIIYIOUH KOedillieHT
koH foramii Ha 29.2 % (p < 0.001). POT Takox 306i716-
mryBaB Ha 25.6 % (p < 0.001) gacTky KHCIIOTO HUISIXY B
6iocunTesi JXKK. 3acrocyBanns 2.3-/I1 npuzBoawio 1o
noBHOTO BimHOBIEeHH: T/II1, a60 9aCTKOBOTO — BiITOKY
»koBui, koHLeHTpatii XKK 1 iX criBBiIHOIIEHHS B )KOBYI
mypiB 3 XII. BucuoBok. 2.3-/I[1 icTOTHO BILTUBAaE Ha
(hyHKIIiF0 TapeHximMu nedinky y mypis 3 POT monemio
XII. Leit npenapar BigHosmroe T/, mokpariye BiaTiK
JKOBUI 1 TOMITHO MOJINIIye i XiMiYHUH CKJIaf, OpyIe-
Hui ipu 3actocyBanHi POT.

Knw4uoBi cuaosa: xsopoba [Tapkincona, 2.3-giazermis,
TKaHWHHE AUXaHHSA MEYiHKH, BIATIK JKOBYI, KOBYHI KHC-
JIOTH.
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Onenka BIUSAHEA 2,3-IHa3eNMHA HA TKAHEBOE
JbIXaHHMe M BHELIIHECEKPeTOPHYI0 QyHKUMIO
TeYeHU KPbIC ¢ POTEHOHOBOI MO/1e/IbIo 00J1e3HI
ITapkuHcoHa

B. II. Xuns, I1. 1. SInuyk, JI. 5. IlITaHoBa,
C. Il. Becenbckuii, T. B. BoBkyH, O. B. [lumbainiok,
B. C. Mocksuna, O. B. [llabnukuna, C. JI. bor3a.

bonesns IMapkuncona (BIT) — 3T0 mporpeccupyroliee
HelipoziereHepariBHOe 3a00IeBaHNe, XapaKTePHU3YIOIIEeCst
rorepeii fopaMUHEPrnIecKnXx HEHPOHOB B CyOCTaHITMH
nigra pars compacta. I Ippanns! BI1 He NOMHOCTBIO MOHATHL,
TEM He MeHee, Bce OOJbIle JaHHBIX CBHICTEILCTBYET O
HapYIICHNH TBIXaTeNTbHON (DYHKIMH MATOXOHIPHI 1 HEJIO-
ctarke »Hepruu B kieTkax. e, 3yunts prusHue 2.3-1u-
azermHa (2.3-/1I1), HoBOTO MPOM3BOAHOTO OEH30IMA3CITHHA,
Ha TKaHeBoe apixanue redeHn (TII1) u sHepreTmyaeckn
3aBUCHUMBIC MTPOLCCChHI MPOAYKINHA KETUN U KETUHBIX KUC-
1ot (KK) y kpsic ¢ BI1, monenmpoanHoii porerom (POT).
MeTonpl. BI1 66112 BBI3BaHA y KPBIC BHY TPHOPIOIITMHHBIMI
nabekimsiMu POT. TIIT (MHTEHCUBHOCTH MOTVIOIIEHUS
KHCJIOpO/Ia) OICHUBAIIM C TIOMOIIBIO morsiporpada LP-9
(Yemckas PecnyOmika). CekpeTHpOBaHHYO YKeTdb COOH-
payu B TedeHre 1 yaca 3KCIeprMEeHTa Yepes3 MOIMITHIICHO-
BBII KareTep, BCTABJICHHBIH B 00ITHMi *emaHbIi mpoTok. KK
OBUTH pa3IeNieHbI METOIOM TOHKOCIIOMHOM XpoMarorpadum.
Pesyabrarel. POT ymenbIan ko3huipeHT noTpeoneHust
O, B teuenu Ha 34 % (p < 0.001), cHI>Kas OTTOK eI Ha
33.8 % (p < 0.001) n Hapy1I1a1 KOHBIOTALIHIO XOJIEBO KHC-
JIOTbI C aMUHOKHUCJIOTaMU TayprHOM U TTIMIIUHOM, YMCHBIIIUB
ko3 duimeHT KoHBIorarmu Ha 29.2 % (p < 0.001). POT
Taroke yBenmumBai Ha 25.6 % (p < 0.001) momro xucmoro
mytH B 6nocuntese XKK. ITpumenenne 2.3-/I11 npusoamiio
K NoyHOMY BoccraHorienuto T/, wam yactmaHOMY —
oTTOKa ke, koHueHTpauuii KK u ux cootHolleHus B
skermau kpeic ¢ BIL. 3axmouenue. 2.3-/1I1 cymecTBeHHO
BIMsIeT Ha (DyHKIMIO MApEHXUMBI ItedeHH y Kpbic ¢ POT
mozensio BI1. 3T1oT penapar BOCCTaHOBIIT HHTEHCHBHOCTh
TAIL, oTTOKA >KEJIYM U 3aMETHO YITyUIIWI €€ XUMUYECKUN
COCTaB, HapyIlIeHHbI npumeHeHueM POT.

KawueBbie cJoBa: 6onesns [lapkuncona, 2.3-1ua-
3€IKH, TKAHEBOE JIBIXaHUC TICUYCHU, OTTOK JKCITIH, HKETd-
HBIC KHCJIOTHL
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