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Parkinsonism in rats induced by the pesticide rotenone is one of the most adequate models of Parkinson's
disease (PD). Isatin (indole-2,3-dione) is an endogenous regulator found in mammals and humans and exhibiting
a wide range of biological activities mediated by numerous isatin-binding proteins, including those associated with
neurodegenerative pathology. A course of rotenone administration to rats caused behavioral impairments and changes
in the profile and relative content of isatin-binding proteins in the brain. In this study, we have investigated the delayed
neuroprotective effect of isatin (5 days after completion of the course of rotenone administration) on behavioral
reactions and the relative content of isatin-binding proteins in the brain of rats with rotenone-induced experimental
parkinsonism. Although during this period the rats retained locomotor dysfunction, the proteomic analysis data
(profile of isatin-binding proteins in the brain and changes in their relative content) differed from the results obtained
immediately after completion of the course of rotenone administration. Moreover, all isatin-binding proteins
with altered relative content changed during this period are associated to varying degrees with neurodegeneration
(many with Parkinson's and Alzheimer's diseases).
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INTRODUCTION

Experimental parkinsonism induced in rats
by the administration of the pesticide rotenone
is one of the most adequate models of Parkinson's
disease (PD). As in the case of PD model
induced by administering the neurotoxin MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) to mice,
dopaminergic neurodegeneration and oligokinesia
are observed in rotenone-induced parkinsonism
in animals both at the early stages of development
of parkinsonian syndrome and in the delayed
period [1-6]. Isatin (indole-2,3-dione) is an endogenous
regulator found in the body of mammals and
humans and exhibiting a wide range of biological

activities mediated by numerous isatin-binding
proteins  [7-10], including those associated
with  neurodegenerative  pathology [9, 11].

As in the case of MPTP-induced parkinsonism [12, 13],
in the rotenone model of PD, isatin exerted
a neuroprotective effect, reducing the signs
of oligokinesia and postural instability. However,
in contrast to the MPTP-induced parkinsonism
model, in the case of the rotenone model
the profile of isatin-binding proteins remained
basically unchanged [5]. Nevertheless, treatment
of rats with rotenone affected the relative content
of isatin-binding proteins both immediately after
the end of the course of this neurotoxin and
5 days after the last administration [6, 14].

In this study we have investigated the delayed
effect of the neuroprotector isatin on the severity
of rotenone-induced physiological reactions and
quantitative changes in the proteomic profile
of isatin-binding proteins in the rat brain.

MATERIALS AND METHODS

Reagents

The following reagents were used in the work:
Tris (hydroxymethyl) aminomethane, ammonium
bicarbonate, dithiothreitol, urea, guanidine
hydrochloride,  sodium chloride, Triton X-100,
4-vinylpyridine, Coomassie brilliant blue G-250
(Merck, USA); formic acid, sodium hydroxide
(Acros Organics, USA), acetonitrile (Fisher
Chemical, UK); isopropanol, trifluoroacetic acid
(Fluka, USA); tris-(2-carboxyethyl)-phosphine
(Pierce, USA); modified trypsin (mass spectrometry
grade, Promega, USA). Other reagents of the highest
purity available were from local suppliers.

Experimental Animals

The study was performed on outbred albino rats
obtained from the Stolbovaya nursery (the Branch
of the Scientific Center for Biomedical Technologies,
Russia). The animals were kept under standard
vivarium conditions with free access to food and water
under a twelve-hour light regime.
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Modeling of Experimental Parkinsonism in Rats

Modeling of PD by treating rats with systemic
administration of rotenone was carried out in accordance
with [15]. The animals were randomly divided
into four groups (Table 1):

1) the Control group (10 rats); the animals were
treated for 7 days with daily intraperitoneal
injections of an equivalent volume of saline
(0.2 ml per 100 g of body weight);

2) the Rotenone group (12 rats); the animals were
treated for 7 days with daily intraperitoneal injections
of rotenone (2.75 mg/kg);

3) the Rotenone+Isatin group (9 rats); the animals were
treated for 7 days with daily intraperitoneal injections
of rotenone (2.75 mg/kg) and once, on day 7, with isatin
(100 mg/kg subcutaneously);

4) the Isatin group (9 rats); the animals were
treated for 7 days with daily intraperitoneal
injection of saline and once, on day 7, with isatin
(100 mg/kg subcutancously).

Rotenone was injected in a solution in the neutral
triglyceride miglyol (Miglyol 840). The solution
was prepared as described previously [5].
After the behavioral tests performed on day 12
of the experiment (5 days after the last administration
of rotenone), the animals were decapitated under light
ether anesthesia and lysates of brain homogenates and
samples for mass spectrometric analysis were prepared.

Behavioral Tests

Oligokinesia was assessed in the Open Field and
Rotating Rod tests on day 12 of the experiment,
5 days after the last administration of the neurotoxin,
as described in detail previously [5].

Statistical data processing was performed
using the Statistica v. 10.0 program [5]. The results
in the tables are presented as mean + SEM. Differences
between groups were considered significant at p<0.05.
Differences at 0.05<p<0.1 were considered
a statistical trend.

Sample Preparation for Mass Spectrometric Analysis

Preparation of brain homogenate lysates and
sample preparation for mass spectrometric analysis
(protein extraction, alkylation and trypsinolysis)
were described in detail previously [6, 14].

Mass Spectrometric Analysis

The mass spectrometric analysis was carried out
using the equipment of the Center of Collective Use
“Human Proteome” (IBMC) — the Ultimate 3000
RSLCnano highly efficient liquid-liquid separation
system for peptides (Thermo Scientific, USA)
operated in the nanoflow mode of the Q-Exactive HFX
mass spectrometric detector (Thermo Scientific)
as described previously [5]. Bioinformatics data
processing was carried out according to [5].
Each protein presented in the tables was identified
in at least three independent experiments.

RESULTS AND DISCUSSION

The Delayed Effect of Isatin on Locomotor Impairments
in Rats Induced by the Neurotoxin Rotenone

Our previous experiments with systemic
administration of rotenone showed that the advanced
stage of PD appeared in rats treated with
daily injections of rotenone on day seven and
was characterized by a significant weight loss,
oligokinesia, rigidity, and postural instability.
The corrective effect of isatin, administered once
subcutaneously at a dose of 100 mg/kg at the very end
of the course treatment with rotenone, was manifested
in a decrease in postural instability and a decrease
in oligokinesia, recorded by the parameters
of locomotor activity in the Open Field and
Rotating Rod tests [16]. In this study, a decrease
in the parameters of locomotor activity and
coordination of animal movements relative
to the control group was also observed 5 days after
the last administration of rotenone. For example,
in the Rotenone group, the number of movements
in the Open Field test was 47.3% of the control,
and the number of stands was 58.8%. The retention
time on the rotating rod in the animals of the Rotenone
group was 49.0% of that in the animals of the Control
group (Table 2). The corrective effect of isatin,
recorded in the Open Field and Rotating Rod tests,
also persisted on day 12 of the experiment.
The corresponding parameters in the Rotenone+Isatin
group, compared with the Control group,
were 67.1% in the case of the number of movements,
75.3% in the case of the number of stands,
and 73.6% in retention time during the Rotating Rod
experiment (Table 2).

Table 1. Modeling of rotenone-induced parkinsonism in rats (scheme of experiment)

Group of animals Days of experiment Saline Rotenone 2.75 me/kg, Isatin 100 me/ke,
intraperitoneally subcutaneously

Control 1-7

Rotenone 1-7 +

RotenonetIsatin 7 +
Rotenone+Isatin 1-7 +

Isatin 7 +

Isatin 1-7
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Table 2. The delayed effect of isatin on locomotor activity and coordinated movement of rats with rotenone-induced
Parkinsonism (on day 5 after the end of course treatment with rotenone)

Locomotor activity, units

Group of animals | Number of animals

Horizontal activity
(number of movements)

Duration of retention

Vertical activity of animals on a rotating rod, s

(number of stands)

Control 10 14.6+2.4 9.7+2.2 177.842.3
Rotenone 12 6.9+0.9%* 5.7+0.5 87.2+12.4%**
Rotenone+Isatin 9 9.8+1.7 7.3£2.1 130.9+17.5%*
Isatin 9 12.1£2.9 7.3+1.6 —

Data represent mean + SEM; *, *% ¥
# — p<0.05, as compared with the group Rotenone.
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Figure 1. Fold change in the relative content of brain isatin-binding proteins of rats treated with rotenone and isatin.
Gene names are shown. Uniprot protein names and p-values for each measurement are given in Table 3. Experimental
groups: 1,4 — Rotenone, 2 — RotenonetlIsatin, 3 — Isatin; /-3 — day 7 of the experiment; 4 — day 12 of the experiment.

The Delayed effect of Isatin on the Proteomic Profile
of Rat Brain Isatin-Binding Proteins

Comparative proteomic identification of the relative
content of brain proteins in control rats and rats with
rotenone-induced PD showed a change in the level
of 11 isatin-binding proteins of the brain immediately
after the end of the course treatment with rotenone [14].
In this case, the neuroprotective effect of isatin in rats
with rotenone-induced PD (see Table 3 and Fig. 1)
was the most pronounced in the case of 2-oxoglutarate
dehydrogenase (the E1 component of the multienzyme
mitochondrial complex). The relative content
of 2-oxoglutarate dehydrogenase slightly decreased
in rotenone-treated rats (0.7 of the control), while
administration of isatin to rotenone-treated rats sharply
(11.4-fold) increased this parameter. It is known
that 2-oxoglutarate dehydrogenase complex plays
a certain role in energy metabolism disorders
characteristic of neurodegenerative diseases. Decreased
2-oxoglutarate dehydrogenase activity correlates with

metabolic disorders in the brain in Parkinson's and
Alzheimer's diseases. 2-Oxoglutarate dehydrogenase
is inactivated by the MPTP toxin, which is used
to model PD in animals, and other toxins that cause
oxidative stress [28—31]. In addition, it has been shown
that the 2-oxoglutarate dehydrogenase complex also plays
arole in hereditary predisposition to PD. The frequency
of occurrence of the genotype carrying an allele with
a single nucleotide substitution in the gene encoding
dihydrolipoamide succinyltransferase (the E2 component
of this multienzyme complex) is significantly higher
in PD patients compared to the control group [35].

Five days after the course treatment with rotenone
changes in the relative content of 16 proteins
were observed as compared to the control. In this case,
only two proteins (glyceraldehyde-3-phosphate
dehydrogenase and subunit B of V-type proton ATPase)
were detected; their relative content also changed
immediately after the end of the course treatment
with rotenone ([6] and Figs 1 and 2A).

233




THE ISATIN EFFECT

ROTENON AND BRAIN ISATIN-BINDING PROTEINS
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Figure 2. A Venn diagram. Isatin binding proteins with significantly altered relative content immediately after the course
treatment with rotenone and 5 days later. Group of animals: A — Rotenone, B — Rotenone+Isatin, C — Isatin.

Table 4. The delayed effect of single isatin administration on the relative content of brain isatin-binding proteins
in rats with rotenone-induced PD (5 days after the end of course treatment with rotenone)

Uniprot Uniprot Fold
No | accession P Uniprot protein name Function| Localization h -Log(P-value) | References
number | £€0€ name change
1 |Q216B2 | Atp6v0al | V-type proton ATPase subunit A 2 M, PM, Me, Ve 2.5 3.8 [36]
2 Q63654 |Ubc Polyubiquitin 6 C,N 1.9 3.0 [37]

Table 5. The effect of single dose of isatin administration on the relative content of brain isatin binding proteins

in day 12 of the experiment

Uniprot Uniprot Fold
No | accession p Uniprot protein name Function| Localization h -Log(P-value) | References
number | £1¢ name change
1 |P62944 | Ap2bl AP-2 complex subunit beta 3 M, PM 1.8 2.8 [22, 23]
2 | Q6XD99 |Sptbnl Spectrin beta chain 2 C,N 1.7 2.2 [38, 39]
Dihydrolipoyllysine-residue
succinyltransferase component
3 |G3V6P2 | Dist of 2-oxoglutarate dehydrogenase ! Mch 1.6 21 [35]
complex, mitochondrial
. NAD-dependent protein
4 [Q5RJIQ4 | Sirt2 deacetylase sirtuin-2 3 N, C 1.5 2.1 [40, 41]
5 | P47819 Gfap Glial fibrillary acidic protein 2 C 0.7 2.0 [42]
6 |Q7MOE3 | Dstn Destrin 2 C 0.7 23 [43-46]
7 |P09117 | Aldoc Fructose-bisphosphate aldolase C 1 C synaps 0.7 2.4 [47, 48]
8 [P07335 Ckb Creatine kinase B-type 1 C, Mch, PM 0.6 2.8 [49, 50]
9 [P07323 Eno2 Gamma-enolase 1 C, PM 0.6 2.3 [51]

In the groups of rats Rotenone+Isatin and Isatin
no common brain proteins with altered relative content
immediately after the end of the course treatment with
rotenone and 5 days later were detected (Tables 3—5 and
Figs 2B and 2C). In the group Rotenone+Isatin
only two proteins showed an increase in the relative
content compared to the control on day 12.
These are subunit A of V-type proton ATPase and
polyubiquitin (Table 4). In the group Isatin, the delayed
effect of this neuroprotector was manifested
as the change in the relative content of 9 proteins

compared to the control group. A slight decrease
(to the level of 0.6—0.7) in the content of destrin (actin
depolymerization factor), glial fibrillary acidic protein,
creatine kinase, as well as multifunctional glycolysis
proteins gamma-enolase and fructose-bisphosphate
aldolase was noted. At the same time, there was
a slight increase in the level of the beta subunit
of the AP-2 complex, the beta subunit of spectrin,
the E2 component of the 2-oxoglutarate dehydrogenase
complex, as well as the NAD-dependent deacetylase
sirtuin 2 (Table 5). It is interesting to note that
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all isatin-binding proteins detected in the delayed
effect, that change their relative content, are associated
to a certain degree with neurodegeneration,
many with Parkinson's and Alzheimer's diseases
[22, 23, 35, 38-51].

In the context of the so-called toxic models of PD
induced by neurotoxins with different mechanisms
of action (MPTP and rotenone), it should be noted that
the protective effect of isatin is apparently realized
in different ways. In the case of the MPTP-induced
PD model in mice, the effect of isatin is primarily
due to the inhibition of the activity of monoamine
oxidase B, an enzyme responsible for the bioactivation
of the MPTP protoxin into the neurotoxin MPP*
(methylphenyl pyridinium ion) [52]. The effect
on numerous isatin-binding proteins apparently
favors the realization of various protective reactions,
particularly, by acting on the ubiquitin-proteasome
system, which is involved, in addition to the elimination
of damaged and incorrectly assembled proteins,
in the regulation of a wide variety of cellular processes,
including genome stability, immune response, signal
transduction, and much more [37, 53]. During proteomic
profiling of isatin-binding proteins in the brain,
we have identified enzymes that are directly related
to the ubiquitin-proteasome system: E3 ubiquitin
protein ligase MYCBP2, ubiquitin-carboxyl-terminal
hydrolase 24, E3 ubiquitin protein ligase MIB2,
E3 ubiquitin protein ligase HUWEI, ubiquitin
conjugating enzyme variant 1, polyubiquitin [54].
The neurotoxin MPTP and the neuroprotector isatin
also influenced the mitochondrial subproteomes
of proteins interacting with the components
of the Rpnl0 and Rpnl3 regulatory subunits
of the proteasome [52, 55].

In the case of the rotenone model of PD in rats,
the action of isatin is obviously realized according
to a different scenario and through the involvement
of other isatin-binding proteins. On the one hand,
this may be due to interspecies characteristics
(the effects of isatin in mice and rats do not always
coincide [9]), on the other hand, due to the obvious
“wave-like” change in the level of target proteins
(isatin-binding proteins). They change differently
in the dynamics of PD development both under
the influence of the neurotoxin and isatin itself,
which is known to affect the relative level of many
important brain proteins [56].
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HEUPOITPOTEKTOPHOE JEHCTBUE U3ATUHA B POTEHOHOBOI MOJIEJINA
IHAPKMHCOHUM3MA Y KPbIC: HCCIIEJOBAHHUE OTCPOYEHHBIX DOPEKTOB
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BbI13BaHHBIM BBEJJCHUEM MTECTHIINIA POTCHOHA TAPKUHCOHMU3M Y KPBIC — OJJHA U3 HauboJiee aJIeKBaTHBIX MOJIeIeH
oone3nn Ilapkuucona (BII). M3atuH (MHAOMONOH-2,3) — 3HIOTCHHBIA PETYISATOp, OOHAPY)KECHHBIN B OpraHuU3Me
MJICKOTIMTAIOIINX U YeJIOBEeKa M 00JafaloMnil IHPOKAM CIIEKTPOM OHMOJIOTHYECKOH aKTUBHOCTH Oiaromapsi OOIbIIOMY
Ha0Opy M3aTHH-CBA3BIBAIONIMX OEJIKOB, B TOM YHCJIE AaCCOLMHPOBAHHBIX C HEHpOIereHepaTMBHON NaTOJOTUEH.
KypcoBoe BBeleHHE pOTEHOHA BBI3BIBAIO y KPBIC HAPYIICHHUS MOBEACHYECKUX peakiMid ¥ W3MEeHeHHs npoduiis u
OTHOCUTEJIBHOTO COIEPXKaHUS H3aTHH-CBS3BIBAIOIIMX OENKOB Mo3ra. B nmaHHO# paboTe mccienoBald OTCPOUYEHHOE
HEHpONPOTEKTOPHOE BIMSHME H3aTHHA (Yepe3 5 1MHEH mocie 3aBeplieHUs] KypCOBOTO BBEICHHSI POTEHOHA)
Ha TIOBEJICHYCCKHE pPEaKIMH W OTHOCHTEIEHOE COJACpPKAHUE W3ATHH-CBA3BIBAIOIIUX OCIKOB MO3Ta KpBIC
C MHIYLUPOBAaHHBIM POTCHOHOM SKCIICPHMEHTAIbHBIM NAaPKHHCOHM3MOM. XOTS B 3TOT IEPHOI BPEMEHH Y KpPBIC
COXPAHSINCh HapyIICHUs JIOKOMOTOPHBIX (DYHKLHH, JaHHBIE IPOTEOMHOTO aHaIN3a (IPOGHIb H3aTHH-CBA3BIBAIOIINX
0eJIKOB MO3ra M U3MEHEHHSI UX OTHOCHUTEIBHOTO CONCPIKAHMsI) OTIIMYAIHUCh OT Pe3yJIbTaTOB, MOMYUYSHHBIX Cpa3y MoCie
3aBEpLICHUs KypCOBOTO BBEJCHUS poTeHOHA. [Ipn 3TOM Bece M3aTHH-CBA3bIBAIOIIUE OSIIKH, OTHOCUTEIILHOE COEPIKaHUE
KOTOPBIX W3MEHSUIOCHh B JIAaHHBIH II€PHOJ BPEMEHH, B TOM WIJIM MHOM CTENEHH acCOLMHPOBAHbI ¢ HelpojereHepanuen
(MHOTHE — C Oome3Hsamu [lapkuHCOHa U AJbITreiiMepa).

THonuwiii mexcm cmamuvu Ha PyccKOM A3biKe 0ocmyneH Ha cavme xcypuana (hitp://pbmc.ibmc.msk.ru).
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