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The new conjugate compound pyrrolylcarnosine was synthesized from the natural antioxidant carnosine and
the aromatic five-membered nitrogen heterocycle pyrrole. The synthesis of pyrrolylcarnosine was described.
Its physicochemical properties and biological activity in various oxidative stress models were evaluated. The
results showed that pyrrolylcarnosine was characterized by resistance to hydrolysis by serum carnosinase and
exhibited high antioxidant activity in model experiments. It had a neuroprotective effect under oxidative stress
induced by the neurotoxin AAPH, increasing the viability of a differentiated culture of human neuroblastoma
SH-SYSY and protecting it from death. In general, the results indicated creation of a new drug based on

pyrrolylcarnosine was promising.
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Oxidative stress (OS) is the main molecular mechanism
of neuron death in neurodegenerative and cerebrovascular
diseases [1]. Various cytoprotectors and antioxidants are
used to prevent oxidative damage of neuronal cells in experi-
mental neuropharmacology, although drugs with efficacies
confirmed in clinical trials do not currently exist [2]. In this
respect, the natural histidine-containing peptide carnosine,
the protector efficacy of which was demonstrated in various
CNS disease models including Parkinson’s disease and
stroke, can be considered a potential antioxidant with neuro-
protector activity [3,4]. New data on its mechanisms of
neuroprotector activity under OS conditions induced by mi-
tochondrial neurotoxins, heavy metals, and NMDA excito-
toxicity were obtained. The ability of carnosine to penetrate
neurons using PEPT?2 carrier peptides and to suppress the ac-
cumulation of reactive oxygen species (ROS) within cells,
leading to a reduction of their death and an increase of their
viability, was shown in neuronal cultures [3, 5, 6].
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Use of carnosine as an adjuvant (at a daily dose of
1.5—-2 g) in addition to the main pharmacotherapy in test
clinical trials could improve the efficacy of the standard
treatment of patients with various types of Parkinsonism and
ischemic CNS injuries [7, 8]. However, carnosine has not
been incorporated into routine clinical practice as a dosage
form because it is rapidly destroyed in the blood pool by the
specific enzyme carnosinase, which necessitates the use of ex-
tremely high doses of it. A review of randomized controlled
trials by Menon, et al. [9] in 2018 proposed carnosine and
other histidine-containing dipeptides (anserine and N-acetyl-
carnosine) and their components (f-alanine) as potential strat-
egies for prevention of several chronic diseases [9].

Pyrrole is a five-membered nitrogen-containing aromatic
compound that is used to synthesize a broad spectrum of
drugs such as antimicrobial and anticancer agents and many
other compounds [2, 10, 11]. Several medicinal compounds
containing a pyrrole component have already reached the
pharmaceutical market. Nonsteroidal anti-inflammatory
drugs are particularly interesting among them [12, 13].

Pyrrolidine is a pyrrole derivative and starting material
for synthesizing piracetam, a drug used as a nootropic agent
with neuroprotector efficacy that is included in the list of vi-
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Fig. 1. Synthetic scheme for 3-(N-pyrrolyl)propanoyl-1-histidine (pyrrolylcarnosine, PC).

tally important drugs in the Russian Federation. A broad
spectrum of new pyrrole-containing compounds based on
pyrrole-2,5-dione, many of which exhibit significant experi-
mental antiradical efficacy [14], including in cell culture ex-
periments with modeled OS [15], have been designed in the
last decade.

The conjugate of pyrrole and carnosine, pyrrolylcar-
nosine, was synthesized and patented [16] based on existing
data for their biological effects. However, an assessment of
its physicochemical properties, resistance to the action of se-
rum carnosinase, antioxidant activity in in vifro systems,
cytotoxicity for neuronal culture, and ability to pass through
intracellular membranes and an evaluation of its neuropro-
tector efficacy in a general OS model are unresolved issues.

The aim of the present study was to assess the physico-
chemical properties and biological activity of pyrrolylcar-
nosine in various OS models.

EXPERIMENTAL CHEMICAL PART

Synthesis of pyrrolylcarnosine (Fig. 1).

The synthesis of pyrrolylcarnosine (PC) used L-carno-
sine (98% purity; Swedlight AB, Sweden); 2,5-dimethoxy-
tetrahydrofuran (99% purity, mixture of cis- and trans-iso-
mers; Acros Organics); MeOH, EtOH, and HOAc (Khim-
med, Russia); and deionized H,O.

L-Carnosine (10 g, 44.2 mmol), 2,5-dimethoxytetrahyd-
rofuran (1.1 eq, 6.4 g, 48.7 mmol), and HOAc (2.5 eq, 6.6 g,
110.5 mmol) were dissolved in deionized H,0O (60 mL),
placed in a tightly closed flask into a bath heated to
102 — 103°C, and stirred for 3 h at that temperature. The ho-
mogeneous dark-brown solution was evaporated to a brown
caramel that was successively dissolved in H,0
(2 x 120 mL) and evaporated after each dissolution. The hard
solid was dissolved in hot MeOH (60 mL). The resulting so-
lution was immediately placed evenly onto silica gel for
flash chromatography using MeOH (R f0.62). Fractions con-
taining product were combined and evaporated. The result-
ing light-yellow powder (10 g) was refluxed for 2 h in EtOH
(25 mL). The suspension was cooled to room temperature
(12 h). The while crystalline precipitate was rinsed on the fil-
ter with cold EtOH. Yield 9.5 g (78%), mp 242 — 246°C.
NMR spectroscopy was consistent with 99% of the target
compound in the precipitate. The only trace impurity was
MeOH.

The molecular structure of the pyrrole-containing carno-
sine derivative was confirmed using NMR spectroscopy and
liquid chromatography in combination with high-resolution
mass spectrometry (HRMS).

PMR and *C NMR spectra were taken in D,0 on a
Bruker Avance 500 NMR spectrometer (Bruker Daltonics
Inc., USA) at 500 MHz for 'H and 125 MHz for *C.

PMR (500 MHz, D,O, 6, ppm): 2.58 2,68 (m, 2H),
2.86 (dd, 1H, J 15.5, 8.9 Hz), 3.06 (dd, 1H, J 15.5, 4.6 Hz),
4.01 —4.12 (m, 2H), 4.33 (dd, 1H, J 8.9, 4.6 Hz), 6,00 (t, 2H,
J 1.9 Hz), 6.59 (t, 2H, J 1.9 Hz), 6.85 (s, 1H), 8.42 (d, 1H, J
1.0 Hz).

C NMR (125 MHz, D,0, 8, ppm): 27.3, 37.7, 45.1,
54.0,107.9, 116.6, 121.3, 129.5, 133.1, 173.2, 176.5.

High-resolution mass spectra were taken on a Bruker
micrOTOF II instrument using electrospray ionization (ESI).
HRMS in positive-ion mode of the target compound found
m/z [M+H]=277.1287 g/mol, which corresponded to
3-(N-pyrrolyl)propanoyl-L-histidine (pyrrolylcarnosine,
C;H,(N,O;) in the protonated form with [M+H]=
277 1295 g/mol. Thus, the molecular mass of PC determined
by HRMS was 277.1295 g/mol.

A patented in-house LC-MS method (HPLC-MS) [17]
was developed by us for quantitative determination of PC in
biological materials. PC was extracted from biological sam-
ples using deproteinization. A sample of biological material
(plasma, tissue homogenate, cell culture lysate) (100 pL)
was treated with an internal standard solution (400 uL,
L-alanylcarnosine, 10 pg/mL) in trichloroacetic acid (TCA,
10%) to denature the proteins. The resulting suspension of
denatured proteins was precipitated in a chilled centrifuge at
16,000 g. The supernatant was transferred to a chromatogra-
phy vial that was placed into the chromatograph autosampler
for LC-MS analysis. The supernatant liquid was injected into
a 10-uL chromatography loop. The PC concentration was de-
termined by LC-MS on a Finnigan Surveyor LC Pump Plus
chromatograph in combination with an LCQ Fleet MS
mass-spectrometric detector (ion trap). Compounds were an-
alytically separated using an Ultrasphere 5 ODS chromatog-
raphy column (Hichrom, Ltd., Great Britain) (250 x 4.6 mm,
5 pum). The eluent was a mixture of two solutions, i.e., am-
monium acetate (10 mM) acidified with glacial HOAc to pH
3.7 (solution A) and MeCN containing a solution of acidified
ammonium acetate (90:10; solution B), taken in a 90:10
(A:B) ratio. The chromatography was performed in isocratic
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mode at eluent flow rate 0.7 mL/min. The injected volume
was 10 uL. The separation temperature was 35°C. The chro-
matographic analysis took 10 min. The retention time of PC
was 8.2 £ 0.1 min; of the internal standard (L-alanylcarno-
sine, Hamari Chemicals, Ltd.), 5.8 £ 0.1 min. Mass spectro-
metric detection used fragment ions with m/z 156.02, 231.10,
and 258.98 that formed via decomposition of the quasi-mo-
lecular peak of PC with m/z 277.29 at normalized impact en-
ergy 35 eV (Fig. 2 shows the second-order mass spectrum for
PC). The internal standard (L-alanylcarnosine) was identi-
fied using the total ion current of daughter ions with m/z
from 75 to 300 that formed via fragmentation of the quasi-
molecular L-alanylcarnosine ion with m/z 298.3. The mass
spectrometer recorded positive ions charged by ESI. The
electrospray was generated at a voltage of 5kV. The
nebulizer gas (N,) flow was 5 L/min; spraying pressure, 100
psi. The capillary temperature was 350°C; heater tempera-
ture, 300°C. The excitation amplitude on the trap end elec-
trodes was 0.1 V. The damping gas was high-purity He
(99.9999%). Data were analyzed using the Xcalibur 2.1
w/Foundation 1.0.1 computer program. The quantitative con-
centration of PC was determined using the internal standard
method. The mathematical relationship of the chromato-
graphic peak areas of the analyte and internal standard as a
function of the nominal concentration of the target com-
pound was measured for calibration. Linear regression by a
least-squares method was used for the calculations. The cali-
bration curve obeyed a linear function in the concentration
range from 0.5 to 10,000 pg/mL. The PC content was deter-
mined using the formula

C=0.7481-§

where C is the PC concentration (ng/mL); S, PC chromato-
graphic peak area normalized to the internal standard peak
area. The relative uncertainty of the method for PC determi-
nation was <10%.

Preparative purification was not required. The compound
obtained from flash chromatography followed by refluxing
in EtOH was 99% pure according to NMR data. Standard
laboratory silica gel (0.060 —0.200 mm, 60 A; Acros
Organics) was used for the chromatography. The purity of
the obtained compound was also determined by HPLC using
a Prontosil 120C18aq column. The purity of the obtained PC
was >99% according to the HPLC data.

EXPERIMENTAL BIOLOGICAL PART

Determination of PC resistance to hydrolysis by blood
serum carnosinase

The method proposed by Pegova, et al. [18] was used to
determine the resistance of PC to serum carnosinase. It was
based on evaluation of the degree of hydrolysis in the pres-
ence of donor blood serum carnosinase. A mixture of serum
samples obtained from several donors was used in the re-
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search. Serum carnosinase was activated by incubation with
CaCl, (5 mM) at 37°C for 30 min. Then, PC solution at a fi-
nal concentration of 2 mM was added to the incubation me-
dium. The samples were incubated for 0, 15, 30, 45, 60, 90,
120, 150, and 180 min and mixed with cold TCA (20%) in a
1:1 ratio. Denatured proteins were precipitated by centrifuga-
tion at 16,000 g for 30 min at 4°C. The supernatant was used
for the analysis. The controls were samples incubated with-
out added serum. The content of the new compound in the
samples was determined by the in-house HPLC method. The
instrument response in arbitrary integration units from start-
ing samples (0 min) containing PC at a concentration of
2 mM was taken as 100%. Other samples were normalized to
the peak area of the starting sample. Data were processed us-
ing the Xcalibur 2.1 Foundation 1.0.1 program.

Iron-induced chemiluminescence of biological samples

The in vitro antioxidant activity of PC was evaluated us-
ing a lipid peroxidation (LPO) model initiated by Fe*" ions in
low-density and very low-density lipoproteins isolated from
blood serum of patients with chronic cerebrovascular pathol-
ogy that was proposed by Vladimirov, et al. [19] and adapted
to a Luminometer-1251 instrument (LKB, Sweden) [20].

Preparation of analytical samples. Serum (200 uL) was
treated with CaCl, solution (2,000 pL, 0.28%) and heparin
solution (40 uL, 1%), left at room temperature for 5 min, and
centrifuged (3,000 rpm, 15 min). The supernatant was dis-
carded. The precipitated drug was treated with phosphate
buffer (800 uL, pH 7.45, 60 mM KH,PO, containing
105 mM KCl), and carefully stirred. The resulting drug sus-
pension was transferred to an analytical cuvette (800 puL) and
treated with the tested compound (100 pL) at the required
concentration.

Recording of parameters. The cuvette with the resulting
suspension was placed into the instrument sample chamber
(heated to 37°C with constant stirring). Background readings
were recorded. Chemiluminescence (CL) was initiated using
a pipette to add Fe?* solution (0.1 mL, FeSO . 7H,0) to a fi-
nal concentration of 2.5 mM. The luminescence curve was
recorded.

Parameters for the CL rapid flash (4, mV), the intensity
of which characterized the level of preformed LPO products
(primarily lipid hydroperoxides) and the latent period (, s),
indicating the resistance of the substrate to further oxidation
and reflecting the endogenous antioxidant potential, were an-
alyzed.

Cell culture

The inherent toxicity and neuroprotector properties of
PC were studied in vitro using a fast-growing passaged cell
culture of SH-SY5Y human neuroblastoma (ATCC®, USA).
The cells were cultivated in Petri dishes in a mixture of Ea-
gle’s MEM with Earle’s salts and glutamine and F-12 with-
out glutamine in a 1:1 ratio with added penicillin-streptomy-
cin solution (1%, PanEco, Russia) and fetal bovine serum
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(10%, Biosera, South America). The culture was kept in a
cell incubator (Shel Lab) at 37°C, 90% humidity, and 5%
CO,. The experimental procedures used cells that were
seeded onto plates and differentiated for a week by adding
retinoic acid (10 uM) to the culture medium and reducing the
amount of serum in the culture medium to 1%.

Measurement of PC content in cell culture lysates
by LC-MS

The efficiency of PC transport into neuronal cells was
determined by seeding SH-SYS5Y neuroblastoma culture
onto 6-well plates and differentiating according to the proto-
col. The wells were treated with PC (0.5 mM) on the day of
the experiment and incubated for 1, 3, 6, or 24 h. Then, the
cells were rinsed (5%) with Hank’s solution and lysed by two
freeze(thaw cycles. The resulting lysates were treated with
cold TCA (10% with added alanylcarnosine internal stan-
dard, 10 pg/sample) and centrifuged at 16,000 g for 30 min
at 4°C. The supernatant was used for HPLC-MS analysis as
described above. The precipitate was dissolved in NaOH so-
lution (0.1 N). The amount of protein in it was determined
using a DC Protein Assay Kit (Bio-Rad) according to the
manufacturer’s protocol. The amount of PC was calculated
using the internal standard and the PC peak area normalized
to the peak area of alanylcarnosine. In turn, the resulting con-
centration was normalized to the amount of protein in the
sample.

Determination of cell viability (MTT assay)

The viability of differentiated SH-SYSY human neuro-
blastoma cells was assessed using the MTT assay [21]. Cells
were seeded in 96-well plates calculated for 40,000 cells per
well. The culture medium was replaced by fresh medium one
day before performing the experimental procedures. The
cells were treated with PC to final concentrations from 0.5 to
10.0 mM to assess the inherent cytotoxicity of PC. PC was
not added to control wells. The cytoprotective activity of PC
was assessed by treating the cells with an OS inducer [2 mM
AAPH, 2, 2'-azobis(2-methylpropionamidine) dihydrochlo-
ride] and/or PC at the corresponding concentrations (0.5,
0.75, 1, and 2 mM). Then, the cells were incubated for 24 h.
The medium was collected for the lactate dehydrogenase
(LDH) test. Next, wells with cells were treated with MTT
[3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; Diaem, Russia] solution prepared in culture medium to
a final concentration of 0.5 mg/mL. Transformation of the
yellow tetrazolium salt into its violet formazan product was
indicative of mitochondrial activity of viable cells. This
method made it possible quickly and accurately to determine
the quantitative survival of cells using spectrometric mea-
surements. The cells were incubated with the MTT reagent
for 3 h. The medium was carefully removed from the wells
without disturbing the formazan crystals. The dry formazan
residue in each cell was dissolved in DMSO (100 uL;
Dia-M) to produce a violet solution. The plates were placed
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into a Synergy H4 microplate spectrophotometer (BioTek),
in which the solutions in the wells were stirred for 6 min and
the optical densities at A =570 nm and A =660 nm were
measured. The optical densities at A =660 nm were sub-
tracted from those at A =570 nm [21, 22]. The data were
given as percent of the optical density of the solution in con-
trol wells, the viability of the cells in which was taken as
100%. Results were processed using the Microsoft Excel
program.

Assessment of cell death (LDH test)

LDH in medium collected before the MTT assay was de-
termined according to the manufacturer’s protocol for the
Lactate Dehydrogenase Activity Assay Kit (MAKO066,
Sigma, USA). The principle of the method consisted of LDH
released into the culture medium from dead cells reducing
NAD to NADH to form a color, the intensity of which was
determined by colorimetric analysis from the optical density
of the solution at 450 nm. Measurements were made on a
Synergy H4 microplate spectrophotometer (BioTek) every
5 min as long as the sample activity was less than that of the
standard with the highest concentration (12.5 nmol/well).
The values were expressed as the mean for groups in percent
of the mean for control wells and were compared to the re-
sults of the MTT assay for the same plate.

Determination of amount of ROS

The amount of ROS was determined using the fluores-
cent dye diacetate
(DCFH,-DA; Invitrogen) at a concentration of 10 uM.

Neuroblastoma cells were seeded in 24-well plates and dif-

2',7'-dichlorodihydrofluorescein

ferentiated according to the protocol. The wells were treated
with an OS inducer (AAPH, 2 mM) and/or PC at concentra-
tions selected based on the MTT and LDH assays and incu-
bated for 1 h. DCFH,-DA (10 uM final concentration in the
sample) was added to the wells 30 min before the end of in-
cubation. The plates were left in the cell incubator. Then, the
cells were rinsed (3x) with Hank’s solution. The DCF fluo-
rescence intensity was detected at A = 520 nm in a Synergy
HI plate reader (BioTek) using Gen5 software.

Data were given as mean + standard error of the mean
(M £+ SEM). Results were statistically processed using
GraphPad Prism 8 software and the Shapiro(Wilk test for de-
termining normal distributions and one-factor dispersion
analysis (one-way ANOVA) with the Bonferroni multi-
ple-comparison adjustment for a set with a normal distribu-
tion. The Dunn correction for multiple comparisons was used
for a set with a nonnormal distribution. Differences between
groups were considered statistically significant for p <0.05.
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Fig. 2. Comparison of resistance of PC (1) and carnosine (2) to hy-
drolysis by serum carnosinase.

RESULTS AND DISCUSSION

Determination of PC resistance to hydrolysis by serum
carnosinase

Figure 2 shows the hydrolysis kinetics of molecular
carnosine and PC by serum carnosinase. Carnosine was 86%
hydrolyzed by serum carnosinase in 1 h and 100%, in 3 h.
PC was practically not hydrolyzed in 3h by serum
carnosinase. The data were given in percent of the initial
concentration (2 mM) of the tested compounds.

Determination of PC antioxidant activity by Fe-induced
chemiluminescence

The antioxidant activity of PC as compared to carnosine
was evaluated. Tables 1 and 2 present these changes of the
Fe-induced CL parameters under the influence of the tested
compounds. PC began to act at a minimum concentration of
0.05 mM, reducing the level of lipid hydroperoxides by
25.8% (relative to the control taken as 100%); at 0.25 mM,

TABLE 1. Effect of Pyrrolylcarnosine and Carnosine on CL Rapid
Flash (4, mV) Reflecting Level of Preformed Lipid Hydroperoxides,
m + SEM
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Fig. 3. Uptake of PC (0.5 mM) into neuronal cells (human
neuroblastoma SH-SYSY).

by 40.1%; at 0.5 mM, by 45.2%; and at 1 mM, by 50.1%.
These values were proportional to its concentration in the
sample. Carnosine less effectively reduced lipid hydropero-
xides at all tested concentrations; i.e., at 0.05 mM, by 13.7%;
0.25 mM, by 29.3%; 0.5 mM, by 37.5%; and 1 mM, by
48.2% (Table 1).

PC and carnosine increased the length of the CL latent
period (¢, s), which characterized the endogenous antioxidant
potential, in proportion to their concentrations in the samples
(relative to the control taken as 100%); e.g., at a concentra-
tion of 0.05 mM, by 20.1 and 9.2%, respectively; 0.25 mM,
by 29.1 and 35.1%; 0.5 mM, by 48.1 and 47.3%; 1 mM, by
63.6 and 61.7%, respectively (Table 2).

In general, the antioxidant activity of PC, which was
characterized by the ability to reduce the lipid hydroperoxide
level and increase the endogenous antioxidant potential, was
comparable to that of carnosine and, in several instances,

TABLE 2. Effect of Pyrrolylcarnosine and Carnosine on Length of
Oxidation Latent Period (z, s) Reflecting Total Antioxidant Activity
of Compounds, m + SEM

Sample Pyrrolylcarnosine Carnosine Sample Pyrrolylcarnosine Carnosine
concentration, concentration,

mM h, mV % of control h, mV % of control mM ts % of control s % of control
0.05 51.7 +1.9%* 74.2 623 +£2.1% 86.3 0.05 60.8 +2.7%* 120.1 48.5 + 4.0% 109.2
0.25 41.8 +2.5%* 59.9 51.1 £2.2%* 70.7 0.25 65.5 + 4.4%* 129.4 60.0 + 3.9%* 135.1
0.5 38.2 +2.0%* 54.8 452 + 1.9%* 62.5 0.5 75.0 £2.2%* 148.1 65.4 £ 3.7*%* 147.3
1 34.8 +£1.8%* 49.9 374+ 1.5%* 51.8 1 82.9£6.1%* 163.6 71.8 +2.5%%* 161.7
Control 698+1.3 100.0 723+1.8 100.0 Control 50.6+2.4 100.0 444+ 1.1 100.0

" Differences from control with p<0.05; ™ differences from con-
trol with p <0.001.

* Differences from control with p <0.05; ** differences from con-
trol with p < 0.001.
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Fig. 4. Effect of pyrrolylcarnosine on viability of SH-SY5Y human
neuroblastoma cells, inherent cytotoxicity.

greater than it. The results were consistent with high antioxi-
dant activity of the new compound (PC).

Uptake of PC into SH-SYSY human neuroblastoma cells

The contents of PC at an initial concentration of 0.5 mM
in lysates of cells incubated for 1, 3, 6, or 24 h were
0.48 £0.06,1.17£0.07, 1.15+£ 0.18, and 1.81 £ 0.16 png/mg
of protein, respectively; and did not differ at all time points
(Fig. 3). Thus, PC effectively passed through the membranes
into the cells.

Effect of PC on viability of SH-SYSY human
neuroblastoma cells, inherent cytotoxicity

The inherent cytotoxicity of PC was assessed over a
broad concentration range (0.5, 1, 2.5, 5.0, and 10.0 mM)
from its effect on the viability of SH-SY5Y human neuro-
blastoma cells using the MTT assay. Cultures with PC were
incubated for 24 h (Fig. 4). PC was shown not to exhibit in-
herent toxicity upon incubation of the cultures over a broad
concentration range (from 0.5 t0 10.0 mM).

Assessment of PC neuroprotector activity in a general
AAPH-induced OS model

MTT assay. The effect of PC on the viability of cells un-
der OS conditions was assessed using the MTT assay. Gen-
eral OS was induced by adding AAPH (2 mM) to the culture
medium. The results indicated that incubation of the cell cul-
ture with AAPH (2 mM) for 24 h reduced the cell viability
up to 59.8 £ 1.1% relative to intact cells, the viability of
which was taken as 100% (Fig. 5).

The cell viability increased by an average of up to 74% if
PC at concentrations of 0.5, 0.75, 1.0, 1.5, and 2.0 mM was
added to the incubation medium simultaneously with AAPH,
regardless of the PC concentration.
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Fig. 5. Effect of PC at concentrations of 0.5, 0.75, and 1 mm with
24-h incubation on survival of neuroblastoma cells with AAPH
(2 mM) toxicity; in % of mean level in intact cells. p <0.05 vs. in-
tact cells, "vs. cells with AAPH.

Thus, PC increased the cell viability by an average of
24% (relative to cells subjected to the action of AAPH) un-
der OS conditions induced by AAPH (2 mM), although the
control level was not reached.

LDH test. Incubation of cells with AAPH (2 mM) for
24 h led to an increase in the LDH content in the medium by
27.0 £5.6% relative to intact cells taken as 100% (Fig. 6).
Addition of PC to the incubation medium containing AAPH
(2 mM) prevented an increase in the LDH content, e.g., at a
concentration 0f 0.5 mM, up to 105.8 £ 11.0%; 0.75 mM, up
to 106.6 £ 9.6%; and 1 mM, up to 108.5 £ 2.3%. PC, regard-
less of its concentration, reduced the LDH content by an av-
erage of 20% relative to cells incubated with AAPH.

Effect of PC on ROS level under AAPH-induced OS
conditions

The effect of PC on the increase of ROS under
AAPH-induced OS conditions was evaluated from DCF flu-
orescence intensity. The DCF fluorescence intensity tripled
relative to that of intact cells after incubation for 1h if
AAPH (2 mM) was added to an attached culture (in a
microplate reader). This was indicative of a significant in-
crease in ROS (Fig. 7).

Addition of PC at concentrations of 0.5, 0.75, and 1 mM
simultaneously with AAPH (2 mM) followed by incubation
for 1 h reduced the fluorescence intensity by an average of
19% relative to that of cells incubated with AAPH, regard-
less of the PC concentration in the sample. However, the flu-
orescence intensity remained elevated relative to that of in-
tact cells.
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The search for effective neuroprotectors with high phar-
macological activity and the minimum number of adverse ef-
fects is an important problem of modern neuropharmacology.
The new compound PC was synthesized by us to solve this
problem. Its structure contained a pyrrole heterocycle in
combination with a fragment of the natural peptide antioxi-
dant carnosine.

Carnosine in the human body is known to undergo enzy-
matic peptidolysis by serum carnosinase to the amino acids
B-alanine and L-histidine [23]. In contrast to carnosine, PC
displayed high resistance to hydrolysis by carnosinase be-
cause of the modification of carnosine at the P-alanine
amino-acid fragment. New chemical derivatives of carnosine
with compounds such as a-lipoic acid, Trolox (water-soluble
analog of tocopherol), and salicylic acid that also demon-
strated high resistance to enzymatic hydrolysis were synthe-
sized by us in previous studies [24 — 26].

The method of Fe-induced chemiluminescence of
lipoproteins in blood serum of healthy volunteers, the speci-
ficity of which was demonstrated by us in previous studies
[25, 26], was used to assess the antioxidant potential of PC.
The results indicated that PC statistically significantly re-
duced the lipid hydroperoxide level and substantially in-
creased the antiradical activity, which were comparable to
those of the natural antioxidant carnosine, and in several in-
stances exceeded its activity. The significant antioxidant ac-
tivity of the new compound was due to the action of the
carnosine fragment itself [3, 4] and of pyrrole, derivatives of
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Fig. 7. Effect of PC at concentrations of 0.5, 0.75, and 1 mM on
DCF fluorescence intensity 1 h after its simultaneous addition to
culture medium with AAPH (2 mM); in % of fluorescence intensity
of intact cells. p <0.05 vs. intact cells; p <0.05 vs. cells with
AAPH.

which also exhibit pronounced antioxidant efficiency
[14, 15].

An important aspect of evaluating the mechanisms of PC
neuroprotector activity was its ability to permeate into
neuronal cells. An in-house HPLC-MS method was devel-
oped by us for quantitative determination of PC.

The effectiveness of the protector activity of PC was as-
sessed by us under OS conditions induced by AAPH, which
directly generated ROS followed by development of OS in
the aqueous phase within cells and in the extracellular milieu
[27]. PC under these conditions was shown to increase the
viability of SH-SY5Y human neuroblastoma cells as evalu-
ated by the MTT assay. Simultaneously, PC prevented the
death of neurons, which was determined from the content of
LDH, which catalyzed the transformation of pyruvate into
lactate. Release of LDH into the culture medium was indica-
tive of damage to cell membranes. Because LDH is a rather
stable enzyme, it is often used to determine cell damage and
the degree of action of various cytotoxic compounds in vari-
ous tissues and cell cultures [28]. In general, it was con-
cluded by us based on a comparison of the LDH and MTT
assays that PC was an efficient neuroprotector under OS con-
ditions induced by AAPH.

Also, a fluorimetric method was used to show that PC ef-
ficiently reduced the intracellular level of ROS generated un-
der AAPH-induced OS conditions after incubation for 1 h.
Therefore, the neuroprotector efficacy of PC was due to its
ability to permeate into neuronal cells and prevent an in-
crease of ROS.
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It could be concluded based on the above that the new
conjugate of the antioxidant carnosine and the heterocycle
pyrrole that was synthesized by us was characterized by re-
sistance to the hydrolase activity of human serum
carnosinase and pronounced antiradical activity in experi-
mental models of neurotoxicity. It also exhibited
cytoprotective activity under OS conditions induced by the
neurotoxin AAPH, statistically significantly increased the vi-
ability of SY-SYS5Y human neuroblastoma cell culture, and
prevented the death of the cells. Thus, these results indicated
that the creation of a new pharmaceutical based on PC was
promising.
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