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Abstract Two novel derivatives of carnosine—(S)-trolox-

L-carnosine (STC) and (R)-trolox-L-carnosine (RTC) are

characterized in terms of their antioxidant and membrane-

stabilizing activities as well as their resistance to serum car-

nosinase. STC and RTC were synthesized by N-acylation of

L-carnosine with (S)- and (R)-trolox, respectively. STC and

RTC were found to react more efficiently with 2,2-diphenyl-

1-picrylhydrazyl radical (DPPH) and protect serum lipopro-

teins from Fe2?-induced oxidation more successfully than

carnosine and trolox. At the same time, STC, RTC and trolox

suppressed oxidative hemolysis of red blood cells (RBC) less

efficiently than carnosine taken in the same concentration.

When oxidative stress was induced in suspension of cere-

bellum granule cells by their incubation with N-methyl-D-

aspartate (NMDA), or hydrogen peroxide (H2O2), both STC

and RTC more efficiently decreased accumulation of reactive

oxygen species (ROS) than carnosine and trolox. Both STC

and RTC were resistant toward hydrolytic degradation by

human serum carnosinase. STC and RTC were concluded to

demonstrate higher antioxidant capacity and better ability to

prevent cerebellar neurons from ROS accumulation than their

precursors, carnosine and trolox.
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Introduction

Oxidative modification of lipids and proteins caused by

reactive oxygen species (ROS) is thought to be one of the

main factors declining the viability of living cells through

neurodegeneration or aging processes. In order to protect

cells from ROS attack, various antioxidants are used in

modern medicine. Carnosine (b-alanyl-L-histidine) is a

naturally occurring antioxidant and cell protector, which is

accumulated in large quantities in excitable tissues (skel-

etal muscles, heart, some parts of brain) (Boldyrev and

Severin 1990; Boldyrev and Johnson 2002) where it plays

an important role in protecting of lipids, proteins and

nucleic acids from oxidative damage (Boldyrev 2007;

Boldyrev et al. 2004; Leinsoo et al. 2006). Therefore, car-

nosine itself is used as cosmetics or dietary supplements,

(Prokopieva et al. 2000; Rona et al. 2004; Babizhayev

2006) or as an antiulcer drug in a form of a Zn ion

complex (‘‘Polaprezinc’’, Hamari Chemicals, Ltd, Japan)

(Matsukura and Tanaka 2000; Mahmood et al. 2007).

One of the reasons for limited use of carnosine as a drug

is considered to be its fast metabolism by means of serum

and kidney carnosinases, which quickly decreases serum

level of carnosine thus preventing its long-lasting action

(Lenny et al. 1982; Pegova et al. 2000). In our work, we

have combined carnosine with a vitamin E derivative,

trolox, which is known to demonstrate an antioxidant
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capacity in several models both in vitro and in vivo

(Grasborn-Frodl et al. 1996; Sharma and Kaundal 2007).

This resulted in stabilization of the molecule against car-

nosinase attack with the same or even higher antioxidant

and membrane-stabilizing capacity compared to carnosine

or trolox.

Methods and Materials

Carnosine Derivatives

The following synthetic carnosine derivatives were used:

(S)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carbonyl-b-

alanyl-L-histidine, (S)-trolox-L-carnosine (STC), and

(R)-6-hydroxy-2,5,7,8-tetramethylchroman-2-carbonyl-b-

alanyl-L-histidine, (R)-trolox-L-carnosine (RTC), being

both water and ethanol soluble. Structure of the com-

pounds is presented in Fig. 1.

The derivatives were originally synthesized in ‘‘Hamari

Chemicals, Ltd’’ (Patent JP2008-19188), and their structure

was identified using 1H- and 13C-NMR spectroscopy (200

and 50.3 MHz, respectively) and mass-spectrometry (ESI-

MS).

Preparation of the N-acyl L-Carnosine Derivatives

Carnosine Benzyl Ester Bis(p-Toluenesulfonate)

p-Toluenesulfonic acid monohydrate (TsOH�H2O) (39.9 g,

0.21 mmol) was dissolved in a solution of L-carnosine

(22.6 g, 0.1 mmol) in distilled water (100 ml), and the

whole solution was concentrated in vacuo. To the resulting

residue were added TsOH�H2O (5.0 g, 0.026 mmol), ben-

zyl alcohol (75 ml) and chloroform (80 ml), and the whole

suspension was refluxed with azeotropic removal of water

for 12 h. After evaporation of chloroform in vacuo, ethyl

acetate (AcOEt) (300 ml) was added to the residue, and the

whole was stirred for 0.5 h, then the supernatant was taken

off by decantation. The oily residue was further washed

with AcOEt (4 9 300 ml) in the same manner, and the

resulting viscous oil was dried in vacuo to give carnosine

benzyl ester bis(p-toluenesulfonate) (52.5 g, 79.7%) as an

amorphous solid: 1H-NMR (200 MHz, DMSO-d6) d 2.30

(6H, s, 2 9 Me), 2.45–2.56 (2H, m, CH2CO of b-Ala,

overlapped with a signal of DMSO-d5), 2.88–3.23 (4H, m,

NCH2 of b-Ala and b-H2 of His), 4.60–4.74 (1H, m, a-H),

5.12 (2H, s, CH2-Ph), 7.08–7.16 (4H, br d-like, ArH of

TsOH), 7.28–7.53 (10H, m, ArH of CH2Ph and TsOH and

5-H of the imidazole ring), 7.68 (3H, br s), 8.99 (1H, d,

J = 1.2 Hz, 2-H of the imidazole ring).

(R)-Trolox-L-Carnosine Benzyl Ester (RTC Benzyl Ester)

(R)-Trolox� (1.70 g, 6.8 mmol) was dissolved in a solu-

tion of carnosine benzyl ester bis(p-toluenesulfonate)

(5.81 g, 8.8 mmol) in pyridine (5 ml) at 16–18�C. To this

solution was added 1-ethyl-3-[3-(dimethylamino)propyl]

carbodiimide hydrochloride (1.70 g, 9.8 mmol) at 3–5�C,

and the whole was stirred at 16–8�C for 7 h. Pyridine was

evaporated off in vacuo, and the residue was dissolved in

AcOEt (30 ml). The resulting solution was washed with

10% aq. NaCl, and the aqueous phase was extracted with

AcOEt (20 ml). The combined organic phase was washed

with 10% aq. NaCl (20 ml), dried (MgSO4) and concen-

trated in vacuo. The oily residue thus obtained was flash

chromatographed on silica gel (45 g, elution with chloro-

form, then 15:1 chloroform/methanol) to give RTC benzyl

ester (1.79 g, 51.1%) as a white amorphous solid: 1H-NMR

(200 MHz, CDCl3) d 1.50 (3H, s, 2-Me), 1.69–1.88 (1H,

m), 2.05–2.67 (5H, m, CH2CO of b-Ala and 3H of trolox),

2.07 (3H, s, Me), 2.15 (6H, s, 2 9 Me), 2.90 and 2.97 (1H

Fig. 1 Structural formula of the

compounds tested
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each, ABX system, JAB = 15.6 Hz, JAX = 6.1 Hz, b-H2 of

His), 3.21–3.38 (1H, m, one of NCH2 of b-Ala), 3.49–3.67

(1H, m, one of NCH2 of b-Ala), 4.46 (1H, dt, J = 6.8,

6.1 Hz, a-H of His), 5.04 and 5.10 (1H each, ABq,

J = 12.3 Hz, CH2Ph), 6.33 (2H, br, ArOH and NH of the

imidazole ring), 6.49 (1H, d, J = 1.0 Hz, 5-H of the

imidazole ring), 6.54 (1H, d, J = 6.8 Hz, NH of His), 7.16

(1H, dd, J = 7.0, 5.2 Hz, NH of b-Ala), 7.22–7.37 (5H, m,

ArH), 7.49 (1H, d, J = 1.0 Hz, 2-H of the imidazole ring).

(S)-Trolox-L-Carnosine Benzyl Ester (STC Benzyl Ester)

According to the same procedure described earlier, STC

benzyl ester was obtained from carnosine benzyl ester

bis(p-toluenesulfonate) and (S)-trolox� in the form of a

white amorphous solid (81%): 1H-NMR (200 MHz,

CDCl3) d 1.47 (3H, s, 2-Me), 1.77–1.94 (1H, m), 2.06 (3H,

s, Me), 2.13 (6H, s, 2 9 Me), 2.18–2.68 (5H, m, CH2CO of

b-Ala and 3H of trolox), 2.99 and 3.05 (1H each, ABX

system, JAB = 15.6 Hz, JAX = 5.7 Hz, b-H2 of His), 3.37–

3.56 (2H, m, NCH2 of b-Ala), 4.73 (1H, dt, J = 7.5,

5.7 Hz, a-H of His), 5.03 and 5.09 (1H each, ABq,

J = 12.3 Hz, CH2Ph), 5.90 (2H, br, ArOH and NH of the

imidazole ring), 6.55 (1H, d, J = 0.9 Hz, 5-H of the

imidazole ring), 7.11 (1H, d, J = 7.5 Hz, NH of His),

7.18–7.35 (6H, m, ArH and NH of b-Ala), 7.47 (1H, d,

J = 0.9 Hz, 2-H of the imidazole ring).

(R)-Trolox-L-Carnosine (RTC)

The reaction vessel was charged sequentially with RTC

benzyl ester (700 mg, 1.27 mmol), methanol (3 ml) and

10% Pd–C (containing 52.7% of water, 100 mg) and then

evacuated and refilled with hydrogen four times followed

by vigorous stirring under hydrogen atmosphere at 16–

18�C for 5 h. The catalyst was filtered off, and the filtrate

was concentrated in vacuo. The residual amorphous solid

was washed as a slurry with AcOEt (5 ml), then chloro-

form (3 ml), dissolved in methanol (3 ml) and concentrated

in vacuo to give RTC (564 mg, 97%) as a pale-yellow

amorphous solid, whose HPLC assay showed 99.7 area %:
1H-NMR (200 MHz, CD3OD) d 1.44 (3H, s, 2-Me), 1.81

(1H, ddd, J = 13.4, 8.2, 6.2 Hz), 2.05 (3H, s, Me), 2.13

(3H, s, Me), 2.14 (3H, s, Me), 2.17–2.70 (5H, m, CH2CO of

b-Ala and 3H of trolox), 3.06 (1H, A part of ABX system,

JAB = 15.3 Hz, JAX = 7.8 Hz, one of b-H2 of His), 3.20

(1H, B part of ABX system, JAB = 15.3 Hz, JBX =

5.6 Hz, one of b-H2 of His), 3.30–3.48 (2H, m, NCH2 of

b-Ala), 4.66 (1H, dd, J = 7.8, 5.6 Hz, a-H of His), 7.27

(1H, d, J = 1.5 Hz, 5-H of the imidazole ring), 8.70 (1H, d,

J = 1.5 Hz, 2-H of the imidazole ring); 13C-NMR

(50.3 MHz, CD3OD) d 12.02, 12.35, 12.97, 21.56, 24.72,

28.22, 30.95, 36.04, 36.59, 52.89, 79.10, 118.48, 118.62,

122.19, 123.28, 124.85, 131.47, 135.04, 145.67 (4-C of the

imidazole ring), 147.27 (2-C of the imidazole ring), 173.44

(C=O), 173.80 (C=O), 177.08 (C=O); ESI-MS m/z

(M ? H)? 459.1 for C23H31N4O6 (459.2 for isotope model

MH).

(S)-Trolox-L-Carnosine (STC)

According to the same procedure described for the prepa-

ration of RTC, STC was obtained from STC benzyl ester in

the form of a pale-yellow amorphous solid (quant.), whose

HPLC assay showed 99.3 area %: 1H-NMR (200 MHz,

CD3OD) d 1.43 (3H, s, 2-Me), 1.79 (1H, ddd, J = 13.4,

8.2, 6.4 Hz), 2.04 (3H, s, Me), 2.12 (3H, s, Me), 2.13 (3H,

s, Me), 2.18–2.68 (5H, m, CH2CO of b-Ala and 3H of

Trolox), 3.02 (1H, A part of ABX system, JAB = 15.3 Hz,

JAX = 7.0 Hz, one of b-H2 of His), 3.16 (1 H, B part of

ABX system, JAB = 15.3 Hz, JBX = 5.3 Hz, one of b-H2

of His), 3.33–3.46 (2H, m, NCH2 of b-Ala), 4.46 (1H, dd,

J = 7.0, 5.3 Hz, a-H of His), 7.16 (1H, d, J = 1.1 Hz, 5-H

of the imidazole ring), 8.47 (1H, d, J = 1.1 Hz, 2-H of the

imidazole ring); 13C-NMR (50.3 MHz, CD3OD) d 11.99,

12.39, 12.97, 21.59, 24.83, 29.46, 31.02, 36.23, 36.66,

54.93, 79.10, 118.30, 118.62, 122.34, 123.17, 124.96,

132.75, 134.89, 145.70 (4-C of the imidazole ring), 147.27

(2-C of the imidazole ring), 173.29 (C=O), 176.06 (C=O),

176.97 (C=O); ESI-MS m/z (M ? H)? 459.1 for

C23H31N4O6.

The purity of the compounds synthesized was deter-

mined by using HPLC.

HPLC System for L-Carnosine and its Derivatives

The � Luna 5 l, C18(2) � column (Phenomenex),

250 mm 9 4.6 mm size was used. Mobile phase for car-

nosine assay included the following: heptanesulfonic acid

(0.5%), NaH2PO4 (0.1 M, pH 2.7), acetonitrile/water (5/95,

v/v); flow rate was 1 ml/min under isocratic regime (28�C);

sample volume 20 ll and UV registration at 210 nm

(O’Dowd et al. 1990). Retention time (tR) for L-carnosine

was 7.3 min.

For analysis of carnosine derivatives, the same column

was used but mobile phase contained 0.2% trifluoroacetic

acid, acetonitrile/water ratio was 25/75 (v/v); other condi-

tions were the same as for L-carnosine. tR for both of the

compounds tested was 9.7 min.

Direct Oxidation of Stable DPPH Radical (DPPH Test)

Direct antioxidant activity of the compounds used was

tested by measuring their ability to neutralize the stable

2,2-diphenyl-1-picrylhydrazyl radical (DPPH) (Schlesier

et al. 2002; Friaa and Brault 2006). The antioxidant activity
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was measured as follows. To 3 ml DPPH (final concen-

tration of 10 lM in ethanol), 5–60 ll of stock solution of

compounds tested (trolox, STC and RTC were solubilized

in 96% ethanol, and carnosine was solubilized in water, all

in 30 mM concentration) to the final concentrations in the

range of 0.015–0.600 mM were added. Decrease in optical

density (measured at 519 nm) with time corresponding to

the rate of DPPH neutralization was used to calculate

antioxidant activity of the compounds, which was expres-

sed in nmol/min using molar DPPH extinction coefficient

equal to 9690 M-1cm-1.

Oxidative Hemolysis of Human Red Blood Cells

(RBC)

Hemolysis of RBC isolated from healthy donors by stan-

dard procedure (Prokopieva et al. 2000) was initiated by

adding of 0.4 mM NaClO to the sample tube containing

5 9 106 cells/ml and measured spectrophotometrically at

630 nm. Reaction medium contained 10 mM NaH2PO4,

10 mM Na4P2O7 (pH 9.0) and 125 mM NaCl. The reaction

was stopped by adding 1 N HCl. The difference between

initial and final values of optical density was taken up

100% hemolysis, and T0.5 values (calculated as half a

period of total hemolysis) were used for comparison of the

antihemolytic efficiency. The stock solutions of carnosine,

STC and RTC (50 mM) and trolox (5 mM) were prepared

in deionized water with adjustment of pH to 9.0 and added

to the samples at final concentration in the range of 0.025–

0.400 mM.

Fe2?-Induced in Vitro Lipoprotein Oxidation

(Chemiluminescence Test, ChL Test)

The method used is based on the measurement of ChL in a

suspension of lipoproteins being oxidized by Fe2? ions

added in excess to reaction medium (Fedorova et al. 1999).

Lipoproteins were prepared from serum of healthy donors

and placed into measuring unit of 1 ml of reaction medium

(60 mM KH2PO4, 105 mM KCl, pH 7.45) in amount cor-

responding to that containing in 200 ll of serum. The stock

solutions of carnosine, STC, RTC (50 mM) and trolox

(5 mM) were prepared using reaction medium. Reaction

was started by addition of 5 mM FeSO4 (final concentra-

tion), and ChL signal was monitored using LKB 1251

Chemiluminometer (Sweden) and was expressed in mV.

The typical experimental curve is presented in Fig. 2

where the parameters measured are also noted. These are

‘‘h’’, the height of the initial ChL burst (reflects the sta-

tionary level of lipid hydroperoxides); ‘‘s’’, the lag period

of Fe2?-induced oxidation (characterizes the resistance of

the sample against oxidation being dependent on intrinsic

antioxidant capacity of lipoproteins) and m defining the

initial rate of oxidation (measured as increment of ChL

signal, mV/s) (Dobrota et al. 2005).

Cell-Protecting Ability of Carnosine, Trolox and its

Derivatives, SRC and RTC

Primary (non-differentiated) culture of cerebellum granule

cells prepared from 8- to 10-day-old rats was used in the

experiments as described previously (Boldyrev et al. 2000).

Concerning the protocol, cell suspension contains rather

heterogeneous population of cells contaminated by some

glial cells (Oyama et al. 1996). During flow cytometric

analysis, however, from the total cell population, the area

was gated with the size of 10 lm corresponded to neurons.

This approach allows to discriminate neurons from other

cells and to analyze neuronal response to oxidative stress

independently of the other cells in the suspension (Sureda

et al. 1998). Oxidative stress was induced by incubation of

cell suspension with either specific ligand, N-methyl-D-

aspartic acid (NMDA, 0, 25–1 mM during 30 min), or non-

specific agent, hydrogen peroxide (H2O2, 20 mM, during

30 min). Percentage of dead cells was calculated using

propidium iodide (PI), intracellular ROS level was mea-

sured with 2,7-dichlorodihydrofluorescein diacetate

(DCF-DA) as a label (Boldyrev et al. 2004). Flow cyto-

metric measurements were performed using « FAC-

Star » (« Becton–Dickinson » , USA). In all cases, amount

of dead cells was in the range of 15–25% and did not

increase statistically significant during experimental

procedure.

STC, RTC and carnosine were dissolved in Tyrode’s

solution, initial concentration of all compounds being

125 mM (pH 7.4). Trolox was dissolved in DMSO at

initial concentration of 250 mM. The compounds studied

Fig. 2 Scheme of the chemiluminescence measurement of antioxi-

dant capacity of the compounds tested. Symbols: h corresponds to

relative level of hydroperoxides, s–the lag period of oxidation (sec),

m–the initial rate of oxidation (mV/s)
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were added in a final concentration of 0.25 mM to cell

suspension 60 min before induction of oxidative stress (in

such a case, an amount of DMSO in trolox samples was

small enough and did not damage the neuronal cells).

Each portion of cells was divided into three groups to

measure the parameters characteristic of intact cells, and

those portions were exposed to NMDA or H2O2. The

results were analyzed using WinMDI 2.7 computing

program.

Hydrolysis of Carnosine Derivatives by Serum

Carnosinase

Enzymatic hydrolysis of carnosine and its derivatives was

measured using method described previously (Lenny et al.

1982). The method is based on measuring the disappear-

ance of L-carnosine (or its derivatives) and subsequent

histidine accumulation after incubation of potential sub-

strates for carnosinase with human blood plasma.

Accordingly to modified protocol (Pegova et al. 2000),

donor’s blood was freshly collected in sterile-heparinized

syringe, centrifuged at 500g for 10 min, and the superna-

tant was used in the experiments. Samples of 200 ll serum

plasma were preincubated for 30 min at 37�C in a medium

containing 800 ll of 125 mM Tris–HCl (pH 8.5), 300 ll of

5 mM CdCl2 (in 30 mM sodium citrate) and 300 ll of

distilled water. The stock solutions of carnosine, STC and

RTC (50 mM solution in deionized water) and trolox

(250 mM solution in DMSO) were adjusted to pH 8.5—the

value at which hydrolytic reaction is measured as described

earlier (Lenny et al. 1982; Pegova et al. 2000). Then,

400 ll of the substrate solution was added to a final con-

centration of 10 mM. Aliquots of 100 ll were collected

after appropriate incubation time (0–180 min), and the

reaction was stopped by addition of 300 ll cold ethanol.

Denatured proteins were removed by centrifugation

(15 min at 3500g), and supernatant was used for HPLC

analysis after 20-fold dilution.

Statistical Analysis

Results are presented as mean ± S.E.M. Statistical evalu-

ation was performed using the Student’s t test; differences

with a value of P \ 0.05 were considered significant.

Results

Direct Oxidation of DPPH Radical

The data obtained from interaction of the compounds tested

with DPPH radical are presented in Table 1 where the rate

of decrease in optical density was used as an indicator of

the ability to neutralize DPPH radical, reflecting direct

antioxidant capacity of the compounds. Trolox and both

carnosine derivatives, RTC and STC, demonstrated pro-

nounced ability to quench DPPH radical, and at lower

concentrations (0.025–0.100 mM), STC and RTC were

more effective compared to trolox. At higher concentration

of the compounds (0.3 mM), trolox had as high activity as

STC while RTC still was more effective. Carnosine

(0.025–0.150 mM) did not demonstrate an ability to

interact with DPPH and interacted with the reagent very

slowly at higher concentrations (0.3–0.6 mM). Thus, the

compounds tested showed more efficient antioxidant

capacity compared to carnosine or trolox.

Oxidative Hemolysis of Human Red Blood Cells

All the compounds tested did not induce RBC hemolysis

themselves but slowed down the rate of oxidative hemoly-

sis of human RBC. Figure 3 shows that the compounds

tested taken at 0.05 mM concentration decreased the rate

of hemolysis in the following rank of efficiency:

STC \ RTC � carnosine. In Table 2, experimental results

are presented for all four compounds tested, being used in

concentration range between 0.025 and 1.2 mM. As shown

Table 1 Comparative ability of carnosine, trolox and its derivatives to interact with 2,2-diphenyl-1-picryl hydrazyl (DPPH) measured as a rate

of its neutralization (nmol/min, NM–not measured)

Concentration (mM) Rate of DPPH neutralization (nmol/min)

L-Carnosine Trolox STC RTC

0.025 0 152 ± 16 219 ± 11 308 ± 15b

0.050 0 206 ± 54 356 ± 19b 422 ± 15b

0.100 0 490 ± 24 557 ± 10 719 ± 10b

0.150 0 815 ± 36 NM NM

0.300 0.95 ± 0.03 1539 ± 64a 1458 ± 51a 1953 ± 24a,b

0.600 1.38 ± 0.07 NM NM NM

a Corresponds to statistically significant difference (P \ 0.01) from carnosine
b Corresponds to statistically significant difference (P \ 0.05) from trolox

Cell Mol Neurobiol (2010) 30:395–404 399

123



in Table 2, efficiency of STC and RTC in protection against

RBC hemolysis comparable to that of carnosine achieved at

2–3 times higher concentrations of the derivatives. Trolox

demonstrated the smallest antihemolytic effect among all

the compounds tested.

Fe2?-Induced Lipoprotein Oxidation

Before experiment, the compounds were tested on the

ability to generate ChL flash (h) in the presence of Fe2?

ions with no lipoproteins added in order to check their

auto-oxidation. All the compounds in concentrations up to

1 mM demonstrated negligible signal (2–5 mV vs.

129.0 ± 3.1, when ChL burst was induced by addition of

Fe2? to lipoproteins).

The results of comparative analysis of the ability to

suppress Fe2?-induced lipoprotein oxidation are presented

in Table 3. It is seen in Table 3 that carnosine sufficiently

decreases the stationary level of hydroperoxides (h), and

50% inhibition of the hydroperoxide accumulation is

achieved at about 0.5 mM concentration. Simultaneously,

carnosine increased the lag period of oxidation, s (which

evidences the increase in resistance against oxidation), and

decreased the rate of oxidation proportionally to its con-

centration. Trolox affected these parameters in a similar

manner, being more effective than carnosine in terms of lag

period of oxidation and oxidative rate (Table 2). It is

important to note that the effect of trolox, RTC and STC

appeared at lower concentrations (0.025–0.05 mM). At

0.5 mM, RTC and STC were more effective than carnosine

in terms of suppression of hydroperoxide levels (h) and

increase in resistance to oxidation (see changes in s and v

values in Table 3). Antioxidant capacity of trolox was

lower than that of RTC and STC. Comparing all ChL

parameters, one can conclude that RTC and STC are more

effective than either carnosine or trolox (see Table 3).

Protection of Neuronal Cells From Oxidative Stress

by L-Carnosine and its Derivatives

In order to estimate an ability of the compounds tested to

protect neuronal cells from oxidative stress, we have

applied flow cytometry, which is often used for direct

measurement of intracellular ROS levels and viability of

neuronal cells (Boldyrev et al. 2000, 2004). Oxidative

stress was induced in our experiments by 30 min exposure

of cerebellum granule cells with 0.25–1.0 mM NMDA that

corresponds to excitotoxic conditions inducing oxidative

stress in neurons (Boldyrev et al. 2000).

Figure 4 shows that after exposure of cells to NMDA,

percentage of PI-labeled (necrotic) neurons (located in the

upper part of dot plots, A and B) is slightly increased (from

15 ± 3% to 24 ± 5%, not statistically significant), and the

viable cells (lower part of these dot plots) are moved to the

right along the ROS axis. In viable cells (Fig. 4, lower part

of dot plots in A and B and histograms in C and D), NMDA

induces redistribution of neurons from low ROS area (M1)

to high ROS area (M2) in such a manner that mean fluo-

rescence of the cells was increased proportionally to time

of incubation or NMDA concentration. In further experi-

ments, mean fluorescence was used to characterize ROS

levels in neuronal suspension. Effect of NMDA on this

parameter in the range of 0.25–1 mM was proportional to

Fig. 3 Experimental curves of NaClO-induced hemolysis of human

red blood cells registered in the presence of STC, RTC or carnosine

compared to that of control. Horizontal line corresponds to the

halftime of the hemolysis (T0,5); concentration of each compound is

0.05 mM (typical example is presented)

Table 2 Comparison of T0,5 values (time to 50% of RBC hemolysis)

for the compounds tested (T0,5 for control sample measured without

any additions was 68 ± 8 s)

Concentration

(mM)

T0,5 (s)

Carnosine Trolox STC RTC

0.025 144 ± 10 67 ± 3a 95 ± 4a,b 107 ± 6a,b

0.050 [300 69 ± 7a 105 ± 5a,b 116 ± 4a,b

0.100 [300 73 ± 8a 121 ± 7a,b 134 ± 9a,b

0.200 [300 122 ± 10a [300b [300b

0.400 [300 138 ± 8a [300b [300b

a Corresponds to statistically significant difference (P \ 0.05) from

carnosine
b Corresponds to statistically significant difference (P \ 0.05) from

trolox
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its concentration and at the higher concentration, induced

25–30% increase in ROS levels, which was characteristic

of oxidative stress in cells (Boldyrev et al. 2000).

Preincubation of cell suspension with carnosine, trolox,

STC or RTC (0.25 mM) resulted in decrease in stationary

ROS levels within the neurons, and the compounds tested

demonstrated the following rank of efficiency: carno-

sine \ trolox \ STC \ RTC (Fig. 5a, light gray bars). In

the same manner, these compounds affected NMDA-

induced increase in the intracellular ROS levels (Fig. 5a,

dark gray bars).

When the cell suspension was exposed to 20 mM H2O2

(a non-specific inducer of oxidative stress), accumulation

of ROS in cell suspension was more pronounced, and

similar protection was found in the presence of all four

compounds tested (Fig. 5b).

Hydrolysis of L-Carnosine and its Derivatives by

Human Serum Carnosinase

Comparative kinetics of hydrolysis of carnosine, STC and

RTC in vitro are presented in Fig. 6. Carnosine is easily

hydrolyzed under conditions used in agreement with the

previous data (Pegova et al. 2000). Decrease in carnosine

levels has been accompanied by histidine accumulation.

STC and RTC were totally resistant to human serum car-

nosinase: even incubation during 3 h does not result in a

measurable decrease in their amount in the medium; no

histidine was also found.

Discussion

STC and RTC are novel compounds being not described

before. They have been shown to possess better ability

than carnosine or trolox to interact in vitro with

hydrophobic DPPH radical (Table 1) thus demonstrating

higher antioxidant capacity in the hydrophobic

environment.

In addition, trolox, STC and RTC are able to protect

human red blood cells against oxidative hemolysis; how-

ever, their efficiency is much less than that of carnosine

(Table 2). It was found recently (Formazyuk et al. 1992;

Hipkiss et al. 1998) that carnosine is able to interact with

hypochlorous anion and to preserve cell structures against

oxidative damage. b-Amino group of carnosine has been

found to take part in this protection thus it is not surprising

that trolox, STC and RTC are not able to prevent RBC

from hypochlorite-induced hemolysis as effectively as

carnosine.

At the same time, it is necessary to note that neither

STC nor RTC induces themselves hemolytic damage of

human RBC. This observation may be important forT
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further pharmacological studies of these compounds as

possible in vivo protectors of the organism against oxida-

tive stress.

In addition, RTC and SRC were able to protect plasma

lipoproteins against Fe2?-induced oxidation to a higher

extent than carnosine (Table 3). Compared to carnosine,

they suppressed the rate of lipoperoxides’ accumulation

(m), prolongated lag period (s) and decreased the stationary

level of hydroperoxides. This last parameter was affected

by STC better than carnosine at all concentrations used and

by RTC—at only high concentrations (Table 3). Thus, STC

and RTC are able to interact directly with lipid

A B

DC

Fig. 4 The distribution of

neuronal cells between viable

and dead sub-populations (a and

b) and intracellular level of

reactive oxygen species, ROS

(c and d) for the intact neurons

(a and c) and after 30 min

incubation with 0.5 mM NMDA

(b and d) (typical experiment is

present, FL1 and FL2

correspond to fluorescence of PI

(ordinate, FL2) and DCF

(abscissa, FL1)

A B

Fig. 5 Effect of carnosine, trolox, STC and RTC (0.25 mM each) on

mean fluorescence of DCF (corresponding to intracellular ROS level)

measured in the neuronal cells exposed during 30 min to NMDA

(1 mM, A) or H2O2 (20 mM, B). Light gray bars represent ROS

levels in the cells before, and dark gray bars those after exposure to

the earlier mentioned inducers of oxidation stress. ‘‘*’’ and ‘‘&’’

correspond to statistically significant difference (P \ 0.05) from the

intact cells incubated with or without oxidative stress inducers
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hydroperoxides and to increase resistance of lipid moiety

toward oxidative damage.

Antioxidant capacity of RTC and STC and their ability

to protect neurons from oxidative stress induced by NMDA

or hydrogen peroxide showed good correlation with each

other. As shown in Fig. 5a, both RTC and STC restricted

accumulation of ROS to the lower extent compared to

carnosine and trolox. Figure 5b shows that the same is true

for the oxidative stress induced by hydrogen peroxide. In

other words, both specific (NMDA receptors-dependent)

and unspecific (H2O2 induced) rise in ROS levels is effi-

ciently prevented by both RTC and STC evidencing their

strong antioxidant capacity showed in DPPH test (see

Table 1). Carnosine and trolox decreased both stationary

levels of ROS in neuronal cells and stress-induced ROS

accumulation to much lower extent.

Trolox is able to prevent the oxidative damage induced

by hydrogen peroxide and superoxide radical (Zeng et al.

1991; Forrest et al. 1994) or b-amyloid (Quintanilla et al.

2005) in vitro. It also demonstrates the efficiency in

protection of laboratory animals at ischemia/reperfusion

of liver (Zeng et al. 1991), methanol intoxication

(Farbiszewski et al. 2000) or global brain ischemia (Gupta

and Sharma 2006) at doses till 30 mg/kg body weight (use

of higher doses is limited by its solubility). Effective

concentrations of carnosine in the in vivo experiments are

also high enough (50–100 mg/kg) (Boldyrev 2007).

Recently, carnosine was successfully used to treat human

beings under Parkinsonian disease (Boldyrev et al. 2008) or

discirculatory encephalopathy (Fedorova et al. 2009), and

the dose of carnosine used (1.5–2.0 g per day) was rather

high. Thus, it is important to have drugs demonstrating

such protecting effects at lower concentrations.

With this respect, it is important to stress that novel car-

nosine derivatives not only effectively prevent the cells

against oxidative stress, but demonstrate high stability against

serum carnosinase. As Fig 6 showed, they are totally resistant

to enzymatic hydrolysis contrary with carnosine which con-

tent progressively decreased with time of incubation. This

property of these carnosine derivatives may be useful to

decrease the effective doses and to prolong their action in the

organism. Thus, further studies are necessary to analyze the

pharmacokinetics of these compounds in the body.

The data presented show that novel derivatives of car-

nosine described here, RTC and STC, may be interesting

candidates to substitute carnosine in treatment of brain

under oxidative stress in vivo. They may have an effect

under both hydrophobic (DPPH test, Table 1) and hydro-

philic (Fe2?-induced lipoprotein oxidation, Table 3) con-

ditions. In addition, they may protect biological structures

against oxidative injury more effectively (Fig. 5) and at

lower concentrations (Table 3) than carnosine and exist in

body fluids longer time than carnosine does. Thus, from

our results, we can conclude that the novel carnosine

derivatives can be considered as promising compounds for

the further assay of their pharmaceutical activity.
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