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Abstract

The calcium and lithium pharmaceutical products have been widely used in medicine, especially at diseases of the mind. Bioactivity and
toxically of novel complex ascorbates of calcium and lithium were considered in this work. Study of antioxidant properties of new forms
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f the compounds was carried out by differential pulse voltammetry. Cyclic voltammetry was used for investigation of their electro
roperties in order to obtain information about electron-transfer reactions. The influence of these substances on the electrochem
eduction and its kinetic was also studied. As a result, the kinetic parameters interaction between reactive oxygen species and a
alcium and lithium were evaluated.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Over the last few years the calcium and lithium pharma-
eutical products, such as a chloride of calcium, a chloride of
ithium, a carbonate of lithium and other, have been widely
sed in medicine[1]. Calcium plays a major role in several
hysiological processes of living organisms[1,2]. It is known

hat calcium ions are useful for realization of process of ner-
ous pulse transfer and activity of some enzymes. Lithium
nfluences on neurochemical processes proceeding in a brain
3]. It is established, that lithium ions are able to stop acute
aniac excitation, and it may be used as adjuvant therapy in

chizophrenic patients[4–6]. Lithium is still the first drug of
hoice for treatment of affective disorders[7,8]. Nowadays a

arge number of the preparations of calcium and lithium have
een known. Unfortunately, most of them have been found to
e toxic[9]. Lithium intoxication may be a life-threatening

∗ Corresponding author. Tel.: +7 3822 563832; fax: +7 3822 563435.
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complication of chronic lithium therapy for manic-depress
disorders[10–12]. Consequently synthesis of new forms
compounds on the basis of salts of calcium and lithium
study of their properties are very actual.

Bioactivity and toxicity of novel complex compounds
calcium and lithium, which contain ascorbic acid (AA)
bioactive ligand, are considered in this work (Fig. 1). It is
known that these investigated samples have psychotrop
tion. The study of antioxidant properties of calcium as
bate (CA) and lithium ascorbate (LA) could be an interes
subject for investigation. Influence of CA and LA on the e
troreduction of oxygen (ER O2) and the mechanisms of
interaction with reactive oxygen species (ROS) at the su
of an electrode have been also considered.

Search of novel analytical methods to evaluate the an
idant capacity of the various pharmaceutical products
increased considerable in during last years. There are
methods of total antioxidant activity (TAA) determinati
[13]. They are generally based on the inhibition model r
tions by the presence of antioxidants. The most widely
731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Scheme of ascorbic acid, calcium ascorbate and lithium ascorbate structures.

methods are those that involve the generation of radical com-
pounds. In the present of antioxidants the methods determine
the disappearance of these radicals. Strategies for measuring
the TAA are widely discussed[14,15].

In our opinion the model reaction for the TAA determina-
tion play a major role in different instrumental approaches.
If we consider the use of antioxidants in medicine and phar-
maceutical industry, these reactions have to be similar to the
reactions in tissues of organism. As it was established before,
voltammetry is the suitable method for similar investigations
[16,17].

In this work we have applied an effective and convenient
approach for the determination of the antioxidant activity of
the investigated substances by recording the current of the
electrochemical oxygen reduction (ER O2) at a mercury film
electrode (MFE). The latter process has been treated as a
‘model’ reaction because of similar processes of ER O2 and
the oxygen reduction in tissues. It proceeds at the cathode
in several stages with formation of the ROS, such as O2

•
and HO2

•, which are results from the univalent reduction of
oxygen:

O2 + e− k0−→ O2
•− (1)
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parative analysis of the antioxidant activity of CA, LA and
some standard antioxidants has been also carried out.

2. Theoretical

As is known, ER O2 at the MFE is a quasi-reversible pro-
cess. It depends on diffusion as well as on the rate of the
kinetic interconversion. It proceeds at the cathode in several
stages with formation of ROS. The step(1) is limiting and
controls the kinetic of the whole process. Surface reactions
between the antioxidant and ROS at the working electrode
surface on kinetic and potential of the ER O2. The shift of
the ER O2 potential toward positive values could be attributed
to following chemical reaction after electrode stage of the ER
O2 process(6):

O2 + e− k0−→ O2
•− + R OH

k∗
1
�HO2

• + R O (6)

EO2/O2
•− = E0 + RT

zF
ln

aO2

aO2
•−

(7)

By according to Nernst Eq.(7) the decrease ofaO2
•− scheme

(6) leads to the increase ofEO2/O2
•− .

In the limiting case of semi-infinite diffusion the bound-
ary problem for the ER O2 at the MFE (scheme(6)) can be
d

T

t

t

D

O2 + H + e � H2O2 (3)

OS are highly reactive and toxic. They are involved in
athogenesis of a number of human diseases. An antiox
eacting with O2

• and HO2
• decrease their concentration

he electrode under otherwise equal conditions. Howeve
urrent of ER O2 also decreases.

This approach allows evaluating the interaction betw
he antioxidant and ROS. We have suggested the follo
echanism of this interaction:

2
•− + R OH

k∗
1
�HO2

• + R O (4)

O2
• + R OH � H2O2 + R O (5)

here R OH is the reduced form of the antioxidant and RO
s the oxidized form of one.

Applying the above approach, we have studied the i
nce of CA and LA on the ER O2 and its kinetics. A com
escribed by

∂CO2(x, t)

∂t
= DO2

∂2CO2(x, t)

∂x2
, 0 ≤ x ≤ ∞ (8)

∂CO2
•− (x, t)

∂t
= DO2

•−
∂2CO2

•− (x, t)

∂x2
, 0 ≤ x ≤ ∞ (9)

he boundary conditions can be estimated by

= 0, x ≥ 0, CO2(x, 0) = C0
O2

; CO2
•− (x, 0) = 0

(10)

> 0, x → ∞, CO2(∞, t) = C0
O2

(11)

O2

∂CO2(x, t)

∂x

∣∣∣∣
x=l

= k0C
s
O2

(x, t) (12)
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DO2

∂CO2(x, t)

∂x

∣∣∣∣
x=l

= −DO2
•−

∂CO2
•− (x, t)

∂x

∣∣∣∣
x=l

(13)

Taking into account the decrease of oxygen concentration
because of reacting with antioxidant the equation for the ER
O2 current on the MFE can be given by

I = zFSDO2

∂C∗
O2

(x, t)

∂x

∣∣∣∣∣
x=l

= zFS(k0CO2(l, t) − k∗
1CO2

•− (l, t)) (14)

CO2(l, t) = C0
O2

ξ

(
k0

√
t√

DO2

)
(15)

CO2
•− (l, t) = C0

E2

√
DO2

•−

DO2

[
1 − ξ

(
k0

√
t√

DO2

)]
(16)

wherez is the number of electrons involved in the limiting
stage of the process,F the Faraday constant,Sthe area of the
electrode surface in cm2, D the diffusion coefficient of the
corresponding species,C∗

O2
the oxygen concentration at the

electrode in presence antioxidant in mol l−1, C0
O2

the oxy-
gen concentration at the electrode in absence antioxidant in
m −1 an-
t
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It is known [19,20], that with growth t the function

ξ

(
k0

√
t√

DO2

)
decreases and when

(
k0

√
t√

DO2

)
> 3.16 this func-

tion with errorσ < 5% can be given by

ξ

(
k0

√
t√

DO2

)
=

√
DO2

k0
√

t
√

π
(21)

Thus, if

√
DO2

•−
DO2

≈ 1 in Eq. (19), the expression(22) had

been obtained, from which the value of the rate constant of
following chemical reaction between antioxidant and ROS
(k∗

1) can be defined.

R = I

I0
= 1 − k∗

1

√
π
√

t√
DO2

(22)

Applying the above approach, we haveK as TAA coefficient
of substances, which reflects the ROS reacting with antioxi-
dant at�mol l−1 min−1

K =
(

1 − I

I0

)
C0

t
(23)

whereC0 is the oxygen concentration at the electrode in ab-
sence antioxidant in�mol l−1, I the ER O2 current with the
investigated substance addition in A,I0 the limiting ER O2
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∗
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ROH (17)

hereC0
ROH is the antioxidant concentration.

Thus, after corresponding transformation, in the limi
ase of semi-infinite diffusion the ER O2 current on the MFE
an be deduced as the following equations without Eq.(18)
nd with Eq.(19)antioxidant in solution, respectively

0 = zFSk0C
0
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aking in to account, that in limiting case whent→ 0 then(
k0

√
t√

DO2

)
→ 1, the Eq.(18)with errorσ < 5% can be give

y

0 = zFSk0C
0
O2

(20)

t should be noted thatI0 does not depend on the diffusi
oefficient in the abovementioned limiting case[18].
urrent without substance in the solution in A, andt the time
f interaction between ROS and antioxidant at the MF
inutes.

. Experimental

.1. Chemicals and reagents

We used in this work follow chemicals: ascorbic a
alcium ascorbate and lithium ascorbate. All chemicals
f analytical grade and were used without further purifica
s a supporting electrolyte, phosphate buffer 0.025 mo−1

equimolar mixtures of Na2HPO4 and KH2PO4, pH 7.3) were
sed. Nanopure water was used for making solutions.

.2. Instrumentation

A voltammetric analyzer model TA-2 (Tomsk productio
n connection with PC and polarographic analyzer m
U-1 in conjunction withX–Y recorder were used in th
ork. The electrochemical cell with three-electrode con
ration was connected to the analyzer. A working mer
lm electrode, a silver–silver chloride reference electr
ith KCl-saturated (Ag–AgCl–KClsat) and a glassy carbo
ounter electrode were used. An open-type cell was

n this investigation. The reference and indicator electr
ere held in the electrochemical cell. The thermostatic
as maintained at 25.0± 0.5◦C. The solution was stirre
y a magnetic stirrer Model 305. The rate and time of
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ring should be monitored to minimize the experimental error.
The pH was measured using digital pH-meter Model M64.
Electrolytic cell with second platinum electrode was used for
preparation of working electrode. A working glassy carbon
electrode was used for cyclic voltammetry, with length 0.5 cm
and diameter 0.3 cm. The oxygen concentration in the solu-
tions was monitored with an oxygen analyzer Model P5972
(Poland).

3.3. Preparation of the working electrode

The working electrode was placed as cathode in the elec-
trolytic cell with saturated Hg2(NO3)2. A platinum wire was
used as anode. Mercury film was formed on the surface of
the silver electrode by electrolysis under the constant current
(1 A). The thickness of the mercury film was controlled by
time of the electrolysis. For length of the silver wire of the in-
dicator electrode 0.7 cm, diameter 0.09 cm, time of electrol-
ysis 20 s and the thickness of mercury film 2.5× 10−3 cm.
It was constant for all measurements. In order to remove
residual adsorbed impurities, the indicator electrode was sub-
jected to 20 voltammetric cycles between 0.0 and−2.0 V at
0.1 V s−1.

3.4. Procedures

the
e ord-
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r
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B 0.1,

0.5 and 1 g/kg) and supervision within a month. It is known,
that LD50 of a calcium chloride and a lithium carbonate is
varied in range (0.36–0.6 g/kg). Therefore an intraperitoneal
introduction of preparation consists of 0.1, 0.5 and 1 g/kg,
respectively. The ascorbates of the investigated metals in this
spectrum of doses showed absence of toxic action for ex-
perimental animals. Decrease of toxicity is supposed to con-
cern with presence antioxidant activity at calcium and lithium
ascorbates.

In order to investigate the antioxidant activity, voltammo-
grams of ER O2 current were recorded as a function of poten-
tial of the working electrode in supporting electrolyte con-
taining the substances under investigation at the MFE (Fig. 2).

As a result the curves of the relative change of the ER
O2 current density (1− I/I0) against time of the interaction
between ROS and antioxidant at the MFE in supporting elec-
trolyte at effective concentration of antioxidant were plotted

Fig. 2. Voltammograms of the ER O2 current in phosphate buffer (0.025 M,
pH 7.3) on the MFE without (1) and with 0.27 mmol l−1 of ascorbic acid
at t= 10 min (2),t= 20 min (3), andt= 30 min (4). Scan rate 0.05 V s−1. For
other conditions see Section3.4.
A volume of 5 ml of phosphate buffer was placed in
lectrochemical cell. The measurement involved the rec

ng of voltammograms of the cathodic reduction of oxy
y differential pulse voltammetry without and with the inv

igated substances under the following conditions: pote
ate scan, 0.05 V s−1; potential range,E= 0 to −0.6 V; am-
litude, 10 mV. After substance addition, the solution
tirred with a magnetic stirrer about 20 s. After stirring
topped, the potential was scanned negatively, causing
en reduction, giving a current first wave ER O2. Its value
as proportional to the amount of oxygen in the bulk of
olution. Oxygen concentration was monitored by oxy
nalyzer. Based on the ammetric measurements the co

ration of oxygen in phosphate buffer at 25.0± 0.5◦C was
.56± 0.05× 10−4 mol l−1.

Cyclic voltammetry was performed in the electroche
cal cell containing phosphate buffer and the investig
ubstances in concentrations 0.1–1 mmol l−1. The potentia
ange was from 0.0 to +1.0 V. The potential scan rate
.05 V s−1. The working electrode was cleaned before e
easurement by first dipping it in ethanol for 10 min,

hen polishing it with a cleaning paste. The solution be
nalyzed was de-oxygenated by passing nitrogen for 1
rior measurements.

. Results and discussion

Toxicity CA and LA was investigated on mice of a li
ALB/c at intraperitoneal introduction of a compounds (
-
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Fig. 3. Dependence of the relative change of the ER O2 current against time
of the interaction between ROS and antioxidant at the MFE in phosphate
buffer (0.025 M, pH = 7.3) for 0.27 mmol l−1 lithium ascorbate (1), ascorbic
acid (2), calcium ascorbate (3) and glucose (4).

(Fig. 3). All the curves represent straightforward lines in the
range of relatively low antioxidant concentrations. The slope
angle tangent of these lines is suggested to be a coefficient of
the antioxidant activityK given by Eq.(23).

The hypothesis of linearity of the described curves by re-
gression analysis was verified. The results were compared
using the Fisher criterion and they do not exceed the corre-
sponding standard value. The estimated experimental errors
(σ, %) do not exceed 10%.

Data onK and experimental errors (Sr) are shown for CA
and LA (Table 1). For comparison, coefficients of antioxidant
activity of some standard antioxidants, which have been de-
termined under the same conditions, are also shown. Study of
decrease of the ER O2 current at MFE in the present of CA and
LA demonstrated excellent TAA. It is observed, LA shows
excellent antioxidant activity, higher then AA (Table 1).

CA and LA as well as AA have carbonyl and enol groups
in its structure, which could be reduced and oxidized at the
electrode. Investigation of their reduction and oxidation po-

Table 1
Total antioxidant activity coefficients of investigating antioxidants

Substance name K (�mol l−1 min−1) Sr

Lithium ascorbate 1.25 0.09
Calcium ascorbate 0.57 0.05
Ascorbic acid 1.15 0.07
Glucose 0.29 0.06
Catechol 0.23 0.08
Resorcinol 0.14 0.03

tentials is very important to obtain information about its
electron-transfer reactions. Experiment was carried out us-
ing cyclic voltammetry in a deoxygenated (by N2) aqueous
solution containing 0.025 mol L−1 phosphate buffer in the
−0.2 to +1.0 V potential range. The others conditions were
the same as described in Section3.

Cyclic voltammograms of AA was obtained (Fig. 4A),
similar [21,22]. One anodic wave of AA was obtained at
E= 0.28± 0.02 V at the glassy carbon electrode, which is
related to enol groups undergoing oxidation during the cy-
cle. Moreover the anodic current height proportionally in-
creased with AA concentration in solution. The increasing
concentrations of calcium ascorbate produced a series of
anodic waves characterized by the sameE= 0.32± 0.02 V,
with anodic current height, which increased proportionally
(Fig. 4B). Likewise, the increasing concentrations of lithium
ascorbate gave an increase of anodic wave at similar potential
E= 0.30± 0.02 V (Fig. 4C).

Thus, anodic waves of these ascorbates are supposed to
represent the oxidation of enol group, and they cannot be
ruled out by other groups. In a reverse scan of cyclic voltam-
metry no reduction waves were observed at this potential
range.

Theoretical investigation for evaluation of kinetic param-
eters of the ER O2 at present antioxidants was carried out in
detail in this work, according to Eqs.(8)–(22).

F ic acida= 0
d hosph e
S

ig. 4. Cyclic voltammograms increasing concentrations of (A) ascorb
= 1 mM), and (C) lithium ascorbate (a= 0,b= 0.1,c= 0.27,d= 1 mM) in p
ection3.4.
(,b= 0.1,c= 0.27,d= 1 mM), (B) calcium ascorbate (a= 0,b= 0.1,c= 0.27,
ate buffer (0.025 M, pH 7.3). Scan rate 0.05 V s−1. For other conditions, se
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Fig. 5. Dependence of the relative change of the ER O2 current against time
of the interaction between ROS and antioxidant at the MFE in phosphate
buffer (0.025 M, pH = 7.3) for 0.27 mmol l−1 lithium ascorbate (1), ascorbic
acid (2), calcium ascorbate (3) and glucose (4).

The voltammogram of the oxygen reduction was scanned
in the supporting electrolyte without substances to ob-
tain the original limiting value of the oxygen current (I0),
which corresponds to oxygen solubility in this electrolyte
2.56± 0.05× 10−4 mol l−1. Then the supporting electrolyte
was bubbled for 10 s during 5 min with nitrogen under pres-
sure through the gas tube to remove oxygen from the elec-
trolyte. The voltammograms of the supporting electrolyte
without oxygen were scanned to obtain the residual cur-
rent value (Ires). Degree of these changes in dependence
on the oxygen concentration in the solution has afforded to
determine the rate constant of the ER O2 process (k0) by
Eq. (20) which corresponds to (1.33± 0.02)× 10−3 cm c−1

[19].
Then the solution of antioxidant with a known con-

centration was added to the renewed portion of the sup-
porting electrolyte; under the same conditions, the propor-
tional decrease of the ER O2 current at the corresponding
time of interaction between ROS and antioxidant was ob-
served. The voltammograms of the oxygen reduction cur-
rent in supporting electrolyte containing the investigating
antioxidant at the MFE were recorded (Fig. 3). Curves
of the relative change of the oxygen current (I/I0) against
the time of the interaction between ROS and antioxidant
in the supporting electrolyte were plotted in this work
(Fig. 5).

ing
c -
t t
h d
C

T
T

S

L
C
A

5. Conclusion

Thus, the abovedescribed investigation of the antioxi-
dant activity of ascorbates of calcium and lithium by dif-
ferential pulse voltammetry allowed to compare the activ-
ity of this substance and some standard antioxidants. Also
these ascorbates in investigating (0.1, 0.5 and 1 g/kg) spec-
trum of doses did not show toxic action for mice. In-
vestigations of redox–oxidative abilities of AA, CA and
LA in wide potential range were carried out. The anodic
waves of AA, CA and LA were obtained atE= 0.28± 0.02,
0.32± 0.02, 0.30± 0.02 V versus Ag–AgCl–KClsat elec-
trode, respectively, which are related to the oxidation of enol
group.

Moreover the kinetic parameters of ER O2 with antioxi-
dant were evaluated.
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