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Abstract

Thiamine (vitamin B1), folic acid (vitamin B9), pyridoxine, pyridoxal and pyridoxamine (vitamin B6) were studied for their anti-

oxidant activity using trolox equivalent antioxidant capacity (TEAC) assay with ABTS�+ radical cation and ferric reducing antiox-

idant power (FRAP) assay. All vitamins tested were able to scavenge ABTS�+ radical cation although they reacted with it relatively

slowly. The reaction could be described by pseudo-first order kinetics. The highest free radical scavenging activity was found for

thiamine, followed by folic acid and vitamin B6 forms. In the FRAP assay, only folic acid showed ability to reduce Fe3+ although

its activity was found to be very low. The study constitutes a starting point for more detailed study of the antioxidant activity of

water-soluble vitamins and their analogues, especially in view of the use of vitamins for food fortification and as nutritional

supplements.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS), such as superoxide

anion radical ðO��
2 Þ, hydroxyl radical (�OH) and peroxyl

radical (ROO�), are constantly generated in vivo both by

aerobic metabolism and exogenous sources such as UV

radiation, environmental pollution and the diet. The for-

mation of ROS may cause oxidative stress and destruc-
tion of unsaturated lipids, DNA, proteins and other

essential molecules. This plays an important role in age-

ing and the pathogenesis of such degenerative or chronic

diseases as arteriosclerosis and cancer (Duthie, Duthie,

& Kyle, 2000; Middleton & Kandaswami, 1993). Many

epidemiological studies suggest that consumption of

fruit- and vegetable-rich diet inversely correlates with
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the risk of cardiovascular diseases and certain forms of

cancer. These chemoprotective effects are, at least in

part, related to the antioxidant activities of polyphenolic

compounds, carotenoids or vitamins E and C (Hollman

& Katan, 1999; Prior & Cao, 2000). Food is also a

source of other important bioactive compounds, includ-

ing water-soluble vitamins, such as folates, thiamine or

pyridoxine, pyridoxal and pyridoxamine.
The term ‘‘folates’’ refers to the class of compounds

having chemical structure and nutritional activity simi-

lar to that of folic acid (pteroyl-L-glutamic acid; vitamin

B9). Epidemiological studies have shown that folic acid

supplementation can significantly reduce the risk of car-

diovascular and hematological diseases (Lindenbaum &

Nath, 1980; Verhaar, Stroes, & Rabelink, 2002), neuro-

logical and neuropsychiatric disorders (Alpert & Fava,
2003; Manzoor & Runcie, 1976), neural tube defects

(Daly, Kirke, Molloy, Weir, & Scott, 1995; Olney
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Fig. 1. Structures of vitamins tested.
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& Mulinare, 2002) and different forms of cancer (Ako-

glu, Faust, Milovic, & Stein, 2001; Duthie, Narayanan,

Brand, Pirie, & Grant, 2002; Giovannucci, 2002; Zhang

et al., 1999). One of the known risk factors for cardio-
vascular disease is elevated plasma total homocysteine.

Folic acid, due to its homocysteine-lowering potential

is considered as potentially protective against cardiovas-

cular disease (Boushey, Beresford, Omenn, & Motulsky,

1995; Nygard et al., 1997). It was, however, suggested

that folate may have a direct antioxidant role in vivo,

which is independent of any indirect effects through low-

ering of homocysteine levels (Nakano, Higgins, & Pow-
ers, 2001). It was also proposed that presumed

protective effects of folic acid in the pathogenesis of

other degenerative diseases could be associated with its

antioxidant activity (Joshi, Adhikari, Patro, Chattopad-

hyay, & Mukherjee, 2001; Nakano et al., 2001). It was

shown that folic acid and its physiological forms can

effectively scavenge different free radicals and inhibit li-

pid peroxidation (Joshi et al., 2001; Rezk, Haenen, van
der Vijgh, & Bast, 2003). Activity of both folic acid and

pyridoxine, one of the forms of vitamin B6, against the

radical-mediated oxidative damage in human whole

blood was also reported (Stocker, Lesgards, Vidal, Cha-

lier, & Prost, 2003). No data are available on possible

antioxidant activity of other than pyridoxine forms of

vitamin B6.

Thiamine (vitamin B1) has been found to protect
against lead-induced lipid peroxidation in rat liver and

kidney (Senapati, Dey, Dwivedi, Patra, & Swarup,

2000). It may scavenge O��
2 and �OH directly and thus
affect the cellular response to oxidative stress (Jung &

Kim, 2003). It was also reported that thiamine defi-

ciency results in selective neuronal death in animal mod-

els. The neuronal death was associated with increased
free radical production, suggesting that oxidative stress

processes may play an important early role in the brain

damage associated with thiamine deficiency; however,

the mechanism of the possible antioxidant activity of

thiamine is unknown (Todd & Butterworth, 1999).

Thus, the objective of the present study was to deter-

mine the antioxidant activities of folic acid, thiamine,

pyridoxine, pyridoxal and pyridoxamine (Fig. 1), using
trolox equivalent antioxidant capacity (TEAC) assay

with ABTS�+ radical cation and ferric reducing antioxi-

dant power (FRAP) assay. This report constitutes a

starting point for more detailed study on the antioxidant

activity of water-soluble vitamins and their analogues in

different in vitro model systems, generating various free

radicals or oxidation conditions.
2. Materials and methods

2.1. Materials

Vitamin B1 (thiamine hydrochloride), vitamin B6

(pyridoxine hydrochloride), and ABTS (2,2 0-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid)) diammo-
nium salt were purchased from Fluka (Buchs,

Switzerland), pyridoxal hydrochloride was from Serva

(Heidelberg, New York); pyridoxamine, folic acid
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(pteroyl-L-glutamic acid), 2,4,6-tripyridyl-s-triazine

(TPTZ) and microperoxidase-8 (MP8) were from Sigma

(St. Louis, MO, USA). Trolox� was from Aldrich

(Steinheim, Germany) and ascorbic acid (vitamin C)

was from Merck (Darmstadt, Germany).

2.2. Trolox equivalent antioxidant capacity assay

The antioxidant activities of vitamins were measured

by the TEAC (trolox equivalent antioxidant capacity)

assay, performed essentially as described by Miller,

Rice-Evans, Davies, Gopinathan, and Milner (1993)

and Rice-Evans and Miller (1994) with some modifica-

tions introduced by Tyrakowska et al. (1999). The
TEAC value is based on the ability of the antioxidant

to scavenge the blue-green coloured ABTS�+ radical cat-

ion relative to the ABTS�+ radical cation scavenging

ability of the water-soluble vitamin E analogue, Trolox�

(Miller et al., 1993; Rice-Evans & Miller, 1994). In the

present study, microperoxidase-8 (MP8), instead of met-

myoglobin, was used to generate the ABTS�+ radical cat-

ion in PBS (potassium phosphate-buffered saline), pH
7.4. MP8 (final concentration 0.2 lM) and ABTS (final

concentration 3.0 mM) in PBS were mixed and the reac-

tion was initiated by the addition of hydrogen peroxide

(final concentration 0.1 mM). The mixture was incu-

bated at 30 �C for 1 h. The ABTS�+ radical cation solu-

tion thus obtained was diluted with PBS (v/v) to give an

absorbance of about 0.8 at 734 nm. Vitamins and Tro-

lox� were added as 1% (v/v) solutions of 100 times con-
centrated stock solutions in DMSO (folic acid), PBS

(other vitamins) or methanol (Trolox�) to give the final

concentration required (Tyrakowska et al., 1999). For

each experiment, a solvent blank was run. The decrease

in absorbance caused by vitamins, measured at 6 min,

reflected the ABTS�+ radical cation scavenging capacity

and was plotted against the concentration of the antiox-

idant. The TEAC value represents the ratio between the
slope of this linear plot for scavenging of ABTS�+ radical

cation by the vitamin compared to the slope of this plot

for ABTS�+ radical cation scavenging by Trolox� (ex-

pressed in DA per mM of vitamin or Trolox�), used as

an antioxidant standard. Moreover, for 6- and 30-min-

measurements, the radical-scavenging activity was ex-

pressed in terms of IC50 value (the concentration of

the antioxidant required to scavenge 50% of ABTS�+

radical cation) calculated by a linear regression analysis.

2.3. Determination of rate constants of the reaction of

vitamins with ABTS�+ radical cation

A solution of ABTS�+ radical cation was prepared as

described in Section 2.2. Vitamins were added to the

solution of ABTS�+ radical cation as 1% (v/v) solutions
of 100 times concentrated stock solutions in DMSO (fo-

lic acid) or PBS (other vitamins) to give the final concen-
trations required. For each experiment, a solvent blank

was run. Glass cuvettes, sealed with a teflon cap, were

used for all measurements, which were performed at

25 ± 0.5 �C. The decrease in absorbance caused by

tested compounds, measured every 2 min for 30 min, re-

flected the ABTS�+ radical-scavenging capacity. The
pseudo first-order rate constants (k) were calculated as

a slope of the linear plot: [ln(A/Ao)] versus time in sec-

onds. The second-order rate constants (K) of the reac-

tion of ABTS�+ radical cation with vitamins were

derived from the linear dependence between the pseu-

do-first order rate constants (k) and the concentrations

of the vitamins (Atkins, 2001).

2.4. The ferric reducing antioxidant power assay

FRAP assay was carried out by the method of Benzie

and Strain (1996) with minor modification. The method

is based on the reduction of a ferric 2,4,6-tripyridyl-s-tri-

azine complex (Fe3+-TPTZ) to the ferrous form (Fe2+-

TPTZ). Vitamins were added as 2% (v/v) solutions of

50 times concentrated stock solutions to 10 mM ferric-
TPTZ reagent and the increase in absorbance at

593 nm was measured at 8 min. FeSO4 Æ 7H2O was used

as a standard. The concentrations of vitamins and FeS-

O4 Æ 7H2O were chosen to give an absorbance value not

higher than 1. The FRAP value represents the ratio be-

tween the slope of the linear plot for reducing Fe3+-

TPTZ reagent by the vitamin compared to the slope of

this plot for FeSO4 (expressed in DA per mM).

2.5. Statistical analysis of data

Data were presented as means ± SD of at least tripli-

cate experiments. Analysis of variance was performed

on the data obtained. Significance of differences between

means was determined by least significant differences

(LSD) at P 6 0.05.
3. Results and discussion

Several assays have been introduced for the measure-

ment of the antioxidant activity of single compound

and/or complex mixtures (Benzie & Strain, 1996; Cao,

Vedron, Wu, Wang, & Prior, 1995; Fogliano, Verde,
Randazzo, & Ritieni, 1999; Miller et al., 1993; Rice-

Evans & Miller, 1994). Miller et al. (1993) and Rice-

Evans and Miller (1994) have developed the so-called

TEAC (trolox equivalent antioxidant capacity) assay,

which has attracted much interest because it enables

high-throughput screening of potential antioxidant

activity of single compounds and biological matrices,

such as plasma, as well as food components, food ex-
tracts or beverages (Gliszczyńska-Świgło & Tyr-

akowska, 2003; Miller, Diplock, & Rice-Evans, 1995;
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Miller & Rice-Evans, 1997; Proteggente et al., 2002;

Rice-Evans, Miller, & Paganga, 1996; Tyrakowska

et al., 1999). This assay is based on the antioxidant�s
ability to react with ABTS�+ radical cation generated

in the assay system. In contrast, the ferric reducing anti-

oxidant power (FRAP) assay measures the reduction of
ferric iron (Fe3+) to ferrous iron (Fe2+) in the presence

of antioxidants, which are reductants with half-reaction

reduction potentials above Fe3+/Fe2+. This assay is also

commonly used for the routine analysis of single antiox-

idants and total antioxidant activity of plant extracts

(Gao, Björk, Trajkovski, & Uggla, 2000; Halvorsen

et al., 2002; Schlesier, Harwat, Böhm, & Bitsch, 2002).

A few literature data suggest that some water soluble
vitamins may act as antioxidants (Joshi et al., 2001; Jung

& Kim, 2003; Nakano et al., 2001; Rezk et al., 2003;

Senapati et al., 2000; Stocker et al., 2003). In the present

study, thiamine, folic acid, pyridoxine, pyridoxal, and

pyridoxamine were chosen as model compounds to

study the antioxidant capacities of water-soluble vita-

mins using TEAC and FRAP assays.

Table 1 presents the results of the antioxidant activity
of folic acid, thiamine, pyridoxine, pyridoxal, pyridox-

amine and ascorbic acid as a reference vitamin. It was

found that all vitamins tested were able to scavenge

ABTS�+ radical cation although their antioxidant activ-

ities measured at 6 min and expressed as the TEAC va-

lue or IC50 were relatively low as compared to vitamin

C. The exception could be thiamine. Its radical-scaveng-

ing activity, expressed as the TEAC value or IC50, is
only about 3–4-fold lower than that of vitamin C. The

TEAC values of thiamine and folic acid are comparable

to such natural antioxidants as some carotenoids

(Miller, Sampson, Candeias, Bramley, & Rice-Evans,

1996) and polyphenols, e.g., naringin and monosubsti-

tuted benzoic acid derivatives (Rice-Evans, Miller, Bol-

well, Bramley, & Pridham, 1995; Rice-Evans et al.,

1996). The TEAC values of vitamin B6 forms, measured
at 6-min of incubation with ABTS�+ radical cation, was

found to be similar. However, it was observed that all

vitamins tested act as free radical-scavengers relatively

slowly and their reactivity could be described by pseu-

do-first order kinetics. Thus, the pseudo first-order rate

constant (k) was obtained by following the decrease in

absorbance of the ABTS�+ radical cation within 30 min
Table 1

Antioxidant activities of thiamine, folic acid, pyridoxine, pyridoxal and pyri

Vitamin TEAC value ABTS�+ IC50 (lM) at 6 min

Thiamine 0.32 ± 0.01 57.4 ± 3.0

Folic acid 0.06 ± 0.01 291 ± 3.5

Pyridoxine 0.03 ± 0.00a 623 ± 25.1a

Pyridoxal 0.03 ± 0.00a 601 ± 13.6a

Pyridoxamine 0.03 ± 0.00a 694 ± 8.6

Ascorbic acid 0.99 ± 0.05 14.6 ± 0.7

a Not significantly different within the column (P 6 0.05).
at 734 nm. Fig. 2 shows the straight lines of dependence

between the pseudo first-order rate constants (k) and the

concentrations of vitamins. From the slope of lines, the

second-order rate constants (K) of the reactions of
ABTS�+ radical cation with appropriate vitamins were

estimated to be 19.4 M�1 s�1 for thiamine, 4.1 M�1 s�1

for folic acid, 2.5 M�1 s�1 for pyridoxine, 2.8 M�1 s�1

for pyridoxal and 2.0 M�1 s�1 for pyridoxamine. The

reaction of thiamine with ABTS�+ radical cation was

found to be 4.7- �10-fold faster than those of folic acid

and vitamin B6 forms. The second-order rate constants

for vitamin B6 forms indicate that pyridoxamine is the
least active form.

The IC50 values of vitamins tested, determined at

30 min of incubation of vitamins with ABTS�+ radical

cation, were from 3- to 5-fold lower than the appropri-

ate IC50 values obtained at 6 min. The radical-scaveng-

ing activities of folic acid and vitamin B6 forms were

only about 5-fold and 5–11-fold lower than that of vita-

min C, respectively. The IC50 value found for thiamine
was very similar to the IC50 value of vitamin C (Table 1).

In the FRAP assay, only folic acid revealed the ability

to reduce Fe3+ to Fe2+, however its activity was about

25-fold lower than that of vitamin C.

Altogether, the results obtained indicate that some

water-soluble vitamins, especially thiamine and folic

acid, may act as potent antioxidants although they

scavenge free radicals such as ABTS�+ radical cation
relatively slowly. However, antioxidant activities of
doxamine as compared to ascorbic acid

ABTS�+ IC50 (lM) at 30 min FRAP value

19.9 ± 1.6 –

73.0 ± 1.9 0.04 ± 0.01

120 ± 5.3a –

112 ± 6.5a –

156 ± 6.7 –

14.5 ± 0.7 0.98 ± 0.05
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water-soluble vitamins could become important in view

of nutritional supplementation and fortification of food

especially with thiamine and folic acid.
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Schlesier, K., Harwat, M., Böhm, V., & Bitsch, R. (2002). Assessment

of antioxidant activity by using different in vitro methods. Free

Radical Research, 36, 177–178.

Stocker, P., Lesgards, J.-F., Vidal, N., Chalier, F., & Prost, M. (2003).

ESR study of a biological assay on whole blood: antioxidant

efficiency of various vitamins. Biochimica et Biophysica Acta, 1621,

1–8.
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