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Folic acid (FA) is used, in many countries, in nutritional supplements or for the fortification of cereals
and their products. It is also used in vitamin pills. Recently, it was reported that folates may act as
antioxidants; therefore, in the present study, the effect of pH of the surrounding medium on the radical-
scavenging activity of FA and its reduced forms [dihydrofolic acid (DHF), tetrahydrofolic acid (THF),
5-methyltetrahydrofolic acid (5-MTHF), and 5-formyltetrahydrofolic acid (5-FTHF)] was investigated.
It was found that radical-scavenging activities of folates, measured in the trolox equivalent antioxidant
capacity (TEAC) assay, are strongly pH-dependent. FA is a better radical scavenger at acid and
basic pH than at neutral pH. Reduced forms of FA are better radical scavengers at acidic pH values
than at neutral and basic pH values, with exception of 5-FTHF for which, at a pH higher than 5.0, an
increase of the radical-scavenging activity with an increasing pH of the medium is observed. The
results of the present study indicate that possible health effects of folates associated with their radical-

scavenging activity will vary depending upon the pH of body fluid or tissue considered.
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INTRODUCTION

There is evidence that excessive free radicals in cells and
tissues are the causative agents in some chronic diseases, such
as cardiovascular disease, some forms of cancer, and aging. Free
radicals are normal species produced during metabolic processes
of the body, but if they get out of balance, highly reactive forms
of free radicals can cause oxidative damage to biological
systems. Conditions of oxidative stress may be prevented or
delayed by the consumption of dietary antioxidants, such as
polyphenols, and antioxidant vitamins C and E. Other micro-
nutrients that are involved include some carotenoids, selenium,
zinc, and folate (1).

Folates are a class of compounds having chemical structure
and nutritional activity similar to that of folic acid (vitamin B9;
Figure 1). Folates are found in both vegetable and animal foods.
Citrus fruits, grains, yeasts, mushrooms, liver, pork meat, eggs,
and leafy green vegetables, such as spinach, lettuce, and
asparagus, are especially rich in folates. Folic acid (FA) is in
vivo reduced to 7,8-dihydrofolate (DHF), which is subsequently
reduced to 5,6,7,8-tertahydrofolate (THF) and then enzymati-
cally converted into 5-methyltetrahydrofolate (5-MTHF); in both
latter structures, two double bonds of the pterin ring system
are reduced (Figure 1). Reduced forms of FA are cofactors in
the transfer and use of one-carbon groups; they donate a one-
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carbon group in the biosynthesis of purine, pyrimidine, and DNA
and play a key role in the regeneration of methionine (2). FA
is used, in many countries, in nutritional supplements or for
the fortification of cereals and their products. It is also used in
vitamin pills. 5-Formyltetrahydrofolic acid (5-FTHF), known
also as folinic acid, citrovorum factor, or leucovorin, is one of
the coenzyme forms of FA, which is produced commercially.
It is used in combination with other chemotherapy drugs to
enhance the anticancer effects of fluorouracil or to help prevent
or lessen the toxic effects of methotrexate (3).

Proper metabolism and sufficient intake of dietary FA before
conception and during early pregnancy decreases the risk of a
baby developing neural tube defects, which include spina
bifida (4, 5). Moreover, FA deficiency has been associated with
neurological and neuropsychiatric disorders (6, 7) and a mega-
loblastic anemia. FA is considered as potentially protective
against cardiovascular disease because of its homocysteine-
lowering potential (8). It was suggested that folates may enhance
endothelial function via the mechanisms independent of ho-
mocysteine lowering (9). Plausible mechanisms include the role
of 5-MTHF in the redox cycling of the inactive quinoid
dihydrobiopterin (BHy) or in the chemical stabilization of
tetrahydrobiopterin (BH,) (9, 10), which is an essential cofactor
of endothelial NO synthase (eNOS). The depletion of BH4
results in the uncoupling of eNOS activity and a switch from
the production of NO to the generation of superoxide (11).
Folates may also act as direct antioxidants against superoxide.
The last mechanism suggested is the direct effect of folates on
eNOS, in which 5-MTHF reduces superoxide generation and
increases NO synthesis in a BH4-dependent manner (9, 10).
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Figure 1. Chemical structures and atom-numbering system of FA and its reduced forms.

There is also evidence that the deficiency of folates can cause
damage to DNA that may lead to cancer (12). It was proposed
that presumed protective effects of folates in the pathogenesis
of different diseases, such as neural tube defects, megaloblastic
anemia, cardiovascular disease, and certain forms of cancer,
could be associated, at least in part, with its antioxidant activity
(13).

In the previous studies (14-18), the antioxidant activity of
folates was reported but the influence of pH of the surrounding
medium on their activity was not taken into account. Thus, the
objective of the present study was to investigate the effect of
pH on the radical-scavenging activity, measured in the TEAC
assay, of FA and its reduced forms.

MATERIALS AND METHODS

Chemicals. FA (approximately 98%), 5-methyltetrahydrofolic acid
disodium salt (approximately 90%), dihydrofolic acid (=90%), mi-
croperoxidase-8 (MP8), and folinic acid calcium salt (=90%) were
purchased from Sigma (St. Louis, MO). 2,2'-Azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt (ABTS), tetrahydrofolic
acid (approximately 70%), and hexanesulfonic acid were from Fluka
(Buchs, Switzerland). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid) was purchased from Sigma-Aldrich (Steinheim,
Germany). Ascorbic acid was from Merck (Darmstadt, Germany).
Folates were of the highest purity available, and they were used as
received.

Stability of Folates. Stock solutions of folates were prepared in
dimethyl sulfoxide (DMSO) (FA, DHF, and THF), methanol (THF and
5-MTHF), or demineralized water (5-FTHF), and their stability was
immediately analyzed at room temperature using high-performance
liquid chromatography (HPLC). The stability of folates was also
measured in 0.1 M potassium phosphate buffers at pH 4.0 and 7.4. A
Waters 600 high-performance liquid chromatograph (Waters, Millford,
MA) equipped with a Nova-Pak Cig column (150 x 3.9 mm, 5 um)
fitted with a uBondapak Cg cartridge guard column (Waters, Millford,
MA) was used. A gradient of the mobile phase, methanol (solvent A)
and 0.05 M NaH,PO, containing 0.005 M hexanesulfonic acid at pH
3.0 (solvent B) was developed and used according to the following
gradient: linear increment from 10 to 40% solvent A during 20 min
and the return to the initial conditions within the next 10 min. The
flow rate was 1 mL/min. The injection volume was 20 uL. The eluate

was detected at 280 nm using a Waters 996 photodiode-array detector.
Degradation of folates is expressed as a percentage of the appropriate
folate peak area at t = 0 min.

Trolox Equivalent Antioxidant Capacity (TEAC) Assay. The
TEAC assay is based on the ability of the antioxidant to scavenge the
blue-green-colored ABTS™" radical cation relative to the ABTS™
scavenging ability of the water-soluble vitamin E analogue, Trolox (19, 20).
Radical-scavenging activities of folates were measured by the modified
TEAC assay performed essentially as described previously (19, 20),
with some modifications (21). In the present study, microperoxidase-8
(MP8) instead of metmyoglobin was used to generate the ABTS™ in
PBS (0.01 M phosphate buffer, 0.14 M NaCl, and 0.002 M KCI) at
pH 7.4. MP8 (final concentration of 0.2 uM) and ABTS (final
concentration of 3.0 mM) in PBS were mixed, and the reaction was
initiated by the addition of hydrogen peroxide (final concentration of
0.1 mM). The incubation of ABTS with MP8/H,0O, was carried out
for 1 h at 30 °C. The major advantage of the modified TEAC assay is
that it permits studies of the radical scavenging activity over a wide
pH range (2-10) (21) in contrast to many other assays, such as ORAC,
FRAP, TRAP, DPPH, and TEAC/myoglobin (22).

ABTS™" solution thus obtained was diluted 1:1 (v/v) using 0.2 M
potassium phosphate buffers of various pH values to give ABTS™*
solutions at pH values varying between 2 and 10 (an absorption was
about 0.6 at 734 nm). The ABTS"" buffer solutions, which have a stable
absorbance at 734 nm for at least 2 h were used for the determination
of the TEAC values. Folates, ascorbic acid, and Trolox were added as
1% (v/v) of 100 times concentrated stock solutions in DMSO (FA and
DHF), methanol (THF, 5-MTHF, and Trolox), or water (5-FTHF and
ascorbic acid) to give the final concentration required (2-20 uM for
FA and 2-10 uM for other compounds). Control incubation with the
solvent was carried out for each determination. The decrease in
absorption caused by the compounds tested, measured after 6 min, is
reflecting the ABTS™ radical-scavenging capacity and was plotted
against the concentration of the compound. The TEAC value was
calculated as the ratio of the slope of the plot for scavenging of the
ABTS"* radical cation by the folate under investigation to the slope of
the plot for ABTS™" scavenging by Trolox. The radical-scavenging
activity of Trolox was previously shown to be unaffected over the whole
pH range tested (21).

To limit degradation of THF, all TEAC measurements were done
using degas organic solvents and buffers. The linear correlation obtained
for the plot of the increasing concentrations of folates to the absorbance
at 734 nm, measured after 6 min of incubation, allows for the
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assumption that the decrease in absorbance especially reflects the
reaction between the ABTS" radical cation and folates, and this
reaction is not significantly affected by possible side reactions.

Absor ption Spectra. All UV absorption spectra were recorded using
a UV-vis-NIR Varian Cary 5E spectrophotometer.

RESULTS AND DISCUSSION

Recently, it was demonstrated that FA can efficiently
scavenge such free radicals as CCl30;", N3°, SO, ", Bry" ™, "OH,
and O"". Moreover, FA can also scavenge and repair thiyl
radicals at physiological pH (14). The activity of FA against
the radical-mediated oxidative damage in human whole blood
was also reported (16). Its physiological reduced forms (DHF,
THF, and 5-MTHF) are peroxynitrite scavengers and inhibitors
of lipid peroxidation (13, 15). Antioxidant activities of folates
were also observed in the TEAC, DPPH (2,2-diphenyl-1-
picrylhydrazyl), and FRAP (ferric reducing antioxidant power)
assays (18). In the present study, the effect of pH of the
surrounding medium on the radical-scavenging activities of
folates, measured in the TEAC assay, was investigated.

The first aspect which should be taken into account is
sensitivity of THF toward oxidation. It was reported that the
stability of THF is dependent upon oxygen and light access and
the pH of the solution. It can be easily cleaved to dihydroxan-
thopterin or to other pterins and to 4-aminobenzoylglutamic acid,;
the later compound is the main product of the THF air oxidation
at pH 4.7 and 10.0 (3). After the evaluation of currently available
data on the antioxidant activity of THF (15, 18), it appears that
the sensitivity of THF toward oxidation resulting in its poor
stability in organic solvents, which are used to prepare solutions
of THF, is not taken into account. It implies that these literature
data may have to be ascribed to lower concentrations of THF
than expected. Figure 2A shows the time course of THF
degradation in dimethyl sulfoxide (DMSO) and methanol. For
a comparison, the stability of other folates used in the present
study is presented. From this figure, it follows that the stability
of THF in DMSO is much lower (a half-time of degradation
was estimated to be about 30 min) than in methanol (half-time
degradation is about 90 min). Other folates are stable in organic
solvents or demineralized water used for the preparation of their
solutions. Moreover, parts B and C of Figure 2 present the
stability of folates in phosphate buffer at pH 4.0, at which the
highest radical scavenging activity of folates is observed (Figure
3) and pH 7.4. THF in aqueous solutions is the least stable folate
followed by DHF. The stability of other folates for at least 4 h
is relatively high. From these figures, it can be concluded that
more than 90% of folates, in their parent forms, is present at 6
min of incubation with the ABTS™* radical cation. The oxidation
of THF could be prevented by the addition of ascorbic acid or
2-mercaptoethanol (3), but these compounds could not be used
in the present study because of the fact that they also scavenge
the ABTS™" radical cation. To limit the oxidation of folates,
especially THF, all measurements were done using degas
organic solvents and buffers.

Figure 3 presents the pH-dependent TEAC values for FA
and its reduced forms. For a comparison, the TEAC profile of
ascorbic acid is also presented. The TEAC profiles of a-toco-
pherol and Trolox are the same as measured for ascorbic acid
(results not shown). From this figure, it follows that radical-
scavenging activities of ascorbic acid or o-tocopherol are not
significantly changing over the whole pH range, whereas the
radical-scavenging activities of folates are strongly pH-depend-
ent. The TEAC value of DHF and THF at pH 2.5-5.0 is about
1.3-1.6-fold higher than those of vitamin C or E. Above the
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Figure 2. Stability of 20 «M soutions of folates (A) in organic solvents or in
water, (B) in 0.1 M phosphate buffer at pH 4.0 and (C) pH 7.4. Quantification
of folates is based on the HPLC peak area expressed as a percentage of
samples at t = 0 min. Each point is a mean of two replicates.

pH value 6.0, only the TEAC value of THF is higher than the
TEAC values of ascorbic acid and a-tocopherol. From the plots
presented, the TEAC values for folates at pH 7.4 were derived
and it was found that, only for THF, the TEAC value was
significantly higher than already published (18). The order of
activity of folates in the TEAC assay at pH 7.4 was verified,
and it was as follows: THF (1.24 + 0.11 mM) > DHF (0.94 +
0.02 mM) > 5-MTHF (0.77 + 0.03 mM) > 5-FTHF (0.55 =+
0.02 mM) > FA (0.08 £ 0.02 mM). The TEAC values of DHF,
5-MTHF, and THF at pH 7.4 are comparable or even higher
than those of vitamins C and E and other natural antioxidants,
such as some carotenoids and extensively studied poly-
phenols (23-25).

It can be also seen that THF and DHF are better radical
scavengers than other folates. The TEAC value of FA increases
at pH from 2.0 to 3.5, and then, it decreases to pH of about
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Figure 3. Effect of pH on the TEAC values of ascorbic acid, FA, and its
physiological reduced forms.

6.5; at pH higher than 6.5, it increases again. For DHF, the
increase of the TEAC value is observed up to pH of about 4.0
and the decrease is observed to pH 6.5; at pH higher than 9.0,
the TEAC value increases again. For THF, the increase in the
TEAC value is observed up to pH 5.0 and then the decrease is
observed to pH 10.0. On the basis of the data presented, it can
be concluded that FA is a better free radical scavenger at acidic
and basic pH than at neutral pH, whereas DHF and THF are
better free radical scavengers at acidic pH than at neutral and
basic pH. The radical-scavenging activity of FA, over the whole
pH range tested, is much lower than that of DHF, THF, and
5-MTHF but, at pH 2.5-5, is higher than observed for 5-FTHF.
Because ot the relatively low purity and stability of THF, it
can be expected that its TEAC values at different pH could be
even higher than those reported in this study. The influence of
the decomposition products of THF on the course of its TEAC
profile, especially at acidic pH, can be rather excluded because
the TEAC profile of THF is similar to those of FA and DHF,
which are stable in the time course of the experiment. Moreover,
the changes in the absorption spectra (i.e., the appearance or
disappearance of an absorption band at the wavelength of about
350 and 380 nm for FA and DFA, respectively, and the
appearance of several isoshestic points) indicate rather on
protonation/deprotonation of the compounds than on their
degradation at pH 2-6 (Figure 4). Finally, the decrease in the
absorbance at 734 nm after 6 min of incubation of folates with
the ABTS™ radical cation is proportional to the concentration
of folates. It allows for the assumption that it especially reflects
the reaction between the ABTS"" radical cation and folates in
their parent forms.

The pH-dependent TEAC profiles of 5-MTHF and 5-FMTH
are quite different than those of other folates. For 5-MTHF, the
TEAC value decreases from pH 2.0 to 4.5 and is unaffected by
the pH at the values higher than 4.5. Interesting is that the TEAC
profile for 5-FTHF, which has a CHO instead of CH3 group at
position N5, is quite different than that of 5-MTHF; the TEAC
value for 5-FTHF increases with an increasing pH of the
medium above pH 5.0.

This effect of pH on radical-scavenging activities of folates
may be of biological relevance because the pH range of different
human body fluids is known to vary widely from pH 1 in the
stomach, pH 5.3 in the small intestine, pH 6.8 in mouth saliva,
pH 7.4 in blood and tissue fluid, pH 8 in the large intestine, pH
7-8.7 in the pancreas, to pH 8.3-9.3 in the duodenum (26).
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Figure 4. UV absorption spectra of 10 «M phosphate buffer solutions of

(A) FA and (B) DHF at the pH range of 2-6.

Therefore, the pH-dependent changes in the radical-scavenging
activity of FA and its metabolites suggest that possible health
effects of folates, associated with their radical-scavenging
activity, will vary with the tissue under investigation.

Physiological concentrations of folates are much lower than
the level of vitamin C, the main biological water-soluble
antioxidant. On the other hand, blood concentrations of folates
as well as some polyphenols and carotenoids can reach a similar
level in humans following their habitual or supplemented
diets (27-30). The role of folates as biological antioxidants is
still uncertain; however, the observed reactions of folates with
the stable ABTS™ radical cation used as a model radical in
our study may also indicate that, under the conditions of
excessive oxidative stress, the depletion of folates may occur.
This conclusion may be supported by the result that reduced
folates are very active as free radical scavengers as shown in
Figure 3.

All folates contain an amide-like structure involving N3 and
C4 atoms that resonates between lactam and lactim tautomeric
forms (Figure 5). These forms exhibit identical behavior (31).
In the lactam form, the hydrogen atom at N3 on the purine-
type ring is shifted to the oxygen atom at C4, giving C4-OH
moiety. It was postulated that this group is responsible for the
antiradical activity of FA (14). In another study, it was suggested
that the antioxidant activity of the fully reduced forms of folate
(THF and 5-MTHF) resides in the pterin core and an electron-
donating effect is probably important for their antioxidant
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Table 1. Dissociation Constants of Some Folates

pK; of
compound amide  N(1) N(5) N(10)  o-carboxyl  y-carboxyl
FA 8.38% 2357 <—157 0.20% ND? ND?
8.30° 1.60°
DHF 9.54% 1.387 3.847 0.28% ND? ND?
THF 10.50¢  1.24° 482° —1.25° 3.5° 4.8°
5-MTHF 5.207

From ref 35. ° From ref 36. © From ref 37. ND = not determined because of
insufficient solubility. It is assumed that the pK; values of these carboxyl groups
are similar for all folates.

activity (15). Up to now, there is no clear answer as to which
part of folates is in fact responsible for their antioxidant activity.

The pH dependence of the TEAC value previously observed
for polyphenols was attributed to an effect of the pH on the
deprotonation of their OH moieties (32-34). A comparison of
the pKj, values to the pH-dependent TEAC profiles of polyphe-
nols led the authors to the conclusion that a significant increase
in the TEAC value of these compounds is related to deproto-
nation of their most acidic hydroxyl moiety. Upon deprotonation
of this OH group, phenolic compounds become better free
radical scavengers (32—34). For folates, the pK, of the amide
group, which refers to the dissociation of the N3-C4 amide-
like site (OH group in the lactam form; Figure5) is in the range
of basic pH values (Table 1) (35-37). Therefore, on the basis
of a comparison of the pK, values for the amide group to the
pH-dependent TEAC profiles of folates, it could be concluded
that the increase in the TEAC value at basic pH could be related
to the deprotonation of this group. In Figure 3, the significant
increase in the TEAC value at pH higher than 7.5 can be seen
for FA and at pH higher than 9.0 for DHF, for which the pK,
values of the amide-like group are 8.38 and 9.54, respectively.
For other folates, e.g., THF, such an increase is not observed
because the dissociation of the N4-C4 amide-like side is outside
the range of pH values applied in the study. The pK, values of
other ionisable groups of folates are in the range of acidic pH
(Table 1). On the basis of a comparison of these values to pH-
dependent TEAC profiles, it is difficult to conclude if the
changes in the radical-scavenging activity of folates at acidic
pH are associated with protonation/deprotonation of ionisable
groups of folates. The contribution of carboxyl groups can be
rather excluded because the side chain of N-(p-aminobenzoyl)-
L-glutamic acid is present in all compounds tested and the
deprotonation of its carboxyl groups would give similar pH-
dependent TEAC profiles for all folates.

The explanation of the pH-dependent radical-scavenging
activities of folates, especially at acidic pH, is far from
straightforward and is currently under investigation. Quantum
mechanical calculations are performed and radical-scavenging
activities of related model compounds are measured to get more
insight into the mechanism of pH-dependent radical-scavenging
activities of folates. Nevertheless, the results of the present study
indicate that possible health effects of folates associated with
their radical-scavenging activity will vary depending on the pH
of body fluid or tissue considered.
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ABBREVIATIONS USED

5-FTHF, 5-formyltetrahydrofolic acid; 5-MTHF, 5-methyltet-
rahydrofolic acid; ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) diammonium salt; ABTS™, 2,2"-azinobis(3-
ethylbenzothiozoline-6-sulphonic acid) diammonium salt radical
cation; BH,, dihydrobiopterin; BH,, tetrahydrobiopterin; DHF,
dihydrofolic acid; DMSO, dimethyl sulfoxide; FA, folic acid,;
MP-8, microperoxidase-8; PBS, phosphate-buffered saline;
TEAC, trolox equivalent antioxidant capacity; THF, tetrahy-
drofolic acid; Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid.
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