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The antiradical/antioxidant properties of folic acid (FA) and its conformational de-
rivatives – 7,8-dihydrofolate (DHF), 5,6,7,8-tetrahydrofolate (THF) and 5-formyl-
5,6,7,8-tetrahydrofolate (5-FTHF) – were studied at the physiological temperature 
and pH in the micellar aqueous system of the model reaction of methyl linoleate 
peroxidation with molecular oxygen. It was established that folates exhibit antioxi-
dant properties, thereby inhibiting the peroxidation of methyl linoleate.

Quantitative kinetic studies of selected folates revealed the comparative grow-
ing order of the antiradical/antioxidant reactivities: FA < 5-FTHF < THF ≅ DHF.

Investigation of the antioxidant properties of folates is urgent for understand-
ing their role in the prevention of pathologies in the body. They may have potential 
in treating numerous pathological conditions in which oxidative stress is a clini-
cally important component.
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INTRODUCTION

Folate is the  generic term for the  water-soluble 
B-complex vitamin B9, encompassing folic acid 
and its derivatives  –  dihydro-, tetrahydro- and 
formyl- compounds. Folic acid (N-[p-{(2-amino-
4-hydroxy-6-pteridinyl methyl] amino}benzoyl]-
L-glutamic acid) is the basic structural synthetic 
and the most oxidised form of folate.

Folic acid (FA) consists of three primary struc-
tures: a heterocyclic pterin (PT) moiety, para-am-
inobenzoic acid (p-ABA) and glutamic acid (Glu). 
The pterin core of the FA molecule consists of py-
rimidine and pyrazine rings [1, 2].

Folic acid is in vivo converted through a series 
of enzymatic transformations. FA is reduced to 
7,8-dihydrofolate (DHF), which is subsequently 
reduced to 5,6,7,8-tertahydrofolate (THF) and 
then enzymatically converted into 5-methyltet-
rahydrofolate (5-MTHF). 5-Formyltetrahydrofo-

lic acid (5-FTHF), also known as folinic acid, is 
one of the coenzyme forms of FA that is produced 
commercially [2, 3] (Fig. 1).

Folic acid is important for many bodily func-
tions, especially as it is required for the  normal 
growth and division of cells. FA and its conforma-
tional structural forms are cofactors in the trans-
fer of one-carbon groups to other metabolites 
and participate in reactions essential for many 
fundamental cellular functions [4, 5]. They are 
involved in the  biochemical processes related to 
the biosynthesis of nucleic acids (DNA, RNA) and 
proteins, the repair of DNA, and the regulation of 
gene expression [6, 7].

Folic acid is an essential hematogenic agent 
and acts as coenzyme to regulate the generation of 
ferroheme [8]. Firstly, FA was identified as a fac-
tor of growth and antianemia. It is taken orally 
using various drug formulations [9], as well as, 
some supplements containing FA and Fe (II) com-
plexes recommended as antianemia drugs. Folic 
acid forms water-insoluble complex compounds 
with divalent metals, such as Cu2+, Fe2+ and Co2+, 
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by coordination with its Glu or PT moieties. In 
biological fluids, specifically in blood, FA forms 
stable adducts with these cations [10–12].

Among the variety of mechanisms of bioactivi-
ties, the  antioxidant and antiradical activities of 
folates are of special importance [4, 5, 13].

The chemistry of folates as antioxidants is par-
ticularly interesting due to their ability to protect 
cell lipids and DNA from oxidative damage. They 
can also protect the blood from oxidative destruc-
tion [14, 15]. They neutralise and ‘scavenge’ free 
radicals and other reactive oxygen-containing 
species (ROS), which can change the  properties 
of biological membranes, attack other vital cell 
targets, affect the functional state of the cell, and 
lead to pathological conditions called ‘oxidative 
stress’ [16, 17].

The study of the  antioxidant properties of 
folates in the  oxidation reactions of methyl li-
noleate in micellar solutions is an urgent task. It is 
important to understand their effect on the model 
reaction of lipid peroxidation of cell membranes. 
The  chain-free radical oxidation of methyl li-

noleate in micellar solutions, as a kinetic model 
of the biological process of lipid peroxidation, is 
used [17–19]. Through such systems, the reactiv-
ity of antioxidants is studied, the  mechanism of 
action of which is mainly determined by their 
interaction with chain carriers – peroxyl radicals 
(Scheme). Peroxyl radicals are the  predominant 
free radicals found in lipid oxidation in foods 
and biological systems under physiological con-
ditions.

In this regard, to determine the antiradical and 
antioxidant properties of folates, the  goal of this 
work was to investigate the ability of folic acid and 
its conformational derivatives to inhibit chain re-
actions of peroxidation in lipid model systems. Si-
multaneously, the aim was to reveal the compara-
tive order of the antiradical/antioxidant activities 
of selected folates through kinetic measurements. 
The obtained results provide important informa-
tion for identifying the  chemical mechanisms of 
folate interaction with peroxyl radicals, which 
play an essential role in the  process of oxidative 
stress in the body.

Fig. 1. Schematic molecular structures of folates and their possible antiradical/antioxidant sites. For folic acid, the main structural units 
are indicated
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MATERIALS AND METHODS

Materials
Folic acid (FA), 7,8-dihydrofolate (DHF), 5,6,7,8-tet-
rahydrofolate (THF) and 5-formyl-5,6,7,8-tetrahy-
drofolate (5-FTHF), azoinitiator 2,2’-azobis(2-
amidinopropane) hydrochloride (AAPH), methyl 
linoleate (ML) and Triton X-100 were purchased 
from the Sigma-Aldrich (USA) chemical company. 
The  solvents, methanol (CH3OH) and phosphate 
buffer (0.05  М, pH  =  7.4) (NaH2PO4, Na2HPO4), 
were also purchased from the same company. In all 
experiments, deionised water with an electrical re-
sistance of 18.2 Mom × cm at 25°С was used.

Kinetics of chain oxidation of methyl linoleate 
in micellar aqueous solutions 
The chain-free radical oxidation of methyl linoleate 
with dioxygen was studied using an amperometric 
numerical complex (Oximeter YSI 5300 Biological 
Oxygen Monitor, USA).

The kinetics of methyl linoleate peroxidation 
in the presence of folates were studied by record-
ing kinetic absorption curves of molecular oxygen 
during the  reaction. The  peroxidation reaction of 
methyl linoleate was initiated by the generation of 
peroxyl radicals through the  thermal decomposi-

tion of water-soluble AAPH in the  presence of 
dioxygen at a  temperature of 37±0.1°С (Scheme). 
Trolox, a  water-soluble analogue of α-tocopherol, 
was used as a standard.

A system consisting of methyl linoleate, Triton 
X-100/phosphate buffer and molecular oxygen was 
used as the micellar reaction system. The surface-
active compound, Triton X-100, was used to obtain 
micellar systems, and methyl linoleate served as 
the oxidative substrate [20–22]. The Triton X-100/
phosphate buffer solution was prepared using an ul-
trasonic device for a duration of 8 min. A mixture 
of Triton X-100/phosphate buffer (both 5 × 10–2 M) 
and methyl linoleate (2.5 × 10–2 M) was initially en-
riched with argon gas for 30 min, and then with ox-
ygen gas for 5 min. After the mentioned processes, 
a solution of the thermal azo-initiator (AAPH) and 
a  solution of the  corresponding studied antioxi-
dant (folates and trolox) were successively added to 
the reaction mixture. The final volume of the reac-
tion system was 3 mL. During the enrichment and 
the measurement, the mixture was stirred in a ther-
mostatically controlled reaction cell using a mag-
netic stirrer.

Analyses were carried out at a constant temper-
ature of 37±0.1°C and at pH = 7.4, adjusted with 
a phosphate buffer. Concentrated solutions of DHF, 

Scheme. Kinetic scheme of the chain oxidation of oxidative substrate by molecular oxygen in the presence of anti-
oxidants. ki and kinh are the rate constants of initiation by peroxyl radicals and inhibition by antioxidants; kp and kt are 
the rate constants for the propagation and termination of the substrate, respectively, mst is a stoichiometric factor
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Fig. 2. Kinetic curves of oxygen absorption during the peroxidation of methyl linoleate in the micellar reaction system without (blank) and with 
the studied antioxidants – FA (a) and trolox (b) at different concentrations: 5 × 10–7 M; 8 × 10–7 M; 1.25 × 10–6 M; 5 × 10–6 M; 1.25 × 10–5 M; 
2.5 × 10–5 M. [AAPH]0 = 7 × 10–3 М; [ML]0 = 2.5 × 10–2 M; [Triton X-100]0 = 5 × 10–2 M; [Phosphate buffer]0 = 5 × 10–2 M; t = 37±0.1°С

THF and 5-FTHF (2.5  ×  10–4  M) were prepared 
in water, while the  concentrated solution of FA 
(2.5 × 10–4 M) in methanol, and the concentrated 
solution of trolox (2.5 × 10–4 M) in ethanol. A con-
centrated solution of 7 × 10–2 M azo-initiator AAPH 
was prepared in a phosphate buffer. 

RESULTS AND DISCUSSION

In Fig. 2, typical kinetic curves of oxygen absorp-
tion in the methyl linoleate peroxidation reaction 
are demonstrated at different concentrations of FA 
and trolox as a reference. 

As follows from the data presented in Fig. 2a, 
upon addition of the  antioxidant sample to 
the  reaction mixture, there is a  decrease in 
the  average rate of oxygen uptake compared to 
the reaction in the absence of the antioxidant. This 
indicates that FA exhibits antioxidant properties.

At the  same time, in the  presence of 
the  standard antioxidant trolox in the  reaction 
system (Fig. 2b), a period of reaction induction is 
observed – the time after which the rate of oxygen 
absorption and peroxidation of methylinoleate 
significantly increases. The same effect is not ob-
served in the  presence of folic acid. This means 
that FA exhibits a  weak antioxidant activity, de-
spite the involvement of all reaction sites of the FA 
molecule (Fig. 1). 

A similar effect as seen with FA is noted for its 
structural derivatives: DHF, THF and 5-FTHF. 

The corresponding kinetic curves are presented in 
Fig. 3.

Corresponding kinetic quantitative data for 
these reactions of peroxyl radicals with the studied 
antioxidants are presented below.

The average rates of the methyl linoleate oxida-
tion reaction in the absence and presence of antiox-
idants at different concentrations are summarised 
in Table 1, and the oxygen uptake relative rates in 
the presence of antioxidants compared to the rate 
of oxygen uptake in the absence of antioxidants are 
shown in Table 2.

As the  folate concentration in the  reaction 
mixture increases, the average rate of the methyl 
linoleate oxidation reaction decreases (Table  1). 
According to the data presented in Table 2, there 
is a weak dependence of the antioxidant activity of 
folates on an increase in their concentrations. This 
indicates that FA and its derivatives, DHF, THF 
and 5-FTHF, exhibit a  slightly stronger antioxi-
dant activity at high concentrations.

The rate constants for the  reaction of peroxyl 
radicals with selected folates were determined ac-
cording to theScheme and the equation [23]. This 
equation is applicable in experiments in which 
a  clear inhibition period was not detectable. In 
the case of folates, this equation was performed:
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Ta b l e  1 . The values of the average rates (× 10–3 Msec–1) of the 2.5 × 10–2 M methyl linoleate oxidation reaction in the absence and presence 
of antioxidants at 37°С

Antioxidant
Concentration, M

5 × 10–7 8 × 10–7 1.25 × 10–6 5 × 10–6 1.25 × 10–5 2.5 × 10–5

Folic acid (FA) 0.061 0.059 0.056 0.051 0.043 0.036

Dihydrofolic acid (DHF) 0.058 0.055 0.048 0.043 0.036 0.028

Tetrahydrofolic acid (THF) 0.059 0.056 0.045 0.041 0.034 0.026

5-Formyl tetrahydrofolic acid (5-FTHF) 0.062 0.059 0.050 0.045 0.038 0.030

Trolox 0.044 0.031 0.022 0.019 0.014 0.009

Note. Reaction average rate in the absence of antioxidants is equal to 0.087 × 10–3 M × sec–1.

Fig. 3. Kinetic curves of oxygen absorption during the peroxidation of methyl linoleate in the micellar reaction system without (blank) and 
with the studied antioxidants – DHF (a), THF (b) and 5-FTHF (c) at different concentrations: 5 × 10–7 M; 8 × 10–7 M; 1.25 × 10–6 M; 5 × 10–6 M; 
1.25 × 10–5 M; 2.5 × 10–5 M. [AAPH]0 = 7 × 10–3 М; [ML]0 = 2.5 × 10–2 M; [Triton X-100]0 = 5 × 10–2 M; [Phosphate buffer]0 = 5 × 10–2 M; t = 37±0.1°С

Ta b l e  2 .  The values of the relative rates of the 2.5 × 10–2 M methyl linoleate oxidation reaction in the absence and in the presence of 
antioxidants at 37°С

Antioxidant
Concentration, M

5 × 10–7 8 × 10–7 1.25 × 10–6 5 × 10–6 1.25 × 10–5 2.5 × 10–5

Folic acid (FA) 0.701 0.678 0.643 0.586 0.494 0.413

Dihydrofolic acid (DHF) 0.666 0.632 0.551 0.494 0.413 0.321

Tetrahydrofolic acid (THF) 0.678 0.643 0.517 0.471 0.391 0.298

5-Formyl tetrahydrofolic acid (5-FTHF) 0.713 0.678 0.575 0.517 0.437 0.345

Trolox 0.506 0.356 0.253 0.218 0.161 0.104
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Here R0 and RAO are the initial rates of peroxida-
tion without or with an antioxidant, respectively; 
Ri is the rate of initiation; 2kt is the rate constant 
for the termination of the oxidative substrate; kinh 
is the rate constant for the reaction of the peroxyl 
radical with an antioxidant; mst is a stoichiometric 
factor for the removal of the peroxyl radical with 
an antioxidant.

The mst parameter indicates how many per-
oxidation reactions were kinetically terminated as 
a  result of the  reaction between peroxyl radicals 
and antioxidants. For monophenolic antioxidants 
(e.g. folates), this stoichiometric coefficient coin-
cides with the antiradical capacity fR, representing 
the number of molecules of peroxyl radicals that 
react with one molecule of the antioxidant under 
the reaction conditions. In the case of the investi-
gated folates, mst equals 2 for FA, 3 for DHF, 4 for 
THF and 2.5 for 5-FTHF [24].

The value of the  initiation rate (Ri) is propor-
tional to the concentration of the initiator (AAPH) 
and does not change with the addition of an inhibi-
tor – antioxidant. The kinetics of the chain propa-
gation and termination stages do not depend on 
the nature of the initiator.

R0 and RAO are determined from the  corre-
sponding kinetic curves of oxygen consump-
tion (Figs. 1 and 2). From the slope of the curve 
of the  blank, the  value of R0 is determined 
(kp  =  70  M–1  s–1). For the  determination of 
RAO, tangents were constructed for the antioxi-
dant curves at the starting points. The value of 
the  slope is equal to RAO. Ri is calculated using 
the value of ki (1.07 × 10–6 s–1).

Using experimental values for R0, RAO, Ri, and 
[ML], as well as kt, according to literature data 
[19], gives the value of kinh. The corresponding 
values of kinh for the  reactions of the  peroxyl 

radicals with the  studied antioxidants are pre-
sented in Table 3.

The analysis of quantitative kinetic data pre-
sented above reveals the  sequential changes in 
the activity of folates. Therefore, we can conclude 
that the  kinetically preferred antiradical/antioxi-
dant activities of the  examined folate family can 
be generally classified in the following order:

FA < 5-FTHF < THF ≅ DHF.

This sequence of changes in the  antiradical/
antioxidant reactivity of folates is generally con-
sistent with the  experimental results presented 
in Ref. [24]. Reduced forms of folic acid  –  DHF 
and THF – have been found to have a significantly 
greater activity compared to FA and 5-FTHF in 
Oxygen Radical Absorbance Capacity (ORAC) 
and DPPH assays.

CONCLUSIONS

The antiradical/antioxidant properties of folates – 
FA and its conformational structural forms 
(DHF, THF and 5-FTHF)  –  were determined in 
the chain oxidation reaction of methyl linoleate in 
micellar aqueous solutions. Based on the experi-
mental data obtained, it was shown that the stud-
ied folates exhibit antioxidant properties and act 
as ‘scavengers’ of free radicals in the  peroxida-
tion reaction of methyl linoleate. They can serve 
as antioxidant regulators of lipid peroxidation in 
cell membranes, functioning through the mecha-
nism of kinetic chain termination at the cell mem-
brane – water interface.

According to the  quantitative kinetic para-
meters, the increasing order of the antiradical/an-
tioxidant reactivities of folates has been revealed. 

Ta b l e  3 .  The values of k
inh

 (× 104 M–1 sec–1) obtained for folates for the thermally initiated peroxidation of 2.5 × 10–2 M methyl linoleate with 
7 × 10–3 M AAPH (R

i
 = 7.49 × 10–9 Msec–1) at 37°С

Antioxidant
Concentration, M

5 × 10–7 8 × 10–7 1.25 × 10–6 5 × 10–6 1.25 × 10–5 2.5 × 10–5

Folic acid (FA) 11.64 8.31 7.47 2.17 1.31 0.99

Dihydrofolic acid (DHF) 21.71 14.29 13.33 4.62 2.98 2.15

Tetrahydrofolic acid (THF) 30.38 21.94 21.00 7.61 4.52 3.19

5-Formyl tetrahydrofolic acid (5-FTHF) 16.28 11.15 10.55 3.22 1.77 1.34

R0 = 1.94 × 10–7 Msec–1; kt = 3 × 103 M–1 sec–1.



138 ISSN 0235-7216   eISSN 2424-4538	 Zaruhi H. Manukyan / Chemija. 36, 132–138 (2025)

ACKNOWLEDGEMENTS

The work was financially supported by the Higher 
Education and Science Committee of the Ministry 
of Education, Science, Culture and Sports of the Re-
public of Armenia, in the  frames of the  Research 
Project No. 21AG-1D034 and No.1-24-I/ICHPH 
State financial support.

Received 2 July 2025 
Accepted 15 August 2025

References

	 1.	 Q.  He, J.  Li, J. Transl. Int. Med., 1(2), 128 (2023). 
DOI: 10.2478/jtim-2023-0087

	 2.	 T.  A.  Andlid, M.  R.  D’Aimmo, J.  Jastrebova, in: 
The  Bifidobacteria and Related Organisms, 195, 
Academic Press (2018). DOI: 10.1016/B978-0-12-
805060-6.00011-9

	 3.	 G. S. Ducker, J. D. Rabinowitz, Cell Metab., 25, 27 
(2017). DOI: 10.1016/j.cmet.2016.08.009

	 4.	 L. H. Wusigale, H. Cheng, Y. Gao, L. Liang, J. Agric. 
Food Chem., 68(1), 340 (2020). DOI: 10.1021/acs.
jafc.9b06263

	 5.	 A. Pathikkal, B. Puthusseri, P. Divya, S. Rudrappa, 
V. S. Chauhan, In Vitro Cell. Dev. Biol. Anim., 58, 
419 (2022). DOI: 10.1007/s11626-022-00691-w

	 6.	 I.  H.  R.  Abbasi, F.  Abbasi, L.  Wang, et al., AMB 
Express, 8, 65 (2018). DOI: 10.1186/s13568-018-0592-5

	 7.	 Sh.  Cuia, X.  Lv, W.  Li, Zh.  Li, H.  Liu, Y.  Gao, 
G. Huang, Redox Biol., 19, 81 (2018). DOI: 10.1016/j.
redox.2018.08.005

	 8.	 M.  P.  Kingsley, P.  B.  Desai, A.  K.  Srivastava, 
J. Electroanal. Chem., 741, 71 (2015). DOI: 10.1016/j.
jelechem.2014.12.039

	 9.	 M. A. Hofsäss, J. de Souza, N. M. Silva-Barcellos, et 
al., J. Pharm. Sci., 106, 3421 (2017). DOI: 10.1016/j.
xphs.2017.08.007

	 10.	 A.  M.  Naglah, M.  S.  Refat, M.  A.  Al-Omar, 
M. A. Bhat, H. M. Alkahtani, A. S. Al-Wasidi, Drug 
Des. Devel. Ther., 13, 1409 (2019). DOI: 10.2147/
DDDT.S190310

	 11.	 A.  A.  El-Habeeb, Bioinorg. Chem. Appl., 2020, 1 
(2020). DOI: 10.1155/2020/6678688

	 12.	 C. He, M. Heidari Majd, F. Shiri, S. Shahraki, J. Mol. 
Struct., 1229, 129806 (2021). DOI: 10.1016/j.mol-
struc.2020.129806

	 13.	 O.  Asbaghi, M.  Ghanavati, D.  Ashtary-Larky, et 
al., Antioxidants, 10, 871 (2021). DOI: 10.3390/an-
tiox10060871

	 14.	 Y. Shulpekova, V. Nechaev, S. Kardasheva, et al., 26, 
3731 (2021). DOI: 10.3390/molecules26123731

	 15.	 K. M. Khan, I. Jialal, Folic Acid Deficiency, StatPearls 
Publishing LLC (2022).

	 16.	 L. A. Tavadyan, A. Khachoyan, G. Martoyan, A. Ka
mal-Eldin, Chem. Phys. Lipids, 147(1), 30 (2007). 
DOI: 10.1016/j.chemphyslip.2007.03.002

	 17.	 Z. A. M. Zielinski, D. A. Pratt, J. Org. Chem., 82(6), 
2817 (2017). DOI: 10.1021/acs.joc.7b00152

	 18.	 H.  Yin, L.  Xu, N.  A.  Porter, Chem. Rev., 111(10), 
5944 (2011). DOI: 10.1021/cr200084z

	 19.	 E.  M.  Pliss, D.  V.  Loshadkin, A.  M.  Grobov, et 
al., Russ. J. Phys. Chem. B, 9(1), 127 (2015). DOI: 
10.1134/S1990793115010091

	 20.	 K.  Jodko-Piórecka, G.  Litwinienko, Free Radic. 
Biol. Med., 83, 1 (2015). DOI: 10.1016/j.freerad-
biomed.2015.02.006

	 21.	 L. R. C. Barclay, S. J. Locke, J. M. MacNeil, J. Van
Kessel, G. W. Burton, K. U. Ingold, J. Am. Chem. Soc., 
106(8), 2479 (1984). DOI: 10.1021/ja00320a066

	 22.	 E.  M.  Pliss, M.  E.  Soloviev, D.  V.  Loshadkin, 
S. V. Molodochkina, O. T. Kasaikina, Chem. Phys. 
Lipids, 237, 105089 (2021). DOI: 10.1016/j.chemp-
hyslip.2021.105089

	 23.	 R.  Amorati, L.  Valgimigli, Free Radic. Res., 49(5), 
633 (2015). DOI: 10.3109/10715762.2014.996146

	 24.	 Z. H. Manukyan, S. Kh. Stepanyan, M. V. Musaye
lyan, G. G. Kocharyan, Kinetic determination of an-
tiradical ability of folic acid and its structural deriv-
atives, React. Kinet. Mech. Catal., 138, 1955 (2025). 
DOI: 10.1007/s11144-025-02891-3 

Zaruhi H. MANUKYAN

FOLATŲ POVEIKIS METILO LINOLEATO 
OKSIDACIJOS REAKCIJAI MICELINIUOSE 
TIRPALUOSE	


	_Hlk202345475

