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Antioxidant and Neuroprotective

Activity of Vitamin E Homologues:

In Vitro Study. Metabolites 2022, 12,

608. https://doi.org/10.3390/

metabo12070608

Academic Editors: Anthony

Tsarbopoulos and Ala F. Nassar

Received: 3 April 2022

Accepted: 27 June 2022

Published: 30 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

metabolites

H

OH

OH

Article

Antioxidant and Neuroprotective Activity of Vitamin E
Homologues: In Vitro Study
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Abstract: Here we present comparative data on the inhibition of lipid peroxidation by a variety of
tocochromanols in liposomes. We also show for the first time the potential neuroprotective role of
all the vitamin E homologues investigated on the neuronally differentiated human neuroblastoma
SH-SY5Y cell line. α-Tocopherol had nearly no effect in the inhibition of lipid peroxidation, while
β-, γ-, and δ-tocopherols inhibited the reaction completely when it was initiated in a lipid phase.
Similar effects were observed for tocotrienol homologues. Moreover, in this respect plastochromanol-
8 was as effective as β-, γ-, and δ-tocochromanols. When the prenyllipids were investigated in a
1,1-diphenyl-2-picrylhydrazyl (DPPH) test and incorporated into different lipid carriers, the rad-
ical oxidation was most pronounced in liposomes, followed by mixed micelles and the micellar
system. When the reaction of tocochromanols was examined in niosomes, the oxidation was most
pronounced for α-tocopherol and plastochromanol-8, followed by α-tocotrienol. Next, using retinoic
acid-differentiated SH-SY5Y cells, we tested the protective effects of the compounds investigated
on hydrogen peroxide (H2O2)-induced cell damage. We showed that tocotrienols were more active
than tocopherols in the oxidative stress model. Plastochromanol-8 had a strong inhibitory effect on
H2O2-induced lactate dehydrogenase (LDH) release and H2O2-induced decrease in cell viability. The
water-soluble α-tocopherol phosphate had neuroprotective effects at all the concentrations analyzed.
The results clearly indicate that structural differences between vitamin E homologues reflect their
different biological activity and indicate their potential application in pharmacological treatments
for neurodegenerative diseases. In this respect, the application of optimal tocochromanol-carrying
structures might be critical.

Keywords: antioxidants; liposomes; tocochromanols; lipid peroxidation; lipid membrane; neuroprotection;
neuroblastoma cell line

1. Introduction

Vitamin E includes a complex of naturally occurring tocochromanols [1–4], such as
tocopherols (Toc), tocotrienols (Tt), and their derivatives [5–12]. The number and position
of methyl groups in the chromanol ring define four naturally occurring α-, β-, γ-, and δ-Toc
and Tt homologues [1,13]. Plastochromanol-8 (PC-8) is a γ-Tt homologue with a longer
side chain [14,15] (Figure 1). Moreover, the occurrence of a water-soluble α-tocopherol
phosphate (α-TP) has been reported in biological systems [16]. Apart from α-TP, all the
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other tocochromanols are lipid-soluble antioxidants, which play a pivotal role in human
health and nutrition [3]. They are generally found at high concentrations in vegetable
oils such as almond, safflower, canola oil, or in other high-fat sources such as nuts, seeds,
or grains [17]. The growing consumption of plant-derived oils rich in polyunsaturated
fatty acids (PUFAs) that are absorbed into membrane phospholipids highlights the role of
tocochromanols in antioxidant protection.

Figure 1. Chemical structure of tocochromanols.

α-Toc, as a synonym of vitamin E for humans, is the most frequently examined toco-
pherol form, but many recent studies have indicated that other forms of vitamin E may
exhibit more potent biological activity [18,19], including their protective role in the pre-
vention or treatment of chronic cardiovascular diseases, immune system disorders, and
cancer [20–24]. Emerging evidence suggests that vitamin E homologues (non-α-Toc) and
metabolites have strong anti-inflammatory effects [25,26]. It has been observed that vita-
min E deficiency increases the risk of dementia and other neurological disorders, such as
Alzheimer’s or Parkinson’s disease. This effect has been shown in several epidemiological
studies [27–29]. Moreover, the supplementation of vitamin E (α-Toc) could reverse the
neurologic dysfunction [23,30]. In humans and various animal models, the results are con-
tradictory. Some data strongly indicate that α-Tt protects against neurodegeneration [24,30].
In contrast, several clinical trials have shown that vitamin E (α-Toc alone or as a mixture of
Tocs in plant oil) has no effect on Alzheimer’s disease [3]. Nevertheless, the neuroprotective
roles of vitamin E, especially those of tocotrienols, have been well documented in many
in vivo and in vitro studies [31–37].

The primary function of tocochromanols is to protect polyunsaturated lipids against
peroxidation. Non-enzymatic lipid peroxidation leads to the destruction of the mem-
brane bilayer built of PUFAs. Thus, peroxidation causes disturbances in cell structure and
functionality [13,38], followed by the initiation or/and propagation of various chronic
diseases [39–41]. It has been shown that Tts display higher bioactivity than Tocs [42,43]
because of the presence of double bonds in the isoprenoid side chain. These features make
Tt more able to interact with free radicals and may contribute to the better recycling of
the molecule to its active reduced form [42,43]. The literature data on the inhibition of
lipid peroxidation by Tts as compared to Tocs, especially those including all the homo-
logues, in model systems are innumerous and their results divergent. For example, it was
reported that α-Tt possessed significantly higher antioxidant activity than α-Toc in rat
liver microsomes [42] and in liposomal membranes [43]. On the other hand, Tts and Tocs
did not show significant differences in the antioxidant activities in a homogenous system
and in lipoproteins [44]. In that study, both α-tocochromanols were more active than the
corresponding γ forms. Moreover, it was shown [45] that the corresponding Tocs and Tts
exerted the same antioxidant activities against lipid peroxidation in solution and liposomal
membranes and their activity decreased in the order α > β = γ > δ.
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In this study, we compared the antioxidant activity of tocochromanols in in vitro mod-
els. First, we used plant lipid liposomes as a plant membrane model to study the inhibition
of lipid peroxidation by tocochromanols. Lipid peroxidation was generated inside and out-
side the membrane using two azo-initiators: AMVN (2,2-azobis(2,4-dimethylvaleronitrile))
and AIPH (2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride) [46]. We used
AMVN, which is hydrophobic, and AIPH, which is hydrophilic; thus, these two initiators
localize inside and outside of the membrane, respectively [19], and their homolysis results
in the release of free radicals in different membrane compartments. Moreover, using DPPH
assay we compared the antioxidant activity of the compounds undergoing analysis in
different nanocarriers, such as liposomes, micelles, mixed micelles, and niosomes.

Since one of the causes of many neurodegenerative diseases is supposed to be ox-
idative damage to neuronal cells, the application of neuronal cell lines and hydrogen
peroxide (H2O2)-induced oxidative stress is frequently used as a model system [47–49].
Therefore, to examine the neuroprotective effects of the tocochromanols under investiga-
tion on H2O2-induced cell damage, we used the human neuroblastoma SH-SY5Y cell line
differentiated by retinoic acid (RA-SH-SY5Y).

2. Results
2.1. Inhibition of Lipid Peroxidation in Liposomes Using Lipid-Soluble AMVN

Lipid peroxidation in liposomes was initiated both in the hydrophobic and hydrophilic
phases. For this experiment, we used liposomes composed of plant-specific glycolipids:
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovo-
syldiacylglycerol (SQDG), and phosphatidylglycerol (PG). Using HPLC, we monitored
simultaneously the time-course changes of lipid peroxides and levels of tocochromanols.
Among Tocs, α-Toc was the least active in the inhibition of AMVN-induced lipid peroxida-
tion, but all the other homologues inhibited the peroxidation reaction almost completely
(Figure 2). During the reaction, the α-Toc content showed a rapid decrease after 2 h, reach-
ing 40% of the initial amount, and after 4 h its content decreased to 10% of the initial level
(Figure 2a). Under these conditions, β- and γ-Tocs showed similar effects, both in the
inhibition of the formation of lipid peroxides, and their consumption, which was approx.
70% after 4 h. During the reaction, δ-Toc consumption was the least pronounced (30% after
2 h, 45% after 4 h). δ-Toc inhibited the peroxidation reaction completely, even after 4 h
(Figure 2a).

Figure 2b shows the effect of Tts on lipid peroxidation in liposomes during the reaction
initiated by AMVN. The effect of α-Tt was similar to that of α-Toc. As compared to β- and
γ-Tocs, the corresponding Tts were slightly less active in the inhibition of lipid peroxidation
(Figure 2b). On the other hand, the most evident inhibitory effect was observed for δ-Tt. In
our experiment, its level decreased most slowly (c. 50% after 4 h) (Figure 2b).

In liposomes containing PC-8, the peroxidation was completely inhibited (Figure 3).
The PC-8 content showed a gradual decrease with time and after 4 h its content reached c.
30% of the initial value (Figure 3). Inhibition of lipid peroxidation in plant lipid liposomes
by PC-8 was observed earlier [19], but its activity was similar to that of tocopherols. Our
results showed that PC-8 has much better antioxidant properties than α-Toc, and is similar
to other tocopherols in the case of AMVN-induced lipid peroxidation. PC-8 was also a
better antioxidant as compared to α-, β-, and γ-Tt (Figures 2b and 3). During antioxidant
action, PC-8 forms many different oxidation products; among them, several play effective
antioxidant roles, e.g., hydroxyl-plastochromanol (PC-OH) [50,51]. This could explain the
70% loss of its content and effective inhibition of lipid peroxidation.
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Figure 2. (a) The effect of Tocs on the rate of the formation of lipid peroxide in plant lipid liposomes
initiated by AMVN (bars). Time-course of Tocs level during the peroxidation reaction (lines). The
reaction was performed at 37 ◦C. (b) The effect of Tts on the rate of the formation of lipid peroxides
in plant lipid liposomes initiated by AMVN (bars). Time-course of Tts decay during the peroxidation
reaction (lines). The reactions were conducted at 37 ◦C. The data are means ± SEM (n = 3). Asterisks
indicate statistically significant differences compared with control at corresponding time point
(** p < 0.01, *** p < 0.001; one-way ANOVA followed by Duncan’s post hoc test).

Figure 3. The effect of PC-8 on the rate of the formation of lipid peroxides in plant lipid liposomes
initiated by AMVN (bars). Time-course of PC-8 decay during the peroxidation reaction (lines). The
reactions were conducted at 37 ◦C. The data are means ± SEM (n = 3). Asterisks indicate statistically
significant differences compared with control at corresponding time point (** p < 0.01, *** p < 0.001;
one-way ANOVA followed by Duncan’s post hoc test).
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2.2. Inhibition of Lipid Peroxidation in Liposomes Using Water-Soluble AIPH

Lipid peroxidation in liposomes was initiated in the water phase by AIPH. We chose
this azo-compound instead of the commonly used AAPH [19,52] because under the same
conditions AIPH gives 3.8 times as many free radicals [46]. This azo-initiator has been not
applied yet for the study of the antioxidant action of tocopherols or plastochromanol. In
our experimental set-up, under the same concentration, AAPH did not oxidize the lipids
in a control sample (data not shown). The results of the inhibition of AIPH-initiated lipid
peroxidation by Tocs are shown in Figure 4. Rather like the effect observed for liposomes
containing α-homologues in AMVN-dependent lipid peroxidation, here we also observed
a time-course increase in lipid peroxides and the decay of α-forms. During the reaction, the
α-Toc content decreased by 35% after 1 h, while that of α-Tt decreased by more than 40%
(Figure 4a,b). The formation of lipid peroxides in liposomes containing the other Tocs and
Tts (β-, γ-, δ-) was totally inhibited. The decline in β- and δ-Tocs content was 20% after 1 h,
whereas the content of γ-Toc was the same as for the α-homologue (Figure 4a). During the
AIPH-initiated peroxidation, the content of all the unsaturated tocochromanols decreased
gradually over the reaction time.

Figure 4. (a) The effect of Toc on the rate of the formation of lipid peroxides in plant lipid liposomes
initiated by AIPH (bars). Time-course of Toc decay during the peroxidation reaction (lines). (b) The
effect of Tt on the rate of the formation of lipid peroxides in plant lipid liposomes initiated by AIPH
(bars). Time-course of tocotrienol decay during the peroxidation reaction (lines). The reactions were
conducted at 37 ◦C. The data are means ± SEM (n = 3). Asterisks indicate statistically significant
differences compared with control at corresponding time point (*** p < 0.001; one-way ANOVA
followed by Duncan’s post hoc test).

We performed an additional experiment, where the inhibition of the lipid peroxidation
activity of α-Toc and PC-8 was compared (Figure 5). In the case of PC-8, we observed
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inhibition of the formation of lipid peroxides, along with a decrease in its content (20% of
the initial value after 1 h) (Figure 5), rather like the case of AMVN-initiated peroxidation.
We also compared the antioxidant activity of α-TP. In the reaction mediated by AIPH
in liposomes, the level of lipid peroxides was the same as that for α-Toc and α-TP (data
not shown). Taken together, the results indicate that the chromanol head group of the
compounds investigated is positioned close to the membrane interface, which facilitates
their antioxidant action in AIPH-mediated lipid peroxidation.

Figure 5. The effect of PC-8 on the rate of the formation of lipid peroxides in plant lipid liposomes
initiated by AIPH (bars). Time-course of PC-8 decay during the peroxidation reaction (lines). The
reactions were conducted at 37 ◦C. The data are means ± SEM (n = 3). Asterisks indicate statistically
significant differences compared with control at corresponding time point (*** p < 0.001; one-way
ANOVA followed by Duncan’s post hoc test).

2.3. Dynamic Light Scattering Analysis of Tocochromanols Containing Liposomes

The intensity-based size distribution of tocochromanol-loaded liposomes (Figure 6)
shows a well-defined peak with a mean of 200 nm and a polydispersity index (PdI) of
0.16–0.24. The size obtained from intensity distribution is the most reliable because it is
a result of direct measurement. Figure 6 shows the average hydrodynamic diameter of
plant lipid liposomes containing selected tocochromanols. The DLS analysis indicated that
liposomes loaded with saturated tocochromanols (α- and γ-Toc) are slightly smaller than
those containing unsaturated compounds: α-Tt, γ-Tt, and PC-8. The average diameter of
liposomes with Tocs was under 200 nm (186 nm for α-form and 194 nm for γ-Toc). The
diameter of liposomes loaded with Tts and PC-8 was above 200 nm (Figure 6).

Figure 6. Intensity-based size distribution of the tocochromanol-loaded liposomes (averages of
5 measurements).
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2.4. Antioxidant Activity of Tocochromanols in Different Nanocarriers—DPPH Assay

As the comparative antioxidant activity of tocochromanols in different nanocarriers
has been not reported so far, in order to compare the antioxidant activity of the selected
tocochromanols (α-Toc, α-Tt, γ-Toc, α-TP, and PC-8), depending on different lipid environ-
ments, we took measurements of the extent of the oxidation of the DPPH. Tocochromanols
were incorporated into different nanocarriers, including (i) liposomes prepared from differ-
ent soy-originated lipids: phosphatidylcholine (lecithin; PC), phosphatidylglycerol (PG),
and phosphatidylinositol (PI); (ii) mixed micelles prepared from a mixture of PG, PC,
or PI and 10 mM sodium cholate; (iii) micelles prepared from a mixture of PG, PC, or
PI and 30 mM sodium cholate; and (iv) niosomes prepared from Tween 60 and choles-
terol in a 1:1 ratio. As shown in Figure 7, tocochromanols displayed different antioxidant
activity depending on the lipid used for liposome preparation. Among PC-based nanocar-
riers, α-Toc and α-Tt displayed the highest antioxidant activity in liposomes (55% and
45% of DPPH oxidation, respectively), while PC-8 showed the opposite effect (~25%).
When incorporated into micelles, the activity of tocochromanols was lower (Figure 7a).
In PG-nanocarriers, these compounds showed the most pronounced antioxidant activity
(80% for α-Toc and PC-8, >50% for α-Tt) among all the lipid systems under investigation
(Figure 7b). All the compounds displayed the most pronounced activity in liposomes,
followed by mixed micelles and micelles (Figure 7b). The most interesting results were
obtained for PI-nanocarriers. α-Toc in PI-liposomes was evidently less effective in DPPH
oxidation than in micelles and mixed micelles (Figure 7c), while α-Tt in all the PI-carriers
was not active in this respect (less than 10% of DPPH oxidation). PI-liposomes containing
PC-8 showed more than 80% oxidation of DPPH, which was 3 times as high as in the case
of α-Toc and more than 8 times as high as for α-Tt (Figure 7c). PC-8 antioxidant activity
was lower in PI-mixed micelles than in liposomes, but the extent of DPPH oxidation was
even higher than that observed for α-Toc. The antioxidant activity of α-TP in liposomes
was very low and did not change according to the lipid used (data not shown). In order to
check the tocochromanol antioxidant activity in nanocarriers, which lack phospholipids,
the antioxidants under investigation were incorporated into niosomes. We observed a
similar effect for α-Toc and PC-8, while α-Tt activity was more than 2-fold lower (Figure 8).
In the niosomal system, α-TP was not active (data not shown).
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Figure 7. DPPH radical scavenging activity of α-Toc, α-Tt, and PC-8 incorporated into different
nanocarriers: liposomes, mixed micelles, and micelles prepared from different soy lipids: (a) phos-
phatidylcholine (lecithin; PC), (b) phosphatidylglycerol (PG), and (c) phosphatidylinositol (PI) The
data are means ± SEM (n = 3). Asterisks indicate statistically significant differences (* p < 0.05,
** p < 0.01, *** p < 0.001; one-way ANOVA followed by Tukey’s post hoc test).

Figure 8. DPPH radical scavenging activity of α-Toc, α-Tt, α-TP, and PC-8 incorporated into niosomes.
The data are means ± SEM (n = 3). Asterisks indicate statistically significant differences (*** p < 0.001;
one-way ANOVA followed by Tukey’s post hoc test).
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2.5. Effect of Tocochromanols against H2O2-Induced Damage in RA-SH-SY5Y Cells

As the effect of tocochromanols against H2O2-induced damage in RA-SH-SY5Y cells
has been not investigated before, in the present study the neuroprotective potential of the to-
cochromanols under investigation (0.5–60 µM) after H2O2 (0.5 mM)-induced RA-SH-SY5Y
cells damage was estimated using the LDH release assay and MTT reduction test. Twenty-
four hours of treatment with tocochromanols at concentrations up to 60 µM did not bring
about any detrimental effect on RA-SH-SY5Y cells. Without the tocochromanols, H2O2
increased LDH release by c. 150% and reduced cell viability by 30–40%.

Among Tocs, δ-Toc showed the highest protective effect (LDH test—5 µM, p = 0.001087;
10 µM, p = 0.000906; 20 µM, p = 0.000093; 40 µM, p = 0.000026; MTT test—5 µM, p = 0.02087;
10 µM, p = 0.01826; 20 µM, p = 0.01608; 40 µM, p = 0.01017) followed by γ-Toc (LDH test—
10 µM, p = 0.04151; 20 µM, p = 0.00903; MTT test—10 µM, p = 0.020596; 20 µM, p = 0.010527)
(Figure 9). β-Toc showed a significant inhibitory effect on H2O2-induced LDH release at
two higher concentrations (20 µM, p = 0.000242 and 40 µM, p = 0.000090) and α-Toc evoked
neuroprotective activity only at a concentration of 20 µM (p = 0.002458).

Figure 9. Effect of Tocs against H2O2-induced damage in RA-SH-SY5Y cells. The cells were pre-treated
for 30 min with different ranges of Tocs concentrations (0.5–20 µM) and PC-8 (1–20 µM). Then, 24 h after
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H2O2-induced damage (0.5 mM), the cell toxicity by LDH release assay (left panel) and cell viability
by MTT reduction assay (right panel) were measured. Data after normalization to control cells (100%)
are presented as the mean ± SEM from 2–4 independent experiments with 5 replicates. All group
means were compared by a two-way ANOVA test followed by Duncan’s post hoc test. * p < 0.05
versus control culture and # p < 0.05 versus H2O2-treated cells.

In these tests, Tts were more active as neuroprotectants than Tocs. The strongest
inhibitory effect on H2O2-induced LDH release showed δ-Tt (1 µM, p = 0.009720; 5 µM,
p = 0.000101; 10 µM, p = 0.007160), followed by γ-Tt (5 µM, p = 0.00431; 10 µM, p = 0.03092;
20 µM, p = 0.03562) and α-Tt (10 µM, p = 0.00028; 20 µM, p = 0.00056) (Figure 10). δ-Tt
significantly reduced LDH release even at the lowest concentration tested (1 µM). Similarly,
PC-8 (1 µM, p = 0.000192; 5 µM, p = 0.006290; 10 µM, p = 0.000162; 20 µM, p = 0.000032)
showed strong inhibitory effects on H2O2-induced LDH release. The protective effect of
all these compounds (α-Tt—5 µM, p = 0.001005; 10 µM, p = 0.005042; 20 µM, p = 0.038810;
γ-Tt—10 µM, p = 0.0.04064; 20 µM, p = 0.0358; δ-Tt—5 µM, p = 0.043505; and PC-8—1 µM,
p = 0.000738; 10 µM, p = 0.000803; 20 µM, p = 0.000166) was confirmed by cell viability assay
(Figure 10). The water-soluble α-TP showed significant concentration-dependent protective
effects, inhibiting H2O2-induced LDH release (10 µM, p = 0.000065; 20 µM, p = 0.000046;
40 µM, p = 0.033781; 60 µM, p = 0.021434) and decrease in cell viability (10 µM, p = 0.001053;
20 µM, p = 0.001334; 40 µM, p = 0.002822; 60 µM, p = 0.01189) (Figure 11). The most effective
protective activity was found by α-TP at the lowest concentration examined (10 µM).
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Figure 10. Effect of α, γ, δ-Tt, and PC-8 against H2O2-induced damage in RA-SH-SY5Y cells. The cells
were pre-treated for 30 min with different ranges of Tts concentrations (0.5–20 µM) and PC-8 (1–20
µM). Then, 24 h after H2O2-induced damage (0.5 mM), the cell toxicity by LDH release assay (left
panel) and cell viability by MTT reduction assay (right panel) were measured. Data after normalization
to control cells (100%) are presented as the mean ± SEM from 2–4 independent experiments with five
replicates. All group means were compared by a two-way ANOVA test followed by Duncan’s post
hoc test. * p < 0.05 versus control culture and # p < 0.05 versus H2O2-treated cells.

Figure 10. Cont.
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µM). Then, 24 h after H2O2-induced damage (0.5 mM), the cell toxicity by LDH release assay (left
panel) and cell viability by MTT reduction assay (right panel) were measured. Data after normalization
to control cells (100%) are presented as the mean ± SEM from 2–4 independent experiments with five
replicates. All group means were compared by a two-way ANOVA test followed by Duncan’s post
hoc test. * p < 0.05 versus control culture and # p < 0.05 versus H2O2-treated cells.

Figure 10. Effect of α, γ, δ-Tt, and PC-8 against H2O2-induced damage in RA-SH-SY5Y cells. The
cells were pre-treated for 30 min with different ranges of Tts concentrations (0.5–20 µM) and PC-8
(1–20 µM). Then, 24 h after H2O2-induced damage (0.5 mM), the cell toxicity by LDH release assay (left
panel) and cell viability by MTT reduction assay (right panel) were measured. Data after normalization
to control cells (100%) are presented as the mean ± SEM from 2–4 independent experiments with five
replicates. All group means were compared by a two-way ANOVA test followed by Duncan’s post
hoc test. * p < 0.05 versus control culture and # p < 0.05 versus H2O2-treated cells.

Figure 11. Effect of α-TP against H2O2-induced RA-SH-SY5Y cells damage. The cells were incubated
with α-TP (10–60 µM) and H2O2 (0.5 mM) for 24 h, followed by measurement of cell toxicity by LDH
release assay (left panel) and cell viability by MTT reduction assay (right panel). Data after normaliza-
tion to control cells (100%) are presented as the mean ± SEM from 2–4 independent experiments with
five replicates. All group means were compared by a two-way ANOVA test followed by Duncan’s
post hoc test. * p < 0.05 versus control culture and # p < 0.05 versus H2O2-treated cells.

3. Discussion
3.1. Free Radical-Initiated Lipid Peroxidation

This is the first comparative study where the antioxidant activity of all the Toc and
Tt homologues, along with PC-8, was measured in liposomes. Two azo-initiators, the hy-
drophobic AMVN and hydrophilic AIPH, were used to examine the sites of the antioxidant
action of the tocochromanols. Among all the tocochromanols studied to date, vitamin E
(Tocs and Tts) are the lipophilic antioxidants that have been examined the most thoroughly.
Our results showed that the corresponding tocochromanol homologues display similar
activity in the inhibition of lipid peroxidation generated both in the lipid and water phases.
This indicates that the localization of the head group of the tocochromanol within the
membrane is crucial for the antioxidant effects. The head group of Tocs is supposed to
reside closer to the membrane interface, while that of Tts, which have an unsaturated side
chain, are localized deeper in the membrane. The highest inhibitory effect was observed
for δ-tocochromanols (Figures 2 and 4), followed by γ- and β-homologues. It has previ-
ously been shown that γ-Toc is less active than α-Toc in hydrogen donation, so it reacts
less effectively with free radicals [53]. Moreover, hydrogen donation capacity depends
on the chromanol group structure [53], which is in agreement with our study, where we
observed the following relation in free radical scavenging activity: δ > γ = β > α. It is
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possible that the oxidation products of β-, γ-, and δ-Toc could also play an antioxidant role,
whereas α-tocopherol quinone (α-TQ), the oxidation product of α-Toc, is ineffective against
free radicals [19]. Overall, the results suggest that in our experimental setup, Tocs, apart
from the α-form, play a significant role in membrane lipids protection. Our results are in
agreement with a study conducted previously [54]. The authors showed that individual
Tts displayed different antioxidant potency in rat liver microsomal membranes, as well as
in RAT-1 immortalized fibroblasts. The most effective homologue was δ-Tt, followed by
γ- and α-homologues. This effect was explained by the lowest number of methyl groups
among Tts in δ-Tt molecules, which allows them to be easily incorporated into the mem-
brane. Differences in the chemical structure of the tocochromanols under investigation
have an impact on the size of the liposomes. Those with unsaturated homologues were
slightly larger (Figure 6). In general, the effect of tocochromanols on particle size is small
because their shape is very close to cylindrical. A similar effect was observed by Massey
and Pownall [55] in model human high-density lipoproteins loaded with α-Toc.

PC-8 differs from the other tocochromanols in terms of its longer prenyl side-chain,
which has more double bonds. At the same concentration, the inhibitory effect of PC-8 was
considerably more pronounced than that of α-Toc, both in AMVN and AIPH-generated lipid
peroxidation (Figures 3 and 5). A study on FeAox-6, a synthetic form of the α-homologue
of vitamin E with four conjugated double bonds in the prenyl side-chain, showed even
better antioxidant potency than that of all the Tts under investigation [54]. Thus, the
higher hydrophobicity of PC-8 could result in a more uniform distribution of its molecules
within the cell membrane, as well as higher mobility. Taken together, our results clearly
indicate that structural differences in the tocochromanols under examination lead to their
different locations in the membrane, as well as to different protection mechanisms of free
radical-initiated lipid peroxidation in plant lipid liposomes.

The most unexpected and novel finding of our study is that α-Toc and α-Tt are the
poorest antioxidants among the investigated tocochromanols in liposomes when lipid
peroxidation is initiated both in the lipid and water phase. Although the majority of the
previous literature data indicate α-Toc is the most active among the homologues in the
inhibition of lipid peroxidation, it should be realized that the antioxidant activity depends
on several factors, such as the model system used, lipid composition of the membrane,
antioxidant concentration, and lipid initiator used. It should also be taken into account
that under natural conditions, tocochromanol radicals, formed during the antioxidant
reaction, are recycled by ascorbate, although the efficiency of this process in vivo is an open
question [56].

3.2. Antioxidant Activity of Tocochromanols in Nanocarriers

It has been shown many times that the nature of liposomes strongly influences the
behavior of incorporated molecules [57–60]. Depending on the model lipids used, the to-
cochromanols under investigation displayed different activities. All the antioxidants were
more active in liposomes, followed by mixed micelles and micelles (Figure 7). Among the
lipids tested, most of the tocochromanols loaded in PG-liposomes were active. Higher an-
tioxidant activity in PC-liposomes was observed for α-homologues, whereas PI-liposomes
containing PC-8 were much more active than the other tocochromanols examined. There
are many reports showing the effect of tocopherols in pure lipid systems [19,46,61]. It is
clear that tocochromanols exert serious effects on lipid membrane properties, such as phase
behavior and lipid dynamics. In general, the presence of α-Toc in phospholipid bilayers
decreases the motional freedom of the lipid fatty acyl chains in the liquid-crystalline state,
which is the predominant state of lipids in biological membranes under physiological
conditions. On the other hand, in membranes made from non-bilayer lipids, such as phos-
phatidylethanolamine, non-bilayer structures such as hexagonal II phases are promoted
by the presence of α-Toc [62]. The general features of the location and orientation of α-Toc
in phospholipid bilayers are also reproduced in the few atomistic molecular dynamics
(MD) simulations. Leng et al. [63] revealed that high disorder increases the probability that
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a polyunsaturated chain will come into close proximity with the hydroxyl group of the
chromanol head group that resides at the surface of the bilayer. Additionally, they observed
the fast flip-flop movement of α-Toc, which suggests that the hydroxyl group can also
easily penetrate into the interior of a polyunsaturated membrane to intercept lipid peroxyl
radicals. This scheme could also be true of the other tocochromanols. Several studies have
suggested that α-Toc forms a complex with unsaturated fatty acids, in which a chromanol
ring is mainly involved [64,65]. In a complex with linoleic acid, a hydrogen bond links the
carboxyl of the fatty acid and the hydroxyl of the Toc molecule, while the double bonds of
the fatty acid conform a complementary structure to the methyl groups on the chromanol
moiety [66]. Atkinson et al. [67] hypothesized that α-Toc preferentially incorporates into
PUFA-rich domains, which are the most susceptible to oxidation. This indicates that the
distribution of tocochromanols within biological membranes is not uniform. Taking into
account chromanol head group involvement in such a complex formation, the effect of the
other homologues would be different. It may be that the stability of the lipid–tocochromanol
complex of γ- or δ-form is lower, which facilitates their higher mobility within the bilayer.
These kinds of interaction would depend not only on the numbers of methyl groups in the
chromanol ring, but also on the type of membrane lipids/phospholipids.

On the basis of several biophysical techniques, it was found that PI causes packing
defects and allows deeper water penetration into the DMPC bilayer [68]. The orientation of
the head group of PI in the model membrane has been shown to project perpendicularly
from the membrane surface into the aqueous environment, and this allows maximum
hydration of the inositol ring [69]. The surface area of this highly hydrated head group is
expected to be larger than the cross-section area of the acyl chains, and this might result
in looser packing of the acyl chains as compared to the lipids with matching head groups
and an acyl chain cross-section area [68]. Altering both hydrophilic and hydrophobic inter-
actions in membranes allows deeper penetration of water, as well as of other biologically
active molecules, i.e., proteins [70]. It is worth noting that PI has biological implications in
tocopherol metabolism in the human body. Kono et al. [71] showed that interactions with
phosphoinositides are also critical for the α-tocopherol transfer protein (α-TTP) function
by mediating the binding of α-TTP to PI(3,4)P2 or PI(4,5)P2 in the membrane. Indeed,
they observed the direct exchange of PI(4,5)P2 for tocopherol upon incubation of α-TTP
with lipid vesicles in vitro. Recently, Chung et al. [72] have shown that the presence of
5-phosphoinositides at the plasma membrane is essential for the α-TTP-mediated transport
of α-Toc.

The results of this study suggest that tocochromanol–lipid interactions strongly in-
fluence the antioxidant activity of vitamin E and depend on the type of membrane lipids.
On the other hand, the presence of the tocochromanols influences the properties of the
membrane itself. In this context, tocochromanols could fulfill non-antioxidant functions.
As natural components of lipid membranes, they strongly influence the bilayer structure
and dynamics and thus can modulate the membrane-dependent processes, such as enzyme
activity, signaling cascades, active and passive transport, or gene expression.

3.3. Neuroprotective Activity of Tocochromanols

The human SH-SY5Y cell line is a widely used cellular model system for studying the
neurotoxic and neuroprotective effects of the compounds under investigation [4,47–49]. In
these studies, we used the neuronally differentiated SH-SY5Y cells as a screening platform
to test the neuroprotective effects of tocochromanols. It should be emphasized that neuro-
protective effects of tocochromanols against H2O2-induced damage in SH-SY5Y cells has
been not reported in the literature so far.

Using LDH release and MTT reduction assays, we found that Tts, especially δ-Tt and
γ-Tt, were considerably more active than Tocs in the model of oxidative stress-evoked cell
damage. Moreover, PC-8 was as active as δ-Tt in inhibiting H2O2-induced LDH release.
Both compounds showed protective effects at the lowest concentration tested (1 µM). The
other analogue of Tocs that was investigated, α-TP, effectively inhibited H2O2-induced
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detrimental changes in cell viability but at higher concentrations. The neuroprotective
activity of the tocochromanols under investigation correlated with their antioxidant activity
in liposomes, indicating that the mechanism of protective activity in these compounds
consists of protecting cellular membranes against oxidative damage. We are aware of the
limitation of our research, which was carried out with only one damaging factor H2O2.
Nevertheless, relying on the available literature, which shows that the protective effect
of vitamin E was also observed in many other models, in which the damage was caused
by various factors, we can strongly suggest the beneficial potential of vitamin E in the
differentiated SH-SY5Y cells. Among others, in the in vitro exposure of murine cerebellar
granule cells (CGCs) to neurotoxic damage associated with a variety of metals [73], Tocs
and Tts showed a protective effect on CGCs migration against MeHg toxicity. Moreover, in
rat PC12 cells, vitamin E (α-Toc) suppressed metal-induced cell damage [74]. Furthermore,
the effects of vitamin E (Tts reach fraction and α-Toc) in protecting astrocytes against
glutamate injury acted as a potent antioxidant agent in recovering mitochondrial injury due
to elevated oxidative stress [75]. The neuroprotective effects of vitamin E, especially those
of tocotrienols, have also been well documented in many other in vitro and in vivo stud-
ies [31–37,76]. Thus, based on the available results, it seems legitimate to infer a protective
effect of vitamin E expressed in the reduction of the release of LDH induced by H2O2. Our
results indicate a promising application of certain tocochromanols in the pharmacological
treatment of neurodegenerative diseases, although this issue requires further study, e.g., in
different model systems. In this respect, the application of optimal tocochromanol-carrying
structures, such as liposomes, micelles, mixed micelles, and niosomes, might be critical.

4. Materials and Methods
4.1. Materials

Tocopherol standards of high purity (α-99.9%, β-99.5%, γ-99.5%, δ-99.9%) were pur-
chased from Merck (Darmstadt, Germany), while Tt standards (purity of 99.5%) were
obtained from Calbiochem. α-TP was purchased from Sigma Aldrich (Darmstadt, Ger-
many). The PC-8 standard was purified from linseed oil [61]. The chloroplast lipids, namely
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), and sulpho-
quinovosyldiacylglycerol (SQDG), were obtained from Lipid Products (Surrey, England),
while soy-derived lipids, phosphatidylcholine (PC), phosphatidylglycerol (PG), and phos-
phatidylinositol (PI), came from Avanti Polar Lipids Inc. (Alabaster, Alabama, US). Choles-
terol, sodium cholate, and Tween 60 was obtained from Merck Millipore (Sigma Aldrich,
(Darmstadt, Germany). 2,2′-Azobis [2-(2-imidazolin-2-yl)propane] dihydrochloride (AIPH)
came from TCI Chemicals (Tokyo, Japan), while 2,2′-azobis(2,4-dimethylvaleronitrile)
(AMVN) and DPPH were obtained from Sigma Aldrich (Darmstadt, Germany). Solvents
used for high-performance liquid chromatography (HPLC) were of HPLC-grade purity
and were purchased from Chemland (Stargrad Sz., Poland).

4.2. Methods
4.2.1. Lipid Peroxidation of Tocochromanol-Containing Liposomes

Lipid peroxidation was initiated in the water phase by AIPH and in the lipid bilayer by
AMVN. In these experiments liposomes were prepared from a mixture of chloroplast lipids
MGDG/DGDG/SQDG/PG, 4:2:1:1 (mol/mol), respectively. In those experiments where
lipid peroxidation was initiated with AIPH, the stock solution of each tocochromanol in
ethanol was mixed with an appropriate volume of 20 mM chloroplast lipids in ethanol and
injected into 25 mM HEPES buffer (Sigma Aldrich, Darmstadt, Germany) (pH 6.5), followed
by the addition of AIPH in water. The final concentration of tocochromanols and chloroplast
lipids was 50 µM and 0.5 mM, respectively, and that of AIPH was 100 µM (for Tocs and
Tts) or 250 µM (for PC-8 and α-TP). When lipid peroxidation was initiated by AMVN, a
tocochromanol was mixed with ethanol solutions of chloroplast lipids and AMVN. Then,
the mixture was injected into 25 mM HEPES buffer (pH 6.5). The final concentration of
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a tocochromanol and chloroplast lipids was 50 µM and 0.5 mM, respectively, and that of
AMVN was 100 µM (for Tocs and Tts) or 250 µM (for PC-8 and α-TP).

The liposome suspensions were incubated at 37 ◦C. During incubation, samples were
taken at 0, 2, and 4 h in the case of AMVN-initiated lipid peroxidation, and at 0, 0.5, and
1 h in the case of AIPH-initiated lipid peroxidation. Afterwards, 300 µL of each sample was
extracted with 600 µL of ethyl acetate via vigorous vortexing in an Eppendorf tube and
centrifuged using an Eppendorf mini-centrifuge (2000× g × 2 min). Next, 400 µL of the
organic upper phase was evaporated under stream nitrogen and dissolved in 130 µL of
HPLC eluent. The progress of the peroxidation was followed by taking measurements of
the level of lipid peroxides and tocochromanols by HPLC.

4.2.2. HPLC Analysis

The lipid peroxides were analyzed in acetonitrile/methanol/water (72:8:1, v/v) at a
flow rate of 1.5 mL/min and absorbance was detected at 234 nm, using a reverse-phase
C18 column (5 µm, 25 cm × 0.4 cm) (MZ-Analysentechnik, Mainz, Germany). The Toc and
Tt were analyzed in acetonitrile/methanol/water (72:8:1, v/v), whereas PC-8 was analyzed
in methanol/hexane (340:20, v/v), all at a flow rate of 1.5 mL/min and with fluorescence
detection (λex = 290 nm, λem = 330 nm).

4.2.3. Dynamic Light Scattering (DLS) Measurements

The particle size of the chloroplast lipid liposomes with incorporated tocochromanols
was determined using a Malvern Zetasizer Nano S (Malvern Instruments, Worcestershire,
UK) particle size analyzer. Each sample was measured five times and the results were
expressed as the average value.

4.2.4. Preparation of Tocochromanol-Containing Nanocarriers

In order to prepare liposomes, a stock solution of tocochromanol in ethanol was
mixed with ethanol (PC, PG) or an ethanol/chloroform (1:1, v/v) (PI) solution of soybean
lipids. In the case where an ethanol/chloroform solution of PI was used, the solvents were
evaporated before the next steps. Then, the appropriate volume of water was added, and
the mixture was shaken using a laboratory vortex (Omni Inc., Atlanta, GA, USA) for 2 min,
incubated at 37 ◦C for 30 min, shaken again (2 min), and centrifuged (10,000× g × 3 min)
using a benchtop centrifuge (Eppendorf, Hamburg, Germany). The final concentration of
tocochromanol and lipids was 50 µM and 0.5 mm, respectively.

To prepare mixed micelles and micelles, the procedure described by Zhang and
Wang [77] was used, with some modifications. To prepare the micelles, a solution of sodium
cholate was added to the suspension of tocochromanol and soybean lipids prepared as
described above. The samples were incubated for 30 min at room temperature before
the measurements. The final concentration of sodium cholate in the mixed micelles and
micelles was 10 mM and 30 mM, respectively.

Niosomes were prepared by mixing a stock solution of a tocochromanol in ethanol
with a solution of cholesterol in ethanol/chloroform (1:1, v/v) and Tween 60 in ethanol. The
mixture was incubated at 45 ◦C for 15 min and evaporated under a stream of nitrogen to
obtain the lipid film. Then, the lipid film was vortexed in 1 mL of water for 2 min followed
by centrifugation (10,000× g × 3 min). The final concentration of cholesterol and Tween 60
was 10 mg/mL and that of tocochromanols was 50 µM.

4.2.5. DPPH Scavenging Assay

The antioxidant activity of the tocochromanol-containing nanocarriers was determined
using DPPH scavenging assay. Briefly, 0.5 mL of nanocarrier was mixed with 0.5 mL
of ethanol solution of DPPH (0.2 mM) and vortexed for a short time (15 s). Then, the
mixture was incubated at room temperature for 30 min in the dark and the absorbance was
measured at 529 nm, using a Bio Cary UV-VIS spectrophotometer (Varian Inc., Santa Clara,
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CA, USA). The DPPH radical scavenging activity was calculated according to the following
equation [77]:

DPPH oxidation (%) =
(A0 −A1)

A0
·100%, (1)

where A0 is absorbance of the control and A1 is absorbance of the sample after 30 min
of incubation.

4.2.6. SH-SY5Y Cell Culture and Treatment

Indication of the source of the cell lines: SH-SY5Y cell line from American Type Culture
Collection (ATCC), catalog number CRL-2266.

Human neuroblastoma SH-SY5Y cells (ATCC) were grown in Dulbecco’s modified
Eagle medium (DMEM) (Gibco) supplemented with a 10% heat-inactivated fetal bovine
serum (FBS), 100 units/mL of penicillin, and 100 µg/mL of streptomycin (Sigma, USA,
Darmstadt, Germany), and kept in a humidified atmosphere of 5% CO2/95% O2 at 37 ◦C
as described earlier [78]. After reaching 80% confluence, the cells were seeded onto 96-well
plates at a density of 2.5 × 104 cells per well. To obtain differentiated cells (RA-SH-SY5Y),
the cells were cultured in a medium supplemented with retinoic acid (RA, 10 µM) for 6 days.
On the 7th day, the culture medium was replaced with DMEM containing antibiotics and
1% FBS. The cells were pre-treated for 30 min with the tocochromanols (0.5–60 µM) under
investigation followed by 24 h exposure to H2O2 (0.5 mM). The neuroprotective potential
of tocochromanols in the model of oxidative stress-evoked cell damage was quantified
using the lactate dehydrogenase (LDH) release assay and MTT reduction test. The effective
concentrations of H2O2 (0.5 mM) were established in our previous study, where this factor
caused a reduction in SH-SY5Y cell viability of about 50% (MTT reduction assay) [78].
Tocochromanols stock solution (2 mM) was prepared in ethanol and was stored at −20 ◦C.
The final dilutions of tocochromanols were prepared in a mixture of ethanol and distilled
water. The control cells were treated with the same volume of an appropriate vehicle and
the solvent was present in cultures at a final concentration of 0.1%.

4.2.7. Cell Viability Assay

Cells viability was quantified using the MTT reduction test based on the enzyme-
dependent conversion of a yellow tetrazolium salt to a colored formazan product, the concen-
tration of which is proportional to the number of viable cells. MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide) was added to each well (at a final concentration
of 0.15 mg/mL) 24 h after H2O2 treatment and incubated for 1 h at 37 ◦C. The formazan
crystals were dissolved with 0.1 N HCl in isopropanol. The absorbance was measured at
570 nm in a 96-well plate-reader (Infinite® M200 PRO, Tecan, Zurich, Switzerland). The
data were normalized to the absorbance in the control cells (100%) and expressed as a
percentage of the control cells ± SEM established from 2–4 independent experiments with
five replicates.

4.2.8. Cell Death Assessment

In order to estimate cell death, the level of lactate dehydrogenase (LDH) released from
damaged cells into culture media was quantified as described previously [78]. The intensity
of the red color formed in the assay (Cytotoxicity Detection Kit, Roche Basel, Switzerland)
was measured at a wavelength of 490 nm and the absorbance of blanks, determined as no-
enzyme control, was subtracted from each value. The data were normalized to the amount
of LDH released from the control cells (100%) and are presented as the mean ± SEM from
2–4 independent experiments with five replicates.

4.2.9. Statistical Analysis

All results are expressed as the mean ± SEM. The data were analyzed using MS Office
Excel 2016 and Origin 8.6 (OriginLab, Northampton, MA, USA). One-way or two-way anal-
ysis of variance (ANOVA) with Tukey’s or Duncan’s post hoc tests was used to determine
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significant differences between means (Statistica 13.3; TIBCO Software Inc., Palo Alto, CA,
USA); p values below 0.05 were considered statistically significant.
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