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Abstract

Tocopherol vitamers [e.g., alpha-, gamma- and delta-tocopherol (α-TOC, γ-TOC and δ-TOC, respectively)] and their water-soluble 2,2′-
carboxyethyl hydroxychroman metabolites (e.g., α-, γ- and δ-CEHC) all possess antioxidant properties. As a consequence, and similarly to
other natural antioxidants, vitamin E compounds may be useful in preventing inflammatory and oxidative-stress-mediated diseases. In this
study, we investigated the concentration-dependent effect of tocopherols and water-soluble metabolites on a key event in oxidative stress, for
example, the oxidative burst in neutrophils. It was found that not only α-TOC but also γ-TOC and δ-TOC as well as α-, γ- and δ-CEHC at
physiological concentrations inhibit superoxide anion (O2

•−) production in phorbol-ester-stimulated neutrophils. This effect was mediated by
the inhibition of the translocation and activation of protein kinase C (PKC) enzyme, which is the key event in the phorbol-ester signaling.
Importantly, CEHCs were stronger inhibitors of PKC as compared with the vitamer precursors, and the gamma forms of both tocopherol and
CEHC showed the highest inhibitory activities. Tocopherols, but not CEHCs, directly inhibit the fully activated nicotine–adenine–
dinucleotide phosphate (NADPH) oxidase. However, none of the test compounds was able to directly scavenge O2

•− when tested in a cell-free
system. In conclusion, vitamin E compounds can control the neutrophil oxidative burst through the negative modulation of PKC-related
signaling and NADPH oxidase activity. As an original finding, we observed that CEHC metabolites might contribute to regulate PKC activity
in these cells. These results may have important implications in the anti-inflammatory and antioxidant role of vitamin E compounds.
© 2008 Elsevier Inc. All rights reserved.
Keywords: Vitamin E; Tocopherols; CEHC; Neutrophils; Protein kinase C; NADPH oxidase; Xanthine oxidase
1. Introduction

Vitamin E, since its discovery as one of the most important
naturally occurring lipophilic antioxidants, was recognized to
possess a number of biological functions that may justify its
use in prevention and therapy of chronic-degenerative
diseases associated with inflammation and aging, such as
atherosclerosis, cardiovascular diseases or immune dysfunc-
tion [1]. This background has been supported by several
observational and epidemiological studies, which almost
exclusively investigated the alpha homologue of tocopherols
(α-TOC) [1,2]. It is a chain-breaking antioxidant commonly
reported to physiologically protect polyunsaturated lipids in
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cell membranes and lipoproteins from injury induced by
reactive oxygen species (ROS).

However, vitamin E can also exert an important
antioxidant role through the control of inflammatory cell
activation such as neutrophils and monocytes, which are
important sources of ROS such as superoxide anion (O2

•−)
and hydrogen peroxide [3,4]. In these processes, the
antioxidant activity of α-TOC is mainly due to the inhibition
of protein kinase C (PKC) enzyme activity, which controls,
among them, thyrosine phosphorylation-dependent signaling
[5] and O2

•− production [6] in inflammatory cells. However,
during the past few years, increasing evidence has suggested
that not only α-TOC but also gamma-tocopherol (γ-TOC)
can exert significant antioxidant activity and other intriguing
biological functions, which have increased the general
interest of the scientific community on this hypomethylated
form [7–9]. Thus, the common and long-lasting belief that it

http://dx.doi.org/10.1016/j.jnutbio.2007.05.002


Fig. 1. Structure of tocopherols and 2,2′-carboxyethyl hydroxychromans.
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could be of minor importance as compared with the alpha
form because of its being less effective in some bioactivity
tests and less abundant in some tissues has been overcome,
and now, several lines of evidence suggest that it may play a
role in preventing some oxidative-stress-mediated conditions
[10–12]. γ-TOC was found to be a more potent anti-
inflammatory agent as compared with α-TOC [11,12], and
under some experimental circumstances, not only γ-TOC but
also delta-tocopherol (δ-TOC) proved to be superior to the
well-characterized α-TOC as a lipid antioxidant [13].

Recently, it was demonstrated that the water-soluble
metabolites 2,2′-carboxyethyl hydroxychromans (α-CEHC,
γ-CEHC and δ-CEHC), which are formed during the hepatic
catabolism of tocopherols and tocotrienols, retain the
scavenging function of peroxyl radicals and the inhibitory
effect against peroxynitrite-mediated tyrosine nitration
[14,15]. Moreover, CEHCs can inhibit not only the
proliferation of some human cancer cell lines via down-
regulation of cyclin-related signaling [16,17] but also
inflammatory pathways [18].

However, the effect of γ-TOC and δ-TOC as well as their
water-soluble CEHC metabolites on PKC activity and O2

•−

formation in neutrophils remains unexplored, leading to the
hypothesis that other vitamin E compounds might contribute
to the overall antioxidant-dependent protective role of
α-TOC. Previously, we observed that γ-TOC can inhibit
total PKC activity more effectively than α-TOC in C6
murine glioma cells [17]. To explain how just a small
structural difference could produce such biological differ-
ence, recent studies carried out by our group on other
antioxidants have confirmed that even a small change in the
molecular structure of the test compounds can markedly
affect their in vitro antioxidant properties, and the magnitude
of this structure–activity relationship strongly depended on
which kind of oxidative stress route or type of initiator is
examined [15,19,20].

In this study, we investigated the effect of tocopherol
vitamers (α-TOC, γ-TOC and δ-TOC) and their water-
soluble metabolites (α-CEHC, γ-CEHC and δ-CEHC) on
the oxidative burst response of phorbol–myristate–acetate
(PMA)-stimulated human neutrophils. This was assessed by
measuring O2

•− formation, nicotine–adenine–dinucleotide
phosphate (NADPH) oxidase activity and PKC activity and
translocation. The antioxidant potency of the test compounds
was also compared by assessing their ability to inhibit
xanthine oxidase activity and to scavenge O2

•− radicals.

2. Materials and methods

2.1. Chemicals

Cytochrome c (Type IV); xanthine; xanthine oxidase;
Histopaque 1077; Hanks' Balanced Salt Solution (HBSS);
α-, γ- and δ-tocopherol; dimethyl sulfoxide (DMSO);
reduced NADPH; and PMA were from Sigma (St. Louis,
MO, USA). CEHCs were a kind gift to Dr. Galli by Eisai
Co., Japan. Stock and working solutions of tocopherols and
their water-soluble metabolites were prepared in DMSO to
achieve appropriate final concentrations in the reaction
mixtures. All controls and test samples contained the same
volume of DMSO (≤0.1%). The structure of tocopherols and
water-soluble metabolites is presented on Fig. 1.

2.2. Neutrophil separation

Neutrophils were separated from fresh heparinized blood
of 15 healthy volunteers after an overnight fasting according
to the method of Boyum [21] using Histopaque 1077 gradient
density centrifugation. None of the healthy volunteers was a
smoker or was supplemented by vitamin E, but they had to
have a sufficient dietary intake of vitamin E as assessed by a
72-h recall of diet (avarage α-TOC content in diet was 6–
12 mg/day). Neutrophil purity over 95% and viability greater
than 95% were ascertained by microscopic examination
using Giemsa staining and trypan blue exclusion test,
respectively. All volunteers gave their informed consent to
participate in the study, which followed the guidelines of the
Ethical Committee of the University of Debrecen.

2.3. Determination of tocopherol incorporation rate
in neutrophils

Three milliliters of 1×106 cells/ml neutrophils was
resuspended in HBSS (Sigma) containing 0.137 M NaCl,
5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4,
1.3 mM CaCl2, 1.0 mM MgSO4, 4.2 mM NaHCO3

and 10 mM glucose. Cell suspension was incubated with
individual tocopherols at 37°C in a humidified CO2

incubator. Final compound concentrations in the cell media
were set in order to simulate physiological condition in
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human plasma (α-TOC: 25 μmol/L, γ-TOC: 4 μmol/L,
δ-TOC: 1 μmol/L) [16]. After 20, 40 and 60 min of
incubation, 1 ml of cell suspension was removed and
centrifuged (5 min, 500×g, 4°C). The cell pellet was washed
once with ice-cold phosphate buffer (pH 7.4). Thus,
tocopherols were extracted by the addition of 1 vol of
ethanol/methanol (1:1 v/v) and 10 vol of n-hexane. The
organic layer was collected and evaporated under a stream of
N2. The dried samples were resuspended in methanol.
Samples were injected into an HPLC apparatus (Hitachi-
Merck) coupled to a fluorescence detector (F1050) set at
292 nm for excitation and 325 nm for emission [22].
Compounds were identified by spiking the samples with
known amounts of individual pure tocopherols, which were
used also to calibrate the assay. Three independent experi-
ments were performed in duplicate for each test compound.

2.4. Assay of superoxide generation

The production of O2
•− was assessed spectrophotome-

trically by measuring the reduction of cytochrome c with the
methods of Babior et al. [23], as published in detail
previously [24]. Briefly, the cells, resuspended in HBSS,
were preincubated with various concentrations of test
molecules (α-TOC: 10–50 μmol/L, γ-TOC: 0.1–4 μmol/L,
δ-TOC: 0.1–4 μmol/L, α-CEHC: 0.05–5 μmol/L, γ-CEHC:
0.05–5 μmol/L, δ-TOC: 0.05–5 μmol/L) for 30 min at 37°C
and then were stimulated with PMA at the final concentra-
tion of 10−7 M. Cytochrome c reduction was monitored at
550 nm with baseline correction at 492 nm. Each experiment
was run in triplicate. The results were expressed as %
inhibition in O2

•− production by controls using the following
equation: % inhibition=(As/Ac−As)×100, where Ac is the
absorbance in controls and As is the absorbance in samples.
Results are expressed as mean±S.D. of five independent
experiments. All experiments were run in triplicate.

2.5. PKC activity in the cytosol

This activity was determined in the cytosol of PMA-
activated neutrophils as previously published [25] using an
ELISA kit (Calbiochem-Novabiochem Co., San Diego, CA,
USA). Cell-free cytosol samples were prepared from a
suspension of 5×106 cells/ml after 30 min preincubation with
test compounds at 37°C in HBSS. Afterward, neutrophils
were stimulated with PMA at 10−7 M for 3 min at 37°C.
Until this point, test compounds were present in the
incubation media. The reaction was stopped by the addition
of 10 vol of ice-cold phosphate buffer. After centrifugation,
cells were resuspended in sample preparation buffer (50 mM
Tris–HCl, 50 mM β-mercaptoethanol, 10 mM EGTA, 5 mM
EDTA, 1 mM PMSF, 10 mM benzamidine, pH 7.5) and
disrupted by three cycles of freezing in liquid nitrogen
(1 min) and thawing at room temperature. The cell lysate was
centrifuged (13,000×g for 1 h at 4°C), and the supernatant
was used immediately to determine PKC activity. The
assay was performed in the reaction mixture containing
25 mM Tris–HCl (pH 7.0), 0.3 mM MgCl2, 0.1 mM
ATP, 2 mM CaCl2, 50 μg/ml phosphatidylserine, 0.5 mM
EDTA, 1 mM EGTA and 5 mM β-mercaptoethanol in final
concentrations. Protein content in the cytosol was deter-
mined using the method of Lowry et al. [26]. Results were
expressed as ratio to control, for example, optical density per
milligram of protein in samples compared to optical density
per milligram of protein in PMA control. All experiments
were performed in duplicate using neutrophils from three
different donors.

2.6. NADPH oxidase activity

NADPH oxidase activity was determined in the cell-free
system, for example, in PMA-stimulated neutrophil lysates
[25,27]. Fully activated NADPH oxidase was prepared in
intact cell suspensions in HBSS (1×107 cells/ml) after
stimulation with PMA (10−7 M) for 3 min at 37°C. Thus,
the cells were disrupted and kept on ice until use.
Tocopherols and their water-soluble metabolites were
added to the cell lysate at the final concentrations indicated
and incubated for 10 min at room temperature. The reaction
was started by the addition of NADPH. Enzymatic activity
was determined by measuring cytochrome c reduction rate
at 550 nm for 5 min with correction of baseline absorbance
of 492 nm. NADPH oxidase activity was calculated as the
difference of optical density per minute, and final data were
expressed as % inhibition using the following equation: %
inhibition=(δVs/δVc−δVs)×100, where δVc is the reduction
rate of cytochrome c in control and δVs is the reduction rate of
cytochrome c in samples. All experiments were performed in
triplicate using neutrophils of five different subjects.

2.7. Xanthine oxidase inhibition and superoxide
anion scavenging

Xanthine oxidase activity was determined by monitoring
uric acid formation at 295 nm for 3 min at room temperature
[28]. The reaction mixture contained xanthine as substrate
(at a final concentration of 60 μM) and xanthine oxidase
(0.044U/ml) in the presence and the absence of test molecules
at the concentrations shown. The reaction was started by the
addition of xanthine oxidase, and uric acid formation was
followed for 3min. Inhibition of xanthine oxidase activity was
calculated, for example, as the percentage of total uric acid
formed per minute in test samples with respect to control
samples. In another series of experiments, cytochrome c
(100 μmol/L) was also added to the reaction mixture, and its
reduction rate was followed. Results were compared to
inhibition of uric acid formation. Three independent experi-
ments were performed in triplicate for each test compound.

2.8. Statistical analysis

Data were expressed as means±S.D. Differences
between the results obtained in test and control samples
were assessed using the paired Student's t test or the
ANOVA test for nonparametric data. Pb.05 was considered
significantly different.
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3. Results

An aspect that is yet to be characterized, the uptake rate of
tocopherols in neutrophils was determined in a preliminary
experiment (Fig. 2). Results showed that a plateau in the
concentration of the incorporated tocopherols was achieved
between 20 and 40 min of incubation. During this time,
neutrophils incorporated individual tocopherols with different
efficacies. In the case of α-TOC, 25% of the vitamer added to
the culture media was incorporated into the cells, while this
value increased to 50% and 100% in the case of γ-TOC and
δ-TOC, respectively. At steady state, supplemented cells did
not show any significant decrease in viability. Based on this,
30 min of preincubation was considered to be sufficient to
achieve maximal cell concentrations of tocopherols, and it
was used in all experiments with intact neutrophils.

The concentration-dependent effect of tocopherols and
their water-soluble CEHC metabolites on PMA-induced O2

•−

production is shown in Panels A and B of Fig. 3,
respectively. All tocopherols and CEHC metabolites inhib-
ited O2

•− production in PMA-stimulated human neutrophils,
although to different extents. Importantly, all compounds
produced maximal in vitro inhibitory effect at concentrations
close to physiological ones in human serum. However, we
also observed that cells isolated from the blood of one
subject who had elevated plasma levels of α-TOC
(49.1 μmol/L) responded up to threefold higher superoxide
anion production than cells of subjects with normal plasma
α-TOC levels (∼30 μmol/L), when they were exposed with
40 and 50 μmol/L extracellular α-TOC (110% vs. 43±4.6%
and 130% vs. 40±5.8%, respectively), suggesting that at
given circumstances, α-TOC might behave as a pro-oxidant,
at least in vitro.

Since phorbol ester develops its effect through direct
activation of PKC [29–31], we assessed the changes in the
activity of this enzyme in neutrophils preincubated with
vitamin E compounds. All vitamin E compounds inhibited
PKC activity, and this inhibition reached a peak near the
physiological concentrations of tocopherols and CEHC
metabolites (Fig. 3C and D, respectively). In detail, maximal
Fig. 2. Time course of in vitro uptake of tocopherols by neutrophils
supplemented with their physiological concentrations. Cell samples (1×106

cells/ml) were incubated with tocopherols (α-TOC: 25 μmol/L, γ-TOC:
4 μmol/L, δ-TOC: 1 μmol/L). After the time indicated, one portion of the
cells was removed and tocopherol content was determined as described in
Section 2. Data were mean±S.D. of three independent experiments.
inhibitory effects were observed for α-TOC near 25 μmol/L,
for γ-TOC between 2 and 3 μmol/L and for δ-TOC below
1 μmol/L (Fig. 3C). Between tocopherol homologues,
α-TOC was found to be the less potent inhibitor of PMA-
stimulated PKC activation. For all CEHCs, higher inhibitory
activity was observed at concentrations between 0.1 and
0.3 μmol/L, although δ-CEHC showed weaker inhibitory
activity as compared with the other CEHC homologues,
particularly γ-CEHC (Fig. 2D). Importantly, among the
entire groups of test compounds, gamma homologues
showed the highest inhibitory activity on PKC translocation.

Given that O2
•− production in stimulated neutrophils is

due to NADPH oxidase activity, the direct effect of
tocopherols and CEHC metabolites on the activity of this
enzyme was also examined. All tocopherols inhibited
NADPH oxidase activity in the lysate of PMA-stimulated
neutrophils, with IC50 values of 24.5 μmol/L for α-TOC,
8.9 μmol/L for γ-TOC and 2.9 μmol/L for δ-TOC (Fig. 3E).
On the contrary, CEHC metabolites did not inhibit NADPH
oxidase activity; rather, they produced a slight pro-oxidant
effect at the highest concentrations assessed (Fig. 3F).

To explore whether the direct O2
•− scavenging properties of

test compoundsmay influence their effect onNADPHoxidase
activity, we investigated it using the xanthine/xanthine
oxidase reaction system, which produces O2

•− and uric acid
in equimolar ratio. We found that tocopherols inhibited uric
acid formation through the activity of xanthine oxidase with
similar IC50 values (∼28 μmol/L). In contrast, none of the
CEHC metabolites produced a significant inhibitory effect.
Furthermore, neither tocopherols (Fig. 4A) nor their water-
soluble metabolites (Fig. 4B) showed O2

•− scavenging
properties when tested by measuring cytochrome c reduction
rate in the xanthine/xanthine oxidase system. Accordingly
with the effect observed on NADPH oxidase activity, in the
case of CEHC metabolites, a slight increase in cytochrome c
reduction was observed when they were used at concentra-
tions higher than physiological ones (Fig. 4B).

Finally, the strong correlation between O2
•− production

and the remaining PKC activity in the cytosol, found in intact
cells exposed to physiological concentrations of tocopherols
and CEHC metabolites (Fig. 5), suggests that the different
effects of tocopherols and CEHC metabolites on activated
NADPH oxidase did not dominate in physiological circum-
stances, for example, in intact neutrophils. Thus, inhibition
in O2

•− production has to be considered essentially as a
consequence of PKC inhibition.
4. Discussion

α-TOC is known to inhibit PKC activity in a wide
variety of cells [32–34] including neutrophils [5,6,35]. In
human neutrophils, the activation and translocation of PKC
from its inactive form found in the cytosol to the cell
membrane are key events in phorbol-ester-induced signaling
and are required to induce O2

•− production [36]. However,



Fig. 3. Concentration-dependent effect of tocopherols (left panels) and CEHCs (right panels) on superoxide anion production (A and B), PKC activity in the
cytosol measured as residual activity (C and D) and NADPH oxidase activity measured in cell lysate (E and F) in PMA-stimulated human neutrophils. Cells were
treated as described in Section 2. Results were expressed as mean±S.D. of at least five independent experiments. All determination was performed in triplicate.
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in this context, a comparative analysis considering the
effect of hypomethylated tocopherols (namely, γ-TOC and
δ-TOC) and water-soluble CEHC metabolites is missing,
although it could be of relevance in understanding the
overall anti-inflammatory and antioxidant properties of
vitamin E compounds.

In this study, we showed that all tocopherols and CEHCs
inhibited PMA-stimulated O2

•− production via inhibition of
PKC activity. Different homologues produced different
degrees of inhibition, and importantly, physiological plasma
concentrations of CEHC homologues (low micromolar
range) produced a higher inhibition of PKC enzyme
translocation and activity — and, as a consequence, of cell
O2
•− production — than physiological concentrations of the

corresponding tocopherol precursors (micromolar range).
These findings seem to go in the same direction of previous
studies showing that even if supplemented in the extra-
cellular milieu, CEHCs can interact with cell signaling



Fig. 4. Concentration-dependent effect of tocopherols (A) and CEHCs (B)
on xanthine oxidase activity. Xanthine oxidase activity was determined
using xanthine as substrate in the presence of the given concentration of
tocopherols and their metabolites. Uric acid formation was followed at
295 nm for 3 min at room temperature (filled squares). Cytochrome c
reduction showing superoxide anion formation was followed at 550 nm
using 492 nm for baseline correction (open squares). Results are expressed
as mean±S.D. of three independent experiments.

ig. 5. Relationship between superoxide anion production and the remaining
KC activity in phorbol-ester-stimulated neutrophils after preincubation
ith a physiologically relevant concentration of tocopherols and CEHC
etabolites. Results are expressed as mean±S.D. of three independent
xperiments.
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pathways, ultimately influencing key metabolic processes
such as cell cycle, differentiation, inflammation and oxygen
metabolism [14–18,37].

Another key finding of this study was the observation of
the superiority of gamma forms (i.e., γ-TOC and γ-CEHC)
as inhibitors of neutrophil PKC activation in comparison
with their alpha counterparts. An aspect that may
explain this result is the different uptake of individual
forms and their possible interaction with cell membrane
components, which can affect PKC activation. In agree-
ment with previous findings obtained in other types of cells
[15,38–40], neutrophils incorporated all tocopherols, but
γ-TOC and δ-TOC are taken up to a greater extent (50%
and 100% of the respective vitamer added to the
extracellular milieu) than α-TOC (25%), and intracellular
concentrations of all tocopherols in supplemented cells
were between 1 and 4 μmol/L. Moreover, the fact that the
methylation pattern of gamma conformation may directly
or indirectly interact with PKC cannot be ruled out. This
mechanism was proposed in the case of the inhibition of
COX-2 activity in inflammatory cells and in the control of
PPARγ of colon cancer cells by tocopherols (reviewed in
Refs. [18,40]).

It is well known that NADPH oxidase plays a key role in
the oxidative burst of stimulated neutrophils since it is the
enzyme that catalyzes the one-electron reduction of O2 to
O2
•−. NADPH oxidase is dormant in resting cells because its

components are divided between the cytosol and the
membrane. Following neutrophil activation, cytosolic com-
ponents (p40phox, p47phox and p67phox) translocate and
join the membrane-bound part of the enzyme to form the
fully functional form [41,42]. NADPH oxidases are the main
source of O2

•− production not only in circulation but also in
the arterial wall. A correlation between enzyme activity and
mRNA expression and between conventional risk factors
and severity of atherosclerosis was observed [43–46]. At the
same time, several natural occurring antioxidants, which
include also α-TOC, exert a direct inhibitory effect on fully
activated NADPH oxidase in cell lysates of PMA-stimulated
neutrophils [19,20,25,47,48]. Accordingly, we also observed
that all the tocopherols inhibit the activated NADPH oxidase
in those conditions, and likely because of their effect
on PKC, hypomethylated forms were more effective than
α-TOC. Since NADPH oxidase was assessed in cell lysate
after its activation by PMA in intact cells, it can be supposed
that vitamin E compounds can counteract with the catalytic
site and not prevent the assembly of enzyme subunits.
Another possibility might be that vitamin E molecules
inhibit or modify activation or binding of Rac GTPase,
which is another factor essential for O2

•− production by
NADPH oxidase [49] together with the assembly of
cytosolic phox proteins.

However, CEHCs did not inhibit cell lysate NADPH
oxidase activity. Rather, they seem to activate the enzyme,
suggesting that the presence of the phytyl chain on the
chroman ring is essential for direct inhibition of NADPH
oxidase enzyme activity. When the direct scavenging of O2

•−

by tocopherols and CEHCs was tested using the xanthine/
xanthine oxidase system, it was found as expected [50] that
none of the test molecules can be an effective O2

•− scavenger.
Xanthine oxidase catalyzes the oxidation of hypoxanthine to
xanthine and then to uric acid. During reoxidation of xanthine
oxidase, molecular oxygen acts as an electron acceptor, thus
leading to O2

•− production [50]. As a consequence, this
enzyme was reported to be involved in the pathogenesis of
F
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w
m
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some oxidative-stress-mediated conditions, particularly in
the endothelium after ischemia–reperfusion [51,52]. α-TOC
[53] and many other natural compounds [19,20,25,28,54] are
known to be in vitro inhibitors of xanthine oxidase enzyme,
and this may have clinical relevance, especially with this
enzyme activity being elevated in some conditions such as
viral hepatitis infection [55] and acute myocardial infarction
[56]. Accordingly, we showed that tocopherols (α-TOC,
γ-TOC and δ-TOC) inhibit the activity of this enzyme (e.g.,
uric acid formation). However, and similar to the case of
NADPH oxidase, the water-soluble metabolites did not affect
the activity of this enzyme.

These data strongly suggest that a reduced O2
•− produc-

tion by tocopherols and CEHCs in intact neutrophils mostly
occurs through the control of their metabolic activation via
inhibition of the first step of PMA signaling, which is the
activation of PKC, while direct inhibition of main ROS-
generating enzymes such as NADPH oxidase and xanthine
oxidase might play a secondary role.

Finally, the preliminary observation that neutrophils of a
subject with high plasma concentration of α-TOC (near
50 μmol/L) responded by enhanced O2

•− production when
they were exposed with high levels of α-TOC could lead to
the hypothesis that, at least, in vitro α-TOC might act as a
pro-oxidant when its cellular concentrations surpass a certain
threshold. This observation is in accordance with the
findings of Kontush et al. [57], who also found that
α-TOC behaves as a pro-oxidant in isolated LDL containing
high α-TOC when oxidation was induced either with a low
concentration of copper or with AAPH [57]. They
hypothesized that it might be due to the prolonged residence
of α-tocopheroxyl radical, which results in the pro-oxidant
activity of α-TOC [57]. However, additional experiments are
warranted to explain the pro-oxidant role of high α-TOC
level in cells and biological fluids.

In conclusion, tocopherols and CEHC metabolites, when
tested at extracellular concentrations resembling those found
in human plasma, exerted a hypostimulatory effect on PMA-
induced oxidative burst of human neutrophils. This effect
correlated with the inhibition of PKC translocation and
activity. The inhibitory potency of the different test
compounds varied according to the degree of methylation
of the chroman ring with the gamma forms as the most
effective inhibitors. The fact that CEHC metabolites are as
effective as, if not more potent than, their vitamer precursors
suggests that the presence of the phytyl chain does not
influence PKC-related signaling and metabolic activation of
neutrophils. Individual properties of vitamin E compounds
differ as concerns the direct activity inhibition of O2

•−

generating enzymes, NADPH oxidase and xanthine oxidase,
tested under cell-free conditions. In this case, tocopherols but
not CEHC metabolites were effective inhibitors. The control
of PKC signaling, which is coupled with metabolic
activation and O2

•− production in neutrophils, may represent
a key underlying mechanism for the antioxidant activity of
vitamers and metabolites of the vitamin E family.
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