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Ultra high-speed liquid chromatography (LC) has become increasingly popular in analytical research
fields. This analytical system provides fast and efficient chromatographic separation over a wide range
of flow rate and pressure. In this study, we applied an ultra high-speed LC system to monitor the reac-
tion of a-, y-, and &-tocopherols with active nitrogen species. By using an ultra high-speed LC system
equipped with a photo-diode array detector, short time analysis and detection of a wide range of reaction

products were accomplished efficiently. The analysis time of tocopherol and its major oxidation prod-
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ucts were greatly shortened compared to conventional HPLC methods (more than 10 times). The ultra
reversed-phase LC was demonstrated to be as a powerful tool for monitoring rapid oxidation reactions
of tocopherols with active nitrogen species.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitric oxide (NO) is one of the biological radicals, and has many
physiological roles in signal transduction, vascular function, and
neurological function [1-3]. It can be readily converted to a vari-
ety of reactive nitrogen species, such as dinitrogen trioxide (N,03),
nitrogen dioxide (NO,) and the peroxynitrite anion (ONOO~) by
a reaction with oxygen and/or other active oxygen species. These
reactive nitrogen species have been shown to cause a serious
damage to the body, such as inflammation, diabetes, and neu-
rodegenerative disorders (ALS or Alzheimer’s disease) [4-6]. To
defend the living system from reactive nitrogen species, some
kinds of vitamins such as vitamin C and vitamin E, and one of
co-enzymes, ubiquinol, take an important role as antioxidant com-
pounds. Among these essential materials, vitamin E (tocopherol)
is a representative antioxidant that works as an effective chain-
breaking agent in cell membranes [7]. It contributes to membrane
stability and defends the living body against various diseases
and aging caused by oxidative stress induced by reactive nitro-
gen and reactive oxygen species [8]. There are eight isomers of
tocopherols. They are a-, 3-, y- and 8-tocopherol, and a-, -, y-
and &-tocotrienol, each of which has different biological activities.
As a radical scavenger, y-tocopherol (y-Toc) is the most effec-
tive in these vitamin E isomers [9,10]. Furthermore, Saldeen and
coworkers investigated the effects of a-tocopherol (a-Toc) alone
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and a mixed tocopherol (-, y-, and 8-Toc) on hydrogen peroxide-
induced lipid peroxidation in human erythrocytes [11]. As a result,
it was shown that the coexistence of a-, y-, and 8-Toc increased the
antioxidant activity compared to that of a-Toc alone. Recently, due
to the popularity of health-consciousness and anti-aging, vitamin
E-related products, such as supplements have been consumed in
daily life. However, the efficacy of some products as antioxidants is
unknown [12], and itis required to analyze the bioactivities of these
antioxidants and their reaction products produced via their oxida-
tion. Monitoring the whole reaction process of tocopherol oxidation
has seldom been studied, although some qualitative analyses have
been reported [13]. Because tocopherol and its oxidative products
have various polarities, it takes a long analysis time for their simul-
taneous analysis by conventional HPLC (up to 40 min in the case of
succinyl tocopheroate [14] and 50 min for tocopherol [13]). Based
on this background, we have studied an efficient analytical method
for monitoring the time-dependent changes of tocopherol and its
oxidized product concentrations using ultra high-speed HPLC anal-
ysis.

An ultra-high speed liquid chromatography has become increas-
ingly popular in the research field of HPLC [15-18]. An ultra
high-speed chromatographic system enables us to perform fast and
efficient separation over an expansive range of flow rate and pres-
sure. This performance was achieved by using a smaller particle size
of column packing, which has been applied to the high-throughput
screening other than ultra high-speed LC. In general, conventional
HPLC separation has been performed on columns packed with 5 wm
particles. However, conventional HPLC requires a long analysis
time and a large amount of solvents. In the case of ultra high-
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Fig. 1. Chemical structures of various types of tocopherols (a), a-tocopheryl quinone («-TQ) (b) and 3-(4-morpholinyl)sydnonimine hydrochloride (SIN-1) (c).
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Fig. 2. Typical chromatograms of 8-Toc (1), y-Toc (2) and a-Toc (3) obtained by the conventional HPLC system (a) and by an ultra high-speed HPLC system (b) with gradient
elution. HPLC condition (a): column: LaChrom Ultra C18 (4.6 mmi.d. x 150 mm, 5 pm), flow rate: 1.0 mL/min, column temperature: 30 °C, UV detection: 290 nm, mobile phase:
(A) MeCN-H,O0 (4:1, v/v), (B) MeCN-diethyl ether (2:3, v/v), gradient condition: 0% (B) up to 100% (B) over the 50 min and 100% (B) isocratic over 50-55 min. HPLC condition
(b): column: LaChrom Ultra C18 (2.0 mm i.d. x 50 mm, 2 pm), flow rate: 1.0 mL/min, column temperature: 30°C, UV detection: 290 nm, mobile phase: (A) MeCN-H,O (4:1,
v/v), (B) MeCN-diethyl ether (2:3, v/v), gradient condition: 0% (B) up to 100% (B) over the 5 min. Concentration of tocopherols: 0.5 mM a-Toc, 0.5 mM y-Toc, 0.5 mM 3-Toc.

speed LC systems, a column containing particles whose diameters
are equal to or less than 2 wm afford excellent chromatographic
efficiency at a higher flow rate. As a result, an increased analysis
speed and higher resolution are both possible by using the present
system.

We have been investigated anti-oxidative effects of toco-
pherol against reactive nitrogen species [19]. In this article, we
studied the high-speed analysis of the products obtained from
reaction of a-, y- and &-tocopherol with peroxynitrite. More
than a 10-fold reduction in the analysis time was observed with
good sensitivity in the analysis. Furthermore, we described the

application of the present chromatographic system to rapid mon-
itoring for the reaction process involving of the oxidation of
tocopherol.

2. Experimental
2.1. Materials and chemicals
a-, y- and d-Tocopherol (a-, y- and 8-Toc) were purchased

from Sigma-Aldrich Inc. a-Tocopheryl quinone (a-TQ) was pur-
chased from Wako Pure Chemical Industries (Osaka, Japan).

Table 1
Within- and between-day precision and accuracy of the quantitative analysis of tocopherols.
Actual Observed «-Toc RSD (%) Bias (%) Observed v-Toc RSD (%) Bias (%) Observed d-Toc RSD (%) Bias (%)
Concentration (mmol/L)
Within-day (n=6)
0.025 0.02762 0.74 9.5 0.02791 0.7 10.41 0.02782 1.00 10.13
0.05 0.05013 0.51 0.27 0.05134 0.39 2.61 0.05185 0.58 3.57
0.1 0.10210 0.22 2.06 0.10073 0.22 0.72 0.10197 0.29 1.93
0.2 0.19638 0.14 -1.84 0.19608 0.13 —-2.00 0.19635 0.16 -1.86
0.4 0.39562 0.08 -1.11 0.39661 0.08 -0.86 0.39664 0.09 -0.85
0.8 0.80274 0.05 0.34 0.80241 0.05 0.27 0.80214 0.05 0.27
Intra-day (n=6)
0.025 0.02815 0.74 9.5 0.02799 1.65 10.7 0.02781 1.29 10.1
0.2 0.19674 0.27 —-1.66 0.19672 0.18 -1.67 0.19758 0.77 -1.22
0.8 0.80232 0.05 0.29 0.80013 0.15 0.02 0.79959 0.25 -0.05
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Fig. 3. Monitoring of the reaction of a-Toc with SIN-1. 1mM (open triangle) and 10 mM (open circle) SIN-1 aqueous solution were used for choosing the optimal SIN-1
concentration. The solid and dotted lines represent the consumption of a-Toc and the formation of a-TQ, respectively (a). Oxidation reactions were carried out at four
different temperatures (25 °C: open triangle, 30°C: open circle, 37 °C: closed triangle, 40 °C: closed circle) (b).

3-(4-Morpholinyl)sydnonimine hydrochloride (SIN-1) was pur- sample. Acetonitrile (MeCN) and methanol (MeOH) were of HPLC
chased from DOJINDO (Kumamoto, Japan). 5-Nitro-y-tocopherol grade, and diethyl ether was the first grade obtained from Wako
(5-NGT) was isolated from the mixture, and purified by prepara- Pure Chemical Industries. All other reagents and solvents were of
tive TLC and preparative HPLC before being used as the standard analytical grade.
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Fig. 4. Rapid monitoring of the reaction of a-Toc with SIN-1 and the obtained chromatogram of UV detection at 268 nm (a) and PDA multichannel chromatograms from 200
to 400 nm [(b) 0 min, (c) 10 min and (d) 60 min]. HPLC condition: column: LaChrom Ultra C18 (2.0 mm i.d. x 50 mm, 2 um), flow rate: 1.0 mL/min, column temperature: 30°C,
mobile phase: (A) MeCN-H,O0 (4:1, v/v), (B) MeCN-diethyl ether (2:3, v/v), gradient condition: 0% (B) up to 100% (B) over the 5 min.
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Fig.5. Rapid monitoring of the reaction of coexistence mixtures of a-, y- and 8-Toc with SIN-1 and obtained chromatogram of UV detection at 268 nm (a) and PDA multichannel
chromatograms from 200 to 400 nm [(b) Omin, (c) 10 min and (d) 60 min]. HPLC condition: column: LaChrom Ultra C18 (2.0 mm i.d. x 50 mm, 2 um), flow rate: 1.0 mL/min,
column temperature: 30 °C, mobile phase: (A) MeCN-H,O0 (4:1, v/v), (B) MeCN-diethyl ether (2:3, v/v), gradient condition: 0% (B) up to 100% (B) over the 5min. 1: a-Toc, 2:
v-Toc, 3: 8-Toc, 4: a-TQ, 5: 5-NGT.

2.2. Standard solution 2.3. Ultra high-speed HPLC condition

Standard solution was prepared by dissolving 5 mmol of «- The ultra high-speed LC system utilized in this research was a
Toc, 5mmol of y-Toc, and 5mmol of 8-Toc to 5mL of CH3CN LaChrom Ultra system (Hitachi, Tokyo, Japan) consisting of an L-
(a, v, d-tocopherol mixed solution). The mixed solution was 2160 pump, capable of pumping 60 MPa, an L-2300 column oven, an
diluted to the various standard solutions (0.8, 0.4, 0.2, 0.1, 0.05, L-2400U UV detector, an L-2455U diode array detector, an L-2200U
0.025 mM). auto sampler, and the EZChrom Elite™ for a Hitachi chromatogra-

phy data system. A LaChrom Ultra C18 (2.0 mm i.d. x 50 mm, 2 jxm)
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Fig. 6. Time-depended existence rate of tocopherol in the reaction with SIN-1. Individual tocopherols (0.5 mM each concentration) (a), and coexistence mixtures of a-, y-
and 3-Toc (0.5 mM total concentration) (b) were reacted with SIN-1. a-Toc: closed circle, y-Toc: closed triangle, 8-Toc: open circle.
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was used at a flow rate of 1.0 mL/min. The column oven was set at
30°C and a mobile phase was used as a gradient mode, as follows:
mobile phase (A) was MeCN-H,O0 (4:1, v/v), mobile phase (B) was
MeCN-diethyl ether (2:3, v/v). The gradient ran from 0% (B) up to
100% (B) over a 5 min period. Thereafter, the gradient was returned
to the mobile phase (A) to prepare for the next run. The injection
volume was 2 pL. The reaction progress was monitored at 290 nm
and 268 nm.

2.4. Conventional HPLC condition

The conventional HPLC system utilized in this research was a
Hitachi LC system, which was composed of an L-6300 intelligent
pump, an L-7400 UV detector and a D-2000 Elite™ for the data sys-
tem. A SSC-2300 (Senshu Scientific Co. Ltd., Tokyo, Japan) column
ovenwas used at30°C.ALaChrom UltraC18 (4.6 mmi.d. x 150 mm,
5pum) was used at a flow rate of 1.0 mL/min. The mobile phase
was used as a gradient mode as follows: mobile phase (A) was
MeCN-H,0 (4:1), mobile phase (B) was MeCN-diethyl ether (2:3).
The gradient ran from 0% (B) up to 100% (B) over a period of 50 min
and 100% (B) isocratic over 50-55 min. Thereafter, the gradient was
returned to the mobile phase (A) to prepare for the next run. The
injection volume was 10 L.

2.5. General procedure of the reaction of tocopherols with
3-morpholinosydnomine (SIN-1)

The reaction was started with the addition of an SIN-1 aque-
ous solution to the tocopherol solution [MeCN-CH3CO,NH,4 (pH
7.4,20mM) (3:1, v/v)] in a screw vial equipped with a septum and
cap. Material sampling was carried out using a Hamilton gas-tight
syringe. The sample solutions were filtered through the Ekicrodisc®
13CR (0.2 pm, PTFE membrane, Japan Pall, Ibaragi, Japan) and
injected to an ultra high-speed HPLC system.

2.6. Optimization of the reaction condition

The reaction of SIN-1 and tocopherols was optimized while
varying the SIN-1 concentration and the reaction temperature.
Firstly,a 1 mM or 10 mM SIN-1 aqueous solution was added to the
0.5 mM a-Toc [MeCN-CH3CO,NHy4 (pH 7.4,20 mM) (3:1, v/v)] solu-
tion at room temperature. Material sampling was carried out after
starting the reaction from 0 to 120 min (0, 10, 20, 30, 60, 90 and
120 min). Secondly, a 10 mM SIN-1 aqueous solution was added to
the 0.5 mM a-Toc solution and reacted at various temperatures (25,
30, 37 and 40°C). Material sampling was carried out after starting
the reaction from 0 to 120 min (0, 10, 20, 30, 60, 90 and 120 min).

2.7. Reaction of SIN-1 with tocopherol

The reaction was started with the addition of a 10 mM SIN-1
aqueous solution to the 0.5 mM a-, y- or 8-Toc [MeCN-CH3CO,NH4
(pH 7.4,20 mM) (3:1, v/v)] solution at 37 °C. Material sampling was
carried out after starting the reaction from 0 to 240 min (0, 10, 20,
30, 60, 90, 120, 150, 180, 210 and 240 min).

The reaction of SIN-1 and a mixture of a-, y- and 8-Toc was
conducted as described above, except for the concentration of each
Toc was set as a 0.17 mM solution [MeCN-CH3CO,NH,4 (pH 7.4,
20mM) (3:1, v/v)]. Material sampling was carried out after starting
the reaction from 0to 120 min (0, 10, 20, 30,40, 60,90 and 120 min).

3. Results and discussion
3.1. Ultra high-speed analysis of tocopherols

Structures of tocopherols used in this research are shown in
Fig. 1. In order to monitor the reaction process of tocopherols and
reactive nitrogen species, short-time analysis was required because
this oxidation reaction occurs promptly and produces many kinds
of oxidants. Fig. 2 shows chromatograms of a-, y- and 8-Toc
obtained from the conventional HPLC method and the ultra high-
speed LC methods on smaller columns packed with 2 pm particles.
Under these analytical conditions, the flow rate and mobile-phase
composition were entirely the same, and only the particle size of
the column packing was different. The most obvious advantage
of using high-speed LC methods was a reduction in the separa-
tion time without reducing the separation efficiency. Concerning
the conventional method, it took more than 30 min to conduct
one analysis (8-Toc: 28.2 min, y-Toc: 30.3 min, a-Toc: 32.3 min).
On the contrary, it took only a 5 min analysis time for high-speed
LC methods (8-Toc: 2.5 min, y-Toc: 2.7 min, a-Toc: 2.9 min) and
accomplished reduction of the analysis time was to one-tenth. Ultra
high-speed HPLC had a possibility to monitor short-lived reaction
intermediates of tocopherols.

3.2. Calibration curves and precision

The peak areas were calculated on the chromatogram of each
product or the starting material at 268 nm or 290 nm. The lin-
ear relationship between the amounts of the compound and the
peak areas in the UV chromatogram were obtained between
0.025 mmol/L and 0.8 mmol/L (a-Toc, y-Toc, 8-Toc). In the case of
a-TQ, one-point determination was carried out using 0.5 mmol/L
concentration. These results were reproducible in all cases. The
linear relationship calculated between the peak area (y) and the
concentration (x mol/L) of each product (a-Toc, y-Toc, 8-Toc, a-TQ)
were as follows:

a-Toc (A=290nm); y=899,617x — 3.6363 x 103 R2=0.9999.
v-Toc (A =290 nm); y=946,885x +6.1232 x 102 R?=0.9999.
8-Toc (A=290nm); y=794,326x+1.410x 103 R?=0.9999.

a-TQ (A=268nm); y=3,325,997x  R?=1.0000.

The within- and between-day precision (RSD) calculated dur-
ing replicate assays (n=6) of tocopherols was less than 1.7%
over a wide range of concentrations (Table 1). The within- and
between-day bias assessed during the replicate assays for various
tocopherols varied between 0 and 3.6% except the data obtained at
0.025 mmol/L. The data indicated that the developed HPLC method
is reproducible and accurate.

3.3. Optimization of the oxidation reaction using SIN-1

Before monitoring the reaction with tocopherol and peroxyni-
trite, we studied the reaction conditions by varying the oxidant
concentration and reaction temperature.

We chose SIN-1 as a reactive nitrogen species-generating agent
(Fig. 1(c)). At physical or alkaline pH, SIN-1 undergoes rapid hydrol-
ysis to the ring-opened form from which the NO radical is released.
The activation of SIN-1 also produces the superoxide anion, which
combines with NO to produce the highly reactive peroxynitrite
anion [20]. Using a constant amount of a-Toc (0.5 mM), differ-
ent concentrations of SIN-1 aqueous solutions (1 mM or 10 mM)
were added, and temporal sampling from the reaction solution was
carried out. Fig. 3(a) shows the time-dependent decrease of the
a-Toc and increase of a-tocopheryl quinone («-TQ), which was a
major oxidation product, monitored by the ultra high-speed HPLC
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method. On 1 mM SIN-1 concentration, the temporal consumption
rate of a-Toc was moderate and a-Toc remained approximately
75% after 120 min. Under a high concentration of the SIN-1 condi-
tion, a-Toc rapidly decreased and remained 20% within 120 min. It
was obvious that the reaction rate of a-Toc increased with a higher
concentration of SIN-1. Thus, the use of a 10 mM concentration of
SIN-1 for the following reaction was decided. Next, to optimize
the reaction temperature, the reaction of a-Toc with SIN-1 was
conducted at different temperatures (25, 30, 37, 40°C) (Fig. 3(b)).
These results showed that the rising of the reaction temperature
accelerated the oxidation rate of a-Toc. Considering both the mea-
surement intervals and the monitoring time, the reaction condition
was decided as the SIN-1 concentration of 10 mM and reaction
temperature of 37 °C, respectively.

3.4. Monitoring of the reaction with tocopherol and SIN-1

As described above, the ultra high-speed HPLC conditions and
optimal reaction conditions were decided, thus we conducted HPLC
monitoring of the reaction with tocopherols and SIN-1. Firstly, we
carried out the reaction of individual tocopherol with SIN-1 and
monitored the consumption rate of each tocopherol. Fig. 4(a) shows
a typical chromatogram obtained from the reaction with a-Toc
and SIN-1, at UV 268 nm detection. a-Toc was consumed rapidly
after starting, and its peak became unobservable within 30 min.
In addition, a new product peak mainly appeared at a retention
time (tg) of 2.3 min. This product was identified as a-tocopheryl
quinone (a-TQ) by a agreement of the absorption spectrum and tg
on HPLC analysis of an a-TQ standard sample. a-TQ is well known
as the reaction product of oxidized a-Toc [21], and is considered
to be as an anti-oxidant agent, which collaborates with a-Toc. [22].
The wavelengths of the maximum absorption of tocopherols and
its derivative are often different, multiple wavelength detection
is considered to be useful for analyzing the qualitative analysis
of complicated oxidation reactions. For this reason, we applied a
photo-diode array (PDA) detector to monitor the reaction process
(Fig. 4(b)—(d)). The PDA detector covered the wavelength range
from 200 to 400 nm, and the signals of a-Toc and a-TQ were easily
detected in multichannel chromatograms. The reaction monitoring
of y- or 8-Toc analysis was carried out, and their time-consumption
curve is summarized in Fig. 6(a). In these results, the consumption
rate of a-Toc was fastest among all tocopherols. All of the reactions
were completed within 240 min.

Next, SIN-1 oxidation reaction was carried out using coexis-
tence mixtures of a-, y- and 3-Toc solutions (total tocopherol
concentration were of 0.5 mM). Fig. 5 shows the monitoring result
of three tocopherols and their reaction products. Many reaction
products were produced immediately after starting the reaction.
Concerning the parent tocopherols, though a- and y-Toc were
almost consumed, 8-Toc remained at least 5% after 120 min. Con-
currently, a-TQ (tg: 2.3 min) and 5-nitro-y-tocopherol (5-NGT, tg:
3.3 min), which were derived from a- and y-Toc, respectively, were
obviously detected. The time-dependent existence rate of each
tocopherol is summarized in Fig. 6(b). Compared with Fig. 6(a),
though the order of the consumption rate of tocopherols was the
same (a-Toc>vy-Toc>d-Toc), d-Toc each remained after 120 min,
despite that its concentration was one-third of that used in each
individual reaction. Because mixed tocopherols have a stronger
inhibitory effect on peroxidation than one tocopherol alone [11],
the obtained result suggested that long-life 3-Toc played a key role
in to such a phenomenon. A more detailed study of the reaction
mechanism of tocopherol and reactive nitrogen species is now in
progress in our laboratory.

In conclusion, we applied the ultra high-speed chromatographic
system to monitoring the reaction of tocopherol and SIN-1. Using
the ultra high-speed LC system equipped with a PDA detector, a

low dead-volume system configuration and the detection of a wide
range of analyte was accomplished. Moreover, one cycle analysis
time of tocopherol and its major oxidation product was greatly
shortened (by more than 10 times). We could trace the decreas-
ing of tocopherols and the generation of their oxidant product
efficiently, and could observe the consumption rate of a-, y- and
d-tocopherols. The ultra high-speed LC was found to be a powerful
tool for monitoring of rapid oxidation reaction of tocopherols and
its related antioxidant compounds. The applications of the present
system to more complicated reaction monitoring will appear in due
course.
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