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Abstract

A method of analysis of a Vitamin E derivatived-tocopheryl acid succinate (TS) in biological fluids and commercially available products
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s necessary to study the kinetics of in vitro and in vivo metabolism, tissue distribution, and content uniformity. A simple and ine
igh-performance liquid chromatographic method was developed for the direct determination ofd-tocopheryl acid succinate in commercia
vailable products, rat serum, and rat tissues. This method can also be applied to the determination of 15 Vitamin E derivatives
0.1 ml) was extracted with sodium dodecyl sulfate, ethanol, hexane, and then dried under nitrogen gas after addition of the intern
l-�-tocopherol acetate. Separation was achieved on a C18 column with UV detection at 205 nm. The calibration curve ford-tocopheryl acid
uccinate was linear ranging from 0.025 to 100�g/ml. The mean extraction efficiency was >92%. Precision of the assay was <5% (CV
as within 5% at the limit of quantitation (0.025�g/ml). Bias of the assay was lower than 5%, and was within 5% at the limit of quantit
he assay was applied successfully to the serum and tissue distribution ofd-tocopheryl acid succinate in rats, various Vitamin E derivat
nd content uniformity in commercially available products containingd-tocopheryl acid succinate.
2005 Elsevier B.V. All rights reserved.
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. Introduction

d-�-Tocopherol hydrogen succinate, also referred to asd-
ocopheryl acid succinate (TS), is a derivative of Vitamin E.
t has anti-oxidant properties and is being examined exper-
mentally for possible anti-cancer effects while being com-

ercially available as an over the counter medication[1,2].
e have previously published a sensitive, indirect, high-

erformance liquid chromatography (HPLC) method using
uorometric detection for the simultaneous determination of
he non-hydrolysable tocopherol succinate ether analog,d-
-tocopheroloxybutyric acid (TSE) and�-tocopherol in bio-

ogical specimens using fluorescence. Using this method, TS

∗ Corresponding author. Tel.: +509 335 4754; fax: +509 335 5902.
E-mail address:ndavies@wsu.edu (N.M. Davies).

can be indirectly quantified after hydrolysis of the succin
moiety as tocopherol[3].

It is probable that the pharmacokinetic disposition of
plays a critical role in the activity of TS, and its unique p
tective abilities are related to the tissue distribution of
The pharmacokinetic basis for the action and dispositio
TS has not been delineated and no pharmacokinetic
ies have previously been published in any species afte
parenteral administration. Interestingly, neither the Un
States government nor any other agency is routinely te
d-tocopheryl acid succinate supplements for their conten
quality. The lack of this basic pharmaceutical informatio
TS is in part due to a deficit of a simple validated and di
method of analysis of TS available in the literature.

To our knowledge, no study has been published chara
izing the separation ofd-tocopheryl acid succinate in pharm
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cokinetic studies, as there are no validated direct methods of
analysis ofd-tocopheryl acid succinate evaluating commer-
cially available products in the literature. There is, however,
a single abstract suggesting that the determination of TS is
possible in human plasma although assay details are incom-
plete, validation is lacking and tocopherol was not able to be
simultaneously quantified[4]. The present study describes
a simple, direct, isocratic, reversed-phase high-performance
liquid chromatography (HPLC) method for the determina-
tion of d-tocopheryl acid succinate and its application to rat
samples and content uniformity studies.

2. Experimental

2.1. Chemicals and reagents

d-Tocopheryl acid succinate, potassium hydroxide,dl-
�-tocopherol acetate, and tocopherol nicotinate were pur-
chased from Sigma Chemicals (St. Louis, MO, USA). HPLC
grade acetonitrile, 12 M hydrochloric acid, and HPLC wa-
ter were purchased from J.T. Baker (Phillipsburg, NJ, USA).
d-�-Tocopherol polyethylene glycol 1000 succinate was
a gift from Eastman Chemical Company (Kingsport, TN,
USA). l-Ascorbic acid, ethanol, hexane, and HPLC grade
methanol were purchased from Fisher (Fair Lawn, NJ,
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using Shimadzu EZ Start 7.1.1 SP1 software. The analyti-
cal column used was a (Jones chromatography) C18 column
(3.3 cm× 4.6 mm i.d., 3-�m particle size, Lakewood, CO,
USA). The mobile phase consisted of acetonitrile and water
(90:10, v/v), filtered and degassed under reduced pressure,
prior to use. Separation was carried out isocratically at ambi-
ent temperature (25± 1◦C), and a flow rate of 1.3 mL/min,
with ultraviolet (UV) detection at 205 nm.

2.3. Stock and working standard solutions

Ten milligrams ofd-tocopheryl acid succinate was ac-
curately weighed on an analytical balance AG245, Mettler
(Toledo, OH, USA) and dissolved with methanol in a 100-
mL volumetric flask to make a stock standard solution in
methanol with a concentration of 100�g/mL. A methanolic
stock solution of�-tocopherol acetate (internal standard) was
prepared similarly with a concentration of 100�g/mL. These
solutions were protected from light and stored at−20◦C be-
tween uses, for no longer than 3 months. Calibration stan-
dards in serum were prepared daily from the stock solution
of d-tocopheryl acid succinate by sequential dilution with
blank rat serum yielding a series of concentrations namely,
0.025, 0.05, 0.1, 1.0, 10.0, and 100.0�g/mL of each in the
three replicates.

Quality control (QC) samples were prepared (in a blinded
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SA). Sodium dodecyl sulfate (SDS) was purchased
ibco BRL (Grand Island, NY, USA).�-Tocopherol suc
inate,�-tocopherol 3-methyl succinate,�-tocopherol 2,2
imethyl glutarate,�-tocopherol glutamic acid,�-tocophero
,2-dimethyl succinate tris salt,�-tocopherol succinate tri
-tocopherol succinate-tris,d-alpha-tocopheroloxybutyr

ree-acid,�-tocopherol 2-methyl succinate and�-tocophero
ere synthesized by Dr. Doyle Smith, Virginia Comm
ealth University and provided by Dr. Fariss’s Laborat

UCHSC, Denver, CO).d-� Tocopherol, andd-�-tocophero
ndd-�-tocopherol were obtained from Cognis (LaGran

l, USA). d-Tocopheryl acid succinate tablets (Bronson N
ral Vitamin E 300 IU® Lindon, UT, USA) were purchase
n the open market through an on-line retailer. In a

ion tod-tocopheryl acid succinate, the composition of th
ablets include cellulose, stearic acid, silica, calcium silic
odium croscarmellose, talc, magnesium stearate, hy
propyl methylcellulose, maltodextrin, polyethylene glyc
echtin and sodium citrate. Rats were obtained from Ch
iver Laboratories (Wilmington, MA, USA). Ethics appro

or animal experiments was obtained from Washington S
niversity (Pullman, WA USA).

.2. Chromatographic system and conditions

The HPLC system utilized was a Shimadzu HPLC (
to, Japan), consisting of an LC-10AT VP pump, a S
0AF auto-injector, an SPD-M10A VP spectrophotom
ic diodearray detector, and an SCL-10A VP system
roller. Data collection and integration were accomplis
ashion) from the stock solution ofd-tocopheryl acid succ
ate by dilution with blank biological fluid to yield target co
entrations of 0.025, 10.0, and 100.0�g/ml. The QC sample
ere prepared independently from the calibration stand
nd divided into 0.1 mL aliquots in micro centrifuge tub
nd stored at−70◦C before use.

.4. Sample preparation

The working standards (50�L), samples (15–25�g for
issues or 100�L for serum), and 50�L of tocopherol ac
tate internal standard solution (�g/ml) were all added to
.9 mL polypropylene tube. Sodium dodecyl sulfate (S
.3 mL of 100 mM)/1%l-ascorbic acid in water, 0.45 m
thanol, and 0.8 mL of hexane were added to the sam

ubes. The solution was vortexed briefly after the add
f every solvent until the addition of hexane, after wh

he tubes were vortexed for 30 s (Vortex Genie-2, VWR
ntific, West Chester, PA, USA), and then centrifuge
3,000 rpm for 2 min (Beckman Microfuge centrifuge, Be
an Coulter Inc., Fullerton, CA, USA). The hexane layer
spirated, added to a new 1.9 mL tube, and dried down un
tream of nitrogen. The working standards and samples
ubsequently reconstituted in a volume ranging from 0
.0 mL in a 2.5% methanol/ascorbic acid solution, depen
n the projected tissue or serum concentrations, and 15�L
f the final product was injected into the HPLC system.
.5% methanol/ascorbic acid solution was made by dis

ng 2.5 g ascorbic acid in 100 mL methanol. Five tablets
ainingd-tocopheryl acid succinate were weighed and tr
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ferred to a mortar. They were ground and three portions of the
resulting powder, each equivalent to 10% of the total weight,
were dissolved in 1 L of water. The resultant was filtered,
and 1 mL of the filtrate was diluted to 2.5 mL with water.�-
Tocopherol acetate (internal standard) was added to 0.05 mL
of this solution. The mixture was evaporated to dryness and
reconstituted in 0.2 mL mobile phase. A 150�L (v/v) of the
eluted solution was injected into an isocratic HPLC system.

Approximately, 0.5 mg of each of the 15 TS derivatives,
listed in Section2.1, were dissolved in 0.2 mL mobile phase,
and 150�L of each solution was injected into the isocratic
HPLC system mentioned previously.

2.5. Precision and accuracy

The within-run precision and accuracy of the replicate as-
says (n= 6) were tested by using six different concentrations
of d-tocopheryl acid succinate, namely 0.025, 0.05, 0.1, 1.0,
10.0, and 100.0�g/mL. The between-run precision and ac-
curacy of the assays were estimated from the results of six
replicate assays of QC samples on six different days within
1 week. The precision was evaluated by the relative stan-
dard deviation (R.S.D.). The accuracy was estimated based
on the mean percentage error of measured concentration to
the actual concentration[5].

2

i-
c .0,
a ard
w alysis
( i-
n ove
c under
S ncy
w l
a o-
l y in
t ry of
d 92.2
t

2
d

te
w
s thout
b d
a

ti-
t tor
w ples
o
S r and

Table 1
Tissue concentrations of T and TS, in PEG-400 after 48-h post-IV dose
administration in rats (n= 4, �g/g, mean± S.D.)

Tissue TS and T 48 h

TS T

Brain 0.003± 0.001 0.016± 0.003
Heart 0.071± 0.025 0.038± 0.001
Lung 0.218± 0.045 0.060± 0.006
Liver 0.625± 0.095 0.079± 0.010
Kidney 0.032± 0.008 0.028± 0.001

injected into HPLC system every 4 h, from 0 to 24 h at the
temperature of auto-injector (26± 1◦C).

2.8. Pharmacokinetics of TS in rat

Male Sprague–Dawley rats (200–250 g) were anaes-
thetized using halothane and a silastic catheter was cannu-
lated into the right jugular vein. Animals were placed in
metabolic cages, allowed to recover overnight and fasted for
12 h before dosing. On the day of experiments, animals were
dosed i.v. with TS (100 mg/kg) in polyethylene glycol 400.
Serial blood samples (0.25 ml) were collected at 0, 0.25, 0.5,
1, 2, 4, 6, 8, and 12 and 24 h. After each sample collection, the
cannula was flushed with 0.25 ml of saline. Following cen-
trifugation of the blood samples, the serum was transferred
to a new polypropylene tube and stored at−70◦C until ana-
lyzed using the current method for TS and a previous method
for tocopherol[3].

At 48-h post-dose, animals were anaesthetized with
sodium pentobarbital (60 mg/mL) via i.p. injection. Whole
blood was removed via a cardiac puncture using an 18-gauge
needle attached to a 5 mL syringe. Tissues were removed and
homogenized for analysis, as previously described (Table 1)
[5].

2.8.1. Pharmacokinetic analysis
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.6. Recovery

Recovery ford-tocopheryl acid succinate from biolog
al fluids was assessed (n= 6) at 0.025, 0.05, 0.1, 1.0, 10
nd 100.0�g/mL and the recovery of the internal stand
as evaluated at the concentration used in sample an

25�g/mL). A known amount ofd-tocopheryl acid succ
ate was spiked into 0.1 ml biological fluid to give the ab
oncentrations. The samples were treated as described
ection2.4, and analyzed by HPLC. The extraction efficie
as determined by comparing the peak areas ofd-tocophery
cid succinate to those ofd-tocopheryl acid succinate or s

utions of corresponding concentration injected directl
he HPLC system without extraction. The mean recove
-tocopheryl acid succinate from rat serum varied from

o 95.7 (Table 2).

.7. Freeze–thaw and bench-top stability of
-tocopheryl acid succinate samples

The freeze–thaw stability ofd-tocopheryl acid succina
as evaluated at 0.025, 10.0, and 100.0�g/mL, using QC
amples. These samples were analyzed in triplicate wi
eing frozen at first, and then stored at−70◦C and thawe
t room temperature (25± 1◦C) for three cycles.

The stability ofd-tocopheryl acid succinate in recons
uted extracts during run-time in the HPLC auto-injec
as investigated using the pooled extracts from QC sam
f three concentration levels 0.025, 10.0, and 100.0�g/mL.
amples were kept in the sample rack of the auto-injecto
The elimination rate constant (λn) was estimated by line
egression of the serum concentrations in the log-linea
inal phase. In order to estimate serum concentrationsC0)

mmediately after i.v. injection of TS, compartmental mod
ere fitted to the serum concentration versus time data
inNonlin® (version 1.0). The estimatedC0 was then used i

onjunction with the actual measured serum concentra
o determine the area under the serum concentration
urve (AUC). The AUC0−∞ was calculated using the co
ined log-linear trapezoidal rule for data from time of dos

o the last measured concentration, plus the quotient of th
easured concentration divided byλn. Non-compartmenta
harmacokinetic methods were used to calculate clea
CL) and volume of distribution (Vd) after i.v. dosing.

.8.2. Statistical analysis
Statistical analysis of the pharmacokinetic data was

ormed using Student’st-test for unpaired samples. Ap-value
f less than 0.05 was considered statistically significant.
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tistical analysis was performed using Microsoft Excel 97 (Mi-
crosoft, Redmond, WA). Summary data were expressed as
mean± standard deviation (S.D.).

2.9. Data analysis

Quantification was based on calibration curves con-
structed using peak area ratio (PAR) ofd-tocopheryl acid
succinate to internal standard, againstd-tocopheryl acid suc-
cinate concentrations using unweighted least squares linear
regression.

3. Results and discussion

3.1. Chromatography

Separation ofd-tocopheryl acid succinate and the internal
standard in biological fluids was achieved successfully. There
were no interfering peaks co-eluted with the compounds of in-
terest (Fig. 1). The retention time ofd-tocopheryl acid succi-
nate was approximately 12 min (Fig. 2). The internal standard
was eluted at approximately 28 min. Using this same mobile
phase composition and consitions, 15 other tocopherol and to-
copherol succinate derivatives could also be readily detected
(
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Fig. 2. Chromatogram of TS derivatives: TSPEG,�-tocopherol succinate,
�-tocopherol, tocopherol acetate, and�-tocopherol nicotinate, in respective
elution order.

Table 2
Tocopherol succinate derivatives and retention times (min)

�-Tocopheryl succinate 9.25
d-�-Tocopheryl polyethylene glycol 1000 succinate 9.26
�-Tocopherol succinate 9.80
�-Tocopherol succinate 11.00
�-Tocopherol succinate 12.00
�-Tocopherol glutarate 14.32
�-Tocopherol 2-methyl succinate 14.84
�-Tocopherol 3-methyl succinate 15.50
�-Tocopherol 2,2-dimethyl glutarate 18.52
�-Tocopherol 18.66
�-Tocopherol 2,2-dimethyl succinate 19.04
d-�-Tocopheryloxybutyric acid 19.05
�-Tocopherol acetate 28.03
�-Tocopheryl nicotinate 36.48

Fig. 3. Serum concentrations ofd-tocopheryl acid succinate 100 mg/kg, fol-
lowing the i.v. administration to rats (n= 4, mean± S.D.).
Table 2andFig. 3).
The performance of the HPLC assay was assessed

he following parameters, namely: peak shape and p
nterference from endogenous substances in biological
inearity, limit of quantitation (LOQ), freeze–thaw stabili
tability of reconstituted extracts, precision, accuracy,
ecovery. Various compositions of mobile phase were te
o achieve the best resolution ofd-tocopheryl acid succinat

There are no other validated assays directly quantif
-tocopheryl acid succinate in biological matrices publis

n the literature. The present assay is practical to use in
linical applications ofd-tocopheryl acid succinate whe
mall sample volumes are obtained and has been c
alidated to human plasma samples (unpublished obs
ions).

ig. 1. Representative chromatogram of rat serum containingd-tocophery
cid succinate (100�g/ml) and the internal standard (IS) 25�g/ml.
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Table 3
Within- and between-day precision and accuracy of the assay for Vitamin E succinate (TS) in rat plasma

Concentration (�g/ml) Within-day (n= 6) Between-day (α = 6)

Actual Observed RSD (%) Bias (%) Observed RSD (%) Bias (%)

0.025 0.024 4.5 −5.0 0.026 4.1 −3.9
0.05 0.049 3.6 −1.2 0.05 4.0 1.3
0.1 0.1 4.5 1.9 0.11 6.3 4.8
1 1.01 4.3 −4.7 1.02 5.8 −2.9

10 9.76 1.8 −3.8 10.00 3.9 1.4
100 101.0 2.4 2.1 100.3 2.6 2.2

3.2. Linearity and LOQ

Excellent linear relationships (r2 = 1) were demonstrated
between peak area ratio (PAR) ofd-tocopheryl acid succinate
to the internal standard and the corresponding serum con-
centrations ofd-tocopheryl acid succinate over a range of
0.025–100�g/mL. The mean regression-line from the val-
idation runs was described byd-tocopheryl acid succinate
(�g/mL) = 0.0074x+ 0.0033.

The LOQ of this assay was 25.0 ng/mL in biological fluids,
with the corresponding between day relative standard devia-
tion of 5.12% ford-tocopheryl acid succinate and a bias of
4.55%.

3.3. Precision, accuracy and recovery

The within- and between-run precision (R.S.D.) calcu-
lated during replicate assays (n= 6) ofd-tocopheryl acid suc-
cinate in rat serum was <5% over a wide range of concentra-
tions (Table 3). The intra- and inter-run bias assessed during
the replicate assays ford-tocopheryl acid succinate varied
between 1.3 and 5.0% (Table 3). These data indicated that
the developed HPLC method is reproducible and accurate.
The mean extraction efficiency ford-tocopheryl acid suc-
cinate from biological fluids varied from 92.2 to 95.7%. In
addition, the recovery of tocopherol acetate was 94.1% at
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for extracts ofd-tocopheryl acid succinate in biological flu-
ids of 0.025, 1.0, and 100.0�g/mL, respectively, during the
storage in the auto-injector at room temperature for 24 h.

3.5. Pharmacokinetics and tissue distribution in rat

The HPLC method has been applied to the determination
of d-tocopheryl acid succinate disposition in a rat. (Fig. 4).
Distribution ofd-tocopheryl acid succinate into tissues was
apparent, with the highest concentrations ofd-tocopheryl
acid succinate in liver and lung. As expected, baseline en-
dogenous concentrations of tocopherol were present in both
groups, with a net increase in tocopherol levels, occurring as
d-tocopheryl acid succinate was metabolized to tocopherol.
The tocopherol concentration slowly peaked in serum be-
tween 7- and 8-h post-dose, and exhibited a low clearance
rate. Intravenousd-tocopheryl acid succinate administration
also resulted in significant tocopherol distribution in all tis-
sues examined, which was especially abundant in the liver and
lung. These results suggest thatd-tocopheryl acid succinate
may be useful for the delivery of tocopherol andd-tocopheryl
acid succinate to the lung and liver for anti-oxidant and po-
tential anti-cancer activity[6].

F after
1
t

ts concentration used in the assay. High recovery from
ogical fluids suggested that there was negligible loss od-
ocopheryl acid succinate and tocopherol acetate durin
xtraction process. Additionally, the efficiencies of ext
ion of d-tocopheryl acid succinate and�-tocopherol aceta
ere comparable.

.4. Stability ofd-tocopheryl acid succinate samples

No significant degradation was detected after the sam
f d-tocopheryl acid succinate in biological fluids followi

hree freeze-thaw circles. The recoveries ofd-tocopheryl acid
uccinate were, respectively, from 98.5 to 99.7%, follow
hree freeze-thaw cycles ford-tocopheryl acid succinate Q
amples ofd-tocopheryl acid succinate or�-tocopherol ac
tate. There was no significant decomposition observed

he reconstituted extracts ofd-tocopheryl acid succinate we
tored in the auto-injector at room temperature for 24 h.
easurements were from 98.2 to 99.9% of the initial v
ig. 4. Chromatogram of 100 mg/kg IV dose of TS in rat serum
2 h; compounds in respective elution order are�-tocopherol succinate,�-

ocopherol and IS, tocopherol acetate.
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3.6. Content ofd-tocopheryl acid succinate in tablet

The HPLC method has been applied to the determination
of d-tocopheryl acid succinate in a commercially available
tablet. Five tablets containingd-tocopheryl acid succinate
were weighed and transferred to a mortar. They were ground
and three portions of the resulting powder, each equivalent to
10% of the total weight, were dissolved in 1 L of water. The
resultant was filtered and 1 mL of the filtrate was diluted to
2.5 mL with water.�-Tocopherol acetate (internal standard)
was added to 0.05 mL of this solution. The mixture was evap-
orated to dryness and reconstituted in 0.2 mL mobile phase.
A 0.1 mL volume of the eluted solution was injected into an
isocratic HPLC system. The average content of five tablets
analyzed was 104± 3%.

In summary, the developed HPLC assay method is di-
rect, reproducible, simple and accurate. It has been success-
fully applied to a disposition study ofd-tocopheryl acid
succinate in rats, a commercially availabled-tocopheryl
acid succinate tablet, and to the detection of various TS
derivatives.
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