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Abstract

In man, neurotoxicity associated to ifosfamide treatment can be reversed by intravenous thiamine administration. Trying to explain this
c iamine and
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linical finding, we decided to study possible changes in thiamine availability and activation in patients exposed to ifosfamide. Free th
ts phosphate esters levels were measured in plasma, erythrocytes and urine by an ion-pair HPLC method with pre-column derivatiz
llowed separation of the fluorescent compounds in less than 10 min. The method was validated by linearity, sensitivity and repr
tudies, whose values met the demands for bioanalytical assays. This method was applied to assess thiamine status in cancer pa
o ifosfamide therapy for advanced disease.
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. Introduction

Ifosfamide (IFOS) is an alkylating agent used in the treat-
ent of solid tumors that, among other untoward side effects,
ay cause central nervous toxicity. The mechanism of this
ncephalopathy is not well known, but it could be mediated by
hloracetaldehyde, an ifosfamide metabolite considered neu-
otoxic [1]. However, as data from our institution indicated
hat this toxicity could be reversed by thiamine administra-
ion, we hypothesized that either ifosfamide or its metabolites
ight interfere with thiamine functions. For this reason we
etermined total blood thiamine content in patients before
nd after ifosfamide administration, but the data obtained
ere not conclusive[2].
Thiamine exerts its biological function upon phosphory-

ation. Its main active form is thiamine diphosphate (TDP),
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what makes up 80% of total thiamine present in hum
the rest consisting of thiamine triphosphate (TTP) (10
thiamine monophosphate (TMP) or free thiamine (T). E
throcytes transport small amounts of T, TMP and 80%
the TDP present in blood, while plasma contents ma
T and TMP. In urine T can be detected, as well as m
molecules derived from thiamine degradation. TDP ac
a coenzyme for oxidative decarboxylation of�-keto acids
and in the transketolase catalyzed reaction, and red
TDP availability disturbs carbohydrate metabolism, le
ing to alterations in cerebral energy metabolism[3]. To
further check our hypothesis, and since determinatio
total blood thiamine levels does not discard change
the pattern of thiamine activation, it was necessary to
up an analytical method to measure both thiamine an
phosphorylated derivatives in plasma, red blood cells
urine.

HPLC methods for determining the concentration of
amine and its esters in blood have been reviewed[4]. Due to
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the low levels of these analytes, either pre-column[5–9] or
post-column derivatization[10–12]is needed to generate flu-
orescent compounds (thiochromes) that will provide the nec-
essary sensitivity and specifity. The present paper presents an
analytical method based on ion-paired HPLC and pre-column
derivatization with potassium ferricyanide that was applied
to assess thiamine status in oncologic patients exposed to
ifosfamide.

2. Experimental

2.1. Chemicals and reagents

Pure thiamine (T), thiamine monophosphate, thiamine
diphosphate (TDP, co-carboxylase) and derivatizing reagent
(potassium ferricyanide) were obtained from Sigma–Aldrich
(St. Louis, MO, USA). Thiamine triphosphate was obtained
from Wako Pure Chemical Industries Ltd. (Chuo-Ku, Osaka
541, Japan). The ionic-pair reagent tetrabutylammonium hy-
droxide (TBAH), inorganic reagents (analytical grade), and
methanol (HPLC grade) were obtained from Merck (Hohen-
brunn, Germany). Purified water (Milli-Q system, Millipore,
Milford, MA, USA) was used. Human red blood cells, plasma
and urine, needed to set-up the experimental conditions, were
obtained from healthy volunteers.
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2.4. Sample preparation

Blood samples (5 mL) obtained from a peripheral vein
were collected in heparin-containing tubes, protected from
light and kept at 4◦C. Plasma was obtained after blood cen-
trifugation at 1800×g for 5 min at 4◦C. After careful re-
moval of the upper layer of the pellet containing mainly
white blood cells, packed erythrocytes were washed three
times with phosphate buffered saline (PBS), resuspended and
counted in a Coulter. Plasma and erythrocytes were stored at
−70◦C until analysis. Sample storage time never exceeded
2 months[13,14].

Before derivatization, 7.2% of perchloric acid was added
to the samples (1:1, v/v). The mixture was vortexed, placed
in an ice bath for 10 min, and the tubes were again vigor-
ously mixed, and placed on ice for a further 5 min to allow
protein and nucleic acids precipitation. After centrifugation
at 2000×g for 15 min at 4◦C, the supernatant was collected.
All the procedure was performed in light-protected tubes.

The 24 h urine samples were collected in light-protected
urine bottles containing 20 mL acetic acid and an aliquot was
stored at−25◦C until analysis. Prior to derivatization urine
samples were diluted 1:5 (v:v) with Milli-Q water.

2.5. Derivatization procedure
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.2. Chromatographic equipment

Chromatographic analyses were performed on the fo
ng configuration: a system controller model SCL-10AVP,
wo pumps LC-10ADVP, an autoinjector Sil-10ADVP (all
rom Shimadzu, Kyoto, Japan) and a fluorescence d
or model F-1050 (Hitachi Ltd., Tokyo, Japan). Data w
ecorded on a personal computer equipped with a Clas
hromatographic Data System version 5.1 (Shimadzu
to, Japan).

.3. Chromatographic conditions

The chromatographic separation was accomplishe
Microsphere C18 analytical column (100 mm× 4.6 mm,

�m particle size) with a ChromSep SS guard colu
10 mm× 2 mm) (Varian, Middelburg, Netherlands). T
eparation of the target compounds was performed in
ient mode. Two solutions were used: (A) KH2PO4 (0.2 M)
lus TBAH (0.3 mM) (pH 7):methanol (88.5:11.5), and
ethanol:H2O (70:30). The gradient run conditions w
rogrammed as follows: 10–20% B in 2 min, an isocr
tep with 20% B for 8 min and return to initial con
ions over 3 min. Prior to use, all eluents were filte
hrough a membrane filter (pore size: 0.22�m) and de
assed. Elution was performed at room temperature

njected volume was 50�L, the flow-rate was 1 mL/mi
nd the compounds were detected atλexcitation= 365 nm and
emission= 435 nm.
Stock standard solutions of thiamine, TMP, TDP and T
ere prepared at 1500�g mL−1 in HCl 0.1 M and protecte

rom light exposure. Stock solutions at−20◦C were stable fo
t least 2 months. Working standard solutions were prep
ach day by dilution of the corresponding stock solution

A freshly prepared aqueous solution of 12.14 mM fe
yanide and 3.35 M NaOH was used as derivatizing age

Prior to injection in the chromatographic system, the s
ards were treated with 7.2% perchloric acid in 0.25 M Na
1:1) and then derivatized.

For urine sample derivatization, 1 mL of diluted sam
as mixed with 100�L methanol and 210�L of derivatizing
olution. The mixture was vortexed for 30 s and then 245�L
f phosphoric acid 1.43 M was added in order to reach a
H of 6.9± 0.2.

Blood sample derivatization was performed as previo
escribed[15]. Briefly, 1 mL sample (erythrocytes, plas
r standard) was treated with 100�L methanol; while mix

ng, 200�L of derivatizing reagent was added, mixed for 3
nd, finally, 100�L phosphoric acid (1.43 M) was added.
al pH of samples and standards was 6.9± 0.2. This reac

ion yielded the corresponding thiochrome derivatives:
hcMP, ThcDP and ThcTP (Fig. 1). The derivatized sampl
ere thereby ready for HPLC fluorimetric determination

. Results and discussion

Our approach to set-up a chromatographic method f
MP, TDP and TTP determination was based on a p
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Fig. 1. Scheme of the derivatization reaction. Thiamine and thiamine phosphate esters are oxidized with ferricyanide under alkaline conditions leading to
thiochrome formation. (1) Thiamine (R = H) or thiamine phosphate esters (R = (PO3H)nH), and (2) thiochrome derivatives.

ously reported method[13], which allowed an early elution
(2.8 min) of derivatized TTP (ThcTP), and therefore, high
sensitivity. This is an important issue to take into account
due to the low TTP levels in blood samples[11,12]. To sim-
plify the chromatographic conditions, the composition of the
mobile phase reported[15] was changed, by removing the
dimethylformamide (DMF) content. Elimination of DME led
to longer retention times, but increasing the percentage of sol-
vent B in the initial gradient conditions solved this problem.
To further optimize our method, the influence of some exper-
imental variables in the retention times was studied. A minor
decrease in methanol to 11% in solution A led to a better
resolution between TTP and TDP peaks. Since only minor
changes in the capacity factor were observed, this methanol
proportion was chosen as the working concentration. Fur-
thermore, the effect of ionic strength and ion-pair reagent
were studied in the range from 0.1 to 0.3 M, and from 0.1
to 0.5 mM, respectively. In both cases, only small changes
in the capacity factor were found. In view of these results, a
concentration of 0.3 mM for ion-pair and 0.2 M phosphate
buffer were chosen. The effect of pH was also evaluated
over the range from 6 to 7.5, and when its value decreased
from 7.5 to 7, a better resolution between TTP and TDP was
achieved. Although some fluorescence intensity of the an-
alytes was lost at pH 7, this pH value was selected since
it prolonged column life. Under these conditions thiamine
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analysis. Good correlation between the peak area and concen-
tration was demonstrated in every case, withr-values ranging
from 0.996 to 0.999. The linearity of the calibration curves
was checked using two different statistical tests (linearity and
proportionality tests). Regression variance analysis was used
for the linearity test, obtaining anf-value lower than the tab-

Fig. 2. Chromatograms corresponding to: (a) mixture of standards
(50�g mL−1 TDP, 10�g mL−1 TMP and 5�g mL−1 TTP and T), (b)
plasma, where only T and TMP are detected, (c) erythrocytes containing TDP
and TMP, and (d) urine samples where only T is present. Chromatographic
conditions as reported in Section2.3. Thiamine (T), thiamine monophos-
phate (TMP), thiamine diphosphate (TDP), thiamine triphosphate (TTP).
hiochrome (Thc) and its phosphate esters eluted for 10
he retention times for ThcTP, ThcDP, ThcMP and Thc b
.6, 3.1, 4.0 and 7.3 min, respectively.Fig. 2 shows chro
atograms corresponding to standards, erythrocytes, p
nd urine samples from patients analyzed under the desc
onditions.

Selection of the derivatizing reagent was based on the
ness to handle, since alkaline ferricyanide offers an ade
ensitivity and it is safer than cyanogen bromide[11] or mer-
uric chloride, although the fluorescence intensity obta
ith the latter doubles that obtained with ferricyanide[16].
Linearity, sensitivity and precision of the method w

tudied. For this purpose, calibration curves of different
entration of derivatized T, TMP, TDP and TTP versus p
reas were plotted. Data obtained from triplicated dete
ations of five different concentrations ranging from

o 20 ng mL−1 of TTP, TMP and T (1.4, 5.6, 10, 15 a
0 ng mL−1) and from 17 to 170 ng mL−1 of TDP (17, 50
0, 130, and 170 ng mL−1), were fitted by linear least-squa
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Table 1
Sensitivity of the chromatographic method for each analyte

Analyte Detection limit (ng mL−1) Quantification limit (ng mL−1)

TP 0.2 0.6
TDP 0.3 1.0
TMP 0.4 1.2
T 0.2 0.7

ulated at the 0.05 significance level for all the compounds
studied. In the proportionality test, the Studentt-test values
calculated for the intercept were always lower than tabulated
values forα = 0.05, and the Studentt-test values obtained
for the slope were always higher than those tabulated for the
same level of significance. Linearity was thus demonstrated.

The method sensitivity was also studied. For this purpose,
the detection and quantitation limits were calculated for each
analyte. The detection limit, defined as the lowest concen-
tration of the analyte that can be clearly detected above the
baseline signal, was estimated as three times the signal to
noise ratio[17], and ten times this ratio was the quantitation
limit. Table 1shows the detection and quantification limits
obtained for all compounds.

Precision of this method was investigated using human
erythrocytes. The instrumental repeatability, calculated as the
relative standard deviation (R.S.D.) of the areas, obtained
from 10 injections was≤4.8%. The method repeatability
was evaluated by analyses of 10 erythrocyte samples from
the same donor, spiked with 5 ng mL−1 T, TMP and TTP,
and 20 ng mL−1 TDP, since erythrocytes always have mea-
surable levels of TDP. All these analyses were performed
under identical conditions in a single day. The R.S.D. of the
areas obtained from these samples was lower than 6% in all
cases. The inter-day reproducibility of the method was eval-
uated by sample injections in two consecutive days obtaining
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Table 3
Recovery from erythrocytes spiked with TTP, TDP, TMP and T (%)

Analyte Sample (ng mL−1) Added (ng mL−1) Recovery± R.S.D.

TTP 1.0 2 90.8± 5.4
3 89.4± 4.5
4 105.5± 14.6

TDP 69.9 40 98.5± 7.8
60 111.1± 4.7
80 102.5± 5.2

TMP 6.9 2 89.5± 5.4
3 85.1± 4.5
4 89.0± 14.6

T – 2 111.5± 7.6
3 107.3± 5.0
4 102.0± 7.2

Table 4
Recovery from plasma spiked with TTP, TDP, TMP, and T (%)

Analyte Sample (ng mL−1) Added (ng mL−1) Recovery± R.S.D.

TTP – 2 95.0± 4.0
8 91.2± 5.1

16 105.5± 1.1

TDP – 2 102.4± 4.4
8 110.8± 2.0

16 95.5± 5.7

TMP 6.1 2 111.2± 7.3
8 110.9± 1.9

16 111.7± 2.1

T 9.0 2 85.3± 3.4
8 90.2± 3.5

16 97.8± 4.8

calculated by comparing the absolute response of the treated
samples with the absolute response of external standards. The
calculated amount of thiochrome derivatives varied between
85 and 112% of the expected values in plasma and erythro-
cytes (Tables 3 and 4).

Thiamine recovery was studied in urine samples, since
this is the only analyte detected in this fluid. Direct thiamine
determination from urine was unreliable, with mean recov-
eries close to 60%, and sample dilution (1:5) was necessary
to obtain recovery values of around 90% (range 87.5–94%).
Thiamine levels assayed and the results obtained from recov-
ery studies are shown inTable 5. The low detection limit of
the method allowed quantification of vitamin levels in diluted
urine, even in those patients with the lowest normal values
(66–346 ng mL−1) [20].

By applying this chromatographic method, the levels of
thiamine and its phosphate esters in plasma and erythrocytes

Table 5
Recovery from urine samples spiked with thiamine (%)

Analyte Sample (ng mL−1) Added (ng mL−1) Recovery± R.S.D.

T 45.5 16.3 89.1± 3.3
32.7 94.2± 5.1
65.5 87.5± 1.1
R.S.D. < 8% for all the analytes. The day-to-day varia
f the elution time and the peak areas of the individual s
ards for multiples analyses were also calculated, being
ighly reproducible in this system (R.S.D. < 2.6 and 12.
espectively). Precision of the method for plasma and u
amples were also studied and results are shown inTable 2.
ll values of precision met the demands for a bionalyt
ssay: R.S.D.≤ 20% for amounts close to the quantificat

imit and R.S.D.≤ 15% for higher levels[18,19].
Accuracy of the method in the three different matr

erythrocytes, plasma and urine) was assessed. Blood
les were spiked with three different concentration leve
ach analyte, and three replicas of each level were inj

n the chromatographic system. The determination of th
overy percentage for thiamine and its phosphate ester

able 2
recision data obtained from plasma and urine (R.S.D. (%))

Plasma Urine

nstrument repeatability (n= 10) 4.65 4.26
ethod repeatability (n= 10) 5.50 5.90

nter-day repeatability (2 days) 7.92 8.7
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Table 6
Levels of thiamine and its phosphate esters in erythrocytes and plasma from
oncologic patients

Sample Thiamine
(ng mL−1)

TMP
(ng mL−1)

TDP
(ng mL−1)

TTP
(ng mL−1)

Erythrocytes – 3.6± 1.5 138.03± 25.1 1.6± 0.32
Plasma 4.2± 2.2 3.9± 1.7 – –

Mean± S.D. in seven patients, except for TTP (two patients).

from seven patients treated with ifosfamide were determined
(Table 6). As expected, TDP content was highest in ery-
throcytes, where low levels of TMP and no thiamine were
detected, while TTP trace levels were exclusively found in
two patients. Similarly, T and TMP were detected in plasma,
and only when inadvertent hemolysis had occurred, was TDP
found. Thiamine levels from urine samples ranged from 110
to 190�g mL−1, figures within the normal range reported by
others[20]. So far, the limited number of patients studied
does not allow to advance conclusions on the clinical aspects
of this study.

4. Conclusion

This paper describes a chromatographic method for the
determination of thiamine and thiamine phosphate esters in
human biological fluids (plasma, erythrocytes and urine) with
minor sample treatment. The validation studies show good
recoveries and precision. In addition, the detection limit for
all compounds ranged at the low ng mL−1 level.
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