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Abstract

A sensitive, reproducible, and robust high-performance liquid chromatography (HPLC) method has been validated for simultaneously determining
total concentrations of the aminothiols homocysteine, cysteine, cysteinylglycine, and glutathione in human plasma. Plasma aminothiols are reduced
via incubation with tris-(2-carboxyethyl)-phosphine hydrochloride, followed by protein precipitation with trichloroacetic acid and derivatization
with ammonium-7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonic acid. Separation of aminothiols and the internal standard mercaptopropionylglycine
is achieved using reversed-phase HPLC conditions and fluorescence detection. Excellent linearity is observed for all analytes over their respective
concentration ranges with correlation coefficients (r) > 0.99. The intra- and inter-day precision and accuracy were within £10%. This method
utilizes an internal standard, employs phosphate buffered saline-based standards and quality controls, and demonstrates excellent plasma recovery
and improved sensitivity. This assay is well suited for high-throughput quantitative determination of aminothiols in clinical studies, and is currently

being used to support investigations of oxidative stress in patients with chronic kidney disease.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Low molecular weight thiol-containing amino acids, includ-
ing the primary biological aminothiols homocysteine (HCY),
cysteine (CYS), cysteinylglycine (CysGly), and glutathione
(GSH) (Fig. 1) serve numerous vital functions in cellu-
lar biology, biochemistry, and pharmacology. Thiol groups
(-=SH) are critical intracellular and extracellular redox buffers
which readily undergo oxidative coupling reactions to form
disulfides (-S—-S-). Typically, more than 90% of plasma
thiols stores are protein bound, and of the remainder the
majority are in the form of disulfides [1]. Moreover, thiol
oxidation, and thiol-disulfide equilibrium in particular, has
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an important role in many enzymatic and transport pro-
cesses, and hence is a significant determinant of protein
structure and function [2]. Oxidative stress is considered to
be an imbalance between oxidant production and antioxi-
dant defense. An imbalance in favor of oxidant generation
may lead to the oxidation of macromolecules and subse-
quent tissue damage [3]. Intracellular thiols such as GSH
are essential in maintaining the highly reduced environment
inside the cell, while extracellular thiols such as CYS also
constitute an important component in antioxidant defense.
Since the response of a cell to oxidative stress typically
involves alterations in thiol content [4], plasma aminoth-
iol concentrations are increasingly utilized for clinical and
translational research involving oxidative stress [3], and for
routine clinical diagnosis and monitoring of various human
diseases and metabolic disorders [5,6]. Therefore, there is a
need for fully validated, simple, precise and sensitive assays
capable of simultaneously determining aminothiols in human
plasma.
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Fig. 1. Structures of (A) HCY; (B) CYS; (C) CysGly; (D) GSH; and (E) MPG
internal standard.

Numerous methods for the determination of thiols have been
reported, including HPLC [7-21], gas chromatography—mass
spectrometry [22], ion-exchange chromatography [23], and cap-
illary electrophoresis [24]. Each of these methods has basic
limitations in terms of equipment cost, complexity, sample
processing and run times, number of thiols simultaneously
quantitated, and/or validation parameters assessed which cre-
ate challenges or render them impractical for high-throughput
routine clinical or research purposes. Thus, the goal of this work
was to establish, thoroughly validate, and implement a simple,
reproducible, and robust method for simultaneously determin-
ing total concentrations of HCY (tHCY), CYS (tCYS), CysGly
(tCysGly), and GSH (tGSH) in human plasma. The application
of the method to a study of oxidative stress in clinical research
subjects with chronic kidney disease is described.

2. Experimental
2.1. Chemicals

DpL-homocysteine, L-cysteine, cysteinylglycine, L-glutath-
ione, and N-(2-mercaptopropionyl)-glycine reference standards,
and trichloroacetic acid (TCA), ethylenediaminetatraacetic
acid (EDTA), potassium tetraborate tetrahydrate, ammonium-
7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonic acid (SBD-F), and
sodium acetate were purchased from Sigma (St. Louis, MO,
USA). Tris-(2-carboxyethyl)-phosphine hydrochloride (TCEP),
methanol, and water were obtained from EMD Biosciences (San

Diego, CA, USA). Acetic acid was purchased from Fisher Sci-
entific (Pittsburgh, PA, USA). All chemicals were HPLC grade
or of the highest purity available.

2.2. Equipment and chromatographic conditions

The HPLC system consisted of a Waters 600S controller,
Waters 626 pump, Waters 717 plus autosampler, and a Waters
474 fluorescence detector (Waters Corporation, Milford, MA,
USA) with a 150W Xenon lamp. The detector was set at
excitation and emission wavelengths of 385nm and 515 nm,
respectively, and a bandwidth of 18nm. Signal output was
captured with the Waters Empower Pro chromatography
software (Waters Corporation, Milford, MA, USA). Separation
of the analytes was achieved with a Waters Symmetry Cig
guard column (3.9 mm x 20 mm; 5 wm particles) connected
to a Waters Symmetry C;g analytical column (4.6 x 150 mm;
3.5 wm particles) at 29 °C. The two mobile phases consisted of
A: 0.1 M acetate buffer (pH 4.5)-methanol [97:3 (v/v)] and B:
methanol. Aminothiols were separated over 8§ min with 100%
A at a flow rate of 0.8 mL/min, followed by 80%:20% A:B
(changed linearly over 1 min) at a flow rate of 1.0 mL/min for
6 min, and 5 min of column re-equilibration for a total run time
of 20 min.

2.3. Standard preparation

Individual stock solutions of HCY, CYS, CysGly, and
GSH were prepared from separate weighings of each com-
pound dissolved in water at 50 mM, 400 mM, 100 mM, and
25mM concentrations, respectively for calibration standards,
and 40mM, 325mM, 75mM, and 20mM concentrations,
respectively for QC samples. The 2-mercaptopropionylglycine
(MPQG) internal standard (IS) was dissolved in HPLC grade
water to prepare a S0mM stock solution. Standards and QC
samples containing all four aminothiols were prepared at the
beginning of the validation experiment by appropriate dilution
with PBS and subsequent mixing of the individual stock
solutions. All stock solutions, standards and QC samples were
stored at —70 °C to simulate the storage conditions of the study
samples.

2.4. Sample preparation

MPG internal standard working stock solution (50 uM)
was prepared by diluting the 50 mM stock 1:1000 in PBS.
The internal standard (50 wL) was then added to samples
(50 L) and briefly vortex-mixed. Following addition of TCEP
(100 g/L; 10 uL), tubes were capped, briefly vortex-mixed,
and incubated at room temperature for 30 min. Trichloroacetic
acid 100 g/L with 1 mM EDTA (90 pL) was then added to each
sample, briefly vortex-mixed, then centrifuged at 13,000 x g
for 10 min. Supernatant (50 wL) was added to autosampler
vials containing 10 L of 1.55M NaOH, 125 pnL of 0.125M
borate buffer, pH 9.5, with 4 mM EDTA, and 50 uL of 1g/L
SBD-F in borate buffer (0.125 M with 4 mM EDTA). Samples
were capped, briefly vortex-mixed, incubated at 60°C for
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Table 1
Intra- and inter-day precision and accuracy for HCY and CYS
Concentration (uM) 9%0RSD %Bias
Spiked Measured (mean + SD)
Intra-assay reproducibility®
Quality controls
HCY 4.0 38+ 0.1 29 -5.5
16.0 162 £ 0.4 2.5 14
80.0 80.5 + 1.6 2.0 0.6
CYS 325 314 £ 04 14 —-3.2
130.0 1325 + 3.2 24 1.9
650.0 6453 £ 13.3 2.1 —-0.7
Inter-assay reproducibility®
Quality controls
HCY 4.0 38+03 7.9 —4.5
16.0 16.1 £ 0.7 4.3 0.9
80.0 81.6 =34 42 2.0
CYS 325 31.8 £ 1.9 5.8 —-2.3
130.0 131.7 £ 6.0 4.6 1.3
650.0 657.8 £ 31.5 4.8 1.2
Standards
HCY 3.13 32 +0.1 33 0.7
6.25 6.4 + 0.2 32 2.1
12.5 13.0 £ 0.2 1.7 39
25.0 229+ 0.5 2.4 —8.3
50.0 509 £ 0.2 0.5 1.9
100.0 100.7 £ 0.6 0.6 0.7
CYS 25.0 25.8 £ 0.7 2.5 32
50.0 500 £ 1.1 2.3 0.0
100.0 100.5 + 1.1 1.1 0.5
200.0 186.0 £+ 4.7 2.5 -7.0
400.0 406.0 £ 4.2 1.0 1.5
800.0 807.8 £ 5.5 0.7 1.0

% Twelve quality control samples per concentration.

b Six to twelve quality control samples or two standards per day per concentration for three days.

1 h, placed in the refrigerated autosampler (8 °C), and then
a 10pL aliquot was injected onto the HPLC system for
analysis.

2.5. Calibration and linearity

Calibration curves were constructed using six standard con-
centrations of the four aminothiols (HCY, CYS, CysGly, and
GSH) in PBS and were run in duplicate. Curves were obtained
daily for three days. Individual standard concentrations in PBS
are shown in Tables 1 and 2. Duplicate standard curves for all
four aminothiols were analyzed for three runs (lowest standard
in triplicate). For each curve, the absolute peak-area ratios of
the aminothiol to the IS were calculated and plotted against the
nominal aminothiol concentration. Calibration curves for HCY,
CYS, CysGly, and GSH were generated by weighted (1/y) linear
regression analysis.

2.6. Precision and accuracy

Precision and accuracy were determined by the analysis of
aminothiol QC samples spiked at three concentrations listed in

Tables 1 and 2. Six replicate QC samples at each concentra-
tion were analyzed daily for two days, followed by analysis of
twelve replicate QC samples at each concentration on the third
day, for a total of n=24 QC samples at each concentration for
the determination of inter-day precision and accuracy. Intra-day
precision and accuracy were determined from n =12 replicate
QC samples on day 3. The calculated mean concentration rela-
tive to the nominal concentration was used to express accuracy
(% bias). Means, standard deviations and relative standard devi-
ations (% RSD) were calculated from the QC values and used
to estimate the inter- and intra-day precision.

2.7. Stability and carryover

Triplicate high and low QC samples were subjected to three
freeze-thaw cycles (—70 °C to room temperature) prior to pro-
cessing and analysis to evaluate sample stability. In addition,
stability of processed samples was assessed. Triplicate high and
low QC samples were processed and analyzed, then re-injected
and analyzed up to 18 h post-processing. Sample carryover was
evaluated by inserting vials of blank mobile phase in several
random positions in the analysis set on day 3.



T.D. Nolin et al. / J. Chromatogr. B 852 (2007) 554-561 557

Table 2
Intra- and inter-day precision and accuracy for CysGly and GSH
Concentration (wM) J%RSD %Bias
Spiked Measured (mean &+ SD)
Intra-assay reproducibility®
Quality controls
CysGly 75 73 £ 0.1 1.5 —-33
30.0 29.8 £ 0.7 2.4 —0.7
150.0 1642 + 3.1 1.9 9.5
GSH 2.0 2.1 +0.1 4.1 7.4
8.0 8.1+0.2 2.1 1.5
40.0 389 £ 0.7 1.7 —-29
Inter-assay reproducibility®
Quality controls
CysGly 7.5 74 +£04 5.1 —-1.7
30.0 299 £ 1.1 3.6 -0.3
150.0 165.0 £ 5.4 33 10
GSH 2.0 2.1 +0.1 49 5.5
8.0 82+03 3.6 2.8
40.0 39.1 £ 1.2 3.1 23
Standards
CysGly 6.25 6.3 +0.2 2.7 0.6
12.5 125 £ 0.2 1.9 0.1
25.0 252+ 04 1.5 0.8
50.0 483 £ 1.0 2.2 —34
100.0 102.3 £ 0.3 0.3 2.3
200.0 199.3 £ 1.0 0.5 —04
GSH 1.56 1.5+£0.1 4.6 —4.4
3.13 34+£0.1 3.0 7.4
6.25 6.5+ 0.1 2.1 4.0
12.5 123 £ 0.2 1.8 -1.7
25.0 245+03 1.1 —-1.9
50.0 50.4 £0.2 0.4 0.7

* Twelve quality control samples per concentration.

b Six to twelve quality control samples or two standards per day per concentration for three days.

2.8. Recovery

Recovery of total aminothiols from plasma was assessed by
analyzing pooled human plasma obtained from normal healthy
subjects spiked at the three QC concentration levels listed in
Tables 1 and 2. Six replicate ‘control’ (unspiked) plasma sam-
ples and six spiked samples of each QC level were analyzed
using calibration curves generated from PBS-based standards
as described by Tsikas et al. [9]. Recovery was determined by
comparing the nominal aminothiol concentration, calculated as
the sum of the concentration in unspiked plasma and the spiked
QC concentration, to their corresponding measured concentra-
tion. Measured concentrations were defined as 100%. Means,
standard deviations and relative standard deviations were calcu-
lated.

2.9. Application to clinical studies of oxidative stress

The effect of the antioxidant a-lipoic acid on oxidative stress
was determined in patients with chronic kidney disease (CKD).
The protocol was approved by the Maine Medical Center Institu-
tional Review Board and signed informed consent was obtained.

a-lipoic acid 600 mg was administered orally three times daily
for two days. Plasma samples were collected at baseline and
t=48h (after administration of six doses), and were obtained
from whole blood which was collected into evacuated EDTA
tubes, placed on ice, and centrifuged within 30 min of collection.
Samples were stored at —70 °C until analyzed. Total plasma con-
centrations of all aminothiols (tHCY, tCYS, tCysGly, and tGSH)
were determined as described above.

3. Results
3.1. Chromatographic separation

A representative chromatogram of the standard solution
at LC concentrations of each aminothiol is shown in Fig. 2.
Representative chromatograms of blank (unspiked) pooled
human plasma from healthy volunteers without IS and with IS
are depicted in Fig. 3A and B, respectively. Retention times for
HCY, CYS, CysGly, GSH and IS were approximately 4.3, 5.8,
6.5, 7.8, and 14.0 min, respectively. The peaks of interest were
well separated and there was no interference from endogenous
compounds.



558 T.D. Nolin et al. / J. Chromatogr. B 852 (2007) 554-561

1 3
4 o
15 s ]
{ E IS
@
- 15}
c
@
B )
— () -
> _ S 2
S 3
=2 [
o 10 4
(&)
c 4
@
Q
[} -
1] o+———— -
S E 0 5 10
TN i Time (min)
5
1 3
- 1
2
. 4
O T T T T | T T T T | T T T T I
0 5 10 15
Time (min)

Fig. 2. Representative chromatogram of PBS based standard solution at LC
concentrations of each aminothiol.

3.2. Linearity, precision and accuracy

Linear calibration curves were obtained for HCY,
CYS, CysGly, and GSH over the concentration ranges of
3.13-100 uM, 25-800 uM, 6.25-200 uM, and 1.56-50 uM,
respectively (Tables 1 and 2). The mean regression equations
(£SD) were y=0.0108(40.0004)x +0.0020(£0.0012) for
HCY, y=0.0027(£0.0001)x —0.0016(£0.0009) for CYS,
y=0.0216(£0.0009)x — 0.0024(£0.0023) for CysGly, and
y=0.0086(£0.0004)x — 0.0008(+£0.0007) for GSH, with
correlation coefficients (r) >0.999 for all four aminothiols.
The lower limit of quantitation (LOQ) for each demonstrated
acceptable precision (RSD <5%) and signal-to-noise ratios of
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at least 5:1, and the intra- and inter-day precision and accuracy
were within +10% (Tables 1 and 2).

3.3. Stability, carryover, and recovery

Three freeze—thaw cycles had no effect on the stability of
tHCY, tCYS, tCysGly, or tGSH. Additionally, total concentra-
tions of all four aminothiols were stable in processed plasma
samples and PBS based controls for at least 18 h at 8 °C prior
to analysis. There was no evidence of carryover in any of the
blank reagent samples. The mean recoveries of all analytes from
plasma at all concentrations ranged from 88% to 104% (Table 3).

3.4. Application to clinical studies of oxidative stress

Ten subjects with CKD received a-lipoic acid 600 mg orally
three times daily for two days. Plasma concentrations of HCY,
CysGly, and GSH were not different after administration of o-
lipoic acid compared to baseline. However, CYS concentrations
(mean + SD) were reduced by 23% compared to baseline, from
339.5+71.5 uM to 260.8 £ 55.4 uM (p =0.0003). Representa-
tive chromatograms of plasma samples obtained at baseline and
after administration of a-lipoic acid are shown in Fig. 4A and
B, respectively.

4. Discussion

Several studies have demonstrated that aminothiols are
involved in the pathogenesis of human diseases affecting virtu-
ally every organ system in the body [25,26]. In particular, the
association between thiol concentrations, oxidative stress and
cardiovascular disease has received much attention [2,27-29],
i.e., oxidized thiols including HCY and CYS accumulate in
uremia and may promote atherogenesis by altering endothelial
function and increasing vascular smooth muscle cell activation
[30]. As a result, plasma aminothiol concentration monitoring
has emerged as a useful tool for diagnosing and monitoring the
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Fig. 3. Representative chromatograms of blank (unspiked) pooled human plasma from healthy volunteers; (A) Plasma without IS; (B) Plasma with IS and measured
aminothiol concentrations as follows: Peak 1, CYS 277.0 uM; 2, HCY 6.7 puM; 3, CysGly 26.3 uM; 4, GSH 5.2 pM.
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Table 3
Recovery of HCY, CYS, CysGly, and GSH from human plasma (n=6)

Concentration (wM) % Rec % RSD
Plasma Spiked Measured
HCY 6.5+ 0.2 4.0 10.8 +£ 0.3 103.4 £ 45 43
16.0 220 £ 0.7 979 £ 3.6 3.6
80.0 86.0 £ 4.0 99.4 £+ 4.6 4.6
CYS 261.4 £+ 8.3 325 2889 + 8.4 98.4 £+ 4.8 4.8
130.0 346.1 £ 10.1 88.5 £ 3.9 44
650.0 800.5 £ 35.6 87.8 £3.9 44
CysGly 343+ 1.1 7.5 43.6 £ 1.3 1044 £ 5.0 4.8
30.0 634+ 19 98.5 £ 4.1 42
150.0 187.4 £ 8.7 101.7 £ 4.7 4.7
GSH 54 +£0.1 2.0 72 +0.2 97.5 £ 3.6 3.7
8.0 11.8 £ 0.4 88.4 £ 3.6 4.1
40.0 42.8 £2.1 94.2+4.7 5.0

presence of human diseases and metabolic disorders including
oxidative stress [3,5,6]. This in turn has generated a need
for fully validated, simple, precise and sensitive analytical
methods capable of simultaneously determining aminothiols
for clinical and translational research and for routine clinical
monitoring.

Numerous methods for the determination of one or more
thiols have been reported, including HPLC with ultraviolet
[7-9], fluorescence [10-18,31], or electrochemical detection
[19-21], gas chromatography—mass spectrometry [22], ion-
exchange chromatography [23], and capillary electrophoresis
[24]. Each of these methods has basic limitations in terms of
equipment cost, complexity, sample processing and run times,
number of thiols simultaneously quantitated, and/or validation
parameters assessed which hinder their use for high-throughput
routine clinical or research purposes. For example, ultraviolet
detection suffers from poor sensitivity and specificity [32]; elec-
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trochemical detection exhibits high oxidation potential that can
reduce its performance and possibly contributes to the poorer
precision reported than for ultraviolet or fluorometric detection
methods [5,32]; mass spectrometric detection is costly, cum-
bersome, and difficult to use for simultaneous determination of
multiple thiols [5,6,32]; many automated methods such as the
fluorescence polarization immunoassay (IMx®, Abbott Labo-
ratories, Abbott Park Il, USA) are not capable of simultaneous
determination of multiple thiols. HPLC with fluorescence detec-
tion is the most commonly used method for determination of
aminothiols due to its high sensitivity, relative simplicity, ease
of automation, and high-throughput capability [5,32]. Detailed
reviews, including advantages and limitations, of the analyti-
cal methods available for determining aminothiols have been
published in recent years [5,6,32]. The sensitive, reproducible
(RSD < 10%), and simple method presented here is a modifica-
tion of the method of Pfeiffer et al. [11] which uses MPG as
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Fig. 4. Representative chromatograms of plasma samples obtained from a chronic kidney disease patient before and after administration of the antioxidant a-lipoic
acid 600 mg orally three times daily for two days; (A) Baseline sample with measured concentrations as follows: Peak 1, CYS 347.0 uM; 2, HCY 13.9 uM; 3,
CysGly 22.0 pM; 4, GSH 3.5 uM; (B) Sample obtained after administration of a-lipoic acid with measured concentrations as follows: Peak 1, CYS 220.0 uM; 2,

HCY 12.6 uM; 3, CysGly 24.0 uM; 4, GSH 3.9 uM.
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internal standard and PBS based standards and quality controls.
Moreover, the assay includes two additional thiols to simultane-
ously determine four analytes, and has been thoroughly validated
for high-throughput routine clinical and/or research use.

An assay capable of simultaneously determining multiple
aminothiols is desirable because of extensive interconversion
between them and the need to understand the dynamic relation-
ship between all thiol and disulfide components [5,6], as well
as to facilitate assessment of the relationship between thiols and
disease status. To date, the overwhelming majority of published
aminothiol methods have been validated for the determination of
only one or two thiols simultaneously [5,6,32]. Our method has
been validated for determination of tHCY, tCYS, tCysGly and
tGSH. Although others have published validated assays capable
of determining four aminothiols simultaneously [7,19-22,33],
to our knowledge only one other HPLC-fluorescence method
has been fully validated for this purpose [12]. We observed
similar concentrations of the four aminothiols in plasma from
healthy volunteers, and achieved significantly better sensitivity,
i.e., lower LOQ for all analytes, possibly due to our use of an
internal standard versus external calibrators, and improved peak
separation [12]. Like Tsikas et al. [9], our method is simplified
by using aqueous standards and quality controls, based on previ-
ous work demonstrating no differences in the calibration slopes
between aqueous and plasma based standards [10]. Excellent
recovery (88% to 104%; Table 3) of all analytes from plasma was
observed at all concentrations, consistent with previous findings
[12,19,22].

We are currently using the method presented here in the
assessment of oxidative stress status in patients with CKD.
Oxidative stress is often characterized by elevated oxidized thi-
olsincluding HCY and CYS, and/or depleted plasma glutathione
concentrations [34]. The possible link between increased oxida-
tive stress, endothelial dysfunction, and accelerated risk of
cardiovascular complications in CKD suggests that antioxidant
therapy may be beneficial [2]. Therefore, we recently assessed
the effect of the antioxidant a-lipoic acid on tHCY, tCYS, tCys-
Gly, and tGSH plasma concentrations. Baseline concentrations
of all four aminothiols were similar to previously reported val-
ues in CKD patients [19,20,22]. tHCY, tCysGly, and tGSH
were unchanged after administration of a-lipoic acid, but tCYS
concentrations were reduced by 23% compared to baseline
(»p=0.0003; Fig. 4A and B). CYS plasma concentrations are
higher in patients with cardiovascular disease than in healthy
subjects, an indication that excess CYS exposure may increase
susceptibility to vascular toxicity [35]. So, correction of CYS
concentrations with antioxidants such as a-lipoic acid may be an
important approach to reducing cardiovascular complications.
Representative chromatograms of plasma samples obtained at
baseline and after administration of a-lipoic acid are shown in
Fig. 4A and B, respectively.

In summary, a simple, sensitive, reproducible, and robust
HPLC method has been fully validated for simultaneously deter-
mining total concentrations of the aminothiols HCY, CYS,
CysGly, and GSH in human plasma. This method utilizes an
internal standard, employs phosphate buffered saline-based stan-
dards and quality controls, and demonstrates excellent plasma

recovery and improved sensitivity. This assay is well suited for
high-throughput quantitative determination of aminothiols in
clinical studies, and is currently being used to support investiga-
tions of oxidative stress in patients with chronic kidney disease.
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