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Alterations in the plasma aminothiols levels can be considered as important biomarkers for the diagnosis
and screening of several human disorders, namely cardiovascular diseases. We aimed to optimize a rapid,
sensitive and accurate RP-HPLC methodology with fluorescence detection, for the simultaneous deter-
mination of the total concentrations of cysteine, homocysteine, cysteinylglycine and glutathione in blood
plasma, as well as its application to the evaluation of those thiols levels in plasma of a group of Azorean
subjects. Aminothiols were reduced with tri-n-butylphosphine and derivatized with a thiol-specific fluo-
rogenic reagent ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate. The thiols adducts were
separated by an isocratic elution on a Platinum EPS C18 analytical column (53 mm x 7 mm L.D., 3 wm)
Glutathione using a phosphate buffer containing 4% of acetonitrile as a mobile phase. Results indicated an excellent
Cysteinylglycine linearity for all the analytes over their respective concentration ranges with correlation coefficients (12)
HPLC >0.99. The LOD for the four plasma thiols was lower than 0.10 wmol/L, while LOQ varied from 0.5 to
15 wmol/L. For both intra- and inter-day precision, the RSD (%) values were lower than 1.9%, and the CV
(%) values were found under 0.5%. The recovery ranged from 92% to 100% indicating a high degree of the
method’s accuracy. This method allows a simultaneous, complete analysis of the four plasma aminothiols
and the internal standard in 6 min. By reducing the total run time, a larger number of analysis can be

Keywords:

Plasma aminothiols
Homocysteine
Cysteine

performed daily.
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1. Introduction

The simultaneous determination of the plasma low molecular-
mass weight thiols concentrations, such as homocysteine (Hcy),
cysteine (Cys), cysteinyl-glycine (Cys-Gly), and glutathione (GSH),
is of potential interest for the understanding the dynamic relation-
ship among them, as well as for clinical diagnosis and screening
of various human disorders [1], including diabetes, cancer, neu-
rodegenerative and cardiovascular diseases (CVD) [2,3]. These
aminothiols (Fig. 1) are involved in cellular protection against oxy-
gen and nitrogen reactive species, in heavy metal and xenobiotics
detoxification, in control of gene expression and in cell signaling
[4-6]. In fact, thiol groups (—SH) are critical intra and extracellular
redox buffers which promptly undergo oxidative coupling reac-
tions to form disulfides (—S—S—). Therefore, plasma aminothiols
interact via redox exchange reactions and oxidized, reduced and
protein-bound forms of these species comprise a dynamic system
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designed as the redox thiol status. Usually, more than 90% of them
are protein-bound, and the remainder are mostly in the form of
disulfides [7,8].

The metabolic pathways of aminothiols are strongly linked.
GSH is the major non-protein thiol inside cells, while extracellu-
lar GSH is present at much lower concentrations [2,3]. The action
of vy-glutamyltranspeptidase on extracellular GSH removes the
v-glutamyl moiety of the peptide and the remaining Cys-Gly is usu-
ally taken within intracellular milieu by membrane dipeptidases
to form Cys and Gly as precursors of GSH resynthesis [3,9]. Homo-
cysteine is a critical regulatory intermediate of methionine (Met)
cycle, acting as a precursor for Cys in the transsulfuration pathway,
as well as for Met synthesis via remethylation, by using betaine
as a methyl donor. Cysteine represents the most abundant thiol in
plasma followed by Cys-Gly [10].

Increased levels of total plasma Hcy and Cys have been asso-
ciated with the development of CVD [11,12]. It was found that
these thiols can promote atherogenesis on account of their effect
on endothelial function, vascular smooth muscle cell activation,
and hemostatic activation [13-15]. According to Dhawan and
collaborators [16] lower plasma GSH level has been considered
as an independent predictor of impaired coronary microvascu-
lar function and plaque necrotic core in patients with coronary


dx.doi.org/10.1016/j.jchromb.2012.10.022
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:rborges@uac.pt
dx.doi.org/10.1016/j.jchromb.2012.10.022

16 R. Ferin et al. / J. Chromatogr. B 911 (2012) 15-20

SH
HO

NH,

(A)

HO SH

(B)

0 NH,
H
JK/N SH
HO ‘
o}

(©)

SH
o) 0 o)
P
N
HO N OH
NH,
NH, o}

(D)

Fig. 1. The structures of the aminothiols (A) Hcy, (B) Cys, (C) Cys-Gly, and (D) GSH.

atherosclerotic heart disease. There is no published work regarding
alterations in total Cys-Gly levels in cardiovascular disease
patients, albeit high levels of this thiol have been reported in
patients with breast cancer or rheumatoid arthritis [17,18]. How-
ever, the pathophysiological role of Cys—-Gly has not been yet clearly
understood.

For the detection and quantification of thiols it is necessary to
consider their unfavorable physicochemical properties. In fact, they
lack of a strong absorption in UV-vis regions or native fluores-
cence, are easily oxidized to disulfides, and are generally highly
polar and water soluble, which makes their extraction from biolog-
ical matrices very difficult [19]. Over the years, several analytical
methods have been developed for thiols determination such as
liquid chromatography (LC) [20,21], gas chromatography [22,23],
ion-exchange chromatography [24,25] and capillary electrophore-
sis [26,27]. High performance liquid chromatography (HPLC) with
several detection techniques, such as ultraviolet [4,28,29], fluores-
cence (FL) [30-32], electrochemical [5,6,33] and mass spectrometry
[34-36], is the most reported methodology. All the referred meth-
ods have basic limitations in terms of equipment, reagent costs,
complexity, sample preparation, run time, number of thiols simul-
taneously quantified, and/or validation assessment, which delay
their use for high-throughput routine clinical or research purposes
[8]. In order to enhance the thiol detection, chemical derivatization
procedures are required and may be performed either pre-column
or post-column.

Different types of labeling reagents have been used, including
monobromobimane [30,37], ortho-phthaldialdehyde [38,39],
N-(1-pyrenil)maleimide [40,41], 9-acetoxy-2-(4-(2,5-dihydro-2,5-
dioxo-1H-pyrrol-1-yl)phenyl)-3-oxo-3H-naphtho[2,1-b]pyran
(ThioGlo 3) [42], N-(2-acridonyl)maleimide [1], ammonium 7-
fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (SBD-F) [20,43-45],
and 7-fluoro-2,1,3-benzoxadiazole-4-sulfonamide (ABD-F) [46,47].
The halogenobenzofurazans reagents (SBD-F and ABD-F) are the
most often used, since they react selectively with thiol compounds
(Fig. 2) and do not fluoresce themselves. This avoids potential
interference from the excess reagent used [47]. The death rate
from coronary artery disease in Azores Archipelago is about twice
than in the Portuguese Mainland [48]. In order to understand this
fact, our research group has been screening several biomarkers for
atherosclerosis in the Azorean populations, particularly the plasma
aminothiols status. Therefore, the purpose of the present work was
to optimize a rapid, sensitive and accurate RP-HPLC methodology
with fluorescence detection for the simultaneous determination of
total Hcy, Cys, Cys-Gly and GSH concentrations in plasma, taking
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Fig. 2. Derivatization reaction equation of thiols (B) with SBD-F (A).

into account the reduction of their retention times, in order to
increase significantly the number of the daily analyzed samples.
This method was applied to blood samples donated by apparently
healthy Azorean volunteers.

2. Materials and methods
2.1. Chemicals

L-Cysteine (>99.5%), cysteamine hydrochloride (IS, >98%),
pL-homocysteine (>95%), L-glutathione (>99%), ammonium
7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (>99.5%), tri-n-
butylphosphine (TBP, >97%), trichloroacetic acid (TCA, >98%),
hydrochloric acid (HCl, 37%), potassium tetraborate tetrahy-
drate were obtained from Fluka (Sigma-Aldrich chemie,
Steinheim, Germany). Cysteinylglycine (Cys-Gly, 85%), N,N-
dimethylformamide (>99.9%) and acetonitrile (ACN) were
purchased from Sigma-Aldrich (Sigma-Aldrich chemie, Steinheim,
Germany). Sodium hydroxide (>99%) and ethylenediaminetetra-
acetic acid disodium (EDTA, >99%) were obtained from Riedel-de
Haén (Sigma-Aldrich chemie, Steinheim, Germany). Potassium
dihydrogenophosphate (KH,PO4) and ortho-phosphoric acid were
provided by Merck (Darmstadt, Germany). The deionized water
used for the preparation of the mobile phase and buffers solutions
was produced by Milli-Q water purification system (Millipore,
Bedford, MA, USA). All solvents were HPLC grade and reagents of
the highest purity available.

2.2. Optimization of the analytical conditions

The composition of the mobile phase significantly influences
the retention time (RT) and the peak response of the analytes. The



R. Ferin et al. / J. Chromatogr. B 911 (2012) 15-20 17

most common used organic solvents for the aminothiols separa-
tion using RP-HPLC include methanol, ACN and tetrahydrofuran
(until 0.2%). Various buffers including sodium phosphate buffer
(NaH,PO4)50 mmol/Land potassium phosphate buffer (KH,PO4)in
the range of 0.010-0.2 mol/L in different compositions were exper-
imented both in gradient and isocratic elution modes. The peak
response and the analytes resolution of the referred aminothiols
were recorded against all different types of the mobile phase, hav-
ing in consideration the shorter run time, superior sensitivity and
great peak resolution of the target aminothiol peaks.

Flow rate of the mobile phase is another parameter that
influences the resolution of the analytes and the respective RT.
Aminothiols were analyzed using different flow rates in the range of
0.40-1.20 mL/min and its effect in the separation and peak shape
was investigated. The flow rate that revealed superior sensitivity
and good resolution of all analytes was selected. Furthermore the
flow rate was optimized under different column temperatures. The
effect of column temperature in the range of 25-40°C on peak res-
olution, sensitivity and RT of all analytes were also investigated and
the changes observed in the chromatograms were recorded.

2.3. Chromatographic conditions and apparatus

The study was carried out using an Agilent Technologies
(Avondale, PA, USA) HPLC system model 1200 coupled with a fluo-
rescence detector (FD). The system was controlled by ChemStation
software from Agilent Technologies. The separation was performed
using a Platinum EPS C18 analytical column (53 mm x 7 mm LD.,
3 wm particle size; Alltech Associates, Deerfield, IL, USA) fitted to a
C18 (30 mm x 2 mm, I.D.) pre-column guard cartridge.

Chromatographic analysis of all aminothiols was performed by
using 0.1 mol/L KH,;PO4 (pH 2.0) containing 40 mL/L of ACN as the
mobile phase, filtered through a 0.45 wm cellulose acetate mem-
brane (Whatman, Dassel, Germany), which allowed symmetrical
and well resolved peak of the individual compounds. The temper-
ature of the column oven was maintained at 35 °C that shows the
best resolution and shorter run time and the flow rate of 1 mL/min
was adopted in our study that allows increased heights of the peaks
and decreased their respective width and RT. An aliquot of 20 pL
was injected through a Rheodyne 71251 injection valve fitted with
a 20 pL sample loop (Rheodyne, Cotati, CA, USA) after filtration
through a 0.45 pm PVDF filter (Alltech Associates, Inc. Deerfield,
IL, USA). The fluorescence signals were measured with excitation
at 385nm and emission at 515nm using a Hewlet Packard-FD
(Avondale, PA, USA) model 1100. The detector signal was recorded
and processed (peak area determination) by Agilent technologies
ChemStation software, using an internal standard methodology.

2.4. Standards preparation

Each aminothiol standard and IS stock solutions (1 mmol/L)
were prepared by dissolving them in 5mmol/L HCI, and further
stored in a dark flask at +4°C. On a daily basis, they were diluted
with 5mmol/L HCl to obtain the working standard solutions of
Cys (15-500 pmol/L), Cys-Gly (5-80 pmol/L), Hcy (2-50 pwmol/L),
GSH (0.5-7.5 pmol/L) and keeping the IS concentration constant
(5 pmol/L). Calibration curves for Cys, CysGly, Hcy, and GSH were
generated by linear regression analysis.

2.5. Plasma samples

Subjects in this study were apparently healthy (with no declared
chronicdiseases), aged 20-60 years, all born and living in the Azores
Archipelago (Portugal), and gave informed consent to participate.
Those that had been taking vitamin supplements were excluded.
Blood samples were collected by venipuncture under fasten

conditions into heparinised tubes, and immediately centrifuged at
2500 x g for 15min at 4°C to separate erythrocytes from plasma,
which was stored at —80 °C until further analysis.

2.6. Sample preparation

After thawed at room temperature, 100 L of plasma (or calibra-
tion solutions) samples were transferred to plastic eppendorf tubes
(ca. 1.5 mL) containing 50 L of IS solution (5 wmol/L). 15 L of TBP
in dimethylformamide (100 mL/L) were carefully added and the
mixture was incubated for 30 min at +4°C. Deproteinization was
achieved by adding 150 p.L of cold TCA (10%), containing 1 mmol/L
EDTA, and followed by centrifugation at 15,500 x g for 10 min. An
aliquot of 60 L, taken from the middle of the clear supernatant,
was mixed with 120 L of potassium borate (125 mmol/L, pH 10.5),
containing 4 mmol/L EDTA and 60 p.L of SBD-F (1.0 g/L dissolved in
a solution of 125 mmol/L potassium borate, pH 9.5). This mixture
was incubated for 60 min at 60 °C and the samples were cooled and
kept at +4 °C until further analysis.

2.7. Validation of the methodology

The precision, accuracy, recovery, sensitivity, linearity, limit of
detection (LOD), and limit of quantification (LOQ) were evaluated
in order to validate de present methodology.

The precision of the chromatographic methodology was eval-
uated by performing the repeatability of the HPLC analysis of the
four plasma thiols spiked with IS in intra-day and inter-day mea-
surements of the RT by repeated plasma samples injections (two
determinations from two different plasma extraction from the
same individual). The intra- and inter-day results were expressed as
mean, standard deviation (+SD), coefficient of variation (%CV) and
relative standard deviation (%RSD). The intra-day variations were
studied by analyzing plasma samples spiked with IS for 10 days.

The accuracy of this method was evaluated by determining the
recovery of Cys, Cys-Gly, Hcy and GSH in samples with known
concentrations of aminothiols. Three different standard amounts
of each of the thiols were added to the plasma sample which was
subjected to the HPLC chromatographic analysis. The recovery was
calculated based on the difference between the total concentra-
tion determined in the spiked samples and the concentration in
the non-spiked samples.

The sensitivity of the method was determined by quantifying the
LOD and LOQ for each aminothiol. LOD was evaluated by consider-
ing the analyte concentration that yield a signal-to-noise ratio (S/N)
of 3. LOQ is the minimum concentration of the analyte that can
be determined at an acceptable precision and accuracy under the
analytical conditions used (corresponding to the lowest acceptable
point in the calibration curve). For LOD and LOQ determinations,
dilutions of each analyte were performed. The linearity of the
method was evaluated from de calibration curves constructed at
eight concentration points of each aminothiol in the spiked plasma
samples. For each calibration curve, the absolute peak-area ratios
of the aminothiol to the IS area were calculated and plotted against
the ratio of the nominal aminothiol to the IS concentrations.

2.8. Statistical analysis

Linear regression was applied to develop an equation to predict
the plasma aminothiols concentrations. Differences in mean val-
ues (Mean + SD) between gender were tested by Student’s t-test or
Mann-Whitney U-test for unpaired observations. Statistical anal-
ysis was performed by using SPSS 15.0 for software for windows
(SPSS Institute, Chicago, IL). A P-value of <0.05 was considered to
be statistically significant.
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Fig. 3. HPLC chromatogram obtained from the analysis of plasma sample with FLD detection. Chromatographic conditions: Platinum EPS C18 analytical column
(53 mm x 7 mm I.D.); mobile phase: 0.1 mol/L KH2PO4 buffer pH 2.0 containing 40 mL/L of ACN and the flow rate was 1 mL/min; temperature 35 °C; FLD detection (excitation
at 385 nm and emission at 515 nm). Legend: Cys (2.482 min), IS (2.963 min), Cys-Gly (3.279 min), Hcy (3.970 min) and GSH (5.555 min).

Table 1

The regression equations, the linear range and the limits of detection (LOD) and quantification (LOQ) of Cys, Cys-Gly, Hcy and GSH.

Thiols Linear range (.mol/L) Linear equation r2a LOD (pmol/L) LOQ (mol/L)
Cys 15-500 y=0.1376x — 0.0047 0.996 0.09 15

Cys-Gly 5-80 y=1.0571x+0.211 0.998 0.01 5

Hcy 2-50 y=0.4283x+0.0389 0.995 0.05 2

GSH 0.5-7.5 y=0.895x —0.0272 0.995 0.03 0.5

2 12 _ correlation coefficient.
3. Results and discussion

The simultaneous determination of multiple aminothiols lev-
els in the plasma has emerged as an useful tool not only for clinical
and translational research involving oxidative stress, metabolic and
redox regulation, but also used for monitoring the disease status.
The method described in this paper represents an optimization of
the methodologies reported by Araki and Sako [20] and Minniti
et al. [32]. The main attention of those authors was the detec-
tion and quantification of total plasma homocysteine, whereas our
study focused in the determination of the four aminothiols and IS
in the same HPLC run.

3.1. Chromatographic separation

Representative chromatogram of the human plasma sample
from apparently healthy volunteers with the addition of IS is illus-
trated in Fig. 3. Retention times for Cys, IS, Cys-Gly, Hcy, and GSH
were 2.48, 2.96, 3.27, 3.97, and 5.55 min, respectively. The iden-
tification of five peaks was done by comparison of the retention
times with those corresponding to the pure standards run sepa-
rately in the same analytical conditions and confirmed by spike of
the authentic standards to the plasma sample. The isocratic elu-
tion of the five analytes was completed within 6 min (Fig. 3), and
because it was not necessary to regenerate the column, a new
run was performed every 8 min which allows a high-throughput
capability. Other previous reported methods showed a total anal-
ysis time ranging from 8 to 40 min, and gradient elution was also
used [20,31,32,43]. Our method has the advantage of saving time
and volume of mobile phase that are of crucial importance for
routine analysis and also for the environment by reducing the
solvent waste. Under these elution conditions, all the peaks of
interest were well separated and there were no others interfering
peaks from endogenous compounds. Therefore, we can support the

previously methodology reported by Minniti et al. [32], that SBD-F
is a suitable labeling reagent for the sensitive determination of the
plasma aminothiols by HPLC-FLD. SBD-F adducts presents a high
fluorescence and exhibit an excellent stability which is suitable
for pre-column derivatization. It is important to store the SBD-
F adducts samples in a cool and dark place until use, since they
are light sensitive [32]. In this assay we preferred to employ cys-
teamine hydrochloride as an IS than 2-mercaptopropionylglycine
or N-acetylcysteine, because this allowed us to shorten the total
run time of the complete aminothiols separation. Our results also
showed that the presence of an IS did not affect the precision of the
described method (Table 2) in opposition to the previously reported
by Accinni et al. [49], and also the IS used allows the correction of
possible systematic errors due to sample handling.

3.2. Method validation

Linear regression analysis for the plasma aminothiols was per-
formed by internal standard method. Each calibration curve and
respective correlation coefficient are showed in Table 1, as well
as the linear range for all molecules. The LOD of the assay for the
four plasma thiols was lower than 0.10 pwmol/L (Table 1), while the
LOQ varied from 0.5 to 15 wmol/L (Table 1). These results are in
accordance to the literature described by Cevasco et al. [31]. The
majority of the published methodologies only reported the fully
validation parameters for Hcy, which left us without information
regarding the others three aminothiols [20,44,50]. The results pre-
sented in Table 2 show that for both intra- and inter-day precision
the RSD (%) values were lower than 1.9%, and the CV (%) values
were found under 0.5%. We observed that no similar results were
achieved by others researchers [20,43,50]. The recovery was cal-
culated based on the difference between the total concentration
determined in the spiked plasma samples and the concentration
in the non-spiked samples (Table 3). Three different amounts of
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Table 2

Intra- and inter-day precision data for retention time (RT), standard deviation (SD), relative standard deviation (RSD), and coefficient of variation (CV) of the four aminothiols

and internal standard (IS).

Thiols Intra-day precision (n=10)? Inter-day precision (n=10)?

Mean RT (min) SD (min) RSD (%)° CV (%) Mean RT (min) SD (min) RSD (%)° CV (%)
Cys 2.4681 0.0078 0.541 0.320 24771 0.0044 0316 0.179
IS 2.9634 0.0057 0.329 0.194 2.9552 0.0099 0.766 0.339
Cys-Gly 3.2808 0.0099 0.673 0.304 3.2755 0.0138 0911 0.424
Hcy 3.9431 0.0174 1.276 0.442 3.9702 0.0075 0.516 0.190
GSH 5.5418 0.0213 1.840 0.386 5.5620 0.0211 1.710 0.379

2 Two determinations from two different plasma extraction from the same individual.
b RSD (%) =(Mean deviation)?/SD x 100.
¢ CV (%)=(SD/Mean) x 100.

Table 3
Recovery of Cys, Cys-Gly, Hcy and GSH from human plasma sample.
Plasma thiols Concentration (mol/L) Recovery (%)
Plasma Spiked Found
Cys 300 50 342.90 97.98
100 370.36 92.59
200 476.85 95.37
Cys-Gly 33 10 41.91 97.47
20 50.80 95.86
40 69.97 95.86
Hcy 12.5 5 17.49 99.99
10 21.74 96.66
20 29.99 92.30
GSH 1.65 1 2.48 93.82
2.5 3.82 92.28
5 6.12 92.09

each aminothiol standard were added to the sample which was
subjected to the derivatization procedure and chromatographic
analysis. Excellent recovery (92-100%; Table 3) of the four plasma
thiols was observed for all concentrations, consistent with previous
findings [31,43].

3.3. Application of the method

The proposed validated method was successfully applied to the
determination of total plasma aminothiols levels in 326 plasma
samples from apparently healthy subjects. The results illustrated
in Table 4 show that total Hcy, Cys-Gly and GSH levels were sig-
nificantly higher in men than in women (P<0.001). The average
concentrations of all aminothiols are similar to those reported in
literature [3,30,51].

The method can be applied in clinical analysis for the assess-
ment of oxidative stress through plasma aminothiols status. It can
also be easily automated by using an autosampler with controlled
temperature (+4°C).

Table 4
Total plasma aminothiols levels in the apparently healthy subjects, according to
gender.

AllR Women? Men?
Plasma thiols (pmol/L) (326) (189) (137)
Cys 199 + 39 196 + 39 203 £+ 39
Cys-Gly 32+6 2945 35+ 6
Hcy 10+3 9+3 11+4
GSH 1.5+ 05 1.4+ 05 1.6 £ 0.6

2 Values are mean + SD for (n) subjects
" Significant differences between genders P<0.001.

4. Conclusion

The described validated HPLC-FLD method for the simulta-
neous determination of total plasma aminothiols levels was highly
sensitive, precise, accurate, selective, reproducible and rapid. We
achieved a complete elution within 6 min with well resolved peaks
of all analytes which can be used for high-throughput routine clini-
cal analysis allowing the screening of populations that are at risk of
development of CVD, in comparison with other reported methods
where fewer compounds have been determined in a single run with
longer analysis time using complex and expensive methodologies.
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