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ABSTRACT 

A simple and sensitive high-performance liquid chromatographic technique has been developed for the quantification of free reduced 

and free oxidized glutathione in biological samples. After acidic extraction and isocratic separation of the compounds of interest on a 

reversed-phase column, both forms of glutathione are quantified with a coulometric detector working in the oxidative mode. The limit 

of detection is 125 fmol for reduced glutathione and 400 fmol for the oxidized form (signal-to-noise ratio of 3). This sensitivity allows 

the measurement of the small amount of glutathione present in a single hair follicle. The technique is well adapted to microsamples, i.e. 

for non-invasive sampling technique (hair, skin, tears, etc.) and can be adapted to various cells or tissues. 

INTRODUCTION 

The tripeptide glutathione (L-y-glutamyl-L-cys- 
teine-L-glycine) is widely distributed in living cells 
and is involved in many biological functions [l]. 
In extra- or intracellular media, glutathione is 
mainly found as the reduced (GSH) form and, in 
much smaller amounts, as the oxidized (GSSG) 
form. 

The amount of GSSG in intracellular media 
may increase with oxidative stress [2] but can be 
reduced to GSH by the enzyme glutathione re- 
ductase. Furthermore, a decrease in glutathione 
or glutathione enzyme activity with age has been 
observed in various tissues and organs 13-51, in- 
cluding human skin [6] and hair follicles [7]. 

Although numerous chemical, enzymatic and 
high-performance liquid chromatography 
(HPLC) methods have been reported for the de- 
termination of thiols (for a review, see refs. 8 and 

9), only a few have described procedures for the 
simultaneous determination of both oxidized and 
reduced thiols in a single step or without sep- 
aration into fractions, or both. 

The use of HPLC coupled to electrochemical 
detection proved to be an attractive solution to a 
problem such as this. Ordinarily, electrochemical 
detectors are operated in the amperometric 
mode, i.e., the detector current is monitored 
while the working electrode potential is held con- 
stant. Typically, between 1 and 5% of the analyte 
is electrolysed. When the fraction of the sample 
electrolysed approaches unity, the detector is said 
to be coulometric. 

First proposed by Rabenstein and Saetre [lo], 
the amperometric method was refined by Allison 
and Shoup [ 1 l] and used by others for various 
studies [12-151. For the detection of both thiols 
and disulphides, a dual gold-mercury cell is used 
in series. After the HPLC separation, the eluate 
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passes over a first electrode which acts as a “post- 
column reactor” and reduces the disulphide to 
the corresponding thiol, which can then be de- 
tected by the catalytic oxidation of mercury on 
the second electrode. The system is thus capable 
of detecting both thiols and disulphides in the 
same sample. However, the method has some dis- 
advantages [ 161: (i) a loss of sensitivity of the elec- 
trodes, due to “co-oxidized” interfering material, 
is observed; and (ii) a large amount of thiol must 
be injected to have a detectable amount of disul- 
phide present. This leads to a fouling of the mer- 
cury electrodes and to a rapid decay of the ana- 
lytical sensitivity [ 111. 

O’Gara al. [ 171 using 
a coulometric operating the oxidative 

Their result us to the 
efficiency of this unusual for the simul- 
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Fig. 1. Hydrodynamic voltammograms of GSH (m) and GSSG 

(0) on the upstream electrode. Potential of the downstream elec- 

trode is held at +0.89 V. q5 is the ratio of the peak current 

measured for a given voltage to the peak current measured at 

+0.89 V. Values plotted are the mean of triplicate injections. 

terest, we investigated the electrochemistry of 
GSH and GSSG by generating hydrodynamic 
voltammograms (current versus voltage curves). 
For this assay, the potential of the downstream 
electrode was held at + 0.89 V whereas the poten- 
tial of the upstream electrode was varied from 
+0.35 to +0.89 V by 0.05 V steps. A response 
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Fig. 2. First derivative (d+/dV) of the hydrodynamic voltam- 

mograms. Two peaks are observed for GSH (the first peak corre- 

sponds to a potential q = 0.55 V and the second to a potential 

IJ$ = 0.83 V). Only the second peak is observed for GSSG. n = 

GSH; 0 = GSSG. 
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due to the oxidation of GSH was observed for a 
potential of more than +0.3 V (see Fig. 1). For 
GSSG, the threshold potential was in the range 
0.70-0.75. A biphasic behaviour of the response 
curve corresponding to GSH was observed. Just 
before the electrochemical response reached sat- 
uration it showed a further voltage-dependent in- 
crease. This phenomenon is depicted in Fig. 2, 
which represents the first derivative of the current 
versus voltage curve for both compounds. The 
first peak, only observed for reduced glutathione, 
could be assigned to the oxidation of the thiol 
group; the second, observed for both com- 
pounds, was attributable to the oxidation of the 
amine group(s). 

Therefore, by holding EI and EZ at 0.73 and 
0.86 V, respectively, 90% of the overall signal 
corresponding to GSH was detected with the up- 
stream electrode. GSSG was only detected with 
the downstream electrode. 

Peak assignment 
The comparison between currents (A I and AZ) 

from the upstream and the downstream elec- 
trodes, respectively, was used to control the peak 
purity for the compounds of interest and for the 
detection of co-eluting substances by comparing 
the Al/A2 ratio to the values obtained with au- 
thentic standards. Furthermore, peaks are as- 
signed by comparing their capacity factors with 
those of the pure compounds. 

Limit of detection 
A linear relationship between the amount in- 

jected and the detector response, over at least 
three decades, was observed for both compounds 
(r > 0.999). From the experiments, we concluded 
that the limits of detection (signal-to-noise ratio 
of 3) for injected GSH and GSSG were 125 and 
400 fmol, respectively. 

Reproducibility 
The potentials of the electrodes were usually 

set in the range giving the maximum current re- 
sponse for a given amount of compound. This 
was not so in our experiment to avoid co-oxida- 
tion of interfering material. However, the repro- 
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TABLE I 

REPRODUCIBILITY OF GSH AND GSSG PEAK 

HEIGHTS 

125 pm01 GSH and GSSG injected. 

Injection No. Peak height (arbitrary units) 

GSH GSSG 

1 97 16.8 

2 98 17.1 

3 98 17.2 

4 98 17.0 

Mean value 91.75 17.03 

Standard deviation 0.5 0.17 

Coefficient of variation (X) 0.51 I.0 

ducibility appeared to be satisfactory (Table I) as 
the relative deviation is in the 1% range with 
standard solutions. 

Recovery studies 
Estimation of the recovery of added GSH and 

GSSG was ascertained by addition of known 
amounts of these substances to the homogenate 
(ten hair follicles in 350 ~1 of the 5% TCA solu- 
tion). Three homogenate mixtures were pre- 
pared: hair follicles alone (no added GSH or 
GSSG), hair follicles plus 2 nmol of GSH and 
hair follicles plus 0.05 or 1 nmol of GSSG. The 
different experiments (see Table II) yielded ac- 

TABLE II 

RECOVERY STUDIES OF GSH AND GSSG ADDED TO 

HAIR FOLLICLE SAMPLES 

Values indicate mean f standard deviation for the number of 

determinations shown in parentheses. Initial amounts for GSH 

and GSSG are 2 nmol and 30 pmol, respectively. 

Experiment Compound Amount added Recovery (%) 

No. added (nmol) (mean f S.D.) 

1 GSH 10 99 f 4 (6) 

GSSG 0 116 f 38 (6) 

2 GSH 0 104 f 7 (6) 

GSSG 0.05 99 f 2 (3) 

GSSG 1.0 98 f 2 (3) 

ceptable mean recovery values (102 * 6% for 
GSH and 105 & 14% for GSSG). Furthermore, 
it can be concluded from Table II that the differ- 
ence between the measurements of the spiked na- 
tive sample and the native sample alone yielded 
approximately the concentration value of added 
compound. This observation demonstrated that 
no significant reduction or oxidation process oc- 
curred during the extraction step. 

The instability of GSH, due to its oxidation to 
GSSG on exposure to air, had been studied by 
investigating the influence of the delay in time 
between homogenization and sample determina- 
tion. Samples prepared and stored under acidic 
conditions, i.e. homogenization with 5% TCA, 
showed a loss of cu. 1% for GSH after 1 h at 
+4”C, but no change for GSSG. We suggest, 
therefore, that samples should be measured as 
soon as possible after homogenization. 

Application to hair follicles 
To test the sensitivity of the technique, GSH 

and GSSG were determined in a single hair folli- 
cle. Reduced and oxidized glutathione were easily 
detected (Table III). GSH was quantified with 
the upstream electrode (Fig. 3), GSSG with the 
downstream electrode (Fig. 4). The comparison 
of signals from both electrodes indicated negli- 
gible interference with co-eluted compounds as 
peak ratios and capacity factors for GSH and 
GSSG were in agreement with standard assays. 

DISCUSSION 

Generally, when using amperometric detection 
for the determination of GSSG, oxidized gluta- 
thione was first reduced to the thiol and then 
quantified by subsequent oxidation of the thiol 
group to the corresponding disulphide. Such a 
procedure had been developed, in our opinion, 
for the following reasons. 

Although the functional amine group(s) of 
GSSG can be oxidized on a carbon surface, this 
oxidation requires high potentials (over 1.0 V 
versus Ag/AgCl). Under such conditions, detec- 
tion is no longer specific and makes direct detec- 
tion of GSSG intractable for trace determina- 



DETERMINATION OF FREE GSH AND GSSG 259 

TABLE III 

CONCENTRATIONS OF DIFFERENT GLUTATHIONE FORMS IN HAIR FOLLICLES OBTAINED FROM HEALTHY 

VOLUNTEERS 

Subject Sex Mass of DNA GSH GSSG GSH/(GSH + GSSG) 

No. per follicle (p(g) (nmol/pg DNA) (nmol/pg DNA) (%) 

1 Male 0.13 5.53 0.053 0.95 

2 Female 0.055 14.1 0.110 0.77 

3 Male 0.045 5.11 0.041 0.80 

4 Male 0.028 3.07 0.033 1.06 

5 Female 0.193 3.68 0.080 2.13 

6 Female 0.108 6.20 0.280 4.32 

7 Female 0.032 4.06 0.178 4.20 

8 Female 0.064 1.87 0.072 3.71 

9 Male 0.064 1.25 0.009 0.72 

10 Male 0.062 5.64 0.100 1.74 

Mean value 0.078 5.05 0.096 2.04 

Standard deviation 0.051 3.58 0.080 1.48 

Coefficient of variation (%) 65.4 70.9 81.6 72.69 

tions as the background current is very high. 
With a mercury-gold electrode, the indirect de- 
tector reaction is based on the oxidation of mer- 
cury in the presence of thiols and requires very 
low potentials, typically 0.1 V versus Ag/AgCl, in 
contrast to the 0.9-1.0 V potentials used for the 

GSH 
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Fig. 3. Response of the upstream electrode (+ 0.73 V) to a hair 

follicle sample (62.5 pmol of GSH are injected, i.e., 0.5 nmol per 

follicle). GSSG is not detected with this electrode (for chromato- 

graphic conditions, see text). 

direct oxidation of thiol to the disulphide on a 
carbon surface. Owing to this low potential, the 

-_ 
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Fig. 4. Response of the downstream electrode (+0.86 V) to a 

hair follicle sample. A signal response due to GSH and GSSG is 

observed. For the detection of oxidized glutathione (1.9 pmol of 

GSSG injected, i.e., 11 pmol per follicle), the sensitivity has to be 

increased by a factor of ten in comparison with the upstream 

electrode (for chromatographic conditions, see text). 
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detection is extremely specific: only sulphydryls, 
halide or similar ions and chelating agents can be 
detected. 

However, a different approach to the problem 
was also possible. Usually, electrochemical detec- 
tors are operated in the amperometric mode, i.e., 
between 1 and 5% of the analyte is electrolysed. 
With a coulometric detector, about 100% of the 
analyte is electrolysed. It is thus possible to 
achieve a quasi-complete electrolysis of the eluate 
using the trapping capabilities of a coulometric 
guard electrode. As the background current is 
mainly due to electrochemically active trace con- 
stituents in the mobile phase, a coulometric 
guard cell, with a large porous electrode, can be 
used to “remove” these impurities before the in- 
jector so that the analytical cell receives only elec- 
trochemically “clean” mobile phase and the 
background current is shut down to an accept- 
able level. 

From an electrochemical point of view, the de- 
tector specificity is not efficient enough when us- 
ing high positive potentials, as many functional 
groups are then oxidizable. To partially over- 
come this problem, we used a technique similar 
to the simultaneous monitoring of two wave- 
lengths of a UV detector. Absorbance ratios are 
normally used to provide an indication of the 
peak purity by comparing the observed ratios to 
those obtained with authentic standards. In our 
experiments we compared the current from both 
the upstream (Al) and the downstream electrode 
(AZ). About 90% of the total current due to GSH 
was detectable with the upstream electrode. 
Therefore the ratio A i/AZ remained constant and 
was concentration independent. GSSG was only 
detectable at the downstream electrode because 
the potential of the upstream electrode was below 
the threshold required for the oxidation of its 
amino group. The appearance of the GSH signal 
in the chromatogram at a lower retention time 
(see Fig. 4) and due to the remaining amount of 
about 10% of non-oxidized GSH (see above) did 
not impair the determination of GSSG. This is a 
very important fact because GSSG represents on- 
ly a small fraction compared with the concentra- 
tion of GSH. Although only about 10% of GSH 

was accessible to oxidation at the downstream 
electrode it could be measured with a high sensi- 
tivity. None, or at least only minor, interferences 
were observed. Assigment of peaks for either 
GSH or GSSG was achieved by comparing the 
retention times of sample peaks with those of the 
authentic compounds. Thus by the use of two 
electrodes held at a different potential we were 
able to detect both oxidized and reduced gluta- 
thione. The main advantage of the “classical” 
configuration consisted in the fact that possible 
interferences were removed by the “low poten- 
tial” upstream electrode. Subsequent measure- 
ment of the analyte took place only at the “high 
potential” downstream electrode. 

Minimal detectable amounts (signal-to-noise 
ratio of 3) are 0.125 pmol for GSH and 0.4 pmol 
for GSSG. These values are significantly lower 
than those reported by Allison and Shoup of 3.5 
and 5.7 pmol for GSH and GSSG, respectively 
[ 1 I]. This result emphasizes the advantages of a 
coulometric detection versus amperometric or 
fluorometric detection [19,20]. Optimization of 
the sensitivity of the method also depends on the 
chromatographic parameters. Microbore packed 
columns (l-2 mm I.D.) [21,22] or short columns 
packed with 3 pm particles [23,24] are well de- 
signed for this purpose. In this study only 3-,um 
particle columns were tested. Both theory and ex- 
periment have shown the increase in efficiency 
which can be obtained by decreasing particle size. 
From a bractical point of view, higher efficiency 
provides improved resolution, shortened analysis 
time and (for a given sample mass) increased sen- 
sitivity. It was only necessary to minimize extra- 
column band broadening [25], especially for early 
eluting peaks (low capacity factor) which have 
small volumes [24]. The coulometric detector, 
with a cell volume less than 5 ~1, allowed the use 
of such a column. Therefore the overall sensitiv- 
ity of the analytical system was high enough to 
quantify the amount of GSH and GSSG in one 
hair follicle. Mean values for GSH and GSSG, 
obtained from ten healthy volunteers, were 5.05 
nmol/pg DNA and 0.096 pmol/pg DNA, respec- 
tively. However, wide variations were observed 
for both compounds. Similar results were ob- 
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tained by Pruche et al. [26] who have quantified 
total glutathione (GSH + GSSG) in human hair 
follicles (n = 43 volunteers under 80 years of age) 
according to the enzymatic method of Griffith 
[27]. The total glutathione content was 5.42 & 
3.94 nmol/,ug DNA (mean value & standard de- 
viation). In their study, the variations observed 
decreased as a function of age. The “young” pop- 
ulation (under 80 years of age) shows a greater 
variation in comparison with the older popula- 
tion (from 80 to 103 years). 

CONCLUSION 

When using the trapping capabilities of a cou- 
lometric detector, quantification of GSSG is pos- 
sible, through oxidative reactions involving the 
amine group(s) of this compound, as the back- 
ground level due to the mobile phase is reduced 
to an acceptable level. The simplicity of the tech- 
nique, which requires neither a rigorous deoxy- 
genation of the mobile phase nor a frequent 
cleaning of the electrodes, makes it readily appli- 
cable to routine analysis. Investigations are in 
progress towards the determination of gluta- 
thione in various biological matrices (tears, skin, 
etc.). 
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