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a b s t r a c t

This work presents an assay for total thiols and total disulfides in biological samples via HPLC quantification
of 5-thio-2-nitrobenzoic acid (TNB) derived from the reaction of thiols with 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB, Ellman’s reagent). This method also provides simultaneous quantification of glutathione
(GSH) via the measurement of the GSH–DTNB adduct (GSH–TNB). By using 326 nm as the detecting
wavelength, the HPLC detection limit for TNB and the GSH–TNB adduct was determined to be 15 and
7.5 pmol respectively. A recovery study with OVCAR-3 cells revealed that the recovery yields for TNB
in the procedures for determining non-protein thiols, protein thiols, non-protein disulfides, and protein
disulfides were 99.4 ± 1.2% (n = 3), 98.1 ± 5.0% (n = 3), 95.6 ± 0.9% (n = 3), and 96.6 ± 2.3% (n = 3) respectively.
The recovery yield for GSH–TNB in the procedures for determining non-protein thiols, protein thiols, non-
protein disulfides, and protein disulfides was 99.0 ± 0.3% (n = 3), 95.1 ± 4.9% (n = 3), 96.8 ± 0.6% (n = 3), and
95.1 ± 2.9% (n = 3) respectively. The reproducibility, expressed as the relative standard deviation for the
analyte, for TNB was determined to be 2.8% (n = 6) for non-protein thiols, 3.9% (n = 6) for protein thiols, 3.6%
(n = 6) for non-protein disulfides and 4.6% (n = 6) for protein disulfides. The reproducibility for GSH–TNB
was determined to be 1.6% (n = 6) for non-protein thiols and 2.6% (n = 6) for non-protein disulfides. By
comparing the amount of GSH determined in a biological sample before NaBH4 reduction with that after

the reduction, this method can provide information associated with thiol glutathionylation which would
be useful for protein glutathionylation study. This method should be applicable to cellular, subcellular,
protein, or other biomatrix samples for thiol and disulfide quantification and will be a useful analytical
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method in the study of th

. Introduction

Thiol redox state (TRS), reflected by the ratio of thiols (-
H)/disulfides (-S-S-), is a critical parameter associated with
arious essential biochemical processes, such as regulation of
rotein function, stabilization of protein structures, protection of
roteins against irreversible oxidation of critical cysteine residues,
nd regulation of enzyme functions and transcription [1–3]. There
s also a growing body of evidence demonstrating that an abnor-

al thiol redox state is involved in the pathogenesis of a variety of
iseases, such as chronic heart disease [4,5], rheumatoid arthritis
6], acquired immunodeficiency syndrome (AIDS) [7], Parkinson’s

isease, Alzheimer’s disease, Friedreich’s ataxia (FRDA), multiple
clerosis and amyotrophic lateral sclerosis [8,9], cancer [10], dia-
etes [11], and liver disorder [12]. Therefore, determination of thiol
edox states at the cellular, subcellular, protein, or biomatrix level
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ox state and thiol glutathionylation.
© 2008 Elsevier B.V. All rights reserved.

an provide valuable information on various normal or abnormal
iochemical processes.

In general, TRS is characterized by the levels of non-protein thi-
ls (NP-SH) and protein thiols (P-SH), as well as various protein
nd non-protein disulfides (NP-S-S-NP, P-S-S-P, NP-S-S-P). NP-SH
ainly include glutathione (GSH), cysteine, �-glutamylcysteine,

omocysteine, and coenzyme A [13]. Among these, GSH is the most
bundant thiol in cells and is present in millimolar concentration
13]. NP-S-S-NP is made up of the oxidized forms of NP-SH and their

ixed disulfides. Traditionally, GSH and its oxidized form GSSG
re usually the thiol components emphasized in the literature as
ndicators of TRS whereas the contribution of other NP-SH, P-SH
nd their disulfides has been largely ignored, despite the fact that
SSG constitutes only a minor portion of the TRS component of
P-S-S-NP [13]. Consequently, numerous analytical methods have

een developed for the characterization and quantification of GSH
nd GSSG while methods for total thiols and total disulfides are
elatively limited.

Current analytical methods for total thiols generally involve
thiol selective reagent which can be either a fluorescent or

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:Xiangming.Guan@sdstate.edu
dx.doi.org/10.1016/j.jpba.2008.08.033
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Fig. 1. Principle of thiol or disulfide quantification via measurement of TNB. R-SH

on-fluorescent compound. In the case of a thiol selective fluo-
escent reagent, total thiols are determined based on fluorescence
enerated from a product derived from the reaction of thiols
ith the reagent [14–19]. With a non-fluorescent reagent such

s 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman’s reagent)
13,17,20–22], 4,4′-dithiodipyridine (4-DTDP) [22–24], and n-
ctyldithionitrobenzoic acid (OTNB) [25], the quantification is
enerally based on the reaction of the reagent with a thiol to form
thiol–reagent adduct with a concomitant release of one equiva-

ent of another product. Spectrophotometric quantification of the
eleased product indirectly provides the quantity of the thiols. Total
isulfides can be determined by reduction of disulfides to thi-
ls with various reducing reagents, such as sodium borohydride
NaBH4), dithiothreitol (DTT), and dithioerythritol [26], followed
y thiol determination. Subtraction of the thiols obtained before
he reduction from that derived after the reduction provides the
uantity of the total disulfides. In addition to these photomet-
ic methods, electrochemical assays have also been reported for
hiol determination [27,28]. Among all these methods, spectropho-
ometric quantification using Ellman’s reagent is by far the most
ommonly used assay for total thiol and total disulfide quantifica-
ion [13,17,20–22]. Ellman’s reagent reacts with a thiol leading to
he formation of a thiol–TNB adduct and a concomitant release of
ne equivalent of 5-thio-2-nitrobenzoic acid (TNB) (Fig. 1). Quan-
ification of the thiols is based on the released TNB which can be

easured spectrophotometrically at 412 nm with a molar absorp-
ivity of 14,150 M−1 cm−1 at a neutral pH [29]. One of the major
roblems of quantification by spectrophotometry is the interfer-
nce by compounds which exhibit absorption at the measured
avelength, a phenomenon often encountered with a biological

ample and already noticed for the Ellman’s spectrophotometric
ethod [30]. In our study of cellular thiol redox states, we failed to

ccurately determine cellular total thiols and total disulfides with
he Ellman’s spectrophotometric method for the same reason. One
f the solutions to overcome this problem is to use HPLC to quantify
nalytes.

Recently, Hansen et al. [31] reported an HPLC assay for protein
hiols and disulfides based on the reaction of thiols with 4-DTDP.
-DTDP reacts with a thiol to form a 4-DTDP-thiol adduct with a
oncomitant release of one equivalent 4-thiopyridone (4-TP). HPLC
uantification of 4-TP provides the quantities of total thiols or total
isulfides after disulfides being reduced to thiols. Interestingly,
espite the extensive use of Ellman’s reagent in total thiol quan-
ification by spectrophotometric measurement of TNB, no report
as been found in the literature for total thiol assays based on the
PLC quantification of TNB. A lack of an HPLC assay of TNB has

een attributed to the low absorptivity of TNB at 412 nm under
n acidic condition which is typical for most HPLC assays [31].
ndeed, when we conducted an HPLC analysis, TNB showed mini-

al absorption at 412 nm under the HPLC condition employed. The
aximum absorption was found at 326 nm which was also noticed

N
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s
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e protein or non-protein thiols. R-S-S-R can be protein or non-protein disulfides.

ecently by Landino et al. [32]. Based on this observation, we have
eveloped a total thiol and total disulfide assay via HPLC quantifica-
ion of TNB. Total thiols were obtained based on TNB formed from
he reaction of thiols with DTNB. Total disulfides were derived by
ubtracting total thiols obtained before NaBH4 reduction from that
fter the reduction. The principle of this assay is illustrated in Fig. 1.
his method was sensitive enough to detect total thiols and disul-
des from samples derived from OVCAR-3 cells, a human ovarian
ancer cell line. In addition, this method can also simultaneously
uantify GSH through detection of the GSH–TNB adduct. An addi-
ional advantage of this method is that by knowing the quantities
f GSH before NaBH4 reduction and GSSG in a biological sample,
he quantity of GSH obtained after NaBH4 reduction provides infor-

ation related to thiol glutathionylation, which would be useful
n the study of thiol glutathionylation. An example of protein glu-
athionylation determination is also presented demonstrating the
sefulness of this method in the study of protein glutathionylation.
he method should be applicable to cellular, subcellular, protein, or
ther biomatrix samples for total thiol and total disulfide quantifi-
ation, as well as thiol glutathionylation.

. Materials and methods

.1. Materials

GSH, GSSG, p-aminobenzoic acid, ethylenediaminetetraacetic
cid (EDTA), DTNB and trypsin were obtained from Sigma–Aldrich
hemical Co. (Milwaukee, WI). HPLC grade acetonitrile, NaBH4,
nd formic acid were obtained from Fisher Scientific (Pitts-
urgh, PA). Sulfosalicylic acid was purchased from J.T. Baker
hemical Co. (Phillipsburg, NJ). RPMI 1640 growth medium,

etal bovine serum (FBS), and penicillin/streptomycin were pur-
hased from Mediatech, Inc. (Herndon, VA). OVCAR-3 cells were
btained from the National Cancer Institute. Ultrapure water
as prepared using a Milli-Q purification system (Millipore,
edford, MA). 2-Acetylamino-3-[4-(2-acetylamino-2-carboxy-
thylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl]
ropionic acid (2-AAPA), a glutathione reductase inhibitor, was
ynthesized in this laboratory [33].

.2. Solutions

Solutions of GSH (1.0 mg/ml), GSSG (1.0 mg/ml), and sulfosali-
ylic acid (3%, 10%, w/w), were dissolved in ultrapure water under
aBH4 (283.7 mg/ml) were prepared in sodium phosphate buffer
0.15 M, pH 7.5). The stock solutions of GSH, GSSG, and BSA were
tored at −80 ◦C. The solution of NaBH4 was prepared fresh and
tored over ice for 1-day assay. 2-AAPA (1.0 mg/ml) was prepared
n RPMI 1640 growth medium and stored at −80 ◦C.
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lysate sample (Fig. 3B). DTNB is not included in the chromatogram
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.3. Preparation of OVCAR-3 cell lysate

Exponentially growing OVCAR-3 cells were cultured in a flask
t 37 ◦C in RPMI 1640 growth medium containing 10% FBS and
% penicillin/streptomycin in a 5% CO2 incubator. Medium was
iscarded. Cells (5 million) were detached by trypsinization and
ashed with ice-cold PBS containing 1 mM EDTA (2 ml). One millil-

tre of ice-cold sulfosalicylic acid (3%, w/w) was added to the cells.
he mixture was sonicated over ice using a Misonix XL2020 soni-
ator with a cup horn probe (Farmingdale, NY) for 4 min. The lysed
ells were centrifuged at 15000 × g for 1 min. The supernatant and
ysate pellets were separated. The supernatant was used for the
etermination of non-protein thiols and non-protein disulfides. The

ysate pellets were washed thoroughly with sulfosalicylic acid (3%,
/w, 1 ml ×3) to ensure that no residual non-protein thiols were left

efore being re-suspended in 1 ml of sulfosalicylic acid (3%, w/w)
or the quantification of protein thiols and protein disulfides.

.4. Preparation of OVCAR-3 cell lysate supernatant for
on-protein thiol assays

OVCAR-3 cell lysate supernatant (100 �l) was vortex-mixed
ith a solution containing sodium phosphate buffer (0.15 M, pH

.5, 1070 �l), DTNB (19.8 mg/ml, 70 �l), and internal standard p-
minobenzoic acid (10 mg/ml, 20 �l). The sample was allowed to
tand at room temperature for 10 min followed by addition of HCl
36.5%, 50 �l) and centrifugation at 15000 × g for 1 min. The super-
atant was subjected to HPLC analysis.

.5. Preparation of OVCAR-3 cell lysate supernatant for
on-protein disulfide assays

OVCAR-3 cell lysate supernatant (100 �l) was vortex-mixed
ith a solution of sodium phosphate buffer (0.5 M, pH 7.5, 200 �l)

nd NaBH4 (283.7 mg/ml, 120 �l). The mixture was incubated at
0 ◦C for 30 min followed by slow addition of HCl (18.3%, 160 �l)
ver ice to adjust the pH to 1. The mixture was added to a solution
f p-aminobenzoic acid (10 mg/ml, 20 �l) and DTNB (19.8 mg/ml,
0 �l) followed by neutralization with sodium phosphate buffer
0.5 M, pH 10, 590 �l). The mixture was allowed to stand at room
emperature for 20 min followed by addition of HCl (36.5%, 50 �l)
nd centrifugation at −15000 × g for 1 min. The supernatant was
ubjected to HPLC analysis.

.6. Preparation of OVCAR-3 cell lysate pellet suspension for
rotein thiol assays

The cell lysate pellet suspension (100 �l) was treated the same
ay as described in the assay for non-protein thiols except 1120 �l
f sodium phosphate buffer (0.15 M, pH 7.5) was used.

.7. Preparation of OVCAR-3 cell lysate pellet suspension for
rotein disulfide assays

The cell lysate pellet suspension (100 �l) was treated the same
ay as described in the assay for non-protein disulfides except

thanol (50 �l) was added during NaBH4 reduction to reduce foam-
ng.
.8. Protein glutathionylation determination

2-AAPA, which was found to produce protein glutathionylation
n a monkey kidney cell line (unpublished results from this labo-
atory), was used to produce protein glutathionylation in OVCAR-3

d
r
7
a
r

iomedical Analysis 48 (2008) 1375–1380 1377

ells. Exponentially growing OVCAR-3 cells (20 million) were sus-
ended in 100 ml of RPMI 1640 growth medium containing 10%
BS, 1% penicillin/streptomycin and 2-AAPA (0.1 mM). The mixture
as incubated at 37 ◦C for 20 min in a 5% CO2 incubator. Cell lysate
ellets were prepared as described in Section 2.3 except the pel-

ets was washed 10 times with 1 ml of sulfosalicylic acid solution
3%, w/w) to ensure that no residual non-protein thiols were left
efore being re-suspended in 1 ml of sulfosalicylic acid (3%, w/w).
SH released from proteins after NaBH4 reduction was determined
s described in Section 2.7.

.9. Preparation of BSA samples for thiol determination (total
hiols + total disulfides)

BSA was dissolved in water and purified on a Microcon YM-
0 centrifugal filter unit with a molecular weight cut off of
0,000 (Millipore, Bedford, MA) to remove any trace of low-
olecular weight thiols and disulfides. The purified BSA was

reeze dried before preparation of the stock solution (1.43 mg/mL)
n ultra pure water. Sulfosalicylic acid (10%, 30 �l) was added
o the BSA solution (1.43 mg/ml, 70 �l) and the resulting BSA
olution was subjected to the procedure of the total protein disul-
de assay except additional 100 �l ethanol was added to reduce

oaming.

.10. HPLC analysis

HPLC analysis was carried out on a Beckman Coulter HPLC
System Gold) system, controlled by a system controller (32Karat
orkstation with PC), equipped with a 125 gradient pump-

ng module, a 508 autosampler with a sample cooling system,
nd a 168 photodiode array detector. The autosampler was set
t 4 ◦C. The HPLC conditions employed an Apollo C18 column
250 mm × 4.6 mm i.d., 5 �m) (Alltech, Deerfield, IL), solvent A
aqueous solution with 0.9% (v/v) formic acid] and solvent B (ace-
onitrile). Solvent B was first increased from 5% to 30% in 9 min, then
o 80% in 7 min, and held at 80% for an additional 5 min. All flow-
ates were 0.8 ml/min. The injection volume was 50 �l. 326 nm was
mployed as the detection wavelength.

. Results

.1. HPLC analysis

The initial HPLC assay employed 412 nm as the detection
avelength, the wavelength used in the spectrophotometric assay
f TNB [29]. The separation of the analytes was readily achieved
hrough a gradient mobile phase of acetonitrile and water contain-
ng 0.9% formic acid. However, the sensitivity of TNB at 412 nm was
ery low. To find an optimal detecting wavelength, an HPLC chro-
atogram of the analytes with a full scan detection (200–600 nm)
as conducted. After examining the spectrum, TNB was found to

xhibit a maximum absorption at 326 nm and minimal absorption
t 412 nm under the HPLC condition (Fig. 2). The wavelength of
26 nm was also found to be appropriate for the detection of DTNB
nd the GSH–TNB adduct (Fig. 2). Therefore, 326 nm was chosen
s the detection wavelength. Fig. 3 provides representative chro-
atograms derived from a mixture of standards (Fig. 3A) and a cell
ue to its off scale. The HPLC detection limits (a signal-to-noise
atio of 3) for TNB and GSH–TNB were determined to be 15 and
.5 pmol, respectively. The retention time for p-aminobenzoic
cid, GSH–TNB, and TNB were 10.6, 13.7, and 18.1 min,
espectively.
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Fig. 2. UV spectrum of TNB, GSH–TNB, and DTNB obtained in a HPLC run of a stan-
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determined in OVCAR-3 cells are presented in Tables 1 and 2 respec-

F
5

ard sample containing GSH (15 �g/ml) and DTNB (39.6 �g/ml). The detector was
et to monitor the wavelengths from 200 to 600 nm. The composition of the mobile
hase when GSH–TNB, TNB, and DTNB were eluated is estimated to be acetoni-
rile:0.9% formic acid in water = 3:2, 4:1, and 4:1.

.2. Reproducibility

Reproducibility studies were carried out in six replicates for TNB
nd GSH–TNB in OVCAR-3 cell lysate supernatant and cell lysate
ellet suspension. The reproducibility, expressed as the relative
tandard deviation for the analyte, for TNB was determined to be
.8% (n = 6) for non-protein thiols, 3.9% (n = 6) for protein thiols,
.6% (n = 6) for non-protein disulfides and 4.6% (n = 6) for protein
isulfides. The reproducibility for GSH–TNB was determined to be
.6% (n = 6) for non-protein thiols and 2.6% (n = 6) for non-protein
isulfides.

.3. Recovery study

GSH and GSSG were employed to determine the recovery yields
f total thiols, total disulfides and GSH. The recovery study was
onducted by spiking OVCAR-3 cell lysate supernatant (for non-

rotein part) or cell lysate pellet suspension (for protein part)
ith GSH (95.7 nmol/million cells) and GSSG (48.0 nmol/million

ells). After subtraction of TNB, GSH–TNB derived from the endoge-
ous thiols and disulfides, the recovery yields for TNB with

t

p
a

ig. 3. Representative HPLC chromatograms derived from (A) GSH (27 �g/ml) derivatized
0 �l loaded to HPLC; (B) OVCAR-3 cell lysate supernatant prepared for thiol analysis as d
iomedical Analysis 48 (2008) 1375–1380

he procedures for determining non-protein thiols, protein thi-
ls, non-protein disulfides, and protein disulfides were 99.4 ± 1.2%
n = 3), 98.1 ± 5.0% (n = 3), 95.6 ± 0.9% (n = 3), and 96.6 ± 2.3%
n = 3) respectively. The recovery yield for GSH–TNB with the
rocedures for determining non-protein thiols, protein thiols, non-
rotein disulfides, and protein disulfides was 99.0 ± 0.3% (n = 3),
5.1 ± 4.9% (n = 3), 96.8 ± 0.6% (n = 3), and 95.1 ± 2.9% (n = 3) respec-
ively.

.4. Determination of GSH–TNB and TNB stability in cell
omogenate

The stability of GSH–TNB and TNB in cell lysate samples for HPLC
ssays was studied. GSH–TNB was stable at room temperature for
day and no decomposition was observed when stored at −80 ◦C

or 1 month. TNB did not appear to be stable in the samples. There
ere 7%, 2%, 26%, and 15% decomposition of TNB observed in the

amples for the determination of non-protein thiols, protein thi-
ls, non-protein disulfides, and protein disulfides respectively in
h at 4 ◦C. However, samples after DTNB derivatization but before
Cl acidification (please refer to Section 2.4 or Section 2.5 for sam-
le preparation) were stable at −80 ◦C for 1 month. To avoid TNB
ecomposition, samples after DTNB derivatization but before HCl
cidification were stored at −80 ◦C until HPLC analysis.

.5. Quantification of thiols, disulfides, and GSH in cell lysate
upernatant and cell lysate pellet suspension of OVCAR-3 cells

Quantification of thiols by HPLC was based on the peak
rea ratio of TNB to the internal standard (I.S.) and deter-
ined by reference to a TNB standard curve expressed as GSH

quivalents. The TNB standard curves were constructed based
n TNB formed in cell lysate supernatant (for non-protein thi-
ls) or cell lysate pellet suspension (for protein thiols) spiked
ith various known amounts of GSH, and subsequent subtrac-

ion of the TNB detected in the supernatant or suspension with
o added GSH. Results of non-protein thiols and protein thiols
ively.
Quantification of disulfides was achieved based on the formula

resented below. Thiols in the formula were quantified similarly
s discussed above except the TNB standard curves for the disul-

by DTNB (1.1 mg/ml) in the presence of p-aminobenzoic acid (I.S.) (0.15 �g/ml) with
escribed in Section 2.
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Table 1
Non-protein thiols, disulfides, and GSH determined in the cell lysate supernatant of OVCAR-3 cells.

Thiols

Non-protein thiols (NP-SH)a GSH (nmol/million cells)

Before NaBH4 reduction 12.81 ± 0.25 12.16 ± 0.05
After NaBH4 reduction 15.77 ± 0.41 13.52 ± 0.04

Disulfides

Non-protein disulfidesb Non-protein disulfides derived from mixed disulfides with GSHc

1.48 ± 0.20 0.68 ± 0.03

The data are presented as the means ± S.D. of three independent determinations of the same sample.
a

H4 re
r NaB

e

fi
T
c
d

T

a

G
t
m
s
i
d
N
l
t
N
l
G

T
P
p

T

D

P

T
t

P
m

(
G

t
t

p
d
b
t
t
7

3

o
b
f
d
N
m

4

Expressed as GSH equivalents, nmol/million cells.
b Non-protein disulfides = (NP-SH after NaBH4 reduction − NP–SH before NaB
c Non-protein disulfides derived from mixed disulfides with GSH = (GSH afte

quivalents, nmol/million cells).

des were constructed with GSSG instead of GSH. The samples for
NB standard curve construction were subjected to the same pro-
edures for the determination of non-protein disulfides or protein
isulfides

Disulfides (expressed as GSSG equivalents)

= thiols after NaBH4 reduction − thiols before NaBH4 reduction
2

(1)

hiols are expressed in GSH equivalents.
The quantification results of non-protein and protein disulfides

re presented in Tables 1 and 2 respectively.
Quantification of GSH was achieved via the measurement of

SH–TNB from the same HPLC chromatogram (Fig. 3) and based on
he peak area ratio of GSH–TNB to the internal standard and deter-

ined by reference to a GSH–TNB standard curve. The GSH–TNB
tandard curve can be conveniently obtained from the correspond-
ng HPLC chromatograms for the TNB standard curve. GSH was
etected in cell lysate supernatant samples both before and after
aNH4 reduction (Table 1). However, no GSH was detected in cell
ysate pellet samples (Table 2). In order to observe protein glu-
athionylation, OVCAR-3 cells were treated with 2-AAPA (0.1 mM).
o GSH was detected in 2-AAPA-treated OVCAR-3 cell lysate pel-

et samples before NaBH4 reduction. However, 2.15 ± 0.12 nmol
SH/million cells were detected upon reduction of the 2-AAPA-

able 2
rotein thiols, protein disulfides and GSH determined in the cell lysate pellet sus-
ension of OVCAR-3 cells.

hiols

Protein thiols (P-SH)a GSH (nmol/million cells)

Before NaBH4 reduction 30.96 ± 0.23 Not detected
After NaBH4 reduction 33.69 ± 1.43 Not detected

isulfides

rotein disulfidesb Protein disulfides
derived from mixed
disulfides with GSHc

1.37 ± 0.83 Not detected

he data are presented as the means ± S.D. of three independent determinations of
he same sample.

a Expressed as GSH equivalents, nmol/million cells.
b Protein disulfides = (P–SH after NaBH4 reduction −

–SH before NaBH4 reduction)/2 (expressed as GSSG equivalents, nmol/
illion cells).
c Protein disulfides derived from mixed disulfides with GSH =

GSH after NaBH4 reduction − GSH before NaBH4 reduction)/2 (expressed as
SSG equivalents, nmol/million cells).
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duction)/2 (expressed as GSSG equivalents, nmol/million cells).
H4 reduction − GSH before NaBH4 reduction)/2 (expressed as GSSG

reated OVCAR-3 cell lysate pellet samples with NaBH4 revealing
hat significant protein glutathionylation occurred.

Although no reports are available on the quantities of non-
rotein thiols, protein thiols, non-protein disulfides, and protein
isulfides in OVCAR-3 cells, the quantity of GSH determined to
e 12.16 ± 0.05 nmol/million cells before reduction in non-protein
hiol samples by this method (Table 1) is in agreement with
he literature-reported values for the cells, which are between
.9 ± 1.3 nmol/million cells [34] and 29.5 nmol/million cells [35].

.6. Determination of the total thiols + total disulfides of BSA

To validate this methodology, the total thiols + total disulfides
f BSA were determined. A TNB standard curve was constructed
y spiking a solution of BSA in water (1.43 mg/ml, 70 �l) and sul-
osalicylic acid (10%, 30 �l) with various amount of GSSG. BSA was
etermined to contain 35.02 ± 0.83 thiols/BSA molecule (n = 3) after
aBH4 reduction consistent with the reported value (35 thiols/BSA
olecule) [31].

. Discussion

One of the challenges in thiol assay is the oxidation of thiol dur-
ng sample treatment. Thiol oxidation can lead to the formation of
isulfide which changes the ratio of thiol/disulfide. An acidic con-
ition minimizes thiol oxidation by suppressing the ionization of
hiols to thiol anions which are much more easily oxidized than
nionized thiol. Further, some peptide thiols, such as GSH, can be
egraded by enzymes resulting in analytical errors of the analyte.
his phenomenon is especially serious when kidney samples are
nvolved [36]. Therefore, an acidic solution was employed for the
reparation of cell lysate. An acidic solution has been frequently
sed in the preparation of biological samples in thiol assays [36].
n additional advantage of using an acidic solution for the prepa-
ation of cell lysate is that it makes determination of protein thiols
nd disulfides easier since proteins are denatured under an acidic
ondition. Denaturing proteins is essential in determining thiols
nd disulfides buried inside proteins [31]. However, derivatization
f thiols with DTNB occurs much more rapidly under neutral con-
itions than acidic conditions [37]. To prepare the acidic sample
or DTNB derivatization, a high concentration phosphate buffer (pH
.5) was used to quickly increase the pH of the sample to 7.5. Deriva-
ization was found to be complete within 20 min. It needs to be

oted that significant DTNB hydrolysis occurs when pH > 8 [22].
iener et al. [22] reported that 5% DTNB hydrolysis was observed in
8 h when the pH was 8 and the hydrolysis became much more
ignificant as the pH increased. Since the hydrolysis product of
TNB is TNB, over estimation of thiols will occur when the pH
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f DTNB derivatization is over 8. Therefore, caution needs to be
aken to avoid high pH in DTNB derivatization. Under the condition
mployed in this method, no DTNB hydrolysis was observed.

In disulfide determination, NaBH4 was chosen to reduce disul-
des for its convenience, clean reduction, and easy removal by acid
26,31,38]. Acid destroys NaBH4 through converting the hydride
o H2 which is released in the form of bubble from the sample.
high concentration (0.5 M) of phosphate buffer (pH 7.5) was used

o bring the pH of the acidic cell lysate sample to 7.5 for NaBH4
eduction. The time required for reduction of disulfides in sam-
les was 30 min. Ethanol was added to reduce foaming during the
eduction, and the residual NaBH4 was removed by HCl. It is essen-
ial that enough HCl is added to remove NaBH4 completely since
aBH4 can reduce DTNB to TNB leading to an over estimation of

otal thiols. The final pH of the solution should be less than 1 in
rder to completely destroy NaBH4. The acidic solution was then
eutralized to pH 7.5 with a sodium phosphate buffer (0.5 M, pH
0) for DTNB derivatization. A strong base, such as NaOH solution,
as not used here to avoid DTNB hydrolysis.

The application of this methodology was demonstrated with
VCAR-3 cells. With five millions cells, this method easily detected
on-protein thiols, non-protein disulfides, GSH, protein thiols and
rotein disulfides (Tables 1 and 2). A comparison of the GSH
uantities before and after NaBH4 reduction in cell lysate super-
atant provides a piece of valuable information related to thiol
lutathionylation (Table 1). Under a normal condition, the ratio
f GSH:GSSG is about 100:1 [39]. Consistent with this ratio,
SSG in the cell lysate supernatant of OVCAR-3 cells was deter-
ined by liquid chromatography/mass spectrometry (LC/MS) to

e only 0.060 ± 0.003 nmol/million cells (unpublished data from
his laboratory), which indicates that the reduction of GSSG in
he supernatant should only lead to ∼0.12-nmol/million cells
ncrease in GSH. However, subtraction of GSH before the reduc-
ion (12.16 ± 0.05 nmol/million cells) from that after the reduction
13.52 ± 0.04 nmol/million cells) shows that the NaBH4 reduction
ed to a 0.68 ± 0.03 nmol/million cells increase in GSH. This amount
as much higher than the contribution from GSSG, indicating that

he extra increase in GSH was derived from the release of GSH from
lutathione-mixed disulfides (NP-S-S-G), a piece of valuable infor-
ation related to thiol glutathionylation. The ratio of GSH released

rom NP-S-S-G vs GSH in OVCAR-3 was about 0.1:1 (Table 1) con-
istent with the ratios reported in most other biological samples
36]. No GSH release from proteins was detected in OVCAR-3 cell
ysate pellets (Table 2). To further demonstrate that this method
ould be employed for the determination of protein glutathionyla-
ion, OVCAR-3 cells were treated with 2-AAPA (0.1 mM) for 20 min.
ignificant protein glutathionylation (2.15 ± 0.12 nmol GSH/million
ells) was detected demonstrating that this method can be used for
he determination of protein glutathionylation.

To further validate this methodology, we determined the total
hiols + total disulfides of BSA. Our data are consistent with the
iterature-reported value which further confirms the validity of the

ethod.
. Conclusion

In summary, we have developed an HPLC method for the
etermination of thiols and disulfides. The method overcomes
he interference problem associated with spectrophotometric thiol
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etermination by Ellman’s reagent. This method will be useful in
he study of thiol redox state and thiol glutathionylation.
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