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In healthy cells, glutathione disulfide (GSSG) is rapidly
reduced back to glutathione (GSH) by glutathione reductase to
maintain redox status. The ratio of GSH/GSSG has been used as
an indicator of oxidative stress. However, hypochlorous acid
(HOCl) generated by the myeloperoxidase-H2O2-Cl� system of
neutrophils converts GSH to irreversible oxidation products.
Although several such products have been identified, yields of
these compounds are very low in biological systems, and they
cannot account quantitatively for thiol loss. In the current stud-
ies, we use liquid chromatography-mass spectrometry (LC-MS)
to demonstrate that HOCl and chloramines oxidize GSSG to
two irreversible products in high yield. The products, termed
M-45 and M-90, are, respectively, 45 or 90 atomic mass units
lighter than GSSG. The reaction pathway involves chloramine
and aldehyde intermediates, and converts the �-glutamyl resi-
dues of GSSG to 5-hydroxybutyrolactam. Importantly, M-45
and M-90 were resistant to reduction by glutathione reductase.
Moreover, the monohydroxylbutyrolactamM-45 accounted for
>90% of the endogenous GSH oxidation products generated by
activated neutrophils. Because the reaction pathway involves
chlorinating intermediates, hydroxylbutyrolactams are likely to
be specific products of HOCl, which is generated only by
myeloperoxidase. Therefore, our observations implicate M-45
as a potential biomarker for myeloperoxidase activity in vivo.

Glutathione (GSH), a tripeptide synthesized in the cytosol
from glutamate, cysteine, and glycine, is the predominant anti-
oxidant inmammalian cells. Its concentration ranges frommil-
limolar inside cells to micromolar in plasma (1, 2). In many
cells, GSH accounts for �90% of total nonprotein thiol (3, 4).
The free thiol group in GSH is responsible for biological activ-
ity. As a nucleophilic scavenger, GSH can directly react with
electrophilic substances, such as reactive oxygen/nitrogen spe-
cies, or be oxidized by GSH peroxidase to glutathione disulfide
(GSSG). Therefore, it is essential for maintaining intracellular
redox status and defending against oxidative injury. Under nor-
mal circumstances, GSSG is rapidly reduced back to GSH by
glutathione reductase and NADPH. Thus, most of the GSH
remains in the reduced form. Under oxidative stress, however,

GSH is converted to GSSG, which potentially accumulates (2,
5). Indeed, the GSH/GSSG ratio has been used to evaluate oxi-
dative stress in biological systems. Alterations of this ratio asso-
ciate with a variety of diseases, including atherosclerosis, can-
cer, and human immunodeficiency virus infection (6–10).
One important source of oxidative stress in humans is

myeloperoxidase (MPO),2 a heme protein expressed by neutro-
phils, monocytes, and certain populations ofmacrophages (11–
13). Activation of these inflammatory white blood cells results
in the secretion ofMPO, which uses hydrogen peroxide (H2O2,
produced by NADPH oxidase) and chloride anion to generate
hypochlorous acid (HOCl) (14). HOCl rapidly reacts with a
wide range of functional groups (15–19). At physiological pH,
thiol groups and free amino groups are its main targets, and the
initial products are oxidized thiols and chloramines.
HOCl generates other products in addition to GSSG when it

reacts with GSH. Chesney et al. (20) suggested that it oxidizes
GSH to a higher oxidation state than the disulfide form because
the molar ratio of HOCl consumed to GSH oxidized was 4:1
instead of 1:1 in Escherichia coli. Winterbourn (21) reported
that approximately half of theGSHoxidized byHOCl could not
be regenerated. These researchers have identified glutathione
sulfonamide (GSA), glutathione thiosulfonate, and dehydro-
glutathione as irreversible higher oxidation products (22, 23).
Their observations suggest that the formation of higher order
GSSG oxidation products might account in part for the irre-
versible loss ofGSH induced byHOCl.However, activated neu-
trophils (the source of MPO and therefore of HOCl) generate
only low yields of these higher oxidation products, suggesting
that themajor products ofGSHoxidation byMPO remain to be
identified.
The disulfide and �-amino groups of GSSG are also poten-

tial targets of HOCl (17). Disulfides can be oxidized to sul-
fonic acid via a sulfenyl chloride intermediate (16). �-Amino
groups yield chloramines, which undergo decarboxylation,
intramolecular H-abstraction, or other reaction pathways to
form various products, such as aldehydes and carboxymeth-
yllysine (16, 24). These reactions may be biologically rele-
vant, because carboxymethyllysine production is impaired in
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mice deficient in the phagocyte NADPH oxidase (25). These
observations suggest that GSSG is a potential scavenger of
HOCl. Indeed, GSSG reportedly competes for HOCl with its
rate constant expected to be 2 � 105 M�1 s�1 (26, 27). Studies
from Bast et al. (28) demonstrated that GSSG protects ace-
tylcholinesterase from oxidative inactivation by HOCl. Nagy
and Ashby (29) studied the kinetics and mechanism of GSSG

oxidation by HOCl. They proposed that HOCl generates the
bis-N-chloro-�-L-glutamyl derivative of GSSG. These stud-
ies suggest that GSSG itself may function as an antioxidant.
In the current study, we investigated the reaction of GSSG

withHOCl and other oxidants. Using liquid chromatography in
concert with mass spectrometry (LC-MS), we identified two
groups of novel oxidation products, whichwe termedM-45 and
M-90.We characterized their structures and potential reaction
pathways. Our results indicate that HOCl and chloramines oxi-
dize the �-glutamyl moiety of GSSG to 5-hydroxybutyrolactam
in high yield.

EXPERIMENTAL PROCEDURES

Materials—Sodium hypochlorite (NaOCl), hydrogen peroxide
(H2O2), trifluoroacetic acid, and HPLC grade acetonitrile
(CH3CN) were purchased from Fisher Scientific. Oxidized gluta-
thione (GSSG), glutathione (GSH), dithiothreitol, sodiumborohy-
dride (NaBH4), phorbol myristate acetate (PMA), formic acid,
N-�-acetyl-L-lysine, NADPH, glutathione reductase from bakers’
yeast, and 5,5�-dithiobis(2-nitrobenzoic acid) were obtained from
Sigma. Hanks’ balanced salt solution (HBSS) was purchased from
Invitrogen. 2,4-Dinitrophenylhydrazine (DNPH) was purchased
from Spectrum Chemical Manufacturing Corp. (Gardena, CA).
Concentrations of NaOCl (�292 � 350 M�1 cm�1) (30) and H2O2

(�240 � 39.4 M�1 cm�1) (31) were
determined spectrophotometrically.
Preparation of N-Chloramine—

N-Chloramine was freshly pre-
pared by chlorinating N-�-acetyl-
lysine. Briefly, N-�-acetyl-lysine
(5.5 mM) was incubated with
sodium hypochloride (5 mM) on
ice in phosphate buffer (25mM, pH
7.4) for 10 min. The formation of
N-�-acetyl-lysine chloramine was
determined by measuring absorp-
tion at 252 nm (�252 � 429 M�1

cm�1) (32).
Preparation of Peroxynitrite—

Peroxynitrite was synthesized by
incubating acidified hydrogen
peroxide with a nitrite solution
and stabilizing the resulting per-
oxynitrous acid by rapidly
quenching the reaction with
excess sodium hydroxide (33). The
concentration of peroxynitrite
was determined by measuring
absorption at 302 nm (�252 � 1670
M�1 cm�1) (34).
Oxidation of GSSG—GSSG (20

�M) was incubated with different
concentrations of HOCl or other
oxidants in phosphate buffer (25
mM, pH 7.4) at 37 °C for 1 h.
Methionine (1:10, mol/mol, oxi-
dant/Met) was added to terminate
the oxidation reactions.

FIGURE 1. Total ion current chromatograms of GSSG oxidized by HOCl.
GSSG (20 �M) was incubated with HOCl at 0, 20, or 40 �M in phosphate buffer
(25 mM, pH 7.4) at 37 °C for 1 h. The reaction mixtures were analyzed by LC-MS.

FIGURE 2. MS and MS/MS analysis of GSSG and its oxidation products. The experimental conditions were
the same as described in the legend to Fig. 1. A, C, and E, mass spectrometric analysis (MS) of GSSG, peaks 1 and
2 (M-45) and peaks 3–5 (M-90), respectively; B, D, and F, tandem MS (MS/MS) analysis of m/z 613.1, 550.0, and
487.0, respectively.
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Liquid Chromatography-Electro-
spray Ionization-Mass Spectrometry
(LC-ESI-MS)—LC-MS analyses
were performed in positive ion
mode with a Finnigan Mat LCQ XP
Plus ion trap mass spectrometer
(San Jose, CA) coupled to anAgilent
1100 HPLC (Palo Alto, CA). Reac-
tion mixtures were separated on a
C18 small pore column (2.1 � 250
mm, Vydac, Deerfield, IL) at a flow
rate of 0.2 ml/min, using 0.1% (v/v)
formic acid in H2O as solvent A and
0.1% (v/v) formic acid in acetonitrile
as solvent B. GSSG and its oxidation
products were eluted with a linear
gradient of 0–30% solvent B over 30
min. The collision energy for
MS/MS was 35%. The temperature
of the heated capillary was 220 °C.
D/H Exchange MS Analysis of

GSSG Oxidation Products—
The collected oxidation products of
GSSG were reconstituted in deute-
rium oxide, incubated at 37 °C for
30 min, and then diluted 1:1 with
50% CH3CN (v/v) in deuterium
oxide containing 0.5% (v/v) formic
acid (35). They were analyzed by
MS.
NMR Spectrometry—M-45 and

M-90 were purified by HPLC. Their
1HNMR spectra were taken with an
AV-300 Brucker NMR spectrome-
ter (Brucker Optics, Inc., Fremont,
CA) at 300 MHz, using deuterium
oxide (D2O) as the solvent. The 1H
chemical shifts (ppm) were refer-
enced to solvent (D2O, � � 4.811
ppm).
Reduction of GSSG, M-45, and

M-90 by Glutathione Reductase—
GSSG, M-45, or M-90 (20 �M) were
added to 22 nM glutathione reductase
in phosphate buffer (100mM, pH 7.5)
containing 1 mM EDTA. After a
5-min incubation, the reaction was
initiated by adding 500 �M NADPH.
After 10 min, the reaction was
stoppedbyadding20%(v/v) trifluoro-
acetic acid to reach pH 2. The reac-
tion mixture was then filtered
through a 3-kDa cutoff spin filter
(Millipore, Bedford, MA) to remove
the macromolecular components. The
resulting mixtures were collected for
LC-MS analysis. Mixtures without
NADPHwere used as controls.
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Kinetic Studies of Glutathione Reductase-catalyzed GSSG,
M-45, andM-90Reduction—TwentymicromolarGSSG,M-45,
or M-90 were added to a reaction mixture containing 22 nM
glutathione reductase, 570 �M 5,5�-dithiobis(2-nitrobenzoic
acid), and 1 mM EDTA in phosphate buffer (100 mM, pH 7.5).
After a 5-min incubation, the reaction was initiated by adding
500 �M NADPH. Substrate reduction was determined indi-
rectly by monitoring the increase in absorbance of 5-thio(2-
nitrobenzoic acid) at 412 nm. The absorbance readings were
recorded in a kinetic mode every 15 s for 10min by Spectramax
190 (Molecular Devices, Sunnyvale, CA).
Isolation of Human Neutrophils—Neutrophils were isolated

from EDTA-anticoagulated blood by buoyant density centrifu-
gation, using Polymorph-Prep (Nycomed, Sunnyvale, CA). The
neutrophils were washed twice by centrifugation with HBSS
buffer (pH 7.4, magnesium-, calcium-, phenol-, and bicarbon-
ate-free) containing 100 �M diethylenetriamine pentaacetic
acid to inhibit metal-catalyzed reactions. After centrifugation,
the neutrophils were resuspended in HBSS buffer and used
immediately for reactions. They were activated with 200 nM
PMA in the presence or absence of catalase (50 �g/ml), methi-
onine (2 mM), or sodium azide (2 mM). Reactions were termi-
nated by addingmethionine (final, 1mM). Cells were pelleted by
centrifugation. Supernatantswere filtered through a 3-kDa cut-
off spin filter (Millipore, Bedford, MA) to remove the macro-
molecular components. The resulting supernatant was col-
lected for LC-MS analysis.

RESULTS

HOCl Converts GSSG to Multiple Products—To search for
higher oxidation products of GSSG, we exposed the disulfide

to different concentrations of
HOCl at pH 7.4, and analyzed the
reaction mixture with LC-ESI-MS.
At a 1:1 molar ratio of GSSG/
HOCl, GSSG was almost quantita-
tively converted to two major
groups of products (Fig. 1, peaks 1
and 2 and peaks 3–5). When the
molar ratio was 2:1, the GSSG
peak disappeared, peaks 1 and 2
dramatically decreased, and peaks
3–5 increased markedly. These
observations suggest that peaks
3–5 represent higher oxidation
products of peaks 1 and 2. The
retention times of all oxidation
products were longer than that of
GSSG, indicating greater hydro-
phobicity. Thus, oxidation may
have deleted one or more hydro-
philic groups from GSSG.
HOCl Modifies the �-Glutamic

Acid Residue of GSSG—LC-MS
demonstrated that peaks 1 and 2 had the same molecular
mass (Fig. 2C, m/z 568.0, singly charged), suggesting they
were isomers. Detection of an ion of m/z 550.1 indicated that
both compounds could easily lose one molecule of water.
MS/MS analysis of them/z 550.1 ion revealed that peaks 1 and
2 had identical mass spectra, with major fragment ions ofm/z
421.0, 346.0, and 177.0 (Fig. 2D), again suggesting the pres-
ence of isomers. Because identical masses were 45 atomic
mass units less than that of GSSG, we called the isomers
M-45. Similar results were obtained from MS and MS/MS
analyses of peaks 3–5. All three peaks shared the same
molecular mass (Fig. 2E, m/z 522.8) and identical MS/MS
spectra, with major fragment ions of m/z 411.7, 383.9, and
242.9 (Fig. 2F). Detection ofm/z 504.8 ([M-H2O � H]�) and
486.9 ([M-2H2O � H]�) (Fig. 2E) indicated that these prod-
ucts readily lost water during mass analysis. These observa-
tions suggest that peaks 3, 4, and 5 were isomers with a
molecular mass of 90 atomic mass units less than that of the
precursor, GSSG. We named these isomeric species M-90.
GSSG exhibited both singly and doubly charged ions of m/z

613.1 and 307.3, respectively (Fig. 2A). However, only singly
charged ions were detected from the oxidation products, sug-
gesting the loss of an amino group. MS/MS analysis of M-45
revealed a major fragment ion of m/z 421.0, which had a mass
shift of 129 atomic mass units from the dehydrated product of
M-45 (m/z 550.1). Thematerial with this 129-atomic mass unit
loss is a well known fragment of GSH and its conjugates; it
corresponds to the loss of pyroglutamic acid from the �-glu-
tamyl residue. Further loss of the glycine residue formed a frag-
ment ion ofm/z 346.0. A fragment ion ofm/z 177.0 represented

FIGURE 3. Characterization of GSSG oxidation products M-45 and M-90. GSSG (50 �M) was incubated with HOCl (50 �M) in phosphate buffer (50 mM, pH 7.4)
at 37 °C for 1 h (Control). The reaction mixture was then reduced by sodium borohydride (NaBH4, 10 mM) at room temperature for 1 h or reacted with
dinitrophenylhydrazine (DNPH, 1.5 mM) at 37 °C for 1 h at pH 2. The resulting reaction mixtures were analyzed with LC-MS and MS/MS. A, reconstructed ion
chromatograms of M-45, M-90, and its reduction or derivatization products; B1–E1, mass spectrometric (MS) analysis, and B2–E2, tandem MS (MS/MS) analysis.

SCHEME 1. Proposed pathway for the formation of M-45.
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the remaining cysteine and glycine residues. These results indi-
cated that M-45 had retained one GSH moiety and that the
missing 45 atomic mass units was lost from the carboxyl group
of one �-glutamyl residue of GSSG. Hence, we hypothesize that
HOCl attacks the amino group of glutamic acid to form a chlor-
amine, which further undergoes decarboxylation and imine
hydrolysis to become the aldehyde via the Grob fragmentation
pathway (16, 23, 36). Thus, M-45 is possibly an aldehyde that is
formed by converting the -CH(NH2)COOH group of one of the
GSSGglutamyl residues into -CHO.BecauseGSSGhasa symmet-
ric structure and oxidation product M-90 differed fromM-45 by
45 atomicmass units, we propose thatM-90 resulted from decar-
boxylation of the remaining glutamyl residue inM-45.
M-45 and M-90 Are Aldehydes—To determine whether

M-45 and M-90 might contain aldehyde groups, we exposed
each product to sodium borohydride, which selectively con-
verts ketones and aldehydes to alcohols (Fig. 3). Using LC-MS,
we detected two peaks of m/z 570.2 (M-45 � 2H) and 527.1
(M-90� 4H), suggesting that the aldehyde groups inM-45 and
M-90 had been reduced to alcohol, increasing the mass by 2 or
4 units, respectively (Fig. 3, B1 andC1). MS/MS analyses ofm/z
570.2 and 527.1 revealed the loss of �-butyrolactone from the
alcohol ends of M-45 and M-90 (Fig. 3, B2 and C2). These

observations demonstrated that sodium borohydride reduced
M-45 and M-90 to their corresponding alcohols, which is con-
sistent with our hypothesis that M-45 andM-90 are aldehydes.
To further characterize the structures ofM-45 andM-90, we

treated each product with DNPH, a reagent widely used to
selectively derivatize aldehydes or ketones (37) (Fig. 3A).
LC-MS detected two additional peaks, withm/z 748.1 (M-45�
180) and 685.0 (M-90 � 180-H2O), after DNPH treatment,
indicating the formation of DNPH adducts in each case (Fig.
3, D1 and E1). MS/MS analysis of m/z 748.1 and 685.0 con-
firmed that DNPH formed adducts with both products
through their aldehyde groups (Fig. 3, D2 and E2). Collec-
tively, our results provide strong evidence that both prod-
ucts are aldehydes.

1H NMR Analysis of M-45 and M-90—To confirm our
observations, we analyzed purified M-45 and M-90 with 1H
NMR. Surprisingly, we were unable to detect any aldehydic
protons (chemical shift between 9–10 ppm), suggesting that
both products assume a ring conformation after an amide
nitrogen is added to the Cys residue adjacent to the carbonyl
group (Scheme 1). Based on the spectra of similar com-
pounds, the 1H NMR chemical shifts (Table 1) were consist-
ent with the proposed 5-hydroxybutyrolactam structure (29,

TABLE 1
1H NMR chemical shifts (ppm) of M-45 and M-90 at 300 MHz
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38–40). Disappearance of Glu �, �, and � protons in the
NMR spectrum of M-90 indicated that both Glu groups in
GSSG had been modified. The chemical shifts of two � pro-
tons in the 5-hydroxybutyrolactam moiety differed from

each other due to the chiral center
that was created. One was shifted
downfield to around 2.5 ppm, and
the other was shifted upfield to 1.8
ppm. The chemical shift of the �
proton of 5-hydroxybutyrolactam
was shifted further downfield to
5.3 ppm due to the deshielding
effect of the hydroxyl group that is
attached to the same carbon.
Deuterium/Hydrogen (D/H) Ex-

change Analysis of M-45 andM-90—
We used D/H exchange to deter-
mine the number of exchangeable
hydrogens in M-45 and M-90. MS
analysis indicated that M-45 con-
tained 9 exchangeable hydrogens
compared with 12 exchangeable
hydrogens in GSSG (4 amide bond
hydrogens, 4 amino hydrogens, and
4 hydrogens on the carboxyl
groups). The absence of 2 amino
hydrogens and 1 carboxyl hydrogen
on the glutamyl residue explains
why M-45 incorporated 3 fewer
deuterium atoms than GSSG
(Scheme 1). DehydratedM-45 had 8
exchangeable hydrogens. Dehy-
drated M-90 incorporated 4 deute-
rium atoms, including 2 amide bond
hydrogens and 2 hydrogens on the
carboxyl groups of glycine residues.
These observations confirmed the
proposed structures of M-45 and
M-90.
M-45 and M-90 Are Specific

Products of HOCl—To determine
whether other oxidants convert
GSSG to M-45 or M-90, we incu-
bated GSSG with different concen-
trations of peroxynitrite (ONOO�),
H2O2, or chloramine (generated by
the reaction of N-�-acetyl-lysine
with HOCl). Neither M-45 nor
M-90 were detected when GSSG
was treated with up to a 50-fold
molar excess of peroxynitrite or
H2O2 (data not shown). In contrast,
we detected M-45 after exposing
GSSG to a 50-fold molar excess of
chloramine. Thus, only reactive
chlorinating intermediates were
able to generate M-45 and M-90.
GSSG Reacts with HOCl and Chlo-

ramines to Generate a High Yield of M-45—We used LC-MS
to derive a progress curve and product yields of GSSG oxi-
dation by HOCl or chloramine. All reactions were carried
out at 37 °C in phosphate buffer (25mM, pH 7.4). As shown in

FIGURE 4. Time course and concentration dependence of GSSG oxidation by HOCl or chloramine. GSSG
(10 �M) was incubated with increasing concentrations of oxidants in phosphate buffer (50 mM, pH 7.4) for 1 h
(B and D) or with 10 �M HOCl (500 �M of chloramines) at different time points (A and C) at 37 °C. The percentages
of GSSG species were determined by dividing the peak area of the compound of interest by the sum of all the
detected peaks. The peak area was determined from reconstructed ion chromatograms of GSSG, m/z 613.1
(singly charged) and 307.1 (doubly charged); M-45, m/z 550.1 and 568.1; M-90, m/z 487.1, 505.1 and 523.1; GSA,
m/z 338.1. The results are expressed as mean � S.D. from 3 experiments.

FIGURE 5. Reduction of GSSG, M-45, and M-90 by glutathione reductase. 20 �M GSSG, M-45, or M-90 were
added to 22 nM glutathione reductase in phosphate buffer (100 mM, pH 7.5) containing 1 mM EDTA. After a
5-min incubation, the reaction was initiated by adding 500 �M NADPH (B1–B3, glutathione reductase system)
or buffer (A1–A3, control). The reactions were terminated at 10 min by adding 20% trifluoroacetic acid to reach
pH 2. The reaction mixtures were then filtered through a 3-kDa cutoff spin filter to remove macromolecules.
The resulting reaction mixtures were analyzed by LC/MS.
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Fig. 4A, GSSG reacted rapidly with HOCl. A 10-min expo-
sure of 10 �M GSSG to a 1:1 molar ratio of HOCl converted
�50% of GSSG to M-45. A 30-min incubation produced
M-90 with a 15% yield. We then exposed GSSG to different
amounts of HOCl (Fig. 4B). The yield of each product
was dependent on the HOCl/GSSG molar ratio. M-45 pro-
duction peaked at a molar ratio of 1:1. As the ratio increased,
the yield ofM-45 decreased significantly,whereas thepercentage
of M-90 increased dramatically, indicating that M-45may be fur-
ther oxidized to M-90 when the concentration of HOCl is high.
We also detected a low level of GSA (Fig. 4B), which has been
reported as an oxidation product of GSH by HOCl (22, 23, 41).
Next, we measured the levels of GSSG oxidation products

generated by chloramine, using a chloramine/GSSG molar
ratio up to 100. High chloramine concentrations generated

M-45 as the major product and
M-90 as a minor product (Fig. 4D).
However, chloramine reactedmuch
more slowly than HOCl (Fig. 4C).
Collectively, these observations
indicate that HOCl rapidly converts
the �-glutamyl(s) in GSSG to a high
yield of mono- or di-5-hydroxybu-
tyrolactam (M-45 or M-90) and
chloramine derived from HOCl
generates the same products,
although in lower yields, suggesting
that these reactions could occur in
vivo at sites of inflammation.
M-45 and M-90 Resist Reduction

by Glutathione Reductase—Under
normal physiological conditions,
glutathione reductase rapidly
reduces GSSG back to GSH to
maintain the normal redox status.

To test if glutathione reductase can reduce M-45 or M-90, we
incubated 20 �M of each substrate with the enzyme for 10 min
in the presence of NADPH. After macromolecules were
removed, the reaction mixture was analyzed by LC-MS. As
shown in Fig. 5, GSSG was completely reduced to GSH by 10
min. However, M-45 and M-90 remained almost unchanged.
These observations indicate that M-45 andM-90 are very poor
substrates for glutathione reductase. We further compared the
kinetics of M-45, M-90, and GSSG reduction by glutathione
reductase, using the 5,5�-dithiobis(2-nitrobenzoic acid) assay
(Fig. 6A). When the initial concentration of each substrate was
20 �M, GSSG was reduced very rapidly. In contrast, the reduc-
tion rates of M-45 and M-90 were reduced to 1.7 and 0.4% of
that ofGSSG (Fig. 6B), indicating that the products are resistant
to glutathione reductase reduction. This would be expected to
permanently deplete the store of GSSG and disrupt GSH recy-
cling, thereby exacerbating oxidative stress in vivo.
Activated Neutrophils Convert GSSG to M-45 and M-90—

To determine whether the HOCl that is generated by human
neutrophils can oxidize GSSG, we incubated the disulfide (5
�M) with human neutrophils (1 � 106/ml) at 37 °C in HBSS,
activated the cells with PMA, and analyzed the supernatant
with LC-MS (Fig. 7). Under these conditions, nearly 70% of
the GSSG was converted to M-45 and M-90. Generation of
M-45 and M-90 required cellular activation. Interestingly,
we were able to detect a small amount of M-45 in the super-
natant from activated human neutrophils that had not
received exogenous GSSG, suggesting that activated neutro-
phils oxidize endogenous GSSG.
Activated Neutrophils GenerateM-45 from Endogenous GSH—

Neutrophils secrete GSH and GSSG, and activated neutrophils
also releaseMPO, the only enzyme known to generate HOCl in
humans. Thus, M-45 generated by endogenous GSSG and
MPOmight be an indicator of neutrophil activation. To deter-
mine whether HOCl produced by MPO oxidizes endogenous
GSSG to M-45 or M-90, we exposed human neutrophils (5 �
106/ml) to phorbol ester in the absence or presence of catalase,
methionine, or sodium azide. LC-MS/MS with selective reac-

FIGURE 6. Time course of GSSG, M-45, and M-90 reduction catalyzed by glutathione reductase. 20 �M

GSSG, M-45, or M-90 were added to a reaction mixture containing 22 nM glutathione reductase and 570 �M

5,5�-dithiobis(2-nitrobenzoic acid) in phosphate buffer (100 mM, pH 7.5) containing 1 mM EDTA. After a 5-min
incubation, the reaction was initiated by adding 500 �M NADPH. Absorbance at 412 nm was recorded for
5-thio(2-nitrobenzoic acid) in a kinetic mode every 15 s for 2 min, using a plate reader. The results are expressed
as mean � S.D. from 3 experiments.

FIGURE 7. Activated human neutrophils oxidize GSSG. GSSG (5 �M) was
incubated with phorbol ester-activated human neutrophils (1 � 106/ml)
in HBSS buffer (pH 7.4) at 37 °C for 1 h (Complete). After the cells were
pelleted, the supernatant was collected and macromolecules were
removed with a 3,000-Da cutoff spin filter. Reaction conditions were var-
ied as indicated. The resulting supernatant was analyzed by LC-MS.
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tion monitoring demonstrated that M-45 formation required
cell activation and was inhibited by the H2O2 scavenger cata-
lase, the thiol-containing antioxidant methionine, or the heme
poison sodium azide (Fig. 8). We used selective reaction mon-
itoring to quantify the relative abundance ofGSH,GSSG,M-45,
and M-90 in human neutrophils with or without PMA treat-
ment (Fig. 9). As expected, most of the GSH secreted from
inactivated neutrophils remained in its reduced form. How-
ever, GSH was not detectable in supernatant from activated
neutrophils, whereas we detected M-45 as a major oxidation
product, which accounted for�90%of the total products quan-
tified by peak area. These results suggest that HOCl generated
by the MPO system of activated human neutrophils initially
oxidizes the GSH that is secreted from neutrophils to GSSG.
The disulfide is then further oxidized to M-45. We failed to
detectM-90 in the supernatant of activated humanneutrophils.
Collectively, these results indicate that activated neutrophils
use MPO to convert endogenous secreted GSH and GSSG to
M-45 at high yield, suggestingM-45 could be a useful indicator
of neutrophil activation or a biomarker for HOCl oxidation
in vivo.

DISCUSSION

We demonstrated that HOCl specifically converts the
�-glutamyl groups of GSSG to two sets of isomeric oxidation
products, M-45 and M-90, in high yield. At a 1:2 molar ratio
of GSSG/HOCl, GSSG was completely converted to M-45
and M-90. Analysis of the reaction kinetics and the product
yields at various molar ratios of oxidant strongly suggested
that M-45 was the initial oxidation product. This isomer
mixture was in turn oxidized to M-90. Reduction with boro-
hydride and derivatization with DNPH provided strong evi-
dence that both M-45 and M-90 contain aldehyde groups.

Thus, we hypothesized that M-45 and M-90 were generated
after HOCl converted the �-glutamyl residue of GSSG into
chloramines, which then initiated the Grob fragmentation
pathway to generate aldehyde (16, 36). However, no alde-
hyde H was detected by NMR, suggesting that the aldehyde
groups in M-45 or M-90 had formed the cyclic carbino-
lamine derivative.
Detection of multiple isomers (relative ratios were 1:1 for

M-45 and 1:2:1 forM-90) indicated the formation of diastereoi-
somers resulting from the new chiral centers in the products.
Furthermore, whenwe isolated each isomer ofM-45, incubated
it at pH 7.4, and analyzed the reactionmixture with LC-MS, we
detected two isomers of M-45, indicating that they are likely to
be in equilibrium.
Based on these observations, we propose that HOCl oxidizes

GSSG by the pathway shown in Scheme 1. The amino group in
theGlu residue is first chlorinated byHOCl.Due to the electron
withdrawing effect of Cl, the terminal -COOH on Glu is decar-
boxylated to the imine (42). The unstable imine is further
hydrolyzed to an aldehyde, which is then converted to 5-hy-
droxybutyrolactam through nucleophilic addition to the amide
nitrogen of the adjacent Cys residue.
The proposed reaction pathway implies that M-45 exists

as an equilibrium mixture of the aldehyde and butyrolactam
ring. As with glucose, however, in which 99% of the mole-
cules are closed rings, the predominant species of M-45 is
5-hydroxybutyrolactam. This explains the failure to detect
an aldehydic proton in M-45 by NMR. Our NMR results are
also consistent with the proposed ring structures of M-45
and M-90.
Nucleophilic attack at the carbonyl group in M-45 creates a

chiral center during the formation of the butyrolactam ring,
resulting in a 1:1 ratio of two diastereoisomers (Scheme 2).

FIGURE 8. Selective reaction monitoring of M-45 generated by activated
human neutrophils. Neutrophils (5 � 106/ml) in HBSS buffer (pH 7.4) were stim-
ulated with 200 nM PMA (Complete) in the presence or absence of catalase (50
�g/ml), methionine (2 mM), or sodium azide (2 mM). The incubation was per-
formed at 37 °C for 1 h. Supernatant was collected, and macromolecules were
removed with a 3,000 Da cutoff spin filter. The filtered supernatant was analyzed
by LC-MS/MS selective reaction monitoring of M-45 (m/z 568.13 550.1).

FIGURE 9. Quantification of GSH, GSSG, and M-45 produced by activated
human neutrophils. The experimental conditions were the same as
described in the legend to Fig. 6. Relative intensity of GSH, GSSG, and M-45
were determined by dividing the peak area of the compound of interest by
the sum of all the detected peaks. The peak area was determined by LC-MS/
MS, using the selective reaction monitoring mode (GSH, m/z 308.13 179.0;
GSSG, m/z 307.53 484.0; M-45, m/z 568.13 550.1). Results are mean � S.D.
from 3 independent experiments.
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Because both Glu residues of GSSG become 5-hydroxybuty-
rolactam in M-90, we detected three isomeric peaks with a
ratio of 1:2:1. WhenM-90 reacted with DNPH, one aldehyde
group was conjugated with DNPH. Because only the remain-
ing aldehyde group could be converted to 5-hydroxybutyro-
lactam, we detected two isomeric peaks for DNPH adducts of
M-90.
Irreversible oxidation of GSSG to butyrolactam (M-45)

and bis-butyrolactam (M-90) derivatives would explain the
lack of detectable GSSG formation observed in previous
studies of GSH oxidation by neutrophils (43–45). Our obser-
vations indicate that M-45 and M-90 are resistant to reduc-
tion by glutathione reductase. The formation of these irre-
versible oxidation products would disrupt GSH recycling,
lowering its antioxidant capacity. Therefore, oxidation of
GSSG may contribute to thiol loss and local GSH depletion.
The GSH/GSSG ratio has been used as an indicator of oxida-

tive stress in vivo. However, HOCl generated by activated
phagocytes during inflammation may further oxidize GSSG to
M-45, increasing the GSH/GSSG ratio. Thus the observed
GSH/GSSG ratio may not reflect the actual level of oxidative
stress in vivo. In contrast,M-45, which appears stable under our
experimental conditions, could be a specific biomarker of oxi-
dative stress during inflammation.
We also examined whether HOCl converts GSSG to GSA,

which has been reported to be a significant oxidation prod-
uct of GSH by HOCl (23, 38). We found that GSA was only a
minor product at high molar ratios of HOCl, accounting for
�10% of the total products at a 3:1 ratio of HOCl/GSSG.
However, our studies of oxidation of endogenous GSH/
GSSG by activated neutrophils indicated that the yield of
GSA in biological systems could be much lower (	4%, data
not shown) than that of M-45 (�90%, Fig. 9). Moreover,
long-lived chloramines derived from HOCl oxidized GSH to
GSSG and M-45 but not to GSA (data not shown). M-45
therefore could be a sensitive and specific biomarker of
HOCl oxidation in vivo.
In conclusion, we demonstrated that HOCl, which is gen-

erated only by MPO in humans, oxidized the �-glutamyl
group in GSSG to a novel irreversible product, 5-hydroxybu-
tyrolactam, in high yield, hampering thiol regeneration dur-
ing oxidative stress. Most importantly, we detected this
product from activated neutrophils, suggesting that the
HOCl generated by these cells may oxidize GSSG at sites of
inflammation. This in turn suggests that M-45, the 5-hy-

droxybutyrolactam derivative of GSSG, may be a potential
marker for neutrophil activation in vivo.
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