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ABSTRACT

Glutathione (GSH) and glutathione disulfide (GSSG) form the principal thiol redox couple in the endoplas-
mic reticulum (ER); however, few studies have attempted to quantify GSH redox status in this organelle. To
address this gap, GSH and GSSG levels and the extent of protein glutathionylation were analyzed in rat liver
microsomes. Because of the likelihood of artifactual GSH oxidation during the lengthy microsomal isolation
procedure, iodoacetic acid (IAA) was used to preserve the physiological thiol redox state. Non-IAA-treated
microsomes exhibited a GSH:GSSG ratio between 0.7:1 to 1.2:1 compared to IAA-treated microsomes that
yielded a GSH:GSSG redox ratio between 4.7:1 and 5.5:1. The majority of artifactual oxidation occurred
within the first 2 h of isolation. Thus, the ER GSH redox ratio is subject to extensive ex vivo oxidation and
when controlled, the microsomal GSH redox state is significantly higher than previously believed. Moreover,
in vitro studies showed that PDI reductase activity was markedly increased at this higher thiol redox ratio
versus previously reported GSH:GSSG ratios for the ER. Lastly, we show by both HPLC and Western blot
analysis that ER proteins are highly resistant to glutathionylation. Together, these results may necessitate a
re-evaluation of GSH and its role in ER function. Antioxid. Redox Signal. 10, 963–972.
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INTRODUCTION

THE ENDOPLASMIC RETICULUM (ER) plays an essential role
in many vital cellular functions, including synthesis of

macromolecules, regulation of cellular calcium homeostasis,
and the maturation, processing, and transport of secretory and
membrane-associated proteins (11). Generally, proteins assem-
bled in the ER are rich in disulfide bonds that help to promote
efficient folding and oligomerization of nascent polypeptide
chains (9). While disulfide bond formation occurs sponta-
neously and independently of enzymatic processes, to ensure
correct intramolecular disulfide bonding is achieved, the ER
contains chaperones and oxidoreductases to ultimately produce
a properly folded protein (20, 25, 32, 33, 41). The activities of
resident ER folding enzymes are highly dependent on the re-
duction/oxidation (redox) environment, and even small pertur-

bations in redox status greatly affects enzymatic activity and,
as a result, protein folding kinetics (27, 28, 30, 31).

To ensure protein processing, the ER lumen appears to be
more oxidizing than other compartments of the cell (2, 17). This
environment likely serves to maintain critical enzymes in their
preferred redox state to ensure optimal enzymatic activity in
mammals (2, 17). For example, members of the ryanodine re-
ceptor superfamily, responsible for Ca2� release from ER
stores, contain sulfhydryl groups that function as a redox
“switch” which either induces or inhibits Ca2� release (7, 22,
40, 42, 44). Generally, oxidation activates these receptors,
whereas thiol reduction is inhibitory (7). Furthermore, protein
disulfide isomerase (PDI) requires its active site thiols to be 
oxidized to catalyze disulfide bond formation for activity, and
only a slight reductive shift in the ER converts PDI to a reduced
state (31).
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Due to its shear amount, glutathione (GSH) is the principal
thiol compound of the ER and has been implicated in main-
taining the ER thiol redox environment (1). However, the pre-
cise role of GSH in the ER remains unclear. For example, GSH
may act as an antioxidant in scavenging reactive oxygen species
(6), as a reductant to maintain protein sulfhydryls in a reduced
state (9), or conversely, as an adjunct in forming native disul-
fide bonds within proteins entering the secretory pathway (5).
Despite the lack of a consensus regarding its precise role in the
ER, there is a general appreciation that GSH is directly tied to
normal ER function, and changes in the GSH redox state have
been associated with pathophysiologies that target and disrupt
the ER (1, 30, 31).

Because of its importance to the ER, it is surprising that only
a few studies have attempted to directly quantify ER GSH lev-
els and determine its redox state. An initial study by Hwang et
al. used a tetrapeptide probe to measure the general ER redox
environment in a hybridoma cell line (17). This group deter-
mined the probe’s thiol redox ratio, and thus the ER glu-
tathione:glutathione disulfide (GSH:GSSG) ratio, to be between
1.5:1 to 3.3:1 (17). Recently, a more direct measurement of rat
liver microsomal ER GSH redox status was made using mono-
bromobimane as a thiol derivatizing agent in isolated rat liver
microsomes (2). The GSH:GSSG ratio was more precisely es-
timated to be 3:1, which again suggested that the ER was a gen-
erally more oxidizing environment than other compartments of
the cell (2). However, both studies failed to control for ex vivo
oxidation during sample preparation. Thus, the potential exists
that thiol oxidation occurs during cell culture (38) and micro-
somal isolation which may be a confounding factor in the proper
assessment of thiol redox status. Given the importance of GSH
redox state as a determinant in ER function, it is the goal of the
current study to define more accurately the ER glutathione re-
dox status by controlling for the likelihood of ex vivo oxida-
tion.

By modifying an established method previously used to
quantify glutathione in other subcellular organelles (10,
12–14, 19, 39), we show that both GSH and GSSG can be
quantified simultaneously in microsomes isolated from rat
liver. As such, iodoacetic acid (IAA) was incorporated into
the microsomal isolation procedure to preserve the GSH re-
dox state. Herein, we show that ex vivo oxidation is extensive
during microsomal isolation, and its control reveals the ER
GSH:GSSG ratio to be significantly higher than previously re-
ported. Moreover, we show that ER protein glutathionylation,
which was previously shown to be extensive (2), is actually
quite small with only a select number of proteins modified.
These results may necessitate a re-evaluation of the precise
role that microsomal GSH:GSSG redox state plays in normal
ER function.

MATERIALS AND METHODS

Materials

High performance liquid chromatography (HPLC) solvents
were all HPLC grade (Fisher Scientific, Pittsburgh, PA). All
other chemicals were reagent grade or the highest quality avail-
able from Sigma-Aldrich (St. Louis, MO).

Isolation of rat liver microsomes

Fischer 344 rats (8–11 mo old; National Institute on Aging
animal colonies) were anesthetized with diethyl ether, the liv-
ers perfused with ice-cold phosphate buffered saline, pH 7.5
(PBS), to remove blood, and then sacrificed according to In-
stitutional Animal Care and Use Committee (IACUC)-approved
guidelines. The livers were quickly excised and placed on ice.
Microsomes were isolated as previously reported with some
modifications (21). Briefly, liver was homogenized 1:7 [wt/vol]
in ice-cold homogenization buffer (10 mM potassium phosphate
[monobasic], 10 mM potassium phosphate [dibasic], 150 mM
HEPES, 75 nM potassium chloride, 1 mM EDTA; pH 7.5) and
microsomes isolated by differential centrifugation. The micro-
somal pellet was further washed (100 mM potassium py-
rophosphate and 1 mM EDTA, pH 7.4) to remove heme and
spun again at 100,000 g for 95 min at 4°C. The microsomal
pellet was resuspended in 750 �l of 100 mM potassium phos-
phate buffer containing 30% glycerol [vol/vol] and 1 mM
EDTA, pH 7.25. Only freshly isolated microsomes were used
for experimentation. Assays for purity revealed that microso-
mal preparations using this procedure had minimal contamina-
tion of Golgi using the 59 kDa Golgi protein (Abcam #ab23932)
as a marker, but were highly enriched for Calnexin (Abcam
#ab22595) (data not shown). Thus, the procedure employed in
this study results in microsomes relatively free of contaminat-
ing membranes.

Incorporation of iodoacetic acid

In some experiments, the portal veins of rats were cannu-
lated, immediately perfused with homogenization buffer con-
taining 70 mM iodoacetic acid (IAA; Sigma-Aldrich) to im-
mediately arrest thiol/disulfide exchange at the time of animal
sacrifice, and microsomes were isolated. In other studies, liv-
ers were perfused to remove blood and then homogenized in
buffer containing 70 mM IAA. To determine if and when arti-
factual thiol oxidation occurred during microsome isolation,
timecourse experiments were undertaken where IAA (70 mM,
final concentration) was added at 2 h intervals throughout the
�6 h microsomal isolation procedure.

Preparation of microsomal samples for free
glutathione analysis

Immediately following isolation of microsomes, 300 �l of
the microsomal suspension was added directly to an equal vol-
ume of 15% (vol/vol) perchloric acid (PCA; Fisher Scientific)
containing 10 mM diethylenetriaminepentaacetic acid (DTPA;
Sigma-Aldrich), and incubated on ice for 15 min. Acidified
samples were then spun at 15,000 g for 15 min, the supernatant
removed, and stored at �20°C until derivatization and glu-
tathione analysis. PCA (300 �l of a 15% stock, containing 10
mM DTPA) was then added back to the pellet, snap-frozen in
liquid nitrogen, and stored at �80°C for protein-bound glu-
tathione analysis (described below).

Determination of protein glutathionylation

To determine the amount of glutathione present as mixed
disulfides with proteins, three validation protocols were fol-
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lowed. First, freshly isolated microsomes treated with or with-
out IAA were incubated with dithiothreitol (DTT; 0.1 mM) for
1 h at room temperature, and the extent of GSH liberated was
quantified by HPLC. Second, a stronger thiol reductant, tris(2-
carboxyethyl)phosphine hydrochloride (TCEP; 10 mM), was
similarly used to release GSH bound to proteins (3). Lastly,
acid-precipitated protein pellets were re-solublized in 0.1 M
phosphate buffer and the pH adjusted to 7.4 with 3 M KOH.
These samples were then incubated in the presence of 1 mM DTT
for 24 h at 4°C and the amount of GSH released determined.

High performance liquid chromatography 
for glutathione

GSH quantification was performed as described, using dan-
syl chloride as a fluorophore and �-glutamylglutamate (�-GG)
as an internal standard for derivatization efficiency (10, 19).
Analyte separation was achieved using a 3-aminopropyl col-
umn (200 � 2.6 mm i.d.; Custom LC, Houston, TX) using a
gradient of two buffers (Buffer A, 80/20 methanol/water (vol/
vol); Buffer B, 62.5% MeOH (vol/vol), 20% acetate stock
(217.6 g sodium acetate trihydrate [Fisher Scientific] in 400 ml
glacial acetic acid) and 17.5% glacial acetic acid (vol/vol). By
this means, both GSH and GSSG can be simultaneously sepa-
rated and quantified relative to authentic standards from a sin-
gle biological sample.

Western blot analysis for glutathionylated 
ER proteins

As a negative control, microsomes were incubated in 50 mM
Tris buffer, pH 7.25, containing 5 mM EDTA, 1% Triton-X
100, and 1 mM DTT for 1 h at 25°C to release and remove all
glutathione present as mixed disulfides. As a positive control,
microsomal samples were incubated with 1 or 10 mM GSSG
in identical conditions as described above. Freshly isolated rat
liver microsomes were added directly to 3X loading buffer (0.5
M Tris-HCl, pH 6.8, 10% SDS [wt/vol], 25% glycerol [vol/vol],
and 0.5% bromphenol blue [wt/vol]). Protein was separated on
10% polyacrylamide gels (Pierce, Rockford, IL) and transferred
to PVDF membranes (Millipore, Billerica, MA). The levels of
glutathionylated proteins were detected using a mouse mono-
clonal antibody (Fitzgerald Industries, Concord, MA), stan-
dardized to BiP/Grp78 levels as a loading control (Stressgen,
Ann Arbor, MI), visualized using appropriate horseradish per-
oxidase-conjugated secondary antibodies (Amersham Pharma-
cia Biotech, Buckinghamshire, UK) in conjunction with a
chemiluminescent substrate (Amersham Pharmacia) and En-
hanced Chemiluminescent Film (Amersham Pharmacia).

Insulin turbidity assay

The insulin turbidity assay, a means to assess how modulat-
ing GSH redox state affects PDI-catalyzed reduction of insulin
disulfides, was performed essentially as described (16). Briefly,
0.25 �M recombinant PDI (RayBiotech, Norcross, GA) was in-
cubated in 0.1 M HEPES buffer, pH 7.25, containing 2 mM
EDTA. Aliquots of the protein suspension were incubated with
5 mM GSH equivalents, but the GSH:GSSG ratio in each ali-
quot was varied from 1:1 to 15:1. The resulting mixture was

allowed to equilibrate at 25°C for 1 h, whereupon the reaction
was initiated by the addition of insulin (1 mg/ml, final volume).
The rate of disulfide bond reduction was monitored spec-
trophotometrically at 650 nm in kinetic mode for 60 min using
a DU800 spectrophotometer (Beckman-Coulter, Fullerton,
CA). The rate of the reaction was monitored relative to control
preparations where either PDI and/or insulin were omitted from
the reaction mixture.

Statistical analysis

Statistical significance between means of two independent
groups was determined by Student’s t test, assuming equal vari-
ances. For comparison of treatment effects, one-way analysis
of variance (ANOVA) with Tukey’s post hoc test was used. All
of the results were considered significant if the p value was �
0.05. Statistical analysis was performed using PRISM 4.0b soft-
ware (GraphPad Software, San Diego, CA).

RESULTS

Analytical method for microsomal glutathione

The well-known method first established by Reed and co-
workers was chosen to monitor ER GSH status (10, 19). This
HPLC technique allows the simultaneous determination of both
GSH and GSSG from a single sample. Adapting this protocol
to monitor ER GSH was achieved with minimal changes from
the published method (see Materials and Methods). As assessed
using �-GG as an internal standard to monitor the efficiency of
analyte derivatization, acid-soluble thiol-containing compounds
of the ER were reproducibly derivatized with near complete ef-
ficiency (data not shown). Baseline separation of both GSH and
GSSG standards were also reproducibly achieved (Fig. 1A and
B) and easily detectable in microsomal samples (Fig. 1C). These
results show that the method employed in this study is accept-
able to quantify free GSH and GSSG in complex microsomal
mixtures.

Ex vivo oxidation occurs during isolation of
microsomes

Quantification of the total microsomal glutathione pool
(GSH � 2GSSG) shows that the ER contains significant quan-
tities of this tripeptide. Overall microsomal GSH equivalents
were calculated to be 0.32 nmoles/mg protein with a notably
small (20%) coefficient of variation (data not shown). In con-
trast to the highly stable nature of the overall GSH pool, both
GSH and GSSG levels varied markedly, with a calculated co-
efficient of variance of 69% and 34%, respectively (data not
shown). Variability in the GSH:GSSG ratios ranged over 114%
(0.12:1 to 3.0:1; n � 11). The extensive range in values was in
accordance with Hwang et al. (17) who also observed signifi-
cant variability in the ER thiol redox state. Because of this
marked variability, the rapid nature of thiol–disulfide exchange,
and the long isolation procedure, ex vivo oxidation was sus-
pected as a confounding factor in quantifying the GSH:GSSG
ratio in microsomal preparations.
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Use of iodoacetic acid to preserve ER glutathione
and its redox ratio

Iodoacetic acid (IAA) is used routinely as a thiol acetylating
agent, which would chemically preserve GSH redox status by

protecting free thiolates from oxidation or thiol–disulfide ex-
change (15, 18). Homogenization of rat livers in the presence of
70 mM IAA did not adversely interfere with the chemical de-
rivatization method for quantifying glutathione, which was
shown by the complete separation of �-GG, GSH, and GSSG
from IAA-treated microsomes (data not shown). Moreover, in-
corporating IAA into the microsomal isolation method resulted
in markedly higher reduced GSH levels (0.07 nmoles/mg protein
without IAA versus 0.26 nmoles/mg protein with IAA), and sig-
nificantly lower GSSG concentrations (0.12 nmoles/mg protein
without IAA versus 0.06 nmoles/mg protein with IAA) than ob-
served in non-IAA-treated samples (Figs. 2A and B). This IAA
trapping method resulted in a microsomal GSH:GSSG ratio over
5-fold higher (4.7:1) than untreated controls (0.7:1) (Fig. 2C).
These results reveal that the GSH redox couple in IAA-treated
microsomes is in a more reduced state than previously observed.

Ex vivo oxidation occurs rapidly during the
microsomal isolation procedure

To determine the rapidity of ex vivo oxidation, IAA was ei-
ther directly perfused into the liver at the time of sacrifice or
added to liver homogenates at different stages of microsomal
isolation and the GSH:GSSG ratio determined. Figure 3A
shows a schematic of the isolation procedure and the times when
IAA was added to microsomes. Overall, microsomal isolation
required 6 h to complete and IAA could be conveniently added
by perfusion, directly into the homogenization buffer, and at 2
h intervals thereafter. Immediate perfusion of rat livers with
IAA followed by microsomal isolation resulted in a GSH:GSSG
ratio of 5.6:1 (Fig. 3B). Furthermore, homogenization in the
presence of IAA resulted in a GSH:GSSG ratio of 4.8:1 (Fig.
3B), which was not significant (p � 0.05) from the observed
ratio found in the perfusion experiments. Thus, microsomal
GSH and its redox state appear to be much higher than previ-
ously reported in the literature.

Adding IAA at times increasingly closer to final microsome
purification revealed that extensive ex vivo oxidation occurred
rapidly, mostly within the first 2 h of the isolation procedure
(Fig. 3B; p � 0.05). Thereafter, only minimal oxidation was
observed which indicates that steps need to be taken early in
microsome isolation to minimize ex vivo oxidation and to ac-
curately assess glutathione status.

To determine if a loss of GSH and/or an increase in GSSG
was responsible for the low GSH:GSSG ratio when no IAA is
present (compare Fig. 2C and 3B), free GSH and GSSG were
quantified. To achieve this, IAA was again introduced into tis-
sue by immediate perfusion or at various times throughout the
isolation procedure as described in the Materials and Methods.
We observed an initial nonsignificant (p � 0.05) loss of GSH
within the first 2 h which became significant by 4 h post-iso-
lation (Fig. 3C). This loss was accompanied by a concomitant
increase in GSSG (Fig. 3D) which did not decline further fol-
lowing the 2 h timepoint (Fig. 3C), and plateaued after 4 h (Fig.
3D). The final result reflected the GSH:GSSG ratio as observed
in Figure 2B when no IAA was added.

To further gauge the impact of GSH oxidation during mi-
crosomal isolation, total GSH equivalents (GSH � 2GSSG)
was calculated. Results showed that overall GSH levels were
lowest in microsomes treated with IAA for the shortest time (2
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FIG. 1. Chromatographic separation of �-GG, GSH, and
GSSG. GSH and GSSG standards were prepared and injected
(50 �l) onto a 3-aminopropyl column for HPLC separation and
fluorescence detected at 315 nm excitation/585 nm emission.
Depicted are representative chromatograms for (A) GSH and
(B) GSSG. �-GG was used as an internal standard to monitor
derivatization efficiency. (C) Baseline separation of microso-
mal GSH and GSSG by HPLC with fluorescence detection. Mi-
crosomes (6 mg protein) were acidified with PCA and acid-sol-
uble thiols derivatized as described. Results show that baseline
separation of the analytes is easily achieved using this method.



Minimal glutathionylation of ER proteins

Previous reports indicate that the majority of GSH in rat liver
microsomes is present as mixed disulfides with proteins (2).
However, the general loss of GSH and increase in GSSG evi-
dent in Fig. 3C and D suggest that ER protein glutathionylation
may be a by-product of ex vivo oxidation. First, to understand
the extent of GSH-protein mixed disulfides in our system, freshly
isolated microsomes treated with or without IAA were incubated
with dithiothreitol (DTT; 0.1 mM) and the extent of GSH lib-
eration was quantified. Approximately 5% of total ER GSH was
bound to proteins in IAA-treated microsomes (data not shown).
Second, to determine whether this relatively low percentage of
glutathionylation was because of inadequate reducing power of
DTT, a stronger thiol reductant, tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), was used to release protein-bound GSH
(3). Again � 5% of the total GSH found in the ER was bound
to proteins (data not shown). Lastly, to further verify low lev-
els of glutathionylation, resolubilized PCA-precipitated proteins
were incubated with DTT (1 mM) to liberate any protein-bound
GSH. Using this method, only 3.3% of the total ER glutathione
is present as mixed disulfides with proteins in IAA-treated sam-
ples (Fig. 4A). Interestingly, non-IAA-treated microsomes dis-
played similar amounts of protein glutathionylation (5.7%) as
IAA-containing controls (Fig. 4A). This was contrary to expec-
tations from the increase in GSSG noted when microsomes were
isolated without IAA (see Fig. 3).

To further corroborate that only a small percentage of GSH
is present as mixed disulfides, the soluble ER proteome was
quantified immunochemically. Figure 4B shows a representa-
tive blot confirming that there is very little glutathione bound
to proteins when compared to DTT-treated samples as a nega-
tive control (Fig. 4B, DTT lane). Furthermore, this blot also in-
dicates that microsomal proteins may be relatively resistant to
glutathionylation. When microsomes were incubated with a
physiological concentration of GSSG (1 mM) as a positive con-
trol, only two bands near 40 kDa become glutathionylated. It
is not until microsomes were incubated with a supraphysiolog-
ical concentration of GSSG (10 mM) that glutathionylation be-
came overt. Together, these results indicate that there is only a
small amount of glutathione found present as mixed disulfides
with proteins in microsomes isolated from rat livers. Further-
more, it appears that the proteins of the ER are not easily glu-
tathionylated, indicating this may be a highly regulated process.

Modulating GSH:GSSG ratios significantly alters
protein disulfide isomerase (PDI) activity

To determine the biological relevancy of a higher thiol redox
state residing in the ER, we performed experiments to directly
monitor the consequences of a higher GSH:GSSG ratio to pro-
tein disulfide reduction, a basic function of ER-dependent pro-
tein processing. Specifically, an assay was used to determine the
effect of varying the GSH:GSSG ratio on PDI-dependent re-
duction of intramolecular disulfide bonds in insulin. Results
showed that PDI activity increased rapidly as the GSH:GSSG
ratio also increased (Fig. 5A and B). The maximal rate of re-
duction occurred at a GSH:GSSG ratio � 9:1 (Fig. 5B). Inter-
estingly, the rate of disulfide reduction was only 23% lower than
the maximum rate when PDI was incubated with a GSH:GSSG
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FIG. 2. GSH oxidation during microsomal isolation. Mi-
crosomes (6 mg protein) were isolated in the presence or ab-
sence of IAA and GSH and GSSG monitored by HPLC and
quantified relative to standards. The presence of IAA resulted
in significantly (A) higher GSH and (B) lower GSSG than ob-
served when IAA was omitted. (C) Calculation of the
GSH:GSSG ratio revealed that IAA results in an �5-fold higher
GSH redox ratio in microsomes containing IAA versus non-
IAA-treated control samples. Results are expressed as mean 	
SEM; n � 11 animals per group. Asterisks indicate p � 0.01
versus non-IAA-treated samples.

h and 0 h timepoints), becoming significant (p � 0.05) at the 0
h timepoint (Fig. 3E). Taken together, samples either directly
perfused or homogenized in 70 mM IAA display significantly
higher levels of GSH, lower levels of GSSG, and increased to-
tal GSH equivalents relative to nontreated preparations.
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other groups. Different letters indicate statistical significance (p � 0.05).



redox state of 5:1, the approximate ratio observed in our stud-
ies. In contrast, PDI-dependent reduction was significantly im-
paired when PDI was given a GSH:GSSG redox environment
at levels previously observed for microsomes (2, 17). As shown
in Fig. 5B, when the GSH:GSSG ratios were clamped at either
3:1 or 1:1, the rate of disulfide bond reduction was 67% and
76% lower than the maximal activity, respectively. Thus, the
seemingly small change in the GSH:GSSG ratio described herein
versus previous literature reports (2, 17) may have profound ef-
fects on disulfide reductase activity and ER function.

DISCUSSION

The present work establishes that rat liver microsomes con-
tain very high amounts of GSH equivalents. Based on our data

showing total ER glutathione (GSH � 2GSSG) to be between
0.34 and 0.38 nmol/mg protein and literature reports indicating
that microsomal ER volume is �4.5 �l/mg protein (8, 37), we
estimate that microsomal GSH levels are �4.5 mM. Consider-
ing parenchymal hepatocellular GSH concentrations have been
variously reported to be between 1 and 11 mM (34), our results
suggest that ER GSH levels largely reflect that found in the cell
as a whole. Thus, GSH may be considered the most abundant
low molecular weight thiol present in the ER. Even though this
has been suggested previously, to our knowledge, this is the
first report that actually quantifies microsomal GSH.

Despite both the cytosolic and microsomal GSH pools being
similar in concentration, it is thought that the ER GSH redox
status may be far more oxidized than the cellular thiol redox
environment. This was most recently shown by Bass et al. (2)
who reported a GSH:GSSG ratio to be 3:1. Their results also
support those of Hwang et al. (17) who indicated that the mi-
crosomal thiol redox ratio ranged between 1:1 to 3:1. Although
we observed a significantly higher GSH:GSSG ratio, our data
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FIG. 4. Minimal glutathione is present as mixed disulfides
with proteins in rat liver microsomes. Acid precipitated
protein pellets were re-solubilized and incubated with DTT (1
mM) to liberate any glutathione bound to proteins. (A) Results
show the distribution of free versus protein-bound GSH. Only
minimal glutathione was observed bound to protein regardless
of the presence or absence of IAA. (B) Western blot analysis
of microsomal glutathionylated proteins. When compared to the
DTT control, very little glutathione is bound to proteins re-
gardless of IAA treatment. Furthermore, incubation of micro-
somes with 1 mM GSSG resulted in minimal glutathionylation
and only addition of supraphysiological GSSG concentrations
(10 mM GSSG) resulted in extensive glutathione-protein mixed
disulfides. (n � 3 animals per group).

FIG. 5. Small changes in GSH redox state markedly affect
disulfide bond reduction by PDI. PDI reductase activity was
monitored using the insulin turbidity assay of Holmgren (16).
PDI (0.25 �M), insulin (1 mg/ml), and glutathione (5 mM) con-
centrations were kept constant while altering the GSH:GSSG
ratio (1:1 to 15:1) and changes in turbidity was monitored spec-
trophotometrically at 650 nm. (A) Kinetic traces of PDI reduc-
tion of insulin intramolecular disulfide bonds. (B) Rates of PDI
reductase activity were calculated and plotted against varying
GSH:GSSG ratios.
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confirm that the ER is indeed a much more oxidizing environ-
ment than the cytosol and thus may be a uniquely regulated
GSH pool. Thus, GSH may also have specific role(s) unique
for the ER though these putative functions are still ill-defined.

The poorly defined role(s) of ER GSH is in part a reflection
of the limited information on its overall levels and redox state.
By incorporating IAA into the microsomal isolation procedure,
we show that the GSH:GSSG ratio is significantly higher than
that observed for non-IAA-treated samples. IAA-protected mi-
crosomes displayed 60% higher GSH, and concomitantly lower
GSSG (see Fig. 3). Overall GSH levels (GSH � 2GSSG) were
also 30% higher over non-IAA- treated samples (see Fig. 3).
It is possible that GSH may have been converted to higher ox-
idation states that could not be detected by the HPLC tech-
nique employed or lost during isolation. However, this dis-
crepancy remains unelucidated and subject to future analysis.
Our data suggests that the unaccounted for GSH equivalents
are not the result of artifactual protein glutathionylation as
there were no differences evident in protein-GSH mixed disul-
fides with or without IAA. One possibility is that GSSG may
be exported from the ER when levels increase beyond a spe-
cific threshold. This is generally supported by our data show-
ing that free GSSG levels plateau despite the continued loss of
GSH during our timecourse experiments (see Fig. 3). How-
ever, much work remains in order to elucidate the mechanisms
governing steady-state ER glutathione. Regardless, the use of
IAA provides a strikingly different profile of both the
GSH:GSSG redox ratio and the overall concentrations of glu-
tathione in the ER.

The differences in microsomal GSH redox state reported here
versus literature values are not trivial. This may best be illus-
trated by estimating the differences in GSH reducing capacity
in microsomes with and without IAA treatment. Using the
Nernst equation 
E � 
EpH7.5 � ((RT/F)2) � log ([GSH]2/
[GSSG]) and a calculated Eo at pH 7.5 for the GSH:GSSG re-
dox couple of �255 mV, our data would estimate the micro-
somal GSH reducing capacity at �205 and �176 mV in mi-
crosomes with or without IAA treatment, respectively. This 30
mV difference suggests a significantly higher reducing capac-
ity in the ER than previously believed, which would be ex-
pected to have a significant impact on the protein dithiol/disul-
fide ratio. Considering a midpoint potential of �200 mV, a
more accurate microsomal protein dithiol/disulfide ratio would
thus be near 1:1 versus 1:10 if the 2GSH:GSSG couple were
30 mV more oxidized. For example, protein disulfide iso-
merases have two active sites with similar CXXC motifs and,
depending on whether the active site sulfhydryls are in a disul-
fide or dithiol form, converts the enzyme from an oxidase in-
volved in disulfide formation to a reductase involved in reduc-
ing disulfides (4, 29, 30). Thus, it is important to note that the
estimated GSH reducing capacity places the GSH:GSSG redox
couple in closer equilibrium with the midpoint potential of PDI
than previously believed.

These theoretical calculations are supported by our in vitro
studies showing that a GSH:GSSG of 5:1 yields a significantly
increased reductase activity for PDI versus its activity when the
GSH:GSSG redox ratio is clamped at 3:1 or lower. Further-
more, it has also previously been reported that PDI-dependent
refolding/isomerization is optimal at a GSH:GSSG ratio of 5:1

(23, 24, 36). Thus, there is little controversy regarding the con-
sequences of glutathione levels and thiol redox status on en-
zymes of the ER. It is our contention that the greater unknown
is the precise physiological thiol redox status of the ER by which
to put these in vitro studies into context.

Our HPLC studies indicate that protein/glutathione mixed-
disulfides to be only �5% of the total glutathione found in
the ER, regardless of the presence or absence of IAA. This
was further confirmed using Western blot analysis. Because
only specific proteins appeared to be glutathionylated and that
high levels of GSSG are needed to increase glutathionylation,
one interpretation of these results is that steady-state protein
glutathionylation in the ER is a highly regulated process. This
concept is not only consistent with our results but also fits
with other work showing that mixed disulfides between GSH
and ER client proteins is the rate-limiting step in enzyme cat-
alyzed folding (23). Therefore, glutathionylation may be nor-
mally kept to a minimum to limit protein transit time through
the secretory pathway; conversely, conditions that induce pro-
tein/GSH mixed disulfides may increase protein transit time.
Thus, protein glutathionylation may be a yet heretofore un-
derappreciated aspect of regulating both protein maturation
and degradation in the ER. However, more work will be nec-
essary to understand the potential role of glutathionylation in
the ER.

Future perspective

The goal of this study was to develop proper methodologies
for assessing the GSH and the GSH redox balance in the ER.
Based on our results, there is the distinct possibility that the
general function and precise redox nature of microsomal GSH
may have to be re-evaluated in light of its more reduced state.
For instance, outside of protein processing, the GSH:GSSG ra-
tio may be a potent “redox switch” that senses, and ultimately
initiates, an ER stress response through affecting redox sensi-
tive proteins (1). Furthermore, perturbations in the ER thiol re-
dox balance have been noted during diabetes and in protein ag-
gregation diseases (1, 26, 30, 31, 35, 43). Interestingly, these
pathologies have noted a reductive shift in the ER thiol redox
balance (31). Thus, not controlling for ex vivo oxidation during
microsomal isolation may fail to detect a critical nuance in the
ER GSH:GSSG ratio under normal and pathophysiological con-
ditions. Whether alterations in the thiol redox status are a cause
or consequence for these pathologies remains unknown and
should be the focus of future studies.
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ABBREVIATIONS

ANOVA, analysis of variance; dansyl chloride, 1-dimethy-
laminonaphthalene-5-sulphoylchloride; DTT, dithiolthreitol;
EDTA, ethylenediaminetetraacetic acid; ER, endoplasmic retic-
ulum; �-GG, gamma L-glutamyl-glutamate; GSH, reduced 
glutathione; GSSG, glutathione disulfide; HEPES, 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid; HPLC, high per-
formance liquid chromatography; IAA, iodoacetic acid;
LC/MS/MS, liquid chromatography mass spectrophotometric,
mass spectrophotometric analysis; PBS, phosphate buffered
saline; Per, perfusion; PDI, protein disulfide isomerase PVDF,
polyvinylidene difluoride; TCEP, tris(2-carboxyethyl)phos-
phine hydrochloride; UV, ultraviolet.
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