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Protein S-glutathionylation is a reversible redox-dependent
post-translational modification. Many cellular functions and
signal transduction pathways involve proteins whose cysteine-
dependent activities are modulated by glutathionylation. Glu-
taredoxin (Grx1) plays a key role in such regulation because it is
a specific and efficient catalyst of deglutathionylation. We
recently reported an increase in Grx1 in retinae of diabetic rats
and in rat retinal Müller glial cells (rMC-1) cultured in high
glucose. This up-regulation of Grx1 was concomitant with
NF�B activation and induction of intercellular adhesion mole-
cule-1 (ICAM-1). This proinflammatory response was repli-
cated by adenoviral-directed up-regulation of Grx1 in cells in
normal glucose. The site of regulation of NF�B was localized to
the cytoplasm, where I�B kinase (IKK) is a master regulator of
NF�B activation. In the current study, inhibition of IKK activity
abrogated the increase in ICAM-1 induced by high glucose or by
adenoviral-directed up-regulation of Grx1. Conditioned medium
from theMüller cells overexpressing Grx1 was added to fresh cul-
tures of Müller or endothelial cells and elicited increases in the
Grx1 and ICAM-1 proteins in these cells. These effects correlate
with a novel finding that secretion of interleukin-6 was elevated in
the cultures of Grx overexpressing cells. Also, pure interleukin-6
increased Grx1 and ICAM-1 in the rMC-1 cells. Thus, Grx1
appears to play an important role in both autocrine and paracrine
proinflammatory responses. Furthermore, IKK� isolated from
Müller cells in normal glucosemediumwas found to be glutathio-
nylated on Cys-179. Hence Grx-mediated activation of IKK via
deglutathionylation may play a central role in diabetic complica-
tions in vivowhere Grx1 is increased.

S-glutathionylation on active cysteine residues is a redox-de-
pendent post-translational modification that regulates many

proteins important in cellular signaling. The enzymatic process
of reversing and thus regulating steady state concentrations of
S-glutathionylated proteins has been well documented and is
attributed to glutaredoxin (Grx)3 (1–3).

Redox sensitivity of cysteine residues on proteins in the
upstream pathway leading to NF�B-mediated transcription
suggests that S-glutathionylation is an important regulatory
mechanism in this pathway (4, 5). We previously reported
induction of Grx1 in retinal homogenates from streptozotocin-
diabetic rats. Grx1 was also up-regulated in retinal glial Müller
cells cultured in diabetic-like (i.e. high glucose) conditions as a
cell culture model for diabetic retinopathy (6). Increased Grx1
expression in high glucose medium or Grx1 overexpression via
adenoviral-mediated transfection in normal glucose medium
corresponded with increased nuclear translocation of the
redox-sensitive transcription factor NF�B (p50-p65) and
expression of intercellular adhesion molecule-1 (ICAM-1), a
transcriptional product of NF�B. Furthermore, our previous
study indicated that the site of NF�B regulation byGrx1 resides
upstream in the cytoplasm, prompting us to elucidate further
the molecular mechanism of Grx regulation of NF�B activa-
tion. I�B kinase (IKK) is a central regulator ofNF�B signaling in
the cytoplasm, and the proinflammatory effects of NF�B acti-
vation usually have been attributed to the IKK� subunit specif-
ically (7, 8). Here we report that IKK� is glutathionylated site-
specifically (Cys-179) in rat retinal glial (Müller) cells (rMC-1),
implicating it as a Grx-regulated control point in NF�B-medi-
ated ICAM-1 expression. Accordingly, inhibition of IKK abol-
ished the effects of elevated Grx on ICAM-1 expression. Fur-
thermore, conditioned medium from rMC-1 Müller glial cells
overexpressing Grx elicited induction of ICAM-1 and Grx1 in
freshly cultured rMC-1Müller glial and in TRiBRB endothelial
cells, suggesting an autoregulatory feedback mechanism for
Grx1. Moreover, it was found that up-regulation of Grx1 leads
to increased secretion of the IL-6 cytokine, implicating IL-6 as a
key contributor to the induction of Grx1 and ICAM-1 in other
cells. Accordingly, pure IL-6 also stimulated induction of Grx1
and ICAM-1 in the rMC-1 cells. Overall, these findings impli-
cate Grx1 and corresponding glutathionylation events in the
proinflammatory progression of diabetic retinopathy.
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EXPERIMENTAL PROCEDURES

Cell Culture—Cell culture supplies were obtained from
Invitrogen exceptwhere indicated. rMC-1were a kind gift from
Dr. Vijay Sarthy (NorthwesternUniversity, School ofMedicine,
Chicago, IL). Cells were cultured for up to 5 days in high glucose
(25 mM) or normal glucose (5 mM) in Dulbecco’s modified
Eagle’s medium with 2% heat-inactivated FBS (Fisher, Cellgro
MT) with daily medium replacement in a humidified 37 °C
incubator with 5%CO2. Glucose concentrations in themedium
were monitored via the glucose oxidase kit as instructed by the
manufacturer (Pointe Scientific). A transformed rat endothelial
cell line isolated from the blood retinal barrier of transgenic
mice (TRiBRB) was a kind gift from Dr. Tetsuya Terasaki (9).
These cells were cultured in 5 mM glucose Dulbecco’s modified
Eagle’s medium with 2% heat-inactivated FBS and 15 �g/ml
endothelial cell growth supplement (Sigma) on 0.1% gelatin-
coated plates in a humidified incubator with 5% CO2 at 33 °C.
Adenoviral Expression of Grx1 in rMC-1 Cells—rMC-1 cells

(500,000 cells/100-mm dish) were grown in normal glucose
medium for 2 days and infectedwith adenoviral vector contain-
ing a construct for expressing GRx1 (Ad-Grx) or an empty vec-
tor control (Ad-Empty) at a multiplicity of infection of 10
(m.o.i. of 10), except where indicated otherwise. The adenoviral
infections were carried out in 1 ml of serum-free Dulbecco’s
modified Eagle’s medium for 1 h, as described previously (6).
Cells were cultured for two subsequent days in normal glucose
medium and collected in 1% Nonidet P-40 lysis buffer (50 mM

Tris, pH 8, 1% Nonidet P-40 detergent, and 150 mM NaCl).
Inhibition of IKK with Bay 11-7085 in Grx Overexpressing

rMC-1 Cells—Cells treated with Bay 11-7085 inhibitor
(BIOMOL International) were preincubated with the inhibitor
for 30–40 min in normal glucose medium and subsequently
infected with Ad-Grx or Ad-Empty in the absence of the inhib-
itor. These cellswere then cultured for an additional 24–48h in
normal glucose medium in the absence of inhibitor and col-
lected in 1% Nonidet P-40 lysis buffer.
Inhibition of IKK with Bay 11-7085 in rMC-1 Cells in High

Glucose—Cells were cultured in high glucose (25 mM) medium
for 2–3 days, treatedwith Bay 11-7085 for 5–10min, and grown
for an additional 2–3 days in high glucose medium for a total of
5 days. These cells were treated for less time with the inhibitor
than those overexpressing Grx1 because the cells had to be less
confluent to grow over the course of 5 days in culture. An incu-
bation of 30–40 min with the inhibitor seemed to be cytotoxic
on cells that were less confluent. All cells were grown for a total
of 5 days in high glucose medium and collected in 1% Nonidet
P-40 lysis buffer.
Nuclear Extraction—Samples were separated into nuclear

and cytoplasmic fractions as described previously (6). rMC-1
cells from one 100-mm dish were collected in 1 ml of phos-
phate-buffered saline, centrifuged for 3 min at 800 � g, and
lysed in 300 �l of low salt buffer (20 mM HEPES, pH 7.6, 20%
glycerol (v/v), 10 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, and
0.1% (v/v) Triton X-100) for 20 min. Centrifugation at 800 � g
for 3 min yielded a cytosolic supernatant. The nuclear pellet
was washed twice in phosphate-buffered saline, incubated in 80
�l of high salt buffer (10mMHEPES, pH 7.6, 10% glycerol (v/v),

0.5 M NaCl, 0.7 mM MgCl2, 0.1 mM EDTA, and 0.05% (v/v)
TritonX-100) for 30min 4 °C, and centrifuged at 16,000� g for
15 min in 4 °C.
Immunoprecipitation of IKK—rMC-1 cells (100-mm dish,

confluent) were collected and lysed in 500–600�l of 1%Triton
lysis buffer (1% Triton X-100, 250 mM Tris-HCl, pH 8, 150 mM
NaCl, 1mMphenylmethylsulfonyl fluoride, 10�g/ml aprotinin,
and 10 �g/ml leupeptin) for 10–15 min. Cells were lysed in 5
mM iodoacetamide, a thiol-blocking reagent, to prevent artifac-
tual glutathione-protein oxidation or thiol exchange during
processing. 5�l of rabbit anti-IKK� (0.2�g/�l, Santa Cruz Bio-
technology, Santa Cruz, CA) antibody and 40�l of protein A/G
bead 1:2 slurry (Santa Cruz Biotechnology) were added to cell
lysates (�1–2mg) and incubated on a rotating platform at 4 °C
overnight. For a nonspecific immunoprecipitation control,
samples were incubated with 1 �g of rabbit IgG (Santa Cruz
Biotechnology). Beads were centrifuged for 3 min at 3,000 � g,
washed twice with phosphate-buffered saline, and boiled in 1�
SDS sample buffer (0.5 M Tris-HCl, pH 6.8, 20% glycerol (v/v),
10% SDS (w/v), 1% bromphenol blue) for 15min. Samples were
processed by 12% SDS-PAGE and immunoblotted for IKK�.
Detection of S-Glutathionylation of IKK� by Mass Spectrom-

etry—IKK� was immunoprecipitated from 500–600 �l of
lysate from a 100-mm dish of rMC-1 cells cultured in normal
glucose medium as described above. The beads were eluted
with 40 �l 5% (v/v) trifluoroacetic acid and 47.5% (v/v) aceto-
nitrile. The eluates from four separate immunoprecipitations
were combined and lyophilized. The sample was reconstituted
in 50 �l of 100 mM ammonium bicarbonate and digested with
�0.1 �g of trypsin/15 �l in 25 mM ammonium bicarbonate
overnight at room temperature. Each sample was further
digested with 5 �g of proteinase K to produce smaller molecu-
lar weight peptides. The sample was subsequently run on a
ThermoElectron LTQ linear quadrupole ion trap spectrometer
fitted with a GE Healthcare Ettan MDLC liquid chromato-
graph. The mobile phases were: (a) 0.1% formic acid (v/v) in
HPLCgradewater and (b) 0.1% formic acid (v/v) inHPLCgrade
acetonitrile. The gradient was run from 5 to 65% B over 50min.
All data files were searched against a rat protein subset taken
from the NR data base using the ThermoElectron Bioworks 3.3
search program. In particular, the fragmentation patterns for
peptides containing cysteine residues were additionally
searched for specificmasses (m/z) corresponding to addition of
the glutathionyl moiety.
Western Blotting—Protein content of samples from whole

cell lysates, nuclear extracts, or immunoprecipitations was
determined via the Micro bicinchoninic acid method (BCA)
(Pierce), according to the manufacturer’s protocol. For West-
ern blot analysis, lysates (100 �g) were mixed 4:1 with 4� SDS
sample buffer (0.5 M Tris-HCl, pH 6.8, 20% glycerol (v/v), 10%
SDS (w/v), 1% bromphenol blue, and unless indicated, 20 mM
dithiothreitol), heated for 15 min at 95 °C, separated by 12%
SDS-PAGE, and transferred to Immobilon-P membranes (Mil-
lipore Corp.). Membranes were immunoprobed with the
appropriate antibodies: anti-Grx1 (1:1,000) (generated and
purified via an adaptation of the McKinney and Parkinson
caprylic acid method (10); anti-p50 (1:1,000) (ab7971 AbCam,
Cambridge, MA); anti-p65 (1:3,000) (sc372, Santa Cruz Bio-
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technology); anti-ICAM-1 (1:500) (R&DSystems,Minneapolis,
MN); anti-actin (1:30,000) (Sigma); and anti-YY1 (1:000) (Santa
Cruz Biotechnology). Peroxidase conjugated secondary goat
anti-rabbit or anti-mouse antibodies (1:10,000) (Jackson
ImmunoResearch Laboratories, West Grove, PA) were used,
and Western Lightning Plus chemiluminescence reagent
(PerkinElmer Life Sciences) was used according to the manu-
facturer’s protocol (PerkinElmer Life Sciences). Relative band
intensities were quantified using a Bio-Rad calibrated imaging
densitometer GS-710 with the Bio-RadQuantity One software,
version 4.1.1. Changes in band intensity are reported as ratios
relative to loading controls (actin for cell lysates, and YY1 for
nuclear fractions).
Treatment of rMC-1 Cells with Conditioned Medium from

Grx1 Overexpressing rMC-1 Cells—400,000–600,000 rMC-1
cells/well in a 6-well dish were infected with Ad-Empty or Ad-
Grx at m.o.i. of 10 or m.o.i. of 20 and cultured for 24 h in 1.5 ml
of medium that contained 0.67% heat-inactivated FBS and 5
mM glucose. The conditioned medium was supplemented with
glucose to re-establish a concentration of 5 mM and an addi-
tional 0.5ml ofmedium that contained 2%heat-inactivated FBS
and 5 mM glucose. The medium was then passed through a
0.22-�m syringe filter to remove cells and maintain sterility.
The conditioned medium was then placed on newly cultured
rMC-1 cells (200,000–400,000 cells/well in a 6-well dish) and
cultured for 24 h. Cells were lysed in 1% Nonidet P-40 buffer
and processed for Western blot analysis.
Treatment of TRiBRB Endothelial Cells with Conditioned

Medium from Grx1 Overexpressing rMC-1 Cells—200,000–
300,000 rMC-1 cells/well of a 6-well dish were infected with
Ad-Empty or Ad-Grx at m.o.i. of 10 or m.o.i. of 20 and cultured
for 24 h in 1.5 ml of medium that contained 0.67% heat-inacti-
vated FBS and 5 mM glucose. The conditioned medium was
supplemented with glucose to re-establish a concentration of 5
mM, 20�l of 15mg/ml endothelial cell growth supplement, and
0.5ml ofmedium that contained 2% heat-inactivated FBS and 5
mM glucose. The medium was then passed through a 0.22-�m
syringe filter to remove cells and to maintain sterility. The con-
ditioned medium was then placed on �200,000–300,000 TRi-
BRB endothelial cells/well of a 6-well dish and cultured for 24 h.
Cells were lysed in 1% Nonidet P-40 buffer and processed for
Western blot analysis.
Detection of Cytokines and Growth Factors in Conditioned

Medium from Grx1 Overexpressing rMC-1 Cells or from High
Glucose Cultured rMC-1 Cells—rMC-1 cells (750,000 cells/
150-mm) were plated for a 3–4-day culture in normal or high
glucose medium (30 ml/dish) containing 2% heat-inactivated
FBS. Alternatively, 6million rMC-1 cells/100-mmdish infected
with Ad-Grx or Ad-Empty (bothm.o.i. of 10) in normal glucose
medium (8 ml/dish) were grown for 16–24 h in medium con-
taining 0.67% heat-inactivated FBS and 5 mM glucose. To clear
whole cells and cell debris, the medium from each type of
experiment was passed through a 0.22-�m syringe filter.
According to their initial volumes and cell density, medium
from normal or high glucose was concentrated 60-fold, and
medium from adenoviral infected cell cultures was concen-
trated 3-fold, with Amicon ultracentrifugal filter devices
(molecular mass cutoff 10,000 Da). Concentrated medium was

analyzed via a FluorokineMultiAnalyte profiling cytokinemul-
tiplex kit, a rat IL-6 Quantikine immunoassay, and a rat VEGF
immunoassay according to the manufacturer’s instructions
(R&D Systems).
Treatment of rMC-1 Cells with Pure IL-6—150,000–300,000

rMC-1 cells in wells of a 6-well dish were cultured for 16–24 h.
Recombinant IL-6 (60 pg/ml) (R&D Systems) was added to 1–2
ml of normal glucose medium, passed through a 0.22-�m
syringe filter, and applied to the cells. After 24 h of this treat-
ment, the cells were lysed in 1% Nonidet P-40 buffer and pro-
cessed for Western blot analysis with anti-Grx1 and anti-
ICAM-1 antibodies.
Statistical Analysis—All values and graphs report means �

S.E. Statistical analysis of differences between control and
experimental values were determined via the Student’s t test.
Differences displaying p values �0.05 are considered statisti-
cally significant.

RESULTS

Inhibition of IKK Prevents ICAM-1 Increases in rMC-1 Cells
Cultured in High GlucoseMedium—The potential sites for glu-
tathionylation in the cytosolic pathway of NF�B are extensive.
We utilized inhibitors of IKK, a point of signaling convergence,
to determine whether the protein(s) regulated by Grx1 are
upstream, downstream, or directly on IKK. Specifically, to dis-
cover whether ICAM-1 induction was dependent on IKK or
upstream mediators, we tested changes in ICAM-1 expression
in cells cultured in normal or high glucose medium in the
absence or presence of Bay 11-7085, an inhibitor of IKKactivity.
High glucose increased ICAM-1 expression nearly 2-fold, and
this induction was blocked by increasing concentrations of Bay
11-7085 (Fig. 1), suggesting that IKK and/or upstream media-

FIGURE 1. Effects of IKK inhibition on ICAM-1 expression in rMC-1 cells
cultured in high glucose. rMC-1 cells were cultured in high glucose (25 mM)
medium for 5 days and treated with Bay 11-7085 (Bay) for 5–10 min on days
2–3 of incubation. A representative Western blot for ICAM-1 and actin loading
control and the quantification of blots is given in this figure (n � 12). High
glucose cells expressed ICAM-1 nearly 2-fold (�0.6) over cells grown in nor-
mal glucose medium, *, p � 0.002. 10 and 20 �M Bay inhibitor 11-7085
decreased ICAM-1 expression in high glucose-treated cells from that of high
glucose-treated cells in the absence of inhibitor, #, p � 0.03.
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tors are critical in the high glucose stimulation of NF�B-regu-
lated transcription in rMC-1 cells.
Inhibition of IKK Prevents Increases in ICAM-1 in rMC-1

Cells Overexpressing Grx1 in Normal Glucose Medium—Ad-
enoviral Grx1 (Ad-Grx1)-mediated overexpression of Grx1 in
rMC-1 cells in normal glucose medium increased ICAM-1
expression about 2.5-fold. This extent of induction at this par-
ticular amount of infection (m.o.i. of 10) agrees well with our
previous observations (7). Becausem.o.i. of 10 ofAd-Grx1 is the
viral concentration that mimics the effect of high glucose with
respect to induction of both Grx1 and ICAM-1 (7), it was used
routinely in the present studies. We then tested whether the
effects of IKK inhibition on ICAM-1 in theGrx1 overexpressing
cells in normal glucosemediumwouldmimic the effects seen in
high glucose-treated cells. A concentration-dependent inhibi-
tion with Bay 11-7085 was observed, indicating that inhibition
of IKK activity prevented the ICAM-1 increase (Fig. 2). These
data indicate that the pathway of induction of ICAM-1 is the
same in Grx1 overexpressing cells and in the diabetic model of
high glucose medium.
Inhibition of IKK Prevents Increases in Nuclear NF�B in Cells

Overexpressing Grx1 in Normal Glucose Medium—To deter-
mine whether inhibition of IKK corresponds to an inhibition of
NF�B, we tested effects of Bay 11-7085 on the nuclear translo-
cation of theNF�B subunits, p50 and p65, in Grx1 overexpress-
ing cells in normal glucose medium. Overexpression of Grx1
induced nuclear translocation of both NF�B subunits by 2–4-
fold. These increases in NF�B in the nucleus were prevented by
Bay 11-7085 in a concentration-dependent manner (Fig. 3, a
and b). The empty vector control had no effect on ICAM-1

expression (Fig. 3, a and b). These results are consistent with
NF�B being the predominant transcriptional regulator of
ICAM-1 in this cell system and with the site of regulation by
Grx1 taking place on and/or upstream of IKK.
IKK� Is S-Glutathionylated at Cys-179 in rMC-1 Cells in

Normal GlucoseMedium—To determine whether IKK� is glu-
tathionylated in rMC-1 cells and to identify the specific resi-
due(s) that undergoes this modification, cellular IKK� was co-
immunoprecipitated with IKK� and analyzed via mass
spectrometry. Western blot analysis of IKK� isolated from
rMC-1 cells cultured in normal glucose conditions confirmed
successful pull-down of IKK� (Fig. 4a). The immunoprecipi-
tated sample was digested sequentially with trypsin and pro-
teinase K and analyzed by mass spectrometry. Peptide
sequences from the digested sample matched to those of IKK�.
Tandem MS analysis identified a particular modified peptide.
Fig. 4b shows the tandemMS spectrum with the fragment ions
of the peptide sequence labeled according to Biemann nomen-
clature. The presence of cysteinyl-glutathionewas documented
by the loss of itsmass (409m/z) from the intact glutathionylated
peptide. The remaining peptide fragment (Tphospho-SF) cor-
responds to the y3 ion. Of the 20 cysteine residues within IKK�,
onlyCys-179 is locatedwithin the activation loop, and itwas the
single site of S-glutathionylation in IKK� immunoprecipitated
from lysate of rMC-1 cells grown in normal glucose medium.
This result suggests that Cys-179 of endogenous IKK is modi-
fied by glutathionylation in cells under physiological conditions
(i.e. cells that are unstimulated and not overexpressing pro-
teins). Thus, Grx-mediated deglutathionylation of IKK is likely
an important regulatory mechanism of NF�B-driven up-regu-
lation of ICAM-1 inMüller cells under diabetic-like conditions.

FIGURE 2. Effects of IKK inhibition on ICAM-1 expression in Grx1 overex-
pressing rMC-1 cells. rMC-1 cells were cultured in normal glucose (5 mM)
medium and pretreated with Bay 11-7085 (Bay) for 30 – 40 min. Then the cells
were infected immediately with m.o.i. of 10 of either Ad-Grx1 or Ad-Empty,
cultured for 16 –24 h in normal glucose medium, and collected in Nonidet
P-40 lysis buffer for immunoblotting of ICAM-1 (1:1000) and actin (1:30,000)
(n � 7). Ad-Grx1 increased ICAM-1 expression by 2.6-fold (�0.5), *, p � 0.01.
ICAM-1 expression of Ad-Grx1-infected cells treated with 10 �M Bay 11-7085
was statistically increased, but cells treated with 20 �M Bay 11-7085 expressed
ICAM-1 in similar amounts as control cells (no adenovirus and Ad-Empty
m.o.i. of 10). In addition, ICAM-1 of cells infected with Ad-Grx1 and treated
with 10 and 20 �M inhibitor was significantly decreased from Ad-Grx1-in-
fected cells with no inhibitor, #, p � 0.01.

FIGURE 3. Effects of IKK inhibition on nuclear translocation of NF�B p50
and p65 in Grx1 overexpressing rMC-1 cells. rMC-1 cells were cultured in
normal glucose (5 mM) medium, pretreated with Bay 11-7085 (Bay) for 30 min
prior to Grx1 overexpression, immediately infected with m.o.i. of 10 of either
Ad-Grx1 or Ad-Empty, cultured for two more days in normal glucose medium,
and collected. Cells were separated into nuclear fractions, run on a 12% SDS-
PAGE, and immunoprobed for p50 (1:1,000), p65 (1:3,000), and the nuclear
loading control YY1 (1:1,000). Ad-Grx1 increased p50 in the nucleus by 4-fold
(�0.7) (n � 9) (panel a), *, p � 0.002. Cells overexpressing Grx1 treated with 10
and 20 �M Bay 11-7085 were significantly decreased from Grx1-overexpress-
ing cells with no inhibitor (n � 9) (panel a), #, p � 0.02. Ad-Grx1 increased p65
in the nucleus by nearly 2-fold (�0.7) (n � 11) (panel b), *, p � 0.002. Cells
overexpressing Grx1 treated with 10 and 20 �M Bay 11-7085 were signifi-
cantly decreased from Grx1-overexpressing cells with no inhibitor (n � 11)
(panel b), #, p � 0.02.
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ConditionedMedium fromGrx1 Overexpressing rMC-1 Cells
Increases the Expression of ICAM-1 and Grx1 in TRiBRB Endo-
thelial Cells—To test whetherGrx activation of theNF�Bpath-
way up-regulates expression of soluble mediators (e.g. cyto-
kines) to an extent sufficient to induce an inflammatory
response in other cells, we tested for effects of conditioned
medium obtained from rMC-1 cells overexpressing Grx1 on
TRiBRB endothelial cells. ICAM-1 was up-regulated in endo-
thelial cells in a dose-dependent fashion in response to condi-
tioned medium from rMC-1 cells overexpressing Grx1 at two
different concentrations (Ad-Grx at m.o.i. of 10 and m.o.i. of
20) (Fig. 5). The empty control vector construct did not induce

expression of ICAM-1 (Fig. 5). These data indicate that
increased expression ofGrx1 inMüller cells leads to an increase
in release of a signaling medium capable of inducing a proin-
flammatory paracrine response in endothelial cells.
To test whether a corresponding increase in Grx1 occurred,

Western blot analysis was run on TRiBRB endothelial cells that
had been cultured in the conditioned medium from rMC-1 cells
overexpressingGrx1. Grx1was up-regulated in a similar dose-de-
pendent manner in response to conditioned the medium from
rMC-1 cells overexpressingGrx1 atm.o.i. of 10 orm.o.i. of 20 (Fig.
5). The empty vector control did not induce expression of Grx1
(Fig. 5). These data suggest that increased expression of Grx1 in
rMC-1 cells induces NF�B-driven production of cytokines that
activate Grx1 in endothelial cells, leading to increased NF�B acti-
vation and subsequent expression of ICAM-1.
ConditionedMedium fromGrx1 Overexpressing rMC-1 Cells

Increases the Expression of ICAM-1 andGrx1 inNatural rMC-1
Cells—To test whether the signaling mediator(s) in the condi-
tioned medium could act in a positive feedback mechanism in
Müller cells analogous to the paracrine event observed in the
TRiBRB endothelial cells,Western blot analysis of ICAM-1 and
Grx1 was carried out on rMC-1 cells treated for 24 h with con-
ditioned medium from rMC-1 cells overexpressing Grx1.
ICAM-1 and Grx1 were both increased in rMC-1 cells in
response to the conditionedmedium from rMC-1 cells overex-
pressing Grx1 at two different concentrations (Ad-Grx1 at
m.o.i. of 10 and m.o.i. of 20), consistent with autocrine regula-
tion (Fig. 6). Again, conditionedmedium from rMC-1 cells con-
taining an empty adenoviral vector construct did not cause an
up-regulation of ICAM-1 or Grx1 (Fig. 6).
IL-6 Protein Is Increased inConditionedMedium from rMC-1

Cells in Which Grx1 Is Elevated—We set out to identify the
soluble mediator(s) in the conditioned medium of rMC-1 cells
that leads to up-regulation of ICAM-1 and Grx1 in fresh cul-

FIGURE 4. Glutathionylation of IKK� isolated from rMC-1 cells cultured in
normal glucose medium. IKK� was immunoprecipitated (IP) in the presence
of iodoacetamide from rMC-1 cells cultured in normal glucose medium and
immunoblotted (WB) under non-reducing conditions (a). Immunoprecipi-
tated IKK� is S-glutathionylated at Cys-179 as shown by the peak on the
spectrum at 409 m/z of the peptide sequence obtained by liquid chromatog-
raphy-tandem MS (b). C(glut), S-glutathionyl cysteine; T, threonine; S(phos),
phosphoserine; F, phenylalanine.

FIGURE 5. ICAM-1 expression in rat TRiBRB endothelial cells treated with
conditioned medium from Grx1 overexpressing rat rMC-1 cells. rMC-1
cells overexpressing Grx1 with Ad-Grx at m.o.i. of 10 or m.o.i. of 20 were
cultured for 24 h, and the conditioned medium (C.M.) was collected. The C.M.
was placed on TRiBRB endothelial cells for 24 h, and the cell lysate was pro-
cessed for Western blot analysis. C.M. from rMC-1 cells overexpressing two
concentrations of Grx1 (Ad-Grx1 m.o.i. of 10 and m.o.i. of 20) led to an increase
of 2.1-fold (�0.4) and 2.8-fold (�0.6) in Grx1, respectively (n � 4), *, p � 0.05.
ICAM-1 was increased by 1.5-fold (�0.2) and 2.6-fold (�0.4) in response to
conditioned medium from rMC-1 cells overexpressing Grx1 at m.o.i. of 10 or
m.o.i. of 20, respectively (n � 7), *, p � 0.03.

FIGURE 6. ICAM-1 expression in rMC-1 cells treated with conditioned
medium from Grx1 overexpressing rMC-1 cells. rMC-1 Müller cells were trans-
fected with Ad-Grx or Ad-Empty at m.o.i. of 10 or m.o.i. of 20, and the C.M. was
collected from these cells after 24 h. C.M. was then placed on newly cultured
rMC-1 Müller cells for 24 h, and the cell lysate was processed for Western blot
analysis. C.M. from rMC-1 overexpressing two concentrations of Grx1 (Ad-Grx1
m.o.i. of 10 and m.o.i. of 20) led to an increase of 2.4-fold (�0.6) and 2.9-fold (�0.7)
in Grx1, respectively (n � 6), *, p � 0.03. ICAM-1 was increased by 1.7-fold (�0.3)
and 2.2-fold (�0.5) in response to conditioned medium from rMC-1 cells overex-
pressing Grx1 at m.o.i. of 10 or m.o.i. of 20, respectively (n � 6), *, p � 0.04.
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tures ofMüller rMC-1or endothelial cells. Target proteins to be
screened were chosen according to their potential pro- or anti-
inflammatory roles in diabetic retinopathy and/or retinal Mül-
ler cells. TNF-�, IL1-�, IFN-�, and IL-10 were not detected in
the conditioned medium of rMC-1 cells overexpressing Grx1
(Fig. 7a) or in the conditionedmediumof the cells in high glucose
medium. Although VEGF could be detected in the medium, up-
regulation ofGrx1 (Fig. 7a) or incubation in high glucosemedium
did not elicit an increase in VEGF secretion. In contrast, a 3.7-fold
increase in IL-6 expression was observed inmedium from rMC-1
Müller cells overexpressing Grx1 (Ad-Grx1, m.o.i. of 10) (Fig. 7b).
Having identified IL-6 in themedium,we tested directly the effect
of pure IL-6 on rMC-1 cells. At concentrations as low as 60 pg/ml,
�1.5-fold induction of Grx1 and 2.1-fold induction of ICAM-1
wereobserved (Fig. 7c). In addition, in separate experiments, itwas
confirmed that IL-6 was also increased in the medium of rMC-1
cells cultured in high glucose (data not shown); however, the
apparent -fold increase in IL-6 was substantially less than that of
the Grx overexpressing cells due at least in part to the incomplete
recovery of IL-6 during the more extensive processing of the
medium that was required. Collectively, these data suggest that
elevation of Grx1 leads to activation of NF�B via deglutathionyla-
tion of a protein(s) (e.g. IKK) in the cytosolic signaling pathway,
leading to increased expression of IL-6 inMüller cells and its sub-
sequent secretion.

DISCUSSION

Grx1 Regulation of NF�B Transcriptional Products (e.g.
Cytokines)—Grx1 is an important cytosolic thiol redox enzyme
that regulates reversible S-glutathionylation and correspond-
ing activity of cellular proteins (1). Changes in Grx1 have been
reported previously to regulate the secretion of proinflamma-

tory chemokines, macrophage inflammatory protein-2, and ke-
ratinocyte-derived chemokine from tracheal epithelial cells
(11). We have shown that Grx1 up-regulates ICAM-1 (Fig. 2)
(6) and IL-6 in rMC-1 cells (Fig. 7b). Interestingly, the regula-
tion by Grx1 appears not to be pleiotropic for NF�B transcrip-
tional gene products. Detectable amounts of extracellular
TNF-�, IL-10, IL1-�, or IFN-� were not observed for rMC-1
cells in normal or high glucose medium or infected with Ad-
Grx1 (Fig. 7a). Moreover, VEGF was released at substantial
amounts by rMC-1 cells, but its secretion was not increased by
overexpression of Grx1 (Fig. 7a) or by high glucose (data not
shown). Therefore IL-6 and ICAM-1 appear to be selective tar-
gets for Grx-mediated NF�B activation. However, the possibil-
ity that Grx1 induces the expression and secretion of additional
NF�B-regulated inflammatory mediators (e.g. IL-8) in Müller
cells has not been ruled out.
Autocrine and Paracrine Mechanisms of Grx Regulation—

Conditioned medium (IL-6) from glial (rMC-1) cells overex-
pressing Grx led to up-regulation of Grx1 in other rMC-1 cells
(autocrine regulation) and in endothelial (TRiBRB) cells (para-
crine regulation) (Figs. 5 and 6). These findings are distin-
guished from previous reports on cytokine regulation of Grx1
because Grx1 in this case is shown to be induced by an endog-
enous protein secreted from cells. The previous reports
involved exogenous application of purified proteins to cultured
cells. For example, pure IL-6 was reported to elicit a slight
increase inGrx1 protein in amonocytic cell line (12). In another
study, treatment with IFN-� was shown to increase Grx1 pro-
tein in airway epithelial cells according to immunohistochem-
ical staining (13). Transforming growth factor �1 led to a
decrease in Grx activity and mRNA with a corresponding
increase in total protein glutathionylation inmouse airway epi-
thelium (13) and to a decrease inGrx1 protein inA549 cells (13,
14). In addition, in bovine aortic endothelial cells, TNF-� leads
to an increase in activity of glutaredoxin and a corresponding
decrease in glutathionylation of pro-caspase 3without a change
in Grx1 protein content (15). In contrast, no change in Grx1
activity in mouse airway epithelium and no change in Grx1
protein in A549 cells were found in response to TNF-� (13, 14).
Other cytokines such as IL-4, IL-13, and TNF-� have been
reported to change Grx-like activity and/or protein glutathio-
nylation, but a change in Grx1 protein either was not tested or
was not detected (13, 15, 16). Clearly, further studies are neces-
sary to determine the scope and the mechanism(s) of cytokine
regulation of Grx1.
Grx1 Regulation of the NF�B Pathway and S-Glutathionyla-

tion of IKK�—A series of cytoplasmic proteins initiate nuclear
NF�B activation through the canonical NF�B signaling path-
way. Although these components represent a plethora of target
sites for regulation by glutathionylation in the cytoplasm, sig-
nals from multiple upstream mediators converge in the cyto-
plasm on IKK, a well established master regulator of NF�B.

IKK is a 700–900-kDa heteromeric complex comprised of a
core enzyme of two catalytic subunits (IKK� and IKK�) and
one regulatory subunit (IKK�). The additional composition of
the IKK complex is likely to be cell type-dependent because IKK
can interact with at least 65 distinct proteins under various
conditions (17). The redox-sensitive IKK� is best characterized

FIGURE 7. Cytokine regulation by Grx1 in rMC-1 cells. Cytokine expression
in the culture medium of rMC-1 cells overexpressing Grx1 in normal glucose
medium was measured via a multiplex cytokine Luminex enzyme-linked
immunosorbent assay (ELISA), and VEGF protein was analyzed from the same
samples of medium using a VEGF ELISA. Release of TNF-�, IFN-�, IL-1�, and
IL-10 into the medium was not detected (panel a). IL-6 and VEGF were both
detected in the medium, but only IL-6 was induced by the overexpression of
Grx1 in Müller cells (panel a). rMC-1 Müller cells overexpressing Grx1 with
Ad-Grx at an m.o.i. of 10 were cultured for 24 h in normal glucose medium.
Medium from the cells was then collected, concentrated 3-fold, and tested in
an IL-6 ELISA. Medium from rMC-1 Müller cells overexpressing Grx1 showed a
3.7-fold (�0.5) increase in IL-6 expression over cells transfected with a control
empty vector construct (Ad-Empty) or untransfected (0) (panel b) (n � 6) *, p �
0.003. Treatment with recombinant IL-6 induced expression of Grx by 1.5-fold
(�0.2) and ICAM-1 by 2.1-fold (�0.4) *, p � 0.03 (n � 8) (panel c).
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for mediating NF�B activation from proinflammatory stimuli
(7, 8) and has the highest catalytic activity toward I�B (17).
Glutathionylation of IKK� has been correlated with NF�B
activity and subsequent expression of keratinocyte-derived
chemokine and macrophage inflammatory protein 2 in IKK�
overexpressing lung epithelial cells (11). Moreover, cells in
which Grx1 is knocked down have decreased expression of
these chemokines. These data suggest that Grx catalysis of
IKK� deglutathionylation leads to activation of NF�B and sub-
sequent expression of chemokines.
Regulationof theNF�BpathwaybyGrx1hasbeen implicated in

several contexts includingdiabetes (6, 11, 18, 19).Our studies indi-
cate that IKK is a critical point of regulation of the NF�B pathway
in rMC-1 cells exposed to high glucose (Figs. 1–3).Moreover, this
is anoveldocumentationof theS-glutathionylationofendogenous
IKK� under physiological conditions, i.e. IKK isolated from
untreated and non-overexpressing cells (Fig. 4). These data sug-
gest that S-glutathionylation of IKK� regulates the activity and
downstream signaling of IKK and is involved in the inflammatory
response ofMüller cells in diabetic retinopathy.
Impact of IL-6 and Grx in Diabetic Retinopathy—Studies

have suggested a neuroprotective role in retinal microglial cells
for IL-6 in response to hydrostatic pressure and ischemia (20,
21) and specifically in rat Müller cells in response to pituitary
adenylate cyclase-activating peptide (22). Despite the potential
for beneficial effects of IL-6 in Müller cells in response to these
stimuli, IL-6 has been associated with deleterious proinflam-
matory effects in diabetic retinopathy. IL-6 is increased in the
vitreous humor of patients with diabetic retinopathy (23–25),
in retinas from diabetic mice and rats (26, 27), and in serum
from children with diabetic retinopathy (28). Our data impli-
cate IL-6 for induction of ICAM-1 expression in Müller cells
and endothelial cells (Figs. 5–7), and these findings are consist-
ent with an overall proinflammatory effect. IL-6 is likely a key
contributor in the initiation of the inflammatory response in
the diabetic retina. We show here that Grx1 regulates expres-
sion of IL-6 and is thus a component of this response.
Grx1 has been reported previously to be increased in the

hearts of diabetic rats (29), and we have documented that Grx1
is up-regulated in retinae of diabetic rats as well as retinal Mül-
ler cells in response to high glucosemedium (6). Our findings in
the current study are consistent with Grx regulation of NF�B
activation and subsequent expression of ICAM-1 and IL-6 in
retinal Müller cells via S-glutathionylated IKK�. The NF�B
pathway has been scrutinized for therapeutic potential in dia-
betes for many years (30, 31), but effective interventions have
yet to be developed. In this context, Grx may emerge as a new
therapeutic target for diabetic retinopathy.
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