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Abstract

Cardiomyocyte apoptosis is a well-established contributor to irreversible injury following myocardial infarction
(MI). Increased cardiomyocyte apoptosis is associated also with aging in animal models, exacerbated by MI;
however, mechanisms for this increased sensitivity to oxidative stress are unknown. Protein mixed-disulfide
formation with glutathione (protein glutathionylation) is known to change the function of intermediates that
regulate apoptosis. Since glutaredoxin (Grx) specifically catalyzes protein deglutathionylation, we examined its
status with aging and its influence on regulation of apoptosis. Grx1 content and activity are decreased by *40%
in elderly (24-mo) Fischer 344 rat hearts compared to adult (6-mo) controls. A similar extent of Grx1 knockdown
in H9c2 cardiomyocytes led to increased apoptosis, decreased NFkB-dependent transcriptional activity, and
decreased production (mRNA and protein) of anti-apoptotic NFkB target genes, Bcl-2 and Bcl-xL. Knockdown of
Bcl-2 and=or Bcl-xL in wild-type H9c2 cells to the same extent (*50%) as observed in Grx1-knockdown cells
increased baseline apoptosis; and knockdown of Bcl-xL, but not Bcl-2, also increased oxidant-induced apoptosis
analogous to Grx1-knockdown cells. Natural Grx1-deficient cardiomyocytes isolated from elderly rats also
displayed diminished NFkB activity and Bcl-xL content. Taken together, these data indicate diminution of Grx1
in elderly animals contributes to increased apoptotic susceptibility via regulation of NFkB function. Antioxid.
Redox Signal. 12, 1339–1353.

Introduction

Cardiomyocyte apoptosis contributes significantly to
loss of cardiac function following myocardial infarction

(MI), as well as during the development of heart failure, and
represents an important therapeutic target in cardiovascular
medicine (reviewed in (23, 28, 57)). Cardiomyocytes from el-
derly animals exhibit increased apoptotic susceptibility, both
at baseline and following oxidative injury (19, 26, 34). This
increased apoptotic susceptibility may explain the increased
risk of heart failure in elderly patients (20) and increased post-
MI morbidity and mortality in human patients and animal
models (24, 52, 55). Therefore, it is important to characterize
molecular mechanisms that contribute to increased apoptosis
in aging cardiomyocytes as a prelude to developing thera-
peutic strategies to minimize cardiac injury in the elderly

population. This work examines the role of diminution of
glutaredoxin in cardiomyocytes as a basis for increased sus-
ceptibility of cardiomyocytes of the elderly to oxidant-in-
duced apoptosis. At the outset of this study it was our
hypothesis that perturbation of redox homeostasis associated
with diminution of glutaredoxin activity predisposes cardio-
myocytes of elderly animals to greater oxidant injury. This
working hypothesis is consistent with the work of Rebrin et al.
(40) who reported a pro-oxidizing shift in thiol–disulfide
balance in mice and Drosophila with aging.

Human glutaredoxin (Grx1) has been characterized as a
thiol–disulfide oxidoreductase enzyme that specifically and
efficiently catalyzes protein deglutathionylation (10). Protein
S-glutathionylation is a reversible post-translational modifi-
cation involving mixed disulfide formation between a protein
cysteine and glutathione (GSH), and it serves both as
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protection against irreversible oxidation and as a mechanism of
redox signal transduction (reviewed in Ref. 30). Protein glu-
tathionylation is generally triggered by oxidative stimuli (e.g.,
growth factor treatment (53), H2O2 exposure (7), ischemia-
reperfusion (8)), but also represents the basal status of certain
protein cysteines in resting cells (e.g., actin (53), mitochondrial
Complex II (6), pro-caspase-3 (36), and IkB kinase (41)).

Knowledge is growing about the role of Grx1 as a regulator
of apoptosis in mammalian cells, including cardiomyocytes.
The extent of cardiomyocyte apoptosis was increased in Grx1-
knockout mice after ischemic challenge and decreased in mice
overexpressing Grx1 (27). The activities of several mediators
of apoptosis have been reported to be modulated by revers-
ible glutathionylation under the control of GRx1 (e.g.,
procaspase-3 (36), p65 (39), IKK (41)). Overexpression of Grx1
in H9c2 cardiomyocytes was cytoprotective, diminishing
H2O2-induced apoptosis likely via redox regulation of Akt
(32). Likewise increased expression of Grx1 in HEK cells was
protective, increasing survival after glucose deprivation
via Grx1 complex formation with ASK1 (48). In certain cases,
Grx1 has been reported to enhance apoptosis; for example,
Grx1-catalyzed deglutathionylation (activation) of procas-
pase-3 enhances apoptosis in endothelial cells exposed to
TNFa and actinomycin D (36). Thus, the effect of Grx1 on
apoptotic susceptibility seems to be cell type- and stimulus-
dependent, likely reflecting distinct targets of regulation by
Grx1 in each case.

NFkB is recognized as an important regulator of cell fate in
normal and diseased myocardium (reviewed in Ref. 18), and
it has been implicated in the cardioprotective effects of pre-
conditioning (29) and TNF-a stimulation (2, 33). Multiple
members of the NFkB signaling pathway (e.g., Akt, IKK, p65,
and ubiquitin ligase (reviewed in Ref. 46) are reported to be
inhibited by S-glutathionylation, and thus represent potential
targets for regulation by Grx. Indeed, alterations in Grx activity
have been linked to changes in NFkB activity in rodent airway
(41), rat retinal glial (45), and human kidney (14) cell lines.

Here, we report an age-associated diminution of Grx1 in
Fischer 344 (F344) rat heart, an observation which prompted
mechanistic studies in H9c2 cells to explore the potential
contribution(s) of decreased Grx1 to cardiomyocyte apoptosis
in the elderly. We found that diminution of Grx1 in H9c2
cardiomyocytes sensitized them to apoptosis, both at baseline
and following oxidative stress, likely via decreased activity of
NFkB and subsequent decreased expression of target genes
Bcl-2 and Bcl-xL. NFkB-dependent transcription and Bcl-xL
content were also decreased in the aging F344 rat heart, sug-
gesting that decreased Grx1 contributes to age-associated in-
creases in cardiomyocyte apoptosis via an analogous
mechanism.

Materials and Methods

General materials

Unless otherwise specified, cell culture media, serum, and
antibiotics were purchased from Invitrogen (Carlsbad, CA),
and reagent grade chemicals were obtained from Sigma (St.
Louis, MO).

Animals

Adult (6-mo) and elderly (24-mo) male Fisher 344 rats were
obtained from National Institute on Aging colonies (Harlan,

Indianapolis, IN; Taconic, Germantown, NY) and housed in
the animal facilities of the Louis Stokes Veterans Affairs Cleve-
land Medical Center and Case Western Reserve University.
Animals were acclimated for at least 1 week before use, and
used for experiments within 4 months. The Animal Care
and Use Committees of Case Western Reserve University and
the Louis Stokes Veterans Affairs Cleveland Medical Center
approved all animal protocols.

Culture and maintenance of H9c2 cells

H9c2 cells (rat embryonic cardiomyocytes) (gift from
Laura Nagy, Cleveland Clinic Foundation) were cultured in
DMEM (Invitrogen #11965-092) with 10% certified fetal bovine
serum (FBS) and 1X ‘‘antibiotic=antimycotic’’ (1 U=ml penicil-
lin, 1mg=ml streptomycin, and 0.025 ng=ml amphotericin-B) at
378C, 5% CO2. Cells were passaged after reaching confluence.
All experiments utilized cells of passage number 10–30.

Knockdown of Grx1, Bcl-2, and Bcl-xL

H9c2 cells were plated at a density of 2–3�104 per well in 6-
well culture dishes, then incubated overnight. The cells were
then rinsed twice with serum-free medium and transfected
with control (nontargeting) or Grx1-, Bcl-2-, or Bcl-xL-targeted
siRNA (25–100 nM, Thermo Scientific, Waltham, MA) with
oligofectamine (3 ml=well, Invitrogen) according to the man-
ufacturer’s instructions. Four h later, 50ml DMEM containing
30% serum (no antibiotics) was added to each well. Cells were
analyzed for protein content and=or susceptibility to apo-
ptosis 24–48 h later. For each siRNA target, extent of knock-
down was titrated by varying the dose of siRNA and
determining the percentage of knockdown by Western blot
analysis (see below) for 3 days post-transfection.

Stable knockdown of Grx1

The following DNA sequences were subcloned individu-
ally into the p.SUPER.retro.puro vector (Oligoengine, Seattle,
WA) using T4 DNA ligase: 1) 19 random residues corre-
sponding to no known gene in the rat or mouse genome; 2)
base pairs 94–112 of the rat Grx1 gene; 3) rat Grx1 base pairs
231–249; or 4) rat Grx1 base pairs 300–318. For transfection,
6 mg of Grx1-coding plasmid DNA (2 mg of each construct, for
knockdown cells) or 2mg of plasmid containing the scrambled
sequence (for control cells) was used to transfect 6 million
BOSC cells (gift of Dr. George Stark, Cleveland Clinic Foun-
dation) plated on a 100 mm dish in serum-free DMEM using
Lipofectamine and PLUS reagents (Invitrogen), according to
the manufacturer’s instructions. After incubation for 4 h at
378C, 5% CO2, medium was removed by aspiration and re-
placed with DMEM containing 10% heat-inactivated FBS and
1X antibiotic=antimycotic. After 24 h (day 2), medium was
collected from BOSC cells and diluted 1:1 with DMEM (10%
FBS, 1X antibiotic=antimycotic). After addition of polybrene
(5-dimethyl-1,5-diazaundecamethylene polymethobromide,
hexadimethrine bromide) (10 mg=ml final concentration), the
mixture was sterile-filtered and added to 100,000 H9c2 cells
plated on a 100 mM dish. Fresh medium was added to the
BOSC cells, and this procedure was repeated on days 3 and 4.
On day 5, 2 mg=ml puromycin (Sigma) was added to the
H9c2 cell medium. Cells were selected for approximately
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7 days, then analyzed for Grx1 content and total Grx activity.
Grx knockdown was maintained for weeks in the presence of
puromycin and H9c2 cells up to 6 passages post-transfection
were used for experiments.

Determination of Grx activity

For measurement of Grx activity in F344 rat heart tissue, rat
myocardium (250 mg) from adult (6–10-mo) or elderly (24–28-
mo) F344 rats was homogenized at 48C in 1 ml buffer con-
taining potassium phosphate (10 mM), pH 7.5; EDTA (5 mM);
phenylmethane-sulfonyl fluoride (50mM); and 2 mM b-
mercaptoethanol using a glass homogenizer. The homogenate
was centrifuged at 4 8C sequentially at 700, 2000, and 10,000 g
for 10 min each. Supernatants were dialyzed overnight at 48C
against the same buffer at a ratio of 1 ml supernatant: 1000 ml
dialysis buffer (with two changes of buffer) to remove GSH.
Grx activity was measured by the radiolabel assay, as de-
scribed by Chrestensen et al. (7).

For cardiomyocytes isolated from F344 rats (see below), cell
pellets were homogenized in NP-40 lysis buffer (50 mM Tris-
HCl, pH 8, 150 mM NaCl, 1% NP-40) in disposable, hand-held
homogenizers (Fisher, Fairlawn, NJ) and cleared by centrifu-
gation at 10,000�g for 5 min at 48C, then Grx activity was
measured spectrophotometrically as described in (17). Ac-
tivity was normalized to protein content measured by the
BCA assay (Pierce, Fairlawn, NJ).

Grx activity in H9c2 cells was measured spectrophoto-
metrically, following trypsinization of control and Grx1
knock-down cells, lysis in NP-40 lysis buffer on ice for 10 min,
and clearing of lysates by centrifugation at 10,000 g (48C).
Supernatants (5–20 ml) were analyzed for Grx activity and
for protein content as described above. For all analyses,
Grx activity was determined within the linear range of con-
centration dependence of activity on volume (ml) of lysate
added.

Western blot analysis

H9c2 cells were lysed in NP-40 lysis buffer containing Sig-
ma Protease Inhibitor Cocktail (5%, final). The cytosolic frac-
tion of F344 rat heart homogenate was prepared as described
above for analysis of Grx activity. Lysates=homogenates
containing 10–100mg of protein were incubated with 4X
sample buffer (100 ml 0.5 M Tris-HCl, pH 6.8, 80 ml glycerol,
160 ml 10% SDS, 20 ml 1% bromophenol blue) and DTT
(10 mM, final) for 10 min at 958C; then, IAM (25 mM, final) was
added and samples were heated at 958C again for 5 min.
Samples were resolved on 12.5% polyacrylamide gels and
transferred to PVDF membranes. Membranes were blocked
with nonfat milk (5% in Tris-buffered saline, TBS) for 1 h at
room temperature, then with primary antibody in 5%
milk=TBS overnight at 48C. Membranes were washed with
TBS (3�10 min), then incubated with the appropriate sec-
ondary antibody (1:10,000) in 5% milk=TBS for 1 h and washed
again. ECL or Pico Supersignal developing reagent (Pierce)
was used for chemiluminescent detection of antibody binding.
Primary antibodies were anti-Grx1 ((45), 1:1000), anti-actin
(Sigma, clone AC-74, 1:60,000), anti-GAPDH (Calbiochem,
Gibbstown, NJ, 1:100,000), anti-Bcl-2 (BD Biosciences, San
Diego, CA, 1:500), anti-Bcl-xL (Cell Signaling Technologies,
Danvers, MA, 1:5000), anti-p50 (Santa Cruz, Santa Cruz, CA,

sc-114, 1:1000), anti-p65 (Santa Cruz, sc-372, 1:2000). Secondary
antibodies were anti-rabbit or anti-mouse (both from Jackson
Laboratories, Bar Harbor, ME). For detection of Bcl-2 and Bcl-xL,
0.1% Tween (final) was added to the TBS to minimize background
signal.

Determination of Trx1 content and activity

Heart apices from F344 rats were quick-frozen in liquid N2,
then thawed and homogenized for 20 s in homogenization
buffer (20 mM Tris, pH 7.5, 1% Triton X-100, 100 mM NaCl,
40 mM NaF, 1 mM EDTA, 1 mM EGTA, 5% Sigma Protease
Inhibitor Cocktail) using a Polytron homogenizer (Brink-
mann, Delran, NJ) set at 70% maximum speed. Homogenates
were incubated on ice for 30 min, then centrifuged at 10,000 g
for 10 min. Protein content of supernatants was determined
by the BCA assay (Pierce) and Trx1 content was analyzed by
Western blot analysis (see above). (The polyclonal sheep, anti-
human Trx1 antibody (Quality Controlled Biochemicals,
Hopkinton, MA) was generated from peptide sequences of
the Trx1 protein, and used at a dilution of 5 mg=ml).

Trx activity in heart tissue homogenates was measured
according to reduction of insulin disulfides in the presence
of excess exogenous TR and NADPH and detected with
DTNB, as described in Arner et al. (1). Separate experiments
documented linear time- and homogenate concentration-
dependence under the assay conditions. Thus, 60 mg of heart
homogenate (protein content) was incubated in a final volume
of 65ml containing 0.3 mM insulin, 0.66 mM NADPH, 2.5 mM
EDTA, and 38 mU TR (shown to be nonlimiting) in 85 mM
HEPES, pH 7.6, for 40 min at 378C. The reaction was stopped
by addition of 200ml of 8 M guanidine-HCl solution contain-
ing 1 mM DTNB, and absorbance at 405 nm was read imme-
diately in the plate reader. Background absorbance, likely due
to thiols and released heme in the denatured homogenate,
was subtracted and the net change in A405nm at 40 min was
converted to specific enzyme activity (nmol thiol=min=mg)
according to a standard curve for thiol (GSH) content gener-
ated under the same conditions.

Determination of corresponding reductase activities

Heart tissue homogenates were prepared as decribed
above, and TR and GR activities were measured as described
by Starke et al. (49).

Real-time PCR

Cells transfected with control or Grx1 siRNA for 48 h were
collected in a total volume of 1 ml Trizol (Invitrogen) per 6
wells of a 6-well culture dish, and RNA was isolated from
each sample using the RNeasy kit (Qiagen, Valencia, CA).
To determine relative quantities of Bcl-2 mRNA, cDNA was
generated from each sample according to the ABI High Ca-
pacity RT kit protocol (200 ng RNA input), and real-time PCR
was performed on an Applied Biosystems 7500 Fast Real Time
PCR system according to the manufacturer’s protocol, using
primers for 18S rRNA or rat Bcl-2 (Applied Biosystems,
Foster City, CA). To confirm the diminution of Bcl-2 mRNA
and to determine the effect of Grx1 knockdown on Bcl-xL
mRNA content, relative quantities of Bcl-2 and Bcl-xL mRNA
were determined simultaneously using a PCR-array from SA
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Biosciences (Frederick, MD). cDNA from control and Grx1
knockdown cells was generated from Trizol lysates using the
SA Biosciences RT2 First Strand Kit (500 ng input), and sam-
ples were loaded onto a 384-well plate containing probes for
84 apoptosis-related genes and 6 housekeeping genes (Cat.
No. PARN-012, SA Biosciences). PCR analysis was performed
on an ABI 7900 Real-Time PCR system (Applied Biosystems)
using SYBR Green=ROX Master Mix (Cat. No. PA-012-8, SA
Biosciences). Cycle conditions were: (a) hold at 958C for
10 min; (b) 40 cycles of 15 s at 958C, followed by 1 min at 608C.
Relative changes in gene expression were calculated using the
DDCt method. GAPDH was used to normalize the calculated
relative quantities of mRNA. Duplicates of each sample were
averaged prior to normalization and calculation of relative
expression. A total of three pairs of samples were analyzed,
and Grx1 knockdown was confirmed separately for each set
of samples by Western blot analysis.

H2O2 treatment of H9c2

H9c2 cells were incubated in culture medium with or
without H2O2 (Fisher Scientific, 400mM final) for 5 min at
308C=5% CO2. Following treatment, medium on all cells was
replaced with fresh medium without H2O2. For wild-type
H9c2 cells, treatments were performed in medium containing
10% serum and 1X antibiotic=antimycotic (normal culture
medium). For H9c2 cells transfected with siRNA, treatment
was done in medium containing 1.4% serum (the final serum
concentration following transfection) without antibiotic=
antimycotic. H2O2 dose-response experiments on wild-type
cells showed no difference in apoptosis in wild-type cells
treated with H2O2 in 1.4%- vs. 10%-serum medium (data not
shown). 24 h after treatment, cells were analyzed for apoptosis
by Hoechst staining (see below).

Simulated ischemia=reperfusion of H9c2 cells

H9c2 cells were incubated with glucose-free Krebs-Ringer-
Henseleit (KRH) buffer (21). Cells at pH 6.2 were placed in a
plexiglass chamber (Billups-Rottenberg, Del Mar, CA) which
was made hypoxic by sparging with 95% N2, 5% CO2, 0.5% O2

for 4 min at 2.5 psi. The chamber was placed in the same
incubator as the one containing the cells at pH 7.4 (normoxic
condition), and all cells were incubated for 3 h. Hypoxic H9c2
cells were then removed from the chamber and the medium
on all cells was replaced with KRH buffer, pH 7.4. Cells were
incubated for 2 h more to simulate reperfusion, then analyzed
for apoptosis by Hoechst staining (see below).

Determination of apoptosis

H9c2 cells were incubated with Hoescht 33342 dye (In-
vitrogen, H1399, 1mg=ml final) for 10 min and nuclear con-
densation and fragmentation were visualized with a Leica
fluorescence microscope equipped with a DAPI filter. The
percentage of apoptotic cells was calculated by dividing the
number of cells with condensed and=or fragmented nuclei by
the total number of cells counted in each well of a 6-well plate.
At least 300 cells=well were counted, and each well re-
presented one determination of a triplicate experiment. All
cell counting was performed in a blinded fashion.

NFkB activity in H9c2 cells

24 h after transfection with siRNA (control or Grx1), H9c2
cells were co-transfected for 12 h with 1mg of 5X-NFkB Luci-
ferase plasmid (Stratagene, La Jolla, CA) and 0.1 mg of Renilla
plasmid (Promega, Madison, WI) according to the Lipo-
fectamine (Invitrogen) reagent protocol. 24 h later, luciferase
activity was assayed using the Dual-Luciferase assay sys-
tem (Promega) by measuring emission with a luminometer
(SOFTmax PRO software, Molecular Devices, Sunnyvale, CA).
NFkB activity is expressed as the ratio of firefly luciferase-
dependent luminescence to Renilla luciferase-dependent lu-
minescence.

Effect of NFkB inhibition on apoptotic susceptibility

25,000 H9c2 cells were seeded on each well of a 6-well dish
in regular medium without antibiotics and cultured for 24 h.
Cells were co-transfected with 1 mg=well NFkB-luciferase
plasmid (Stratagene) and 0.1 mg=well Renilla plasmid (Pro-
mega) using Lipofectamine 2000 (Invitrogen) at a ratio of 1mg
DNA:2 mL Lipofectamine 2000. Approximately 8 h after the
start of transfection, medium was replaced with antibiotic-
free culture medium containing BMS 345541 (4(2-
aminoethyl)amino-1,8-dimethylimidazo(1,2-a)quinoxaline)
(0–20 mM) and cells were cultured overnight. The next
morning (24 h after transfection, *14 h after BMS treatment),
cells were either collected for determination of NFkB activity
(Luciferase assay, see above) or assayed for apoptotic sus-
ceptibility. Specifically, half of the cells were treated with
H2O2 (see above) and half were subjected only to a change of
medium. After 24 h, apoptosis was assessed by Hoechst
staining (see above). Note: For BMS-treated cells, Firefly-
luciferase activity was normalized to protein content (A280nm)
rather than Renilla-luciferase activity because BMS treatment ap-
peared to interfere with measurement of Renilla activity.

Isolation of primary cardiomyocytes

Adult and elderly F344 rats were heparinized (3,000 units
IP) 5 min prior to administration of pentobarbital
(100 mg=kg). Cardiomyocytes were then isolated as described
by Patel et al. (37), with modifications designed to maximize
the yield of elderly myocytes. Specifically, hearts were per-
fused with *400 U=ml Collagenase Type II (Worthington
Biochemical, Lakewood, NJ), and following digestion, the
ventricles were minced in 10 ml collagenase-free heart media
in order to minimize damage to the fragile elderly myocytes.

Minced cardiac tissue triturated for 3 min with a disposable
plastic pipettor and filtered through an 80 mm steel mesh
screen. The filtrate volume was brought to 25 ml by addition
of *15 ml wash buffer (heart media containing 1% BSA and
20 mM CaCl2), then centrifuged at low speed (*170 g) for 25 s.
20 ml of the supernatant was then removed, 25 ml wash
buffer was added to the loose pellet, and the tube was gently
inverted 2–4 times. After 10 min settling at room temperature,
the centrifugation and resuspension was repeated for a total
of two washes. Ca2þ was reintroduced to cells in wash buffer
by two stepwise additions (decreased from four additions to
minimize myocyte manipulation) of 150ml CaCl2 solution
(100 mM stock) to achieve a final Ca2þ concentration of
1.0 mM (reported to be better tolerated by cardiomyocytes
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from elderly rats (25)) than the typical concentration of
1.2 mM used for isolation of cardiomyocytes from neonatal or
adult animals. After each addition of CaCl2, cells were gently
mixed and allowed to settle for *10 min. After the second
settling, the cell supernatant (wash buffer containing 1.0 mM
Ca2þ) was replaced with plating medium (Medium 199 with
Hank’s salts, 4% FBS, 1% penicillin=streptomycin). Yields
were typically *1–2�106 cells (*50% rods) from adult
hearts, and 2.5–5�105 cells (10%–30% rods) from elderly
hearts. Comparison of Grx activity in adult and elderly
myocytes indicated that the myocyte preparations exhibit the
same age-associated decline in Grx activity observed in heart
tissue (see Results), indicating that representative popula-

tions of cardiomyocytes were isolated from rats of each age
group.

Determination of NFkB activity
in primary cardiomyocytes

Following isolation, cardiomyocytes in plating medium
(Medium 199 containing Hank’s salts, FBS (4%), and penicillin=
streptomycin (1%)) were allowed to settle by gravity, then
resuspended and divided into 3–6 (for elderly rats) or 12–24
(for adult rats) equivalent volumes, according to the esti-
mated yield (i.e., amount of settled cells). Each sample was
pelleted by centrifugation at *175 g for 10–20 s, supernatants

FIG. 1. Grx1 content and activity decrease with age in heart tissue cytosol and in isolated cardiomyocytes from F344 rats.
(A) Grx1 content in cytosolic fractions of heart tissue homogenates from adult (6–10 mo) and elderly (24–28 mo) F344 rats was
determined by semiquantitative Western blot analysis with anti-Grx1 antibody. Band densities from cytosolic samples were
converted to amounts of Grx1 protein by comparison to known amounts of purified Grx1 protein analyzed on the same blot,
within the linear range of concentration dependence. Grx1 content in elderly rat hearts (1.1� 0.04 pmol Grx1=mg protein) was
normalized to content in 6-mo animals (1.7� 0.02 pmol Grx1=mg protein). Total Grx activity was determined by monitoring
GSH-dependent release of radiolabel from [35S] BSA-SSG as described in Materials and Methods and in Ref. (7). Activity in
elderly hearts (mean� SEM¼ 0.94� 0.02 nmol [35S] GSSG released=min=mg protein) was normalized to the activity observed
in adult hearts (mean� SEM¼ 1.67� 0.1 nmol [35S] GSSG released=min=mg). Open bars, adult; closed bars, elderly. *p< 0.001
vs. adult (n¼ 3 for each age). (B–C) Representative microscopy images of cardiomyocytes isolated from adult (B) and elderly
(C) F344 rat hearts. Myocytes were isolated as described in Materials and Methods, allowed to adhere to laminin-coated dishes
for 1 h, and visualized by phase contrast microscopy (10X magnification). Inset, 40X magnification showing characteristic
striations on the rod-shaped cells. (D) Representative Western blot for Grx1 content is shown for analysis of two pools of six
lysates of cardiomyocytes isolated from young adult (6-mo) and elderly (24-mo) Fischer 344 rats, respectively. Individual
Western blots and densitometric analysis were performed on each of five independent samples of cardiomyocytes from each
age group of rats (young adult and elderly). The bar graph on the left represents the means� SEM (normalized to 100%) of
these separate Western blot analyses. Quantification of Grx1 content (normalized to Src) shows a decrease to 65� 8.9% in
cardiomyocytes from elderly rats (24-mo) as compared to young adult (6-mo) animals. Open bars (&), adult; closed bars (&),
elderly. *p¼ 0.03 vs. adult (n¼ 5).

The bar graph on the right illustrates total Grx activity in cardiomyocytes isolated from young adult (6-mo) and elderly (24-mo)
F344 rat hearts. Mean values� SEM were normalized to the value from 6-mo rats (42.5� 5.5 nmol NADPH oxidized (i.e., GSSG
produced)=min=mg total protein vs. 24.3� 6.8 nmol=min=mg for 24-mo rats). *p< 0.01 (n¼ 3–4).
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(containing medium and fibroblasts) were removed by aspi-
ration, and each pellet was resuspended in 200 ml maintenance
medium (4 parts Medium 199 with Hank’s salts, BSA (1%)
and penicillin-streptomycin (1%); 1 part Joklik Modified
Medium (Sigma)) containing Renilla (MOI¼*20) and NFkB-
Luciferase (MOI¼*100) or MCS (negative control, MOI¼
*100) adenovirus (Vector Biolabs, Philadelphia, PA) and in-
cubated at 308C=5% CO2 for 1 h. Following incubation, each
mixture of cardiomyocytes in virus-containing medium was
diluted into 2 ml maintenance medium and added to one well
of a 6-well tissue culture plate pre-coated with mouse laminin
(Invitrogen). For elderly rats, cardiomyocytes from two hearts
were plated sequentially onto the same 3–6 wells in order to
achieve comparable cell density and to ensure sufficient yield
for the Luciferase assay. Cardiomyocytes were cultured for
24 h, then collected in 150 ml 1X Passive Lysis Buffer (Prome-
ga) according to the manufacturer’s protocol. Twenty ml of
each sample were used to determine Luciferase and Renilla
activities using the Dual-Luciferase assay system (Promega),
as described above. For each preparation of myocytes, at least
three replicate determinations were performed and then av-
eraged to represent a single experiment (i.e., n number). Cells
infected with MCS adenovirus exhibited no Luciferase activ-
ity above background (i.e., Luciferase and Stop & Glow re-
agents alone, data not shown).

Statistical analysis

Unless otherwise indicated, data are reported as
mean� standard error (mean� SEM). On occasion, individ-
ual data points more than two standard deviations from the
mean were considered to be outliers and omitted. Differences
between data sets were tested for statistical significance using
Student’s t-test (Microsoft Excel) on primary data.

Results

Grx1 content and total Grx activity are decreased
in the hearts of elderly F344 rats

Cytosolic fractions of heart tissue from adult (6–10 mo) and
elderly (24–28 mo) F344 rats were analyzed by semiquantita-
tive Western blotting and revealed an age-associated decrease
in Grx1 content of approximately 40% (Fig. 1A, left). Total Grx
activity (i.e., GSH-dependent deglutathionylation of protein-
SSG substrate) was diminished by a similar margin in the
elderly (Fig. 1A, right). This decrease in Grx activity was not
due to a change in the GSSG reductase (GR) coupling enzyme.
Thus, GR activity showed a trend toward an increase in
the elderly, but this was not statistically significant (8.9�
1.9 nmol=min=mg (adult) vs. 12� 1.9 (elderly); n¼ 6, p¼ 0.29).

In contrast to the distinct loss in Grx content and activity,
similar changes were not observed for thioredoxin 1 (Trx1)
content and activity, nor for thioredoxin reductase (TR) ac-
tivity (Fig. 2). Trx1 contents (6-mo vs. 24-mo) were indistin-
guishable by Western blot and densitometric analysis
compared to Trx1 standards and loading controls, measured
both in heart homogenates and in isolated cardiomyocytes
(Fig. 2, panel A). Thioredoxin activity tended toward a
modest decrease in the elderly (Fig. 2, panel B left), but the
apparent difference was not statistically significant ( p¼ 0.44,
n¼ 4); and thioredoxin reductase (TR1) activity clearly was
unchanged (Fig. 2, panel B right). Based on these data, we

focused our further studies on the impact of diminution in Grx
activity and content.

To confirm that the age-associated diminution of Grx1 oc-
curs in cardiomyocytes (which contribute the majority of car-
diac protein to heart tissue), cardiac myocytes were isolated
from adult and elderly F344 rats via adaptation of the method
of Patel et al. (37). Although preparations from elderly animals
yielded fewer cells than those from adult animals (0.3–
0.5�106 cells for elderly vs. 1–2�106 cells from adults), both
preparations after plating on laminin and changing the me-
dium yielded mostly adherent rod-shaped cardiomyocytes
with similar overall morphology (Figs. 1B and 1C). Analysis
of lysates from isolated cardiomyocytes (Fig. 1D) indicated a
similar diminution in Grx1 content and Grx activity as ob-
served in heart tissue homogenates and cytosol preparation
(Fig. 1A).

Knockdown of Grx1 in H9c2 cells

To investigate the specific contribution(s) of decreased
Grx1 to increased apoptotic susceptibility in cardiomyocytes,
independent of other changes that may occur upon aging,
Grx1 was knocked-down selectively using siRNA in H9c2
cells (rat embryonic cardiomyocytes). siRNA dose and post-
incubation time were adjusted to achieve a diminution of
Grx1 in H9c2 cells that was similar to the decrease observed
in aging cardiomyocytes (Fig. 3A). Thus, in H9c2 cells trans-
fected with Grx1-targeted siRNA, Trx1 content was not af-
fected as expected, and Grx1 content and activity (Figs. 3A
and 3B) were decreased by approximately 50% compared to
wild-type and to control cells (transfected with a pool of
nontargeted siRNA). A comparable diminution of Grx1 con-
tent and activity was achieved when Grx1 was knocked-down
stably using shRNA (i.e., Grx1 content in shRNA knockdown
cells was 31� 16% lower than in cells infected with scrambled
(control) shRNA; total Grx activity was diminished by 40� 5%
in shRNA knockdown cells compared to control cells).

Grx1 knockdown increases oxidant-induced
apoptosis in H9c2 cells

To test the potential contribution of diminished Grx1 on
susceptibility to apoptosis following an oxidative insult,
control and Grx1-deficient H9c2 cells were subjected to sim-
ulated ischemia reperfusion (sIR) (21), or treated with H2O2,
previously shown to trigger a classical apoptotic cascade in
H9c2 cells (13). Following treatment, apoptosis was assessed
by Hoechst staining. Grx1-deficient cells exhibited increased
apoptosis compared to control cells, both at baseline and
following oxidative stress; that is, the percentage of apoptotic
cells was approximately doubled in Grx1-deficient cells
compared to control cells following simulated IR or H2O2

treatment (Fig. 4A). Analogous results were observed in H9c2
cells with stable knockdown of Grx1 (Fig. 4B).

NFkB transcriptional activity is decreased
in Grx1-deficient cells

We hypothesized that decreased activity of the NFkB
pathway contributes to the increased apoptotic susceptibility
of Grx1-deficient cells. To determine whether Grx1 knock-
down results in decreased transcriptional activity of NFkB,
NFkB-dependent transcription was measured in control and
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Grx1-deficient cells using a standard dual-Luciferase reporter
assay. Indeed, NFkB transcriptional activity was partially
diminished (37� 11% decrease) in Grx1 knockdown cells
compared to control cells (Fig. 5). This decrease is unlikely to
reflect decreased content of NFkB transcription factor sub-
units, since Western blot analysis indicated no statistically
significant difference in the amount of p50 and p65 in control
vs. Grx1 knockdown cells (data not shown).

Inhibition of NFkB-dependent transcription is sufficient
to sensitize H9c2 cells to oxidant-induced apoptosis

To determine whether diminution of NFkB activity by a
similar extent as seen in Grx1-deficient cells is sufficient to
increase apoptotic susceptibility in H9c2 cells, wild-type H9c2
cells were treated with the IKK inhibitor BMS 345541 (5). Both
NFkB activity and apoptotic susceptibility were assessed
following inhibitor treatment. BMS treatment resulted in
dose-dependent diminution in NFkB activity (Fig. 6A), as well
as increased susceptibility to apoptosis compared to un-
treated cells, in the presence and absence of H2O2 (Fig. 6B).
Importantly, the concentration of BMS at which NFkB-
dependent transcription was decreased by *30% (i.e., the

amount of diminution observed in Grx1-deficient cells) was
sufficient to increase apoptotic susceptibility, suggesting that
*30% inhibition of the NFkB pathway could contribute to the
increased apoptotic susceptibility of Grx1-deficient cells.

mRNA and protein content of Bcl-2 and Bcl-xL
are decreased in Grx1-deficient cells

Anti-apoptotic NFkB target genes Bcl-2 and Bcl-xL promote
cellular survival in many cell types, including cardiomyocytes
(reviewed in Ref. 12). In transgenic mouse models, Bcl-2 and
Bcl-xL protect cardiomyocytes from apoptosis and improve
cardiac function, particularly in the contexts of ischemia-
reperfusion injury and heart failure (e.g., [4, 15, 16, 31]).
Conversely, decreases in Bcl-2 and=or Bcl-xL are associated
with increased cardiomyocyte apoptosis in experimental
models of ischemia (3, 22). We hypothesized that the in-
creased apoptotic susceptibility in Grx1-deficient cells was
due to decreased NFkB-dependent transcription of Bcl-2 and=
or Bcl-xL. Indeed, real-time PCR analysis indicated that rela-
tive quantities of Bcl-2 and Bcl-xL mRNA were substantially
decreased in Grx1-deficient cells (Fig. 7). Western blot analysis
confirmed that contents of the Bcl-2 and Bcl-xL proteins were

FIG. 2. Trx1 content, and
Trx and TR activities show
little if any change with age
in heart homogenates and in
isolated myocytes from F344
rats. (A) (Left panel) Western
blot analysis was performed
using anti-Trx1 antibody in
heart homogenates from adult
(6-mo) and elderly (24-mo)
F344 rats. Representative
Western blots from two sets of
rat homogenates for each age
group (6-mo (1), (2) and 24-
mo(1), (2)) are shown. Trx1
content is normalized to
GAPDH (loading control) and
the bar graph is expressed as a
ratio of the relative quantities
of Trx1 in the heart homoge-
nates from elderly rats as
compared to adult rats. Data
represent mean� SEM (n¼ 11
for 6-mo and n¼ 13 for
24-mo). (Right panel) Repre-
sentative Western blot show-
ing unchanged Trx1 content in
a pool of six lysates each of
cardiomyocytes isolated from young adult (6-mo) and elderly (24-mo) Fischer 344 rats. The bar graph represents the mean
Trx1=Src ratio (normalized to 100%) of two separate Western blot analyses of three different sets of pooled lysates corre-
sponding to cardiomyocytes isolated from young adult and elderly rats. One type of pool was made from three individual
preparations of cardiomyocytes of each age group, lysed separately in RIPA buffer, frozen at�808C, then thawed and
combined for analysis. The second type of pool of three different individual cardiomyocyte preparations were lysed in NP-40
buffer and processed analogously. The third type of pool contained equal portions of pool type 1 and pool type 2 for each age
group. Although the data represent a composite contributed by six individual biological samples of each age group, they
were analyzed as an ‘‘n¼ 3.’’ (B) Total Trx and TR activities in homogenates isolated from 6-mo and 24-mo F344 rat hearts
were determined as described in Materials and Methods. Activities in elderly hearts (mean� SEM¼ 1.42� 0.39 nmol thiol=
min=mg for Trx; 1.63� 0.08 mmol NADPH oxidized=min=ml for TR) were normalized to the corresponding activities
observed in adult hearts (mean� SEM¼ 1.85� 0.44 nmol thiol=min=mg total protein for Trx; 1.68� 0.13 mmol NADPH
oxidized=min=ml for TR). Open bars (&), adult; closed bars (&), elderly. No significant differences (elderly vs. adult) were
found for the Trx or TR activities; n¼ 4 for Trx, and n¼ 3 for TR.
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FIG. 3. Content of Grx1,
but not Trx1, and total Grx
activity are decreased via
transfection of Grx1-targeted
siRNA into H9c2 cells. (A)
Representative Western blot
showing Grx1 and Trx1 con-
tents in H9c2 cells transfected
with Grx1-targeted siRNA
compared to control (scram-
bled) siRNA and nontrans-
fected cells (none) (see
Materials and Methods). (B)
Quantification of densitomet-
ric analysis (relative density:
Grx1=actin) of six Western
blots of H9c2 cells transfected
with control or Grx1-targeted
siRNA (Grx1 content in Grx1
knockdown cells is decreased
[i.e., 52� 9% (mean� SEM)
decreased compared to control
cells (100%)], *p< 0.03. (C)
Total Grx activity in H9c2 cells
transfected with control or
Grx1-targeted siRNA. Cell ly-

sates were added to assay mix containing Na=K buffer, pH 7.5 (0.1 M), GSH (0.5 mM final), NADPH (0.2 mM final), and
GR (1 U=mL, final). Cysteine-glutathione mixed disulfide (CSSG, 0.1 mM final) was added to initiate the reaction, and the
rate of NADPH oxidation (reflecting the amount of GSSG formed, see Materials and Methods) was measured by monitor-
ing A340 for 5 min at 308C. Grx activity (3.09� 0.12 nmol NADPH oxidized=min=mg total protein in control cells;
2.93� 0.11 nmol=min=mg in nontransfected cells; and 1.52� 0.08 nmol=min=mg in Grx1 knockdown cells) was normalized to
the value determined in control cells. Data represent mean� SEM (n¼ 4, p< 0.001). Analogous decreases in Grx1 content and
total Grx activity were observed when Grx1 was stably knocked down in H9c2 cells using shRNA (see text in Results section).

FIG. 4. Grx1 knockdown
increases apoptotic suscep-
tibility in H9c2 cells. H9c2
cells transfected with control
or Grx1-targeted siRNA (see
Materials and Methods) were
subjected to H2O2 treatment
(400 mM for 5 min, followed by
24 h recovery (13) or simulated
ischemia=reperfusion (3 h sub-
strate depletion, hypoxia, and
acidosis, followed by 2 h re-
covery (21)), and apoptosis was
assessed by Hoechst staining.
(A) H9c2 cells in which Grx1
has been diminished by tran-
sient transfection with siRNA.
(B) H9c2 cells in which Grx1
has been stably knocked-
down using shRNA (see Ma-
terials and Methods). Data are
represented as mean� SEM.

*p< 0.02 compared to no treatment; {p< 0.02 compared to control siRNA or shRNA (n¼ 5–10). Open bars, no treatment;
shaded bars, simulated IR; closed bars, H2O2.
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also diminished substantially (*50%) with knockdown of
Grx1 (Fig. 8).

Effect of decreased Bcl-2, Bcl-xL, or both
on oxidant-induced apoptosis in H9c2 cells

To determine the relative contributions of decreased Bcl-2
and Bcl-xL in H9c2 cells, the proteins were knocked down
individually or together (Figs. 9A–9D), and apoptotic sus-
ceptibility was assessed both at baseline and following H2O2

treatment (Figu. 9E). Knockdown of Bcl-2 or Bcl-xL in H9c2
cells increased apoptosis at baseline, each to a level compa-
rable with that observed in Grx1 knockdown cells. In contrast,
only knockdown of Bcl-xL increased oxidant-induced apopto-
sis in H9c2 cells, with the percentage of apoptotic cells closely
matching that observed with Grx1 knockdown. Importantly,
knockdown of Bcl-2 or Bcl-xL did not affect expression of the
other protein (Fig. 9C). Simultaneous knockdown of Bcl-2 and
Bcl-xL resulted in an apoptotic phenotype that was statisti-
cally indistinguishable from Bcl-xL knockdown alone.

NFkB activity in cardiomyocytes from adult
and elderly F344 rats

Cytosolic extracts prepared from elderly (24–28 mo) F344
rat heart tissue exhibited decreased Grx1 content and total
Grx activity compared to adult control samples (6–10 mo),
and a similar diminution in Grx activity was observed in ly-
sates of cardiomyocytes isolated from elderly vs. adult F344
rat hearts (see Fig.1). To determine whether NFkB activity is
decreased also in elderly cardiomyocytes (as with Grx1
knockdown in H9c2 cells), NFkB-dependent transcription
was measured in cardiomyocytes isolated from adult and
elderly F344 rats. Indeed, cardiomyocytes from elderly F344
rats exhibited substantially lower NFkB-dependent tran-
scriptional activity compared to adult controls (activity¼
30� 9% of the adult control value, Fig. 10A), and there was a
corresponding decrease in Bcl-xL content (Fig. 10B).

Discussion

The current study examined the role of glutaredoxin (Grx1)
in modulation of apoptosis in cardiomyocytes, and identified
a NFkB-dependent mechanism by which diminution of Grx1
may contribute to increased apoptotic susceptibility in the

FIG. 6. Effect of IKK inhib-
itor BMS 345541 on NFjB
activity and apoptotic sus-
ceptibility in wild-type H9c2
cells. (A) Dose-response of
BMS 345541 on NFkB-
dependent transcriptional
activity. H9c2 cells were
transfected with 5X NFkB-
Firefly Luciferase plasmid for
8 h, treated with various con-
centrations of BMS 345541 for
15 h, and collected for deter-
mination of Luciferase activ-
ity. Percent inhibition of NFkB
activity was calculated rela-
tive to activity in untreated
cells (mean� SEM¼ 1264� 99
RLU=mg). (B) Effect of BMS
345541 treatment on sensitiv-
ity of H9c2 cells to H2O2-
induced apoptosis. H9c2 cells
treated as described above
were subjected to 400 mM H2O2 (or no H2O2) for 5 min., then incubated for 24 h and assayed for apoptosis by Hoechst
staining. Open bars (&), no treatment; closed bars (&), H2O2. *p< 0.02 vs. no BMS treatment (no H2O2); {p< 0.02 vs. no BMS
treatment (with H2O2), n¼ 4.

FIG. 5. Grx1-deficient cells exhibit decreased NFjB tran-
scriptional activity. H9c2 cells were transfected with control
or Grx1-targeted siRNA as described in Materials and Meth-
ods, then co-transfected with NFkB-Luciferase and Renilla
plasmids. NFkB-dependent transcriptional activity was de-
termined via a standard Dual-Luciferase assay. Renilla lu-
ciferase activity served as a transfection control, and data are
represented as ratios of Firefly=Renilla activity, normalized
to the mean ratio observed in control cells (mean�
SEM¼ 33.9� 7.4), *p< 0.04, n¼ 4.
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elderly. We found that Grx1 content and total Grx activity are
decreased in heart tissue and in cardiomyocytes isolated from
elderly Fischer 344 rats, a well-established animal model of
aging, whereas other thiol-disulfide oxidoreductase enzymes
were found to be little changed. Based on observations that
many apoptotic mediators are subject to regulation by re-
versible glutathionylation (36, 39, 41), and that over-

expression of Grx1 protects H9c2 cardiomyocytes from
oxidant-induced apoptosis (32), we hypothesized that the
age-related decrease in Grx1 contributes to the increased
susceptibility to apoptosis already documented in cardio-
myocytes from elderly animals (19, 26, 34). Therefore we
knocked down Grx1 in H9c2 cells to a similar extent as in
cardiomyocytes from elderly rats to assess the independent
contribution of diminished Grx1 to apoptotic susceptibility.

Selective diminution of Grx1 indeed led to an increase in
apoptotic cells at baseline, as well as following oxidative in-
sults previously shown to trigger cardiomyocyte apoptosis
(13, 21). It is noteworthy that both transient (siRNA) or stable
(shRNA) knockdown of Grx1 led to analogous increases in
oxidant-induced apoptotic susceptibility of the model cardio-
myocytes, because the latter approach is more akin to the de-
crease in Grx1 in the cells from elderly animals. Transcriptional
activity of NFkB, a transcription factor with anti-apoptotic
effects in cardiomyocytes (2, 33), was concomitantly decreased
in both Grx1 knockdown cells and in primary cardiomyocytes
isolated from elderly F344 rats, likely accounting for the in-
creased apoptotic susceptibility in Grx1-deficient cells. Sup-
port for this interpretation is provided by the observation that
inhibition of NFkB-dependent transcription to the same extent
as in Grx1 knockdown cells led to increased apoptosis both
at baseline and following H2O2 treatment (Fig. 6).

mRNA and protein contents of the anti-apoptotic NFkB
transcription products Bcl-2 and Bcl-xL were decreased by
about 50% in Grx-deficient cells. Knockdown of Bcl-2 and=or
Bcl-xL in H9c2 cells to a similar extent (i.e., *40%–60%) in-
creased apoptosis at baseline, suggesting that diminution of
these anti-apototic factors contributes to the increased apo-
ptosis of resting Grx1-deficient cells. In remarkable contrast,
knockdown of Bcl-2 alone had no effect on oxidant-induced
apoptosis in H9c2 cells, whereas diminution of Bcl-xL alone (or
in combination with Bcl-2 knockdown) increased oxidant-
induced apoptosis to the same extent as observed in Grx1
knockdown cells, fully accounting for the apoptotic phenotype
of these cells. Taken together, these observations suggest
a mechanism for the increased apoptotic susceptibility of

FIG. 7. Relative amounts of Bcl-2 and Bcl-xL mRNA in
Grx1 knockdown cells normalized to amounts in control
cells. Real-time PCR analysis was performed on mRNA
isolated from control and Grx1 knockdown H9c2 cells as
detailed in Materials and Methods. Data are expressed as ra-
tios of the relative quantities of Bcl-2 and Bcl-xL mRNA
measured in Grx1 knockdown cells compared to control
cells. Open bars (&), control cells; closed bars (&), Grx1
knockdown cells. Each n represents at least duplicate deter-
minations from a single Grx1 knockdown experiment. For
Bcl-2, data represent mean� SEM, n¼ 4; for Bcl-xL, data
represent mean� range of values for analysis of two
samples. For each experiment, Grx1 knockdown was verified
separately by Western blot analysis (data consistent with
Fig. 3), *p< 0.01.

FIG. 8. Contents of Bcl-2 and Bcl-xL
proteins are decreased in Grx1-deficient
H9c2 cells. Contents of Bcl-2 and Bcl-xL,
both anti-apoptotic NFkB target genes,
were compared in control and Grx1
knockdown cells by Western blot analysis.
(A) Representative Western blot showing
diminished Bcl-2 in Grx1 knockdown cells.
(B) Quantification of six Western blots
showing Bcl-2 content (normalized to ac-
tin, 45� 14% decrease in Grx1 knock-
down cells), *p< 0.03 vs. control siRNA.
(C) Representative Western blot showing
diminished Bcl-xL in Grx1 knockdown
cells. (D) Quantification of four Western
blots showing Bcl-xL content (normal-
ized to GAPDH), 50� 14% decrease in
Grx1 knockdown cells, *p< 0.02 vs. control
siRNA.
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aging cardiomyocytes in which diminished Grx1 leads to de-
creased NFkB activity, resulting in decreased content of anti-
apoptotic proteins and a lower threshold for commitment to
apoptosis.

Control of apoptotic susceptibility
by Grx1 via regulation of NFkB

Grx1 has been implicated in the regulation of apoptosis via
modulation of the glutathionylation status of apoptotic medi-
ators, including NFkB (30). S-glutathionylation is inhibitory
towards many NFkB signaling intermediates, (e.g., IKK, p50,
p65, 20S proteasome, and ubiquitin-activating and -carrier
proteins [reviewed in Ref. 30]) and increased expression of
Grx1, the primary intracellular deglutathionylating enzyme, is
correlated with increased NFkB transcriptional activity (14, 41,
45). Thus, in most cases, Grx1 activity is expected to support
NFkB activity, likely via deglutathionylation of one or more me-
diators in the NFkB signaling pathway. A notable exception is
in hypoxic pancreatic cancer cells, where Grx1 enhances the
glutathionylation of p65, leading to decreased DNA binding and
diminished NFkB transcriptional activity (39).

We observed decreased NFkB activity in Grx1 knockdown
H9c2 cells as well as in Grx1-deficient (elderly) primary car-
diomyocytes. Thus, the likely mechanism of NFkB regulation
by Grx1 in these cardiomyocytes is direct deglutathionylation
(activation) of one or more components of the NFkB axis, so

that diminution of Grx1 activity leads to increased glutathio-
nylation and deactivation of one or more control points in the
pathway. The specific site(s) of regulation of the NFkB path-
way in the Grx1 knockdown H9c2 cells (and in the aging
heart) is not known, and identifying these sites represents
a natural direction for future studies. Besides the signaling
intermediates described above, other possibilities include
upstream activators (e.g., Akt, Ras) or inhibitors (e.g., PTEN)
(reviewed in Ref. 30). Other investigators have presented ev-
idence for activation of Akt activity in H9c2 cells and heart
tissue by Grx1 (27, 32), but the relationship between those
studies that involved overexpression of Grx1 and the effects of
Grx1 diminution in aging remains to be elucidated.

To our knowledge, this is the first report of diminished
NFkB activity in the aging heart, documented in cardiomyo-
cytes from adult and elderly rats. NFkB activity was reported
to be increased with aging in cardiac tissue from Sprague–
Dawley rats (11); however, this conclusion appears to be
based on increased content of p65 in the nucleus, which is
necessary but not sufficient for NFkB transcriptional activity.
Age-associated changes (increases or decreases) in NFkB ac-
tivity have been reported in various other contexts also (35,
38); apparently reflecting tissue- and organism-specific dif-
ferences in regulation.

Studies of thiol–disulfide oxidoreductase systems with
aging also yield a complex picture, reflecting tissue-, organ-
ism- and sex-specific differences. We found Grx1 content and

FIG. 9. Effect of Bcl-2 and Bcl-xL
knockdown on apoptotic suscepti-
bility in H9c2 cells. (A) Content of
Bcl-2 was diminished via transfec-
tion with targeted siRNA as
described in Materials and Methods.
Representative Western blot analy-
sis of Bcl-2 content in control and
Bcl-2 knockdown H9c2 cells
(knockdown¼ 63� 4%, n¼ 3). (B)
Content of Bcl-xL was diminished
via transfection with targeted siRNA
as described in Materials and
Methods. Representative Western
blot analysis of Bcl-xL in control and
Bcl-xL knockdown H9c2 cells
(knockdown¼ 45� 7%, n¼ 6). (C)
Complete knockdown of Bcl-2 or
Bcl-xL does not affect expression of
the other protein. H9c2 cells were
treated with sufficient concentra-
tions of Bcl-2- or Bcl-xL-targeted
siRNA to reduce the target protein to
undetectable levels, and content of
each protein was determined by
Western blotting. Bcl-2 content in
Bcl-xL knockdown cells were 116�
13% (mean� SEM) of the value in
control cells (n¼ 9). Bcl-xL content
in Bcl-2 knockdown cells was 97� 10% (mean� SEM) of the value in control cells (n¼ 4). (D) Bcl-2 and Bcl-xL content were
both diminished via transfection with targeted siRNA. Representative Western blot showing *40% simultaneous knock-
down of both Bcl-2 and Bcl-xL in H9c2 cells (Bcl-2 knockdown: 45� 3%; Bcl-xL knockdown: 37� 6%, n¼ 6). (E) Apoptosis in
control, Bcl-2 knockdown, Bcl-xL knockdown, and Bcl-2=Bcl-xL double knockdown cells�H2O2 treatment (400 mM for
5 min, followed by 24 h recovery, see Materials and Methods). Open bars (&), no treatment; closed bars (&), H2O2. Data
represent mean % apoptotic cells� SEM (n¼ 3–10). *p< 0.05 vs. control siRNA (without H2O2); {p< 0.05 vs. control siRNA
(with H2O2).
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activity decreased in cytosol from elderly F344 rat hearts,
while Trx, TR, and GR were not changed significantly. Suh
et al. (50) reported a decrease in Grx activity in interfibrillar
but not subsarcolemmal mitochondria from F344 rat hearts. In
F344 rat liver, aging was reported to have no effect on Grx, TR,
or protein disulfide isomerase activities, while GR activity
was increased in females, but not in males (42). In Wistar rat
kidney, TR activity was decreased by 50% with aging, while GR
activity remained constant (44). Finally, Trx content was re-
ported to increase somewhat with aging in mice, but net Trx
activity, and its association with ASK1, were diminished due
to nitration of Trx tyrosine residues (56).

Significance of Bcl-2 and Bcl-xL diminution
in susceptibility to cardiomyocyte apoptosis

Our studies implicate decreases in the anti-apoptotic NFkB
target genes Bcl-2 and Bcl-xL in the increased apoptotic sus-
ceptibility of Grx1 knockdown cells at rest, and suggest a
special role for Bcl-xL in protection of cardiomyocytes from
oxidant-induced apoptosis. The distinct effects of knocking
down Bcl-2 and=or Bcl-xL in H9c2 cells suggest separate, but
overlapping, cytoprotective roles for these two proteins in
cardiomyocytes, consistent with recent reports documenting
both shared and distinct anti-apoptotic mechanisms (e.g., (12,
43, 54). The increased sensitivity of H9c2 cells to Bcl-xL
knockdown compared to Bcl-2 knockdown is consistent with
the findings of Feibig et al. (9), who observed that Bcl-xL is a
more potent anti-apoptotic molecule than Bcl-2 in T-cells
subjected to oxidative stress by Doxorubicin treatment.

Conclusion

The potential of the thiol–disulfide oxidoreductase en-
zymes (thioredoxin and glutaredoxin systems) in defense
against oxidative stress with aging has been noted previously
(51). However, there has been little direct information about
the Grx and Trx systems in this regard. Sohal’s group pro-
vided evidence for a protective role of glutaredoxin and GSH
in the aging process, displaying higher contents in longer-
lived houseflies (47). By analogy it is reasonable to expect
changes in thiol–disulfide oxidoreductase activity to contrib-
ute to the complications of aging in mammals also, and the
current study supports this interpretation. Thus, we present
evidence that diminution of Grx1 predisposes cardiomyo-
cytes to apoptosis by decreasing NFkB activity, resulting in
downregulation of its anti-apoptotic target genes Bcl-2 and
Bcl-xL. Targeted knockdown studies with H9c2 cells suggest
that Bcl-xL plays a more important role in protection of car-
diomyocytes from oxidant-induced apoptosis. Taken together
with observations that Grx1 and NFkB activities and Bcl-xL
content are diminished in the hearts of elderly F344 rats, these
data provide a mechanistic explanation for why cardiomyo-
cytes in the hearts of the elderly exhibit increased suscepti-
bility to apoptosis, and further implicate Bcl-xL as an
important anti-apoptotic molecule in the heart.
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6-mo¼ 6 month-old
24-mo¼ 24 month-old

Akt¼protein kinase B
ASK1¼ apoptosis signal-regulating kinase 1

BMS 345541¼ (4(2-aminoethyl)amino-1,8-dimethylimidazo-
(1,2-a)quinoxaline)

BSA¼ bovine serum albumin
DAPI¼ 4’,6-diamidino-2-phenylindole

DMEM¼Dulbecco’s modified Eagle medium
DTT¼dithiothreitol

EDTA¼ ethylenediaminetetraacetic acid
F344¼ Fischer 344
FBS¼ fetal bovine serum

GAPDH¼ glyceraldehyde 3-phosphate
dehydrogenase

GR¼ glutathione disulfide reductase
Grx¼ glutaredoxin

GSH¼ glutathione
GSSG¼ glutathione disulfide

IkB¼ inhibitor of kB
IR¼ ischemia-reperfusion

MI¼myocardial infarction
MOI¼multiplicity of infection

NFkB¼nuclear factor kB
PVDF¼polyvinylidene difluoride

RLU¼ relative light units
SDS¼ sodium dodecyl sulfate
SEM¼ standard error of the mean

sIR¼ simulated ischemia-reperfusion
siRNA¼ small interfering RNA

TNF¼ tumor necrosis factor
TR¼ thioredoxin reductase
Trx¼ thioredoxin
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