Inhibition of endogenous thioredoxin in the heart
increases oxidative stress and cardiac hypertrophy
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Thioredoxin 1 (Trx1) has redox-sensitive cysteine residues and acts as an antioxidant in cells. However,
the extent of Trx1 contribution to overall antioxidant mechanisms is unknown in any organs. We gen-
erated transgenic mice with cardiac-specific overexpression of a dominant negative (DN) mutant
(C32S5/C35S) of Trx1 (Tg-DN-Trx1 mice), in which the activity of endogenous Trx was diminished. Mark-
ers of oxidative stress were significantly increased in hearts from Tg-DN-Trx1 mice compared with those
from nontransgenic (NTg) mice. Tg-DN-Trx1 mice exhibited cardiac hypertrophy with maintained car-
diac function at baseline. Intraperitoneal injection of N-2-mercaptopropionyl glycine, an antioxidant,
normalized cardiac hypertrophy in Tg-DN-Trx1 mice. Thoracic aortic banding caused greater increases
in myocardial oxidative stress and enhanced hypertrophy in Tg-DN-Trx1 compared with NTg mice. In
contrast, transgenic mice with cardiac-specific overexpression of wild-type Trx1 did not show cardiac
hypertrophy at baseline but exhibited reduced levels of hypertrophy and oxidative stress in response to
pressure overload. These results demonstrate that endogenous Trx1 is an essential component of the cel-
lular antioxidant mechanisms and plays a critical role in regulating oxidative stress in the heart in vivo.
Furthermore, inhibition of endogenous Trx1 in the heart primarily stimulates hypertrophy, both under

basal conditions and in response to pressure overload through redox-sensitive mechanisms.
J. Clin. Invest. 112:1395-1406 (2003). doi:10.1172/JC1200317700.

Introduction

Accumulating evidence suggests that oxidative stress
plays an important role in mediating pathologic
responses in cardiac myocytes and various diseases in the
heart (reviewed in refs. 1, 2). Production of reactive oxy-
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gen species by mitochondrial sources as well as non-
phagocytic oxidases is enhanced in various pathologic
stimuli in the heart (1, 2). To counteract increased levels
of oxidative stress, cells have antioxidant mechanisms
that include superoxide dismutases (SODs) — which are
present in mitochondria, such as manganese SOD
(MnSOD), cytosol, such as copper zinc SOD (CuZn-
SOD), and plasma membrane and extracellular spaces
(such as extracellular SOD) — catalase, glutathione per-
oxidases, peroxiredoxins, and thioredoxin (Trx) (1, 2).

Trx1 is a 12-kDa multifunctional protein with a redox-
active disulfide/dithiol within the conserved active site
32Cys-Gly-Pro-33Cys (reviewed in refs. 3, 4). Trx1, Trx
reductase, and NADPH, collectively called the Trx system,
operate as a powerful protein-disulfide oxidoreductase
system (3, 4). Trx1 seems unique among antioxidants in
thatitinteracts directly with various intracellular-signal-
ing molecules as well as transcription factors, thereby
affecting cell growth and cell survival in some cell types
(3,4). Recent evidence suggests that either protein expres-
sion or the activity of Trx1 is modified in some cardio-
vascular diseases (5-8). Surprisingly, however, the impor-
tance of endogenous Trx1 as an antioxidant and the in vivo
role of Trx1 in cell growth responses are not clearly undet-
stood in any organs, including the heart.

We hypothesized that endogenous Trx1 plays an
important role in regulating the tissue level of oxida-
tive stress, thereby controlling cardiac myocyte growth
responses. Although mice systemically deficient in Trx1
have been generated by homologous recombination,
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they are embryonic lethal (9). In order to examine the
role of endogenous Trx1 in the heart in vivo, we gener-
ated transgenic mice with cardiac-specific overexpres-
sion of dominant negative human Trx1 (DN-hTrx1), in
which the disulfide oxidoreductase activity of Trx is
selectively diminished among cellular antioxidant
mechanisms. We examined whether inhibition of
endogenous Trx1 increases tissue levels of oxidative
stress and whether it affects any cardiac phenotype,
including cardiac hypertrophy, under basal conditions
as well as in response to pressure overload.

Methods

Transgenic mice. DN-hTrx1 was generated by mutation
of 32Cys and *Cys of hTrx1 to Ser using QuikChange
(Stratagene, La Jolla, California, USA). This redox-
inactive mutant of Trx1 has been shown to work as a
dominant negative for endogenous Trx1 in a breast
cancer cell line (10). DN-hTrx1 transgenic mice (here-
after designated as Tg-DN-Trx1) as well as wild-type
hTrx1 mice (hereafter designated as Tg-Trx1) were gen-
erated on an FVB background using the O-myosin
heavy chain promoter (courtesy of J. Robbins, Univer-
sity of Cincinnati, Cincinnati, Ohio, USA) to achieve
cardiac-specific expression.

Immunoblot analyses. Tissue homogenates were prepared
in buffer A, containing 150 mM NaCl, 50 mM Tris (pH
7.5), 1% Triton X-100, 10% glycerol, 5 mM EDTA, 1 mM
Naz;VOy4, 10 mM NaF, 0.5 mM 4-(2-aminoethyl)benzene-
sulfonyl fluoride hydrochloride, 0.5 pg/ml aprotinin, and
0.5 pg/ml leupeptin. We used anti-hTrx1 mAD (clones
2G11 and 4H9; BD Pharmingen, San Diego, California,
USA), anti-CuZnSOD Ab (BD Pharmingen), anti-
MnSOD Ab (Upstate Biotechnology Inc., Lake Placid,
New York, USA), and anti-catalase Ab (Abcam Ltd., Cam-
bridge, United Kingdom) as primary Ab’s. All anti-phos-
phospecific and corresponding non-phosphospecific
Ab’s against protein kinases were obtained from Cell Sig-
naling Technology Inc. (Beverly, Massachusetts, USA).

Detection of oxidative stress and antioxidant mechanisms.
Tissue homogenates were prepared using 20 mM
phosphate buffer (pH 7.4) with 5 mM butylated
hydroxytoluene. Tissue levels of malondialdehyde
(MDA) and 4-hydroxyalkenals (4-HAE) were deter-
mined using a Bioxytech LPO-586 kit (Oxis Interna-
tional Inc., Portland, Oregon, USA) (11). The tissue
level of reduced glutathione/oxidized glutathione
(GSH/GSSG) was determined using a Bioxytech
GSH/GSSG-412 kit (Oxis International Inc.). For
measurement of GSSG, the thiol-scavenging reagent
1-methyl-2-vinylpyridium trifluoromethanesulfonate
was included in the homogenization buffer to mini-
mize oxidation of GSH to GSSG during sample prepa-
ration, and only fresh samples were used (12).

RT-PCR. Total RNA was prepared using TRIzol (Invit-
rogen Corp., Carlsbad, California, USA) and then sub-
jected to RT-PCR using the First-Strand cDNA Synthesis
kit (Invitrogen Corp.) as previously described (13). The
following oligonucleotide primers specific for mouse car-

diac genes were used in this study: atrial natriuretic fac-
tor (ANF), sense 5'-ATGGGCTCCTTCTCCATCAC-3" and
antisense 5'-TCTTCGGTACCGGAAGCT-3'; 0-skeletal actin,
sense S'-TATTCCTTCGTGACCACAGCTGAACGT-3' and
antisense 5'-CGCGAACGCAGACGCGAGTGCGC-3'; and
GAPDH, S5'-TTCTTGTGCAGTGCCAGCCTCGTC-3' and
antisense 5'-TAGGAACAGGGAAGG-CCATGCCAG-3'. We
also used oligonucleotide primers common to mouse
and human Trx1, sense 5'-GGTGTGGACCTTGCAAAAT-
GATC-3' and antisense 5'-GGCTTCAAGCTTTTCCTT-3".

Insulin reduction assay for Trx. The activity of Trx in the
heart was determined by the insulin reduction assay,
according to the method described by Holmgren and
Bjornstedt with a slight modification (14). Hearts were
homogenated with ice-cold PBS containing 0.5 mM 4-
(2-aminoethyl)benzenesulfonyl fluoride hydrochloride,
0.5 pg/ml aprotinin, and 0.5 pg/ml leupeptin. An equal
amount of protein (50 Jg) in a volume of 8 Pl was prein-
cubated with 2 pl of the DTT activation buffer (100 mM
Tris-Cl [pH 7.5], 2 mM EDTA, 1 mg/ml BSA, and 2 mM
DTT) at 37°C for 15 minutes. The samples were then
mixed with 110 pl of reaction mixture (100 mM Tris-Cl
[pPH7.5],2.0 mM EDTA, 0.2 mM NADPH, 1.0 plg human
Trx reductase [American Diagnostica Inc., Greenwich,
Connecticut, USA], and 140 M insulin) and incubated
at 25°C. Reduction in absorbance at 340 nm, indicating
oxidation of NADPH, was measured using a spec-
trophotometer at 30-second intervals. As a control, the
samples were mixed with the reaction mixture without
insulin. Changes in absorbance in the absence of insulin
were subtracted from those in the presence of insulin.

Echocardiography. Mice were anesthetized and
echocardiography was performed using ultrasonog-
raphy (Acuson Sequoia C256, Siemens Medical Solu-
tions USA Inc., Malvern, Pennsylvania, USA) as previ-
ously described (15). A 13-MHz linear ultrasound
transducer was used. M-mode measurements of left
ventricular (LV) internal diameter were taken from
more than three beats and averaged. LV end-diastolic
diameter (LVEDD) was measured at the time of the
apparent maximal LV diastolic dimension, while LV
end-systolic diameter (LVESD) was measured at the
time of the most anterior systolic excursion of the
posterior wall. LV ejection fraction (LVEF) and per-
cent fractional shortening (%FS) were calculated as
follows: LVEF = [(LVEDD)3 - (LVESD)3]/(LVEDD)3;
%FS = (LVEDD - LVESD)/LVEDD x 100.

Histological analyses. The LV accompanied by the sep-
tum was cut into base, midportion, and apex, fixed
with 10% formalin, embedded in paraffin, and sec-
tioned at 6 Pm thickness. The sections were incubated
in 3% H,0, in PBS to prevent endogenous peroxidation
and blocked with 5% BSA in PBS. Anti-8-hydroxy-2'-
deoxyguanosine (anti-8-OHdG) Ab (Oxis Internation-
al Inc.) was diluted to 7.5 pg/ml in PBS and applied to
the sections for 1 hour at 37°C. After washing, biotiny-
lated secondary Ab (anti-mouse IgG; BD Pharmingen)
was applied for 1 hour, followed by streptavidin-HRP
(BD Pharmingen) for 30 minutes at room temperature.
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Figure 1
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Myocyte cross-sectional area was measured from
images captured from silver-stained 1-pm-thick
methacrylate sections as previously described (13). The
outline of 100-200 myocytes was traced in each section.

Antioxidant treatment. Age-matched Tg-DN-Trx1 and
nontransgenic (NTg) mice were randomized to 4 weeks
of treatment with either N-2-mercaptopropionyl
glycine (MPG; 100 mg/kg/d by intraperitoneal injec-
tion) (16) or vehicle (PBS).

Aortic banding. The method to impose pressure over-
load in mice has been described (13). Mice were anes-
thetized with a mixture of ketamine (0.065 mg/g),
xylazine (0.013 mg/g), and acepromazine (0.002 mg/g)
and mechanically ventilated. The left chest was opened
at the second intercostal space. Aortic constriction was
performed by ligation of the transverse thoracic aorta
between the innominate artery and left common carotid
artery with a 28-gauge needle using a 7-0 braided poly-
ester suture. Sham operation was performed without
constricting the aorta. To measure arterial pressure gra-
dients, high-fidelity micromanometer catheters (1.4
French; Millar Instruments Inc., Houston, Texas, USA)
were used as previously described (13).

Measurement of Ras activation. The heart homogenates
were prepared in lysis buffer containing 125 mM HEPES
(pH 7.5), 750 mM NaCl, 5% NP-40, 50 mM MgCl,, 5 mM
EDTA, 25 mM NaF, 1 mM Na3VO,, 10% glycerol, 10
Mg/ml aprotinin, and 10 pg/ml leupeptin. The GTP-
bound form of Ras was determined using the Ras Acti-
vation Assay Kit (Upstate Biotechnology Inc.), which
uses binding of the GTP-bound form of Ras to the Ras-
binding domain in Raf-1 conjugated with agarose, and
subsequent immunoblotting with anti-Ras Ab.

S-thiolation assays. COS-7 cells were transfected with
either empty vector (pcDNA3.1) or mammalian expres-
sion vectors containing DN-hTrx1, antisense rat Trx1,
or wild-type hTrx1 (2 g in 60-mm dishes). Rat Trx1
was cloned by RT-PCR using total RNA prepared from
neonatal rat hearts. The antisense construct was made
by subcloning rat Trx1 into pcDNA3.1 in reverse ori-
entation. Forty-eight hours after transfection, cells
were incubated with culture medium containing 0.5
mM biotinylated cysteine (SynPep Corp., Dublin, Cal-
ifornia, USA) for 10 minutes. Cells were lysed with 1 ml
lysis buffer containing 25 mM HEPES (pH 7.5), 150
mM NaCl, 1% NP-40, 10 mM MgCl,, 1 mM EDTA, 10%
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glycerol, 25 mM NaF, 1 mM NazVOy, 10 ug/ml apro-
tinin, and 10 pg/ml leupeptin, and the samples were
incubated with 40 pl slurry of streptavidin-agarose at
4°C for 1 hour. After three washes with 1 ml of the lysis
buffer, the samples were eluted with Laemmli buffer at
95°C for 5 minutes and then subjected to SDS-PAGE
and immunoblot analyses with anti-Ras Ab.
Evaluation of cardiac myocyte hypertrophy in vitro. Prima-
ry cultures of neonatal rat cardiac myocytes from 1-day-
old Crl:(WI)BR-Wistar rats (Charles River Laboratories,
Wilmington, Massachusetts, USA) were prepared as pre-
viously described (17). Total myocyte protein content
was determined as previously described (18). A plasmid
containing a 638-bp fragment of the rat ANF promoter
linked to firefly luciferase was used to determine the
transcriptional activity of the ANF gene as previously
described (17). An SV40-B-galactosidase construct was
cotransfected to determine the transfection efficiency.
Morpholino oligo. The sequence of Morpholino antisense
oligo designed for rat Trx1 was 5'-GGCAGAACCCGATG-
GAAATGGAT-3', while that of control Morpholino anti-
sense oligo was 5'-CCTCTTACCTCAGTTACAATTTATA-3'.
Morpholino antisense oligo (2 UM) was applied to car-
diac myocytes grown in either 12- or 24-well plates using
the osmotic-loading method according to the manufac-
turer’s instructions (GeneTools LLC, Philomath, Oregon,
USA). Twelve hours after initial application, the culture
medium was replaced with serum-free cardiac myocyte
culture medium without Morpholino antisense oligo,
and myocytes were cultured for an additional 36 hours.
Statistics. All values are expressed as mean + SEM. Statis-
tical analyses were performed using ANOVA (StatView;
SAS Institute Inc., Cary, North Carolina, USA), and, when
Fvalues were significant at a 95% confidence limit, difter-
ences among group means were evaluated using the Fish-
er projected least significant difference post-test proce-
dure for group data, with P < 0.05 considered significant.

Results

Generation of Tg-DN-Trx1 mice. In order to examine the
function of endogenous Trx1 in the mouse heart in vivo,
transgenic mice with cardiac-specific overexpression of
dominant negative hTrx1 (Tg-DN-Trx1 mice) were gen-
erated using the 0-myosin heavy chain promoter. We
identified five transgenic founders by Southern blot
analysis and established four independent lines.
Although anti-hTrx1 Ab (2G11) cross-reacts less effi-
ciently with mouse Trx1, endogenous mouse Trx1 was
detected by anti-hTrx1 Ab after a long exposure of the
blot in NTg mice. DN-hTrx1 is overexpressed in the
heartin all lines of Tg-DN-Trx1 mice (Figure 1a and data
not shown). The relative levels of DN-hTrx1 expression
in the different lines were line no. 13 > 8 > 25 > 24. In this
study, we predominantly characterized line no. 13,
unless otherwise stated. We confirmed that DN-hTrx1 is
selectively overexpressed in the heart (Figure 1b). The
result of RT-PCR indicated that the level of DN-hTrx1
expression was 4.1-fold higher than that of endogenous
mouse Trx1 in line no. 13 (Figure 1c). Protein expression

of DN-hTrx1 in line no. 13 was 3.5-fold higher than that
of endogenous Trx1, as determined using another anti-
Trx1 Ab (4H9) that cross-reacts with both human and
rat Trx1. DN-hTrx1 sequestrates NADPH and Trx reduc-
tase, essential components of the Trx system, thereby
inhibiting disulfide oxidoreductase activity of endoge-
nous Trx1. To test this notion, insulin reduction assays
were performed. Although the Trx activity determined
by consumption of NADPH was readily detected in NTg
mice, it was significantly reduced in Tg-DN-Trx1 mice
(Figure 1d), suggesting that the activity of endogenous
Trx1 is reduced in Tg-DN-Trx1 mice.

Myocardial tissue levels of oxidative stress are elevated in
Tg-DN-Trx1 mice. Myocardial tissue levels of MDA and
MDA plus 4-HAE, sensitive indicators of lipid perox-
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Figure 2

(a) Heart homogenates were prepared from Tg-DN-Trx1 mice and NTg
littermates. Tissue levels of MDA alone and MDA plus 4-HAE, markers
of lipid peroxidation, were found to be increased in Tg-DN-Trx1 mice.
(b) LV myocardial sections were subjected to immunostaining with
8-OHdG, a marker of oxidative DNA damage, which was increased in
Tg-DN-Trx1 mice. The result is representative of three experiments. (c)
Heart homogenates were prepared from Tg-DN-Trx1 mice and NTg lit-
termates. Immunoblot analyses of MnSOD, CuZnSOD, and catalase
are shown. Note that neither the level of MnSOD nor the level of cata-
lase differed between Tg-DN-Trx1 and NTg mice, while that of CuZn-
SOD was higher (about 2.5-fold) in Tg-DN-Trx1 mice. n = 3. (d) Tissue
levels of GSSG and GSH were determined using fresh samples.
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Figure 3

(a) LVW/BW (mg/g; left) and LVW/TL (mg/mm; right) were determined in Tg-DN-Trx1 mice (line nos. 8 and 13) and NTg littermates.
The age of the animals was 85 + 3 days in Tg-DN-Trx1 line no. 8, 81 + 4 days in Tg-DN-Trx1 line no. 13, 84 + 4 days in NTg line no. 8,
and 79 £ 5 days in NTg line no. 13. (b) Silver staining of LV myocardial sections, showing LV myocyte cross-sectional area in Tg-DN-Trx1
mice and NTg littermates. (c) Mean LV myocyte cross-sectional area was determined from 100-200 myocytes in each animal. The exper-
iments were conducted using five NTg and six Tg-DN-Trx1 mice. (d and e) mRNA expression of ANF (d), O-skeletal actin (e), and GAPDH
was determined by RT-PCR. The intensity of the ethidium bromide bands was quantitated. The intensity of ANF or a-skeletal actin bands
was normalized by that of GAPDH bands.

idation, were significantly elevated in Tg-DN-Trx1
mice compared with those in NTg littermates (Figure
2a). Myocardial levels of 8-OHdG, a sensitive indica-
tor of oxidative DNA damage, were also elevated in
Tg-DN-Trx1 mice (Figure 2b). These results suggest
that the tissue levels of oxidative stress are signifi-
cantly elevated in Tg-DN-Trx1 mice.

Other antioxidant mechanisms are not downregulated in
Tg-DN-Trx1 mice. We examined whether overexpression
of DN-hTrx1 affects other antioxidant mechanisms in
the heart. Inmunoblot analyses indicated that expres-
sion of MnSOD and catalase was not significantly dif-
ferent between Tg-DN-Trx1 mice and NTg littermates
(Figure 2¢). By contrast, expression of CuZnSOD was
slightly higher (twofold) in Tg-DN-Trx1 mice (Figure
2¢). Although the myocardial level of GSSG, an oxi-
dized form, was significantly elevated in Tg-DN-Trx1
mice, the amount of GSH was not significantly differ-
ent between Tg-DN-Trx1 and NTg mice (Figure 2d).

Tg-DN-Trx1 mice show base-line cardiac hypertrophy. At 3
months, both the LV weight/body weight ratio

(LVW/BW) and the LV weight/tibial length ratio
(LVW/TL) were significantly greater in Tg-DN-Trx1
mice (line no. 13) than in NTg litctermates (Figure 3a).
Smaller but significant hypertrophy was also observed
in the other three lines (nos. 8, 24, and 25) (Figure 3a
and data not shown). LV cardiac myocyte cross-section-
al area was significantly greater in Tg-DN-Trx1 mice
than in NTg litctermates (Figure 3, b and c). The results
of RT-PCR analyses indicated that mRNA expression of
ANF and a-skeletal actin, the fetal-type genes, was sig-
nificantly elevated in Tg-DN-Trx1 mice (Figure 3,d and
e). H&E staining of the LV showed that there was no sig-
nificant infiltration of inflammatory cells in Tg-DN-
Trx1 mice. Picric acid Sirius red staining indicated that
there was no significant interstitial fibrosis in Tg-DN-
Trx1 mice (data not shown).

Echocardiographic studies showed that LV septum
and posterior wall thickness in both diastolic and sys-
tolic phases was significantly greater in Tg-DN-Trx1
than in NTg mice (P < 0.01; Table 1). LVEDD, LVESD,
LVEF, and %FS were all maintained in Tg-DN-Trx1 mice.
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Table 1
Base-line echocardiographic data of Tg-DN-Trx1 mice and NTg lit-
termates at the age of 3 months

hypertrophy induced by pathologic stimuli, we applied
aortic banding to Tg-DN-Trx1 and NTg mice. After 2
weeks, the pressure gradient was similar between Tg-
DN-Trx1 mice and NTg littermates (105 + 8 vs. 103 + 4

NTg (n=12) Tg-DN-Text (n = 15) mmHg). Although the cardiac content of MDA and
DSEP Wt (mm) 0-71520.049 0883 £0.041% 4-HAE increased significantly in response to pressure
LVEDD (mm) 3.837£0.160 3.834+£0.159 R .
DP W (mim) 0.673 + 0.043 0.844 + 0.0654 overlogd in both Tg—DN.—Tn.(l and NTg mice, the. degree
SSEP Wt (mm) 1117 + 0.067 1254 +0.0827 of the increases in these indicators of lipid peroxidation
LVESD (mm) 2.423 + 0.085 2.439 + 0.093 was significantly greater in Tg-DN-Trx1 mice (Figure
SP Wt (mm) 0.981 + 0.092 1112 + 0.087A 5b). Aortic banding caused significant increases in
EF 0.751+0.026 0.740 + 0.029 LVW/BW and LVW/TL in both Tg-DN-Trx1 and NTg
9%FS 37222 359+24 mice compared with sham operation (Figure Sc and
HR (beats per min) 402+29 392+ 41 data not shown). Interestingly, the percentage increase

Data are mean = SEM. AP < 0.017 compared with NTg mice. DSEP Wt, dias-
tolic septal wall thickness; DP Wt, diastolic posterior wall thickness; SSEP W,
systolic septal wall thickness; SP Wt, systolic posterior wall thickness; EF, LV
ejection fraction; HR, heart rate.

These results suggest that Tg-DN-Trx1 mice exhibit car-
diac hypertrophy with well-maintained LV function.
Base-line cardiac hypertrophy in Tg-DN-Trx1 mice is mediat-
ed by increased levels of oxidative stress. In order to charac-
terize the involvement of oxidative stress in base-line car-
diac hypertrophy of Tg-DN-Trx1 mice, we treated mice
with MPG, a well-established antioxidant (16), for 4
weeks starting at the age of 1 month. MPG treatment
did not affect body weight or heart weight significantly
in control mice. By contrast, MPG significantly reduced
heart weight in Tg-DN-
Trx1 mice compared with
saline injection. As a result,
MPG normalized both
LVW/BW and LVW/TL in
Tg-DN-Trx1 mice to the T
levels found in control
mice (Figure 4,aand b). In
addition, we confirmed
that the myocardial level
of 8-OHdG was reduced
by MPG treatment in Tg-
DN-Trx1 mice (Figure 4c).

a
P<0.05

LVW/BW (mg/g)
N

P<0.05
1

in LVW/BW and LVW/TL was significantly greater in
Tg-DN-Trx1 than in NTg mice (Figure 5d and data not
shown). Similar results were observed after 4 weeks of’
aortic banding (Figure 5, e and f). These results suggest
that endogenous Trx1 negatively regulates the extent of
cardiac hypertrophy in response to pressure overload.

The results of echocardiographic measurements con-
ducted at 2 weeks indicated that cardiac function was
maintained in both Tg-DN-Trx1 and NTg mice (Table 2).
The LV systolic function was slightly reduced after 4
weeks in both groups (Table 3). However, dilation of
the LV chamber was not observed in either NTg or
Tg-DN-Trx1 mice, and LVESD became even smaller in
Tg-DN-Trx1 mice after 4 weeks of banding (Table 3).
These results suggest that inhibition of endogenous

P<0.01
P <0.01
| 1

€
E 4- .
(o]
S

These results are consis-
tent with the notion that

Vehicle
(n=4) (n=9)

MPG  Vehicle
(n=3)

MPG Vehicle MPG
(n=5) (n=4) (n=5)

MPG
(n=5)

Vehicle
(n=4)

base-line cardiac hypertro-
phyin Tg-DN-Trx1 miceis ¢
maintained by increased
levels of oxidative stress.
Inhibition of endogenous
Trx1 enbhances pressure over-
load—induced cardiac hyper-
trophy. In control mouse
hearts, transverse aortic
banding for 1 or 2 weeks
caused upregulation of

NTg
NTg

Figure 4

Tg-DN-Trx1

NTg Tg-DN-Trx1

Tg-DN-Trx1 + vehicle Tg-DN-Trx1 + MPG

endogenous Trx1 (Figure
Sa). In order to test
whether endogenous Trx1
also plays an important
role in regulating cardiac

The effect of antioxidant treatment on base-line cardiac hypertrophy in Tg-DN-Trx1 mice. Tg-DN-Trx1
mice and NTg littermates were treated with an intraperitoneal injection of MPG (100 mg/kg/d) or
saline (vehicle) for 4 weeks. LVW/BW (a) and LVW/TL (b) were determined. (¢) LV myocardial sec-
tions obtained from NTg mice (left) and Tg-DN-Trx1 mice treated with saline (center) or MPG (right)
were subjected to immunostaining with 8-OHdG.
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Figure 5

Tg-DN-Trx1 mice and NTg littermates were subjected to either transverse aortic banding or sham operation. (a) The effect of pressure over-
load on expression of endogenous mouse Trx1 in NTg mice. The result is representative of four experiments. (b-d) Aortic banding was applied
for 2 weeks. (b) The effect of pressure overload on oxidative stress in the heart. The heart content of MDA and of MDA plus 4-HAE, the per-
centage increase in MDA, and the percentage increase in MDA plus 4-HAE are shown. (c and d) LVYW/BW (c) and percentage increase in
LVW/BW in response to aortic banding (d) were determined. Similar results were obtained for LVWW/TL. The percentage increase in LVW/BW
and LVW/TL (not shown) was significantly greater in Tg-DN-Trx1 than in NTg mice in response to pressure overload. (e and f) Aortic band-
ing was applied for 4 weeks. LVW/BW (e) and percentage increase in LVW/BW in response to aortic banding (f) were determined. The per-
centage increase in LVW/BW was significantly greater in Tg-DN-Trx1 than in NTg mice.

Trx stimulates a concentric form of cardiac hypertro-
phy in response to pressure overload.

Activity of the Ras—Raf-1-ERK pathway, rather than the INK
or p38-MAPK pathway, is enbanced in the hearts of Tg-DN-
Trx1 mice. In order to examine the mechanism of cardiac
hypertrophy in Tg-DN-Trx1 mice, we examined whether
members of the MAPK family are activated in Tg-DN-
Trx1 hearts. Interestingly, activity of extracellular sig-
nal-regulated kinase (ERK) and that of its upstream
regulators, Raf-1 and Ras, were significantly elevated in
Tg-DN-Trx1 compared with NTg hearts (Figure 6, a—c).
ERK activation in Tg-DN-Trxl mice was further
enhanced by aortic banding (Figure 6a, lower panel). It
has been shown that oxidation of the cysteine residues
(S-thiolation) activates Ras (19). To examine whether
Ras undergoes S-thiolation in the presence of DN-
hTrx1, S-thiolation assays were conducted using COS-7
cells. S-thiolation of Ras was observed in the presence of
DN-hTrx1, but not either empty vector or wild-type
Trx1. S-thiolation of Ras was also observed in the pres-
ence of antisense Trx1, suggesting that decreases in the
activity of Trx1 cause S-thiolation of Ras (Figure 6d).
Although it has been shown that DN-hTrx1 activates
ASKI1 (20), an upstream kinase of p38-MAPK and JNKs,
activities of JNKs and p38-MAPK were not significant-
ly elevated in Tg-DN-Trx1 mice (Figure 6, e and ).

Transgenic mice with cardiac-specific overexpression of Trx1
do not develop cardiac hypertrophy. Cardiac-specific over-
expression of DN-hTrx1 may stimulate hypertrophy

through redox-independent protein-protein interac-
tions (4). In addition, wild-type Trx1 works as a growth
factor in some cell types (21, 22). In order to test
whether cardiac hypertrophy seen in Tg-DN-Trx1 mice
is mediated by redox-independent effects of Trx1, we
generated transgenic mice with cardiac-specific overex-
pression of wild-type Trx1 (Tg-Trx1 mice). We generat-
ed five transgenic lines and confirmed that wild-type
Trx1 is overexpressed in a heart-specific manner (Fig-
ures 7, a and b). We predominantly characterized line
no. 18, where expression of wild-type Trx1 in the heart,
determined by RT-PCR, was 4.5-fold higher than in NTg
mice (Figure 7c). Protein expression of wild-type Trx1 in
line no. 18, determined using anti-Trx1 Ab (4H9), was
3.4-fold higher than that of endogenous Trx1. We con-
firmed that the Trx activity is significantly elevated in
Tg-Trx1 hearts, which contrasted markedly with the Trx
activity in Tg-DN-Trx1 hearts (Figure 7d). At 3 months,
neither LVW/BW nor LVW/TL in Tg-Trx1 mice was dif-
ferent from that in NTg mice (Figure 7e). Similar results
were confirmed in all other Tg-Trx1 lines generated
(data not shown). Echocardiographic measurements
indicated that chamber sizes and cardiac function in
Tg-Trx1l mice were normal, and wall thickness in
Tg-Trx1 did not differ from that in NTg mice (Table 4).
If the prohypertrophic effect of DN-hTrx1 is mediated
by decreases in endogenous Trx1 activity, overexpres-
sion of Trx1 should exhibit antihypertrophic effects. To
test this hypothesis, aortic banding was conducted for
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Table 2

Echocardiographic data of Tg-DN-Trx1 mice and NTg littermates before and after aortic banding for 2 weeks

Before banding

NTg (n=4)

After banding

Tg-DN-Trx1 (n=7)

Before banding

After banding

DSEP Wt (mm) 0.613 + 0.037 0.829 + 0.0354 0.733 +0.0198 1.137 £ 0.021AC
LVEDD (mm) 3.970 +0.188 3.796 + 0.078 3.697 +0.135 3.521+0.122
DP Wt (mm) 0.568 + 0.042 0.829 +0.0454 0.747 + 0.068C 1.128 + 0.024AC
SSEP Wt (mm) 1.005 £ 0.070 1.158 £ 0.048 1.124 +0.0338 1.461 + 0.016AC
LVESD (mm) 2.615+0.148 2.542 +0.075 2.321+0.101 2.298 +0.105
SP Wt (mm) 0.843 +0.069 1.199 + 0.066* 1.023 £ 0.0538 1.466 + 0.018AC
EF 0.715+0.012 0.699 +0.015 0.753+0.018 0.723+0.011
%FS 343+0.9 331£1.2 373+15 34.9:0.9

HR 430+ 44 452+ 11 408 + 21 463 + 30

BW (g) 25.50 + 1.32 27.00 £ 1.35 25.714 % 1.46 25.86 +0.99
Age (d) 78.8+0.5 92.8+0.5 83.4+2.4 97.4+2.4

Data are mean + SEM. AP < 0.01 compared with base line. BP < 0.05, “P < 0.01 compared with NTg mice.

Tabl

2 weeks using Tg-Trx1 and NTg mice, and the pressure
gradient was similar between the two groups. As expect-
ed, increases in oxidative stress (MDA alone and MDA
plus 4-HAE) and in LV hypertrophy (LVW/BW),
induced by pressure overload, were smaller in Tg-Trx1
than in NTg mice (Figure 7, f and g).

Antisense inhibition of Trx1 causes hypertrophy in cultured
cardiac myocytes. In order to confirm that the hyper-
trophic effect of DN-hTrx1 is mediated by decreases in
the endogenous Trx1 activity, we examined the effect
of antisense inhibition of Trx1. We confirmed that
antisense inhibition by either Morpholino oligo or
plasmid significantly decreased expression of endoge-
nous Trx1 in cardiac myocytes and COS-7 cells (Figure
8,aand d). Morpholino antisense Trx1 oligo treatment
significantly increased the total protein content (Fig-
ure 8b) as well as MDA and MDA plus 4-HAE content
(Figure 8c) in cardiac myocytes compared with control
Morpholino oligo treatment. Cotransfection assays
indicated that both DN-hTrx1 and antisense Trx1 sig-
nificantly increased the transcriptional activity of ANF,
a cardiac-hypertrophy marker gene, while empty vector
and wild-type Trx1 did not (Figure 8e). These results

e 3

suggest that antisense inhibition of Trx1 exhibits
hypertrophic effects similar to those of DN-hTrx1 in
cultured cardiac myocytes.

Discussion

Although it has been suggested that one of the most
important functions of Trx1 is as an antioxidant (4),
the importance of Trx1 among cellular antioxidant
mechanisms has not been demonstrated clearly in any
organs in vivo. Our results suggest that cardiac-specif-
ic overexpression of redox-inactive Trx1 in transgenic
mice reduced disulfide oxidoreductase activity of
endogenous Trx in the heart. In this animal model,
oxidative stress in the heart was significantly increased
under both basal and pathologic conditions. This clear-
ly indicates that Trx1 plays an important role as a reg-
ulator of oxidative stress in the heart in vivo.

The cellular environment is maintained in reducing
conditions, and therefore intracellular proteins contain
free thiol, rather than disulfides, under physiological
conditions (2). Trx1 reduces intracellular proteins with
disulfides through its disulfide oxidoreductase activity
(4). Oxidative stress in the heart, in various cardiovas-

Echocardiographic data of Tg-DN-Trx1 mice and NTg littermates before and after aortic banding for 4 weeks

NTg (n=4)

Tg-DN-Trx1 (n = 4)

Before banding

After banding

Before banding

After banding

DSEP Wt (mm) 0.724 £ 0.037 1.111 £0.0544 0.858 £ 0.0518 1.419 £ 0.061A¢
LVEDD (mm) 4.055+0.079 3.937 £0.035 3.939+0.118 3.475 +0.056"8
DP Wt (mm) 0.684 £ 0.038 0.979 +0.0254 0.798 + 0.0368 1.295 + 0.006AC
SSEP Wt (mm) 1.139+£0.067 1.519 +£ 0.0414 1.186 £ 0.054 1.761 + 0.08048
LVESD (mm) 2.632 £0.024 2.737 £0.058 2.551+0.103 2.426 + 0.050¢
SP Wt (mm) 1.061 £ 0.037 1.376 + 0.044A 1.117 £ 0.0698 1.573 £ 0.05948
EF 0.724£0.013 0.663 + 0.0144 0.728 £0.015 0.659 +0.0154
%FS 35.0+1.1 30.5+1.04 35.2+1.2 30.2£1.04

HR 425+ 25 436 + 42 406 + 21 446 + 42

BW (g) 29.25+2.87 28.00 £ 1.29 27.00 + 1.47 28.25+0.48
Age (d) 134.5+0.9 158.5+0.9 129.3+0.8 159.3+0.8

Data are mean + SEM. AP < 0.05 compared with base line. 8P < 0.05, P < 0.01 compared with NTg mice.
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Figure 6

The activities of the Ras-Raf-1-ERK pathway,
p38-MAPK, and p46/p54-JNK1 were exam-
ined in Tg-DN-Trx1 mice and NTg littermates.
(a) Some mice were subjected to aortic band-
ing for 2 weeks. Activities of p42/p44-ERK (a),
Raf-1 (b), p38-MAPK (e), and p46/p54-JNK1
(f) were determined using anti-phosphospe-
cific Ab’s. The same filter was reprobed with
respective non-phosphospecific Ab. (e) Cell
extracts prepared from cardiac myocytes over-
expressing mammalian sterile 20-like kinase 1
(Mst1) were used as positive control (P/C).
The gel picture is representative of three to ten
experiments in each immunoblot analysis. (c)
The activity of Ras was determined using the
Ras-binding domain in Raf-1 coupled with
agarose. (d) S-thiolation of Ras was deter-
mined as described in Methods. COS-7 cells
grown in 60-mm dishes were transfected with
the indicated expression plasmids (2 pg). Cells
were incubated with biotinylated cysteine (0.5
mM), and S-thiolated proteins were isolated
by streptavidin-Sepharose. Samples were sub-
jected to immunoblot analyses with anti-Ras
Ab. AS-Trx1, antisense Trx1.

cular disease conditions, modifies
proteins with redox-sensitive cys-
teine residues by a process called
S-thiolation, thereby modulating
the function of the protein and
intracellular-signaling mechanisms
(4, 23). We believe that Tg-DN-Trx1
mice should be useful in identifica-
tion of pathologically relevant S-thi-
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olated proteins controlled by endogenous Trx1.
Another important finding in this report is that inhi-
bition of endogenous Trx1 in the heart induces cardiac
hypertrophy under basal conditions and enhances car-
diac hypertrophy in response to pressure overload. This
observation is intriguing because it has been suggested
that Trx1 can work as a secreted growth factor, thereby
stimulating proliferation of cancer cells (21). Recently, it
was shown that overexpression of vitamin D3-upregu-
lated protein-1 (VDUP1) prevents PDGF-induced pro-
liferation of VSMCs, presumably by inhibiting the activ-
ity of endogenous Trx1 (22). Although the fact that
inhibition of endogenous Trx1 by VDUP1 prevents cell
proliferation in VSMCs suggests that the effect of Trx1
on cell growth differs between cardiac myocytes and
smooth muscle cells, it is possible that VDUP1 has addi-
tional effects besides inhibition of Trx1. Alternatively, as
we discuss below, the antioxidant action of Trx1 may
have a stronger influence as an inhibitor of hypertrophic
growth of cardiac myocytes than as a growth factor.
Recent evidence suggests that reactive oxygen species
play an important role in mediating cardiac hypertrophy
(1,2, 16,24-27). Application of antioxidant molecules
has been shown to prevent cardiac hypertrophy by

humoral factors in cultured cardiac myocytes as well as
by pressure overload in vivo (16, 24-26). Inhibition of
CuZnSOD, an important cytosolic antioxidant mole-
cule, by diethylthiocarbamic acid induces cardiac hyper-
trophy through a reactive oxygen species-dependent
mechanism in neonatal rat cardiac myocytes (27). How-
ever, the effect of inhibition of antioxidant mechanisms
on cardiac hypertrophy has not been tested in vivo, since
itis difficult to selectively abolish the antioxidant mech-
anism without toxicity in vivo. Our results extend these
previous observations in vitro and provide strong evi-
dence that increased levels of oxidative stress caused by
selective inhibition of an antioxidant mechanism stim-
ulate cardiac hypertrophy in vivo.

It has been shown that overexpression of Trx1 pro-
tects the brain from ischemia/reperfusion injury (28),
suggesting that Trx1 has cell-protective effects. Overex-
pression of VDUP1 promotes apoptosis in neonatal rat
cardiac myocytes (7). Interestingly, however, inhibition
of endogenous Trx1 in transgenic mice neither caused
decreases in cardiac function at base line nor facilitated
decompensation after aortic banding. In fact, 4 weeks of
aortic banding in Tg-DN-Trx1 mice caused decreases in
LVESD due to concentric hypertrophy rather than LV
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chamber dilation (13). Thus, our results suggest that,
although overexpression of Trx1 may exhibit cell-pro-
tective effects, endogenous Trx1 primarily regulates
hypertrophy rather than cell-protective mechanisms.
Alternatively, some aspects of the genetic background
of the FVB strain might have contributed to the well-
maintained LV function seen in Tg-DN-Trx1 mice
despite higher levels of hypertrophy.

In addition to regulating ROS, Trx1 has multiple cel-
lular functions through interaction with intracellular-
signaling molecules, such as ASK1 (29), PKCs (30),

p40Phox (31), and PTEN (32), and nuclear transcription
factors, including NF-KB (33), glucocorticoid receptor
(34), and p53 (35). Thus, interaction between Trx1 and
downstream molecules may directly regulate cellular
function independently of redox regulation. It has
recently been shown that Trx1 regulates ASK1 through
aredox-independent mechanism, which may contribute
to hypertrophic phenotype in Tg-DN-Trx1 mice (20).
We believe, however, that downregulation of Trx1 activ-
ity and subsequent increases in oxidative stress play a
major role in mediating cardiac hypertrophy in Tg-DN-
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Figure 7

Characterization of transgenic mice with cardiac-specific overexpression of wild-type Trx1 (Tg-Trx1 mice). (a) Heart homogenates were pre-
pared from Tg-Trx1 mice and NTg littermates. Immunoblot analyses were conducted using anti-hTrx1 Ab. Short (3-second) and long
(2-minute) exposures of the immunoblot are shown. After long exposure, endogenous mouse Trx1 was detected. (b) Tissue homogenates
were prepared from various organs. Immunoblot analyses were conducted using anti-hTrx1 Ab. (c) RT-PCR analyses of Trx1 and GAPDH.
Total RNA was extracted from Tg-Trx1 (line no. 18) and NTg mice. The lower left panel indicates protein expression of total Trx1, determined
using anti-hTrx1 Ab (clone 4H9). (d) The disulfide oxidoreductase activity of Trx was determined by the insulin reduction assay. Time-depend-
ent reduction of NADPH, determined by spectrophotometry, is shown. *P < 0.05; **P < 0.01 compared with NTg. #P < 0.05, #P < 0.01
compared with 0 min. (e) LYW/BW (mg/g; left) and LVW/TL (mg/mm; right) were determined in Tg-Trx1 mice (line no. 18) and NTg litter-
mates (line no. 18). The age of the animals was 94 + 9 days in Tg-Trx1 and 97 + 7 days in NTg mice. Base-line hypertrophy was not observed
in any other lines of Tg-Trx1 mice (not shown). (fand g) Tg-Trx1 mice and NTg littermates were subjected to either transverse aortic band-
ing or sham operation. Aortic banding was applied for 2 weeks. (f) The effect of pressure overload on oxidative stress in the heart. The heart
contents of MDA and MDA plus 4-HAE are shown. (g) LVWW/BW (left) and percentage increase in LVW/BW in response to aortic banding
(right) were determined. Similar results were obtained for LVW/TL (not shown).
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Table 4
Base-line echocardiographic data of Tg-Trx1 mice and NTg litter-
mates at the age of 3 months

NTg (n=8) Tg-DN-Trx1 (n=7)

DSEP Wt (mm) 0.722 £0.021 0.725+£0.013
LVEDD (mm) 3.852£0.038 3.840 £ 0.075
DP Wt (mm) 0.682 +0.021 0.713 £ 0.023
SSEP Wt (mm) 1.150+0.025 1179 +0.027
LVESD (mm) 2.446 + 0.040 2.485+0.059
SP Wt (mm) 0.985 £ 0.022 1.024 £ 0.029
EF 0.741 £0.013 0.722 £0.015
%FS 36.5+1.1 355+1.6

HR (beats per min) 402 £15 402+ 16

Data are mean + SEM.

Trx1 mice, because Tg-Trx1 mice exhibited opposite
responses to pressure overload, namely reduced levels of
cardiac hypertrophy and oxidative stress. Furthermore,
downregulation of Trx1 by antisense plasmid and Mor-
pholino oligo also caused cardiac hypertrophy in cul-
tured cardiac myocytes, consistent with the notion that
the Trx1 activity is a critical regulator of cardiac hyper-

trophy. It should be noted, however, that the contribu-
tion of the signaling mechanisms mediated by direct
interaction with Trx1 to cardiac phenotype of Tg-DN-
Trx1 mice remains to be elucidated.

A search for downstream signaling mechanisms caus-
ing cardiac hypertrophy in Tg-DN-Trx1 mice indicated
that the Ras-Raf-1-ERK pathway, rather than stress-
responsive protein kinases, is activated in Tg-DN-Trx1
mice. A well-compensated concentric form of cardiac
hypertrophy in Tg-DN-Trx1 mice is similar to that in
transgenic mice with cardiac-specific overexpression of
MAP kinase kinase 1 (36). It has been shown that oxi-
dation of Cys118 in Ras increases GTPase activity of
Ras (19). In fact, our results indicated that Ras is S-thi-
olated in the presence of DN-hTrx1 or antisense Trx1.

It has been recently shown that mice deficient in Trx2,
a Trx1 homolog localized in mitochondria, are embry-
onic lethal because of massive apoptosis (37). Although
Trx2 is expressed in the heart, we do not know whether
the activity of Trx2 in mitochondria is affected in
Tg-DN-Trx1 mice, because of technical difficulties in
isolating Trx2 from the heart samples. However, since
the cellular effect of Trx2 is predominantly cell protec-
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Figure 8

(a—c) Neonatal rat cardiac myocytes were treated with either control Morpholino oligo or Morpholino antisense oligo for rat Trx1 (2 UM)
using osmotic delivery. Myocytes were harvested 48 hours after application of the oligo. (a) Expression of Trx1 was determined by immunoblot-
ting with anti-Trx1 Ab (4H9). (b) Total cardiac myocyte protein content was determined. The mean value in control Morpholino oligo-treat-
ed myocytes was designated as 1. (c) Cellular content of MDA and MDA plus 4-HAE was determined as described in Methods. (d) COS-7 cells
grown in 60-mm dishes were transfected with either empty vector plasmid or pcDNA3.1 harboring DN-hTrx1, antisense rat Trx1 (AS-Trx1), or
Trx1. Forty-eight hours after transfection, cells were harvested, and expression of Trx1 was determined by immunoblot analysis. The level of
Trx1 expression quantitated by densitometric analyses is shown. (e) Cardiac myocytes were transfected with ANF-luciferase (-638) (ANF-
luciferase reporter gene containing 638 base pairs upstream of the rat ANF gene transcription start site) and SV40-B-galactosidase, together
with pcDNA3.1 alone (empty vector) or with pcDNA3.1 harboring DN-hTrx1, antisense rat Trx1, or Trx1. Forty-eight hours after transfection,

activities of luciferase and B-galactosidase were determined. The activity of luciferase was normalized by that of B-galactosidase.
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tive (37), if the activity of Trx2 is significantly inhibited,
a well-compensated cardiac hypertrophy in Tg-DN-Trx1
mice would be unexpected. It would be interesting to
generate mice with cardiac-specific deletion of Trx2 or
expression of dominant negative Trx2 and compare
their phenotype with that of Tg-DN-Trx1 mice.

Recent evidence suggests that the activity of endoge-
nous Trx1 can be posttranslationally modified through
interaction with other antioxidant mechanisms and oxi-
dant species. For example, Cys72 of Trx1 undergoes glu-
tathiolation in response to oxidative stress, which abol-
ishes the enzymatic activity of Trx1 (38). By contrast,
nitric oxide S-nitrosylates Cys69 of Trx1, thereby stim-
ulating the activity of Trx1 (39). The activity of Trx1 is
also subjected to regulation by the Trx1-interacting pro-
teins, such as VDUPI1 (22). Thus, Tg-DN-Trx1 and Tg-
Trx1 mice are useful to elucidate functional conse-
quences of Trx1 modulation in the heart in vivo.

In summary, our results suggest that endogenous
Trx1 is an important antioxidant in the mouse heart,
and that increases in oxidative stress caused by decreas-
es in the Trx1 activity stimulate a concentric form of
cardiac hypertrophy in vivo. Thus, both Trx1 and its
downstream target proteins may be an important ther-
apeutic focus for treatment of cardiac hypertrophy.
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