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Abstract
Selenium (Se) is thought to confer cardioprotective effects through the actions of antioxidant
selenoprotein enzymes that directly limit levels of ROS such as hydrogen peroxide (H2O2) or that
reverse oxidative damage to lipids and proteins. To determine how the selenoproteome responds to
myocardial hypertrophy, two mouse models were employed: triidothyronine (T3)- or isoproterenol
(ISO)-treatment. After 7 days of T3- and ISO-treatment, cardiac stress was demonstrated by
increased H2O2 and caspase-3 activity. Neither treatment produced significant increases in
phospholipid peroxidation or TUNEL-positive cells, suggesting that antioxidant systems were
protecting the cardiomyocytes from damage. Many selenoprotein mRNAs were induced by T3-
and ISO-treatment, with levels of methionine sulfoxide reductase 1 (MsrB1, also called SelR)
mRNA showing the largest increases. MsrB enzymatic activity was also elevated in both models
of cardiac stress, while glutathione peroxidase (GPx) activity and thioredoxin reductase (Trxrd)
activity were moderately and nonsignificantly increased, respectively. Western blot assays
revealed a marked increase in MsrB1 and moderate increases in GPx3, GPx4, and Trxrd1,
particularly in T3-treated hearts. Thus, the main response of the selenoproteome during
hypertrophy does not involve increased GPx1, but increased GPx3 for reducing extracellular H2O2
and increased GPx4, Trxrd1, and MsrB1 for minimizing intracellular oxidative damage.
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1 Introduction
Oxidative stress is induced in the heart by elevated levels of reactive oxygen species (ROS)
that are generated in many cardiovascular disorders [1, 2]. Two useful mouse models of
cardiac stress that induce increased contractility and cardiomyocyte hypertrophy are
treatment with thyroid hormone, triidothyronine (T3), or the β-adrenergic agonist,
isoproterenol (ISO). Both treatments exert profound effects on the heart and cardiovascular
system. Hyperthyroidism produces a well-recognized spectrum of cardiovascular
perturbations that include increased heart rate and contractility, elevated cardiac output, and
eventual cardiac hypertrophy [3, 4]. ISO-treatment also causes an increase in heart rate and
contractility without increasing systemic blood pressure [5]. Both treatments cause increased
myocardial oxygen consumption. Over long periods, these hemodynamic changes can
ultimately lead to “high output” heart failure and some data suggest that increased oxidative
stress contributes to cardiac pathology caused by hyperthyroidism or chronic catecholamine
exposure [6–10]. Excessive or sustained ROS may damage cellular constituents including
lipids, proteins, and nucleic acids. In addition, evidence is emerging for a direct role of ROS
in mediating the hypertrophic process through specific cell signaling pathways [11].
However, it remains unclear what role ROS or the key enzymes that regulate their levels
play in hypertrophy.

Dietary selenium (Se) is an essential micronutrient that has been suggested to play an
important role in protecting the heart from oxidative stress [12–14], although mechanisms
by which this may occur are not well understood. Se exerts its biological effects mainly
through its direct incorporation into selenoproteins as the amino acid, selenocysteine.
Twenty-five selenoproteins have been identified in humans, all but one of which also exist
as selenocysteine-containing proteins in rodents [15]. Functions have been identified for just
over half of the selenoproteins, and these include regulation of thyroid hormone metabolism,
intra- and extra-cellular antioxidation, redox regulation, protein retrotranslocation from the
ER to cytoplasm, and sperm maturation/protection. Important antioxidant, cardioprotective
roles have been described for selenoproteins including glutathione peroxidase (GPx) 1, 3
and 4 and thioredoxin reductase (Txnrd) 1 and 2 [16]. Interestingly, the thioredoxin(Txn)/
Txnrd system has been implicated not only in protecting against oxidative damage, but in
regulating ROS-dependent hypertrophic signaling in cardiac myocytes by reversing
oxidative modification of free reactive thiols (S-thiolation) on the small G protein Ras and
regulating Ras activity [17].

Methionine sulfoxide reductase B1 (MsrB1, described initially as SelR or SelX) is one of
four methionine sulfoxide reductase (Msr) proteins in mammals, and this group of proteins
also includes MsrA, MsrB2, and MsrB3 [18]. ROS can oxidize methionine residues in
proteins to produce a mixture of S- and R-forms of methionine sulfoxide, which can be
reduced by MsrA and MsrB enzymes, respectively [19]. Among Msr enzymes, MsrB1 is the
only selenoprotein. MsrB1 is ubiquitously expressed in all tissues, with highest levels found
in liver and kidney, and a MsrB1 knockout mouse model was recently described in which
these tissues were the most susceptible to oxidative damage of proteins [20]. Whether
MsrB1 protects the heart from oxidative stress under normal or pathological conditions has
not been previously examined.

In the present study, we analyzed heart tissue from mice subjected to T3- and ISO-treatment
to identify selenoproteins or factors involved in their synthesis that are induced during
cardiac stress. Induced expression of MsrB1 mRNA was highest of all proteins examined
and was accompanied by increases in protein levels and enzymatic activity. GPx activity
correlating with increased GPx3 and GPx4 protein expression was also increased with T3-
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treatment. Our results define the selenoproteomic response that helps to protect the heart
against stress-induced apoptosis.

2 Materials and methods
2.1 Mice and Se status determination

C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Male
mice were used at 8–10 weeks of age. All animal protocols were approved by the University
of Hawaii Institutional Animal Care and Use Committee. Serum was analyzed for levels of
Se by inductively coupled plasma mass spectrometry (West Coast Analytical Services/
Exova; Santa Fe Springs, CA, USA).

2.2 T3- and ISO-treatments and tissue collection
An established protocol for inducing hyperthyroidism was followed that involved daily i.p.
injections with 1 mg/kg 3,3’,5-triido-L-thyronine sodium salt (T3; Sigma) or PBS as a
negative control [21]. For the ISO model, isoproterenol bitartrate was delivered by osmotic
minipumps (Alzet Corp., Cupertino, CA) at 20 mg/kg/day, again with PBS as negative
controls. After 4 or 8 days of treatment, the mice were weighed and sacrificed. The hearts
were immediately removed, washed in PBS, blotted dry, weighed, and frozen in liquid
nitrogen. The entire heart was pulverized and divided into separate tubes for RNA or protein
extraction. For histology, whole hearts were dissected and were frozen in Tissue-Tek O.C.T.
compound (Ted Pella, Inc., Redding, CA) and stored at −80°C until sections were prepared.

2.3 RNA extraction and real-time PCR
Tissue samples were thawed and RNA extracted using RNeasy Mini kit and RNase-free
DNase I (both from Qiagen). Concentration and purity of extracted RNA was determined
using A260/A280 measured on an ND1000 Spectrophotometer (NanoDrop Technologies).
Synthesis of cDNA was carried out using Superscript III (Invitrogen) and oligo dT primer,
with 2 µg of total RNA per 50 µl reaction. For real-time PCR, 1 µl of this cDNA was used
in 10 µl reactions with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen).
Reactions were carried out in a 9700HT thermal cycler (Applied Biosystems, Foster City,
CA). Oligonucleotides used for murine selenoproteins and selenoprotein synthesis factors
have been previously described [22]. In addition, for real-time PCR amplification of BNP
we used: fwd: 5’-ATC TCC TGA AGG TGC TGT CCC AG-3’; rev: 5’-GGT CTT CCT
ACA ACA ACT TCA GTG CGT TAC-3’. Cycling conditions included 45 cycles with a
hybridization temperature of 55°C. For relative quantitation, pilot studies were performed
using several housekeeping genes, and hypoxanthine phosphoribosyltransferase (hprt) and
ubiquitin c (ubc) were found to be relatively stable comparing PBS-treated to T3-treated
conditions. To normalize target mRNA of high abundance such as BNP, the high abundance
housekeeping mRNA, ubc, was chosen. In examining the entire selenoprotein transcriptome
that contain several low abundance mRNAs, the lower abundance hprt was utilized.

2.4 Protein extraction, western blots, and enzymatic assays
Protein was extracted from whole hearts by homogenizing powdered tissue on ice in 10 ml
of CellLytic MT buffer (Sigma) containing 1 mM DTT, 1X protease inhibitor cocktail
(Calbiochem), and 5 mM EDTA. Homogenate was centrifuged at 12,000 rpm (13,000 g;
Beckman Coulter microcentrifuge) for 10 min and supernatant removed and stored at
−70°C. Bradford assay was carried out using Bradford Reagent (Bio-Rad) and 30 µg total
protein was combined with reduced Laemmli buffer, boiled at 95°C for 10 min, cooled on
ice, and loaded into wells of 10–14.5% polyacrylamide gradient gels (Bio-Rad). Protein was
transferred to PVDF membranes (Millipore), blocked for 1 h with 5% BSA, and then probed
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for 1 h with primary antibodies, including polyclonal anti-GPx1 and anti-GPx4 (Lab
Frontier, Seoul, Korea), anti-GPx3 (Imgenex), and mouse monoclonal anti-α-tubulin (Novus
Biologicals). Also used in western blots were rabbit polyclonal antibodies raised against
bacterially expressed, Cys-mutant versions of MsrB1, Txnrd1 and 2, and proteins MsrB2
and MsrA. Appropriate HRP-conjugated secondary antibodies from Jackson Immunolabs
were incubated with the membranes for 45 min and detected using ECL Plus (GE
Healthcare). For densitometry, digital images of autoradiographic film were captured using
Gel Logic 200 and Kodak MI software (Kodak Scientific Imaging Systems). This software
was used to measure mean intensity from regions of interest (ROI) that corresponded to the
bands to be measured. The intensity of the target bands (e.g. GPx4) was normalized to that
of the loading control band (e.g. α-tubulin) to obtain normalized levels of target proteins.
Txnrd activity was measured using an activity assay kit (Sigma) based on the reduction of
5,5'-dithiobis(2-nitrobenzoic) acid (DTNB) with NADPH to 5-thio-2-nitrobenzoic acid
(TNB), which produces a strong yellow color that is spectrophotometrically measured at 412
nm. Glutathione peroxidase activity (GPx) was measured using the GPx-340 kit
(OxisResearch), which is based on GPx generating GSSG, which is then reduced by
gltathione reductase. The latter leads to the oxidation of NADPH to NADP+ that is detected
by a decreased A340. MsrB activity was assayed as previously described [20], using a
substrate specific for MsrB that is not recognized by MsrA. Hydrogen peroxide was
measured using a fluorescence-based assay involving an iron and xylenol orange reagent
(Thermo Fisher) and caspase-3 activity was assayed using a Caspase 3 Fluorescence Assay
kit (R&D Systems). The LPO-586 kit (OxisResearch) was used to measure malonaldehyde
(MDA) levels as an indicator of lipid peroxidation.

2.5 Measurement of anatomical structures and TUNEL Assay
Left ventricular mass was measured in unsedated mice with transthoracic echocardiography
(VEVO 2100, VisualSonics, Canada) using a 38MHz transducer. Left ventricular parasternal
short-axis views were obtained in M-mode, imaging at the papillary muscle level. Three
consecutive beats in two M-mode images (6 beats total) were used for measurements of
diastolic values for left ventricular interventricular septum (IVS;d), left ventricular interior
diameter (LVID;d), and left ventricle posterior wall (LVPW;d). The corrected LV Mass was
calculated as follows: (M-Mode LV Mass (1.053 *((LVID;d + LVPW;d + IVS;d)3 −
LVID;d3)) * 0.8). Measurements were taken at baseline and on T3- and ISO-treated mice
prior to sacrifice by an operator blinded to treatment. Frozen heart tissue sections were
analyzed for TUNEL-positive cells using the In Situ Cell Death Detection kit (Roche).
Negative controls from healthy mice were included as well as positive controls using
DNAse I per manufacturer’s instructions. Slides were examined using a Zeiss Axioscop 2
plus equipped with Axio Cam MRc.

2.6 Statistical Analyses
All statistical tests were performed using GraphPad Prism version 4.0 for Windows
(GraphPad Software, San Diego, CA). Means of two groups were compared using a
Student’s t test and significance was defined as p < 0.05. For constructing standard curves,
non-linear regression analysis and curve fitting were performed using Prism 4.0.

3 Results
3.1 T3- and ISO-treatment result in hypertrophic hearts

T3- and ISO-treatments both lead to myocardial hypertrophy, but the signaling pathways,
redox effects, and alterations in systemic Se status may differ for each disease state. Thus,
we used both treatments to induce myocardial hypertrophy in C57BL/6 mice and their
effectiveness was analyzed by determining the heart:body mass ratio. No changes in body
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mass were observed during T3- or ISO-treatment, so detectable changes in the ratios were
attributable to changes in heart mass. Results showed that heart:body mass ratios were
significantly increased in both T3- and ISO-treated mice compared to controls (Figure 1A).
Brain natriuretic peptide (BNP) is a cardiac neurohormone [23] and its expression increases
to counteract ventricular wall stress [24]. T3- and ISO-treatments resulted in approximately
2-fold and 1.5-fold increases in mRNA levels for BNP, respectively (Figure 1B), consistent
with other mouse models of hypertrophy [25]. Increased left ventricular mass was confirmed
using ultrasound at baseline and after 7 d T3- or ISO-treatment to determine the change in
mass per mouse (Fig. 1C). As expected, both treatments resulted in increased left ventricular
mass, confirming adaptive hypertrophic remodeling. Importantly, there were no differences
in serum Se concentration with either T3- or ISO-treatment (Table I).

3.2 T3- and ISO-treatments increase cardiac stress but do not damage heart tissue
Heart tissues were first evaluated for stress by measuring levels of caspase-3 activity. Both
T3- and ISO-treatment led to increased caspase-3 activity in the heart (Fig. 2A). However,
extensive evaluation of heart tissue by TUNEL assay revealed no detectable apoptosis in
hearts of T3- and ISO-treated mice (data not shown). Both treatments increased levels of
H2O2 in heart tissue (Fig. 2B). Increases in lipid peroxidation, if not corrected by enzymes
such as GPx4, can lead to cellular injury. Therefore, we analyzed lipid peroxidation by
measuring the lipid peroxide break-down product, malonaldehyde (MDA), which was not
significantly increased in hearts from either treatment. Collectively, these results suggest
that hypertrophy induced by T3 and ISO is accompanied by oxidative stress, but this does
not lead to detectable levels of cellular damage or death at the doses administered.

3.3 Selenoprotein mRNA levels are increased in heart tissue during hypertrophy
We next used real-time PCR to analyze the relative abundance of mRNA for all 24 murine
selenoproteins and 3 factors involved in their synthesis. Consistent with results from our
previous study [22], five mRNAs (DIO 1, 2, and 3, Sel V and GPx2) were found to be at
levels below reliable detection in heart tissue and this was found to be the case in hearts
from hypertrophic mice and controls (data not shown). Therefore, we focused our analyses
on the remaining members of the selenoprotein transcriptome and results demonstrated that
mRNA abundance of several selenoproteins was increased in hypertrophic hearts (Fig. 3).
Selenoprotein mRNAs were particularly elevated in hearts of T3-treated mice, with highest
levels exhibited for MsrB1 mRNA. MsrB1 mRNA was increased in hypertrophic hearts
above the housekeeping mRNA included as comparison transcripts, including actin, gapdh
and ubc. For the ISO-treated mice, selenoprotein mRNAs showing the largest increases
compared to PBS controls at both days 4 and 8 included GPx1 and MsrB1. The T3-
treatment increased these mRNAs more robustly than the ISO-treatment, consistent with
data in Fig. 2 demonstrating higher levels of oxidative stress induced by T3 compared to
ISO. The 4 and 8 day time-points to evaluate early and late levels, respectively, of mRNA
during the hypertrophic response. Interestingly, T3 showed increases of most selenoprotein
mRNAs at both time-points, while increases for selenoprotein mRNAs was mostly induced
by ISO-treatment after 8 days of treatment. This suggests the higher ROS found with T3-
treatment may have a broader, more sustained impact across the entire selenoprotein
transcriptome compared to ISO-treatment.

3.4 Protein levels for certain selenoproteins were increased in hypertrophic hearts
Selenoprotein mRNA abundance is regulated at both levels of transcription and mRNA
stability [26, 27], which may change levels of selenoprotein mRNA during stress. However,
this may not necessarily result in altered protein levels. To evaluate protein expression, we
focused on representative antioxidant selenoproteins for which enzymatic assays are
available for measuring biological activity. First, GPx activity was increased in hearts from
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T3-treated mice compared to controls (Fig. 4A). Although a slight increase was also found
with ISO-treatment, the difference compared to controls was not statistically significant. To
determine which GPx enzymes may contribute to the increased GPx activity in these cells,
we performed western blot analyses and found GPx3 and GPx4, but not GPx1, were
increased in hearts from T3-treated mice (Fig. 4B–C).

Another important subgroup of selenoenzymes in the heart includes Txnrd1 and 2. Txnrd
activity was not significantly increased in hearts of T3- or ISO-treated mice compared to
controls (Fig. 5A). Consistent with this finding, no significant differences were found in
Txnrd 1 or 2 protein levels for hearts from T3- or ISO-treated mice compared to controls
(Fig. 5B). Overall, the oxidative stress induced by T3- or ISO-treatment does not appear to
affect expression of either Txnrd1 or 2.

Another antioxidant selenoprotein evaluated was MsrB1, which together with non-
selenoproteins MsrB2, MsrB3, and MsrA constitute an enzymatic defense system
responsible for reversing sulfoxidation of methionine residues in proteins, thereby
preserving the functional integrity of these proteins [28]. Specific MsrB activity was
significantly increased in response to both T3- and ISO-treatment (Fig. 6A). Western blot
analyses revealed that, of the Msr enzymes expressed in heart (MsrA, MsrB1 and 2), only
MsrB1 expression was significantly induced in hearts with both treatments, with particularly
strong MsrB1 expression induced by T3-treatment (Fig. 6B–C). These results are consistent
with the relatively high levels of MsrB1 mRNA detected in both cardiac stress models as
shown in Fig. 2.

4 Discussion
Oxidative stress is increased in many pathological conditions, including excessive thyroid
hormone or catecholamines [3, 29, 30]. It follows that T3- or ISO-treatment may result in
increased expression and/or activity of antioxidant enzymes induced in cardiomyocytes as a
protective response to limit cellular damage. Identification of antioxidant enzymes or
molecules involved in mitigating oxidative damage is a key step in understanding
compensatory mechanisms that protect the heart. Results presented in this study demonstrate
that certain selenoprotein-based enzyme systems are induced during cardiac stress. In
particular, expression of MsrB1, a selenoprotein with no previously described role in
cardioprotection, is upregulated in heart tissue in response to T3- and ISO-treatment. These
data are relevant to human cardiovascular health as genetic variation or other factors that
reduce the activity of this protein could increase the damage of an oxidative stress to the
heart. Furthermore, MsrB1 may provide a more specific therapeutic target for modulating
cardiac stress compared to altering Se intake, which affects expression levels of several
selenoproteins and may also alter redox status in cells through small molecular weight
selenocompounds.

The development of concentric left ventricular (LV) hypertrophy in pressure overload is
considered adaptive because the parallel deposition of new sarcomeres and the
corresponding LV wall thickening normalizes wall stress despite the high intracavitary
systolic pressure [31]. While a role for MsrB1 in hypertrophic hearts has not been previously
described, a protective role for the nonselenoprotein MsrA in the heart has been suggested
by others. For example, overexpression of MsrA in primary neonatal rat cardiomyocytes
was shown to protect against ischemia/reperfusion-induced cell death [32]. Furthermore, in
vivo studies by Erickson et al demonstrated a requirement for MsrA in regulating pro-
apoptotic signals during myocardial infarction [33]. MsrA and MsrB1 enzymes may play
overlapping roles in reversing oxidative damage to methionine (Met) residues in proteins,
and there remains the possibility that they regulate apoptosis through differential reduction
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of sulfoxidated Met in signaling molecules. Others have noted that the general phenotypes
of the MsrB1−/− and MsrA−/− mice appear to differ in vulnerability to oxidative stress in
different tissues [20], suggesting that the functions of these two Msr enzymes may not be
completely complementary. Investigation is underway to elucidate specific, non-
complementary roles played by MsrB1 and MsrA in reversing methionine sulfoxidation
induced by different levels or types of ROS under different conditions in heart tissue.

T3 treatment was recently shown to increase serum Se concentrations and affect the
expression of several selenoproteins in serum, liver and kidney [34]. However, we found no
differences in serum Se concentration with either T3- or ISO-treatment, suggesting that this
was not a major factor affecting the selenoprotein transcriptome in the models as used in this
study. The discrepancy with the study by Mittag et al could be due to higher Se in our chow,
as suggested by higher serum Se in our PBS group compared than untreated mice the
previous study, and was actually closer to the T3-treated group in the previous study. Other
differences between our study and the Mittag et al study included period of T3-treatment (7
d vs. 12 d) and route of administration (i.p. injection vs. drinking water).

The GPx enzymes are selenoproteins that have been studied extensively in models of
cardiovascular disease. Different GPx enzymes use glutathione (GSH) to detoxify
hydroperoxides in intracellular and extracellular spaces as well as lipid peroxides in cellular
membranes. GPx1 is particularly important for detoxifying intracellular ROS such as H2O2.
Loscalzo and colleagues have shown that heterozygous deficiency of GPx1 leads to
endothelial dysfunction, which in turn produces significant structural abnormalities in
vascular and cardiac tissues [35]. This group has also shown that GPx1 is important for
protecting against oxidative damage from ischemia-reperfusion, findings corroborated by
others [36]. Interestingly, we did not observe an increase in GPx1 protein, despite the
increased H2O2 detected in both T3- and ISO-treated hearts. Elevated levels of H2O2 that
accompany the hypertrophic process may instead induce expression of GPx3 to minimize
exposure of extracellular matrix to H2O2 and expression of GPx4 to minimize damage to
lipids. Lipid peroxidation has been shown to occur from increased ROS in several different
models of myocardial hypertrophy, including that induced by hyperthyroidism [30]. Recent
work has established a role for GPx4 as a sensor of oxidative stress and a transducer of cell
death signals [37]. Thus, the increased levels of GPx4 observed in heart tissue during T3-
and ISO-treatment may contribute to increased apoptotic signaling (activated caspase-3)
found in our investigation. However, the increased caspase-3 activity induced by T3- or
ISO-treatment was not sufficient for inducing apoptosis in the cardiomyocytes.

Our GPx data also show discordance in the translational response to increased mRNA
abundance for selenoproteins. In particular, both T3- and ISO-treatment resulted in
increased mRNA levels of GPx1 compared to GPx3 or GPx4. Yet we found higher levels of
GPx3 and GPx4 proteins, and not GPx1, particularly with T3-treatment. This emphasizes the
levels at which levels of these antioxidant selenoproteins may be regulated involve
processes in addition to transcription. The lack of increased protein expression for GPx1 is
more difficult to reconcile, given the increased ROS in cardiomyocytes that occur during
hypertrophy. A possible explanation is that increased cytoplasmic ROS result from the
cellular processes that drive the increase in cardiomyocyte size. The cardiomyocytes may
maintain levels of GPx1 protein at basal levels so that pro-hypertrophic ROS that act as
secondary messengers, such as H2O2, are not enzymatically reduced by GPx1 and are thus
available for directing adaptive cellular hypertrophy.

In addition to the GPx, Trxrd, and Msr enzymes analyzed in that latter part of our study,
mRNAs for several other selenoproteins were altered during T3- and ISO-treatment (e.g.
SelH, SelM, and SelW). The changes in SelW are puzzling, given SelW protein is not
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expressed in rodent hearts, but is detected in primate hearts [22, 38]. The increases in SelH
may reflect its suggested role in redox-regulated gene transcription [39, 40]. Similar to SelH,
SelM contains a thioredoxin fold motif, although this selenoprotein is localized to the
endoplasmic reticulum. Although SelH and SelM both may function as oxidoreductases in
nucleus and endoplasmic reticulum, respectively, it remains unclear the specific biological
roles these selenoproteins play. Further investigation into the redox functions of these and
other selenoproteins during hypertrophy is warranted.

The protective effects of Se supplementation in humans is controversial due to several
factors including problems with study design including differences in starting Se status [41].
Conflicting findings in human studies related to cardiovascular disease as well as other
endpoints suggest that Se supplementation may benefit only certain populations, such as Se-
deficient or genetically predisposed groups [16]. A fuller understanding of how dietary Se
levels affect human health requires direct evaluation of the effects of selenoproteins on
cellular processes. Overall, our data provide insight into how the selenproteome responds to
cardiac stress, and in the heart it appears that MsrB1, GPx3, and GPx4 play an important
protective role in circumstances of oxidative stress.

> We model myocardial hypertrophy using thyroid hormone and isoproteranol in mice. >
The relationship between oxidative stress and selenoprotein expression in hearts is
investigated. > H2O2 and caspase-3 activity are increased, but no apparent tissue damage
or apoptosis. > MsrB1(Sel R), GPx3, and GPx4 are increased. > GPx1, Trxrd1, and
Trxrd2 expression are not changed in heart.

Abbreviations used

BNP Brain natriuretic peptide

GPx glutathione peroxidase

ISO isoproterenol

Msr methionine sulfoxide reductase

ROS reactive oxygen species

Se selenium

Trxrd thioredoxin reductase

T3 triidothyronine
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Figure 1.
Treatment with T3 or ISO results in myocardial hypertrophy. Male C57BL/6 mice were
treated with 1 mg/kg T3 or 20 mg/kg/day ISO for 7 d, with PBS serving as a negative
control for both treatments. (A) Heart to body mass ratios demonstrate hypertrophy (N = 10
mice per group). (B) Real-time PCR measuring BNP mRNA levels relative to the high-
abundance, stable housekeeping mRNA, ubiqutin-c (ubc). Each real-time reaction was
performed in triplicate (N = 4 mice per group). C) Anatomical features were measured
before and after T3- or ISO-treatment using ultrasound and left ventricular mass calculated
as described in the Methods section (N = 3 for PBS groups and N = 5 for T3- and ISO-
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treatment groups). For all graphs, results represent mean + SE with means compared using a
student's t test, *p < 0.05.
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Figure 2.
Myocardial hypertrophy is accompanied by increased cardiac stress. (A) Caspase-3 activity
was measured in hearts from mice treated for 7 d with either T3 or ISO compared to PBS as
negative controls, with fluorescence generated by caspase-3 activity (arbitrary fluorescence
units). (B) Hydrogen peroxide was measured using a fluorescence-based assay. (C) Levels
of malonaldehyde (MDA) as an indicator of lipid peroxidation were measured by
spectrophotometry. For all graphs, results represent mean + SE (N = 5 mice per group) with
means compared using a student's t test, *p < 0.05.
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Figure 3.
Abundance of mRNA from hearts obtained on days 4 (grey bars) or 8 (black bars), was
compared to the low-abundance, stable housekeeping mRNA, hypoxanthine
phosphoribosyltransferase (hprt). The relative levels of each target mRNA in T3-treated (A)
or ISO-treated (B) mice were compared to relative levels in PBS-treated controls, with three
mice included per group at each end-point. Results for five selenoproteins (dio-1, -2, and -3,
and sel V and GPx2) were excluded from analyses due to negligible detection of mRNA in
either treated mice or controls.
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Figure 4.
Protein levels of GPx3 and GPx4, but not GPx1, are increased in hearts during T3-induced
myocardial hypertrophy. (A) After 7 d of T3- or ISO-treatment, protein extracted from heart
tissue was analyzed for total GPx activity. Enzymatic activity was normalized to total
protein as determined by Bradford assay. (B) Levels of GPx1 and GPx4 were analyzed by
western blot. For each lane, 30 µg total protein was loaded and equivalent loading was
verified using anti-α-tubulin. (C) Densitometry was used to estimate quantities of GPx
protein detected by western blot as described in the Methods section. For (A) and (C) results
represent mean ± SE (N = 3 per group) with means compared using a student's t test, *p <
0.05.
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Figure 5.
Thioredoxin reductase 1 is significantly increased with T3-treatment. (A) After 7 d of T3- or
ISO-treatment, protein extracted from heart tissue was analyzed for total Trxrd activity.
Enzymatic activity was normalized to total protein as determined by Bradford assay. Results
represent mean ± SE (N = 4 per group) with means compared using a student's t test, T3-
treatment vs. PBS p = 0.09; T3-treatment vs. PBS p = 0.13. (B) Western blot analysis of
lysates showed increased Txnrd1, but not Txnrd2. (C) Densitometry results for Txnrd1 with
results representing mean ± SE (N = 3 per group) with means compared using a student's t
test, *p < 0.05.
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Figure 6.
Protein levels of MsrB1 (SelR), but not MsrB2 or MsrA, are increased in hearts during
myocardial hypertrophy. (A) After 7 d of T3- or ISO-treatment, protein extracted from heart
tissue was analyzed for MsrB activity. Enzymatic activity was normalized to total protein as
determined by Bradford assay. (B) Levels of MsrB1, MsrB2, and MsrA were analyzed by
western blot. For each lane, 30 µg total protein was loaded and equivalent loading was
verified using anti-α-tubulin. (C) Densitometry was used to estimate quantities of MsrB1
protein detected by western blot. For (A) and (C) results represent mean ± SE (N = 3 per
group) with means compared using a student's t test, *p < 0.05.
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Table I

Serum selenium concentrations

T3 Experiment PBS 384 ± 18

T3 384 ± 25

ISO Experiment PBS 385 ± 8.2

ISO 368 ± 21

Numbers represent mean ± S.D. (N = 5)
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