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Abstract
Scope—Selenium has complex effects in vivo on multiple homeostatic mechanisms such as
redox balance, methylation balance, and epigenesis, via its interaction with the methionine-
homocysteine cycle. In this study, we examined the hypothesis that selenium status would
modulate both redox and methylation balance and thereby modulate myocardial structure and
function.

Methods and Results—We examined the effects of selenium deficient (<0.025 mg/kg), control
(0.15 mg/kg), and selenium supplemented (0.5 mg/kg) diets on myocardial histology,
biochemistry and function in adult C57/BL6 mice. Selenium deficiency led to reactive myocardial
fibrosis and systolic dysfunction accompanied by increased myocardial oxidant stress. Selenium
supplementation significantly reduced methylation potential, DNA methyltransferase activity and
DNA methylation. In mice fed the supplemented diet, inspite of lower oxidant stress, myocardial
matrix gene expression was significantly altered resulting in reactive myocardial fibrosis and
diastolic dysfunction in the absence of myocardial hypertrophy.

Conclusions—Our results indicate that both selenium deficiency and modest selenium
supplementation leads to a similar phenotype of abnormal myocardial matrix remodeling and
dysfunction in the normal heart. The crucial role selenium plays in maintaining the balance
between redox and methylation pathways needs to be taken into account while optimizing
selenium status for prevention and treatment of heart failure.
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Introduction
Dietary selenium deficiency is considered to be a causative factor in various forms of heart
failure such as the endemic cardiomyopathy prevalent in China termed Keshan disease [1],
in subjects receiving total parenteral nutrition [2], peripartum cardiomyopathy [3], and in
patients with acquired immune deficiency syndrome [4]. Lower blood selenium levels are
observed in patients with heart failure with reduced left ventricular contractility or systolic
heart failure [5–7]. Selenium, as part of a combination of high dose micronutrients, has been
shown to improve left ventricular function and quality of life in systolic heart failure in a
small clinical study [8]. However, the exact link between selenium deficiency and cardiac
dysfunction is not well understood; one hypothesis is that deficiency of selenium potentiates
the pathogenicity of other factors such as viral infection [9]. Even though preclinical studies
utilizing models such as ischemia-reperfusion injury and adriamycin-induced
cardiomyopathy have demonstrated the benefit of supplemental selenium [10, 11], dietary
selenium supplements have not been conclusively shown to prevent cardiovascular events in
clinical studies [12]. In fact, recent large clinical studies have shown a potential increased
risk of diabetes with selenium supplements [13–15]. Hence, the effects of selenium on
myocardial structure and function need to be better understood to allow the use of selenium
to prevent and treat heart failure. This is especially important since recent surveys have
shown that selenium supplements are widely used [16] inspite of inconclusive data.

Selenium has complex and multiple biological effects derived from its metabolism in vivo as
well as through the intersection of selenium with other metabolic and homeostatic pathways
including redox balance and epigenetic modification of DNA and histones [10, 17–22]. A
major metabolic pathway with which selenium interacts is the methionine-homocysteine
cycle [23–25], and this interaction is crucial to the actions of selenium in vivo via effects on
both redox balance and on DNA methylation. A better understanding of the biological
effects of selenium and its in vivo interaction with the methionine-homocysteine cycle
would be crucial to the appropriate clinical use of selenium. Our previous work has shown
that perturbations in the methionine-homocysteine cycle can affect myocardial interstitial
remodeling and lead to myocardial fibrosis and dysfunction [26–28]. In addition to
increasing anti-oxidant defenses via selenoproteins such as glutathione peroxidases (GPx)
and thioredoxin reductases (TRRs), selenium has also been shown to affect flux through the
methionine-homocysteine cycle and, thereby, affect methylation balance and DNA
methylation [22–25, 29–32]. Hence we examined the hypothesis that dietary selenium
modulates myocardial matrix remodeling via concomitant effects on redox and methylation
status.

Materials and Methods
Animal model

All procedures in this study were approved by the Institutional Animal Care and Use
Committee of Boston University School of Medicine (Protocol AN-14822) and Harvard
Medical School (Protocol 04782) and conform with the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication No.
85-23, revised 1996). Male C57BL6 mice (8–10 weeks old) were purchased from Charles
River Laboratories (Boston, MA, USA) and were maintained in our institutional Division of
Laboratory Animal Medicine on a 12:12 light-to-dark cycle with free access to chow and
water. The animals were randomized into 3 groups – control amino-acid defined diet
(Control); selenium-deficient diet (SD); and selenium supplemented diet (SS) (Harlan
Teklad, Indianapolis, Indiana, USA). The control amino-acid defined diet was similar to that
utilized in our prior published studies [28]. A selenium-deficient mineral mix was utilized in
all the diets and sodium selenite was added to achieve a selenium content of 0.15 mg/kg in
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the Control diet and 0.5 mg/kg in the SS diet. The SD diet did not have added sodium
selenite; its selenium level was <0.025 mg/kg. Dietary treatment was initiated after
acclimatization for 7–10 days to the facility, and continued for 3 or 12 weeks, at the end of
which euthanasia was performed by inducing deep anesthesia with a mixture of xylazine (10
mg/kg) and ketamine (90–200mg/kg) intraperitoneally followed by vital organ removal
within 3–5 minutes. For histological and biochemical measurements, we studied 5–6
animals per group, while for measurements of cardiac function, 6–8 animals/group were
utilized.

Histological analysis of myocardial remodeling
Coronal sections of ventricular myocardium were fixed in 10% neutral buffered formalin,
and serial sections (5 μm) were stained with hematoxylin and eosin for estimating myocyte
size, and with picrosirius red for estimating fibrillar collagen. Perivascular collagen,
coronary arteriolar wall thickening, and interstitial collagen volume fraction were measured
as described previously [26]. Immunostaining was performed as described previously [26]
utilizing mouse monoclonal anti-4-hydroxynonenal (HNE) antibody (Oxis International,
Portland, OR). Intensity of immunostaining was graded on a scale of 0–4 by an investigator
who was blinded to the groups.

Measurement of ventricular function
Cardiac function was measured ex vivo utilizing isolated perfused Langendorff heart
preparations [26]. Briefly systolic and diastolic function was assessed by measuring
developed pressure, +dP/dtmax, diastolic pressure-volume relationship and −dP/dtmax at
various preload balloon volumes normalized to heart weight.

Determination of plasma thiols
Total plasma thiol (homocysteine, cysteine, and glutathione) concentrations were
determined as previously described [33] (See Supplemental Methods for details).

Determination of liver S-adenosylmethionine and S-adenosylhomocysteine levels
S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) were determined in a 50
ul aliquot of liver homogenate using C-18 reversed phase HPLC and UV detection at 254
nm [34] (See Supplemental Methods for details).

Measurement of the plasma selenium level
Plasma selenium levels were measured using a PerkinElmer model A Analyst 600 Atomic
Absorption Spectrometer, equipped with longitudinal Zeeman-effect background correction,
a THGA graphite furnace, and an AS800 autosampler (PerkinElmer, Waltham, MA) [35].
Briefly, mouse plasma samples (10ul) were diluted with 0.2% HNO3 (190ul). The diluted
samples (20ul) was mixed with a matrix modifier solution containing 0.1% Pb(NO3)2 and
0.01% Mg(NO3)2 (6ul) (PerkinElmer). The matrix modifier solution was included to reduce
interference as well as to enhance sensitivity and repeatability. A selenium solution
(1,000ug/ml) (PerkinElmer) was used as the external calibration standards (5ug/L and 15ug/
L). The limit of the selenium measurement was 0.6ug/L.

Measurement of myocardial glutathione peroxidase activity
Myocardial (glutathione peroxidase) GPx activity was measured as described in prior
publications from our laboratory [35] (See Supplemental Methods for details).
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Measurement of plasma isoprostanes
Free 8-isoprostane level was determined using a commercially available enzyme
immunoassay kit as previously described [36] (See Supplemental Methods for details).

Real-time PCR analysis
Total RNA was extracted from frozen mouse heart sections using RNeasy Fibrous Tissue
Mini-columns (catalog # 74704, Qiagen Inc. Germantown, MD) and real-time PCR
performed as previously described [35]. Following specific primers were utilized: GPx-1
(catalog # Mm00656767_g1), tissue inhibitor of matrix metalloproteinase (TIMP)-3 (catalog
# Mm01224941_m1), alpha 2 chain of type I collagen (COL1A2; catalog #
Mm01165187_m1), alpha 1 chain of type III collagen (COL3A1; catalog #
Mm01254476_m1), matrix metalloproteinase (MMP)-13 (catalog # Mm00439491_m1), and
Thioredoxin reductase-1 (cat# Mm00443675_m1).

DNA Methyltransferase activity assay
Mouse whole heart nuclear extracts were harvested using EpiQuik Nuclear Extraction Kit
(Epigentek, New York, NY) following the manufacturer’s protocol. Protein concentrations
were quantified using the Bradford assay (BioRad, Hercules, CA), and 20μg of nuclear
protein was used to measure DNA methyltransferase activity utilizing the EpiQuik DNA
Methyltransferase Activity/Inhibition Colorimetric Assay Kit (catalog# P3001, Epigentek,
New York, NY) according to manufacturer’s instructions. The 96 well plate provided in the
kit has cytosine-rich DNA substrate embedded in the wells. The nuclear extracts were added
to the plate and incubated with the substrate and the provided assay buffers for 1 hour.
Subsequently, capture and detection antibodies were added to detect the methylated DNA.
DNA methyltransferase activity was calculated from the amount of methylated DNA as per
manufacturer’s protocol.

Long Interspersed Nuclear Element (LINE)-1 Methylation Assay
Analysis of global methylation status was performed by measuring the methylation status of
five CpG sites in the mouse LINE-1 element that are highly methylated in the normal state,
using bisulfite modification and Pyrosequencing by EpigenDx, Inc.(Worcester, MA; http://
www.epigendx.com/). Briefly, DNA from ventricular extracts was treated with sodium
bisulfite to effect conversion of unmethylated cytosines to uracil, and subsequently DNA
sequence was analyzed by PCR amplification and Pyrosequencing [37].

Statistical Analysis
Data were evaluated by ANOVA with a Student-Newman-Keuls post-hoc test or by t-test as
appropriate using GraphPad Prism (Graph Pad Software, La Jolla, CA). Two-way ANOVA
was utilized to estimate the interaction of dietary selenium content with time (3 week vs. 12
week dietary treatment). The criterion for significance was a p value <0.05. Data are
reported as means ±SEM.

Results
Effects of dietary selenium content on myocardial remodeling

As shown in Table 1, neither selenium deficiency nor supplemental selenium affected body
weight or heart weight after 12 weeks of dietary treatment. Coronary arteriolar wall
thickness did not vary between groups; however, perivascular and interstitial collagen levels
in the left ventricle were significantly increased in both the selenium deficient and selenium
supplemented groups compared to the control diet (Table 1). Interstitial fibrosis was also
increased in the right ventricle in the SD (4.7±0.4%) and SS (4.0±0.5%) groups compared to

Metes-Kosik et al. Page 4

Mol Nutr Food Res. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.epigendx.com/
http://www.epigendx.com/


the control group (2.4±0.2%; p < 0.05 on ANOVA). There was no histological evidence of
myocyte hypertrophy, and myocyte size did not vary between groups (data not shown).
Figure 1 shows representative sections of the left ventricle from the three groups
demonstrating a significant increase in interstitial collagen in the groups with deficient and
excess dietary selenium.

Dietary selenium affects ventricular function
As shown in Figure 2 (upper panel), 12 weeks of treatment with the selenium deficient diet
led to a significant upward shift of the diastolic pressure-volume curve compared to the
control diet, with a similar but less prominent effect observed in the selenium supplemented
group. Maximum observed values for −dP/dt were: control- 4945±117 mm Hg/s;
SD-2881±441 mm Hg/s; and SS- 4154±373 mm Hg/s (SD significantly lower compared to
the other two groups; p <0.05). Developed pressure was significantly decreased by selenium
deficiency compared to control and selenium supplemented groups (Figure 2; lower panel).
Maximum +dP/dt values obtained in the various dietary groups were: control- 4463±265
mmHg/s; SD-3582±458 mmHg/s.; and SS- 4505±393 mm Hg/s; (no significant differences
between the groups)

Selenium modulates myocardial expression of selenoprotein and matrix genes
Figure 3 shows the expression of selenoprotein and matrix genes in the myocardium after 3
(short-term) and 12 weeks (long-term) of dietary intervention. We examined the expression
of GPx-1, a selenoprotein which is proposed to be highly sensitive to selenium status, and of
TRR-1, a “housekeeping” selenoprotein proposed to be less affected by dietary selenium
content [38]. At 3 weeks, GPx-1 expression was markedly decreased in the SD group
compared to control (Figure 3A), while at 12 weeks GPx-1 expression was significantly
increased (more than 3-fold) in the SS group compared to control and SD groups (Figure
3G). There was no effect of the diets on TRR-1 expression at 3 weeks (Figure 3B); however,
at 12 weeks, TRR-1 expression was significantly greater in the control group compared to
SD, and in the SS group compared to both control and SD groups (Figure 3H).

Dietary selenium also affected myocardial matrix gene expression. As shown in Figures 3C
and 3I, selenium supplementation elicited a biphasic response in myocardial expression of
COL1A2, with a significant decrease in expression at 3 weeks compared to control group,
and a significant increase in expression at 12 weeks compared to the other two groups.
COL3A1 expression was not significantly altered at 3 weeks (Figure 3D); at 12 weeks, there
was a significant increase in expression in the SS group (Figure 3J). Myocardial expression
of the major rodent collagenase MMP-13 was not significantly different in any group at
either time point (Figures 3E and 3K). Figures 3F and 3L demonstrate the expression of
TIMP-3, a major inhibitor of MMP activity. Both selenium deficiency and selenium
supplementation significantly decreased TIMP-3 expression compared to the control group
after 3 weeks of dietary intervention, while the expression of TIMP-3 was significantly
increased in the SS group at 12 weeks compared to the other 2 groups.

Effects of selenium on redox status
Table 2 shows the effects of the three diets on plasma selenium and redox status at 12
weeks. The plasma selenium level was significantly decreased in the SD group compared to
the other two groups. There was no significant difference in the plasma selenium
concentration between the SS and control groups. The activity of GPx-1 was significantly
decreased in the myocardium of SD mice compared to control (p< 0.05) and SS groups (p<
0.001). The intensity of immunostaining for the lipid peroxidation end-product HNE was
significantly increased in the myocardium of the SD group compared to the other two

Metes-Kosik et al. Page 5

Mol Nutr Food Res. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



groups. The plasma level of F2-isoprostane, a marker of systemic lipid peroxidation, was
also significantly increased in the SD group compared to the other two groups.

Effect of dietary selenium on plasma thiol levels
The effect of dietary intervention on the plasma levels of homocysteine, cysteine, and
glutathione are presented in Figure 4. Plasma homocysteine level did not vary between
groups at 3 weeks (Figure 4A). At 12 weeks, the SD group had a significantly lower plasma
homocysteine level compared to the control and SS groups (Figure 4D). Similarly, plasma
cysteine level was significantly reduced in the SD group compared to the other groups at 12
weeks (Figure 4E), while the levels were similar in the three groups at 3 weeks (Figure 4B).
Interestingly, the plasma glutathione level was significantly decreased in the SS group
compared to control and SD groups at 3 weeks (Figure 4C), while at 12 weeks there was no
significant difference between groups (Figure 4F).

Selenium affects methylation status
Since selenium affected the status of the methionine-homocysteine cycle in our model, and
since selenium is proposed to affect gene expression by altering DNA methylation, we
examined the effect of selenium on global methylation status. Figure 5 shows the effects of
dietary treatment on liver content of S-adenosyl methionine (SAM), S-adenosyl
homocysteine (SAH), the ratio of SAM/SAH, and myocardial DNA methyltransferase
(DNMT) activity. None of the dietary treatments altered SAM levels at 3 or 12 weeks
(Figures 5A and 5E). SAH level did not vary significantly among groups at 3 weeks (Figure
5B); however, SAH level was significantly increased in the SS groups compared to control
and SD groups after 12 weeks of dietary treatment (Figure 5F). Consequently, the ratio of
SAM to SAH was decreased significantly in the SS group at 12 weeks (Figure 5G) with no
difference noted at 3 weeks (Figure 5C). Interestingly, DNMT activity in the myocardium
was decreased significantly in the SS group at 3 weeks compared to the other two groups
(Figure 5D); there was no statistically significant difference among the three groups at 12
weeks. Analysis of methylation status of five CpG sites which are normally highly
methylated showed a similar differential response to time and selenium status. There was
modest increase in methylation between 3 and 12 weeks in the control and selenium
deficient groups, while an opposite effect of a decrease in methylation between 3 and 12
weeks was observed in the selenium supplemented group (Figure 5I).

Discussion
The results of our study provide novel insights into the effects of dietary selenium on
myocardial remodeling. Similar to prior reports in cardiac injury models such as ischemia-
reperfusion and adriamycin-induced cardiomyopathy, selenium deficiency de novo
promoted systolic dysfunction accompanied by diastolic abnormalities. Unexpectedly,
selenium supplementation at doses well below toxic levels also led to diastolic dysfunction.
Since supplemental selenium altered methylation potential, DNMT activity, and methylation
of DNA, the observed effects on matrix gene expression is likely modulated via epigenetic
changes. Our study suggests that selenium status influences not only oxidant stress, but also
methylation balance and epigenesis, thereby resulting in similar phenotypes with selenium
deficiency and modest excess. These results demonstrate the complex biology of selenium in
vivo, and have important implications for the use of selenium supplementation in
cardioprotection.

In our study selenium deficiency resulted in increased oxidant stress, a reduction in GPx-1
expression and activity, and a reduction in systolic function similar to findings observed in
prior reports [10, 39, 40]. While the effect on myocardial contractility could be secondary to
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previously reported abnormalities in calcium handling and contractile machinery [41], the
effects of selenium depletion on myocardial fibrosis have not been well studied. Keshan
disease is associated with multifocal myocardial necrosis and replacement fibrosis [42].
Similarly, clinical reports of severe selenium deficiency associated with parenteral nutrition
also demonstrated replacement fibrosis similar to that found in Keshan disease [2]. A recent
study utilizing a combined selenium and vitamin E deficiency model of Keshan disease
demonstrated increased oxidant stress in the myocardium leading to myocardial fibrosis
[43]. Since the interstitial fibrosis did not include larger areas, and since histological analysis
did not reveal evidence of myocyte necrosis, the most likely reason for the observed fibrosis
is reactive and not replacement fibrosis [44].

The novel findings of the study were the direct effects of selenium supplementation on
myocardial matrix remodeling and function The dose used in our study (0.5 mg/kg) was
similar to doses used in clinical studies, and was modest compared to previous studies that
utilized doses as high as 2.5 mg Se/kg diet [11]. Moreover, the SS diet did not elevate the
plasma selenium level compared to the normal diet. However, this modest dose of selenium
produced favorable effects on myocardial expression of GPx-1, suggesting that the
intracellular availability of selenium for selenoprotein synthesis was increased in the
myocardium. Myocardial collagen content depends not only on the expression of the major
myocardial collagens types I and III, but is also dependent on matrix metalloproteinases
(MMPs) which degrade collagen as well as the collagen breakdown products gelatins, and
the expression of tissue inhibitors of MMPs or TIMPs which regulate the activity of MMPs.
The effects of the SS diet was time-dependent, with transcription of both major myocardial
collagens (types I and III) and of TIMP-3 increased by selenium supplementation after 12
weeks of treatment, while at 3 weeks, the major effect was a decrease in TIMP-3 expression.
Myocardial compliance decreased, as evidenced by an upward shift in the diastolic pressure-
volume relationship without a significant change in the rate of myocardial relaxation
measured by −dP/dt. Our observed results on myocardial matrix remodeling are similar to
previous studies in non-cardiovascular tissues and cells. For example, a study by Kucharz
and colleagues demonstrated that toxic levels of selenium increased total collagen content in
the skin [45], while Chen and co-workers have shown that selenium significantly affects
matrix turnover in chondrocytes [46]. Recent microarray-based studies on the effects of
selenium on gene expression also suggest a significant impact of selenium on matrix gene
expression, especially TIMP-3, in rat liver as well as in mouse liver and kidney [47, 48].
Conversely, a study by Carlson and colleagues showed that elimination of selenoprotein
sysnthesis in mouse macrophages utilizing genetic mutation of the tRNA for selenocysteine
increased collagen and TIMP-3 transcription in mouse macrophages [49]. Our study also
suggests that selenium status is an important modulator of matrix metabolism even at
modest supplemental doses.

In addition to the well-described effects mediated via changes in oxidant stress, selenium is
also implicated in methylation balance and epigenetic modifications. As shown in Figure 6,
selenium metabolism is intricately linked with the methionine-homocysteine cycle. In this
cycle, methionine is converted to S-adenosyl methionine, which serves as the methyl donor
for all methylation reactions with the exception of remethylation of homocysteine to
methionine. Donation of a methyl group leads to the conversion S-adenosyl methionine to S-
adenosyl homocysteine, which is hydrolyzed to yield the amino-acid homocysteine.
Homocysteine can undergo one of two fates, remethylation or transsulfuration.
Remethylation is catalyzed by either methionine synthase, which requires vitamins B12 and
folate as cofactors, or by betaine homocysteine methyltransferase. Transsulfuration is
initiated by cystathionine beta synthase, and irreversibly commits homocysteine to
conversion to cysteine, the precursor of glutathione, which is the substrate for glutathione
peroxidases. Selenium itself is methylated into mono-, di-, and tri-methyl forms which are
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less toxic [50], and based on some reports might have greater effect in preventing
carcinogenesis than the non-methylated forms [51]. Hence as shown in Figure 6, selenium
interacts extensively with the methionine-homocysteine cycle and thereby modulates redox
and methylation reactions. Plasma homocysteine level was reduced by selenium deficiency,
similar to prior reports in rodent models, possibly via increased flux through the
transsulfuration pathway which irreversibly commits homocysteine to the production of
cysteine and glutathione [23, 31, 32]. The initial reduction in plasma glutathione levels at 3
weeks is most likely due to the utilization of selenite during normal metabolism of selenite
to selenide [52], with compensatory mechanisms over longer period of treatment leading to
levels similar to control diet at 12 weeks. Selenium status has also been shown to affect
methyl metabolism and DNA methylation [22, 24, 25]. In our study, selenium deficiency did
not alter methylation potential represented by the ratio of SAM to SAH, or DNA methyl
transferase activity; however, selenium supplementation markedly altered methylation
potential at 12 weeks. The level of SAH, a potent inhibitor of all methyltransferases, was
increased, while that of SAM did not change in the selenium-supplemented group. DNA
methyltransferase activity was decreased in the selenium-supplemented group at 3 weeks.
The decrease in DNA methylation between 3 and 12 weeks in the selenium supplemented
group suggests that methylation is affected by the interaction between selenium
supplementation and duration of treatment. This effect of supplemental selenium on DNA
methylation could be the potential mechanism responsible for the marked changes in matrix
gene expression seen with modest selenium supplementation as selenium has been reported
to have effects on DNA methylation and other epigenetic mechanisms in several in vitro and
in vivo studies [19, 24, 25]. Supporting this possibility is the fact that in humans, the
TIMP-3 gene, and both genes coding for type I collagen have been shown to be regulated by
methylation [53–55]. The effects of methylation imbalance in the adult stage, as in our study
may be different from the effects of maternal methyl deprivation on the offspring, which has
been shown to lead to a perinatal cardiomyopathy characterized by metabolic abnormalities
and cardiac hypertrophy [56].

Our study examined the de novo effects of selenium supplementation. It is possible that in
the presence of significant pathology such as hypertensive heart disease or myocardial
infarction and the co-existent oxidant stress and neurohormonal activation, the effects of
selenium could be different from the de novo effects observed in our study. For example, in
a study by Lymbury and colleagues, normal and high selenium diets markedly reduced
mortality in a spontaneously hypertensive rat model of heart failure, while the selenium
status did not affect survival in normotensive rats [17].

As mentioned above, endemic selenium deficiency or marked deficiency resulting from
parenteral nutrition can result in cardiomyopathy and heart failure [2, 42]. In addition,
selenium deficiency is thought to play a role in heart failure associated with other
conditions. For example, a reduced cardiac selenium level has been observed in patients
suffering from acquired immune deficiency syndrome [4], and selenium supplementation
has been shown to reduce Coxsackie virus induced myocardial damage in rodents with this
syndrome [57]. However, epidemiologic and clinical studies have yielded conflicting results
on the relation of the plasma selenium level to cardiovascular disease [58]. In fact, a U-
shaped curve has been demonstrated for all-cause, cancer and cardiovascular mortality in
relation to selenium levels; hence a narrow range of “optimal selenium status” could explain
the relation of low and high selenium levels to disease states [59, 60]. Hence, the exact
mechanisms of action of selenium in normal and pathologic states and the appropriate
biologic markers of the myocardial effects of selenium need to be studied in detail to allow
the use of selenium as a preventive or cardioprotective agent. It is possible that the effects of
selenium supplementation on matrix metabolism and oxidant stress could be beneficial in
conditions such as post-infarct remodeling, while these effects on matrix turnover could be
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deleterious in the context of pathologic hypertrophy with concomitant fibrosis as occurs in
hypertensive heart disease.

Limitations
We analyzed global methylation using a surrogate marker, LINE-1. Our results do not
address the methylation status of promoter regions or exons of matrix associated genes,
which will be the objective of future studies. The changes in LINE-1 methylation are modest
in absolute terms and may not correlate with methylation of specific sites, since global
hypomethylation can co-exist with site-specific DNA hypermethylation [22]. The analyses
reported in this study were conducted utilizing whole heart tissue and, hence, does not allow
us to distinguish the effects in different cell types in the heart.

Conclusions
In conclusion, our results suggest that dietary selenium status directly affects myocardial
matrix remodeling and function. Our results also suggest that along with redox balance,
changes in methylation and epigenetic mechanisms also may play a role in the effects of
selenium on cardiovascular biology. These novel findings offer new therapeutic targets in
the use of selenium for cardioprotection as well as new biologic markers to monitor
potential adverse effects of selenium.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative sections of the myocardium
Picrosirius stained sections of the myocardium (X200) demonstrates increased staining for
fibrillar collagen in the interstitium (pink staining) in the selenium deficient (middle panel)
and selenium supplemented (lower panel) groups compared to the control group (upper
panel).
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Figure 2. Effect of selenium on cardiac function after 12 weeks of dietary treatment
(n=6–8 animals/group). Upper panel demonstrates the effect of selenium on diastolic
function. Compared to control diet, the selenium deficient diet caused a marked upward shift
of the relationship of left ventricular end diastolic volume to end diastolic pressure
(ANOVA; p<0.05). Selenium supplementation caused a lesser upward shift of the diastolic
pressure-volume curve compared to control diet (ANOVA; p<0.05). Lower panel
demonstrates the effect of selenium on cardiac systolic function. Developed pressure (peak
systolic-diastolic) was significantly decreased by selenium deficiency (ANOVA; p<0.05),
while selenium supplementation did not alter systolic function.
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Figure 3. Effect of selenium on myocardial gene expression
Figures 3A–F demonstrate the effects after 3 weeks of dietary treatment, while figures 3G–L
show the effect of selenium after 12 weeks of dietary intervention. Results are expressed as
a ratio to the control group. P values obtained by ANOVA are shown in the figure. GPx-1–
glutathione peroxidase-1; TRR-1–thioredoxin reductase-1; COL1A2–collagen I alpha2;
COL3A1-collagen III alpha1; MMP-13–matrix metalloproteinase-13; and TIMP-3-tissue
inhibitor of matrix metalloproteinase-1.
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Figure 4. Effect of selenium on plasma thiol levels
Figures 4A–C demonstrate the effects of dietary intervention at 3 weeks, while panels 4D–F
show effects of the three diets at 12 weeks. ANOVA was utilized to analyze for significant
differences between groups and p values obtained are shown in the figure.
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Figure 5. Effect of dietary treatments on methylation potential and DNA methyltransferase
activity
Figures 5A–C demonstrate the effects of diets on liver methylation potential after 3 weeks of
treatment, while figures 5E–G show the effects of 12 weeks of dietary intervention. Figures
5D and 5H demonstrate the effects of selenium on myocardial DNA methyltransferase
activity. Figure 5I shows the average percentage methylation levels of five CpG sites in the
LINE-1 retrotransposon. The p values obtained on ANOVA are shown in the figure; results
of 2 way ANOVA to determine the interaction of selenium status and duration of treatment
is shown in Figure 5I. SAM - S-adenosyl methionine; SAH – S-adenosyl homocysteine;
DNMT- DNA methyltransferase.
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Figure 6. Interaction of selenium metabolism and the methionine-homocysteine cycle: effects on
redox status and methylation
Selenium in incorporated as the unique amino-acid selenocysteine in the catalytic site of the
anti-oxidant enzyme glutathione peroxidase-1, which utilizes glutathione derived from
transsulfuration of homocysteine, as a substrate. Homocysteine is derived from S-
adenosylhomocysteine, which is formed as a result of methylation reactions including
methylation of selenium. ROS-reactive oxygen species; RNS-reactive nitrogen species;
B12-vitamin B12; B6-vitamin B6.
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Table 1

Cardiac morphometric indices after 12 weeks of dietary treatment.

Parameter Dietary groups (n=7–8/group)

Selenium Deficient Control Selenium Supplemented

Body weight (g) 37.2±0.6 37.0±1.1 35.8±0.7

Heart weight (mg) 136.6±4.4 137.7±3.3 132.6±3.8

Heart weight/body weight (mg/g) 3.67±0.1 3.74±0.1 3.70±0.1

Coronary arteriolar wall thickness (normalized to lumen area) 1.40±0.1 1.61±0.1 1.43±0.1

Perivascular Collagen (normalized to lumen area) 0.77±0.1** 0.45±0.04 0.64±0.1*

Interstitial collagen (% area) 1.21±0.1* 0.72±0.1 1.22±0.2*

*
p<0.05

**
p<0.01

***
P<0.001 vs. Control group
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Table 2

Selenium and redox status at 12 weeks.

Parameter Dietary groups (n=7–8/group)

Selenium Deficient Control Selenium Supplemented

Plasma Selenium (μg/L) 61.8±6.4a 370.7±38.8 403.9±1.2

Myocardial GPx activity(mU/mg protein) 16.7±4.2 38.2±1.4b 57.3±9.7c

Myocardial HNE staining# 2.37±0.2d 2.04±0.2 1.54±0.2

Plasma isoprostane level(pg/mL) 320±58a 83±15 102±12

a
p<0.001 vs. other groups;

b
p<0.05 vs. selenium deficient group;

c
p<0.001 vs. selenium deficient group;

d
p<0.05 vs. selenium supplemented group;

#
arbitrary scale of 0–4
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