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Abstract

Methionine residues are susceptible to oxidation, but this damage may be reversed by methionine sulfoxide
reductases MsrA and MsrB. Mammals contain one MsrA and three MsrBs, including a selenoprotein MsrB1.
Here, we show that MsrB1 is the major methionine sulfoxide reductase in liver of mice and it is among the
proteins that are most easily regulated by dietary selenium. MsrB1, but not MsrA activities, were reduced with
age, and the selenium regulation of MsrB1 was preserved in the aging liver, suggesting that MsrB1 could account
for the impaired methionine sulfoxide reduction in aging animals. We also examined regulation of Msr and
selenoprotein expression by a combination of dietary selenium and calorie restriction and found that, under
calorie restriction conditions, selenium regulation was preserved. In addition, mice overexpressing a mutant
form of selenocysteine tRNA reduced MsrB1 activity to the level observed in selenium deficiency, whereas MsrA
activity was elevated in these animals. Finally, we show that selenium regulation in inbred mouse strains is
preserved in an outbred aging model. Taken together, these findings better define dietary regulation of me-
thionine sulfoxide reduction and selenoprotein expression in mice with regard to age, calorie restriction, dietary
Se, and a combination of these factors. Antioxid. Redox Signal. 12, 829–838.

Introduction

For many organisms, selenium (Se) is an important mi-
cronutrient. In mammals, this trace element is biologically

active, essential during development, and has been reported
to possess cancer prevention activity (7, 13). It is thought that
the majority of biological effects of Se are exerted by seleno-
proteins, which contain a selenocysteine (Sec) residue. This
rare amino acid is inserted into proteins co-translationally in
response to the codon UGA (41). Mammalian Sec insertion
machinery includes an RNA stem-loop structure known as
the SECIS element (3, 4, 21), a Sec-specific tRNA(Ser)Sec (19), an
elongation factor EFsec (15, 44), a SECIS-binding protein 2 (12,
31), and several additional factors (10).

In selenoproteins, Sec is often located in catalytic sites and
serves an oxidoreductase function. Thus, selenium and redox
processes are tightly associated. Two major cellular redox
systems in mammals, thioredoxin and glutathione systems
(20), utilize Se through thioredoxin reductases (TRs) and
glutathione peroxidases (GPxs), respectively. These proteins
have been the major focus of selenium research because of
their abundance, apparent antioxidant function, and regula-
tion by dietary Se (1, 16, 26). In addition, GPxs, together with
selenoprotein P, have been used in determining selenium re-
quirement in the diets of animals and humans (8).

As biological effects of selenium and its impact on human
health are largely due to selenoproteins, it is of interest to
elucidate how additional selenoproteins are regulated by this

1Department of Biochemistry, University of Nebraska, Lincoln, Nebraska.
2Institute of Cell Biophysics, Russian Academy of Sciences, Pushchino, Russia.
3Department of Biochemistry and Molecular Biology, Yeungnam University College of Medicine, Daegu, South Korea.
4Division of Genetics, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts.
5The Jackson Laboratory, Bar Harbor, Maine.
6Laboratoire de Biologie et Biochimie Cellulaire du Vieillissement, Paris, France.
7Section on the Molecular Biology of Selenium, Laboratory of Cancer Prevention, Center for Cancer Research, National Cancer Institute,

National Institutes of Health, Bethesda, Maryland.
*Current affiliation: Laboratoire de Biologie Cellulaire du Vieillissement, UR4, Université, Pierre et Marie Curie, Paris 6, France.
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dietary factor. It was found that selenoprotein methionine-R-
sulfoxide reductase (MsrB1) is responsive to selenium status in
the diet (35, 36). This protein is one of the enzymes that can
reduce oxidized methionine residues back to methionines (5, 28,
46). Many amino acids in proteins are susceptible to oxidative
modifications, but oxidation of sulfur-containing amino acids,
cysteine and methionine, is of particular importance (5, 46).

Oxidation of methionine residues leads to a mixture of
S- and R-epimers of methionine sulfoxide. Methionine sulf-
oxide reductase A (MsrA) can stereospecifically reduce
methionine-S-sulfoxide, whereas MsrB can only reduce
methionine-R-sulfoxide (5). Methionine sulfoxide reduction
has been implicated in regulating numerous biological pro-
cesses, including lifespan in animals and progression of neu-
rological disorders (42). Recent studies revealed a possible
role of methionine sulfoxide reduction in regulating lifespan
in animals (25, 32, 38, 39). Although the effect of deletion of the
MsrA gene in mice on lifespan needs further examination [i.e.,
there are reports of no effect of MsrA knockout (39) and a
reduction of *40% (32)], overexpression of bovine MsrA,
predominantly in the nervous system, extended lifespan of
fruit flies by *70% (38). Using yeast cells as a model, it was
shown that overexpression of either MsrA or MsrB can in-
crease lifespan (25). However, whereas MsrA was effective
under regular growth conditions, MsrB could only extend
lifespan under calorie restriction conditions in yeast.

Selenium deficiency was previously shown to reduce the
expression of MsrB1 in mice (33), but it would be important to
examine this regulation under multiple selenium diets. It is
also of interest to elucidate if selenium, through methionine
sulfoxide reduction and other antioxidant systems, has a role
in regulating lifespan in mammals. Although selenium was
previously implicated in the aging process, an experiment
specifically designed to examine the role of this trace element
on lifespan in rodents or other mammals has not been per-
formed (or has not been reported).

To examine regulation of methionine sulfoxide reductase
function, we carried out a study that utilized several mouse
models, including wild-type mice (Balb=c mice, a commonly
used mouse line), and TGFa and TGFa=i6A- transgenic mice.
TGFa mice express TGFa, a transgene that promotes carcino-
genesis and is capable of modulating cellular redox status (14).
TGFa=i6A- express both TGFa and a mutant form of Sec tRNA
lacking a modification at a codon flanking the anticodon. The
i6A- transgene leads to a dramatic reduction in selenoprotein
expression, particularly of stress-related selenoproteins, such as
GPx1, whereas several selenoproteins, such as TR3, are little
affected (34). The above listed mouse models are inbred strains
in which individual animals are genetically very similar, and
small sample sizes could be used to represent the population.
However, the use of inbred strains may alsohave disadvantages,
particularly with regard to high incidence of strain-specific
pathologies. To better relate our findings to human health, we
also included an additional outbred control group, a four-way
cross HET mice. This outbred model incorporates genetic di-
versity and has been used in the National Institute of Aging
Interventions Testing Program, for example, demonstrating the
effect of rapamycin on lifespan extension (18). The outbred and
inbred mice were subjected to selenium diets, calorie restriction,
and=or aging to examine regulation of methionine sulfoxide
reduction at three levels: (i) selenoprotein expression, (ii) MsrA
and MsrB1 expression, and (iii) MsrA and MsrB activities.

Materials and Methods

Materials

Chemicals were from Sigma, St. Louis, MO. Anti-GPx1
antibodies were from Genetex, Irvine, CA. Anti-MsrB1 (22),
anti-TR3 (45), and anti-MsrA (47) antibodies were previ-
ously described. Selenium-defined rodent diets were based
on selenium-deficient Torula yeast and were obtained from
Harland TekLad, Madison, WI. We used Se-deficient ((-)Se,
<0.02 ppm Se), 0.1 ppm Se, 0.15 ppm Se, 0.4 ppm Se, and
2.25 ppm Se diets, which were obtained by supplementing
the Se-deficient diet with indicated amounts of selenium in
the form of sodium selenite, as described (35). In addition,
we used a common rodent diet from Harland TekLad and
two independent batches of Purina version of NIH 31 ro-
dent diet with 4% fat (designated NIH 1 and NIH 2). The
actual amount of selenium in each diet was determined
fluorometrically using 2,3-diaminonaphtharene (DAN) (48)
in Oscar E. Olson Biochemistry Analytical Services La-
boratory, South Dakota State University, SD.

Strains of mice

Care and treatment of experimental animals were ap-
proved by the Animal Care and Use Committee at the Uni-
versity of Nebraska-Lincoln (UNL). Balb=c mice were kindly
provided by the UNL animal facility at Manter Hall, and
TGFa=þ mice by Dr. Glenn Merlino (National Cancer In-
stitute). TGFa=þ mice on a CD1 background were bred with
either wild-type FVB mice or i6A- mice on an FVB background
(34) to obtain TGFa=þ and TGFa=i6a- mice on a mixed
CD1=FVB background. The HET mice were a four-way cross
population initially defined by Dr. R. Miller, called UM-HET3.
They were bred from mothers that are CByB6F1=J ( JAX stock
#100009), and mated with fathers that are C3D2F1=J ( JAX
stock #100004). From each breeding pair, the initial litters
were discarded, and the second and subsequent litters were
used for the experiments.

Selenium diets and aging

Following weaning, Balb=c mice were subjected to sele-
nium diets and maintained on these diets for 10 or 30 months.
Each of the age groups consisted of three subgroups that re-
ceived either selenium-deficient ((-)Se, <0.02 ppm Se), 0.1
ppm Se, or 0.4 ppm Se diets. This experiment was carried out
for both male and female mice.

Combination of selenium diets and calorie restriction

Weaned Balb=c mice were first maintained on one of four
selenium diets, including (-)Se, 0.15 ppm Se, 0.4 ppm Se, and
2.25 ppm Se diets, for 6 weeks to adjust their Se status. Animal
weight and amount of consumed food were monitored daily
during the last 2 weeks of this procedure, and only the mice
with weight deviating not more then 5% from the median
weight (calculated separately for males and females) were
subjected to the calorie restriction study. During calorie re-
striction, male mice received 2.3 g and female mice 2.5 g of diet
at 9 AM daily. This amount corresponded to 65% of the food
consumed by animals having free access to food. The calorie
restriction study lasted 6 weeks. At the end of the study, the
mice were 4 months old.
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TGFa=þ and TGFa=i6a

TGFa=þ and TGFa=i6A- mice were each divided into three
groups at 4 weeks of age and subjected to the following se-
lenium levels: (-)Se, 0.1 ppm Se, and 0.4 ppm Se.

HET mice

Four-way cross, 5–7-month HET female mice were divided
into six groups and subjected to the following selenium diets for
6 weeks: (-)Se, 0.1 ppm Se, 0.4 ppm Se, two independent batches
of NIH diets, and Harlan Teklad standard rodent chow.

Sample preparation

At the end of each experiment, animals were sacrificed, and
their livers were dissected and subjected to selenoprotein ex-
pression and activity assays. Tissues were homogenized in
PBS containing protease inhibitors (Roche, Basel, Switzerland),
and the homogenates were normalized with regard to protein
concentration. Western blotting analyses and MsrA and MsrB
activity assays were then carried out with these samples.

Protein expression analysis

Tissue homogenates were separated on SDS-PAGE gels
(10 mg of protein was loaded), and the proteins were trans-
ferred onto PVDF membranes and probed with the antibodies
indicated. Secondary HRP-linked anti-rabbit antibodies were
from GE HealthCare, Little Chalfont, United Kingdom. Na-
nogram grade ELC substrate for MsrA, GPx1, and TR3 de-
tection was from GE HealthCare, and picogram grade
substrate for MsrB1 detection from Sigma.

Msr activity assays

MsrA and MsrB activities were measured in homogenates
as previously described (23, 24). Briefly, 200mg of protein from
liver extracts were used in each assay. The reaction was car-
ried out at 378C for 30 min in the presence of DTT, and either
200 mM dabsyl-methionine-S-sulfoxide (MsrA assay) or
200 mM dabsyl-methionine-R-sulfoxide (MsrB assay) were
added to the reaction mixture. To assay for total Msr activity,
we used 400 mM of mixed (R,S) methionine sulfoxide. The
dabsyl-methionine product was separated from the substrate
using an HPLC procedure and peak areas were quantified.

Statistics

Statistical analysis was performed using a Student’s t-test or
Analysis of Variance (ANOVA). P values of <0.05 were con-
sidered significant.

Results

Expression profile of MsrB1, MsrA, GPx1,
and TR3 in mice

The expression profile of MsrB1 was characterized in
mouse tissues by Western blotting and compared with those
of MsrA, GPx1, and mitochondrial thioredoxin reductase
(TR3, also known as TxnRd2 and TrxR2). As shown in Fig. 1,
the highest MsrB1 levels were observed in liver, followed by
kidney and prostate. Liver is known to be rich in selenopro-
teins, with GPx1 being the most abundant selenoprotein in
this organ (30, 51). Interestingly, MsrA also showed a high

expression level in liver (Fig. 1). Thus, two tested stress-
related selenoproteins, MsrB1 and GPx1, as well as MsrA,
were highly expressed in this organ. In contrast, TR3 was
expressed at similar levels in various mouse tissues (Fig. 1).
Based on these data, liver was chosen for further experiments
that examined regulation of MsrB1 and MsrA expression and
their activities by dietary factors.

Selenium diets and a strategy to examine regulation
of MsrB1 and MsrA expression by dietary selenium

To examine dietary control of methionine sulfoxide reduc-
tion in mouse liver, we used the following selenium diets: (-)Se
(Se-deficient), 0.1 ppm Se, 0.15 ppm Se, 0.4 ppm Se, 2.25 ppm
Se, and three control diets (two batches of NIH 31 Purina diet
and Harlan Teklad rodent chow). The Se diets were based on
the Se-deficient diet, which was supplemented with defined
amounts of selenium as sodium selenite. Expected (based on
the amount of Se actually added to the diet) and measured
selenium concentrations agreed well for all selenium diets
(Supplemental Table 1; see www.liebertonline.com=ars). The
Se-deficient diet had *0.02 ppm Se. It is noteworthy that both
NIH and Harlan Teklad diets contained*0.4 ppm of selenium,
which corresponded to one of our experimental diets (i.e., 0.4
ppm Se diet). Various mouse models described below were
subjected from weaning for indicated periods of time to these
diets, and tissue samples were collected.

The following strategy was employed to examine regula-
tion of methionine sulfoxide reductases in mice. For each data
point, three liver samples from three different animals were
assayed by Western blotting for expression of methionine
sulfoxide reductases MsrB1 and MsrA, and selenoproteins
GPx1 and TR3 (the latter two were used as controls). In ad-
dition, MsrB and MsrA activities were measured as shown in
the figures (generally, more samples were used for direct ac-
tivity assays than for Westerns). We found no statistically
significant gender differences in MsrB or MsrA activities in
Balb=c mice (data not shown).

FIG. 1. Expression profiles of selenoproteins and MsrA in
mouse organs and tissues. Equal amounts (10mg of protein
per lane) from indicated tissues of a 10-month-old male
Balb=c mouse were loaded on SDS-PAGE gels, transferred
onto PVDF membranes, and probed with anti-MsrB1, MsrA,
GPx1, and TR3 antibodies.
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Expression of MsrB1 is highly regulated
by dietary selenium

To characterize regulation of Msr function by age, Balb=c
mice were maintained on (-)Se, 0.1 ppm, or 0.4 ppm Se diets

for 10 or 30 months. As shown in Fig. 2A and B, in both 10-
and 30-month-old animals, expression of MsrB1 was dra-
matically reduced by Se deficiency. This pattern was observed
for both male and female mice and mimicked that of GPx1
regulation by dietary selenium. In contrast, little difference in

FIG. 2. Regulation of MsrB1 and MsrA expression and MsrB and MsrA activities in Balb/c mice by dietary selenium
and aging. (A and B) Western blot analyses of liver samples from mice subjected to (-)Se, 0.1 ppm Se, and 0.4 ppm Se diets are
shown for 10-month- (A) and 30-month-old (B) animals. The proteins probed are indicated on the left and protein loading is
shown by Amido Black staining on bottom images. MsrB1 expression in female mice fed 0.1 ppm Se showed higher variability
than in other samples. Also, in general, we observed variability from animal to animal, which is not related to activity and
Western analyses. Specific MsrB (C) and MsrA (D) activities in the same set of samples (n¼ 36, two-way ANOVA interaction,
strong evidence for the effect of diet on MsrB1 ( pMsrB1< 0.007) and suggestive evidence for the effect on MsrA ( pMsrA< 0.06)
activities). (E) Specific MsrB, MsrA, and total Msr activities in liver lysates in 5-month-old mice subjected to indicated
selenium diets (n¼ 16, one-way ANOVA, p< 0.005). Total Msr activity represents a separate measurement with mixed
methionine (R,S) sulfoxide substrate rather than the sum of MsrA and MsrB activities.

832 NOVOSELOV ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2895&iName=master.img-001.jpg&w=419&h=497


expression levels was observed for TR3, although this protein
was slightly reduced on the (-)Se diet. GPx1 is known to be a
selenoprotein that is highly responsive to the level of selenium
in the diet. Our data place MsrB1 in the same category of
selenium-responsive proteins (51).

MsrB1 is the major methionine sulfoxide
reductase in mouse liver

Direct assays of MsrB and MsrA activities (Fig. 2C and D)
revealed that MsrB activity is approximately fivefold higher
than MsrA activity. MsrB activity in both 10- and 30-month-
old animal groups was responsive to dietary treatments with
selenium. Moreover, in addition to the dramatic reduction in
MsrB activity in Se deficiency, we observed a slight, but sta-

tistically significant difference, between 0.1 and 0.4 ppm die-
tary groups. Thus, it appears that regulation of MsrB is similar
to that reported for liver GPx1 (2, 6, 29, 43).

To further examine regulation of MsrB activity by supra-
nutritional levels of selenium, we carried out an additional
experiment, wherein young (3-month-old) Balb=c mice (four
animals per group) received (-)Se, 0.15 Se ppm, 0.4 Se ppm,
and 2.25 Se ppm diets for 2 months. As shown in Fig. 2E, MsrB
activity was saturated at 0.15 ppm Se. Thus, between 0.1 and
0.15 ppm, Se as sodium selenite was required for maximal
MsrB activity. These data further indicate that liver MsrB ac-
tivity is one of the functions that are most easily regulated by
dietary selenium, making MsrB1 a potentially highly useful
marker of selenium status in mammals. Indeed, the level at
which MsrB1 activity and expression are saturated is similar

FIG. 3. Regulation of MsrB1 and MsrA expression and MsrB and MsrA activities in Balb/c mice by a combination of
dietary selenium and calorie restriction. (A) Western blot analyses in liver samples, with the proteins probed indicated on
the left. These are calorie restriction (CR) samples (compare with Fig. 2A where regular food samples are probed). (B)
Comparison of MsrB1, MsrA, GPx1, and TR3 expression in livers of 10-month-, 30 month-old, and CR mice. These mice were
fed 0.4 ppm Se diet. The proteins probed are indicated on the left and protein loading is shown by Amido Black staining on
bottom images of A and B. Specific activities of MsrB1 (C) and MsrA (D) in 10-month-old and CR animal groups. There was an
effect of the diet on both MsrA and MsrB1 activity (n¼ 43, two-way ANOVA interaction, pMsrA< 0.06 and pMsrB1< 0.05);
however, the effect of CR was not significant ( pMsrA> 0.4 and pMsrB1> 0.12).
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to (or even slightly higher than) the ‘‘plateau break point’’
previously observed for GPx1 (50).

Since (a) MsrB1 is the only selenoprotein Msr in mammals,
(b) MsrB activity is highly regulated by dietary selenium, and
(c) MsrA activity is much lower than that of MsrB, we sug-
gest that MsrB1 is the major Msr in mouse liver. It should be
noted that the high MsrB activity observed in our study differs
from that in a previous report that showed that MsrA and
MsrB activities are approximately equal in mouse liver (32).
It is not clear whether these differences relate to the differ-
ences in assays, sample preparation, mouse strains, or other
issues. To further examine the major contribution of MsrB1 to
liver Msr activity, we measured total Msr activity as well as
MsrA and MsrB activities in the animal group shown in
Fig. 2E, and found that the total Msr activity was regulated
by dietary selenium similarly to the MsrB activity. These
data further support the idea that MsrB1 largely accounts for
total Msr activity in mouse liver and that nutritional levels
of selenium in the diet affect the overall Msr activity in this
organ.

MsrA activity in mice maintained on selenium diets

MsrA activity of young (5-month-old) Balb=c mice placed
on the (-)Se diet was slightly reduced compared to those in
mice in Se-supplemented groups (Fig. 2E). A small decrease in
MsrA activity in mice on the (-)Se diet was also apparent in a
30-month-old group (Fig. 2D), although there was no differ-

ence in expression observed by Western blot analyses (Fig.
2B). We also observed Se-dependent changes in MsrA ex-
pression and activity in mice which overexpress a mutant
form of tRNASec (see below). Since the effect of Se on MsrA
activity was not dramatic (as opposed to the effect on total
Msr and MsrB activities), further studies will be required to
ascertain these observations. For example, it is possible that
this effect is due to small impurities of the MsrA substrate.
Alternatively, the small effect of selenium deficiency on MsrA
activity could be indirect, due to partial inactivation of MsrA
following oxidative stress resulting from reduced expression
of antioxidant selenoproteins.

MsrB activity is decreased with age,
whereas MsrA activity is not

Analysis of liver samples from 10- and 30-month-old ani-
mals showed that MsrB activity was reduced with age (Fig.
2C). In the case of 0.4 ppm Se diet, the activity was reduced
as much as twofold ( p< 0.007). A decrease in MsrB activity
was consistent with the reduction in MsrB1 expression levels
as shown in Fig. 3B. In contrast, MsrA activity was statistically
unchanged, but was characterized by a trend towards in-
creased activity in 30-month-old animals in all three dietary
groups (Fig. 2D). Previous research has shown that total Msr
activity was reduced with age in rats (37). Our current data
suggest that the reduction in MsrB1 activity is responsible for
the decrease in total Msr activity with age.

FIG. 4. Regulation of MsrB1 and MsrA expression and
MsrB and MsrA activities by dietary selenium in TGFa and
TGFa/i6A- transgenic mice. (A) Western blot analysis of
proteins from TGFa (left panel) and TGFa=i6A- (right panel)
mice. The bottom image shows protein staining with Amido
Black as a control of protein loading. Analysis of MsrB (B)
and MsrA (C) activities in transgenic animals (n¼ 16, two-
way ANOVA). There was an effect of selenium diet on MsrB
activity, p< 0.04. However, no evidence was found against
the null hypothesis for MsrA activity ( p MsrA> 0.28). There
was also no significant difference in MsrA and MsrB activi-
ties in TGFa and TGFa=i6A- transgenic mice ( pMsrA> 0.26,
pMsrB1> 0.23).
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Regulation of MsrB1, MsrA, GPx1, and TR3 expression
and MsrB and MsrA activities by calorie restriction

Calorie restriction (CR) is a dietary regimen known to
extend lifespan in a variety of organisms, including yeast,
rotifers, spiders, worms, fish, mice, and rats (27, 40, 49), and
this treatment even works in primates (11). Despite extensive
characterization in various organisms, the molecular basis
for the CR-dependent extension in lifespan is not fully un-
derstood. Aging is a multifactorial process, and one of the
leading theories posits that it is caused by cumulative oxi-
dative damage by reactive oxygen species (17). Being anti-
oxidants that repair oxidatively damaged proteins, MsrA
and MsrB have also been suggested to regulate lifespan.
Therefore, it was of interest to examine how CR affects
expression of these proteins and how selenium regulates
expression of MsrA and MsrB1 under CR conditions. To
elucidate this regulation, Balb=c mice were subjected to Se
diets in combination with CR. In this experiment, we initially
maintained weaned mice on (-)Se, 0.15 ppm Se, 0.4 ppm Se,
and 2.25 ppm Se diets for 6 weeks, and then subjected them
for an additional 6 weeks to the same diets except that the

food was restricted to 65% of the amount the mice normally
consumed. Rationale for using 0.15 ppm Se diet in this ex-
periment was that it approximately corresponded to the 0.1
ppm Se group with regard to consumed Se (due to reduced
food consumption in the CR group). However, as MsrB1
expression is essentially saturated at 0.15 ppm Se, the dif-
ference in food consumption was not expected to affect
MsrB1 in CR mice receiving 0.4 ppm Se diet.

Dietary selenium regulated selenoprotein expression in CR
animals similarly to that in 10-month-old control mice (Fig.
3A). We found little difference in the expression of MsrA and
TR3 in mice on different Se diets, whereas GPx1 and MsrB1
levels were dramatically reduced by Se deficiency under CR
conditions. CR itself did not affect expression levels of the
three selenoproteins or of MsrA (Fig. 3B, e.g., compare 10-
month-old and CR groups). Analyses of Msr activities in these
samples again revealed a dramatic reduction in MsrB1 activity
and little or no reduction in MsrA activity in mice subjected to
(-)Se diet. Interestingly, CR generally stimulated MsrA and
MsrB activities (Fig. 3C and D), although a statistically sig-
nificant difference was found only for MsrB activity on the
(-)Se diet. This regulation should be verified in further studies.

FIG. 5. Regulation of MsrB1 and MsrA expression
and MsrB and MsrA activities in HET outbred mice.
(A) Female mice were subjected to six indicated diets
(four animals per diet). Their liver samples were ana-
lyzed by Western blotting, as indicated. The proteins
probed are indicated on the left and protein loading is
shown by Amido Black staining on bottom image. Ana-
lysis of MsrB (B) and MsrA (C) activities (n¼ 24, one-
way ANOVA), pMsrB1< 0.005 and pMsrA> 0.1.
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Regulation of MsrA and MsrB1 in mice
overexpressing mutant Sec tRNA

To further characterize regulation of MsrA and MsrB by Se
diets, we examined mice overexpressing either TGFa or both
TGFa and the i6A- mutant form of Sec tRNA. As shown in Fig.
4A, Se deficiency in TGFa transgenic mice resulted in essen-
tially undetectable levels of MsrB1 and GPx1, but did not
affect TR3 and MsrA levels (these mice are known to differ-
entially regulate stress-related selenoproteins, such as GPx1
and TRs (35)). However, double transgenic TGFa=i6A- mice
had low levels of MsrB1 and GPx1 at all dietary Se levels,
while again fully preserving TR3 levels. In the case of MsrA,
the double transgenic mice had an apparent decrease in the
expression level of this enzyme when the (-)Se diet was
compared with the 0.1 or 0.4 Se ppm diets ( p< 0.01). These
data suggest that the overall Se status in mouse liver could
regulate the expression of MsrA, a non-selenoprotein.

Analysis of MsrB (Fig. 4B) and MsrA (Fig. 4C) activities
agreed with the Western blot data. TGFa=i6A- mice had very
low MsrB activity in all three dietary groups. Since no regu-
lation of MsrB activity by dietary selenium was observed, it is
likely that the residual MsrB activity was due to non-selenium
MsrB isozymes, MsrB2 and MsrB3. Interestingly, MsrA ac-
tivity was higher in TGFa=i6A- than in TGFa mice.

Regulation in outbred mice

The studies described above were limited to inbred mouse
lines. To extend the findings to the heterogeneous animal
population, we subjected a four-way cross HET mice, a model
that incorporates genetic diversity (18), to selenium dietary
treatments. In addition to the selenium diets, in this experi-
ment we included two batches of the same NIH diet and a
common Harlan Teklad rodent diet.

Regulation of selenoprotein expression by dietary selenium
in outbred mice was similar to that in Balb=c mice, as MsrB1
and GPx1 levels were reduced and TR3 and MsrA levels were
not affected by Se deficiency (Fig. 5A). Consistent with the
detected levels of Se in NIH and Harlan Teklad diets (Sup-
plemental Table 1), selenoprotein expression was fully satu-
rated by these diets. Further activity assays found similar
MsrA and MsrB activities in 0.4 ppm, NIH 1, NIH 2, and
Harlan Teklad dietary groups (Fig. 5B and C). MsrB activity
was slightly reduced in the 0.1 ppm Se diet and significantly
decreased in Se deficiency ( p< 0.005). MsrA activity was
slightly higher in Se-supplemented mice compared to animals
on the (-)Se diet ( p> 0.1). Taken together, these data suggest
that the findings on expression and dietary regulation of Msr
proteins in Balb=c mice are likely to be similar in a wide
variety of mouse models. We compared MsrA and MsrB ac-
tivities in all 0.4 ppm Se groups of mice used in this study. As
shown in Fig. 6, both MsrA and to some degree MsrB activities
were suppressed in inbred models.

Discussion

In this study, we found that MsrB1 is the major Msr in mouse
liver. MsrA is also abundant in this organ (as well as in kidney),
whereas these enzymes are expressed at low levels in several
other organs. In this regard, it would be interesting to deter-
mine the contribution of MsrB2 and MsrB3 in the context of low
MsrB1 and MsrA activities. For example, MsrB2 can protect
leukemia cells against oxidative damage (9).

Previous research suggested that, being a selenoprotein,
MsrB1 is regulated by dietary selenium (33, 35, 36). Interest-
ingly, we found that this protein was highly responsive to the
level of selenium inthe diet. Its regulation closely resembledthat
of another stress-related selenoprotein, GPx1, at both expres-
sion and activity levels. Approximately 0.15 ppm selenium in
the diet was required to saturate MsrB1 activity and expres-
sion, making this protein one of the most susceptible to minor
changes in Se levels in the diet. Our study also revealed that
manipulations in dietary Se can be used to dramatically change
total Msr activity in mouse liver. This feature may be used in
future studies that examine the role of Msr system in disease.

We also observed that MsrB1, but not MsrA, activity was
reduced with age, and that this regulation was independent of
the Se status in the diet. Thus, MsrB1 accounts for the reduced
methionine sulfoxide reduction in aging liver. Since aging is

FIG. 6. Comparison of MsrB and MsrA activities in dif-
ferent mouse strains. 10-month-old Balb=c (10m), 30 month-
old Balb=c (30m), calorie restriction (CR) group, TGFa
transgenic, TGFa=i6A- double transgenic, and HET outbred
mice were maintained on a 0.4 ppm Se diet, and MsrB (A)
and MsrA (B) activities determined as shown.
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also accompanied by changes in trace element metabolism,
supplementation of the diet with Se may be important in the
aging population. We also found that regulation of MsrB1 and
GPx1 by dietary Se was preserved under the conditions of CR,
yet this dietary regimen itself had little influence on these
enzymes. The data suggest that MsrB1 is not the basis for CR-
dependent increase in lifespan, but these two factors might
work synergistically in the extension of lifespan. If so, this
would be similar to the finding in yeast, wherein a combina-
tion of CR and high levels of MsrB expression was particularly
effective in extending lifespan (25).

Overall, our findings demonstrate that the system respon-
sible for methionine sulfoxide reduction in mammals can be
regulated at multiple levels by a simple dietary factor, sele-
nium, as well as the age of animals. Our data provide insights
into the strategies to regulate and possibly upregulate this
repair process in diseased and aging organisms.
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