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Mammals contain two methionine sulfoxide (MetO) reductases,
MsrA and MsrB, that catalyze the thioredoxin-dependent reduc-
tion of the S-MetO and R-MetO derivatives, respectively, to me-
thionine. The major mammalian MsrB is a selenoprotein (except in
the heart). Here, we show that there is a loss of MsrB activity in the
MsrA�/� mouse that correlates with parallel losses in the levels of
MsrB mRNA and MsrB protein, suggesting that MsrA might have a
role in MsrB transcription. Moreover, mice that were grown on a
selenium-deficient (SD) diet showed a substantial decrease in the
levels of MsrB-catalytic activity, MsrB protein, and MsrB mRNA in
liver and kidney tissues of both WT and MsrA�/� mouse strains.
Whereas no significant protein-MetO could be detected in tissue
proteins of young mature mice grown on a selenium-adequate
diet, growth on the SD diet led to substantial accumulations of
MetO in proteins and also of protein carbonyl derivatives in the
liver, kidney, cerebrum, and cerebellum, respectively. In addition,
accumulation of protein-MetO derivatives increased with age in
tissues of mice fed with a selenium-adequate diet. It should be
pointed out that even though the total Msr level is at least 2-fold
higher in WT than in MsrA�/� mice, SD diet causes an equal
elevation of protein-MetO (except in brain cerebellum) and car-
bonyl levels in both strains, suggesting involvement of other
selenoproteins in regulation of the level of cellular protein-MetO
accumulation. Furthermore, the development of the ‘‘tip-toe’’
walking behavior previously observed in the MsrA�/� mice oc-
curred earlier when they were fed with the SD diet.
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Most forms of reactive oxygen species can oxidize protein-
bound methionine to a mixture of S and R forms of

methionine sulfoxide (MetO). Unlike most other kinds of
protein oxidative damage, the oxidation of methionine resi-
dues can be repaired by the action of MetO reductases that
catalyze the thioredoxin-dependent reduction of the MetO
derivatives back to methionine. One of these reductases, MsrA
(EC 1.8.4.6), exhibits absolute substrate specificity for S
isomer of MetO (1, 2), whereas the other, MsrB, is specific
for the reduction of R-MetO (3–5). The importance of these
enzymes in metabolism is underscored by the demonstration
that null mutations of MsrA lead to an increase in oxidative
stress-induced accumulation of damaged proteins, premature
death of bacteria and yeast cells, and a shorter life span of mice
(6–10). Furthermore, overexpression of MsrA in bacteria,
human T cells, and f lies protects them from oxidative stress
toxicity (6, 8, 11, 12) and leads to an almost doubling of the life
span of Drosophila (11). Similar effects of oxidative stress have
been observed with null mutants of MsrB in yeast and plants
(13). Based on present knowledge, it is evident that the Msr
enzymes may have multiple cellular functions, including roles
in antioxidant defense (7, 8), protein repair, and enzyme
regulation (14–16). It was shown recently that the mammalian
form of MsrB is a selenoprotein (3, 17) that utilizes its
selenocysteine residue to reduce free and protein-bound
R-MetO to methionine (3, 18). In contrast, the MsrA active

site utilizes cysteine instead of a selenocysteine residue for the
specific reduction of S-MetO to methionine (1). Not yet
explained was the further observation that deletion of the
MsrA gene in mice led to lower MsrB activity in various tissues,
especially in liver, kidney, and brain cerebellum, relative to the
parental mouse strain (3). Moreover, MsrA�/� mice exposed to
100% oxygen for 24 h failed to up-regulate thioredoxin
reductase (TR) to the level shown in the parental strain,
respectively (9). Significantly, the mammalian TR is also a
selenoprotein (19), and its level has been shown to be appre-
ciably lower in tissues of rats that had been grown on a
selenium-deficient (SD) diet than in those grown on normal
diets (20).

The present investigation was designed to determine whether
dietary restriction of selenium has any effect on the MsrB and
MsrA levels in various tissues of both parental WT and MsrA�/�

strains of mice. Both strains also were monitored for changes in
more general markers of oxidative stress (protein-MetO and
carbonyl content) and for development of an abnormal ‘‘tip-toe’’
walking pattern, as was observed previously in the MsrA-
knockout mouse (9).

Materials and Methods
Materials. Rabbit antibodies against MsrA and MsrB were pre-
pared and used as described (21). 4-Dimethylaminoazobenzene-
4�-sulfonyl (Dabsyl)-R or S-MetO was prepared by first making
the R and S isoforms of MetO (1), followed by making the Dabsyl
adduct, as described (7).

Animals and Diets. The animals used in this study were the
MsrA�/� mice (9) and their parent strain (C57BL�129Svj), which
served as the control. Weanling mice were fed a SD torula
yeast-based diet or a selenium-adequate (SA) diet containing
0.015 or 0.25 ppm selenium as Na2SeO4, respectively. Diets were
prepared by Zeigler based on their SD torula yeast diet (Zeigler
Brothers, Gardner, PA). All nutrients, except Se, were provided
in the basal diet at levels equal to those recommended by the
American Institute of Nutrition Ad Hoc Committee on Stan-
dards for Nutritional Studies (22, 23). Groups of five mice, fed
the diets, were killed at 100 days, and various tissues were
removed and frozen at �80°C until assays were performed.
Extracts from all tissues were made with PBS as buffer, which
contained protease inhibitor mixture (Roche, Gipf-Oberfrick,
Switzerland). All mouse experiments were conducted according
to guidelines of the National Heart, Lung, and Blood Institute
Animal Care and Use Committee.

MsrA and MsrB Activities. Msr activity was measured by using 20
mM DTT, 200 �M Dabsyl-R- or S-MetO (the R or S form of

Abbreviations: MetO, methionine sulfoxide; TR, thioredoxin reductase; SD, selenium-
deficient; SA, selenium-adequate; Dabsyl, 4-dimethylaminoazobenzene-4�-sulfonyl; MT,
MsrA�/� strain.
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MetO is for monitoring the MsrB or MsrA activity, respectively),
and tissue extract supernatant. After 30 min of incubation at
37°C, the separation and quantitation of the product were
performed by using an HPLC method, as described (1, 7, 8).

MsrB mRNA Levels. mRNA levels of MsrB were analyzed by
isolating total mRNA from livers and kidneys of control and
MsrA�/� mice (under each diet condition) by using the FastTrack

2.0 mRNA isolation kit from Invitrogen. Equal amounts of
mRNA were taken from each tissue for the first-strand cDNA
synthesis by using the SuperScript First-Strand Synthesis System
for RT-PCR from Invitrogen. Further amplification of the
cDNA transcripts in each case was performed by quantitative
PCR using the 5� forward and 3� reverse complement primers for
MsrB ORF as described (3). The final level of cDNA made for
each mRNA sample was evaluated after 1% agar-gel electro-
phoresis of the PCR mixtures and visualized by ethidium bro-
mide stain.

Determination of Protein-MetO and Carbonyl Groups. Proteins from
each extract were subjected to CNBr cleavage to quantify the
protein-bound MetO (24). CNBr cleaves peptide bonds on the
carboxyl side of Met to yield homoserine but does not attack such
bonds involving MetO (25). Peptide hydrolysis with HCl and
analysis of the resulting amino acids were carried out on samples
before and after treatment with CNBr (26), and the amount of
MetO was quantitated by integration of the corresponding peak.
Protein carbonyl levels were determined by reacting the proteins
from each extract with dinitrophenol followed by spectrometric
measurements, as described (27, 28).

Monitoring Mouse Tip-Toe Walking. Walking pattern was docu-
mented in both mouse strains by dipping footpads of the hind
feet into india ink and allowing the animal to walk on paper
strips.

Results
MsrB and MsrA Protein Levels in Various Tissues After SD Diet. Mice
were placed on either SD or SA diet for 180 days. Then, various
tissue levels of MsrA and MsrB proteins and their abilities to

Fig. 1. Expression of MsrA and MsrB in livers taken from mice fed with SA or
SD diet. (Top and Middle) Equal amounts of liver proteins (20 �g) were
separated by SDS�PAGE followed by Western blot analysis using specific
antibodies against MsrA or MsrB, respectively. Lanes 1 and 3 represent WT
samples, and lanes 2 and 4 represent MT samples. Lanes 1 and 2 are liver
proteins taken from mice fed the SA diet, and lanes 3 and 4 are liver proteins
taken from mice fed the SD diet. Each lane contains pooled proteins collected
from five mice at 6 months of age. (Bottom) Quantitation of the MsrB mRNA
levels on a 1% agar gel after RT-PCR of mRNA sample from each liver tissue,
as described in Materials and Methods. The agar gel is aligned according to
lanes 1–4 of the Western blots described above.

Fig. 2. Msr activities in extracts of tissues taken from mice fed with SA or SD diet. MsrA or MsrB activity was measured by using Dabsyl-MetO as substrate as
described in Materials and Methods. Solid bars represent SA diet, and hatched bars represent SD diet. R and S represent MsrB and MsrA activity, respectively.
Proteins from five mice at 6 months of age were used for each analysis.
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catalyze reduction of S-MetO and R-MetO peptide substrates
were measured as described in Materials and Methods. In addi-
tion, when changes in protein levels were observed, levels of the
respective mRNA were monitored as well. As shown in Fig. 1, the
level of MsrA in liver of the parent strain (WT) was unaffected
by selenium deficiency, and, as expected, there was no MsrA
protein in the MsrA�/� strain (MT). Curiously, the level of MsrB
protein in the MT strain fed the SA diet was only 35% of the WT
level, as judged by densitometry measurements with the MsrB-
specific antibodies (Fig. 1). A more severe decline in MsrB
protein was observed in the livers of mice fed the SD diet: MsrB
protein levels were only �10% or �5% in WT and MT liver
tissues, respectively (Fig. 1). In addition, there was a reasonable
correlation between the MsrB mRNA levels and MsrB protein
expression. Patterns similar to those shown in Fig. 1 also were
obtained for kidney preparations from these animals (data not
shown). Moreover, direct measurements of MsrA and MsrB
catalytic activities in livers and kidneys of these WT and MT
mice (Fig. 2) were in good agreement with the mRNA and
protein patterns summarized in Fig. 1. A very different activity
pattern was observed in cerebellum and cerebrum tissues of the
brain. In the WT animals, SD diet had little or no effect on the
levels of MsrA or MsrB in either of these brain tissues (Fig. 2),

and, as expected, no MsrA was detected in the brain of the MT.
Interestingly, although unaffected by SD diet, the basal level of
MsrB activity in the cerebrum and cerebellum of the MT strain
was only �75% and �50% of that observed in WT, respectively
(Fig. 2).

Oxidation of Proteins to MetO and Carbonyl Derivatives. No signif-
icant accumulation of protein-bound MetO was detected in any
of the tissues examined (liver, kidney, cerebellum, and cere-
brum) from both WT and MT strains of mature, young (6-
month-old) mice that had been fed on the SA diet (data not
shown). However, a substantial fraction (6–18%) of the Met
residues were present as the MetO derivative in the tissues of the
6-month-old animals that had been placed on the SD diet (Fig.
3). Moreover, at 13 months of age, a significant accumulation of
protein-MetO also occurred in tissues from the SA-fed animals
(Fig. 3). The protein-MetO content of the brain fractions
(cerebrum and cerebellum) contained the highest levels of
MetO, accounting for 10–18% of the total Met in proteins of
these tissues. It is noteworthy that the level of MetO in a given
tissue of the WT and MT was very similar, except for the
cerebellum of the SD mice, where the protein-MetO level in the
MT was �22% higher than in the WT (Fig. 3).

Results, summarized in Fig. 4, demonstrate that selenium
deficiency also is associated with large increases in the car-
bonyl content of proteins in liver, kidney, and brain tissues of
both WT and MT mouse strains. The latter observation
highlights the possibility that some of the effects of selenium
deficiency may ref lect increases in the level of oxidative stress
(see Discussion).

Tip-Toe Walking Behavior. It was shown earlier that MsrA null
mice exhibited a characteristic tip-toe walking behavior after
6 months of age (9), which was interpreted to indicate possible
development of a neurological disorder. In the present study,
it was found that onset of the tip-toe walking characteristic in
the SD mice occurred 3 months earlier than previously ob-
served (9).

Discussion
The basal activity and protein levels of MsrB showed depen-
dency on selenium supply and MsrA expression (Figs. 1 and 2).
However, the mechanism by which MsrA regulates MsrB ex-

Fig. 3. MetO accumulations in various tissues of mice fed with SD or SA diet.
Protein-bound MetO levels were analyzed according to the procedure de-
scribed in Materials and Methods. Solid bars and cross-hatched bars represent
WT and MT, respectively. Proteins from five mice were used for each analysis.
SD (6 months) or SA (13 months) represents mice at age 6 or 13 months fed the
SD or SA diet, respectively. Brain,Cr and Brain,Cl represent cerebrum and
cerebellum, respectively.

Fig. 4. Protein carbonyl accumulations in various mouse tissues fed the SA or
SD diet. Protein carbonyl was measured according to the method described
previously (24). L, K, and B represent liver, kidney, and brain, respectively. Solid
bars and cross-hatched bars represent WT and MT, respectively. Proteins from
five mice were used for each analysis.
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pression is yet to be elucidated. One potential mechanism may
involve MsrA-mediated redox state of certain methionine resi-
dues of protein(s), which, in turn, may lead to a change in its
(their) activity to regulate MsrB expression.

The observation that SD leads to a decrease in the basal
activity and protein level of MsrB is not surprising because the
mouse MsrB is a selenoprotein (3). That the level of MsrB
mRNA is lower in the SD mice indicates that the observed loss
of MsrB activity likely reflects a decrease in the expression of
normal MsrB protein and is not due to the synthesis of a
defective form of the enzyme that is degraded rapidly.

Because selenium deficiency leads to a dramatic loss in MsrB
synthesis, it is not surprising that SD diet leads to a substantial
increase in the accumulation of MetO-modified protein in
various tissues of mature (6-month-old) mice (Fig. 3). However,
that SD diet provoked accumulation of nearly identical amounts
of protein-MetO in tissues of both WT and the MsrA-knockout
mouse strains indicates that factors other than a loss of MsrB also
are involved in the generation of protein-bound MetO. Among
other possibilities, glutathione peroxidase 1 and TR deserve
consideration. In mammals, both are selenoenzymes whose
activities and mRNA levels have been shown to decline in some
tissues of animals fed with SD diet (29–31). Because glutathione
peroxidase 1 is an important antioxidant enzyme, a decrease in
its activity could lead to an increase in levels of ROS and, hence,
to increased oxidation of Met protein residues. However, a loss
of TR could play a more direct role, because it is involved in
supplying the reducing equivalents (NADPH) used in the
thioredoxin-linked reduction of the S and R forms of MetO by
MsrA and MsrB, respectively. Therefore, the selenium deficien-
cy-induced loss of TR might seriously compromise the ability of
both MsrA and MsrB to reduce MetO. Moreover, as shown here
for MsrB activities in various mouse tissues (Fig. 2), SD diet has
been shown earlier to have a pronounced effect on the activities
of TR in the rat kidney and liver but had almost no effect on the
TR activity in rat brain (29).

The general high protein damage in tissues of mice fed with
the SD diet relative to SA diet is manifested by the elevated
protein carbonyl levels (4- to 8-fold higher in the SD diet,
respectively), in which kidney had the highest level (Fig. 4). The
observation that selenium deficiency leads to substantial eleva-
tions in the carbonyl content of proteins in various mouse tissues
(Fig. 4) is in agreement with results of a recent study showing
that there is a marked increase in the protein carbonyl content
in livers of SD rabbits (32). Because the activities of TR and
MsrB are reduced significantly in selenium-depleted liver and

kidney, compared with brain, it is reasonable to suggest that the
lowered expression of these proteins in liver and kidney may
contribute greatly to the observed enhanced protein carbonyla-
tion (Fig. 4).

The current results provide additional support for the
concept that the cyclic oxidation and reduction of methionine
residues of proteins may serve an important antioxidant
function (24), a thesis also supported by results of earlier
studies showing that the loss of MsrA (6–12) or MsrB (13)
leads to an increased sensitivity to oxidative stress. However,
for reasons discussed above, in addition to the loss of MsrB
activity, the SD-induced increase in sensitivity of animals to
oxidative stress may ref lect losses in any one or more of several
other important antioxidant selenoproteins in the cell. The loss
of these additional antioxidant enzymes could be the reason
for the abolished difference in protein carbonyl content shown
between WT and MT kidneys observed under SA diet (Fig. 4).
Furthermore, the observation that young, mature (6-month-
old) mice did not accumulate significant MetO-modified pro-
tein (data not shown), whereas 13-month-old SA mice did (Fig.
3) provides further support for the concept that oxidative
stress may contribute to the process of aging. This notion is
consistent with the observation that accumulation of MetO-
modified proteins occurs earlier in mice fed with the SD diet
than with the SA diet.

Of particular interest is the fact that the Msr activities in the
brain’s cerebrum and cerebellum are considerably lower than
those in either the kidney or liver. This difference likely accounts
for the fact that the accumulation of protein-MetO in brain
tissues is significantly greater than in the other tissues examined
(Fig. 3) and calls attention to the possibility that the elevated
level of Met oxidation especially in the cerebellum of the MT
brain under the SD diet (Fig. 3) underlies the neurological
disturbance responsible for the early, age-related onset of tip-toe
walking behavior. It is important to note that methionine
oxidation occurring under SD diet is primarily the result of
selenium depletion, whereas during the aging process many
factors could influence the levels of protein-bound MetO.
Therefore, the difference in protein-MetO level between WT
and MT brain cerebellums (under SD diet) probably is due to
selenium depletion-related oxidative stress imposed on MT
brains (Fig. 3). Obviously, more research is needed to better
understand the physiological events involved in triggering the
enhanced protein oxidation in the MT brain.
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