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Abstract We  previously reported  that intragastric

adrninistration  of cysteine  could  be beneficial to prevent
unweighting-induced  ubiquitination  and  degradation of

muscle  protein in association  with redox  regulation

[Ikernoto et al., Biol. Chem,  383 (2002), 715-721]. in this

study,  we  investigated whether  vitamin E, another  potent

antioxidative  nutrient,  also had  beneficial effects  on  the

mus ¢le protein catabolism.  However, daily intragastric

supplementation  of 1.5 er 15rnglrat of  a-tocopherol  did

not  prevent  wetght  Ioss of hindlimb skeletal  musele  in

tail-suspended rats. To elucidate  the reason  for the

non-effectiveness  of  vitamin E, we  further examined

concentrations  of  oxidative  stress  markers,  ubiquitination

of muscle  proteins and  fragmentation of myosin  heavy

chain  in gastrocnemius muscle  of rats  daily treated with

15 mg  of a-toeopherol,  Unexpectedly, yitainin E increased

concentrations  of  glutathione disulfide and  thiobarbituric

acid-reactive  substance  and  decreased  glutathione level in

the muscle,  compared  with those of  vehiele  treatment,

indicating that vitamin E enhaneed  unweighting-induced

oxidative  stress  in skeletal  muscle,  The vitainin E

supplementation  did not  suppress  the ubiquitination  of

muscle  proteins and  fragmentation of myosin  heavy chain

caused  by tail-suspension. Our results  suggest  that

supplementation  of a  relative  high dose  of  vitarnin E could

not  inhibit ubiquitin-dependent  degradation of muscle

protein in tai1-suspended rats  possibly due to its

prooxidant aetion. J Phgstol Anthrcrpot 21 (op: e57-263,
2002http:llwww.jstage.jst.go.jplen
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Introduction

 Skeletal muscles  are  vulnerable  to rapid  artd  marked

atrophy  under  microgravity and  its simulated  conditions.

Studies using  non-weight-bearing  anirnals  have provided

evidence  that increased protein breakdown is, at ieast in

part, respon$ible  for the muscle  atrophy  (Goldspink et al,,

1986; Thomason  et al., 1989; Tisehler et al., 1990), We

previously reported  that spacefiight  (STS-90) as  well  as

tail-suspension enhanced  degradation of rat myosin  heavy

chain  (MHC) in association  with  activation  of ubiquitin-

proteasome  pathway (Ikemoto et al., 2001), The serial

studies  showed  that oxidative  stress  may  play an

important role  in triggering ubiquitination  of skeletal

muscle  protein caused  by tail-suspension, and  that

cysteine  supplementation  prevented ubiquitination  and

degradation of muscle  protein in association  with redox

regulation  in the muscle  (Ikemoto et al,, 2002). Based

on  these findings, we  suggest that supplementation  of

antioxidative nutrients  may  be beneficial to unweighting-

induced musele  atrophy.

  Vitamin E (a-toeopherol) is a potent antioxidative

nutrient,  which  has been reported  to deerease the rate  of

muscle  atrophy indueed by imrnobilization (Kondo et al.,

1992; Appell et aL, 1997). Furthermore, Reznick et al.,

(1992) has reported  that a  4-wk-feeding with a high

a-tocopherol  diet (10,OOOIUlkg diettlOO--150mgfrabl

day) substantially  prevented exercise-induced  protein
oxidation  in skeletal  muscle.  With  their experimental

regimen  and  dosage of the administered  vitarnin E, its

concentration  in muscle  tissue increased three-to five-fold

to act  well  as  a radical  scavenger,  ln contrast,  4-wk-

feeding of vitamin E  (10,OOOIUIkg diet) has been reported
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not  to attenuate  free radical-mediated  rnuscle  irljury in
rats  with an  eccentric  exercise  (Warren et al., 1992),
Thus, its preventive effects  on  muscle  atrophy  or ajuiy is
stM  unclear.

  In this study,  we  exarnined effects  of  vitarnin E on

hiridlimb muscle  mass  loss caused  by tail-suspension.

Vitamin E did not  prevent  suspension-induced  protein
ubiquitmation  and  MHC  fragmentation as well  a$ muscle

mass  loss. The measurement  of parameters  for oxidative
stress,  sueh  as coneentrations  of  glutathione (GSH),
glutathione disulfide (GSSG) and  thiobarbituric acid-

reactive  substance  (TBARS), in skeletal  muscle  of  tai1-
suspended  rats  revealed  that daily supplementation  of

a relative  high dose (15rng=15IUIrat) of  a-tocopherol

acted  as  a  prooxidant to tail-suspended rats: thereby it
may  have no  preventive effect  on  suspension-induced

muscle  mass  loss.

Methods

7tzil-suspe7zsion and  vitamin  E  smpptementation

  Six-wk-old male  Wistar rats  were  subjeeted  to tail-
suspension  as described previously (Ikemoto et  al,, 2001;
Ikemoto et al., 2002). Their tails were  suspended  to keep
their hind legs off the ground. Rats were  housed in a room
maintained  at 230C on  a  12-hr lightidark cycle  and  were

allowed  free access  to a  20%  casein  diet contaming  normal

level of a-tocopherol  and  water,  Food  intake of tail-
suspended  rats  decreased to about  80% of that of  non-

suspended  rats. Pair-fed control  rats  without suspension
were  prepared for the saxne  duration. Vitarnin E-free eorn
oil Cvehi¢le) from Funabashi Farm  Park, Chiba, Japan, and
1,5 or 15 mg  of  a-tocopherol  aeetate, a kind gift from Eisai
Co., [[bkyo, Japan, in 250 "1 of vehicle  were  intragastrically
delivered to tail-suspended rats  every  day from the start
of  tail-suspension (Day O), at most,  for 3wks, The
gastrocnemius muscle  was  tmediately isolated and

frozen in liquid nitrogen after  finishing suspension,  The
paiFfed, non-suspended  rats  were  treated with  250#1 of

vehicle  for the same  period.

  All of the treatments of  rats were  performed  aceording

to the Guide for the Care and  Use of Laboratory Animals
(1985) and  approved  by the Animal  Care Committee of
National Space Development Agency  of JapaJi CNASDA)
counterpart.

Measurement  of GSEI, GSSG  and  IIE)ARS tevets tn
siceletaemttscle

  Concentrations of  GSH  and  GSSG in gastrocnemius
muscle  were  determined by a  high perforrnance liquid
column  chromatography  (HPLC) system  aecording  to the
method  of  Reed et al. (1980), Frozen and  then pulverized
musele  (50mg) was  homogenized with  O.2mi of ice-cold
5%  perchloric acid. The homogenate was  placed  on  iee for
30 min.  After the mixture  was  centrifuged  at 11,300Xg for

20min  at 4eC, sulfhydryl  groups of  proteins in the

supernatant  were  iodoacetylated: the supernatant  rnixed

with  130rnM  iodoacetate and  excess  of NaHC03  was

incubated  in the dark for 20min at roorn  temperature.

1-Fluoro-2,4-dinitrobenzene (1.5%) was  added  to the
solution  and  it was  placed  at 4eC overnight  in the dark.
The fiuorodinitrophenyled sample  was  subjeeted  to a

reverse-phase  column  (Spherisorb-5NH2, 4.6× 250mm,
Chemco, Tokyo, Japan) in a HPLC  systern  equilibrated

with 80% methanol.  The column  was  washed  and

developed with a  1inear gradient of O,7-3.4M acetate

buflrer, pH  4,5 in 80% methanol,  GSH  and  GSSG  were

eluted  with 3.3 and  3,4 M  acetate  buffer, respectively.

  Concentration of  TBARS in gastrocnemius musele  was

measured  by the fiuorometric method  of Ohkawa et al,

(1979), Briefiy, the frozen gastrocnemius mus ¢le was

homogenized for 1 min  on  ice with a Polytron hornogenizer
in nine volumes  of  icetqold 1,15% KCI, After the unbroken
tissue was  removed,'  O,2 ml of the homogenate was  mixed

with  3.8ml of  8%  acetic  acid buffer, pH  3.5, containing

O.4% sodium  dodecyl sulfate  (SDS), O.03% butylated

hydroxytoluene and  O,3% TBA. The mixture  was  boiled at
950C for 60 min.  After it was  cooled  with  tap water,  1.0 ml
of  distMed water  and  5.0ml of  n-butanol  and  pyridine
solution  (15:1, vfv) were  added,  The mixture  was

vortexed  vigorously and  eentrifuged  at 2,OOOxg for
10min at room  temperature. Fluorescence (Aex=515nm,
Zem=553nm)  in the organic layer was  measured.

Tbtraethoxypropane was  used  as  an  external  standard,

The  level of  TBARS  was  expressed  as an  equivalent  of
malondialdehyde.

PPiestem blot auatysis

  Western blot analyses  for ubiquitinated  proteins and

MHC  were  performed as described previously (Ikemoto et

al., 2001). The frozen muscle  was  homogenized in three
volurnes  of 20mM  Thris-HCI buffer, pH  7.5, containing

5mM  EDTA,  10mM  dithiothreitol, 10"M  epoxomicin

(Peptide Institute, Osaka, Japan) and  a protease inhibitor
eocktail  set (Roche Diagnostics, Tbkyo,  Japan). After
centrifugation  at 30,OOOXg for 30min  at 40C, proteins
(40pgllane) in the supematant  (soluble fraction) were

subjected  to SDS-6%-polyacrylamide gel electrophoresis
(PAGE) and  transferred to a polyvinylidene difiuoride
membrane  at 35 mA  fOr 6hr at 40C. The  membrane  was

blocked with 3%  skim  milk  and  then incubated for 1 hr at
250C in phosphate-buffered saline  (PBS) with a  1 :500
dilution of a polyclonal antibody  against  bovine ubiquitin
(Sigrna, St. Louis, MO,  USA)  or monoclonal  antiserum

against  rabbit  skeletal  fast-type MHC  (Sigma). The bound
antibodies  were  detected by using  the enhanced

ehemiluminescence  system  (Amersham, Little Chalfont,
England, UK).
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immunohistochemicat aualysis
  Gastrocnemius rnuscle  was  fixed with fOrmalin in PBS
for 6hr at room  temperature, The muscle  was  dehydrated
and  embedded  in paraffin wax,  Section (6pm) was  eut

and  air-dried for 2 hr at room  temperature. After dewaxing
with xylene, the $ection was  washed  with ethanol  and

rehydrated  with distrued water.  The section was  incubated

in O.3% hydrogen peroxide in PBS  for 30min. After

blocking unspecMc  binding sites with non-irninunized

rabbit  sera  for 20 min  in a  hurrtidified chamber,  the section

was  incubated in a  1 : 500 dilution of  a  polyclonal antibody

against  bovine ubiquitin  (Sigma) for 1 hr at 25eC. Bound

antibodies  were  visualized with a  three-stage indirect

immunoperoxidase kit (Dako Japan, Kyoto), using  3,3'-

diaminobenzidine (Stgma) as a substrate.

Proteasome  activity

  Proteasome aetivity  in the soluble  fraction was

measured  as  succinyl-Leu-Leu-Val-[[brr-7-C4-methyl)-

coumarylamide-hydrolyzing  activity  in the presence  of

O.05% SDS, according  to the method  of Ugai et al. (1993).
Protein eoneentrations  were  measured  by Lowry's method

by using  bovine semm  albumin  as a standard.

Statisticat anatysis

  AII data are  expressed  as mean ±SD and  were

statistically evaluated  by analysis  of variance  (ANOVA)
with SPSS software (release 6.1; SPSS  Japan Inc,, [Ibkyo,
Japan). One-way ANOVZA  was  used  to determine the

significant  effects  of  tail-suspension 
'and

 administration

of vitamin E  on  the measured  variables,  Individual

differences between groups were  assessed  using  Duncan's

rnultiple  range  test. The differences were  considered

significant  at P<O.05.

Results

Nb  preventive ofrect of vitamin  E  on  hindlimb

muscle  mcmss  toss caused  by tail-suspension

  Tail-suspension of rats  for 10 days or  longer caused

rnass  loss of gastrocnemius arid soleus  muscles  (Fig, 1),
as described previously (Ikemoto et al., 2001). Daily
treatment  with 1.5 or  15mg/rat of vitaJrtin E for 3wks

did not  prevent the suspension-induced  hindlimb muscle
rnas$  loss, unlike  that of  cysteine  (Fig, 1 and  lkemoto et

al,, 2002). To  elucidate the mechanism  of  the non-

effectiveness  of vitarnin E, we  further examined  oxidative

stress  markers,  ubiquitination  of  musele  proteins and  MHC
fragmentation in gastrocnemius muscles  of  rats  treated

with 15 mg  of  a-tocopherol,  as described below:

Enhanced  oxidative  stress  in skeletae  mztscte  of tait-
suspended  rats  treated wtth  vitamtn  E

  In consistent  with our  previous report  (Ikemoto et

al., 2002), tail-suspension decreased GSH  level and

reciprocally  accumulated  GSSG in rat gastrocnemius
muscle  (Eig. 2A and  B). In vitarnin E-treated and

suspended  rats, remark  oxidative  stress  in skeletal  muscle
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Fig. 1 Effects ofvitarnin  E supplementation  on  hindlimb muscle  rnass  in tai1-suspended rats, Rats were  suspended  and  daily irljected

   with a  vehicle  (O), and  1.5 (A) or  15mgtrat (e) of  vitarnin E  for 3wks. The  pair-fed, non-suspended  rats  were  treated with 250 pt1
   of  vehicle  for the sarne  period. Rats were  killed on  the indicated day and  hindlimb muscle  wet  mass  standardized  by the body

   weight  was  measured,  Values ef the paiFfed, non-suspended  rats are shown  as 100%. Values are  expressed  as  mean ±SD  (n=5).
   Means with different superscripts  are  stgnificantly  different from the values  on Day O at P<O.05.
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Fig. 2 Chaiiges in eoncentrations  of  GSH, GSSG  and  TBARS  in gastrocnemius muscle  of  tai1-suspended rats  treated with vitarnin E.

  Vehicle Ce) or  15mg  of  vitainin E (D) weTe  intragastrically delivered to tail-suspended rats every  day  from  the start  of  tail-

   suspension  (Day O). The pairfed, non-sllspended  rats  were  treated with vehiele  (O). The gastroenemius muscle  was  reraoved  on

  the indicated day, and  coneentrations  of  GSH  (A), GSSG  (B) arid  TBARS  (C) were  immediately measured,  Values are  mean ±SD
   (n=5) . Means with different superscripts  are  stgnificantly  different at  P<O.05.

was  observed  on  Day  5, while  it restored  to basal redox
status  from Day  14 to 21 (Fig. 2A  and  B), The
supplementation  of  vitamin E did not  prevent
aceumulation  of oxidized  lipids in the muscle  (Fig. 2C). In
addition,  concentrations  of GSSG  and  TBARS  in vitamin

E-treated, suspended  rats reached  their peak values

earlier  than those in vehicle-treated,  suspended  rats,

IZt7Tects of vitamin  E  on  protein ubiquttiuation

caused  bg tait-szLspension

  Tai1-suspension of  rats  for 10 days or longer also  caused

ubiquitination  of  musele  proteins with higher molecular
masses  (200-350kDa), including MHC,  as described

previously (Ikemoto et al., 2001). Daily treatment  with
15mgXrat of vitainin  E for 5 days, when  oxidative stress
reached  its peak, indueed ubiquitination  of  muscle

proteins with molecular  masses  frorn 200 to 350kDa,
whereas  the ubiquitination  of those proteins was  hardly
observed  in 5-day-vehicle-treated and  suspended

(control) rats  (Fig. 3A). A  200-kDa ubiquitinated  protein
was  immunoreactive to an  antibody  against  rabbit  skeletal

fast-type MHC  (data not  shown),  as described previously
(Ikemoto et al., 2001). [EWo- and  three-wk-treatment  with

15 mg/rat  of  vitamin E caused  protein ubiquitination  in the
muscle  of tail-suspended rats  with sirnilar extent  to those
of the respeetive  control  rats (Ftg. 3B and  data not

shown),

 Immunohistochemical analysis for ubiquitinated
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           vitamin E supplementation  on  protein
           gastroenemius muscle  of  tajl-suspended rats.

Sample was  prepared from gastreenemius muscle  of  unweighting

rats  treated with a  vehiele  or vitarnin E (15mgtrat) for 5 (A) or
21 days (B). Proteins (40pgllane) were  subjected  to SDS-6%-
PAGE  and  transferred to a polyvinylidene dMuoride mernbrane.
Ubiquitinated proteins were  detected as described in Methods.
Sirnilar results  were  obtained  in three separate e)cperiments.

MMSTD  represents  molecular  masses  of  standards.
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(A) (B)

(c) (D)

(E) (F)

Fig. 4 Histoehemical analysis  for ubiquitination  in gastrocnemius muscle  of  tail-suspended rats.  Rats were  suspended  and  treated

  with a  vehicle  (A and  D) or  15 mgtrat  of  vitamin E (B and  E) for 5 days and  3wks, respectively.  The pair-fed, non-suspended  rats

  were  also treated with 250 pl ofvehicle for 5 days and  3 wks  (C and  F). Section (6 um)  of  gastrocnemius muscle  was  prepared  and

  subjected  to irnrnunohistochemical analysis  of  protein-ubiquitinatien as  described in Methods. The length of  the bar indicates

  100#m.

proteins also  revealed  that supplementation  of  vitamin E

for 5 days caused  muscle  protein ubiquitination,  compared

with that of  vehicle-treated,  suspended  rats (Fig. 4A and

B), In eontrast,  protein ubiquitination  was  observed  at the

similar extent to that of eontrol  rats in gastrocnemius
muscle  of rats  treated with vitamin E for 3wks  (Fig. 4D

andE).

Elt7rects of vitamtn  E  on  MHC  fragmentati{m and

proteasome  activity  tn tait-sztspended  rats

 We  previously reported  that the irnmunoreactive

proteins corresponding  to the MHC  degradation products
had significantly  accurnulated  by day 10 and  continued  to
increase in tail-suspended rats  CIkemoto et al., 2001).

MHC  fragmentation was  not  observed  in gastroenemius
muscle  of  unweighting  rats treated even  with  vitamin E for
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Fig.5  Effects of  vitartm E supplementation  on MHC

   fragmentation in gastrocnemius muscle  of tad-suspended rats.

   Sarnple was  prepared  from gastrocnemius muscle  of unweighting

   rats  treated with a vehiele  or vitamin E  (15mg/rat) for 5 {A) or
   21 days (B), Proteins C40pgAane) were  subjeeted  to SDS-6%-

   PAGE  and  transferred to a  polyvinylidene dMuoride membrane.

   MHC  Carrows) and  its fragrnent$ CAMHC, closed  triangles) were

   detected  as  described in Methods. Similar results  were  obtained

   in three sepaTate  experiments,  MMSTD  represents  molecular

   massesofstandards.

5 days  (Fig. 5A), although  the vitamin E treatment  quickly
tndueed  muscle  protein ubiquitination,  ineluding MHC  on

Day 5. Tail-suspension for 21 days significantly  caused

MHC  fragmentation in the muscle  and  vitamin E

supplementation  did not  prevent  it (Fig. 5B), In addition,
vitarnin E  supplementation  fbr 5 and  21 days did not

change  musele  proteasome activity, which  was  increased
by tail-suspension: proteasome activities of unwetghting

rats  treated with vitamin E for 5 and  21 days were

O.71±O.06 and  1.31± O.10mlU!mg protein (mean±SD,
n=3),  respectively,  and  those of the respective  control

rats  were  O.73± O.05 and  1.30±O.09mlUlmg protein.

Discussion

 To investigate mechanism  of non-effectiveness  of

vitamin E  (15mg/rat) on  the muscle  mass  loss, we

measured  the redox  status  (the ratio of  GSH  to GSSG) in

gastrocnemius rnuscle  of vitamin E-treated and  suspended

rats, Unexpeetedly, the vitarnin E  supplementation

decreased the redox  status  in the muscle  of  unweighting

rats earlier  than  the vehiele  treatment  did. Furthermore,
the supplementation  of vitamin E also  accumulated

oxidized  lipids in the muscle  in the early  stage  (Fig. 4C).
These findings indicate that vitamin E at this dose rnay

function as a  prooxidant  rather  than an  antioxidant  in tail-

suspended  rats  leading us  to eonsider that the prooxidant
action  of vitamin E may,  at least in part, be responsible  to
it$non-effectiveness,

  Several lines of  investigations have suggested  that a-

toeopherol  may  act as a  prooxidant in vitro  artd  tn vivo

when  co-antioxidants  are  exhausted  under  a  condition  of

mild  oxidation (Terao and  Matsushita 1986; Kontush

et al., 1996; Upston et al, 1999). It wa$  likely that tail-
suspension  induced mild oxidation  espeeially  at its early

stage,  judging from the results  as to protein ubiquitination
in rat myeblastic  L6 cells treated with O,5rnM H202 Cour
unpublished  data). Therefore, vitarnin E administered

here might enhance  further lipid peroxidation in skeletal

muscle  as shown  in the following ehain  reaetion  CUpston
et al., 1999):

  a-Tocopherol  (a-TOH)+lipid peroxyl radical  (LOO･)->
    a-To･+LooH

  a-TO･+lipid-contairting  hydrogens (LH)-)a-TOH+
   carbon-centered  lipid radical  (L ･)

  L･ +02->LOO  ･ -Chain  reaction.

Further exarninations  are  required  to elucidate  this

hypothesis.

  We  suggest  that oxidative  stress  may  trigger

ubiquitination  of  muscle  protein caused  by unweighting
(Ikemoto et al., 2001; Ikemoto et al,, 2002). Vitamin E
supplementation  aggravated  oxidative  stress  in skeletal

muscle  only  Day 5 to Day 10 and  restored  muscular

concentrations  of GSH, GSSG  and  TBARS  to the basal

levels on  Day  14 and  later. Muscle protein ubiquitination
stated  on  Day 5, where  oxidative  stress  reached  its peak,
and  retained  its level for the tested period. Oxidative
stress  occasionally  causes  irreversible structural

alterations  of proteins, subsequently  leading to

ubiquitination  (see Jentsch et al., 1991, for review).

Therefore, vitamin E could  not  prevent protein
ubiquitination  by tail-suspension in this case, even  though

it suppressed  oxidative  stress  at the iate stage  of  tail-

suspension.  In contrast,  vitamin E  supplementation  did

not  enhance  MHC  fragmentation and  hndlimb skeletal

muscle  mass  loss caused  by tail-suspension, while  it

significantly  stirnulated  ubiquitination  of  muscle  proteins,

inclucling MHC.  At present, detail mechanism  of  this
discrepancy is unknown.  Several Iines of  investigations
suggest  that ubiquitination  is not  always accompanied

with activation  of proteasome under  oxidative  conditions

CReinheckel et  al,, 1998), Concomitantly, vitamin E

supplementation  did not  change  muscle  proteasome
activity in tail-sUspended rats  in the present study.

  We  here used  a  relative  high dose of vitamin E:

15mgtrat of  a-toeopherol  was  eorresponded  to

approximately  one-tenth  of dose of vitamin E which

sufficiently  inhibited protein oxidation  in skeletal  muscle

of exercised  rats  (Reznick et al., 1992), However, even
this dosage of  vitamin E was  too high to functien as an
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arttioxidant  in tail-suspended rats.  In an effective  case  of

vitamin E supplementation  to irmiobMzation-induced
muscle  atrophy,  vitamin E  was  daily admmistered  at the
concentration  of  30mg/kg  body weight  (i6 mgXrat)  for 6
days before imrnobilization (Kondo et al., 1992). However,

daily treatment  with  1.5 mglrat  of  vitamirt E for 3 wks  also

failed to prevent  suspension-induced  decline in hindlimb

muscle  mass.  Further exarninations  are  necessary  to
determine dosages of  vitaJnin E effective  to unweighting-
induced muscle  mass  loss.
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