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W e  character ized g ln ta th ione  t ranspor t  in b rush-border  m e m b r a n e  vesicles ( B B M V )  that  were prepared f rom rabbit  
smal l  in tes t ine  in which V-giutamyl t ranspept idases  (T-g iu tamyl t ransferases ,  EC  2.3.2.2) had  ~Seen inact ivated by a 
specif ic  aff ini ty- label ing r eagen t  (ATtzs) .  In tact  G S H  t ranspor t  was s trongly increased by the presence  of  N a  +. K +, 
LI  +, C a  2+ and  M n  z+ and,  o f  all these ,  t he  Ca  2+ activation effect  was prevalent.  Th i s  cat ion effect  was selective and  
catalyt ic  bu t  no t  energet ic;  V,~, obta ined  in the  p resence  o f  both  Na  ~ and Ca  2+ was about  6 - t imes  h igher  than  it was  in 
the i r  absence ,  while K m did not  change .  Moreover ,  t he se  ca t ions  a lmost  completely e l iminated  G S H  binding on  the 
m e m b r a n e  surface .  N a  + act ivat ion canno t  he  expla ined  as  a s t imula t ion  effect  on  the  N a + - H  + ant lport  sys t em,  s ince  a 
G S H  proton-dr iven t ranspor t  was  excluded.  W e  de te rmined  a pH  op t imum (7.5), while low or  high ext raves ieular  p H  
va lues  d iminished t he  G S H  uptake  rate.  T h e  Ca  z+ ef fec t  on  G S H  transport ,  when  an  electrical potential  d i f ference  was 
imposed  ac ross  B B M V ,  was  d i f ferent  f rom tha t  o f  monova len t  cat ions.  Indeed.  expe r imen t s  pe r fo rmed  by val inomycin-  
induced K + dif fus ion potent ial  o r  by an ion  subs t i tu t ion  showed that  the  G S H  t ranspor t  s y s t e m  was  an  electroueutral  
p rocess  in t h e  p re sence  o f  N a  + or  K +, but  tha t  it was  e lectrogenie  in the  p resence  of  Ca  2+ or  in the  absence  o f  
ext raves iculac  cat ions .  T h e s e  resu l t s  sugges t  tha t  GSi-I is  also co t ranspor ted  with these  cat ions,  wi thout  i ts  accumula t ion  
ins ide  vesieles.  Moreover ,  s ince  CSEI is negat ively charged,  the  e | | e c t  of  pH  changes  and  of  ca t ion  activation on  G S H  
t ranspor t  is  arguably  media ted  by c h a n g e s  in the  ionizat ion s ta te  o f  cer ta in  groups  as  the  carr ier  s i te  and  of  G S H  itself,  
indicat ing t h e  e lect ros ta t ic  n a tu r e  o f  G S H  b ind ing  s i tes  on  the  t ranspor ter .  T h e  h igh  Ca  2+ activation effect  is pe rhaps  
a lso  part ly d ue  to  fluidity ch anges  in the  Upoprotelc mic roenv l ronmen t  of  the  G S H  t ranspor ter .  Moreover ,  th is  t ranspor t  
s y s t e m  has  h igh  affini ty with G S H ,  given the  low K m value ( 1 7 / z M )  and  th?  fact that  it was  only inhibited by G S H  
S-der lvat ives  and  by G S H  monoe thy l  es ter ,  which probably sha re  the  s a m e  t ranspor t  sys tem.  

In t roduc t ion  

T h e  ep i the l ium o f  the  smal l  in tes t ine  is direct ly ex- 
posed  to a n u m b e r  o f  d rugs ,  food,  addi t ives  a n d  
xenobiot ics .  It  r ep resen t s  a first l ine o f  defence  aga ins t  
va r ious  infes ted toxic  chemica ls .  It  is k n o w n  tha t  intra-  
cel lular  g lu t a th ione  is an  i m p o r t a n t  c o m p o u n d  in the  
de tox ica t ion  process  a n d  in cel lular  p ro tec t ion  aga ins t  
chemica l  in jury [1-5} in var ious  t issues.  T h e  liver re- 
leases  G S H  at  a subs t an t i a l  ra te  a n d  he lps  ma in t a in  the  
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c i rculat ion o f  G S H  in the  p l a sma  [6,7]. Never the less ,  it 
has  recent ly  been d e m o n s t r a t e d  tha t  the  up t ake  o f  exog-  
e n o u s  intact  G S l l  p rov ided  rat  smal l - in tes t ina l  and  
renal  epithelial  cells with  s ignif icant  p ro tec t ion  aga ins t  
chemical ly  induced  injuries  [8,9]. Moreover .  the  pres-  
ence  o f  G S H  t ranspor t  sy s t ems  in bo th  poles  o f  the  
in tes t inal  cells ( b rush -bo rde r  and  baso- la tera l  m e m -  
branes)  [10,11], m a y  supp ly  G S H  to p l a sma  a n d  to 
o ther  cells where  it m a y  aid cellular  de tox ica t ion  [11]. 

Th i s  sugges ts  the  val idi ty  o f  the  oral  the rapeut ic  
admin i s t r a t i on  o f  G S H  u n d e r  the  va r ious  physiological  
and  pathological  cond i t i ons  that  cause  a lack o f  endoge-  
nous  GSH.  For  this reason  we charac te r ized  the  N a * -  
i ndependen t  t ranspor t  sy s t em o f  G S H  in rabbi t  intest i-  
nal  BBMV.  A prev ious  pape r  o f  ou r s  [10] p rov ided  
evidence tha t  in tac t  G S H  t ranspor t  ex is t s  in these  m e m -  
branes ,  whose  3 , -g lu tamyhranspep t idase  (EC  2.3.2.2) ac-  
tivity was  inact ivated by  a specific a f f in i ty- labe l ing  agen t  
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AT125. The present sludy was partly prompted by the 
scarce and incomplete understanding of intestinal 
peptide transport [12,13] particularly concerning the ion 
and energy-dependence and the specificity of transport. 
To clarify these aspects, we studied the effects of mona 
and bivalent cations and of proton gradients on GSH 
uptake. Moreover, since at physiological pH GSH is the 
only negatively charged tripeptide whose specific sys- 
tems of transmembrane transport had already been 
demonstrated [8,10,14-16], we investigated the effect of 
membrane potential on GSH uptake to test whether it is 
an electrogenic or an electroneutral system. We also 
determined the kinetics and the specificity of this GSH 
transporter by using the inhibition effect of the ~,- 
glutamyl compounds, GSH analogues and Probenecid 
(an inhibitor of Na+-dependent GSH transporter) [8]. 

Materials and Methods 

Materials 
[glycine-2-3H]GSH (spec. activity 1 Ci /mmol) ,  was 

obtained from New England Nuclear (Boston, MA). 
D-[U-14C]Glucose, from Amersham Radiochemical 
Center, Ltd., Bucks. AT1: s was a gift from Upjohn 
Company (Kalamazoo, Michigan). Glutathione mono- 
ethyl ester was obtained by the procedure of Bergman 
and Zervas [17]. Nitrocellulose filters (0.45 #m pore 
size) came from Sartorius (G~ttingen, F.R.G.). The 
dye-reagent concentrate for the determination of pro- 
t~;.= was obtained from Bio-Rad. All other chemicals 
used were reagent grade and were obtained from com- 
mercial sources. 

Preparation of brush-border membrane vesicles 
BBMV were prepared from frozen rabbit small in- 

testine (jejunal and ileal segments) by the method 
described by Sehmitz et al. [18] and modified by Kessler 
et al. [19]. After final ccntrifugation, the membranes 
were suspended in a medium containing 300 mM man- 
nitol, 0.1 mM MgSO 4, 10 mM Tris-Hepes (pH 7.5) and 
1.5 mM DTT. Protein concentration was about 15 
mg/ml ,  as determined by Bredford's method [20]. The 
following enzymes were assayed as markers for the 
brush-border membrane: alkaline phsphatase, leucine 
aminopeptidase, ~,-glutamyltranspeptidase and sucrase. 
The specific activities of these enzymes were enriched 
16-, 10-, 8-, and l l - fold,  respectively, compared to that 
of intestinal crude homogenate. The activity of lactate 
dehydrogenase, a cytosolic enzyme, was reduced 70-fold 
and the activity Na+/K+-ATPase,  a basolateral mem- 
brane marker enzyme, was absent in the vesicles. More- 
over, microscopic examination revealed predominantly 
unilamellar membrane vesicles. 

Transport measurements 
Before the uptake experiments, the ~,-glutamyltrans- 

peptidase activity in BBMV was completely inactivated 

by incubation at 30°C  for 30 rain with a 0.5 mM ATt25, 
an affinity labeling reagent for glutamine amide trans- 
ferases; as previously reported [10], this reagent under 
these experimental conditions does not alter membrane 
functionality. 

The uptake of radiolabeled substrates ir,,o intestinal 
BBMV was performed by a rapid filtration method, as 
described by Hopfer et al. [21]. Deaerated solutions 
under nitrogen were used for transport studies. In a 
final volume of 30/t l  the transport media contained 100 
mM mannitol, 10 mM Hepes-Tris (pH 7.5) and 0.5 mM 
DTT, varying concentrat ions  of the radioactive 
unlabeled substrates, ions and mannitol to adjust 
medium osmolality. 

Transport was started by adding ATlx 5 treated BBMV 
(150-200 p~g protein). The final concentration of AT12 s 
was 0.16 raM. After appropriate incubation times (from 
5 s to 60 min), transport was terminated by the addition 
of 3 ml ice-cold 0.15 M NaCI buffered with 1 mM 
Hepes-Tris pH 7 "stop solution'. The mixture was then 
quickly filtered through a nitrocellulose filter and 
washed with 3 + 3 ml "stop solution'. Vesicle-associated 
radioactivity on the filters was determined in a liquid 
scintillation counter. All values were corrected for ra- 
dioactivity found on those filters that lacked membrane 
vesicles. Washing membrane vesicles with a hypotonic 
solution eliminated most of the intravesicularly trans- 
ported free-form ligands [22]. Thus, after equilibrium 
uptake, the material inside the vesicles on the filters was 
eluted with water and concentrated by lyophilization to 
a smaU volume. In this concentrated solution, GSH was 
measured by the ghitathione rcductase method, using 
unlabeled GSH (10-200 n g / m i  of assay mixture) as the 
standard [23]. This enzymic analysis revealed that about 
90% of the radioactivity associated with AT125-treated 
vesicles was due to intact GSH, as also reported by 
Inoue et al. [14] in renal BBMV. 

In experiments in which the effect of membrane 
potential on GSH transport was studied, vesicles were 
pre-equilibrated with valinomycin (15 /zg/mg protein), 
K ÷ ionophore [24] and subsequently exposed to differ- 
ent intravesicular/extravesicular K ~ ratios. In the pre- 
sent study ' interior negative', as opposed to the ex- 
travesicular side, was achieved via 20-fold dilution into 
a K÷-free uptake buffer of membrane vesicles preequi- 
librated in 100 mM KCI. The presence or absence of 
valinomycin then served for the formation of either a 
negative membrane potential or the reference control 
condition. Likewise ' interior positive' was achieved via 
an inwardly directed K + gradient in the presence of 
valinomycin. For some experiments, the membrane 
potential was 'clamped'  at 0 mV by the addition of 
valinomycin to membrane vesicles with equimolar K + 
concentrations in intra- and extravesicular solutions. 

This procedure has already been demonstrated as 
effectively short circuiting membrane potential [25]. 



Val inomyc in  was added  in e thanol ;  the final concen t ra -  
t ions  of e thanol  were 0.5 and  0.25%. Con t ro l  measure-  
men t s  showed tha t  these concen t r a t ions  of  e thanol  and  
va l inomyc in  in the absence  of K + had no effect on 
G S H  t ranspor t  in to  BBMV. 

There  were  smal l  va r ia t ions  in t ranspor t  activity.  
W i t h  d i f fer ing  m e m b r a n e  p repa ra t i ons  the resul ts  agreed 
to wi th in  10~ ;  however ,  al l  expe r imen t s  were repeated  
at  least  three t imes,  each expe r imen t  a lways  be ing  t r ip-  
l icated,  The  repor ted  da t a  represent  means  _+ S.D., when  
the  b a r  is very smal l  it is not  indicated.  Fur the r  experi-  
men ta l  cond i t ions  are  descr ibed  in  the figure legends. 

Resu l t s  

E f f e c t  o f  m o n a -  a n d  b i -va len t  ca t ions  on G S H  u p t a k e  
The  d a t a  repor ted  in  the l i t e ra tu re  a b o u t  the effect of  

lqa  + e l  ~ in tes t ina l  G S H  t ranspor t  are con t rad ic tory ,  

p r o b a b l y  because  the expe r imen t s  were pe r fo rmed  us ing 
d i f fe rent  a n i m a l  species  a n d  d i f ferent  techniques :  p ig  
in t e s t ina l  BBMV [26]; ra t  in tes t ina l  e v e n e d  sac  [27] (in 
b o t h  s tud ies  the y - g l u t a m y l t r a n s p e p t i d a s e  ac t iv i ty  was  
no t  suppressed  by  ATI2s); a n d  vascu la r ly  pe r fused  rat  
smal l  in tes t ine  [111. l~or this  reason  we s tud ied  the effect  
of  N a  + a n d  of  o the r  mona -  and  b i -va len t  ca t ions  (in the 
fo rm of  ch lo r ide  sa l t s )  on  the ra te  of  G S H  t r anspor t  in 
AT125-treated BBMV in which  G S H  hydro lys i s  and  the  
ce l lu la r  me tabo l i c  event  were  e l imina ted .  T a b l e  I shows  
the  lack  of  specif ic i ty  in m o n o v a l e n t  ca t ions  ( N a  ÷, K +, 
L i+) ,  al l  o f  which  increase  G S H  u p t a k e  ra te  by abou t  

TABLE I 

£ffect of  mona- and bi-valent cations on GSH uptake into intestinal 
BBM V 

The cations tall as chlorides) are present in the extravesicular media. 
Transport was carried out with BBMV (30 .al) in uptake media 
containing 100 mM mannitol, l0 mM Hepes-Ttis (pH 7.5), 15 .aM 
[3H]GSH, 35 .aM unlabeled GSH and 100 mM Na +, K +, Li ÷, 
choline +, "iris +, or S mM Ca z+, Cd 2+. Mn 2+, Mg 2÷ and 185 mM 
mannitol or only 200 mM mannitol to maintain osmolarity. The 
values in parenthesis are the activation ~ of GSH uptake compared to 
the control (without cations in the uptake media). The data repr~ent 
means±S.D, for five preparations. * P < 0.005 and ** P < 0.05 com- 
pared with the contro I value. 

Addition Uptake (pmol GSH/mg protein) 

Incubation: I mln 60 min 

None 854- 9 220+30 
Na + 140+ 8 (60) * 230+ 15 
K + 1304- tO (50) * 200+20 
Li + 1204-15 (40) * 210=[= l0 
Ca :~ ' 145-1-16 ('/0) * 2504-25 
Cd 2÷ 1004- l0 (17) * * 230+ 30 
Mn 2+ 120+ 15 (40} * 200 4-15 
Mg 2+ 90+10 (0) 210+20 
Choline* 804- l0 (0) 210 ± 20 
"Iris + 904-12 (0l 2304- 25 

i 

i ' 
~ I00 

7,r~e Irn,nl 

Fig. I. Time course of GSH uptake in the presence of inward cation 
gradients. Transport was carried out with vesicles (30 .all in uptake 
media containing: 10 mM Hepes-Tris (pH 7.5l, 15 pM [3H1GSH. 35 
~M unlabeled GSH and: 5 mM CaCI 2. 285 mM mannitol (llll) or 100 
mM KCI. 100 ram mannitol (4) or 100 mM NaCI, 100 mM mannilol 
(El) 100 mM choline chloride. 100 mM mannitol (@) or 300 mM 

mannitol (o). 

50~ .  whereas  in the b iva len t  ca t ions  the ac t iva t ion  
effect of  Ca  ~+ a n d  Mn  2+ prevails ,  a n d  is h igher  than  the 
effect of  monova len t  ca t ions ,  cons ide r ing  that  Ca  2+ artd 
Mn  2+ are  p resen t  at  a concen t ra t ion  tha t  is 20- t imes  
lower. Moreover ,  an inward -g rad ien t  o f  cho l ine  + or  
Tris  + or  Mg  2+ does  not  increase  G S H  uptake,  ind ica t -  
ing that  the ac t iva t ion  effect  was  not  on ly  d u e  to the 
pos i t ive  charge  (one  or  two) but  to  the  presence  of  the 
ca t ion  h e r  se. U p t a k e  e q u i l i b r i u m  values  are  s imi la r  and  
this shows  tha t  ex t raves icu la r  ions  had  no  effect on  the 
in t raves icu la r  volume.  The  repor ted  concen t r a t i ons  are  
those in  which we o b t a i n e d  m a x i m u m  G S H  u p t a k e  
values.  These  resul ts  are  conf i rmed  by the fact tha t  the  
same  G S H  u p t a k e  t ime  course  behav iou r  is o b t a i n e d  in  
the presence  of  chol ine  + g rad i en t  o r  in  the absence  of  

ca t ions  (Fig.  1). By cont ras t ,  in the  presence  of  ex t raves-  
icular  N a  + or  K + or  C a  2+ grad ien ts ,  the t ime  courses  
were m u t u a l l y  s imi lar ,  and  G S H  u p t a k e  va lues  were  
higher.  We  therefore  d i rec ted  our  a u e n t i o n  to  the 
ac t iva t ion  effect of  N a  + or  Ca  2+ on  the  G S H  t r anspor t  
system. Tab le  If shows  tha t  the  pe rcen tage  of  ac t iva t ion  
o b t a i n e d  in the presence  o f  an  m w a r d  N a  + or  C a  ~÷ 

g rad ien t  on the in i t ia l  ra te  of  G S H  u p t a k e  (af ter  10 s of  
i ncuba t ion )  is s imi la r  to  tha t  o b t a i n e d  af ter  1 ra in  of  
incuba t ion  a n d  tha t  a t  the same  concen t r a t i on  (5 raM)  
the Ca  2 + ac t iva t ion  effect is three  t imes  h igher  t han  tha t  
o b t a i n e d  with N a  +. Moreover ,  in the  presence  of  the 
s a m e  ca t ion  concen t r a t i on  on  b o t h  s ides  of  the m e m -  
b rane  vesicles (100 m M  out,  100 m M  in, for Na+ ;  a n d  5 
mM out,  5 m M  in, for Ca  2+) the  G S H  u p t a k e  values  
are  s imi la r  to those  o b t a i n e d  when  an  inward -g rad ien t  
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TABLE IT 

Effect of differing intra and extravesicular concentrations of Na * and 
Ca" + on GSH uplake into intestinal B B M V  

Transport was carried out with BBMV (30 p.I) in uptake media 
containing 10 mM Hepes-Tris (pH 7.5), 15 g.M [3HIGSH, 35 /IM 
unlabeled GSH and various concentrations of Na + and Ca 2+ and 
various mannitol concentrations to maintain osmolarity, o Vesicles 
were preloaded for I h with Na + or Ca 2 .  solutions (as chlorides) to 
obtain final concentrations (out = in) of 100 mM and 5 raM, respec- 
tively. The values in parentheses are the activation ~o of GSH uptake 
compared to the control (without cations in the uptake media). The 
data represent means± S.D. for five preparations. * P < 0.005 and 
• *P < 0.01 compared with control value. 

Uptake (pmol G S H / m g  protein) 

Incubation: 10 s 60 s 

None  d0-÷5 90-6 9 
Na ÷ (5 mM o u t / 0  in) 5 0 + 4  (25) ** 115 4- 9 (27) * 
Na + (100 mM ou t /0  in) 6 0 + 8  (50) * 140+15 (55) * 
QNa ÷ (100 mM out/100 mM in) - 150-6 ! i (66) * 
Ca 2÷ (0.5 mM o u t / 0  in) 48+  3 (20) * * 120:i: l0 (33) * 
Ca2÷ (5 mM o u t / 0  in) 7 0 + 5  (75) * 155+14(70)  * 

C a  2 ~  ( 5  aim ou t /5  mM in) - 1 6 0  + 1 5  ( 7 7 )  * 

(100 mM out, 0 in, for Na+; 5 mM out, 0 in, for Ca 2+) 
is present, indicating that the increase of GSH uptake is 
fundamentally related not to the inward cation gradient 
bu t  to the  ca t ion  concen t ra t ion  p e r  s e .  W e  h a d  previ-  
ous ly  d e m o n s t r a t e d  t h a t  w i t h  a n  i n w a r d  N a  ÷ g r a d i e n t ,  

G S H  b i n d i n g  t o  m e m b r a n e  s u r f a c e s  is o n l y  6 %  [10].  W e  
t h e r e f o r e  p e r f o r m e d  t h e  s a m e  e x p e r i m e n t s  w i t h  a C a  2÷ 
e x t r a v e s i c u l a r  c o n c e n t r a t i o n  o f  5 m M  to  t e s t  w h e t h e r  
t h e  h i g h e r  G S H  u p t a k e  v a l u e s  o b t a i n e d  w i t h  C a  2+ t r u l y  
r e f l e c t e d  G S H  t r a n s m e m b r a n e  m o v e m e n t .  T h e  r e s u l t s  
r e p o r t e d  i n  F i g .  2 s h o w  t h a t  G S H  b i n d i n g  is  a b o u t  
8 .5% + 2 .5  i n  t h e  p r e s e n c e  o f  C a  2÷ w h i l e  i n  t h e  a b s e n c e  
o f  C a  2+ i t  is  a b o u t  2 1 %  :t: 4 .5 .  T h e r e f o r e ,  i n  t h i s  c a s e ,  
v e s i c l e - a s s o c i a t e d  r a d i o a c t i v i t y  r e p r e s e n t s  G S H  t r a n s -  
m e m b r a n e  t r a n s p o r t  i n t o  a n  o s m o t i c a l l y  a c t i v e  s p a c e .  

Ef f ec t  o f  pro ton  gradien t  on G S H  u p t a k e  

R e c e n t l y ,  G a n . a p a t y  a n d  o t h e r  a u t h o r s  [ 13 ,28 ,29 ]  r e -  
p o r t e d  t h a t  a n  i n w a r d  p r o t o n  g r a d i e n t  s t i m u l a t e d  a n d  
e n e r g i z e d  t h e  u a n s p o r t  o f  c e r t a i n  p e p t i d e s .  M o r e o v e r ,  
t h e  p a r t i a l  d e p e n d e n c e  o f  p e p t i d e  u p t a k e  o n  N a  + i n  
i n t a c t  t i s s u e  p r e p a r a t i o n  w a s  e x p l a i n e d  a s  a n  i n w a r d  
N a  + g r a d i e n t  s t i m u l a t i o n  e f f e c t  o n  t h e  N a + - H  + a n t i p o r t  
s y s t e m  [13 ,30] .  W e  e x a m i n e d  t h e  e f f e c t  o f  d i f f e r e n t  
e x t r a v e s i c u l a r  p H  v a l u e s  ( p f t o )  o n  G S H  u p t a k e .  F ig .  3 
s h o w s  t h a t  G S H  u p t a k e  w a s  e n h a n c e d  n e i t h e r  b y  a n  
i n w a r d  n o r  b y  a n  o u t w a r d  p r o t o n  g r a d i e n t .  M o r e o v e r ,  i t  

is e v i d e n t  a t  v a r y i n g  i n c u b a t i o n  t i m e s  t h a t  C i S H  u p t a k e  
is s i g n i f i c a n t l y  h i g h e r  w h e n  p H o  a n d  p H i .  ( i n t r a v e s i c u -  
l a r )  a r e  7 .5 .  T h i s  s e e m s  t o  b e  t h e  o p t i m a l  p H  f o r  G S H  
u p t a k e ,  a n d  e v e r y  u p t a k e  e x p e r i m e n t  . ' :as  p e r f o r m e d  a t  
t h i s  p H  v a l u e .  U p t a k e  e q u i l i b r i u m  v a l u e s  a r e  a l l  s i m i l a r ,  
s u g g e s t i n g  t h a t  t h e  v a r i o u s  e x t r a v e s i e u i a r  p H  v a l u e s  h a d  

c 
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Fig. 2. Effect of osmolarity on the equilibrated GSH content of 
membrane vesicles. Transport was carried out with membrane vesicles 
(30 ~1) in uptake media containing: 10 raM Hepes-Tris (pH 7.S), 15 
#M [3H]GSH, 35 ~tM unlabeled GSH varying concentrations of 
mannitol (300-700 raM) in the absence (0 )  and in the presence (O) of 
5 mM CaCI 2. GSE[ uptake values were det,:rmined after 60 rain of 
incubation. The ratios for osmolarity inside/osmolarity outside the 
vesicles are reported on the abscissa. The int,~rcept that is greater than 
0 shows that binding of GSH to the vesicles is 8.5~ in the presence of 

Ca 2+ and 21~ in its al~sence. 

n o  e f f e c t  o n  i n t r a v e s i c u l a r  v o l u m e .  T h e s e  r e s u l t s  s h o w  
t h a t  t h e  G S H  u p t a k e  p r o c e s s  is  n o t  p r o t o n - d r i v e n .  
M o r e o v e r ,  t h e  a d d i t i o n  o f  p r o t o n o p h o r e  F C C P  t o  t h e  
u p t a k e  m e d i a  ( w h e n  p i l e  w a s  5 .5  a n d  p H i ,  7 .5 )  h a d  n o  
e f f e c t  o n  G S H  t r a n s p o r t ,  i n d i c a t i n g  t h a t  i t  w a s  n o t  t h e  
H + g r a d i e n t  w h i c h  d e c r e a s e d  t h e  O S H  u p t a k e  r a t e s ,  b u t  

20C 

c 

"~ 100 

T,~e Cmin )  

Fig. 3. Effect of extravesicular pH on G~,H uptake. Transport was 
carried out with membrane vesicles (30/~1) in uptake media contain- 
ing: 300 mM mannitol, 15 ftM 13HIGSH, 35 /aM unlabeled (}SH, 
0 . 5 ~  ethanol and 10 mM Hepes-Tris pH o 7.5 (e l  or pH o 6 (11) or pH o 
5.5 (o)  or p i le  5 .5+90  ~M FCCP dissolved in ethanol 0.5% (a)  or 
pH o 9 (E3). pHin was a~ways 7.5. The values are the means of three 

experiments performed in triplicate 4- S.D. 



& 
10( ~ - ' - ~ - ' - - ~  

+ 

+/ 
- - . o  

gO lbO 
GSH (MM) 

Pig. 4. Effect of ,varying GSH concentration on the initial rate of GSH 
uptake. GSH uptake values [or mediated transport were obtained by 
subtracting the diffusion component for each concentration after 10 s 
of incubation with membrane vesicles (30 lal) in uptake media con- 
taining: 100 mM mannitol, 10 mM Hcpcs-Tris (pH 7.5), varying 
concentrations of [3HI/(~$I-1 (14-130 /~M) and: 100 mM choline 
chloride (e) or 100 mM NaCI (Ill) or 5 mM CaCI 2 and 185 mM 

mannitol to). 

the  low outs ide  p H  p e r  so. The same resul ts  were  
o b t a i n e d  when  the expe r imen t s  were pe r fo rmed  in the 
p resence  of  an  i nward  N a  ÷ or  K + or  C a  "-+ g rad i en t  a n d  
the  m a x i m u m  values  of t3SH up t ake  were a lways  at  
p H o  7.5 = P H i .  ( d a t a  not  shown).  

K i n e t i c  d a t a  o f  G S H  u p t a k e  
T o  inves t iga te  whe the r  the ac t ion  of  Ca  2+ differs  

f rom tha t  o f  o the r  ca t ions  on  the G S H  t r anspor t  sys- 
tem, we  s tud ied  the effects  o f  va ry ing  G S H  concen t ra -  
t ions  on  the in i t ia l  ra te  (af ter  10 s of  i ncuba t ion )  of  
G S H  up t ake  in the presence  of  ex t raves icu la r  C a  2 + or  
N a  + o r  cho l ine  + g r ad i en t s  (Fig.  4); as p rev ious ly  de- 
t e rmined ,  G S H  u p t a k e  is l inea r  a t  up  to 10 s of  incuba-  
t ion  [10]. The  u p t a k e  va lues  a t  the va r ious  G S H  con-  
c e n t r a t i o n s  were then  cor rec ted  for d i f fus ion  by sub-  
t r ac t ing  each c o n c e n t r a t i o n ' s  d i f fus ion  c o m p o n e n t  to 
y ie ld  the net  t r anspor t  m e d i a t e d  up take ;  the d i f fus iona l  
c o m p o n e n t  was  o b t a i n e d  m u l t i p l y i n g  the s lope  of  the 
l inea r  pa r t  of  the  curve  by  each solute  c o n c e n t r a t i o n  as  
r epor t ed  in  a prev ious  work  [10]. T h e  in i t i a l  ra te  of  
(3SH t r anspo r t  fo l lowed Michae l i s -Men ten  sa tu ra ted  
kinet ics .  The  b e h a v i o u r  is hyperbo l ic  a n d  the rec iprocal  
p lo t s  ob t a ined  wi th  these d a t a  are  l inear  (not  shown).  
However ,  the  ac t iva t ion  effect  o f  N a  ÷ or  Ca  2 .  on in i t ia l  
G S H  up t ake  is ev iden t  a n d  is s imi la r  for both.  This  
g rea te r  capac i ty  in the t r anspor t  sys tem is c o n f i r m e d  by  
Vma ~ va lues  (Tab le  l iD,  which  are  six t imes  h igher  t han  
in  the  presel~ce of  chollJ~¢ +, whi le  the aff in i ty  for G S H  
does  no t  change ;  indeed,  K m values  are  al l  s imi lar .  We  
a l so  de t e rmined  O S H  u p t a k e  va lues  in  the presence  of  
v a r y i n g  ex t raves icu la r  Ca  z+ or  N a  + concen t r a t i ons  af ter  
10 s of  incuba t ion .  In bo th  cases,  the  t ime  course  
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TABLE Ill 

Comparison of Ihe I~inezic Furumerers of ¢~SH transport in the prvsence 
of an inw+~rd cation .qradtent 

The value_+S.D, were obtained from a reciprocal plm of the data 
reported in Fig. 4. 

Addition K m Vma s 
(/xMi (pmui G~|I /mg prolgin per !0 s) 

Choline + 17+_3 20+_ 5 
Na + 23 _+ 3 120-9 10 
Ca 2. 25__.4 130__. S 

behav iour  was hyperbol ic ,  i nd ica t ing  that  this  ac t iva t ion  
effect was not allo~teric (Fig. 5). 

E f f e c t  o f  m e m b r a n e  p o t e n t i a l  on G S H  u p t a k e  
The potent ia l  d i f ference  across  b i o m e m b r a n e s  repre- 

sents  an i m p o r t a n t  d r iv ing  force for e lectrogenic  solute  
t r anspor t  [24}. Since G S H  is negat ive ly  charged  at 
phys io logica l  pH,  the an ion ic  na ture  of G S H  may  con- 
t r ibu te  to its own t r a n s m e m b r a n e  movement .  To  test 
this hypothes i s  and  to de te rmine  whe the r  the s tudied  
ca t ions  were assoc ia ted  wi th  the G S H  t ranspor t  sys tem 
and  were t r ans loca ted  with G S H ,  the effect of an artifi-  
c ia l ly  imposed  m e m b r a n e  po ten t i a l  d i f ference on t rans-  
por t  ac t iv i ty  was  s tudied,  us ing  two methods :  ({) an ion  
subs t i tu t ion  a n d  (2) va l i nomyc in - induced  K + c i f fus ion  
potent ia l .  In the first expe r imen t  the effect  of Na  + sal ts  
wi th  d i f fer ing  an ion  pe rmcab i l i t i e s  ( S C N - >  C I - >  
SO,~-) was  tes ted on G S H  uptake .  Since N a S C N  enters  
the vesicles faster, a negat ive  m e m b r a n e  po ten t i a l i s  
gene ra t ed  ear l ier  than  with N a z S O  4 or  NaCI.  ] ' ab le  IV 
dep ic t s  tha t  af ter  1 and  2 rain of  incuba t ion  in the 
presence  of  the three N a  + sai ls ,  there  was  no  s igni f icant  
d i f fe rence  in G S H  u p t a k e  values,  i nd ica t ing  an electro-  
neu t ra l  process.  Thus  the nega t ive  charge  of G S H  is 
ba l anced  by the s imu l t aneous  co t r anspor t  of ca t ions  or 

-+0+ 
2O 40 6O 8O IO0 No" (ram 

Fig. 5. Effect of varying cations concentrations on the initial rate of 
GSH uptake. Transport ,.~as carried out ,.vith membrane vesicles (30 
.al) in uptake media containing 10 mM Hepes-Tris (pH 7.5). 15 .aM 
[~HIGSH, 35/JM unlabeled GSH. varying mannitol concentr.~tions to 
maintain osrnotarity and varying Ca 2+ (El) or Na + (o) concentrations. 
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TABLE IV 
Effect of negative membrane potential induced by anions on GSH ¢lptake 

Transport was carried out wilh BBMV (30 /z]) in uptake media 
comaining 100 mM raannilol, 10 mM Hepes-Tris (pH 7.3), 15 /IM 
[3H]GSH. 35 p.M unlabeled GSH and 100 ram NaSCN or 100 mM 
NaCI or 50 raM Na2SO4, and 50 mM mannitol. The data represent 
means_+S.D, for triplicates. 

Incubation Up|ake (pmol GSH/mg protein) 
lime (min) NaSCN NaCI Na zSO,, 

1 130_+10 140+ 8 150+10 
2 1"/0:t:15 180_+12 175__.1.5 

by the s imultaneous ant iport  of anions.  This  result was 
confirmed by experiments that involved a val inomycin 
induced K + diffusion potential  (interior positive). Fig. 6 
does not  show changes in values for G S H  uptake  into 
,,e~!cle-~ in the presence 0!' vatinomycin, jus t  as in volt- 
age-clamp condi t ions (val inomycin and [K+]in = 
[K+]o~t), the time course behaviour is similar. In these 
experiments in the extravesicular media, N a  ÷ or  K + 
cations are always present.  To  conf i rm these data we 
performed experiments that  involved an interior nega- 
tive membrane  potential  induced by  val inomycin in the 
presence of  an outward  K + gradient.  In this case, we 
obtained data that contrasted with those of  previous 
experiments.  In the absence of extravesicular cations or  
in the presence of  extravesicular Ca 2+, the addit ion of  
val inomycin (interior negative) reduced G S H  uptake 
into vesicles (Fig. 7). These t ranspor t  profiles are char- 
acteristic of  a membrane  potent ia l -dependent  t ranspor t  
system, indicating an ¢lectrogenic process. O n  the con- 

~oo; ~ ~ ~  

~ 10C 

~ ;: ~o 
TLrne (mln) 

Fig. 6. Effect of K + diffusion potential (interior positive) generated by 
vallnoraycin on GSH uptake. Transport was carried out will', mem- 
brane vesicles (30/~1) in uptake media containing: 100 mM raannito], 
10 mM Hepcs-Tris (pH "/.5), 15 I~M 13HIGSH, 35/~M unlabeled GsH, 
100 mM KCI, 0.55 ethanol (o) or valinomycin (15 /zg/mg protein) 
(o). Membrane vesicles were a[so incubated with valioomycin and 100 
raM KCI for 20 rain to eliminate any ion gradient across the mem- 

brane (voltage-clamp conditions) (A). 

~0o 

a 

Time ( ra in)  

Fig. 7. Effect on Li~i-] uptake of a simultaneous presence of K + 
diffusion potential (interior negative) generated by vatinomycin and 
extravesicalar cations. Membrane vesicles were prepared in a medium 
conlaininb 100 mM mannitol, 100 mM KCI, 10 mM Hepes-Tris (pH 
7.5) and :m aliquot was mixed with uptake media with a final 
compositien of: 10 mM Hepes-Tris (p.'-l_ 7.5), 5 mM KCI, 30 ~M 
[3HIGSH, 45 pM unlabeled GSH and: 100 mM choline chloride, 90 
mM manr, ltol (o, e) or 100 mM NaCI, 90 mM raannitol (z~, A) or 5 
mM CaCI s, 275 mM mannitol (O, I1). Vesicles with valinomycin (15 
lag/ml protein) (closed symbols) or with 0.25% ethanol alone (open 
symbols). The data rcprcscnt the means of four experimenls:l:S.D. 
* P g 0.01, ** P < 0.001 compared with values obtained without 

valinomycin. 

trary, the s imul taneous  presence of  a negative mem-  
brane  potential  and  an  inward H a  + gradient  did not  
affect G S H  uptake  (Fig. 7). I n  conclusion,  the experi- 
ments  with anion replacement  and  val inomyein- indueed 
K + diffusion potent ial  (in which  there are N a  + o r  K + in 
the extravesicular media), suggest  that  the G S H  trans-  
por t  system is electroneutral.  By contrast ,  in the pres-  
ence of  interior negative, whzn  there are no  extravesicu- 
lar cat ions (Na  ÷, K +) or  when  Ca 2+ is present ,  the 
G S H  t ranspor t  process is electrogenie (with a negative 
charge transfer). By way  of  control,  exper iments  with 
K + diffusion potential  generated by  val inomycin were 
per formed on N a  + glucose t ransport .  As was  predict-  
able f rom the electrogenic na ture  of  its t ranspor t ,  D-glu- 
cose uptake  increased several-fold under  interior nega-  
tive m e m b r a n e  potent ial  condit ions,  while it decreased 
in the presence of  positive interior or  of  vol tage-clamp 
condi t ions (not  shown).  

Effect o f  probenecid, ophthalmic acid, G S H  ethyl ester, 
y-glutarnyl compounds and G S H  S-derivates on G S H  
uptake 

To characterize the intestinal b rush-borde r  G S H  
t ranspor ter  in compar i son  to those determined in o ther  
membranes  [8,14-16], we studied the effect of  varying 
c o m p o u n d s  on  the time course  of  G S H  transport .  The  
results reported in Fig. 8 indicate that G S H  t ranspor t  
was unaffected when probenecid or  ophtha lmic  acid (a 
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Fig. 8. Effect of probenecid, ophthalmic acid and glutathione deriva- 
lives on GSH uptake. Transport was carried out with membrane 
vesicles (30/,d} in uptake media containing tO0 mM mannitol, 10 mM 
Hepes-Tris (pH 7.5), 100 mM NaCl, 15 ~tM [3HIGSH, 35 F M  
unlabeled OSH (t~) and the presence of: 0.5 mM prnbeneeid (l)  or 
ophthalmic acid (¥-Glu-a-aminoisobutyrate-Gly) (o) or S-ethyI-GSH 

(&) or S-p-nitroberizy|-GSH (m) or y-Glu-Cys-G|y ethyl ester (rn). 

G S H  analogue which possesses a -aminoisobutyra te  sub- 
st i tuted for eysteine) were present  in uptake  media at a 
concentra t ion 10-times higher than that  of  G 3 H ,  while 
S-e~hyl-GSH, S-p-ni t robenzyI-GSH and G S H  ethyl es- 
ter (V-glutamylcysteinyI glycy| ester) reduced the rate o f  
G S H  uptake  into the vesicles by  about  30%, 60% and  
65%, respectively, at the shortest  incubat ion t imes (10 s, 
1 min).  Moreover,  we performed inhibit ion exper iments  
o n  G S H  transport ,  using other  ~,-~utamyi compounds ,  
such  as 1,-glutamylglutamate, v-glutamyl-p-nitroanilide, 

lC 

1 -2 ~-×10 

O2 O4 
I mM 

Fig. 9. Dixon Plot. Competitive inhibition of GSIt uptake by GSH 
ethyl ester. Transport was carried out with membrane vesicles 130 ~1) 
in uptake media coraaining 1130 mM mannitol, 10 mM Hepes-Tris 
(pH 7.5), 1O0 mM NaCI, increasing inhibitor eonecntratiorm (0.05-0.4 
raM) and: 13 ttM [3H]GSH (11) or 27/tM [3H]GSH (A) or 54/xM 
I3H] GSH (o) or 110 itM [ }H]GSH (ll). I," = pmol GSH taken tip per 

mg protein after l0 s of incubation. I, GSH ethyl ester. 

y-gluta.m'_'lglycine and "y-ethylglutamate. None  of  these 
compounds  decreased G S H  uptake (data not .~hown). 

We also carried out  a kinetic analysis of  G S H  mono-  
ethyl ester inhibition at the initial rate of G S H  uptake 
(10 s). This  G S H  derivative behaves as a competitive 
inhibitor against G S H  uptake when presented in a 
Dixon plot (Fig. 9); the same results were obtained 
from Lineweaver-Burk and f rom Hun te r -Down  plots. 
Fur thermore,  in this exper iment  the diffusional compo-  
nent  was subtracted from uptake values obtained at the 
varying G S H  concentrat ions,  both  in the presence and 
in the absence of  an inhibitor. The apparent  K i mean 
value for G S H  uptake is 33 ~M. 

Discussion 

The literature reports  contradictory and scarce data  
on  the characteristics of specific t ranspor ters  of  intae 
peptides across p lasma membranes  and on  the quest ion 
of ion-dependence.  This  is due in par t  to differences in 
technique and in par t  to the hydrolysis of  the peptides 
on the m e m b r a n e  surface. Nevertheless,  there is now 
adequately sound  evidence that peptides,  including cer- 
tain biologically active ones, can be and are absorbed 
across small intestine in intact form. Fo r  example, the 
biological efficacy of L H - R F  (hi teinizing-hormone re- 
leasing factor) and of T R F  (thyrotropin-releasing fac- 
tor) were proved when administered orally [121. 

In a previous paper  [10], we demons t ra ted  that intact 
G S H  enters ATt2 : t rea ted  vesicles obtained f rom in- 
testinal b rush-border  membrane ,  and Hagen has dem- 
onstrated that  the degradat ion of  G S H  and the trans- 
port  of  intact G S H  are mutually independent  and occur  
simultaneously [111. 

Until  now, in the intestinal membrane ,  the Na*-de  - 
pendent ,  Na+- independent  and p ro ton  dependent  trans- 
por t  systems of  varying pepzides have been identified: 
there are no  data, howev=r, on  the effect o f  o ther  
cations on t r ansmembrane  transporters .  There are only 
reports  for a Ca z+ activation effect on  glucose Na+-de  - 
pendent  t ranspor t  [31] and on  G S H  transpor t  in the 
liver sinusoidal p lasma membrane  [321. 

In the present  s tudy we have clearly demonst ra ted  
that facilitated G S H  t ranspor t  is s trongly affected by 
the presence of  N a  +, K ÷, Li +. Ca  2+ and Mn 2~, which 
increase G S H  uptake into vesicles several-fold and that, 
of  all these, the Ca 2+ activation effect is prevalent. This 
effect is neither due to the positive charge alone (be it 
m o n o  or  bivalent) nor  to a cation gradient, but  to the 
presence of  certain cations. Thus  we can confirm that 
G S H  is translocated by Na+- independent  t ranspor t  and 
that the cation effect is selective and catalytic bu t  not 
energetic. This  is confirmed by kinetic data; Vma ~ ob- 
tained in the presence of  N a  + or  Ca 2+ is about  6-times 
higher than in their respective absences while G S H  
affinity for the t ranspor te r  does not  change. These 



cations accelerate the equilibration of GSH without 
enabling accumulation. 

Na* activation can explain what was reported by 
Hagen et al. [11], who, using al, ia situ-loop vascular 
perfusion of rat small intestine, showed that Na+-free 
solutions on the luminal side inhibited GSH transport 
by ab~mt 75%. 

On the other hand, Na + activation cannot be ex- 
plained as a stimulation effect on the Na*-t-1 + antiport 
system, since a GSH proton-driven system was excluded 
from the results achieved when using differing extraves- 
icular pH (5.5-9). This is in agreement with the results 
reported for GSH uptake in intestinal tissue and renal 
BBMV [14,11]. 

Since GSH at all examined pH values is an anion, we 
believe that its binding :;ires on the transport system are 
mainly electrostatic in r, ature and that therefore the 
effect of pH changes could be mediated by changing the 
ionization state of certain groups at the carrier site and 
of GSH itself. Furthermore, the lack of GSH binding 
on the membrane surface in the presence of Na + or 
Ca 2+ is possibly due to the interactions of the latter 
with the negative charges of the transporter and of GSH 
itself. Thus, both the pH 7.5 and the presence of cations 
may induce an optimal functional conformational state 
in the cotransporter. 

The action mechanism of these cations seems, how- 
ever, to be ra*her complex and to differ from each 
other. The role of Ca 2+ in terms of an imposed electri- 
cal potential difference across BBMM on GSH transport 
is different from that of monovalent cations. Indeed, 
experiments performed by valinomycin-induced K + dif- 
fusion potential or by anion substitution showed that 
the GSH transport system was an electroneutral process 
in the presence of  Na + or K +, but that it was electro- 
genie in the presence of  Ca 2+ or in the absence of 
extravesicular cations. 

From these results we can suppose that Na + or K + 
are cotransported with GSH and that they thus neutral- 
ize the GSH negative charge. It is evident that Ca 2+ 
(even supposing it were cotransported) does not neutral- 
ize the GSH negative charge. The increase in Vma ~ 
confirms cotransport with the cations [33], even if there 
is no accumulation of GSH inside the vesicles. How- 
ever, we cannot exclude the possibility of an exchange 
system with other cations or anions. These data contrast 
with what has been reported for Na÷-independent GSH 
transport systems in renal BBMV and liver canaficular 
membrane vesicles or for Na+-dependent GSH trans- 
port in renal BLMV, in which GSH transport is electro- 
genie [14-16]. However, there are no data on the role of 
membrane potential on intestinal GSH and other elec- 
trically charged peptide transporters. Recently, it has 
been demonstrated that Ca 2+, MI, 2+, and Mg 2+ de- 
crease membrane fluidity and that this effect is highly 
specific for Ca 2+, presumably involving the binding of 

Ca 2+ to such anionic sites as acidic phospholipid head 
groups and sialic acid residu.'s in the lipid bilayers of 
rat small intesti:m [34]. It has also been reported that 
changes in fluidity influence a number of enzymic activ- 
ities and Na%dependent  glucose transport [31]. More- 
over, Ca 2+ has been demonstrated as not modulating 
the fluidiLy of the intestinal basolateral membranes. 

Ca 2+ also influences the fluidity of the controluminai 
(sinusoida! and contiguous) but not of the luminal 
(canalicular) plasma membranes of hepatocytes [35]. 
Some authors report that Ca 2+ stimulates GSH trans- 
port across liver sinusoidal plasma membranes [32]. 
These results indicate that the effect of Ca 2+ on fluidity 
is selective for certain antipodal membranes and suggest 
that the changes induced by Ca 2+ on the activity of 
membrane enzymes and transporters may be pnyslo- 
logically important. Ca 2+ may interact with the lipopro- 
teic taicroenvironment of the OSH transporter a n d / o r  
with its hydrophobic surface areas without interact di- 
rectly witb GSH. This may explain the increasing trans- 
portability and the electrogenic nature of transport ob- 
served in the presence of Ca 2+. 

The above could therefore indicate that the lipid 
component of  GSH transport systems is important for 
the transport mechanism, as has been demonstrated for 
D-glucose Na+-dependent transport in intestinal BBMV 
[36]. Moreover, the experiments performed with GSH 
~nalogues suggest that GSH transport in intestinal 
BBMV differs greatly from that in intestinal or renal 
BLMV [15,11]. It is not inhibited by ophthalmic acid or 
by probenecid or y-~!utamyl compounds.  On the other 
hand, it is marked!y inhibited by S-substituted GSH, as 
are the GSH transport systems in renal BBMV and in 
tiver canalicular membrane vesicles [14,16]. These ob- 
servations suggest that this transport system has high 
affinity with GSH and that the most important struct- 
ural feature for transport is not the "r-glutamyl group 
but the tripeptide moiegy of GSH and its derivatives. 

Previously, we demonstrated that the transport sys- 
tem in question is inhibited neither by the three amino 
acids (Glu, Cys, Gly) nor by other di- or tri-peptides 
[10]. The presence of  transport systems for GSH S-con- 
jugates has recently been demonstrated in erythrocyte 
membrane [37], in hepatic canalicular membrane [38] 
and in renal basolateral membrane [39], Our results 
suggest that GSH and its derivatives use the same 
transport system, thus contributing actively to the in- 
testinal detoxication function of  the cleetrophilic 
xenobioties (the small intestine has high activity of 
GSH-S-transferases [40]). This interesting possibility 
should be studied further. 

We think that GSH monoethyl ester, a competitive 
inhibitor with an apparent K i value (33 tzM) that is 
very similar to that of the K m for GSH (20/tM), is also 
a substrate of the GSH transport system; this GSH 
derivative could thus be a therapeutically effective corn- 



p o u n d  a f t e r  o r a l  a d m i n i s t r a t i o n ,  a s  s u g g e s t e d  b y  M e i s -  
t e r  [41] a n d  T e i c h e r  [42] .  I n d e e d  M e i s t e r  d e m o n s t r a t e d  
t h a t  t h i s  c o m p o u n d  is  n o t  t o x i c  a n d  t h a t  i t  i n c r e a s e s  
c e l l u l a r  G S H  levels ,  e s p e c i a l l y  in  t h e  k i d n e y  a n d  l iver ,  

b y  i t s  s u b s e q u e n t  h y d r o l y s i s  i n t o  t h e  cel ls .  U n l i k e  G S H ,  
i t  d o e s  n o t  i n h i b i t  e n d o g e n o u s  G S H  s y n t h e s i s  a n d  i t  
e n t e r s  t h e  l iver ,  i n  w h i c h  G S H  e n a c t s  t h e  m a i n  d e t o x i -  
c a t i o n  c o m p o u n d  f u n c t i o n .  

S u m m a r i s i n g ,  G S H  t r a n s p o r t  i n  i n t e s t i n a l  B B M V  is 
N a + - i n d e p e n d e n t ,  p H - d e g ,  e n d e , x t  a n o  s p e c i f i c a l l y  

a c t i v a t e d  b y  m o n o -  a n d  b i - v a l e n t  c a t i o n s ,  in  p a r t i c u l a r  
b y  C a 2 ÷ ;  m o r e o v e r ,  i t  is  a f f e c t e d  b y  m e m b r a n e  p o t e n -  
t i a l  in  r e l a t i o n  t o  t h e  p r e s e n c e  o f  c e r t a i n  c a t i o n s  a n d  is 
i n h i b i t e d  in  a h i g h l y  s p e c i f i c  w a y  b y  G S H  S - d e r i v a t i v e s  
a n d  b y  G S H  m o n o e t h y i  e s t e r .  

A c k n o w l e d g e m e n t s  

W e  a r e  g r a t e f u l  t o  P r o f e s s o r  G i a m p i e t r o  R a m p o n i  
a n d  P r o f e s s o r  P a o l o  V a n n i  f o r  t h e i r  s t i m u l a t i n g  d i s c u s -  
s i o n  a n d  s u g g e s t i o n s  d u r i n g  t h e  p r e p a r a t i o n  o f  t h i s  
m a n u s c r i p t .  T h i s  w o r k  w a s  s u p p o r t e d  b y  g r a n t s  f r o m  
t h e  I t a l i a n  C o n s i g l i o  N a z i o n a l e  d e l l e  R i c e r c h e  e 
M i n i s t e r o  d e l l a  P u b b l i c a  l s t r u z i o n e .  
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