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T h e  i n t e s t i n a l  b r u s h  b o r d e r  m e m b r a n e  i s  h i g h l y  s p e c i -  
a l i z e d  p l a s m a  m e m b r a n e  r e s p o n s i b l e  f o r  d i g e s t i v e  
a n d  a b s o r p t i v e  f u n c t i o n s  a n d  t h e i r  c l o s e d  v e s i c l e s  
r e t a i n  t h e  o r i g i n a l  o r i e n t a t i o n  o f  t h e  m e m b r a n e  ( K l i p  
e t  a i . , 1 9 7 9 ) .  E x p o s u r e  o f  g a s t r o i n t e s t i n a l  t r a c t  
t o  l e a d  a n d  v a n a d i u m  t h r o u g h  f o o d  a n d  w a t e r  i s  i n a d -  
v e r t a n t l y  p o s s i b l e .  V a n a d i u m  i s  a n  e s s e n t i a l  e l e m e n t  
p r e s e n t  i n  t h e  l i v i n g  o r g a n i s m  i n  t r a c e  a m o u n t  b u t  
i s  t o x i c  w h e n  i n t r o d u c e d  i n  e x c e s s i v e  d o s e  t o  a n i m a l s  
a n d  h u m a n s  ( J a n d h y a l a  a n d  Hem,  1 9 8 3 ) .  I n  a t m o s p h e r e ,  
l e a d  c o m e s  f r o m  a w i d e  v a r i e t y  o f  n a t u r a l  a n d  a n t h r o -  
p o g e n i c  s o u r c e s .  I n  c h i l d r e n  t h e  t o x i c  e f f e c t  o f  
t h i s  m e t a l  i s  d u e  t o  i n g e s t i o n  o f  l e a d  c o n t a i n i n g  
m a t e r i a l s  l i k e  p a p e r ,  p e n c i l  e t c  ( P i r k l e  e t  a 1 . , 1 9 8 5 ) .  
T h e s e  h e a v y  m e t a l s  a l s o  h a v e  h i g h  a f f i n i t y  t o  r e m a i n  
b o u n d  t o  m a m m a l i a n  t i s s u e s  a n d  h a v e  r i c h  c a p a c i t y  
t o  c o m b i n e  w i t h  s p e c i f i c  b i o c h e m i c a l  l i g a n d s  s u c h  
a s  s u l p h y d r y l ,  a m i n o ,  c a r b o x y l ,  a n d  p h e n o x y  g r o u p s  
a s  w e l l  a s  i m i d a z o l e  r e s i d u e s  ( N o r d b e r g  1 9 7 6 ) .  T h e s e  
p r o p e r t i e s  c a n  i n f l u e n c e  t h e  s t r u c t u r e  f u n c t i o n  r e l a -  
t i o n s h i p  o f  e n z y m e s .  T h e  e f f e c t  o f  l e a d  a n d  v a n a d i u m  
h a v e  m a i n l y  b e e n  f o c u s s e d  on  b r a i n ,  k i d n e y  a n d  h e a r t  
membrane ATPase. However, the effect of these metals 
on intestinal brush border membrane enzymes have 
not been investigated extensively. The present study 
was undertaken to investigate the i__n_n vitro effect 
of these heavy metals on the activities of rat intes- 
tinal brush border membrane enzymes. 

MATBRIALS AND METHODS 

M a l e  a l b i n o  r a t s  w e i g h i n g  l O 0 - 1 2 0 g  w e r e  p r o c u r e d  
f r o m  a n i m a l  b r e e d i n g  f a c i l i t y  o f  I n d u s t r i a l  T o x i c o l o g y  
R e s e a r c h  C e n t r e ,  L u c k n o w  a n d  m a i n t a i n e d  on  s t a n d a r d  
p e l l e t  d i e t  a n d  w a t e r  a d  l i b i t u m .  P r i o r  t o  s a c r i f i c e ,  
animals w e r e  fasted overnight with free access to 
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d r i n k i n g  w a t e r .  I n t e s t i n a l  b r u s h  b o r d e r  m e m b r a n e  
(BBM) w a s  p r e p a r e d  a s  d e s c r i b e d  b y  F o r s t n e r  e t a l . ,  
( 1 9 6 8 ) .  A l k a l i n e  p h o s p h a t a s e ,  C a + 2 §  - 
m y l t r a n s p e p t i d a s e ,  d i s a c c h a r i d a s e s  a n d  a c e t y l c h o l i -  
n e s t e r a s e  w e r e  a s s a y e d  a c c o r d i n g  t o  W e i s e r  ( 1 9 7 3 ) ,  
H i d a l g o  e t  a 1 [ 1 9 8 3 ) ,  B o e s t e r l i  a n d  Z b i n d e n  ( 1 9 7 9 ) ,  
D a h l q v i s t  ( 1 9 6 4 )  a n d  H e s t r i n  ( 1 9 4 9 ) ,  r e s p e c t i v e l y .  
P r o t e i n  w a s  e s t i m a t e d  a c c o r d i n g  t o  t h e  m e t h o d  o f  
L o w r y  e t  a l  [ 1 9 5 1 ) .  To c a r r y o u t  t o x i c o k i n e t i c  s t u d i e s ,  
a p p r o p r i a t e  a m o u n t s  o f  b r u s h  b o r d e r  m e m b r a n e  p r o t e i n s  
( i 0 - 3 0  ug  p r o t e i n )  w e r e  p r e - i n c u b a t e d  w i t h  v a r y i n g  
c o n c e n t r a t i o n s  o f  l e a d  a c e t a t e  a n d  a m m o n i u m  v a n a d a t e  
[NH4VO 3) a t  3 7 ~  f o r  5 m i n  a n d  e n z y m e s  w e r e  a s s a y e d .  
D e t e r m i n a t i o n  o f  i n h i b i t o r  c o n s t a n t  ( K i )  w a s  c a r r i e d  
o u t  b y  t h e  m e t h o d  o f  D i x o n  [ 1 9 5 3 ) .  A l l  c h e m i c a l s  
u s e d  w e r e  o f  a n a l y t i c a l  g r a d e .  

RBBULTB AND DISCUSSION 

Figure I shows the inhibitory effect of lead on BBM 
enzymes. All enzymes of intestinal brush border memb- 
rane viz. Ca +2+Mg +2-ATPase, sucrase, # -glutamyl- 
transpeptidase and acetylcholinestsrase w e r e  found 
t o  b e  i n h i b i t e d  s i g n i f i c a n t l y  w i t h  t h e  e x c e p t i o n  
o f  a l k a l i n e  p h o s p h a t a s e .  I n h i b i t i o n  o f  e n z y m e s  was  
m o r e  o r  l e s s  c o n c e n t r a t i o n  d e p e n d e n t .  A l k a l i n e  p h o s -  
p h a t a s e  s h o w e d  o n l y  20% i n h i b i t i o n  a t  t h e  h i g h e s t  
c o n c e n t r a t i o n  t e s t e d .  S u c r a s e  a n d  ~ - g l u t a m y l t r a n s -  
p e p t i d a s e  w e r e  m o r e  s e n s i t i v e  t o  l e a d  i n d u c e d  i n h i b i -  
t i o n  a s  c o m p a r e d  t o  C ~  2 + M g ~ 2 - A T P a s e  a n d  a c e t y l c h o l i -  
n e s t e r a s e .  On t h e  o t h e r  h a n d ,  v a n a d i u m  t r e a t m e n t  
r e v e a l e d  s i g n i f i c a n t  i n h i b i t i o n  o f  C a § 2 4 7  
a n d  a l k a l i n e  p h o s p h a t a s e  a c t i v i t i e s  ( F i g . 2 ) .  I n h i b i -  
t i o n  o f  s u c r a s e  a n d  a c e t y l c h o l i n e s t e r a s e  a c t i v i t i e s  
were not observed over the vanadium concentrations 
ranging from ImM-4OmM. 

I n h i b i t i o n  c o n s t a n t  ( K i )  f o r  b r u s h  b o r d e r  m e m b r a n e  
e n z y m e s  w a s  d e t e r m i n e d  f o l l o w i n g  t h e  m e t h o d  o f  D i x o n  
( 1 9 5 3 ) .  S p e c i f i c  a c t i v i t i e s  o f  v a r i o u s  e n z y m e s  w e r e  
d e t e r m i n e d  a s  a f u n c t i o n  o f  l e a d  a n d  v a n a d i u m  c o n c e n -  
t r a t i o n  u s i n g  two  f i x e d  s u b s t r a t e  c o n c e n t r a t i o n s .  
V a l u e s  w e r e  p l o t t e d  a c c o r d i n g  t o  D i x o n  ( i / v  Vs i )  a n d  
Ki  v a l u e s  d e t e r m i n e d .  T h e  p a t t e r n  o f  t h e  p l o t  f o r  
a l k a l i n e  p h o s p h a t a s e  a n d  Ca +2+Mg + 2 - A T P a s e  i n d i c a t e d  
t h a t  t h e  i n h i b i t i o n  c a u s e d  b y  v a n a d i u m  w a s  n o n - c o m p e -  
t i t i v e  t y p e  ( F i g . 3 ) .  H o w e v e r ,  i n  c a s e  o f  l e a d  t h e  
i n h i b i t i o n  o f  C a + a + M g  + = - A T P a s e  w a s  c o m p e t i t i v e  t y p e  
( F i g . 4 ) .  On t h e  o t h e r  h a n d ,  s u o r a s e ,  9 - g l u t a m y l t r a n s -  
p e p t i d a s e  a n d  a c e t y l c h o l i n e s t e r a s e  ( F i g . 4 )  w e r e  i n h i -  
b i t e d  n o n - c o m p e t i t i v e l y  b y  l e a d .  T a b i e - I  s u m m a r t s e s  
t h e  c o n c e n t r a t i o n  o f  l e a d  and  v a n a d i u m  r e q u i r e d  f o r  
50% i n h i b i t i o n  o f  m a x i m u m  a c t i v i t i e s  [ I  5 0 )  o f  b r u s h  
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Figure I. In v i t r o  i n h i b i t i o n  of i n t e s t i n a l  brush 
border membrane enzymes by lead. 

b o r d e r  m e m b r a n e  e n z y m e s  a s  w e l l  a s  t h e  v a l u e s  o f  
i n h i b i t o r  c o n s t a n t s  a s  d e t e r m i n e d  f r o m  D i x o n  p l o t s .  

T h e  present  i n v e s t i g a t i o n  i n d i c a t e d  that  most o f  
the brush border membrane enzymes were inh ib i t ed  
by lead in a dose dependent manner with the exception 
of a l ka l i ne  phosphatase, which was l e s s  e f f ec t ed  
even by the higher concentra t ions  of lead. Lead is 
known as potent i n h i b i t o r  of Na +-K +-ATPasO. I t  also 
e f f e c t s  the cat ion pump by i n t e r a c t i o n  with calcium 
i o n .  S t u d i e s  h a v e  a l s o  i n d i c a t e d  t h a t  l e a d  may  s u b s t i -  
t u t e  f o r  c a l c i u m  i n  t h e  a c t i v a t i o n  o f  p h o s p h o d i e s t e r a s e  
b y  c a l m o d u l i n  ( G o l d s t e i n  a n d  Ar  1 9 8 3 ) .  I t  w a s  a l s o  
o b s e r v e d  i n  t h e  p r e s e n t  s t u d y  t h a t  l e a d  i n h i b i t e d  
i n t e s t i n a l  b r u s h  b o r d e r  C ~  2 + M g + a - A T P a s e  i n  a c o m p e t i -  
t i v e  m a n n e r .  S i m i l a r  i n h i b i t o r y  p a t t e r n  f o r  b r a i n  
m i t o c h o n d r i a l  A T P a s e  h a v e  b e e n  o b s e r v e d  b y  H o l t z m a n  
e t  a 1 , ( 1 9 7 8 ) .  T h e  I50 v a l u e s  o f  l e a d  f o r  N a * - K + - A T P a s o  
i n  e e l  e l e c t r o p h a x  o r g a n  o c c u r e d  a t  4 uM ( S i e g e l  a n d  
F o g t  1 9 7 7 ) ,  a n d  f o r  b r a i n  A T P a s o  55 uM. C o n v e r s e l y ,  
i n  c a s e  o f  i n t e s t i n a l  C ~  2-M8 + a - A T P a s e  a h i g h  ~ 0  
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Figure 2. In v i t r o  i n h i b i t i o n  of i n t e s t i n a l  brush 
border membrane enzymes by vanadate.  

v a l u e  ( 4 . 0  mM) was  o b s e r v e d .  H o w e v e r ,  l o w e r  c o n c e n t r a -  
t i o n s  o f  l e a d  ( 5 0 - 3 0 0  uM) a l s o  r e v e a l e d  22-30% i n h i b i -  
t i o n  o f  Ca =+ -Mg 2 + - A T P a s e  a c t i v i t y  ( d a t a  n o t  s h o w n )  
w h i c h  i s  s u f f i c i e n t  t o  i n f l u e n c e  t h e  Ca 2 + - t r a n s p o r t  
o f  i n t e s t i n a l  c e l l s .  A l k a l i n e  p h o s p h a t a s e  was  n o t  
s i g n i f i c a n t l y  i n h i b i t e d  b y  l e a d .  K u l i s z e w s k a  a n d  
N i c h o l i s  ( 1 9 8 5 )  h a v e  shown t h a t  k i d n e y  b r u s h  b o r d e r  
a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  was  e n h a n c e d  by  t h e  
t r e a t m e n t  o f  l e a d .  The  s e n s i t i v i t y  o f  t h e  same  c l a s s  
o f  e n z y m e  may a l s o  v a r y  t o  a s i n g l e  i n h i b i t o r .  The  
v a r i a t i o n  i n  s e n s i t i v i t y  may be  d u e  t o  t h e  v a r i a t i o n  
i n  r e q u i r e m e n t  o f  a s p e c i f i c  e n z y m e .  I n h i b i t i o n  o f  
i n t e s t i n e  b r u s h  b o r d e r  m e m b r a n e  e n z y m e s  by  l e a d  r e p r e -  
s e n t  a c l a s s i c a l  e x a m p l e .  The  i n h i b i t i o n  o f  i n t e s t i n a l  
s u c r a s e ,  ~ - g l u t a m y l t r a n s p e p t i d a s e  a n d  a c e t y l c h o l i n e s -  
t e r a s e  was  n o n - c o m p e t i t i v e  t y p e .  I t  i s  g e n e r a l l y  
a c c e p t e d  t h a t  l e a d  i n h i b i t s  m o s t  e n z y m e s  w i t h  f u n c t t o -  
n a l  s u l p h y d r y l  g r o u p  ( N o r d b e r g  1 9 7 6 ) .  L e a d  h a s  h i g h  
a f f i n i t y  t o  r e m a i n  b o u n d  t o  m a m m a l i a n  t i s s u e s .  I t  
c a n  b i n d  t o  m e m b r a n e  a n d  may t h u s  a l t e r  BBM p e r m e a b i -  
l i t y  a n d  i n t r u p t  s u b s t r a t e  t r a n s p o r t  t h r o u g h  m e m b r a n e .  

I t  i s  w e l l  known t h a t  m e t a  v a n a d a t e  i s  a p o t e n t  i n h i b i -  
t o r  o f  Na + -K + - A T P a s e ( C a n t l e y  e t  a l .  1 9 7 8 ;  Bond a n d  
H u d g i n s  1 9 8 0 ) .  I t  h a s  a l s o  b e e n  shown t h a t  v a n a d a t e  
a c t s  a s  a n o n -  c o m p e t i t i v e  i n h i b i t o r .  L a t e r  o n ,  H a f f a r  
e t  a l  ( 1 9 8 8 )  o b s e r v e d  t h a t  v a n a d a t e  i n h i b i t e d  i l e a l  
A T P a s e  n o n s p e c i f i c a l l y .  V a n a d i u m  i s  known t o  i n d u c e  
c o n f o r m a t i o n a l  c h a n g e s  i n  p h o s p h o e n z y m e  i o n  t r a n s p o r -  
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F i g u r e  3 .  D i x o n  p l o t s  o f  r a t  i n t e s t i n a l  b r u s h  b o r d e r  
m e m b r a n e  e n z y m e  k i n e t i c s  a s  a f u n c t i o n  o f  v a n a d a t e  
c o n c e n t r a t i o n .  

t i n g  A T P a s e  a n d  t h e  f o r m a t i o n  o f  two d i m e n t i o n a l  c r y s -  
t a l i n e  a r r a y s  o f  C a + 2 - A T P a s e  m o l e c u l e s  i n  s a r c o p l a s m i c  
r e t i c u l u m  m e m b r a n e  r e s i d u e s  (Dux  a n d  M a r t o n o s i  1 9 8 3 ) .  
T h e  p r e s e n t  f i n d i n g s  s h o w i n g  t h e  i n h i b i t i o n  o f  C a + = +  
Mg + = - A T P a s e  o f  i n t e s t i n a l  BBM i n  a n o n c o m p e t i t i v e  
m a n n e r  i s  a l s o  i n  a g r e e m e n t  w i t h  t h e  p r e v i o u s  f i n d i n g s  
a n d  s u g g e s t  a g e n e r a l i s e d  mode  o f  v a n a d i u m  a c t i o n .  
T h e  e f f e c t  v a n a d i u m  on  a l k a l i n e  p h o s p h a t a s e  f r o m  d i f -  
f e r e n t  s o u r c e s  h a v e  b e e n  s t u d i e d .  T h e  i n h i b i t o r  c o n s -  
t a n t  o f  v a n a d a t e  on  p l a s m a  m e m b r a n e  a l k a l i n e  p h o s p h a -  
t a s e  o f  r a t  m e s e n t r i e  a n d  h u m a n  l i v e r  h a v e  b e e n  r e p o t -  
t e d  t o  b e  1 . 5  uM a n d  65 uM, r e s p e c t i v e l y ,  u s i n g  p -  
n i t r o p h e n y l p h o s p h a t e  a s  s u b s t r a t e .  S i m i l a r l y ,  t h e  
i n h i b i t o r  c o n s t a n t  ( K i )  f o r  BBM a l k a l i n e  p h o s p h a t a s e  
was  f o u n d  t o  b e  8 . 7  uM. P r e s e n t  f i n d i n g s ,  i n  g e n e r a l ,  
s u g g e s t  a t l e a s t  a p a r t i a l  b l o c k l n g  o f  e n z y m e s  a c t i v e  
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T a b l e  1 ~50 and Ki values of lead and vanadium 
or rat intestinal brush border membrane 

enzymes. 

Enzymes 
L e a d  vanadium 

I 5 0  Ki 

(mM) (M) 

Alkaline N.D. 
phosphatase 

_ 3  
C a + 2 + M ~ 2 - A T P a s e  4 . 0  0 . 6 X I 0  

_ 3  
Sucrase 2 . 0  I . T X I 0  

_3 

-glutamyl- 2.0 0.25X10 
transpepti- 
dase 

--3 

A c e t y l c h o l i -  20.0 1 0 . 3 X I 0  
n e s t e r a s e  

I 5 0  Ki  

(n~41 (M} 
- 6  

0.01 8.7xi0 

--3 

I . 0 0  1 . 6 X 1 0  

N . D .  

N . D .  

N.D. 

N . D .  - Not d e t e c t a b l e .  

s i t e s  d u e  t o  t h e s e  m e t a l s  w h i c h  i n t u r n  i s  r e s p o n s i b l e  
t o  c a u s e  t h e  d e p l e t i o n  o f  e n z y m e  a c t i v i t i e s .  M o s t  o f  
t h e s e  BBM e n z y m e s  a r e  a l s o  i n v o l v e d  i n  t h e  m o v e m e n t  
o f  i m p o r t a n t  i n t e r m e d i a t e s  i n c l u d i n g  g l u c o s e  a n d  a m i n o  
a c i d s  a c r o s s  t h e  BBM. T h e r e f o r e ,  t h e  i n h i b i t i o n  o f  
t h e s e  e n z y m e s  b y  l e a d / v a n a d i u m  c a n  a l s o  b r i n g  a b o u t  
d e l e t e r i o u s  e f f e c t s  i n  t h e  i n t e r m e d i a r y  m e t a b o l i s m .  
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