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A B S T R A C T  

T h i s  s t u d y  e x a m i n e d  t h e  u s e f u l e s s  o f  e r y t h r o c y t e -  
m e m b r a n e  a s  a b i o d e g r a d a b l e  c a r r i e r  f o r  i n t r a v e n o u s  
i n j e c t i o n  o f  d o x o r u b i c i n  ( D O X ) .  T w o  d i f f e r e n t  
p r e p a r a t i o n s  o f  e r y t h r o c y t e - m e m b r a n e  were u s e d  , 
e r  y t  h r o c  y t  e - g h o s  t s  a n d  e r y t h r o c y t e - v e s  i c  l e s .  G h o s t s  
were p r e p a r e d  f r o m  r e d  b l o o d  c e l l s  b y  h e m o l y s i s  a n d  
r e p e t i t i v e  w a s h i n g  u n t i l  c o m p l e t e  r e m o v a l  o f  
h e m o g l o b i n .  E r y t h r o c y t e - v e s i c l e s  were  p r e p a r e d  b y  
u l t r a s o n i c a t i o n  o f  t h e  g h o s t s  s u s p e n s i o n  b y  a s o n i c  
d i s m e m b r a t o r .  T h e  m e m b r a n e  p r o d u c t s  were  t h e n  
i n c u b a t e d  w i t h  D O X  b e f o r e  t h e  i n j e c t i o n .  I n  C D  r a t s ,  
t h e  d i s p o s i t i o n  o f  D O X  s o l u t i o n  ( D O X  i n  n o r m a l  s a l i n e )  
a n d  erythrocyte-vesicles-DOX f o l l o w e d  a t w o - c o m p a r t m e n t  
o p e n  m o d e l ,  whereas  t h e  g h o s t s - D O X  e x h i b i t e d  a t h r e e -  
c o m p a r t m e n t  c h a r a c t e r i s t i c s .  The  a rea  u n d e r  t h e  c u r v e  
o f  t h e  a m o u n t  i n  t h e  h e a r t  v s  t i m e  f o r  ghos ts -DOX was 
a p p r o x i m a t e l y  t h e  same a s  f o r  t h e  s o l u t i o n .  H o w e v e r ,  
t h e  a m o u n t  o f  D O X  i n  t h e  h e a r t  a f t e r  e r y t h r o c y t e -  
v e s i c l e s - D O X  i n j e c t i o n  was b e l o w  t h e  s e n s i t i v i t y  o f  t h e  
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2200 AL-ACHI AND BOROUJERDI 

d e t e c t i o n .  T h e  f r a c t i o n  o f  D O X  e x c r e t e d  u n c h a n g e d  i n  
t h e  u r i n e  was 0 . 5 4  f o r  g h o s t s - D O X ,  0 . 2 2  f o r  D O X  
s o l u t i o n  a n d  0 . 0 6  f o r  e r y t h r o c y t e - v e s i c l e s - D O X .  T h e  
u p t a k e  o f  t h e  d r u g  b y  t h e  s p l e e n  was i n c r e a s e d  a f t e r  
t h e  a d m i n i s t r a t i o n  o f  e r y t h r o c y t e - v e s i c l e s - D O X .  T h e  
o b s e r v e d  a n d  t h e  c a l c u l a t e d  d a t a  a d d r e s s  t h e  u s e f u l n e s s  
o f  t h e s e  d e l i v e r y  s y s t e m s  f o r  D O X .  

I 1 T  ROD UCT I ON 

D o x o r u b i c i n  (DOX)  i s  a p o t e n t  a n t h r a c y c l i n e  

a n t i b i o t i c  a n t i c a n c e r  d r u g  w h i c h  i s  e f f e c t i v e  a g a i n s t  

m o s t  h e m a t o l o g i c a l  a n d  many s o l i d  t u m o r s .  T h e  m o s t  

i m p o r t a n t  s i d e  e f f e c t  o f  t h e  d r u g  i s  c a r d i o t o x i c i t y .  

I n  man,  t h i s  c a r d i o t o x i c i t y  i s  m a n i f e s t e d  i n  t h e  f o r m  

o f  c o n g e s t i v e  h e a r t  f a i l u r e  ( C H F ) .  T h e  C H F  i s  

e s p e c i a l l y  s e e n  when t h e  c u m u l a t i v e  d o s e  o f  D O X  e x c e e d s  

550 mg/rn2 ( 8 ) .  V a r i o u s  t h e o r i e s  h a v e  b e e n  p r o p o s e d  t o  

e x p l a i n  t h i s  s i d e  e f f e c t .  Among t h e m  i )  i n t e r c a l a t i o n  

o f  D O X  o r  i t s  m e t a b o l i t e s  w i t h  D N A  i i )  l i p i d  

p e r o x i d a t i o n  o f  t h e  p l a s m a  membrane ,  iii) i n c r e a s e  i n  

i n t r a c e l l u l a r  c a l c i u m  c o n c e n t r a t i o n ,  a n d  i v )  e f f e c t  on  

m i t o c h o n d r i a  a r e  t h e  m o s t  a c c e p t e d .  

T h e  p h a r m a c o k i n e t i c s  o f  D O X  i n  a n i m a l  m o d e l s  a n d  

i n  man h a v e  b e e n  d e s c r i b e d  b y  a t w o - c o m p a r t m e n t  o p e n  

m o d e l  (2,5,9). T h e  d r u g  d i s t r i b u t e s  t o  v a r i o u s  o r g a n s  

s u c h  a s  t h e  h e a r t ,  l i v e r ,  l u n g s ,  s p l e e n ,  a n d  k i d n e y s  

( 1 , ~ , 4 , 1 1 , 1 3 , 1 4 ~ .  T h e  m a i n  m e t a b o l i t e  o f  D O X  i s  

d o x o r u b i c i n o l  ( 5 ) .  T h e  o t h e r  m e t a b o l i t e s ,  DOX- 

a g l y c o n e s ,  a r e  f o u n d  m a i n l y  i n  t h e  l i v e r  a t  
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ERYTHROCYTE-GHOSTS VS ERYTHROCYTE-VESICLES 2201 

a p p r o x i m a t e l y  3 h o u r s  p o s t  i n j e c t i o n  i n  S p r a g u e - D a w l e y  

r a t s  ( 1 5 ) .  T h e  r a n g e  o r  t o t a l  u r i n a r y  e x c r e t i o n  o f  t h e  

u n c h a n g e d  d r u g  i s  b e t w e e n  2 8 . 0  t o  5 1 . 1 s  w i t h  n o r m a l  

r e n a l  f u n c t i o n  ( 1 2 ) .  T h e  s y s t e m i c  c l e a r a n c e  o f  D O X  h a s  

b e e n  r e p o r t e d  t o  b e  a p p r o x i m a t e l y  5 0 4  m l / m i n / m 2  ( 1 2 ) .  

To p r e v e n t  t h e  c a r d i o t o x i c i t y  a n d / o r  t o  t a r g e t  t h e  

d r u g ,  v a r i o u s  c a r r i e r s  h a v e  b e e n  p r o p o s e d .  Among t h e m  

a r e  m i c r o s p h e r e s ,  D N A ,  n a n o p a r t i c l e s ,  a n d  l i p o s o m e s .  

T h e  c a r r i e r s  c a n  m o d i f y ,  t o  s o m e  e x t e n t ,  t h e  

d i s p o s i t i o n  o f  t h e  d r u g .  F o r  e x a m p l e ,  t h e  i n i t i a l  

p l a s m a  c o n c e n t r a t i o n s  a f t e r  D N A - D O X  a d m i n i s t r a t i o n  h a v e  

b e e n  s h o w n  t o  b e  much h i g h e r  t h a n  t h o s e  o f  D O X  s o l u t i o n  

a n d  t h e  u p t a k e  w a s  m a i n l y  b y  t h e  k i d n e y s ,  l u n g s ,  

d u o d e n u m ,  h e a r t ,  s t o m a c h ,  a n d  s p l e e n .  Or, i n  t h e  c a s e  

o f  l i p o s o m e s ,  t h e  major  s i t e s  o f  t h e  u p t a k e  were t h e  

t i s s u e s  o f  t h e  r e t i c u l o e n d o t h e l i a l  s y s t e m .  

T h e  d i s p o s i t i o n  o f  d r u g s  a s s o c i a t e d  w i t h  

e r y t h r o c y t e - g h o s t s  w o u l d  a l s o  b e  d i f f e r e n t  from t h a t  o f  

d r u g  s o l u t i o n .  T h e  r e a s o n  f o r  t h i s  a s s u m p t i o n  i s  t h a t  

e r y t h r o c y t e - g h o s t s  w o u l d  b e  r e c o g n i z e d  b y  t h e  b o d y  a s  

d a m a g e d  o r  d e a d  e r y t h r o c y t e s  a n d  w o u l d  r a p i d l y  b e  

r e m o v e d  f r o m  t h e  c i r c u l a t i o n  b y  t h e  r e t i c u l o e n d o t h e l i a l  

s y s t e m  ( 7 ) .  T h e  p r e s e n t  s t u d y  w a s  d e s i g n e d  t o  

i n v e s t i g a t e  t h e  p h a r m a c o k i n e t l c s  a n d  t i s s u e  

d i s t r i b u t i o n  o f  e r y t  h rocy te - rnembrane -DOX . 
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AL-ACHI AND BOROUJERDI 

MATERIALS AND METBODS 

I. Materials 

D o x o r u b i c i n  H C L  was p u r c h a s e d  f r o m  S igma  C h e m i c a l  

C o m p a n y ,  S t .  L o u i s ,  M O .  Human e r y t h r o c y t e s  were  

o b t a i n e d  f r o m  t h e  A m e r i c a n  Red C r o s s  (Dedham,  M A ) .  S e p -  

P a k s  were p u r c h a s e d  form M i l l i p o r e  ( M i l f o r d ,  M A ) .  A l l  

c h e m i c a l s  and  s o l v e n t s  were o f  a n a l y t i c a l  g r a d e ,  e x c e p t  

t h o s e  u s e d  i n  h i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  

(HPLC)  a n a l y s i s  w h i c h  were  o f  IIPLC g r a d e  ( F i s h e r  

S c i e n t i f i c ,  S p r i n g f i e l d ,  NJ). 

11. Methods 

1. Preparation of the Dosage Forms 

a. Erythrocyte-Ghosts-DOX (EGD). E r y t h r o c y t e s  

were w a s h e d  w i t h  i s o t o n i c  p h o s p h a t e  b u f f e r ,  a n d  t h e n  

l y s e d  a n d  w a s h e d  r e p e a t e d l y  w i t h  h y p o t o n i c  p h o s p h a t e  

b u f f e r .  T h e  e r y t h r o c y t e - g h o s t s  s u s p e n s i o n  w a s  

c o l l e c t e d  when t h e  s u p e r n a t a n t  became  c o l o r l e s s .  F i v e  

m l  o f  t h i s  s u s p e n s i o n  was i n c u b a t e d  w i t h  f i v e  m l  o f  D O X  

s o l u t i o n  ( 2  m g / m l )  a t  37' C f o r  2 4  h o u r s .  F o l l o w i n g  

t h e  i n c u b a t i o n ,  t h e  t u b e s  were  c e n t r i f u g e d  f o r  2 0  

m i n u t e s  a t  23,000 x g .  T h e  p e l l e t  was w a s h e d  t h r e e  

times w i t h  n o r m a l  s a l i n e .  The  a v e r a g e  a m o u n t  o f  D O X  

t a k e n  u p  b y  e r y t h r o c y t e - g h o s t s  was a p p r o x i m a t e l y  2mg/5 

m l  o f  s u s p e n s i o n  ( 2 . 0 0 5  & 0 . 3 5 5  mg, n = 1 5 ) .  B e f o r e  

t h e  i n j e c t i o n ,  e n o u g h  n o r m a l  s a l l n e  was a d d e d  t o  f o r m  a 

l e s s  v i s c o u s  s u s p e n s i o n  w i t h  a c o n c e n t r a t i o n  o f  1 

mg/ml.  
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ERYTHROCYTE-GHOSTS VS ERYTHROCYTE-VESICLES 2203 

b .  Erythrocyte-Vesicles-DOX ( E V D ) .  F i v e  m l  o f  

t h e  c o l o r l e s s  g h o s t s  s u s p e n s i o n  was s o n i c a t e d  for 3 m i n  

b y  u s i n g  a s o n i c  d i s m e m b r a t o r  a t  a n  e n e r g y  l e v e l  o f  5 0  

( A r t e x ,  Model  1 5 0 ) .  T h e  d i s r u p t e d  e r y t h r o c y t e - g h o s t s ,  

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

v e s l c l e - s h a p e d  s t r u c t u r e  w i t h  s i z e s  much s m a l l e r  t h a n  

e r y t h r o c y t e s .  The  i n c u b a t  i o n  o f  e r y t h r o c y t e - v e s i c l e s  

w i t h  DOX was c a r r i e d  o u t  u n d e r  t h e  same c o n d i t i o n s  a s  

E G D  a n d  t h e  f i n a l  p r e p a r a t i o n  was  s t o r e d  a t  4' C .  T h e  

a v e r a g e  a m o u n t  o f  D O X  t a k e n  u p  b y  e r y t h r o c y t e - v e s i c l e s  

was a p p r o x i m a t e l y  1 m g / l  m l  o f  s u s p e n s i o n  ( 0 . 9 7 k  

0 . 0 0 7 3  me, n = 4). 

2. Stability studies 

a. EGD. T h e  s u s p e n s i o n  was s t o r e d  i n  t h e  

r e f r i g e r a t o r  (4OC) f o r  a p e r i o d  o f  1 4  d a y s .  T h e  a m o u n t  

o f  f r e e  D O X  was d e t e r m i n e d  p e r i o d i c a l l y .  

b .  EVD. T h e  r e l e a s e  o f  D O X  a t  4 O C  was m o n i t o r e d  

o v e r  a p e r i o d  o f  79 d a y s .  

T h e  d e c o m p o s i t i o n  o f  D O X  s o l u t i o n  was a l s o  s t u d i e d  

f o r  t h r e e  w e e k s  a n d  t h e  d a t a  o f  p a r t  a and  b w e r e  

c o r r e c t e d  w i t h  r e s p e c t  t o  t h i s  c o n t r o l .  T h e  d a t a  a r e  

p r e s e n t e d  i n  t h e  r e s u l t  s e c t i o n .  

3. Animals and Treatments 

Male CD r a t s  ( 2 0 0 - 2 5 0  g l  were h o u s e d  i n  g r o u p s  o f  2 

t o  3 r a t s  i n  p l a s t i c  c a g e s .  Food ( P u r i n a  r a t  chow)  a n d  

water were p r o v i d e d  a d  l i b i t u m .  They  were k e p t  i n  a 
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2204 AL-ACHI AND BOROUJERDI 

w e l l  v e n t i l a t e d  r o o m  w i t h  a t e m p e r a t u r e  a r o u n d  2OoC. 

T h e y  were d i v i d e d  i n t o  t h r e e  g r o u p s .  T h e  c o n t r o l  g r o u p  

(45 r a t s )  r e c e i v e d  d o x o r u b i c i n  s o l u t i o n  ( D O X  i n  n o r m a l  

s a l i n e )  ( 9 . 5 0  m g / k g ) ,  a s e c o n d  g r o u p  ( 4 1  r a t s )  r e c e i v e d  

E G D  s u s p e n s i o n  ( 8 . 5 0  m g / k g ) ,  a n d  a t h i r d  g r o u p  ( 4 0  

r a t s )  were i n j e c t e d  w i t h  E V D  s u s p e n s i o n  ( 5  m g / k g ) .  All 

r a t s  r e c e i v e d  t h e  d o s e  v i a  a t a i l  v e i n .  T h e  a n i m a l s  

were d e c a p i t a t e d  a t  t ime i n t e r v a l s  o f  3 ,  1 0 ,  2 0 ,  4 0 ,  

8 0 ,  1 5 0 ,  a n d  300 m i n u t e s .  B l o o d  was c o l l e c t e d  i n  a 

b e a k e r  c o n t a i n i n g  1 m l  o f  s o d i u m  c i t r a t e  s o l u t i o n  ( 5 %  

w / v )  a s  a n  a n t i c o a g u l a n t .  T h e  b l o o d  w a s  t h e n  

c e n t r i f u g e d  f o r  1 0  m i n u t e s  a t  2 , 0 0 0  x g t o  s e p a r a t e  t h e  

p l a s m a .  D i f f e r e n t  o r g a n s  s u c h  a s  h e a r t ,  s p l e e n  a n d  

k i d n e y s  were q u i c k l y  r e m o v e d  a n d  s t o r e d  a t  - l O ° C  f o r  

f u t u r e  a n a l y s i s .  U r i n e  was c o l l e c t e d  a t  d i f f e r e n t  t ime  

i n t e r v a l  d u r i n g  24  h o u r s  f o r  e a c h  d o s a g e  f o r u  ( 4 - 5  r a t s  

/ g r o u p ) .  U r i n e  a n d  p l a s m a  were a l s o  s t o r e d  a t  -1OOC. 

4. Extraction o f  DOX from biolical Samples 

a. Plasma and urine. S e p - P a k s  p r e - t r e a t e d  w i t h  

m e t h a n o l  a n d  water were u s e d  f o r  e x t r a c t i o n .  A v o l u m e  

of  p l a s m a  o r  u r i n e  was p a s s e d  t h r o u g h  S e p - P a k  u s i n g  

m e t h a n o l  a n d  t h e  m e t h a n o l  l a y e r  was e v a p o r a t e d  u n d e r  

v a c u u m .  T h e  d r y  r e s i d u e  was r e c o n s t i t u t e d  i n  200  u l  o f  

m e t h a n o l  a n d  a n a l y z e d  b y  H P L C .  T h e  p e r c e n t  r e c o v e r y  o f  

t h i s  m e t h o d  was b e t w e e n  9 1 - 9 6 s  w i t h  h u m a n  o r  r a t  

p l a s m a .  
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ERYTHROCYTE-GHOSTS VS ERYTHROCYTE-VESICLES 2205 

b. Tissues. T h e  i n t a c t  o r g a n s  were h o m o g e n i z e d  

u s i n g  a v e r t i c a l  h a n d  h o m o g e n i z e r  ( P o t t e r  E l e v j h e m  

t y p e ) .  E a c h  t i s s u e  h o m o g e n a t e  was  t h e n  u l t r a s o n i c a t e d  

f o r  1 m i n u t e  b y  t h e  d i s m e m b r a t o r  a t  a n  e n e r g y  l e v e l  o f  

6 0 .  The  h o m o g e n a t e  was t h e n  e x t r a c t e d  a t  pH 9 . 0  w i t h  a 

m i x t u r e  o f  c h 1 o r o f o r m : m e t h a n o l  3 : l  ( 3  t i m e s  e x t r a c t i o n ,  

e a c h  w i t h  4 m l ) .  The  c h l o r o f o r m  l a y e r  was  e v a p o r a t e d  

t o  d r y n e s s  b y  v a c u u m .  T h e  d r y  r e s i d u e  w a s  

r e c o n s t i t u t e d  i n  m e t h a n o l  a n d  a n a l y z e d  b y  H P L C .  T h e  

p e r c e n t  r e c o v e r y  o f  t h i s  me thod  was  b e t w e e n  87-9356 w i t h  

r a t  l i v e r .  

5. HPLC assay 

T h e  HPLC was c a r r i e d  o u t  by  a M i l l i p o r e / W a t e r s  

H P L C  s y s t e m  ( M i l f o r d ,  M A )  u s i n g  a s t a i n l e s s  s t e e l  

u - B o n d a p a k  C-18 c o l u m n  ( 3 . 9  x 3 0 0  m m ) .  T h e  m o b i l e  

p h a s e  c o n s i s t e d  o f  3 0 %  a c e t o n i t r i l e  a n d  70% a q u e o u s  

ammonium f o r m a t e  b u f f e r  ( p H  = 4 . 0 ) .  All m e a s u r e m e n t s  

were d o n e  a t  a w a v e l e n g t h  o f  2 5 4  nm ( 6 ) .  

6. Pharracokinetic Analysis 

I n i t i a l  e s t i m a t e s  o f  p h a r m a c o k i n e t i c  p a r a m e  t e r s  

were o b t a i n e d  b y  s t r i p p i n g  t h e  s e r u m  c o n c e n t r a t i o n - t i m e  

d a t a .  T h e s e  i n i t i a l  e s t i m a t e s  were  t h e n  u s e d  t o  

g e n e r a t e  a b e s t  f i t  o f  t h e  d a t a  b y  u s i n g  b o t h  t w o -  a n d  

t h r e e - c o m p a r t m e n t  o p e n  m o d e l s  b y  n o n l i n e a r  i t e r a t i - v e  

l e a s t  s q u a r e s  r e g r e s s i o n  w i t h  N O N L I N  ( 1 0 ) .  T h e  

d i f f e r e n c e  b e t w e e n  m e a s u r e d  a n d  c o m p u t e r - f i t t e d  
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2206 AL-ACHI AND BOROUJERDI 

c o n c e n t r a t i o n s  o f  d o x o  r u b i c i n ,  c o e f f i c i e n t  o f  

d e t e r m i n a t i o n  a n d  A k a i k e  I n f o r m a t i o n  C r i t e r i o n  ( A I C )  

( 1 6 )  were u s e d  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  m o d e l .  T h e  

parameters  a n d  c o n s t a n t s  wer>e c a l c u l a t e d  w i t h  t h e  u s e  

o f  t h e  c l a s s i c a l  e q u a t i o n s  r e l a t e d  t o  t h e  t w o -  a n d  

t h r e e - c o m p a r t m e n t  o p e n  models  w i t h  i . v .  b o l u s  i n p u t  i n  

t h e  c e n t r a l  c o m p a r t m e n t .  T h e  e q u a t i o n s  a r e  p r e s e n t e d  i n  

t h e  r e s u l t  s e c t i o n .  

RESULTS 

B e f o r e  t h e  i n j e c t i o n  t o  t h e  e x p e r i m e n t a l  a n i m a l s ,  

t h e  s t a b i l i t y  o f  t h e  d o s a g e  forms  was d e t e r m i n e d .  T h e  

k i n e t i c s  o f  D O X  r e l e a s e  f r o m  E G D  a t  4OC was l i n e a r .  

T h e  o v e r a l l  r e l e a s e  r a t e  was 1 . 6 %  p e r  d a y .  T h e  E V D  

s u s p e n s i o n  s t a b i l i z e d  a t  a p l a t e a u  l e v e l  o f  

a p p r o x i m a t e l y  52 ( F i g .  1 ) .  

T h e  p l a s m a  c o n c e n t r a t i o n  v e r s u s  time c u r v e  o f  D O X  

f o l l o w i n g  t h e  i n t r a v e n o u s  i n j e c t i . o n  o f  D O X  s o l u t i o n  i s  

p r e s e n t e d  i n  F i g .  2 .  T h e  b i e x p o n e n t i a l  e q u a t i o n  

d e s c r i b i n g  t h e  o b s e r v e d  p l a s m a  d a t a  f o r  t h e  c u r v e  was 

c a l c u l a t e d  a s  f o l l o w s :  

C ( t )  = 1.75 e-0'52t + 0.034 e -0*000897 t  ( r 2  0 . 9 9 8 )  

W h e r e  C ( t )  i s  t h e  d o s e - w e i g h t  n o r m a l i z e d  p l a s m a  

c o n c e n t r a t i o n  a t  t i m e  t ( m i n ) .  

A s i m i l a r  m o d e  o f  d e c l i n e  i n  t h e  p l a s m a  

c o n c e n t r a t i o n - t i m e  d a t a  was o b s e r v e d  a f t e r  t h e  

i n j e c t i o n  o f  E V D  ( F i g .  3 ) .  H o w e v e r ,  t h e  c o n c e n t r a t i o n  
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Fig 1: C u m u l a t i v e  p e r c e n t  o f  D O X  r e l e a s e d  f r o m  E G D  (0) 
o r  E V D  (A) a t  4OC o v e r  t w o  a n d  t h r e e  w e e k s ,  
r e s p e c t i v e l y .  T h e  r e l e a s e  o f  D O X  f r o m  E G D  was l i n e a r  
w i t h  T 1 / 2  = 1 2 . 5  d a y s .  t h e  EVD was m o r e  s t a b l e  w i t h  a 
p l a t e a u  l e v e l  o f  5 % .  
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AL-ACHI AND BOROUJERDI 

I 

I 
0 

0 

8 
0 0 0 

0 0  8 0 

8 0  0 
0 

0 

I 
10 so0 180 200 280 so0 mo 
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Fig 2: Normalized plasma concentration [(ug/ml)/dose 
(mg/kg)] v s  time (min) after a n  i.v. injection of DOX 
s o l u t i o n  (9.5mg/kg) t o  C D  rats. T h e  d o t t e d  l i n e  
represents the calculated curve for the two-compartment 
open model. 
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Fig. 3: N o r m a l i z e d  p l a s m a  c o n c e n t r a t i o n  [ ( u g / m l ) / d o s e  
( m g / k g ) l  vs t ime ( m i n )  a f t e r  a n  i.v. i n j e c t i o n  o f  E V D  
s u s p e n s i o n  ( 5 m g / k g )  t o  C D  r a t s .  T h e  d o t t e d  l i n e  
r e p r e s e n t s  t h e  c a l c u l a t e d  c u r v e  f o r  t h e  t w o - c o m p a r t m e n t  
o p e n  m o d e l .  
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2210 AL-ACHI AND BOROUJERDI 

o f  DOX a t  4 0 ,  1 5 0  a n d  3 0 0  min f o r  e a c h  r a t  was b e l o w  

t h e  s e n s i t i v i t y  o f  t h e  H P L C  d e t e c t o r .  T h e r e f o r e ,  i t  

was d e c i d e d  t o  p o o l  t h e  s i x  p l a s m a  s a m p l e s  t o g e t h e r  a n d  

t h e n  c a r r y  o u t  t h e  e x t r a c t i o n .  T h e  e q u a t i o n  

r e p r e s e n t i n g  t h e  d a t a  f o r  E V D  was c a l c u l a t e d  a s  

f o l l o w s :  

C(t)= 0.039 e -o*336t  + 0 . 0 0 1 0 2  e -0*00627t  ( r 2  = 0.999) 

W h e r e  C ( t )  i s  t h e  d o s e - w e i g h t  n o r m a l i z e d  p l a s m a  

c o n c e n t r a t i o n  a t  t ime t ( m i n ) .  

The  p l a s m a  c o n c e n t r a t i o n - t i m e  d a t a  o f  EGD c o u l d  n o t  

b e  f i t t e d  t o  a b i e x p o n e t i a l  e q u a t i o n ,  w i t h  o r  w i t h o u t  

w e i g h t i n g  t h e  d a t a .  T h e  c a l c u l a t e d  l i n e  d e v i a t e d  

s i g n i f i c a t l y  f r o m  t h e  o b s e r v e d  d a t a  p o i n t s .  However ,  

b a s e d  o n  t h e  m a g n i t u d e  o f  t h e  c o e f f i c i e n t  o f  

d e t e r m i n a t i o n  a n d  t h e  A k a i k e  I n f o r m a t i o n  C r i t e r i o n  

(AIC) ( 1 6 )  t h e  f o l l o w i n g  t r i e x p o n e n t i a l  e q u a t i o n  was 

f o u n d  t o  b e  s u f f i c i e n t  t o  d e s c r i b e  t h e  d a t a  ( F i g .  4 ) :  

C(t)= 2.03 e' 0 . 2 5 t  + 0.0352 .-0.016t + 0 . 0 6 1 6 ~ - 0 . 0 0 0 2 t  

( r 2  = 0.99) 

T h e  A I C  v a l u e s  f o r  t h e  b i e x p o n e n t i a l  a n d  t r i e x p o n e n t i a l  

e q u a t i o n s  were 40 .21  a n d  2 1 . 6 3 ,  r e s p e c t i v e l y .  

The  a n a l y s i s  o f  u r i n a r y  d a t a  showed m o r e  o f  t h e  

d r u g  was e x c r e t e d  u n c h a n g e d  a f t e r  t h e  i n j e c t i o n  o f  EGD 

( F i g . 5 ) .  T h e  p h a r m a c o k i n e t i c  p a r a m e t e r s  a n d  c o n s t a n t s  

a r e  p r e s e n t e d  i n  T a b l e  1 .  
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0 
'I7 ._., , 

E 
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0.014 I 
0 M) 100 180 200 m 300 380 

TIME (MI") 

Fig. 4: N o r m a l i z e d  p l a s m a  c o n c e n t r a t i o n  [ ( u g / m l ) / d o s e  
(mg/kg)l v s  t i m e  ( m i n )  a f t e r  i . v .  i n j e c t i o n  o f  E G D  
s u s p e n s i o n  ( 8 . 5  mg/kg) i n t o  C D  r a t s .  The d o t t e d  l i n e  
r e p r e s e n t s  t h e  t r i e x p o n e n t i a l  f i t  f o r  t h e  d a t a .  

T h e  t i m e  c o u r s e s  o f  D O X ,  E V D  a n d  EGD i n  d i f f e r e n t  

t o  o r g a n s  w e r e  a l s o  i n v e s t i g a t e d .  T h e  d a t a  a r e  

p r e s e n t e d  i n  T a b l e  2 .  a.nd F i g  6-9. 

DISCUSSION 

T h e  r e s u l t s  o b t a i n e d  i n  t h e  p r e s e n t  s t u d y  p r o v i d e  

s t r o n g  e v i d e n c e  for t h e  e f f e c t  o f  e r y t h r o c y t e  m e m b r a n e  

c a r r i e r  o n  t h e  d i s p o s i t i o n  o f  d o x o r u b i c i n .  T h e  d a t a  

p r e s e n t e d  f o r  E G D  were  b a s e d  o n  a t r i p h a s i c  e l i m i n a t i o n  
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2212 AL-ACHI AND BOROUJERDI 

x 

0 8 i2 24 

TIME (HOURS) 

F i g .  5 :  C u m u l a t i v e  a m o u n t  o f  u n c h a n g e d  D O X  e x c r e t e d  i n  
u r i n e  o v e r  24 h o u r s  e x p r e s s e d  a s  p e r c e n t  o f  t h e  d o s e .  E G D  
(...o...), D O X  s o l u t i o n  (.-o-) a n d  EVD ( .  .. n ...>. 

p a t t e r n .  H o w e v e r ,  f o r  D O X  s o l u t i o n  a n d  EVD t h e  e l i m i n a t i o n  

k i n e t i c s  f i t t e d  a b i p h a s i c  m o d e l .  The  a r e a  u n d e r  p l a s m a  

c o n c e n t r a t i o n - t i m e  c u r v e  o f  t h e  d r u g  i n c r e a s e d  m a r k e d l y  

( 4 . 5 - f o l d )  f o l l o w i n g  t h e  a d m i n i s t r a t i o n  o f  EGD. The  t o t a l  

a r e a  ( A U C O m  1 u n d e r  t h e  p l a s m a  c o n c e n t r a t i o n - t i m e  c u r v e  

seemed t o  b e  d e p e n d e n t  u p o n  t h e  d o s a g e  f o r m .  The  values o f  
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ERYTHROCYTE-GHOSTS VS ERYTHROCYTE-VESICLES 2213 

T a b l e  1 .  P H A R M A C O K I N E T I C  PARAMETERS A N D  CONSTANTS OF 

ERYTHROCYTE-GHOSTS-DOX ( E G D )  I N  C D  RATS. 
D O X  S O L U T I O N ,  E R Y T H R O C Y T E - V E S I C L E S - D O X  (EVD)  A N D  

D O X  SOL4UTION E G D  E VD 

0 . 5 5 0  
2 7 . 0 5 0  
2 4  - 7 0 0  

0 . 0 2 4  
0 . 0 0 9  
0 . 4 6 7  
0 . 0 1 1  
0 . 0 4 3  ---- 

0 . 4 7 0  
1 5 . 7 5 0  
1 5 . 2 7 0  

0 . 0 0 3  
0 . 0 0 3  
0 . 0 7 9  
0 . 0 2 1  
0 . 0 0 6  
0 . 1 4 9  
0 . 0 0 5  

2 . 5 5 0  
1 2 0 . 4 7 0  

1 6 . 7 4 0  
0 . 7 5 0  
0 . 0 2 0  
0 . 0 4 0  
0 . 0 0 7  
0 . 2 9 5  ---- 
---- 

TBC = T o t a l  Body C l e a r a n c e  
k e  = E x c r e t i o n  R a t e  C o n s t a n t  
V 1  = Volume o f  t h e  C e n t r a l  C o m p a r t m e n t  
v = Dose/An A U C  ( A n  = s m a l l e s t  h y b r i d  r a t e  c o n s t a n t ,  

B A U C  = Area u n d e r  p l a s m a  
c o n c e n t r a t i o n - t i m e  c u r v e )  

k I 0  = O v e r a l l  e l i m i n a t i o n  r a t e  c o n s t a n t .  
k I 2 ,  k 2 1  = D i s t r i b u t i o n a l  r a t e  c o n s t a n t s  b e t w e e n  

k 1 3 ,  k31  = D i s t r i b u t i o n a l  r a t e  c o n s t a n t s  b e t w e e n  

V s s  = A p p a r e n t  v o l u m e  o f  d i s t r i b u t i o n  a t  s t e a d y  s t a t e .  

c o m p a r t m e n t  1 a n d  2 

c o m p a r t m e n t  1 a n d  3 

T a b l e  2 .  A R E A  U N D E R  C O N C E N T R A T I O N - T I M E  C U R V E  OF D O X  
E V D  A N D  E G D  I N  DIFFERENT ORGANS OF C D  R A T S .  

D O X  SOLUTION E G D  E VD 

H e a r t  ( u g h / g . d o s e )  1 . 4 3  1 . 3 5  

L i v e r  ( u g h / g . d o s e )  0 - 3 7  1 . 0 9  0 . 5 8  
K i d n e y s  ( u g h / g . d o s e )  0 . 0 3  

S p l e e n  ( u g h / g . d o s e )  0 . 8 9  7 . 2 9  0 . 3 4  

0 . 0 3 3  0 . 3 4  

n o t  d e t e c t a b l e  
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Fig. 6 :  

W 100 190 200 2w 300 

TIME (MIN) 

T h e  n o r m a l i z e d  D O X  l e v e l s  o f  t h e  h e a r t  [(ug/g 
t i s s u e ) / d o s e  ( m g / k g ) l  vs t i m e  ( m i n )  a f t e r  a n  i . v .  i n j e c t i o n  
o f  D O X  s o l u t i o n  (9.5 mg/kg) ( -o - )  o r  E G D  ( 8 . 5  mg/kg)  
(...o...). 

t h e  d i s t r i b u t i o n  r a t e  c o n s t a n t s  ( k 1 2 ,  k , 3  a n d  k 3 , )  a l s o  

s u g g e s t  t h a t  d o x o r u b i c i n ,  g i v e n  w i t h  t h e  membrane c a r r i e r s ,  

r e m a i n e d  l o n g e r  i n  t h e  c e n t r a l  c o m p a r t m e n t .  Based  o n  t h e  

v a l u e s  o f  t h e  d i s t r i b u t i o n  r a t e  c o n s t a n t s ,  t h e  v o l u m e s  o f  

d i s t r i b u t i o n  a n d  t h e  o v e r a l l  e l i m i n a t i o n  r a t e  c o n s t a n t ,  i t  

i s  o b v i o u s  t h a t  t h e  a s s o c i a t i o n  o f  d o x o r u b i c i n  w i t h  

e r y t h r o c y t e  membrane h a s  m o d i f i e d  t h e  d i s p o s i t i o n a l  p a t t e r n  

o f  t h e  d r u g .  
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TIME ( M I N I  

Fig. 7:  T h e  n o r m a l i z e d  D O X  l e v e l s  o f  t h e  s p l e e n  [ u g / g  
t i s s u e ) / d o s e  ( m g / k g ) l  v s  t i m e  ( n i i n )  a f t e r  a n  i . v .  i n j e c t i o n  
o f  DOX s o l u t i o n  ( 9 . 5  mg/kg)  (-0 -1, o r  E G D  ( 8 . 5  m g / k g )  
(...O...), o r  E V D  ( 5  mg/kg)  (...A...). 

The  f r a c t i o n  o f  d o x o r u b i c i n  e x c r e t e d  u n c h a n g e d  i n  

t h e  u r i n e  was 0 .54  f o r  E G D ,  0 . 2 2  f o r  D O X  s o l u t i o n  a n d  0 . 0 6  

f o r  EVD. H o w e v e r ,  t h e  a r e a  u n d e r  t h e  c o n c e n t r a t i o n - t i m e  

c u r v e  o f  t h e  k i d n e y s '  u p t a k e  a f t e r  t h e  i n j e c t i o n  o f  EGD was 

c o m p a r a b l e  t o  t h e  c o n t r o l .  W h e t h e r  t h e  i n c r e a s e  i n  t h e  

f r a c t i o n  o f  d o x o r u b i c i n  e x c r e t e d  u n c h a n g e  i s  t h e  r e s u l t  o f  

t h e  u p t a k e  b y  t h e  k i d n e y s  o r  a r e d u c t i o n  i n  m e t a b o l i s m  i s  

n o t  known.  D o x o r u b i c i n  a n d  i t s  m e t a b o l i t e  d o x o r u b i c i n o l  a r e  
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i'ooooT 

0.0001 ! 
0 m 100 160 a00 a 0  Y ) O  

T I M E  ( M I N I  

Fig. 8: T h e  n o r m a l i z e d  D O X  l e v e l s  o f  l i v e r  [ u g / g  
t i s s u e ) / d o s e  ( m g / k g ) l  vs t i m e  ( m i n )  a f t e r  a n  i . v .  i n j e c t i o n  
o f  D O X  s o l u t i o n  ( 9 . 5  mg/kg)  (-0 - 1 ,  o r  E G D  ( 8 . 5  m g / k g )  
(...Cl...), o r  EVD (5 mg/kg)  ( .  ..A ... 1. 

b o t h  m e t a b o l i z e d ,  i n  p a r t ,  b y  NADPH-dependent c y t o c h r o m e  P- 

4 5 0  r e d u c t a s e  t o  y i e l d  t h e  v a r i o u s  a g l y c o n e s .  H i g h e r  

f r a c t i o n  o f  u n c h a n g e d  d r u g  i n  u r i n e  may b e  o b s e r v e d  i f  

c y t o c h r o n e  P-450 e n z y m e s  a c t i v i t y  were d e c r e a s e  o r  t h e  d r u g  

was p r o t e c t e d  f r o m  t h e  enzyme s y s t e m  by  t h e  membrane .  T h e  

s i g n i f i c a n c e  o f  t h e  h i g h e r  f r a c t i o n  o f  d o s e  e x c r e t e d  

u n c h a n g e d  i n  t h e  u r i n e  a f t e r  t h e  EGD i n j e c t i o n  i s  t h a t  t h e  

dosage f o r m  may be t a i l o r e d  f o r  p a t i e n t s  w i t h  u r i n a r y  t r a c t  
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T I M E  ( M I N I  

Fig. 9: T h e  n o r m a l i z e d  D O X  l e v e l s  o f  k i d n e y s  C ( u g / g  
t i s s u e ) / d o s e  ( m g / k g ) l  v s .  time ( m i n )  a f t e r  a n  i . v .  i n j e c t i o n  
o f  D O X  s o l u t i o n  (9.5 m g l k g )  (-0 -1, o r  E G D  ( 8 . 5  mg/kg) 
(...o ... 1, o r  E V D  (5 mg/kg)  ( .  ..A ... 1. 

c a r c i n o m a  t o  a c h i e v e  p o t e n t i a l l y  t h e r a p e u t i c  b u t  t o l e r a b l e  

d r u g  e x p o s u r e .  

T h e  c o n c e n t r a t i o n  o f  d o x o r u b i c i n  i n  e a c h  r a t ' s  

h e a r t  a f t e r  t h e  i n j e c t i o n  o f  E V D  was b e l o w  t h e  s e n s i t i v i t y  

o f  t h e  d e t e c t o r .  T h e  i n i t i a l  t h o u g h t  was t h a t  t h i s  may b e  

d u e  t o  t h e  l o w e r  d o s e  o f  d o x o r u b i c i n  a s s o c i a t e d  w i t h  E V D .  

However ,  a f t e r  p o o l i n g  t h e  h e a r t  samples  t o g e t h e r  ( t o t a l  o f  

6 p e r  t ime p o i n t ) ,  e x t r a c t i n g  a l l  d o x o r u b i c i n ,  r e d u c i n g  t h e  

s a m p l e  s i z e  b y  e v a p o r a t i o n  u n d e r  n i t r o g e n ,  t h e  c o n c e n t r a t i o n  
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2218 ALt-ACHI AND BOROUJERDI 

was s t i l l  b e l o w  t h e  s e n s i t i v i t y  o f  t h e  d e t e c t o r .  I t  was 

as sumed  t h a t  E V D  may h a v e  r e d u c e d  t h e  u p t a k e  b y  t h e  h e a r t .  

A s  i t  was  e x p e c t e d ,  t h e  c o n c e n t r a t i o n  i n  t h e  s p l e e n  

was i n c r e a s e d  a f t e r  t h e  i n j e c t i o n  o f  E G D  ( F i g  8 ) .  However ,  

t h e  u p t a k e  o f  E V D  by  t h e  s p l e e n  was l e s s  t h a n  c o n t r o l .  I t  

i s  e v i d e n t  t h a t  o n l y  i n t a c t  e r y t h r o c y t e  g h o s t s  a r e  

r e c o g n i z e d  b y  t h e  b o d y  a s  damaged or d e a d  e r y t h r o c y t e s .  

The  u p t a k e  o f  d o x o r u b i c i n  b y  t h e  l i v e r  a f t e r  t h e  

a d m i n i s t r a t i o n  o f  E G D  and  E V D  was h i g h e r  t h a n  c o n t r o l .  T h i s  

may b e  d u e  t o  t h e  f a c t  t h a t  p a r t i c l e s  o f  s m a l l  s i z e s  a r e  

p r e f e r e n t i a l l y  t a k e n  u p  b y  t h e  r e t i c u l o e n d o t h e l i a l  s y s t e m .  

I n  c o n c l u s i o n ,  t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  u s e  o f  

e r y t h r o c y t e  membrane a s  c a r r i e r  n a y  o f f e r  t h e  a d v a n t a g e  o f  

l o c a l i z i n g  t h e  d r u g  i n  s p e c i f i c  a r e a s  i n  t h e  b o d y  s u c h  a s  

l i v e r ,  s p l e e n  a n d  p o s t - k i d n e y  u r i n a r y  t r a c t  i n  t h e  ca se  o f  

E G D ,  a n d  a v o i d i n g  a r e a s ,  s u c h  a s  h e a r t  i n  t h e  case  o f  E V D .  
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