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here experiments were undertaken to determine whether the increased ocular hypotensive 
potency of topically applied prostaglandin (PG) PGF2a esters, as compared with tha t  of PGF2~ 

acid, n be accounted for by incre d netrafion of the eicosanoid moiety of the esterified 
PG into the e. One hour a r the topical application of [aH] Fa:-l-methyl ester 
(ME) in peanut oil, the aH activities in the cornea, aqueous humor, and ciliary body of the rabbit 
eye werefl2-, 22-~ and 8-fo]tt higher, respectively, than they were following the topical application 
of [aH]PGF2~ free acid. aH activity during the flint 3 hr declined rapidly in the cornea and more 
slowly in the aqueous humor, but remained essentially constant in the ciliary body for up to 6 Ilr, 
declining ratfidly only between 6- and 24 hr. aH activity in eyes that  received [aH]POF2~ ME was 
also several-fold higher in the anterior sclera and iris than in eyes that  were treated with 
[aH]PGF~a e acid, but this difference was much smaller in the eonjunctiva. At 1 hr, most of the 
aH activity in the aqueous Ilumor was a~sociated with PGF2a, as determined by chromatography, 
but a t  2- anti 3 hr other peaks, umably reflecting metabolites of PGF2a, became appar~ant. 
The penetration and int cular distribution of all activity w similar when [aH]PGF2~ ME was 
applied to the eye in normal saline rather than in anut  oil or when the isopro I rather than 
the methyl ter of P G ~ a  us~ .  e studi indica~ that  esterification of the carbaxyl 
group of PGF~a greatly enhances the penetration of the PGF2a moiety into the eye and sug~s t s  
that  e etive de- terification of the PGE2a ester occurs in the cornea, suiting in the deliver,  
of F2~ acid into the aqueous humor. I t  is ncluded that  topically a i ~  PG esters act 
as pro-drugs and that  the increased ocular penetration of these es~m may account for the 
l)reviously reported increase in their o~ular hypotensive potency a~s compared to tha t  of PG 
acid or salts. 

Key words: eye; prostaglandin, pharmacokinetics; PGF~a; prostaglandin estem; glaucoma; 
corneal l)ermeahility. 

1 .  I n t r o d u c t i o n  

B a s e d  on  r e p o r t s  f r o m  m a n y  l a b o r a t o r i e s ,  i t  h a s  b e c o m e  g e n e r a l l y  a c c e p t e d  t h a t  
p r o s t  l a n d i n s  ( P G s )  h a v e  a d v e  e e c t s  on  t h e  e, s u c h  as  b r e a k d o w n  o f  t h e  
b l o o d - a q u e o u s  b a r r i e r  a n d  a s h a r p  i n c r e a s e  ill i n t r a o c u l a r  p s s u r e  ( I O P ) ,  a n d  
t l~erc fore  u ~ t  be  r e g a r d e d  as  m e d i a t o r s  o f  o c u l a r  i n f l a m I n a t i o n  (see E a k i n s ,  1977) .  
H o w e v e r ,  in a r e c e n t  r ev i ew ,  i t  w a s  c o n c l u d e d  t h a t  e a r l y  r e s u l t s  o n  t h e  o c u l a r  e c t s  
o f  P G s ,  w h i c h  w e r e  o b t a i n e d  m o s t l y  f r o m  r a b b i t s ,  s h o u l d  n o t  b e  g e n e r a l i z e d ;  t h a t  t h e s e  
r e p o r t s  t e n d e d  t o  o v e r s t a t e  t h e  a d v e r s e  e f f e c t s  o f  P G s  on  t h e  e y e ;  a n d  t h a t  t h e  p r i m a r y  
o c u l a r  e c t  o f  P G s  in m o s t  spec ie s ,  e s p e c i a l l y  p r i m a t e s ,  is a r e d u c t i o n ,  r a t h e r  t h a n  
a n  i n c r e a s e  in I O P  (B i to ,  1984a) .  

I n  r e c e n t  s t u d i e s ,  s i g n i f i c a n t  r e d u c t i o n s  o f  l O P ,  p r o d u c e d  as  a r e s u l t  o f  d a i l y  o r  t w i c e  
d a i l y  P G  a p p l i c a t i o n ,  w e r e  m a i n t a i n e d  in b o t h  c a ~  a n d  r h e s u s  o n k  s ~ a l t h o u g h  
n o t  in r a b b i t s -  f o r  a s  l o n g  as  t h e  t a t  e n t  w a s  c o n t i n u e d  { B i ~ ,  D a,  B l a n c o  a n d  
C a m  s,  1983) .  T h i s  l o n g - ~ r m  t r e a t  e n t  w a s  n o t  a s s o c i a t e d  w i t h  p r o g r e s s i v e l y ,  
c l i n i c a l l y  s ign i f ican t~  local  o r  s y s t e m i c  s ide  e c t s  ( B i t o ,  S r i n i v a s a n ,  B a r o o d y ,  a n d  
S c h u b e r t ,  1983) .  I t  h a s  b e e n  s u g g e s t e d ,  t h e r e f o r e ,  t h a t  P G s  a n d  e i c o s a n o i d s  in  g e n e r a l  
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should be considered as a new class of  potent ia l  an t i - g l aucoma  agents  (Bito, 1984a; 
1985). 

In fact,  PGs  a p p e a r  to be ideally sui ted for the t r e a t m e n t  of g l aucoma  by  topical  
appl ica t ion.  Because  PGs  are na tu ra l  compounds  t h a t  are no rmal ly  p resen t  in the  eye, 
they  a unl ike ly  to be toxic, and because th  are no t  e ct ively metabol ized  by  
in t raocu la r  t issues (Eakins ,  Atwal  and  Bha t t ache r j ee ,  1974; Bi to  and  Ba roody ,  1974), 
topical ly  appl ied PGs  can I)e expec ted  to reach tissues of  the  an te r io r  segment  in an 
act ive form. On the o the r  hand ,  the i r  accumula t ion  in the  ex t raee l lu | a r  fluids of the  

t ina  is ~ i n i m i z e d  by  tl~e PG transport ,  funct ion of the  ciliary epi thel iu and  the  
b lood- re t ina l  barr iers  (Bito and Salvador ,  1972", Bi to  and  Wallenstein ,  1977). 
F u r t h e r m o r e ,  tol)ieally applied PGs  ttlat, en ter  the  venous  d ra inage  of  the  eye are 
unl ikely to  p roduce  sys temic  side effects because PGs a ac t ive ly  oved f rom tlle 
circulat ion and are e c t ively inac t iva ted  by the lungs and  k idneys  (Bito, 1986). 

I t  has  been shown,  however,  t h a t  the c o r n e a l - p r e s u m a b l y  by  v i r tue  of  the  
t ight-~unct ional  surface layer  of the  corneal e p i t h e l i u m -  is no t  readi ly  per  cable to 
PGs, which are highly polar  c o m p o u n d s  t h a t  do no t  readi ly  p e n e t r a t e  the  basic cell 
m e m b r a n e  (Bito and  Baroody ,  1975, 1982). I t  has been argued,  therefore,  t h a t  less 
polar  PG der iva t ives  m a y  be more  effectively del ivered to in t r aoeu la r  t issue 
c o m p a r t m e n t s  from topiea | ly  appl ied solut ions t h a n  n a t u r a l l y  occurr ing free acids can 
be (Bito, 1984a). Indeed ,  some esters  of P G F ~  exh ib i t  a 10- to 30-fold g rea te r  ocular  

F i tself  Bi , 1984b). The  p resen t  inves t iga t ion  was  hypo tens ive  po t ency  t h a n  PG 2~ ( to 
u n d e r t a k e n ,  therefore,  to co pare  the  lat ive efficacy of  eicosanoid del ivery  into 
the aqueous  h u m o r  and o ther  i n t r aocu la r  c o m p a r t m e n t s  a f te r  the topical  app l ica t ion  
of a l l - labeled P G F  and  its m e t h y l  and  isopropyl  esters  

2 ~  " 

2. M a t e r i a l s  a n d  M e t h o d s  

Twenty-five microliters of peanut  oil or physiological saline containing 0"2 9Ci of [all ]PGF2= 
(New England Nuclear Co.; specific activity 12-2 Ci mmol -l) and either [aH]PGF~ l-methyi 
e s~r  (PGF2~-ME)or isopropyl ester (PGF2~-IE)(Pharmacia,  Uppsala, Sweden; specific 
activ-ity 1-40- and 0"69 Ci mmo1-1, respectively) was applied with a micr ipet to the cornea 
of either eye of conscious female New Zealand W h i ~  rabbits (2"5-to 3"0 kg). All solutions 
contained sufficient carrier to bring the total PG concentration to 5 ~.g PGF2a equivalent per 
25 ~1 of solution. For preparation of the saline solution of tile P G F ~  free acid or its methy! 
or isopropyl esters these compounds were first dissolved in a small volume of ethyl or benzyl 
alcohol; the final solution contained proximately 1 ~/o alcohol. The peanut oil preparations 
contained no~ other solvents. Both eyes of each rabbit  were given drugs in the sa e vehicle 
solution. However, one eye received [3H]PGF~,z, while the contrala~ral  eye received either 
[aH] F2~-ME or [aH]PGF2~-IE. The procedure was adopted in order to reduce the number  
of bits tha t  had to be killed, since it had been shown earlier th ~llowing the topical 
application of [aH]PGF2~ to one eye, the 3H activity in the contrala~ral  e is less than 0" 1% 
of tha t  in the treated eye (Bito and Baroody, 1982). 

The rabbits were killed with an overdose of sodium pentobarbita! (Diabutol, Butler Co., 
lumbus O H ) a t  0"25-, 0"5-, i-, 2-, 3-, 6-, or 24 hr a r the application of these solutions. 

The aqueous humor w withdr n and the globe and as much conjunetival tissue as possible 
were removed. The globes were then dissec~d. All tissues and fluids were weighed separately 
and then either oxidized in a Packard Tri-Carb _Model 306 sample oxidizer or e lu~d  9vernight 
i n ~  10 ml of Aquasol ( w England Nuclear). A]! samples ~ coun~d in a Packard 
Model 3 3 liquid scintillation counter; p ropr ia~  corrections were made i~r quenching. 

In experiments involving chromatographic identification of the tracer in the aqueous 
humor, the total amount  of the PGF2~-ME was kept constant, but  the amount  of [aH]PGF~- 
ME per 25 ~.| of applied solution w increased to 1-0 ~Ci. After 1-, 2-, or 3 hr, animals were 
killed and samples were collect~ed above, except tha t  only a 25-~1 aliquot of the aqueous 
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humor was used fbr direct isotope colznting; the remainder of each sample (about 200- to 
250 .u]) m two to ffJur identically treated eyes was pooled and extracted by the procedure 
of S t a m ~ r d  and Unger (1972). Aliquots of the aqueous phase and the chloroform ext  cts 
were counted as above, and sho~'ed an extraction efficiency from rabbit  aqueous humor of 
great~:r than 97 % for both PGF and its methyl ester. H a | f  of the r~maining extracted 2~ 

material was chromatographed according to the A] system of Green and Samuelsson 
(1964), using a solvent system of chloroform - benzene ' methanol " acetone " acetic acid 

~5 5). The other  half of the ma~r i a l  w chromatographed under similar (1 - 1 0 0 " 2 5 - o  . 
conditions, using acetone" tr iethylamine (99' I) as the solvent system. 

in most oi 'these experiments, the concentration of  the aH-labe|ed eieosanoids or eieo noid 
derivatives in ocular tissues or fluids after the topical application of 5 / ,g  of [aH]PGF,~ or 
[aH ]l G F ~  esters was calculated on the basis of the aH activity in each sample and the specific 
activity of the PGF,a or its esters in the topically applied solution. In both the PGF~ a f~ee 
acid and its esters, the aH label was on C9 in the cyclopentane ring, a position a t  which the 
label remains associated with the eicosanoid moiety in all initial metaboli tes and even in most 

P i " urinary excretion products of PGI ,~. Since int ocular tissues exhibit  little or no eapac t:, 
to metabolize PGs, it is reasonable to assume tha t  the aH activi ty in all these tissues 
represented the concentration of an eicosanoid or its initial metabolite. On the other hand. 
the I ~  F ,~ esters are expected to be de-esterified relatively rapidly and as will be seen later, 
most of the aH activity in the aqueous humor  was shown by paper chromatography to be 
associated with PGF,~ free acid al ter  the topical application of PGt ,~-ME For these reasons, 
'PG e *' I ,~ will be used throughout  this paper to denote all 3H-labeled PGF,~ and-or F,~-ME 
or IE derivatives lound in eacl~ sample calculated on the basis of PGF equivalents. 

3 .  R e s u l t s  

Fi f t een  to 60 rain a f t e r  the  topical  a p p l i c a t i o n  o f  5-~g [aH]PGF~a-ME in 25 / l l  of  
p e a n u t  oil, 2- to  3 % of  the  to ta l  top ica l ly  app l ied  aH a c t i v i t y  was  found  in the  cornea  

O as c o m p a r e d  with 0-04- to 0"07 ~ of  the  to t a l  top ica l ly  appl ied  a c t i v i t y  in corneas  t h a t  
eeived P G F ~  fi-'ee acid in the  s ame  vehicle  (Fig. I AI. A t  1 hr  a f t e r  topical  

app l i ca t ion ,  the  c o n c e n t r a t i o n  of  PGF2~* was  some 30-fold h igher  in corneas  that.  
received P(.IF2~-ME t h a n  in those  t a t e d  w i t h  the  sa e dose of  P G F ~  free acid 
(Table 1). D u r i n g  the  first 3 hr, there  was  a r ap id  e x p o n e n t i a l  decl ine in the  P G F ~ *  
c o n c e n t r a t i o n  of  t he  co rnea ;  th is  was  fol lowed by  a m u c h  slo~er, r a t e  of  loss be tween  
3- and  24 hr (Fig. 2). At  6 hr  a f te r  t he  topica l  app l i ca t i on  of  [ 3 H ] P G F ~ - M E ,  the  
PGF-z~* c o n c e n t r a t i o n  in the  cornea  was still high ( a p p r o x i m a t e l y  0.2 ng per  m g  
ti ue), some 10-fo|d i~igher t h a n  the  s i m u l t a n e o u s l y  m e a s u r e d  c o n c e n t r a t i o n  of  
P G F  2 * in the  c o n t r a l a t e r a l  eyes,  which received the  s a m e  dose of  [aH]PGF2~ free acid  
(Fig. 1 A). Up to 6 hr, the  PGF~a* c o n c e n t r a t i o n  in t he  a q u e o u s  h u m o r  was  10- to  

pc:le -ME t r e a t e d ' e y e s  t h a n  in those  t r e a t e d  wi th  PG_F~ free 20-fold h igher  in the  ~ "-~'~ 2a 
~oncent ra t lon  of  PGI~ e~ in tim c o n j u n c t i v a  of  P G F 2 ~ - t r e a ~ d  eyes  acid.  In  gene  1, the  ~ " ~ * 

was only slig|~tly lower t h a n  t t lat  in the  c o n j u n c t i v a  o f  P G F 2 ~ - M E - t r e a t e d  eyes  
(Fig. l ,  panels  B vs. A). 

The  PG F2~* c o n c e n t r a t i o n  in the  ci l iary b o d y  was r e m a r k a b l y  high a t  15 rain a f t e r  
the  topical  a p p l i c a t i o n  of  PGF2~-ME. T h e r e  was a s all, s t a t i s t i ca l l y  ins igni f icant  
increase  a t  I- and  2 hr, followed by only  a s l ight  decrease  a t  3- and  6 tlr. The  a m o u n t  
of  P G ~ a *  in the  ci l iary body  a t  any  t i m e  dur ing  the  first  6 hr  equa l led  a b o u t  0.2- to 
0-3 % of  the  to t a l  a m o u n t  of  [ G~2a-~IE con t a ined  in the  topi lly app l i ed  so lu t ion  

• c o n c e n t r a t i o n  in the  ci l iary b o d y  w 8 to 10- (Fig. I D). In these  eyes,  the  P G F ~  . - 
fold h igher  a t  all t i m e  per iods  t h a n  in those  t r e a t e d  witll PGF2~ e acid (Fig. i D ;  
Tab le  I). A s imi la r  t ime-course  was obse rved  in the  c o n c e n t r a t i o n  o f  P G F ~ *  in t im 
iridial por t ion  of the  a n t e r i o r  u r e a  (Fig. 1F) .  
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Fla.  I. The distr ibut ion of all-labeled eicosanoids (PGF~=*) in ocular tissues at  various intervals after  
the topical applicat ion of [aH)-PGF2a or |aH]PGF2a-ME to the ~ e s  of rabbits .  The le~  abscissa shows 

G N the aH act ivi ty  expressed ng of PGF~a equivalent  per mg of tissue. The right abscissa indicates P Y 2~ 
equivalents  ~ r  total  tissue weight expressed ~ rcent of  the total  PGF2a equivalent  applied to the  
~ e  a t  t ime zero. P o i n ~  repr  ent  means obtained on 4 to 10 and the limits rep t ± l S.E.(:,I.). 

TABLE 1. 

ncentration of 2a* in all ocular tissues at 1 hr after tr i 1 lication of 25 ~l 
of peanut oil or saline containing 5/~g of F ~  equivalent of either F.z~-Me or 

[aH] F2~ free acid 

ng of PGF2~* per g of tissue 
. . . . . . . . . . . . . . . . . . . . . . .  ~ : ~  .......... ........................... ~ .. . . . . . . . . . . . . . . . . . . . . . . .  

PGF2~ PGF2~ 

(A) (B) (c) 
Peanu t  oil Saline Oil 

_ - ~ _  _ _ = = - _  : ............ ~ = ~  ........................... . . . . . .  ...................... ~ . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - -  _ _  . . . .  . . . . . . . .  - ~ :  . . . . . . . .  

Aqueous 222 ± 223 ± 37 12 ± 6 
Vitreous 11 ± 4 4 ± I 3 ±  i 
Cornea 1470 ± 3 973 ± 71 47 ~ 9 
Anterior  sclera 228 ± 41 27"7 ' 37 38 ~ 8 

sterior sclera 89 ~ 14 75 ~ 9 27 ± 3 
Iris 349 ± 72 21'2 ' 28 62 + 23 
Ciliary body 242 ± 35 i ~ 7 <: ~ 5 2I ± 3 
~ n s  4 2 ~ 1 7  : " i 1 2 ± I  

t ina 6 9 ±  12 10± 2 1 9 ± 3  
Choroid 144 ± 27 38 =I= 7 31 + 7 

Total  globe 128 ± 22 74 ± 6 14 ~ 1 
Conjunctiva 398 ± 49 266 ~ 56 138 ± 8 

PGF~a-ME :PG F2a 

(D) (A:C) (B:D) 
Saline Oil Saline 

1! ~ 3  19 20 
1 ~ 1  4 4 

3 5 ~  8 31 28 
39 4- 7 6 7 
25___4 3 3 
13~4. 6 16 
I l ~ i 12 13 

I+_i 4 1 
6 ~ 1  3 2 

1 3 _ 1  5 3 

6 ±  l 9 i2 
lo5d: 16 3 3 
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F~o. 2. Semilogarithmic plot of the time course of eicosanoid concentration, given in PGF~ 

equivalents ,  in the cornea and aqueous  humor after the topical application of  5 # g  o f  [aH]PGF~a-ME 
to b b i t  ~ . See also ] ~ e n d  to Fig. 1. 

~4. A 

[,2" 

.~ I.O- 

O 

~ .4' 

~ .2"  

~ 0" 

o 
Conjunctiva 

[~] PGF2e 

[~ PGF2e-methyl ester 

PGF2a- isopropyt ester 

Cornea Aqueous Iris Ciliary Amerior 
Sc 

Fro. 3. Comparison o f  PGF~a* concentrations in various tissues I hr (Panel A} and 6 hr (Panel B) after 
the topical apl)lication o f l ) eanut  oil containing [ a H ] P G F ~ ,  [aH]PGF2a-ME, or |aH]PGF2a-IE.  T h e m  was 
n o  significant d i ~ r e n c e  in tim l ~ F 2 a *  concentrat ion of  tissu obtained from ~ that  w e ~  t~_~ated 
with the methyl  ester or the isol)ropyl ester. 

After the administrat ion ofPGF2a-ME,  the time cour of  the PGF2a* concentrat ion 
ij1 the anterior portion of  tile sclera was similar to that  in tl~e conjunct iva,  a l though 
at the peak concentrat ion (30 rain) and at o s t  other t ime periods, the PGF2~* 
concentrat ion ill tile anterior sclera was some 30 % lower than tlmt.in the conjunct iva  
(Fig. 1 E vs. 1 B; Table 1). However ,  in the anterior sclera, unlike the conjt lnctiva,  

* concentrat ion between eyes that  ceived there was a large difference in the PGF2a 
PGF2a-ME and those that  received PGF2a- e acid. The penetration of  PGF2~* into 
the globe and its distr ibution within ocular t issues following tile topical appl icat ion 
of  the isopropyl ester o f  [all] F ~  was not  s ignif icantly diffe nt m that  observed 
after the topical appl icat ion o f  the methyl  ester o f  [ 3 H ] P G F ~  (Fig. 3). 

In all o f  the exper iments  presented above,  peanut  oil was used as the vehicle  
solution.  However ,  a similar picture was obtained when PGF2a-ME was applied to the 
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