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Abstract. Phys io log ica l  cons iderat ions bear ing on t h e  con- 
t r o l l m y  i n t o  the  systemic c i r c u l a t i o n  o f  o r a l l y  adminis- 
t e red  drugs i n  hea l thy  man are reviewed. The most des i rab le  s i t e  
f o r  drug absorpt ion i s  t h e  s t e r i l e  p o r t i o n  o f  t he  small  i n tes -  
t i ne ,  so t h a t  t he  t ime "window" ava i l ab le  f o r  absorpt ion i s  not  
greater  than the  minimum small i n t e s t i n a l  residence t ime i n  t h i s  
segment. Th is  appears t o  vary w ide ly  between ind i v idua ls .  
Methodology f o r  sampling i n t e s t i n a l  content  and f o r  d e f i n i n g  the  
f r a c t i o n  absorbed and t h e  phys ica l  s t a t e  o f  an administered drug 
are sumnarized. Small i n t e s t i n a l  t r a n s i t  and g a s t r i c  empty'ng 
r a t e s  are now estimated i n  man by imaging techniques us ing  Tc49m 
labeled s u l f u r  co l l o ids .  Small i n t e s t i n a l  t r a n s i t  may a l so  be 
estimated non- invas ive ly  by measuring breath H a f t e r  admin is t ra-  

lactu lose,  bu t  t he  v a l i d i t y  o f  such a method i s  unce r ta in  because 
o f  the  acce le ra t ion  o f  i n t e s t i n a l  t r a n s i t  by lac tu lose .  The 
major determinants o f  small i n t e s t i n a l  t r a n s i t  i n  t he  f a s t i n g  
s t a t e  i s  t he  i n t e r d i g e s t i v e  motor complex. During d igest ion,  
complex neurohumoral f ac to rs  i n f l uence  t r a n s i t .  L i t e r a t u r e  
values f o r  small  i n t e s t i n a l  t r a n s i t  are tabulated.  The biochem- 
i c a l  and phys ica l  features o f  the  micro-environment o f  t h e  s to-  
mach and small  i n t e s t i n e  dur ing  the  f a s t i n g  s t a t e  and d i g e s t i v e  
s t a t e  are reviewed. F i rs t -pass considerat ions are ou t l ined ,  and 
t h e  need f o r  developing phys io log ica l  pharmacokinetic models 
stressed. Ava i lab le  data suggest t h a t  2-3 hours i s  t he  maximum 
t ime ava i l ab le  f o r  the  absorption o f  any drug i n  t h e  s t e r i l e  
reg ion  o f  t h e  small i n tes t i ne .  Therefore, f u t u r e  therapeut ic  
e f f o r t s  aimed a t  slowing absorption should probably  be aimed a t  

t i o n  o f  a meal con ta in ing  a non-absorbable d ? saccharide such as 
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1078 H O F M A "  ET f i .  

slowing g a s t r i c  emptying, unless passage o f  drug i n t o  t h e  co lon  
i s  judged acceptable. For r a t i o n a l  design o f  c o n t r o l l e d  e n t r y  
drugs, greater  cooperation between the  gas t roen te ro log i s t  and t h e  
pharmaceutical s c i e n t i s t  appears needed. 

The purpose o f  t h i s  a r t i c l e  i s  t o  rev iew aspects o f  human 

g a s t r o i n t e s t i n a l  phys io logy t h a t  are re levan t  t o  t h e  c o n t r o l l e d  

e n t r y  i n t o  the  systemic c i r c u l a t i o n  o f  o r a l l y  administered drugs. 

Most o f  the  paper w i l l  consider the  events i n f l u e n c i n g  t rans loca-  

t i o n  of drugs t o  and across t h e  enterocyte i n t o  p o r t a l  blood; a 

b r i e f  p o r t i o n  w i l l  consider t h e  r o l e  o f  hepat ic  uptake, i.e., 

f i r s t  pass clearance. 

Some Ass ump t i ons : 

The des i rab le  s i t e  o f  absorption o f  o ra  l y  administered 

drugs i s  the  proximal and mid small i n tes t i ne .  The stomach i s  

u n l i k e l y  t o  be an important absorpt ive r o u t e  because o f  i t s  low 

sur face area and i t s  impermeabi l i ty  t o  small  h y d r o p h i l i c  mole- 

cules. The co lon not on ly  has a small absorpt ive area bu t  a l so  

has a lumen f u l l  o f  bacter ia .  The small i n t e s t i n e  i s  e s s e n t i a l l y  

s t e r i l e  u n t i l  t he  d i s t a l  p a r t  o f  t he  ileum, a t  which p o i n t  bac- 

t e r i a  begin t o  increase i n  number and v a r i e t y . l s 2 ~ 3  If drugs are 

not  completely absorbed p r i o r  t o  encountering bacter ia ,  they  may 

be biotransformed by bac te r ia  and the  b io t rans format ion  products 

absorbed. I n  p r i n c i p l e ,  t h i s  i s  undesi rab le s ince t h e  p a t t e r n  o f  

b a c t e r i a l  b io t rans format ion  may vary  w ide ly  from i n d i v i d u a l  t o  

i n d i v i d u a l  and because ne i the r  the  e f f i c a c y  nor t h e  s a f e t y  o f  

even t h e  major b a c t e r i a l  products are u s u a l l y  de f ined i n  pre- 

c l i n i c a l  tes t ing .  Since i n  man the  length  o f  t he  small  i n t e s t i n e  
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ORALLY ADMINISTERED DRUGS 1079 

is probably 300-400 cmB4 a length of about 180-350 cm is avail- 

able as a bacteria-free absorptive site. Therefore, every drug 

must be formulated in such a manner that it is largely absorbed 

in this length of intestine. 

If drugs must be absorbed during transit in the sterile por- 

tion of the small intestine, the minimum time allowable for such 

absorption to occur is the shortest time required for transit 

from the duodenum to the bacteria-rich portion of the ileum, 

which we shall term the distal ileum. 

Two aspects of small intestinal transit must be considered. 

The first is that it is desirable and indeed necessary to 

dist nguish between events occurring during the interdigestive 

stat and the digestive state (digestion and absorption of 

meals). The second aspect is that it seems necessary to consider 

not only the mean transit time, but also confidence limits for 

transit time. That is, if a drug is designed such that it does 

not dissolve completely until 180 minutes after ingestion, it 

will not be fully absorbed in the sterile small intestine in an 

individual whose m a l l  intestinal transit time (SITT) is 90 

minutes. The simplest arbitrary solution is to attempt to find a 

figure for nSITT9511, i.e., the small intestinal transit time 

which is equal to or greater than that of 95% of healthy 

individuals. For example, Northfield's group5 gave a figure of 

about 220 minutes for a mean small intestinal transit time of a 

solid meal in 15 healthy volunteers. The standard deviation was 

about 70 minutes meaning that a SITTg5 would be only 80 minutes! 
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1080 H O F " N  ET AL. 

This problem is further confounded by the possible between- 

and w i t h i n -  subject variabil i ty in the port ion of ileum colonized 

by bacteria. 

A t  present, drugs, whether present as a particulate disper- 

sion or as a micellar or molecular solution, are considered t o  be 

propelled a long  the small intestine a t  the same net propulsive 

ra te  as food particles. This may not be correct, b u t  no experi- 

mental d a t a  are available. Wilkinson6 has compared the time 

course of fecal excretion of  the non-absorbable water soluble 

polymer, polyethylene glyco ( P E G ) ,  h a v i n g  a molecular weight of 

about 3600 (PEG 4000) w i t h  t ha t  of the insoluble and dense ( sp .  

gr. 5.2) p igment ,  chromium sesquioxide. PEG was excreted con- 

siderably more rapidly. However, i t  seems likely t o  us t h a t  the 

separation occurred in the stomach and the colon, rather t h a n  the 

small intestine. Bechgaard and Ladefoged reported t h a t  pellets 

of density 1.6 had a much slower transit time (25 hrs) t h a n  pellets 

of density 1.0 ( 7  hrs) i n  a study u s i n g  ileostomy patients. 

However, the pellets were quite large; recovery was incomplete; and 

the possibility of delayed or incomplete gastric emptying makes the 

results very d i f f icu l t  t o  interpret. Much more experimental work 

is  needed in th i s  area. 

For most controlled delivery formulations, the design i s  t o  

make dissolution rate-limiting. In general , neither diffusion 

through the unstirred layer nor membrane permeation are considered 

t o  be ra te  limiting i n  the kinetics of absorp t ion .  
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ORALLY ADMINISTERED DRUGS 1081 

Methodology f o r  Def in ing  t h e  Relevant Physiology i n  Man: 

I n  man, small i n t e s t i n a l  t r a n s i t  has been estimated by exa- 

min ing the  t ime requ i red  f o r  a bolus o f  barium s u l f a t e  t o  enter  

t h e  cecum us ing f luoroscopy or sequenti a1 x-ray photographs. 

This so-cal led "barium meal" was probably not  a t r u e  meal, i n  

t h a t  it d i d  not i n i t i a t e  the  usual sequence o f  neuro-humoral 

events t h a t  regu la te  p ropu ls ion  o f  a a phys io log ica l  meal; and 

r e s u l t s  obtained us ing t h e  c l a s s i c a l  "barium meal" are u s u a l l y  

considered t o  have l i t t l e  bear ing on t h e  t r a n s i t  t ime o f  a meal 

under phys io log ica l  cond i t ions  or a group o f  molecules du r ing  the  

fast ing-state.8 Subsequently, attempts were made t o  develop more 

"phys io log ica l "  con t ras t  mater ia l ,  and small i n t e s t i n a l  t r a n s i t  

was estimated i n  t h i s  way.9 Results o f  a number o f  o lder  s tud ies  

which estimated t r a n s i t  t ime by passage o f  barium con ta in ing  meals 

are sumnarized i n  Table 1. 

More recent ly ,  i n  a ser ies  o f  important papers, Lager lo f  

and h i s  colleagues used PEG 4,000 i n  a l i q u i d  t e s t  meal and d i r e c t  

i n t e s t i n a l  sampling t o  measure both n u t r i e n t  absorpt ion and small  

i n t e s t i n a l  t r a n s i t  i n  man.lo,ll Th is  work, which was sumnarized i n  a 

thought fu l  and readable monograph,l2 i l l u s - t r a t e d  t h e  range o f  t r a n s i t  

t imes t h a t  one observed w i t h  the  marker. These workers found t h a t  t he  

e a r l y  p a r t  o f  t h e  meal moved r a p i d l y  t o  the  d i s t a l  p a r t  o f  t h e  

i n tes t i ne ,  whereas subsequent par ts  o f  the  meal moved more s lowly  

along the  i n tes t i ne .  

have a lso been made i n  s tud ies  from t h e  Mayo group us ing  a s p i r a t i o n  a t  

t he  i leo-ceca l  valve.13 

Sing le measurements o f  small  i n t e s t i n a l  t r a n s i t  
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I n  the  past f i v e  years, aggregates o f  c o l l o i d a l  s i ze  ( s u l f u r  

c o l l o i d ) , l 4  r e s i n  p a r t i c l e s  conta in ing  che la t i ng  groups,l5 o r  

simple c h e l a t i n g  molecules16 tagged w i t h  the  pure gamna emi t to r  

Tc99m have become avai lab le.  The nuc l i de  T c 9 h  has exce l l en t  

imaging proper t ies  , and an extremely convenient phys ica l  h a l f  

l i f e  (T+ o f  6 hours). When used together w i t h  a l a rge  f i e l d  o f  

view camera and computer ana lys is  o f  d i g i t i z e d  data, an accurate 

and reproduc ib le  est imate o f  g a s t r i c  empyting can be made.l7 

Th is  technique i s  now being extended t o  the  measurement o f  small  

i n t e s t i n a l  t r a n s i t  i n  hea l th  and disease.20 

Small i n t e s t i n a l  t r a n s i t  may a l so  be estimated i n d i r e c t l y  by 

us ing  a probe molecule t h a t  i s  not absorbed, b u t  whose b a c t e r i a l  

degradation g ives r i s e  t o  a s ignal .  The i n i t i a l  a p p l i c a t i o n  o f  

t h i s  technique fea tured  the  admin is t ra t ion  o f  lactu lose,  a non- 

absorbable disaccharide, which i s  converted t o  hydrogen by 

anaerobic co lon i c  bacter ia .21 The hydrogen, i n  turn,  i s  p a r t l y  

absorbed and excreted i n  breath i n  which it i s  e a s i l y  measured by 

gas chromatography or by an electro-chemical detector.22 The 

appearance t ime o f  H2 i n  breath co r re la tes  s a t i s f a c t o r i l y  w i t h  

the  passage o f  lac tu lose  i n t o  the  cecum, as assessed indepen- 

d e n t l y  by d i r e c t  sampling o f  d i s t a l  i l e a l  contents us ing  a 

naso - in tes t i na l  tube.21 

There are several problems w i th  the  lactulose-Hp method, as 

F i r s t ,  a t  l e a s t  10 g o f  l ac tu lose  described by Bond and L e v i t t .  

must be used t o  generate an unequivocal H2 s igna l ,  and the  

response i s  q u i t e  va r iab le  w i t h i n  and between subjects.23 This 
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1086 HOFMA" ET AL. 

amount o f  l ac tu lose  i s  a s t rong osmotic s t imulus which accelerates 

i n t e s t i n a l  propulsion, acce le ra t ing  t h e  t r a n s i t  through the  small 

i n tes t i ne .  Second, a r a r e  i n d i v i d u a l  lacks the  co lon i c  f l o r a  

responsib le  f o r  conver t ing l ac tu lose  t o  hydr0gen.~4 Further, i f  

i n d i v i d u a l s  ingest  a h igh f i b e r  d i e t ,  then they  may have a h igh base 

l i n e  product ion o f  HE, prevent ing de tec t i on  o f  a d i s c e r n i b l e  r i s e  i n  

breath H2 excretion.25 

Recently, our labora tory  began t o  exp lo re  t h e  f e a s a b i l i t y  o f  

measuring small  i n t e s t i n a l  t r a n s i t  us ing 14~-1ac tu lose  (generously 

prov ided by Phil l ips-Duphar i n  the  Netherlands), and measuring 

14CO2 i n  breath.26 Since on ly  a n e g l i g i b l e  mass o f  c a r r i e r  

l ac tu lose  i s  required, i t  i s  apparent t h a t  t he  problem o f  t h e  

l ac tu lose  load acce le ra t ing  i n t e s t i n a l  t r a n s i t  i s  obviated. On 

t h e  other  hand, it i s  not  a t  a l l  c l ea r  where the  s i t e  o f  bac- 

t e r i a l  degradation o f  1%-lactulose occurs, i.e., it could be 

e i t h e r  i n  the  d i s t a l  i leum o r  colon. I t i s  a l so  not  known i n  

what form the  r a d i o a c t i v i t y  i s  absorbed, i.e., how many chemical 

steps the re  are between the  degradation o f  l ac tu lose  and t h e  

appearance o f  14C02 i n  breath. 

I t  i s  q u i t e  simple t o  measure 1% r a d i o a c t i v i t y  i n  breath by 

breath t i t r a t i o n  us ing an organic base,27$28~29 and i n  p r i n c i p l e ,  

i f  the  14C i s  absorbed e i t h e r  as 14C02 or as a molecule which i s  

r a p i d l y  and p red ic tab l y  converted t o  l4CO2, then t h e  t ime course 

o f  appearance o f  l4CO2 i n  b rea th  should g i ve  an i n d i c a t i o n  o f  t h e  

r a t e  o f  t r a n s i t  o f  l ac tu lose  t o  the  s i t e  o f  b a c t e r i a l  degrada- 

t i on .  I n  e a r l y  experiments, we attempted t o  v a l i d a t e  the  use o f  

1%- lactu lose by comparing t h e  t ime course o f  14C02 exc re t i on  
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ORALLY ADMINISTERED DRUGS 1087 

w i t h  t h a t  o f  H2. Results were on ly  i n  f a i r  agreement (r = 0.8). 

We are now c a r r y i n g  ou t  f u r t h e r  v a l i d a t i o n  experiments i n  which 

the  t ime course o f  14CO2 appearance i s  compared w i t h  t h e  t ime 

requ i red  fo r  a Tc9% labeled bolus t o  reach the  cecum, as 

assessed by t h e  gamna camera computer system. 

A major problem w i t h  any non-invasive method i s  t h a t  it 

gives on ly  a s i n g l e  value f o r  t r a n s i t  time. T r a n s i t  t ime i n  f a c t  

must be a d i s t r i b u t i o n  of i n d i v i d u a l  t r a n s i t  t imes and, as any 

curve, must have a shape r e q u i r i n g  a t  l eas t  two parameters f o r  

descr i p t  i on. 

To assess events i n  the proximal small i n tes t i ne ,  f o r  

example, t he  t ime course o f  passage o f  a meal marker, d i r e c t  

sampling by i n t u b a t i o n  i s  desirable. I n  a l l  i n t u b a t i o n  exper i -  

ments, it i s  des i rab le  t o  have a non-absorbable re ference marker, 

such as PEG 4000, so t h a t  r e s u l t s  are not in f luenced by water 

absorpt ion or secretion.30 The t r a d i t i o n a l  marker, PEG 4000, may 

now be purchased i n  rad ioac t i ve  form labeled w i t h  e i t h e r  1 4 C  o r  

3H. PEG may a l so  be determined t u r b i d o m e t r i c a l l y  i f  i t s  con- 

c e n t r a t i o n  i s  s u f f i c i e n t l y  h i c ~ h . 3 ~  Recently, water so lub le  po l y -  

meric dyes have been ~ y n t h e s i z e d ~ ~  and appear promising f o r  use 

as non-absorbable re ference markers .33 A number o f  low molecular 

weight substances have a1 so been used as reference markers . 3 4 ~ ~ ~  

If one ingests  a s o l u t i o n  o f  drug conta in ing  PEG, o r  o ther  

s u i t a b l e  markers, then t h e  r a t i o  o f  drug t o  PEG i n  t h e  asp i ra te  

compared t o  t h a t  o f  t he  inges ta te  i nd i ca tes  t h e  f r a c t i o n  o f  t he  

drug t h a t  has been absorbed from the  sample o f  i n t e s t i n a l  content  
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1088 H O F M A "  ET AL. 

t h a t  was aspirated. If multiple s i tes  along the small intestine 

are sampled, one may o b t a i n  a profile of intestinal absorp- 

t ion.36~37~38 A superior technique, developed by S ~ e r g e l , ~ ~  i s  

t o  infuse the marker a t  a defined rate  into the proximal small 

intestine. One then samples dis ta l ly  a t  one or more loci. From 

the f l u x  of the tes t  substance past the sampling s i t e ,  infor- 

mation is  obtained on the rate  and time course of absorption. 

A variant on this  technique t o  measure rates of absorption 

i s  a steady s ta te  segmental perfusion technique, developed by 

Fordtran (summarized i n  40); the assumptions involved have been 

treated in a theoretical article.41 Levitt and Bond42 have, 

however, questioned the validity o f  conclusions derived from 

absorption studies based on marker concentration, when such 

experiments are carried out  under non-steady s ta te  conditions. 

Further, when such studies are used t o  estimate rates of 

absorption, true membrane permeation coefficients cannot be 

calculated easily because of the presence of an unstirred water 

1 ayer . 
Most intubation experiments rely on siphonage t o  obtain 

samples. A number of studies have shown t h a t  < 20% of the lumi- 

nal contents passing a sampling s i t e  are removed by siph0nage.~3 

In principle, one would l ike t o  sample less t h a n  20% of small 

intestinal content so t h a t  the sampling procedure will not  

disturb the usual f luid dynamics. 

In analysis of small intestinal content, i t  is often 

desirable t o  define the physical s ta te  of the t e s t  substance, 
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ORALLY ADMINISTERED DRUGS 1089 

i.e. whether it i s  completely i n  s o l u t i o n  or  what f r a c t i o n  i s  

present i n  the  p a r t i c u l a t e  phase o f  small i n t e s t i n a l  content. 

The inso lub le  phase may be separated by c e n t r i f u g a t i o n  o r  

f i l t r a t i o n . c f 0  4 4 ~ 4 5  It i s  assumed t h a t  t he  sample o f  small 

i n t e s t i n a l  content  by asp i ra t i on  i s  a v a l i d  sample, i.e., t h a t  

ne i the r  the  l i q u i d  nor the  p a r t i c u l a t e  phase i s  p r e f e r e n t i a l l y  

aspirated. The v a l i d i t y  o f  t h i s  assumption i s  no t  known. 

Luminal sampling techniques have great  power, and i n  our 

judgment, have been i n s u f f i c i e n t l y  exp lo i t ed  by pharmaceutical 

s c i e n t i s t s .  There are some problems, however. F i r s t ,  m u l t i -  

lumen tubes must usua l l y  be const ructed by the  i nves t i ga to r ,  as 

they are not  a v a i l  able commercially. Second, c o r r e c t  placement 

o f  t he  tube i n  the  stomach such t h a t  it r a p i d l y  passes i n t o  the  

duodenum requ i res  fluoroscopy, which means t h a t  x-ray f a c i l i t i e s  

must be ava i l ab le  and the  subject  be exposed t o  r a d i a t i o n .  X-ray 

documentation o f  t he  sampling s i t e  i s  des i rab le.  This  i n  t u r n  

means clearance by both t h e  I n s t i t u t i o n a l  Review Board and the  

Radiat ion Safe ty  Comnittee. It i s  a lso  necessary t o  have 

ava i l ab le  a cooperat ive r a d i o l o g i s t  a t  hand. I n  addi t ion,  tubes, 

whether passed by nose or by mouth, are o f ten  q u i t e  uncomfortable 

t o  human volunteers. On t h e  other hand, the re  i s  an extens ive 

body o f  l i t e r a t u r e  based on t h i s  methodology. An indwe l l i ng  tube 

may be l e f t  i n  p lace i n  t h e  small i n t e s t i n a l  lumen i n  a sub jec t  

f o r  a per iod  o f  a t  l eas t  a week w i thout  d i f f i c u l t y .  

I n  general t he  t r a d i t i o n  o f  the  pharmaceutical s c i e n t i s t  has 

been t o  administer compounds by mouth, t o  assume t h a t  t he  com- 
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1090 H 0 E " N  ET AL. 

pound behaves identically in the small intestine in vivo as in a 

beaker ( i n  vitro), and t o  infer the ra te  of absorption from the 

time course of the concentration of the d r u g  i n  peripheral blood. 

Such a procedure is  invariably risky and may give r i s e  t o  erro- 

neous conclusions. 

Determinants of Small Intestinal Transit Time i n  Health: 

A major step i n  understanding the motor action o f  the small 

bowel has been the recognition, in recent years, of the decisive 

difference between the patterns o f  the fasted and fed state.  

These have been more accurately designated interdigestive and 

digestive because i t  has been found t h a t  the digestive pattern 

persists and the interdigestive pattern does not start u n t i l  the 

ingested meal i s  digested and absorbed. All of the factors which 

prolong the period of digestion, for example, the addition of f a t  

t o  the diet ,  also prolong the motility pattern o f  the digestive 

period. 

The interdigestive pattern in man and most mamnals displays 

cycles composed of four consecutive phases of moti 1 ity.46-49 

The cycles repeat u n t i l  the next meal i s  eaten. They s t a r t  

simultaneously i n  the stomach and duodenum and migrate dis ta l ly .  

The f i r s t  phase is  a period of res t  of about  30-40 m i n  when 

the stomach and small bowel show no motor activity. I n  the small 

bowel, d u r i n g  phase 11, segmental contractions or mixing contrac- 

tions occur w i t h  increasing frequency and intensity over a period 

of some 30-40 m i n  t o  end i n  a cresendo of some 60-90 contractions 

of maximum strength. They are no longer segmental or fixed i n  
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position b u t  are circular and migrate distally.  The distance of 

their  i n d i v i d u a l  distal  travel is  limited--about 80-90 cm i n  the 

uppermost small bowel diminishing t o  20 cm or less in the most 

distal  ileum. They comprise a band or length o f  bowel over which 

per is ta l t ic  contractions pass. The band s ta r t s  in the duodenum 

and migrates slowly dis ta l ly  requiring about 90-120 m i n  t o  reach 

the terminal ileum. As these activity waves sweep everything i n  

the small bowel before them; they are termed the interdigestive 

intestinal h o u ~ e k e e p e r . ~ ~  After they pass a p o i n t  i n  the bowel, 

phase IV occurs, during which the contractions, per i s ta l t ic  and 

segmental, quickly diminish in frequency and intensity and soon 

disappear completely t o  usher in phase I again,  the period o f  

rest .  

As Phase III--the activity front or housekeeper-dies out  in 

the terminal ileum, i t  s ta r t s  again i n  the stomach and duodenum; 

and the entire cycle of sequential phases recurs in the duodenum 

and migrates again t o  the terminal ileum, one ent i re  cycle 

requiring 90-120 min .  And this recycling continues until a meal 

is  eaten. The hormonal control o f  interdigestive motility i s  

under active investigation.cf.50 The large bowel does no t  par- 

t ic ipate  i n  th i s  cyclical sequence of motor events. 

The stomach displays Phase I ,  during quiescence, Phase I1 

which displays a digestive or mixing  type of gastric per is ta ls is ,  

and Phase I11 w i t h  some 15-20 housekeeper per is ta l t ic  contrac- 

tions. These are special contractions seen i n  the normal stomach 

only d u r i n g  Phase I11 of the interdigestive motor complex. They 
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crea te  a s o l i d  diaphragm across the  stomach as they  sweep 

d i s t a l l y  a l l  the  way t o  the  pylorus. They f o r c e  everything 

before them out o f  the  stomach; they are the  g a s t r i c  housekeeper. 

The inges t ion  o f  a small meal, 50 g o f  meat or  100 m l  o f  

mi lk,  w i l l  i n t e r r u p t  the  sequence o f  t he  i n t e r d i g e s t i v e  p a t t e r n  

o f  m o t i l i t y  and es tab l i sh  the  d iges t ive  pa t te rn  whose purpose i s  

t o  mix, ra the r  than t o  propel. Larger meals, l a rge r  i n  volume 

and n u t r i t i o n a l  content, w i l l  prolong the  i n t e r v a l  between house- 

keeper episodes . 
The major ac t i on  o f  d iges t i ve  g a s t r i c  p e r i s t a l s i s  i s  t o  mix 

and emuls i fy  t he  contents. I n  the  stomach, each g a s t r i c  diges- 

t i v e  p e r i s t a l t i c  sweep ends w i t h  cont rac t ion  o f  t he  te rmina l  

antrum, which closes the  pylorus and r e t r o p e l s  most of t he  con- 

ten ts  ahead o f  t he  p e r i s t a l t i c  con t rac t ion  back i n t o  the g a s t r i c  

antrum and corpus. The ac t i on  i s  t h a t  o f  a j e t  emu ls i f i e r .  

Whenever the g a s t r i c  pressure exceeds tha t  i n  the  duodenum, 

l i q u i d s  w i l l  leak ou t  i n t o  the  duodenum; t h i s  occurs when the  

py lo rus  i s  relaxed between terminal  a n t r a l  contract ions.  S o l i d  

p a r t i c l e s  are retained, however. The stomach f a i l s  t o  recognize 

a s o l i d  p a r t i c l e  when it i s  less than 1-2 mn i n  diameter. Such 

p a r t i c l e s  are processed as a l iqu id .51  

Compliant p a r t i c l e s  pass more r e a d i l y  then so l ids .  Few, i f  

any, s o l i d  p a r t i c l e s  o f  5 mn or more i n  diameter w i l l  leave the  

stomach dur ing  digest ion.  They are a l l  swept out o f  t he  stomach 

by  the  g a s t r i c  housekeeper p e r i s t a l t i c  con t rac t ions  o f  t he  f i r s t  

i nterd iges t  i ve housekeeper sequence occurr ing a f t e r  t h e i r  
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ingestion. They w i l l  then be swept through t h e  small bowel by 

the  Phase I11 or housekeeper p e r i s t a l t i c  sequence and w i l l  

r e q u i r e  about 90-120 min t o  t r a v e l  from the  duodenum t o  the  

colon. 

The m o t i l i t y  o f  t h e  small bowel dur ing  d iges t i on  i s  

composed almost exc lus ive ly  o f  segmental contract ions.  The pre- 

dominant e f f e c t  o f  these contract ions i s  t o  mix the  contents. 

D i s t a l  propuls ion also occurs, bu t  i t s  exact mechanism has no t  

been documented. P e r i s t a l t i c  con t rac t ions  are seldom, i f  ever, 

seen dur ing  d iges t i on  i n  hea l th  i n  the  jejunum and ileum. 

L iqu ids  are spread out over the  e n t i r e  s m a l l  bowel q u i t e  q u i c k l y  

(py lo rus  t o  te rmina l  ileum), bu t  by what mechanism or a t  what 

r a t e  s o l i d  p a r t i c l e s  o f  more than 1 mn are t ransported d i s t a l l y  

i s  not known. L ike  the  stomach, t h e  small bowel requ i res  an 

i n t e r d i g e s t i v e  housekeeper t o  clean i t  o f  so l i ds  more than 1 or  2 

mn i n  diameter. 

Thus, i t  can be appreciated t h a t  whether a medication i s  

absorbed from the  i n t e s t i n e  or passes i n t o  the  colon, and where 

i t  may res ide  a t  d i f f e r e n t  times i n  i t s  passage, w i l l  depend upon 

whether i t  i s  taken as a s o l i d  or a l i q u i d  and whether it i s  

taken i n  the  d iges t i ve  or i n t e r d i g e s t i v e  period. I f a medication 

i s  taken as a s o l i d  p a r t i c l e  o f  more than 2 n i n  diameter, i t s  

f a t e  w i l l  depend on how long it can withstand the  ac t i on  o f  ac id  

and neut ra l  d iges t i ve  ju ices .  I f i t  withstands the  e f f e c t s  o f  

ac id  digestion, it w i l l  remain i n  the  stomach, whether i t  i s  

taken w i t h  a meal or not, u n t i l  the  f i r s t  g a s t r i c  i n t e r d i g e s t i v e  
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housekeeper occurs. I t  will then pass down the small intestine 

t o  the cecum i n  the next 90-120 min .  I t  would appear i n  stool 

sometime i n  the next 24 hrs. 

If a medication is  taken as a solution of 100 ml or more, i t  

will pass most quickly into the small bowel and be absorbed 

there. Isotonic saline (non-nutrient) solutions leave the sto- 

mach quickest and are absorbed the fastest .  If a medication is  

ingested w i t h  nutrients, i t s  gastric emptying will be delayed, as 

will its passage along the small bowel. 

Quantitative determinations o f  the effects o f  these inf lu- 

Application of the ences on d r u g  absorption are i n  short supply. 

newer techniques are providing the most useful information. For 

example, Northfield's group5 has published d a t a  based on the 

appearance of breath H2 after a meal containing baked beans,5 and 

Read and his colleagues have published limited da ta  on t ransi t  in 

healthy volunteers ingesting a lactulose containing meal .20 (These 

data are also sumnarized i n  Table I ) .  I t  i s  clear t h a t  the da ta  base 

i s  far too  scanty t o  permit any definition of confidence levels which 

are necessary t o  define a value for SIngtj .  The wide range i n  

t times are i l lustrated in Figure 1. 

Rapid esophageal t ransi t  has always 

healthy subjects and t o  be independent 

shed da ta  for trans 

Esophageal t ransi t  : 

assumed t o  occur in 

of position, since studies by Ingelfinger's group had shown that 

an individual could dr ink  water quite well while standing on his 

head.52 Very recently this assumption has been called into 

question. Subjects were given a capsule containing Tm99 which 
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M Kim 1968 
(Barium) 
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U 
0) M Corbeff 1981 5 40- 

30- - 
.- 5 20- 
2 10- 
s A 

c 

1 2 3 4 5 6 7 8 
Time (hours) 

Figure  1. 

volunteers. The type o f  meal administered i s  shown. 

Published data f o r  mouth t o  cecum t r a n s i t  t ime i n  hea l thy  

was ingested w i t h  a s ing le  swallow o f  water. 

subjects  , t h e  capsule remained a t  t h e  gastro-esophageal j u n c t i o n  

f o r  a per iod  o f  15 t o  30 minutes,53 conf i rm ing  o lder  work w i t h  

radiopaque capsules.54 These s tud ies are not  e n t i r e l y  s a t i s f  ac- 

t o r y  because it i s  not a t  a l l  c l ea r  t h a t  the  g e l a t i n  capsules 

were s i m i l a r  t o  those employed f o r  most drug fo rmula t ions  and 

because s o f t  g e l a t i n  capsules when moistened may develop adhesive 

proper t ies ,  Obviously f u r t h e r  s tud ies  are ind icated.  

I n  a number o f  

Gast r i c  emptying: As discussed above, t he  a v a i l a b i l i t y  o f  

Tc99m or other gamna-ray e m i t t i n g  isotopes, t he  gamna camera, and 

d i g i t i z e d  data which can be analyzed us ing computer techniques 

has meant t h a t  non-invasive q u a n t i t a t i o n  o f  g a s t r i c  empyting i s  

now r e l a t i v e l y  easy t o  c a r r y  out. A number o f  s tud ies  have 

appeared recent  ly17,18~19,55-57 which support o lder  ~ t u d i e s ~ ~ s ~ g  

i n d i c a t i n g  t h a t  g a s t r i c  emptying i s  e s s e n t i a l l y  mono-exponential 

w i t h  a Tk depending on meal content, e s p e c i a l l y  f a t  and osmola l i t y .  
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Environment of Ingested Drugs: 

Ingested drugs pass through two environments--the gastric 

environment and the small intestinal environment. In  a l l  

probability, the gastric environment differs during the fasting 

s ta te  from t h a t  occurring during the digestive s ta te ,  whereas 

small intestinal content i s  quite similar, a t  least  

qua1 i t a t  ively. 

During the fasting state,  gastric secretion enters the sto- 

mach and is  not  buffered. Thus, the chemical environment for a 

d rug  ingested d u r i n g  the fasting s ta te  i s  simply 0.15 M HC1 

(containing pepsin). The pH could be increased considerably by 

pre-treating the subject with an anti-secretory d r u g  such as 

cimetidine, b u t  i t  i s  doubtful whether H2 blockers will ever be 

used solely t o  influence the absorption of drugs. 

Gastric content is  much more alkaline during a meal because 

of the buffering capacity of food. Limited studies suggest t h a t  

gastric pH will usually be 3-5 during digestion of a meal and 

f a l l  only a t  the end of the mea1.60,61,62 

In the duodenum, the pH increases abruptly--to about 6--as 

bicarbonate secreted by the pancreas and the duodenal mucosa 

neutralizes the acidic gastric contents.30,38,39 Small intes- 

t inal  content is  rich in pancreatic enzymes such as esterase, 

lipase, amylase, proteases, and nucleases. 

Bile contains mixed mlcelles of bile sal ts  and lecithin. In  

the small jntestine, the lecithin i s  hydrolyzed t o  lysolecithin 

and f a t ty  acid by the pancreatic phospholipase. During diges- 

tion, the micelle has i t s  lecithin replaced largely by f a t ty  acid 
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and monoglyceride which are produced by the action of pancreatic 

lipase on ingested t r i g l y ~ e r i d e . ~ 3 , ~ ~  There may be a liquid 

crystall ine phase of calcium-fatty acid soap i f  dietary calcium 

is  sufficiently high.64 In  most instances, however, calcium 

sa l t s  do  not form probably because the act ivi ty  of ionized 

calcium is  decreased greatly by non-specif i c  e lectrostat ic  

binding t o  the mixed micelles present in small intestinal 

content. ( A  notable exception t o  this generalization i s  dietary 

oxalate which remains insoluble as the calcium ~ a l t . ~ 5 )  

Any lipophilic or amphipathic molecule, including any drug  

molecule, will be partitioned between the micellar phase and the 

molecular phase. The effect  of micelles is  t o  diminish the act i -  

vity of the monomer. However, for insoluble monomers, the 

micelle provides a mechanism of solubil ization such that the 

molecular phase can be kept saturated w i t h  monomer.66 For f a t ty  

acids, the diffusive f l u x  through the boundary layer i s  greatly 

accelerated because b o t h  micelles and molecules can diffuse. The 

end result  of micellar solubilization i s  t o  increase the con- 

centration of f a t t y  acid i n  solution by about  three orders of 

magnitude and t o  increase diffusion th rough  the unstirred layer 

by a factor somewhat greater than  

For insoluble molecules which enter the small intestine,  the 

problem is  dissolution which transfers molecules from an insolu- 

ble phase t o  a dispersed, molecular phase. The surface act ivi ty  

of small intestinal content i s  presumably quite high--with a sur- 

face tension o f  less t h a n  5 dyneslcm.cf.68 Experimental measure- 

ments are needed. Bile sal ts  are no t  particularly surface 
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active,69 b u t  the combination of bile s a l t s  and par t ia l ly  ionized 

f a t ty  acids, at  least i n  vitro,  is  associated with a str iking 

lowering of oi l/water interfacial tension.68 

I t  has been proposed t h a t  a major function of bile sa l t s  i s  

t o  keep reactive surfaces such as the oil/water interface 

"unfouled" during digestion. 70 Presumably th i s  "detergent" 

effect  should also apply t o  any solid/liquid interface t h a t  i s  

also present, including the membrane of the enterocyte. 

Despite the extraordinary variety of substances t h a t  are 

ingested, the intestinal rrmcosa stays remarkably clean; and 

enterocyte storage diseases are unknown. The reason for the 

remarkable surface "sanctity" has not been the subject of any 

serious study, t o  our knowledge. The simplest answer i s  t h a t  the 

vil lus t i p  ce l l s  have extremely rapid t ~ r n o v e r , ~ 1  so that even if 

they do adsorb substances t h a t  are not translocated, they rather 

quickly slough i n t o  the intestinal lumen. The villous t i p  ce l l s  

are thus a functional, b u t  disposable, surface. 

The small intestinal surface also remains f ree  of bacteria. 

I t  is thought  that the immunoglobulin A72 or possibly mucous 

constituents73 which are secreted by the enterocyte actually 

agglutinate bacteria. However, certain bacteria do possess 

external proteins (adhesions) which permit them t o  invade the 

mucosal surface.74 Whether elucidation of the biochemical mecha- 

nism of this mucosal penetration will bear on capsule coatings i s  

no t  clear. 

I t  i s  beyond the scope of this presentation t o  discuss the 

Suffice i t  t o  say t h a t  the design of role o f  enterocyte uptake. 
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most drugs i s  based on t h e  paradigm t h a t  the  absorpt ive sur face 

of t he  small i n t e s t i n e  i s  a vast f l o o d  p l a i n  o f  octanol  ( f o r  

review, see 75). Drugs have not been designed t o  take  advantage 

o f  the  e x t r a o r d i n a r i l y  a c t i v e  c a t a l y t i c  sur face o f  t he  jejunum, 

although drugs have been designed t o  prevent i n a c t i v a t i o n  by sur- 

face  enzymes, e.g. the  purpose o f  t he  15-methyl groups on c e r t a i n  

p ros tag land in  analogues i s  t o  prevent i n a c t i v a t i o n  o f  t h e  pros- 

tag land in  by t h e  dehydrogenase on t h e  sur face o f  t he  enterocyte. 

Current concepts o f  t i s s u e  uptake are genera l l y  modeled on 

octanol  -water d i s t r  i b u t i  on r a t  i 0s and neg lec t  adsor p t  i on e f f e c t s  

such as might occur w i t h  drugs t h a t  are sur face a ~ t i v e . ~ 6  On the  

other  hand, wet octanol  i s  a s t ruc tu red  phase because o f  t he  

hydrogen bonding between water molecules and t h e  pr imary alcoho- 

l i c  groups, and the  s t ruc tu re  o f  octanol  saturated w i t h  water may 

w e l l  s imulate t h a t  present i n  the  l i p i d  membrane o f  t he  entero- 

cyte. It would be o f  i n t e r e s t  t o  compare the  p a r t i t i o n  o f  drugs 

between liposomes and water w i th  t h a t  between octanol  and water 

t o  see which d i s t r i b u t i o n  r a t i o  i s  a b e t t e r  p r e d i c t o r  o f  absorp- 

t i o n  from t h e  small i n tes t i ne .  

I n  a sense d i e t a r y  f a t  may be a good model f o r  a c o n t r o l l e d  

re lease drug. The b i o a v a i l a b i l i t y  o f  d i e t a r y  t r i g l y c e r i d e  i s  

nea r l y  100% i n  amounts up t o  600 glday. This complete absorpt ion 

probably  r e s u l t s  from the  combination o f  m u l t i p l e  fac to rs :  

c o n t r o l l e d  g a s t r i c  emptying, a great  excess o f  pancreat ic  l i p a s e  

and b i l e  sa l t s ,  and a great  excess o f  absorpt ive surface. When 

m i c e l l a r  s o l u b i l i z a t i o n  o f  f a t t y  ac id  i s  d e f i c i e n t  because of a 

r e l a t i v e  shortage o f  b i l e  sa l ts ,  f a t  d iges t i on  i s  sub-optimal and 
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f a t  absorption occurs over a greater  leng th  o f  small i n tes t i ne .77  

This "anatomical reserve" must a lso  be q u i t e  important i n  drug 

absorption, as w i l l  be discussed subsequently by D r .  Norman Ho. 

F i r s t  pass effects: Two k inds o f  f i r s t  pass e f f e c t s  are 

t o  be considered: b io t rans format ion  by the  enterocyte and hepa- 

t i c  uptake w i t h  or w i thout  b io t ransformat ion.  Although b io t rans-  

format ion o f  drugs by the  enterocyte i s  we l l  d ~ c u m e n t e d , ~ ~  i t  

must be q u i t e  uncomnon. It seems l i k e l y  t h a t  t h e  f i r s t - p a s s  

hepat ic  uptake o f  any drug b io t rans format ion  product i s  never 

complete. If so, t h e  absence o f  b io t rans format ion  products i n  

per iphera l  blood a f t e r  o r a l  inges t ion  o f  a drug permi ts  exc lus ion  

o f  s i  g n i f  i cant enter  i c  b i  o t rans f  ormat i on. 

F i rs t -pass hepat ic  e f f e c t s  may exceed 90%, and i f  present, 

must be quant i ta ted  t o  develop a v a l i d  pharmacokinetic model f o r  

t h e  drug 's  metabolism. The presence o f  s i g n i f i c a n t  f i r s t  pass 

e f f e c t s  can be tes ted  f o r  by comparing the  AUCiv w i t h  t h a t  o f  t h e  

AUCora1.79 However, on ly  i f  e i t h e r  an independent assessment i s  

made o f  f rs t -pass uptake or o f  b i o a v a i l a b i l i t y  (by  d i r e c t  

i n t e s t i n a l  sampling) can an adequate pharmacokinetic model be 

made. We have r e c e n t l y  repor ted  the  a p p l i c a t i o n  o f  t h i s  tech- 

nique i n  d e f i n i n g  the  b i o a v a i l a b i l i t y  o f  chenodeoxycholic acid.80 

F i n a l l y ,  it seems t o  us t h a t  f u t u r e  pharmacokinetic models 

f o r  drugs w i t h  f i rs t -pass  e f f e c t s  should be of the  type t h a t  are 

phys i o 1 og i c a l  pharmacoki net i c model s .81 982 Such model s g i ve a 

much b e t t e r  and simpler desc r ip t i on  o f  drug metabolism, and are 

much eas ier  f o r  t h e  p resc r ib ing  phys ic ian  t o  understand. We 
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believe the time has passed t o  describe d rug  d i s t r ibu t ion  by com- 

partments t h a t  have only mathematical meaning. 

Dur ing  the past f ive years, our own laboratory, i n  col la-  

boration w i t h  the University of Torino and The Polytechnic 

I n s t i t u t e  of Torino, has developed a physiological pharmaco- 

kinet ic  model for the description of the enterohepatic c i rcula-  

t i o n  and metabolism of b i l e  acids tha t  should be generally appli- 

cable t o  any d r u g  that  has an enterohepatic c i r ~ u l a t i o n . ~ ~  The 

model is based on some nine spaces, each of which has an anatomic 

meaning and each of which contains compartments tha t  correspond 

t o  individual chemical species. The compartments are  connected 

by l inear t ransfer  coeff ic ients ,  and these t ransfer  coeff ic ients  

are categorized functionally,  i.e., they correspond t o  flow, 

transport ,  or biotransformation. The model a lso has time- 

dependent features ,  so that  fluxes change d u r i n g  digestion. 

The model i s  mentioned only t o  note tha t  a major problem i n  

developing the model was the inadequacy of information on 

in tes t ina l  t r a n s i t .  Such information may be essent ia l  for  a 

complete pharmacokinetic description of the metabolism of any 

compound having an enterohepatic c i rculat ion.  

Conclusions. Small intest inal  t r a n s i t ,  as v ewed by the 

gastroenterologist ,  seems t o o  rapid t o  permit des gn of drugs 

that  wil l  give controlled entry from a s ter i le  environment for  

more than 3 hours i n  95% of the population. I t  may be tha t  

information on small intest inal  t r a n s i t ,  limited as i t  is ,  cannot 

be applied d i rec t ly  t o  drug t r a n s i t ,  b u t  this seems unlikely. 
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Gast r ic  emptying may p lay  a more impor tant  e f f e c t  than i s  

rea l i zed ,  bu t  delayed g a s t r i c  emptying w i l l  increase t h e  t imed 

release, on ly  i f  the re  i s  i n t r a - g a s t r i c  d ispers ion.  F i n a l l y ,  i t  

must be remembered t h a t  t he  b a c t e r i a l  f l o r a  begin t o  increase 

g r e a t l y  i n  number and v a r i e t y  as one approaches the  d i s t a l  small  

i n tes t i ne .  Any approach t o  con t ro l l ed  o r a l  d e l i v e r y  which i s  

based on the  k i n e t i c s  o f  d i s s o l u t i o n  per se runs t h e  r i s k  o f  

exposing unabsorbed drug t o  bac te r ia  i n  the  smal l  i n tes t i ne .  

Whether t h i s  exposure i s  important pharmacologica l ly  depends on 

whether bac te r ia  a l t e r  t he  drug and t h e  f a t e  o f  t h e  b a c t e r i a l  

b io t rans format ion  products. 

It should a lso  be noted t h a t  t h i s  e n t i r e  paper has d e a l t  

o n l y  w i t h  t h e  s i t u a t i o n  i n  health. I f i n t e s t i n a l  t r a n s i t  i s  more 

rap id,  as i s  claimed t o  occur i n  pa t i en ts  w i t h  i r r i t a b l e  bowel 

syndrome,22 then the  t ime window ( o r  t r a n s i t  window) f o r  

c o n t r o l l e d  e n t r y  would be s t i l l  b r i e f e r .  

The need i s  t o  sample i n t e s t i n a l  content  i n  order  t o  de f i ne  

the  i n f l uence  o f  drug fo rmula t ion  on t r a n s i t ,  d ispers ion,  

d isso lu t ion ,  absorption, and b a c t e r i  a1 b io t ransformat ion.  The 

techniques used by  i n v e s t i g a t i v e  gas t roentero log is ts  are so 

simple i n  p r i n c i p l e  t h a t  they  can r e a d i l y  be adapted by t h e  phar- 

maceutical s c i e n t i s t .  I n  our judgment, t he re  i s  a need f o r  much 

greater  co l l abo ra t i on  between medicine and pharmacy, both o f  whom 

have t h e  comnon aim o f  b r i n g i n g  r a t i o n a l  and e f f e c t i v e  therapy 

w i t h  p red ic tab le  absorption, d i s t r i b u t i o n ,  and metabo ism t o  

pa t i en ts  w i t h  disease. 
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