
ABSORPTION OF IRON FROM  THE SMALL BOWEL

H erbert L* Duthie.

S ep tem ber 1961 M« B*, Ch. M« (Glasgow)
F» R . C« S# (Edinburgh) 
F * R .C . S. (England) -



ProQuest Number: 13850784

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13850784

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Though a t the p re se n t tim e  the  value  of iro n  in  

c a s e s  of c h lo ro s is  is  ev e ry w h ere  re c o g n ise d , 

s t i l l  the  e a r l ie r  s c e p tic ism  a s  to how it could 

a c t i s  fu lly  ju s tif ie d  by the m o d e rn  d isc u s s io n  

a s  to  the m an n e r of a b so rp tio n , p h y sio lo g ica l 

a c tio n  and e x c re tio n  of i ro n  w hen given  

m ed ic in a lly  -  q u estio n s  not ye t d e fin ite ly  

se ttle d .

C h r is tia n  (1903).
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OUTLINE,

T h is  th e s is  p re s e n ts  a  study of th e  ab so rp tio n  of iro n  

f ro m  iso la te d  loops of sm a ll bowel in  a n im a ls  and in  m a n .

M ethods of e s tim a tin g  ab so rp tio n  of iro n  f ro m  such 

iso la te d  loops have been e s ta b lish e d  in  a n a e s th e tis e d  dogs 

and th en  used  to  study the e ffec t of f a c to rs  w ith in  the lum en  

of th e  bow el on th is  ab so rp tio n , a s  w ell a s  to  co m p are  the 

a b so rp tio n  of i ro n  fro m  the duodenum  and f ro m  the  ileu m .

The im p o rtan ce  of the duodenum  in  the a b so rp tio n  of iro n  

is  then  in v estig a ted  in  a  s e r ie s  of ex p e rim e n ts  in  dogs and 

in  r a t s .  A m o d ifica tio n  of the  above m eth o d s i s  app lied  to 

the  m e a su re m e n t of a b so rp tio n  of iro n  f ro m  iso la te d  loops 

of bow el in  m an . The r e s u l ts  of th e se  s tu d ie s  a re  d isc u sse d  

in  re la t io n  to  the  p o ssib le  m ech an ism  of a b so rp tio n  of iro n .

In the m a in  body of the T h e s is  a  d e sc r ip tio n  of the 

m ethods u sed  and a  s ta tem en t and a d isc u s s io n  of th e  r e s u l ts  

a r e  p re se n te d . The A ppendix to  the  m a in  T h e s is  co n ta in s 

d e ta ils  of th e  v a r io u s  s tu d ie s .
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INTRODUCTION 

REVIEW  OF THE LITER A TU R E

Iro n  h as  been  known to m a n  since  tim e  im m e m o ria l. 

P ro o f  of i ts  e a r ly  u se  com es fro m  E gyp tian  in sc r ip tio n s  

(3000 B .C .)  and old C hinese w ritin g s  c la im  th a t i ro n  w as 

d isc o v e re d  in China about 2900 B .C . (G oldw ater, 1935).

The th e ra p e u tic  v ir tu e s  of iro n  w ere  ex to lled  in  about 

2000 B. C. by A pollodorus who re p o rte d  a  w onderfu l cu re  

of im po tence by M elam pus of A rgos who gave ru s t  d isso lv ed  

in  w ine. T h is  and m any  o th e r of the f i r s t  u se s  of iro n  in  

m ed ic in e  w ere  co lo u red  by i ts  connection  w ith  the god M a rs . 

Indeed th e  m e ta l w as given h is  nam e and w as supposed  to 

give s tre n g th  and potency (Wootton, 1910). In itia lly  

a d m in is te re d  in  a ll  s ta te s  of w eakness i t  w as g rad u a lly  noted 

th a t it  w as e fficac io u s  in  an aem ia . Sydenham  (1681) w as 

am o n g st the f i r s t  to reco m m en d  i ts  ro u tin e  u se  in  the 

anaem ic  s ta te  of c h lo ro s is . A m o re  ra tio n a l b a s is  fo r 

iro n  th e ra p y  w as e s ta b lish ed  by the d isc o v e ry  of iro n  in  the 

a sh  of blood by L e m e ry  and G eoffrey  in  1713 (C h ris tian , 1903).

D esp ite  c e n tu r ie s  of p roven  c lin ic a l value iro n  s ti l l  

re m a in s  som ething  of an  en igm a. E ven re la tiv e ly  re c e n tly  /



/ r e c e n t ly  i ts  e fficacy  in  the tre a tm e n t  of a n aem ia  w as doubted 

by som e. The a rg u m en ts  advanced  a re  rev iew ed  by 

R o b sch e it-R o b b in s  (1929). The d iv e rg e n t v iew s of i ts  p lace  

in  th e ra p y  a r i s e  fro m  the  d ifficu lty  of e s tim a tin g  the  sm a ll 

am oun ts  of iro n  tak en  into and e x c re te d  f ro m  the body. M ost 

of the e a r ly  s tu d ies  on the  a b so rp tio n  of i ro n  w ere  c lin ic a l 

and d e a lt w ith the  re sp o n se  of anaem ic  p a tie n ts  to d iffe ren t 

iro n  s a lts .  A b so rp tio n  w as a t f i r s t  m e a su re d  by the  r is e  

in  haem oglobin  p roduced , then  by the r i s e  in  the s e ru m  iro n  

and la te r  by balance s tu d ies  using  ch em ica l m e th o d s. The 

advent of re a d ily  av a ilab le  rad io ac tiv e  iso to p es  of iro n  h as  

allow ed a c c u ra te  iro n  d e te rm in a tio n s  to  be m ade w ith 

re la t iv e  e a se . A c r i t ic a l  rev iew  of th e se  m eth o d s w as 

m ade by Jo se p h s  (1958). He u n d erlin ed  the value of 

c a re fu l ch em ica l ba lance  s tu d ies  and fe lt th a t th e ir  im p o rtan ce  

had been u n fa ir ly  m in im ise d . A lthough ag ree in g  w ith the 

g e n e ra l opinion th a t ra d io iso to p e s  have m ade co n c ise  

m e a su re m e n ts  p o ssib le  w ith physio log ica l d o se s , he noted 

th a t th e re  w ere  som e lim ita tio n s  in  the sy s tem , a s  a single 

dose  had to  be u sed  and any d ay» to -day  v a r ia tio n  would not 

be accoun ted  fo r .

The continuing in te re s t  in  the  p ro b le m s of the /
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/ th e  a b so rp tio n  of i ro n  is  e m p h as ised  by the num ber of 

re c e n t re v ie w s  on the  su b jec t (G ubler, 1956; B othw ell and 

F in ch , 1957; Jo se p h s , 1958; C a lle n d e r , 1959; Sm ith, I960). 

FACTO RS INFLUENCING TH E ABSORPTION OF IRON.

The v a r io u s  fa c to rs  w hich have been  thought to 

in fluence the a b so rp tio n  of i ro n  w ill be d isc u s s e d  under the 

follow ing h e ad in g s :-

LOCAL FACTORS IN THE BOWEL LUMEN AND TH E BOWEL 
W ALL.

A sc o rb ic  ac id  
A cid ity
V alency  of iro n
F e r r i t in
O th ers

GENERAL FACTORS

Body s to re s  of iro n
E ry th r  opoie s is
S erum  iro n  and t r a n s f e r r in
A naem ia
O th ers

LOCAL FACTORS.

A sco rb ic  acid : It is  g e n e ra lly  ag re e d  th a t a sc o rb ic

ac id  enhances the  g a s tro in te s tin a l  a b so rp tio n  of iro n . T his

h as  been  freq u en tly  shown both in  an im a ls  and in  m an  by

ch em ica l m ethods (M oore et a l . , 1939) and w ith  rad io a c tiv e

iro n s  a s  in o rg an ic  s a lts  and in c o rp o ra ted  into food (M oore /
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/  (M oore and D ubach, 1951; B othw ell e t a l . , 1958; Bonnet, 

1958; B onnet e t a l . , I960). T h is p ro m o tin g  ac tio n  of a sc o rb ic  

a c id  i s  u su a lly  thought to  be a  r e s u l t  of i t s  red u c in g  pow er.

It h a s  a lso  been  suggested  to be due to slow ing down of the  

r e tu r n  of duodenal pH to w ard s  n e u tra lity  (G roen e t a l . , 1947). 

T h ese  a u th o rs  found th a t o th e r o rg an ic  red u c in g  ag en ts  and 

o rg an ic  a c id s  p o s se s se d  the sam e ac tio n . T hat cy s te in e  a lso  

augm ented  a b so rp tio n  of i ro n  w as found by M oore (1955) 

although he could not co n firm  th a t o rg an ic  a c id s  had a s im ila r  

e ffec t. I t h as  a lso  been  suggested  th a t the  ac tio n  of a sc o rb ic  

ac id  in  p rom oting  a b so rp tio n  of iro n  m ay  be due to fo rm a tio n  

of a  re a d ily  ab so rb ed  ch e la te  w ith  the  iro n  (F inch  and F in ch , 

1955).

A cidity : In c o n tra s t w ith the a g re e m e n t on the  ac tio n  of

a s c o rb ic  ac id , the  p a r t  p layed  by g a s tr ic  ac id  s e c re tio n  in  the 

a b so rp tio n  of iro n  is  ill-d e fin e d . The effect of v a r ia tio n s  of 

pH in  the bowel lum en  on ab so rp tio n  of i ro n  h as  been  stud ied  

m ain ly  by in d ire c t  m e a n s . E a r ly  s tu d ie s  u tilise d  the 

h aem ato lo g ica l re sp o n se  a s  an  index of iro n  a b so rp tio n . 

Incubation  of a  dose of iro n  w ith p ep sin  and h y d ro ch lo ric  ac id  

b e fo re  giving i t  to  p a tien ts  a t a  pH of 3 o r  a t a pH of 7 to 8 

re su lte d  in  a s lig h tly  g re a te r  re tic u lo c y te  re sp o n se  a t pH 3 

(M ettie r and M inot, 1931). A ch lo rh y d ric s  w ere  shown to /



/ to  have a  s m a lle r  h aem ato lo g ica l re sp o n se  to  iro n  th an  

co m p arab le  p a tie n ts  w ith f re e  h y d ro ch lo ric  ac id  in  th e ir  

s to m ach  (Minot and H eath, 1932) and to have a  b e tte r  

re sp o n se  when i ro n  w as incubated  w ith  p ep s in  and h y d ro ­

c h lo r ic  ac id  b e fo re  a d m in is tra tio n  th an  when given u n tre a te d  

i ro n  (M ettie r e t a l . , 1933). O bserv ing  haem oglob in  lev e ls  

K ellog and M e ttie r  (1936) found th a t a lk a lin e  th e ra p y  red u ced  

the  u til is a tio n  of iro n  in  p a tien ts  w ith  pep tic  u lc e r .  H ow ever, 

th e re  w as an  in c re a s e  in s e ru m  iro n  follow ing o ra l  iro n  

th e ra p y  i r r e s p e c t iv e  of the  p re se n c e  of f re e  ac id  in  the 

s to m ach  (M oore e t a l . , 1939) and a study of haem oglobin  

le v e ls  in  a  g roup  of 100 w om en of whom  20 w ere  ac h lo rh y d ric , 

led  B ru m m er (1950) to the  conclusion  th a t a c h lo rh y d ria  is  a 

r e s u l t  and not a cau se  of an aem ia . G race  and Doig (1953) 

found no d iffe ren ce  in  se ru m  iro n  c u rv e s  when iro n  w as fed 

to  n o rm a l p a tie n ts , w ith o r w ithout sodium  b ica rb o n a te , o r 

to  a c h lo rh y d ric  p a tie n ts . The m ain  c r i t ic is m  of th e se  m ethods 

is  th a t the  u tilisa tio n  of iro n  in  the fo rm a tio n  of haem oglobin  

does not n e c e s s a r i ly  re f le c t  the  am ount of iro n  ab so rb ed  

(B rock and H unter, 1937; D ubach et a l . , 1948; B othw ell 

e t a l . , 1955) and lev e ls  of se ru m  iro n  a re  of doubtful value 

in  m e a su rin g  ab so rp tio n  of iro n  (L au re ll, 1952).

C h em ica l d e te rm in a tio n  of iro n  in  balance s tu d ies  /
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/s tu d ie s  d e m o n s tra te d  th a t a c h lo rh y d ric s  re ta in e d  le s s  d ie ta ry  

iro n  th an  n o rm a ls  but when la rg e  su p p lem en ta ry  d o ses  of iro n  

w ere  g iven  (500 m g . p e r  day) no d iffe re n c e  w as seen  betw een 

the two g ro u p s (B a re r  and F o w le r , 1937).

M ore re c e n tly  ra d io a c tiv e  iro n  has been  used  to 

study th is  e ffec t. W hen i t  w as given w ith a m e a l, P i r z io -B iro l i  

and o th e rs  (1958) found no s ig n ifican t d ev ia tio n  of a b so rp tio n  of 

i ro n  f ro m  the  n o rm a l in  four p a tien ts  who had a h is ta m in e - fa s t  

a c h lo rh y d ria . L a te r  w ork  by W illiam s (1959) w ith ra d io a c tiv e  

iro n  baked into b re a d  re v e a le d  a  s ig n ifican tly  sm a lle r  ab so rp tio n  

in  four a c h lo rh y d ric s  than  in  n o rm a l su b je c ts . T h is  r e s u l t  in 

tu rn  w as not co n firm ed  by G oldberg  and Lochhead (I960) who 

could find no d iffe ren ce  betw een n o rm a ls  and p a tien ts  w ith 

h is ta m in e - fa s t  a c h lo rh y d ria . F u r th e rm o re ,  giving h y d ro ch lo ric  

ac id  w ith  ra d io a c tiv e  iro n  did not in c re a s e  ab so rp tio n  (M oore,

1955; C a llen d er e t a l , , 1957; Sm ith and M alle tt, 1957).

The ro le  of a c h lo rh y d ria  in  the p a th o g en esis  of an aem ia  

is  s t i l l  u n c e r ta in  and re c e n t ev idence co m es fro m  g a s tr ic  b iopsy  

tech n iq u es . C o rre la tin g  the r e s u l ts  of g a s tr ic  b iopsy  w ith  the 

g a s tr ic  s e c re to ry  re sp o n se  to an  augm ented  h is tam in e  te s t  in  

both an aem ic  and n o rm a l p a tien ts  D avidson and M arkson , (1955) 

held th a t a c h lo rh y d ria  w as not a cau se  but a r e s u l t  of an aem ia , 

a lthough only two out of five ach lo rh y d ric  p a tien ts  had /
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/h a d  h y d ro ch lo ric  ac id  in  th e ir  g a s tr ic  ju ice  a f te r  tre a tm e n t. 

The above con c lu sio n  w as su p p o rted  by B adenoch and co ­

w o rk e rs  (1957) in  a  study  of 50 p a tie n ts  w ith iro n -d e f ic ie n c y  

a n a em ia . The opposite  opinion w as put fo rw a rd  by L e e s  and 

R o sen th a l (1958) who in v e s tig a ted  19 an aem ic  p a tie n ts  befo re  

and a f te r  tre a tm e n t.  D esp ite  good h aem a to lo g ica l re sp o n se s  

and c u re  of ep ith e lia l le s io n s , no im p ro v em en t w as found in 

the ap p e a ra n ce  of the g a s tr ic  m u co sa  on b iopsy  and no 

in c re a s e  in  the  output of g a s tr ic  ac id .

M any of th e  s tu d ies  w hich b e a r  on the  q u es tio n  of 

ac id  s e c re tio n  in  iro n  a b so rp tio n  have been  done on p a tien ts  

a f te r  p a r t ia l  g a s tre c to m y  when the  g a s tr ic  ac id  p roduction  

is  g re a tly  red u ced . It w as believed  by B ru u sg a a rd  (1946) 

th a t p o s tg a s tre c to m y  an aem ia  w as due to  th is  d im inu tion  in  

g a s tr ic  ac id , but W atson (1947) in  a study of g a s tr ic  te s t  

m e a ls  a f te r  g a s tre c to m y  could find no re la tio n sh ip  betw een 

p o s to p e ra tiv e  a c h lo rh y d ria  and an aem ia . W ork w ith r a d io ­

ac tiv e  iro n  sa lts  a lso  did not show any d iffe ren ce  in  

a b so rp tio n  befo re  and a f te r  g a s tre c to m y  (Sm ith and M alle tt, 

1957; B a ird , P o d m o re  and W ilson, 1957). When ra d io a c tiv e  

iro n  w as in c o rp o ra te d  into food no a lte ra tio n  in  ab so rp tio n  

o c c u rre d  follow ing p a r t ia l  g a s tre c to m y  (B aird  and W ilson, 

1959) u n le ss  p o s tg a s tre c to m y  an aem ia  w ere  p re se n t w hen /
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/w h en  th e  n o rm a l in c re a s e  in  iro n  a b so rp tio n  in re sp o n se  

to  d im in ish ed  iro n  s to re s  did not o c c u r . S im ila r  s tu d ies  

using  ra d io a c tiv e  iro n  g iven  w ith  a  m e a l did re v e a l a 

s lig h tly  s m a lle r  a b so rp tio n  in  p a tie n ts  a f te r  g a s tr ic  

r e s e c t io n  and ag a in  th e re  w as no re sp o n se  to  an aem ia  

(S tevens et a l . , 1959). T h is  w as co n firm ed  by W illiam s 

(1959) using  ra d io a c tiv e  iro n  baked in to  b rea d . S ev era l 

f a c to rs  o th e r th an  ac id ity  a r e  involved in  th e se  hum an 

s tu d ies  and such  ev idence m u s t be re g a rd e d  a s  c irc u m ­

s ta n tia l.

In  su m m ary , d esp ite  the  th e o re t ic a l  advantage 

of having iro n  p re se n te d  to  the in te s tin a l m u co sa  a t an  

ac id  pH, th e re  is  no o v e ra ll  a g ree m e n t am o n g st the 

e x p e rim en ta l w ork  on th is  su b jec t.

V alency  of Iron : C lin ica l and ex p e rim en ta l ex p erien ce

in  the  tre a tm e n t  of an aem ia  in  m an  has shown th a t effective  

th e ra p e u tic  re sp o n se s  can  be obtained  w ith sm a lle r  d o ses  

of f e r ro u s  th an  of f e r r ic  iro n  (W itts, 1935; W introbe, 1956). 

D e te rm in a tio n s  of the  se ru m  iro n  have re v e a le d  th a t th is  

in c re a s e s  to  a g re a te r  ex ten t a f te r  f e r ro u s  iro n  th an  a f te r  

f e r r ic  i ro n  (H eilm eyer and P lo tn e r , 1936). The b es t 

evidence th a t iro n  is  ab so rb ed  to a  g re a te r  ex ten t in  the /



/ th e  f e r ro u s  fo rm  is  found in  the  w ork  of L in tz e l (1933).

He gave olrd^r d ip y rid y l to  r a t s  along w ith  a  d ie t adequate  

in  i ro n  con ten t. The d ip y rid y l com bines w ith  f e r ro u s  iro n  

to  fo rm  a  re d  com pound w hich i s  not a l te re d  by g a s tr ic  o r 

in te s tin a l s e c re t io n s .  No re a c tio n  o c c u rs  w ith f e r r ic  iro n . 

The r a t s  to  whom the d ip y rid y l w as g iven  fa iled  to  gain  

w eight n o rm a lly  and had le s s  i ro n  in  th e ir  t i s s u e s  th an  a 

co n tro l g roup . L in tze l suggested  th a t iro n  w as a b so rb e d  

fro m  the g a s tro in te s tin a l  t r a c t  only  in  the f e r ro u s  s ta te . 

T hese  r e s u l ts  w ere  co n firm ed  by L u cas  and S um m erfe ld t 

(1939).

A lthough the above s ta te m e n ts  would ap p ea r to have 

le f t l i t t le  doubt th a t f e r ro u s  iro n  would be ab so rb e d  to a 

g re a te r  ex ten t th an  f e r r ic  iro n , the  findings in  s tu d ies  of 

the a b so rp tio n  of iro n  a re  not u n ifo rm . In favour of the  

su p e r io r i ty  of f e r ro u s  iro n  a re  the  r e s u l ts  in  v itro  d ia ly s is  

ex p e rim en ts  of T o m p se tt (1940). He believed  th a t f e r r ic  

i ro n  w as le s s  lik e ly  to be ab so rb ed  fro m  the gut a s  i t  m o re  

re a d ily  fo rm s  inso lub le  com p lex es . T h is b e lie f w as 

supported  by M oore and c o -w o rk e rs  (1944) who d em o n stra ted  

th a t m o re  f e r ro u s  th an  f e r r ic  iro n  w as ab so rb ed  fro m  equal 

d o ses  in  m an , a s im ila r  finding to th a t of Hahn and 

co lleagues (1943; 1945) w orking w ith the dog. /
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/d o g .

The c o n tra ry  view , th a t i s ,  th a t both fo rm s  of iro n  

a r e  ab so rb e d  equally  in  m an  w as held  by s e v e ra l  g roups 

of w o rk e rs  (B rock  and H u n ter, 1937; S teinkam p et a l . ,

1955; B onnet et a l . , I960). T h is  su g g estio n  is  in  

keeping  w ith  th e  r e s u l ts  of s tu d ies  in  ex p e r im e n ta l an im a ls  

w hich in d ica te  th a t both fo rm s  of i ro n  a r e  equally  ab so rb ed  

(W hipple and R o b sch e it-R o b b in s, 1930, 1936; U nderw ood, 

1938; A uston i and G re e n b e rg , 1940; N akam ura  and 

M itch e ll, 1943; S tre e t, 1943; M oore e t a l . , 1944, F re e m a n  

and B u r ill ,  1945).

Some of the  d iv e rg en ce  of the opin ions can  be explained  

by the u se  of fe r ro u s  iro n  m ade fro m  f e r r ic  i ro n  by the 

add ition  of a sc o rb ic  ac id . Any e x c ess  of the  la t te r  re ag en t 

would give a  fa lse ly  high ab so rp tio n  of iro n . T hus, the 

p re v a le n t opinion is  th a t f e r ro u s  iro n  is  ab so rb ed  to a 

g re a te r  ex ten t than  f e r r ic  iro n  but som e of th e  ex p e rim e n ta l 

backing fo r th is  opinion is  not w ithout doubt.

F e r r i t in :  The iro n -co n ta in in g  p ro te in  F e r r i t in  cam e

into  p ro m in en ce  in  connection  w ith iro n  ab so rp tio n  a s  a 

r e s u l t  of h is to c h e m ic a l s tu d ies  and w as thought to be the 

p h y s ica l b a s is  of the "m u co sa l b lock" th e o ry  of the 

a b so rp tio n  of iro n  (G ranick , 1946). T his th e o ry  w as /
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/w a s  founded on d a ta  f ro m  iro n  a b so rp tio n  ex p e rim e n ts  in  

m an  (M cCance and W iddowson, 1937, 1938) and the dog 

(Hahn e t a l . , 1943). L a te r  w ork  on iro n  a b so rp tio n  has 

th ro w n  som e doubt on the im p o rtan ce  of the b lock and the 

h is to c h e m ic a l find ings have been  in te rp re te d  in  d iffe re n t 

w ays.

It h a s  long been  known th a t only  a sm a ll am ount of 

i ro n  is  a b so rb ed  fro m  the d ie t and th a t a  v e ry  sm a ll am ount 

of endogenous iro n  is  e x c re te d  in  the  s to o ls  (M cCance and 

W iddowson, 1938; D ubach e t a l . , 1949, 1955; M oore, 

1955). W orking on dogs Hahn and h is  co lleag u es  (1943) 

showed th a t the  a b so rp tio n  of a dose of iro n  w as d im in ish ed  

if an o th e r dose had been  g iven  soon b e fo re . It w as fe lt 

th a t th is  in d ica ted  som e m ech an ism  w hich could be 

s a tu ra te d  w ith  i ro n  and w hich reg u la ted  the am ount of iro n  

ab so rb ed . When G ran ick  (1946) noted in c re a se d  f e r r i t in  

in  the  duodenal m u co sa  of the guinea pig follow ing o ra l  

a d m in is tra tio n  of iro n  he thought th is  su b stan ce  m ight be 

the co n tro llin g  m ech an ism  (G ranick, 1946b). H ow ever, 

E ndico tt and h is  c o -w o rk e rs  (1949) found th a t the 

h is to ch em ica l iro n  in  the duodenum  did not co incide w ith 

the ra d io a c tiv e  iro n  in  the m u co sa  a f te r  a  dose of the 

la t te r .  T h is m ade it  seem  th a t f e r r i t in  m ight not /
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/n o t  n e c e s s a r i ly  m ed ia te  iro n  t r a n s p o r t  a c ro s s  the 

in te s t in a l  m u co sa .

O ther w o rk e rs  have e x p re s se d  doubts about the 

im p o rta n c e  of f e r r i t in  on the b a s is  of h isto ch em ica l s tu d ies  

(H eilm eyer e t a l . , 1957; W ohler e t a l . , 1957). On the 

o th e r hand s im ila r  r e p o r ts  f ro m  F ra n c e  and Spain have 

supported  i t  a s  a fac to r  of note (M ouriquand and E del,

1958; M ouriquand and M u lle r , 1958; de V inals  and 

de Cam po, 1957). E le c tro n  m ic ro sc o p ic  in v es tig a tio n s  

have re v e a le d  f e r r i t in  and its  i ro n - f re e  p r e c u r s o r ,  

a p o fe rr i t in , in  the duodenal m u co sa  of an im a ls  o v erloaded  

w ith  iro n  (B e ss is  and B re to n -G o rio u s , 1957; R ic h te r , 1957; 

B e s s is  et a l. , 1958) but no ev idence w as p re se n te d  to  a s c r ib e  

a  function  to th e se  c ry s ta ls .

S ev e ra l g roups of in v e s tig a to rs  have shown th a t no 

abso lu te  m u co sa l b lock to the ab so rp tio n  of iro n  e x is ts  and 

th a t any block p re se n t p ro b ab ly  does not function  a t 

p h y sio lo g ica l le v e ls  (Dubach e t a l . , 1948; K inney et a l . ,

1949; B othw ell et a l . , 1953; Sm ith and P an n iccu li, 1958;

Chodos e t a l . , 1957; B row n et a l . , 1958; C h a rle y  and 

Saltm ann, I960).

In sh o rt, i t  would seem  th a t w hile th e re  m ay  be som e /
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/ som e m u c o sa l co n tro l of the a b so rp tio n  of iro n  fro m  the 

g a s tro in te s tin a l  t r a c t ,  it  is  not the only in fluence and it  

is  not e s ta b lish e d  th a t f e r r i t in  is  the com pound th rough  

w hich i t  a c ts .

O ther L o ca l F a c to r s .  The am ount of phsophate  in  the 

d ie t a ffec ts  the ab so rp tio n  of iro n , p ro b ab ly  by fo rm ing  

in so lu b le  iro n  p re c ip ita te s  (M cCance e t a l . , 1943) and the 

am ount of iro n  ab so rb ed  shows an  in v e rse  re la t io n  to the 

am ount of phosphate in  the d ie t (K inney e t a l. , 1949).

A bso rp tio n  of iro n  in c re a s e s  when the p a n c rea tic  

s e c re tio n  is  d im in ish ed  o r ab sen t, e ith e r  due to lig a tio n  

(T ay lo r e t a l . , 1935) o r sec tio n  (G illm an et a l. , 1947) of the 

p a n c re a tic  duct o r to  p a n c re a tic  dam age fro m  a d m in is tra tio n  

of eth ionine (Kinney e t a l .  , 1955) o r f ro m  a low p ro te in  high 

fa t d ie t (K aufm ann et a l . , 1958).

O ther su b stan ces  w hich augm ent ab so rp tio n  of iro n  

a r e  so rb ito l o r so rb ito l d e r iv a tiv e s  (W issle r e t a l . , 1954: 

M ori e t a l . , 1957; H erndon e t a l . , 1958). D esp ite  

c o n tra ry  v iew s on the v ita m in -sp a rin g  p ro p e r tie s  of 

so rb ito l (M organ and Yudkin, 1957; M ehnert e t a l . , 1958) 

i t  w as believed  to a c t a s  a  coenzym e o r an  ac tiv a to r  /
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/a c t iv a to r  in  a b so rp tio n  of iro n  (H erndon e t a l0 , 1958) 

although  M ori and c o -w o rk e rs  (1957) fe lt  th a t a change in  

bow el m o tility  w as the m o re  lik e ly  exp lan atio n  of the 

augm enting  ac tio n  of Tw een 20 (a so rb ito l d e riv a tiv e ) on 

a b so rp tio n  of iron» Inosine g iven  in tra v e n o u s ly  p r io r  to 

the  o ra l  dose of iro n  in c re a se d  a b so rp tio n , p o ss ib ly  due to 

i ts  ac tio n  a s  an  an ti-x a n th in e  oxydase (Cheney and F in ch , 

1960).

Opposing v iew s have been  held  on the  effect of 

g a s tr ic  m u cin . It h as  been  said  to  r e ta r d  a b so rp tio n  of 

i ro n  (H eath e t a l . , 1938) and to have no e ffec t (M oore et 

a l . , 1939) both g roups using the  le v e ls  of s e ru m  iro n  to 

a s s e s s  a b so rp tio n .

C hela tion  of i ro n  w ith  e ith e r  sodium  v e r  senate  

(W ill and V ilte r , 1954) o r w ith ca lc iu m  c i t ra te  (Bothw ell 

e t a l . , 1958) gave ab so rp tio n  equ ivalen t to an  equal dose of 

fe r ro u s  iro n .

GENERAL FACTORS.

Body s to re s  of iro n : It has been  shown fre q u e n tly  both

by ch em ica l balance and by ra d io ac tiv e  a b so rp tio n  

tech n iq u es  th a t iro n -d e f ic ie n c y  in c re a s e s  the am ount of 

iro n  ab so rb ed  fro m  the  a lim e n ta ry  can a l (Hahn et a l . , 1943; 

M oore and D ubach, 1951; Chodos e t a l . , 1957; B othw ell /
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/B o th w e ll e t a l . , 1958). An in c re a s e  in  the body s to re s  

of i ro n  by p a re n te ra l  in jec tio n  d e p re s s e s  a b so rp tio n  of 

i ro n  (Bothw ell et a l . , 1958; K ran tz  e t a l . , 1959; P ir z io -  

B iro li  and F in ch , I960). It is  thus s u rp r is in g  th a t the 

in c re a s e  in  iro n  in the body in  the d is e a se  of 

h a e m o ch ro m a to s is  does not p rev en t fu r th e r  a b so rp tio n  

(F inch  and F in ch , 1955; Chodos et a l . , 1957).

E ry th ro p o ie s is : In c re a se d  p ro d u c tio n  of re d  blood c e lls

h as  been  shown to  in c re a se  a b so rp tio n  of i ro n  both in  hum ans 

and r a t s  (Bothw ell e t a l . , 1958). C o n v e rse ly  d e c re a se d  

e ry th ro p o ie s is  follow ing o v e r tra n s fu s io n  h as  a d e p re ss in g  

e ffec t on ab so rp tio n  of iro n  in  r a t s .  S im ila r  w ork  in  

m ice  co n firm ed  th e se  findings and a  p la sm a  fa c to r  has been 

iso la te d  f ro m  sheep  w hich is  capab le  of t r a n s f e r r in g  th is  

enhancing effect to  m ice  (G urney and F ilm an o w icz , I960). 

T h is  h u m o ra l fa c to r  has been  c a lled  E ry th ro p o ie tin  and 

i ts  n a tu re  w as fu lly  rev iew ed  by G ordon (1959) w ith m o re  

u p - to -d a te  d e ta ils  in  the C iba Sym posium  on H aem opo iesis  

(Gordon, I960; L inm an  and B ethe ll, I960; van  Dyke, I960). 

O ther w o rk e rs  have been  unable to iso la te  any h u m o ra l 

fac to r in  m ice  w ith in c re a se d  e ry th ro p o ie s is  (B eu tle r and 

B u tten w e ise r, I960). T hus, the exact m ech an ism  of the 

in c re a se d  a b so rp tio n  of iro n  w ith in c re a se d  e ry th ro p o ie s is  /
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/ e ry th ro p o ie s is  is  undecided although the effec t i ts e lf  is  

qu ite  c le a r .

S eru m  Iro n  and T ra n s fe r r in :  The le v e ls  of iro n  in  the

s e ru m  give an  im p re s s io n  of the s ta te  of the body s to re s  

of i ro n  but a r e  not d ire c tly  c o r re la te d  w ith th em  (B eu tler 

e t a l . , 1958). In g e n e ra l, the a b so rp tio n  of iro n  is  high 

w hen s e ru m  is  low and v ice  v e r s a .  H ow ever, the s ize  of 

the in c re a s e  in the  se ru m  iro n  lev e l a f te r  a  dose  of iro n  

g iv es  no good ind ica tio n  of the am ount of iro n  ab so rb ed .

T h is  a sp e c t has been  the su b jec t of m uch  r e s e a r c h  and 

d eb ate  and is  w ell rev iew ed  by L a u re ll  (1952),

T ra n s fe r r in  is  the  p la sm a  p ro te in  w hich c a r r i e s  

iro n . O pinions d iffe r on its  p a r t  in  the re g u la tio n  of the 

ab so rp tio n  of iro n . In dogs Yuile and h is  c o lla b o ra to rs  

(1950) found th a t sa tu ra tin g  the p la sm a  iro n -b in d in g  

cap ac ity , a m e a su re  of the am ount of t r a n s f e r r in  not 

a ttach ed  to iro n , w ith in trav en o u s iro n  did not a p p re c ia b ly  

a ffec t the a b so rp tio n  of iro n . C o n firm a to ry  r e s u l ts  w ere  

ob tained  in  s im ila r  e x p e rim en ts  in  m an  (Bothwell e t a l . , 

1958). On the  o th er hand, H allb erg  and co lleag u es 

(1959, I960) showed a  notable in c re a se  in  the a b so rp tio n  

of iro n  a f te r  in trav en o u s in jec tio n  of t r a n s f e r r in  and 

Hyde (1957) ob tained  a defin ite  though sm a lle r  in c re a se  in /
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/  in  r a t s .

A naem ia: When the effect of an aem ia  is  s e p a ra te d  fro m

th a t of iro n  d efic ien cy  it h as  no effect p e r  se on the 

a b so rp tio n  of iro n  (Hahn et a l . , 1943; D ubach e t a l . , 1948; 

F in ch , H ask ins and F inch , 1950; P i r z io - B ir o l i  e t a l . , 1958); 

although  it has  been noted th a t iro n  a b so rp tio n  can  r e tu rn  

to w ard s  n o rm a l in  a  p a tien t su ffering  f ro m  iro n -d e f ic ie n c y  

a n ae m ia  when the haem oglobin  le v e l is  n o rm a l but befo re  

the  body s to re s  a re  re p le te d  (F inch , H ask ins and F in ch ,

1950).

O ther G en e ra l F a c to r s : In flam m ation  in  the  fo rm  of

s te r i le  tu rp e n tin e  a b s c e s s e s  w as sa id  to  im p a ir  the a b so rp tio n  

of iro n  m e a su re d  by in co rp o ra tio n  into haem oglobin  (Hahn 

et a l . , 1946). Giving in trav en o u s  iro n  W introbe and h is  

c o lleag u es  (1947) found th a t in fec tion  re ta rd e d  the in c re a se d  

uptake of iro n  in  iro n -d e fic ie n c y . The p re se n c e  of 

tu rp en tin e  a b s c e s s e s  gave a te m p o ra ry  fa ll  in  s e ru m  iro n  

and haem oglobin  and a  d e lay  in  iro n  in c o rp o ra tio n  into 

haem oglobin  (Yuile e t a l . , 1949). O ther w o rk e rs  did not 

find a  d e c re a se  in  iro n  ab so rp tio n  when the stoo l co llec tio n  

m ethod  w as u sed  in  the p re se n c e  of fe v e r  (Dubach et a l . ,

1948). It would ap p ear th a t the o rig in a l im p re s s io n  of 

a  fa ll  in  th e  ab so rp tio n  of iro n  w ith in flam m atio n  w as due /
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/ due to  d im in ish ed  u tilisa tio n  of iro n . At th a t tim e  

u ti l is a t io n  w as u sed  to  m e a s u re  a b so rp tio n .

The effect of en v iro n m en ta l oxygen te n s io n  h as  been 

s tu d ied  in  s e v e ra l  c e n tre s . In  1945, H urtado  and c o -w o rk e rs  

found th a t p ro longed  o r in te rm itte n t an o x aem ia , a s so c ia te d  

w ith  a ltitu d e s  up to  16, 000 fee t, cau sed  an  in c re a s e  in  re d  

blood c e ll p ro d u c tio n . The c o ro l la ry  w as shown by T in s ley  

and o th e rs  (1949) by giving continuous oxygen th e ra p y  to 

p a tien ts  and noting a  d im inu tion  of the  re d  blood c e ll p ro d u c ­

tio n . The change in  se ru m  iro n  lev e l w as u sed  by Sm ith 

and c o lla b o ra to rs  (1957) to a s s e s s  the ab so rp tio n  of iro n  

w hen oxygen ten s io n  w as a lte re d : an  in c re a s e  in  oxygen 

te n s io n  p roduced  a  d e c re a se  in  a b so rp tio n  and v ice  v e r s a .

In  a  study on hum ans R ey n afarje  and o th e rs  (1959) 

d e m o n s tra te d  th a t iro n  ab so rp tio n , m e a su re d  by u tilisa tio n  

in  the  blood, w as in c re a se d  up to th re e  tim e s  w ithin  the 

f i r s t  48 h o u rs  of en te rin g  the hypoxia of high a ltitu d es  

(over 10, 000 fee t in  the A ndes). M ice had an  in c re a se  

in  ab so rp tio n  of iro n  when exposed to hypoxia (K rantz 

e t a l .  , 1959) and a  s im ila r  r e s u l t  w as found w ith in  six  

to  eigh t h o u rs  of exposu re  in  r a t s  (G reenberg  et a l . , I960). 

T h ese  a u th o rs  found a  r is e  in  the tu rn o v e r  of se ru m  iro n  

and suggested  th a t th is  m ight be the  m ech an ism  of the /
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/ th e  in c re a s e  in  ab so rp tio n  of iro n . Thus, r e la t iv e  

anox ia  in c re a s e s  the  re d  blood c e ll  p roduction , the  se ru m  

iro n  and the ab so rp tio n  of iro n . It is  not c le a r  w hich, if 

any, of th e se  changes is  the p r im a ry  f a c to r .

The in fluence of the endocrine  g lands on a b so rp tio n  

of i ro n  h as  been  re c e n tly  rev iew ed  by D em ulder (1958), the 

m o s t obvious effect being the  g e n e ra l a c c e le ra tio n  of iro n  

m e ta b o lism  by th y ro id  horm one.

THE SITE OF ABSORPTION OF IRON FROM  THE 

GASTROINTESTINAL TRACT.

It is  g e n e ra lly  believed  th a t iro n  is  ab so rb ed  

p r in c ip a lly  in  the  duodenum  and th a t a b so rp tio n  p ro g re s s iv e ly  

d im in ish e s  d is ta lly  in  the  je junum  and ileu m .

Few  d ire c t  ex p e rim en ta l s tu d ies  have been  m ade in 

m an  to  co m p are  the  cap ac ity  of d iffe ren t a r e a s  of the bowel 

to  a b so rb  iro n . Evidence th a t the  duodenum  is  p r in c ip a lly  

re sp o n s ib le  fo r th is  ab so rp tio n  h as  com e fro m  p a tie n ts  who 

have had a  g a s tr ic  re se c tio n . When the  an a s to m o s is  

a f te r  p a r t ia l  g a s tre c to m y  is  of the P o ly a  type in  which the 

duodenum  is  b y -p a ssed , th e re  is  a  h ig h er inc idence of 

a n aem ia  th an  when the duodenum  is  s ti l l  in  continuity , a s  

in  the  B illro th  I o p e ra tio n  (B ohm ansson, 1950; H enley, /
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/ H enley, 1952; W allensten , 1954). The am ount of ac id  

s e c re tin g  g a s tr ic  m u co sa  rem o v ed  in  each  o p e ra tio n  

should be ap p ro x im a te ly  the sam e . Thus i t  i s  in fe r re d  

th a t w hen th e  duodenum  is  b y -p a sse d  the  r i s k  of an aem ia  

in c r e a s e s .  D ire c t s tud ies  of i ro n  a b so rp tio n  in  p a tie n ts  

who have had both types of o p era tio n  have g iven  conflic ting  

r e s u l t s .  U sing se ru m  iro n  a s  a  m e a s u re  of a b so rp tio n  

W allensten  (1958) fe lt th a t p a tien ts  a f te r  B illro th  I 

a n a s to m o s is  had a  su p e rio r  ab so rp tio n . T h is w as 

no t co n firm ed  by D uthie (1959) using rad io a c tiv e  iro n  and 

e s tim a tin g  blood and fa ec a l le v e ls ; he found no a p p rec ia b le  

d iffe ren ce  betw een  the two types of a n a s to m o s is . C o m p ariso n  

of g ro u p s of p a tien ts  w ith th e se  o p e ra tio n s  h as  shown no 

d iffe ren ce  in  ab so rp tio n  of iro n  when ino rgan ic  s a lts  w ere  

used  (Sm ith and M alle tt, 1957).

In  an im a ls  m o st of the ev idence fo r the s ite  of 

ab so rp tio n  of iro n  is  h is to lo g ica l o r  h is to c h e m ic a l. In 

gu inea p igs M cC allum  (1894) found th a t when a sm a ll 

dose of iro n  w as given, iro n  w as p re se n t in  the bowel 

m u co sa  only n e a r  the p y lo ru s  but a f te r  a la rg e  dose it  is  

found along m o st of the r e s t  of the  bow el. In 1946 

G ran ick  d rew  a tten tio n  to the o c c u rre n c e  of a  m ax im al /
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/ m a x im a l co n cen tra tio n  of the iro n -co n ta in in g  p ro te in  

F e r r i t i n  in  the  m u co sa  of the p y lo ric  re g io n  and duodenum  

of th e  gu inea pig a f te r  a dose of iro n . The am ount of 

f e r r i t i n  b ecam e le s s  d is ta lly  and w as a b sen t by the m id ­

je ju n u m . O ther w o rk e rs  co n firm ed  th is  (G illm an and 

Ivy, 1947). The m u co sa l block th e o ry  of the c o n tro l of 

the  ab so rp tio n  of iro n  put fo rw ard  by Hahn and h is  

c o -w o rk e rs  (1943) w as supported  by G ran ick  (1946) who 

a s c r ib e d  the  b lock  to  f e r r i t in  and suggested  th a t f e r r i t in  

gave an  in d ica tio n  of the s ite  of ab so rp tio n  of iro n . As 

p rev io u s ly  m en tioned , E ndico tt and h is  co lleag u es  (1949) 

c o n firm ed  th a t h is to ch em ica l iro n  w as m ax im al in  the 

duodenal m u co sa  of the  guinea pig, and th ey  showed th a t, 

a f te r  th e  in g estio n  of ra d io ac tiv e  iro n , th e  ra d io a c tiv ity  

in  the m u co sa  did not co incide w ith  the h is to c h e m ica l 

iro n . T his th rew  som e doubt upon the  v a lid ity  of the 

h is to c h e m ic a l findings in  re la t io n  to the  s ite  of ab so rp tio n  

of iro n .

In the r a t  au to rad io g rap h s  of the whole leng th  of 

the  bowel a f te r  in tra g a s tr ic  a d m in is tra tio n  of rad io ac tiv e  

iro n  d e m o n s tra ted  rad io ac tiv ity  only a t the p y lo ru s  and in  

the  duodenum . When the r a t  w as anaem ic  the  rad io a c tiv ity  

extended  to  the caecum  (Wack and W yatt, 1957). T h is w ork  /
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/w o rk  showed the a r e a  of in te s tin e  m o s t im p reg n a ted  

w ith  iro n  but th is ,  w hile su g g estiv e , did not n e c e s s a r i ly  

m ean  th a t m o s t iro n  w as ab so rb e d  a t th a t point. In 

v itro  ex p e rim e n ts  using  e v e r te d  loops of r a t  in te s tin e  

showed th a t an  ac tiv e  t r a n s p o r t  of i ro n  took p lace  a c ro s s  

the bowel w all f ro m  m u co sa  to  s e ro s a .  A g rad ie n t of 

th is  t r a n s p o r t  e x is ted  g re a te s t  a t the  p y lo ru s  and d im in ­

ish ing  in  the je junum  and ileu m  (Dowdle e t a l . , I960). 

P re v io u s  w ork  on the  sam e p re p a ra tio n  w ith  s lig h tly  

d iffe ren t ex p e rim en ta l d e ta ils  did not point to  any ac tiv e  

t r a n s p o r t  (Brow n and Ju s tu s , 1957).

O ther evidence of the s ite  of a b so rp tio n  of iro n  

f ro m  the a lim e n ta ry  can a l w as p re se n te d  by Hahn and h is  

c o -w o rk e rs  (1943) studying anaem ic  dogs using  the 

in c o rp o ra tio n  of rad io a c tiv e  iro n  in to  the blood a s  the 

index of iro n  ab so rp tio n . They found som e ab so rp tio n  

fro m  a  to ta l g a s tr ic  pouch. In one dog a b so rp tio n  of 

iro n  w as 23% when the dose w as given o ra lly  and only 6% 

when the  sam e dose w as given into a je ju n a l f is tu la , so 

b y -p ass in g  the stom ach  and the duodenum . F u r th e r  w ork 

by S tew art and co lleag u es  (1950) co n firm ed  the la t te r  

finding in  an o th er an im al and a lso  showed th a t le s s  than  

1% of iro n  in tro d u ced  into the colon v ia  fine c a th e te r  w as J
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/w a s  a b so rb ed . H ow ever, R e ism an n  and o th e rs  (1955) w ere  

ab le  to  p roduce  acu te  iro n  in to x ica tio n  in  dogs and ra b b its  

w hen th e  dose w as la rg e  (50 to 750 m g/kg) w hether the 

iro n  w as g iven  v ia  a s to m ach  tube o r  a s  an  enem a.

In b r ie f , w hile f a ir ly  s tro n g  in d ica tio n s  e x is t th a t 

the duodenum  is  the s ite  of m ax im a l a b so rp tio n  of iro n  

th is  is  not d e fin ite ly  p ro v en  and the re la t iv e  im p o rtan ce  

of th is  a r e a  in  the to ta l in take of i ro n  is  not w ell 

e s ta b lish e d .

F ro m  the rev iew  of the l i te r a tu r e  i t  can  be seen  

th a t n o  g e n e ra l a g re e m e n t e x is ts  on the  p o ssib le  lo ca l 

m e ch an ism s  in  the bowel lum en  and in  the  bowel w all w hich 

m ay  in fluence the a b so rp tio n  of i ro n  and th a t the re la tiv e  

im p o rtan ce  of the duodenum  in  the ab so rp tio n  of iro n  h as  

not been  co m p le te ly  defined . T hese a r e  the m a in  q u estions 

ex p lo red  in  the  s tu d ies  to  be re p o rte d . The g e n e ra l 

fa c to rs  noted in  the rev iew  have been kep t co n stan t a s  fa r  

a s  p o ssib le  th roughou t the in v estig a tio n s .
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ABSORPTION OF IRON FROM  ISOLATED LOOPS OF

TH E SMALL BOWEL OF DOGS.

In the  g re a t  m a jo r i ty  of s tu d ies  of i ro n  a b so rp tio n  by 

the  a lim e n ta ry  t r a c t  the  i ro n  h as  been  given o ra lly  o r by 

in tra g a s tr ic  in fusion , w ith the  r e s u l t  th a t the  a b so rp tiv e  

ca p a c ity  of the  t r a c t  a s  a  whole h as  been  m e a s u re d . Since 

the iro n  in  so lu tion  in  such  e x p e rim e n ts  is  d ilu ted  and 

a b so rb ed  a s  i t  p a s se s  along the bow el, the  co n trib u tio n  of 

each  segm en t of bowel cannot be a s s e s s e d  se p a ra te ly . F o r  

th is  p u rp o se  som e fo rm  of iso la tio n  of a r e a s  of the bowel 

would be advan tageous. P re v io u s  w ork  along th e se  lin es  

has  been  done using both in vivo and in  v itro  tech n iq u es .

The f i r s t  such s tu d ies  in  m an  involved the  in jec tio n  of iro n  

in  so lu tion  th ro u g h  a  t r ip le  lum en  in te s tin a l tube (M iller 

and A bbott, 1936) o r behind the  bulb of a  double lum en  

in te s tin a l tube (G roen and T ay lo r, 1937). Both g roups 

stud ied  the  sm a ll bowel and e s tim a ted  by ch em ica l m ean s  

the  am ount of iro n  rem ain in g  in  the so lu tion  w ithdraw n 

fro m  the bow el lum en . When f e r r ic  am m onium  c i tra te  

w as the te s t  su b stan ce  a ll  the dose could be /
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/b e  re c o v e re d  by a s p ira tio n  one h a lf  to  one hour a f te r  i ts  

in jec tio n . Only 50% of f e r ro u s  iro n  s im ila r ly  te s te d  w as 

r e c o v e re d  by M ille r  and A bbott a lthough G ro en  and T ay lo r 

re c o v e re d  a ll  of i t  by re p e a te d  w ash ing . The w ashings 

a p p a re n tly  r e le a s e d  iro n  w hich had been  ad so rb e d  onto the 

bow el m u co sa . Thus no obvious iro n  ab so rp tio n  w as shown 

in  the upper sm a ll bowel of m an  by th e se  m e th o d s.

S im ila r  find ings w ere  ob tained  by G ro en  and h is  

co lleag u es  (1947) in the r a t .  Six h o u rs  a f te r  a dose of 

i ro n  had been  in jec ted  into a loop of in te s tin e  ju s t d is ta l  

to  the  duodenojejunal f le x u re , the  a n im a l 's  abdom en w as 

reo p en ed , the  loop ex c ised  and ch em ica lly  an a ly sed  fo r 

iro n . No iro n  seem ed  to be ab so rb ed  u n le ss  a sc o rb ic  

ac id  o r som e o th e r o rg an ic  reducing  agen t o r  o rg an ic  

ac id  w as added to  the  in jec tio n . U sing ra d io a c tiv e  f e r r ic  

iro n  w ith a sc o rb ic  ac id  Hyde (1957) p e rfu sed  seg m en ts  of 

r a t  duodenum  in  v ivo . The am ount of iro n  re ta in e d  by 

the  r a t  w as m e a su re d  by t is s u e  a n a ly s is  a t au topsy . T his 

w as p ro p o rtio n a l to the w eight of the bowel segm ent 

e x p re sse d  a s  a  p e rcen tag e  of body w eight but not to the 

am ount of iro n  in  the p e rfu sa te . Iro n  w as ab so rb ed  by 

the r a t  th roughout the p e rfu s io n  (m axim um  d u ra tio n  125 

m in ). A ctive t r a n s p o r t  of iro n  a c ro s s  the w all of /
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/o f  e v e r te d  sa c s  of r a t  in te s tin e  in  v itro  could not be 

d e m o n s tra te d  by Brow n and J u s tu s  (1954) but Dowdle and 

c o -w o rk e rs  (I960), w ith a  m odified  tech n iq u e , did show 

such  an  a c tiv e  tr a n s p o r t .

It can  be seen  th a t som e d ifficu lty  h as  a r i s e n  in 

defin ing  iro n  a b so rp tio n  by using  loops of in te s tin e  in  m an  

and in  a n im a ls . In the p re s e n t  study use  h as  been  m ade 

of iso la te d  loops in  the dog, and th re e  d iffe re n t m ethods 

of m e a su rin g  the  a b so rp tio n  of ra d io a c tiv e  iro n  have been 

u sed  s im u ltan eo u sly . In th is  w ay the  am ount and d u ra tio n  

of ab so rp tio n  of a  sing le  dose  of iro n  has been  exam ined .

The effect of change of pH and of the  add ition  of a sc o rb ic  

ac id  on iro n  ab so rp tio n  h as  a lso  been  s tud ied .

M ATERIALS AND METHODS.

Sixty h ea lth y  m o n g re l dogs w eighing 14 to 22 Kg. w ere  

u sed  in  acu te  e x p e rim e n ts . Loops of the sm a ll in te s tin e  

w ere  fo rm ed  so th a t the lum en  w as excluded fro m  the con ten ts  

of the r e s t  of the  a lim e n ta ry  t r a c t .  Solutions of rad ioactive  

iro n  of vary in g  com position  w ere  put into th e se  loops and the 

ab so rp tio n  of iro n  m e a su re d . Dogs w ere  ad m itted  to the 

study only if the  haem oglobin  lev e l (m easu red  as  

cyanm ethaem oglobin) w as m o re  th an  13 gm . % and the /
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/ th e  s e ru m  iro n  (m e asu red  by the  m ethod  of R am say  1957) 

w as m o re  th an  120 m ic ro g ra m s  %. They w ere  fa s te d  fo r 

the  24 h o u rs  p r io r  to  the ex p e rim en t, having been  fed 

p re v io u s ly  on s tan d a rd  kennel ra tio n .

P re p a ra t io n  of the iso la te d  loops.

The m ethod  w as e s s e n tia l ly  s im ila r  to th a t of Code 

and h is  c o -w o rk e rs  (I960). W ith the  dog under p en to ­

b a rb ito n e  a n a e s th e s ia  (25 m g . /K g . ) a  m id lin e  e p ig a s tr ic  

in c is io n  w as m ad e . A sep tic  p re ca u tio n s  w ere  u sed  in  

o rd e r  to p re v e n t any  a lte ra tio n  in  a b so rp tio n  w hich m ight 

r e s u l t  f ro m  e a r ly  changes of p e r i to n it is .  A loop of 

duodenum  and one of ileu m  w ere  c lo sed  off f ro m  the  

co n ten ts  of the  r e s t  of the a l im e n ta ry  can a l by m ean s  of 

tape  l ig a tu re s  tied  o v er p la s tic  cannu lae . Tape w as used  

a s  it could be tie d  f irm ly  and ye t not cut into the bowel w all. 

The p la s tic  cannulae each  co n s is ted  of two P e rsp e x  spoo ls, 

jo ined  by a  polythene c a th e te r ,  w hich p a sse d  th rough  one 

spool and w as blocked a t the  end by the  o th e r . (F ig . 1).

The spools on the duodenal cannula w ere  1. 6 cm . in  

d ia m e te r  and w ere  16 cm . a p a r t .  In the  c a se  of the i le a l 

cannula th e se  m e a su re m e n ts  w ere  1 .1  cm . and 21 cm . 

re sp e c tiv e ly . T hese  d im en sio n s  re su lte d  in  loops /



FIG . 1. ( from  Code e t a l . , I960)

P e rsp e x  spools and a ttach ed  c a th e te r  used  to iso la te  
loops of sm a ll bowel: in n e r - fo r duodenal loop: 
o u te r -  fo r  i le a l loop.



/lo o p s  ap p ro x im a te ly  100 sq . cm . in  s e ro s a l  a r e a  (95 to 

115). An a c c u ra te  m e a su re m e n t of the a r e a  w as m ade a t 

au to p sy . The p o rtio n  of the  c a th e te r  betw een  the two 

spoo ls w as p e rfo ra te d  to allow  filling  and em ptying of the 

iso la te d  loop. The p e rfo ra tio n s  w ere  0. 3 cm . in  d ia m e te r . 

In 29 dogs both a  duodenal and an  i le a l  loop w ere  m ade; in 

31 dogs only  a duodenal loop w as fo rm ed . The cannulae 

w ere  in tro d u ced  into the bowel th ro u g h  an  in c is io n  in  the 

a n te m e se n te r ic  b o rd e r  and p a ssed  in  a  caudad d ire c tio n . 

A fte r the ta p e s  w ere  tie d  a soft ru b b e r  c a th e te r  w as put 

in  to  d ra in  the blind end of bowel lum en  p ro x im a l to the 

cannu la , and so avoid any d is te n s io n  of the  bowel due to 

accu m u la tio n  of in te s tin a l co n ten ts . The in c is io n  in  the 

bow el w as c lo sed  round th e se  two c a th e te rs  w ith a tra u m a tic  

ca tgu t s u tu re s . The p ro x im a l end of the duodenal loop was 

a t  the le v e l of the  m a in  p a n c rea tic  duct. The i le a l  loop 

ended 12 to 15 cm . f ro m  the ile o c a e c a l v a lv e . The ends 

of th e  tap e  lig a tu re s  w ere  le ft long and w ere  used  to fix 

the e x tre m itie s  of the loops to the a n te r io r  abdom inal w all. 

The a ttach m en t of the loops to the p a r ie te s  allow ed only a 

m in im um  of m ovem ent and fa c ilita te d  d ire c t  s c in tilla tio n  

counting of the  ra d io a c tiv ity  in  the bow el. C are  w as /
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/ w as tak en  th roughout to  avoid  dam age to  the blood supply 

of the  in te s tin e .

A fine polythene c a th e te r  ( in te rn a l d ia m e te r  1. 0 m m .) 

w as in tro d u ced  into the  p o r ta l v e in  th ro u g h  a je ju n a l 

ra d ic le  of the  su p e rio r  m e se n te r ic  v e in  in  the 20 e x p e r i­

m e n ts  in  w hich p o r ta l blood w as sam p led . The abdom inal 

w all w as c lo sed  in  la y e r s  a round  the c a th e te r s  and cannulae. 

Thus any lo ca l cooling o r d ry ing  of th e  loops w as avoided 

and a s  p h y sio lo g ica l conditions a s  p o ss ib le  w ere  m ain ta in ed  

th roughou t the te s t  p e rio d . The r ig h t fe m o ra l a r t e r y  w as 

a lso  cannu la ted  w ith  fine polythene tubing . Both th ese  

c a th e te r s  fo r blood sam pling  w ere  kept p a ten t w ith 

h e p a r in ise d  sa line  (1 i. u . / m l . ). The to ta l o p era tin g  tim e 

w as about 45 m in .

T e s t P ro c e d u re .

L igh t a n a e s th e s ia , sh o rt of spontaneous m o v em en ts, 

w as m ain ta in ed  th roughout w ith sm a ll d o ses  of pen to ­

b a rb ito n e , u su a lly  about 10 to 20 m g ./h o u r .  The dog lay  

on i ts  back  and its  te m p e ra tu re  (m easu red  on a r e c ta l  

th e rm o m e te r)  w as kept a t 37 to 39 C. w ith an  e le c tr ic  

b lanket under the an im al, as  i t  h as  been shown th a t a  fa ll 

in  body te m p e ra tu re  can  influence ab so rp tio n  fro m  the /
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/ th e  sm a ll bow el (Lind, I960). In fa c t, if the  tow els  fro m  

the  o p e ra tio n  w ere  kept d rap ed  o v er the  dog ad d itio n a l h ea t 

w as r a r e ly  needed.

The loops w ere w ashed c lean  of in te s tin a l con ten t 

w ith m odified  T y ro d e 's  so lu tion  soon a f te r  th e ir  p re p a ra tio n . 

An in te rv a l  of 30 m in . w as then  allow ed fo r the  bow el to 

re c o v e r  fro m  the handling a t o p e ra tio n  and the d is ten s io n  

of th e  c lean sin g  ir r ig a t io n  and to a b so rb  any  re s id u a l 

ir r ig a tin g  flu id . Then 50 m l, of t e s t  so lu tion  w as 

in tro d u ced  into th e  lum en and s e r ia l  sam p les  of it w ere  

tak en , u su a lly  a t 15, 30, 45, 60, 90 and 120 m in . The 

volum e and pH of the loop con ten ts w ere  d e te rm in e d  a t 

each  in te rv a l. P o r ta l  venous and sy s tem ic  a r t e r i a l  blood 

sp ec im en s  w ere  obtained  ev e ry  30 m in . At the  end of the 

te s t  p e rio d , u su a lly  5 h o u rs , the an im al w as exsangu inated  

th ro u g h  a  c a ro tid  cannula a f te r  fu ll h e p a rin isa tio n . At 

au topsy  the  loops w ere  ex c ised  in ta c t. Sam ples w ere  

tak en  of l iv e r ,  sp leen , k idney and th o ra c ic  v e r te b ra l  bone 

m a rro w  and sam p les  of lung, m y o card iu m , sk e le ta l m u sc le , 

b ile  and u rin e  on occasion .

T e s t Solutions.

The te s t  so lu tion  co n s is ted  of 50 m l. m odified  

T y ro d e 's  so lu tion  (Code and M cln tire , 1956) contain ing  /
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/ con tain ing  am ounts of iro n  v ary in g  f ro m  0. 5 to 10 

m ic ro g ra m s  lab e lled  w ith 5 to  10 m ic ro c u r ie s  of rad io ac tiv e  

iro n  (Fe 59)* The m odified  T y ro d e 's  so lu tion  p rov ided  the 

follow ing co n cen tra tio n s  w hich a r e  c lo se  to th o se  in  dog 

p lasm a:

Sodium  149. 0 m E q . / L B ica rb o n a te  12.0  m E q. / L.

P o ta ss iu m  3 .3  " C h lo ride  143.0 "

C alc ium  2 .7  ” P hospha te  0 .7  "

M agnesium  0 .2  "

T his so lu tion  avoided any d is tu rb an ce  of bowel 

con ten t due to o sm otic  g ra d ie n ts . F e r r i c  ch lo rid e  o r 

f e r ro u s  su lphate  w as used  and in  a ll  ex p e rim en ts  the c a r r i e r  

and the rad io a c tiv e  iro n  w ere  in  the  sam e ch em ica l fo rm . 

The chela ting  agen t F e - 3 -  spec ific  v e rse n e  w as added in 

3 t e s t s .  D eu te riu m  oxide (0 .4  m l.)  was added a s  a lab e l 

fo r w a te r . The so lu tion  w as a t a te m p e ra tu re  of 37 C and 

a  pH of e ith e r  2 o r 7. In som e ex p erim en ts  the te s t  

so lu tion  contained  100 m g. a sc o rb ic  ac id .

DETERMINATION OF THE AMOUNT OF IRON ABSORBED.

The am ount of iro n  ab so rb ed  fro m  the loops

w as e s tim a te d  in  the following 3 w ays:-

A. D ire c t in  vivo sc in tilla tio n  counting over the loop /



/lo o p .

B . A n a ly s is  of the loop and i ts  co n ten ts  a f te r  the  5 h o u rs  

of the te s t .

C. A n a ly s is  of p la sm a  and t is s u e  sam p les .

A . D ire c t  S c in tilla tio n  Counting.

A p o rta b le  th a lliu m -a c tiv a te d  sodium  iodide c ry s ta l  

w as f irm ly  c lam ped  about 15 cm . above the a r e a  of the 

a n te r io r  abdom inal w all to w hich the loop w as a ttach ed  

(F ig . 2). The lead  sh ie ld  around  the c ry s ta l  p ro je c ted  

1 cm . beyond i ts  e x tre m ity  giving a d eg ree  of co llim atio n .

A g rap h ic  re c o rd  of the d is in te g ra tio n s  o b se rv ed  w as obtained 

on a d ire c t-w r it in g  r e c t i l in e a r  a m m e te r  (F ig . 38b).

In g e n e ra l only one such co u n ter w as av a ilab le  and it  was 

p laced  o v er the duodenal loop. When a second coun ter was 

u sed  i t  w as fixed over the i le a l loop.

A background read in g  w as obtained  and a s tan d a rd  

w as p laced  15 cm . in fro n t of the c ry s ta l  befo re  and a f te r  

the t e s t  to  check  th a t no change in  se n s itiv ity  had o c c u rre d  

in  the  in te r im . The read ing  when the coun ter had 

s ta b ilis e d  im m ed ia te ly  a f te r  the  in tro d u c tio n  of the ra d io ­

ac tiv e  iro n  into the loop w as taken  a s  100%, The change 

in  ra d io a c tiv ity  w as re la te d  to th is  lev e l. /



Na I c r y s t a l

F IG . 2 .

D iag ram  of a rra n g e m e n t of sc in tilla tio n  c ry s ta l  
p laced  over iso la te d  loop of in te s tin e  containing 
ra d io a c tiv e  iro n  in  so lu tion  w hich can  be sam pled  
v ia  the  cannu la . The a ttach m en t of the  loop to 
the  abdom inal w all is  shown.



/ le v e l .

P o ss ib le  E r r o r s .

It w as hoped to re c o rd  the d e c re a s e  in  the ra d io ­

a c tiv ity  in  the  loop re su ltin g  fro m  ab so rp tio n  of iro n . Any 

change of p o sitio n  of the loop re la t iv e  to the  c ry s ta l  would 

give a fa lse  read in g . T his w as avoided a s  fa r  a s  p o ssib le  

by th e  f irm  fixa tion  of the c ry s ta l  and by the  a ttach m en t of 

the  ends of the loops to the abdom inal w all.

A change in  read in g  on the  coun ter m ight ind ica te  

a  change in  co n cen tra tio n  r a th e r  th an  a change in the 

ra d io a c tiv ity  of the  loop. T his w as shown not to be the 

c a se  by the rap id  add ition  of 40 m l. T y ro d e 's  so lu tion  to 

a  loop containing 5 m l. of rad io ac tiv e  flu id . No ap p rec iab le  

change in  rad io a c tiv ity  re c o rd e d  o c c u rre d . It is  w orthy  of 

note th a t the m ax im um  volum e used , 50 m l. w as not 

su ffic ien t to d is ten d  the seg m en ts . F u r th e r  evidence along 

th e se  lin e s  cam e fro m  the se v e ra l te s ts  in  w hich the r a d io ­

a c tiv ity  read in g  rem a in ed  constan t while the volum e in  the  

loop d e c re a se d  rap id ly . It would ap p ear th a t the sligh t 

changes in  p o sitio n  a ttendan t on changes of volum e of fluid 

in  the  loop did not cause  a r te fa c ts  in  the reco rd in g  of the

ra d io a c tiv ity .

The uptake of iro n  in  som e t is s u e s ,  e sp e c ia lly  /
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/ e sp e c ia lly  the liv e r  o r v e r te b ra l  bone m a rro w , m ight 

in fluence the  coun ter a t the  sam e tim e  a s  the d isa p p e a ra n c e  

fro m  the  loop. The c ry s ta l  w as d ire c te d  aw ay fro m  the 

liv e r  when the duodenal loop w as being m o n ito red  and aw ay 

fro m  the  v e r te b ra e  in  ca se  of both duodenal and i le a l  loops. 

In  add ition , the co llim a tio n  of the c ry s ta l  helped  to obviate 

such  e r r o r s .  F u r th e rm o re , the  am ount of ra d io a c tiv ity  

in  the  o th e r o rg an s  w as d isp e rs e d  w idely.

It is  w ell known th a t e le c tro ly te s  have a b i­

d ire c tio n a l flux a c ro s s  the in te s tin a l m u co sa  (V issch er et 

a l . , 1944). If the bowel handled iro n  in  a  s im ila r  m an n er, 

a  fa lse ly  high read in g  would r e s u l t  in  the d ire c t  coun ter 

ind icating  a  sm a lle r  ab so rp tio n  than  had o c c u rre d . In 

the  ca se  of iro n , th e re  is  known to  be a v e ry  sm a ll daily  

e x c re tio n  into the g a s tro in te s tin a l t r a c t  (M eCanee and 

W iddowson, 1937; Dubach e t a l . , 1949; In g alls  and 

Johnston , 1954; F in ch  and Loden, 1959). The ex ten t of 

such  b i-d ire c tio n a l flux w as e s tim a ted  in  th is  p re p a ra tio n  

by in trav en o u s  in fusion  of 10 m ic ro g ra m s  f e r r ic  iro n  

lab e lled  w ith  15 m ic ro c u r ie s  F e  59 in  2 dogs. The te s t  

p ro ce d u re  w as a s  outlined above excep t th a t no iro n  /
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/ i ro n  w as put in to  the  loops. E ven a t the end of 5 h o u rs  no 

e x c re tio n  of ra d io a c tiv e  iro n  w as d e tec ted  in  e ith e r  the 

duodenal o r  the  i le a l lo o p s.

The a p p a re n t fa ll  in  ra d io a c tiv ity  of the loop could 

have been  due to  a  le a k  of the  F e  59 p a s t the cannulae and 

into o th e r p a r ts  of the bow el. C are fu l ex am in atio n  of the  

a d jacen t seg m en ts  of gut fa ile d  to  re v e a l  any rad io ac tiv ity . 

R ad io ac tiv e  iro n  did not le a k  th ro u g h  the bow el w all into 

the  p e r ito n e a l cav ity .

S elec tion  of r e c o rd s  fo r d e ta iled  a n a ly s is .

F o r ty  th re e  r e c o rd s  w ere  av a ilab le  fo r 5 hour 

te s t s  and 36 of th e se  w ere  deem ed  su itab le  fo r d e ta iled  

a n a ly s is . T his a n a ly s is  w as to e s tim a te  the  r a te  of 

a b so rp tio n  in  consecu tiv e  p e rio d s  of 15 m in . th roughout 

the ex p e rim en t. B efore a r e c o rd  w as co n s id e red  su itab le  

th e re  had to  be a  sm ooth cu rv e  of d isa p p e a ra n c e  betw een 

a ll  of the 15 m in . po in ts of re fe re n c e  and no a r te fa c ts .

W hile th is  w as ach ieved  during  m o s t of the tim e  of 

a l l  t e s t s ,  it  fa iled  o ccas io n a lly  and re c o rd s  w h ere in  

th is  o c c u rre d  w ere  d isc a rd e d  in  th e ir  e n tire ty  a s  th ey  could 

not be an a ly sed  a c c u ra te ly  in  th e se  p e r io d s . They w ere  

s t i l l  v a lid  a s  an  e s tim a te  of the  o v e ra ll  a b so rp tio n  of iro n . /
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/  iro n ,

B. A n a ly s is  of the  Loop and i ts  C on ten ts.

A t th e  end of the 5 hour t e s t  p e rio d  the loop was 

em p tied  th ro u g h  the cannu la  p r io r  to the  exsangu ina tion  of 

the  an im a l. Then 100 m l. T yrode w as u sed  to i r r ig a te  the 

loop. Both th e se  q u an titie s  of bow el con ten t w ere  found to 

co n ta in  p a r t ic le s  of m ucus and th e ir  ra d io a c tiv ity  w as counted 

a s  a  whole in  p la s tic  cups above a  w ell type G e ig e r-M u lle r  

co u n te r and  co m p ared  w ith the ra d io a c tiv ity  of a  sam ple  of 

the te s t  so lu tion  d ilu ted  to an  equal vo lum e. Even w ith th is  

a r ra n g e m e n t th e  m ucus w hich con ta ined  the  g re a te r  p a r t  of 

the  ra d io a c tiv ity  tended  to  give a  fa lse ly  h igh  read in g  when 

i t  slow ly  se ttle d  out. T h is w as obviated  by in te rru p tin g  

the counting p e rio d  of 100 seconds on th re e  o ccas io n s  to 

m ix  tho rough ly  the con ten ts  of th e  cup, and so ap p ro x im ate  

to  a  hom ogeneous d is tr ib u tio n  of ra d io ac tiv ity .

At au to p sy  the loop w as ex c ised  e n tire  w ith the 

cannu la  in  s itu . The tape lig a tu re s  w ere  cut and the loop 

w as allow ed to  s lid e  off the cannula into a  boiling tube. A 

plug of co tton  wool w as u sed  to  c o m p re ss  the loop into the 

bottom  of th e  tu b e . The ra d io a c tiv ity  w as counted by 

p lacing  th e  tube ju s t above a  w ell type G e ig e r-M u lle r  

co u n te r (T exas In s t r .)  and w as com p ared  w ith a  co n tro l 

sam p le  of the  t e s t  so lu tion  d ilu ted  to  the  sam e vo lum e. /
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/v o lu m e . The cannula i ts e lf  w as s im ila r ly  exam ined .

The am ount of ra d io a c tiv e  iro n  rem a in in g  in  the 

loop and a ttach ed  to  the cannula w as su b trac te d  f ro m  the 

am ount g iven . A llow ance w as m ade fo r the  F e  59 in  the 

s e r ia l  sam p les  of the in te s tin a l fluid tak en  during  the co u rse  

of the  te s t  and fo r the ra d io a c tiv ity  on the g la ssw a re , 50 m l. 

sy rin g e s  and m e asu rin g  c y lin d e rs , w hich w as counted by 

the  G e ig e r-M u lle r  w ell. Up to 3% of th e  dose ad h e red  to 

th em .

P o ss ib le  E r r o r s .

The g eo m e try  of the sp ec im en s and the co n tro l 

sam p les  w ere  m atch ed  a s  n e a r ly  a s  p o ss ib le  to obviate 

e r r o r s  in  counting on th is  s c o re . H ow ever, the cannulae, 

the loops and the g la ssw a re  would not have the hom ogeneous 

d is tr ib u tio n  of the  ra d io a c tiv e  iro n  of the  co n tro l spec im en s. 

The p o ssib le  e ffec t of th is  uneven d is tr ib u tio n  w as le ssen ed  

by having the  sp ec im en s a t som e d is tan ce  fro m  the G e ig e r-  

M uller tu b es .

C. A n aly sis  of T issu e  and P la sm a  Specim ens.

A t n ec ro p sy  two sam p les  of approx im ate ly  4 gm . 

w ere  tak en  of each  t is s u e , the p re c ise  wet w eight noted, and 

th e  w et w eight of the  whole o rg an  d e te rm in e d . The /
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/ The ra d io a c tiv ity  of the sam p les  w as e s tim a te d  im m ed ia te ly  

in  a  w ell type th a lliu m -a c tiv a te d  sodium  iodide c ry s ta l  and 

w as co m p ared  w ith th a t of co n tro l sam p les  of equal volume* 

Bone m a rro w  w as tak en  a s  2% of body w eight (F a irm a n  and 

W hipple, 1933). Two sp ec im en s  of p la sm a  each  2 m l. w ere  

a s sa y e d  and p la sm a  volum e tak en  a s  4% of body w eight (Von 

P o ra t,  1951). The ra d io a c tiv e  iro n  in  the body w as 

ca lcu la ted  fro m  the am ount in  the  l iv e r ,  the  sp leen , the 

k idneys, the bone m a rro w  and the  p la sm a .

P o ss ib le  E r r o r s .

The p re se n c e  of blood in  the t is s u e  sam p les  m ight 

give a  fa lse ly  high read in g  of ra d io a c tiv ity . This w as 

m o s tly  avoided by exsanguinating  the a n im a l. In addition, 

the co n cen tra tio n  of ra d io a c tiv ity  in  the p la sm a  w as a lm o st 

alw ays a t v e ry  low lev e ls  a t 5 h o u rs  so th a t any re s id u a l 

blood in  the  t is s u e  would have a sm a ll effec t. Two sam p les  

of each  o rg an  w ere  tak en  fro m  se p a ra te  s ite s  to balance the 

e r r o r  a r is in g  fro m  the lack  of hom ogenising . C lose re su lts  

of the d u p lica tes  w as found, the  m ax im al d iffe ren ce  being 

le s s  than  2 counts p e r s e c . /g m .

The assu m p tio n  of a  n o rm a l value  fo r any 

m e a su re m e n t in  the body in ev itab ly  c a u se s  som e e r r o r  in  the 

ind iv idual c a se . Two such assu m p tio n s  have been m ade: one /
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Zone fo r bone m a rro w  and the  o th e r fo r  p la sm a  vo lum e. F o u r 

p e r cen t of body w eight is  a t the low er lim it of n o rm a l fo r p lasm a 

volum e in  the  dog. T h is w as to  allow  fo r the sligh t blood lo ss  

du ring  the o p e ra tio n  and fo r the  sam p les  which am ounted to  about 

90 to 150 m l.

The a s s a y  of the ra d io a c tiv e  iro n  w as lim ited  to the 

o rg a n s  lis te d  since  c o n tro l s tu d ies  in  four an im a ls  showed b a re ly  

d e tec tab le  co n cen tra tio n s  of F e  59 in  the o th er t is s u e s  of the body. 

In add ition , 2 dogs w ere  g iven  in tra p o r ta l  in fusion  of 10 m ic ro - 

g ra m s  F e r r i c  i ro n  lab e lled  w ith 15 m ic ro c u r ie s  F e  59 over a 

p e rio d  of 1 h o u r. D uodenal and i le a l  loops w ere  iso la ted  and the 

p ro ce d u re  w as the  sam e a s  d e sc rib e d  above except th a t th e re  w as 

no iro n  put into the  loops. The r e c o v e ry  using the above m ethod 

of t is s u e  and p la sm a  a n a ly s is  w as 92 and 94 % re sp e c tiv e ly . 

C o m p ariso n  of the T h ree  M ethods of E s tim a tin g  Iro n  A bso rp tion .

In 43 rea d in g s  in  36 ex p e rim en ts , m ethods A and B 

b o re  a  c lo se  re la tio n sh ip  to  one an o th er (r = 0. 86 P  ^.0. 001

F ig . 3). In the r e s u l ts  sec tio n  of th is  r e p o r t  the f ig u re s  fo r 

5 hour iro n  ab so rp tio n  a re  g iven a s  the m ean s of m ethods A and

B. When th is  m ean  value w as co m p ared  w ith the re s u l ts  of 

m ethod C the  re la tio n sh ip  was again  c lo se . In 18 ex p erim en ts  

using  m ethod  C in  which a  duodenal loop alone w as fo rm ed  

r  * 0. 83 P  ^ 0 .0 0 1  and on 21 o ccasio n s  when both duodenal 

and i le a l loops w ere  used in  the  one an im al /
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FIG . 3.

C o rre la tio n  betw een in  vivo sc in tilla tio n  counting 
(Method A) and e s tim a tio n  of in te s tin a l loop and 
co n ten ts  (M ethod B) a s  m e a s u re s  of a b so rp tio n  of 
rad io ac tiv e  iro n  fro m  43 iso la ted  loops of sm a ll 
in te s tin e  in  the  dog.



-4 0 -

/ an im a l r  = 0. 89 P  ^  0 ,0 0 1 , In the  la t te r  g roup  th is  gave 

c o n firm a tio n  of the to ta l am ount ab so rb ed  but did not in d ica te  

th e  p a r t  p layed  by each loop.

Counting of R ad ioac tiv ity .

In a ll  ex p e rim en ts  a m in im um  of 4, 000 counts 

w e re  re c o rd e d  fo r each  sam ple  o r counting w as continued fo r

1 .000 seconds.

In th e  sod ium -iod ide (tha llium  ac tivated) w ell type 

sc in tilla tio n  co u n te r, 1 m ic ro c u rie  of F e  59 gave about

10.000 counts p e r second over a background of about 2 counts 

p e r  second. C orrespond ing  f ig u re s  fo r the G e ig e r-M u lle r  

w ell type co u n ter used  w ith the p la s tic  cups w ere  1,000 

coun ts p e r  second and 7 counts p e r second.

O ther D e te rm in a tio n s .

The co n cen tra tio n  of d ^ ^ e r iu m  oxide in  the te s t  

so lu tion  and in  the sam ple of in te s tin a l fluid obtained  at 

15 m in . w as e s tim a te d  on the m a ss  sp ec tro p h o to m ete r 

(Solomon e t a l . , 1950; Code et a l . , 1954). The b i­

d ire c tio n a l r a te s  of flux w ere  ca lcu la ted  using  the fo rm u la  

of V issc h e r  and co lleagues (1944). The n o m en cla tu re  

used  in  re p o rtin g  the re s u l ts  of m ovem ent of w ate r is  that 

reco m m en d ed  by Code (I960) in which m ovem ent of w ater 

f ro m  bow el lum en to the  blood is  sty led  in so rp tio n ; m ovem ent /
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/m o v em e n t f ro m  the blood into the bow el lum en  is  ca lled  

ex so rp tio n . A bso rp tion  is  said  to o ccu r when in so rp tio n  

exceed s  ex so rp tio n , so th a t th e re  is  a gain  to the blood. 

E n te ro so rp tio n  is  when a net lo s s  to the blood ta k e s  p lace , 

th a t i s ,  when ex so rp tio n  is  g re a te r  th an  in so rp tio n . A 

B eckm an  m odel G pH m e te r  w as u sed  to e s tim a te  the  pH 

of th e  in te s tin a l flu id .

In 6 dogs au to rad io g ra m s  of h is to lo g ica l sec tio n s  

of th e  duodenal and the i le a l loops w ere  m ade using  s tan d a rd  

X - ra y  film  (E astm an  Kodak) exposed fro m  1 to 4 w eeks.

In 3 dogs sam p les  of the in te s tin a l flu id  w ere  

exam ined to a s s e s s  the ra d io a c tiv ity  a ttach ed  to p ro te in  at 

the  v a r io u s  tim e  in te rv a ls . The ra d io a c tiv ity  of each  sam ple 

w as m e a su re d  befo re  and a f te r  cen trifu g a tio n . The su p e r­

n a tan t w as th en  tre a te d  w ith 10% tr ic h lo ra c e t ic  ac id  and 

th e  ra d io a c tiv ity  aga in  e s tim a te d . The re s u l ts  w ere  

co m p ared  w ith a liq u o ts  of the te s t  so lu tion  tre a te d  in  the 

sam e m a n n e r.

S ta tis tic s .

S tandard  s ta tis t ic a l  m ethods w ere  em ployed 

(F is h e r , 1930; M oroney, 1953) using the d is tr ib u tio n s  of 

r  and s tuden ts  " t"  a s  m e a s u re s  of sign ificance (F ish e r  and 

Y ates , 1948). /



-42 -
/  . .  1948)o

The follow ing sym bols have been  u sed  in  the te x t 

and i l lu s tra t io n s .

S. D. = S tandard  dev ia tion
S. E 0 * S tandard  e r r o r
S. E . M. = S tandard  e r r o r  of the m ean
S. E . M. Diff. = S tandard  e r r o r  of the m ean  d iffe ren ce
P  « P ro b a b ility

d. f. = Deg re e s  of freed o m
b * R e g re ss io n  co effic ien t (slope of re g re s s io n

lin e ) .
r  = C o rre la tio n  coeffic ien t
t  = S tudents nt M

RESULTS.

Iro n  ab so rp tio n  is  ex p re sse d  p e r 100 sq . cm . 

s e ro s a l  a r e a  of the loop and is  the m ean  of m ethods A and 

B u n le ss  o th e rw ise  s ta ted . The r e s u l ts  of the  p la sm a  

sam p les  a re  re p o rte d  se p a ra te ly .

C o m p ariso n  of duodenum  and ileu m .

In 18 ex p e rim en ts  id en tica l te s t  conditions w ere  

m ain ta in ed  in  both duodenal and i le a l loops. D uodenal 

ab so rp tio n  of iro n  w as up to 14 tim e s  g re a te r  p e r 100 sq. 

cm . s e ro s a l  su rface  than  th a t of the ileu m  in 12 te s ts .  The 

ra tio  of duodenal to i le a l ab so rp tio n  w as g re a te s t  when the 

pH of the  te s t  so lu tion  w as 2 and a sc o rb ic  ac id  w as added. 

U nder th e se  conditions the ra tio  w as s ig n ifican tly  g re a te r  

th an  un ity  (Table I). /



TA BLE I.

COMPARISON OF THE RATIOS OF THE AMOUNT OF 

IRON ABSORBED BY DUODENAL AND ILEA L LOOPS 

SIMULTANEOUSLY IN THE SAME ANIMAL.

T e s t
C onditions

No, of 
te s ts

M ean R atio  
D uod/Ileum

Diff. f ro m  U nity 
P

pH 2 Y it C 9 3.57 0.01

pH 2 6 1 .48 <  0.2*:

pH 7 V it C 3 0 .8 8 <  0 .5

In view  of the  tendency  to skew ness of d is tr ib u tio n  

th e  logs of the ra t io s  w ere  u sed  to  a s s e s s  

s ign ificance  (t * 3. 63 p ^  0. 01).
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/  (Table I).

F a c to r s  influencing Iro n  A b so rp tio n .

a) D ose: Duodenum . T h e re  w as a l in e a r  re la t io n ­

sh ip  on a lo g /lo g  sca le  betw een the  dose of iro n  and the  am ount 

ab so rb ed  in  the  39 te s ts  rev iew ed  (r = 0 .5 0 8  P ^ .0 .0 1  T able II). 

F u r th e r  a n a ly s is  re v e a led  th a t th is  re la tio n sh ip  did not hold 

equally  under d iffe ren t te s t  cond itions. In 17 ex p e rim en ts  

when 100 m g. a sc o rb ic  ac id  w ere  added to the  te s t  solu tion  

of pH 2 the lin e a r  re la tio n sh ip  w as m o s t s ig n ifican t (r = 0. 90 

P  <£0.001 F ig . 4). It w as le s s  s ig n ifican t in the 13 

ex p e rim e n ts  w here  the in itia l pH w as 2 and no a sc o rb ic  ac id  

w as p re se n t (r = 0 .6 6  P £ 0 .0 1  F ig . 5). The re la tio n sh ip  

did not hold when the in itia l  pH of the t e s t  so lu tion  w as 7, 

w hether the a sc o rb ic  ac id  w as p re se n t o r not (9 te s ts ) .

Ileum . In 20 ex p e rim en ts  w ith vary ing  

t e s t  so lu tions the re la tio n sh ip  noted in  the ca se  of the 

duodenum  w as again  p re se n t but le s s  s ign ifican t (r = 0 .5 4  

P £ 0 .0 2  Table II). Subdivision of the  te s ts  re v e a led  a

c o r re la t io n  only when the in itia l pH w as 2 and a sc o rb ic  

ac id  w as p re se n t (r = 0. 8722 P  £ 0 . 001 F ig . 6).

The am ount of iro n  ab so rb ed , e x p re sse d  as  a 

p e rcen tag e  of th e  dose, in c re a se d , a s  the dose w as red u ced  

in  duodenal (F ig . 7) and ile a l (F ig. 8) loops. This w as /



C o rre la tio n  of lo g a rith m  of 
am ount of i ro n  g iven  and 

lo g a rith m  of am ount ab so rb ed

Iso la ted
Loop

T e st
Conditions

No. of 
te s ts

R e g re s s io n  C o rre la tio n  
C oeff. Coeff. 

b r
P

D uodenum pH2 + Yit C 17 0 .967 0.901 < 0.001

pH2 13 0,285 0.663 < 0 .01

pH7 w ith o r 
w ithout Yit 
C 9 1. 601 0 .398 < 0. 1

A ll te s ts 39 0. 807 0 .5 0 8 < 0 .01

Ileum pH2 Vit C 10 1, 149 0. 872 < 0 .0 0 1

pH2 6 0.491 0.507 < 0 .1

pH7 w ith or 
w ithout Vit 
C 4 0 .9 5 6 0.340 < 0 .1

A ll te s ts 20 0 .8 4 8 0.544 < 0 .0 2

TA BLE II.

C o rre la tio n  of the lo g a rith m  of the am ount of iro n  given and the 
lo g a r ith m  of the am ount of iro n  ab so rb ed  fro m  39 
iso la te d  i le a l  loops under v a rio u s  te s t  cond itions.
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P e rc e n ta g e  ab so rp tio n  of v a rio u s  d o ses  of 
ra d io ac tiv e  iro n  in  iso la ted  duodenal loops 
under v ary in g  te s t  conditions; pH 2 w ith 
a sc o rb ic  ac id : pH 2 w ithout a sc o rb ic  acid: 

pH 7 w ith a sc o rb ic  ac id .
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P e rc e n tag e  ab so rp tio n  of v a rio u s  d o ses  
rad io ac tiv e  iro n  in  iso la te d  i le a l  loops 
under vary in g  te s t  conditions: pH 2 w ith 
a sc o rb ic  ac id : pH2 w ithout a sc o rb ic  acid: 

pH7 w ith a sc o rb ic  ac id .
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/ w as t ru e  u n til sm a ll d o ses  (0 .5  to  1 m ic ro g ra m s)  w ere 

re a c h e d . At th is  lev e l the p e rcen tag e  ab so rp tio n  w as 

red u ced  below  the value fo r a dose of 2 m ic ro g ra m s .

b) A cid ity  and A sco rb ic  A cid .

No a p p rec ia b le  iro n  a b so rp tio n  w as o b se rv ed  

e ith e r  in  duodenum  o r ileu m  fro m  te s t  so lu tions of pH 7 

contain ing  no a sc o rb ic  ac id  (2 te s ts ) .  Giving the iro n  a t 

a  pH of 2 o r adding a sc o rb ic  ac id  and keeping the  pH at 7 

both gave th e  sam e o rd e r  of ab so rp tio n  (F igs. 7 & 8).

W hen both th e se  fa c to rs  w ere  p re se n t to g e th e r the 

p e rcen tag e  ab so rp tio n  w as ap p ro x im a te ly  doubled (F igs.

7 & 8).

c) F e r r i c  and F e r ro u s  Iron .

F e r ro u s  iro n  w as ab so rb ed  to  a g re a te r  ex tent 

than  equ ivalen t d o ses  of f e r r ic  iro n  only in  te s t  so lu tions 

of pH 7 to w hich a sc o rb ic  ac id  had been  added (F ig . 7).

d) C helation .

In 3 te s ts  F e -3 -s p e c if ic  v e rse n e , an  iro n -c h e la tin g  

agent w as added to the te s t  so lu tion  which w as given a t pH 7 

to 8. The a b so rp tio n  w as equ ivalen t to when the sam e dose 

had been given w ith a sc o rb ic  ac id  a t pH 7 (Table III).

D ura tion  and R ate of Iro n  A bsorp tion .

D uration : The d ire c t  re c o rd in g s  fro m  the sc in tilla tio n  /



Dog
D ose of Iro n  
m ic ro g ra m s

A b so rp tio n of Iro n  % D ose
W ith V it C W ith V ersen e

S3 90 2 .0 10.7
P815 2 .0 11. 8
S933 2 .0 8. 8

S. 365 3 .0 4 .3
P808 3 .0 0 .1

S52 10.0 9 .0
S73 10.0* 12.3

* a t pH 2

TA BLE IH

P e rc e n ta g e  ab so rp tio n  fro m  iso la te d  duodenal 
loops of iro n  given in  so lu tion  a t pH 7 
w ith a sc o rb ic  ac id  o r w ith  v e rse n e .
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/ s c in tilla tio n  co u n te r fixed o v er the loops showed th a t 

a b so rp tio n  w as ra p id  in  the  f i r s t  60 m in . and had stopped o r 

slow ed to in s ig n ifican t le v e ls  by 120 m in . in  m o s t c a se s  

(F ig . 9). In  o th e rs  in  duodenal loops th e re  w as a second 

sm a ll ab so rp tio n  a t about 3 h o u rs  (F ig . 10). The m ean  

am ount of iro n  rem ain in g  in  duodenal loops (31 te s ts )  a t each  

tim e  in te rv a l is  shown in  F ig . 11. The v ir tu a l  c e s sa tio n  of 

a b so rp tio n  by 120 m in . o c c u rre d  w ith  a l l  v a r ia tio n s  of the 

t e s t  so lu tion . A s im ila r  p a tte rn  of ab so rp tio n  w as found 

in  the  5 su itab le  i le a l re c o rd in g s .

R A T E :-

The m ean  am ount of iro n  rem ain in g  in the  iso la te d  

duodenal loops d im in ish ed  in an exponential fash ion  in  the 

f i r s t  two h o u rs  a t a r a te  of 1. 98 % m in . (T^ 35 m in .) .  F ig . 

12. When ind iv idual tra c in g s  w ere  studied  th is  exponential 

cu rv e  w as found in only 10 of 31 t e s t s .  The m ean  ra te  of 

th is  g roup w as 1. 73% m in . (F ig . 13). In an o th er 7 te s ts  

th e re  w ere  two com ponents, an  in itia l slow one, m ean

0 .7 6  % m in . in  the f i r s t  15 to 30 m in . and a la te r  one, m ean  

2.04%  m in . s im ila r  to the f i r s t  group.

In view  of the lack  of a  un ifo rm  exponential 

d isap p e a ran ce  cu rv e  the following convention w as adopted in 

o rd e r  to com p are  a ll te s ts .  It w as a ssu m ed  tha t the ra te  /
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R eco rd in g s , read ing  fro m  rig h t to le ft, f ro m  the 
d ir  ec t w riting  in  vivo sc in tilla tio n  coun ter showing 
fla tten in g  out a t 120 m in s .

U pper tra c in g  - Dog T52 4 m ic ro g ra m s  fe rro u s  
iro n  a t pH 2

Low er tra c in g  - Dog T53 4 m ic ro g ra m s  fe rro u s

iro n  a t pH 7 w ith 100 m g, 
a sco rb ic  acid„
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R ecord ing , read in g  fro m  rig h t to le ft fro m  d ire c t  
w riting  in  vivo sc in tilla tio n  coun ter showing second 
phase of a b so rp tio n  a t h o u rs  fro m  te s t  so lution 
containing 3 m ic ro g ra m s  of fe r ro u s  iro n  a t pH 7 

w ith 100 m g. a sc o rb ic  ac id .
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A m ount of ra d io a c tiv e  iro n  rem ain in g  in  the 
iso la te d  duodenal loops a s  re c o rd e d  by the in  
vivo sc in tilla tio n  coun ter - e x p re sse d  a s  p e r 
c e n t of dose of iro n . M ean of 31 te s ts .
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U pper
C h art -  P e rc e n ta g e  of dose rem ain in g  in  iso la te d  

loop and con ten ts  a s  re c o rd e d  by in  vivo 
sc in tilla tio n  coun ter in  dog T53.

L ow er
C h art -  E xponential r a te  d e riv ed  fro m  eq u ilib riu m  

value  in  upper c h a r t .
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/ r a t e  of ab so rp tio n  would be constan t o v er a p erio d  of 15 m in . 

and co nsecu tive  15 min# p e rio d s  w ere  stud ied . The r a te  

w as e x p re sse d  a s  p er cent of the am ount of ra d io a c tiv e  iro n  

rem ain in g  in  the loop p e r 100 sq . cm . of s e ro s a l  a r e a  p er 

m in , : it ranged  up to  0 .7  p e r cen t p e r m in . The m ean  

r a te s  fo r the  duodenum  (31 te s ts )  a re  i l lu s tra te d  in  F ig . 14. 

The m ax im um  ra te  was in  the p erio d  fro m  15 to  30 m in , a f te r  

the  a d m in is tra tio n  of the dose in  18 of the  31 te s ts ;  of the 

rem ain in g  13, 6 w ere  m ax im al in  the f i r s t  15 m in .,  and 7 

fro m  30 to 45 m in . In the case  of the 5 i le a l re c o rd in g s  2 

w ere  f a s te s t  in  the f i r s t  15 m in . p e rio d , 2 in  the second 15 

m in . p e rio d  and 1 showed only m in im al ab so rp tio n  a t 120 

m in . The p re sen ce  of a sco rb ic  ac id  o r an  in itia l  pH of 2 

m ade no s ign ifican t d iffe ren ce  to the m ax im al r a te s  of iro n  

ab so rp tio n .

The am ount of iro n  ab so rb ed  in  the 5 hour te s t  w as 

s ig n ifican tly  c o r re la te d  w ith the d u ra tio n  of a b so rp tio n  in  

the duodenal loops (r * 0 .4 8  P  4 .0 .01  F ig . 15) but not 

w ith the m ax im al r a te  of ab so rp tio n  (r = 0. 10 P  > 0 .  1 

F ig . 16).

A nother m e asu re m en t w as p o ssib le  fro m  the d ire c t  

re c o rd in g s . When the fluid was w ithdraw n fro m  the bowel /
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M ean r a te s  of ab so rp tio n  of iro n  fro m  31 iso la te d  
duodenal loops e x p re sse d  a s  p e rcen tag e  of am ount 
of iro n  given p e r m inute p e r 100 sq. cm . s e ro s a l
su rface  of the  loop during  the  5 hour te s t  p e rio d .
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C o rre la tio n  betw een am ount of iro n  ab so rb ed  fro m  
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C o rre la tio n  betw een  am ount of iro n  ab so rb ed  fro m  
31 iso la te d  duodenal loops and the  m ax im al r a te  of 
ab so rp tio n  ca lcu la ted  fo r 15 m inu te  p e r io d s . C o r­
re la t io n  is  not s ign ifican t.
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/b o w el a t in te rv a ls  for sam pling , the ra d io a c tiv ity  fe ll  to  a 

le v e l w hich ind ica ted  the F e  59 rem ain in g  in  the loop (F ig s .

9 & 10). T h is rad io ac tiv e  iro n  w hich could not be a s p ira te d  

in c re a se d  in  exponential fash ion  in  26 of 31 te s ts  (F ig . 17).

It re a c h e d  eq u ilib riu m  a t 120 m in s . a f te r  the iro n  w as 

p laced  in  the segm ent of bow el. The m ean  r a te  w as 4 . 69% 

p e r  m in . F u r th e rm o re  when the pH of the  so lu tion  w as 2, 

a  s ig n ifican tly  slow er r a te  follow ed the add ition  of a sc o rb ic  

ac id  (Table IV).

P o ss ib le  M echan ism s for C essa tio n  of Iro n  A b so rp tio n .

1. M ucosal block.

The effect of re p ea te d  do ses  of iro n  into the sam e 

duodenal loop w as stud ied . A fter each  dose the te s t  la s te d  

120 m in . w ith  a  30 m in . in te rv a l betw een te s t s .  T h ree  do ses  

w ere  given  to each  an im al. The d ire c t  w riting  sc in tilla tio n  

coun ter fixed over the  loop w as used  to e s tim a te  the ra te  and 

am ount of ab so rp tio n  (F ig . 18). When the com position  of 

the te s t  so lu tion  w as the sam e in  each  of the th re e  

consecu tive  te s t s  (3 dogs) a  s im ila r  ab so rp tio n  o c c u rre d  in  

a ll  th re e  te s ts  in  each  dog with only a  slight d im inution  in  the 

am ount ab so rb ed  by the end of the th ird  te s t  (Table V). The 

r a te  of a b so rp tio n  follow ed the sam e p a tte rn  in  a ll  th re e  /
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after fluid removed
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FIG . 17. Dog T53.

U pper C h art -  R adioactive iro n  rem ain in g  a ttach ed  
to  iso la te d  duodenal loops when in te s tin a l con ten ts 
a re  w ithdraw n: v a lu es fro m  in  vivo sc in tilla tio n  
co u n te r.

L ow er C h art - S em ilogarithm ic  plot fro m  upper 
g rap h  showing exponential r a te  of change.



R ate of i ro n  in  loop becom ing 
unavailab le  fo r a s p ira tio n  th ro u g h  cannula

T e s t
C onditions

No. of 
te s ts

M ean H alf T im e 
m in . M ean Diff. t  P

pH2 Vit C 14 1 7 .1 8 +  1 .33*

pH2 No Yit 
C 9 12. 17 + 1 .20*

5 .01  + 1 .92** 2. 61 < 0 .0 2

A ll te s ts 26 14. 77 + 0. 68*

* S. E . M.

** S. E* D iff. M eans

TA BLE IV.

M ean h a lf t im e s  fo r r a te  a t w hich iro n  is  iso la te d  duodenal 
loops becam e unavailab le  fo r a s p ira tio n  th rough  cannula 
showing the prolonging effect of a s c o rb ic  ac id .



FIG . 18. Dog S942.

R ecord ing , fro m  rig h t to le ft, fro m  d ire c t  w riting  
in  vivo sc in tilla tio n  coun ter showing th re e  te s ts  of 
ab so rp tio n  of iro n  fro m  2 m ic ro g ra m s  fe r r ic  iro n  
a t pH 2 p laced  in  an iso la ted  duodenal loop.

Repeated Doses 2 yug at pH2 

T ES T  3  TEST 2 TEST I I 0 3 x counts

120 9 0  6 0  3 0  0  120 9 0  6 0  3 0  0  120 9 0  6 0  3 0  0  m in u te s

2 6  2 6  JO % absorbed



Dog T e s t
Iro n
D ose
ug

In itia l
pH Y it C 

m g.

Iro n
A bsorp tion

%

S554 1 2 2 - 32

2 2 2 - 28

3 2 2 - 20

S942 1 2 2 - 30

2 2 2 - 26

3 2 2 - 26

S608 1 10 2 100 19

2 10 2 100 17

3 10 2 100 17

TA BLE V.

A bsorp tion  of iro n  fro m  rep ea te d  d o ses  given 
in to  th e  sam e iso la ted  segm ent of duodenum  in  

3 dogs.
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/ th re e  te s t s  in  each  an im al, being g re a te s t  in  the 15 to 30 

m in . p e rio d  in  2 dogs and in  the  f i r s t  15 m in . in  the th ird .

2. Change of pH.

The cu rv e  of d im inution  of ra d io a c tiv ity  during  the 

te s t  w as s im ila r  to th a t of the change of pH of the loop 

co n ten ts  (F ig . 19)* T his w as shown not to be a  cau sa tiv e  

re la tio n sh ip  by m ain ta in ing  the in te s tin a l pH a t le s s  

than  3 .5  th roughou t the  5 hour te s t  w ith sm a ll add itions of 

h y d ro ch lo ric  ac id  in  2 dogs. Iro n  a b so rp tio n  w as not 

s ig n ifican tly  pro longed (F ig . 19). C o n v erse ly , when the 

pH of the  loop con ten ts w as rap id ly  brought to n e u tra lity  by 

the  add ition  of sodium  hydroxide a t 30 m in . th e re  w as no 

sudden c e s sa tio n  of iro n  ab so rp tio n  (F ig . 20), F u r th e r  

evidence cam e fro m  re p ea te d  do ses  given to one dog. A fter 

a  co n tro l te s t  of 2 m ic ro g ra m s  f e r r ic  iro n  a t an  in itia l pH 

of 2, an id en tica l so lu tion  w as used  fo r the  second te s t  and 

the  pH of the bowel con ten ts w as kept below 3. 5 by sm a ll 

add itions of h y d ro ch lo ric  ac id . (F ig , 21), The ab so rp tio n  

of th is  second dose w as s ligh tly  in c re a se d  (28% as  com pared  

w ith  24% contro l) but no p ro longation  of ab so rp tio n  o c c u rre d . 

The th ird  te s t  id en tica l to the f i r s t  gave 26% ab so rp tio n .

(F ig . 22). /
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FIG . 19.

C urves of rad io ac tiv e  iro n  re c o rd e d  in vivo by- 
sc in tilla tio n  coun ter over iso la ted  duodenal loop 
and pH of loop con ten ts during  te s ts  of ab so rp tio n  
f ro m  2 m ic ro g ra m s  of f e r r ic  iro n  p laced  in  is o la ­
ted  duodenal loops.

U pper C h art - T e s t so lu tion  a t in itia l pH of 2.

Low er C h art - pH of in te s tin a l fluid m ain ta ined  
a t le s s  than  3 .5  th roughout 5 hour te s t  period  
w ith no change in  a b so rp tio n  of iro n .
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FIG . 20 .

C urves of rad io ac tiv e  iro n  re c o rd e d  by in  vivo 
sc in tilla tio n  coun ter p laced  over iso la ted  duo­
denal loop and pH of loop conten ts showing lack  
of change of ab so rp tio n  of iro n  when conten ts 
w ere  n e u tra lis e d  w ith sodium  hydroxide a t 30 

m in u te s .
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FIG . 21.

C u rv es  of rad io ac tiv e  iro n  re c o rd e d  by in  vivo 
sc in tilla tio n  coun ter over iso la te d  duodenal 
loop and pH of loop con ten ts in  re p e a te d  te s t s  
of ab so rp tio n  of 2 m ic ro g ra m s  of f e r r ic  iro n  
f ro m  the  sam e loop. In  te s t  2 the pH is  kept 
le s s  th an  3. 5 w ith  h y d ro ch lo ric  ac id  and no 
change in  the cu rv e  of rad io ac tiv e  iro n  is  noted.



FIG . 22. Dog T37

R ecord ing , fro m  rig h t to le ft, fro m  d ire c t w riting  
in  vivo sc in tilla tio n  coun ter showing 3 te s ts  of 
ab so rp tio n  of 2 m ic ro g ra m s  f e r r ic  iro n  p laced  in 
an iso la ted  duodenal loop in  solu tion  a t pH 2. In 
te s t  2, the pH of the loop content was m ain ta ined  
a t le s s  than  3 .5  with only a slight in c re a se  in 
a b so rp tio n  of iro n .

Repeated Doses 2 yug at pH2

T E S T  3 T EST 2

0 120

T EST I 10^x counts 
per minute 

10

0
0 120 9 0 60 30 0 minuted

2 4  %absorbQC/
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/ (F ig .  22).

3. U tilisa tio n  of A sco rb ic  A cid.

When an  a b so rp tio n  te s t  w ith 2 m ic ro g ra m s  f e r r ic  

iro n  a t a  pH throughout of le s s  th an  3. 5 had been  proceed ing  

fo r 120 m in . and the ab so rp tio n  had v ir tu a lly  stopped, 100 m g. 

a sc o rb ic  ac id  w ere  added to the loop. (F ig , 23). Only 

s ligh t fu r th e r  ab so rp tio n  of iro n  o c c u rre d .

4 . In tra lu m in a l Change in  Iro n .

In 5 dogs the te s t  so lu tion  was rem o v ed  fro m  a  duodenal 

loop a f te r  ab so rp tio n  had been p roceed ing  for vary ing  tim e s  

(15, 30, 60 o r 120 m in .) .  The loop w as then  w ashed 

thoroughly  w ith 500 m l. T y ro d eTs so lu tion . The d ire c t  

reco rd in g  sc in tilla tio n  coun ter over the loop e s tim a te d  the 

ab so rp tio n  befo re  and a f te r  the  w ithdraw al of the so lu tion  

(F ig . 24). The te s t  la s ted  5 h o u rs . R ad ioac tiv ity  w as seen  

to leave the  loop even a f te r  the w ithdraw al of the iro n -  

containing so lu tion  in  a ll  c a se s  excep t when the rem o v a l 

w as a t 120 m in . (F ig . 25). The to ta l am ount of iro n  

ab so rb ed  in  th e se  ex p erim en ts  w as w ithin the range  of the 

u su a l te s ts  in  w hich the iro n  so lu tion  w as not rem oved  until 

the 5 h o u rs  had e lap sed , w ith the following excep tions.

When the  iro n  w as tak en  out of the loop a t 15 and a t 30 m in . a /



FERRIC IRON ALONE 

DUODENUM 24*/.
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FIG . 23.

C u rv es  of rad io ac tiv e  iro n  re c o rd e d  by in  vivo 
sc in tilla tio n  coun ter over iso la te d  duodenal 
loops and ran g e  of pH of loop conten ts showing 
no effect f ro m  addition  of 100 m g. a sc o rb ic  
a c id  to  th e  loop conten ts a t 130 m in u te s .

U pper C h a rt -  Dog S38 2 m ic ro g ra m s  f e r r ic  
iro n  w ith pH kept le s s  th an  3. 5.

Low er C h art - Dog S151 2 m ic ro g ra m s  f e r r ic  
iro n  w ith pH kept le s s  than  3. 5 
excep t a t 15 and 30 m in u tes .
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FIG . 24 „ Dog S874.

R ecord ing , fro m  rig h t to le ft, fro m  d ire c t  w riting  
in vivo sc in tilla tio n  coun ter p laced  over an iso la ted  
duodenal loop showing the effect of rem oving  the 
iro n  containing fluid f ro m  the loop a t 30 m in . At 
th is  tim e the  sen sitiv ity  of the r e c o rd e r  w as changed. 
F u r th e r  ab so rp tio n  of iro n  o c c u rre d  until about 120
m in .



Iron Absorbed
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FIG . 25.

P e rc e n tag e  ab so rp tio n  of 2 m ic ro g ra m s  of iro n  in  
so lu tion  a t pH 2 p laced  in  5 iso la ted  duodenal loops 
the  iro n -co n ta in in g  content of the loop being rem oved  
a t v a r io u s  t im e s .
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/ a  d e c re a s e  in  o v e ra ll  ab so rp tio n  o c c u rre d  although a b so rp tio n  

la s te d  u n til 120 m in . a s  in  the o th e r t e s t s .

In  3 te s t s  the con ten ts  of a  duodenal loop w ere  rem oved  

a t 120 m in . when ab so rp tio n  had v ir tu a lly  ce a se d  and th ey  w ere  

in tro d u ced  into a  re c e n tly  p re p a re d  duodenal loop in  ano ther 

an im al. A sm a ll am ount (1 to 4%) w as then  ab so rb ed  in  5 

h o u rs  but no m o re  th an  m igh t have been ab so rb ed  in  the 

o rig in a l p re p a ra tio n  if the iro n  had not been rem o v ed .

As h as  been  noted a lre a d y  when co n sid e rin g  the 

r e s u l ts  of the in  vivo sc in tilla tio n  coun ter a d im in ish ing  

am ount of rad io ac tiv e  m a te r ia l  w as av ailab le  fo r a sp ira tio n  

fro m  the  iso la te d  loops during  the f i r s t  two h o u rs  of the te s t .  

P a r t  of th is  ra d io a c tiv ity  w as found to be a ttach ed  to p a r tic u la te  

m a tte r  w hich could be sep a ra te d  by cen trifu g a tio n . This p a rt 

am ounted to  only 5% of the rad io ac tiv ity  a sp ira te d  a t 15 m in . 

but had in c re a se d  to 50 to 66% by 120 m in . (Table VI). A 

fu r th e r  sm a ll f ra c tio n  of the ra d io a c tiv ity  a sp ira te d  fro m  the 

loop could be p rec ip ita te d  by tr ic h lo ra c e tic  ac id . T ogether 

th e se  two p ro c e d u re s  rem oved  60 to 70% of the rad io ac tiv e  

iro n  w hich w as a sp ira te d  f ro m  the loop a t 120 m in . It 

m u st be re m e m b e re d  th a t by 120 m in . the a s p ira te  only /



Dog Tim e
F e  59 rem ain in g  in  in te s tin a l fluid -  % dose

U n trea ted
(A)

A fter cen trifug ing A fter T. C. A.

0 100 100 100

S608 30 74 69 (93)* 62 (84)*
pH 2 60 41 34 (83)* 19 (46)*
V it C 120 20 13 (66)* 7 (35)*

S620 15 76 72 (95)* 69 (91)*
pH 2 30 47 27 (57)* 24 (51)*

60 25 13 (52)* 11 (44)*

S619 15 83 79 (95)* 76 (92)*
pH2 30 55 53 (96)* 27 (49)*

60 33 11 (30)* 10 (33)*
90 24 10 (42)* 9 (37)*

120 29 10 (35)* 9 (31)*

* % of v a lu es  in  colum n A

TABLE VI.

P e rce n tag e  of dose of rad io ac tiv e  iro n  rem ain in g  in  
flu id  in  iso la te d  duodenal loops in  3 dogs a t v a rio u s  
in te rv a ls  and a f te r  cen trifug ing  and tre a tm e n t w ith 
tr ic h lo ra c e tic  ac id  (T. C «A ,).
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/ only con tained  20 to 30% o£ the o rig in a l dose so th a t a  m e re  

7 to 9% of the iro n  given w as not a ttach ed  to p ro te in  o r 

p a r tic u la te  m a t te r .  No re a c tio n  w as obtained fro m  the 

re s id u e  on add ition  of p o ta ss iu m  fe rro cy a n id e  o r p o tass iu m  

fe rr ic y a n id e  o r of •(rok-dipyridyl but the am ounts of iro n  

involved w ere  so sm a ll th a t it is  doubtful if any  co lour 

re a c tio n  would have been d e tec tab le .

Site of A ction  of A sco rb ic  A cid.

The p rom oting  ac tio n  of a sc o rb ic  ac id  on iro n  

ab so rp tio n  noted in  com paring  one an im al w ith ano ther w as 

con firm ed  in  rep ea te d  te s ts  in  one an im al. A fter a  co n tro l 

te s t  of 2 m ic ro g ra m s  f e r r ic  iro n  a t an  in itia l pH of 2,

100 m g. a sc o rb ic  acid  w ere  added to the second dose w hich 

w as o th e rw ise  id en tica l to the f i r s t .  The a b so rp tio n  w as 

doubled (24% as  com pared  w ith 10% in  the co n tro l) . A fter 

thorough  w ashing of the loop w ith 500 m l. T y ro d e 's  solution 

and the u su a l 30 m in . r e s t  p e rio d , a  th ird  dose of 2 m ic ro  - 

g ra m s  f e r r ic  iro n  a t an  in itia l pH of 2 showed an  ab so rp tio n  

of 20% ind icating  som e p e rs is te n c e  of the e ffect of the 

a sc o rb ic  ac id . (F ig . 26).

A s im ila r  s e r ie s  of ex p erim en ts  w as done on ano ther 

dog. In th is  in stan ce  the te s t  so lu tion  w as again  2 m ic ro ­

g ra m s  f e r r ic  iro n  a t an  in itia l pH of 2. D uring the  30 m in . /
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FIG . 26.

P e rc en ta g e  a b so rp tio n  in  rep ea te d  te s ts  w ith 
2 m ic ro g ra m s  f e r r ic  iro n  in  so lu tion  a t pH 2 
p laced  in  an  iso la te d  duodenal loop.
Dog S962 - In  te s t  2, 100 m g. a sc o rb ic  ac id  
w as added to the te s t  so lu tion .
Dog S983 - In  the \  hour p r io r  to  te s t  2, 20 
m g . a sc o rb ic  ac id  (per Kg body weight) w as 
given by in trav en o u s infusion . In te s t  3,
100 m g. a sc o rb ic  acid  w as added to  the te s t  
so lu tion .
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/m in .  r e s t  p e rio d  betw een te s t s  1 and 2, 20 m g. a sc o rb ic  

ac id  p e r  Kg. body w eight w as given in trav e n o u sly  in  250 m l. 

p h y sio lo g ica l sa lin e . No in c re a se  in  iro n  ab so rp tio n  

re s u l te d .  Yet when 100 m g. a sc o rb ic  acid  w ere  added to 

th e  te s t  so lu tion  fo r the th ird  te s t  on the sam e dog, th e re  

w as a  c o n s id e rab le  in c re a se  (22% as  com p ared  w ith 12% in  

the con tro l) (F ig . 26).

When a sc o rb ic  ac id  w as p re se n t in  the te s t  so lu tion  

the  r e tu rn  of pH to w ard s  n e u tra lity  fro m  an  in itia l le v e l of 

2 w as slow er than  when no a sc o rb ic  ac id  w as in  the so lu tion  

(F ig . 27). The d iffe ren ces  w ere  s ign ifican t in  the  f i r s t  

hour in  the  ileu m  and the f i r s t  3 h o u rs  in  the duodenum  

(D etails in  Appendix).

D is tr ib u tio n  of R adioactive Iro n  in the T issu e s  a t the  end 
of a  5 Hour T e s t.

A. W all of Iso la ted  Loops: In two te s ts  ra d io ac tiv e  iro n

w as given by in tra p o r ta l  infusion . F iv e  h o u rs  la te r  the whole 

sm a ll bow el w as ex c ised  and the rad io ac tiv ity  m e a su re d .

The sm a ll bowel contained  1 and 2 % re sp e c tiv e ly  of the am ount 

of iro n  given. In the rou tine  p ro ced u re  the ra d io ac tiv ity  of 

the ex cised  loops w as es tim a ted  and then  th ey  w ere  opened 

and w ashed in  a  s tre a m  of w arm  sa line  w ith gentle scrap ing  

of the  m u co sa  to d islodge any lo o se ly  ad h eren t p a r t ic le s .  /
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FIG . 27.

M ean pH o£ con ten ts of iso la ted  duodenal and 
i le a l  loops during  te s ts  of ab so rp tio n  of iro n  
fro m  solu tion  w ith an  in itia l pH of 2, showing 
the  effect of a sc o rb ic  ac id  in  delaying the 
r e tu rn  of pH to w ard s  n e u tra lity .
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/p a r t i c le s .  R ad io ac tiv ity  w as ag a in  m e a su re d  in  the w ell 

type G e ig e r-M u lle r  co u n te r. They con tained  2 to 18% 

(m ean 4 . 9% S. E . M. t  0.47% : g e m e tr ic  m ean  3. 92%) of 

the  o rig in a l d o se , w ith the  excep tion  of the c a s e s  in  which 

no a b so rp tio n  o c c u rre d , the m ax im um  then  being 1.5%.

The ac tu a l am ount in  the gut w all w as c o r re la te d  w ith the 

am ount of iro n  ab so rb ed  (r = 0 .5 8  P  < 0 .001 F ig . 28) in  

the 38 duodenal loops studied  in th is  m a n n e r . It did not 

hold in the  20 i le a l loops (r * 0. 30 P  > 0 . 1).

A u to rad io g rap h s d em o n stra ted  th a t the  rad ioactive  

irp n  in  the w all of the loops w as co n cen tra ted  in  the m u co sa  

(F ig s . 29 & 30). Some p a r tic le s  of m u co sa  b roken  during  

p re p a ra tio n  allow ed a cc u ra te  o rie n ta tio n  of the h isto logy  

and au to rad io g rap h y . The ra d io a c tiv ity  w as a t no tim e 

d eep er th an  the  m u co sa l la y e r . As the high en ergy  

p a r tic le s  of F e  59 s c a tte r  som ew hat in  the film  em ulsion , 

i t  m ay  be th a t som e of the ra d io ac tiv ity  lay  on the su rface  

of and not in  the  m u co sa l c e lls .

B. O ther O rgans: The am ount of iro n  in  the v a rio u s

t is s u e s  a t the end of the 5 hour te s t  w as e x p re sse d  as  a  

p ercen tag e  of the to ta l rad io ac tiv e  iro n  in  the  body a s  

m e a su re d  by m ethod C. This p ercen tag e  d is tr ib u tio n  was 

re m a rk a b ly  constan t in the 39 an im als  fu lly  studied , no /
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C o rre la tio n  betw een am ount of iro n  ab so rb ed  fro m  
and am ount of iro n  in  the w all of 38 iso la te d  duode­
nal loops. The 95% confidence lim its  a re  shown.



FIG. 2a.

A u to ra d io g ra m  (above) and co rr esp o n d in g  h is to  
lo g ic a l  s e c t io n  (below ) fro m  is o la te d  duodenal 
loop  a fter  t e s t  of a b so rp tio n  of r a d io a c tiv e  ir o n
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F IG . 30.

A u to ra d io g ra m  (above) and co rresp o n d in g  h is to ­
lo g ic a l  s e c t io n  (below ) fr o m  is o la te d  i le a l  loop  
a fter  t e s t  of a b so rp tio n  o f r a d io a c tiv e  ir o n .
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/n o  m a t t e r  the com position  of the te s t  so lu tion  (F ig . 31,

T able VII). The la rg e s t  am ount w as in  the bone m a rro w , 

about 2 /3  of the am ount ab so rb ed . The only o th er notable 

d e p o s its  w ere  in  the p la sm a  and the l iv e r .  Spleen and k idney 

each  con tained  up to 2 .5% . On 20 o ccasio n s  h e a r t  and lung 

w ere  sam pled  and contained neg lig ib le  rad io ac tiv ity .

In o th er th re e  te s ts  in  w hich v e rse n e  w as put 

into the so lu tion  containing iro n , the t is s u e  d is tr ib u tio n  of 

a b so rb ed  iro n  d iffe red  fro m  above. L e ss  iro n  w as tak en  up by 

the bone m a rro w , and m o re  rem a in ed  in  the p la sm a  (F ig . 31). 

P ro p o rtio n a te ly  m o re  of the rad io ac tiv e  iro n  leaving the 

p la sm a  w as found in  the liv e r  although when e x p re sse d  a s  a 

p e rcen tag e  of the to ta l dose ab so rb ed  the d iffe ren ce  w as not 

s ta t is t ic a lly  s ign ifican t.

MOVEMENT OF WATER:

D uodenal S egm ents. In four te s ts  in  w hich the pH of the 

te s t  so lu tion  w as 7, and no a sco rb ic  acid  w as p re se n t, m ean  

in so rp tio n  w as 30. 6 m l. p e r 15 m in . p e r 100 sq . cm . 

s e ro s a l  a re a ,  m ean  ex so rp tio n  30 .23  m l. and m ean  net 

m ovem ent 0 .4 2  m l. No sign ifican t change w as found in  th e se  

r a te s  e ith e r  when the te s t  so lu tion  w as ac id ified  to a  pH of 2 

o r when a sc o rb ic  ac id  w as p re se n t, although in so rp tio n  w as 

d im in ished  under th ese  c irc u m sta n c e s . (Table VIII). /
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FIG . 31.

P e rc e n t d is tr ib u tio n  in  bone m a rro w , p lasm a , 
l iv e r ,  sp leen , and k idneys of iro n  ab so rb ed  
fro m  te s t  so lu tions w ith iro n  alone, w ith iro n  
p lus a sc o rb ic  ac id  and w ith  iro n  p lus v e rse n e .



I ro n  alone (15) Iro n  & V it C (29)
C o m p ariso n Iro n  & Vit C (24) Iro n  & V ersen e  ( 3)

t P t P

M arrow 0.40 < 0 .7 2 .3 4 < 0 .0 5
P la sm a 1.02 < 0 .4 1 .89 > 0 .05
L iv er 0. 12 >0. 9 0 .41 <0. 6
Kidney 0 .3 2 < 0 .9 3. 17 <0.01
Spleen 0. 10 > 0 .9 0 .1 6 < 0 .9

C om parison F e r r ic  Iro n  (21) pH 2 (30)
F e r ro u s  Iro n  (18) pH 7 ( 9)

t P t P

M arrow 0 .30 < 0 . 9 1 .28 < 0 . 3
P la sm a 0.85 < 0 . 5 2 .0 2 < 0. 1
L iv er 1.60 < 0 .2 1.74 < 0. 1
Kidney 1.29 < 0 . 3 2 .5 8 < 0 . 0 2
Spleen 0 .2 4 < 0 . 9 0.01 > 0 . 9

TABLE VII

S ignificance of co m p ariso n  p e rcen tag e  tis su e  
d is tr ib u tio n  of ab so rb ed  iro n  under v a rio u s  te s t  
conditions (logarithm ic  v a lu es  u sed).
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/  (T able VIE),

I le a l S egm ents. The b id ire c tio n a l m ovem ent of w a te r in  

the four i le a l  te s ts  w ith a  so lu tion  of pH 7 and no a sc o rb ic  

ac id  d iffe red  fro m  th a t in  the duodenal seg m en ts , m ean  

in so rp tio n  being 28 .93  m l. p e r 15 m in . p e r 100 sq . cm . 

S e ro sa l a r e a ,  m ean  ex so rp tio n  19*43 m l. and m ean  net 

m ovem ent 9® 50 m l, ab so rb ed .

An in c re a se  of both in so rp tio n  and ex so rp tio n  w as 

noted in  the 25 te s ts  a t an  in itia l pH of 2 w ith o r w ithout 

a sc o rb ic  ac id , the la t te r  being re la tiv e ly  g re a te r :  but th e se  

d iffe re n ce s  w ere  not s ta t is t ic a lly  s ign ifican t (Table VIII).

R epeated  T e s ts .  The m ovem ent of w ater w as m e a su re d  

during  the f i r s t  15 m in . of each  of the th re e  te s ts  on the  sam e 

iso la ted  duodenal segm ent in  6 dogs. T hus, m e a su re m e n ts  

w ere  m ade a t ze ro  tim e , Z \  h o u rs  and 5 h o u rs . A ll te s ts  

w ere  done w ith a  solu tion  of in itia l pH 2. The m ean  values 

fo r the f i r s t  te s t  a t ze ro  tim e  w ere  in so rp tio n  2 8 .4  m l . , 

ex so rp tio n  32 .5  m l. and net m ovem ent 4 ,1  m l. en te ro so rb ed .

In th re e  an im als  both in so rp tio n  and ex so rp tio n  

g rad u a lly  d im in ished  a s  tim e p assed , the m ax im al d im inu tion  

being 33% of the value a t ze ro  tim e . In the o ther th re e  

an im a ls  both in so rp tio n  and ex so rp tio n  in c re a se d  in  the /
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/ the second and th ird  te s ts :  the g re a te s t  in c re a se  being 

18% fo r in so rp tio n  and 35% fo r ex so rp tio n .

W hile the  b id ire c tio n a l r a te s  of m ovem ent of w ate r 

w ere  m e a su re d  only in  the f i r s t  15 m in , p e rio d  of each  

te s t ,  the  net m ovem ent fro m  the loop w as m o n ito red  

th roughou t the te s t .  The in itia l  tendency  to e n te ro so rp tio n  

shown in  ex p e rim en ts  in  the duodenal segm en ts  when pH 

w as 2, p assed  off in  30 to 60 m in . and a net ab so rp tio n  

then  follow ed, so th a t about 5 to 10 m l. of in te s tin a l 

content rem a in ed  a t 5 h o u rs .

DISCUSSION.

The duodenum  and ileu m  have shown m ark ed  

s im ila r i t ie s  in  th e ir  handling of iro n  in  the fo rm s  and 

am ounts used  in  the study. The d u ra tio n  of ab so rp tio n  

and the ran g e  of r a te s  of ab so rp tio n  w ere  s im ila r ,  although 

the few re c o rd in g s  (5) availab le  for the ileu m  red u ce  the 

v a lid ity  of th is  p a r tic u la r  co m p ariso n . The ab so rp tio n  

of iro n  w as com pared  for equal s e ro s a l  a re a s  of duodenal 

and i le a l  loops. The c o r re c t  co m p ariso n  would have 

been  of equal m u co sa l su rfa ce s  but e s tim a tio n  of th is  

su rface  depends upon assu m p tio n s  of the height and 

num ber of v ill i  and of m u co sa l fo ld s . W arren  (1939) /
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/  (1939) rev iew ed  p rev ious w ork  on th is  su b jec t and gave 

h is  r e s u l ts  on one dog. He found th a t the e s tim a te d  

m u co sa l su rface  p er un it s e ro s a l  a r e a  of the duodenum  w as 

le s s  than  tw ice that of the ileum . Such a d isp a r i ty  would 

not account fo r a ll  the d iffe ren ce  betw een the a b so rp tio n  of 

iro n  fro m  the duodenum  and the ileum  in  our r e s u l ts .  A 

fu rth e r  d ifficu lty  in a s se s s in g  abso rb ing  su rface  has been 

re v e a led  by the d isc o v e ry  of m ic ro  v illi  on the su rface  of 

in te s tin a l m u co sa  ce lls  w ith the aid  of e le c tro n  m icroscopy . 

(P a lay  and K arlin , 195 9).

The to ta l am ount of iro n  ab so rb ed  p e r 100 sq. 

cm . s e ro s a l  su rface  in  the five hour te s ts  w as up to 14 

t im e s  g re a te r  in  the duodenum  than  in  the ileum .

H ow ever, th is  d iffe ren ce  was only s ign ifican t when a  la rg e  

p ercen tag e  of the dose was abso rbed  i. e . , when the  pH 

of the te s t  so lu tion  was 2 and a sc o rb ic  ac id  w as p re se n t. 

T his m ight have been due to a sm all p a r t  of the iro n -  

abso rb ing  cap ac ity  of the bowel being te s te d  by the sm all 

d o ses  u sed  in  th is  study. If the gut w ere  te s te d  to g re a te r  

cap ac ity  d iffe ren ces  m ight be m o re  m ark ed . The finding 

th a t the duodenum  ab so rb ed  m o re  iro n  than  an equivalent 

a r e a  of ileum  fa lls  in  w ith the g en e ra l opinion th a t the 

duodenum  is  m o re  active  in th is  re sp e c t ,  and a g re e s  w ith /
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/ w ith  the in  v itro  w ork of Dowdle and co lleag u es (I960).

In the  p re se n t s tu d ies  the duodenum  h as  ab so rb ed  m o re  

iro n  even though an equal opportun ity  fo r ab so rp tio n  h as  

been  afforded  to the ileum ; conditions w hich do not o ccu r 

in  the in tac t an im al.

C onfirm ation  h as  been  obtained of the in c re a se  

in the am ount of iro n  ab so rb ed  w ith an  in c re a se  in  am ount 

given and a lso  of the in c re a se  in  p ercen tag e  ab so rp tio n  a s  

the am ount of iro n  given d im in ished . (Hahn e t a l . , 1940; 

M oore e t a l . , 1944; Sm ith and P annaccu li, 1958; Bonnet 

et a l .  , I960). T his la t te r  finding did not hold in  the 

p re se n t study a t a dose of 0. 5 m ic ro g ra m s . T his m ay  be 

due e ith e r  to the  rap id  a ttachm en t of iro n  to m ucus o r to 

its  com bination  w ith the phosphate in  the T y ro d e fs solu tion  

so th a t i t  w as not availab le  fo r ab so rp tio n . A lin e a r  

re la tio n sh ip  on a log /lo g  scale  ex isted  in  both duodenum  

and ileu m  betw een the am ount of iro n  ab so rb ed  and the 

am ount given. A gain i t  was noted th a t when ab so rp tio n  

w as g re a te r  th is  re la tio n sh ip  was m o re  s ign ifican t being 

m o st s ign ifican t when the iro n  w as given a t a pH of 2 

w ith  a sc o rb ic  ac id . R e-exam ination  of the data of 

Bonnet and co lleagues (I960) on hum ans a lso  /
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/ a lso  re v e a ls  a s im ila r  c o r re la tio n . W hile such a "double 

log" re la tio n sh ip  has no obvious b io log ica l s ig n ifican ce , it 

p e rm its  a dose to be se le c ted  by s im p le  in te rp o la tio n  to give 

any d e s ire d  ab so rp tio n . It w ill be shown to have a s im ila r  

fo rm  in  the r a t .  This s im ila r i ty  m ay  condone co m p ariso n  

of da ta  obtained in  the  dog and in the r a t .

The p re se n t findings co n firm  the ac tio n  of a sc o rb ic  

acid  in  augm enting ab so rp tio n  of iro n . H ow ever, to our 

knowledge th is  is  the f i r s t  re p o r t  th a t an in itia l pH of the 

te s t  solu tion  of 2 enhanced the ab so rp tio n  of iro n  to the sam e 

extent a s  the addition  of 100 m g. a sc o rb ic  acid  when the pH 

w as 7. A po ssib le  th e o re t ic a l  exp lanation  w as the 

m ain tenance of the fe r ro u s  s ta te  in  both in s ta n c e s . H ow ever, 

th is  would h a rd ly  be com patib le w ith the finding th a t, when 

both fa c to rs  w ere  p re se n t s im ultaneously , the augm entation  

of iro n  ab so rp tio n  w as equivalent to the sum  of the se p a ra te  

effect of a sc o rb ic  ac id  and of pH 2.

The addition of a sco rb ic  ac id  to the te s t  so lu tion  of 

pH 2 slowed the re tu rn  of pH tow ards n eu tra lity . This ac tion  

has been sa id  to be the re a so n  fo r the in c re a se  in  iro n  

ab so rp tio n  caused  by a sc o rb ic  acid  (G roen et a l . , 1947).

In the p re se n t study, only a slight in c re a se  in iro n  

ab so rp tio n  re su lte d  when a s im ila r  and m o re  long la stin g  /
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/la s tin g  m ain tenance  of low pH w as ach ieved  by the add ition  

fro m  tim e  to tim e  of h y d ro ch lo ric  ac id  to the so lu tion  in  

the  bowel lum en . It ap p eared  fro m  th e se  r e s u l ts  th a t 

ac id ity  and the add ition  of a sc o rb ic  ac id  ac ted  v ia  two 

d iffe ren t m ech an ism s whose effec ts  seem  to have been 

additive when the two fa c to rs  w ere  p re se n t in  com bination .

In travenous ad m in is tra tio n  of a sc o rb ic  ac id  

p roduced v e ry  l i t t le  in c re a se  in iro n  a b so rp tio n  com pared 

with the in c re a se  re su ltin g  fro m  its  p re se n c e  in  the 

so lu tion  in  the bowel lum en. The am ount of a sc o rb ic  

ac id  given in  the in travenous te s t  w as suffic ien t to  s a tu ra te  

the t is s u e s  and, in  fac t, a little  m ight have been ex c re ted  

into the bowel (S ebrell and H a r r is ,  1954). Thus the 

prom oting  ac tion  of a sco rb ic  acid  ap p aren tly  took  p lace 

in the lum en  and not in the bowel w all.

The suggestion  has been m ade th a t a sc o rb ic  a d d  

a c ts  to in c re a se  ab so rp tio n  of iro n  by fo rm ing  a chela te  

with iro n . (F inch and F inch , 1955). To te s t  th is  

hypothesis  a  known chelating  agent, v e rse n e , w as given 

w ith the do ses  of iro n . The prom oting  ac tion  w as of a 

s im ila r  m agnitude to tha t of a sco rb ic  acid  given a t the  

sam e pH. H ow ever, exam ination  of the d is tr ib u tio n  of 

the iro n  ab so rb ed  in  the t is s u e s  rev ea led  th a t the v e rse n a te  /
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/v e r s e n a te  rem a in e d  to a  s ig n ifican tly  g re a te r  ex ten t in 

the p la sm a , and of the  re m a in d e r  le s s  w as in  the bone 

m a rro w  and p ro p o rtio n a te ly  m o re  in  the l iv e r .  No 

d iffe ren ce  in  t is s u e  d is tr ib u tio n  w as noted betw een iro n  

given w ith  o r w ithout a sc o rb ic  ac id . T hus, w hile it  is  

p o ssib le  th a t an  iro n  chela te  is  fo rm ed  with a sc o rb ic  ac id , 

it would seem  to b re ak  down during  the ab so rp tio n  p ro c e ss  

so th a t the iro n  once in  the p lasm a  follow s the n o rm a l 

m etab o lic  p a tte rn , in  c o n tra s t to the che la te  w ith v e rse n e  

which ap p e a rs  m o re  stab le  and e ith e r s tay s  in  the p lasm a  

o r goes to the l iv e r ,  p robab ly  to the re tic u lo  endo thelia l 

c e lls .

The lack  of d iffe ren tia tio n  betw een fe r ro u s  and 

f e r r ic  iro n  in  the dog (M oore et a l . , 1944) w as confirm ed , 

although a  tendency  ap p eared  fo r m o re  fe r ro u s  iro n  to be 

ab so rb ed  a t a pH of 7 when a sc o rb ic  ac id  w as p re se n t.

This m ay  have been fo rtu ito u s  and shown only by the sm a ll 

n u m b ers  av a ilab le  fo r co m p ariso n . The a sc o rb ic  acid  

u sed  (100 m illig ra m s) would have converted  a ll the iro n  

into the  fe r ro u s  s ta te . Or again  it m ay  be th a t som e 

s ligh tly  d iffe ren t fo rm s  of chela te  a re  fo rm ed  fro m  fe rro u s  

and f e r r ic  iro n .

The re ten tio n  of iro n  w ithin the iso la ted  loop /



/lo o p  in c re a se d  ra p id ly  in  exponential fash ion  up to 60 to 

120 m in . when eq u ilib riu m  w as re a c h e d . R a re ly  w as any 

of th is  iro n  a b so rb ed . It is  an  open question  w hether the 

exponentia l r a te  c h a ra c te r is e d  one o r m o re  than  one 

sim u ltaneous p ro c e s s e s .  The delaying  ac tio n  of a sc o rb ic  

ac id  on the r a te  of change of iro n  so th a t it cannot be 

a sp ira te d  f ro m  the  loop g ives an  ind ica tion  th a t i ts  ac tio n  

in  p rom oting  iro n  ab so rp tio n  is  due, as  has p rev io u sly  been 

suggested , to m ain tenance  of iro n  in  an  av ailab le  fo rm  fo r 

a  longer tim e . At the end of the te s t  the  loop w as opened and 

m uch of the rad io ac tiv ity , which could not be a sp ira te d  

th ro u g h  the  cannula, w as ea s ily  w ashed off the m u co sa .

This w as in  keeping w ith p rev io u s w ork (M iller and Abbott, 

1936; G roen  and T ay lo r, 1937; G roen  e t a l . , 1947) which 

suggested  th a t m uch of the iro n  w hich could not be a sp ira te d  

fro m  segm en ts  of bowel w as m e re ly  ad so rb ed  onto the 

m ucosa  and not ab so rb ed . In the p re se n t study the 

sc in tilla tio n  counting over the loop showed th a t the iro n , 

w hile not able to be a sp ira te d  had not in  fac t le ft the seg m en ts . 

D esp ite  rep ea te d  w ashing a sm all re s id u e  of rad io ac tiv e  iro n  

could not be re le a se d  fro m  the bowel w all. A u to rad iography  

showed th a t th is  was in  or a ttached  to the m ucosa , and the /
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/ th e  am ount w as p ro p o rtio n a l to  th e  am ount of i ro n  ab so rb ed  

fro m  te s t  so lu tion . It m ay  be th a t th is  iro n  in d ic a te s  a  s tep  

in  the ab so rp tio n  p ro ced u re  and th a t the  la te r  ab so rp tio n , a t 3 

h o u rs  and o v e r, noted in  som e te s ts ,  is  f ro m  th is  depot.

The slowing and v ir tu a l c e s sa tio n  of iro n  ab so rp tio n  

a f te r  two h o u rs  co n firm ed  the opinion of S tew art and G am bino 

(1954) fro m  w ork on rad io ac tiv e  iro n  lev e ls  in  the p la sm a  of 

dogs. T his stopping of ab so rp tio n  seem ed , a t f i r s t ,  to  be 

due to  the change of pH to w ard s neutrality*  F u r th e r  w ork 

showed th a t when the pH w as kept below 3 .5  th roughout the 

te s t ,  iro n  ab so rp tio n  w as not pro longed, so th a t r i s e  in  

pH w as not the only fac to r  halting  iro n  ab so rp tio n . The 

giving of re p e a ted  d o ses  of iro n  into the sam e segm ent of 

bowel cau sed  only sligh t red u c tio n  in  ab so rp tio n  in  the 

la te r  do ses  and d em o n stra ted  th a t the bowel had not 

exhausted  i ts  cap ac ity  fo r iro n  ab so rp tio n  even though i t  

ceased  a t 120 m in . in  each indiv idual te s t .  The "m u co sa l 

b lock" did not function  a t th e se  low dose le v e ls . When 

the iro n  ab so rp tio n  had been p ro g re ss in g  fo r 120 m in . and 

w as thus a lm o st fin ished  the bowel con ten ts w ere  t r a n s ­

fe r re d  into ano ther f re s h ly -p re p a re d  loop in  ano ther dog. 

M inim al ab so rp tio n  o c c u rre d  ind icating  th a t the /



/ th e  iro n  rem a in in g  in  the in te s tin a l fluid w as no lo n g er 

av a ilab le  fo r absorp tion* It would seem , th e re fo re , th a t 

fu r th e r  ab so rp tio n  w as p rev en ted  by som e in tra - lu m in a l 

change in  the  n a tu re  of the  iro n . T h is change ap p a ren tly  

o c c u rre d  in  the f i r s t  30 to 60 m in u tes , fo r the re m o v a l of 

the te s t  so lu tion  a f te r  th is  tim e  did not cause  m uch 

d im inution  in  the to ta l am ount of iro n  ab so rb ed  in  a  5 hour 

te s t  p e rio d . The r e s u l ts  of te s tin g  the fluid i ts e lf  show 

th a t by 60 to 120 m in . v e ry  l i t t le  of the  o rig in a l dose is  

not a ttach ed  to p a r tic u la te  m a tte r  o r to m a te r ia l  

p rec ip ita b le  w ith tr ic h lo ra c e tic  ac id . Thus, a ttach m en t 

to the  m u co sa  would ap p ear to have been acco m p lish ed  in  

the f i r s t  hour and the iro n  rem ain in g  in  the bowel con ten ts 

had li t t le  o r no influence on the p ro c e ss  of ab so rp tio n .

The change in  iro n  m aking i t  unavailab le  fo r ab so rp tio n  

could be delayed by the add ition  of a sc o rb ic  acid  but a sc o rb ic  

ac id  could not r e v e rs e  the change.

The ab so rp tio n  of iro n  fro m  the loops of bowel did 

not re g u la r ly  follow ^n exponential p a tte rn . T his a g re e s  

w ith the finding of H alberg  and Solvell (I960). T h e re  was 

no sign ifican t d iffe ren ce  betw een the m ean  m ax im al 

a b so rp tio n  r a te s  w hether the  pH w as in itia lly  2 or 7, w hether 

th e re  w as a sc o rb ic  ac id  p re se n t or not, o r w hether the iro n  /
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/ i r o n  w as in itia lly  in  the  f e r r ic  o r f e r ro u s  fo rm . This 

u n ifo rm ity  in  o v e ra ll  r a te  d esp ite  change in  te s t  so lu tion  and 

in  the am ount of iro n  ab so rb ed  su g g ests  th a t a  un ifo rm  p ro c e ss  

is  involved in  a b so rp tio n  of iro n . The c o r re la tio n  of d u ra tio n  

of ab so rp tio n  r a th e r  than  r a te  of ab so rp tio n , w ith the to ta l 

am ount of iro n  ab so rb ed  would ind icate  th a t th is  p ro c e ss  

in c re a s e s  ab so rp tio n  by acting  fo r a longer tim e .

The b id irec tio n a l m ovem ent of w a te r fro m  the bowel 

segm en ts  in  the p re se n t study w as s im ila r  both in the 

in itia l r a te s  and the effect of acid  pH to r e s u l ts  p rev io u sly  

obtained (Code et a l . , I960). In add ition  th e se  au th o rs  

found th a t the r a te s  of w ater m ovem ent did not d iffe r g re a tly  

in the dog w hether segm en ts  w ere p re p a re d  in  the a n a e s th e tised  

an im al o r w hether chron ic  loops w ere  te s te d  w ithout the dog 

being a n ae s th e tise d . Thus we have an  ind ication  tha t the 

segm en ts  we have used  have som e physio log ical value.

R epeated  te s ts  of m ovem ent of w ater have been  done on 

iso la ted  segm ents of ileum  using n e u tra l so lu tions (Shields 

and Code, 1961). In so rp tio n  of w ater declined  up to 20% 

and by 4 h o u rs  th is  w as a t i ts  m axim um  rem ain in g  v ir tu a lly  

unchanged to 8 h o u rs . E xso rp tio n  w as v a riab le  but 

m ax im al in c re a s e s  up to 20% had o c c u rre d  by 4 h o u rs .

The p re se n t r e s u l ts  of rep ea ted  te s ts  on the duodenum  show /
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/ show no co n stan t p a tte rn  but th e  size  of the  changes a r e  I 

s lig h tly  g re a te r  than  Shields and Code (1961) found in  the  

ileu m . T his m ay  be due in  p a r t  to the te s t  so lu tion  being 

ac id ic , a s  w ell a s  to  the d iffe ren t reg io n  of the bowel used . 

That th e re  w as s t i l l  t ra n s p o r t  of w a te r in  both d ire c tio n s  

a c ro s s  the duodenal m u co sa  a t  5 h o u rs  in  our r e s u l ts  

co n firm s th a t the  physio log ica l in te g rity  of the segm ent 

w as being m ain ta ined  d esp ite  the p assag e  of tim e .

CONCLUSIONS.

1. M ethods fo r study of ab so rp tio n  of iro n  f ro m  

iso la ted  loops of canine in testin e  in  vivo have been 

e s tab lish ed .

2. C o m p ariso n  of duodenal and ile a l loops 

rev e a led  a  p a ra lle l is m  in  re sp o n se  to in c rea s in g  dose , to 

a sc o rb ic  ac id  to change of pH and in  the d u ra tio n  and 

m ax im al ra te  of ab so rp tio n . D esp ite  th is  p a ra lle l is m  

the duodenum  ab so rb ed  up to 14 tim e s  as  m uch a s  a 

co rresp o n d in g  a re a  of ileum .

3. In th e se  iso la ted  loops of in te stin e  the am ount 

of iro n  ab so rb ed  in  a 5 hour te s t  was d ire c tly  p ro p o rtio n a l 

on a  lo g /lo g  sca le  to the am ount of iro n  given. A bsorp tion  

of iro n  fro m  the te s t  solu tion  w as in c re a se d  to a s im ila r  /
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/  s im ila r  ex ten t by add ition  of 100 m g. of a sc o rb ic  ac id  o r by 

m aking the in itia l pH of the so lu tion  2 in s tead  of 7. When both 

fa c to rs  w ere  p re se n t th ey  had an  add itive effect.

4 . The ac tio n  of a sc o rb ic  ac id  in  augm enting the 

ab so rp tio n  of iro n  took p lace in  the bowel lum en and did not 

ap p ear to be due to fo rm atio n  of a  stab le  iro n  ch e la te .

5. Iro n  in  the te s t  so lu tion  becam e a ttach ed  in  an 

exponentia l fash ion  to the iso la te d  loop so th a t it  could not 

be a sp ira te d  th rough  the cannula p laced  in  the loop. The 

add ition  of a sc o rb ic  ac id  slowed the r a te  a t which the 

exponential change o c c u rre d .

6. A bsorp tion  of iro n  f ro m  a single dose continued 

fo r up to two h o u rs  in  m o st te s ts .  A fter the f i r s t  60 m in . 

the iro n  in  the bowel lum en had no fu rth e r  e f fe c t on the to ta l 

am ount of iro n  ab so rb ed , which p resu m ab ly  then  o c c u rre d  fro m  

iro n  in  o r a ttach ed  to  the bowel w all. The m ax im al ra te  of 

ab so rp tio n  of iro n  w as in  the perio d  15 to 30 m in u tes  a f te r  

p lacing the dose in  the loop.

7 . A bsorp tion  of iro n  w as not blocked by th re e  

d o ses  of up to 10 m ic ro g ra m s  of iro n  a t Z \  hour in te rv a ls . 

C essa tio n  of ab so rp tio n  of iro n  a f te r  2 h o u rs  w as due to som e 

in tra lu m in a l change in  the iro n  m aking it  unavailab le for 

ab so rp tio n .
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PLASMA LEV ELS OF RADIOACTIVE IRON AND THEIR

RELATIONSHIP TO THE ABSORPTION OF IRON.

Much d iffe ren ce  of opinion e x is ts  on the  value of 

changes in  se ru m  le v e ls  a s  a m e a su re  of the ab so rp tio n  of 

iro n  fro m  the g a s tro in te s tin a l t r a c t .  T h is sec tio n  r e p o r ts  

a  study to  c la r ify  th is  d ispu te .

MATERIAL AND METHODS.

The dogs used  in  th is  study w ere  p re p a re d  a s  ind ica ted  

on page 27, loops of sm a ll bowel being iso la te d . The p o r ta l 

vein  and fe m o ra l a r te r y  w ere  cannulated  in  20 an im als  and 

the fe m o ra l a r te r y  alone in  39. The p ro ced u re  h as  been 

d e sc rib e d  w hereby  a te s t  solu tion  containing rad io ac tiv e  iro n  

w as p laced  in  th ese  iso la ted  loops and the ab so rp tio n  of iro n  

m e a su re d  over 5 hours  (page 29). Blood sam p les 

w ere  taken  a t 30 m inute in te rv a ls  during  th is  tim e . The 

f i r s t  3 m l. of blood w ithdraw n w ere  d isc a rd e d . The next 

6 m l. w ere  tak en  w ith a  d ry  d isposab le  p la s tic  sy ringe  and 

clo tting  w as p rev en ted  with d r ie d  h ep a rin . The ra d io ­

ac tiv ity  of 2 m l. a liquo ts of p lasm a  w as m e a su re d  in  a 

th a lliu m -a c tiv a te d  sodium  iodide sc in tilla tio n  co u n te r. /

-68-
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/ co u n te r . P la sm a  w as used  in s te ad  of whole blood to avoid 

the p o ss ib le  e r r o r  of a l te re d  h ae m o c rit due to the dog lying 

im m obile  on i ts  back  th rough  the te s t  and to  e lim in a te  the 

d iffe ren ce  in  h a em o c rit betw een the p o r ta l and sy stem ic  

a r t e r i a l  sam p les  when co m p ariso n  w as m ade of the lev e ls  of 

ra d io a c tiv ity  in  th e se  sy s te m s . I t w as p e rm is s ib le  to  use 

p la sm a  a s  the  sm a ll am ounts of iro n  ab so rb ed  would a ll  be 

bound to  the  iro n -c a r ry in g  p la sm a  p ro te in , t r a n s f e r r in .  The 

dogs w ere  exsanguinated  a t the  end of the te s t  and the  liv e r  

an a ly sed  fo r rad io ac tiv e  iro n . In 20 c a se s  sp ec im en s of 

lungs and h e a r t  w ere  s im ila r ly  exam ined.

In one dog a cannula w as in se r te d  into the in fe rio r  

vena cava v ia  the le ft fe m o ra l vein  and p laced  so th a t i ts  

open end w as a t the lev e l of the hepatic  v e in s . In addition , 

the p o r ta l v e in  and the r ig h t fe m o ra l a r te r y  w ere  cannulated  

along w ith the iso la tio n  of a duodenal loop in  the u su a l m an n e r. 

J u s t  p r io r  to c losing  the abdom inal cav ity  the hepatic  a r te r y  

w as liga ted  a t the p o rta  h ep a tis . Any m o re  p ro x im al s ite  

of liga tion  would not have occluded a ll  the a r te r ia l  supply to 

the liv e r  (G rindlay  e t a l . , 1951). Two m ic ro g ra m s  of f e r r ic  

(Fe59) iro n  w ith 100 m g. a sco rb ic  ac id  in  50 m l. T y ro d e ’s 

solu tion  a t an  in itia l pH of 2 w ere  p laced  in  the loop. Blood 

sam p les  w ere  taken  ev ery  15 m inu tes  fo r 90 m in u te s . At the /



-70 -

/ th e  end of th is  tim e  the dog w as exsangu inated  th ro u g h  a  ca ro tid  

cannula and sp ec im en s of the  l iv e r  obtained  a t n ec ro p sy .

H epatic  blood flow in  the a n a e s th e tise d  dog w as 

a ssu m ed  a s  25 m l. p e r Kg body w eight p e r m inute  and 15 m l. 

p e r Kg body w eight p e r m inute a f te r  lig a tio n  of the hepatic  

a r te r y  (G rind lay  et a l . , 1941). T hese f ig u re s  a re  low er 

than  in  the u n an aes th e tised  dog although the hepatic  a r t e r i a l  

c irc u la tio n  m ak es a s im ila r  con tribu tion  to the to ta l hepatic  

bloodflow w hich is  about 39 m l. p e r m in . p e r Kg body w eight 

and a f te r  lig a tio n  of the hepatic  a r te r y  fa lls  to about 32 m l. 

p e r  Kg body w eight p e r m in . (B ollm an et a l . , 1953).

P la sm a  volum e w as tak en  as 4% of the body w eight 

(von P o ra t,  1951). T his value is  a t the low er lim it of 

n o rm a l to allow  fo r the slig h t blood lo ss  a t o p era tio n  and 

fo r the volum e of the sam p les obtained in  the co u rse  of the 

te s t .

RESULTS.

The am ount of rad io ac tiv e  iro n  in  the p la sm a  

in c re a se d  rap id ly  to re a c h  a  m axim um  90 m in u tes  a f te r  the  

iro n  w as p laced  in  the bow el. (F ig . 32). The m ax im al 

lev e l o c c u rre d  w ithin 120 m in u tes in  54 of 57 e x p e rim en ts .

A s ign ifican t c o rre la tio n  w as found betw een th is  peak 

p lasm a  rad io ac tiv ity  and the am ount of iro n  /
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R adioactive iro n  (Fe 59) in  p la sm a  during  ab so rp tio n  of 
iro n  fro m  iso la te d  duodenal loops (m ean of 23 dogs) 
showing m ax im al lev e l 90 m in u tes  a f te r  p lacing iro n  in

the loops.
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/ i r o n  ab so rb ed  in  23 te s ts  w ith single duodenal loops 

(r = 0 .8 9  P  4L0.001 F ig . 33). The re g re s s io n  coeffic ien t 

w as 0 .7 3  (1 0 .083  S .E . ) ind icating  th a t about 3 /4  of the 

i ro n  ab so rb ed  over a five hour perio d  w as in  the p lasm a  

about 90 m in u tes  a f te r  placing the rad io ac tiv e  iro n  in  the 

bow el. C lose an a ly s is  of individual r e s u l ts  re v e a led  th a t 

the  am ount of rad io ac tiv e  iro n  in  the p la sm a  would not 

have been  a  re lia b le  index of ab so rp tio n  of iro n  in  9 out 

of the  23 te s ts .  This is  b es t seen  by exam ination  of the 

r e s u l ts  e x p re sse d  a s  a p ercen tag e  of the am ount of iro n  

g iven  (F ig . 34). When le s s  than  4% of the dose ap p eared  

in  the  blood the range  of ab so rp tio n  of iro n  w as fro m  0. 2 to 

15.7% .

An a ttem p t was m ade to e s tim a te  the d isap p earan ce  

r a te  of rad io ac tiv e  iro n  fro m  the p lasm a  using the p a r t  of 

the cu rv e  a f te r  ab so rp tio n  of iro n  fro m  the loop a s  m e a su re d  

by in  vivo sc in tilla tio n  counting had stopped, th a t is ,  around 

120 m in u te s . Although the m ean  lev e ls  of rad io ac tiv e  iro n  

in  the p lasm a  showed an exponential r a te  of 0.587%  p er m in .,  

(F ig . 35) the indiv idual cu rv es  w ere  v e ry  v a r ia b le , only 

13 of the 23 approxim ating  to exponential r a te s .  Evidence 

of the ac c u ra c y  of the exponential d isap p e aran ce  of the /
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C o rre la tio n  betw een the  m ax im al am ount of rad io ac tiv e  
iro n  in  the p la sm a  and the  am ount of iro n  ab so rb ed  fro m  
iso la ted  duodenal loops in  23 dogs. The 95%confidence 

lim its  a r e  shown.
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C o rre la tio n  of m ax im al am ount of rad io ac tiv e  iro n  in  
the  p la sm a  and the  am ount of iro n  ab so rb ed , f ro m  23 
iso la te d  duodenal loops, both am ounts e x p re sse d  a s  a  

p e rcen tag e  of the  dose .
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S em ilogarithm ic  plot of the m ean  p lasm a  le v e ls  of 
rad io ac tiv e  iro n  in the p la sm a  during  ab so rp tio n  of 
iro n  f ro m  iso la te d  duodenal loops in  23 dogs, show* 
ing an  exponential d isap p earan ce  r a te  of iro n  fro m  
the p la sm a  (Half tim e  118 m in: r a te  0.587%  m in .)  
and an  exponential r a te  of ap p earan ce  of iro n  in  the 
p la sm a  (Half tim e  38 m in ; r a te  1. 82% m in .)
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/ th e  m ean  le v e l of ra d io ac tiv e  iro n  in  the p la sm a  w as found 

when the  line  w as ex trap o la ted  back to  z e ro . The in c re a s in g  

v a lu es  of p la sm a  F e  59 in  the f i r s t  90 m in u tes  w ere  sub­

tra c te d  fro m  th is  line and the re su lta n t  re a d in g s  showed an 

exponential p a tte rn  (F ig . 35). T h is ind ica ted  th a t ab so rp tio n  

into the  blood w as exponentia l. The r a te  w as a lm o st id en tica l 

to  th a t found fro m  the d ire c t  sc in tilla tio n  coun ter p laced  over 

the loop. (1. 82% p e r m in . , and 2.05%  p er m in . , re sp e c tiv e ly ) .

In 20 ex p erim en ts  the rad io a c tiv ity  of p la sm a  

s im u ltan eo u sly  obtained fro m  the p o r ta l ve in  and fro m  the 

fe m o ra l a r te r y  was com pared . The ra tio  of the p o r ta l to the 

fe m o ra l lev e l w as e x p re sse d  as  a p ercen tag e  and was 

s ign ifican tly  g re a te r  than  100% at 30, 60 and 90 m in u tes  

(Table DC, F ig . 36). This ind icated  a h igher lev e l of r a d io ­

ac tiv ity  in  the p o r ta l p la sm a  a t th ese  t im e s . The rad io ac tiv e  

iro n  in  the liv e r  a t the end of the 5 hour te s t  w as alw ays le s s  

than  the am ount ca lcu la ted  fro m  the a r te r io -v e n o u s  

d iffe ren ce  and the a ssu m ed  hepatic  bloodflow. No ap p rec iab le  

rad io ac tiv ity  w as in the lungs o r m yocard ium .

The d iffe ren ce  betw een p o rta l, venous and sy stem ic  

a r te r ia l  rad io a c tiv ity  w as d im in ished  in  the ex p erim en t in  

w hich the hepatic  a r te r y  w as liga ted  (F ig . 37). The am ount /



T im e a f te r  I ro n  ! 
g iven 
(m in .)

M ean % R atio  
P o r ta l /F e m o ra l  

R ad ioac tiv ity

D ifference  fro m  E qua lity  
(20 T ests) 

t  P

30 114. 8 + 3 .51 4 .21 < 0 .001

60 103.4 ± 1 .0 2 3. 33 < 0 .01

90 103.4 t  1.01 3 .37 < 0 .01

120 100.7 ± 0 .6 4 1.09 < 0 .3

150 99 .2  + 0 .70 1.14 < 0 .3

180 100.7 ± 0. 98 0 .71 < 0 .5

240 99 .6  1 1 .02 0 .3 9 < 0. 8

300 100.0 ± 1 .09 0 -

TABLE DC.

C om parison  of the rad io ac tiv ity  in  the p o r ta l and sy stem ic  
a r te r ia l  c ircu la tio n s  during  the ab so rp tio n  of iro n  fro m  

iso la ted  in te s tin a l loops in  20 dogs.



Portal 110 -i
A r t e r i a l  

Ra dio ac t iv i t y  10 0 
7.

P l a s m a

Fe59

c o u n t s  / 
second 
per ml

3 0 - ,

2 0 -

O  —-O P O R T A L  V E I N

F E M O R A L  A R T E R Y

0 3 0 6 0 9 0 120 150 180 2
m i n u t e s

FIG* 36.

R ad ioac tiv ity  (Fe 59) in  p la sm a  fro m  p o rta l ve in  
and r ig h t fe m o ra l a r te r y  during  ab so rp tio n  of iro n  
f ro m  iso la ted  in te s tin a l loops in  dog S499» The 
r a t io 's  of p o r ta l  to  fe m o ra l rad io ac tiv ity  a re  shown.
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R ad ioac tiv ity  (Fe 59) in  p lasm a  fro m  p o rta l and hepatic  
ve in s  and fro m  fe m o ra l a r te r y  during  ab so rp tio n  o r iro n  
fro m  iso la ted  duodenal loop a f te r  lig a tio n  of hepatic  

a r te r y  in  dog G 1.
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/ am ount of rad io ac tiv e  iro n  in  th e  l iv e r  a t the end of 90 

m in u tes  w as le s s  than  the p o r ta l - Mh ep a tic u ve in  d iffe ren ce  

m u ltip lied  by the  e s tim a te d  hepatic  blood flow (17% of the  

dose a s  co m p ared  w ith  85%). A llow ance w as m ade fo r the 

lig a tio n  of the  hepatic  a r te ry .

DISCUSSION.

The in c re a se  of the m ean  lev e l of rad io ac tiv e  iro n  

in  th e  p la sm a  to a m axim um  w ithin 1-j to 2 h o u rs  a f te r  

placing the iro n  in  the iso la te d  loop is  s im ila r  to th a t found 

both in  m an  (W asserm an  et a l . , 1952; P e te rso n  and 

E ttin g e r , 1953; Bothw ell et a l . , 1955) and in  an im als  (Copp 

and G reen b erg , 1946; S tew art and G am bino, 1954), T his 

a lso  conform s with the finding in  the p rev io u s sec tio n  tha t 

a lm o st a l l  the ab so rp tio n  of iro n  tak es  p lace  in  the f i r s t  

2 h o u rs .

The exponential d isap p earan ce  ra te  of the ra d io ­

ac tiv e  iro n  fro m  the p lasm a is  s im ila r  to th a t p rev io u sly  

d e sc rib e d  in  dogs (S tew art and G am bino, 1954). The 

d e riv a tio n  fro m  th is  exponential r a te  of an ap p earan ce  ra te  

of rad io ac tiv e  iro n  into the p lasm a which is  the sam e a s  the 

ra te  of d isap p earan ce  of rad io ac tiv e  iro n  fro m  the iso la te d  

loop co n firm s the v a lid ity  of the r e s u l ts .  D esp ite  th e se  /
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/ th e s e  find ings, a  lack  of u n ifo rm ity  is  seen  when ind iv idual 

te s ts  a r e  exam ined . J u s t  over half of the  cu rv e s  of F e  59 

in  th e  p la sm a  have an  exponentia l p a tte rn . This m ay  in d ica te

lim ita tio n s  of the ex p e rim en ta l techn ique . On the  o th e r hand,

it  is  in  keeping w ith the  findings of H allberg  and Solvell (I960) 

in  m an . T hese  w o rk e rs  found th a t the exponential 

d isap p e a ran ce  r a te  fro m  the blood of in trav en o u sly  in jec ted  

iro n  w as a lte re d  during  ab so rp tio n  of iro n  fro m  the g a s tro ­

in te s tin a l t r a c t .

The w e ll-re c o g n ise d  d ifficu lty  of using the  a lte ra tio n s  

of the p la sm a  lev e l of a substance to e s tim a te  its  ab so rp tio n  

fro m  the  a lim e n ta ry  canal s tem s fro m  the  fac t th a t m o re  

th an  one p ro c e ss  a ffec ts  the p lasm a  le v e ls ; not only the 

in take fro m  the gut but a lso  the outflow in  to the tis su e s .

M uch d isc u ss io n  has tak en  p lace in  the  p as t about the value 

of se ru m  iro n  lev e ls  in  es tim atin g  the ab so rp tio n  of iro n  

(L au re ll, 1952). M ore rec e n tly , Bothw ell and co -w o rk e rs

(1955), using rad io ac tiv e  iro n , concluded th a t the am ount 

of iro n  in  the blood was a re lia b le  index of the am ount 

ab so rb ed  in  only half of the p a tien ts  exam ined. The p re se n t 

study rev ea le d  a  sign ifican t re la tio n sh ip  betw een the m ax im al 

am ount of rad io ac tiv e  iro n  in  the p la sm a  and the am ount of /
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/o f  i ro n  ab so rb ed  in  5 h o u rs . T h is c o r re la t io n  m ay  be 

uncovered  due to the  avoidance of the v a r ia b ili ty  of g a s tr ic  

em ptying and of in te s tin a l m o tility , due to the sh o rt p erio d  

o v er w hich the a b so rp tio n  of iro n  is  being m e a su re d  and to 

the  s tr ic t ly  co n tro lled  lo ca l condition  in  the iso la te d  loops 

of in te s tin e . H ow ever, the m ax im al lev e l of rad io ac tiv e  

iro n  in  the p la sm a  gave a re lia b le  guide to  the am ount of 

iro n  ab so rb ed  only when m o re  than  4% of the  dose ap p eared  

in  the p la sm a . S im ilar to the hum an s tu d ies , i ts  value in 

indiv idual c a se s  is  lim ited  but in  th is  s e r ie s  the lim ita tio n  

is  c le a r ly  defined.

C o m p ariso n s of the rad io a c tiv ity  in  the p o r ta l 

venous and sy stem ic  c irc u la tio n s  have shown th a t the form e r  

w as sign ifican tly  g re a te r  fo r 90 m in u tes  a f te r  the a d m in is tra ­

tion  of iro n . T his ag reed  w ith the findings of Neander and 

V alqu ist (1949) who com pared  lev e ls  of se ru m  iro n  in  

p o r ta l venous and in fe r io r  vena caval blood in  ra b b its  a f te r  

in tra g a s tr ic  in fusion  of iro n . They suggested  th a t th is  

d iffe ren ce  ind icated  that the liv e r  w as taking up iro n . This 

conclusion  was supported  by Schafer and B rey e r (1956) who 

e s tim a ted  the lev e ls  of iro n  in  the se ru m  of p o r ta l and 

sy stem ic  blood in dogs. On the c o n tra ry , Je n se n  e t a l . ,

(1956) did not d em o n stra te  any d iffe ren ce  betw een hepatic  /



-77-

/  blood.

CONCLUSIONS.

1. The m ax im al le v e l of rad io ac tiv e  iro n  in the p la sm a  

during  ab so rp tio n  of iro n  f ro m  iso la ted  in te s tin a l loops 

c o r re la te d  w ith the am ount of iro n  ab so rb ed . It p rovided

a m e a su re  of ab so rp tio n  of iro n  in  over half the te s ts .

2. The g re a te r  rad io a c tiv ity  in  the  p o rta l venous than  

in  the sy stem ic  a r te r ia l  c irc u la tio n  during  the f i r s t  90 

m in u tes  a f te r  p lacing rad io ac tiv e  iro n  in  the iso la ted  

in te s tin a l loop w as due to d ilu tion  of the p o r ta l blood by 

the hepatic  a r te r ia l  and vena caval blood and to rem o v a l of 

iro n  fro m  the p o r ta l blood by the l iv e r .
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ABSORPTION OF IRON FROM THIRY- VELLA

FISTULAE IN DOGS.

In the f i r s t  sec tio n  m ethods w ere  e s ta b lish ed  fo r 

e s tim atin g  the ab so rp tio n  of iro n  fro m  iso la ted  loops of 

in te s tin e  in  a  s e r ie s  of acu te  ex p erim en ts  in  dogs. T hese 

findings have now been applied  to ch ron ic  T h iry -V e lla  

f is tu la e . P rev io u s  w ork  has been done w ith such 

f is tu la e  in  dogs in  an  a ttem p t to e s tim a te  the am ount of 

rad io ac tiv e  iro n  ex c re ted  into the bowel a f te r  o ra l 

a d m in is tra tio n  (S ale ra  et a l . , 1956). The p o ss ib ility  of 

obtaining re p ea tab le  e s tim a tio n s  of the ab so rp tio n  of 

iro n  fro m  chron ic  T h iry -V e lla  f is tu la e  has been 

exam ined. The effect of vary ing  do ses  of a sc o rb ic  ac id  

and of change of pH on th is  ab so rp tio n  have a lso  been 

studied .

MATERIALS AND METHODS.

T h ir ty  te s ts  w ere  done on four healthy  m o n g re l 

dogs weighing 8 .5  to  13 Kg. They w ere  fed on s tan d ard  

kennel d ie t and m ain ta ined  th e ir  w eight throughout the /

-78-
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/ th e  p e rio d  of te s tin g . In each , an  a c c u ra te ly  m e a su re d  

loop of duodenum  w as se p a ra te d  fro m  the r e s t  of the 

a lim e n ta ry  t r a c t  and both ends brought out th rough  m u sc le  

sp litting  in c is io n s  to the r ig h t of the m id line  w here 

p erm an en t s to m ata  w ere  fash ioned  by su tu ring  the m ucosa  

to the sk in . The openings in  the m u sc le  and fa sc ia  w ere  

m ade sm a ll to fa c ilita te  the c losing  of the s to m ata  w ith 

balloons during  te s ts  of ab so rp tio n  of iro n . The 

con tinu ity  of the gut w as r e -e s ta b lis h e d  by an en d -to -en d  

a n as to m o s is . F u ll d e ta ils  of the o p era tiv e  p ro ced u re  

a r e  on page 90. Ten to 12 w eeks a f te r  th is  o p era tio n  

te s ts  of ab so rp tio n  of iro n  w ere  begun. T e s ts  w ere  at 

le a s t  3 days a p a r t .

The loops w ere  kept healthy  and f re e  fro m  c e llu la r  

d e b r is  by tw ice w eekly lavage and d is ten s io n  w ith 

physio log ical sa line  a t 37oC. The loop capacity , w ithout 

the dog showing signs of d isco m fo rt, w as 40 to 50 m l.

The ir r ig a tio n  o r p lacing of te s t  so lu tions into the T h iry - 

V ella  fis tu lae  w as done th rough  m odified  No. 16F gauge /
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/ gauge F o ley  c a th e te rs  (Code e t a l . , I960) which had a 

5 m l. balloon p laced  16 cm . fro m  the tip  in  lieu  of the 

u su a l te rm in a l balloon. The p a r t  of the c a th e te r  d is ta l 

to the 5 m l. balloon had m u ltip le  p e rfo ra tio n s  fo r ease  

in  w ithdraw al of in te s tin a l co n ten ts . A fter in se r tio n  of 

the c a th e te r  the balloon w as in fla ted ; then, by w ith ­

draw ing the  c a th e te r , the  balloon w as p re s s e d  ag a in s t 

the in sid e  of the stom a so obtaining a w a te rtig h t s e a l.

The o th er stom a w as blocked in  a s im ila r  m an n er w ith a 

s tan d a rd  No. 16F gauge F o ley  ca th e te r  (F ig . 38a). In 

each  te s t  the f is tu la  w as ir r ig a te d  w ith T y ro d e 's  so lu tion  

a t 37°C un til the re tu rn in g  fluid w as c le a r ;  30 m in u tes  

la te r ,  25 m l. of te s t  so lu tion  w ere  p ipetted  into a  sy ringe 

and put in  th rough  the indw elling c a th e te r . The te s t  

so lution contained 10 m ic ro g ra m s  of f e r r ic  iro n , 

including the  rad io ac tiv e  lab e l of 5 to 10 m ic ro c u r ie s  of 

F e  59, in  25 m l. T y ro d ers solu tion  a t 37oC and a t  pH 2 

or 7. D ueterium  oxide 0. 2 m l. w as used  a s  a  lab e l 

fo r the w a te r . In som e c a se s  v a ry in g  am ounts of 

a sc o rb ic  acid  fro m  1 to 100 m g. w ere  added, /
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FIG . 38 (a).

S c in tilla tion  c ry s ta ls  m ounted over T h iry  V ella 
f is tu la  of duodenum  during  te s t  of ab so rp tio n  of 
iro n  showing 2 Nal c ry s ta ls  w ith lead  sheathing 
p ro tec ted  by cellophane fro m  acc id en ta l con­
tam in a tio n . The s tom ata  of the f is tu la  a re  
occluded w ith balloons which a re  held f irm ly  
in  position  by c lam ps applied  to the c a th e te r  s.
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/ added. In  two te s t s  ju ice  se c re te d  by in n erv a ted  canine 

g a s tr ic  co rp u s  pouches in  re sp o n se  to a  m e a l of m e a t w as 

u sed  to  m ake the  te s t  so lu tion . The pH w as ad ju sted  to 2 

w ith  h y d ro ch lo ric  ac id . A fter the  te s t  so lu tion  had been  

p laced  in  the  loop, sp ec im ens w ere  tak en  in  som e te s ts  at 

15, 30, 60 and 90 m in u tes  and pH m e a su re m e n ts  m ade.

The te s t s  la s te d  120 m in u tes . In one te s t  the loop was 

em ptied  of iro n -co n ta in in g  flu id  a t 30 m in u tes  and then  

ir r ig a te d  w ith  100 m l. T y ro d e 's  so lu tion . A bsorp tion  

w as follow ed during the rem ain in g  90 m in u tes  of the te s t .  

The d o g 's  te m p e ra tu re , m e a su re d  on a r e c ta l  th e rm o m e te r , 

w as m ain ta ined  a t 37 to 39°C with the aid  of an e le c tr ic  

b lanket, a s  a  fa ll in  body te m p e ra tu re  can  affec t in te s tin a l 

ab so rp tio n  (Lind, I960).

The ab so rp tio n  of iro n  w as e s tim a ted  by two 

d ire c t-w ritin g  sc in tilla tio n  co u n te rs  fixed over the loop 

(F ig s . 38a and b). T his m ethod, using only one coun ter, 

has  been  shown to  give a  good e s tim a te  of the am ount of 

iro n  ab so rb ed  (page 39 ). The te s t  perio d  was two hours  

s ince it  has  been seen  th a t the ab so rp tio n  of iro n  has 

a lm o st com plete ly  stopped by th is  tim e  in  m o st c a se s  

(page 45 ). Two sc in tilla tio n  co u n te rs  w ere  U3ed /



FIG . 38 (b).

S cin tilla tion  co u n te rs  m ounted over T h iry  V ella 
f is tu la  of duodenum  during te s t  of ab so rp tio n  of 
iro n . R a te m e te rs  and re c o rd e r s  fro m  in  vivo 

sc in tilla tio n  co u n te rs  a re  shown.
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/u s e d  to obviate any d isc re p a n c y  in  the rec o rd in g  due to 

m ovem ent of the  loop re la tiv e  to  the c ry s ta l .  F o r  the 

sam e re a so n , ligh t a n a e s th e s ia  w as m ain ta in ed  th roughout 

the te s ts  w ith in trav en o u s sodium  p en tobarb itone .

The d u e te riu m  oxide content of the te s t  so lu tion  and 

of the  15 m in . sam ple of bowel fluid w ere  e s tim a ted  on the 

m a ss  sp e c tro m e te r  (Solom ons e t a l . , 1950; Code et a l. , 

1954) a t in te rv a ls  throughout the  s e r ie s  of t e s t s .  The 

b id irec tio n a l r a te s  of m ovem ent of w ater w ere  ca lcu la ted  

using  the  fo rm u la  of V issc h e r  and c o -w o rk e rs  (1944).

T hese  e s tim a tio n s  w ere  done in  o rd e r  to p rov ide a guide 

w hether the function of the iso la ted  loops of bowel changed 

fro m  te s t  to te s t .

R egu lar e s tim a tio n s  w ere  m ade of haem oglobin, 

packed ce ll volum e and se ru m  iro n . At the com pletion  

of the s e r ie s  of te s ts  the dogs w ere  subm itted  to autopsy.

RESULTS.

The m ethod w as found to be re p ro d u c ib le  in  tha t 

rep e a ted  es tim a tio n s  in  the sam e an im al d iffered  by 12% 

at the m o st w ith  a S. E , M. of around 2% (Table X),

The am ount of iro n  ab so rb ed  fro m  th ese  chron ic  

T h iry  V ella  f is tu lae  did not d iffer s ign ifican tly  fro m  tha t /



Dog
No. of 

R eadings

A bso rp tio n  of Iro n  % D ose

M ean Range S. E . M.

P455 6 31.01 25. 6 - 37. 1 1.67

P777 4 16.78 14.0 -  19.2 1.25

P779 6 27. 81 2 5 .0  - 32. 1 1 .59

; SI 92 4 14. 12 11.2  - 18 .9 2 .0 6

TABLE X.

P e rcen tag e  ab so rp tio n  of iro n  in  rep ea ted  te s ts  
using 10 m ic ro g ra m s  f e r r ic  iro n  plus 100 m g. 
a sc o rb ic  ac id  a t pH of 2 in  ch ron ic  T h iry  V ella  

f is tu lae  in  4 dogs.
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/ th a t  in  the  acu te  iso la te d  loops (Table XI). The add ition  of 

a sc o rb ic  ac id  gave a g raded  in c re a se  in  the ab so rp tio n  of 

iro n  w hich lev e lled  out a t 10 to 20 m g. (F ig . 39, Table XII).

As with the acu te ly  p re p a re d  loops, the add ition  of 

a sc o rb ic  ac id  a t pH 7 gave the sam e ab so rp tio n  of iro n  as  

changing the pH to 2. A lso, a sc o rb ic  acid  a t pH 2 re su lte d  

in  doubling of ab so rp tio n  of iro n  (F ig . 40). Making the 

t e s t  so lu tion  in  canine g a s tr ic  ju ice  gave no in c rem en t of 

ab so rp tio n  of iro n  above th a t fro m  a s im ila r  solu tion  in  

Tyrode*s so lu tion  a t the sam e pH, nam ely  2. When ra d io ­

ac tive  iro n  w as rem oved  a t 30 m in u tes  the ab so rp tio n  

of iro n  p roceeded  up to 120 m in u te s  fro m  th a t le ft a ttach ed  

to the loop. The to ta l am ount ab so rb ed  was a lm o st 

id en tica l to th a t when the iro n  containing fluid w as left 

u n d istu rbed  in  the bowel during  the whole two h o u rs  (2. 58 

m ic ro g ra m s  a s  com pared  with 2 .50  m ic ro g ra m s). In 3 

of the 4 dogs the iro n  ab so rb ed  by the duodenal loop alone 

was fro m  about one half to n e a rly  tw ice the am ount ab so rb ed  

by the r e s t  of the bowel which w as s ti l l  in  continuity  (Table 

X III).

No sign ifican t change in  the r a te s  of w ater m ovem ent 

w ere  found during the period  of te s tin g  and haem oglobin, /



T h iry  V ella A cute Loops

No. of 
te s ts

M ean % 
ab so rp tio n

No. of 
te s ts

M ean % 
ab so rp tio n

10 m ic ro g ra m s  
iro n  a t pH 2 + 
Vit C

10 23.81%
+ 2 .5 0

4 18.07%
+ 3 .29*

Diff 5 .7 4  + 4 .49**  

t  1 .278  

P  < 0 . 3

* S. E . M. ** S. E . M. Diff

TA BLE XI.

C om parison  of ab so rp tio n  of iro n  fro m  a  te s t  so lu tion  a t 
pH 2 w ith a sco rb ic  ac id  p laced  in  acu te ly  iso la ted  duo­
denal loops o r in  ch ron ic  duodenal T h iry  V ella  f is tu lae .
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FIG . 39.

E ffect of v a rio u s  d o ses  of a sc o rb ic  ac id  on the 
ab so rp tio n  of 10 m ic ro g ra m s  of f e r r ic  iro n  fro m  
T h iry  V ella  f is tu lae  of the  duodenum  ex p ressed  
a s  p ercen tag e  of the ab so rp tio n  a t a  dose of 100 

m g. a sc o rb ic  ac id .



% A b so rp tio n  of Iro n

A sco rb ic
ac id
m g. 0 1 2 5 10 20 100

P455 18 .8
(58)*

10.7
(33)

18.3
(57)

2 3 .6
(74)

- 32. 6 
(105)

31 .0
(100)

P779 10 .8
(39)

10. 1 
(36)

2 1 .8
(79)

2 5 .0
(90)

32 .0
(115)

- 27. 8 
(100)

SI 92 5 .3
(38)

8 .9
(63)

11.3
(80)

11.7
(83)

14. 1 
(100)

* F ig u re s  in  b ra c k e ts  denote ab so rp tio n  of iro n  a t v a ry ­
ing dose of a sco rb ic  acid  e x p re sse d  as  a p ercen tag e  

of the ab so rp tio n  a t a  dose of 100 m g. a sc o rb ic  a d d .

TABLE XII.

E ffect of vary ing  d o ses  of a sc o rb ic  acid  on p ercen tag e  
ab so rp tio n  of iro n  fro m  chron ic  T h iry  V ella  f is tu lae  in

3 dogs.
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FIG . 40.

P e rcen tag e  ab so rp tio n  of 10 m ic ro g ra m s  f e r r ic  iro n  
f ro m  iso la ted  T h iry  V ella  f is tu lae  of the duodenum  in  

4  dogs w ith v a rio u s  te s t  so lu tions.



Dog
T e st

C onditions

A, F  ro m  
Iso la ted  D uodenal 

Loops

B. F ro m  
R em ainder 

of Gut
A
B

P455 pH 2 18. 8 10.0 180

pH 2 
V it C

31.0 26 .0 119

P777 pH 2 3 .0 4 3 .0 7

pH 2 
Vit C

16.8 59 .5 28

P779 pH 2 10 .8 24 .0 46

pH 2 
Vit C

27. 8 51 .0 54

SI 92 pH 2 
Vit C

14.1 32.0 44

TABLE XIII

C om parison  of percen tag e  of ab so rp tio n  of rad io ac tiv e  
iro n  fro m  iso la ted  duodenal loops and fro m  the r e s t  of 

the a lim e n ta ry  t r a c t  in  4 dogs.
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/ haem oglobin , packed c e ll volum e and se ru m  iro n  showed 

sm a ll f lu c tu a tio n s  w ithin the n o rm a l ran g e . At au topsy  the 

m u sc u la r  la y e rs  of the iso la te d  loops w ere  som ew hat 

f ib ro se d . H isto log ica l exam ination  showed no ab n o rm a lity  

of the m u co sa l la y e r .

DISCUSSION.

The s im ila r i ty  betw een the re s u l ts  obtained f ro m  

the acu te  iso la te d  loops and the chron ic  T h iry  V ella  f is tu lae  

is  in  ag reem en t w ith th a t found by Code and c o -w o rk e rs  (I960) 

when using the sam e p re p a ra tio n s  to study ab so rp tio n  of 

w ater and e le c tro ly te s .

A m ounts of a sc o rb ic  acid  fro m  1 to 20 m g. showed 

an in c reas in g  effect in  augm enting the ab so rp tio n  of iro n  fro m  

the T h iry  V ella  f is tu lae  but th e re  was only a sm all fu rth e r  

in c re a se  up to 100 m g. If th is  prom oting effect w ere  due to 

fo rm atio n  of a  f e r r ic  a sc o rb a te  alone, 0. 2 m g. of a sco rb ic  

ac id  would be enough to com bine with 10 m ic ro g ra m s  of iro n . 

H ow ever, no in c re a se  over co n tro l ab so rp tio n  o c c u rre d  a t a 

lev e l of 1 m g. Thus, an ex cess  of a sc o rb ic  ac id  is  needed, 

e ith e r because  a chela te  can  only be fo rm ed  in such conditions 

or because the reducing  p o w e r | of a sc o rb ic  acid  is  the
s

effective m ech an ism . The la t te r  explanation seem s likely , /



/ l ik e ly ,  s ince the  in c re a se  in  a b so rp tio n  of iro n  con tinues 

to a  dose of 10 to 20 m g, of a sc o rb ic  ac id , an  e x c e ss  of 50 

to 100 tim e s  the  th e o re tic a l am ount fo r che la tio n . H ow ever, 

i t  m ay  be th a t both ch ela tio n  and reducing  pow er o p e ra te  in  

conjunction . The ab so rp tio n  of iro n  by the T h iry  V ella 

segm ent w as fro m  one half to n e a r ly  tw ice th a t of the sam e 

dose g iven v ia  an in tra g a s tr ic  tube in  3 o r 4 dogs. In view 

of the  sm a ll a r e a  of the sep a ra ted  loop it m ight ap p ear tha t 

th is  iso la te d  duodenal m ucosa  had a m uch g re a te r  ab so rp tiv e  

cap ac ity  p e r unit a r e a  than  the r e s t  of the bow el. F a c to rs  

in c reas in g  the ab so rp tiv e  power of the iso la ted  bowel would 

be cleaning befo re  te stin g  which would rem ove any d e b r is  

tha t m ight in  the o rd in a ry  way becom e a ttached  to the iro n : 

a lso , the exclusion  of the p an crea tic  se c re tio n  fro m  the loop 

would in c re a se  ab so rp tio n  (T aylor et a l . , 1935; G illm an  et 

a l .  , 1947; Kinney et a l . , 1955; K aufm an et a l . , 1958). On 

the o ther hand, the sc in tilla tio n  coun ter m ea su rem e n t does 

not allow  fo r the p o ssib ility  of iro n  w hich becam e attached  

to the gut w all being ab so rb ed  a f te r  the two hour p eriod .

T his would tend to coun terbalance the above 2 fa c to rs .

A nother explanation for the ap p aren t d ifferen ce  in 

ab so rp tiv e  cap ac ity  betw een th ese  p a r ts  of the bowel is  /
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/ is  th a t the  iro n  re m a in s  av a ilab le  fo r ab so rp tio n  only fo r 

a  re la tiv e ly  sh o rt tim e  a s  has been shown in  the ex p e rim en ts  

in  the  acu te ly  p re p a re d  iso la ted  loops. T his would m ean  

th a t only a  lim ited  a r e a  of bowel would be re ach ed  by the 

iro n  in  a  s ta te  in  w hich it could be ab so rb ed . T h e re fo re , the 

iso la ted  loop was not, in  fac t, being com pared  w ith the 

re m a in d e r  of the bowel in  continuity  but w ith a sm a lle r  a r e a  

dependent on m any fa c to rs  including m o tility  of the in te s tin e  

and d u ra tio n  of av a ilab ility  of iro n  fo r ab so rp tio n .

The question  a r is e s  w hether the m ucosa  of th is  

iso la ted  loop can  be co n sid e red  to be physio log ical e sp e c ia lly  

in  view  of the tendency  fo r the m u scu la r coat to co n trac t, 

although th is  was m in im ised  by re g u la r  lavage and d is ten s io n . 

In addition , re c e n t w ork in  the r a t  has suggested  th a t the 

c irc u la tio n  of an  iso la ted  je ju n a l loop (T h iry  F is tu la ) changes 

to d iv e r t blood away fro m  the m ucosa  w ithin 30 to 60 days 

a f te r  the loop being iso la ted  (N ylander and O lerud, 1961). 

These p ossib le  shortcom ings a re  unavoidable in a sep a ra ted  

loop of bowel but fro m  th e ir  n a tu re  would have com bined to 

give a  d im inution  in  ab so rp tio n  of iro n . Thus, our findings, 

if anything, m ay  not re f le c t the fu ll cap ac ity  of the duodenal 

m u co sa , although they  ag ree  w ith the re s u l ts  in the acu te  

iso la ted  loops. /
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/lo o p s .

No e x tra  fa c to r  w as found in  g a s tr ic  ju ice  to  p rom ote  

ab so rp tio n  of iro n  com p arab le  to the ac tio n  of in tr in s ic  

fa c to r  in  the  ab so rp tio n  of V itam in  B. 12.

CONCLUSIONS.

A rep ro d u c ib le  m ethod has been e s ta b lish ed  fo r 

m easu rin g  ab so rp tio n  of iro n  fro m  T h iry  V ella  f is tu lae  in  

the dog. This ab so rp tio n  did not d iffer s ig n ifican tly  fro m  

th a t in  acu te ly  p re p a re d  iso la ted  loops.

The ac tio n  of a sco rb ic  acid  in  in c re a s in g  ab so rp tio n  

of iro n  is  not so le ly  due to fo rm ation  of a  ch e la te . Iro n -  

containing solu tion  in  the bowel lum en c e a se s  to have a 

m a te r ia l  influence on ab so rp tio n  of iro n  a f te r  30 m in u tes .
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THE IMPORTANCE OF THE DUODENUM IN THE

ABSORPTION OF IRON IN THE DOG.

A s noted in  the in troduction , the duodenum  is  thought 

by m any to  be the s ite  of m ax im al ab so rp tio n  of iro n  and 

when it i s  b y -p assed  a f te r  g a s tr ic  o p era tio n s  its  lack  is  

thought to con trib u te  to the o ccu rren ce  of an aem ia .

Supporting evidence on th is  concept in  the dog com es m ain ly  

f ro m  the R o c h e s te r , N. Y. group, using anaem ic dogs w ith 

to ta l g a s tr ic  pouches or with je junal f is tu lae  (Hahn e t a l . ,

1943; S tew art et a l . , 1950). These o b serv a tio n s  have 

been extended using m o re  re ce n t techn iques of a s se s s in g  

ab so rp tio n  of iro n  in  non-anaem ic dogs to study the effect 

of rem o v a l of the duodenum  on the ab so rp tio n  of iro n  fro m  

the a lim e n ta ry  t r a c t .

MATERIALS AND METHODS.

F o u r healthy  m on g re l dogs, weighing 8 .5  to 13 K g ., 

w ere  fed s tandard  kennel d ie t and m ain ta ined  th e ir  w eight 

throughout the study. They had been dew orm ed and 

inoculated  ag a in st d is te m p e r . Studies of the ab so rp tio n  of 

iro n  w ere  m ade before  and a f te r  sep a ra tio n  of the duodenum .

A te s t  dose of 10 m ic ro g ra m s  of f e r r ic  iro n , including 

the rad ioactive lab e l of 5 to 10 m ic ro c u rie s  of /

-8 7 -
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/o f  F e  59 was given by in tra g a s tr ic  tube in  25 m l. T y ro d e 's  

so lu tion  followed by 200 m l. physio log ical sa line  to  w ash 

th rough  the tube. L e ss  than  1% of the dose ad h ered  to the 

tube. Ten m ic ro g ra m s  was chosen  as  a dose giving about 

30% ab so rp tio n  so tha t any change in  e ith e r  d ire c tio n , could 

be re a d ily  ap p rec ia ted . In some te s ts  100 m g. a sco rb ic  

ac id  w ere added. The an im als  w ere fas ted  fo r 16 h ours  

befo re  and 2 h o u rs  a fte r  giving the iro n  a t 8 to 9 a .m .

The am ount of rad io ac tiv e  iro n  abso rbed  w as e s tim a ted  by 

m easu rin g  how m uch was ex cre ted  in  the faeces  and 

sub trac tin g  th is  fro m  the in itia l dose . The dogs w ere  kept 

in  m etabo lic  cages and a ll stools w ere  co llec ted  un til le s s  

than  1% of the dose was ex cre ted  in 24 h o u rs . U rine w as 

a lso  co llec ted  during th is  period  which la s te d  fo r a s  long as  

6 days. U tilisa tio n  of the iso tope was d e te rm in ed  by 

es tim atin g  the am ount of rad ioac tive  iro n  in  the p e r ip h e ra l 

blood 14 days a fte r  the iro n  was given. At le a s t  3 w eeks

e lapsed  betw een te s ts .

The rad io ac tiv ity  of the blood w as m ea su red  in  a

th a l l iu m -activa ted  sodium  iodide sc in tilla tio n  counter

(T ra c e r la b .) w ith an autom atic s c a le r .  D uplicate

specim ens of 5 m l. ex te rn a l jugu lar venous blood haem olysed  

w ith saponin  w ere  used. In o rd e r  to ca lcu la te  a c c u ra te ly  /
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/ a c c u ra te ly  the  rad io ac tiv ity  in the  blood, Evans Blue w as 

u sed  to  d e te rm in e  the p lasm a  volum e (Von P o ra t, 1951). The 

h a e m a to c r it, a f te r  c o rre c tio n  fo r tra p p ed  p lasm a  (Chaplin and 

M ollison , 1952) and for v a r ia tio n  fro m  the to ta l body h a e m a to c rit 

(C haplin et a l . , 1953) was used to ca lcu la te  to ta l blood volum e. 

H aem oglobin (as cyanm ethaem oglobin) packed ce ll volum e 

(3 ,000 r .p .  m . fo r 30 m in .) and se ru m  iro n  (R am say, 1957) 

w ere  freq u en tly  e s tim a ted . Stools w ere  exam ined fo r fa eca l 

occu lt blood and fo r in te s tin a l p a ra s ite s .  F a e c e s  w ere  packed 

into an  a lm o st cy lin d rica l p lastic  con ta iner (7 cm . x 5 to 6 cm . 

d ia m .) and the  ra d io ac tiv ity  m e a su red  by placing the co n ta in er 

on top of the sc in tilla tio n  coun ter. C ontrol ex p erim en ts  w ere  

ru n  to a s s e s s  the effect of the height of the faeces  above the 

sodium  c ry s ta l  on the am ount of rad io ac tiv ity  re c o rd e d . The 

m ean  of 6 such ex p erim en ts  was used  a s  a c o rre c tio n  curve 

(F ig . 41). In p ra c tic e , the height in  the p la s tic  con ta iner of 

the specim en  of faeces  to be counted was m e a su red  and the 

read in g s  c o rre c te d  to a height of 6 cm . fro m  the top  of the 

p la s tic  co n ta in e r.

An a ttem pt w as m ade to keep  the body s to re s

of iro n  constan t desp ite  the opera tion . The am ount of blood

lo s t a t su rg e ry  was kept to a  m inim um  and w as m e a su re d  

by the  lo ss  of ra d io ac tiv ity  fro m  the blood. The /
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/ The co n cen tra tio n  of ra d io ac tiv e  iro n  in  the blood had 

s ta b ilise d  befo re  o p era tio n  (Hahn e t a l . , 1941) and a  m e a s u re ­

m en t of the to ta l blood volum e w as m ad e . T hese m e a su re m e n ts  

w ere  re p e a te d  a  day o r so a f te r  the  o p era tio n  and in tra m u sc u la r  

iro n  w as g iven  to re p la c e  the iro n  lo s t.

O perative  P ro c e d u re .

W ith the an im al under pen tobarb itone a n a e s th e s ia  

and using a sep tic  technique a m id line  ep ig a s tr ic  in c is io n  w as 

m ade. The duodenum  w as divided ju s t d is ta l to the s ite  of 

en try  of the m a jo r  p an c rea tic  duct. T his lev e l was chosen  

fo r two re a s o n s :-

(1) The m a jo r  p an c rea tic  duct w as p re se rv e d  to  avoid the 

augm entation  of ab so rp tio n  of iro n  a ttendant on d im in ished

or absen t p an c rea tic  se c re tio n  (T aylor et a l . , 1935; G illm an  

et a l . , 1947; Kinney et a l . , 1955; Kaufm ann e t a l . , 1958). 

T ran sp lan ta tio n  of the p an c rea tic  duct could a lso  have 

achieved th is  but w ith a  g re a te r  o p era tiv e  r is k  and le s s  

ce rta in ty  of having fu ll p an c rea tic  se c re tio n .

(2) Any m o re  p ro x im al d iv ision  of the duodenum  to be 

w orthw hile would have had to have been taken  to the py lo rus 

and re c o n s tru c tio n  following th is  would have been liab le

to cause  an  in c re a se  in g a s tr ic  ac id  se c re tio n  (S to rer e t /
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/  et a l . , 1952). Such a change m igh t have invalida ted  the 

c o m p ariso n  of the te s ts  befo re  and a f te r  o p era tio n . The 

duodenum  w as divided a second tim e  ju s t d is ta l to the 

duodeno-je junal f lex u re . The ends of the se p a ra ted  segm ent 

of duodenum  w ere  brought out th rough  in c is io n s  to the r ig h t 

of the m id line  and the m ucosa  su tu red  to the sk in  to m ake 

p erm an en t s to m ata . Throughout the p ro ced u re  c a re  was 

tak en  not to dam age the blood supply to the in te s tin e . The 

exact m e a su re m e n ts  of the loop w ere re co rd e d  and the 

continuity  of the gut w as re -e s ta b lish e d  by en d -to -en d  

an as to m o sis  in  two la y e rs . The iso la ted  segm en ts  w ere  

used  fo r s tud ies  of the ab so rp tio n  of iro n  (see page 78).

The p o sto p era tiv e  re c o v e ry  w as uneventful in  a ll c a se s  and 

fu rth e r  te s ts  of the ab so rp tio n  of iro n  w ere  begun a f te r  3 to 

4 w eeks.

Follow ing one po sto p era tiv e  te s t ,  one dog (P455) 

w as m ade anaem ic by bleeding and ano ther te s t  of ab so rp tio n  

of iro n  w as m ade.

RESULTS.

The addition  of a sco rb ic  acid  to the te s t  so lution 

doubled the ab so rp tio n  of iro n  both befo re  and a f te r  op era tio n  

(F ig . 42). A fter the rem o v a l of the segm ent of duodenum  /
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FIG . 42.

P e rcen tag e  ab so rp tio n  of 10 m ic ro g ra m s  of f e r r ic  
iro n  w ith o r w ithout 100 m g. a sc o rb ic  ac id  given 
v ia  an in tra g a s tr ic  tube in  dogs befo re  and a fte r  
rem o v a l of the duodenum  fro m  continuity  with the 

r e s t  of the a lim e n ta ry  t r a c t .
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/ duodenum  no co n stan t change w as found in  ab so rp tio n  of iron : 

d im inution  in  ab so rp tio n  o c c u rre d  in  2 of 3 te s ts  w ith f e r r ic  

ch lo rid e  alone and in  4 of 6 te s ts  w ith a sc o rb ic  ac id  when 

com p ared  w ith the p re -o p e ra tiv e  m ean  ab so rp tio n  (F ig , 42, 

Table XIV)* H ow ever, only two of th e se  p o s to p era tiv e  r e s u l ts  

w ere  w ell ou tside  the range of findings in  the in ta c t an im al. 

U tilisa tio n  of the iro n  ab so rb ed  w as d im in ished  in  one dog (S I92) 

and s ligh tly  d im in ished  in  ano ther (P777) a f te r  s e p a ra tio n  of the 

duodenum  (F ig . 43, Table XV).

The dog m ade anaem ic a f te r  o p era tio n  showed a 

m ark ed  in c re a se  in  ab so rp tio n  of iro n  in  re sp o n se  to the 

an aem ia . W ith a  dose of 10 m ic ro g ra m s  of f e r r ic  iro n  w ith 

100 mg* a sc o rb ic  ac id , ab so rp tio n  ro se  fro m  26% a fte r  

o p era tio n  to 56% a fte r  the bleeding.

H aem oglobin, packed ce ll volum e and se ru m  iro n  

r e s u l ts  did not v a ry  s ign ifican tly  a t any of the te s ts  of 

ab so rp tio n  w ith the exception  of the one d isc u sse d  im m ed ia te ly  

above.

DISCUSSION.

A valid  co m p ariso n  of the ab so rp tio n  of iro n  befo re  

and a f te r  the rem o v a l of the duodenum  fro m  continuity  with 

the r e s t  of the a lim en ta ry  t r a c t  can  only be m ade if  th e re  is  

no change in  the g en e ra l fa c to rs  w hich co n tro l the /



A b so rp tio n  of Iro n  % of am ount g iven

B efore O pera tion A fter O pera tion

No Vit C Vit C No V it C Vit C

P455 12 18 29 10 26 56*

P777 37 76 69 43 62 57

P779 28 69 27 24 24 51

SI 92 - 39 60 - 40 24

sfic When dog w as anaem ic

TABLE XIV.

P e rcen tag e  ab so rp tio n  of 10 m ic ro g ra m s  fe r r ic  
iro n  w ith o r w ithout 100 m g. a sc o rb ic  ac id  given 
v ia  a n in tra g a s tr ic  tube in  4 dogs befo re  and a f te r  
o p era tio n  to rem ove the duodenum  fro m  continuity  

w ith the r e s t  of the a lim e n ta ry  t r a c t .
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FIG . 43.

U tilisa tio n  of rad io ac tiv e  iro n  ab so rb ed  fro m  10 
m ic ro g ra m s  f e r r ic  iro n  with o r w ithout a sco rb ic  
ac id  given v ia  an  in tr  a g a s tr ic  tube in 4 dogs befo re  
and a f te r  rem o v al of the duodenum  fro m  continuity  
w ith the r e s t  of the a lim e n ta ry  t r a c t .  U tilisa tio n  
e x p re ssed  a s  a p ercen tage  of the am ount ab so rb ed .



U tilisa tio n  of F e  59 % of am ount ab so rb ed

B efore O peration A fte r O pera tion

No Vit C Vit C No V it C V it C

P455 100 89 31 90 46 73*

P777 35 97 107 91 93 55

P779 72 84 75 67 104

SI 92 - 69 58 54 20

When dog w as anaem ic

TABLE XV.

U tilisa tio n  of rad io ac tiv e  iro n  ab so rb ed  fro m  
10 m ic ro g ra m s  of f e r r ic  iro n  with o r w ithout 
100 m g . a sc o rb ic  ac id  given v ia  an  in tra g a s  - 
t r ie  rube  in 4 dogs befo re  and a f te r  o p era tio n  
to rem o v e  the duodenum  fro m  continuity  w ith 

the  r e s t  of the a lim e n ta ry  t r a c t .
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/ th e  ab so rp tio n  of iro n . In p a r t ic u la r ,  the body s to re s  of 

iro n  m u st not change ap p rec iab ly . It is  w ell known th a t 

e ith e r an  in c re a se  or a d e c re a se  in  the body s to re s  can 

influence the  ab so rp tio n  of iro n  (Bothwell e t a l . , 1958). It 

w as thus im p o rtan t to re p la c e  a c c u ra te ly  the iro n  lo s t at 

o p era tio n  and to keep  check on possib le  faeca l lo ss  fro m  

p a ra s i te s .

One m ight expect a d im inution in  the ab so rp tio n  of 

iro n  when the duodenum  w as rem oved  fro m  contact w ith the 

iro n  given, a s  th is  p a r t  of the gut has been said  to be the 

m o st im p o rtan t a re a  in  ab so rp tio n  of iro n  (Hahn et a l. ,

1943; E ndicott, 1949; G ran ick , 1949; S tew art e t a l . , 1950).

No support fo r th is  view cam e fro m  the p re se n t study which 

is  in  ag reem en t w ith p rev ious w ork on ab so rp tio n  of iro n  in 

hum ans who had both a gastroduodenal and g a s tro je ju n a l 

an as to m o sis  a t d iffe ren t tim es  a f te r  g a s trec to m y  (Duthie,

1959). Po ss ib le  objections to the above w ork in m an m ight 

be tha t m o re  w as involved in  the stud ies  than  the m e re  by­

p assing  of the duodenum  and th a t the ad m ix tu re  of the 

p an crea tic  ju ice  w ith the iro n  would not have been so effective 

in the  g a s tro - je ju n a l an asto m o sis  (Polya) o pera tion  so th a t a 

d im inution  in  the  ab so rp tio n  of iro n  under th ese  c irc u m sta n c e s  j
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/ c irc u m sta n c e s  m ight have been  m ask ed . P a ssa g e  of food 

m a te r ia l  into the b y -p asse d  duodenum  has been re p o rte d  by 

Kay (1957). A lthough b a riu m  m ea l stud ies  did not d em o n stra te  

any re flu x  no abso lu te  g u aran tee  w as given th a t som e of the te s t  

solu tion  m ight not have reach ed  duodenal m ucosa . The 

findings re p o rte d  h e re  avoid th ese  ob jections by having 

com plete sep a ra tio n  of the duodenum  fro m  the r e s t  of the gut 

and by p re se rv in g  the p an crea tic  sec re tio n .

The cap ab ility  of p a tien ts  a f te r  p a r tia l  g a s tr ic  re se c tio n  

to ab so rb  iro n  is  not s ign ifican tly  changed when they  a re  not 

anaem ic (Sm ith and M alle tt 1957; B aird  and W ilson, 1959), 

although Stevens and co -w o rk e rs  (1959) noted below av erag e  

ab so rp tio n  of iro n  in  6 of 8 pa tien ts  a f te r  g a s trec to m y .

How ever, i t  is  ag reed  tha t when anaem ia superv en es  th e re  is  

a lack  of the n o rm a l in c re a se  in  ab so rp tio n  of iro n  which 

o ccu rs  in  anaem ic p a tien ts  w ith in tac t s tom achs (B aird  and 

W ilson, 1959; Stevens e t a l . , 1959). An in c re a se  in the 

ab so rp tio n  of iro n  was o b serv ed  in  the dog m ade anaem ic a f te r  

rem o v a l of the duodenum . This would suggest b y -p assin g  the 

duodenum  is  not the fac to r resp o n sib le  for the fa ilu re  of th is  

re sp o n se  a f te r  g astrec to m y .

The a lte re d  u tilisa tio n  of iro n  in  the la te r  te s ts  in  /
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/ i n  two dogs m ight be w ithin  n o rm a l v a ria tio n . On the 

o ther hand, it is  known th a t in flam m ation  can  d im in ish  

u tilisa tio n  of iro n , a t le a s t  te m p o ra rily , (Dubach et a l* ,

1946; W introbe et a l . , 1947; Yuile et a l . , 1949)# H ow ever, 

no sep s is  was p re se n t and the g en e ra l h ea lth  of the dogs was 

good. A d im inution in  u tilisa tio n  can  take p lace when iro n  

s to re s  a re  in c re a se d . No evidence of such an in c re a se  was 

found in  the p re sen t study.

The am ount of iro n  given was sm all enough to be 

ab so rb ed  effic ien tly  by the bowel w ithout the duodenum  and 

it i s  p o ssib le  th a t a la rg e r  dose, putting g re a te r  s t r e s s  on 

iro n -a b so rb in g  capacity , m ight have rev ea led  a change a f te r  

rem o v a l of the duodenum .

CONCLUSION.

The rem o v al of the duodenum  fro m  continuity  w ith 

the r e s t  of the g a s tro in te s tin a l canal had no unequivocal 

effect on the ab so rp tio n  of iro n  a t the dose lev e ls  used, 

although a sligh t tendency to d im inution of ab so rp tio n  was 

noted in  som e te s ts  a fte r  o pera tion . T his d im inution  w as 

not defin ite  enough to a sc r ib e  a predom inant ro le  to the 

duodenum  in  the abso rp tion  of iro n . /
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INTESTINAL ABSORPTION OF IRON IN THE RAT.

In the p rev io u s  sec tio n  it  h as  been shown th a t rem o v a l 

of the duodenum  has no defin ite  effect on the g a s tro in te s tin a l 

ab so rp tio n  of iro n  in  the dog. A sm all dose of iro n  w as used 

and it  w as fe lt th a t in c reas in g  the am ount given m ight re v e a l 

the im p o rtan ce  of the duodenum  in the ab so rp tio n  of iro n . In 

view  of the la rg e  num ber of an im als  re q u ite d  the r a t  has been 

used  fo r th is  study.

In add ition  to the above question  of the im portance  

of the duodenum , the study has investiga ted  the g rad ien t of 

ab so rp tio n  of iro n  along the a lim en ta ry  t r a c t  and the effect 

upon any such g rad ien t of bleeding and of an  iro n -d e fic ie n t 

d ie t.

MATERIALS AND METHODS.

M ale Sprague Dawley r a ts  weighing 170 to 220 gm . 

w ere  used . Except in  E xperim en t IV below, they  w ere  

given s tan d ard  feed and had gained w eight n o rm a lly . The 

am ount of iro n  given v a ried  fro m  1 to 1, 000 m ic ro g ra m s  a s  

f e r r ic  ch lo ride  with a rad io ac tiv e  lab e l of 3 to 5 m ic ro c u rie s  

F e  59 and w ith 5 m g. a sco rb ic  acid  in  a ll  c a s e s . The iro n  /

-9 6 -
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/ i r o n  w as given in  0. 5 m l, 0. 9% saline  a t a  pH of 2, 5 to 3. A ll 

an im als  fa s ted  12 to  16 h o u rs  p r io r  to being given the iro n  in  

o rd e r  to  allow  the sm all bowel to be em pty so th a t food re s id u e s  

in  the  low er ileu m  would not affec t the co m p ariso n  w ith m o re  

p ro x im al a r e a s .  Iro n  w as a d m in is te red  fro m  a c a lib ra te d  

tu b e rcu lin  sy ringe v ia  a fine in tra g a s tr ic  polythene tube o r v ia  

an  in tra d e rm a l needle into the gut a t lap aro to m y . The m axim um  

v a r ia tio n  in  giving rep ea ted  d o ses  fro m  the sy ringe was 3%.

When iro n  w as p laced  in  the stom ach  no an ae s th e s ia  w as given. 

E th e r a n ae s th e s ia  was used during  lap aro to m y  which was 

p e rfo rm ed  th rough  a m id line abdom inal in c is io n . Iro n -co n ta in in g  

solution w as in jec ted  a t one of the following s i te s :-

ju s t d is ta l to the p y lo ru s ,

5 cm . d is ta l  to the duodeno-jejunal 
f lex u re .

15 cm . d is ta l  to the duodeno-jejunal 
f lex u re .

30 cm . d is ta l to the duodeno-jejunal 
flex u re .

10 cm . p ro x im al to the ile o -c a e c a l 
junction .

The to ta l leng th  of the je junum  and ileum  in  r a t s  170 -

220 gm . w as about 60 cm .

The bowel was held f irm ly  round the needle during  /

Duodenum  

U pper jejunum  -

Mid jejunum

Je ju n o -ileu m

Ileum



/d u rin g  in jec tio n  and on w ithdraw al finger p re s s u re  w as m ain ta ined  

fo r 30 seconds. To te s t  w hether re tro g ra d e  sp read  of th e  iro n  

had been avoided, 3 r a t s  w ere  in jec ted  in  the upper jejunum , a 

fine s ilk  lig a tu re  being used  to m a rk  the s ite  of in jec tio n . The 

an im als  w ere  sa c rif ic ed  a t 4, 8 and 12 h o u rs  and the sm all bowel 

exc ised . The jejunum  p ro x im al to the silk  lig a tu re  w as rem oved , 

the  duodenum  divided into two p o rtions and the  r e s t  of the sm all 

bowel into six  equal p a r ts  about 10 cm. in length, the p ro x im al 

th re e  being lab e lled  jejunum  and the  rem ain ing  th re e  ileu m . The 

rad io ac tiv ity  of each of th ese  nine po rtio n s  was d e te rm in ed  in  a 

th a lliu m  ac tiv a ted  sodium  iodide sc in tilla tio n  w ell-type  co u n te r, 

c o rre c te d  to the weight of the je ju n a l segm ent into which in jec tio n  

w as m ade and com pared  w ith an equal weight of re c tu s  abdom inis 

m u sc le  a s  a co n tro l. No sign ifican t re tro g ra d e  sp read  of 

rad io ac tiv ity  w as found. (F ig. 44). P re c is e  exam ination  of 

the segm ent of jejunum  im m ed ia te ly  p ro x im al to the site  of 

in jec tion  showed the m ax im al re tro g ra d e  sp read  of rad io ac tiv ity  

to be 1 .5  cm . Iro n  re a c h e s  the colon of the r a t  w ithin 3 hours 

a f te r  in tra g a s tr ic  ad m in is tra tio n  (Austoni and G reen b erg , 1940; 

M ori e t a l . , 1957). In keeping w ith th is  finding only a  sm all 

p ro p o rtio n  of the dose , le s s  than  10%, was in the e n tire  sm all 

bowel and its  contents in  our ex p e rim en ts . A lm ost a ll  of th is  

was in  the segm ent, ap p ro x im ate ly  10 cm . long, a t the s ite  of /
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FIG . 44.

D is trib u tio n  of rad io ac tiv e  iro n  in  the sm all bowel 
of r a t s  4, 8, and 12 hours  a f te r  in jec tio n  into the 
upper jejunum . V alues c o rre c te d  to the weight of 
the je ju n a l segm ent (%?) into which the in jec tio n  w as 
m ade and com pared  with an  equal w eight of re c tu s  

abdom inis m u sc le .
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/o f  in jec tio n .

The am ount of iro n  ab so rb ed  w as e s tim a te d  by to ta l 

body counting. The r a t  w as p laced  on i ts  side on the bottom  of a  

g la ss  b eak er 9 cm . in  d ia m e te r  and held  in  p lace  by ano ther 

sm a lle r  b eak er w hich w as fixed in sid e  the f i r s t  leaving a  space 

7 cm . in  heigh t. (F ig . 45). In th is  space the r a t  m oved round 

and so helped to com pensate  fo r any lack  of hom ogenity  in  the 

d is tr ib u tio n  of the rad io ac tiv ity . The beaker w as p laced  9 cm . 

above a  th a lliu m -ac tiv a ted  sodium  iodide sc in tilla tio n  c ry s ta l .  

This technique w as found to give rep ro d u c ib le  read in g s  when the 

rad io ac tiv e  iro n  w as d is tr ib u te d  th rough  the body s e v e ra l days 

a f te r  in jec tion . Im m ed ia te ly  a fte r  in jec tion  when the bolus of 

F e  59 w as s ti l l  concen tra ted  in  the bowel a wide v a ria tio n  in  

duplicate  m e a su re m e n ts  was found. H ow ever, when an 0 .5  m l. 

co n tro l sam ple of the te s t  so lution w as d ilu ted  in the beaker up 

to a height of 6 cm . the read ing  ag reed  w ell w ith the m ean  of 

rep ea te d  read in g s  for a group of 13 r a t s  im m ed ia te ly  a f te r  

in jec tion . (Table XVI). A s tandard  fo r each  ex p erim en t was 

m ade in  th is  m anner and the ab so rp tio n  of iro n  was expressed  

a s  a p ercen tag e  of the s tan d ard . F ive  m ic ro c u rie s  of F e  59 

when d ilu ted  gave about 800 counts p e r second.

The tim e fo r m easu rin g  the re ten tio n  of iro n  w as 

chosen  following da ily  to ta l body counting of r a ts  a f te r  /
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FIG . 45.

D iag ram  of m ethod of to ta l body counting of r a t s  a t 
a  d is tan ce  of 9 cm s, fro m  a  sodium  iodide c ry s ta l  
a f te r  giving rad io ac tiv e  iro n  into v a rio u s  a r e a s  of

the bowel.



R at
No.

Net. 
C oun ts/ sec .

1 858. 83

2 799. 50

3 773.67

4 858.56

5 834. 87

6 822.51

7 829. 80

8 773.30

9 666.17

10 696.25

11 1065.63

12 700.58

13 965. 65

M ean 819.55

0 .5  m l Fe59
in  b eaker 819.48

TABLE XVI.

C om parison  of reco rd in g  
by sodium  iodide c ry s ta ls  
of counts fro m  5 m ic ro ­
c u r ie s  F e59  im m ed ia te ly  
a f te r  in jection  into r a t s  
and a f te r  d ilu tion  to an  
equivalent height in a 
b eak er. (6 cm .)
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/ a f te r  in jec tio n  of 1 m ic ro g ra m  f e r r ic  iro n  in to  the duodenum , 

the je junum  o r the ileu m . M ost iro n  w as lo s t f ro m  the  body in  

the  f i r s t  48 h o u rs  and a  stab le  lev e l w as m ain ta ined  a f te r  4 days 

(F ig . 46). T hus, to ta l body counting w as done in  dup lica te  on 

5th and 7th days a f te r  giving the iro n .

The dependability  of the to ta l body counting m ethod 

of es tim atin g  the ab so rp tio n  of iro n  is  w ell e s tab lish ed  (H erndon 

e t a l . , 1958; B eu tler and B u tten w eiser, I960; F ie ld  et a l . , I960; 

G reen b erg  et a l . , I960). The p re se n t m odification  w as checked 

ag a in s t balance m ethods in  eight r a t s .  In traduodenal or in tra -  

je ju n a l in jec tio n  of 10 m ic ro g ra m s  of f e r r ic  iro n  with 5 m g. 

a sco rb ic  ac id  was followed by putting the r a ts  in  individual 

m etabo lic  cag es . F a e ce s  and u rin e  w ere  co llec ted  s e p a ra te ly  

fo r 5 days. The rad io ac tiv ity  excreted  w as m e asu re d  in  a 

w ell-type sc in tilla tio n  co u n te r. As o ther au th o rs  have found, 

neglig ible u r in a ry  ex c re tio n  was noted and a lm o st a ll  faeca l 

ex c re tio n  o c c u rre d  in  48 h o u rs . The iro n  re ta in ed  w as 

ca lcu la ted  by su b trac ting  the am ount ex c re ted  fro m  the dose 

given. It w as com pared  w ith the e s tim a te  obtained by to ta l 

body counting and gave c lo se ly  s im ila r  r e s u l ts .  (Table XVII).

E x p e rim en ts  w ere p erfo rm ed  in  four groups using 

a  to ta l of 165 r a t s .  /
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T o ta l body counting of r a t s  a f te r  in jec tio n  of 
1 m ic ro g ra m  f e r r ic  iro n  w ith 5 m g. a sco rb ic  
ac id  into the duodenum , je ju n o -ileu m , and 
ileum  showing no change in  re ten tio n  of iro n  
e x p re sse d  a s  a  p ercen tage  of the dose , 4 to 

7 days a f te r  in jection .



Site of 
In jec tion

A bsorp tion  of Iro n  % Dose

F a e c a l C ollection  

F a e c a l Fe59  . . R etained

T otal
body

Counting

Duodenum  1 17 83 85

2 21 79 74

3 21 79 72

4 71 29 35

M ean 67.5 66. 5

Jejunum  1 57 43 42

2 58 42 35

3 29 71 69

4 66 34 30

M ean 4 7 .5 4 4 .0

TABLE XVII.

C om parison  of faeca l co llec tion  and to ta l body- 
counting of m ethods of es tim atin g  ab so rp tio n  

of iro n  in  the r a t .



/  r a t s .

I. E ffect of b y -p ass in g  duodenum .

T h ree  dozen  r a t s  w ere  used in groups of six . Two 

groups w ere  stud ied  a t a  tim e ; one having the iro n  in jec ted  into 

the duodenum  and the o ther into the upper jejunum . The d o ses  

given w ere  10, 100 and 1,000 m ic ro g ra m s .

II. G rad ien t of A bsorption  of Iron .

Six groups each  of six  r a ts  w ere in jec ted  w ith 10 

m ic ro g ra m s  of iro n . Two groups w ere studied at a tim e ; one 

w as given the iro n  into the duodenum ; in the o ther the s ite  was 

v a r ie d , being m id  jejunum , je ju n o -ileu m  o r ileum  re sp e c tiv e ly .

A group of 12 r a ts  w as given 10 m ic ro g ra m s  of iro n  

by in tra g a s tr ic  tube, and com pared  with ano ther six  given iro n  

by in traduodenal in jection .

III. E ffect of B leeding.

R a ts , ligh tly  an aes th e tised  w ith e th e r , w ere  bled 

2. 5 m l. p e r lOQ/mg/) body weight by in tra  ca rd iac  puncture on 

the 10th, 7th and 3rd  days before the te s t  of ab so rp tio n  of iro n . 

Seventeen r a t s  a f te r  bleeding w ere given 10 m ic ro g ra m s  of 

iro n ; 16 w ere  given 100 m ic ro g ra m s  iro n  and 12 rece iv ed  

1000 m ic ro g ra m s .

IV. E ffect of Iro n  D eficient D iet.

T h ir ty  r a ts  born  at the sam e tim e  w ere  studied; /
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/ stud ied ; 12 of th e se  w ere  put on an i ro n - f re e  m ilk  d ie t a s  

w eanlings (Copp and G reen b erg , 1946) and 18 on s tan d a rd  

feed  (d e ta ils  in  A ppendix, p. 217). A fter 6 w eeks on th is  

d ie t when they  w ere  about 180 gm . they  w ere  given 100 

m ic ro g ra m s  iro n  by in jec tion . H aem oglobin content of 

ta i l  v e in  blood was m e a su red  a s  a lkaline  h aem atin .

RESULTS.

I. E ffect of b y -p assin g  duodenum .

The ab so rp tio n  of iro n  a f te r  in jec tion  into the 

duodenum  was sign ifican tly  g re a te r  than  a f te r  in tra je ju n a l 

in jec tion  when 1000 m ic ro g ra m s  of iro n  w ere  given . It 

w as a lso  g re a te r  w ith 100 m ic ro g ra m s  and probably  

s ta tis tic a lly  sign ifican t (F ig . 47). No sign ifican t d iffe ren ce  

w as found a t a  dose of 10 m ic ro g ra m s  (Table XVIII).

II. G rad ien t of A bsorp tion  of Iro n .

A bsorp tion  of iro n  d im in ished  as  the in jec tion  w as 

given m o re  d is ta lly . The duodenum  was used as  a re fe re n c e  

point. In jection  a t m id jejunum , je ju n o -ileu m  and ileum , 

w ere  a l l  s ign ifican tly  d iffe ren t f ro m  the duodenum  and fro m  

one ano ther (F ig . 48, Table XIX). Taking the duodenal 

read ing  a s  100% the abso rp tio n  in  the o ther a re a s  w as as  low 

a s  4% (Table XX), The ab so rp tio n  of iro n  given v ia  an /



Fe
59

 
A

bs
or

pt
io

n

90

8 0 -

7 0 -

. 6 0 -  o’
I

5 0 -

4 0 -

3 0 -

20

10-

each column mean of 6 animals

J  « ♦ S .£ M .  

□  D U O D ENU M

U PPE R JE JU N U M

10 100 
D o s e  o f  I ro n

1,000

Mg

F IG . 47 .

P erce n ta g e  ab so rp tio n  of f e r r ic  iro n  in jec ted  into 
the duodenum  and upper jejunum  in  g roups of 6 r a ts .



in H
ox o o

Ok
•

o
•

o
•

o
A V N /

xO X©
M CO ID

■p O r- ID
9 • 0

O r-

•
s  ^ un

ID CO ao
. r- in

W Q H • 0
■—1 CO rH

W

d •2  jw Cu VM
on

• M M
© *H o • .
s  Q i 10 IX-

*  * #  * *
ID H OX X* N  O
O  (\J N  O' X* jx-

• • • • 0 0
xO O'' N  M <-H O

d m 1 "+• 1 *4» l *4*1 -M + i
0  -M vO Ox N  O l-H Ox
Tj «J • • .  • 0 0

CO CO IX- fx- 00 o
£  0

fxj r-H •—1 rH

O _
cn d
rQ -H
flj (1) • 0 0
h CD •*-» •I- » •r-i

© © ©
cd ,2  a> rO t“3 t-3

s  ^ • Jh 
*0 ©

0 U
'O ©

0  u*p ©
O  P 4 O  P h 2  9*
d  A d  A d  P <

p  p P P P P

M -t 
0  §> 
Al o o o
m  d H o o
0  0 H o
Q £ rH

2
w

0>
X
w
p
fl
<H

C
om

pa
ri

so
n 

of 
ab

so
rp

tio
n 

of 
iro

n 
in

je
ct

ed
 

in
to

 
th

e 
du

od
en

um
 

or 
up

pe
r 

je
ju

nu
m

 
in 

gr
ou

ps
 

of 
6 

ra
ts

.



each column mean of 6 an im a ls9 0  -i

/0  m/crograma f t r r / c  iron
8 0  -

■ t  S .F M .
7 0  -

6 0  -o'
C0 5 0  -
ac.oM.a

<
0>in
vu.

3 0  -

20  -

10 -

D Je juno-D Upper 
Je ju n u m

Mid
Je ju n u m

FIG# 48.

P e rc e n tag e  ab so rp tio n  of 10 m ic ro g ra m s  fe r r ic  
iro n  in jec ted  into the bowel of v a rio u s  s ite s  in 
g roups of 6 r a t s .  In each  experim en t one group 
had in traduodenal in jection  and the o th er group 
m id -je ju n a l, je ju n o -ile a l o r i le a l site  of infection.



Site of 
In jection

M ean 
ab so rp tio n  
% dose in  

6 r a t s .
M ean
Diff.

S. E . M.
Diff. t P

Duodenum 
Mid« jejunum

69. 8 + 6 .05* 
28. 6 + 4 .08*

41 .2 7 .6 8 5.367 < 0.001

Duodenum
Je ju n o -ileu m

53. 1 + 3 .32* 
9 .2  + 3.08*

43. 9 4 .53 9.696 < 0.001

Duodenum
Ileum

50 .4  + 2 .81* 
2 .1  + 0. 64*

48 .3 1.80 26.792 < 0.001

M id-jejunum  
Je ju n o -ileu m

28. 6 + 4 .08*  
9 .2  + 3 .08*

19.4 5 .12 3 .788 < 0 .01

Je ju n o -ileu m
Ileum

9. 2 + 3 .08* 
2. 1 + 0. 64*

7.1 3 .14 2 .258 < 0 .05

* S. E . M.

TABLE XIX

C om parison  of abso rp tion  of 10 m ic ro g ra m s  of f e r r ic  iro n  
in jec ted  a t v a rio u s  s ite s  in  the sm all bowel in  groups of

6 r a ts .



A bsorption  of iro n  a s  % of ab so rp tio n  fro m  
duodenal site  of in jection

Site of 
In jection 10 ug

N orm al 
100 ug 1000 ug

A fter B leeding 
10 ug 100 ug 1000 ug

Duodenum 100 100 100 100 100 100

U pper
Jejunum 101 63 60 - -

Mid
Jejunum 41 - - 46 57 104

Je ju n o -
ileum 17 66 - 24 43 83

Ileum 4 9 - 15 37 52

TABLE XX.

M ean ab so rp tio n  of iro n  fro m  v ario u s  s ite s  of in jec tio n  into 
the bowel e x p ressed  as  percen tage of the ab so rp tio n  fro m  

in tra -d u o d en a l in jection  in  no rm al r a t s ,  and r a t s  a f te r
bleeding.



-103-

/ an  in tra g a s tr ic  tube with no a n aes th es ia  and no o p era tio n  

w as not sign ifican tly  d iffe ren t fro m  th a t following in traduodenal 

in jec tion  of iro n  (Table XXI)• When the lo g arith m  of the 

am ount of iro n  ab so rb ed  was plotted ag a in st the lo g arith m  of 

the am ount of iro n  in jec ted , sign ifican t l in e a r  re la tio n sh ip s  

w ere found fo r duodenal, je junal and ile a l s ite s  of in jec tion  

(Table XXII). The re la tio n sh ip s  w ere  s im ila r  to those 

a lre a d y  found in  the acu te ly  p rep a red  iso la ted  in te s tin a l loops 

in  the dog (Table XXIII).

III. E ffect of B leeding.

A bsorp tion  of iro n  was in c re a se d  in  r a ts  which had 

been bled when com pared  with no rm al r a t s .  The in c re a se  

w as s ta tis tic a lly  significant in  the duodenal s ite  of injection 

a t a dose of 10 m ic ro g ra m s  and in  the ile a l s ite  of in jec tion  

a t doses of 10 and 100 m ic ro g ra m s  (Table XXIV), The 

augm entation  of abso rp tion  of iro n  was re la tiv e ly  g r e a te r  

a t the ile a l s ite  of in jec tion  (Table XXV, F ig . 49).

When the lo g arith m  of the am ount of iro n  abso rbed  

w as com pared  with the lo g arith m  of the am ount of iro n  

in jec ted , a  significant lin ea r re la tio n sh ip  was found (Table 

XXVI). The slopes of these re g re s s io n  lin es  w ere  com pared  

w ith the  lin es  obtained in the n o rm al r a ts  (F ig . 50). The /
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C o rre la tio n  of lo g a rith m  of am ount 
of iro n  given and lo g arith m  of am ount 

of iro n  abso rbed

No* of 
te s ts

R eg ress io n
Coeff.

b

C o rre la tio n
Coeff.

r P

Duodenum 48 0.765 0.982 z . 0. 001

Je ju n o -ileu m 18 0.751 0.706 Z .0 .0 1

Ileum 18 0 .758 0 ,748 z . 0 .001

TA BLE XXII.

C o rre la tio n  of lo g arith m  of am ount of iro n  in jec ted  into 
the bowel of r a t s  a t v a rio u s  s ite s  and the lo g arith m  of 

the  am ount of iro n  abso rbed .



T est
A nim al

No. of 
te s ts

C o rre la tio n  of log of am ount of 
iro n  given and log of am ount ab ­

so rbed .

R eg ress io n
Coeff.

b

C o rre la tio n
Coeff.

r
P

Duodenum

Dog 17 0.967 0.901 < 0.001

Rat 48 0.765 0. 982 < 0.001

Ileum

Dog 10 1.149 0. 872 < 0 .001

R at 18 0 .758 0 .748 < 0.001

TABLE XXIII.

R e g re ss io n  and c o rre la tio n  coeffic ien t fo r the lin e a r  re la tio n ­
ship betw een the lo g arith m  of the am ount of iro n  given and the 
lo g arith m  of the am ount of iro n  ab so rb ed  fro m  iso la ted  in te s t­
in a l loops in  the dog and a f te r  in jec tio n  into the bowel in the r a t .
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Site of In jec tion

A bsorp tion  of Iro n  a f te r  B leeding 
% of n o rm a l ab so rp tio n

Dose of iro n  m ic ro g ra m s

10 100 1000

Duodenum 137 127 99

Je ju n o -ileu m 193 81 123

Ileum 552 505 520

* A ssum ing n o rm a l r a ts  to have sam e re la tiv e  
ab so rp tio n  a s  a t a dose of 100 m ic ro g ra m s .

TABLE XXV.

M ean ab so rp tio n  of iro n  in jec ted  a t v a rio u s  s ite s  
into the  bowel in  r a ts  a f te r  bleeding expressed  as  
a p ercen tag e  of the ab so rp tio n  of iro n  in  n o rm a l

r a ts .



Fe 
59 

Ab
so

rb
ed

 
— 

%>
 d

os
e

□  C o n tro l

A f te r  Milk  D ie t  

m| A f t e r  B leed in g
4 0  n

.>>>>•

DUODENUM JEJUNO-ILEUM ILEUM

S i t e  of  In jec t ion

FIG . 49.

M ean p ercen tag e  ab so rp tio n  of 100 m ic ro g ra m s  
f e r r ic  iro n  in jec ted  a t v a rio u s  s ite s  in  the bowel 
of n o rm a l and co n tro l r a ts ,  r a t s  a f te r  bleeding 
and r a t s  fed on a  m ilk  d ie t, showing re la tiv e ly  
la rg e  in c re a se  of ab so rp tio n  of iro n  a t the ile a l 

s ite  of in jection .
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I r o n  I n j e c t ed  — p g

1,000

FIG . 50.

R eg re ss io n  lin es  of re la tio n sh ip  betw een the 
lo g arith m  of the am ount of iro n  ab so rb ed  and 
the lo g arith m  of the am ount of iro n  in jec ted  
into the duodenum  o r the ileum  in no rm al 
co n tro l r a ts  and r a ts  a f te r  bleeding. The 
slope of the line for in traduodenal in jec tion  
d e c re a se s  s ligh tly  while the slope of the  line 

fo r in tra ile a l in jection  a f te r  bleeding 
in c re a se s .

(The th inner p a r ts  of the lin es  ind icate  e x tra ­
polation beyond lim its  of d a ts).
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/T h e  duodenal line  a f te r  bleeding was s ligh tly  le s s  steep .

By c o n tra s t, the slope of the je ju n o -ilea l and ile a l lin es  

in c re a se d  a f te r  bleeding (Table XXVI).

The g rad ien t of ab so rp tio n  along the bowel showed 

the sam e tre n d  in  n o rm al r a ts  and those which had been bled. 

In the la t te r  an im als  the su p e rio rity  of the duodenal s ite  of 

in jec tio n  over the ile a l site  of in jection  was m uch le s s  m ark ed  

(T ables XX and XXVII).

IV. E ffect of Iron -D efic ien t D iet.

The lev e l of anaem ia produced by feeding on the m ilk  

d ie t w as le s s  than  found by the o rig in a l au th o rs  (Copp and 

G reen b erg , 1946), being 11.33G% as  com pared  with 14.41 G% 

in co n tro ls  (Table XXVIII). However, th is  ag reed  with the 

findings of W ack and Wyatt (1959) using a m ilk  d ie t.

The ab so rp tio n  of iro n  showed the sam e p a tte rn  as  

in  the r a t s  which had been bled. The in c re a se  in abso rp tion  

in  the iro n  defic ien t an im als was sign ifican t a t the ile a l site  

of in jec tion  (Table XXIX) and was a lso  p ro p o rtio n a te ly  

g re a te r  in  ileum  than  in duodenal o r je ju n o -ile a l s ite s  of 

in jec tion  (Table XXVII).

DISCUSSION.

T his m ethod of com paring the ab so rp tio n  of v a rio u s  /



Site of 
In jection

A bsorption  of iro n  a s  % of ab so rp tio n  fro m  
duodenal site  of in jection

N orm al Bled M ilk D iet

Duodenum 100 100 100

Je ju n o -ileu m 66. 2 42 .0 104

Ileum 9.1 36.7 55 .5

TABLE XXVII.

R atio  of m ean  ab so rp tio n  of 100 m ic ro g ra m s  iro n  
in jected  a t v a rio u s  s ite s  along the bowel to th a t 
fro m  the duodenum  in  norm al r a t s ,  r a t s  a fte r  
b leeding and r a ts  having a m ilk  d ie t d efic ien t in

iron .



No.
M ean 

H aem oglobin 
G %

Diff. t P

N orm al 18 14.41 + 0 .13*

3 .0 8  + 0 .22** 14.318 0.001

M ilk D iet 12 11.33 + 0. 18*

* S. E . M. ** S. E . M. Diff.

TABLE XXVIII.

C om parison  of m ean  lev e ls  of haem oglobin in  the ta i l  blood 
of no rm al r a t s  and r a t s  on a m ilk  d ie t.
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/ v a r io u s  a r e a s  of bowel has the defect th a t the m o re  p ro x im al 

s ite s  of in jec tio n  obviously allow the iro n  to t r a v e r s e  m o re  

of the bowel and would thus b ias the re s u l ts  in  th e ir  favour 

fro m  m e re  a re a  of bowel even though the p ro x im al bowel had 

no sp ec ia l im portance  in the ab so rp tio n  of iro n . H ow ever, it 

has  been shown a lrea d y  in the dog tha t the iro n  in  the bowel 

lum en has lit t le  or no effect on ab so rp tio n  a f te r  ^ to 1 hour.

The iro n  by one hour has only p assed  through p a r t of the 

sm all bowel fro m  the duodenum (M ori et a l . , 1957). Thus, 

due to the re la tiv e ly  sho rt tim e tha t iro n  rem a in s  availab le  for 

ab so rp tio n , l ittle  d isc rep an cy  should a r is e  in  the a r e a  of bowel 

it  t r a v e r s e s  in  the absorbab le  s ta te  from  any of the s ite s  of 

in jection . This is  esp ec ia lly  so in  the exp erim en ts  b y -passing  

the duodenum  which again  d em o n stra te  tha t the bowel can 

a b so rb  the sam e am ount of iro n  w hether the duodenum  takes 

p a r t  o r not. It was only with the h igher dosage (up to 5 m g. 

p e r Kg. body weight) th a t the duodenal s ite  of in jec tion  gave 

sign ifican tly  g re a te r  absorp tion . This would suggest th a t the 

duodenum  has a  g re a te r  re s e rv e  of iro n -ab so rb in g  pow er and 

th a t when la rg e r  am ounts a re  p resen ted  to the m u co sa  it  is  

ab le  to take  up m o re  than the m o re  d is ta l a re a s  of the bowel.

If it is  p e rm is s ib le  to tra n s fe r  some of the r e s u l ts  of th ese  /
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/ th ese  ex p erim en ts  to m an, they would explain  in  p a r t  why 

the expected fa ll in  iro n  absorp tion  a fte r  g a s tre c to m y  has not 

been  un ifo rm ly  d em o n stra ted  (Smith and M alle tt, 1957; B a ird  

e t a l . , 1957; B aird  and W ilson, 1959). The d is ta l bowel 

could take over som e of the abso rp tion  of iro n  if it rece iv ed  

the m e ta l in  a  fo rm  su itab le  for abso rp tion .

While se v e ra l au tho rs  have d iscu ssed  ab so rp tio n  of 

iro n  fro m  the ileum  and d is ta l bowel (Hahn et a l . , 1943; 

S tew art et a l . , 1950; F inch  and F inch , 1955), only a  few 

d ire c t  m ea su rem en ts  have been m ade. The findings h e re  

p re sen ted  support for the concept tha t the d is ta l sm all bowel 

is  le s s  im p o rtan t than the p rox im al sm all bowel, even when 

iro n  is  p resen ted  to the d ifferen t a r e a s  in  the sam e solution 

w hich does not happen in  the in tact an im al. A lthough the 

acid ic  so lu tion  is  not usual for the d is ta l sm all bowel it was 

fe lt th a t, a s  it  gave m axim al ab so rp tio n  in  our ex p erim en ts  

in  the dog, it m ight give the best opportun ity  fo r ab so rp tio n  

in  the r a t .

The findings in  the second group of esqperiments 

w ith r a t s  con firm  the suggestion of a  g rad ien t of ab so rp tio n  

along the a lim e n ta ry  tra c t  (Hahn et a l . , 1943; S tew art et a l. , 

1950). In the i le a l in jections, the iro n  s ti l l  had to t r a v e r s e  

the colon. The absorp tion  of iro n  w as only 2 to 3% so th a t /
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/ th a t the con tribu tion  of the la rg e  bowel w as m in im al a t 

th ese  dose le v e ls . The re levance  of th ese  re s u l ts  to n o rm a l 

in g estio n  of iro n  is  shown by the s im ila r ity  of the ab so rp tio n  

a f te r  in tra g a s tr ic  in s tilla tio n  and a fte r  in traduodenal in jection . 

T his s im ila r ity  excludes any d ep ress in g  effect of the an aes th e tic  

o r of the o p era tio n  on abso rp tion . In addition, th is  la s t  finding 

would suggest tha t not m uch abso rp tion  tak es  p lace in  the 

stom ach, although Hahn and co -w o rk e rs  (1943) found som e 

ab so rp tio n  fro m  a to ta l g a s tr ic  pouch in the dog.

The r e s u lts  of th is  section  d em o n stra te  th a t some

ab so rp tio n  can  take place in the m o re  d is ta l sm all bowel even

in  the non-anaem ic an im al. This is  c o n tra ry  to the opinion

of the w o rk e rs  studying fe r r i t in  and using its  p re sen ce  as  an

index of the site  of iro n  absorp tion  (G ranick, 1946 a, b, 1949).

They believed tha t the duodenum was the m ain  s ite  of ab so rp tio n .

W ack and W yatt (1959) using au torad iography  a lso  held that

the  duodenum  w as the site of abso rp tion  in  the non-anaem ic

an im al. H owever, the p re sen t te s ts  d iffer fundam entally

fro m  the above in  that iro n  was in troduced a t a r tif ic ia lly  d is ta l

p a r ts  of the gut and, while showing tha t abso rp tio n  is  possib le

th e re , do not give any evidence that th is  o ccu rs  a f te r  the o ra l

ingestion  of iro n . It would seem  unlikely th a t iro n  would 

re m a in  availab le  fo r absorp tion  long enough to re a c h  the /
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/ th e  d is ta l sm all bowel.

The b io logical significance of the c o r re la tio n  betw een 

the lo g a rith m  of the am ount of iro n  given and the lo g a rith m  of 

the am ount of iro n  absorbed  is  not c le a r  but, a s  in  the  dog, 

it a llow s any d e s ire d  am ount of ab so rp tio n  to be chosen  by 

sim ple  in te rp o la tio n . As suggested p rev iously , the 

s im ila r ity  of the re la tio n sh ip  in dog and r a t  m ay  allow  com ­

p a r iso n  of the data  of the two sp ec ies . The in c re a se d  slope 

of the re g re s s io n  lines for the above re la tio n sh ip  a t the 

je ju n a l and ile a l s ite s  of in jection  in r a ts  a f te r  bleeding shows 

an  in c re a se  in  the capacity  to deal with la rg e r  doses of iro n  

and m ay  ind icate  some change in the p ro ce ss  of ab so rp tio n .

It has been held that anaem ia in the r a t  in c re a se s  

the a re a  of sm all bowel which ab so rb s  iro n  a s  fa r  a s  the 

caecum  (Wack and W yatt, 1959). T his w ork was by 

au to rad iog raphy  of the excised  in testin e  a f te r  an  in tra g a s tr ic  

dose of iro n . Our re su lts ,  with the r a t s  a f te r  bleeding and 

w ith those  on an  iro n  deficiency reg im e , a lso  suggest th a t the 

m u co sa  of the d is ta l sm all bowel becom es m o re  ac tiv e .

In anaem ic r a ts  iro n  takes longer than  n o rm al to p ass  along 

the bowel and th is  delay  has been suggested  as  the cause  of 

the in c re a se  in  the absorp tion  of iro n  in  the anaem ic s ta te  /
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/ s ta te  (A ustoni and G reen b erg , 1940; M ori et a l . , 1957).

T his slow er m ovem ent of iro n  would exp lain  to som e extent 

the  g re a te r  in c re a se  of ab so rp tio n  found fro m  the in tra i le a l  

in jec tio n s  in  our ex p e rim en ts . In the n o rm a l r a t ,  such 

in jec tio n s  do not s tay  long in  the sm all bowel a s  they  have 

only to t r a v e l  10 cm . befo re  reach in g  the caecum . At th is  

tim e m uch of the iro n  w ill s ti l l  be availab le  fo r ab so rp tio n .

In the  anaem ic  an im al, the de lay  in  m oving into the la rg e  

bowel would allow  th is  av ailab le  iro n  to re m a in  in  con tact 

w ith sm all bowel m ucosa  and so give an  opportun ity  fo r m o re  

ab so rp tio n .

A nother po ssib le  explanation for the sm a lle r  in c re a se  

in  ab so rp tio n  fro m  in traduodenal in jec tion  com pared  with tha t 

a f te r  in tra ile a l  in jection  is  th a t the duodenal m ucosa  m ay  be 

w orking a t its  optim um  ra te  in the n o rm al r a t  when iro n  and 

a sc o rb ic  acid  a re  p re sen ted  to it a t a  pH of 2. Thus, the 

duodenum  resp o n d s le s s  to s tr e s s e s  on iro n  m etab o lism  

than  the ileum  which is  not so fully  ac tive  un til bleeding o r 

iro n  deficiency  supplies the stim ulus 

CONCLUSIONS.

The b y -p as sing of the duodenum  sign ifican tly  

d im in ished  ab so rp tio n  of iro n  in  the r a t  only when la rg e  dose /
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/d o se  le v e ls  w ere  rea ch ed .

A b so rp tio n  of iro n  o c c u rre d  fro m  in tra je ju n a l o r 

in tra i le a l  in jec tio n  in  non-anaem ic r a t a  A g rad ien t of 

ab so rp tio n  of iro n  w as found, g re a te s t  a f te r  in traduodenal 

in jec tio n  of iro n -co n ta in in g  solution, and d im in ish ing  along 

the sm all bowel to be le a s t  a f te r  in tra ile a l  in jec tio n .

R epeated  bleeding o r iro n  defic iency  w as followed 

by a g re a te r  in c re a se  in  the am ount of iro n  ab so rb ed  fro m  

in tra je ju n a l o r  in tra i le a l  in jec tion  than  fro m  in traduodenal 

in jec tion  but did not r e v e rs e  the g rad ien t of ab so rp tio n .
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ABSORPTION OF IRON FROM  ISOLATED SEGMENTS OF

BOWEL IN MAN.

A m od ifica tion  of the technique used  in  the dog has 

been  applied  to m an  to study the re la tiv e  a b so rp tio n  of iro n  

fro m  iso la te d  segm ents of the upper jejunum , of the low er 

ileu m  and of the tr a n s v e r s e  colon.

MATERIALS AND METHODS.

F ive patients w ere studied; two m en  had a g a s tro -  

je junal an as to m o sis  following p a r tia l  g a s trec to m y  for 

chron ic  duodenal u lc e r; two m en had an  ileo sto m y  following 

co lectom y for chron ic  u lce ra tiv e  co litis : one wom an had a 

tra n s v e r s e  co lostom y as  a te m p o ra ry  phase in the tre a tm e n t 

of d iv e r tic u litis  of the pelvic colon.

A segm ent of bowel was iso la ted  by m ean s of two 

balloons a ttached  to  a double lum en M ille r-A bbo tt 

in te s tin a l tube. One lum en w as used  to in fla te  the balloons 

which w ere  16 cm . a p a r t . The o th er lum en w as p e rfo ra ted  

a t 2 cm . in te rv a ls  in the length betw een the balloons to 

allow  in s tilla tio n  and w ithdraw al of the te s t  so lution. Both 

lum ina w ere  occluded at the tip  of the  tube. U nder ra d io ­

log ica l co n tro l the tube was p assed  into the upper jejunum  of 

the two p a tien ts  a fte r  g as trec to m y . In the rem ain ing  /

- 1 1 1 -
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/ rem ain in g  th re e  p a tien ts  the tube w as p assed  into the 

in te s tin a l s tom a to  a  length  of 15 cm . beyond the second 

balloon.

A fter the  balloons w ere in fla ted , the bowel was 

w ashed c lean  w ith 0. 9% sodium  ch lo ride  solution a t 37°C. 

T h irty  m in u tes  la te r  the iron -con ta in ing  solution w as 

in troduced  and left in the bowel for 60 m inu tes before being 

w ithdraw n. The in flation  of the balloons caused  a feeling 

of d is ten s io n  in the abdom en and, in  two c a se s , colicky 

pain . T hese sen sa tio n s  d im in ished  a f te r  5 to 10 m inu tes 

but did not p ass  away com plete ly  and so the te s t  p erio d  was 

lim ited  to  one h o u r. Blood sam ples w ere  taken  a t 30 and 

60 m in u tes .

The te s t  solution w as 25 m l. of 0. 9% sodium  

ch lo ride  so lution at 37°C and a pH of 2 containing 5 m ic ro  - 

g ram s f e r r ic  iro n  labe lled  with 3 to  5 m ic ro c u rie s  F e  59 

along with 100 m g . a sco rb ic  ac id . Polyethylene glycol 

(M olecular weight 4000) in a concen tra tion  of 0. 1% was 

added a s  an  in d ica to r of any leak  of fluid p as t the balloons.

A th a lliu m -ac tiv a ted  sodium  iodide c ry s ta l  w as 

fixed 20 cm . above the a n te r io r  abdom inal w all overly ing  

the segm ent of bowel. The output of the c ry s ta l  w as /
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/w a s  re c o rd e d  on a  conventional s c a le r .  Consecutive 

p e rio d s  of 100 seconds w ere  counted. The m ean  read in g  

in  the f i r s t  10 m in u tes  of the te s t  was com pared  with th a t in  

the period  fro m  50 to 60 m inu tes  to obtain  an  es tim a te  of the 

rad io ac tiv e  iro n  which had le ft the loop during the te s t  hour. 

A fter the te s t  so lution had been rem oved  and the tube had 

been w ithdraw n a t 60 m inu tes, fu rth e r  read in g s  of the 

am ount of rad io ac tiv e  iro n  rem ain ing  a ttached  to the bowel 

w ere obtained.

A w ell-type th a lliu m -ac tiv a ted  sodium  iodide 

sc in tilla tio n  counter w as used to es tim a te  the rad io ac tiv ity  

in sam ples of in te s tin a l fluid and blood. A liquots w ere 

exam ined of the te s t  solution, of the fluid w ithdraw n fro m  

the bowel a t 60 m in u tes , of p lasm a obtained a t 30 and 60 

m inutes and of blood obtained a t 14 days. In o rd e r  to 

ca lcu la te  a c c u ra te ly  the am ount of rad io ac tiv ity  in  the blood 

the blood volum e was d e te rm in ed  by the Evans Blue 

technique, packed ce ll volum e being c o rre c te d  for trap p ed  

p lasm a (Chaplin and M ollison, 1952) and for v a ria tio n  fro m  

the to ta l body h aem a to c rit (Chaplin et a l . , 1953). In 

addition  the haem oglobin and se ru m  iro n  w ere e s tim a ted .

The two p atien ts  with an ileo sto m y  co llec ted  the /
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/th e  ileo sto m y  flu id  fo r 48 hours  a f te r  the te s t  and a liquo ts  

of th is  w ere  a lso  counted in  the sc in tilla tio n  co u n te r.

Polyethy lene glycol was e s tim a ted  by a m od ifica tion  

of the tu rb id o m e tric  m ethod of Hyden (1955).

RESULTS.

The findings a re  su m m arised  in  Table XXX.

A v a ria tio n  of up to 5% was o bserved  betw een 

su ccess iv e  read in g s  lasting  100 seconds fro m  the sodium  

iodide c ry s ta l  fixed over the segm ent and no es tim a te  of 

r a te  of ab so rp tio n  of iro n  could be m ade. In view of th is  

v a ria tio n  the calcu la tion  of the am ount of rad io ac tiv e  iro n  

leaving the segm ent and its  con ten ts m u st a lso  be only an 

approx im ation . It ranged  fro m  0 in the ileum  to 25% in  

the upper jejunum . A leak  o c cu rred  p as t the balloons in  

the te s t  on the tra n s v e rs e  colon.

The am ount of iro n  rem ain ing  a ttached  to the 

segm ent of bowel a t the end of the te s t  hour w as fro m  20 

to 40% of the  am ount of iro n  given. Much of th is  r a d io ­

ac tiv ity  was ap p aren tly  loose ly  a ttached  to the bowel, 

since upw ards of ha lf of i t  w as found w ithin 48 ho u rs  in  the 

ileo sto m y  fluid of the two pa tien ts  on whom ile a l te s ts  w ere  

done.

The am ount of iro n  in  the blood a t 14 days /
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/ days co rresp o n d ed  fa ir ly  w ell w ith the e s tim a tio n  fro m  the 

in  vivo sc in tilla tio n  counting of the am ount ab so rb ed  fro m  the 

iso la ted  segm en ts  of bowel. It a lso  showed th a t som e 

ab so rp tio n  of iro n  can occur fro m  the colon.

COMMENT.

T hese ex p erim en ts  have d em o n stra ted  abso rp tio n  

of iro n  fro m  iso la ted  segm ents of in testin e  in  m an c o n tra ry  

to the  re s u l ts  of G roen  and Taylor (1937). H owever, 

considering  the v a ria tio n s  in the in  vivo counting of the 

rad io ac tiv ity  no s tr e s s  can  be la id  on the quantita tion  of the 

ab so rp tio n . In addition, u tilisa tio n  of iro n  m easu red  by 

the lev e l of rad io ac tiv ity  in the blood at 14 days is  known 

not to be a re lia b le  index of the am ount of iro n  ab so rb ed  

in pa tien ts  who a re  not anaem ic (Dubach et a l . , 1948;

Josep h s, 1958).

The p a tien ts  who had su ffered  fro m  chronic peptic 

u lce r o r chronic u lce ra tiv e  co litis  a ll had been iro n  

defic ien t a t the tim e  of o p era tion . They had a ll been given 

iro n  sa lts  by m outh p o sto p era tiv e ly  and w ere  not iro n -  

defic ien t a t the tim e  of te s tin g , as  fa r  as  can  be a sc e rta in e d  

fro m  se ru m  iro n  and haem oglobin lev e ls  in  the blood.

The in fla tion  of the balloons w ithin the in te s tin e  /
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/in te s t in e  s tim u la ted  sen so ry  n erv es  and gave r is e  to fee lings 

of abdom inal d is ten s io n  and co lic . T hese segm ents of bowel 

cannot be co n s id e red  to have been in  a  com pletely  physio log ical 

s ta te . T h is objection  would apply equally  to a ll  a r e a s  of 

bowel exam ined and should not have m a te r ia lly  affected  the 

co m p ariso n  betw een the upper and low er bowel. M indful of 

th ese  lim ita tio n s , it is  suggested  th a t th ese  re s u l ts  show th a t 

the upper jejunum  can ab so rb  f e r r ic  s a lts  with a sc o rb ic  acid  

to a  g re a te r  ex tent than  the low er ileum  in  m an .



g e n e r a l  s u m m a r y .



GENERAL SUMMARY.

Iro n  w as one of the f i r s t  specific  re m e d ie s  known to  

the m ed ica l p ro fe ss io n  and, although challenged se v e re ly  

during  the la s t  cen tu ry , its  therap eu tic  value is  now u n iv e rsa lly  

accep ted . L e ss  g en e ra lly  held a re  the v a rio u s  opinions on the 

lo ca l conditions in  the gut which affec t abso rp tio n  of the m e ta l 

and the s ite  in the a lim en ta ry  canal a t which th is  ab so rp tio n  

tak es  p lace . This T h esis  has p re sen ted  w ork on th e se  two 

to p ic s .

LOCAL FACTORS INFLUENCING THE ABSORPTION

OF IRON.

Much investiga tion  has been done on the g en e ra l 

fa c to rs  affecting the ab so rp tio n  of iro n  fro m  the g a s tro ­

in te s tin a l t r a c t  and on i ts  m etab o lism  a fte r  abso rp tion .

L e ss  is  known about the effect of the env ironm ent w ithin 

the bowel and fu ll ag reem en t ex is ts  only on the augm enting 

action  of a sco rb ic  ac id . A ttention has been draw n to the 

d ifficu lties  encountered  p rev io u sly  in using iso la ted  loops 

of in testin e  to t r y  to m ea su re  the ab so rp tio n  of iro n .

M ethods have been es tab lish ed  fo r the study of the 

ab so rp tio n  of rad io ac tiv e  iro n  (Fe59) fro m  acu te ly  p re p a re d  /
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/p re p a re d  iso la te d  loops of sm all in te stin e  in  the dog. Sixty 

dogs w ere  stud ied . The re s u l ts  obtained by sim ultaneous 

m ea su rem en t of ab so rp tio n  in  th re e  w ays w ere  in  c lo se  

ag reem en t. The am ount of iro n  ab so rb ed  fro m  th ese  iso la ted  

loops of in te s tin e  had a d ire c t re la tio n sh ip  to the am ount of 

iro n  ab so rb ed  when both w ere  plotted  lo g arith m ica lly . This 

phenom enon has a lso  been d em o n stra ted  in  connection with 

ano ther h aem atin ic -v itam in  B. 12 (M oertel et a l. , I960). The 

re la tio n sh ip  in  our experim en ts  was m o st sign ifican t when 

a sc o rb ic  acid  was p re sen t in the te s t  solution.

The action  of a sco rb ic  acid  in  prom oting the ab so rp tio n  

of iro n  was confirm ed . I ts  effect was shown to take p lace in  

the lum en of the bowel ra th e r  than  in  the bowel w all. Its  

augm entation  of the ab so rp tio n  of iro n  w as thought m o re  like ly  

to be due to lo ca l reducing  p ro p e rtie s  than  to its  effect on pH 

of the in te s tin a l content o r to fo rm atio n  of a stab le  chela te  

such a s  iro n  fo rm s  w ith v e rse n e . H ow ever, the fac t th a t the 

lin ea r  re la tio n sh ip  betw een the lo g arith m  of the dose and the 

lo g arith m  of the am ount ab so rb ed  was m o st sign ifican t w ith 

a sco rb ic  acid  suggests  tha t some chem ical a lte ra tio n  m ay  

have taken  p lace following the addition  of a sc o rb ic  ac id .

W hile a  low pH a t the in itia l in troduction  of the iro n  into the /
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/ th e  loop p rom oted  ab so rp tio n  in  co m p ariso n  w ith a  n e u tra l 

pH, it  w as o b serv ed  th a t m aintaining the pH of the con ten ts 

of the loop a t le s s  than  3 .5  fo r up to 5 h o u rs  did not fu rth e r  

in c re a se  ab so rp tio n  of iro n . The in c re a se  in  ab so rp tio n  of 

iro n  produced by an in itia l pH of 2 was of the sam e o rd e r  a s  

th a t produced by the addition  of a sco rb ic  acid  a t n e u tra l pH.

No re a l  d ifference  was noted in the ab so rp tio n  of 

fe rro u s  o r f e r r ic  iro n . H ow ever, it  m ay  be th a t the 

p ro p o rtio n a te ly  la rg e  am ount of a sco rb ic  acid  (100 m g. ) 

and the high hydrogen ion co n cen tra tio n  (pH2) m ain ta ined  

a  fe rro u s  s ta te  in  m o st c a se s .

A bsorp tion  of iro n  fro m  a single dose la s ted  fo r up 

to 2 h ou rs  in  m o st c a se s  and the am ount ab so rb ed  v a ried  

w ith the du ra tio n  of ab so rp tio n . When the m ean  fig u res

w ere  taken  for 31 dogs in  which only a duodenal loop was 

iso la ted , an  exponential r a te  of ab so rp tio n  was found in  the 

f ir s t  2 hou rs  ( 1. 98% /m in). E xam ination  of individual 

te s ts  rev ea led  th a t only 9 of 31 c lo se ly  approx im ated  to an 

exponential ra te  and so consecutive 15 m inute p e rio d s  w ere  

studied to  allow co m p ariso n  of a ll te s ts  in  d e ta il. The ra te  

w as assu m ed  to be constant in  th ese  tim e  in  te rv a ls ,  and w as 

e x p re sse d  a s  a percen tage  of dose s till  rem ain ing  in  the 

loop p er 100 sq. cm . s e ro s a l su rface  p e r m inu te . This /
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/T h is  ra te  w as f a s te s t  in  the period  15 to 30 m in u tes  a f te r  

placing the iro n  in  the loop. The p a tte rn  of ab so rp tio n  

of iro n  w as not changed by a sp ira tin g  the iron -con ta in ing  

fluid fro m  the loop even a s  e a r ly  a s  15 m in u tes , although if 

rem o v a l w as p e rfo rm ed  before 60 m inu tes the to ta l am ount 

ab so rb ed  w as d im in ished . When ab so rp tio n  of iro n  had 

stopped, tra n s fe r  of the iron -con ta in ing  in te s tin a l fluid to 

ano ther f re sh ly  p rep a red  loop in a d iffe ren t dog did not show 

any sign ifican t abso rp tion . Thus, som e change had o c c u rre d  

ren d erin g  the iro n  unavailable for ab so rp tio n . This change 

could not be re v e rse d  by the addition of a sc o rb ic  ac id  or by 

re -a c id if ic a tio n . Giving rep ea ted  do ses  of iro n  into the 

sam e loop rev ea led  no evidence of "m ucosal block" a t th ese  

dose lev e ls  and showed that the ce ssa tio n  of ab so rp tio n  a t 

2 hou rs  w as not due to a change in the m ucosa .

Using in  vivo counting techn iques, rep ea tab le

5
m easu rem en t of the abso rp tio n  of rad io ac tiv e  iro n  fro m  chron ic 

T h iry  V ella fis tu lae  of the duodenum  w ere  achieved in  four doga 

C onfirm ation  w as obtained of the effect of ac id ity  and of 

a sco rb ic  acid  noted above. G a s tric  ju ice gave no g re a te r  

in c re a se  in  ab so rp tio n  of iro n  than  equivalent am ounts of

hydroch lo ric  ac id . G raded doses of a sc o rb ic  acid  /
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/a c id  re v e a le d  an  in c re a se  in  iro n  ab so rp tio n  beyond a

th re sh o ld  of 1 mg* and reach ing  a  p la teau  about 20 m g. The
(A/Vl

th re sh o ld  w as too high fo r a  d ire c t  n&tn-ascorbate to be the 

only prom oting  change involved.

The app lica tions of th is  w ork to the intact an im al 

a re  com plicated  by the fac t th a t the iro n  has been p reven ted  

fro m  m oving fro m  the iso la ted  loop. This is  e s se n tia l to 

evaluate  the p ro c e ss  of ab so rp tio n  by the one a r e a  of bowel 

and to  be able to obtain  a m ea su rem e n t of the r a te s  of change 

in  th is  reg io n . As it  has  been d em o n stra ted  tha t the iro n  in 

the bowel lum en rap id ly  becom es unavailab le fo r a b so rp tio n , 

the a r t if ic ia l  holding-up of the iron -con ta in ing  so lution m ay  

not give m u ch  d is to rtio n  of what happens in the in tac t 

an im al. With th ese  re se rv a tio n s , the following hypothesis 

is  advanced, on the b as is  of the findings re p o rted , to explain 

the sequence of events a f te r  the in troduction  of iro n  into the 

sm all bowel of the dog (F ig . 51).

Iro n  e n te rs  the duodenum  fro m  the stom ach in sm all 

am ounts w ith the p e r is ta ltic  ac tion  of the g a s tr ic  an tru m .

The in traduodenal pH fa lls  w ith each  ru sh  of g a s tr ic  contents 

and the evidence of the ac tion  of a low pH would suggest th a t 

g a s tr ic  ac id ity  is  im p o rtan t. D uring the f i r s t  15 m inu tes  /



Iron available fo r  absorption 
U . I Iron not available for absorption 

■ ■ ■  Iron abso rb ed
Iron loosely a t tach ed  to bowel wall

R A T E S  PRO PORTIO NAL  

TO S H E  OF A R R O W S

FIG . 51.

D iag ram  of suggested  sequence of events a f te r  
in troduction  of a  dose of iro n  into the duodenum  
of a  dog. (Two m ic ro g ra m s  iro n  w ith  100 m g. 

a sco rb ic  acid  used  a s  the exam ple).
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/xn inu tes a f te r  e n try  into the duodenum  rem o v a l of iro n  fro m  

the bow el lum en and bowel w all into the blood s tre a m  gains 

m om entum  and re a c h e s  a m axim um  in  the second 15 m in u tes . 

M eanw hile, in  the bowel lum en a  rap id  change is  o ccu rrin g  

in  the  iro n  w hich m akes it unavailable for ab so rp tio n , so th a t 

a f te r  30 to 60 m inu tes it has no fu rth e r  effect on the ab so rp tio n  

of iro n . The change is  delayed by the ac id ifica tio n  of the 

iro n -co n ta in in g  solution o r by the addition of a sc o rb ic  ac id .

The la t te r  has a d ifferen t ac tion  fro m  a  tru e  chelating  agent. 

P a r t  of the iro n  unavailable fo r ab so rp tio n  becom es lo o se ly  

a ttached  to the m ucosa  so th a t it  cannot be a sp ira te d  but can  

be gently  sc rap ed  off. P resu m ab ly  th is  would happen with 

the p assag e  of in te s tin a l con ten ts. The attachm ent is  a t an  

exponential r a te .  A bsorption  into the blood s tre a m  continues 

fo r up to  120 m inu tes, w ith a fu rth e r  slight ab so rp tio n  fro m  

3 to  5 h ou rs  in  som e c a s e s . Our o b serv a tio n  perio d  w as 

five h o u rs  following the in troduction  of the iro n  into the loop 

and a t the end of th is  tim e a sm all am ount of iro n , p ro p o rtio n a l 

to the am ount ab so rb ed , was s ti l l  f irm ly  attached  to the bowel 

w all. This m ight have been able to be ab so rb ed  la te r  o r 

m ight be c a s t off with the changing m u co sa l c e lls  in  the next 

2 to 4 days.

A lso depicted  on the d iag ram  (F ig . 51) a re  the /
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/ the  m ovem en ts  of ab so rb ed  iro n  into and out of the  blood.

In m o st ex p erim en ts  the ra te  of ab so rp tio n  fro m  the loop and 

loop con ten ts w as g re a te s t  in  the perio d  15 to 30 m in u tes . 

Using the d a ta  fro m  23 dogs in  which only duodenal loops w ere  

iso la ted , i t  was found tha t the m ean  lev e l of rad io ac tiv e  iro n  

in the p lasm a  showed an exponential d isap p e aran ce  into the 

t is s u e s  a t a r a te  of 0.587%  m in . An exponential ra te  of 

ap pearance  of rad io ac tiv e  iro n  in  the p lasm a  could a lso  be 

obtained fro m  th ese  m ean lev e ls  of F e5 9 . It was a lm o st 

id en tica l to the ra te  d eriv ed  fro m  the m ean  fig u re s  for 

ab so rp tio n  of iro n  fro m  the iso la ted  loop. H ow ever, 

individual ex p erim en ts  did not follow th is  exponential p a tte rn  

so c lo se ly .

A sign ifican t c o rre la tio n  w as found betw een the 

m axim um  am ount of rad io ac tiv e  iro n  in the p lasm a  and the 

am ount of rad io ac tiv e  iro n  ab so rb ed  fro m  iso la ted  in te s tin a l 

loops.

A co m p ariso n  of the lev e ls  of rad io ac tiv e  iro n  in  the 

p lasm a  of the p o rta l venous and fem o ra l a r te r ia l  blood in  20 

dogs showed a  sign ifican tly  g re a te r  co n cen tra tio n  in  the 

p o rta l blood during  the f i r s t  90 m inu tes  of ab so rp tio n  of iro n  

fro m  the iso la ted  in te s tin a l loops. This d ifferen ce  was /
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/ w as due to  rem o v a l of iro n  fro m  the c irc u la tio n  by the liv e r  

and to d ilu tion  of the p o rta l blood by hepatic  a r te r ia l  and 

sy stem ic  venous blood,

SITE OF ABSORPTION OF IRON IN THE INTESTINE.

In the rev iew  of the l i te ra tu re  it  was seen  th a t the 

duodenum  is  thought to be the m ain  s ite  of ab so rp tio n  of iro n  

but th a t few d ire c t  co m p ariso n s  betw een it and o ther a re a s  of 

bowel had been m ade and its  im portance re la tiv e  to the r e s t  

of the a lim e n ta ry  t r a c t  had not been defined.

In the study on iso la ted  loops in  acu te  p rep a ra tio n s  

in 20 dogs, the duodenum  was found to ab so rb  up to 14 tim es  

as  m uch iro n  p er 100 sq . cm . of s e ro s a l su rface  a s  the 

ileum . The d ifference  was not sign ifican t u n less  the in itia l 

pH of the te s t  so lution was 2 and a sco rb ic  acid  w as added.

In o ther re sp e c ts  the two p a r ts  of sm all bowel exhibited a 

m ark ed  s im ila r ity . The resp o n se  to in c re a se  in  am ount of 

iro n  given, to ac id ity  of the te s t  solution and to a sco rb ic  acid  

w ere of the sam e o rd e r .

In four dogs the im portance of the duodenum  w as 

a sse ssed  by m easu rin g  the abso rp tio n  of rad io ac tiv e  iro n  by 

m ean s of balance techniques before and a f te r  rem o v a l of the 

duodenum  fro m  continuity  w ith the r e s t  of g a s tro in te s tin a l 

t r a c t .  Although th e re  w as a slight tendency  /
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/ten d en c y  fo r a  d im inution  in  ab so rp tio n  to  o ccu r a f te r  

o p era tio n , no un ifo rm  tre n d  w as noted. The an im al could 

a b so rb  a s  m uch  iro n  w ithout the duodenum  a s  when th is  p a r t 

of the gut w as in  u se . Thus, the duodenum  is  not e s se n tia l 

to m ain ta in  ab so rp tio n  of sm all do ses  of ino rgan ic  iro n .

This supports  ev idence, in m an, suggesting th a t b y -passing  

the duodenum  by a g as tro je ju n a l an as to m o sis  a f te r  g a s tr ic  

re se c tio n  is  not the m a in  cause  in  producing iro n -d e fic ien cy  

anaem ia .

The above te s ts  concerning the duodenum had a ll 

been p e rfo rm ed  with a sm all dose of iro n  (10 m ic ro g ra m s) 

and re c o u rs e  was had to  the r a t  to in v estig a te  the effect of 

vary ing  dosage and to com pare  duodenum , jejunum  and ileum  

while s ti l l  in  continuity . A to ta l of 165 an im als  w ere studied . 

F e r r ic  iro n  and a sco rb ic  acid  a t a pH of 2 w ere  in jec ted  into 

the chosen  segm ent of bowel a t lap aro to m y  and the am ount of 

rad io ac tiv e  iro n  re ta in ed  was m e asu re d  by a  to ta l body 

counting technique. In traduodenal in jec tion  com pared  with 

in jection  5 cm . d is ta l to the L igt of T re itz  confirm ed  the 

findings in  the dog. H ow ever, by in c rea s in g  the am ount of 

iro n  given to as  m uch as 1 m g. a s ta tis tic a lly  sign ifican t 

d ifference  w as found, the duodenal s ite  of in jec tion  re su ltin g  /
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/re s u l t in g  in  g re a te r  ab so rp tio n . The duodenum  only m akes 

an  in d isp en sab le  con tribu tion  to the ab so rp tio n  of iro n  when 

th e  s t r e s s  of la rg e  dosage is  applied . L ittle  d iffe ren ce  w as 

found in  co m p ariso n  of in tra g a s tr ic  and in traduodenal 

ad m in is tra tio n  of iro n , ind icating  that the s tom ach  p lays a  

sm all p a r t  in  ab so rp tio n  of iro n  a t th ese  d o se s .

In tra je ju n a l and in tra i le a l  in jec tion  of iro n  gave 

sm a lle r  ab so rp tio n  than  in traduodenal in jec tion . A g rad ien t 

of abso rp tio n  of iro n  along the sm a ll bowel of the r a t  w as 

confirm ed . A d ire c t  re la tio n sh ip  was found betw een the 

am ount of iro n  given and the am ount ab so rb ed  both plotted  

lo g arith m ica lly . T his held fo r duodenum  and to a le s s e r  

extent fo r jejunum  and ileum . The slope of the r e g re s s io n  

line for th is  re la tio n sh ip  was s im ila r  fo r a ll  th re e  s ite s  of 

in jection , although th a t fo r the in tra je ju n a l w as se t a t a low er 

lev e l than  th a t fo r in traduodenal in jec tio n  w ith a line for 

in tra ile a l in jec tio n  being low est.

The in c re a se  of ab so rp tio n  of iro n  in re sp o n se  to 

rep ea ted  bleeding o r to a  m ilk  d ie t, low in iro n  content, w as 

p ro p o rtio n a te ly  sm a lle s t fo r the duodenal site  of in jection , 

g re a te r  fo r the je ju n a l s ite  and g re a te s t  in  the ileu m . In 

addition, a  c o rre la tio n , on a lo g /lo g  sca le , s ti l l  ex isted  

betw een the am ount of rad io iro n  ab so rb ed  and the am ount /
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/  am ount in jec ted . In the case  of the duodenum , the re g re s s io n  

line had a  slope a lm o st the sam e a s  in  the co n tro l an im als  but 

showing a  s ligh tly  g re a te r  ab so rp tio n  a t low er d o se s . W hereas 

both the je ju n a l and ile a l s ite s  of in jec tio n  rev ea led  an  in c re a se  

in ab so rp tio n  esp ec ia lly  fro m  the la rg e r  do ses  w ith an  in c re a se  

in the slope of the re g re s s io n  line .

E x p erim en ts  on 5 pa tien ts  have shown ab so rp tio n  of 

iro n  fro m  segm ents of in testin e  iso la ted  by m eans of balloons 

on an  in te s tin a l tube w ithin the lum en. A g re a te r  am ount of 

iro n  w as ab so rb ed  fro m  the upper jejunum  than fro m  the low er 

ileum .

Sum m arising  th ese  findings and m indful of the p o ssib le  

fa lla c ie s  of arguing  fro m  one spec ies  to ano ther, the following 

is  suggested  a s  the p a tte rn  of ab so rp tio n  of iro n  along the 

bowel. In the in tac t an im al ab so rp tio n  in  the stom ach is  not 

of g re a t sign ificance. The iro n  p a sse s  through the py lo rus 

into the duodenum  in  an  acid  solution. M ost ab so rp tio n  tak es  

place in  th is  segm ent: f ir s tly , because it gets the f i r s t  chance 

to a b so rb  the iro n  and secondly, the iro n  is  s till  in  a s ta te  

availab le  for ab so rp tio n . The upper jejunum  has been shown 

to have a lm o st a s  g re a t a p o ten tia lity  fo r ab so rp tio n  of iro n  a s  

the duodenum  and th is  section  of the gut p lays a p a r t  in the 

next 15 to 60 m inu tes  while some of the iro n  re m a in s  availab le  /
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/ av a ilab le  fo r ab so rp tio n . Indeed, the  duodenum  is  quite 

d isp en sab le  a s  fa r  a s  the ab so rp tio n  of inorgan ic  iro n  is  

concerned  un til la rg e r  do ses  a re  reach ed .

The duodenum  seem s to be absorb ing  iro n  a lm o st a t 

its  m axim um  ra te  when the iro n  is  p re sen ted  in  an  acid  

solution w ith a sc o rb ic  ac id  d ire c tly  into its  lum en, for v e ry  

little  in c re a se  in  ab so rp tio n  o c cu rs  in  re sp o n se  to bleeding o r 

to a d ie t low in  iro n , although both of th ese  factors have been 

shown p rev io u sly  to augm ent co n s id e rab ly  ab so rp tio n  of iro n  

given by the in tra g a s tr ic  ro u te . By co n tra s t, a notable 

in c re a se  in  ab so rp tio n  of iro n  follow s the injection of iro n  

into the low er jejunum  or into the ileum  in e ith e r of the above 

c irc u m sta n c e s . Thus the m o re  d is ta l sm all bowel is  able to 

in c re a se  ab so rp tio n  to a p ro p o rtio n a te ly  g re a te r  extent than  

the p ro x im al sm all bowel. No d ire c t  evidence has been 

p re sen ted  reg ard in g  the ro le  played by the colon.

These stud ies of the in te s tin a l ab so rp tio n  of iro n  

have given r is e  to m o re  questions than  they  have answ ered.

Some definition  of the local fa c to rs  influencing the abso rp tion  

of iro n  has been achieved but, w ith the exception of a sco rb ic  

ac id , no in fo rm ation  about the possib le  m echanism s by which 

they ac t has been obtained. The g en e ra lly  held opinion of 

the p rim ac y  of the duodenum  has been confirm ed although som e /
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/  som e lim ita tio n s  on i ts  fundam ental im p o rtan ce  have been 

fo rm u la ted . No evidence of the p ro c e sse s  involved in  the 

a lte re d  re sp o n se  of the d is ta l sm all bowel has em erg ed  fro m  

th ese  in v estig a tio n s . H ow ever, they  m ay  be of value in  

providing new m ethods of studying the ab so rp tio n  of iro n  fro m  

the sm a ll in te s tin e  and in  c larify ing  understand ing  of som e of 

the s tep s  involved in  th is  p ro c e ss .
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Dog
Weight

Kg
H aem oglobin 

Gm %
P . C. V.

%
Serum  Iro n  

ug %

P661 15.0 15.5 55 -

P710 14.8 13.4 48 -
P808 19.2 16. 1 52 -

P815 18.0 15. 9 48 .5 -

P843 15.0 13. 1 42 135
P907 16.3 15. 1 48 175
P926 15.0 16. 6 51 154
P941 19.0 14.8 45 131
P976 18.8 17.9 53 144
S 22 22 .0 16.4 49 165
S 38 15.7 14.9 45 .5 155
S 52 20 .2 17.7 55.5 154
S 73 16.4 16.6 50.0 167
S 93 2 0 .6 13. 8 42 182
S151 14.0 17.2 55 233
SI 94 20 .4 16.2 50.5 -

S222 18.0 15.9 48 .5 147
S242 16.2 15.9 50 124
S344 19.0 15.7 4 9 .5 -
S3 65 20 .2 14.7 46 152
S3 90 18.1 14.8 45 .5 161
S415 16.1 14.8 46 180
$424 17.4 14.0 44 .5 166
S445 19.7 16.5 4 9 .5 179
S462 25 .4 12.7 40 129
S487 16.0 15.0 47 .5 147
S499 18.3 14.2 46 123
S554 14.8 14.0 43 .5 141
S555 17.3 15.6 48 128
S571 16.4 14.5 44 .5

W eight haem oglobin and se ru m  iro n  values fo r 30 
dogs used  in ex p erim en ts  on ab so rp tio n  of iro n  
fro m  acu te ly  p rep a red  iso la ted  loops of in te stin e .
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Dog
Weight H aem oglobin 

Kg Gm %
P .C .V .

%
Serum  F e 

ug%

S589 18.2 13. 8 43 .5 169
S608 18.5 15.3 50 189
S609 15. 8 14.3 47 150
S6Z9 17. 9 15.8 48 172
S620 17.0 14.7 46 199
S805 20 .0 13.4 43 127
S806 19.2 16.8 53 144
S821 12.0 14.0 44 140
S822 11.4 14.6 47 150
S849 18.0 16.3 50 -
S850 18.1 14.0 43 126
S862 20 .0 13.7 43 143
S863 18. 8 15.3 47 163
S874 20 .0 14.8 4 7 .5 182
S886 16.0 14.3 47 132
S894 16.0 10.8 33 61
S933 16.4 13.1 40 .5 130
S942 15.0 13.0 40 .5 135
S943 16.4 14.3 47 .5 141
S967 19.0 17.2 53 169
S982 18.8 15.0 48 159
S983 19.1 14.0 43 .5 140

S999 18.2 15.0 48 177
S1000 16.5 14.3 44 136
T 15 19.3 16.9 52 -
T 16 17.3 14.6 47 137
T 36 18.0 15. 6 49 -

T 37 16.4 13.7 42 126
T 52 16.3 14.6 47 .5 131
T 53 19.5 15.6 49 157
G 1 17.0 14.0 43

W eight haem oglobin and seru m  iro n  values fo r31 
dogs used  in experim en ts on abso rp tion  of iro n  
fro m  acu te ly  p rep a red  iso la ted  loops of in te stin e .
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Dog A bsorption  of Iro n  %

M ethod A Method B M ean

Duodenum

P907 15.0 15.5 15.25
P926 14.3 9 .4 11. 85
P941 2 .6 1.5 2. 05
S 22 18.1 15.4 18. 75
S 38 23 .7 20 .6 22. 15
S 73 10.5 14.2 12.35
S 93 23 .2 17.4 20.30
S151 26.0 2 0 .6 23.30
SI 94 30.4 32 .8 31.60
S222 40 .3 23.3 36. 80
S242 12.6 13.2 12. 90
S344 18.7 11.0 14. 85
S415 3 8 .8 54 .2 46.50
S424 14.0 15.0 14.50
S445 20.7 29.1 24. 90
S487 16.0 13.4 14. 70
S499 33.3 4 1 .6 37.45
S541 16. 6 21. 1 18. 85
S571 1 .9 0. 1 1.00
S589 9 .6 8 .9 9.35
S805 23. 1 3 3 .9 28. 50
S806 17.9 20.1 19.00

C om parison  of m ethods A and B of m easu rin g  
the abso rp tion  of iro n  fro m  iso la ted  loops in 

the dog in 5 hour te s ts .
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Dog A bsorp tion  of Iro n  %

M ethod A Method B M ean

Duodenum

S821 34.7 28.2 31.45
S822 34.7 28 .8 31.75
S849 30.3 27. 8 29.05
S850 15.2 13.9 14.55
S862 20.4 11.4 15.90
S933 12.2 7.3 9.75
S943 22.0 13.5 17.75
S983 28.9 23.9 26.40
S999 17.6 13. 8 15.70
S1000 24.4 21. 1 22.75
T15 21.0 22.8 21.90
T 16 2 .6 0.5 1.55
T52 17.7 20.9 19.30
T53 24.3 21.2 22.75

Ileum

S3 44 1.0 1.0 1.00
S424 14.5 7.3 10.90
S445 14.8 7 .9 11.35
S499 6. 6 3 .9 5.25
S541 7.0 7.7 7. 35
S571 2.0 2.0 2.00
S589 4 .0 7 .9 5.95

M ean A 18. 19 t 1.57 S .E .M .
M ean B 16.61 t  1.76 S .E .M .
R eliab ility  coefficient r 0.8579

d .f .  =41 P  = <  0.001
L in ea r re g re s s io n  equation A = 5.52 + 0.7628 B

C om parison  of m ethods A and B of m easu rin g  
the ab so rp tio n  of iro n  from  iso la ted  loops in 

the dog in 5 hour te s ts .



ONE LOOP

Dog A bsorp tion  of Iro n  %

* M ean of m ethods 
A & B

u  M ethod C

S805 28 .5 21. 1
S806 19.0 12.7
S821 31 .4 33.0
S822 31 .7 27 .4
S849 29.0 28 .6
S850 14.5 4 .4
S 862 15.9 12.9
S863 11.1 4 .5
S933 9.7 1.0
S943 17.7 15.3
S983 26 .4 26 .8
S999 15.7 5 .1

S1000 22.7 15.1
T15 21 .9 12.4
T16 X.5 0 .4
T36 1 .9 2 .4
T52 19.3 9 .0
T53 22.7 25 .4

M ean I 18.22+2.21*
M ean II 15.12+2.48*
R eliab ility  coeffic ien t 0. 8283

d. f. 15 P < . 0.001
L in ea r R eg ress io n  Equation

II = .1 .3 7  4 0 .905 I

*S. E . M.

C om parison  of m ethod C for m easu rin g  
ab so rp tio n  of iro n  w ithm ethods A andB  
in  ex p erim en ts  w ith one iso la ted  loop 

in  5 hour te s ts .
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TWO LOOPS

Dog A bsorp tion  of Iro n  %

* M ethods A & B ^  M ethod C

P808 1.2 0 .2
P815 14.0 8.2
P843 10.0 2 .0
P907 17.4 14.0
P926 10. 1 4 .3
P941 1.7 2 .0
S 22 12.5 10.2
S 38 10.2 18.5
S 73 12.1 13.7
S 93 13.4 13.9
SI 94 24.4 16.4
S222 24.2 21.3
S242 10.2 7 .3
S344 6.1 5 .6
S415 37. 1 47.5
S424 10.6 4 .3
S445 21.0 17.9
S487

00. 9 .1
S499 23.7 16.2
S571 1. 1 0 .4
S589 10. 1 4 .0

M ean I 13. 28 t  1.93*
M ean II 11. 29 .. 2. 29
R eliab ility  coefficien t 0. 8879

d .f . 19 0.001
L in ea r R eg ress io n  Equation

II = -2 .7 1  + 1.054 I

*S. E . M.
C om parison  of m ethod C fo r m easu rin g  
ab so rp tio n  of iro n  with m ethods A & B 
in  ex p erim en ts  w ith two iso la ted  loops 

in  5 hour te s ts .
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DUODENAL LOOPS

Dog S821 S822 S893 S999 S1000 S943 T 15 T 53
F e r ro u s  Iro n  ug 5 .0 1.0 10.0 10.0 2 .0 2 .0 3 .0 4 .0
pH 2 2 2 2 2 7 7 7
V it C + + + + + + + +

Tim e R adioactive iro n re c o rd e d  by M ethod (A) % dose
p er 100 sq. cm . se ro sa l su rface

15 97.3 95.3 96 .2 93 .6 96.3 97.3 98.4 96.3
30 93.2 90 .6 93 .4 91 .4 93.4 91 .9 95.3 91 .9
45 86 .2 84.7 88.5 89 .9 89.0 89.2 91.4 87 .4
60 80.0 80.0 84.3 88 .4 86.2 87.2 88.3 84. 7
75 7 3 .6 75 .3 81.5 87.7 84.3 85.2 86.7 82 .9
90 68 .6 70 .6 77 .7 82.4 83.2 85 .9 82.0

105 67. 1 68 .8 74 .9 80.5 81 .9 85.0 81. 1
120 66. 6 67. 6 73 .5 78 .6 80 .6 84. 1 80. 2
135 66 .2 73 .2 87.3 77 .6 79.3
150 65. 8 72 .9 76 .6 78 .4
165 65.3 72 .6 76. 1 79 .9
180 72 .3 75 .6 79 .2
195 72 .0 78 .6 82.5
210 71 .7 78 .0 81.7
225 71 .4 80 .9
240 67.0 71. 1 79 .7
255 66 .4 79.0
270 65. 8
295 65.3
300 65.3 65.3 71. 1 87. 3 75 .6 78.0 79.0 78 .4

D isappearance
Non-

Exponential \y \S

Exponential
T i 37 34.5
r 1.87 2.01
Two com ponents
(1) T i 97.5 90 97.5 82

r 0.71 0.77 0.71 0. 85
(2) T | 25 37 45 39

r 2.77 1. 87 1.54 1.78

R eadings fro m  d ire c t w riting  sc in tilla tio n  counter expressed  
as  p e rcen t of dose of rad io ac tiv e  iro n  given p er 100 sq. cm . 
s e ro s a l  su rface  of duodenal loops. The fo rm  of the d isap p ear­
ance cu rv es  of iro n  fro m  the loop a re  noted below and w here 
ap p ro p ria te  the half tim e (T-|) and ra te  (% m in .) a re  given.
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DUODENAL LOOPS

Dog S849 S850 S862 T 52 S859 S805 S806
F e r ro u s  Iro n  ug 2. 0 3 .0 1. 0 4 .0 2 .0 2 .0 3. 0
pH 2 2 2 2 2 2 2
Yit C - - - - + + +
Tim e R adioactive iro n re co rd e d  by Method (A)

% do se per 100 sq. cm . se ro sa l su rface

15 97. 1 97.0 93.0 97. 8 97.0 97. 2 94.7
30 88. 6 94.0 82. 6 94. 8 93. 3 93.7 89.4
45 85.0 91.0 79. 1 92. 2 92. 6 88. 8 88. 1
60 82. 3 88.0 76.5 90.0 92. 3 85. 3 86. 8
75 80.5 86. 2 75. 6 87. 8 83. 2
90 79. 1 84. 8 85 .6 81. 8

105 77 .4 84. 1 80.4 85.5
120 76 .0 83. 2 79.0 84.7
135 74. 3 82.3 83.4
150 73. 9 82. 1
165 72 .5
180 71 .4 91.6
195 69.7 91. 3 78. 1
210 91.0 77. 6
225 90.7 77. 2
240 90.4 76. 9
255
270
285
300 69.7 84. 8 75. 6 82. 3 90.4 76. 9 82. 1
Di sappearance  
Non- expone nt ia l s/ V" v '

Exponential
T i 31 51
r 2. 24 1. 36

Two com ponents
(1) T i 56

r 1. 24
(2) T i 15

r 4. 62

R ead in g s  fro m  d ire c t w riting  sc in tilla tio n  counter ex p ressed  
a s  p e rcen t of dose of rad io ac tiv e  iro n  given p e r 100 sq. cm . 
s e ro sa l su rface  of duodenal loops. The fo rm  of the d isap p ear 
ance cu rv es  of iro n  fro m  the loop a re  noted below and w here 
a p p ro p ria te  the half tim e (Tj) and ra te  (% m in .) a re  given.
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DUODENAL LOOPS

Dog P907 P926 S22 S3 8 S445 S487 S571 S73
F  e r r ic
Iro n  ug. 1.5 4 .0 1.5 1.5 10.0 1 .0 2 .0 10.0
pH 2 2 2 2 2 2 7 2
V it C - - - - - - - +
Tim e R adioactive iro n % do se

15 98 .9 96.0 96.1 92.3 96.7 96.5 100 97.3
30 92.1 91 .6 91.2 91.1 92.5 93.5 99.4 93 .9
45 87.6 88.7 88.3 83 .6 89.5 92.3 98 .9 91 .2
60 85.7 86.2 86.3 83.1 86.5 91.1 98.4 89.5
75 85.0 85.7 85.2 80 .6 85.5 90.5 98.1
90 84.1 78. 1 84.5 89 .9

105 84.1 77 .3 89.5
120 84.1 89.0
135 83.0 88.3
150 81 .9 87 .6
165 87. 1
180 86.5
195 83. 6 86. 1
210 82.7 85. 8
225 81 .8 85.5
240 80 .9 85 .2
255 80.2 84.9
270 7 9 .8 84 .6
285 84.3
300 85.0 85.7 81 .9 77.3 79 .8 84.0 98.1 89.5
Nonexpo­
nen tia l x/' v' ✓
Expo­
nentia l ✓ ✓ >/
T - 20 45 28
r  % m in. 3 .46 1.54 2 .47
2 R ates ✓ >/
(1) T j 78 43

r  % m in. 0. 89 1.61
(2) T j 21 20

r  % m in . 3.30 3 .4 6

R eadings fro m  d ire c t w riting  sc in tilla tio n  counter e x p re ssed  
as  p e rcen t of dose of rad io ac tiv e  iro n  given p e r 100 sq. cm . 
se ro sa l su rface  of duodenal loops. The fo rm  of the d isa p p e a r­
ance cu rv es  of iro n  fro m  the loop a re  noted below and w here 
ap p ro p ria te  the half tim e (Tfr) and ra te  (% m in .) a re  given.
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DUODENAL LOOPS

Dog S93 SI 94 S242 S344 S415 S424 S499 S933
F e r r ic
Iro n  ug. 10.0 3 .0 0 .5 0 .5 2 .0 5 .0 2 .0 2 .0
pH 2 2 2 2 2 2 2 7
V it C + + + + + + + +
Tim e R adioactive iro n % do se

15 97.5 91.3 96.3 94 .8 92.5 94.2 94.4 98 .8
30 92.5 87.0 94.2 87. 1 84.3 91.3 88.5 92.7
45 89.5 82.7 93. 1 85.7 78.7 89 .8 82.2 91.5
60 88.3 80. 1 92.0 84 .4 74.3 88.3 76. 6 89 .9
75 85 .9 78 .4 90.7 83.0 70.5 86. 8 74 .6 89.3
90 84.1 77.5 89.4 82.7 68.0 86. 1 72. 1 88.7

105 82. 3 81.3 65. 5 70. 8 88 .4
120 81. 1 63.3 69.5 88. 1
135 62. 1 68.0 87. 8
150 61 .8 67.3
165 79 .9 61.5 67.0
180 79 .0 61.2 66 .7
195 78 .4 75 .0
210 77. 8 73.5
225 77 .2 71. 6 88 .9
240 76.7 70 .6 88.4
255 69. 6 88.0
270 87.6
285
300 76.7 69 .6 87.6 81.3 61.2 86. 1 66.7 87 .8
Nonexpo­
nen tia l ✓ V v '
Expo­
nen tia l >/ V''

T— 1 2 37.5 35 37
r  % m in . 1.85 1.98 1. 87
2 R ates
(1) T i

r  % m in.
(2) T£

r  % m in .

R eadings fro m  d ire c t w riting  sc in tilla tio n  counter ex p ressed  
as  p er cent of dose of rad io ac tiv e  iro n  given p er 100 sq. cm . 
se ro sa l su rface  of duodenal loops. The fo rm  of the d is a p p e a r ­
ance cu rv es  of iro n  fro m  the loop a re  noted below and w here 
ap p ro p ria te  the half tim e (T^) and ra te  (% m in .)  a re  given.



Tim e m in .

R adioactive Iron  
M ean % R em aining 
31 Duod. Loops S. E . M.

15 96.05 0 .3 6
30 91.61 0 .5 9
45 88. 25 0 .75
60 85.83 0.91
75 84.16 1.07
90 82. 83 1.23 M ean am ount of

105 82.00 1.33 rad io ac tiv e  iro n
120 81.42 1.40 rem ain ing  in 31
135 81.04 1.43 iso la ted  duodenal
150 80. 81 1.45 loops during te s t
165 80.63 1.48 of abso rp tion .
180 80.45 1.48
195 80. 14 1.50
210 79. 95 1.50
225 79. 75 1.51
240 79# 57 1.51
255 79.45 1.52
270 79 .39 1.52
285 79.37 1.53
300 79.37 1.53

F o rm  of 
D isappearance  
C urves of Fe59 
fro m  Loop No.

M ean Tim e 
to Half 

Cone en tr ation
M ean ra te  

% m in .

Non Exponential 

Exponential 

Two com ponents

14

10

7

35. 6 m in.

(1) 77 m in .

(2) 27. 17 m in.

1. 9466

(1) 0 .90

(2) 2.5506

F o rm  of d isap p earan ce  curve  of rad io ac tiv e  iro n  fro m  
31 iso la ted  duodenal loops.
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DUODENAL LOOPS

Dog P907 P926 S 22 S 38 S445 S487 S571 S 73
F e r r ic
Iron 1.5 4 .0 1.5 1.5 10.0 1 .0 2 .0 10.0
M icro -
g ram
pH 2 2 2 2 2 2 7 2
Vit C - - - - - - - +

Rate of d isappearance  of F e^9  from  loop % do se
Tim e re m a in in g /100 sq. cm . se ro sa l a re a /m in .

0- 15 0.075 0.264 0.262 0.583 0.270 0.240 0.000 0. 181
16- 30 0.455 0.297 0.326 0.092 0.340 0.205 0.040 0 .226
31- 45 0.332 0 .219 0.223 0.562 0 .226 0.085 0.033 0. 192
46- 60 0 .176 0.189 0.156 0.037 0.205 0.086 0.033 0. 193
61- 75 0.090 0.039 0.081 0.189 0.082 0.044 0.025
76- 90 0.082 0.193 0.050 0.044
91-105 0.098 0.045

106-120 0.080 0 .018
121-135 0.082 0.054
136-150 0.036
151-165 0.038
166-180 0.046
181-195 0.110 0.037
196-210 0.094 0.028
211-225 0.095 0.019
226-240 0 .098
241-255 0.079
256-270 0.060
271-285
286-300

R ates of d isappearance  of rad ioac tive  iro n  in  consecutive 15 
m in, periods fro m  iso la ted  duodenal loops p rep a re d  in  dogs 
expressed  as  p ercen t of dose rem ain ing  in  loop per 100 sq, 

cm . of s e ro sa l su rface  per m in.
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DUODENAL LOOPS

Dog S 93 SI 94 S242 S344 S415 S424 S499 S933
F  e r r ic
Iron 10.0 3 .0 0 .5 0 .5 2 .0 5 .0 2 .0 2 .0
M icro ­
g ram s
pH 2 2 2 2 2 2 2 7
Vit C + + + + + + + +

R ate of d isappearance of Fe59 from  loop % dose
Tim e re m a in in g /100 sq. cm . s e ro sa l a re a /m in .

0- 15 0. 167 0.580 0.246 0.347 0.501 0.390 0.376 0.081
16- 30 0.324 0.318 0.147 0.511 0.545 0.207 0 .396 0 .406
31- 45 0.221 0.300 0.076 0.094 0.403 0.107 0.421 0.085
46- 60 0.092 0.210 0.038 0.095 0.381 0.109 0 .376 0.047
61- 75 0.187 0.144 0.097 0.096 0.352 0.110 0.200 0.054
76- 90 0.145 0.074 0.078 0.097 0.250 0.056 0. 165 0 .056
91-105 0 .146 0.098 0.251 0.084 0.025

106-120 0.099 0.175 0.085 0.027
121-135 0.069 0.065 0 .029
136-150 0.035 0.044
151-165 0. 100 0.035 0.022
166-180 0.087 0.035 0.022
181-195 0.052 0.224
196-210 0.053 0.193
211-225 0.053 0. 159 0.040
226-240 0.027 0.082 0.041
241-255 0.082 0.042
256-270 0.020
271-285
286-300

R ates of d isappearance  of rad io ac tiv e  iro n  in  consecutive 15 m in . 
periods fro m  iso la ted  duodenal loops p rep a re d  in  dogs expressed  
a s  p ercen t of dose rem ain ing  in  loop p er 100 sq. cm . of s e ro sa l

su rface  per m in.
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DUODENAL LOOPS

Dog P849 S850 S862 T 52 S589 S805 S806
F  e rro u s
Iron 2 .0 3 .0 1.0 4 .0 2 .0 2 .0 3 .0
M icro ­
g ram s
pH 2 2 2 2 2 2 2
Vit C - - - - + + +

Tim e D isappearance Rate

0- 15 0.191 0.197 0.463 0. 148 0.210 0 .186 0.355
16- 30 0.571 0.202 0.694 0.198 0.252 0 .232 0.381
31- 45 0.278 0.205 0.273 0.155 0.060 0.326 0.102
46- 60 0.218 0.207 0.213 0.158 0.030 0.276 0. 104
61- 75 0.151 0.168 0.073 0.162 0.187
76- 90 0.116 0.170 0.164 0.122
91-105 0.157 0.105 0. 125 0 .106

106-120 0.121 0.057 0. 127 0 .054
121-135 0.159 0.035 0.107
136-150 0.121 0 .108
151-165 0.159
166-180 0.122
181-195 0.123 0.065
196-210 0.124 0.033
211-225 0.044 0 .033
226-240 0.033
241-255
256-270
271-285
286-300

R ates of d isappearance  of rad ioac tive  iro n  in  consecutive 
15 m in . p eriods from  iso la ted  duodenal loops p re p a re d  in 
dogs ex p ressed  as percen t of the dose rem ain ing  in  the 

loop p er 100 sq. cm . s e ro s a l su rface  p er 
m inute.
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DUODENAL LOOPS

Dog S821 S822 S983 S999 S1000 S943 T 15 T 53
F e rro u s
Iron 5 .0 1.0 10.0 10.0 2 .0 2 .0 3 .0 4 .0
M icro -
g ram s
pH 2 2 2 2 2 7 7 7
Vit C + + + + + + + +

Tim e D isappearance Rate

0- 15 0. 183 0.314 0.190 0.424 0.248 0.178 0.105 0. 180
16- 30 0.275 0.321 0.194 0. 149 0.206 0.357 0.214 0.363
31- 45 0.458 0.400 0.338 0.102 0.292 0.196 0.262 0.328
46- 60 0.417 0.364 0.320 0.104 0.271 0.165 0.236 0. 166
61- 75 0.428 0.387 0.198 0.052 0. 156 0. 170 0.112 0. 114
76- 90 0.359 0.412 0.201 0.242 0.136 0.063 0 .088
91-105 0.101 0.165 0.204 0.246 0.095 0.064 0 .059

106-120 0.024 0.089 0.113 0. 177 0.097 0.065 0.060
121-135 0.025 0.071 0.053 0.092 0.061
136-150 0.026 0.072 0.093 0.062
151-165 0.027 0.073 0.046 0.061
166-180 0.045 0.024 0.062
181-195 0.045 0.063 0.127
196-210 0.038 0.064 0.068
211-225 0.038 0.070
226-240 0.057 0.031 0.106
241-255 0.057 0.072
256-270 0.058
271-285 0.058
286-300

R ates of d isappearance  of rad ioac tive  iro n  in  consecutive 
15 m in. periods from  iso la ted  duodenal loops p re p a red  in 
dogs ex p ressed  as percen t of the dose rem ain ing  in the 

loop p er 100 sq. cm . s e ro sa l su rface  per 
m inute.



Tim e m in.

Mean ra te  
% dose rem ain ing  

p er 100 sq. cm . 
per m in. S. E . M.

0- 15 0.287 0.0159
16- 30 0.316 0.0247
31- 45 0.232 0.0193
46- 60 0.170 0.0172
61- 75 0. 121 0.0174
76- 90 0. 100 0.0164
91-105 0.060 0.0114

106-120 0.041 0.0078
121-135 0.025 0.0060
136-150 0.016 0.0050
151-165 0.012 0.0041
166-180 0.010 0.0033
181-195 0.023 0.0073
196-210 0.017 0.0059
211-225 0.014 0.0054
226-240 0.012 0.0045
241-255 0.009 0.0040
256-270 0.008 0.0037
271-285 0.004 0.0023
286-300 0.003 0.0016

M ean ra te  of d isappearance of rad ioac tive  
iro n  from  31 iso la ted  duodenal loops, 
calcu lated  for successive  15 m in . p e rid s  
and exp ressed  as  p ercen t of dose rem ain ing  
5n loop per m in. p e r 100 sq. cm . s e ro sa l 

su rface .



Dog S344 S499 S589 S487 S445

Dose of Iron  ug. 0 .5 2 .0 2 .0 1.0 2 .0

PH 2 2 2 2 2

Vit C + + + - -

Tim e m in. A bsorption ra te  % per m in , p er 100 sq, 
cm . s e ro sa l a re a

0 15 0.348 0.082 0.204 0.503
16 - 30 0.335 0.421 0 .089
31 - 45 0 .089 0.224 0.090
46 - 60 0.232 0.055
61 - 75
76 - 90
91 - 105

106 - 120
121 - 135 0.094
136 - 150 0.057
151 - 165 0.059
166 - 180 0.050

R ate of absorp tion  of rad ioactive  iro n  fro m  iso la ted  ile a l 
loops in  5 dogs exp ressed  a s  a p e rcen t, of the dose unab­
sorbed  per 100 sq. cm . se ro sa l su rface  per m in .
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Dog

Dose of 
F  e r ro u s  

Iro n  
M ic ro ­
g ra m s

A bsorption  of I ron  Method A 
In Vivo Counting

Tim e of 
Max. ra te  m ax. ra te  

% m in . m in .

^D uration of 
absorp tion  

(m in .)

Amount
ab so rbed

m ic r o ­
g ra m s

S849 2 .0 0.571 16 - 30 195 0.61
S850 3 .0 0 .199 46 - 60 90 0.30
S862 1.0 0.694 16 - 30 75 0.24
T 52 4 .0 0 .198 16 - 30 135 0 .97
S589 2 .0 0.252 16 - 30 60 0. 19
S805 2 .0 0 .326 31 - 45 120 0 .46
S806 3 .0 0.356 16 - 30 60 0 .54
S821 5.0 0 .459 46 - 60 165 1.73
S822 1.0 0.314 31 - 45 120 0.35
S983 10.0 0.328 31 - 45 240 2. 89
S999 10.0 0.424 0 - 1 5 75 1.26
S1000 2 .0 0.292 31 - 45 180 0 .4 9
S943 2.0 0.357 16 - 30 120 0 .44
T 15 3 .0 0.262 31 - 45 120 0.63
T 53 4 .0 0.360 16 - 30 150 0.71

* F i r s t  phase of absorp tion  only: any la te r  phase i . e .  around
3 hours  is  not included.

M axim al ra te  of absorp tion  of i ro n  m e a su re d  by in vivo 
sc in til la tion  counter, tim e of m ax im al r a te  and dura tion  
of absorp tion  f ro m  iso la ted  duodenal loops in dogs.
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Dog

F e r r i c
Iron
Dose

M ic ro ­
g ra m s

A bsorption  of Iron  Method A 
In Vivo Counting

Max. ra te  
% m in .

Time of 
m ax . r a te  

(min.)

D uration  of* 
absorp tion  

(m in .)

Amount
absorbed

ug

P907 1.5 0.455 16 - 30 75 0 .23
P926 4 .0 0.297 16 - 30 75 0.47
S 22 1.5 0.326 16 - 30 105 0.41
S 38 1.5 0.583 0 - 1 5 105 0 .57
S445 10.0 0.340 16 - 30 90 0 .40
S487 1.0 0.240 0 - 1 5 225 0. 16
S571 2 .0 0.190 16 - 30 60 0 .04
S 73 10.0 0.226 16 - 30 60 1.31
S 93 10.0 0.324 1 6 - 3 0 120 2 .32
SI 94 3 .0 0.580 0 - 1 5 90 0. 91
S242 0.5 0.490 0 - 1 5 90 0 .06
S344 0 .5 0.511 16 - 30 105 0 .0 9
S415 2 .0 0.503 16 - 30 180 0 .77
S424 5 .0 0.390 0 - 1 5 90 0 .70
S499 2 .0 0 .378 31 - 45 180 0 .74
S933 2 .0 0 .406 16 - 30 135 0 .22

* F i r s t  phase of absorp tion  only: any la te r  phase a t around 3
hours  is  not included.

M axim al r a te  of absorp tion  of iro n  m e a su re d  by in vivo 
sc in til la tion  counter ,  t im e of m ax im al r a te  and dura tion  

of abso rp tion  from  iso la ted  duodenal loops in dogs.
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DUODENAL LOOPS

Dog

Test
Solution

Conditions

(D)
Dose of Iron 
m ic ro g ram s

Iron  absorption Iron  in Bowel Wall

% Dose

(E)
M icro ­
g ram s % Dose

(F)
M ic ro ­
g ra m s

S487 pH2 fe r r ic 1.0 14.7 0. 15 4. 6 0.05
P907 i i i t 1.5 15.2 0. 23 6.4 0. 10
S 22 i t i t 1.5 18.7 0 .28 3 .8 0.05
S 38 i i i i 1.5 22.2 0.35 12.7 0. 19
S445 i t t i 2.0 24. 9 0.50 - -
P926 i t i t 4 .0 11.8 0.47 5 .2 0.21
P941 i t i t 5.0 2.1 0. 11 1.9 0. 10
S862 pH2 ferro u s 1.0 15.9 0. 16 4. 1 0 .04
S849 i t t i 2.0 29.0 0 .58 4 .7 0 .09
S850 i t i i 3.0 14.5 0.44 1.9 0 .09
T 53 i t t i 4 .0 22.7 0.91 7 .8 0. 31
S863 n i i 5.0 1 1 .  1 0.56 8.9 0.45

T 36 i t t i 10.0 1.9 0.19 0 .9 0 .09

C orre la tion  of log* dose given (D) and log, amount 
absorbed (E) at pH2

R egression  coefficient * Slope of regression  line * 0.2846 
Correlation coefficient r = 0. 6629 d. f . 11 P ^ - 0 .0 1

Amount of iro n  absorbed and amount in bowel wall at the end 
of a 5 hour te s t  of absorption of iro n  from  iso la ted  duodenal 
loops p re p a re d  in dogs. The te s t  solution was given at pH2.



DUODENAL LOOPS

Dog

Test
Solution

Conditions

(D)
Dose of Iron 
m ic ro g ram s

Iron  absorption Iron  in  Bowel Wall

% Dose

(E)
M icro ­
g ra m s % Dose

(F)
M ic ro ­
g ra m s

S242 pH2 Vit C fe r r ic  0 .5 12.9 0 .06 6. 4 0 .03
S344 it ii 0.5 14.8 0.07 2 .4 0.01
S222 it it 1.0 36.8 0.37 5.0 0.05
S415 ii ii 2.0 46.5 0.93 9. 1 0. 18
S499 ii it 2 .0 37.5 0.75 8.2 0. 16
SI 94 ii ii 3 .0 31.6 0.95 5.0 0 .15
S424 ti ii 5.0 14.5 0.72 10.1 0.50
S 73 ii ii 10.0 12.3 1.23 8.2 0 .82
S 93 ti ti 10.0 20.3 2.03 7.1 0.71
S822 it fe rro u s  1. 0 31.7 0 .32 6.7 0.07
S589 ii it 2 .0 9.3 0 .18 3.3 0.07
S805 ti ii 2.0 28.5 0.57 6.2 0. 12
S1000 it ii 2.0 22.7 0.45 3.3 0 .07
S806 it it 3.0 19.0 0.57 8. 1 0 .24
S821 it ti 5 .0 31.4 1.57 3. 1 0. 15
S983 ii ii 10.0 , 26.4 2 .64 2 .8 0 .28

S999 n►
.

ii 10.0 17.6 1.76 1.6 0 .16

Correlation of log. dose of iron given (D) with log amount of
iron  absorbed  (E).

R egression  Coefficient b 0. 9670
C orre la tion  Coefficient r  0.9007 d. f. 15 P <  0.001

Amount of iron  absorbed and amount in bowel wall at the 
end of a 5 hour te s t  of absorption of iro n  from  iso la ted  
duodenal loops p repared  in  dogs. The te s t  solution 

was given at pH2 with ascorb ic  acid 100 mg.
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Percen tage  distribution  in the t is su e s  of rad ioac tive  
iron  absorbed from  the intestine with asco rb ic  acid.

M arrow P la sm a  Liver Kidney S pleen

P808 58.48
P815 46.44
P843 42. 87
S933 43.15
S943 58.94
T 15 56.55
T 53 80.61
S 73 47. 95
S 93 27.71
SI 94 79.16
S222 89. 90
S242 81.73
S344 82.78
S415 87.19
S424 43.36
S499 68.47
S589 27. 89
S805 81.42
S806 74.10
S821 76. 50
S822 85.37
S983 60.70
S999 82.64
S1000 52.65

28.77 10.63
41.15 10,62
40.72 14.92
29.45 24. 66
28.19 11.27
22.36 19.71
7.48 8. 87

33.48 17.14
53.71 17.07
10.69 8. 94
5.74 3.44
9.73 7.96
7.94 4. 70
3.93 6. 82

38.44 16.77
28. 04 1.69
51.32 19.04

6.36 9.22
15.06 9.73

9. 83 12.69
3 .98 9. 67

18.55 14.80
10.33 5.31
30.02 16.27

1.59 0.53
1.30 0.40
1.21 0 .28
1.37 1.37
1.26 0. 34
0.8$ 0.53
0.63 2.41
0 .69 0.74
1.07 0 .44
0.72 0 .49
0.45 0.47
0.46 0.12
1.33 3.25
0.62 1.44
1.19 0.24
1.04 0 .76
1.26 0 .49
0 ,38 2.62
0.39 0.72
0.90 0 .08
0 .39 0 .59
1.12 4. 83
0. 92 0.80
0.64 0.42

Mean 
S. E. M.

64.02 
t  3.93

22.30 
i  6. 87

11.75 
1 1.16

1.02 
± 0 .07

0.91 
t  0 .24

Geom.
Mean 60.77 16. 83 10.15 0.97 0 .64
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P ercen tage distribution in the t is su e s  of rad ioactive  i ro n  
absorbed  from  the in testine with or without ver  senate .

Dog M arrow P lasm a Liver Kidney Spleen

Iron  alone

P907 88. 22 5.37 5.61 0.40 0.40
P926 85. 86 7.12 6. 17 0.62 0.23
P941 55.85 23.36 13.34 2.75 1.70
S 22 30.20 47.24 19.70 2. 17 0 .69
S 38 84. 87 5 .09 7. 12 1.33 1.60
S445 90.36 1.98 6.10 0.43 1. 13
S487 80.33 6. 24 11.56 1.21 0 .66
S571 46. 92 32.66 17.68 2.20 0 .54
S849 84.09 4 .99 9.41 0.54 0.97
S850 72.00 15.71 11.35 0 .68 0.26
S862 69.14 2.81 27.27 0 .38 0.40
S863 62.55 19. 83 15.64 1.31 0.67
T 16 60.99 17.91 17.74 2.44 0.92
T 35 87.73 5.71 4 .46 0.87 1.23
T 52 23.07 42.58 32.67 1.40 0 .28

Mean 68.35 16.11 12.72 1.25 0 .78
S. E. M. + 5.18 t  3. 83 t  2 .13 t  0.21 + 0 .12

Geom.
Mean 63.77 12.14 9. 85 1.02 0.65

With V ersene

S 52 55.33 33.03 9. 68 1. 16 0.80
S365 18.52 62.41 15.06 3.22 0 .78
S3 90 46.31 32. 94 12.75 4 .4 8 0.52

Mean 40.05 42.79 12.46 2. 95 0.70
S. E. M. + 11.08 + 9. 81 + 1.56 + 0 .96 + 0 .09

Geom.
Mean 36.21 40. 80 12. 30 2 .56 0 .69
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Dog
Dose of Iron  
m ic ro g ra m s Vit C

Time of S tart 
of T est 

hr  s.

pH of in tes tina l fluid 
at m in s .

15 30 60 120

S554 2 0 2 .7 4. 6 6.5 6 .6
2 - 2-c z 2 .6 4 .0 6 .2 6.5
2 - 5 2 .6 3.3 4 .9 6 .2

S942 2 _ 0 6.4 6 .8 6.7 6 .8
2 - 2 -c z 6.0 6 .4 6 .6 6. 8
2 - 5 5 .9 6 .8 6. 8 6. 8

S608 10 + 0 3 .9 4 .5 5.5 6 .5
10 + 2 -2 3.5 5 .0 5 .3 6. 5
10 + 5 3.7 4. 1 5 .4 6. 8

S967 2 M 0 5.3 6. 4 6.5 6 .6
2 + 2-c z 3.1 3 .9 4 .7 6. 1
2 5 3 .4 6.0 6. 5 6. 9

S982 2 „ 0 4 .7 6.0 6.3 6 .4
2 I .V . 2 -2 3 .6 5 .6 6 .4 6. 5
2 + 5 u> . 00 4 .2 5 .0 6 .0

T37 2 0 3.0 5 .4 6 .0 6 .2
2* - 2-c z 3.0 2 .9 2 .9 2. 8
2 - 5 2 .9 3 .6 4 .3 5 .4

* pH m aintained  < 3 .5  throughout te s t

pH of in tes tina l fluid f ro m  iso la ted  duodenal loops following 

rep ea ted  doses  of iron-contain ing  solution a t pH 2.
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F ro rn  the w ork of V issch er  et a l . , (1944) the ra te  of m ovem ent 

of w ate r  out of the gut into the blood, i.  e. insorp tion  is  given 

by

V0R0 - Vt Rt

R0 + Rt 

2

w here  VQ s volume of w ater a t  t im e zero .

Vt  « " M " M tim e t.

Rq a specific activity of dueterium oxide at tim e zero.

Rt a «' " " " " M time t.

Exsorption, i ,  e . , movement from blood to gut, is  obtained 

by the difference of insorption from  the net m ovement.
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Movement of w ater in  iso la ted  duodenal loops 
in 4 dogs af te r  giving radioactive iron  in  50 

m l.  Tyrode*s solution a t  a pH of 7.

Dog Movement of w ater M l / 15 m in. 

Insorption Exsorption Net*

P960 23.5 19.4 + 4. 1

S 52 28.9 31.9 - 3.0

S3 90 29.7 27.7 + 2 .0

S571 40 .5 4 1 .9 - 1.4

Mean 30.65 4 1 .9 0.42
S. E .M . + 3 .56 t  4. 68 t  1.41

* + ■ Absorption - * E n terosorp tion
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Movement of w ater in iso la ted  duodenal 
loops af te r  giving radioactive iron  in  50 

ml* Tyrode*s solution a t  a pH of 2.

Dog Movement of Water M l/ 15 min*

Insorption Ex sorption Net*

P907 32*8 38. 8 - 6.0
P926 25*.4 23.7 + 1.7
P941 30*5 33.5 - 3 .0
P976 34.6 37.0 - 2 .4
S 22 37. 6 33.3 + 4 .3
S 38 41.5 36.0 + 4 .5
S110 18. 8 25.0 - 6.2
S151 24.3 30.1 - 6. 8
S172 28*5 22.7 + 5. 8
SI 94 28.8 35. 8 - 7 .0
S202 44.7 36.9 + 7 ,8
S222 31.5 35.7 - 4 .2
S445 25.7 2 1 .6 + 4 .1
S462 23.7 29 .9 - 6 .2
S487 30.6 34.9 - 4 .3
S619 29.4 29 .8 - 0 .4
S620 30.6 29.7 + 0 .9
S849 34 .f 3 33.5 + 0 .8
S850 21.7 37. 8 -16. 1
S862 30.3 29.7 + 0. 6
S863 25.3 29.3 - 4 .0
S874 25.3 34. 1 - 8 . 8
S886 24.4 31.3 - 6 . 9

Mean 29.14 31.74 - 2.60
S. E. M. t  1.41 t  1.03 t  1. 16

* + = A bsorption = E n ter o sorp tion
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M o v e m e n t  of  w ater  in  i s o l a t e d  duodenal lo o p s  
after  g iv ing  r a d io a c t i v e  i r o n  in  50 m l .  T y r o d e ^  
so lu t io n  with, a s c o r b i c  ac id  at pH2 or pH7.

Dog

pH

M o v e m e n t  of  Water M l /  15 m in .

I n sorpt ion Ex s orp t ion Net*

P815 7 2 0 . 3 21.  3 -  1 . 0
P843 7 3 2 . 6 38.  6 -  6. 0
S933 7 1 3 . 7 30.  8 - 1 7 .  1
S943 7 3 1 . 0 25.  0 + 6. 0

M ean 2 4 . 4 3 28.  93 - 4 . 5
S. E .  M. t  4 . 0 2 1  2. 94 + 3 . 7 9

P8^3 2 34,  6 37.  6 -  3*0
S 73 2 2 7 , 4 2 8 . 7 - 1 . 3
S 93 2 1 9 .5 2 6 . 0 - 7 . 5
S134 2 28.  1 2 6 . 3 + 1. 8
S242 2 3 3 . 0 3 6 . 2 -  3 . 2
S344 2 25.  1 3 8 . 7 - 1 3 . 6
S357 2 2 6 . 9 35.  1 -  8 . 2
S415 2 27.  6 2 7 . 1 + 0 . 5
S499 2 3 4 . 5 27.  8 + 6. 7
S541 2 27,  3 3 1 . 3 - 4 , 0
S589 2 2 3 . 9 30.  8 - 6 . 8
S805 2 2 3 . 6 3 2 . 9 -  9 . 3
S806 2 2 5 . 4 2 7 . 4 -  2 . 0
S821 2 29 .  1 3 7 . 7 -  8. 6
S822 2 3 0 . 0 2 5 . 7 + 4 .  3
S894 2 37.  7 3 2 . 7 + 5 . 0
S983 2 1 9 . 6 19. 6 -

M ean  
S. E .  M.

27 . 84 
t  1. 72

30.  68 
t  1. 36

-  2.  84 
+ 1 . 4 2

* + = A bsorp tion  = E n te r o so rp tio n
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Movement o£ water in  isolated  i lea l  loops in 
4 dogs after  giving radioactive iro n  in  50 m l. 

Tyrode 's  solution a t pH 7.

Dog Movements of water M l /15 m in.

Insorption Exsorption Net*

P960 25. 6 13. 8 + 11. 8

S 52 26.0 16.5 + 9.5

S3 90 32.0 16.9 + 15.1

S571 32. 1 30.5 + 1 .6

Mean 28. 93 19.43 + 9.50
S. E .M . + 1.81 + 3.70 + 3.37

* + * Absorption - * E n terosorp tion



Movement of water in isolated ilea l loops a f te r  giving 
radioactive iron  in 50 m l. Tyrode 's  solution.

Dog PH Ascorbic Movement of W ater M l /15 min.

Acid Insorption Exsorption Net*

P815
P843

pH7
tt

+
+

20.3 
10. 1

21.3 
12. 1

- 1.0 
- 2 . 0

Mean 
S» E. M.

15.2 16.7 - 1.5

P863
S 73
S 93
S134
S242
S344
S357
S415
S499
S541
S589

pH2
ti
ti
M
II
t!
II
II
It
II
It

+
+
+
+
+
+
+

+

+

+

+

37.9
28.9  
44.1
32.6 
37.4
35.6
41.6
14.7
35.9 
32. 1 
27.6

36.9 
21.2 
35. 1
23.6
29.6
28.4 
38. 8
14.6 
27.2
30.5 
22. 1

+ 1.0 
+ 7. 7 
+ 9.0 
+ 8.0 
+ 7 .8  
+ 7 .2  
+ 2. 8 
+ 0 .1  
+ 8.7 
+ 1.6 
+ 5 .5

Mean 
S. E. M.

33.48 
+ 2 .59

28.09 
t 2.35

+ 5 .4
t  1. 12

P907
P926
P941
P976
S 22
S 38
S110
S151
S172
SI 94
S202
S222
S455
S462
S487

pH2
it
it
ti
i i

it
i i

ti
ti
it
ti
i i

it
ti
i i

-

35.9
32.2 
38. 8
30.4
65.2 
32.1
15.9
35.5 
28. 8 
35.0
4 1 .9
38.4 
39.8  
31.7
34.5

25.9 
22.0 
27. 8 
18.2
47 .9  
23.6
13.3
28.3
19.5 
27.0 
26. 1
29.6
29.3
27.3 
27 .8

+  6. 0 
+  10.2 
+  11.0 
+  12.2 
+  17.3 
+  8.5 
+  2 .6  
+  7.2  
+ 9.3 
+ 8. 0 
+ 15.8 
+ 8 .8  
+  10.5 
+ 4 .4  
+ 6. 7

Mean 
S. E . M.

35.74 
1  2. 63

26. 24
t  1.96

+ 9.5 
+  0. 86

* + = A bsorp tion  -  = E n terosorp tion
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Dog Time

Movement of W ater 

Insorption Ex sorption

M L /15 m in . 

Net *

S554 0 20.7 20.4 + 0 .3
2 -2 21.7 21.3 + 0 .4

(105) (104)
5 24.1 27 .6 - 3 .5

(116) (135)
S608 0 22.9 27.5 - 4 .6

2 -“ 2 15.2 18. 1 - 2 .9
( 66) ( 66)

5 19.4 20.7 - 1.3
( 85) ( 75)

S942 0 33.3 39.6 - 6 .3
2 - “ 2 31.4 33 .6 - 2 .4

( 94) ( 85)
5 28.3 31. 1 - 2 . 8

( 85) ( 79)

S967 0 31.6 38 .6 - 7 .0
2 - 39.0 41 .3 - 2 .3

(124) (107)
5 36. 6 4 3 .6 - 7 .0

(116) (113)

S982 0 32.9 39.3 - 6 .4
2 -62 34.8 35. 8 - 1.0

(106) ( 91)
5 38.8 40 .4 - 1 .6

(118) (103)

T37

i

0
2—

5

28.9
23.6  
( 82)
23.7 
( 82)

29.7 
31.0 
(104)
30 .8  
(104)

-  0. 8
- 7 .4

- 7.1

* + = absorption - = enter o sorption

Figures in brackets are % of control reading at 
zero time*

TABLE
Movement of water in repeated tests  on isolated  

duodenal loops in 5 dogs.



RESULTS OF STUDIES OF LEVELS OF RADIOACTIVE 

IRON IN THE PLASMA OF DOGS.
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Tim e
Min.

M ean F e  59 
in  P lasm a  

M illim ic ro g ram s S. E. M.

30 154.7 34.13

60 251. 1 46. 98

90 281.7 61.77

120 249.3 57. 60

180 188.6 43 .38

240 122.0 31. 19

300 83.6 22.51

M ean rad io ac tiv e  iro n  lev e ls  in  p lasm a 
in  47 dogs during ab so rp tio n  of iro n  
from  iso la ted  loops of sm all in te stin e .



Dog M axim al F e  59 in  P la sm a A bsorption  of F e  59

% Dose M icro g ram s % Dose M icro g ram s

S619 1.2 0 .024 15.6 0.31
S620 5 .3 0.107 13.2 0 .26
S874 0 .9 0.017 11.9 0.23
S886 1 .8 0.036 5.9 0.11
S805 15.2 0.303 32 .8 0 .65
S806 7 .9 0 .237 19.0 0 .57
S821 2 1 .8 0. 890 31.7 1.57
S822 17. 8 0 .218 31 .4 0 .32
S849 23 .8 0.475 29.1 0 .58
S850 3 .4 0.103 3.9 0 .12
S862 8 .2 0.082 15.9 0. 16
S863 2. 8 0.140 11. 1 0 .56
S894 10.7 1.068 19.7 1.97
S933 2 .4 0.049 ?.3 0 .19
S943 11.4 0 .228 17.7 0.35
S983 25 .4 2 .539 26 .4 2 .64
S999 2 .6 0.263 15.7 1.57
S1000 14.0 0.280 22.7 0.45
T 15 13.3 0.397 21 .9 0. 66
T 16 0 .2 0.003 0 .2 0 .004
T 36 2 .3 0.227 2 .0 0 .20
T 52 19. 1 0.764

00.fM 0 .91
T 53 7 .4 0.296 19.3 0 .7 9

% Dose M icrog ram s

M ean F e  59 in  p lasm a 9.52 0 .3 8
M ean F e  59 absorbed 17.35 0 .66
R eg ress io n  coeff, b. 1 .019 I  0.133 0. 726 + 0.0834*
C o rre la tio n  coeff, r . 0 .8588 0.8854

P < 0.001 <C0.001

* S .E .

M axim al lev e l of rad ioac tive  iro n  in  the p lasm a and am ount 
of rad ioactive  iro n  absorbed  in 23 dogs w ith iso la ted  duodenal

loops.



D og
T e s t

C ond ition s

R a tio s  P o r ta l P la sm a  F e  59 % at t im e  
F e m o r a l

in te r v a ls  a fter  g iv in g  F e  59 - m in .

30 60 90 120 150 180 240 300

P907 pH 2 119 103 105 101 110 103 100
P 9 2 6 114 101 104 101 96 94 102 108
P941 u 114 97 106 97 97 100 106 99
S445 it 103 101 97 96 M 101 101 96
S487 it 102 101 100 99 100 99 101
S 2 tt 107 100 100 98 101 99 103 113
S 22 11 140 104 112 100 - 105 102 100
S 38 it 116 110 103 100 99 100 102 96
S 73 pH 2 

Y itC
116 107 102 101 103 100 99 100

S 93 11 115 101 97 99 97 101 98 96
SI 94 it 111 100 99 98 101 98 100 101
S222 ti 118 99 110 107 - 101 91 106
S344 u 126 99 106 107 - 98 94 95
S415 it 112 106 - 101 - 97 96 99
S424 ti 112 101 102 99 - 99 98 96
S499 I! 113 103 101 100 98 102 101
S151 11 146 113 106 101 98 103 105 103
S172 11 112 101 105 100 100 96 101 100
P815 pH 7 

V itC
107 111 110 102 - 102 - 99

P843 u 102 110 100 102 100 104 90 91

M ean 114.  8 103„4 1 0 3 . 4  100o 7 99o2 1 0 0 . 7 9 9 . 6 1 0 0 . 0

S. E .  Mo 3 . 5 1 I.  02 1 . 0 1 0.  64 0 . 7 0 0.  98 1 . 0 2 1 . 0 9

R a tio s  o f le v e l s  of r a d io a c tiv e  ir o n  in  p o r ta l v en o u s and r e m o v a l  
a r te r ia l  p la sm a  obtained  s im u lta n e o u s ly  during  a b so r p tio n  of ir o n  
fr o m  is o la te d  lo o p s  of s m a ll in te s t in e  e x p r e s s e d  a s  a p ercen ta g e ,,

- 2 0  1 -



RESULTS OF CHRONIC EXPERIMENTS ON ABSORPTION

OF IRON IN DOGS.

-1 & •-!
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Dog

U tilisa tio n  of Iro n % Dose A bsorbed

No Vit C With Vit C

P reop . Postop. P reo p . Postop.

P455 100 90 89, 31 46, 73*

P777 35 91 97,107 93, 55

P779 72 67 84, 75 104

S192 - - 69, 58 54, 20

)j(
T est done when dog w as anaem ic.

P ercen tag e  U tilisa tion  of iro n  ab so rb ed  
fro m  10 m ic ro g ram s  f e r r ic  iro n  given 
in tra g a s tr ic a lly  in  4 dogs showing the 
effect of rem oval of the duodenum  fro m  
continuity  with the r e s t  of the  a lim en ­

ta ry  tra c t .
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P ercen tag e  absorp tion  of 10 m ic ro g ra m s  fe r r ic  iro n  in  vary ing  
te s t  solutions from  iso la ted  duodenal loops in  4 dogs.

Dog A bsorption of 10 m ic ro g ra m s  f e r r ic  iro n  % Dose

P779

pH 2
A scorbic 

Acid 
100 m g. 
a t pH 7

A scorb ic  Acid a t pH 2 
m g.
100 20 10 5 2 1

G a s tric
Ju ice

12. 8 
8. 8

12.0
8.5

25 .0  26 .3  25 .0  25 .0  12.5
23. 9 37. 8 25 .0  18.7 6 .8
25.7
28.3
32. 1
31 .9

21 .2
14.3

M ean 10. 8 10.2 2 7 .8  32 .0  25 .0  21. 8 10.1 17.7
P455 16.7

20 .9 -
25 .6  33. 1 - 27 .4  20 .0  10.0
30.0  32. 1 19. 8 16.7 11.5
32.2  
37. 1
30.0
31.2

7. 8 
11. 8

M ean 18.8 31.0  32. 6 - 23. 6 18.3 10.7 9 .8

P777 4 .0 17.4 
14.0 
19.2
16.5

M ean 3.0 - 16.8

SI 92 5 .4
5 .3

18.9  14.3 - 12.5 - 9 .8  
14 .8  9.1 10.1 8 .0  
11.2 
11.6

M ean 5 .3 14.1 11.7 - 11.3 - 8 .9

E ach group of two read ings re p re se n ts  the re s u l ts  fro m  2 
scin tilla tion  counters a t one te s t.
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Dog

W eeks from  
Beginning 

T e sts

M ovem ent of W ater m l / 15 m iu. 

In sorp tion  E xso rp tion  Net.

P455 0 18 .6 17 .9 + 0 .7
2 28 .0 30 .2 - 2 .2
4 16 .8 16.9 - 0 . 1
6 22 .4 24 .8 - 2 .4

P779 0 15.1 21. I - 6 .0
2 19.6 2 0 .6 - 1 .0
4 15.0 13.5 + 1 .5
6 16.2 18.9 - 2 .7
8 15.5 14.3 + 0 .8
9 18.9 20 .3 - 1 .4

P777 0 16.3 20 .5 - 4 .2
2 17.4 21 .3 - 4. 1

SI 92 0 22 .6 2 1 .6 + 1 .0
2 23.5 26.7 - 3 . 2
4 24.7 26 .5 - 1 . 8

M ovement of w ater in  iso la ted  duodenal loops (T h iry  
Ye 11a) a fte r  giving rad io ac tiv e  iro n  in  25 m l. T y ro d e 's

solu tion  a t pH2.



RESULTS OF STUDIES ON ABSORPTION OF IRON

IN RATS.
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Site of 
in jection

Dose
of

Iron
ug

W t.of
Rat
gm .

A bsorption  of Iron  

5th day 7th day

% Dose 

M ean

M ean

Duodenum 1 1 200 84.3 88.2 86.2
2 it 195 76 .6 82.0 79.3
3 it 190 68.2 72.4 70.3 83.2+3.0*
4 ti 180 89. 1 88.3 88.7
5 it 185 82.8 86.5 84.6
6 it 180 91 .8 88.3 90.0

Jejuno-
ileum  1 it 190 20.0 21.4 20.7

2 ii 180 23 .4 21 .9 22. 1
3 n 200 18.4 19.7 19.0 19. 7+1.22*
4 it 190 23.0 22.3 22 .6
5 it 175 18.1 18.9 18.5
6 ii 185 14.1 14.7 14.4

Ileum  1 it 210 3 .6 3 .4 3.5
2 ii 170 4 .9 5 .4 5.1
3 it 190 2 .9 3 .0 2 .9 4 .9 + 1 .2 6 *
4 it 195 10.6 10.5 10.5
5 it 180 1 .8 1 .8 1 .8
6 it 175 5. 8 5 .6 5 .7

* S. E. M.

P er cen ta g e  ab sorp tion  o f 1 m ic r o g r a m  fe r r ic  ir o n  w ith  5 m g.
a sc o r b ic  a c id  in jected  into the duodenum  or je ju n o -ile u m  of

ileu m  of 18 n orm al r a ts .
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Site of 
in jection

Dose
of

Iron
u g

Wt. of 
Rat 
gm .

A bsorption  of Iron  % Dose 

5th day 7th day M ean

M ean

Duodenum 1 10 200 4 6 .4 50 .9 4 8 .6
2 i i 180 4 9 .9 53. 6 51.7
3 i t 190 50.0 50.2 50.1 43. 6 t6 . 95*
4 i i 230 33.7 35 .8 34.7
5 i t 185 13.3 14.6 13.9
6 i t 210 60. 6 64.5 62.5

Upper
Jejunum  1 i i 200 53 .4 58.5 55 .9

2 i i 200 4 9 .2 53. 1 51.1
3 i t 230 17. 8 18.0 17.9 43 .9+ 9 .21*
4 i t 180 36.0 37.4 38.7
5 t i 200 78 .4 77 .6 78.0
6 i t 210 20 .3 23.5 21 .9

Duodenum 1 100 195 30. 8 33.2 32.0
2 t i 200 28.0 26.1 27.0
3 t i 230 24 .4 31.7 28.0 27 .2+2 .29*
4 t i 205 16.9 18.5 17.7
5 i t 190 25 .0 25 .6 25.3
6 t i 180 33. 1 33 .9 33.5

Upper
Jejunum  1 t i 210 18.5 11.0 14.7

2 i i 180 24.2 25.0 24 .6
3 t i 205 19.0 17.9 18.4 17.0+2. 94*
4 i i 210 8 .4 8.5 8 .4
5 i i 190 9 .9 10.8 10.3
6 i i 230 25 .2 26.3 25.7

* S0 E .M .

P ercen tage  absorp tion  of 10 o r 100 m ic ro g ra m s  fe r r ic  
iro n  with 5 mg. a sco rb ic  acid  in jected  into the duodenum 

or the upper jejunum  of 24 no rm al r a ts .



-210-

Site of 
in jection

Dose
of

Iron
u g

Wt. of 
Rat 
gm .

A bsorption  of Iro n  

5th day 7th day

% Dose 

M ean

M ean

Duodenum 1 1000 170 14.6 14.3 14.4
2 t i 185 23.0 24 .2 23 .6
3 n 190 18.6 18.4 18.5 18.1+1.42*
4 i i 180 19.4 19.5 19.4
5 i i 210 18.4 18.6 18.5
6 i t 190 15.0 13.5 14.3

Upper
Jejunum  1 i i 200 11.2 10.6 10.9

2 i i 175 12.0 12.2 12.1
3 i i 170 9.1 9 .9 9.5 10. 9+0. 70
4 i t 180 8.2 8 .6 8 .4
5 i i 175 11.9 11.1 11.5
6 i i 215 13.3 12.9 13.1

* S. E .M .

P ercen tag e  absorp tion  of 1000 m ic ro g ra m s fe r r ic  iro n  with 5 m g. 
a sco rb ic  acid  in jected  into the duodenum o r the upper jejunum  of

12 no rm al r a ts .
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Site of 
in jection

Dose
of

Iron
u g

Wt. of 
Rat 
gm .

A bsorption  of Iron  % Dose 

5th day 7th day M ean

M ean

In tra g a s tr ic  1 10 180 76.2 77.1 76. 6

2 a 170 71.2 71.4 71.3
3 t i 185 83.4 82.8 83.1
4 i t 170 72.7 72.0 72.3
5 i i 175 77. 8 82.3 80.0
6

i i 170 81.3 79.7 80.5 77. 2+1.44*
7 i i 170 77.7 77.7 77.4
8 i i 175 71 .6 70 .9 71.2
9 i i 180 81.5 75. 8 77 .6

10 i i 170 75.5 77.4 76.4
11 i i 175 84.6 90.2 87.4
12 i i 170 75.0 70.5 72.7

*S. E. M.

P er cen ta g e  ab sorp tion  of 10 m ic r o g r a m s  fe r r ic  ir o n  with
5 m g . a sco rb ic  acid  g iven  v ia  an in tr a g a s tr ic  tube to 12

n orm al r a ts .
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Site of 
in jection

Dose
of

Iron
u g

Wt. of
Rat
gm .

A bsorption  of Iro n  % Dose 

5th day 7th day M ean

M ean

Duodenum 1 10 170 4 0 .9 4 0 .8 4 0 .8
2 i i 185 78 .5 70.3 74.4
3 i i 190 78.1 78 .9 78.5 69.8+6.05*
4 i i 200 80.0 83.9 81.9
5 i i 175 62.5 61 .8 62.1
6 i i 170 81.6 80.4 81.0

Mid
Jejunum  1 i t 170 45 .2 4 3 .6 4 4 .4

2 i t 180 33.7 32.0 32 .8
3 t i 200 15.5 14.8 15. 1 28 .6+4 .08*
4 i t 195 30 .9 31.5 31.2
5 i i 195 24.5 23.7 24.1
6 i t 170 23.5 24 .4 23 .9

* S. E. M.

P ercen tag e  abso rp tion  of 10 m ic ro g ram s  fe r r ic  iro n  with 
5 m g, a sco rb ic  acid  in jected  into the duodenum  o r m id 

jejunum  in  12 n o rm al ra ts .



Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
gm*

A bsorptio  

5th day-

n of Iro n  % Dose 

7th day M ean

M ean

Duodenum 1 10 230 53. 6 59 .0 56.3
2 t i 215 4 5 .3 41. 1 43 .2
3 «i 190 4 2 .5 4 0 .4 4 1 .9 50,4+2. 81*
4 i i 185 4 7 .9 48 .1 48 .0
5 i t 200 56 .5 55 .2 5 5 .8
6 i i 200 59.5 54. 6 57 .0

U eum  1 i i 220 1.8 1.4 1 .6
2 i i 180 0 .3 0 .4 0 .3
3 n 210 3 .2 3 .0 3.1 2. 1+0. 64*
4 i t 190 4 .5 4 .2 4 .3
5 i i 195 2 .9 3.1 3 .0
6 i i 210 0 .7 0 .5 0. 6

Duodenum 1 10 230 4 3 .8 45 .3 44 .5
2 i i 205 61.3 62. 8 62.0
3 i t 205 44 .2 39 .9 42 .0 53. 1+3. 32*
4 i t 210 54 .0 56.4 55 .2
5 i i 185 56.5 52.7 54 .6
6 i i 200 60.2 59 .9 60.0

Jejuno-
ileum  1 i i 190 7.5 7 .6 7 .5

2 t i 195 1 .6 1 .6 1 .6
3 t i 185 10.3 9.7 10.0 9. 2 t3 . 08*
4 i i 195 1.5 1.4 1.4
5 i t 200 14.0 13.0 13.5
6 i t 185 21 .6 2 0 .9 21 .2

* S. E .M .

P ercen tag e  absorp tion  of 10 m ic ro g ra m s  fe r r ic  iro n  with
5 mg* asco rb ic  acid in jected  into the duodenum or ileum

or je juno-ileum  of 24 no rm al r a ts .

-213-
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Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
gm .

A bsorptio  

5 th  day

n of Iron  % Dose 

7th day M ean

M ean

Duodenum 1 10 205 83.6 89.9 86.7
2 ti 205 70.0 65. 3 67 .6
3 ti 180 52 .4 48 .5 50 .4 74 + 7 . 7 1 *
4 11 170 70.1 71.5 70. 8
5 It 175 97.5 91.5 94.5

Mid
Jejunum  1 II 200 31 .4 30 .6 31.0

2 II 180 27.1 27 .8 27.4 34. 3+3.05*
3 II 195 39 .9 39.7 39 .8
4 II 170 4 1 .7 36 .6 39.1

Jejuno-
ileum  1 II 200 5 .9 5 .7 5. 8

2 II 175 25.7 24 .7 25.2
3 II 190 9 .2 9 .8 9 .5 17. 8+6. 01v
4 II 170 31.7 29 .7 30.7

Ileum  1 It 180 20 .0 18.6 19.3
2 II 175 17.5 16.5 17.0 11. 1+4. 12 '
3 II 185 5 .4 5 .0 5 .2
4 II 175 3 .0 2 .9 2 .9

* S. E. M.

P ercen tag e  absorp tion  of 10 m ic ro g ra m s  f e r r ic  iro n  with 5
mg* asco rb ic  acid  in jected  a t v ario u s  s ite s  in the in testin e

of 17 r a ts  a fte r  bleeding*
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Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
g m .

A bsorption  of Iro n  

5th day 7th day

% Dose 

M ean

M ean

Duodenum 1 100 205 41 .2 43 .4 42 .3
2 i t 200 36.5 36.7 36 .6 35.7+2.07*
3 i t 185 31.0 29.3 30. 1
4 t i 200 34. 1 33 .7 33 .9

Mid
Jejunum 1 i i 205 18.7 22.5 20 .6

2 i i 180 20.3 19.9 20.1 2 0 .5 j-l.2 6 *
3 i t 210 17.5 17.9 17.7
4 i i 200 23 .4 24.3 23 .8

Jejuno-
ileum 1 i i 205 12.2 14.2 13.0

2 n 190 18.9 19.3 19.1 15.4+1. 80*
3 i t 180 10.5 12.7 11.6
4 i t 205 17.9 17.3 17.6

Ileum 1 i i 190 10.3 11.7 11.0
2 i t 180 17.2 12.1 14. 6 1 3 . 1 -  0. 79*
3 i t 205 11.7 13.9 12. 8
4 i t 205 14.2 13.9 14.0

* S. E. M.

P ercen tag e  absorp tion  of 100 m icrog ram s fe r r ic  iro n  with
5 m g. a sco rb ic  acid in jected  a t v a rio u s  s ite s  in  the in testin e

of 16 r a ts  a fte r  bleeding.
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Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
gm.

A bsorption of Iro n  % Dose 

5th day 7th day M ean

M ean

Duodenum 1 1000 175 20 .5
2 i i 185 16.9 - 17. 9 t 0. 87*
3 n 170 - 16.4 - .

Mid
Jejunum 1 i i 180 - 25 .4 -

2 ii 185 - 7 .6 - 18.6+ S. 55*
3 i i 170 - 2 2 .8 -

Jejuno-
ileum 1 it 190 - 11.8 -

2 ti 170 - 15.3 - 1 4 .7 i  1 .55*
3 it 170 - 17.1 -

Ileum 1 it 175 8.5
2 i i 170 - 8.0 - 9.4+ 1.19*
3 ii 185 11.8

* S. E . M.

P ercen tage  absorp tion  of 1000 m ic ro g ra m s  fe r r ic  
iro n  with 5 m g. a sco rb ic  acid  in jected  a t v arious 

s ite s  in  the in testine  of 12 r a ts  a f te r  bleeding.



-217-

M ilk D iet fo r R a ts .

D ried  m ilk  90%

C asein  10%

To each 1 Kg w ere added 

Thiam ine 5 m g.

Pyridoxine 5 m g.

Pantothenate 50 m g.

—  -- - - 

>■ 4 » \  ■
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N orm al

R at No, Hb G%

1 14.6
2 14.8
3 15,2
4 13.8
5 13.4
6 13.9
7 14.7
8 14.3
9 14. 1

10 14.9
11 15.5
12 14. 1
13 13.8
14 14.2
15 15.0
16 14.5
17 14.3
18 14.3

M ean 
S. E . M.

14.41 
+ 0. 13

M ilk D iet

Rat No. Hb G%

1 10.5
2 11.5
3 10.2
4 10.6
5 11.8
6 11.9
7 12.0
8 12. 1
9 11.2

10 11.4
11 11.9
12 10.9

M ean 
S. E . M.

11.33 
+ 0 .1 8

Haemoglobin leve ls  in  the blood of n o rm al 
r a ts  and r a ts  on a m ilk  d ie t.



-219-

Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
gm.

A bsorption of Iron  % Dose 

5th day 7th day M ean

M ean

Duodenum 1 100 190 20* 1 23 .6 21 .8
2 i t 185 38*1 36. 6 37 .8 _ i . ^

3 i t 175 35.2 33. 8 34*5 30. 1+ 3. 67

4 i t 180 26 .8 25. 8 26.3

Jejuno-
ileum  1 i i 195 14*9 14.0 14.4

2 i i 195 29.0 29 ,8 29.4 31.3+ 7. 13*
3 i t 190 30*7 34*0 32.3
4 i t 180 51 .6 4 7 .9 49 .2

Ileum  1 i t 185 13.4 13.3 13.3
2 ii 190 22 .6 21 .4 22.0 16. 71 2 .37*
3 ii 180 12.3 12.3 12.3
4 ii 175 19.2 19.3 19.2

* S. E . M.

P ercen tag e  absorp tion  of 100 m ic ro g ram s fe r r ic  iro n  
with 5 m g. a sco rb ic  acid  in jected  into v ario u s  site  s in  
the in testine  of 12 r a ts  on an iro n -d e fic ien t m ilk  d ie t.
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Site of 
in jection

Dose
of

Iron
ug

Wt. of 
Rat 
gm .

A bsorption  of Iro n  % Dose 

5th day 7th day M ean

M ean

Duodenum 1 100 205 27.3 27 .9 27. 6
2 i t 200 39 .2 39 .8 39.5
3 i i 180 14.9 15.5 15.2 28. 7+3.36*
4 i t 185 29.5 23.0 26 .2
5 i t 185 31 .6 27. 1 29.3
6 i i 190 34. 8 34. 1 34 .4

Jejuno- -
ileum  1 i i 195 4 0 .4 41. 1 40 .7

2 i i 185 27.7 28 .6 28.1
3 i i 200 10.6 6. 5 8.7 19.0+6.49*
4 i t 210 29 .2 30.5 29.8
5 i i 205 2 .7 3 .7 3 .2
6 i i 180 3 .6 3 .6 3 .6

Ileum  1 i i 185 1.5 1.7 1.6
2 i i 195 1 .9 1.3 1 .6
3 i t 200 2 .9 1 .6 2 .2 2. 6+1.12*
4 i t 205 1.1 0 .2 0 .6
5 i i 190 2 .2 1.7 1.4
6 i i 180 8 .6 8.0 8.3

* S. E. M.

P ercen tag e  abso rp tion  of 100 m ic ro g ram s  of f e r r ic  iro n
with 5 m g. a sco rb ic  acid  in jected  a t v a rio u s  s ite s  in  the

in testin e  in  18 n o rm al r a t s .



ABSORPTION OF IRON IN MAN.
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P a tien t
Hb
G% P . c . y .

Serum
Iro n
ug%

1 14.7 46 125

2 13.9 43 108

3 15.2 47 140

4 14.2 44 110

5 14.4 44 121

Haemoglobin, packed ce ll volume and serum  
iron lev e ls  in 5 patients in whom absorption 
of iron from  isolated segm ents of bowel was 

studied.


