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Summary. Hepat ic  insulin clearance was s tudied in 
normal  male and female Wis tar  rats  using the isolated 
liver perfusion technique and the dextran coated charcoal 
radioimm~moassay for insulin. The following results were 
obtained:  --  1. In  male rats  there was a progressive 
increase in clearance with increasing body  weight, liver 
weight and  age. --  2. In  adul t  female rats  clearance was 

significantly greater than  in comparable males, bu~ no 
relationship between liver weight and clearance was 
observed. -- 3. Wi th  each increase in insulin concentration 
there was an apparent  decrease in clearance. 

Key words: Insulin, clearance, perfusion, radioimramm- 
assay. 

Introduction 

The m a m m a l i a n  l iver  has  been  shown to  be one of 
t he  m a j o r  organs invo lved  in  insul in  deg rada t ion  
Mirsky  [14], Wi l l i ams  el at., [23] and  F re inke l  [6]. Al l  
endogenous  insu l in  m u s t  pass  t h rough  i t  en rou te  to  
muscles  and  o ther  t a r g e t  organs.  D i s tu rbances  of 
hepa t i c  insul in me tabo l i sm have  been va r ious ly  sug- 
ges ted  to  expla in  the  c a r b o h y d r a t e  in to lerance  of 
d iabe tes  mel l i tus  though  the  evidence is inconclusive 
and  to  some ex ten t  conflicting Mirsky  [13], Tomizawa  
and  Varandan i  [22] and  Cerasi  and  Luf t  [3]. There  is, 
however ,  l i t t le  in fo rmat ion  on the  effects of such 
phys io logica l  va r iab les  as  age, weight ,  sex and  sub- 
s t r a t e  concen t ra t ion  on insul in c learance b y  the  no rma l  
l iver.  The  present, s t u d y  was u n d e r t a k e n  to  eva lua t e  
these  factors ,  and  to  s t anda rd i se  condi t ions  unde r  
which hepa t i c  insul in deg rada t i on  migh t  be s tud ied  
b o t h  in t he  no rma l  an imal  a n d  in  s ta tes  of carbohy-  
d r a t e  in tolerance.  

Materials and Methods 

The isolated in tac t  rat liver perfusion technique of 
Miller et al. [12] and Schimassek [20] as modified by  
Hems et al. [8] was employed throughout  these studies. 
Each insulin clearance experiment was preceded by  a 
control perfusion period of 15 rain. Pork  insulin (Novo 
10 t imes recrystal l ised Lot, No. $23267) of potency 25  
LU. ]mg was then added  to the  perfusion medium to give 
a final concentration of 200 ~zU/ml unless otherwise s ta ted 
in the  protocol. A further 6 inin perfusion period was allo- 
wed for equil ibration Solomon et al. [21] after whichthe first 
of a series of approximate ly  0.5 ml samples was taken 
direct ly from the hepatic effluent. Fur ther  samples were 
taken  3, 6, 9, 14, 19, 24 and 34 rain later. Samples were 
immediate ly  centrifuged to remove red blood cells and 
stored frozen at  --  20~ Insulin in the samples was sub- 
sequently measured by  the radioimmunoassay technique 
of Yalow and Berson [24] as modified b y  Herber t  et al. [9] 
and Buchanan and McCarroll [1]. 

Calculation of results 
The results were calculated as the  percentage of 

maximal  (initial) concentration determined 6 rain after 
the insulin had  been added  to ti le perfusate and the half 
life determined from the l inear regression equation of 
insulin concentration against  t ime.  No correction was 
made for the error introduced b y  the decreasing perfusate 
volume as this was less than  5%. 

Experimental Protocol 1 
The effect of age, weight and sex on hepatic insulin 

half life ( t ~ ) .  Eighty-four Wistar  albino rats  fed ad 
l ibi tum and with free access to water were divided into 4 
groups according to weight and age. There was no slg- 
nificance difference in weight between the sexes within 
groups. The isolated intact  livers were perfused with 
200 ~U of pork insulin per ml  of perfusate. 

Experimental Protocol 2 
The effect of the  amount  of substrate  present on 

hepatic insulin t ~ .  Thir ty-one mate Wist~r ra ts  150-- 
200 g were fed ad  l ib i tum with free access to water  and  
divided into 4 groups. Liver perfusion studies were carried 
out  with 50, 200, 500 and 1,000 txU of insulin per ml  of 
perfusate. These concentrations were chosen to mimic 
what  might  be expected to be found in the por ta l  vein 

(1) under fasting conditions 
(2) post  prandia l  --  low physiological response 
(3) post  prandia l  - -  high physiological response 
(4) at the approximate  upper l imi t  of the  biological 

range. 

Results 

The effect of age, weight and sex on hepatic insulin t�89 
Table  1 shows the  hepa t i c  insul in t ~  in  different  

weight-age-groups .  I t  will  be seen t h a t  there  is a pro-  
gressive decrease in  t�89 wi th  increasing weight  and  age 
except  in females of Group  4. 

Analys is  of va r iance  be tween  male  groups,  Table  2, 
shows a h ighly  significant difference, p < 0.001. I t  is 
clear t h a t  bo th  age and  weight  of male  animals  have  a 
signif icant  effect on insul in t�89 except  be tween  Groups  
2 and  3. 
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I n  females,  Table  3, ana lys is  of va r iance  also shows 
a s ignif icant  difference be tween  groups.  I n  th is  case the  
difference lies be tween  Group  I and  the  o ther  3 groups.  

The  re la t ionship  be tween  b o d y  weight  and  the  
weight  of l iver  t issue in the  two sexes is shown in 

The effect of subslrate concentration on hepatic insulin t�89 
The resul ts  are  given in Table  5. Insul in  t�89 in- 

creases progress ive ly  wi th  increasing subs t r a t e  con- 
cent ra t ion .  The difference is h igh ly  s ignif icant  be tween  
all  groups  except  2 and  3. 

Table 1. Hepatic insulin half-life in different weight-age groups 

Group Sex No. of Mean t ~ rain Significance of 
rats  difference 

between sexes 
within groups 

1. 100--150g M 7 22.9 ~3 .3  
8--  10 wks. 8.7 t ~ 0.9843 

F 6 19.224-1.19 0.2 > P > 0.15 
2.87 

2. 150--200 g M 10 18.1 J=0.81 
10--12 wks. 2.57 t = 2.2609 

F 10 15.7 4-0.7 0.01 > P >  0.005 
2.25 

3. 200--300 g M 15 16.5 =t=1.07 
12--16 wks. 4.15 t = 2.0648 

F 15 13.714-0.8 0.025 > P > 0.0125 
3.1 

4. 300 g +  M 15 10.97~0.79 
16--20 wks. 3.07 t ~ 1.6879 

F 6 14.47~2.7 0.1 > P > 0.05 
6.68 

Table 2. Analysis of variance of hepatic insulin half-life in 
males 

Groups t p 

1 and 2 2.1428 0.025 > P >  0.0125 Correlation 
1 and 3 3.0769 0.0025 > P > 0.0005 coefficient 
1 and 4 5.7692 P <  0.0005 r=0.6627 
2 and 3 0.8649 0 . 2 > P > 0 . 1 5  P<0 .001  
2 and 4 3.8919 P <  0.0005 
3 and 4 3.3735 P < 0.0005 

Table 3. Analysis of variance of hepatic insulin half-life in 
females 

Groups t p 

1 and 2 1.8789 
1 and 3 3.0955 
1 and 4 2.2405 
2 and 3 1.2933 
2 and 4 0.5684 
3 and 4 0.4269 

0.05 > P > 0.025 Correlation 
0.0025 > P > 0.0005 coefficient 
0.0125> P >  0.01 r=0.4748 
0.10 > P >  0.05 0.01 > P  
0.30 > P > 0.25 > 0.001 
0.35 > P > 0.30 

Table  4. I t  will  be seen t h a t  there  is a d i rec t  re la t ion-  
ship be tween  b o d y  weight  and  the  weight  of the  l iver  
in bo th  sexes. F o r  a n y  given b o d y  weight  there  is no 
difference in  l iver  weight  be tween  the  sexes, except  in 
Group  1 in which the  l iver  weight  of females was 
s igni f icant ly  less t h a n  t h a t  of males.  

The  effect of sex on insul in t I is also shown in 
Table  1. No signif icant  difference was no ted  be tween  
sexes in Group 1 or in Group  4. I n  Groups  2 and  3, 
however ,  there  was a h igh ly  s ignif icant  difference be- 
tween  the  sexes, the  t�89 being much  shor te r  in the  
females.  

Discussion 

B o d y  weight ,  l iver  weight  and  age:  
These th ree  fac tors  are  considered toge the r  because  

a h igh ly  signif icant  posi t ive  corre la t ion  (p < 0.001) was 
shown to  exis t  be tween  t h e m  in bo th  male  and  female 
r a t s  (Table 4). The f inding of a progress ive  decrease in 
insul in t�89 in male  r a t s  wi th  increas ing b o d y  weight ,  
l iver  weight  and  age is in keeping wi th  t h a t  of Mirsky  
and  Pe r i su t t i  [16] and  Diengo t t  et al. [4]. However ,  in 
adu l t  female r a t s  no such re la t ionsh ip  be tween  l iver  
weight  and  insul in t�89 was observed.  I t  would  a p p e a r  
t h a t  for a g iven subs t r a t e  concen t ra t ion  the  r a t e  of 
hepa t i c  insul in c learance in male  r a t s  is d i r ec t ly  re- 
l a t ed  to  the  a m o u n t  of ava i lab le  l iver  t issue,  b u t  t h a t  
in comparab le  adu l t  females o ther  factors ,  pe rhaps  
hormonal ,  m a y  also be opera t ive .  

The effect of sex on hepatic insulin t�89 
There  are  a p p a r e n t l y  no publ i shed  d a t a  on the  

re la t ionship  be tween  the  sex of an  an imal  and  the  r a t e  
of hepa t ic  insulin c learance.  The resul ts  of the  ex- 
pe r imen t s  in th is  s t u d y  ind ica te  t h a t  the  c learance of 
insul in b y  the  l ivers  of 150--300 g ( a p p r o x i m a t e l y  
10- -16  weeks old) female r a t s  is s ignif icant ly  grea te r  
t h a n  in males  of s imi lar  weight  and  age. R a t s  of th is  
age are  in the  mos t  ac t ive  r ep roduc t ive  s tage of the i r  
lives, so t h a t  m a x i m a l  ho rmona l  differences be tween  
the  sexes are  to  be expected .  Tha t  female hormones  do 
influence insul in  d isposal  in the  l iver  is s t rong ly  sug- 
ges ted  b y  the  work  of Goodner  and  F re inke l  [7] which  
showed t h a t  insul in t u rnove r  in p r egnan t  r a t s  is ac- 
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celera ted  to  a degree only  p a r t l y  expla ined  b y  the  
presence of the  p roduc ts  of conception.  

The effect of subslrate concentration on hepatic insulin t�89 

The enzyme sys tem responsible  for insulin inac t iva-  
t ion has  been shown b y  numerous  workers  to  obey 
first order  kinet ics  Mirsky  and  B r o h - K a h n  [15], Mirsky  
et al. [17], Bfirgi etal. [2] and  Marshal l  etal. [11]. The 
r a t e  of e l iminat ion  of insul in b y  the  enzyme sys tem 

t h a t  high concent ra t ions  produce  enzyme inhibi t ion.  
Dixon  and  W e b b  [5] descr ibed severa l  examples  of th is  
phenomenon  and  suggested t h a t  there  migh t  be com- 
pe t i t ive  inhib i t ion  b y  the  subs t r a t e  itself. A second 
possible exp lana t ion  is t h a t  in any  p r epa ra t i on  o ther  
t h a n  the  purif ied enzyme itself, a t  leas t  two other  
s teps  are in te rposed  be tween the  union of subs t r a t e  
and  enzyme.  These are  the  u p t a k e  or ' c ap tu re '  of 
subs t r a t e  b y  the  l iver  cells, and  t ransce l lu la r  passage 

Table 4. Liver weights in 4 groups 

Group No. of Sex Mean liver wt. Significance of 
rats  (g) difference of liver 

weights between 
sexes within groups 

1. 100--150 g 4 M 5.284-0.24 Correlation 
8 -- 10 weeks 0.49 t = 2.1175 coefficient 

4 F 4.474-0.28 0.05 > P > 0.025 (males) 
0.57 r=0.9427 

2. 150--200 g 5 M 6.684-0.23 P<0 .001  
10-- 12 weeks 0.51 t=0.3813 

5 F 6.784-0.13 0.40 > P >  0.35 
0.29 Correlation 

3. 200--300 g 5 M 9.864-0.57 coefficient 
12-- 16 weeks 1.29 6 = 1.8202 (females) 

5 F 8.764-0.18 0.10 > P >  0.05 r=0.8922 
0.40 P < 0.001 

4. 300 g -t- 4 M 12.464-0.52 
16--20 weeks 1.17 t=0.4660 

4 F 12.054-0.74 0.35 > P > 0.30 
1.48 

Table 5. Hepatic insulin half.life at 4 levels of substrate 

Amount  of insulin No. of Mean t 1~ rain. Group Significance of 
rats  difference of t 

between groups 

1. 50 ixU/ml 7 10.03=t=1.0 1 and 2 t = 3.4935 
2.65 0.0025 > P > 0.005 Correlation 

1 and 3 t = 3.9731 
2. 200 ~zU/ml I0 18.104-1.2 0.0005> P coefficient 

2.57 r=0.9762 
1 and 4 t = 11.3415 0 . 0 5 > P > 0 . 0 2  

3. 500 ~U/ml 6 20.40-t-1.16 0 .0005>P 
2.6 

2 and 3 t = 1.0455 
4. 1,000 ~U/ml 8 37.59-4-2.86 0 . 2 > P > 0 . 1 5  

8.1 
2 and 4 t ~ 8.7792 

0.0005 > P 
3 and 4 t = 6.7944 

0.0005 > P 

should therefore  be p ropor t iona l  to  the  a m o u n t  of 
subs t r a t e  p resen ted  to  it. Consequent ly  insul in t�89 
should be cons tan t  a t  all  subs t r a t e  concentra t ions .  
I-Iowever, the  resul ts  p resen ted  here (Table 5) show 
t h a t  insul in t�89 increases progress ively  wi th  each in- 
crease in subs t r a t e  concentra t ion .  

There  are  a t  least  two possible exp lana t ions  for the  
d i sc repancy  be tween  these  findings and  those  p red ic ted  
b y  enzyme kine t ic  studies.  The first  is t h a t  a t  low sub- 
s t r a te  concent ra t ions  first  order  k inet ics  prevai l ,  b u t  

of the  hormone  to  reach  the  reac t ion  site. The  possible 
influence of such factors  on the  measured  ra te  of in- 
sulin d isposal  was first  suggested b y  Mirsky  and  Peri-  
su t t i  [16] who d e m o n s t r a t e d  t h a t  l iver  slices inac t iva t -  
ed insulin more s lowly t h a n  equiva len t  amoun t s  of 
homogenised t issue.  Fu r the r ,  the  l iver  has  been shown 
to remove 2 0 - - 5 0 %  of insul in in the  first  single 
passage th rough  it,  i nd ica t ing  i ts  va s t  c a p a c i t y  for 
hormone  u p t a k e  K a p l a n  and  Madison [10] and  Samols  
and  R y d e r  [19]. Mor t imore  and  Tietze [18] have  con- 
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c luded f rom the i r  inves t iga t ions  on the  cap tu re  mech-  
anisms of the  l iver  t h a t  t he  u l t i m a t e  ra te  l imi t ing  
fac tor  in  hepa t i c  c learance of insul in  m a y  be i t s  t r ans fe r  
f rom the  si te of u p t a k e  to  the  degrad ing  enzyme 
system.  F ina l ly ,  i t  is clear t h a t  insul in concen t ra t ion  
should be t a k e n  into  account  in any  expe r imen t  using 
the  i so la ted  perfused r a t  l iver  before va l id  compar isons  
can be made.  

Acknowledgements. W e  wish to t hank  N e r o  Labora-  
tories, Copenhagen, for the  supply  of insulin used in this  
s tudy.  

A. M. McC. wishes to  thank  the  Research Committee of 
the  Roya l  Victoria Hospital ,  Belfast, for the  Fellowship 
during which this work was carried out. 

References 

t. Buchanan,  K.D. ,  MeCarroll, A.M.:  Radioimmuno- 
assay methods.  1st ed. Kirkham,  K.E. ,  Hunter ,  
W.M., p. 136-- 142. Edinburgh:  E. and S. Livingstone 
1971. 

2. Biirgi, H., Kopetz ,  K. ,  Schwarz, K.,  Froesch, E . R . :  
Fa te  of r a t  insulin in r a t  l iver perfusion s tudied b y  
adipose tissue assay. Lancet  1963 II ,  314--316. 

3. Cerasi, E., Luft ,  R . :  Disappearance ra te  of exogen- 
ous insulin, insulin sensit ivity,  responses of p lasma 
growth hormone and cortisol and  ur inary  epin- 
ephrine to !hypoglycaemia in prediabet ic  subjects. 
Herin.  Metab.  ICes. 1, 221--223 (1969). 

4. Diengott ,  D., Halevy,  S., Guggenheim, K.  : Effect of 
nu t r i t iona l  deficiencies on hepatic insulinase in rats.  
Endocrinology 65, 602-- 606 (1959). 

5. Dixon, M., Webb,  E.C. :  Enzymes 2nd ed. p. 75--80. 
New York:  Academic Press Inc. 1964. 

6. Freinkel,  N.:  Insulin metabol ism and pregnancy. 
Arch. intern. Med. 109, 235--244 (1962). 

7. Goodner, C.J. ,  Freinkel,  N.:  Carbohydrate  metab-  
olism in pregnancy.  The turnover  of I 131 insulin in 
the  pregnant  ra t .  Endocrinology 67, 862--872 (1960). 

8. Hems, IC., R6ss, B.D. ,  Berry,  M.I~., Krebs,  H .A . :  
Gluconeogenesis in the  perfused ra t  liver. Bioehem. 
J .  101, 284--292 (1966). 

9. Herber t ,  V., Lau,  K.,  Gottl ieb,  C.W., Bleicher, S .J .  : 
Coated charcoal immunoassay of insulin. J .  clin. 
Endocr.  25, 1375--1384 (t965). 

10. Kaplan,  N., Madison, L .L . :  Effects of endogenous 
insulin secretion on the magni tude of hepat ic  bind- 
ing of labelled insulin during a single t ranshepat ic  
circulation in human  subjects. Clin. Res. 7, 248 
(1959). 

11. Marshall, A., Gingerich, R.L. ,  Wright ,  P .H .  : Hepat ic  
metabolism of insulin invi t ro .  Clin. Res. 1833(1970). 

12. Miller, L.L. ,  Bly, C.G., Watson,  M.L., Bale, W . F . :  
The dominant  role of the liver in p lasma protein 
synthesis. J .  exp. Med. 94, 431--453 (1951). 

13. Mirsky, I .A . :  Some consideration of the etiology of 
diabetes mell i tus in man. Prec. Amer. Diabetes Ass. 
5, 119--138 (1945). 

14. Mirsky, I .A . :  Insulinase, Insulinase-inhibitors,  and 
diabetes mellitus. Recent  Progr. Hormone Res. 13, 
429--471 (1957). 

15. Mirsky, I .A. ,  Broh-Kahn,  R . H . :  The inact ivat ion of 
insulin by  tissue extracts.  I .  The dis t r ibut ion and 
prope~ies  of ~insulin inact ivat ion extracts  (insulin- 
ase). Arch. Biochem. 20, i - - 9  (1949). 

16. Mirsky, I .A. ,  Perisutt i ,  G.: The inact ivat ion of 
insulin b y  liver slices of the  rat .  Endocrinology 52, 
698--704 (1953). 

17. Mirsky, I .A. ,  Perisutt i ,  G., J inks,  R. : The destruction 
of insulin by  intact  mice. Endocrinology 56, 484-- 488 
(1955). 

18. Mortimore, G.E.,  Tietze, F . :  Studies on the mecha- 
nism of capture and degradat ion of insulin-I-131 by  
the cyclically perfused ra t  liver. Ann. N.Y.  Acad. Sci. 
82, 329--337 (1959). 

19. SamoIs, E., Ryder ,  J . A . :  Studies on tissue up take  
of insulin in man using a differential immunoassay 
for endogenous a n d  exogenous insulin. J .  clin. 
Invest .  40, 2092--2102 (1961). 

20. Schimassek, H. :  Metaboli te des Kohlenhydratstoff-  
wechsels der isolier~ perfundierten Rat tenleber .  Bio- 
chem. Z. 336, 460--467 (1963). 

21. Solomon, S. S., Fenster ,  L. F.,  Ensinck, J .  W., Williams, 
R . H . :  Clearance studies of insulin and non-supres- 
sible insulin-like ac t iv i ty  (~SILA) in the  ra t  liver. 
Prec.  Soc. exp. Biol. i26, 166--169 (1967). 

22. Tomizawa, H.]~t., Varandani ,  P .T . :  Glutathione --  
insulin t ranshydrogenase of human liver. J. biol. 
Chem. 240, 3191--3194 (1965). 

23. Williams, R . t I . ,  Hay,  J .S. ,  Tjaden, M.B. : Degrada- 
t ion of insulin-I-131 and glucagon-I-131 and factors 
influencing it. Ann. :NLY. Aead. Sci. 74, 513--529 
(1959). 

24. Yatow, R.A. ,  Berson, S.A.:  Immunoassay  of end- 
ogenous plasma insulin in man.  J .  clin. Invest .  39, 
i t57- -1175  (1960). 

A.M. McCarroll, M.D. 
Dept. of Medicine 
Ins t i tu te  of Clinical Science 
Grosvenor Road 
Belfast BT 12 6 BJ  
Ireland 


