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THE EFFECTS OF FATTY ACIDS AND THEIR DERIVATIVES ON 
THE INTESTINAL ABSORPTION OF INSULIN I N  RAT 

N. Muranushi, E. Mack and S.W.  Kim,  Center f o r  C o n t r o l l e d  Chemical 
d e l i v e r y  and Department o f  Pharmaceutics, U n i v e r s i t y  o f  Utah, 421 
Wakara Way, S u i t e  318, S a l t  Lake City, UT 84108. 

I n s u l i n  s o l u t i o n  (25 U/ml/kg, pH 8.0) was admin is te red  w i t h  50 
mM o f  v a r i o u s  C8-Cl8 f a t t y  a c i d  and d e r i v a t i v e  a b s o r p t i o n  enhancers 
t o  t h e  duodenum, co lon  and rectum o f  f a s t e d  normal r a t s  under sodium 
p e n t o b a r b i t a l  anesthes ia.  S o l u t i o n s  were admin is te red  d i r e c t l y  i n t o  
l i g a t e d  o r  sealed i n t e s t i n a l  segments. B lood was sampled 
p e r i o d i c a l l y  f rom t h e  j u g u l a r  v e i n  and b l o o d  g lucose l e v e l s  
determined . The maximum decrease i n b l  ood g l  ucose 1 eve1 and area 
under t h e  depress ion curve were used t o  e s t i m a t e  b i o a v a i l a b i l i t y .  
Enhancing e f f e c t s  r e c t a l l y  were f u r t h e r  i n v e s t i g a t e d  i n  
s t r e p t o z o t o c i n - i n d u c e d  d i a b e t i c  r a t s  i n  b o t h  t h e  f a s t e d  and non- 

f a s t e d  s t a t e s .  Blood g lucose l e v e l s  and serum i n s u l i n  
c o n c e n t r a t i o n s  were determined. 

INTRODUCTION 

Non-parenta l  dosage forms are  d e s i r a b l e  f o r  i n s u l i n  

a d m i n i s t r a t i o n  because o f  t h e  inconvenience and d i s c o m f o r t  o f  d a i l y  
i n j e c t i o n s .  Many at tempts have been made t o  develop t h e  p o s s i b l e  
e n t e r a l  f o r m u l a t i o n s .  I n s u l i n  has been admin is te red  j e j u n a l l y ,  
r e c t a l l y , *  and n a ~ a l l y . ~  Since i n s u l i n  p e r m e a b i l i t y  i s  v e r y  low 
through e p i t h e l i a l  c e l l s ,  a b s o r p t i o n  enhancers were used. A number 
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930 MURANUSHI, MACK, AND KIM 

of compounds have been reported to have the ability to enhance the 
absorption of poorly absorbed drugs, i .e., fatty a ~ i d s , ~ - ~  

In the present investigation, fatty acids and either their 
monoglyceride or sucrose ester derivatives were selected as 
absorption enhancers to induce the intestinal absorption of insulin. 
These compounds were used because they are biologically degradable, 
most of them are permitted as food additives and are considered 
nontoxic. Medium chain fatty acids or monoglycerides have been 
previously used to enhance the intestinal absorption of poorly 
absorbed low molecular weight  compound^.^-^ Sodium caprate (C10) and 
monocaprylin (C8 monoglyceride) were used to induce the rectal 
absorption of high molecular weight human epidermal growth factor12 
and insul in,13 respectively. Few reports were found concerning the 
enhancing effects of fatty acid sucrose esters. Our aims were to 
compare fatty acid derivative absorption enhancing effects and to 
evaluate effectiveness in both normal and diabetic rats. 

glycerides,4v7e8 ~ u r f a c t a n t , ~  sal icylates” and enamine. 1 1  

MATERIALS AND METHODS 

Bovine insulin, fatty acids, monoglycerides, sucrose 
monocaprate and streptozotocin were purchased from Sigma Chemical 
Co. (St. Louis, MO). Sucrose esters of lauric acid, palmitic acid 
and oleic acid (80 % monosubstituted ester content) were obtained 
from Mitsubishi Kasei (Tokyo, Japan). All other chemicals were of 
the highest purity available. 

Absorption enhancers were either dissolved or suspended by 
sonication in isotonic PBS pH 8.0. The pH of the solution was 
readjusted to 8.0 and insulin was then dissolved. Male Sprague- 
Dawley rats (200-250 g) were fasted for 16 hr but allowed to drink 
water ad l i b i t u m .  They were anesthetized intraperitoneally with 
30mg/kg sodium pentobarbital. For rectal administration, insulin 
solution was infused into the anus and the anus was closed with 
cyanoacrylate adhesive. For duodenal or colonic administration, 8 
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ABSORPTION OF INSULIN 93 1 

o r  6 cm, respec t i ve l y ,  pieces o f  po lyethy lene tub ing  (PE 50, Becton 
Dickinson & Co., Parsippany, NJ) were in t roduced i n t o  t h e  i n t e s t i n e  
on the  day p r i o r  t o  i n s u l i n  admin i s t ra t i on  through the  stomach o r  
the  cecum, respec t i ve l y .  The t i p  o f  the  tub ing  was covered w i t h  1 
cm s i l i c o n e  rubber  tub ing  ( S i l a s t i c  602-135, Dow Corning Corp., 
Midland, M I )  t o  prevent the  tub ing  from scra tch ing  the  mucosa, and 
the  o ther  end was sealed and placed between the  s k i n  and muscle o f  
the  abdomen. Th is  procedure reduced su rg i ca l  trauma du r ing  
experimentation. On t h e  f o l l o w i n g  day, t h i s  end o f  t h e  tub ing  was 
l i f t e d  and i n s u l i n  s o l u t i o n  was administered through the  tub ing .  
Diabetes was induced by intravenous i n j e c t i o n  o f  s t rep tozo toc in  (60 

mg/kg). D iabe t i c  r a t s  were used one week a f t e r  i n j e c t i o n .  
Blood samples (50 p1) were taken from the  j u g u l a r  ve in  by a 

d i r e c t  i n j e c t i o n .  Glucose l e v e l  were measured us ing t h e  Accu-Check 
I I m  blood glucose moni tor  (Boehringer Mannheim Diagnost ics ,  
Ind ianapo l is ,  I N ) .  For serum i n s u l i n  assay, t h e  j u g u l a r  v e i n  was 
cannulated w i t h  7 cm polyethy lene tub ing  (PE 50) ,  t he  t i p  o f  which 
was covered w i t h  2 .5  cm s i l i c o n e  rubber tub ing  ( S i l a s t i c  602-135) 
and 0.25 m l  o f  b lood sample was removed. The serum (100 p1)  was 
d i l u t e d  i n  200 pl o f  0 .15  M PBS pH 7.4 con ta in ing  5 % BSA ( R I A  
grade, Sigma, S t .  Louis, MO). I n s u l i n  was measured us ing  a 
radioimmunoassay k i t  ( I C N  Biomedicals, Costa Mesa, CA). 

RESULTS AND D I S C U S S I O N  

General ly, i t  i s  repor ted  t h a t  absorpt ion enhancers are more 
e f f e c t i v e  i n  the  l a r g e  i n t e s t i n e  than the  small i n t e ~ t i n e . ’ ~  The 
enhancing e f f e c t s  o f  var ious f a t t y  ac ids and t h e i r  d e r i v a t i v e s  were 
compared a f t e r  r e c t a l  admin is t ra t ion .  F igure 1 shows the  t y p i c a l  
blood glucose l e v e l  change a f t e r  r e c t a l  admin i s t ra t i on  o f  i n s u l i n  
and absorpt ion enhancer. The mean blood glucose l e v e l s  a t  15 and 5 
min before i n s u l i n  s o l u t i o n  admin i s t ra t i on  were regarded as the  
i n i t i a l  va lue and blood glucose l e v e l s  were normalized as percent  o f  

t h i s  i n i t i a l  value. The enhancing e f f e c t s  were est imated by the  
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932 MURANUSHI, MACK, AND KIM 

Q) 

0 = > 1201 

0 1 2 3 4 5 6 

T ime(  hr)  

FIGURE 1 
Est imat ion method o f  t he  enhancing e f f e c t s .  The % decrease o f  AUC i s  
A d i v ided  by T. A i s  t he  decreased area o f  blood glucose l e v e l  under 
base1 i ne. 

maximum decrease o f  blood glucose l e v e l  and the  percent decrease o f  
area under the  curve (AUC), t he  decreased area (A)  d i v ided  by t o t a l  
area (T) f o r  4 h r s  x 100 %. The percent decrease o f  AUC was the  
average decrease o f  blood glucose l e v e l  f o r  4 hrs.  The enhancing 
e f f e c t s  are compared i n  Table 1. 

A c r i t i c a l  carbon chain l eng th  was seen w i t h  f a t t y  acids; l ess  
than 10 carbon chain f a t t y  acids had no e f f e c t ,  bu t  cap r i c  ac id  
(C10)  was the  most e f f e c t i v e  enhancer. S im i la r  c r i t i c a l  carbon 
chain e f f e c t s  were repor ted  f o r  poo r l y  absorbed low molecular weight 
compounds. Laur ic  ac id  and o l e i c  ac id  had smal ler  e f f e c t s ,  bu t  
they themselves seem t o  have an a b i l i t y  t o  induce absorpt ion when 
they are d isso lved by a second ~ u r f a c t a n t . ~  These smal ler  e f f e c t s  
were considered t o  be due t o  t h e i r  low s o l u b i l i t y .  

4-6 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ABSORPTION OF INSULIN 933 

TABLE 1 
Enhancing Effects of Fatty Acids and Their Derivatives on the Rectal 
Absorption of Insulin in Fasted Normal Rats (Mean f S.D., n=4) 

Compounda Maximum decrease of Decrease of AUCb 
blood glucose level 
(% of initial va1uelb 

(% over 0-4 hr) 

Insul inc 

Buffer 

Insul in 

Fatty Acids 
C8:O 
c9:o 
c1o:o 
Cl1:O 

C18:Od 
C12:Od 

Monoglyceri des 
C8:O 
c1o:o 
C18: 1 
c12:o; 

Sucrose Esters 
c1o:o 
c12:oe 
C16 : Odle 
C18: ldne 

49.2 f 5.5 

16.2 f 3.2 

14.0 f 1.9 

17.4 f 11.7 ns 
12.4 f 6.5 ns 
71.0 f 10.0 ** 
63.4 f 11.2 ** 
54.1 f 14.1 ** 
23.2 f 2.4 ** 

55.1 f 7.3 ** 
47.3 f 11.0 ** 
15.0 f 4.8 ns 
19.2 f 9.3 ns 

61.6 f 9.0 ** 
57.1 t 6.4 ** 
31.4 f 16.5 ns 
17.5 f 3.9 ns 

22.9 f 4.5 

6.1 f 4.5 

1.6 f 3.3 

-0.2 f 4.5 ns 
0.6 f 5.2 ns 
38.9 f 4.9 ** 
38.8 f 5.6 ** 
16.3 f 16.0 ns 
5.7 f 4.9 ns 

26.1 f 7.8 ** 
24.5 f 7.6 ** 
0.3 f 3.2 ns 
8.5 f 5.4 ns 

39.5 f 6.2 ** 
27.8 f 6.9 ** 
12.6 f 20.7 ns 
3.2 f 1.3 ns 

'25 U/kg insulin with 50 mM enhancer dose 
bmean f s.D., n=4; to insulin **: pt0 .01 ,  ns: not significant 
'IV dose of 0.5 U/kg 
d s o ~  ut i on not CI ear 
e3% concentration 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



934 MURANUSHI, MACK, AND KIM 
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__c)_ with 50mM caprate 4 

FIGURE 2 
Blood glucose levels after administration to the rectum in normal 
rats (mean k 13.6 % S . D . ,  n=4). 

Among monoglycerides, monocapryl in was the most effective even 
though caprylic acid, itself, was not effective. Sucrose caprate 
was as effective as sodium caprate. Other longer chain fatty acid 
sucrose esters were less effective than sucrose caprate. These 
results suggested that a certain length o f  hydrophobic chain (more 
than 9 carbons) and suitable solubility (a polar head) were needed 
to induce a permeability change of the mucosal membrane for insulin 
to be absorbed. 

Since sodium caprate and sucrose caprate were the most 
effective enhancers, their enhancing effects were compared in the 
duodenum, colon and rectum. Figure 2 shows blood glucose levels 
after administration to the rectum. The administration of buffer 
solution or insulin solution alone had no effect on blood glucose 
levels. The coadministration of either sodium caprate or sucrose 
caprate with insulin caused a decrease in blood glucose levels. 
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A B S O R P T I O N  OF INSULIN 
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FIGURE 3 
Blood glucose levels after administration to the colon in normal 
rats (mean 2 18.8 % S.D. ,  n=3-4). 

Maximum decreases in blood glucose levels were observed at 1 hr and 
blood glucose level returned to the initial value at 4 hrs. Similar 
blood glucose changes were observed after colonic administration 
(Figure 3). In the duodenum, the administration of insulin (50 
U/kg) with either 250 mM sodium caprate or sucrose caprate had no 
effect on blood glucose levels. To see a decrease in blood glucose 
level, the dose of insulin was increased to 150 U/kg (Figure 4). 
The effects were still smaller than those seen in the colon or the 
rectum. When the low solubility of insulin at the actual pH (6.5) 
of the small intestine and the dilution of enhancers with digestive 
juices are taken into account, the difficulty in achieving the same 
effects in the small intestine is understandable. 

In normal rats, insulin decreased blood glucose levels from a 
normal level to a lower level. In diabetes, it is important to 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/2

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



120 

1 00 

80 

60 

20 - 
0 

MURANUSHI, MACK, AND KIM 

with 250 mM sucrosecaprate 

+ pH8.O buuffer 

i I I I I 1 

+ insulln(l5OUlkg) 

* with 250mM caprate 

FIGURE 4 
Blood glucose levels after administration t o  the duodenum in normal 
rats (mean 8.2 % S.D. ,  n= 3-4). 

decrease elevated levels t o  normal. To demonstrate effectiveness, 
the enhancers were evaluated in diabetic rats.  Diabetes was induced 
by intravenous injection of streptozotocin. The average blood 
glucose levels were 303.2 & 68.4 ( ~ 2 4 )  and 402.9 & 43.8 (n -22)  
mg/dl in the fasted and non-fasted states,  respectively. On the 
other hand, the average blood glucose level o f  fasted normal rats 
was 69.7 6.0 mg/dl ( ~ 6 4 ) .  Figure 5 shows blood glucose levels in 
fasted diabetic rats.  The coadministration of either sodium caprate 
or sucrose caprate with insulin caused a decrease in blood glucose 
levels. The decreasing effect was prolonged in comparison t o  normal 
rats (Figure 2 ) .  The maximum decrease in blood glucose levels was 
seen a t  2 hrs and blood glucose levels were s t i l l  lower t h a n  in i t ia l  
values a t  6 hrs. Intravenous injection of insulin also had 
prolonged effects. These results suggested t h a t  the prolonged 
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ABSORPTION OF INSULIN 937 
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FIGURE 5 
Blood glucose levels after administration to the rectum in fasted 
diabetic rats (mean & 22.1 % S . D . ,  n=4). 

effects were due to a lack of a response to high blood glucose 
1 evel s by diabetic rats because decreased blood gl ucose 1 evel s were 
still higher than normal levels. When compared with an I V  dose (100 
% absorption), 3 - 4 X of insulin was absorbed from the rectum. 
Blood glucose levels may be affected by many factors; to confirm the 
absorption of insulin, serum insulin levels were measured (Figure 
6). When buffer or insulin solution alone was administered, no 
change in insulin levels was observed. This indicated that the 
experimental procedure did not induce the secretion of endogenous 
insulin in diabetic rats and that insulin alone was not absorbed 
from the rectum. An apparent increase in serum insulin levels was 
observed when insulin was administered with either sodium caprate or 
sucrose caprate. These results indicated that the decreases in 
blood glucose levels were due to the absorption o f  insulin. 
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938 MURANUSHI, MACK, AND KIM 
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Y 

c .- 

1500 

1000 

500 

0 

- iv (O.5Ulkg) - buffer - insulin (25U/kg) - with sodium caprate 
I with sucrosecaprate 

0 .0  0 . 5  1 . o  1 . 5  2 . 0  

Time (hr) 

FIGURE 6 
Serum concentrations of insulin after administration to the rectum 
in fasted diabetic rats (mean 2 35.1 % S . D . ,  n=3-4). 

Although approximately 50 % of insulin absorbed from the intestine 
is considered to be extracted into the liver,” in the case of rectal 
administration, we can estimate the approximate absorbed ratio using 
the increased AUC of serum insulin levels because most of the 
absorbed insulin is considered to bypass the liver and enter into 
the systemic circulation directly.16 With the coadministration o f  
sodium caprate and sucrose caprate, increased AUC of 253.1 and 245.1 
pU/ml-hr indicated that 3.9 and 3.8 X of insulin were absorbed from 
the rectum, respectively, when compared to an IV dose (130.3 pU/ml- 
hr). 

Because meal s contribute to increased blood gl ucose 1 eve1 s , it 
is important to decrease blood glucose levels in non-fasted diabetic 
rats. Figure 7 shows blood glucose levels in non-fasted rats. The 
coadmini stration of either sodium caprate or sucrose caprate caused 
a decrease in blood glucose levels. The effects were smaller than 
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FIGURE 7 
Blood glucose levels after administration to the rectum in non- 
fasted diabetic rats (mean 2 7 . 7  % S . D . ,  n=3-4). 

in fasted diabetic rats. The smaller effects was considered to be 
due to the intake of saccharides from the small intestine, but not 
due to a decrease in the absorption of insulin, because the I V  dose 
of insulin also had a decreased effect. 

The mechanism of enhancement i s  of great interest. Tomita and 
coworkers suggested that the enhancement of colonic drug absorption 
was through both paracell ul ar17 and transcell ul ar18 permeation 
routes. Even if transcell ul ar permeabi 1 i ty was increased for 1 ow 
molecular weight compounds by an absorption enhancer, it would be 
difficult for a high molecular weight compound to easily penetrate 
through the membrane while the membrane maintains its lipid bilayer 
structure. Capric acid increased the pore radius from 8 to 13-15 A 
in the colon. l7 Bohider et a1.19 suggested that the radius of 
insulin was 12.7 A surrounded by a hydration layer of 8 A thickness. 
The absorption of insulin might best be induced through an enlarged 
paracell ul ar route. 
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CONCLUSIONS 

MURANUSHI, MACK, AND KIM 

The enhancing e f f e c t s  o f  var ious C8-Cl8 f a t t y  ac ids and t h e i r  
d e r i v a t i v e s  on i n s u l i n  absorpt ion was s tud ied  i n  t h e  rectum o f  
fasted normal r a t s  under pentobarb i ta l  anesthesia. B i o a v a i l a b i l  i t y  
was estimated from the  maximum decrease i n  blood glucose l e v e l  and 
the  decrease o f  t he  AUC o f  b lood glucose l e v e l .  A c r i t i c a l  carbon 
chain l eng th  (C10) e f f e c t  was seen w i t h  the  f a t t y  ac ids.  Capry l i c  
a c i d  (C8) was no t  e f f e c t i v e ,  bu t  monocaprylin was e f f e c t i v e  i n  
enhancing i n s u l i n  absorption. Sodium caprate (C10) and sucrose 
caprate were the  most e f f e c t i v e  enhancers. 

Absorption was a l so  evaluated i n  both the  co lon  and the  
duodenum. The enhancers were e f f e c t i v e  i n  t h e  colon. I n  the  
duodenum, a several f o l d  l a r g e r  dose o f  i n s u l i n  and enhancer was 
requ i red  t o  achieve a s i m i l a r  l e v e l  o f  blood glucose. Th is  suggests 
t h a t  absorpt ion i n  bo th  the  rectum and the  co lon were more s e n s i t i v e  
t o  t he  enhancers than i n  the  duodenum. 

Enhancing e f f e c t s  were f u r t h e r  evaluated i n  s t rep tozo toc in -  
induced d i a b e t i c  r a t s .  I n  t h e  fas ted  s ta te ,  the  coadmin i s t ra t i on  o f  
e i t h e r  sodium caprate o r  sucrose caprate w i t h  i n s u l i n  t o  t h e  rectum 
caused a decrease i n  blood glucose l e v e l s .  Increased serum 
concentrat ions o f  i n s u l i n  were a l so  seen. B i o a v a i l a b i l  i t y  o f  
i n s u l i n  w i t h  enhancer from the  rectum was estimated t o  be about 4 %. 

The decrease i n  blood glucose l e v e l s  was a lso  seen i n  non- fasted 
r a t s ,  bu t  t he  e f f e c t  was smal ler  than i n  fas ted  r a t s .  The a d d i t i o n  
o f  these absorpt ion enhancers t o  a supposi tory  o r  co lon ta rge ted  
dosage form might induce the  absorpt ion o f  i n s u l i n .  
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