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Summary

The effects of aprotinin, hyaluronidase and cholic acid and its analogues on the absorption of subcutaneously injected insulin
were investigated. The enhancement of insulin absorption by sodium cholate was more pronounced than those produced by the other
compounds tested. The enhancing effect of cholic acid on insulin absorption was attributed not only to its inhibition of proteolytic
enzymes but also to its binding to insulin. Aprotinin produced a significant increase in the effect of insulin on plasma glucose most
probably due to its inhibition of the local degradation of exogenous insulin at the injection site. Hyaluronidase was ineffective in

increasing subcutaneous insulin bioavailability.

Introduction

Insulin, discovered in 1922 by Banting and Best
(Banting and Best, 1922), is an indispensable pan-
creatic peptide hormone. It is well known that the
hormone is degraded by gastrointestinal protease
and that it poorly penetrates the gastrointestinal
mucosa due to its high molecular weight. There-
fore, the hormone is currently administered on a
routine basis only by intravenous, subcutaneous
or intramuscular injection.

Recently, insulin has been shown to cross in-
testinal (Galloway and Root, 1972; Ziv et al,
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1987), rectal (Kamada et al., 1981; Morimoto, et
al., 1983), respiratory (Wigley et al., 1971; Shin-
Wei and Sciarra, 1976), nasal (Hiraj et al., 1981a,
b; Moses et al., 1983) and oral mucosae (Earle,
1972) in animal models and human subjects. Com-
pared with parenteral administration, insulin pre-
parations for nonparenteral administration are of
low efficacy and there is continued effort being
made to increase the absorption of insulin admin-
istered by those routes. Improved absorption of
insulin from the gastrointestinal tract is possible
when admixed with non-ionic surfactants such as
polyoxyethylene ethers (Shichiri et al., 1978; Hirai
et al, 1981b). Bile acids which physiologically
solubilize dietary fat do so through their surfac-
tant properties. For this reason, bile acids have
been widely used to promote the absorption of
insulin by the rectal (Ziv et al., 1981, 1987; Aungst
et al., 1988a), nasal (Hirai et al., 1981a, b; Moses
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et al., 1981; Aungst et al, 1988a) and buccal
(Aungst et al., 1988a) routes.

The protease inhibitor aprotinin has been shown
to enhance insulin absorption via the intestinal
wall (Ziv et al., 1987) and from a subcutaneous
injection site (Berger et al., 1980; Linde and Gun-
narsson, 1985; Owens et al., 1988).

Hyaluronidase is an enzyme derived from
animal tissues and is present in many animal
secretions including snake and insect venoms. It
causes hydrolytic depolymerization of the viscous
mucopolysaccharide, hyaluronic acid, which is
present in the interstitial ground substance of tis-
sues. In this way, the enzyme promotes increased
diffusion of the injected drug into surrounding
tissues (Meyer, 1972).

The purpose of the work described here is
specifically to compare the insulin absorption en-
hancing effects, if any, of sodium cholate and its
analogues and hyaluronidase following concom-
itant subcutaneous injection with a view to clarify-
ing the mechanisms involved. More generally, the
work was aimed at improving understanding of
peptide drug diffusion and disposition from a
subcutaneous site.

Experimental
Materials

Insulin-Actrapid 100 1.U./ml was obtained
from Novo Industry (Copenhagen, Denmark).
Sodium cholate, sodium deoxycholate, bile acids
(oxidized), sodium glycocholate, sodium caprate,
sodium caprylate and sodium laurate were
purchased from Sigma (St. Louis, MO). Aprotinin
(Trasyl®) 10000 KIU/ml (Kallikrein inactivator
units) was obtained from Bayer (Leverkusen,
Germany), hyaluronidase (800 U/mg) was pur-
chased from Sigma, and glucose oxidase (218.8
U /mg) and peroxidase (227 U /mg) were obtained
from Boehringer (Mannheim, Germany). Insulin
crystals from porcine origin were obtained from
Nordisk, Gentofte, Denmark. The red blood cells
were obtained from Travenol Laboratories Ltd
(Thetford, Norfolk, U.K.). All other reagents used
were of analytical-reagent grade. Acetonitrile for

high-performance liquid chromatography was
HPLC grade and was obtained from Analytical
sciences (Labscan Limited, Dublin, Ireland). The
Teflon membrane for the binding test (molecular
weight cut-off of approx. 3500) was obtained from
Spectrum Medical Industries, Inc., Los Angeles,
U.S.A. An ODS-C18 column (Spherisorb, 5 p,
ODS II) was obtained from AGB Co. (MidGlam,
U.K)).

Methods

Preparation of solutions

Protein precipitant was prepared as follows: 10
g sodium tungstate, 10 g disodium hydrogen phos-
phate and 9 g sodium chloride were dissolved in
800 ml distilled water; 125 ml of 1.0 M HCI were
then added to bring the pH to 3.0. The final
volume was made up to 11 with distilled water.

Enzyme reagent was prepared by the method
developed by Trinder (1969) and modified by
Wideroe et al. (1983). 7500 U glucose oxidase,
2000 U peroxidase, 0.4 mmol 4-aminoantipyrine
and 0.2 mmol 2,4-dichlorophenol were dissolved
in 051 of 0.1 M Na,HPO,/NaH,PO, buffer at
pH 7.0. The final reagent was then stored at 4°C
prior to usage.

The substrate solution for the determination of
leucine-aminopeptidase was prepared using the
method developed by Takennaka and Takahashi
(1962) and modified by Hirai et al. (1981b). 40 mg
L-leucylnaphthylamide hydrochloride was dis-
solved in 100 m! of 0.1 M phosphate sodium
buffer, pH 7.0, as substrate solution. 0.2 N HCI-4%
p-dimethylaminobenzaldehyde ethanolic solution
was used as the acidic colour reagent for quench-
ing the enzymatic reaction.

Animal studies

Male Wistar rats weighing 250-330 g were fed
with pelleted chow. All the animals were starved
for 16 h before insulin administration.

Insulin absorption

Several drug mixtures, i.e. insulin alone, in-
sulin/ aprotinin /hyaluronidase, insulin/ aproti-
nin/ cholic acid, insulin/ cholic acid, insulin/ bile
acid, insulin/ glycocholic acid, insulin/ deoxycho-



TABLE 1

Composition of the enhancer solutions used in the study of
enhanced absorption of subcutaneously injected insulin

Enhancer studied Concentration Insulin
(mg/ml or concentration
U/ml ?) in saline
(IU/ml)
None ° - 0.10
Sodium cholate 5 0.10
Bile salts solution 0.10
saturated
Sodium glycocholate S 0.10
Sodium deoxycholate 5 0.10
Aprotinin 2000 0.10
Sodium cholate 5 0.10
and aprotinin 2000
Hyaluronidase 400 0.10
and aprotinin 2000
Insulin alone B © 0.12
Hyaluronidase I 560 0.12
Hyaluronidase 11 280 0.12
Hyaluronidase III 210 0.12
Hyaluronidase 1V 140 0.12

* For hyaluronidase, the standard enzyme unit was used and
for aprotinin, kallikrein inactivator unit (KIU)} was used.

® This solution was used as control in the study of enhance-
ment of absorption of insulin by cholate and its analogues as
well as aprotinin.

€ Solution B was used as control in the study of enhancement
effect of hyaluronidase on uptake of insulin.

lic acid, insulin/hyaluronidase, were prepared
{Table 1); 0.1 ml of each mixture per 100 g body
weight was administered by hypodermic injection
to the rats, anaesthetized with pentobarbitone
sodium at a dose of 60 mg/kg. Samples of 0.1 ml
of blood were taken from the tail-vein at zero time
and at 1, 1.5, 2, 3 and 4 h and transferred into
glass tubes containing 100 pl of protein precipi-
tant and then mixed thoroughly for analysis of
blood glucose.

Determination of plasma glucose concentration
Blood glucose was measured using a modifica-
tion of the Trinder procedure (Trinder et al., 1969;
Bauminger, 1974). The blood samples were
centrifuged at 500 X g for 3-5 min; 20 pl of the
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supernatant plasma were withdrawn and added to
a tube containing 2 m! enzyme reagents. The tubes
were then incubated for 10 min, at 37°C and
shaken briefly two or three times during incuba-
tion to ensure adequate aeration. The tubes were
cooled immediately to room temperature by shak-
ing in cold water and the absorbance read at 505
nm.

Dialysis of sodium cholate

Determination of equilibration time The time
necessary to achieve equilibrium in a dialysis ex-
periment with sodium cholate was determined at
37°C, using a Spectrum Equilibrium Dialyser
{Spectrum Medical Industries, Inc., Los Angeles,
U.S.A); 1 ml of 21.4 mM cholic acid in 0.02 M
phosphate buffer with a pH of 7.4 and containing
0.15 M NaCl, was dialyzed against the same
volume of phosphate buffer. Samples from each
compartment of the dialysis system were assayed
using high-performance chromatography at ap-
propriate intervals to determine the equilibration
time for sodium cholate.

‘Measurement of sequestration of insulin by
sodium cholate All the Teflon cells and Teflon
membranes used in the dialysis experiment were
presaturated with insulin solution before use
(Wideroe et al., 1983) to avoid the binding of the
hormone to the membranes during the experi-
ment. Two insulin-cholic acid solutions were used
to study the sequestration of sodium cholate to
insulin. Solution A was prepared by adding 61 mg
of pork insulin (0.214 mM) and 300 mg sodium
cholate (21.4 mM) to a 50 ml volumetric flask and
making up to volume with a 0.02 M phosphate
buffer with a pH of 7.4, containing 0.15 M NaCl
Solution B contained 1.07 mM insulin and 21.4
mM sodium cholate in a phosphate buffer as
described above. These solutions were then sep-
arately dialyzed against the same volumes of phos-
phate buffer. A volume of 21.4 mM cholic acid in
a phosphate buffer, pH 7.4, was used against the
same volume of buffer as a control. Aliquots (500
pl) were withdrawn from all the receptor compart-
ments at 3 and 5 h beyond equilibration time. The
samples were diluted by addition of internal
standard solution (500 ul) and then analyzed by
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Fig. 1. Effects of cholic acid and its analogues on uptake of insulin. Each point was expressed as mean + S.D. of five animals

a 0) Saline; (¢ #) insulin alone; (A
@a

HPLC (20 pl). Each experiment was repeated
three times with two injections.

Inhibition of leucine-aminopeptidase activity
Dermal tissues were excised from the freshly
killed rats and the underlying muscles and fat
were carefully removed. The tissues were blotted
dry on tissue paper, weighed and placed in a glass
tube to be homogenized in a 10-fold volume of
cold saline at 10000 rpm and 4-8° C. The homo-
genates were centrifuged at 7500 X g for 15 min at
4°C and the supernatants were stored at —18°C
prior to analysis. The leucine-aminopeptidase ac-

@) bile acids+ insulin; (¢
0O) glycocholic acid + insulin; (O

&) deoxycholic acid + insulin;
0O) cholic acid + insulin.

tivity of the supernatant was determined using the
Golbard method (Takennaka and Takahashi, 1962;
Hirai et al., 1981b; Mishima et al., 1987). A suita-
ble predefined volume (20-250 ul) of the super-
natant from the tissue homogenates was added to
0.5 ml of a 1.37 mM solution of L-leucine-B-naph-
thylamide hydrochloride; 0.1 M phosphate buffer
at pH 7.0 was then added to bring the volume to
1.2 ml. The mixture was incubated at 37° C for 30
min and the enzymic reaction was quenched by
adding 2 ml of 0.2 N HCI; 2 ml of a 4% p-dimeth-
ylaminobenzaldehyde ethanolic solution was ad-
ded to produce a yellow colour. After 10 min, the



absorbance of the mixture was read at 465 nm.
Sodium cholate and its analogues, fatty acid salts
and hyaluronidase solutions were prepared by dis-

TABLE 2

Summary of effects of additives on insulin absorption
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solving in physiological saline at various con-
centrations. The inhibition of cutaneous leucine-
aminopeptidase activity by each of those agents

Reference Compound /(Animal) Tissue Results
(1) Cholic acid and its analogues
Hirai et al. Sodium taurocholate Nasal The decrease in plasma
(1981a) Sodium cholate glucose level by different
Sodium deoxycholate bile salts was as follows:
Sodium glycocholate sodium taurocholate, 56.7;
Sodium chenodeoxycholate sodium cholate, 53.1; sodium
(Rats) deoxycholate, 55.7; sodium
glycocholate, 53.1; sodium
chenodeoxycholate, 49.4%.
Hirai et al. Same as above Nasal The inhibitory effect of
(1981b) (Rats) bile acid salts on the
leucine aminopeptidase
activity in the nasal mucosa
was found to be: sodium
taurocholate, 87.4; sodium
cholate, 84.9; sodium
glycocholate, 87.2%.
Ziv et al. Sodium deoxycholate Intes- Plasma glucose was lowered by
(1981) Sodium cholate tinal 50% 1 h after admini-
(Rats) stration of 12 U soluble
insulin mixed with 1-10 mg,/ml
DOC, or 2-20 mg/ml sodium
cholate.
Moses et al. Sodium deoxycholate Nasal With administration of an
(1983) (Diabetes) insulin-deoxycholate 1%
(w/v) aerosol, plasma
glucose began to fall by 10
min, reaching 54% of control
levels by 30 min. Nasal
insulin absorption was approx.
10% as efficient
as intravenous insulin.
Mishima et al. Sodium caprylate Nasal The inhibition of
(1987) Sodium caprate aminopeptidase activity by
Sodium laurate these enhancers was found to
Sodium glycocholate be: sodium caprylate, 70

(Rats and Rabbits)

(rat homogenate) and 88
(rabbit homogenate); sodium
caprate, 74 (rat homogenate)
and 89 (rabbit homogenate);
sodium laurate, 98 (rat
homogenate) and 87 (rabbit
homogenate); sodium
glycocholate, 79 (rat
homogenate) and 86% (rabbit
homogenate).

(continued)
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TABLE 2 (continued)

Reference Compound /(Animal) Tissue Results
Aungst et al. Sodium glycocholate Nasal 5% of sodium glycocholate
(1988a) (Rats) was found to significantly increase insulin efficacy by
each route. The rank order
was nasal > rectal > buccal
> sublingual. Nasal and
rectal insulin were roughly
half as effective as im.
insulin
(11} Aprotinin
Berger et al. (Normal subjects) Subcutaneous More rapid insulin entry into
(1980) the circulation. Maximum glucose
level-decreasing effect occurs
at about 1 h instead of two
hours after injection.
Williams et al. {Diabetic subjects) Subcutaneous Local hyperaemia produced by
(1983) aprotinin providing a possible
mechanism for increase in
insulin bioavailability.
Linde and (Diabetic subjects) Subcutaneous Injected soluble insulin
Gunnarsson more rapidly absorbed
(1985) in Type 1 diabetics.
Zivet al {Rats) Intestinal Dose response shown in effect of
(1987) aprotinin on glucose level.
When administered together
with aprotinin and cholate,
insulin was absorbed more
effectively by up to 200 times
relative to insulin on its own.
Owens et al. {Normal subjects) Intestinal A significantly higher
(1988) insulin level compared with
insulin alone, leading to an
acceleration of the early phase
of absorption from subcutaneous
tissue.
Aungst et al. (Rats) Rectal Ineffective in increasing
(1988b) Nasal insulin efficacy either alone
Buccal or in combination with enhancer.
Deurloo et al., (Rats and Rabbits) Nasal Coadministration with aprotinin did

1989

not statistically significantly
increase insulin bioavailability
in rats and /or rabbits.

was determined by comparing the test solution
against 0.1 M phosphate buffer at pH 7.0.

High-performance liquid chromatography (HPLC)
method

The HPLC system used for assaying sodium
cholate consisted of an LLKB series liquid chro-

matograph (LKB Ltd, Bromma, Sweden) equipped
with an HPLC pump (Model 2150), a UV varia-
ble-wavelength monitor (Model 2151), a sample
loop injector with a maximum injection volume of
20 pl (Model 7125), and an ODS C-18 column
(Spherisorb ODS II, Jones Chromatography,
Hengoed, U.K.). Absorbance measurement was



carried out at 210 nm with a sensitivity of 0.04—
0.016 AUFS. The pre-filtered mobile phase (0.45
pm), consisting of acetonitrile : water : phosphoric
acid (60:40:2) with a pH of 2.36, was delivered
at a flow rate of 1 ml/min. The internal standard
solution was prepared by adding 36 mg of butyl-
p-hydroxybenzoate to a 1000 ml volumetric flask
and making up to volume with the mobile phase.

Statistical analyses

In evaluating the effects of insulin with and
without additives on plasma glucose levels, the
area under the curve was calculated after adjust-
ment for baseline drift using saline as a control
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treatment. Therefore, for each treatment a nega-
tive area under the curve (AUC) was obtained as
glucose levels decreased after insulin treatment.
This summary measure (AUC) was used in all the
statistical analyses. This method is recommended
for designs with repeated measures such as the one
in the present study (Yates, 1982). The AUC with
different treatments were subjected to Analysis of
Variance and in cases where a significant effect
was observed, the means were compared using
Neuman-Keul’s method (Winer, 1971).

The Kwikstat and Minitab packages were em-
ployed for linear regression and analysis of vari-
ance.

Relative Blood Glucose Concentration [%]

60 i
50 ot 1 1 1 L 1 L 1 A
0 1 2 3 4 5
Time[hr]
Fig. 2. Enhancement of insulin absorption by aprotinin. Each point was expressed as mean + S.D. of five animals. (O 0)
saline; (¢ &) insulin alone; (@ [) aprotinin + insulin; (O ¢) aprotinin + hyaluronidase + insulin; (B m)

aprotinin + cholic acid + insulin; (O

0) cholic acid + insulin.
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Results and Discussion

In the present study, plasma glucose level was
used as an index of the amount of insulin ab-
sorbed into the systemic circulation. This cir-
cumvents the need for a specific immunoassay for
mmsulin. Given that insulin is clinically used to
control blood glucose level, it can be argued that
glucose is a better index for insulin bioavailability
in therapeutic equivalence testing.

A number of specific assay methods have re-
cently been developed using enzymes such as glu-
cose oxidase, hexokinase and glucose dehydro-
genase for determining glucose in biological fluids.
In the present study, the method using glucose
oxidase was chosen (Burrin and Price, 1985). The
relationship between absorbance ( y) and glucose
concentration (x) could be described by the equa-
tion (y = —0.0131 + 0.0589x, r? = 0.9996). Using

TABLE 3

this method, the mean glucose concentration of
five rats was found to be 77.69+ 2.3 mg/dl, a
result which is in agreement with those reported
by Ziv et al. (1987) (80 + 8.2 mg/dl) and Bar-on
et al. (1981) (78.2 + 1.8 mg/dl).

Effect of sodium cholate and its analogues on the
bioavailability of insulin

Sodium cholate and its analogues have been
reported to be more effective enhancers for insulin
absorption when administered via a number of
absorption routes (see Table 2) but most notably
by the nasal route (Hirai et al, 1981; Ziv et al,,
1981; 1987, Moses et al., 1983; Mishima et al,
1987; Aungst et al., 1988a). In this study, sodium
cholate is found, on a weight basis, to be more
effective in the enhancement of insulin absorption
following subcutaneous injection than bile acids,
sodium deoxycholate or glycocholate although all

Results of multiple-range tests comparing the effects of insulin with and without additives ®

(A) Effect of sodium cholate and its analogues

Population Treatment *

1 5

G b et

* Treatment 1, insulin only; treatment 2, insulin plus sodium cholate; treatment 3, insulin plus sodium deoxycholate;
treatment 4, insulin plus sodium glycocholate; treatment 5, insulin plus oxidised bile acids.

(B) Effect of aprotinin, hyaluronidase and sodium cholate

Population Treatment ?

1 2

L B st

* Treatment 1, insulin only; treatment 2, insulin plus aprotinin; treatment 3, insulin plus aprotinin and hyaluronidase;
treatment 4, insulin plus aprotinin and sodium cholate; treatment S, insulin plus sodium cholate.

{C) Effect of different concentration of hyaluronidase

Population Treatment *

1 4

1

® Treatment 1, insulin only; treatment 2, insulin plus hyaluronidase, 560 U; treatment 3, insulin plus hyaluronidase, 280 U;
treatment 4, insulin plus hyaluronidase, 210 U; treatment 5, insulin plus hyaluronidase, 140 U.

* Treatment groups joined together by lines do not differ significantly in their mean values; the groups {1-5) are arranged in

increasing numerical magnitude.



of those substances improved the absorption of
subcutaneous insulin. Typical examples of the
change in plasma glucose level after subcutaneous
administration of the insulin solution containing
0.35% of the additives are shown in Fig. 1. The
insulin solution (0.1 IU/kg) without surfactant
produced slight hypoglycaemia throughout the ex-
perimental period, whereas the addition of sodium
cholate significantly decreased the plasma glucose
level. The enhancement of insulin absorption by
sodium cholate was more pronounced than that
produced by its analogues (P < 0.05, Table 3a). At
the time of injection, glucose concentration was
76.20 + 2.3 mg/dl (4.23 £+ 0.13 mM).

Enhancement of absorption of insulin by aprotinin

Aprotinin, a bovine pancreatic kallikrein in-
hibitor, consisting of a single-chain polypeptide of
58 amino acids has a molecular weight of 6500
(Kassell et al., 1965). It has been used to inhibit
plasmin, trypsin, chymotrypsin and various in-
tracellular proteases (Trautschold et al., 1967). It
has also been reported that the degradation of
insulin by adipose tissue can be inhibited by this
compound (Offord et al., 1979).

Aprotinin has been used in attempts to improve
the absorption of insulin (Table 2) (Berger et al.,
1980; Freidenberg et al., 1981; Williams et al.,
1983; Dandona et al., 1985; Linde and Gunnar-
son, 1985; Owens et al., 1988). In the present
study, insulin absorption was found to be in-
creased by aprotinin. As shown in Fig. 2, the drop
in blood glucose was found to be higher after
subcutaneous injection of insulin with aprotinin
than when the hormone was administered alone.
The insulin-enhancing effect of aprotinin was not
increased further by hyaluronidase or by sodium
cholate. Interestingly the enhancement produced
by sodium cholate on its own was more pro-
nounced than when combined with aprotinin (Ta-
ble 3b). A possible explanation is that aprotinin
competes with insulin with respect to the sodium
cholate so that more of the insulin is available free
for attack by proteases. When hyaluronidase was
studied on its own as a possible enhancer of
insulin absorption, it was found that increasing
hyaluronidase concentration produced little fur-
ther reduction in glucose levels (Table 3c). The
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Fig. 3. Effects of sodium cholate and its analogues on the
activity of leucine aminopeptidase on the rat dermal tissue.
Each point was expressed as mean+ S.D. of three experiments.
(¢) Sodium cholate; (M) sodium glycocholate; (0O) sodium
deoxycholate; (o) bile acids.

results reported here were consistent with those
reported by Berger et al. (1980), Linde and Gun-
narson (1985), and Owens et al. (1988) in their
work with normal subjects and insulin-dependent
diabetics. They concluded that aprotinin increased
the absorption rate of subcutaneously injected in-
sulin by inhibition of degradation of exogenous
insulin at the injection site.

Our present results contrast with those reported
by Ziv et al. (1987) in their insulin transport work
using intestinal tissue as a model. Their results
showed that the rate of insulin absorption across
the intestinal wall was increased to a lesser extent
with sodium cholate than with aprotinin and much
less than with aprotinin and sodium cholate com-
bined. The reason for the difference between those
results and the ones reported in this study may be
due to the different proteolytic enzymes present in
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the intestine and in subcutaneous tissues. Indeed,
the proteolytic activity of skin homogenates is
much lower than that of intestinal tissues (Zhou
and Li Wan Po, 1990). More recently, some con-
tradictory results have also been reported with
respect to the nasal absorption of insulin and
calcitonin (Hanson et al., 1986; Aungst and
Rogers, 1988b; Deurloo et al., 1989). When the
effects of laureth-9, sodium salicylate, Na,EDTA
and aprotinin on insulin absorption via the rectal,
nasal and buccal tissues were examined by Aungst
and Rogers (1988b), aprotinin was found to be
ineffective, either alone or in combination with
laureth-9. The coadministration of sodium tauro-
dihydrofusidate with aprotinin also failed to sig-
nificantly increase nasal insulin bioavailability in
rabbits (Deurloo et al., 1989). Hanson and co-
workers (1986) examined the effects of several
protease inhibitors, including bile salts, fatty acid
derivatives, aprotinin, kallikrein inhibitor, RG-1,
bestatin, fusidic acid, chemostatin, benzamidine,
chymotrypsin inhibitor, trypsin inhibitor I11-0 and
leupeptin on intranasal delivery of calcitonin, and
found that aprotinin in vitro did not inhibit the
proteolytic activity of nasal extracts. In vivo the
inhibitor did not enhance the drop in serum
calcium observed. In our study, aprotinin pro-
duced a significant increase in the effect of insulin
on plasma glucose, after subcutaneous administra-
tion. Clearly, further studies are required to better
understand the effects of aprotinin on the absorp-
tion of insulin. However, with the available evi-
dence, the appropriate conclusion is that aprotinin
enhances insulin availability after subcutaneous
injection but not when administered by other
routes. With those routes, the barriers to systemic
availability are largely diffusional in nature,
whereas with subcutaneous administration pepti-
dase attack assumes a proportionately greater role.

Mechanism of enhancement of absorption of insulin
by cholic acid

Figs 1 and 2 show the relative efficacy of
several agents in promoting subcutaneous insulin
absorption. Sodium cholate was the most effective
among the compounds tested. To investigate the
enhancement of insulin absorption by sodium

I

0 4 8

Retention Time (min,)

Fig. 4. Typical high performance liquid chromatograph of
cholic acid. Components: a, solvent front; b, sodium cholate;
¢, butylparaben.

cholate, a number of other experiments were car-
ried out as follows.

Inhibition of leucine-aminopeptidase activity by
sodium cholate :

The additives used for increasing the availabil-
ity of insulin may do so by inhibiting tissue
peptidase activity in addition to increasing per-
meability. Indeed, Hirai et al. (1981) showed that
leucine aminopeptidase activity was inhibited by
bile acid salts. The inhibitory effect of this enzyme
by cholate was found to be more than 80% under
the conditions used. In a more recent study,
sodium glycocholate was also shown to cause sig-
nificant inhibition of leucine aminopeptidase both
in rats and rabbit nasal mucosae (Mishima et al.,
1987). In the present study, as shown in Fig. 3, the
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Fig. 5. Measurement of equilibration time of cholic acid. Cholic acid diffusion across a dialysis Teflon membrane with a molecular
weight cut-off of 3500 at an initial concentration of 21.4 mM, at 37°C. (@) Donor phase concentration; (M) receiver phase
concentration.

activity of leucine aminopeptidase decreased with
increasing concentrations of the surfactants. These
results are in agreement with those of Hirai et al.
(1981b).

The binding of insulin to cholic acid

In an early study by Hirai et al. (1981b), in-
vestigating the stability of insulin, over 90% of the
original amount of insulin remained after a 60 min
incubation in the supernatant from nasal mucosal
homogenate containing 1% sodium glycocholate.
When the experiment was repeated with 1% poly-
oxyethylene 9-lauryl ether, instead of sodium gly-
cocholate, only 9% of the initial insulin remained.
The mechanism by which sodium glycocholate
stabilises insulin is unclear although insulin bind-
ing of the glycocholate ion may be involved.
Numerous studies have shown that albumin, for
example, binds to cholic acid (Rudman and

Kendall, 1957; Burke et al, 1971; Cowen et al,
1975; Bekett et al., 1981; Roda et al., 1982;
Takikawa et al., 1985; 1987).

To investigate this further, dialysis of sodium
cholate in the presence and absence of insulin was
performed. Sodium cholate was measured by
high-performance liquid chromatography (Fig. 4).
Fig. 5 shows the equilibration for sodium cholate
across a teflon® dialysis membrane with a molecu-
lar weight cut-off of 3500. Equilibration in the
presence of insulin shows that binding takes place
between cholic acid and insulin. At an initial
molar ratio, sodium cholate to insulin, of 100, the
bound cholate to insulin ratio at equilibrium was
4.14. When the initial ratio was changed to 20, the
equilibrium ratio reduced to about 2.56. It would
therefore appear that insulin and cholic acid bind-
ing may be contribuiing to the improved stability
of insulin reported by Hirai et al. (1981b).
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Conclusion

The present study has shown that with subcuta-
neous injection, insulin absorption may be en-
hanced by both surfactant-type compounds, such
as cholic acid, and by aminopeptidase inhibitors
such as aprotinin. Aprotinin most probably in-
creases insulin absorption by minimising hydroly-
sis by subcutaneous tissues. Cholic acid binds to
insulin and this may protect against hydrolysis
too, because this would prevent the formation of
enzyme-insulin complex which aligns the catalytic
site on the protease. It is also likely that the
surfactant properties of cholic acid promote ab-
sorption by lowering surface tension and hence
improve transfer across the absorption barriers. It
would appear that while peptidase inhibition im-
proves availability of subcutaneously administered
insulin, this becomes insignificant when an ad-
ditional absorption barrier is presented to the
insulin molecule as is the case with administration
by all other non-parenteral routes.

References

Aungst, BJ., Rogers, N.J. and Sheffer, E., Comparison of
nasal, rectal, buccal, sublingual and intramuscular insulin
efficacy and the effects of a bile salt absorption promoter.
J. Pharmacol. Exp. Ther., 244 (1988a) 23-28.

Aungst, B.J. and Rogers, N.J,, Site dependence of absorption-
promoting actions of laureth-9, Na salicylate, NaEDTA,
and aprotinin on rectal, nasal and buccal insulin delivery.
Pharm. Res., S (1988b) 305-309.

Bar-on, H., Berry, EM., Eldor, A., Kidron, M., Lichtenberg,
D. and Ziv, E., Enteral administration of insulin in the rat.
Br. J. Pharmacol., T3 (1981) 21-24.

Banting, F.G. and Best, C.H., The internal secretion of the
pancreas. J. Lab. Clin. Med., 7 (1922) 251--266.

Bauminger, B.B., Micro method for manual analysis of true
glucose in plasma without deproteinization. J. Clin. Pathol.,
27 (1974) 1015-1017.

Beckett, G.J., Armstrong, P. and Percy-Robb, LW, A compari-
son of bile salt binding to lymph and plasma albumin in
the rat. Biochim. Biophys. Acta, 664 (1981) 602--610.

Berger, M., Cuppers, H.J., Halban, D.A. and Offord, R.E., The
effect of aprotinin on the absorption of subcutaneously
injected regular insulin in normal subjects. Diabetes, 29
(1980) 81-83.

Burke, C.W., Lewis, B., Panveliwalla, D. and Tabaqchalis, S.,
The binding of cholic acid and its taurine conjugate to
serum proteins. Clin. Chim. Acta, 32 (1971) 206-214.

Burrin, J.M. and Price, C.P., Measurement of blood glucose,
Ann. Chn. Biochem., 22 {1985) 327-342,

Cowen, AE., Korman, M.G., Hofmann, A.F. and Thomas,
P.J., Plasma disappearance of radioactivity after in-
travenous injection of labeled bile acids in man. Gastroen-
terology, 68 (1975) 1567-1573.

Dandona, P., Mier, A., Boag, F., Chappell, M. and Beckett,
A.G., Aprotinin induced lipohypertrophy and glomer-
ulonephritis in an insulin dependent diabetic. Diabetes
Res., 2 (1985) 213-226.

Deurloo, M.J.M., Hermens, W.A.LJ., Romeyn, S.G., Verhoef,
J.C. and Merkus, FW.H.M., Absorption enhancement of
intranasally administered insulin by sodium taurodihydro-
fusidete (STDHF) in rabbits. Pharm. Res., 6 (1989) 853~
865.

Earle, M.P., Experimental use of oral insulin. fs». J, Med Sei.,
8 (1972) 899-900.

Freidenberg, G.R., White, N,, Cataland, S., O'Dorisio, T.M,,
Sotos, I.F. and Santiago, J.V., Diabetes responsive to in-
travenous but not subcutaneous insulin: Effectiveness of
aprotinin. N. Engl. J. Med., 305 (1981) 363-368.

Galloway, JA. and Root, M.A., New forms of insulin. Di-
abetes, 21 (1972) 637-648.

Hanson, M., Gazdick, G., Cahill, J, and Augustinge, M.,
Intranasal delivery of the peptide, salmon calcitonin. In
Davis, S.8., Illum, L. and Tomlinson, E. (Eds), Delivery
Systems for Peptides, Plenum, New York, 1986, pp. 233~
242.

Hirai, S., Yashiki, T. and Mima, H., Effect of surfactants on
the nasal absorption of insulin in rats. fnr. J. Pharm., 9
(1981a) 165-170.

Hirai, S., Yashiki, T. and Mima, H., Mechanisms for the
enhancement of the nasal absorption of insulin by surfac-
tants. Int. J. Pharm., 9 (1981b) 173-184.

Kamada, A., Nishihata, T., Kim, 8., Yamamoto, M. and Yata,
N., Study of enamine derivatives of phenylglycine as ad-
juvants for the rectal absorption of insulin. Chem. Pharm.
Bull., 29 (1981) 2012-2019.

Kassell, B., Radicevic, M., Ansfield, M.J. and Laskowski, M.,
The basic trypsin inhibitor of bovine pancreas. IV. The
linear sequence of the 58 amino acids. Biochem. Biophys.
Res. Commun., 18 (1965) 255-258.

Linde, B. and Gunnarson, R, Influence of aprotinin on insulin
absorption of subcutaneous blood flow in type I {insulin-
dependent) diabetes. Diabetologia, 28 (1985) 645648,

Meyer, K., Hyaluronidase, In Boyer, P.D. (Ed.), The Enzymes,
Academic Press, London, 1972, pp. 212-249.

Mishima, M.,. Wakita, Y. and Nakano, M., Studies on the
promoting effects of medium chain fatty acid salts on the
nasal absorption on insulin in rats. J. Pharmacobio-Dyn.,
10 (1987) 624-631.

Morimoto, K., Kamiya, E., Takeeda, T., Nukamoto, Y. and
Morisaka, K., Enhancement of rectal absorption of insulin
in polyacrylic acid aqueous gel bases containing long chain
fatty acid in rats. Inr. J. Pharm., 14 (1983) 149-157.

Moses, A.C., Gordon, G.S., Carey, M.C. and Flier, J.8,, Insulin



administered intranasally as an insulin-bile salts aerosol.
Diabetes, 32 (1983) 1040-1047.

Offord, R.E., Philippe, J., Davies, J.G., Halban, P.A. and
Berger, M., The inhibition of degradation of insulin by
ophthalmic acid and a bovine pancreatic protease inhibitor.
Biochem. J., 182 (1979) 249-251.

Owens, D.R., Vora, J.P,, Birtwell, J., Luzio, S. and Hayes,
T.M., The influence of aprotinin on regional absorption of
soluble human insulin. Br. J. Clin. Pharmacol., 25 (1988)
453-456,

Roda, A, Cappeller, G., Aldini, R, Roda, E. and Barbara,
L.J, Quantitative aspects of the interaction of bile acids
with human serum albumin. Lipid Res., 23 (1982) 490-495.

Rudman, D. and Kendall, F.E,, Bile acid content of human
serum. 1. The binding of cholanic acids by human plasma
proteins. J. Clin. Invest., 36 (1957) 538-542.

Shichiri, M., Yamasaki, Y., Kawamori, R., Kikuchi, M., Hakui,
N. and Abe, H., Increased intestinal absorption of insulin:
An insulin suppository. J. Pharm. Pharmacol., 30 (1978)
806-808.

Shin-Wei, L. and Sciarra, 1J., Development of an aerosol
dosage form containing insulin. J. Pharm. Sci., 65 (1976)
567-572.

Takennaka, M. and Takahashi, H., A new method for the
determination of serum leucine aminopeptidase. Med. Biol.,
65 (1962) 807-822.

Takikawa, H., Seyama, Y., Sugiyama, Y. and Nagase, S.1., Bile
acid profiles in analbuminemia rats, J. Biochem., 97 (1985)
199-203,

Takikawa, H., Sugiyama, Y., Hanabo, M., Kurita, M., Yoshida,
H. and Sugimoto, T., A novel binding site for bile acids on

41

human serum albumin. Biechem. Biophys. Acta, 926 {1987)
145-153.

Trautschold, 1., Werle, E. and Zickgraf-Rudel, G., Trasylol.
Biochem. Pharmacol., 16 (1967 59-72.

Trinder, P., Determinations of blood glucose using 4-
aminophenazone as oxygen acceptor. J. Clin. Pathol., 22
(1969) 246-251.

Wideroe, T.E., Smeby, L.C., Berg, K.I., Jorstad, S. and Svartas,
T.M., Intraperitoneal (1) insulin absorption during intermit-
tent and continuous peritoneal dialysis. Kidney Int., 23
(1983) 22-28.

Wigley, F.M., London, O.H.J., Wood, S.H., Shipp, 1.C. and
Waldman, R.H., Insulin across respiratory mucosa by
aerosol delivery. Diabetes, 20 (1971) 552-556.

Williams, G., Pickup, J.C., Bowcock, S., Cooke, E. and Keen,
H., Subcutaneous aprotinin causes local hyperaemia. Di-
abetologia, 24 {1983) 91-.94.

Winer, B.J., Statistical Principles in Experimental Design. 2nd
EBdn, McGraw-Hill, New York, 1971.

Yates, F., Regression models for repeated measurements. Bio-
metrics, 38 (1982) 850-~853.

Zhou, X.H. and Li Wan Po, A., Comparison of enzymic
activities of tissue lining portals of absorption of drug using
the rat as a model. Int. J. Pharm., (1990) in press.

Ziv, E., Kidron, M., Berry, EM. and Bar-on, H., Bile salts
promote the absorption of insulin from the rat colon. Life
Sci., 29 (1981) 803-809.

Ziv, E,, Lior, O. and Kidron, M., Absorption of protein via the
intestinal wall. A quantitative model. Biechem. Pharmacol.,
36 (1987) 1035-1039.



