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The stability of insulin and its acyl derivatives in the small intestine
was examined in vitro. When these compounds were incubated in
small intestinal fluid at 37°C, proteolysis of monoacyl insulins was
reduced by increasing the carbon number of the fatty acid attached
to Phe-B, of the insulin molecule. In contrast, Phe-B, and Lys-B,,
diacylated insulins were more susceptible to hydrolysis than native
insulin. Similar results were obtained using homogenates of the
small intestinal mucosa, although the extent of the contribution of
acylation to insulin degradation differed. The mechanism of the ac-
celerated insulin proteolysis by diacylation was studied by circular
dichroism (CD). The negative maxima at 270 nm in the CD spectra
were attenuated for the diacyl derivatives, indicating that insulin
association was inhibited by diacylation. Therefore, the increased
proportion of monomers available for insulin proteolysis represents
a main factor that makes diacyl derivatives unstable.
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stability; association; circular dichroism.

INTRODUCTION

The poor absorption characteristics of insulin after oral
administration is partly explained by the rapid degradation of
this peptide by the pancreatic digestive enzymes present in
the intestinal lumen, such as trypsin and a-chymotrypsin, or
brush border enzymes of the intestinal mucosa (1-3). To
improve the stability of insulin, thereby increasing its ab-
sorption from the gastrointestinal tract, various protease in-
hibitors have been used for several years (4,5). Further, dos-
age form modification with liposome and emulsion is also an
important means of improving the intestinal stability and ab-
sorption of insulin (6,7). However, few studies have exam-
ined the improvement of stability of insulin by chemical
modification.

We synthesized lipophilic derivatives of thyrotropin-
releasing hormone (TRH), tetragastrin and insulin (8-10).
Yamada et al. reported that Lau-TRH, a novel derivative of
TRH with chemically attached lauric acid at the N-terminal
pyroglutamyl group, was much more stable than TRH in rat
plasma (11). The acyl derivatives of tetragastrin are better
absorbed from the large intestine than native tetragastrin,
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which may be partly due to the higher stability of these de-
rivatives in the large intestine compared with the parent (9).
Among the acyl derivatives of insulin, palmitoyl insulins are
more stable than native insulin in mucosal tissue homoge-
nates of the large intestine (12). These results suggested that
chemical modification of peptides with various fatty acids
reduces their degradation, resulting in increased absorption
from the gastrointestinal tract. However, it has not been
examined in detail to what extent the chain length and the
numbers of fatty acids attached to insulin influence its sta-
bility in the gastrointestinal tract.

In this study, we synthesized lipophilic derivatives of
insulin by chemical modification with various fatty acids and
investigated their stability in both small intestinal fluid and
homogenates of the small intestinal mucosae. In addition, to
clarify the mechanisms of the alteration of insulin stability by
acylation, the association characteristics of these derivatives
were also investigated by circular dichroism.

MATERIALS AND METHODS

Materials

Crystalline bovine insulin (25.7 1U/mg) was purchased
from Sigma Chemical Company (St. Louis, MO, USA), and
palmitic acid, lauric acid, caproic anhydride, N,N-dimethyl-
formamide (DMF) and N-hydroxysuccinimide were pur-
chased from Nacalai Tesque Co. (Kyoto, Japan). p-Methoxy-
benzoxycarbonyl azide (pMZ-azide) was obtained from
Watanabe Chemical Industry (Hiroshima, Japan). Trifluoro-
acetic acid (TFA) was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All other chemicals were of
reagent grade.

Synthesis of Acyl Derivatives of Insulin

Acyl derivatives of insulin were synthesized as de-
scribed previously with a slight modification (10). In brief,
insulin (60 mg) was reacted with five volumes (mol) of pMZ-
azide (11 mg), the protecting reagent for the amino group,
since glycine-A, is essential for insulin activity (13,14). A|-
mono-pMZ-insulin and A, B,,-di-pMZ-insulin were ob-
tained by the above reaction. B,-monoacyl insulin and B,,
B,,-diacyl insulin were produced by the coupling of A, B,o-
di-pMZ- and A,-mono-pMZ-modified insulin with a fatty
acid, respectively, followed by treatment with TFA in the
presence of anisole in order to remove the pMZ group. To
form insulin containing palmitic and lauric acids, pMZ-
modified insulin was coupled with 50 volumes (mol) of their
N-hydroxysuccinimide esters, Pal-Osu and Lau-Osu, re-
spectively. To couple with caproic acid, pMZ-modified insu-
lin was coupled with 1.5 volumes of caproic anhydride, be-
cause it is difficult to crystallize Cap-Osu. The final purifi-
cation was achieved by preparative HPLC. The structure of
the acyl derivatives synthesized is shown in Fig. 1. The ac-
ylation of the final products was confirmed by amino acid
analysis of deaminated derivatives. Lipophilic indexes for
insulin and its acyl derivatives, were calculated from the
retention times of these compounds as follows:

Lipophilic Index = log (tg — to)/ty
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Fig. 1. Structure of insulin and its acyl derivatives studied here.

where tg and t, are the retention times of each compound
and solvent, respectively.

Preparation of Rat Small Intestinal Fluid

The small intestinal fluid was collected from rat by the
modified method described previously (15). Three male
Wistar albino rats, weighing 250-300 g, (Japan SLC, Inc.,
Hamamatsu, Japan) were anesthetized with sodium pento-
barbital (30 mg/kg) intraperitoneally. Small intestinal con-
tents were washed out two times with 10 ml of distilled wa-
ter. This efflux was extracted five times with two volumes of
methylene chloride to remove lipids that may interfere with
the HPLC analysis of insulin and its acyl derivatives. This
extract was diluted with distilled water to yield a protein
concentration of 1 mg/ml and used as small intestinal fluid.

Preparation of Rat Small Intestinal Mucosal Homogenates

Mucosal homogenates of rat small intestine were pre-
pared by the modified method of Yamamoto et al. (16) as
reported previously. The small intestine removed from rat
was divided into three parts. First, 3 cm of the top of the
small intestine was removed and the duodenum segment was
obtained from the next 10 cm portion. The ileum was ob-
tained from the final 10 cm portion of the intestine. The
residual intestine was designated as the jejunum. The mu-
cosal tissue was scraped with plate glass and homogenized in
3 volumes of isotonic phosphate buffer (PBS, pH 7.4) using
a POLYTRON homogenizer (Kinematica, GmbH, Switzer-
land). The homogenate was separated by centrifugation at
5600 x g at 4°C for 10 min. The supernatant was diluted with
PBS to a protein concentration of 10 mg/ml.

Degradation of Insulin and Its Acyl Derivatives in the Small
Intestinal Fluid and Hoimnogenates of Small Intestinal Mucosa

The degradation of insulin and its acyl derivatives was
studied by incubating 100 pl of the small intestinal fluid with
400 pl of insulin or its acyl derivatives. Test solutions were
prepared by dissolving each compound first in DMF, a sol-
ubilizing agent, followed by dilution with PBS to a final in-
sulin concentration of 50 pM in 4% DMF. Similarly, 100 .l of
a supernatant of tissue homogenates was incubated with 400
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Table I. A Comparison of Lipophilicity of Insulin and Its
Acyl Derivatives

Tr Lipophilic Index Lipophilicity
Native Insulin 15.8 0.673 1.000
Cap-1 16.3 0.687 1.021
Cap-2 17.6 0.732 1.088
Lau-1 20.3 0.812 1.207
Pal-1 23.8 0.896 1.331
Lau-2 24.9 0.919 1.366
Pal-2 34.4 1.092 1.623

Lipophilic Index = log (tg—ty/ty) (t,: Retention time of solvent).
HPLC Condition:

Column: YMC-AM302 (ODS) (4.6 X 150 mm).

Eluant: 0.1% TFA (A) with CH, CN (B) at a gradient Concentration
20 to 100% in 48 min.

wl of 0.1 mM test solution. At predetermined times up until
180 min, 50 ul of samples were withdrawn from the incuba-
tion mixture. After adding 50% acetic acid to terminate the
reaction, the sample was immediately separated by centrif-
ugation at 2300 x g at 4°C for 5 min. The remaining insulin
and its acyl derivatives in the supernatant were determined
by HPLC.

HPLC Assay of Insulin and Its Acyl Derivatives

Insulin and its acyl derivatives were assayed by re-
versed phase HPLC on Vydac protein and peptide C,5 col-
umn (250 x 4.6 mm, 5 wm). The HPLC consisted of a Waters
LC module 1 and a Shimadzu model C-R4A integrator. The
mobile phase was a mixture of 0.1% TFA (mobile phase A)
and acetonitrile (mobile phase B). To assay native insulin,
Cap-1, Cap-2, and Lau-1, the gradient system was pro-
grammed by increasing the proportion of mobile phase B

100
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Fig. 2. Semilogarithmic plots of the proteolysis of insulin and its
acy! derivatives in the small intestinal fluid at 37°C. Key: (O), Na-
tive insulin; (V), Cap-1; (¥), Cap-2; (A), Lau-1; (&), Lau-2; (O),
Pal-I.
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from 20 to 80% within 30 min. For Lau-2 and Pal-1, that was
increased linearly from 20 to 100% within 30 min. The mobile
gradient phase was run at a flow rate of 1 ml/min. The ultra-
violet detector was set at 210 nm.

Circular Dichroism Studies

A circular dichroism (CD) spectropolarimeter (JASCO
Model J 500, Japan Spectroscopic Co., Tokyo) was utilized
to scan from 300 to 250 nm at a rate of 25 nm/min at 25°C.
Optimal resolution of the spectra was obtained using a 1
cm-pathlength quartz cuvette. The molar ellipticity was cal-
culated from the equation:

0,

[0l = Cx1 X 100

where 0, is the observed ellipticity at wavelength A in de-

gree, C is the molar insulin concentration, and 1 is the path-
length in centimeters.

Statistical Data Analysis

Results are expressed as the means * S.E. Statistical
data analysis were performed using the ¢ test with p < 0.05
as the minimal level of significance.

RESULTS

Lipophilicity of Insulin and Its Acyl Derivatives

Table I shows the lipophilicity of insulin and its acyl
derivatives. The lipophilic indexes of these acyl derivatives
were higher than that of native insulin, indicating that these
derivatives were more lipophilic than native insulin. In ad-
dition, the lipophilicity of these compounds increased with
increasing the carbon numbers of the fatty acid and/or the
number of fatty acids that were chemically attached to the
native insulin.

Stability of Insulin and Its Acyl Derivatives in the Small
Intestinal Fluid

Figure 2 shows the time course of proteolysis of insulin
and its acyl derivatives by incubating with the small intesti-
nal fluid. Native insulin was rapidly degraded in this fluid
and less than 10% of the insulin remained at 45 min. The
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Table II. The Half-Lives for Proteolysis of Insulin and Its Acyl
Derivatives in Small Intestinal Fluid

T,;, (min) Ratio
Native Insulin 10.4 = 0.6 1.00
Cap-1 14.9 + 0.3* 1.43
Lau-1 23.5 £ 1.1* 2.26
Pal-1 36.5 + 0.9%* 3.51
Cap-2 10.6 = 0.5 1.02
Lau-2 3.6 = 0.02* 0.35

Results are expressed as means = S.E. of 3 experiments.
* P < 0.01, **P < 0.001, significantly different from the half-life of
proteolysis of native insulin.

proteolysis of monoacyl derivatives in the small intestinal
fluid was reduced with an increase in the carbon number of
the fatty acid which was attached to insulin. In contrast,
diacyl derivatives were more susceptible to hydrolysis in the
small intestinal fluid than native insulin. Table II shows the
half-lives for the proteolysis of insulin and its acyl deriva-
tives in the small intestinal fluid which were calculated from
the first order rate constants. Although the half-lives for the
proteolysis of Cap-1 and Cap-2 were similar to that of native
insulin, that of Pal-1 significantly increased 3.5-fold under
the above conditions. The half-life for proteolysis of Lau-2,
however, significantly decreased 0.35-fold.

Stability of Insulin and Its Acyl Derivatives in Homogenates
of the Various Intestinal Mucosae

Table III shows the half-lives for the proteolysis of in-
sulin and its acyl derivatives in the homogenates of various
intestinal mucosae. For native insulin, the rank order of pro-
teolytic rate among various intestinal mucosal homogenates
was as follows; (the small intestinal fluid >>) jejunum >
duodenum > ileum (>> colon, 10 cm of the first large intes-
tine). The half-life for insulin hydrolysis in the colonic mu-
cosal homogenate was calculated to be 330 = 40 min (mean
*+ S.E.), indicating that insulin is more stable in the large
intestine than in the small intestine.

The proteolysis of monoacyl insulins in homogenates of
each small intestinal site was reduced with an increase in the
carbon number of the fatty acid. Compared with native in-
sulin, Pal-1 was 3.4- and 2.4-fold more stable in the duodenal
and ileal mucosa, respectively, and significantly 1.7-fold

Table III. The Half-Lives for Proteolysis of Insulin and Its Acyl Derivatives in the
Homogenates of Various Intestinal Mucosae

Duodenum Jejunum Ileum
T),, (min) Ratio T,;, (min) Ratio Ty, (min) Ratio
Native Insulin 58 2 1.0 21 £2 1.0 63 =1 1.0
Cap-1 72+ 6 1.2 29 x 1* 1.4 83 + 4% 1.3
Cap-2 68 + 4 1.2 28 * 4 1.4 26 £ 0*** 0.4
Lau-1 143 £ S¥** 2.5 20+ 4 1.0 108 + 9% 1.7
Lau-2 30 £ 2%x* 0.5 7 = 1** 0.3 21 + 2x¥* 0.3
Pal-1 200 = 16** 34 35 + 4% 1.7 153 + 6*** 2.4

Results are expressed as means * S.E. of 3 experiments. *P < 0.05, **P < 0.01, ***P
< 0.001, significantly different from the half-life of proteolysis of native insulin.
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more stable even in the jejunal mucosa, where insulin was
most susceptible to hydrolysis.

Association Characteristics of Insulin and Its
Acyl Derivatives

In order to clarify the mechanisms for the acceleration
of insulin proteolysis by diacylation, the effect of acylation
on insulin association was investigated by circular dichroism
(CD). As shown in Fig. 3, on the CD spectra of both
monoacyl and diacyl derivatives, negative maxima at about
270 nm was attenuated. The attenuation of negative maxima
on the CD spectra of Lau-2 and Pal-2 was remarkable. The
minimum molar ellipticities at about 270 nm are summarized
in Table IV and the relationship between these values and
lipophilicity are shown for monoacyl and diacyl derivatives,
respectively, in Fig. 4. We confirmed that the effect of acyl-
ation on insulin association was also dependent on the chain
length of the fatty acid attached to insulin.

DISCUSSION

Native insulin was rapidly degraded in the small intes-
tinal fluid and homogenates of various small intestinal mu-
cosae, as reported previously (17), and this enzymatic bar-
rier is considered a main factor limiting insulin absorption
from the small intestine (18). On the other hand, the
monoacyl derivatives were more stable than native insulin in
the small intestine, whereas insulin proteolysis was acceler-
ated by diacylation.

In this study, circular dichroism (CD) was adopted to
clarify the mechanisms for the inhibition and acceleration of
insulin proteolysis by acylation, since CD revealed the as-
sociation characteristics of insulin and its acyl derivatives.

(A)

O 3

Molar Ellipticity
(deg-cmzldmol) x 10

Native Insulin

2.0
250

300
Wavelength (nm)
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Table IV. Minimum Molar Ellipticities of the CD Spectra of Insulin
and Its Acyl Derivatives at about 270 nm

[G]Aminimum

(deg - cm?*dmol) x 10~*

Native Insulin -1.48
Cap-1 - 1.05
Cap-2 —1.12
Lau-1 -0.90
Lau-2 -0.32
Pal-1 -0.73
Pal-2 0.18

The antiparallel beta-structure formed by insulin association
exhibits optical activity. The negative CD absorption at 270
nm represents the aromatic residues of phenylalanine and
tyrosine in the B,; ,g region of the antiparallel beta-
structure. Therefore, the attenuation of negative maxima at
about 270 nm describes the dissociation of insulin aggregates
(19,20). The CD spectra of monoacyl derivatives at about
270 nm were slightly attenuated with an increase in the car-
bon numbers of the fatty acid, whereas the CD spectra of
diacyl derivatives were remarkably attenuated. Therefore,
insulin association is inhibited by acylation, especially the
diacylation of B,-phenylalanine and B,4-lysine. The first step
of insulin association is the formation of a dimer by the hy-
drophobic interaction of aromatic residues present in B, .
Furthermore, the N-terminal side of the B chain of insulin
takes part in the subsequent formation of tetramers and hex-
amers (21). Therefore, we speculate that the steric hindrance
of the fatty acid attached to lysine-B,4 inhibits the associa-
tion of diacyl monomers into dimers, whereas the fatty acid
attached to phenylalanine-B, of monoacyl insulin sterically
hinders the association of dimers into tetramers and hexam-

Pai-2

4

lel

Molar Ellipticity
(deg-cmzldmol) x 10

Native Insulin

-2.0
250

300
Wavelength (nm)

Fig. 3. The circular dichroic spectra of 0.05 mM (A) insulin and monoacyl derivatives and (B) insulin and diacyl derivatives.
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Fig. 4. The relationship between the minimum molar ellipticities at
about 270 nm of the circular dichroic spectra of insulin and its acyl
derivatives and lipophilicity. Key: (O), Native insulin; (V), Cap-1;
(V¥), Cap-2; (A), Lau-1; (A), Lau-2; (O), Pal-1; (W), Pal-2.

ers. An increase in the monomers available for insulin pro-
teolysis contributes to instability of the diacyl derivatives.
On the other hand, monoacyl derivatives were more stable
than native insulin despite some dissociation. This result
may be explained by the balance between protection of pro-
teolysis by steric hindrance and the acceleration of proteol-
ysis by dissociation.

Our pilot studies demonstrated that caproyl derivatives
exhibited adequate pharmacological activities, but activity
was reduced with an increase in the carbon number of the
fatty acid attached to insulin. In our previous report, the
absorption of palmitoyl insulin from the large intestine was
higher than that of native insulin. Such higher absorption
characteristics of acyl peptides were also seen in the case of
TRH (11) and tetragastrin (9).

A relationship between insulin association and its ab-
sorption has been reported. Insulin dissociated by ethylene-
diaminetetraacetic acid or sodium glycocholate is more sus-
ceptible to hydrolysis, and sodium dodecyl sulfate enhances
insulin absorption via the distal jejunum/proximal ileum seg-
ment because it dissociates insulin (22—24). Furthermore, a
mutant Asp-B,; analogue with lower association than insu-
lin, was more rapidly absorbed after subcutaneous adminis-
tration (25). Thus, the inhibition of insulin association by
acylation influences absorption and stability.

Aminopeptidase, trypsin and chymotrypsin may be re-
sponsible for the hydrolysis of insulin, since bacitracin (an
aminopeptidase and glutathione-insulin transhydrogenase in-
hibitor) and aprotinin and soybean trypsin inhibitor (trypsin
and chymotrypsin inhibitors) reduced the level of insulin
degradation (26,27,17). Furthermore, the different rates of
proteolysis of insulin and its acyl derivatives may be related
to regional difference in these enzyme activities in the vari-
ous intestinal regions. Aminopeptidase activity differs at
each site of the small intestine (28). Endopeptidase activity
in the large intestine was considerably lower than that in the
small intestine of the guinea pig (29).

In conclusion, the chemical modification of insulin with
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monoacylation can improve insulin stability in the small in-
testinal fluid and the intestinal mucosa and may enhance its
gastrointestinal absorption.
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