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Abstract

The objective of this study was to prepare and to evaluate Pluronic F-127 (PF127) gel containing unsaturated fatty
acids such as oleic acid (18:1), eicosapentaenoic acid (20:5) and docosahexaenoic acid (22:6) as a potential formulation
for rectal delivery of insulin. The hypoglycemic effect of insulin was examined following rectal administration of the
various formulations in normal rats. Rectal insulin absorption was markedly enhanced, and marked hypoglycemia
was induced by all PF127 gels (insulin dose, 5 U/kg) containing different unsaturated fatty acids. PF127 gels
containing unsaturated fatty acids presented low tmax mean values indicating that the absorption of insulin occurred
very rapidly in the rectum. The relative hypoglycemic efficacy of PF127 gel formulations containing fatty acids such
as oleic acid, eicosapentaenoic (EPA) and docosahexaenoic (DHA) were 28.498.1, 26.8914.3 and 23.195.7%,
respectively. The finding demonstrated that 20% PF127 gels containing unsaturated fatty acids are potential
formulations for rectal delivery of insulin. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Insulin; Pluronic F-127 gels; Rectal absorption; Unsaturated fatty acids; Hypoglycemic effect; Sustained
release

1. Introduction

With the biotechnological development of vari-
ous peptide and protein molecules as potential

therapeutic agents, problems of formulation and
delivery have emerged and limited their wide-
spread utility. Low bioavailability due mainly to
degradation by protease enzymes in the gas-
trointestinal tract, high molecular weight and
poor lipophilicity are problems that limits their
use by the oral route. Reduced polypeptide degra-
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dation and partial avoidance of hepatic first pass
metabolism have been cited as some advantages
for rectal administration of peptide and protein
drugs. Another factor that may account for deliv-
ery of drugs directly to the general circulation
involves lymphatic uptake of drugs, particularly
those that are water soluble drugs including in-
sulin (Caldwell et al., 1982). However, it was
demonstrated that rectal administration of insulin
without the use of adjuvants did not produce any
appreciable change in the plasma or lymph insulin
concentrations (Caldwell et al., 1982).

It is well established that the epithelial cell
layer(s) of the mucosal tissues is a major barrier
to absorption of peptide drugs. The epithelial
permeability of peptide drugs like insulin has been
demonstrated to increase by the addition of ab-
sorption enhancers such as surfactants (Ichikawa
et al., 1980), bile acids (Ichikawa et al., 1980),
salicylates (Nishihata et al., 1981; Liversidge et
al., 1985), enamine derivatives (Nishihata et al.,
1985), poly- and unsaturated fatty acids (Mor-
ishita et al., 1998; Suzuki et al., 1998). The class
of unsaturated fatty acids absorption enhancers
have the advantages of being endogenous com-
pounds present in human skin lipids (Lampe et
al., 1983) and biomembranes (Fischer, 1989).
Oleic acid and certain others fatty acids have been
shown to alter membrane permeability by increas-
ing the motional freedom or fluidity of membrane
phospholipids (Gay et al., 1989; Muranishi, 1990;
Wang et al., 1994). In a recent work, Suzuki et al.
(1998) demonstrated that long-chain polyunsatu-
rated fatty acids such as eicosapentaenoic (EPA,
20:5v3) and docosahexaenoic acids (DHA,
22:6v3) were more effective intestinal absorption
enhancers of insulin than C18 unsaturated fatty
acids such as oleic, linoleic or linolenic acids using
a water-in-oil-in-water (W/O/W) emulsion. More-
over, the emulsion containing DHA, which
showed strong hypoglycemic effects, caused only
minor damage compared to other unsaturated
fatty acids (Suzuki et al., 1998).

Regarding the protein and peptide absorption
enhancement effect by unsaturated fatty acids, it
seems important to keep a considerable concen-
tration of drug and enhancer at the absorption
site at the time the fatty acid starts its action. For

this objective, Pluronic F-127 (PF127) gel contain-
ing unsaturated fatty acids as potential formula-
tions for rectal insulin delivery were prepared and
evaluated. PF127 is a block copolymer comprising
of poly(oxyethylene) (POE) and poly(oxypropy-
lene) (POP) segments which aqueous solutions in
the 20–35% range has been used as a drug deliv-
ery system for ophthalmic (Miller and Donovan,
1982; Desai and Blanchard, 1998; Edsman et al.,
1998), rectal (Miyazaki et al., 1986; Choi et al.,
1998a,b), parenteral (Morikawa et al., 1987; John-
ston et al., 1992; Pec et al., 1992; Wang and
Johnston, 1995; Katakam et al., 1997; Paavola et
al., 1998) and percutaneous use (Tobiyama et al.,
1994; Miyazaki et al., 1995; Lee et al., 1997), due
to its peculiar property of reversal thermal gela-
tion. Another important characteristic of PF127
gels is the enhancement of the stability of proteins
loaded in the gel matrix with complete recovery of
their full activity when the gel is dissolved in
excess buffer (Stratton et al., 1997). Additionally,
the PF127 depot can be easily rectally adminis-
tered as a solution forming a rigid semisolid gel
network as it warms with the body temperature.

In this study, various insulin-loaded PF127 gel
formulations containing unsaturated fatty acids
were prepared and their pharmacological
availability following rectal administration was
compared. In addition, pharmacokinetic parame-
ters of insulin from the various PF127 formula-
tions are compared.

2. Materials and methods

2.1. Materials

Crystalline porcine insulin (Zn-insulin, 27.0 U/
mg) was kindly supplied by Shimizu (Shizuoka,
Japan). PF127 was purchased from Sigma (St.
Louis, MO). Oleic acid (purity: 99.0%) was pur-
chased from Tokyo Kasei Kogyo (Tokyo, Japan).
DHA acid (purity: 99.0%) and EPA acid (purity:
99.0%) were provided by Nippon Suisan Kaisya
(Tokyo, Japan). All references to water imply the
use of MilliQ purified water previously filtered
through a 0.2 mm cellulose nitrate membrane. All
other chemicals were at least reagent grade and
were used without further purification.
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2.2. Preparation of the PF127 gels

A stock PF127 solution was firstly prepared by
the cold method (Schmolka, 1972). A weighed
amount of PF127 was slowly added to an aqueous
(5–10°C) solution with gentle mixing until com-
plete dissolution of the polymer. The PF127 solu-
tion was stored in a refrigerate overnight to allow
complete dissolution of the polymer. Insulin was
dissolved in 0.1 N hydrochloride acid adjusted
with 0.1 N sodium hydroxide solution to approxi-
mately pH 4.0, and then added to an appropriate
volume of the stock PF127 solution. The final
concentration of PF127 was 20% w/w, and it was
used as a control formulation.

The unsaturated fatty acids (DHA, EPA or
oleic acid) were added later to the insulin–PF127
solution described above, and dispersed with
moderate stirring at low temperature (5–10°C) for
20 min. The final concentrations of PF127 and
unsaturated fatty acid were 20% w/w and 5%
w/w, respectively.

An unsaturated fatty acid (EPA) dispersed in
an insulin pH 7.4 phosphate buffer solution (PBS)
with moderate stirring at room temperature was
used in this study as another control formulation.
The final concentration of EPA in the PBS solu-
tion was 5% w/w.

2.3. In 6i6o absorption experiments

Male Wistar rats weighing 220 g that had fasted
for 48 h were divided into groups of five animals
each. A volume of 0.2 ml of a formulation was
rectally administered to each rat of the respective
group. The dose of insulin was 5 U/kg body
weight. Approximately 5 min before administra-
tion, a 0.2-ml sample of blood was taken from the
jugular vein. Subsequent blood samples (0.2 ml)
were taken at 0.5, 1, 2, 4 and 6 after dosing.
Serum was separated by centrifugation at 13 000
rpm for 1 min and kept frozen until analysis. The
serum glucose level was determined by using a
Glucose B-test kit (Wako Pure Chemical Indus-
tries, Osaka, Japan). Postdose levels of the serum
glucose were expressed as a percentage of the
predose level. The percentage change in the serum
glucose levels was taken as the percentage of the

predose level subtracted from 100. The cumulative
percentage change in the serum glucose level was
calculated by summing, using the trapezoidal
method, the areas below baseline levels in the
percentage change versus times curves for 0–6 h
(AUCglucose).

The serum insulin levels were measured by us-
ing an insulin enzyme immunoassay kit (IMx
System, DAINABOT, Tokyo, Japan). The basal
endogenous insulin level was subtracted from all
insulin levels measured following insulin adminis-
tration. The serum peak level (Cmax) and the time
taken to reach the serum peak level (tmax) were
determined from the serum insulin level-time
curves. The area under the insulin level-time
curves for 0–6 h (AUCinsulin) was determined
using the trapezoidal rule. Mean residence time
(MRT) was calculated by dividing AUMC by
AUCinsulin, where AUMC is the area under the
first moment curve for insulin from 0–6 h point.
The hypoglycemic efficacy of the rectally adminis-
tered insulin was calculated relative to that ad-
ministered by the subcutaneous route using the
methods described by Morishita et al. (1998). The
pharmacological availability (PA) was calculated
by using the dose-response curve. The
bioavailability of insulin (B) was calculated ac-
cording to Eq. (1) in which AUCs.c. was deter-
mined after s.c. administration of 2.0 U/kg of
insulin. The values of AUCs.c. described in a
previous report (Barichello et al., 1998) was used
for the calculation.

B= (AUC/dose)/(AUCs.c./doses.c.) (1)

The experimental procedures described above
were performed according to the rules set by the
Committee on Ethics in the Care and Use of
Laboratory Animals in Hoshi University.

2.4. Statistical analysis

Each value was expressed as the mean9S.D.
For group comparisons, the one-way layout anal-
ysis of variance (ANOVA) with duplication was
applied. Significant differences of the mean values
were evaluated by student’s unpaired t-test. A P
value of B0.05 was considered significant.
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3. Results and discussion

3.1. Changes in serum insulin and glucose le6els
following rectal administration of insulin-loaded
PF127 gel formulation

PF127 gel shows a very desirable feature that is
its tendency to adhere to surfaces, such as the skin
(Schmolka, 1972; Lee et al., 1997) and the rectum
(Miyazaki et al., 1986; Choi et al., 1998a,b).
Juhász et al. (1991) has demonstrated that the
strong adhesion property of PF127 gels to the
mucous membranes was resulted from its reversal
thermal gelation ability, since at low temperature
it behaves as a liquid followed by an increasing in
viscosity upon warming. The PF127 gel matrix
might potentially protects insulin from significant
denaturation or degradation by proteases con-
tained in interstitial fluids (Johnston et al., 1992).
The intimate contact between the rectal mucous
membrane and the PF127 gel matrix might partic-
ularly favor rectal absorption of insulin.

Fig. 1 shows the changes in serum insulin and
glucose levels following rectal administration of
insulin-loaded PF127 gel. Since, the property of
reversal thermal gelation of PF127 is just ob-
served in concentrated solutions, it was expected
the high concentration used could have some
effect on rectal insulin absorption. However, an

Fig. 2. Serum glucose and insulin levels following rectal ad-
ministration of an eicosapentaenoic (EPA)-dispersed insulin
phosphate buffer solution in normal rats. Glucose (") and
insulin (2). Values represent the means of five rats9S.D.

obvious hypoglycemic effect was not observed.
Others previously (Ichikawa et al., 1980) reported
the effects of a variety of surfactants on the rectal
absorption of insulin. Polyoxyethylene(9)lauryl
ether, a nonionic surfactant, was the most effec-
tive surfactant in promoting rectal absorption of
insulin from suppositories (Ichikawa et al., 1980).
However, this and other studies demonstrated the
permeation of the rectal mucosa appears to be
rate limiting and, an increase in the insulin dose
does not always result in a proportional greater
decrease in serum glucose levels, resulting in an
overall low bioavailability of insulin (Ichikawa et
al., 1980; Yamasaki et al., 1981).

3.2. Changes in serum insulin and glucose le6els
following rectal administration of 6arious
Insulin-loaded PF127 gel formulations containing
unsaturated fatty acids

Fig. 2 shows the changes in serum insulin and
glucose levels following rectal administration of
an EPA-dispersed insulin PBS solution. As dis-
cussed before, the intestinal absorption of
molecules having a mass larger than 2 kDa is
generally recognized to be extremely limited.
However, the simple dispersion of EPA into a
insulin PBS solution demonstrated to enhance
rectal insulin absorption (Fig. 2), but no expres-
sively change of the serum glucose levels has been

Fig. 1. Serum glucose and insulin levels following rectal ad-
ministration of an insulin-loaded Pluronic F-127 (PF127) gel
formulation in normal rats. Glucose (�) and insulin (�).
Values represent the means of five rats9S.D.
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observed. Muranishi (1985) has proposed that
long chain fatty acids could promote rectal ab-
sorption whenever the fatty acid were taken up
into the epithelial cells. It was also demonstrated
that fatty acids perturb the membrane structural
integrity by being incorporated into the plasma
membrane (Muranishi et al., 1981). It seems this
perturbation by fatty acids occurs in both the
lipid fraction and protein fraction of the mem-
brane (Nishihata and Rytting, 1997). In the situa-
tion where the enhanced drug permeability is in
part related to the lipid membrane perturbation
by free fatty acids, it is required to maintain as
high a concentration as possible of both drug and
enhancer at the site of absorption to guarantee an
efficiently high drug bioavailability. Also, if the
drug could be in solution in the same medium
where the enhancer will be dispersed or dissolved,
it will make the drug readily available for absorp-
tion when the enhancer starts its action.

In order to provide these conditions, PF127 gels
of insulin containing unsaturated fatty acids have
been prepared. The reversible sol–gel property of
a PF127 solution allows the cool solution to flow
into the rectum changing to a gel as it warms with
the body temperature. Since rectal mucous lining
consists of oligosaccharide chains with siacil acid,
the hydrophilic groups (POE comprise about 70%
of the total molecular weight of PF127) such as
hydroxyl groups can strongly bind to the

oligosaccharide chains, resulting in a considerable
bioadhesive force (Choi et al., 1998b).

The changes in serum insulin and glucose levels
following rectal administration of PF127 gels con-
taining various unsaturated fatty acids in normal
rats are shown in Fig. 3. Clearly, rectal insulin
absorption was markedly enhanced, and marked
hypoglycemia was induced by all PF127 gel for-
mulations. Insulin and fatty acids being dispersed
in a polymer matrix only contact with the intersti-
tial fluid and mucous membrane surface after
their diffusion through the polymer network. In
addition, the concentration of PF127 might be
enough for aiding solubilization of the insulin,
thus reducing the propensity for insulin unfolding
(Wang and Hanson, 1988). Nonionic surfactants,
such as PF127, tend to be less structure per-
turbing to proteins causing fewer directional inter-
actions than ionic surfactant due to its generally
lower critical micelle concentration and because
electrostatic binding is absent (Wang and Hanson,
1988).

The serum insulin levels were sustained and
reached baseline levels after 6-h administration.
Insulin and fatty acids might achieve the mucous
membrane by diffusion through extramicellar
aqueous channels of the gel matrix and by decom-
position of the PF127 gel matrix by itself (Chen-
Chow and Frank, 1981; Miyazaki et al., 1984;
Morikawa et al., 1987; Paavola et al., 1998). In

Fig. 3. Serum glucose and insulin levels following rectal administration of various Pluronic F-127 (PF127) gel formulations
containing different unsaturated fatty acids in normal rats. Glucose (closed symbols) and insulin (open symbols). Values represent
the means of five rats9S.D.
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Table 1
Comparison of the insulin pharmacokinetic parameters follow-
ing rectal administration of various formulations containing
insulin in normal ratsa

tmax (h) MRT (h)Cmax (mU/ml)Formulation

15.397.7 0.990.2 1.190.3EPA–insulin so-
lution

0.790.2 1.390.414.897.8Insulin–PF127
gel

126.7952.5* 1.090.20.690.2EPA–insulin

–PF127 gel
0.790.2 1.090.2112.8943.2*DHA–insulin

–PF127
gel

0.990.10.790.2115.4931.4*Oleic acid–in-
sulin–PF127
gel

a Each value represents the mean of five rats9S.D.
* Significant (PB0.01) difference in the mean values com-

pared to the control groups (eicosapentaenoic (EPA)-dispersed
insulin phosphate buffer solution and insulin–Pluronic F-127
(PF127) gel) using the Students’ t-test.

parable AUCinsulin mean values. Otherwise,
AUCinsulin of the emulsions incorporating DHA
and EPA has tended to be higher than those for
C18 unsaturated fatty acids.

In general, insulin absorption occurred very
rapidly in the rectum. Suzuki et al. (1998) have
demonstrated that the tmax mean values following
rectal administration were less than 1 h and
shorter than those following colonic administra-
tion. As observed in Table 1, insulin-loaded
PF127 gels containing unsaturated fatty acids pre-
sented low tmax mean values. Although approxi-
mately 50% of the insulin absorbed from the
intestine is considered to be extracted into the
liver, in the case of rectal administration using
PF127 gels, most of the absorbed insulin is con-
sidered to by pass the liver and enter the systemic
circulation directly (Choi et al., 1998a). This
might contribute to the shorter tmax observed for
PF127 gels compared to previous works.

3.4. Hypoglycemic efficacy and insulin
bioa6ailability relati6e to subcutaneous
administration

To calculate the pharmacological availability, a
previously reported relationship between the loga-
rithm of subcutaneous doses and AUCglucose was
used in this study (Morishita et al., 1998). The
bioavailability of insulin was calculated from a
single subcutaneous administration of 2.0 U/kg of
insulin using the values of AUCs.c. described in a
previous report (Barichello et al., 1998). As shown
in Table 2, no significant differences could be
observed among the relative hypoglycemic effi-
ciencies and the insulin bioavailabilities of the
different unsaturated fatty acids. However, it is
observed that the bioavailability of insulin was a
little higher than the hypoglycemic efficiency of
the different unsaturated fatty acids. The pharma-
codynamics of insulin is rather complex, and de-
pends on various factors such as route of
administration, liver function, glucose concentra-
tion, etc (Hoffman and Ziv, 1997). The complex-
ity results from the fact that the apparent
hypoglycemic effect are the sum of several bio-
chemical and physiological processes that occur at
different sites (Hoffman and Ziv, 1997). These

this regard, the microviscosity and the size of the
extramicellar channels and the partition of drug
and fatty acid between the micellar phase and the
extramicellar aqueous channels during the sol to
gel transition phenomenon might play the roles of
diffusion and release of these two compounds
from the PF127 gel matrix (Chen-Chow and
Frank, 1981; Miyazaki et al., 1984; Tung, 1994;
Lu and Jun, 1998; Paavola et al., 1998). Further
investigation is needed to clarify the insulin and
fatty acid release mechanism(s) as well as the
effective concentration of fatty acid involved in
the rectal insulin absorption.

3.3. Pharmacokinetic parameters of insulin
following rectal administration of 6arious PF127
gel formulations containing different unsaturated
fatty acids

The pharmacokinetic parameters of insulin fol-
lowing rectal administration of various PF127
formulations containing unsaturated fatty acids
are shown in Table 1. Recently, Suzuki et al.
(1998) have shown that the three C18 unsaturated
fatty acids evaluated exhibited similar and com-



J.M. Barichello et al. / International Journal of Pharmaceutics 183 (1999) 125–132 131

Table 2
Hypoglycemic efficacy and insulin bioavailability of various insulin formulations rectally administered relative to subcutaneous
administrationa

AUC BioavailabilityFormulation

Glucose (% glu.reduc. ·h) PA (%) B (%)Insulin (mU h ml−1)

16.296.4 6.191.6EPA–insulin solution 29.7923.4 5.792.2
5.492.73.192.815.597.79.2912.4Insulin–PF127 gel

26.8914.3* 38.0910.4*EPA–insulin–PF127 gel 164.8944.9* 108.6929.6*
23.195.7* 36.3910.3*DHA–insulin–PF127 gel 157.4922.1* 103.8929.5*

110.7932.6* 28.498.1*Oleic acid–insulin–PF127 gel 175.9929.9* 38.7911.4*

a Each value represents the mean9S.D.
* Significant (PB0.01) difference in the mean value compared to the controls (eicosapentaenoic (EPA)-dispersed insulin phosphate

buffer solution (PBS) solution and insulin–Pluronic F-127 (PF127) gel) using the Students’ t-test.

partly might explain the discrepancy observed be-
tween the hypoglycemic efficiency and insulin
bioavailability mean values of the different unsat-
urated fatty acids.

Even though the effectiveness of insulin admin-
istration by rectal suppositories were demon-
strated in various animals and in normal and
diabetic subjects, the most part of them have not
shown encouraging results to proceed with long-
term clinical applications (Ichikawa et al., 1980;
Yamasaki et al., 1981; Liversidge et al., 1985;
Nishihata et al., 1985). Therefore, a more detail
study is needed to clarify the effectiveness and
toxicity of the PF127 gel formulations containing
unsaturated fatty acids in multiple dose study.
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