w8 a3 29(2) : 153~158, 1996

Intestinal Permeabilities of Polyethylene Glycols (330-1122 D)
in the In Situ Perfused Rat

Mechye Kim

Department of Pharmacy, University of Manchester, Manchester Mi3 9PL, UK.

ABSTRACT

Polyethylene glycols (PEGs) are hydrophilic molecules that have been used to characterize in-
testinal permeability via the paracellular pathway. Using a mixture of PEGs (400, 600 and
1000), containing oligomers in the molecular weight range 330 to 1122 D, the molecular
weight permeability dependence in the jejunum of the rat small intestine was examined, em-
ploying an én sity recirculation perfusion technique. Individual oligomers were determined by
HPLC with refractive index detection. In the range studicd, a distinct molecular weight cut-off
was not apparent. Corrected for the length of jejunum used in the study, over the molecular
weight range 330 to 1122 D, the apparent permeability (P,;,,) of PEG ranged from 4.92 + 0.
02 % 10°cm/sec (mean + SEM, n=5) to 0.28 + 0.02x 10 °cm/sec. Also, it was observed that
the apparent permeability was inversely proportional to approximately MW?, The results in this
study suggest that molecular weight is an important factor in determining the intestinal per-
meability. (Korean J Nutrition 29(2) : 153~158, 1996)
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Introduction

The intestinal epithelium demonstrates differential
properties, providing both barrier and transport func-
tions with respect to luminal molecules. Intestinal per-
meability relates to the selective ability of the in-
testinal epithelium. A variety of compounds have been
used to delineate the permeability characteristics of
mucosal membranes in health and disease’® These in-
clude urea, erythritol, mannitol, lactulose, inulin , and
creatinine®?. '

The effect of the form of protein in enteral feedings
on their efficacy and tolerance has been a controversial
issue for many years. It was observed that amino acids
presented to the gastrointestinal tract as small peptides

(dipeptide and tripeptide) are absorbed more efficiently -

11)

than are the equivalent frec amino acids'”. During hy-

permetabolic stress, critical illness(i.e., after trauma,
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post-surgery, sepsis), and diseases of the gastrointestinal
tract, there may be an absorptive benefit to peptide-bas-
ed feeding solutions'”. Fogel et al(1975)' also re-
ported that amino acid absorption is decreased after je-
junoileal bypass in man. However, dipeptide ab-
sorption remains intact in these patients. The reason
why peptide-based enteral feeding is superior to amino
acid-based diets or intact protein in critically ill patients
still remains unknown. This might be due to changes
in intestinal permeability in these patients.

A new approach to the measurement of intestinal
permeability using low molecular weight polyethylene
glycol(PEG) in man and animals has been developed
by many investigators’®”®. Chadwick and his col-
leagues™ introduced a mixture of low molecular
weight polyethylene glycols as ‘ideal probe molecules
for measuring intestinal permeability : Polyethylene
glycol is non-toxic, not degraded by intestinal bacteria,
not metabolized during or after passage through the in-
testinal wall, and rapidly excteted in the urine. The dif-
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ferent-sized molecular compounds cross the intestinal
epithelium at different rates, allowing characterisation
of the passive permeability properties of the mucosa.
The PEG method offers a simple, harmless and repro-
ducible method to measure intesinal permeability pro-
perties. The PEGs also appear to be good markers be-
cause of their high solubilities and low toxicities The
current interest is in paracellular absorption, which is
thought to be an important mechanism for absorption
of a wide variety of small polar molecules such as pep-
tides. With the aim of delineating aspects of the in-
fluence of molecular size on paracellular absorption, a

range of small molecular weight polyethylene glycols

(MW 330-1122 D) have been studied in the in simu
perfused rat. The objective of this study was to assess
the permeability profile as a functon of molecular
weight or size in the small intestine.

Materials and Methods

1. Surgical Procedures

After an overnight fast, five male rats(CD-Crl : CD
(SD)BR, Charles River Breeding Laboratories, Ltd. U.
K) weighing 250-300g were anaesthetized(18mg/kg
B.W) by iv. pentobarbital (Sagatal ; May & Baker, U.
K) injection and body temperature was maintained at
37°C using an electric heating pad. Following leparo-
tomy, the jejunum was exposed and the ligament of
Treitz localized. A 20cm length of proximal jejunum
distal to the ligament of Treitz with intact mesenteric
vasculature were cannulated at both ends and re-
turned to the peritoneal cavity without disrupting the
blood flow. The length of jejunal segment used was
measured using a standard 20cm silk thread. Anaethesia
was maintained by administration of i.v. pentobarbital
(6mg/kg BW) every 15min throughout the ex-
perimental period.

2. Experimental Protocol

Before the experiment, 20mL of the appropriate
perfusing solution was placed in reservoir(pH 7.4). After
15min equilibration period, a 200pL perfusate sample
was withdrawn from the reservoir at the first 10min and
then every 30min for 3hr. At the end of the experiment
the animals were killed by anaesthetic overdose and the
perfused intestinal loops were removed. The results
were standardized per cm of tissue length.

3. Perfusion Details
The following was applied to jejunum in each an-

imal using an in situ perfusion technique : The can-
nulac from the intestinal loop were connected by
teflon tubing to the perfusing solution reservoir main-
tained at 37C. A peristaltic perfusion pump(Anachem,
U.K) recirculated solution through intestinal loop at
a flow rate of 0.5mL/min(a rate chosen based on
preliminary experiments). The perfusing solution was
gassed with O, 95% : CO, 5%(V/V) additionally con-
taining 5g/L of polyethylene glycol(PEG) 4000 with
5uCi “C-PEG 4000(Amersham, U.K) as a non-ab-
sorbable marker for fluid transport. A mixture of 5%
polyethylene glycols(PEG 400,/600,1000 ; 1/2/20
ratio) in isotonic electrolyte solution(Table 1) was
perfused through the jejunum at 37°C. The rato of
the batches of PEG was chosen to provide similar
peak heights of the oligomers after HPLC.

4. Sources of Chemicals

Polyethylene glycols(PEGs) with average molecular
weights of 400, 600, and 1000 D were obtained
from BDH, U.X. “C-PEG 4000 was purchased from
Amersham International, U.X. Unless otherwise stat-
ed all other chemicals used were of analytical grade
and all solvents for HPLC analyses were HPLC grade.

5. Analytical Methods

High-performance liquid chromatography (HPLC)
has been used to separate and quantitate the in-
dividual oligomers of a broad spectrum of PEGs'"™.
The individual PEGs in perfusate samples were separat-
ed using a 5pm reverse-phase column(Spherisorb, C8,
250X 4.6mm) with 42% methanol as eluent and
analyzed with refractive index detection(Model 410
differential refractometer : Waters and Associates, Mil-
ford, MA, USA). The refractometer was programmed
to maintain a constant temperature of 30°C. Each per-
fusate sample was subjected to a direct assay without
extraction. Assay standards were prepared by spiking
known quantities of PEG 400, 600, and 1000 into
isotonic perfusate solution. A calibration curve for
each oligomer was obtained by linear regression
analysis of peak height against the known total po-
lymer concentration. The peak height for each oli-
gomer in the unknown sample was calculated and con-
verted to the relative amount of PEG present using

Table 1. Composition of isotonic electrolyte perfusion
solution (m mol/L)

Sodium Chloride 25 Sodium Sulphate 40
Potassium Chloride 10 Sodium Bicarbonate 20
Mannitol 80 PEG 4000 1.25x10°




the regression equation. Perfusate samples were dis-
solved in 4mL of scintillation fluid(Opti Phase ‘Hisafe’
I1; LKB Scintillation Products, U.K) in polythene vi-
als prior to counting “C activity in liquid scintillation
spectrophotometer(1218 RackBeta Instrument, LKB
Wallac, Helsinki, Finland).

6. Calculations

Percentage absorption of each oligomer was as-
sessed by decreases in the concentrations of oligomers
in the reservoir, with correction of any water move-
ment by "“C-PEG 4000 activity. A control experiment
without the intestine indicated that there was no loss
of compound during 3 hr period of the study. As a
reasonable approximation loss of each oligomer from
the reservoir occurred monoexponentially. Apparent
intestinal permeability per unit length was calculated
in order to determine the intrinsic absorption po-
tential of PEGs in jejunum of the small intestine. A
simple relationship relating the first-order absorption
rate constant(k) to permeability coefficient was used
to calculate the apparent permeability(P,,,) of each oli-
gomer, as follows ;

K-V
i M

P(cm - sec’)=

where V is the volume of the reservoir and A is the
estimated diffusional area of intestinal lumen.

Results

Fig. 1 demonstrates jejunal absorption of PEG oli-
gomers(330-1122 D) after recirculation for 3hr in
perfused rats. The percent absorbed of the PEGs over
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Fig. 1. Intestinal absorption of PEG oligomers(330-1122 D)
after recirculation for 3 hr in perfused rats. Values
are means * SEM for five rats.
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the 3hr period decreased with increasing molecular -
weight. Absorption ranged from 45%(MW 330 D) to
3.3%(MW 1122 D) in the jejunum. Net water ab-
sorption during the 3hr period of the study was 1.1 +
0.24mL in the jejunum. The absorption was only 6%
of the total volume of the reservoir.

Table 2 shows the apparent permeability of PEG oli-
gomers in perfused rats. Corrected for the length of
jejunum used in the study, over the molecular weight
range 330 to 1122 D, the apparent permeability (P,
of PEG ranged from 4.92 + 0.02x 10 cm/sec(mean
+ SEM, n=5) to 0.28 £ 0.02X 10°cm /sec.

A logarithmic plot of the apparent permeability
against molecular weight is shown in Fig. 2. The ap-
parent permeabilities of PEGs are inversely pro-
portional to MW?! in jejunum.

Discussion

Polyethylene glycol(PEG) has been widely used as
an ideal probe to study intestinal permeability via the
paracellular pathway"?"?.
lyethylene glycols were restricted to PEG 400",
which comprise primarily of oligomers between 242-
594 D. However, recent studies have shown that in-
testinal absorption of higher molecular weight oli-
gomers occurs even up to PEG 2000, although
beyond PEG 1000 very little molecular weight de-

pendency is seen'®. Most studies have involved meas-

Earlier studies with po-

ures of percent absorbed as a function of molecular
weight. The current study is concerned with intestinal
permeability of oligomers of PEG up to 1000 along
the small intestine. By mixing commercial sources of
PEG 400, 600 and 1000 it was possible to study
simultaneously all the oligomers between 330 and
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Fig. 2. Intestinal permeability-molecular weight profiles(log-
log plot) for PEG oligomers(330-1122 D) in perfus-
ed rats.
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Table 2. Apparent intestinal permeability of PEG oli-
gomers in perfused rats.

MW(D) (cmjfsjgcn iTo*;)
330 4.92 + 0.02*
374 3.42 + 0.15
418 2.40 + 0.09
462 2.00 + 0.05
506 1.84 + 0.04
550 1.65 + 0.02
594 152 + 0.02
638 1.33 + 0.03
682 1.21 4+ 0.05
726 1.11 +0.05
770 0.88 -+ 0.04
814 0.76 -+ 0.05
858 0.60 -+ 0.03
902 0.55 + 0.02
946 0.48 + 0.02
990 0.44 + 0.03

1034 0.38 + 0.04
1078 0.37 + 0.05
1122 0.28 + 0.02

*Values are means + SEM for five rats.

1122 D. Good resolution of each oligoiricr was
achieved by HPLC.

Increasingly,
thought to be absorbed via the paracellular pathway'.
In an attempt to define quantitatively the factors con-
trolling paracellular absorption, studies have been un-
dertaken in the perfused rat intestinal preparation as a
model of events in man. It is believed that the results
in rat are likely to have application to man'®.

As a reasonable approximation loss of each oli-

many small polar molecules are

gomer from the reservoir occurred monoexponentially
(Data not shown). Based on this observation, the
value of the first-order absorption rate constant(k)
was calculated. In this study, assuming that the seg-
ment is a distended uniform cylinder, the radius of
the jejunum was 0.19cm. This corresponded to int-
ernal surface area of 24cm’® for jejunum. Substituting
this information into Equation 1 allowed the es-
timation of the apparent permeability.

The absence of a cut-off phenomenon over the
molecular weight range studied(Fig.2) suggests that a
similar mechanism of permeation exists for both small
and large molecules with movement through aqueous
channels between cells. The results in this study(Table
2 and Fig. 2) showed that intestinal permeability(P)
was inversely proportional to MW?(P~1/M", n=2).

Czaky(1987)"” reported that intestinal permeability
was negatively associated with molecular weight(P~
1/M", n=1). In the present study, it was observed
that intestinal permeability was more sensitive to MW
changes(P~1/M?) compared to the data shown by
Czaky(1987)". However, Hollander et al(1988)*® re-
ported that intestinal permeability was better cor-
related with the smallest cross-sectional diameter of
the probes than with molecular weight.

The perfusate medium(Table 1) containing mannitol
was chosen to minimise the net movement of water
across the small intestine. This objective was achieved,
with only a 6% net absorption of water occurring over
the 3 hr period of study. Addition of glucose has been
known to cause greater water absorption in intestine®",
Nonetheless it is important to correct concentration in
the reservoir for water movement when calculating rate
of solute absorption, especially for poorly absorbed
compounds. We used “C-PEG 4000 as a nonab-
sorbable marker for fluid transport.

The hypothesis that protein hydrolysates will pro-
vide an absorptive advantage over free amino acids in
patients with reduced absorptive area or severe ex-
ocrine pancreatic insufficiency still remains unproved.
Widespread use of hydrolysate-based diets is un-
justified in the majority of patients, on the grounds of
superior absorption characteristics. There may be
some groups with severely impaired small bowel func-
tion who may benefit from use of a dipeptide- and tri-
peptide-based diet, rather than those which are cur-
rently available'”'. This benefit may result from the
changes in intestinal permeability of patients who
have impaired bowel functions. Characterization of
the intestinal permeability using an ideal marker(e.g.
PEGs) would provide an useful base to determine the
differences of nutrient absorption in health and
disease.

In conclusion, it was the first time to observe that
intestinal permeability was decreased inversely with
MW? rather than MW'. The results in this study sug-
gest that molecular weight or size is a important fac-
tor in determining intestinal permeability. It should
be further investigated whether the intestinal per-
meability is changed in patients with critical illness or
diseases of gastrointestinal tract.
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