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Regulation of glucose homeostasis in rat jejunum by
despentapeptide-insulin in vitro
N WOLLEN AND G L KELLETT

From the Department of Biology, University of York, York

SUMMARY The regulation of the absorption and metabolism of glucose in rat small intestine by
insulin was studied by the perfusion of isolated loops of proximal jejunum in vitro. The addition of an
active, monomeric form of insulin, despentapeptide-insulin, to the serosal side of the intestine from
normal rats inhibited luminal glucose absorption (421 (11) to 285 (11) [tmol/h/g dry wt, p<0001)
and lactate production (340 (28) to 192 (26) [tmol/h/g dry wt, p<0 001), but had no effect on glucose
utilisation (231 (11) and 210 (16) [tmol/h/g dry wt). The production of acute insulin deficiency by the
injection of anti-insulin serum in vivo caused a marked inhibition of luminal glucose absorption (421
(11) to 240 (13) [tmol/h/g dry wt, p<0001), glucose utilisation (231 (11) to 48 (2) ,umol/h/g dry wt,
p<O-OOl) and lactate production (340 (28) to 94 (2) ,Imol/h/g dry wt, p<0 001) in vitro. The effects of
insulin deficiency were reversed by despentapeptide-insulin in vitro, so that the rates of absorption
and metabolism for intestine from insulin deficient and normal rats were similar in the presence of
the modified insulin. All the effects caused by insulin deficiency and despentapetide-insulin were
apparent within minutes and could not be attributed to hyperglycaemia. It is concluded that rat
small intestine is subject to rapid and direct regulation by insulin.

Glucose crosses the rat small intestine by two routes;
after absorption across the brush border membrane,
it is either transported across the basolateral mem-
brane unchanged or it is metabolised to lactate for
subsequent hepatic gluconeogenesis.' ' The import-
ance of each of these routes is shown by the fact that
of the absorbed glucose, some 25-45% is transported
unchanged from the lumen into the vasculature,
while 55-75% is metabolised with about 80% of that
converted to lactate.' In experimental diabetes, the
percentage of glucose transported unchanged is
enhanced in two ways: directly, by an increase in the
synthesis of glucose carriers in the basolateral mem-
brane7 and, indirectly, by a diminution in glucose
metabolism.`5 In diabetes therefore, the balance
between transport and metabolism is shifted
markedly in favour of the former and is one factor
contributing to abnormal fluctuations in blood
glucose concentrations, especially in the postprandial
state.
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The stimuli responsible for the enhanced transport
observed in diabetes have been a matter of debate for
some years." Experiments in which insulin reversed
the effects of diabetes when injected in vivo, while
failing to do so when added to intestinal preparations
in vitro,' 1-7 have, however, led to the view that
intestine is an insulin insensitive tissue and that the
changes induced by diabetes arise as a secondary
consequence of insulin deficiency through the effects
of the ensuing hyperglycaemia. Indeed, when normal
rats are maintained in a hyperglycaemic state by
intravenous glucose infusion, the synthesis of glucose
carriers in the basolateral membrane, and hence
transport, is enhanced within four hours.7

In studies designed to explain the diminution of
glucose metabolism that occurs in streptozotocin
diabetic rats,' we observed that mucosal phospho-
fructokinase was inhibited when compared with
normal rats. The fact that inhibition was not caused
by hyperglycaemia, and could be reversed by
administration of insulin for 24 hours, suggested that
insulin deficiency might be responsible."'' Further
support for this view was provided by the observa-
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tion that the production of insulin deficiency in rats
by the injection of anti-insulin serum resulted in a

large increase in the percentage of glucose trans-
ported unchanged from the lumen to the vasculature
and also in a large decrease in glucose metabolism
caused by phosphofructokinase inhibition." All the
changes produced by insulin deficiency occurred
within two minutes, when plasma glucose concentra-
tions were unchanged, and were completely reversed
within two minutes when antiserum was neutral-
ised by the injection of insulin in vivo. Further-
more, changes in the rate of lactate production in

response to acute changes in insulin levels in vivo
correlated with changes in the proportion of the
insulin sensitive enzyme pyruvate dehydrogenase
present in its active form in mucosa. These observa-
tions, and the rapidity of the observed changes,
suggested that the regulation of intestinal function by
insulin was direct through receptors on the entero-
cyte surface. This conclusion is confirmed here in a

demonstration of the regulation of glucose absorp-
tion, transmural transport and metabolism in vitro by
despentapeptide-insulin, an active, monomeric form
of insulin.'"

Methods

RATS
Female Wistar rats (220-250 g) were fed ad libitum
on standard laboratory diet (Oxoid modified 41B)
with free access to water. Antiserum to bovine insulin
was raised in guinea pigs"' and had a neutralising
capacity of approximately 4 U/ml as determined by
immunochemical titration. Insulin deficiency was

produced in anaesthetised rats (Sagatal, 0-1 ml/10(0 g
body wt) by injection of the femoral vein with 1 ml
anti-insulin serum, which was the volume required
to produce maximal plasma glucose concentrations

(approx 20 mM) after 60( minutes: control rats
received I ml of 0(900 NaCl.

Glucose absorption, transmural transport and
metabolism were studied in isolated jejunal loops in
vitro using the preparation described by Fisher and
Parsons"2 modified so that recirculated luminal per-

fusate was segmented with bubbles of gas (02/CO2,
19:1);2124 the flow rates of perfusate and gas were 25
ml/min and 3 ml/min respectively and the loops of
jejunum were 20 cm in length starting at a point 5 cm
below the ligament of Treitz. Jejunum was perfused
for one hour, beginning 10 minutes after the injec-
tion of either anti-insulin serum or saline, with a

medium consisting of Krebs-Henseleit buffer con-

taining glucose (5 mmol/l): the serosal side of the
loop was bathed in the same medium. In experiments
designed to reverse the effects of anti-insulin serum,

despentapeptide-insulin was added at the indicated
concentrations to the serosal medium. In this pre-

paration, glucose is absorbed from the luminal
perfusate by the mucosa; part of the absorbed
glucose is then utilised by the tissue and the
remainder is transported across the basolateral mem-
brane into the serosal medium. Absorption was

therefore measured by the rate of disappearance of
glucose from the luminal perfusate, transmural trans-
port by its rate of appearance in the serosal medium
and utilisation by their difference under the steady
state conditions which pertained between five and 60
minutes perfusion. Steady states were achieved
within five minutes with intestine from either normal
or insulin deficient rats irrespective of whether
despentapeptide-insulin was present. Lactate
appeared predominantly in the serosal medium, but
also to a small extent in the luminal perfusate. Total
lactate production was therefore given by the sum of
the rates of appearance in both compartments. The
conversion of glucose to lactate was given by (0.5x

Table l The regulation ofglucose absorption, transmural transport and metabolism in rat small intestine by
despentapeptide-insulin in vitro

Rate ([tnol/hlg dry wt)

Glucose Lactate

Despentapeptide- Transmural Glucose utilised
Freatmeit of in.sillin Transtnural Total transport! converted into
rat ti (gtnolll) Absorptioni transport Utilisation production absorption (%) lactate(%)

0-9%NaCl(control)8 - 421(11) 190(8) 231(11) 340 (28) 45(2) 72(3)
0-9%NaCI 4 10 285(11)" 75(12)* 210(16) 192(26)1- 26(4)" 46(5)*
Anti-insulinserum 6 - 240(13)* 193(13) 48(2)* 94(2)* 80 (1)* 97(3)*
Anti-insulinscrum 5 1 221(38)* 77(31) 1 144(10)) 154(12)* 29 (9)+ 54(6).
Anti-insulinscrum 5 It) 284(11)* 91 (26); 193(20) 146(22)* 30(8)+ 37 (2)*

All experimental details aire given in the Methods section. When present, despentatpeptide-insulin was added to the scrosal medium. Values
aire given as macans (SE). p salues aire given for the comparison of experimental aind normal control perfusions: *p<0(XW tp<0()01
tp<0(05.
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total lactate production) expressed as a percentage of
the rate of glucose utilisation. Rates are expressed in

imol/h/g dry wt. Glucose and lactate were deter-
mined as described.`5 Values are expressed as means

(SE).
Mucosal samples for enzyme assay were collected

with a microscope slide from jejunum removed from
rats 10 minutes after the injection of anti-insulin
serum or saline.'` The samples were then frozen in

liquid nitrogen and were subsequently homogenised
directly without being thawed. Mucosal extracts for
the determination of phosphofructokinase activity
were prepared and then assayed at pH 7-0, where the
enzyme displays regulatory properties.'` These were

expressed as the activity ratio, v0.5/V, where vo.5 is

the activity in the presence of fructose 6-phosphate
(0-5 mmol/l) and ATP (2-5 mmol/l) at pH 7-0 and V is
the maximal activity at pH 8.0. A decrease in v0.5/V
reflects an increase in the susceptibility of the enzyme
to inhibition by ATP. Mucosal extracts were also
prepared for the determination of pyruvate dehydro-
genase activity."0 This enzyme exists in an active and
an inactive form and the conversion of the inactive to
the active form is stimulated by insulin. Incubation of
extracts with Mg++ converts the inactive to the active
form and so it is normal practice to determine the
proportion of the enzyme in the active form by assay
in the absence (initial activity) and presence (final
activity) of Mg++. We were able to determine only
the initial activity, however, because the intestinal
enzyme is irreversibly inactivated during incubation
with Mg-.2

Despentapeptide-insulin was given by Mrs S Tolly
and Professor G G Dodson (Chemistry Department,
University of York). Biochemicals were purchased
from Sigma Chemical Co and other reagents were of
analytical grade.

Results

When jejunal loops froom normal, fed rats injected

with 0.9% NaCl were perfused in a modified Fisher
and Parsons preparation22-24 with glucose present on
both sides at a concentration of 5 mmol/l (normal
control), 45% of the glucose absorbed from the
lumen was transported unchanged into the serosal
medium: the rest was metabolised with 74% conver-

sion to lactate and 26% assumed to be oxidised
(Table 1). When despentapeptide-insulin was

present in the serosal medium at a concentration of
10 [tmol/l, glucose utilisation remained the same

because the activity of phosphofrustokinase was

unaffected, whereas total lactate production was
diminished to 57% of normal because of the increase
in the proportion of pyruvate dehydrogenase in its
active form (Tables 1 and 2). The absorption and
transmural transport of glucose were diminished to
68% and 40% of normal respectively.
The activities of phosphofructokinase and

pyruvate dehydrogenase in the mucosa of rats made
deficient in insulin by the injection of anti-insulin
serum were both markedly inhibited compared with
normal (Table 2), so that glucose utilisation and
lactate production were diminished to 21% and 28%
of normal, while at the same time the percentage of
glucose converted to lactate was increased from 72%
to 97% (Table 1). The absorption of glucose was also
inhibited, being diminished to 58% of control values.
Because utilisation was diminished to an even greater
extent, to 21% of control values, however, trans-
mural transport expressed as a percentage of absorp-
tion was increased from 45% to 80%. The diminution
in glucose utilisation caused by the anti-insulin serum
was only partially reversed by despentapeptide-
insulin when present at a concentration of 1 Rmol/l in

the serosal medium, presumably because of the need
to penetrate the ruptured vasculature and to neutral-
ise the residual antiserum (Table 1). The concentra-
tion of despentapeptide-insulin was therefore
increased to 10 imol/l, when glucose utilisation and
phosphofructokinase activity were returned towards
normal values and were no longer significantly differ-

Tabrle 2 TIw( r,gulaSltion1 of 1OIW(('O.S(dll ph/10'ph1Ofrti'l(('lOkitt.s(111W d pVruvate(elr(/I'(lrogetl(ase bY (desf)pentapeptide-insulin inl vitro

Pyruvate dehydrogenase
D)e.vpentapeptide-itnsulitn Phlosphofruic tokiniase (initial activity,

Treatment ofrat ([linolll) {0.5/V nmollminlg wet wt)

0-9% NaCI (control) 0-47 (0(01)171 237 (18)181
0.99% NaCI 10 0 49 (0(04)131 381 (26) [31t
Anti-insulin scrum 0-24 (0(04)161* 138 (9) [61
Anti-insulin scrum 10 047 (0.02)131 261 (40) [31

Perfusions were performed for 10 minutes as described in the Methods section. The activity ratio V 5/V. of phosphofructokinase was
measured at pH 7-0 in the presence of fructose 6-phosphate (0.5 mmol/l) and ATP (2-5 mmol/l) and reflects changes in the regulatory
properties of the enzyme. ` The initial activity of pyruvate dehydrogenase, reflecting the proportion of the enzyme in its active form, was
determined as described previously.5 25 Values are given as means (SE) for the numbers of rats in square brackets. p values are given the
comparison of experimental and control perfusions: *p<0(001; tp<001.
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ent from those for normal intestine either alone or in
the presence of despentapeptide-insulin (Tables 1
and 2). The rates of absorption and transmural
transport of glucose remained significantly dimin-
ished compared with those for normal intestine, but
were not significantly different from those for normal
intestine in the presence of despentapeptide-insulin.
Lactate production responded in a similar way.
While pyruvate dehydrogenase activity in intestine

from rats treated with anti-insulin serum was
enhanced by despentapeptide-insulin, however, it
was not significantly different from that measured for
normal intestine alone (Table 2) and was significantly
less than that measured for normal intestine in the
presence of the modified insulin (p<005). Whenever
despentapeptide-insulin was present in the serosal
medium, the percentage of glucose converted to
lactate was far lower than observed for intestine from
either normal or anti-insulin serum treated rats
(Table 1).

Discussion

Our experiments show that despentapeptide-insulin
is able to overcome the effects of insulin deficiency on
glucose utilisation and lactate production and on the
activities of phosphofructokinase and pyruvate
dehydrogenase in rat jejunum in vitro. We have
previously shown by crossover measurements of
glycolytic metabolites with small intestine from
normal and insulin deficient rats that phospho-
fructokinase is the rate limiting enzyme of glycolysis.'
Accordingly the effect of despentapeptide-insulin on
metabolism appears relatively straightforward in that
it does not affect phosphofructokinase activity and
glucose utilisation in intestine from normal rats, but
reverses the inhibition of phosphofructokinase
activity and hence of glucose utilisation observed in
the intestine of insulin deficient rats, so that normal
values are almost completely restored (Tables 1 and
2). Similarly the changes in lactate production and in
the percentage of glucose converted to lactate are, in
general, accounted for by changes in the proportion
of pyruvate dehydrogenase present in the active form
in mucosa, coupled, of course, with changes in
glucose utilisation.
The inhibition of glucose absorption by anti-insulin

serum was not overcome by despentapeptide-insulin.
Absorption in intestine from insulin-deficient and
from normal rats was the same in the presence of
despentapeptide-insulin (10 smol/l), however,
because the modified insulin inhibited absorption in
normal intestine (Table 1). It is of interest to note
that we have previously observed comparable be-
haviour in vivo as opposed to in vitro, for the
injection of native insulin into rats before subsequent

perfusion of jejunum in vitro also resulted in inhibi-
tion of absorption.6 One interpretation of this
behaviour is that the response of intestinal absorp-
tion to insulin is biphasic, being stimulatory at
physiological concentrations that are neutralised by
anti-insulin serum and inhibitory at higher concentra-
tions. As a consequence of the changes in absorption
and metabolism produced by anti-insulin serum and/
or despentapeptide-insulin, transmural transport is
not significantly different in intestine from either
normal or insulin deficient rats in the presence of the
modified insulin.

It is to be emphasised that hyperglycaemia, which
is known to enhance intestinal glucose transport,7 is
not a factor in any of the experiments for the intestine
was removed 10 minutes after the injection of anti-
insulin-serum, when plasma glucose concentrations
were not significantly different from normal,' and in
the perfusion experiments the concentration of
glucose was fixed at 5 mmol/l.
Although there have been numerous studies on the

effects of diabetes on glucose absorption, transmural
transport and metabolism by rat small intestine, their
regulation by insulin has not been shown previously.
We suggest that there are several reasons for this:
(1) In streptozotocin diabetes, transmural trans-
port is enhanced directly by an increase in the
synthesis of glucose carriers in the basolateral mem-
brane in response to hyperglycaemia for a period of
at least four hours.7 Transmural transport is also
enhanced indirectly by a diminution in glucose
utilisation mediated by the inhibition of phospho-
fructokinase in response to insulin deficiency' (Table
2). The inhibition of phosphofructokinase is rein-
forced in streptozotocin-diabetic rats through a
diminution in enzyme concentration caused by
changes in protein synthesis that can only be reversed
by insulin administration over 24 hours. ` The
changes in protein synthesis that affect transmural
transport directly and indirectly in chronic diabetes
cannot be reversed by short term experiments with
insulin in vitro.

(2) Native insulin is a hexamer composed of sub-
units each of Mr approx. 6000; the hexamer is
therefore too large to enter the ruptured vasculature
of the Fisher and Parsons22 preparation (data not
shown) and of the commonly used intestinal prepara-
tions such as rings and everted sacs.1''7 It was this fact
that dictated the use of despentapeptide-insulin.
This form of insulin is synthesised by the removal of
five residues from the C-terminal of the B chain that
are essential for association of the hexamer.
Despentapeptide-insulin is therefore entirely mono-
metic (Mr approx. 5000) and is just able to enter the
ruptured vasculature. It has approximately 40% of
the activity of native insulin and is thus equally
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1068 Wollen and Kellett

effective at 2-5-fold concentrations. The concentra-
tions of despentapeptide-insulin used in the present
studies are high because the need to penetrate the
ruptured vasculature and to overcome the residual
antiserum when present. In order to study the
regulation of intestine at physiological concentra-
tions in vitro, it will be necessary to use a vascularly
perfused preparation. Regulation of intestine at
physiological insulin concentrations in vivo has
already been shown for the changes produced by the
injection of anti-insulin serum into normal rats
reflect, of course, a change in circulating insulin
concentrations from normal, physiological values to
zero.6 The fact that despentapeptide-insulin was
effective when added to the serosal medium is
consistent with the view that enterocytes possess
receptors for insulin and that these are located in the
basolateral membrane of the epithelial cell.2=34

(3) Simple intestinal preparations (rings and
everted sacs) are inadequately oxygenated. Hence
the concentrations of effectors in vivo are such that
the activity of phosphofructokinase is unrestrained
and these preparations do not display a Pasteur
effect.3"37 As a consequence, changes in the suscepti-
bility of phosphofructokinazse to different effectors in
response to acute changes in insulin concentration
will not be manifested as changes in the rate of
glucose utilisation, nor, therefore, as changes in
absorption and transmural transport. In contrast, the
modified Fisher and Parsons22 preparation used in
our studies is highly oxygenated, so that changes in
the regulatory properties of phosphofructokinase are
reflected in changes in utilisation.6 At the same time,
the Fisher and Parsons preparation has the advantage
that it is much less complex than one that is vascularly
perfused.

This work was supported by the British Diabetic
Association. NW was the recipient of a Medical
Research Council Studentship.
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