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SUMMARY

1. .Insulin deficiency induced.by anti-insulin-serum or streptozotocin
increased glucose absorption, as measured in everted sacs of rat upper
ileun incubated for 30 minutes with oxygenated Krebs-Henseleit bicarb-

onate mediume.

2. Everted sacs prepared from the terminal iléuﬁ of insulin-deficient
rats were able to accumulate glucose against_a'concentration gradient

(i.e. development of active glucose transport)..

3¢ In experimental diabetes induced by streptozotocin, everted sacs
of upper ileum showved increased 3-methyl glucose active transport, and .
sacs of terminal ileum showed development of 3-methyl glucose active

transport.

4. Lactic acid forma%ion during the absorption of both glucose and
3~-methyl glucose was increased approximately two-fold in everted sacs

of insulin deficient animals.

5« The relative inereases in the contributions to the increased lactate
of (a) glucose entering, and (b) endogenous substrates were approximately

the same.

‘6. Insulin added at 100mU/ml %o the incubating media of everted sacs

prepared from insulin deficient rats, failed to reverse the above effects.

7. Fluoride (5 x 10—3M) added to the serosal and mucosal media of sacs



of terminal ileum prepared from insulin deficient rats decreased .
14002 formation from glucose—U-14C and lactate formation during
glucose absorption, but was unable to reverse the effect of insulin-

deficiency on glucose active transport.

8. About one third of the glucose entering the terminal ileum of
normal rats was metabolised via the pentose phosphate pathway as opposed
to the Embden-Meyerhoff pathway. This fraction was unchanged in experi-

mental diabetes.

9. The stimulatory effect of experimental diabetes was not due to the
movement of fluid, and could not be mimicked in segments of normal

intestine 'in vitro' by & high serosal glucose concentration.

10. The effects of insulin deficiency induced by streptozotocin were

more striking than those induced by anti-insulin-serum.

11. Everted sacs prepéﬁed from rets starved for 3 days showed increased
glucose active transport accompanied by diminished conversion of glucose-

u-14¢ 4o 14002.
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Abbreviations

' The following abbreviations have been used :

ATP

NAD or DN
NADP or TPN
NADH

G6PDH
CFX

AIS

(23

adenosine 5'-triphosphate
nicotinamide~adenine dinucleotide
nicotinamide-adenine dinucleotide phosrhate

nicotinamide-adenine dinucleotide, reduced

glucose—6-phosphate dehydrogenase

creatine phosphate kinase

anti-insulin-sexrum

The word "intestine" refers to the "small intestine"

unless otherwise indicated.



The éffect of insulin and insulin-deficiency on the trahsport

and metabolism of glucose by rat small intestine

I Introduction

(2)

(a)

‘Historical survey of (i) the pattern of glucose

metabolism in the small intestine. (ii) the effect
of iﬁéulin and insuliﬁ—deficienqy on intestinal glucoée

transport.
Scope of the present investigation.

Description, advantages and applications .of Fisher-

Parsons and everted sac preparations.

Use of streptozotocin and anti-insulin-serum to induce

diabefes.

II Experimental

(=)
(v)
(c)
(a)
(e)

Materials.

Preparation and use of anti—insulinrsefum.

Preparation of streptozotocin-diabetic rats.

Preparation of starve@ rats.

Fisher—Parsons preparation. (Fig 1 and Plate 1)

(i) for the study of glucose absorption and metabolism

Preparétion of extracts for chromatography

(1i) for the study of fluid transport

- (iii) for the collection of radiocactive carbon dioxide

(iv) for the determination of oxygen uptake

Page

13

15
16

18

20

T o2

22
23
23

30
30
32



(£)

(s)‘

(1)

(i)

(3)

(k)

Page

Everted sac preparation. Nomenclature of regions of the
shall intestine. Preparation of exbracts for chromato-
graphic and enzymic analysis;

Technique for the rapid removal of intestine for determin-
étion of metabolic intermediates.

Technique for fhe rapid‘removal of intestine for determin-
ation of hexokinase activity.

Chromatographic analysis.

(1) Paper chromatography; autoradiography and automatic

scanning techniques for bidimensional chromatograms.

(ii) Column chromatography.

Enzymic and chemical analysis : glucose, lactate, glucose 6-

phosphate, ATP, phosphocreatine, pyruvate, citrate, hexo-
kinase and protein.

Expression of results ¢

(i) Fisher-Parsons preparation
(ii) Everted sac preparation

(i1i) Metabolic intermediate determinations

(Tables 1 and 2).

III Res-ilts

(a) Absorption and metabolism of glucose studied in Fisher-

Parsons preparation. Effects of insulin and experimental
diabetes (AIS and streptozotocin induced). Oxygen uptake

of normzl intestine. (Effects of streptozotocin diabetes).
(Tables 3,4 and 5)

33

38

40

41
44

45

52

59



(b)

(a)

(o)

(£)

_Apsorption.of'glucose by everted sacs of upper, lower
and terminal ileum. ‘
(i) Bffects of experimental diabetes (AIS and streptozo—
tocin-induced) and starvation. (Figs. 2-5. Table 6)
(ii) Effects of time course between injection and experi-

" ment with streptozotocin. (Table 7) o 63

Formation of 1400 from glucose U;14C by everted sacs of

2
upper, lower and terminal ileum.

Effects of experlmental diabetes (AIS and Sureptozotocln-

induced) and starvatlon. (Table 8) ' . o710

Formation of lactic acid by everted sacs of upper and
terminal ileum incubated in the presence of

(i) Glucose

(ii) 3—methy1 glucose

Effects of experimental diabetes (AIS and streptozotocin;
induced). (Tables 9,10,11,12 and 13) 74
Conversion of glucose-U—14C to lactic acid by everted sacs

of upper and terminal ileum.

Final specific activity of glucose-U—14C after absorption.
Effects of experimental diabetes (AIS and streptozotocin-
induced). (Tables 14 and 15) - 82
Summary of glucose transport and metabolism by everted sacs
of upper and terminal ileum.

Effects of experimental diabetes (AIS and streptozotocin-
induced). (Table 16) ' 86



(2)

(n)

(1)

(3)

(k)

10
Effects of insulin on glucose transport and metabolism by
everted sacs of upper and terminal ileum from diabetic rats
(AIS and streptozotocin-induced) incubated in the presence
of | |
(i) glucose '
(i1) -3-methy1:g1ucose. (Tables 17 and 18) 86
Effects of insulin on glucose tranéport and metabolism in
everted sacs of normal upper ilgmm.(Table 19) 86
Effects of metabolic inhibitors on glucose %ransport and
metabolism in everted sacs of.terminal ileuﬁ from streptozo-
tocin-diabetic rats. (Table 20) 9.0
Activity of the pentose phosphate pathway @
(i) Metabolism of glucose—1-14c and glucose—6-140 by
Fishep—Parsons preparation of terminal ileum.
Effects of experimental diabetes (AIS and streptozo-
$ocin-induced). (Table 21)
14

o C and glucose-6-

(ii) Formation of 1460 - £vom glucose~1-
- 140 by Fisher—-Parsons preparation of terminal ileum.
Effects of experimental diabetes (AIS and streptozo-

tocin-induced). (Tables 22,23 and 24) 92
Effects of high serosal glucose concentrations on 3-methyl

glucose absorption by segments of terminal ileum incubated

in Fisher-Parsons preparation. (Fig. 6) ' , 91.



11

(1) Fluid transfer by segments of upper and lower ileum

in modified Fisher-Parsons preparation. '

Effects of streptozotocin-diabetes. (Table 25) | 99
(m) Levels of metabolic intermediates in segments of upper

and terminal ileum. '

Effeéts of streptozotocin-diabetes. (Table 26) 101
(n) .lLevéls of soluble hexokinase in segments of upper and

terminal ileum.

Effects of AIS-induced diabetes. (Table 27) _ " 103

iv Discussibn
(1) Use of Fisher-Parsons apparatus to study the absorption
and metabolism of glucose by segments of upper small
intéstine from normal and insulin-deficient rats. 105
(2) Oxygen consumption of intestine from normal and
streptozotooin—diabetic rats. 107
(3)  Absorption of glucose by everted sacs from. insulin-
deficient and starved rabs. 108
K4) Carbon dioxide production from glucose by everted sacs
from normal and insuliﬁ—deficient rats. _ 111
(5) Carbon dioxide production from glucose ﬁy s2cs from
starved animals. Possible explanation of the mechanism

of the effecis of starvation. 112



12

. Page
(6) TFormation of lactic acid during glucose absorption by -
evérted sacs from normal and_insulin—éeficient rats. 113
(7) Formation of lactic acid duriﬁg 3~methyl glucose absorption
_ by everted sacs from normal and insulin-deficient rats. 114
- (8) Summary of lactate production by everted sacs from normal
and insulin-deficient rats. - 116

(9) Effects of exogenous insulin on sugar transport and metabol-
_ ism by everted sacs from normal and insulin-deficient rats. 119

(10) Effects of metabolic inhibitors on glucose transport and

metabolism by everted Sacs<from insulinsdeficient rats. . 123
(11) Activity of the pentose phosphate pathway in the small

intestine of normal and 1nsglin—deficient rats. '125
(12) Support ofé.—methyl glucose absorption by high serosal

glucose concentrations. . 126
(13) Fluid transfer in the small inteétihe of normal and
a insulin-deficient rats. - 128
(14) Levels of metabolic intermediates in the small intestine

of normal and streptozotocin—diabetic rats, 129
(15) Comparison of theAeffects of experimental diabetes induced

5y anti-insulin-serum ‘and streptozotocin, . 131

(16) Possible role of hevokinase. 132

V  References : 135



13

INTRODUCTION

The effects of insulin and insulin deficiency on glucose metabolism
have been widely studied in a number of ﬁissues, particularly muscle
(skeletal and cardiac) adipose tissue and mammary gland. Insulin
has been shown to stimulate to a varying extentsglucose uptake, glucose
oxidation and glycogen éynthesis in these tissues (e.g. Beloff-Chain,
Catanzaro, Chain, Masi, Pocchiari & Rossi, 1955; Morgan, Cadenas, Regen

& Park, 1961; Winegrad, 1965 and Walters & McLean, 1968).

In contrast, there is a lack of information on how insulin affects
glucose métabolism in the small intestine. This is surfrising, in that"
one of the main features of intestinal metabolism is a large b?eakdowh
of carbohydrate, first reported (for jejunal mucous membrane) by Dickens
and WeiléMalheibe (1941). Subsequent observations using a variety of
in vitro techniques,.e.g. evértéd sacs (Wilson & Wissman, 1954), intest-
inal rings (Sherratt 1968) and mucosal subcellular preparations (Srivastava
& Hubschér 1966) have confirmed the characteristically high rate of gly-
colysis in rat small intestine; In addition, Entenman & Kay (1959) showed
that the ratio of carbon dioxide derived from carbon 6 to carbon 1 of
_gluc)se in rat small intestine was less than unity, indicating that a
fractivn of the glucose was metabolised via the pentose shunt pathway.

As it is known that the pentose cycle is &subject to the influence of

insulin and insulin deficiency in other tissues (c.g. adipose tissue
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~ Milstein 1956) and thét this hormone is intimately concerned with

the reactions of glucose oxidation and giycogen synthesis (Beloff—
Chain et al, 1955) it was decided %o investigate the effects of insulin
and experimental diabetes on glucose metabolism by the small intestine.
There are a number of reports on the effects of insulin and insulin-
deficiency on sugar transport in the small intestine, but little

published data on the effects on glucose metabolism.

Pauls & Drury (1942) ﬁho used pancreatectomised rats and Laszt &

Vogel (1§46), Sols et al (1948), Varma & Banerjee (1963), Aulsetrook

(1965) and Muller (1967) who all used alloxan-treated rats, found that
| diabetes increased the rate of glucose absorption from the 1ntest1ne
by a factor of about 2. Results were conflicting on the effect on
absorption, of administering insulin to overcome the diabetic state.
Vinnik, Kern & Sussman (1965) who studied the effect of diabetes on
glucose absorption in man, found thai the absorption was significantly
greater in diabetic than in normal subjects, but that insulin d4id not
alter glucose absorption in either group, even though it always depressed
- the blood sugar. Sols (1951) found that the intravenous administration
of insulin (2 units/100 g wt.) produced in normal rats an immediate and
temporary increase in the ability 6f the intestine to absorb glucose..
Insulin (16 units/7.5 ce) introduced with gluéose solution into the lumen

had no effect on absorption.
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A notable characteristic of experimental diabetes in tissues other
than the small intestine is the impairment of glucose uptake. It is,
therefore, femarkablé, despite the fact thatAdifferent mechanisms are
involved, that in this organ, diabetes appears to stimulate glucose
absorption. Furthermore, this observation has received very little

attention.

| Since the effect of insulin deficiency on giucose uptake In other
organs is linked to metabolic phenomena (e.g. iphibition of glucose oxid-
ation and glycogen synthesis) it waé decided to study both the transport
and metabolism of glucese in the small intestine in experimental. diabetes.
It was also hoped to clarify the conflicting reports of the effect on
absorption,of adding insulin to preparations of small intestine taken

from insulin-deficient animals.

The reports so_ far mentioned have been concerned with glucose meta-
bolism or gluﬁose transport studied in isolation from each other’and have
involved the use of techniques in vhich the functional integrity of the
_organ was lost. However, the Fisher-Parsons and everteéd sac preparations
are two techniques in which the heterogeneous cell population of the gut
is maintained in the same spatial grrangement as in the intact animal.
These methods have been used in the present investigation and are, there-
fore, discussed briefly below. Early attempts at using excised loops of

intestine failed due to inadequate oxygenation, resulting in shedding of
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the epithelial cells (Auchinachie et al 1930). Fisher and Parsons
(1949) overcame this difficulty by circulating oxygenated.Kfebs—Ringer
solution thréugh the lumen, and also around the serosal surfaces of the
intestine. A stream of 95% 02/575 €O, was used as a gas 1ift for both
circulating and oxygenating the medium. An important element in this
technique is that the mesenteric circulation is maintained intact wntil
the lumen is beihg perfused, so that the epifhelial cells are never

subjected to oxygen lack.

In the everted sac preparation.(Wilson & VWiseman 1554) adquate
oxygenation -of the epithelial cells is achieved by turning the intestine
inside out, tying off a small length, and £illing it so as to distend it,
forming a closed, sausage-shaped sac. Distension has the effect of
separating the villi, and exposing a larger area of mucosél éurface to
the oxygenating solufion in whicﬁ the sacs are incubatedf A sugar such
as glucose added to the external medium is absorbed, and since the serosal
volume is small (about 6.5—1 ml) accumulates to a high concentration inside
the sace The method is therefore-Veny suitable for studying the accumul-
ation of sugars against a concentration gradient. The techni@ué is also
useful for studying specific regions of the intestine (e.g. upper and
lower 1‘eum), where a number of sacs can be made from a length of intestine
sufficient only for a single lumenal perfusion experiment..- These
advantages have been of great value in the present investigation. Appli-

" cations of the everted sac and Fisher-Parsons preparations to the study of
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the transport and metabolism of glucose by'rat small intestine;.are

to be found in the ﬁork of Wilson (1953, 1954 & 1956) who examined

the formation of lactic acid during glucose absorption and Newey;
Smyth & Whaler (1955) who measured carbon dioxide production as well
as }actaté formation. By adding radioactive glucose to the medium

in which the intestinal preparation waé-suspended, Wilson and Newey

et al were ablé to estimate the relative conbributions of endogenous
substrates and added glucose to the formation of lactic acid. However;
the work of Newey et al (1955) can be criticised in that they omitted
to meaéure the lactic acid content of the intestine itself, and the
extraction procedure used 5y Wilsoﬁ prior to esfiméting lactéte“(homo-:.“.

genisation'of the tissue in boiling water) is questionable.

Tt vas therefore decided to use tﬁe Fisher~Parsons and everted sac
preparations to obéain new data on the total metabolism and fate of
glucose absorbed by the small intestine using improved isolation and
radioisotopic technigues. Such an approach has been successfully used
by Chain, Mansford & Pocchiari (1960) who studied the absorption of
radioactive sucrose, glucose, fructose and starch hydrolysate using the
Fisher-Parsons preparation'of rat small intestine and a quantitative
radioéctive paper chromatographic technique. This technique has been
used in the present investigation to meésure the metabolism of glucose-1-
| 014 and glucose—6—C14 which is required for the determination of the

activity of the pentose shunt pathway in the intestine.
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The interpretation of reports on the effect of ‘diabetes induced by
alloxan are complicated by the toxic side effects and metabolic disturb-
ances associéted with the use of tﬁis compound {Lukens 1948). 1In the
present work the investigation 6f the metabolic effects of insulin
deficiency on the intestine has been facilitated by the availability of
the diabetogenic antibiotic streptozotocin (Rakieten, Rakieten & Nadkarni
1963) and of anti-insulin-serum. A recent report (Junod, Lambert, Orci,
Pictet, Conet & Renold 1967) has suggested that streptozotocin has a
specific, rapid and irreversible cy%otoxic action on the insulin secreting
cells of the pancreas. Thereas alloxan-diabetes is characterised by a.
high mortality among the animals,most of which die a few days after
injéction, the rats treated with streptozotocin survived much longer

and could be used one week after injection with negligible mortality.

Anti-insulin-serum (4.I.S.) was prepared from guinea pigs previously
injected over a period of three months with an insulin-containing emulsion
(Maz;sford 1967). One hour after injection of AIS into rats, pancreatic
insulin content and serum insulin-like-activity are reduced with con-
comitant byperglycaemia and glycosuria. There have been a number of
reports of the effect of this acute form of insulin deficiency (e.g.
on the liver Kalkhoff & Kipnis'1966, Kalkhoff et al 1966, on isola*ed
adipose tissue, Beloff-Chain, Catrenzaro & Chain, 1967 and on the pérfused
heart, Mansford 1967) which have suggested that anti-insulin-serum induces
changes in glucose metabolism similar, but less marked to those induced by

chronic insulin deficiency. The use of anti-insulin-serum
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has been of great value in the present investigation,in that the
short time between injection and experiment has minimised any secondary

effects which may be encountered in expérimental diabetes,such as

structural or dietary change.
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- EXPERIMENTAL

Animals

Male, Sprague-Dawley rafs weighing between 280-320 g. were used in all
- the experiments described. They wére allowed wnrestricted access to
water and laboratory diet (Thompson rat and mouse cube)_unless other-

wise stated.

Chemicals and enzymes

ATP; glucose~6-phosphate (.s.odium salt), citric gcia' (sodium Sal'l:.)',
creatine phosphate (sodium salt), I-lactic acid, NADH, NAD, NgDP;.
gluooée oxidase, hexokinase, glucose-6-phosphate dehydrogenase, creatine
pﬁosPhate kinase, lactic dehydrogenase, {rabbit muscle) citrate lyase,and
malic dehydrogenase were all obtained from Bdehripgér Corporation.
Peroxidase, Tris and pyruvic acid (sodium salt) were obtained from
Sigma (London) Chemical Co., Lettice Street, London. S-methyl glucose
was obtained from Calbiochem, Los Angeles 90054, U.S.A. Hydroxide of
Hyamine was obtained from the Packard Instrument Company Ine, Illinois,
U.S.A.  Glucose, glycine, hydrazine, EDTA, sodium fluoride and sodium
éluorécetate and all other chemicals were obtained from British Drug
Houses Ltd. (Laboratory Chemicals Division, Poole, Dorset.) and were

either Analar grades or the best available.
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-Streptozotocin (batches 4621-IH{J—126D; 4858-THP-1067"4) was kindly
donated by Messrs. Upjoﬁn Ltd., Kalamazoo; Mich., U.S.A. Crystalline
insulin (glucagon free) was donated by Burroughs Wellcome Co. Ltd.

and was dissolved in saline and a few drops of 5.3 wM HCl, to give

‘a stock solubtion of 20 units/ml. which was stored, in 1 ml. aliquots;

Radioactive chemicals

Chromatographically pure D—glucose—U—14C of specific activity 2 to 3 ﬁc/bM,
D—glucose—1- 40 of speclflc act1v1ty 2.4 mc/ﬁM and D—glucose—6— 40 of
specific activity 2.9 mc/hm were all obtained from the Radlochemlcal
Centre, Amersham, Bucks. 3—o-methy1—D—glucose of specific activity

5 mc/hM was obtained from New-England.Nuclear Corporation, Boston,

MaSs.; U.S.A., énd checked fof purity using gas-liquid chromatographic

and paper autoradiographic techniques.
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METHODS

Preparation of anti-insulin-serum

This was prepared according to the method of Mansford (1967),
which is a madification of the original procedure of Moloney & Coval
(1955). Insulin contained in a silicone-based emulsion was injected,
at monthly intérvals, iﬁto the backs of guinea pigs weighing at least
500g. After é injections, blood was withdr;wn from the animals by
cardiac puncture, and the serum separated and tested for potent 1nsu11n
antibodies by 1n3ect1ng 1 ml. intravenously into rats welghlng 280—320 g.
Only those batches of antl-lnéullnrserum capable of produclng a rise of
180 20 mg. per 100 ml. in the blood glucose level one hour after
injection were‘used'for.subsequent studies (Wright & Rivera-Calimlin
1965). The same procedure was adopted for experimental purposes :—
i.e. under light ethéf anaesthesia 1 ml. AIS was injected into the tail
vein of 280—320 g. rats, one hour béfore experiment, after which time
the blood sugar level was tested approximately with Dextrostix indicator
tabs (Ames Company, Stoke Poges, Slough, Bucks) and later acéurately by

the glucose oxidase method on a deproteinised specimen.

Preparation of Streptozotocin-Diabetic Rats

The solution of streptozotocin for injection was dissolved in an
appropriate volume of saline (0.9 NaCl) to which a few crystals of

citric acid had been added,because of the iﬁstability of streptozotocin
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solutions at pH 7. The animals, under light ether anaesthesia
were then injected into the tail vein, with 65mg. streptozotocin/
kg. body wt. After T days, they had lost weight and had blood

glucose levels greater than 300 mg./100 ml. The mortality rate
was ouly 5%.

Preparation of starved rats

Rats were starved for 3 days with access to water only. Hindmarsh;
Kilby, Ross & Wiseman (1967) used everted sacs to study the effects of
semistarvation (sufficient'to produce a loss of 18-28% of intial body
weight) on intestinal glucose absorption, and considered that the effects
of this treatment were similar to those of coﬁplete starvation. The
results obtained in the present investigation have therefore been

compared with those of Hindmarsh et al (1967).

Fisher-Parsons preparation

The circulation unit shown in Fig. 1 is very similar to that

described by Fisher and Parsons (1949). Plate I shows a segment of intestine
being perfused with the incubating vessel in the background.

The inner perfusion circuit included vessel A, which was a double-
walled glass reservoir, vessel C a vertical jacketed tube and a glass
" U-tube I, which was later replaced by a segment of intestine. The

three components were connected by short glass rods and lengths of
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Fig. 1 Diagram of Fisher-Parsons preparation (not to scale)
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silicon rubber tubing.  The perfusion fluid was driven round tﬁe

ihner circuit by a stream of 5% carbon dioxide in oxygen entering at

D. Vessel B was a double-walled bath containing a horizontal tube
sealed through its walls and a vertical tube sealed into its base.

The tubes were connected to each other by short lengths of silicon
rubber tubing to form the outer perfusion circuite The perfusion
fluid ﬁas drivén round the circuit in the direction shown by a stream-
of 5% carbon diozide in oxygen entering at G. The gas introduced into
the.bath left by way of a hollow needle 'H' passing through the rubber

bung F.

The difference in the levels of the fluid in vessels A and B

(height ﬁ) which in tems of head of water is the distension pressure
‘inside the segment of intestine, was about 35 cm.,vwhich is of the same order
as that vsed by Fisher and Parsons. Ion-free water from a thermostati-
cally controlled réservoir maintained at 37°C wés circulated through the
Jackets of A, B and C. Silicon rubber tubing was used throughout for
the perfusion circuits. Rubber tubing was used to connect up the water
Jjackets. The inner and outer circuits both contained éither 40 or 50 ml.
pf medium, depending on the'experiment. The respective gas flows were
adjusted to give a regular pattern of gas bubbles in the upflow tubes.
Semples of the inner and outer fluids could be withdrawn at any time, by

means of pipettes introduced into 'A' and 'B'.
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Composition of circulation fluids

Krebs Henseleit (1932) bicarbénate buffer to which glu;ose; 1mg/m1.
was added, was used in all the experiments involving the Fisher-
Parsons preparation. The‘buffer was equilibrated with.B% 002 in
oxygen to bring the pH #o approximately 7.4, and the calcium chloride
" 77 in the medium Was'addedjduring’theigassing stage.tO'prevent precipitation
of calcium (Umbreit, Burfis'and Stauffer 1945). The buffer was filtered

through a Millipore filter to remove any particulate matter prior to use.

Preparation of intestinal segments

Light angesthesia was induced by placing the rat in a chamber
through which air saturated with ether was passed. Subsequent anaes-
thesia was maiﬁtained by keeping the head of the animal near to a pad
of cotton wool saturated with ethef. The abdomen was opened with a
midline incision, and the gut exposed, care being taken not to cut any
of the large blood vessels clearly visible on the innexr side of the cut
body wall. Ice cold saline (0.9% NaCl) was appliedto the éxposed area
to lower the oxygen requirement of the gut. The junction of the duo-
'denum-and.jejenum was identified and a small incision made with a pair
of fine scissors on the jejunal side of the junction, immediately after

- the first Peyer's patch and at right angles to the length of the gut.
In some experiments the terminal ileal region was used, in which case a

piece of string of the appropriate length (20 cm. see p. 36 ) was used to
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meaéure, 'in situ', the distance of the upper end of this region from
the ileo-caecal junction. A glass cannula was tied into the incision
and the length of intestine required for perfusion approximately measured
out (about 30 cm. from the first jejunal incision). At this point a
second incision was made and the segment of intestine washed free of
debris with a gentle stream of‘cold saline, passing in via the cannula
and out via the second incision. A second cannula was then tied into
the lower end of the segment. (If the lower cannula was tied in
earlier, it tended to block during washing). A final stream of saline
was directed through.the intestine to wash out any remaining debris, and
check that the cennulae were orientated correctly. The washing arrange-
ment was disconnected and the whole preparation brought up to the circul-
ation unit described. If the heart of the animal was not still beating
at this point, the experiment was discontinued. The silicon tubing
leading from vessel A to vessel B was constricted with an artery clamp
and the rubber bung and U-tube arrangement removed from vessel B. By
holding the bung well above the level of the gas—-inflow point D, the U-

* tube could be removed without less of fluid, and the tubing whidh-conn-
ected the U-tube with point D clamped to prevent back-flow of fluid.
With the mesenteric circulation still intacf, and the heart still beating,
the cannulae were connected in place of the U;tube, the clamps removed
and a ciock started, care being tzken to ensure that the segment was

perfused in the direction jejenum to ileum. The mesentery was then
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trimmed away cleanly from the serosal wall of the intesting, great
care baing taken not to puncture the gut or allow kinks to develop
in it. The freed segment was rinsed in a dish of cold saline to
remove any blood and then set up in bath B. The time taken from the

beginning of anaesthesia to this point was about 10 minutes.

- —~

Intestinal segments were incubated for 230 minutes. The experiment
was terminated by rapidly removiné the segment, draining its contents,
stretching it until it was uniformly straight to measure its length, |
and then homogenising it in 20 ml. of cold 60% ethanol for subsequent
chromatographic analysis. The volumes of the inner and outer circuits
were measured and used in calculating the amounts of glucose transfer
and lactate production. Samples of medium were deproteinised with equal

amounts of 5% ZnSO, and 0.3N Ba(OH), for subsequent glucose analysis and
7 2 q

4

with an equal volume of ice-cold perchloric acid (6% w/v) for lactate

analysis.

Preparation of extracts for chromatography

The extract was centrifuged at 0°C for 30 mins. at 18000 rpm. The
supernatant was removed, its volume measured and an aliquot taken for
fadioaotivity determination. A weighed-amount of the residuve, in a
scintiallation vial %as digested with 1 ml. Molar Hydroxide of Hyamine
at 37°C for approximately 2 days. 10 ml. scintillant were then added

and the material counted as described below. The supernatant was
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evaporated, under vacuum to 1 ml. on a Buchler BEvapo Mix at room

temperature, and then stored at 0°C for subsequent chromatography.

Fisher-Parsons preparation modified for the study of fluid transport

In this preparation the outer circulation was removed and vessel B
filled with liquid paraffin. Apart from this modification, the apparatus
was the same as that described. Drops of fran3ported fluid emerged
through the serosal wall of the gut, sank to ths bottom of the liquid
paraffin and were drawn off for analysis through a silicon rubber tube

sttached to the lower end of vessel B.

Fisher-Parsons preparation modified for the collection of radioactive

carbon dioxide

The effluent gases were bubbled through a mixture of ethanolamine/
methanol (1:1) which absorbed the carbon dioxide forming ethanolamine
carbamate. The absorption mixtures were removed after 15 mins. and
1 ml. aliquots pipetted into scintillation vials to which were added
16 mls. of a modified Brays (1960) scintillant. These and all sub-
Bequent radioactive Sample; were counted in a Packard Tricarb Liquid
Scintillation Spectrometer (Model 3003). Corrections for quenching
) we:é made by the channels ratio method of Baillie (1960). Radioactive
carbon dioxide as bicarbonate in the imner and outer media was estimated

as follows: 1 ml. aliquots of media were added to scintillation vials
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containing 2 drops gf methyl orange indicator. The vials were

then tightly sealed with rubber caps through the centre of which

hung wire baskets containing small cups which contained 0.5 ml ethanol-
amine methanol mixture (3:2). Vithout disturbing the seal, sufficient
5NH2SO4 to change the colour of the indicator, was.injected through the
caps releasing_bound carbon dioxide from the medium, which was trapped
by the ethanolamine mixture. This closed system was then alléwed to
stand for at least S hours with occasional shaking, to allow for complete
absorpfion of the evolved carbon diozide. After this time the cups

and their contents were removed, quickly wiped with tissues and placed

in a second scintillation viel to which 10 ml scintillant were added.

This system for the collection of radioactive carbon dioxide was
tested for efficiency as follows:~
50 mls. of bicarbonate buffer containing glucose (1 mg./ml.) were added
to the inner and outer circuits of a Fisher farsons preparation (minus
intéstine) and allowed to circulate. Known amounts of a standard radio-

active source of sodium carbonate (Na 14CO3) were then added to each

2
circuit and the media and circulating gases analysed for radioactivity
after 15 and 30 minutes, using the methods described above. In two

experiments, the amounts of radioactive standard recovered were 100%

and 106%, confirming the efficiency of the method.



Fisher-Parsons preparation modified for the determination of oxyeen

uptake . ‘

Vessel B was fiiled with liquid paraffin as described above; and
two oxygen electrodes, in water—jacketed holders were incorporated into
the inner perfusion circuit, at points immediately on either side of
the intestinal segment. The electrodes (Beckman macro No. 315752)
were then connected to a Beckman Physiological Gas Analyser Model 160.
The two electrodes became steady about 10 minutes after setting up a
segment, at which time readings were taken, together with the flow rate
of the perfusing medium. Subsequent readings were tzken over a‘SO'
minute incubation period, after which time the segment was removed for
determination of its length, wet weight, and after drying at 110°%¢ for
24 hours, its dry weight. The values obtained were then used to
calculate the oxygen consumption of the segment according to the following
formulas:- |
'02 consump tion (q02 in pl/hr/g wet wi or pl/hr/g dry wt

or pl/hr/cm)
= incoming-outgoing O, tension (mmig)

760 (mr@g)

x solubility of 0, at 37°C (ul/m H,0)

2
x flow rate (ml/hr) <+
wet wt. (mg.) or dry wt (mg.) or length (cm.) of

intestine.
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The oxygen consumption of segments taken from normal and streptozo—
tocin diabetic animals was independent of flow rate and did not vary

over a 10-30 minute period. -

Although the Fisher-Parsons preparation is suitable for studying
the total fate of radioactive glucoée in the small intestine, its
application to. metabolic studies is limited by the lgpge circulating
volumes and consequently by the long segment of intestine that has to
be perfused to provide accurately measurabie changes in substrate concen—-
trationé. In order to investigate the response of various regions of
the small intestine to exzperimental diabetes at a more detailed level,.
the everted éac technique was adopted. In addition it was possible to
prepare six evertéd sacs from a length of intestine sufficient only for

a single perfusion experiment.

2. Fverted sac preparzation

The initial procedure to isolate and wash out an appropriate segment
of intestine was the same as that previously described for the Fisher-
Parsons preparation. After this was completed, the mesentery pervading
the Segmeht was rapidiy triﬁmed away from the serosal wall, and a stain-
less steel rod, 1.5 mm. in diameter was used to push the ileal end of the
 gut back into the lumen unbil it appeared at the duodenal end. A

ligature tied round the ileal end greatly assisted in this procedures-
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The everted intestine was gently slipped off the rod into a Petri

dish containing cold, oxygenated saline and a suitable length (about

5 cm) tied off at one end by a thread ligature, and a second ligature
placed loosely around the other end ready for tying. After being
blotted with a piece of filter paper, the tissue, plus ligatures,

was weighed on 2 balance. A blunt needle attéched to a 1 ml syringe,
was introduced into the intestinal lumen and the loose ligature pulled
tight over the needle. The sac was then filled to a standard disten—
sion, as judged by eye, with cold bicarbonate buffér containing glucose,
along with a small bubble of air. The needle vas withdrawn, the
ligature pulled tight, and the sac reweighed. The increase in weight
was taken as a measure of the initial fluid volume. This procedure
was repeated until 6 sacs had been madé from the segment of intestine.
Each sac was added to 10 ml of glucose buffer in a 50 ml conical flask.
The medium, cooled in ice, was kept gassed with 95% 02/5% 092 prior to
the experiment. The flasks were stoppered and shaken at 70 oscillations/

min (amplitude 5 cm) for 30 minutes at 37°C in an incubating bath.

The sacs were then rapidly removed, blotted and opened and their
contents and the incubating media returned to ice for subsequent analysis.
-In some experiments,the empty sacs and ligatures were rapidly homogenised
in jce cold 6% w/v perchloric acid for subsequent chromatography or analysis

of glucose or lactic acid. Final mucosal and serosal medium samples were
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taken for glucose and lactic acid analyses as described on p. 29,

A 1 ml. aliquot of the mucosal medium after incubation was also taken
for the determination of radioactive carbon dioxide as bicarbonate,

the procédure for which was described on page 31. In view of the
difficulty, on removing»the sacs at the end of‘incubation; of avoiding
the exchange of the radioactive carbon dioxide in the gas phase of the
incubating vessels with the atmosphere, total radioactive carbon dioxide
production wzs not measured in the experiments with everted sacs, as it
wag in those carried out with the Fisher-Parsons preparation. The
reéults for 002 production by everted sacs therefore represent a constant

fraction of the total 002 evolved.,

In view of the difficulty of blotting eéch sac equally, and the
objections presented by Wilson (1959 and Parsons (1969) on the effects
that differing degrees of sac distension can have on fluid transport, it
was decided not to use the everted sac preparation for measuring water
movements in the intestine. For this reason, the sacs were not re-
weighed at the end of the experiment. Since most of the experiments
performed using sacs were dgsigned to provide metabolic as well as trans-
port data; the time saved by not re-weighing the sacs enabled a more
rapid sampling of media and tissues to be carried out, thereby minimising

. extraneous metabolic changes.
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Nomenclature of regions of the small intestine

The regions of the small intestine used in these studies, were as
follows, the nomenclature being similar to that of Hindmarsh et al (1967).
a) Region 6: the terminal ileum, approximately 20 cm in length.

b) Region 5¢  the middle to lower ileum, the region immediately
above the terminal ileum and approximately 20 cm in length.
c) Reglon 3—4 the upper ileum, approximately 20 cm in length.

T0 cm

T
At

0
40 cm \
/

20 cm
)

duocdenun / / / / / / / Caecun

/Region/ Region Region
3-4 5 6

( - ' about 120 cm . )

The distance of the proximal end of each region from the ilev-caecal
junction was measured "in situ" with a piece of string of appropriate

length (20 cm for Region 6, 40 cm for Region 5, 70 cm for Region 3-4).

Regions 5 and 6 were chosen for investigation because of their
inability to transport glucose actively in the normal condition and their

interesting response to semistarvation. According to the data of
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Hindmarsh et al (1967) the final concentration ratio of glﬁoose
developed by sacs from Regions_j and 4 were almost identical to each
othag and higher than those in the other regioné of the small intestine.
The overlap between regions 3 and 4 was therefore chosen for study as
being the optimal site of glucose active transport. In regions 5 and
6, sacs were ggde in seduence in the direction ileum to jejunum so that
sac 1 in region 6 comprised that length of intestine immediately adjoin-
ing the ileo-caecal junction. This experimentél procedure permitted
the examination of local differences within a region. In region 3—4
sacs were made in the opposite direction, i.e. jejunum to ileum, but with
regard to final glucose conceﬁtration ratios developed, this order was

not critical. A single region was studied in each rat.

Preparation of perchloric acid extracts for chromatography and analysis

All operations were carried éut at 4°C. The homogenised extract
was centrifuged for 10 minutes at 1Q000 rpm and the supernatant filtered
tarough a Millipore filter (pore size 0.8 my). The volume of the clear
filtrate was noted and a drop of BDH universal indicator added. Neutrali~-
sation was carried out by the dropwise addition of a mixture of 30% KCH
saturated with K01 (6 parts) and 0.2 M Tris pH 7.5 (4 parts). The
extract was centfifuged for 20 mins. at 3000 rpm to bring down the perch-
lorate and its volume re-measured. The clear supernatant was pipetted

off and stored at 0°C for subsequent chromatographic and enzymic assays.
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Technique for the rapid removal of intestine for the determination of

metabolic intermediates

The animal was opened under ether anaesthesia and the appropriate
segment of intestine washed free of debris with ice-cold saline, stripped
from its mesentery and immediately dropped int§ liguid nitrogen. The
frozen segment’ was fecoﬁered, rapidly weighed on a balance, and tpen
reduced to a fine powder in a percussion morﬁar, previously cooled to
the temperature of liquid nitrogen. The powder was then transfered to
a ceramic mortar containing 8 mls of a mixture of acetone/6% PCA/5Sml
EDTA (50:12:38 by vol.) vhich had been frozen by standing the mortar
on a block of solid carbon dioxide. The pqwder and mixture were then
ground together with a pestle, until a homogenous system was formed.

This was kept at o°c. (2t which temperature it had thawed) until being
centrifuged, filtered and neutralised as(previously described for a PCA
extract. The advantage of acetone/PCA/EDTA mixture over PCA alone, is
that extractions may be carried out at a lower temperature, thus improving
the recovery of unstable tissue intermediates. (Opie & Newsholme 1967).

Preliminary experiments were carried out to determine the necessity
of rinsing the segments in saline (to remove surface blood) prior to
immersing them in liquid nitrogen. | ATP 'levels were measured in rinsed
and un-rinsed segments tazken from regions 3-4 and 6. The results are

given below, as individuel values with averages.



Region 6 un—rinsed
Region 6 rinsed
Region 3-4 un-rinsed

Region 3~-4 rinsed
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ATP (pli/g wet wk. of intestine)

0.94

0.95 ; 0.99
1.07 )

0.96 :
0.94 0.94
0.92°

0.99 2 -
1.07 1.00
0.94

1.16

1.03 1.06
0.99

In view of‘these results the rinsing stage was omitted in subsequent

experiments.

Two experiments were carried out on segments from region 6 in which

the intestinal contents were not removed prior to extraction.

The

values for ATP content were 0.06 and 0.05 yM/g wet wt. of segment and

contents, suggesting that intestinal debris interfered with the analytical

procedure.

experiments.

The washing process was therefore carried out in subsequent



Technigue for the rapid removal of intestine for determination

of hexokinase activity

The initial procedure to isolate, wash out, freeze and percuss
an appropriate segment of intestine was the same as that described
above (p.38 ). The frozen powder was transferred to a weighed
polythene tube,'the tube.re—weighed and a volume of ice—~cold 0.2i
tris solution added (1 ml/g frozen tissue). The mixture was homo-
genised and then centrifuged at 40,000 rpm for one hour at 0°C
(Spinco Model L). The supernatant was withdrawn and kept at 0°¢c
without further treatment untii being assayed fdr hexokinase and

protein.
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Chromatozraphic techniques

1. Paper chromatography

The following procedures were carried out on both ethanol and
perchloric acid extracts.

a) Monodimensional chromatography

Microcaps were used to apply 100‘ya of extract, 5 pl at a time,
as a 5 cm. band to the appropriate end of a Whatman No.1 chromatography
grade paper, evaporation of the solvent being assisted by cold air from

a hair dryer held beneath the spot.

Descending chromatography was carried out in glass tanks. The
solvent system used was : butanol/water/acetic acid (40/25/11).
After running for 16 hours, the chromatograms were removed from the tank
and a2llowed to hang for 10 minutes in an atmosphere of ammonia which
converted the lactic acid on the paper to its less volatile derivative,
ammonium lactate. Autoradiographs were prepared by exposing each
chromatogram to X-ray film (Kodak Kodirex X ray) for about 7 days. These
were then developed for 6 minutes in Kodak Developer 19B, washed for 2
minutes in i V/V acetic aéid, fixed for 10 mingtes in Kodak acid fixing
salt solution, and finally rinsed in rwming water for 30 minutes. The
quf corresponding to lactate was identified by its RF value (lactate
runs immediately behind the solvent front), and the area to which it

corresponded on the original paper chromatogram identified. A strip
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of paper containing the lactate spot was cut from the chromatogram;

and the lactate eluted with distilled water. One aliquot of this

pure solution (as judged by further chromatography) was then taken

for radioactivity determination and another for cold lactate content

as measured enzymatically, from which measurements the specific activity

of the lactate could be determined.

b) Bidimensional chromatography

The two solvent systems used were as follows:
First dimension: Sec. butanol:formic acid:water (75:15:15)
Run for 16 hours ' o
Second dimension: Phenol:Ammoniaswater (80:1:20)
Run for 24 hours
A single zb‘pl gpot of extract was applied with microcapg, 2 pl at
a time to one corner of a chromatography mper. An autoradiograph was
prepared to confirm that the chromatogram had achieved a satisfactory
separation of intermediates. A quantitative picture of the distribution
- of radioactivity among the metabolites on the paper was obtained ésing
the automatic scanning machines developed in this department from the
original design of Rrank, Chain, Pocchiari, Rossi, Ugolini & Ugolini
(1959). The following account of these machines is condensed from that
of Lowe (1968).
The chromatogram to be scanned is divided into an imaginary matrix

of equal areas, each of which is assayed separately for radioactivity
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with a pair of Geiger-Muler counters, one on each side of the paper.
(Tracerlab gas flow counters running on 98% argon % isobutane).

The scanning is done by moving the G.M. counters across the chromato-
gram in discrete steps, in successive horizontal lines. 1In each
position, an autotimed scaler registers the radiocactivity for a pre-set
time. At the conclusion of each scanned line the G.M. counters return
rapidly to the.beginning of the next line. A frame running in nylon
slides from which the chromatogram is suspended provides for the vertical
movement of the paper, and the G.M. counters are fixed to saddles which
move horizontally across the chromatogram. Electric motors diive these
components via a system of gears and lead screws. A radioacti&e étandard
is fitted in such a position that it is counted at the beginning of each
line of the scan. To conserve total scanning time, two pre-set times
for the timed éounting period are available. The shorter of these is a
minimum time allowed for the counting of a single area. If in this time,
a pre-set number of counts above background have been accumulated, the
counting period is extended by a multiplier. The resulis are recorded
on punched tape which is sent to the Atlas computer for processiné with

a suitable programme tape. The punched tape records the total count,
the £ime taken for the count, and the position of the area counted.

Vhen processed, the data is presented in the form of a "map" in which

the actual count per unit time (1ess background) for each area is printed

in the appropriate position on a piece of paper. Beneath the map, a
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series of spot totals'(in counts per unit time) appear, each total
bging positioned so that it is immediately below the spot to which

it refers. Beneath these again, appear another set of spot totals
corrected for G.M. counter efficiency, and expressed as disintegrations
per minute and micro-micro curies. " Tn the present work, the minimum
pre-set counting time for each.area on the chromatogram was 40 secs.
This could be extended to 160 secs by the multiplier. Using these
settings the time taken to scan a single chromatogram was about 24

hours.

2. Column chromatography

In some experiments glucose was isolated from neutralised extracts
of tissue intermediates for determination of final specific activity.
The procedure adopted was similar to that of Denton and Randle (1965).
Any glycerol in the extract was first converted to glycérol phosphate,
by the addition of stoichimetric quantities of ATP, Mg012 and glycero—
kinase. The extract was then applied to a 100 cm. Dowex chloride
AG1 x 4 column and the unch;rged glucose eluted with 10 ml. distilled
water. In trial experiments, a number of the glucose solutions eluted
‘ from-the column were assayed enzymatically for lactate and chromato-
graphically for other intermediates. letabolites other than glucose

were never detected. A solution of U—14C— glucose was run down the
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the column to test that it was working correctly prior to each series

of separations. Vith a flow rate of 1.3 m1/5 minutes, a peak of
glucose appeared in the eluant after 5.2 mlé. distilled water had
passed down the column - or 20 minutes after the application of radic-
activity. After 40 minutes (10 mls.) counts in the eluant had returned

to background levels.

Methods of enzymic analvsis

1. Glucose

In the present method thé reagent used contained glucose oxidase,
o-dianisidine dihydrochloride and peroxidase all dissolved in Tris
glycerol buffer (Huggett & Nixon (1957); Crowne & Mansford,(1962);

Mansford & Opie, (1963); Dahlquist, (1951) ).

0.5 ml. deproteinised, neutral samples were incubated witﬁ 2 ml.
reagent at 37°C for 30 minutes. The reaction was then terminated by
the rapid addition of 4 mls. 5N H2804, producing a colour which was
stable for up to 12 hours. (Fleming & Pegler, 1963). Opticai densities
were measured at 525 mp on an SP500 or SP600 spectrophotometer. As the
extinction coefficient depended on the experimental conditions, the
optical densities were related to those of glucosé standards incubated

at the same time as the unknowms.
2. lactate {(method modified from that of Hohorst, 1963).

Lactate was estimated by the increase in optical density at 340 mp
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due to the formation of NADH in the following reaction:
Lactic dehydrogenase (LDH)
L (+) Lactate + NAD _— pyruvate + NADH + H'

-~
As the equilibrium is far to the left, the reaction products are removed
from the mixture, to obtain quantitive oxidation of lactate. Pyruvate
is trapped as its hydrazone, aﬁd the hydrogen ion is bound by the use of
an alkaline buffer, containing 30 g glycine, 2.8 g hydrazine and 0.8 g
EDTA in 200 ml. distilled water. For convenience, 2.8 ml.aliquots of

the following mixture were pipetted into each cuvette.

Hydrazine-glycine-EDTA buffer 14.7 ml
2N NaOH 15.3 ml final pH
1% WAD 4 ml 9.5

Distilled water 22 ml

6.2 ml. samples of intestinal extracts (see p. 37 ) were added to each
cuvette and after tﬁorough mixing, the opticél density (El) was measured
at 340 mp on an SPBOO spectrophotometer. 0.01 ml. IDH (25 mg/ml) was
added and the cuvettes allowed to stand for 30 minutes, when the final
" optical density (E2) was read. As L (+) Lactate reacts quantitatively,

the amount in the sample was calculated from the optical density difference:

(E1-E2) x volume of fluid in cuvetie

J moles Lactate/cuvette
Extinction coefficient

The level of lactate in the tissue was then calculated from the appropriate

dilution factor and initial wet weight of intestine. This method was
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used to calculate tissue intermediate levels in all subsequent determin-~

ations.

To check that the assay was functioning correctly, a standard lactate
solution, obtained from Boehringer Corporation, was run at the same time
as the unknowms. In addition 0.025 ml. of standard was added to a
number of cuvettes after incubation, and a further quantitative increase
in optical density obtained, demonstrating the absence of any metabolic

inhibitpr in the intestinal extract.

Using the appropriate standards, these precautions were carried out

in all subsequent enzymic methods.

3. Glucose 6-phosphate

4. ATP

5. Creatine phosphate

These intermediates were measured on the sazme sample and in the same

cuvette.

3. Glucose-6-phosphate (method modified from that of Hohorst, 1963a)

The following reagents were pipetted into each cuvette:

0.2 M Tris buffer pH T.5 1.0 ml
1% NADP - 0.1 m
20 mil ATP 0.1 ml
1M Mg012 Ot ml
Distilled water 1.2 ml
Intestinal extract 0.5 ml

. After an initial reading the reaction was started by the addition of
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0.005 ml. G6PDH (10 mg/ml) and followed to completion on a Sargent
Model XXTI recorder attached to an SP800 spectrophotometer and set at

an expansion factor of 5. All subsequent measurements in the methods
described were recorded using these instruments. Conversion of
glucose-6-phosphate was complete in a few minutes and the final optical
density recorded. Each sample was measured individually. Vhen the
reaction had been completed, O.1 ml 100 mM glucose was added to each

cell prior to determination of ATP.
4. ATP (method modified from that of Lamprecht & Trautschold, 1963)

After an initial reading 0.005 ml HK was added and the reaction,
which went to completion in 5 minutes, followed at expansion facfor-g.
Bach sample was measured individually. For the determination of phospho-

creatine 0.1 mi 10 mM ADP was then added to each cell.

5. Creatine phosphate (method modified from that of Lamprecht

& Stein, 1963)

Initial readings were reccrded for all the samples at expansion
factor 2. 0.05 ml CPK (made up in 1% bovine serum albumin immediately
before use) was then added to every cell and the reaction mixtures -
allowed to stand for 30 minutes before the final optical density readings

~ were taken.

6. Glucose (method modified from that of Stein, 1963)

The following reagents were added to each cuvette:
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0.2 M Tris 0.2 M 1.0 ml

1% NADP 0.1 ml 0.1 ml
20 mM ATP 0.1 ml
1M Mg012 0.1 ml
Distilled water 1.6 ml
G6PDH v 0.005 ml
Intestinal extract 0.1 ml

The reaction was starbted by the addition of 0.005 ml. HK. Each
cell was recorded individually and the reaction was complete in 5-10

minutes.

T. ZEPyruvate (method modified from that of Bucher, Czok,
Lamprecht & Latzko, 1963)

The following reagents were added to each cuvettie:

0.2 M Tris

100 ml
0.125% NADFH 0.1 ml
Distilled water 0.9 ml
Intestinal extrach 1 ml

The reaction was started by the addition of 0.05 ml LDH (25mg/ml).
In this determination it was especially important to record the progress
of each individual reaction as the optical density tended to rise after

reaching its minimal point due to spontaneous reduction of NAD'.
8.  Citrate (method of Moellering & Gruber, 1966)

- Citrate was estimated by the decrease in optical density at 340 mp

" due to the formation of NAD' in the following reactions:



citrate lyase

citrate — acetate + oxaloacetate
<
malic dehydrogenase (MDH) .
oxaloacetate + NADH + H ~ malate + NAD
~———

LDH was added to the system to assay any pyruvate formed, non-enzymatically
from oxaloacetate.

LpH

pyruvate + NADH + HY =~ — lactate + NADY
—

2+

The reaction mixture and the enzyme preparation both contained Zn™ to
stabilise the enzyme activity.
The following reagents were pipetted into each cuvette:
Triethanolamine buffer (50 mi + 0.2 mY ZnC1,pH 7.6) 2.0 ml
0.125% NADH 0.1 ml
Distilled water 0.4 ml
Intestinal extract o : 0.5 ml
LDH $25 ng/m1) 0.005 ml
. MDH (5 mg/ml) 0.005 ml

After a stable reading was obtained the reaction was started by the
addition of 10 pl citrate lyase solution (10 mg/ml in triethanolamine
10 nif + 0.3 i ZnClpH 7.6). As in the determination of pyruvate it
was important to follow each individual change in optical density on
account of the spontaneous reduction of NAD+, when the optical density

tended ‘to rise after reaching its minimal point.
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9. Hexokinase (method médified from that of Sharma, Manjeshwar &
Weinhouse (1963) as used by lclean & Brown (1966) ).

The following reagents were added to a microcuvette 3

NADP 0.9 mil )
ATP 4.7 md )
NgCl, 5.5 nlf )
EQN 2.3 m )

Stock solution 1.1 ml.

G6PDH 0.002 ml.
M glucose 0.06 ml.

The reaction was started by the addition of 0,05 ml. intestinal
extract containing hexokinase. The increase in optical density with
time was recorded for about 2 minutes from which the initial rate of the

reaction could be calculated.

Protein in the extract was estimated at 660 mp in an SP506 spectro—
photometer according to the method of Lowry,lRosebrough, Farr & Randall
(1951) and related to standard solutions of Bovine Serum Albumin incubated
at the same time as the unknowns. The results for hexokinass activity
" in the extracts were then ezpressed as pi glucose hydrolysed/min/mg.

protein.
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Expression of results

The terms used in expressing the results are listed below. The
definition of each term is the same as that used by Barry, Matthews &

Smyth-(1961).

The initial mucosal and serosal glucose concentrations are the

concentrations in the mucosal and serosal fluid at the beginning of

the experiment.

The final mucosal glucose concentration is the concentration of

glucose in the mucosal fluid at the end of the experiment.

The final serosal glucose concentration is the concentration of

glucose in the serosal fluid at the end of the experiment.

The mucosal glucose transfer is the amount of glucose vhich disappears

from the mucosal fluid.

The serosal glucose transfer is the increase in glucose in the

serosal fluid.

The gut glucose uptake is the difference between the mucosal glucose

transfer and the serosal glucose transfer (the term includes therefore
‘glucose metabolised and also glucose present in the gut wall at the end

of the experiment).

All these quantities a2s defined are taken to be positive. Under

certain conditions some of them may become negative. (see p. 54 ).



53

The final concentration ratio as used by Wiseman (1955) is the
ratio of the final concentration in the serosal fluid of substance

transferred to its final concentration in the mucosal fluid.

1. Fisher-Parsons preparation

In experiments involving homogenisation of the segment, the results
were expressed in terms of intestinal length measured at the end of
incubation. In other experiments with this preparation, (except for
those involved in the determination of the pentose shunt), the segment
was transferred to a weighed beaker at the end of incubation, dried.for
24 hours in an oven at 11000, re-weighed, and the results expressed in
terms of intestinal dry weight. The results for oxygen uptake in
table 5 were also expressed in terms of intestinal wethweight measiied

at the end of the experiment.

2. ' Bverted sacs

Crane (1950) examined the distinction between "active" and "passive"
transport and concluded that the "clearest experimental evidence which
can be obtained for active transport is the net movement of molecules

against a concentration difference’.

In the present investigation with everted sacs, the initial glucose
serosal/mucosal concentration ratio was 1.00 and the appearance, after

incubation of a final concentration ratio of glucose of greater than
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unity has been taken as strong evidence for the active transport of

glucose.

Sacs prepared from regions 5 and 6 of the small intestine of normal
rats are unable to bring about the net transfer of glucose from the
mucosal to the serosal fluid (Hindmarsh et al, 1967), and the mucosal
and serosal glucose transfer values are, therefore, both negative, and
the final glucose concentration rétios less than unity in this condition.
However, in sacs prepared from insulin-deficient animals, net glucose
absorption was demonstirated in regions 5 and 6. This effect was more
striking as distance from the ileo~caecal junction increased, so that
the mucosal transfer values became more negative, those for serosal
transfer progressively less negative and then positive, and final concen-
tration ratios of greater than one were attained. In view of these changes
and especially the difficulty of expressing meaningfully the average of
a number of neéative and positive values, it was decided to express the
. results for mucosal and serosal glucose transfers and final concentration

ratios of saes in regions 5 and 6 in graphical rather than tabular form.

The mucosal and serosal glucose transfer values were so arranged
JI‘Q’C’C{‘( I
that the distance between them represented the gut glucose uptake by each
individual sac. . In table 7, the final concentration ratios developed by

sacs in region 6, 1 and 3 days after treatwent with streptozotocin were all

above unity, and were presented as individual values, and not as a graph.

In the upper ileum (region 3-4) a gradient of glucose absorption was
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not observed, and the results for mucosal and serosal glucose transfers
and gut uptake and final concentration ratio were expressed as means t.

s.e.me with the number of sacs in parenthesis.

The results for transfer capacities of the intestine were expressed
as the amount of substance transferred per gram initial wet weight of
intestine, as is the practice of other workers in this field (e.g. Levin
& Smyth, 1963). However, the data presented in table 1 shows that the
initial dry weight/wet weight ratio of intestine taken from streptozo-~ ‘
tocin diabetic rats differs from that of normal rats. This fact has
been taken into consideration in the presentation of the results, and
where necessary, these have been expressed both in terms of initizl wet
weight as measured before each experiment and initial dry weight using
the conversion data in table 1. The initial dry weight/wet weight ratio
of intestine taken fiom anti—inéulin—serum—treated rats was assumed not
to have changed from normal in the 1 hour between injection and experi-
ment. Hindmarsh et al (1967) have provided data on the reduction in
1'at-free dry weight of intestine after semi-starvation. The results
in the present work on sacs made from animals starved for 5 days (which
corresponds to a condition of semi-starvation see p.23 ) have, therefore,
.been expressed bpth in terms of inifial wet weight of sac, and of initial

fat free dry weight of sac using the conversion data of Hindmarsh et al.

3. Tissue intermediate determinations
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In a number of experiments, tﬁe first part of the extraction
procedure used for estimation of tissue intermediates (immersion in
liquid nitrogen) was carried out to determine the effect of this
treatment on the initial intestinal dry weight/wet welight ratio.

;I‘he results, which are shown in table 2,were used to convert the values
for tissue intgrmediateé from pii/g initial wet wh. to jM/g initial

dry wbe. in which form they are expressed in table 26.
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TABLE 1

RATIOS OF DRY WEIGHT OF SEGMENTS OF UPPER AND TERLINAL ILEUM (REGIONS
WET VEIGHT

3-4 AND 6) TAKEN FROM NORMAL AND STREPTOZOTOCIN-DIABETIC RATS

DRY WEICHT DRY EICHT
WED WEIGHT VET WEIGHT
Region 3-4 Region 6
Normal 0.28 ¥ 0.01 0.32 ¥ 0.02
(18) (18)
+ +
Streptozo- 0.18 - 0.01 0.18 = 0.01
tocin (12) (12)

Method below*
Values are means ¥ S.e.m. with numbers of rats in
parenthesis.

‘Streptozotocin animals used 7 days after 65 mg/kg i.v.
* {/ith the 2nimal under ether anaesthesia, the
appropriate segment of intestine was identified,
washed out with cold saline, removed from the rat,
gently blotted and placed in a weighed beaker.
The beaker was re-weighed and then placed in

an oven a2t 110°C for 24 hours and weighed again .,
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TABLE 2

RATIOS OF DRY WEIGHT AFTER PRELINMINARY EXTRACTION (TMMERSICN IN LIQUID
WET VEIGHT .
NITROGEN) OF SEGUENTS OF UPPER AND TERMINAL ILEUM (REGION 3-4 and 6)

TAKEN FROI NORIAL AND STREPTOZOTOCIN-DIABETIC RATS

DRY VIEIGHT DRY WoIGHT
WET WEIGHT - \I[ET WEICHT
Region 3-4 Region 6

Normal 0.21 £ 0.01 0.20 £ 0.02
- (6) (6)
+ +

Streptozo- 0.15 =~ 0.01 0.15 - 0.00
tocin (4) (4)

Method p. 56 and legend to table 1.

+ R .
Values are means ~ S.e.m. with number of rats in

parenthesis.

Streptozotocin animals used 7 days after 65 mg/kg

ieve
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RESULTS

I Absorption and metebolism of glucose by segments of lower jejunum/

upper ileum from normal}anti—insulin—serum treated and streptozo—

tocin dizabetic rats

Tables 3 and 4 summarise a number of experimenfs in which segments
of lower jejunﬁm/upper ileum taken from normal and insulin-deficient
rats were incubated in a Fisher—Paisons preparation in the present of
glucose (5.55m) on both the mucosal and serosal sides, and with u-14¢-
glucose added to the mucosal side only. Segments from rats which failed
to show a significanf rise in blood sugar after thé injection of 1.51. .
anti-insulin-serum were included in the table under the heading "low
potency AIS" and the results compared with those obtained with "high

potency AISY.

The small number of insulin deficient animals aveilable for this
study precluded the application of statistics to the data obtained, and
these results are therefore listed as individuel values. They suggested
- thet insulin deficiency increased mucosal and serosal glucose traésfers
and the accumulation of radioactivity in the intestinal extract. The
formation of lactic acid also appeared to be enhanced in streptozotocin
induced experimental diabetes, and also in thé presence of insulin
(100 mU)hl) in the mucosal and serosal media. The results suggested

that more carbon dioxide was formed from radioactive glucose in insulin
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TABLL 3
THE ABSORPTICN OF GLUCOSE BY SEGMENTS OF LOVWER JEJUNUM/UPPER ILEUM PREPARED FROM NORMAL, ANTI-INSULIN-
SERUM-TREATED AND STREPTOZOTOCIN-DIABETIC RATS

Control Low Potency High Potency Streptozotocin * Insulin
AIS ATS
Number of 6 4‘ 2 2. 2
Experiments
Mucosal Glucose | 2.78 L 0.35 3.57 L 0.19 4.12 g 4.01 g 3.07 g
Dransfor 6.03 ) 207 3:00 § 40 2.47 5 2°T1
Serosal Glucose |1.29 = 0.24 1.14 = 0.42 3.43 ; 2.31 3 2.02 3
Transfer 4.09 § 376 3.23 ) 2-87 1.28 § 165
+ + :
-Gut Glucose 1.49 = 0.40 2.42 = 0.36 0.70 ) 1.84 g 1.05 3
Uptake 1.94 132 0.69 ) 1+26 1.19 § 1+12
Gut Glucose
Uptake as af 54 68 26 36 40
mucosal glucose '
transfer

All incubations carried out for 30 mins. in a Fisher-Parsons preparation. Substrate glucose 5.55 mll in
mucosal and serosal media.* Insulin added to both mucosal and serosal media at 100 mU/ml.

Results for controls and low potency A.I.S. expressed as means % s.e.m. Results for high potency A.I.S.,
streptozotocin and insulin expressed as individual values with averages. Units: pM/cm/3O mins.
Anti-insulin-serum animals used 1 hour after injection of 1 ml. i.v. '

Streptozotocin animals used 7 days after 65 mg/kg i.v.
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TABLE 4

THE NETABOLISM OF SEGMENTS OF IOWER JEJUNUL/UPPER ILEUM PREPARED FROM NORMAL, ANTI-INSULIN-SERUM-TREATED

AND STREFTOZOTOCIN-DIABETIC RATS INCUBATED IN THE PRESENCE OF GLUCOSE—U—14C

Control Low Potency AIS HighAfgtency g4 St{g Eﬁzo- * Insulin
' 1 o : +
Serosal Lactate 0.32 = 0.03 0.85 = 0.24 | 0.34 g 0.22 1.80 g 1.82 1.31 g 1.07
(6) (4) 0.10 1.84 0.83
Mucosal Lactate 1 1.65 ¥ 0.38 3.40 £ 0.46 | 3.39 ) 3.80 g 2.38 g
: 2.61 ) 3.00 3.20 3:50 2.57 2.41
(6) (4)
Serosal + Mucosal Lactate 1 1.97 4.25 3.22 5.32 3.54
14 2 + +
Total ~CO 0.19 = 0.07 0.24 < 0.05 | 0.32 0.35 0.24
2 0.31 g 0.32 | 5732 g 0.36 0.24 g 0.24
(6) (4)
14, . 2 + +
C in Extract 0.49 T 0.20 0.50 = 0.07 | 1.43 ) 1.08 ) 0.60 g
1.24 3 1034 | 571§ 090 | o.53 § 0456
(6) (4)
14 . . 2 + : +
C in Residue 0.17 = 0.06 0.10 £ 0.02 |0.53 0.19 0.14
033 3 0.5 | 3:12 g 0.18 | 214 g 0.16
(6) (4)

" A1l incubations carried out for 30 mins. in a Pisher-Parsons preparation. Substrate glucose 5.55 ml
in mucosal and serosal media. Glucose—U—14C added to mucosal media. * Insulin added to mucosal and

serosal media at 100 mU/ml, (number of experiments in brackets) .

Results for controls and low potency A.I.S. expressed as means t s.e.m.//Results for high potency A.I.S.

streptozotocin and insulin expressed as individual values with averages. '

Unitsi= | J/cm/30 mins. |

Anti-insulin-serum animals used 1 hour after injection of 1 ml. i.v. Streptozotocin animals used 7 days

after 65 mg/kg i.v. '

z)ﬂﬁ glucése equivalent/cm/30 mins.
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TABLE 5

OXYGEN UPTAKE OF SEGMENTS OF IQWER JEJUNUM/UPPER ILEULM PREPARED FROM
NORMAL AND STREPTOZOTOCIN DIABETIC RATS

1% 19, 190,

(pl/hg wet wi/br) (Pl/hg dry wt/hr) | (p1/em/br)

NORMAL 1.47 ¥ 0.19 7.76 ¥ 1.02 0.11 ¥ 0.01
(4) (4) (4)

STREFTOZOTOCTH 1.37 ¥ 0.15 9.13 1.03 0.13 ¥ 0.01
(5) (5) (5)

Incubations carried out for 30 mins. in a modified Fisher-Parsons
preparation (p.32).

Substrate glucose 5.55 mi.

Values are means : g.c.m. with number of experiments in brackets.
None of the differences between normal and streptozotocih—
diabetic was statistically significant (p> 0.05).

Streptozotocin animals used 7 days after 65 mg/kg 1.v.
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deficiency and that some of the extra glucose carbon atoms entering the
intestine of AIS-treated rats were appearing in the intestinal residue

after extraction.

IT Oxygen uptake of segments of lower jejunum/upner ileum prepared

from normal and streptozotocin diabetic rats

Table 5 lists the sz values obtained from intestine of a number
of normal and streptozotocin diabetic animals. Rats rendered insulin-
deficient with anti-insulin—sefum were not available for this study.
None of the differences between the normal and streptozotocin conditions

was statistically significant.

III Absorption of glucose by everted sacs of upper and lower ileum of

normal, anti-insulin-treated, streptozotocin-dizbetic and starved

rats

Glucose absorption was studied in everted sacs prepared from normal
AIS-treated, streptozot&cin-diabetic and starved rats. The results for_
regions 5 and 6 are shown graphically, in figures 2, 3, 4 and 5 and those
for region 3-4 are listed in teble 6. Experimental insulin deficiency
was seen to haeve a dramatic effect on glucose absorption. In region 6,
serosal glucose transfer became gradually less negative, and was positive
in sac 4 from the AIS-treated animel and in sac 2 from the streptozo-
tocin-diabetic animal. The effect of insulin deficiency in region 5

was similar to that in region 6, and was especially striking in the
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Fig. 2 Glucose absorption by everted sacs of terminal ileum
(region 6) prepared from normal and anti-insulin-serum-

treated rats.

2 Active

ion

Concentrat

Ratio
o
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!
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Serosal
Transfer

Mucosal Transfer
(uM/awet/30m.)

0
o

Sac Number Sac Number
‘Region 6 Normal Region 6 A.L.S.

Everted sacs incubated for 30 minutes. Substrate glucose 5.55 mld.
Mucosal transfer was taken as negative. Serosal transfer was negative
above the zero line and was positive below the zero line. Units for
mucosal and serosal transfer @ pM/g initial wet wt./30 mins. Each
point the mean of the results obtained from two sacs prepared from

the same region of different rats. - Initial glucose serosal/mucosal
concentration ratio was 1.00. The development of a final concentra-
tion ratio of glucose of greater than unity has been taken as evidence
for the active transport of glucose. )
Anti-insulin-serum animals used 1 hour after injection of 1 ml i.v.
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Fig. 3 Glucose absorption by everted sacs of terminal ileum
(region 6) prepared from streptozotaocin-diabetic and

starved rats.
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1 2 3 4L 5 6
Sac Number Sac Number
Region 6 ' _ Region 6
Streptozotocin Starved

Everted sacs incubated f£or 30 minutes. Substrate glucose 5.55 mld.
Streptozotocin animals used T days after 65 mg/kg i.v.

Animals starved for 3 days with access to water only.

Remainder of legend as for fig. 2.
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Fig. 4 Glucose absorption by everted sacs of lower ileum (region 5)

prepared from normal and anti-insulin-serum—treated rats.
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Everted sacs incubated for 30 minutes. Substrate glucose 5.55 mil.
Anti-insulin-serun animals used 1 hour after injection of 1 ml i.v.
Remainder of legend as for fig. 2.



67

Fig. 5 Glucose absorption by everted sacs of lower ileum
(region 5) prepared from streptozotocin-diabetic and
starved rats. ‘
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‘Everted sacs incubated for 30 minutes. Substrate glucose 5.55 mll,
Streptozotocin animals used 7 days after 65 mg/kg i.v. -

Animals starved for 3 days with access to water only.

Remainder. of legend as for fig. 2.
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TABLE 6

GLUCOSE ABSORETION BY EVERTED SACS OF UPPER ILEUM (REGION 3-4) PREPARED FROM NORMAL, ANTI-INSULIN-
SERUM-TREATED, STREPTQZOTOCIN-DIABETIC, AND STARVED RATS .

Mucosal Serosal Gut Gut ﬁptake Final
Glucose Glucose Glucose as a % Concentration
Transfer Transfer Uptake lucosal Ratio
Transfer
NORMAL 37.252.5(115) 1 | 5.1%0.7(16) ! 32.1%2.6(99)} 86 1.82%0.05
(12) (12) (12) (12)
ANTT- 471530101517 [ 5.5%1.3018)1 | 41.6%301(139)] 86 2.29%0.07"
INSULIN- (12) (12) (12) (12)
SERUM
STREPTOZO- | 71.1%6.4(395)" | 9.551.7(53)" 61.6%437(342)] 87 2.56t0.12"
TOCIN (18) (18 (18) (18)
STARVED 19.1%337(85)2 |5.351.1(23)% | 14.0%3.7(62)°2 73 1.47%0.06"
(11) (11) (11) (11)

Everted sacs incubated for 30 mins. Substrate glucose 5.55 mil.
Units := jif/g initial wet wt./30 min. (mean I s.e.m. with number of sacs in brackets).
Figures in brackets ( )1 expressed as jli/g initial dry wt./30 min. using the data in table 1.

Figures in brackets ( )2 expressed as jM/g initial fat free dry wt./30 min. using data of Hi?dmarﬁh
et al (1967).
* Denotes p valuesg{ 0.05 compared with normal. Initial glucosc serosal/mucosal concentration

ratio was 1.00. Anti-insulin-serum animals used 1 hour affer injection of 1 ml. i.v. -
Streptozotocin animals used 7 days after 65 mg/kg i.ve Animals were starved of food for 3 days

with access to water only.
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steptozotocin-diabetic condition where the results were of the same

order ‘as those seen under normal conditions in region 3—4. (See table
6). In this region, mucosal glucose transfers, gut glucose uptakes

and final concentration ratios were all significantly increased in sacs
prepared from AIS end streptozotocin-treated animals. Serosal glucose
transfers were also increased in both conditions. Tpe increases were
statistically significant in sacs'prepared from streptozotocin-treated

animals, but not in those prepared from AIS-treated animals.

Thé results in column 4 of table 6 suggested that an approximately
equal percentage of glucose leaving the mucosal side, was retained or -
utilised in the gut wall of sacs from normal and insulin-deficient rats,
but that this percentage dropped in sacs from starved animals, I{ was
difficult to calculate this percentage for the results obtained in regions
5 and 6, on account of their variability with distance from the ileo-
caecal junction, and the lack of a suitable control. (In normal sacs
from these regions, the gut glucose uptake is compounded of two negative
factors (serosal and mucosal glucose transfers) oné of which, (serosal

transfer) becomes positive in the insulin-deficient and starved conditions).

In region 6 (fig. j) the effect of starvation was to increase the
final concentration ratio of glucose almost to unity, to decrease mucosal
* glucose transfer, and to increase serosal glucose transfer which becanme
progressively less negative with distance from the ileo—caecal junction.

In region 5 (fig. 5) final concentration ratios of glucose of greater
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than one were established, and serosal glucose transfer became positive,
but the marked decrease in mucosal glucose transfer apparent in regioﬁ_

6 was not observed in region 5. In region 3~4, the upper ileum, mucosal
glucose transfer by sacs from starved animals was approximately half

that of normal when expressed in terms of initial wet wt. of sac, but
the reduction was less (36%) when expressed in terms of initial dry wi.
(table 6). Sérosal glucose transfer in region 3-4 was increased when
expressed in terms of dry wt. but the final glucose concentration ratio

was slightly depressed, in contrast to regions 5 and 6.

A number of experiments were carried out in which final concentration .
ratios of glucose were measured in sacs of region 6 and region 3~4 pre-
pared from rats injected one and three days previously with stréptozotocin,
as opposed to the usual seven day period. The results which are given
in table T, indicated that eagh'sac prepared from region 6 attained a
final concentration ratio of glucose of greater than unity, and that the
mean gradients attained in region 3-4 were significantly greater than

rormal.

IV Formation of carbon dioxide from glucose during absorotion by

everted sacs from normal, anti—-insulin-serum—treated, streptozo-

tocin-diabetic and starved rats

In table 8 are listed the values for radioactive carbon dioxide

in the mucosal medium formed from glucose in the various conditions and
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FINAL, GLUCOSE CONCENTRATION RATIOS DEVELOPED BY EVERTED SACS OF UPPER

AND TERMINAL ITEUM (REGIONS 3-4 and 6) PREPARED FROM RATS INJECTED ONE

AND THRE® DAYS PREVIOUSLY VWITH STREPTOZOTOCIN

" Region 6 Region 3-4
Normal < 1 1.82 £ 0.05
(12)
1 Day I;éo-Caepal Junction
. 1.17 1.08
Streptozotocin 1.20 1.30 .
1-27 1-25 2059 - 0016
1.24 1.70 (6)
1.32 1.73
. 1.28 WV 1.91
Region 5
3 Day Ileo-Caecal Junction
Streptozotocin _ 1.50
1.36 : + *
1.43 - 2,20 - 0.07
1.55 (6)
1.47
1.44
. Region 5

Everted sacs incubated for 30 mins.
Substrate glucose 5.55 mM.

Results in Region 6 are individual values for each sac, prepared in

the direction shown.
number of sacs in brackets.

* Denotes p values 0.05 compared with normal.
p

Results in Region 3-4 are means } s.eum. with

Normal value is taken from Table 6.

coNtaes
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Legend to Table 7 conte.

Initial glucose serosal/mucosal concentration ratio was 1.00
Streptozotocin animals uséd1and 3 days after 65 mg/kg ieve
Blood sugar levels in the streptozotocin animals were all above
250 mg/ﬁoo ml prior to experiment.
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FORMATION OF RADIQACTIVE CARBON DIOXIDE FROM GIUCOSELU-C14 BY EVERTED

SACS OF UPPER, LOWER AND TERMINAL ILEUM (REGIONS 3-4, 5 and 6) .

PREPARED FROM NORMAL, ANTT-INSULIN-SERUM~TREATED, STREPTOQZOTOCIN-

DIABETIC AND STARVED RATS

Region 3-4

Region 5

Region 6

Normal

1.64%0.07 (5.1)]
(23)

1.26%0.09 (4.2)"
(10)

1.11%0.08 (3.7)]
(n

Anti-Insulin-
Serum

1.67%0.08 (5.4)

1.37%0.12 (4.6)"

1.33%0.11 (4.4)"

(11) (18) (12)
TS 1 + % 1, e (1
Streptozotocin { 1.79=0.11 (9.9) |0.85=0.09 (4.7) 1.42-0.11 (7.9)
(24) (11) (23)
‘Starved 0.32%0.04"(1.42)2 | 0.48%0.037(2.0)2 | 0.61%0.04"(2.75F
(12) (12) (12)

Everted sacs incubated for 30 mins.

Substrate glucose 5.55 nll.
Unitss- M glucose equivalent/g initial wet wt/30 min (mean ¥ s.e.m.

with number of sacs in brackets).

Figures in brackets ( )1 expressed as pli/g initial dry wt/30 min.

using the data in Table 1.

Figures in brackets ( )2 expressed as pM/g initial fat free dry wt./
using the data of Hindmarsh. et al (1967).

* Denotes p values £ 0.05 compared with normal.

30 min.

Anti-insulin-serum animals used 1 hour after injection of 1 mli.v,

Streptozotocin animels used 7 days after 65 mg/kg i.v.

Rats were starved for 3 days with access to water only.




regions of the small intestine. It should be noted that each of these
results represents the bound (i.e. in solution) fraction of the total
radioactive 14002 evolved, figures for which were obtained for intestine

of normal and insulin-deficient rats using the Fisher-Parsons preparation

(table 4). Sacs from region 3-4 formed more 14CO from glucose than

2
sacs from region 5 and region 6, and the differences were statistically
significant. In streptozotocin diabetic animals, there was a slight

but significant increase in the conversion of glucose %o 002, except in
region 5, but in the case of the AIS-treated animals the differences were
not statistically significant. Starvation induced a highly significant

drop ( p <0.001) in 14CO production which was still apparent when the

2

results were expressed in terms of initial dry weight of sac.

'V Formation of lactic acid during glucose absorption by everted sacs

from normal, and insulin deficiesnt rats

Total lactic acid production was studied during the absorption of
glucose by sacs from regions 3-4 and 6,to determine whether the glycolytic
activity of the small intestine was altered in insulin deficient animals;
It was decided not to pursue sﬁudies on region 5,since the effects of
insulin deficiency in the lower ileum were more strikingly shown in region
6. The results for medium and tissue lactate determinations are shown
in tables 9 and 10. Final concentration ratios of glucose were also

measured in these experiments as an index of glucose transport. The
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TABLE 9
FORMATION OF LACTIC AéID IN THE PRESENCE OF GLUCOSE BY EVERTED SACS

OF UPPER ILEUM (REGION 3-4) PREPARED FROM NORMAL, ANTI~-INSULIN-SERUN-
TREATED AND STREPTOZOTOCIN DIABETIC RATS

Final Concen— | Serosal Mucosal Tissue
tration Ratio | Lactate Lactate Lactate
Normal 1.61%0.05 5.8%0.5 8.3%0.6 6.9%0.6
(12) (12) (11) (4)
Anti-Insulin- : :
Serum 2.20%0.08" | 8.7%0.5" 23.5%2,2" 9.9%1.2"
(6) (6) (16) (4) -
Streptozo-| 2.6280.06 7.8%0.5" 12.381.2" 13.1%1.37
tocin (12) (12) (18) (7

Everted sacs incubated for 30 mins.

Substrate glucose 5.55 mM.

Units:- /g initial wet wt./30 min. (% s.e.m.)

For final concentration ratio, serosal lactate and mucosal lactate,
figures in brackets indicate number of sacs. For tissue lactate,
figures in brackets indicate number of groups of pooled sacs (3 sacs
per group). .

# Denotes P values S: 0.05 compared with normal. .

Initial glucose serosal/mucosal concentration ratio was 1.00
Anti-insulin-serum animals used 1 hour after injection of 1 ml i.v.

Streptozotocin animals used 7 days after 65 mg/kg i.v.
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FORMATION OF IACTIC ACID IN THE PRESENCE OF GLUCOSE BY EVERTED SACS

OF TERMINAL ILEUM (REGION 6) PREPARED FROM NORMAJ,, ANTI-INSULIN-SERUM-

TREATED AND STREPTOZOTOCIN-DIABETIC RATS

Final Serosal Mucosal Tissue
Concentration | lactate Lactate Lactate
Ratio
Normal 0.94%0.03 1.9%.4 2.8%0,2 2.5%0.2
(12) (12) (12) (4)
Anti- 1.18%.08"  |3.7%0.5" 754%1.3" 4.1250.47
Tnsulin- (12) (6) (6) (6)
Serum )
Streptozo- | 1.85%0.07" 4.1%0.77 6.0%0.8" 6.1%0.7"
tocin (20) (12) (12) (1)

Everted sacs incubated for 30 mins..

Substrate glucose 5.55 mll.

Units:—~ }ﬂ@/g initial wet wt./30 min. (t See.m.) _
For final concentration ratio, serosal lactate and mucosal lactate,
figures in brackets indicate number of sacs. .

For tissue lactate, figures in brackets indicate number of groups
of pooled sacs (3 sacs per group).

* Denotes p valuesggCLOS compared with normal.

Initial glucose serosal/mucosal concentration ratio was 1.00
Anti-insulin-serum animals used 1 hour after injection of 1 ml i.v.

Streptozotocin animels used 7 days after 65 mg/kg i.v.
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~results in table 9 and 10 indicated that lactate formation by sacs of
normal intestine was more than three {imes greater in the upper as
opposed to the terminal ileum. Concomitant with an increase in the
final concentration of glucose, insulin deficiency was observed to
increase medium and tissue lactate values in both regions 3—4 and 6;
and the increases were all statistically significant when compéred with
normal. Although the results show that in each condition the absolute
amount of lactate formed was higher on the mucosal rather than serosal
side, é concentration gradient of lactate was alwayg esfablished in the

opposite direction.

VI TFormation of lactic acid during 3-methyl glucose absorption by

sacs from normal and insulin deficient rats

The results in tables 9 and 10 give no indication as to the source
of the lactic acid produced. This could arise from the metabolism of
the glucose enteriﬁg,or from endogenous sources. An attempt was made
to answer this question by incubating sacs in the presence of the non-
utilisable but actively transported sugar, 3-methyl glucose. It was
also thouéht that this approach would show whether the stimulatory effect
of experimental diabetes was exerted on the transport and/or the metabolism

- of the entering sugar.

The results for lactate formation by everted sacs incubated in the

presence of 3-methyl glucose are given in tables 11 and 12. As in tables
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FORMATION OF LACTIC ACID IN THE PRESENCE OF 3-O-METHYL GLUCOSE BY

EVERTED SACS OF UPPER ILEUM (REGION 3-4) PREPARED FROM NORMAL, ANTI-

INSULIN-SERUM-TREATED AND STREPTOZOTOCIN-DIABETIC RATS

Final Serosal Mucosal Tissue
Concentration Lactate Lactate Lactate
Ratio
Normal 1.23%0.02 1.4%0.2 4.3%0.9 2.0%0.2
(36) (23) (22) (4)
) * * *
Anti- 1.25%0.01 2.0%0.2 9.7%0.9 2.9%0.1
Insulin- (12) (9) (6) (4)
Serum '
’ * *
Streptozo- | 1.47%0.04 o.ar0.3% | 7.3%1.1 3.7%0.6
tocin (12) (12) (11) (4)

Bverted sacs incubated for 30 mins.

Substrate 3—0—meth&l glucose 5.55 mi.

Units:— jM/g initial wet wt./30 mins. (mean T s.eum.).

For final concentration ratio, serosal lactate and mucosal lactate,
figures in brackets indicate number of sacs.

For tissue lactate, figures in brackets indicate number of.grbups
of pooled sacs (3 sacs per group).

¥ Denotes p values < 0.05 compared with normal.

Initial glucose serosal/mucosal concentration ratio was 1.00. \
Anit-insulin-serum-treated animals used 1 hour after injection
of 1 ml i.v.

Streptozotocin animals used 7 days after 65 mg/kg ieve




TABLE 12

19

~-FORMATION OF LACTIC ACID IN THE PRESENCE OF 3-O-METHYL GLUCOSE BY

" EVERTED SACS OF TERMINAL ILEUM (REGION 6) PREPARED FROM NORMAL,

ANTI-~TNSULIN~-SERUM-TREATED AND STREPTOZOTOCIN-DIABETIC RATS

Final Serosal Mucosal Tissue
Concentration | Lactate Lactate Lactate
Ratio
Normal 0.94%0.01 J0.8%0.09 |3.8%0.24 |1.5%0.1
(24) (18) (17) (4)
* *
Anti-insulin- | 0.95 £ 0.01 [1.6%0.2" | 5.2% 0.4 |3.0%0.2
serum (11) (6) (6) (4)

Streptozo-
tocin

b %
1.15 - 0003
(32)

2.8 £ 0.3"

(4)

3.3%0.4"
(4)

Everted sacs incubated for 30 min.
Substrate 3-methyl glucose 5.55 mM.
Units:- “jM/g initial wet wt/30 min. (mean % s.e.m.)

. For final concentration ratio, serosal lactate and mucosal lactate,

figures in brackets indicate number of sacs.,

For tissue lactate, figures in brackets indicate number of groups

of pooled sacs (3 sacs per group).

* Denotes p values  0.05 compared with normal.

Initial glucose serosal/mucosal concentration ratio was 1.00.

Anti-insulin-serum-treated animals used 1 hour after injection of

1 ml. i.v.

Streptozotocin animals used 7 days after 65 ng/kg. i.v.
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9 and 10,final concentration ratios of the incubating sugar were

measured as an index of intestinal transport.

Pre-treatment with streptozotocin increased significantly the final
3-methyl glucose concentration ratios in region 3-4 and region 6, but
anti-insulin-serun~treatment was inéffective in this respect. As in
figures 2 and 3 where glucose was the incubating sugar, the appearance
of active sugar transport in sacs of terminal ileum from streptozotocin
diabetic animals, was suggested by the following typical series of final
3—methyi glucose concentration ratios:-

Ileo~caecal
junction 0.92 1.04 1.09 1.24 1.36 1.42 region 5

region 6
The figures were averaged for inclusion in table 12.

‘The results in tables 11 and 12,show that medium and tissue lactate
values for sacs prepared from insulin deficient rats were increased in

both regions, and that the increases were statistically significant.

To obtain an estimate of the relative contributions of entering
glucose and endogenous sources to total lactate formation,the figures
for serosal, mucosal and tissue lactate in tables 9, 10, 11 and 12,

- have been summed in each condition and are presented in table 13.
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TOTAL LACTIC ACID FORMATION IN THE PRESENCE OF GLUCOSE OR 3-METHYL

GLUCOSE BY EVERTED SACS OF UPPER AND TERMIWAL ILEUM, PREPARED FROM

NORMAL, ANTI-INSULIN-SERUM-TREATED AND STREPTOZOTOCIN~DIABETIC RATS

Region 3-4 | Region 3~4 Region 6 Region 6
Glucose 5.55( 3 Methyl Glucose 5.55| 3 Methyl
mM Glucose mil Glucose
De¢55 mH 5¢55 mi
Normal 22.6 (75.2) 7.8 (25.8) 7.2 (24.0) 6.2 (20.6)
Anti~ ) : ' ‘ o
Insulin- 42.1 (140.4) [14.5 (48.4) | 15.2 (50.6) 9.7 (32.3)
Serum '
Streptozo- 33.2 (184.5) |13.3 (74.0) | 16.2 (90.0) [11.8 (65.8)
tocin

The Table summarises the data contained in Tables 8, 9, 10 and 11.
Everted sacs incubated for 30 mins.

Substrate as indicated.
Units:i~ /g initial wet wt/30 min.
expressed as /g initial dry wt/30 min. using the conversion
data in Table 1.

Other conditions as given in tables 8, 9, 10, 11.

Figures in brackets are.
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VII Conversion of absorbed glﬁcose to lactic acid by everted sacs

prepared from normal,and insulin deficient rats

A further series of experiments were designed to determine the
extent of conversioﬁ of radioactive glucose entering the intestine, to
lactic acid. After incubating sacs with U—14C glucose,lactic acid
was isolated f&om the intestine;and its specific activity measured.
The ratios of this final specific activity in the various conditions
to that of the original glucose starting material are given in tables
14 and 15, It is pOSS1b1e that the observed effects accompanylng 1nSu11n
deficiency in the intestine could be due primarily not to lack of 1nsu11n,
but to some secondary factor such as an increased blood sugar level.
This factor might be reflected in the intestine as an elevated tissue
pool of glucose;which might serve as a precursor for the increased lactate
formed in expgrimental diabetes. To test this possibility, glucose was
isolated from sacs at the end of incubation for measurement of its final
specific activity. If tﬁere was an elevated pool of glucose in the
inteétine of insulin deficient rats,then the final specific activity would
be expected to be lowered. The results are included in tables 14 and 15
as both the lactate and glucose specific activity determinations were
carried out on the same intestinal extracts. The results indicated that
in neither the normel nor insulin deficient conditions was the final
specific activity of the radioactive glucose changed significantly from

its initial value. The ratios of final lactate to final glucose specific



. 83
TABLE 14
CONVERSION OF ABSORBED GLUCOSE—U—C14 TO LAGTIC ACID AND FINAL SPECIFIC

ACDIVITY OF GLUCOSE ABSORBED BY EVERTED SACS OF UPPER ILEUM (REGION 3-4)
PREPARED FROM NORMAL, ANTI-INSULIN-SERUM~TREATED AND STREPTOZOTOCIN-

DIABENIC RATS
Final lactate | % Glucose Initial Final
S.A. entering con-| glucose S.A.| glucose S.A.
Initial verted to
glucose S.A. lactate
Normal 0.155%0.01 7.95 10,258 946951186
(4) (4)
Anti- 1 0.21%0.01" 10.5 11,932 10,276%660
Insulin- (4)- ' (4) -
Serum
+ * | +
Streptozo- | 0.19-0.01 9.5 a)76,643 778681954
tocin (10) (4)
| b)24,703 26,3081156
(3)

Everted sacé incubated for 30 mins. Substrate glucose 5.55 mM.

Uﬁits for specific activity (S.A.) dpmApM.

Values are means & s.e.m. with number of rats in brackets (the 6 sacs
prebared from each rat were pooled at the end of the experimentj.

* Denotes p values 0.05 compared with normal.

Figures for percentage glucose entering converted to lactate were
calculated on the basis that one mole of glucose is converted to two

moles of lactate. ’

Anti-insulin-serum-treated animals used 1 hour after injection of 1 ml i.v.

Streptozotocin animals used 7 days after 65 mg/kg i.v.
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TABLE 15 4

CONVERSION OF ABSORBED GLUCOSE—-U—C14 T0 IACTIC ACID, AND FINAL SPECIFIC
ACTIVITY OF GLUCOSE ABSORBED BY EVERTED SACS OF TERMINAL ILEUM (REGION 6)
PREPARED FROM NORMAL, ANTI-INSULIN-SERUM-TREATED AND STREPTOZOTOCIN-—

DIABETIC RATS
Final % Glucose Initial Final
lactate S.A. | entering Glucose S.A. Glucose S.A.
Initial converted to
glucose S.A. | lactate
Normal 0.0630.01 3.2 10,259 9,864%430
(4) (4)
Anti- 0.076X0.01 3.8 51,485 64,013%9343
Insulin- (6) ' T - (6) T
Serun
+ * +
Streptozo- | 0.10-0.01 5.0 a)76,643 84,080=1499
tocin (6) , (3)
b)24,703 29,?533’-'3546
3

Everted sacs incubated for 30 mins. Substrate glucose 5.55 mM.
Units for specific activity (S.A.): dpm/pM.

Values are mean ha S.e.m. with number of rats in brackets (the 6 sacs
prepared from each rat were pooled at the end of the experiment).

* Denotes p values £ 0.05 compared with normal.

Figures for percentage glucose entering converted to lactate were
calculated on the basis that one mole of glucose is converted to two
meles of lactate.

Anti-insulin-serum animals used 1 hour after injection of 1 ml. i.v.

Streptozotocin animals used 7 days after 65 mg/kg i.v.
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TABLE 16

SUMIARY OF DATA ON THE TRANSPORT AND METABOLISH OF GLUCOSE BY EVERTED SACS OF UPPER AND TERMINAL TILEUL

(REGIONS 3-4 and 6) PREPARED FROM NORMAL, ANTI-INSULIN-SERUM-TREATED, AND STREPTOZOTOCIN-DIABETIC RATS

UPPER ILEUM (REGION 3-.4) TERMINAL ILEUM (REGION 6)
|

Gut Lactate | L.G. As |Lactate |L.E. 45 || Gut  [Lactate | I.G' As |Iactate |L.E' s

Glucose |from % Total |from % Total || Glucose {from % Total | from 5 Total

Uptake |Glucose | Lactate |Endogen— |Lactate Uptake {Glucgse | Lactate Endogen—.]- Lactate

(L.G.) ous(L.E) (L.¢") ous(L.E")

NORMAL 99 8 10 67 90 35 1 5 23 95
ANTT-INSULIN ' :
SERUM 139 15 11 125 89 36 1 3 49 97
STREPT0ZO- '
TOCT 342 32 18 153 82 89 4 7 61 93

The table contains results from tables 5, 12, 13 & 14 and figs. 2 & 3.
Substrate glucose 5.55 mM.

Bverted sacs incubated for 30 mins.
p/g initial dry wt./30 mins.

Units ¢

30 mins. were converted to their present form using the data in table 1.

The results originally expressed as }JM/g initial wet wt./

Values for gut glucose uptake in region 6 were obtained by averaging the values for each individuai

sac shown in 2igs. 2 & 3.

converted to lactate.

Lactate from glucose (L.G.) = gut glucose uptake x % glucose entering

Lactate endogenous (L.E.) = total lactate - lactate from glucose.
Anti-insulin~-serum animals used 1 hour after injection of 1 ml. i.v.
7 days after 65 mg/kg i.v.

Streptozotocin animals used
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activities were greater in region 3-4 than region 6 and were increased
significantly in experimental dizbetes, indicating that the proportion
of lactic acid formed from glucose entering the intestine to that

formed from endogenous sources was increased in experimental diabetes.

Table 16 is a summary of the data contained in tables 9, 12, 13,
14 and 15 and brovides an overall picture of the pattern of lactate

formation in the small intestine of nomal and insulin deficient rats.

VIII Effect of insulin on transport and metabolic phenomena in everted

sacs from normal and insulin deficient rats

Some of the primery effects of experimental diabetes in other
organs are often reversed on the addition of insulin to the preparation
under study (e.g. in perfused heart: Morgan et al, 1961). To estzblish
whether this Qas the case for the intestine, the experiments in tables 9,
10, 11 and 12 were repeated in the presence of insulin (100 mU/ml) added
to both the mucosal and serosal media of, in most cases, alternate evertéd
szecs taken from insulin deficient rats. The results are presented in |

tables 17 and 18.

Insulin (100mU/bl) was also added to the.mucosal and serosal media
of altérnate everted sacs of normal upper ileum (region 3-4). PFinal
glucose concentration ratio, total lactate formetion and bound carbon

dioxide production from glucose were measured in these sacs and the
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THE EFFECT OF INSULIN ON TRANSPORT AND METABOLIC PHENOMENA IN EVERTED

SACS OF UPPER ILEUN (REGION 3-4) PREPARED FROM STREPTOZOTOCIN-DIABETIC

RATS AWD INCUBATED TN THE FRESENCE OF GLUCOSE OR 3-METHYL GLUCOSE

Final Serosal Mucosal 14002
Concentra— | Lactate Lactate Production
tion Ratio ‘
Substrate | Streptozo- | 2.08%0.10 ]6.3%1.1 16.6%2.6 | 1.79%0.11
5.55 M | tocin (6) (6) (6) (12)
Control -
Glucose | Streptozo- | 2.10%0.03 |6.2%0.9 21.4%5.9 | 1.86%0.12
tocin (6) (6) (6) (6)
+ Insulin
B + + +
Substrate S‘trep bOZOf‘ 1 036—0 -O4 208"005 407"0.3 .
5.55 ml |tocin (6) (6) (6)
Control
3-Hethyl |Streptozo- | 1.39%0.04 |3.4%.4 3.8%0.3
Glucose |tocin (6) (6) (6)
+ Insulin

Everted sacs incubated for 30 mins.

Insulin (100 mU/ﬁl) added to mucosal and serosal media of alternate sacs.

Units @

Substrate as indicated.

Serosal, mucosal lactate : pM/g initial wet wt./30 min.

14
co,,

production ¢ )M glucose equivalent/g initial wet wt./
30 min.

+ L] -]
Values are means - S.e.m. with number of sacs in brackets.

None of the differences between controls and controls + insulin was
statistically significant (p.0.05).

Initial glucose serosal/mucosal concentration ratio was 1.00.

Animals used 7 deys after injection of 65 mg streptozotocin/ke i.v.




TABLE 18 8

THE EFFECT OF INSULIN OF TRANSPORT AND METABOLIC PHENOLENA IN EVERTED

SACS OF TERMINAL TLEWM (REGION 6) PREPARED FROM ANTI-INSULIN-SERUN-

TREATED, AND STREPTOZOTOCIN-DIABETIC RATS, AND INCUBATED IN THEE PRESENCE
OF GIUCOSE OR 3-LETHYL GLUCOSE '

Final Serosal Hucosal 14002
Concentra- | Lactate Lactate Prodliction
tion Ratio

Substrate |Streptozo- [1.2470.06 |3.1%0.5 8.9%0.9 | 1.06%0.12

tocin (6) (6) (6) (6)
Control : .
5.55 m!  |Streptozo- |1.34%0.04 |2.9%0.5 | 8.4%0.9 | 0.94%0.05
Glucose tocin (6) (6) (6) (6)
+ Insulin
" Anti-insulinl, Loto oe 2.8%0.4 | 7.451.3 | 0.81%0.05
nor (12) (8) (6) (12)
Control
" Anti-insulih- + + + +
- 1.26%0.13 | 3.8%0,7 | 7.451.5 | 0.77%0.04
+ Insulin (9) (6) (6) (1)
Substrate | Streptozo- [1.03%0.02 | 2.7%0.6 4.9%0.4
5.55 mii [ tocin (6) (6) (6)
Control

3-Methyl |Streptozo- |1.03%0.02 | 2.7%0.3 4.550.3
Glucose tocin (6) (5) (6)
+ Insulin -

Everted sacs incubated for 30 mins. Substrate as indicated.
Insulin (100 mU/ml) added to mucosal and serosal media of alternate sacs.
Units ¢~ Serosal, mucosal 1aotate':‘pﬁ/g initial wet wt./30 mins.

14002'production: J glucose equivalent/g initial wet wt./
30 mins.

Values are means } s.e.m. with number of sacs in brackets.

None of the differences between controls and contrels + insulin was
statistically signficant (p »0.05). '

Initial glucose serosal/mucosal concentration ratio was 1.00.

. Anti-insulin-serun animals used 1 hour after injection of 1 ml. i.v.

Streptozotocin animals used 7 days after injection of 65 mg/kg i.v.
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TABLE 19

EFFECT OF INSULTN ON THE TRANSPORT AND MEPABOLISH OF GLUCOSE BY EVERTED

SACS OF UPPER TLEUM (REGION 3-4) PREPARED FROM NORMAL RATS

Final Serosal Mucosal 14002
Concentration Lactate Lactate .
. . ) Production
Ratio
Normal 1,80 X 0.14 1.7 ¥ 0.1 10.4 £ 0.8 1.14 ¥ 0.15

(6) | (6) (6) ~(6)

Normal -|1.71 ¥ 0.04 |1.6%*0.05 | 10.2% 0.8 1.18 ¥ 0.08
+ Insulin (6) (6) (6) (6)

BEverted sacs incubated for 30 min. Substrate glucose 5.55 mil.

Insulin (100 mU/ml) added to mucosal and serosal media of

alternate sacs. o

Units: Serosal, mucosal lactate : }111/,3 initial wet 'wt./30 minse.

14002 production : )i glucose equivalent/g initial wet w’b./

30 mins.

Values are means & s.e.m. with number of sacs in brackets.

None of the differences between normal and normal + insulin was

statistically significant (p->0.05).

Initial glucose serosal/mucosal concentration ratio was 1.00.
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results are given in table 19.

Insulin had no significant effect on any of the parameters measured
indicating that the effects of experimental diabetes induced by strepto-
zotocin were not reversible by fhe addition of insulin to the incubating
mediuvm, and that the ho:mohe was wlthout effect on sacs of upper ileum

prepared from normal rats.

IX Effect of fluoracetate and fluoride on transport and metabolic

phenomena in evertéd sacs from streptozotocin-diabetic rats

Since the stimulation of glucose transport in streptozotocin diabetes
was accompanied b& an increase in lactate and carbon dioxide formation;
it was thought-that the inhibition of the metabolic pathways by which
these products arisg;might abolish the increase in glucose transport in
experimental diabetes. BEverted sacs were therefore prepared from the
terminal ileum of streptozotocin-diabetic réts, and incubated in the
presence of either fluoracetate which inhibits the citric acid cycle, or
fluoride which inhibits glycolysis. The concentrations of the inhibitors
were the same as those used by Detheridge, Matthews and Smyth (1966).

Rats rendered insulin—deficient with anti-insulin-serum were not available

for this study.

The results, which are presented in table 20, showed that the presence

of fluoracetate or fluoride had no effect on the final concentration
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TABIE 20

EFFECT OF FLUORACETATE AND FLUORIDE ON THE TRANSPORT AND METABOLISM
OF GLUCOSE BY EVERTED SACS OF TERMINAL ILEUE (REGION 6) PREPARED
FROM STREPTOZOTOCIN-DIABETIC RATS

Final Serosal Mucosal 14CO
Concentration Lactate Lactate Prod gt'
Ratio roduciion
Streptozo- | 1.85 ¥ 0.07 4.1 ¥ 0.7 6.0 £ 0.8 1.42 £ 0.11
tocin (20) (12) (12) (23)
Control
’ * * *
Streptozo- | 1.66 % 0.16 6.5 % 0.4 14.2% 1,00 | 0.69 % 0.10
tocin + (6) (6) (6) (6)
Fluoracetate
* ) * *
Streptozo- |1.92 ¥ 0.25 2.1 Y 0.4 3.8 £ 0.5 0.96 £ 0.12
tocin + (6) (6) (6) (6)
Fluoride

Everted sacs inédbated for 30 mins. Substrate glucose 5.55 ml.

Fluoracetate (10—2H) and Fluoride (5 x 10-3M) added to mucosal and

serosal media. o

Units: Serosal, mucosal lactate pﬁ/g initial wet wt.,/30 mins.

14002 production : M glucose equivalent/g initial wet wt./

30 mins.

Values for streptozotocin control taken from table

Values are means Y s.en. with nunber of sacs in brackets.

¥ Denotes p valuessg 0.05 compared with streptozotocin control.

Initial glucose serosal/bucosal concentration ratio was 1.00.

Animals were used 7 days after injection of 65 mg. streptozotocin/kg iv.
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ratios, but that both inhibitors decreased carbon diorxide formation
from glucose. This was accompanied by an increase in serosal and
mucosal lactate fdrmation in the presence of fluoracetate, and by a
decrease in these quantities in the presence of fluoride. All of the

differences were statistically significant. N

X  Determination of pentose cycle activity in the small intestine

of normal and insulin-deficient rats.

The pehtose cycle has been shown to be subject to hormonal influence,
particularly in adipose tissue (Eilstein 1956) and mammary gland,
(Abraham, Cady & Chaikoff (1957). It was therefore decided to
investigate the possibility of a correlation between experimental
diabetes and/or increased glucose transport and pentose cycle activity,
and to obtain an absolute value for the contribution of this pathway
in the small intestine of normal and insulin deficient rats. In view
of the results already presented, the terminal ileum was chosen for
this study.

In table 21 are listed the values for the disappearance
éf radiocactivity from glucoée 1--C14 and glucose 6—-C14 in the intestine
of normal and insulin deficient rats.

In tables 22, 23 and 24 these values are combined with those

for radioactive carbon dioxide production, and the contiribution of the pentos
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TABLE 21

THE UTILISATION OF GLUCOSE—1—14C AND GLUCOSE-6—14C BY SEGMENTS OF
TERMINAL TLEUM (REGION 6) PREPARED FROM NORMAL, ANPI-INSULIN-SERUM-
TREATED AND STREPTQZOTOCIN-DIABETIC RATS

) Non-glucose metabolites {% Non-glucose metabolites
after ihcu?ztion with after incu?ation with
Glucose-1-""C Glucose~6—- C
Normal 11.7 ) 13’2 : 31.07 ) 28.8
14.6 ) 26.5 )
Anti-insulin- 7.9% 1.8 13.3 % 1.6
serum (4) ()
Streptozotocin 7.6 ¥ 1.3 19.8 X 1.3
(4) (4)

Segments incubated for 30 mins. in a Fisher-Parsons preparation.
Substrate glucose 5.55 mM in mucosal and serosal media.,
Clucose~1-14C or Glucose-6-'4C added to mucosal and serosal media.

Intestinal extraction procedure p. 29

Extracts analysed by a quantitative bidimensional radiochromatogram

scanning device (p. 42). _
Results for normal extracts expressed as individual values with

averages. Results for anti-insulin-serum, and streptozotocin

+ . s .
expressed as means - s.e.m. with number of experiments in brackets.

Anti-insulin-serum animals used 1 hour after injection of 1 ml. i.v.

Streptozotocin animals used T days after 65 mg/kg i.ve
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THE ACTIVITY OF THE PENTOSE PHOSPHATE PATHIAY IN SEGIENTS OF TERMINAL

TLEUM (REGION 6) PREPARED FROM NORMAL RATS

Isotope Counts in CouQXs due [fotal counts [Specific | Average
Used Extract not |to CO2 Mot due to [Yield of | Specific
due to rlucose 1400 Yields
glucose 2
Gﬁucose—1— 201,238 368,780 570,018 0.65
c
— 0.665(&1 002)
?ﬁucose—1— 127,854 272,460 400,314 0.68
c
Glucose-6~ | 372,068 147,220 | 519,288 0.28
14c
0.295(g5 002)
Glucose~-6- | 385,364 173,950 559,314 0.31
14c

Specific yields are the yields of 400 relative to the glucose utilised

- Counts due to 140

incubation.

o total counts not due to glucose at end of
Vhen glucose is metabolised entirely via the pentose cycle and Embden-

-Géco2 38C (Katz & Wood 1963)

1+ 2PC

Meyerhoff Pathways 3 G1CO -
—_—
1-@6
002

Vhere 3~ G1CO is the specific yield of CO, derived from Glucose—1—14c

2
G6002 is the specific yield of €O, derived from Glucose—6—14c
and PC is the fraction of glucose metabolised via the pentose
eycle

Applying the above data ¢ PC = 0.27 or 21%

Segments incubated for 30 mins. in a Pisher-Parsons preparation.

Substrate §1ucose 5.55 mi on both the mucosal and serosal sides.
Glucose 1-14C or Glucose 6-14C added to both the mucosal and serosal
sides. Intestinal extraction procedure p. 29

evolved collected by method on p.31
d.p.me.

Total radioactive CO
Counts expressed as
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THE ACTIVITY OF THE PENTOSE PHOSPHATE PATHWAY TN SEGMENTS OF THERMINAL

ILEUM (REGION 6) PREPARED FROM ANPI-INSULIN-SERUL-TREATED RATS

Isotope Counts in Cou?ﬁs due | Total Counts |Specific [Average
Used Extract not [to CO2 not due to Yield of |Specific
due to Glucose 14CO Yield
Glucose 2
Glucose-1- 83,737 203,670 287,407 0.71
14c
n 70,625 281,140 351,765 0.80
0.76
" 193,586 442,870 636,456 0.70
" 133,679 354,010 487,689 0.73
Glucose-6- | 119,064 103,55 | 222,614 0.47
14c
" 123,009 123,820 246,829 0.50 :
0.43
" 222,824 170,830 | 393,654 0.43
" 179,342 127,180 306,522 0.41

Fraction of glucose metabolised via the pentose cycle as opposed to
the Embden Meyerhoff Pathway = 0.26 or 2&5. (For calculation see table

22 )

Segments incubated for 30 mins. in a Fisher-Parsons preparation.

Substrate glucose 5.55 mM on both the mucosal and serosal sides.
Glucose 1-140 or Glucose 6—140 add>d to both the mucosal and serosal

sides.

Total radiocactive CO

Counts expressed as d.p.m.

2

Intestinal extraction procedure p. 29

evolved collected by method on p.31

Anti-insulin~serum animals used 1 hour after injection of 1 ml i.v.
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TABLE 24

THE ACTIVITY OF THE PANTOSE PHOSPHATE PATHAY TN SEGHENPS OF TERMIWAL
ILEUM (REGION 6) PREPARED FROM STREPTOZOTOCIN-DIABETIC RATS

Isotope Counts in Couﬂis due |Total Specific Average
Used Extract not [t 002 Counts not }Yield of Specific
due to due to 1400 Yield
Glucose Glucose 2
Glucose 67,920 240,310 308,230 0.78
1-14¢ : '
" 56,957 230,460 | 287,417 0.80 .
" 35,561 101,500 137,061 0.74
" 31,136 81,620 112,756 0.72
Glycose 216,205 156,720 | 372,945 | 0.42
6'4C
" 239,296 205,330 444,626 0.46 .
0.43

" 233,642 199,580 433,222 0.46

y 324,465 | 211,940 | 536,405 | 0.40

Fraction of glucose metebolised via the pentose cycle as opposed to
the Embden Meyerhoff Pathway = 0.31 or 31%
(For calculation see table 22). .

Segments incubated for 30 mins. in a Fisher-Parsons preparation.
Substrate glucose 5.55 ril in both mucosal and serosal sides.

Glucose 1-14¢ or Glucose 6-14c added to both the mucosal and serosal
sides. Intestinal extraction procedure p.29

Total radioacvive 002 evolved collected by method in p. 31

Counts expressed as d.p.m.

Streptozotocin animals used 7 days after 65 mg/lkg i.v.
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cycle calculated by the method of Katz and Wood (1963).

Thg results indicated that about one third of the glucose entering
the terminal ileun was metabolised via the pentose shpnt as opposed to
the glycolytic pathway. This peréentage was unchanged in insulin
deficiency though since glucose traﬁsport was increased in this condition
the absolute contribution of the shunt pathway would be correspondingly

higher .

XI  Effect of a high serosal glucose concentration on 3-methyl zlucose

absorption by the terminal ilsum

- The next phase of the work attempted to establish whether the
observed effects of insulin deficiency in the small‘intestine vere in
any way relatedvto the elevated blood sugar level characteristic of this
condition. Lifsom and Parsons (1957) found that glucose bathing the
serosal surfaces of rat small intestine in high concentrations, supported
water absorption by isolated jejunal loops. In the present work,a
. similar approach to that of Lifson & Parsons was adopted in an at%empt
to mimic the diabetic condition. Ioops of terminal ileum were incubated
using the Fisher-Parsons preparation in the presence of equal mucosal and
serosal concentrations (5.55mM) of 3—methy1 giucose. Glucose in similar
concentrations (1000-4000 mg/100 ml) to those used by Lifson & Parsons
was added to the serosal medium. The course of 3-methyl glucose absorp—

tion against its concentration gradient was followed for ore hour in each
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Fig., 6 Effects of high serosal glucose concentrations on 3-methyl

glucose absorption by segments of normal terminal ileum incubated
in a Fisher-Parsons preparation. .
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Fisher-Parsons preparation. Subsirate 3-methyl glucose 5.55 mll on mucoszl
and serosal sides. Glucose added to seroszal side at concentrations shown.
Open and closed triangular points represent concentrations of 3-methyl

" glucose in mucosal and serosal media respectively after various time
intervals. The figure represents the resulis of single experiments
carried out at each serosal concentration of glucose.
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experiment. Vhenever glucose was added to the serosal medium, an
isosmotic solution of the sugar was substituted for an equivalent
volume of isotonic sodium_chloride; This ensured that the fluids
bathing both sides of the intestine had the scme initial osmotic
pressure. The results of this sefies of experiments are given in
Fig. 6. They_suggested that glucose at very high concentration in
the serosal medium was without effect on the movement of é—methyl

glucose from the mucosal side.

XII Movements of flucose and fluid in segments of intestine from normal. _ .

and insulin deficient rats

It is possible that the effects of insulin deficiegqy on glucose
absorption by the small intestine might be due to the movement of water;
e.g. an increase in the serosal accumulation of glucose in insulin
deficiency could be caused by a loss of fluid from the serosal medium.

A number of experiments were therefore performed to test this idea, using
the modified Fisher-Parsons preparation described on page 30; The
volume of the droplets exuded at the serosal pole of the segment into
the 1liquid paraffin over a 30 minute period was téken as an index of
water transport, and the amount of glucoée in this volume of fluid taken
2s an index of glucose absorption. The results, which are presented in
table 25, indicated that fluid transport was only slightly increased (not

statistically significantly) in segments of upper and lower ileum teken
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TABLE 25

ABSORPTION OF GLUCOSE AHD FLUID BY SEGMENTS OF UPPER (REGION 3-4)
AND LOVER (REGIONS 5 AND 6) ILEUM PREPARED FROM NORLAL AND STREPTO-

© ZOTOCIN-DIABETIC RATS

Index of water Index of glucose
.absorption absorption

i + + ,
Region 5 and 6 1e34 - 0.34 214 = 4.3
Normal (4) (4)
Region 5 and 6 1.60 ¥ 0.17 38.8% 4.6 "
Streptozotocin (4) (4)

L ' + +
Region 3 - 4 3.07 - 0.25 4.7 - 8.8
Normal (6) (5)

. + +
Region 3 - 4 4.28 - 0.75 55¢4 = T.3
Streptozotocin (4) (4)

Segments incubated for 30 mins. in a modified Fisher—Parsoﬁs

préparation (p.30 ). )

Substrate glucose 5.55 mi.

Units: Index of water absorption-(see text): ml/g final dry wt/30 mins.
Index of glucose absorption (see text): )ﬂ@/g final dry wt/30 mins.

Values are means ¥ s.e.m. with number of experiments in brackets.

* Denotes p values 0.05 compared with normal.
x

Streptozotocin animals used 7 days after 65 mg/kg i.ve
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from streptozotocin animals. Rats rendered insulin-deficient with

anti~insulin~serum were not available for this study.

XIIT Levels of a number of metabolic intermediates in segments of

intestine from normal and insulin~deficient rats

In the final part of this work, the initial levels of a number of
tissue intermediates were measured in frozen segments of intestine
isolated from normal and streptozotocin diabetic rats. Rats rendered
insuliﬁ—deficient with anvi~insulin~serum were not available for this
study. It was hoped that this approach might reveal any gross metabolic
differences characteristic of insulin deficiency in the small intestine.
ATP and phosphocreatine levels were measured as being relevant to the
energy requirements of the small intestine. Glucose-6-phosphate,
pyruvate and lactate were measured as key intermediates in glycolysis.
Citrate was measured as the first intermediate in the tricarboxyllic acid

cycle and a known effector of glycolysis (Garland, Randle & Newsholne,
1963).

The values for lactate. and citrate content are presented as simple
means. fhe other values are given as means b s.e.m. and are analysed
statistically. An elevated pyruvate content in intestine taken from

- streptozotocin diabetic rats was the only statistically significant

difference from normal, apparent in both regions 3~4 and 6.
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TABLE 26

LEVELS OF METABOLIC INTERMEDIATES IN SEGMENTS OF UBPER AND TERMINAL ILEUM (REGIONS 3-4 and 6) PREPARED

FROM NORMAL AND STREFTOZOTOCIN~DIABETIC RATS

ATP Creatine Glucose-6- Pyruvate Lactate Citrate
phosphate Phosphate

Region 6 5.5 £ 0.4 7.0 £ 0.5 0.42 £ 0.07 0.36 £ 0.06 | 2.1 g 2.5 g
NORUAL (15) (11) (6) (5) 1.9 ) 20 | 3.0 27
Region 6 8.6 0.4 | 7.6% 1.1 0.54 £ 0.10 0.68 £ 0.08" | 2.1 g 2.3 4.3'? 3.9
STREPTOZO- (6) (5) (6) (6) 2.4 ) °° 3.5 *
TOCTIN
Region 3-4 6.2% 0.4 | 8.7 0.7 0.46 £ 0.04 | 0.43%0.07 |1.9 g 2.0 2.2 g 2.0
NORMAL 2.1 ) °° 1.9 ) <
Region 3~4 7.2 ¥ 0.7 4.6 0.9 | 0.46 % 0.09 1.57 £ 0.16" | 2.3 g 3 0 2.7 g 3.3
STREPTOZO- (6) . (6) (6 (5) 3.6 ) °° 3.9
TOCTH

Extraction procedure p. 38  Units : pli/g dry wt. (see p. 56). '

Valuss for ATP, Phospho-creatine, glucose-6-phosphate and pyruvate, expressed as means T s.eum.
with number of experiments in brackets.

Resulté for lactate and citrate expressed as individual values with averages.

* Denotes p values < 0.05 compared with normal.

Streptozotocin animals used 7 days after 65 mg/kg i.v.
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XTIV Levels of 'soluble! hexokinase in the small intestine of normal

and insulin-deficient rats.

Preliminary measurements were made of the levels of 'soluble' hexokinase
in segments of upper and terminal ileum from normal and anti-insulin-
serun-treated rats. The reasons forvéarrying out these experiments

are outlined in. the concluding part of the discussion of this work (p.132).
In view of the low number of determinations, the results, in table 27

are expressed as individual values. They suggested that the level

of 'soluble' hexokinase was increased.in the terminal,'but not the

. upper ileum of rats pre-treated with anti-insulin-serum.
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TABLE 27

LEVELS OF 'SOLUBLE' HEXOKINASE IN SEGMENTS OF UPPER AND TERMINAL
JLEUM (REGIONS 3-4 AND 6) PREPARED FROM NORMAL AND ANTI-INSULIN-
. SERUM-TREATED RATS

Region 3-4 Region 6
0.0080 -
Normal 0.0077 0.0274
0.0058 0.0195
0.0075
Anti-insulin- 00062 0-0375
serum ‘ 0.0364
0.0091

Extraction procedure P. 40

Units: i Glucose hydrolysed/min./mg. protein
Results presented as individual values.
Anti-insulin-serum animals used 1 hour after injection

of 1 ml i.v.
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DISCUSSION

1. Use of Fisher-Parsons apparatus to study the absorptiori and metabolism

of glucose by sesments of uvper small intestine from normal and

_insulin deficient rats

Using in;tial mucosal and serosal fluid concentrati&ns of glucose
in the region of 500 mg/100 ml (27.5 mlf) Fisher and Parsons (1950)
found that the respective jejunal mucosal and serosal transfers were
about 6.7 and 2.4 jM/em/30 min. The present result (table 3) for
mucosal. glucose transfer by normal intestine incubéted with 5.55 QM
glucose was less than that of Fisher & Parsons, but the value for
serosal glucose transfer was proportionately higher suggesting that a
greater percentage of glucose leaving the lumen was transported to the
serosal side (46% in present work, 355 reported by Fisher & Parsons).
This percentage was elevated in the insulin deficient animals (64% for
streptozotocin-diabetic animals, 74% for anti-insulin-serum—treated
animals). Combined mucosal aad serosal lactate production in the normal
condition was about 2 yif/om/30 min. This compares with about 5.6
_)ﬂ@/em/30‘min. recorded in similar experiments by Wilson (1954) who used
bicarbonate saline containing 2.9 mM glucose, bﬁt is in good agreement
with that of Newey, Smyth & Whaler (1955) (15 mg/42 om/hr. =2 ji/cm/
30 min) who used phosphate saline containing approximetely 16.7 oM
glucose. The discrepency with the result of Wilson might reflect a

more favourable oxygenation of the mucosa in the present work, since
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lactic acid formation is stimulated by anaerobiosis. The data in
table 5 suggested that the sz values of intestine taken from normal
and streptoaotociﬁ diabetic rats were similar, and it is therefore
reasonable to suppose that the respective QCO, values would also be

2

similar. On this basis, the values in table 5 for 1400 production

2

represent the fraction of total CO, derived from glucose entering the

2
jintestine. Newey et al (1955) who measured the disappearance of radio-
active glucose (approx. 11 mld) and the formation of lactic acid and
radioactive carbon dioxide in rat ileum, found that an average of 21%

of the glucose loss could be accounted for as carbon dioxide, compared

with 13% for normal jejunum in the present work. The results in table 3
suggested that insulin-deficiency had a stimulatory effect on glucose
transport, in agreement with earlier reports involving the use of alloxan
(see p.14). In addition, more of the sugar entering was converted to
carbon dioxide and the total production of lactic acid was also stimulated.
These phenomena weres reflected as elevated values for the incorﬁoration

of radioactivity into intestinal extracts prspared from streptozofocin

and AIS-treated animals, and in the appearance, in the AIS-treated animals,

of about three times more radioactive carbon atoms in the intestinal

residue after extraction.

The presence of a radioactive spot at the origin of paper autoradio-
graphs of the intestinal extracts in this condition,suggested that this

was due to the incorporation or exchange of glucose carbon atoms into
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material of a protein or polysaccharide nature. Insulin, added
to the mucosal and serosal incubating media of segments prepared
from normal rats, appeared to have little effect on the parameters

‘examined.

2. Oxygen consumption of intestine from normal and streptozotocin

diabetic rats

The preparation used was well suited for determining intestinal
oxygen uptake and readily reproducible results were obtained. There
were no statistically significant differences in sz between segments
Af lower jejunum/upper ileum prepared from normal and streptozotocin
diabetic rats,implying that the levels of respiratory activity in both

cases were the same.

There are no published reports on the use of oxygen electrodes in a
Fisher-Parsons preparation. However, the results agreed with those of
Bronk & Parsons (1965) who used polarographic techniques to measure the
. respiration of rings of rat small intestine. They found that in the
presence of glucose (28mll) in bicarbonate buffer, jejunal rings had a
Q02 of 7.13 pl/mg dry wt./hr. compared with 8.10 ks 0.34 pl/hg dry wt./hr.

for a perfused segment in the present work.
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3. Absorption of glucose by everted sacs from normal, insulin-

deficient and starved rats

The effects of starvation were studied so as to compare these
results with those observed in insulin-deficiency as it is known that
a notable symptom of this condition is a low level of plasma insulin

( e.g. Williams & Fnsinck, 1966; Batchelor, 1967).

In addition, Hindmarsh et al (1§67) who ﬁsed eVertedﬂsacs to study
intestinal active transport during semi-starvation had reported that
"dietary restriction resulted in increased active transport in
all regionSeecesesesse the responsecceesss.was mést impressive in the
middle to lower ileum during D-glucose uptake. Whereas normal sacs
from this area appeared unable to move sugar against its concentration

gradient, sacs from semi-starved rats did so quite well'.

Thq&esults in figs. 2-5 for mucosal and serosal glucose transfer and
gut glucose upteke by sacs of normal intestine taken from regions 5 and 6
‘ agreed reasonably well with those of other workers in this f;eld (e.g.
Barry, Matthews & Smyth, 1961) but the results obtained in region 3—4
were less than half those reported by Barry et al. In particular, a
greater percentage of glucose (86 as opposed to 71) was retained in the
gut wall by sacs in the present work compared with those of Barry et al.
These discrepencies might reflect the different initial mucosal and
serosal glucose concentration (500 mg/100 m} or 28 rki) employed by these

workers (5.55 mM in present investigation), The final concentration
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ratios of glucose developed By normal sacs from all three regions

agreed very closely with those reported by Hindmarsh et al (1967).

The effects of insulin deficiency suggested by the experiments
with the Fisher-Parsons preparation and by reports on the use of
alioxan, were strikingly confirmed especially in the lower ileal
regions where net glucose active transport appeared. Sacs from
streptozotocin diabetic animals responded more in this respect than
those prepared from rats injected with AIS. This might reflect the
differing lengths of time (7 days as opposed to one hour) in vhich the
animals were exposed to the effects of insulin deficiency.. However,
in this context the data in table 7 is interesting,in that sacs in
regions 6 and 3-4 prepared from animals injected only 24 hours previously
with streptozotocin were able to achieve final concentration ratios of
glucose of 1.17 - 1.91 and 2.59 respectively. Results 3 days after
injection were similar. In figs 2-5 and taﬁle 6 the initial mucosal
and.serosal fluid volumes were used in calculating the glucose transfer
values and fluid movements were therefore ignored. For this reason
- the water transport by segments of intestine taken from normal and
insulin-deficient rats (see p.99 ) was measured. These experiments
shoved that when fluid movements vere ignored in the calculations ~pplied

?
to everted sacs, this resulted in a very small underestimate ( <:5ﬂ )
of mucosal glucose transfer, and a larger ( { 156 ) underestimate of

serosal transfer.
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In the present studies with everted sacs it was found that insulin
deficiency was accompanied by an increaée in mucosal and serosal glucose
transfer values,so that the omission of any correction for fluid move-
ments resulted in an under rather than an over-estimate of their signi-
ficance. The same can be said of the results for sacs from streptozo-
tocin animals when they are expressed in terms of initial.wet weight of
sac. When recalculated in terms of initial dry weight (figures in
brackets in table 6) using the data of table 1 the results appear even
more stiiking. Similar recalculations could be applied to the data

in figs. 2-5.

The pattern of glucose transfer in starvation was different from
that observed in normal and insulin-deficient animals. With the exception
of sacs from région 5, mucosal glucose transfer was depressed, while
serosal glucose itransfer was consistently increased in all regions in
accord with earlier work on the effects of semi~starvation by Kershaw,
Neame & Wiseman (1960). These effects were even more noticeable when
the results were expressed in terms of fat-free-dry weight of intestine.
It therefore appeared that less of the glucose leaving the mucosal medium
was being‘retained in the gut wall,and that relatively more was reaching
the serosal medium. This resulted in increased final concentration
) ratiﬁs in regions 5 and 6 in agreement with the observations on the effects
of semi-starvation by Hindmarsh et alsand'the appearance of glucose active

transport in region 5 was suggested by final concentration ratios of
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greater than unity. Sacs from region 3-4 failed to show an increased

final concentration ratio contrary to the report of Hindmarsh et al.

The results could be explained by the movement of water from the
serosal to the mucosal medium dufing the courée of the experiment.
This possibility is precluded by the data of Hindmarsh et al, who found
that the serosal water gain was enhanced in all regions of the small

intestine in semi-starvation.

4. Carbon dioxide production from glucose by everted sacs from normal

and insulin deficient rats

The results in table 8 for bound carbon dioxide production from
klucose in the various conditions for the most part confirmed those

obtained with the Pisher-~Parsons preparation in table 4.

Pretreatment with ATS induced a slight but not statistically signi-

ficant increase in €O, formation from glucose. The effect with sacs-

2
from streptozotocin injected animala was more marked,especially when the
" results were expressed in terms of initial dry weight, though sacs from
region 5 showed no change.. However, these results are of considerable
interest-since other organs studied in experimental diabetes respond to
this treatment by reducing glucose metabolism (e.g. rat diaphragnm:
Beloff-bhain & Rookledge, 1968; rat heart: lansford, 1967, Mansford &
Opie, 1967)-

- It was also of interest to note that the capacity of the various -
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regions of the small intestine to transport glucose was paralleled

by the extent to which this glucose was metabolised.

5e Carbon dioxide production from glucose by sacs from starved animals.

Possible explanation of the mechanism of the effects of starvation

The data in table 8 on 14C02 production from U—14C glucose by sacs
from starved animals, whether expressed in terms of initiél wet or dry
ﬁeight,-indicated that starvation induced a highly significant reduction
_in glucose metabolism, in agreement with the diminished gut glucose

.. uptake recorded in table 6; Takén together these dbservatiohs éﬁgges%éd“
that starvation primarily influenced glucose metabolism rather than
transport. Support for this conclusion comes from the work of Esposito
(1967), who showed that significantly more glucose,but not 3 methyl
glucose, (which is actively transported but not metabolised) was absorbed

by semi-starved rats "in vivo" if the sugar was in the gut in low initial

concentration (50mgh).

In addition, Srivastava & Hubsher (1968) showed that supernatant
fractions from homogenates Bf small intestinal mucosa from rats starved
for 24—48 hours formed only about 4+ the amount of lactic acid from
glucose as did the fed controls. It therefore seems likely that starva-
tiog reduces in amount the metabolism of glucose enterigg the intestine
from the mucosal side, resulting in an increased serosal glucose transfer

in regions 3-4, 5 and 6 sufficient,in present work,to induce an increase
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in the final glucose concentration ratio in regions 5 and 6‘but not

in region 3-4.

6. Formation of lactic acid during glucose ébsorption by everted sacs

from normal, and insulin deficient rats

The findiﬁg of an enhanced formation of lactate by sacs from insulin-
deficient animals although not unexpected (coinciding as it does with
an increased intestinal accumulation and oxzidation of glucose) is
nevertheless a remarkable one in that other organs studied in experimental
diabetes (e.g. rat heart (ﬁorgan et al, 1961), rat diaphreégm .(Kip'r‘lis, 1959)
aﬁd rat adipose tissue (Beloff-Chain, Catanzaro & Chain, 1967) respond by
reducing glucose utilisation and consequently lactate output. The effect
was more pronounced in the streptozotocin than the ATS-treated animals as

has been the pattern of response in previous experiments.

Direct comparison of the results in tables 9 and 10 with those of
other workers is difficult,in that they involve the use of different
preparations, substrate concentrations and incubation times. Sherratt
(1968) compared lactate formation by everted sacs and rings cut from
the séme piece of intestine and could, within expérimental error, detect
no differences in the results. In the presence of glucose (100 ml)
| rinés of proximal ileum formed about 36 i lactate/g. wet/30 min. (21
}ﬁV% wet/30 min. in present work) and rings of terminal ileum about 18)ﬂy’

g wet/30 min. compared with about 7jli/g wet/30 min. in the present
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investigation. Wilson (1956) gave a value of about 1OOFM/g wet/30 min.
(4.3 mg/ae/235 g wet/hr.) for jejunal sacs incubated with glucose

(20.6 ni1).

When experimental insulin deficiency increased both medium and
tissue lactate values, the totals then approached those of Sherratt
listed above. - However, since the preparative and incubation conditions
were identical for the normal and insulin deficient animals,it would seem
that the present results for the normal condition do give a valid indica-
tion of intestinal glycolytic activity. The results in tables 9 and 10
also underline the need to measure tissue as well as medium lactate -

Oon’ten'b (See Pe 17).

T. Formation of lactic acid during 3-methyl glucose absorption by

everted sacs from normal and insulin-deficient rats

" Pretreatment with anti-insulin-serum,and streptozotocin diabetes,
significantly increased the final 3-methyl glucose concentration Zatios in
" region 3-4,and induced the active transport of 3-methyl glucose in |
region 6, indicating that {he stimulatory effect of insulin-deficiency

was not due solely to the metabolism of the entering sugar.

This observation is in agreement with that of Crane (1960),who used
rats rendered insulin deficient by alloxan,and measured the fissue accumul-
ation of 6 deoxy glucose, which like 3 methyl glucose, is actively trans-

por%ed but not metabolised. Crane reasoned that since the proportion
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of glucose actively transpofted to that metabolised by "in vitro"
preparations is relatively small (Nagler, Forest & Spiro, 1966 and
table 6), an alloxan diabetes induced decrease in the rate of glucose
metabolism by the intestinal epithelial cells would result in an
“apparently increased rate of active transport with this sugar (see
also p.112 on starvation effeéts). Hoﬁever, alloxan diébetes induced
a two-fold stimulation in the tissue accunulation of 6-deoxy glucose
and of galactose, which is also actively transportied,but is not so
rapidl& metabolised as glucose. Similar results were obtained (Flores
and Schedl, 1968) using 3—methy1 glucose and everted sacs. In the
present investigation,less lactate was formed by normal saecs incubated
with 3—methy1 glucose than glucose, suggesting either that the presence
of glucose stimulated the endqgenous metabolism, or more likely that a
fraction of the lactate formed was derived from glucose that had entered
the intestine. The second of these possibilities was confirmed by.the
data in tables 13 and 14. The data in tables 11 and 12 showed that sacs
from insulin deficient animals incubated with 3-methyl glucose prgduced
" more lactate fhan normal, and in this case the extra lactate could only
come from endogenous sourées. It should be noted that this data provides
no proof of an association between increased energy production via glycoly-
si%,and increased sugar transport, and theref;re does not prednde an
effect Bf experimencal diabetes on the mechanism of transport.

Although a considerable number (36) of sacs were prepared from the

upper ileum of normal animals, attempts to obtain final concentration
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gradients of the same order as those recorded by other workers

(e.g. Flores & Schedl, 1968) were unsuccessful. This failure was

not due to impurities in the 3-methyl glucose used in the experiments
(see p. 21 ).and similar difficul@rhas been ezperienced by other workers

(D.S. Parons; Personal communication)

8. Summary of lactate production by everted sacs from normal and

insulin deficient rats

The data presented in this work shows most convincingly that glycplyj '
sis is more active in the upper ileum than the terminal ileum in agree-
ment with a number of workers (e.g. Warburg, Posener & Negelein 19243
Dickens & VWeil-lMalherbe, 19413 Vilson & VWiseman, 1954a,%ilson 1954).
This observation is also in accordance with the greater absorptive and
respirat;ry capacity of the upper regions of the small intestine (Fisher
& Parsons, 19503 Dickens & ¥eil-Malherbe, 1941, figs. 2-5, and tables

6, 7 and 8).

The differences (table13) between lacvate production in the presence
of glucose and 3-methyl glucose were greater in region 3-4 than region 6.
These differences were still appareﬁﬁ in .insulin deficiency;aﬁd were even
more striking twhen the results were expressed in terms of initial dry
‘weight using the data in table 1 . One interpretation of these results
can be based on teleological grounds. 1In fhe intact animal,most if not

all the glucose presented to the.guf is absorbed by the upper regions of



117

the intestine, the lower ileum acting as a "functional reserve"

(Booth, 1967), to cope with glucose unabsorbed by the jejunum and
upper ileum after an excess glucose load. Region 3—4 would therefore
be expected to be better able to utilise mucosal glucose than region 6,
which has to depend almost totally on endogenous sources for its
metabolic needs. The discrepency betwéen lactate produc£ion in the
presence of glucoée in region 3-4 and region 6,was markedly reduced

in the presence of S-methyl glucose, when the terminal ileum was able

to exert its endogenous metabolic capacity. This conclusion is in line
with that of Barry, Matthews and Smyth (1961) and Parsons (1967) who
found that fluid transfer in the upper regions of the gut was more
dependent on glucose than in the lower regions.  Although there was
considerable variation in the present results, it appeared that insulin
deficiency stimulated the formation of lactate by an approximately
equal amount in both the presence,and absence of glucose in the incuba-
ting medium. The use of U—14C glucose provided detailed information
¢n the origin of lactic acid under the present conditions. If the
ratio of the final specific activity of lactate formed to that of the
original glucose substrate were unity, this would indicate that all of
-fhe glucose was being converted to lactate. The results in tables 14
and 15 show this-not to be the case,and only a fraction, about 3% in
region 6, and 8% in region 3-4 of the glucose entering the intestine
was converted to lactate. These observations are in disagreement with

those of Wilson (1956) who found that the final specific activities of
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glucose and lactate isolated from jejunal sacs incubated with radio-
active glucose differed only slightly. However, Wilson incubated

sacs for one hour as opposed to the thirty minute period in the present
investigation, and may thérefore have measured more the extent of gquilibr-
ation of glucose carbon with the intermediates of glycolysis, rather than

the net yield of lactate.

The percentage of absbrbed giucose converted to lactate was seen
to be increased in insulin deficiency, confirming an earlier indication
of this (p.115) based on the results obtained with non-radioactive
" glucose. However, the lactate formed from absorbed glucose in normal
and insulin deficient conditions would be insufficient to account for
the total (see table 13) and some Qf the lactate must have been derived
from endogenous sources. If one of these sources were glucose,then it
would have diluted the specific activity of the entering sugar. Since
this was not the case (tables 14 and 15),'it may be concluded that some
of the léctic acid formed during glucose absorption by the small intestine
of normal and insulin deficient rats was derived from endogerious non-
glucose sources, and that lactate was formed only from that glucose

‘absorbed by the intestine.

The greater glucose dependence of région 3—4 compared with region 6
was confirmed by the figures in table 16 for lactate production from
glucose, expressed as a percentage of total lactate production. Insulin

deficiency induced by anti-insulin-serum increased lactate formation in
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both regions, the relative cbntributions of glucose and non-glucose
sources being the same as normal in region 3—4 and approximately the
same as normal in.;egion 6. In experimental diabetes induced by
streptozotocin in region 3-4, 7% more of the increased lactate was
derived from glucose rather than non-glucose endogenous sources, but

in region 6 the relative contributions ﬁarely differed from normal.

9. Effects of exogenous insulin on sugar transport and metabolism by

everted sacs from normal and insulin-deficient rats

" In view of the results presented in tables 17 and 18 on the apparent
irreversibility by insulin (100 .mU/ml) of the &fects of experimental
diabetes, it is possible that the observed effects of insulin—deficienqy
are not due primerily to lack of insulin,but to secﬁndary factors which

could not be reversed by insulin "in vitro'.

Alternatively, the insulin molecule may be unable to penetrate the
epithelial cell, or in doing so, may be hydrolysed by the endogenéus
proteolytic enzymes. In connection with the latter hypothesis, D'Addabbo
et 21 (1967) presented evidence which suggested that the passage of radio-
iodinated insulin through the intestinal wall of rats,could be demonstrated
by neutralising the proteolytic activity of the intestimal tract, with an
appropriate inhibitor (e.g. Trasylol). With one exception,there have

been no revorts of a consistent reversal by insulin of the effects of
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experimental dizbetes on the small intestine.

Laszt & Vogel (1946) reported observations which suggested a
decrease in glucose absorption after giving insulin (24 units/animal)
to alloxan diabetic rats. Sols, Vidal & Larralde (1948) however
observed a slight and probably not éignificant increase in glucose
absorption after administration of insﬁlin (20 units per kilogram
body wt. i.v.) to alloxan-dizbetic rats. Lequin & Steyne-Parve (1562)
found a statistically significant increase in intestinal glucose absorp—
tion in.diabetic rats given insulin compared with non-insulin treated

non-diabetic controls.

Using everted sacs, Aulsebrook (1985) found, - curiously, that both
alloxan diabetes of two weeks duration, and infusion of insulin (0.750/
rat i.v.) increased glucose absorption, but that infusion of insulin

into the diabetic animal had no effect on the already elevated absorption.

The increased intestinal transport of 6 deoxy glucose (Crane, 1960)
;nd S—methyl glucose (Tlores & Schedl, 1968) in alloxan diabetes was not
significantly changed by insulin (400mU/ml1)"in vitro." The exception té
- these conflicting observations is the report of Dubois & Roy (1949).
ﬁsing'a combined lumen-mesenteric perfusion system, these workers observed
a small decrease in 3-methyl glucose transport in rats rendered diabetic
" with guinea pig-AIS, and on the addition of insulin (10mU/ﬁl) to the
blood circulation, transport of 3-methyl glucose was restored to normal.

Both of .these results are contrary to those of the present investigation.
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-However, in their experiments Dubois & Roy studied rats "within
18 hours" after the induction of disbetes with ATS,and no criteria
were given regarding the potency of the particular AIS used at the
time of experiment. It is therefore suggested that this represented
a completely different experimental situation to that of the present

work.

Further insight into the problem of insulin action on the small
intestine is provided by two reports on the direct action of insulin

administered at low concentration,both"in vivo'and"in vitro."

Varro & Csérnay (1966) using an "in vivo" preparation of dog jejenum
found that insulin (8.5 - 20 mU/15 mins.) given intra-arterially, had
no effect on the disappearance of glucose from the lumen, but reduced
significantly fhe rate of appearance of glucose in the portal cir?ulation.
The effect of intre-arterially given glucagon (30-100g/15 mins.) was
directly opposed to that of insulin. Glucagon had no effect on absorp-
$ion from the lumen. To explain these changes the authors postulated
a 'labile glucose pool'! in the small intestinal wall from which glucagon

was able to release glucose and insulin able to inhibit its release.

Love & Canavan (1968) reported that insulin (1 mU/ml) increased the
"mucosal transfer" (Levin 1967) of glucose and é—methyl glucose by jejunal
" everted sacs. .The "mucosal transfer" was the sum of the serosal glucose
transfer and the mucosal accumulation,and it was interesting to note that

insulin.was without a statistically significant effect on the mucosal
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accunulation of glucose, but stimulated two-fold the serosal glucose
transfer. Similarly the results for 3-methyl glucose absorption were .
statistically significant only when expressed as "mucosal transfer".

As a result of these findings,Love and Canavan proposed that the insulin
effect might be dependent on the "activatioﬁ of cellulat metabolic
processes".  This hypofhesis is directiy contrary to that of Va;ro &
Csernay. It is possible that the results presented in table 19 which
suggested that insulin (100 mU/ml) had no effect on final glucose concén—
tration ratio, lactate or carbon dioxide production were due to the short
time course of the experiment (30 mins.), during which time, less insulin
would be likely to reach the metabolic sites in the ihtestine than in

the experiments of Love & Canavan, who incubated sacs for 90 minutes.

On the othér hand it seems fhat in the "in vivo" preparation of
Varro & Csernay, insulin would be more likely, via the mesenteric system,
to reach its possible sites of action in the small intestine. Iﬁ
éddifion,the reported reduction by insulin in the rate of appearance of
glucose in the portal circulation,might be in accord with observations
in the present investigation, of an increased serosal transfer of glucose

in experimental diabetes.

Brachet & Rasio (1969) have recently studied the passage of 125

insulin across isolated mesentery, and found that the time taken for half
~ of the insulin added to one side of the mesentery to cross the membrane

and reach the other side was about SO minutes. The kinetics of insulin
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movement were compatible with those of simple diffusion. These
results lend further support to the findings of Varro & Csernay,since
it seems highly probable that in their preparation insulin would be

reaching the epithelial cells of the mucosa. -

10. Effects of metabolic inhibitors on glucose transport and metabolism

by everted sacs from insulin-deficient rats

Although the inhibitors used in this study were unable to reverse
the effect of streptozotocin diabetes on the final concentration ratios
of gluéose, they did.induce striking effects on lactate.aﬁd carﬁbn-aioiide
formation. Carbon dioxide formation from glucose in the presence of
fluoracetate represents the amount of 002 produced by the decarboxylation
of pyruvic acid in glycolysis; prior to the entry of the glucose carbon
atoms into the citric acid cycle. Carbon dioxide formation from glucose
in the presence of fluoride represents that proportion of glucose carbon
étoﬁs that are able tc by-pass glycolysis (e.g. via the pentose shunt
pathway), and be liberated in the citric acid cycle. The results indica-
ted that more 002 was formed by the second of these pathways, though this
assumes that fluoracetate and fluoride were completely effective in inhibi-
ting the citric acic cycle and Embden Meyerhoff pathways respectively.
The results for lactate production are easy to explain only when considered

separately from those on glucose transport. In the absence of the citric

acid cycle (presence of fluoracetate), glucose carbon atoms in pyruvic
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acid would be channelled to iactate rather than acetyl coA, ané lactate
production would obviously be diminished in the absence of glycolysis
(presence of fluoride). However neither of these inhibitors had any
signifigant influence on the elevated glucose active transport in the
terminal ileum of streptozotocin diabetic rats, suggesting that this
phenomenon is not due to an iﬁqreased sﬁpply of ATP resulting from an
increased catabolisﬁ of glucose. It is relevant at this point +to
consider the results obtained with sacs from starved animals (p.112).
In figé. 3 and 5 and tables 6 and 8, it was shown that in starvation,

a lowering of glucose metabolism (1400 formation from U—14C-g1gco$e)

2
can‘result in an apparently increased active transport with this sugar.

It is therefore possible that the inhibitors fluoracetate and fluoride
might be mimickiﬁg starvation in this respect, and that any decrease

they might induce in glucose active transport by sacs from streptozo-
tocin diabetic aniﬁals, is cancelled out 5y'their effect in lowering
glubose metabolism. Two additional complicating factors to be considered
are the lack of specificity of métabolic inhibitors in general,ang of
fluoride in particular, and the lack of information regarding the ability

of fluoride and fluoracetate to reach the sites of metabolism in the intact

cell (Sanford 1967).
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11. Activity of the pentose phosphate pathway in the small intestine

of normal and insulin deficient rats

The result: for the contribution of the pentose phosphate pathway
to the normal metabolism of glucose in the small intestine (about 309%)
was of approximately the same order as that reported by Landau and
Wilson (1959) and Bell and Sherratt (1967). In adipose tissue and
mammary gland the activity of the pentose cycle is markedl& reduced or
even abolished in experimental diabetes (Milstein, 1956 and Abraham Sfﬂ)
The apparent insensbivity of the intestine to this treatment provides

a further example of the "hegative" behaviour of this organ towards

insuwlin deficiency.

The pentose phosphate and glycolytic pathways have a'nﬁmber of
intermediates in common (e.g. fructose 6 phﬁsphate and triose phosphate)
and lactate may be formed from glucose via either route. The present
work has established that intestinal lactate formation from glucose is
stimulated in experimental diabetes, "in vitro" and it would appear that
this is due to an gqual increase in the flow of glucose carbon atoms dowm
the glycolytic and pentose phosphate pathways in insulin deficiency -
6therwise the proportion of the two pathways would have been altered in

this condition.
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12, Support of 3-methyl glucose absorption by high serosal glucose

concentrations

In view of the failure of very high serosal concentrations of
glucose to effect a net movement of_s-methyl élucose from the mucosal
to the serosal side,the observed effects of insulin deficiency in rat
small intestine in the present work’do not appear to be due to an
elevated blood sugar level but to some other factor(s). AHowever,
it is ppssible that the present "in vitro" experiments did not adequately
reproduce the "in vivo" situation in experimental diabetes,and that in-
sufficient glucose was able to diffuse back from the serosal medium to =
affect the metabolism of the epithelial cells. It would be interesting
to repeat this typg of experiment using a preparation for the combined
perfusion of the intestinal lumen and mesenteric blood vessels (Parsons
& Prichard, 1968) and infusing glucose into the mesenteric circuit to
follow its effect (if any) on the disappearance of 3-methyl glucose from

the lumen.

The results of a recent report on the effect of blood glucose levels
on glucose absorption are relevant in this context. Casey, Felber &
ﬁannotfi (1968).removed the liver and kidneys frém the circulation of
alloxzan diabetic rats by connecting the portal vein to the jugular vein

.extérnally, thereby lowering the elevated blood glucose levels in these
animals. The uptake of glucose by rings of small intestine isolated 20

minutes after this treatment was then measured, and was found to have
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fallen by an amount proportional to the fall in blood glucose level.
Converse experiments were carried out in which glucose (2g/kg) was
administered to rats intravenously, prior to measurement of glucose
absorption "in vitro". The results indicated fﬁat glucose absorption
was increased above normal 30 minutes after %he administration of a
glucose load, and that this effeét was dependent on the synthesis of
new protein, since it was inhibited by puromycin. while this last
conclusion is debatable,-the results as a whole lend support for the
hypothesis that the stimulation of glucose absorption seen in experi-
mental diabetes, is due not to a direct action of insulin, but as a

metabolic conseguence of the elevation of blood sugar level.
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43. Fluid transfer in the small intestine of normal and insulin-deficient

rats

The results in table 25 indicated that the effect of streptozotocin-
diabetes in increasing the movement of glucose from the mucosal to the
. serosal media, was not due to a stimulation of the movement of fluid

in the opposite direction.

It was interesting to note that the increases, due to insulin-
deficiency, in the movements of glucose and fluid were approximately.in

proportion in the upper ileum, but that in the lower ileum, the movement

of glucose was stimulated to a much greater extent, than that of fluid. . ...

This suggested that the movements of glucose anﬁ fluid were more tightly
coupled in the upper rather than the lower ileum, and this observation
is in agreeﬁent with that of Barry et al (1961) and p.117 who showed
that fluid transfer in the upper regions of the intestine was more

dependent on glucose than that in the lower regions.
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-14. levels of metabolic intermediates in the small intestine of normal

and streptozotocin~diabetic animals rats

The only statistically significant differencesapparent in both
regions 3—4 and 6 were the observations of an elevated pyruvate content
in the gut of streptozotocin-diabetic animals. Elevated pyruvate
production from. glucose ﬁas been reportéd in hearts taken from rats
rendered insulin—déficient with a%ioxan (Garland & Randle 1964) and
with streptozotocin (Mansford§182;§. In the case of the alloxan
diabetic hearts, the depression in pyruvafe oxidation was associated
with elevated citrate levels, and an increase in-acetyl coA and oxalo-
acetate. Williamson (1965) has also shown that pyruvate normally
promotes the formation of both oxaloacetate and acetyl coA, the pre-
cursors of citrate, in perfused rat heart. However, in the case of
streptozotocin—diabetic hearts citrate content is depressed and prelim~
inary results have suggested that no elevation of acetyl cold or oxalo-
acetate can be detected under conditions where pyruvate accﬁmulation
fiom glucose occurs (K.R.L. Hansford, personal communication). In
the small intestine citrate levels were unchanged in streptozotocin-
diabetes. It would therefore appear that the mechanism for the accumul-
étion of pyruvate in streptozotocin—&iabeﬁic hearts and smallnintestine,
is different from that proposed for acute alloxan diabetic hearts. The
values in table 26 for citrate content were higher than those for rat

" small intestine reported by Steenback & Bellin (1953) (7.6 mg/100 g wet-

wt. about 1.32 jil/g dry wt.) and Harrison & Harrison (1959) (7.8 mg/100 g
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wet wt. about 1.35 /g dry wt.). The present figures were also
about three times higher than those in rat heart and kidney and about

six times higher than those in the liver (Steenback & Bellin 1953).

B.J. Parsons (1959) reported that the ATP content of rat small
intestine was 1.45 }ﬂ@/g wet wt. (about 4.8 jif/g dry wt.) in fairly
good agreement with the presen%,work. This level was of approximately
the same order as that in the 1liver (Stoner & Threlfall 1958) but about
one third that in the heart, (K.R.L. Mansford, personal communication)
reflectingithe greater energy output of the latter organ. Not surpris-
ingly the creatine phosphate level in rat heart was also about three

times greater than that reported in table 26 for the small intestine.

It is interesting to néte that Born (1956) found that the creatine
phosphate content of the taenia coli muscle of the caecum was 1.94.pM/g
wet wt. (about 6.5‘PM/g dry wt.) in good agreement with the present work
carried out on segments of whole small intestine, and suggesting that
the chemical energy stored as creatine phosphate in the intestine might
be located not in the mucosa,but in the underlying smooth muscle. . The
interpretation of the data in table 26 is difficult,since the results
could have been influenced by the amount and type of luminal contents
in the segments of intestine pfior t0 removal, (Stifel, Rosensweig,
Zakim & Herman 1968). The present work should therefore be seen as an
essential preliminary to the measurement of metabolic intermediate levels,

after incubation of the tissue 'in vitro'.
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15.Comparison of the effects of experimental diabetes induced by

anti-insulin-serum and streptozotocin.

The effects on the small intestine of insulindeficiency induced
by streptozotocin and anti-insulin-serum appeared to be similar, though
streptozotocin treatment had a m;re marked effect than AIS. This was
probably due to the longer time in.which the rats were insulin deficient,
(chronic experimental diabetes) due 1;0. the destruction of the Beta cells
of the pancreas by streptozotocin. However, the lesser effects of acute
insulin deficiency due to a2nti-insulin-serum were of great intereét.
Jervié ané Levin (1966) found that the hyverphagia of chronic alloxan
diabetes in rats induced -an increase in the size and weight.of the
intestine at 6-12 months. Increased sugar trénsport might arise under
these conditions as a result of infestinal hypertroéhy, but this
possibility is precluded in the present experiments with AIS,since rats
vere used one hour after injection.

It is also interesting in this context to recall that the

striking effects of streptozotocin on the final glucose concentration

ratios developed by everted sacs were apparent only 24 hours after

injection.
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.—316. Possible role of hexokinase

The results for lactate production.in the presence of glucose and
3-methyl glucose by sacs of intestine taken from insulin deficient
animals suggested that the rate of glyqolysiS'Was stimulated. Srivastava
& Hubsher (1966) obtained evidence that hexokinase and phosphofructo-
kinase were thq rate-limiting épzymes in the initial sequence of glyco-
lytic reactions in subce;lular preparations of rat small intestinal
mucosa. Decreased rates of formation of lactate were mainly due to a
decreaée in the activity of hexokinase(s). Shakespeare, Srivastava &
Hubscher (1969) showed that the level of rat intestinal hexokinase was
depressed in starvation and could be restored to normal by feeding
glucose. An increasé.in the hexokinase activity of the particle-free-
supernatant fraction prepared from mucosal homogenates was also observed
after sacs of small intestine of starved rats had been incubated.ig_gizggl
in a glﬁcose contaihing medium. These oﬁservations suggested that rat
intestinal hexokinese was pariicularly sensitive to environmental change.
The same authors (Srivastava, Shakespeare & Hubscher 1968) found that 607

* of the total hexokinase activity in rat mucosa was in a total particulate.
fraction,chiefly in the mifochondria, where its function was unknéwn, and
that of the remaining 4Q£ in the supernatant 5.8% was of hexokinase type I
and 94.% of type II. The decrease in hexokinase activity in starvation
mentionéd above, was due mainly;and possibly wholly to a decrease in hexo-

s

kinase type II.

" Ketzen has classified the sensitivity of tissues to insulin in terms
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of their content of hexokinases. Hexokinase type I, he proposes,
predominates in insulin insensitive tissues, hexokinase II in tissues
sensitivé to insulin. Xatzen has extended the observations of
Srivastava et al,by investigating the distributicn of the types of
intestinal hexokinase between the mucosa and the muscle of the inlestine.
He has found that 70% of the hexokinase in the muscle is of type I and
SO% of type II,.while his results for the mucosa are similar to those

of Srivastava et al. His most striking observation, however, is that
in streptozotocin diabetes the total intestinal hexokinase activity
rises from 16.4 to 51.0 pll x 10"3 TPN hydrolysed/minute in agreement
with the finding of Broquet (1956), of an elevated hexokinasellevéi in
the small intestine of alloxan diabetic rats. Recent evidence has
suggested that the increase in total rat intestinal hexokinase activity
in streptozotocin-diabetes is due to an increase of hexokinase type II.
(katzen : personal communication). Whatever the precise details, this
result provides one explanation for the éffécts of experimental diabetes
on the intestine described in the present worke Due to an elevated
level of intestinal hexokinase in streptozotocin diabetes,endogenous
glucose metabolism would be increased, producing more ATP some of which
ﬁight be coupled to the transport process. lucosal uptake of glucose
would be increased and some of this extra sugar would also be metabolised,
.moré in region 3-4 than in region 6, to provide transport energy. This
hypothesis requires in the case of tke AIS-treated animal that the intest-

inal hexokinase level (or activity) should change in under one hour.
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The preliminary data in table 27, suggested that in the terminaliileum,
but not in the upper ileum, that the hexokinase activity of the "soluble"
fraction increased considerably one hour after the injection of AIS.

In this connection Valters & Maclean (1968) fourd that in mammary tissue
taken from rats injected one hour previously with AIS,the hexokinase
activity of the 'soluble' fraction also increased,while that of the
'particulate’ ffaction decreased, suggesting that treatment with AIS
induced a change in the distribution of hexokinase, rather than the
synthesis of new protein. A similar "mobilisation" of the hexokinase
act1v1ty in the small intestine from the particulate,to the supernatant
(glycolytic) fractlon,a;ter treatment with AIS, would be in 11ne W1th the
present hypothesis and explain the similar though legs/effects of AIS

compared with streptozotocin.
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