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CEAPTER I

FACTCORS INFLUENCING THE STORES COF ENERGY-RICH PHOSPHATE
IN RAT SMALL INTESTINE AND ITS RELATIONSHIP TO GLUCOSE
AND FRUCTOSE METABOLISM

Introduction

The small intestinal mucosa is known to have a high
rate of aerobic and anaerobic glycolysisl—3. Oxidative
phosphorylation, although not tightly coupled, has been
demonstrated using mitochondrizl preparations from small
intestinal muccsa of guinea--pig4 and rat5'6. Recent work
from our laboratory7 shewed that the high Mg2+ stimulated
ATPase activity of the isolated mitochondrial prepara-
tions contributed te the absence of tight coupling. &
"loose" coupling of oxidative phosphorylation, or the pre-
sence of considerable ATPase activity could explain the
absence of a clearcut Pasteur effect in small intestine
of wvarious speciesl"3. The metabolism of glucose and fruc-
tose is of particular importance in relation to their ab-
sorption (reviews: 11,12). The amcunt of the lactate formed
within intestinal mucosa is discharged unidirectionally
into the serosal £luid {unpublished observations and refs.

13-15) . It was postulated by Porteousl3

that the prepon-
derance of lactate dehydrogenase over pyruvate dehydro-
genase (the activity ratio was 300) as well as the regu-
latory preoperties of a "muscle type" lactate dehydroge-
nase ensure the high rate of lactate production even at
high O2 concentrations. However, in our studies with
isolated epithelial cells (Paper III) almost egual rates
of pyruvate decarboxylation and pyruvate conversion to
lactate were observed. A balance study of glucose trans-
port in vitro (1-10 mfl) showed a considerable conversion
to lactate (27-41%) of the glucose absorbedl3. However,

comparable studies in vivo, carried out by Kiyasu et al.lG,
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clearly showed a different pattern: 14C—-labelled glucose
(2.5-100 mM) was introduced into loops of small intestine
of rats and practically all of the i4C in portal plasma
was shown to be present as glucose (50-%2%) and only 4-9%
as lactate. In vitro studies with rat "everted intestine”
have left no doubt that the intestine can transfer
hexoses, aminoacids and short-chain fatty acids, against
concentration gradients, (review: 17). For these transfer
mechanisms to function at maximum rates the presence cof
a metabolic fuel, such as glucose, is reguired.

Determinations of in vivo levels of glycolytic
intermediates in a variety of tissues during increased
glycolytic flux indicate that phosphofructokinase plays
a central role in the regulation of glycolysis and the
operation of the Pasteur effect (reviews: 18-20). Low
concentrations of ATP relative to ADP and AMP are favour-
able conditions for high phosphofructokinase activity.
Indeed, TIemhoff et al.5 found these conditions to be pre-
sent in everted sacse of rat small intestine. We therefcre
reasoned: perhaps the 02 availability in these non-
vascularly perfused everted sac preparations is limited,
leading to suboptimal rates of ADP phosphorylation by
limited mitochondrial activity and hence to excessive
rates of glycolysis. The study of a better oxygenaticn of
the small intestine by in vitrc vascular perfusion was
therefore the start of the present investigation. In this
connection it may be of interest to note that
Pietra and Cappelli2l found that indeed in everted sac
preparations 02 availability is limited.

Recent studies firmly establish that fructose, a
major ingredient in the human diet, is actively trans-
ported by the small intestine of the rat22'23. Several
reports c¢lajim that fructose is converted to gluccse

during absorption, e.g. in guinea-pig and human intestine
24-26

tant26. In vivo experiments showed that a considerable

In the rat, however, this conversion is unimpor-—
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proportion of fructose (12-46%) appears in the portal
vein as lactic acid26. This then differs from the re-
gults obtained on glucose absorption. This led us to
study also the effect of intraluminal fructose admini-
stration on the in vivo levels of energy-rich phosphate
ceompounds in the small intestine. In the meantime it

had been cbserved by other527’28

rand confirmed by us
(Paper II), that the intravenous administration of fruec-
tose brings akout a depletion of ATP in liver. The high
rate of lactate production ccould alsc be due to the uti-
lization of fructose via fructose-1-P to triose-P, as
was shown in liver, kidney cortex and gut mucosa
{review: 29). This pathway is not subkject to the regula-
tory controls of hexokinase or phosphofructokinase,
since these enzymes are not involved in the conversiocn
of fructose to pyruvate. Possibly then in vive, hexo-
kinase and phosphofructokinase are involved in the con-
trol of the conversicn of glucecse to pyruvate, since
glucose resorption dcoes not lead to excessive lactate

production, as has been mentioned above.

Methodological remarks

The small intestine has been studied in the past by
a variety of in vitrc technigues, the most popular being
the everted gut sac preparation, introduced by Wilson and
Wiseman30. Other popular in vitro preparations are rings
of whole small intestine, scrapings of mucosa and iso-
lated villi. More recently, however, evidence has become
available that the morphological integrity of the ever-
ted sac preparation is short lived, 50-~75% of normal
epithelium disappearing during 30 min incubation in oxy-
genated buffer at 37931, Parson532 already concluded
that the most important drawback of the in vitro prepara-
tion is insufficient oxygenation. Oxygenation of the mu-

cosal cell has been carried out by perfusion of oxyge-
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nated fluid through the intestinal lumen. Vascular per-
fusion on the other hand does not introduce unphysiolo-
gical barriers and might ensure a greater efficiency of
oxygenation. In vitro vascular perfusion, however, has not
been wvery popular in gastrointestinal research (review:
33). From 1%68 on, however, considerable work has been
carried out to cope with preoblems like vascoconstriction,
hypermotility and progressive destruction of mucosal
epithelium (review: 34). Measurements of survival time,

oxygen consumptjion, flow rate and perfusion pressure33'

35-38 were done.However, none of these tests is suffi-
ciently critical and more stringent biochemical para-
meters of intestinal function need to be established.
Glucose consumption, active hexose-and amincacid trans-
port, lipoprotein synthesis, ion absorption have been

studied by some workers in this field33"38

and could be
adapted to appropriate function tests, A variety of
methods has been applied to overcome the problems of
hypermotility, vasoconstriction and excessive secretion

by addition of drugs to the medium. In the perfusion stu-
dies done in our laboratory39 (compare Paper I) promethazin
and papaverine were used as antihistaminic and vasodila-
tory agents respectively, as described by Forth36. There
are objections to this approach, because the reagents

added might have metaboljc effects, e.g. promethazin is

said to be an inhibitor of (Na+,K+)ATPase4O and papave-
rine is a strong inhibitor of phosphodiesterase41. Per-
38,42

fusion studies carried out by Windmueller et al.
suggested that the above mentioned difficulties were
related to the loss of central sympathetic innervation.
They demonstrated that this loss can be adequately compen-
sated by the continuous infusion of small amounts of
norepinephrine into the recycling perfusate, provided it
contained sufficient levels of a glucocorticoid.

Most of the perfusion studies of liver and small in-

testine, described in the literature, were performed with
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either an erythrocyte-free medium or with a buffer en-
riched with erythrecytes. The non-erythrocyte medium has

a low oxygen carrying capacity and therefore requires a
high flow rate to prevent organ hypoxia (in small intestine:
15-20 ml/min; Paper I}, when compared with an ervthrocyte
supplemented medium (4-8 ml/min; ref. 39). However, a
problem with an erythrocyte-containing medium, is lysis

of the red cells on the one hand and their ability to
consume glucose on the other hand. The latter problem was

avoided in studies of Hﬁlsmann39

throcytes43. In these studies the final hematocrit was

by using aged human ery-

about 20%, since at significantly higher cellular concen-—
tration vascular obstruction cften occcurred. When the
small intestine was damaged, the first measurable changes
were tissue edema, excessive accumulation of fluid intra-
luminally and reduced flow at constant pressure. In order
to avoid tissue hypoxia in the pregsent studies, use was
made of liguid fluorocarbon to transport oxygen and car-
bondioxide. Fluorocarbon FC-75 (the usual trade name is
FX 80) is a biologically inert ligquid®®. Geyer et al.?®
have shown that emulsions of ligquid fluorocarbon can be
used to replace almost entirely the blood of intact rats
and that these animals react well when kept in an oxygen

atmosphere. Fluorocarbong were later used also in the
46

I

study of isolated tissue preparaticns, such as brain

liver?7 >l and heart-2.

Their suitability for the main=-
tenance of corgan function has now been demonstrated
(review: 53). The solubilities of oxygen and carbondioxi-
de in pure FC-75 at 37°C amounted to 0.41 and 1.42 ml of
gas/ml FC-75 respectively. Compare solubilities of 0.024
ml and 0.67 ml of gas/ml isotonic saline respectivelyso’ss.
Water and polar substances, such as glucose and salts, are
virtually insoliuble in FC~7546. The high molecular weight
non-icnic detergent F 68 was used as emulsifier of the
fluorocarbon in cur experiments (Paper I} and the emulsi-

fication was accomplished by ultrasonic treatment of the
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mixture. The dispersed material could be sedimented by
centrifugation and the sedimented material was easily
washed with buffer to remove excess F 68 present in the
waterphase. After resuspension by sonification, the emul-
sion was checked under the phase contrast microscope.
This preparation was already successfully used in vascu-

lar perfusion of rat liver54.

Requlation of glycolysis in rat small intestine

There are numerous reports on the glycelytic activi-

ty of the small intes1'.1'.nelm5’8""13

studied as everted
sacs, scrapings or iscolated epithelial cell preparations.
The pattern of the glycclytic enzymes in the mucosa of
the small intestine differs from that observed in other

mammalian tissuesSS.

The main difference is the low acti-
vity of fructose—l,G—P2 aldolase (in the 105,000 ¢ sup .
of mucosal cell homogenates: 5-25 mU/mg protein; unpu-
blished own cbservations and refs. 55,56), while the cy-
tosolic activities of phosphofructokinase, hexokinase and
pyruvatekinase, measured under optimal conditions, amount

te 0.16, 0.03 and 2.5 U/ng protein respectively55'

57739 he maximal activities of the other glycolytic en-
zymes equalled or exceeded that of pyruvatekinage. The
initial approach tc the problem of identifying the rate-
limiting and controlling step in glycolysis was the de-
terminaticon of maximal catalytic activities of the com-
ponent enzymeés. Hexokinase was found to be the rate-
limiting enzyme when the rate of formatiah of lactate
from glucose was compared with that from glucose-6-~P in
studies with subcellular preparations of the intestinal

60. It was also shown that lac-

mucosa of the cat or rat
tate production resided predominantly in the particle-
free supernatant and that this activity decreased during
starvation. This decrease was mainly due to the diminished

hexokinase activity by binding of the enzyme to subcellu-
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lar particulate structures. Recently Jones and MayerGl

presented a fractionation study in rat small intestinal
epithelial cells showing predominant association of hexo-
kinase with mitochondria. Fractionation studies of Van
den Berg et al.58 confirmed the mitochondrial localiza-
tion of particulate hexckinase. In vivo as well as in
vitro experiments indicated a decrease of particle-bound
hexokinase activity when glucose or 3-0O-methylglucose

was applied to the lumen of the gutGZ, but recent stu-

dies in our laboratory have shown58

that extensive re-
distribution occurs during the time of preparation. From
in vivo freeze-clamped small intestine of rats refed
with glucose after 50 h starvation a strong decrease of
soluble hexokinase was concludedSs. The meaning of this
redistribution is now being studied. The use of a low
maximal capacity of an enzyme in vitro as an indicator
for a rate-limiting step in vivo may be misleading, as
well as the use of the rate of a biochemical pathway in
cell homogenates. To estimate actual enzymatic rates in
vivo, additional information will be required, which IE“
cludes the levels, and intracellular distribution of the
substratesg, and knowledge of the kinetic parameters of
the enzymes in the tissue and species under study. Scme
data on the kinetics and allosteric properties of phos-

phofructokinase57’63’64

and on the kinetics of pyruvate-
kinase in rat small intestine59 were recently presented.
We reported substrate levels of intermediates in glucose
and fructose metabolism in freeze-clamped small intes-
tine after intraluminal hexose leoading in vivo (Paper II).
After glucose loading no significant changes in the levels
of glycolytic intermediates were observed. Therefore the
irreversible steps of glycolysis must have been adapted.
Hexokinase isocenzymes of small intestine are subject to
glucose~6-~P inhibition. Phosphofructokinase may still be
the rate-limiting step since its inhibition will cause

hexosemonophosphate accumulation, which subsequently in-
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hibits hexokinase, preventing sequestration of Pi during

. glucose loading. During fructose loading the glycolytic
rate increases which is not in contradiction with the con-
clusion on the rate-limiting step(s) of glycolysis just
reached, since fructokinase- and the subseguent fructose-
1-P aldolase reactions catalyze the formatioh of tricse-
rhosphates while circumventing hexckinase, phosphofructo-
kinase and fructose—k,G—P2 aldolase.

Examination of factors which may control the glyco-
lytic flux in a particular tissue requires the knowledge
of levels of metabolic effectors, which influence the
activity of the enzymes of these pathways. The inhibition
of phosphofructokinase from skeletal muscle by high con-
centrations of ATP was first shown by Lardy and ParksGS.
The reversal (deinhibition) of ATP inhibition by ADP and
AMP was shown by Passoneau and Lowry66. Later work of the

same authors67 added fructose-6-P, P

;o v," and k' as ac-
tivators of the enzyme. These effects were subseguently
confirmed in studies on phosphofructokinase from different
other sources (reviews: 18,19).8ince adenine nuclecotides are
the universal ccupling agents between anabolic and cata-~
bolic segments of metabolism and since many enzymes are
regulated by these nucleotides (e.g. pyruvatedehydroge-
nase, Chapter II), Atkinson68 advanced the adenylate con-
trol hypothesis. This states that the concentrations of
adenine nuclectides in a cell are impecrtant parameters in
the regulation of seguences that leads to the regenera-
tion of ATP or to production of storage compounds. Atkin-
son introduced the term "adenylate ensrgy charge" defined
as: [ATP] + % [apP]/ [aTP] + [ADP] + [AMP]. The highest
possible ratio is unity, when all adenine nuclectides in
the cell are present as ATP. Phosphofructokinase, be-

ing generally a rate-limiting enzyme of glycolysis, res-—
ponds to changes of the energy charge68. Thus low concen-—

trations of ATP relative to ADP and AMP (tc be expected
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to occur under anaerobic conditions) will tend to activate
the enzyme, thus explaining the increased rate of glycoly-
sis during this condition. Alternatively excess ATP, as
can be expected only when the mitochondrial respiratory
chain is operative, thus in the presence of 02, the rate
of glycolysis will be inhibited (Pasteur effect). Studies
on the effecteors of phosphofructokinase in rat small in-
testine indicated that they are essentially the same as
those of other mammalian phosphofructokinase557’63. The
lack of Pasteur effect in small intestinal mucesa (see
Introduction) may therefore be related to the favourable
ratio of activators to inhibitors of the enzyme, as will
occur during tissue ischemia when the "energy charge" is
low. The concentrations of ATP, ADP, AMP, Pi and fructose-—
6-P were therefore determined in jejunum of the rat in
vive (Papers I and II) and revealed relatively low levels
of ADP, AMP and Pi. The energy charge was appreciably

higher than that reported in the literature18’64.

In
liver, as in most other tissues studied, the energy charge
has been shown to be maintained at a value of approximate-—
ly 0.969. The lower value, reported by Tejwani et al.64,
might be due to the use of a slow "freeze stop" method.
The same authors, however, found that the ATP concentra-
tion was not critical te influence the enzyme activity

4+, AMP, ADP and P,
(compare alsc refs. 18,70,71)., The most important activa-

owing to the synergic activation by NH

tor, NH4+, may indeed have a high concentration in view
of the presence of urease and the high adenosinedeaminase
activity in intestinal mucosa as argued by Tejwani64. We
consider the lower energy charge rather unlikely as long
as excess of creatinephosphate {(and creatinekinase) exists
in the cell. We were first to show the presence of crea-
tinephosphate (CP} in the intestinal mucosa (Paper II).
Creatinepheosphate is also a potent inhibitor of brain
phosphofructokinase72. It would be of interest to see

whether this also holds for phosphofructokinase from
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small intestine. Furthermore no data were given about the
effect of pH on the allosteric properties of the enzyme.
Mansour found that the effect of pH is so critical that

a change c¢f 0.2 pH units arcund the neutral point could
cause a considerable change in sensitivity to inhibition
py arpl?c7h,

Metakolic characteristics of the vascular perfused small

intestine

The effect of increasing the energy charge from 0.81
to 0.91 on the rate of glucose consumption was studied in
the wvascularly perfused intestine (Paper I). A value of
0.81 could be calculated from the data of TABLE I of Paper
I, when Krebs-Henseleit bicarbonate was perfused at a rate
of 4.8 ml/min. When an eryvthrocyte-containing medium was
perfused at a rate of 4-8 ml/min {(not shown}! an identical
energy charge was obtained. Under these conditions the rates
of glucose utilization {100-200 umoles/h) were relatively
high when compared with values (50-80 umoles/h) obtained
in perfusions with media containing fluorocarbon par-
ticles (flow rate 11 ml/min). Freeze-clamping a part of
the jejunum under the latter conditions after 10 min per-
fusion, showed an increase in energy charge (0.91), ap-
proximating that of the rat small intestine freeze-
clamped in situ., In the presence of nitrogen instead of
oxygen, the rates of glucose utilization (and lactate
production) were much higher (Paper I), suggesting a
clearcut Pasteur effect. The oxygen consumption in the
aercbically perfused intestine increased from 4-9 to
14-23 umoles Oz/min when perfusion with Krebs-Henseleit
bicarbonate medium at a flow rate of 16 ml/min was re-
placed by perfugion with fluorocarbon emulsions at a
flow rate of 11 ml/min. When the uncoupler 2,4-dinitro-
phenol (DNP) was added, the oxygen consumption was alsc

14

stimulated as was the conversion of [6- C]-glucose to

14co2 (Fig. 1). Under this condition the rate of lactate
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Fig. 1. Effect of DNP on oxygen extraction and [6-'*C]-giu~
case to 14002 conversion in wvascularly perfused rat small
intestine. Perfusions were carried out with medium II (see
Table I, Paper I). OXygen consumption was calculated from
the measured oXygen tensions at the arterial and venous
sides of the perfused preparation (determined with Clark
electodes). '“CO0; produced was trapped in hyamine con-
tained in & plastic cup present in a vessel covered with a
rubber cap. Arterial and venous samples by the addition of
HC1lC,4 were injected through the rubber cap, followed by
the addition of HCl0, sc that the gas C02 evolved could be
taken up by the hyamine. &—e E—I”C —glucose to '%C02 con~
version; 0—0 02 consumption.

producticon was also strongly stimulated (Paper I}. This
indicates "tight coupling" of oxidative phosphorylation in
the absence of added uncoupler., It alsc indicates that the
glycolysis rate is controlled by the supply of ATP, gene-
rated during oxidative phosphorylation. During 10 min an-

aerobiopgis the energy charge had decreased from 0.91 to
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0.62 and the creatinephosphate was lowered to 1.4% of the
control value. Furthermore a decrease of the rate of lac-
tate production was observed after 10 min anaercbiosis,
which was parallelled by an increase of release of the
nuclecsides adencsine, inosine and hypoxanthine. The sum
of the released nuclecosides between 0 and 10 min (aerobic)
was 0.026 umoles, between 10 and 20 min (anaerobic}) 0.048
umoles and between 20 and 30 min (anaerobic) $¢.442 umoles.
These values were obtained in separate perfusion studies
(not shown) and determined as indicated in ref. 73.

These results then suggest a strong increase in the rate
of AMP degradation, since the nucleosides mentioned are
products of AMP breakdown. Under aerobic conditions, about
half of the glucose utilized is converted to lactate and
another important part completely oxidized. The latter
reguires approximately 3-4 umoles Oz/min. This is less
than the observed rate of oxygen congumption (Fig. 1).
Therefore it must be assumed that a considerable fraction
of the oxidative metabolism can be attributed to endogenous
metabolism. The measurements of the conversion of [6~%C]-
glucose to }“CO2, however, indicates (Fig. 1)} that only a
very small amount of glucose was oxidized, althcugh the
amount of label dilution could not be estimated. Our work
has been critisized by Ramaiah18 while Lohman et al.2 ob-
served a Pasteur effect in mouse jejunum when the tempera-
ture was lowered ta 20-30°9C. They found that the ATP con-
centration was three times higher at this temperature than
at 38°C. On the cne hand this condition may increase the
oxygen availability and con the other hand may decrease ATP
utilization. Ramaiah18 and Kreb520 both mention in recent
reviews on the Pasteur effect that the high aerobic rate
of lactate formation by the intestinal mucosa is confirmed
by in vivo studie516’74. However, when calculaticons from
their absolute lactate production rates in portal blood
during the absorption of 2.5-100 mM glucose were made, ex~
tremely low production rates are obtained. Mereover Wind-
mueller38 found already that the small intestine, vascular-
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ly perfused in vitro with an erythrocyte-containing me-
dium showed very low rates of lactate production, even
during glucose transport.

Fructose metabolism in rat small intestine

Fructose is mainly converted to glucose and lactate

in man25:75, 26,76

guinea-pig and rat . Conversion of fructose
to glucose in rat is relatively sluggish due to the ab-
sence of glucose—G~phosphatase76. Once in the epithelial
cell, fructose is rapidly transformed into either fructose-
6—-P or fructose~-1-P by action of hexokina5e77 or fructo-

kinase76'78’79

. In the presence of both fructose and glu-
cose as will occur after intraluminal supply ©of sucrose or
glucose continucous supplied from the blood side, fructose
is preferentially phosphorylated by fructokinase. The Km‘s
of hexckinase for fructose and glucose in rat small intes-
tine are approxXimately 4 and 0.2 mM respectively77. Fruc-
tokinase has been reported to cccur not only in small in-

79'80. Fructose-

testine, but also in liver and in kidney
1-P is converted to dihydroxyacetone-P and glyceraldehyde
by fructose-1-P aldolase. Tt is likely that both fructose-
6-P and dihydroxyacetone-P are further metabolized in the
glycelytic pathway or to glucose by combined actions of
fructose-1,6-P, phosphatase and glucose-é-phosphatase. The
fructose~1-P aldolase activity is probably contained in
the same enzyme molecule that has fructose—l,6—P2 aldolase
activity, since at least purification cf the liver enzyme
has not led to separation of the two activities. The ratio
of the two activities differs in each organ. About unity
in liver, kidney and small intestine; relatively low fruc-
tose~1~P aldolase activities are found in brain, lung,
heart, cardiac and skeletal musclegl. In mammalian spe-
cies three types of aldolase are defined: aldolase A (mus-
cle type), aldolase B (liver type} and aldolase C (brain

type). By analogy with liver, it is assumed that in intes-
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tine glyceraldehyde is phosphorylated by txiosekinasezg.

Thus the rate of fructose catabolism in the intestine is
not influenced by phosphofructokinase as has been men-
tioned earlier,

After the intravenous injecticn of fructose in rats,
the ATP and Pi levels in the liver are known to decrease
while the fructose-1-P level strongly increase527'28
(Paper II). This sequestration of Pi results in a slug-

gish rephosphorylation of AMP and ADP, so that increased
28

7

rates of AMP dephosphorylation and deamination occur
leading to the formation of inosine, hypoxanthine and
uric acid, at the expense of the adenine nuclectide pool.
In jejunum, after intraluminal or intravenous fructose
administration, fructose-1-P levels alsc increase (Paper
II). Also in jejunum the Pi—concentration was strongly
lowered. However, the ATP level was relatively constant,
perhaps due to the presence of creatinephosphate and
creatinekinase in the epithelial cells. Indeed, the cre-
atinephosphate level declined after fructose lecading
{Paper II) to compensate ATP breakdown. Intraluminal
leoading with fructose in vivo had no effects on liver
nucleotide levels. This was recently82 confirmed. The ex-
planation of the accumulation of fructose-1-P in small
intestine was based on the examination of the reported
Viax and K values of fructckinase and fructose-1-P aldo-
lase (Paper II)., Fructose metabolism in vitro (lactate
and glucose formation} measured recently by Mavrias and

Mayerd3 84

in guinea-pig and rat epithelium was appreci-
ably lower than the maximal activities of fructokinase
and fructose-1-P aldolase, as measured by the same au-
thors. This indicates that these enzymes may be rate-

limiting in vitro. The extreme low energy charge in the
5

preparation used, as measured by Iemhoff et al. earlier-,

could explain these results, since fructokinase is

8
strongly inhibited by ADP (competitive with ATP 0) and
IMP, the degradation product of ATP, powerfully inhibits
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fructose~1-P aldolasezs. Therefore the interpretation of
fructose metabolism in a preparation with a low energy
charge may be difficult, which may alsc hold for glucose
metabolism. The effect of intraluminal fructose loading
on the glycelytic metabolite levels was virtually nil.
Cnly fructose-1-P accumulation was large, while somes of
its conversion products may have somewhat increased, pro-
bablgsrgéated to the presence of fructosewl,G-P2 p%gsg%a—
’ and the absgence of glucoge-6-phosphatase '

in rat small intestine,.
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CHAPTER II

PYRUVATE METABOLISM IN ISOLATED EPITHELIAL CELLS FROM
JEJUNUM OF RAT AND GUINEA PIG

Introduction

It has been demonstratedl—3 that in muscle fatty
acids and ketone bodies are a preferred substrate when
compared with glucese. It has been shown that in this
tissue during fatty acid and ketone body oxydation two
key enzymes in glucose metabolism, phosphofructokinase4'5
and pyruvatedehydrogenaseSus, are inhikited. In an ear-
lier study from this laboratoryg, it was shown that cc-
tanoate and oleate both inhibit glucose oxidation in in
vitro vascularly perfused intestine. Under the conditions
employed, glycolysis was not inhibited, but rather slight-
ly stimulated., In Chapter I it was suggested that a some-—
what decreased energy charge, when compared with in vivo
values, may result in asctivation of phosphofructokinase
and therefore to an increased rate of gluccse uptake. The
study of the mechanisms invelved in the inhibition of the
pyruvatedehydrogenase complex by fatty acids in intestine
is the purpcse of the present work. Particular attention
was devoted to the phosphorylation-dephosphorylation
cycle shown by others to influence the activity of the

pyruvatedehydrogenase complex in heart musclelo, liverll,

brainl2 13 14,15

, kidney and adipose tissue It has been
demcnstrated that the phosphorylation state of this enzy-
me is under metabolic and hormonal control. We will
briefly review some of the reported data.

In our studies on pyruvate metabolism in rat small
intestine it was found that the [1-'"C]|-pyruvate to ''CO,
conversion could be inhibited 92% by arsenite {Paper III).
The uninhibited reaction may ke due to the action of py-

ruvatecarboxylase followed by the decarboxylation of the
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dicarboxylic acid products formed. Pyruvatecarboxylase
occurs predominantly in the mitochondrial fraction in
guinea-pig and rat jejunum. Andersoan demonstrated rela-
tively high activities cf pyruvatecarboxylase and phos-
phoenolpyruvate carboxykinase in intestinal mucosa of
guinea~pig when compared with those observed in ratl7.
They extended these observations to measurements of glu-
cose-6-P phosphatase and fructose —l,G-P2 phosphatase ac-
tivitiesle. Hitherto intestinal mucosa was not considered
to be a gluconeogenic tissue. Starvation, however, was
found to increase the total activities of pyruvatecar-

16,18

boxylase, phosphoenolpyruvate carboxykinase and fruc-

19,20

tose—l,6"P2 phosphatase On the other hand diabetes

was found to be accompanied by reduction of gluconecgenic

21.

enzyme activities in small intestine Their cbserva-

tionl6

that homogenates of jejunal mucosa from 72 h starved
guinea-pigs catalyze glucose formation from lactate, ma-
late or pyruvate at rates between 3 and 5 umcles/h/g wet
weight was of sufficient importance, not only as a pos-
gible contribution to overall gluceneogenesis, but also

to pyruvate metabolism in general, that we decided to

look also intc this aspect of pyruvate metabolism in

small intestine.

Properties and regulation of the pyruvatedehydrogenase
complex

The oxidative decarboxylation of pyruvate to acetyl-
coenzyme A occurs according to the following reaction

sequence (the proteins of the involved enzymes are omit-
ted) :

Pyruvate + thiamine-PP (= TPP) —=l~hydroxyethyl-TEP + CO2
l-hydroxyethyl-TPP + lip—Sz-w*—*acetyl—s—lip—SH + TPP
acetyl-S5~1ip-SH + HS-CoA —=acetyl-5-CoA + HS~1lip-SH
HS-1ip~SH + NAD® —1lip-S, + NADH + H

Sum: pyruvate + HS-Cod + NAD+——4-—acetyl--S——CoA+C02+NADH+H+
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The complex has been resolved into three separate
enzymes: pyruvatedecarboxylase (reaction 1), lipoatereduc-
tase—-transacetylase (reactions 2 and 3} and dihydrolipc-
atedehydrogenase (reaction 4). From biochemical studies it
is well established that pyruvatedehyvdrogenase {PDH) is
localized exclusively in the mitochondria. A recent elec-
tronmicroscopical studyzz, using the pyruvate-dependent
reduction of ferricyvanide as indicator for enzyme activi-
ty, only revealed reaction product in the innermembrane-
intracristae-and intramembrane-spaces of mitochondria. In
addition to the above mentioned component enzymes, the com-
plex contains two enzymes involved in the interconversion
of active~ and inactive forms of the dehydrogenase complex.
Pyruvatedehydrogenase kinase {PDH~kinase) inactivates the
pyruvatedehydrogenase complex (PDC) by phosphorylation of
a seryl residue in one of the subunits of the complex23_25
with MgATP as the second substrate. It was observed that
thiamine-PP reduces the inactivaticn {(i.e. phosphorylation)
of PDC by PDH-kinase. Its effect is apparently exerted on
PDH rather than on the kinase. Phosphorylaticn of PDH de-

creases its ability to bind thiamine-pp2%r27,

reed?’ consider the possibility that the binding of thia-

Roche and

mine~PP to PDH may contribute to the regulation of the
phosphorylation reaction. Phosphopyruvatedehydrogenase-
phosphatase (PDH~P phosphatase) reactivates the enzyme by

removing covalently bound phosphate24'25'28. PDH-P phos-

24,29-131 32-34

phatase requires both magnesium and calcium

32

for activity. Pettit et al. showed that Ca2+ acts by

binding the PDH-~P phosphatase to the dihydrclipoyltrans-
acetylase component of the complex, thus lowering the ap-
parent Km of the phosphatase feor the phosphorylated PDC
about 20-~fold. The interccnversion found in vitre prcbably

. . . ; 31,35
also occurs in wive, as was shown in studies on heart™ /77,

36, kidney3l, brainlz, adipose tissue37

liver and the small

intestine (Paper II1I). The pyruvatedehydrogenase reac-
tion occupies a strategic position in the metabolic cross-
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recads, involving pyruvate as the substrate. In muscle,
brain and small intestine pyruvate is probably of major
impertance as the substrate for ATP production; in liver
and kidney pyruvate (or its precursors lactate and alanine)
is the major substrate for gluconecgenesis, while in adi-
pose tissue pyruvate is the main carbon scurce for fatty
acid synthesis, Control of enzyme activity by phosphory-
lation and dephosphorylation is well establighed in the
case of glycogen synthetase and glycogen phosphorylase.
This system is under the control of cyclic-AMP, By analo-
gy one could wonder whether PDH-phosphorylation and de-
phosphorylation are possibly also under the control of cy~
clic-2AMP. However, it has no direct effect on the activity
of any component of the multi enzyme complex (Hucho; ref.
38).

Notes con the methods followed

The usual method for determining the active and in-
active forms of PDH (PDH_ and PDH, respectively) in tissue
homogenates is based on the fact that the PDH-P phospha-
tase converts the inactive PDHy, to PDH, in the presence of
high concentrations of free Mgz+ (10 mM). The activity of

the samples incubated without Mg2+

28,31

is taken to present the
a-form of the complex The increase in activity by
incubating the homogenate with Mg2+ represents the
amount cf b-form present. A number of invesi\:j_g‘attorSB8_41
add a small aliquot of purified PDH-P phosphatase, iscla-
ted from heart tissue acccording to Siess and Wieland42, to
accelerate the activation of the complex. The low endoge-
nous phosphatase activity could be due to its poor acces-
sibility to the phosphorylated multi enzyme complex and
this may criginate from its loose association c¢f this en-

zyme ccmponent to the complex23’29.

PDH-P phosphatase ac-—
tivity was also found to be strongly dependent on environ-
mental parameters, such as the pH, ionic strength, osmo-
larity and the buffer chosen26’38’39. In our studies on

intestinal epithelial cell extracts (Paper III) the acti-
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vation was very slow in dilute homogenates, which may be
due to the dissociation of PDH-P phosphatase from the com-
plex, Furthermcre, the interference of PDH-kinase activity
was excluded by the addition of glucese and hexokinase to
the extracts to maintain a low ATP level. In the second
place it was found that the activation of PDC by incuba-
ticon with Mg2+ was suboptimal, pcossibly due to lability of
the enzyme at 30°C. This was also described for extracts
of liver mitochondria43 and isclated kidney tubules40. The
inactivation could largely be prevented by the addition of
a clear 100,000 g liver supernatant. The irreversible PDC
inactivation in liver mitochondrial extracts is due to
partial proteolysis by lysosomal enzyme(s)44, leading to
disaggregation of the multi enzyme complex. The validity
of the described procedure for measuring the two forms of
PDC from kidney, heart and brain tissue has been substan-

32

tiated by experiments in which P incecrporation and re-

lease were measured together with the change in enzyme ac-
tivity of pDct?r 1342829 inough the final proof will
regquire the isolation of [32P]wlabelled PDH protein fol-
32Pi to respiring mitochondria.

Originally, highly purified PDC was assayed spectro-

lowing the addition of

fotometrically at 340 nm, measuring the reducticn of Nap©
by pyruvate as the substrate, as described by Reed and

Wilms45 and Wieland et al.46. Lower purity of the enzyme

did not permit this direct optical assay46 cf the enzyme
complex. Therefore high concentraticns of lactate and exo-
genous lactatedehydrogenase were added to provide the sub-
strate pyruvate, and the reaction was started with CoASH.
The disadvantage of this method was that NADH already in

46,47

micromclar amounts inhibited PDC Before the raised

interest in the determination of PDC activity in crude
homcgenates, Wieland et al.35 described a method, in which
PDC activity was determined by coupling the reacticn with
arylaminoacetyltransferase, using p-nitrcaniline as ace-

tyl acceptor. This assay procedure is now generally
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accepted30’37“39’4l.

The decrease of absorbance of p-nitro-
aniline could be recorded continucusly at 405 nm, as well
as the possible interconversion of PDH during the assay.
The inhibitory products acetyl-Coenzyme A and NADH were
rapidly removed in the arylaminotransferase and lactatede-
hydrogenase reactions respectively. Another assay, increa-

singly being used, is the measurement of 14

C02 evolution
15,48-54

from-[i—l4CJ~pyruvate This assay was also employ-
ed in our studies (Paper III). Drawbacks of this preocedure
are the discontinuity of the assay, the high blank values,
originating from non-enzymatic decompesiticn of [l—l4c]~
pyruvate and from an exchange reaction between the label-
led carboxyl group and CO2, possibly involving dicarboxy-
lic acids, as mentioned earlier and first suggested by
Kneer and Ball55 (see also Paper III). However, low levels
of HCOB_, acetyl-SCoi and ATF in the assay make the car-
boxylation of pyruvate and hence the contribution of the
latter exchange reaction unlikely. To avoid overestimation
of PDC activity, we used arsenite in the blank, a specific
inhibiteor of pyruvatedehydrogenase by binding covalently

to dihydrelipoate in PDC-P.

Regulation of PDH-kinase and PDH-P phosphatase

According to the data available from the literature,
the following general conclusions can be presented: PDH-
kinase utilizes MgATP as substrate with an apparent K_ of

10,26,38,57 . v
4-20 yM TR ADP ig a competitive inhibitor with

respect to ATPll'l4'23’26 with a Ki—value of 30-100 uM,

26’57. Pyruvate

depending on the k¥ and NH4+ cencentrations
protects PDC against inactivation and appears to exert
this effect by inhibition of PDH-kinase, with apparent K, -
values of about 0.2 mM for the heart complex and 1.4
mM for the kidney complex26. PDH-P phosphatase reguires
botn Mg~  10,14,24,26,28-30,34,38,42 (v 55 0. 5-3 M) and

CaZt 3273% fop activity. The X of PDH-P phosphatase from
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2+ 34

adipose tissue for Ca is 1 uM~ . The overall qctivity of

PDC is determined by the relative activities of PDH kinase

and PDH-P phosphatase.The available evidence indicates that

the maximum activity of both enzymes is of the same order

26

of magnitude If both enzymes were to be maximally ac-

tive a wasteful ATP hydrelyzing cycle would exist, while
pyruvatedehydrogenase would be partially active38. Since
ADP inhibition of PDH-kinase is competitive with ATP and
since ADP is only a weak chelator of Mg2+ when compared

with ATP, it has been proposed that changes of the intra-

ATP

mitochondrial /ADP concentration ratio may regulate

ATP

the overall activity in two ways. The /ADP ratio may

have a direct effect on the PDH-kinase and the ratic may
also contribute to the regulation of PDH-P phosphatase
by determining the "free" Mgz+ concentration. This mode

of regulation has been first suggested by Linn and Reed

13’58, and in experiments on intact rabbit liver mitochon-

59,60

dria, Schuster and Olson showed a dependence of pyru-

vate oxidation both on the levels of intramitochondrial

ATP and "free" Mg2+. Additicnally, also manyrecent reports

14,36,41,81-064 now provide strong support for the view

1 ATP

that the intramitocheondria /ADP ratio is an important

determinant of PDH_ activity. Therefore, an elevated ener-

65

gy charge, as defined by Atkinson {see also Chapter I},

2+ to bound Mg2+ ratio,

resulting in a decreased "free" Mg
as discussed by Hucho38, will result not only in an inhi-
bition of the respiratory chain, but alsc in inhibition of
pyruvatedehydrogenase. Some evidence has also been pro-
vided that the intramitochondrial Ca2+ concentration may
regulate PDH~P phosphatase activity in vitxol4’34’41’61 in
adipose tissue and liver mitochondria. Therefore, the ac-—
tion ©of insulin on pyruvate metabolism may partly be due
to changes of intracellular ca2* fluxes34’39. Changes in
the activity of PDC in adipose tissue by insulin, could
alsc be correlated with an increase of the intracellular
pyruvate concentratioggﬁzﬁq Recently it was suggested that
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glucagon may stimulate pyruvate entry into mitochondria53.

However, Halestrap67 could not demonstrate any increase
in the rate of pyruvate transport by mitochondria pre-
pared from livers of rats pretreated with glucagon. The
inhibition of the mitochondrial pyruvate carrier by pal-
mitoylecarnitine, described by Mowbray68’69, could contri-
bute to the inhibiticon of PDC by long-chain fatty acids.
Thus, the accessibility of pyruvate to the mitochondrial

matrix may also contribute tc regulation of PDH-kinase.

Sparing acticn of fatty acids on glucose- and pyruvate

oxidation

Fatty acids have been shown to inhibit the oxidation

of pvruvate in various mammalian tissues: heartl_4’8'70,

8,70 71 72,73
49

diaphragm liver’' ™, lkidney small intestine9

{Papers III and V), adipose tissue

59,74

as well as in isc-
. . 53,74,75 ial
lated mitochondria from heart and kid
76

ney’' . In addition, it has been shown that the oxidation

, liver

of ketone bodies also reduced the rate of oxidative decar-

boxylation of pyruvate in different organs. Originally

Pearson et al.77 78 showed that

the oxidation of pyruvate by rat heart and diaphragm mus-

and Villee and Hastings

cle was impaired in alloxan diszbetes. The fundamental me-
chanism appears now to be that fatty acid supply determines
the rate of oxidation of fatty aclids in the diabetic
muscle, Similar effects were found in starved rats79. In
both starved and diabetic rats the plasma concentrations
of nonesterified fatty acids are increased35’80. The role
of fatty acid coxidation in gluconeogenesis by preventing
pyruvate, formed from lactate or alanine, from oxidative

81_85. The data on liver

decarboxylation has been proposed
were in agreement with repocrts on kidney that free fatty
acids can replace glucogenic substrate as metabolic fuel,
thus sparing substrate for gluconeogenesis73'86-

pose tissue, some 95% of the acetylcoenzyme A generated

In adi-
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by PDC may be converted to fatty acidss7. The fact that

insulin faveours the conversion of PDHb to PDHa, as shown
by several groups (review: 39) aids to explain that insu-
lin in this tissue stimulates de novo fatty acid synthesis
from glucose.

In an earlier study from our laboratory9 it was shown
that octanoate and oleate both inhibited gluccse cxidation
in vascularly perfused intestine. An inhibition at the
level of PDC was suggested by the increase of the percen-
tage of glucose converted to lactate. Under the conditions
menticned, glyceclysis was nct inhibited, while fatty acids
were oxidized. The slightly increased rate of glycolysis,
suggesting a lowered energy charge (see Introduction). lo
conclusions could be drawn in these studies about the me-
chanism(s) involved in the inhibition of PDC in rat small
intestine. The present investigations were undertaken to
study the regulation of this enzyme complex in isolated
epithelial cells from rat small intestine. It had already
been shown that long- and medium-chain fatty acids as well
as B-hydroxybutyrate may be well oxidized in vascularly
perfused intestine and in the isolated intestinal epithe-

9’88. Cells were incubated at 30°C

lial cell preparation
(TABLE I) with 5 mM glucose as a substrate and only octa-
noate or oleate clearly affected the relative rateof con-
version of glucose to lactate. This is in agreement with
earlier studiesg. Also an increase of the absolute amount
of glucose utilization can be observed, indicating again
the effect of fatty acids on the glycolytic flux rate.
When fatty acids are present, f-oxidation may be expected
to cover scme of the ATP expenditure, the rest being pro-
vided by glucose breakdown. If cellular economy is not in-
fluenced by the fatty acid addition, the amount of carbo-
hydrate utilized may be expected to decline. If lactate is
considered as "half glucose”, indeed cctanocate and 3-
hydroxybutyrate spare glucose from being combusted. Qleate,

in addition, however may stimulate total glucose utiliza-
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TABLE I

EFFECT OF FATTY ACIDS AND KETONE BCDIES ON GLUCOSE METABCLISM IN ISOLATED EPITHELIAL
CELLS FROM RAT SMALL INTESTINE

Substrate added to the ~ A glucose + A lactate PDHa glutamate
incubaticn medium dehydrogenase
{n) in nmoles/min/mg protein in mU/mg protein

glucose 5 mM (5) 4.1110.28 5.57i0.7l 4.43i0.30 57.1+3.2
glucose 5 mM, octanoate 5 mM (5) 5.0340.32 9.40+0.233 3.78+0.20 55.4+2.4
glucose 5 mM, D,L-3-hydroxy-—

butyrate 5 mM (4} 4.01+0.24 6€.23+0.38 - -
glucose 5 mM, oleate 1.8 ™ (4} 5.47+0.43 8.11+0.28 - -

% complexed with 0.26 mM bovine serumalbumin.

Small intestinal epithelial cells were isolated as described in Paper III. Incubations
were carried out in 1 ml Krebs Ringer bicarbonate (8-10 mg protein/ml,30°%C, pH 7.4), con-
taining 1.4 mM CaCl,, 0.6 mM MgS804 and 0.1% albumin and substrates indicated. For assay of
lactate,glucose see ref. 9. Pyruvatedehydrogenase (TABLE II of Paper ITII) and glutamate-
dehydrogenase activities®® were determined as indicated.



tion, possible due to triglyceride synthesis and interfe~
rence with oxidative phosphorylation. The stimulation of
lactate formation by the additions made may be related to
decreased PDHa activity and the expected increase of "re-
ductive power™" (NADH/NAD+ ratic, see refs. 8,84 and 90)
by the additions made. As for the PDHa activity measure-
ments, the enzyme was extracted by homogenization in
hypotonic Pi buffer, containing 1 mM EDTA. As a control
for the extraction efficiency we measured at the same
time another mjitochondrial matrix enzyme, glutamatedehy-—
drogenase. A high degree of reproducibility is suggested.
Measurement of the total activity of PDH by incubation of
the homogenate with Mg2+ was hindered by the more pro-
nounced lability of the enzyme at 30%c (Paper III). A
small but significant decrease of PDHa was found during
the presence of 5 mM octancate. This finding is in agree-
ment with the small decrease found in vive after the intra-
luminal administration of fatty acid (Paper IIT). In those
studies no conclusion could be drawn about the additional
mechanism(s), possibly involved in the inhibition of PDC
in rat small intestine.

The rate at which pyruvate is oxidized by PDC in in-
tact cell preparations can be followed by measuring the

evolution cof 14C02 from fl—l4c}—pyruvate. Exchange reac-

tions, possibly contributing to the evolution of 14(202
(Paper III), could be excluded by registering only the

arsenite-sensitive release of 14CO2 from [1—14C] pyruvate.
The rate of 14

by octanvate (TABLE II; Paper III). A less pronounced

CO, production was strongly decreased (58%)

effect was found with 5 mM hydroxybutyrate {(Paper I1XII).
The inhibition of pyruvate oxidation found in these stu-
dies is large compared with the small decrease in PDHa
determined under the same condition. The phosphorylaticn-
dephosphorylation cycle is operating also in the small
intestine, but possibly determines only to a minor extent

the preferential fatty acid oxidation observed. This
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28 in studies

on the vascularly perfused heart. Randle et al.8'79 con-

conclusion was also reached by Wieland et al.

ciuded from their studies on pyruvate metabelism in heart
and diaphragm muscle that the inhibition of the PDH com-
plex may be caused by high acetyl-SCoA/CoASH and NADH/NAD™"
ratios during fatty acid oxidation. Recently Taylor et
al. ! showed indeed that octanocate also inhibited pyruvate
oxidation in isolated rat liver mitochondria where PDHa
activity was only slightly altered and proposed also pro-
duct inhibition as the responsible factor. Therefore, we
measured under essentially the same condition the acetyl-
SCoA/CoASH ratio in epithelial cells (TABLE II), indica-
ting an increase during medium-~ and leong-chain fatty acid
oxidation. As an additional evidence for this hypothesis
could be used the observation that propionate had no
effect on pyruvate oxidation (TABLE I of Paper III). Pro-
pionate, when activated to propionyl-~SCoi may enter the
citric acid cycle at the level of succinyl-SCocl, which
may result in a decrease of acetyl-SCoA/CoASH ratio rather
than an increase, although propicnate activation is a
slower process compared with octancate activation in rat
small intestine (H.R. Schclte, personal communication) .
The rate of lactate production from pyruvate was nect
affected by fatty acids (Paper II1I}), although the reduc-
tion ¢f the rate of pyruvate decarboxylaticn and the in-
crease of the NADH/NAD+ ratio might have expected in-
creased lactate production. Interference of fatty acids
with pyruvate transport across cellular membrane was
already suggested by Randle et al. 73 for explaining
similar results. The Km of octanoate activation in rat
small intestine is lower than 1 mM (P.H.E. Groot, per-
sonal communication). The strong concentration-dependency
of the effect of octancate con pyruvate metabcolism between

1 and 5 mM did not suggest involvement of octancate acti-
vation.
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TABLE II

EFFECT OF FATTY ACIDS CON THE LEVELS OF CoASH AND ACETYL-SCoA DURING PYRUVATE OXIDATION IN
EPITHELIAL CELLS FROM RAT SMALL INTESTINE.

Substrate added to the % inhibition CoASH Acetyl-SCoA Acetyl-SColA/

incubation medium of pyruvate CoASH ratio
{n) oxidation {nmoles/mg protein)

2 mM pyruvate (4) - 0.340+0.056 0.054+0.007 0.169+0.029

2 mM pyruvate, 1 mM octanoate (3) 20.0+6.0 0.295+0.046 0.068+0.009 0.265+0.054

2 mM pyruvate, 5 mM octanocate (4) 58.1+2.2 0.325+0.056 0.091+0.008 0.312+0.063

2 mM pyruvate, ¢.75 ml oleateX (4) 39.6 0.335+0.045 0.079+0.004 0.248+0.019

% complexed with 0.13 mM bovine serumalbumin

Small intestinal epithelial cells were isolated as described in Paper III. Incubations were
carried out in I ml Krebs-Henseleit bicarbonate (4-8 mg protein, pH 7.4}, containing 1.4 mM
CaCl;, 0.4 mM MgS04, 0.1% albumin and substrates as indicated. For the assay of CoASH and
Acetyl-5Coa, cells (incubated for 5 min at 30°C) were rapidly separated from the incubation
medium by centrifugation through silicon oil (0.45 ml) into 5% perchloric acid {0.10 ml),
according to the procedures described in Paper V. Aligquots of 0.08 ml of the perchloric

acld extracts were aspirated with a Hamilton syringe and neutralized with KHCO3., A re-
cycling assay system was used, utilizing citrate synthase, phosphotransacetylase and malate-
dehydrogenase®?. letabolism of [l—lhcj—pyruvate was measured as described in Paper III.



Chapter III will deal with the possible contribution of in-
hibiticon of pyruvate transfer to the overall inhibition of
pyruvate metabolism observed. The mechanism by which fatty
acids act on the coverall contrecl of PDC interccnversion

then is still not clear. It is possibkble that still other
factors are involved. Recently, Wieland et al.39’6l pro-
posed that in viveo an increased supply of free fatty acids
might lead to an elevation of the mitochondrial ATP/ADP
ratio, whereby inhibition of the adenine nucleotide trans-
locator by long-chain fatty acyl~-SCoA may be involved. In-
hibition of the adenine nucleotide translocator in small
intestine by CoA-esters of oleate and ricinoleate has heen
described by Gaginella et a1.93 and may be correlated indeed
with the almost complete inhibition of pyruvate oxidation by
0.5 mM ricincleate (Paper V). On the other hand the pos-
sible role of fatty acyl-SCoA as an inhibitor of the mono-
carboxylate transporter in mitochondria, as found by

Mowbray68'69, should be investigated also.

Absence of significant rates of gluconeogeneslis from

pyruvate, alanine and lactate in intestinal mucosa of

starved guinea-pigs

Only in liver and kidney that catalyze significant
rates of gluconeogenesis from various precursors {(e.g.
alanine, pyruvate, malate, fructose and glycerol) gluco-
neogenic enzymes have high activities. These key-enzymes
then have low activities 1n brain, heart and skeletal
muscle (review: 94}. White muscle, however, has appreci-
95. Although the
latter organ contains some phosphoenolpyruvate carboxyki-

able fructose-1,6-P, phosphatase activity

nase activity no three-carbon precursors for glucose syn-
thesis could be used, due to the absence of pyruvate car-
boxylase. For the operation of gluconeogenesis in a tissue
not only the presence of these irreversible gluconeogenic

enzyme reactions is required, but also the ability to in-
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hibit the irreversible steps of glycolysis, since
simultaneous full activity of both gluconeogenic and ir-
reversible glycelytic reactions would lead to undesired
wasteful cycling, costing ATP. Recently, an investiga-~
tion on the kinetic properties of pyruvate kinase of rat
small intestine was reported96. The enzyme is relatively
ingsensitive to ATP inhibition but its amincacid sensitiv-
ity indicate that glycolysis could be inhibited in the
presence of certain amincacids (e.g. alanine). As mention-
ed in the Intreoduction of this chapter, significant acti-
vities of the gluccneogenic enzymes pyruvatecarboxylase,
phosphoenolpyruvate carboxykinase, fructose—l,G—P2 phos-

Phatasel6 and glucose—6-~P—phosphatasel6'20'97 w

ere
found in small intestinal muccsa of the guinea-pig. TFur-
thermore, starvation increased the activities of these

16,18-20

enzymes in small intestine . The rate of glucocse

production, as observed by Anderson and Rosendalll6 in
nucosal homogenates of 72 h starved guinea-pig, was ap-
proximately 10% of the rate found for liver. From these
results it was concluded that intestinal mucosa could
contribute importantly to the glucose reguirement cof the
fasting guinea-pig. The contribution of glycogenolysis to
the observed rate of gluccse production was minimal,
Although glycogen is present in mucosal scrapings from
the small intestine of rat and guinea-pig (unpublished
observations and Paper IV]), a recent electron microscopi-
cal study reported only glycogen particles in goklet- and
in submuccosal cells of normal fed ratsgs. Although we were
able to confirm glucose production in homogenates of
starved guinea-pigs (Paper IV), we found no significant
incorporation of the labelled gluconecgenic precurscrs
used (pyruvate, alanine and lactate) into glucose.
Subseguent results led to the conclusion that glucose

was formed from ribose-5-P, a degradaticn product of nu-
cleotides, added to the homogenates to obtain optimal glu-

cose production rates. It was found that glucose, glucose-
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6~P and fructose-6-P were readily formed from ribose-5-P,
in agreement with reports on liver homogenatesgg'loo.
Ribose~5-P may be converted to triose-P and hexoge~P in
the non-oxidative part of the pentose cycle and subse-
quently tc glucose by the combined actions of fructose-
1,6—P2 phosphatase and glucose-6-F phosphatase. The rate
of hexose plus hexose-P production was appreciably lower
in mucosal homogenates of starved rats (unpublished ob-
servations), probably due to the absence of glucose-6-P
rhosphatase in rat small intestine97. The physiclogical
role of the rapid conversion of triose-P to glucose,
found in muicosal homogenates of the starved guinea-pig,
may be the conversion of fructose to glucose, observed

in vitrol®l ang in vivol0Z,
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CHAPTER III

THE EFFECT OF FATTY ACIDS ON PYRUVATE TRANSPORT ACROSS
THE MEMBRANE OF EPITHELIAL CELLS FROM RAT SMALL INTESTINE;
EVIDENCE FOR A CARRIER-MEDIATED FLUX OF MONOCARBOXYLATE
ANTCONS

Introduction

In the previcus chapter the possible inhibitory ac-
tion of fatty acids on the transport of pyruvate was dis-—
cussed. Therefore the aim of the present study was to in-
vestigate the mechanism of translccation of pyruvate or
cther monocarboxylic acids across the epithelial cell
membrane. The studies with isolated epithelial cell sheets
de neot allow conclusions to be made about the localization
of the translccation sites, since both brushborders and
basclateral membranes are exposed to the incubation fluid
simultaneously. With the epithelial cell preparation, the
kinetics and mechanism of the translocation across the
membrane can be studied more easily than with the everted
intestine, a preparation used by many authors interested
in weak electrolyte transportlw7. Firstly, the absorptive
surface of the intact small intestine is composed of a
complex series of macro- and microfolds giving rise to
the presence of an appreciable unstirred layers, which
may interfere with the kinetic measurements. In fact, 6
min may even be required to allow complete equilibration
of the extracellular volume marker, such as [3HJ—inulin,
with the unstirred layerg, whereas less than cne min
suffices for the isclated cell preparation (Fig. 1 of
Paper V). Secondly, the initial uptake rates measured may
be a summation of transport process both in the epithe-
lial cells as well as the cells of the underlying connec-
tive tissue and gmooth muscle. Thirdly, iloss of the label-
led probe molecule into the serosal compartment may re-
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sult in underestimation of "unidirecticnal" flux rates.
However, comparison of results obtained with the everted
intestine preparation on mucosal to serosal flux, with
our studies on uptake rates in isolated epithelial cells
may be very useful to find out the nature of the rapid
epithelial transport of weak electrolytes in vivo.

Methodological remarks

Epithelial cells from the jejunum c¢f the rat were
harvested according to the vibration procedure first
described by Harriscn and Websterlo’ll. These cells ap-
peared morphologically intactz. Furthermore, the data in
Fig. 2 show that the cells accumulate glucose against a
concentration gradient at 30°¢ already after 30 sec incuba-
tion. This process is dependent on the presence of Nat in
the medium. In the absence of Na® we found no accumula-
tion against a gradient, in agreement with studies of

Crane13

. For the rapid separation of the cells from the
incubation medium, the centrifugal filtration through
silicon o0il was applied in our laboratory. The follow-
ing comments should be made regarding the procedure; 15
sec of centrifugation were found to be sufficient for the
sedimentation of the cells and it was found that the
amount of adherent buffer accounted for a large percentage
(60-70%) of the total water space found in the underphase
as determined from the distribution of 3Hzo and [3H]—
inuline. It was found in & later stage of the investiga-
tions that the volume cof adherent fluid could be somewhat
overestimated when [3H]~inuline was used as the extracel-
lular marker by doing parallel studies with [14C}~poly~
ethyleneglycol instead (Paper VI). For estimation of very
small uptake rates a more suitable [BH]—labelled marker
for adherent buffer should be used. A recent study showed
that during the passage of cells through the oil cellular
damage was minimall4, which could be understood if cells or

52



Cone. glucose intracellularly
Conc. glucose extracellularly

4 N N N

i 2 3 4 5

Time (min}

Fig. 2. Nat dependency of glucose accumulation in isolated
epithelial cells from rat small intestine. Epithelial cells
were incubated at 30°C in Krebs—-phosphate buffer (gassed
with 09) containing 0.4 mM {’H]-inulin and 0.1% albumin.
The measurement of the intracellular glucose concentration
by silicon oil filtraticn 1is described in Paper V. Intra-
cellular 3HzG was determined by parallel incubation with
*Hy0 and [U-'*C]-sorbitol. In Na*-free buffer the Na¥ was
replaced by choline+.o__o In the presence of Na+, @@ Na
was replaced by choline™.
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cell aggregates were indeed to be surrounded by a protec-—
tive layver of incubation medium during the passage thyrough
the silicon oil. In our studies {unpublished} the leakage
of lactate dehydrogenase (estimated in the upperphase)
during this passage was found to be minimal. The present
method has bzen found te be useful for the study of trans-
port of monocarboxylic acids in intestinal epithelial
cells. The time~dependency of pyruvate and propionate
transport at 0°C showed a biphasic pattern (Fig. 1 of
Paper V): an initial rapid phase (0-15 sec) and thereafter
a phase with a slower rate. We tried to investigate the
kinetics during very short incubaticn periods (30 sec),
but it was found that the amount of adherent substrate
accounted for a large percentage of the total substrate
found in the sample, so that a large error in the uptake
rate measurements was introduced. Therefore, kinetic stu-
dies were carried out by measurements over 5 min. The
initial phase of uptake could be a non-specific binding of
monocarboxylic acids to the membrane or binding of anions
te polar groups of membrane proteins. An aspecific binding
cannot explain the countertransport found, because pre-
loading the cells for 5 min with unlabelled substrate
stimulated the influx of another labelled substrate

(TABLE II of Paper VI).

Effect of fatty acids on in- and outflux of pyruvate

Measurement of pyruvate transport in epithelial cells
at 0°C showed that short- and medium-chain fatty acids as
well as ricinoleate inhibit this transport (Paper V). This
result may partially explain the observed inhibition cof
fatty acids on hoth pyruvate oxidation and conversion to
lactate. Propionate inhibits pyruvate transpcrt by another
mechanism than octanoate and ricinoleate. The competitive
inhibition by short-chain fatty acids (Fig. 3 of Paper V)

suggested a carrier-mediated transport of monocarboxylic
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acids. Gardner15 suggested that the characteristics of
nenicnic diffusion need not necessarily differ from those
of carrier-mediated transport. In the nonionic diffusiocn
model only the undissociated molecule can cross the mem-—
brane. Intracellular dissociation may occur, the extent

of which will depend on the pH of the cytosol and the pKa
value of the substrate. When the intracellular fatty acid
concentration is raised, the increased flux of asscciated
protons might reduce the intracellular pH and therefore
limit the degree of disscciaticn and in this way also
limit the rate of transport. Even on this basis mutual
competition could be explained. If for instance pyruvate
as well as propionate are present outside the cell, pro-
picnate could inhibit the pyruvate flux by possibly com-
peting for the available H+ in the unstirred layer, or by
changing the intracellular pH by acting as a proton
vehicle. Therefore, the influence of the extracellular pH
on koth pyruvate and propionate influx rates was studied
The influx of pyruvate was not dependent on the pH between
6.0 and 7.9. Strong accumulation against a concentration
gradient was observed at the lower pH values (5.9-7.3) for
propionate and octanocate (Figs. 4 and 5 of Paper V). The
absence of an effect of pH lowering on the influx rate of
pyruvate tends support to the conclusion that the ionic
form is the only species transported. In efflux studies,
countertranspert of intracellular pyruvate for extracel-
lular propionate, butyrate, acetate or bicarbonate could be
shown. No effects were seen with octancate, hexancate or
ricinoleate. On the other hand the influence of the pH on
the exchange suggested an exchange between anions. The
contribution of nonionic diffusion tc overall transport is
determined by the pK_ value and the lipophilicity of the
monccarboxylic acid. Propionate efflux may also be stimu-
lated by fatty acids and alsc by pyruvate, but in that
case the stimulations found for pyruvate, hexanoate or oc-
tanoate were similar (TABLE III of Paper V). The pessible
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mechanism of this exchange might depend on the generation
of protons at the inside of the membrane by the influx of
undissociated fatty acids, as described by Bakker and van
Dam16 for liposomes. Qur studies on monocarboxylic acid
transfer were solely based on measurements at 09C because
of the rapid rate of transmembrane fluxes in

small intestinal epithelial cells and the possible inter-
ference of metabolism of the acids studied at higher tem-
peratures. Propionate metabolism is relatively sluggish7’
17 when compared with that of pyruvate in rat small intes-
tine (Paper III1). TABLE I of Paper VI shows the inhibition
of propiconate uptake at 30°% by pyruvate, octancate or
ricinoleate in epithelial cells. The inhibition by pyru-
vate was largely abolished at the higher propionate con-
centrations, suggesting a competitive nature of the inhi-
bition. These data agree with the conclusions reached in

the pyruvate transport studies, carried out at 6Cc.

Properties of the carrier-mediated flux of monocarboxylate

anions

At first it seemed very likely that pyruvic acid
transport involved only a carrier-mediated flux, but in
competition experiments with propionate {Fig. 1 of Paper
VI} the maximal inhibition differed from 100%, indicating
a contribution of ionic diffusion to pyruvate permeation.
Indeed, some deviation from linearity in a Lineweaver-
Burk plot of the rate of pyruvate transport as a function
of the pyruvate concentration was observed at high con-
centrations of pyruvate (unpublished). Non-linear relation-
ships were also found in studies on propionate transport
(TABLE I of Paper VI), indicating also for propicnate a
contribution of both nonionic and ionic diffusion to the
overall transfer process. By plotting the ratios of unin-
hibited influx to inhibited influx versus the inverse in-

hibitor concentration, affinity constants of 1.7 and 1.2
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mM could be calculated for pyruvate and propionate in
their carrier-mediated fluxes respectively.

The kinetics of the exchange diffusion between pyru-
vate and short-chain fatty acids were also studied {(Paper
VI). Small aliguots of {l~l4C]~pyruvate loaded epithelial
cells were transferred to a number of different media, con-
taining various concentrations of unlabelled countersub-
strate and the stimulate efflux was recorded (TABLE IV and
Fig. 2 of Paper VI). The efflux stimulation appeared to be
a saturabkle function of the external counteranion concentra-
tion. The Vmax of stimulated pyruvate efflux was similar
whether acetate, propionate or butyrate were employed as
countersubstrates. The affinity constant for propicnate,
obtained in this study (Km=1.0 mM), almost equalled the
value obtained in the propionate transport studies.

Temperature—-dependencies cof the transfer of pyruvate
and propionate obtained from "unidirectional" efflux ex-~
periments are shown in Paper VI. The Arrhenius plots re-
vealed a linear relaticnship between 5 and 15°¢C, from
which activation energies could be calculated (19.6 and
12.6 kcal/mole respectively). The lower activation energy
for the propicnate efflux may have its origin in a partial
contribution of nonionic diffusion to propicnate coverall
permeation, Deviation from linearity appeared in the
Arrhenius diagram between 0 and 5°C. This may be due to a
phase transition in the membrane structure at the lower
temperatures. A high activation enerqgy seems to be &

common property of anion transfer across membranesls“zo.

A possible function of carrier-mediated anion flux in the
small intestine

The moderately high affinity cf short-chain fatty
acids for the monocarboxylate anion carrier described for
rat jejunal epithelial cells in the present study {(Paper
VI1}, suggests that this translocation system might have a
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function in the transepithelial transport of short-chain
fatty acids. A specific transfer mechanism for the trans-
port of short-chain fatty aclds in rat small intestine has
been demcnstrated earlier3’7’11 21_2355 vitrc preparations
0of jejunum were fcound to build up a cconcentration gradient
of the acids from mucosa to serosa. These studies further-~
more revealed properties such as saturation kinetics, de-
pendency con metabcllc activity and sensitivity to the Na®
concentraticn at the mucosal side. However, other reports
indicate that absorpticn of short-chain fatty acids is a

passive proCesS4r6:24,25

and suggest the importance of
the lipophilicity of these acids in determining the rate
of uptake. The transpeort of certain drugs and of short-
chain fatty acids was also studied recently by Jackson et
al.l’z. These authors discuss the hypothesis of Hoghen et
al.6 that the luminal secretion of H' ions results in the
formation of a region of low pH adjacent to the epithelial
surface and that the pH of this "microclimate" is an im-
portant determinant of weak electrolyte transpcert in the
intestine. Jackson and Morgan1 confirmed previous work
26,27 that showed that during glucose metabolism meta-—
bolic anions, such as lactate or HCOB_, were preferential-
ly discharged at the serosal side, whereas gt ions were
secreted at the lumen side. The studies of Jackson et al,
1,2 suggest that the mechanism for jejunal transport of
weak electrolytes may be described by a three compartment
model system. In the ill~defined intermediate compartment
the pH is higher than in both other compartments. Such an
intermediate compartment could be present within the in-
testinal wall. In order tc account for the cobszerved net
mucosal to serosal flux of weak electrolytes they suggest
that the barrier, separating the intermediate compartment
from the sercsal bulk phase, is permeable tc kboth the
ionized as well as the non-ionized form of the electrolyte.
The barrier separating the intermediate compartment from

the mucosal bulk phase, however, could only be permeable
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to the non—ionized form of the acids. The mutual inhibi-
tion of weak acids could readily be explained in terms of

a system of the menticned compartments, in which the inter-
mediate compartment should have a relatively high le.

The meonocarboxylate carrier, described in the present
study, may be localized at the basclateral membrane of the
epithelial cells to accelerate the movement of anions from
the "intermediate" compartment tc the sercsal bulk phase.
This localization is compatible with the carriers propesed

in heart-, brain- and erythrocyte membraneszsm31. Naupert

reported in her thesis7

on short~chain fatty acid trans-
port in rat small intestine in wvitro high Km values {50~
100 mM}) for the fatty acids studied (propionate, butyrate)
and probablyhighKi values in competition experiments. A
carrier-mediated transport, however, was not excluded in
her study. Preliminary competition studies were also
carried cut in our laboratery in the everted sac prepara-—
tion (unpublished). Propionate (1 mi) uptake at 30%¢
appeared to be linear up to 20 min. It could be inhibited
{15-20%) by octancate {5 mM), ricinoleate (0.5 mM) and
pyruvate (10 mM). In other experiments, everted sacs were
preloaded for 20 min with labelled propicnate (1 mM) and
the efflux rate of propicnate tc the lumen was studied.
No acceleration by the addition of unlabelled pyruvate to
the mucosal fluid was found (compare Paper V). This may
indicate that exchange of anions is absent at the brush-
border side of the epithelial cell. Parsons32 propcsed
earlier that H' secretion accompanied HC03" absorption in
rat jejunum and speculated that u* secretion is partly
associated with Na+ absorption. Experiments, carried out

by Turnberg et a1.33

, alsc suggested that in human jejunum
HCO3_ absorption is initiated by exchange of nt for Na©
icns. The HY ions react with HCO3_ iong to form carbondi-
oxide which then diffuses from the lumen. Recently the
same characteristics were found in rat jejunum, but a part

of the HCO3_ absorption was not Na+—dependent34. Because
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short-chain fatty acid absorption is partly sensitive to
Na®, it is pcssible that the exchange of Y for Na' at the
brushborder side of the epithelial cell is involved to
some extent (compare also ref. 1).

Based on the observations menticned, it is suggested
that part of short-chain fatty acid- and bicarbonate
transport ig mediated by the cperation of a Nat/ut ex-
change at the brushborder and a carrier-~facilitated flux
at the basclateral side of the epithelial cell (FPig. 3).

JHA

yiy H A\ — i .=”,}+;\ lX“‘ 2222

=T o
H acz==—TH 7
Nat ‘=-"-*: > Na* %

\ » J %

Lumen Epithelial celi lood-

Fig. 3. A hypothetical model for the abscrption of weak
electrolytes in jejunum. (M = monocarboxylate carrier,
AT = weak electrolyte anion)
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For the rat these short-chain fatty acids are guanti-
tatively nct important as metabolic fuel. However, in some
animal species (guinea-pig and ruminants) large amounts of
volatile fatty acids are produced by the bacterial flora

of the intestin635—37 and may contribute to energy meta-—

38 In crder to aveid accu-

bolism tc a significant extent
mulation of these acids in the intestine and to guarantee
rapid uptake by the bkody, the presence of monocarboxylate

carrier(s) may be important.
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SUMMARY

The small intestinal mucesa is known to have a high
rate of aerobic glycolysis. The absence of a Pasteur
effect in the small intestine is related to this observa-
tion. It was questioned whether this is an artefact. The
kncwledge of the rate-limiting factors of glycolysis is
therefore important. The possibility that hexokinase or
phosphofructokinase is rate-limiting is discussed. Forx
phosphofructokinase activity, the energy charge is of cri-
tical importance. The energy charge in the usual In vitro
preparations, such as the everted sac or isolated epithe-
lial cells, is very low. Oxygen availlability in vitro
might be limited. Therefore the vascularly perfused small
intestine was chosen as a model system. It was found that
increasing the oxygen availability by the additicn of
fluorccarbons to the perfusion medium, raised the energy
charge up to in vivo values. Under these conditicns a
clearcut Pasteur effect could be demonstrated. When glu-~-
cose was replaced by fructose as the substrate, a high
rate of lactate production was also observed. This may be
due to the circumvention of the rate-limiting step{s) of
glycoelysis or by alteration of the energy charge. The lat-
ter was verified by loading fructose instead of glucose
in vivo. The most striking alterations after fructose
loading were the accumulation of fructose-1-P and the de-
crease of the concentrations of P, and creatinephosphate.
As long as the latter compound had not been removed con-
siderably, adenine nuclectide levels remained virtually
the same. It is therefore likely that at least in the
early phase after fructose loading, the high rate of lac-
tate production is due to circumvention of the rate-
limiting step({s) of glycolysis:hexokinase and/or phospho-
fructokinase.

Ancther aspect of energy metabolism in small intes-
tinal epithelium: the regulation of pyruvate metabolism,
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was alsc studied. It had been found earlier that fatty
acids inhibkit the oxidative decarboxylation of pyruvate
and this thesis demonstrates that this inhibition may
partially be due te the conversion of the active form to
the, phosphorylated, inactive form of the pyruvatedehydro-
genase complex, as has been demonstrated in other
tissues by other investigators. However, the effect was
rather small, so that other possible requlatory effects
were also investigated. Indeed, it was found that fatty
acid addition to isclated epithelial cells increased the
levels of the products of the pyruvatedehydrogenase re=-
acticn. The relative contribution of both regulatory me-
chanisms cculd not be egtablished. During these investiga-
tions it wags found that the decrease of the rate of pyru-
vatedecarboxylation was not compensated by an increased
rate of lactate formation. Hence it was investigated
whether fatty acids have an effect on pyruvate transport
across the cellular membrane. For this study a methoed was
applied, in which rapid anion fluxes could be examined:
centrifugal filtration of isolated cell sheets through
gsilicon oil. Pyruvate influx was indeed inhibited by the
addition of fatty acids to the incubation medium. Since
the small intestine of fasted guinea-pigs, as reported in
literature, showed considerable rates of net glucose pro-
duction and since in other tissues fatty acids influence
the rate of gluconeogenesis from pyruvate, it was also
studied whether in small intestine gluconeogenesis really
occcurs. It was found, however, that this process is virtu-
ally absent in small intestine of both guinea-pig and rat.
Finally, the mechanism by which fatty acids inhibit
pyruvate flux across the celiular membrane, was studied in
detail. On the basis of the findings of saturation kine-
ti¢cs, competitive inhibition by short-chain fatty acids
and counteranion transport, a carrier-mediated monocar-
boxylate anion transport was propcsed. Arguments were pre-
sented that the localization of the carrier is likely to
be present at the basclateral part ¢f the epithelial cellu-

iar membrane. 65



SAMENVATTING

Het is uit de literatuur bekend dat de dunne darm
een hoge aerche glycolysesnelheid bezit en dat het Pasteur
effect in het slijmvlies wvan de dunne darm afwezig is.
Door ons werd de mogelijkheid overwogen of deze gegevens
op een artefact berusten. In dit verband is het van belang
te weten welke factoren de snelheid van de glycolyse be-
palen. De mogeliijkheid dat hexokinase of fosfofructokinase
snelheidsbepalend zijn wordt besproken. De fosfofructoki-
nase activiteit correleert nauw met de fosforyleringspoten-
tiaal. De fosforyleringspotentiaal in de meest gebruikte
in vitro preparaten, de omgedraaide darm en geliscleerde
epitheelcellen blijkt echter erg laag te zijn. Dit is wel-
licht te wijten aan een gebrekkige zuursteofvoocrziening in
deze preparaten. Daarom werd als modelsysteem voor de be-
studering van factoren die de glycolyse snelheid beilnvloe-
den de vasculaire perfusie van de dunne darm in vitro ge-
kozen, Het bleek dat door toeveegen van fluorocarbons aan
het perfusiemedium de zuurstofvcorziening verder kon worden
verbeterd ten gevolge waarvan de fosforyleringspotentiaal
verder steeg tot waarden die ook in vivo worden gevonden,
Wanneer fructose in plaats van glucose werd gebruikt als
substraat werd een hoge melkzuurproductie geregistreerd.
Dit kan erop wijzen dat de omzetting van fructose tot tri-
ose fosfaat de snelheidsbepalende stappen van de glyco-
lyse omzeilt doordat andere enzymatische stappen worden ge-
bruikt dan die welke glucose in triosefosfaat omzetten. Het
is echter cok mogelijk dat de hexosen ten dele gelijkelijk
worden afgebroken maar dat fructose de fosforyleringspoten-
tiaal deoet dalen. Dit laatste werd nagegaan decor de dunne
darm in vivo met fructose in plaats van glucose te belas-
ten. De veranderingen die hierbij het meest opvielen waren
de ophoping van fructose-1-P en de daling van de Pi en de
creatinefosfaat concentraties. Zolang de creatinefosfaat

concentratie niet in belangrijke mate verandert, blijven
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de adenine nucleotide niveau's practisch constant. Dus is
het mogelijk dat ten minste in een vroege fase na fruc-
tosebelasting de hoge snelheid van melkzuurproductie te
wijten is aan het omzeilen van de snelheidsbepalende re-
actie(s) van de glycolyse: hexokinase en/of fosfofructo-
kinase.

Een ander aspect van de energiehuishouding in het
dunne darm epitheel werd tevens bestudeerd: de regulatie
van het pyruvaatmetabolisme. Reeds eerder was gevonden dat
vetzuren de oxydatieve decarboxylering van pyruvaat rem-
men. Dit proefschrift laat zien dat deze remming ten dele
verklaard kan worden met een omzetting van de actieve naar
de gefosforvlieerde inactieve vorm van het pyruvaatdehydro-
genase complex, zcals reeds voor andere weefsels was be-
schreven. Echter het remmende effect was gering, zodat ook
andere mogelijk regulerende effecten werden onderzocht,
zoals productremming. Toevoeging wvan vetzuur aan het incu-
batiemedium van geizcleerde epitheelcellen gaf inderdaad
een toename te zien van de producten van de pyruvaatdehy-
drogenase reactie: NADH en actief acetaat. De relatieve
bijdrage van beide regulatiemechanismen kon niet worden
vastgesteld. Verder werd gevonden dat de afname van de
snelheid van pyruvaat decarboxylering door vetzuren niet
gecompenseerd wordt door een toegenomen melkzuurproductie.
Daarom werd nader onderzocht of vetzuren misschien een
remmende werking hebben op het transport van pyruvaat door
het celmembraan. Voor dit onderzoek werd een methode  toe-
gepast waarmee snelle anionfluxen kunnen worden bestudeerd:
scheiding van geIlsoleerde epitheelcel agygregaten van het
incubatiemedium door centrifugering door siliconenolie.
Inderdaad bleek de pyruvaatinflux door toevoeging van vet-
zuren aan het incubatiemedium te worden geremd. In de lite-
ratuur was eerder beschreven dat de dunne darm van de ge-
vaste cavia een hoge snelheid van glucoseproductie kan ver-
tonen en aangezien in andere weefsels vetzuren de gluco-

neogenesesnelheid beinvlceden werd nagegaan of deze glucose-
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productie werkelijk de novo synthese van glucose voor-
stelt. In de dunne darm echter van zowel de cavia als
de rat, bleek dit proces afwezig te zijn,

Tenslotte werd het mechanisme waarop de remming van
de pyruvaatflux langs het celmembraan door vetzuren be-
rust, nader onderzocht. Op basis van de gevonden verzadi-
gingskinetiek, competitieve remming docr kort-keten vet-
zuren en counteraniontransport werd een "carrier"-versneld
monocarboxylaat anionentransport vercndersteld. Argumenten
werden aangevoerd dat deze carrier waarschijnlijk in het
basolaterale deel van het epitheelcelmembraan is gelocali-
seerd.
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SUMMARY

Isolated small intestine perfused in vitro with media with low oxygen concentra-
tion was found to contain low levels of ATP when compared with rat smalt intestine in
vive, The addition of fluorocarbon FC 75 to an erythrocyte-free perfusion medium was
found to result in a high phosphate potential and a low rate of lactate production from
glucose in isolated perfused small intestine, resembling the in vivo condition. This
allowed the demonstration of a Pasteur effect in that replacement of oxygen by nitrogen
(or the addition of 2,4-dinitrophenol) led to a rapid increase of the rate of glycotysis, and
a decrease of the ATP concentration in the tissue.

Earlier work from this laboratory' showed that mitochondrial preparations,
isolated from epithelial cells from rat small intestine, carried out oxidative phosphorylation,
although the coupling was not tight. The possibility was considered that the high Mg?*-
stimulated ATPase activity of the mitochondrial preparations, contaminated with brush-
border fragments, could contribute to the absence of tight coupling. Indeed, more recent-
iy we® were able to show tight coupling in isolated rat small intestinal epithelium
mitochondria by omitting Mg?* from the incubation medium. Earlier, we had given the
possibility of “loose coupling”™ of oxidative phosphorylation serious thought, since in
isolated cells and everted jejunum of the rat a clearcut Pasteur effect was found to be
absent® ®. Similarly, no Pasteur effect was observed in intestine of other species {¢f. ref.
6). The explanation of this phenomenon could be a low energy charge” in rat small
intestine, since the phosphofructokinase reaction is also stimulated in small intestine, if the
ATP concentration is relatively low and the ADP, AMP and P; concentrations are relatively
high®:?. Indeed, in earlier studies we reported® relatively low levels of ATP when compared
with those of ADP and AMP for isolated rat small epithelial cells, as well as for everted rat
small intestine, incubated in a glucose-containing and aerated incubation medium. Also,
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in studies with i vitro (vascular) perfused rat small intestine*?, the high rate of lactate
production while the intestinal lumen was empty suggested to us that the eénergy charge
here might also have been low. In the present paper it will be shown that an insufficient
oxygen supply might be the basis of these phenomena, since the situation can be altered by
increasing the availability of oxygen to the perfused tissue.

TABLE ]

RELATIVE ATP, ADP AND AMP CONCENTRATIONS OF JEJUNUM PERFUSED WITH
DIFFERENT MEDIA

Perrusion Medium T was Krebs—Henselcit* ! bicarbonate buffer (pH 7.4), containing 1.4 M CaCl, and
0.6 mM MegSO, and in addition 4.77 dextran (mean mol. wt 70 000}, 4 mg/100 ml promethazin and 3
mM glucose. Perfusion Medium iI contained fluorocarbon FC-75 (3 M Company, St. Paul, Minn.),
emulsified in Medium |, in which the dextran was replaced by 3.47% fatty acid-poor bovine serum albumin
(Pentex, Kankakee, I11.). The fluorocarbon emulsion was prepared’® with the use of a nonionic
polyvalkylene oxide detergeni F-6 8 (Wyandotte Chem. Corp., Wyandotte, Mich.). 40 mi of fluoracarbon
were added te 200 ml dextran-free (perfusion} Medium I, containing 4 g F-68. After sonication (Branson
Sonifier, Model § 75) for 4 periods of 5 minat 4.5 A (the temperature was kepl below 6 ° (), the
\.nmlsmn was washed 3 times with 200 m! dextran-free Medium [ by centrifugation at 9000 X gavy,.

The washed sediment was finafly suspcnded in 200 ml dextran-free Medium I, containing 3.4%

albiimin and again sonified as above for 4 pcrlods of 3 min. The larger flucrocarbon partlulm

were removed by centrifugation for 5 min at 450 X g4y and the supernatant filtered through Whatman
No. 589. Perfusions were carried out as described earlier in ref. 10, Rats were pretreated with
infravenous mjcct;om of 5 mg heparig and I mg papaverin 2 min prior to cannulation. The temperature
of the isolated intestine was kept close to 37 °C with an mfrared lamp and by rinsing with warm saline.
After 15 min perfusion {or when indicated In sit) part of the jejunum wis freéze clantped®®. The
‘frozen tissue was pulverized in @ mortar while liquid N, was.continuousiy added, The powder was
mixed with §% HCIO, , thawed, centrifuged and the supernatant filtered through Millipore (pore size
0.4 prn), neutralized with KOH and again centrifuged. ATP'4, ADP!S and AMP?S were determined as
indicated. The nucleotide concentrations were caleulated per ml extract and the sum of [ATP{+ [ADP]
+ [AMP] made 100%. #n = number of experiments; average values are given.

% of adetine nucleotides

Filow rate —
Perfusion medium  {mifmin) n ATP ADP AMP
i 15.8 2z 785 18.8 2.7
I 4.8 3 70.0 22.5 7.5
I © 108 2 8B40 14.2 1.8
I sity - 4 g2.1 15.9 2.0

"1t can be seen from Table I that perfusion with a modified Krebs—Henseleit??
bicarbonate buffer, containing 5 mM glucose and saturated at 37 °C with O, —C0,{95:5.v/v),
especially when the flow rate is low, leads to a lower energy charge than that of the rat
small intestine in situ {non-resorptive state; rat under Nembutal narcosis). The situation
i1 Situ can be approached during perfusion in vitro of the isolated small intestine, when a
flu o*ourbon ernulsion js added to. the perfusion medium, The fluorocarhon-containing
medium carries con§1d_erably mpre oxygen than the medium without fluorocarbon, as can
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be calculated from the data of Ruigrok and Elbers'®. Another series of experiments in which,
in addition to ATP, ADP and AMP, creatine phosphate was determined and in which the
values were expressed in nmoles per mg DNA, is seen in Table 11

TABLE II

CONCENTRATIONS OF ATP, ADP, AMP AND CREATINE PHOSPHATE IN VASCULARLY
PERFUSED RAT SMALL INTESTINE UNDER DIFFERENT CONDITIONS

The perfusions were carried out with Medium II (see Table I}. Creatine phesphate was determined in
the ATP determination’* after the exhaustion of ATP, by adding 3.6 units creatine kinase. DNA'® was
determined in the residues of HCIO, extracts {¢f. Table I). The values {nmoles per mg DNA) re- -

present the mean of two separate experiments. The mean flow during vascular perfusions was 10.8
ml/min.

Aerobic perfusion Anaerobic perfusion

{10 minj {10 minj
In situ
ATP 216.5 202.6 85.9
ADP 40.8 384 51.5
AMP 4.9 4.2 439
Creatine phosphate 245.1 276.6 10.6
PV 4 7i8.9 7202 233.9

Now that we have a means of increasing the energy charge of the tissue by the
addition of fluorocarbon to the aerated perfusion medium, we reinvestigated aerobic
glycolysis during perfusions in vitro . It can be seen from Table I that a Pasteur effect
can be observed: in the presence of oxygen, the rates of glucose utilization and of lactate
productions are low; when oxygen is replaced by nitrogen, or when the uncoupler of
oxidative phosphorylation 2,4-dinitrophenol is added, the rates of glucose utilization and
lactate production are strengly increased. These effects are very rapid, as can be concluded
from the experiments shown in Fig. I. The fact that in the presence of nitrogen the amount
of lactate formed is less than twice the amount of glucose utiiized {Table I1I) may be due
to incompiete anacrobiosis, since the tissue remnains exposed to air,

From these results it may then be concluded that proper oxygenation of the
tissue leads to a high energy charge resulting in limitation of the rate of lactate production.
The intestine in vivo, even during glucose transport, also shows a very low rate of lactate
production'” and so does the rat intestine perfused in vitro with a solution containing
erythrocytes as well as norepinephrine and dexamethasone that results in an adequate
perfusion pressure, as so elegantly worked out by Windmueller and Spaeth?®.

The authors wish to thank Mrs R. Kurpershoek-Davidov and Mr M. Machielse for
technical assistance and Drs T.J.C, Ruigrok and H.R. de Jonge for advice.
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TABLE 1II

GLUCOSE UPTAKE AND LACTATE PRODUCTION IN VASCULARLY PERFUSED RAT SMALL
INTESTINE UNDER DIFFERENT CONDITIONS ’

The perfusions vere carried out with Medium II (see Table I}. Measurements were done over a perfusion
time of 30 min. Glucose® and lactate?® were determined in the recirculated medium at zero time and”
30 min after centrifugation of the samples. ‘

Gilucose uptake Lactate ourput  Flow

Perfusion condirions {umolesih) {umolesih ’ (mifmin)
Aerobic : 78 - BB 7.6
Aerobic 52 41 16.9
Anaerobic oo . 310 545 109
Anaercbic , . 223 414 16.8
Aerobic + 0.5 mM dimitrophenol 228 277 13,7

Aerobic + 0.5 mM dinitropheno! 252 292 ©11.0

0.9 4 /é\ g

b N
i/lf%/ \%‘\%\ie GoibNE
i\;é_’g&g:,.%mw\e}\g\_

A Lactate (umoles/min}

3 o,
3 2
30 59

Perfusion time [(min}

o

Fig. 1. Pasteur effect in vascularly perfused rat smail intesting. The perfusions were carried out with
Medium If (see Table 1}, Arterial and venous samples were taken from the recirculated medium at the
times indicated. Mean flow was 10.7 ml/min. Where indicated dinitrophenol (DNP) was added to the
incubation medium (final conen of 0.4 mM} or £,—C0,{95:5, v/v) was replaced by N,-C0Q {855, v/v}
Lactata wag determined as described in Table IT]. The results are expressed 2s means = 8.E. (» = 4),
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THE EFFECT QF FRUCTOSE ON THE STORES OF ENERGY-RICH
PHOSPHATE IN RAT JEJUNUM IN VIVO

J. M. J. LAMERS and W. C. HULSMANN
Departmen: of Biochemistry I, Rorterdam Medical School, Rotterdam (The Netherlands)
{Received January 30th, 1973)

SUMMARY

. The changes of the concentrations of ATP, ADP, AMP, P, and creatine
phosphate in in vive freeze-clamped jejunum of rat were examined after intraluminal
loading of fructose, glucose and 3-O-methylglucose. The most striking effects were
seen after fructose loading. Although the creatine phosphate concentration was low-
ered to 559 of the control value, the ATP concentration was relatively constant.

2. The changes of the concentrations of fructose-1-P, glycerol-3-P and of var-
ious glycolytic intermediates were studied 10 min after hexose loading. In the case of
intraluminal fructose loading, fructose-1-P rapidly accumulated and P; decreased
due to its incorporation in fructose-1-2.

3. Ketohexokinase (EC 2.7.1.3) and fructose-1-P aldolase (EC 4.1.2.7) were
predominantly found in the mucoesal layer, which was separated from the muscie
layer by scraping. In both samples the same creatine kinase activity (EC 2.7.3.2) was
found.

4. 10 min after intraluminal loading of fructose only a small increase in the
concentration of fructose-1-P and a small decrease in the concentration of ATP in
liver was observed, in contrast 1o the large effects on the levels of these metabolites
after vascular fructose perfusion, as described in the literature. We therefore also
compared the effect of intravenous hexose loading on the metabolite levels in rat
liver and rat small intestine,

INTRODUCTION

It has been shown by several authors' ~# that intravenous or intraperitoneal
injection of large amounts of fructose rapidly depletes liver ATP and P, in rats and
other species. Marked elevations of the plasma levels of uric acid and of allantoin
follow these fructose loadings®, corresponding to an accelerated breakdown of the
adenine nucleotides'’*. These effects on adenine nucleotide and P, levels are accom-
panied by a large accumulation of fructose-1-P in the liver. Depletion of the P; pool
by the accumulation of fructose-1-P, resulting in a sluggish rephosphorylation of
AMP and ADP, is the apparent cause of the lowering of levels of ATP and total
adenine nucleotides. After intravenous injection of about 1 mmole fructose in rats,
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the blood concentration of fructose is high (12 mM) at 2.5 min (ref. 5) and is rapid-
Iy lowered to 0.5 mM at 10 min. Such high values are uniikely to be formed under
physiological feeding conditions, but high concenirations may be found in the in-
testinal lumen and therefore in the resorptive epithelial cells. Part of the fructose in
these cells may be converted to fructose-1-2, since ketohexokinase is also present in
rat small intestine®. Another, presumably much smaller, part may be converted to
fructose-6-P by hexokinase’ (EC 2.7.1.1). Whatever pathway may be operating, the
conversion to glucose is extremely slow®®, due to the virtual absence of glucose-6-
phosphatase (EC 3.1.3.9) activity’°. The breakdown of fructose-1-P is limited by the
low fructose-1-P aldolase activity’!'12, For these teasons only a small part of the
fructose in the lumen will be involved in endogenous metabolism and the bulk will
be actively!®1# transported. Nevertheless, the consequence of fructose loading on the
energy metabolism of the epithelial cells was investigated, because of its possible
toxicity to the epithelial cells.

MATERIALS AND METHODS

Reagents

All chemicals were of analytical grade purity. Enzymes and cofactors were ob-
tained from Beehringer and Co., Mannheim, Germany.

Operation procedure

Normal fed male Wistar rats, weighing approximately 200 g, were anesthe-
tized with Nembutal. Through an abdsminal incision, the small bowel, cecum and
proximal large bowel were gently exteriorized. The duodenum was opened about 5cm
from the stomach, keeping the pancreatic duct intact. The end of the small intestine
was ligated and also opened, so that the whole small intestine could be canulated
and rinsed with 50 ml warm saline, followed by the passage of air. The abdomen was
covered with gauze soaked in warm saline and kept at about 37 °C by warming with
an infrared lamp.

Administration of hexose

Hexose solutions were made isotonic with NaCl. Control experiments were
done with 0.9 % NaCi. In intraluminal loading experiments,we delivered 3 ml 100
mM hexose vig the canula in the small intestine, Intravenous loading was carried out
by injecting 1 mmole hexose in the left femoral vein. After the time indicated, a part
of intestine or liver was freeze-clamped'’. The frozen tissue was rapidly weighed,
pulverized in a mortar, while liquid N, was continnously added. The powder was
then mixed with 5 %, HCIO,, thawed, centrifuged and the supernatant filtered through
a Millipore {pore size 0.4 ym), neutralized with KOH and again centrifuged. ATP,
ADP, AMP and creatine-P were determined as described earlier!®. Freeze-clamping
of the right lobe of the liver was performed after elevation by means of a loose liga-
ture conducted through the organ with a needle.

Assays

Fructose-1-P was determined by the method of Eggleston'® with liver aldol-
ase, isolated from rat liver'” and P; was determined by the method of Fiske and Sub-
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baRow'®. Both compounds were measured in a Zeiss P.M.Q. II spectrophotometer.
The following hexose and tricse derivatives were fested in an Aminco-Chance dual-
wavelength spectrophotometer (wavelengths 355 and 380 nm). Fructose-1,6-P, was
measured together with the total triose-P in a combined assay'®. Pyruvate, phospho-
enclpyruvate, 2-phosphoglycerate and 3-phosphogiyeerate were determined in se-
quence®®, as well as glycerol-3-P2* and lactate®®. Glucose-6-P2°, glucose-1-P?? and
fructose-6-F were measured in the sequence given. The values are expressed as
pmoles/g wet weight 4 5.E. We also determined the dry weights of the HCIO,
exiracts, or the DNA** content of these exiracts with similar final results. The DNA
content per g wel weight in jejunum is 3.3 tirnes higher than in liver.

For the enzyme assays the animals used were killed by cervical fracture, and
the small intestine was removed. After rinsing the jejunal lumen with 50 rol ice-cold
saling, the jejunum was everted and the mucosa removed by gentle seraping with 2
microscope slide, The mucosal scraping and residual smooth muscle plus connective
tissne were homogenized with a PT 10 Polytron homogenizer {set at Position 4) for
170 5 in 0.05 M trizthanolamine buffer, pH 7.4, containing 5 mM EDTA and 4.5 mM
dithiothreitol. The homogenate was centrifuged at 105000 X g for 50 min and a sample
of the supernatant incubated according to vefl 25, After 10 min incubation at 30 °C,
the reaction was stopped with HCIO, (final concentration $ %) and the extracis
neutralized with KOH and centrifuged. In the deproteinized extracts fruciose-1-2
was determined'®. An incubation without added fructoss was used as the blank,
Creatine kinase®® and fructose-1-# aldolase?® wers measured as indicated. Protein
was determined by the biuret procedure®”.

RESULTS AND DISCUSSION

Effects of intraluminal administration of hexoses in rat small intestine

The effect of intraluminal hexose loading on the concentration of energy-rich
phosphates in jejunum was studied first. Although the whole small intestine was
canulated and in contact with the hexose solution, we only freeze-clamped the upper
jejunal portion, since fructokinase is most active in jejunum’. In Table I the resulis
are represented, After 10 min fructose loading there was a 29.1 % decrease of the

TABLE I

CONCENTRATIONS OF ADENINE NUCLEOTIDES, CREATINE PHOSPHATE AND
INORGANIC PHOSPHATE IN JEJUNUM OF RAT, FREEZE-CLAMPED IN SITU AFTER
INTRALUMINAL HEXOSE LOADING

10 min after intraluminal loading of 3 ml 0.1 M hexose, freeze-clamping was performed (see Mate~
rials and Methods).

Hexose used Concentration (umolelg wet wit)

ATP ADP AMP Creatine-P P,
None (r = 10} 1.0240.04 0193001 90.02740.002 1.2340.07 2.9540.19
Glucose (n = 4} 1.1440.11 0214002 0.029310.004 1084006 2.734-006
Fructose (n = 4) 1.034005 0.2440.02 0.03140.004 0.6810.04 2.0940.10

3-0-Methyl glucose (r = 4) 1.104+0.08 0234002 0.0573-0.022 1064009 —
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concentration of P,. The levels of ATP, ADP and AMP were unaffected, whereas
creatine phosphate was decreased by 44.8 %. Earlier'® we measured creatine-P in
vascularly perfused small intestine. The possibility was left open that creatine-P is
confined 1o the smooth muscle cells. This now has become improbable, since we have
found {Table I1I and De Jonge, H. R. and Hiilsmann, W. C., unpublished) that cre-
atine kinase is very active in intestinal mucosa. The metabolic consequence of fructose
foading in liver is a rapid phosphorylation of fructose to fructose-1-P, leading to a
Iowering of the P; concentration, so that a rapid resynthesis of ATP is not possible* ~*.
As can be concluded from Table I in intestine the ATP level remains constant, but
the level of creatine-P declines, probably due to its function to compensate for ATP
breakdown (compare the data obtained for muscle?®™3°). In order to determine
whether the partial depletion of creatine-P by fructose loading is a specific effect of
fructose, we compared the effects of equivalent loadings of glucose or 3-O-methyl-
glucose. It can be seen from Table I that the decrease of the concentration of
creatine-P is then probably insignificant,

TABLE I

LEVELS OF HEXOSE METABOLITES N RAT JEJUNUM FREEZE-CLAMPED AFTER
INTRALUMINAL HEXOSE LOADING

10 min after intraluminal loading of 3 ml 0.1 M hexose, freeze-clamping was performed (sce Mate-
rials and Methods).

Metabolite level Intraluminal hexose
3

(wmolelg wer wt 107 None Glucose Fructose

(= 4) (7 = 4) (n=4)
Glucose-6-P T4 28 924 19 1374 10
Glucose-1-P 44 1 54 1 T4 1
Fructose-1-P 744 14 103+ 11 - 15654-146
Fructose-6-P 144+ 1 184 2 264+ 2
Fructose-1,6-P, 20+ 2 184 5 344 1
Triose-P 20+ 4 244 5 4+
Glycerol-3-P 1074 15 112t 6 1424 14
3-P-Glycerate 204+ 5 10+ 35 104 1
2-P.Glycerate 54 2 24+ 1 54 1
Phosphoenolpyruvate 44 1 64 2 34 1
Pyruvate 61+ 3 784 7 74 8
Lactate 17034223 19964123 20964179

The effect of glucose or fructose loading, resulting in an increased rate of glyco-
lysis, on the levels of various glycolytic and other intermediates of hexose breakdown
in rat small intestine were subsequently investigated. It can be seen from Table IT
that 10 min after hexose loading a major difference between glucose and fructose
feeding has arisen in that fructose loading leads to the accumulation of fructose-1-P.
This then also explains for intestine the lowering of the creatine-F level. Furthermore,
it can be seen that glucose did not significantly alter the sum of hexose and triose phos-
phates determined, which explains the absence of a clear effect of glucose on the
creatine-P level. The effect of fructose loading on the metabolites determined (Table
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IF) is mainly on fructose-1-P, although some conversion products of fructose-1-P are
also somewhat increased, probably related to the presence of fructose diphosphatase
(EC 3.1.3.11)*° and the absence of glucose-6-phosphatase'® in rat small intestinal
Mucosa.

Now that it had been established that fructose has a specific effect on the
levels of certain phosphate-containing compounds, we studied the time relationship of
intraluminal loading of fructose on the levels of these compounds (Fig. 1). 2 min
after loading, the jejunal content of P; decreased to almost a minimal value. In com-
parison with this change, the level of creatine- £ fell more slowly and reached a mini-
mal value after 5 min. If we assume that about half of the creatine-P is also localized
in the smooth muscle cells, it might be lowered to a very low conceniration in the
epithelial cells, at which point the ATP level begins to decrease. However, under the
conditions of these experiments no significant decrease in the ATP level was observed.
One explanation could be that fructose rapidly disappears from the lumen by active
transport. However, a second loading of fructose at 10 min did not change the curves
of Fig. 1 (results not shown).

umoles /g wet weight

0 L i L
o] 10 30 50
Time {rmin)

Fig. 1. Time dependence of metabolite levels after intraluminal loading of 3 mi 0.f M fructose.
Each point represents the mean of two experiments. (-, Creatine-P; [J-{], ATP; &- 4, fructose-
I-P, @-@, P1.

Preferential localization of fructokinase and fructose-1-P aldolase in the epithelial cells
of intestine

That the effects of fructose on rat small intestine, as observed above, are due
to its metabolism in the mucosa cells, required the exclusion of major effects on the
cells of the underlying smooth muscle. A major effect of fructose on smooth muscle
cells does not seem very likely, since in heart and skeletal muscle and adipose tissue no
activity was found®*!. Indeed, Table IIl shows that the supernatant from homogeniz-
ed mucosal tissue scraped from the everted intestine, contributes most to the total
fructokinase activity.

The accumulation of fructose-1-P after fructose loading in intestinal mucosa
must be explained by the different activities of ketohexokinase and fructose-1-F aldol-
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TABLE Iif
DISTRIBUTION OF ENZYMES BETWEEN MUCOSA AND RESIDUE OF JEIUNUM

The data were calculated from three separate experiments in which 105 000 X g supernatants of the
total homogenate, mucesal scraping and the scraping residue were prepared and assayed. The average
amount of soluble protein in the three fractions was 100, 61.4 and 38.6 mg, respectively. The data
are expressed in total units (45.E.).

Enzyme Total Mucosal RBesidue

Scraping
Fructoss-1-F aldolase 0.72490.07 0.8540.09 0.144-0.04
Fructokinase 0.8040.15 0.824-0.06 6.174+0.04
Creatine kinase 68,4 9.5 31.7 +3.2 26,7 +3.¢

ase, We have found about the same ¥ values for both enzymes {Table ITI). The &,
for intestinal fructokinase has been reported to be about 0.1 mM'?, whereas the K
for intestinal fructose-1-P aldelase has been found to be 1.1 mM (unpublished ob-
servations). These data then provide the explanation of the frucicse-1-P accumulation,
as reported here.

Effects of intravenous odministration of hexoses in the rat
Intraluminal administration of fructose had 2 negligible effect on liver ATP,
After 10 min the concentration of ATP had decreased by 11.3 % and the concentra-

TABLE IV

METABOLITE LEVELS IN JEJUNUM AND LIVER AFTER INTRAVEMOUS HEXOSE
TREATMENT

5 min after intravenous loading of 1 mmole hexose, the organs were freeze-clamped.

Ketabolite Jejunum Liver
(pmolelg wet wi X 10%)

Mone Glucose  Fructose None Glucose Fructose
(=2} (n=2) (n=2 =2y {(n=232 (== 2}

ATP 1110 1110 1040 2560 2530 670
ADP 2330 210 280 430 430 800
AMP 40 20 50 50 50 180
Creatine-P 1320 1280 690 — e —_
Py 3100 3380 1520 2730 2660 760
Glucose-6-# 75 105 81 173 124 79
Glucose-1-P 4 2 8 8 8 3
Fructose-1-P 104 94 1623 254 242 6430
Fructose-6-F 23 22 19 46 36 27
Fructose-1,6-P; 23 24 34 47 44 91
Triose-P 22 20 35 105 66 115
Gilycerol-3-P 152 145 167 606 776 478
3-P-Glycerate 25 10 6 207 144 41
2-P-Glycerate 3 <1 1 30 iG 17
Phosphoenolpyruvate 17 6 2 17 78 22
Pyruvate 71 92 60 n 195 44

Lactate 1573 1523 1781 1404 2658 694
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tion of fructose-1-P had increased by 36 % (data not shown}. These results may be
expected 5 min after an intravenous dose of 0.3 mmole fructose in adult rats {extra-
polated from data given by Raivio et al.?). Apparently, high concentrations of fruc-
tose in the blood are needed to bring about a rapid fall of ATP content in the liver.
The effects of intravenous loadings of 1 mmole fructose on the stores of energy-rich
phosphates in liver and jejunum are presented in Table V. Freeze-clamping was car-
ried out after 5 min, because after 2.5 min the fructose concentration in the cells is
maximal and decreases thereafter very rapidly®. In our experiments we found the same
effects of fructose on the metabolite levels in liver as reported by others®3*3, with
the exception of an accumulation of giycerol-3-P. Under identical conditions of
fructose loading, the creatine-P and P; concentrations in jejunum had decreased by
44 8 % and 50.7 %, respectively, while the fructose-1-P concentration was already
pear maximal.

CONCLUDING REMARK

From the results obtained it may be concluded that due to the presence of
creatine-P and creatine kinase in small intestinal epithelial cells of the rat, fructose
feeding does not affect the phosphate potential of the cells and therefore may not
result in serious dysfunction of resorption.
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Summary

1. Rat small intestinal epithelial cells were incubated in vitro at 30°C in
bicarbonate buffer, pH 7.4, with 2 mM [1-!'*C]pyruvate. The rate of forma-
tion of '*CO, was inhibited by 5 mM octanocate (58%), 5 mM D,L-3-hydroxy-
butyrate (37%) and 5 mM acetate (17%). No significant inhibifion was ob-
served, when b mM propionate was used.

2. On incubation with Mg?*—ATP, the pyruvate dehydrogenase complex
(EC 1.2.41) in homogenates from intestinal epithelial cells was rapidly inacti-
vated. After inactivation, further incubation with 10 mM MgCl, and an ATP-
removing system resulted in a time-dependent reactivation, suggesting a regula-
tion of the pyruvate dehydrogenase complex in intestine by phosphorylation
and dephosphorylation of pyruvate dehydrogenase,

3. Measurement of the pyruvate dehydrogenase complex in extracts frorn
cells, which had been incubated under different conditions, provided evidence
that interconversion of the pyruvate dehydrogenase complex determines only
to a minor extent the rate of pyruvate oxidation. Intraluminal loading in situ
with 5 mM octanoate, compared with 5 mM glucose, gave a slight inactivation
of the pyruvate dehydrogenase complex estimated in extracts from freeze-
clamped tissue.

Introduction

It has repeatedly been demonstrated (cf. refs 1-—-3), that fatty acids
and ketone bodies may inhibit glucose oxidation in muscle. It has been shown,
that in this tissue during fatty acid oxidation two key enzymes in glucose
metabolism, phosphofructokinase (EC 2.7.1.11) [4,5] and pyruvate dehydro-
genase (EC 1.2.4.1) [6—8] are inhibited. Recently much work has been cdrried.
out to study the mechanism of regulation of the latter enzyme.
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Experiments with vascular perfusion of rat heart [8,9], diaphragm {8] and rat
liver [10] showed that during fatty acid oxidation pyruvate decarboxylation is
inhibited. Two mechanisms have been proposed in the literature: regulation by
enzymic interconversion of pyruvate dehydrogenase complex itself and regula-
tion by cofactors (and their products) involved in the oxidative decarboxyla-
tion of pyruvate. Recent studies have revealed that the pyruvate dehydrogenase
complex from kidney [11], heart muscle [12—14], liver [13], brain [15] and
adipose tissue [16] is subject to regulation by phosphorylation and dephos-
phorylation. The active form (pyruvate.dehydrogenase @) is converted to the
inactive form (pyruvate dehydrogenase ») by a Mg?*—ATP-dependent kinase
(pyruvate dehydrogenase @ kinase). Reactivation, i.e. dephosphorylation, is
catalysed by a high free Mg?* concentration requiring phosphatase (pyruvate
dehydrogenase b phosphatase). Wieland et al. [7] showed in isolated perfused
rat heart and Patzelt et al, [17] in isolated perfused rat liver, that an increased
supply of fatty acids resulted in a conversion of pyruvate dehydrogenase a to
pyruvate dehydrogenase b. The feed-back inhibition of pyruvate dehydrogenase
complex by acetyl-CoA andfor NADH, described by Garland et al. [8,18],
provides an additional mechanism for the control of pyruvate decarboxylation.
During fatty acid oxidation both acetyl-CoA and NADH concentrations are
increased {6]. In an earlier study from this laboratory [19] it was shown, that
octancate and oleate both inhibited glucose oxidation in vascularly perfused
intestine. Under the conditions employed, glycolysis was not inhibited, suggest-
ing a lowered energy charge [20]. No conclusion could be drawn in those
studies about the mechanism involved in the inhibition of pyruvate dehydro-
genase complex in rat small intestine. It is the purpose of the present study to
shed some light on the mechanism(s}, involved in the inhibition of pyruvate
dehydrogenase complex during fatty acid oxidation in rat small intestinal epi-
thelial cells.

Materials and Methods

Reagents

All chemicals were of analytical purity. Enzymes and cofactors were ob-
tained from Boehringer and Co., Mannheim, Germany. Sodium [1-! * C] pyruvate
was supplied by The Radiochemical Centre, Amersham (specific activity 13.1
Ci/mole). In every experiment a part of solid [1-! * C] pyruvate was dissolved in
a freshly prepared non-radioactive sodium pyruvate solution.

Preparation and extraction of epithelial cell suspensions

Normal fed male Wistar rats, weighing approx. 200 g and maintained on a
normal laboratory diet and water ad libitum were used. The rats were killed by
cervical fracture. Villous cells, originating from the whole length of the small
intestine, were harvested according to the high frequency vibration technique
of Harrison and Webster [21,22], in a medium containing 0.01 M Tris—HC]
buffer, 0.13 M NaCl and 5 mM EDTA (final pH 7.4). Cells and cell sheets were
collected by centrifugation for 15 s at 800 X g, .- The cell pellet was resus-
pended by passage through a plastic pipette and once washed with incubation
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buffer. As indicated in the legends in some experiments homogenates of villous
cells were prepared by rapid homogenization of the unwashed cell pellet in 20
mM potassium phosphate buffer (pll 7.4), 1 mM EDTA, 2 mM dithiothreitol
for 40 s with a small Polytron homogenizer (type PT,,, Kinematica, Luzern,
Switzerland), set at position 4.5 (8000 rev./min), followed by freezing and
thawing once. Samples of 100 ul were taken for the pyruvate dehydrogenase
complex enzyme assays.

Extraction of rapidly frozen small intestine, after preloading with glucose or
octanoate, or liver

In intraluminal loading, 4 ml 5 mM glucose or 5 mM octanoate in 0.9%
NaCl was delivered through a canula in the small intestine. The operation
technique has been described elsewhere [23]. In experiments with liver, the
rats were not intraluminally fed. After 10 min a part of the intestine was
freeze-clamped [20]. The frozen tissue was pulverized in a mortar, while liguid
N, was continuously added. 1 g of the powder was then mixed with 4 ml
buffer, containing 40 mM Tris~-HCL, pH 7.4, 2 mM dithiotreitol, 30 mM. glu-
cose and 1.4 units/ml hexokinase (EC 2.7.1.1.) for rat small intestine or 40 mM
Tris—HCL, pH 7.4, b mM EDTA and 2 mM dithiotreitol for rat liver.. The
powder was thawed and homogenized with a Polytron homogenizer as de-
scribed in the previcus section. Extraction of pyruvate dehydrogenase complex
was completed by three times freezing and thawing the homogenate. Samples
of 100 pl were taken for the pyruvate dehydrogenase complex enzyme assays.

Incubation of intact epithelial cells

Pyruvate metabolism was measured in 1 ml of a Krebs—~Hensele1t—
bicarbonate buffer {24} (pH 7.4), containing 1.4 mM CaCl, and 0.6 mM
MgSQ, and fortified with 2 mM sodium [1-* *C] pyravate (the specific activity
varied from 5 to 30 mCi/mole). Villous cell suspensions of the rat were incu-
bated in polyethylene vials for 30 min at 30°C. The measurements were started
after saturating the vials with O,-—CO, (95:5, v/v), by injecting labelled pyru-
vate. ' *CO, was trapped in hyamine, which was introduced at the end of the
incubation in a plastic cup connected to the rubber cap closing the reaction
vessel, prior to the addition of 1 ml 5% HCIO, to terminate the reaction. The
plastic cup was cleaned of condensed water and transferred to a counting vial.
Counting was performed in a Hquid scintillation counter with automatic stand-
ardization. The counting vials contained 10 ml Dimilume (Packard), a counting
liguid inhibifing chemiluminescence. Lactate [25] and pyruvate [26] were
determined after neutralizing the HCIO.-deproteinized samples with KOH.
14 C0O, production rates were linear between 0 and 30 min incubation.

Assay of the pyruvate dehydrogenase complex

Pyruvate dehydrogenase complex activity was measured in crude epithelial
cell homogenates and extracts from freeze-clamped tissue, prepared as de-
scribed in the previous sections by an assay system, measuring the rate of
formation of '*CO, from [1-'*C]pyruvate. The reaction mixture contained
100 mM Tris—HCI, pH 8.0, 2.8 mM MgCl,, 10 mM mercaptoethanol, 3 mM
NAD', 0.02 mM thiamine pyrophosphate, 1.2 units/m! lactate dehydrogenase
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(EC 1.1.1.27), 1.2 units/ml carnitine acetyltransferase (EC 2.3.1.7), 20 mM
D,L-carnitine. The reaction mixture was freshly prepared for each series of
experiments. Carnitine acetyltransferase and carnitine were added to prevent
accumulation of acetyl-CoA [18], and lactate dehydrogenase to ascertain the
removal of inhibitory NADH [8,18]. The incubations were carried out in poly-
ethylene vials for 5 min at 30°C, as described in the previous section. Into each
vial were pipetted, 100 ul 10 mM CoASH solution (pH 6.0), 500 ul of the
reaction mixture (in the blanks was added 1 mM arsenite and CoASH was
replaced by water), 50 1 0.01 M sodium [1-! *C] pyruvate {50—200 mCi/mole)
and water to the final volume of 900 ul. The reaction was started by the
addition of 100 ul homogenate and stopped with 1 ml 5% HCIO, . The blank
values were in the range of 500—1000 dpm, depending on the age of the
[1-'*C] pyruvate. Experimental values were 3 to 15 times the blank values. The
reactions were proportional to the enzyme concentration used to an amount
of 2.5 mg/ml. Protein was determined by the biuret method [27] after solubili-
zation of membrane-bound protein by treatment with deoxycholate and by
sonjcation. Statistics refer to + S.E.

Results and Discussion

Pyruvate metabolism in intestinal villous cells

In earlier experiments from our laboratory [28,29] it was observed that in
isolated intestinal villous cells the rate of lactate production from glucose ex-
ceeded by far the rate of CO; production. The explanation of the high flow
through the glycolytic pathway appeared to be a low energy charge [20],
which is responsible for the stimulation of phosphofructokinase. The rate at
which pyruvate is oxidized may also be measured directly with this substrate and
these data are given in Table I. Under these conditions, at 2 mM pyruvate,
the rate of oxidative decarboxylation is of the same order of magnitude, as
found with pyruvate derived from glucose by glycolysis {28,29]. This is in
contrast to the striking difference in the rate of lactate production. The latter
may be a consequence of supply of extramitochondrial NADH, when glucose is
used as the substrate.

In the assay employed in Table I, the evolution of !*CQ, from
[1-!4C] pyruvate was followed as a measure for the conversion of pyruvate to
acetyl-CoA. It is possible that exchange reactions contribute to the evolution of
"4 C0, to some extent. Kneer and Ball [30] have suggested that an exchange
reaction between pyruvate and CO, can oceur in adipose tissue. This exchange
reaction presumably involves the reversible reactions, catalysed by the enzymes
pyruvate carboxylase (EC 6.4.1.1), malate dehydrogenase (EC 1.1.1.37) and
fumarase (EC 4.2.1.2), which are also present in intestinal mucosa {29,31,32].
This then introduces the possibility of overestimating the rate of conversion of
pyruvate to acetyl-CoA, when '*C0, formation was followed. For these rea-
sons we used 1 mM arsenite in the blank. Arsenite, as a dithiol reagent, reacts
with the reduced lipoamide in pyruvate dehydrogenase complex. The blank
reaction rates were subtracted and amounted to about 8% of the uninhibited
14C0, production rate. Side reactions, as mentioned above, are not likely to
contribute to the release of '*CQO, from [1-!*C]pyruvate to a large extent,



TABLEI

EFFECT OF FATTY ACIDS ONPYRUVATE METABOLISM IN ISOLATED INTESTINAL EPITHELIAL CELLS

Villous cells were incubated with [1—14C]pyruvat.e in the conceniration indicated, The incubation medium and the method used for the determinations of 14CO;.
lactate and pyruvate are mentioned under Materials and Methods,

Additions to the
incubation medium

14002 produc-
tion {(percent
of control*)

Alco,
(nmoeles/min
per mg protein)

Alactate
{nmoles/min
per mg protein)

-A pyruvate
{nmoles/min
per mg proteir)

2 mM pyruvate

2 mM pyruvate + 5 mM octanoate

2 mM pyruvate + 1 mM octanoate

2 mM pyruvate + 5 mM D, L-3-hydroxybutyrate
2 mM pyruvate + 1 mM D, L-3-hydroxybuiyrate
2 mM pyruvate + 5 mM acetate

2 mM pyruvate + 1 mM acetate

2 mM pyruvate + b mM propionsate

5 mM pyruvate

5 mM pyruvate + 5 mM ocianoate

100

41.9 £ 2.2
72,1

63.2 148
71.8

82,9 +8.9
71.3

99,7 + 0.7

W N AN &DNTDNOS,

2.09 +0.27
0.5 +0.18
170
i.32+0.21
1.66
1.65 % 0.44
1.43
1.95 +0.40
3.97
1.98

1.78 +0.18
1.69 £0.21

1.83 X013

1.71 £ 0.10

1.56 + 0,12

4,17 X 0,12
2.69 £ 0.32

3.68 + 0,18

3.82 £ 0.31

3.75 £ 0.10

* The values of this column are derived from individual experiments, in which no additions to the incubation medium with 2 mM pyruvate were made 100%.

618



220

since the pyruvate dehydrogehase complex is a very active enzyme complex,
when compared with e.g. pyruvate carboxylase.

Effects of fatty acids on pyruvate metabolism

Table I also demonstrates, that the rate of '*CO, production from
[1-**C] pyruvate was decreased by 5 mM octanoate (58%). This is in accord-
ance with the results of Hulsmann [19] who observed that during vascular
perfusion of intestine, octanocate inhibited glucose oxidation. A less pro-
nounced effect was oblained with a lower concentration of octanoate or by
replacing 5 mM octanoate by either b mM D,L-3-hydroxybutyrate or acetate.
In mitochondria of rat small intestine D -3-hydroxybutyrate dehydrogenase (EC
1.1.1.30) and acetoacetyl-CoA-thiolase (EC 2.3.1.9) are present [32], as well as
3-ketoacid CoA transferase [32] (EC 2.8.3.5). The combined action of these
enzymes feads to acetyl-CoA formation from D,L-3-hydroxybutyrate. Another
part of added D,L-3-hydroxybutyrate may be converted to acetyl-CoA after
activation of the substrate by medium-chain fatty acyl-CoA synthetase (EC
7.2.1.2), which is also active in rat small intestine [32]. This explains the
finding (Table I} that D,L-3-hydroxybutyrate inhibits pyruvate oxidation in
epithelial cells to some extent. Acetyl-CoA synthetase (EC 6.2.1.1) is present in
rat small intestinal epithelium (Scholte, H.R., unpublished observations). In the
present results (Table I) 17% inhibition of pyruvate oxidation by 5 mM acetate
also indicates acetate activation. Garland et al. [8] concluded from their
studies on pyruvate metabolism in heart and in diaphragm, that inhibition of
pyruvate dehydrogenase complex may be caused by high [acetyl-CoAl/
[CoASH] and [NADH]/[NAD"] ratios. That propionate has no effect on pyru-
vate oxidation (TableI), compared with the effects of octanoate, D,L-3-
hydroxybutyrate and acetate is in agreement with the proposal of Garland et
al. [8]. Propionate may be activated by acetyl-CoA synthetase and possibly
also by a separate propionate activating enzyme [33]. Propionyl-SCoA is likely
to give rise to the synthesis of dicarboxylic acids, rather than to acetyl-CoA
generated by the other compounds mentioned.

The fatty acids mentioned have virtually no effect on the rate of lactate
production, with the possible exception of propionate, indicating that reduc-
tion of oxidative decarboxylation is not compensated by increased rates of
lactate production. This is unexpected, since in other tissues but intestine at
least octanoate and 3-hydroxybutyrate increase the cellular [NADH}/[NAD]
ratio and since lactate dehydrogenase (EC 1.1.1.27) is very active, an increase
of rate of lactate production may be expected if pyruvate could enter the ceil
freely. It therefore seems possible, that fatty acids interfere with pyruvate
fransport in the epithelial cells more directly than through their influence on
cellular metabolism, since 1 or 5 mM octanoate, D,L-3-hydroxybutyrate or
acetate are all expected to increase ATP, acetvl-CoA and NADH generation and
therefore should have a similar effect. This possible influence of fatty acids o
pyruvate transport is a matter of further investigation.

Effects of Mg** and ATP on the activity of pyruvate dehydrogenase complex in
homogenates of intestinal epithelial cells
Recent studies on pyruvate dehydrogenase complex in crude homogenates
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Fig. 1. Time course of the effect of addition of Mg?" or MgZ*—ATP on the pyruvate dehvdrogenase
complex activity in homogenates of small intestinal cells, Celis were isolated according to Materials and
Methods. The unwashed pellet (125 mg protein) was homogenized in 5 mi potassium phosphate buffer
(pH 7.4), 1 mM EDTA and 2 mM dithiothreitol. The homogenate was incubated at 30°C with 10 mM
MgCly, 10 mM glucose, 7 units/ml hexokinase (0-0); 1.5 mM MgCly, 0.1 mM ATP, 2 mM creatinephos-
phate, 1.8 units/ml creatinekinase (EC 2.7.3.2) (6—0); no additions ®—a. At the time indicated, samples
of 100 ul were taken for the pyruvate dehydrogenase complex enzyme assay, as described in Materials and
Methods. At the time indicated by the arrow, 10 mM glucose, 10 mM MgCly and 7 units/ml hexokinase
were added to the Mg2*—ATP preincubated homogenate (x--x), Additional MgCl, was included in the
enzyme assays to obtain uniformly a free Mg2* concentration of 1.3 mM.

from kidney [11], heart muscle {12--14], liver [13], brain [15] and adipose
tissue [16,34] indicated that pyruvate dehydrogenase complex from these
organs is regulated by a phosphorylation—dephosphorylation reaction se-
quence. Linn et al. [13] concluded from their experiments on purified subunits
of pyruvate dehydrogenase complex from beef kidney mitochondria, that the
site of this reaction sequence was on the pyruvate dehydrogenase component
of pyruvate dehydrogenase complex. A phosphatase (pyruvate dehydrogenase b
phosphatase), requiring a high free Mg?* concentration, removes a phosphate
residue from pyruvate dehydrogenase b, thereby converting it to the active
form (pyruvate dehydrogenase a). Phosphorylation, dependent on Mg?*—ATP
on the other hand, may regenerate the inactive enzyme (pyruvate dehydrogen-
ase b). Homogenates of intestinal epithelial cells were prepared from normal
fed rats. When incubated for 20 min at 30°C, little change in pyruvate dehydro-
genase complex occurred (Fig. 1). When 10 mM Mg?* and an ATP-removing
system were added, an increase in activity occurred. The addition of Mg?*—
ATP and an ATP-generating system rapidly decreased pyruvate dehydrogenase
complex activity. After inactivation of the enzyme with Mg?*—ATP, the en-
zyme was reactivated in a time-dependent fashion by the addition of 10 mM
Mg?* and an ATP-removing system. In a few experiments, however, the activa-
tion of the enzyme by incubation with Mg?* was incomplete due to a more
pronounced lability of the enzyme at 30°C. The maximal activity shown in
Fig. 1 is probably also underestimated. The results described in Fig. 1 then
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provide evidence that a similar phosphorylation—dephosphorylation cycle
[11—16] occurs with the pyruvate dehydrogenase complex from rat small
intestinal cells.

Assay of pyruvate dehydrogenase complex activity in extracts from small intes-
tinal epithelial cells, preincubated with 1 mM pyruvate in the presence or
absence of 5 mM octanoate

It has been demonstrated by several authors [16,23,36—38], that the
dynamic equilibrium between pyruvate dehydrogenase ¢ and pyruvate dehydro-
genase b in adipose tissue in vitro is under metabolic and hormonal control.
Metabolic control of pyruvate dehydrogenase complex is also shown in vivo in
rat liver {9], heart [39] and kidney [39], as well as in vitro with perfusion
studies in heart [7] and liver [17,40]. The significance of this mechanism for
the regulation of pyruvate metabolism in these organs, relative to the feedback
control of pyruvate dehydrogenase complex, is not vet clear. Therefore, we
were interested in pyruvate dehydrogenase complex activity under conditions,
when pyruvate oxidation is inhibited in epithelial cells. In experiments, shown
in Table II, the activity of pyruvate dehydrogenase complex was decreased by
preincubation of the cells with 5 mM octanocate or 5 mM D ,L-3-hydroxybutyr-
ate (avéraging to 13 and 15%, respectively). The inhibition of pyruvate oxida-
tion found in intact cell incubations {Table I) is large compared with these
small inhibitions of pyruvate dehydrogenase complex. The latter may suggest
‘that other mechanisms contribute to the action of fatty acids in intact cells, as
‘alsc was concluded from results discussed in the previous section. Because
mitochondrial processes probably also operate during isolation of the cells with
the vibration procedure at 7°C, substrate was added at this step of the isola-
tion. This 1s shown in Table III, which also demonstrates that 2 mM octanoate
had some inhibitory effect on pyruvate dehydrogenase complex activity. Clear-
cut differences in pyruvate dehydrogenase complex activity were found in
isolated cells from different rats, suggesting an influence of the metabolic state

TABLE IT

ACTIVITY OF PYRUVATE DEHYDROGENASE IN EXTRACTS FROM EPITHELIAL CELLS, PRE-
INCUBATED WITH PYRUVATE IN THE PRESENCE OR ABSENCE OF FATTY ACIDS

A suspension (3 ml, approx. 30 mg protein) of villous cells in Krebs—Henseleit—bicarbonate buffer was in-
cubated for 10 min at 30°C. At the end of the incubation period, the suspension of cells was rapidly
centrifuged at 0°C and the cell pellet homogenized in 4 ml 20 mM potassium phosphate buffer (pH 7.4).
‘1 mM EDTA, 2 mM dithiolthriete! and once frozen and thawed. Samples of 100 ul were taken for the
pyruvate dehydrogenase complex enzyme assals, as described in Materials and Methods. Fach assay was
carried out in triplicate.

Additions to the n Specific activity Percent of
incubation medium (units/g protein) control®

I mM pyruvate ] 4.67 £ 0.26 —

‘1. mM pyruvate + 5 mM octanoate 6 4.02 +0,207%% 86.8 4.9
1 mM pyruvate + % mM D,L-3-hy droxybutyrate & 3.98 £0.18%" 84,1 £4.8

* The values of this column are derived from individual experiments, in which incubation with 1 mM
pyruvate alone was made 100%.
** 6.025 <P < 0.05.
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TABLE III

ACTIVITY OF PYRUVATE DEHYDROGENASE IN EXTRACTS FROM EPITHELIAL CELLS, IS0-
LATED IN THE PRESENCE OF GLUCOSE OR OCTANOATE

Cells were isolated according to Materials and Methods, except that a substrate was present during the
vibration procedure. The unwashed pellet (60 mg protein) was homogenized in 3 ml 20 mM potassium
phosphate buffer (pH 7.4), * mM EDTA, 2 mM dithiolthreitol and onece frozen and thawed. Samples of
100 ul were taken for the pyruvate dehydrogenase complex enzyme assays, as described in Materials and
Methods. Each assay was carried out in triplicate.

Substrate added to Specific activity (units/g protein)
the isolation buffer

Rat 1 Rat 2 Rat 3 Rat 4 Rat 5
2 mM glucose 3.13 4.09 2.79 4.35 530
2 mM octanoate 2.94 4.06 2,10 3.42 5.20
Decrease by octanoate (%)* 6.1 0.7 24.7 21.4 1.9

* The mean percentage decrease in these five experiments amounted to 10.9 £ 5.0%.

of the small intestine on the pyruvate dehydrogenase complex activity meas-
ured.

Assay of pyruvate dehydrogenase complex activity in Tris buffer extracts from
freeze-clumped rat small intestine and in liver in situ

Whereas in the previous section the enzyme was extracted by homogeniza-
tion in potassium phosphate buffer (pH 7.4}, 1 mM EDTA, 2 mM dithiothreitol
and once freezing and thawing, in earlier experiments with freeze-clamped
samples, extraction was carried out with Tris buffer (pH 7.4), containing 4 mM
EDTA. This type of extraction, now with 5 mM EDTA, of livers from fed rats,
freeze-clamped in situ, led to the measurement of an average (three experi-
ments) pyruvate dehydrogenase complex activity of 0.77 units/g protein. On
subsequent incubation of these liver extracts in 15 mM MgCl, for 40 min at
30°C, the activity was maximally activated to 3.63 units/g protein. These
values correspond very well with the values, given for perfused rat livers by
Patzelt et al. [17]. In small intestine, however, freeze-clamyping followed by
Tris—EDTA extraction of pyruvate dehydrogenase complex, led to very low

TABLE IV

ACTIVITY OF PYRUVATE DEHYDROGENASE IN EXTRACTS FROM RAT SMALL INTESTINE,
FREEZE-CLAMPED AFTER INTRALUMINAL GLUCOSE OR QCTANOQATE LOADING IN SITU

10 min after intraluminal loading of 4 ml 5 mM glucose or octanoate in 0.9 % NaCl, freeze-clamping was
performed (see Materials and Methods), folowed by an extraction of pyruvate dehydrogenase complex,
by homogenizing the pulverized tissue in a 4-fold volume of Tris buffer. For details see Materials and
Methods.

Substrate used n Specific activity
(units/g protein)

o3}

5 mM glucose 2.03 £ 0.18
5 mM octanoate 8 1.67 = 0.21%

*P <o,
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activities (results not shown). Under these conditions Mg?* addition resulted in
a large stimulation, which is not necessarily due to pyruvate dehydrogenase b
phosphatase activity, but may be due to the requirement of Mg?* in the assay
for binding thiamine pyrophosphate to the pyruvate dehydrogenase complex
[41,421. Freeze-clamping of the small intestine after intraluminal administra-
tion of 2 mM glucose or octanoate and extracting the pyruvate dehydrogenase
complex enzyme with Tris buffer (no EDTA), containing glucose and hexo-
kinase to remove traces of ATP from theé extracts, as shown in Table IV,
resulted in a significant lowering of pyruvate dehydrogenase complex by prior
intraluminal administration of fatty acid. Why the activities in total tissue
extracts (Table IV) are lower than in isolated cells (Table IiI) is not known. It
could be that pyruvate dehydrogenase complex is enriched in epithelial cells
(no muscular or connective tissue elements present) or that homogenization in
potassium phosphate buffer may result in a better extraction of the enzyme.
The data in Table IV then suggest, that also in situ the inhibition of pyruvate
dehydrogenase complex during fatty acid oxidation in rat small intestine may
contribute to the inhibition of pyruvate oxidation, which was observed in In
vitro perfusion experiments earlier [19].
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Summary

Homogenates of jejunal mucosa from 72 h fasted guinea pigs showed
glucose production rates of 3—4 umoles-h™ -g™ wet weight under the
conditions recommended in the literature (IDP present}. However, we found
no incorporation of the gluconeogenic precursors lactate, pyruvate or alanine
in glucose. Further results led to the conclusion that glucose was formed from
nucleotides, added to the homogenates.

Isolated intact epithelial cells showed a very low rate of glucose

production, suggesting only a low contribution of intestinal mucosa to whole
body gluconeogenesis in starved guinea pig.

It has recently been shown by Anderson and Rosendall {1] that
homogenates of jejunal mucosa from 72 h starved guinea pigs catalyze gluco-
neogenesis from lactate, malate or pyruvate at rates between 3 and 5 umoles:
h™! - g7 tissue weight. Although this rate is one order of magnitude lower
than the rate of ‘gluconeogenesis in isolated parenchymal liver cells [2, 3] or in
the in vitro perfused liver {4, 5], we considered the findings of considerable
importance since tissue homogenates even from liver or kidney generally fail
to show significant rates of gluconeogenesis. It can be seen from Table 1 that
homogenates of mucosal scrapings of 72 h fasted guinea pigs, when tested
under the conditions described by Anderson and Rosendall [1], indeed
catalyze net glucose synthesis. The strong stimulatory effect of IDP, as
described by these authors, was confirmed. However, IDP addition stimulated
similarly when the gluconeogenic precursors lactate or pyruvate were omitted,
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TABLEI

GLUCOSE AND GLUCOSE-6-P PRODUCTION AND INCORPORATION OF [1-'*CIPYRUVATE,
[U-'"*CJALANINE AND [1-'"*C]LACTATE IN GLUCOSE IN MUCOSAL HOMOGENATES

Experiments were done essentially according to the method described by Anderson and Rosendail [1].
Homogenization of intestinal scrapings was carried out in a PT,, Polytron hotnogenizer (60 s at

8000 rev./min) in a buffer containing 113 mM NaCl, 4.7 mM KCl, 1.7 mM CaCl,, 0.8 mM MgCl,,

1.2 mM MgS0,, 2.5 mM sodium acetate, 25 mM NaHCO ,; saturated with CO, and 38 mM imidazole
buffer (pH 7.0). After incubation, glucose and glucose-6-P were measured.in deproteinized samples in a
combined assay {14] using dual wavelength spectrophofometry (wavelength pair 350 and 375 nm). The
specific activities of the substrates [1-'* Clpyruvate, [U-'* Clalanine and [1-'* C]lactate were 47, 5 and
40 mCi/mole, respectively. Glucose was separated from labeled ionic species by passage through
Amberlite-MB-3, as desctibed by Hawkins et al. [1'5].

Additions to the pmoles g~ ! wet weight-h™'  jumoles of labeled precursor
incubation medium at 37°C converted t? glucose-g ' wet
n AGlucose  AGlucose-6-P welght~h
Noune 3 1.31 0 -
2 mM IDP 3 3.11 2.85 —
10 mM lactate 1 1.02 o ’ -
10 mM pyruvate 1 1.10 0 —
10 mM malate, 2 mM IDP 3 4.0 1.71 —
10 mM [1-**C]lactate,
2 mM IDP 3 2,93 2.23 0.026
10 mM [1-'*Clpyruvate,
2 mM IDP 3 3.54 2.28 0.012
10 mM [U-'*Cjalanine,
2 mM IDP 3 3.86 2.00 6.027
TABLE II

GLUCOSE, GLUCOSE-6-P AND FRUCTOSE-6-F PRODUCTION IN HOMOGENATES OF ISOLATED
EPITHELIAL CELLS FROM 72 h FASTED GUINEA PIG SMALL INTESTINE

Epithelial cells were isolated according to Harrison and Webster [6] and homogenized by Polytron
treatment (see Table I). Incubations ang determinations were carried out as described in Table 1. Protein
was determined by the biuret method [16] after solubilization of the membrane-bound protein by
treatment with deoxycholate and by sonication. (Statistics refer to £ 5. E.)

Additions to the n pmoles-g~? protein *h ! at 37°C
ineubation medium AGlucose  AGlucose-6-F AFructose-§-P
None 4 10.4%1.4 0.3%0.2 1.2+0.2
5 mM pyruvate 5 8.6%1.0 1.9%1.3 0.610.2
2 mM IDP 4 29.346.1 15.2%4.3 6.411.5
5 mM pyruvate, 2 mM IDP 6 28.5t3.4 13.3%3.5 6.2%1.9
5 mM pyruvate, 2 mM IMP 2 37.8; 22.4 6.1;10.1 0.0;0.0
5 mM pyruvate, 2 mM ITP 1 29.8 7.1 27

5 mM pyruvate, 2 mM AMP 3 26.3%5.8 11.9£0.9 5.9+0.3
5 mM pyruvate, 2 mM ADP 3 24.5%6.8 9.210.6 5.1%0.4
5 mM pyruvate, 2 taM IDP, 1 mM mia* 3 22.6x6.8 11.340.7 5.0£0.9
5 mM malate, 2 mM IDP 3 22.615.0 13.8+2.8 5.7£1.0
% mM malate, 2 mM IDP, 1 mM MIA® 3 23.8%5.5 11.6+1.8 5.8+1.0
5 mM pyruvate, 2 mM inosine, 2 mM P; 6 56.215.4 13.0£2.1 9.810.9
5 mM pyruvate, 2 mM Py 3 11,9+2.1 1.3£0.7 1.71£0.9
5 mM pyruvate, 2 mM inosine 3 21.7+1.4 5.413.0 5.2+2 4
5 mM pyruvate, 2 mM ribose-5-P 4 36.9%2.7 1.3£0.8 4.5+0.4

*Monoiodoacetate.

which casts serious doubt on the interpretation that IDP stimulates gluconeo-
genesis from pyruvate. Indeed, when [1-'*C]pyruvate, [1-'*C]lactate or
[U-14C]alanine were included in the assay system, the amount of labeled
ghucose formed amounted 1o only 1% of the glucose formed (Table I).



429

It can be seen from Table II that when guinea pig small intestinal
epithelial cells were isolated by the vibration method of Harrison and
Webster [6] prior to the homogenization (in order to reduce the heterogeneity
of the cellular elements isolated), IDP also stimulated glucose formation and
that IDP could be replaced by IMP, ITP, ADP or AMP. Inhibition of
glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12) by the addition of
1 mM monocicdoacetate hardly affected the stimulatory effect of IDP on
glucose formation in the presence of pyruvate or malate. No conclusive
evidence was obtained for glycogenolysis as a significant contribution to the
AMP- or IMP-dependent glucose formation, although we found that 5 mM IMP
or AMP stimulated phosphorylase (EC 2.4.1.1) two-fold in guinea pig intestine
(results not shown, compare also results on muscle phosphorylase b [71).
Moreover, experiments with intact isolated epithelial cells from 72 h starved
guinea pigs (Fig. 1) showed that the glycogen concentration, expressed in
glucose equivalents, is considerably less than the glucose formed in
homogenates (Table 1I}. These results were interpreted such that probably the
IMP or AMP degradation may be involved in glucose formation. Indeed,
Table II shows that inosine plus Py or ribose-5-P stimulated hexose- and
hexose-P production equally weli. In older studies done by Horecker et al. [8],
and also more recently [9], it was shown that on incubation of ribose-5-P with

10l Fo

Hrmoles [ g protein
(&)

pmotes of labeled pyruvate converted
to giucose /g protein

G :
Time (min) 2 30

Fig. 1. Glucose formation and rate of incorporation of [ 1-'*Clpyruvate in glucose in isolated epithelial
cells from 72 h fasted guinea pig small intestine. Epithelial cells, harvested according to the vibration
method of Harxrison and Webster [6], were incubated in 1 ml of a Krebs—Henseleit—bicarbonate buffer
{17] (oH 7.4) containing 1.4 mM CaCl, and 0.6 mM MgSO, and fortified with 5 mM sodium [1-”0]-=
pyruvate (specific activity 47 mC1,’mole) Incubations were car,r:ed out in polyethylene vials at 37°C in
an atmosphere of O, —CO, (95:5, v/v). At the end of the incubation period the reaction was stopped by
the addition of 0.1 ml of 30% HCIO,, centrifuged, neutralized with 2 M KHCO, and again centrifuged.
Glucose and specific actwﬂy of glucose were determined as described in Table I 0——-0, glucose formed;
®—»_ incorporation of [l- C]pymvate into glucose. Glycogen (X- - -X ), expressed as ghicose
equxvalents was determined after enzymic hydrolysis by a(1-+4), a{1—6) amyloglucosidase (EC 3.2.1.-).
The cell suspensions used (1 ml) were rapidiy cooled in ice, sonicated for 30 s with a Branson sonifier
(model 8§ 75) at 1 5 A and 0.6 ml. 0.2 M acetate buffer (pH 4.8) was added. This mixture was incubated
for 60 min at 37°C in the presence of 1.6 units/ml amyloglucosidase. After incubation the samples were
deproteinized and assayed for glucose. In some determinations a glycogen standard was included to
check recovery. Each point represents the mean of four experiments (£5.E.).
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liver supernatants triose-P and hexose-P aceumulated, which correlates
very well with data on guinea pig intestine. Hence it may be concluded that

the glucose production appeared to be due to a breakdown of nucleotides to
nucleosides and finally to ribose-5-P, because the enzymes that catalyze the
initial steps: 5-nucleotidase [10] (EC 3.1.3.5) and adenosine deaminase [10, 11]
{EC 3.5.4.4), are very active in jejunal mucosa. That nucleoside phosphorylase
(EC 2.4.2.1) may be involved in further degradation of nucleotides, is
strengthened by the finding (Table II) that inosine plus P; more effectively
stimulated net hexose- and hexose-P formation than IMP or IDP. Pentose-P

can be converted in the non-oxidative part of the pentose cycle to triose-P and
hexose-P [8, 9]. These phosphorylated intermediates can be converted to
glucose by combined action of fructose-1,6-diphosphatase (EC 3.1.3.11) and
glucose-6-phosphatase (EC 3.1.3.9). That this pathway is also operative in
guinea pig intestine can also be concluded from resulis of Ginsburg and Hers [12],
who showed in vitro a rapid conversion of fructose to glucose via triose-P. The
contribution of pentose cycle intermediates during in vitro conversion of
fructose to glucose in human intestinal strips was shown by White and

Landau [13].

Finally we studied gluconeogenesis in intact intestinal cells isolated from
small intestine of 72 h fasted guinea pig (Fig. 1), The incorporation of [1-1*C]-
pyruvate in glucose amounts to only 10% of the already low rate of glucose
production, as compared with liver cells {2, 3]. This suggests that intestinal
mucosa in starved guinea pig may not contribute to overall gluconeogenesis in
the intact animal significantly. Recent work from our laboratory supports this
conclusion, since pyruvate kinase (EC 2.7.1.40) from guinea pig intestine has
been found to be of the muscle type (Van Berkel, Th.J.C., unpublished).
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SUMMARY

1. A technique is described for the rapid separation of intestinal epithelial cells
from the incubation medium by passage through a silicon-oil layer and coliection
in acid, in which their soluble constituents are released.

2. The inhibition by fatty acids of pyruvate oxidation is further studied. Mea-
surement of pyruvate transport in epithelial cells at 0 °C showed that short- and me-
dium-~chain faity acids as well as ricinoleate inhibit this transport. Propionate inhibits
pyruvate transport by ancther mechanism than octanoate.

3. Differences between pyruvate, propionate and octanoate transport across
the epithelial cell membrane were obtained in efflux studies. These studies revealed
that acetate, propionate, butyrate and high concentrations of bicarbonate readily
stimulate the efflux of pyruvate, probably by anionic counter-transport. No effects
were seen with octanoate and hexanoate. The data obtained in these efftux studies
suggest that lipophilicity and the pK, values of the monocarboxylic acids determine
thz contribution of non-ionic diffusion to overall transport.

4. Saturation kinetics, competitive inhibition by short-chain fatty acids and
counter-transport suggest a carrier-mediated transport of pyruvate.

INTRODUCTION

Earlier experiments with rat heart {1, 2], diaphragm [1], liver [3] or isolated
kidney tubules [4} showed that during fatty acid oxidation, oxidative decarboxylation
of pyruvate is inhibited. Determination of the state of the pyruvate dehydrogenase
complex [5, 6] during fatty acid oxidation has established that enzyme phosphoryla-
tion plays an imporiant role in the decrease of pyruvate oxidation in these tissues.
Studies in rat intestine [7, 8] on the inhibition of fatty acids of pyruvate oxidation
suggested that a small part of this decrease can be ascribed to phosphorylation of
the enzyme complex too. The decrease in pyruvate dehydrogenase activity measured
under the same conditions, however, was much lower than the depression of '*CO,
production from [I-'*Clpyruvate. To a minor extent this discrepancy was also found
by Wieland et al. [9] in studies with perfused rat heart. Inhibition of the pyruvate
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dehydrogenase complex by increased levels of acetyl-CoA and NADH have been
mentioned as additional metabolic mediators of fatty acid action [i, 8, 9]. Randle
et al. [10] concluded from the effects of fatty acids on pyruvate oxidation in rat heast
that there may be an cffect of fatty acids on the permeability of cellular membranes
for pyruvate, Moreover, we concluded from earlier results that fatty acids not only
inhibit the oxidative decarboxylation of pyruvate in rat small intestine, but also its
conversion to lactate, possibly by inhibition of pyruvate transport.

It has generally been assumed {11-13] that pyruvate freely permeates the cell
membrane by passive diffusion so that changes of the intraceilular level will be re.
flected by similar changes in the blood. There are only a few reports [12, 14, 151 of
studies on the mechanism of pyruvate translocation across cellular membranes. Some
evidence has been obtained for the involvement of a carrier system in the transport
of pyruvate in heart [16] and more recently in erythrocytes [17]. In the latter case
this is clearly demonstrated by the specific inhibition of the transport by a-cyano-4-
hydroxycinnamate.

The access of pyruvate to its dehydrogenase in mitochondria is alse of great
interest in view of the central role of pyruvate oxidation in carbohydrate metabolism.
Evidence has now become available {£7-21] for the ocourrence of a transport carrier
for pyruvate in the mitochondrial membrane, although it has been argued by Klingen-
berg [22] that sufficient undissociated monocarboxylic acid exists intracellularly to
render such a transport carrier redundant. Recently Bakker et al. [23] described the
mechanism by which monocarboxylic acids, such as pyruvate and acetate move across
artificial membrane vesicles (liposomes). Their results suggest that pyruvate crosses
the membrane in the undissociated form and readily exchanges with other weak
monocarboxylic acids. It is the purpose of the present study to investigate the mecha-
nism of translocation of pyruvate across the epithelial membrane, to compare it with
that of other monocarboxylic acids and to study their mutual influence.

MATERIALS AND METHODS

Reagents

All chemicals were of analytical purity. Sodium [1-'*Clpyruvate (13.1 Ci/mol},
sodium [2-'*Clpyruvate (9.89 Ci/mol), [*HJinulin (860 Ci/mol), [U-'*CJsorbitol
(8.7 Ci/fmol), [1-"*Clpropionic acid (57.5 Ci/mol), [I-'*CJoctancic acid (3.8 Cif
mol). *H,0 (90.9 Ci/mol) were supplied by The Radiochemical Centre {(Amersham,
England). Because of instability of agueous solutions of pyruvate, in every experiment
a part of solid [**Clpyruvate was dissolved in a freshly prepared non-radioactive
sodium pyruvate solution. Ricinoleic acid was purchased from Sigma (8t. Louis,
U.S.A.). Prostaglandin E, was a generous gift of the Unilever Research Laboratories
(Vlaardingen, the Netherlands).

Preparation and extraction of epithelial cell suspensions

Normal fed male Wistar rats, weighing approx. 200 g, were maintained on a
normal laboratory diet and H,O ad libitum. The rats were narcotized with ether and
killed by removal of the heart. The small intestine was removed and the lumen flushed
with 100 mi ice-cold saline. Villous cells, originating from the jejenum, were harvested



13

according to the high frequency vibration technique of Harrison and Webster [24, 251,
as described earlier [8). The cell pellet (20-30 mg protein)} was washed two,_ times
with incubation buffer, Krebs/Henseleit/bicarbonate [26] or Krebs/phosphate [27],
both containing 1.4 mM CaCl,, 0.6 mM MgSO, and 0.1 % fatty acid-poor Pentex
serum albumin from Fluka (Buchs, Switzerland). The cells were resuspended, by
passage through a plastic pipette, in 2-3 ml buiffer and directly used for transport
measurements. Care was taken that the cell suspension was standing not longer than
5 min before the start of the transport studies, since strong aggregation may occur
after 5 min and this was found to interfere with the reproducibility of the transport
rates. This aggregation was greatly reduced when the cells were standing as dilute
suspensions {1 mg protein/ml). Metabolism of [I-'*Clpyruvate was measured as
described in the previous report [8].

Silicon oil filtration technique

Eppendorf plastic microtest tubes (No. 3810, 1.5 m! volume) were filled with
0.1 ml 0.5 M HCIO, and 0.4 ml silicon oil (TEGILOXAN® A.V. 100, Goldschmidt
Ltd., Essen, G, F.R.) and 0.5 m! incubation buffer, with labelled substrate present and
fU-**CJsorbitol or [*Hlinulin as marker for extracellular space (1 mM and 0.4 mM
final concentrations, respectively). After layering the tubes, they were briefly centri-
fuged in an Eppendorf 3200 centrifuge to separate the silicon oil from both aqueous
layers. They were stood for a minimum of 15 min in an ice-bath to insure that the
incubation layer was at ¢ “C. When uptake of substrate was to be determined, 50 ul
of a concentrated, disaggregated, cell suspension was added to the incubation layer
and during incubation the tubes were gently shaken by hand (about twice/min). At
the end of the incubation the cells were sedimented at 10000 x g for 4 min in the
Eppendorf centrifuge. This centrifuge reaches maximal g values after 3 s and the cells
were separated from the medium by the silicon oil layer within 15s. The cellular
content was released when the cells came into contact with the bottom perchloric
acid layer. Parallel tests were done with incubation buffer (sometimes with the inhib-
itors present) containing *H,0 and [U-1*Clsorbitol to find out the intracelfular
space of the cells and the total water space that was mixed with the acid underphase.
After samples had been taken from the cell-free upperphase for radioactivity measure-
ment, it was washed away with the help of acetone/water (50 : 50, v/v). A sample of
70 pb of the clear acid underphase was then taken with a Hamilton syringe for the
analysis of radicactivity. When substrates or inhibitors (e.g. fatty acids) had to be
added in a higher concentration than 1 mM they were added as 123 mM sodium salt
solutions in NaCl-free Krebs/phosphate or Krebs/Henseleit/bicarbonate, for mainte-
nance of isotonicity. The description of the method of studying efflux of substrates
from cells is given in the legend to Fig. 6.

Calculation of results

Cellular '“C-labelled substrate content was calculated by correcting the **C-
labelled substrate content of the pellet for substrate in the extracellular space, as
determined from the distribution of [*HJinulin. Calculation of the intracellular
water in a typical experiment (example 0.77 mg cell protein) proceeds as follows.
Specific activity of H,O in the upperphase was 1149 cpm/pl and *H,O measured in
underphase (70 ul) was 7780 cmp; the total water space then is
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100 y 7780 — 10.71 4l
7780 1149
1149

Furthermore the specific activity of [U-"*CJsorbitol in upperphase was 285 cpm/gl
and [U-'*Clsorbitol measured in underphase {70 ul) yielded [372 ¢pm. The total
adherent space then equals

wﬁ X }312 or 7.61 ul
70 285

The intraceliular water in this experiment then amounted to {10.71 —7.61) = 3.10 gl

Counting of radivactivity

The counting vials contained 10 mi Instagel {Packard) and *H and *C
activities were measurad in a liquid scintillation counter (Pack "-“d model 3380) with
automatic standardization.

RESULTS AND DISCUSSION

Effects of fatty acids and the farty acid derivatives ricinoleic acid and prosiaglandin E,
on oxidative decarboxylation of pyruvate at 30 °C

In earlier experiments from our laboratory [8] it was observed that short-
chain and mediurn-chain fatty acids decrease the rate of **CO, production from
[1-**Clpyruvate in intestinal epithelial cells. Interconversion of the pyruvate dehydro-
genase complex determines to a minor extent the inhibition of pyruvate oxidation by
fatty acids. Therefore we proposed two possible mechanisms for this discrepancy.,
Firstly the inhibition of the pyruvate dehydrogenase complex may be caused by high
acetyl CoA/CoASH- and NADH/NAD™Y ratios as the result of fatty acid oxidation.
Indeed in later experiments we found a clearcut increase in acetyl-CoA/CoASH ratio
after incubation of cells with octanoate or albumin-bound oleate (results not shown}.
Secondly, fatty acids may mterfere with pyruvate transport across the membrane of
the epithelial cells.

The stronger inhibition of pyruvate oxidation by 5 mM octanoate than by
5 mM hexancate {Table I) might suggest chainlength dependency. Therefore the
long-chain fatty acids palmitate and myristate were also tested. However, they were
not more effective than octancate when tested at 30 uM.

Recently Ammon and Phillips described the influence of fatty acids on the
absorption of water and electrolytes in canine Thiry-Vella fistulas of ileum [28] and
human jejunum {29]. Long-chain fatty acids, particularly the hydroxy fatty acids
ricinoleate (the active principle of castor oil) and 10 {9)-hydroxystearic acid (major
fatty acid of fatty stools [30]), strongly impaired electrolyte- and water absorptions
in vivo; some inhibition was seen with octanoate and hexanoate [28]. Ricinoleate
at a lower concentration (0.12 mM; see Table 1) was as effective as 80 uM octanoate,
but at 0.5 mM it inhibited pyruvate oxidation almost completely. Perfusion of human
Jejunum in vive with ricinoleic acid or oleic acid evokes water secretion [31], the
latter has been described also for prostaglandin E, in vivo [32, 33]. Prostaglandin E,
at 0.1 mM (Table I) resulted in a 30 % decrease of pyruvate oxidation, but no effect
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TABLEI

EFFECT QF FATTY ACIDS, RICINOLEIC ACID AND PROSTAGLANDIN E, ON OXIDA-
TIVE DECARBOXYLATION OF PYRUVATE IN RAT SMALL INTESTINE

Pyruvate oxidation ([1-'*CJpyruvate - **CQ,) was measured in Krebs/Henseleit/bicarbonate
buffer (pH 7.4) fortified with 1 mM sodium [1-'*C]pyruvate (spec. act. varied from 5 to 30 #Ci/mol}
at 30 °C, as described in detail in the previous report [8]. The values are derived from individual
experiments, in which in each case the rate of CO, production was set at 100 %, when no additions
were made.

Addition to the Concentration 14C0, Production
incubation medium - (mM) n (percentage of control)
- — 8 100

Hexanocate 5 3 67.242.1
Qctanoate 0.08 3 81.843.1
QOctanoate 5 4 444420
Myristate 0.08 3 82.3+4.0
Palmitate 0.08 4 84.345.5
Ricinoleate 0.12 5 81.74L7.5
Ricinoleate 0.5 5 14.0+2.1
Prostaglandin E; 0.1 4 69.54-5.6
Prostaglandin E, 0.02 1 98.8

was observed at 0.02 mM, the concentration needed for maximal activation of adenyl-
cyclase [32]. The latter result might suggest a fatty acid-like effect of prostaglandin E,
on pyruvate utilization. Moreover, octanoate and ricinoleate are not able to increase
cyclic AMP levels in intestinal villous cells under the same conditions as described
here (H. R. de Jonge, unpublished).

Effect of ocrancate on pyruvate transport in epithelial cells at 0 °C

In studies on the uptake of substrates that readily cross the membrane it is
important to separate the cells from the incubation medium rapidly; secondly, it is
essential that the solute composition of the cells shouid not change during the separa-
tion. Techniques for the separation of intestinal cells have been described, in particu-
lar in studies on aminoacid- and glucose uptake [35-37]. Reiser and Christiansen
[35] followed millipore filtration of intestinal cells microscopically and observed
extensive morphological damage, probably attributed to the presence of mucus. Also,
collection of the cells by centrifugation reduced the viability of the cells, aithough in
this case amino acid uptake against a concentration gradient could be measured [35].
Therefore our attention was directed to the ceatrifugal fittration method, success-
fully used in many mitochondrial uptake studies [38, 39]. Recently this method has
also been applied to cell separations (thymocytes [40], kidney tubules [4] and fat
cells [411). The viability of the cells after passage through the oil appeared to be
unchanged [40, 41], as judged by their hormone sensitivity, oxygen consumption
and sodium content.

The rate of utilizaticn of pyruvate in intestinal epithelial cells at physiological
temperature has been found to be very rapid [8], as judged by CO,— and lactate
production rates. For that reason we decided to study transport at 0 °C, since at that
temperature its metabolism is relatively sluggish. Experiments not shown indicated
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Fig. 1. Effect of 5 mM octanoate on transport of | mM pyruvate in epithelial cells at ¢ °C. The
incubation was carried out at 0 °C in Krebs/Henseleit bicarbonate buffer (pH 7.4). containing 1 mM
[2-'*C]pyruvate, 0.4 mM [*H]Jinulin and 0.1 % albumin. After the time indicated, the cells were
rapidly centrifuged (10 000 < g) through a silicon oil layer, as described under Methods: & — &,
contirol; & — &, 5mM octanoate present; [J- - -[J, adherent water, calculated from [*HJinulin
transported with the cells. Intracciluiar water volumes, calculated from the distribution of 2H,O and
[U-**Clsorbitol were 4.18140.21 (# = 16) ul/mg protein, determined after 5 min incubation. Each
point represents the mean of six experiments (1 3.E.).

3
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% inhibition of pyruvate uptake

I

5 1;3 E 20

[octanoate] mM
Fig. 2. Inhibition of pyruvate transport at 0 °C as a function of the concentration of octanoate.
The incubations are carried out at 0 °C (5 min) in Krebs/phosphate buffer {pH 7.4), containing

1 mM labeled substrate, 0.4 mM [*HJinulin and 0.1 % albumin. For details of the transport assay
see Methods. Each point represents the mean of four experiments {4+S.E.).

that ai 0 °C the rate of conversion of [1-**C]pyruvate to **C0O, and lactate amounted
only to 0.1 nmol/min/mg protein, whereas the data of Fig, | indicate that the initial
rate of pyruvate transport exceeds 5 nmol/min/mg protein. In agreement with the
discrepancy between the rates of metabolism and transport is the observation that the
radioactivity within the cells is largely due to the presence of pyruvate as measured
by double-beam spectrophotometry (data not shown). Fig. 1 demonstrates further-



37

more that 5 mM octanoate clearly inhibited the translocation of pyruvate across the
membrane. The study of the effects of different concentrations of octanoate on pyru-
vate transport {5 min) revealed that at 10 mM octanoate the inhibition of pyruvate
transport was nearly maximal (Fig. 2). In Fig. 1 it is also demonstrated that the adher-
ent space, calculated from [PHlinulin transported with the cells, appeared not to be
constant during the first min of incubation. This might be due to the relatively long
time required for the equilibration of inulin with the adherent space of the cells, as
pointed out in another report [42]. Therefore, the uptake values for [2-'*Clpyruvate
at times shorter than 30 s could be somewhat overestimated. It seems more probable
to us that at short incubation times there is an increase of adherent water with time.

Comparison of the effects of fatry acids on the rate of pyruvate transport

In order to compare the effects of fatty acids other than octanoate on pyruvate
transport we decided to measure uptake rates at 5 min. In the first experiments we
used Krebs/Henseleit/bicarbonate buffer {Table II). From the relative inhibitions
of octanoate, hexanoate and p,1-3-hydroxybutyrate we concluded that there was the
same chainlength dependency as observed In the effect of fatty acids on pyruvate
oxidation at 30 °C (compare ref. 8 and the previous section). In later studies we
measured transport in Krebs/phosphate bufler owing to its stronger buffering capac-
ity. Surprisingly, in this buffer a significantly higher rate of pyruvate uptake was mea-
sured, but the effect of octancate was relatively the same. Ricinoleate and prostaglandin
E, were also Inhibitory to pyruvate transport.

TABLE II

INFLUENCE OF FATTY ACIDS ON PYRUVATE TRANSPORT IN INTESTINAL EPI-
THELIAL CELLS AT ¢ °C

The incubations were carried out for 3 min at 0 °C. The conditions are described in the legend to
Fig. | and under Materials and Methods. The number of experiments is indicated in parentheses.
Addition to the Concentration Buffer used for influx measurements
influx medium (mM)

Krebs/Henseleit/ Krebs/phosphate
bicarbonate

Influx rates of pyruvate (nmol/mg protein/5 min)

- . 3.2540.35 (5) 4.694+0.13 (9)

Acetate 16 - 3.34+0.08 (4)
Propionate 10 — 31.5240.12 (4)
Butyrate 10 - 3.144-0.12 (§)
Octanoate 5 2.0040.20 (5) 2.824+0.15 (5)
Hexanoate 5 2.5540.24 (5) —

D.L-3-kydroxybutyrate 5 2.97+0.21 (4) —

Prostaglandin E, 0.1 2.8240.27 (4) 3.854-0.15 (3)
Ricinoleate 0.5 1.99.4+0.22 (4} 2.78+0.19 (5)

The short-chain fatty acids, acetate, propionate and butyrate at 10 mM con-
centration were found to inhibit pyruvate transport (Table IT). To elucidate the charac-
ter of the inhibition of the fatty acids tested, we studied the effect of fatty acids on the
rate of transport at different pyruvate concentrations {Fig. 3). In the first experiments
we tried to investigate the kinetics during very short incubation periods (30 s, results
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Fig. 3. Lineweaver-Burk plots of the rates of pyruvate transport as a function of the concentration
of pyruvate. Effects of 10 mM octanoate and 10 mM propionate. For details of transport assay see
Methods. The incubations were carried out at 0 °C (5 min) in Krebs/phosphate buffer (pH 7.4),
containing 0.4 mM [PHlinulin and 0.1 % albumin. @ — @, pyruvate alone; (O - (O, pyruvate in the

presence of 10 mM propionate; &- - -4, pyruvate in the presence of 16 mM octanoate. Each point
represents the mean of four experiments.

not shown). It was found that the amount of adherent substrate accounted for a large
percentage of the total substrate found in the sample. This introduced a large error
in the uptake rate measurements at 0 °C and made the resuits unreliable. Therefore,
in the experiments shown (Fig. 3) uptake was measured over 5 min, after it had been
shown in Fig. 1 that at 5 min the uptake of pyruvate was not maximal. Lineweaver-
Burk plots of the results suggested that uptake of pyruvate at 0 °C was a saturable
process. This argues for the presence of a carrier for pyruvate translocation in epi-
thelial cells, as already described for the cell membranes of heart [16] and erythrocytes
[17]. This proposal was further supported by the competitive nature of the propionate
inhibition (Fig. 3), suggesting the presence of a translocator for monocarboxylic
acids in intestinal epithelial cell membranes. The same experiments were done in the
presence of octanoate, the inhibition of which appeared to be of non-competitive
nature. This led us to study the nature of diffusion of pyruvate, propionate and octa-
noate across the epithelial cell membrane.

Effect of pH on the influx of pyruvate, propionate and octanocate at 0 °C

The mechanism involved in the transport of weak electrolytes by small intes-
tine has been the subject of several previous investigations [42-48]. The transport
of short-chain fatty acids may be a combination of carrier-facilitated or active trans-
port [43-45] and non-ionic diffusion {42, 46-48]. In these studies net mucosal to
serosal fluxes were measured. Our studies, however, involve isolated epithelial cell
sheets in which both brush borders and basolateral plasma membranes are exposed
to the incubation fluid simultaneously, not allowing definitive conclusions to be made
about the localization of the translocation sites. The contribution of diffusion of the
non-ionized form of short-chain fatty acids to overall transport should be influenced
by varying the pH of the incubation medium. While changing the pH of the Krebs/
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Fig. 4. Influence of pH on transport of 1 mM pyruvate into epithelial cells at 0 °C, measured in two
isotonic buffers. The incubations were carried out at 0 °C (5 min} in buffer containing T mM {2-'*C]-
pyruvate, 0.4 mM [PHlinulin ard 0.1 % albumin. The pH of the Krebs/Henseleit/bicarbonate
buffer was varied by adjustment of the concentrations of HCO;~ and Cl~, while maintaining the
other ion concentrations censtant, For details of the transport assay see Methods. @ — @, pH varied

in Krebs-phosphate buffer; 4 — & pH varied in Krebs/bicarbonate buffer. Each point represents
the mean of four experiments (£ 5.E.).
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Fig. 5. Influence of pH on the transport of | mM propionate and 1 mM octanoate in epithelial
cells at 0 °C, measured in Krebs/phosphate buffer. For details of transport assay see Methods. @ — @,
I mM [1-'#Clpropionate; O---0, | mM [l-*Cjoctanoate. The measurement of transport of
octanoate by silicon oil filtration was complicated by the precipitation of the fatty acid in the acid
underphase, and the strong influence of the pH on the distribution of octanoate between adherent
water and silicon oil during passage of the celis. Therefore in these experiments the silicon oil layer,
the acid extract and the pellet were all tested for radioactivity. Each point represents the mean of
three experiments (4 8.E.). The incubation time was 5 min.
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Henseleit bicarbonate buffer (by varying the bicarbonate concentration from 0-100
mM), as used by Barry and Smyth [44] in studies on propionate transport in everted
sacs, we found a dependence of pyruvate transport on the pH (Fig. 4}. But repeating
the same experiments in Krebs/phosphate, we found no significant variation between
pH 5.9 to pH 7.9 (Fig. 4). The effect found in Krebs/bicarbonate can be ascribed to
inhibition of pyruvate transport by high concentrations of bicarbonate (compare also
Table II). By contrast, propionate or octanoate inflax, measured in Krebs/phosphate,
were both strongly dependent on pH (Fig. 5). Assuming a homogeneous partition of
carboxylic acid in the cell water (intracellular water of cells amounted to 4.18-4-0.21
(n = 16} ul/mg protein}), the calculated concentrations of pyruvate, propionate and
octanoate at pH 7.4 were 1.03, 1.10 and 2.50 mM respectively. This leads to the
conclusion that a concentration gradient of octanoate across the membrane is prob-
ably present at 0 °C at physioclogical pH. Octanoate transport in intestine has been
studied by Gallagher and Playoust [49] and by Bloch et al. [45]. The latter authors
showed an accumulation of octanocate against a concentration gradient in vitro at
physiological pH. Taking into account our results obtained at 0 °C (Fig. 5}, a part of
the fatty acid concentration gradient may be explained by non-icnic diffusion [46].
The fatty acids used in the present study have pK, values close o 5. Pyruvate on the
other hand has a pK, value of 2.5, so that the absence of an effect of pH lowering
on the influx rate tends to support the conclusion that the ionic form is the only
species transported. From the data of Fig. 5 it can be concluded that at pH 7.4 the
amount of propionate taken up after 3 min amounts to 4.6 nmol/mg protein. When
it is considered that the initial rate is many times larger {(as concluded from unpub-
lished experiments carried out for 30 s when a rate of 8 nmol/min/mg protein was
found) and assuming a Q,, of 3.5 (as was suggested by experiments on propionate
efflux carried out at 0 °C and at 10 °C; not shown) propionate transport is very fast
when compared with propionate metabolism [43]. Since the presence of substrates
at 5 min incubation is not solely due to influx, but a result of influx accompanied by
efflux, efflux studies were undertaken.

Efflux of pyruvate, propionate and octanoate at 0 °C from epithelial cells and the effects
of monocarboxylic acids and pH on these processes

Efflux studies approximate unidirectional fluxes better than the 3 min uptake
studies as presented above. They were performed after preloading the cells for 15 min
with labeled pyruvate or fatty acid at 0 °C. A small aliquot of these suspensions was
added to a medium with or without exchangeable substrate. The concentration of
labeled extracellular substrate then rapidly decreased to approx. 6 % of its original
value in the preloading period. Fig. 6 clearly shows that pyruvate moves slowly out
of the cells. This process was not found to be pH-dependent (compare Fig. 7). The
initial phase (1 min) of pyruvate efflux could be stimulated by propionate, probably
by countertransport. However, this propionate-pyruvate exchange was greatly in-
hibited when the pH was lowered to pH 5.9 (Fig. 7), probably due to very rapid equili-
bration cf propionate between the various compartments at that pH. Fig. 5 indeed
shows a strong stimulation of propionate influx by lowering the pH.

Propionate moves out much faster than pyruvate (Fig. 6). This rate was
clearly depressed at pH 5.9 (Fig. 7). This, together with the results on influx, indicates
that the pH gradient across the membrane influences the rate of propionate movement.
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Fig. 6. Effiux of [2-'*Clpyruvate, [i-'*C]propionate and [l-'*Cloctancate from epithelial cells
in Krebs/phosphate buffer (pH 7.4); effect of counter ions. Epithelial cells were preincubated at 0 °C
with 1| mM labeled substrate. After 15 min 50 ul of these preincubated cell suspensions were added
to 0.7 ml buffer layered on silicon oil. The buffer contained counter-substrate and [*H Jinulin. After
the time indicated the cells were rapidly centrifuged (30 000 x g) through the oil layer as described
in Methods. The substrate content at “zero time’” was determined by filtration of (.3 ml of undiluted
cell sugpension, t¢ which [*H]inulin was added, through a silicon oil Jayer. This initial **C-Jabelled
subsirate content of the cells amounted for pyruvate, propionate and octancate 5.16, 5.05 and 12.50
nmol/mg protein respectively. @ — @, [2-**Clpyruvate efflux; & — O, [2-1*Clpyruvate efflux in the
presence of 2 mM propionate; & — &, [1-'*Clpropionate effiux; A- .. A, [1-1%C]propionate efflux
in the presence of 2 mM pyruvate; [1....[J. [I-!'*CJoctanoate efflux.
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Fig. 7. Efflux of [2-'*C]pyruvate and f[l-'*Clpropionate from epithelial cells in Krebs/phosphate
buffer (pH 5.9). Effect of counter-ions. Details are described in the legend to Fig. 6. @ — @&, [2-1*C]-

pyruvate efflux; O—O, [2-'*C]pyruvate efflux in the presence of 2 mM propionate; A---4,
[[-**C]propionate efflux; 2---4, [I-'*Clpropionate efflux in the presence of 2 mM pyruvate.



TABLE IIL

INFLUENCE OF FATTY ACIDS AND BICARBONATE ON THE EFFLUX OF PYRUVATE OR PROPIONATE FROM INTESTINAL
EPITHELIAL CELLS AT 0 °C

Epithelial cells were preincubated for 15 min at 0 °Cin Krebs/phosphate buffer (pH 7.4} with 1 mM labelled substrate. Then 50 ul ceil suspension
were added to 0.7 ml buffer layered on a silicon-oil layer and containing counter-substrate or other compounds, as indicated as well as [*H]-
inutin. After 2 or 5 min, as indicated, the ceils were rapidly centrifuged (10 000 < g) through the oil layer, as described undet Methods.

Addition to the Concentration " [2-1*C]pyruvate-loaded cells 7 [[-'*C]propionate loaded cells
eflux medium {mM) — .

Efflux in nmol/mg % Control* Effiux in nmol/mg % Control*
protein/5 min - protein/2 min
— — 5 0.716 — 4 2.012 —
Acetate 2 3 0.924 166+ 11 4 2.258 E11£5
Pyruvate 2 — — e 4 3.011 148 +6
Propionate 2 5 1.744 256430 4 - —
Butyrate 2 5 1.683 253426 4 2.699 13444
Hexanoate 2 3 0.614 1174+£32 4 2.681 13247
QOctanoate 2 5 0.758 104£20 4 2.820 139.4.7
Propionate +-
Octanoate 2 3 1.898 230424 — — —
Butyrate +
Cctanoale 2 3 1.950 230430 — — —
Pyruvate i 3 1.500 199418 — — —
Octanoate 5 5 0.755 99418 — — —
Ricinoleate 0.5 5 0.718 89+18 — — -
Bicarbonate 25 4 1.280 176420 — - —
Bicarbonate 100 4 1.628 227422 — — —

* In each experiment the efflux rate was set at 1009, when no addition to efflux medium was made. The mean (4 5.E.) values are given in
this column.
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Furthermore. propionate efflux could be stimulated by pyruvate {Fig. 7). Lowering
the pH to 5.3 did not influence this exchange process, which is in agreement with the
finding (Fig. 4) that pyruvate translocation across the membrane was not pH-depen-
dent. The efflux of octanocate at pH 7.4 was too rapid to follow (Fig. 6). Comparison
then of these data may indicate that lipophilicity of the undissociated form as well as
the p&, value of the carboxylic acid determines the rate of non-ionic diffusion. That
for pyruvate or propionate the effiux rate is lower than the influx rate, reflects either
the absence of a counterion or a low affinity of these substrates for the carrier at the
inside of the membrane.

Efflux of pyruvete and propionate from epithelial cells at 0°C; effects of the presence
of fatiy acids in the efflux medium

In a previous section it was shown that fatty acid could inhibit the net influx
of pyruvate. It was also suggested that the nature of the inhibitory effect of e.g.
propionate compared with octanoate on pyruvate influx was different (Fig. 3}
Table IT] demonstrates the strong stimulations of 2 mM acetate, propionate or buty-
rate and 25 mM bicarbonate on pyruvate efflux, measured over 5 min. This suggests
the presence of a monocarboxylate carrier with a high substrate affinity compared
with that for bicarbonate. Hexanoate and octanoate in 2 mM concentrations, how-
ever, had no effect on the exit of pyruvate. This might be due to an inhibitory effect
of these fatty acids on both in- and outward directed pyruvate fluxes, for instance by
perturbation of the membrane lipoproteins or non-competitive binding to the mono-
carboxylate carrier. These possibilities were excluded by the observation that 2 mM
hexancate or 2 mM octancate had no effect on the pyruvate efflux stimulated by 2
mM propionate or butyrate {Table IIT). This supports the hypothesis that octanoate
and hexanoate are diffusing exclusively in the undissociated or perhaps in the micellar
form across the membrane. Even higher concentrations (5 mM) of octanoate and
0.5 mM ricinoleate were not found to be inhibitory to the effiux of pyruvate. This was
unexpected since 5 mM octanocate or 0.5 mM ricinoleate strongly inhibited the influx
of pyruvate (Tabie IT). This again would suggest an asymmetrical behaviour of the
monocarboxylate carrier.

Propicnate effiux may be stimulated by fatty acids and pyruvate in 2 mM
concentrations. Comparable stimulations of pyruvate, hexanoate and octanoate on
propionate efflux were obtained (Table II), which contrasts their dissimilar effects
on pyruvate efflux. From the previous section it was concluded that propionate was
moving out in the undissociated form at pH 7.4. Therefore stimulation of propionate
exit by octanoate or hexanoate may be due to fatty acid exchange. The possible
mechanism of this exchange might depend on the provision of protons at the inside
of the membrane by influx of undissociated fatty acid, as described by Bakker and
Van Pam [23] for liposomes.

COMNCLUDING REMARKS

The transport of pyruvate in intestinal epithelial cells at ¢ °C is characterized
by saturation kinetics, competitive inhibition by short-chair fatty acids and counter-
transport. These results could be explained by carrier-facilitated diffusion of mono-
carboxylic anions across the cell membrane. Since the outward flux rates of the
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substrates are lower than the inward flux rates, a localization of the carrier within the
brush border part of the cellular envelope, would explain the net mucosa to serosa
fluxes of these monocarboxylic acids.
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SOME CHARACTERISTICS OF MOMNOCARBOXYLIC ACID TRANSFER
ACROSS THE CELL MEMBRANE COF EPITHELIAL CELLS FROM RAT
SMALL INTESTINE

J.M.J. LAMERS

With the technical assistance of R. KURPERSHOEX-DAVIDOV

Department of Biochemistry I, Faculty of Medicine,

Erasmus University, Rotterdam {The Netherlands).

SUMMARY

1. The translocation of monovalent organic anions
(pyruvate, propionate; acetate and butyrate) across the
cell membrane of isolated epithelial cells from rat small
intestine was studied by measuring competitive inhibition
kinetics, exchange diffusion and temperature dependency
of the efflux rate. A possible function of a monocarboxy-
late carrier in intestine will be discussed.

2. Earlier studies on the inhibition of pyruvate
transport by fatty acids were extended to propionate and
were found to show the same characteristics. The kinetics,
however, appeared to be mcre complex by the contribution
of several diffusion pathways for propionate.

3. The mechanism of countertrapnsport was most compat-
ible with an "accelierated exchange diffusion” and could be
studied at koth sides of the membrane. This exchange dif-
fusion exhibited saturation kinetics. It is proposed that
different monocarboxylate anions may have different affi-
nities for a common carrier.

4. Temperature dependency of the efflux of pyruvate
and propicnate was studied. Arrhenius plots obtained were

not found to be linear between O and 5°C. Between 5 and

-1 -



15°¢ activation energies for pyruvate and propionate efflux
rates were found to be 19.6 and 12.6 kcal/mole respective-

iy.

INTRODUCTION

In a previous report [1] evidence was presented show-
ing the existence of a carrier-mediated diffusion of pyru-
vate anionsacrcocss the cell membrane of isolated epitheljal
cells. Experiments on the properties of the transport pro-
cess, demonstrating inhibition by fatty acids, counter-
transport and influences of pH alterations, were presented
in that study. The competitive inhibition by short-chain
fatty acids found, indicated that this translocation system
might have a function in transepithelial transport of short-
chain fatty acids in rat small intestine. A specific trans-
fer mechanism for the transport of volatile fatty acids in
rat small intestine was first proposed by Smyth and Taylor
[2]. This mechanism was dependent on metabclic activity.
Later, several investigations [3-8] presented similar pro-
cesses, Generally, these short-chain fatty acids are guan-
titatively not impcrtant as metabolic fuel for the rat. In
ruminants, however, they are a major product of ceilulose
fermentation in the rumen [9,10]. In these species an
apparent correlation between fatty acid uptake and the
appearance cf bicarbonate in the lumen occurs {lO].It may
be related to our finding of exchange of pyruvate and bi-
carbonate in epithelial cells [1]. Jackson [6] proposed an
additional mechanism feor mucosal to sercosal flux of weak
electrolytes as a three compartment model, including an
intermaediate compartment of high pH (intercellular space).
Inhibition of transport of a weak acid by another weak
acid was explained by alteration of the pH by nonionic
diffusion cf the inhibiter. The model suggested that the
two barriers separating the three compartments had different

permeabilities to the ionic form of the acid. Using iso-
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lated epithelial c¢ell preparations [l], we concluded from
studies on pyruvate transfer that the anionic form was the
only species transported. Therefore, we extended our in-
vestigations with the study of the kinetics of the anionic
transport of monocarboxylate acids to get more insight in
the contribution of this prcocess tc the coverall transfer.
Recently it was discovered that pyruvate and lactate
transport across the erythrocyte membrane was specifically
inhibited by c-cyanchydroxycinnamate [111. No effect of
this inhibitor was seen on acetate and butyrate influx
[12] , suggesting that pyruvate and short-chain fatty acids
do not share a common transport System in this cell type.
This then would be at variance with our findings in rat
small intestinal epithelium. Deuticke [13,14] studied the
transport of organic anions, such as pyruvate, acetate
and propionate, in bovine red c¢ells. A number of envircn-
mental parameters, which influence anion permeability in
the red cell, were varied, including the concentration,
the temperature and the pl. Clearcut differences were
found [14J between acetate and pyruvate permeaticn. There-—
for a second purpose of the present study was to compare
more thoroughly the transfer characteristics of short-
chain fatty acids with those of pyruvate with respect to
the result obtained earlier [1]. The kinetics of organic
anion transfer are sclely based on measurements at 0°¢,
because of the extremely rapid rate of transmembrane flux
in small intestinal epithelial cells, which is also
reported for the red blood cell [15]. Moreover, at 0°C
the possible interference of metabolism of the anions

studied, will be minimized.

MATERIALS AND METHGDS
Reagents

211 chemicals were cof analytical purity. Sodium
[l~l4cl—pyruvate (13.1 Ci/mol), [1—14C]—propionic acid
(57.5 ci/mol), [*#]-inulin (860 Ci/mol), [*%c]-poly-
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ethyleneglycol (average mol. weight 6000; 75 Ci/mol), 3H2O

(80.9 Ci/mol) were supplied by the Radiochemical Centre
(Amersham, England). Because of instability of agqueous
sclutions of pyruvate, in every experiment a part of solid
[14C]*pyruvate was dissolved in a freshly prepared non-
radioactive sodium pyruvate solution. Ricinoleic acid was

purchased from Sigma {St. Louis, U.S.A.}.

Measurement of uptake of monocarboxylate acids

The procedures of isclation of epithelial cells from
rat jejunum by the high frequency vibration technigque of
Harxison and Webster [16,17] as well as the centrifugal
filtration of the cells through silicon cil were described
in detail previously [l]. The minor modifications of this
procedure employed will be indicated in the legends to the
figures and tables.

Measurement of efflux

Epithelial c¢ells (4-8 mg protein/ml) were first pre-
incubated at 0°C with 1 mM labelled substrate. After 20
min, 50 ul of this preincubated cell suspension was added
to 700 ul Krebs-phosphate buffer (pH 7.4) (in some experi-
ments 300 ul, as indicated) which was layered on silicon
cil. The buffer sometimes contained countersubstrate.
After the time indicated, the cells were rapidly centri-
fuged (10,000 g) through the o0il layer in an Eppendorf
3200 centrifuge. The substrate content at "zero time" was
determined by the filtration of 200 pl undiluted cell
suspension, to which [3H]—inulin had been added. In the
studies on temperature dependency of efflux rates,
[1"14C]~pyruvate or [1—14C]~propionate efflux was followed
for a short time (30 sec). At this stage of the investiga-
14C--labelled substrate

content at 0°C was sometimes lower than the values after
14
C....

tions it was found that the initial

30 sec efflux at 0°C. It was supposed that the

labelled substrate content estimated in efflux studies was



more reliable since the adherent l4c—substrate transported

with the cells through the silicon oil amounted to only
5-10% from the labelled cellular content. In order to
explore further this curious finding, another marker for
the extracellular space, Meolapellea polyethyleneglycol
was tested. A comparison of the values in these experi-
ments showed that 3H20, [BH]minulin and [14C]—polyethylene—
glycel yielded 11.35 + 0.58, 6.83 + 0.37 and 5.85 + 0.45
ul/mg protein (n=5) respectively. This overestimation of
the volume of adherent fluid when [3H]—inulin was used as
a marker, became considerably important when the efflux
was small. Sallee et al. [18] also noted a slightly larger
adherent mucecsal fluid in everted sacs of intestine, when
measured with £3H}—inulin. It was ascribed to the rapid
exchange of labelled tritium with tissue protons. Calcula-
ticons of results on temperature dependency were corrected

by using the [14C]npolyethyleneglycol space instead of
[3H]minulin in parallel incubations., The adherent spacsas
were found to vary between different cell suspensions,

which makes corrections in earlier experiments impossible.

RESULTS AND DISCUSSICN

Inhibition of propicnate transport by monocarboxylic acids

TABLE I shows the inhibition of propionate {1 mM)
uptake at 30°¢ by pyruvate, octancate or ricincleate in
epithelial cells from rat jejunum. It can be seen that
pyruvate (10 mM} inhibition at 0°C and 30°C was largely
abolished at higher propionate concentrations (4-5 mM),
suggesting a competitive nature of the inhibition. On the
other hand, the increase of the propionate concentration
was without effect on the relative inhibiticon by octancate
or ricinoleate. These data agree with our earlier studies
on pyruvate transport [lj and procbably reflect the presen-
ce of a common transliocation system for pyruvate and pro-
pionate. The differences between pyruvate and propionate
transport across epithelial celil membrane obtained in
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TABLE I

EFFECT OF MONOQCARBOXYLIC ACIDS ON THE UPTAKE OF PROPIONATE IN RAT
SMALL INTESTINAL EPITHELIUM

The incubations were carried out at 0°C and 30°C in Krebs-phosphate
buffer (pH 7.4) containing different concentrations of [l—lch—
propicnate, 0.4 mM [m]—inu}in and 0.1% albumin, After 5 min the cells
were rapidly centrifuged (10.000 g, 2 wmin} through a silicon oil
layer in the perchloric acid phase, Further treatment of the samples
is described under METHODS. Each value represents the mean of four
separate experiments (+ S.E.).

Propionate Tempe—- Control + pyruvate + octanocate + ricinoleate
concentra- rature {10 mM) {10 mM) (0.5 mM)
tion {mM) (°c) in nMoles/mg protein/5 min
0.5 30 2.9140.21 2.32+0.13 1.69+0.,18 1.96+0.17
1.0 30 5.33+40.50 4.15+0.04 2.79+40.35 3.0440.16
2.0 30 9.62+0.69 9.63+0.14 5.34+0.87 6.95+0.92
5.0 30 21.9+41.6 19.9+41.3 12,5+1.2 12,2
10.0 30 37.543.0 35.6+1.6 22.6+0.9 26.540.8
0.2 0 1.06+0.13 0.63%0.08 - -
0.4 0 1.7240.26 1.06+0.22 - -
1.¢ 0 4.18+0.35 2.73+0.50 - -
2.0 0 7.16+1.11 5.80+0.82 - -
4.0 0 11.9+1.7 3.87+0.48 - -




earlier efflux studies [l], were also confirmed with
respect to the kinetics of the uptake at different concen-
trations of propionate (TABLE I). An important contribu-
tion of nonionic diffusion to the overall transfer of pro-
pionate made it an ill-suited model for a kinetic study of
anionic translocation. The more so as only an approxima-
tion of the initial rate could be determined. Lineweaver-
Burk plots {(not shown) of the values given in TABLE I
showed non-linear relationships. The rate of propionate
transport was obviously not proportional with the concen-
tration used. The data of TABLE I, suggesting affinity of
both anions for a common {(hypothetical) carrier were used
to approximate the (apparent) affinity wvalues of both

anions for this carrier.

Mutual competitive inhibition between pyruvate and pro-

pionate
The Ky of propionate inhibition on pyruvate uptake

was calculated from double reciprocal plots of the rate
of pyruvate transport versus the pyruvate concentration
used [l]. The K, {21 mM) differed markedly from the
apparent K (2 mM) of pyruvate. These affinities might be
overestimated by the interference of other anionic diffu-
sion pathways for pyruvate. For that reason we attempted
to measure the affinity or half saturation constant Km by
varying the concentration of the inhibitor at a fixed
pyruvate concentration., If a carrier mediated transport is
involved in monocarboxylate anion transport, this process
might be desc¢rikbed by the eguation:

Vi _ Kl [S] . . :
e = TET ng + 1 which is derived from

Michaelis-Menten eguations:



Inhibition (%)

10 ——

N W (mﬁ")
CONC. INHIBITOR

3 ry 3 8 30

Cone, Inhibitor {mM)

Fig. 1. Mutual competitive inhibition between pyruvate and
propionate, The incubations were carvied out at o'c (5 min)}
in Krebs-phosphate buffer (pH 7.4), containing 0.4 mM
[3H]—inulin and ¢.1% albumin. ®-8, 0.4 mM [1-1“C}—pyruvate
in the presence of different concentrations of propionate;
0-0, 0.4 mM [1-7%C]-propionate in the presence of different
concentraticns of pyruvate. The theoretical description of the
100-%Z 1inh
7 inh

point represents the mean of four experiments.

versus ; Plots was given in the text. Each

v \Y
v o= —W3X - ang v, = max ] in which v is the
K K T
L, om L4 1+[__)
(s] [s] Ky

rate with substrate alone and v; the rate in the presence
of an inhibitor cof concentration [I]. K, and K, are the
proposed affinity constants of inhibitor and substrate
respectively. Experiments on the effects of different con-
centrations cof propicnate on the influx of pyruvate (0.4

mM) and the reversed process are summarized in Fig. 1.

-8 -



The inset clearly shows a straight line in a plot of the
ratio uninhibited influx to inhibited influx
( v, 100-% inh

oY ——a— versus the inverse inhibitor con-
V-V, % inh

centration(-—k—) . Affinity constants of 1.7 and 1.2 mM
[1]

could be calculated from the slopes of the two plets for
pyruvate and propionate respectively. Likewise it was con-
cluded freom Fig., 1 that the maximal inhibition differed
from 100%, indicating that the monocarboxylate entry
process was composed of several contributions. Consequent-
ly an attempt was made to find a method that could distin-
guish between the carrier-mediated anionic diffusion and
other processes. Therefore the exchange diffusion betwesen
pyvruvate and short-chain fatty acids was used to confirm

results obtained [rom the influx studies.

Exchange diffusion of monocarboxylate anions

Earlier studies [l} on the efflux of propionate and
pyruvate showed that the movement of the substrate across
the membrane could be accelerated by the presence of the
substrate or its homologue on the opposite side of the
membrane. The non-competitive inhibitor of influx, octano-
ate, had no effect on this exchange diffusion, indicating
an asymmetrical behaviour of the monocarboxylate carrier.
On the other hand, if binding of anions to the membrane
censtituents would occur, efflux stimulation could be
explained by inhibition of the reentry of the effluxed
anion due to the blockade of binding sites by "counter"-
anions., In view of this possibility, we performed experi-
ments measuring the effect of preloading cells for 5 min
with unlabelled substrate, on the influx of another
labelled substrate. The results are shown in TABLE II. Tt
can be seen that cells preloaded with unlabelled propionate

(2 ml1) shoew an increase of the rate of influx of [1—14C]~

w g -



TABLE II

EFFECT OF PRELOADING OF CELLS WITH UNLABELLED SURSTRATE
ON THE INFLUX RATE OF[1~14CJ~PYRUVATE OR [1-14cj-
PROPICNATE AT 0°c.

Celis preloaded at 0%C, for 5 min, with | or 2 mM unlabel-
led substrate (50 pl) were added to 700 pl Krebs-phosphate
buffer (pH 7.4) containing 1 mM labelled substrate, 0.&

mM [3Hl—inu1in and 0,17 albumin. After 5 min the cells

were rapidly sedimented through silicon oil, as described
unter METHQODS. The results are the mean of four experiments
(+ 5.E.). The significance of each comparison with the
control was determined using Student's "t" test for paired
data.

Preincubaticn Influx rate of Infiux rate of
pyruvate {nMol/ propionate (nMol/
mg protein/5 min) mg protein/5 min)

- 3.18 + 0.27 4.64 + 0.19

1 mM propionate 3.82 + 0,26 -

(P<0.05)
2 mM propionate 4.51 + 0.50 -
(P<0.05)
1 mM pyruvate - 5.25 + 0.13
(P<0.05)
2 mM pyruvate - 5.63 + 0.17
{P<0.01)

pyruvate of 42%. The degree of stimulation was dependent
on the concentration of propionate used. These findings
are compatible with a reversible membrane transport model
in which the organic anions penetrate the membrane in the
form of a complex with some unknown carrier.
Countertransport is a term that has been used for
two different processes at the cellular level, which have

been designated by Stein [19], as "competitive exchange
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diffusion" and "accelerative exchange diffusion”. In a
recent paper Robkinson [20] described a method for distin-
guishing between these two models for transport of amino
acids in rat small intestine. The volume of the external
medium was changed and it was investigated whether the
stimulaticon of efflux was affected. A change of the exter-
nal medium in the present efflux experiments (TABLE III)
from 0.7 to 0.3 ml might be expected to approxXimately
double the extracellular concentration of [1-14C]—propio—
nate so that the reentry may be stimulated and the shielding
of external binding sites for the labelled propionate by
the unlabelled pyruvate might become less efficient. In
the "accelerative model" the stimulation of efflux should
be unaffected. It can be seen from TABLE III that the
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intracellular concentration of [1~ C]~propionate

TABLE III

THE INFLUENCE COF THE EXTERNAL VOLUME OF THE STIMULATION
OF EFFLUX BY A COUNTERANION

Epithelial cells, preincubated for 15 min at 0°C with | mM
[l—lhc}—propionate {50 pl), were added to 0.7 or 0.3 ml
buffer, layered on silicon o0il. The buffer contained coun-
tersubstrate and [3H]—inulin. After 30 sec the cells were
rapidly centrifuged through silicon o0il as described under
METHODS. The results are the mean of four experiments (+
S.E.)

Volume Counteranion Propicnate intra- Efflux stimula-

efflux cellularly after tion by counter-
medium 30 sec incubation anion
(ml} " niMoles/mg protein
0.70 - 3.70+0.16% -
0.70 2 mM pyruvate  2.82+0.13 C.88+0.06%%
¢.30 - 4.15+0.21% -
0.30 2 mM pyruvate  3.00+0.19 1.15+0.14%%

Between % marked values significance of difference was:
P<0.01. Between %% marked values significance of difference

was: P<0.01].
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was higher after 30 sec when 0.3 ml external medium

was used, indicating increased backflux of labelled sub-
strate. The stimulation of efflux however, was significant-
ly increased under this condition. This disagrees with the
concept that the presence of external unlabelled pyruvate
decreases the backflux of [1-14C]—propionate. Analogous
results were obtained with the stimulated efflux of
[l—l4c]~pyruvate by external propionate (results not
shown) . Stein [19] clearly formulated the basis for this
phenomenon, that scme component of the membrane moves
through the membrane at a faster rate when combined with
substrate than when free: "accelerative exchange diffusicn™
The possibility remains, however, that the pyruvate anion
could induce the exchange for propionate of eguivalent
electrical charge. Therefore the specificity of the stimu-
lation of efflux was studied by examining the ability of
four substrates, pyruvate, acetate, propionate and buty-
rate, to accelerate exchange. In this substrate sequence
the contribution of ionic diffusion tc overall transport
would be expected to decrease, because of the increase in
lipophilicity of the undissociated acid [l]. Previous
results [l] clearly showed that pyruvate in contrast to

its rapid rate of influx moves slowly out of the cells.

The initial phase (1 min) of pyruvate flux could be stimu-
lated by counteranions (Fig. 6 of ref. 1). For convenience
of measurement, an approximation of concentration-dependent
effiux-stimulation by different counteranions could still
be obtained after 5 min incubation, since conly the initial
phase showed large differences. It can be seen from TABLE
IV that indeed butyrate is more efficient than propionate
or acetate to remove pyruvate from the cells. The recipro-
cal efflux-stimulation is plotted versus the reciprocal

of counteranion concentration in Fig. 2. These plots

reveal that the stimulation evoked by acetate, propionate
or butyrate gave the same vmax' However, the affinity
constants (1.8, 1.0 and 0.4 mM respectively) were con-

_}2....



TABLE IV

DEPENDENCE OF THE INTRACELLULAR PYRUVATE CONCENTRATION CON
THE PRESENCE OF COUNTERSUBSTRATES

Epithelial cells preincubated for
[1-*%cl-pyruvate (50 ul) were added to 0.7 ml buffer pre-

sent on top of silicon oil,

substrates
inulin.

i5 min at 0°C with 1 mM

The buffer contained counter-
at the concentration indicated as well as [3H]-
After 5 min incubation the cells were rapidly cen-

trifuged through silicon o0il as described under METHODS.
The results are the mean of four experiments

(+ S.E.).

Counter- Pyruvate intracellularly after 5 min incubation

anion con- {nMoles/mg prot.)

centration =
(mM) Pyruvate Acetate® Propionatex Butyratex
0 4.0440.13 4.0e40.14 3.76+0.27 4.28+0.30
0.4 3.34+0.25 3.85+0.18 3.43+0,27 3.65+0.32
0.8 2.90+0.12 3.68+0.20 3.26+0,24 3.55+0.30
2.0 2.59+40.15 3.46+0.20 2.9840.25 3.2640.27
4.0 2.1140.06 3.19+0.15 2.78+0.29 3.22+0.30

*x

dicated concentration.

This anion was added to the external medium at the in-

siderably different. The affinity constant for propionate
obtained here correlated with the value calculated from
the results of Fig. 1

(Fig. 2) that the vma
clearly higher than the Vm

(1.2 mM)

ax

rather well.

It can be seen
with pyruvate as counteranion is

obtained with short=-chain

fatty acid anions. As a possible explanation for this dis-

crepancy it is suggested that pyruvate induces not only
movement of [l—léc]—pyruvate over the cellular membrane,

but also the exchange over the mitochondrial membrane. In

a recent repcert [21] evidence was presented, showing the

eXxistence in rat liver mitochondria of a translocator,
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mg prot,
nMoles
o

(

1
a [1-#c| pyruvate
(5]

1 —1
mM
Conc. counteranion ( )

Fig. 2., Lineweaver-Burk plots of the stimulation of efflux
as a function of the concentration of counteranion. The
values represent the difference in efflux in the presence
and absence of counteranion calculated from the data in
TABLE IV. Different counteranions were used: ©-@®, butyrate;
A-A, propionate; 0-C, acetate and 0O-O, pyruvate.

which mediates an exchange between mitochondrial {14C]—
pyruvate and external pyruvate, but no exchange could .be
demonstrated with external acetate. Indeed, another set of
experiments (results not shown) revealed that stimulation
of [l~14c]—propionate efflux by pyruvate resulted in a

Vmax close to the cne found with propionate as the counter-

anion.

Temperature dependency of monocarboxylic acid efflux

Temperature dependency of anion transfer has puzzled
many investigators. Reported Q10 values range from 1.2 to
1.5 [22], as would be expected in the case of a diffusion

process, In contrast QlO values for phosphate, sulphate,
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chloride, pyruvate, lactate and bicarbonate h3,15,23,241
were found to be 5 to 8, corresponding to an activation
energy of 30-40 kcal/mol). There appeared to be no simple
correlation between the absolute rates of anion permeation
and the magnitude of the activation energy. Fig. 3 demon-
strates that in the Arrhenius diagrams of initial rates
(30 sec) of pyruvate and propionate efflux a deviation
from linearity in the temperature interval 0-5°C  occurs.
t°C
] 10 8 0

3

+
o
in

Log rate of efflux

-05}1

360
-1
1 x 103 (kY

Fig. 3. Temperature dependence of efflux of propionate and
pyruvate from isoclated epithelial cells. Cells, preincuba-
ted for 20 min at 09C with 1 mM labelled substrate (50 pl),
were added to 0.7 ml Krebs-phosphate buffer layered on
silicon o0il. After 30 sec the cells were vapidly centri-
fuged through silicon oil. The initial[lkc]"substrate con-
tent was determined as described under METEODS. The rate

of efflux was calculated as nMol/mg protein. -8, [1—]“01—
pyruvate efflux; 0-0, []—1“C1—propionate eftiux. Each

value represents the mean of four measurements (+ S.E.).
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Firstly this may confirm some peculiar high temperature
dependency in the range 0-5°C, in accordance with the
values found between 0-10°C for other anion transfer
systems {23,24], but seccndly such a change in activation
energy may also indicate a transition in the membrane
structure at the deflection point of the diagram. The
lower activation energy of propionate efflux (12.6 kcal/
mol) found between 5 and lSOC, when compared with pyruvate
(19.6 kcal/mol) may have its origin in a partial contri-
buticnof nonionic diffusion to propionate permeation {com-
pare ref. 1). Unpublished observations showed that the
temperature dependency cof propionate - [1—14C}—propionate
exchange between 6 and 15°C yielded the same activation
energy as propicnate efflux. Measurements at temperatures
higher than 159C were of limited gsignificance by the in-
ability to estimate linear rates of transport.

CONCLUDING REMARKS

The present experiments strongly peint te the involve-
ment of a carrier in the movement of monccarboxylate an-—
ions across the cell membrane of the intestinal epithelial
cell. Transfer shows competitive phenomena (compare also
ref, 1), saturable exchange diffusion and a high tempera-
ture coefficient. Most experiments were carried out at 0°¢
indicative of facilitated translocation, independent of
metabolic activity. Furthermore, evidence from literature
[11,12,25-28) makes it very likely that monocarboxylate
transporters are to be found in the plasma membrane of
the cell. Halestrap and Denton [11,29] now obtained con=-
clusive evidence that a carrier for pyruvate is present
in erythrocytes, which is sensitive to inhibition by
a—cyano-4-hydroxycinnamate, an analocgue of the enol form of
pyruvate. The failure to demonstrate any inhibition of
this compound on acetate transport [11,29] is prokably
related to the cbhservation of Deuticke [14}, that ace-
tate mainly penetrates by nconionic diffusion in erythro-
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cytes. They alzo failed to show inhibition of pyruvate cor
lactate transport across the heart cell membrane by
a—-cyanocinnamate analogues. The latter finding indicates
that the proposed pyruvate carrier [25,26] in this organ
may have no affinity for these inhibitors. Oldendorf [27]
demonstrated a saturable carrier transport system for the
uptake of pyruvate, proplonate and acetate in brain in
vivo. In competition experiments it was found that the
carrier was half saturated at approximately 1 mM pyruvate
and 2.5 mM acetate, affinity constants approaching the
values found in the present study on isolated epithelial
cells from rat small intestine at 0°C {Fig. 2). However,
comparison of the values may not be permitted because of
the large temperature differences involved. Because of
both rapid metabelism and uptake of mecnocarboxylic acids,
we were unable to measure these parameters at higher tem~-
peratures. Monocarboxylic acid transpert across the ery-
throcyte membrane was studied extensively with respect to
the ionic contribution te the transfer [13,14]. Tempera-
ture-, ion- and pH-~dependencies suggested a specific
anion transport system in this cell type. Also experimen-—
tal evidence was provided for the contributicon of non-
ionic diffusion tc the transfer, cobscuring the kinetics of
ionic transfer. The present paper demonstrates an easy
means to discriminate between a specific anion and the non-
ionic transport by studying the exchange diffusion.
Apparent Michaelis constants determined in the exchange
diffusion (Fig., 2) approached the values found in the net
influx studies (Fig. 1).

In the earlier report [1] we speculated about the in-
volvement of the monocarboxylate carrier in short~chain
fatty acid transport and a possible localization in brush-
border membrane. Indeed, several investigations [2-4,7]
were indicative of a specific transport system for short-
chain fatty acids in rat small intestine., There are, how-
ever, contradictory results about the mutual competition
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between these fatty acids and the existence of saturaticn
kinetics [7,8,307]. Secondly, Jackson [6] demonstrated that
the transport of weak acids can ke described in terms of
a model system of three serial compartments, in which the
pH of the intermediate compartment is higher than that of
the bulk phases. On this basis he was able to explain the
mutual inhibitory interacticns between weak acids and the
net mucosal to serogal fluxes found in experiments with
stripped mucosa. Recently, it was clearly shown by the
same group [311, that the development of & compartment of
high pH within the intestinal wall may be associated with
the serosally directed movement of metabolic anions [32,
33] through lateral intercellular spaces of epithelium.
In order teo account for the observed mucosal to serosal
flux of weak acids, it was necessary to suggest that the
brushborder membrane, in contrast to the serosal barrier,
was ilmpermeable to the anionic form of the acids. The an-
ionic exchange diffusion described in the present paper
may be a property of the basolateral membrane of the
epithelial c¢ell, accelerating the anionic transfer at this
site with exchangeable anions at the serosal side (for
example HCO3_). Localization of a monocarboxylate carrier
at the blood side of the epithelizl cell, is more com-
patible with the carriers proposed in heart~, brain- or
erythrocyte cell membranes [25—29,11,}2].
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