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AMINO ACID TRANSPORT BY THE SMALL INTESTINE OF THE RAT.
EFFECTS OF GLUCOSE ON TRANSINTESTINAL TRANSPORT
OF PROLINE AND VALINE
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SUMMARY

The effects of galactose and glucose on transport of proline and valine by the
rat small intestine have been studied using an everted sac preparation.

1. Two magnitudes of sacs were used; small sacs 7-8 cm long and large sacs
17 cm long.

2. Galactose inhibited the transport of both amino acids.

3. Glucose eliminated completely the inhibitory effect of galactose.

4. Glucose did not influence the degree of tissue accumulation or the serosal
concentrations of proline or valine found at the end of a 60-min incubation.

5. Glucose increased markedly the net flux of water to the serosal fluid.

6. In the small sacs with relatively small increments of the serosal fluids the
transport of amino acid was not significantly enhanced in the presence of glucose.
But in the large sacs with a prodigious increase in serosal volume a highly significant
enhancement was found.

7. The glucose effect on amino acid transport by the large sacs was closely
stimulated, when the glucose effect on the serosal fluid volume was simulated by dif-
ferent means. This, however, was not the case if the amino acid transport was subject
to inhibition by galactose.

8. It is concluded that glucose enhances the transport of amino acids by the
rat small intestine by:

{(a) providing an energy supplement which allows the amino acid carrier to
perform and maintain the control degree of epithelial accumulation in spite of a
simultaneous expenditure of energy on sugar accumulation, and by:

(b) increasing the net transintestinal water flux, and so increasing the compart-
ment with which the accumulating epithelium equilibrates.

INTRODUCTION

Generally, intestinal amino acid transport is inhibited by actively transported
sugars!~3, although, as an exception to this rule, glucose has been found to enhance
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the rat!. This inhibitory effect of sugars on intestinal amino acid transport and the
observation that amino acids are able to inhibit the transport of sugars?? have been
subject to different explanations. It has been proposed?: that sugars and amino acids
compete for a common mediator for their passage across the cellular membrane lining
the microvilli. Although the sodium dependency of the active intestinal transport of
both sugars and amino acids® appears to lend it support, this hypothesis has been
disproved for both rabbit and rat small intestine. For the rabbit small intestine it has
been shown?® that sugars do not inhibit the mediated influx of amino acids across
the brush border. For the rat small intestine? it has been demonstrated, that efflux
of a previously accumulated amino acid out of an everted sac preparation can be
induced by counterflow of other amino acids but not by actively transported sugars.
Conversely efflux of an accumulated sugar can be induced by other sugars but not
by amino acids. As an alternative hypothesis it has been proposed! that the ability
of the epithelial cell to provide energy for transport processes is insufficient to allow
both the amino acid and the sugar transport systems to function to their maximum
capacity at the same time. According to this hypothesis glucose stimulates the amino
acid transport of the rat small intestine by serving as a fuel even if another sugar
is present at an inhibitory concentration. Small intestinal tissues from rabbit and
hamster exhibit much lower glycolytic activities than that of rat intestine®. They
therefore do not have the ability of the latter to derive energy from added glucose.
So it is consistent with the proposal cited above, that in the small intestine of hamster
and rabbit glucose like other actively transported sugars inhibits transport of amino
acids?3. This evidence supports the idea that limitation of available energy is the
cause of sugar-dependent inhibition of intestinal amino acid transport, and that at
least a part of the effect glucose has on the transport of amino acids by the rat small
intestine depends on the utilization of glucose as a source of energy. However, results
obtained in a recent study™* of the effect of glucose on transport and metabolism of
alanine by the rat small intestine indicated that the water flow induced by glucose
through the intestinal wall, contrary to what has been claimed®, might be of equal
importance as a cause of the enhancement of amino acid transport. This notion is
supported by the fact that an increase in the serosal volume would increase the
amount of amino acid needed to raise its concentration to the point where the backflux
to the mucosal fluid would equal the flux from this fluid. Additional support is gained
if the effect of glucose on transmural water flow simulates the experimental conditions
used by MATTHEWS AND LASTER!?, who during the linear phase of serosal accumulation
of amino acids by everted sacs renewed the serosal fluid and by this means obtained
transport rates far in excess of those ordinarily obtained with everted sacs. Therefore
it was decided to study the relation between the effect of glucose on water movement
and its effect on amino acid movement across the wall of the rat small intestine.
For this purpose L-proline was chosen because preliminary experiments indicated that
this amino acid is little if at all metabolized. L-Valine, which also was found to be
only slightly metabolized by the rat intestinal tissues, was also used in the study,
because it was desirable to repeat with everted sacs some of the previous experimentst?

#that suggested an inhibitory effect of glucose on amino acid transport by a ring prepa-
ration of small intestine.

* B. G. Munck, unpublished results.
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MATERIALS AND METHODS

D-Sugars and L-amino acids of analytic grades were used. Uniformly labelled
L-[¥C]valine and L-[MC]proline were used as tracers. They were found to be chromato-
graphically pure.

Male albino rats with a body weight of 120-150 g, fasted for 24 h, were the test
animals. Everted sacs!? either 7-8 or 17 ¢m long were prepared from the distal third
quarter of the total small intestine. A test tube method similar to the one described
by CRANE AND WILsON'? was used to measure the amino acid transport. The sacs were
incubated for 60 min at 37°; the medium bathing the mucosal surface was stirred and
oxygenated by a stream of 100 % O,. Samples were taken from reservoirs connected
to the mucosal and serosal fluids, into which the fluids were raised by closing the
air outlet. The O, stream vented through a trap for water droplets, which might
escape from the test tube, through a known volume of 20 % NaOH in order to trap
the CO, produced by the sac. Except when otherwise stated, the initial serosal volume
was 1 ml. When the small (7-8 cm long) sacs were used the initial mucosal volume was
10 ml; with the large (r7 cm long) sacs it was 40 ml. In all experiments amino acids
and sugars were added to the mucosal fluid only. The incubation medium was KREBS
phosphate buffer'* with a pH of 7.4 modified so that the phosphate concentration
was 8 mM. The final serosal volume was measured by emptying the sac into a pre-
weighed test tube and reweighing the tube. The final mucosal volume was measured
by weighing the tube used for incubation after removing the sac. Samples of intestinal
tissue were extracted by placing them in boiling water immediately after terminating
the incubation and boiled for 30 min. Liquid scintillation counting!® was used to
measure the radioactivity of samples from mucosal and serosal fluids and from the
NaOH solutions. Samples from tissue dried overnight at 105° were combusted and
the combustion products analyzed for radioactivity by liquid scintillation counting?®s.
Samples of deproteinized tissue extracts and serosal and mucosal fluids were chromato-
graphed by ascending chromatography on Whatman No. 1 paper. The solvent used
was sec.-butanol-formic acid-water (75:15:10, by vol.) (ref. 16). The chromatograms
were analyzed by a Packard radiochromatogram scanner in order to determine the
distribution of radioactivity between the amino acids and their possible metabolites.
Semi-quantitative estimates of the per cent distribution were obtained by measuring
the area under the curve of each peak. As the degree of metabolism was found to be
very low with both amino acids, the serosal and mucosal concentrations were calcu-
lated from the radioisotope assays without correction for metabolism. Student’s ¢-test!?
has been used for evaluating the results statistically.

EXPERIMENTS AND RESULTS

Metabolism of 1*C-labelled proline and valine

Proline

Samples of deproteinized serosal and mucosal fluids from the experiments given
in Fig. 1 were analyzed chromatographically. It was found that radioactive meta®
bolites did not appear inany of the fluids in detectable amounts; although it was found

that 0.25 4 0.04 % (# = 8) of the initial amount of [14C]proline was recovered as
1CO,.
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Valine

Samples of deproteinized tissue extract and serosal fluid from the experiments
the data of which are given in Fig. 2 were analyzed chromatographically. For both
of these sources a second peak of radioactivity was found immediately in front of
the valine peak. The areas of these secondary peaks varied from below 1 up to 4%
of the areas of the corresponding valine peaks. For the serosal fluids (» = 10) the
mean area was 2 + 2 %. In these experiments (# = 10) the #CO, production was
1.5 4 0.3 % of the initial amount of radioactivity.

Neither in the proline nor in the valine experiments was the amino acid meta-
bolism affected by the presence of glucose.

Effects of sugars on proline transport

Small sacs were incubated for 60 min with 10 mM proline, 10 mM proline plus
28 mM glucose, or 10 mM proline plus 28 mM galactose. Samples were taken every
10 min from both mucosal and serosal fluids (Fig. 1 and Table I). It is seen that
glucose did not change the serosal concentration of proline reached during the in-
cubation, nor did it influence the time course of the changes in serosal and mucosal
concentrations of proline. By galactose, however, the proline transport was signifi-
cantly inhibited. Judging from the changes in mucosal concentration this inhibition
was significant below the 1 % level at the 30-, 50-, and 60-min samples and below
the 2 9, level at the 40-min measurement, whereas the effect of galactose on the serosal
concentration was significant only at the end of the incubation. The lack of an effect
of glucose and the inhibitory effect of galactose are also evident from the final concen-
tration ratios (Table I) and from the estimates of tissue concentrations which are
based on the data presented in the table. Assuming a 1:5 dry weight/wet weight ratio
for the tissue, these concentrations ate 34 mM in the absence of sugar, 37 mM in
the presence of glucose, and 23 mM in the presence of galactose.
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Fig. 2. 7-8-cm-long sacs incubated as stated for Fig. 1. Addition to incubation media: @ —@,
o.05 mM valine (z = 5); O—O0O, 0.05 mM valine plus 28 mM glucose (» = 5). The bars extending

from the points indicate 1 X S.D. Plots of serosal concentrations originate from zero, those of
mucosal concentrations from o0.05 mM.
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Large sacs were incubated for 60 min with 10 mM proline or 10 mM proline plus
28 mM glucose. In these experiments samples were taken from the serosal and
mucosal fluids only at the end of the incubation (Table II).

TABLE II

I7-CM-LONG SACS INCUBATED IN 40 ml KREBS PHOSPHATE BUFFER FOR 60 min AT 37° DURING
AERATION WITH I1009% O,

Mucosal composition Initial Final sevosal  Final sevosal — Proline Proline

sevosal vol. wol. Conchn. disappeared from  disappeared from
mucosal fluid mucosal fluid
(ml) (ml+-S.D.) (mM +S.D.) (umoles +S5.D.) (umoles|g
dry wt. +S.D.)

10 mM proline (5)* 1.00 1.08 +- 0.05 27.8 + 2.9 810+ 5.0 359 + 46
10 mM proline 1.00 1.94 + 0.20 28.1 4 1.1 115.7 + 10.5 454 + 58
28 mM glucose (6) ** P < 0.001 P < 0.02
10 mM proline (4) 1.90 2,03 4+ 0.09 27.7 + 2.0 102.0 =~ Q.2 509 + 74
P < o.01 P <C o.01
10 mM proline (3) 1.00 4 2.30 + 0.21 23.0 + 4.4 103.0 == 12.9 515 4 94
o0.10 X IO P < 0.02 P <C o.02

* Tissue MC activity: 1654 4 60 counts/min per mg dry wt. (172 + 6 umoles/g dry wt.);
MC recovery: 100 + 19%.

** Tissue 14C activity: 1669 + 106 counts/min per mg dry wt. (173 + 11 gmoles/g dry wt.);
C recovery: 98 + 19%.

The most striking observation from these experiments was that the serosal
concentrations were the same whether glucose had been present or not. But since
glucose caused a more than go % increase in serosal volume, compared to a less than
10 % increase during incubation with proline alone, the overall effect of glucose was
by any criterion except that of serosal concentrations a significant enhancement of
the proline transport. The data presented also show that the glucose-dependent in-
crease in disappearance of proline from the mucosal fluid is very close to the amount
of proline needed to fill the glucose-dependent increase in the serosal volume to the
proline concentration achieved in the glucose-free experiments. As in the previous
experiments the tissue uptake was unaffected by the presence of glucose.

Effects of sugars on valine transport

Small sacs were incubated for 60 min with 0.05 mM valine or 0.05 mM valine
plus 28 mM glucose. Samples were taken at To-min intervals from both serosal and
mucosal fluids (Fig. 2 and Table III).

It was found that the transport and final tissue uptake of valine from this very
low concentration were uninfluenced by the presence of glucose.

Large sacs were incubated for 60 min with 10 mM valine, 10 mM valine plus
28 mM glucose, 10 mM valine plus 28 mM galactose, or at 10 mM valine plus 28 mM
galactose plus 28 mM glucose. Samples were taken at the end of the incubation
(Table 1IV).

It was found that glucose significantly enhanced the transport of water and
of valine, whether the transport of the amino acid was measured as pmoles or pmoles/g
dry weight disappearing from the mucosal fluid, or as pmoles entering the serosal
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fluid. Galactose inhibited the valine transport, and the addition of glucose to the
valine-galactose mixture restored valine transport to the level found in the presence
of glucose. It was found, however, that glucose neither as only sugar present nor when
counteracting the inhibitory effect of galactose raised the valine concentration above
the level found in the absence of any sugar. It was also found that the glucose-de-
pendent increase in valine disappearance from the mucosal fluid agreed well with the
amount needed to fill the glucose-dependent increase in serosal volume to the concen-
tration reached in the sugar-free experiments.

Effects on amino acid transport of simulating the glucose effect on the sevosal volume

With proline as substrate this was done either by adding 100 pl amino acid-free
Krebs buffer to an initial serosal volume of 1 ml at 5-min intervals for 50 min or by
using an initial serosal volume of 1.9 ml. From Table IT it is seen that these procedures
increased the proline transport as did the presence of glucose.

With valine as substrate only the latter of these procedures was used, both in
the presence and absence of galactose (Table IV). In the absence of galactose the effect
on the valine transport was similar to the glucose effect. In the presence of galactose,
however, the glucose-simulating effect was only partial, as the concentrating ability
of the preparation was not restored to control value.

DISCUSSION

The data presented here show that galactose inhibits the transintestinal trans-
port of amino acids confirming results obtained by other investigatorst. The possible
mechanisms of this inhibition have been discussed?7.11.18,19 Since galactose shares this
inhibiting ability with other actively transported sugars, some of which are non-
metabolizeable, and since evidence exists®7? that none of the inhibiting sugars tested
competes with amino acids for mediated passage across the brush border, it seems
most likely that the reason for this inhibiting effect consists in an inability of the
intestinal preparation ¢z vitro to supply the energy needed for the otherwise observable
amino acid accumulation to be reached, when at the same time a sugar has to be
accumulated?.

The substitution of one of the inhibiting sugars by glucose or the addition of
glucose to the amino acid—sugar-containing mucosal fluid will not decrease the satu-
ration degree of the sugar carrier, neither will it then decrease the need of energy
expenditure. When these changes in the sugar composition of the mucosal fluid never-
theless, as found in this study, restore to normal the amino acid accumulating ability
of the rat small intestine, then it seems that the explanation as proposed by NEWEY
AND SMYTH! must be that glucose serves as a fuel for the transport mechanisms for
sugars and amino acids. However, in order to do so glucose has to enter the glycolytic
pathway; this explanation therefore gains support from the observations that the
tissues of the rat small intestine have a high glycolytic capacity compared to those of
the rabbit and hamster small intestinal tissues®, the amino acid accumulating capa-
cities of which are inhibited by glucose as well as by other actively transported
sugars?3.

Explained in this way the effect of glucose on the amino acid transport by the
rat small intestine may be regarded as stimulatory, although being effective through

Biochim, Biophys. Acta, 150 (1968) 82—-91
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an increase in energy available for transport purposes it is a rather indirect kind of
stimulation, which furthermore must apply to both the sugar and amino acid transport
mechanisms. To determine, however, whether there is also a direct stimulation of
the amino acid carrier by glucose, the uninhibited transport of amino acids must be
used as control. Doing so it is seen that neither does glucose change the tissue concen-
trations of amino acids (Tables IT and III), nor does it allow the sacs to accumulate
proline or valine to concentrations above the control values or to reach these values
faster. Further, it was found that glucose was unable to enhance the disappearance
of proline from the mucosal fluid, when the experiments were done with small sacs,
with which the glucose-dependent water transport although of a significant magnitude
was very much less substantial than that observed for the larger sacs; and it was
found that the effect glucose has on the transport of proline and valine by the large
sacs could be closely simulated, if by other means the serosal volume of these sacs
was increased. These results show that a major factor in determining the effect of
glucose on the amino acid transport by the rat small intestine is the increase in trans-
intestinal water flow induced by glucose and not a true stimulation of the amino acid
carrier. However, the ability of sacs exposed to galactose to concentrate valine was
not restored to control value by a simulation of the glucose effect on the serosal volume.
This demonstrates that both the effect of glucose as a source of energy readily available
to the rat small intestine and its effect on water transport are needed to produce the
overall enhancement of amino acid transport.

How the water flow affects the amino acid transport and for which processes
the energy is needed are questions open for speculation. Work by ScHULTZ and co-
workers?* -2 and by CRANE?? suggest that the processes for which energy is needed
are those maintaining a normal intracellular ionic status. BROWN AND Parsons?
found that the K+ concentration in mucosal tissue from rat jejunum was increased
when everted sacs were incubated with glucose and decreased when incubated with
other actively transported sugars, such as galactose. Assuming that a change in K+
concentration is accompanied by an opposite change in Na* concentration close
agreement is found between this observation, the interpretation of sugar inhibition
of amino acid transport as a non-competitive phenomenon, and the above cited view
on the connection between electrolyte and non-electrolyte transport, according to
which this sugar inhibition results from an increase in efflux3.

Inconsistency has been seen!® between results obtained for the effect of glucose
on amino acid transport by the everted sac! and by the ring preparation of rat small
intestine!l. The results reported here demonstrate that use of comparable parameters
eliminates the part of this inconsistency which is seen in the inability of glucose to
increase the amino acid accumulation by the ring preparation during incubation at
5 mM concentrations of different amino acids, as it was found (Tables IT and III)
that neither with the sac preparation was an increased degree of tissue accumulation
part of the glucose effect on amino acid disappearance from the mucosal fluid or
appearance in the serosal fluid. However, the results reported here on the effect of
glucose on the ability of an everted sac to transport valine from a concentration of
0.05 mM differ from those obtained!! with the ring preparation in that the tissue con-
centrations reached by the sacs were uninfluenced by the presence of glucose, whereas
the accumulation by the rings was reduced in the presence of glucose. A cause of this
remaining inconsistency may be found in the difference between the two types of
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SUGAR EFFECTS ON INTESTINAL AMINO ACID TRANSPORT 91

preparation, that the accumulative work performed by the epithelium of the sac 1s
conserved in the compartment enclosed by the brush border part of the epithelial
cell membrane but in the ring preparation lost, because diffusion from the sub-
cpithelial tissues back into the incubation medium will increase the gradient between
the intraepithelial space and this tissue and thus reduce the epithelial accumulation.
This reduction will be aggravated whenever the gradient between the epithelial cell
and the subepithelial tissue is increased, as it must be for instance when the addition
of glucose to the incubation medium causes an increase in water flow through the
tissues. This aggravation may be sufficient to account for a significant decrease in
the high and therefore easier disturbed distribution ratio obtained at a very low degree
of saturation at 0.05 mM, but insufficient to alter significantly the lower distribution
ratio reached at the 100 times higher concentration of 5 mM.

ACKNOWLEDGEMENTS

During this study the author was a recipient of a U.S. Public Health Service
International Postdoctoral Research Fellowship, No. 1 FO5-TW-1061-01, generously
sponsored by Prof. T. Z. Csaky, whose U.S. Public Health Service research grant
No. NB 03895-06 was used to defray in part the expenses of the experimental work.
Further support has been received from Kebmand i Odense Johann og Hanne Wei-
mann, fgdt Seedorffs legat.

REFERENCES

1 H. NEwEY anDp D. H. SMYTH, Nature, 202 (1964} 400.

2 F. ALVARADO, Science, 151 (1966) I0f0.

3 R. A. CHEz, S. G. ScHULTz AND P. F. CURRAN, Science, 153 (1966) 1012.

4 J. T. HinpMARsH, D. KiLBy AND G. WISEMAN, J. Physiol. London, 186 (1966} 166.
5 T. CHANG, J. LEwis aND A. J. GLazko, Biochim. Biophys. Acta, 135 (1967) 166.

6 T. Z. Csaky, Am. J. Physiol., 201 (1961) 999.

7 B. G. MUNCK, Fedevation Proc., 26 (1967) 54I.

8 T. H. WiLson, J. Biol. Chem., 222 (1956) 751.

9 A. G. Dawson, H. NEwWEY anND D. H. SMyTH, J. Physiol. London, 179 (1965) 56P.
10 D. M. MATTHEWS AND L. LASTER, Am. J. Physiol., 208 (1965) 593.
11 S. J. SAUNDERS AND K. J. ISSELBACHER, Biochim. Biophys. Acta, 102 (1963) 397.
12 T. H. WiLsoN AND G. WISEMAN, J. Physiol. London, 123 (1954) 116.

13 R. K. CRaNE AND T. H. WiLsoN, J. Appl. Physiol., 12 (1958) 145.
14 H. A. KREBS, Z. Physiol. Chem., 217 (1933) 191.

15 T. Z. Csaky anD P. M. Ho, J. Gen. Physiol., 50 (1966) 113.

16 W. H. StEIN, J. Biol. Chem., 201 (1953) 45.

17 T. KEMP AND A. NIELSEN, Statistik for Medicinere, Munksgaard, Copenhagen, 1961.

18 J. K. BingHaM, H. NEWEY aND D. H. SMYTH, Biochim. Biophys. Acta, 120 (1966) 314.

19 J. K. BincuaM, H. NEwEeY anD D. H. SMYTH, Biochim. Biophys. Acta, 130 (1966) 281.

20 S. G. ScHULTzZ AND R. ZALUSKY, J. Gen. Physiol., 47 (1064) 1043.

21 S. G. ScHULTZ AND R. ZALUSKY, Nature, 205 (1965) 292.

22 M. F1eLD, S. G. Scuurtz AND P. F. CURRAN, Biochim. Biophys. Acta, 135 (1967) 236.

23 P. F. CurraN, S. G. Scuurtz, R. A. CHEz AND R. E. Fuisz, J. Gen. Physiol., 50 {1967) 126.
24 R. K. CRANE, Federation Proc., 24 (1965) 1000.

25 M. M. BRowN AND D. S. Parsons, Biochim. Biophys. Acta, 59 (1962) 249.

Biockim. Biophys. Acta, 150 (1968) 82—91



