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SUMMARY

1. The effect of semistarvation and complete starvation (sufficient to
produce a loss of about 32 and 25 9%, respectively of initial body weight) on
the active transport of L-glucose has been studied by the use of sacs of
everted mid-small intestine of rats. The animals were allowed free access
to water.

2. Sacs from animals on a restricted diet transported r-glucose against
its concentration gradient, but sacs from fully fed rats did not. Even when
sacs from fully fed rats were distended sufficiently to cause them to lose
serosal volume, the L-glucose concentration in the final serosal fluid was
never greater than that in the final mucosal fluid.

3. The r-glucose active transport was independent of net water move-
ment, needed oxygen, was not demonstrable at 27°C, and required
Na ions at a concentration of 83 mm or greater. It could be completely
inhibited by 10~¢ M phlorrhizin, or 10 mm r-histidine, or 1-39 mm D-glucose.
Phlorrhizin at a concentration of 1078 M reduced, but did not prevent,
L-glucose active transport.

4. It seems probable that L-glucose active transport is mediated by the
mechanism that actively transports D-glucose.

5. Un-incubated mid-small intestine of fully fed rats contained 37-8 mg
D-glucose/100 g wet wt. of tissue, whereas semistarved intestine had only
10-8 mg D-glucose/100 g. The lack of demonstrable active transport of
L-glucose by normal intestine may possibly have been caused, at least in
part, by inhibition of the process by endogenous p-glucose.

6. There appeared to be no metabolism of L-glucose by rat intestine,
nor conversion to the p-form.

7. The hypothesis that sugars require the D-pyranose ring structure for
active absorption is no longer tenable.
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INTRODUCTION

In their investigation of the effect of amino acids on sugar transport by
sacs of everted small intestine of the normal golden hamster, Hindmarsh,
Kilby & Wiseman (1966a, b) demonstrated that the transport of L-glucose
down its concentration gradient was substantially reduced by the presence
of v-histidine. The amino acid had no such action on the downhill move-
ment of a-glucoheptose, L-fucose, D-mannose or L-sorbose, which are
believed to be passively absorbed, but it did act as an inhibitor of the
active (uphill) transport of D-glucose, D-galactose, p-fucose and 3-O-
methyl-p-glucose. In addition, it was observed that the ratio of the sugar
concentration in the final serosal fluid to that in the final mucosal fluid
(when no amino acid was present) was 0-93 (initial ratio 0:1) for L-glucose
whereas it was only about 0-40 for a-glucoheptose, L-fucose, D-mannose
and r-sorbose. The results suggested that although L-glucose was not
transported against its concentration gradient under those conditions, its
movement across the intestine was in some way facilitated.

In studying this problem further, we have used sacs of everted small
intestine of rats on a restricted diet as this species shows enhanced active
transport of D-glucose when semistarved (Neame & Wiseman, 1959;
Kershaw, Neame & Wiseman, 1960; Hindmarsh, Kilby, Ross & Wiseman,
1967). We have found that, in contrast to fully fed rats, semistarved and
fully starved ones can transport L-glucose against its concentration gradient
quite well, and the characteristics of the transport indicate that the mechan-
ism is probably one which is shared with p-glucose. This is the first direct
demonstration of intestinal active transport of L-glucose. The current
hypothesis (Wilson, 1962; Wiseman, 1964) that sugars require the
D-pyranose ring structure for active absorption is, therefore, no longer
tenable.

Preliminary reports of this work have been given by Neale & Wiseman
(19684, b).

METHODS

Animals and diets. All the rats were young adult males and were kept in individual cages
throughout the experimental period. Those on the restricted diet were fed 610 g food/day
for 9 days, which caused their body weight to fall from about 250 g to about 170 g. Some
rats were given no food at all for 4-5 days, causing their body weight to fall from about
240 g to about 180 g. The control group were fed ad libitum and they weighed about 250 g
at the time of experimentation. All were allowed free access to water. The food was diet 86,
purchased from Oxoid Ltd., Southwark Bridge Road, London, S.E. 1.

Preparation of sacs. The animals were anaesthetized with ‘Nembutal’ (pentobarbitone
sodium) given intraperitoneally (0-15 ml. for dietary-restricted rats and 0-40 ml. for controls);
the abdomen was opened by & mid line incision, and the small intestine washed out with
bicarbonate-saline (Krebs & Henseleit, 1932) equilibrated with 5 9% CO,, 95 %, O, (or 5 % CO,,
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95 9% N, in the anoxia experiments). The mesentery was then stripped off the small intestine
and the duodenum removed. To overcome the problem of variation in absorptive activity
of different regions (Hindmarsh et al. 1967), all the small intestine was everted but only the
middle fifth was used, and of this two sacs were made, each about 9 cm in length. The
general technique of preparing sacs was that originally described by Wilson & Wiseman
(1954) (and in greater detail by Wiseman, 1961).

Measurement of initial and final volumes. The initial volume of fluid (serosal) introduced
into the carefully drained sac of everted intestine was determined by weighing the sac before
and after filling it. This serosal fluid volume was about 0-8 ml. for a standard sac and about
2 ml. for an extra-distended one. The final volume of the serosal fluid was estimated by
draining the sac of its contents and weighing the fluid collected. This latter technique
enabled about 96 %, of introduced fluid to be recovered from unincubated sacs. The volume
of fluid (mucosal) into which the sac was placed at the beginning of the experimental period
was 20 ml.

Almost all standard sacs (initial serosal volume about 0-8 ml.) gained serosal fluid,
whereas extra-distended sacs often lost serosal fluid during incubation.

Ezxperimental procedure for absorption experiments. The sac, filled with a known volume
(initial serosal fluid) of the appropriate solution, was put into a 150 ml. Erlenmeyer flask
containing 20 ml. (initial mucosal fluid) of the same solution as was used for filling it, the air
replaced by a gas mixture of 5% COg, 95 %, O, (or 5 % CO,, 95 % N, in anoxia experiments),
and the stoppered flask shaken (80 oscillations/min, amplitude 5 em) for 1 hr in & Warburg
bath kept at 37° C (or, in some experiments, 27° or 40° C). At the end of the hour the sac
was removed, its surface drained, and its fluid contents collected. Samples of initial and final
mucosal and serosal fluids were analysed for sugar concentrations after deproteinization
with ZnSO, and Ba(OH),.

The serosal and mucosal fluids were usually Krebs—Henseleit (1932) bicarbonate-saline
plus the necessary substrate; where the composition of the bicarbonate-saline was altered
the details are given in the text and Tables. The latter also show the amount and type of
substrate investigated.

Dry weight. After removal of the serosal fluid, the sacs were laid on Whatman No. 50 filter
paper, and the tissue beyond the ligatures, together with the ligature thread, cut off and
discarded. Excess surface fluid was then blotted and the empty sacs dried to constant
weight at 120° C. The dry weights varied from 25 to 100 mg.

Estimation of endog D-glucose in intestinal wall. For the estimation of endogenous
D-glucose in un-incubated intestinal wall, the middle two fifths of the washed out (not
everted) small intestine was employed. The tissue, rinsed free of blood, was plunged into
20 ml. boiling water and homogenized using a M.S.E. homogenizer with stainless-steel
cutting blades operated at about 14,000 rev/min. for 3 min. The homogenate was deprotein-
ized by the use of ZnSO, and Ba(OH),, and 1 ml. samples of filtrate from control rats and
2 ml. samples from semistarved rats were analysed by the D-glucose oxidase method.

L-glucose recovery experiments. To test whether L-glucose was lost from the system during
incubation, sacs from fully fed or semistarved rats were made as for standard absorption
experiments and filled with 0-8 ml. bicarbonate-saline solution with or without 8-33 mm
L-glucose and shaken for 1 hr in 10 ml. of the same solution as was used for filling them. At
the end of the incubation period, each sac was homogenized (as above) and the homogenate
added to its pooled final serosal plus mucosal fluids, deproteinized with ZnSO, and Ba(OH,),
made up to 200 ml., and filtered. One millilitre filtrate was analysed for total reducing sugar
by the Nelson (1944) method. The amount of reducing sugar recovered (allowance being
made for the initial wet weight of the sac) in experiments in which no t-glucose had been
added (‘blank’ experiments) was used as a correction factor in determining the amount of
L-glucose recovered in experiments in which the sugar had been added. Under these condi-
tions the ‘blank’ values (no added L-glucose) were about 10 9%, of the ‘experimental’ values
(r-glucose added to system) with fully fed rats and about 3 9% with semistarved rats.
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Analysis of samples with D-glucose oxidase gave no evidence of conversion of L-glucose to
the p-form.

Chemical estimations. When only L-glucose was used, it was estimated by the colorimetric
method of Nelson (1944) for reducing sugars. When both L- and D-glucose were employed,
the total reducing sugar (L- plus D-glucose) was measured by the Nelson method and the
D-glucose itself by the specific D-glucose oxidase colorimetric method of Huggett & Nixon
(1957); the amount of L-glucose was then obtained by difference.

The L-glucose was found to be free of p-glucose.

Concentration ratios. The final concentration ratio was the ratio of the L-glucose concentra-
tion in the serosal (inner) fluid to that in the mucosal (outer) fluid at the end of the 1 hr
incubation. The ¢nstial concentration ratio for L-glucose was 1:1.

Rates of transport of L-glucose and water. The amount of L-glucose transported into the
serosal fluid during an experiment was calculated (the initial and final concentrations and
serosal fluid volumes being known) and the transport rate expressed as (#mole L-glucose
entering the serosal fluid)/100 mg dry wt. sac/hr.

The rate of transport of water into the serosal fluid during the incubation is given in
m-mole water/100 mg dry wt. sac/hr.

RESULTS

It can be seen from Table 1 that sacs of everted mid-small intestine of
semistarved rats were able to transfer L-glucose against its concentration
gradient, the ratio of the concentration of the sugar in the final serosal
fluid to that in the final mucosal fluid being 1-32 (initial ratio 1-0) under
standard conditions. Even though water was also transported at the same
time as the L-glucose, the concentration of the latter in the sac rose from
833 to 10-53 mm. The mucosal fluid concentration of L-glucose showed
only a small fall as the volume of the mucosal fluid was relatively large.
It was not possible to improve the final concentration ratio by preventing
net gain of water by sacs by distending them with an initial serosal volume
of about 2-0 ml. instead of about 0-8 ml.; the final concentration ratio
remained unchanged (Table 1). In addition, the L-glucose final concentra-
tion ratio was the same when 2:78 mm or 8-33 mm L-glucose was used, and
whether or not the serosal fluid gained or lost water.

In distinct contrast to the results with semistarved intestine, sacs
made from intestine of rats fed ad libitum were unable to actively
transport L-glucose (Table 2). The final concentration ratio of sugar for
these sacs was 0-80 when the initial serosal volume was 0-8 ml., and
it remained below 1-0 when the initial serosal volume was increased to
2-3 ml. in order to produce a loss of water from the sac. The difference
between semistarved and normal intestine in L-glucose active transport
was not caused, therefore, by net water movement. Attempts were made
to obtain active transport of L-glucose by normal intestine by incubating
it at 40° C, by using 2-78 mM or 16-67 mM L-glucose, and even by adding
8-33 mM D-glucose although this sugar inhibited active transport of
L-glucose by semistarved intestine. In no case did the normal intestine
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transport the L-glucose against its concentration gradient and in all these
experiments its final concentration in the serosal fluid was below its initial
concentration.

TABLE 1. Transport of L-glucose by sacs of everted mid-small intestine of dietary-restricted
rats. Standard conditions were: sac length about 9 em; initial serosal (inner) volume 0-8 ml.;
initial mucosal (outer) volume 20 ml. ; initial serosal and mucosal fluids contained 8-38 mm -
glucose (initial concentration ratio 1-0); gas phase 59, CO,, 959, O,; experimental period
1 hr; temperature 37° C; 80 oscillations/min, amplitude 5 cm. Values are means + s.E. of the

means, with number of sacs in parentheses

Final conen.

of rL-glucose in

Final conen.

Transport of
L-glucose into

of L-glucose in  serosal fluid

Gain in serosal
fluid water

L-glucose final

serosal fluid  mucosal fluid (xmole/100 mg (m-mole/100 mg  concn. ratio
(mm) (mm) dry wt. sac/hr) dry wt. sac/hr.) (serosal/mucosal)

Under standard 10-53 +0-28 8:03 +0-06 6-07 +0-49 11-68 +2-66 1-324+0-04 (15)
conditions

Initial serosal 11-0040-20 8:10+0-06 555+1:30 —24-20+3-95 1-36 +0-03 (10)
volume 2 ml.

O, replaced by N, 7-81+0-08 8304004 —1-40+0-17 —3-41+0-69 0-94 +0-01 (10)

Temp. 27° C 8434018 823+0-11 —0-18+0-08 —3-28+1-51 1-03 +0-02 (8)

10 mM r-histidine 8:03+0-13 8-23+0-04 1-60+0-16 14-39 +2-28 0-98 +0-02 (17)
present

L-glucose reduced 375+0-10 * 2:70+0-02 1-92 +0-20 —1-50+2-92 1-39 + 0-04 (20)
to 2:78 mm

L-glucose reduced 3-84+0-10 2-64+0-03 2:11+0-38 —30-90+1-83 1-46 4+ 0-05 (12)

to 2-78 mm and
initial serosal
volume 2 ml.

TasBLE 2. Transport of L-glucose by sacs of everted mid-small intestine of rats
fed ad libitum. Other details as in Table 1

(mm) (mm) dry wt. sac/hr) dry wt. sac/hr) (serosal/mucosal)

Under standard 6-54+0-19 819+ 0-06 0-43 1 0-20 17-40+1-12 0-80+0-02 (13)
conditions

Initial serosal 7-89+0-11 8274006 —1-954+0-31 —6-50+0-87 0-95 £ 0-02 (8)
volume 2-3 ml.

Temp. 40° C 7-20+0-16 8-48 +0-05 0-49+0-08 15:00+1-91 0-85 4 0-02 (8)

L-glucose reduced 2-23 +0-06 2-67 4+ 0-02 0-35+0-11 21-20 + 2-08 0-84 +0-02 (16)
to 2-78 mm

L-glucose increased 13-94+0-18 16-66 1 0-01 0-01 +0-37 9-61+1-68 0-84 +0-01 (8)
to 16-67 mmM :

8-33 muM Dp-glucose 5-51 1+ 0-54 8-80+0-10 —8-874+1-46 —9-62+1-36 0-63 +0-07 (8)

Transport of
Final concen. of Final conen.  L-glucose into  Gain in serosal
L-glucose in  of L-glucose in  serosal fluid fluid water L- glucose final

serosal fluid

present and initial
serosal volume 2 ml.

mucosal fluid (umole/100 mg

(m-mole/100mg

conen. ratio

The active transport of L-glucose by semistarved intestine was oxygen-

dependent, was not demonstrable at 27° C, needed an adequate concentra-
tion of Na ions, and could be inhibited by r-histidine, phlorrhizin, and
D-glucose (Tables 1, 3-7). When the NaCl (but not the NaHCO;, equivalent
to 25 mum Na) of the incubation media was entirely replaced by KCl, active
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transport of L-glucose was lost, and it did not reappear until the total
Na concentration was restored to between 113 and 131 mm (Table 3). In
the experiments in which mannitol was used for replacing the NaCl, the
necessary Na concentration for active transport of L-glucose was between

TasLE 3. Effect of replacing NaCl by KCl on the active transport of L-glucose by sacs of
everted mid-small intestine of dietary-restricted rats. Other details as in Table 1

Transport of

Final concn. of Final concn. of L-glucose into
L-glucose in L-glucose in serosal fluid

serosal fluid  mucosal fluid (#mole/100 mg

Gain in serosal
fluid water
(m-mole/100 mg

Na conen. in
initial serosal
and mucosal

L-glucose final
conen. ratio

fluids (mm) (mm) (mMm) dry wt. sac/hr) dry wt. sac/hr) (serosal/mucosal)

143 (standard 10-53 +0-28 8:03+0-06 6-07 +0-49 11-68 +2-66 1-32 4+ 0-04(15)
conditions)

131 9-54+0-14 8-05+0-07 4-02+0-31 10-25+1-76 1-18+0-02 (6)

113 8:43+0-20 8:07+0-12 412+ 0-45 23-40+4-94 1-05+0-04 (6)

84 8:19+0-05 8-11+0-07 0-02 +0-09 0-59 + 0-40 1-01 +0-01 (6)

25 7-2240-07 8-1140-09 —3-1840-27 —7-26+1-18 0-89+0-01 (6)

TasLE 4. Effect of replacing NaCl by mannitol on the active transport of L.-glucose by sacs of everted
mid-small intestine of dietary-restricted rats. Other details as in Table 1

Transport of
Final concn. of Final concn. of 1L-glucose into
L-glucose in L-glucose in serosal fluid
serosal fluid mucosal fluid (umole/100mg

Gain in serosal
fluid water
(m-mole/100mg

Na conen. in
initial serosal
and mucosal

L-glucose final
conen. ratio

fluids (mm) (mm) (mm) dry wt. sac/hr) dry wt. sac/hr) (serosal/mucosal)
143 (standard 10-53 +0-28 8:03+0-06 6-07 +0-49 11-68+2:66 1-3240-04 (15)
conditions)
131 9-40+0-11 7-81+0-09 3-66+0-36 9-75+2-38 1-:21 +0-02 (6)
113 9-31+0-28 8-08 +0-04 3-19+0-69 11-80 +4-00 1-154+0-04 (6) -
84 8:83+0-25 8:30+0-09 1-40+0-58 3-48+1-37 1-:07 +0-04 (6)
25 7-474+0-05 8214007 —1-45+0-14 0-0440-67 0-91 4+ 0-01 (6)

TaBLE 5. Effect of phlorrhizin on the active transport of r-glucose by sacs of everted mid-small intestine
of dietary-restricted rats. Other details as in Table 1

Transport of

Final conen. of wn-glucose into
L-glucose in  serosal fluid

mucosal fluid (xmole/100 mg

Gain in serosal
fluid water
(m-mole/100 mg

Final conen.
of r-glucose in
gerosal fluid

Phlorrhizin conen.
in initial serosal
and mucosal

L-glucose final
concen. ratio

fluids (M) (mm) (mn) dry wt. sac/hr) dry wt. sac/hr) (serosal/mucosal)
0 (standard 10-53 +0-28 8:03 +0-06 6-07+0-49 11-684+2:66 1-3+0-04 (15)
conditions)
1078 9-46 +0-48 8-134+0-09 4-46 + 0-69 15-13+3-27 1-16 4+-0-06 (12)
10-¢ 6-82+0-21 8234003 —0-55+0-32 15-89 + 3-06 0-82+0-03 (12)
10-8 5-334+0-26 846+003 —3-08+0-13 24-79 +4-64 0-63 +0-03 (10)
5x10-8 4-99 +0-20 8-21+0-09 —2-79+0-24 1569+ 2-32 0-61 +0-02 (12)

84 and 113 mm (Table 4). Phlorrhizin (present in both the serosal and
mucosal fluids) at a concentration of 1076 M acted as a complete inhibitor,
while at 1078 M there was partial inhibition (Table 5). With p-glucose,
active transport of L-glucose was stopped (final concentration ratio 0-94)
when the initial concentration of D-glucose in the serosal and mucoal
fluids was only 1-39 mM. Increasing the initial D-glucose concentration
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above 1:39 mM caused L-glucose to be lost from inside the sacs and its
final concentration ratios to fall to quite low values (Table 6). This fall in
L-glucose concentration in the serosal fluid could be only partially over-
come by reducing the water gain by the sacs by distending them with an
initial serosal volume of 1-6 ml. instead of 0-8 ml.; the efflux of L-glucose
remained unaltered. There was good active transport of D-glucose in all
the experiments in which it was present, the actual final concentrations of

TaBLE 6. Effect of D-glucose on the active transport of L-glucose by sacs of everted mid-small intestine
of dietary-restricted rats. Other details as in Table 1

Transport of
D-glucose conen.  Final conen. Final conen.  L-glucose into  Gain in serosal
in initial of L-glucose in  of L-glucose in  serosal fluid fluid water L-glucose final
serosal and serosal fluid mucosal fluid (#mole/100 mg (m-mole/100 mg  concn. ratio
mucosal fluids (mm) (mm) (mm) dry wt. sac/hr) dry wt. sac/hr) (serosal/mucosal)
0 (standard 10-53+0-28 8-03 +0-06 6-07 +0-49 11-68 +2-66 1-32 +0-04 (15)
conditions)
1-39 7-68+0-30 8:28+0-15 4-544+0-79 42-20 4+ 7-40 0-94 4+ 0-05 (13)
2-78 4-384+0-64 8-35+0-08 —5-00+1-56 27-94+17-18 0-53 +0-08 (12)
8-33 2:10+0-28 8-95+ 0-05 —7-67+0-69 60-50 + 5-33 0-24 4+ 0-03 (16)
8:33 4-4740-56 9-1410-08 —9-20+2-03 18-16+6-35 0-49 +0-06 (16)
and initial serosal
volume 1-6 ml.
TasLE 7. Final serosal and mucosal concentrations of L- and D-glucose
in the experiments shown in Table 6
D-glucose conen. Final total glucose Final p-glucose concn. Final r-glucose concn.
in initial (p+1) concn. (mm) (mm) (mM)
serosal and K A \ I A \ e A \
mueosal fluids (m») Serosal Mucosal Serosal Mucosal Serosal Mucosal
0 10-53+0-28  8-03+0-08 0 0 10-53+0-28 8-03+0-06 (15)
(standard conditions)
139 17-21+1-35 8-28+0-15 9-53+1-18 0 7-68+0-30 8-28+0-15 (13)
2-78 24-09+2-19  8:35+0-08 19-71+2-45 0 4-38+0-64 8-35+0-08 (12)
8-33 38-91+1-86 12:29+0-10 36:-81+2:00 3-34+0-14 2-10+0-28 8-95+0-05 (16)
8:33 44-31+2-13 11-68+0-31 39-84+1:85 2:54+0:19 4-47+0-56 9-14:+0-08 (16)
and initial serosal
volume 1-6 ml.

both - and 1-glucose in serosal and mucosal fluids being given in Table 7.
The movement of L-glucose out of the sacs produced a small rise in its
concentration in the final mucosal fluid.

Asin the case of semistarved rats, there was active transport of L-glucose
by sacs of everted mid-small intestine of rats given no food (but allowed
water freely) for 4-5 days. The L-glucose final concentration ratio was
111 4+ 0-01 (n = 12), the gain in serosal fluid water was 3-74 + 2-10 m-mole/
100 mg dry wt. sac/hr, the gain in serosal fluid L-glucose was 1-49+
0-40 umole/100 mg dry wt. sac/hr, the final mucosal L-glucose concentra-
tion was 8:00 + 0-03 mm, and the final serosal L-glucose concentration was
8:85 + 0-09 mm. The body weight of these fully starved animals fell by
about 25 9%, compared with a fall of about 32 %, for the semistarved ones.
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The amount of L-glucose that could be recovered from the final serosal
and mucosal fluids plus that in the sac wall was 1009, of the L-glucose
added (16:-2 mg) when semistarved intestine was used, and 95-6 %, when
normal intestine was employed. Analysis of the recovered material with
D-glucose oxidase indicated that there was no measurable conversion of the
L-glucose to the p-form.

In order to determine how much endogenous reducing material was
released by semistarved and normal intestine into the serosal and mucosal
fluids during incubation, sacs were shaken for 1 hr in media to which no
sugar had been added. The serosal and mucosal fluids at the end of the
incubation period contained reducing material which amounted to less
than 19, of that added in experiments with 8-33 mm L-glucose.

We found unincubated semistarved mid-small intestine (whole wall) to
contain 10-8 mg p-glucose/100 g wet wt. tissue (D-glucose oxidase method),
whereas normal intestine had 37-8 mg D-glucose/100 g.

DISCUSSION

The results show clearly, and for the first time, that L-glucose can be
actively transported by the small intestine of the rat. For demonstration
of the phenomenon, the animal must be in the semistarved or fully starved
state.

The movement of the L-glucose against its concentration gradient was
independent of net water transport, needed oxygen, was abolished by
reducing the temperature to 27° C, required a Na ion concentration of
about 84 mm or greater, and was completely inhibited by 10~¢ m phlor-
rhizin or 10 mMm L-histidine or 1-39 mm D-glucose. The sensitivity of the
active transport to phlorrhizin was appreciably greater than that found
by Parsons, Smyth & Taylor (1958) for D-glucose, the latter being actively
transported by rat intestine in the presence of up to 10-5 M phlorrhizin.
On the other hand, the requirement for Na ions by L-glucose was about the
same as that found for p-glucose transport both in the rat (Clarkson &
Rothstein, 1960) and the guinea-pig (Riklis & Quastel, 1958). The effect of
D-glucose on the active transport of L-glucose was marked, the p-form
behaving as an inhibitor when present in the initial serosal and mucosal
fluids at a concentration (1-:39 mm) one sixth of that of the L-form. In such
experiments the final mucosal fluid contained no measurable p-glucose,
but the serosal fluid p-glucose concentration was 9-53 mm (Table 7).
Movement of L-glucose into the serosal fluid down its concentration gradient
still occurred, so that the L-glucose final concentration ratio remained at
0-94 despite the large amount of water transported into the serosal fluid
(Table 6). However, when D-glucose was used at an initial concentration
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higher than 1-39 mm, L-glucose was actually lost from inside the sacs. The
migration of L-glucose from serosal to mucosal fluid against its concentra-
tion gradient has also been recorded by Huang & Rout (1967), who
employed sacs of non-everted intestine of the killifish (Fundulus hetero-
clitus). In their experiments no sugar other than L-glucose had been added
to the incubation media. The characteristics of L-glucose active transport
by the dietary-restricted rat, especially the relationship to D-glucose,
phlorrhizin and Na ions, suggest that its movement across the intestinal
epithelium is mediated by the mechanism that transports p-glucose. It is
of considerable interest to note that Huang & Woosley (1968) have already
postulated that the system in the proximal tubular cells which actively
reabsorbs D-glucose is identical to that which secretes L-glucose into the
proximal tubular fluid. They based their statement on the observations
that, in steady-state experiments, dog and rat kidney tubules secreted
L-glucose, that the secretion was augmented by increasing the loading of
D-glucose, and that secretion of the L-glucose could be inhibited by
phlorrhizin.

The inability of normal rat mid-small intestine to transport L-glucose
against its concentration gradient was independent of net water movement,
there being a final concentration ratio of less than 1-0 even when the sacs
were distended sufficiently to cause them to lose serosal volume during
incubation (Table 2). That normal intestine does not actively absorb
L-glucose has also been reported for the hamster (Wilson, 1958; Wilson &
Landau, 1960; Hindmarsh et al. 19664, b), the frog (Cséky & Fernald,
1960), and the killifish (Huang & Rout, 1967).

Although we are unable to state definitely the reason for this difference
in absorptive behaviour between normal and semistarved intestine, two
possible explanations are available. First, semistarved intestine has an
enhanced capacity for absorption of various substances. This has been
shown for p-glucose (Neame & Wiseman, 1959; Kershaw ef al. 1960;
Faelli, Esposito & Capraro, 1966 ; Hindmarsh et al. 1967 ; Esposito, Faelli &
Capraro, 1967), L-histidine (Neame & Wiseman, 1959 ; Kershaw ef al. 1960;
Suda & Shimomura, 1964), sodium (Esposito et al. 1967) and serum protein
hydrolysate (Ziemlatiski, Cieslak, Pliszka & Szczygiel, 1967) in the rat;
and for p-glucose in the chick (Bogner, Braham & McLain, 1966) and the
guinea-pig (Hindmarsh ef al. 1967). In the case of the rat, the effect of
semistarvation on D-glucose active transport is particularly obvious in the
lower (but not terminal) ileum. This region in the normal rat does not
exhibit active transport of D-glucose, but it does so quite well when semi-
starved, which may be an unmasking of an inherent capability rather than
acquisition of a new one (Hindmarsh et al. 1967). The second possible
reason for demonstrable active transport of L-glucose by semistarved
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intestine is that, under our experimental conditions, semistarved intestine
contained only 10-8 mg D-glucose/100 g wet wt. of tissue, whereas normal
intestine had 37-8 mg D-glucose/100 g. There might, therefore, be less
inhibition of L-glucose active transport by endogenous D-glucose in the
semistarved intestine.

There was no evidence that the mid-small intestine of the rat metabol-
ized the L-glucose. In experiments with normal and semistarved intestine
the amount of reducing sugar recoverable at the end of the incubation was
95-6 and 100 9%, respectively of the quantity of L-glucose added (allowance
being made for release of endogenous reducing material). Analysis with
p-glucose oxidase indicated no measurable conversion of the L-glucose to
the p-form.

The current hypothesis (Wilson, 1962; Wiseman, 1964) that sugars
require the D-pyranose ring structure for active absorption is no longer
tenable.

We wish to thank Mr D. Hutson for skilled technical assistance. One of us (R.J.N.) is
indebted to the M.R.C. for a Research Scholarship.

REFERENCES

BoGNER, P. H., BRaram, A. H. & McLay, P. L. Jr. (1966). Glucose metabolism during
ontogeny of intestinal active sugar transport in the chick. J. Physiol. 187, 307-321.

CrarksoN, T. W. & RoTHSTEIN, A. (1960). Transport of monovalent cations by the isolated
small intestine of the rat. Am. J. Physiol. 199, 898-906.

Csixy, T. Z. & FErNALD, G. W. (1960). Absorption of 3-methylglucose from the intestine
of the frog, Rana pipiens. Am. J. Physiol. 198, 445-448.

EsrosrTo, G., FAELLI, A. & CaPRARO, V. (1967). Metabolism and transport phenomena in
isolated intestine of normal and semistarved rats. Archs int. Physiol. Biochim. 75, 601-608.

FaEgLLl, A., Esposito, G. & CaPrARO, V. (1966). Intracellular concentration of sodium and
glucose correlated with transport phenomena. Arch. Sci. biol. (Bologna) 50, 234-241.

HinpmarsH, J. T., KiLsy, D., Ross, B. & WisEMAN, G. (1967). Further studies on intestinal
active transport during semistarvation. J. Physiol. 188, 207-218.

HinpMARsH, J. T., KLy, D. & WiseMAN, G. (1966a). Effect of amino acids on intestinal
sugar transport. J. Physiol. 183, 78 P.

HixpMmarsH, J. T., Ky, D. & WisemaN, G. (1966b). Effect of amino acids on sugar
absorption. J. Physiol. 186, 166-174.

Huanag, K. C. & Rout, W. R. (1967). Intestinal transport of sugar and aromatic amino
acids in killifish, Fundulus heteroclitus. Am. J. Physiol. 212, 799-803.

Huana, K. C. & WoosLEy, R. L. (1968). Renal tubular secretion of r-glucose. Am. J.
Physiol. 214, 342-347.

HugGETT, A. ST G. & N1x0N, D. A. (1957). Use of glucose oxidase, peroxidase, and o-dianisi-
dine in determination of blood and urinary glucose. Lancet, ii, 368-370.

Kerseaw, T. G.,, Neame, K. D. & WisemaN, G. (1960). The effect of semistarvation on
absorption by the rat small intestine ¢n vitro and in vivo. J. Physiol. 152, 182-190.

Kress, H. A. & Hensererr, K. (1932). Untersuchungen iiber die Harnstoffbildung im
Tierkorper. Hoppe-Seyler’s Z. physiol. Chem. 210, 33—66.

NEALE, R. J. & WisEMAN, G. (1968a). Active intestinal absorption of L-glucose. Nature,
Lond. 218, 473-474.

NEALE, R. J. & WisEMAN, G. (1968b). Active absorption of L-glucose by the dietary-restricted
rat. J. Physiol. (In the Press.)



ACTIVE ABSORPTION OF v-GLUCOSE 611

NeaME, K. D. & WiseEMAN, G. (1959). The effect of diet on intestinal active transport.
J. Physiol. 146, 10 P.

NELsoN, N. (1944). A photometric adaptation of the Somogyi method for the determination
of glucose. J. biol. Chem. 153, 375-380.

Parsons, B.J., SmyTH, D. H. & TaYLOR, C. B. (1958). The action of phlorrhizin on the
intestinal transfer of glucose and water in vitro. J. Physiol. 144, 387-402.

Rikwuis, E. & QuasTeL, J. H. (1958). Effects of cations on sugar absorption by isolated
surviving guinea pig intestine. Can. J. Biochem. Physiol. 36, 347-362.

Supa, M. & SHIMOMURA, A. (1964). Adaptive increase of intestinal transport of L-amino
acid in rats fed on proteins of inferior quality. Osaka Univ. med. J. 16, 11-14.

WiLson, T. H. (1958). Specificity of sugar transport by the intestine of the hamster. Fedn
Proc. 17, 3317.

Wirson, T. H. (1962). Intestinal Absorption, p. 88. Philadelphia, London: Saunders.

WiLson, T. H. & Lanpauv, B. R. (1960). Specificity of sugar transport by the intestine of the
hamster. Am. J. Physiol. 198, 99-102.

WiLson, T. H. & WisEMAN, G. (1954). The use of sacs of everted small intestine for the study
of the transference of substances from the mucosal to the serosal surface. J. Physiol. 123,
116-125.

WisEmaN, G. (1961). Sac of everted intestine technic for study of intestinal absorption in
vitro. In Methods in Medical Research,ed. QUASTEL, J. H., vol. 9, pp. 287-292. Chicago:
Year Book Medical Publishers.

WisEMAN, G. (1964). Absorption from the Intestine, pp. 256-26. London, New York: Academic
Press.

Z1EMLANSKI, S., CIESLAK, D., PLiszkA, B. & SzczveieL, A. (1967). Einfluss einer protein-
freien Ernshrung auf die spétere Aminoséreresorption aus Eiweisshydrolysat im Ver-
dauungskanal der Ratten. Nahrung 11, 559-565.



