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Active Transport of 3-0-Methyl-Glucose by the Small Intestine in Chronically
Catheterized Rats
Michael R. Uhing and Robert E. Kimura
Division of Neonatology, Department of Pediatrics, Rush Medical College, Rush-Presbyterian-St. Luke's Medical Center,
Chicago, Illinois 60612

Abstract

A method is described for determining the fraction of intesti-
nal 3-0-methyl-glucose (30MG) absorption that occurs by
active transport in chronically catheterized rats without the
influence of anesthesia or surgical bowel manipulation. That
fraction was determined by simultaneously measuring por-
tal venous-aortic blood concentration gradients (AC) of 3-
0-methyl-glucose (30MG) and L-glucose, metabolically in-
ert analogues of D-glucose. 30MGis actively and passively
absorbed by the same mechanisms as D-glucose. L-glucose
is only passively absorbed. The fraction of 30MGthat is
actively transported was calculated from the difference be-
tween 30MGand L-glucose absorption, divided by total
30MGabsorption. Wefound that more than 94% of 3-0-
methyl-glucose is absorbed by active transport when lumi-
nal concentrations range from 50 to 400 mM. Weconclude
that in unrestrained, unanesthetized chronically catheter-
ized rats, most 30MGis actively absorbed by the intestine
even at high luminal concentrations. (J. Clin. Invest 1995.
95:2799-2805.) Key words: intestinal absorption * biological
transport * methylglucosides * glucose - permeability

Introduction

Previous studies of intestinal glucose absorption used models
in which the intestine is acutely manipulated surgically either
in vivo or during excision for in vitro experiments. Some of
these studies claim that passive absorption of glucose by the
intestine begins to exceed active transport at luminal glucose
concentrations as low as 35-60 mM(1-4). The primary in
vivo method for studying intestinal glucose transport has been
the measurement of the rate of disappearance of glucose from
the perfusate of a luminally perfused isolated loop of intestine
in an anesthetized, acutely laparotomized animal (2, 5-8). In
some studies, the intestinal vasculature is also perfused (9-
11 ). In vitro methods for studying intestinal glucose transport

include everted sleeves of intestinal tissue (4, 12-14), isolation
of membrane vesicles (15-18), and cell cultures (19).
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Surgical bowel manipulation and anesthesia have many po-
tential effects on the intestine including alterations of the un-
stirred water layer (20), intestinal motility (21), intestinal
blood flow (22), tissue hydrostatic pressure (23-25), mucosal
integrity, and cellular energy levels (26). Therefore, it may not
be appropriate to extrapolate the results obtained under these
conditions to unanesthetized, nonlaparotomized animals (27).
Using a chronically catheterized rat model, we showed that
portal venous and aortic blood concentrations of glucose after
a gastric bolus increased at a slower rate immediately postopera-
tively compared to subsequent measurements (28).

Wedeveloped a method to determine the fraction of intesti-
nal 3-0-methyl-glucose (30MG)1 absorption that occurs by
active transport under physiologic conditions in chronically
catheterized rats. Using our model, we are able to measure the
portal venous and aortic blood concentrations of L-glucose and
30MGafter their infusion into the duodenal lumen. Because
L-glucose and 30MGare not metabolized in the intestine, the
rate of their appearance into the portal vein is equal to their
rate of absorption from the intestinal lumen (9, 29, 30). 30MG
is actively transported by the same sodium-dependent cotrans-
porter as D-glucose with a similar Vm. and Km( 15, 31 ). In this
paper, we show that L-glucose absorption is similar to passive
30MGabsorption. By comparing the relative net rate of appear-
ance of 30MGand L-glucose into the portal vein, we calculated
the fraction of intestinal 30MGabsorption that is active.

This method offers many advantages over previous meth-
ods. Intestinal function can be studied in unanesthetized, unre-
strained animals in a nonfasting state without the influence of
surgical bowel manipulation. Because we measure the portal
venous-aortic concentration gradients of total glucose absorp-
tion and its passive component simultaneously, various factors
that affect the absorption of both components equally (such as
the length of intestine exposed) do not change the relative frac-
tion of total glucose absorption that is active. Each measurement
of the relative contribution of passive and active transport can
be performed in the same animal at the same time, thereby
eliminating inter-animal and inter-experiment variability.

Using our chronically catheterized rat model without the
influence of surgical bowel manipulation and anesthesia, we
found that > 94% of intestinal 30MGabsorption occurs by
active transport at luminal 30MGconcentrations ranging from
50 to 400 mM.

In the accompanying paper, we confirm the findings of this
paper using a different method to measure intestinal glucose

1. Abbreviations used in this paper: 30MG, 3-0-methyl-glucose; C,
blood concentration; F.,,i,, fraction of total absorption that is active;
J, absorption rate; Km. Michaelis-Menten constant; PEG, polyethelene
glycol; V., maximum transport velocity; AC, portal venous-aortic
blood concentration gradient.
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absorption in chronically catheterized rats and show that surgi-
cal bowel manipulation causes a 90%decrease in active glucose
transport by the intestine (32). Thus, the higher fraction of
glucose absorption occurring by active transport found in this
study is because our experiments are performed under condi-
tions that are not influenced by surgical bowel manipulation.

Methods

Animals. Male Sprague-Dawley rats weighing 250-400 grams were
obtained from Charles River Breeding Laboratories (Wilmington, MA).
The rats were maintained under a 10:14 h light:dark cycle. Water
and chow (Agway Rat Mouse Hamster Chow 3000) were available ad
libitum except for the 4 h before an experiment when the animals
were NPO.

Chemicals. All nonradioactive chemicals and reagents were obtained
from Sigma Chemical Co (St. Louis, MO). All radioactive isotopes
were obtained from DuPont-New England Nuclear Research Products
(Boston, MA).

Operative procedures. The aortic and duodenal catheters were made
by inserting a 0.5-cm tip of a 22-gauge Insyte catheter (Becton Dickin-
son Vascular Access, Sandy, UT) into a 3-cm segment of silastic tubing
(ID = 0.03"; Baxter, McGawPark, IL). A 0.5-cm segment of PE60
tubing (Clay Adams, Parsippany, NJ) was inserted into the other end
of the silastic tubing. The catheters were then placed over 22-gauge
Insyte needles. The portal venous catheter was made by inserting a 0.5-
cm segment of PE60 tubing over both ends of a 6-cm segment of silastic
tubing. This catheter was placed over a 22-gauge spinal needle.

The surgical procedure was performed under sterile conditions as
previously described (28). Briefly, male Sprague-Dawley rats were an-
esthetized with ketamine 60 mg/kg and xylazine 1.0 mg/kg IM. The
abdomen and back were shaved and washed with ethanol and Betadine.
A midline vertical incision was made from the xyphoid process to the
suprapubic region, and a 1-cm skin incision was made over the cervical
vertebrae. The tubing from three 3.5" intermittent infusion sets (Abbott
Laboratories, North Chicago, IL) from which the butterfly needles had
been previously removed were pulled through the cervical incision to
the abdominal incision, and flushed with 0.9% saline containing 10 U
heparin/ml. A vertical incision was then made in the abdominal wall,
and the tubing introduced into the peritoneal cavity by making small
punctures on the right side of the abdominal wall.

After retracting the intestines to the left onto sterile saline soaked
gauze, the aortic catheter was introduced over the 22 gauge Insyte needle
- 0.5 cm into the aorta just distal to the renal arteries. The distal end
of the catheter was inserted into one of the 3.5" infusion set tubings on
the right side of the peritoneal cavity. The same procedure was used to
introduce a catheter into the portal vein just proximal to the liver. Both
catheters were secured with one drop of cyanoacrylate glue (Wonder
Bond Plus, Borden Inc., Columbus, OH).

After placement of the vascular catheters, the duodenal catheter was
introduced over the 22-gauge Insyte needle 2-cm proximal to the liga-
ment of Trietz with the tip pointing distally and secured with a 5-0 silk
suture through the serosal layer of the intestine 0.25 cm proximal to the
insertion site. An intermittent infusion set tubing was connected to the
distal end of the catheter in the same manner as for the vascular catheters.
The intestines were returned to the peritoneal cavity. The abdominal
musculature and skin were closed in two layers with an interlocking
stitch using 4-0 silk suture. To maintain catheter patency, the catheters
were flushed daily with 0.35 ml of 0.9% NaCl containing 500 U/mnl of
heparin and 2.5 mg/ml of ampicillin.

Average weights of the rats preoperatively and on the fourth postop-
erative day were 284±32 gms and 280±30 gms, respectively
(mean±SD). By the fourth postoperative day, all rats achieved at least
95% of their preoperative weight.

Measurement of portal venous and aortic blood concentrations of
[3H] and [14C] after infusion of radiolabeled L-glucose and 30MG

into the duodenum. Experiments were performed at least 4 d postopera-
tively. This time frame was chosen because the rats were gaining weight
and had reached at least 95% of their preoperative weight, and because
studies described in the accompanying paper showed that the effects of
surgical bowel manipulation were no longer present at this time (32).
The rats were NPOfor 4 h before performing the studies.

In some rats, multiple experiments were performed. Since each ex-
periment was performed at least 24 h apart and 30MGand L-glucose
are not metabolized, there was minimal accumulation of isotope in the
rat. In addition, we calculated the fraction of active transport from the
change in the blood concentrations of 30MGand L-glucose as blood
flows from the aorta into the portal vein and aorta and not on the
absolute concentrations of L-glucose and 30MG.

A 1.0 ml bolus of 30MG(either 50, 100, 200, or 400 mM) con-
taining tracer amounts of ['4C] 30MG(0.5-5.0 pCi/ml) and [3H] L-
glucose (10 liCi/ml) was infused into the duodenum over 0.6 min. After

30 s, three simultaneous serial blood samples (0.25 ml) were drawn
from the aortic and portal venous catheters. Each sample was drawn
over 5 s, with all samples obtained over a 1-min period. The catheters
were not flushed between samples.

Analytical methods. Blood samples were added to 0.3 ml of 1.0 M
HC104, and centrifuged for 5 min at 17,000 rpm (Microfuge E.;
Beckman Instruments, Palo Alto, CA). Duplicate 0.1-ml aliquots of the
supernatant were then counted in 5 ml of scintillation fluid (EcoLume l,
ICN, Costa Mesa, CA). The radioactivity was measured in a Mark V
scintillation counter (model 5303). The windows in the scintillation
counter were adjusted so that all of the [3H] was in one channel only.
The amount of cross over of [14C] into this channel was then calculated
using standards. Using this method, we were able to recover 100% of
total cpm of [14C] 30MGand [3H] 30MGmixed with rat blood.

Statistical analysis. All values are expressed as mean±standard de-
viation. Comparisons of portal venous and aortic 30MGconcentrations
with different radiolabeling and with phloridzin were analyzed by one-
way ANOVA. Comparisons of AC30MGwith ACL_,0.,,, and ACL-gluCOS
with ACL8glwo* were performed by two-tailed t tests.

Results

Validation studies.
Validation of the use portal venous-aortic concentration gradi-
ents of 30MGand L-glucose to estimate the fraction of 30MG
that is actively absorbed. In the following verification studies
and derivations, we shall show that the fraction of total 30MG
absorption that occurs by active transport can be determined by
measuring the portal venous-aortic blood concentration gradi-
ents (AC) of 30MGand L-glucose without measuring portal
venous blood flow.

The absorption rate (J) of any substance across the intestine
is equal to the concentration difference of the substance in the
blood entering and exiting the intestine (AC) multiplied by the
rate of blood flow through the intestine:

J= AC x flow (1)
If ACt,, and Mpaive are the portal venous-aortic blood concen-

trations of substances that reflect total 30MG transport and
passive 30MGtransport, respectively, then

JtoW = AC,.,., X flow

Jpassive = ACpive X flow

(2)

(3)

Since total 30MGabsorption (Jtotaw) is the sum of active trans-

port (Jactive) and passive absorption (Jpaive), then

Jactive = Jtotal Jpassive
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Therefore, the fraction of total 30MGabsorption that occurs
by active transport (Factjve) is calculated as follows

Factive = Jactive/Jtotaw = (Jtota - Jpassive)/Jtotaw (4)
Substituting Eqs. 2 and 3 into Eq. 4,

Factive = (ACtow X flow - ACP,(, x flow)

+ (ACtoa X flow) . (5)

If flow is the same for both measurements of AC,.w and ACp..i,
as is automatically true by our method, where both are measured
simultaneously, then equation 5 simplifies to

Fative = (ACt - ACp..We)/ACtota (6)

In this study, we are measuring the fraction of 30MGthat
is active. Therefore, the portal venous-aortic concentration gra-
dient of 30MG(AC30MG) is substituted for ACtow (15, 30).

L-glucose is absorbed only passively and has the same per-
meability coefficient as D-glucose (6, 29, 31, 33). To use L-
glucose to estimate the passive component of 30MGabsorption,
L-glucose must also have the same permeability as 30MG. To
test this assumption, we measured portal venous-aortic concen-
tration gradients of L-glucose (ACL ) after a 1-ml duodenal
infusion of 100 mML-glucose with tracer amounts of [3H] L-
glucose, and we also measured portal venous-aortic concentra-
tion gradients of 30MG(AC30MG) after a l-ml duodenal infu-
sion of 100 mM30MGwith 0.5 mMphloridzin and tracer
amounts of [ 14C] 30MG. Phloridzin at this concentration com-
pletely inhibits active transport of 30MGand therefore allows
one to measure the component of 30MGabsorption that occurs
by diffusion (1, 34). Simultaneous aortic and portal venous
blood samples were obtained 1 to 2 min after each of the above
duodenal infusions and analyzed for [3H ] or [ 14C I. The concen-
trations of 30MG(C(30MG) and L-glucose (CL gUC) in the aortic
and portal venous blood were determined from the concentra-
tion of their radiolabeled tracer divided by the specific activity
of the tracer in the infusate. Thus, the blood concentrations of
30MGand L-glucose in nmoles/gm of blood were calculated
as follows:

C30MG= (C[ 14C30MG)/(CPm of [C14C] per ml of infusate

. nmole of 30MGper ml of infusate)

CLglUCOSe = (C[3H]Lglucose)/(cpm of [3H] per ml of infusate

. nmole of L-glucose per ml of infusate)

Wefound that the ACLglUCOSe was 20±20 nmoles/gm blood (n
= 6) and that the AC30MGin the presence of phloridzin was
30±60 nmoles/gm blood (n = 6). Because there was not a
significant difference (P = 0.72), our assumption appears to
be valid and the passive permeabilities of 30MGand L-glucose
are similar, and the portal venous-aortic concentration gradient
of L-glucose (ACLgluc,,) is equal to AC~uie

To measure total and passive transport simultaneously, phlo-
ridzin could not be used because it would block active transport.
In addition, some investigators claim that since phloridzin inhib-
its the increase in tight junction permeability caused by activa-
tion of sodium coupled transport, it would also block the compo-
nent of passive transport due to solvent drag (12, 35). Thus,
we shall show that tracer amounts of [3H] L-glucose with cold
30MGin the duodenal infusate can be used to accurately deter-

mine passive 30MGabsorption. Wemeasured portal venous-
aortic concentration gradients of [3H]L-glucose in the presence
of 30MGafter a 1-ml duodenal infusion of 100 mM30MG
with tracer quantities of [3H] L-glucose. We determined the
passive component of 30MGabsorption by dividing the con-
centration of [3H] L-glucose by the specific activity of [3H] per
nmole of 30MG. Wedefined this portal venous-aortic gradient
as ACLgIucOse * with CL81,uc,* defined as

CLIUCOS* = (C.3H],se)/(cpm of [3H] per ml of infusate

. nmole of 30MGper ml of infusate).

We found that ACLgu,* was 20±10 nmoles/gm blood (n
= 10), which is the same as ACLglu, Debnam et al. used a
similar technique in vitro to determine the passive absorption
of D-glucose by using tracer concentrations of [14(C] L-glucose
in the presence of D-glucose (36).

In the above studies we have shown that in chronically
catheterized rats,

AC30MGwith phloridzin = ACLglks = ACL-gIucose
Thus, we conclude the following:

(a) Since ACLgucw = AC30MGwith phloridzin, the perme-
ability of L-glucose and 30MGare the same.

(b) Since ACLg .. = ACL oglu ,* measurements of the
passive component of glucose absorption can be determined
using tracer amounts of [3H] L-glucose with cold 30MG.

(c) Since ACL-glucose* = ACL-gluoose and AC30MGwith phlo-
ridzin, an increase in tight junction permeability as a result of
activation of sodium cotransport by 30MGis not significant.
If increases in tight junction permeability as a result of acti-
vation of sodium cotransport contribute significantly to intesti-
nal glucose absorption as proposed by some authors, then
ACL_,0,csw* (measured in the presence of 30MG) should have
been higher than ACL-UOe (performed in the absence of an
activator of sodium cotransport), and higher than AC30MGwith
phloridzin (performed in the presence of an inhibitor of sodium
cotransport) (12, 37).

Because AC30MGand ACL gIUCO.* are measured simultane-
ously, the portal venous blood flow for each measurement is
identical. Therefore, AC3oMGand ACLglUCOS * can be substituted
for AC,.w and ACpessive in Eq. 6 and

FaCtjVe = (AC30MG - ACLgUCOSe* /)/AC30MG (7)

The effect of dilution of duodenal infusions by luminal con-
tents. An advantage of studying intestinal absorption using acute
methods is that the luminal concentration of substrates can be
measured or controlled. In chronically catheterized rats, infu-
sions of substrates into the intestine may be diluted by luminal
contents already present and, therefore, we cannot determine
the exact luminal concentration of a substrate after it is infused
into the intestine. To determine the extent that a duodenal infu-
sion is diluted by luminal contents, we used seven rats to mea-
sure the factor by which a 1 ml bolus of 0.9% NaCl containing
tracer quantities of [14C] polyethylene glycol (4 kD, 0.1 ,ICi/
ml) was diluted. These rats (preoperative weight 305.7±25.2)
had two duodenal catheters placed. The surgical procedure was
the same as above, but catheters were not placed in the aorta
or the portal vein. The first duodenal catheter was introduced
as described above. A second catheter, consisting of a 12" inter-
mittent infusion set (Abbott Laboratories, North Chicago, IL)
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Table I. Facujve at Different Luminal Concentrations of 30MG

C30MG(nmoleslgm blood) CLI,,,-* (nnoles/gm blood)

30MGinfusion Portal vein Aorta AC30MG Portal vein Aorta ACL-glucose* Fi,,. (%)

50 mM(n = 5) 610±280 90±70 520±270 40±20 10±10 30±10 94±2
100 mM(n = 10) 590±250 170±110 420±180 70±50 40±40 20±10 95±1
200 mM(n = 9) 950±750 200±90 760±690 150±60 120±60 30±30 96±1
400 mM(n = 7) 1170±640 240±70 930±610 120±40 60±10 50±30 94±2

Simultaneous portal venous and aortic blood samples were drawn after a 1 ml duodenal infusion of 50, 100, 200, or 400 mM30MGcontaining
tracer quantities of [3H]L-glucose and [14C] 30MG. C30MGis the blood concentration of 30MG. CLglucose* is the blood concentration of L-glucose
in the presence of 30MG. AC3OMGand ACLglucse* are the portal venous-aortic blood concentration gradients of 30MGand L-glucose. Factive (%)
is the fraction of glucose absorption that occurs by active transport and is equal to (AC30MG- ACL-gUCOSse*)/AC30MG X 100%. Results are mean±SD.

from which the needle had been removed was inserted 1 cm
distal to the initial duodenal catheter through a hole made in
the intestine using an 18-gauge needle. This catheter was held
in place with a purse string suture through the serosa using 5-
O silk suture.

Polyethylene glycol 4000 (PEG) was used in these experi-
ments because most studies have found it not to be significantly
absorbed by the rat small intestine (e.g., 38, 39, 40). Therefore,
any decrease in the concentration of [ '4C] PEGis secondary to
dilution from duodenal contents. One study claims that PEG
may be absorbed by the intestine, but the absorption rate in that
study was very slow, and was determined over a period of hours
(7). In contrast, our experiment was carried out over a period
of - 1 min. If any PEGwas actually absorbed, then the amount
of dilution that we calculated may be slightly overestimated.

At least 4 d postoperative, 1.0 ml of 0.9% NaCl containing
tracer amounts of [14C ]PEG was infused into the proximal
duodenal catheter. After the infusion was complete, luminal
fluid was aspirated from the distal catheter. 0.05 ml aliquots of
the aspirated fluid were mixed with 5 ml of scintillation fluid.
The samples were then analyzed for ['4C] concentrations and
compared to standards from the infusate. We calculated the
decrease in the concentration of PEGof the fluid aspirated from
the duodenum as a percentage of the concentration of PEGthat
was infused. Dilution of a 1.0 ml duodenal infusion proved to
be 15.7±12.4% (mean±SD).

The fraction of 30MGabsorption that occurs by active
transport
The portal venous and aortic blood concentrations of the total
and passive components of 30MGwere measured after a duode-
nal infusion of cold 30MGranging in concentration from 50
to 400 mMand containing tracer quantities of [ '4C ] 30MGand
[3H] L-glucOse. These concentrations were selected because
previous studies using acute methods suggested that in this
concentration range a significant fraction of luminal glucose
would be passively absorbed (1-4). The fraction of 30MG
absorption that resulted from active transport proved to be 94%
or more at all four luminal concentrations tested (50, 100, 200,
and 400 mM: Table I).

To test whether the relatively high fraction of active trans-
port determined by our method was secondary to differences in
the absorption rates of the different radiolabeled analogues of
glucose, we also reversed the radiolabeling so that the fraction
of active transport was measured after a duodenal infusion of

100 mMcold 30MGwith tracer amounts of [3H] 30MGand
['4C] L-glucose. The fraction of 30MGabsorption determined
to be active after this infusion was not different when compared
to the duodenal infusion containing 100 mMcold 30MGwith
tracer quantities of [ 14C] 30MGand [3H] L-glucose (Table II).
Therefore, a possible difference in the absorption rates of [3H]
and [14C] radiolabeled isotopes did not account for this high
rate of active transport.

An inhibitor of active glucose transport, phloridzin, was
added to the duodenal infusate as another method of determining
the fraction of active transport. When 0.5 mMphloridzin was
added to the duodenal infusion containing 100 mM30MG
with radiolabeled 30MGand L-glucose, the portal venous-aortic
concentration gradient of 30MGwas significantly decreased,
and active transport decreased to 6±13% of total 30MGtrans-
port (Table II).

Discussion

The relative amounts of active and passive 30MGabsorption
were measured in unrestrained, unanesthetized rats that were
feeding and gaining weight at least 4 d postoperative. The frac-
tion of luminal 30MGthat is absorbed by active transport was
determined by simultaneously measuring the portal venous-aor-
tic blood concentration gradients of 30MGand L-glucose after
a duodenal infusion of 30MGcontaining isotopes of 30MG
and L-glucose in tracer quantities. Using this method, we
showed that - 94% of luminal 30MGis actively absorbed by
the intestine even at concentrations as high as 400 M. As ex-
pected, the addition of phloridzin, an inhibitor of active glucose
transport, blocked virtually all active transport and thus sup-
ported our conclusions. Thus, passive transport contributes little
to total glucose absorption under physiological conditions.

Our method offers many advantages over previous methods.
Each measurement of the relative contributions of passive and
active transport was performed in the same rat at the same time
after the same duodenal infusion, thereby eliminating inter-rat
and inter-experiment variability. Intestinal function can be stud-
ied in unanesthetized, unrestrained animals in a nonfasting state.
By measuring the ratios of AC30MGand LXCL5glucOse* simultane-
ously, the resistance of the unstirred water layer, intestinal blood
flow, dilution of intestinal contents, and length of intestine ex-

posed is automatically the same for both.
C30MG and CL glucOse * in portal venous and aortic blood
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Table II. The Effects of Phloridzin and Reversing the Radiolabeling on F,,,,,c

C30MG(moles/gm) CLg,8i* (nmoles/gm)

Duodenal infusion Portal vein Aorta AC30MG Portal vein Aorta ACL-glucose* F, (%)

[3H]L-glucose
[14C] 30MG(n = 10) 590±250 170±110 420±190 70±50 40±40 20±10 95±1
[14C]L-glucose
[3H]30MG (n = 7) 720±260 160±70 560±260 40±30 20±20 20±20 96±3
[3H]L-glucose
['4C]30MG (n = 6) 90±140* 70±90 30±50t 130±220 90±160 30±60 6±13t
0.5 mMphloridzin

Simultaneous portal venous and aortic blood samples were drawn after a 1-ml duodenal infusion of 100 mM30MGwith and without 0.5 mM
phloridzin and containing tracer quantities of [3H]L-glucose and ['4C]30MG, or after a 1-ml duodenal infusion of 100 mM30MGwith the isotopes
reversed. C30MGis the blood concentration of 30MG. Cg,,,ose* is the blood concentration of L-glucose in the presence of 30MG. AC30MOand
ACLguuOs,* are the portal venous-aortic blood concentration gradients of 30MGand L-glucose. FCve (%) is the fraction of glucose absorption that
occurs by active transport and is equal to (AC30MG- ACL-gluce*)/AC30MG x 100%. Results are mean±SD. t P < 0.001 vs other groups by one-
way ANOVA.

showed relatively wide variability among the animals. This may
be due to differences in portal venous blood flow or incomplete
mixing of blood from different regions of the intestine within
the portal vein. Because measurements of CLglUCOSw * and C30MG
were performed simultaneously, however, all of these factors
would affect both analogues equally. Therefore, the calculations
of the fraction of active glucose transport had very little varia-
bility.

Wewere able to verify the few assumptions that our model
requires. First, we showed that the measurement of passive
absorption using tracer quantities of [3H] L-glucose in cold
30MGis the same as using tracer quantities of [3H] L-glucose
in cold L-glucose. Therefore, calculating CLg.UCOS * from portal
venous and aortic concentrations of [3H] L-glucose in the pres-
ence of 30MGis valid. Second, we showed that the fraction
of active transport was not affected by the [3H] and [54C]
radiolabeling of the glucose analogues. Finally, a 1.0 ml duode-
nal infusion was diluted by only 15%. Therefore, the high frac-
tion of active transport of glucose was not due to low luminal
concentrations of 30MGdue to significant dilution of glucose
in the duodenal infusion.

In this study, we determined the fraction of 30MGthat is
absorbed by active transport in the intestine by measuring the
rate of its appearance in the portal vein. In contrast, most previ-
ous studies of intestinal glucose absorption using techniques
such as perfusion of an isolate intestinal loop or everted sleeves
measured the rate of disappearance of glucose from the lumen
or mucosal surface (2, 4-8, 12-14). Because 30MG is not
metabolized or accumulated by the intestine, the rate of appear-
ance of 30MGinto the portal vein is equal to the rate of disap-
pearance from the intestinal lumen (9). Since D-glucose is me-
tabolized by the intestine, the rate of appearance of D-glucose
into the portal vein is less than is actually absorbed by the
intestine (30, 41).

The results of this study imply that the most D-glucose
absorption also occurs by active transport. 30MGis actively
transported at the brush border membrane by the major sodium-
dependent transporter that transports D-glucose. Fedorak et al.
showed that the Km for D-glucose and 30MGare similar but
that the Vm,, was - 30% less (15). Thomson et al. showed that

the rate of 30MGuptake in rats was 40% less than for D-
glucose (33). In addition, L-glucose accurately estimates the
passive absorption of D-glucose (6, 29, 31, 33). Thus, the frac-
tion of D-glucose absorption that occurs by active transport is
probably comparable to 30MG.

The results of this study are in conflict with those studies
of intestinal glucose absorption that claimed that passive absorp-
tion begins to exceed active transport at luminal concentration
of glucose as low as 35-60 mM(1-4). These studies used
methods in which the intestine had been acutely manipulated
surgically either in vivo or in vitro. Our study is consistent with
a study in humans in vivo by Fine et al., who showed that 951%
of glucose was actively absorbed at luminal glucose concentra-
tions of 120 mMunder conditions which avoid the effects of
anesthesia and acute surgical bowel manipulation (42). We
speculate that the explanation for the lower fraction of active
transport in those studies that conflict with our results is the
adverse effects of surgical bowel manipulation and anesthesia
on intestinal transport. In previous studies in rats by Kimura et
al., there was a faster rate of increase in portal venous and
aortic blood concentrations of glucose after a gastric infusion
of glucose under chronic conditions in comparison with mea-
surements immediately postoperative (28). In the accompa-
nying paper, we show that active transport of glucose by the
intestine is decreased 90% immediately after laparotomy while
passive absorption remains unaffected (32). The possible mech-
anisms for this decrease in active transport of glucose are dis-
cussed in the accompanying paper.

Pappenheimer, Madara, and colleagues believe that the phe-
nomenon of solvent drag, by which luminal solutes are passively
absorbed by convection along with water, is the mechanism
that enables the intestine to absorb large amounts of glucose
despite low rates of active transport (5, 7, 12, 35, 43). These
investigators claim that paracellular transport secondary to sol-
vent drag is enhanced by activation of sodium-coupled transport
which causes dilation of paracellular channels (5, 7, 12, 35).
Since our studies were performed in the presence of 30MG, an
activator of the sodium-coupled transport, paracellular channels
should have been dilated and passive transport maximized ( 12,
37). Despite activation of sodium-coupled transport, however,
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all passive mechanisms combined (including diffusion and sol-
vent drag) were responsible for only 6%of 30MGabsorption
at a luminal concentration of 400 mM. In addition, the portal
venous-aortic concentration gradient of L-glucose (ACL-g15cse * )
was not significantly different in the presence or absence of
phloridzin (20±10 nmoles/gm without phloridzin vs 30±60
nmoles/gm with phloridzin, Table II). Since phloridzin inhibits
the increase in tight junction permeability caused by 30MG, if
there is a significant increase in tight junction permeability
caused by 30MG then ACLglucose * measured with phloridzin
should have been less than when phloridzin was not present
( 12). This lack of effect of phloridzin on permeability suggests
that, under physiologic conditions, alteration of tight junction
permeability does not contribute significantly to intestinal glu-
cose absorption.

In addition, the fact that the portal venous-concentration
gradients of 30MGwith phloridzin, L-glucose in the presence
of L-glucose alone, and L-glucose in the presence of 30MG
(LAC30MG with phloridzin, ACLglucose, and ACL-glucose *, respec-
tively as described in the results section) were not significantly
different indicates that solvent drag may not contribute sig-
nificantly to glucose absorption under physiologic conditions.
ACL1glucose* measured passive absorption of [3HI L-glucose in
the presence of 30MG. Under this condition the absorption of
the [3H] L-glucose tracer should have been maximized (7, 12).
Since ACLglucose* was not different from ACLglucose in which
measurements of passive absorption were performed with L-
glucose only, 30MGdid not significantly increase the perme-
ability of the intestine to L-glucose. Furthermore, phloridzin, an
inhibitor the sodium-coupled glucose transporter and its effect
on tight junction permeability, did not change passive perme-
ability as shown by the fact that ACLgUCOSe* was not different
from AC30MGwith phloridzin. This is in agreement with the
study in humans by Fine et al. showing that intestinal permeabil-
ity to mannitol and L-xylose was not increased in the presence
of D-glucose (42).

In our chronically catheterized rat model, dilution of our
duodenal infusion by intestinal contents may decrease the lumi-
nal concentrations of 30MGand L-glucose. However, we found
that infusions into the duodenum were only diluted 15% (see
Results). This dilution factor does not significantly change our
results.

Using our method, we cannot accurately determine the
length of intestine exposed to the infused substrate. Since we
measured the portal venous-aortic concentration gradients of L-
glucose and 30MGsimultaneously after a single duodenal bo-
lus, the same length of intestine was exposed to both L-glucose
and 30MG. Regardless of how much intestine was exposed
to the infusion, the relative proportion of active and passive
absorption for intestinal glucose absorption would not change.

Weconclude that most luminal 30MGis actively absorbed
by the intestine under physiologic conditions. Since active trans-
port greatly exceeds passive transport including both diffusion
and solvent drag, it is apparent that solvent drag contributes
minimally to glucose absorption in vivo under conditions which
avoid the effects of acute surgical bowel manipulation and anes-
thesia. These results are similar to results in humans performed
without the effects of laparotomy and anesthesia (42).
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