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Abstract

Background: Intestinal nutrient infusions result in variable decreases in energy intake and body weight based on nutrient

type and specific intestinal infusion site.

Objective: The objective was to test whether an intrajejunal fructose infusion (FRU) would lower energy intake and body

weight and induce similar increases in gut hormones as those found after intrajejunal glucose infusions (GLU).

Methods: Male Sprague-Dawley rats received an intrajejunal infusion of either an equal kilocalorie load of glucose or

fructose (11.4 kcal) or saline (SAL) for 5 d while intake of a standard rodent diet was continuously recorded; body weight

was measured daily. Immediately after the infusion on the final day, rats were killed and plasma was collected to measure

hormones.

Results: Daily energy intake was significantly lower in the GLU group than in the SAL group, but the FRU group did not

differ from the GLU or SAL groups when the 11.4 kcal of the infusate was included as energy intake. Lower energy intake

was due to smaller meal sizes during the infusion period in the GLU group than in the FRU and SAL groups; the FRU and

SAL groups did not differ. The percentage of change in body weight was lower in the GLU group than in the FRU and SAL

groups. Plasma glucagon-like-peptide 1 (GLP-1) concentrations were greater in the GLU group than in the SAL group; the

FRU group did not differ from the GLU or SAL groups. The plasma insulin concentration was greater in the FRU group than

in both the GLU and SAL groups.

Conclusion: These results demonstrate that glucose induces a greater decrease in energy intake and increase in GLP-1 at

distal intestinal sites than fructose in rats, which may explain differential effects of these monosaccharides between

studies when delivered orally or along the proximal to distal axis of the intestine. J Nutr 2016;146:2124–8.
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Introduction

Much of the sugar in our diet is contributed from either sucrose,
a disaccharide composed of fructose and glucose, or its com-
monly used substitute, high-fructose corn syrup, which primar-
ily consists of mixtures of free glucose and fructose monomers
(1–3). Glucose and fructose have varied physiologic and
endocrine effects after different modes of delivery (i.e., oral,
intragastric, or intraintestinal) in humans and other animals,
leading to confusion about whether one monosaccharide is more
effective at decreasing energy intake or body weight and the
underlying mechanisms driving these dissimilar actions. It is
often thought that monosaccharides are likely to be completely
absorbed before reaching the mid-small intestine, and thus the

effect of these nutrients on distal intestinal sites has been
neglected. This is despite a number of studies that showed that
oral ingestion or intragastric delivery of glucose or fructose can
stimulate distal intestinal hormones (4, 5). In addition, the
transporters for glucose and fructose, sodium-dependent glucose
transporter 1 (SLGT1)5 and glucose transporter 5 (GLUT5),
respectively, are expressed in epithelial cells of the jejunum,
ileum, and colon (6). Taken together, glucose and fructose may
be present in the lumen beyond the duodenum and upper
jejunum and could potentially directly affect these sites to alter
energy intake and metabolism. Thus, we wanted to investigate if
there is a differential action of glucose or fructose in the distal
intestine on energy intake and/or body weight and if varied
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concentrations of distal intestinal or other hormones could
account for such differences. We used adult male Sprague-
Dawley rats to compare the effects of an intrajejeunal glucose
infusion (GLU), an intrajejunal fructose infusion (FRU), or an
intrajejunal saline infusion (SAL) on 1) energy intake and meal
variables and 2) and plasma concentrations of glucagon-like
peptide 1 (GLP-1), peptide YY (PYY), amylin, and insulin.

Methods

Animals. Two separate cohorts of 16 (n = 32 total) adult male Sprague-

Dawley rats (Charles River Laboratories) were used. Rats were initially
individually housed in conventional tub cages with access to water ad

libitum and a standard, commercially available rodent diet in pellet form

(Teklad Global 18% Protein Rodent Diet 2018; 18.6% protein, 6.2% fat,

44.2% carbohydrate; Envigo), which has been previously described (7).
The composition of the diet (grams per kilogram of feed) was as follows:

crude protein, 188 g; crude oil, 60 g (total saturated, 9.6 g; total mono-

unsaturated, 12.8 g; and total polyunsaturated, 34.1 g); crude fiber, 38 g;
carbohydrates, 500 g (starch, 450 g; and sugar, 50 g); mineral mix, 32 g;

vitamin mix, 2.9 g; and energy, 13.7 kJ/g. The room was maintained on a

12-h light-dark cycle (lights off at 1000 h). The Institutional Animal Care

and Use Committee of Johns Hopkins University approved all procedures.

Jejunal cannulations. Two days before surgery, rats were switched

from the standard rodent diet to a liquid Ensure (Abbott Laboratories)

diet to minimize the presence of food in the intestine at the time of
surgery. The composition of the Ensure was 10% protein, 22% fat,

and 68% carbohydrate. Cannula implantations were performed as de-

scribed previously (8, 9). The rats were allowed to recover from surgery

in their home cage for 5–7 d. They were fed the Ensure liquid diet for
2 d to facilitate weight regain after surgery followed by a standard

rodent diet for the remaining days. Cannula placement and viability

were assessed after death by ensuring that the cannula insertion was
50 cm from the ileocecal junction (no leakage of fluid in the tubing or at

the insertion site) and traveling toward the distal part of the intestine.

Two rats were excluded from analysis on the basis of these parameters,

which resulted in the following groups sizes: FRU, n = 10; GLU, n = 9;
and SAL, n = 11.

Feeding tests. After recovery from surgery, the rats were housed

separately in 16 AccuDiet energy-intake monitoring cages (33 3 23 cm;
Accuscan Instruments). A powdered form of the standard rodent diet

(3.1 kcal/g, Teklad Global Diet 2018C; 18.6% protein, 6.2% fat, 44.2%

carbohydrate; Envigo) and water was available ad libitum through the
feeding tests unless otherwise specified. Polyurethane tubing (;0.3 m in

length, MRE –065; Braintree Scientific) was connected to syringes on a

multi-syringe pump (BS-9000; Braintree Scientific), as previously

described (8, 9). All rats received a jejunal infusion of 0.9% saline at a
rate of 0.2 mL/h for 7 h at the beginning of the daily dark period for 3 d.

The rats were allowed to move freely within the chamber during the

delivery of the infusate. Energy intake was monitored continuously by

the AccuDiet system for 22 h (2 h with no food access to collect data and
to prepare for the next infusion cycle). This 3-d period of SAL allowed

the rats to habituate to the test chamber and the infusion cycle. The rats

were then divided into 3 groups to ensure an equal average body weight
and SEM per group (GLU = 384 6 11.7 g, FRU = 394 6 12.9 g, and

SAL = 3926 9.8 g). Each group received either an equal kilocalorie load

of GLU or FRU (11.4 kcal; Sigma-Aldrich), or SAL at a rate of 0.2 mL/h

for 7 h at the beginning of the daily dark period for 5 d. An isotonic saline
solution has been used previously as a control solution in human (10, 11)

and nonhuman animal (12, 13) intestinal infusion studies. The param-

eters were chosen on the basis of previous research that showed a

reduction in energy intake over a multiday infusion of an equal caloric
load and duration of infusion of glucose and other nutrients, which

we have used previously (8) and that have been used by others (13).

Energy intake was monitored continuously as described above. With

the use of custom-designed software, energy-intake data were analyzed

to determine meal patterns. The initiation of a ‘‘meal’’ was defined as

$200 mg food consumed. The end of the meal was registered when there

was >10 min without energy intake. These criteria are based on previous
research by others (14), and we have tested them under a variety of

feeding conditions (8, 15). These criteria include those reported to be

most effective in separating the log-survivorship curve for interbout

intervals into within-meal and between-meal intervals. Castonguay et al.
(14) found that a 10-min intermeal interval was shown to be the mean

interval time between feeding episodes for rats that had >400 feeding

intervals over a 7-d period (a similar time frame was used in our present

study). In addition, we chose a 10-min intermeal interval because
Castonguay et al. (14) also found that the statistical relation between the

intermeal interval and meal size is strengthened with longer end-of-the-

meal definitions. With the use of the 10-min intermeal interval, we
previously analyzed the energy-intake data on rats fed the powered

rodent diet in our Accuscan energy-intake monitoring system (8, 9, 16).

We found that the mean intake of a feeding bout is 0.2 g and, by using

these parameters, accounts for ;95% of the feeding data in the current
study.

Plasma hormone assays. Rats were decapitated immediately after the

last 7-h monosaccharide or saline infusion. Trunk blood was collected
from each rat into an EDTA-coated tube kept on ice until centrifuged at

2000 3 g for 15 min. A multiplex rat gut hormone panel (RMHMAG-

84K; Millipore) was used to determine concentrations of plasma PYY,
insulin, and amylin according to the manufacturer�s protocol. Plasma

GLP-1 (active) was determined by using an ELISA kit (EGLP-35K;

Millipore) and processed according to the manufacturer�s instructions.

Data analysis. Data are presented as means 6 SEMs. The 24-h energy

intake and meal patterns and daily body weight measures were analyzed

by using separate 2-factor repeated-measures ANOVAs with infusate

(saline, glucose, or fructose) as the between-subjects factor and time as
the within-subject factor with the use of Statistica software (Statsoft,

2000). Plasma hormone measures were compared by using 1-factor

ANOVA with infusate as the between-subjects factor. Bonferroni post

hoc tests were used, when appropriate, and corrected for multiple
comparisons. Differences between groups were considered significant if

P # 0.05.

Results

Energy intake. There was a main effect of infusion type on
energy intake across the experimental days (Figure 1A; P #
0.05). Energy intakes were significantly lower in the GLU group
on days 4–7 and in the FRU group on days 4, 6, and 7 than in the
SAL group, but the GLU and FRU groups did not differ from one
another (Figure 1A; P # 0.05). Energy intake was reduced by
more than the 11.4 kcal energy value of the infusate in the GLU
group on days 4–6 compared with the SAL group, but the FRU
group did not differ from the GLU or SAL groups (Figure 1B;
P # 0.05).

During the 7-h infusion period, there was a main effect of
infusion type on energy intake (Figure 1C; P # 0.05). Energy
intakes were lower in the GLU group on days 4–7 than in the
SAL group, but the FRU group did not differ from either the
GLU or SAL groups (Figure 1C; P# 0.05). During the 15 h after
the infusion period, there was a significant main effect of
infusion type (P # 0.05). Energy intakes were lower in the GLU
group on day 4 and in the FRU group on days 6 and 7 than in the
SAL group, but there were no differences between the GLU and
FRU groups (Figure 1D; P # 0.05).

Meal patterns. There were no main effects of infusions on 24-h
meal size or meal number (data not shown), but there were
significant main effects of the infusions when data were analyzed
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during and after the infusion period. During the infusion period,
meal size was lower in the GLU group than in the SAL group on
days 6 and 7 and was lower than in the FRU group on days 5 and
7; the FRU group did not differ from the SAL group on any day
(Figure 2A; P # 0.05). After the infusion period, meal size was
lower in the GLU group than in the SAL group on day 4; the
FRU group did not differ from the GLU or SAL groups on any
day (Figure 2B; P# 0.05). There were no effects on meal number
during the infusion period (Figure 2C). After the infusion period,
the meal number was lower in the GLU group on day 6 and in
the FRU group on days 4 and 7 than in the SAL group, but there
were no differences between the GLU and FRU groups (Figure
2D; P # 0.05).

Body weight. There was a main effect of the percentage change
in body weight across the experimental days (data not shown;
P # 0.05). The percentage change in body weight was lower in
the GLU group on day 6 (20.05%6 0.85%) and day 7 (0.2%6
0.85%) than in both the FRU (day 6 = 1.88%6 0.39%, day 7 =
2.22%6 0.45%; P # 0.05) and SAL (day 6 = 2.53%6 0.37%,
day 7 = 3.12% 6 0.51%; P # 0.05) groups, but the FRU group
did not differ from the SAL group on any day.

Plasma hormones. There was a significant main effect of
infusion type on plasma GLP-1 concentrations (Table 1; P #

0.05). GLP-1 concentrations were greater in the GLU group than
in the SAL group, but the FRU group was not different from the
GLU or SAL groups (Table 1; P # 0.05). There was also a
significant main effect of infusion type on plasma insulin
concentrations (Table 1; P # 0.05). Plasma insulin was greater
in the FRU group than in the GLU and SAL groups, which did
not differ from one another. There were no significant differ-
ences between groups in plasma amylin and plasma PYY
concentrations (Table 1).

Discussion

The effect of GLU to decrease energy intake was greater than
that of FRU. Similar to what we showed previously (8), GLU
reduced intakes significantly beyond the calories infused.
Although FRU did decrease energy intake compared with SAL,
the magnitude of the reduction was equal to the infused calories.
The effect on intake also differed in terms of how and when
feeding was affected. GLU primarily resulted in reductions in
meal size, which were evident during the infusion period. In
contrast, the decreases in intake due to the FRU were expressed
as reductions in meal number and were evident only during the
postinfusion period. This delayed effect of FRU on energy intake
is comparable to what has been previously reported. Fructose
and glucose reduce energy intake similarly when given 30 min
before a meal (17), whereas fructose inhibits energy intake to a
greater extent than glucose when both are given 1.5 or 2 h before
a test meal (10). Thus, glucose and fructose may both have
the ability to decrease energy intake, but the magnitude and
dynamics of each differ.

The expression of SGLT1 and GLUT5 along the intestinal
axis and in select epithelial cell types may help to explain the

FIGURE 1 Energy intakes of adult male rats in FRU, GLU, or SAL

groups without the caloric value of the infusates added (A), with the

caloric value of the infusates added (B), during the 7-h infusion (C), and

after the infusion period (D). After 3 d of acclimation to a jejunal

infusion of saline, rats were divided into 3 groups and equal kilocalorie

loads (11.4 kcal) of either fructose (n = 10), glucose (n = 9), or saline

(n = 11) were infused into the jejunum for 7 h at the beginning of the

daily dark period while computerized feeding monitors recorded

intakes of a standard rodent diet during and after (17 h) the infusion

cycle. Values are means 6 SEMs. Labeled means at a time without a

common letter differ, P # 0.05. The absence of letters for a given day

indicates no differences between group means. FRU, intrajejunal

fructose infusion; GLU, intrajejunal glucose infusion; SAL, intrajejunal

saline infusion.
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distinct physiologic and behavioral phenomena between the 2
sugars. Although both SGLT1 and GLUT5 are expressed in
epithelial cells along the intestinal axis, GLUT5 is expressed to a
greater extent in more proximal instead of distal intestinal sites
when laboratory mice are maintained on a standard rodent diet
(18, 19). Because GLP-1 is a satiety hormone produced in L cells
primarily located in more distal sites of the intestine (20–22), the
lower expression of GLUT5 than of SGLT1 at more distal sites
would significantly impact the effect of the 2 monosaccharides
on GLP-1 release and energy intake. SGLT1 has been found to
play a crucial role in glucose-dependent GLP-1 secretion (23,
24). The current findings, along with data showing that oral
ingestion or intragastric loads of glucose are more effective than
fructose in stimulating GLP-1 secretion (4, 5), may indicate a
greater role of SGLT1 in distal intestinal sites. Consistent with
this differential effect of GLP-1 secretion is the effect of GLU on
meal size. We and others previously showed that GLP-1 or a
GLP-1 receptor agonist affects energy intake by reducing meal
size (22, 25, 26). Thus, the more pronounced effect of GLU on
decreasing energy intake compared with FRU may be the result
of SGLT1-stimulated GLP-1 release.

The methods used between studies testing the effect of
glucose and fructose on intake may highlight other important
aspects of the 2 monosaccharides. Rayner et al. (10) showed that
intraduodenal fructose produces greater intake suppression and
increases in blood GLP-1 concentrations than does glucose. This
is in contrast to what we found in the current study. Rayner et al.
(10), however, infused the monosaccharides before a meal,
whereas we infused the monosaccharides during an ongoing
feeding period. The use of each of these methods tests different
effects of fructose and glucose. Rayner et al. (10) investigated the
effect of the monosaccharides on later meal intake, whereas we
tested the effect of the monosaccharides on ongoing intake. In
fact, we observed that glucose suppresses intake to a greater
extent during the infusion, but fructose suppresses intake to a
greater extent after it has been infused. This is similar to the
results of Rayner et al. (10) in that they infused the monosac-
charides and measured the effect on later intake of a meal and
found fructose to be more effective at decreasing intake. The
differential GLP-1 measures between the 2 studies may also be
the result of when the blood samples were collected. Blood was
collected in our study after the infusion and ongoing intake and
does not solely reflect the effect of glucose or fructose alone as
in Rayner et al. (10) in which GLP-1 was measured after the
infusion before the buffet meal.

Differential effects of the monosaccharides along the prox-
imal to distal axis of the intestine have been highlighted across
studies. Intraduodenal fructose, but not glucose, infusions in
humans resulted in decreases in energy intake compared with
saline infusions (10, 11). Intraileal glucose infusions have been
found to suppress energy intake to a greater extent than
intraduodenal infusions in rats (12). We found that intrajejunal
infusions of glucose are more effective at decreasing energy
intake and body weight than fructose. Thus, the effect of
monosaccharides to suppress energy intake may be dependent
on the morphology and physiology of the proximal to distal
intestine that results in segmental differences in absorption,
nutrient sensing, and hormonal release.

FIGURE 2 Daily meal patterns of adult male rats in FRU, GLU, or

SAL groups. Mean meal size during the 7-h infusion (A) and after the

infusion period (B) and mean meal number during the 7-h infusion (C)

and after the infusion period (D). After 3 d of acclimation to a jejunal

infusion of saline, rats were divided into 3 groups and equal kilocalorie

loads (11.4 kcal) of either fructose (n = 10), glucose (n = 9), or saline

(n = 11) were infused into the jejunum for 7 h at the beginning of the

daily dark period while computerized feeding monitors recorded

intakes of a standard rodent diet continuously. Values are means 6
SEMs. Labeled means at a time without a common letter differ,

P # 0.05. The absence of letters for a given day indicates no

differences between group means. FRU, intrajejunal fructose infusion;

GLU, intrajejunal glucose infusion; SAL, intrajejunal saline infusion.
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TABLE 1 Plasma concentrations of gut hormones in adult male
rats after GLU, FRU, or SAL1

FRU (n = 10) GLU (n = 9) SAL (n = 11)

GLP-1, pM 5.99 6 0.58a,b 8.97 6 1.36a 5.66 6 0.55b

PYY, pg/mL 130 6 19.5 95.2 6 14.1 109 6 9.2

Amylin, pg/mL 77.6 6 8.8 67.7 6 18.5 81.3 6 11.2

Insulin, ng/mL 4.44 6 0.43a 2.91 6 0.48b 3.05 6 0.41b

1 Values are means 6 SEMs. Labeled means in a row without a common superscript

letter differ, P # 0.05. The absence of letters for a given gut hormone indicates no

differences between group means. FRU, intrajejunal fructose infusion; GLP-1,

glucagon-like peptide 1; GLU, intrajejunal glucose infusion; PYY, peptide YY; SAL,

intrajejunal saline infusion.
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