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Abstract

Objective: Sugar consumption has increased dramatically over the last decades in Western societies. Especially the intake of
sugar-sweetened beverages seems to be a major risk for the development of obesity. Thus, we compared liquid versus solid
high-sugar diets with regard to dietary intake, intestinal uptake and metabolic parameters in mice and partly in humans.

Methods: Five iso-caloric diets, enriched with liquid (in water 30% vol/vol) or solid (in diet 65% g/g) fructose or sucrose or a
control diet were fed for eight weeks to C57bl/6 mice. Sugar, liquid and caloric intake, small intestinal sugar transporters
(GLUT2/5) and weight regulating hormone mRNA expression, as well as hepatic fat accumulation were measured. In obese
versus lean humans that underwent either bariatric surgery or small bowel resection, we analyzed small intestinal GLUT2,
GLUTS5, and cholecystokinin expression.

Results: In mice, the liquid high-sucrose diet caused an enhancement of total caloric intake compared to the solid high-
sucrose diet and the control diet. In addition, the liquid high-sucrose diet increased expression of GLUT2, GLUT5, and
cholecystokinin expression in the ileum (P<<0.001). Enhanced liver triglyceride accumulation was observed in mice being fed
the liquid high-sucrose or -fructose, and the solid high-sucrose diet compared to controls. In obese, GLUT2 and GLUT5
mMRNA expression was enhanced in comparison to lean individuals.

Conclusions: We show that the form of sugar intake (liquid versus solid) is presumably more important than the type of
sugar, with regard to feeding behavior, intestinal sugar uptake and liver fat accumulation in mice. Interestingly, in obese
individuals, an intestinal sugar transporter modulation also occurred when compared to lean individuals.
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Introduction gastrointestinal hormone expression [10-13]. Short-term studies in
mouse and man revealed that monosaccharide transport across

Sugar consumption has increased dramatically over the last  epithelial membranes in the intestine is mediated by the family of

decades in Western societies and is regarded as a major risk for the
development of obesity [1]. Particularly, changes in dietary and
eating behavior such as preferring sugar-sweetened beverages and
sugar-rich processed food, in addition to a sedentary life style, are
associated with the sharp rise in obesity [2-4]. Among the dietetic
factors, sucrose- and fructose-rich soft drinks typically consumed in
addition to meals are leading to enhanced energy uptake and
emerge as the most consistent factor causing obesity [5-8].
Furthermore, a probable link exists between dietary fructose
intake and obesity-associated diseases such as non-alcoholic fatty
liver disease (NAFLD) and insulin resistance in humans [6-9].
The hypothesis to be tested is, if alterations of intestinal sugar-
uptake and -signaling contribute to the development of obesity.
Indeed, various studies have shown that altered sugar signaling
pathways influence feeding behavior, modulate intestinal sweet
taste receptors, sugar transporters, and alter weight-regulating
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sodium-driven sugar co-transporters (SGLTs) and glucose trans-
porters (GLUTs), respectively [14]. SGLT1, is a low-capacity,
high-affinity transporter and the only transporter capable of
moving glucose against a concentration gradient. While SGLT' is
saturated already at millimolar glucose levels, facilitated diffusion
via GLUT?2 seems to be the principal route for glucose and
fructose absorption [15]. GLUT?2 is the glucose transporter with
the lowest affinity/specificity and the highest capacity for glucose
(15). In addition, GLUT? is capable of recognizing galactose and
has been involved in the control of food intake in the
hypothalamus [16].

GLUT) is the only low-affinity high-capacity transporter
specific and essential for the fructose uptake with no ability to
transport glucose or galactose [17,18]. Intestinal GLUT) expres-
sion might be affected in the course of obesity and metabolic
diseases. Nevertheless, data revealing the role of GLUT5 and
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GLUT2 in causing, contributing to or exacerbating the above
mentioned diseases remain controversial [18,19].

Sugars might also alter metabolism by modulating enteroendo-
crine cells. Enteroendocrine cells are known to act as primary
chemoreceptors, sources of gastrointestinal hormones and pep-
tides. Indirect evidence suggests a connection between sugar
absorption and the secretion and function of some peptides
[12,20-22]. Thus, enhanced sugar uptake observed in obesity can
augment energy uptake, but also alter sugar transport across the
brush border membrane and gastrointestinal hormone release in
the intestine.

Many questions remain open about the role of sugars, namely
sucrose and fructose, in obesity and associated diseases. Most
studies in the field are restricted to short-term effects of sugars on
energy metabolism and other parameters. In the majority of cases
the study designs are variable, and type (e.g. fructose versus
glucose) and texture (liquid versus solid form) of the sugars are
hardly analyzed in detail [7,8,23].

The aim of the present study was to investigate the influence of
type and texture of dietetic sugars in mice. We fed liquid and solid
high-fructose and -sucrose diets, and analyzed their influence on
feeding behavior as well as the development of obesity and fatty
liver disease. In obese and lean humans, intestinal sugar
transporter and weight regulating hormone expression was
analyzed.

Materials and Methods

Mice and treatments

Mice were housed in ‘Individually Ventilated Cages’ (IVCs)
with cedar bedding in a pathogen-free barrier facility accredited
by the Association for Assessment and Accreditation for Labora-
tory Animal Care International (AAALAC). All procedures were
approved by the local Institutional Animal Care and Use
Committee (Regional Council Stuttgart, permit number: V 265/
09 EM).

In two independent experiments, we investigated 6 weeks old
female C57BL/6 mice (Janvier, Saint Berthevin Cedex, France).
The mice were divided into five groups (n=10 per group)
according to five different dietetic regimes provided ad libitum
over eight weeks. Group 1 (controls, C) received water and mouse
breeding (MZ)-diet (standard diet from Sniff, Soest, Germany)
containing 10% (g/g) sugars. Groups 2 (fructose liquid, Fl) and 3
(sucrose liquid, S) received water supplemented with fructose or
sucrose at 30% (vol/vol), respectively, and enriched MZ-diet to
compensate for reduced food uptake. Groups 4 (fructose solid, Fs)
and 5 (sucrose solid, Ss) received water and the high-fructose or -
sucrose diet containing 65% (g/g) sugars, which equals the sugar
amount per day that mice ingested when offered sugar water at
30%. This approach resulted in a similar sugar uptake of about
2 g/d among all the groups except the control group (Figure 1A).

Every two weeks the mice were placed in metabolic cages for
24 h, to which they were acclimatized to before. Measuring food
and liquid intake g/d in the metabolic cages, the sugar and caloric
intake for each mouse was calculated.

After 8 weeks, the mice were weighted and anesthetized via
intra peritoneal administration (ketamine at 80 mg/kg and xylazin
at 6 mg/kg body weight). Blood was collected from the portal vein
prior to euthanatizing and plasma glucose in non-fasted mice was
measured (Laboratory analysis, Sindelfingen, Germany). Speci-
men of duodenum and liver tissue were frozen immediately in
liquid nitrogen for RNA and protein extraction. Portions of liver
tissue were snap-frozen and fixed in Tissue Tek O.C.'T. compound
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(Sakura Finetek Europe, AV Alphen aan den Rijn, Netherlands)
for subsequent sectioning and mounting on microscope slides.

Hepatic lipid analysis

Liver tissue pieces (50-100 mg) were homogenized in ice-cold
2x PBS and lipids were extracted. Triglycerides were assessed by
chemo-luminescence using a commercial kit (Randox, Krefeld,
Germany). Values were normalized to protein concentration,
determined by Bradford assay, in liver homogenates (Bio-Rad
Laboratories, Munich, Germany).

To determine hepatic lipid accumulation, frozen sections of
liver (10 um) were stained with Oil Red O and counterstained
with hematoxylin (Sigma, Steinheim, Germany). Representative
photomicrographs were captured at a 400x magnification using
Axio Vert 200 M (Zeiss, Jena, Germany).

Endotoxin assay

Portal plasma samples were heated at 72°C for 20 min.
Endotoxin concentration was determined using a limulus amebo-
cyte lysate assay kinetic kit (concentration range 0.015-1.2 EU/
mL; Charles River, Wilmington, MA). To minimize analysis
errors, samples were spiked.

RNA isolation and real-time RT-PCR

Total RNA was extracted from murine ileum or human jejunal
tissue samples using TriFast reagent (PEQLAB, Erlangen,
Germany). RNA concentrations were determined by spectropho-
tometry, before 0.25 ng total RNA was reverse transcribed with
an 1Script DNA synthesis kit (Bio-Rad Laboratories, Munich,
Germany) followed by a DNAse digestion step (Fermentas, St.
Leon Rot, Germany). PCR primers were designed using Primer3
software (Whitehead Institute for biomedical research, Cambridge,
MA, USA) (Table 1). SsoFast EvaGreen Supermix (Bio-Rad
Laboratories, Munich, Germany) was used to prepare the PCR
mix. The amplification reactions were carried out in an iCycler
(Bio-Rad Laboratories, Munich, Germany) with 40 cycles of a
two-step PCR (denaturation 95°C for 35 s, denaturation 95°C for
5 s, annealing/extension 62°C for 10 s). The fluorescence intensity
of each sample was measured at each temperature change to
monitor amplification of the target gene. The comparative CT-
method was used to determine the amount of target gene,
normalized to an endogenous reference gene (18S) and relative to
a calibrator (27AACl). The purity of PCR products was verified by
melting curves and gel electrophoresis.

Human samples

Whole jejunal tissue from 20 obese (BMI=43.1+6.0 kg/m?)
who underwent bariatric surgery (Roux-en-Y gastric bypass,
Hospital St. Gallen, CH) and 14 lean patients (BMI
24.8+3.5 kg/m?) who underwent gut surgery for different reasons
(e.g. cancer, Hospital Rechts der Isar, Munich) were analyzed. All
patients gave written informed consent to the study, which was
approved by the local ethics committees (permit number Stuttgart,
Germany: 87/2009 BOI1; Munich, Germany: 1926/07; Ror-
schach, Switzerland: EKSG 10/024/2B).

Calculation of metabolisable energy

The metabolisable energy is the difference between gross energy
in consumed food (determined by bomb calorimetry) and energy
in feces and urine (also measured by bomb calorimetry). The
literature shows examples of macronutrients from which the heat
of combustion and/or the coeflicient of availability was measured
[24]. With this outcome one may calculate the available energy
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Figure 1. Elevated liquid sucrose intake increased caloric intake in mice. Sugar, liquid and food intake was analyzed (A). Total caloric, liquid
and food caloric intake was determined (B). Data in panels A and B are shown as means + SEM (n=10). */**P<0.01, compared to control; *P<0.05,
compared to sucrose solid. C, control; Fl, fructose liquid; Fs, fructose solid; Sl, sucrose liquid; Ss, sucrose solid.

doi:10.1371/journal.pone.0101702.g001

(Table S1) from the macronutrients used in our diets. We
corrected the macronutrient protein for urine extraction, as

suggested by Rubner and Atwater (Table S1) [25-27].

Statistical analyses

All results are presented as means = SEM. Results from
different groups were compared by one-way ANOVA, or by the

Kruskal Wallis test if variances calculated with Bartlett’s test varied
significantly. If significant differences between groups occurred we

used the Tukey’s post-hoc test to identify the particular groups that
caused the differences. In addition, a two-way ANOVA was used
to understand interactions between the form (liquid versus solid)

and the type of sugar (fructose versus sucrose) (Table 2). An error
value of P<<0.05 was defined as the level of significance prior to
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Table 1. Primers used for mRNA detection.

Forward (5'-3') Reverse (5'-3)
GLUT2 TGCACATGGCCCAGCAGTTCT GCAGCACAGAGACAGCCGTGAA
hGLUT2 CTCTCCTTGCTCCTCCTCCT TTGGGAGTCCTGTCAATTCC
GLUT5 ACCTCAGCGCAGGCGTGAAA AGCAGGCTATGAGGCAGGTGGA
hGLUT5 ATCTCCGTGCTGAAGCTGTT GCGCTCAGGTAGATCTGGTC
SGLT1 ACTGCCACCGATGCACCCAT AAACATGGCCCACAGCCCGA
T1R3 ACCCGGAGCGCAACACTTCA ACAAGGAACACCGGGAGCGT
CCK GCCGAGGACTACGAATAC GCATAGCAACATTAGGTCTG
hCCK CAGAGGAGGCAGAATAAGAA CAGGAGTCACAGATGAAGAA
Ghrelin ATCTGTCCTCACCACCAA GCTCCTCCTCTGTCTCTT
Nesfatin-1 ACAAAATGCAGAGGACGATA CTAGGTGAATAACTGTTGCT
PYY ACTACACCGACTTCACTTG GGACAGGGAAATGAACACA
18S ATCAGATACCGTCGTAGTTC CCAGAGTCTCGTTCGTTAT
GLUT2/5, glucose transporter 2/5; h, human; SGLT1, sodium-driven sugar co-transporter 1; T1R3, taste receptor type 1 member 3; CCK, cholecystokinin; PYY, Peptide YY.
doi:10.1371/journal.pone.0101702.t001
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study start. The software GraphPad Prism 5 (GraphPad Software,
La Jolla, CA) was used for calculations and graph design.

Results

Effect of high-sugar diets on nutritional and weight
parameters

Mice fed a high-sugar diet had a significant higher sugar intake
compared to mice fed a control diet independent of the type and
dosage form of the sugar (P<<0.05; Figure 1A). We found a
significant difference between the liquid and solid form of sugars
analyzing kcal, sugar, liquid and food intake (P<<0.01; Figure 1A),
but not between the type of sugar (fructose versus sucrose). In this
report, only mice fed the liquid high-sucrose diet had a significant
elevated liquid intake and a reduced solid food intake compared to
control mice and mice fed the solid high-sucrose diet (P<<0.03;
Figure 1A). Here, it is of note, that the metabolisable energy
absorbed by the mice was not significant different between the
liquid or solid high-sugar diets, meaning that these diets are
comparable (Table S1).

Similarly, the changes in diet composition did not alter the total
energy intake except in the group of mice receiving the liquid
high-sucrose diet in which an enhanced energy intake was
observed compared to the other groups (P<<0.05; Figure 1B).
Hence, the most pronounced enhancement of body weight was
found in the group of mice receiving the liquid high-sucrose diet
(P<<0.01). Nevertheless, some weight gain was also observed in the
group of mice receiving the solid high-sucrose diet (P<<0.05;
Table 3).

Furthermore, we calculated the ratio of kcal absorbed to grams
of lean body mass and grams of adipose mass added over the
dietary period. For our calculations we used the weight of the lean
mice and the weight of the mice after the feeding period, since the
adipose mass added is related to the lean body mass of the mice
(Table 3). We found that the ratio of kcal absorbed to grams of
lean body mass showed a significant difference between control
and liquid sucrose fed mice. The ratio of kcal absorbed to grams of
adipose mass added over the dietary period was significant
difference between the group that became liquid sucrose and the
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Table 2. Comparison of liquid and solid high-sugar diets as well as sugar type.
FI Fs N Ss
GLUT2 250+86.2*** 20.0x7.7 454+137%** 314*+124
CCK 10.6£2.5%** 3.29*1.1 10.92.4%** 1.84+0.2
GLUT5 18.6+3.4%%* 8.70+2.8° 37.4+6.6%** 83+17°
Ghrelin 7.76+1.2 2.88+0.5° 4.95+0.9 10.7+1.8°
TG [mol/l] 0.300.03** 0.18+0.02°% 0.560.1%* 0.36+0.1%%
Liver to body ratio [g] 6.12+0.2 6.12+0.2 5.92+0.2 6.020.1
Endotoxin [EU/mI] 0.28+0.1 0.32*0.1 0.10£0.05 0.07+0.02
Kcal intake [kcal/24 h] 10.1£0.5** 9.29+0.8 11.5+0.6** 8.27+0.7
Sugar intake [g/24 h] 2.19%0.5%* 1.53%0.1 3.07+0.6** 1.47£0.1
Liquid intake [ml/24 h] 4.20+0.5%* 3.84+0.5 6.33+£0.5** 3.70+0.5
Total food intake [g/24 h] 1.85+0.2** 2.35%+0.2 1.40+0.2** 2.26*+0.2
Ratio kcal/lean body mass [g] 31.2+£2.6% 28.9+35 35.0+£2.9*% 24.8+29
Ratio kcal/body weight after dietary period [g] 26.7+1.6* 243+24 28.2+1.7* 20.3*2.1
Liquid compared to solid sugar form (*P<<0.05; **P<<0.01; ***P<<0.001) or fructose compared to sucrose (®P<0.05; ***P<0.001). Detailed feeding protocols of the four
animal groups are described in material and methods. Data are means = SEM (n=9-10). P-values are calculated using the 2-way ANOVA. GLUT2/5, glucose transporter
2/5; CCK, cholecystokinin; TG, triglycerides; C, control diet; Fl, fructose liquid; Fs, fructose solid; SI, sucrose liquid; Ss, sucrose solid.
doi:10.1371/journal.pone.0101702.t002

group which was fed solid sucrose. Comparing the liquid and solid
sugar groups and the sugar types (fructose versus sucrose) we found
a significant difference between the liquid and solid sugars (P<<
0.05; data not shown) but not the sugar types.

The four high sugar-diets caused an increase in blood glucose
and in tendency some increase in liver weight, which was more
pronounced if the sugars were administered in solid form (Table 3).

Regulation of sugar transporters and hormones in the
intestine by dietetic sugars

Feeding high-sugar diets, we found a strongly increased GLUT?2
mRNA expression (FI=about 90 fold; P<<0.001; SI=about 160
fold; P<<0.001) when sugars were dissolved in drinking water
compared to the control mice. If the sugars were administered in
solid form, we also observed a significant, but clearly less
pronounced up-regulation of ileal GLUT2 mRNA expression
(P<<0.05) compared to the control mice (Figure 2A). Similar results
were obtained for GLUT5 mRNA expression (Figure 2B).
Comparing sugar form and type we showed a significant difference
between liquid and solid sugar form for GLUT2 and GLUT) (P<
0.001) as well as a significant difference of sugar type (fructose
versus sucrose) for GLUTS (P<<0.05; Table 3) within the different
dietetic groups.

Both, the liquid high-fructose and -sucrose diets increased (P<
0.05; P<0.01) CCK mRNA compared to solid high-sugar diets
and the control diet (Figure 2C). In addition, the sugar form
significantly influenced CCK (P<<0.001) in contrast to the type of
sugar (Table 2).

Similarly, ghrelin mRNA was slightly up-regulated feeding the
fructose liquid diet compared to the fructose solid diet (P<<0.05;
Figure 2D). Comparing sugar form and type, we saw a significant
difference between the two sugar types (P<<0.05) for ghrelin
expression but not the sugar forms. Nesfatin-] mRNA was down-
regulated in mice fed the sucrose liquid diet compared to the
sucrose solid diet (P<<0.05, data not shown).
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Table 3. Weight parameters and blood glucose.
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weight after the dietary
period [g]

C FI Fs N Ss
Weight gain [g] 1.9+0.6 2.7*04 29*0.5 4.5+0.5%* 3.8+0.3%
Liver weight [g] 1.1x0.1 1.3%x0.1 1.4£0.1** 1.3x0.1 1.4£0.1**
Blood glucose [mg/dl] 172.6%20.9 275.7+£18.2* 282.8+14.3** 257.8+16.0* 263.3+£25.4*
Ratio kcal uptake to lean 23.6*+2.4 31.2*26 28.9+3.5 35.0£2.9% 24.8+29
body mass [g]
Ratio kcal uptake to body 20.9*+1.5 26.7+1.6 244+24 28.2*1.7 203+2.1°

Data are means = SEM (n=10).
*P<0.05 and **P<<0.01 compared to C;
$P<0.05 compared to Sl.

doi:10.1371/journal.pone.0101702.t003

High-sugar diets increase hepatic lipid accumulation
Hepatic fat accumulation was investigated depending on
whether high-sugar diets or sugars in liquid or solid form were
administered to the mice. Hepatic triglycerides were increased (P<
0.05) in mice receiving high-sugar diets, except in mice being fed
the liquid high-fructose diet, in comparison to the control mice
(Figure 3A). Similarly, the liver to body weight ratio was
significantly enhanced in all the high-sugar diet fed mice
compared to the control mice (Figure 3B). A noticeable but not

>
w

C, control diet; Fl, fructose liquid; Fs, fructose solid; Sl, sucrose liquid; Ss, sucrose solid.

significant increase in portal endotoxin levels following consump-
tion of the high-fructose diets, was measured (Figure 3C). The
sugar form and type significantly influenced triglycerides but not
liver to body ratio or endotoxin concentration (Table 2). Overall
fatty acid accumulation in the liver seemed to be more
pronounced in the liquid high-sugar groups compared to the solid
high-sugar groups. However, hepatic fat was up-regulated to some
extent in all mice that were fed high-sugar diets (Figure 3D).
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Figure 2. Liquid high-sugar diets increased intestinal sugar transporter and weight regulating hormone expression. lleal GLUT2,
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Figure 3. Effect of high-sugar diets on hepatic lipid accumulation. Concentrations of triglycerides in the liver (A), and liver to body ratio (B)
were detected. Portal endotoxin (C), and Oil Red O staining showing fat accumulation in the liver (D) are shown. Data is shown as means = SEM (*P<

0.05, **P<<0.01, ***P<0.001; n=6-10). For Abbreviations see Figure 1.
doi:10.1371/journal.pone.0101702.g003

Intestinal sugar transporter expression in obese

compared to normal weight humans

We found a significant enhancement of GLUT2 (P<0.01;
Figure 4A) and GLUT) (P<<0.05; Figure 4B) mRNA expression in
human small intestine from obese compared to lean individuals. In
contrast, CCK mRNA was down-regulated in obese versus lean
humans (P<<0.05; Figure 4C).

Discussion

The results we present here provide evidence that liquid versus
solid high-sugar diets differentially modulate feeding behavior,
distinct intestinal sugar transporters and weight regulating
hormones. Consequently, liquid high-sugar diets may be a critical
component for the development of obesity and fatty liver disease in
mice. Interestingly, in obese humans we find similar enhanced
sugar transporter regulation within the small intestine as in liquid
high-sugar diet fed mice, but opposed weight regulating hormone
expression.

In a previous study by our group, mice, when fed a liquid high-
fructose diet, compensated elevated caloric intake by reducing
food intake [28]. In contrast, feeding a liquid high-glucose or -
sucrose diet, caloric intake and weight gain were increased
compared to control mice [28,29]. Possibly, feeding behavior is
differently regulated for fructose and glucose intake.

In this study, we investigate, if there is a difference in feeding
behavior between mice receiving liquid or solid sugars. Therefore,
we explicitly compare the effect of sugar administration in solid
versus liquid form. The mice show an obvious preference for the
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liquid high-sucrose diet in terms of liquid sucrose and total caloric
ingestion compared to the solid high-sucrose or control diet.
Similar observations have been made in man, since sweetened soft
drink ingestion is clearly associated with an increased energy
intake in humans [30,31].

In accordance with the elevated caloric intake in the mice fed
liquid sucrose, we determine an up-regulation of the ileal sugar
transporters GLUT2 and GLUT) compared to the control mice
or mice fed the sucrose in solid form. Although the duodenum is
the first site of sugar absorption, the ileum shows the most
pronounced effects, assumingly, due to a fast transport of the
sucrose solution within the small intestine of the mice.

In addition, previous studies have proven that GLUT2 is
primed in mice receiving long term high-sugar diets, as well as in
diabetic rats [32]. Similar to our findings, another study reported
that a 30 day high-fructose diet resulted in the permanent presence
of GLUT2 in the apical membrane [33]. Furthermore, GLUT2
plays a key role in glucose and fructose detection, thus controlling
feeding behavior in mice [16]. GLUT?2 is also proposed to regulate
sugar intake in humans. For example, individuals with a GLUT2
allelic variant (Thr110Ile) from two separate Canadian popula-
tions have a higher daily intake of sugars [34].

In line with our findings, other studies verified that a high-
fructose diet increased intestinal GLUT5 or GLUT?2 short term
expression. Similar results were obtained when rodents were
intestinally perfused with increasing fructose concentrations
[13,18]. We confirm and extend such data by showing enhanced
GLUT2, but not GLUT5 expression feeding the liquid high-
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fructose diet, when compared to the solid high-fructose or the
control diets.

Sugars also stimulate the sweet taste receptor type 1 member 3
(T1R3) and gustducin followed by the up-regulation of SGLT1
expression [13,35]. Since we measure an increase of T1R3 but not
SGLT1 mRNA expression we assume that the here shown effects
are due to a long term sugar stimulation (Figure S1). We postulate
that SGLT1 elevation may occur within a very short time frame
after sugar consumption, keeping in mind that the SGLT1 is
saturated by a relatively small sugar concentration (30 mMol).
Nevertheless, SGLT1 seems to play a role as a glucose sensor
mvolved in the control of apical GLUT2 insertion [32]. If the
SGLTT1 is involved in the here shown GLUT2 enhancement needs
further investigation.

Similar to the up-regulation of intestinal GLUT2 and GLUTS5,
the satiety hormone CCK is enhanced in the ileum of mice fed
with liquid high-sugar diets, in contrast to mice fed with solid high-
sugar diets or control diets. CCK is known to suppress
carbohydrate intake via the CCK-A receptor [36]. In both,
preclinical and clinical studies, CCK decreased food intake by
reducing meal size and duration [37,38]. However, no reduction
of 24-h food intake was seen due to compensatory increases of
CCK [39]. Similarly, in clinical trials after 24-h continuous CCK
infusion, subjects developed tolerance [40]. Hence, the here shown
up-regulation of CCK after feeding liquid high-sugar diets to mice,
might be compensated by not yet known mechanisms.

As confirmed for CCK, ghrelin is known to influence feeding
behavior in the periphery as well as centrally [41-43]. According
to our data, the different sugar diets have only minor effects on
ghrelin and virtually no effects on nesfatin-1 and PYY expression
(data not shown). Consequently, a rather selective influence of
sugars in liquid form on particular weight regulating hormones,
such as CCK, is anticipated.

Hepatic triglycerides show a similar enhancement when being
compared to GLUT2 and CCK mRNA expression in the intestine
after feeding liquid high-sugar diets compared to control mice.
Our data support a study by Sakar et al. who proposed a positive
regulatory control loop between a high-fructose diet and intestinal
GLUT2/GLUTS transporters which is at the same time linked to
hepatic metabolic functions in rodents [44]. As expected, liver to
body weight ratio is increased in all the high-sugar diet fed mice
compared to control mice, which is in agreement with the
increased overall hepatic lipid accumulation we see in liver tissue.

Similar to mice fed a high-sugar diet, obese subjects have
elevated small intestinal GLUT?2 and GLUT?5 levels in contrast to
lean subjects. Of course, we cannot say that sugars lead to the
effects we show in obese humans, but we assume that the excessive
consumption of a westerns style diet in the obese group might have
an influence on the here shown dysregulation of weight regulating
parameters. Underlining our statement, it is clearly shown in the
literature [45,46], that obese have a greater energy intake than
expenditure. In contrast, lean humans in general have a balanced
energy household. Nevertheless, we have to keep in mind that
some studies show no increase in overall dietary carbohydrate
uptake in overweight/obese compared to lean subjects [47,48].
Therefore, it is of importance to calculate the absorbed or
metabolisable energy meaning the difference between gross energy
in consumed food and energy in feces and urine. We here use
values from the literature referring to Southgate and Durnin who
showed that with bomb calorimetry determined and on the other
hand calculated values are in good agreement [49]. Another
report using a rodent model showed that Atwater factors predicted
metabolisable energy with satisfactory accuracy in purified diets as
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we used here [50]. However, it is of note, that data available for
our article was measured in humans or chicken [24,51].

Interestingly, small intestinal CCK is down-regulated in obese
compared to lean humans. Our finding suggests a CCK
dysregulation that might lead to reduced satiety signaling, boosting
the development of obesity.

In conclusion, our data indicates that liquid high-sugar diets
compared to solid high-sugar diets differentially modulate feeding
behavior, as well as intestinal sugar transporters, and hormone
expression. Our study implicates a risk for an increased
consumption of sucrose sweetened beverages, followed by elevated
intestinal energy uptake and the development of fatty liver disease.

According to the data we present here, antagonists of GLUT?2
and GLUT5 might be novel pharmacologic targets for modulating
feeding behavior and intestinal sugar uptake in obese patients.
GLUT?2 and GLUTY) inhibitors could prevent from a dramatically
increased intestinal sugar uptake, presumably leading to weight
reduction. A combination of medication including GLUT2/5
antagonists and the treatment of negative side effects e.g. diarrhea
and flatulence might be a possibility for obese individuals to loose
weight. However, if GLUT2/5 antagonists are reliable and
sustainable drugs against obesity needs further investigation.
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