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ABSTRACT

Objective: Although it is widely accepted that obesity resdittsn an imbalance of
energy intake and expenditure, the mechanisms Iymttgthis process and effective
strategies for prevention and treatment are und&awing evidence suggests excess
consumption of sugar may play an important rolé,we showed previously in mice
that consuming up to 30% of calories as sucrogkardiet had no impact on weight
regulation. Since in humans consumption of sugaet@ned beverages has been
widely implicated, we investigated whether the motlangestion (solid or liquid) had
different impacts on body weight regulation andcgke homeostasis.

Methods: Dietary sucrose was delivered in solid (as pad sfandard pelleted rodent
chow) and liquid (in drinking water) to C57BL/6 meidor 8 weeks. Body weight,
body composition, energy intake, and expenditureewaonitored, and glucose and
insulin tolerance tests were given. Expressionwedet taste receptors on the tongue
and glycogen and fat contents of the liver were algasured.

Results and conclusions: Consumption of sucrose-sweetened water, but not
equivalent levels of solid sucrose, led to bodydain in C57BL/6 mice. Glucose
intolerance was positively correlated to body fameather than sucrose intake. Our
data support the suggestion that consumption afdigucrose may be an important

contributor to dysregulation of body weight ancated metabolic syndromes.

Key words: Dietary sucrose; sweet taste receptors; Glucoseratote; Insulin

sensitivity; Obesity.
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1. INTRODUCTION

Obesity, diabetes, and other metabolic relatedrdéss remain on the rise globally
[1-3]. It is widely agreed that the main cause bgsity is an imbalance between
energy intake and energy expenditure [4-6]. Itidely disagreed, however, which of
these is the most important and the details of witgke may have increased or
expenditure declined. Although early work implichteduced expenditure as the key
driver [7] more recent direct measurements of edjaere suggest no decline in
energy demands over the time course of the obegiyemic [8]. In contrast, the
expanding food supply can more than account forinlbeeased obesity levels [9].
However, while elevated food supply is likely th@shsignificant key driver of the
epidemic, the components of the diet that causeatdd intake are disputed, with
different researchers favoring elevated fat congionp[10, 11], elevated refined
carbohydrates [12], or reduced protein intake [143,

One particular focus of attention has been the wopsion of sucrose [15, 16],
notably in the form of sugar-sweetened beveragés A major problem with these
epidemiological studies, however, is that they m@tycorrelation to imply causative
effects. However, the negative impacts of diet @alth mean that it is ethically
challenging to perform randomized controlled trimshumans to establish what the
macronutrient drivers of excess body adiposity abtuare. To this end, rodent
models may provide useful translational insight® idietary impacts on weight
regulation and metabolic homeostasis. We recergijopmed such a study using 5
different mouse strains exposed to 29 differentsdiacluding more than 1000
individual mice and over 100,000 measurements afybeeight [11]. This work
indicated that the only factor driving excess delmonsumption and adiposity was
elevated fat in the diet. Surprisingly, we foundttlthanging the sucrose content
between 5 and 30% did not affect weight gain wregrahd protein levels were kept
constant. This result contrasts with earlier warkadents [17] in which sucrose was
provided in the drinking water, and this did cawse increase in adiposity. The
reasons for the differences in the outcomes ofetleaperiments are unclear. On one

hand, the mode of delivery of the sucrose may Ector. On the other hand, when



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

sucrose was provided in the water, the total intakesucrose as a % of the total
calories (c 70%) was much higher than the maxim0f% gat was used by Hu et al.
[11]. Thus, it might be that if Hu et al had usediet with 70% sucrose in the pelleted
diet they would have found a similar effect. Whafhthese explanations is correct is
important, because if the mode of delivery of thgas, rather than the amount, is the
main factor, this would support the suggestion thagar sweetened beverages are a
potential driver of the obesity epidemic [18-21). the current paper, we aimed to
resolve whether mode of sucrose delivery is a faafiecting the adiposity response
of C57BL/6J mice.

We found that liquid sucrose exposure contributechigher energy consumption
leading to greater body weight and body fat. Migpased to equivalent levels of
sucrose in the solid diet were leaner and metaddblichealthier than their
counterparts exposed to liquid sucrose. Animalsessiag liquid sucrose displayed
blunted insulin sensitivity and higher expressidnhepaticIL-6. Sensitivity to IP
glucose and insulin was negatively affected by bfadgess. Increased liver size in
mice drinking sucrose water was associated witherfelrstorage rather than elevated
glycogen as determined by direct quantification ardression of glycogen and fat
storage related genes. Together these studiesstumyg@nportant impact of mode of
sucrose delivery, and new details of mechanismsenyidg sugar-sweetened

beverage consumption relevant to the current gbepitiemic.
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2. MATERIALS AND METHODS

2.1 Diets

In a pilot study that lasted for 8 weeks, 2 grogbsmice were fed one of the
following diets. The first group was exposed tooateol diet consisting of 20%kcal
from fat, 25%kcal from protein and 30%kcal from mse (in 55% total
carbohydrates). A second group of mice was fedctimgrol diet and also given free
access to sucrose-sweetened water (50% by weigim)w access to other drinking
water. We also investigated food preference ofdhmsimals for the solid sucrose
diets. Diets F30 and F73 (see below) were simultasly available on each side of
the animals feeding cage, and intake of each dastmeasured daily for 6 days.

In the main study (based on the results of thet gifody), mice were assigned into
one of the four dietary treatments. Details of ¢éxperimental diets are displayed in
Supplementary Table 1. Briefly, 10 mice were expdselow fat diet with free access
to water that contained no sucrose with 25%kcahfpootein, 20%kcal from fat, and
55%kcal from carbohydrate (30%kcal from sucrosejefred to as diet F30/WO: the
F number refers to the % sucrose in the food aedNhrefers to the sucrose % in the
water). A second group (n = 10) was exposed tcdnee diet but the water bottle was
replaced by sucrose solution (50% by weight) arltbeireferred as diet F30/W50. A
third group (n = 10) was given the same treatmertha second, but this group was
also given free access to both water and the sei@@lsition in two separate bottles
and will be referred as diet F30/W50/WO0. The fowgtbup (n = 10) was given access
to a diet that was formulated to mimic the macrdeat intake of the second group
based on the pilot study. This diet was composeil086 energy from protein, 8%
energy from fat and 82% energy from carbohydrate wWhich 88.6% of the
carbohydrate energy was from sucrose = 73% of &tatgy) and will be referred as
diet F73/WO0 (Supplementary Table 1). The dietapatiment was continued for a

period of 8 weeks, following a 2-week baseline @eri

2.2 Animals

Animal experiments were approved by the animalcatlitommittee of the Institute of
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Genetics and Developmental Biology, Chinese Acadefi§ciences (Beijing, China)
approval number AP2016039.

Male C57BL/6J mice (8 weeks of age) were purchafedn Charles River
Laboratories and individually housed in pathoge ftonditions at room temperature
(23°C) with 12 h light/dark cycle. All mice were fedstandard diet with 10% fat and
20% protein, 35% sucrose (D12450B, Research Diefsfar 2 weeks as the baseline
period prior to the dietary treatment. Body weidloipd, and liquid sucrose intake
were measured daily. Food intake was obtained byratting remaining food in the
hopper, including any spilled food in cages, frdm previous days weighed aliquot.
Energy intake was calculated based on caloric gatuained from Research Diets.
An EchoMRI Body Composition Analyzer was used toaswe body composition
including fat mass and lean mass [22] once a weektbe 8 week period following 2
weeks of baseline measurement. Canola oil was @asedhe standard for the
measurements. At the end of the study, all miceewacrificed, and fresh tissues were
immediately frozen for analysis. Soxhlet (XMTD-700CGhanghai) was used to
extract lipid of dry liver tissue to provide a qtitative measure of hepatic fat content.
Hepatic glycogen content was determined using anventially available kit (Cat #

E2GN-100, EnzyChrom, BioAssay Systems, U.S.A).

2.3 Energy Expenditure and Physical Activity measugment

After 6 weeks of dietary exposure, mice were ptd an TSE PhenoMaster/LabMaster
system for 3 consecutive days, sufficient to ob@naccurate measure of energy
metabolism [23]. Using this system, we recordedediit parameters such as the
oxygen (Q) consumption (mL/min), carbon dioxide (@Oproduction (mL/min),
respiratory exchange ratio (RER = V@®@0,), locomotor activity (Counts/s), food
intake (g) as well as water and sucrose intake.sMieanents were taken at 6-min
intervals for the whole period. Daily Energy expemee (DEE) was calculated from
O, consumption and CQOproduction according to the Weir Equation: EE d&y) =
(3.9 x VO, (mL/min) + 1.1 x VCQ (mL/min)) x 1440 (min)/1000 x 4.184 [24].

To determine energy assimilation efficiency, footeke and feces production were
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daily monitored in mice singly housed for 3 days the week 8 of the dietary
exposure. Bomb calorimetry (Parr 1281 bomb calaemeavas used to analyze feces

samples for their energy content.

2.4 Blood parameters

A glucose tolerance test was performmu the 6th week of diet exposure by
intraperitoneal (I.P.) injection of glucose at kgybof body weight following a 14 h
fast, and circulating glucose levels were measumedvo [25]. Blood samples were
taken from the tail vein at 0, 15, 30, 60, and &#0 after injection and blood glucose
was determined with an OneTouch ultraMiglucometer (Changsheng, China). For
the insulin sensitivity test, animals were intrafmgreally injected with Humulin R
insulin (Novolin R, Novo Nordisk) at 0.75 U/kg obtly weight following a 4 h fast.
Blood samples were taken from the tail vein at ®, 30, 60, and 120 min after
injection. Blood glucose levels were plotted aggiimse, and the area under the curve
was calculated. Fasting serum insulin levels werantjfied using the Ultra Sensitive
Mouse Insulin ELISA (Crystal Chem, Cat # 90080, Hkove Village, IL, U.S.A.).
The homeostatic model assessment (HOMA-IR), mostnoonly used to assess the
degree of insulin resistance and glucose intoleraves determined using a modified
equation described by Vasques and colleagues [@&lantitative colorimetry
(EnzyChrom™ EFRU-100, BioAssay Systems) was used to deternmirgdse level

in serum samples.

2.5 Total RNA extraction, cDNA synthesis and real-timeRT-PCR

Mouse liver and tongue tissues were immediatelgenoin liquid nitrogen upon
sacrifice. Homogenization was performed in a 2 @RPPT microtube (SARSTEDT
AG and Co.KG, Numbrecht, Germany) using Omni beaptar 24 homogenizer
(Kennesaw GA, 30144Jnited States) with stainless steel beads. Extnactif RNA,
cDNA synthesis and transcript analysis have beewiqusly described in detalil [27].
Briefly, total RNA was extracted from frozen tissugsing Tri-Reagent (Tri-Reagent,
Mei Biotechnology, Co. Ltd, ChinaFirst strand cDNA was synthesized using

M-MLV reverse transcriptase (Invitrogen) and randdmxamers. Quantitative
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polymerase chain reaction (QPCR) was performedguie 2x realtime PCR mix
(SYBRgreen). PCR primers are listed in supplemgntable 3. Glyceraldehyde
3-phosphate dehydrogenasésapdn) was used for normalization. Relative
guantitation of transcript levels was analyzed Hase the comparative cycle
threshold method %' with Ct values obtained from PCR kinetics measurgdhe
Roche LightCycler® 480 Real-Time PCR.

2.6 Statistical analysis

Data were analyzed using GraphPad Prism 6.0 saft(kar Jolla, CA, USA). Tissues
were weighed to the nearest 0.01g. Expression oNA)Rissue mass data, and
metabolic parameters (area under the curve, insumihglycogen) were analyzed by
One-way ANOVA with posthoc Tukey's test. Expressdata were log-transformed
before analyzing to approximate a normal distrimutiBody mass data, ITT, and GTT
were analyzed using 2-way ANOVA with repeated messuRM) followed by
posthoc Sidak test. Correlations were determinethgusPearson's correlation
coefficient. Analysis of covariance (ANCOVA) was rfmgmed for oxygen
consumption and energy expenditure data [28, 28]fitfTregression models to the
individual data, we first used a linear model anent explored the distribution of the
residuals in relation to the predictor variabléshése were clearly structured and not
random, we fitted non-linear models until the rasiddistribution was random. All
statistical tests were applied as indicated and @0% was considered significant.

Data are plotted as mean = S.E.M

3. RESULTS

3.1 Pilot study

Mice with access to liquid sucrose (F30/W50) haphisicantly higher body weight
compared to the control group (F30/WO0) (paitegst, p < 0.001, Supplementary
Figure 1A). In addition, access to liquid sucrose to a significant reduction in the

solid food intake compared to the water group @mhit-test, p < 0.001,



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Supplementary Figure 1B). We compared the caloiake from food alone for the
F30/WO0 group and from the food plus liquid sucrasethe (F30/W50) group.
Access to liquid sucrose led to greater overalbralintake compared to the group
with access only to solid food (pairédest, t = 19.57, p < 0.001, Supplementary
Figure C). We calculated the intakes of carbohy(aticrose), protein and fat in the
F30/W50 group (by energy), and this indicated tweye consuming 10% protein, 8%
fat and 82% carbohydrate (of which 73.1% of thealtahtake was sucrose)
(Supplementary Table 2). We then used this forrmarato design a new solid diet
that mimicked the combination of liquid and solndake in the F30/W50 group. This
diet called F73/WO0. In the food preference testamaring the F30/W0 and F73/WO0
diets (supplementary Figure 2) when given a chtheemice preferred to consume

more of the F30 than the F73 solid diet (pairegst;tt = 3.586, p = 0.015)

3.2 Liquid sucrose contributes to body weight gain

Body weight and body fat were significantly greateboth groups of mice that had
access to liquid sucro$&NOVA, F3 2268= 552.2, i 304= 74.16, p < 0.0001, Figure
1A and B, respectively). Mice fed F30/W50 and F3B60NVO0 diets had significantly
lower solid food intake throughout the treatmemtid® ANOVA, R 223,= 144, p <
0.0001, Figure 1C). Comparing the two groups wetess to liquid sucrose, mice fed
the F30/W50 diet had significantly higher liquidcsose intake compared to the
F30/W50/WO0 group, which had a choice between watet liquid sucrose (p <
0.0001, Figure 1D). The liquid sucrose fed micerdfm@e had significantly lower
energy intake from solid diet compare to the cdrdroup and the F73/WO0 fed mice
(2way ANOVA, F; 1336= 1456, p < 0.0001, Figure 1E). However, theirrgpentake
from liquid sucrose was higher than that from ttslid food. Moreover, treatment
F30/W50 had significantly higher liquid sucrose mgye input compared to
F30/W50/WO0 (paired-test, t = 10.54, p < 0.0001, Figure 1F). Nevedbkg] both of
these groups of mice had significantly higher aligosucrose intake compared to the
mice fed only solid foo®&30/W0 and F73/W0 (2way ANOVA,sFi196 = 1066 p <
0.0001, Figure 1G). It is noteworthy that the grdugated with F73/W0 was the
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leanest, but had significantly higher absolute sserintake compared to the F30/W0
fed group (paired-test, t = 16.29, p < 0.0001). The overall energiake was
significantly higher in liquid sucrose fed groupsngared to solid diet fed F30/WO0
and F73/W0 (2way ANOVA, £21096= 229.9p < 0.0001, Figure 1H)

The reduced solid intake when drinking sucrose esiggl the mice were
attempting to regulate their total caloric intakeresponse to their liquid sucrose
intake, but failing to do so. To understand theeased fat mass in both liquid sucrose
groups, we assessed energy balance in all aninyaisdirect calorimetry. Oxygen
consumption and daily energy expenditure (ANOVA 6= 10.98, p < 0.0001) were
significantly different among treatments. In pautér these were significantly higher
in F30/W50 fed mice compared to the F73/WO0 groupiréal t-test, p < 0.05).
However, when ANCOVA was used to adjust for bodyghte effect, DEE was not
significantly different among groups (p = 0.214gle 2A and B). Food intake
displayed a normal nocturnal pattern in all groujith the respiratory exchange ratio
higher during night time in all groups comparedi&y time (pairetttest, t = 19.43, p
< 0.0001). Furthermore, this ratio was significartigher in the F30/W50 fed mice in
day time compared to F30/WO0 and F73/WO0 groupshHersame period (ANOVA, iF
36 = 4.24, p = 0.011). However, during night time, 3A¥0 had the highest RER
compared to the other groups (ANOVAg ks = 4.66, p = 0.0075, Supplementary
Figure 3). When ambulatory activity was assesseslfound that mice were more
active during the dark period (pairédest, t = 15.31, p < 0.0001). In particular the
F30/WO0 group was marginally more active comparethéoF30/W50 groupt-test, p
= 0.054,) during night time. However, overall aittivwas not different when
compared across all groups (2way ANOVA, &= 0.29, p = 0.82 andskz6=0.71, p
= 0.55 for day and night activity respectively, g 2C), which suggested that the
increased body fat in liquid sucrose groups was axaesult of lowered physical
activity. F73/W0 mice produced the least feces aad the highest assimilation
efficiency compared to the F30/WO mice and thosth waiccess to liquid sucrose
(ANOVA, F3 24 = 26.54, p < 0.0001, Figure 2D). Assimilation @incy was lowest

in the two groups with access to liquid sucros¢hwb significant difference between
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these two groups.

3.3 Liquid sucrose contributed to hepatic fat accumlation

Liver wet weight was significantly greater in bajloups presented with sucrose in
the drinking water compared to those fed solid 0GANOVA, F; 34 = 10.11, p <
0.0001, Figure 3A). However, no difference was doteetween F30/W50 and
F30/W50/W0 fed groupd-€est, p = 0.29). The liver weight to body weigatio was
also significantly higher in both liquid sucroseogps and was positively correlated
with body weight (ANOVA, k 34 = 5.86, p = 0.0024, Figure 3B). We evaluated
whether this difference in liver weight was dueeither glycogen or fat. The liver
glycogen level was not significantly different angoall 4 groups (k3,= 0.397, p =
0.75, Figure 3C). To confirm this result, we quiiati MRNA expression oG6pase,

a gene that is primarily involved in glycogen metigm. No significant difference
was noted inG6pase expression among all groups (ANOVAg k3= 0.13, p = 0.93,
Figure 3D). Concerning lipid metabolism, no sigrafit difference in FAS expression
was observed among groups (ANOVA, = 0.70, p = 0.55, Figure 3E). However,
PPARy expression was significantly upregulated in botuitl sucrose fed groups
compared to mice exposed to the F30/WO0 and F73/M\t8 (ANOVA, F; 33= 7.708,

p < 0.001, Figure 3F). When total lipid was deterad, we found that mice presented
sucrose in the drinking water had significantlyhag hepatic lipid content compared
to the ones fed solid sucrose diets (ANOVA, k= 13.47, p < 0.0001, Figure 3G).
However, there was no significant difference betwie F30/W50 and F30/W50/WO0
diets. Together, these results suggest that ligualose intake drove elevated calorie
intake leading to increased liver fat storage, dxjosure to the same percentage of
sucrose via a solid diet did not. We measured &enaof inflammation in liver to
further elucidate the deleterious effect on ligaictrose. Expression of-6 mRNA
was found higher in particularly the mice fed F3GMcompared to all 3 groups.
Furthermore, this difference was statistically #igant compared to the control

F30/WO0 grouptttest, p = 0.017).
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3.4 Liquid sucrose altered glucose homeostasis

To explore the relationship between body fat, datd glucose homeostasis, we
performedin vivo glucose tolerance tests. We found there was afisemt effect of
diet on the glucose homeostasis (2-way ANOVA,d = 10.59, p < 0.0001, Figure
4A). Mice fed F73/WO0 had significantly better glseotolerance compared to all of
the 3 other treatments. This was also supportatidAUC analysis (ANOVA, ¥ 36=
3.705, p = 0.02, Figure 4B). However, no significdifference was noted between
both liquid sucrose F30/W50 and F30/W50/Weéeét, p = 0.18) along with the
F30/WO fed groups (ANOVA, £7=0.81, p = 0.45, Figure 4B).

Furthermore, liquid sucrose led to a significanibyver response to insulin when
compared to the solid sucrose fed groups F30/WOFZ3AWO0 (2-way ANOVA, &

138 = 26.11, p < 0.0001, Figure 4 C). This was alsdfiomed when AUC analysis was
performed (ANOVA, k 2s= 9.38 p = 0.0002, Figure 4D). Mice fed the F73/dvé
were particularly sensitive to insulin in compando the F30/W50 and F30/W50/W0
treatment groups. We also evaluated the fastingrségvel of insulin at sacrifice. As
expected, circulating insulin levels were signifitg higher in treatments F30/W50
and F30/W50/W0 (ANOVA, k33=8.70, p = 0.0002, Figure 4 E). This increase in
serum insulin level indicated an impaired peripheraulin sensitivity in both liquid
sucrose fed groups. However, the F30/W50 was mpiifsiantly different to the
F30/W50/WO0 grouptftest, p = 0.14).

In parallel, we tested whether the sustained loegponse to insulin was coupled to a
decrease in hepatic insulin receptor-mediated itidrbof insulin signaling, resulting
in higher blood glucose. We found that F73/WO0 feidarhad significantly higher
MRNA expression ofrs2 (ANOVA, F;3 33 = 3.20, p = 0.03, Figure 4F). These data
imply that the reduced glucose tolerance was lirtkeidhpaired insulin signaling. We
performed correlation tests to determine the caafséhe disturbance in glucose
metabolism.

3.5. High solid sucrose intake, not liquid, induceshe upregulation of lingual
sweet taste receptorsTaslr2 and Taslr3)

In view of the key potential roles of sweet tagteeptors and their influence on food
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intake, we measured the lingual expression of thesenderstand the increase in
energy intake and consequent body weight gain igebfiquid sucrose.

We found that the high solid sucrose diet F73/\Wduaed significant upregulation of
lingual MRNA expression of thiaslr2 andTaslr3 genes (ANOVA, k 31=9.49, p <
0.0001 and £ 31 = 3.62, p = 0.02, Figure 5A and B, respectively).contrast,
expression of these receptors was marginally retluice treatment F30/W50
compared to control F30/WO0. The upregulation oflfAasand Tasl1r3 in the leaner
mice was accompanied by functional improvement luc@se metabolism because
mice on the F73/WO0 had significantly higher capaoit glucose clearance following
glucose injection, higher sensitivity to insuliratband had lower plasma insulin level.
These results together imply that the changesemitbtabolic parameters cannot be
attributed to dietary sucrose intake but rathdoddy weight/fatness, suggesting only
an indirect link between STRs signaling and bodgdsas.

We found that this altered metabolic homeostasis mastly attributable to body
fatness rather than directly to energy input frootrgse. There was a positive
correlation of body weight &= 0.191, p = 0.004) and body fatR 0.174, p =
0.007) with blood glucose level (Figure 6A and Bspectively). This was also
strongly supported by a positive correlation betwserum insulin level and body
weight (R = 0.771, p < 0.0001, Figure 6C). This increasedraeinsulin level was
negatively associated with lower hepatic expressioins2 (Figure 6F). The impaired
insulin response in liquid fed groups was also =test with elevated plasma fasting
insulin and HOMA-IR values (ANOVA, £3,= 6.17, p < 0.01, Figure 6E). However,
there was no significant association between bigladose level and energy intake
from sucrose (R= 0.02, p = 0.39, Figure 6D). Together, these dafy a negative

impact of sugar consumed in liquid form on glucheeneostasis and insulin.

4. DISSCUSSION
In the current study, we sought to assess the ingfabe mode of sucrose delivery
on energy balance, adiposity, and glucose homasstas mice. Recently, we

demonstrated [11] that dietary fat was the maitofathat causes mice to gain weight.
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We showed that dietary sucrose treatment did ne¢ laay significant influence on
energy intake and body weight in C57BL/6 mice, twt range of sucrose levels used
was limited (5 to 30%) and it was only deliveredsolid form as a component of the
diet. Previous work has suggested that sucroséandtinking water may lead to
adiposity in rodents [17]. The cause of this défee is unclear. It could be because
the level of ingested sucrose when delivered irewist much higher (about 73% by
calories) or because there is something specialtataivering the sucrose in liquid
as opposed to solid form. The current results destnaie that when exposed to liquid
sucrose, mice had greater energy intéle® when offered the same macronutrient
composition but in solid form. Furthermore, thesiEandid not have significantly
elevated energy expenditure in response to theeased caloric input. This led to
greater adiposity and impaired blood glucose hotases and insulin resistance
compared with the F73/WO0 fed group. This protectieass primarily, because mice
exposed to the F73/WO0 condition had much lowerl teteergy intake. These mice
also had lower total energy intake than mice on dbetrol F30/WO0 diet, and in
preference tests (supplementary Figure 2) the priekerred the F30 to the F73 diet.
The reasons for this preference may be relatedemther macronutrient differences
between the F30 and F73 diets. Hence while thedi&3had much more sucrose it
had correspondingly less fat and protein. Theseratracronutrients (particularly fat)
may have driven the preference.

A number of studies suggested that weight gain owyr because compensation at
subsequent meals for energy consumed in the foranligjuid may be less complete
than that for energy consumed in the form of adsatiost likely because of the low
satiety of liquid foods [30]. For example, DiMegland Mattes [31] showed that
consumption of 1180 kJ soda/d resulted in signifigagreater weight gain than
consumption of an isocaloric solid carbohydratedlo@thers have reported similar
findings [32-35]. Many human studies have shown @nnection between
consumption of sugar-sweetened beverages andewogaty intake [30, 36], which
suggests that when persons increase liquid carbatey@gonsumption, they do not

concomitantly reduce their solid food consumpti®@3,[37]. In the present study,
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consumption of liquid sucrose concomitantly reduselitl food intake to some extent.
However, this reduction was insufficient to balamice elevated calorie intake in the
liquid sucrose. These data therefore support tlygesied role of sugar-sweetened
beverages in the development of diet-induced opesitl insulin resistance. Liquid
sucrose feeding led to a significantly higher fatwanulation in the liver compared to
the same level (%) of solid sucrose in the dietweheer, this difference could reflect
the different absolute sucrose intakes. Direct mmemsents of glycogen levels and
expression of the glycogen metabolism mar@®épase in liver did not indicate an
accumulation of glycogen in the liver. However,ragtion of total lipid content in
liver and measures of fatty acid metabolism relgedes and pro-inflammatoti-6
MRNA did show altered hepatic fat metabolism. Thespnce of excessive hepatic fat
levels in liquid sucrose fed groups might be cdudalked to the impaired glucose
homeostasis compared with F73/W0. Glucose intoteraand insulin resistance are
known to be independent and additive risk factorsttie development of metabolic
disorders such as type 2 diabetes and cardiovastigkzase [38, 39]. In conjunction
with the increase in adiposity and hepatic inflartiora described above, we also
observed an impairment of glucose homeostasis engtioups fed liquid sucrose,
relative to those exposed to the same sucrosergageebut in solid form.

Because the mice feeding in the F30/W50 andW30/WO0 conditions had
higher absolute sucrose intake than those in ti3&/¥J condition it might be argued
that their poorer performance in the GTT and ITlatree to those on the F73/WO diet
was a consequence of their higher absolute sudndake. However, this did not
appear to be the case, because AUC for both the &OTITT were unrelated to
absolute sucrose intake, and much more closelyedinio body weight and body
fatness (Figure 6). An unexpected outcome from ethésta was the protection
afforded by eating the F73/WO0 diet. In fact, altbbuthe mice in the F30/W50
condition had greater body weight gain and impa@®dd and ITT compared to mice
eating F73/WO0, they did not differ from the micdieg the control diet F30/WO0. This
comparison, however, is confounded by the fact thatcomponents of the diet are

different between these groups. Hence, both F30/rsDF73/WO0 groups had both
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lower fat and lower protein intakes than the F30/Mi@e. The relative protection of
the F73/WO0 diet may then be because of the lowezldeof intake of these other
macronutrients. This raises the question then wiey E30/W50 mice were not
similarly protected, and the answer may be thatkammefits were offset by the liquid
sucrose intake.

The mechanisms underlying the different respon$efeo mice to solid and liquid
sucrose at present remain unclear. A recent pdymeves that whemlrosophila were
exposed to sucrose in their drinking water, thees \& strong downregulation of
sweet taste receptors, and this blunted sensitleitly to overconsumption of the
sucrose water [40]. Although the taste receptoedéferent in mice an@®rosophila,

we can reject this possible mechanism, becausemaasurements of sweet taste
receptorslaslr2 andTaslr3 of mice exposed to sucrose water showed no chiige
5). However, there was significant upregulatiorth@se receptors in mice exposed to
high levels of solid sucrose (discussed furtheowgl and this hypersensitivity might
be linked to the lower consumption of this diet.aldition, it seems likely that the
dynamics of sucrose digestion and the uptake ofrékaltant glucose and fructose
molecules in the small intestine is different ftwe tsolid and liquid diets. These
different dynamics of changes in post-prandial ghgcand fructose levels may then
exert different impacts on the hypothalamic gengression that governs hunger and
food intake: with liquid intake having a more mugtect on satiety. The mechanism
underlying the altered insulin sensitivity also eens uncertain. While we measured
levels oflrs2 and showed these were reduced in the mice expgod&pid sucrose a
much more expansive treatment of this topic is iregquto more fully understand the

mechanisms involved.

The preference for sweet taste is partially geabyicdetermined [41]. The major
allele of the single nucleotide polymorphism rs128® in the sweet taste receptor
(Taslr2) has previously been associated with lower sugasiivity and higher sugar
intake among overweight individuals [42]. Taste nmammals provides sensory

information that helps in evaluating food nutrigdmgualities, food selection, and
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dietary intake. Therefore, they are an importamhgonent of the whole food intake
regulation system. Obesity has been reported teedse expression daslr3 andin
vitro high levels of glucose have been shown to caus@-degulation offaslr2 [43].
The lower circulating glucose at all points in time shown by GTT and ITT in the
F73/WO0 group, therefore, may be a factor involvedhie upregulation of th&slr2
andTaslr3 genes in the lean mice fed the F73/WO0 diet.

5. CONCLUSION

In conclusion, our study indicates that the modealietary sucrose delivery has a
significant impact on regulation of body compositim C57BL/6J mice. Sucrose
consumption in solid form, even when comprising 7@824ngested calories, did not
lead to elevated food intake and did not induceattsl adiposity. Consequently, mice
fed solid sucrose were leaner and metabolicallytiiea In these mice, high solid
sucrose intake led to an upregulation of sweek testeptors Taslr2 and Taslr3).
However, the same amount of sucrose given in lifpich was responsible for greater
body weight gain and increased adiposity as wediraaccumulation of fat in the liver.
The expression of the hepatic insulin receptor sates2 was repressed, correlated
with a higher serum insulin level. These, in tuwere related to impaired insulin
action and perturbed glucose homeostasis. Sugar ltad a negative impact on
glucose homeostasis when it caused elevated atipdsie present work strongly
supports the suggestion that sugar-sweetened lgegemay be important drivers of

adiposity and thereby impaired metabolic health.
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Figure legends
Figure 1: Liquid sucrose intake led to increased caloric intaé and body weight gain.

(A) Body weight (2way ANOVA, k 263= 552.2, p < 0.0001). (B) Body fat (2way ANOVAg k4=
74.16, p < 0.0001) was greater in liquid sucros# deimals. (C) Total daily food intake (2way
ANOVA, F3 23,= 144, p < 0.0001). (D) Liquid sucrose intake (pdit-test, t = 10.35, p < 0.0001). (G)
Absolute daily sucrose intake 3(r196 = 1066 p < 0.0001). (E) Energy intake from sobadd (2way
ANOVA, F; 1835= 1456, p < 0.0001). (F) Energy intake from liqaistrose (paired t-test, t = 10.54, p
< 0.0001). (H) Total energy intakes(kios= 229.9, p < 0.0001). The first 10 days repredaseline
period for A, C, E, and H. Data are shown as meaBEM (n=10).

Figure 2: Energetic response to sucrose feeding @67BL6 mice.

(A) Continuous oxygen measurement in the TSE plypeomachine. (B) Scatterplot of daily energy
expenditure versus body weight. (C) Locomotion espnted as activity (ANOVA, sk = 0.299, p =
0.82 for day time); (ANOVA, k3= 0.71, p = 0.55 night time). (D) Energy assinmatefficiency
(ANOVA, F;3 »4= 26.54, p < 0.0001). The graph in panel A pres#re average of 60 h period for each
diet. Grey columns represent darkness period (hiflata are presented means +SEM.

Figure 3: Hepatic response to sucrose feeding in €BL6 mice

(A) Liver wet weight measured immediately upon gae was significantly higher in mice drinking
liqguid sucrose (ANOVA, Ek 3, = 10.11, p < 0.0001). (B) Liver to body weight westermined
(ANOVA, F3 3,=5.86, p = 0.0024). (C) Glycogen level was nghgicantly different among groups.
(D) G6pase mRNA expression (ANOVA, £33 = 0.13, p = 0.93). (E) Hepatic mRNA expression of
Fasn (ANOVA, F; 33 = 0.707, p = 0.55). (FPpary (ANOVA, F5 33 = 7.708, p = 0.0005). (G)
Represents hepatic fat content (ANOVA & = 13.47, p < 0.0001). (H) Expression kif-6 was
significantly higher only between treatments F30/@af@ F30/W50. Values are means + SEM (n =
9-10). Data were analyzed using one-way ANOVAt-test. *p < 0.05, **p < 0.01, **p < 0.001.
Means that do not share letters are significariffgrent.

Figure 4: Liquid sucrose feeding led to impairment in glucoséomeostasis.

(A) Glucose tolerance test performed after a 14dt. fBlood glucose concentrations are shown at
baseline and following an ip glucose load (2 mg/k@)way ANOVA, R 15= 10.59, p < 0.0001). (B)
Area under the curve representation of the dataQN F; 3= 3.705, p = 0.02); ns (ANOVA;R; =

0.81, p = 0.4). (C) Intraperitoneal insulin tolecantest (ITT) (2-way ANOVA, k135 = 26.11, p <
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0.0001). (D) Area under curve analysis (ANOVA, &= 9.38 p = 0.0002). (E) Serum insulin level
(ANOVA, F; 33= 8.70, p = 0.0002). (F) Hepatic expression ofitfeulin receptor substrate &{2)
(ANOVA, F333=3.209, p = 0.03); ns (ANOVA, ks = 1,382, p = 0.26). Results were analyzed using
Two- way ANOVA (Panels A, C); One-way ANOVA (Pandls D, E and F) with Holm-Sidak’s
multiple comparison tests. t-test was also useaintdyze Panels B, D and F). *p < 0.05, **p < 0.01,
***p < 0.001. (ns = non-significant, p > 0.05). kies that do not share letters are significantly
different.

Figure 5: Lingual sweet taste receptor genes expression in e¢eiexposed to liquid
and solid sucrose

(A) Lingual mRNA expression of thEaslr2 gene(ANOVA, F3 3= 9.49, p < 0.0001); ns (ANOVA, F2,
23 = 0.85, p = 0.44)B) Lingual mMRNA expression of thEslr3 gene(F; 3;= 3.62, p = 0.0023). Data
are presented means +SEM. Means that do not stttges|are significantly different.

Figure 6: Correlation between glucose homeostasisi@ body composition

Non-linear fitting model was used to find corratatibetween blood glucose level with body weight (A)
(R = 0.191, p = 0.0047) and body fat (B®0.174, p = 0.0073). Serum insulin level wasrsjip
correlated to body weight (C) {R 0.771, p < 0.001). (D) Correlation between semsulin level and
hepaticlrs2 expression (R= 0.374). (E) HOMA-IR presented as median with enin a Tukey box
plot with outliers represented as dotsg = 6.175, p = 0.0018). (F) Energy intake from sserwas
not correlated to glucose homeostasié £R0.0216, p = 0.39). Means that do not sharerkiee

significantly different.
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Highlights

® Sucrose-sweetened water intake was associated with increased energy
consumption and greater body fat gain in C57BL/6 mice

® The same level of sucrose in a solid diet did not lead to higher energy intake or
elevated body weight and fatness.

® FElevated adiposity due to sucrose-sweetened water intake was correlated with
impairment of glucose homeostasis and insulin resistance.

® Glucose homeostasis and insulin resistance were related to adiposity and the
mode but not the level of sucrose intake.



Impact of dietary sucrose on adiposity and glucose homeostasisin C57BL/6J
mice depends on mode of ingestion: liquid or solid.
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