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Abstract
Purposes Whether low-calorie sweeteners (LCS), such as sucralose and acesulfame K, can alter glucose metabolism is uncertain,
particularly given the inconsistent observations relating to insulin resistance in recent human trials. We hypothesized that these
discrepancies are accounted for by the surrogate tools used to evaluate insulin resistance and that PET 18FDG, given its capacity
to quantify insulin sensitivity in individual organs, would be more sensitive in identifying changes in glucose metabolism.
Accordingly, we performed a comprehensive evaluation of the effects of LCS on whole-body and organ-specific glucose uptake
and insulin sensitivity in a large animal model of morbid obesity.
Methods Twenty mini-pigs with morbid obesity were fed an obesogenic diet enriched with LCS (sucralose 1 mg/kg/day and
acesulfame K 0.5 mg/kg/day, LCS diet group), or without LCS (control group), for 3 months. Glucose uptake and insulin sensitivity
were determined for the duodenum, liver, skeletal muscle, adipose tissue and brain using dynamic PET 18FDG scanning together
with direct measurement of arterial input function. Body composition was also measured using CT imaging and energy metabolism
quantified with indirect calorimetry.
Results The LCS diet increased subcutaneous abdominal fat by ≈ 20% without causing weight gain, and reduced insulin
clearance by ≈ 40%, while whole-body glucose uptake and insulin sensitivity were unchanged. In contrast, glucose uptake in
the duodenum, liver and brain increased by 57, 66 and 29% relative to the control diet group (P < 0.05 for all), while insulin
sensitivity increased by 53, 55 and 28% (P < 0.05 for all), respectively. In the brain, glucose uptake increased significantly only in
the frontal cortex, associated with improved metabolic connectivity towards the hippocampus and the amygdala.
Conclusions In miniature pigs, the combination of sucralose and acesulfame K is biologically active. While not affecting whole-
body insulin resistance, it increases insulin sensitivity and glucose uptake in specific tissues, mimicking the effects of obesity in
the adipose tissue and in the brain.

Keywords Brainconnectivity .Compartmentalanalysis .Glucoseuptake . Insulinsensitivity .Miniaturepig .Statisticalparameter
mapping . Sweeteners

Abbreviations
LCS Low-calorie sweeteners
18FDG 18Fluorodeoxyglucose
PET-CT Positron emission tomography coupled

with computed tomography
MRglu Metabolic rate for glucose utilization
ROI Region of interest
VOI Volume of interest

Introduction

The outcomes of studies relating to both the acute and chronic
effects of low-calorie sweeteners (LCS) on glucose homeostasis
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support the concept that they are not physiologically inert [1, 2].
However, whether LCS affect metabolism remains controver-
sial [3]. For example, in 2018, three controlled trials [4–6] in-
vestigated the impact of several weeks of consumption of three
popular LCS on insulin sensitivity. Two studies, 2 and 4 weeks
in duration, which investigated the addition of sucralose at or
below the acceptable daily intake found significant reductions
in total insulin sensitivity with [5] and without [4] a reduction in
insulin secretion. In contrast, Bonnet et al. [6], who investigated
a mixture of aspartame and acesulfame K corresponding to the
amount provided by two servings of commercial soft drinks,
failed to identify changes in insulin sensitivity despite a 12-
week intervention time and the inclusion of subjects with a
larger body mass index (BMI). Surprisingly, no studies have
investigated insulin sensitivity after the prolonged use of
sucralose-acesulfame K, particularly as this mixture has been
promoted by the food industry following increasing public con-
cern related to potential adverse effects of aspartame [7].

The mechanisms underlying metabolic effects of sucralose
and acesulfame K are poorly characterized, but the outcomes of
several rodent experiments [8, 9] together with in vitro testing
[10–12] indicate that acesulfame K and sucralose may modify
glucose metabolism through several pathways. For example, in
the rat, acesulfame K doubled plasma insulin concentrations
after a single IV dose and increased insulin release in isolated
rat pancreatic islets [10, 13]. A comparable increase in insulin
release was also observed after the addition of sucralose in an
identical experimental set-up [14]. However, when given orally
for about a year in mice, acesulfame K had no effect on insulin
sensitivity or body weight [9]. Increases in glucose intestinal
uptake have been demonstrated for acesulfame K and sucralose
alike in Caco 2 cells [12], probably via increased expression of
SGLT-1 and glucose transporter 2 [15–17]. Aside from these
effects on glucose metabolism, there is evidence to suggest
several other targets for sucralose and acesulfame K. For exam-
ple, in mice, prolonged oral supplementation with acesulfame
K impaired cognitive function together with inhibition of gly-
colysis and neurosynaptic abnormalities in hippocampal neu-
rons [9, 18]. In human and rat cells, acesulfame has been re-
ported to stimulate adipogenesis and suppress lipolysis [11].

Several tissues, including the liver, skeletal muscle and adi-
pose tissue, exhibit a reduction in insulin-dependent glucose
uptake in obesity [19]. Although insulin resistance develops
concurrently in multiple organs, its progression differs between
them [20]. Differential effects of LCS on tissue-specific insulin
resistance may, therefore, account for the counterintuitive im-
pact of LCS on metabolic homeostasis [21]. Indeed, there is
evidence of impaired glucose tolerance [22] in the absence of
weight changes after prolonged LCS intake [23], although nei-
ther changes in glucose uptake nor insulin sensitivity have been
assessed using quantitative imaging approaches [24].

We, therefore, determined the effect of prolonged
(12 weeks) supplementation with a sucralose-acesulfame K

mixture on whole-body and organ-specific, insulin-
dependent glucose uptake and insulin sensitivity in a large
animal model of obesity. We performed our experiments in
obese animals [25] given that obese subjects represent preva-
lent users of LCS [26] and chose the Yucatanmini-pig because
it is known to develop obesity in response to a high-fat/su-
crose diet [25]. We hypothesized that prolonged consumption
of two commonly partnered LCS in diet beverages would
affect insulin resistance and glucose uptake. We quantified
the effects of LCS supplementation on whole-body, brain,
liver, duodenum, skeletal muscle and subcutaneous and vis-
ceral fat insulin sensitivities using PET CT imaging. This was
achieved during insulin stimulation designed to mimic that
observed during a nutrient meal [27] via an euglycemic
hyperinsulinemic clamp. The latter, unlike simple insulin
stimulation, allowed stable glycemia for extended periods, a
prerequisite for quantitative glucose uptake measurement
using PET [28]. Specific attention was given to the impact
of LCS on brain function since (i) insulin appears to increase
brain glucose uptake only in the setting of obesity [27] and (ii)
habitual LCS consumption has been shown to modify brain
networks relevant to the regulation of glycemia [18]. Non-
oxidative glucose metabolism was also quantified using indi-
rect calorimetry, and body composition with CT imaging to
further characterize the metabolic status of the animals [25].

Materials and methods

Animals

Twenty adult Yucatan mini-pigs, aged 3 years, were fed a
high-fat/high-sucrose pellet diet (4024 kcal/kg feed) supplied
at 150% of the recommended caloric intake for 5 months to
induce morbid obesity before the onset of the experiment
(Table 1). Food was provided once a day and water supplied
ad libitum. Energy intake was maintained during the entire
experiment. The animals were housed individually in 2-m2

cages, enriched with toys to encourage physical exercise.
Visual and limited physical contact between animals was per-
mitted by the design of the cages. The experiment was con-
ducted according to ethical standards of European and French
legislation, and with the approval of the Rennes Animal Ethics
Committee (R-2011-MO-01).

Experimental protocol

Mini-pigs were divided into two groups (n = 10 each) matched
for weight, age and sex. The amount of obesogenic diet
ingested spontaneously by each animal during 1 week was
recorded prior to experimentation. During the 3-month exper-
imental period, this amount of foodwas supplied to control for
potential differences in palatability between the control and
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LCS diets. The control diet group was maintained on the same
high-fat, high-carbohydrate pellet diet throughout, while the
LCS diet group received the same diet enrichedwith a mixture
of two LCS: sucralose (92 mg daily) and acesulfameK (52mg
daily) for 3 months, corresponding to daily consumption of
~500mL of diet beverage in humans [29]. Both groups ate the
total amount of food given daily.

One week before the end of the experiment, the mini-pigs
were scanned by CT (HiSpeed NX/i; GE Medical Systems,
Milwaukee, WI, USA) to quantify subcutaneous and abdominal
fat [30]. Briefly, subcutaneous and intra-abdominal fat volumes
were obtained after averaging CT slices performed at T13 and
L2 levels. Segmentation of subcutaneous and intra-abdominal
fat was performed semi-automatically using ITK-SNAP soft-
ware. Total abdominal fat was estimated as the sum of subcuta-
neous and intra-abdominal fat. During the same anesthesia, an
endoscope was passed into the duodenum to deliver 70 mL of a
radio-opaque medium (Micropaque Scanner, 5 g of barium sul-
fate per mL, Guerbet). Once the compound filled the duodenum
from the ligament of Treitz to the duodenal bulb, a high-
resolution 3D scan was performed to identify the location of
the duodenum relative to three fiducial markers sutured to the
skin at precisely 90° from each other. This was done to allow
accurate localization of the duodenum while not affecting the
attenuation image for the PET procedure.

Euglycemic-hyperinsulinemic clamp procedure

PET imaging was performed after a 12-h fast during a
euglycemic-hyperinsulinemic clamp. Insulin (Actrapid,
Novo Nordisk, Denmark) and 20% glucose were infused
using a catheter placed extemporaneously in a saphenous
vein. Insulin was diluted in 50 mL saline plus 0.5% homolo-
gous blood and infused at 120 mU.kg−1.h−1 [25] without a
priming dose. Arterial blood samples were obtained every
5 min and measured by the glucose oxidase method on a rapid
analyzer (Analox GM9 Analyzer; Analox Instruments,
London, UK). The clamp was computer-controlled with

custom software [31]. For each clamp, the plateau was con-
sidered to have been achieved when differences in glucose
uptake rate and glycemia were less than 5% in three consec-
utive samples. In most animals, this was reached within 2 h
after the onset of the clamp. Access to the arterial supply was
achieved with a Seldinger-type catheter (RS+A50K10SQ,
Terumo, France) inserted extemporaneously under echo guid-
ance (M Turbo, Sonosite, France) in either the left or right
femoral artery. Arterial and plasma glucose concentrations
were determined in duplicate on a multiparametric analyzer
(Konelab 20i, Thermo Fisher Scientific). Plasma insulin con-
centrations were measured in clamp studies using an ST-AIA-
Pack IRI reagent kit, with a quantification limit of 0.5
μU.mL−1 and intra-assay coefficient of variation less than
2% from 12 to 200 μU.mL−1. Insulin clearance was calculated
by dividing the rate of insulin infusion by the mean steady-
state plasma insulin concentration. Whole-body glucose up-
take and insulin sensitivity were calculated using AniMate
software [25]. Endogenous glucose production was estimated
using the procedure described by Iozzo et al. in pigs [32] and
was used to confirm the absence of hepatic glucose production
during the clamp.

Energy expenditure measurement

Energy expenditure and carbohydrate oxidation rate were
measured after 12-h fasting by indirect calorimetry before
and during the plateau of the euglycemic hyperinsulinemic
clamp. A breath-to-breath metabolic analyzer (Quark RMR,
Cosmed) was attached to a non-rebreathing ventilator
(Siemens SAL 900) to measure the difference between in-
spired and expired VO2 and VCO2 [33]. The calorimeter
was calibrated daily using gas of certified O2 partial pressure
(spO2) and CO2 partial pressure (spCO2) composition, and the
flowmeter was also calibrated using a 3-L syringe.
Determinations of energy expenditure and carbohydrate oxi-
dation rate were obtained, as described from calorimetric mea-
surements for at least 15 min, until the reading was stable at

Table 1 Phenotypic and
metabolic characteristics of mini-
pigs at 12 weeks after LCS
supplementation

Control diet group LCS diet group

Sex ratio 1 1

Body weight before intervention (kg) 86.4 ± 1.38 87.9 ± 1.85

Body weight after intervention (kg) 92.8 ± 1.19 93.2 ± 0.98

Total abdominal fat mass before intervention (kg) 24.0 ± 2.21 24.4 ± 2.98

Total abdominal fat mass after intervention (kg) 26.4 ± 3.21 31.3 ± 1.15*

Visceral fat mass before intervention (kg) 11.5 ± 0.91 11.2 ± 0.89

Visceral fat mass after intervention (kg) 12.2 ± 2.91 11.1 ± 2.14

Fasting energy expenditure (kcal/day) 1054 ± 29.1 993 ± 80.1

Energy expenditure during clamp (kcal/day) 1321 ± 70.9 1235 ± 95.0

Glucose oxidation rate (mg/kg/min) 1.9 ± 0.24 1.4 ± 0.63

*Indicates a significant difference between groups at P ≤ 0.05. N = 10 per group
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±10% [34]. Non-oxidative glucose utilization was calculated
by subtracting the rate of glucose oxidation during a given
time period from the total rate of glucose uptake obtained with
the clamp during the same period.

PET imaging

PET images were acquired during the euglycemic-
hyperinsulinemic clamp with an ECAT EXACT HR scanner
(CTI/Siemens). Mini-pigs were anesthetized with isoflurane
(measured minimum alveolar concentration 1.8 vol) in an air/
O2 mixture. The ventilation parameters were set to maintain
spCO2 at 4.3 ± 2% and spO2 at 98%, or more, while the insuf-
flation pressure was less than 20 mmHg (ADU-AS/3, GE,
France). Homeothermy was maintained using a forced-hot-
air blanket (Bair Hugger, 3M, France). A transmission scan
of 5 min was performed with three rotating pin sources con-
taining 68Ge before the emission scan to correct for tissue
attenuation. At the glucose perfusion plateau of the clamp,
18fluorodeoxyglucose (FDG, ~370 MBq, IBA France) was
injected intravenously over 30 s using an automated injector;
the amount of 18FDG injected was subsequently calculated
through measurements of the residuals from the injecting sy-
ringe, extension lines and sampling vial. The PET scanning
started from the brain (4 × 30 s, 3 × 60 s, 10 × 300 s frames)
followed by the liver (5 × 300 s frames), abdomen (5 × 300 s
frames) and legs (5 × 300 s frames). Concurrently with the
PET scanning, arterial blood radioactivity was recorded con-
tinuously for the first 13 min after 18FDG injection using an
in-line device coupled with a gamma ray detector [31]. Blood
was drawn at a rate of 4 mL/min through a computer-
controlled peristaltic pump. Subsequently, arterial blood and
plasma samples were withdrawn once during each time frame
and measured using an automatic gamma counter (Wizard

1470, Perkin Elmer). The in-line blood sampling device and
automatic gamma counter were both cross-calibrated on a
daily basis before the experiment against the PET scanner
using an 18F water-filled phantom of 5 L as a reference. In
addition, data originating from the in-line blood sampler were
corrected for dispersion error caused by the length of the ar-
terial sampling line according to Munk et al. [35]. Composite
arterial input function was built from these measurements
using AniMate software [31].

All image data were corrected for dead time, decay and pho-
ton attenuation. PET images were reconstructed by filtered back-
projection and smoothed with a Hanning 0.5-Hz filter. This pro-
vided a spatial resolution of 8.5 mm full-width at half maximum
transaxially and axially. Reconstructed images of the brain were
displayed in a 128 × 128 × 63 voxel format, each voxel measur-
ing 0.64 × 0.64 × 2.42 mm. These values were equal to 128 ×
128 × 63 voxels, where each voxel measured 2.57 × 2.57 ×
2.42 mm for the liver, fat and muscle. Glucose uptake rates
obtained initially in units of volume were converted to units of
weight using the following densities: 1 g/mL for brain tissue,
1.05 g/mL for liver, 1.06 g/mL for skeletal muscle and 0.95 g/
mL for adipose tissue.

Image analysis

Glucose uptake rates were obtained for each organ through
model or Patlak analyses of regions of interest (VOI) data and
arterial input function using PMod software (Switzerland).
VOIs for the liver, the duodenum, the muscle and the
subcutaneous/visceral fat were obtained initially from the
semiautomatic or entirely manual segmentation of the organs
based on CT performed after the PET imaging and after the
co-registration of the CT on the PET-averaged images based
on the fiducial markers (Fig. 1). This was done using ITK-

Vertebra

Liver

Stomach

Duodenum

Jejunum

Spleen

Fig. 1 Segmentation of the
porcine abdominal organ using
ITK-snap. Segmentation was
performed semi-manually from
CT images, and the resulting
mesh was then converted into
PMOD-compatible VOIs for
Patlak graphical analyses of glu-
cose uptake. Note the clear delin-
eation of the duodenum in con-
trast to the indistinct proximal je-
junum, explaining why glucose
uptake was not calculated for the
jejunum

Eur J Nucl Med Mol Imaging (2019) 46:2380–2391 2383



Snap software to generate a 3D mesh of these organs [36].
These meshes were converted subsequently into PMod-
compatible VOIs. When uncertainty about the accuracy of
the segmentation was considered unacceptable (e.g. visual
difference between the CT and PET boundaries of the organ),
the size of the VOIs was reduced manually to increase the
probability of accurate segmentation. The manual refinement
step of the meshwas extended to the liver hilum to exclude the
large vessels at their entrance in the tissue from the liver VOI.
This was done individually in each animal. VOIs at the brain
level were obtained automatically by co-registration of the
PET brain image with a dynamic PET template co-registered
with our 3D brain atlas [37]. The following lumped constants
(LC) were used to take into account the differences in affinity
between FDG and native glucose: 0.45 for brain [38], 1 for
liver [39], 1.15 for duodenum [40], 1.14 for adipose tissue
[41] and 1.2 for skeletal muscle [42]. A classical 3 K model
was used for the brain, while a Patlak graphical analysis was
performed for the liver, duodenum, abdominal subcutaneous
fat and visceral fat. The difference in the analysis workflow
reflected the absence of early (0–60 min) images for these
organs, unlike the brain, for which these scans were obtained.
Transfer constants K1, k2 and k3 were used to characterize the
model at the brain level, where K1 represents mainly transport
and k3 phosphorylation. Muscle glucose uptake was averaged
over the two thighs. Similarly, subcutaneous fat MRglu ob-
tained from the abdominal scan was averaged from the left
and right sides. Due to the limited size of the visceral fat pad
on the left side, MRglu for visceral fat was calculated unilat-
erally. Insulin sensitivity was calculated for each organ from
the value of glucose uptake divided by the mean arterial gly-
cemia during the scan of the organ under investigation multi-
plied by the difference of insulin concentrations from basal to
clamp conditions [20].

Changes in brain glucose uptake that did not extend to large
brain areas were evaluated with pixel-wise modeled brain vol-
umes reconstructed from the raw PET images, and arterial input
function using PXMod software with the Patlak method [43].
Similarly, brain maps coded for transfer coefficients were built
using a two-tissue compartment model with the basis function
method of Hong and Fryer [44]. These maps were analyzed for
differences at a voxel level using SPM [Statistical Parametric

Mapping] (SPM12, Wellcome Trust Centre for Neuroimaging,
London, UK). Metabolic connectivity analysis [45] was per-
formed using NetPET software on quantitative CMRglu images
to identify significant network components (NetPET V1, L.
Moro, M. Veronese and M. Arcolin). Brain networks were visu-
alized with BrainNet Viewer [46] and the circular graph Matlab
subroutine using regions extracted from the pig brain atlas ac-
cording to the structural volume’s definitions of Hammers et al.
in humans [47].

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM)
and were compared using an unpaired t test with Prism 7
(GraphPad Software, USA) unless otherwise indicated.
Differences were considered statistically significant if P ≤ 0.05.
Correlation matrices were used to evaluate possible relationships
between organ-specific glucose uptake. Pearson r correlation co-
efficients were computed and presented using a heat map.
Statistical analysis of brain uptake rate was compared using
paired t tests with SPM12 at a significance level of P ≤ 0.001,
and were FDR (false detection rate)-corrected to exclude random
brain activation. Brain connectivity matrices were thresholded
using the corresponding probability matrices for P ≤ 0.001.

Results

Insulin sensitivity and body composition

After the dietary intervention, the body weight of the LCS diet
group was similar to that of the control diet group (P > 0.05,
Table 1). There was a change in body composition, due to a
20% increase in total abdominal fat mass in the LCS com-
pared to control group (P = 0.03). This reflected an increase
in subcutaneous fat, since the amount of visceral (including
perirenal) fat was unchanged (P > 0.05, Table 1). Energy ex-
penditure was not modified by LCS, either in the fasting con-
dition or during the clamp.

Fasting glucose and insulin were comparable between the two
groups. In both groups, mean plasma glucose concentration was
6.4 ± 0.4mmol/L during the euglycemic hyperinsulinemic clamp

Table 2 Biochemical
characteristics of mini-pigs after
12 weeks of LCS
supplementation

Control diet group LCS diet group

Fasting Plasma glucose (mmol/L) 6.0 ± 0.17 6.6 ± 0.49

Plasma insulin (μU/mL) 5.2 ± 1.71 5.5 ± 1.45

Clamp Whole-body insulin sensitivity (dL/kg.min/μU/mL*1E−3) 3.2 ± 0.29 3.1 ± 0.48

Whole-body glucose uptake (μmol.min−1.kg−1) 19.5 ± 1.36 20.2 ± 1.48

Metabolic clearance rate of insulin (mL.min−1.kg−1) 3.33 ± 0.091 2.38 ± 0.103*

Endogenous glucose production (μmol.min−1.kg−1) 2.41 ± 0.646 −12.9 ± 1.118*

* Indicates a significant difference between groups at P ≤ 0.05. N = 10 per group
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(Table 2), while plasma insulin concentrations during the clamp
were not different in the LCS versus control group (774 ± 91 vs.
633 ± 36 μU/mL, P = 0.135). Consequently, whole-body insulin
sensitivity and whole-body glucose uptake were unchanged, but
insulin clearance was reduced by ≈ 40% in the LCS versus
control group (P = 0.011, Table 2). In both groups, endogenous
glucose production was suppressed during the clamp, with a
negligible fraction present in the control group only (Table 2).

Organ-specific glucose uptake

LCS supplementation did not affect whole-body glucose up-
take; however, glucose uptake increased significantly in the
brain (29%), liver (66%), duodenum (57%) and visceral fat
(40%) in the LCS compared to the control group (Table 3).
These increases in glucose uptake translated to an increased
insulin sensitivity for the brain (28%), liver (55%) and duode-
num (53%).

The higher glucose uptake was accounted for by parallel
increases in glucose transport (K1) in the brain. In contrast to
the brain, glucose uptake was unchanged in skeletal muscle
and abdominal subcutaneous fat (Table 3).

Correlation analysis of organ-specific glucose uptake
showed a reciprocal, and diet-dependent, relationship between
glucose uptake in brain and liver (r = −0.812 versus 0.908 for
control and LCS groups, respectively; P = 0.009). A similar
relationship between glucose uptake in the duodenum and
liver was also evident, albeit as a trend (P = 0.081, Fig. 2).

Regional metabolic changes in the brain

Glucose uptake in the brain was higher in the LCS diet group
compared to the control diet group (20.8 ± 1.0 vs. 16.1 ± 1.0,
P = 0.0346). This reflected changes in the dorsolateral

prefrontal cortex, the sole brain structure with differential ac-
tivation between the two groups (P ≤ 0.0001, FDR-corrected,
Fig. 3). The ROI-based analysis confirmed the SPM analysis
and established that the local change in glucose uptake was the
immediate outcome of an increased inward flux (K1) within
the dorsolateral prefrontal cortex (0.113 ± 0.014 vs. 0.082 ±
0.007 mL.min−1, Fig. 4). Small volume correction performed
on striatal areas failed to identify significant changes in brain
activity between groups, despite increased statistical power.

Metabolic connectivity analysis demonstrated a marked
increase in connectivity between the hippocampal amygdaloid
complex and the frontal structures for the LCS group only.
There was also a significant relationship between the hippo-
campal amygdaloid complex and the anterior cingulate area
(Fig. 5).

Discussion

This is the first study to quantify the effect of chronic admin-
istration of a low-dose sucralose-acesulfame K mixture on
insulin sensitivity and glucose uptake in organs critical for
glucose homeostasis. We observed an increase in insulin sen-
sitivity in the brain, liver, duodenum and visceral fat resulting
from an increase in glucose uptake in these organs. That these
changes did not affect whole-body insulin sensitivity is not
surprising given that skeletal muscle uptake, the major con-
tributor of whole-body glucose uptake and insulin sensitivity
[19], was unaffected by LCS supplementation. Furthermore,
the metabolic activity of the dorsolateral prefrontal cortex was
increased together with metabolic connectivity between fron-
tal areas and the hippocampal amygdaloid complex in the
LCS-treated mini-pigs. The LCS supplement we used can be
regarded as physiological, given that it represents the content

Table 3 Glucose uptake and
insulin sensitivity in brain, liver,
duodenum, skeletal muscle and
both subcutaneous and visceral
fat after 12 weeks of LCS
supplementation

Control diet group LCS diet group

Glucose uptake (μmol.min−1.100 g−1) Brain 16.1 ± 0.97 20.8 ± 0.96*

Liver 9.8 ± 0.44 16.1 ± 0.69*

Duodenum 7.6 ± 0.32 12.0 ± 1.25*

Muscle 3.2 ± 0.45 3.2 ± 0.12

Subcutaneous fat 0.6 ± 0.20 0.5 ± 0.04

Visceral fat 0.6 ± 0.11 0.9 ± 0.19*

Insulin sensitivity (dL/kg.min/μU/mL*1E−3) Brain 6.3 ± 0.30 8.1 ± 0.36*

Liver 3.8 ± 0.45 5.7 ± 0.41*

Duodenum 2.8 ± 0.17 4.5 ± 0.18*

Muscle 1.2 ± 0.10 1.1 ± 0.16

Subcutaneous fat 0.2 ± 0.20 0.1 ± 0.07

Visceral fat 0.2 ± 0.19 0.3 ± 0.12

* Indicates a significant difference between groups at P ≤ 0.05
Glucose uptake was calculated from compartment modeling for the brain, while it was obtained from Patlak
graphical analyses for the remaining organs
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of 500 mL of carbonated soft drink, and approximately 20%
of the daily intake for sucralose and 4% of the daily intake for
acesulfameK considered acceptable by the US Food and Drug
Administration (FDA) and the Joint FAO/WHO [Food and
Agriculture Organization/World Health Organization] Expert
Committee on Food Additives. The stimulation of incretin
release from L-cells by sucralose is known to be nonlinear
[48], which may explain, at least in part, why earlier studies
employing sucralose doses many times greater than the usual
daily intake failed to identify metabolic effects.

Arguably, the most important outcome of our study was
that in obese mini-pigs, sucralose-acesulfame K supplementa-
tion increases insulin sensitivity of the brain, liver and duode-
num, without affecting the whole-body insulin sensitivity.
These observations are consistent with studies in healthy [6]
and obese [49] subjects reporting no effect of long-term LCS

supplementation on whole-body insulin sensitivity.
Nevertheless, our results differ from those of Lertrit et al.
[4]. In line with the improved tissue-specific insulin sensitiv-
ity, we showed a reciprocal and LCS-dependent relationship
between glucose uptake in brain and liver. In the control
group, glucose uptake was negatively related in these two
organs, but positively related in LCS-treated mini-pigs (such
that an increase in liver glucose uptake was linked to higher
brain uptake). There was, however, a striking divergence be-
tween whole-body and organ-specific glucose uptake.
Glucose uptake in skeletal muscle, the major organ determin-
ing whole-body glucose uptake [20], was not affected, and it
is, accordingly, not surprising that the augmented glucose up-
take in the brain, liver, duodenum and visceral fat failed to
have a significant effect on whole-body glucose uptake, given
the small volume of these organs. Assessment of glucose

0

7.2

Fig. 3 Statistical comparison within the brain glucose metabolism map
obtained during insulin stimulation in control and LCS groups. Statistical
analysis was performed on voxel-based glucose uptake-coded images. T
values were thresholded at FDR P ≤ 0.0001, cluster level-corrected.
Graphical representation was obtained using XJview. Grey-scale image

background was co-registered to T maps and represents the MRI used in
our brain atlas for the pig (Saikali et al. 2010). Brain glass image (top left
panel) was obtained for the pig brain using a beta version of the small
animal molecular imaging toolbox (SAMIT; D. Vallez Garcia) [61]. Note
activation within the dorsolateral prefrontal cortex only
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Fig. 2 Heat map matrix of Pearson coefficients for the correlation of
glucose uptake in brain, liver, duodenum, muscle and abdominal fat
tissues. LCS supplementation reversed the correlation matrices for
brain–liver interactions compared to the control group, with similar

changes noted in duodenum–liver interactions. Correlation matrices were
used to evaluate the possible relationships between organ-specific glucose
uptake. Pearson r correlation coefficients were computed and presented
using a heat map
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uptake in the gut is complicated by the fact that the mucosa is
more glucose-avid than the external layers [50], with the du-
odenum being the most amenable to contrast-enhanced CT
due to its relatively fixed location. For these reasons, we could
not extrapolate duodenal glucose uptake tomore distal parts of
the gut, or calculate whole-gut glucose uptake.

We demonstrated that chronic exposure to LCS enhanced
metabolic activity in the dorsolateral prefrontal cortex. This
observation appears robust given that (i) the effect size was
large, (ii) ROI-based analysis confirmed the specific pattern

and (iii) a priori analysis on the striatum failed to show differ-
ences. Dorsal prefrontal functioning is linked to the capacity
to exert self-control over food intake upon exposure to appe-
titive food cues [51], and increased activity occurs in response
to viewing of palatable foods [52]. In the current study, this
increased activity was sustained and may be linked to the
increased metabolic connectivity in the LCS group (which
involved frontal structures and extended to the hippocampus
and amygdala). Our observations contrast with our original
hypothesis, i.e. that an LCS-enriched diet would reduce brain

Fig. 5 Metabolic connectivity analysis for control and LCS groups.
Metabolic connectivity matrices were calculated using NetPET
software. Top panel - Components were presented using BrainNet
Viewer with a threshold of P ≤ 0.001 on the probability map associated
with the correlation map. The unconnected nodes were not represented.
The thickness of the edges symbolizes the intensity of the correlation.

Bottom panel - The same correlation matrices are represented as circular
graphs for which the colors denote the intensity of the correlation. Note
the substantial increase in brain connectivity for the LCS group with
special reference to the amygdala, the hippocampus and the frontal lobe.
Abbreviations for nodes are given in supplementary Table S1
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Fig. 4 Brain regional changes in transfer coefficients induced by insulin
stimulation in control and LCS groups. K1 represents the transport across
the blood-brain barrier and trans-membrane transport. k2 quantifies the
retrograde transfer from the cell to blood, while k3 defines the amount of

phosphorylation. Note that K1 was altered only in the frontal cortex.
*Indicates a difference between control and LCS group (P < 0.05). N =
10 animals in each group; error bars represent SEM
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connectivity akin to cognitive impairments observed in degen-
erative diseases [53] and, to a lesser extent, in morbidly obese
patients [54]. Rather, ROI, SPM and connectivity-based anal-
yses gave congruous information and provided strong support
of a more metabolic active forebrain in LCS-treated obese
animals. These results can be compared with those published
by our group in obese vs. lean miniature pigs of identical
breed using the same PET quantitative measurements of brain
me t a bo l i sm du r i n g a compa r a b l e e ug l y c em i c
hyperinsulinemic clamp condition [27]. While obesity was
less marked in these younger pigs, brain glucose uptake was
also increased by 36% in obese vs. lean animals, a difference
of the same order to that observed in the LCS diet group
versus control diet group (22%). Since an increase in brain
glucose uptake was also observed in obese [55] and insulin-
resistant [56] humans compared to lean volunteers, the in-
crease in brain glucose uptake induced by an LCS diet is likely
to be detrimental. Furthermore, in both studies, the origin of
the increased glucose uptake was identical e.g. an increase in
K1 transfer coefficient indicative of larger glucose inward flux
involving the transfer from the blood-brain barrier and the
extracellular to the intra-cellular space. However, our voxel-
based SPM analyses showed that the brain structures respon-
sible for the overall change in increased glucose uptake were
not strictly identical: core recollection network for Bahri et al.
[27] and dorsolateral prefrontal cortex in the LCS diet group.
However, the connectivity analysis identified the same net-
work, yet with different intensity between connecting nodes.
In both experimental conditions, the prefrontal cortex, the
amygdala and the hippocampus were engaged.

Total abdominal fat increased by 20% in the LCS group
reflecting an increase in subcutaneous fat only. Such an in-
crease, without a parallel increase in visceral fat, is uncommon
in animal models of diet-induced obesity, but changes in fat
deposition in obese patients receiving LCS for 6 months have
been reported [49]. As a crude approximation, the product of
tissue mass and glucose uptake can be used to calculate tissue-
based glucose uptake. Using these figures, there was a gain of
6 μmol of glucose uptake in fat in the LCS versus control
group, while uptake for lean/muscle tissue was reduced by
21 μmol of glucose. We recognize that lean tissue mass may
have exceeded that of muscle, resulting in an overestimation
of lean tissue total glucose uptake. Nevertheless, it is likely
that the increased glucose uptake in abdominal fat was
counterbalanced, at least partially, by the decrease observed
in muscle, so that there was no difference in whole-body glu-
cose uptake between the groups. The same calculation can be
used to investigate the imbalanced glucose uptake observed
for subcutaneous and visceral fat induced by the LCS diet.
Glucose uptake was unchanged in subcutaneous fat, but sub-
cutaneous fat weight increased. The opposite situation was
evident for visceral fat with unchanged weight, but increased
glucose uptake. Nevertheless, whole-body glucose uptake due

to adipose tissue only increased by 30% (visceral) and 42%
(subcutaneous), respectively. A similar, yet less marked alter-
ation, in total glucose uptake has been observed in obese vs.
lean patients [57].

It is probable that differences in glucose uptake and insulin
sensitivity between diets were amplified by obesity, and that
different results might have been observed in lean animals.
For example, brain glucose uptake was unaffected by insulin
in lean miniature pigs, while it is potentiated in obese pigs
[27]. The same feature has been also demonstrated in humans
for the brain [58]. However, we decided to perform our exper-
iment in obese animals given that obese subjects represent
prevalent users of LCS [26]. To what extend the detrimental
effects of LCS on glucose uptake and insulin sensitivity were
related to BMI remains uncertain.

Our study has methodological limitations which are inher-
ent in the chronic LCS supplementation paradigm. First, we
measured glucose uptake during insulin stimulation, given its
physiological relevance, rather than in the fasting state [25].
However, “gold-standard” clamp measurement of insulin sen-
sitivity required the use of such an experimental paradigm that
has been applied successfully both in animals [27] and
humans [58]. Second, for technical reasons, we investigated
the duodenum only, and did not measure glucose uptake in
other gut regions. Indeed, the duodenum, an organ with prox-
imal and distal ligaments, is sufficiently anatomically stable to
perform dynamic PET imaging, unlike the jejunum. Similarly,
we used a liver VOI that included most of the organ instead of
using several spherical VOI as classically performed in
humans [60]. Indeed, while the position of the liver VOI has
little impact on calculation of glucose uptake so far they were
both located within the right lobe [59], this is probably not the
case in the pig. We observed a significant anisotropy in glu-
cose uptake that is more efficiently handled by a large VOI
enclosing a substantial portion of the organ. Furthermore, due
to major anatomical differences between the porcine and hu-
man liver, it was not feasible to apply human guidelines [60]
for drawing liver VOI, as the left lobe is larger than the right.
Third, potential changes in gut microbiota due to LCS were
not assessed, and may be relevant given that dysbiosis due to
LCS has been associated with impaired glucose tolerance in
mice [2]. Finally, anesthesia has the potential to reduce organ
metabolism, especially in the brain. However, the minimal
alveolar concentration of isoflurane was monitored and tuned
in real time throughout the experiment to minimize the possi-
bility of a difference between groups.

Conclusions

We demonstrated increased insulin sensitivity and augmented
glucose uptake in the brain, liver and duodenum, organs piv-
otal to glucose homeostasis, in LCS supplemented mini-pigs.
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Whole-body glucose uptake in adipose tissue was also in-
creased in response to the LCS diet, a feature also evident in
obese subjects. These effects were not associated with a par-
allel change in whole-body insulin sensitivity most likely be-
cause muscle glucose uptake, a major contributor to whole-
body insulin sensitivity, was comparable in LCS and control
groups. Chronic consumption of LCS was also shown to in-
crease the metabolism of the dorsolateral prefrontal cortex via
a modification of glucose transport, and increased connectiv-
ity between the hippocampus, the amygdala and frontal areas.
This increased connectivity together with the increased brain
glucose uptake observed in the LCS diet group are consistent
with the alterations in brain metabolism identified in diet-
induced obese pigs [27] and obese subjects [55].
Accordingly, these changes are indicative of detrimental con-
sequences of chronic consumption of LCS, despite unchanged
whole-body insulin sensitivity.
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