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Abstract

Sucralose is partially absorbed after oral ingestion, with the majority excreted in the feces. We
aimed to measure plasma sucralose concentrations following ingestion of doses reflecting a range
of consumption (from one can of diet soda up to multiple sodas over the course of a day) and to
compare concentrations in children and adults. Eleven adults (7 females, 4 males) consumed 355
mL water containing 0 mg sucralose (control) or 68, 170, or 250 mg sucralose (equivalent to 1-4
diet sodas). A second group of adults (n=11, 6 females and 5 males) consumed 355 mL Diet Rite
Cola™ (68 mg sucralose and 41 mg acesulfame-potassium (ace-K)) or 68 mg sucralose and 41 mg
ace-K in seltzer. Beverages were provided at separate visits in randomized order, prior to an oral
glucose tolerance test. Eleven children (7 females and 4 males) consumed 0 or 68 mg sucralose in
240 mL water, in an identical study design. Blood was collected before beverage ingestion and
serially for 120 min. Sucralose doses (corrected for weight) resulted in similar plasma
concentrations in children and adults. Children reached peak concentrations of 145-400 ng/mL
after 68 mg (mean 262.3 £ 24.6 ng/mL). Most adults reached similar peak concentrations (200—
400 ng/mL after 250 mg (365.6 = 69.9 ng/mL)) with the exception of two adults (1520 ng/mL and
1557 ng/mL, respectively). Concentrations were comparable whether sucralose was administered
in water, combined with ace-K, or in diet soda. Due to their lower body weight and blood volume,
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children have markedly higher plasma sucralose concentrations after consumption of a typical diet
soda, emphasizing the need to determine the clinical implications of sucralose use in children.
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Introduction

Methods

Sucralose, the active ingredient in Splenda™, is a popular artificial sweetener used in many
foods and beverages, including in baked goods and soft drinks (Schiffman and Rother 2013).
The majority of orally ingested sucralose is excreted in the feces in humans, as well as in
animal models including rats, dogs, and rabbits (Grice and Goldsmith 2000). In rats, it has
been shown that sucralose undergoes uptake into enterocytes with efflux back into the
intestinal lumen by the transporter P-glycoprotein (P-gp) and metabolism by intestinal
cytochrome P-450 (CYP) enzymes (Abou-Donia et al. 2008). In humans, these mechanisms
have not yet been explored. However, in a small pharmacokinetic study of eight men, 14%
of ingested sucralose was absorbed, and excreted via the kidneys over 120 hours (Roberts et
al. 2000).

Despite its approval as a food additive following submission of detailed toxicological data to
the United States Food and Drug Administration (FDA), concerns about its safety and health
effects have remained (Schiffman and Abou-Donia 2012, Swithers 2013). For example, data
from /n vitro models demonstrate that sucralose exposure stimulates insulin release
(Nakagawa et al. 2009) and promotes adipogenesis (Simon et al. 2013). Findings from
animal models demonstrate that sucralose induces P-glycoprotein and CYP3A, alters the gut
microbiome, and promotes weight gain and glucose intolerance (Abou-Donia et al. 2008,
Suez et al. 2014)

In light of the increasing use of sucralose by children and its potential health effects
(Sylvetsky, Rother, and Brown 2011), this study was conducted to extend previous work
(Roberts et al. 2000) investigating plasma sucralose concentrations in adults, and to compare
these results with measurements obtained in children at doses commonly consumed. We also
evaluated whether plasma sucralose concentrations differed depending on the composition of
the beverage (water, carbonated water (seltzer), combined with ace-K, or commercially-
available diet soda).

Twenty-two adults and eleven children were enrolled in a randomized same-subject
crossover study. All adult subjects (and parents/guardians) provided written informed
consent. Assent was obtained from all children. The protocol was approved by the
Institutional Review Board of the National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK).
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Adults between 18 and 45 years old and with no known active medical conditions were
included. Pregnant or lactating women and individuals using medication other than oral
contraceptives were excluded. For children, inclusion criteria were age 6—12 years, weight >
17 kg, and being pre-pubertal (defined by Tanner staging). Any child using medication, with
elevated liver enzymes (ALT or AST > 1.5 times the upper limit of normal) or abnormal
glucose tolerance was excluded. Details of the study design have been published elsewhere
(Brown, Walter, and Rother 2012, 2009).

Group A (11 adults) was randomized to consume 355 mL water mixed with 0 mg, 68 mg,
170 mg, or 250 mg sucralose. Group B (11 adults) was randomized to consume 355 mL
seltzer water, 355 mL caffeine-free Diet Rite Cola™ sweetened with 68 mg sucralose and 41
mg ace-K, or 68 mg sucralose and 41 mg ace-K in 355 mL of seltzer water. Group C (11
children) was randomized to consume 0 mg or 68 mg sucralose in 240 mL water. In all three
groups, study visits were scheduled at least one-week apart, to avoid potential carry-over
effects. All study beverages were administered 10 minutes prior to a 2-hour oral glucose
tolerance test (OGTT). The current investigation was performed as sub-analysis of a larger
study designed to evaluate changes in glucose-stimulated glucagon-like peptide 1 (GLP-1)
response following ingestion of sucralose (manuscript under review). Adults ingested 75 g
glucose in 300 mL, while children were dosed 1.75 g/kg body weight, up to 75 g. Further
details of OGTTs (Brown, Walter, and Rother 2012, 2009) have been described elsewhere.
Sucralose was analyzed using liquid chromatography—mass spectrometry (relative standard
deviation (RSD) across all samples and replicates was < 4%). Sucralose was extracted from
plasma by vortexing a 50pL aliquot of plasma and 500 pL methanol containing Dg-sucralose
internal standard for 5 minutes. The tube was then centrifuged at 14,000 RPM for 10 min.
Supernatant (300uL) was transferred to a HPLC vial and sealed. Assays were performed
with an Acquity 1-Class UPLC (Waters Corp., Milford, MA) and an Acquity UPLC BEH
C-18 column (2.1 mm x 50 mm, 1.7 yum) coupled with a Q-Exactive MS (Thermo Scientific,
Waltham, MA) with an HESI-II electrospray source.

Characteristics of the study participants are shown in Table 1. Sucralose doses in adults
ranged from 0.66 — 1.31 mg/kg for the 68 mg dose, 1.65 — 3.28 mg/kg for the 170 mg dose,
and 2.51 - 4.82 mg/kg for the 250 mg dose. In children, sucralose doses ranged from 1.25 —
2.78 mg/kg (68 mg dose only). As shown in Figure 1A and Table 2, absolute sucralose
plasma concentrations following 68 mg were markedly higher in children compared to
adults (mean peak 262.3 £ 24.6 in Kids vs. 108.2 + 13.7 ng/mL in adults, p<0.0001; mean
AUC(_120 20,911 + 5,741 vs. 9,059 + 3740 ng/mL/120 min, p<0.0001), but were similar in
children and adults when AUC was divided by the individual dosage (mg/kg body weight)
(10,838.3 *+ 1466.4 ng/mL/120 minutes in children vs. 10,547.5 + 1313.6 ng/mL/120 min,
p=0.89 when plasma sucralose AUC following 68 mg was divided by mg/kg dose provided).
The extent to which the higher sucralose concentrations observed among children were
related to lower body weight (rather than their younger age) is further demonstrated in
Figure 1B. Plasma sucralose concentrations after ingestion of 68 mg were inversely
correlated with blood volume (calculated as 86.5 mL/kg body weight in children and 78
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mL/kg body weight in adults, r= —0.616, p = 0.003), but were not associated with waist
circumference or neck circumference, used as proxy measures of adiposity (adults only).

In adults (Figure 1C), sucralose concentrations increased in a dose-dependent manner
(mg/kg) with concentrations proportional to dose in normal weight, overweight, and obese
individuals alike. Sucralose concentrations continued to increase over the 120-minute time
course indicating that peak levels may not have been reached at the 2-hour time point.
Average plasma sucralose concentrations were 1.4-fold higher after the 250 mg dose
compared to 170 mg and 3-fold higher after 170 mg compared to 68 mg. However, in two
adults, ingestion of the 250 mg sucralose dose (4.82 mg/kg and 3.46 mg/kg, respectively)
resulted in 6-fold higher plasma concentrations (peak 1520 ng/mL and 1557 ng/mL and
AUC 113,779 ng/mL/120 min and 109,588 ng/mL/120 min in these two adults versus mean
peak 365.6 + 69.9 ng/mL and mean AUC 29,619 + 3,382 ng/mL/120 min in the other 9 of
11 adults) (Supplemental Figure 1). Concentrations were comparable whether administered
in water, in seltzer and combined with ace-K, or when consumed in diet soda.

Discussion

Plasma sucralose concentrations were similar whether provided alone, mixed with ace-K or
in diet soda and increased proportionately to the amount ingested and were comparable in
adults and children when dosage was adjusted for body weight. Thus the two-fold higher
absolute plasma concentrations in pediatric volunteers after intake of 68 mg was likely a
result of lower body weight and lower blood volume in children. While the clinical relevance
of markedly higher sucralose concentrations in children is unknown, this finding is
noteworthy because diet beverages and sucralose-containing foods are commonly consumed
by youths (Sylvetsky et al. 2012, Sylvetsky et al. 2014).

While mean peak plasma sucralose concentrations following ingestion of approximately 1
mg/kg sucralose in our study were similar to those reported previously by Roberts et al.
(Roberts et al. 2000), the results are irreconcilable with those obtained by Baird et al. (Baird
et al. 2000). In the latter study, 10 mg/kg were administered, but plasma concentrations were
two orders of magnitude greater, which may be due to differences type of sample measured,
the analytic method, and the correction factor used.

It is also noteworthy that two of the eleven participants who had received varying doses of
sucralose in water (Group A) had significantly higher plasma concentrations in comparison
to the other adult subjects. This inter-individual variation in plasma sucralose concentration
was observed only in the 250 mg condition and not at lower sucralose doses (e.g. 68 mg).
No clinical, demographic, dietary, or biochemical differences were identified to explain the
higher sucralose absorption in these two individuals. Previously, a positive association
between obesity and greater sucralose absorption (‘leaky gut’) had been hypothesized
(Gummesson et al. 2011), but no correlation between BMI and sucralose concentrations was
observed in our cohort. This may be due to higher sucralose doses administered (1000 mg)
in the prior study, and our relatively small sample size with a limited range of BMI.
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It has been suggested that sucralose absorption is relatively lower with higher dosage
(Roberts et al. 2000). In fact, when varying doses of sucralose (10 mg/kg versus 1 mg/kg)
were compared previously, proportionately less sucralose was absorbed at the higher dose,
which may be due to upregulation of intestinal P-gp (Abou-Donia et al. 2008), also known
as multidrug resistance protein 1 (MDR1) or ATP-binding cassette sub-family B member 1
(ABCB1) (Thiebaut et al. 1987, Suzuki and Sugiyama 2000). We did not observe a dose-
related reduction in plasma sucralose concentrations within the doses provided in the current
study (maximum 4.8 mg/kg). This may imply that sucralose-induced up-regulation of P-
glycoprotein (Abou-Donia et al. 2008) occurs at higher doses and/or may require repeated
exposure. However, there are presently no clinical data available to document these effects.

Our findings demonstrate that compared to adults, the pediatric subjects had two-fold higher
plasma sucralose concentrations after ingestion of the amount of sucralose found in a single
twelve ounce can of commercially-available diet soda. This is particularly important because
the acceptable daily intake (ADI) for sucralose (5 mg/kg in the US) is based on body weight
and assumes that sucralose is absorbed, distributed, and excreted similarly regardless of age,
body composition, and other characteristics. However, considerable differences exist
between children and adults; for example, infants and young children (up to 2 years of age)
have a significantly lower glomerular filtration rate compared to adults and are therefore
expected to excrete sucralose more slowly.

Early life sucralose exposure may influence a child’s future taste preferences, diet, and
metabolic health (Rother, Sylvetsky, and Schiffman 2015, Araujo, Martel, and Keating 2014,
Zheng and Sarr 2013). Furthermore, we have recently reported that sucralose is present in
human breast milk (Sylvetsky et al. 2015) at concentrations well-above the sweetness
detection threshold (Rother, Sylvetsky, and Schiffman 2015). Given that children are
typically exposed to the same volume of diet soda (there are no kid sized cans of diet soda)
and given that children have a much higher preference for sweetness and lower sensitivity to
high sucrose concentrations than adults (Mennella, 2005; Joseph, 2016), it is likely that
children consume similar volumes of a sucralose-containing beverage as adults. Therefore,
they have higher circulating plasma concentrations, considering their lower body weight and
blood volume. While data on the volumes of diet beverages typically consumed by children
on a daily basis do not exist, the assumption that they are similar to that consumed by adults
is supported by the similar quantities of sugar-sweetened beverages consumed by children
and adults (Ogden et al. 2011).

Limitations of this study include the small sample size, lack of data on sucralose excretion in
urine and feces, and the short time course of sucralose measurements. While the clinical
significance of higher sucralose plasma concentrations among children has not yet been
investigated, our findings reiterate the need to evaluate the role of early life sucralose
exposure, both during infancy and later in childhood, on dietary patterns and metabolic
health. Our preliminary findings also highlight the importance of conducting more
systematic examinations of sucralose pharmacokinetics to identify factors explaining
markedly different sucralose concentrations, as exemplified by the two adult “outliers.” This
data will be integral in the design and interpretation of future human intervention studies in
which sucralose is administered at physiologic concentrations, as the effects of sucralose
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may differ amongst individuals, in part due to marked inter-individual fluctuations in
circulating sucralose concentrations. It is also critical to measure plasma sucralose
concentration and distribution over a longer time period in future studies.
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Figure 1. Plasma sucralose concentrationsin adults and children
1A (top). Plasma sucralose area-under-the-curve for each subject is shown following 68 mg

of sucralose in water in adults (red), 68 mg sucralose in diet soda in adults (green), 68 mg of
sucralose mixed with 41 mg ace-K in water in adults (purple), and 68 mg sucralose in water
in children (blue). 1B (bottom). Average plasma sucralose concentrations in adults following
250 mg (pink) 170 mg (orange), or 68 mg (yellow) sucralose in water, 68 mg sucralose in
diet soda (blue), or 68 mg sucralose mixed with 41 mg ace-K in water (green).
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Characteristics of Study Participants

Table 1

Variable Group A (11 adults) | Group B (11 adults) | Group C (11 children)
Age (years, mean + SD) 31875 273%73 91+12
Female Gender 64% 55% 64%
Race (%)
White 64% 55% 73%
Black 27% 27% 18%
Other 9% 18% 9%
Weight Status (%, (mean BMI £ SD))
Normal Weight 46% (22.5 + 1.9) 36% (22.3 + 1.6) 82%
Overweight 27% (26.9 £ 0.8) 36% (26.6 = 1.0) 9%
Obese 27% (32.5 + 1.6) 27% (33.3 + 2.0) 9%
NNS Beverage Consumption (%)1
Never 46% 27% 50%
= 1/month 9% 27% 10%
2 1/week 18% 46% 30%
> 1/day 27% 0% 10%
NNS Packet Use (%)Z
Never 55% 64% 100%
2 1/month 9% 9% 0%
= 1/week 27% 9% 0%
> 1/day 9% 18% 0%

'ZDifferent NNS intake questionnaires were used in Group A and Group B

ZMean BMI in each weight status category are for adults (Group A and Group B) only
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