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OBJECTIVEdIn patients with type 2 diabetes, but not type 1 diabetes, abnormal secretion of
incretins in response to oral nutrients has been described. In healthy youths, we recently reported
accentuated glucagon-like peptide 1 (GLP-1) secretion in response to a diet soda sweetened with
sucralose and acesulfame-K. In this study, we examined the effect of diet soda on gut hormones in
youths with diabetes.

RESEARCHDESIGNANDMETHODSdSubjects aged 12–25 years with type 1 diabetes
(n = 9) or type 2 diabetes (n = 10), or healthy control participants (n = 25) drank 240 mL cola-
flavored caffeine-free diet soda or carbonated water, followed by a 75-g glucose load, in a ran-
domized, cross-over design. Glucose, C-peptide, GLP-1, glucose-dependent insulinotropic peptide
(GIP), and peptide Tyr-Tyr (PYY) were measured for 180 min. Glucose and GLP-1 have previously
been reported for the healthy control subjects.

RESULTSdGLP-1 area under the curve (AUC) was 43% higher after ingestion of diet soda
versus carbonated water in individuals with type 1 diabetes (P = 0.020), similar to control
subjects (34% higher, P = 0.029), but was unaffected by diet soda in patients with type 2 diabetes
(P = 0.92). Glucose, C-peptide, GIP, and PYY AUCwere not statistically different between the two
conditions in any group.

CONCLUSIONSdIngestion of diet soda before a glucose load augmented GLP-1 secretion in
type 1 diabetic and control subjects but not type 2 diabetic subjects. GIP and PYY secretion were
not affected by diet soda. The clinical significance of this increased GLP-1 secretion, and its
absence in youths with type 2 diabetes, needs to be determined.
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Nonnutritive sweeteners are com-
monly consumed by both children
and adults and have previously been

thought to be metabolically inert. How-
ever, recent animal data demonstrate that
nonnutritive sweeteners, including sucra-
lose (Splenda) and acesulfame-K, play an
active metabolic role within the gastroin-
testinal tract via sweet taste receptors iden-
tical to those found in lingual taste buds
(1,2). In both humans and animals, these
receptors are present in L cells of the gut
mucosa secreting glucagon-like peptide 1
(GLP-1) and peptide Tyr-Tyr (PYY) (3–5).
Components of the taste-signaling pathway
have also been found in glucose-dependent
insulinotropic peptide (GIP)-secreting
K cells in the gut mucosa (5).

GLP-1 and GIP are incretin hormones
that increase glucose-dependent insulin

secretion in response to oral nutrients. In
healthy individuals, GIP appears to be re-
sponsible for the majority of the incretin
effect (6,7). GLP-1 and its analogs have nu-
merous physiologic effects, including de-
layed gastric emptying (8,9), increased
satiety (10), and suppression of glucagon
secretion (11), in addition to increased in-
sulin secretion (12). Patients with type 2
diabetes frequently have normal GIP but
impaired GLP-1 secretion (13) and are re-
sistant to exogenous GIP but respond nor-
mally to exogenous GLP-1 (7). This has
been exploited pharmacologically using
GLP-1 analogs, which cause improved gly-
cemia andweight loss. BothGLP-1 andGIP
secretion are normal in type 1 diabetes (14).
PYY acts as an anorectic hormone in both
lean (15) and obese humans (16), although
its secretion is attenuated in obesity (17).

Sucralose has been shown to increase
release of both GLP-1 and GIP in vitro in
enteroendocrine cell lines (4,5). In vivo,
however, the nonnutritive sweeteners su-
cralose (in humans and animals) and ace-
sulfame, stevia, and D-tryptophan (in
animals) do not stimulate GLP-1, GIP, or
PYY secretion in the absence of caloric sug-
ars (18,19). We recently demonstrated in a
pilot study that diet soda (Diet Rite Cola,
sweetened with sucralose and acesulfame-K)
in the presence of glucose augmented
glucose-stimulated GLP-1 secretion in
healthy subjects (20). It is not known
whether GIP or PYY secretion are likewise
augmented by ingestion of nonnutritive
sweeteners in addition to glucose orwhether
diet soda augments GLP-1 secretion in dis-
ease states such as type 1 or type 2 diabetes.

In this study, we investigated whether
subjects with diabetes (both type 1 and
type 2)would demonstrate increasedGLP-1
secretion after ingestion of diet soda in
addition to a glucose load, similar to the ef-
fect previously observed in healthy subjects
(20). In addition, we examinedwhether se-
cretion of the gut hormones GIP and PYY is
increased by ingestion of diet soda.

RESEARCH DESIGN AND
METHODS

Experimental design
In total, 25 healthy subjects, 10 subjects
with type 2 diabetes, and 9 subjects with
type 1 diabetes (aged 12–25 years) were
enrolled. Diabetes classification was deter-
mined by the referring physician. Subjects
with type 2 diabetes were all overweight or
obese (BMI .85th centile for age, or .25
kg/m2 after age 20 years) and lacked a clas-
sic family history suggestive of monogenic
diabetes. Glucose, insulin, and GLP-1 re-
sults from 22 of the 25 healthy subjects in
this study have been previously reported
(20). Written informed consent was ob-
tained from subjects or their guardians,
and written assent was obtained from sub-
jects ,18 years of age. The study was ap-
proved by the institutional review board of
the National Institute of Diabetes and Di-
gestive and Kidney Diseases.

Each subject underwent two 75-g oral
glucose tolerance tests (OGTTs) after a 10 h
fast. At 10 min before the glucose load,
subjects drank 240 mL diet soda (Diet
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Rite Cola, containing the nonnutritive
sweeteners sucralose and acesulfame-K)
or carbonated water (Zazz Seltzer, con-
taining only carbonated water). Each
subject underwent testing with both diet
soda and carbonated water on separate
days in a cross-over design. The order of
testing was randomized in blocks of 10
subjects stratified by diagnosis. Blood sam-
ples were collected for hormone analysis at
210, 25, 0, 5, 10, 15, 20, 25, 30, 45, 60,
90, 120, 150, and 180 min relative to the
glucose load and analyzed for glucose and
C-peptide. Additional plasma samples ob-
tained at 210, 0, 10, 20, 30, 60, 90, 120,
150, and 180 min were frozen at 2708C
and later analyzed forGLP-1,GIP, andPYY.
Subjects also underwent measurement of
height, weight, and A1C.

Total GLP-1 was measured using a
radioimmunoassay (Millipore, Billerica,
MA). The lowest detectable level of GLP-1
was 3 pmol/L using a 300-mL extracted
sample (interassay coefficient of variation
[CV] 23% and intra-assay CV 22%). Total
GIP wasmeasured using a sandwich ELISA
(Millipore). The lowest detectable level of
human GIP was 8.2 pg/mL when using a
20-mL sample volume (interassay CV 3%
and intra-assay CV 6%). Total PYY was
measured by a sandwich enzyme-linked
immunosorbent assay based on the bind-
ing of human PYY (both 1–36 and 3–36)
in plasma by rabbit anti-human PYY IgG
(Millipore). The limit of detection was 10
pg/mL. Intra-assay CV was 2.3% and inter-
assayCVwas 7.4%.C-peptidewasmeasured
using a chemiluminescence immunoas-
say with a normal fasting range of 0.9–
7.1 ng/mL. Serum glucose was determined
with the glucose oxidase method (intra-
assay CV 2.9% at 2.4 mmol/L and 0.4%
at 22.1 mmol/L; interassay CV 3.9% at
2.4 mmol/L and 1.2% at 22.1 mmol/L).
Analyses of acesulfame-K and sucralose

concentrations in the diet soda were mea-
sured in duplicate using high-performance
liquid chromatography with ultraviolet de-
tection and liquid chromatography–mass
spectrometry, respectively.

Statistical considerations
Baseline characteristics of subjects (age,
sex, race, A1C, and BMI) in the three groups
were compared using one-way ANOVA or
x2 tests, as appropriate. Area under the
curve (AUC) for serialmeasurements during
the OGTTs was calculated using the trape-
zoidal method.Within each group (healthy,
type 1 diabetic, and type 2 diabetic), glu-
cose, C-peptide, GLP-1, and GIP AUC in
the diet soda versus the carbonated water
condition were compared using the paired
t test or Wilcoxon signed rank test, as
appropriate.

Mixed models were used to assess
differences related to both diagnosis and
the test condition (diet soda vs. carbon-
ated water) while adjusting for covariates.
As a result of small sample size, potential
covariates were individually tested in
mixed models, including main effects of
the covariate, diagnosis, test condition,
and diagnosis by test condition interac-
tion. Additional interactions were not
studied because of low statistical power.
Potential covariates included age, BMI,
fasting GLP-1, three measures of blood
glucose (fasting glucose, glucose AUC,
and A1C), and test order (to assess po-
tential carryover or period effects due to
the cross-over design). Significant co-
variates (P # 0.05) were then combined
into a single model, and backward vari-
able selection was performed to serially
remove nonsignificant predictors (P $
0.05).

P , 0.05 was considered statistically
significant. Because this was an explor-
atory study, adjustment for multiple

comparisons was not performed. Figures
show means 6 SEM, while data in tables
and text are means 6 SD except as noted.

RESULTSdBaseline characteristics of
subjects are shown in Table 1. Statistically
significant differences between groups
were present for BMI (higher in type 2 di-
abetic subjects compared with type 1 dia-
betic or healthy subjects) and A1C (lower
in healthy compared with type 1 or type 2
diabetic subjects).

Analysis of the diet soda showed
acesulfame-K was present at a concentra-
tion of 108 6 0.6 mg/mL, and sucralose
was present at a concentration of 190 6
38 mg/mL. No caloric sweeteners (e.g., su-
crose, glucose, or fructose) were detected.

Glucose and C-peptide
Glucose and C-peptide during the OGTTs
are shown in Table 2 and Fig. 1A–F. Al-
though glucose was slightly higher in the
diet soda condition for both type 1 and
type 2 diabetic groups, there were no sta-
tistically significant differences between the
diet soda versus carbonated water condi-
tion for glucose or C-peptide AUC in any
group.

GLP-1
GLP-1 during the OGTTs is shown in Ta-
ble 2 and Fig. 1G–I. Unadjusted GLP-1
AUCwas 34% higher in the diet soda con-
dition versus the carbonated water condi-
tion in healthy subjects (P = 0.029) and
43% higher in subjects with type 1 diabe-
tes (P = 0.020). There was no statistically
significant difference in GLP-1 AUC be-
tween the two conditions for subjects
with type 2 diabetes (P = 0.92).

Positive predictors of GLP-1 AUC iden-
tified in the initial models were age, BMI,
and fasting GLP-1. Test order was not a
significant predictor (P = 0.23), implying

Table 1dBaseline characteristics of subjects

Subject

P valueHealthy control (n = 25) Type 1 diabetic (n = 9) Type 2 diabetic (n = 10)

Age (years) 18.8 6 4.4 (12.2–25.7) 18.2 6 3.4 (13.5–24.3) 17.9 6 3.3 (13.6–23.8) 0.80
BMI (kg/m2) 25.7 6 4.6 (19.1–35.9) 21.7 6 2.4 (18.2–24.6) 35.0 6 6.8 (26.4–45.4) ,0.0001a

A1C (%) 5.1 6 0.4 (4.3–6.1) 8.2 6 1.8 (5.5–11.9) 7.4 6 1.8 (5.8–11.7) ,0.0001b

Sex (% male) 52 33 10 0.07
Race (%) 0.56
White 40 67 30
Black 28 11 30
Other 32 22 40

Continuous variables are shown as mean6 SD (range). aType 2 diabetic subjects greater than both type 1 diabetic and healthy subjects. bHealthy subjects less than
both type 1 and type 2 diabetic subjects.
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that there was no significant carryover ef-
fect due to the cross-over design. Age was
eliminated as a predictor using backward
variable selection. The final mixed model
(Table 3) showed that diet soda altered
GLP-1 secretion differently in healthy,
type 1 diabetic, and type 2 diabetic subjects
(Test 3 Diagnosis interaction, P = 0.015).
Post hoc comparisons among the three di-
agnostic groups showed that the effect of
diet soda on GLP-1 secretion in subjects
with type 1 diabetes was significantly dif-
ferent from subjects with type 2 diabetes
(P = 0.004) and borderline different from
healthy control subjects (P = 0.059). The
difference between subjects with type 2 di-
abetes and healthy control subjects was not
significant (P = 0.09).

GIP
GIP during the OGTTs is shown in Table 2
and Fig. 1J–L. There was no statistical dif-
ference between the diet soda versus car-
bonated water condition for unadjusted
GIP AUC in healthy subjects (P = 0.84),
subjects with type 1 diabetes (P = 0.21),
or subjects with type 2 diabetes (P = 0.92).

PYY
PYY during the OGTTs is shown in Table 2
and Fig. 1M–O. Therewas no statistical dif-
ference between the diet soda versus car-
bonated water condition for unadjusted
PYY AUC in healthy subjects (P = 0.95),
subjects with type 1 diabetes (P = 0.57),
or subjects with type 2 diabetes (P = 0.75).

CONCLUSIONSdIn this study, we
examined the effects of diet soda on gut
hormone secretion in three cohortsdtype
1 diabetic, type 2 diabetic, and healthy
controldusing a cross-over designwith re-
gard to administration of diet soda. Exam-
ining each population separately, we found
that diet soda increased GLP-1 secretion by
34% inhealthy subjects, by 43% in subjects
with type 1 diabetes, and not at all in those
with type 2 diabetes, while GIP and PYY
secretion were not altered in any group.
Mixed model analyses, adjusting for both
fasting hormone levels andA1C, confirmed
that diet soda affected GLP-1 secretion dif-
ferently in type 2 diabetic subjects com-
pared with type 1 diabetic or healthy
control subjects.

We hypothesize that the nonnutritive
sweeteners contained in diet soda caused
increased GLP-1 secretion by binding to
sweet taste receptors located on enteroen-
docrine L cells in the gastrointestinal tract,
initiating a signal transduction cascade that
ultimately results in GLP-1 release. Human
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Figure 1dSerial data fromOGTTs. Serial glucose and hormone levels after ingestion of either 8 oz diet soda (-with solid line) or carbonated water
(○ with dotted line) at time 210 min, followed by 75-g glucose at time 20 min. Glucose AUC was not statistically different in the diet soda vs.
carbonated water condition in healthy control (A), type 1 diabetic (B), or type 2 diabetic (C) subjects. There was no difference in C-peptide AUC for
diet soda vs. carbonated water in any group (D–F). GLP-1 AUCwas higher after diet soda in healthy control (G) and type 1 diabetic (H) subjects but
not in type 2 diabetic subjects (I). Neither GIP (J–L) nor PYY (M–O) AUC were statistically different between the diet soda and carbonated water
condition in any group.
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sweet taste receptors, located on the lingual
epitheliumand the intestinal L cells, consist
of a heterodimer of the G-protein–coupled
receptors T1R2 and T1R3 (21), which is
coupled to the G-protein gustducin. These
receptors bind to a wide variety of sweet
stimuli, including sugars, sweet amino
acids and proteins, and nonnutritive sweet-
eners (21). Stimulation of these sweet taste
receptors is important for glucose-stimulated
secretion of GLP-1 in humans and can be
inhibited using the sweet taste receptor
antagonist lactisole (22). The observed in-
crease in GLP-1 secretion from diet soda
likely requires the presence of a caloric,me-
tabolizable sugar as well because nonnu-
tritive sweeteners alone do not appear to
alter gut hormone secretion in vivo (18,19).
Several groups have demonstrated the pres-
ence of additional glucose-sensing mole-
cules in both lingual and enteroendocrine
cells that express taste receptors, including
components of ATP-sensitive K+ channels
(SUR1andKir 6.1),GLUTs, sodium-glucose
linked transporter 1, and glucokinase
(23,24). These glucose sensors may serve
as a primary signal for GLP-1 secretion, with
stimulation of sweet taste receptors (by ca-
loric or nonnutritive sweeteners) serving as a
secondary signal.

Conflicting data about GLP-1 secre-
tion in type 2 diabetic patients exist, with
reports of increased, decreased, or equiv-
alent GLP-1 secretion relative to healthy
control subjects (13). The mechanisms
accounting for altered GLP-1 regulation
in type 2 diabetic patients have not been
elucidated, but both poor glycemic con-
trol and long-standing disease are associ-
ated with impaired GLP-1 secretion (7).
The elevated fasting GLP-1 with normal
glucose-stimulated GLP-1 AUC (in the

absence of diet soda) observed in our sub-
jects with type 2 diabetes is thus consis-
tent with their short duration of disease
and good metabolic control. The reason
for the absence of a GLP-1 response to
diet soda in these subjects requires repli-
cation and further investigation. One po-
tential explanation for the absent GLP-1
response to diet soda in subjects with type
2 diabetes comes from a study comparing
the expression of taste-signaling molecules
in the upper gastrointestinal tract of healthy
subjects versus those with type 2 diabetes
(25). Although overall expression did not
differ between the two groups, among the
subjects with diabetes, sweet taste receptor
expression was inversely correlated with
fasting blood glucose at the time of testing
(i.e., higher blood glucose levels were asso-
ciated with lower expression of sweet taste
receptors). This suggests that blood glu-
cose concentration may acutely regulate
nutrient-sensing pathways in the gastroin-
testinal tract, with attendant results on
downstream effects, such as GLP-1 secre-
tion. Thus, in our subjects with type 2 di-
abetes, in whom glucose concentrations
were much higher during OGTTs com-
pared with healthy control subjects, in-
testinal taste-signaling pathways that
respond to nonnutritive sweeteners may
have been downregulated, accounting for
the absence of a diet soda effect on GLP-1
secretion. The presence of a GLP-1 re-
sponse to diet soda in subjects with type
1 diabetes, in whom blood glucose was
even higher, makes this hypothesis much
less compelling, but the regulation of taste-
signaling pathways in type 1 diabetic sub-
jects has not been studied and may differ
from type 2 diabetic subjects. For example,
if the effect of high blood glucose on taste
receptor expression in type 2 diabetic pa-
tients was mediated via hyperinsulinemia,
this effect would not be observed in type 1
diabetic patients, who have minimal en-
dogenous insulin secretion.

Few studies examine the effects of
nonnutritive sweeteners on gut hormones
in humans, and to our knowledge, none
have previously been performed in subjects
with diabetes. Studies by Ma et al. (18,26)
show that the sweetener sucralose, when
given by intragastric or intraduodenal in-
fusion, did not alter GLP-1 or GIP secretion
in healthy subjects, in either the absence or
the presence of glucose (18,26). In the Ma
et al. (26) study in which sucralose was
given in combination with glucose, 600
mg sucralose (infused during 150 min)
and 30 g glucose (infused during 120 min)
were administered, whereas in our study,

subjects ingested 46mg sucralose in combi-
nation with 26 mg acesulfame-K as an oral
bolus, followed by a 75-g glucose load. Sev-
eral explanations in addition to the differen-
ces in sucralose and glucose concentrations
and infusion rates may account for the dif-
ferent findings. First, acesulfame-K, rather
than sucralose, may have been responsible
for the increased GLP-1 secretion observed
in our study. Second, the rise in GLP-1 se-
cretion observed after diet soda ingestion in
our study may have been mediated through
oral sweet taste receptors via the central ner-
vous system, rather than intestinal sweet
taste receptors. Finally, an ingredient in the
diet sodaother thannonnutritive sweeteners
may have mediated the GLP-1 effect. In ad-
dition to sucralose and acesulfame-K, Diet
Rite Cola contains caramel color, gum aca-
cia, natural flavors, citric acid, potassium
benzoate, phosphoric acid, and potassium
citrate (http://www.dietrite.com/textonly/
cola.aspx) and, thus, unflavored carbonated
water may have been an imperfect control.
While we are unaware of data supporting
a direct effect of any of these compounds
on GLP-1 secretion, it is possible that one
or more of these ingredients might act
alone or in synergywith nonnutritive sweet-
eners to enhance glucose-stimulated GLP-1
secretion.

GLP-1 is generally considered to be
beneficial in the context of diabetes and
obesity, via its effects on appetite, gastric
emptying, insulin secretion, and glucagon
suppression. In patients with type 2 di-
abetes, commercially available GLP-1 an-
alogs are an effective treatment option
because they lower both A1C and body
weight (27). GLP-1 and its analogs have
been less well studied in type 1 diabetic
patients, but one study using high-dose
exenatide in subjects with type 1 diabetes
shows reduced body weight, lower insulin
requirements, and reduced blood glucose
variability without significant changes in
C-peptide secretion or A1C (28). It is un-
known whether changes in endogenous
GLP-1 secretion as observed in the current
study have any clinically relevant conse-
quences, such as increased satiety and
slowed gastric emptying. Future studies
should include measures of these clinically
relevant parameters, as well as assessment
of oral versus gastric administration.
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