






similar to that in WT mice; however, addition of fructose did not
induce any potentiation (Fig. 3 D and E). These results support
our in vitro findings and unveil an important physiological reg-
ulatory role for circulating fructose in potentiating GSIS in vivo
through the sweet TRs.

PLC Activation Is Necessary for TR-Mediated Insulin Release in Beta
Cells. To better elucidate TR signaling in beta cells, we used
MIN6 cells. Similarly as in primary mouse beta cells, fructose (10
mM) induced an increase in Ca2+i in MIN6 cells (Fig. S3A). TRs
belong to class-C GPCRs that stimulate the activation of PLCβ2,
leading to IP3 generation and subsequent ER Ca2+ release (14).
PLCβ2 is expressed in MIN6 beta cells and mouse islets (Fig. S1
A and B). Inhibition of PLC with U73122 abolished the fructose-
induced stimulation of Ca2+i in primary beta cells (Fig. 4A) and
MIN6 beta cells (Fig. S3B), and diminished insulin release in
response to the sweeteners in isolated islets (Fig. 4B).

To gain further insight into how the TR-mediated and the
glucose metabolic signaling pathways interact to promote insulin
release, we investigated the time course of PLC activation and its
effects on downstream signaling by using a cellular biosensor that
has the pleckstrin homology (PH) domain of PLCδ1 fused to
GFP (PH-PLCδ-GFP) (31). We used total internal reflection
fluorescence (TIRF) microscopy (32) to assay the translocation
of PH-PLCδ-GFP between the plasma membrane and the cy-
toplasm (i.e., PLC activity). PLC translocation from the plasma
membrane to the cytoplasm rapidly increased upon fructose
stimulation (a decrease in fluorescence intensity within 20 s)
followed by subsequent PLC recruitment to the plasma mem-
brane (Fig. 4C, left axis, vertical line). The activation of PLC
(Fig. 4C, black trace) immediately preceded the onset of Ca2+i
response (Fig. 4C, right axis, red trace), suggesting that, similar
to the tongue, TR agonists in beta cells directly induce PLC
signaling. A similar pattern of PLC activation was observed after

Fig. 2. A bolus of fructose induces rapid insulin release in vivo mediated by islet sweet TRs. (A and B) Plasma insulin in response to a bolus of fructose (1.0
g/kg) or saline solution injected at time 0 in WT and T1R2−/− mice (n = 8 per treatment). (C and D) Plasma glucose in response to a bolus of fructose or saline
solution in WT and T1R2−/− mice. (E) Area under the curve (AUC) calculated between 0 and 10 min (vertical lines). (***P < 0.001, ANOVA with Tukey posttest.)
(F) Blood glucose levels during IPGTT in age-matched WT and T1R2−/− male mice (n = 8 per treatment; Materials and Methods). Inset: Area under the curve
(AUC). (G) Plasma insulin levels after 5 h fasting in WT and T1R2−/− mice (n = 12 per genotype).
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treatment with carbachol, a known inducer of the PLC-IP3

pathway in beta cells (33), whereas inhibition of PLC activity
abolished its translocation between the plasma membrane and
the cytoplasm, confirming the specificity of the assay (Fig. S3C).
Given that TR agonist stimulation of Ca2+i response and in-

sulin release is dependent on glucose availability (Fig. 1 A and
C), we tested whether similar glucose conditions were essential
for PLC activation. Fructose-induced PLC activation was similar
at substimulatory glucose (3.0 mM) levels (Fig. 4D) compared
with normal glucose levels (8.3 mM; Fig. 4C, left axis), suggesting
that PLC activation occurred independently of glucose avail-
ability and therefore does not account for the absence of the TR-
mediated insulin response at low glucose levels (Fig. 1A). Be-
cause voltage-dependent calcium channel (VDCC) activation
and calcium influx are required for GSIS, we used nifedipine,
a known inhibitor of VDCCs, to test whether the TR agonist

potentiation of GSIS also depends on the activation of extra-
cellular calcium entry. As expected, pretreatment with nifedipine
(Fig. S3D) or removal of extracellular calcium (Fig. S3E, Ca2+-
free) diminished influx of extracellular Ca2+ in response to TR
agonists in MIN6 cells. To demonstrate that PLC activation
precedes the activation of VDCCs and calcium influx, we ana-
lyzed changes in PLC activity under similar conditions. Neither
the inhibition of VDCCs with nifedipine (Fig. 4E) nor the ab-
sence of extracellular calcium (Fig. 4F, Ca2+-free) affected the
activation of PLC in response to fructose stimulation, suggesting
that PLC activation is upstream of calcium influx. Collectively,
these data suggest that TR signaling involves the direct activation
of PLC. This early step of TR signaling is initiated independently
of the glucose metabolic pathway, suggesting that the two are
converging to amplify known downstream steps required for in-
sulin secretion, such as membrane depolarization and VDCC-
dependent calcium influx.

Cation Channel TRPM5 Mediates Effects of TR Signaling in Beta Cells.
The calcium-activated cation channel TRPM5 plays a central
role in mediating TR signaling in the tongue through IP3-me-
diated release of ER Ca2+, contributing to subsequent cell
membrane depolarization and influx of extracellular Ca2+ re-
quired for the vesicular release of ATP (34). It was recently
shown in beta cells that TRPM5 also affects the frequency of
glucose-induced calcium oscillations and GSIS in vitro, sug-
gesting a critical role for cation channels in glucose homeostasis
(35). Therefore, we hypothesized that TRPM5 activation is the
likely downstream convergence point between TR- and glucose-
induced insulin secretion in beta cells. According to this, glucose
closes KATP channels thus withdrawing their antagonizing effects
on membrane depolarization, whereas TR-mediated TRPM5
activation induces Na+ influx that further depolarizes the
membrane. To address the direct role of TRPM5, we monitored
Ca2+i in dispersed beta cells isolated from TRPM5 KO mice
(TRPM5−/−). Beta cells deficient in TRPM5 failed to induce
a sustain increase in Ca2+i in the presence of fructose compared
with WT controls (Fig. 5 A–C). Consequently, fructose-induced
insulin release was also diminished (Fig. 5D). These findings
suggest that TRPM5 is required for TR signaling in beta cells
and that its activation is the likely step that contributes to the
global membrane depolarization and induction of calcium influx.

TRs Are Expressed in Human Islets and Mediate Potentiating Effects
of Fructose on Insulin Secretion. Interestingly, sweet TRs are also
present in human islets (Fig. 6A). To address the potential role
of TR signaling in human physiology, we used islets from in-
dividual donors, which were first tested to ensure normal GSIS
(Fig. 6B). In view of the heterogeneity of absolute insulin release
of individual donor preparations, we expressed insulin data rel-
ative to baseline/unstimulated conditions. Similar to mouse
islets, fructose and saccharin stimulated insulin release in the
presence of a physiologically relevant concentration of glucose
(Fig. 6C). Consequently, we tested whether a low concentration
of fructose, similar to those found postprandially, were adequate
to potentiate GSIS in human islets. When 3.0 mM fructose was
included with 11.0 mM glucose, it potentiated GSIS, whereas 3.0
mM fructose at 5.5 mM glucose had no effect (Fig. 6D). To
assess the direct role of TR-mediated insulin release in human
islets we used lactisole (Endeavor), a characterized allosteric
inhibitor specific to the human T1R3 (36). In humans and
rodents, T1R2 and T1R3 interact to function as a heteromeric
receptor. Therefore, inhibition or elimination of T1R3 is
equivalent in preventing sweet taste responses to the inhibition
or elimination of T1R2. Indeed, T1R3 KO mice (T1R3−/−) lack
sweet taste perception (14) and, as expected, islets from T1R3−/−

did not respond to fructose-induced insulin release in vitro (Fig.
S4). Consistent with the functional role of T1R3 in TR signaling,

Fig. 3. Fructose potentiates GSIS dependent on sweet TRs. (A) Static insulin
release of WT and T1R2−/− islets (quadruplicate batches of 10 islets from six
mice per genotype) incubated at 8.3 mM glucose (WT, 4.05 ± 0.50 μg/L;
T1R2−/−, 4.07 ± 0.44 μg/L) and then transferred to media with glucose (“G”)
and fructose (“F”) as shown. Data are expressed as relative units (RU) of
insulin fold change from baseline (8.3 mM glucose; set at value 1) using
paired experiments. (*P < 0.05 and ***P < 0.001, ANOVA with Tukey post-
test.) (B and D) Plasma insulin in response to a bolus of glucose (glu; 0.5 g/kg)
and/or fructose (fru; 0.3 g/kg; injected at time 0) in WT and T1R2−/− mice (n =
8 per treatment). Inset: Area under the curve (AUC) calculated between
0 and 10 min (vertical lines). (**P < 0.01 and ***P < 0.001, ANOVA with
Tukey posttest.) (C and E) Plasma glucose in response to a bolus of glucose
and/or fructose (injected at time 0) in WT and T1R2−/− mice.
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its inhibition with lactisole abolished fructose-induced insulin
release (Fig. 6E) and eliminated the potentiating effects on GSIS
(Fig. 6F), confirming the significance of TR signaling in human
islet physiology.

Discussion
Whereas gut absorption of glucose and other nutrients can be
sporadic depending on food availability, glucose delivery must
be continuous at the cellular level to meet energy demands.
Consequently, after a meal, several distinct pathways operate
simultaneously in beta cells to provide sufficient regulation of
insulin release, thus ensuring immediate energy distribution to
the tissues for storage or consumption. Here we describe a
pathway for the regulation of postprandial insulin release in-
volving cell-surface GPCRs that are activated by circulating
sweet nutrients. Specifically, we show that the dietary mono-
saccharide fructose potentiates GSIS mediated by sweet TRs
expressed on beta cells.
The ability of fructose to induce insulin secretion has been the

subject of conflicting reports for several years. Nevertheless,
these discrepancies are partly resolved considering that the
insulinotropic effects of fructose (8, 10, 37) disappear when
physiological levels of glucose are absent (38, 39). Our data il-
lustrate that the required TR-mediated increase in Ca2+i is
eliminated at subphysiological glucose levels. This observation
not only explains the absence of insulin response shown under
these conditions, but also suggests that adequate glucose con-
centrations may be vital to maintain the necessary membrane
depolarization threshold that can be amplified by TR signaling to
induce further calcium influx. Therefore, fructose is likely to play
only a potentiating role in insulin release that is dependent on
glucose levels. This should not be surprising, as a typical mixed
diet involves the simultaneous absorption of both glucose and

fructose because sucrose is the most common dietary di-
saccharide (27). Thus, the obligatory role of glucose for the
fructose-induced insulin secretion suggests a synergistic in-
teraction of the two sugars in modulating postprandial insulin
release (40–42). Consistent with this hypothesis, we showed that
low physiological concentrations of fructose were adequate to
potentiate GSIS in mouse and human islets, and in vivo.
Our data obtained with the use of isolated islets and the ob-

servation that both i.v. fructose and saccharin can induce identical
time-dependent increases in plasma insulin, without concomitant
changes in plasma glucose, suggest that the insulinotropic effects
of fructose are mediated by a mechanism directly targeting beta
cells. Unlike other nutrients, however, fructose is neither signifi-
cantly metabolized by the beta cells, nor does it interfere with
beta cell glucose metabolism (4, 6, 43). For example, at equimolar
concentrations, the utilization of fructose by the beta cells is less
than 10% than that of glucose (5, 10), suggesting that our key
experimental fructose concentrations (3–10 mM) had negligible
metabolic effects. Therefore, the rapidity of fructose-induced
insulin response together with the absence of known metabolic
effects in beta cells supports the presence of a receptor-mediated
mechanism. TR signaling requires the formation of the T1R2-
T1R3 heterodimer. Consequently, genetic ablation of T1R2 alone
is sufficient to obliterate sweet taste sensing in the tongue (23). As
a result, T1R2 is a bona fide candidate for mediating the effects
of fructose in beta cells. Indeed, lack of T1R2 prevented the
dose–response effect seen in WT islets, supporting the notion
that, even at high concentrations, sweet TRs account for the vast
majority of fructose-mediated effects on beta cells, with little or
no contribution of alternative mechanisms.
The explicit involvement of T1R2 in the regulation of insulin

secretion in vitro was further supported by in vivo experiments
showing that the potentiation of insulin release, induced by the

Fig. 4. PLC activation is essential for calcium and insulin responses in beta cell TR signaling. (A) Representative single-cell trace of calcium responses in
dispersed primary beta cells from WT mice treated with glucose (“G”; in mM) and combinations of fructose (“F”; in mM) and U73122 (U7; 2.0 μM) as shown.
(B) Static insulin release in response to glucose (“G”; in mM) or fructose (“F”; in mM) with or without U73122 (U7; 5.0 μM) in WT islets (quadruplicate batches
of 10 islets from six mice). (*P < 0.05, Student t test.) (C) Average of traces (n = 4–6 cells per trace, total of six independent experiments) showing relative
change in PLC activity (left axis) or intracellular calcium (right axis) from baseline (set at 0) in MIN6 beta cells treated (vertical line) with fructose (10.0 mM) in
the presence of glucose (8.3 mM). (D–F) Average of traces (n = 4–6 cells per trace, total of six independent experiments) showing relative change in PLC
activity from baseline (set at 0) in MIN6 beta cells treated (vertical line) with fructose (“F”; 10.0 mM) in the presence of glucose (“G”; 3.0 mM or 8.3 mM),
nifedipine (Nif; 1.0 μM), or no extracellular calcium (Ca2+ free). Experiments were performed at the presence of 8.3 mM glucose unless otherwise stated.
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addition of fructose to an i.v. bolus of glucose, disappeared in
T1R2−/− mice. Surprisingly, WT and T1R2−/− mice had similar
glucose excursions after an IPGTT and similar GSIS responses in
vitro, despite glucose being a de facto sweet TR ligand. Con-
sidering, however, that glucose is a low-affinity ligand compared
with fructose (19, 44) and that multiple substrate binding sites
have been reported for sweet TRs (45), it is plausible that the
TR-mediated effects of glucose may be masked by its metabolic
effects, or that the two sugars must cooperatively bind to activate
the T1R2-T1R3 heterodimer. Although these hypotheses require
further investigation, our core data show that TR signaling in
beta cells is an auxiliary amplifying module for insulin release,
unlikely to induce a strong metabolic phenotype in T1R2−/− mice
under these circumstances. Nevertheless, it is reasonable to
speculate that, under conditions of metabolic stress, such as
obesity, high-fat diet, or aging, an undisclosed pathophysiological
role of TR signaling in beta cells may emerge.
Our data demonstrate the potential role of TR signaling in

rodent islets, but because of the heterogeneous taste perception
among species (23, 44, 46), it is not apparent whether these
findings are relevant to human physiology. Although there is no
known genetic model in which to assess the functionality of sweet
TRs in human beta cells, the pharmacological inhibitor lactisole
interacts specifically with the transmembrane domain of human,
but not mouse, T1R3 and eliminates sweet taste perception (36,
47). Inhibition of human T1R3 with lactisole obliterated fruc-
tose-induced insulin release and the potentiating effects of
fructose on GSIS, confirming the importance of TR signaling in
human islets and revealing potential molecular targets for
pharmacological intervention. The contribution of TR-mediated
regulation of insulin release in human physiology and its in-

teraction with other known insulinotropic mechanisms requires
further investigation.
Insulin secretagogues trigger diverse signaling pathways that

eventually induce membrane depolarization and calcium influx
required for insulin exocytosis. In a similar way, TRs in the
tongue signal via a conserved pathway in which PLC-IP3 is acti-
vated inducing ER calcium release. Calcium activates TRPM5
channels, allowing sodium flux and membrane depolarization,

Fig. 5. Ablation of TRPM5 abolishes the effects of TR signaling in mouse
islets. (A and B) Representative traces of calcium response in WT and
TRPM5−/− primary beta cells treated (vertical line) with fructose (“F”; 10.0
mM) in the presence of 8.3 mM glucose (quadruplicate batches of 10 islets
from six mice per genotype). (C) Area under the curve (AUC) calculated using
10 to 20 single-cell calcium traces from six mice per treatment. (***P < 0.001,
ANOVA with Tukey posttest.) (D) Static insulin release in response to fructose
(“F”; 10 mM) in the presence of 8.3 mM glucose in WT and TRPM5−/− islets
(n = 6 per treatment). (***P < 0.001, ANOVA with Tukey posttest.)

Fig. 6. Fructose-mediated potentiation of GSIS in human islets is abolished
by pharmacological inhibition of sweet TRs. (A) T1R gene expression in hu-
man islets (n = 5 donors) measured by quantitative real-time RT-PCR. Arbi-
trary units (AU) shown normalized to 18s rRNA. (B) Insulin release in human
islet preparations in the presence of glucose (n = 8 donors). (C) Static insulin
release in response to fructose (“F”; in mM) or saccharin (“S”; in mM) at the
presence of 5.5 mM glucose in human islets (n = 6 donors). Data are
expressed as relative units (RU) of fold insulin change from baseline (5.5 mM
glucose; set at value 1) using paired experiments. (**P < 0.01 and ***P <
0.001, Student t test.) (D and F) Static GSIS in human islets (n = 6 donors per
condition) incubated at 5.5 mM glucose and then transferred to media with
glucose (“G”; 5.5 mM or 11.0 mM) and fructose (“F”; 3.0 mM) as shown, with
or without lactisole (2.0 mM). Data are expressed as relative units (RU) of
fold insulin change from baseline (5.5 mM glucose; set at value 1) using
paired experiments. (*P < 0.05 and ***P < 0.001, ANOVA with Tukey post-
test.) (E) Static insulin release in response to fructose (“F”; in mM) with or
without lactisole (2.0 mM) in the presence of 5.5 mM glucose (n = 6 donors).
Data are expressed as fold insulin change relative to release at 5.5 mM
glucose (set at value 1) using paired experiments. (**P < 0.01, Student t test.)
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which causes calcium influx and ATP exocytosis (48). Our data
suggest that the insulinotropic effects of fructose in beta cells
necessitate a sustain increase in Ca2+i, which is absent in T1R2−/−

beta cells. Therefore, key components of the canonical TR sig-
naling may also be essential for TR-mediated insulin exocytosis in
beta cells. However, beta cells secrete insulin by integrating sig-
naling cues that emanate from several independent mechanisms.
Because the metabolism of glucose is the unequivocal principal
mechanism for insulin release, we attempted to elucidate the
functional interaction between the two pathways.
Notably, PLC inhibition blocked TR signaling without altering

steady-state insulin release at 8.3 mM glucose, indicating that TR
activation amplifies GSIS via a signaling cascade that operates, at
least in part, in parallel and independent to the known glucose
metabolic pathway. In fact, by using TIRF microscopy, we
demonstrated that TR-mediated activation of PLC was rapid,
preceded the increase in Ca2+i, and was induced independently
of glucose availability or VDCC activation. It was recently
reported that sweeteners induce a delayed increase in cAMP,
which correlated with insulin release in beta cells, but it is un-
clear whether these effects are direct (18). Although our data do
not exclude the possibility that TR signaling may induce an in-
crease in second messengers such as cAMP (49), the rapidity of
PLC activation shown with TIRF microscopy indicates that such
effects may be secondary. On the contrary, TRPM5 is a calcium-
activated cation channel that is likely activated after PLC-IP3–

induced mobilization of ER calcium, contributing to membrane
depolarization (34, 48). We demonstrated that TRPM5 is re-
quired for TR signaling in beta cells, but it has been recently
reported that ablation of TRPM5 also disturbs GSIS and sys-
temic glucose homeostasis (35). Thus, TRPM5 seems to be
a common denominator linking TR signaling with the canonical
glucose-stimulated pathway of insulin release.
The mechanism by which fructose stimulates insulin release in

the presence of glucose was unknown for decades. Here we show
that fructose is a natural ligand for functional sweet TRs
expressed on mouse and human beta cells. Pancreatic TRs sense
circulating fructose and activate a distinct signaling pathway that
potentiates GSIS. Our data, together with previous reports
showing that sweet TRs in the intestinal epithelium stimulate
dietary glucose absorption and regulate GLP-1 secretion (16, 50,
51), suggest a TR-dependent intestinopancreatic axis that par-
ticipates in the regulation of postprandial insulin release by
absorbed sugars. Although in vivo human studies have failed to
show an effect of consumed artificial sweeteners on insulin or
blood glucose levels (52, 53), an oral solution of sucrose (di-
saccharide of glucose and fructose) can potentiate insulin release
compared with equimolar glucose alone (54), and can cause
a sustained increase in insulin levels starting short after ingestion
(55). These findings are consistent with our in vivo potentiation
of insulin release by fructose. Taken together, it is intriguing to
speculate that dietary fructose, typically consumed in the form of
sucrose or high-fructose corn syrup, might target the TR ma-
chinery in the intestine and, soon after, the pancreas to establish
a preparatory and effecter mechanism, respectively, for the reg-
ulation of insulin release and glucose delivery to the tissues. Such
a scenario requires further investigation because it may be part of
the possible link between the adverse effects of high fructose
consumption and the pathogenesis of metabolic diseases (20).

Materials and Methods
Additional details of experimental procedures can be found in SI Materials
and Methods.

Reagents and Animals. All chemicals and cell culture reagents were purchased
from Sigma-Aldrich or Invitrogen unless otherwise specified. Mice with the
homozygous deletion for the T1R2, T1R3, or TRPM5 gene (provided by C. S.
Zuker, Columbia University, New York, NY) were bred and genotyped in

house for all experiments (23, 48) All animals were maintained in accordance
with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals, and all experiments were performed with approved
protocols from the institutional animal care and use committee of the
Sanford–Burnham Medical Research Institute at Lake Nona.

Static Insulin Secretion. The day of the experiment, cultured human and
mouse islets (SI Materials and Methods) were equilibrated in Krebs–Ringer
Hepes buffer (KRH; 119 mM NaCl, 4.74 mM KCl, 2.5 mM CaCl2, 1.2 mMMgCl2,
1.2 mM KH2PO4, 10 mM Hepes, 0.5% insulin-free BSA, pH 7.4) with glucose
(mouse, 8.3 mM; human, 5.5 mM, unless otherwise stated). Then, islets were
hand-picked and transferred to custom-made wells with glucose only for 30
min (i.e., baseline). Islets were then transferred to new wells and challenged
for an additional 30 min as shown in figures (i.e., stimulated). The superna-
tant from both incubations was collected, and static insulin secretion was
measured by using mouse insulin ELISA (Mercodia). Islet insulin secretion was
expressed as absolute values (in μg/L), or as fold change of stimulated/base-
line insulin secretion by using paired experiments. For each experimental
condition, we independently measured insulin from four separate wells (10
islets each), which were then averaged to represent insulin values for n = 1.
All insulin secretion data are averages of six to eight independent mouse islet
isolations as shown. If necessary, solutions were osmotically balanced by us-
ing appropriate concentrations of dextran that has no affinity for sweet TRs.
All islet incubations were at 37 °C without CO2 in 100 μL of KRH buffer.

Plasma Insulin and GLP-1 Measurements. Plasma insulin was measured by using
ultrasensitive mouse insulin ELISA (Mercodia). Plasma GLP-1 was measured
by using mouse/rat total GLP-1 assay kit (Meso Scale Discovery) after col-
lection of samples in tubes containing DPP-IV inhibitor (DPP4, Millipore, 10 μl/
1ml whole blood).

Calcium Imaging. MIN6 beta cells (56) were plated at a density of 1 × 106 cells
per 35-mm glass-bottom dish (MatTek) the day before the experiment. Islets
were trypsinized and dispersed inMatTek dishes precoated with poly-L-lysine
the day before experimentation. Dispersed islets were transfected (Lip-
ofectamine 2000; Invitrogen) at the time of plating with a construct
expressing the far red fluorescent protein Katushka (Evrogen) under the rat
insulin promoter II to exclusively identify and image beta cells. Cells were
loaded with 3 μM Fura-2 acetoxymethyl ester in KRH buffer containing 8.3
mMglucose for 20min and thenwashed twicewith KRH and incubated for an
additional 30 min at 37 °C without CO2. Dishes were placed into a heated
chamber mounted on the stage of an inverted fluorescence microscope
(Eclipse TiE with perfect focus and DG-5 Xenon excitation; Nikon) and peri-
fused with KRH plus 8.3 mM glucose (unless otherwise stated) at a rate of 1.5
mL/min. Baseline was established for at least 6 min before stimulation, as
shown in the figures. Fura-2 dual excitation images were captured through
a Nikon S Fluor 20× objective (NA 0.75) with a Photometrics QuantEM 16-bit
EMCCD camera using 340 nm and 380 nm excitation filters and a 470- to 550-
nm emission filter. Data were acquired and analyzed using Nikon Elements
software. Thefluorescence intensities of several single primary beta cells or 20
to 40 MIN6 cells per dish/condition were background subtracted and
expressed as ratio of excitation 340/380 nm.

TIRF Microscopy.MIN6 beta cells were transfected 24 h before the experiment
with a PHPLCδ1-GFP construct in which the PIP2-binding pleckstrin homology
domain of PLC-δ was fused to the GFP (provided by A. Tengholm, Uppsala
University, Uppsala, Sweden) by using Lipofectamine 2000 reagent. Growth
medium was removed and replaced with KRH buffer containing 8.3 mM
glucose. Similar procedures to those listed earlier (Calcium Imaging) fol-
lowed with the same microscope platform. Cell-surface associated PHPLCδ1-
GFP was excited with an evanescent wave created by a 488-nm argon laser
line, and GFP emission was visualized using a 500- to 550-nm band-pass
emission filter. Images were captured by using an Apo TIRF 60× oil immer-
sion objective (NA 1.49; Nikon) using a Photometrics CoolSNAP HQ2 14-bit
CCD camera. Data were acquired and analyzed using Nikon Elements soft-
ware. The fluorescence intensities (F) of four to six cells were background
(F0)-subtracted and normalized to average base-line values (i.e., ΔF − F0).

In Vivo Experiments.All in vivo experiments were performedwith 8- to 10-wk-
old male mice on regular chow (no. 2016; Harlan-Teklad). Catheters were
surgically implanted into the left common carotid artery and right jugular
vein as described (57), except that anesthesia was induced (2%) and main-
tained (1–2%) with isoflurane. The arterial catheter was used to obtain
blood samples in conscious, unrestrained mice. The venous catheter was
used for infusions and bolus injections. After a 5-d recovery, mice were
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morning-fasted for 5 h to achieve glycemic levels of approximately 160 mg/
dL (9.0 mM), which corresponds with the glucose concentration (8.3 mM)
used in the majority of the in vitro experiments. Three blood samples were
obtained via the arterial catheter at times −10, −5, and 0 min before the end
of the fast for baseline glucose and insulin measurements. At the end of the
fast (time 0 min) a single bolus of fructose, 13C-labeled fructose (U-13C6 D-
fructose; Cambridge Isotope Labs), or saccharin (all at 1.0 g/kg body weight)
was administered via the venous catheter as explained in the figure legends.
Blood samples were taken at time 2, 5, 10, 20, and 30 min for glucose and
insulin measurements. This was followed by a 20-min washout period (time
30–50 min) during which a blood glucose measurement was taken at time 40
min. Three blood samples were acquired at times 50, 55, and 60 min for new
baseline glucose and insulin measurements. A second bolus of saline control
(100 μL) was given at time 60 min. Blood samples were taken at times 62, 65,
70, 80, and 90 min for glucose and insulin measurements. Saline-washed
erythrocytes were infused throughout the study to prevent a decrease of
more than 5% in hematocrit. The in vivo fructose potentiation experiments
were carried out as described earlier by using a bolus of glucose (0.5 g/kg

body weight), fructose (0.3 g/kg body weight), or a combination of the two.
Blood glucose was measured using ACCU-CHEK Aviva (Roche), and no cross-
reactivity with fructose was observed.

Statistical Analysis. All results are presented as mean ± SEM. The level of
significance was set at P < 0.05. Statistical significance was calculated as
shown in the figure legends.
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