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Background: Sweet taste receptors are candidate nutrient sensors in adipose tissue.
Results: Sweet taste receptor ligands stimulate adipogenesis and suppress lipolysis; however, these effects do not require T1R2
and T1R3 despite their expression in adipose tissue.
Conclusion: Some artificial sweeteners regulate adipocyte differentiation and metabolism through a sweet taste receptor-
independent mechanism.
Significance: Absorbed artificial sweeteners may regulate aspects of adipose tissue biology.

Gprotein-coupled receptorsmediate responses to amyriad of
ligands, some of which regulate adipocyte differentiation and
metabolism. The sweet taste receptors T1R2 and T1R3 are G
protein-coupled receptors that function as carbohydrate sen-
sors in taste buds, gut, and pancreas. Here we report that sweet
taste receptors T1R2 and T1R3 are expressed throughout adi-
pogenesis and in adipose tissues. Treatment of mouse and
human precursor cells with artificial sweeteners, saccharin and
acesulfame potassium, enhanced adipogenesis. Saccharin treat-
ment of 3T3-L1 cells and primary mesenchymal stem cells rap-
idly stimulated phosphorylation of Akt and downstream targets
with functions in adipogenesis such as cAMP-response ele-
ment-binding protein and FOXO1; however, increased expres-
sion of peroxisome proliferator-activated receptor � and
CCAAT/enhancer-binding protein�wasnot observeduntil rel-
atively late in differentiation. Saccharin-stimulated Akt phos-
phorylation at Thr-308 occurred within 5 min, was phosphati-
dylinositol 3-kinase-dependent, and occurred in the presence of
high concentrations of insulin and dexamethasone; phosphory-
lation of Ser-473 occurredmore gradually. Surprisingly, neither
saccharin-stimulated adipogenesis nor Thr-308 phosphoryla-
tion was dependent on expression of T1R2 and/or T1R3,
although Ser-473 phosphorylation was impaired in T1R2/T1R3

double knock-out precursors. In mature adipocytes, artificial
sweetener treatment suppressed lipolysis even in the presence
of forskolin, and lipolytic responses were correlated with phos-
phorylation of hormone-sensitive lipase. Suppression of lipoly-
sis by saccharin in adipocytes was also independent of T1R2 and
T1R3. These results suggest that some artificial sweeteners have
previously uncharacterized metabolic effects on adipocyte dif-
ferentiation and metabolism and that effects of artificial sweet-
eners on adipose tissue biology may be largely independent of
the classical sweet taste receptors, T1R2 and T1R3.

In conditions of persistent nutrient excess, adipocytes differ-
entiate frommesenchymal precursor cells to provide additional
reservoirs for lipid storage. These same nutritional conditions
result in reciprocal regulation of anabolic and catabolic pro-
cesses inmature adipocytes to promote triacylglycerol accumu-
lation. In preadipocytes, adipogenic stimulation results in the
activation of transcription factors PPAR�4 and C/EBP�, pri-
mary drivers of the adipogenic program that stimulate expres-
sion of terminal adipocyte genes such as FABP4 andGLUT4 (1).
However, the upstream endogenous circulating, vascular or
adipocyte-derived factors that are sensed as the key signals to
indicate nutritional excess have not been fully elucidated.
Nutritive signals themselves may serve this role as has been
demonstrated by fatty acids acting throughGPR43 andGPR120
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to promote preadipocyte differentiation in vitro (2, 3). In adi-
pocytes, energy availability is communicated indirectly through
insulin concentrations and sympathetic tone (4) but is also
sensed directly through G protein-coupled receptors. In adi-
pose tissue,Gprotein-coupled receptors respond to short chain
fatty acids, lactate, �-hydroxybutyrate, �-hydroxyoctanoate,
and succinate tomediate effects on lipolysis (5–9). Ahypothesis
explored in this study is whether nutritive signals regulating
adipocyte differentiation and metabolism are also mediated in
part by sweet taste receptors.
The sweet taste receptor is generally believed to be an obli-

gate heterodimer of the G protein-coupled receptors T1R2 and
T1R3 (10, 11). Sugars and artificial sweeteners such as saccha-
rin (Sacc) and acesulfame potassium (AceK) bind primarily to
T1R2 (12), although direct binding to T1R3 has been described
(13). Originally characterized in the tongue as a mediator of
saccharin preference, these receptors have subsequently been
described in the brain, bladder, pancreas, and gut (14–17) with
metabolic roles defined in the latter two tissues. In the
enteroendocrine cells of the small intestine, activation of sweet
taste receptors promotes glucose uptake and release of incretin
hormones such as glucagon-like peptide 1 (18, 19). T1R2/T1R3
also functions in the pancreas where its activation in � cells
mediates stimulatory effects of sweeteners on glucose-induced
insulin secretion (17, 20).
Numerous reports have demonstrated sweet taste receptor

activation in response to artificial sweeteners in heterologous
expression systems (10, 12, 21, 22); however, experiments in
taste receptor knock-out (KO) animals suggest that an addi-
tional receptor(s) may be capable of binding and responding to
sweet tastants (11, 23, 24). Additionally, binding of artificial
sweeteners to the N-terminal domain of T1R2 or T1R3 in the
absence of its dimerization partner suggests that these recep-
tors may be capable of functioning independently (13, 25, 26).
Although the input of T1R2/T1R3 may be important in the
tongue and certainmetabolic tissues, these studies indicate that
there may be additional receptors sensitive to carbohydrates
and sweeteners.
Here we report that T1R2 and T1R3 were constitutively

expressed throughout adipogenesis of immortalized and pri-
mary cells and within adipose tissues. Treatment with artificial
sweeteners such as saccharin and AceK induced adipogenesis
of mouse and human precursors. Saccharin treatment also
stimulated phosphorylation of Akt and its downstream effec-
tors of preadipocyte differentiation. Surprisingly, T1R2 and
T1R3 were dispensable for both saccharin-stimulated adipogene-
sis and phosphorylation on Thr-308, although activation of Ser-
473 was at least partially dependent on sweet taste receptors. In
mature adipocytes, exposure to artificial sweeteners suppressed
both basal and stimulated lipolysis through amechanism that was
also independent of sweet taste receptors. Taken together, these
data demonstrate unexpected roles for artificial sweeteners in adi-
pocyte differentiation and metabolism and support the presence
of additional “sweet” taste receptors.

MATERIALS AND METHODS

Cell Culture—3T3-L1 cells were differentiated as described
previously (27). Briefly, cells 2 days after confluence (D0) were

treated with DMEM containing 10% fetal bovine serum, 1 �M

dexamethasone, 1 �g/ml insulin, and 0.5 mM methylisobutyl-
xanthine or combinations thereof. Cells were fed every 2 days
with insulin and fetal bovine serum (FBS) supplementation on
D2 and FBS alone fromD4 to the conclusion of the experiment.
In general, artificial sweeteners were added to differentiation
medium at induction and replaced with medium every 2 days.
Saccharin, AceK, and sucralose were from Sigma-Aldrich. Adi-
pogenesis was evaluated byOil Red-O (Sigma-Aldrich) staining
as described previously (28). LY294002, a phosphatidylinositol
3-kinase (PI3K) inhibitor, andU0216, aMEK1/2 inhibitor, were
purchased from Cell Signaling Technology (Danvers, MA).
U73122, a phospholipase C� inhibitor, was from Cayman
Chemical (Ann Arbor, MI).
eMSC Isolation—eMSCs were isolated from controls, T1R2

KO, T1R3 KO, and T1R2/T1R3 double KO mice as described
previously (29). Briefly, mouse ears were sterilized,minced, and
incubated for 1 h in collagenase to obtain a cell suspension.
Preconfluent cells were supplemented with 50 �g/ml FGF dur-
ing the initial growth period (30) and maintained at 5% CO2 in
DMEM/F-12 supplemented with 15% FBS. For differentiation,
1 �M dexamethasone, 5 �g/ml insulin, and 0.5 mM methyl-
isobutylxanthine were added to maintenance medium for 2
days starting at D0. Insulin remained in medium for the first 4
days of adipogenesis. In general, cells were fed every 2 days until
harvest.
Glucose Uptake—3T3-L1 adipocytes were serum-starved in

HBSS (Invitrogen) with 0.5% BSA for 4 h. Cells were then incu-
bated with 4 nM insulin in Krebs-Ringer HEPES buffer for 10
min before treating with 50 �M cytochalasin B to block back-
ground translocation. After 20 min of insulin treatment, 0.1
�Ci/ml 2-deoxy[14C]glucose (PerkinElmer Life Sciences) was
added. Ten min later (30-min post-insulin), adipocytes were
placed on ice, washed, and lysed in 0.1% SDS. Uptake of 2-de-
oxyglucose was then quantified by scintillation counting.
Lipolysis—Lipolysis assays were conducted in differentiated

adipocytes at least 8 days after induction of adipogenesis for
3T3-L1 cells or after 12 days for eMSCs and human SVCs.
Secretion of glycerol andnon-esterified fatty acid fromcultured
adipocytes into HBSS was determined with assay kits from Sig-
ma-Aldrich (FG0100) and Wako Diagnostics (Richmond, VA;
NEFA-HR(2)). Cells were treated for 2 h or the time indicated.
Lipolysis in mouse explants was performed as described under
“Animals.” Saccharin was used at 4.5 mM unless indicated
otherwise.
cAMP—cAMP was measured by ELISA (Cayman Chemical,

Ann Arbor, MI) according to the manufacturer’s instructions.
Human SVC Isolation—SVCs were isolated from a subcuta-

neous fat depot of a 54-year-old diabetic patient in the same
manner as eMSCs (29). Human SVCs were maintained and
differentiated in the same manner as eMSCs. Human sam-
ples were obtained with the approval of the Institutional
Review Board of the University of Michigan Medical School
(HUM00060733).
Immunoblot Analysis—Cell extracts were lysed in an SDS

buffer (1% SDS, 12.7 mM EDTA, 60 mM Tris-HCl, pH 6.8) and
heated to 95 °C. Lysates were then centrifuged to pellet cell
debris and transferred to a fresh tube, and the protein concen-
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tration was quantified with a BCA assay (Thermo Scientific,
Waltham, MA). 4� SDS loading buffer (4% SDS, 240 mM Tris-
HCl, 40% glycerol, 0.05% bromphenol blue, 2.5% 2-mercapto-
ethanol) was added to a constant amount of protein before
separation on Bis-Tris polyacrylamide gels (Invitrogen). For
evaluation of adipogenesis markers, a constant volume of lysate
was used. SDS-PAGE and immunoblotting were performed as
described previously (28). Membranes were immunoblotted
with antibodies from Cell Signaling Technology for C/EBP�
(catalog number 2295), pAkt308 (catalog number 9271),
pAkt473 (catalog number 9275 or 4060), pFOXO1 (catalog
number 9461), pCREB (catalog number 9191), phosphorylated
hormone-sensitive lipase (pHSL) (catalog number 4126), pERK
(catalog number 9101), total Akt (catalog number 9272), total
ERK1/2 (catalog number 4695), total FOXO1 (catalog number
9462), total hormone-sensitive lipase (HSL) (catalog number
4107), and total CREB (catalog number 9197). Laminin anti-
body was obtained from Novus Biologicals (Littleton, CO).
PPAR�1/2 antibody was obtained from Millipore (Temecula,
CA). FABP4 antibody was obtained from R&D Systems (Min-
neapolis, MN; MAB1143).
mRNAQuantification by RT-PCR—Total RNAwas prepared

from frozen tissue or cells using RNA Stat60 according to the
manufacturer’s protocol (Tel-Test, Inc., Friendsville TX). Total
RNA was quantified and reverse transcribed with random hex-
amers (TaqMan Reverse Transcription kit, Applied Biosys-
tems, Foster City, CA). Quantitative PCR was performed using
the MyiQ real time PCR detection system with SYBR Green
reagents (Bio-Rad). Reverse transcription, primer design, and
quantitative PCR were performed as described previously (28).
Primer sequences are as follows: T1R2: F, GTCCGCTGCAC-
CAAGCA; R, GTTCGTCGAAGAAGAGCTGGTT; T1R3: F,
CCAGGCAACCAGGTGCCAGTC; R, CGCCTTGCAGTCC-
ACGCAGT; PPAR�: F, CCAGAGCATGGTGCCTTCGC; R,
TTCCGAAGTTGGTGGGCCAGA; C/EBP�: F, TGGACAA-
GAACAGCAACGAG; R, TCACTGGTCAACTCCAGCAC;
PREF1: F, CCTCCTGTTGCAGTATAACAGCG; R, GGTCA-
TGTCAATCTTCTCGGG;WNT10b: F, ACGACATGGACT-
TCGGAGAGAAGT; R, CATTCTCGCCTGGATGTCCC;
C/EBP�: F, GGGACTTGATGCAATCCGG; R, AACCCCGC-
AGGAACATCTTT; C/EBP�: F, CGCCGCAACCAGGAGAT;
R,GCTGATGCAGCTTCTCGTTCT; FOXO1: F,GCTTTTG-
TCACATGCAGGT; R, CGCACAGAGCACTCCATAAA.
Animals—C57BL/6J mice were purchased from The Jackson

Laboratory (Bar Harbor, ME). Procedures for this work were
approved by the Committee on the Use and Care of Animals at
the University of Michigan with daily care of animals overseen
by the unit for laboratory animalmedicine (PRO0001369). Ani-
mals were maintained on a 12-h light/dark cycle and fed stan-
dard chow ad libitum (LabDiet 5L0D, Purina, St. Louis, MO).
Leprdb/db mice were obtained from The Jackson Laboratory.
For saccharin effects on ex vivo lipolysis, 10-week-old male
mice were injected with a sodium saccharin solution at 100
mg/kg. After 20 min, animals were euthanized with CO2, and
epididymal adipose tissue depots were excised. Depots were
then weighed and cut into �40-mg pieces, which were then
cultured at 5% CO2 in HBSS for 4 h before quantifying glycerol
in medium. T1R2 and T1R3 KO animals were created and ana-

lyzed by Charles Zuker, Columbia University (11). Double
T1R2/T1R3 KO animals were generated by initially mating T1R2
KO and T1R3 KO mice to produce double heterozygote T1R2/
T1R3. In turn, double heterozygote T1R2/T1R3mice weremated
toproduce littermatedoublewild-type controls anddoubleT1R2/
T1R3 knock-out mice.
Calcium Imaging—3T3-L1 cells were incubated with Fluo4

(Invitrogen) in glass bottom dishes (MatTek, Ashland, MA) for
30 min before imaging by confocal microscopy (Olympus
FV500 confocal microscope and Olympus IX-71). Sweeteners
were delivered by pipette as 10� solutions and allowed to dif-
fuse through dishes maintained at 37 °C while monitoring the
green fluorescence channel. Experiments were conducted with
the assistance of the Michigan Diabetes Research and Training
Center Morphology and Image Analysis Core.
Unbiased Metabolomics—To prepare samples for untar-

geted metabolomics, metabolites were extracted from adi-
pocytes according to the protocol of Lorenz et al. (31). Briefly,
500 �l of cold 8:1:1 methanol:chloroform:water were added to
each well of a 6-well cell culture plate that had previously been
aspirated of all medium and quenched by freezing with liquid
nitrogen. The plate was then scraped with a cell scraper to
release and lyse cells. The cell extract was transferred by pipette
to a microcentrifuge tube, and residual cell debris was pelleted
by centrifugation at 15,000� g for 10min. The supernatant was
directly analyzed by LC-MS.
Cell extracts were analyzed by LC-MS using an Agilent 1200

HPLC coupled to an Agilent 6210 time-of-flight mass spec-
trometer. Chromatographic separation was performed via
mixed mode anion exchange-hydrophilic interaction chroma-
tography using a Phenomenex Luna NH2 3-�m column, 15
cm � 2-mm inner diameter. Mobile phase A for the separation
was acetonitrile, and mobile phase B was 5 mM ammonium
acetate in water adjusted to pH 9.9 with ammonium hydroxide.
The gradient consisted of a 20-min linear ramp from20 to 100%
B followed by a 2-min hold at 100% B and a subsequent 13-min
re-equilibration period at 20% B. The sample injection volume
was 20 �l, and the flow rate was 0.25 ml/min. Detection was
performed by electrospray ionization mass spectrometry in
negative ionmode.MS parameters were as follows: gas temper-
ature, 350 °C; drying gas, 10 liters/min; nebulizer, 20 p.s.i.
gauge; capillary voltage, 3500 V; scan range, 50–1200Da; inter-
nal reference mass correction, enabled.
Untargetedmetabolomics data analysis was performed using

Agilent Masshunter Qualitative Analysis and Mass Profiler
Professional software. Features in the data were first detected
using the Find by Feature algorithm inMasshunter Qualitative
Analysis and then aligned between samples by accurate mass
and retention time using Mass Profiler Professional. To mini-
mize gaps in the data, recursive detection of aligned features
was performed using the Find by Formula algorithm. Once a
final list of features was generated, compounds were assigned
putative identities by searching against the online Metlin data-
base. Inmany cases, theMetlin search resulted inmultiple pos-
sible matches for each feature within a 10-ppmmass error win-
dow. Metabolite matches were ranked in order of ascending
mass error and among matches with equivalent mass error in
order of ascending Metlin identification number. Following
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putative metabolite identification, statistical analysis and data
reduction techniques, including principle component analysis
were used to determine statistically different features between
sample groups and to assess global differences in the metabo-
lome between treatment conditions.
Saturation Transfer Difference NMR—Preparation of mem-

branes and saturation transfer difference NMR was performed
as described by Venkitakrishnan et al. (32) with some modifi-
cations. Briefly,WT and double KO (DKO) eMSCs were grown
to confluence in 500-cm2 Corning dishes (Corning, NY) and
suspended in EDTA. The cell suspension was pelleted at 800 �
g and then lysed using a Polytron homogenizer (Kinematica,
Lucerne, Switzerland). The resulting suspension was spun at
low speed to collect cell debris followed by ultracentrifugation
at 100,000 � g to isolate cell membranes. Following membrane
isolation, saturation transfer differenceNMR spectroscopy was
performed as described previously (32).

RESULTS

SweetTasteReceptorsT1R2andT1R3AreExpressed throughout
Adipogenesis in 3T3-L1 Cells and eMSCs—To evaluate the
expression of taste receptors during adipogenesis, RNA was
isolated at the indicated time points as 3T3-L1 preadipocytes
were differentiated into mature adipocytes, and quantitative
PCR analyses were performed (Fig. 1). Expression of both T1R2
and T1R3 peaked at day 2 of adipogenesis, returning to near
preadipocyte levels by day 8 (Fig. 1A).We then examined sweet
taste receptor expression in primary eMSCs as an independent
adipogenic model. These cells are isolated from the mouse ear
and are capable of chondrogenic, osteogenic, and adipogenic
differentiation (29).We found that sweet taste receptor expres-

sion in this system was reminiscent of that in 3T3-L1 cells;
T1R2 and T1R3 both peaked in expression at day 2 of adipo-
genesis before returning to preadipocyte levels at day 12 (Fig.
1B).
To determine whether sweet taste receptors were present in

adipose tissue in vivo, we evaluated T1R3 expression in adipose
tissues and liver of control and db/dbmice. Expression of T1R3
was different between tissues of control mice by as much as
2-fold (Fig. 1C). Based on a statistical interaction between gen-
otypes, expression of T1R3 is generally reduced in obese ani-
mals. However, post hoc analyses revealed only trends within
individual tissues due to substantial variation in expression.
Taken together, these data indicate that sweet taste receptors
are expressed throughout adipogenesis and in adipose tissues.
Saccharin Stimulates Adipogenesis of Mouse and Human

Precursor Cells—To assess the effects of sweet taste receptor
activity on adipogenesis, we utilized the artificial sweeteners
Sacc and AceK as T1R2/T1R3 ligands. These agonists, as
opposed to natural sugars, are useful in metabolic studies
because they are not metabolized and are �500-fold sweeter
than sucrose (33, 34). First, 3T3-L1 cells were treated through-
out adipogenesis with a submaximal adipogenic mixture con-
taining dexamethasone and insulin supplementedwith increas-
ing concentrations of saccharin. The addition of saccharin
robustly stimulated adipogenesis in a concentration-dependent
manner, resulting in increased lipid accumulation and FABP4
expression (Fig. 2A). FABP4 was then quantified over multiple
experiments to empirically determine minimal saccharin con-
centrations necessary to enhance adipogenesis (Fig. 2B); this
densitometric analysis indicated that 0.45 mM saccharin is the
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lowest concentration to significantly increase FABP4 accumu-
lation in 3T3-L1 cells, whereas higher amounts resulted in a
nearly 10-fold increase.
3T3-L1 cells induced with dexamethasone and insulin (DI)

and treated with saccharin show enhanced adipogenesis, which
could be due to a specific synergistic interaction of the signaling
pathways activated by saccharin and DI. To test this, we differ-
entiated 3T3-L1 cells with various combinations of the full
methylisobutylxanthine, dexamethasone, and insulin (MDI)
mixture, including each component individually or no induc-
tion at all (FBS), in the presence or absence of saccharin (Fig.
2C). Using this approach, we observed that saccharin was suf-
ficient to induce adipogenesis under all tested conditions with

mild effects even in the absence ofMDI. These data suggest that
saccharin does not require permissive activation of a specific
adipogenic signaling pathway to stimulate differentiation.
To determine whether these effects of saccharin on adipo-

genesis are observed in other models of adipogenesis, we first
evaluated multipotent, primary eMSCs and found that saccha-
rin robustly stimulated lipid accumulation and expression of
FABP4 (Fig. 2D). As observed with 3T3-L1 preadipocytes, arti-
ficial sweetener effects occurred independently of differentia-
tion conditions as eMSCs induced with MDI, DI, or FBS all
showed an enhancement of adipogenesis with saccharin treat-
ment. We also tested the applicability of these findings to
human precursors and observed that in SVCs isolated from
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human white adipose tissue saccharin markedly enhanced lipid
accumulation and FABP4 expression following adipogenic induc-
tionwithMDI (Fig. 2E). Taken together, these results indicate that
adipogenesisofmouseandhumanprecursors is stimulatedby sac-
charin, suggesting that sweet taste receptors may sense nutritive
signals and regulate preadipocyte differentiation.
AceK Stimulates Adipogenesis of Mouse and Human Precur-

sor Cells—To test whether effects on adipogenesis are specific
to saccharin, we repeated the previous experiments with
another artificial sweetener and found that AceK also stimu-
lated 3T3-L1 adipogenesis. Comparable with our results with
saccharin, increased adipogenesiswas observed at 4.5mMAceK
(Fig. 3A). Results similar to those with saccharin were also
observed in eMSCs where AceK supplementation enhanced

adipogenesis regardless of the differentiation induction condi-
tions (Fig. 3B). Lastly, we repeated this experiment in human
SVCs. In these primary cells, AceK stimulated lipid and FABP4
accumulation (Fig. 3C). These results suggest that proadipo-
genic effects may be broadly observed with different artificial
sweeteners.
Effects of Saccharin on Adipogenesis Are Dependent on Time

and Duration—To further characterize sweetener-stimulated
adipogenesis, we evaluated the temporal requirements of sac-
charin treatment to enhance adipogenesis. To do this, we
treated differentiating 3T3-L1 cells with saccharin at varying
time intervals (Fig. 4A). Cells treated with saccharin for the first
2 or 4 days of adipogenesis had elevated expression of PPAR�
and FABP4 with 4 days of treatment showing a more pro-
nounced effect on Oil Red-O staining. However, maximal
effects on lipid accumulation and adipocyte gene expression
were observedwith the full 8 days of treatment. Saccharin treat-
ment must begin within an early time window because saccha-
rin treatment had no effect on adipogenesis when supplemen-
tation began on day 4. These observations suggest that, in
addition to concentration (Figs. 2 and 3), both time and dura-
tion of saccharin treatment are important for effects on
adipogenesis.
Saccharin Stimulates Expression of PPAR� and C/EBP� Late

during Differentiation—To investigate mechanisms for enhance-
ment of adipogenesis by artificial sweeteners, we next examined
aspects of the transcriptional profile of cells that had been
treated with DI � saccharin or AceK for the first 4 days of
adipogenesis. We observed that sweetener-stimulated PPAR�
and C/EBP� expression did not differ from control cells until
D5, after the removal of saccharin from the differentiation
medium. By D8, expression of C/EBP� was increased �3-fold,
and expression of PPAR�was elevated�2-fold in saccharin- or
AceK-treated cells compared with DI alone (Fig. 4, B and C).
These data suggest that sweeteners stimulate early events in
adipogenesis (D0–D4) that are propagated following termina-
tion of sweetener treatment.
Because many essential elements of sweetener signaling

occur in the first 2 or 4 days of adipogenesis (Fig. 4), we profiled
important regulators of adipogenesis active in this time period.
However, after profiling mRNA expression of numerous tran-
scription factors and inhibitors of differentiation, including
C/EBP� (Fig. 4D), C/EBP� (Fig. 4E), PREF1 (Fig. 4F), and
FOXO1, EBF1, and EBF2 (data not shown), significant altera-
tions in early events of adipogenesis were not observed. These
data suggest that artificial sweeteners robustly stimulate adipo-
genesis in the first 4 days of adipogenesis, consistent with
increased expression of PPAR� andC/EBP� byD5 and beyond;
however, the mechanistic basis appears to be independent of
the aspects of the program of adipogenesis evaluated.
Saccharin Acutely Activates Akt and ERK1/2 Signaling Path-

ways in Preadipocytes—We next examined signal transduction
cascades that might mediate sweetener effects. In other con-
texts (e.g. taste cells, � cells, and enteroendocrine cells), sweet
taste receptor activation produces intracellular Ca2� transients
(19, 20, 35). However, saccharin appears to work through an
atypical signaling pathway in preadipocytes because we did not
find evidence for sweetener-stimulated calcium flux in preadi-

FIGURE 3. AceK stimulates adipogenesis of mouse and human precursor
cells. A, 3T3-L1 cells were induced with DI and treated for 8 days with the
indicated concentrations of AceK. After 8 days, cells were stained for neutral
lipid with Oil Red-O. Lysates were evaluated for expression of FABP4. B, eMSCs
were incubated in the presence of MDI, DI, or FBS with or without 2 mM AceK.
After 16 days, the degree of differentiation was evaluated with photomicro-
graphs (upper panels) and by expression of FABP4 (lower panels). C, human
SVCs were induced with MDI for 14 days in the absence or presence of 4.5 mM

AceK. Adipogenesis was determined with photomicrographs (upper panel)
and by expression of FABP4 (lower panel).
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pocytes at or above concentrations that stimulate adipogenesis
(data not shown). To evaluate potential mechanisms by which
saccharin signals to stimulate preadipocyte differentiation, we
screened known adipogenic signaling pathways (1). 3T3-L1
preadipocytes were serum-starved for 2 h and then treatedwith
saccharin for 30min, and lysates were screened by immunoblot
for activated signaling proteins. Using this approach, we
observed that saccharin treatment stimulated phosphorylation
of Akt at Thr-308 and Ser-473 (Fig. 5A), modifications that are
well characterized for their proadipogenic effects (36–39).
Importantly, saccharin also stimulated phosphorylation of
CREB and FOXO1, which are known downstream targets of
Akt involved in promoting preadipocyte differentiation (36, 40,
41). Similar to the lack of calcium transients, this is the first
known report of artificial sweeteners stimulating Akt signaling,
which implicates novel pathways, novel receptors, or both, in
transducing metabolic signals from artificial sweeteners.
To further investigate this novel signal transduction mecha-

nism in preadipocytes, we evaluated saccharin-stimulated sig-
naling upstream of Akt phosphorylation by using PI3K, MEK,

or phospholipase C� inhibitors. We observed that the PI3K
inhibitors LY294002 (Fig. 5B) and wortmannin (Fig. 5C)
reduced base-line phosphorylation of Akt as well as the ability
of saccharin to stimulate Akt phosphorylation of Thr-308 or
Ser-473. Inhibition of MEK signaling with U0216 had no effect
on basal or saccharin-stimulatedAkt phosphorylation, whereas
inhibition of protein kinase C with U73122 suppressed basal
Akt phosphorylation with a partial or full block of saccharin-
stimulated Thr-308 or Ser-473 phosphorylation, respec-
tively (Fig. 5C). These data suggest that this novel saccharin-
stimulated Akt phosphorylation occurs in a PI3K-dependent
manner.
Wenext explored the temporal properties of saccharin-stim-

ulated Akt phosphorylation in 3T3-L1 cells. Here we observed
that Akt Thr-308 phosphorylation was rapid, occurring within
5 min, and persisted for at least 1 h in serum-starved cells (Fig.
5D). Whereas maximal activation for Thr-308 occurred within 5
min, Ser-473 phosphorylation could only just be detected at that
timepoint, but phosphorylation steadily increased throughout the
time course for 60min.
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Finally, we evaluated the ability of saccharin to stimulate Akt
phosphorylation in the context of adipogenesis when Akt is
already strongly activated by high concentrations of insulin.
Even in the presence of DI, 3T3-L1 preadipocytes demon-
strated augmented phosphorylation at Thr-308 in the presence
of saccharin (Fig. 5E). Elevated phosphorylation at Thr-308was
observed within 30 min of treatment and persisted to 6 h fol-
lowing induction. In contrast, saccharin caused a small increase
in phosphorylation at Ser-473 only at 2 and 4 h. Interestingly,
phosphorylation of ERK1/2 was also enhanced by saccharin in
differentiating 3T3-L1 cells (Fig. 5E). However, this saccharin-
stimulated ERK1/2 activity was not present in serum-starved
cells (data not shown). Although maximal ERK1/2 phosphory-
lation at 30 min was not influenced by saccharin treatment, the
activation of ERKwas observed at 2 h and persisted to 16 hwith
some increase in basal phosphorylation observed out to 72 h
postinduction. Although further experiments will be required
to explain this difference in ERK activity between serum-
starved and DI-stimulated conditions, a “priming” effect of
growth factor or insulin/IGF-1 signaling appears to be neces-
sary for saccharin-stimulated ERK1/2 phosphorylation.
T1R2 and T1R3 Are Not Required for Saccharin-stimulated

Adipogenesis or Akt Phosphorylation—Although sweet taste
receptors are the most obvious candidates for binding saccha-
rin in adipose tissue, some of our observations such as saccha-

rin-stimulated Akt signaling and a lack of calcium transients
have not been consistent with the current literature on sweet
taste receptor signaling in other contexts. To determine
whether sweet taste receptors are the mediators of artificial
sweetener effects in adipose tissue, we investigated the depen-
dence of saccharin-stimulated adipogenesis andAkt phosphor-
ylation on the presence of sweet taste receptors. We reasoned
that if saccharin acts through T1R2/T1R3 then knock-out of
either receptor would block the effects of artificial sweeteners
on both adipogenesis and Akt phosphorylation. Therefore, we
investigated these phenotypes in eMSCs derived from T1R2 or
T1R3 knock-out mice beginning with T1R3-null eMSCs. Sur-
prisingly, we observed thatT1R3KOdid not prevent saccharin-
stimulated lipid accumulation (Fig. 6A). Accordingly, when we
alsomeasured the ability of saccharin to stimulate Akt Thr-308
phosphorylation in the absence of T1R3, we observed no differ-
ence in the concentration dependence (Fig. 6B, upper panel) of
Akt phosphorylation between genotypes. There was also no
difference in kinetic responses to saccharin in the absence of
T1R3 (Fig. 6A, lower panel) as phosphorylation of Thr-308 and
Ser-473 occurred within 5 min of saccharin treatment regard-
less of genotype. Akt phosphorylation in response to insulin
was also similar between genotypes.
We next investigated saccharin activity in T1R2 KO eMSCs.

As with T1R3, we observed that T1R2 was not required for
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saccharin-stimulated lipid accumulation (Fig. 6C). Although
the T1R2 KO eMSC precursors were slightly desensitized to
saccharin in terms of Akt Thr-308 phosphorylation, T1R2
was clearly not required for the effects of saccharin on Thr-
308 phosphorylation (Fig. 6D, upper panel). In addition, we
observed that saccharin-stimulated Thr-308 and Ser-473 phos-
phorylation in differentiating eMSCs was not affected by the
absence of T1R2 (Fig. 6D, lower panel). These data suggest that
neither T1R2 nor T1R3 is individually necessary for saccharin-
mediated enhancement of adipogenesis or Akt phosphoryla-
tion in preadipocytes. In this case, it is plausible that T1R2 and
T1R3 might be acting as homodimers to bind saccharin and
transduce signals, or saccharin might be working through
another receptor or mechanism.
Literature suggests that T1R2 and T1R3 are capable of indi-

vidually responding to tastants rather than functioning as an
obligate heterodimer (25, 42, 43). To directly address the pos-
sibility of T1R2 andT1R3 homodimer activity in preadipocytes,
we producedT1R2/T1R3DKOeMSCs. Using this DKOmodel,
we observed that saccharin enhanced adipogenesis even in the
absence of both T1R2 and T1R3 (Fig. 6E). These data suggest
that, in this context, T1R2 and T1R3 do not function as

homodimers to mediate effects of saccharin on differentiation.
Interestingly, whereas DKO had no effect on saccharin-stimu-
lated Akt phosphorylation at Thr-308, phosphorylation at Ser-
473 was reduced (Fig. 6F). These results suggest that although
stimulation of Akt phosphorylation on Ser-473 is not essential
for saccharin-induced adipogenesis it is likely that artificial
sweeteners influence at least some aspects of adipose biology
through sweet taste receptors.
Artificial Sweeteners Suppress Adipocyte Lipolysis andDecrease

Hormone-sensitive Lipase Phosphorylation—Although artificial
sweeteners have proadipogenic activity, this activity appears to
be independent of T1R2 and T1R3 in preadipocytes. Because
the sweet taste receptors are expressed throughout differentia-
tion and in mature adipocytes (Fig. 1), we then tested whether
saccharin regulates adipocyte metabolism in a T1R2/T1R3-de-
pendent manner. Fully differentiated 3T3-L1 adipocytes were
treated with saccharin or AceK for 1 h. Cells were very rapidly
washed with ammonium acetate and frozen with liquid nitro-
gen, and lysates were subjected to unbiasedmetabolomics anal-
ysis. After 1 h, 81 metabolites were significantly different with
saccharin, and of these, 14 of 17 were also regulated by AceK
(Fig. 7A; data not shown). All of the 14 co-regulatedmetabolites
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decreased upon saccharin or AceK treatment (Fig. 7B), includ-
ing four fatty acids (in red). Many additional fatty acids were
predicted to decline in response to saccharin (data not shown).
These data suggest that artificial sweeteners regulate some
aspect of adipocyte lipid metabolism.
To determine the basis for reduced intracellular fatty acids

following saccharin treatment of adipocytes, we evaluated a
number of metabolic processes that could be directly or indi-

rectly involved. We observed that saccharin treatment had no
effect on glucose uptake (Fig. 7C), conversion of [14C]glucose or
[14C]acetate to triacylglycerol (data not shown), or uptake and
incorporation of [13C]palmitate into lipids, including diacyl-
glycerol (Fig. 7D). However, the effects of saccharin on lipolysis
of 3T3-L1 adipocytes were striking with reduced basal secre-
tion of glycerol (Fig. 7E) and non-esterified fatty acid (Fig. 7F)
detected as early as 30min. Importantly, this effect was not due

FIGURE 7. Artificial sweeteners suppress lipolysis. A, following 1-h Sacc or AceK treatment, 3T3-L1 adipocytes were flash frozen, and intracellular metabolites
were evaluated on an LC-MS platform by the University of Michigan Molecular Phenotyping Core. Of the metabolites that were significantly altered by the
treatment, 69 were unique to Sacc, three were unique to AceK, and 14 were shared between both sweeteners. B, distribution of metabolites altered by Sacc
alone (blue) or Sacc and AceK (yellow) following 1-h treatment in 3T3-L1 adipocytes. Long-chain fatty acids decreased by both saccharin and AceK are shown
in red. The significance level on the y axis extends to 10e�16. C, glucose uptake was measured in 3T3-L1 adipocytes as described under “Materials and
Methods.” Significant differences (p � 0.05) between 0 and 4 nM insulin are denoted with #. D, incorporation of [13C]palmitate into dipalmitoyl diacylglycerol
(DAG) with 1 or 4 h of 4.5 mM Sacc treatment in 3T3-L1 adipocytes. E, 3T3-L1 adipocytes were serum-starved for 2 h in HBSS before treatment with 4.5 mM Sacc,
4.5 mM mannitol, or 10 �M Fsk. Glycerol content of the medium was assayed at the indicated time points. F, non-esterified fatty acid (NEFA) (�M) was measured
from assay medium after 60 min of 4.5 mM Sacc treatment. G, glycerol content of assay medium was measured following 1-h treatment with Sacc, AceK, or
sucralose (Sucr) at 0.45 and 4.5 mM. H, epididymal white adipose tissue (eWAT) explants were collected from C57BL/6J mice 20 min following injection of Sacc.
Glycerol content of the medium was then measured following a 4-h incubation with vehicle, Fsk, or Sacc. Significant differences from vehicle treatment p �
0.05, p � 0.01, and p � 0.005 are denoted with *, **, and ***, respectively. Data are expressed as mean � S.D. (error bars). Significance was determined using
Student’s t test. 2DOG, 2-deoxyglucose.
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to osmotic stress as lipolysis was not influenced by equimolar
concentrations of mannitol (Fig. 7E).
To determine whether lipolysis was inhibited by artificial

sweeteners that are structurally distinct from saccharin, we
evaluated the effects of AceK and sucralose (Fig. 7G) and
observed that, aswith saccharin, these artificial sweeteners sup-
pressed basal lipolysis in 3T3-L1 cells. Lastly, we evaluated the
effects of saccharin on basal lipolysis in an ex vivo system and
found that isolated pieces of epididymal adipose tissue incu-
bated with saccharin for 4 h had reduced secretion of glycerol
into culturemedium. Interestingly, an intraperitoneal injection
of saccharin was also sufficient to reduce glycerol release when
the adipose tissue was excised 20 min postinjection and lipoly-
sis was evaluated over the subsequent 4 h (Fig. 7H).
We then investigated mechanisms for lipolytic regulation by

artificial sweeteners. We observed that the addition of saccha-
rin to 3T3-L1 adipocytes suppressed phosphorylation of HSL
(Fig. 8A). Interestingly, saccharin significantly blunted the
stimulation of both glycerol release and HSL phosphorylation

by forskolin (Fsk), an adenylyl cyclase activator. This indicates
that saccharin suppresses both basal and Fsk-stimulated lipo-
lysis. We next hypothesized that saccharin might act through
Akt signaling as it does in preadipocytes (Fig. 5) to suppress
lipolysis in a PI3K-dependent manner. However, treatment
with LY294002 also failed to block saccharin-mediated sup-
pression of basal lipolysis (Fig. 8B), consistent with our obser-
vation that saccharin stimulated phosphorylation of Akt Thr-
308 in adipocytes but only after effects on lipolysis were already
observed (data not shown). As cAMP is an important regulator
of lipolytic activity upstreamofHSL,we speculated that saccha-
rin treatment might reduce cAMP concentrations in adi-
pocytes. However, saccharin had no effect on cAMPconcentra-
tions (Fig. 8C), suggesting that artificial sweeteners may act
downstream of PKA.
T1R2/T1R3AreNot Required for Suppression of Basal or Fsk-

stimulated Adipocyte Lipolysis by Saccharin—Although T1R2
andT1R3 are likely binding candidates for artificial sweeteners,
data in preadipocytes suggest that these receptors might not be
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necessary. We tested for saccharin-stimulated T1R2/T1R3
activity by performing lipolysis assays in T1R2 and T1R3 KO
eMSCs. Similar to our observations in preadipocytes, loss of
T1R3 (Fig. 8D) or T1R2 (Fig. 8E) failed to block saccharin
effects on either basal or forskolin-stimulated lipolysis, and no
significant differences were observed between genotypes. Fur-
thermore, we tested effects of saccharin in the absence of both
T1R2 and T1R3 to rule out the possibility of homodimer activ-
ity. However, as observed in preadipocytes, saccharin sup-
pressed basal and forskolin-induced lipolysis even in the
absence of both receptors (Fig. 8F). Taken together, these
results suggest that saccharin reduces lipolysis independently
of T1R2/T1R3 sweet taste receptors and through a PKA-medi-
ated mechanism downstream of cAMP.
Saccharin Binds to Membranes of T1R2/T1R3 Double KO

Adipocyte Progenitors—Thus far, our data have indicated that
saccharin has effects on preadipocyte differentiation and adi-
pocyte metabolism in the absence of sweet taste receptor
expression. This suggests that either additional receptors are
capable of binding and mediating effects of saccharin under
these conditions or saccharin directly initiates intracellular sig-
naling downstream of receptors. To distinguish between these
two possibilities, we assessed saccharin binding by control and
DKO preadipocyte membranes by saturation transfer differ-
enceNMR.Using this approach, we observed little difference in
interactions between saccharin and either control or DKO
preadipocyte membranes (Fig. 9A). Similar results were
observed with an independent artificial sweetener, neotame,
that has been well characterized within this assay (Fig. 9B and
Ref. 32). Given that saccharin was capable of binding to the cell
membrane of DKO preadipocytes, this suggests that receptors
in addition to T1R2 and T1R3 mediate signal transduction of
artificial sweeteners.

DISCUSSION

One strategy currently utilized to curtail the obesity epi-
demic is extensive use of non-nutritive sweeteners. Such artifi-
cial sweeteners, including saccharin, AceK, aspartame, sucra-
lose, and neotame, have little to no caloric value but are
hundreds of times sweeter than sucrose.However, some studies
suggest that high level consumers of artificial sweeteners may
actually be at greater risk for overweight and obesity (44).
Although not all studies agree with this assessment (45–47),
the hypothesis that artificial sweeteners “uncouple” anticipated
caloric density perceived by the tongue from the actual calories

ingested has gained a distinct foothold. Some argue that this
uncoupling leads to increased insulin secretion, food intake,
and weight gain (48, 49), although there are little data that con-
clusively implicate artificial sweeteners in either weight gain or
weight loss in humans (50).
Potential mechanisms for how artificial sweeteners may

influence energy balance have been complicated by reports
identifying functional sweet taste receptors in tissues outside
the tongue. Our results demonstrate that artificial sweeteners
such as saccharin and AceK can regulate adipocyte differentia-
tion and metabolism. The active concentrations in preadi-
pocytes and adipocytes are higher than would generally be
observed in humans (51–54) as bolus oral doses of the recom-
mended maximum daily intake of saccharin results in peak
plasma concentrations of �75 �M (54); however, this is none-
theless an important proof of principle for unexpected effects of
artificial sweetener use and raises the possibility that absorbed
sweeteners may influence aspects of adipose tissue biology
given sufficient “dose and duration” of exposure. However, fur-
ther studies will be required to test this possibility.
Our data indicate that saccharin increases adipogenesis and

represses adipocyte lipolysis in the absence of T1R2/T1R3, sug-
gesting a novel saccharin receptor and/ormechanism of action.
Some groups have hypothesized that T1R2/T1R3 does not
function as an obligate heterodimer (42, 43), but rather each
component functions independently as a homodimer, consis-
tent with the N-terminal domains of both T1R2 and T1R3 con-
taining ligand-binding sites and changing conformation in
response to artificial sweeteners (13). The homodimerization
model has found support from Shibata and co-workers (55),
who have investigated sweet taste receptor activity in cultured
3T3-L1 and adipose tissue stromal cells. In their model, T1R3,
but not T1R2, is required for inhibition of adipogenesis by
sweet taste receptors. The authors show results conflictingwith
our own in that sodium saccharin and sucralose treatment
inhibits adipogenesis and reduces expression of PPAR� and
C/EBP�. Although we observed a mild inhibition of adipogen-
esis with sucralose (data not shown), in our hands, saccharin,
sodium saccharin, and AceK consistently stimulated adipogen-
esis of mouse and human precursors. Masubuchi et al. (55) also
showed that inhibition of adipogenesis is partially blocked with
knockdownof T1R3 using shRNA; however, we did not observe
impaired differentiation in primary eMSCs derived from mice
lacking T1R2, T1R3, or both receptors (Fig. 6). Although slight
differences in experimental models might be the cause of our dis-
parate results, our work suggests that receptor homodimerization
is not sufficient to mediate saccharin activity in preadipocytes.
This is further supported by quantitative data demonstrating that
saccharin and neotame bind precursormembranes in the absence
of both T1R2 and T1R3 (Fig. 9). These data support a model in
which tastants bind to an uncharacterized “sweet” receptor.
Further complexity to sweet taste receptor signaling is indi-

cated by the analysis of gustatory nerves: T1R3 KO differen-
tially effects the chorda tympani, a facial nerve innervating the
anterior two-thirds of the tongue, versus the glossopharyngeal
nerve, which innervates the posterior third of the tongue (42).
Whole-nerve recordings indicate that sweet tastants are detect-
able in T1R3 KO mice, and reductions in sensitivity can vary
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FIGURE 9. Saccharin and neotame bind similarly to membranes of control
and T1R2/T1R3 DKO eMSC progenitors. WT and DKO membranes were
incubated with the indicated concentrations of saccharin (A) or neotame (B),
and binding of artificial sweeteners to membranes was evaluated by satura-
tion transfer difference NMR.
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greatly between the chorda tympani and glossopharyngeal
nerves. In particular, the glossopharyngeal nerve of T1R3 KO
mice has only a mildly blunted response to AceK. In the case of
“savory” taste mediated by T1R1/T1R3, both nerves maintain
robust responses to savory tastants in the absence of T1R3
despite behavioral data showing a reduction in preference for
savory tastants in these animals.
Although NMR analysis suggests that saccharin activity in

preadipocytes was not T1R2/T1R3-mediated (Fig. 9), the pos-
sibility remains that artificial sweeteners have direct intracellu-
lar activity. This has been suggested in rat liver where previous
reports have indicated that saccharin might act directly on
adenylyl cyclase (56). Additional reports in rat adipocytes have
shown saccharin-stimulated increases (57) or decreases (58) in
adenylate cyclase activity and lipolysis, varying with whether
isolated adipocytes were directly treated with saccharin or rats
were previously fed a high saccharin diet. Although our data do
not show any clear indications of adenylyl cyclase or cAMP
regulation by saccharin, it is possible that saccharin regulates
local or compartmentalized cAMP populations that cannot be
evaluated by ELISA. Such local cAMP regulation could be a
mechanism for the reduction in HSL phosphorylation in both
the presence and absence of forskolin. In addition, it is possible
that saccharin could function through regulation of the HSL
phosphatase. In line with a model in which phosphatases are
regulated by artificial sweeteners, a role for inhibition of PP2A
phosphatase activity in preadipocytes in response to saccharin
would be consistent with elevated phosphorylation of Akt Thr-
308 phosphorylation even in the presence of DI (59). Similarly,
the need for priming phosphorylation on ERK with DI and
serum as well as the sustained pERK signal through several
hours (Fig. 5E) could be explained if saccharin inhibited the
dual specificity ERK phosphatases (60).
An additional possibility for how artificial sweeteners medi-

ate effects in preadipocytes and adipocytes is through bitter
taste receptors with which saccharin and AceK interact in the
tongue to cause the aversive “metallic” aftertaste at low mM

concentrations (61, 62). To date, expression of one bitter taste
receptor in an adipogenic system has been published, Tas2R46
in human mesenchymal stem cells (63). However, saccharin
does not appear to activate hTas2R46 in vitro (64, 65), arguing
against this bitter taste receptor mediating the effects observed
in this study. Although to our knowledge expression has not
been evaluated during adipogenesis, bitter taste receptors
Tas2R43 andTas2R44 are activated in cultured cells by concen-
trations of saccharin and AceK (62) similar to concentrations
that regulate adipocyte differentiation and metabolism in this
study. Slack et al. (66) also observed that concentrations of sac-
charin (ED50 of 0.61 mM) and AceK (ED50 of 0.49 mM) required
to activate bitter taste receptors are compatible with our work.
If saccharin and AceKwere working through bitter taste recep-
tors, we might predict that a bitter taste receptor activator
would mimic their effects on adipose biology. Consistent with
this notion, quinine, which activates nine bitter taste receptors
(64), robustly stimulates adipocyte differentiation (data not
shown) and represses adipocyte lipolysis (67). We have not
directly tested the involvement of specificmembers of the bitter
taste receptor family as these experiments are hampered by low

receptor expression and complex and overlapping pharmacol-
ogy among many receptors (64).
Perhaps the most intriguing question remaining from this

study is the physiological role, if any, of sweet taste receptors in
adipose tissue. Although we are the second group to describe
them (55), there has been no consensus on the function of these
receptors.Wehave screened numerous pathways for sensitivity
to sweetener treatment, with Akt and ERK phosphorylation
increased in preadipocytes and PKA signaling increased in adi-
pocytes. However, many other candidate pathways remain
untested. In muscle, T1R1 and T1R3 regulate autophagy and
mammalian target of rapamycin complex activity (68). Although
we have not found evidence that saccharin regulates autophagy
(data not shown), the specificity of Ser-473 phosphorylation to
T1R2/T1R3 DKO may represent a possible connection between
taste receptors andTORC2activity inpreadipocytes. It is alsopos-
sible that these receptors have significant functionality in vivo that
is not observed in cultured cells. Taken together, these data unveil
novel roles for artificial sweeteners in adipose biology and suggest
that sweet taste receptorsmay represent a broader andmore com-
plex group of receptors than is currently appreciated.
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