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Abstract

We show that phenoxy-auxin herbicides and lipid-lowering fibrates inhibit human but not rodent
T1R3. T1R3 as a co-receptor in taste cells responds to sweet compounds and amino-acids; in
endocrine cells of gut and pancreas T1R3 contributes to glucose sensing. Thus, certain effects of
fibrates in treating hyperlipidemia and type Il diabetes may be via actions on T1R3. Likewise,
phenoxy-herbicides may have adverse metabolic effects in humans that would have gone undetected
in studies on rodents.
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INTRODUCTION

The type | taste receptors (T1Rs) are G-protein-coupled receptors that underlie sweet and
umami (amino acid) taste 1. The TIR2+T1R3 heterodimer responds to sugars and sweeteners;
T1R1+T1R3 responds to glutamate and other amino-acids 2 3. T1R3 alone, possibly as a
homodimer, may serve as a low-affinity sweet receptor for carbohydrates 3. T1R receptors, the
taste G protein gustducin and other taste transduction proteins are expressed in taste cells of
the tongue and in a number of non-taste tissues including enteroendocrine cells of the
gastrointestinal tract and pancreatic islets 4 ® (Kokrashvili et al., unpublished).

Sugars and artificial sweeteners are powerful agonists of the sweet taste receptors of both
tongue and gut 58, Activated sweet receptors in taste cells signal the presence of carbohydrate-
rich foods to the brain; the same receptors in intestinal enteroendocrine cells regulate secretion
of glucagon-like peptide-1 (GLP-1) and induce expression of sodium-glucose co-transporter-1
(SGLT1) leading to enhanced absorption of carbohydrates 9 10, Knockout mice lacking
gustducin are deficient in detecting sweet and umami compounds and have dysregulated
glucose homeostasis 7+ 9. Yet, little attention has been paid to the physiological effects of
artificial sweeteners beyond their sweet taste. Studies now indicate that artificial sweeteners
activate intestinal T1R receptors ’+ & 10, Of potential relevance is the observation that ingestion
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of diet soda is associated with an increased risk for metabolic syndrome thereby increasing the
risk for heart disease, stroke, and diabetes 1. These studies indicate that taste receptors and
other taste signaling proteins expressed in gut and other endocrine organs may have an
important role in glucose homeostasis and energy metabolism and that their altered activity
may contribute to pathologies such as type Il diabetes and obesity.

A number of naturally occurring anti-sweet or sweet-modifying substances are suspected to
be ligands of the sweet receptor, but to date the site(s) of action of only a few of these
compounds have been identified 12-14. The best described inhibitor of sweet taste is lactisole
(methoxy-phenoxy-propionic acid), originally isolated from coffee beans 1°. Lactisole’s site
of action has been mapped to the transmembrane domain of human T1R3 6: 14 16 This region
of T1R3 receptors is well conserved in humans, old world monkeys and primates, but differs
in other species. Indeed, it was shown that lactisole specifically inhibits human T1R3 but not
the rodent form of the receptor 17- 18  Lactisole is a broad acting inhibitor of all or most
sweeteners, and a suspected inverse agonist of the sweet receptor that on wash-out produces a
sweet after-taste in humans 1820, Compared to activities of agonists of T1R receptors very
little is known of physiological and medicinal roles for sweet and umami receptor antagonists.
However, there is a longstanding tradition in folk medicine of using extracts of plants naturally
producing sweet-inhibiting substances to treat various diseases, particularly diabetes. For
example, Gymnema sylvestre, a tropical plant containing anti-sweet gymnemic acids, has been
used for more than 2,000 years in India to treat diabetes and obesity 12. In western countries,
these plants and the anti-sweet substances are now becoming recognized as alternative
therapies for lowering high blood sugar levels and treating obesity 21.

Interestingly, lactisole shares structural similarity with two well-known classes of compounds:
fibrates and phenoxy-herbicides. Their use in medicine and/or agriculture, respectively, is
determined by their predominant activities. The fibrates are a class of amphipathic carboxylic
acids with a phenoxy acid motif. Fibrates are used to treat hyperlipidemias: they bind and
activate peroxisome proliferator-activated receptor alpha (PPAR-alpha) which affects lipid
metabolism to lower triglycerides predominantly, along with a modest lowering of LDL and
increase of HDL 22, Some fibrates also have an effect on glycemia and insulin resistance 22
23, phenoxy herbicides are a class of organo-auxins used extensively in agriculture to control
broad-leafed weeds 24. Approximately 55 million pounds of phenoxy herbicides are used
annually in the United States, with 2,4-D comprising 86% of total use or about 47 million
pounds of acid equivalent 25, Fibrates and phenoxy herbicides are structurally, and to some
extent functionally, similar. For example one of the first widely used fibrates, clofibric acid,
actually has demonstrated herbicidal activity 26. Conversely, it has been shown that some
phenoxy herbicides such as 2,4D (2,4-dichlorophenoxyacetic acid) and MCPA (4-chloro-2-
methylphenoxyacetic acid) have fibrate-like effects to lower lipids in rats 27.

In the present work we set out to determine if phenoxy-herbicides and fibrates, because of their
chemical similarity to lactisole, act as antagonists of the T1R3 chemosensory receptor. Our
results indicate that the T1R3 receptor is indeed blocked by phenoxy-herbicides and fibrates
at micromolar concentrations, and that this action is specific to T1R receptors found in humans
and old-world monkeys. These findings may have important health implications.

In searching for novel antagonists of the sweet taste receptor we noted the marked structural
similarity of lactisole with phenoxy- herbicides and clofibric acid and other anti-lipidemia
drugs (Fig. 1).
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To determine if these compounds had inhibitory properties we used a cell-based assay with
HEK 293 cells expressing the human sweet receptor composed of hT1R3 and hT1R2.
Activation of the receptor by sugars or sweeteners was detected by intracellular calcium
mobilization (Fig. 2a). Heterologously-expressed human sweet receptors were inhibited by
herbicides with chlorinated and/or methylated phenoxy-propionic acid motifs (2,4DP, MCPP
and 2,4,5TPP) (IC50s from 5-12 uM) even more potently than by lactisole (IC50 70 pm) (Fig.
2bc, Table 1). Bi-chlorinated phenoxy-acetic acid 2,4D also strongly inhibited the human
receptor (IC50 70 uM), while the mono-chlorinated 4-CPA and non-phenoxy-herbicides PAA
and NAA inhibited only at higher concentrations (IC50s from 142 to >500 uM) (Fig. 2ab).
Indole type auxins (IPA, IAA, IBA) at up to 500 uM did not inhibit the human sweet receptor
(Table 1). Dicamba (3,6 dichloromethoxybenzoic acid), and trichloro (2,3/4,5/6) benzoic acids
at up to ImM did not inhibit T1R3 (data not shown).

We then tested several fibrates with anti-hyperlipidemia properties that are structurally similar
to phenoxy-herbicides and lactisole (Fig. 1). Clofibric acid, bezafibric acid and gemfibrozil
potently inhibited the human sweet receptor (IC50s from 30 to 100 uM) (Fig. 2ab, Table 1).

We next set out to determine if the inhibitory effect of the tested compounds was specific for
human receptors. Lactisole inhibits the human sweet taste receptor, however, it has no effect
on the mouse receptor. The phenoxy-herbicides and fibrates displayed the same species
specificity in inhibiting the human but not the mouse sweet receptor (Fig. 3). Assays with
human/mouse chimeric sweet receptors showed that the ability of phenoxy-auxins and fibrates
to inhibit the sweet receptor depended on the presence of the human form of the seven-
transmembrane domain of T1R3 (Fig. 3) as has been shown for lactisole 14.

DISCUSSION

We have determined that widely used herbicides 2,4DP, 2,4D and MCPP potently inhibit the
human T1R2+T1R3 receptor. We also found that clofibrate and related anti-lipid drugs such
as bezafibrate and gemfibrosil also strongly inhibit the human T1R2+T1R3 receptor. We
determined that these compounds act specifically on the human and not the rodent form of the
sweet receptor. Furthermore, it is the transmembrane portion of human T1R3 that is targeted
by these compounds. Because only old world monkeys and primates (including humans) have
similar T1R3 receptors that would respond to lactisole and related compounds 14 28: 29 most
animal models would not have shown any effects through their T1R3 receptors, either in taste
cells or gut endocrine cells.

From our measured 1C-50s of fibrates and phenoxy herbicides on T1R3 we can draw some
preliminary conclusions about structure-activity relationships (SARs). It appears that the
longer and more branched aliphatic chains in fibrates weaken the inhibitory activity toward
the T1R3. However, a certain length or branching of the chain may be required for optimal
inhibition of T1R3: for example 2,4DP is 10-fold more potent than is the 2,4D. The only
difference between the two structures is that propionic acid is replaced by acetic acid (Fig.1).
The inhibitory activity toward T1R3 is also affected by the modifications of the aromatic
portion of the compounds. Naphthalene acetic acid, NAA, shows modest activity while its
phenyl counterpart, PAA, is very weak, and the structures with indole rings (IAA, IPA) have
no activity. Di-chloro substitutions (ortho or para) on the phenoxy group appear to improve
T1R3 inhibitory potency in comparison to one single para-methoxy, single para-chloro
substitutions, or double ortho-methyl/para-chloro substitutions (e.g. 2,4DP is 10X more potent
than lactisole; and 2,4DP, and 2,4D gains 2-3-fold potency over MCPP and 4,CPA
respectively). Tri-chloro substitutions do not have any further effect on T1R3 inhibitory
activity (e.g. 2,4DP and 2,4,5TPP have about the same potency). The phenoxy-motif seems
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obligatory as its absence could be the reason that dicamba (and trichlorinated benzoic acid) do
not inhibit T1IR3 whereas 2,4D and 2,4,5TPP do.

T1R3’s role as a critical component of sweet and umami receptors in taste cells is well
established 2 3. T1R3, like gustducin, has also been implicated in glucose-sensing functions
of gut endocrine cells and thereby in glucose homeostasis /. From psychophysical self-
experimentation conducted by one of the authors (BM) we found that clofibric acid potently
inhibited both sweet and umami (MSG) taste in vivo (data not shown). We predict that fibrates
and phenoxy herbicides would also inhibit T1R3 receptors within and outside of the taste
system (e.g. enteroendocrine cells).

Fibrates are used in the treatment of many forms of hyperlipidemia: these compounds primarily
lower triglyceride levels, modestly improve HDL and seem to improve insulin resistance when
the dyslipidemia is associated with other features of the metabolic syndrome (hypertension and
diabetes mellitus type 2) 30. The therapeutic target of fibrates is thought to be nuclear
peroxisome proliferator activated receptor-alpha (PPAR-a), whose activation leads to
increased transcription of several genes involved in lipid metabolism 22, Studies with PPAR
agonists also reported lower plasma glucose, improved glucose tolerance, and enhanced insulin
sensitivity 22, although the mechanism of action of fibrates on glucose homeostasis remains
unclear. Our results show that IC50s (30 to 100 uM) of clofibric and bezafibric acids for
inhibiting the sweet receptor are comparable to their EC50s (50-55 uM) for activating PPAR-
alpha 23, Based on this calculation alone, the plasma level of clofibric acid attained in the course
of the fibrate treatment would be sufficient to systemically block the T1R3 receptor. Thus,
T1R3-containing receptors may be an important biological target of fibrates and could mediate
certain of their effects on lipid metabolism and glucose homeostasis.

Phenoxy-auxin herbicides are synthetic herbicides that mimic the action of auxin plant
hormones. These herbicides are very effective in killing broadleaf plants while leaving grasses
largely unaffected, and are thus extensively used in crop agriculture and in landscape turf
management 25, Several of the phenoxy-herbicides tested here are among the most widely used,
e.g. 2,4D. They have low soil sorption, high leachability, and are prone to enter the human
food chain. Long-term biological effects of these compounds in humans are largely unknown
and based on our studies their actions on T1R3-containing receptors would not have manifested
in rodent models. We think it prudent to evaluate effects of acute and chronic exposure to these
compounds specifically on human metabolism and development 31.

T1R3 receptors are now known to be expressed in a number of tissues: taste cells, endocrine
cells in the gastrointestinal tract, and cells in pancreas and testes > 32734, |n rodents, T1R3,
gustducin and other signaling molecules previously found in taste cells have been shown to be
present in gut endocrine cells and implicated in nutrient sensing and regulation of glucose
metabolism through release of intestinal hormones 7+ 2: 19, To date, comparable studies in
humans or old-world monkeys have not been conducted. In view of the number of compounds
used in agriculture, medicine and food industry that may affect activity of T1R receptors much
more research needs to be done on the health-related effects of these compounds. The results
presented here exemplify the need of testing chemicals intended for human use and/or
consumption on tissues, cells and organisms with pharmacological targets similar or identical
to humans. Based on our present work compounds that selectively act on T1R3 but not PPAR
might be identified and prove useful in the treatment of metabolic syndrome, obesity and type
Il diabetes.
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EXPERIMENTAL PROCEDURES

Chemicals were obtained from Sigma-Aldrich

Purity of all chemicals used was at least >98%. Fibrates and herbicides were used as acids,
their active forms, as shown in the Fig.1. 10mM solutions were prepared in DMSO or water
according to the compounds’ solubility. Chemical structures were generated using the
ChemSketch2.0 software.

DNA constructs

Human and mouse T1R2 and T1R3 chimeras, and the G 16-gust44 were prepared pCDNA3
vector as described in ©: 14, The integrity of all DNA constructs was confirmed by sequencing.

Heterologous calcium assay for sweet-sensing receptors

HEK?293E cells were cultured at 37 °C in Optimem GlutaMAX culture medium (Invitrogen)
supplemented with 4% dialyzed fetal bovine serum. Cells were transfected with the DNA
constructs using lipofectamine2000 according to the manufacturer’s protocol (Invitrogen).
Briefly, cells were seeded onto 96-well poly-D-lysine plates (Corning) at about 12,500 cells/
well 18 h prior to transfection; and co-transfected with plasmid DNAs encoding T1Rs and G
16-gust44 (0.1 pg total DNA/well; 0.2 pl lipofectamine/well). After 24 h, the transfected cells
were washed once with the culture medium and incubated for another 24 h. The cells were
washed with HBSS supplemented with 20mM Hepes (HBSS-H), loaded with 3 uM Fluo-4AM
(Molecular Probe) in HBSS-H buffer, incubated for 1.5 h at room temperature, and then washed
with HBSS-H and maintained in HBSS-H at 25°C. The plates of dye-loaded transfected cells
were placed into a FlexStation 11 apparatus (Molecular Devices) to monitor fluorescence
(excitation, 488 nm; emission, 525 nm; cutoff, 515 nm). Sweeteners were added 30 s after the
start of the scan at 2x concentration in 50 pl of HBSS-H while monitoring fluorescence for an
additional 200 s at 2 s intervals. Inhibitors were added concomitantly to the sweeteners on the
cells.

Data Analysis of Calcium responses

After obtaining a calcium mobilization trace for each sample, calcium responses to sweeteners
were quantified as the percentage of change (peak fluorescence - baseline fluorescence level,
denoted as F) from baseline fluorescence level (denoted as F); AF/F. Peak fluorescence
intensity occurred about 20-30 s after the addition of agonists. Typically, wild type sweet
receptors (T1R2+T1R3) along with G 16-gust44 show calcium signal increases (AF/F) from
40 to 100 % of the basal signal F. Buffer alone evokes no significant response from transfected
cells and sweeteners and inhibitors evoke no significant responses from parent cells (3 % < F/
F <3 %, S.E). The data were expressed as the mean + S.E. of quadruplicate or sextuplicate of
the F/F values, or were normalized as described. The bar graph and curving-fitting routines
were carried out using Graph-Pad Prism 3.0 (GraphPad Software, Inc.).

Abbreviations

T1R3, type | taste receptor subunit 3

PPAR, Peroxisome proliferator-activated receptor
IPA, 3-(1H-indol-3-yl)propanoic acid

IAA, 1H-indol-3-ylacetic acid

IBA, 4-(1H-indol-3-yl)butanoic acid

PAA, phenylacetic acid

NAA, naphthalen-1-ylacetic acid

4-CPA, (4-chlorophenoxy)acetic acid
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2,4 5TPP, 2-(2,4,5-trichlorophenoxy) propanoic acid

2,4D, (2,4-dichlorophenoxy)acetic acid

2,4DP, 2-(2,4-dichlorophenoxy) propanoic acid

MCPP, 2-(4-chloro-2-methylphenoxy) propanoic acid

Lactisole, 2-(4-methoxyphenoxy) propanoic acid

Clofibric acid, 2-(4-chlorophenoxy)-2-methylpropanoic acid

Gemfibrozil, 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoic acid

Bezafibric acid, 2-[4-(2-{[(4-chlorophenyl)carbonyl]amino}ethyl)phenoxy]-2-
methylpropanoic acid
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Figure 1. Structural similarity between lactisole, phenoxy-auxin-herbicides and fibrates
Structural relationships between lactisole, phenoxy-herbicides and fibrates used in the study,
generated by the ChemSketch software 2.0. Compounds are arrayed (note underlying gray
arrow) according to structural similarity.
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Figure 2. Phenoxy-herbicides and fibrates potently inhibit the human sweet-sensing receptor T1R2
+T1R3

T1R2+T1R3 subunits were transfected into HEK cells along with the promiscuous Gg-type
protein G16-gust44. Activation of receptors by agonists was followed using the calcium-
sensitive fluorescent dye fluo4-AM in a 96-well format with the fluorescent microplate reader
Flexstation 1l (Molecular Devices). Inhibitors were added concomitantly with the sweetener
sucralose at 2.5mM (saturating concentration).

A. Example of time-resolved raw traces of sucralose-activated TIR2+T1R3 receptor calcium
response in the presence of increasing concentrations of the lactisole (10 to 100puM).
Fluorescence signal (F) is expressed in arbitrary units (AU). The down arrow indicates the
injection of the sweetener-inhibitors mixture on the cells. B,C. Dose-response curves showing
inhibition of sucralose-activated human sweet receptor TLIR2+T1R3 by phenoxy-herbicides
and fibrates. Peak calcium signal is expressed as AF/F in %, normalized to control (sucralose
alone). Data are from a representative experiment, means + SD, done in quadruplicate.
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Figure 3. The human T1R3 transmembrane domain determines sensitivity to lactisole, phenoxy-
herbicides and fibrates

Human (hT1R2+hT1R3), mouse (MT1R2+mT1R3) and chimeric mouse/human sweet
receptors (as indicated by m/h prefix) were activated by 2.5mM sucralose and assayed for
inhibition by indicated phenoxy-herbicides, fibrates and lactisole at sub maximal
concentrations (~5-times 1C50). Chimaeric receptors of T1R3 contained the extracellular
portion (VFTM and CRD) of human or mouse receptor, and the transmembrane domain and
C-terminal from mouse or human receptor (h.1-567.mT1R3 and m.1-568.hT1R3,
respectively). Inhibition of the sucralose response occurred in the presence of the

transmembrane domain of human T1R3. Data in the figure are from a representative
experiment, means + SD, done in quadruplicate.
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IC50 inhibition values of several phenoxyauxins and fibrates on the sweet-sensing receptor

IC50 values of the tested compounds were determined from the calcium mobilization assays with heterologously
expressed human T1R2+T1R3 receptor activated by 2.5mM sucralose in the presence of increasing
concentrations of inhibitors. IC50s are means + SD from at least 3 independent experiments.

compound 1C50 UM(SD)
Lactisole 70 (13)
IPA >1000
IAA >1000
IBA >1000
PAA >500
NAA 233 (82)
4-CPA 142 (19)
2,4D 50 (10)
2,4DP 5.3 1.3)
2,4,5TPP 5.7 (1.2)
MCPP 12 @3
Clofibric acid 28 (8)
Gemfibrozil 69 (20)
Bezafibric acid 100 (11)
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