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Abstract

The bitter taste receptor TAS2R38 is a G protein coupled receptor (GPCR) that has been found in 

many extra-oral locations like the gastrointestinal (GI) system, respiratory system, and brain, 

though its function at these locations is only beginning to be understood. To probe the receptor’s 

potential metabolic role, immunohistochemistry of human ileum tissues was performed, which 

showed that the receptor was co-localized with glucagon-like peptide 1 (GLP-1) in L-cells. In a 

previous study, we had modeled the structure of this receptor for its many taste-variant haplotypes 

(Tan et al. 2011), including the taster haplotype PAV. The structure of this haplotype was then used 

in a virtual ligand screening pipeline using a collection of ~2.5 million purchasable molecules 

from the ZINC database. Three compounds (Z7, Z3, Z1) were purchased from the top hits and 

tested along with PTU (known TAS2R38 agonist) in in vitro and in vivo assays. The dose-
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response study of the effect of PTU and Z7 on GLP-1 release using wild-type and TAS2R38 

knockout HuTu-80 cells showed that the receptor TAS2R38 plays a major role in GLP-1 release 

due to these molecules. In vivo studies of PTU and the three compounds showed that they each 

increase GLP-1 release. PTU was also chemical linked to cellulose to slow its absorption and 

when tested in vivo, it showed an enhanced and prolonged GLP-1 release. These results suggest 

that the GI lumen location of TAS2R38 on the L-cell makes it a relatively safe drug target as 

systemic absorption is not needed for a TAS2R38 agonist drug to effect GLP-1 release.
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 1. Introduction

The surface of GI tract epithelium is endowed with molecular sensing machinery that detects 

dietary constituents and gut microbial metabolites [1–4]. Many types of enteroendocrine 

cells have been identified and are classified for the most part by their specific contents of 

endocrine transmitters. Key examples include enteroendocrine I-cells containing 

cholecystokinin (CCK); and L-cells containing glucagon-like peptide-1 (GLP-1) and peptide 

tyrosine tyrosine (PYY). The release of these agents into the blood results from interaction 

of sensors on the cells’ lumenal surface to nutrient or environmental factors in the contents 

of the intestine. Each has specific and necessary functions on gastrointestinal tract responses 

including local and systemic metabolism.

GLP-1 is derived from the transcription product of the proglucagon gene. The biologically 

active forms of GLP-1 are: GLP-1-(7–37) and GLP-1-(7–36)NH2 [5]. Once in the 

circulation, GLP-1 has a half-life of under 2 min due to rapid degradation by the enzyme 

dipeptidyl peptidase-4 (DPP4) [6,7]. It is a potent antihyperglycemic hormone, inducing 

glucose-dependent stimulation of insulin secretion while suppressing glucagon secretion. 

Such glucose-dependent action is particularly attractive because when the plasma glucose 

concentration is in the normal fasting range, GLP-1 no longer stimulates insulin to cause 

hypoglycemia. GLP-1 restores the glucose sensitivity of pancreatic β-cells, using a 

mechanism involving the increased expression of GLUT2 and glucokinase. GLP-1 also 

inhibits pancreatic β-cell apoptosis, stimulates the proliferation and differentiation of insulin-

secreting β-cells, and inhibits gastric secretion and motility [5,8,9]. This delays gastric 

emptying which promotes satiety and weight loss. In fact, GLP-1 analogs as well as 

inhibitors of endogenous GLP-1 degradation have been developed that demonstrate efficacy 

for treatment of type-II diabetes mellitus, which is the type associated with obesity [5,9]. 

Not only have the analogs been demonstrated to significantly improve insulin secretion and 

glucose control, they have been found to decrease gastric emptying and increase satiety 

resulting in weight loss-benefits [10]. L-cells also release two circulating forms of PYY: 

PYY1-36 and PYY3-36 [11,12]. The latter form is considered the predominant one in both 

fasted and fed states and is produced by the cleavage of the N-terminal Tyr-Pro residues 

from PYY1-36 by peptidase enzyme DPP4. PYY inhibits food intake via PYY-2 receptors 
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expressed in neurons of the arcuate nucleus of the hypothalamus [13]. Other actions of PYY 

include slowing of gastric emptying and slowing small intestine motility.

Numerous studies have used animal and human models to probe the fundamental 

mechanistic roles of nutrient sensing receptors in the gut [14–25]. These studies have 

identified taste receptors (sweet, umami, and bitter) as well as fatty acid receptors (activated 

by a broad range of chain lengths in the fatty acids) in various enteroendocrine cells. Sweet 

and umami taste receptors are most likely sensing/tasting [15] energy nutrients and amino 

acids in the food, whereas the bitter taste receptors are potentially sensing/tasting any 

harmful and toxic constituents in the food. Once these food components are sensed, several 

metabolic pathways are activated. In the case of bitter sensing components, pathways that 

slow down gastric emptying and food absorption are likely activated. Many of these 

associations are not very well characterized especially in the context of human physiology 

and are being slowly uncovered. Several studies have shown that release of GLP-1 or other 

hormones like PYY, CCK, and ghrelin can be effected by activating one of these sensors 

[20,26–33]. These associations are critical to understand the detailed role of these gustatory 

gut sensors in food digestion.

Physiologic roles for the peptide hormones released from the enteroendocrine cells lining 

the lumen of the GI tract have been known for some time, but the mechanisms underlying 

the “sensing” and secretion of the hormones by intestinal contents were not known. Findings 

are now emerging that taste receptors, previously thought to be restricted to the tongue 

epithelium, are also present in the stomach, small intestine and colon. Several 

enteroendocrine cell types express TAS2R-family bitter taste receptors and T1R2/3 sweet 

taste receptors. In fact, the enteroendocrine cells secrete GLP-1, peptide YY (PYY) or CCK 

in response to bitter ligands like phenylthiocarbamide (PTC) and denatonium, which activate 

bitter taste receptors TAS2R38 and TAS2R47 respectively [20,25,32–35].

To understand the nutrient mediated signaling of L-cells in the context of peptide hormone 

release, we focused on a bitter taste receptor TAS2R38 to investigate its mechanistic role in 

the release of the GLP-1 hormone from L-cells. This understanding will advance novel 

therapeutic avenues for targeting type 2 diabetes, specifically using bitter (but safe) 

components of food that can target bitter taste receptors like TAS2R38. In the long term, 

these advances are also expected to show that some bitter constituents of foods are 

functional and therapeutically beneficial.

In the current study, we first investigated if the bitter taste receptor TAS2R38 is co-localized 

with GLP-1 in the L-cells using human GI tissue samples from the Cedars-Sinai Biobank. 

Then we tested if using TAS2R38 ligands can cause GLP-1 release from L-cells. Both PTU 

and PTC are agonists for this receptor, and we used PTU as a reference ligand for all studies. 

We performed an in silico ligand screening using our previously published structure for the 

taster haplotype PAV of this receptor [36] to identify novel agonists for this receptor that can 

be used to probe its signaling and also serve as lead compounds as potential therapeutics. 

This identified three novel compounds which were tested along with PTU in in vitro and in 
vivo assays measuring GLP-1 release. The in vivo studies also involved the use of PTU 

conjugated with cellulose to see if reducing PTU absorption, thereby prolonging its presence 
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in the lumen, will cause prolonged GLP-1 release or not. This is important because the target 

receptor TAS2R38 is located in the gut and any potential therapeutic targeting of that 

receptor should be gut-restricted to minimize potential side-effects coming from systemic 

exposure of the drug.

 2. Materials and methods

The human ileum tissues from Cedars-Sinai Biobank using IRB protocol 34332 were 

analyzed by using immunohistochemistry (IHC) methods for co-localization of TAS2R38 

with GLP-1 to see if the receptor was present in the L-cells. In a parallel study, the 

previously determined structure of the taster haplotype PAV of TAS2R38 [36] was used in a 

structure-based virtual ligand screening of purchasable compounds from the ZINC database 

[37]. Three of the top hit molecules were purchased and tested in in vitro assays utilizing 

HuTu-80 cells and in vivo assays for their potential of GLP-1 release. One of the molecules 

was also tested with TAS2R38 knockout cells. The methods and materials used for these 

studies are described below.

 2.1. Immunohistochemistry

The experiments were designed to determine if the TAS2R38 receptor is expressed on the 

human enteroendocrine L-cells. To identify if it is co-localized with GLP-1 on the native L-

cells, we performed IHC using previously validated GPCR and GLP-1 antibodies by double 

immune-staining on human GI tissues. The antibodies used were: TAS2R38 [rabbit 

polyclonal (H: ab65509, Abcam)] and GLP-1 [goat polyclonal (sc-26637, Santa Cruz 

Biotechnology)]. The numbers of cells staining GLP-1 or TAS2R38, or both were counted 

visually.

 2.2. Virtual ligand screening

We used the PTU-bound PAV conformation predicted previously [36] in a virtual ligand 

screen (VLS) study using the DOCK Blaster server [38] which has access to several 

compound libraries including one with ~2 million commercially available compounds from 

the ZINC database [39]. For each ligand molecule, this server docks multiple ligand 

conformations corresponding to its internal torsional degrees of freedom into a putative 

binding site provided by the user and ranks the molecules by a scoring function. We took the 

top 500 hits from this server and prioritized them using a more accurate scoring function 

based on an all-atom Dreiding force field [40] to select top 200 diverse small molecules 

corresponding to different chemical scaffolds. We selected top 15 molecules from this list 

and purchased three of them for further studies.

 2.3. PTU-cellulose synthesis

The synthesis reaction for PTU-cellulose conjugate molecule is summarized in Fig. 2. PTU 

with a carboxyl group substituted for a methyl group was synthesized by the condensation 

reactions starting with 7-ethoxy-5,7-dioxoheptanoic acid and thiourea. Then, the carboxyl-

substituted PTU was conjugated with the hydroxyl groups of cellulose using N, N′-
diisopropylcarbodiimide (DIC) and 4-dimethylaminopyridine (DMAP) in the DMSO. The 

structure of the product was confirmed by using IR spectroscopic methods.
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 2.4. In vitro studies

 2.4.1. GLP-1 release—HuTu-80 cells (HTB-40, ATCC) were propagated in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 4 mM L-glutamine, 1.5 g/L sodium 

bicarbonate, and 4.5 g/L glucose, supplemented with 10% FBS and PSG antibiotic mix and 

maintained at 10% CO2 and 37 °C. For experiments, these cells were seeded in 6-well plates 

or 100-mm2 tissue culture dishes, propagated to confluence (5–7 days) and arrested in 

serum-free media overnight prior to treatments. Prior to the experiment, spent media was 

replaced with OPTI-MEM (Gibco, Life Technologies, Grand Island, NY) containing Halt 

Protease and Phosphatase Inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL) and 

individual wells dosed for 30 min. For the experiments, we determined dose dependent 

GLP-1 release from the HuTu-80 cells into the media. The media from cells was collected 

and frozen for subsequent peptide hormone release measurement using a Luminex MAGPIX 

metabolism multiplexing assay kit (HMHMAG-34 K) following the manufacturer’s 

instructions.

 2.4.2. Inhibition of GPCR expression—In order to determine the specific GPCR 

mediating the response of a particular ligand, we performed in vitro RNA silencing of 

TAS2R38. RNA silencing was performed using a commercial kit (FlexiTube siRNA, 

Qiagen) consisting of 4 predesigned oligonucleotides that specifically target each gene 

transcript. Each kit also had accompanying controls and quantifying assays for detection of 

gene knockdown. Cultured HuTu-80 cells were transfected with single and mixed 

oligonucleotide siRNAs for TAS2R38 using HiPerFect transfection reagent (Qiagen) or 

Lipofectamine 2000 (Life Tech) according to the procedure recommended by the 

manufacturer. Cells were maintained in the basal medium for up to 48 h. Gene knockdown 

was evaluated by RT-qPCR and Western blot by suitable antibody to ensure that the 

inhibition occurred. In the parallel set of transfected HuTu-80 cells, effective dose of specific 

ligand was used to stimulate GLP-1 release. Dose-response curve of the ligand with and 

without siRNA treatment was generated.

 2.5. In vivo studies

The ligands being tested were administered by gastric gavage to pathogen-free, 6-to 8-week-

old male BALB/c mice: predicted ligands, PTU-cellulose conjugate; PTU at the same 

amount calculated to be in the PTU–cellulose; or cellulose alone. Retro-orbital blood was 

obtained and GLP-1 was measured at regular intervals.

 3. Results and discussion

The use of immunohistochemistry methods on human GI tissue from ileum and colon using 

the Cedars-Sinai Medical Center BioBank and its Microscopy Core identified many cells co-

localized with TAS2R38 and GLP-1. We considered cells staining with antibody to GLP-1 

to be L-cells. An example staining with ileum tissue is shown in Fig. 1, where panel D 

shows GLP-1 co-localized with TAS2R38, which is seen predominantly on the surface of the 

cell and in higher levels facing the lumen. In addition, visual counting of stained cells 

covering ileum and colon tissue showed that ~8% of ileum L-cells and ~12% of colon L-

cells had staining for TAS2R38. The detailed numbers are shown in Table S1. These should 
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be considered as qualitative numbers as it was challenging to get a quantitative count of co-

localization due to the small surface area of the apical and lumen facing surface of the 

pyramidal shaped L-cells.

In a previous study we had modeled the structures of many taste haplotypes of the TAS2R38 

receptor [36], which included the structures for the taster haplotype PAV, the non-taster 

haplotype AVI, and intermediate haplotypes (AAI and PVV). The virtual ligand screening 

using the structure of PAV haplotype led to the identification of ~25 molecules as top hits. 

Three of these compounds (Z32767960, Z737342178, and Z146157286) were purchased 

and tested further in vitro and in vivo assays. Their structures are shown in Fig. 2 and they 

will be referred to as Z7, Z3, and Z1 respectively in the remainder of the text. Fig. 2 also 

includes structures for PTU and the synthesis steps for PTU-cellulose.

The dose-response study of the effect of PTU and Z7 on GLP-1 release using wild-type and 

TAS2R38 knockout HuTu-80 cells was carried out. As shown in Fig. 3, PTU and compound 

Z7 caused GLP-1 release, which were right-shifted in cells with knock down for TAS2R38. 

Figs. S1, S2, and S3 show the receptor expression and knockdown in HuTu-80 cells using a 

TAS2R38 receptor siRNA. These results strongly suggest that PTU and Z7 ligands interact 

with this receptor. The fact that greater concentrations of the ligands were able to cause 

GLP-1 release with decreased receptor expression indicates that either these ligands also 

interact with other receptors to cause GLP-1 release or that only a small fraction of receptors 

are necessary to provide a full response. The former is consistent with the knowledge 

compiled on bitter taste receptors and their ligands about the promiscuity of these receptors 

and their ligands [41]. The fact that Z7 molecule caused GLP-1 responses provides a strong 

validation of our computational modeling methods for discovering novel ligands. These 

preliminary data also suggest that HuTu-80 cell’s GLP-1 release is sensitive and specific to 

some bitter ligands making these cells ideal models for a fast screening of new compounds.

In vivo studies of the three predicted compounds along with PTU and PTU-cellulose 

conjugate on postprandial GLP-1 release are shown in Fig. 4. The data showed that all three 

predicted compounds (Z7, Z3, Z1) can cause GLP-1 release in animals. In addition, they all 

showed higher GLP-1 levels than PTU. These results show that we are able to cause GLP-1 

release with an agonist to TAS2R38 by gastric gavage administration. The GLP-1 release by 

three predicted molecules (Z7, Z3, Z1) validates our modeling method for identifying 

ligands for a specific receptor.

The PTU-cellulose conjugate was tested to see if the GLP-1 release can be sustained by 

slowing the absorption of PTU from the GI tract. Because the target receptor is accessible 

from the lumen, the potential drug molecules don’t need to be systemically distributed for 

their pharmacological action. The results in Fig. 4 demonstrated that both PTU and the PTU-

cellulose caused GLP-1 release into the blood, and the increase with the PTU-cellulose was 

greater in magnitude and longer in duration than the PTU alone. The cellulose alone had no 

effect. PTU-cellulose data shows that functionalizing PTU to reduce absorption can enhance 

the GLP-1 release, suggesting that gut restriction of potential drugs can be used to control 

GLP-1 release, in addition to minimizing side-effects arising from systemic circulation. Of 
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note, in these studies, the three predicted molecules were not conjugated to cellulose, but an 

optimized small molecule could be functionalized to keep it in the intestinal lumen.

These data indicate that activating TAS2R38 causes release of the gut peptide hormone 

GLP-1, making TAS2R38 a novel diabetes target as agents that increase GLP-1 levels and 

GLP-1 analogs are effective in diabetes management. However, the subcellular signaling 

pathways mediating gut peptides’ release have not been fully explored, in terms of 

differences in hTAS2R38PAV and hTAS2-R38AVI haplotypes, due in part to technical 

challenges in handling enteroendocrine cells. In addition, as mentioned before, several other 

nutrient receptors (sweet taste, fatty acid, peptide receptors) have also been found [14] in 

enteroendocrine cells that release the gut peptides. These data suggest a complex set of 

signaling cascades that can modulate the release of gut peptides and potentially cause 

metabolic effects. This also makes the nutrient receptors very attractive therapeutic targets 

for metabolic diseases with abnormal gut peptide signaling. From the context of TAS2R38 

described in this study, bitter (but safe) components of food that can activate this receptor 

can become promising therapeutic candidates. The results for TAS2R38 receptor presented 

in this study open the possibility to screen and identify novel “bitter” molecules that can 

activate this receptor and cause desirable metabolic effects especially for diabetes resolution.
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Refer to Web version on PubMed Central for supplementary material.

 Acknowledgments

RA acknowledges support in part from Materials and Process Simulation Center at Caltech when this project started 
and from start-up funds provided by Cedars-Sinai Medical Center. SJP acknowledges partial support for this project 
from NIH P01CA163200 and the Department of Veterans Affairs.

References

1. Breer H, Eberle J, Frick C, Haid D, Widmayer P. Gastrointestinal chemosensation: chemosensory 
cells in the alimentary tract. Histochem. Cell Biol. 2012; 138:13–24. [PubMed: 22527698] 

2. Sclafani A, Ackroff K. Role of gut nutrient sensing in stimulating appetite and conditioning food 
preferences. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012; 302:R1119–R1133. [PubMed: 
22442194] 

3. Steinert RE, Beglinger C. Nutrient sensing in the gut: interactions between chemosensory cells, 
visceral afferents and the secretion of satiation peptides. Physiol. Behav. 2011; 105:62–70. 
[PubMed: 21376067] 

4. Nguyen CA, Akiba Y, Kaunitz JD. Recent advances in gut nutrient chemosensing. Curr. Med. 
Chem. 2012; 19:28–34. [PubMed: 22300073] 

5. Donnelly D. The structure and function of the glucagon-like peptide-1 receptor and its ligands. Br. J. 
Pharmacol. 2012; 166:27–41. [PubMed: 21950636] 

6. Gorrell MD. Dipeptidyl peptidase IV and related enzymes in cell biology and liver disorders. Clin. 
Sci. Lond. 2005; 108:277–292. [PubMed: 15584901] 

7. Pei Z. From the bench to the bedside: dipeptidyl peptidase IV inhibitors, a new class of oral 
antihyperglycemic agents. Curr. Opin. Drug Discov. Devel. 2008; 11:512–532.

8. Cho YM, Merchant CE, Kieffer TJ. Targeting the glucagon receptor family for diabetes and obesity 
therapy. Pharmacol. Ther. 2012; 135:247–278. [PubMed: 22659620] 

Pham et al. Page 7

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



9. Edwards KL, Stapleton M, Weis J, Irons BK. An update in incretin-based therapy: a focus on 
glucagon-like peptide-1 receptor agonists. Diabetes Technol. Ther. 2012; 14:951–967. [PubMed: 
22845681] 

10. Davies M, Speight J. Patient-reported outcomes in trials of incretin-based therapies in patients with 
type 2 diabetes mellitus. Diabetes Obes. Metab. 2012; 14:882–892. [PubMed: 22420869] 

11. le Roux CW, Bloom SR, Peptide YY. Appetite and food intake. Proc. Nutr. Soc. 2005; 64:213–216. 
[PubMed: 15960866] 

12. Small CJ, Bloom SR. The therapeutic potential of gut hormone peptide YY3-36 in the treatment of 
obesity. Expert Opin. Investig. Drugs. 2005; 14:647–653.

13. Ueno H, Yamaguchi H, Mizuta M, Nakazato M. The role of PYY in feeding regulation. Regul. 
Pept. 2008; 145:12–16. [PubMed: 17920705] 

14. Janssen S, Depoortere I. Nutrient sensing in the gut: new roads to therapeutics? Trends Endocrinol. 
Metab. 2013; 24:92–100. [PubMed: 23266105] 

15. Sternini C, Anselmi L, Rozengurt E. Enteroendocrine cells: a site of ‘taste’ in gastrointestinal 
chemosensing. Curr. Opin. Endocrinol. Diabetes Obes. 2008; 15:73–78. [PubMed: 18185066] 

16. Rozengurt E. Taste receptors in the gastrointestinal tract. I. Bitter taste receptors and alpha-
gustducin in the mammalian gut. Am. J. Physiol. Gastrointest. Liver Physiol. 2006; 291:G171–
G177. [PubMed: 16710053] 

17. Wu SV, Chen MC, Rozengurt E. Genomic organization, expression, and function of bitter taste 
receptors (T2R) in mouse and rat. Physiol. Genomics. 2005; 22:139–149. [PubMed: 15886333] 

18. Wu SV, Rozengurt N, Yang M, Young SH, Sinnett-Smith J, Rozengurt E. Expression of bitter taste 
receptors of the T2R family in the gastrointestinal tract and enteroendocrine STC-1 cells. Proc. 
Natl. Acad. Sci. U. S. A. 2002; 99:2392–2397. [PubMed: 11854532] 

19. Steinert RE, Gerspach AC, Gutmann H, Asarian L, Drewe J, Beglinger C. The functional 
involvement of gut-expressed sweet taste receptors in glucosestimulated secretion of glucagon-like 
peptide-1 (GLP-1) and peptide YY (PYY). Clin. Nutr. 2011; 30:524–532. [PubMed: 21324568] 

20. Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, Kim HH, Xu X, Chan SL, 
Juhaszova M, Bernier M, Mosinger B, Margolskee RF, Egan JM. Gut-expressed gustducin and 
taste receptors regulate secretion of glucagon-like peptide-1. Proc. Natl. Acad. Sci. U. S. A. 2007; 
104:15069–15074. [PubMed: 17724330] 

21. Karaki S, Tazoe H, Hayashi H, Kashiwabara H, Tooyama K, Suzuki Y, Kuwahara A. Expression of 
the short-chain fatty acid receptor, GPR43, in the human colon. J. Mol. Histol. 2008; 39:135–142. 
[PubMed: 17899402] 

22. Karaki S, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, Furness JB, Kuwahara A. Short-
chain fatty acid receptor, GPR43, is expressed by enteroendocrine cells and mucosal mast cells in 
rat intestine. Cell Tissue Res. 2006; 324:353–360. [PubMed: 16453106] 

23. Sykaras AG, Demenis C, Case RM, McLaughlin JT, Smith CP. Duodenal enteroendocrine I-cells 
contain mRNA transcripts encoding key endocannabinoid and fatty acid receptors. PLoS One. 
2012; 7:e42373. [PubMed: 22876318] 

24. Sternini C. Taste receptors in the gastrointestinal tract. IV. Functional implications of bitter taste 
receptors in gastrointestinal chemosensing. Am. J. Physiol. Gastrointest. Liver Physiol. 2007; 
292:G457–G461. [PubMed: 17095755] 

25. Rozengurt N, Wu SV, Chen MC, Huang C, Sternini C, Rozengurt E. Colocalization of the alpha-
subunit of gustducin with PYY and GLP-1 in L cells of human colon. Am. J. Physiol. Gastrointest. 
Liver Physiol. 2006; 291:G792–G802. [PubMed: 16728727] 

26. Xiong Y, Swaminath G, Cao Q, Yang L, Guo Q, Salomonis H, Lu J, Houze JB, Dransfield PJ, 
Wang Y, Liu JJ, Wong S, Schwandner R, Steger F, Baribault H, Liu L, Coberly S, Miao L, Zhang 
J, Lin DC, Schwarz M. Activation of FFA1 mediates GLP-1 secretion in mice. Evidence for 
allosterism at FFA1. Mol. Cell Endocrinol. 2013; 369:119–129. [PubMed: 23403053] 

27. Lan H, Lin HV, Wang CF, Wright MJ, Xu S, Kang L, Juhl K, Hedrick JA, Kowalski TJ. Agonists at 
GPR119 mediate secretion of GLP-1 from mouse enteroendocrine cells through glucose-
independent pathways. Br. J. Pharmacol. 2012; 165:2799–2807. [PubMed: 22029751] 

28. Luo J, Swaminath G, Brown SP, Zhang J, Guo Q, Chen M, Nguyen K, Tran T, Miao L, Dransfield 
PJ, Vimolratana M, Houze JB, Wong S, Toteva M, Shan B, Li F, Zhuang R, Lin DC. A potent class 

Pham et al. Page 8

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of GPR40 full agonists engages the enteroinsular axis to promote glucose control in rodents. PLoS 
One. 2012; 7:e46300. [PubMed: 23056280] 

29. Liou AP, Lu X, Sei Y, Zhao X, Pechhold S, Carrero RJ, Raybould HE, Wank S. The G-protein-
coupled receptor GPR40 directly mediates long-chain fatty acid-induced secretion of 
cholecystokinin. Gastroenterology. 2011; 140:903–912. [PubMed: 20955703] 

30. Lu X, Zhao X, Feng J, Liou AP, Anthony S, Pechhold S, Sun Y, Lu H, Wank S. Postprandial 
inhibition of gastric ghrelin secretion by long-chain fatty acid through GPR120 in isolated gastric 
ghrelin cells and mice. Am. J. Physiol. Gastrointest. Liver Physiol. 2012; 303:G367–G376. 
[PubMed: 22678998] 

31. Hao S, Sternini C, Raybould HE. Role of CCK1 and Y2 receptors in activation of hindbrain 
neurons induced by intragastric administration of bitter taste receptor ligands. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 2008; 294:R33–R38. [PubMed: 18003792] 

32. Kokrashvili Z, Mosinger B, Margolskee RF. Taste signaling elements expressed in gut 
enteroendocrine cells regulate nutrient-responsive secretion of gut hormones. Am. J. Clin. Nutr. 
2009; 90:822S–825S. [PubMed: 19571229] 

33. Chen MC, Wu SV, Reeve JR Jr, Rozengurt E. Bitter stimuli induce Ca2þ signaling and CCK 
release in enteroendocrine STC-1 cells: role of L-type voltage-sensitive Ca2þ channels. Am. J. 
Physiol. Cell Physiol. 2006; 291:C726–C739. [PubMed: 16707556] 

34. Jeon TI, Zhu B, Larson JL, Osborne TF. SREBP-2 regulates gut peptide secretion through 
intestinal bitter taste receptor signaling in mice. J. Clin. Investig. 2008; 118:3693–3700. [PubMed: 
18846256] 

35. Clark AA, Liggett SB, Munger SD. Extraoral bitter taste receptors as mediators of off-target drug 
effects. FASEB J. 2012; 26:4827–4831. [PubMed: 22964302] 

36. Tan J, Abrol R, Trzaskowski B, Goddard WA 3rd. 3D structure prediction of TAS2R38 bitter 
receptors bound to agonists phenylthiocarbamide (PTC) and 6-n-Propylthiouracil (PROP). J. 
Chem. Inf. Model. 2012; 52:1875–1885. [PubMed: 22656649] 

37. Irwin JJ, Sterling T, Mysinger MM, Bolstad ES, Coleman RG. ZINC: a free tool to discover 
chemistry for biology. J. Chem. Inf. Model. 2012; 52:1757–1768. [PubMed: 22587354] 

38. Irwin JJ, Shoichet BK, Mysinger MM, Huang N, Colizzi F, Wassam P, Cao Y. Automated docking 
screens: a feasibility study. J. Med. Chem. 2009; 52:5712–5720. [PubMed: 19719084] 

39. Irwin JJ, Sterling T, Mysinger MM, Bolstad ES, Coleman RG. ZINC: a free tool to discover 
chemistry for biology. J. Chem. Inf. Model. 2012; 52:1757–1768. [PubMed: 22587354] 

40. Mayo SL, Olafson BD, Goddard WA. Dreiding - a generic force-field for molecular simulations. J. 
Phys. Chem. 1990; 94:8897–8909.

41. Di Pizio A, Niv MY. Promiscuity and selectivity of bitter molecules and their receptors. Bioorg 
Med. Chem. 2015; 23:4082–4091. [PubMed: 25934224] 

Pham et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Immunohistochemical localization of TAS2R38 in human L-cells using ileum tissues from 

Cedars-Sinai Biobank. Antibodies used are mentioned in the text. A. Nuclear staining with 

DAPI; B. GLP-1 antibody staining; C. TAS2R38 antibody staining; D. Overlay of DAPI, 

GLP-1, and TAS2R38 stains to show co-localization.
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Fig. 2. 
Structures of three ligands [Drug I (Z146157286 or Z1), Drug II (Z737342178 or Z7), and 

Drug III (Z32767960 or Z3)] predicted from virtual ligand screening, PTU, and the synthesis 

of PTU-Cellulose conjugate.
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Fig. 3. 
Stimulation of GLP-1 release by known TAS2R38 ligand PTU (A) and new predicted ligand 

Z7 (B) in cultured HuTu-80 cells, which were untreated or treated with vehicle and indicated 

concentrations for 30 min. Conditioned media were collected and frozen until GLP-1 

measurement. Values are mean ± SE, N = 2(PTU), N = 3(Z7). GLP-1 is measured using 

Luminex assay. The dashed line refers to the background GLP-1 level observed without 

ligand.
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Fig. 4. 
A: Average GLP-1 release in seven mice treated with PTU-Cellulose, PTU or Cellulose. 
The PTU-cellulose dose was 5 g/kg body weight; PTU was 200 mg/kg body weight; and 

cellulose was 5 g/kg body weight in Male C57Bl/6 mice (N = 3, p < 0.005). Blood was 

drawn at times indicated and GLP-1 measured in serum from the blood using the EGLP-35 

K GLP-1 (Active) ELISA kit (Millipore, MA); B: Average GLP-1 (pM) in six mice given 
one of the three predicted molecules Drug I (Z1), Drug II (Z7), and Drug III (Z3). The 

standard deviations are: 0.7 pM, 1.9 pM, 2.6 pM at three time points 0 min, 15 min, 30 min 
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respectively for Drug I; 0.7 pM, 1.1 pM, 1.8pM for Drug II; and 0.7 pM, 0.9 pM, 1.4 pM for 

Drug III (p < 0.005 between drugs and control; p < 0.001 between time points).
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