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Abstract 

Bile acids (BA) and BA receptors, including GPBAR1, represent novel targets for the treatment of 

metabolic and inflammatory disorders. However, BAs elicit myriad effects on cardiovascular function 

although this has not been specifically ascribed to GPBAR1.  This study was designed 1) to test whether 

stimulation of GPBAR1 elicits effects on cardiovascular function that are mechanism-based that 2) can 

be identified in acute ex vivo and in vivo cardiovascular models, 3) to delineate if effects were due 

pathways known to be modulated by BAs and 4) to establish whether a therapeutic window between in 

vivo cardiovascular liabilities and on-target efficacy could be defined.  Results demonstrate that infusion 

of three structurally-diverse and selective GPBAR1 agonists produce marked reductions in vascular tone 

and blood pressure in dog, but not in rat, as well as reflex-tachycardia and a positive inotropic response, 

effects that manifested in an enhanced cardiac output.  Changes in cardiovascular function were 

unrelated to modulation of the T3/T4 axis and were NO independent.  A direct effect on vascular tone 

was confirmed in dog isolated vascular rings whereby concentration-dependent decreases in tension 

were tightly correlated with reductions in vascular tone observed in vivo and were blocked by 

iberiotoxin.  Compound concentrations in which cardiovascular effects occurred, both ex vivo and in vivo, 

could not be separated from those necessary for modulation of GPBAR1-mediated efficacy resulting in 

project termination.  These results are the first to clearly demonstrate direct and potent peripheral 

arterial vasodilation due to GPBAR1 stimulation in vivo through activation of KCa1.1 (BKCa). 
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Introduction 

Bile acids (BA), and BA receptors, represent novel targets in drug discovery beyond their traditionally 

understood function to modulate lipid and cholesterol dynamics.  Indeed, through modulation of GPCRs 

as well as nuclear hormone receptors in a number of tissues, bile acids have been shown to modulate 

important physiological processes including glycemic control, thyroid function, energy expenditure and 

lipid absorption, as well as negative regulation of some inflammatory processes (Pols, et al., 2011b) 

making these receptors attractive therapeutic targets. 

  

However, it is also well-understood that BAs can elicit a host of effects on cardiovascular function 

(recently reviewed by (Khurana, et al., 2011)).  In brief, BAs have the capacity to signal via nuclear and 

GPCRs (including GPBAR1) as well as BKCa channels (Dopico, et al., 2002) and muscarinic receptors 

(Sheikh Abdul Kadir, et al., 2010) where myriad effects on cardiovascular function have been 

demonstrated including changes in myocyte contraction and synchronization (Bogin, et al., 1983;Sheikh 

Abdul Kadir, et al., 2010;Gorelik, et al., 2002), vasodilation in a number of ex vivo isolated vascular 

models (Dopico, et al., 2002;Sheikh Abdul Kadir, et al., 2010;Pak and Lee, 1993;Pak, et al., 1994;Bukiya, 

et al., 2007), and bradycardia in vivo (Joubert, 1978b;Joubert, 1978a).  In addition, BA secondary 

signaling mechanisms may affect cardiovascular  function through changes in intracellular calcium 

handling (Gorelik, et al., 2002;Nakajima, et al., 2000), modulation of nitric oxide synthesis, sensitivity, 

and release (Keitel, et al., 2007;Li, et al., 2008;Kida, et al., 2009), as well as effects on ET-1 expression 

(He, et al., 2006) and modulation of serum ANP (Martinez-Rodenas, et al., 1998).   

 

Recently, two publications reported the synthesis of potent, structurally distinct GPBAR1 agonists. 

Indeed, Piotrowski et al. (Pitrowski and et.al., 2012) identified Compound 16 with potency (EC50 = 75 nM) 

in a human GPBAR1 dependent cAMP assay, and in cells expressing the receptor at endogenous levels, 

that correlated well with values obtained in a human ex vivo peripheral blood mononuclear cell assay for 

cAMP (EC50 = 110 nM).  Another GPBAR1 agonist, Compound 12, was also identified by Futatsugi et al. 

(Futatsugi and et.al., 2012) whereby the compound demonstrated dose-dependent inhibition of LPS-

induced TNFα release in human ex vivo whole blood  assay.  Moreover, Compound 12 appeared 

equipotent in human and dog in a cAMP assay.  Both compounds demonstrated appropriate 

pharmacokinetic properties to warrant advancement to longer-term safety/toxicity studies in dog.  The 

authors of both studies comment, but don’t demonstrate, that Compound 12 and 16 produced 
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treatment-dependent changes in blood pressure and heart rate in conscious telemetry-instrumented 

dogs and it was suggested that the effects were likely associated with systemic GPBAR1 agonism.  

 

Recognizing the implication of on-target cardiovascular liabilities due to GPBAR1 agonism, we 

synthesized and tested Compounds 12 and 16, as well as other structurally distinct GPBAR1 agonists 

identified by Boehringer Ingelheim, including BIX02694, across two in vivo cardiovascular models.  The 

first, an anesthetized rat hemodynamic model with demonstrated utility and predictivity to detect 

cardiovascular liabilities for the purpose of both SAR-based research (Kym, et al., 2006;Fryer, et al., 

2012c) as well as translation to dog and man (Fryer, et al., 2012a).  Second, a comprehensively-

instrumented acute model in dog demonstrated to be predictive of effects in man using positive 

controls across a wide range of mechanisms (e.g. inhibitors of CETP, PDE3,  L-type Ca
2+

, as well as 

β agonists, Ca
2+

 sensitizers, and others (Banfor, et al., 2008;Fryer, et al., 2004;Fryer, et al., 

2012a;Preusser, et al., 2005).  These studies were followed-up by additional ex vivo studies to 

investigate mechanism-of-action.   

 

In total, the purpose of the studies was 1) to gather sufficient evidence to elucidate if cardiovascular 

effects of a GPBAR1 agonists were mechanism-dependent or off-target, 2) to investigate whether 

cardiovascular liabilities could be identified in acute cardiovascular models prior to advancement to 

chronic studies in dog, 3) to define if these effects were due to pathways known to be modulated by BAs, 

and 4) to establish whether a therapeutic window between in vivo cardiovascular liabilities and 

therapeutic efficacy, in this case the anti-inflammatory effects GPBAR1 signaling in the context of colitis), 

could be defined toward go/no-go for the project.     
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Methods 

All animal work was conducted according to relevant national and international guidelines and were 

performed under protocols approved by the Boehringer Ingelheim Institutional Animal Care and Use 

Committee (IACUC) and according to the United States Animal Welfare Act.  For other studies, blood 

samples were obtained from volunteers after written informed consent, and in compliance with the 

Boehringer-Ingelheim Blood Donor Program.  

Compound 12 (Futatsugi and et.al., 2012), Compound 16 (Pitrowski and et.al., 2012), and BIX02694 were 

synthesized, or contracted for synthesis, by Boehringer Ingelheim Pharmaceuticals; the structures of 

each are shown in Figure I.  L-NAME was purchased from Sigma (St. Louis, MO).   

Off-Target Selectivity Profile: The off-target profile of each GPBAR1 agonist was assessed across 

prototypical BA nuclear receptors as well as 29 additional receptors, ion channels, and other proteins in 

a selectivity screen at a standard concentration of 10 μM (Eurofins Panlabs, Taipei, Taiwan) and as 

previously described (Fryer, et al., 2012c).   The methods for the radioligand binding studies, specific to 

each assay performed can be found at: www.eurofinspanlabs.com/Panlabs using the assay number 

listed in parentheses after each assay.  Compounds were first also profiled at BA nuclear receptors 

including Vitamin D3 (288010), Farnesoid X Receptor (114921), and Pregnane X Receptor (44755).  Off-

target profiling was also performed at the following targets: Adenosine A1 (200510),  Adenosine A2A 

(200610), Adrenergic α1A (203100), Adrenergic α1B (203200), Adrenergic β1 (204010), Adrenergic β2 

(204110), Calcium Channel L-Type, Dihydropyridine site (214600), Cannabinoid CB1 (217030), Dopamine 

D1 (219500), Dopamine D2S (219700), GABAA, Flunitrazepam, central (226600), GABAA, Muscimol, Central 

(226500), Glutamate, NMDA, Phencyclidine (233000), Histamine H1 (239610), Imidazoline I2, Central 

(241000), Muscarinic M2 (252710), Muscarinic M3 (252810), Nicotinic Acetylcholine (258590), Nicotinic 

Acetylcholine α1, Bungarotoxin (258700), Norepinephrine Transporter (204410), Opiate μ (260410), 

Phorbol Ester (264500), Potassium Channel, KATP (265600), Potassium Channel, hERG (265900), 

Prostanoid EP4 (268420), Rolipram (270000), Serotonin 5-HT2B (271700), Sigma σ1 (278110), and Sodium 

Channel, Site 2 (279510).  In receptor binding studies performed at Eurofin Panlabs, >50% inhibition of 

binding was deemed significant.   

Index of in vitro Efficacy; cell line generation and cAMP measurement:   Human, rat and dog GPBAR1 

coding sequences were cloned into pT-Rex-DEST30 (Gateway system, Invitrogen) vectors and 

transfected into T-Rex CHO cells, which stably express the Tet repressor using Attractene (Qiagen) 

according to manufacturer’s instructions. Stable cell clones were isolated (Geneticin, 400µg/mL), 
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expression and activation of the respective GPBAR1 receptors was demonstrated in a tetracycline- and 

GPBAR1 agonist-dependent manner for each human, rat and dog GPBAR1 receptor using a reference 

compound (Maruyama and et.al., 2010).  

CHO-hGPBAR1 and CHO-dGPBAR1 cells were plated at a density of 5,000 cells per well in DMEM:F12 

mixed in a 1:1 ratio, 15 mM HEPES, 2.5 mM glutamax, 10% FCS in a white 384 well plate and incubated 

at 37C, 5% CO2 for 20 hours.  CHO-rGPBAR1 were plated at a density of 5,000 cells per well in Ham’s F12 

medium, 10% FBS, L-glu 2mM, Blasticidin S HCl 10ug/ml, Geneticin 400ug/ml, tetracycline 100ng/ml and 

incubated at 37C, 5% CO2 for 20 hours; media was removed prior to addition of agonists.  Agonists were 

diluted into KRBH stimulation buffer (130 mM NaCl, 3.6mM KCl, 0.5 mM NaH2PO4, 0.5 mM MgSO4, 1.5 

mM CaCl2, 10 mM HEPES, 5 mM NaHCO3, 10 mM NaCl, 0.5 mM IBMX, 0.1% BSA) and added to the wells.  

The cells were incubated at 23C for 45 min and stopped with the addition of cAMP detection reagents 

(AlphaScreen, PerkinElmer).  The assay was read on a PE Envision (AlphaScreen mode).  1 μM of a 

GPBAR1 agonist was used as a positive control and wells containing no agonist were used as negative 

controls.  All compounds tested with a 10 point dose response curve in 1% DMSO.  Percent of control 

was calculated for all wells from the raw values of the test compounds, positive control and negative 

control.  EC50 values were calculated using XLfit (IDBS) with a 4-parameter fit. 

Index of ex vivo Efficacy; assessment of cytokine production in whole blood: Human whole blood 

(heparinized tubes) was obtained from the institutional blood donor program and was stimulated with 

100 ng/mL hIFNγ (R&D Systems) and 10 ng/mL LPS (Escherichia coli 0111:B4, Sigma), and diluted with 

complete media (RPMI, 10% FBS, pen/strep) for 24 hours at 37°C and 5% CO2 in the presence of 

compound (0.1% DMSO, 85% blood final concentrations).  An equal volume of complete media was 

added to the wells, and cells were pelleted by centrifugation at 1500 RPM for 10 minutes. All 

compounds tested were subjected to an 8-point dose response, and levels of cytokines in the 

supernatants were determined by sandwich immunoassay (hTNFα and hIL12p40, MesoScale Discovery). 

Both cytokines returned full dose-response curves and there was complete inhibition of IL12p40 

production but typically incomplete inhibition of TNFα production.  Percent of control was calculated for 

all wells from the pg/mL values of the test compounds. LPS alone was used as a positive control and no 

stimuli as a negative control.  IC50 values were calculated using XLfit (IDBS) with a 4-parameter fit.   

Index of in vivo efficacy; rat DNBS colitis: Male Wistar rats weighing 200±20g were divided into groups of 

8 and fasted for 24 hours before intra-colonic instillation of DNBS (2,4-dinotrobenzene sulfonic acid, 30 
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mg in 0.5 ml ethanol 30%) for evaluation in a model of ulcerative colitis as previously described (Hawkins, 

et al., 1997). Control rats received 0.9% NaCl gavage without DNBS. Vehicle control (0.5% MC/0.015% 

Tween 80) and either 30 mg/kg BIX02694, or Sulphasalazine at 300 mg/kg were given by gavage 

beginning 24h and 2h before DNBS, followed by BID administration for 5 consecutive days. The animals 

were sacrificed on day 8 and the colons were examined for adhesions, strictures, ulcers/inflammation 

and wall thickness and each given a score from 0-4 depending on severity of the parameter. Normal 

healthy controls had scores of 0 on all parameters, DNBS treated animals had scores averaging 7.4, 

driven largely by strictures and ulcers/inflammation. Scored values were compiled per animal into an 

overall macroscopic score.  Sections were harvested at 2.5, 5, and 7 cm from the anus. After formalin 

fixation, the colon samples were preserved in 70% ethanol, trimmed, embedded, sectioned and stained 

with hematoxylin and eosin (H&E), followed by microscopic examination. The in-life study was executed 

by Eurofins, Taiwan Ltd, Taiwan and the histology was executed by Quest Pharmaceutical Services 

Taiwan CO Ltd, Taiwan. The statistical analysis was based on one-way ANOVA followed by Tukey’s 

multiple comparisons test.  

Cardiovascular Profile in Anesthetized Rats: Male Sprague Dawley rats (n=3-5/group; Charles River) were 

anesthetized with Inactin (110 mg/kg i.p.) and a tracheotomy performed.  The femoral artery and veins 

were catheterized for measurement of mean arterial blood pressure (MAP) and heart rate, collection of 

blood samples at 20-min intervals, and for compound infusion/hydration as previously described (Kym, 

et al., 2006;Franklin, et al., 2009;Banfor, et al., 2009).  Body temperature was maintained at 37°C 

throughout the surgery and study using a heating pad integrated with a Physitemp Temperature 

Monitor (Thermalert).  All compounds were solubilized in a 100% PEG-400 vehicle for the high-dose 

infusion as defined in the results; serial dilutions were performed for the mid- and low-dose infusions 

and compound was infused at 0.00875 mL/min.  Blood samples were withdrawn at the end of each 20 

minute dosing interval and plasma concentrations of the compound were determined by mass 

spectrometry as previously described (Fryer, et al., 2012d;Fryer, et al., 2012c).  Comparison of baseline 

in vivo cardiovascular values were based on a one-way ANOVA with a Dunnett’s post-test vs. the vehicle-

control group (p<0.05).  The effect of treatment with the GPBAR1 agonists were analyzed based on a 

two-way ANOVA with repeated measures at each timepoint with a Dunnett’s post-test relative to effects 

in the vehicle control group (p<0.05).   

Cardiovascular Profile in Anesthetized Dogs:  Male inbred beagle dogs (n=5-6/group; Marshall Farms) 

were anesthetized with i.v. bolus pentobarbital (30-35 mg/kg); anesthesia was maintained by a constant 
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i.v. infusion (6 mg/kg/hr).  Dogs were intubated and connected to a respirator (Harvard); body 

temperature was maintained on a heated table that kept core temperature, monitored via a Swan-Ganz 

catheter, at 37°C.  Dogs were instrumented as previously described (Fryer, et al., 2012b).  In brief, the 

right carotid artery was catheterized and a dual-pressure sensor Millar catheter was inserted into the LV 

to record LV pressure; the distal pressure sensor remained in the aorta to record aortic blood pressure.  

The femoral and jugular veins were catheterized for infusion of compound and collection of blood 

samples, respectively.  Compound 12, Compound 16, and BIX02694 (100% PEG-400 vehicle; 0.014 

mL/kg/min) were administered via three escalating 30-min i.v. infusions; control animals were 

administered the same volume of PEG-400 in the absence of the compounds.  Compound 12 and 

BIX02694 were infused at 0.5, 1.5, and 5.0 mg/kg/30-min and Compound 16 was infused at 0.715, 2.145, 

7.15 mg/kg/30-min; doses were based on single-dose PK studies in dogs (data not shown) to target 

plasma concentrations overlapping with the IC50 in the in vitro functional assays (inhibition of 

TNFα production or IL12p40) and Cmax concentrations the in vivo Colitis model.  Blood samples were 

collected at 15-min intervals for determination of plasma drug concentrations. Cardiovascular 

parameters, including mean arterial pressure (MAP), heart rate (HR), and dP/dt normalized to 50 mmHg 

afterload pressure were continuously recorded using a data acquisition system (DSI/Ponemah); cardiac 

output, measured by thermodilution, and systemic vascular resistance (SVR), defined as [(MAP – Central 

Venous Pressure)/Cardiac Output], were calculated at 15-min intervals throughout the study.  

Comparison of baseline in vivo cardiovascular values were based on a one-way ANOVA with a Dunnett’s 

post-test vs. the vehicle-control group (p<0.05).  The effects of treatment with the GPBAR1 agonists 

were analyzed based on a two-way ANOVA with repeated measures at each timepoint with a Dunnett’s 

post-test vs. the vehicle control group (p<0.05).  Additional and ECG-derived endpoints were collected 

during the study but are not described as they were considered beyond the scope of the present 

communication.     

The effect of acute GPBAR1 agonism on a selected group of circulating factors known to be modulated 

by BAs (nitrate, nitrite, T3, T4, ET-1, and ANP) were determined in Compound 12 treated dogs at 

baseline, at the end of each dosing period, and at the end of the post-treatment period.  Blood/plasma 

samples were collected and each circulating factor assayed at Ani Lytics, Inc. (Gaithersburg, MD).  In 

brief, nitrate/nitrite was determined using an assay kit from Cayman Chemical Co after a nitrate 

reductase step (to convert nitrate to nitrite) followed by a Griess reaction and photometric detection. T3 

and T4 levels were determined using Coat-a-Count total T3 or T4 RIA (Siemens Diagnostics). Big 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2014 as DOI: 10.1124/jpet.113.210005

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #210005 

 

10 

 

endothelin 1 (ET-1) and ANP were measured using enzyme immunoassay reagents (ALPCO Diagnostics 

and Peninsula Laboratories, respectively).  The statistical analysis was based on a one-way ANOVA with 

repeated measures and a Dunnett’s post-test vs. pre-treatment baseline values. 

To further interrogate the potential for Compound 12 to elicit changes in vascular tone via modulation 

of NO signaling, dogs were pretreated with a fully blocking dose of L-NAME (Liard, 1994) prior to 

administration of Compound 12 at 0.5, 1.5, 5.0 mg/kg.  Thus, after standard instrumentation of the 

animals as described in the methods, L-NAME was administered as a constant dose of 0.33 mg/kg/min 

(10 mg/kg/30min) beginning 30-min prior to Compound 12 infusion and was maintained for the 

duration of the study.    

Effect of GPBAR1 Agonists in Phenylephrine Pre-Contracted Aortic Rings: Compound 12, Compound 16, 

and BIX02694 were tested in endothelium-intact femoral and aortic rings dissected from dogs (IPS 

Therapeutique Inc.).  In brief thoracic aortic and femoral vascular segments were excised from dogs (8-

12 kg) euthanized by propofol overdose.  Vascular segments were rinsed in Tyrode’s solution and 

dissected into 2 mm-wide rings taking care not to damage the endothelial layer of the ring’s luminal side. 

Rings were mounted in double-jacketed vertical organ baths filled with oxygenated (95% O2, 5% CO2) 

Tyrode’s solution maintained at 35±2°C changed every 15 min. Following a 45-min. equilibration period 

under ~10 gram of tension, an initial contraction was elicited with 5 μM phenylephrine to induce a 

maximal contraction of the rings. Once tension levels plateaued, 10 μM carbamylcholine was added to 

the baths to verify the integrity of the endothelium; rings in which carbamylcholine did not induce a 

relaxation were considered endothelium-damaged and discarded.  Carbamylcholine was washed out 3X 

with fresh Tyrode’s solution before beginning the test protocol.  Phenylephrine (1 μM, then 200 nM) 

was added into the baths until a plateau in tension was reached.  Six cumulative concentrations of 

Compound 12 (0.03, 0.1, 0.3, 1, 3, and 10 μM), Compound 16 (0.1, 0.3, 1, 3, 10, and 30 μM), and 

BIX02694 (0.03, 0.1, 0.3, 1, 3, and 10 μM) were injected into the baths to approximate concentrations 

achieved in anesthetized dogs; injections were separated by 5-10 minutes; each concentration-response 

in each vascular ring was tested in duplicate.  The effect of treatment with the GPBAR1 agonists were 

analyzed based on a two-way ANOVA with repeated measures at each timepoint with a Dunnett’s post-

test vs. the vehicle control group (p<0.05).  In follow-up studies using a parallel methodology as 

described above vasodilation due to Compound 12, Compound 16, and BIX02694 in endothelium-intact 

pre-contracted dog femoral rings was tested in the absence and presence of sequentially-increasing 

concentrations of iberiotoxin (IbTX; 0, 10, 30, and 50 nM) whereby IbTX was applied to the bath 
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immediately before the GPBAR1 agonists.  Concentrations of IbTX were expected to be fully-blocking 

concentrations and well-above IC50 values in aortic smooth muscle (Galvez, et al., 1990).  The time-

dependent effect of the IbTX vehicle, the effect of sequential addition of IbTX alone, and the effect of 0, 

10, 30, and 50 nM nM IbTX on GPBAR1 agonist-induced vasodilation was analyzed within each group 

using a one-way ANOVA with repeated measures and Bonferroni post-test vs. baseline or 0 nM IbTX, 

respectively.    
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Results 

Selectivity Profile: The tested compounds also had no notable effects at BA nuclear receptors including 

the FXR and PXR (IC50 values > 10 μM) and no significant effect on Vitamin D3 binding to VDR (IC50>10 

μM).  The off-target profile of each GPBAR1 agonist was further assessed across 29 receptors, ion 

channels, and other proteins in a Hit-Profiler screen at a standard concentration of 10 μM.  No 

compound tested showed any significant effect on radioligand binding across the targets assayed 

(please see methods for complete list of assays).  Moreover, the compounds tested had no significant 

displacement of radioligand binding at the G-protein BA receptors including muscarinic M2 and M3.  Thus, 

results across a broad panel of BA nuclear and G-protein coupled receptors, as well as other targets 

including a host of proteins that could impact cardiovascular function, suggest no off-target 

pharmacology for the molecules and therefore high-selectivity for GPBAR1.   

Potency of GPBAR1 Agonists in vitro and ex vivo. All compounds were evaluated for agonism in CHO cells 

expressing GPBAR1 by measuring increases in cAMP as well as reductions in LPS-induced TNFα and 

IL12p40 production (Table I). These represent measures of GPBAR1 agonism as previously published 

(Kawamata, et al., 2003;Wang, et al., 2011a).  Each of the compounds was equipotent against the 

human and dog receptors as measured by cAMP induction.  BIX02694 was also equipotent with rat, 

whereas Compounds 12 and 16 were right-shifted by ~40X and ~20X, respectively.  In whole blood 

assays all three compounds were potent although all were right-shifted, as expected given the lower 

receptor expression on primary monocytes compared to the transfected CHO cells.  Similar IC50 values 

were observed for IL-12p40 and TNFα production in human whole blood.   

Efficacy in in vivo Rat DNBS Colitis Model: Colitis was induced in rats using DNBS where they were 

treated with either Vehicle or the GPBAR1 agonist BIX02694 at 30 mg/kg (Cmax plasma concentrations = 5 

μM). Rats were monitored for changes in body weight, colon weight and for morphological and 

histological changes in the colon. This model is based on damaging the epithelial barrier that induces 

severe changes in colon morphology and histology and results in a loss in total weight gain, due to 

malnutrition.  Recovery in body weight after DNBS administration was evaluated daily and was improved 

upon treatment with BIX02694 (Figure II, A). As expected, results were significant only for from days 5-8 

(p< 0.01 as assessed by measuring AUC, area under the curve).  Treatment with BIX02694 also led to a 

significant (p <0.01) reduction in colon weight compared to Vehicle (Figure II, B). The colon was 

evaluated for adhesions, strictures, ulcers/ inflammation and wall thickness and these scores are 
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compiled into an overall macroscopic score per animal, which was then averaged; BIX02694 significantly 

(p <0.01) reduced total colonic damage vs. vehicle controls (Figure II, C).  

Histological evaluation of colon sections of healthy rats (Figure II, D) compared to vehicle treated 

administered intra-colonic DNBS (Figure II, E) demonstrated significant colitis, as characterized by 

necroulcerative inflammation (partial to complete disruption of the epithelial structure, which extended 

through its basement membrane to the muscle layer in some areas), mixed 

polymorphonuclear/mononuclear cell infiltration, and gland distortion/distention of mucosal epithelium 

in treated animals compared to normal controls. The base of the necroulcerative areas involving the 

submucosa to serosa was filled with mixed inflammatory cells. Mixed polymorphonuclear/mononuclear 

infiltration was mainly observed in the lamina propria, submucosa, muscularis and/or serosa while the 

mucosal epithelium was intact. Gland distortion/distention was characterized by cystic dilation of the 

mucosalglands filled with mucinous materials and degenerate/necrotic cells. Oral administration of 

BIX02694 at 30 mg/kg (Figure II F) resulted in colitis attenuation, especially the severity and incidence of 

necroulcerative inflammation in the sections examined with mild mixed polymorphonuclear/ 

mononuclear cell infiltration in the submucosa. It should be noted that this is an acute and severe model 

of colitis and no treatments that can return all parameters to normal levels have been reported. 

Hemodynamic Effect of GPBAR1 Agonists in Anesthetized Rats:  Three GPBAR1 agonists of distinct 

chemotypes were profiled in the anesthetized rat during an escalating i.v. infusion.  There were no 

differences in MAP and heart rate values at baseline: Vehicle (119±6 mmHg and 386±16 bpm, 

respectively), Compound 12 (109±3 mmHg, 390±10 bpm), Compound 16 (116±7 mmHg, 422±15 bpm), 

and BIX02694 (125±9 mmHg, 408±7 bpm).  Plasma concentrations of each compound achieved at the 

end of the three dosing periods are shown in Figure III.  In total, the GPBAR1 agonists tested elicited no 

significant hemodynamic effects in anesthetized rats at any dose tested and at plasma concentrations at, 

and above, the IC50 for GPBAR1-induced reductions in TNFα and IL12p40 production. 

Effect of GPBAR1 Agonists on Cardiovascular Function in Anesthetized Dogs:  The three GPBAR1 agonists 

of distinct chemotypes, profiled in rat with no-effect, were also profiled in the anesthetized dog during 

an escalating i.v. infusion.  Baseline values are shown in Table II for all vehicle and treatment groups 

tested in the anesthetized dog (n=5-6/group).  There were no statistical differences in these measured 

parameters during the 30-min baseline period with the exception of a slightly lower cardiac output in 
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the Compound 12 treated group (*p<0.05).  Other hemodynamic endpoints in the Compound 12 group 

were not different from vehicle controls.   

Plasma concentrations of Compound 12, Compound 16, and BIX02694 are shown in Figure IV and were 

at, and above, the IC50 for GPBAR1-induced reductions in TNFα and IL12p40 production.  Each GPBAR1-

selective agonist tested elicited dose-dependent and marked vasodilation (reduction in SVR) during the 

escalating compound infusion, an effect that trended toward baseline as plasma concentrations 

declined during the post-treatment period (Figure V, A).  Vasodilation elicited by the compounds 

resulted in parallel reductions in mean arterial pressure values (Figure V, B).  When the PK/PD 

relationship was assessed for the primary hemodynamic effect (a reduction in SVR), results 

demonstrated linear PK/PD with no consistent hysteresis across the three compounds tested suggesting 

a Cmax-driven effect on vascular tone (Figure VI).       

Effects on heart rate and left ventricular contraction (dP/dt at 50 mmHg afterload pressure) are shown 

relative to compound-induced reductions in MAP (Figure VII, A).  In brief, all three GPBAR1 agonists 

tested elicited reflex tachycardia and a positive inotropic response.  Moreover, the effect tended to peak 

during the mid-dose infusion period before trending toward baseline as peak plasma concentrations 

were achieved during the high-dose infusion period.  Effects on heart rate and dP/dt were highly 

correlated for an in vivo model (total R
2
=0.87, Figure VII, B), lending support for a common mechanism 

and likely a reflex-driven sympathetic effect.  All three GPBAR1 agonists elicited increases in cardiac 

output during the study; peak increases in cardiac output, relative to baseline and vehicle controls in 

dogs treated with Compound 12, Compound 16, and BIX02694 were 29±10%, 22±7%, and 41±7%, 

respectively (Figure VIII).   

Effect of Compound 12 on Nitric Oxide Production and Effect of L-NAME on Hemodynamic Response to 

Compound 12 in Dogs:  Relative to pre-treatment baseline values, Compound 12 had no effect on nitric 

oxide production during the study (Figure IX, A).  In a separate group of dogs pre-treated with a 

constant infusion of L-NAME, L-NAME pre-treatment elicited an expected increase in SVR as measured 

during the baseline period prior to Compound 12 infusion (212±21 mmHg/L/min) vs. vehicle controls 

(103±9 mmHg/L/min).  This effect was accompanied by lower dP/dt@50mmHg and heart rate values 

(1518±136 mmHg/sec and 88±4 beats/min, respectively) that, in combination, resulted in only a small, 

and not significant, increase in baseline MAP values in L-NAME pretreated dogs (126±9 mmHg vs. 122±6 

mmHg in vehicle controls).  In the presence of L-NAME, Compound 12 elicited vasodilation and 
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reductions in MAP that were not attenuated, or statistically different, from that observed in dogs 

administered Compound 12 alone (Figure IX, B).    

Effect of Compound 12 on the Circulating T3/T4 ratio, Endothelin 1, and Atrial Natriuretic Peptide:  

Relative to pre-treatment baseline values, Compound 12 had no effect on the T3/T4 ratio, circulating ET-

1 (Figure X).  While ANP levels were significantly elevated at the end of the 0.5 mg/kg infusion, increases 

were not maintained at higher doses (Figure X).  

Effect of GPBAR1 Agonists on Vascular Tension in Isolated Aortic and Femoral Rings from Dog:  All three 

GPBAR1 agonists elicited concentration-dependent reductions in vascular tension in phenylephrine-pre-

contracted femoral and aortic ring preparations from dog.  Effects were similar between the two 

vascular ring preparations tested (Figure XI, A-B).  IbTX alone elicited concentration-dependent 

increases in vascular tension from 10-50 nM.  Vasodilation elicited by 10 μM BIX02694 and Compound 

12 were completely abolished by IbTX whereas the marked decrease in vascular tension elicited by 

Compound 17 was not statistically affected (Figure XI, C).  When the change in vascular tension was 

assessed vs. changes in SVR observed in vivo, results suggested a high degree of correlation between the 

ex vivo assay and in vivo model (Figure XI D-F).   
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Discussion 

We demonstrate, using structurally-diverse and selective GPBAR1 agonists with no off-target 

pharmacology, that all three chemotypes elicit marked effects on cardiovascular function in dog.  In 

combination with additional studies in isolated vascular rings, results are consistent with a peripheral 

vasodilatory mechanism and are the first to clearly demonstrate direct and potent vasodilation due to 

GPBAR1 agonism in vivo.  Moreover, results from ex vivo studies demonstrate that vasodilation is 

dependent upon GPBAR1 stimulation of BKCa in the vasculature but independent of modulation of NO or 

changes in the T3/T4 axis.  Moreover, effects in dog occurred at concentrations overlapping with the IC50 

values for inhibition of human TNFα and IL12p40 production (in vitro functional indices of efficacy) and, 

for BIX02694, at near-therapeutic concentrations in a pre-clinical DNBS efficacy model suggesting an 

inability to separate GPBAR1-mediated efficacy and on-target cardiovascular liabilities in vivo and that 

resulted in termination of the project.   

GPBAR1 signaling in myeloid cells leads to downregulation of responses to pro-inflammatory stimuli in 

primary human macrophages in vitro (Yoneno, et al., 2013;Haselow, et al., 2013) and reductions in 

inflammation in vivo via genetic approaches, where knockout mice are more susceptible to 

inflammation (Wang, et al., 2011b) including injury-induced colitis (Cipriani, et al., 2011) or where 

receptor agonists offer protection from colitis and other inflammatory models (Cipriani, et al., 

2011;Martin, et al., 2010;Pols, et al., 2011a). In colitis, the improvement in clinical score appears to be 

linked to a direct impact on monocyte infiltration into the colon, consistent with the importance of 

these cells in disease pathology. Results from these studies further support a role of GPBAR1 agonism in 

limiting the activation of macrophages, albeit at concentrations that also elicited vasodilation.   

In dog, reductions in SVR in vivo, for all three GPBAR1-agonists tested, ranged from -48 to -51% below 

baseline at the highest plasma concentration tested and were recapitulated in follow-up studies using 

isolated aortic and femoral rings, effects that were generally sensitive to BKCa blockade with IbTX and 

strongly correlated with reductions in vascular tone observed in vivo.  While BAs can modulate the 

bioavailable stores of NO, we demonstrate that GPBAR1 agonism elicited no change in NO production, 

nor could the fall in SVR be blocked by pre-treatment with L-NAME.   

GPBAR1-mediated vasodilation appeared dependent upon BKCa activation, known to modulate arterial 

tone in vivo (Feletou and Vanhoutte, 2000;Jackson, 2005) including in resistance vessels (Jackson, 2005).  

Indeed, reductions in femoral vascular tension in dog due to both BIX02694 and Compound 12 were 
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blocked by IbTX.  While this is the first study to demonstrate cross-talk between GPBAR1 and BKCa in the 

control of peripheral vascular tone, other studies have demonstrated that GPBAR1 activation by 

hydrophobic BAs may activate ATP-sensitive K
+
 channels (KATP) via a cAMP-PKA dependent mechanism 

(Lavoie, et al., 2010) and these same signaling pathways are thought to be essential to BKCa activation in 

the arterial vasculature (Ko, et al., 2008).  That IbTX did not block reductions in vascular tension elicited 

by Compound 16 may be due to modulation of an undefined and higher-affinity (lower KD) binding 

target beyond GPBAR1-BKCa (e.g. KATP).  And, of note, ex vivo reductions in vascular tension by 10 μM of 

Compound 16 were nearly ½-log greater than effects by either BIX02694 or Compound 12 at 10 μM, 

results that may also support poly-pharmacology inherent to the compound beyond GPBAR1/BKCa.   

Reductions in SVR resulted in a marked fall in pressure, again an effect that was remarkably consistent 

across the compounds tested (-50 to -54 mmHg below vehicle) despite variable degrees of reflex-

compensation.  Indeed, potency of the compounds to elicit tachycardia and a positive inotropic 

response appeared greater for Compound 12 and BIX02694 vs. Compound 16 when adjusted for dose or 

concentration achieved.  Nevertheless, there was high-degree of correlation between increases in heart 

rate and dP/dt, results which lend support that effects were through a common mechanism (e.g. 

sympathetically-driven).  Interestingly, peak increases in both endpoints occurred principally during the 

mid-dose infusion whereas at higher plasma concentrations the peak reflexive effect was attenuated.  

While untested, this may represent a scenario akin to those of some Ca
2+

 Channel blockers (CCBs) 

whereby vasodilation due to GPBAR1 elicits a compensatory sympathetic response occurs at lower 

concentrations than those necessary to affect the cardiomyocyte directly (Fryer, et al., 2004;Robertson 

and Roberson, 1995).  Evidence for this dual-potency for prototypical CCBs is shown in the supplemental 

text; Figure S1.  If the same differential potency exists for GPBAR1 it could be hypothesized that a direct 

action on the cardiomyocyte during the high-dose infusion curbed the initial sympathetic compensation.  

In-line with this hypothesis, it has been demonstrated that BAs, although not necessarily via GPBAR1, 

can elicit a decrease in both rate and contraction in the cardiomyocyte (Bogin, et al., 1983;Gorelik, et al., 

2002;Sheikh Abdul Kadir, et al., 2010;Williamson, et al., 2001).   

Stimulation of GPBAR1 elicited marked increases in cardiac output, an endpoint dependent on the 

integration of multiple hemodynamic and functional parameters.  Indeed, the reduction in SVR would 

result in an increased venous return that, with the increases in heart rate and dP/dt, would be expected 

to manifest in elevated cardiac function.  In agreement with these findings, both low vascular tone and 
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high cardiac output were commented to be observed after chronic administration of Compounds 12/16 

in dog (Futatsugi and et.al., 2012;Pitrowski and et.al., 2012).   

 

Interestingly cardiac dysfunction is a major liability in patients with end-stage liver disease and thought 

to be secondary to disease progression.  Indeed, liver cirrhosis is associated with reduced total SVR, 

systemic hypotension, resting tachycardia and elevated cardiac output (Newby and Hayes, 2002).  It is 

tempting to speculate that these clinical observations may be secondary to elevated GPBAR1 

stimulation during liver disease.  A recent study by Desai et al (Desai, et al., 2010) using a mouse model 

of biliary fibrosis, demonstrated a 50-fold elevation in circulating serum BAs active at GPBAR1.  Not only 

was the protein detected in the endothelium and in cardiomyocytes, but the mice developed 

hypertrophy characterized by a state of hypercontractility and increased LV-wall thickness and ejection 

fraction. These studies may suggest a common pathway between circulating BAs in liver disease that 

signal through GPBAR1 on vascular and cardiomyocytes that lead to pathophysiology in cirrhotic 

cardiomyopathy.   

 

Curiously, no effect of GPBAR1 agonism could be detected in rats.  Indeed, minor changes in 

hemodynamic endpoints in rats did not tend to be outside of the normal physiological range.  This was 

unexpected and may suggest differential pharmacology, or sensitivity, for GPBAR1 in the rat vasculature.  

To our knowledge there are no reports of vasoactive effects of GPBAR1 agonists in rat although results 

were shown at a scientific meeting (Orsini, 2013) which demonstrated that a GPBAR1 agonist in mouse 

elicited reductions in pressure and reflex-tachycardia and that both effects were absent in knockout 

mice.  Those data may suggest that GPBAR1 vascular expression in rat is different from other species, 

including other rodents, and remains an important area for future investigation.   

 

At the onset of these studies we hypothesized that stimulation of GPBAR1 by Compound 12 or 16 in 

chronic dog studies led to cardiovascular effects via increased expression of Type-II iodothyronine 

deiodinase (Bianco and Kim, 2006) that converts T4 to T3 and may lead to cardiovascular sequelae 

(Danzi and Klein, 2012;Cini, et al., 2009;Fazio, et al., 2004)) similar to that suggested by Futatsugi and 

Piotrowski et al (Futatsugi and et.al., 2012;Pitrowski and et.al., 2012).  Whether chronic administration 

of GPBAR1 agonists in rats would have led to modulation of the T3/T4-axis, and subsequent 

cardiovascular responses, remains untested yet is a plausible risk for therapeutics targeted at chronic 

GPBAR1 stimulation.  Of note, effects observed in dogs after acute dosing with Compound 12 were 
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independent of changes in T3/T4, values not expected to change due to the acute nature of the studies 

and are consistent with a recent clinical finding where no acute effect on T3/T4 was observed after 

administration of a GPBAR1 agonist, SB-756050, in man (Hodge, et al., 2013).  In addition, while both ET-

1 and ANP have been implicated in BA signaling (He, et al., 2006;Martinez-Rodenas, et al., 1998), 

Compound 12 had no-effect on circulating concentrations of ET-1.  Moreover, while ANP values were 

increased acutely the temporal profile was not consistent with the changes in SVR observed in vivo and 

were not likely to explain the overall effects of the compound.  Rather, results from ex vivo studies 

suggest an important role for GPBAR1-mediated simulation of BKCa in the vasculature as a principal 

mechanism. 

 

Finally, while most drugs carry some off-target liability at high concentrations, definition of a therapeutic 

index (TI) between efficacy and adverse effect is critical for the development of safe and efficacious 

therapies.  However, we demonstrate in the present study that little-to-no separation in concentrations 

required for indices of efficacy vs. concentrations in which cardiovascular liabilities were observed.  Thus, 

the narrow TI plus novel findings that the cardiovascular effects were due to selective GPBAR1 

stimulation via BKCa, led to the termination of the project.  Limitations of the present study from the 

perspective of the authors are discussed in the Supplemental Text.  
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Figure Legends 

Figure I. Chemical structures of the three structurally distinct GPBAR1 agonists profiled in the present 

study: Compound 12 (Futatsugi and et.al., 2012), Compound 16 (Pitrowski and et.al., 2012), and 

BIX02694.   

Figure II: Evaluation of efficacy of GPBAR1 agonist in rat model of colitis.  The clinical characteristics of 

either healthy control animals (Untreated) and animals with DNBS-induced colitis treated with either 

Vehicle or BIX02694 are illustrated (n=8 per group, ** p<0.01, *** p< 0.001) where (A) demonstrates 

change in total body weight over the course of the study for each of the Vehicle-treated or BIX02694-

treated animal groups, (B) represents colon weight per 100 g of body weight and (C) represents total 

colonic damage as assessed by macroscopic score. H+E stained sections of colon from representative 

animals at 25X magnification are shown where M: Mucosa; SM: Submucosa; Ms: Muscularis; S: Serosa. 

(D) represents a normal colon from a control animal, (E) is colon from the vehicle group with DNBS-

induced colitis and (F) is colon from animals with DNBS-induced colitis treated with BIX02694 at 30 

mg/kg.  

Figure III.  Effect of Compound 12, Compound 16, and BIX02694 in the Inactin-anesthetized rat 

cardiovascular model during a 3-dose escalating i.v. infusion.  Plasma concentrations achieved at each 

timepoint are shown in the top panel.  Effects on heart rate (%) and mean arterial pressure (mmHg) are 

shown at the end of each dosing period after accounting for minor effects of the PEG-400 vehicle control.   

Figure IV. Plasma concentrations of BIX02694 (�), Compound 12 (�), and Compound 16 (�) measured 

in anesthetized dogs during a 3x30min (0-90-min) escalating i.v. infusion; values are also shown during a 

1-hr post-treatment period (90-150 min).  Plasma concentrations of each compound were determined 

by mass spectrometry relative to a prepared standard and fit to a linear curve.  Values for each 

compound are plotted on a log scale; no levels were detectable at baseline (Time=0).   

Figure V. Effect of Vehicle (�), BIX02694 (�), Compound 12 (�) , and Compound 16 (�) on A) SVR (e.g. 

vasodilation) and B) mean arterial pressure in anesthetized dogs during a 90-min escalating i.v. infusion; 

values are also shown during a 1-hr post-treatment period (90-150 min) and are presented as change 

from baseline (pre-treatment) values in % and mmHg, respectively.  Statistically significant points shown 

in the GPBAR1 treatment groups as open symbols.   
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Figure VI. PK/PD relationship relative to effect of BIX02694 (�), Compound 12 (�), and Compound 16 

(�) on plasma concentrations achieved vs. changes in systemic vascular resistance in anesthetized dogs 

during a 90-min escalating i.v. infusion (shown with solid symbols/lines) and during the 1-hr post-

treatment period (90-150 min shown as open symbols and dashed lines).  Results are presented as 

percent change from baseline (pre-treatment) values.  Results demonstrate reasonably linear PK/PD 

with no consistent clockwise hysteresis across the three GPBAR1 agonists tested suggesting a Cmax-

driven effect on vascular tone. 

Figure VII. A) Effect of BIX02694 (�), Compound 12 (�), and Compound 16 (�) on heart rate (closed 

symbols, solid line) and LV contractility (dP/dt @ 50 mmHg; open circles, dashed line) in anesthetized 

dogs during a 90-min escalating i.v. infusion and as mean arterial pressure decreased throughout the 

study (shown on reversed x-axis); values are shown temporally throughout the 90-min infusion and as 

percent change from baseline relative to vehicle controls.  B) Changes in heart rate were plotted vs. 

dP/dt @ 50 mmHg; a high-degree of correlation was demonstrated between the endpoints (R
2
=0.87) 

lending support that both effects are mediated by the same mechanism and likely were baroreflex-

driven.   

Figure VIII. Effect of Vehicle (�), BIX02694 (�), Compound 12 (�), and Compound 16 (�) on cardiac 

output in anesthetized dogs during a 90-min escalating i.v. infusion; values are also shown during a 1-hr 

post-treatment period (90-150 min) and are presented as percent change from baseline (pre-treatment) 

values.  Statistically significant points shown in the GPBAR1 treatment groups as open symbols. 

Figure IX. A) Effect of Compound 12 on circulating nitric oxide levels (nitrate + nitrite) in anesthetized 

dogs at baseline, during compound infusion, and at the end of the post-treatment period.  B) Effect of 

Compound 12 in the presence of a constant infusion of L-NAME on systemic vascular resistance (SVR) 

and mean arterial pressure (MAP) in anesthetized dogs at the end of the 0.5, 1.5, and 5.0 mg/kg dose.   

Results suggest that Compound 12 elicited vasodilation and reductions in MAP independent of any 

effect on nitric oxide production and was not impacted by pre-treatment with L-NAME.   

Figure X. Effect of Compound 12 on the circulating ratio of T3/T4 as well as circulating endothelin 1 (ET-

1) and atrial natriuretic peptide (ANP) values in anesthetized dogs at baseline (BL), during compound 

infusion at 0.5, 1.5, and 5.0 mg/kg, and at the end of the post-treatment (PT) period.  Statistically-

significant values are denoted by an asterisk. 
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Figure XI. Vasodilatory effects of BIX02694 (�), Compound 12 (�), and Compound 16 (�) in isolated 

femoral (A) or aortic (B) rings from dog; values are shown as percent tension of phenylephrine pre-

contracted rings and corrected for minor changes in tension observed in the vehicle control group.  

BIX02694 and Compound 12 were tested from 0.01 to 10 μM and Compound 16 was tested from 0.03 to 

30 μM to match concentrations achieved in vivo.  Statistically-significant values are denoted by an open 

symbol.  The effect of 0, 10, 30, and 50 nM IbTX on vascular tension are shown in C (shown sequentially 

in individual bars for each concentration).  The vasodilatory effects of 10 μM BIX02694, Compound 12, 

and Compound 16 were also tested in the presence of 0, 10, 30, and 50 nM IbTX (also shown 

sequentially in C); the time-dependent effects of vehicle treatment are also detailed.  Statistically-

significant values are denoted by an asterisks vs. 0 nM IbTX.  The correlation between changes in 

systemic vascular resistance (SVR) from in vivo studies in dog during an escalating i.v. infusion and 

changes in tension in isolated aortic and femoral vascular rings also from dogs is shown for BIX02694 (D), 

Compound 12 (E), and Compound 16 (F) vs. plasma (Cp) or bath concentrations achieved; the effect of 

the vehicle control group was subtracted from values in the GPBAR1 agonist values at each 

concentration and effects at a concentration of zero, not able to be plotted on a log scale, were plotted 

at an x-value ½ log below the lowest concentration measured in the study to approximate a zero-

concentration on the curve.   
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Tables 

 

Table I.  EC50 and IC50 values in Three in vitro Efficacy Assays After Stimulation with GPBAR1 Agonists 

 cAMP EC
50

 (nM) TNFα IC
50

 (nM) IL12p40 IC
50 

(nM) 

Species (n) Human (4)  

cAMP 

Rat (4)  

cAMP 

Dog (2) 

cAMP 

Human (2) 

TNFα 

Human (2) 

IL12p40 

BIX02694 4 ± 0.5 4 ± 0.9 8 ± 1 275 ± 170 352 ± 206 

Compound 12 2 ± 0.5 92 ± 42 3 ± 0.7 339 ± 44 332 ± 103 

Compound 16 0.7 ± 0.1 20 ± 0 2 ± 0.4 231 ± 72 233 ± 23 
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Table II. Baseline Cardiovascular Values in Anesthetized Beagle Dogs 

 Vehicle Compound 12 Compound 16 BIX02694 

Group size (n) 6 5 5 5 

MAP               

(mmHg) 

122 ± 6 116 ± 4 120 ± 5 129 ± 2 

SVR       

(mmHg/L/min) 

103 ± 9 109 ± 7 93 ± 7 98 ± 5 

HR                 

(beats/min) 

125 ± 13 102 ± 9 132 ± 9 112 ± 11 

dP/dtmax  

(mmHg/sec) 

2342 ± 95 2052 ± 129 2379 ± 131 2453 ± 308 

dP/dtmin  

(mmHg/sec) 

3009 ± 136 2611 ± 162 2993 ± 117 3032 ± 192 

Cardiac Output 

(L/min) 

1.34 ± 0.06 1.07 ± 0.06* 1.25 ± 0.07 1.36 ± 0.07 

*p<0.05 vs. Vehicle controls, one-way ANOVA, Dunnett’s post-test. 
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