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Abstract 

 
Title of the dissertation: Novel human Constitutive Androstane Receptor Activators 

and their Effects on Hepatic Energy Homeostasis 

 

Author:   Caitlin Lynch, Ph.D Candidate, 2014 

 

Dissertation directed by: Hongbing Wang, Ph.D 

    Associate Professor 

    School of Pharmacy 

    University of Maryland, Baltimore, USA 

 

The constitutive androstane receptor (CAR, NR1I3) serves as a ligand-activated 

transcription factor transforming chemical stimuli into cellular responses by regulating 

the expression of its target genes. CAR is well-recognized as a key mediator affecting 

drug metabolism and transport in response to a broad range of xenobiotics. It is 

predominantly expressed in the liver and intestine; where it regulates the inductive 

expression of phase I and II drug metabolizing enzyme target genes such as cytochrome 

P450 (CYP) 2B6, CYP3A4, sulfotransferases, and glutathione s-transferases, and drug 

transporters such as multidrug resistance protein 1 and organic anion-transporting 

polypeptides. Recent animal studies revealed that CAR also influences gluconeogenesis, 

lipogenesis, and fatty acid synthesis, and potentially ameliorates diabetes and obesity. 

Thus, discovery of compounds activating or deactivating CAR offers a promising avenue 



 

 

for the prediction of induction-mediated drug-drug interactions and a potential 

therapeutic strategy for metabolic diseases. 

Strategies incorporating computational based virtual screening with biological 

approaches were employed to identify and validate novel human (h) CAR modulators. 

Luciferase reporter assays were performed by transfecting various hCAR expression and 

CYP2B6 reporter plasmids into HepG2 cells. A stable cell line expressing both CYP2B6 

luciferase and hCAR vectors was generated to identify novel hCAR activators and 

deactivators in a high-throughput manner. Human primary hepatocytes were utilized to 

explore the effects of CAR activation on target gene expression and hepatic energy 

homeostasis. 

Overall, this project revealed that a combined computational and biological 

approach is effective for identifying hCAR activators. The novel double stable cell line 

generated here offers a unique cell model in identification of both hCAR agonists and 

antagonists at high-throughput levels. The most distinctive finding obtained through this 

research however, was the species difference between hCAR and mouse (m) CAR energy 

metabolism. Activation of mCAR represses the expression of genes associated with 

gluconeogenesis, lipogenesis, and fatty acid synthesis, while activation of hCAR 

selectively inhibits gluconeogenesis without suppressing fatty acid synthesis. These 

findings warrant caution with respect to the interpretation and extrapolation of results 

obtained from animal models to humans. 
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Chapter 1: Overview and Objectives 

 

1.1 Orphan nuclear receptors 

Nuclear receptors (NRs) are ligand-dependent transcription factors that exert 

pivotal roles in nearly every facet of mammalian life. Encoded by a large gene 

superfamily, NRs play an important function in the regulation of transcription of target 

genes through interactions with associated co-activators and co-repressors [1, 2]. NRs 

have a diverse collection of ligands, including hormones, retinoids, and exogenous 

chemicals [2]. Once they are activated by ligands, NRs primarily act through binding to 

specific response element  sequences located upstream of their target genes [3].  

The orphan NRs were so-named because they were discovered before an 

endobiotic ligand was identified [1, 4]. Many of these receptors have newly discovered 

xenobiotic and endobiotic ligands, resulting in their classification as adopted orphan NRs 

[1]. They were also determined to have essential roles in homeostasis, development, and 

disease. Therefore, orphan NRs can be potential therapeutic targets for multiple disease 

states [5]. 

In order to efficiently recognize and bind to specific target genes, many orphan 

NRs first heterodimerize with the retinoid X receptor (RXR). RXR provides half of the 

sequences necessary for binding to a specific deoxyribonucleic acid (DNA) motif [2]. 

Often times, there are three prototypical types of response elements, found in the 

promoter regions of NR target gene sequences, including direct repeat (DR), indirect 

repeat (IR), and everted repeat (ER) of two half sites separated by a number of random 

nucleotides. For these orphan NR-RXR complexes, each half-site consists of the hexamer 
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AGGTCA [2, 6]. For example, in a DR3 motif, the sequence would consist of AGGTCA 

– 3 varying nucleotides – AGGTCA. After binding to the response element, NRs often 

attract co-regulators and other transcription factors through which initiation of gene 

transcription may be altered [7]. 

A typical orphan NR contains a basic backbone including two functional groups, 

a DNA binding domain (DBD) located at the N-terminus as well as a ligand binding 

domain (LBD) residing near the C-terminus, separated by a hinge region [1, 4]. The 

structure of the DBD is conserved throughout these NRs and is typically comprised of 

two DNA-binding zinc finger motifs [1]. One of the essential parts of the LBD is the 

activation function 2 (AF-2), which is partially responsible for the distinction between 

ligand-dependent co-regulator interaction [8, 9]. The conformation of activation helix 12 

(H12) in the LBD region of a NR, as well as AF-2, changes in the presence of various 

ligands resulting in the recruitment of specific co-repressors or co-activators [9-12]. 

Interestingly, when the AF-2 region of the constitutive androstane receptor (CAR) was 

removed, the binding of the co-repressor silencing mediator of retinoic acid and thyroid 

hormone receptor (SMRT) was enhanced in the presence and absence of the known 

inverse agonist, androstanol. This study represents the complexity and importance of the 

AF-2 region [9]. Some receptors also have a ligand-independent activation function (AF-

1) near the variable N-terminal side, residing next to the DBD [1]. As the N-terminal 

domain is the least conserved region in size and sequence, the function of AF-1 differs in 

each NR. The activity of AF-1 and AF-2 are necessary to attain full transcriptional ability  
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[7]. All of the factors mentioned here combine to assist with CAR binding to the correct 

co-regulators needed for each specific action. 

 

1.1.1 Drug-drug interactions mediated by NRs 

One of the important aspects of nuclear receptors is their ability to mediate drug-drug 

interactions (DDIs). NRs transcribe drug metabolizing enzymes (DMEs) and transporters. 

As a result, activating and/or deactivating NRs can result in a change in the activity of 

enzymes and transporters in the body. The most highly expressed cytochrome P450 

(CYP) in the liver is CYP3A4, which is primarily regulated by the pregnane X receptor 

(PXR). Activation of PXR will induce CYP3A4 transcription, enhancing the 

metabolizing potential of this DME [13, 14]. Another NR which has the ability to cause 

multiple DDIs is CAR. This is due to its transcriptional regulation of the differing DMEs, 

such as CYP2B6 (Figure 1.1) [15]. 

There are different mechanisms through which DDIs can occur. When an increase 

in the expression of a common DME causes another drug in the system to be metabolized 

more rapidly than expected, it usually results in a decreased therapeutic effect of the drug 

[1]. Additionally, if an enzyme or transporter is activated, there are multiple potential 

complications that can affect the activity and/or metabolism of any other drug inside the 

system. An example of one such complication is shown by the effect of oxycodone on 

hepatic concentrations of paclitaxel. When rats were pre-treated with oxycodone, the 

amount of paclitaxel – a substrate of the P-glycoprotein transporter – in the liver was 

significantly decreased [16]. This example shows how an increase in one  
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Figure 1.1. Drug–drug interactions due to the activation of CAR. CAR is an orphan 

nuclear receptor which regulates the expression of multiple drug metabolizing enzymes 

in the liver and intestine. In order to bind to DNA, CAR must first form a heterodimer 

with RXR. Drug A activates CAR inducing the expression of its target genes. This 

accelerates the metabolism of drug B, a substrate of a gene regulated by CAR. This figure 

was modified from ref (Willson and Kliewer, Nature Reviews: Drug Discovery) [14]. 

  

CYP2B6/

CYP3A4

CAR RXR

Target Genes



5 

 

transporter can cause a severe non-therapeutic effect of another drug, thereby 

necessitating a change in the therapeutic regimen. 

Another type of DDI occurs when a drug causes a decrease in the activity of a 

DME or transporter. Inhibiting the metabolism of other drugs can be toxic to the body. 

Illustrating this event, flavone was discovered to inhibit the CYP3A4-mediated triazolam 

metabolism in human liver microsomes [17]. Triazolam is a benzodiazepine generally 

administered for the treatment of insomnia. Inhibiting metabolism of this drug results in 

elevated concentrations remaining in circulation which could lead to toxic side effects 

[18]. Decreasing the dose of triazolam or substituting another drug in its place may be 

beneficial in combatting this toxicity, but further studies would need to be completed to 

evaluate the full effect of either method. Flavone may not only cause side-effect when 

administered alongside triazolam; other DDIs could also occur from co-treatment of 

flavone with any other drug metabolized by CYP3A4. Each drug would need to be 

further evaluated before safely combining it with any therapeutic regimen. 

In addition to the previously mentioned DDIs, there is another way in which 

metabolism can affect multiple compounds; drugs can be metabolized to a more toxic 

form. For instance, when phenobarbital (PB) and acetaminophen (APAP) are 

concomitantly administered, a severe reaction occurs. In a study performed by Zhang et 

al., CAR activation in mice caused an increase in the amount of N-acetyl-p-benzoquinone 

imine, the toxic reactive quinone form of APAP. The parent form of  APAP is 

therapeutically effective in patients, whereas the metabolized form causes toxicity [19]. 

Increasing the amount of toxic metabolite is yet another way in which DDIs can cause 

serious side effects.  All three of the aforementioned interactions can occur when multiple 
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drugs are administered simultaneously, in particular when some of the drugs are 

modulaters of NRs, such as PXR or CAR. 

 

1.1.2 CAR and PXR 

 CAR, predominantly expressed in the liver and intestine, is encoded by the 

NR1I3 gene and is an important xenobiotic receptor. While CAR has long been 

recognized for its role in drug metabolism, it has recently been shown to be involved in 

energy metabolism, cancer, and inflammation as well, which will be discussed further in 

sections 1.3 and 1.4 [20-22].  As CAR exhibits such versatility in its roles, the number of 

identified ligands and indirect activators has increased since its classification as an 

orphan NR. CAR is also known as having a promiscuous LBD, due to its broad range of 

ligand structures [23, 24]. 

Another orphan NR with a large ligand binding pocket is PXR [1, 24]. PXR is 

well-recognized for its involvement in metabolism, however, it has recently been 

demonstrated to be involved in additional disease states including cancer, inflammation, 

cholesterol metabolism, and bile acid transport [1, 25, 26]. This NR has a flexible loop in 

its LBD, which may adopt different conformations in response to ligands [27]. Because 

of this flexibility in the ligand binding pocket, PXR has the ability to bind to a multitude 

of ligands with low affinity, thereby increasing its potential to influence different 

therapeutic regimens. 

CAR and PXR are often referred to as sister receptors as they share many 

features. One of their commonalities is the homology in their ligand and DNA binding 

domains. A 66% sequence similarity in the DBD is present while also maintaining a 45% 
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shared sequence in the LBD [27]. It is interesting to note that although the sequences are 

similar, the conformation and orientation of the LBD of CAR and PXR are very different 

[28]. While PXR has a flexible loop in its ligand pocket, CAR has an intact helix which 

forms a wall to maintain the rigidity of the pocket [27]. The helices which contribute to 

ligand binding are different in CAR and PXR. This difference in dependent helices 

generates a different orientation in the ligand binding pocket, resulting in distinct binding 

for CAR and PXR [28]. 

Originally, PXR was found to regulate cytochrome P450 (CYP) 3As while CAR 

was shown to control CYP2B genes. However, it has recently been elucidated that CAR 

and PXR can each regulate both CYP3A and CYP2B genes [15, 29, 30]. This “cross- 

talk” phenomenon not only occurs with CYP3A and CYP2B genes, but also in a variety 

of other phase I, II, and III enzymes and transporters (Figure 1.2) [31]. These NRs have 

been revealed to cross-talk with other transcription factors as well, such as the liver X 

receptor (LXR) and forkhead box O1 (FOXO1), which will be further discussed in 

section 1.3 [32-34]. 

 

1.2 CAR in xenobiotic metabolism 

1.2.1 Function and identification of CAR target genes 

 In 1994, CAR was cloned for the first time and shown to have high basal activity 

without ligand binding [1, 35, 36]. This high constitutive activity in immortalized cell 

lines can be attributed to instantaneous accumulation of CAR in the nucleus [37]. Since 

CAR is no longer retained in the cytoplasm of the cell, and high amounts are present in 

the nucleus, activation studies in immortalized cell lines are difficult to observe. In order  
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Figure 1.2. Schematic illustration of the activation mechanisms and target genes of CAR 

and PXR. CAR can be activated by either direct (ligand binding) or indirect mechanisms, 

while activation of PXR is purely ligand dependent. CAR and PXR shared target genes 

are grouped in a red box, CAR-specific targets in a blue box, and PXR-specific targets in 

a purple box. This figure was acquired from ref. [31] with permission. 
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to overcome this limitation, the basal activity of CAR must first be inhibited before 

examination of potential CAR activators can occur [38]. 

Detoxification of potentially harmful xenobiotics and endobiotics, through 

regulation of drug metabolism, is currently the most well-known function of CAR in the 

body [39]. It was discovered that CAR binds to the phenobarbital responsive enhancer 

module (PBREM), found in the promoter region of human CYP2B6 and mouse Cyp2b10, 

along with the xenobiotic-responsive enhancer module (XREM), also found upstream of 

these genes’ transcriptional start site. Binding to these responsive elements in the 

promoter region enables CAR  to transactivate many different genes, which in turn results 

in the formation of proteins capable of metabolizing and/or transporting certain drugs and 

molecules in the body [30, 40, 41]. 

CAR regulates a number of metabolizing enzymes and transporters; however, one 

of its most important target genes is CYP2B6. The importance of CYP2B6 is evident, as 

it is a major drug metabolizing enzyme, contributing to about 3-12% of all drug 

metabolism [42]. Some examples of the broad types of drugs metabolized by CYP2B6 

are opioids, chemotherapeutics, anti-depressants, and anti-neoplastic agents [43].  In 

addition to CYP2B6, CAR is also involved in regulating many other enzymes and 

transporters encompassing all three phases of drug metabolism. Phase I enzymes 

regulated by CAR are found in each of the following classes: CYP1, CYP2, and CYP3. 

Many of the phase II enzymes are of the UDP glucuronosyltransferase and glutathione s-

transferase families, while the transporters most commonly associated with CAR are the 

multidrug resistance protein 1 and organic anion-transporting polypeptides [1, 22, 44]. 

 



10 

 

1.2.2 Species differences 

CAR ligand binding is shown to be species specific due to the diversity of its 

structure in different species. Even though its DBD is highly conserved throughout 

multiple species, the LBD is markedly different. In humans, the ligand binding domain is 

675 Å
3
 while its mouse counterpart is only 525 Å

3
. Since the ligand binding pocket in 

humans is larger than in the mouse, it allows for ligands to selectively bind to one species 

[36, 45]. A known human (h) CAR activator, 6-(4-chlorophenyl) imidazo[2. 1-b] 

[1,3]thiazole-5-carbaldehyde-O-(3,4-dichlorobenzyl)oxime (CITCO), does not activate 

mouse or rat CAR because the drug is too large to fit inside their smaller ligand binding 

pockets. Conversely, a selective mouse (m) CAR activator, 1,4-Bis-[2-(3,5-

dichloropyridyloxy)]benzene, 3,3′,5,5′-Tetrachloro-1,4-bis(pyridyloxy)benzene 

(TCPOBOP), does not activate hCAR [39, 46]. TCPOBOP comes in contact with the 

threonine at the 350 amino acid position when bound to the mouse LBD. In humans, the 

corresponding amino acid is methionine at the 340 position and this change from 

threonine to methionine does not allow TCPOBOP to bind [45]. 

 

1.2.3 Mechanism of activation 

1.2.3.1 Cytoplasmic retention of CAR 

 Without ligand interference, CAR is retained in the cytoplasm by a complex of 

co-chaperone proteins; among these proteins keeping CAR out of the nucleus, are heat 

shock protein 90 (hsp90) and the cytoplasmic CAR retention protein (CCRP) [36, 47]. 

CCRP recruits CAR to an already formed CCRP-hsp90 complex, which is essential in 

preventing CAR from translocating into the nucleus [48]. The CAR-hsp90 complex was 
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also discovered to recruit protein phosphatase (PP) 2A when the indirect CAR activator, 

PB, was introduced into the system. PP2A is known to dephosphorylate proteins, thereby 

providing the theory that CAR translocation is dependent on dephosphorylation [49, 50]. 

 

1.2.3.2 Nuclear translocation 

 Once CAR is dephosphorylated and translocated into the nucleus, it travels 

through a nuclear pore complex (NPC), made up of nucleoporins, to localize in the 

nucleus [51, 52]. Transporting through the NPC requires a nuclear localization signal 

(NLS), as well as the ras-related nuclear protein (RAN) GTPase system [53]. In a study 

performed by Kanno et al., rat CAR was found to have two NLS regions [54], and later it 

was identifyed that humans only have the second NLS region detected in rats [55]. In 

another study, CAR was also discovered to interact with importin 13, along with the 

RAN GTPase system to allow transport through the NPC [52]. CAR must pass through 

this system to allow for its next step of activation, heterodimerization and subsequent 

DNA binding. 

 

1.2.3.3 Heterodimerization and DNA binding 

 After its translocation into the nucleus, CAR heterodimerizes with another NR, 

the RXR, before it is able to bind to DNA [40]. Once CAR has dimerized with RXR, it is 

able to recruit other co-activators, which allows for binding of the complex to the 

response element of a target gene. Steroid co-activator 1, a major co-activator which 

binds directly to CAR, causes an increase in CAR’s activity throughout many different 

species and cell lines [56, 57]. The glucocorticoid receptor-interacting protein 1, was 



12 

 

identified to bind to the CAR-RXR heterodimer and subsequently increase the activation 

as well, through the use of glutathione S-transferase pull-down assays, affinity DNA 

binding, gel mobility shift analysis, and in-vivo assays [58]. Another CAR co-activator is 

the peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α); 

Shiraki et al. identified the RS domain and LXXLL motif in the N-terminus of PGC-1α to 

be necessary for CAR interaction and activation. An increase in luciferase activity was 

also discovered when CAR and PGC-1α were transfected into COS-7 cells [59].  

As previously mentioned, there are two main response elements which CAR can 

bind to, PBREM and XREM, which are found in the promoter regions of CYP2B6 and 

CYP3A4 [40, 60]. PBREM has two DR4 motifs which CAR and RXR are able to bind to, 

along with the other co-activators; whereas, XREM has a DR3 site, along with an ER6 

site, where the nuclear receptor and co-activator complex can bind to the DNA [60]. 

Nuclear receptors do not directly bind to these response elements once inside the 

nucleus; there are co-repressors which can bind to CAR, preventing the recruitment of 

RXR and co-activators. SMRT and nuclear receptor co-repressor are two co-repressors 

which bind to CAR inside the nucleus, prohibiting it from binding to the DNA response 

element [9]. A more recently understood interaction that occurs between dosage-sensitive 

sex reversal adrenal hypoplasia congenita critical region on the X chromosome, gene 1 

and CAR, causes repression of CAR activity, as well [61]. Therefore, it is evident, that 

binding of co-repressors and co-activators allow for the regulation of CARs involvement 

in gene expression, and thus metabolism. 
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1.2.3.4 Direct agonists of CAR 

 Many NRs use only a direct method of ligand binding for activation. CAR, 

however, has two primary pathways in which it can be activated: direct and indirect. Not 

only does CAR bind directly to a variety of cofactors, but it can also directly bind with 

ligands to begin its activation [36]. The most common and selective direct CAR activator, 

CITCO, was identified in a study carried out by Maglich et al., where they performed a 

fluorescence resonance energy transfer ligand-sensing assay to confirm direct ligand 

binding competition. The crystal structure of CAR was also obtained, with CITCO bound 

directly to the LBD. Once a ligand is bound, the new conformation of CAR disrupts its 

binding to the cytoplasmic retention proteins and allows for nuclear translocation [39]. 

The well-known mCAR activator, TCPOBOP, also causes translocation by directly 

binding to the nuclear receptor [22]. 

 Another type of agonist which binds directly to CAR is an inverse agonist; the 

binding of this category of ligand reverses the constitutive activity of CAR. One of the 

most well-known CAR inverse agonists is androstanol. Binding of this compound 

increases the recruitment of SMRT which represses CAR’s activity [9, 61]. Although 

CITCO and androstanol have opposite effects, they both operate in a similar manner, by 

binding directly to hCAR. 

 

1.2.3.5 Indirect activation 

 There are many ways in which CAR can be activated indirectly, or without direct 

ligand binding; because CAR is so unique, the exact details of its indirect activation are 

still a topic of interest being studied. The most well-known indirect activator of hCAR is 
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the barbiturate, PB [40, 47]. Since these activators do not bind directly, they act on other 

aspects of the CAR translocation pathway. Okadaic acid, an inhibitor of PP1 and PP2A, 

decreases the level of messenger ribonucleic acid (mRNA) expression of CYP2B genes, 

coinciding with the conclusion that dephosphorylation by PP1 and/or PP2A are necessary 

for translocating CAR into the nucleus [62]. With the knowledge that CAR requires 

dephosphorylation for its release from chaperone proteins, Mutoh et al. discovered the 

dephosphorylation to occur at the threonine 38 amino acid site, by employing HepG2 

cells, mouse liver, and threonine 38 mutants [63]. Recently, studies have been performed 

to determine PB’s interaction with the epidermal growth factor as antagonizing the 

induction of the epidermal growth factor receptor (EGFR). Decreasing activity of EGFR 

subsequently caused a decrease in phosphorylated receptor for activated C kinase 1 

(RACK-1). Dephosphorylated RACK-1 activates PP2A, which was stated previously to 

be the protein important for dephosphorylation of CAR. This study identified the 

complex pathway involved in activating CAR, through the indirect method of PB-

generated activation. This entire process requires multiple proteins, such as epidermal 

growth factor, EGFR, RACK-1, and PP2A as intermediate steps of activation [64]. 

 

1.3 CAR in energy metabolism 

1.3.1 Overall background of energy metabolism 

 CAR is not only involved in the well-understood xenobiotic metabolic pathway, 

but it has also recently been shown to play a role in modulating other pathways, such as 

energy metabolism, cell proliferation, and tumor development [22]. To be able to discuss 

in detail how CAR affects these different pathways, the background of each one needs to 
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be understood. Lipids play an important role in energy homeostasis and cellular biology 

while also acting as a main component of many organs in the body [33]. Transportation 

of lipids is an essential process the body must maintain in order to provide all organs with 

necessary components. Lipoproteins, which consist of phospholipids, triglycerides (TG), 

cholesterol esters, and apolipoproteins, carry out the role of transporting these elements to 

different organs throughout the body [65]. The two types of lipoprotein transport are 

forward and reverse. In forward transport, a TG-rich lipoprotein, very low-density 

lipoprotein (VLDL), is released by the liver and delivers fatty acids to muscles for 

consumption and adipocytes for storage [33, 34, 66]. After coming in contact with 

lipoprotein lipase, VLDL releases its TGs for storage or energy production. VLDL is then 

converted to low-density lipoprotein [65]. Being rich in cholesterol ester, low-density 

lipoprotein transports cholesterol to be used in the structure of cell membranes. The 

second kind of lipoprotein transport, reverse transport, involves high-density lipoproteins 

transporting cholesterol to the liver, a main organ in homeostasis, for the recycling or 

formation of bile acids [33]. 

 Many NRs, such as CAR, LXR, and peroxisome proliferator-activated receptors, 

have a major influence in regulating lipid homeostasis [34, 67, 68]. Sterol regulatory 

element-binding protein 1c (SREBP-1c) is a transcription factor which regulates lipid 

homeostasis. It controls several rate-limiting enzymes including stearoyl CoA desaturase-

1 (SCD-1), acetyl coenzyme A carboxylase (ACC), and fatty acid synthase (FAS) [69]. 

One of the main functions of hepatic lipogenesis is to convert extra energy found in the 

liver into fat. Abnormalities of this system are often closely associated with 

atherosclerosis, obesity, inflammation, and diabetes [65]. 
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1.3.2 Disease states involved with energy metabolism 

 Insulin is an important player in the regulation of the blood-glucose level in the 

body. Other regulators of blood-glucose levels include catecholamines, glucocorticoids, 

and glucagons [36]. One of the most common disease states associated with insulin, and 

subsequently energy metabolism, is diabetes mellitus, types 1, 2, and gestational. The 

first classification, type 1, is an autoimmune disease occurring inside the pancreas, 

characterized by the immune system destroying insulin secreting β-cells, inhibiting 

insulin production [70]. Type 2 diabetes is portrayed mainly by insulin resistance (IR) 

and high amounts of glucose in the blood [40]. For instance, in the fasting state, blood 

glucose and insulin levels become low; in a healthy patient, gluconeogenesis and 

glycogenolysis are switched on to supply endogenous glucose. Once the body is fed and 

exogenous glucose enters into the system, insulin is secreted from pancreatic β-cells 

causing a decrease in the glucose production. A person with type 2 diabetes still releases 

insulin in the postprandial state; however, the glucose production does not decrease 

causing hyperglycemia [40, 71]. Therefore, a therapeutic decrease in gluconeogenesis is 

the usual approach used with patients who suffer from type 2 diabetes [71, 72]. The third 

type of diabetes mentioned here is gestational diabetes. This category of diabetes is 

correlated with glucose intolerance and is first identified when the patient is pregnant. 

After pregnancy, it is normal for a patient to revert back to tolerating glucose normally, 

however, these women have a higher risk of developing type 2 diabetes at a later time 

[73]. Patients with diabetes often suffer from other conditions as well, such as 

cardiovascular diseases [74]. 
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 Obesity is another factor which is associated with a change in energy metabolism. 

The most common cause of obesity is an increase in diet alongside a decrease in physical 

exertion. However, it can also result from metabolic and genetic factors [75]. Frequently, 

obesity is connected with diabetes, atherosclerotic cardiovascular disease, fatty liver, 

sleep apnea, osteoarthritis, and cholesterol gallstones, among many other disease states 

[76]. There are two main methods of defining obesity, body mass index (BMI) and 

percent of total body fat. The classification ‘overweight’ is applied when the BMI is 25 – 

29 kg/m
2
, while a BMI of greater than or equal to 30 kg/m

2
 is considered obese. The 

alternative method of quantifying obesity is the percent of total body fat, which can be 

measured by skin-fold thickness, bioelectrical impedance, and underwater weighing. For 

males, 25% body fat or greater is obese, while for females the obese classification is 

given when the percent of total body fat is 35% or greater [75]. As obesity has many 

causes, it is difficult to distinguish one specific therapy for everyone. Therefore, 

identifying a drug which can abolish obesity behavior from the beginning of the pathway 

would be ideal.  

 

1.3.3 CAR’s involvement in energy homeostasis 

Glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase 

(PEPCK) are rate limiting factors in gluconeogenesis.  In rat and mouse studies, their 

levels were decreased when treated with PB and TCPOBOP, known CAR activators [1]. 

Metformin is a typical drug used in the therapy of diabetes, which decreases glucose 

levels in an adenosine monophosphate-activated protein kinase (AMPK) independent 

manner. Metformin has also been identified as an inducer of CYP2B6 expression. The 
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induction of CYP2B6 by PB, however, was decreased when AMPK was inhibited 

showing a possible pathway for the PB-induced activation of CAR. These studies 

indicate an interaction between AMPK, CYP2B6, and metformin. However, the full 

encompassing pathway is yet to be determined [1, 71, 77]. 

 In its unphosphorylated form, FOXO1 is found in the nucleus and binds to the 

insulin response sequence of G6Pase and PEPCK to stimulate their activation [36, 78]. 

Akt/protein kinase B phosphorylates FOXO1 excluding it from the nucleus and inhibiting 

it from binding to the gluconeogenic genes it regulates. Once in the cytoplasm, the 

ubiquitin proteasome pathway degrades FOXO1, rendering it inactive [78]. 

 Recently, it has been found that CAR is able to bind to FOXO1, disrupting  its 

interaction with G6Pase and PEPCK as well as other gluconeogenic regulators such as 

PGC-1α and cyclic adenosine monophosphate response element-binding protein. These 

interactions cause a change in the regulation of multiple gluconeogenic enzymes and 

transcription factors. Illustrating this, it has been shown that chronic PB treatment will 

improve the diabetes symptoms by increasing insulin sensitivity while decreasing plasma 

glucose levels [1, 36, 77]. 

 Hepatocyte nuclear factor 4-alpha is another NR which regulates energy 

homeostasis by increasing the expression of many genes involved in gluconeogenesis and 

lipogenesis. Miao et al. found that CAR competes with hepatocyte nuclear factor 4-alpha 

at its DNA binding site as well as its binding with other major co-activators, such as 

PGC-1α and glucocorticoid receptor-interacting protein 1 [79]. 

 Lipogenesis, another energy metabolism factor, can also be inhibited by mCAR 

activation. There are multiple theories on how this inhibition occurs. Zhai et al. showed a 
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link between CAR and LXRα, suggesting that CAR inhibits LXRα recruitment to the 

promoter region of Srebp-1c [68]. In mice, CAR has also been shown to induce Insig-1, 

another regulator of lipogenesis [67]. To become active, SREBP-1c binds with the 

SREBP cleavage activating protein which allows it to move from the endoplasmic 

reticulum into the Golgi for necessary proteolytic cleavage. The inactive form of SREBP-

1c is retained in the endoplasmic reticulum because of the binding of SREBP cleavage 

activating protein to Insig-1 [80]. Therefore, as expected, an increase in the expression of 

Insig-1 through activation of mCAR led to a decrease in the formation of active Srebp-1c 

showing yet another pathway through which mCAR activation inhibits lipogenesis [67]. 

 

1.3.4 Species differences in energy metabolism 

 The effect of CAR on energy metabolism has been extensively tested in rodents. 

When treated with TCPOBOP, the well-known mCAR activator, there was an increased 

brown adipose tissue energy expenditure, which has an active role in heat production, or 

thermogenesis. Activating CAR has also been shown to lead to adipocyte hypotrophy and 

a decrease in fat mass partially due to the promotion of peripheral fat mobilization in high 

fat diet-fed  mice [21]. Using obese (ob/ob) mice, it was found that mCAR activation 

provides a potential improvement in fatty liver disease by decreasing hepatic triglyceride 

levels and showing an improvement in fatty liver histology. These results were not 

present when using the double mutant ob/ob CAR
-/-

 mice, showing CAR’s involvement 

in the pathway [20]. These recent findings demonstrate how CAR activation in mice has 

the ability to improve multiple aspects of obesity. 
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Precursors of diabetes in mice have also been abolished when treated with an 

activator of mCAR. In Dong et al., ob/ob CAR-/- mice failed to decrease the protein 

expression of G6Pase or PEPCK when treated with TCPOBOP. However, the protein 

levels of these gluconeogenic enzymes were inhibited in the single mutated ob/ob mouse 

model due to mCAR activation [20]. The indication that CAR activation could ameliorate 

diabetes is ascertained in this experiment. However, further studies need to be performed 

to elucidate the value and exact pathway which CAR activation crosses diabetes. 

 

1.4 CAR in cancer 

1.4.1 Overall background 

 It is projected that in 2014 over 1.6 million people will be diagnosed with cancer. 

After heart disease, cancer is the second most common cause of death in the United 

States accounting for about one out of every 4 deaths [81]. Cancer is classified as an 

unrestrained growth of abnormal cells in the body, and can be caused by internal and 

external factors [81, 82]. Some external factors which are involved are tobacco use, 

radiation, chemicals, and infectious organisms; most of these can be prevented by staying 

away from these hazards and being vaccinated. The internal factors are less controllable 

and include immune conditions, hormones, and inherited and metabolic mutations. A few 

of these elements can also be prevented through healthy diet, exercise, and behavioral 

changes [81].  

 



21 

 

1.4.2 Involvement of CAR 

 In recent years, CAR has been recognized to have various roles in relation to 

different types of cancer. In rodents, CAR activation, by PB and TCPOBOP, has been 

shown to cause cancer in the nasal cavity and liver [82, 83]. However, the prodrug 

cyclophosphamide (CPA) is used in combination therapy to treat different types of 

cancer, such as leukemia and lymphoma. Activation of CAR increases the bioactivation 

of CPA through its preferential induction of CYP2B6, and not CYP3A4, which converts 

CPA to its toxic form [84]. As these data are contradictory, further evaluation is 

necessary to determine the most beneficial and safest path through which CAR may 

affect cancer. 

 CAR also has a very diverse role in arresting and promoting different types of 

cancer [22]. The known mCAR activator, TCPOBOP, was determined to increase cancer 

progression by inducing the mRNA of the growth arrest and DNA damage-inducible 45 

beta gene which is so-named because it is induced by growth arrest and DNA damage 

[85]. Huang et al. also showed evidence toward mCAR activation up-regulating mouse 

double minute 2 homolog expression which led to inhibition of p53-mediated apoptosis 

as well as an increase in DNA replication [86]. Yet another study examined the ability of 

PB to induce tubulin 8 mRNA which was subsequently linked to the up-regulation of 

mouse liver tumor promotion [87]. However, there have also been many recent studies 

which show that CAR activation can also act as an inhibitor of cancer. In a study done by 

Chakraborty et al., it was determined that brain tumor stem cell growth was inhibited 

when treated with CITCO [88]. Using a double-humanized CAR and PXR mouse model, 

hypertrophy, but not hyperplasia, was found concluding that CAR may not promote 
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tumors by inducing replication of DNA synthesis [89]. These studies show the 

importance of regulating cancer through changes in CAR expression and/or activation. 

 

1.4.3 Species differences in cancer 

 As previously stated rodent and human CAR are exhibit different behavior when 

it comes to the implications of modifying disease states. Hirose et al. used rat and human 

primary hepatocytes (HPH) to illustrate replicative DNA synthesis induction only 

occurred in the rat, and not human, hepatocytes indicating that activation of rat CAR 

promotes tumoriogenesis [90]. The information obtained by these results illustrates more 

differences between species and clarifies the need for future experimentation. 

 

1.5 In-vitro identification of CAR activators 

1.5.1 Splicing variants of CAR 

 As discussed earlier in this chapter, CAR has a high constitutive activity in 

immortalized cell lines which leads to complications in identifying human CAR 

activators using an in-vitro setting. Different splicing variants of CAR expressed 

concurrently in human liver have been discovered [91-93]. CAR3 is an important variant 

which contains a five amino acid insert, APYLT, inside the highly conserved LBD 

resulting in a decrease in constitutive activity. This occurs through a 15 nucleotide insert 

within intron 7 in the mRNA sequence [38, 92]. CAR3 was shown to have an identical 

ligand binding pocket with respect to CAR [94], and also requires ligand activation [92]. 

Chen et al. discovered the elimination of high basal activity of hCAR in immortalized 

cell lines, was acquired by the insertion of only alanine inside the LBD; the other four 
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amino acids in hCAR3 were not necessary for the decrease in activity. A new plasmid, 

hCAR1+1, was then generated by inserting alanine into hCAR1. This plasmid requires 

ligand activation to translocate into the nucleus. The hCAR1+A plasmid is a unique 

expression vector which is able to screen for hCAR activators in immortalized cell lines. 

When HepG2 cells were transfected with hCAR1+A, the CITCO-induced activation was 

much higher than that of hCAR3 CITCO activation. Therefore, this is an excellent 

resource to employ while identifying hCAR activators in an in-vitro system [38]. 

 

1.5.2 Nuclear translocation assay of hCAR 

 The first step of hCAR activation is its ligand activated translocation into the 

nucleus [95]. Identifying the occurrence of hCAR translocation is one way of 

determining the classification of a drug to be an activator. Li et al. developed a new 

technique containing pShuttle-CMV and enhanced yellow fluorescent protein (EYFP) -

tagged hCAR1 expression plasmids for visualization. An adenovirus was also used to 

generate the final product which was labeled as Ad/EYFP-hCAR. Once this EYFP-hCAR 

is infected into HPH, the cells are treated and assessed using a confocal microscope. The 

hCAR fluoresces inside the cells and its location can then be evaluated [96]. The hCAR3 

and hCAR1+A  proteins were also tagged with EYFP and acquired ligand-induced 

translocation using immortalized cell lines validating both the assay and usage of these 

hCAR variants in immortalized cells. The use of these two variants in immortalized cells 

allow for another technique to determine CAR translocation, and subsequent activation, 

in an in-vitro method [38]. 
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1.5.3 Virtual screening/modeling 

1.5.3.1 Importance of gaining the crystal structure 

 The identification of the crystal structure of a protein gives a unique opportunity 

to virtually screen a database full of compounds and identify potential ligands which fit 

inside the LBD. Comparison of the the crystal structure of CAR alone as well as bound to 

a modulator would allow for the detection of differences in folding between unbound and 

bound CAR to be elucidated and further evaluation of this nuclear receptor to be 

performed [11]. Interestingly, the CAR/RXR and CAR/CITCO crystal structures have a 

high degree of structural similarity, which led to the hypothesis that since the unbound 

CAR is similar to that of bound CAR, the ligands must only be necessary for 

translocation [28]. The availability of the crystal structure allows for further evaluation of 

the type of ligands which will fit into the LBD. 

 

1.5.3.2 Pharmacophore creation 

 Pharmacophore models are an approach to identify common structural features of 

a molecule that promote interactions with a specific protein target and are essential for 

biological activity [97, 98]. There are two main methods of pharmacophore generation: 

ligand-based pharmacophore modeling and receptor-based pharmacophore modeling. The 

ligand-based method compares different known ligands of a specific receptor and 

categorizes specific aspects which are similar throughout. This implicates each identified 

similar feature as necessary for binding and activation of their respective receptor. The 

receptor-based method models the LBD of the receptor, highlighting the functional 

groups required for binding in a 3D arrangement [97, 99]. Sohn et al. validated their 
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pharmacophore generations by detecting previously known activators. Novel compounds 

were then identified using the validated pharmacophores. Two of these molecules were 

determined to be potent agonists of the nuclear receptor of which the pharmacophore was 

based [99]. This shows a diverse array of utilization of pharmacophore modeling: 

screening compounds for similar functional groups as established activators/deactivators 

of a specific receptor as well as creating novel compounds which could potentially 

activate/deactivate that receptor. 

 

1.5.3.3 Docking 

 Another method of computational modeling is to virtually dock the ligand into the 

LBD and acquire a score evaluating the quality of the fit. The use of docking methods has 

been well-established as an acceptable technique to assess the binding capacity of a 

molecule to a nuclear receptor [100-102]. There are different docking scores which can 

be acquired. For instance, FlexX scores evaluate binding energy, while Surflex scores 

appraise the binding affinity. In these models, the LBD can be kept rigid while keeping 

the ligands flexible. Once these scores are attained, the molecules can be ranked in an 

order from most favorable interaction to least [101]. However, due to the flexibility of 

some NRs, it is prudent to combine docking methods with other computational modeling 

efforts so as to acquire the most accurate conclusions [101, 103]. 

 

1.5.3.4 Other modeling methods 

 There are many other techniques which can be employed in combination with 

these computational methods. One such method is the similarity search. This useful 
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approach compares and identifies compounds similar to those described in the 

computational model. This allows comparable compounds to be identified and evaluated 

for potential interactions [104]. Another method of computational modeling is evaluating 

the Bayesian model. This method offers the unique ability to introduce multiple 

constraints into the equation and allow for a more detailed description of anatomy and 

function as compared to other methods [105]. The creation of a quantitative structure-

activity relationship model can also be very useful when determining whether a certain 

prediction technique is accurate. The first 3D quantitative structure-activity relationship 

model was performed and helped to indicate key regions within the LBD which control 

the activity [11]. All of these methods allow for a large amount of virtual data to be 

generated. However, combining two or three of these techniques is ideal as it will yield 

more conclusive evidence which can then be further evaluated in biological assays. 

 

 1.6 Rationale and hypothesis 

Since CAR’s discovery in 1994, there have been many studies performed 

explaining its role in xenobiotic metabolism, regulation of energy homeostasis enzymes, 

as well as different interactions between co-treated drugs. However, as stated earlier in 

this chapter, CAR has a high constitutive activity when transfected into immortalized cell 

lines; it automatically accumulates in the nucleus and is therefore already activated, 

making it extremely difficult to further activate CAR and identify potential novel 

activators. Also discussed earlier in this chapter was CAR’s ability to “cross-talk” with 

PXR, creating a very complex intermingling of the regulatory path of their genes and 

transporters. Because of this occurrence, there have been very few drugs classified as 
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selective CAR activators or deactivators. One of the few selective CAR activators, 

TCPOBOP, only regulates mCAR and therefore is not used in humans. However, this 

drug helps to explore the effect which CAR activation will have on different pathways 

throughout the body. Due to mCAR’s role in energy homeostasis in mice, it is prudent to 

confirm the possible therapeutic effects and determine if the data can be correlated to 

humans.  

Overcoming these two barriers with respect to CAR could improve the knowledge 

about a multitude of drugs and disease states. As such, the hypothesis of this work is 

potent human CAR activators and deactivators can be identified through combined 

computational and biological approaches and also by utilizing a novel double stable 

cell line; and activation of hCAR affects energy metabolism by down-regulation of 

gluconeogenesis. To address this hypothesis and achieve our goal of identifying selective 

hCAR activators or deactivators, the following two methods were used in this evaluation: 

combined computational and biological approaches and a biological quantitative high-

throughput screening assay.  

 The role of hCAR activation on energy homeostasis was also studied. As 

previously mentioned, mCAR activation has resulted in the inhibition of diabetes and 

obesity. Due to the species selectivity I have described throughout this chapter, directly 

extrapolating mouse data to humans, without further investigation, is unwise. Therefore, 

this thesis also explores differences which occur relating to energy homeostasis, between 

mouse and humans by employing HPHs. The conclusions of this thesis will identify 

novel hCAR activators and deactivators, as well as determine an important species 

difference between mice and humans.  
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Chapter 2: Identification of Novel Activators of CAR by Applying 

Integrated Computational and Biological Approaches
+
 

 

2.1 Introduction 

The constitutive active/androstane receptor (CAR, NR1I3) has been established as 

one of the xenosensors that organize a cellular defense system against various 

environmental challenges by regulating hepatic genes associated with xenobiotic 

metabolism/detoxification and excretion, including phase I oxidation enzymes [e.g., 

cytochrome P450s (CYPs)], phase II conjugation enzymes (e.g., UDP-

glucuronosyltransferases), and phase III efflux transport proteins such as multidrug 

resistance proteins [23, 106]. Thus, clinically used drugs that activate CAR, such as 

phenobarbital (PB) and phenytoin are often associated with pharmacokinetics-related 

drug-drug interactions [107]. In addition to these well-documented roles, recent studies 

suggest that CAR also mediates various hepatic functions that control diverse 

physiological and pathophysiological processes, including fatty acid oxidation, 

gluconeogenesis, insulin signaling, cell apoptosis and proliferation, tumor development, 

as well as the biotransformation of endogenous bile acids, bilirubin and steroid hormones 

[21, 108, 109]. In these regards, CAR influences energy homeostasis through cross-talk 

with other hormone responsive regulators such as peroxisome proliferator activated 

receptor gamma coactivator 1 alpha and forkhead box O1, while promoting tumor 

progression by disturbing the expression and function of the growth arrest and DNA  

 

+
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45beta and murine double minute 2 genes [32, 86, 110]. Notably, most of these 

discoveries were derived from studies utilizing animal models. Given the significant 

species differences between human (h) CAR and its rodent counterparts, direct 

extrapolation of these conclusions from animal to man is risky. Therefore, a need for the 

identification of novel hCAR activators is evident.  

Consistent with its designated name, CAR is constitutively activated in 

immortalized cells prior to chemical activation. Moreover, CAR is characterized as a 

transcription factor that can be transactivated by both direct ligand binding and ligand-

independent indirect mechanisms [23]. These features of CAR make the identification of 

its activators extremely challenging, particularly towards a high-throughput format in-

vitro. As a result, only a limited number of CAR activators thus far have been reported in 

comparison to its sister receptor, pregnane X receptor (PXR), in which numerous 

agonistic drugs and environmental toxicants have been documented [111]. Conversely, in 

contrast to the observations in immortalized cells, CAR is primarily retained in the 

cytoplasm of primary hepatocytes without activation and translocates to the nucleus upon 

exposure to chemical activators [112]. Additionally, several laboratories including ours 

have established the hCAR splicing variant (hCAR3) and a hCAR chimerical construct 

(hCAR1+A) as chemical-responsive surrogates for hCAR with chemical specificities 

closely correlated with that of the reference hCAR [38, 92, 113]. 

Although the abovementioned aforementioned biological approaches may offer 

valuable avenues for the identification of hCAR activators in-vitro, these assays are low 

to media throughput thus far and are often unable to provide structure-activity insights for 

CAR activation. Conversely, virtual screening of chemical databases with integrated 
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docking and ligand-based structure-activity models has been approved to be effective in 

identifying new compounds as modulators of nuclear receptors [11, 101]. These 

combined models provide significant advantages over single algorithm methods since a 

priori knowledge of the ligand binding domain (LBD) can provide a scaffold for 

overlapping diverse structural elements frequently found in highly promiscuous proteins 

[114]. Accordingly, we built our computational screening models for hCAR activation 

based on the crystal structure of hCAR-LBD (Protein DataBank ID: 1XV9) [28], as well 

as several previously published hCAR modulators [11, 39, 115]. 

In this report, we tested the hypothesis that integration of newly generated 

computational models with biological approaches can efficiently identify and evaluate 

novel hCAR activators. Given that activation of CAR may affect energy homeostasis, 

cancer development, as well as metabolism-based drug-drug interactions (DDIs), 

identification of human CAR specific activators, in particular from drugs already on the 

market, is of both scientific and clinical significance. To this end, virtual screening of an 

FDA-approved drug database [the collaborative drug discovery (CDD) database 

(www.collaborativedrug.com, Berlingame, CA)] was performed with the generated 

pharmacophore models, as well as binding affinity to the crystal structure of hCAR-LBD. 

Nineteen retrieved compounds based on their pharmacophore and docking scores were 

subjected to further biological evaluations. Whereby seven drugs exhibit concentration-

dependent hCAR activation and induction of the prototypical hCAR target gene 

CYP2B6. Together, these results suggest our combinatory strategy is effective in the 

identification of novel hCAR activators from relatively large databases. 
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2.2 Materials and Methods 

2.2.1 Chemicals and biological reagents 

PB, 6-(4-chlorophenyl)imidazo [2,1-b][1,3] thiazole-5-carbaldehyde-O-(3,4-

dichlorobenzyl)oxime (CITCO), dimethyl sulfoxide (DMSO), and ketoconazole were 

obtained from Sigma-Aldrich (St. Louis, MO). Ondansetron was purchased from 

BIOMOL Research Laboratories (Plymouth Meeting, PA).  Glyburide, moexipril 

hydrochloride, and Telmisartan (TEL) were from AK Scientific, Inc. (Union City, CA). 

Tolnaftate (TOL) was acquired through Fisher Scientific (Pittsburgh, PA).  Ezetimibe, 

octicizer (OCT), and pantoprazole were purchased from Santa Cruz Biotechnology, Inc. 

(Santa Cruz, CA).  Amiodarone (AMI), indomethacin, metolazone, nefazodone (NEF), 

propafenone, raloxifene, ritonavir, verapamil, carvedilol (CAL), and nicardipine 

hydrochloride (NIC) were generously provided by Dr. James Polli (University of 

Maryland School of Pharmacy, Baltimore, MD). The Dual-Luciferase Reporter Assay 

System was obtained through Promega (Madison, WI).  β-actin antibody was acquired 

from Sigma-Aldrich. CYP2B6 and CYP3A4 antibodies were purchased from Millipore 

Co. (Billerica, MA). Matrigel, insulin, and insulin/transferrin/selenium were from BD 

Biosciences (Bedford, MA). All other cell culture reagents were purchased from 

Invitrogen (Carlsbad, CA) or Sigma-Aldrich. 

 

2.2.2 Pharmacophore generation 

Pharmacophore modeling is a ligand-based computational technique that 

characterizes the structural features of molecules interacting with the same protein target 

and defines the three-dimensional distance constraints between minimal numbers of 
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functional groups that can still interact with the protein. Such qualitative pharmacophore 

models can be used for classification between active or non-active compounds without 

considering activity. In this study, we used the “Common Feature” pharmacophore 

protocol (formerly named HIPHOP) within Catalyst™) embedded in Discovery Studio 

(DS) software suite (version 3.0; Accelrys; San Diego, CA) to generate a qualitative CAR 

pharmacophore based on 17 previously reported hCAR modulators (Table 2.1; Figure 

2.1). The 3D molecular structures of compounds were obtained from either PubChem 

Compound (http://www.ncbi.nlm.nih.gov/pccompound) or by being sketched and then 

energy minimized within the molecular modeling package SYBYL-X 1.2 (Tripos; St. 

Louis, MO). The stereochemistry of all chiral centers was thoroughly validated using 

published data of commercial products that are enantiomers or diastereoisomers. 

Hydrophobic, hydrophobic-aromatic, hydrogen bond acceptor and donor, and aromatic-

ring were features used for pharmacophore generation. The molecular conformations of 

training set compounds were generated by the FAST algorithm with a maximum 

conformer number of 255 [116]. CITCO and the compound number 17 in reference [11], 

namely CAR-17 in this paper, were defined as active model compounds, while other 

chemicals were moderately active compounds during common feature model generation.  

 

2.2.3 Preparation of CDD database structures 

 Collaborative Drug Discovery (CDD) database is a publicly available free-access 

database, containing 2815 FDA approved drugs selected from all approved drugs since 

1938 [117-119]. Structures in the initial CDD database were filtered and optimized into 

an updated database with 2196 drugs. Firstly hydrogen atoms were added and protonation 
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states were assigned with the program Molecular Operating Environment (MOE) 

(Chemical Computing Group Inc.). The structures were then converted into 3D in mol2 

format and assigned with Gasteiger empirical charges with MOE. After structural 

minimization with three optimization methods in succession, namely, Steepest Descent, 

Conjugate Gradient, and Truncated Newton, molecules were assigned atomic partial 

charges based on CM2 charge model at the semi-empirical quantum chemical AM1 level 

using the program AMSOL [120, 121]. Finally, the molecules were subjected to 

geometry optimization based on newly-calculated charges and MMFF94 force field with 

MOE [122]. Compounds with overlapping structures, those containing metals, and those 

with molecular weight above 1600 were removed, creating a library of 2196 compounds. 

The stereochemistry, tautomerization, ionization state and racemicmixtures remained the 

same as from the original database. To avoid complicating data interpretation, all racemic 

structures and structures containing ionized salt forms that were retrieved from the 

screening database were excluded from further biological experiments. 

 

2.2.4 Database screening with pharmacophore models 

 The Ligand Profiler protocol in DS 3.0 can be used for rapid screening of 

compounds in large-scale databases against multiple pharmacophores simultaneously. 

Here, drugs from the CDD database were screened against four generated pharmacophore 

models with the most favorable fitting scores. Their conformers were generated with the 

FAST algorithm and their fitting algorithm was RIGID [123]. The maximum number of 

features that were allowed to miss when mapping these ligands to the pharmacophore 

models was 1. 
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2.2.5 Docking of retrieved drugs to hCAR-LBD 

 The retrieved drugs obtained by virtual screening with pharmacophore models 

were docked to the crystal structure of hCAR-LBD (Protein DataBank ID: 1XV9) by 

docking algorithms FlexX (BioSolveIT, Sankt Augustin, Germany) and Surflex (Tripos, 

St. Louis, MO). For both docking programs, the protein was kept rigid while a ligand 

remained flexible during docking. Residues within 6.5 Å of a ligand were defined as the 

active site by FlexX. The maximum number of solutions per iteration and fragmentation 

was 500. The Surflex docking was based on alignment to a protomol indicating an ideal 

ligand comprising a cluster of molecular fragments featuring the binding pocket surface 

[124]. The maximum number of fragment conformations was 20 and the maximum 

number of poses per ligand was 20. 

 

2.2.6 Human primary hepatocytes 

Human liver tissues were obtained after surgical resection by qualified pathology 

staff after diagnostic criteria were met, with consent forms signed by all participant 

patients, and prior approval from the Institutional Review Board at the University of 

Maryland, School of Medicine was obtained. Human primary hepatocytes (HPHs) were 

isolated from human liver specimens by a modification of the two-step collagenase 

digestion method as described previously [125]. HPHs for the current studies were also 

obtained from Life Technologies Corporation (Durham, NC). Fresh HPHs were seeded at 

1.5×10
6
 or 3.75×10

5
 cells/well in 6-well and 24-well collagen coated plates, respectively. 

Hepatocytes were cultured for 36 h at 37°C before treatment with specified compounds 
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for another 24 or 72 h for detection of mRNA and protein expression, respectively. 

 

2.2.7 Real-time PCR analysis 

Total RNA was isolated from treated hepatocytes using the TRIzol® reagent and 

reverse transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems, 

Foster City, CA) following the manufacturers’ instruction. CYP2B6 mRNA expressions 

were normalized against that of GAPDH. Real-time PCR assays were performed in 96-

well optical plates on an ABI Prism 7000 Sequence Detection System with SYBR Green 

PCR Master Mix. Primers used for CYP2B6 and GAPDH mRNA expression were 

described previously [115]. Induction values were calculated using the equation: 

Fold=2
ΔΔCt

, where ΔCt represents the differences in cycle threshold numbers between 

CYP2B6 and GAPDH, and ΔΔCt represents the relative change in these differences 

between control and treatment groups. 

 

2.2.8 Transient transfection in HepG2 cells 

HepG2 cells in 24-well plates were co-transfected with the CYP2B6-2.2 kb 

reporter and hCAR1+A expression vectors as described previously [38, 41], using a 

Fugene 6 Transfection Kit (Roche Applied Science, Indianapolis, IN) following the 

manufacturer’s instruction. Eighteen hours after transfection, cells were treated for 

another 24 h with vehicle control (0.1% DMSO), CITCO (1 μM) or each of the 19 test 

compounds at concentration(s) as indicated in the Figures. Subsequently, cell lysates 

were assayed for firefly luciferase activities normalized against the activities of co-
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transfected renilla luciferase using a Dual-Luciferase Kit (Promega). Data were 

represented as mean ± SD of three individual transfections. 

 

2.2.9 Translocation of Ad/EYFP-hCAR in human primary hepatocytes   

Hepatocytes cultured in 24-well collagen-coated plates were infected with 5 μl of 

Ad/EYFP-hCAR for 12 h before treatment with the vehicle control (0.1% DMSO), PB (1 

mM), or selected compounds, AMI, TEL, NEF, TOL, CAL, NIC and OCT at indicated 

concentrations. Eight hours after treatment, hepatocytes were subjected to confocal 

microscopy analysis for the cellular localization of Ad/EYFP-hCAR. Quantitative 

distribution of hCAR was classified as cytosolic, nuclear, or mixed (nuclear + cytosolic); 

and 100 Ad/EYFP hCAR expressing hepatocytes were counted from each group. 

 

2.2.10 Western blot analysis 

Cell homogenate proteins (20 μg) from treated HPHs were resolved on SDS 

polyacrylamide gels and electrophoretically transferred onto Immobilon-P polyvinylidene 

difluoride membranes. Subsequently, membranes were incubated with specific antibody 

against CYP2B6 diluted 1:5000. β-Actin was used to normalize protein loadings. Blots 

were washed and incubated with horseradish peroxidase goat anti-rabbit IgG antibody 

diluted 1:5000, and developed using ECL Western blotting detection reagent 

(GEHealthcare, Chalfont St. Giles, UK). Densitometry was determined using the 

FluorChem SP Imaging System (Alpha Innotech, San Leandro, CA). 
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2.2.11 Statistical analysis 

Experimental data are presented as a mean of triplicate determinations ± S.D. 

unless otherwise noted. Statistical comparisons were made by one-way analysis of 

variance with post-hoc Dunnett’s analysis. The statistical significance was set at p values 

of <0.05 (*), <0.01 (**), or 0.001 (***). Emax and EC50 values for hCAR1+A activation 

were estimated using the Michaelis-Menten equation (GraphPad, Prism). The Pearson 

coefficient was applied to evaluate the correlation between hCAR1+A activation and 

CYP2B6 induction. 

 

2.3 Results 

2.3.1 Common feature pharmacophore generation 

Common feature pharmacophore models were generated with 17 known hCAR 

modulators (Table 2.1; Figure 2.1). The top four generated pharmacophore models, rank-

ordered according to their fit values with training set compounds, were used for virtual 

screening of the CDD database. Figure 2.2 illustrated the importance of the hydrophobic, 

hydrophobic-aromatic, hydrogen-bond acceptor, and ring-aromatic features in 

characterizing the pharmacophore models. The structure with best fit values to the 

pharmacophore models in Figure 2.2 a and c, is CITCO, and the one to the models in 

Figure 2.2 b and d, is CAR-17. 
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Table 2.1. Training set compounds that generated common feature pharmacophore 

models 

No. Name
a
 

(abbreviation)
 

Activity
b
 Reference 

1 CITCO
c 

EC50 = 49 

nM 

J. Bio. Chem. 2003. 278, 17277-17283 

2 Clotrimazole (CLZ) 4.34 J. Med. Chem. 2008, 51, 7181–7192 

3 PK11195
d 

deactivator Mol Pharmacol. 2008, 74:443–453 

4 
Triphenyl Phostphate 

(TPP) 

3.96 J. Med. Chem. 2008, 51, 7181–7192 

5 CAR-1 6.35 J. Med. Chem. 2008, 51, 7181–7192 

6 CAR-17 7.92 J. Med. Chem. 2008, 51, 7181–7192 

7 CAR-18 5.22 J. Med. Chem. 2008, 51, 7181–7192 

8 CAR-19 4.47 J. Med. Chem. 2008, 51, 7181–7192 

9 CAR-2 5.5 J. Med. Chem. 2008, 51, 7181–7192 

10 CAR-20 4.09 J. Med. Chem. 2008, 51, 7181–7192 

11 CAR-3 4.88 J. Med. Chem. 2008, 51, 7181–7192 

12 CAR-4 4.17 J. Med. Chem. 2008, 51, 7181–7192 

13 CAR-5 3.87 J. Med. Chem. 2008, 51, 7181–7192 

14 CAR-6 3.8 J. Med. Chem. 2008, 51, 7181–7192 

15 CAR-7 3.28 J. Med. Chem. 2008, 51, 7181–7192 

16 CAR-8 2.95 J. Med. Chem. 2008, 51, 7181–7192 

17 CAR-9 2.7 J. Med. Chem. 2008, 51, 7181–7192 

 

a: Compounds with names starting with “CAR” are from reference (Jyrkkarinne et al., 

2008). The number following “CAR” is the compound ID number shown in the paper.  

 

b: Except CITCO and PK11195, the values indicate increased folds over vehicle control 

of CAR activation at 10 µM of each compound. 

 

c: 6-(4-chlorophenyl)imidazo [2,1-b][1,3] thiazole-5-carbaldehyde-O-(3,4-

dichlorobenzyl)oxime (CITCO). 

 

d: 1-(2-chlorophenyl-N- methylpropyl)-3-isoquinolinecarboxamide (PK11195). 
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Figure 2.1. Chemical structures of training compounds. Seventeen known human CAR 

ligands extracted from literature were used as training compounds to generate the 

common features of pharmacophore model in this study. The chemical structures of these 

compounds were drawn using ChemDraw Ultra 10. 
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Figure 2.2. Common feature pharmacophore models generated with known hCAR 

modulators. The cyan, magenta, green, and orange spheres indicate hydrophobic, 

hydrophobic-aromatic, hydrogen-bond acceptor, and ring aromatic features. The 

structures in the figures are compounds that had the best fit values to the pharmacophore 

models. The drug in (a) and (c) is CITCO, and the one in (b) and (d) is CAR-17. 
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2.3.2 Selection of tested compounds 

There are 753 drugs in the CDD database which matched up to one or more 

pharmacophore models. These drugs have fit scores to a single pharmacophore model 

ranging from 0 to 1, with a higher value indicating a better match. One feature is allowed 

to be missed when ligands were mapped to the pharmacophore models. The number of 

compounds that matched a pharmacophore model can be decreased by reducing the 

number of missed features from one to zero, and by using a cutoff of fit scores. Drugs 

were ranked according to their pharmacophore scores which were the summation of fit 

values obtained by virtual screening based on the four pharmacophore models. One 

hundred and six drugs with pharmacophore scores above 2.86 (average fit value of 0.71) 

in the CDD database were docked to the active site of the hCAR-LBD. Nineteen drugs 

identified for testing with cell-based experiments were selected in terms of their 

pharmacophore and docking scores, their category diversity and their commercial 

availability (Table 2.2; Figure 2.3). Drugs with positive binding energy obtained by 

FlexX or low binding affinity (negative docking scores) by SurfleX were removed from 

testing list. 

 

2.3.3 Activation of hCAR in HepG2 cells 

The difficulty in the investigation of hCAR activation in-vitro has been 

substantially alleviated with the establishment of hCAR3 and hCAR1+A as the chemical 

responsive surrogates for the constitutively activated hCAR [38, 92]. In particular, 

hCAR1+A exhibits chemical-mediated activation superior to that of hCAR3 and 

demonstrates chemical specificities closely resembling that of the reference hCAR [38].   
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Table 2.2. Drugs tested with cell-based experiments 

No. ID Name CDD ID Activity
a
 

Pharmacophore 

score
b
 

FlexX 

score
c
 

Surflex 

score
d
 

1 AMI Amiodarone CDD-38 2.9524 3 -4.85 6.09 

2 GLY Glyburide CDD-308 1.2467 3.4 -9.5 6.46 

3 INM Indomethacin CDD-341 1.0042 2.68 -5.42 5.37 

4 KTZ Ketoconazole CDD_14714 1.2324 2.66 -20.8 5.65 

5 MET Metolazone CDD_440 1.5660 2.83 -10.6 5.2 

6 MOH Moexipril CDD-46909 0.9642 3.1 -13.5 4.46 

7 NEF Nefazodone CDD_475 3.4552 2.73 -1.83 6.71 

8 OND Ondansetron CDD_16308 1.4337 2.75 -14.1 5 

9 PF Propafenone CDD-579 1.3082 3.1 -15.56 7.82 

10 RAL Raloxifene CDD-598 1.0101 3.27 -18.38 4.33 

11 RTV Ritonavir CDD_42557 1.5391 3.43 -9.6 -8.81 

12 TEL Telmisartan CDD_46765 3.2181 3.23 x
e
 0.82 

13 TOL Tolnaftate CDD_1106 2.7919 2.64 -23.5 5.63 

14 VER Verapamil CDD_720 1.2075 2.59 -0.76 10.48 

15 CAL Carvedilol CDD-105 3.0171 3.37 -17.9 8.36 

16 EZE Ezetimibe CDD-47471 1.2209 3.12 -17.58 7.74 

17 NIC Nicardipine CDD-481 5.3983 3.36 -7.1 6.71 

18 OCT Octicizer CDD-46776 9.7892 3.51 x 9.52 

19 PAN Pantoprazole CDD-47188 1.4044 3.36 -18.32 6.28 

 

a: Values indicate increased folds over vehicle control of CAR activation at 10 µM of 

each compound. 
 

b: Pharmacophore score is the summation of fit values when a ligand is mapped to the 

four pharmacophore models. A fit value ranges between 0 and 1.  Value 1 indicates a 

complete match to a pharmacophore model. 
 

c: FlexX score is an indication of binding energy between protein and ligand.  The more 

negative the value, the more favorable the binding. 
 

d: Surflex score is an indication of -logKd.  A more positive the value shows a more 

favorable binding. 
 

e: Indicates a ligand fails to be docked into hCAR by FlexX. 
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Figure 2.3. Chemical structures of tested lead compounds. Nineteen lead compounds 

with optimal pharmacophore parameters from virtual screening of the FDA-approved 

drug data base were selected for biological assessment of CAR activation. The chemical 

structures of these compounds were drawn using ChemDraw Ultra 10. 
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To characterize the biological activity of potential hCAR ligands identified from virtual 

screening of the computational models, 19 lead compounds with optimal pharmacophore 

parameters were evaluated in HepG2 cells co-transfected with hCAR1+A expression 

vector and a CYP2B6 reporter construct (CYP2B6-2.2 kb) as described previously [41]. 

As demonstrated in Figure 2.4, initial validation of the 19 compounds at the 

concentration of 10 μM each intends to compare extents of activations relative to CITCO, 

the known positive control for hCAR1+A assays [38]. CITCO-mediated activation of 

hCAR1+A reached plateau at the concentration around 1 μM (Figure 2.5 b). Accordingly, 

treatment with CITCO at the concentration of 1 μM was used throughout experiments in 

the current study. In light of the suggested criteria in cell-based PXR reporter assays 

[126], five out of the 19 leads (AMI, NEF, CAL, TEL, and TOL) were categorized as 

moderate activators of hCAR achieving 15%–40% of CITCO-normalized hCAR 

activation; and two compounds (OCT and NIC) were classified as strong hCAR 

activators with more than 40% of CITCO-mediated activation (Figure 2.4). 

Subsequently, the seven compounds which fell in these benchmarks were 

subjected to concentration-dependent evaluation via hCAR1+A assays. Concentrations of 

each compound validation, AMI, NEF, and CAL demonstrated moderate hCAR 

activation where the maximal activation (Emax) values were justified based on preliminary 

cytotoxicity and solubility assays (Table 2.3). Consistent with the initial at 25.24%, 

37.41%, and 27.14% of CITCO activation, respectively (Figure 2.5 b-d), while the most 

potent activator OCT mediated hCAR activation (Emax = 110 exceeded that of CITCO, 

and NIC displayed an Emax of 43.08% (Figure 2.5 e and f). Notably, TEL and TOL 

exhibited lower cytotoxicity and increased hCAR activation at higher concentrations   
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Figure 2.4. Activation of hCAR in HepG2 cells. HepG2 cells were transfected with 

hCAR1+A expression and CYP2B6 reporter constructs, then treated for 24 hours with 

vehicle control (0.1% DMSO), positive control CITCO (1 µM), and test compounds at a 

dose of 10 µM each. The solid and dotted lines represent 40% and 15% of activation 

attained by CITCO (1 µM). Data represent mean ± SD (n = 3). *: P<0.05, **: P<0.01, 

***: P<0.001. 
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Table 2.3. Cytotoxicity of test compounds in HepG2 and human primary 

hepatocytes
a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a: Prototypical MTT assays were performed to determine the cytotoxicity of all 

compounds in HepG2 cells and the 7 selected compounds in human primary hepatocytes. 

 

b: > concentration refers to the highest concentration tested in the MTT assay not causing 

more than 50% cell death  

Compounds LC50 (µM) 

HepG2 Human Primary 

Hepatocytes 
Amiodarone 18 > 40

 b
 

Nefazodone 12 38 

Telmisartan 89 > 100
 b
 

Tolnaftate > 300
b
 > 100

 b
 

Carvedilol 14 40 

Nicardipine 31 > 75
 b
 

Octicizer 11 65 

Glyburide > 200
 b
  

Indomethacin 91  

Ketoconazole > 100
 b
  

Metolazone > 200
 b
  

Moexipril > 100
 b
  

Ondansetron > 250
 b
  

Propafenone 26  

Raloxifene 19  

Ritonavir 52  

Verapamil 35  

Ezetimibe 55  

Pantoprazole 200 
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Figure 2.5. Activation of hCAR in a dose-dependent manner. HepG2 cells were 

transfected with hCAR1+A expression and CYP2B6 reporter constructs, then treated for 

24 hours with vehicle control (0.1% DMSO), positive control CITCO (a), and test 

compounds in a concentration-dependent manner (b-h). The Emax and EC50 values of 

CITCO were based on multi-concentration treatment (B). Data represent mean ± SD (n = 

3).  
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achieving Emax values of 66.9% and 85.13% of CITCO response, respectively (Figure 2.5 

g and h). Together, these data indicate that our computer-based virtual screening 

approaches are effective in the identification of hCAR activators. 

 

2.3.4 Induction of CYP2B6 expression in human primary hepatocytes 

Although the nuclear receptor CAR controls the transcription of many hepatic 

genes, CYP2B6 symbolizes the most representative target gene of hCAR and is highly 

inducible upon the exposure of hCAR activators. To determine whether the predicted 

hCAR activators could induce the expression of endogenous CYP2B6 in a 

physiologically relevant in-vitro system, HPHs from four donors (HL-#32, -#33, -#35, 

and -#37) were treated with vehicle control (0.1% DMSO), CITCO (1 μM), or AMI, 

NEF, CAL, TEL, TOL, NIC, and OCT at indicated concentrations. As demonstrated in 

Figure 2.6 a, AMI, NEF, TEL, TOL, and CAL only marginally increased the mRNA 

expression of CYP2B6 at the concentration of 10 μM, while NIC and OCT resulted in 

strong induction at the same concentration. As expected CITCO showed robust induction 

of CYP2B6 gene expression. The relative CYP2B6 inducibility of all test compounds 

was normalized to that of CITCO; and ≥ 40% of CITCO induction was selected as the 

threshold for efficacious CYP2B6 inducers based partly on the similar criterion for 

CYP3A4 induction as recommended in the Drug Interaction Studies-Guidance for 

Industry [127]. Under the multi-dose treatment scheme, a clear concentration-dependent 

increase of CYP2B6 mRNA was observed for the majority of the test compounds (Figure 

2.6 b and c). At the concentration of 25 μM, NIC- and OCT-mediated induction of 

CYP2B6 reached 90% of CITCO induction in HL-#35. Whereas the maximal induction  
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Figure 2.6. Quantitative PCR Analysis of CYP2B6 mRNA induction. HPHs isolated 

from 4 donors (HL-#32, -#33, -#35, and -#37) were cultured in Williams’ E medium and 

treated with vehicle control (0.1% DMSO), CITCO (1 μM), and test compounds at 10 

μM each (a) or multiple concentrations (b and c) for 24 h. Real-time PCR was employed 

to detect CYP2B6 induction as described in Materials and Methods. CYP2B6 inducibility 

of each compound was normalized to that of CITCO. Correlation between hCAR1+A 

activation and CYP2B6 induction was depicted in (d). Data are expressed as mean ± SD 

(n=3). Dashed line indicates 40% of CITCO-mediated CYP2B6 induction. 
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of CYP2B6 resulted from all other test compounds didn’t attain 40% of CITCO 

induction.  

Homogenates prepared from HPHs treated with aforementioned test compounds 

at the same concentrations were subjected to immunoblotting analysis for CYP2B6 

protein expression. As demonstrated in Figure 2.7, NIC and OCT showed robust 

induction of CYP2B6 protein in a concentration dependent manner with the maximal 

induction challenging that of CITCO, while AMI, NEF, CAL, TEL, and TOL exhibited 

relatively moderate induction of CYP2B6 through multiple concentrations. Collectively, 

these observations demonstrate that the inductive expression of CYP2B6 gene at the 

mRNA and protein levels correlates well with each other, and the two potent hCAR1+A 

activators, OCT and NIC, also exhibit the strongest induction of CYP2B6 expression. 

Further statistical analysis of the current data revealed that the potency of hCAR1+A 

activation in cell-based reporter assays is highly correlated with the induction of CYP2B6 

mRNA and protein in HPHs with R
2
 values of 0.9790 and 0.8776, respectively (Figure 

2.6 d and 2.7 d). 

 

2.3.5 Nuclear Translocation of hCAR in Human Primary Hepatocytes 

CAR activation is a multi-step process with nuclear translocation as the important 

initial step [95]. In HPHs, CAR is primarily localized in the cytoplasm prior to activation 

and translocates to the nucleus only after exposure to hCAR modulators, which contrasts 

to the spontaneous nuclear accumulation observed in immortalized cells [112]. To further 

define the capacity of hCAR activation, compounds tested in hCAR1+A activation and 

CYP2B6 induction experiments, were subjected to a hCAR nuclear translocation   
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Figure 2.7. Induction of CYP2B6 protein in human primary hepatocytes. Cultured HPHs 

were treated with vehicle control (0.1% DMSO), CITCO (1 μM), and test compounds at 

10 μM each (a) or multiple concentrations (b) for 72 h. After harvesting, cell 

homogenates (20 μg/each) were subjected to CYP2B6 protein Immunoblotting analysis 

as described in Materials and Methods. Densitometry analysis was performed using 

FluorChem SP Imaging System (c). Correlation between hCAR1+A activation and 

induction of CYP2B6 protein was demonstrated in (d). 
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experiment in cultured HPHs infected with the Ad/EYFP-hCAR, which has demonstrated 

exceptional efficacy in transducing HPHs [96]. As outlined in Materials and Methods, 

transfected HPHs were treated with controls or test compounds for 8 h prior to confocal 

microscopy analysis. As expected, our results showed that without activation, over 90% 

Ad/EYFP-hCAR was expressed in the cytoplasm of infected hepatocytes, while 

approximately 90% Ad/EYFP-hCAR translocated to the nucleus after being treated with 

the prototypical CAR activator PB (1 mM) (Figure 2.8 and Table 2.4). In agreement with 

hCAR1+A and CYP2B6 induction data, treatment of HPHs with AMI, CAL, TEL and 

TOL resulted only in negligible to moderate nuclear translocation of Ad/EYFP-hCAR, 

whereas NIC and OCT were associated with approximately 80% and over 90% nuclear 

accumulation, respectively (Figure 2.8 and Table 2.4). Unexpectedly, HPHs treated with 

NEF, a moderate hCAR activator and weak CYP2B6 inducer, displayed robust and 

concentration dependent translocation of hCAR achieving 17%, 83%, and 93% nuclear 

distribution after the treatment at 1, 10, and 25 μM, respectively. Together, these results 

indicate that chemical-mediated hCAR nuclear accumulation is well correlated with 

hCAR1+A activation and CYP2B6 induction in general. 

 

2.3.6 Binding of OCT and NIC with the hCAR-LBD 

The interaction between the LBD of hCAR and the newly identified potent hCAR 

activators are demonstrated by docking program Surflex. Figure 2.9 shows that two 

compounds, OCT and NIC, are able to favorably bind to the LBD of hCAR. Through 

computer simulation, the crystal structure of hCAR-LBD was kept rigid and the two 

compounds were allowed to have some flexibility to be able to fit correctly into the LBD.  
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Figure 2.8. Nuclear translocation of hCAR in human primary hepatocytes. HPHs from 

donor (HL-#37, and -#38) were infected with Ad/EYFP-hCAR and then subjected to 

eight hours of treatment with vehicle control (0.1% DMSO), the positive control, PB (1 

mM), or each test compound at three indicated concentrations. Cellular localization of 

Ad/EYFP-hCAR was analyzed under confocal microscopy as outlined in Materials and 

Methods. Representative cellular distribution and chemical-mediated translocation were 

demonstrated. 
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Table 2.4. Cellular localization of Ad/EYFP hCAR in HPH (HL# 37 and HL#38) 

Treatment 

Cytosolic (%)
 

 

Nuclear (%) 

 

Mixed (%) 

 

Total (%)
a 

HL# 

37 

HL# 

38 

HL# 

37 

HL# 

38 

HL# 

37 

HL# 

38 

HL# 

37 

HL# 

38 

0.1% DMSO 92 93 
 

0 1 
 

8 6 
 

100 100 

PB 1 mM 1 1 
 

91 94 
 

8 5 
 

100 100 

            
AMI 1 µM 94 89 

 
1 4 

 
5 7 

 
100 100 

10 µM 93 89 
 

3 7 
 

4 4 
 

100 100 

20 µM 92 87 
 

1 8 
 

7 5 
 

100 100 

            
NEF 1 µM 75 77 

 
17 8 

 
8 15 

 
100 100 

10 µM 7 16 
 

83 80 
 

10 4 
 

100 100 

25 µM 2 5 
 

93 84 
 

5 11 
 

100 100 

            
TEL 10 µM 93 83 

 
2 6 

 
5 11 

 
100 100 

25 µM 85 85 
 

4 9 
 

11 6 
 

100 100 

50 µM 85 91 
 

5 5 
 

10 4 
 

100 100 

            
TOL 10 µM 93 86 

 
5 12 

 
2 2 

 
100 100 

25 µM 86 85 
 

12 14 
 

2 1 
 

100 100 

50 µM 56 16 
 

38 79 
 

6 5 
 

100 100 

            
NIC 1 µM 80 95 

 
13 4 

 
7 1 

 
100 100 

10 µM 32 21 
 

61 70 
 

7 9 
 

100 100 

25  µM 14 8 
 

76 89 
 

10 3 
 

100 100 

            
OCT 1 µM 1 5 

 
93 83 

 
6 12 

 
100 100 

10 µM 0 1 
 

93 91 
 

7 8 
 

100 100 

25 µM 0 0 
 

96 92 
 

4 8 
 

100 100 

            
CAL 1 µM 90 94 

 
3 3 

 
7 3 

 
100 100 

10 µM 85 87 
 

7 3 
 

8 10 
 

100 100 

25 µM 39 10 
 

54 86 
 

7 4 
 

100 100 

 

a: After treatment, one-hundred Ad/EYFP-hCAR expressing hepatocytes from donors 

(HL-#37, and -#38) were categorized into one of three groups: cytoplasmic, nuclear, or 

mixed (cytoplasmic + nuclear).  
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Figure 2.9. Docking of new hCAR activators to hCAR-LBD with Surflex. The ligands 

((a) OCT; (b) NIC) are represented with ball-and-stick, while the protein residues are 

shown with lines. The ligands interact with hCAR mostly by hydrophobic interaction, 

without obvious hydrogen bond formation. Residues L206, F217, F243, L242, Y326, 

F238, F234, F161, I164, F132, Y224, and T225 (names shown in yellow) that form a 

hydrophobic pocket in the binding site are colored by elements, with carbon, nitrogen and 

oxygen atoms in green, blue, and red, respectively. The corresponding atoms in ligands 

are colored with cyan, blue, and red. Other residues belonging to the binding site are in 

grey.  
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Unlike PXR ligands that may interact with different sites in its large binding pocket [101, 

128], both compounds overlap in the same area having contacts with a hydrophobic 

pocket bounded by L206, F217, F243, L242, Y326, F238, F234, F161, I164, F132, Y224, 

and T225. Although neither compound has specific hydrogen bond with the receptor, the 

CH3OC(O) group of NIC does have electrostatic interaction with residue H203. The 

binding modes are similar to that between hCAR and ligand CITCO or 5β-pregnanedione 

suggested by Xu et al. [28], where a ligand interacts with hCAR mostly by hydrophobic 

contacts, with or without obvious hydrogen bond or electrostatic interaction. The 

suggested binding modes between hCAR and its ligands can be helpful for future design 

of hCAR modulators by structure based lead compound optimization. 

 

2.4 Discussion 

Mounting evidence indicates that CAR plays pivotal roles in the regulation of 

various liver functions from xenobiotic defense to endocrine homeostasis, and can serve 

as a predictive biomarker for metabolism-associated attenuated drug efficacy, or 

increased toxicity, and as a potential therapeutic target for metabolic disorders [20, 21]. 

Thus, there is an escalating need for efficient screening of hCAR activators at the earliest 

stages of drug development as well as among drugs on the market. In the present study, 

we have demonstrated that a combined approach strategically integrating computational 

methods and biological experiments is effective in the identification of novel hCAR 

activators from marketed drugs.  

The CDD drug database, containing over 2000 FDA approved drugs, was 

screened initially with four pharmacophore models generated using 17 training 
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compounds recently reported as hCAR modulators such as CITCO. Drugs with favorable 

pharmacophore scores in the screening were subsequently docked to the active site of the 

hCAR-LBD with FlexX and Surflex. The selection of drugs for biological evaluation was 

based on their pharmacophore and docking scores, market availability, and structural 

diversity. To date, a number of computational models built upon the crystal structures of 

PXR-, VDR-, and hCAR-LBD, as well as ligand based pharmacophores have been 

applied to characterize the molecular interaction between hCAR and its modulators [11, 

129]. However, to our knowledge, this study represents the first to explore a large set of 

commercial FDA-approved drugs for hCAR activation and CYP2B6 induction by 

integrated computational and biological approaches.  

Structure- and ligand-based pharmacophore models are rapid and effective 

approaches for the discovery of new lead compounds as potential hCAR ligands. 

Nevertheless, outstanding issues associated with this strategy include the limitation in 

distinguishing agonists from antagonists and non-activators. Determination of the 

physiological roles of lead compounds from computational models relies ultimately on 

their biological CAR activation and target gene modulation. Notably, unlike most nuclear 

receptors, CAR exhibits unique subcellular distribution and activation patterns in that 

CAR is constitutively activated in immortalized cells independent of chemical activation 

[23]. As a result, no pharmaceutical company at present has an assay available to monitor 

the activation of CAR in-vitro on a routine basis [126]. Intriguingly, several lines of 

evidence indicate that a number of hCAR splicing variants such as hCAR2 and hCAR3, 

converts the constitutive nature of CAR to chemical-responsive in immortalized cells [92, 

130]. Moreover, an hCAR3-based chimeric mutant, hCAR1+A, was established in this 
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laboratory as a robust chemical-responsive surrogate of the reference hCAR [38]. In the 

current study, nineteen drugs with optimal pharmacophore and docking parameters were 

validated in cell-based hCAR1+A assays, where seven of which significantly enhanced 

the transactivation of hCAR1+A over that of vehicle control (Figure 2.2 a). At present, 

there is no established criterion to rank order hCAR activators and their clinical DDI 

potentials. In contrast, criteria defining the transactivation of hPXR, the closest nuclear 

receptor member of hCAR, has been purported by previous reports [126, 131], in which 

chemical-mediated activation responses were normalized to that of rifampicin (10 μM), 

where >40% for high potential, between 15 and 40% for moderate potential, and <15% 

for low potential. Although arbitrary, we have adopted this threshold in categorizing 

hCAR1+A activators, by which OCT and NIC were predicted as potent activators while 

AMI, NEF, TEL, OCT, and CAL were seen as moderate modulators.  

Transcriptional up-regulation of CYP2B6 gene expression in the liver represents a 

hallmark of hCAR activation. To date, accumulated evidence indicates that cross-talk 

between CAR and PXR leads to the transactivation of many shared target genes including 

CYP2Bs and CYP3As. In human, however, asymmetrical cross-regulation of CYP2B6 

and CYP3A4 by hCAR but not hPXR was reported; hCAR exhibited preferential 

induction of CYP2B6 over CYP3A4 [132]. In the current investigation, seven suspected 

hCAR activators identified from cell-based reporter assays were further evaluated for 

their inducibility of CYP2B6 expression in HPHs. It is noteworthy that similar to that of 

hCAR1+A assays, OCT and NIC displayed the most potent induction of CYP2B6 at both 

mRNA and protein levels; and the other five moderate hCAR1+A activators exhibited 

concentration dependent but only moderate CYP2B6 induction. Previously, we have 
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reported that activation of CAR1+A is closely correlated with that of the reference hCAR 

[38]. The current findings further reveal that the hCAR1+A assay appears to be able to 

quantitatively predict hCAR activators in their capacity of target gene induction.  

In contrast to the spontaneous nuclear localization of CAR in immortalized cells, 

CAR is primarily compartmented in the cytoplasm of primary hepatocytes and intact liver 

in-vivo prior to activation; and often chemical-mediated nuclear translocation alone is 

sufficient to confer CAR activation. Although the exact molecular mechanisms behind 

this process remain unclear, particularly direct and indirect activators of CAR may rely 

upon different mechanisms, chemical-mediated nuclear translocation of hCAR in HPHs 

can be used as an alternative model to identify physiologically relevant hCAR activators. 

Recent results from our laboratory demonstrated that an adenovirus construct expressing 

enhanced yellow fluorescent protein tagged hCAR (Ad/EYFP-hCAR) infects HPHs with 

high efficiency and displays the cellular localization and chemical-stimulated 

translocation of hCAR in a physiologically relevant manner [96]. Utilizing this system, 

we showed that OCT and NIC significantly translocated hCAR from the cytoplasm to the 

nucleus in HPHs, while AMI, TEL, CAL, and TOL only resulted in moderate but 

concentration dependent nuclear accumulation. These observations are in agreement with 

the results from hCAR1+A activation and CYP2B6 induction assays, supporting the rank 

order of these novel hCAR activators in general. Interestingly, we observed that NEF 

treatment elicited marked nuclear accumulation of hCAR in HPHs but only exhibited 

relatively moderate hCAR1+A activation and CYP2B6 induction. Although we cannot 

entirely explain this observed discrepancy, it’s not surprising that different assay formats 

may produce discrepant results that warrant interrogation when multi-endpoint data are 
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interpreted. Future in-vitro to in-vivo correlations will reveal the most important changes 

and dominant pathways controlling CAR activation. 

 

2.5 Conclusion 

In summary, this study reveals that integration of structure and ligand-based 

computational models with biological experiments is effective in the identification and 

evaluation of novel hCAR activators. Importantly, our results revealed that chemical-

mediated activations of hCAR1+A in-vitro are quantitatively associated with induction of 

endogenous CYP2B6 by the same panel of xenobiotics. Forty percent of CITCO response 

in hCAR1+A assays appears to be a reasonable cut-off threshold for initial categorizing 

of efficacious hCAR activators, and may serve as a preliminary criterion in evaluating 

hCAR activation in-vitro. OCT, the most potent hCAR activator according to our 

investigation, is used commonly as a flame retarding plasticizer and periodically as a 

pharmaceutical aid. The current realization of OCT as a potent hCAR activator and 

CYP2B6 inducer warrants further toxicological assessment. Notably, the optimal 

occupancy of the hCAR-LBD by OCT and NIC will facilitate retuning of our generated 

models in assisting future virtual screening for hCAR activators. In the meantime, we do 

realize that our current models cannot be applied to identify indirect CAR activators, 

which exhibit their activities through less defined signaling pathways. Whereas, in the 

absence of other suitable in-vitro models, the current strategy that combines the 

computational models and biological approaches may offer powerful tools for 

identification of hCAR activators in a relatively high-throughput manner. 



61 

 

Chapter 3: Activation of the CAR Inhibits Gluconeogenesis without 

Affecting Lipogenesis or Fatty Acid Synthesis in Human Hepatocytes 

 

3.1 Introduction 

Xenobiotic receptors, such as the constitutive androstane receptor (CAR, NR1I3), 

are responsible for both controlling the expression of genes associated with all phases of 

drug metabolism and transport, as well as defense against stress caused by xenobiotics. 

CAR is most notably known as the transcriptional regulator for a number of drug-

metabolizing enzymes, such as cytochrome P450 (CYP) 2B6 and CYP3A4, UDP 

glucuronosyltransferase 1A1 and sulfotransferase 2A1, as well as drug transporters 

including organic anion transporting polypeptide 2 and multidrug resistance protein 1 

[31, 106, 133]. Collectively, up-regulation of these metabolizing enzymes and membrane 

transport proteins, not only alters the clearance of xenobiotic compounds, such as 

prescription drugs and environmental chemicals, but also influences the excretion of 

endobiotic metabolites such as bilirubin and bile acids [134, 135]. As such, activation of 

CAR may represent a precursor for potential drug-drug interactions by accelerating the 

metabolism of co-administered medications, often leading to decreased therapeutic 

efficacy or enhanced toxicity [44]. In addition to these well-established roles of CAR in 

xenobiotic metabolism and clearance, accumulating evidence reveals that CAR has also 

emerged as a coordinate factor that modulates diverse liver functions under physiological 

and pathophysiological conditions including energy homeostasis, insulin signaling, cell 

proliferation and apoptosis, inflammation, and tumor development [86, 109, 136, 137]. A 

need for further understanding the endobiotic roles of CAR is evident. 
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Hepatic energy homeostasis is maintained by comprehensive physiological 

mechanisms that balance the formation and oxidation of lipids, fatty acids, and glucose in 

the liver. The correlation between CAR activation and energy metabolism was initially 

observed by Negishi and colleagues in comparison of the global gene expression profiles 

between wild-type and CAR knockout mice. Notably, other than the induction of typical 

drug-metabolizing enzymes and transporters, treatment with phenobarbital (PB), a 

prototypical CAR activator, profoundly repressed the expression of a group of genes 

associated with energy metabolism in a CAR-dependent manner [138]. Subsequent 

studies revealed that through cross-talk with forkhead box O1 or peroxisome proliferator 

activated receptor γ-coactivator 1α, activation of CAR leads to attenuated 

gluconeogenesis or increased energy expenditure in mouse liver [32]. Activation of CAR 

also compromised the liver X receptor interaction with the promoter region of the sterol 

regulatory element binding protein 1 (SREBP-1), a master lipogenic regulator [68]. 

Under high fat diet challenge or in leptin-deficient (ob/ob) mice, activation of CAR 

significantly ameliorated hyperglycemia and improved insulin sensitivity, while such 

beneficial effects were absent in CAR knockout mice [20, 136]. On the other hand, CAR-

null mice appear to be defective in fasting adaptation and exhibit greater weight lose 

under calorie restriction [108]. It is noteworthy that current conception regarding the role 

of CAR in energy metabolism was drawn predominantly from studies using either animal 

models in-vivo or cultured cells with ectopic expression of mouse (m) CAR. Although 

human (h) CAR and its rodent counterparts share several common characteristics, 

significant species differences between these receptors exist. For instance, 6-(4-

chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehydeO-(3,4-dichlorobenzyl)oxime 
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(CITCO), the selective hCAR activator cannot bind or activate mCAR [39], while 1,4-

bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), the most potent mCAR agonist, 

does not activate hCAR [46]. Moreover, while activation of mCAR was essential for 

TCPOBOP- and PB-mediated tumor promotion in mice, activation of hCAR by CITCO 

appears to be associated with cell cycle arrest and enhanced apoptosis in human brain 

tumor stem cells [88, 109]. As such, direct extrapolation of conclusions drawn from 

animal models to humans is unsafe. The role of hCAR in energy homeostasis is yet to be 

elucidated. 

Recent studies have demonstrated that docking and pharmacophore-based virtual 

screening of chemical databases combined with cell-based biological assays are effective 

in identifying new compounds as modulators of nuclear receptors including hCAR [98, 

101]. Utilizing this combined approach, here, we have retrieved 144 compounds as 

potential hCAR activators by virtual screening of the Specs database (www.specs.net) 

based on their structure-activity features. Of the 144 lead compounds, ten hCAR 

activators that exhibited equal or greater potency than that of CITCO were identified by 

cell-based luciferase assays. Subsequently, the role of hCAR in hepatic energy 

metabolism was evaluated in cultured human primary hepatocytes (HPH) using CITCO 

and a number of newly identified hCAR activators. Importantly, we have uncovered a 

significant species difference between the effects of hCAR and mCAR on energy 

homeostasis. Unlike mCAR, activation of hCAR selectively inhibits hepatic 

gluconeogenesis by repressing the expression of glucose-6-phosphatase (G6Pase) and 

phosphoenolpyruvate carboxykinase (PEPCK) without significantly affecting lipogenesis 

or the synthesis of fatty acids. 
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3.2 Materials and Methods 

3.2.1 Materials 

PB and CITCO were obtained from Sigma-Aldrich (St. Louis, MO). All 144 

compounds (designated as UM50-200) were obtained from Specs (Delft, The 

Netherlands). The Dual-Luciferase Reporter Assay System was purchased through 

Promega (Madison, WI).  Antibodies against CYP2B6, PEPCK, G6Pase, fatty acid 

synthase (FAS), and SREBP-1c were purchased from Santa Cruz (Dallas, TX). The 

acetyl-coA carboxylase 1 (ACC-α) and stearoyl-coA desaturase-1 (SCD-1) antibodies 

were acquired from Cell Signaling (Danvers, MA). β-actin antibody was from Sigma-

Aldrich. Matrigel, insulin, and ITS+ (insulin/transferrin/selenium) were from BD 

Biosciences (Bedford, MA). The glucose and triglyceride assay kits were from Sigma-

Aldrich. All other cell culture reagents were purchased from Life Technologies (Grand 

Island, NY) or Sigma-Aldrich. 

 

3.2.2 Computational Modeling 

The pharmacophore model of hCAR was generated as described previously [98]. 

In brief, the pharmacophore protocol embedded in Discovery Studio (DS) software suite 

(version 3.0; Accelrys; San Diego, CA) was used to generate a qualitative CAR 

pharmacophore based on 17 previously reported hCAR modulators. A Bayesian model 

was generated based on 26-reported hCAR modulators and non-modulators (Table 3.1) 

with protocols similar to previous publications [101, 139]. The model was generated with  
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Table 3.1. Training set of Bayesian model generation 

 ID name Activator/ 

nonactivator 

Bayesian 

score 

reference 

1 CAR-19  1
 a
 18.0722 J. Med. Chem. 2008, 51: 7181–7192 

2 CAR-1  1 17.4898 J. Med. Chem. 2008, 51: 7181–7192 

3 CAR-20  1 17.264 J. Med. Chem. 2008, 51: 7181–7194 

4 CAR-17  1 16.414 J. Med. Chem. 2008, 51: 7181–7195 

5 CAR-18  1 14.4996 J. Med. Chem. 2008, 51: 7181–7196 

6 CAR-9  1 14.4212 J. Med. Chem. 2008, 51: 7181–7197 

7 CAR-4  1 13.8705 J. Med. Chem. 2008, 51: 7181–7198 

8 CAR-6  1 13.8341 J. Med. Chem. 2008, 51: 7181–7199 

9 CAR-7  1 13.7448 J. Med. Chem. 2008, 51: 7181–7200 

10 CAR-2  1 13.5907 J. Med. Chem. 2008, 51: 7181–7201 

11 CITCO  1 12.8145 J Biol Chem. 2003. 278(19):17277-83 

12 CAR-3  1 12.2053 J. Med. Chem. 2008, 51: 7181–7192 

13 CAR-5  1 11.75 J. Med. Chem. 2008, 51: 7181–7193 

14 CAR-8  1 11.454 J. Med. Chem. 2008, 51: 7181–7194 

15 clotrimazole  1 11.2454 J. Biol. Chem. 2000, 275: 15122–15127  

Mol. Pharmacol.2002, 62: 366–378  

J. Cell. Biochem. 2002, 85: 72–82 

16 TPP  1 10.6717 J. Biol. Chem. 2005, 280, 5960–5971 

17 CDD-46776 Octicizer 1 5.36337 Pharm. Res. 2013, 30:489-501 

18 CDD-481 Nicardipine 1 3.35038 Pharm. Res. 2013, 30:489-501 

19 CDD-579 Propafenone 0 -29.5655 Pharm. Res. 2013, 30:489-501 

20 CDD-341 Indomethacin 0 -29.7292 Pharm. Res. 2013, 30:489-501 

21 CDD-47471 Ezetimibe 0 -37.2831 Pharm. Res. 2013, 30:489-501 

22 CDD-720 Verapamil 0 -39.5727 Pharm. Res. 2013, 30:489-501 

23 CDD-46909 Moexipril 0 -46.9331 Pharm. Res. 2013, 30:489-501 

24 CDD-308 Glyburide 0 -47.7948 Pharm. Res. 2013, 30:489-501 

25 CDD_14714 ketoconazole 0 -48.8095 Pharm. Res. 2013, 30:489-501 

26 CDD-598 Raloxifene 0 -54.2205 Pharm. Res. 2013, 30:489-501 

 

a: “1” indicates activator, and “0” indicates nonactivator. 
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70 physicochemical and structural descriptors including fingerprint ECFP-6 by using the 

“Create Bayesian Model” protocol embedded in DS 3.0 [140]. The crystal structure of 

hCAR-ligand binding domain (LBD) (Protein DataBank ID: 1XV9) was used for flexible 

docking of ligands using the extensively validated algorithm Surflex (Tripos, St. Louis, 

MO). Protein atoms were kept rigid during the initial docking; however, flexible docking 

was performed to further narrow down the retrieved compounds as described previously 

[98]. In addition, compounds with structural similarity to the known hCAR modulators 

CITCO and PK11195 were retrieved using the “Find Similar Molecules by Fingerprints” 

protocol in the library analysis module of DS 3.0. The MDL public keys and long range 

extended class fingerprint description 6 keys (referred to as ‘ECFP_6’) were used 

separately with the Tanimoto similarity coefficient and an input query molecule 

representing the target compound of the assay [115, 141]. It should be noted that MDL 

public keys and ECFP_6 do not recognize differences between racemic mixtures and 

stereoisomers. 

 

3.2.3 Virtual screening of Specs compounds  

Approximately 30,000 compounds from the Specs database were initially 

screened based on pharmacophore and Bayesian models of hCAR modulators, and 

docking and similarity searches followed by further focusing with flexible docking, 

clustering, and molecular property analysis, including LogP and number of rotatable  

bonds. Retrieved hits were also filtered by our previously published model of PXR to 

exclude potential PXR activators [101]. Bayesian-based screening was via the “Calculate 

Molecular Properties” protocol of DS 3.0. Pharmacophore-based virtual screening was 
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employed through the “Ligand Profiler” protocol, with maximum conformations set to 55 

and the fitting algorithm RIGID [123]. To further concentrate potential hCAR 

modulators, compounds were clustered by “MDLPublicKeys fingerprints” descriptors 

using the “Cluster Ligands” protocol of DS 3.0. The number of clusters for individual 

runs was set between 30 and 40. 

 

3.2.4 Transient Transfection in HepG2 Cells  

HepG2 cells cultured in a 75 cm2 flask were co-transfected with the CYP2B6-

2.2kb reporter and hCAR1+A expression vectors using a Lipofectamine® 2000 

Transfection Kit (Life Technologies) following the manufacturer’s instruction. Eighteen 

hours after transfection, cells were trypsinized then re-plated in 96- or 48-well collagen 

coated plates. For luciferase reporter assays, transfected cells were treated with vehicle 

control (0.1% DMSO), CITCO (1 µM) or the test compounds at concentrations as 

indicated in the figures for another 24 h. Cell lysates were assayed for firefly luciferase 

activities normalized against the activities of co-transfected renilla luciferase using a 

Dual-Luciferase Kit (Promega). Data were represented as mean ± SD of three individual 

transfections. 

 

3.2.5 Human Primary Hepatocytes 

Human liver tissues were obtained after surgical resection by pathology staffs 

after diagnostic criteria were met, with consent forms signed by all participating patients, 

and prior approval from the Institutional Review Board at the University of Maryland, 

School of Medicine. HPH were isolated from human liver specimens by a modification of 
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the two-step collagenase digestion method as described previously or obtained from 

Bioreclamation In Vitro Technologies (Baltimore, MD) [125]. Fresh HPH were seeded at 

1.5×106, 7.5x105, 3.75×105, cells/well in 6-well, 12-well, 24-well, collagen coated 

plates, respectively. Hepatocytes were cultured for 36 h at 37°C before treatment with 

specified compounds for another 24 or 72 h for detection of mRNA or protein expression, 

respectively. 

 

3.2.6 Mouse Primary Hepatocytes  

Mouse primary hepatocytes were isolated from 6-8 week-old C57BL/6J male 

mice using a two-step collagenase perfusion method as described previously [142]. 

Isolated hepatocytes were seeded in 12-well collagen coated plates in DMEM containing 

5% fetal bovine serum, insulin (4 µg/ml), dexamethasone (0.1 µM), and penicillin G (100 

units/ml)/streptomycin (100 µg/ml). One hour after seeding, culture medium was 

changed to Williams’ E media supplemented with ITS+, dexamethasone (0.1 µM), and 

penicillin G/streptomycin. Hepatocytes were cultured for 36 h at 37°C before treatment 

with vehicle control (0.1% DMSO) or TCPOBOP (0.1, 0.25, and 0.5 µM) for 24 h. 

 

3.2.7 Real-time PCR Analysis  

Total RNA was isolated from treated HPH using the TRIzol® reagent and reverse 

transcribed with a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, 

CA) following the manufacturers’ instructions. Expression of CYP2B6, G6Pase, PEPCK, 

FAS, ACC-α, SREBP-1c, and SCD-1 genes was normalized against GAPDH. Real-time 

PCR assays were performed in 96-well optical plates on an ABI Prism 7000 Sequence 
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Detection System with SYBR Green PCR Master Mix. Forward and reverse primers for 

these genes were summarized in Table 3.2. Induction values were calculated using the 

equation: Fold = 2ΔΔCt, where ΔCt represents the differences in cycle threshold numbers 

between each of the target gene and GAPDH, and ΔΔCt represents the relative change in 

these differences between control and treatment groups. 

 

3.2.8 Nuclear Translocation of CAR in HPH  

A recombinant adenovirus expressing enhanced yellow fluorescent protein-tagged 

hCAR (Ad/EYFP-hCAR) has been functionally evaluated as an efficient means for 

prediction of chemical-mediated hCAR nuclear translocation in HPH [96]. Human 

hepatocytes cultured in 24-well collagen-coated plates were infected with Ad/EYFP-

hCAR for 24 h followed by the treatment of vehicle control (0.1% DMSO), PB (1 mM), 

or selected compounds at 10 µM each for another 8 h. After treatment, the cellular 

localization of Ad/EYFP-hCAR in the hepatocytes was analyzed via confocal 

microscopy. Quantitative distribution of hCAR was classified as cytosolic, nuclear, or 

mixed (nuclear + cytosolic); and 100 Ad/EYFP-hCAR expressing hepatocytes were 

counted from each group.  

 

3.2.9 Western Blot Analyses  

Homogenate proteins (30 μg) from treated HPH were resolved on SDS 

polyacrylamide gels and electrophoretically transferred onto Immobilon-P polyvinylidene 

difluoride membranes. Subsequently, membranes were incubated with specific antibodies 
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Table 3.2. Forward and reverse primers used for mRNA expression quantitation. 

Species Gene Sequence (5’ to 3’) Reference 

Human GAPDH CCCATCACCATCTTCCAGGAG 
GTTGTCATGGATGACCTTGGC 

Spandidos et al., 
2009 

Human CYP2B6 AGACGCCTTCAATCCTGACC 
CCTTCACCAAGACAAATCCGC 

Li et al., 2010 

Human G6P GTGTCCGTGATCGCAGACC 
GACGAGGTTGAGCCAGTCTC 

Spandidos et al., 
2009 

Human PEPCK GCAAGACGGTTATCGTCACCC 
GGCATTGAACGCTTTCTCAAAAT 

Spandidos et al., 
2009 

Human FAS TGTGGACATGGTCACGGAC 
GGCATCAAACCTAGACAGGTC  

Human ACCα GCCCACGGTTATCATGGACC 
GTCAGGCGAATGTTGATTTTCAG  

Human SREBP-1c TCAGCGAGGCGGCTTTGGAGCAG 
CATGTCTTCGATGTCGGTCAG  

Human SCD-1 ACCGCTCTTACAAAGCTCGG 
CCACGTCGGGAATTATGAGGAT  

mouse Gapdh TCCACTCACGGCAAATTCAACG 
TAGACTCCACGACATACTCAGC  

mouse Cyp2b10 TCAGGTGATCGGCTCACAC 
CATCCAGGAACTGGTCAGGA  

mouse G6p TCTGCCCCAGGAATCAAAAAT 
TGGGCAAAATGGCAAGGA 

Gao et al., 2009 

mouse Pepck AGGAGGAGTACGGGCAGTTG 
CTTCAGCTTGCGGATGACA 

Gao et al., 2009 

mouse Fas CCCTTGATGAAGAGGGATCA 
ACTCCACAGGTGGGAACAAG 

Gao et al., 2009 

mouse Acc-α GCCTCTTCCTGACAAACGAG 
TGACTGCCGAAACATCTCTG 

Gao et al., 2009 

mouse Srebp-1c CCCTGTGTGTACTGGCCTTT 
TTGCGATGTCTCCAGAAGTG 

Gao et al., 2009 

mouse Scd-1 TTCTTACACGACCACCACCA 
CCGAAGAGGCAGGTGTAGAG 

Gao et al., 2009 
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 against CYP2B6 and PEPCK diluted at 1:400, and G6Pase, FAS, SCD-1, ACC-α, and 

SREBP-1c diluted at 1:200, respectively.  β-Actin was used to normalize protein 

loadings. Membranes were washed and incubated with horseradish peroxidase goat anti-

rabbit IgG antibody diluted at 1:5000, and developed using ECL Western blotting 

detection reagent (GE Healthcare, Chalfont St. Giles, UK).  

 

3.2.10 Glucose Assay  

HPH seeded in 48-well collagen coated plates were treated for 48 h (in complete 

Williams’ E media) with vehicle control DMSO (0.1%), CITCO (1 µM), or UM104 and 

UM145 at indicated concentrations. Cells were then washed using phosphate buffered 

saline and treated with the compounds at the same concentrations in a glucose-free media 

(DMEM:D5030  supplemented with sodium bicarbonate, sodium pyruvate, and sodium 

lactate) for 24 h. Media was then collected and used to perform the assay per the 

manufacturer’s protocol. Protein concentration measured by the Bradford protein assay 

from each well was used as a background control. 

 

3.2.11 Triglyceride Assay  

HPH were cultured in 12-well collagen coated plates. Twenty-four hours after 

seeding, culture media was changed to insulin free Williams’ E media (2% BSA was 

used in lieu of ITS+) for another 24 h. HPH were then cultured in the insulin free 

Williams’ E media supplemented with glucose, in the presence of the experimental 

compounds or vehicle control (0.1% DMSO) for 24 h. Cell lysates were extracted for 
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triglyceride measurement following the manufacturer’s instruction. The protein 

concentration was used as a background control.   

 

3.2.12 Statistical Analysis  

Experimental data are presented as a mean of triplicate determinations ± S.D. 

unless otherwise noted. Statistical comparisons were made by one-way analysis of 

variance with post-hoc Dunnett's analysis. The statistical significance was set at p values 

of <0.05 (*) and <0.01 (**). Emax and EC50 values for hCAR1+A activation were 

estimated using the Michaelis-Menten equation (GraphPad, Prism). 

 

3.3 Results 

3.3.1 Initial Virtual Screening 

 Around 30,000 structurally diverse compounds from the Specs database were 

initially screened based on the generated pharmacophore and Bayesian models, CAR-

LBD based docking, and chemical-structural similarity (Figure 3.1). The docking scores 

obtained from Surflex indicate that the parameter -logKd is associated with more 

favorable binding [143]. There were 242 compounds with docking scores above 9.0. The 

similarity search was based on MDLpublicKey fingerprints and Tanimoto similarity 

index, with 1.0 indicating a full match with a template compound.  110 compounds had 

similarity scores of above 0.638 (template: PK11195) or 0.642 (template: CITCO). In this 

study, all compounds were subjected to virtual screening with our previously established 

pharmacophore model which retrieved 106 compounds with pharmacophore scores   
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Figure 3.1. Feature of computational models for hCAR. A: Surflex docking 

conformation of UM196 in hCAR-LBD. The hydrogen bonding interaction is shown in 

white. The amino acid residues are shown in green. B: Superimpose between template 

(CITCO) and ligand obtained through similarity search (UM104). CITCO is indicated 

with capped sticks, while UM104 with ball-and-stick. C: Pharmacophore models 

generated with known hCAR modulators. The structure in the figure is compound 

UM084, which exhibits the highest fit values to the pharmacophore models. The cyan, 

magenta, green, and orange spheres indicate hydrophobic, hydrophobic-aromatic, 

hydrogen-bond acceptor, and ring-aromatic features. 
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 above 0.9, suggesting a fit to all pharmacophore features with >90% CI (1.0 being a 

‘perfect’ match). The Bayesian model was validated with leave-one-out cross-validation 

of training set compounds. The “receiver operator curve” area under the curve (ROC 

AUC) was 0.951; the true positive, false negative, false positive, and true negative were 

17, 1, 0, and 8, respectively, indicating a robust model for predicting activation effects on 

hCAR. The virtual screening based on the generated Bayesian model resulted in 200 

drugs with scores above 4.09. Retrieved hits from all three methodologies (docking, 

pharmacophore and Bayesian modeling) were subjected to consensus analysis and further 

focusing of lead compounds. 

 

3.3.2 Further Virtual Screening of Retrieved Hits 

 Leads from initial screening were narrowed down by flexible docking, clustering, 

molecular properties, and a previously developed Bayesian model of hPXR. Retrieved 

molecules from similarity and pharmacophore-based virtual screening were docked with 

Surflex to the LBD of hCAR (PDB ID: 1XV9) while protein atoms within 4 Å of a ligand 

allowed to move during docking process. Compounds with docking scores above 4.0 

remained, leading to 94 drugs out of 110 and 106 compounds from initial hits obtained by 

using similarity search and pharmacophore-based screening, respectively. Lead 

compounds were further narrowed down with molecular properties, i.e. LogP and number 

of rotatable bonds (Nrot ≤10). To ensure the highest number of possible retrieved hits, the 

inclusion criterion for a compound’s LogP value varied between ≤ 5 to ≤ 7. 

Subsequently, MDLPublicKeys-based clustering was used to ensure that retrieved hits 

included structurally diverse drugs from each pathway. To increase the selectivity of 
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hCAR over hPXR activators, the identified leads were further screened with our 

previously published Bayesian model of hPXR to remove compounds that could be 

potential hPXR activators. Compounds identified through docking (38), pharmacophore 

(27), and Bayesian-based screening (49), as well as the top 30 hits retrieved from 

similarity searching, were subjected to subsequent cell-based luciferase activity assays 

(Table 3.3).  

 

3.3.3 Activation of hCAR in HepG2 cells 

To define the biological activity of the lead compounds obtained via virtual 

screening, CAR-responsive reporter gene activation was examined in HepG2 cells. As 

reported previously, a chemical responsive surrogate of the wild-type hCAR, the 

hCAR1+A plasmid, was co-transfected with a CYP2B6-reporter vector in HepG2 cells 

[38]. Lead compounds (144) with optimal parameters of the computational models were 

initially evaluated in cell-based reporter assays at a single concentration of 10 µM (Figure 

3.2A). Ten out of the 144 compounds exhibited hCAR1+A activation at a value equal to 

or greater than that of CITCO, the positive control (Figure 3.2B). The cell-based hCAR 

activation was further confirmed at a full concentration-response spectrum in the same 

experiment. All ten compounds subjected to this experiment were found to have a 

maximal activation (Emax) of hCAR greater than CITCO response that was set as 100% 

(Figure 3.2C-3.2L)). In addition, a parallel cytotoxicity assay was carried out to provide a 

preliminary cytotoxic scope for further experiments (Data not shown). 
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Table 3.3. Computer modeling analysis of 30,000 compounds. 

CAR-LBD 

Docking 

Structure 

Similarity 

Pharmacophore Bayesian 

Modeling 

Criteria  

(# of compounds filling requirement) 

 Similarity Score  

≥ .638 PK11195  

≥ .642 CITCO  

(110) 
 

Pharmacophore Score > 0.9 

(106) 
 

Bayesian  Score ≥ 4.09 

(200) 
 

FlexX > 9  

(242) 

 

FlexX ≥ 4 

(94) 
 

FlexX Score ≥ 4   

(106) 
 

 

LogP ≤ 5 

(157) 

 

LogP ≤ 6 

(61) 
 

LogP ≤ 5 

(69) 
 

LogP ≤ 7 

(199) 
 

Nrot ≤ 10 

(120) 

 

Nrot ≤ 10 

(61) 
 

Nrot ≤ 10 

(66) 
 

Nrot ≤ 10 

(170) 
 

Non-PXR Activator 

MDLPublic Keys 

(38) 

Non-PXR Activator 

MDLPublic Keys 

(61) 

Non-PXR Activator 

MDLPublic Keys 

(27) 

Non-PXR Activator 

MDLPublic Keys 

(49) 

 

Nrot = number of rotational bonds 
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Figure 3.2. Activation of hCAR1+A in HepG2 cells. CYP2B6 luciferase reporter 

plasmid was co-transfected with hCAR1+A expression vector in HepG2 cells. Twenty-

four hours after transfection, cells were treated with vehicle control (0.1% DMSO), 

positive control CITCO (1 µM), or test compounds as described in Materials and 

Methods. (A) The pie chart depicts activation of hCAR1+A by 144 compounds in 

comparison to that of CITCO. The ten compounds that demonstrated activity above 

100% of CITCO were evaluated at a single concentration of 10 µM (B) or in a 

concentration-dependent manner (C-L). Luciferase activities were determined according 

to the manufacturer’s instruction. The Emax and EC50 values were estimated using the 

Michaelis-Menten equation. Data represent mean ± SD (n = 3). 
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3.3.4 Induction of CYP2B6 and nuclear translocation of CAR in HPH 

CYP2B6, a highly inducible P450 gene, represents the primary transcriptional 

target of hCAR in the liver [144]. To validate the association between cell-based 

hCAR1+A activation and the induction of CYP2B6 expression in humans, effects of the 

ten potential CAR activators on CYP2B6 mRNA expression was examined in HPH 

prepared from two liver donors (HL#45 and HL#46). As shown in Figure 3.3A, four 

(UM068, UM104, UM138, and UM145) of the ten compounds induced the mRNA 

expression of CYP2B6 to a minimum of 40% of the level achieved by CITCO treatment, 

in at least one liver donor. In separate experiments, using HPH from liver donors (HL#49 

and HL#50), concentration-dependent induction of CYP2B6 expression was confirmed in 

all four compounds (Figure 3.3B). UM104, in particular, demonstrated robust increase of 

CYP2B6 mRNA that reaches the level equal to or greater than that of CITCO. Due to 

cytotoxicity considerations (data not shown), the maximal concentration used for UM145 

was 25 µM.   

A hallmark of hCAR activation in HPH is its chemical-stimulated nuclear 

translocation from the cytoplasm; a process that was obviously missed in immortalized 

cells [96]. Next, we examined the effects of these four compounds on hCAR intracellular 

localization in HPH. Hepatocytes were infected with the Ad/EYFP-hCAR followed by 

treatment with the four compounds at a concentration of 10 µM. As demonstrated in 

Figure 3.3C, representative images for the Ad/EYFP-hCAR localization showed that 

without activation (DMSO, 0.1%), hCAR is primarily retained in the cytoplasm of 

infected HPH, while it clearly accumulates in the nucleus after exposure to the typical 

CAR activator PB. Notably, all four compounds translocated hCAR to the nuclei of HPH  
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Figure 3.3. Induction of CYP2B6 mRNA and nuclear translocation of hCAR in HPH. 

Human hepatocytes prepared from donors (HL#45, HL#46, or HL#49, HL#50) were 

treated with vehicle control (0.1% DMSO), CITCO (1 µM), and test compounds at 10 

µM each (A) or increasing concentrations (B) for 24 h. CYP2B6 mRNA levels were 

determined relative to the levels of GAPDH and normalized to the levels of vehicle 

control. Cellular localization of hCAR was tested in HPH (HL#64) infected with 

Ad/EYFP-hCAR as outlined in Materials and Methods. Images of YFP-tagged hCAR 

after treatment with vehicle control, PB (1 mM) or test compounds were visualized with a 

confocal microscope (C). Over 100 cells expressing Ad/EYFP-hCAR from each group 

were categorized into three groups: cytoplasmic (green), nuclear (red), and both 

cytoplasmic and nuclear (yellow) (D). 
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at proportions that were comparable to that by PB (Figure 3.3D). Collectively, these 

results suggest that the four hCAR activators identified from a combination of virtual 

screening and luciferase-reporter assays can induce the expression of CYP2B6 gene in 

HPH initiated by nuclear accumulation of hCAR. 

 

3.3.5 Effects of hCAR on the expression of genes involved in energy metabolism in 

HPH 

Recent studies using wild-type and CAR knockout mice revealed a novel 

endobiotic effect of CAR in energy homeostasis [20, 21]. Activation of mCAR is 

associated with anti-obesity, hepatosteatosis attenuation, and insulin sensitization in mice. 

To explore the specific role of hCAR activation in hepatic energy metabolism, HPH were 

treated with vehicle control, the known selective hCAR activator CITCO, and two novel 

hCAR activators (UM145 and UM104) selected from the current studies. As shown in 

Figure 3.4A, the mRNA expression of G6Pase gene was significantly repressed in HPH 

obtained from three donors (HL#49, HL#50, and HL#64) upon treatment with CITCO (1 

µM) or UM104 and UM145 at the indicated concentrations. Protein levels of G6Pase 

were also reduced after the same treatments as shown in HPH from a representative liver 

donor (HL#54; Figure 3.4C). Both mRNA and protein expression of PEPCK, another 

important enzyme in the gluconeogenesis pathway, were markedly reduced by the 

presence of CITCO, UM104, or UM145 (Figure 3.4B, 3.4D). These results indicate that 

activation of hCAR can repress the expression of genes associated with hepatic 

gluconeogenesis in humans. 
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Figure 3.4. Repression of G6Pase and PEPCK expression in HPH. HPH from three 

donors (HL#49, HL#50, and HL#64) were treated with vehicle control (0.1% DMSO), 

CITCO (1 µM), or increasing concentrations of UM104 and UM145 as described in 

Materials and Methods. Real-time PCR was used to determine the mRNA expression of 

G6Pase (A) and PEPCK (B). Each bar represents the mean ± SD (n = 3). **, p < 0.01. 

Protein expression levels of G6Pase (C) and PEPCK (D) were analyzed using Western 

blotting.  

G6Pase

D
M

S
O

C
IT

C
O M


U

M
1
0
4
 1

0
 

M


2
5
 

M


5
0
 

M


U
M

1
4
5
 1

 

M


1
0
 

M


 2
5
 

0.0

0.5

1.0

1.5

** **
** **

**
**

**

m
R

N
A

 R
e
la

ti
v

e
 V

a
lu

e

D
M

S
O

C
IT

C
O M


U

M
1
0
4
 1

0
 

M


2
5
 

M


5
0
 

M


U
M

1
4
5
 1

 

M


1
0
 

M


 2
5
 

0.0

0.5

1.0

1.5

** ** ** ** **
**

**

PEPCK

m
R

N
A

 R
e
la

ti
v

e
 V

a
lu

e

 -actin

G6Pase

 -actin

PEPCK

A. B.

C. D.



82 

 

Next we tested the modulation of fatty acid synthesis by these hCAR activators in 

HPH. Two representative fatty acid synthesis genes, FAS and ACC-α, were selected in 

this experiment. As shown in Figure 3.5A and 3.5B, neither CITCO nor UM104 and 

UM145 treatment affected the mRNA and protein expression of these two genes in HPH.  

In parallel experiments, expression of the lipogenic-associated transcription factor and 

enzyme SREBP-1c and SCD-1, was also evaluated in HPH. Notably, there was no 

repression of either SREBP-1c or SCD-1 at the mRNA and protein levels by the selected 

hCAR activators (Figure 3.5C and 3.5D). In fact, the mRNA expression of SCD1 was 

moderately increased by UM145 at 25 µM.  Overall, these findings suggest that hCAR 

activation has no clear effect on fatty acid synthesis and lipogenesis, which contradicts 

results obtained from mice in-vivo. 

 

3.3.6 Modulation of hepatic glucose and triglyceride syntheses by hCAR 

To understand whether perturbation of gene expression associated with energy 

homeostasis by hCAR activation would lead to functional alterations in gluconeogenesis 

and fatty acid synthesis, cell-based glucose and triglyceride syntheses were examined in 

HPH. As shown in Figure 3.6A, synthesis of glucose was repressed by both UM104 and 

UM145 in a concentration-dependent manner but only moderately affected by CITCO in 

HPH obtained from three liver donors (HL#58, HL#59, and HL#69). Alternatively, 

activation of hCAR by the same compounds did not alter the hepatic synthesis of 

triglycerides (Figure 3.6B).  These data further corroborate the ability of hCAR to 

selectively inhibit gluconeogenesis but not fatty acid synthesis in human liver, which 

differ from the observations in mice.  



83 

 

 
 

Figure 3.5. Expression of genes related to fatty acid synthesis and lipogenesis in HPH. 

Human hepatocytes isolated from donors (HL#49, HL#50, and HL#64) were treated with 

vehicle control (0.1% DMSO), CITCO (1 µM), or UM104 and UM145 at indicated 

concentrations for 24 or 72 h for analyses of mRNA and protein expression, respectively. 

Real-time PCR and western blotting were used to measure the expression of FAS (A), 

ACC-α (B), SREBP-1c (C), and SCD-1 (D). Each bar represents the mean ± SD (n = 3). 

**, p < 0.01.  
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Figure 3.6. Production of glucose and triglyceride in HPH. Human hepatocytes isolated 

from three donors (HL#58, HL#59, and HL#69) were treated with vehicle control (0.1% 

DMSO), CITCO (1 µM), or increasing concentrations of UM104 and UM145 for 72 h. 

Hepatic syntheses of glucose (A) and triglycerides (B) were measured as detailed in 

Materials and Methods. Each bar represents mean ± SD (n = 3), *: P < 0.05; **: P < 0.01. 
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3.3.7 Effects of mCAR on the expression of genes involved in energy metabolism in 

mouse primary hepatocytes 

To date, the conclusions of mCAR in energy metabolism have been obtained 

predominantly from studies in whole animal models [145]. Therefore, it is critical to 

address whether the currently observed species-specific roles of CAR between humans 

and mice are due to the in-vitro – in-vivo system differences. Primary mouse hepatocytes 

prepared from liver perfusion of C57BL/6J mice were treated with vehicle control (0.1% 

DMSO) or the prototypical mCAR activator TCPOBOP at concentrations of 0.1, 0.25, 

and 0.5 µM. As expected, activation of mCAR by TCPOBOP robustly induced the 

mRNA expression of Cyp2b10, the counterpart of the human CYP2B6 in mice (Figure 

3.7A). Importantly, TCPOBOP also significantly down-regulated the expression of genes 

associated with gluconeogenesis (G6pase and Pepck), fatty acid synthesis (Fas and Acc-

α), and lipogenesis (Srebp-1c and Scd-1) (Figure 3.7B-3.7G). These results, in agreement 

with mouse data in-vivo, suggest that the differential roles of mouse and human CAR in 

hepatic energy homeostasis were a species-specific event. 

 

3.4 Discussion 

 A growing body of evidence has broadened the physiological role of CAR 

from a xenobiotic receptor to an endobiotic regulator, by which it not only alters drug 

therapeutic efficacy and toxicity but also modulates energy homeostasis, cell 

proliferation, and inflammation. CAR regulation of hepatic energy metabolism has been 

well established in animal models. Activation of mCAR by TCPOBOP markedly 
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Figure 3.7. Repression of genes associated with energy metabolism by TCPOBOP in 

mouse primary hepatocytes. Mouse primary hepatocytes isolated from C57BL/6J male 

mice were treated with vehicle control (0.1% DMSO) or TCPOBOP (0.1, 0.25, and 0.5 

µM) for 24 h. Real-time PCR was used to analyses the expression of Cyp2b10 (A), 

G6Pase (B), Pepck (C), Fas (D), Acc-α (E), Srebp-1c (F), and Scd-1 (G). Each bar 

represents mean ± SD (n = 3), *: P < 0.05; **: P < 0.01. 
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alleviated obesity and diabetes in mice [20, 21]. In contrast, current knowledge regarding 

the role of hCAR in energy metabolism is limited. In this report, using HPH, we showed 

that activation of hCAR by the known selective activator, CITCO, or two newly 

identified hCAR activators, significantly repressed the expression of G6Pase and PEPCK, 

two important enzymes associated with the gluconeogenesis cascade, but elicited 

negligible effects on a number of genes involved in lipogenesis (SREBP1c, SCD-1) and 

fatty acid synthesis (FAS, ACC-α). Functional analyses further revealed that activation of 

hCAR significantly decreased hepatic production of glucose without affecting 

triglyceride synthesis. Our findings suggest an important species difference in the role of 

human and mouse CAR in energy metabolism (Figure 3.8). Thus, it is reasonable to 

speculate that pharmacological activation of hCAR may be beneficial in managing 

hyperglycemia but not hyperlipidemia. 

Compared with most other nuclear receptors, CAR demonstrates significant 

species selectivity in its ligand binding and activation profiles. Many rodent CAR 

activators do not activate hCAR, while others, such as meclizine, function as mCAR 

activators but hCAR deactivators [146]. Currently, elucidation of the biological function 

of hCAR relies predominantly on pharmacological manipulation of this receptor; 

chemical tools pertaining to hCAR activation, however, are limited. In the current study, 

ligand and structure-based virtual screening of a Specs database has resulted in the 

selection of 144 drug-like compounds with optimal computational parameters as potential 

hCAR agonists. Biological determination of hCAR activators in-vitro has been 

challenged by the fact that wild-type hCAR is spontaneously accumulated in the nucleus 

and constitutively activated in immortalized cell lines prior to xenobiotic stimulation   
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Figure 3.8. Schematic illustration of roles of hCAR and mCAR in gluconeogenesis, fatty 

acid syntheses, and lipogenesis. 
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 [95]. In contrast, the hCAR splicing variant hCAR3 and a hCAR3-based chimeric 

mutant, hCAR1+A, displayed minimal basal activity and significant xenobiotic-response 

to known hCAR activators in hepatoma cell lines [38, 92]. Subsequent experiments 

utilizing the hCAR1+A based luciferase assay in HepG2 cells revealed that ten of the 144 

compounds exhibited robust activation of hCAR to an extent, challenging that of CITCO 

at certain concentrations.  

It is noteworthy that although luciferase reporter assays in immortalized cell lines, 

including HepG2, have been used extensively for the identification of nuclear receptor 

activators, these cells often lack physiologically relevant expression of major hepatic 

drug-metabolizing enzymes and transcription factors. Comparatively, HPH, which retain 

the major metabolic features of human liver, have been recognized as a powerful in-vitro 

model for predicting metabolism-based drug-drug interactions, hepatotoxicities, as well 

as energy metabolism. Our current results illustrate that in HPH, four of the ten 

compounds of interest are potent inducers of CYP2B6, the prototypical target gene of 

hCAR, despite all of them exhibiting potent activation of hCAR1+A in HepG2 cells. In 

agreement with this observation, all four compounds efficiently translocated Ad/EYFP-

hCAR from cytoplasm to the nucleus of HPH, the initial and essential step of CAR 

activation [37]. Although it is out of the scope of this manuscript, we speculate that 

extensive metabolism in HPH may contribute to the lack of CYP2B6 induction by the 

other six compounds.  

Gluconeogenesis is an important biological process of glucose production from 

non-carbohydrate precursors. This process is tightly controlled in response to the change 

of energy status and glucose levels in the cell. PEPCK and G6Pase represent two key 



90 

 

gluconeogenic enzymes that are regulated by transcriptional and non-transcriptional 

mechanisms. Inhibition of hepatic gluconeogenesis by repression of the expression of 

PEPCK and G6Pase is associated with many anti-diabetic drugs’ pharmacological actions 

[147]. Previous studies have shown that activation of mCAR by TCPOBOP or PB 

markedly represses the expression of Pepck and G6pase in a CAR-dependent manner [21, 

138]. A decreased serum glucose level was also observed in TCPOBOP treated ob/ob-

CAR+/+ mice but not ob/ob-CAR-/- mice [20]. Our studies with HPH demonstrated that 

activation of hCAR also significantly repressed the expression of PEPCK and G6Pase, 

and inhibited hepatic synthesis of glucose. In particular, the new hCAR activators 

UM104 and UM145 showed promising inhibition of gluconeogenesis, which was 

stronger than that of CITCO (Figure 3.6A). Together these data suggest that the role of 

CAR in gluconeogenesis is a highly conserved response across multiple species. 

 The role of CAR in obesity and hepatic steatosis is rather complicated in 

comparison to that in gluconeogenesis and has been contradictorily reported in animal 

models [20, 108]. Studies using both high fat diet-induced obesity and ob/ob models 

revealed that treatment with TCPOBOP was effective in preventing obesity and hepatic 

steatosis in wild-type but not in CAR knockout mice. Mechanistically, it was believed 

that these beneficial effects were attributed, at least partly, by decreased expression of 

genes associated with fatty acid synthesis, such as Fas and Acc-α, as well as lipogenesis 

such as Srebp-1c and Scd-1 [21]. In the methionine choline-deficient (MCD) diet-induced 

nonalcoholic steatohepatitis mouse model, Baskin-Bey et al., reported that TCPOBOP 

treatment significantly reduced hepatic steatosis and serum triglyceride levels [148], 

while such beneficial effects were not observed by Yamazaki et al., using the same 
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MCD-based model [149]. In this report, we have not observed significant repression of 

either the expression of fatty acid synthesis- and lipogenic-associated genes (FAS, ACC-

α, SREBP-1c and SCD-1) or the synthesis of triglycerides in HPH, upon the activation of 

hCAR by CITCO, UM104 or UM145. These findings are consistent with a recent report 

indicating that treatment with CITCO did not affect lipid accumulation in HPH and 

HepG2 cells [150], but appear to be contradictory to the majority of observations in 

animal models. As the role of mCAR in energy metabolism has predominantly been 

obtained from mice in-vivo, additional experiments in mouse primary hepatocytes were 

performed to address whether the in-vitro – in-vivo experimental conditions contribute to 

the observed species difference. Our results indicated that activation of mCAR by 

TCPOBOP significantly repressed the expression of the corresponding genes associated 

with gluconeogenesis, fatty acid synthesis and lipogenesis. Hence, it is most likely that 

mouse and human CAR mediate differential responses in lipogenesis but not in 

gluconeogenesis. 

In summary, our results suggest that although human and mouse CAR share many 

similarities in drug metabolism and detoxification, they show significant differences in 

modulating energy metabolism. In particular, whereas activation of both human and 

mouse CAR remarkably inhibits hepatic gluconeogenesis, activation of hCAR may not 

render the liver resistant to steatosis. These findings also warrant reasonable 

apprehension with respect to the interpretation and extrapolation of data obtained from 

animal models to humans.  
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Chapter 4: Discovering Clinically Used Drugs Which Directly Activate 

or Deactivate human CAR 

 

4.1 Introduction 

 The constitutive androstane receptor (CAR) is a member of the nuclear receptor 

subfamily 1 (NR1), and is considered group I, member 3 (NR1I3) [151]. The most well-

known function of CAR is as a transcription factor which regulates metabolism through 

inducing and inhibiting oxidation and conjugation enzymes as well as transporters [106]. 

Using a unique DNA binding domain, CAR regulates all phases of metabolism by 

binding to specific response elements inside their promoter regions [152]. Recently 

gathered evidence suggests CAR’s ability to regulate not only metabolism, but also 

energy homeostasis and certain aspects of cancer [86, 109, 136]. Therefore, it is 

necessary to gather as much knowledge about CAR as possible to understand all potential 

beneficial and harmful effects this nuclear receptor could have on the body. 

Nuclear translocation is the necessary first step to activating CAR; once the 

nuclear receptor is inside the nucleus, it is able to heterodimerize with the retinoid X 

receptor and bind to the DNA [40]. However, a unique feature of CAR is its high 

constitutive activity in immortalized cell lines; creating an unusual problem when 

studying activation of CAR. Activation in immortalized cell lines is not able to be further 

increased, leading to the failure of identifying potential threats and benefits of human (h) 

CAR and thus the inability to perform any type of high-throughput assay. This matter 

was resolved in a study conducted by Chen et al., where a newly created variant of hCAR 
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was shown to reduce the basal activity to a strong enough extent that hCAR activation 

was brought to an acceptable, quantifiable amount in immortalized cell lines [38].  

Another system used to attenuate the high basal activity of CAR is through co-

treatment with known CAR deactivators, 1-(2-chlorophenylmethylpropyl)-3-

isoquinoline-carboxamide (PK11195), meclizine, or clotrimazole [115, 146, 153]. 

However, there are several findings to consider when using any of these compounds. 

Conflicting data has been reported regarding meclizine’s effect on hCAR, as Huang et al. 

discovered meclizine to be a hCAR inverse agonist and a mCAR agonist [146].  

Conversely, in a recent report, meclizine was found to be a human pregnane X receptor 

(PXR) agonist, a nuclear receptor in the same family as CAR, while having no overall 

effect on hCAR [154]. Clotrimazole inhibits the interaction between steroid receptor co-

activator 1 and CAR, thereby deactivating the nuclear receptor itself [153]. This effect 

could not be confirmed, however, by Toell et al. [155], and opposite results occurred 

when similar experiments were performed in different cell lines [156]. PK11195, was 

identified as a CAR antagonist by Li et al., and is able to decrease CAR activity through 

disrupting the interaction between CAR and its co-activators, sterol receptor co-activator 

1 and glucocorticoid receptor-interacting protein 1. Although the use of PK11195 as a 

deactivator of hCAR has not been contested, this compound is also a known activator of 

hPXR. In human primary hepatocytes (HPH), the activation of PXR is more potent than 

the deactivation of CAR resulting in an induction of their shared target genes CYP3A4 

and CYP2B6 [115]. This allows PK11195 to be used as a tool to deactivate hCAR in 

immortalized cell lines but not in HPH. 
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The ability to identify hCAR activation and deactivation, using immortalized cell 

lines, could create a quick and straightforward approach to evaluate and further 

understand the metabolism and consequences of certain drugs. As many CAR ligands are 

xenobiotics, drug-drug interactions (DDIs) are a serious consequence of changing the 

expression or activity of this nuclear receptor. Through CAR activation or deactivation, 

drug metabolizing enzymes (DMEs) and transporters can cause either decreases in 

therapeutic effects or enhanced toxicity. Elucidating PXR or CAR modulation will 

establish the drug as a potential threat to this common phenomenon. 

Due to its unique constitutive nuclear accumulation in immortalized cell lines, no 

high-throughput assays have been performed to profile hCAR activation in clinically 

approved drugs. To acquire a comprehensive knowledge of drugs that regulate CYP3A4 

and CYP2B6, the two major drug metabolizing enzymes which contribute to about 50 – 

60% of drug metabolism [42], identifying CAR activation is necessary.  

The emerging importance of CAR in energy metabolism, cancer, and 

inflammation has created a need for a more comprehensive understanding of the drugs 

that affect its activation and deactivation, as well as its induction and inhibition. CAR 

activation in mice has been shown to exhibit a decrease in insulin resistance, 

gluconeogenic enzymes, and general obesity factors [20, 21]. However, as discussed in 

Chapter 3, the effect in humans is largely unknown. We have used a double stable 

hCAR1 and CYP2B6 promoter cell line to investigate 2816 drugs either approved or 

clinically tested in multiple different countries. Further evaluation, of drugs found to 

activate or deactivate hCAR, was conducted through use of human primary hepatocytes. 

Interestingly, many of the drugs found to activate hCAR where shown to inhibit glucose-
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6-phostphatase (G6Pase) mRNA expression as well. The scope of this study sought to 

develop a novel hCAR screening technique to identify activators and deactivators, which 

potentially could be used for drug repurposing. 

 

4.2 Materials and Methods 

4.2.1 Materials 

 Plating media for HepG2 cells was Dulbecco's Modified Eagle's Medium 

(DMEM) bought from Sigma-Aldrich (St. Louis, MO), supplemented with 10% fetal 

bovine serum (FBS) and penicillin G (100 units/ml)/streptomycin (100 µg/ml) 

(Pen/Strep) acquired from the same company. To transfect cells, DMEM was 

supplemented only with 10% FBS. G418 sulfate and blasticidin S HCl were purchased 

from Life Technologies (Grand Island, NY). The dual-luciferase assay kit was obtained 

from Promega (Madison, WI). Also acquired from Sigma-Aldrich were the following 

compounds: 6-(4-chlorophenyl)imidazo [2,1-b][1,3] thiazole-5-carbaldehyde-O-(3,4-

dichlorobenzyl)oxime (CITCO), dimethyl sulfoxide (DMSO),  PK11195, and flavone. 

Adefovir dipivoxyl, bosutinib, nifuroxazide, nelfinavir mesylate and arteether (artemotil) 

were purchased from AK Scientific (Union City, CA). Clebopride was bought from 

OChem Incorporation (Des Plaines, IL). Phenoxybenzamine hydrochloride, apomorphine 

hydrochloride, 2-Amino-5-chloro-2'-fluorobenzophenone (ACFB), tracazolate 

hydrochloride, and vatalanib dihydrochloride salt were acquired from Fisher Scientific 

(Pittsburgh, PA). Imperatorin came from LKT Laboratories, Inc (St. Paul, MN). 

Phenelzine sulfate was commercially obtained through Sigma-Aldrich. The drugs 

generously provided by Dr. Menghang Xia (National Institute of Health, Bethesda, MD) 
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were bortezomib, daunorubicin, digitoxin, mitomycin C, ouabain octahydrate, topotecan 

hydrochloride and trifluridine. Matrigel, insulin, and ITS+ (insulin/transferrin/selenium) 

were bought from BD Biosciences (Bedford, MA). All other cell culture supplies were 

ordered from Life Technologies (Grand Island, NY). 

 

4.2.2 Double Stable Cell Line 

 A human liver carcinoma cell line, HepG2, was plated and transfected with a 

highly used CYP2B6 2.2 kb promoter vector, which has been shown to be useful in 

detecting hCAR ligands [41, 98, 115]. Once cells were transfected, they were trypsinized 

and plated in collagen coated dishes at a confluency of about 20-30% using DMEM 

supplemented with 10% FBS, Pen/Strep, and G418 (1 mg/mL). The cells were cultured 

for 4-6 weeks, changing the media every few days, until there were prominent colonies 

seen by the naked eye. The colonies were then isolated and trypsinized, dividing the cells 

into two collagen coated 48-well plates. The media used in the 48-well plates was now 

supplemented with 0.6 μg/mL of G418 to continue to select against cells without the 

CYP2B6 promoter vector incorporated into the cell’s DNA. One plate was used to keep 

each colony growing, while the other was treated with DMSO (0.1%) or CITCO (1 μM) 

and then harvested with lysis buffer. Using the firefly reagent, the cell lysate was tested 

for any signal higher than the basal activity. Only the most promising colonies were kept 

and passaged from the first plate.  

Once a stable CYP2B6 line was created, this line was transfected with a wild-type 

hCAR1 expression plasmid using the same method as above, with the addition of 

blasticidin (10 µg/mL) to the DMEM media, already supplemented with 10% FBS, 
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Pen/Strep, and G418 (0.6 μg/mL). Once a doubly stable hCAR1/CYP2B6 2.2 line was 

formed, the cells were passaged several times and tested using luciferase to show 

maintained stability. 

 

4.2.3 NCGC Pharmaceutical Collection 

The NCGC Pharmaceutical Collection (NPC) was constructed in house (Huang et 

al., Science Translational Medicine 3:1-12, 2011). Briefly, the  NPC consists of 2816 

small molecule compounds, 52% of which are drugs approved for human or animal use 

by the United States Food and Drug Administration (FDA), 22% are drugs approved in 

Europe, Canada or Japan, and the remaining 25% are drugs approved in other countries 

or compounds that have been tested in clinical trials. For use in quantitative high 

throughput screening, each compound in the NPC compound library was prepared as two 

inter-plate titration series with eight 5- fold serial dilutions. The NPC plate series were 

stored using desiccation at room temperature for as long as 6 months when in use, or heat 

sealed and stored at -80 °C for long-term storage.  

 

4.2.4 HepG2-CYP2B6-CAR1 assay and Quantititative High-throughput Screening 

(qHTS) 

 To use the high-throughput assay, HepG2-CYP2B6-CAR1 cells were cultured in 

a collagen coated flask (BD Biosciences, San Jose, CA) containing DMEM with high-

glucose medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 

mg/ml streptomycin, 5 µg/ml of blasticidin and 0.5 mg/ml of geneticin at 37 °C under a 



98 

 

humidified atmosphere and 5% CO2. All the cell culture reagents were obtained from 

Invitrogen (Carlsbad, CA). 

 For agonist mode screening, HepG2-CYP2B6-CAR1 cells, suspended in culture 

media without blasticidin and geneticin, were dispensed at 2,500 cells/5µl/well in 1,536-

well white wall/solid bottom plates (Greiner Bio-One North America, Monroe, NC) using 

a Multidrop Combi (Thermo Fisher Scientific Inc., Waltham, MA). The assay plates were 

incubated at 37°C overnight to allow the cells to attach to the wells. After overnight 

incubation, 23 nl of each compound was transferred from the compound plate to the 

assay plate via a pin tool station (Kalypsys, San Diego, CA), followed by the addition of 

1 µl of PK11195 (2.5 µM was the final concentration) using a Flying Reagent Dispenser 

(FRD) (Aurora Discovery, San Diego, CA), resulting in final compound concentrations 

ranging from 1 nM to 17 µM. The control wells in the first four columns were listed as 

column 1: CITCO in a concentration-response titration from 4.7 nM to 77 µM; column 2: 

57 µM CITCO; column 3: 38 µM CITCO; and column 4: DMSO. The assays were 

incubated at 37°C for 24 h, followed by the addition of 4 µl of the ONE-Glo luciferase 

reagent (Promega, Madision, WI) using an FRD (Aurora Discovery). The assay plates 

were incubated at room temperature (RT) for 20 minutes and luminescence intensity of 

the assay plates were quantified using a ViewLux plate reader (PerkinElmer, Shelton, 

CT). 

 To screen for antagonists, HepG2-CYP2B6-CAR1 cells were suspended in 

culture media, without blasticidin and geneticin, and dispensed at 2,500 cells/5µl/well. 

This was done in tissue culture treated 1,536-well white assay plates using a Multidrop 

Combi. The assay plates were incubated at 37°C overnight to allow the cell attachment. 
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Once overnight incubation was complete, 23 nl of each compound was transferred via the 

pin tool over to the assay plates. The addition of 1 µl of CITCO (0.1 µM final), using an 

FRD, resulted in a final compound concentration range of 1 nM to 17 µM. The control 

wells in the first four columns were listed as column 1: PK11195 in a concentration-

response titration from 4.7 nM to 77 µM; column 2: 38 µM CITCO; column 3: 19 µM 

PK11195; and column 4: DMSO. The assays were incubated at 37°C for 24 h, followed 

by the addition of 4 µl of the ONE-Glo luciferase reagent, using the FRD. The assay 

plates were then incubated at RT for 20 minutes and the luminescence intensity was 

quantified using the ViewLux plate reader. 

  

4.2.5 Cell viability assay 

 The viability of HepG2-CYP2B6-CAR1 cells, after compound treatment, was 

measured using a luciferase-coupled ATP quantitation assay (CellTiter-Glo viability 

assay, Promega). The change of intracellular ATP content indicates the number of 

metabolically competent cells. The cells were dispensed at 2,500 cells/5 µl/well in 1536-

well white/solid bottom assay plates using a Multidrop Combi. After the assay plates 

were incubated overnight at 37°C, 23 nl of compounds, or DMSO, was transferred using 

a pin tool station. This was followed by the addition of 1 µl of CITCO or PK11195 using 

the FRD. The assay plates were incubated for 24h at 37°C, followed by the addition of 4 

µl/well of CellTiter-Glo reagent. After 30 min incubation at RT, the luminescence 

intensity of the plates was measured using a ViewLux plate reader. 
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4.2.6 Data Analysis of high-throughput assay 

 Raw plate reads for each titration point were normalized relative to PK11195 

(antagonist mode; 38 µM = 100%) or CITCO (agonist mode; 57 µM = 100%) and DMSO 

(0%) controls, and then corrected by applying a pattern-correction algorithm using 

compound-free (DMSO only) control plates placed at the beginning and end of each NPC 

library plate stack (final DMSO concentration of 0.46%). Concentration-response 

titration points for each compound were then fitted to the Hill equation, yielding half-

maximal inhibition (IC50) or activation (EC50) and maximal response (efficacy) values. 

Compounds from the primary qHTS screen were classified into four major curve classes 

according to quality of curve fit, potency and efficacy. Class 1.1, 1.2, 2.1, and 2.2 curves 

were high-quality and thus high-confidence concentration-response curves (CRCs). The 

compounds in the aforementioned curve classes were considered as active, whereas 

compounds with class 4 curves were deemed inactive because they did not show 

significant activity above the noise level across the concentrations tested. All other curve 

classes (including those curves with single point activity) were deemed inconclusive. 

Active agonists and antagonists that were not apparently cytotoxic (IC50 viability/IC50 

antagonist > 3-fold) were selected for cherry-picking confirmation and follow up studies. 

Follow-up studies were performed using a new aliquot of samples to confirm sample 

integrity and assay reproducibility. 

 

4.2.7 Cherry-picked compound assays  

In the cherry-pick follow-up studies, 370 compounds were cherry-picked from the 

original stock solutions. These compounds were prepared in three 1536-well compound 
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plates at 11-point 3-fold dilution titrations in DMSO, with final concentrations ranging 

from 0.6 nM to 38.3 µM. All of these compounds were retested in both HepG2-CYP2B6-

CAR1 and cell viability assays. The data was then compared with the previous study to 

confirm results from the first assay. 

 

4.2.8 Human primary hepatocytes 

 Human liver tissues were obtained after surgical resection by pathology 

staffs after diagnostic criteria were met, with consent forms signed by all participating 

patients, and prior approval from the Institutional Review Board at the University of 

Maryland, School of Medicine. HPH were isolated from human liver specimens by a 

modification of the two-step collagenase digestion method as described previously or 

obtained from Bioreclamation In Vitro Technologies (Baltimore, MD) [125]. Fresh HPH 

were seeded at 7.5x10
5
 or 4.7 ×10

4
, cells/well in 12-well or 96-well, collagen coated 

plates, respectively. Hepatocytes were cultured for 36 h at 37°C before treatment with 

specified compounds for another 24 h for detection of mRNA or the concentration of 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide’s insoluble formazan (MTT 

Assay). 

 

4.2.9 Real-time PCR (qRT-PCR) 

 Total RNA was isolated from treated hepatocytes using the TRIzol® reagent and 

reverse transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems, 

Foster City, CA) following the manufacturers’ instruction. CYP2B6, CYP3A4, and 

G6Pase mRNA expressions were normalized against that of GAPDH. Real-time PCR 
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assays were performed in 96-well optical plates on an ABI Prism 7000 Sequence 

Detection System with SYBR Green PCR Master Mix. Primers used for CYP2B6, 

CYP3A4, G6Pase and GAPDH mRNA expression were described previously in Table 

3.2 and an aforementioned publication [115]. Induction values were calculated using the 

equation: Fold=2
ΔΔCt

, where ΔCt represents the differences in cycle threshold numbers 

between CYP2B6 and GAPDH, and ΔΔCt represents the relative change in these 

differences between control and treatment groups. 

 

4.2.10 Statistical Analysis of mRNA induction/inhibition 

 Experimental data are presented as a mean of triplicate determinations ± S.D. 

unless otherwise noted. Statistical comparisons were made by one-way analysis of 

variance with post-hoc Dunnett’s analysis. The statistical significance was set at p values 

of <0.05 (*), <0.01 (**), or 0.001 (***).  

 

4.3 Results 

4.3.1 CAR Activation of Clinically Used Drugs 

 In this study, 2816 drugs were used to perform a screening of hCAR activation 

and deactivation using a double stable cell line (Figure 4.1). The assay was conducted in 

two stages: agonist mode and antagonist mode. In the agonist mode, CITCO was used as 

a positive control and all drugs were compared to its value, while PK11195, the known 

CAR deactivator, was added to each well to decrease the high constitutive activity, which 

occurs in immortalized cell lines. In Figure 4.2A, the cells were treated with CITCO at 
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Figure 4.1. Ligand-mediated and –independent activation of CAR and luciferase assay 

schematics. In A, CAR translocation occurs through direct and indirect, protein 

phosphatase 2A (PP2A), ligand (L) binding pathways. Co-chaperones, such as heat shock 

protein 90 (HSP90) and the cytoplasmic CAR retention protein (CCRP), keep CAR in the 

nucleus, while it is in its phosphorylated (P = phosphate) form. When HSP90 is bound to 

CAR, it is in its closed form, having two adenosine (A) diphosphate molecules which are 

each attached to one arm. Once CAR is inside the nucleus, it dimerizes with retinoid x 

receptor (RXR), and binds to co-activators, steroid receptor co-activator 1 (SRC-1) and 

glucocorticoid receptor-interacting protein 1 (GRIP-1). B, a schematic depicting the 

process of the luciferase (LUC) assay; instead of transcribing the gene, a luciferase signal 

is created and read using a luminometer.  
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Figure 4.2. Determining methods of identifying hCAR activators and deactivators. 

HepG2 cells were stably incorporated with hCAR1 expression and CYP2B6 reporter 

plasmids. In A, cells were co-treated with increasing concentrations of CITCO and either 

0 µM, 2.5 µM, or 5 µM PK11195. The cells were also co-treated with varying 

concentrations of PK11195 and either 0 µM , 0.075 µM , 0.1 µM , or 0.2 µM  CITCO 

(B). Hill slope and EC50 were determined as previously stated in Materials and Methods. 

A.

B.
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various concentrations and co-treated with either 0 µM, 2.5 µM, or 5 µM PK11195 to 

confirm which concentration of PK11195 was necessary to decrease the basal activity of 

CAR and still acquire strong ligand dependent activity. When co-treated with PK11195 at 

2.5 µM, the EC50 was found to be 1.105 µM and a hill slope of 0.7913. Therefore, in 

agonist mode screening, PK11195, at 2.5 µM, was selected to co-treat with the given 

drugs in all cells. In the primary screening, all drugs were compared to the Emax of 

CITCO which was set to 100% activation. Four drugs were found to have an efficacy 

greater than 100% CITCO, three of which had an EC50 value less than 20 µM (Table 4.1). 

There were 111 drugs found to have an efficacy between 20 – 100% CITCO, and seven 

of these had an EC50 less than 1 µM showing their potent activation.  

 

4.3.2 CAR Deactivation of Clinically Used Drugs 

 The same 2816 drugs were also screened in the antagonist mode. As stated in the 

Materials and Methods section of Chapter 4, PK11195 was used as a positive control for 

hCAR deactivation. To achieve the optimal signal to background ratio in the antagonist 

mode screening, three CITCO concentrations at 0.075, 0.1 and 0.2 µM were tested. As 

shown in Figure 4.2B, PK11195 at various concentrations co-treated with 0.1 µM CITCO 

acquired the best curve and fit. All of the drugs screened, were compared to the Emax of 

PK11195, which was set to 100% deactivation of hCAR. During the primary screening of 

the compounds, 32 drugs were found to have an efficacy over 100% PK11195; eight of 

these drugs also had an IC50 below 1 µM (Table 4.2). 
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Table 4.1. Identified hCAR agonists found through qHTS from the NPC. 

 

 

E*: Efficacy 

 

 

   

 
20 < E* < 30 30 ≤ E* < 40 40 ≤ E* < 100 E* > 100 

EC
50

 

< 1 µM 6 1 
  

1  - 10 μM 13 11 5 
 

10 - 20 μM 22 16 13 3 

> 20 μM 13 5 6 1 

Total 54 33 24 4 
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Table 4.2. Identified hCAR antagonists found through qHTS from the NPC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E*: Efficacy 

  

 
40 < E* < 75 75 ≤ E* < 100 E* > 100 

IC
50

 

< 1 µM 26 20 8 

1  - 10 μM 33 19 7 

10  - 20 μM 16 6 7 

20  - 27 μM 
  

10 

Total 75 45 32 
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4.3.3 Cherry Pick Confirmation 

 The 115 drugs from the agonist screening, the 152 drugs from the antagonist 

screening, as well as 103 other drugs selected for their null activity, were cherry-picked 

and re-tested. The compounds identified from the agonist mode screening had a 73% 

confirmation rate, while the compounds identified from the antagonist mode screenings 

only had a 47% confirmation rate (data not shown) in the cherry pick confirmation.  

However, some antagonists had low cell viability and therefore could not be confirmed 

due to possible toxicity.  

 The compounds which were confirmed in the follow-up study were purchased and 

further evaluated for high potency, high efficacy, important pharmacological effect, and 

toxicity. The drugs which did not meet the requirements were then excluded from further 

studies. Agonists which had lower toxicity, an efficacy above 50% CITCO and an EC50 

below 20 µM were examined for their pharmacological effect. Drugs used in non-clinical 

applications were excluded as well as certain drugs which have been discontinued from 

the market. Because it is important to identify hCAR selective compounds, hPXR 

activation was also a factor in selecting certain compounds. The potential CAR activators 

were narrowed to 25 drugs which exemplified all requirements; three examples of the 

drugs found are shown in Figure 4.3. 

 The potential CAR antagonists, identified from the screening, were also further 

evaluated in a similar manner. Drugs which had lower toxicity, an efficacy above 70% 

PK11195 and an IC50 below 15 µM were also assessed for pharmacological importance 

and hPXR activation. There were 22 antagonists which met the criteria mentioned above. 

Figure 4.4 demonstrates three examples of drugs found in this class. 
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Figure 4.3. CAR agonists identified from primary screening and confirmed in the cherry-

pick confirmation. HepG2-hCAR1-CYP2B6 cells were co-treated with 2.5 µM PK11195 

and specified compounds, Clebopride (A), Phenelzine (B) and Vatalanib (C), in a 

concentration-dependent manner. Each drug’s chemical structure is shown inside the 

graph. The pink line with circle data points represents the primary screening, while the 

purple line with square data points symbolizes the cherry-pick confirmation performed.  

 

  

A. B.

C.
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Figure 4.4. Antagonists identified from primary screening were confirmed in the cherry-

pick confirmation. HepG2-hCAR1-CYP2B6 cells were co-treated with 0.1 µM CITCO 

and specified compounds, Bortezomib (A), Moracizine (B) and Topotecan (C), in a 

concentration-dependent manner. Each drug’s chemical structure is shown inside the 

graph. The pink line with circle data points represents the primary screening, while the 

purple line with square data points symbolizes the cherry-pick confirmation performed. 

C.
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4.3.4 Effect of Drugs on CYP2B6 mRNA Expression 

 From the 25 agonists and 22 antagonists identified in the previous evaluation, 

nine agonists and 11 antagonists were acquired. Since CYP2B6 is the primary target gene 

of hCAR, it is prudent to determine the mRNA expression of this target gene to acquire 

knowledge of the regulation of CAR through test ligands. To investigate whether hCAR 

activation and deactivation, by these drugs, translated from the human hepatoma cell line 

HEPG2 to human liver data, all 20 potential CAR regulators were examined in HPH 

prepared from a human liver donor (HL#90). Figure 4.5A and B, exhibit the CYP2B6 

mRNA expression found in the liver when treated with the potential agonists and 

antagonists, respectively. Vatalanib, imperatorin, flavone, and artemotil all have 

significantly induced expression of CYP2B6, whereas the other potential agonists appear 

to have little or no induction. For the antagonists, nelfinavir, daunorubicin, adefovir 

dipivoxyl, mitomycin C, topotecan, bortezomib, ouabain, and digitoxin all show 

significant inhibition of CYP2B6 expression. The red bars, ouabain and digitoxin, 

indicate a possible cytotoxicity that occurred, indicated by visual appearance and 

decreased concentrations of RNA when isolated. Further studies will need to be 

performed in order to ascertain whether these two drugs to have an actual inhibition, 

rather than a decrease in value due to toxicity. 

 

4.3.5 CYP3A4 mRNA expression 

 As previously mentioned, PXR is known as CAR’s sister receptor; they have 

many similar target genes and go through the action of “cross-talking” [95]. It is therefore 

prudent to identify selective CAR ligands, which has proven to be a very difficult task,   
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Figure 4.5. CYP2B6 mRNA expression of potential hCAR agonists and antagonists. 

HPH from a liver donor (HL#90) was treated with the vehicle control DMSO (0.1%), 

CITCO (1 µM), RIF (10 µM), agonists (A) or antagonists (B) at indicated concentrations. 

The red bars indicate possible cytotoxicity. Real-time PCR was used to determine the 

mRNA expression levels. Each bar represents the mean ± SD (n = 3). *, p < 0.05, **, p < 

0.01, ***, p < 0.001.   
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with very few known. Since CYP3A4 is the primary target gene for PXR, its mRNA 

expression was investigated to determine the selectivity of each agonist and antagonist 

discovered (Figure 4.6). Interestingly, the only two drugs which induced CYP2B6 and 

CYP3A4 were vatalanib and artemotil. Imperatorin and flavone appear to induce only 

CYP2B6. Mitomycin C, topotecan, bortezomib, ouabain, and digitoxin were found to 

inhibit CYP3A4 along with CYP2B6. However, nelfinavir mesylate, daunorubicin, and 

adefovir dipivoxyl seem to inhibit only CYP2B6 significantly. This data represents the 

possibility of five drugs being selective hCAR ligands. 

 

4.3.6 Effect of drugs on G6Pase expression 

 Recent evidence suggests CAR has the ability to regulate energy homeostasis as 

well as its primary targets [136]. G6Pase is a rate limiting enzyme in the process of 

gluconeogenesis. Therefore, preliminary results showing inhibition of this key step would 

characterize a drug as a possible target for regulating diabetes. The mRNA expression of 

G6Pase was obtained through qRT-PCR, after HPH were treated with the potential 

agonists (Figure 4.7A) and antagonists (Figure 4.7B). These novel findings reveal 

imperatorin and flavone to inhibit G6Pase, along with CITCO which was discovered in 

Chapter 3. Vatalanib 20 µM and both concentrations of artemotil, the two drugs which 

were shown to induce both CYP2B6 and CYP3A4, do not inhibit G6Pase. Adefovir 

dipivoxyl, nifuroxazide, bortezomib, daunorubicin, and nelfinavir mesylate all inhibited 

G6Pase and CYP2B6 as well, with the exception of nifuroxazide which inhibited only 

G6Pase. Topotecan and mitomycin C both inhibited CYP2B6 and caused a slight  
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Figure 4.6. CYP3A4 mRNA expression of potential hCAR agonists and antagonists. The 

drugs were treated for 24 hours, at indicated concentrations, in HPH from a liver donor 

(HL#90). In A, the vehicle control, DMSO (0.1%), CITCO (1 µM), RIF (10 µM), and 

potential agonists were used to treat individual wells and CYP3A4 mRNA expression 

was determined. The potential CAR antagonists were also treated and CYP3A4 

expression levels were detected (B). Real-time PCR was used to determine the mRNA 

expression levels. Each bar represents the mean ± SD (n = 3). *, p < 0.05, **, p < 0.01, 

***, p < 0.001.   
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Figure 4.7. G6Pase mRNA expression. Real-time PCR was used to determine the 

G6Pase expression levels found in HPH (HL#90) when treated with vehicle control, 

DMSO (0.1%), CITCO (1 µM), or the potential agonists (A) or antagonists (B). Each bar 

represents the mean ± SD (n = 3). *, p < 0.05, **, p < 0.01, ***, p < 0.001.   
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induction of G6Pase which could suggest these drugs work through the hCAR pathway; 

further studies are required to completely elucidate how these two drugs are involved. 

 

4.4 Discussion 

 The human constitutive androstane receptor is one of the major nuclear receptors, 

which regulates key DMEs as well as transporters [1]. It, therefore, has a significant 

implication in drug-drug interactions and multiple disease states. The specificity and 

number of hCAR ligands is largely unknown due to its ligand independent nuclear 

translocation in immortalized cell lines. In this chapter, using a double stable cell line, we 

identified novel hCAR activators and deactivators from a group of 2816 drugs classified 

as either FDA-approved, approved in other countries, or used in clinical trials around the 

world. We then verified the results using HPH acquired from a human liver donor. To our 

knowledge, this is the first study which examines a large set of drugs, in a qHTS 

platform, ascertaining their ability to activate or deactivate hCAR and therefore, induce 

or inhibit CYP2B6. 

 PXR is another nuclear receptor which has a great association with DDIs and 

disease states.  Since CAR’s sister nuclear receptor does not accumulate in the nucleus 

without ligand provocation, a study was done by Shukla et al., using a double stable cell 

line containing both CYP2B6 promoter vector and PXR expression plasmid, to screen 

clinically relevant drugs for PXR activation [157]. Multiple drugs were identified as PXR 

activators through this method; species specificity was also detected as the study was 

done using hPXR as well as rat (r) PXR. The information provided by these results help 

to understand more about medically used drugs and their side effects; yet PXR activation 
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only covers one facet of drug metabolism. This recent study validates our methodology of 

screening a complete drug database using a double stable cell line.  

Here, we were able to identify two potentially selective hCAR agonists using this 

method. Flavone and imperatorin induced CYP2B6, but not CYP3A4 mRNA expression. 

Certain dietary flavonoids have been established as activators of hCAR using HepG2 

cells transfected with hCAR1 expression plasmids [158]. The scope of their study did not 

include unsubstituted flavone itself as a test subject, which supports the novelty of our 

study. In a study done by Schrag and Wienkers, flavone inhibited the CYP3A4-mediated 

triazolam metabolism in human liver microsomes, while moderately activating 

testosterone metabolism; this evidence suggests flavone is a substrate of CYP3A4, but 

not necessarily an inhibitor [17]. The flavone data in this chapter corroborates both of 

these studies and illustrates the importance this drug could have on disease states 

associated with CAR. In an in-vivo mouse study, imperatorin, the coumarin derivative, 

increased the Cyp2b10 activity significantly, the Cyp3a11 activity was also increased 

which shows a contradiction to the human data presented in this chapter [159]. Kimura et 

al. performed a study, using commercial human microsomes expressed in baculovirus-

insect cells, which presented imperatorin as a strong inhibitor of CYP3A4 [160]. The 

data, in respect to imperatorin and presented in chapter 4, is corroborated by these two 

studies. Identifying hCAR selective activators could be used as therapeutic treatments for 

certain disease states. 

Activation of mCAR, through 1,4-Bis-[2-(3,5-dichloropyridyloxy)]benzene, 

3,3′,5,5′-Tetrachloro-1,4-bis(pyridyloxy)benzene (TCPOBOP) treatment, leads to 

tumoriogenesis [83]. Therefore, finding selective CAR inhibitors could lead to an 
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inhibition of tumor growth in mice. In Figures 4.5 and 4.6, three drugs were discovered to 

significantly inhibit CYP2B6 and have no effect on CYP3A4; they were adefovir 

dipivoxyl, daunorubicin, and nelfinavir. Adefovir dipivoxyl was found to have little 

influence on CYP enzymes, with the exception of moderate inhibition of CYP3A4 at 

large concentrations, in a preliminary study using human liver microsomes [161]. This 

hepatitis B drug has been shown to cause renal toxicity at higher therapeutic doses [162] 

and consequently, further studies need to be performed to ensure the safety of using this 

drug as a hCAR deactivator. There have been no major studies regarding the effects of 

daunorubicin on CYP2B6 induction; as much of the literature focuses on doxorubicin and 

CYP enzymes. This is because daunorubicin has been shown to have cardiac toxicity 

[163], an effect that should be considered when using higher concentrations. CYP3A4 

inhibition by nelfinavir is a widely accepted occurrence [164, 165] with studies 

performed in liver microsomes. In this chapter, nelfinavir appears to have no effect on 

CYP3A4, which may be due to differences in methodology or something more complex. 

Further studies will need to be performed in order to fully understand the effect of 

nelfinavir on CYP3A4. Nelfinavir also showed an inhibitory effect at 20 µM and a slight 

induction at 10 µM. In a study done by Dixit et al., nelfinavir was shown to slightly 

induce CYP2B6 expression and activity [166]. Therefore, the inhibitory effect of 

nelfinavir at 20 µM will need to be confirmed and further evaluated for toxic 

implications. 

As stated before, CAR regulates enzymes and transporters outside its initial role 

of controlling drug metabolism. Inhibiting gluconeogenesis, through CAR activation, has 

become a recent area of study. Gao et al. indicated mCAR activation, through 
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TCPOBOP, inhibited gluconeogenesis and by proxy, insulin resistance as well [21]. This 

chapter also performed a PCR analysis of G6Pase mRNA expression. CITCO, as shown 

in Chapter 3, once again repressed the expression of G6Pase.  Interestingly, the other 

two drugs which showed hCAR selectivity, imperatorin and flavone, showed the greatest 

inhibition on this rate-limiting enzyme of gluconeogenesis. Artemotil and vatalanib 

showed minor or no effect on G6Pase, possibly due to their innate CYP3A4 activation. 

When the potential deactivators were analyzed, adefovir dipivoxyl, nifuroxazide, 

bortezomib, daunorubicin, and nelfinavir all inhibited G6Pase and CYP2B6. 

Nifuroxazide also inhibited G6Pase without showing a significant effect on CYP2B6. 

These drugs appear to work through an unknown mechanism and further studies are 

required; however, the pathways which are used by these drugs are beyond the scope of 

this chapter. Mitomycin C and Topotecan inhibited CYP2B6, but also slightly increased 

G6Pase mRNA expression. These two drugs could also use the hCAR pathway in a 

different manner. 

The intention of this chapter was two-fold: to identify hCAR activators and 

deactivators, which can be further examined for possible DDIs, and to discover potential 

selective hCAR ligands. There were 115 drugs identified as hCAR activators and 152 

drugs shown to deactivate hCAR in the initial screening, many of which were confirmed 

in the cherry-pick confirmation. Two possible selective hCAR activators were obtained, 

imperatorin and flavone, which suggests they have the ability to inhibit gluconeogenesis 

and become a part of a therapeutic regimen for diabetes. 
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Chapter 5: Conclusions and Future Work 

 The constitutive androstane receptor (CAR) is a nuclear receptor known to 

regulate drug metabolizing enzymes and transporters and is therefore responsible for 

many drug-drug interactions (DDIs) [16, 44, 167, 168]. Although CAR plays a pivotal 

role in DDIs, there have been no large combined computational and biological 

approaches or high-throughput screening assays to divulge how this nuclear receptor is 

affected by a large pool of drugs. In a study performed by Shukla et al, the pregnane X 

receptor (PXR), a close relative of CAR, was screened for its biological activities in a 

collection of clinically used drugs, showing the value of a cell-based luciferase assay at 

high-throughput scales [157]. However, the utilization of CAR in such a platform is 

difficult, due to its constitutive activation in immortalized cell lines.  

It has recently been suggested that CAR not only regulates drug metabolism but 

also plays a role in energy homeostasis and cancer development [20-22, 109]. These 

important new findings however, were mainly obtained from mouse and/or rat studies. 

Given the significant species selectivity of CAR, it is important to explore whether these 

findings could be correctly extrapolated from animal models to humans. As such, the 

work described in this thesis was that potent hCAR activators and deactivators could be 

identified through combined computational and biological approaches and also by 

utilizing a novel double stable cell line; and activation of hCAR affects energy 

metabolism by down-regulation of gluconeogenesis. 

This thesis describes two unique computational and biological approaches that 

allowed me to efficiently identify potent hCAR activators, such as, nicardipine, octicizer, 

UM068, UM104, UM138, and UM145. Utilizing some of these novel hCAR activators, 



121 

 

results from this project clearly demonstrate that activation of hCAR selectively 

repressed hepatic gluconeogenesis, but not lipogenesis or fatty acid synthesis in HPH. 

These findings are in stark contrast to outcomes obtained from analogous studies 

performed in mice, where activation of mCAR non-selectively repressed gluconeogenesis 

and lipogenesis, suggesting activation of hCAR would potentially benefit diabetic 

patients but not directly on obesity. Thus, results from mouse studies of CAR are not 

necessarily indicative of the activity of human CAR and extreme caution must be taken in 

extrapolating mouse CAR results to human CAR activity. 

An additional quantitative high-throughput assay was also performed, identifying 

hCAR activation and deactivation. Two potentially selective hCAR activators were 

identified from this assay and both showed potent repression of G6Pase expression, one 

of the rate-limiting enzymes in gluconeogenesis. Together, we have identified a number 

of promising hCAR modulators that may beneficially influence energy homeostasis.  

Notably, some of these compounds are FDA approved drugs, which raise the possibility 

of repurposing old drugs for novel therapeutic potentials. However, the current project 

relies predominantly on computational and cell-based biological approaches. To advance 

our findings toward clinical application, further more comprehensive studies are 

warranted.  

The next step in advancing these studies clinically is to define the selectiveness of 

flavone and imperatonin, which were identified as potent hCAR activators. Assuring the 

selectivity of these compounds towards CAR is necessary and an important piece of data 

for these compounds to be further examined as selective CAR inhibitors. Since PXR and 

CAR are closely correlated with each other, it is necessary to identify any PXR 
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activation. Other nuclear receptor activity may also need to be assessed due to CAR’s 

ability to cross-talk with multiple receptors. Of importance, CAR and PXR share many 

similar functions in the regulation of drug metabolism and transportation, and their role in 

energy homeostasis appears to be more comprehensive. For instance, activation of 

mCAR has been proven to be beneficial for high-fat diet induced obesity; the same 

beneficial effect was observed in mice when PXR was knocked out. These findings 

further emphasize the importance in identifying highly selective CAR activators for 

potential treatment of metabolic disorders. 

Animal studies are a necessary component in testing the effectiveness and toxicity 

of a drug candidate before it eventually reaches the clinical stage. Experiments varying 

the doses of flavone and imperatorin should be performed in mice to investigate the 

pharmacokinetic pathway through which each of these drugs will work and determine an 

effective dose. Determining the expression level of energy metabolism enzymes in the 

liver would be important when defining the correct dose. Once a safe and effective dose 

is identified, different mouse models will need to be acquired; specifically since a species 

difference was identified in this thesis, a humanized CAR mouse model would provide 

unique advantages over wild-type animals. It is expected that the potential therapeutic 

benefits of hCAR activation could be strongly established by a comprehensive 

combination of in vivo-in vitro, and cross species approaches. Our high-throughput 

strategies would allow us to eventually identify novel compounds that have the potential 

to advance towards clinical practice.   
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