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Abstract

The pregnane X receptor (PXR), a xenobiotic-sensing nuclear receptor, is a key regulator of drug
and xenobiotic metabolism. Additionally, PXR regulates hepatic glucose, lipid, cholesterol, and
bile acid metabolism, and inflammation. However, the mechanisms and consequences are still
poorly understood.

I investigated the role of PXR in the regulation of lipid metabolism and bone homeostasis.
Specifically, I studied the effect of the two different PXR activators, atorvastatin and
pregnenolone 16α-carbonitrile (PCN), on the hepatic transcriptome in mice. Furthermore, I
studied the roles of PXR and oxysterols on reverse cholesterol transport. I also studied the role of
PXR in human osteoblasts cells.

This study demonstrated that atorvastatin (the most prescribed hypocholesterolemic drug in
humans) regulates hepatic cholesterol and lipid synthesis PXR-dependently, but the response is
distinct from PCN. Unlike PCN, atorvastatin does not induce liver steatosis. Neither PCN nor
atorvastatin had a harmful effect on glucose tolerance in the high-fat diet-fed mice.

In healthy volunteers treated with rifampicin, the plasma 4β-hydroxycholesterol (4βHC) was
elevated compared to placebo. 4βHC is an agonist of the liver X receptor (LXR), a major regulator
of lipid metabolism. In vitro studies revealed that incubation of macrophages with 4βHC represses
cholesterol influx and induces efflux in macrophages.

Furthermore, rifampicin increased alkaline phosphatase (ALP) plasma levels, particularly the
bone specific-ALP. In vitro studies demonstrated that this is most likely via the direct effect of
rifampicin in osteocytes. However, the role of PXR in this process remains unclear.

Altogether, the results presented in this thesis reveal novel roles of PXR in the regulation of
cholesterol and lipid metabolism. PXR mediates the atorvastatin effect on the hepatic
transcriptome, particularly on the hepatic cholesterol metabolism. Moreover, through the 4βHC-
LXR axis, PXR could be a novel link between hepatic xenobiotic exposure and the regulation of
cholesterol transport in peripheral tissues.

Keywords: 4βHC, ALP, atorvastatin, cholesterol, liver steatosis, PCN, PXR, rifampicin
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Tiivistelmä

Pregnaani X-reseptori (PXR) on ksenobiooteja aistiva tumareseptori, ja se on keskeinen lääke- ja
vierasainemetabolian säätelijä. Tämän lisäksi PXR säätelee maksan glukoosi-, lipidi-, kolestero-
li-, ja sappihappometaboliaa ja tulehdusta. Näiden säätelytoimintojen mekanismit ja seuraukset
ymmärretään kuitenkin edelleen puutteellisesti.

Tutkimuksessani selvitin PXR välitteisen säätelyn merkitystä lipidiaineenvaihdunnalle ja
luun homeostaasille. Tarkemmin ottaen tutkin kahden erilaisen PXR-aktivaattorin, atorvastatii-
nin ja pregnenoloni-16α-karbonitriilin (PCN) vaikutuksia maksan transkriptomiin, PXR:n ja
oksisterolien osallisuutta käänteiseen kolesterolin kuljetukseen, sekä PXR:n toimintaa ihmisen
osteoblastisoluissa.

Tämä tutkimus osoitti, että atorvastatiini (eniten ihmisillä käytetty kolesterolia alentava lää-
ke) säätelee maksan kolesteroli- ja lipidisynteesiä PXR-välitteisesti, mutta vaste poikkeaa PCN:n
aiheuttamasta vasteesta. PCN:stä poiketen atorvastatiini ei aiheuta maksan rasvoittumista.
PCN:llä ja atorvastatiinilla ei kummallakaan ollut haitallisia vaikutuksia glukoosin sietoon hiiril-
lä, joita oli ruokittu paljon rasvaa sisältävällä ruokavaliolla.

Rifampisiinin annostelu terveille vapaaehtoisille nosti plasman 4β-hydroksikolesterolia
(4βHC) verrattuna plaseboon. 4βHC on keskeisen lipidimetabolian säätelijän, maksan X-resep-
torin (LXR) agonisti. In vitro -tutkimukset osoittivat, että makrofagien inkubointi 4βHC:n kans-
sa vähensi kolesterolin influksia ja lisäsi sen effluksia makrofageissa.

Rifampisiini myös lisäsi alkalisen fosfataasin (AFOS) plasmapitoisuutta erityisesti luuspesi-
fisen AFOS:n osalta. In vitro -tutkimukset osoittivat tämän todennäköisesti johtuvan rifampisii-
nin suorista vaikutuksista osteosyytteihin. PXR:n rooli tässä prosessissa jäi kuitenkin avoimeksi.

Kokonaisuutena tämän väitöskirjatutkimuksen tulokset paljastivat uusia mekanismeja, joilla
PXR säätelee kolesteroli- ja lipidiaineenvaihduntaa. PXR välittää atorvastatiinin vaikutuksen
maksan transkriptomiin, ja aivan erityisesti kolesterolimetabolian osalta. Lisäksi PXR voi olla
uusi tekijä, joka yhdistää maksan ksenobioottialtistuksen kolesterolin perifeerisissä kudoksissa
tapahtuvan kuljetuksen säätelyyn 4βHC-LXR-akselin välittämänä.

Asiasanat: 4βHC, AFOS, atorvastatiini, kolesteroli, maksan rasvoittumista, PCN, PXR,
rifampisiini





 

To my father  
  



 8

 



9 

Acknowledgments  

First and foremost, I would like to praise and thank God, the Almighty, who has 

granted me countless blessings, so I have finally accomplished this thesis. 

This doctoral thesis was carried out at the Research Unit of Biomedicine 

(Pharmacology and Toxicology), Faculty of Medicine, University of Oulu, Finland, 

during the years 2018-2022. 

From the bottom of my heart, I would like to express my most profound respect 

and sincerest gratitude to my supervisor Professor Jukka Hakkola for giving me the 

opportunity to work under his supervision and for his professional guidance, 

encouragement, continuous support, and patience during my PhD journey. Jukka, 

your humility, wisdom, immense knowledge, and great experience have always 

inspired me in my academic research and daily life. 

I am extremely grateful to my co-supervisor, Professor Janne Hukkanen, for 

his invaluable supervision and support. It has been a pleasure to work under your 

supervision during these years. 

I would like to sincerely thank my pre-examiners, Professor Vesa Olkkonen 

and Professor Risto Juvonen, for their careful review, insightful comments, and 

suggestions on my thesis. I also would like to thank Professor Oliver Burk for 

accepting to be my opponent. 

I would like to extend my sincere thanks to my follow-up group members, 

Associate Professor Reetta Hinttala and Dr. Kari Mäkelä, for their insightful 

discussion, help, and advice. I also would like to thank Dr. Deborah Kaska for her 

expert language revision. 

I am grateful to all collaborators and coauthors of the publications included in 

this thesis, especially Dr. Tuire Salonurmi, Professor Petri Lehenkari, and Dr. Jaana 

Rysä. 

This work would not have been possible without the support and help I got 

from my dear colleagues. Special thanks go to Outi Kummu for all the expert help 

in the animal work. I am deeply grateful to Mahmoud Elkhwanky for teaching me 

many laboratory techniques with his excellent scientific experience and easy way 

of explanation. Thanks, Mahmoud, for your company, all the interesting 

discussions we had, and for always being there and willing to help everyone who 

needs you. I would like to express my gratitude to Anja Konzack and Maria Ahonen 

for their warm and kind hearts and for making the last two years much more 

enjoyable, I really appreciate our friendship. My thanks extend to Fatemeh Hassani 

for all the good times we had together and for all your help. Mikko Karpale, Piia 



 10

Lassila, Maria Pajari, and Mohamed Hassanen, thank you for all the kind help 

during this period. 

I want to give my deepest appreciation to Ritva Tauriainen for all the skillful 

technical assistance and the lovely conversation in Finnish we had together. My 

thanks extend to my officemates, Orvokki Mattila and Anne Doedens. I also wish 

to thank all my past and current fellows in the research unit of biomedicine, Dr. 

Khaled Abass, Alicia Jurado Acosta, Anna Kemppi, Eveliina Halmetoja, Hanna 

Tuhkanen, Johanna Magga, Julia Swan, Sini Skarp, Tarja Alakoski, Manar 

Elmadani, Marja Tölli, and Nalika Conesa. Special thanks to Professor Olavi 

Pelkonen, Professor Risto Kerkelä, Dr. Pirkko Viitala, Kirsi Salo, Marja Arbelius, 

Esa Kerttula, and Kari Livari for their helpful attitude. I also want to thank all the 

personnel at the laboratory animal center, especially Sirpa Tausta and Seija 

Seljänperä for all their skillful assistance.  

I owe my sincere thanks to all the personnel at Välkkälän päiväkoti, Tuula, 

Sinikka, Marita, Taina, Ritu, Anu, Marianne, Riitta, Tarja, Riitta, Sirpa, Heli, and 

Janita for taking care of my kids during this period of my PhD journey. I would like 

to give a special thanks to my friends in Oulu, Nazeeba and Ehsanul, Nada Sanad, 

Marwa, Rehab, Abeer, Taiba, and Mariam. I am also grateful to my friends Dalia 

and Dina for all your help, especially for caring for my kids when I was hospitalized.   

I acknowledge the generous financial support from the Academy of Finland, 

Biocenter Oulu, European Union’s Horizon 2020 Research and Innovation 

Programme, Orion Research Foundation sr, and the Finnish Foundation for 

Cardiovascular Research (Sydäntutkimussäätiö). 

Words are not enough to express my sincere gratitude to my parents, Nabil, and 

Wedad, for their endless love, continuous support, trust, and encouragement and 

for always being there for me. Thank you, my father and mother, for teaching me 

the beauty of love, forgiveness, and generosity. You have the purest and kindest 

hearts in the world. My parents, I am deeply indebted to you; without your 

unconditional love, sacrifices, encouragement, and belief in me, I wouldn’t have 

achieved anything in my life.  

I am extremely grateful to my father & mother-in-law Sobhy and Leila for their 

love, kindness, and prayers. My sincerest gratitude extends to all my family, 

especially to my grandmother Fatemeh, my uncles Abdo and Mostafa, my aunt 

Mimi, my sisters, Soheir, Hadeer, and Aya, and my sister-in-law Hanna, and my 

brothers Alaa, Mohamed, Adel and my brother-in-law Eslam for their love and 

support. 



11 

Words cannot express my deepest gratitude to my best friend and beloved 

husband Mahmoud. Thank you for everything and for being in my life. Mahmoud, 

without your endless love, unlimited support, and continuous encouragement, I 

wouldn’t have been able to write these lines. This thesis has been as much yours as 

it has been mine. Mahmoud, you are the ideal example of the best husband and best 

father ever. I am so proud of you, and I am honored to share my life with you. My 

beloved sons Suhail and Elias, you are the love, joy, and sunshine of my life. Thank 

you, my lovely kids, for being in my life and for giving me unlimited happiness 

and pleasure.   

Oulu, October 2022 Heba Nabil Abdelfattah 

 
  



 12

 



13 

Abbreviations  

25HC 25-hydroxycholesterol        

27HC 27-hydroxycholesterol  

26S             26-Svedberg sedimentation coefficient 

4βHC 4β-hydroxycholesterol        

70PS6K 70 kDa ribosomal protein S6-kinase 
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GS Glycogen synthase 

GSK Glycogen synthase kinase  

GSK3β Glycogen synthase kinase 3β  

GST Glutathione S-transferase 
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LXR Liver X receptor 
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SCAP SREBP cleavage-activating protein 
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1 Introduction 

The xenobiotic-sensing nuclear receptor, pregnane X receptor (PXR), is a ligand-

activated transcription factor. PXR is expressed highly in liver and intestine, and 

upon ligand binding, PXR regulates the transcription of target genes encoding 

phase I and II drug-metabolizing enzymes and drug transporters (H. Wang & 

LeCluyse, 2003). However, recent reports by several laboratories, including ours, 

have uncovered a much broader role of PXR in the regulation of glucose, lipid, and 

bile acid metabolism, inflammation, cell cycle, and apoptosis (Hakkola et al., 2016).  

PXR has a large and flexible ligand-binding pocket which allows many diverse 

compounds to bind to PXR. PXR is activated by several clinically used drugs and 

may potentially mediate adverse metabolic effects. An interesting example is the 

cholesterol-lowering drug statins, which have been described to increase the risk of 

new-onset diabetes among statin users (Kast et al., 2002). Moreover, PXR 

activation has been shown to promote liver steatosis, hypercholesterolemia, 

impaired glucose tolerance, and increased blood pressure and heart rate (Hukkanen 

& Hakkola, 2020; Karpale, et al., 2021). These results indicate that PXR activation 

might be harmful to metabolic health. 

In addition to liver functions, PXR activation may have effects also in other 

tissues, but these are poorly understood. For example, PXR knockout mice display 

osteopenia and reduce bone formation (Azuma et al., 2010).  

Collectively, PXR appears to be essential in regulating several metabolic 

processes. However, the molecular mechanisms involved have been only partially 

uncovered. Therefore, in the current thesis, I aimed to gain further insight into the 

biological function of PXR in regulating cholesterol, lipid, and bone homeostasis. 

Uncovering these mechanisms would be of great value and may help to develop 

novel therapeutics for metabolic diseases such as diabetes and non-alcoholic fatty 

liver disease (NAFLD). 
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2 Review of the Literature  

2.1 Nuclear receptors  

Nuclear receptors (NRs) are essential cellular proteins that sense both intracellular 

and extracellular signals (De Bosscher et al., 2020). NRs act as transcription factors 

that regulate the transcription of several genes involved in many biological 

processes from development to homeostasis, such as cell cycle, proliferation, 

inflammation, apoptosis, stress response, and drug metabolism (Sonoda et al., 2007; 

Xing et al., 2020). There is a distinct cellular effect for each nuclear receptor. 

However, all nuclear receptors share several structural features, sequence 

similarities, and functional domains (De Bosscher et al., 2020). 

The basic structure of all NRs includes a variable N-terminal region with an 

activation function 1 domain (AF-1), a highly conserved DNA-binding domain 

(DBD), a hinge region, and a ligand-binding domain (LBD) that contains the 

activation function domain 2 (AF-2). The ligand-independent activation of the NR 

is mediated by the AF-1, while the ligand-dependent activation is mediated by the 

AF-2 domain (Nagy & Schwabe, 2004). The LBD and DBD are connected by the 

hinge region which undergoes conformational changes upon ligand binding 

followed by the binding of the coactivators of PXR, the complex localization to the 

nucleus and activation of PXR regulated transcription (Mackowiak & Wang, 2016).  

There are two classes of NRs based on their ligand specificity: endocrine NRs 

(for example, retinoic acid receptor, RAR; estrogen receptor,  ER; and androgen 

receptor, AR) and orphan NRs (Sonoda et al., 2007). Specific endogenous ligands 

which are present physiologically in a low concentration, such as lipophilic 

hormones and steroids, bind with nanomolar affinity to the endocrine NRs (Nagy 

& Schwabe, 2004; Sonoda et al., 2007). Orphan NRs are called orphans because 

their natural ligands have not been discovered yet. However, orphan NRs are 

generally thought to be activated by abundant and low affinity endogenous 

compounds and xenobiotics (Nagy & Schwabe, 2004; Sonoda et al., 2007).  

The xenobiotic receptors (XRs) (such as constitutive androstane receptor, CAR, 

and pregnane X receptor, PXR) are a subset of orphan NRs that can be activated by 

a wide range of endogenous compounds and xenobiotics at micromolar 

concentrations (H. Wang & LeCluyse, 2003). Besides their classification based on 

ligand specificity, human NRs are divided into seven subfamilies based on their 

mechanism of action, ranging from nuclear receptor subfamily 0 (NR0) to NR6, 
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including 48 members. Subfamily 1 is the largest one and includes thyroid hormone 

receptors (THRs), RAR, AR, ER, and many orphan NRs like peroxisome 

proliferator-activated receptor (PPAR), liver X receptor (LXR), PXR and CAR 

(Chai et al., 2013).  

2.2 Discovery of pregnane X receptor, a brief history 

The mouse xenobiotic nuclear receptor pregnane X receptor gene (Pxr) was cloned 

in 1998 using an expressed sequence tag to screen the mouse liver cDNA library. 

They named it PXR because it is activated by pregnane 21-carbon steroids and 

dexamethasone derivatives (Kliewer et al., 1998). After discovering the murine Pxr, 

the human PXR gene was cloned by several laboratories and established as the 

orthologue of the mouse Pxr. The human PXR is activated by a wide variety of 

natural and synthetic steroids as well as xenobiotics. The human PXR is also known 

as SXR (steroid and xenobiotic receptor) (Blumberg et al., 1998). The human and 

mouse PXR are closely related; they are 95 % identical in the DNA binding domain 

(DBD) and 73 % identical in the ligand-binding domain (LBD) (Kliewer et al., 

1998).  

The prototypical PXR target gene is the cytochrome P450 3A4 (CYP3A4) 

which has a PXR responsive element in its promoter (Lehmann et al., 1998). Both 

mouse and human PXR have been shown to be activated by the CYP3A inducers 

(J. Cheng et al., 2011). In fact, in humans, more than 50% of prescribed drugs are 

metabolized by the hepatic CYP3A4 enzyme (Lehmann et al., 1998). Since then, 

the role of the PXR as a xenosensor has been well established by many studies in 

humans and rodents and confirmed by using the PXR knockout model, in which 

the effect of the CYP3A inducers has been abolished in the absence of PXR 

(Barwick et al., 1996). 

Altogether, the discovery of the PXR opened the door for better understanding 

of the molecular mechanisms involved in the regulation of expression of drug-

metabolizing enzymes and drug transporters (Yan & Xie, 2016).  
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2.3 Distribution, structure, and activation of PXR 

2.3.1 Classification and tissue distribution of PXR  

PXR (also called NR1I2, nuclear receptor subfamily 1 group I member 2) belongs 

to the nuclear receptor superfamily of ligand-activated transcription factors (Xing 

et al., 2020). The human PXR (hPXR) is a product of the NR1I2 gene, which spans 

approximately 20 kbs and is located at locus 3q12- q13.33 of chromosome 3. The 

NR1I2 gene is 38002 bps and consists of ten exons separated by nine intronic 

regions. Three isoforms of hPXR containing different combinations of splicing 

have been identified so far. Of them, hPXR isoform 1 is considered the wildtype 

one, encoding a 434 amino acid long protein composed of DBD, which is encoded 

by exons 3 and 4, a hinge region encoded by part of exon 5, and LBD encoded by 

exons 5-10 (Goodwin et al., 2002; Hustert et al., 2001; Mbatchi et al., 2016). 

hPXR is highly expressed in the liver, small intestine, rectum, and colon (Pavek, 

P., & Dvorak, Z. 2008). Besides hepatocytes in the liver, which highly express PXR, 

its expression has been detected in other liver cells like human primary hepatic 

stellate and Kupffer cells (Haughton et al., 2006; Lu et al., 2007; Wallace et al., 

2010). The expression of PXR in other tissues, including some regions of the brain, 

lung, breast, stomach, adrenal gland, uterus, ovary, and peripheral monocytes, is 

low or undetectable (Petryszak et al., 2016). The high expression of PXR in the 

enterohepatic system corresponds to its crucial role in xenobiotic metabolism, 

where its primary function is to regulate the transcription of the hepatic genes 

encoding phase I and II drug-metabolizing enzymes and drug transporters (Ihunnah 

et al., 2011).  

2.3.2 Structure of PXR 

The molecular weight of the PXR protein is approximately 50 kDa and, like most 

nuclear receptors, PXR consists of an N-terminal region containing a ligand-

independent AF-1 domain, DBD, which is needed for the binding to specific DNA 

sequences and receptor dimerization, a relatively short hinge region connecting the 

LBD with the DBD, and LBD at the C-terminus with the ligand-dependent AF-2 

domain (Fig.1). The αAF-2 domain is necessary for the recruitment of the 

transcriptional coregulators by interacting with the Leu-Xxx-Xxx-Leu-Leu 

(LXXLL) motifs of transcriptional coactivators or to the Ile/Leu-Xxx-Xxx-Ile/Val-

Ile motifs of corepressors (Carnahan, V. E., & Redinbo, M. R. (2005).  
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The ligand-binding pocket of PXR is larger and more flexible than any other 

NR-LBD. The PXR-LBD consists of a three-layered-α helical sandwich, α1- α3, 

α4- α5- α8- α9, and α7- α10, and five stranded antiparallel β-sheets, in contrast to 

the majority of other NRs which have three-stranded-β sheets. There are 28 amino 

acid residues lining the ligand pocket of PXR, of which 20 are hydrophobic, and 

this enables it to bind the fat-soluble compounds, while the few remaining residues 

(eight residues) are polar and participate in the hydrogen bond interaction with the 

ligand (Watkins et al., 2001;  di Masi et al., 2009).  

These distinct features of the PXR-LBD enable it to bind a broad spectrum of 

different sizes and structures of endogenous and exogenous compounds. These 

include, for example, steroid hormone metabolites, gut microflora metabolites, 

vitamins, bile acids like lithocholic acid, dexamethasone, the antibiotic rifampicin, 

phenobarbital, ritonavir, the anticancer drugs paclitaxel and tamoxifen, the 

antihypertensive drug nifedipine,  cholesterol-lowering drugs SR12813 and 

atorvastatin, natural herbs such as St. John’s Wort (hyperforin), pregnenolone-16α-

carbonitrile (PCN), and many others (Bao et al., 2018; Korhonova et al., 2015.; 

Watkins et al., 2001).  

The high homology between the hPXR and the mPXR at the amino acid level 

enables them to share similar binding sites in the promoter of CYP3A. However, 

the low homology between them at the LBD may explain why they display ligand 

species-specificity. For example, PCN is a potent activator of the rodent PXR, while 

rifampicin has a high affinity toward the human PXR (Burger et al., 1992; Luis & 

Moncayo, 2001). The difference between food and xenobiotic exposure was 

proposed to be responsible for the evolutionary changes of the amino acids that line 

the ligand-binding pocket of different PXRs (Krasowski et al., 2011). Many 

endogenous and exogenous compounds have been identified as PXR ligands. 

However, the classification of PXR is still controversial, and many scientists still 

consider PXR an orphan nuclear receptor (Mackowiak & Wang, 2016). 

 

Fig. 1. Schematic structure of PXR protein. The N-terminal domain (N) with a DNA 

binding domain (DBD) followed by a relatively short hinge region, and the ligand-

binding domain (LBD) with the ligand-dependent activation function (AF-2) at the C-

terminal domain (C).  
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2.3.3 Direct activation of PXR 

The cellular localization of PXR is still controversial; for instance, several studies 

have demonstrated that mPXR is primarily located in the cytoplasm of the non-

treated mouse liver, forming a complex with heat-shock protein-90 (HSP90) and 

cytoplasmic CAR retention protein (CCRP). Then mPXR translocates to the 

nucleus upon activation following treatment with the classical mPXR agonist PCN 

(Squires et al., 2004). In contrast, other studies in immortalized cell lines reported 

that hPXR consistently remains in the nucleus (Kawana et al., 2003; Koyano et al., 

2004; Saradhi et al., 2005). However, this nuclear hPXR will not display 

spontaneous activation without chemical stimulation. Moreover, because hPXR is 

not constitutively active, this nuclear localization alone will not be enough for the 

hPXR to promote the transcription of its target genes (Saradhi et al., 2005; Kawana 

et al., 2003). 

In the absence of the agonist, PXR remains silenced through the recruitment of 

corepressors such as nuclear receptor corepressor1 (NcoR1), the common nuclear 

receptor repressor small heterodimer partner (SHP), and the silencing mediator of 

retinoid and thyroid receptor (SMRT, also known as NcoR2) (Squires et al., 2004). 

The direct activation of PXR begins upon ligand binding, in which PXR 

heterodimerizes with the retinoid X receptor α (RXRα,) forming a transcriptionally 

active complex. The formation of the active complex allows for the release of the 

preoccupied corepressor and recruitment of the coactivators such as glucocorticoid 

receptor-interacting protein 1 (GRIP1), and steroid receptor coactivator 1 (SRC-1, 

the first identified PXR coactivator). After this, PXR binds with the DNA response 

element in the regulatory regions of the target genes via the zinc finger motifs (di 

Masi et al., 2009).  

The transcriptional coactivators help in the recruitment of several secondary 

coactivators and histone-modifying enzymes (such as histone acyltransferase, 

HAT), which help in remodeling the inactive chromatin structure and weakening 

its association with DNA, allowing for the binding of the transcriptional RNA 

polymerase II complex to start the transcription process (di Masi et al., 2009).  

The direct PXR activation mechanism based on ligand binding differs from the 

mechanism seen in many other NRs. Some studies reported that the stimulation of 

the coactivator SRC-1 was not confirmed after PXR activation.  (Navaratnarajah et 

al., 2012). Other studies showed that in the absence of ligand binding, PXR 

interacts with SRC-1, and this interaction is potentiated upon ligand binding 

(Krausova et al., 2011; Petr Pavek et al., 2016). Moreover, it was reported that PXR 
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could either interact with SRC or NR interacting protein 1 (NRIP1) in a ligand-

dependent manner, reflecting that different ligands can specifically affect the PXR-

LBD conformational changes preferring the recruitment of one coactivator over 

another (Masuyama et al., 2000).  

2.3.4 Indirect regulation and posttranslational modification of PXR 

In addition to the classical direct activation of PXR through its binding with specific 

ligands, PXR status can be induced or repressed by several cellular signal pathways. 

It has been observed that the expression of hepatic CYPs (some of which are under 

the control of PXR) is repressed during several clinical conditions, for example 

hepatocyte proliferation, or in other states such as in hepatic or extra hepatic 

pathological conditions, including infection, inflammation, and cancer. Consequent 

to the repression of CYPs,  the drug-metabolizing capacity under these conditions 

has been significantly reduced (George et al., 1995; Michalopoulos, 2007; Morgan, 

2001; Thasler et al., 2006).  

During inflammation, either originating from the liver or other organs, the 

inflammatory mediators (cytokines) including tumor necrosis factor α (TNFα), 

interleukin 1 (IL1), and interleukin 6 (IL6), modify the function and the expression 

of specific transcription factors such as nuclear factor- κB  (NF-κB), which interact 

with the PXR-RXRα heterodimer, and in turn repress PXR activation and PXR-

mediated CYPs expression  (Aitken et al., 2006; Morgan et al., 2008; Robertson et 

al., 2008; Thasler et al., 2006). During hepatocyte proliferation, high levels of 

growth factors such as augmenter of liver regeneration (ALR), and hepatocytes 

growth factor (HGF) are suggested to be indirectly involved in repression of the 

PXR function (Donato et al., 1998). 

Effect of phosphorylation on PXR activity 

Like many other nuclear receptors, phosphorylation plays an essential role in 

regulation of the functional activity of PXR by interfering with stability, expression, 

transcriptional activity, subcellular localization, dimerization, binding to the DNA, 

and interaction with coregulators (Smutny et al., 2013). Generally, phosphorylation 

can cause either activation or repression of NR activity (Rochette-Egly, 2003; 

Smutny et al., 2013). However, in hPXR, phosphorylation results in PXR activity 

termination (Y.-M. Wang et al., 2012).  
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The recruitment of coactivators and corepressors depends on the 

phosphorylation status of the PXR. For example, protein kinase A (PKA) 

phosphorylates PXR in a site-specific manner and helps in potentiating its binding 

with SRC and peroxisome proliferator-activated receptor-binding protein (PBP) 

(Ding & Staudinger, 2005a). The activation of protein kinase C (PKC) changes the 

phosphorylation status of PXR differently, resulting in inhibition of its activation 

by weakening its interaction with SRC while potentiating its interaction with the 

corepressors (Ding & Staudinger, 2005b).  

It has been shown that the PKA signaling effect in modulating PXR activity 

displays species specificity; for example, in mice it potentiated the PXR activity 

while displaying repression in both human and rat hepatocytes (Ding & Staudinger, 

2005b; Lichti-Kaiser et al., 2009). The activity of PKC has been associated with 

the repression of PXR activity. In addition to PKA and PKC, cyclin dependent 

kinases (CDKs), mitogen-activated protein kinases (MAPKs), glycogen synthase 

kinase 3 (GSK3), casein kinase 2 (CK2), and the 70 kDa ribosomal protein S6 

kinase (70PS6K) have been shown to affect the phosphorylation status of PXR and 

therefore its activity ( Lichti-Kaiser et al., 2009; Lin et al., 2008).  

During hepatocyte proliferation, the cyclin-dependent kinase 2 (CDK 2), which 

reaches its maximal levels during the S phase of the cell cycle, directly 

phosphorylates PXR in a site-specific manner and represses its transcriptional 

activity. This leads to repression of the expression of CYPs in the proliferating 

hepatocytes (W. Lin et al., 2008). The growth factor insulin signaling pathway 

inhibits the PXR activity during hepatocyte proliferation through the 

phosphatidylinositol 3 kinase (PI3K-Akt) pathway, and forkhead in the 

rhabdomyosarcoma (also known as forkhead box O factor 1; FOXO 1) 

transcription factor (Kodama et al., 2004).  

Effect of ubiquitination, SUMOylation, and acetylation on PXR activity 

Besides phosphorylation, ubiquitylation, SUMOylation, and acetylation have been 

shown to regulate the functional activity of many nuclear receptors, including PXR 

(Smutny et al., 2013). The regulatory mechanisms involved in ubiquitination, 

SUMOylation, and acetylation of PXR have been partially studied. Ubiquitination 

mediates the degradation of proteins via proteasomes by conjugating the selected 

proteins with polyubiquitin chains. In one study investigating the interaction 

between PXR and proteasomes using the yeast two-hybrid assay, PXR was shown 

to interact with the suppressor of Gal 1 (SUG1), a subunit of the 26S proteasome 
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complex, only when progesterone occupied PXR, but not in the presence of other 

PXR activators like nonylphenol and phthalic acid. These results indicate that 

different PXR ligands can affect PXR degradation differently. For example, some 

PXR ligands can prolong the half-life of PXR by disrupting its interaction with the 

proteasome component SUG1 (Masuyama et al., 2000; Rubin et al., 1996). 

SUMOylation (conjugation of proteins with ubiquitin-like proteins involving 

mainly the small ubiquitin-related modifier family; SUMO) has been reported to 

play an essential role in regulating NR activity, including PXR. By using 

bioinformatics analyses, four potential sites for SUMOylation within PXR were 

found. PXR SUMOylation could play a role in PXR regulation of CYP expression 

during inflammation. In addition, in vivo studies showed that after stimulation of 

hepatocytes with TNFα, PXR was SUMOylated by SUMO-3 chains, resulting in 

PXR mediating inhibition of the expression of NF-kB target genes (Hu et al., 2010). 

One of the most common mechanisms that regulate the posttranslational 

modification of proteins, including NRs, is acetylation. It has been shown that PXR 

can be acetylated in vivo and its activation following treatment with its ligand 

rifampicin results in its deacetylation. Moreover, it has been reported that the 

histone deacetylase sirtuin 1 (SIRT 1) is involved partially in PXR deacetylation 

(Buler et al., 2011; C. Wang et al., 2011).  

2.4 Protein-protein interaction based cross-talk of PXR with other 

nuclear receptors 

Interestingly, some NRs share the same response element in the transactivation of 

their target genes. For example, PXR, VDR, and CAR share four different response 

elements in the proximal promoter of the CYP3A4 gene (Pavek et al., 2010). 

Furthermore, some NRs and transcriptional factors have common regulators of 

coactivators and corepressors, which sometimes leads to cross-talk between NRs 

(Pascussi et al., 2008). For example, it has been reported that the competition for 

the common coactivators PGC1α and GRIP 1 is the putative mechanism for the 

cross-talk between HNF4α and PXR, HNF4α and CAR, and CAR and ER (Bhalla 

et al., 2004; T. Li & Chiang, 2006; Miao et al., 2006; Min et al., 2002). In addition, 

the cross-talk between PXR-CAR has been reported to be due to the competition 

for the common coactivator SRC1 (Saini et al., 2005). 

PXR cross-talk with HNF4α affects bile acid synthesis by inhibiting the 

expression of CYP7A1 (the rate-limiting enzyme in bile acid synthesis). 

Mechanistically, activation of PXR in response to ligand treatment results in PXR 
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recruiting PGC1α from HNF4α, which results in inhibition of PGC1α-dependent 

HNF4α target genes like CYP7A1 (Fig. 2) (Bhalla et al., 2004; T. Li & Chiang, 

2005, 2006). 

 

Fig. 2. Crosstalk between Pregnane X receptor (PXR) and hepatocyte nuclear factor 4 α 

(HNF4α) via competing for the common coactivator peroxisome proliferator-activated 

receptor gamma coactivator 1α (PGC1α) leading to repression of HNF4α mediated 

transactivation.  

Another example is the cross-talk between PXR and sterol regulatory element-

binding protein-1 (SREBP1). Sterol regulatory element-binding proteins, SREBPs, 

are a group of transcription factors that regulate a wide array of genes involved in 

fatty acid and cholesterol synthesis by binding to the sterol regulatory elements 

(SREs) in the promotor of their target genes. SREBP1 (two isoforms encoded from 

different promotors, SREBP1a and SREBP1c) mainly activate genes involved in 

triglyceride and fatty acid synthesis, while SREBP2 is mainly involved in 

cholesterol synthesis (Bakan & Laplante, 2012; Guo et al., 2014).  

It has been reported that the activation of SREBP1 in mouse liver or primary 

human hepatocytes in response to insulin or low levels of cholesterol results in 

inhibition of the transcriptional activity of PXR by binding to or competing with 

the common coactivator SRC1 (Roth, Looser, Kaufmann, & Meyer, 2008). Vice 

versa, PXR binds to an enhancer sequence in the insulin-induced gene-1 (Insig1) 

promoter and activates its transcription, reducing the nuclear protein level of the 

active SREBP1 (Roth, Looser, Kaufmann, Blättler, et al., 2008). 

Forkhead box O factors (FOXO) are an insulin-sensitive transcription factor 

family. In the absence of insulin, FOXO1 (the master regulator of energy 

homeostasis) activates the gluconeogenic genes, including insulin-like-growth 

factor-binding protein-1 (IGFBP1), glucose-6-phosphatase (G6Pase), and 

phosphoenolpyruvate carboxy kinase-1 (PEPCK 1), via an insulin response 

sequence (IRS) to which FOXO1 directly binds. In response to insulin treatment, 
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the PI3K-Akt pathway (major signaling pathway induced in response to insulin or 

other growth factors) phosphorylates FOXO1 and decreases its binding affinity to 

the IRS, leading to repression of the gluconeogenic genes. 

 In addition, FOXO1 acts as a coactivator for PXR, interacts with PXR and 

induces its transcriptional activity in an insulin-PI3K-Akt signaling-dependent 

manner. PXR transcription activity has been shown to be negatively regulated 

through the PI3K-Akt pathway, which phosphorylates FOXO1 and promotes its 

translocation to the cytoplasm for proteasomal degradation, disturbing the 

interaction between PXR and its coactivator FOXO1(Kodama et al., 2004; Tang et 

al., 1999). In contrast, PXR has been shown to negatively regulate FOXO1 by 

binding to IRS in the gluconeogenic genes, decreasing the FOXO1 binding affinity 

and indicating that PXR and FOXO1 reciprocally coregulate their target genes 

(Kodama et al., 2004).  

Moreover, PXR was found to cross-talk with FOXA2. FOXA2 (an essential 

transcription factor for lipid and glucose metabolism) activates the transcription of 

the PEPCK, G6Pase, CPT1A, and HMGCS genes. PXR interacts with FOXA2 by 

directly binding to the DBD of FOXA2 and prevents it from binding to response 

elements in the promoter of its target genes like CPT1A and HMGCS (Friedman & 

Kaestner, 2006; Wolfrum et al., 2004). 

2.5 PXR: a crucial regulator of xenobiotic metabolism  

The xenobiotic detoxification system exists mainly in the liver in human and other 

mammals and protects the body against the possible toxicity resulting from 

continuous exposure to foreign chemicals (xenobiotics). Drug metabolizing 

enzymes and drug transporters are the main components of the xenobiotic 

detoxification system. The xenobiotic detoxification process is carried out in 

several phases and includes phase I and II metabolizing enzymes and phase III 

transporter enzymes.  

Phase I consists of oxidation, reduction, or hydrolysis reactions. They add a 

functional group to metabolites. The most versatile enzyme group of phase I 

enzymes are cytochrome P450s (CYP), which are monooxygenases and are highly 

expressed in liver and intestine. CYP enzymes help to convert all kinds of lipophilic 

organic compounds to more water-soluble metabolites (Guengerich, 2001; Nebert 

& Gonzalez, 1987; Willson & Kliewer, 2002). 

Phase II conjugation reactions are the second enzyme dependent detoxification 

process, which help to produce water soluble and inactive metabolites. In these 
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reactions, small endogenous substituents are transferred to both endobiotics and 

xenobiotics. The formed metabolites are excreted to urine or to bile. Phase II 

reactions are catalyzed by a large group of transferases, including sulfotransferases 

(SULTs), UDP-glucuronosyltransferases (UGTs), and glutathione S transferases 

(GSTs) (McCarver & Hines, 2002). Phase III transporters (excretion step) is the 

last step in the detoxification process and is regulated by members of the ATP-

binding cassette transporters (ABC) family and solute carrier family (Ayrton & 

Morgan, 2008; El-Sheikh et al., 2008). 

PXR is involved in regulating several genes in all phases of drug and 

xenobiotic metabolism (Fig. 3). For example, in phase I, PXR regulates expression 

of cytochrome P450 enzymes such as CYP3A4, CYP3A5, CYP2B6, CYP2C9, and 

carboxylesterases. In phase II PXR regulates conjugating enzymes like SULT such 

as SULT1A, SULT2A, and SULT5A, and in phase III the transporters like 

multidrug resistance protein-1 (MRP1 or ABCC1), multidrug resistance-associated 

protein-2 (MRP2 or ABCC2), and organic anion transporter polypeptide-2 (OATP2) 

(Geick et al., 2001; Kast et al., 2002; Lehmann et al., 1998). 

2.6 Metabolic syndrome and the role of PXR 

In recent decades, the prevalence of metabolic syndrome, a cluster of 

cardiovascular risk factors, has increased significantly and reached pandemic 

proportions, with up to one-third of the adult population having metabolic 

syndrome (Grundy, 2008; Kanegsberg & Kanegsberg, 2012). Abdominal obesity, 

elevated fasting glucose, hypertriglyceridemia, low HDL cholesterol (HDL-C), 

hypercholesterolemia, and hypertension are the major clinical characteristics of 

metabolic syndrome (Ford et al., 2008). Increasing the risk of several chronic 

diseases like cardiovascular diseases, hepatic diseases, chronic kidney disease, 

arthritis, and several types of cancer have been linked to metabolic syndrome. 

Obesity, lack of physical exercise, and exposure to environmental pollutants and 

toxins have been proposed to increase the risk of metabolic syndrome (Mottillo et 

al., 2010).  

Exposure to metabolism-disrupting chemicals (endocrine-disrupting chemicals; 

EDCs) negatively affects the endocrine metabolism system (Fig.3). The incidence 

of T2DM, hypertriglyceridemia, hypercholesterolemia, low HDL-C, and 

hypertension has been linked to  exposure to EDCs (Neel & Sargis, 2011,  

Hukkanen, J., Hakkola, J., & Rysä, J, 2014). The molecular mechanisms involved 

in the regulation of EDCs in metabolism have been partially uncovered. For 
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example, several nuclear receptors including CAR, PXR, ER,  the glucocorticoid 

receptor (GR), and the peroxisome proliferator-activated receptor (PPAR), have 

been suggested to be involved in the molecular mechanisms that regulate the 

development of metabolic syndrome (Hukkanen & Hakkola, 2020; Neel & Sargis, 

2011; Papalou et al., 2019). 

 

Fig. 3. Link between xenobiotics, PXR and functions regulated by PXR. 

2.6.1 Cholesterol homeostasis and PXR  

Cholesterol is an essential cellular molecule involved in several biological 

processes, including cell membrane integrity and fluidity, bile acid synthesis, 

steroid hormone, and vitamin D synthesis. Mammalian cells obtain cholesterol by 

endogenous synthesis or through exogenous uptake. Some cells such as 

hepatocytes and intestinal epithelial cells, directly uptake cholesterol via the 

cholesterol transporter Niemann-pick C1- like protein (NPC1L1) (Fig. 4). Once in 

the enterocytes, cholesterol is esterified with fatty acids in a process mediated by 

sterol O-acyltransferase (SOAT1/2, also known as acyl-CoA-cholesterol 

acyltransferase, located in the ER), then the esterified cholesterol is incorporated 

into chylomicrons and delivered to the Golgi apparatus for further processing and 

secretion into the circulation. A small amount of free cholesterol (FC) is excreted 
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back into the intestinal lumen via apical transporters like ATP-binding cassette 

(ABC) transporters ABCG5 and ABCG8 (Fig. 4) (Ikonen, 2006; Jia et al., 2011).   

 

Fig. 4. The molecular pathways involved in cholesterol absorption. ABCA1 ATP-binding 

cassette transporter subfamily A member 1, ABCG5/8 ATP-binding cassette transporter 

subfamily G member 5/8, ApoB48 Apolipoprotein B48, CE cholesterol ester, ER 

endoplasmic reticulum, FA Fatty acid, FC free cholesterol, LXR liver X receptor, MTTP 

microsomal triglyceride transfer protein, NPC1L1 Niemann Pick C1-like 1, PL 

Phospholipids, TG Triglyceride. The Fig. was drawn with the help of Servier Medical Art 

(www.servier.com). 

Liver is the major site for cholesterol synthesis. Intracellular cholesterol 

homeostasis is tightly controlled by a complex mechanism, including de novo 

cholesterol biosynthesis from acetyl-CoA, dietary uptake of cholesterol, efflux of 

cholesterol, conversion of cholesterol to bile acids, esterification, and trafficking 

(Fig. 5) (Chang et al., 2006; Espinosa et al., 2011). 

In addition, mammalian cells uptake the low-density lipoprotein cholesterol 

(LDL-C) from the circulation via the low-density lipoprotein receptor (LDLR) (Fig. 

5). After binding LDL-C with LDLR, this complex enters the cell endosomes 

through endocytosis, after which LDL-C is dissociated from LDLR and enters the 

lysosome, where the cholesterol ester in the LDL-C is hydrolyzed to release the 

free cholesterol (Fig. 5). Free cholesterol is transported out of the lysosome via 

NPC1 and NPC2. Then cholesterol is transferred to the cell membrane or the ER 
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membrane with the help of sterol transfer proteins (Fig. 5) (Lyu et al., 2019; Wijers 

et al., 2015). Mutations in the gene encoding the LDLR protein are the leading 

cause of familial hypercholesterolemia (FH), which is characterized by high plasma 

cholesterol levels and increased risk of cardiovascular diseases (CVD) (Brown & 

Goldstein, 1986; Tolleshaug et al., 1983). 

Regulation of cholesterol homeostasis 

Although cholesterol is an essential cellular molecule and its presence is vital for 

the cells, excess cholesterol is harmful, and people with hypercholesterolemia (high 

cholesterol levels in the circulation) are at increased risk for developing 

atherosclerosis and CVD (Bandyopadhyay et al., 2018). Cholesterol biosynthesis 

is tightly controlled by a negative feedback mechanism that senses oxysterols and 

cholesterol. A key transcription factor that plays an essential role in cholesterol 

homeostasis is sterol regulatory element-binding protein-2 (SREBP2).  

When intracellular cholesterol/oxysterols levels are high, SREBP cleavage 

activated protein (SCAP), a sterol cholesterol sensor protein, undergoes 

conformational changes and binds to INSIG1 (ER membrane anchor protein), 

leading to the retention of the SCAP/SREBPs complex in the ER membrane (Fig. 

6). The opposite happens when the cholesterol content of the ER membrane 

decreases, in which INSIG1 is dissociated from SCAP and is degraded by 

proteosomes, allowing for the SCAP/SREBPs complex to enter the Golgi complex 

where SREBPs are proteolytically activated by sterol sensitive proteases (S1P, and 

S2P) (Fig. 6). Then the N-terminal domains of SREBPs translocate to the nucleus 

and bind with sterol response elements (SREs) in the promotor of genes required 

for cholesterol metabolism, including HMGCR, SQLE, and LDLR (Fig. 6) (X. 

Cheng et al., 2018; J. Luo et al., 2020; Ye & DeBose-Boyd, 2011).  

Excess cholesterol can be esterified by sterol O-acyltransferase (SOAT1/2) and 

stored as cholesterol ester in lipid droplets (Fig. 5) (Chang et al., 2009). In addition, 

excess cholesterol can be used for steroid hormone synthesis in the steroid-

producing tissues such as testicles and adrenal glands or can be converted to 

oxysterols such as (4β-hydroxycholesterol, 27-hydroxycholesterol, 7-

ketocholesterol) by enzymatic oxidative processes (Chang et al., 2009; J. Luo et al., 

2020).  

Oxysterols can directly activate the liver X receptor (two isoforms LXRα and 

LXRβ), leading to induction of the expression of its target genes such as ABCA1, 

ABCG1, E3 ubiquitin ligase inducible degrader of LDLR (IDOL), and CYP27A1 
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(the rate-limiting enzyme in bile acid synthesis) (Rosenson et al., 2012; Zelcer et 

al., 2009). It has been shown that sterols accumulate in tissues of mice lacking 

LXRs, leading to the development of atherosclerosis, while activation of LXRs 

induces reverse cholesterol transport (RCT) and protects mice against 

atherosclerosis (Joseph et al., 2002; Peet et al., 1998). 

One of the important oxysterols is 4β-hydroxycholesterol (4βHC) which is 

formed from cholesterol in the liver under the control of CYP3A4 and CYP3A5 

enzymes (Diczfalusy et al., 2011). The main regulators of the induction of the 

CYP3As are PXR and CAR (Zanger & Schwab, 2013). In humans, the half-life of 

4β-hydroxycholesterol is around 17 days (Diczfalusy et al., 2011). The plasma 

levels of 4βHC have been reported to significantly increase following treatment 

with the CYP3A inducers, for example rifampicin, or the antiepileptic drugs 

phenobarbital, phenytoin, and carbamazepine (Diczfalusy et al., 2011). The 

circulating 4β-hydroxycholesterol level is used as an endogenous biomarker for 

measuring the CYP3A4 and CYP3A5 activity. Curiously, the levels of 4βHC in 

women are higher than in men (Diczfalusy et al., 2011; X. Wang et al., 2011). 
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Fig. 5.  Intracellular cholesterol metabolism. ABCA1 ATP-binding ATP- cassette 

transporter subfamily A member 1, ABCG 5/8 binding cassette transporter subfamily G 

members 5/8, CE cholesterol ester, FDFT1 Farnesyl-Diphosphate farnesyltransferase 1, 

FDPS Farnesyl-Diphosphate synthase, FPP Farnesyl pyrophosphate, HMGCR 3-

hydroxy-3-methylglutaryl-Coenzyme A reductase, HMGCS 3-hydroxy-3-methylglutaryl-

Coenzyme A synthase, IPP Isopentenyl pyrophosphate, LDL-C Low-density lipoprotein 

cholesterol, LDLR Low-density lipoprotein receptor, LSS Lanosterol synthase, NPC1 

Niemann-Pick C1, SOAT1/2 Sterol O-acyltransferase 1/2, SQLE Squalene epoxidase. 
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Fig. 6. Regulatory mechanism of cholesterol biosynthesis. COPII Cytoplasmic coat 

protein complex-II secretory vesicles, ER Endoplasmic reticulum, HMGCR 3-hydroxy-3-

methylglutaryl-Coenzyme A reductase, HMGCS 3-hydroxy-3-methylglutaryl-Coenzyme 

A synthase, INSIG1 Insulin-induced gene 1, LDLR Low-density lipoprotein receptor, S1P 

Site 1 protease, S2P Site 2 protease, SRE Sterol regulatory element, SREBP2 Sterol 

regulatory element- binding protein 2, SCAP SREBP cleavage-activating protein. The 

Fig. was drawn with the help of Servier Medical Art (www.servier.com). 

4β-hydroxycholesterol, similar to other oxysterols, is a potent agonist of the main 

regulators of lipid metabolism, LXRs (Janowski et al., 1996; S. D. Lee & Tontonoz, 

2015). In vitro, both LXRα and LXRβ can be activated to a similar degree by 4β-

hydroxycholesterol (Nury et al., 2013). 4βHC can directly activate LXRs leading 

to induction of the cholesterol efflux transporters, i.e., ABCA1, ABCG1 (widely 

expressed in the cells of most tissues), ABCG5, and ABCG8 (almost exclusively 

expressed in intestinal epithelial cells and liver cells). The role of ABC transporters 

in cholesterol efflux will be discussed below. Hence, one of the proposed beneficial 

roles of 4βHC is activation of the reverse cholesterol transport mechanism (S. D. 

Lee & Tontonoz, 2015).  
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Reverse cholesterol transport  

One of the essential mechanisms that maintains cellular cholesterol homeostasis is 

reverse cholesterol transport (RCT) (Fig. 7). Reverse cholesterol transport is the 

major route for eliminating  excess cholesterol from the periphery and delivering it 

to the liver for bile acid secretion (Fig. 7) (Brufau et al., 2011).  

In arterial macrophages, cholesterol and oxysterols are delivered via a process 

mediated by scavenger receptors on the surface of these cells, such as (SR-B1, SR-

A1, CD36, and LOX1) (Fig. 7). Oxysterols promote the efflux of free cholesterol 

and phospholipids via stimulating LXRs which heterodimerize with RXRs and bind 

with the DR-4 sequence in the promoter region of  ABCA1 and ABCG1 genes, 

inducing their transcription (Fig. 7) (Huwait et al., 2015; Olkkonen, 2012). ABCA1 

promotes cholesterol efflux to the extracellular acceptor apo-A1, while ABCG1 

interacts with high-density lipoprotein (HDL) and helps in cholesterol elimination 

from the cell (Fig. 7) (Costet et al., 2000; Oram & Vaughan, 2000). The FC that is 

present in the discoidal lipid-poor apoA-1 is converted to cholesterol ester CE via 

the lecithin cholesterol acyltransferase (LCAT) (Fig. 7) (Casteleijn et al., 2018; 

Gunawardane et al., 2016; Jonas, 2000). Triglycerides and phospholipids in the 

HDL particles are partially hydrolyzed by hepatic lipase forming a smaller particle 

that is taken up by SR-B1 in the liver (Fig. 7) (D. Li et al., 2010). Another way to 

deliver cholesterol to the liver is via a process regulated by the cholesteryl ester 

transfer protein (CETP) which transfers cholesterol from HDL to the apoB-rich 

particles and delivers cholesterol to the liver via LDLR (Fig. 7) (T. Li & Chiang, 

2015). Finally, in the liver, part of the cholesterol is converted to bile acids via 

CYP7A1 and secreted into the bile (Russell, 2003). In addition to the biliary route, 

enterocytes can also take up the cholesterol from plasma lipoproteins and excrete 

it into the lumen via ABCG5/G8 (Fig. 7) (Reeskamp et al., 2018). 

Statins, the most commonly prescribed cholesterol-lowering drugs 

Statins are a class of drugs used clinically to reduce the circulating LDL-C. They 

selectively inhibit the HMGCR activity leading to inhibition of endogenous 

cholesterol biosynthesis (Fig. 8). Depleting the intracellular cholesterol contents 

leads to upregulation of LDLR on hepatocytes. LDLR facilitates the uptake of 

cholesterol from the circulation and reduces the plasma levels of LDL-C (Fig. 8). 

The beneficial effect of statins for lowering the plasma LDL-C levels in patients 

with existing CVD has been well documented (Ades, 2014). Statins are considered 
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the gold standard for treating hypercholesterolemia, preventing atherosclerosis, and 

reducing the cardiovascular morbidity and mortality rate.  

Currently, there are seven statins approved by the FDA and EMA for the 

treatment of hyperlipidemia, including simvastatin, atorvastatin, lovastatin, 

pravastatin, rosuvastatin, and fluvastatin. Some statins are PXR ligands, while 

others are not  (Režen et al., 2017). In vitro studies have shown that hydrophilic 

statins like pravastatin and rosuvastatin are not efficient PXR ligands, while 

lipophilic statins such as atorvastatin and simvastatin are efficient ligands for 

human PXR (Howe et al., 2011). In agreement, the relative efficacy of statins for 

CYP induction was atorvastatin > simvastatin > lovastatin > rosuvastatin, while no 

induction was detected with pravastatin in vitro in human hepatocytes (Feidt et al., 

2010). However, induction of CYPs by statins in vivo is not well established, and 

they are believed not to induce significant drug-drug kinetic interactions.  

Generally, statins are considered safe and well-tolerated. However, statins have 

been associated with some adverse effects, including musculoskeletal pain, 

elevated liver enzyme transaminases, as well as high glucose and glycated 

hemoglobin (A1C) levels (Casula et al., 2017; Parker et al., 2013). Importantly, 

statin therapy has been shown to increase the risk of developing T2DM (Betteridge 

& Carmena, 2016; Carmena & Betteridge, 2019). For example, atorvastatin among 

other PXR ligands have been reported to induce glucose intolerance (Hassani-

Nezhad-Gashti et al., 2018; Ling et al., 2016; Liu et al., 2021; Rysä et al., 2013), 

suggesting that PXR could play a role in statin-induced diabetes. However, the data 

are inconclusive. 
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Fig. 7. Overview of the regulatory pathways involved in the reverse cholesterol 

transport mechanism. The reverse cholesterol transport pathway starts with the 

transfer of free cholesterol and phospholipid via cholesterol efflux transporter ABCA1 

to a lipid-poor pre-β HDL particle, then FC is esterified to cholesterol ester via lecithin 

cholesterol acyltransferase (LCAT), generating a spherical HDL particle, which obtains 

more cholesterol via ABCG1. The CE from the mature HDL particle can be transferred 

via cholesteryl ester transfer protein (CETP) in an exchange for triglycerides (TG), 

generating LDL particles, which are then delivered to the liver via the LDLR. Scavenger 

receptor class B type 1 (SR-B1) can selectively uptake the CE from the mature HDL 

particle and deliver it to the liver, regenerating a lipid-poor apolipoprotein A1-containing 

particle. In the liver, cholesterol can be converted to bile acids and stored in the bile or 

can be delivered to the intestine for fecal excretion. The Fig. was drawn with the help of 

Servier Medical Art (www.servier.com). 
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Fig. 8. Mechanism of action of statins. HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A 

reductase, LDL-C Low-density lipoprotein cholesterol, LDLR low-density lipoprotein 

receptor. The Fig. was drawn with the help of Servier Medical Art (www.servier.com). 

PXR activation and hypercholesterolemia 

Hypercholesterolemia is defined as high plasma cholesterol levels. The plasma 

levels of total cholesterol above 200 mg/dl are considered high and increase the 

risk for CHDs according to the American Heart Association (Lloyd-Jones et al., 

2009). The diagnostic lipoprotein profile of total cholesterol includes, HDL-C, 

LDL-C, intermediate-density lipoprotein cholesterol (IDL-C), very low-density 

lipoprotein cholesterol (VLDL-C), chylomicron remnants, and triglycerides 

(Lloyd-Jones et al., 2009). Elevated levels of LDL-C and triglycerides have been 

associated with poor cardiovascular outcomes; therefore, it is considered harmful 

(Lloyd-Jones et al., 2009; Segrest, 2002). On the other hand, high levels of HDL-

C are considered beneficial as it has correlated with reducing negative 

cardiovascular outcomes via activating the beneficial reverse cholesterol transport 

pathway (Lloyd-Jones et al., 2009). The imbalance between LDL-C and HDL-C 

can lead to the formation of plaques within the arteries and increase the risk of 

developing a stroke and atherosclerotic cardiovascular disease (ACVD), which is 

the leading cause of death among adults in the United States (Karr, 2017; Libby et 

al., 2019; Mach et al., 2020).  

Hypercholesterolemia can be induced by several factors, including genetics, 

such as a mutation in the gene encoding LDLR that results in the development of 
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familial hypercholesterolemia, as well as unhealthy lifestyle and eating habits, 

including a diet rich in saturated or trans fats, smoking, and the use of many drugs 

such as glucocorticoids, cyclosporin, antipsychotics, and diuretics (Karpale et al., 

2022). Hypercholesterolemia can be induced secondary to hypothyroidism, type 2 

diabetes mellitus, biliary obstruction, and chronic kidney diseases (Ades, 2014; 

Benjamin et al., 2018).   

Several studies have shown that modulation of PXR activity can directly affect 

cholesterol homeostasis. For example, it has been demonstrated that activation of 

PXR in response to treatment with antiepileptic drugs (potent activators of PXR 

and inducers of CYP enzymes) such as phenytoin, carbamazepine, and 

phenobarbital has been associated with high serum levels of cholesterol in patients 

with epilepsy (Eirís et al., 2000; Hakkola et al., 2020; Isojärvi et al., 1993; Katsiki 

et al., 2014; Luoma et al., 1979). Another study showed that the ratio of lathosterol 

to cholesterol was increased after 6 days of treatment with the potent hPXR 

activator rifampicin, indicating an increased cholesterol synthesis rate (Lütjohann 

et al., 2004). In addition, treatment with the HIV protease inhibitor ritonavir (a 

potent PXR activator) caused hyperlipidemia and increased the risk for CVD 

(Barbaro, 2006; Carr et al., 1998; Dussault et al., 2001).  

Furthermore, it has been shown that cafestol (the most potent cholesterol-

raising compound in the human diet that is present in unfiltered brewed coffee) is 

a PXR agonist (Ricketts et al., 2007). Our group recently showed that 600 mg 

treatment with rifampicin for a week (two placebo-controlled cross-over trials with 

34 healthy volunteers) significantly increased total cholesterol (TC), LDL-C, and 

the lathosterol to cholesterol ratio. In addition, the serum 4β-hydroxycholesterol, a 

marker of CYP3A4 activity (Diczfalusy et al., 2011), was positively correlated with 

these elevations (Karpale et al., 2021). 

The molecular mechanisms involved in PXR-induced 

hypercholesterolemia 

Activation of PXR in humans following treatment with rifampicin increased the 

plasma cholesterol levels and activated the hepatic cholesterol synthesis. The same 

effect has been observed in mice following treatment with PCN, which helped to 

study the molecular mechanisms in detail. PXR activation induced the activity of 

SREBP2, the key transcription factor of cholesterol synthesis in the liver and its 

target genes required for cholesterol synthesis (Karpale, et al., 2021).  
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Another study has shown that PXR activation stimulates SREBP2 activity in 

mice via inhibiting the expression of fibroblast growth factor 21 (FGF21) (a 

negative regulator of SREBP2) (Barretto et al., 2019; Z. Lin et al., 2015). 

Additionally, it has been shown that treating mice with the antiretroviral efavirenz 

activates PXR and induces cholesterol synthesis via inducing the expression of a 

PXR target gene SQLE in the liver, and this effect was lost in mice lacking PXR. 

SQLE is another rate-limiting enzyme of cholesterol synthesis besides HMGCR 

(Gwag et al., 2019).  

Moreover, SREBP2 regulates the expression of the proprotein convertase 

subtilisin kexin-type 9 (PCSK9). PCSK9 is a negative regulator of LDLR. The liver 

secretes PCSK9 into the circulation, and PCSK9 promotes the degradation of 

LDLR on hepatocytes, which leads to a reduction in the uptake of LDL-C from the 

circulation (Dong et al., 2010). PXR activation has been shown to induce SREBP2 

activity and induce the expression of PCSK9 both in mice and human, providing 

another mechanism for PXR activation to induce hypercholesterolemia (Karpale, 

et al., 2021).  

Another essential contributor to hypercholesterolemia is the intestinal 

absorption of dietary and biliary cholesterol. It has been shown that the intestinal 

cholesterol transport protein NPC1L1 is regulated directly by PXR (Sui et al., 2015). 

Activation of intestinal PXR in mice following treatment with two different 

compounds (efavirenz and tributyl citrate) increased the expression of NPC1L1 and 

induced hypercholesterolemia (Gwag et al., 2019;  Sui et al., 2015). 

High-density lipoprotein and PXR 

High-density lipoprotein (HDL) plays an essential role in the reverse cholesterol 

transport mechanism. HDL helps in transporting excess cholesterol from the 

peripheral tissues and delivers it to the liver for bile acid synthesis or elimination 

(S. D. Lee & Tontonoz, 2015; Temel & Brown, 2015). However, there is no direct 

evidence that PXR regulates HDL-C metabolism, although some studies have 

shown that PXR activation increases HDL-C levels. For example, treatment with 

antiepileptic drugs such as carbamazepine, phenytoin, and phenobarbital (PXR 

activators) has been shown to increase HDL-C levels (Nikkilä et al., 1978; O’Neill 

et al., 1982). Another study showed that occupational exposure to the potent PXR 

agonist lindane (a pesticide) was associated with significantly elevated levels of 

circulating HDL-C (Carlson & Kolmodin-Hedman, 1972; Kojima et al., 2011). 
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2.6.2 Glucose homeostasis and PXR 

Maintaining adequate glucose levels in the circulation is necessary for survival due 

to the central importance of glucose as the source of energy and the fact that brain 

tissues do not synthesize it. However, the high level of glucose in the blood 

(hyperglycemia) is the primary predictive factor of the major degenerative disease 

in society, diabetes mellitus (DM) (Roden & Shulman, 2019). The most critical 

hormones required for precise control of glucose homeostasis and to maintain 

normal glucose levels in the blood are insulin and glucagon (Cherrington et al., 

2007).  

During fasting, insulin levels remain low as blood glucose levels are between 

3.9 and 5.6 mM. The primary source of energy during the fasting state is the liver 

via glycogenolysis (breakdown of glycogen) and gluconeogenesis (production of 

glucose), which are regulated mainly by glucagon (Roden & Shulman, 2019). 

On the other hand, after feeding, glucose is absorbed, and its level increases in 

the blood, which acts as a strong stimulus for pancreatic β cells to secrete insulin 

(Roden & Shulman, 2019). Pancreatic β cells take up glucose from the circulation 

via the glucose transporter (GLUT2); once glucose is inside the cells, catabolism 

of glucose is activated, resulting in a high ratio of ATP/ADP. This induces the 

closing of the ATP-dependent potassium channels in the plasma membrane and the 

opening of the voltage-dependent Ca+2 channels, increasing the intracellular 

calcium resulting in membrane depolarization and allowing for insulin exocytosis 

(Boland et al., 2017; Fu et al., 2013; Rorsman & Ashcroft, 2018; Seino et al., 2011).  

Insulin helps to lower the high blood glucose level via increasing glucose 

disposal by peripheral tissues, glycogen synthesis, and lipogenesis in the liver (Fig. 

9). It facilitates glucose uptake from the circulation by adipose tissues and skeletal 

muscles via promoting translocation of GLUT4 to the plasma membrane (Czech, 

2017). In adipose tissues under the fed state, insulin promotes glucose uptake and 

triglyceride synthesis, while suppressing triglyceride hydrolysis and inducing free 

fatty acid (FFA) and glycerol uptake from the circulation (Gastaldelli et al., 2017). 

In the liver, when the blood glucose levels are high, insulin induces glycogen 

synthesis (storage of glucose as glycogen) and inhibits gluconeogenesis. Insulin 

binds to the insulin receptor (INSR) in the liver and activates its 

autophosphorylation to promote recruitment and phosphorylation of the insulin 

receptor substrates (IRSs) (Fig. 9). Phosphorylation of IRSs induces a series of 

kinases to activate AKT (Fig. 9). The phosphorylated IRSs activate the 

phosphoinositide 3 kinase (PI3K), generating inositol 1,4,5-trisphosphate (PIP3), 
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which activates phosphoinositide-dependent kinase-1 (PDK1) leading to AKT 

phosphorylation (Titchenell et al., 2017). AKT is fully phosphorylated by further 

mammalian target of rapamycin complex 2 (mTORC2) phosphorylation (Titchenell 

et al., 2017).  

The fully activated AKT participates in several downstream pathways and 

regulates several metabolic processes, including glycogen synthesis, 

gluconeogenesis, lipid synthesis, and glycolysis (Fig. 9) (Titchenell et al., 2017). In 

addition, insulin promotes glucose storage as glycogen and inhibits 

gluconeogenesis and hepatic glucose output via inhibition of FOXO1 (Fig. 9). 

FOXO1 is an insulin-sensitive transcription factor which binds to the insulin 

response elements (IRE) in the promoter of its target genes that are required for 

glucose production, including PEPCK and G6Pase (Leclercq et al., 2007; Montal 

et al., 2015; Oh et al., 2013; van Schaftingen & Gerin, 2002).  

 

Fig. 9. Insulin signaling pathways in hepatocytes. AKT, FOXO1 Forkhead box protein O1, 

G6pase Glucose-6-phosphatase, GS Glycogen synthase, GSK3β Glycogen synthase 

kinase 3β, INSR Insulin receptor, IRS1 Insulin receptor substrate 1, mTORC2 

mammalian target of rapamycin complex 2, PDK1 Phosphoinositide-dependent kinase-

1, PEPCK Phosphoenolpyruvate carboxykinase, PI3K Phosphoinositide 3 kinase, PIP2 

Phosphatidylinositol 4,5-biphosphate, PIP3 Phosphatidylinositol 1,4,5-trisphosphate. 
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Insulin resistance  

Insulin resistance (IR) occurs when the insulin-sensitive tissues are unable to 

respond to the insulin signaling, which leads to the blood glucose levels remaining 

high and, as a consequence, the pancreatic β cells secrete more insulin into the 

circulation. Eventually, due to the exhaustion of pancreatic β cells, IR can lead to 

lower levels of circulating insulin impairing the response to the high blood glucose 

levels (Czech, 2017).  

Several factors can contribute to the development of insulin resistance, 

including environmental factors, obesity, which is associated with chronic 

inflammation, epigenetic modifications, or mutations in INSR or GLUTs. In 

addition, any defect in the upstream or downstream signaling pathways that can 

affect insulin action resulting in a hyperglycemic state contributes to the 

development of T2DM (Czech, 2020; DeFronzo, 1988; Wu & Ballantyne, 2017).  

For example, when the response of adipose tissues to insulin stimulation is 

impaired (Adipose-insulin resistance), this leads to decreased glucose uptake, 

impaired suppression of lipolysis, and enhanced FFA release into the plasma, which 

accumulates in other tissues such as muscles and liver, even in the presence of high 

levels of insulin. Accumulation of FFA in the liver results in weakened insulin 

signaling and promotes gluconeogenesis, and impairs the glucose-stimulated 

insulin response (Czech, 2020).  

Insulin resistance also occurs in the liver when the physiological levels of 

insulin in the circulation are insufficient to elicit the appropriate insulin response 

in the liver. This leads to suppression of glucose storage as glycogen, impairment 

in the suppression of gluconeogenesis, increased lipogenesis, and an increase in the 

synthesis of pro-inflammatory proteins such as cytokines and adipocytokines 

(Leclercq et al., 2007; Meshkani & Adeli, 2009). 

PXR activation and glucose homeostasis 

The harmful effect of PXR activation on glucose metabolism has been well 

established by results from several laboratories, including ours (Fig. 10) (Rysä et 

al., 2013; Stage et al., 2016). Our group has shown that activation of PXR in 

response to treatment with rifampicin in humans or PCN in rats and mice impairs 

glucose tolerance, and the effect was lost in the absence of PXR in mice, confirming 

that the effect is regulated via PXR.  Further studies investigating the molecular 

mechanisms involved showed that PXR impairs glucose tolerance and inhibits 
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hepatic glucose uptake via repression of the hepatic glucose transporter GLUT2 on 

both mRNA and protein levels. In addition, the study also showed that PCN 

promotes the internalization of hepatic GLUT2 from the plasma membrane to the 

cytosol preventing it from taking up glucose from the circulation (Hassani-Nezhad-

Gashti et al., 2018; Rysä et al., 2013).  

In addition to the liver, the intestine plays an essential role in regulating energy 

homeostasis. In the case of hyperglycemia (in a postprandial state), the intestine 

secretes incretin hormones, such as glucagon-like peptide-1 (GLP-1), that stimulate 

insulin secretion while inhibiting glucagon. Rifampicin and PCN did not affect 

incretin hormone expression, indicating that the impairment of glucose tolerance 

by PXR activators is not regulated by incretin hormones (Hukkanen et al., 2015). 

Another study showed that treatment of HepG2 cells with PXR ligands (rifampicin 

and atorvastatin) decreased the protein levels of GLUT2 and glucose kinase (GCK; 

which phosphorylates glucose after its uptake), while no similar effect was reported 

with other compounds such as pravastatin, which is not a PXR ligand (Ling et al., 

2016). Additionally, in vitro studies in HepG2 cells and human and mouse primary 

hepatocytes, showed that PXR activation induces hyperglycemia and impairs 

hepatic glucose uptake and utilization via inhibition of the GLUT2-HNF4α 

pathway (Liu et al., 2021). 

Besides the impairment of glucose tolerance via repression of glucose uptake, 

PXR activation has been shown to affect hepatic gluconeogenesis (Fig. 10). 

However, it seems that the effect of PXR activation on gluconeogenesis may be 

species-specific. For example, in mouse liver and in primary mouse hepatocytes, 

PXR activation has been shown to repress the expression of essential 

gluconeogenic genes such as PEPCK and G6Pase, while in human primary 

hepatocytes, both upregulation and down-regulation of  PEPCK and G6Pase have 

been observed in two different studies after PXR activation in response to different 

time points of rifampicin treatment (Fig. 10) (Gotoh & Negishi, 2014; Hakkola et 

al., 2016). It has been shown that PXR inhibits hepatic gluconeogenesis via 

crosstalk with HNF4α by competing for the common coactivator PGC1α or via 

inhibition of essential transcription factors that regulate gluconeogenesis such as 

FOXO1 and cAMP response element-binding protein (CREB) (Fig. 10) (Bhalla et 

al., 2004; Kodama et al., 2004, 2007).  
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Fig. 10. Regulation of expression of gluconeogenic genes PEPCK and G6Pase by PXR 

in mouse and human liver (Hakkola et al., 2016). CREB Cyclic AMP-response element-

binding protein, FOXO1 Forkhead box protein O1, G6pase Glucose-6-phosphatase, 

HNF4α Hepatocyte nuclear factor 4 α, PEPCK Phosphoenolpyruvate carboxykinase, 

PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1α, PXR 

Pregnane X receptor, SGK2 Serum/glucocorticoid regulated kinase 2. 

2.7 Interplay between PXR and non-alcoholic fatty liver disease  

2.7.1 Non-alcoholic fatty liver disease 

The most common form of chronic liver disease worldwide is non-alcoholic fatty 

liver disease (NAFLD), with an estimated prevalence of 25 % in the adult 

population. Histological features characterizing NAFLD range from simple 

steatosis represented by the accumulation of lipid droplets in more than 5% of 

hepatocytes to non-alcoholic steatohepatitis (NASH) characterized by hepatic 

steatosis associated with inflammation and fibrosis, leading finally to liver cirrhosis 

and hepatocellular carcinoma (HCC) (Pierantonelli & Svegliati-Baroni, 2019; 

Younossi et al., 2016). NAFLD represents the hepatic manifestation of metabolic 

syndrome and is associated with diabetes, obesity, and systemic inflammation. The 

initial phase of NAFLD is usually not associated with visible pathological 

symptoms; therefore, its diagnosis is difficult (Pierantonelli & Svegliati-Baroni, 

2019).   
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The interplay between genetic factors, gut microbiota, exposure to drugs and 

environmental chemicals, unhealthy lifestyle, and bad eating habits like excessive 

intake of sugary and fatty foods, and lack of physical exercise, has been suggested 

to be involved in the development of hepatic steatosis. The imbalance between fatty 

acid β-oxidation and de novo lipogenesis via upregulation of lipogenic transcription 

factors such as carbohydrate-responsive element-binding protein (chREBP), 

SREBP1c, and PPARγ, results in the accumulation of fat droplets in the cytoplasm 

of hepatocytes causing hepatic steatosis (Anderson & Borlak, 2008; Gabbia et al., 

2019; Jiang et al., 2015; Romeo et al., 2008). 

2.7.2 Hepatic steatosis development and the molecular mediators 

Accumulation of triglycerides in hepatocytes and development of hepatic steatosis 

via the induction of hepatic de novo lipogenesis has been strongly linked to insulin 

resistance and obesity (Fig. 11). Insulin resistance is represented by increased 

hepatic glucose production, hyperinsulinemia, and decreased glucose disposal. In 

adipose tissues, insulin resistance increases the activity of some enzymes like 

hormone-sensitive lipase (HSL), which increases the rate of triglyceride (TG) 

lipolysis and promotes the efflux of free fatty acids (FFAs).  

 The liver plays an essential role in maintaining glucose homeostasis regardless 

of the nutritional status. Under the condition of excess energy, excess glucose is 

converted to pyruvate via liver pyruvate kinase (L-PK); pyruvate enters the Krebs 

cycle in mitochondria to produce citrate (Fig. 11). Citrate is shuttled into the cytosol 

where ATP citrate lyase (ACL) converts citrate to acetyl-CoA, which is converted 

to malonyl-CoA by acetyl-CoA carboxylase (ACC 1). Malonyl-CoA is used by 

fatty acid synthase (FASN) to form palmitic acid, which can be further elongated 

by long-chain fatty acid elongase (LCE) to form stearic acid or desaturated by 

stearoyl-CoA desaturase (SCD) to form oleic acids (Fig. 11). The primary source 

of energy storage and transport (triglycerides) is synthesized using these fatty acids. 

Oleic acid has been observed to accumulate in humans and mice with hepatic 

steatosis, indicating that the fatty acid synthetic rate is elevated in the liver under 

the setting of insulin resistance (Fig. 11) (Araya et al., 2004; Shimomura et al., 

1998). 
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Fig. 11. Series of physiological and molecular changes that lead to the accumulation of 

TG in the liver under insulin resistance (IR). ACC Acetyl-CoA carboxylase, ACL ATP-

citrate lyase, Apo B Apolipoprotein B, ChREBP Carbohydrate response element-binding 

protein, CPT-1 Carnitine palmitoyltransferase-1, FASN Fatty acid synthase, FFA Free 

fatty acid, HSL Hormone sensitive lipase, LCE Long chain fatty acid elongase, L-PK 

Liver pyruvate kinase, SCD Stearoyl-CoA desaturase, SREBP1C Sterol regulatory 

element-binding protein 1C, VLDL Very low-density lipoprotein. The Fig. was drawn with 

the help of Servier Medical Art (www.servier.com). 

Fatty acids (FAs) are primarily stored as triglycerides (TG) in adipose tissues. 

Whereas in obesity, due to the adipocyte lipolysis, part of the fatty acids which are 

normally stored in white adipose tissues, are misrouted, and FAs are stored in other 

tissues such as the heart, pancreas, skeletal muscles, and liver in which the uptake 

of FAs is facilitated by fatty acid transporters such as fatty acid translocase 

(FAT/CD36) and fatty acid transport protein (FATP), which have been observed to 

be elevated in patients with NAFLD and obese subjects. (Fabbrini et al., 2009; 

Greco et al., 2008).  

In the liver, FFAs can either be oxidized in mitochondria to form adenosine 

triphosphate (ATP) or esterified to produce TG, which can be stored in hepatocytes 

or incorporated into very low-density lipoprotein (VLDL) particles (Fig. 11). In the 

liver, hyperinsulinemia and hyperglycemia promote the expression of lipogenic 

transcription factors SREBP1c and chREBP, respectively, which induce the 

transcriptional activation of all lipogenic genes, including ACL, ACC, SCD, LCE, 
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and FASN, and L-PK. SREBP1c and chREBP act coordinately and activate the 

enzymatic machinery required to convert excess glucose to FAs (Fig. 11).  

The role of SREBP1c in the development of hepatic steatosis has been 

investigated by several studies. Interestingly, the overexpression of SREBP1c in 

the livers of transgenic mice induced lipogenesis and led to fatty liver development 

(Fig. 11) (Shimano et al., 1997). Consistently, inactivation of SREBP1c in the liver 

of ob/ob mice (mice with severe hepatic steatosis and insulin resistance due to a 

mutation in the leptin gene) reduced the hepatic triglyceride production by 50%, 

indicating that SREBP1c plays an essential role in the development of steatosis in 

the liver of insulin resistant and obese rodents (Yahagi et al., 2002). In addition, 

SREBP1c induces ACC2 (Horton et al., 2003), an isoform of ACC that produces 

malonyl-CoA (Abu-Elheiga et al., 2000), which decreases fatty acid β-oxidation by 

inhibiting carnitine palmitoyl transferase-1(CPT1) that is necessary for the 

transport of FAs into the mitochondria (Fig. 11) (Lewis et al., 2002; Wahren et al., 

1984).  

Additionally, steatosis activates the signaling of the NFκB transcription factor, 

which induces the production of inflammatory mediators (cytokines) like IL-1, IL-

6, IL-1β, and TNFα, which help in the recruitment and activation of Kupffer cells 

to mediate the hepatic inflammation process. The excessive accumulation of fatty 

acids in hepatocytes leads to lipotoxicity (impairment of lipid environment and/or 

intracellular lipid composition leading to accumulation of harmful lipid) and causes 

cell injury and organelle failures like endoplasmic reticulum stress and 

mitochondrial dysfunction. This results in oxidative stress due to the imbalance 

between reactive oxygen species (ROS) production (due to FAs oxidation) and the 

antioxidants (Bell et al., 2008; Anderson & Borlak, 2008; Browning & Horton, 

2004).  

2.7.3 Role of PXR in hepatic steatosis and lipid metabolism 

Since PXR has been reported to be involved in regulating lipid metabolism, it was 

interesting to study its role in NAFLD. The weight of evidence strongly suggests 

that PXR activation worsens hepatic steatosis, hypercholesterolemia, obesity, and 

insulin resistance (summarized in Table 1) (Bitter et al., 2015; Karpale et al., 2021; 

Nakamura et al., 2007; C. Zhou et al., 2009; J. Zhou et al., 2006). However, it is 

still debated, and several preclinical and clinical studies have reported controversial 

data. The association between some PXR gene variants and the severity of NAFLD 

has been reported (Sookoian et al., 2010). In addition, the correlation between the 
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dysregulation of genes that are under the control of PXR and NAFLD has been 

demonstrated by some experimental studies (Negi et al., 2021). The expression and 

activity of rodent CYP3A11 has been strongly correlated with PXR activation in 

all stages of NAFLD, from simple steatosis to the development of liver fibrosis (X. 

Li et al., 2018). On the other hand, previous studies reported that the expression 

and activity of human CYP3A4 decreases with the progression of hepatic steatosis 

(Cobbina & Akhlaghi, 2017). 

The hallmarks of NAFLD and NASH, including steatosis, inflammation, and 

lipotoxicity, have been shown by several studies to be promoted after significant 

activation of PXR in mice fed a high fat and cholesterol diet, suggesting that PXR 

activation promotes hepatic steatosis (Cobbina & Akhlaghi, 2017; Mackowiak et 

al., 2018; Roth, Looser, Kaufmann, & Meyer, 2008). Consistently, PXR-KO mice 

have been observed to be protected from HFD-induced obesity via induction of 

fibroblast growth factor 15 (FGF 15), which suppresses bile acid synthesis, and 

decreases fat absorption and triglycerides in the liver through decreasing the 

expression level of CYP7A1 (the first and rate-limiting enzyme of bile acid 

synthesis) (Zhao et al., 2017). Additionally, specific transcription factors (SREBPs, 

PPARα) involved in hepatic lipid homeostasis were regulated in response to PXR 

activation.  

The induction of hepatic steatosis in response to PXR activation was proposed 

to be due to an increase in lipogenesis and a decrease in β-oxidation of fatty acids 

(Bitter et al., 2015; Nakamura et al., 2007; J. Zhou et al., 2006). Treatment of fasting 

wildtype mice with PCN has been reported to upregulate the expression of stearoyl-

CoA desaturase-1 (SCD1) (lipogenesis) while downregulating CPT1A (β-oxidation) 

and mitochondrial HMGCS2 (ketogenesis) in PXR wildtype only. Mechanistically 

PXR affects the expression of these genes by crosstalk with FOXA2; PXR directly 

binds to FOXA2 and prevents it from binding to the promoter of its target genes 

(CPT1A and HMGCS2). Surprisingly, this study also found that untreated PXRKO 

mice developed severe hepatic steatosis associated with induction of lipogenesis 

and inhibition of fatty acid β-oxidation (Nakamura et al., 2007).  

Additionally, treatment of human primary hepatocytes with rifampicin 

increased the mRNA and protein expression levels of solute carrier transporter 

13A5 (SLC13A5), a PXR target gene that facilitates the uptake of citrate from the 

circulation into the liver for cholesterol and lipid synthesis, providing one more 

possible mechanism for PXR mediating hepatic lipid accumulation (L. Li et al., 

2015). Several studies in wildtype, PXRKO, and hPXR transgenic mice showed 

that both pharmacological and genetic activation of PXR promotes lipid 
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accumulation in the liver, which was associated with elevation of the free fatty acid 

transporter (FAT/CD36) without activation of the lipogenic transcription factor 

SREBP1c (J. Zhou et al., 2006). Activation of PXR in human primary hepatocytes 

induced lipid accumulation via induction of lipogenesis and inhibition of FA β-

oxidation, but was not associated with the induction of CD36 (Moreau et al., 2009). 

In addition, it has been observed that genetic PXR ablation protected mice from 

HFD-induced and genetically induced obesity, insulin resistance, and hepatic 

steatosis (He et al., 2013). Moreover, another study reported that activation of PXR 

in response to PCN treatment protects AKR/J mice from HFD-induced obesity (Ma 

& Liu, 2012). Interestingly, Karpale et al., showed that PXRKO in mice had no 

effect on weight gain under HFD (Karpale et al., 2021). Thus, PXR seems to exhibit 

cell type, tissue, and species specificity in regulating lipid homeostasis.  

Table 1. Evidence of the role of PXR in hepatic steatosis and lipid metabolism. 

Study Experimental Model Observations Suggested Mechanism 

(J. Zhou et 

al., 2006) 

Genetic and 

pharmacological activation 

of PXR in mice. 

 

↑hepatic triglycerides. 

↑CD36 and PPARγ. 

↓PPARα and thiolase. 

↓β-oxidation. 

↑fatty acid uptake.  

↑ hepatic lipogenesis. 

(Nakamura 

et al., 2007) 

Pharmacological activation 

of PXR in mice either fed 

or fasted with drinking 

water for 24 hours. 

PXR activation in the liver of 

fasted mice 

↑hepatic triglyceride 

↓CPT1A and HMCGS  

↑SCD1 

Activated PXR cross talk with 

FOXA2 and represses FOXA2 

mediated transcription of 

CPT1A and HMGCS genes in 

fasting liver. 

(C. Zhou et 

al., 2009) 

Pharmacological activation 

of PXR in WT mice and 

apolipoprotein E deficient 

(apoE -/-) mice. 

↑ plasma total cholesterol  

↑ plasma VLDL and LDL 

↑CD36  

↑atherosclerosis in the apoE -

/- mice. 

↑fatty acid uptake. 

↓antiatherogenic ApoA-IV. 

↓cholesterol-catabolic enzyme 

CYP39A1. 

(Moreau et 

al., 2009) 

Human hepatocytes 

treated with rifampicin.  

↑FASN and ACL (lipogenic 

genes) 

↑ hepatic lipogenesis. 

 ↓ β-oxidation. 

 

(Ma & Liu, 

2012) 

Pharmacological activation 

of PXR in AKR/J male mice 

fed high fat diet (HFD) for 7 

weeks.  

PXR activation prevented 

HFD-induced obesity and 

insulin resistance. 

 

↑thermogenesis. 

↓food intake. 
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Study Experimental Model Observations Suggested Mechanism 

(He et al., 

2013) 

WT and PXR-KO mice fed 

HFD for 12 weeks. 

Crossing PXR-KO mice 

with the ob/ob mice and 

fed with chow diet. 

PXR-KO inhibited HFD-

induced and genetically- 

induced obesity, hepatic lipid 

accumulation, and insulin 

resistance.  

 

↑ Oxygen consumption. 

↓ β-oxidation. 

↓ hepatic lipogenesis and 

inflammation. 

↑ sensitization of insulin 

signaling. 

(Bitter et al., 

2015) 

Ligand-dependent 

activation and knockdown 

of PXR in human hepatic 

cells. 

↑ AKR1B10   

↑ACC 

↑hepatic lipogenesis via 

SREBP1 pathway. 

 

(Li et al., 

2015) 

Human primary 

hepatocytes treated with 

rifampicin. 

PXR activation 

 ↑ SLC13A5 (a novel PXR 

target gene) 

 

SLC13A5 facilitates the uptake 

of citrate from the circulation 

into the liver for cholesterol and 

lipid synthesis. 

(Zhao et al., 

2017) 

Male WT and PXR-KO 

mice fed HFD for four 

weeks. 

PXR-KO ↓HFD-induced 

weight gain, lipid absorption, 

hepatic lipid accumulation 

and hepatic triglyceride 

levels. 

 ↑FGF 15, ↓CYP7A1 

↓ bile acid synthesis and  

 fat absorption and triglycerides 

in the liver. 

(Karpale et 

al., 2021) 

Clinical studies in humans 

and 

in vivo mouse experiments. 

↑ cholesterol synthesis  

↑LDL and total cholesterol 

↑hepatic cholesterol synthesis 

and Pcsk9 expression via 

SREBP2 activation 

Some suggestions for the controversial data might be the difference in the 

mechanisms observed in the preclinical models and humans. For example, it has 

been reported that the activation of PXR transcriptional activity in humans and 

rodents has an opposite effect on gluconeogenesis. Therefore, further studies are 

still needed to reveal if PXR activation plays a harmful or beneficial role in NAFLD 

and the timing of PXR function in the different stages of this complicated disease.  

2.8 PXR in bone homeostasis 

Bone tissue undergoes continuous resorption carried out by osteoclasts, and bone 

formation is carried out by osteoblasts. The balance between the two processes is 

essential to maintain a constant, homeostatically controlled amount of bone in the 

body (Frost, 1983). Several factors are involved in maintaining bone homeostasis, 

including growth factors such as insulin-like growth factors IGFs, transforming 

growth factors (TGFβs), cytokines, hormones, parathyroid hormone, prostaglandin 

E, and vitamin D (Hauschka et al., 1986; Pfeilschifter & Mundy, 1987). 
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Bone tissues are formed of collagen fibers which create a scaffold where 

phosphate and calcium are mainly deposited in the form of crystalline 

hydroxyapatite (McNally et al., 2012). Bone mineralization is the third phase in 

bone formation after the production and maturation of the osteoid matrix. The bone 

mineralization process is initiated by the accumulation of minerals (calcium and 

inorganic phosphate) followed by crystal growth. The mineralization process is 

controlled by several molecules such as osteopontin (OPN), tartrate-resistant acid 

phosphatase (TRAP), inorganic pyrophosphate (PPi), and bone alkaline 

phosphatase (BALP). They either promote or inhibit hydroxyapatite crystal growth, 

which helps to maintain a normal mineral deposition rate during the bone 

remodeling process (Hunter, 2013; Mahamid et al., 2011; Millán, 2013).  

Alkaline phosphatase (ALP) is a glycoprotein ectoenzyme attached to the outer 

surface of cells and matrix vesicles. There are four genes in humans encoding ALP 

isoenzymes; (intestinal ALP (IALP), placental ALP (PALP), germ cell ALP 

(GALP), and tissue-nonspecific ALP (TNALP). The TNALP is expressed in the 

kidney, liver, and bone (BALP) (Harris, 1990; Matsuura et al., 1990). Bone TNALP 

is located on the osteoblast surface and plays an important role in promoting 

extracellular mineralization by releasing inorganic phosphate from the 

mineralization inhibitor inorganic pyrophosphate (PPi).  

Several studies of hypophosphatasia (a rare inborn error of metabolism due to 

a missense mutation within the TNALP gene) have provided evidence for the 

critical role of ALP in bone mineralization. Mice lacking TNALP developed 

hypophosphatemia associated with hypomineralization (Harmey et al., 2004; 

Millán & Whyte, 2016). The plasma levels of BALP reflect the osteoblastic activity 

and are used clinically as a biomarker for assessing metabolic bone diseases.  

PXR is mainly expressed in the liver and intestine, functioning in drug and 

xenobiotic metabolism (Blumberg et al., 1998). The expression of PXR in 

extrahepatic tissues such as lung, kidney, peripheral mononuclear cells, and 

osteoblastic cells has been detected; however, it was low compared to its expression 

in the liver and intestine (Albermann et al., 2005; Miki et al., 2005; Tabb et al., 

2003). Not much is known about the direct role of PXR in bone homeostasis. 

Vitamin K2 acts as a coenzyme for γ-carboxylase, which is required by some bone-

specific proteins such as osteocalcin (OCN) and matrix gla protein (MGP) (G. Luo 

et al., 1997; Price et al., 1976). It has been shown that PXR mediates the role of 

vitamin K2 in bone homeostasis (vitamin K2 helps in preventing bone fracture and 

is clinically used for treating osteoporosis in Japan, Korea, and Thailand) 

(Cockayne et al., 2006; Shiraki et al., 2000; Tabb et al., 2003).  
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PXR could affect bone homeostasis by crosstalk with VDR. In addition, PXR 

activation induces the hepatic and intestinal expression of CYP3A4 in the liver and 

intestine, which catabolizes vitamin D (C. Zhou et al., 2006). Another study showed 

that PXR activation induced the expression of phosphate transporter SLC34A2 in 

the intestine. Its expression was repressed in PXR-KO mice, and these mice 

displayed hypophosphatemia and bone loss, indicating that PXR activation outside 

bone could indirectly affect bone homeostasis via regulation of calcium and 

phosphate homeostasis (Konno et al., 2010). Consistently, PXR activation was 

found to promote bone formation and repress bone resorption, while systemic PXR 

deficient mice display osteopenia with reduced bone formation and enhanced bone 

resorption without affecting the serum levels of calcium and phosphate (Azuma et 

al., 2010). 
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3 Aims of the present study 

Several studies in animals and humans have reported that PXR activation induces 

hypercholesterolemia and hepatic lipogenesis and leads to hepatic steatosis. 

Moreover, we have previously reported that PXR activation impairs postprandial 

glucose tolerance and increases blood pressure and heart rate. Thus, understanding 

the biological role of PXR in the molecular mechanisms involved would be of great 

value and would help in the development of novel therapeutic drugs against 

metabolic diseases. Therefore, the major aims of the thesis were as follows: 

1.  To characterize the role of PXR in lipid and cholesterol metabolism. 

a) To elucidate the effect of statins and PXR activation on liver steatosis. 

b) To elucidate the roles of PXR and 4β-hydroxycholesterol in the regulation 

of peripheral cholesterol transport. 

2. To characterize the role of PXR in alkaline phosphatase regulation in human 

osteoblast cells in vitro and rodents in vivo. 
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4 Materials and Methods 

The materials and methods used in this thesis are described here briefly. The 

detailed description can be found in the original articles and the manuscript. 

4.1 Animal experiments 

In this thesis, all the animal experiments were approved by the National Animal 

Experimental Board, Finland (license numbers (ESAVI/6357/04.10.07/2014, 

ESAVI/8240/04.10.07/2017, and ESAVI/23252/2020). Throughout the studies we 

utilized male C57BL/6N mice (I & III) and male Sprague Dawley rats (II & III). 

Animals were housed individually in standard conditions with a 12-hour light/dark 

cycle in the Oulu University Laboratory Animal Center, University of Oulu, Oulu, 

Finland. All animals had ad libitum access to food and water. The PXR-KO mice 

have been kindly provided by Professor Wen Xie, University of Pittsburgh School 

of Pharmacy Center for Pharmacogenetics, PA, USA. The PXR-KO mice have been 

backcrossed from C57BL/6J to C57BL/6N for six generations before they were 

utilized. 

At the end of experiments, the animals were killed using carbon dioxide 

inhalation and cervical dislocation. Tissues were collected and frozen in liquid 

nitrogen or fixed with 10% buffered formalin. Blood samples were collected from 

the inferior vena cava into 0.25M EDTA-primed syringes. Then plasma was 

separated by centrifugation at 400 rpm for 15 minutes and stored at -70 ℃. 

4.1.1 Wildtype and PXR-KO chow-fed experiment 

For study I, we performed the animal experiment using wildtype and PXR-KO (19-

20 weeks old) C57BL/6N male mice fed a chow diet and allocated to different 

groups, 9-10 mice per group (Vehicle, Pravastatin 10 mg/kg/day, Atorvastatin 10 

mg/kg/day, PCN 100 mg/kg/day). Mice were treated with vehicle, statins, or PCN 

by oral gavage once a day for four days, followed by fasting for 12 hours overnight 

before sacrificing them. In the PXR-KO experiment, mice were divided into two 

groups (Chow Vehicle or Chow Atorvastatin) and treated the same way as the 

wildtype mice. 

For the animal experiments in study II, eight-week-old C57BL/6N male mice 

(6-7 mice/group, weighing 23-25 g) were given a daily i.p. injection of the rodent 

PXR agonist PCN (50 mg/kg) dissolved in DMSO/corn oil or vehicle (DMSO/corn 
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oil) for four days. In studies II and III, two-month-old male Sprague Dawley rats 

(5 rats/group, weighing 240-300 g) were given a daily i.p. injection of PCN 

(40 mg/kg) or vehicle (DMSO/corn oil) for 1, 3 or 6 days. 

4.1.2 HFD experiment plus pharmacological treatment for four or 28 

days 

Wildtype C57BL/6N male mice (6-7 weeks old) were fed a high-fat diet HFD (60% 

of calories from fat, Envigo td.06414) for 14 weeks, and then the mice were 

allocated to different groups of 9-10 mice per group, (Vehicle, Pravastatin 10 

mg/kg/day, Atorvastatin 10 mg/kg/day, PCN 100 mg/kg/day). The mice were 

treated with vehicle, statins, or PCN by oral gavage for four days, followed by 

fasting for 12 hours overnight before sacrificing them.  

In the 28-day experiment, for 19 weeks, mice were fed the HFD. In week 15, 

the mice were divided into four groups, seven mice per group, and habituated to 

the vehicle gelatin pellets mixed with blackcurrant juice for one week, followed by 

28 days of treatment with vehicle (gelatin), statins, or PCN in gelatin pellets. The 

mice were fasted for a short period of 5 hours. Then the mice were given a 20% 

glucose solution (1.5 g/kg glucose intraperitoneally), and blood glucose was 

measured at 15, 30, 45, 60, 90, and 120-minute time points from the tail tip.  

4.2 Cell culture models 

4.2.1 Mouse primary hepatocytes 

In study I, the mouse primary hepatocytes were obtained using two-step 

collagenase liver perfusion as described (Salonpää et al., 1994). Briefly, following 

perfusion, hepatocytes were filtered, centrifuged at 400 rpm for 4 minutes, and 

counted. Cells were then cultured in William's E medium supplemented with 10% 

FBS, gentamycin 10 µg/ml, dexamethasone 10 ng/ml, and insulin transferrin 

supplement (containing insulin 5mg/mL, transferrin 5mg/mL, and sodium selenite 

5µg/mL). Hepatocytes were then incubated for 3-4 hours at 37 ℃, 5% CO2, to 

allow attachment of cells to the surface, after which the medium was changed to 

serum-free medium overnight. In the experiments, one million cells (with viability 

over 80%) were plated per well in a six-well plate with the same medium but serum-

free.  
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4.2.2 Differentiation of the human osteoblast cells 

In study III, we obtained the bone marrow-derived human mesenchymal stromal 

cells (hMSCs) from three donors undergoing hip replacement operations for 

osteoarthritis. Primary isolation and culture of hMSCs were performed as described 

in detail earlier (Leskelä et al., 2003).  Briefly, after primary isolation, the hMSCs 

were plated in a culture flask and cultured in α-MEM (minimum essential medium; 

Gibco, Paisley, UK), supplemented with 10% heat-inactivated Fetal bovine serum, 

HEPES 20 mM, penicillin 100 U/mL, streptomycin 0.1 mg/mL, and L-glutamine 2 

mM, and incubated at 37˚C in 5% CO2 and 95% air. The cells were passaged when 

they reached 90% confluence, then replaced into a 96-well culture plate for 

osteogenic differentiation. The cells were then cultured for three and five weeks in 

two different media (OS and BM) followed by treatment with different 

concentrations of PXR agonists rifampicin, hyperforin, or DMSO vehicle control 

for 48 hours. The OS media consists of BM medium supplemented with 100 nmol/L 

dexamethasone, 10 mmol/L sodium β-glycerophosphate and 0.05 mmol/L ascorbic 

acid-2 phosphate (Sigma-Aldrich). The OS media promotes osteogenic 

differentiation.  

4.3 Analysis of gene expression  

4.3.1 RNA isolation, cDNA synthesis, and quantitative real-time PCR   

We extracted the total RNAs from the animal tissues (liver, heart, muscles, white 

adipose tissues, adrenal gland, and bones) or cells using the RNAzol® RT reagent 

according to the manufacturer's protocol (Sigma Aldrich, St. Louis, MO, USA).  

For cDNA synthesis, we used one µg of RNA with p(dN)6 random primers 

(Roche Diagnostics, Mannheim, Germany) using the RevertAid cDNA synthesis 

kit according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, 

MA, USA).  

We performed the quantitative real-time PCR reactions using the FastStart 

Universal SYBR Green Master Mix (Roche, Basel, Switzerland) and an ABI 7300 

thermal cycler (Applied Biosystems, Foster City, CA) or with PowerUp™ SYBR™ 

Green Master Mix (Applied Biosystems) and QuantStudio 5 real-time qPCR 

thermal cycler (ThermoFisher Scientific). The sequences for the primers are listed 

in Table 2. We corrected the Fluorescence values of the qPCR products with the 

fluorescence signals of the passive reference dye (ROX). We normalized the RNA 
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levels of target genes against the 18S RNA or GAPDH control levels using the 

comparative CT (∆∆CT) method. 

4.3.2 RNA sequencing  

 In study I, for sequencing the liver RNA, we used four mice per group. We 

extracted the total RNA from the mouse liver tissues using a hybrid RNAzol RT 

Kit (Sigma Aldrich) according to the manufacturer’s instructions. Afterward, the 

isolated total liver RNA was DNase treated with RNase-Free DNase Set (Qiagen) 

coupled with an RNase MiniElute Cleanup kit (Qiagen). The quality of the samples 

was ensured using an Agilent Bioanalyzer 2100 or an Advanced Analytical 

Fragment Analyzer. The concentration of the samples was measured with 

Qubit®/Quant-IT® Fluorometric Quantification, Life Technologies, and/or 

Nanodrop ND-2000, Thermo Scientific. 

Table 2. Sequences of the qPCR primers. 

Gene Forward (5’-3’) Reverse (5’- 3’) 

Human 

18S* CTCAACACGGGAAACCTCAC CGCTCCACCAACTAAGAACG 

ALPL ALPL FAM Hs01029144-m1 (TaqMan, Thermo Fisher) 

MGP GGGAAGCCTGTGATGACTACAGA CGATTATAGGGATTGTATCCA 

Probe: 6-FAM TTTGCGAACGCTACGCCATGGTT-TAMRA 

OPG TGTACAGCAAAGTGGAAGACCG GGTGTGCCAGCTGTCTGTGT 

Probe: 6-FAMTGCGCCCCTTGCCCTGACC-TAMRA 

OSP CATACAAGGCCATCCCCG CTGTCCTTCCCACGGCTG 

Probe: 6-FAM CCTGAACGCGCCTTCTGATTGGG-TAMRA 

PXR TTGCCATCGAGGACCAGAT GTCTCCGCGTTGAACACTGT 

Rat 

Abca1 CAAGAGATGGACCTTGTGCG TGGGGACTGAACATCCTCTG 

Abcg1 GATGAAGGCAGACGGGAGA AACAGGAGGGTTGTTGACCA 

Cd36 GCCTCCTTTCCACCTTTTGT GATTCAAACACAGCATAGATGGA 

Lox-1 CTATCCTTTCTTGGGTGTAAAAC TGCTTCTGGTCTTTGTCTCTG 

Idol GGCCATACTGTGTGCTGTGA ATGTTCCACACGTGATCTGC 

Ldlr TGCTACTGGCCAAGGACAT CTGGGTGGTCGGTACAGTG 

Sra1 Rn01488115_m1 (TaqMan, Thermo Fisher) 

Srb1 GGTGCCCATCATTTACCAAC GCGAGCCCTTTTTACTACCA 

Mouse 

Acc ATGGGCGGAATGGTCTCTTTC TGGGGACCTTGTCTTCATCAT 

Acly ACCCTTTCACTGGGGATCACA GACAGGGATCAGGATTTCCTTG 
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Gene Forward (5’-3’) Reverse (5’- 3’) 

Alpl CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT 

Cd36 ATGGGCTGTGATCGGAACTG TTGCCACGTCATCTGGGTTT 

Cyp3a11 GACAAACAAGCAGGGATGGAC CCAAGCTGATTGCTAGGAGCA 

Fasn GAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG 

Fdps GGAGGTCCTAGAGTACAATGCC AAGCCTGGAGCAGTTCTACAC 

G6Pc CGACTCGCTATCTCCAAGTGA GGGCGTTGTCCAAACAGAAT 

Gapdh* GGTCATCATCTCCGCCCC TTCTCGTGGTTCACACCCATC 

Gsta1 TGTTGAAGAGCCATGGACAA ATCCATGGGAGGCTTTCTCT 

Hmgcr AGAGCGAGTGCATTAGCAAAG GATTGCCATTCCACGAGCTA 

Insig1 TAGTGCTCTTCTCATTTGGCG AGGGATACAGTAAACCGACAACA 

Insig2 TAAATCACGCCAGTGCTAAAGT GGTGACAACGGTTGCTAAGAAAG 

Ldlr TCAGACGAACAAGGCTGTC CATCTAGGCAATCTCTGGTCTC 

Mgp GGCAACCCTGTGCTACGAAT CCTGGACTCTCTTTTGGGCTTTA 

Opg CTCTCCACCTACAGCCTGATT AGAACATCGTAAGGATGCAGTTG 

Osp AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG 

Pck1 AGCATTCAACGCCAGGTTC CGAGTCTGTCAGTTCAATACCAA 

Pcsk9 CCCATCGGGAGATTGAG TTCCCTTGACAGTTGAGCA 

Pxr GGCTGCCTGCAGTGTTC CTCAATAGGCAGGTCCCTAAAGTA 

Scd1 TTCTTGCGATACACTCTGGTGC CGGGATTGAATGTTCTTGTCGT 

Srebpf1 GCAGCCACCATCTAGCCTG CAGCAGTGAGTCTGCCTTGAT 

Srebf1a CCTGCAGACCCTGGTGAGT AGAAGACCGGTAGCGCTTCT 

Srebf1c CACAGCCGTGCAGACC TTGATAGAAGACCGGTAGCGC 

Srebf2 TGGGCGATGAGCTGACTCT CAAATCAGGGAACTCTCCCAC 

The library preparation was performed according to the library preparation protocol 

(Illumina Stranded Total RNA Reference Guide, Illumina (1000000124514). The 

Next Generation Sequencing run was performed using Illumina NovaSeq 6000 or 

a MiSeq instrument in the Finnish Functional Genomics Centre, University of 

Turku and Åbo Akademi and Biocenter Finland.  

Analysis of the RNAseq data was conducted using the Chipster software 

(Kallio et al., 2011). The obtained 100-bp paired-end reads were aligned to the 

mouse ensemble reference genome GRCm38.95 with HTSeq. We determined the 

differentially expressed genes with DESeq2 using the Benjamini-Hochberg 

corrected adjusted p-value cut-off of <0.05. 

4.3.3 IPA pathway analysis of differentially expressed genes 

To determine the most enriched pathways and to predict the upstream regulators 

associated with the differentially expressed genes, we used the Ingenuity pathway 
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analysis (IPA)  (Krämer et al., 2014) software (Qiagen). We uploaded the 

differentially expressed genes and their corresponding expression values into the 

IPA software and performed a core analysis using the default parameters. We 

calculated the p-value of overlap for pathways and upstream regulators using the 

right-tailed Fisher's exact test. 

4.4 Analysis of hepatic steatosis.  

4.4.1 Histopathological analysis 

Hematoxylin and eosin (H&E) staining 

To determine the hepatic steatosis and inflammation, we applied hematoxylin and 

eosin (H&E) staining; 5 µm thick sections from the formalin-fixed paraffin-

embedded liver were stained with hematoxylin-eosin staining with Mayer's 

hematoxylin. 

The Oil Red O staining  

To determine the accumulated fat in the liver, we stained 10 µm liver cryosections 

with Oil Red O (ORO) staining and counterstained with Cole's hematoxylin to stain 

the neutral lipids. 

4.4.2 Determination of hepatic triglyceride content 

To measure the hepatic triglycerides, we used the Triglycerides Quantification Kit 

(MAK266, Sigma Aldrich). Briefly, 100 mg of mouse liver was homogenized in 

1ml solution of 5% Nonidet P 40 Substitute (Catalog Number 74385) and water for 

2 minutes using the TissueLyse II. The samples were slowly heated to 80-100 C in 

a water bath for 2-5 minutes and then cooled to room temperature. The heating step 

was repeated one more time to solubilize all the triglycerides, after which the 

samples were centrifuged for 2 minutes at top speed to remove the insoluble 

materials. The samples were diluted 10-fold with water before the assay. Then the 

hepatic triglycerides were measured from the prepared samples according to the 

manufacturer's protocol.  
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4.5 Blood analyses 

4.5.1 Measurements of plasma total cholesterol and triglycerides  

According to the manufacturer's protocol, we measured the plasma total cholesterol 

and triglycerides using the Cholesterol Quantification Kit (MAK043, Sigma 

Aldrich) and the Triglycerides Quantification Kit (MAK266, Sigma Aldrich)  

4.5.2 Measurement of the serum alanine aminotransferase (ALT) 

We measured the alanine aminotransferase activity from the terminal mouse plasma 

samples using the clinical analytical method in the clinical laboratory of the Oulu 

University Hospital, NordLab (Oulu, Finland) Oulu, Finland) and the ALT 

Quantification Kit (MAK052, Sigma-Aldrich) according to the manufacturer's 

protocol. 

4.5.3 Measurement of the alkaline phosphatase 

The alkaline phosphatase activity was measured from the cells using a colorimetric 

assay kit according to the manufacturer’s protocol, (BioVision, Milpitas, CA, USA). 

4.6 Protein analysis and immunoblotting 

In all the studies, we used the western blot technique to quantify the protein levels 

of interest. The total, cytosolic, and nuclear proteins were extracted from the tissues 

according to the provided protocols and as described previously (Karpale et al., 

2021; II). We used the Bradford reagent (Bio-Rad, Hercules, CA, USA) to measure 

the concentration of the isolated proteins.  

Aliquots of (10-25µg) of protein samples were separated with SDS-

polyacrylamide gel electrophoresis (SDS-PAGE). Then the proteins were 

transferred to nitrocellulose membranes using a Trans-Blot Turbo RTA Mini 

Nitrocellulose Transfer Kit (Bio-Rad) and Trans-Blot Turbo (Bio-Rad) according 

to the manufacturer's instructions. The membranes were blocked with 3% 

Amersham ECL Prime Blocking Agent (GE Healthcare) in Tris-buffered saline for 

one hour at room temperature. The incubation with the primary antibodies was 

usually overnight at +4℃ in 0.1% TBS-Tween, followed by secondary HRP-

conjugation for two hours at room temperature. The bands were visualized using 
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the Amersham ECL start western blotting detection reagent (GE Healthcare, UK) 

using an Odyssey Fc (LI-COR Bioscience GmbH, Germany) and Image studio 

software (LI-COR Bioscience GmbH, Germany). The SREBP1, SREBP2, and 

INSIG1 (study I) and the ABCA1 and ABCG1 (study II) protein bands were 

normalized against the reference protein β-actin.  

4.7 Human studies 

Four clinical trials Rifa-1 (Rysä et al., 2013), Rifa-2 (Hukkanen et al., 2015), Rifa-

Stea (unpublished), and Rifa-BP (Hassani-Nezhad-Gashti et al., 2020) have been 

conducted at the Research Unit of Internal Medicine of Oulu University Hospital 

to study the metabolic effect of PXR activation in response to treatment with the 

human PXR agonist rifampicin. The studies were approved by the Ethics 

Committee of the Northern Ostrobothnia Hospital District (Oulu, Finland) and the 

Finnish Medicines Agency. Written informed consent was obtained from each 

study subject. The study procedures were in accordance with the ethical standards 

of the Declaration of Helsinki and guidelines on Good Clinical Practice. The 

samples from these trials have been used in studies II and III.  

The design in all studies was a randomized open placebo-controlled crossover, 

except for one study (Rifa-2), which had a one–arm, open design. In the Rifa-BP 

study, the study personnel were blinded. For five days before and during the study, 

the participants were asked to abstain from using alcohol, over-the-counter 

medication, and dietary and herbal supplements. In all studies, 600 mg of 

rifampicin was given orally once daily for one week to the healthy volunteers.  

4.8 Statistical analysis 

The statistical data analysis was conducted using Prism software (GraphPad 

Software, La Jolla, CA, USA). The student’s two-tailed t-test was used to compare 

means of two groups, (paired test for the human studies; unpaired for rodent 

studies). In addition, when appropriate, the non-parametric Wilcoxon matched-

pairs signed rank test, or one-sample Wilcoxon test of the ratio (rifampicin/placebo) 

of individual values was utilized. The differences between multiple groups were 

compared by one-way ANOVA followed by Dunnett's multiple comparison test. 

The Pearson correlation was used to analyze the correlation of the 4βHC with total 

and bone ALP. The statistical differences were considered significant when p<0.05.  
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5 Results  

5.1 Effect of PXR activators atorvastatin and PCN on hepatic 

transcriptome in mice 

Both PCN and atorvastatin are PXR ligands. Pharmacological activation of PXR 

with short term PCN treatment has been shown to be associated with hepatic 

steatosis (Bitter et al., 2015; C. Zhou et al., 2009). Atorvastatin is a well-known 

clinically used drug for treatment of hypercholesterolemia and is considered to be 

safe in terms of hepatic steatosis (Adhyaru & Jacobson, 2018; Fatima et al., 2022; 

Pastori et al., 2022). This study aimed to reveal the in vivo effect of atorvastatin on 

PXR-mediated gene regulation in mouse liver and to understand why atorvastatin 

appears to be safe for liver while several other PXR ligands have been reported to 

induce liver steatosis. To achieve that we treated wildtype male mice orally with 

PCN (prototypical PXR ligand), atorvastatin (PXR ligand) or pravastatin (non-PXR 

ligand) for four days. The PXR-knockout mouse model was utilized to establish the 

role of PXR in mediating the atorvastatin effect. To analyze the hepatic 

transcriptome, liver samples were subjected to gene expression profiling by RNA 

sequencing. 

In addition, we studied the effect of the 4- and 28-day treatment of PCN and 

atorvastatin on hepatic cholesterol and lipid metabolism as well as hepatic steatosis 

in the high-fat diet-induced obese mice.  

5.1.1 Atorvastatin and PCN regulate overlapping but distinct sets of 

hepatic genes (I) 

In the wildtype treated mouse liver, atorvastatin differentially regulated 1333 genes 

(upregulated 762 genes, downregulated 571 genes) and uniquely regulated 837 

genes (upregulated 490 genes, downregulated 347 genes), while in the PXR-KO 

mice only 12 genes were differentially regulated by atorvastatin showing 

atorvastatin to be a highly selective PXR ligand (I; Fig. 1A). PCN differentially 

regulated 773 genes (upregulated 411 genes, downregulated 362 genes) and 

uniquely regulated 277 genes (upregulated genes 141, downregulated genes 136) 

in the wildtype treated mice (I; Fig. 1B). Pravastatin differentially regulated 28 

genes (upregulated 13 genes, downregulated 15 genes) compared to the vehicle 
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group in the wildtype treated mice. Atorvastatin and PCN shared 496 genes (I; Fig. 

1B). 

To get further insights into the role of PXR in regulating the atorvastatin and 

PCN effect on the hepatic transcriptome, we utilized the Ingenuity pathway 

analysis (IPA) software to investigate the pathway enrichment analysis of the 

unique and shared differentially expressed genes regulated by atorvastatin and PCN. 

The indication of pathway activation or inhibition calculated by IPA is based on the 

direction of gene activation and experimental evidence from the literature. The IPA 

analysis predicted the cholesterol biosynthesis pathway as the most significant 

pathway affected by atorvastatin treatment in the wildtype mouse liver. In addition, 

SREBP1 and SREBP2 (the main transcription regulators of lipid and cholesterol 

synthesis, respectively) were among the top significant predicted upstream 

regulators in the atorvastatin treated mice and predicted to be activated according 

to the z-score (I; Fig. 2A, and Supplementary table 4). 

On the other hand, PCN seemed not to affect the cholesterol pathway. Instead, 

the top significant pathways affected by PCN treatment are mainly involved in 

growth hormone signaling, unfolded protein response, adipogenesis pathways, cell 

proliferation, and many others. Furthermore, FOXO1 (an essential regulator of 

gluconeogenesis) was among the top significant upstream regulators predicted by 

IPA with a negative z-score, suggesting the repression of their function by the PCN 

treatment (I; Fig. 2B, and Supplementary table 5). 

Interestingly, PCN and atorvastatin shared 496 genes in the wildtype mice, 

which were predicted by IPA analyses to enrich several pathways including 

circadian rhythm signaling, adipogenesis pathway and others (I; Fig. 2C, and 

Supplementary tables 6). One of the key regulators of energy homeostasis, PPARα, 

was among the top significant predicted upstream regulators with a negative z-score 

suggesting the repression of its function, while SREBP2 was predicted to be 

activated according to the z-score (I; Fig. 2C). 

5.1.2 Atorvastatin upregulates genes involved in lipid homeostasis 

in the liver (I) 

To precisely analyze the effect of 4-day PCN and atorvastatin treatment on hepatic 

lipid metabolism, we measured the mRNA levels of several key genes involved in 

the hepatic cholesterol metabolism and lipogenesis using qPCR. 

In line with the RNA seq data, atorvastatin induced key genes of cholesterol 

synthesis, Hmgcr, Fdps, Acly, and lipoprotein metabolism, Pcsk9 and Ldlr, and 
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lipogenic genes Fasn, and Acc in the liver compared with vehicle-treated mice (I; 

Fig. 3A). In contrast, pravastatin and PCN did not affect any of these genes. Scd1, 

and Cd36 were not affected by any of the treatments. 

We further analyzed the effect of PCN and atorvastatin on the expression of 

SREBP1 and 2, which are key transcriptional regulators of lipid synthesis and 

cholesterol homeostasis, respectively. PCN and atorvastatin significantly induced 

the mRNA Srebf1 and its isoforms in the liver compared to the vehicle-treated mice, 

while pravastatin had no significant effect (I; Fig. 3B). Both PCN and atorvastatin 

had no effect on the mRNA expression of Srebf2 (I; Fig. 3B). In the mice lacking 

PXR, the effect of atorvastatin on cholesterol and lipid metabolism was lost, 

establishing the role of PXR in regulating the atorvastatin effect (I; Fig. 3A and B).  

We further measured the protein levels of SREBP1 and SREBP2 by Western 

blot assay. Atorvastatin increased the nuclear levels of SREBP1 and SREBP2 in the 

wildtype mouse liver compared to the vehicle-treated mice, while the atorvastatin 

effect was lost in the liver of PXR-KO mice (I; Fig. 3C and D). PCN increased 

nuclear SREBP1 only, while pravastatin had no effect on either SREBP (I; Fig. 3C 

and D).   

5.1.3 Treatment with atorvastatin for 4 days does not induce hepatic 

steatosis in the lean mice (I) 

Hepatic steatosis is characterized by accumulation of lipid droplets in hepatocytes. 

The hepatic steatosis was determined by staining liver sections with hematoxylin-

eosin (HE) and neutral lipid stain Oil-Red O (ORO). Despite induction of several 

lipogenic genes in the liver by atorvastatin, it had no effect on steatosis in both 

wildtype and PXR-KO mice compared to the vehicle treated group (I; Fig. 4D). Of 

interest, PCN and pravastatin tended to induce more steatosis in the wildtype 

treated mice, but it was not significant due to high individual variation among 

groups (I; Fig. 4D). The body weight, liver weight, levels of hepatic triglycerides, 

and levels of alanine aminotransferase (ALT) were not affected by the treatment 

with statins and PCN compared to the vehicle-treated mice (I; Fig. 4A, C, and D).  

In addition, the plasma total cholesterol and triglyceride levels were not 

affected by the treatment (statins or PCN) compared to the vehicle group (I; Fig. 

4E and F).  



 76

5.1.4 Effect of 4- and 28-day treatment with PCN and atorvastatin on 

the hepatic steatosis in the obese mice (I) 

The effect of atorvastatin and PCN on hepatic steatosis, cholesterol and lipid 

metabolism was further studied in the high-fat diet (HFD)-induced obesity mouse 

model. Mice were fed with a HFD for 14 weeks to induce obesity followed by oral 

treatment either with vehicle, PCN, atorvastatin or pravastatin for 4 or 28 days. The 

HFD-mice continued to eat the HFD during the drug treatment. 

 Atorvastatin, pravastatin and PCN treatment did not affect the body weight 

gain compared to the vehicle treated groups in both 4 and 28-day treatments (I; Fig. 

5A). Atorvastatin and pravastatin treatment had no significant effect on the liver 

weight compared to the vehicle group in either the 4 or 28-day treatments (I; Fig. 

5B). However, 28-day PCN treatment significantly increased the liver weight 

compared to the vehicle group (I; Fig. 5B). 

HE and ORO staining of liver sections revealed that the HFD induced steatosis 

in the livers of all HFD-mice as expected. Interestingly, treatment with atorvastatin 

or pravastatin did not affect the hepatic steatosis phenotype after either 4- or 28-

days of treatment (I; Fig. 5E and F). Consistent with that, atorvastatin, and 

pravastatin did not affect the hepatic triglyceride content compared to the vehicle-

treated mice (I; Fig. 5D). In contrast, PCN tended to induce more steatosis 

compared to the vehicle group (I; Fig. 5E and F). Consistent with that, 28-day PCN 

treatment tended to increase the hepatic triglycerides, but it was not significant (I; 

Fig. 5D).   

Similar to the lean mice, treatment with atorvastatin, pravastatin and PCN did 

not significantly affect the plasma ALT, plasma total cholesterol and triglycerides 

(I; Fig. 5G, H, and I). 

5.1.5 Treatment with atorvastatin for 4 days induces genes involved 

in cholesterol metabolism in the livers of obese mice (I) 

The expression levels of the PXR target genes as well as key genes involved in the 

lipid and cholesterol metabolism were measured in the livers of obese mice after 4- 

and 28-days of treatment with atorvastatin, pravastatin and PCN using the qPCR 

assay. 

In both study sets, the mRNA levels of the PXR target genes, Cyp3a11, Gsta1, 

and Gsta2, were significantly induced by PCN treatment (I; Fig. 6A). The 4-day 

treatment with atorvastatin or pravastatin had no significant effect on the expression 
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of the PXR target genes (I; Fig. 6A). Of interest, 28-day treatment with atorvastatin 

repressed the expression of PXR compared to the vehicle group, while pravastatin 

had no significant effect (I; Fig. 6A).  

Only the 4-day treatment with atorvastatin significantly induced the mRNA 

levels of several crucial genes involved in hepatic cholesterol metabolism, 

including Srebf2, Fdps, Hmgcr, Ldlr, Acly, and Pcsk9, compared to the vehicle-

treated group (I; Fig. 6B). Pravastatin and PCN had no significant effect (I; Fig. 

6B). Interestingly, 4-day PCN treatment significantly induced the mRNA levels of 

the key regulator of lipogenesis, Srebf1, compared to the vehicle group (I; Fig. 6C). 

In the 28-day treatment, atorvastatin, and pravastatin had no significant effect on 

the expression of genes involved in cholesterol metabolism and lipogenesis in the 

liver (I; Fig. 6B, and C), while PCN induced the lipogenic gene Scd1 significantly 

in the liver compared to the vehicle group (I; Fig. 6B, and C). 

5.1.6 28-day treatment with atorvastatin or PCN had no harmful 

effect on glucose tolerance in the obese mice (I) 

While statin therapy is widely recognized to reduce the risk of coronary artery 

disease, it still increases the risk for developing diabetes (Betteridge & Carmena, 

2016; Carmena & Betteridge, 2019). It has been demonstrated that there is about a 

10-12% increased risk associated with statin treatment especially in patients who 

are at risk of developing diabetes (Betteridge & Carmena, 2016; Carmena & 

Betteridge, 2019). However, the mechanisms are poorly understood. In our 

previous studies we showed that activation of PXR by PCN in rodents or rifampicin 

in humans impairs the glucose tolerance, which highlighted PXR as an  important 

regulator of glucose homeostasis (Rysä et al., 2013; Hakkola et al., 2016; Hassani-

Nezhad-Gashti et al., 2018). 

Thus, we sought to study if the activation of PXR by atorvastatin and PCN 

would affect the glucose tolerance. To achieve that, we conducted an intraperitoneal 

glucose tolerance test (ipGTT) after 28-days of drug treatment in the obese mice. 

Atorvastatin, pravastatin or PCN had no significant effect at any time point on 

glucose tolerance compared to the vehicle group (I; Fig. 7A). Additionally, there 

was no significant difference between the atorvastatin, pravastatin, and the vehicle 

group in the area under the curve (AUC) and the incremental area under curve 

(IAUC) analyses (I; Fig. 7B). PCN tended to decrease both AUC and IAUC 

compared to the vehicle group, reflecting that PCN treatment may improve glucose 

tolerance (I; Fig. 7B).  
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PCN or pravastatin treatment did not affect the fasting blood glucose, insulin 

or HOMA-IR compared to the vehicle treated group (I; Fig. 7C, D, and E). 

Interestingly, atorvastatin and pravastatin significantly repressed the hepatic 

mRNA expression of the gluconeogenic gene G6Pase compared to the vehicle 

group (I; Fig. 7F). 

5.2 4β-hydroxycholesterol signals from the liver to regulate 

peripheral cholesterol transporters 

5.2.1 Rifampicin treatment increases the serum 4β-

hydroxycholesterol in humans (II) 

The role of PXR activation in humans was studied by conducting a randomized, 

open, placebo-controlled crossover clinical study on twelve healthy volunteers 

dosed with 600 mg rifampicin, a human PXR agonist, daily for a week.  

We observed that treatment with rifampicin significantly increased the serum 

levels of 4β-hydroxycholesterol (4βHC) compared to the placebo (II; Table 1), 

while the concentration of other oxysterols including 25-hydroxycholesterol (25HC) 

and 27-hydroxycholesterol (27HC) were not affected (II; Table 1). Furthermore, 

the rifampicin treatment did not significantly change the levels of cholesterol, 

HDL-C, LDL-C, and triglycerides (II; Table 1).  

To further understand the molecular mechanisms involved, in vitro studies as 

well as in vivo rat studies were conducted, and the results are discussed in the next 

sections. 

5.2.2 4βHC induces the cholesterol efflux and represses the 

cholesterol influx in vitro (II) 

4βHC is a ligand for liver X receptors (LXRs), the major regulators of lipid 

metabolism (Diczfalusy et al., 2011; S. D. Lee & Tontonoz, 2015). The activation 

of LXR leads to upregulation of lipogenesis in the liver and induction of cholesterol 

efflux transporters such as ATP-binding cassette transporters (ABC) ABCA1, 

ABCG1, and ABCG5/8 (S. D. Lee & Tontonoz, 2015). Moreover, LXR activation 

leads to repression of LDL receptor-mediated lipoprotein uptake in the liver and 

macrophages via inducible degrader of the LDL receptor (IDOL) (S. D. Lee & 

Tontonoz, 2015). 
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The formation of 4βHC in the liver is mediated by cytochrome P450 (CYP) 

3A4 and 3A5 enzymes, which are mainly regulated by PXR and CAR (Diczfalusy 

et al., 2011; Zanger & Schwab, 2013). Taken together, we hypothesized that PXR 

activation by rifampicin increases the serum level of 4βHC and, in turn, 4βHC 

through activation of LXR regulates peripheral cholesterol transporters. 

To demonstrate the effect of rifampicin on the expression of cholesterol 

transporters, the mononuclear cells were isolated from blood samples collected 

from the study subjects. Interestingly, the ABCA1 mRNA levels were induced in 

the mononuclear cells isolated from the rifampicin-treated subjects compared to the 

placebo group (II; Fig. 1).  

The effects of 4βHC on the transport of cholesterol and the expression of 

cholesterol transporters were further studied in human primary monocyte-derived 

macrophages and foam cells in vitro. The influx of cholesterol was repressed by 

4βHC, as was the expression of influx transporter lectin-like oxidized LDL 

receptor-1 (LOX1) (II; Fig. 2D, E, F, and Fig. 4E). On the other hand, the cholesterol 

efflux and the expression of efflux transporters ABCA1 and ABCG1 were induced 

(II; Fig. 2A, B, C, and Fig. 3A, C, and D). 

5.2.3 PXR activation in rats elevates the circulating 4βHC and 

induces the LXR targets in peripheral tissues (II) 

To gain further insights into the in vivo effect of PXR activation on 4βHC and the 

LXR targets in peripheral tissues, rats were injected i.p. either with vehicle or the 

murine PXR agonist PCN for 1, 3, and 6 days. Like rifampicin in humans, treatment 

with PXR agonist PCN significantly increased the circulating levels of 4βHC in 

rats. Moreover, the mRNA expression of the efflux and influx cholesterol 

transporters was measured in the rat peripheral tissues. The mRNA expression of 

LXR target genes was induced in response to PCN treatment in peripheral tissues, 

especially the expression of the cholesterol efflux transporters Abca1 and Abcg1 in 

the heart at day 3 and day 6. Furthermore, in the heart the expression of the Ldlr 

was significantly repressed, while the expression of Idol (the negative regulator of 

LDLR) was significantly upregulated at day 3 (II, Fig. 5).  

In addition, the protein levels of ABCA1 and ABCG1 were measured from the 

left ventricles (LV) of the rat hearts at day 6. PCN treatment significantly increased 

the protein levels of ABCA1 in the LV compared with the vehicle group (II, 

supplementary Fig. 6).  
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In conclusion, we were able to show that 4βHC elevated by PXR activation is 

a signaling molecule that represses cholesterol influx and induces efflux in 

peripheral tissues. 

5.3 Rifampicin induces the bone form of alkaline phosphatase in 

humans 

5.3.1 Rifampicin induces the serum levels of bone ALP in healthy 

volunteers (III) 

One interesting observations in the clinical trials we have conducted with 

rifampicin in healthy volunteers was that rifampicin increased the serum alkaline 

phosphatase compared to the placebo (III; Tables 4 and 5). There are several 

different isoenzymes of ALP originating from different tissues. Interestingly, 

further analysis of the ALP isoenzymes from the serum samples using lectin affinity 

electrophoresis, revealed that the bone form of ALP (BALP) was the isoenzyme 

elevated compared to the control group (III; Tables 4 and 5). 

As mentioned above, rifampicin significantly induced the plasma levels of 

4βHC, which was used here as a marker of CYP3A4 activity and PXR activation 

in all the study subjects (III; Tables 2 and 3). Altogether, we hypothesized that PXR 

activation by rifampicin in humans may have an important and novel role in bone 

homeostasis. 

5.3.2 Rifampicin increases the ALP activity and induces the mRNA 

expression of specific bone biomarker genes in human 

osteoblast cells in vitro (III)  

To investigate the molecular mechanisms involved, and whether the effect of 

rifampicin on the bone ALP is mediated through PXR or not, we conducted in vitro 

studies  using a human osteoblast lineage differentiated from bone marrow-derived 

mesenchymal stromal cells. Bone marrow samples were taken from human subjects 

who underwent orthopedic surgery. Human mesenchymal stromal cells were 

isolated from the bone marrow samples and subjected to two different osteoblast 

induction conditions.  

The osteoblasts were then treated with either vehicle or rifampicin. We measured 

the ALP activity and mRNA expression of ALP and several osteoblastic marker 
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genes. We also included a treatment with a structurally different PXR ligand, 

hyperforin. 

Interestingly, the PXR expression was found to be low in these cells compared 

to the human liver cells (III; Fig. 5). Moreover, rifampicin activated some 

osteoblastic genes such ALPL, OSP, OPG, and MGP, and increased the  ALP 

activity (III; Fig. 2 and 3). Altogether, this may indicate that the elevated bone-

specific ALP in the rifampicin treated subjects might be because of a direct effect 

of rifampicin on the osteoblasts. 

5.3.3 PXR activation by PCN does not increase the ALP activity nor 

the expression of bone biomarker genes in mice and rats (III) 

To investigate if the observed effect in humans can be reproduced in rodents and to 

verify if it is mediated through PXR, we performed in vivo animal experiments. A 

daily i.p. injection of vehicle or PCN 50 mg/kg for four days, or 40 mg/kg for 6 

days were given to mice and rats, respectively. We measured the plasma levels of 

ALP in the mice and rats, and the mRNA expression of the bone biomarker genes 

from the mouse femur bones.  

In contrast to humans, PXR activation by PCN did not increase the plasma ALP 

activity either in the mice or the rats. In addition, PCN had no significant effect on 

the expression of the bone biomarker genes, i.e., Osp, Opg, and Mgp in the mouse 

bones compared to vehicle-treated mice (III; Fig. 6). Together, this indicates the 

effect of rifampicin on the serum bone alkaline phosphatase is human-specific.  
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6 Discussion 

6.1 Atorvastatin regulates hepatic transcriptome PXR- dependently 

but distinct from pregnenolone 16α-carbonitrile (I) 

This study demonstrated that PXR mediates the effect of atorvastatin, the most 

commonly used therapeutic drug for lowering the plasma LDL cholesterol, on the 

cholesterol homeostasis in the liver. Atorvastatin induced broad changes in the liver 

transcriptome, which were almost completely PXR-dependent, while pravastatin, a 

hydrophilic statin and not a PXR activator, induced a very limited change in the 

liver transcriptome. Pharmacokinetic studies in mice have shown  that both 

atorvastatin and pravastatin reach a similar liver concentration (Van De Steeg et al., 

2013). Therefore, the differential effect of atorvastatin and pravastatin could not be 

explained by different pharmacokinetics.  

In the wildtype lean mice, oral treatment with atorvastatin or PCN for 4 days 

induced partly overlapping but distinct sets of genes in the liver. Cyp3a11, a 

classical PXR target gene, was induced by PCN but not by atorvastatin. The lack 

of PXR-mediated Cyp3a11 induction appeared not to be due to a difference in liver 

concentration, since the majority of PXR-responsive genes were regulated similarly 

by both atorvastatin and PCN. In contrast to the in vivo study, in the in vitro studies 

in mouse primary hepatocytes, atorvastatin efficiently induced Cyp3a11, which 

could be due to high cellular concentration or other unknown reasons.  

Atorvastatin induced more genes than PCN. Pathway analysis revealed that the 

cholesterol biosynthesis pathway was among the top predicted pathways affected 

by atorvastatin. PCN was predicted to affect other pathways such as xenobiotic 

metabolism, indicating that PXR responds differently to atorvastatin and PCN. 

Details regarding how atorvastatin specifically affects the cholesterol homeostasis 

will be discussed further below in part 6.4. 

6.2 Atorvastatin does not induce PXR-mediated liver steatosis (I) 

PXR activation in the liver has been reported to induce hepatic steatosis (J. H. Lee 

et al., 2008). The induction of hepatic steatosis via PXR activation has been 

proposed to be due to both induction of hepatic de novo lipogenesis and repression 

of fatty acid β-oxidation (Bitter et al., 2015; Spruiell et al., 2014). Additionally, 

PXR activation has been demonstrated to induce hepatic de novo lipogenesis in 
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ob/ob mice and in human hepatocytes via activation of SREBP1 (He et al., 2013). 

Moreover, the fatty acid transporter Cd36 was reported to be induced by PXR 

activation in mice leading to hepatic steatosis (J. Zhou et al., 2006). In our study, 

short-term atorvastatin treatment upregulated Srebf1, the main regulator of hepatic 

de novo lipogenesis, which was also confirmed at the nuclear protein level. 

Consistently, atorvastatin induced the lipogenic genes Fasn and Acc. PCN also 

induced Srebf1; however, for an unknown reason, there was no effect on other 

lipogenic genes. Furthermore, short-term atorvastatin and PCN treatment in the 

lean and obese mice had no significant effect on the hepatic expression of Cd36. 

Of interest, short-term treatment with neither atorvastatin nor PCN induced any 

sign of lipid accumulation or hepatic steatosis in this short-term treatment.  

A previous study from our group demonstrated that PCN worsens the hepatic 

steatosis in the high-fat diet (HFD)-fed mice through PXR-mediated mechanisms 

(Karpale M et al., unpublished). Therefore, we studied the effect of 4- and 28-day 

treatment with atorvastatin on the hepatic steatosis in the HFD-induced obesity 

mouse model in comparison to PCN and pravastatin effects. Interestingly, none of 

the treatments had any effect on the hepatic steatosis in the short-term set, in 

contrast to our previous study with PCN (Karpale M et al., unpublished). An 

important difference in the current study is that the treatment with drugs was 

conducted through the oral route, while in our previous study, PCN was injected 

intraperitoneally, which might explain the different outcome.  

The 28-day treatment with atorvastatin had no effect on hepatic steatosis, but 

PCN aggravated the HFD-mediated hepatic steatosis. Although neither atorvastatin 

nor PCN had any effect on Srebf1 expression, PCN induced stearoyl-CoA 

desaturase 1c (Scd1), one of the key enzymes in lipogenesis (Jeyakumar & 

Vajreswari, 2022), and a direct PXR target gene (J. Zhang et al., 2013), which might 

increase lipogenesis and worsen the steatosis in the liver. Interestingly, our RNA 

sequencing suggested that PXR might be involved in other indirect mechanisms 

affecting the lipid accumulation in the liver. For example, Fgf21, a negative 

regulator of SREBP2 (Barretto et al., 2019), was among the top downregulated 

genes affected by short-term PCN treatment in the lean mice. Moreover, IPA 

analysis predicted PPARα (one of the key regulators of β-oxidation of fatty acids) 

to be repressed by PCN (Parlati et al., 2021). However, the involvement of these 

mechanisms was not studied in the livers from the 28-day treated mice. 
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6.3 Statins do not impair glucose tolerance in the obese mice (I) 

In previous studies in healthy humans, mice, and rats, PXR activation was shown 

to impair glucose tolerance and inhibit hepatic glucose uptake via repression of the 

hepatic glucose transporter GLUT2, while in mice lacking PXR the effect was lost 

(Hassani-Nezhad-Gashti et al., 2018). Even though statin therapy reduces the risk 

of coronary artery disease significantly, it still increases a risk for developing 

diabetes (Betteridge & Carmena, 2016; Carmena & Betteridge, 2019). However, 

the mechanisms are poorly understood. Interestingly, PXR activation in response 

to several PXR ligands, including atorvastatin, has been reported to induce glucose 

intolerance (Hassani-Nezhad-Gashti et al., 2018b; Ling et al., 2016; Rysä et al., 

2013) suggesting that PXR could play a role in the statin-induced diabetes. 

However, neither atorvastatin nor PCN had any harmful effect on glucose tolerance 

in the obese mice after the 28-day treatment. Of interest, PCN even tended to 

improve glucose tolerance during the ipGTT. Altogether, our study does not support 

the idea that PXR would mediate the diabetic effect of statins. However, further 

studies are warranted to investigate the precise mechanisms by which PXR 

activation under different physiological and pathological conditions affects glucose 

homeostasis. 

6.4 PXR activation regulates cholesterol homeostasis through 

multiple mechanisms (I and II) 

Our recent studies in both humans and rodents in response to rifampicin and PCN 

respectively revealed that PXR activation regulates cholesterol homeostasis 

(Karpale et al., 2021). Consistently, in our current studies the pathway analysis of 

genes differentially regulated by atorvastatin in mouse liver displayed a very 

prominent representation of pathways related to cholesterol synthesis. Moreover, 

we demonstrated that rifampicin treatment increased the serum levels of 4β-

hydroxycholesterol in healthy volunteers. A similar observation was also replicated 

in rats with PCN treatment. The mechanisms involved are discussed below. 

6.4.1 PXR activation by atorvastatin induces the genes involved in 

cholesterol metabolism in the liver (I) 

Statins lower the circulating cholesterol by inhibiting the rate limiting enzyme of 

cholesterol synthesis, i.e., HMGCR in the liver. The reduction of the intracellular 
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cholesterol content leads to the activation of a compensatory mechanism regulated 

by SREBP2 in the liver (Hirota et al., 2020). SREBP2 is a transcription factor that 

regulates expression of several key genes involved in cholesterol metabolism 

including HMGCR, LDLR, and PCSK9. In our study, atorvastatin treatment 

increased the nuclear fraction of SREBP2 and induced the expression of its target 

genes Ldlr, and Pcsk9 in the livers of lean wildtype mice, but not in the PXR-KO 

mice, indicating that PXR plays an essential role in regulating the atorvastatin effect.  

LDLR is accountable for taking up LDL-C from the circulation to the liver, 

while PCSK9 is synthesized in the liver and released into the circulation to degrade 

the hepatic LDLR (Dong et al., 2010). In the ER, SREBP2 remains inactive in a 

complex with SCAP and INSIG1. The low intracellular sterol content is sensed by 

the complex leading to the cleavage of SREBP2 and its translocation to the nucleus 

to induce the expression of its target genes (Shimano & Sato, 2017). Our previous 

studies demonstrated that PXR activation in humans and mice is associated with 

activation of SREBP2 and its target gene PCSK9 (Karpale et al., 2021).  

In addition to HMGCR, squalene epoxidase (SQLE) is another rate limiting 

enzyme in the cholesterol biosynthesis pathway. In our study, Sqle was on the list 

of the top upregulated genes by atorvastatin in the livers of wildtype mice, but not 

in the PXR-KO mice. Interestingly, a recent study demonstrated that PXR 

activation in mice by the antiretroviral efavirenz induces hepatic cholesterol 

synthesis via induction of Sqle and this effect was lost in mice lacking PXR (Gwag 

et al., 2019).  

Altogether, we indicated that PXR is a key mediator of atorvastatin effects on 

hepatic gene regulation, particularity the cholesterol metabolism genes (Fig. 12).  

6.4.2 The PXR-4βHC-LXR pathway regulates cholesterol transport in 

peripheral tissues and may activate the beneficial HDL reverse 

cholesterol transport pathway (II) 

We demonstrated that rifampicin treatment increased the serum levels of 4β-

hydroxycholesterol in healthy volunteers. Furthermore, the mRNA expression of 

the cholesterol efflux transporter ABCA1 in mononuclear cells isolated from the 

blood was induced by rifampicin treatment. Rifampicin incubation in vitro did not 

directly induce the expression of the cholesterol efflux transporters in macrophages. 

Therefore, we proposed that the rifampicin induction of ABCA1 in vivo is most 

likely regulated via increasing the circulating 4βHC, which activates LXR in 

mononuclear cells.  
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In macrophages, oxysterols are well known to activate LXR and induce the 

efflux of cholesterol via inducing the expression of the LXR target genes (Schwartz 

et al., 2000; Sparrow et al., 2002; Venkateswaran et al., 2000). LXR activation in 

HepG2 and mouse macrophages via its synthetic ligands has been shown to repress 

the cholesterol influx (Aravindhan et al., 2006; Hong et al., 2014; Zelcer et al., 

2009); however, no prior studies have investigated the effect of 4βHC. In our study, 

we showed that in vitro incubation of macrophages with 4βHC induced the 

expression of the main efflux cholesterol transporters in macrophages, namely 

ABCA1, and ABCG1, indicating that 4βHC can stimulate cholesterol efflux. 

Moreover, 4βHC repressed the expression of the influx cholesterol transporter, 

lectin-like oxidized LDL receptor-1 (LOX1).  Importantly, this is the first time an 

oxysterol has been shown to regulate the expression of the cholesterol influx 

transporter LOX1. IDOL is a negative regulator of LDLR (S. D. Lee & Tontonoz, 

2015). Interestingly, the incubation of macrophages with 4βHC induced the mRNA 

expression of IDOL in a dose dependent manner, but the LDLR expression was not 

affected by 4βHC. CD36 and SRA1 are responsible for taking up most of the 

acetylated and oxidized LDL in macrophages. However, the mRNA expression of 

CD36 and SRA1 were not affected by incubating macrophages with 4βHC. 

Altogether these findings suggest that LOX1 plays a significant role in the uptake 

of the acetylated LDL in macrophages. 

Furthermore, we showed that treatment with the PXR agonist PCN 

significantly increased the circulating 4βHC in rats similar to human volunteers 

with rifampicin dosing. The expression of cholesterol transporters in peripheral 

tissues was measured. PCN treatment in rats significantly induced the mRNA 

expression of the major cholesterol efflux transporters Abca1 and Abcg1 in the 

heart and Abca1 in skeletal muscles. Further, on the protein level, ABCA1 was 

significantly increased by PCN in the rat heart in vivo. Additionally, the expression 

of the LXR target Idol tended to be induced in the rat heart and muscles. 

Collectively, the results from the in vivo rat experiments suggested that PXR 

activation following PCN treatment induced the expression of the LXR target genes 

in the peripheral tissues via the production and secretion of the LXR activator 4βHC 

in the liver. PXR is highly expressed in liver and intestine, while the expression of 

PXR in other tissues is very low or even undetectable (H. Zhang et al., 1999). 

Therefore, the direct effect of PXR on cholesterol transport in peripheral tissues is 

unlikely. Furthermore, rifampicin had no direct effect on the expression and activity 

of cholesterol transporters in macrophages in vitro.  
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The beneficial reverse cholesterol transport (RCT) pathway which transports 

excess cholesterol from the peripheral tissues to the liver and intestine for excretion 

is known to be activated by LXR agonists (Temel & Brown, 2015). The 

enhancement of the beneficial RCT in response to LXR activation has been shown 

to protect against the harmful accumulation of lipid in the vascular wall of 

endothelium (S. D. Lee & Tontonoz, 2015). PXR activation has been shown to be 

associated with pro-atherogenic action (C. Zhou, 2016); thus as an agonist of LXR, 

the increasing levels of the circulating 4βHC can activate LXR, which induces the 

transcription of the efflux cholesterol transporters in peripheral tissues, stimulating 

the beneficial RCT and protecting against the harmful effects of PXR activation 

(Fig. 12). Thus, we suggest that the PXR-4βHC-LXR pathway could link hepatic 

xenobiotic exposure and the regulation of cholesterol transport in peripheral tissues 

(Fig. 12).  

 

Fig. 12. Mechanisms by which PXR activation regulates cholesterol homeostasis. 4βHC 

4β-hydroxycholesterol, ABCA1 ATP-binding cassette transporter subfamily A member 

1, ABCG1 ATP-binding cassette transporter subfamily G member 1, CYP3A4 

Cytochrome P450 family 3 subfamily A member 4, FDPS Farnesyl-Diphosphate 

synthase, HDL High-density lipoprotein, HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme 

A reductase, LDLR Low-density lipoprotein receptor, LOX-1 Lectin-Like oxidized LDLR-

1, PCSK9 Proprotein subtilisin/kexin type 9, PCN Pregnenolone 16α-carbonitrile, RXR 

Retinoid X receptor. The Fig. was drawn with the help of Servier Medical Art 

(www.servier.com). 
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6.5 Rifampicin induces the bone form of alkaline phosphatase in 

humans; a PXR-independent or species-specific effect (III) 

We showed that treatment with rifampicin for a week increased the plasma levels 

of total alkaline phosphatase, and specifically the bone-specific isoform in humans, 

while not affecting any other ALP such as the intestinal and liver ALP. Rifampicin 

is an antibiotic used clinically for the treatment of tuberculosis. Several studies in 

humans have shown that rifampicin and antiepileptic drug (drugs with PXR-

activating properties) treatment are associated with hepatitis and high levels of total 

ALP (Krishnamoorthy et al., 2009; Leung et al., 2016; Okazaki et al., 2003). 

However, no previous studies investigated the effect of rifampicin on specific ALP 

isoenzymes including bone ALP.  

Further in vitro studies were conducted to investigate whether PXR plays a role 

in the induction effect of rifampicin on BALP. Human osteoblast cells differentiated 

from bone marrow-derived mesenchymal stromal cells were treated with different 

concentrations of PXR activators rifampicin or hyperforin. We showed that PXR 

activators increased the alkaline phosphatase activity and induced the expression 

of specific bone biomarker genes. Previous studies in human osteosarcoma cell 

lines and murine primary hepatocytes, reported that the expression of the osteoblast 

marker genes was upregulated following treatment with PXR activators, and this 

effect was dependent on PXR (Tabb et al., 2003). In our study the expression of 

PXR was very low in the osteoblastic cells compared with the human liver cells.  

In mice and rats, PCN did not increase the plasma levels of alkaline 

phosphatase nor the expression of bone biomarker genes in mice, indicating that if 

the induction effect of rifampicin on BALP is PXR-dependent, the effect is not 

conserved across species. Altogether, our experiments cannot provide definitive 

evidence about the role of PXR on the induction of BALP by rifampicin in humans.  

In conclusion, we showed that one week treatment with a well-known human 

PXR activator rifampicin induced the bone form of ALP in human, most likely via 

the direct effect of rifampicin on osteocytes. Further studies are required to 

investigate the molecular mechanisms, including the exact role of PXR, more 

precisely. 
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7 Concluding Remarks  

In the current thesis, we revealed a novel role of the xenobiotic nuclear receptor 

PXR in lipid, cholesterol, and bone metabolism.  

The concluding remarks of the study: 

– PXR mediates the induction effect of atorvastatin on the hepatic cholesterol 

synthesis and lipoprotein metabolism genes Ldlr and Pcsk9. However, 

atorvastatin did not induce a PXR-mediated hepatic steatosis in the lean or 

obese mice and does not increase the health risk. Moreover, 28 days of 

treatment with statins had no harmful effect on the glucose homeostasis in the 

obese mice. 

– PXR activation in humans increases the circulating 4βHC. 4βHC is a ligand 

for liver X receptors (LXRs), major regulators of lipid metabolism. 

Consequently, hepatic PXR-mediated elevation of 4βHC activates LXR in 

peripheral tissues, i.e., macrophages, to repress cholesterol influx and induce 

efflux. A wide range of environmental, occupational chemicals, and therapeutic 

drugs activate the hepatic PXR. Therefore, I propose that the hepatic PXR–

circulating 4βHC–peripheral LXR axis links the exposure to xenobiotics and 

the regulation of cholesterol transporters. Importantly, this might enhance the 

excretion of excess cholesterol and may attenuate the development of 

atherosclerosis.  

– Rifampicin induces total ALP and especially the bone-specific ALP in healthy 

subjects. This effect is likely to be through a direct effect of rifampicin on the 

osteocytes. Future studies are warranted to study the precise mechanism.  
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