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Buler, Marcin, Energy sensing factors modulate expression of inflammatory
mediators, mitochondria acetylation and drug metabolism in the liver. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine, Institute of
Biomedicine, Department of Pharmacology and Toxicology, P.O. Box 5000, FI-90014
University of Oulu, Finland
Acta Univ. Oul. D 1162, 2012
Oulu, Finland

Abstract

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and AMP-
activated protein kinase (AMPK) are major factors regulating energy homeostasis. In this study,
we aimed to investigate how energy flux affects several hepatic functions mediated by these
factors. We define a novel role of PGC-1α and AMPK as modulators of the immune system in the
liver. We show that PGC-1α is involved in the regulation of a cluster of genes related to the
immune system, most importantly Interleukin 1 receptor antagonist (IL1Rn). Since PGC-1α is
responsive to energetic stress associated with fasting or physical exercise, the same stimuli
promote IL1Rn in hepatocytes. We identify AMPK as an independent inducer of IL1Rn and
hypothesise that it could account for the anti-inflammatory effect of the antidiabetic drug
metformin. We also demonstrate that metformin reduces expression of Sirtuin 3 (SIRT3) in
hepatocytes and promotes acetylation of mitochondrial protein. We suggest that this mechanism,
in spite of increased mitochondrial biogenesis, contributes to reduced ATP synthesis in
metformin-treated samples. In addition, we demonstrate that Pregnane X receptor (PXR) is
induced in the liver during fasting and by PGC-1α in hepatocytes. Furthermore, we describe a
negative regulatory mechanism involving SIRT1, activated by pyruvate and interfering with PXR
signaling. We show that SIRT1 attenuates PGC-1α-mediated co-activation of PXR and its target
genes, i.e. Cyp3a11, with possible implications for drug and xenobiotic metabolism. In
conclusion, we demonstrate how energetic stress affects various hepatic functions mediated by
PGC-1α and AMPK. Moreover, we describe SIRT1 and metformin as factors capable of
modulating this response. 

Keywords: fasting, immune system, liver, mitochondrial function and biogenesis, PGC-
1α, PXR, SIRT1, SIRT3, xenobiotic metabolism





Buler, Marcin, Energiatasoa aistivat tekijät säätelevät tulehduksellisten välittäjä-
aineiden ilmentymistä, mitokondriaalista asetylaatiota ja lääkeainemetaboliaa
maksassa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen
laitos, Farmakologia ja toksikologia, PL 5000, 90014 Oulun yliopisto
Acta Univ. Oul. D 1162, 2012
Oulu

Tiivistelmä

Peroksisomiproliferaattori-aktivoituvan reseptori gamman koaktivaattori 1α (PGC-1α) ja AMP:n
aktivoima proteiinikinaasi (AMPK) ovat keskeisiä energiametabolian säätelijöitä. Tässä tutki-
muksessa oli tavoitteena selvittää kuinka energiataso vaikuttaa useisiin, näiden tekijöiden sääte-
lemiin maksan toimintoihin. Osoitamme että PGC-1α ja AMPK tekijöillä on ennestään tuntema-
ton merkitys immuunijärjestelmän säätelyssä maksassa. Näytämme myös, että PGC-1α säätelee
joukkoa geenejä, joiden tehtävä liittyy immuunijärjestelmään, tärkeimpänä Interleukiini 1 resep-
tori antagonistia (IL1Rn). Paastoon ja fyysiseen aktiivisuuteen liittyvä energiastressi aktivoi
PGC-1α:aa ja näiden samojen stimuluksien havaittiin lisäävän myös IL1Rn tasoa hepatosyyteis-
sä. Havaitsimme AMPK:n olevan itsenäinen IL1Rn indusori ja hypoteesimme mukaan tämä voi
välittää diabeteslääkkeenä käytettävän metformiinin anti-inflammatorisia vaikutuksia. Osoitam-
me myös, että metformiini alentaa Sirtuiini (SIRT) 3:n ekspressiota maksasoluissa ja lisää mito-
kondriaalisten proteiinien asetylaatiota. Uskomme tämän mekanismin, huolimatta lisääntynees-
tä mitokondrioiden biogeneesistä, myötävaikuttavan vähentyneeseen ATP synteesiin metfor-
miinikäsitellyissä näytteissä. Lisäksi osoitamme, että paasto ja PGC-1α indusoivat Pregnaani X
reseptorin (PXR) ilmentymistä maksasoluissa. Kuvaamme myös PXR signalointiin vaikuttavan
ja pyruvaatin aktivoiman, SIRT1:n välitteisen, negatiivisen säätelymekanismin. SIRT1 estää
PGC-1α välitteistä PXR koaktivaatiota ja kohdegeenien, kuten Cyp3a11, aktivaatiota, millä voi-
daan olettaa olevan merkitystä lääkeaineiden ja vierasaineiden metaboliaan. Yhteenvetona osoi-
tamme, että energiastressi PGC-1α:n ja AMPK:n välittämänä vaikuttaa useisiin maksan toimin-
toihin. Lisäksi näytämme, että SIRT1 ja metformiini voivat moduloida näitä vaikutuksia.

Asiasanat: immuunijärjestelmä, maksa, mitokondrioiden toiminta ja biogeneesi, paasto,
PGC-1α, PXR, SIRT1, SIRT3, vierasainemetabolia
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ACP Acute phase proteins 

AMP adenosine monophosphate 

AMPK AMP-activated protein kinase 

ATF-2 Activating transcription factor 2 

cAMP cyclic adenosine monophosphate 

CREB cAMP response element binding protein 

CRTC2 CREB regulated transcription coactivator 2 

ERRα Estrogen-related receptor alpha 

FOXO1 Forehead box O1 

GR Glucocorticoid receptor 

HNF-4α Hepatocyte nuclear factor 4 alpha 

IL1β Interleukin 1 beta 

IL1Rn, IL1Ra Interleukin 1 receptor antagonist 

IL1α Interleukin 1 alpha  

IL15Rα Interleukin 1 receptor alpha 

LKB1 Liver kinase B1 

MEF-2 Myocyte enhancer factor 2 

p38MAPK p38 mitogen-activated protein kinase 

PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 

1alpha 

PKA Protein kinase A 

PKB/Akt Protein kinase B/Akt 

PPARα Peroxisome proliferator-activated receptor alpha 

PXR  Pregnane X receptor 

SIRT1 Sirtuin 1 

SIRT3  Sirtuin 3 

T2DM Type 2 diabetes mellitus  

TNFα Tumor necrosis factor alpha 

UCP-1  Uncoupling protein 1 
  



 12

 



 13 

List of original publications 

This thesis is based on the following articles and a manuscript, which are referred 

to in the text by Roman numerals I to III: 

I  Buler M, Aatsinki S-M, Skoumal R, Komka Z, Toth M, Kerkela R, Georgiadi 

A, Kersten S & Hakkola J (2011) Energy sensing factors coactivator PGC-1α 

and AMP-activated protein kinase control expression of inflammatory 

mediators in liver: induction of Interleukin 1 receptor antagonist. J Biol Chem 

287: 1847–1860. 

II  Buler M, Aatsinki S-M, Skoumal R & Hakkola J (2011) Energy sensing 

factors PGC-1α and SIRT1 modulate PXR expression and function. Biochem 

Pharmacol 82: 4–11. 

III  Buler M, Atsinki M, Izzi V & Hakkola J (2012) Metformin reduces hepatic 

expression of SIRT3, the mitochondrial deacetylase controlling energy 

metabolism. Manuscript. 

In addition, previously unpublished data is presented. 
  



 14

 



 15 

Contents 

Abstract 

Tiivistelmä 

Acknowledgements 9 
Abbreviations 11 
List of original publications 13 
Contents 15 
1 Introduction 17 
2 Review of the literature 19 

2.1 PGC-1α ................................................................................................... 19 
2.1.1 Transcriptional regulation of PGC-1α .......................................... 19 
2.1.2 Chromatin modulation and DNA binding .................................... 23 
2.1.3 Posttranslational modifications of PGC-1α .................................. 24 
2.1.4 Function of PGC-1α ..................................................................... 25 

2.2 Metformin and type 2 diabetes mellitus .................................................. 28 
2.3 Pregnane X receptor (PXR) .................................................................... 29 

2.3.1 PXR as a model nuclear receptor ................................................. 29 
2.3.2 Transcriptional regulation and posttranslational 

modifications of PXR ................................................................... 30 
2.3.3 PXR function ................................................................................ 31 

2.4 Sirtuins .................................................................................................... 32 
2.4.1 Sirtuins and NAD+/NADH ratio .................................................. 32 
2.4.2 SIRT1 and SIRT3 ......................................................................... 34 
2.4.3 SIRT1 and the immune system ..................................................... 35 
2.4.4 Transcriptional regulation of SIRT1 and SIRT3. .......................... 36 

2.5 AMP-activated protein kinase (AMPK) .................................................. 36 
2.5.1 Activation and function of AMPK................................................ 36 
2.5.2 AMPK in type 2 diabetes and metformin effect on AMPK 

activation ...................................................................................... 37 
2.6 Interleukin 1 receptor antagonist and Interleukin 1 system. ................... 38 
2.7 Liver as a member of immune system and an energetic cost of 

mounting the immune response .............................................................. 39 
3 Aims of the present study 43 
4 Materials and methods 45 

4.1 General overview of the methods ........................................................... 45 
4.2 Primers .................................................................................................... 46 



 16

4.3 Transient transfection .............................................................................. 46 
5 Results 47 

5.1 Energy sensing factors coactivator PGC-1α and AMP-activated 

protein kinase control expression of inflammatory mediators in 

the liver: induction of Interleukin 1 receptor antagonist (I). ................... 47 
5.1.1 PGC-1α regulates cytokine expression in hepatocytes ................. 47 
5.1.2 Fasting and exercise stimulate cytokine expression in liver 

in vivo. .......................................................................................... 49 
5.1.3 IL1Rn induced by PGC-1α is functional and reduces 

expression of inflammatory markers. ........................................... 49 
5.1.4 AMPK and metformin regulate expression of IL1Rn and 

IL15Rα. ........................................................................................ 51 
5.2 Energy sensing factors PGC-1α and SIRT1 modulate PXR 

expression and function (II) .................................................................... 53 
5.2.1 PXR is induced by fasting and PGC-1α. ...................................... 53 
5.2.2 Pyruvate interferes with expression of PXR target genes ............. 54 
5.2.3 SIRT1 interferes with expression of PXR target genes and 

PXR interaction with PGC-1α ...................................................... 55 
5.3 Metformin reduces hepatic expression of SIRT3, the 

mitochondrial deacetylase controlling energy metabolism (III) .............. 56 
5.3.1 Metformin reduces expression of SIRT3 and ERRα. ................... 56 
5.3.2 Metformin induces mitochondrial biogenesis. ............................. 56 
5.3.3 Metformin reduces ATP yield and promotes acetylation of 

mitochondrial proteins. ................................................................. 57 
6 Discussion 59 

6.1 Role of PGC-1α, AMPK and metformin in modulating hepatic 

cytokine expression ................................................................................. 59 
6.2 Effect of metformin on SIRT3 expression, mitochondrial 

biogenesis and acetylation ....................................................................... 62 
6.3 Effect of energetic stress on PXR target genes ........................................ 63 

7 Conclusions 65 
References 67 
Original Publications 81 



 17 

1 Introduction 

All processes in living organisms are interconnected and depend on energy flux. It 

is so, because life is a process of struggling with entropy and organizing chaos 

requires energy. It does not matter where it comes from: a photon, a chemical 

reaction or a less lucky organism; energy metabolism is at the root of all 

physiology.  

Because of diversity and extreme specialization of disciplines in the life 

sciences, this simple fact is sometimes forgotten. The aim of this project is not to 

advocate the holistic philosophy, but to convince a reader that factors associated 

almost exclusively with energy flux, like PGC-1α, AMPK and sirtuins, have 

much broader functions than previously anticipated or expected from the field-

specific literature. 

PGC-1α, AMPK, SIRT1 and SIRT3 gauge cellular energy state and modulate 

gene expression and protein function accordingly [1,2]. During caloric stress 

PGC-1α directly activates transcriptional program mobilizing cellular metabolism, 

while AMPK and sirtuins target and modulate function of crucial components of 

metabolic pathways [3]. Their harmonized action not only maintains energy 

homeostasis, but also affects several other aspects of cellular physiology. This 

study shows how energy flux interplays with the immune system response and 

with the expression of drug-metabolizing enzymes, giving a broader perspective 

on the regulation of these processes. In addition, we investigate the effect of 

metformin on mitochondrial acetylation status and mitochondrial biogenesis.  

Although the presented projects are basic research, the author believes that 

they all carry a potential for the development of practical applications in the 

future.  
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2 Review of the literature  

2.1 PGC-1α 

PGC-1α (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha) 

is a major transcriptional factor, integrating external energy homeostasis signals 

into cell metabolism. Fasting and glucagon are the main drivers of PGC-1α 

transcription in the liver, in return PGC-1α regulates most of the metabolic 

changes that occur during caloric restriction, including gluconeogenesis, β-

oxidation and mitochondria formation [4–6]. However, PGC-1α function is much 

broader and involves regulation of xenobiotic metabolism, immune system 

signaling, inflammation and neuronal protection [7–9].  

PGC-1α is classified as a transcriptional coactivator. This categorization 

means that it cannot bind to DNA by itself, instead PGC-1α increases gene 

expression by activating transcription factors containing DNA-specific domains 

like PPARα and γ, ERRα or PXR [7,10–12]. Because human and mouse PGC-1α 

share 99% of nucleotide similarity, the following section was compiled regardless 

of the species. 

2.1.1 Transcriptional regulation of PGC-1α  

The presented list of mechanisms regulating PGC-1α transcription is only a 

selection. For example, the effects of ROS, responses to heme and circadian 

rhythms and tissue-specific differences were largely omitted. Considering the 

broad function of the coactivator and the multitude of responsive elements in the 

promoter region of the gene, it is very probable that additional mechanisms will 

be discovered in the future.  

PGC-1α mRNA is widely expressed throughout the body, although under 

normal, fed conditions at relatively low levels, especially in the liver [13]. 

Transcriptional regulation of PGC-1α is coupled to cellular energy homeostasis 

on several levels, and during fasting or physical exercise, transcription of the 

PGC-1α gene intensifies markedly, particularly in the liver, muscles and 

adipocytes [13,14].  

PGC-1α expression is regulated by a wide range of factors, including but not 

limited to cAMP, catecholamines, reactive oxygen species (ROS) and Ca++. 

Currently, the best described mechanism regulating PGC-1α is mediated by 
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CREB (cAMP response element binding protein). During fasting, glucagon 

increases intracellular cAMP levels and leads to phosphorylation of CREB by 

Protein kinase A (PKA). Consequently, activated CREB binds to CRE sites 

(cAMP responsive elements) located in a PGC-1α promoter and drives 

transcription of the gene [15]. An analogous mechanism involves Glucocorticoid 

receptor (GR) and GR responsive elements in the PGC-1α promoter. Similarly to 

glucagon, glucocorticoids are induced by fasting and contribute to PGC-1α 

transcription during caloric restriction [16]. Interestingly, PGC-1α also co-

activates GR forming a recursive feedback loop [13]. Another factor involved in 

PGC-1α transcriptional regulation is p38 mitogen-activated protein Kinase (p38 

MAPK). p38 MAPK is activated in working muscle and contributes to PGC-1α 

expression after physical exercise. After activation, p38 MAPK targets and 

phosphorylates AFT2 (Activating transcription factor 2), which in turn binds to 

CREs of PGC-1α promoter and induces transcription of the gene [17]. p38 

MAPK also phosphorylates and activates a muscle-specific transcriptional factor 

MEF-2 (Myocyte enhancer factor-2), which drives PGC-1α transcription. As in 

the case of GR, MEF-2 is coactivated by PGC-1α. Exercise and neurological 

stimuli increase cytosolic levels of Ca++, which activates the Calcineurin and 

Calmodulin M pathways, and lead to MEF-2 induction and, consequently, PGC-

1α [18,19]. As a result, the combined actions of PGC-1α and MEF-2 enhance 

synthesis of type 2 fibres and mitochondrial biogenesis, facilitating muscle 

adaptation to exercise. 

In addition, cytokines like IL1α, IL1β and TNFα stimulate expression of 

PGC-1α through p38 MAPK. The subsequent activation of the PGC-1α pathway 

seems to induce cachexia (a chronic state of negative energy balance and muscle 

wasting) in patients with autoimmune disorders [8]. However, as we have shown, 

PGC-1α does not only respond to cytokine signaling, but also mediates their 

expression. Metabolic disorders like obesity and diabetes are characterized by 

chronic, low intensity inflammation, supporting the notion that regulation of the 

immune system and energy homeostasis are interconnected. Indeed, recent 

findings indicate that PGC-1α plays an essential role in this relationship. 

PGC-1α is induced by catecholamines, e.g., noradrenaline, released during 

muscle spasms associated with shivering or exercise. Noradrenaline activates β2-

adrenergic receptor, which in turn induces cAMP and leads to the transcriptional 

activation of the PGC-1α gene [20,21]. Interestingly, macrophages in WAT 

(White Adipose Tissue) and BAT (Brown Adipose Tissue) also produce 

noradrenaline and induce PGC-1α. Actually, it appears that Interleukin 4-activated 
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macrophages are required for proper adaptive thermogenesis and PGC-1α 

expression in adipose tissue [21].  

Mechanisms for transcriptional repression of PGC-1α have been studied in 

less detail. The most important mechanism involves Forehead box O1 (FOXO1) 

and is insulin-sensitive. FOXO1 recognizes and binds to Insulin Responsive 

Elements located in the promoter region of PGC-1α and drives transcription of 

the gene. Insulin signaling, via Akt/PKB (Akt2/protein kinase B), triggers 

FOXO1 phosphorylation and leads to its impaired transcriptional activity, 

cytoplasmic relocation and degradation [4,22] As a result, PGC-1α transcription 

is attenuated when insulin levels are relatively high and glucagon low, e.g., after 

feeding. Consequently, expression of PGC-1α is lower during periods of satiety 

and after insulin treatment [13,23]. This mechanism also helps to explain why 

animal models of diabetes are characterized by higher hepatic PGC-1α levels [13].  

As in many other biological systems, the same conditions inducing PGC-1α, 

activate mechanisms limiting its expression. During fasting or physical exercise, 

ATP is consumed at a higher rate. Consequently, AMP concentration is elevated. 

This leads to phosphorylation and activation of AMP-activated protein kinase 

(AMPK), as observed in fasting mice livers and glucagon-treated hepatocytes 

[24,25]. AMPK inhibits PGC-1α expression by phosphorylating CREB regulated 

transcription coactivator 2 (CRTC2), which prevents its translocation to the 

nucleus. CRTC2 is a potent CREB coactivator, and its absence severely impairs 

CREB-mediated PGC-1α transcription [26]. In line with this finding, AMPK 

activators (e.g., the antidiabetic drug metformin), inhibit cAMP and glucagon-

induced expression of PGC-1α [27]. On the other hand, AMPK targets and 

phosphorylates PGC-1α protein, increasing its stability and transcriptional activity 

[28], thus counteracting its own repressive effect on the PGC-1α pathway.  

In summary, transcriptional regulation of PGC-1α is sensitive to a broad 

range of signals which either activate or repress its expression. It is easy to 

imagine a constant rivalry of various transcriptional factors at the promoter region 

of the Pgc1α gene, with one occasionally trumping the others (Fig.1). In fact, this 

very competition appears to converge information from different pathways and 

allows the coactivator to regulate the energy homeostasis program accordingly. 
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Fig. 1. Model of transcriptional A) induction and B) repression of PGC-1α gene. Details 

are described in the text. PGC-1 α, Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha, CREB, cAMP response binding protein, MEF-2, Myocyte enhancer 

factor-2, ATF-2, Activating transcription factor 2, GR, Glucocorticoid receptor, FOXO1, 

Forehead box O1, PKA, Protein kinase A, p38 MAPK, p38 mitogen-activated protein 

kinase, IL1α & IL1β, Interleukin 1 alpha and beta, TNFα, Tumor necrosis factor alpha, 

CRTC2, CREB regulated transcription coactivator 2, AMPK, AMP-activated protein 

kinase, PKB/Akt, Protein kinase B/Akt, cAMP, cyclic adenosine monophosphate, Ca++, 

calcium ion, AMP, adenosine monophosphate, P, phosphate groups. CRE, MEF, GRE, 

IRE – DNA responsive elements for CREB/ATF-2, MEF-2, GR and FOXO1 respectively. 

The relative position of DNA-responsive elements in the context of the original 

promoter is not preserved.  
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2.1.2 Chromatin modulation and DNA binding 

PGC-1α is a protein located in the nucleus and is made up of 797 amino acids 

coded by a gene spliced into 13 introns. Alternative splicing results in a much 

shorter, but active, 270 aa, N-truncated isoform (NT-PGC-1α). NT-PGC-1α lacks 

several key domains, e.g., a ligand-independent PPARγ binding region, and 

therefore displays different activity at different targets [29]. Recently, two 

additional isoforms (transcribed by a different exon 1) were identified. However, 

their function is not well-defined [20].  

PGC-1α contains three LXXLL motifs, where L stands for leucine and X for 

any other amino acid, located on the N-terminal side of the protein. Two of them, 

called L2 and L3, are essential for interactions with nuclear receptors. Their 

importance is exemplified by the study where six leucine substitutions in both 

motifs rendered PGC-1α unable to coactivate any of the tested nuclear receptors 

[30].  

PGC-1α has no DNA binding domain. Instead, the coactivator provides a 

docking platform, bringing together general transcriptional factors, e.g., 

TRAP/DRIP activating complex and specific nuclear receptors [11,12,31]. The 

spatial configuration of PGC-1α complexes is generally unknown and it is a 

critical area for future studies. Binding of PGC-1α relaxes chromatin 

conformation and primes it for transcriptional activation. Although PGC-1α lacks 

histone-modifying properties, it interacts with histone acetyltransferases like 

CREB binding protein/p300, Steroid receptor coactivator 1 and CRTC2 [12,32]. 

In addition, PGC-1α stimulates p300-mediated histone acetylation, which leads to 

unwinding of the chromatin,making it accessible for the transcriptional machinery 

[31]. Furthermore, PGC-1α increases histone 3 lysine 4 trimethylation (the 

hallmark of transcriptional activation) and reduces histone 3 lysine 9 

dimethylation, which is associated with transcriptional inhibition [33].  

In addition to general transcriptional elements, PGC-1α binds and coactivates 

factors like ERRα [10], HNF-4α [34], FOXO1 [4] and MEF-2 [35], which 

recognize and attach only to unique DNA sequences. This property guides PGC-

1α and lets it dock only at the promoter regions of specific sets of target genes.  

Moreover, several nuclear receptors interacting with PGC-1α are ligand-

dependent, providing an additional layer of complexity and an important control 

mechanism of gene expression. For example, coactivation of PPARγ [31], PPARα 

(Vega, Huss, & Daniel P Kelly, 2000), PPARβ [37] and PXR [7] target genes is 

much more efficient in the presence of a ligand than with PGC-1α alone. In 
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conclusion, PGC-1α functions as a bridge between general and very specific 

transcriptional factors, thus translating broad energy signals into specific and 

precise pathways.  

2.1.3 Posttranslational modifications of PGC-1α 

The regulatory system of PGC-1α is further complicated by posttranslational 

modifications, which alter its stability and affinity to transcriptional factors. 

Several such modifications have been described, e.g. direct phosphorylation by 

Protein Kinase B/Akt (PKB/Akt) (in response to insulin) which prevents PGC-1α 

recruitment to promoters and attenuates its ability to drive gluconeogenesis and 

fatty acid oxidation [38]. On the other hand, phosphorylation by p38 MAPK 

renders PGC-1α more stable [8]. Similarly, AMPK-mediated phosphorylation of 

T177 and S538 increases PGC-1α transcriptional activity and stability [28], while 

phosphorylation by GSK-3β (Glycogen synthase kinase 3β) directs it to ubiquitin-

mediated proteolysis [39]. Methylation by PRMT-1 (Protein arginine 

methyltransferase 1) enhances the ability of PGC-1α to coactivate its target genes 

[40]. SIRT1-mediated deacetylation of PGC-1α enhances its transcriptional 

activity. The amino acid sequence of PGC-1α contains 13 lysines. In one study 

their subsequent substitution with alanines severely impaired PGC-1α 

transcriptional efficacy in a context of HNF-4α promoter [41]. SIRT1 is activated 

by NAD+, which is directly proportional to pyruvate concentration (this topic is 

discussed in more detail in the chapter 2.4). Hence, PGC-1α function is closely 

related to a pivotal component of the glucose and fatty acid metabolic pathways. 

In return, hypoacetylated PGC-1α induces transcription of gluconeogenic genes. 

Because pyruvate levels increase during fasting, this mechanism enables a rapid 

activation of the PGC-1α pool and gauges transcription of gluconeogenic genes 

according to the energetic state of the cell.  

Apparently, some posttranslational modifications are able to enhance effect of 

each other, while cancelling the others. Their variety, combined with 

stoichiometry, appears to form a sophisticated code regulating PGC-1α function. 

Nevertheless, their hierarchy, exact relation and promoter context (or lack of it) is 

currently unknown.  
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2.1.4 Function of PGC-1α 

Glucose homeostasis and type 2 diabetes 

The liver is the main organ for gluconeogenesis and PGC-1α is one of the major 

factors regulating glucose synthesis. PGC-1α via FOXO1 induces transcription of 

Glucose 6 phosphatase (G-6-Pase) and Phosphoenolpyruvate carboxykinase 1 

(Pck-1) [4], although full activation of Pck-1 promoter requires HNF-4α and GR 

[13] indicating a more complex regulatory mechanism. FOXO-1 knockout mice 

have much lower G-6-Pase and Pck-1 [22]. Because both enzymes are rate-

limiting factors of gluconeogenesis (G-6-Pase facilitates glucose release by 

hydrolyzing glucose 6 phosphate while Pck-1 catalyzes formation of 

phosphoenolpyruvate - a key substrate for glucose synthesis), FOXO1 -/- animals 

display lower glucose levels at birth and during fasting. In brief, induction of 

hepatic PGC-1α promotes glucose synthesis and release from the liver.  

High hepatic PGC-1α levels are typical for type 2 diabetes mellitus (T2DM) 

and appear to contribute to insulin insensitivity [13,15] For instance, PGC-1α was 

shown to directly promote insulin resistance by inducing PKB/Akt inhibitor: 

TRB-3 (Mammalian Tribbles homolg 3) [42]. However, other studies suggest that 

induction of PGC-1α in a diabetic liver might be a consequence, rather than a 

cause of, insulin insensitivity. For example, LIRKO (Liver Insulin Receptor 

Knock Out) mice exhibit marked elevation of PGC-1α [43], most likely due to 

ineffective repression mediated by PKB/Akt and hypophosphorylation of FOXO1 

(this mechanism is described in more detail in the chapter 2.2). Therefore, 

abnormally high PGC-1α expression observed in diabetes could be, in fact, a 

result of impaired insulin signaling. If this is the case, elevated PGC-1α would 

further induce TRB-3, repressing PKB/Akt even more and exacerbating a vicious 

cycle of the disease.  

In contrast to its function in the liver, PGC-1α in muscle facilitates glucose 

intake, mainly through transcriptional activation of glucose transporter GLUT4. 

For example, muscle isolated from GLUT4 knockout mice demonstrated an 80% 

reduction in basal glucose transport [35]. In addition, mild, chronic 

overexpression of PGC-1α in skeletal muscle increased mitochondrial function, 

insulin sensitivity and prevented age-related obesity and muscle wasting in mice 

[44]. 

However, in diabetes, activity of muscular PGC-1α is impaired and results in 

less efficient glucose uptake [45]. Consequently, glucose is not able to enter the 
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muscle and, instead of being utilized or converted to glycogen, is kept in 

circulation. Combined with chronic activation of hepatic PGC-1α, this process 

increases blood glucose concentrations and, in the long term, impairs pancreatic 

β-cell function and insulin signaling [46]. 

In summary, the opposing actions of PGC-1α in the liver and in muscle tissue 

promote global glucose homeostasis. For this reason, PGC-1α is a promising 

therapeutic target for T2DM and also, considering its positive role in muscle, in 

sarcopenia, which is a loss of muscle mass associated with aging. 

Thermogenesis 

PGC-1α was initially identified as a PPARγ coactivator required for adaptive 

thermogenesis [11]. This response is initiated when the hypothalamus, sensing 

cold (via Transient receptor potential chanells), triggers sympathetic discharge 

and release of noradrenaline in white and brown adipose tissue (WAT and BAT 

respectively) [47,48]. Noradrenaline promotes expression of PGC-1α in adipose 

tissue [21]. In response, PGC-1α strongly induces mitochondria biogenesis [5] 

and promotes expression of Uncoupling protein 1 (UCP-1) [11]. UCP-1 is a 

mitochondrial channel, allowing alternative proton entry to the organelle matrix. 

Through UCP-1, protons bypass ATP synthase, and the energy of the 

electrochemical gradient is dissipated as heat. UCP-1 thermogenesis depends on 

oxidation of fatty acids. Interestingly, fatty acids act not only substrates, but also 

as uncoupling activators of UCP-1, promoting its function [49]. UCP-1 is 

expressed in BAT, which is especially important for thermogenesis in infants and 

small mammals. However, recent studies show that BAT is much more abundant 

in adults than previously anticipated and therefore plays a larger role in 

thermogenesis than was expected [50,51].  

Recently it was discovered that PGC-1α-mediated exercise induced 

expression of irisin in skeletal muscle [52]. Irisin is a newly identified hormone 

inducing development of BAT and expression of UCP-1 in adipocytes. Therefore, 

muscle work, e.g., shivering, can also induce catabolism in adipose tissue and 

promote non-twitching thermogenesis. In addition, irisin improves insulin 

sensitivity and weight loss [52]. Although most of the experiments were 

performed on mice, this finding raises interesting therapeutic potential for T2DM 

patients, even more so considering the 100% nucleotide similarity between 

human and mouse hormone (compared to 85% of insulin and 90% of glucagon).  



 27 

In addition to UCP-1, other uncoupling proteins have been identified, which 

also contribute to non-twitching thermogenesis. For example, most mammalian 

tissues express UCP-2, while heart and skeletal muscle also contain UCP-3 

[53,54]. However, it is currently unknown whether UCP-2 or UCP-3 expression is 

related to PGC-1α function.  

β-oxidation  

β-oxidation is a series of repetitive reactions transforming long carbon chains of 

fatty acids into Acetyl-CoA. This process takes place in mitochondria and 

peroxisomes, subsequently, Acetyl-CoA is utilized in the tricarboxylic acid cycle.  

Several facts indicate that PGC-1α is an important factor in fatty acid 

metabolism. PGC-1α -/- mice display impaired β-oxidation and tricarboxylic acid 

cycle flux [6]. This phenotype is accompanied by lower levels of the key enzymes 

of these metabolic pathways. Conversely, over-expression of PGC-1α induces 

enzymes of the tricarboxylic acid cycle. In addition, lower activity of PGC-1α in 

diabetic muscle is reflected in reduced oxidative phosphorylation [55]. PPARα is 

a nuclear receptor essential for regulation of lipid metabolism [56]. PGC-1α both 

induces and efficiently coactivates PPARα [36]. In addition, PPARα is activated 

in the liver by fatty acids and fatty acid-derived compounds [57]. In response, 

PPARα regulates a broad spectrum of genes involved in lipid and bile transport, 

peroxisomal and mitochondrial β-oxidation, and inflammation [56,58]. Therefore, 

by promoting PPARα, PGC-1α also includes β-oxidation. In addition, PGC-1α 

induces mitochondrial biogenesis, which is a primary site for fatty acid oxidation.  

Mitochondrial biogenesis  

The major sites for β-oxidation and thermogenesis are mitochondria. PGC-1α 

induces mitochondrial biogenesis by coactivating nuclear respiratory factor-1 

(NRF-1) and -2 (NRF-2) [5]. In response, NRFs promote expression of 

mitochondrial transcription factor A (Tfam), which is required for replication, 

maintenance, and transcription of mitochondrial DNA [59–61]. In addition, NRF-

1 and NRF-2 regulate nuclear genes encoding respiratory chain subunits and other 

proteins required for mitochondrial function [62,63].  
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2.2 Metformin and type 2 diabetes mellitus 

The incidence of T2DM in the western world is increasing rapidly. A sedentary 

life style and consumption of sugar rich foods (the use of corn-derived fructose 

increased over 1000% between 1970 and 1990 [64]) are the most important 

contributing factors [65]. Metformin was introduced for clinical use several 

decades ago and today it is one of the most prescribed antidiabetic drugs in the 

world [66]. A low incidence of adverse effects and an oral administration route 

make it a first drug of choice for T2DM treatment. Nonetheless, the exact 

mechanism of the drug, in spite of numerous studies, remains elusive. Metformin 

was shown to impair glucagon and cAMP-mediated PGC-1α transcriptional 

activation, reducing liver glucose synthesis and promoting its muscular intake 

(Fig.2.), [66]. This phenomenon involves the AMPK and LKB1 (Liver kinase B1) 

pathways [67]. However, AMPK is most probably activated by metformin 

indirectly via AMP, because the drug efficiently shifts the AMP/ATP balance 

towards AMP [68]. Interestingly, metformin, at least in certain cell types, induces 

mitochondrial biogenesis [69]. Because AMPK is activated by decreased cellular 

energy status [70], and the kinase is crucial for mitochondrial biogenesis [71,72], 

this phenomenon appears to be a part of a compensatory mechanism in response 

to reduced organelle efficacy. Metformin was shown to rapidly accumulate in 

mitochondria and to directly inhibit components of the respiratory chain and 

reducing ATP synthesis [73,74]. However, the drug affects only whole, but not 

permeabilized, cells and mitochondria [74], which also indicates an indirect 

mechanism of action, possibly through altered protein expression or protein 

modification.  

In general, metformin shifts cellular metabolism from oxidative 

phosphorylation towards anaerobic glycolysis and lactate synthesis. Since the 

second source yields much less ATP per glucose molecule (36 and 2 respectively), 

the cells have to utilize more glucose to meet energetic demands. Ultimately, 

metformin increases glucose consumption, simultaneously reducing its synthesis 

and, as a net effect, lowering blood glucose levels. 
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Fig. 2. Simplified model of the opposing effect of type 2 diabetes mellitus (T2DM) and 

metformin on PGC-1α function in the liver and muscle. Chronic activation of hepatic 

PGC-1α during T2DM leads to increased gluconeogenesis and glucose release from 

the liver. At the same time, PGC-1α function in muscle is impaired and results in lower 

glucose intake. Consequently, the concentration of glucose in the blood is elevated. 

Hyperglycemia induces apoptosis of pancreatic β-islets, impairing insulin signaling 

and further exacerbating the disease. Conversely, metformin reduces PGC-1α 

expression in the liver and suppresses gluconeogenesis, while simultaneously 

activating muscular PGC-1α, therefore normalizing blood glucose levels.  

2.3 Pregnane X receptor (PXR) 

2.3.1 PXR as a model nuclear receptor  

Nuclear receptors are DNA-specific transcription factors regulating expression of 

target genes. Many nuclear receptors are ligand-specific, e.g., PXR or PPARα, 

other named orphan receptors, e.g., ERRα, appear to act independently of ligands. 

They are 48 different members of the nuclear receptor family identified in 

humans [75]. In many ways, PXR (Pregnane X Receptor, NR1I2) is a typical 

nuclear receptor (NR). Structurally, PXR follows a classical domain organization 

characteristic of NRs, which includes a highly conserved DNA binding domain 

(DBD) and a hinge region followed by a less conserved ligand binding domain 

(LBD) and an activation function domain (AF-2) [75].  

Ligand-activated PXR forms a heterodimer with RXR and binds to specific 

DNA sequences. Whether PXR is present in the nucleus [76,77] or is being 

translocated from the cytoplasm upon activation is controversial [78]. PXR binds 

to two copies of consensus sequence AG(G/T)TCA in direct, everted or inverted 
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orientation, separated by various numbers of spacing nucleotides (usually 3 to 8) 

[79]. The ligand induces a conformational change in the AF-2 domain to create a 

coactivator binding cleft [80] and allows PXR to recruit a host of coactivators, 

including SRC-1 [81] and PGC-1α [7], driving expression of the target gene.  

LBD of PXR is exceptional among the family of nuclear receptors. In 

contrast to DBD, LBD is not evolutionarily conserved and displays considerable 

structural and functional differences even among mammals [82,83]. Consequently, 

the ligands activating PXR vary significantly between species, e.g., human PXR 

is activated by rifampicin (antibiotic), but not by PCN (synthetic 

antiglucocorticoid, pregnenolone-16α-carbonitrile), while mouse PXR responds 

to PCN, but not to rifampicin [84]. In contrast to other NRs, the ligand binding 

cavity of PXR is exceptionally large, smooth and flexible, allowing binding of a 

wide range of molecules [84,85]. Of the known NRs, none binds such large and 

diverse ligands as PXR [86].  

2.3.2 Transcriptional regulation and posttranslational modifications 
of PXR 

Analysis of proximal, 2.2 kbp long, upstream promoter regions of the PXR gene 

has revealed functionally positive responsive elements for estrogen receptor (ER), 

GRα and PPARα, and negative for PXR itself and constitutive active receptor 

(CAR), suggesting that PXR plays an autoregulatory role in the expression of its 

own gene [87]. PPARα ligands (clofibrate and wy-14643), used in the previously 

mentioned study, did not activate PXR. Nonetheless, treatment with these 

compounds strongly induced PXR transcription. This data indicates that PXR 

expression is regulated by PPARα, independently of the PXR set of ligands. It 

also links PXR regulation with the PPARα system.  

PXR function appears to be regulated by posttranslational modifications. 

PXR was shown to be ubiquitinated, phosphorylated, SUMOlyated and acetylated 

[88]. For example, it has been suggested that deacetylation of PXR by SIRT1 

promotes its lipogenic properties [89]. However, the function of these 

modifications, especially in the context of PXR target genes, remains poorly 

described.  
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2.3.3 PXR function 

Metabolism of xenobiotics and bile acids 

PXR acts as a chemical sensor, protecting organisms from endogenous and 

xenogenous chemical insults. Accordingly, its expression is high in the liver, 

intestine and kidneys where PXR drives transcription of Phase I cytochromes 

P450 enzymes, most importantly CYP3A4 and its mouse homologue: Cyp3a11 

(Cytochromes are a heme dependent monooxygenases catalyzing the first step of 

detoxification of lipophillic and non-aromatic compounds) [76,90]. From the 

point of the pharmaceutical industry, CYP3A4 is especially interesting, since the 

enzyme is believed to metabolize half of the currently marketed drugs. Moreover, 

PXR induces expression of Phase II enzymes and drug transporters, e.g., 

multidrug resistance 1 protein (MDR1)[91,92], further facilitating removal of 

toxic metabolites and xenobiotics. Nonetheless, PXR is also sensitive to 

endogenous compounds including bile salts. In fact, structural changes in bile 

salts are thought to shape PXR evolution [82,83,93]. Bile salts are synthesized in 

the liver and are generally not toxic, with the exception of lithocholic acid (LCA) 

- a byproduct of bacterial metabolism of bile in the gut. LCA is cancerogenous 

and is implicated in the genesis of colon cancers [94,95]. LCA is metabolized and 

inactivated by CYP3A4 and at the same time is one of the most potent 

endogenous PXR ligands. Accordingly, PXR activation reduces the toxic effect of 

LCA [90].  

The ligand binding promiscuity of PXR combined with a broad spectrum of 

pharmaceuticals metabolized by CYP3A4 is often a source of undesirable drug to 

drug interactions. For example, PXR activation with rifampicin or St.John´s Wort 

herb, and subsequent induction of CYP3A4, leads to increased metabolism and 

impaired bioavailability of amprenavir (an anti-HIV drug) [96] and lower efficacy 

of cyclosporine and oral contraceptives [97]. Therefore, further research into the 

regulation of PXR expression and activity could potentially lead to more effective 

drug therapies.  

PXR and energy homeostasis 

In addition to xenobiotic metabolism, PXR functions also as an inhibitor of 

gluconeogenesis, e.g., its overexpression in the liver reduces levels of G-6-Pase 

and Pck-1 [98]. Similarly, PXR agonist PCN down-regulates expression of 
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G6Pase [99]. PXR directly interacts with FOXO1 and prevents it from binding to 

insulin response element (IRE), effectively impairing expression of G-6-Pase and 

Pck-1 [100]. In addition, PXR competes with HNF-4α for PGC-1α, negatively 

regulating gluconeogenesis [7].  

Moreover, PXR was shown to be both sufficient and necessary for expression 

of CD36 scavenger receptor [98]. CD36 facilitates uptake of free fatty acids and 

might contribute to liver steatosis [101]. Therefore, it appears that PXR also plays 

a role in lipid homeostasis. Conversely, energy metabolism affects PXR 

expression and modulates its function.  

PXR and immune system homeostasis. Conversely 

Treatment with Interleukin 6 (IL6) reduces PXR expression and its target genes. 

Accordingly, IL6 attenuates PCN-mediated activation of PXR [102]. Furthermore, 

treatment with LPS impairs PXR expression and signaling in the liver [103]. 

Conversely, prolonged treatment with PXR ligand rifampicin leads to 

immunosuppression in human patients [104]. In line with this study, PXR 

activation attenuates expression of NF-κb and reduces mRNA levels of several 

proinflammatory cytokines like TNFα, IL1α, IL1β and IL15 [105]. Accordingly 

PXR-/- animals are characterized by higher expression levels of these cytokines 

and at the same time display impaired sensitivity to PXR ligands. Therefore, it 

seems that PXR functions as a potent immunosuppressant. 

2.4 Sirtuins 

2.4.1 Sirtuins and NAD+/NADH ratio 

Sirtuins are NAD+ (nicotine adenine dinucleotide) dependent deacetylases [106]. 

Currently, seven members of the family (SIRT1-7) have been identified in 

humans. In general, sirtuins reverse acetyl modifications of lysine residues, 

although a few members of the family are also ADP-ribose transferases [107]. 

The localization, size and function of these proteins is quite different, however, 

they all share similar structural features, e.g., an NAD+ binding pocket [108]. 

Interestingly, NAD+ does not only function as a cofactor, but is actually 

consumed during a reaction, directly changing the NAD+/NADH balance [109]. 

From this follows that sirtuin function is related to cellular energy homeostasis 
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and NAD+/NADH ratio. NADH is oxidized to NAD+ in mitochondria generating 

a proton gradient, which is used for ATP synthesis or thermogenesis (via UCP-1). 

Subsequently, recovered NAD+ is reduced to NADH during aerobic oxidation of 

glucose and the Krebs cycle. In anaerobic conditions the same effect has 

converting pyruvate to lactate (Fig.3).  

Therefore, when glucose resources are low, or its metabolism interrupted, 

NAD+ concentrations rise. For example, fasting [41] and glucose deprivation 

[110] efficiently induce NAD+ in the liver or cultured myotubes. In the same way, 

sirtuins are activated by energetic stress. For instance, SIRT1 is induced by 

fasting [41], exercise [111] and glucose restriction [110]. However, under 

physiological conditions, levels of free NAD+ and NADH are very low, since 

both molecules are mainly bound by proteins. Therefore, it is more convenient to 

measure indicator metabolites of the NAD+/NADH reaction, provided they are in 

close equilibrium. Lactate dehydrogenase catalyzes such a reaction (Fig.3) and 

the pyruvate/lactate ratio is assumed to be directly proportional to cytosol 

NAD+/NADH flux. During fasting, the pyruvate concentration rises and is 

reflected by higher NAD+ levels [41]. Accordingly, cell treatment with pyruvate 

induces and activates sirtuins, e.g., SIRT1 [41].  
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Fig. 3. Aerobic vs. anaerobic metabolism of glucose and NAD+/NADH flux. During 

aerobic metabolism (A) glucose is broken in the cytoplasm to Acetyl-CoA, which is 

utilized in the mitochondria in the tricarboxylic acid cycle and is converted to NADH 

and FADH2 (not shown). These agents donate electrons, charging the respiratory chain. 

The proton gradient is used for ATP synthesis or thermogenesis. Sites where NADH is 

recycled are indicated (stoichiometry is not preserved). In total, from one molecule of 

glucose, roughly 36 molecules of ATP are formed. In contrast, anaerobic metabolism 

(B) takes place exclusively in the cytoplasm, bypasses the mitochondria and yields 2 

ATPs per glucose molecule. NADH is recovered by lactate dehydrogenase during 

transformation of pyruvate to lactate. Lower respiratory chain efficacy channels 

glucose and pyruvate toward anaerobic metabolism and increases lactate 

concentration. RC, Respiratory chain, TCA, tricarboxylic acid cycle, LDH, Lactate 

dehydrogenase, NADH or NAD+, nicotinamide adenine dinucleotide, FADH2, flavin 

adenine dinucleotide. 

2.4.2 SIRT1 and SIRT3 

Currently, the best described members of the sirtuin family are SIRT1 and SIRT3. 

SIRT1 is mainly a nuclear protein responsible for histone deacetylation. Such 

modification promotes DNA binding to histones and closed chromatin 

conformation and generally impairs transcription [112]. However, SIRT1 function 

is much broader and involves regulation of energy homeostasis. It was shown to 

promote systemic lipid and cholesterol metabolism in vivo [113]. In addition, 

SIRT1 interacts with and deacetylases PGC-1α in the liver, inducing coactivator 

transcriptional activity in the context of gluconeogenic genes [41]. Conversely, 
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PGC-1α acetylation impairs expression of G-6-Pase and Pck-1 [32]. In muscle, 

SIRT1 targets PGC-1α and promotes β-oxidation and FOXO1 deacetylation and 

function [111]. Therefore, it seems that SIRT1 inhibits transcription under 

energetic stress, with the exception of genes responsible for glucose and energy 

metabolism.  

In contrast to SIRT1, SIRT3 is mainly a mitochondrial protein, although some 

studies indicate that it can be located in the nucleus [114–116]. SIRT3 knockout 

mice display markedly higher acetylation levels of mitochondrial proteins [117]. 

Although this particular study did not find significant phenotypic features, others 

indicate that reversible acetylation of mitochondria has a profound effect on 

energy metabolism, especially during fasting. For example, SIRT3 KO mice 

display impaired fatty acid oxidation and adaptive thermogenesis, attenuated ATP 

synthesis, and increased accumulation of lipids in the liver [118,119]. This data 

suggest that SIRT3 is activated under conditions of energetic stress when NAD+ 

levels are relatively high. To counteract increased levels of NAD+, SIRT3 

interacts with components of the respiratory chain, promoting oxidative 

phosphorylation and NADPH synthesis. For instance, SIRT3-mediated 

deacetylation induces subunits I and II of the mitochondrial respiratory chain 

[120,121]. In line with these observations, the loss of SIRT3 drives cells away 

from mitochondrial substrate oxidation and promotes glycolysis and lactate 

formation [122]. Accordingly, treatment with siRNA targeting SIRT3 attenuates 

oxygen consumption in human hepatoma HepG2 cells, while over-expression of 

the sitruin induces it [119,123]. The data above indicate that SIRT3 is 

indispensible for mitochondrial function, especially during adaptive 

thermogenesis and caloric stress. 

2.4.3 SIRT1 and the immune system 

The NF-κB is a key transcriptional complex that controls inflammatory cytokine 

expression and lymphocyte activation [124,125]. SIRT1 deacetylates RelA/p65 

subunit of NF-κB and inhibits its transcriptional activity [126]. Accordingly 

SIRT1 knockout increases mRNA levels of TNFα, IL6 and IL1β [127]. 

Conversely SIRT1 activation reduces TNFα secretion in response to LPS, while 

its inhibition induces it [127]. Moreover SIRT1 -/- mice develop symptoms 

similar to systemic lupus erythmatosus, emphasizing its anti inflammatory 

properties [128]. Interestingly treatment with LPS markedly reduced SIRT1 
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protein levels and inhibited ATP synthesis in liver, indicating also an existence of 

an adverse relationship [129].  

2.4.4 Transcriptional regulation of SIRT1 and SIRT3. 

Currently, little is known about transcriptional control of sirtuin genes. SIRT1 

expression is increased during nutritional stress by Forkhead box O3 (FOXO3a) 

coactivating p53 bound to two responsive elements in the promoter region of the 

gene [130]. Consequently, loss of p53 or FOXO3a abolishes fasting-induced 

transcription of SIRT1. In a proximal promoter of the SIRT3 gene, evolutionarily 

conserved ERRα responsive elements were identified and subsequent studies 

revealed that SIRT3 is induced by PGC-1α during fasting in an ERRα dependent 

manner [131]. As a result, both SIRT1 and SIRT3 are induced during fasting or, 

more generally, during states of energetic stress, however, other mechanisms are 

likely to be involved in transcriptional regulation of both genes. 

2.5 AMP-activated protein kinase (AMPK) 

2.5.1 Activation and function of AMPK 

AMPK (AMP-activated protein kinase) is a sensor of cellular energy charge, 

responsive to AMP changes. Almost all energy-demanding processes in a cell 

consume ATP, yielding ADP or, in a few cases, AMP. Hence, the rise of ADP and 

AMP is reflected by a fall in ATP concentration. Because of a near-to-equilibrium 

reaction catalyzed by adenylate kinase (2ADP	↔ ATP + AMP), the AMP/ATP 

ratio varies as the square of ADP/ATP. Therefore, AMP changes much more 

dramatically than ADP and is a more sensitive indicator of cellular energy status 

(For example, when ADP/ATP is 1:10, the AMP/ATP ratio equals 1:100) [132]. 

Therefore, by gauging AMP levels, AMPK can respond to discrete changes in 

energy flux.  

AMP levels rise during energetic stress. Consequently, AMPK is activated by 

a fasting liver [25], dietary restriction [133] glucagon treatment [24] and exercise 

[134]. 

Once activated, AMPK promotes the catabolic pathway, either by direct 

phosphorylation of catabolic enzymes or, over a longer period, by activating the 

gene expression program. In general, AMPK switches off ATP-consuming 
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processes (fatty acid and cholesterol synthesis, gluconeogenesis) and induces ATP 

synthesis by promoting β-oxidation, glucolysis and mitochondrial biogenesis 

[132,135,136].  

2.5.2 AMPK in type 2 diabetes and metformin effect on AMPK 
activation 

From the point of type 2 diabetes (T2DM) the most interesting feature is the role 

of AMPK in glucose metabolism. Gluconeogenesis is a metabolic pathway, 

primarily taking place in hepatocytes, which generates glucose from pyruvate, 

lactate or glucogenic amino acids. AMPK inhibits transcription of G-6-Pase and 

Pck-1 in the liver, thus attenuating glucose synthesis [137,138]. On the other hand, 

AMPK induces expression of GLUT4, facilitating glucose transport into the 

muscles [28,139,140] and promotes insulin sensitivity [67,141]. For the same 

reasons, activation of AMPK by metformin has been thought, for a long time, to 

be a major mechanism responsible for the beneficial effect of the drug in T2DM. 

However, this theory was recently challenged. It appears that at least in the liver, 

metformin does not have to reduce G-6-Pase and Pck-1 expression to suppress 

gluconeogenesis. According to the authors, the most important (and sufficient) 

mechanism involves reduction of the ATP pool, which is necessary for de novo 

glucose synthesis. In fact, metformin efficiently inhibits the respiratory chain, 

reducing ATP yield [73,74,142]. Nevertheless, the very same action increases 

AMP levels and therefore leads to AMPK induction [73,74,142]. Hence it is more 

likely that the drug inhibits gluconeogenesis in two ways: i) directly, by reducing 

the ATP pool and ii) indirectly, via AMPK and impaired expression of G-6-Pase 

and Pck-1.  

The AMPK and PGC-1α pathways are closely related and intertwine with 

each other. Activation of AMPK promotes expression and stabilizes PGC-1α in 

muscle [28], but inhibits it in the liver [26]. Interestingly, two studies incorporate 

SIRT1 into this picture. According to,these reports PGC-1α phosphorylation by 

AMPK in muscle, primes it and is required for its subsequent SIRT1-mediated 

deacetylation [111]. Furthermore, SIRT1 regulates AMPK activity by 

deacetylating LKB1, an activator of AMPK. Deacetylation of LKB1 by SIRT1 

results in translocation of LKB1 from the nucleus to the cytoplasm, where it 

undergoes auto activation and activates AMPK [143]. Accordingly, SIRT1 

activation promotes insulin sensitivity [127].  
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Taken together, these data indicate that both AMP and NAD+ are linked (via 

AMPK and SIRT1) to regulation of PGC-1α.  

2.6 Interleukin 1 receptor antagonist and Interleukin 1 system.  

Interleukin 1 is actually a group of proinflammatory cytokines, which also affects 

energy metabolism, e.g., fever induction [144,145] or insulin resistance [46,146]. 

Presently,based on nucleotide similarity, eleven members of Interleukin 1 family 

has been identified [145,147], with a new one (Interleukin 33) recently described 

[148,149]. In addition, there are two IL1 receptors – type I, which transduces the 

signal, and type II, which acts as a decoy [144,145]. However, it appears that only 

IL1α, IL1β and IL1Rn (IL1 Receptor antagonist, also commonly known as IL-

1Ra) can bind to membrane-bound IL1 receptor [145,147]. IL1α and IL1β are 

agonists, while IL1Rn is an antagonist. All of them compete for the same receptor 

with similar affinity (at least in vitro). However, IL1Rn does not activate the 

signaling pathway [144,145,150]. For that reason, the ratio of IL1Rn to IL1α or β 

determines the character of the response, e.g., 10 to 1 molar excess of IL1Rn 

blocks 73–95% of the IL1-induced response in monocyte culture, while a 1 to 1 

ratio reduces it by 50% [151]. In addition, IL1 and IL1Rn regulate each other, e.g., 

IL1β induces IL1Rn in hepatocytes. On the other hand, IL1Rn is required for 

efficient IL1β expression [152]. 

Mouse IL1Rn knockouts are viable, although prone to lethal effects of LPS 

[150,153]. In stark contrast, infants with homozygous deletion of the IL1 locus 

(including IL1Rn) acquire severe autoimmune symptoms shortly after birth, 

which are abolished by administration of the recombinant IL1Rn [154]. This 

observation underlines the anti-inflammatory properties of IL1Rn in humans as 

well as the limitations of animal models. 

The link between the Interleukin 1 system and energy metabolism has also 

been established. Knockout of IL1 receptor I induces obesity and increases fat 

mass in mice [155], which indicates the catabolic character of IL1 response. 

Conversely, IL1Rn knockout mice have a lower fat mass and demonstrate smaller 

sized adipocytes [150,152,153]. On the other hand, IL1Rn is elevated in the 

serum of obese patients (up to 7 times compared to lean subjects) and correlates 

with insulin resistance [146]. Accordingly, the IL1Rn to IL1β ratio in WAT 

obtained from obese humans was c.a. 4 times higher than in a control group [156]. 

IL1β impairs function and promotes destruction of β cells in Type 1 diabetes 

mellitus [157] and appears to play a similar role in T2DM. Hyperglycemia 
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induces expression of IL1β in pancreatic β cells. Accordingly, higher IL1β levels 

correlated with impaired development of pancreatic β cells in vivo and reduced 

insulin release [46]. Conversely, treatment with IL1Rn restored glucose 

stimulated insulin secretion, suggesting that the antagonist might attenuate IL1β 

effect in a hyperglycemic environment. These results suggest that high circulating 

levels of glucose can negatively affect pancreatic function even in subjects 

without any underlying autoimmune disorder and indicate a protective role of 

IL1Rn in metabolic disorders. Actually, treatment with recombinant IL1Rn 

reduces systemic inflammation and improves glycemia and β cell function 

[158,159]. Elevated IL1Rn levels precede clinical onset of T2DM for several 

years, further supporting the notion that the Interleukin 1 system plays a crucial 

role in the development of diabetes [160]. Currently, several factors targeting 

IL1β (specific antibodies as well as a recombinant ILRn) are in clinical trials for 

T2DM treatment [158,161]. Although initial results are promising, the impact of 

IL1 and IL1Rn on adipose tissue, and the fact that many diabetic patients are 

obese, might render these strategies less efficient than anticipated. 

2.7 Liver as a member of immune system and an energetic cost of 

mounting the immune response 

The liver is the first organ receiving blood drained from the gastrointestinal tract. 

The blood, containing nutrients as well as undigested pathogens, enters via the 

hepatic portal vein and percolates through hepatocytes, interacting with residual 

macrophages and lymphoid cells. Macrophages anchored in the liver, called 

Kupffer cells, constitute up to 20% of its non-parenchymal cells [162] and nearly 

80% of total body count of macrophages in humans [163]. The turnover of 

Kupffer cells is relatively fast and is estimated to be 21 days long [164]. In 

addition, the liver is populated by lymphoid cells, predominantly of the innate 

immunity class (Natural Killers, Natural Killers T lymphocytes), which constitute 

approximately 1% of total body count [162,165]. It is estimated that specialized 

immune system cells make up 5–10% of liver cells [163]. However, the function 

of the liver is not limited to a convenient docking place. Hepatocytes are one of 

the main suppliers of acute phase proteins (ACP) including C-reactive protein 

(CRP), complement factors C3 and C9, fibrinogen, serum amyloid A and 

haptoglobin [166–168]. The liver is also a major source of circulating Interleukin 

1 receptor antagonist (IL1Rn) [169] and several other cytokines [170]. 

Considering the mass of the adult human liver, which ranges from 1200 to 1500 g 
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[171], the hepatic contribution to the pool of circulating cytokines and ACPs is 

substantial. 

Apparently, supporting such a complex system requires energy, especially 

during inflammation or trauma. In winter, when infections and thermogenesis 

challenges are especially hard, high mortality among wild animals is a common 

phenomenon [172]. Hypermetabolism is typical for septic and severely injured 

patients. Major surgery can increase resting energy expenditure (REE), which is a 

sum of basal metabolic rate, thermogenesis and physical work, to 120–150% of 

basal values [173,174], while hypothermia and shivering combined with trauma 

or surgery induces it up to 300% [175]. It is estimated that fever alone increases 

REE about 10–15% for each Celsius degree gained [176]. The role of the liver in 

this process cannot be underestimated. Some sources indicate that the liver and 

gut, which might constitute up to 4% of body mass, collectively produce nearly 

40% of total heat in resting animals [177]. However, this study was performed on 

herbivores (sheep), which have a relatively large gastrointestinal track, and those 

values might be lower in omnivores like humans. In rat models of autoimmune 

disorders, during subclinical inflammation, animals had to consume 6% more and, 

in an active phase of the disease, 18% more food than healthy controls to sustain 

comparable body mass [178]. Antigen-challenged mice display higher oxygen 

consumption, indicating increased metabolic rates [179]. On the other hand, 

germ-free or antibiotic treated animals show lower oxygen consumption, 

improved growth performance (in some cases up to 30%) and fat storage. Living 

in sanitary conditions has a similar effect on husbandry animals [172,180]. The 

data above indicate a high caloric cost of maintaining the immune system and its 

close relationship to energy metabolism. However, the exact values are hard to 

estimate. In one such attempt, basal metabolic rates (cost of protein and glycogen 

turnover, cycling between fatty acids triglycerides, ATP synthesis, heart work, etc.) 

of immunodeficient mice, unable to form T and B lymphocytes, were 10% lower 

than their wild type counterparts [181]. Because this experiment was performed in 

a sterile environment and with minimal exposure to antigens, it is reasonable to 

expect even higher values in natural conditions. 

In the light of the presented facts, the positive correlation of the consumption 

of antibiotics and the incidence of obesity and diabetes in the USA is especially 

intriguing. (Interactive maps showing number of outpatient antibiotic 

prescriptions per 1000 individuals in 2007 and incidence of diabetes in 2010 in 

the USA are available at: http://www.cddep.org/ResistanceMap/use/all and 

apps.nccd.cdc.gov/gisbrfss/default.aspx respectively ). The explanation of this 
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fact is most probably related to low socioeconomic status of the patients, 

sedentary life style and diet. However, it is tempting to speculate that unnecessary 

overuse of antibiotics generates caloric surplus, which otherwise would be used to 

fight off the infection, and shifts the energetic balance towards anabolism. This 

trend, combined with a carbohydrate and fat-rich diet could contribute to the 

development of obesity and related metabolic disorders This hypothesis is 

supported by the finding of an increased glucose uptake in the intestines of 

antibiotic-treated animals [177]. However, proving such a relationship would be a 

difficult task, requiring a separate and careful study. 

In conclusion, mounting an immune response is an energetically demanding 

process, often requiring trade-off decisions, particularly in the situation of limited 

resources. When thermogenesis is a priority and/or nutrients scarce, it is 

beneficial to use resources from other systems to keep a proper body temperature. 

Similarly, during fasting, when antigen load received from the gut is lower, there 

is no need to allocate as much energy to support the immune system. In this 

context, a dual role of the liver as an immune system and energy buffering organ 

is rational and PGC-1α function fundamental. 
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3 Aims of the present study 

The general aim of the study was to investigate the effects of caloric stress and 

energy flux on hepatic functions and involvement of energy sensing factors PGC-

1α, AMPK and sirtuins, the detailed aims were: 

1. Identify novel target genes of PGC-1α in the liver and their connection to the 

immune system (I). 

2. Evaluate the role of IL1Rn in PGC-1α-mediated suppression of inflammation 

markers in hepatocytes. (I). 

3. Examine the role of fasting and energetic stress on hepatic cytokine 

expression mediated by PGC-1α (I). 

4. Study the effect of AMPK and metformin in the context of transcriptional 

regulation of IL1Rn in hepatocytes (I). 

5. Examine the role of caloric stress and PGC-1α in the expression of PXR in 

the liver and hepatocytes (II). 

6. Investigate mechanisms interfering with the induction of PXR-target genes 

during fasting in the liver (II).  

7. Investigate metformin’s effect on mitochondrial function and biogenesis in 

the context of SIRT3 (III). 
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4 Materials and methods 

A detailed description of materials and methods can be found in an appropriate 

section of each of the enclosed publications and the manuscript. 

4.1 General overview of the methods 

To specifically study liver functions, mouse primary hepatocytes were used as the 

major experimental model system. Primary hepatocytes represent the best in vitro 

model for the liver and have intact major hepatocyte functions. These experiments 

were complemented with experiments done with suitable cell lines such as the 

human hepatoma HepG2 cell line. To specifically analyze PGC-1α functions and 

to mimic the physiological situation seen in fasting, exercise, or patophysiological 

conditions observed in diabetes, adenovirus-mediated PGC-1α gene transfer was 

used. PGC-1α target genes were identified with a microarray. The microarray 

experiment was conducted using an Affymetrix platform in collaboration with the 

Wageningen University, Netherlands. A bioinformatics analysis and gene 

clustering were performed with the Ingenuity Pathways Analysis and Venny 

software. Confirmation of certain microarray results and other measurements of 

mRNA levels were done by Real Time PCR (RT-PCR) with TaqMan (Applied 

Biosystem) probes and SYBRGreen chemistry on Stratagene and Applied 

Biosystem platforms. Protein levels were characterized by immunoblotting. 

Detailed characterizations of selected genes were done by transient transfections 

of reporter gene constructs. Silencing of selected genesis was performed with 

siRNA. Mitochondrial function and volume was measured with confocal 

microscopy. PGC-1α and PXR interactions were measured by Two-Hybrid-Assay 

with PXR and PGC-1α fusion proteins with GAL4 DNA binding and VP16 

activation domains and by immunoprecipitation with Flag- and HA-tagged 

proteins. The effects of SIRT1 on PGC-1α and PXR interaction and PXR-

mediated gene regulation were studied with pyruvate as an activator of SIRT1. 

Dysfunctional PGC-1α mutants were deployed: PGC1α-L2L3M (unable to 

interact with nuclear receptors) and PGC1α T177A S538A (not phosphorylated by 

AMPK). 

The liver perfusions and other animal experiments were carefully planned 

and carried out only when other experimental models were not available. The 

number of animals was always adjusted to the minimum providing scientifically 
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significant results. All animal experiments were approved by the National Animal 

Experiment Committee. 

4.2 Primers 

The following primers were used in the experiments not presented in the original 

publications. The results are presented in Fig.s 6 and 7  

(Forward/Reverse in 5´ to 3` order). 

Saa2:TGGCTGGAAAGATGGAGACAA/AAAGCTCTCTCTTGCATCACTG, 

IL6:CCAAGAGGTGAGTGCTTCCC/CTGTTGTTCAGACTCTCTCCCT. 

4.3 Transient transfection 

The results from this experiment were not included in the original publications 

and are presented in Fig.10. 

XREM Luciferase construct is a plasmid vector containing fragments of 

native promoter region (-7836/-7604) of the human CYP3A4 gene and carry its 

major response elements comprising HNF4α binding site and two functional PXR 

responsive elements: ER6 and DR3, followed by a luciferase gene. HepG2 cells 

were co-transfected with PGC-1α and SIRT1 plasmids as indicated, treated with 

10 µM rifampicin (Sigma-Aldrich, St. Louis, MO, USA), collected after 48 hours 

and examined for luciferase activity. PGC-1α plasmid and SIRT1 were as 

described (original publication III). 
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5 Results 

This section contains an overview of the most important findings from each of the 

projects and a short description of supporting evidence. For more details please 

refer to the enclosed publications or the manuscript. Because of copy right issue, 

previously published figures are not shown in this section. The italicized 

references with roman numerals correspond to figures in each of the relevant 

publications. Material published for the first time is marked with non-italicized 

characters and numerated according to the general numbering of the manuscript. 

5.1 Energy sensing factors coactivator PGC-1α and AMP-activated 
protein kinase control expression of inflammatory mediators in 

the liver: induction of Interleukin 1 receptor antagonist (I). 

5.1.1 PGC-1α regulates cytokine expression in hepatocytes 

Transduction of mouse primary hepatocytes with PGC-1α-Ad changed expression 

of several genes associated with the immune system. The phenomenon persisted 

after normalization to the effects of adenoviral infection. Moreover, in many cases, 

fasting had a similar impact on mice livers (I, Fig.1a). The microarray data for 

IL1Rn, IL15Rα and Tweak were validated by qPCR,. IL1Rn and IL15Rα were 

induced by PGC-1α, while Tweak expression was inhibited (I, Fig.1b, c). Despite 

the presence of lower fold changes, similar results for IL1Rn and IL15Rα, were 

observed in human hepatoma HepG2 cells transduced with PGC-1α-Ad (Fig.4). 
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Fig. 4. PGC-1α-Ad induces IL1Rn and IL15Rα in HepG2 cells. Human hematoma 

HepG2 cells were transduced with either GFP-Ad or PGC-1α-Ad (MOI=1) or left 

untreated. Cells were collected 48 hours later, mRNA isolated and expression of the 

genes of interest was measured as described (original publication I), Values represent 

means + SD , n=3, ANOVA, Bonferroni post test, *** P<0,001. 

Glucagon and cAMP had a similar effect on IL1Rn and Tweak transcription as 

PGC-1α-Ad. In contrast, expression of IL15Rα gene was reduced by the treatment, 

suggesting the existence of an overlapping inhibitory mechanism (I, Fig.2a, b). 

However, the loss of function experiment with PGC-1α-specific siRNA confirmed 

that the coactivator is involved in regulation of IL15Rα, IL1Rn and Tweak in 

mouse primary hepatocytes (I, Fig.2c). 

Dysfunctional PGC-1α mutant (PGC-1α L2L3M) was unable to regulate 

expression of the selected genes, suggesting that interaction with nuclear 

receptors is necessary for the observed response. Subsequent experiments with 

PPARα siRNA indicated that this nuclear receptor is required for PGC-1α-

mediated induction of both IL1Rn and IL15Rα and repression of Tweak (I, Fig.4a, 

b, c). Moreover, PPARα appears to be necessary for the induction of IL1Rn and 

IL15Rα in vivo during fasting (Fig.5). In addition, the experiment with a reporter 

construct containing the upstream promoter region of IL1Rn, indicates that both 

PGC-1α and PPARα are necessary for the efficient expression of the gene (I, 

Fig.4d). 
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Fig. 5. PPARα is required for fasting-induced ILRn and IL15Rα expression in the liver. 

Selected results from mRNA expression microarrays of wild type and PPARα -/- mice 

are shown (GEO series of GSE17865). Animals were fasted or fed ad libitum for 24 

hours and liver samples isolated and processed as described [56]. Values represent 

means + SD, n=3 to 5, ANOVA, Bonferroni post test, * P< 0,05, ** P<0,01. 

5.1.2 Fasting and exercise stimulate cytokine expression in liver in 
vivo. 

Fasted and exercised rats displayed increased mRNA levels of IL1Rn, IL15Rα 

and Tweak in the liver (I, Fig.3a, c). Additionally, expression of IL1Rn protein 

was induced in starved animals (I, Fig.1b). Although expression of IL1Rn and 

IL15Rα was consistent with previous data, results for Tweak were not, indicating 

interspecies differences in regulation of the gene. 

5.1.3 IL1Rn induced by PGC-1α is functional and reduces expression 
of inflammatory markers. 

Mouse primary hepatocytes were transduced with PGC-1α-Ad or GFP-Ad and 

treated with different doses of IL1β. Although transcription of the inflammatory 

markers was reduced by PGC-1α, their expression differed markedly in response 

to IL1β. This effect might be attributed to a saturating effect of adenoviral 

infection. Nonetheless, high IL1Rn levels corresponded with lower expression of 

haptoglobin and CRP. Similar results were observed for Serum Amyloid 2 (Saa2) 

and Interleukin 6 (IL6) (Fig. 6). 
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Fig. 6. Effect of PGC-1α-Ad on expression of selected genes in mouse primary 

hepatocytes treated with IL1β. Cells were transduced with GFP-Ad or PGC-1α-Ad 

(MOI=1) 24 hours before treatment with IL1β and collected after an additional 48 hours. 

mRNA was isolated and the expression of genes of interest was measured as 

described (original publication I). Values represent means + SD, n=3, ANOVA, 

Bonferroni post test, ** P<0,01, *** P<0,001. 

To study the role of IL1Rn we performed a loss-of-function experiment. As 

mentioned previously, cells were transduced with PGC-1α-Ad and treated with 

IL1β. Again, PGC-1α-Ad down-regulated expression of CRP and haptoglobin in 

response to IL1β. On the other hand, IL1Rn siRNA attenuated this response and 

increased expression of CRP and haptoglobin. This data indicate that at least part 

of the PGC-1α-Ad effect is mediated by the antagonist (I, Fig.5a). Similar results 
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were observed in an experiment simulating sterile inflammation (cells were 

treated with IL1β in the absence of the adenovirus) in hepatocytes treated with 

cAMP (I, Fig.5b). 

5.1.4 AMPK and metformin regulate expression of IL1Rn and IL15Rα. 

Metformin attenuated glucagon-mediated induction of PGC-1α (I, Fig. 6a). In 

line with this observation, IL15Rα expression was reduced by metformin in 

glucagon-treated hepatocytes, while transcription of Tweak was increased. 

However, IL1Rn expression was induced by the drug, indicating an independent 

regulatory mechanism (I, Fig. 6a). Hepatocytes treated with metformin only 

displayed a similar trend for IL1Rn and IL15Rα (I, Fig.6b). Subsequent 

transduction of hepatocytes with AMPK-Ad suggested that the observed 

phenomenon is AMPK-dependent (expression of IL1Rn was induced while 

IL15Rα inhibited) (I, Fig.6c). Indeed, IL1Rn protein was induced by AMPK-Ad 

(I, Fig.6d). Moreover, transcription of the construct with 1900bp long promoter of 

IL1Rn, was promoted by PGC-1α in cells transduced with AMPK-Ad. In the case 

of PGC-1α T177A S538A mutant, which lacks phosphorylation sites targeted by 

AMPK, the observed change was weaker, indicating an interaction of PGC-1α 

and AMPK in the context of transcriptional regulation of the gene. 

In addition, metformin reduced expression of IL1Rn in response to ILβ, but at 

the same time efficiently inhibited transcription of Saa2, haptoglobin and IL6. On 

the other hand, the drug induced Saa2 and CRP expression in the absence of IL1β 

(Fig.7). These data suggest an intrinsic and much more pluripotent effect of the 

drug on the immune system than previously anticipated. 
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Fig. 7. Effect of metformin on expression of selected genes in mouse primary 

hepatocytes treated with IL1β.Cells were treated with 1mM metformin for 24 hours 

before the addition of IL1β and were collected 24 hours later. mRNA was isolated and 

the expression of genes of interest was measured as described (original publication I). 

Values represent means + SD, n=3, ANOVA, Bonferroni post test, ** P<0,01, *** P<0,001. 
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5.2 Energy sensing factors PGC-1α and SIRT1 modulate PXR 
expression and function (II) 

5.2.1 PXR is induced by fasting and PGC-1α. 

Levels of PXR mRNA were increased in livers of rats fasted for either 24 or 48 

hours. In addition, glucagon, the hormone induced by fasting, promoted PXR 

expression in mouse primary hepatocytes (both at the mRNA and protein levels). 

Taken together, these data suggest that PXR is sensitive to caloric stress (II, Fig. 

1a, b, c). This observation was further supported by the experiment with running 

animals, because physical exercise had a similar effect on PXR expression as in 

the case of fasting (Fig.8). Accordingly, PGC-1α, a fasting inducible coactivator 

had a positive effect on PXR expression. A follow up experiment with 

dysfunctional PGC-1α mutant, unable to coactivate nuclear receptors, indicated 

that this response depends on interaction with this class of transcriptional factors. 

Indeed, treatment with PPARα siRNA reduced PGC-1α-mediated induction of 

PXR, however, it had no effect on basal expression of the gene. 

 

Fig. 8.  Physical exercise induces PXR in rat livers. Animals were treated as described 

(original publication II), livers isolated and expression of PXR measured. Results 

obtained from rats exercised once or twice were pooled and presented as a single 

group (black bar, 48 hours). Values represent means + SD, n=4 to 10. One tailed t test, 

* P<0,05. 
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5.2.2 Pyruvate interferes with expression of PXR target genes 

PXR induces and is co-activated by PGC-1α in the context of Cyp3a11 gene. 

Consequently, treatment of primary hepatocytes with PXR ligand (PCN) and 

transduction with PGC-1α-Ad induced expression of Cyp3a11. Interestingly, the 

addition of pyruvate, a key compound in glucose metabolism, attenuated this 

response (II, Fig. 3), although it had no effect on PXR expression itself (Fig.9). 

On the other hand, down-regulation of Cyp7a1, which is another PXR target, was 

not affected by pyruvate. However, the treatment reduced PGC-1α-mediated 

induction of Cyp7a1 (II, Fig. 3). 

In addition, pyruvate interferes with direct PGC-1α and PXR interaction as 

suggested by a two-hybrid assay experiment. The expression of the reporter 

construct controlled by synergistic action of PGC-1α fused with VP16 domain 

and GAL4 PXR LBD construct was reduced by half in samples treated with 

pyruvate (II, Fig. 5a). 

 

Fig. 9.  Pyruvate does not affect basal expression, or PGC-1α-mediated induction of 

PXR. Mouse primary hepatocytes were transduced with PGC-1a-Ad at MOI = 1 for 24 h 

and treated for additional 12 h with 10 µM PCN in medium supplemented with 1 mM 

pyruvate as indicated. Cells were collected and mRNA levels were measured with 

QPCR. Statistical significance to control samples (no PCN and no added pyruvate) is 

shown. Values represent means + SD, n=3, ANOVA, Bonferroni post-test, 

**P<0,01 ***P<0,001. 
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5.2.3 SIRT1 interferes with expression of PXR target genes and PXR 
interaction with PGC-1α 

Pyruvate induces expression and activates SIRT1 (II, Fig. 4a) [182]. We 

investigated whether the sirtuin can affect expression of PXR target genes. Mouse 

primary hepatocytes were transfected with siRNA which was specific for SIRT1, 

transduced with PGC-1α-Ad and treated with pyruvate. siSIRT1 not only 

completely abolished an inhibitory effect of pyruvate on Cyp3a11, but enhanced 

expression of the gene (II, Fig.4b). On the other hand, levels of Cyp7a1 were not 

affected. The role of SIRT1 in regulation of PXR target genes was further 

confirmed by a two-hybrid assay experiment. Co-tranfection of HepG2 cells with 

SIRT1 plasmid reduced PGC-1α-mediated coactivation of PXR. This effect was 

weaker in samples with dysfunctional SIRT1 mutant (SIRT G261A), suggesting 

that enzymatic activity of the sirtuin might be important for the observed result (II, 

Fig. 5b). Regardless of the mechanism, the direct involvement of SIRT1 in this 

process was confirmed by its immunoprecipitation in a complex with PXR (II, 

Fig. 5c). 

In addition, PGC-1α-induction of XREM luciferase construct in HepG2 cells 

overexpressing human PXR and treated with rifampicin was reduced by 

transfection with SIRT1 vector in a dose-dependent manner (Fig.10). 

 

Fig. 10.  SIRT1 attenuates expression of XREM luciferase construct in HepG2 cells. 

Cells were cotransfected with XREM luciferase construct (300 ng/µl), PGC-1α (32 ng/ 

µl), human PXR (25 ng/µl) and SIRT1 as indicated, treated with 10 µl rifampicin and 

collected after 48 hours. Statistical significance to control samples within each group 

is shown (SIRT1 0 ng/µl, white bars). Values represent means + SD, n=6 to 8, ANOVA, 

Bonferroni post test, * P<0,05, *** P<0,001. 
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5.3 Metformin reduces hepatic expression of SIRT3, the 
mitochondrial deacetylase controlling energy metabolism (III) 

5.3.1 Metformin reduces expression of SIRT3 and ERRα. 

SIRT3 expression was down-regulated by metformin treatment in mouse primary 

hepatocytes, both at the protein and mRNA levels (III, Fig.1d, e, Fig.3d, e). 

Moreover, glucagon-mediated induction of the gene was impaired by the drug (III, 

Fig. 1c). SIRT3 expression is mediated by ERRα, at least in the context of PGC-

1α induction (III, Fig.2f) [131]. Metformin impaired ERRα expression and 

transcription of its target genes (III, Fig.2d). Similar results were observed in vivo 

(III, Fig.2e). Results from the experiment with AMPK-Ad suggest that the 

observed phenomenon was not AMPK-dependent, since the kinase induced both 

ERRα and SIRT3 expression (III, Fig.2g). 

5.3.2 Metformin induces mitochondrial biogenesis. 

As seen on representative microscopic slides, treatment with metformin for 48 

hours induced mitochondria-specific MTCO1 protein in mouse primary 

hepatocytes (III, Fig. 4a). Similar results were observed for HepG2 cells (data not 

shown). Moreover, MTCO1 was elevated in whole cell lysates from mouse 

primary hepatocytes treated with metformin for 24 (data not shown) and 48 hours 

(III,Fig. 4b). Although these results suggest increased mitochondrial biogenesis in 

response to the drug, it also might have been an effect specific for Mtco1 gene. 

Therefore, after 48 hour long incubation with metformin, HepG2 cells were 

treated with Mitotracker Green FM, which stains whole mitochondria. As seen on 

representative microscopic slides, mitochondrial mass was increased by the drug 

(III, Fig.4c) and FACS analysis of similar samples indicated a 1,8 fold change (III, 

Fig. 4d). In addition, metformin induced mitochondrial DNA inn mouse primary 

hepatocytes in a dose-dependent manner (III, Fig. 4e). Similar results were 

observed in HepG2 cells treated with metformin for 24 and 48 hours, although 

fold changes were smaller (III, Fig. 4f). 
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5.3.3 Metformin reduces ATP yield and promotes acetylation of 
mitochondrial proteins. 

Mitochondria are the main source of cellular ATP. In contrast to the observed 

induction of the organelle, the drug reduced ATP synthesis both in mouse primary 

hepatocytes and HepG2 human hepatoma cells (III, Fig3.a, b, c). However, 

overexpression of SIRT3 partially counteracted this effect. In addition, SIRT3 

increased the ATP/ADP ratio both in control and metformin-treated samples, 

indicating higher respiratory chain efficacy (Fig. 3c). 

Because of the enzymatic function of SIRT3, and in line with the observed 

reduction of this sirtuin in mitochondria, treatment with metformin enhanced the 

acetylation status of several mitochondrial proteins (III, Fig. 3d). 
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6 Discussion  

In this work we investigated very different phenomena: cytokine synthesis and 

inflammation, expression of xenobiotic metabolizing enzymes and related 

transcriptional factors and mitochondrial efficiency. Although diverse, all of them 

are sensitive to an energy flux. Another common denominator of the presented 

projects is the type of tissue the experiments were performed on: hepatocytes or, 

more generally, the liver. Consequently, the recurring themes of this thesis are 

hepatic factors sustaining energy homeostasis, namely PGC-1α, AMPK and to a 

lesser extent sirtuins. Because fasting, physical exercise, metformin, cAMP and 

glucagon regulate function of AMPK and PGC-1α, we also studied their effect. 

In our experiments we used cultures of mouse primary hepatocytes as the best 

available model of the liver in vitro. This approach has apparent advantages, since 

it allows testing of several hypotheses using a very small number of animals. 

Obviously, this model does not feature all hepatic aspects (e.g. fluctuating levels 

of insulin and glucagon, interaction with non parenchymal cells, continuously 

changing drug concentration and hundreds more). For that reason, when possible, 

we confirmed the most important findings in vivo. Because we studied basic and 

evolutionary conserved pathways [1], it is very probable that many of our 

observations are transferable to our own species. We partially addressed this issue 

by utilizing human hepatoma HepG2 cells. However energy metabolism and gene 

expression program of immortalized cell lines and cancers in general, is heavily 

altered [122]. Therefore all data obtained from this type of experiments should be 

interpreted cautiously.  

6.1 Role of PGC-1α, AMPK and metformin in modulating hepatic 
cytokine expression 

Perhaps the most interesting finding is the effect of PGC-1α on the immune 

system. Previously it was shown that PGC-1α is responsive to cytokine signaling 

[8]. In fact in some cases, its expression, e.g., during adaptive thermogenesis, 

depends on Interleukin 4 and macrophage activation [21]. The uniqueness of our 

study is that we demonstrate a reciprocal interaction and show that PGC-1α is a 

significant factor regulating cytokine expression. The analysis of microarrays 

from hepatocytes infected with PGC-1α-Ad and livers of fasting mice revealed 

unexpected changes in a cluster of genes related to the immune system. However, 

given the arbitrary set of thresholds (fold change exceeding ± 1, 5) and the biased 
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nature of literature based meta-analysis it is very probable that the presented 

compilation of 58 genes is not complete. For example PGC-1α induces expression 

of PXR (original publication II), which was shown to interfere with NF-κb 

signaling thus reducing mRNA levels of several proinflammatory cytokines. 

However, PXR escaped the classification and was not included in the compilation. 

Nevertheless, the presented list indicates that PGC-1α is engaged in regulation of 

immune system genes. This hypothesis was further supported by the in vivo 

experiments. Both fasting and physical exercise induced expression of PGC-1α 

and its newly identified target genes (IL1RN and IL15Rα) in the liver. However, 

Tweak, yet another cytokine responsive to PGC-1α, was regulated in rat livers in 

the opposite direction in samples obtained from mice (primary hepatocytes, 

livers). This fact indicates the existence of interspecies differences in the PGC-1α-

mediated transcriptional program. Nonetheless, IL1Rn and IL15Rα were induced 

by PGC-1α in human hepatoma HepG2 cells, suggesting that at least some of the 

newly identified genes are regulated in a similar fashion in humans. However, this 

issue should be investigated more carefully, with the obvious constraints of 

obtaining samples from human subjects. 

IL1Rn is a potent anti-inflammatory cytokine and reduces expression of the 

acute phase proteins (ACP) in hepatocytes. Overexpression of PGC-1α had 

similar results. However, it is difficult to separate the role of PGC-1α-induced 

IL1Rn from a potential intrinsic effect of the coactivator. The experiments with 

IL1Rn siRNA suggest that at least part of the observed reduction in ACP levels is 

due to higher IL1Rn expression. 

Previously, IL1Rn was shown to be under the control of PPARα [183], the 

expression and coactivation of which is driven by PGC-1α [36]. Accordingly, loss 

of PPARα attenuated expression of IL1Rn. Similar results were observed for 

IL15Rα and PXR, indicating an analogous mechanism involved in the regulation 

of these genes. Moreover, data from PPARα knockout mice, suggest that this 

nuclear receptor is required for fasting-induced expression of IL15Rα and IL1Rn. 

Taken together (increased expression of IL1RN and PXR, reduction of Tweak, 

Cxcl1 and Ccl9 chemokines), induction of hepatic PGC-1α appears to have an 

anti-inflammatory effect. In hindsight, given that mounting of the immune 

response is an energy-demanding process [172], it is a rational solution. From this 

perspective, PGC-1α would suppress the immune system during states of caloric 

stress like fasting, enhanced thermogenesis or strenuous physical exercise. On the 

other hand, by suppressing Interleukin 1 response, PGC-1α would attenuate 

anorexia related to inflammation and fever [184,185]. Currently, however, the role 
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of PGC-1α, or its exact contribution to the regulation of the immune system in 

vivo, especially in humans, is largely unknown. Taking into account a relatively 

large set of genes regulated by PGC-1α and the possibility that some of them have 

not been identified yet, the anti-inflammatory properties of the coactivator could 

be revised in the future. Nevertheless, our study places PGC-1α in a strategic 

position between the immune system and energy flux and makes it an interesting 

target for future studies, especially in view of diseases associated with metabolic 

syndrome like type 2 diabetes mellitus. 

Metformin is a frequently prescribed drug used for treatment of T2DM [66]. 

We observed that it also changes expression of newly identified genes regulated 

by PGC-1α. To a certain degree, such an effect was expected, since PGC-1α 

transcription was attenuated by the drug in response to glucagon or cAMP 

(original publication I). In addition metformin efficiently inhibited expression of 

PPARα. Indeed, lower levels of IL15Rα are in concordance with reduced levels of 

PGC-1α and PPARα in metformin-treated samples. However, the drug induced 

IL1Rn, indicating the existence of another, independent mechanism. A possible 

explanation involves AMPK, because metformin is known to activate the kinase 

[70] and overexpression of AMPK resulted in higher IL1Rn levels. AMPK 

phosphorylates PGC-1α leading to its degradation [26]. However, the very same 

posttranslational modification promotes PGC-1α transcriptional activity [28]. In 

fact, our results suggest that such a modification plays a role in the regulation of 

IL1Rn, because PGC-1α with mutated AMPK-specific phosphorylation sites was 

less efficient in inducing IL1Rn promoter than its wild type counterpart. Taken 

together, these data indicate a complex regulatory mechanism in the context of the 

IL1Rn gene, involving PGC-1α and PPARα pathways and AMPK-mediated 

modification of PGC-1α. Moreover, our data suggest the existence of a PGC-

1α/PPARα-independent mechanism, triggered by metformin and related to AMPK. 

In addition, we hypothesise that AMPK could play a role in the regulation of 

IL15Rα, because over-expression of the kinase and metformin treatment inhibited 

transcription of the receptor. In fact, AMPK activation could contribute to the 

reduction of IL15Rα mRNA in hepatocytes treated with cAMP and glucagon, as 

the kinase is also activated by the same stimuli [24,25]. 

In our in vitro assays, metformin robustly induced IL1Rn, suggesting that the 

antagonist could mediate anti-inflammatory effects of the drug. However, our 

experiments were performed on samples from relatively young, healthy mice. 

Type 2 diabetes is a disease associated with age, obesity, abnormal energy 

metabolism and PGC-1α dysregulation [1,13,15,65]. It is possible that expression 
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of IL1Rn in healthy individuals is affected by the drug differently than in diabetic 

patients. In addition, severe auto-inflammatory disorders observed in IL1Rn -/- 

humans [154] compared to a mild phenotype of mice knockouts indicate the 

limitations of animal models in studying the antagonist and prevent the ultimate 

conclusions from being made. Therefore, we believe that the anti-inflammatory 

effect of metformin in the context of IL1Rn remains an open question. However, 

this issue is more complicated and should not be limited to the antagonist only. In 

fact metformin attenuated IL1Rn induction in response to IL1β, although at the 

same time it reduced expression of acute phase proteins including Saa2, 

haptoglobin and most importantly IL6. This suggests that the drug has an intrinsic, 

anti inflammatory effect, independent of IL1Rn. Metformin efficiently induces 

SIRT1 (Caton 2010, original publication III), which interferes with NF-κB 

signaling and suppress inflammation and cytokine expression e.g. IL6 or IL1β 

[127,129,187]. Therefore, it is probable that SIRT1 is involved in the observed 

phenomenon. Although the exact mechanism is unknown, our data indicate, that 

the impact of metformin on the immune system is deeper and much more 

complex than previously anticipated. 

6.2 Effect of metformin on SIRT3 expression, mitochondrial 
biogenesis and acetylation 

Because of emerging pleiotropic effects of metformin, it is imperative to know the 

exact mechanism of its action, so that side effects can be minimized. Recent 

studies indicate that reduction of the cellular ATP pool is essential for the effect of 

the drug in the liver [68,70]. Accordingly, impaired mitochondrial function and β-

oxidation emerge as important factors contributing to its therapeutic proprieties. 

In fact, metformin has a profound impact on cellular energy flux and adversely 

affects respiratory chain efficacy and inhibits ATP synthesis [68,70,73,74]. In 

addition, our data suggest that the drug also enhances the acetylation status of 

mitochondrial proteins, a modification which is associated with lower ATP yield 

and attenuated β-oxidation [118,119]. We hypothesize that the observed 

phenomenon is related to lower levels of SIRT3, which is a major regulator of 

global mitochondrial acetylation and function [117,122]. Metformin reduced both 

basal- and glucagon-induced expression of SIRT3. In concordance with a primary 

function of SIRT3, which is a protein deacetylase [117], attenuated expression of 

the sirtuin was accompanied by enhanced acetylation of several mitochondrial 

proteins. Moreover, SIRT3 overexpression partially counteracted metformin 
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effect and increased ATP synthesis. SIRT3 targets and stimulates the function of 

electron transport chain components, e.g., Complex I [120,188]. In line with these 

observations, the ADP/ATP ratio in samples (both untreated and incubated with 

metformin) was induced by SIRT3 overexpression, indicating more efficient 

mitochondrial respiration. Interestingly, animals and cell lines treated with the 

drug display remarkable similarities with SIRT3 -/- animals, which include 

reduced oxygen consumption and ATP levels, increased lactate synthesis and 

reduced mitochondrial functionality [117,118,189,190]. Taken together, these data 

strongly suggest that reduced SIRT3 and thus enhanced mitochondrial acetylation 

contribute to metformin effect. However, the mechanism behind down-regulation 

of SIRT3 by the drug is not clear. In our assays, we observed lower expression of 

ERRα, which mediates PGC-1α-dependent induction of SIRT3 [131]. Although 

metformin also reduced expression of other ERRα target genes, namely PPARα 

and Cyp17a1 [191,192], SIRT3 was down-regulated with a lower dose of the drug 

than ERRα, indicating that other, yet unidentified, factors are also involved in the 

observed phenomenon. It is equally possible that this mechanism involves direct 

inhibition or an increased degradation rate of ERRα protein. Currently, however, 

we have no data to evaluate this hypothesis. 

In line with previous reports [68], metformin impaired ATP synthesis in 

hepatocytes, despite significant induction of mitochondrial mass and DNA. This 

result indicates a strong impact of the drug on organelle efficacy. The enhanced 

mitochondrial biogenesis appears to be a response to lower ATP concentration and 

could be related to AMPK activation [70–72]. Interestingly, metformin efficiently 

reduced PPARα expression both in vivo and in vitro. Because of the nature of 

genes regulated by PPARα in the liver [56,58,193], these results suggest that 

utilization of Free Fatty Acids (FAA) is impaired in metformin-treated samples, 

further enforcing the use of glucose resources. However, the question whether the 

drug affects adipocytes, and therefore the global FFA pool, remains open. 

Nonetheless, preferential glucose consumption, combined with its anaerobic 

metabolism and lower ATP yield in hepatocytes, could contribute to the 

therapeutic effect of the drug in T2DM. 

6.3 Effect of energetic stress on PXR target genes 

Our study shows that energy flux, via PXR and impaired expression of Cyp3a11, 

can potentially interfere with drug metabolism. PXR is not only coactivated [7], 

but as our results indicate, also induced by PGC-1α. Given the presence of 
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endogenous PXR ligands [90], one would expect robust induction of positively 

regulated PXR target genes coinciding with PGC-1α activation, especially in the 

situation of energetic stress. However, as epitomized by the relatively low 

expression of Cyp3a11 during fasting, this is not the case [194]. This discrepancy 

indicates that other factors are involved in regulation of the gene. We discovered 

that SIRT1 interferes with PGC-1α and PXR interaction in the context of Cyp3a11 

promoter, and most likely this sirtuin is responsible for the observed phenomenon. 

SIRT1 activation is linked to energy flux and, through pyruvate, to the glucose 

metabolism pathway [41]. Accordingly, changes in cellular energy status, induced 

by fasting and correlating with higher pyruvate levels, interfered with expression 

of the Cyp3a11 gene 

Previously, PXR was shown to be targeted and deacteylated by SIRT1 [89]. 

However, we were unable to detect such a modification, although PXR co-

immunoprecipitated with the sirtuin, indicating that both proteins interact with 

each other and form complexes. These conflicting results make it hard to evaluate 

whether direct, physical contact with SIRT1 or changes in the acetylation status of 

PXR are responsible for the observed phenomenon. It is equally possible that both 

mechanisms contribute to impaired expression of Cyp3a11 during fasting. In 

addition, we cannot exclude the potential role of SIRT1-mediated de-acetylation 

of PGC-1α [41] and its effect on expression of the gene. Regardless of the 

mechanism, we show that energy flux and changes associated with fasting are 

involved in regulation of PXR and its target genes. Whether our finding can be 

extrapolated to humans has not been established. Our experiments with XREM 

luciferase construct in HepG2 hepatoma cells overexpressing SIRT1 and PGC-1α 

in the presence of human PXR, indeed suggests so and indicate that expression of 

the CYP3A4 enzyme is regulated in a similar fashion. If proven true, our finding 

might have an impact on limiting drug to drug interactions in patients and 

designing more efficient drug administration strategies.  

In view of the presented data, it would be interesting to study expression of 

PXR responsive genes during diabetes, since it is a condition associated with 

chronic activation of hepatic PGC-1α [13].  
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7 Conclusions 

In the presented study we investigated the effect of energetic stress on liver 

function. Our work demonstrates that sensitivity to energetic flux is a common 

aspect of liver physiology. We show that fasting, physical exercise and certain 

pharmaceutical agents (metformin) have a deep impact on hepatic metabolism 

and affect cytokine expression, mitochondrial efficacy and, potentially, drug 

metabolism. In addition, we identify and describe PGC-1α, AMPK and sirtuins as 

energy sensitive factors mediating this response. The major conclusions of the 

presented study are as follows: 

1. PGC-1α is a novel immunomodulating factor and a regulatory interlink 

between energy homeostasis and the hepatic immune system. 

2. PGC-1α induces IL1Rn and represses expression of acute phase proteins in 

response to IL1β, suggesting anti-inflammatory properties of PGC-1α. 

3. Fasting and physical exercise modulate expression of cytokines, regulated by 

PGC-1α, in the liver.  

4. AMPK is a novel factor regulating IL1Rn and IL15Rα in hepatocytes and 

might contribute to the anti-inflammatory effect of metformin.  

5. PGC-1α induces expression of PXR in response to fasting and physical 

exercise, thus connecting genes controlled by this nuclear receptor to 

systemic and cellular energy flux.  

6. SIRT1 interferes with PGC-1α-mediated coactivation of PXR and expression 

of its target genes. 

7. Metformin enhances acetylation of mitochondrial proteins by down-

regulationn of SIRT3. This mechanism leads to lower ATP synthesis in 

metformin-treated samples and might contribute to the therapeutic effect of 

the drug. 
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