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BMDC  bone marrow-derived dendritic 
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CALCOCO2 calcium binding and coiled-coil 
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CCL2       C-C motif chemokine ligand 2 
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CLOCK       clock circadian regulator 

CO       carbon monoxide 

COX2       cyclooxygenase 2 

CpdA       compound A 

CQ       chloroquine 

CRY           cryptochrome circadian regulator 

CUL3       cullin 3 

DBD        DNA binding domain 

DEX       dexamethasone 

DMEM       Dulbecco’s modified eagle 

medium 

DNA        deoxyribonucleic acid 

DUSP1       dual-specificity phosphatase 1 

EAE            experimental autoimmune    

encephalomyelitis 

ELISA  enzyme-linked immunosorbent 

assay 
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FA              fatty acid 

FASN         FA synthase 
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FFA  free FA 

G6PC/ 

G6Pase  glucose-6-phosphatase 

GC(s)  glucocorticoid(s) 

GILZ  glucocorticoid-induced leucine 

zipper 

GLUT4/ 

SLC4A4 solute carrier family 2 member 4 

GR  glucocorticoid receptor 

GRE  GC response element 

GSK3  glycogen synthase kinase 3 

GSK3B glycogen synthase kinase 3 beta 
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GSTA1  glutathione S-transferase alpha 1  

HAT  histone acetyl transferase 

ICAM  intercellular adhesion molecule 

IκBα  inhibitor of κB 

IL  interleukin 

KEAP1  Kelch like ECH associated protein 1 

LBD  ligand binding domain 

LPS  lipopolysaccharide 

LXR  liver X receptor  

MAF v-maf avian musculoaponeurotic 

fibrosarcoma oncogene 

MAPK  mitogen-activated protein kinase 

MR  mineralocorticoid receptor 

M-CSF/ 

CSF1 colony stimulating factor 1 

NFE2L2  nuclear factor, erythroid 2 like 2 

NF-κB  nuclear factor κB 

NLRP3  NACHT, LRR and PYD domains-

containing Protein 3 

NQO1  NAD(P)H quinone dehydrogenase 

1 

NR  nuclear receptor 

OPG osteoprotegerin 

OPTN  optineurin 

PCK1/ 

PEPCK  phosphoenolpyruvate 

carboxykinase 1 

PER  period circadian regulator 

PGC-1α  peroxisome proliferator-activated 

receptor  gamma coactivator-1α 

PI3K  phosphatidylinositol-3-kinase 

PKA/B/C  protein kinase A/B/C 

PPAR  peroxisome proliferator activated 

receptor  

PR  progesterone receptor 

PTM  post-translational modification 

qPCR  quantitative polymerase chain 

reaction 

RANKL  receptor activator of nuclear 

factor-κB 

ROR  RAR related orphan receptor 

RNA  ribonucleic acid 

RNA-seq  RNA sequencing 

ROS  reactive oxygen species 

RXR  retinoid X receptor 

SEGRM  selective glucocorticoid receptor 

modulator 

SMRT  silencing mediator for retinoid or 

thyroid-hormone receptor 

SUMO  small ubiquitin-related modifier  

SQSTM1  sequestosome 1 

TAT  tyrosine aminotransferase 

TF  transcription factor 

TG  triglyceride 

TLR  toll-like receptor 

Th  T helper 

TNF  tumor necrosis factor 

TSS  translation start sites 

TXNRD1  thioredoxin reductase 1 
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Glucocorticoids (GCs) are frequently prescribed in the treatment of autoimmune diseases, 

allergic asthma, septic shock, cancer. Unfortunately, the beneficial anti-inflammatory 

properties of GCs are overshadowed by detrimental side effects. Upon prolonged use, patients 

can develop hyperglycemia, hypertension, osteoporosis, skin and muscle atrophy, poor wound 

healing. In the current thesis, we studied two potential approaches to tackle this important 

issue. One is the concept of selective glucocorticoid receptor modulators (SEGRM) and another 

is a combined activation of the glucocorticoid receptor (GR) with the peroxisome proliferator-

activated receptor alpha (PPARα). Both receptors play a role in the regulation of metabolism 

and possess anti-inflammatory properties. 

By using an unbiased proteomics approach, qPCR and ChIP, we found that the autophagy 

receptor SQSTM1 but not GR mediates the anti-inflammatory action of selective GR modulator 

CpdA in LPS-treated bone marrow-derived macrophages (BMDM). CpdA drives the upregulation 

of SQSTM1 by recruiting the NFE2L2 transcription factor to its promoter. In contrast, the classic 

GR ligand dexamethasone (DEX) recruits GR to the Sqstm1 promoter and other NFE2L2-

controlled gene promoters, resulting in gene downregulation. Suppression of LPS-induced Il6 

and Ccl2 genes by CpdA in macrophages is hampered upon Sqstm1 silencing in BMDM.  

In the second part of the thesis, we studied the anti-inflammatory effects of a combined 

GR-PPARα activation by using RNA-seq, qPCR and ELISA in LPS-triggered murine primary 

hepatocytes. We observed that simultaneous treatment with GR and PPARα ligands has an 

additive anti-inflammatory effect compared to each treatment alone. We also validated the 

interaction of AMPK with the transcription complex GR-PPAR. By doing phospho-AMPK (p-

AMPK) ChIP-seq in mouse liver, we discovered that activated AMPK is enriched nearby 

promoters of lipid metabolism and circadian rhythm genes. More specifically, p-AMPK was 

recruited to genes that normally suppress the master molecular clock CLOCK-BMAL1 complex 

– Per2, Rev-erb, Cry2, Bhlhe40.  

Hence, we unraveled a novel anti-inflammatory mechanism of CpdA action in 

macrophages and defined the role of the nuclear GR-PPAR-AMPK complex in the regulation 

of transcription of inflammatory, lipid metabolism and circadian rhythm genes in hepatocytes. 
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Glucocorticoïden (GCen) worden vaak voorgeschreven voor de behandeling van autoimmune 

ziekten, allergische astma, septische shock en kanker. Helaas worden de gunstige 

ontstekingsremmende eigenschappen van GCen overschaduwd door schadelijke bijwerkingen. 

Bij langdurig gebruik kunnen patiënten hyperglycemie, hypertensie, osteoporose, huid- en 

spieratrofie, slechte wondheling ontwikkelen. In dit proefschrift hebben we twee mogelijke 

benaderingen bestudeerd om dit belangrijke probleem aan te pakken. Eén is het concept van 

selectieve glucocorticoïde receptor modulatoren (SEGRM) en een andere is een gecombineerde 

activering van de glucocorticoïde receptor (GR) en de peroxisoom proliferator-geactiveerde 

receptor alfa (PPARα). Beide receptoren spelen een rol bij de regulatie van het metabolisme en 

bezitten anti-inflammatoire eigenschappen. 

Door gebruik te maken van een onbevooroordeelde proteomics benadering, qPCR en 

ChIP, vonden we dat de autofagie receptor SQSTM1, maar niet GR, de anti-inflammatoire 

werking van de selectieve GR modulator CpdA medieert in LPS-behandelde beenmerg-afgeleide 

macrofagen (BMDM). CpdA stuurt SQSTM1 eiwit-opregulatie aan door recrutering van de 

transcriptiefactor NFE2L2 naar de Sqstml genpromotor. Dit is in tegenstelling tot het klassieke 

GR-ligand dexamethasone (DEX), dat zorgt voor de binding van GR op de promotor van Sqstml 

en andere NFE2L2-gereguleerde genen, resulterend in hun neerregulatie. CpdA-gemedieerde 

onderdrukking van de door LPS geïnduceerde Il6- en Ccl2-genen in macrofagen wordt teniet 

gedaan door Sqstm1-uitschakeling in BMDMs. 

In het tweede deel van dit proefschrift bestudeerden we de ontstekingsremmende 

effecten van gecombineerde GR-PPARα-activatie door middel van RNA-seq, qPCR en ELISA in 

LPS-getriggerde primaire hepatocyten van muizen. We hebben ontdekt dat gelijktijdige 

behandeling met GR en PPARα-liganden een aanvullend ontstekingsremmend effect heeft, in 

vergelijking met elke aparte behandeling. We valideerden ook de interactie van AMPK met het 

transcriptiecomplex GR-PPARα. Via fosfo-AMPK (p-AMPK) ChIP-seq in muizenlever, ontdekten 

we dat geactiveerd AMPK aangerijkt is nabij promoters van lipide-metabolisme en circadiaanse 

ritme genen. Meer in het bijzonder werd p-AMPK gerekruteerd naar genen die normaal de 

hoofdschakelaar van het klokmechanisme, nl. het CLOCK-BMAL1-complex onderdrukken - Per2, 

Rev-erbα, Cry2, Bhlhe40. 
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We ontrafelden dus een nieuw ontstekingsremmend mechanisme van CpdA in 

macrofagen, en definieerden de rol van het nucleaire GR-PPARα-AMPK-complex in de 

transcriptionele regulatie van ontstekingsgenen, lipidemetabolisme genen en circadiaans ritme 

genen in hepatocyten. 
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General introduction 

According to the integrated analysis using 30 studies in the period of 1985-2015, the net 

percentage of the incidence and the prevalence of autoimmune diseases worldwide per year 

increased to 19.1 % and 12.5 %, respectively (Lerner et al., 2015). In these diseases together 

with allergic asthma, septic shock, cancer etc., glucocorticoids (GCs) are frequently prescribed. 

The fraction of the population in the USA receiving an oral GC at any time point between 1999 

and 2008 is estimated to be 1.2% (Overman et al., 2013). Over 8 million prescriptions for oral 

GCs were issued in England during April 2014–March 2015 (Joseph et al., 2016). For instance, 

the GC fluticasone was in the list of top 10 prescribed drugs in July 2015 – June 2016 in Australia 

(Australian Prescriber, 2016). All these examples demonstrate huge popularity of GCs in the 

clinic. Unfortunately, the beneficial anti-inflammatory properties of GCs are overshadowed by 

detrimental side effects. Upon prolonged use patients can develop hyperglycemia, 

hypertension, osteoporosis and other side effects (Barnes, 2016; Chatzidionysiou et al., 2017; 

Fardet et al., 2015; Schäcke et al., 2002). There are several potential approaches to tackle this 

important issue. Two of them will be the main scope of the current thesis. Namely, one is the 

concept of SEGRMs (selective glucocorticoid receptor modulators) and another is a 

combination of GC treatment with the agonists of the peroxisome proliferator-activated 

receptor alpha (PPARα). The main mode of action of GCs is via glucocorticoid receptor (GR) 

activation. GR/NR3C1, together with PPARα, are members of the nuclear receptor superfamily. 

Both receptors play a role in the regulation of metabolism and possess anti-inflammatory 

properties (Bougarne et al., 2018; Ratman et al., 2013). Their functions in the context of the 

two above-mentioned anti-inflammatory approaches as well as the link with autophagy, energy 

metabolism and circadian rhythm will be unveiled further in the current thesis. 

 

Nuclear receptor superfamily 

Nuclear receptors (NRs) are a group of ligand-regulated transcription factors which coordinate 

many functions in cells, including metabolism, immunity and development. Because of this role, 

the ligands of NRs have an enormous therapeutic potential in the treatment of various diseases, 

such as cancer, metabolic and inflammatory disorders. Almost all of their therapeutic effects 
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Figure 1. Overview of nuclear receptor (NR) superfamily members with NR pairs for which crosstalk 

mechanisms have been investigated and which may bring therapeutic benefit. The NR family members 

are grouped according to sequence homology. Examples of NR crosstalk are indicated, more specifically 

crosstalk involving the glucocorticoid receptor α (GRα) (blue) or peroxisome proliferator-activated 

receptors (PPAR) (red). From this figure it is clear that a crosstalk is not restricted to closely related 

subfamily members but also includes NR members from other classes (Desmet et al., 2018). 

 

can be achieved by direct or indirect binding of NRs to DNA, accompanied by cofactor 

recruitment and followed by subsequent transcriptional regulation of a plethora of genes 

(Carlberg and Seuter, 2010; Huang et al., 2010; Lazar, 2017).  

The NR superfamily consists of 48 proteins (Figure 1). Basically, they all can be classified 

according to their sequence homology (Huang et al., 2010) or based on their functioning. The 

latter classification divides NRs into 3 functional classes (Figure 2) The first class are receptors 

with the steroid hormone ligands: the glucocorticoid receptor (GR), the androgen receptor (AR), 

the estrogen receptor (ER), the mineralocorticoid receptor (MR) and the progesterone  
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Figure 2. The functional classes of NRs as an alternative classification system. A first class consists of 

steroid receptors, with the GRα (NR3C1) as a prototypical member. A second class contains metabolite-

activated transcription factors, for example PPARα (NR1C1). A third class of NRs comprises the orphan 

receptors, with no natural ligand identified and exemplified by estrogen-related receptor α (ERRα, 

NR3B1). Their general mode of action, exemplified here for GRα, PPARα and ERRα respectively, is 

depicted in the figure. CoA, coactivators; CoR, corepressors; PGC-1α, PPARγ-coactivator 1 alpha; RXR, 

retinoid X receptor (Desmet et al., 2018). 

 

receptor (PR). These proteins reside in the cytoplasm in complex with chaperones. Upon ligand 

binding, their conformation changes followed by translocation to the nucleus and the 
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Figure 3. Functional domains of the NRs. The modular structure of the NR superfamily members consists 

of five to six homology domains (domain A-F) or four functional domains (NTD, DBD, Hinge, LBD), from 

N-terminus to C-terminus. The highly variable NTD contains the ligand-independent AF-1 and the LBD 

harbors the ligand-dependent AF-2. AF, activation function; DBD, DNA-binding domain; LBD, ligand-

binding domain; LBP, ligand-binding pocket; NR, nuclear receptor; NTD, N-terminal domain; PPIs, 

protein-protein interactions; PTM, post-translational modifications; TF, transcription factor (Desmet et 

al., 2018). 

 

regulation of gene transcription via direct or indirect binding to DNA.  

The second class are the nuclear receptors which in the unliganded state bind the DNA 

regulatory elements mainly as heterodimers. They are PPARs, retinoid X receptor (RXR), liver X 

receptor (LXR) and others. Upon ligand binding these NRs change their conformation and can 

regulate gene transcription via recruitment of coactivators and release of corepressors. The 

third class of NRs are the proteins which are structurally and functionally similar to other NRs, 

but their endogenous ligands are not known yet. For example, estrogen-related receptor (ERR) 

(Germain et al., 2006; Volle, 2016).  

NRs typically consist of four functional domains: a variable N-terminal domain (NTD), a 

conserved DNA-binding domain containing two “zinc fingers” (DBD), a flexible hinge region and 

a C-terminal ligand-binding domain (LBD) (Figure 3). Although ligand binding is the main trigger 

of NR activation, post-translational modifications (PTMs) and the repertoire of NR interaction 

partners plays a significant role in the resulted transcriptional gene regulation (Germain et al., 
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2006). Importantly, the expression level of many NRs is tissue- and time-dependent (Duez and 

Staels, 2010; Mayeuf-Louchart et al., 2017; Yang et al., 2006).  
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Part 1 

In this part of the Introduction the biology of the glucocorticoid receptor and its classic ligands 

and selective modulators will be reviewed in the context of inflammation. Also, the autophagy 

process, NFE2L2-pathway and their link with the glucocorticoid receptor and inflammation will 

be briefly described as well. 

1.1  The glucocorticoid receptor  

As was already mentioned above, the glucocorticoid receptor (GR/NR3C1) is a member of the 

first functional class of the NR superfamily. Activation of GR occurs in the cytoplasm where it is 

bound to the chaperone proteins (HSP90, HSP70 and PTGES3) and immunophilins (FKBP51 and 

FKBP52) (Grad and Picard, 2007; Pratt and Toft, 1997). GCs passively diffuse through the plasma 

membrane and interact with the ligand binding pocket of GR. This binding changes the 

conformation of GR, ensuing GR translocation to the nucleus. It was generally accepted that GR 

gets detached from chaperones during this process, but many lines of evidence propose that 

they shuttle to the nucleus together (Vandevyver, 2012).  

According to the classic paradigm of GR action, target gene upregulation is mainly driven 

by GR dimers bound to cognate glucocorticoid response elements (GRE) in the enhancer regions 

of DNA (transactivation), whilst gene suppression mainly occurs through the direct tethering of 

a GR monomer to proinflammatory transcription factors NF-κB and AP1 (transrepression) 

(Figure 4) (McKay and Cidlowski, 2000; Ratman et al., 2013). Recently however, this 

transrepression mechanism was challenged by the findings that GR directly binds to NF-κB and 

AP1 DNA elements (Hudson et al., 2018; Weikum et al., 2017) or to negative GRE (nGRE) (Surjit, 

2011). The finding that GR can form not only dimers but also tetramers (Presman et al., 2016) 

adds an extra layer of complication to this model. Hence, the paradigm of GR dimer versus 

monomer and transactivation versus transrepression requires more research to clarify the 

matter.  

Ligand-activated GR can also act on the non-genomic level by modulating proteins via 

rapid transcription-independent mechanisms. For instance, DEX treatment inhibits epidermal 

growth factor (EGF)-stimulated cytosolic phospholipase A2 activation by blocking the 
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recruitment of GRB2 to the activated EGF receptor in the A549 human adenocarcinoma cell line 

(Croxtall et al., 2000).  

GR is of significant importance mainly due to its anti-inflammatory potential. But GCs 

can also be used as pro-apoptotic drugs in the treatment of some cancer types, such as 

 Figure 4. The paradigm of glucocorticoid receptor (GR) functioning: transrepression versus 

transactivation. Upon binding with glucocorticoids (GCs), GR can repress transcription of inflammatory 

genes via tethering to pro-inflammatory transcription factors (NF-κB, AP1) or bind directly to GC 

response elements (GRE) in the form of homodimer and activate transcription of a number of genes. TF, 

transcription factor. 

 

acute lymphoblastic leukemia (ALL), multiple myeloma (MM), Hodgkin’s lymphoma (HL) and 

non-Hodgkin’s lymphoma (NHL), as well as adjuvants to reduce side effects of chemotherapy 

or radiotherapy (Lin and Wang, 2016). 
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1.1.1 Glucocorticoid receptor subtypes, structure and PTMs  

According to the “Ensembl” genome browser (www.ensembl.org), GR has 16 splice variants in 

humans. The best studied variant is the 777 amino acid long GRα (human UniProt ID P04150-1, 

here in the text used as GR), but other isoforms were also characterized (Oakley and Cidlowski, 

2011). For example, GRβ carries some alterations in the LBD domain and is unable to bind 

agonists (Lewis-Tuffin et al., 2007; Oakley et al., 1996). Since it acts as a dominant negative 

inhibitor of GRα activity, its role was originally proposed to involve control of the sensitivity of 

target tissues to glucocorticoids (Bamberger et al., 1995). In a recent study, a membrane-bound 

GR was proposed to be the GRγ isoform residing in mitochondria and involved in ligand-

independent regulation of cell energy metabolism (Morgan et al., 2016).  

 The overall modular structure of GR is similar to the one described for other NR family 

members (Figure 3) (Kauppi et al., 2003). The receptor consists of an amino-terminal domain 

(1-420 amino acids), a DNA-binding domain (DBD) (421-485 amino acids), a hinge region (486-

527 amino acids) and a carboxy-terminal ligand-binding domain (LBD) (528-777 amino acids) 

(Oakley and Cidlowski, 2011). The DBD and LBD are highly conserved in the steroid binding NR 

subclass (GR, AR, MR, PR). The translocation of GR to the nucleus is enabled by nuclear 

localization signal sequences present in both DBD and LBD. The two zinc-finger motifs in DBD 

are responsible for recognition and binding of GRE (Kadmiel and Cidlowski, 2013; Ratman et al., 

2013).  

 Various post-translational modifications (PTMs) of GR, including phosphorylation, 

acetylation, ubiquitination, and SUMOylation (small ubiquitin-related modifiers), can regulate 

its activity (Vandevyver et al., 2014). Most of the phosphorylation events (but not all) occur 

upon receptor activation by ligand binding, e.g. p-Ser 211. GR SUMOylation was shown to be 

mandatory for the formation of a GR-SUMOs-SMRT/NCoR1-HDAC3 repressing complex, which 

is necessary for NF-κB- and AP1-mediated GC-induced tethered indirect transrepression in vitro 

(Hua et al., 2016). Another study demonstrated that GR SUMOylation sites regulate receptor’s 

chromatin occupancy and that the genes differently expressed by GCs and affected by GR 

SUMOylation are significantly enriched in cell proliferation and apoptosis pathways (Paakinaho 

et al., 2014). 
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1.1.2 Glucocorticoids and their side-effects  

In 1948, a patient with rheumatoid arthritis (RA) was treated with a synthetic GC “Compound 

E” and in 1950, the Nobel Prize was awarded to Hench, Kendall and Reichstein for their 

discovery of ‘the adrenal cortical hormone’ (Hench and Kendall, 1949). GCs that are used in the 

clinic (e.g. dexamethasone, prednisone, fluticasone) are potent synthetic analogs of 

endogenous glucocorticoids (cortisol in humans and corticosterone in rodents).  

The regulation of GCs in the body is controlled by the circadian rhythm and the 

hypothalamic–pituitary– adrenal (HPA) axis. In brief, the hypothalamus responds to circadian 

cues and various stress signals by producing corticotropin-releasing hormone (CRH) and 

arginine vasopressin (AVP). CRH and AVP affect the anterior pituitary gland, which activates the 

synthesis and secretion of adrenocorticotropic hormone (ACTH). Then, ACTH circulates in blood 

and binds receptors on adrenocortical cells to induce the synthesis of glucocorticoids from 

cholesterol (steroidogenesis) following cytochrome P450-catalyzed reactions. Adrenal GCs are 

released in a pulsatile ultradian pattern which defines the normal circadian rhythm. In man, a 

peak of cortisol level in blood occurs around 8:00 AM in the morning (Chan and Debono, 2010). 

Following release, they initiate classic central negative feedback mechanisms to limit their own 

production (Lightman, 2008). An extra layer of regulation occurs in tissues, where 11β-

hydroxysteroid dehydrogenase 1 (11β-HSD1) catalyzes conversion of inactive cortisone into 

active cortisol (Kadmiel and Cidlowski, 2013). Approximately 95 % of GCs circulating in serum 

are not active due to binding to the corticosteroid-binding globulin (Moisan et al., 2014).  

Glucocorticoid functioning is subject to various other control mechanisms. The nature 

of the ligand that binds the receptor (i.e. endogenous corticosterone vs exogenous 

dexamethasone) is involved in tuning GR-dependent transcriptional output by controlling the 

residence time of the receptor at target gene promoters (Stavreva et al., 2004). Of note is the 

alternative splicing of the human glucocorticoid receptor (hGR) primary transcript that 

produces in addition to the GRα isoform GRβ and also other isoforms.  

A chronic excessive GC synthesis results in Cushing’s syndrome whereas GC deficiency 

results in Addison’s disease (Bjanesoy et al., 2014). Exogenous Cushing’s syndrome is a rare 

disease mainly caused by pituitary corticotroph neuroendocrine tumors (Langlois et al., 2018). 
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Exogenous GCs are used to treat a wide range of inflammatory diseases. Inflammation is a 

protective reaction to injury, disease, or irritation of tissues. Visible signs are characterized by a 

marked redness, swelling, pain, and/or a feeling of heat. Mild acute and local inflammation is 

relieved by short term, often topical, GC treatment as is the case for skin rashes or seasonal allergy. 

Chronic inflammatory diseases such as asthma, rheumatoid arthritis, multiple sclerosis and 

inflammatory bowel disease require a different treatment regimen and patients are highly 

dependent on GC efficacy to maintain or improve their quality of life.  

The synthetic GCs used therapeutically in the clinic have the potential to elicit side 

effects especially when administered at high doses and for extended periods of time. This limits 

the doses employed and consequently the efficacy achieved. These side effects include 

hyperglycemia, potentially leading to diabetes, dysregulated lipid metabolism, fragile bones, 

hypertension, skin atrophy, poor wound healing, muscle atrophy/myopathy, glaucoma, 

cataract, depression and mood swings (Desmet and De Bosscher, 2017; Schäcke et al., 2002). 

The top four most worrisome side effects of GCs therapy are osteoporosis, 

hyperglycemia/diabetes, cardiovascular diseases, and infections. The risk of harmful effects is 

especially high for patients taking long-term dosages equivalent to over 10 mg prednisone per 

day (Chatzidionysiou et al., 2017; Strehl et al., 2016).  

On the molecular level, hyperglycemia may result from a GR-triggered regulation of 

genes responsible for shifting energy metabolism towards glucose synthesis (gluconeogenesis). 

For example, GCs induce PEPCK/PCK1, G6Pase/G6PC in liver and inhibit insulin-supported 

pathways, such as the activity of GLUT4 or the GSK3b in muscles (Hwng and Weiss, 2014; Kuo 

et al., 2013). GC-induced gene induction leading to increased levels of the enzyme tyrosine 

aminotransferase (TAT) (Grange et al., 2001) can result in the conversion of proteins in muscles 

into fat in liver (Kuo et al., 2013, 2015). Also, GC excess causes decreased β-cell insulin 

production and insulin resistance (Schäcke et al., 2002). Combining all of the above events, a 

prolonged GC treatment can subsequently lead to the development of diabetes mellitus (DM) 

and the general suppression of inflammation can lead to a higher risk of infections, which is 

particularly problematic in elderly patients (Hwng and Weiss, 2014; Tamez-Pérez, 2015). 

Indeed, in a study of 231 patients treated with GCs (more than 20 mg/day of prednisolone-

equivalent dose) for respiratory diseases, old age was the main risk factor for the development 
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of steroid-induced DM (65 years median in the group with DM versus 53 years in the group 

without diabetes, P < 0.001). The median time of onset of DM was 91.5 days (range 15-1,733 

days) (Kim et al., 2011). 

Another severe disorder, osteoporosis, is the result of apoptosis of osteoblasts and 

osteocytes which is driven by GC-induced upregulation of sclerostin/SOST, RANKL/TNFSF11, 

CSF1/M-CSF etc. and downregulation of OPG/TNFRSF11B, BCL2, IGF1 and other proteins 

(Compston, 2018; Ilias et al., 2000; Kadmiel and Cidlowski, 2013). In addition, a resistance to 

the GC therapy may emerge (van Rossum and Lamberts, 2006). For these reasons, patients on 

GC therapy are not treated continuously with high doses but often follow an intermittent 

treatment regimen punctuated with drug withdrawal.  

Endogenous GCs bind also with high affinity MR/NR3C2, which regulate genes involved 

in sodium reabsorption (Frey et al., 2004). The synthetic GCs bind MR with much lower affinity, 

thus minimizing mineralocorticoid-based side effects. 

1.1.3 Molecular and cellular mechanisms of GCs in the regulation of inflammation  

As mentioned before, GCs work as ligands of GR which can regulate transcription of a multitude 

of genes in cells (Chinenov et al., 2013; Frahm et al., 2016; Goldstein et al., 2016; Grøntved et 

al., 2013; Jubb et al., 2015). Among others, GR represses numerous inflammatory markers, such 

as CCL2, IL6, IL1B, CCL10, TNF, PTGS2 and many others. These genes are normally regulated by 

transcription factors NF-κB (NFKB-REL complex) and AP1 (JUN-FOS complex). GC-induced GR 

interference with their activity is called transrepression. GR is believed to tether NF-κB or/and 

AP1 or bind DNA close by these factors, and by this mechanism inhibits transcription of 

inflammatory genes (McKay and Cidlowski, 2000). This paradigm was challenged by finding that 

the GR directly binds NF-κB or/and AP1 motifs (Hudson et al., 2018; Weikum et al., 2017), or 

prevents their binding to DNA in LPS-treated bone marrow-derived macrophages (BMDM) (Oh 

et al., 2017; Scheinman et al., 1995). Nevertheless, in support of the tethering model, 

components of NF-κB and AP1 complexes were still present at the promotors of inflammatory 

genes upon DEX and LPS treatment in another study in BMDMs (Uhlenhaut et al., 2013). But 

the paradigm of transactivation being considered responsible only for the GC side effects was 

definitely changed when GR-induced proteins were shown to be essential to suppress 
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inflammation, such as IκBα/NFKBIA (Auphan et al., 1995), IL-10 (Gayo et al., 1998), 

GILZ/TSC22D3 (Joanny et al., 2012) and DUSP1 (Riccardi, 2015; Vandevyver et al., 2012). The 

latter protein, for example, inhibits proinflammatory MAPK pathway by dephosphorylation of 

MAPK/p38 (Lasa et al., 2002).  

The modulation of inflammation by GC treatment occurs also on a cellular level. GCs act 

upon innate immune cells which constitute the major cell targets for anti-inflammatory 

therapies. They prevent apoptosis of monocytes, promote phagocytosis and movement of 

macrophages, and control pro-inflammatory mediator production by monocytes and 

macrophages. In responsive individuals, neutrophil rolling, adhesion and activation is inhibited 

and excessive eosinophilia is also prevented. GCs further promote dendritic cell maturation, 

survival, migration and motility, whilst limiting the dendritic cell potential to activate T cells with 

the consequent reduction in T-cells, and a reduced production of pro-inflammatory mediators 

(Liberman et al., 2018). Furthermore, at the T-cell level, GCs differentially influence the process 

of naïve helper T (Th) cell differentiation. More specifically, GCs suppress GATA3 activity in Th2 

cells, inhibiting the expression of interleukin (IL) 4 and IL5 (Liberman et al., 2009). Th1 skewing 

is inhibited by decreasing T-bet transcriptional activity hereby suppressing pro-inflammatory 

IL2 and interferon γ production (Liberman et al., 2007). How GCs act on Th17 and regulatory T 

cells are phenomena that are incompletely understood at a molecular level (Liberman et al., 

2018). 

 It is very important to mention that although GR is a potent anti-inflammatory agent in 

chronic inflammatory diseases, it has weak suppression abilities due to reasons not yet 

identified in acute inflammatory conditions, such as septic shock (Dendoncker and Libert, 2017; 

Venkatesh et al., 2018). Another unexpected feature of GR is its pro-inflammatory role in some 

conditions when GCs are added before or together with inflammatory stimuli (Dittrich et al., 

2012; Hermoso et al., 2004; Munhoz, 2006). Also, GCs were shown to induce the inflammasome 

component NLRP3 both at gene and protein levels in THP-1 macrophages (Busillo et al., 2011). 
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1.2 The selective GR modulator CpdA 

Selective GR modulators (SEGRMs) are ligands of GR that possess anti-inflammatory properties, 

at the same time lacking the GC side-effect profile (De Bosscher et al., 2016). One of such 

compounds is compound A (CpdA) - an aziridine precursor first described as a chemical analog 

of the active compound in the Namibian shrub Salsola tuberculatiformis Botschantzev 

(Figure  5). It causes contraceptive effects by prolongation of the oestrus cycle in rats when 

administered intraperitoneally (Louw et al., 1997). In another study, CpdA increased the 

percentage of free corticosterone in plasma of rats by displacing GCs from corticosteroid-

binding globulin (CBG) (Louw and Swart, 1999). It was also documented that CpdA has anti-

cancer properties (Lesovaya et al., 2015).  

 

Figure 5. Chemical structure of compound A (CpdA), cortisol and dexamethasone (DEX). 

 

But the main interest in a potential CpdA application belonged to the field of chronic 

inflammation. There are many reports demonstrating anti-inflammatory properties of CpdA in 

vitro and in vivo. For example, CpdA suppresses TNF-induced IL6 protein in TC10 endothelial 

cells and represses NF-κB-driven genes in a GR-dependent manner in HEK293T cells. It also 

suppresses inflammatory markers in ex vivo TNF-induced rheumatoid arthritis fibroblast-like 

synoviocytes (Dewint et al., 2008; Rauch et al., 2011). CpdA-triggered suppression of particular 

TNF-induced inflammatory markers (CCL2, CCL5) is GR-dependent in A549 cells (Reber et al., 

2012) and in human primary osteoblasts (Rauch et al., 2011). Numerous studies reported anti-

inflammatory properties of CpdA in vivo, e.g. in the zymosan-induced inflamed paw mouse 

model (De Bosscher et al., 2005), a collagen-induced arthritis model (Dewint et al., 2008), 

experimental autoimmune encephalomyelitis (van Loo et al., 2010; Wüst et al., 2009), a Th2-
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dependent asthma model (Reber et al., 2012) and experimental autoimmune neuritis (Zhang et 

al., 2009). CpdA was shown to compete with DEX for binding with endogenous GR in L929sA 

cells (De Bosscher et al., 2005) and HEK/GR cells (Robertson et al., 2010) and was predicted in 

silico to bind the GR ligand binding pocket in another study (Yemelyanov et al., 2008). 

Nevertheless, it was postulated that the inhibitory effect of CpdA is GR-independent in GC 

resistant TNFα/IFNγ-induced airway smooth muscle ASM cells and involves pathways that 

upregulate the anti-inflammatory protein DUSP1 and inhibit IRF1 (Gavrila et al., 2015). The anti-

inflammatory effect of CpdA in bone marrow dendritic cells (BMDC) is also GR-independent and 

involves an impairment of TLR4 signaling (Barcala Tabarrozzi et al., 2016).  

The concept of SEGRMs is very attractive because these compounds do not induce genes 

responsible for GC-induced side-effects, such as TAT, PCK1/PEPCK, G6PC/G6Pase, FASN and 

others. Indeed, CpdA does not upregulate these genes in RA fibroblast-like synoviocytes and in 

murine livers and does not cause hyperglycemia in vivo (Dewint et al., 2008; Zhang et al., 2009). 

Regarding GC-induced osteoporosis, in contrast to DEX, CpdA does not induce RANKL in the 

human osteoblastic cell line Saos-2 and does not inhibit osteoblast differentiation in mouse 

primary osteoblasts (Rauch et al., 2011). CpdA also does not support a homologous 

downregulation of GR gene by GR itself (Gossye et al., 2010; Vandevyver et al., 2014), preserving 

GR as a drug target. 

There are other SEGRMs with similar properties as CpdA. For example, CpdX alleviates 

a topically 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced ear inflammation in mice (Hua 

et al., 2016). Many SEGRMs reached the clinical trial stage. While some were meanwhile 

discontinued, e.g. fosdagrocorat and dagrocorat (Stock et al., 2017), AZD5423 (Kuna et al., 

2017), GSK870086 (Bareille et al., 2013), the trials of others are still ongoing, e.g. AZD9567 for 

the treatment of respiratory tract disorders and RA (Ripa et al., 2018), AZD7594 for asthma and 

chronic obstructive pulmonary disease (Brown et al., 2017), mapracorat for the treatment of 

psoriasis (Baiula et al., 2014) and ORIC-101, which completed a phase I trial for the treatment 

of solid tumors (Rew et al., 2018).  
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1.3 Autophagy 

Autophagy is a conserved mechanism in which various cargo substrates degrade within the cells 

of all eukaryotic organisms. Apart from proteins which are classic substrates of autophagy, lipid 

droplets, mitochondria, peroxisomes or even extracellular pathogens can also undergo this 

process. For these processes, lipophagy, mitophagy, pexophagy and xenophagy terms are used 

respectively. Although basal autophagy occurs under normal conditions, various metabolic, 

oxidative, inflammatory or other stress signals can enhance it drastically. One of the classic 

autophagy inducers is a lack of nutrients upon starvation, which can cause non-selective 

degradation of randomly engulfed cytoplasm. Together with the ubiquitin proteasome system, 

autophagy is also responsible for the degradation of misfolded or stress-damaged proteins. 

Ubiquitin is a common marker that directs substrate for degradation in both autophagy and 

proteasome systems. In comparison to autophagy, proteasomes are more restricted to small, 

short-living proteins. The components of the autophagy machinery are members of the ATG 

(autophagy-related genes) family, e.g. ULK1, LC3, VPS34, BECN1 and other proteins. In brief, 

they start assembling a double-membraned vesicle around the ubiquitinated cargo substrate in 

a cascade of protein-protein interactions, forming an autophagosome (Figure 6, steps 1-3). 

Next, it merges with a lysosome forming an autolysosome, followed by the degradation of all 

of its content (Figure 6, steps 4 and 5) (Dikic and Elazar, 2018; Mizushima, 2018; Saha et al., 

2018). The above-described process is often called in literature macroautophagy. It differs from 

microautophagy in which the lysosome directly engulfs target substrates, and from chaperone-

mediated autophagy (CMA) where substrates get directly translocated to lysosomes via pores 

in a HSC70-dependent manner (Tekirdag and Cuervo, 2018).  

One of the key components of the autophagy machinery is the homologue of yeast 

ATG8, i.e. the LC3 protein. Three LC3 isoforms exist in humans: LC3A, LC3B and LC3C, with only 

LC3A and LC3B present in mice. All isoforms share a high degree of sequence similarity and can 

be conjugated to membrane-resident phosphatidylethanolamine (PE) (Dhingra et al., 2018). 

During the formation of an autophagosome, the ATG3 enzyme conjugates the cytoplasmic form 

of LC3 (LC3 I) to PE in a membrane-forming LC3 II form (Figure 6, step 2). Hence, the increased 

level of LC3 II often serves as a marker of induced autophagy. 

33 



 
 

 

Figure 6. Overview of the autophagy process. (1) Initiation of the autophagy upon various stress signals: 

starvation, hypoxia, oxidative stress, protein aggregation, endoplasmic reticulum (ER) stress and others. 

The common target of these signaling pathways is the Unc-51-like kinase 1 (ULK1) complex, which then, 

phosphorylates components of the PI3KC3 complex. This complex triggers nucleation of the phagophore 

and engulfment of different cargo substrates (2). During this process, ATG3 mediates conjugation of 

cytoplasmic LC3 I protein to membrane-resident phosphatidylethanolamine (PE), thus forming the 

membrane-bound LC3 II. This protein can interact with the autophagy receptors (SQSTM1, NBR1, OPTN, 

NDP52), which contain LC3-interacting region (LIR). The autophagy receptors are able to bind ubiquitin, 

thus linking a cargo substrate with the autophagy machinery. Sealing of the autophagosomal membrane 

gives rise to a double-layered vesicle called the autophagosome (3), which fuses with the lysosome (4) 

to form the autolysosome. Finally, acidic hydrolases from the lysosome degrade the autophagic cargo 

(5). Ub, ubiquitin. 

Because LC3 gets degraded during the autophagy process, the decreased level of this 

protein can also point at induced autophagy when looking at different time points. Thus several 

techniques are required to properly assess the autophagy flux (Klionsky et al., 2016)  
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1.3.1 Selective autophagy 

Before, autophagy was believed to be a bulk degradation process. But nowadays, many lines of 

evidence demonstrate that it is a highly selective process, in which the so called “autophagy 

receptors” play a crucial role. These proteins, such as SQSTM1/p62, NBR1, OPTN, NDP52 can 

interact with ubiquitin on the cargo substrates and with autophagosome-bound LC3 II, thus 

directing the substrate towards degradation (Lamark et al., 2017). The autophagy receptors 

were described to have some selectivity towards the different cargo types, at least in yeast 

(Gatica et al., 2018). Hence, the term “selective autophagy” is now more often used. According 

to the state of the art in autophagy, SQSTM1 can recognize almost all types of substrate in 

mammals, unlike other autophagy receptors (Gatica et al., 2018).  

1.3.2 GR and autophagy 

The classic synthetic GC dexamethasone (DEX) was demonstrated to induce autophagy in 

various cells. DEX induces GR- and AMPK-dependent autophagy/mitophagy, as well as key 

autophagy genes ATG5, BECN1, LC3 and SQSTM1 in L6 myotubes (Troncoso et al., 2014). In 

another study using L6 myotubes, DEX also induces autophagy accompanied by an increased 

level of the lipidated LC3 form (LC3 II) and decreases, due to degradation, SQSTM1 protein levels 

(Salto et al., 2014). DEX treatment is also able to induce GR-dependent autophagy in 

chondrocytes (Liu et al., 2014; Zhao et al., 2014) and osteocytes (Xia et al., 2010). 

Recently, more NRs were shown to regulate autophagy. For instance, PPARα induction 

activates autophagy in liver, while FXR activation leads to its inhibition (Lee et al., 2014; Seok et 

al., 2014). In muscle cells, REVERBα deficiency leads to autophagy induction (Woldt et al., 2013). 

REVERBα also modulates autophagy in zebrafish (Huang et al., 2016). ESRRA/ERRα was recently 

demonstrated to be necessary for the induction of autophagy via both transcriptional and 

posttranslational control in macrophages (Kim et al., 2018).  

1.3.3 Autophagy and inflammation 

Because autophagy can be induced upon different stress stimuli, its link with inflammation is of 

particular research interest. Autophagy was demonstrated to help eliminating bacteria, such as 

Listeria monocytogenes (Rich et al., 2003) and Mycobacterium tuberculosis (Gutierrez et al., 
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2004). In another study, autophagy was necessary for enhanced cytokine expression in 

macrophages in order to attract neutrophils and to boost antifungal (Candida albicans) 

immunity (Kanayama et al., 2015). There are many reports linking autophagy and 

inflammasome-dependent inflammation. For example, mitophagy was shown to inhibit NLRP3-

inflammasome activation in macrophages, and SQSTM1, LC3 and other key autophagy proteins 

were crucial for this activation (Nakahira et al., 2011; Zhong et al., 2016; Zhou et al., 2011). 

Autophagy can affect inflammasome-mediated inflammation on another level by targeting IL1B 

for lysosomal degradation in macrophages (Harris et al., 2011). Similarly, autophagy induction 

suppresses IL1B production in starved macrophages (Shi et al., 2012). However, another study 

demonstrated the opposite observation, i.e. that loss of a key autophagy protein, ATG5, reduces 

secretion of IL1B in macrophages under nutrient-starved conditions (Dupont et al., 2011). 

It was shown that mice harboring the Crohn’s disease-associated autophagy related 16 

like 1 (ATG16L1) variant (T300A) are highly susceptible to colitis induced by dextran sulfate 

sodium and pathogenic bacteria (Lassen et al., 2014; Murthy et al., 2014). In line with this, 

ATG16L1-deficient macrophages produce more IL1B and IL18 upon LPS treatment (Saitoh et al., 

2008). Strikingly, some drugs given to patients suffering from autoimmune disease lupus, such 

as chloroquine (CQ) and hydroxychloroquine turned out to be inhibitors of autophagy. 

Conversely, some compounds reported as possible inducers of lupus in susceptible individuals 

(so called “drug-induced lupus”) are known activators of autophagy (Gros and Muller, 2014). In 

parallel, T cells and osteoblasts from rheumatoid arthritis patients showed abnormally induced 

autophagy (Lin et al., 2013; van Loosdregt et al., 2016). Currently, a peptide P140 with selective 

inhibiting properties towards chaperone-mediated autophagy is being tested in ongoing clinical 

trials in lupus patients (Bonam et al., 2018). Hence, the link between autophagy and 

inflammation is highly context dependent and thus requires more research. 

 

1.4. NFE2L2-dependent pathway  

NFE2L2/NRF2 (nuclear factor, erythroid derived 2, like 2) is a transcription factor responsible 

for the regulation of cellular redox balances and for the protective antioxidant and phase II 

detoxification response (Ahmed et al., 2017; Dodson et al., 2015; Lu et al., 2016). Under normal  
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Figure 7. NFE2L2-dependent pathway. Under normal conditions, the transcription factor NFE2L2 resides 

in the cytoplasm in complex with CUL3-dependent ubiquitin ligase and KEAP1 protein. CUL3 

ubiquitinates NFE2L2, leading to its degradation in proteasomes. Upon treatment with NFE2L2 inducers 

or accumulation of reactive oxygen species (ROS), thiol modifications of KEAP1 cysteine residues lead to 

the escape of NFE2L2. It translocates to the nucleus and heterodimerizes with small MAF proteins 

followed by activation of transcription of genes with antioxidant response elements (ARE) in their 

promoters, such as Hmox1, Nqo1, Txnrd1, Gsta1, Sqstm1. The non-canonical activation of NFE2L2 occurs 

by autophagic sequestration of KEAP1 protein directed by SQSTM1. 

 

conditions, NFE2L2 is tethered to a protein that is highly enriched in cysteine residues, KEAP1, 

in the cytoplasm. KEAP1 is a redox-regulated substrate for CUL3-dependent ubiquitin ligase. 

This ligase constantly ubiquitinates NFE2L2 which then gets degraded by proteasomes. Upon 

oxidative stress or treatment with NFE2L2 inducers, thiol modifications of KEAP1 cysteine 

residues lead to the escape of NFE2L2 from its retention by KEAP1. NFE2L2 then translocates to 

the nucleus where it heterodimerizes with small MAF proteins and transactivates genes with 
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antioxidant response elements (ARE) in their promoters, such as heme oxygenase-1 (HMOX1), 

quinone oxidoreductase (NQO1), glutathione S-transferase A1 (GSTA1) and thioredoxin 

reductase 1 (TXNRD1) (Figure 7). Autophagy receptors SQSTM1 and CALCOCO2/NDP52 also 

have AREs in their promoters and can be regulated by NFE2L2 (Jain et al., 2010; Komatsu et al., 

2010). Interestingly, SQSTM1 itself can be an activator of NFE2L2 via the autophagic 

sequestration of KEAP1 (Jain et al., 2010). Moreover, there is a KEAP1-independent non-

canonical way of NFE2L2 activation via its phosphorylation by glycogen synthase kinase-3 

(GSK3) (Rada et al., 2011).  

 Due to the activation of a plethora of cytoprotective genes, NFE2L2 serves as a 

preventive anti-malignant agent. At the same time, an upregulation of all these genes can 

diminish the therapeutic effect of anti-tumor chemotherapy (Gañán-Gómez et al., 2013). 

Hence, the clinical application of NFE2L2 triggering is highly context-dependent. 

1.4.1 NFE2L2 pathway and inflammation 

Many studies have emerged demonstrating that NFE2L2 is a valuable target to combat 

inflammation. Its chemical inducers such as sulforaphane, phenethyl isothiocyanate and 

curcumin are able to suppress LPS-induced inflammation in macrophages in a NFE2L2-

dependent manner (Boyanapalli et al., 2014; Lin et al., 2008). NFE2L2 abolishment leads to the 

increased amount of cytokines and chemokines in LPS-triggered neutrophils (Thimmulappa et 

al., 2006). The mechanism of these effects include, for example, NFE2L2-dependent 

upregulation of enzyme HMOX1 that possesses anti-inflammatory properties as well as its 

metabolites CO and bilirubin (Ahmed et al., 2017; Kim et al., 2014). Another target of NFE2L2 

NQO1 inhibits TNF and IL1B expression in human monocytes (Rushworth et al., 2008). NFE2L2 

represses inflammatory proteins cyclooxygenase-2 (COX2) and inducible nitric oxide synthase 

(iNOS) in mouse colonic tissues (Khor et al., 2006) and in cultured rat aortic vascular smooth 

muscle cells (Ho et al., 2007). NFE2L2 can also directly bind promoters of inflammatory markers 

Il1β and Il6, and suppress their transcription (Kobayashi et al., 2016). 

 A number of plant-derived compounds are able to inhibit inflammatory pathways by 

triggering NFE2L2: epigallocatechin gallate, sulforaphane, resveratrol, lycopene, curcumin, 

eriodictyol and many others (Boyanapalli et al., 2014; Leonardo and Doré, 2011; Zhu et al., 
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2015). Moreover, some of them were studied during clinical trials for the treatment of various 

inflammatory diseases (Ahmed et al., 2017). The synthetic sulforaphane analog sulfodarex is 

currently undergoing phase II clinical trials for the treatment of aneurysmal subarachnoid 

hemorrhage (stroke) and breast cancer (Simões et al., 2015). Another NFE2L2 inducer, dimethyl 

fumarate (Tecfidera), is a successful drug on the market (quarterly sales in 2013 valued at $192 

million) for the treatment of multiple sclerosis (MS) (Belcher et al., 2017; Gao et al., 2014).  

1.4.2 GR and NFE2L2 

GR was demonstrated to repress NFE2L2-induced gene transcription in several studies. Ki et al. 

revealed that DEX treatment recruits GR in a complex with silencing mediator for retinoid and 

thyroid hormone receptors (SMRT) to GRE on promoters of NFE2L2-dependent genes, 

inactivates NFE2L2 and thus suppresses gene transcription (Ki et al., 2005). Alam et al. 

discovered that GR actually binds ARE at the promoters of NFE2L2-dependent genes, which 

results in the inhibition of CBP recruitment and histone acetylation at AREs. Thus, GR sequesters 

NFE2L2 from the DNA via a mechanism known as squelching (Alam et al., 2017).  

 Other NRs including PPARγ, ERα, RXRα, ERRβ are also able to inhibit the transcriptional 

activity of NFE2L2 (Namani et al., 2014). 
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Part 2 

In this part of the Introduction the biology of PPARα, GR and AMPK will be briefly reviewed in 

the context of inflammation, metabolism and circadian rhythm.  

1.5 PPARα  

The peroxisome proliferator-activated receptor alpha (PPARα/NR1C1) is a member of the 

second functional class of the NR superfamily (Figure 2). Two other PPAR subtypes have also 

been characterized: PPARβ/δ (NR1C2) and PPARγ (NR1C3). PPARα was first identified in 1990 

and named by its ability to be activated by compounds known to induce peroxisome 

proliferation in rodents (Issemann and Green, 1990). Initially, PPARα was described as an 

orphan receptor, but later many fatty acids (FAs) and FA metabolites were identified as its 

ligands, including eicosanoids, prostaglandins, as well as many synthetic compounds, i.e. 

fibrates. Thus, it is not surprising that PPARα is highly expressed in tissues with active lipid and 

energy metabolism, such as heart, adipose tissues and liver, and is mainly responsible for the 

regulation of lipid and glucose metabolism (Bougarne et al., 2018). PPARα demonstrates also a 

rhythmic expression in these tissues (Duez and Staels, 2010; Lemberger et al., 1996; Yang et al., 

2006). Similar as for a circulating corticosterone, the levels of PPARα are upregulated during 

times of stress (Lemberger et al., 1996). 

 The role of PPARα is not restricted to energy metabolism. It can also regulate cell 

differentiation, proliferation, cancer, and inflammation (Bougarne et al., 2018). In the same way 

as GR, PPARα is able to repress inflammation in vitro and in vivo by negatively interfering with 

the activity of proinflammatory transcription factors NF-κB, AP1 and STAT (Ricote et al., 1998; 

Staels et al., 1998a; Wahli and Michalik, 2012). Its anti-inflammatory action is however less 

efficacious when compared to GR.  

 It is recognized that in its unliganded state, PPARα is bound to PPAR response elements 

(PPREs) as a heterodimer with RXR together with a corepressor complex. Upon ligand binding 

this complex gets replaced by coactivators and PPARα–RXR subsequently activates gene 

transcription (DiRenzo et al., 1997; Dowell et al., 1999). PPARα can bind such corepressors as 

NCoR, SMRT and RIP140; and a number of coactivators: PGC1α, PGC1β, CBP/p300, SRC1, PPAR-
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interacting protein, PPAR-binding protein (PBP/TRAP220/DRIP205/MED1) as well as 

coactivator-associated proteins PIMT (NCoA6IP) and coactivator-associated arginine 

methyltransferase-1 (Bougarne et al., 2018). 

 Because many genes activated by PPARα enhance fatty acid oxidation (FAO), the ligands 

of PPARα such as fibrates are used as support in the treatment of diabetes by lowering 

triglycerides (TG) level in serum (Staels et al., 1998b). Fenofibrate and the synthetic GW7647 

are mostly used in animal and cell research studies. Recently, a novel and highly selective PPARα 

ligand, i.e. pemafibrate was developed, which is currently being tested for cardioprotective 

activities in a phase 3 clinical trial in patients with type 2 diabetes and for hyperlipidemia (Arai 

et al., 2018; Hennuyer et al., 2016; Ishibashi et al., 2018). 

1.5.1 PPARα structure and PTMs 

The main structure of PPARα is largely similar to the one of GR. It also has four domains: the 

amino-terminal domain containing the ligand-independent activation function (AF-1), the 

highly conserved zinc-fingers DBD, a variable hinge region with a nuclear localization sequence, 

and the C-terminal LBD with ligand-dependent AF-2 (Hi et al., 1999; Mandrup and Bugge, 2010). 

The first three domains mainly contain sites for phosphorylation, while the last two domains 

have sites for SUMOylation. These PTMs together with ubiquitination regulate the 

transcriptional activity of PPARα by defining its coactivator/corepressor profile and stability 

(Bougarne et al., 2018). PPARα can be phosphorylated by PKA, PKC, GSK3, MAPK and AMPK 

(Barger et al., 2000; Lazennec et al., 2000; Lee et al., 2006; Staels et al., 1998b). Although the 

effect of PPARα phosphorylation on its transcriptional activity can be context-dependent, 

overall, there is a positive correlation between these two factors (Bougarne et al., 2018). 

1.6 PPARα-GR crosstalk  

Mechanistically, NR crosstalk may occur at distinct levels (Figure 8). At one extreme, different 

NRs could have overlapping sets of target genes, or even regulate different genes that belong 

to the same biological process or pathway. This need not involve any physical interaction, or 

even proximity of the NRs when bound to chromatin. At the other extreme NRs could bind to 

DNA as heterodimers or be involved in tethering type interactions at the chromatin. This mode 

of direct crosstalk demands that both NR partners are expressed in the same tissue in sufficient 
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Figure 8. Theoretically possible modes of crosstalk between NR pairs. Crosstalk between nuclear 

receptors (NRs) can occur both directly and/or indirectly. In the direct mode, the two receptors, depicted 

here as NR1 and NR2 (NR1 can be replaced by NR2 and vice versa), form a homo- (when NR1=NR2) or 

heterodimer (when NR1≠NR2). This physical interaction results in a different structure and potentially a 

different function, when compared to the structure and function of each NR on its own. The dimer 

partners may affect each other (either positively or negatively) in various ways, depicted in the left panel 

of the figure. The following action modes to enable direct crosstalk are possible: (a) cooperative binding 

of the NR dimer onto composite response elements (RE) or facilitated via DNA looping, (b) tethering of 

one NR onto the other DNA-bound NR, (c) precluding of DNA-binding via the direct interaction between 

the NRs (squelching) and (d) influencing the function of other DNA-bound transcription factors (TF) 

through direct interaction with the NR dimer. In the latter model, DNA looping could facilitate binding 

between the NRs, when one of them is bound to its respective RE. In addition, NRs can affect each other 

indirectly, i.e. without the presence of a direct interaction between the two receptors. At the level of 

the chromatin, NRs can indirectly crosstalk via (1a) competing for DNA binding due to overlapping 

binding sites, (1b) squelching of common NR heterodimer partners (DNA- bound or tethering partner), 
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(1c) squelching of transcriptional machinery components (e.g. polymerase II (Pol II) and/or 

coregulators), (1d) Up- or downregulation of common mediators (e.g. coactivators) and (1e) behaving 

as a pioneering factor by loosening the chromatin, which allows subsequent binding of the other NR. In 

addition, the following indirect crosstalk is possible: (2) the regulation of overlapping sets of gene 

targets, (3) the regulation of genes belonging to the same biological pathway and (4) the reciprocal or 

unidirectional control of each other gene/protein expression and ligand availability. Lastly, the described 

direct crosstalk modes (Direct mode a-d) can also occur through the presence of a mediator between 

the interaction partners. This mediator-assisted interaction, for example via a common coregulator, 

could subsequently enable crosstalk between the NRs (not depicted in the figure) (Desmet et al., 2018). 

 

levels and are active within the same time frame. 

1.6.1. Indirect GRα-PPAR crosstalk mode in inflammation 

Although GR and PPARα belong to different NR classes and are activated by different types of 

ligands, some of their physiological functions are overlapping and complementary, including 

control of key genes involved in the glucose metabolism, support of fatty acid β-oxidation 

during fasting as well as anti-inflammatory actions (Figure 8 – indirect mode 3) (Bougarne et al., 

2009; Lahiri et al., 2009; Nie et al., 2005; Xu et al., 2001). 

Recognition of the anti-inflammatory role of PPARα led to further studies investigating 

GR-PPARα crosstalk mechanisms either by combining or comparing GCs with PPARα agonists in 

a variety of inflammatory cell and animal models.  

Evidence for the direct involvement of PPARα in the anti-inflammatory action of GCs in 

respiratory diseases comes from the carrageenan-induced pleurisy model (Cuzzocrea et al., 

2008). Carrageenan-induced pleurisy is an acute inflammatory model in which the leukocyte 

migration that contributes to the lung inflammatory response can be easily quantified from the 

pleural exudates (Webb, 2014). The anti-inflammatory activity of DEX was weakened in PPARα-

KO mice as evidenced by reduced inhibition of NF-κB, TNFα production, cell migration, COX2 

and inducible nitric-oxide synthase (iNOS) activation. Furthermore, the anti-inflammatory 

actions of DEX were enhanced upon PPARα-agonist co-treatment in PPARα-WT mice and in 

isolated PPARα-WT macrophages. These data suggest that PPARα, by an incompletely resolved 
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and potentially novel mechanism, may be required for GCs to manifest their complete range of 

actions and full efficacy (Cuzzocrea et al., 2008). A role for PPARα in the anti-inflammatory GC 

signaling pathway is also supported by a computational analysis of the GC-induced gene 

expression network in lung airway epithelial cells of asthmatic patients. Data from this model 

indicate that GCs repress TLR4/7-mediated induction of interferon by upregulating the PPARα 

signaling pathway in asthmatic patients (Diez et al., 2012).  

Similar to conclusions from the lung inflammation models, the anti-inflammatory 

activity of DEX in a murine model of inflammatory bowel disease may also depend on PPARα. 

Indeed, the DEX-mediated inhibition of pro-inflammatory cytokine expression, oxidative stress, 

apoptosis and colon injury in a dinitrobenzene sulfonic acid-induced colitis model was 

attenuated in PPARα-KO mice (Riccardi et al., 2009). These results may either be explained by 

a direct physical interaction between GR and PPAR in the PPAR-WT mice (Figure 8 – direct 

mode d) or perhaps by a DEX-promoted mechanism that supports the synthesis/release of 

PPARα ligands (Figure 8 – direct mode 4) to subsequently trigger the anti-inflammatory effects 

of PPAR. 

Sequential application of a synthetic GC with a PPARα agonist in a mouse model of atopic 

dermatitis was as effective as repeated GC applications in reducing skin infiltrations of CD3-

positive cells (Hatano et al., 2011). A combined treatment reduced the incidence of rebound 

flares after therapy discontinuation as compared to GC-treatment alone and stimulated a faster 

recovery of the skin barrier function, which is typically disrupted upon a long-term topical GC 

treatment (Hatano et al., 2011). 

1.6.2 Direct GRα-PPAR crosstalk mode in metabolism and inflammation 

In rat FTO2B cells, a physical interaction was shown to occur between GR and PPARα (Bougarne 

et al., 2009). Furthermore, simultaneous activation of PPARα and GRα resulted in an additive 

repression of NF-B activity in hepatocyte and fibroblast cell line models (Bougarne et al., 2009), 

inferring a classic transrepression mechanism potentially requiring protein–protein interactions 

between NF-κB, PPARα and GR (Figure 8 – direct mode d). In addition, PPARα ligands inhibit 

GC-induced GRE-mediated reporter gene activation on the GILZ promoter (Figure 8 – direct 

mode c or indirectly via a mediator) (Bougarne et al., 2009). In line with the observation that 
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GRE elements are a hallmark of proximal gluconeogenic gene promoters (PCK1, G6PC), fibrates 

counteracted the GC-aggravated glucose intolerance of high-fat diet fed (and hence insulin 

resistant) mice (Bougarne et al., 2009). However, in studies described above employing 

different models (see section “1.6.1. Indirect GRα-PPAR crosstalk mode in inflammation ”) 

PPARα was proposed to play a causal role in the DEX-induced hyperglycemia and insulin 

resistance (Bernal-Mizrachi et al., 2003, 2007). Different genetic backgrounds, dietary 

differences and differences in dose of NR agonists between the experiments may underlie these 

conflicting data. Regarding the regulation of gluconeogenesis by GR and PPARα, both factors 

synergistically activate the rat liver Pck1 gene promoter (Cassuto et al., 2005). An additional 

example of crosstalk with relevance to catabolic fasting, includes a co-regulation of the hepatic 

lipid metabolic genes by GR and PPARα (Ratman et al., 2016). Under conditions of food 

deprivation, GR and PPARα cooperate to induce genes regulating lipid and glucose metabolism. 

This dual NR activation mechanism that is specifically initiated during the stressful event of 

catabolic fasting coincided with the nuclear presence of activated AMP-activated protein kinase 

(AMPK) on chromatin (Ratman et al., 2016), suggesting the potential formation of a trimeric 

complex comprising GR-PPARα-AMPK on co-controlled GR/PPAR target genes (Figure 8 – 

direct mode a-b or indirectly via mediator-assisted interaction (e.g. AMPK)).  

In addition to the previously described counteraction of PPARα agonists on the GC-

aggravated glucose intolerance observed in mice subjected to a high fat diet (Bougarne et al., 

2009), these observations and interpretations suggest a therapeutic advantage to patients 

suffering from inflammatory disorders who are receiving a high dose GC treatment regimen. 

More specifically, combining GC treatment with a PPARα agonist could potentially diminish 

their risk of GC-associated hyperglycemia. Obviously this hypothesis remains to be directly 

demonstrated in the clinic and requires the availability of selective and safe PPARα modulators. 

Prior to this, direct assessment of whether or not the combinatory actions of GCs and PPARα 

agonists allow for a lowering of the GC doses in vivo with reduced side effects while maintaining 

the therapeutic benefit requires direct and detailed testing in diverse murine models of acute 

and chronic inflammatory disorders. Within these studies it remains relevant to demonstrate a 

direct physical interaction between GRα and PPARα in the pertinent tissues, thus providing 

direct evidence for the hypothesis and a solid molecular basis for direct crosstalk. 

45 



 
 

Taken together, in the case of chronic steroid-responsive inflammatory diseases for 

example, a combinatorial treatment might provide greater therapeutic benefit. However, it 

remains to be determined in diverse inflammatory diseases whether the anti-inflammatory 

actions of synthetic GCs could be achieved at lower doses with consequently less adverse 

effects when simultaneous administered with safe PPAR agonists. 

 

1.7 AMPK and its role in PPARα-GR complex 

1.7.1 AMPK 

AMPK is a heterotrimeric protein that consists of a catalytic α and regulatory β and γ subunits. 

The first two subunits are encoded by 2 genes (α1 and α2 or β1 and β2), and γ subunit by 3 

genes (γ1, γ2, and γ3). AMPK is activated when a Thr172 residue on the α subunit becomes 

phosphorylated by liver kinase B1 (LKB1) or calmodulin-dependent protein kinase kinase 

(CaMKK). Due to the AMP/ATP ratio-dependent activation (phosphorylation) of AMPK by LKB1, 

AMPK has been considered a cellular energy sensor. 

Nutrient deprivation is a known physiological inducer of autophagy, since its various 

digested substrates can be further used for energy production. Thus, it is not surprising that 

AMPK is linking energy metabolism and autophagy. It occurs by direct AMPK phosphorylation 

of the autophagy-initiating kinase ULK1 (Egan et al., 2011). 

AMPK on its turn was also shown to be able to phosphorylate GR indirectly via the 

activation of p38 and to phosphorylate cofactors, e.g. p300/CBP, as another means of 

influencing the transcriptional regulation by GR (Nader et al., 2010). Interestingly, the effects of 

pharmacological AMPK activation on PPAR transcriptional activity are contradictory, showing 

both suppression (Bronner et al., 2004; Sozio et al., 2011) and activation (Houten et al., 2009). 

There are a number of molecules that can indirectly activate AMPK by changing the 

ATP/AMP ratio (e.g. metformin) or by direct interaction (e.g. AICAR). Metformin is widely used 

to treat hyperglycemia in individuals with type 2 diabetes. It inhibits hepatic gluconeogenesis 

in an LKB1- and AMPK-independent manner via a decrease in hepatic energy (Foretz et al., 

2010). 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) directly activates AMPK 
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by mimicking AMP (Sajan et al., 2010). Data from literature suggest that activation of AMPK can 

have anti-inflammatory effects. Thus, treatment with AICAR suppress inflammation in acute 

LPS-induced in vitro models and in chronic colitis in vivo models (Bai et al., 2010). It also inhibits 

proinflammatory effects after LPS-induced lung injury in mice (Zhao et al., 2008). However, it 

was also demonstrated that the anti-inflammatory effect of AICAR is attributed to an AMPK-

independent pathway (Łabuzek et al., 2010). 

AMPK is also known as one of the key proteins linking energy metabolism with the 

molecular clock (Jordan and Lamia, 2013; Lee and Kim, 2013). 

1.7.2 Circadian rhythm and its link to metabolism 

Circadian rhythm in the body is regulated by a molecular clock in each cell. This clock is 

orchestrated by the master or ‘‘central’’ clock which is located in the hypothalamus within the 

suprachiasmatic nucleus (SCN). The SCN clock can function autonomously, and can be reset in 

response to light. The highly conserved “circadian rhythm machinery” of the molecular clock 

consists of genes that form negative feedback loops and are expressed in a phase/antiphase 

manner (approximately a 24 h cycle). The positive limb of this clock consists of the CLOCK- 

BMAL1 transcription complex, which upregulates components of the negative limb, 

cryptochrome (CRY) and period (PER), which in turn repress CLOCK-BMAL1 activity (Figure 9). 

CLOCK has a histone acetyltransferase (HAT) activity, which is enhanced by the 

heterodimerization with BMAL1 and is essential for the circadian rhythmicity (Doi et al., 2006). 

The CLOCK-BMAL1 complex binds to E-box promoter sequences of Cry, Per, Rev-erbα and Rorα 

genes. The nuclear receptor REVERBα/NR1D1 represses while another NR RORα stimulates the 

transcription of Bmal1 gene by binding to the ROR response elements (RORE) (Figure 9) 

(Mayeuf-Louchart et al., 2017; Papazyan et al., 2016; Takahashi, 2017; Woller et al., 2016).  

AMPK was shown before to exert direct control at the protein (modification) level of 

circadian rhythm regulators, but not at the direct transcriptional level. As such, AMPK was found 

to phosphorylate CRY1 protein leading to its destabilization and hence causing de-repression of 

CLOCK-BMAL1 targets (Lamia et al., 2009). 

So far, this observation provides one mechanism of how AMPK and circadian rhythm 

pathways can be directly linked.  
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 Figure 9. The schematic model of the endogenous molecular clock in cells. The master CLOCK-BMAL1 

regulator (positive limb) binds E-box elements and activates transcription of Cry, Per, Bhlhe, Rev-erbα 

and Rorα genes. CRY, PER and BHLHE proteins (negative limb) suppress transcription activity of CLOCK-

BMAL1. REVERBα suppresses the transcription of Bmal1 by competing with its activator RORα for the 

direct binding at Bmal1 promoter sequence (RORE). 

 

1.7.3 Interplay between PPARα, GR and molecular clock components 

Lipid metabolism and its master regulator PPARα (mRNA and protein levels) itself follow 

circadian rhythmicity (Lemberger et al., 1996; Stavinoha et al., 2004). Thus, lipid-lowering by 

pharmacological PPARα activation is more effective at peak expression of PPARα in diet-

induced obese mice (Guan et al., 2018). Moreover, the peaks of Pparα and Rev-erbα mRNA 

expression are almost overleaping in rat hearts (Stavinoha et al., 2004).  

There are many studies demonstrating tight connection between PPARα and the cell 

clock. PPAR is a direct target of the BMAL1-CLOCK complex in murine liver (Oishi et al., 2005), 
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and oppositely, PPAR can regulate BMAL1 by binding to its promoter (Canaple et al., 2006). 

PPAR ligands, fibrates, can induce the mRNA of Rev-erb in primary hepatocytes (Gervois et 

al., 1999). Also, PPAR can directly and indirectly interact with PER2 in mouse liver (Albrecht et 

al., 2010). 

It is not surprising that GR is also tightly connected to the molecular clock. For example, 

GR can physically interact with CLOCK in a ligand-dependent manner via the GR ligand binding 

domain in mammalian two-hybrid and GST-pull down assays (Nader et al., 2009). It can also 

interact in a ligand-dependent way with CRY1 and CRY2 proteins, which also repress GR 

transcriptional activity. Specifically, CRY1 and CRY2 deficiency results in a more pronounced 

upregulation of DEX-induced Pck1 in murine liver, leading to aggravated hyperglycemia. The 

authors propose that metabolic side effects of GCs can be reduced by the treatment timing 

(Lamia et al., 2011). In another study, DEX treatment downregulated REVERB at the mRNA 

and protein levels in a GR-dependent manner in rat liver (Piñeda Torra et al., 2000). In turn, the 

endogenous clock can have an effect on GR. As such, CLOCK suppresses GR transcriptional 

activity via its acetylation in human colon cancer HCT116 cells (Kino, 2012; Nader et al., 2009).  
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The overall aim of the research was to study two distinct and innovative anti-inflammatory 

approaches involving GR and PPARα in various inflammatory models. 

The first approach was built on the concept of selective glucocorticoid receptor 

modulators (SEGRM), which may be a promising remedy in the treatment of chronic 

inflammatory diseases due to the lack of detrimental side effects accompanying GCs, yet 

retaining efficacy against inflammation. CpdA is widely used in laboratory studies as an example 

of SEGRMs. In spite of this, proteins and mechanisms underlying its functioning remain largely 

unknown and require further research. Even the role of GR in CpdA action has recently become 

disputable nowadays, as can be seen in the Introduction section 1.2. This knowledge would be 

beneficial for the further search and development of new SEGRMs or other types of anti-

inflammatory molecules applicable in clinic. Hence, in the Results Part 1 section of the thesis, 

we focused on the unraveling of molecular mechanisms of CpdA compared to DEX in the LPS-

treated murine bone marrow-derived macrophages. More precisely, we wanted to compare 

which proteins and genes are differentially regulated by CpdA and DEX by using an unbiased 

proteomics approach, qPCR, ChIP and other mechanism-validating state-of-the-art methods.  

Another potential strategy in the treatment of inflammatory disorders could be a 

combination of ligands triggering two anti-inflammatory nuclear receptors. An appropriate 

option for this model is GR-PPARα crosstalk. We showed before that under conditions of 

nutrient deprivation PPARα and GR are recruited to promoters of glucose and lipid metabolism 

genes and able to activate their transcription in an additive manner in primary hepatocytes. 

This cooperative regulation was driven by activated AMPK, which was found to be present 

within the PPARα-GR transcription complex (Ratman et al., 2016). Hence, having established 

that the PPARα-GR axis is at the crossroad of metabolism and inflammation, we wanted to build 

on the previous finding of a role for PPARα-GR crosstalk in the efficacious suppression of 

inflammation (Bougarne et al., 2009), using a genome-wide transcriptomic analysis in the LPS –

triggered murine primary hepatocyte model. In other words, we wanted to test the hypothesis 

that simultaneous pharmacological activation of PPARα and GR has an additive anti-

inflammatory effect in LPS-triggered murine primary hepatocytes. To expand on potential other 

nuclear targets of AMPK at the chromatin, we wanted to study the genome wide binding profile 

of activated AMPK in liver upon starvation and pharmacological induction of PPARα and GR, 
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and finally, we also sought to validate the interaction of AMPK with PPARα and GR in eukaryotic 

cells. 

Thus, while the initial scope of this thesis was mainly focused on the role of GR and 

PPARα in inflammation, it eventually expanded to cover additional fields of research such as 

the NFE2L2-dependent pathway, autophagy, lipid metabolism and circadian rhythm. In a way, 

it reflects the complexity of functions regulated by NRs and their interplay in cells.  
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Abstract 

Glucocorticoids are widely used to treat inflammatory disorders; however, prolonged use of 

glucocorticoids results in side effects including osteoporosis, diabetes and obesity. Compound 

A (CpdA), identified as a selective NR3C1/glucocorticoid receptor (nuclear receptor subfamily 3, 

group C, member 1) modulator, exhibits an inflammation-suppressive effect, largely in the 

absence of detrimental side effects. To understand the mechanistic differences between the 

classic glucocorticoid dexamethasone (DEX) and CpdA, we looked for proteins oppositely 

regulated in bone marrow-derived macrophages using an unbiased proteomics approach. We 

found that the autophagy receptor SQSTM1 but not NR3C1 mediates the anti-inflammatory 

action of CpdA. CpdA drives SQSTM1 upregulation by recruiting the NFE2L2 transcription factor 

to its promoter. In contrast, the classic NR3C1 ligand dexamethasone recruits NR3C1 to the 

Sqstm1 promoter and other NFE2L2-controlled gene promoters, resulting in gene 

downregulation. Both DEX and CpdA induce autophagy, with marked different autophagy 

characteristics and morphology. Suppression of LPS-induced Il6 and Ccl2 genes by CpdA in 

macrophages is hampered upon Sqstm1 silencing, confirming that SQSTM1 is essential for the 

anti-inflammatory capacity of CpdA, at least in this cell type. Together, these results 

demonstrate how off-target mechanisms of selective NR3C1 ligands may contribute to a more 

efficient anti-inflammatory therapy.   
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ABSTRACT
Glucocorticoids are widely used to treat inflammatory disorders; however, prolonged use of glucocorti-
coids results in side effects including osteoporosis, diabetes and obesity. Compound A (CpdA), identified
as a selective NR3C1/glucocorticoid receptor (nuclear receptor subfamily 3, group C, member 1)
modulator, exhibits an inflammation-suppressive effect, largely in the absence of detrimental side
effects. To understand the mechanistic differences between the classic glucocorticoid dexamethasone
(DEX) and CpdA, we looked for proteins oppositely regulated in bone marrow-derived macrophages
using an unbiased proteomics approach. We found that the autophagy receptor SQSTM1 but not
NR3C1 mediates the anti-inflammatory action of CpdA. CpdA drives SQSTM1 upregulation by recruiting
the NFE2L2 transcription factor to its promoter. In contrast, the classic NR3C1 ligand dexamethasone
recruits NR3C1 to the Sqstm1 promoter and other NFE2L2-controlled gene promoters, resulting in gene
downregulation. Both DEX and CpdA induce autophagy, with marked different autophagy character-
istics and morphology. Suppression of LPS-induced Il6 and Ccl2 genes by CpdA in macrophages is
hampered upon Sqstm1 silencing, confirming that SQSTM1 is essential for the anti-inflammatory
capacity of CpdA, at least in this cell type. Together, these results demonstrate how off-target mechan-
isms of selective NR3C1 ligands may contribute to a more efficient anti-inflammatory therapy.
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Introduction

Glucocorticoids (GCs) are widely used to treat different
inflammatory diseases including rheumatoid arthritis and
asthma [1–3]. The natural (cortisol) and synthetic (e.g., dex-
amethasone) glucocorticoids are known ligands of NR3C1/
glucocorticoid receptor (nuclear receptor subfamily 3, group
C, member 1). These glucocorticoids bind NR3C1 in the
cytoplasm leading to its translocation to the nucleus where
it functions as a transcription factor. Activated NR3C1 can
upregulate the transcription of different genes involved in
metabolism such as PCK1, TAT, G6PC and some anti-inflam-
matory genes such as TSC22D3/GILZ and DUSP1 by binding
to NR3C1 response elements (GRE), a process known as
transactivation [4,5]. Also, NR3C1 can transrepress pro-
inflammatory genes such as IL6, CCL2, and TNF via tethering
to NFKB and AP-1 (FOS/JUN) complexes, or via direct bind-
ing to negative GREs [6,7].

GCs remain the most common prescribed anti-inflammatory
drugs despite their possible severe side effects. Prolonged

systemic treatment with GCs is associated with acquired resis-
tance to treatment, hypertension, osteoporosis and increased
glucose levels leading to diabetes. Selective NR3C1 modulators
are studied as potential tools to solve this problem [8]. Using in
vitro and in vivo models, the dissociative nonsteroidal selective
NR3C1 modulator compound A (CpdA) was shown to exhibit
an inflammation-suppressive effect, largely in the absence of the
aforementioned side effects [9–13]. CpdA is a synthetic analog of
the plant-derived hydroxy phenyl aziridine precursor [14].
Recently, it was reported that CpdA can target the NFKB path-
way via a NR3C1-independent mechanism [13,15]. However,
how a CpdA-mediated NR3C1-independent mechanism may
work and which proteins are necessary for the anti-inflamma-
tory action of CpdA remain largely unknown.

NFE2L2 (nuclear factor, erythroid derived 2, like 2) is a tran-
scription factor responsible for the regulation of cellular redox
balances and for the protective antioxidant and phase II detoxifi-
cation response [16,17]. NFE2L2 is tethered to KEAP1, which is
highly enriched in cysteine residues and gets continuously ubiqui-
tinated and degraded by the proteasome. Upon oxidative stress or
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treatment with NFE2L2 inducers, NFE2L2 escapes from KEAP1
retention and translocates to the nucleus where it heterodimerizes
with small MAF proteins to transactivate genes with antioxidant
response elements (AREs) in their promoters, such as HMOX1,
NQO1 and TXNRD1. Autophagy receptors SQSTM1 and
CALCOCO2/NDP52 also have AREs in their promoters and can
be regulated byNFE2L2 [17,18].Moreover, SQSTM1 can act as an
activator of NFE2L2 via the inactivation of KEAP1 [19,20]. As an
autophagy receptor, SQSTM1 binds to ubiquitinated cargo sub-
strates and, by interaction with the phagophore-bound
MAP1LC3/LC3 protein, targets them for degradation in a process
known as autophagy [21,22].

The search for factors that underlie the anti-inflammatory
properties of CpdA will not only help to clarify the debated
NR3C1 transrepression/transactivation paradigm [23], but might
also contribute to the discovery of alternative and safer anti-
inflammatory drugs. By using a shotgun mass spectrometry ana-
lysis, we identified SQSTM1 andHMOX1 as significantly upregu-
lated proteins following CpdA treatment ofmurine bonemarrow-
derived macrophages (BMDMs) under inflamed cellular condi-
tions (LPS). We hypothesized that SQSTM1 and/or other mem-
bers of an NFE2L2-dependent pathway might be involved in
NR3C1-independentCpdA-induced suppression of inflammation
in macrophages. Although SQSTM1 was shown to be involved in
the regulation of inflammation in macrophages [24], very little is
knownabout the transcriptional regulation of SQSTM1byNR3C1
ligands andmodulators, and how this can affect gene transcription
of inflammatory markers.

Here, we show that the selective NR3C1 modulator CpdA
upregulates, while dexamethasone (DEX) downregulates,
SQSTM1, HMOX1 and TXNRD1 in BMDM via different
mechanisms at the level of gene transcription. CpdA recruits
NFE2L2, while DEX recruits NR3C1 to the promoters of the
Sqstm1, Hmox1 and Il6 genes. CpdA-mediated suppression of
LPS-induced Il6 and Ccl2 in BMDM appeared to be NR3C1
independent and was hampered only upon silencing of Sqstm1.
Remarkably, regardless of the opposite regulation of SQSTM1,
both DEX and CpdA are able to ultimately induce autophagy in
BMDM, suggesting that a staged uncoupling between SQSTM1
regulation and autophagy is possible.

Results

SQSTM1 is identified as a protein that behaves in an
opposite manner following CpdA versus DEX treatment in
LPS-induced macrophages

Because of the very different chemical structures between
dexamethasone (DEX) and CpdA (Fig. S1A), we reasoned
that the action mechanism of CpdA might also involve
other target proteins besides NR3C1, and we were specifically
interested in those proteins differentially regulated by CpdA
compared to DEX in an inflammatory context. To find this
differential protein profile, we compared combinations of
CpdA and LPS versus LPS alone, and of DEX and LPS versus
LPS alone using mass spectrometry-based shotgun proteomics
in BMDMs (Figure 1A). These cells serve as a good model for
inflammation-related studies because they are key compo-
nents of the innate immune system [25]. The higher dose of

CpdA (10 μM) compared to DEX (1 μM) is in accord with the
effective in vitro anti-inflammatory dose of this nonsteroidal
compound, as established previously [14].

As a validation of the inflammatory stimuli and the accuracy
of this method, many classic inflammatory proteins, including
among others IL1B, NOS2, ICAM1, and NFKB2 were found to
be significantly upregulated in LPS-treated cells compared to
solvent (non-induced [NI]) (Fig. S1B). In total, over 2,760 pro-
teins were quantified by shotgun proteomics, and a statistical
analysis comparing cells treated with CpdA + LPS versus LPS
alone revealed 4 significantly (p < 0.01) upregulated and 12
significantly downregulated proteins (Figure 1B). Ingenuity
Pathway Analysis (IPA®) of these 16 proteins assigned 13 hereof
to the ‘Infectious Diseases, Cell-To-Cell Signaling and
Interaction, Hematological Disease’ network (Figure 1C).
Among these proteins, SQSTM1 and HMOX1 caught our atten-
tion because of a common transcription regulator, NFE2L2 [26].
Because these proteins were not upregulated in the DEX+ LPS vs
LPS set-up (Figure 1D), we considered them as potential candi-
dates to explain the ability of CpdA to suppress inflammation,
possibly independently from NR3C1, in a LPS-induced BMDM
model. SQSTM1 was rather downregulated (p = 0.006 and 0.59-
fold change) in the DEX + LPS vs LPS set-up (Figure 1D). DEX-
regulated proteins in the inflamed macrophages were also
assigned by IPA to an inflammation-related network (Figure 1E).

In support, SQSTM1 was detected by mass spectrometry ana-
lysis also in human lung epithelial A549 cells as a differentially
regulated protein, when comparing CpdA versus DEX treatment
in combination with TNF as an alternative inflammatory stimulus
(Fig. S2C, S2D).

DEX and CpdA differentially regulate NFE2L2-dependent
genes in murine and human macrophages

To validate the mass spectrometry results and reveal further
mechanistic details of regulation, we compared the effect of DEX
versus CpdA on the regulation of Sqstm1, and by extension of
other typical NFE2L2-dependent genes, Hmox1 and Txnrd1, in
primaryBMDMs.Hereto,wemeasuredmRNAexpression after 6-
h treatment with DEX or CpdA in the absence or presence of LPS.
DEX mostly suppressed these genes, while CpdA upregulated
them (more than 2 fold). This regulation was largely similar in
the presence of LPS (Figure 2A). The regulation of HMOX1 at the
protein level followed the pattern ofmRNAregulation (Figure 2B).
The observed Sqstm1 upregulation by CpdA at the mRNA level
was much stronger than at the protein level, whereas the DEX-
induced suppression of the SQSTM1 protein was much more
prominent in comparison to the observed decrease in Sqstm1
mRNA. LPS treatment by itself upregulated both SQSTM1 and
HMOX1 (Figure 2B). As a positive control, treatment with the
NFE2L2 activator sulforaphane resulted in an increase of the
Sqstm1 gene expression level comparable to the level obtained
with CpdA. Sulforaphane did lead to a much stronger upregula-
tion of HMOX1 both at the mRNA and protein level (Fig. S3A,
S3B). As expected from an NR3C1-activating steroid, the DEX-
induced downregulation of Sqstm1 was completely abolished
upon Nr3c1 silencing (Figure 2C). To our surprise, the CpdA-
activated gene expression of Sqstm1 was largely retained upon
silencing of Nr3c1, indicating a role for another transcriptional
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Figure 1. LC-MS/MS analysis reveals differentially expressed proteins in BMD macrophages treated with DEX or CpdA under the inflammatory condition. (A)
Schematic overview of the mass spectrometry-based shotgun proteomics experiment. (B) Volcano plot with significantly up- (red) or downregulated (green) proteins
in CpdA + LPS versus LPS alone. CpdA (10 μM) and 100 ng/ml LPS treatments were used. Statistics by multiple two-sample t-tests, each with a permutation-based
FDR of 0.05 and S0 value of 0.1 for truncation. (N = 3). (C) Ingenuity pathway analysis (www.qiagenbioinformatics.com) of significantly regulated proteins from CpdA
+ LPS versus LPS comparison. (D) Volcano plot with significantly up- (red) or downregulated (green) proteins in DEX + LPS versus LPS. DEX (1 μM) and 100 ng/ml LPS
treatments were used. Statistics by multiple two-sample t-tests, each with a permutation-based FDR of 0.05 and S0 value of 0.1 for truncation. (N = 3). (E) Ingenuity
pathway analysis of significantly regulated proteins from DEX+ LPS versus LPS comparison.
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regulator. UponNfe2l2 silencing, the potential of DEX to mediate
Sqstm1 gene downregulation was unaffected, whereas the capacity
of CpdA to upregulate Sqstm1 was strongly attenuated
(Figure 2C). The efficiency of Nr3c1 and Nfe2l2 silencing is
depicted in Figure S3C.

To evaluate the significance of novel mRNA synthesis to
potentially explain the above-described differential gene reg-
ulation, we co-treated BMDM with the transcription inhibitor
actinomycin D (ActD) and measured Sqstm1 and Hmox1
mRNA levels. Figure 2D shows that both for Sqstm1 and

Figure 2. CpdA induces while DEX suppresses a subset of NRF2-dependent genes in macrophages. (A) qPCR analysis of BMDMs treated with vehicle, 1 μM DEX, 10
μM CpdA and 100 ng/ml LPS for 6 h. Gene expression levels were normalized to Ppia/cyclophilin and Rn18s using qbase+ . Statistical analysis was done using two-
way ANOVA and Dunnett’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 4). NI, non-induced. (B) Immunoblotting of BMDMs treated with 1 μM DEX,
10 μM CpdA and 100 ng/ml LPS for 6 h. Densitometry was done using ImageJ. The SQSTM1 signal is normalized to ACTA1/actin. kDa, kilodaltons. (C) qPCR analysis of
BMDMs treated with 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h after Nr3c1 and Nfe2l2 were knocked down for 50 h. Statistics by two-way ANOVA and
Dunnett’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 4, bars represent mean+ SEM). (D) qPCR analysis of BMDMs treated with 1 μM DEX, 10 μM
CpdA and 10 μg/ml of the transcriptional inhibitor actinomycin D for 6 h. Statistics by two-way ANOVA and Dunnett’s test (**p < 0.01, ****p < 0.0001, N = 4). (E)
Representative NFE2L2 (green) and NR3C1 (red) staining in BMDM cells after 1 h treatment with vehicle, 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS (scale bar: 10 μm)
.
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Hmox1, de novo mRNA synthesis was required to maintain
mRNA levels under solvent only-treated conditions. In the
presence of ActD, no additional changes in the amount of
mRNA across treatments were observed, suggesting at least
for CpdA the need for gene transcription and de novo mRNA
synthesis to mediate the increase in Sqstm1 and Hmox1
mRNA levels (Figure 2D).

Using indirect immunofluorescence, we determined the
subcellular localization of NR3C1 and NFE2L2 in response
to CpdA and DEX treatment in BMDM. Only DEX induced
complete nuclear accumulation of NR3C1 to the nucleus.
DEX or CpdA treatment left the subcellular localization of
NFE2L2 largely unhampered (Figure 2E). However, both
CpdA and DEX did counteract the LPS-induced nuclear
accumulation of NFE2L2 (Figure 2E).

We next asked whether the regulation by DEX and CpdA
of Sqstm1 and typical NFE2L2-dependent genes would be
similar for human macrophages. CpdA upregulated mRNA
levels of SQSTM1, HMOX1, TXNRD1and NQO1 at least 2 fold
in human THP-1 macrophages following a 6-h treatment
under normal and inflammatory conditions. Again, DEX
mainly decreased mRNA levels of these genes (Fig. S3E).

Together these findings suggest that in BMDM, DEX sup-
presses a subset of NFE2L2-dependent genes via a transcriptional
mechanism in an NR3C1-dependent manner, while CpdA
induces the same genes at least partially via anNFE2L2-dependent
mechanism.

Glucocorticoids recruit NR3C1, whereas CpdA recruits
NFE2L2 to the Sqstm1, Il6 and Il1b promoters in
macrophages

To understand the mechanism behind the differential tran-
scriptional regulation of Sqstm1 in response to classic GCs
versus CpdA, we performed NR3C1, NFE2L2 and JUNB
chromatin immunoprecipitation (ChIP) with subsequent
qPCR analysis of the Sqstm1 promoter region in macro-
phages. Sqstm1 was recently shown to be a direct target of
the transcription factor JUNB [27]. Treatment with DEX
resulted in NR3C1 recruitment concomitant with a partial
release of NFE2L2 and JUNB from the Sqstm1 promoter in
BMDM (Figure 3A, left panel). CpdA treatment did not
recruit NR3C1, but substantially increased NFE2L2 binding
(Figure 3A, left panel). As with DEX, CpdA also caused a
partial release of JUNB binding. Taking into account a large
divergence of NR3C1 binding events between human and
murine macrophages [28], to observe a quite similar above-
described regulation at SQSTM1 and HMOX1 promoters also
in human THP-1 macrophages is suggestive of conserved TF
binding mechanisms (Fig. S4A, S4B). CpdA treatment
resulted in increased occupancy of phospho-Ser2 POLR2/
RNA polymerase II (p-POLR2) at SQSTM1 and HMOX1
genes in these cells, in line with increased transcriptional
activity. In contrast, DEX treatment rather exhibited
decreased p-POLR2 binding to these genes (Fig. S4C). In
support of these findings, in silico analysis of human and
murine TF binding sites present in ChIP-qPCR fragments,
by using the JASPAR database, revealed strong and highly
conserved JUNB- and NFE2L2-binding motifs both in human

and murine Sqstm1 promoters (Figure 3B). Interestingly, the
NFE2L2 motif resembles the JUNB motif, extended with 4
base pairs. Despite the presence of a NR3C1/GR binding event
to the promoter region, the GRE motif was not retrieved,
suggesting the possibility of a NR3C1 tethering mechanism.
Strikingly, the above described transcription factor binding
profile of NR3C1, NFE2L2 and JUNB at the Sqstm1 promoter
in BMDMs remains the same even upon triggering inflamma-
tion with LPS (Figure 3A, right panel). Even more, the bind-
ing profiles are very similar at the promoters of the 2 studied
inflammatory genes, Il6 and Il1b, with DEX treatment leading
to NR3C1 recruitment and CpdA leading to NFE2L2 recruit-
ment (Figure 3C). Both compounds behave similarly in terms
of a decreased binding of JUNB. Despite the similar pattern of
NFE2L2 recruitment upon CpdA treatment, the transcrip-
tional output is different: at the Sqstm1 promoter this recruit-
ment results in the induction of mRNA, whereas at Il6 and
Il1b promoters it leads to the suppression of mRNA transcrip-
tion (Figure 3D).

Taken together, DEX and CpdA recruit NR3C1 and
NFE2L2 respectively, to the Sqstm1, Il6 and Il1b promoters,
there replacing JUNB. These transcriptional events result in
the suppression of Il6 and Il1b by both compounds, but lead
to the induction of Sqstm1 upon CpdA, or its suppression
upon DEX, treatment.

Both DEX and CpdA induce autophagy in BMDMs

Because the main known role of SQSTM1 in cells is its
involvement in autophagy as a cargo receptor, we studied
the regulation of autophagy by DEX and CpdA in macro-
phages. First, we determined mRNA expression of different
autophagy-related genes (Figure 4A). Becn1 and Atg10 were
not regulated by any treatment. According to the mass spec-
trometry analysis, the ATG5 protein was significantly sup-
pressed by DEX in the non-LPS condition (Fig. S2A). This
was confirmed both at the mRNA level (Figure 4A) and
protein level (Figure 4B lane 5). Strikingly, at the protein
but not at the mRNA level (Figure 4A) CpdA treatment
decreased ATG5 in basal and inflamed conditions
(Figure 4B, lane 6 and 9 vs lane 4). Map1lc3b mRNA was
modestly upregulated by both DEX and CpdA treatments
(Figure 4A). Intriguingly, LPS treatment suppressed overall
mRNA levels of Map1lc3b and Atg7, regardless of additional
treatments. LPS enhanced mRNA levels of the mitophagy
receptor Optn [29], whereas DEX and CpdA both suppressed
this enhancement back to basal levels (Figure 4A).

Western blot analysis demonstrated that already upon
15 min of CpdA administration combined with LPS, the levels
of the lipidated form of MAP1LC3A/B (LC3A/B-II) were
increased (Figure 4C, lane 3 versus 1). Depletion of the
cytoplasmic form of LC3A/B (LC3A/B-I) was observed after
1 h and 2 h treatment (Figure 4C, lanes 6 and 9) leading to the
decrease of both LC3A/B bands at 6 h (Figure 4C, lane 12).
Ubiquitination of all proteins and depletion of monoubiquitin
was further apparent at 2 h of CpdA plus LPS treatment
(Figure 4B, lane 3), followed by depletion of ubiquitinated
proteins at 6 h (Figure 4B, lane 9). SQSTM1 protein upregu-
lation by CpdA with LPS was less prominent as compared to
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the fold changes detected at the mRNA level (Figure 2A)
possibly because of an additional elimination process by
ongoing autophagy (Figure 4B, lane 9). In line herewith,
immunofluorescence analysis revealed that LPS enhanced

formation of SQSTM1-associated puncta, which were even
more pronounced upon adding CpdA (Figure 4D). DEX
treatment combined with LPS was also consistent with an
autophagy-supporting pattern (Figure 4C, lane 8) at 2 h. At

Figure 3. DEX recruits NR3C1 whereas CpdA recruits NFE2L2 to Sqstm1, Il6 and Il1b promoters. BMDMs were treated with vehicle, 1 μM DEX, 10 μM CpdA and
100 ng/ml LPS for 1 h. Recruitment of NR3C1, JUNB and NFE2L2 to (A) Sqstm1 or (C) Il6 and Il1b promoters was measured using qPCR after immunoprecipitation with
the respective antibodies. Normal rabbit IgG (pool of chromatin from NI, DEX and CpdA treatments) served as a negative control. Statistical analysis was done using
two-way ANOVA and Dunnett’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 3 or 4, bars represent mean+ SEM). NI, non-induced. (B) in silico analysis
of murine and human Sqstm1 promoter binding sites from ChIP-qPCR using JASPAR database (jaspar.genereg.net). (D) qPCR analysis of BMDMs treated with vehicle,
1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h. Gene expression levels were normalized to Ppia/cyclophilin and Gapdh using qbase+ . Statistical analysis was done
using one-way ANOVA and Dunnett’s test (**p < 0.01, ***p < 0.001, ****p < 0.0001, N = 5) .
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6 h of DEX treatment, a depletion of LC3A/B was clearly
observed, yet only in the absence of LPS (Figure 4B, lane 5
and lane 8).

Ultrastructural investigation of BMDM by transmission
electron microscopy (TEM) revealed autophagic phenotypes
[30] upon 2-h DEX treatment, characterized by the presence

Figure 4. DEX and CpdA induce autophagy in macrophages. (A) qPCR analysis of BMDM treated with vehicle, 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h.
Gene expression levels were normalized to Ppia/cyclophilin and Gapdh using qbase+ . Statistical analysis was done using two-way ANOVA and Dunnett’s test
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 4). NI, non-induced. (B, C) Immunoblotting of BMDM treated with 1 μM DEX, 10 μM CpdA and 100 ng/ml
LPS for 15 min, 1 h, 2 h and 6 h. ACTA1/actin served as a loading control. kDa, kilodaltons. (D) Representative SQSTM1 (red) imaging in BMDM cells after 6-h
treatment with vehicle, 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS (scale bar: 10 μm). (E) Ultrastructural investigation of BMDM by TEM after 2-h treatment with 1 μM
DEX, 10 μM CpdA and 100 ng/ml LPS. Autophagic phenotypes upon DEX treatment were characterized by the presence of myelin-like structures and autophago-
somes. Autophagic phenotypes upon CpdA treatment were characterized by a strong vacuolization and presence of autophagosomes. V, vacuoles; MLS, myelin-like
structures; AP, autophagosomes. (F) qPCR analysis of BMDMs treated with 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h after Sqstm1 was knocked down for
50 h. Statistical analysis was done using two-way ANOVA and Dunnett’s test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 6). .
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of myelin-like structures and autophagosomes (Figure 4E,
upper panels). Autophagic subcellular phenotypes upon 2-h
CpdA treatment were rather characterized by a strong vacuo-
lization additional to the presence of autophagosomes.
Adding LPS led to a strong increase in the amount of mye-
lin-like structures, but was less prominent when combined
with CpdA (Figure 4E, lower panels). Strikingly, in human
THP-1 macrophages we failed to consistently pick up autop-
hagy induction by CpdA, in contrast to DEX treatment, which
was able to induce autophagy (Fig. S5, S6). One explanation
may be that for THP-1 differentiation PMA was used, which
is a known regulator of autophagy [31] that might thus inter-
fere with the regulation of particular compound-induced
autophagy processes in our experimental conditions.

In conclusion, we showed that DEX and CpdA induce
autophagy in both basal and LPS-treated BMDMs.

Knockdown of SQSTM1 selectively enhances the
expression of LPS-stimulated autophagy receptors in
BMDM

As shown above, DEX induces autophagy (Figure 4B, 4C, 4E)
while decreasing the autophagy receptors Sqstm1 and Optn at
the transcriptional level, in the presence of LPS (Fig. 2A, 4A).
This led us to hypothesize that a conserved mechanism of
maintaining autophagy receptor balance might exist. To com-
pare the impact of DEX-downregulated versus CpdA-induced
SQSTM1 protein levels on the autophagy receptor balance in
inflamed macrophages, the effect of CpdA or DEX on the
expression of other autophagy receptors was studied following
Sqstm1 knockdown.

Figure 4F demonstrates that knockdown of SQSTM1 in
LPS-treated BMDM increased mRNA levels of the Nbr1 and
Calcoco2/Ndp52 genes, but not of Optn. In analogy with the
findings for Sqstm1 (Figure 2A), addition of CpdA, but not of
DEX coincided with a further enhancement of Nbr1 and
Calcoco2/Ndp52 autophagy receptor mRNA levels in LPS-
induced BMDM, but not of Optn, which was rather sup-
pressed by both compounds (Figure 4F). This result may
point to a conserved but selective compensatory mechanism
of autophagy receptor expression upon loss of SQSTM1 and
emphasizes the ability of CpdA to stimulate, and DEX to
downregulate, expression of particular autophagy receptors
during LPS-triggered inflammation in BMDMs.

SQSTM1 is involved in CpdA-induced suppression of
inflammation in macrophages

Anti-inflammatory properties of CpdA have extensively been
demonstrated in in vitro and in vivo experiments, and CpdA
has been shown to target NFKB, in analogy to GCs [9–13].
Because CpdA did not support NR3C1 translocation to the
nuclei of BMDMs to the same extent as DEX, we wondered
what potential alternative mechanism might be involved in the
CpdA-mediated suppression of inflammation in BMDMs.
Inhibition of the late stage of autophagy by chloroquine (CQ),
i.e. inhibition of autolysosome degradation, did not impair the
ability of DEX or CpdA to suppress these LPS-induced inflam-
matory markers (Figure 5A). Interestingly, CQ pretreatment

rather increased overall CCL2 but decreased overall IL6 protein
levels in the medium of BMDM cells, suggestive of an activating
or inhibitory step of CQ on CCL2 or IL6 secretion, respectively.

Besides GR-mediated transrepression, also GR-mediated
transactivation can contribute to resolve inflammatory pro-
cesses. Hence, we measured the levels of typical GC-induced
and trans-activated genes with anti-inflammatory properties,
i.e. Tsc22d3 and Dusp1 [32,33]. Combinations with DEX, as
expected, yielded the stronger response (Figure 5B). Dusp1
mRNA was enhanced with LPS (Figure 5B), in line with ear-
lier described effects of pro-inflammatory stimuli on Dusp1
gene transcription [34]. DEX-induced Tsc22d3 levels on the
other hand, were suppressed by LPS (Figure 5B), an effect
described before by the pro-inflammatory stimulus TNF as
part of a glucocorticoid-resistance mechanism [35]. Next, we
determined to what extent DEX or CpdA was able to inhibit
LPS-induced activated p-MAPK/ERK and p-MAPK/p38, as
parts of upstream inflammatory signaling pathways (control
of LPS-induced phosphorylation depicted in Figure S7C).
Both DEX and CpdA were able to dephosphorylate LPS-
activated MAPK/ERK but not MAPK/p38 (Figure 5C). In
some cell types, induction of the NFKBIA/IκBα protein, the
inhibitor of NFKB, was described as a potential anti-inflam-
matory mechanism of DEX [36]. In the absence and presence
of LPS, only DEX, but not CpdA, showed a slight upregula-
tion of NFKBIA at 6 h (Figure 5D).

We wondered whether the possible cyclic events of a
SQSTM1 up- or downregulation could contribute or not to
the anti-inflammatory effects of CpdA as compared to DEX.
Hence, we studied to what extent SQSTM1, NR3C1 and
HMOX1 are involved in either DEX- or CpdA-induced
repression of inflammatory gene expression, using siRNA
silencing. As expected, Nr3c1 silencing diminished the anti-
inflammatory properties of DEX. In contrast to earlier find-
ings in A549 cells [37], but in line with data in dendritic cells
[15], NR3C1 silencing did not affect the ability of CpdA to
suppress Il6 and Ccl2 mRNA. In contrast, Sqstm1 silencing
did impair the ability of CpdA to suppress LPS-induced Il6
and Ccl2 in BMDMs (Figure 5E). Knockdown of Hmox1
affected neither DEX- nor CpdA-induced suppression of
inflammatory marker expression in BMDMs (Fig. S7D).

In summary, DEX-triggered suppression of LPS-induced
inflammation in BMDMs was disrupted upon silencing of
Nr3c1, while the anti-inflammatory abilities of CpdA were
substantially ablated only when Sqstm1 was silenced.

CpdA induces a subset of stress response genes in vivo

To verify whether CpdA and DEX regulate mRNA expression
in macrophages similarly in vivo as in vitro, mice were
injected intraperitoneally (i.p.) with vehicle, DEX or CpdA
in combination with LPS for 6 h. Peritoneal macrophages
were isolated and sorted via FACS, followed by mRNA isola-
tion. Upregulation of Hsp1a1 mRNA served as a positive
control for CpdA [38] (Figure 6). Just as in primary
BMDMs, also in peritoneal macrophages DEX, but not
CpdA, enhanced the anti-inflammatory gene Tsc22d3. In con-
trast to the basal condition, in which both compounds
increased Map1lc3b mRNA (Fig. S8), in LPS-treated mice
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only CpdA upregulated this gene. In vivo CpdA treatment
induced, whereas DEX treatment decreased, levels of Sqstm1
and Hmox1 genes, completely in line with the in vitro results
in BMDMs (Figure 6). Both compounds significantly sup-
pressed LPS-induced Il6 and Ccl2 mRNA in peritoneal macro-
phages, confirming their anti-inflammatory potential on this
cell type in vivo.

Discussion

Our findings add new insights to the current paradigm of
NR3C1 functioning regarding classic and selective NR3C1
ligands and support the idea that mechanisms should be
revised or extended [23], depending on the cell types studied.
We observed in BMDM that only GCs (DEX) but not CpdA,
efficiently translocate NR3C1 to nuclei and consistently, that

Figure 5. Sqstm1 knockdown partially abolishes CpdA-induced suppression of Ccl2 and Il6 genes. (A) CCL2 and IL6 ELISA from the medium of BMDMs after 30 min 10
μM chloroquine (CQ) pretreatment and then 6 h treatment with 1 μM DEX, 10 μM CpdA, 100 ng/ml LPS and 10 μM CQ for 6 h. (N = 3). NI, non-induced. (B) qPCR
analysis of BMDMs treated with 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h. (C, D) Immunoblotting of BMDM treated with 1 μM DEX, 10 μM CpdA and 100 ng/
ml LPS for 15 min, 30 min or 6 h. ACTA1/actin served as a loading control. kDa, kilodaltons. (E) qPCR analysis of BMDMs treated with 1 μM DEX, 10 μM CpdA and
100 ng/ml LPS for 6 h after Sqstm1 and Nr3c1 were knocked down for 50 h. Gene expression levels were normalized to Ppia/cyclophilin and Gapdh using qbase+ .
Statistical analysis was done using one two-way ANOVA and Dunnett’s test (A, B, E) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, N = 4 or 5) .
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only GCs suppress LPS-induced inflammatory markers in a
NR3C1-dependent manner. We demonstrate here for the first
time that the selective NR3C1 modulator CpdA, characterized
as such in other cell models, can activate a subset of NFE2L2-
dependent genes, including Sqstm1, Hmox1, Nqo1 and
Txnrd1, both in basal and inflammatory states in human
and murine macrophages. In contrast, DEX treatment mainly
supports suppression of NFE2L2-dependent genes, which is in
line with recent findings in other cell types [39,40]. We con-
firmed that knockdown of Nr3c1 indeed abolished DEX-
induced repression of the ARE-containing Sqstm1 gene.
Although Nfe2l2 depletion lowered basal Sqstm1 mRNA
expression, a further DEX-mediated suppression was still
apparent. In contrast, Nfe2l2 knockdown substantially affected
the capacity of CpdA to induce Sqstm1 mRNA, indicating a
mechanism at least partially involving NFE2L2, rather than an
NR3C1-controlled mechanism.

In line with our novel findings of a predominant NFE2L2-
SQSTM1 involvement in CpdA’s action mechanism in macro-
phages, ChIP analysis demonstrated that only DEX treatment
recruits NR3C1, whereas CpdA treatment supports NFE2L2
recruitment to the Sqstm1 promoter. Still, mechanistic paral-
lels were also noted. For example, both DEX and CpdA
treatment decreased the binding of JUNB to the Sqstm1 pro-
moter. These data, together with an in silico analysis showing
that NFE2L2 and JUNB share the same motif, propose that
CpdA treatment may favor NFE2L2 over JUNB recruitment,
at least in BMDM.

CpdAwas demonstrated previously to suppress inflammatory
markers both at the mRNA and the protein level in vitro and in
vivo [9–13]. Anti-inflammatory properties of CpdAwere further
found to be also NR3C1-independent in bone marrow-derived

dendritic cells (BMDCs) [15]. In BMDCs, CpdA was shown to
impair TLR4 signaling. Also in BMDMs, we confirm that CpdA
may impair TLR4 signaling, at least at the level ofMAPK/ERK. In
the current study, we reveal that CpdA recruits NFE2L2 to
transcriptionally upregulate the Sqstm1 gene and subsequently
relies on the presence of functional SQSTM1 protein to mediate
anti-inflammatory gene expression at least in BMDMs. We
demonstrated that Sqstm1 silencing was indeed sufficient to
increase Il6 gene expression and to efficiently counteract the
anti-inflammatory properties of CpdA. This is in line with the
findings that SQSTM1 is a broad negative regulator of cytokine
expression in stimulated macrophages [41]. Our data also com-
plement a recent study showing that the upstream regulator
NFE2L2 itself can repress Il6 and Il1b genes by direct binding
to their promoters [42]. The involvement of SQSTM1 in the
regulation of different inflammatory proteins may be explained
by its role in autophagy as a cargo receptor. In support hereof,
Sqstm1 ablation prevents mitophagy and enhances NLRP3-
inflammasome activation [24] via a mechanism operating at
the protein level. In contrast and in addition, we discovered
that SQSTM1 is necessary for CpdA-mediated suppression of
Il6 and Ccl2 at the transcriptional level, and not dependent on
later stages of the autophagy process, because pharmacological
blocking with chloroquine failed to impair CpdA-induced proin-
flammatory gene suppression. The fact that CpdA strongly
induced SQSTM1 and increased overall protein ubiquitination,
could point to a role for the early stages of SQSTM1-ubiquiti-
nated protein aggregate formation in suppression of inflamma-
tion upon CpdA treatment. In support of this, Sergin et al.
demonstrated that in macrophages the sequestration of ubiqui-
tinated proteins by SQSTM1 appears to be a protective response
in minimizing inflammation [43]. Paradoxically, the

Figure 6. The regulation of a subset of stress response genes by CpdA and DEX in acutely inflamed peritoneal macrophages in vivo. qPCR analysis of FACS-sorted
peritoneal macrophages. Mice were treated i.p. with vehicle, 2 mg/kg DEX, 15 mg/kg CpdA and 1 mg/kg LPS for 6 h. Gene expression levels were normalized to Ppia/
cyclophilin and Gapdh using qbase+ . Statistical analysis was done using a Mann-Whitney test (*p < 0.05, **p < 0.01, N = 5–7). NI, non-induced.
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accumulation of SQSTM1 can also activate NFKB via its TRAF6
binding motif [44] and positively regulate chemokine expression
in keratinocytes [45], suggesting that the role of SQSTM1 is not
always purely anti-inflammatory but may depend on other con-
textual factors and/or the cell type.

Although DEX treatment led to a decrease in SQSTM1 at
the protein and mRNA levels, it still possessed potent anti-
inflammatory properties in BMDMs. Contributing DEX-trig-
gered NR3C1-dependent anti-inflammatory mechanisms
included NR3C1 binding to the promoters of Il6 and Il1b,
upregulation of anti-inflammatory genes (Dusp1, Tsc22d3)
and stabilization of NFKBIA/IκBα. In contrast, CpdA did
not exhibit these features. Instead it strongly induced
SQSTM1 as an alternative mechanism towards its anti-inflam-
matory properties. Despite this differential regulation of
SQSTM1 by DEX and CpdA, both compounds were able to
induce autophagy in BMDMs. However, CpdA-triggered
autophagy occurred earlier in time (LC3A/B-II upregulation)
and with a slightly different morphology (stronger vacuoliza-
tion). Intriguingly, except for the prominent transcriptional
upregulation of the autophagy receptor Sqstm1 by CpdA
treatment, the above-mentioned autophagy induction by
neither DEX nor CpdA was supported by a strong transcrip-
tional upregulation of key autophagy genes – Becn1, Atg5,
Atg7 and Atg10. Oppositely, CpdA rather decreased the level
of one of the upstream regulators of the autophagy machinery
at the protein level, ATG5. Perhaps an earlier described

physical interaction between SQSTM1 and ATG5 [46] could
explain degradation of ATG5 together with SQSTM1. The
interaction with upstream autophagy activators brings the
importance of autophagy receptor regulation to another
level. In addition to the observation that CpdA transcription-
ally induced autophagy receptors Sqstm1, Nbr1 and Calcoco2
in the inflamed BMDMs, we also showed that ablation of
SQSTM1 increased levels of Nbr1 and Calcoco2, but not of
Optn. This result may point to the existence of a possible
selective mechanism maintaining autophagy receptor balance
in macrophages.

Despite a vast interest in SQSTM1 due to its role in autophagy
and its associationwith a number of pathologies [47] there is little
information about the nuclear localization of SQSTM1 and its
role in the nuclear compartment. It was reported that SQSTM1
shuttles between the nucleus and cytoplasm and can be found in
nuclear promyelocytic leukemia bodies [48]. Using ChIP, we
tested the hypothesis that SQSTM1 might be present at the
promoters of the Il6 and Il1b genes in LPS-treated BMDM;
however, we failed to detect such recruitment to the transcrip-
tional machinery (data not shown), where NR3C1 and NFE2L2
recruitments were detected (Figure 3C).

In summary, we here reported on a novel mechanism by
which CpdA mitigates macrophage inflammation; i.e. not via
NR3C1 but via the transcriptional upregulation of the SQSTM1
protein (Figure 7). Our data imply that the search for safer anti-
inflammatory compounds might benefit from compounds that

Figure 7. The model of NFE2L2- and NR3C1-dependent transcriptional regulation of SQSTM1 following CpdA and DEX and its link to autophagy and inflammation in
macrophages. CpdA supports recruitment of NFE2L2 and a transcriptional, NR3C1-independent, upregulation of a subset of NFE2L2 pathway genes. One of those,
encoding SQSTM1, is involved in CpdA-mediated suppression of inflammation. Oppositely, NFE2L2 recruitment at Il6 and Il1b promoters results in the down-
regulation of these genes. DEX mediates NR3C1-dependent transcriptional suppression of Il6 and Il1b genes as a main driver of its potent anti-inflammatory
properties, yet is assisted by the upregulation of anti-inflammatory genes and the stabilization of NFKBIA/IκBα. The above-described transcriptional events result in a
release of the transcription factor JUNB. Both compounds are able to induce autophagy with slightly different characteristics. CpdA leads to stronger ubiquitination of
proteins at early time points, linking to aggregate-autophagy receptor binding [52]. Ub. cargo, ubiquitinated cargo; yellow lines depict activation or suppression by
CpdA; red lines depict activation or suppression by DEX; black and gray arrows depict movement and sequence of events.
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contain inflammatory processes not only via selective triggering
of NR3C1, but also via a direct transcriptional upregulation of
the autophagy receptor SQSTM1.

Materials and methods

Materials

Poly-L-lysine (P4832), dexamethasone/DEX (D4902-25MG),
rabbit anti-ACTA1 (A2066) and rabbit anti-SQSTM1 (P0067)
were purchased from Sigma. CpdA was synthesized according
to the protocol described previously [49]. Chloroquine (sc-
205,629), rabbit anti-NR3C1 (sc-8992x), mouse anti-LC3A/B
(sc-398,822), rabbit anti-NFE2L2 (sc-13,032), rabbit anti-
NFKBIA (C-21) and normal rabbit IgG (sc-2027) were from
Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-
coupled secondary anti-rabbit (111–035-144) and anti-mouse
(115–035-146) antibodies were purchased from Jackson
ImmunoResearch. Rabbit anti-JUNB (C37F9), rabbit anti-
ATG5 (2630), rabbit anti-p-MAPK/ERK (9101), mouse anti-
MAPK/ERK (L34F12), mouse anti-p-MAPK/p38 (L28B10)
and rabbit anti-MAPK/p38 (9212) were purchased from Cell
Signalling Technology. Rabbit anti-HMOX1 (SPA-896) anti-
bodies were from StressGen. Mouse anti-ubiquitin (VU-0101)
antibodies were purchased from LifeSensors. Protein A
Sepharose beads (17–5138-01) were from GE Healthcare Life
Sciences. RNAse A (740,505) was from Macherey-Nagel.
Proteinase K (19,131) was from Qiagen. LPS (tlrl-eklps) was
purchased from Invivogen.

Cell culture

Mouse bone marrow-derived macrophages were isolated from
8- to 12-week-old male wild-type C57BL/6 mice. Leg bones
were washed with 70% ethanol and twice with ice-cold, sterile
phosphate-buffered saline (PBS; Gibco, 14,190–094). After
washing, bones were gently smashed using a pestle in a
mortar containing 10 ml ice-cold, sterile PBS. Bone marrow
was filtered through a 70-μm cell strainer and centrifuged
(400 g, 7 min, 4°C). Cells were resuspended in 2 ml of RBC
osmotic lysis buffer (155 mM NH4Cl, 10 mM KHCO3,
0.1 mM EDTA, pH 7.3) for 2 min followed by washing with
PBS. After centrifugation under the same condition (400 g,
7 min, 4°C), cells were filtered again and seeded for 7 days
differentiation in DMEM (Gibco, 41,966–029) supplemented
with 10% fetal calf serum, 0.55% gentamycin and 50 ng/ml
recombinant CSF1/M-CSF (VIB Protein Service Facility,
L00810). The medium was refreshed every 2–3 days. Cells
were maintained in a 5% CO2 humidified atmosphere at 37°C.

Sample preparation and LC-MS/MS

Approximately 600,000 BMDM cells from each treatment
were pelleted by centrifugation (400 g, 5 min, 4°C) and washed
with cold PBS. The cell pellets were resuspended in lysis buffer
(8 M urea [Sigma, U5378] in 20 mM HEPES, pH 8.0) and
lysed using a microtip sonicator (15 W output, 3 bursts of 15
sec, cooling on ice in between bursts). The lysates were cleared
by centrifugation (20,000 g, 15 min at room temperature

[RT]). S-reduction and S-alkylation of the Cys residues was
performed by adding DTT (Sigma, D0632; final concentration
15 mM, 30 min at 55°C) and IAA (Sigma, 57,670; final con-
centration 30 mM, 15 min at RT in the dark), respectively. The
protein concentration was determined by the Bradford assay
and 250 µg of protein material was isolated from each sample,
which was then diluted 2-fold (to 4 M urea) and pre-digested
with 2.5 µg endoproteinase Lys-C (WAKO, 129–02541; 1:100
[w:w] ratio, 2 h at 37°C) before diluting further to 2 M urea for
overnight digestion with 5 µg trypsin (Promega, V5111; 1:50
[w:w] ratio, 37°C). The resulting peptide mixtures were pur-
ified on Sampli-Q C18 columns (Agilent, 5982–1111), dried
completely and then resuspended in 20 µL of loading solvent
A (0.1% TFA in water:acetonitrile, 2:98 [v:v]), from which 2 µL
was used to determine the peptide concentration (Lunatic,
Unchained Labs). An aliquot of the peptide material (3 µg)
from each sample was introduced into an LC-MS/MS system
through a tandem configured Ultimate 3000 RSLC nano LC
(Thermo Scientific, Germany) in-line connected to an LTQ-
Orbitrap Elite (Thermo Fisher Scientific, Germany). The sam-
ple mixture was first loaded on a trapping column (made in-
house, 100-µm internal diameter x 20-mm length, 5-µm beads
C18 Reprosil-HD, Dr. Maisch). After flushing from the trap-
ping column, the sample was loaded on a reverse-phase col-
umn (made in-house, 75-μm internal diameter x 400-mm
length, 1.9-µm beads C18 Reprosil-HD, Dr. Maisch).
Peptides were loaded with loading solvent A and were sepa-
rated with a non-linear gradient from 98% solvent A (0.1%
formic acid in water) to 56% solvent B (0.1% formic acid in
water:ACN 20:80 [v:v]) at a flow rate of 250 nl/min followed
by a 10 min wash reaching 99% solvent B. The mass spectro-
meter was operated in a data-dependent mode, positive ioni-
zation mode, automatically switching between MS and MS/MS
acquisition for the 20 most abundant peaks in a given MS
spectrum. The source voltage was 3.5 kV, and the capillary
temperature was 275°C. In the LTQ-Orbitrap Elite, full scan
MS spectra were acquired in the Orbitrap (m/z 300−2 000,
AGC target 3,000,000 ions, maximum ion injection time
100 ms) with a resolution of 60,000 (at 400 m/z). The 20
most intense ions fulfilling predefined selection criteria
(AGC target 5,000 ions, maximum ion injection time 20 ms,
spectrum data type: centroid, exclusion of unassigned and 1
positively charged precursors, dynamic exclusion time 20 sec)
were then isolated in the linear ion trap and fragmented in the
high-pressure cell of the ion trap. The CID collision energy
was set to 35 V and the polydimethylcyclosiloxane background
ion at 445.120028 Da was used for internal calibration (lock
mass). Column temperature was kept constant at 50°C.

LC-MS/MS data analysis

Data searching was done with the MaxQuant software (v
1.6.0.16) using the Andromeda search engine with default
search settings including a false-discovery rate (FDR) set at
1% on both the peptide and protein level. Spectra were
searched against the mouse proteins in the UniProt database
(September 2017 database release, www.uniprot.org). The
mass tolerance for precursor and fragment ions was set to
20 ppm and 4.5 ppm, respectively, during the main search.
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Enzyme specificity was set to C-terminal of Arg and Lys
residues, even when they were followed by a Pro residue,
with a maximum of 2 missed cleavages. Variable modifica-
tions were set to oxidation of methionine residues and protein
N-terminal acetylation. A minimum of 1 peptide was required
for identification, and matching between runs was allowed
using a 2-min time window and a 20-min alignment window.
Proteins were quantified by the MaxLFQ algorithm integrated
in the software and a minimum ratio count of 2 unique or
razor peptides was required for quantification. Downstream
data analysis was performed with the Perseus software
(v.1.6.0.7) using the ProteinGroup.txt file from a MaxQuant
database search. Proteins that were only identified by site and
reversed database hits were removed as well as potential con-
taminants. The protein LFQ intensities were log2 transformed
to obtain a normal distribution, and the replicate samples
were grouped by their treatment. For each comparison the
concerning groups were isolated and filtered for at least 3
valid values in at least 1 group. The missing values were
input with values from the lower part of the normal log2
transformed LFQ distribution, representing the detection
limit. Multiple 2-sample t-tests were performed, each with a
permutation-based FDR of 0.05 and S0 of 0.1 for truncation
with a total of 1,000 randomizations. The results were visua-
lized as volcano plots.

In vivo experiments and FACS analysis

Experiments were approved by the animal ethics committee
of the Faculty of Medicine and Health Sciences at the
University of Ghent (code dossiers 14/84 and 17/13). Mice
were purchased at Charles River. Male 8- to 12-week-old
wild-type C57BL/6 mice were intraperitoneally injected with
vehicle, 2 mg/kg dexamethasone (DEX) or 15 mg/kg CpdA
in combination with 1 mg/kg LPS. Six h later, mice were
sacrificed and peritoneal cavities were lavaged with 5 mL
PBS containing 0.1 mM EDTA. All samples contaminated
with an exaggerated number of erythrocytes were excluded
from the analysis. To determine the cellular composition of
peritoneal lavage fluids, cells were stained with antibodies
against ADGRE1/F4/80 (eBioscience, 13–4801-85), MHC
class II (eBioscience, 47–5321-82), CD19 (eBioscience,
15–0193-83), CD3 (eBioscience, 15–0031-83), LY76/Ter119
(eBioscience, 15–5921-82), FCGR1/CD64 (Biolegend,
139,311), SIGLECF (BD Biosciences, 552,126), LY6G (BD
Biosciences, 551,460), ITGAM/CD11b (BD Biosciences,
560,455) and streptavidin (BD Biosciences, 563,260). Dead
cells were always excluded from the analysis using the fix-
able viability dye eFluor506 (eBioscience, 65–0866-18).
Acquisition of multicolor samples and cell sorting was
done on an Aria II flow cytometer (BD Biosciences).
Analysis and graphic output were performed with FlowJo
software (Tree Star).

ChIP

ChIP assays were performed as described previously [50]. In
brief, BMDM were plated on 15-cm dishes. Stimulation was
done for 1 h with ethanol, 1 μM DEX or 10 μM CpdA.

Proteins were cross-linked to DNA for 10 min using 1%
formaldehyde and the cross-linking reaction was stopped
by adding glycine to a final concentration of 0.125 mM.
Cells were scraped in ice-cold PBS, washed twice and lysed
with 500 μl of lysis buffer (0.1% SDS [Merck, 8,170,341,000],
1% Triton X-100 [Sigma, X100], 0.15 M NaCl, 1 mM EDTA,
20 mM Tris-HCl pH 8) supplemented with protease inhibi-
tor cocktail (Pierce, 88,265) and sonicated 30x (30s on/30s
off, high intensity) using a Bioruptor sonicator (Diagenode)
at 4°C. Insoluble material was removed by centrifugation
(20 min, 20,000 g, 4°C). For each immunoprecipitation,
100 μl of chromatin was diluted 4 times with incubation
buffer (0.15% SDS, 1% Triton X-100, 0.15 M NaCl, 1 mM
EDTA, 20 mM HEPES pH 7.4), mixed with 5 µg of anti-
bodies to NR3C1, NFE2L2, JUNB or normal IgG antibodies
and incubated for 2 h at 4°C with rotation. Protein A
Sepharose beads slurry (40 µl per each immunoprecipitation;
GE Healthcare Life Sciences, 17–5138-01) were washed twice
and blocked in incubation buffer with 1 μg/μl BSA (Sigma,
A8806; 2 h, 4°C with rotation). Diluted chromatin samples
were mixed with a protein A Sepharose solution and incu-
bated overnight at 4°C with rotation. The next day, beads
were washed twice in wash buffer 1 (0.1% SDS, 0.1% NaDOC
[Sigma, D6750], 1% Triton X-100, 0.15 M NaCl, 1 mM
EDTA, 20 mM HEPES pH 7,4), once in wash buffer 2
(0.1% SDS, 0.1% NaDOC, 1% Triton X-100, 0.5 M NaCl,
1 mM EDTA, 20 mM HEPES pH 7.4), once in buffer 3
(0.25 M LiCl, 0.5% NaDOC, 0.5% NP-40 [Calbiochem,
492,016], 1 mM EDTA, 20 mM HEPES pH 7.4) and twice
in wash buffer 4 (1 mM EDTA, 20 mM HEPES pH 7.4).
Protein-DNA complexes were eluted in 200 μl (1% SDS
+ 0.1 M NaHCO3) at room temperature and cross-links
were reversed at 65°C overnight by adding 8 μl of 5 M
NaCl, together with 8 μl of 0.5 mg/ml RNAse A and 10 μl
of 20 mg/ml Proteinase K. DNA was purified with a
QIAquick PCR purification kit (Qiagen, 28,106) according
to the user’s manual. Precipitated DNA was analyzed by
qPCR. Primer sequences used for ChIP-qPCR analysis are
listed in Table S1.

Gene silencing

siCtrl (D-001810–10-05), mouse ON-TARGET siSqstm1 (M-
047628–01-0005), siNfe2l2 (J-040766–05-0005) and siNr3c1
(L-045970–01-0005) were ordered from Dharmacon and
used at 28 nM final concentration. Genes were silenced for
50 h using the VIROMER Green kit (Lipocalyx, VG-01LB)
according to the manual.

qPCR and ChIP-qPCR

RNA was isolated with the RNeasy purification kit (Qiagen,
74,106) according to the user’s manual. cDNA was synthe-
sized with a PrimeScript kit (Takara, 6110B). qPCR was per-
formed using Light Cycler 480 SYBR Green I Master Mix
(Roche, 04887352001). The full primer list is provided in
Table S1. qPCR data were normalized and quantified relative
to the 2 most stable reference genes with qbase+ [51].
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Immunofluorescence

BMDM cells were seeded on poly-L-lysine coated µ-Slide 8
Well chambers (Ibidi, 80,826) and treated with EtOH, 1 μM
DEX, 10 μM CpdA and 100 ng/ml LPS. Cells were washed
with PBS and fixed with 4% paraformaldehyde for 15 min at
room temperature. After 3 washes with PBS (5 min each),
cells were permeabilized with ice-cold methanol for 20 min
followed by incubation with blocking buffer (4.5 mM
Na2HPO4, 15.5 mM NaH2PO4, 100 mM NaCl, 0.23% TX-
100, 10% donkey serum [Jackson ImmunoResearch,
017–000-121]). Cells were incubated overnight at 4°C with
rabbit anti-SQSTM1 (1:500), mouse anti-NR3C1 (1:500; Santa
Cruz Biotechnology, G-5) or rabbit anti-NFE2L2 (1:300).
After 3 washes with PBS, cells were stained with rabbit
Alexa Fluor 568 (Invitrogen, A10042) and mouse Alexa
Fluor 488 (Invitrogen, A21202) antibodies together with
260 nM DAPI for 45 min at room temperature. Cells were
washed 3 times in washing buffer (blocking buffer without
serum) and once with PBS. Mounting solution was added and
slides were analyzed on an Olympus microscope (IX81) with
Fluoview 1000 version 4.2 software.

Transmission electron microscopy

Cell cultures of mouse BMD macrophages were grown on
glass cover slips and fixed in 4% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M NaCacodylate buffer, pH 7.2
for 4 h at room temperature followed by fixation overnight at
4°C. After washing, cells were subsequently dehydrated
through a graded ethanol series, including a bulk staining
with 1% uranyl acetate at the 50% ethanol step followed by
embedding in Spurr’s resin (EMS/Aurion, 14,300). Ultrathin
sections of a gold interference color were cut using an ultra-
microtome (Leica EM UC6), followed by a post-staining in a
Leica EM AC20 for 40 min in uranyl acetate at 20°C, and for
10 min in lead stain at 20°C. Sections were collected on
formvar-coated copper slot grids (Agar Scientific,
AGG2500C). Grids were viewed with a JEM 1400plus trans-
mission electron microscope (JEOL, Japan) operating at
60 kV.

Immunoblot analysis

Cells cultured in 6-well plates were solubilized in mRIPA
buffer (50 mM Tris, pH 8, 200 mM NaCl, 0.5% NaDOC,
0.05% SDS, 1% NP-40, 2 mM EDTA) together with pro-
tease inhibitor cocktail (Roche, 11,873,580,001), 2 mM NaF
and 1 mM Na3VO4. Total lysates were boiled 5 min at 95°C
with 5x Laemmli buffer (0.156 M Tris, pH 6.8, 5% SDS,
25% glycerol, 5% β-mercaptoethanol) and resolved by 10%
or 15% SDS-PAGE. Then transferred onto 0.45-µm nitro-
cellulose membranes (GE Healthcare, 10,600,016) and
incubated with Blocking buffer (Thermo Scientific,
37,538), diluted with TBS (50 mM Tris, pH 7.5, 150 mM
NaCl) in a 1:1 ratio. Subsequently, membranes were incu-
bated with antibodies to SQSTM1 (1:2000), LC3A/B
(1:1000), ACTA1 (1:4000), ATG5 (1:1000), HMOX1
(1:1000), p-MAPK/ERK and p-MAPK/p38 (1:1000),

MAPK/ERK and MAPK/p38 (1:2000), NFKBIA (1:1000),
and ubiquitin (1:2000) diluted in Blocking buffer-TBS con-
taining 0.1% Tween 20 (Sigma, P7949; TBS-T). After wash-
ing in TBS-T, chemiluminescent detection was performed
using HRP secondary antibodies (1:10,000; Jackson
ImmunoResearch, 111–035-144, 115–035-146) and a che-
miluminescent substrate kit (Thermo Scientific, 34,078).
Densitometric analysis of western blot results was per-
formed using ImageJ.

mRNA stability assay

BMDM cells were plated and treated with ethanol, 1 μM DEX
and 10 μM CpdA for 6 h, with or without the transcription
inhibitor actinomycin D (10 μg/ml; Life Technologies,
11,805,017). mRNA levels of Sqstm1 and Hmox1 were
detected by qPCR.

ELISA

CCL2 and IL6 ELISA was performed on media from BMDM
cells after 6 h induction with ethanol, 1 μM DEX or 10 μM
CpdA in combination with 100 ng/ml LPS and 10 μM chlor-
oquine (added 30 min prior to the induction with com-
pounds) by using the ELISA MAXTM Standard (BioLegend,
432,702, 430,502), according to the manual.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
software (version 7.02). Significant differences between
groups were evaluated using one-way (1 factor with more
than 2 groups) or two-way (2 factors) ANOVA with
Dunnett’s test for multiple comparison (recommended for
comparison treatments to solvent controls, marked as NI),
which was found to be appropriate as groups displayed a
normal distribution. Normality was tested with the
D’Agostino-Pearson normality test. For comparison of 2
groups, a two-tailed t-test was used. When variances across
groups were not equal, logarithmic transformation was
applied prior to statistical analysis with the following
back-transformation. In vivo experiments were analyzed
using the Mann-Whitney test. Values are expressed as
mean + SEM, and error bars were derived from biological
replicates rather than technical replicates. p < 0.05 was
considered statistically significant.

Abbreviations

BMDM bone marrow-derived macrophage
CCL2/MCP1 chemokine (C-C motif) ligand 2
CpdA compound A
DEX dexamethasone
DUSP1 dual specificity phosphatase 1
HMOX1 heme oxygenase 1
IL6 interleukin 6
MAP1LC3/LC3 microtubule-associated protein 1 light chain 3
NFE2L2/NRF2 nuclear factor, erythroid derived 2, like 2
NR3C1/GR nuclear receptor subfamily 3, group C, member 1
SQSTM1/p62 sequestosome 1
TSC22D3/GILZ TSC22 domain family, member 3
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Materials 

Sulforaphane (S4441) was ordered from Sigma. Rabbit anti-GAPDH (ab9845) and rabbit 

phospho-POLR2 Ser2/Ser-2-Pol-II (ab5095) antibodies were from Abcam. Rabbit anti-LC3B 

antibodies (3868S) were purchased from Cell Signalling Technology. 

Cell culture 

THP-1 cells were cultivated in RPMI-1640 (Gibco, 61870-044) supplemented with 10% fetal calf 

serum (Gibco, 10270106) and 0.2% gentamycin (Invitrogen, 15710-049). Prior to an experiment, 

cells were differentiated into macrophages with 100 ng/ml PMA (Sigma, P8139) for 24 h and 

then induced in the medium without PMA. Cells were maintained in a 5% CO2 humidified 

atmosphere at 37°C. 

SILAC labeling and LC-MS/MS in A549 cells 

A549 cells were cultivated in DMEM without arginine and lysine (Gibco, 04195-922M) 

supplemented with 10% dialyzed fetal calf serum, 1% penicillin-streptomycin solution (Gibco, 

15140-122) and with either “heavy” (H) [13C6]lysine and [13C6]arginine (Silantes, 211204102, 

201204102) or “light” (L) [12C6]lysine and [12C6]arginine. To achieve a complete incorporation 

of the labelled amino acids, cells were maintained in culture for 6 days. After treatments with 

DEX+TNF or CpdA+TNF, cells were lysed in lysis buffer (0.8% CHAPS [Calbiochem, 220201], 50 

mM sodium phospate buffer, pH 7.5, 100 mM NaCl supplemented with a Complete protease 

inhibitor cocktail [Roche, 11697498001]) and the proteins were digested with trypsin (Promega, 

V5111). The peptide mixtures were pre-fractionated by RP-HPLC into 20 different fractions. The 

obtained fractions were introduced into an LC-MS/MS system, being a tandem configured 

Ultimate 3000 RSLC nano LC (Thermo Scientific, Bremen, Germany) in-line connected to an LTQ-

Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany). The sample mixture was first 

loaded on a trapping column (made in-house, 100-µm internal diameter [I.D.] x 20-mm length, 

5-µm beads, C18 Reprosil-HD, Dr. Maisch). After flushing from the trapping column, the sample 

was loaded on a reverse-phase column (made in-house, 75-µm I.D. x 150-mm length, 5-µm 

beads C18 Reprosil-HD, Dr. Maisch). Peptides were loaded with loading solvent and separated 

with a linear gradient from 2% solvent A (0.1% formic acid in water) to 50% solvent B (0.1% 

formic acid in water:acetonitrile, 98:2, v:v) at a flow rate of 300 nl/min followed by a wash 
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reaching 99% solvent B. The mass spectrometer was operated in data-dependent mode, 

automatically switching between MS and MS/MS acquisition for the 10 most abundant peaks in 

a given MS spectrum. In the LTQ-Orbitrap Velos, full scan MS spectra were acquired in the 

Orbitrap at a target value of 1E6 with a resolution of 60,000. The 10 most intense ions were then 

isolated in the linear ion trap with a target value of 5E4, with a dynamic exclusion of 20 seconds 

and fragmented in the HCD cell.  

LC-MS/MS data analysis 

Data analysis was performed on the raw MS/MS data with MaxQuant (version 1.5.8.3) (Cox and 

Mann, 2008) using the Andromeda search engine with default search settings including a false 

discovery rate set at 1% on both the peptide and protein level. The generated spectra were 

searched against the sequences of the human proteins stored in the UniProt database (database 

release version of January 2017, containing 20,172 human protein sequences). Only proteins 

with at least 1 unique or razor peptide were retained. Further data analysis was performed with 

the Perseus software (version 1.5.8.5) on the protein groups file from MaxQuant. After removal 

of reverse database hits, protein groups only identified by site and contaminant protein group 

identifications, the distributions were each centralized around their median and the sample 

ratios from 3 biological replicates were grouped. Proteins with less than 2 valid replicate values 

were removed and a 1-sample t-test was performed. 

ELISA 

CCL2 ELISA was performed on media from THP-1 cells after 6-h induction with ethanol, 1 μM 

DEX and 10 μM CpdA in combination with 100 ng/ml LPS by using a ready-SET-Go kit 

(eBioscience, 88-7399-88), according to its manual. 

Autophagic vacuoles quantification 

THP-1 cells were seeded in 96-well plates and treated with compounds for 6 h and 24 h. 

Autophagic vacuoles were stained using an Autophagy detection kit 2.0 (Enzo, ENZ-KIT175) and 

quantified using a plate fluorescence reader (BioTek FLx800) at 485-nm wavelength.  
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Autophagy flux quantification with mRFP-GFP-LC3 construct 

To observe the rate of autophagosome formation and autophagy flux, A549 cells were 

transfected using Lipofectamine LTX PLUS (ThermoFisher, 15338100) with a mRFP-GFP-LC3 

plasmid (Addgene, 21074; deposited by Tamotsu Yoshimori) (Kimura et al., 2007) and then 

treated with vehicle, 1 μM DEX, 10 μM CpdA and 2000 UI/ml TNF/TNFα (recombinant mouse 

TNF was expressed in and purified from E. coli in VIB Protein Service Facility) for 2 h and 6 h. 

Cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room 

temperature. After washing with PBS cells were incubated with 260 nM DAPI for 45 min at room 

temperature. Mounting solution was added and slides were analyzed on Olympus microscope 

(IX81) with Fluoview 1000 version 4.2 software. Red, green and colocalized (yellow) puncta were 

counted from at least 5 microscopy images for each sample with the ImageJ algorithm created 

by Daniel J. Shiwarski and Ruben K. Dagda and validated as described previously (Pampliega et 

al., 2013). 
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Supplemental figures 

Figure S1. LC-MS/MS analysis of differentially expressed proteins comparing LPS to non-induced 
(NI) in BMDM. (A) Chemical structures of CpdA (De Bosscher et al., 2005) and DEX 
(www.wikipedia.org). (B) Volcano plot with significantly up- (red) or downregulated (blue) 
proteins in LPS versus NI.  
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Figure S2. LC-MS/MS analysis of differentially expressed proteins comparing DEX to CpdA in 
BMDM and A549 cells. (A) Volcano plot with significantly up- (red) or downregulated (blue) 
proteins in DEX versus NI (BMDM). (B) Volcano plot with significantly up- (red) or downregulated 
(blue) proteins in CpdA versus NI (BMDM). Statistics by multiple two-sample t-tests, each with a 
permutation-based FDR of 0.05 and S0 of 0.1 for truncation. (N = 3). (C) Experimental set-up SILAC 
labeling and LC-MS/MS in A549 treated with vehicle, 1 μM DEX, 10μM CpdA and 2000 UI/ml TNFα 
for 6 h. (D) Top-10 DEX versus CpdA-regulated proteins in an inflammatory context (TNFα) in 
A549 cells. Statistics by t-test using Perseus software. (N = 3, *p<0,05). 
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Figure S3. CpdA, DEX and sulforaphane action in macrophages. (A) qPCR analysis of BMDM 
treated with vehicle, 1 μM DEX, 10 μM CpdA and 10 μM sulforaphane (SFN) for 6 h. Gene 
expression levels were normalized to Ppia/cyclophilin and Rn18s using qbase+. Statistics by one-
way ANOVA and Dunnett’s test (***p<0,001, ****p<0,0001, N = 3). NI, non-induced. (B) 
Immunoblotting of BMDM treated with 1 μM DEX, 10 μM CpdA and 10 μM sulforaphane for 6 h. 
kDa, kilodaltons. (C) qPCR analysis of BMDM after Nr3c1 and Nfe2l2 were knocked down for 50 
h. Statistics by unpaired t-test (**p<0,01, ****p<0,0001, N = 4). (D) Time kinetics of Sqstm1 
mRNA in BMDM treated with 1 μM DEX and 10 μM CpdA detected by qPCR (N = 2). (E) qPCR 
analysis of THP-1 treated with vehicle, 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h. Gene 
expression levels were normalized to PPIA and GAPDH. Statistical analysis was done using two-
way ANOVA and Dunnett’s test (***p<0.001, N = 4). (F) Immunoblotting of THP-1 treated with 1 
μM DEX and 10 μM CpdA for 6 h and 24 h.  
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Figure S4. NR3C1, NFE2L2, JUNB and p-POLR2 ChIP in human THP-1 macrophages after CpdA and 
DEX treatment. THP-1 cells were treated with vehicle, 1 μM DEX and 10 μM CpdA for 1 h. 
Recruitment of NR3C1, JUNB and NFE2L2 to SQSTM1 (A) and HMOX1 (B) promoters was 
measured using qPCR after immunoprecipitation with the respective antibodies. Normal rabbit 
IgG (pool of chromatin from non-induced [NI], DEX and CpdA treatments) and recruitment of 
NR3C1 to the intergenic region with DEX treatment (NR3C1 DEX negative control [NC]) and 
recruitment of NFE2L2 to the intergenic region with CpdA treatment (NFE2L2 CpdA negative 
control [NC]) served as a negative control. (C) qPCR analysis of the SQSTM1 gene (N = 3) and 
HMOX1 promoter (representative graph, N = 1) after p-POLR2 ChIP. Statistical analysis was done 
using two-way ANOVA and Dunnett’s test (*p<0.05, **p<0.01, ***p<0.001, N = 3, bars represent 
mean+SEM). (D) qPCR analysis of TSC22D3 promoter which served as a positive control for NR3C1 
action by DEX treatment. Representative graph. N=1.  
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Figure S5. DEX induces autophagy in THP-1 macrophages. (A) Representative LC3B and SQSTM1 
staining in THP-1 cells after 24-h treatment with vehicle, 1 μM DEX and 10 μM CpdA. Yellow 
arrows denote LC3B and SQSTM1 colocalization in autophagic puncta. (B) LC3B puncta were 
counted in at least 30 cells per treatment in all of the 3 independent experiments using ImageJ 
software. Statistical analysis was done using one-way ANOVA and Dunnett’s test (*p< 0.05). NI, 
non-induced. (C) Autophagic vacuoles were stained with CYTO-ID® dye in THP-1 cells after 24-h 
treatment with 1 μM DEX and 10 μM CpdA. Fluorescence was measured using BioTek FLx800 
plate reader at 485-nm wavelength. Statistics were done by one-way ANOVA and Dunnett’s test 
(***p< 0.001). (D) qPCR analysis of THP-1 cells treated with 1 μM DEX and 10 μM CpdA for 6 h. 
Gene expression levels were normalized to PPIA and GAPDH.  
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Figure S6. DEX and CpdA action on autophagy in THP-1 macrophages and A549 cells. (A) 
Immunoblotting of THP-1 cells treated with 1 μM DEX, 10 μM CpdA, 25 μM chloroqine (CQ) and 
100 ng/ml LPS for 6 h and 24 h. Densitometry was done using ImageJ. SQSTM1 and LC3B-II 
signals were normalized to ACTA1/actin. The numbers under the blots correspond to relative 
protein intensity. (B) Red, green and yellow (colocalized) puncta counts in A549 cells following 
the mRFP-GFP-LC3 plasmid transfection and treatment with vehicle, 1 μM DEX, 10 μM CpdA and 
2000 UI/ml TNF for 2 h and 6 h. Both, green and red fluorescence is present in autophagosomes. 
Red puncta indicate autolysosomes. ImageJ macro “Green and red puncta colocalization” 
designed by Daniel J. Shiwarski and Ruben K. Dagda for puncta quantification (Pampliega et al., 
2013) was applied for at least 5 representative immunofluorescence images per each sample (N 
= 1).  
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Figure S7. DEX and CpdA action on inflammation macrophages. (A) qPCR analysis of THP-1 cells 
treated with vehicle, 1 μM DEX, 10 μM CpdA and 100 ng/ml LPS for 6 h. Gene expression levels 
were normalized to PPIA and GAPDH using qbase+. NI, non-induced. (B) ELISA analysis of CCL2 
protein in medium from THP-1 cells after treatment with 1 μM DEX, 10 μM CpdA and 100 ng/ml 
LPS for 24 h. Statistical analysis was done using one-way ANOVA and Dunnett’s test (*p<0.05, 
**p<0.01, ****p<0.0001, N = 4). (C) Immunoblotting of BMDM treated with 1 μM DEX, 10 μM 
CpdA and 100 ng/ml LPS for 15 min and 30 min. ACTA1/actin served as a loading control. kDa, 
kilodaltons. (D) qPCR analysis of BMDM after Hmox1 was knocked down for 50 h. Statistics by 
unpaired t-test (**p<0,01, ***p<0,001****p<0,0001, N = 4).   
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Figure S8. The regulation of a subset of stress response genes by CpdA and DEX in non-inflamed 
peritoneal macrophages in vivo. (A) qPCR analysis of FACS-sorted peritoneal macrophages. Mice 
were treated i.p. with vehicle, 2 mg/kg DEX and 15 mg/kg CpdA for 6 h. Gene expression levels 
were normalized to Ppia and Gapdh using qbase+. Statistical analysis was done using a Mann-
Whitney test (*p<0,05, N = 4). NI, non-induced. (B) Gating of peritoneal macrophages from i.p.-
treated mice.  
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Table S1. List of primers. 

A. qPCR primers 

 Target Forward Reverse 

Mouse Sqstm1 CCTTGCCCTACAGCTGAGTC CTTGTCTTCTGTGCCTGTGC 

 

Hmox1 TGCTCGAATGAACACTCTGG TCTCTGCAGGGGCAGTATCT 

Txnrd1 TGAAGAGCAGACCAATGTGC GAGGCCACAACAGCCATATT 

Il6 CCGGAGAGGAGACTTCACAGCCGGAGAGGAGACTTCAC
AG 

TCCACGATTTCCCAGAGAAC 

Ccl2 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT 

Il1b AGTTGACGGACCCCAAAAG AGCTGGATGCTCTCATCAGG 

Tsc22d3 GGCCCTAGACAACAAGATTGAG CACGAATCTGCTCCTTTAGGAC 

Dusp1 AGTACCCCTCTCTACGATCAGG CGAGAAGCGTGATAGGCACTG 

Map1lc3b CTGACCACGTGAACATGAGC ATTGCTGTCCCGAATGTCTC 

Nbr1 GGAAATCAGCTACAGATGCAAGT ATCCCAAGACTCTCACCAGTG 

Calcoco2 GCCCCATACCTACCTTGCTG TCGAGGGATGAACTTTTCAGTG 

Optn TCAGGATGACCGAAGGAGAGA TGGCTCACAGTCAGTTCTTCA 

Becn1 TCAGCCGGAGACTCAAGGT CACAGCGGGTGATCCACATC 

Atg5 TGTGCTTCGAGATGTGTGGTT GTCAAATAGCTGACTCTTGGCAA 

Atg7 TGACCTTCGCGGACCTAAAGA CCCGGATTAGAGGGATGCTC 

Atg10 GTAGTTACCAAGTGCCGGTTC AGCTAACGGTCTCCCATCTAAA 

Hspa1a ACCATCGAGGAGGTGGATT GACAGTCCTCAAGGCCACAT 

Nfe2l2 AGGACATGGAGCAAGTTTGG GGAACAGCGGTAGTATCAGC 

Nr3c1 GCAAGTGGAAACCTGCTATG AAACCGCTGCCAATTCTGAC 
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 Target Forward Reverse 

Human SQSTM1 GCACCCCAATGTGATCTGC CGCTACACAAGTCGTAGTCTGG 

HMOX1 GCTGACCCATGACACCAAG GGCATAAAGCCCTACAGCAA 

NQO1 GAGTCCCTGCCATTCTGAAA CCATCCTTCCAGGATTTGAA 

TXNRD1 CAGGAGGGCAGACTTCAAAA CGAGACCCCATCTAGTTCCA 

IL6 GACAGCCACTCACCTCTTCA AGTGCCTCTTTGCTGCTTTC 

CCL2 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 

TSC22D3 GCGTGAGAACACCCTGTTGA TCAGACAGGACTGGAACTTCTCC 

DUSP1 CTGCCTTGATCAACGTCTCA CTGTGCCTTGTGGTTGTCCT 

MAP1LC3B ATTCGAGAGCAGCATCCAAC CTGTGTCCGTTCACCAACAG 

NBR1 GCACCATGTCGTTGATGAAG TGTCTTGAGGCTGGTCTGTG 

Housekeeping genes 

PPIA ATGGTGATCTTCTTGCTGGTCCTTGC GCATACGGGTCCTGGCATCTTGTCC 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

 

 

  

 

Housekeeping genes 

Ppia  ATGGTGATCTTCTTGCTGGTCCTTGC GCATACGGGTCCTGGCATCTTGTCC 

Rn18s CGGACAGGATTGACAGATTG CAAATCGCTCCACCAACTAA 

Gapdh AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA 
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   B. ChIP qPCR primers 
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 Target Forward Reverse 

Mouse Sqstm1 CAAAGGCTGTATCCCGATGT GGCATCTCCCCATTTCTCTT 

Il6 TCCCATCAAGACATGCTCAA AGGAAGGGGAAAGTGTGCTT 

Il1b TGATGATGTTGGCAAAGGAA AAAAGCTAGAGTGCCCGTCA 

Human SQSTM1 (site1) TGAGCGCTTCCTCAAAGCTA GTGGCCTACAGACAGGTGCT 

SQSTM1 (site2) GCCCAGCCTCCAGGTAAGAGGT GCGGAGGTCAGGTGGTCT 

HMOX1 GCCCCTGCTGAGTAATCCTT AGGGGATTAAACCTGGAGCA 

TSC22D3 TTCCTAAGTGAGGCCACCTG GGCCCCAGTACTTTTCCAAT 

NC - intergenic 

region  

(2 kb upstream from 

HMOX1 promoter 

site) 

CCTGGTAAGCCGGGATTATT GAATGTGCCCTGGACTTCTG 
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Abstract 

Upon food deprivation, AMP-activated protein kinase (AMPK) was found to be present at 

murine liver chromatin, nearby lipid metabolism key genes that are co-activated by two nuclear 

receptors, GR and PPAR. Whether the presence of activated AMPK at liver chromatin stretches 

beyond lipid metabolism genes remained unknown. Using ChIP-seq in murine liver, we 

discovered that activated AMPK (p-AMPK) is enriched nearby promoters of circadian rhythm 

genes. More specifically, p-AMPK was recruited to genes that normally suppress the CLOCK-

BMAL1 complex – Per2, Rev-erb, Cry2, Bhlhe40. In support of transcriptional regulation by a 

nuclear receptor ligand-controlled GR-PPAR-AMPK axis, we found that AMPK can be present 

within the GR-PPAR complex in cellulo and that the GR ligand-binding domain is crucial for this 

interaction. In line, qPCR analysis in primary hepatocytes demonstrated that co-activation of GR 

and PPAR drove the expression of those circadian rhythm genes (Per2, Rev-erb) that 

demonstrated p-AMPK promoter recruitment. Since we add on that a simultaneous activation 

of GR and PPAR has an additive anti-inflammatory effect in LPS-induced primary hepatocytes, 

collectively these results link transcriptional regulation of metabolism and circadian rhythm, to 

nuclear receptor crosstalk with a potential benefit against hepatic inflammation.   
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Introduction 

Glucocorticoids (GCs) are valuable immune suppressors and in the treatment of chronic 

inflammatory diseases (Barnes, 2016; Chatzidionysiou et al., 2017). Since glucocorticoids also 

regulate glucose and fat homeostasis, a long term therapeutic treatment with exogenous GCs 

causes hyperglycemia, insulin resistance and disturbed fat profiles as clinically worrying 

drawbacks (Fardet et al., 2015). A reduction in adverse effects related to glucose and fat 

regulation would be highly desirable in clinical GC applications. The Glucocorticoid Receptor  

(GR) and Peroxisome Proliferator-Activated Receptor  (PPAR) are two transcription factors 

of the nuclear receptor superfamily, exhibiting overlapping and complementary roles in liver 

with regard to carbohydrate and fat metabolism (Kersten et al., 2000; Ratman et al., 2013). 

Unliganded GR predominantly resides in the cytoplasm. Upon ligand binding GR translocates to 

the nucleus, while PPAR resides in the nucleus even in its unliganded state (Feige et al., 2005). 

Both receptors control key genes involved in the maintenance of blood glucose levels, 

cooperatively support fatty acid β-oxidation during fasting, and stimulate immune-suppression 

(De Bosscher et al., 2014; Pawlak et al., 2014). We previously reported that these receptors, 

when activated, can also physically interact in the nucleus (Bougarne et al., 2009), paving the 

way for an extra level of gene regulatory mechanisms apart from triggering their own cognate 

gene programs. PPAR activation further enhanced GR-triggered suppression of TNF-induced 

IL6 protein in medium of fibroblast (L929sA) cells, which were stably transfected with an NF-κB-

dependent recombinant promoter construct. PPAR activation also suppressed GR-induced 

upregulation of G6PC (Bougarne et al., 2009), one of the metabolic genes responsible for 

adverse effects related to glucose metabolism during GC treatment in patients. Hence, the idea 

of combining GCs with PPARα agonists seems attractive from the perspective of a clinical use.  

Recently, we demonstrated also that AMP-activated kinase (AMPK) is physically present 

within the transcriptional promoter complex of cooperatively controlled genes by GR and 

PPAR, involved in lipid metabolism in primary murine hepatocytes (Ratman et al., 2016). AMPK 

is a heterotrimeric protein kinase consisting of a catalytic (α) subunit and two regulatory (β, γ) 

subunits. It is a major sensor of cellular energy levels and gets activated during states of nutrient 

deprivation (ATP depletion) (Hardie et al., 2012).  
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The nutrient state is tightly coupled with the endogenous molecular clock in peripheral 

tissues, particularly in liver. This conserved circadian rhythm machinery consists of genes that 

form negative feedback loops and are expressed in a phase/antiphase manner (approximately 

a 24 h cycle). The central component of this clock is the BMAL1-CLOCK transcription complex, 

which upregulates the negative limbs of the endogenous clock, CRY and PER, which in turn 

repress BMAL1-CLOCK activity. The BMAL1-CLOCK complex binds to E-box promoter sequences 

of CRY and PER genes. Other targets of this complex are nuclear receptors REV-ERB alpha and 

RORA, which repress or stimulate the transcription of clock genes, respectively, by competing 

for binding to the ROR response elements (Mayeuf-Louchart et al., 2017; Papazyan et al., 2016; 

Takahashi, 2017; Woller et al., 2016). In mouse liver, the low-nutrient state sensor AMPK was 

shown to phosphorylate CRY1 (Lamia et al., 2009). The latter observation thus provides in one 

classic mechanism of how metabolism and circadian rhythm pathways can be linked.  

Apart from being responsive to changes in the nutrient state and the circadian rhythm 

status, the liver is also equipped with adequate molecular response mechanisms to a state of 

inflammation. As a common infectious stimulus, the major component of bacterial cell wall 

lipopolysaccharide (LPS) can be sensed by various TLR4-expressing liver cells, including not only 

residential liver macrophages (Küpffer cells) but also hepatocytes themselves (Liu et al., 2002). 

In the present research we overlaid a study of the effect of GR and PPAR crosstalk in mouse 

primary hepatocytes under LPS-induced inflammatory conditions on a genome-wide level. RNA-

seq results revealed many inflammatory genes synergistically downregulated and lipid 

metabolism genes additively upregulated following the activation of both nuclear receptors. To 

expand our knowledge on the role of the GR-PPAR-AMPK axis in transcriptional gene 

regulation, ChIP-seq of phospho-Thr172-AMPK (p-AMPK, activated form) was performed in 

mouse liver. The data reveal a striking presence of p-AMPK not only at the chromatin regions of 

metabolic genes but also nearby genes controlling the circadian rhythm; an observation in line 

with the regulation of circadian rhythm genes upon co-combining GR with PPAR ligands. Our 

combined data are in support of a nuclear GR-PPAR-AMPK axis that stretches beyond the 

control of lipid metabolism and even beyond the control of inflammatory gene expression.  
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Materials and methods 

Primary hepatocyte isolation 

Experiments were approved by the animal ethics committee of the Faculty of Medicine and 

Health Sciences at the University of Ghent (code dossiers 14/84 and 17/13). Primary hepatocytes 

were isolated from 10–12 week-old male C57BL/6 mice by collagenase perfusion (Friend and 

Berry, 1969). The procedure was modified by excluding insulin and DEX supplementation in the 

William’s medium (Sigma, W1878), but keeping 0,1% free-fatty acids and 1% glutamine. After 

isolation cells were seeded on collagen-coated 6-well plates (BD Biosciences, cat. 356400) at the 

density of 0.75x106 cells. After 2h of attachment medium was refreshed and ligands were 

introduced, as indicated in the figure legends. Cells were maintained in a 5% CO2 humidified 

atmosphere at 37°C. 

 

RNA-seq analysis 

RNA-seq was done in 3 biological replicates. Each replicate was obtained by pooling cells from 

3–4 mice and then performing induction in 3 technical replicates. Isolated mRNA from these 

technical replicates was pooled to form 1 biological replicate. RNA was isolated with the RNeasy 

purification kit (Qiagen, 74106) according to the user’s manual. Library preparation and 

sequencing was done in VIB Nucleomics Core facility. 75 bp long sequenced reads were 

generated with Illumina NextSeq 500 and were mapped to the mm10 genome using tophat 

(version 2.0.11). Gene counts were calculated with htseq-count (0.6.1) using "intersection-

strict" mode. Gene level differential expression analysis was performed with the aid of the R 

package “DESeq2” by applying the following contrasts (p adjusted < 0.05): LPS versus DEX+LPS, 

LPS versus GW+LPS, LPS versus DEX/GW+LPS, DEX+LPS versus DEX/GW+LPS and GW+LPS versus 

DEX/GW+LPS. Differentially expressed genes were combined into a single list and re-ordered 

using a K-mean clustering (6 clusters). Gene ontology analysis of gene clusters 2,3 and 5 was 

performed using “goseq” R package.  

 

In vivo experiments 

C57BL/6J male mice of 8 week-old were obtained from Charles River. In the experiment 1, 10 

mice male were fasted 16 h, after which either placebo or a combination of water-soluble DEX 
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(2 mg/kg) and GW (2 mg/kg) was given i.p. Four hours later, mice were sacrificed and the liver 

was collected for ChIP. In the experiment 2, 8 male mice underwent a 16 h starvation regimen. 

Then, 4 mice allowed a refeeding (fed group) whilst the other 4 mice stayed fasting (fast group). 

1 hour later, mice were sacrificed and livers were collected for ChIP. Experiments were approved 

by the animal ethics committee of the Faculty of Medicine and Health Sciences at the University 

of Ghent (code dossiers 14/84 and 17/13). 

 

ChIP-seq 

ChIP assay was performed as follows: frozen liver pieces around 200 mg were intensively cut 

with razor (1 minute) in 6-cm dish on ice and then cross-linked for 10 min by rotating in tube, 

using 1% formaldehyde in PBS. The cross-linking reaction was stopped by adding glycine to a 

final concentration of 0.125 mM (10 min rotating) and extra rotor homogenization applied for 

45 seconds. Cells were washed twice in ice-cold PBS and lysed with 1 ml of lysis buffer (0.1% SDS 

[Merck, 8170341000], 1% Triton X-100 [Sigma, X100], 0.15 M NaCl, 1 mM EDTA, 20 mM Tris-HCl 

pH 8) supplemented with protease inhibitor cocktail (Pierce, 88265) and sonicated 30x (30s 

on/30s off, high intensity) using a Bioruptor sonicator (Diagenode) at 4°C. The insoluble material 

was removed by centrifugation (20 min, 20,000 g, 4°C). For each immunoprecipitation, 100 μl of 

chromatin was diluted 4 times with incubation buffer (0.15% SDS, 1% Triton X-100, 0.15 M NaCl, 

1 mM EDTA, 20 mM HEPES pH 7.4), mixed with 5 µg of rabbit anti-p-AMPK (Thr 172) (Santa Cruz 

33524) or normal rabbit IgG antibodies and incubated for 2 h at 4°C with rotation. Protein A 

Sepharose beads slurry (40 µl per each immunoprecipitation; GE Healthcare Life Sciences, 17-

5138-01) were washed twice and blocked in incubation buffer with 1 μg/μl BSA (Sigma, A8806; 

2 h, 4°C with rotation). Diluted chromatin samples were mixed with a protein A Sepharose 

solution and incubated overnight at 4°C with rotation. The next day, beads were washed twice 

in wash buffer 1 (0.1% SDS, 0.1% NaDOC [Sigma, D6750], 1% Triton X-100, 0.15 M NaCl, 1 mM 

EDTA, 20 mM HEPES pH 7,4), once in wash buffer 2 (0.1% SDS, 0.1% NaDOC, 1% Triton X-100, 

0.5 M NaCl, 1 mM EDTA, 20 mM HEPES pH 7.4), once in buffer 3 (0.25 M LiCl, 0.5% NaDOC, 0.5% 

NP-40 [Calbiochem, 492016], 1 mM EDTA, 20 mM HEPES pH 7.4) and twice in wash buffer 4 (1 

mM EDTA, 20 mM HEPES pH 7.4). Protein-DNA complexes were eluted in 200 μl (1% SDS + 0.1 

M NaHCO3) at room temperature and cross-links were reversed at 65°C overnight by adding 8 

μl of 5 M NaCl, together with 8 μl of 0.5 mg/ml RNAse A and 10 μl of 20 mg/ml Proteinase K. 
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DNA was purified with a QIAquick PCR purification kit (Qiagen, 28106) according to the user’s 

manual. Precipitated DNA from 2 biological replicates for each condition was sequenced using 

Nextseq Illumina. Paired-end reads were mapped to the mm10 genome using Bowtie2 version 

2.2.1. Aligned reads were processed and sorted with samtools (version 1.7) and read tracks 

(BAM files) were visualized using IGV tool (2.4.9). Peaks were called with MACS2 version 2.1.1 

and filtered based on fold enrichment (>4x above input). Motif analysis was performed with 

Homer tool (version 4.9). Cistrome and gene ontology analysis were done using R package 

“ChIPpeakAnno” (3.8.9).  

 

qPCR and ChIP-qPCR 

RNA was isolated with the RNeasy purification kit (Qiagen, 74106) according to the user’s 

manual. cDNA was synthesized with a PrimeScript kit (Takara, 6110B). qPCR was performed 

using Light Cycler 480 SYBR Green I Master Mix (Roche, 04887352001). The full primer list is 

provided in Table S1. qPCR data were normalized and quantified relative to the 2 most stable 

reference genes with qbase+ (Hellemans and Vandesompele, 2014). 

 

Immunofluorescence 

Primary hepatocytes were seeded on poly-L-lysine coated µ-Slide 8 well chambers (Ibidi, 80826), 

serum starved for 2 h (William’s medium without supplements) and then, treated with 

compounds and 100 ng/ml LPS. Cells were washed with PBS and fixed with 4% 

paraformaldehyde for 15 min at room temperature. After 3 washes with PBS (5 min each), cells 

were permeabilized with ice-cold methanol for 20 min followed by incubation with blocking 

buffer (4.5 mM Na2HPO4, 15.5 mM NaH2PO4, 100 mM NaCl, 0.23% TX-100, 10% donkey serum 

[Jackson ImmunoResearch, 017-000-121]). Cells were incubated overnight at 4°C with rabbit 

anti-p-AMPK (1:500, Santa Cruz, sc33524), mouse anti-GR (1:500; Santa Cruz, G-5) or rabbit anti-

AMPK (1:500, Santa Cruz, sc25792). After 3 washes with PBS, cells were stained with rabbit Alexa 

Fluor 568 (Invitrogen, A10042) and mouse Alexa Fluor 488 (Invitrogen, A21202) antibodies 

together with 260 nM DAPI for 45 min at room temperature. Cells were washed 3 times in 

washing buffer (blocking buffer without serum) and once with PBS. Mounting solution was 
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added and slides were analyzed on an Olympus microscope (IX81) with Fluoview 1000 version 

4.2 software. 

 

Co-immunoprecipitation 

For co-immunoprecipitation, HEK293T cells were transiently transfected using the calcium 

phosphate precipitation technique with Flag-GR, HA-PPARα, Etag-AMPKα1, Etag-AMPKβ1 and 

Etag-AMPKγ1. Twenty-four hours later, cells were serum-starved overnight and then treated for 

1 h with compounds. Then, cells were lysed (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 5% glycerol, 

0.2% NP40, 1.5 mM MgCl2 and Complete Protease Inhibitor Cocktail (Roche)) and incubated 

overnight with anti-FLAG beads (anti-FLAG M2 affinity gel, Sigma Aldrich) on a rotor at 4 °C. 

These beads were blocked before for 1 h at 4 °C, using undiluted StartingBlock (TBS) Blocking 

buffer (Thermo Scientific). Following overnight incubation and three washing steps, the samples 

were eluted using Laemmli buffer, boiled for 5 min at 95 °C and stored at −20 °C. Finally, 

standard western blotting using rat anti-HA (1:2000, Roche, 3F10), rabbit anti-GR (1:2000, Santa 

Cruz, H300) and rabbit anti-Etag antibodies (1:1000, Abcam, 3397) were performed. 

Chemiluminescent detection was performed using HRP secondary antibodies (1:10,000; Jackson 

ImmunoResearch, goat anti-rabbit - 111-035-144, anti-rat 112-035-143) and a 

chemiluminescent substrate kit (Thermo Scientific, 34078).  

 

ELISA 

CCL2 and IL6 ELISA was performed on media from primary hepatocytes after 19 h induction with 

compounds in combination with 100 ng/ml LPS by using the ELISA MAX Standard (BioLegend, 

432702, 430502), according to the manual. 

 

Statistical analysis 

Statistical analysis was performed using the GraphPad Prism software (version 7.02). Significant 

differences between groups were evaluated using one-way (1 factor with more than 2 groups) 

or two-way (2 factors) ANOVA with Dunnett’s test for multiple comparison, which was found to 

be appropriate as groups displayed a normal distribution. Normality was tested with the 
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D'Agostino-Pearson normality test. For comparison of 2 groups, a two-tailed t-test was used. 

When variances across groups were not equal, logarithmic transformation was applied prior to 

statistical analysis with the following back-transformation. Values are expressed as mean + SEM, 

and error bars were derived from biological replicates rather than technical replicates. p < 0.05 

was considered statistically significant. 

 

Results 

GR and PPAR synergistically upregulate lipid metabolism genes and downregulate 

inflammatory genes in inflamed murine hepatocytes 

Activated GR and PPAR additively upregulated a vast subset of key genes of the lipid 

metabolism pathway in naïve murine primary hepatocytes (Ratman et al., 2016). We asked 

whether this effect was recapitulated in an inflammatory state concomitantly with an additive 

suppression of inflammatory genes when combining ligands of both receptors, which are well-

known to exhibit anti-inflammatory capacities (Bougarne et al., 2018). Hereto, we performed 

RNA-seq following a 1 µM dexamethasone (DEX) and 0.5 µM GW7647 (GW) treatment for 19 h, 

in essence using the same conditions as in (Ratman et al., 2016) to allow for a direct comparison, 

but, adding complexity, now set up in presence of 100 ng/ml LPS (19 h) to mimic additionally an 

inflamed state (Fig. 1A).  

K-means clustering following the differential expression analysis revealed 992 genes (Fig. 

1B, cluster 2 and 3) upregulated by the combination of DEX and GW (DEX/GW) with LPS 

treatment compared to LPS alone. Among those, 132 genes were significantly more upregulated 

when compared to each compound alone (DEX + LPS or GW + LPS). Gene ontology analysis of 

these 132 genes attributed them to the lipid metabolism pathway (Fig. 1C). This was consistent 

with previous results obtained in a basal state (Ratman et al., 2016). LPS treatment did not 

influence DEX/GW-coregulated gene expression in primary hepatocytes of one of the key co-

controlled genes, Angptl4; a result that was independently validated by qPCR (Fig. S1A). We 

detected also 279 genes downregulated by DEX/GW + LPS treatment compared to LPS (Fig. 1B, 

cluster 5). Only 34 of those were significantly more repressed upon comparing with either DEX 

+ LPS or GW + LPS treatment alone. Some of these genes are inflammatory markers such as  
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Figure 1. DEX and GW treatments regulate lipid metabolism and stress response genes in LPS-
induced primary hepatocytes. (A) Schematic overview of the RNA-seq experiment. 
(www.somersault1824.com) (B) Heatmap using K-mean clustering of 3441 differentially 
expressed genes from contrasts (p adjusted < 0.05): LPS versus DEX+LPS, LPS versus GW+LPS, 
LPS versus DEX/GW+LPS, DEX+LPS versus DEX/GW+LPS and GW+LPS versus DEX/GW+LPS. Color 
scale represents gene counts. (C) Gene ontology analysis of differentially upregulated (clusters 
2 and 3) and downregulated (cluster 5) genes by DEX/GW versus LPS, DEX and GW.  

 

Icam1, Ikbke, Nfkb2, Mapk3, Tlr2. The results were next validated using qPCR in independently 

qisolated murine primary hepatocytes (Fig. 2A).  

We also determined mRNA levels of the classic inflammatory marker Ccl2. This gene was 

included as an abundantly expressed candidate according to the RNA-seq results but did not 

pass highest stringency selection steps due to variation in one of the samples. Similar to mRNA 

results, the protein levels of CCL2 were synergistically suppressed by combined DEX/GW 

treatment in presence of LPS when compared to each compound alone (Fig. 2B). Although the 

overall expression levels of IL6 in LPS-induced hepatocytes were almost two orders of magnitude 

lower than of CCL2 levels, we still observed a similar regulation (Fig. 2B).  

 Taken together, in the LPS-inflamed primary hepatocyte model simultaneous GR and 

PPAR activation supports additive anti-inflammatory effects.  
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Figure 2. Additive anti-inflammatory effect of DEX (1µM) and GW7647 (0,5µM) at 19 h 

treatment in primary hepatocytes on mRNA (A) and protein (B) levels. Inflammation stimuli – 

100ng/ml LPS. NI, non-induced. Gene expression levels were normalized to Ppia/cyclophilin and 

Gapdh using qbase+. N=4-5. (B) CCL2 and IL6 ELISA from the medium of primary hepatocytes 

after 19 h treatment with DEX (1µM) and GW7647 (0,5µM) in combination with 100 ng/ml LPS. 

(N = 3). Statistical analysis was done using 1-way ANOVA and Dunnett’s test (*p<0.05, **<0.01, 

***<0.001, ****<0.0001). 

The GR ligand binding domain is crucial for formation of the GR-PPAR-AMPK complex 

Previous GST-pulldown assay results in E. coli showed that AMPK can be physically present 

within the trimeric GR-PPAR-AMPK complex (Ratman et al., 2016). To validate these results in 

eukaryotic cells that are responsive to LPS signalling, we performed co-immunoprecipitation of 

overexpressed Flag-GR, HA-PPAR and Etag-AMPK in epithelial HEK293T cells with stably 

expressed TLR4. The interaction between GR and PPAR alone was confirmed (Fig. 3A, lane 2 vs 

1, “IP panel”) as shown previously (Bougarne et al., 2009). Interestingly, an interaction between 

GR and AMPK was clearly detected only when PPAR was present  

(Fig. 3A and 3B, lane 4 vs lane 3, bottom, right panel). 
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Figure 3. GR, PPAR and AMPK form a complex. Western blotting of HEKT cells with 

overexpressed Flag-GR (A, B) or Flag-GR-ΔLBD (A), HA-PPAR and Etag-AMPK (mix of 3 plasmids: 
Etag-AMPKα1, Etag-AMPKβ1 and Etag-AMPKγ1) treated with DEX (1µM), GW7647 (0,5µM) (A, 
B), 5µM 991 (B) and 100ng/ml LPS (B) for 1 h prior to co-IP with anti-Flag beads. Proteins were 
detected with anti-GR, anti-HA or anti-Etag antibodies. kDa, kilodaltons. Red arrows – GR, yellow 

- Flag-GR-ΔLBD, blue - PPAR, green - AMPKα1 and AMPKγ1 (on blot (B) only AMPKγ1 was 
detected). (C) Representative AMPK or p-AMPK (green) and GR (red) staining in primary 
hepatocytes after 2 h starvation (William’s medium without adding 0,1% free-fatty acids and 1% 
glutamine) and 1 h treatment with vehicle (NI), 1 μM DEX with 0,5µM GW7647 (DEX/GW) and 
DEX/GW in combination with 5µM 991 (DEX/GW+991). Nuclei were stained with DAPI (blue). 

 

When using GR with a deleted ligand binding domain (flag-GR-ΔLBD) instead of wild type (WT), 

neither Etag-AMPK nor HA-PPAR were part of the complex, strongly suggesting that this GR 

domain is important for proper formation of the GR-PPAR-AMPK complex  
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(Fig. 3A, lane 5-8 vs lane 1-4). We investigated next whether the induction of inflammation with 

LPS (Fig. 3B, lane 5) or pharmacological AMPK activation with compound 991 (Bultot et al., 2016) 

(Fig. 3B, lane 6) on top of DEX/GW treatment would influence complex formation (Fig. 3B, Etag-

panel, lane 4-6). The 991 compound was recently described as a potent AMPK activator capable 

of binding to both the α and β AMPK subunits (Xiao et al., 2013). In essence, these results show 

that AMPK stays part of the complex irrespectively of LPS treatment, and that pharmacological 

AMPK activation, on top of starvation as a physiological activator, does not lead to an increase 

in AMPK protein levels as part of the complex.  

 

Activated AMPK resides in the nucleus 

Indirect immunofluorescence was next used to detect the subcellular localization of the 

activated form of the  subunit of AMPK by using antibodies against phospho-Thr172-AMPK (p-

AMPK) in the primary hepatocytes. A marked nuclear signal for p-AMPK was apparent upon 

treatment with DEX/GW (Fig. 3C, middle p-AMPK panel). p-AMPK was also present in nucleus 

under solvent condition (non-induced, NI), a phenomenon that can be explained by a 2 h 

moderate starvation (William’s medium without adding 0,1% free-fatty acids and 1% glutamine) 

of cells prior to all treatments. Serum- and phenolred free culturing conditions were shown 

before to be required to detect– an efficient GR translocation to the nucleus (Robertson et al., 

2010). As with the formation of the trimeric complex above (Fig. 3B, lane 6), the inducer of 

AMPK, 991 (Bultot et al., 2016), did not change the level of p-AMPK signal (Fig. 3C, lower p-

AMPK panel). Staining with AMPK antibodies showed the presence of total AMPK in all 

compartments of the cell (Fig. 3C, all top AMPK panels). As expected, GR reproducibly 

translocated to nucleus upon DEX treatment (DEX/GW) (Fig. 3C, GR, DEX/GW and 

DEX/GW+991). 

 We can conclude that physiological activation of AMPK (starvation) is sufficient to 

support nuclear accumulation of phospho-Thr172-AMPK, which is further enhanced by DEX/GW 

treatment. 
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ChIP-seq reveals p-AMPK recruitment to metabolic and circadian rhythm genes in mouse liver 

Treatment with 991 neither influenced the observed interaction between activated GR, PPAR 

and AMPK (Fig. 3B, lane 5) nor regulated mRNA levels of Ccl2 and Il6 in LPS-treated primary 

hepatocytes (Fig. S1B). Thus, to study genome-wide chromatin recruitment of p-AMPK, we 

further focused on physiological AMPK activation (starvation) in combination with DEX/GW 

treatment in vivo. We demonstrated before that in these conditions p-AMPK was recruited to 

Pdk4 and Ehhadh genes (Ratman et al., 2016). To investigate p-AMPK binding sites across the 

genome, we performed p-AMPK ChIP-seq in livers from mice that were starved overnight and 

were next treated intraperitoneally (i.p.) with 2 mg/kg DEX and 2 mg/kg GW7647 (DEX/GW 

group, 2 mice) or vehicle control (NI group, 2 mice) for 4 h in starved conditions (Fig. 4A, Exp.1). 

Cistrome analysis revealed that although some p-AMPK binding sites (peaks) were found, as 

expected, in close proximity to the transcription start sites (TSS) (Fig. 4B), many peaks were 

located in intronic regions as well (Fig. 4C). Gene ontology analysis of DEX/GW samples (2500 

bp upstream and downstream from TSS) showed that p-AMPK peaks were located near genes 

involved in lipid metabolism, which was in accord with the binding sites of GR and PPAR in 

primary hepatocytes (Fig. S2) (Ratman et al., 2016). Surprisingly, a significant enrichment of p-

AMPK peaks was observed at the circadian rhythm genes - Per1, Per2, Bhlhe40, Bhlhe41, Rev-

erb/Nr1d1, Cry2, Dbp (Fig. 4D). In support, a de novo motif analysis of peak regions using the 

Homer tools detected enrichment of the BMAL1 transcriptional regulator motif (E-box). 

Although the abundance of this motif was quite low (6,63 %), it was the only detected motif that 

was enriched more than 2-fold compared to the background with an abundance of more than 5 

% (Fig. 4E). In addition, we sequenced material from an independent experiment in which we 

compared mice starved overnight (fasted group) to mice starved overnight but subsequently 

allowed to feed for 1 h (fed group) before sacrifice (Fig. 4A, Exp.2). To control the efficiency of 

re-feeding, we measured glucose levels in blood (110 +/- 2 mg/dL in the fasted group versus 

262,5 +/- 3,5 mg/dL in the fed group, mean+/-SEM, N = 2). p-AMPK recruitment to the typical 

targets of BMAL1 – Per2 and Rev-erb/Nr1d1 genes appeared however not a DEX/GW exclusive 

phenomenon. Even more, its presence seemed independent on the nature of treatment with 

peaks present both under fast and re-fed conditions. Figure 4F further shows that the DEX/GW 

set-up did result in a higher signal of p-AMPK for both circadian rhythm  
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Figure 4. ChIP-seq analysis reveals recruitment of p-AMPK to the metabolic and circadian rhythm 
genes in murine liver. (A) Schematic overview of the p-AMPK ChIP-seq experiment. 
(www.somersault1824.com). p-AMPK peaks distribution at the transcriptions start sites (TSS) (B) 
and across genome (C). Gene ontology (D) and motif analysis (E) were performed on p-AMPK 
peak regions from the “DEX/GW” group (merged peaks from 2 replicates of DEX/GW). (F) The 
p-AMPK binding sites at the metabolic and circadian rhythm genes in mice liver. Representative 
aligned read tracks visualized using IGV tool. (G) Recruitment of p-AMPK to Per2 promoter was 
measured using qPCR after immunoprecipitation with p-AMPK antibodies. Normal rabbit IgG 
served as a negative control. Statistical analysis was done using two-tailed t-test; N = 4; bars 
represent mean+SEM. NI, non-induced. 
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genes, Per2 and Rev-erb/Nr1d1. On the other hand, demonstrating selectivity, p-AMPK was 

neither recruited to Bmal1 and Clock genes itself, nor to the positive regulator of BMAL1 – the 

Ror gene (Fig. S3). In sharp contrast, p-AMPK peaks were present at the metabolic genes Pdk4 

and Ehhadh only upon DEX/GW treatment (Fig. 4F). Other metabolic genes such as Angptl4, 

Acox1, Apoa1, Tat were occupied by p-AMPK mostly in the samples from mice of all groups 

reflecting fasted states except in the set-up with re-fed mice (fed group) (Fig. S4). Some genes 

such as Apoe did show p-AMPK recruitment at all treatment conditions (Fig. S5). From the 

aligned read tracks it can be seen (Fig. 4F) that p-AMPK is recruited not only to the TSS, but also 

to intronic regions, in accord with the cistrome analysis results (Fig. 4C). Independent ChIP-qPCR 

confirmed that there is no significant difference in level of p-AMPK recruitment to the Per2 gene 

across the various fasted states versus the fed state in mouse liver (Fig. 4G). 

 Our results demonstrate the presence of activated AMPK at the chromatin of circadian 

rhythm genes that are known to be responsible for a suppression of the BMAL1-CLOCK complex 

activity, regardless of the nutritional state. 

 

DEX/GW and 991 treatments regulate circadian rhythm genes in mouse primary hepatocytes 

Recruitment of particular proteins to a gene (promoter) does not reveal the occurrence, extent 

or direction (enhanced or repressed) of gene regulation. To analyze a potential differential gene 

regulation event, we performed qPCR analysis of Per2, Rev-erb and Bmal1 mRNA in mouse 

primary hepatocytes treated with DEX and GW7647 alone or with the AMPK activator 991. 

Interestingly, 6 h DEX/GW treatment suppressed, whilst 991 treatment enhanced, mRNA levels 

of Per2, Rev-erb. At 19 h treatment (antiphase to the 6 h time point in the circadian clock) no 

prominent regulation of these two genes was apparent, except that their mRNA levels were in 

general lower than at the 6 h time point (Fig. 5A). The 19 h (treatment stopped in the morning) 

corresponds to Zeitgeber time (ZT) 2 h and 6 h (treatment stopped in the evening) to ZT 13 h. 

The Bmal1 gene is positioned in an antiphase to Per2 and Rev-erb in the circadian rhythm. In 

agreement, this gene was more expressed at 19 h treatment than at 6 h treatment, especially 

at the non-induced (NI) condition. 
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Figure 5. Gene regulation by DEX/GW and 991 in primary hepatocytes. (A) mRNA levels of 
circadian clock and lipid metabolism genes upon DEX (1µM), GW7647 (0,5µM) and 991 (5µM) 
treatments for 6 h (ZT 13 h) and 19 h (ZT 2 h) in primary hepatocytes. *p<0.05, **<0.01, 
***<0.001, ****<0.0001; 1-way ANOVA with Dunnett’s test; N=4. Bars represent mean+SEM. 
NI, non-induced. Gene expression levels were normalized to Ppia/cyclophilin and Gapdh using 
qbase+. (B) Heatmap with the mRNA expression values of genes from Fig. 5A upon NI and 
DEX/GW treatments. 

 

Concerning Bmal1, treatment with 991 rather downregulated mRNA levels at 19 h, which might 

be explained by induction of the negative Bmal1 regulator Rev-erb (Mayeuf-Louchart et al., 

2017) upon 6 h treatment with 991. Interestingly, the gene encoding the AMPK 1 subunit itself 

was not regulated by the tested compounds and, overall, it was significantly more expressed at 

19 h than at 6 h (Fig. 5A), resembling the pattern of Bmal1 regulation (Fig. 5B). According to the 

literature, GR is not a rhythmically expressed nuclear receptor in murine liver, whilst PPAR 

exhibits clear rhythmicity (Yang et al., 2006). In line herewith, we observed that Ppara was more 

abundantly expressed at 6 h compared to 19 h. The Ppara gene itself was strongly induced by 

DEX/GW co-treatment, a condition shown before to reflect a catabolic fasting state (Fig. 5A, B). 

Being targets of PPAR, the Ehhadh and Angptl4 genes demonstrated also a time-dependent 

regulation (mostly the latter gene) and, expectedly, were both induced by DEX/GW co-

treatment (Fig. 5A, B).  
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 We can conclude that 6 h DEX/GW treatment, which exclusively mimics events linked to 

catabolic fasting and activates the GR-PPAR-AMPK axis, downregulated Per2 and Rev-erb in 

hepatocytes whilst 991 treatment upregulated these genes. Gene regulation profiles seemingly 

follow the phase/antiphase principle of the circadian oscillatory machinery – Per2, Rev-erb and 

Ppara versus Bmal1 and Ampka1 (Fig. 5B).  

 

Discussion  

Activation of PPARα was shown before to suppress the induction of liver G6PC and PEPCK genes 

that were activated by GR in mice subject to a high fat diet (Bougarne et al., 2009). As such, 

combined PPARα and GR agonist treatment hold a promise of therapeutic benefit by enhancing 

anti-inflammatory effects on cytokines, while circumventing (at least) GC-induced glucose 

intolerance. In the current research we studied the GR-PPAR-AMPK axis and its putative role 

in the transcriptional regulation of genes in primary hepatocytes and liver. Using a combination 

of RNA-seq, qPCR and ELISA assays, we demonstrated that simultaneous GR-PPAR activation 

additively suppresses inflammation in LPS-treated murine primary hepatocytes.  

Pharmacological AMPK activation, using the AICAR compound, was shown before to 

suppress inflammation in acute LPS-induced in vitro and in chronic colitis in vivo models (Bai et 

al., 2010) and to inhibit proinflammatory effects after LPS-induced lung injury (Zhao et al., 2008). 

However, it was demonstrated that the anti-inflammatory effect of AICAR is attributed to an 

AMPK-independent pathway (Łabuzek et al., 2010). To be able to unambiguously show whether 

or not activation of AMPK might improve the anti-inflammatory effect of combined GR-PPAR 

activation, we used the novel AMPK inducer 991, shown in structural studies to bind α and β 

AMPK subunits (Bultot et al., 2016; Xiao et al., 2013). Extra modulation of AMPK however did 

not result in a stronger suppression of inflammatory markers Ccl2 and Il6 in LPS-treated primary 

hepatocytes. The reason for this result may be due to the fact that 991 did not further increase 

the level of p-AMPK signal in the primary hepatocyte nucleus, since AMPK was induced already 

by starvation and DEX/GW treatment, hence indicating a plateau may have been reached. 

Starvation conditions were shown before to strongly induce lipid metabolism genes and to lead 

to a substantial binding of p-AMPK to chromatin in murine liver (Ratman et al., 2016). Our study 
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of p-AMPK recruitment at a genome-wide scale indeed revealed enrichment of lipid metabolism 

genes at the binding sites of p-AMPK. Ehhadh and Pdk4 genes demonstrated p-AMPK peaks only 

following combined DEX/GW treatment. Interestingly, lipid metabolism was clearly not the only 

p-AMPK target, since gene ontology analysis connected p-AMPK also to genes of the circadian 

rhythm pathway, with the top de novo enriched motif being the BMAL1 motif “CACGTG” (E-box). 

The BMAL1-CLOCK complex is the main transcriptional regulator of the circadian rhythm genes 

(Takahashi, 2017). To our surprise, motif analysis following ChIP-seq of p-AMPK did not retrieve 

PPAR or GR binding sequence motifs in the DEX/GW samples. It is important to note that de 

novo motif analysis does not necessarily point at the definite components of the transcription 

complexes, and more mechanistic studies are needed to unravel this. Nevertheless, from our 

findings it is tempting to speculate that circadian rhythm genes might be occupied by p-AMPK 

together with BMAL1. However, when overlaying also the gene regulatory events, this would 

seem the case only at those genes of the circadian clock which in turn suppress the BMAL1-

CLOCK complex (Per2, Rev-erb, Cry2, Bhlhe40) and not at the genes which activate it (Ror) or 

Bmal1 and Clock genes themselves. When looking back at our previous ChIP-seq data in primary 

hepatocytes (Ratman et al., 2016), GR and PPAR peaks were found to be present in close 

proximity to TSS of circadian rhythm genes Per1, Per2, Cry2, Rev-erb and Bhlhe40 (Fig. S6). In 

support, gene ontology analysis revealed “Diurnally regulated genes with circadian orthologs” 

pathway as significantly enriched near the overlapping GR and PPAR peaks (Ratman et al., 

2016). Combined, the data strongly suggest that GR-PPAR and BMAL1-CLOCK complexes may 

work together with AMPK as one complex at, or in a close proximity of, the metabolic and 

circadian genes. Previous reports already provide arguments in support of a tight connection of 

GR and/or PPAR separately with the CLOCK-BMAL1 machinery. First of all, GR was shown to 

physically interact with CLOCK in a ligand-dependent manner via the GR ligand binding domain 

in mammalian two-hybrid and GST-pull down assays (Nader et al., 2009). Second, CLOCK 

suppresses GR transcriptional activity via its acetylation in human colon cancer HCT116 cells 

(Kino, 2012; Nader et al., 2009). Third, GR can also interact in a ligand-dependent way with CRY1 

and CRY2 proteins, which also repress GR transcriptional activity. Specifically, Cry1 and Cry2 

deficiency results in a more pronounced upregulation of DEX-induced Pck1 (PEPCK) in murine 

liver, leading to aggravated hyperglycemia (Lamia et al., 2011). Fourth, other reports  
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Figure 6. The model conclusively shows how lipid metabolism, inflammatory and circadian 

rhythm gene transcriptional regulation is connected together by coordinate GR, PPAR and 
AMPK activities in liver nucleus. 

 

demonstrate that PPAR is a direct target of the BMAL1-CLOCK complex in murine liver (Oishi 

et al., 2005), and oppositely, that PPAR can regulate BMAL1 by binding to its promoter 

(Canaple et al., 2006). Fifth, PPAR ligands, fibrates, can induce the mRNA of Rev-erb in 

primary hepatocytes (Gervois et al., 1999). Also, PPAR can directly and indirectly interact with 

PER2 in mouse liver (Albrecht et al., 2010). Finally, DEX treatment downregulates in a GR-

dependent manner REV-ERB alpha at the mRNA and protein levels in rat liver (Piñeda Torra et 

al., 2000). All of these data together with our novel mechanistic findings demonstrate a very 

tight relationship between nuclear receptor regulation and the clock machinery. Controlled 

modulation of nuclear receptor-containing complexes might open new possibilities in 

pharmacological regulation of the circadian rhythm. For example, recent findings demonstrate 

that aortic valve replacement surgeries performed in the afternoon significantly decreased the 

incidence of major adverse cardiac events compared to the morning surgeries (Montaigne et al., 

2017). As for the underlying mechanism, Rev-erbα gene deletion or its pharmacological 
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inhibition conferred myocardial hypoxia–reoxygenation tolerance in mice hearts at the sleep-

to-wake transition. In other words, Rev-erbα antagonism seems to be a viable pharmacological 

strategy for cardioprotection (Montaigne et al., 2017) and it remains to be demonstrated if and 

how other nuclear receptor complexes may act in a similar manner.  

Even though there was no significant difference in the p-AMPK binding at circadian 

rhythm genes across the treatments, the mRNA levels of Per2, Rev-erb were still moderately 

downregulated by DEX/GW and upregulated by 991 treatments at ZT 13 h (corresponds to 6 h 

treatment in our experiment). Importantly, p-AMPK recruitment in ChIP-seq assay was detected 

at ZT 6 h, which can explain the discrepancy between observing a regulation of Per2 mRNA levels 

without detecting differential AMPK recruitment to its promoter upon DEX/GW treatment. 

Overall, gene regulation seems to follow the phase/antiphase principle of the circadian 

oscillatory machinery, with Per2, Rev-erb and Ppara expressed at higher levels at ZT 13 than at 

ZT 2 (19 h treatment), and with Bmal1 and Ampka1 behaving in an opposite manner. Upon 

aligning mRNA expression profile kinetics, Ampka1 was positioned together with Bmal1, whilst 

Ppara resembled more the kinetics of Per2 and Rev-erb. As expected, DEX/GW treatment 

upregulated the mRNA of lipid metabolism genes Ehhadh and Angptl4 in hepatocytes.  

AMPK was shown before to exert direct control at the protein (modification) level of 

circadian rhythm regulators, but not at the direct transcriptional level. As such, AMPK was found 

to phosphorylate CRY1 protein leading to its destabilization and hence causing de-repression of 

CLOCK-BMAL1 targets (Lamia et al., 2009). Also, AMPK activity and nuclear localization were 

rhythmic and inversely correlated with CRY1 nuclear protein abundance (Lamia et al., 2009). 

AMPK was also shown to be able to phosphorylate GR indirectly via the activation of p38 and to 

phosphorylate cofactors, eg. p300/CBP, as another means of influencing the transcriptional 

regulation by GR (Nader et al., 2010). Interestingly, the effects of pharmacological AMPK 

activation on PPAR transcriptional activity are contradictory, showing suppression (Bronner et 

al., 2004; Sozio et al., 2011) and activation (Houten et al., 2009). When looking at our results of 

qPCR, pharmacological AMPK activation rather enhanced DEX/GW-activated Ehhadh and 

Angptl4 genes. As a nutrient cell sensor of tissues known to have an internal clock, such as liver, 

AMPK is clearly linking metabolism and circadian rhythm at many different levels. Our results, 

presented in a model in Figure 6 add new insight to the understanding how these crucial 
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pathways may interact in liver, by showing an extra level of control situated nearby the 

chromatin via the physical embedment of AMPK within a transcriptionally active nuclear 

receptor complex. Specifically, we unveiled that control of circadian rhythm pathway genes by 

AMPK may occur directly at the level of a DNA-bound transcription complex at the genes in 

antiphase to Bmal1 and Clock (Per2, Rev-erb, Cry2, Bhlhe40 and others), as a novel mechanism 

of action in liver.  

 

Data availability  
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Addendum 

 

 

Figure 1. qPCR analysis of Il6 and Il1b mRNA in BMDM performed as described in “Methods of 

Result part 1”. Cells were starved with DMEM without FCS for 2 h prior the treatment with 

10nM DEX and GW 0,5 µM for 6 h in DMEM without FCS. 100 ng/ml LPS was added 

simultaneously with the compounds. NI, non-induced. Statistical analysis: 1-way ANOVA with 

Tukey approach for multiple comparisons.  * - p<0,05; ** - p <0,01; N=3. 
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Because GCs are widely used in clinic to treat various inflammatory disorders but suffer from 

detrimental side effects, representing a highly unmet need since many years, researchers 

should continue to focus on exploring novel alternative anti-inflammatory strategies that can 

potentially solve some of these issues. In this work we tried to deepen the current knowledge 

on two promising anti-inflammatory approaches. One is the concept of selective glucocorticoid 

receptor modulator (SEGRM) and the second is the crosstalk of two anti-inflammatory 

receptors GR and PPARα activated by their respective ligands. 

 

Part 1. Anti-inflammatory mechanism of CpdA compared to DEX in macrophages 

CpdA was characterized as an example of a SEGRM that possesses anti-inflammatory effects in 

in vitro and in vivo laboratory studies (De Bosscher et al., 2005; van Loo et al., 2010; Rauch et 

al., 2011; Reber et al., 2012; Wüst et al., 2009; Zhang et al., 2009), and, in contrast to GCs, does 

not activate mechanisms leading to the development of adverse effect (e.g. hyperglycemia, 

osteoporosis) (Dewint et al., 2008; Rauch et al., 2011; Zhang et al., 2009). Also, treatment with 

GCs in contrast to CpdA leads to homologous downregulation of GR (Gossye et al., 2010) as a 

mechanism contributing to the development of resistance towards GC treatment and 

explaining the requirement to gradually increase GC dosage in the clinic. CpdA was 

demonstrated to work via GR in a number of studies (De Bosscher et al., 2005; Reber et al., 

2012; Yemelyanov et al., 2008).  

 We however have discovered that the anti-inflammatory effect of CpdA in LPS-treated 

bone marrow-derived macrophages (BMDM) is GR-independent and is instead mediated by the 

NFE2L2-SQSTM1 axis. As expected, a DEX-mediated suppression of inflammatory markers was 

fully GR-dependent. Although Tabarrozzi et al. already reported that CpdA works in GR-

independent manner in bone marrow dendritic cells (Barcala Tabarrozzi et al., 2016), we went 

further and could unravel which proteins and mechanisms are underlying this alternative CpdA 

action. Namely, we discovered that CpdA upregulated the autophagy receptor SQSTM1, which 

is regulated by the NFE2L2 transcription factor. Gavrila et al. also reported a GR-independent 

component in the action mechanism of CpdA, and postulated that suppression of the 

chemokine CXCL10 by 24 h CpdA treatment in human airway smooth muscle cells is dependent 

139 



 
 

on activation of DUSP1 at the 2 h time point (as the later time points did not show this 

upregulation). However, these authors did not show the upregulation of DUSP1 upon CpdA 

treatment in an inflammatory state. In contrast, we demonstrate that a 6 h CpdA treatment 

downregulates Dusp1 mRNA in LPS-triggered BMDM. Interestingly, a 3 h CpdA treatment does 

induce Dusp1 mRNA in mouse intestine mICcl2 cells but here also fails to induce it at the 6 h 

time point in the same cells and at both time points in human lung epithelial A549 cells (Desmet 

et al., 2017). Overall, it can be concluded that the effect of CpdA depends on the type of tissue, 

inflammatory stimuli, compound concentration, time of the treatment etc. and that effects are 

not solely mediated by GR. 

We can speculate that, since CpdA does not work via a GR-dependent mechanism but 

rather through activation of the NFE2L2-SQSTM1 axis (at least in BMDM), the simultaneous 

treatment with GCs and CpdA could potentially have stronger anti-inflammatory effects than 

each treatment alone. Indeed, a CpdA and DEX combination was found to exhibit an additive 

anti-inflammatory effect in TNF-triggered A549 and L929sA cells (Desmet et al., 2017). 

Interestingly, this treatment also induces the anti-inflammatory gene DUSP1 in an additive 

manner in A549 and mICcl2 cells (Desmet et al., 2017). In line with these findings and taking 

into account the fact that DEX-activated GR is known to suppress NFE2L2-dependent gene 

activation (Alam et al., 2017; Ki et al., 2005), it can be hypothesized that in the presence of GCs 

the suppressive residual action of NFE2L2 on inflammation has still a substantial effect in these 

cells. In analogy to GR, NFE2L2 can exert its immune suppressive properties both by 

upregulating proteins with anti-inflammatory features and by direct binding to the promoters 

of inflammatory genes (Kobayashi et al., 2016). In support of this claim, we found that CpdA 

possesses anti-inflammatory properties not only by activation of gene and protein SQSTM1, but 

apparently also by recruitment of NFE2L2 to the promoters of Il6 and Il1b genes in LPS-triggered 

BMDM (Results part 1; Figure 3 C,D) (Mylka et al., 2018). These binding events were detected 

at the regions where in another study NFE2L2 was recruited to Il6 and Il1b genes in LPS/IFNγ-

treated BMDM (Kobayashi et al., 2016). Kobayashi et al. revealed that NFE2L2 activation with 

diethylmaleate (DEM) suppresses Il6 and Il1b genes in an ARE-independent manner by 

inhibiting the recruitment of RNA Pol II without affecting the NF-B p65 binding. From our data, 

it can nevertheless be assumed that, at least in BMDM, the autophagy component of CpdA’s 
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anti-inflammatory potential still plays a substantial role, because the ability to suppress these 

genes by CpdA gets hampered upon loss of the autophagy receptor SQSTM1 (Mylka et al., 

2018).  

The concept of SEGRMs seems to be a promising approach also from the prospect of big 

pharmaceutical companies. As was mentioned in the Introduction section, a number of SEGRMs 

have reached the clinical trial phase. A promising SEGRM, fosdagrocorat (PF-04171327), from 

Pfizer was tested in a phase II trial. In 323 RA patients, 15 mg of fosdagrocorat daily showed a 

similar efficacy as prednisone 10 mg daily, while undesired effects on bone formation and 

plasma glucose level were similar as 5 mg of prednisone daily (Stock et al., 2017). Despite of 

this, the current status of this drug in RA is that it has been discontinued. The trials of another 

SEGRM from Bayer have also been discontinued in studies of atopic dermatitis and 

conjunctivitis. The same status was found for AZD-5423 from AstraZeneca in studies on chronic 

obstructive pulmonary disease. Nevertheless, trials with other SEGRMs are still ongoing: 

AZD9567 for the treatment of respiratory tract disorders and RA (Ripa et al., 2018), and 

AZD7594 for asthma and chronic obstructive pulmonary disease (Brown et al., 2017). The fact 

that some of them have been discontinued and some are still ongoing, emphasizes again the 

importance of further research using SEGRMs, including insight on the consistent anti-

inflammatory action of the tool compound, CpdA.  

The term “tool compound” is attributed to CpdA because of its narrow therapeutic 

window, meaning that the therapeutic dose is close to its toxic dose (Wüst et al., 2009). An 

extra complication which unables the use of CpdA in clinic is its low chemical stability (Wüst et 

al., 2008).  

More stable analogues of CpdA could potentially be used in the long-term treatment of 

chronic inflammatory diseases (e.g. allergies, asthma, rheumatoid arthritis, multiple sclerosis 

and chronic obstructive pulmonary disease). In support, in current clinical trials SEGRMs are 

tested in these diseases, as was stated above. Nevertheless, the in vitro inflammatory model 

we used in our studies (short-term LPS-treated BMDM) rather aligns with the acute 

inflammation model. Even though we showed that 6 h of 10 μM CpdA treatment added 

together with inflammatory stimuli was enough to significantly suppress inflammatory markers 
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IL6 and CCL2, it remains to be demonstrated whether or not the action of CpdA may be 

recapitulated in the severe infection-triggered inflammatory models. 

Which other potential strategies can be used to reduce the side effects of GCs? For 

instance, some medications can be prescribed together with GCs to prevent its severe side 

effects. Calcium and vitamin D supplementation is the most appropriate initial strategy to 

prevent osteoporosis in all patients. Bisphosphonates are also approved to treat glucocorticoid-

induced osteoporosis (Moghadam-Kia and Werth, 2010). Obviously, for the pharma industry, 

the preferred strategy would be to have strong anti-inflammatory effects without causing much 

harm in one drug. In contrast to GCs, nonsteroidal anti-inflammatory drugs (NSAIDs) affect 

mainly COX1, COX2 and prostaglandin biology, and possess much weaker anti-inflammatory 

properties. Thus they are used as painkillers or in a state of moderate inflammation. 

Nevertheless, they still have side-effects (Becker, 2013). Recently, immunotherapy became a 

popular remedy against cancer (Cauwels et al., 2018a, 2018b). Monoclonal antibodies against 

key immune proteins are gaining popularity in the inflammation field as well. For example, anti-

CD20 antibodies were approved by FDA in 2017 as a treatment against multiple sclerosis (MS) 

(Mulero et al., 2018). But these medications are costly and also demonstrate side effects in 

patients.  

As a general conclusion to this part of our work it can be stated that because of the 

importance of both transactivation and transrepression mechanisms in the anti-inflammatory 

effects of GR ligands, the search for SEGRMs might be difficult when focusing only on GR as a 

target protein. Hence the spectrum of new compounds should also broaden to other anti-

inflammatory transcription factors (e.g. NFE2L2, ATF3). The machine learning algorithms and 

chemical structures of the inducers of these factors as an input for such algorithms can be used 

to design new anti-inflammatory molecules (Butler et al., 2018; Lo et al., 2018). The primary 

selection criteria alongside the efficacious suppression of inflammation must be a marked 

reduction at the level of side-effects.  
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Part 2. PPARα-GR crosstalk in the regulation of inflammation and the role of 

AMPK  

Strategies to improve the therapeutic benefit induced by GR, and other NRs, have to 

date mainly focused on alternative receptor ligands. However, this largely disregards the 

therapeutic potential of harnessing crosstalk between members of the NR superfamily. 

Crosstalk between the GR and other NR family members generates functional responses 

different from those induced by homodimerization of GR. Consequently, therapies that 

capitalize on exploiting the functional responses of the GR when it forms novel partnerships 

either physically or functionally with other NRs may open up novel ways to enhance efficacy 

and circumvent GR-mediated side effects. Therefore, studying diverse crosstalk mechanisms 

involving GR will enhance our understanding of the spectrum of actions elicited by GR and we 

suggest consequently that the therapeutic potential of GR, far from being exhausted, is still 

expandable based on these novel concepts involving GR-NR crosstalk.  

 An appropriate option for such NR-NR crosstalk is GR-PPARα. The second part of the 

thesis is a follow-up of the previous two studies executed in our laboratory. In one of them, a 

physical interaction was shown to occur between GR and PPARα. Simultaneous receptor 

activation resulted in an additive repression of NF-B activity in hepatocyte and fibroblast cell 

line models (Bougarne et al., 2009). Furthermore, PPARα fibrate ligands counteracted the GC-

aggravated glucose intolerance of high-fat fed diet (and hence insulin resistant) mice (Bougarne 

et al., 2009). In another study, we showed that under conditions of food deprivation, GR and 

PPARα cooperate to induce genes regulating lipid and glucose metabolism and AMP-activated 

protein kinase (AMPK) was part of the chromatin embedded GR-PPARα complex (Ratman et al., 

2016).  

In the current study we focused on GR-PPARα crosstalk in the regulation of inflammation 

in LPS-triggered murine primary hepatocytes and the role of AMPK in the biology of the GR-

PPARα complex. By performing RNA-seq analysis, we could detect that simultaneous activation 

of GR-PPARα activates lipid metabolism genes in an additive manner in the inflamed 

hepatocytes (Results part 2; Figure 1), similar to basal hepatocytes (Ratman et al., 2016). This 

combination of GR and PPARα ligands suppressed also a number of inflammatory markers (Ccl2, 
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Icam1, Nfkb2, Ikbke, Mapk3) significantly better than each ligand alone (Results part 2; Figure 

1). Interestingly, these particular genes were not suppressed in the same additive manner in 

LPS-induced BMDM (data not shown). In contrast, activation of GR and PPARα in this cell model 

additively suppressed Il6 and Il1b genes, which, according to RNA-seq, were expressed only at 

a very low level in hepatocytes (Results part 2; Addendum 1). Because BMDM are used as a 

model of Küpffer cells, these data demonstrate how triggering the GR-PPARα crosstalk results 

in a differential inflammatory response profile in various cells comprising liver. Nevertheless, 

the overall pattern of the response is fitting the hypothesis that a simultaneous pharmacological 

activation of PPARα and GR exerts an additive anti-inflammatory effect. 

Still, it remains to be determined in diverse inflammatory models/diseases whether the 

anti-inflammatory actions of synthetic GCs could be achieved at lower doses with consequently 

less adverse effects when simultaneous administered with safe PPARα agonists. The next 

generation of PPARα agonists, including pemafibrate (Hennuyer et al., 2016), would suit this 

purposes well.  

NR-NR crosstalk may not be restricted to GR-PPARα. Recently we demonstrated that 

PPARγ-GR crosstalk is a potent remedy against allergic skin inflammation and a worsening of 

the atopic march (Deckers et al., 2018). In analogy, we see a potential application of GR-PPARα 

crosstalk in models of chronic inflammation where GCs are currently used as a treatment (e.g. 

allergies, asthma, rheumatoid arthritis, multiple sclerosis and chronic obstructive pulmonary 

disease).  

Because AMPK is part of a trimeric complex consisting of GR-PPARα-AMPK, we studied 

the genome-wide p-AMPK recruitment upon starvation and pharmacological induction of 

PPARα and GR in mouse livers. Our ChIP-seq results demonstrate that p-AMPK is recruited to 

many CLOCK-BMAL1 targets: Rev-erb, Bhlhe40, Per2, Cry2, Dbp, which belong to the negative 

limb of the circadian clock i.e. coding for the proteins expressed in antiphase to the master clock 

regulator CLOCK-BMAL1. In support, p-AMPK is not recruited to Bmal1, Clock and Ror genes. 

The last gene is a target and a positive regulator of the CLOCK-BMAL1 complex. These data 

broaden our knowledge about the existence of a direct effect of AMPK on clock components 

apart and different from the known phosphorylation and subsequent degradation of CRY1 
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(Lamia et al., 2009) to the presence of AMPK as a part of the transcription machinery near many 

genes of negative limb of molecular clock, as well as nearby lipid metabolism genes (Results 

part 2; Figure 4). Thus, the well accepted statement that AMPK is a key molecule between 

energy metabolism and the circadian clock (Jordan and Lamia, 2013; Lee and Kim, 2013) 

becomes even more solid and mechanistically more clear. 

Our findings are a first step that can be seen in a broader picture, providing we solve the 

remaining loose ends in the current study. Knowing about the link between clock and 

inflammation, it would be interesting to perform a similar genome wide study in the future, but 

now including the inflamed state and different time points. The physiological activation of 

AMPK (starvation) compared with pharmacological AMPK activation using activators with 

proven anti-inflammatory properties, could add an extra value to the results of this ChIP-seq 

experiment. What should also be elucidated further is the expression level of circadian rhythm 

genes upon physiological (starvation) and pharmacological activation of AMPK compared to 

non-starved conditions, and without adding agonists of GR and PPAR. In the current 

experiments, 4 h DEX and GW treatment or also the re-feeding for 1 h did not cause any 

substantial difference on p-AMPK recruitment specifically at the circadian genes (Results part 

2; Figure 4F). This result can potentially be explained by the fact that mice from all treatment 

groups underwent overnight starvation and ChIP was performed at the same time point, thus 

pharmacological treatment may not have been able to surpass the clock effect. Also, in contrast 

to the conditions in our qPCR experiment (Results part 2; Figure 5), the isolation of primary 

hepatocytes should be done at different time points (day-night cycles in rodents), but keeping 

equal treatment time. Indeed, with the current data at hand it is difficult to relate the results of 

ChIP-seq (binding events at one single time point) to the results of qPCR (mRNA levels at 

another time point), and thus it is not completely clear whether the observed p-AMPK presence 

at the genes of the negative limb of the molecular clock causes activation or repression of their 

transcription. 

In spite of the high number of reports demonstrating an anti-inflammatory role of AMPK 

(Bai et al., 2010; Zhao et al., 2008), we failed to show this feature in hepatocytes using the novel 

AMPK inducer 991. The 991 compound was recently described as a potent AMPK activator 

capable of binding to both the α and β AMPK subunits (Bultot et al., 2016; Xiao et al., 2013). 
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One hint explaining this observation could be the finding that the anti-inflammatory effect of 

known AMPK activator AICAR, may be attributed to an AMPK-independent pathway (Łabuzek 

et al., 2010). 

 

General conclusion 

We believe that the development of novel ligand/receptor combinations for NRs will 

increasingly gain importance as the underlying molecular mechanisms of action and the various 

ways these receptors interact becomes clearer. A combination of different and non-exclusive 

concepts, as described in this thesis (namely, selective NR modulators, NR-NR crosstalk, dual 

NR/alternative targets modulators) could potentially become an even more powerful strategy 

in the treatment of inflammatory diseases. As one exciting example for future research, dual 

GR/NFE2L2 activating compounds may even be useful in antidiabetic therapies, based on 

reports that have positioned NFE2L2-activators of use in this disease (David et al., 2017) and 

based on the assumption type 2 diabetes (T2D) is considered as a low grade inflammatory 

disease (Biden et al., 2014; Brozzi and Eizirik, 2016; Donath and Shoelson, 2011; Gerber and 

Rutter, 2017; Nikolajczyk et al., 2011). Indeed, hyperglycemia triggers excess production of 

mitochondrial reactive oxygen species (ROS) that overwhelm the anti-oxidative capacity of β-

cells, leading to oxidative stress (Tang et al., 2012). As a second example, a simultaneous 

treatment with the highly selective PPARα ligand pemafibrate and one of the selective GR 

modulators currently tested in clinical trials, could potentially propose a more efficacious anti-

inflammatory treatment of autoimmune diseases with less metabolic side-effects, when 

compared to classic GCs.  
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