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Summary 

The glucocorticoid-induced leucine zipper (GILZ) is an immunomodulatory 

protein playing a pivotal role in macrophages' immune response. The aim of the 

present studies was the investigation and role of GILZ in different settings: The first 

part of this study focused on the function and regulation of GILZ in aging and 

macrophage activation. The term “inflammaging” describes the acquired state of low-

term chronic inflammation contributing to an age-related imbalanced immune 

system. The elucidation of impaired glucocorticoid metabolism and reduced levels of 

glucocorticoids (GC) in the myeloid compartment of aged mice resulting in a 

dysregulated immune network was part of this study.  

Second, this study focused on statins' effects on GILZ. Statins represent the most 

prescribed class of drugs for the treatment of hypercholesterolemia as the underlying 

condition in cardiovascular diseases (CVDs). Besides lipid-lowering actions, statins 

exert muscle-related side effects and are postulated to mediate anti-inflammatory 

actions by mechanisms not fully elucidated. Statins can induce GILZ in skeletal muscle 

and macrophages. The study revealed mechanistic aspects of Gilz-upregulation and 

the involvement of the mevalonate pathway in macrophages in vitro and ex vivo as 

well as the mediating role of GILZ in statin-induced muscle damage in vitro and in vivo.  
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Zusammenfassung 

Der Glucocorticoid-induzierte Leucin Zipper (GILZ) ist ein Protein mit 

immunmodulierenden Eigenschaften, welches eine wichtige Rolle in der 

Immunantwort von Makrophagen spielt. Ziel der vorliegenden Studien war die 

Untersuchung von GILZ in unterschiedlichen Ansätzen: Die Rolle und Funktion von 

GILZ während des Alterungsprozesses und bei Makrophagenaktivierung war 

Bestandteil des ersten Studienteils. Mit zunehmendem Lebensalter verändert sich das 

Immunsystem hin zu einem entzündungsähnlichen Zustand. Die Untersuchung im 

myeloiden Kompartiment von gealterten Mäusen zeigte, dass reduzierte 

Glucocorticoid (GC) Spiegel und ein veränderter Glucocorticoidmetabolismus Teil 

dieses fehlregulierten Immunnetzwerkes sind. 

Ein weiteres Ziel dieser Studie war die Untersuchung des Einflusses von Statinen auf 

GILZ. Bei Statinen handelt es sich um die meistverordnete Gruppe von Arzneimitteln, 

die bei Hypercholesterinämie eingesetzt werden. Neben ihrer lipidsenkenden 

Wirkung werden Statinen auch muskelschädigende und anti-entzündliche 

Eigenschaften, deren Mechanismen nicht vollständig geklärt sind, zugeschrieben. 

Zunächst wurde gezeigt, dass Statine Gilz in Muskelzellen und Makrophagen 

induzieren kann. Es konnten mechanistische Aspekte der Gilz Induktion unter 

Beteiligung des Cholesterolsyntheseweges in Makrophagen in vitro und ex vivo, sowie 

die Beteiligung von GILZ an muskelschädigenden Eigenschaften in vivo und in vitro, 

gezeigt werden.
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1. Introduction 

1.1. Innate Immune Response 

1.1.1. Macrophages, Inflammation, and Cardiovascular Diseases 

Macrophages were first described based on their phagocytotic nature by 

Metchnikoff in 1883 and are a milestone in the discovery of the immune system 

(Metchnikoff, 1883). Later on, they were classified as part of the mononuclear system 

as phagocytotic cells of the innate immune system (van Furth, R. & Cohn, Z. A., 1968). 

Macrophages belong to the first-line response of the immune system and are tissue-

resident or recruited to the tissue. They are able to detect, engulf, and destroy foreign 

invaders as well as remove cell debris and maintain cell homeostasis (Lavin et al., 

2015).  

Macrophages recognize microbial invaders by pattern-recognition receptors (PRRs) 

detecting viral or bacterial pathogen-associated molecular patterns (PAMPs) such as 

the gram-negative cell wall component lipopolysaccharide (LPS). Recognized 

structures comprise toll-like receptor (TLR) families, nucleotide-binding 

oligomerization domain receptor (NLR) families which are expressed on the plasma 

membrane and/or on endosomes as well as nucleus-associated receptors (Brubaker 

et al., 2015). The first Toll protein was found in Drosophila melanogaster and was 

characterized by its genetic similarity to the interleukin (IL)-1 receptor as well as its 

actions via similar signaling pathways hinting towards the involvement of TLRs in 

innate immunity (Gay & Keith, 1991; K. V. Anderson et al., 1985). To date, the TLR 

family belongs to the most conserved receptor family mediating innate immune 

responses. 
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Macrophages can be activated by various TLRs: Representatives are TLR1/TLR2 

heterodimers for recognition of peptidoglycans and lipoproteins, TLR3 activation by 

double-stranded ribonucleic acid (RNA), as well as TLR4 homodimers activation by LPS. 

TLR4 activation occurs either in a MyD88 (myeloid differentiation factor 88)-

dependent or -independent manner (Leifer & Medvedev, 2016).  

Macrophages have multiple functions: antigen-presentation, phagocytosis, and 

immunomodulation during acute inflammation but macrophages are also important 

mediators of the inflammatory resolution (Fujiwara & Kobayashi, 2005). Beyond their 

function as part of the innate immunity, macrophages are critical for physiological 

functions such as homeostasis, remodeling, and tissue repair (Zhang et al., 2021). They 

mediate their functions by secretion of different cytokines, interferons, growth 

factors, and messenger substances. Due to their involvement in many physiological 

functions, they are also pivotal players in the pathogenesis of all major diseases, e.g., 

chronic inflammatory diseases, cardiovascular diseases (CVDs), and cancer (Ardura et 

al., 2019).  

Figure 1 shows the pathogenesis of atherosclerosis, describing the accumulation of 

low-density lipoprotein (LDL) in cells of the intima of blood vessels (Gisterå & Hansson, 

2017). During progression, the LDL retention attracts monocytes - precursors of the 

macrophages in the circulation - resulting in their transmigration in the intima of the 

vessel wall. The release of growth factors, such as granulocyte-macrophage (GM) and 

macrophage (M) colony-stimulating factors (CSF) results in the transformation to 

macrophages and uptake of chemically modified LDL finally fuelling the maturation of 

dysfunctional, non-resolving macrophages, namely foam cells (Moore et al., 2013). In 

response, macrophages release inflammatory cytokines such as interleukin IL-1b and 

tumor necrosis factor (TNF), thus, driving inflammation (Beuscher et al., 1990; Moyer 

et al., 1991). The progression of atherosclerosis leads to the formation of plaques 

characterized by a lipid core, fibrous cap, and infiltrated immune cells (Bentzon et al., 

2014). The thickening of the vessel wall results in the narrowing of the lumen and with 

increased severity to sudden ruptures. Atherosclerotic events affect the entire 

cardiovascular system, causing cardiovascular diseases and might even result in 
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deathly myocardial infarctions or strokes, and, thus, are the leading cause of deaths 

worldwide (https://www.who.Int/News-Room/Fact-Sheets/Detail/the-Top-10-

Causes-of-Death, 2021). 

 

Figure 1: Overview of the immunological actions within an atherosclerotic 
vessel and the formation of an atherosclerotic plaque. LDL, low-density 
lipoprotein; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-
CSF, macrophage colony-stimulating factor; IL1-b, interleukin 1b; IL-6, 
interleukin 6; CRP, C-reactive protein (Gisterå & Hansson, 2017). 
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1.1.2. Macrophage Polarization 

 

 

 

 

Figure 2: The dichotomy of macrophage polarization states and their mediated 
main effects. TNF, tumor-necrosis factor; IFNg, interferon g; IL-4, interleukin 4; 
IL-13, interleukin 13. Adapted from (Russell et al., 2019; Solinas et al., 2009). 

The paradigm regarding macrophages as a single cell population was outdated 

within the last decades and replaced by a dichotomy which described macrophage 

populations according to their original activity as pro-inflammatory M1 and anti-

inflammatory M2 macrophages (Figure 2) (Italiani & Boraschi, 2014; Russell et al., 

2019). However, this describes the two extreme populations not representing the 

plasticity and wide range of subsets implied. Macrophage subsets are characterized 

by different genetic makeups, expression of receptors, cytokine expression patterns, 

and distinct morphologies. Consequently, macrophage phenotypes are resident in 

very different environments and are involved in different conditions of disease 

(Biswas et al., 2012). 

Pro-inflammatory 

Immuno stimulation 

 

Anti-inflammatory 

Pro-resolving 

Immuno downregulation 
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Thus, macrophages can respond to different stimuli showing temporally different 

phenotypes and allowing a tailored response according to their microenvironment. 

M1 macrophages are called “classically activated” since they respond to LPS and 

interferon (IFN)g. However, in atherosclerotic lesions, it is unlikely that bacterial 

compounds activate an M1 phenotype. Particularly, endogenous TLR2 and 4 ligands 

such as fatty acids, oxidized lipids, and IFNg activate this phenotype and the 

transcription factor nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells 

(NF-kB) mediates the up-regulation of pro-inflammatory genes resulting in the 

expression of TNF, IL1b, IL6, and different types of chemokines and chemokine 

receptors as well as reactive oxygen species (ROS) and nitric oxide (NO), thus, 

regarded as plaque-destabilizing and pro-atherogenic (Jinnouchi et al., 2020; Leitinger 

& Schulman, 2013). In contrast, M2 macrophages are activated by Th2 interleukins 

(IL4/IL13) as well as different lipid products and are supposed to promote the anti-

atherogenic phenotype (Adamson & Leitinger, 2011; Barrett, 2020). The expression of 

their phenotypic markers like arginase 1 (ARG1), transforming growth factor-beta 1 

(TGF-b), and mannose receptor C-type 1 (MRC1) are activated mainly via janus kinase 

(JAK)/signal transducers and activators of transcription (STAT) pathways (Colin et al., 

2014).  

However, the described M1/M2 paradigm is oversimplified and the rapid progress in 

the development of new technologies within the last years implied new macrophage 

subsets distinguishing them in the expression of surface markers, signaling pathways, 

and gene expression patterns (Vallejo et al., 2021; Willemsen & Winther, 2020). 
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1.1.3. Inflammaging and Immunometabolism 

Aging is characterized by the deterioration of many physiological functions 

including the immune system. Cellular senescence as part of the aging process was 

first described in 1961 while observing cell cycle arrests in fibroblasts in vitro (Hayflick 

& Moorhead, 1961). The accumulation of senescent cells and a proinflammatory 

phenotype - termed “inflammaging”- describes one of the hallmarks of aging (Lopez-

Otin et al., 2013). Aging of the innate immune system is triggered by many factors, 

such as ROS and elevated secretion of pro-inflammatory markers such as TNF, IL1, IL6, 

and IL8, inducing metabolic changes and skewing macrophages towards M1 

representing a state of low-grade inflammation which is termed “inflammaging” 

(Franceschi et al., 2000; Fulop et al., 2016; Kuilman et al., 2010; Yarbro et al., 2020). 

Consequently, inflammaging is associated with numerous diseases of the elderly such 

as cancer, immune disorders, or chronic inflammatory diseases (Olivieri et al., 2018). 

However, inflammaging describes two sides of a coin: Besides its detrimental effects, 

the changes within the immune function are supposed to be necessary adaptions for 

longevity and should rather be regarded as the coping strategy to combat a 

dysbalanced immune system, especially in centenarians; aging is accompanied by the 

expression of IL10 and TGFb as anti-inflammatory mediators (Fulop et al., 2016; 

Minciullo et al., 2016; Monti et al., 2017). Further, and in consequence of aging and 

hypothalamic feedback regulation, an imbalanced glucocorticoid (GC) metabolism 

characterized by elevated cortisol and decreased dehydroepiandrosterone (DHEA) 

levels are described (Baylis et al., 2013; Genedani et al., 2008).
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1.2. Glucocorticoid Metabolism 

1.2.1. Physiological Function and Regulation of Glucocorticoids 

The hypothalamic-pituitary-axis (HPA) as part of the neuroendocrine system 

orchestrates the release and regulation of GCs. Endogenous GCs belong to the class 

of steroid hormones and are key players and regulators in a wide range of 

physiological functions in the body. They mediate versatile immune and metabolic 

functions, such as cell differentiation, cell growth, and tissue repair, and are involved 

in cell homeostasis (Strehl et al., 2019).  

The ubiquitous expression of glucocorticoid receptors (GRs) and the genomic and 

rapid non-genomic expression of GCs underline their importance and versatile 

functions (Stahn & Buttgereit, 2008). The loop of GC release is regulated by 

hypothalamus stimulation and release of corticotropin-releasing hormone (CRH) 

stimulating the anterior pituitary gland to secrete adrenocorticotropic hormone 

(ACTH). The circulating ACTH and its binding to the respective receptor at cells of the 

adrenal cortex results in the synthesis of GCs and, concurrently, initiates a negative 

feedback loop (Figure 3) (Bellavance & Rivest, 2014). 

Besides the systemic release of GCs, the enzymatic activity of 11b-hydroxysteroid 

dehydrogenase 1 (11b-HSD1) is responsible for the regulation of GCs at the cellular 

level. They catalyze the conversion of inactive cortisone to active cortisol in humans, 

inactive 11-dehydrocorticosterone to active corticosterone in rodents, respectively, 

thus, determining the bioactivity of the glucocorticoid (Draper & Stewart, 2005). 
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Figure 3: The hypothalamic-pituitary-axis, its hormone release, and 

glucocorticoid regulation on a cellular level. CRH, corticotropin-releasing 

hormone; ACTH, adrenocorticotropic hormone; GC, glucocorticoid; GR, 

glucocorticoid receptor; 11b-HSD, 11b-hydroxysteroid dehydrogenase. 

Adapted from (Tapp et al., 2019). 
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GCs have been exploited for immunosuppressive therapy for decades representing a 

powerful and cost-effective agent for the treatment of inflammatory diseases like 

rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis, and allergic 

diseases (Strehl et al., 2019). Their genomic molecular mechanism of action includes 

trans-activation of proteins like IkB (inhibitor of kB) and glucocorticoid-induced 

leucine zipper (GILZ) as well as suppression of pro-inflammatory cytokines via trans-

repression of the transcription factors NF-kB and AP-1 (activator protein-1) exhibiting 

GCs main actions. However, the repression of proopiomelanocortin (POMC) and 

osteocalcin via cis-repression results mainly in GCs side effects (Figure 4) (Coutinho & 

Chapman, 2011; Reichardt et al., 2021).  

 

 

Figure 4: Mode of action of glucocorticoids. AP-1, activator protein 1; GR, 
glucocorticoid receptor; GRE, glucocorticoid response element; IkB, inhibitor of 
NF-kB; MKP-1, MAP kinase phosphatase 1; nGRE, negative glucocorticoid 
response element; POMC, proopiomelanocortin. 
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1.2.2. Glucocorticoid-Induced Leucine Zipper 

D’Adamio et al. described the dexamethasone-inducible gene GILZ (TSC22D3) 

in murine thymocytes encoded by a 137 amino acid (aa) protein with a molecular mass 

of 17 kilo Dalton (kDa) (D’Adamio et al., 1997). Later, murine GILZ was identified in 

different other cell types, such as monocytes, macrophages, myoblasts, and B cells in 

splice variants of 201 aa, 43 aa, 80 aa length, and the 234 aa splice variant termed L-

GILZ (Bruscoli et al., 2010; Hoppstädter & Kiemer, 2015; Soundararajan et al., 2007). 

The human analogue was complemented in 2001 characterizing hGILZ as a high 

homolog of mGILZ (97% homology in the coding region, 89% in the entire mRNA) with 

a protein length of 135 aa and a molecular mass of 15 kDa located on the X 

chromosome (Cannarile et al., 2001). 

 

The human GILZ promoter was characterized by transcription factor binding sites for 

its transcriptional regulation, including six GREs (glucocorticoid response elements) 

for binding of STAT6, nuclear factor of activated T cells (NFAT), Oct-1, c-myc, Forkhead 

responsive elements (FHREs), cyclic AMP response element-binding protein (CREB), 

and estrogen-responsive sequence and might require further interaction of the 

transcription factor FoxO3 (Forkhead box class 3) (Asselin-Labat et al., 2004; Tynan et 

al., 2004). 

Besides the transcriptional regulation, there are post-transcriptional regulations such 

as RNA binding proteins tristetraprolin (TTP) or HuR, by miRNA binding or 

epigenetically (Bruscoli et al, 2010; Das et al., 2006; Healy et al., 2020; Hoppstädter 

et al., 2016; Kuipers et al., 2005; Kumar & Reynolds, 2005; Lee et al., 2012; Massaro 

et al., 2010; Matsumoto et al., 2004; Mroz et al., 2015; Tuomisto et al., 2019; Wong 

et al., 2001).  
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GILZ is regarded as a key mediator of anti-inflammatory effects of GCs. As shown in 

Figure 5 GILZ has three domains contributing to its anti-inflammatory actions (Ayroldi 

et al., 2014). Mainly, the C- and N-terminal domains interact with the transcription 

factors NF-kB and AP-1 or small proteins such as Raf (rapidly growing fibrosarcoma) 

or Ras (rat sarcoma) mediating their immunosuppressive activity (Bereshchenko et al., 

2019; Mittelstadt & Ashwell, 2001). 

Figure 5: GILZ structure and its main domains for its binding activity and anti-
inflammatory actions. Raf, rapidly growing fibrosarcoma; Ras, rat sarcoma; NF-kB; 
nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells. Adapted from (Ayroldi 
et al., 2014).  



Introduction: Cholesterol Metabolism 

 
12 

 

1.3. Cholesterol Metabolism 

1.3.1. Statins  

1.3.1.1. General Aspects 

Statins, i.e., hydroxy-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors, 

belong to the first-line treatment of CVDs as the leading cause of death worldwide 

(https://www.who.int/News-Room/Fact-Sheets/Detail/the-Top-10-Causes-of-Death, 

2021; Mach et al., 2020). Statins are therapeutic agents for the treatment of 

hypercholesterolemia and atherosclerotic diseases as underlying conditions for CVDs. 

Thus, statin prescriptions have been rising within the last years and statins are 

nowadays the most prescribed class of drugs 

(https://clincalc.com/DrugStats/Top300Drugs.Aspx, 2021). The first compounds with 

hypocholesterolemic activity were discovered in 1976 as fungal metabolites from 

Penicillium citrinum (Endo et al., 1976). Amongst all representatives in this class of 

drugs the mode of action is the same: Statins interfere with the rate-limiting step of 

cholesterol synthesis in the liver by competitively inhibiting HMG-CoA reductase, 

resulting in a decreased hepatic cholesterol production, increased LDL receptor 

density, and enhanced LDL clearance from the circulation (Figure 6 A) (Sirtori, 2014). 

To date, there are two groups of statins known: Type I statins are natural or semi-

synthetic statins namely lovastatin, simvastatin, pravastatin, and the first discovered 

mevastatin (also known as compactin). Type II statins compile the group of synthetic 

statins: Atorvastatin, rosuvastatin, cerivastatin, pitavastatin, and fluvastatin (Figure 6 

B). Statins have a high affinity to their target with a Ki in a nanomolar range and the 

HMG-CoA-like structure either in an inactive lactone form or in its active hydroxy-acid 

form. In vivo, the inactive form is enzymatically hydrolyzed (Ward et al., 2019). 

Branched moieties determine statins’ hydrophilicity/lipophilicity and thus are 

responsible for their pharmacokinetics and solubility (Murphy et al., 2020). 
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Figure 6: (A) Overview of the mevalonate pathway and the mode of action of statins and 
bempedoic acid. The potential pleiotropic effects of statins are highlighted in red. (B) 
Chemical structure of statins. Their HMG-CoA-like moiety is highlighted in red. IC50 values 
are indicated. Adapted from (Istvan & Deisenhofer). SLC27A2, very-long-chain acyl-CoA 
synthetase 1; CoA, coenzyme A; HMG, hydroxy-methyl-glutaryl. 

A 

B 
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1.3.1.2. Adverse Effects of Statins 

Statins are effective agents for reducing blood cholesterol levels and show a 

sufficient safety-risk profile (Grundy et al., 2019). However, they can exert adverse 

effects ranging from peripheral neuropathy to renal and hepatic disorders as well as 

statin-associated muscle symptoms (SAMS) and might be the reason for an alarmingly 

high number of non-adherent therapy amongst high-risk patients (Macedo et al., 

2014; Taylor et al., 2013; Toth et al., 2019). SAMS are the most described side effects 

of statins in the clinic and can be manifested as myalgia, myopathy, myositis with or 

without elevated creatine kinase (CK) levels, or in rare cases as a severe 

rhabdomyolysis (Stroes et al., 2015). SAMS are dependent on the class and dose of 

statin but are not related to their cholesterol-lowering action. They were also the 

reason for the withdrawal of cerivastatin from the market (Kobayashi et al., 2008). 

The mechanisms of statins’ myotoxic action have not been elucidated in detail. There 

are several HMG-CoA-dependent and -independent hypotheses contributing to their 

explanation. These include the disruption of the mitochondrial respiratory chain, 

increased ROS production, impaired isoprenylated proteins involved in the 

RhoA/AKT/mTOR/PGC-1⍺	(mammalian target of rapamycin/peroxisome proliferation-

activated receptor-g complex 1⍺)	pathway as well as a genetic impact (reviewed by 

(Vinci et al., 2021)). Several different genetic polymorphisms regarding statins’ 

metabolism, pharmacokinetics, and pharmacodynamics have been proposed but still 

need to be further investigated regarding their causality. These include 

polymorphisms in the metabolizing CYP enzymes as well as ABC transporters resulting 

in an affected hepatobiliary clearance (Sirtori et al., 2012; Wilke et al., 2005). 
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1.3.1.3. Pleiotropic Effects of Statins 

Besides statins’ undesired adverse effects early clinical studies and 

observations revealed that statins exert beneficial cardiovascular effects beyond their 

cholesterol-lowering actions known as “pleiotropic” effects (reviewed by (Yu & Liao, 

2022)). The effects are mainly attributed to endothelial cells, vascular smooth muscle 

cells, platelets, and monocytes/macrophages and are supposed to be mevalonate-

pathway-independent and -dependent.  

Clinical and basic research studies found that statins stabilize the atherosclerotic 

plaque via impaired collagen content, increased plaque calcification, and reduced 

matrix metalloproteinase production as well as increased expression of the 

atheroprotective transcription factor Kruppel-like factor 2 (KLF2), which is also 

involved in GR network (Aikawa et al., 2001; Fukumoto et al., 2001; Healy et al., 2020; 

Nicholls et al., 2011; Tuomisto et al., 2019). Other studies showed an increased 

expression and activity of endothelial nitric oxide synthase (eNOS), reduced ROS 

generation, and antioxidant effects. Furthermore, decreased pro-inflammatory 

cytokine secretion, such as IL1b, IL6, and TNF secretion were observed as well as 

altered major histocompatibility complex class II (MHC II) expression and impaired NF-

kB activity (Ikeda & Shimada, 1999; Kuipers et al., 2005; Laufs et al., 2000; Wassmann 

et al., 2001).  

There are different molecular and cellular mechanisms proposed for statins’ 

pleiotropic effects. On the one hand, the literature describes physico-chemical 

interactions of statins with cell membranes and thus, altered lipid rafts and membrane 

fluidity exerting different effects according to the lipophilicity of statins (Murphy et 

al., 2020). On the other hand, there are studies proposing interference in cellular 

trafficking and signaling of small GTPases (guanosine triphosphate) as the main 

mechanism. Inhibiting the synthesis of mevalonate, statins also prevents the synthesis 

of isoprenoid intermediates, such as farnesylpyrophosphate (FPP) and geranylgeranyl 

pyrophosphate (GGPP) (Liao, 2002; Nohria et al., 2009). FPP and GGPP serve as lipid 

attachments for the posttranslational modification of small GTPases, such as Ras and 
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Rho GTPases, thus influencing important cell functions (Goldstein & Brown, 1990; Van 

Aelst & D’Souza-Schorey, 1997).  
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1.3.2. Bempedoic Acid 

The cholesterol-lowering agent was recently approved for the treatment of 

hypercholesterolemia. Bempedoic acid, a small synthetic fatty-acid-like prodrug, 

requires a liver-specific enzyme, the very-long-chain acyl-CoA synthetase 1 (SLC27A2), 

for transformation into its active -CoA derivative and halting cholesterol-synthesis by 

inhibition of the ATP (adenosine triphosphate) citrate lyase (ACLY) upstream of HMG-

CoA reductase (Figure 6 A) (Filippov et al., 2014; Pinkosky et al., 2016). Administration 

of bempedoic acid represents a promising alternative treatment for patients with 

statinintolerance or muscle-related side effects since the converting enzyme SLC27A2 

is not expressed in the skeletal muscle (Honigberg & Natarajan, 2019; Laufs et al., 

2022). Notably, it has been reported that bempedoic acid has atheroprotective and 

anti-inflammatory effects by stabilizing atherosclerotic plaques and reduction of CRP 

as a clinical outcome (Baardman et al., 2020; Nguyen et al., 2021; Pinkosky et al., 2016; 

Samsoondar et al., 2017). The proposed mechanism shows an inhibition of 

macrophage AMPK (adenosine monophosphate-activated protein kinase) by its 

inactive form thus decreasing a pro-inflammatory cytokine storm (Filippov et al., 

2013).  
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2. Objective 

GILZ is an immunomodulatory protein playing a pivotal role in macrophages' 

immune response. Its regulation mechanisms occur on transcriptionally and post-

transcriptionally levels either by altered mRNA stability, miRNA binding, or 

epigenetically mechanisms (Bruscoli et al, 2010; Das et al., 2006; Healy et al., 2020; 

Hoppstädter et al., 2016; Kuipers et al., 2005; Kumar & Reynolds, 2005; Lee et al., 

2012; Massaro et al., 2010; Matsumoto et al., 2004; Mroz et al., 2015; Tuomisto et al., 

2019; Wong et al., 2001). However, gene regulation is dependent on different aspects 

such as cell type, cell microenvironment, and pathophysiological state. Thus, this work 

was concerned with the contribution to a better understanding of GILZ regulation in 

aging and macrophage activation. The two projects and their respective results were 

published in manuscript 3.1. “Amplified Host Defense by Toll-Like Receptor-Mediated 

Downregulation of the Glucocorticoid-Induced Leucine Zipper (GILZ) in Macrophages” 

and manuscript 3.2. “Altered Glucocorticoid Metabolism Represents a Feature of 

Macroph-aging”. 

Second, this study focused on statins' effects on GILZ. To date, the literature shows 

controversial results regarding potential pleiotropic effects of statins and bempedoic 

acid, such as anti-inflammation and myotoxicity (reviewed by Liao & Laufs, 2005). 

Bruscoli et al. identified GILZ as a mediator of the anti-myogenic effects of 

glucocorticoids (Bruscoli et al., 2010). Thus, this work focused on the effects of 

cholesterol-lowering agents on macrophages and muscle cells linking  GILZ to 

potential pleiotropic effects of statins (Figure 7). The projects and their respective 

results were published in manuscript 3.3. “The Glucocorticoid-Induced Leucine Zipper 

(GILZ) Mediates Statin-Induced Muscle Damage”, in manuscript 3.4. “Statins and 

Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage 

Activation”, and in the appendix of this thesis.
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Figure 7: Graphical summary of the aims defined for this doctoral thesis 
regarding cholesterol-lowering drugs in macrophages and muscle cells. 

In summary, the aims of this thesis comprise aspects of macrophage signaling 

pathways focusing on the role of GILZ in the context of metabolic and age-related 

factors as well as mechanistic insights of myogenic and anti-inflammatory statin 

effects: 

I. The impact of TLR agonists on GILZ regulation and identification of 

GILZ-targeting miRNAs in macrophages. 

II. Age-related changes in glucocorticoid metabolism and involvement of 

GILZ during aging in the myeloid compartment of mice. 

III. Mechanisms of GILZ-mediated myotoxic actions of statins. 

IV. Characterization of the impact of statins and bempedoic acid on 

macrophage polarization. 

V. The effect of statins on GILZ in vitro, ex vivo, and in vivo and statins’ 

potential anti-inflammatory effect in macrophages. 
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3. Results 

3.1. Amplified Host Defense by Toll-Like Receptor-Mediated 

Downregulation of the Glucocorticoid-Induced Leucine Zipper 

(GILZ) in Macrophages 

Front Immunol. 2019, doi: 10.3389/fimmu.2018.03111 

J. Hoppstädter, B. Diesel, R. Linnenberger, N. Hachenthal, S. Flamini, M. Minet, P. 

Leidinger, and C. Backes designed, performed, and analyzed experiments. J. 

Hoppstädter wrote the paper. All authors contributed to the drafting the manuscript. 

S. Bruscoli, C. Riccardi, F. Grässer, E. Meese, and H. Huwer provided materials and 

discussed data. A. K. Kiemer initiated the study and participated in data interpretation 

and manuscript preparation. All authors read and approved the final manuscript. 

Rebecca Linnenberger was involved in the design, performance, and analysis of miRNA 

and TAT-GILZ NF-kB/AP-1 reporter gene assays and the respective cell culture. She 

prepared the corresponding figures, description of methods, and was involved in the 

drafting process of the manuscript, as well as the critical review of the manuscript.  

© Hoppstädter, Diesel, Linnenberger, Hachenthal, Flamini, Minet, Leidinger, Backes, 

Grässer, Meese, Bruscoli, Riccardi, Huwer and Kiemer. This is an open-access article 

distributed under the terms of the Creative Commons Attribution Licence (CC BY). 
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3.2. Altered Glucocorticoid Metabolism Represents a Feature of 

Macroph-aging 

Aging Cell 2020, doi: 10.1111/acel.13156 

J. V. Valbuena Perez, R. Linnenberger, A. Dembek, M. H. Schulz, M. R. Meyer, J. 

Hoppstädter conducted experiments and acquired and analyzed data. J. V. Valbuena-

Perez and J. Hoppstädter wrote the manuscript. S. Bruscoli, C. Riccardi, M. R. Meyer, A. 

K. Kiemer, and J. Hoppstädter supervised and designed research studies and revised the 

manuscript. 

Rebecca Linnenberger carried out, analyzed, and validated the following experimental 

work described in this publication. In detail, she performed parts of the quantitative 

real-time PCR, Western blotting, and the homovanillic acid assay. She participated in 

the cell culture for the determination of steroid levels, the determination of 11b-HSD1 

activity in peritoneal macrophages, and the isolation of murine peritoneal 

macrophages, murine peripheral blood leukocytes, and their respective cell culture. 

Finally, she critically reviewed the manuscript.  

© Valbuena Perez, Linnenberger, Dembek, Bruscoli, Riccardi, Meyer, Kiemer, 

Hoppstädter. This is an open-access article distributed under the terms of the Creative 

Commons Attribution Licence (CC BY). 
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3.3. The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-

Induced Muscle Damage 

FASEBJ 2019, doi: 10.1096/fj.201902557RRR 

J. Hoppstädter, J. V. Valbuena Perez, R. Linnenberger, C. Dahlem, A. Hecksteden, W. K. 

F. Tse, S. Bruscoli, and S. Flamini conducted experiments. J. Hoppstädter, J. V. Valbuena 

Perez, R. Linnenberger, T. M. Legroux and C. Dahlem acquired and analyzed data.  J. V. 

Valbuena Perez, J. Hoppstdäter, A. K. Kiemer, and R. Linnenberger wrote the 

manuscript. A. Andreas, J. Herrmann, C. Herr, S. Bruscoli, and W. K. F. Tse supported the 

mouse and zebrafish experiments. S. Bruscoli, C. Riccardi, A. K. Kiemer, and J. 

Hoppstädter designed research studies. J. Herrmann, R. Müller, R. Bals, C. Riccardi, S. 

Burscoli, A. K. Kiemer, A. Hecksteden, and J. Hoppstädter supervised the experiments, 

and all authors revised the manuscript. A. K. Kiemer initiated the study.  

The author was involved in the design, performance, and analysis of the reporter gene 

assay and the respective cell culture. She performed crystal violet assays, analyzed 

muscle biopsies, and performed parts of the quantitative real-time PCR experiments. 

She prepared the corresponding figures, analyzed and prepared GEO datasets and 

wrote parts of the manuscript. Finally, she critically reviewed the manuscript and 

submitted the manuscript. 

© Hoppstädter, Valbuena Perez, Linnenberger, Dahlem, Legroux, Hecksteden, Tse, 

Flamini, Andreas, Herrmann, Herr, Müller, Meyer, Bals, Riccardi, Bruscoli, Kiemer. This 

is an open-access article distributed under the terms of the Creative Commons 

Attribution Licence (CC BY). 
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3.4 . Statins and Bempedoic Acid: Different Actions of Cholesterol 

Inhibitors on Macrophage Activation 

Int. J. Mol. Sci 2021, doi: 10.3390/ijms222212480 

R. Linnenberger conducted experiments and acquired data. R. Linnenberger and J. 

Hoppstädter analyzed data. S. Wrublewsky and E. Ampofo provided mice. R. 

Linnenbergerm J. Hoppstädter, and A. K. Kiemer designed research studies and wrote 

the manuscript. A. K. Kiemer and J. Hoppstädter supervised and revised the manuscript. 

A. K. Kiemer initiated the study. All authors have read and agreed to the published 

version of the manuscript.  

Rebecca Linnenberger planned, carried out, analyzed, and validated the work described 

in this publication. Lastly, she conceived, wrote parts of the manuscript, and submitted 

the manuscript.  

© Linnenberger, Hoppstädter, Wrublewsky, Ampofo, Kiemer. This is an open-access 

article distributed under the terms of the Creative Commons Attribution Licence (CC 

BY). 
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Figure 8: Graphical abstract of (Linnenberger et al., 2021). 
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4. Summary and Conclusion 

Generally, GILZ exerts different effects, such as inhibiting the expression of cell 

adhesive molecules in endothelial cells, tolerogenic effects in dendritic cells, and 

modulation of Th17 immune response but also mimics many anti-inflammatory 

effects of glucocorticoids in diseases such as arthritis, inflammatory bowel disease, 

and systemic lupus erythematosus (Jones et al., 2016; Luz-Crawford et al., 2015; 

Nataraja et al., 2021). Of note, this is also in accordance with the data that GILZ 

promotes an M2-like phenotype during macrophage polarization (Vago et al., 2020). 

In in vivo models GILZ cured colitis and facilitated the resolution of LPS-induced 

inflammation and a synthetic GILZ analog suppressed autoimmune encephalopathy 

(reviewed by (Bereshchenko et al., 2019)). Those data are indicating that GILZ protein 

and its analogs have therapeutic effects and are non-toxic to cells and rodents. 

The regulation of GILZ is complex and addresses diverse mechanisms, such as 

transcriptional and post-transcriptional mechanisms, GC’s general negative feedback 

loop, and epigenetic effects (Bruscoli et al., 2010; Hahn et al., 2014; Hoppstädter et 

al., 2015, 2016). In accordance with our data, He et al. identified the precursor of miR-

hsa-222 as a GILZ regulator which was able to downregulate GILZ in epithelial cells, 

whereas our data showed macrophage activation via repression of GILZ protein 

expression, which was facilitated by several miRNAs at once, including miR-222 (He et 

al., 2020). In general, macrophage activation by GILZ downregulation helps the 

immune response to clear pathogens but might also be detrimental to the host by an 

excessive inflammatory response. Our data reveal, that the state of low-grade 

inflammation during inflammaging is characterized by reduced GILZ levels.  

Regarding GILZ signaling pathways it is known that GILZ cross talks with MAPK 

pathway by binding Raf or Ras proteins and forkhead family transcription factors are 

involved in the PI3K/Akt pathway of homeostasis of immune cells (Ayroldi et al., 2002, 

2012; Hoppstädter et al., 2015). It has been shown that GILZ inhibits FoxO3 activity 

and is part of the PI3K/Akt-FoxO3 signaling pathways in myeloid and lymphoid cell 
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lines by the nuclear exclusion of FOXO3 (Latré de Laté et al., 2010). Our data identified 

FOXO3 as a potential GILZ upstream regulator in muscle cells and its involvement in 

macrophages by binding to the GILZ promotor region. Previous data described the 

involvement of FOXO3 in muscle homeostasis and GILZ in the anti-myogenic effects of 

dexamethasone (Bruscoli et al., 2010). Our data supported this finding by determining 

GILZ as an important mediator of statin-induced muscle damage linking this effect to 

Akt deactivation and FOXO3 activation.  

Beyond their lipid-lowering actions, statins and bempedoic acid are described in the 

literature to have anti-inflammatory effects. Clinical data showed a decrease in CRP 

after statin treatment and attenuation in immune-associated conditions (reviewed by 

(Diamantis et al., 2017)). To date, conflicting data from statins in cell culture and 

animal experiments using statins have been published. Our report showed for the first 

time a systematic experimental setup for the determination of statins' effect on 

macrophages in vitro depending on macrophages’ microenvironment. The data 

highlight an inflammatory effect of statins on short-term activated macrophages 

characterized by increased NF-kB activity in contrast to bempedoic acid. However, we 

neither observed any inflammatory nor anti-inflammatory effect of statins on 

macrophages after polarization towards the M1 or M2 phenotype. However, we 

clearly show that statins exhibit rather an immunomodulatory effect on macrophages 

than an anti-inflammatory or inflammatory effect which was later reviewed by 

Sheridan et al. (Sheridan et al., 2022).  

In conclusion, the data presented in this work contribute to a better understanding of 

GILZ regulation and the underlying mechanisms elucidating the detrimental and 

beneficial effects of GILZ as a potential therapeutic agent. Further, we identified 

mechanistic aspects of statins’ pleiotropic effects including underlying molecular 

mechanisms which represent an aspect of tailored statin therapy.  
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Appendix 

General Methods 

Reagents 

Cell media (RPMI1640, #R088), fetal calf serum (FCS, #F7524), 

penicillin/streptomycin (#P433), simvastatin-lactone (#S6196) and glutamine 

(#G7513) were purchased from Sigma-Aldrich (St. Louis, MO, USA). PAN-FCS (#P040-

37500) was purchased from PAN-Biotech (Aidenbach, Germany). (R)-Mevalonic acid 

lithium salt (#50838), atorvastatin calcium salt trihydrate (#PZ001), geranylgeranyl 

transferase inhibitor (GGTI)-2133 (#G5294), and farnesyl transferase inhibitor (FTI)-

277 trifluoracetate salt (#F9803) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Simvastatin sodium salt (#10010345), farnesyl pyrophosphate ammonium salt 

(#Cay63250), and geranylgeranyl pyrophosphate (#Cay63330) were purchased from 

Cayman Chemicals (Ann Arbor, MA, USA). 5xHotFirePol EvaGreen qPCR Mix (no Rox) 

(#08-25-00001) was purchased from Solis Biodyne (Tartu, Estland). Other chemicals 

were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth (Karlsruhe, 

Germany) unless stated otherwise. Statin stocks were prepared in DMSO. 

Cell Culture 

RAW 264.7 cells (American Type Culture Collection) were cultivated in 

standard medium (RPMI 1640, 10% FCS, 100 U/mL penicillin G, 100 µg/mL 

streptomycin, 2 mM glutamine). The cells were maintained at 37 °C in a humidified 

atmosphere of 5% CO2. 

BMMs were obtained from wild-type (WT) or Foxo3 knockout (KO) mice. Femurs and 

tibias were flushed with standard medium (RPMI 1640, 10% PAN-FCS, 100 U/mL 

penicillin G, 100 µg/mL streptomycin, 2 mM glutamine). After centrifugation (10 min, 
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200× g), erythrocytes were lysed by incubation in hypotonic buffer (155 mM NH4Cl, 10 

mM KHCO3, 1 mM Na2EDTA) for 3 min at 37 °C. Cells were washed with PBS, 

resuspended in a standard medium containing M-CSF (50 ng/mL, 30 mL per 

preparation), transferred into a 75 cm2 culture flask, and cultured overnight. 

Fibroblast-like cells, mature mononuclear phagocytes, and other cells adhering to the 

flask were discarded. Non-adherent cells were collected and cultured in a 150 

cm2 culture flask for another 5 to 6 days in a M-CSF-containing medium. Differentiated 

cells were detached with Accutase (Sigma-Aldrich, St. Louis, MO, USA #A6964), 

suspended in a standard medium supplemented with 50 ng/mL M-CSF, and seeded 

into 12-well plates (5 × 105 cells/well) for RT-qPCR. The solvent control was 0.005% 

DMSO.  

Mice 

Mice were housed in a 12:12 h light-dark cycle with food and water ad libitum. 

For all experiments, C57B/6 mice of the age of 12-16 weeks were used (according to 

Tierversuchsnummer 06/2018). For the RT-qPCR, we used mice in which the first 

coding exon, was flanked by a loxP-frt-neo-frt cassette in intron 1 and a loxP site 

(Foxo3 KO mice, The Jackson Laboratory, Bar Harbor, ME USA; #024668 Foxo3tm1Rdp/J).  

To elucidate the effect of simvastatin in vivo female C57B/6 mice at the age of 12-16 

weeks were randomly divided into two groups (n = 10). One group was administered 

orally 10 mg/kg body weight simvastatin (lactone) by oral gavage using 0.5% 

methylcellulose/0.025% tween 20 as a vehicle. The sham group received the vehicle 

as control. Mice were sacrificed after 24 h and aorta, heart, kidney, liver, lung, muscle, 

peripheral blood leukocytes, and spleen were excised. The organs were flash-frozen 

in liquid nitrogen and stored at - 80°C for further analysis. 

Cytotoxicity Measurement 

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

reduction assay, RAW 264.7 cells, C2C12 myoblasts, and BMMs were seeded into 96-
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well plates at a density of 105 cells/well for RAW 264.7 cells and BMMs, and 

104 cells/well for C2C12 myoblasts, adhered overnight, and treated with increasing 

concentrations of the test compound for 24 hours. Cells incubated with DMSO solvent 

in its maximum concentration (0.5%) served as the negative control. At the end of the 

treatment, C2C12 myoblasts were treated for three hours, RAW 264.7 cells for 25 

minutes, and BMMs for one hour with MTT solution (0.5 mg/mL in medium) and lysed 

with DMSO. Absorbance was measured at 560 nm using a microplate reader Glomax 

Discover multiplate reader (Promega, Madison, WI, USA). 

RNA Isolation, Reverse Transcription, and Quantitative PCR (RT-qPCR) 

RNA was isolated either by Directzol® RNA Mini-Prep Plus (ZymoResearch, 

Irvine, CA, USA, #R2072), by QIAzol Lysis Reagent (Qiagen, Hilden, Germany, #79306), 

or by using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland, #11828665001), 

following the manufacturers’ instructions. RNA was reverse transcribed using the 

High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, #4368813) in 

the presence of the RNase inhibitor RNaseOUT™ (Thermo Fisher Scientific, 

#10777019) following the manufacturer’s instructions. qPCR was performed using the 

5x HOT FIREPol EvaGreen® qPCR Mix and a total volume of 20 µL. The primer 

sequences for each transcript are detailed in Table 1. 

For each primer pair, an annealing temperature of 60 °C was used. The CFX96 touch™ 

Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) was used 

to quantify gene expression. Data were analyzed by normalization to the mentioned 

housekeeping gene. The housekeeping gene was chosen after evaluating the 

expression stability of at least three candidate genes under the experimental 

conditions, using the geNorm, NormFinder, and BestKeeper Software tools. 

. 
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Gene Accession 
Number 

Forward Primer Sequence 5’-
3’ 

Reverse Primer Sequence 5’-3’ 

Hmox NM_010442.2 

 

CACATCCAAGCCGAGAATGC 

 

AGGAAGCCATCACCAGCTTAAA 

 
Klf2 

 

NM_008452.2 

 

CCTTGCACATGAAGCGACAC 

 

ACTTGTCCGGCTCTGTCCTA 

 
Ppia NM_008907.1 

 

GCGTCTCCTTCGAGCTGTTT 

 

CACCCTGGCACATGAATCCT 

 
Tsc22d3 

 

NM_010286.4 

 

GCTGCTTGAGAAGAACTCCCA 

 

GAACTTTTCCAGTTGCTCGGG 

 

Table 1: Primer sequences of used primers for RT-qPCR. 

Luciferase Assay 

The proximal Gilz promoter (a fragment located between −1938 bp upstream 

and +206 bp downstream of the transcription start site) was a gift and cloned into the 

pGL3 luciferase reporter vector (Promega, Madison, WI, USA) using KpnI and SmaI 

according to the manufacturer’s instructions. The FOXO3 reporter vector (FHRE-Luc) 

was a gift from Michael Greenberg (Addgene plasmid #1789). The phRG-TK vector 

(Promega, Madison, WI, USA) provided constitutive expression of Renilla luciferase 

and served as an internal control value, to which expression of the firefly luciferase 

reporter gene was normalized. RAW 264.7 cells were seeded at a density of 

105 cells/well into 96-well plates, co-transfected in a 1:1 ratio with the luciferase 

vector and the respective reporter vector using the Lipofectamine 3000 reagent 

(Thermo Fisher Scientific, Waltham, MA, USA) for 24 hours, treated as indicated, and 

the lysate was harvested by the addition of 1x passive lysis buffer (Promega, Madison, 

WI, USA). Luciferase activity was determined in the lysate by the addition of firefly 

luciferase substrate (470 μM D-luciferin, 530 μM ATP, 270 μM coenzyme A, 33 μM 

DTT, 20 μM Tricine, 2.67 μM MgSO4, 1.07 μM MgCO3, and 0.1 μM EDTA, pH 7.8) or 

renilla substrate solution (0.1 M NaCl, 25 mM Tris HCl pH 7.5, 1 mM CaCl2, and 0.9 μM 
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coelenterazine) followed by luminescence measurement using the Glomax Discover 

multiplate reader (Promega, Madison, WI, USA). 
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Introduction 

GILZ is known to exert an anti-inflammatory effect in macrophages and 

endothelial cells and regulate macrophages’ endotoxin tolerance (Hahn et al., 2014; 

Hoppstädter et al., 2015). This data is supported by the exacerbation of inflammation 

in the absence of GILZ in a MyD88-dependent and -independent manner (Hoppstädter 

et al., 2015).  

To date, the literature shows controverse results regarding potential anti-

inflammatory effects of statins. The analyses of GEO dataset GSE 4883 in human 

macrophages showed a Gilz and Klf2 induction in parallel after statin treatment  

(Tuomisto et al., 2019). Similar to GILZ, KLF2 is known to mediate anti-inflammatory 

and vasoprotective effects (Parmar et al., 2005). Further, it is known that besides 

statins, also glucocorticoids induce Klf2. Interestingly Klf2 and Gilz are in the same GR 

cluster (Chinenov et al., 2014) and Preston et al. showed elevated GILZ levels after 

KLF2 overexpression in T cells, suggesting an interaction of both proteins (Preston et 

al., 2013). Thus, we were interested in the anti-inflammatory effects of statins on GILZ 

and KLF2 expression in macrophages. 
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Results 

Effect of Bempedoic Acid on Cell Viability and Gilz expression 

To evaluate the toxicity of bempedoic acid on myoblasts and macrophages 

RAW 264.7 cells, C2C12 myoblasts, and BMMs were treated with increasing 

concentrations of bempedoic acid. The effect was determined via MTT assay at 24 

hours. Similar to the findings of statins (see manuscript in chapter 3.3 “The 

Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-Induced Muscle 

Damage” and in chapter 3.4 “Statins and Bempedoic Acid: Different Actions of 

Cholesterol Inhibitors on Macrophage Activation”) bempedoic acid had the most toxic 

effect on C2C12 myoblasts compared to macrophages RAW 264.7 cells and BMMs 

(Figure S1 A). For this reason, the lowest non-toxic concentration was used to 

determine the effect of bempedoic acid on Gilz expression in myoblasts and 

macrophages at 24 hours. Bempedoic acid neither induced Gilz in myoblasts nor in 

macrophages in a significant manner (Figure S1 B). 
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Figure S1: Cell viability of different cells treated with bempedoic acid and Gilz 
expression. (A) RAW 264.7, C2C12 myoblasts, and BMMs were treated with 
increasing concentrations of bempedoic acid and cell viability was determined 
via MTT assay. Data show the mean of three independent experiments 
performed in sixtuplicates +/- SEM. (B) C2C12 myoblasts were treated for 24 
hours with 12.5 µM bempedoic acid, RAW 264.7 cells for 24 hours with 25 µM 
bempedoic acid, and respective DMSO control (Co). Gilz mRNA levels were 
measured. mRNA expression was normalized to the housekeeping gene (Ppia) 
and is presented as fold change of control. Data show the mean of 2 independent 
experiments performed in replicates +/- SEM. 

 

 

A 
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Involvement of the Mevalonte Pathway in Simvastatin-Induced Gilz and Klf2 

Expression 

Treatment of macrophages with simvastatin revealed an induction of Gilz and 

Klf2 mRNA levels. Since the inhibition of HMG-CoA by statins not only affects the 

cholesterol synthesis, but also other biosynthetic pathways such as protein 

prenylation. To evaluate whether isoprenoid intermediates can reverse Gilz or Klf2 

induction either mevalonate, farnesylpyrophosphaste, or geranyl 

geranylpyrophosphate were added to the medium. Co-treatment with all different 

mediators could reverse the respective induction of Gilz and Klf2 suggesting 

cholesterol-dependent and -independent pathways in macrophages (Figure S2 A) but 

in contrast to myoblasts (see manuscript in chapter 3.3 “The Glucocorticoid-Induced 

Leucine Zipper (GILZ) Mediates Statin-Induced Muscle Damage”). To gain further 

insights into effects on the prenylation pathways specific transferase inhibitors of 

either FPP or GGPP were added to the medium to mimic the effect of simvastatin on 

Gilz and Klf2 expression. Treatment of RAW 264.7 cells with 10 µM FTI and GGTI 

mimicked Gilz induction, while had no effect on Klf2 expression (Figure S2 B). 
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Figure S2: Involvement of the mevalonate pathway in simvastatin-induced Gilz 
expression. (A) RAW 264.7 cells were treated with vehicle (Co) or simvastatin (2 µM 
Sim) and co-treated with either mevalonate (100 µM MVA), farnesylpyrophosphate 
(10 µM FFP) or geranylgeranylpyrophosphate (10 µM GGPP) for 24 hours. (B) RAW 
264.7 cells were treated either with simvastatin (2 µM Sim), farnesyltransferase 
inhibitor (10 µM FTI), or geranylgeranyltransferase inhibitor (10 µM GGTI) for 24 
hours. Data show the mean of three independent experiments performed in 
sixtuplicates +/- SEM and normalized to the respective control. Statistical analysis 
was performed as one-way ANOVA with Bonholm posthoc in comparison to the 
control (indicated by line and asterisks) or in comparison to simvastatin treatment 
(just asterisks) in (A) and in comparison to control in (B). ** p < 0.01, *** p < 0.001. 
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Involvement of FOXO3 in Simvastatin-Induced Gilz Expression 

FoxO3 is described as a transcription factor of muscle homeostasis (Sanchez et 

al., 2014). Statin-induced Gilz expression was mediated by FOXO3 activation in C2C12 

myoblasts (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper 

(GILZ) Mediates Statin-Induced Muscle Damage”). Thus, we supposed FoxO3 as an 

upstream regulator of Gilz induction in macrophages and treated BMMs with either 

control or simvastatin for 24 hours. In FoxO3 KO animals simvastatin-induced Gilz 

upregulation was significantly lower than in der WT counterparts identifying FoxO3 

partially as an upstream regulator of Gilz (Figure S3). 
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Figure S3: Involvement of FoxO3 in simvastatin-induced Gilz expression. BMM 
cells of either wildtype (WT) or FoxO3 knockout (KO) animals were treated with 
vehicle (Co) or simvastatin (2 µM Sim) for 24 hours. Data show the mean of three 
independent experiments performed in sixtuplicates +/- SEM normalized to the 
respective control. Statistical analysis was performed as one-way ANOVA with 
Bonholm posthoc. *** p < 0.001. 
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Involvement of Gilz Promoter Region in Statin-Induced Gilz Expression 

To determine the Gilz promoter region which is involved in statin-induced Gilz 

expression we transfected RAW 264.7 cells by either GILZ or by forkhead responsive 

element (FHRE) promoter following statin-treatment. Results of the reporter gene 

assay showed that FHRE is involved in simvastatin-induced Gilz expression in 

macrophages (Figure S4). In contrast, the effect could not be confirmed in 

atorvastatin-treated cells. 
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Figure S4: Gilz promoter (and FHRE promoter as a part of the GILZ promoter) 
region is involved in simvastatin-induced Gilz expression. Reporter gene assay in 
RAW 264.7 cells transfected with either GILZ or FHRE promoter reporter plasmid 
and treated with either vehicle (Co) or statin (2 µM simvastatin = Sim;  5 µM 
atorvastatin = Ator) for 24 hours. Luciferase activity was normalized to the vehicle-
treated control. Data show the mean of three independent experiments performed 
in sixtuplicates +/- SEM. Statistical analysis was performed as Mann-Whitney test. 
** p < 0.01. 
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Effect of Simvastatin on Gilz and Hmox Expression in vivo 

Heme oxygenase-1 (HO-1) is supposed to mediate anti-inflammatory actions 

and is induced by statins in various tissues in vivo and might mediate statins’ 

pleiotropic effects (Hsu et al., 2006). Thus, we treated mice with simvastatin by oral 

gavage, harvested respective tissues, and measured mRNA levels of Gilz and Hmox. 

Data showed no differences in Gilz and Hmox levels after simvastatin treatment 

compared to their vehicle-treated counterparts in heart, kidney, liver, lung, muscle, 

and PBLs. Slightly increased Hmox levels were observed in spleen and significantly 

decreased Gilz levels were observed in heart tissue (Figure S5). 
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Figure S5: Effect of simvastatin treatment in vivo. Mice were administered orally 
10 mg/kg body weight simvastatin (Sim) or vehicle (Co) by oral gavage. After 24 h, 
mice were sacrificed and transcript levels of Gilz (A) (gene name: Tsc22d3) and 
Hmox (B) (gene name: Hmox1) were measured and quantified by normalization to 
the housekeeping gene Csnk2a2. Co = 0.5% methylcellulose/0.025% tween 20 
vehicle. Data show the mean of n = 10 (each group) measured in triplicates +/-SEM. 
Statistical analysis was performed as one sample t-test of untreated vs. treated 
sample for each organ. * p < 0.05, ** p < 0.01. 
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Discussion 

Statins have a sufficient risk-safety profile and are effective cholesterol-

lowering agents in the therapy of CVDs. Besides their lipid-lowering actions, they exert 

SAMS as well as desired pleiotropic effects. Due to the huge importance in reducing 

CVD morbidity and mortality rates, they have become indispensable therapeutics. 

Understanding the molecular mechanisms behind pleiotropic effects is of interest to 

improve their therapeutical profile and tailoring their application. The recently 

registered bempedoic acid addresses the same metabolic pathway as statins, 

however, without myotoxic effects. The first clinical reports show anti-inflammatory 

actions; thus, one might speculate that bempedoic acid exerts similar pleiotropic 

interactions. In the present studies, we identified GILZ as a statin-induced mediator in 

muscle cells in vitro, ex vivo, and in vivo as well as in macrophages in vitro, but not in 

vivo (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ) 

Mediates Statin-Induced Muscle Damage” and in chapter 3.4 “Statins and Bempedoic 

Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation” and Figure 

S5). Of note, bempedoic acid was not capable to induce Gilz in any of the investigated 

cell models (Figure S1).  

Our data pointed towards different underlying molecular mechanisms regarding the 

affected isoprenylated proteins, namely on GGPP in the muscle, and FPP and GGPP in 

macrophages (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine 

Zipper (GILZ) Mediates Statin-Induced Muscle Damage” and Figure S2). In accordance 

with literature and data published in muscle cell experiments, simvastatin-induced 

upregulation of Gilz is partially dependent on Fox03 as indicated by an abolished Gilz 

upregulation in FoxO3 KO animals in contrast to their WT counterparts (see 

manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates 

Statin-Induced Muscle Damage” and Figure S3). The involvement of the forkhead 

responsive element (FHRE) as part of the Gilz promoter and its respective binding 

partner FoxO3 -involved in muscle as well as innate immune homeostasis- could be 

identified as part of the statin-induced Gilz-upregulation (Figure S3 and S4) (Asselin-
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Labat et al., 2004; Bouzeyen et al., 2019; Sanchez et al., 2014). Of note, potential 

upstream regulation of Gilz might be due to simvastatin-induced GC transactivation 

(Yang et al., 2014). We could identify the involvement of the Akt pathway in the statin-

induced GILZ-induction and its myogenic impairment in muscle development and 

myotoxicity and ERK activation after statin-treatment in macrophages (see manuscript 

in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-

Induced Muscle Damage” and in chapter 3.4 “Statins and Bempedoic Acid: Different 

Actions of Cholesterol Inhibitors on Macrophage Activation”). However, potential 

downstream effectors of GILZ in its anti-inflammatory context could not be identified 

and, thus, remain to be investigated.  

 

 

 


