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Abstract 

Heme oxygenase (HO)-1, a stress-inducible enzyme that converts heme into carbon 

monoxide (CO), iron and biliverdin, exerts important anti-inflammatory effects in 

activated macrophages. HO-1 expression is mainly governed by a mutual interplay 

between the transcriptional factor NF-E2-related factor E (NRF)-2 and the nuclear 

repressor BACH1, a heme sensor protein. In the current study we hypothesized that 

alterations in the levels of intracellular labile heme in macrophages stimulated by 

lipopolysaccharide (LPS), a prototypical pro-inflammatory Toll-like receptor (TLR)-4 

agonist, are responsible for BACH1-dependent HO-1 expression. To this end, labile 

heme was determined in both human monocyte-derived macrophages (hMDMs) and 

mouse bone marrow-derived macrophages (mBMDMs) using an apo-horseradish 

peroxidase-based assay. We found that LPS decreased the labile heme pool while 

increasing BACH1 expression and down-regulating HO-1 in hMDMs. In contrast, in 

mBMDMs LPS raised the levels of labile heme, depressed BACH1 protein and up-

regulated HO-1. These effects were abolished by the TLR4 antagonist TAK-242, 

suggesting that TLR4 activation triggers the signaling cascade leading to changes in 

the labile heme pool. Studies using mBMDMs from BACH1-/- and NRF2-/- mice 

revealed that regulation of HO-1 and levels of labile heme after LPS stimulation are 

strictly dependent on BACH1 and not NRF2. A strong interplay between BACH1-

mediated HO-1 expression and intracellular levels of labile heme was also confirmed 

in hMDMs with siRNA knockdown studies and following inhibition of de novo heme 

synthesis with succinylacetone. Finally, CORM-401, a compound that liberates CO, 

counteracted LPS-dependent down-regulation of HO-1, while increasing the levels of 

labile heme in hMDMs. In conclusion, alterations of labile heme levels in macrophages 

following TLR4 stimulation play a crucial role in BACH1-mediated regulation of HO-1 

expression.
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Zusammenfassung 

Die HämOxygenase (HO)-1 ist ein durch Stress induziertes Enzym, das die 

Umwandlung von Häm in Kohlenstoffmonoxid (CO), Eisenionen und Biliverdin 

katalysiert. HO-1 übt wichtige antiinflammatorische Effekte in aktivierten Makrophagen 

aus. Die Expression von HO-1 wird hauptsächlich über die Wechselwirkung des 

Transkriptionsfaktors NF-E2-related factor (NRF)-2 mit dem Häm Sensorprotein und 

nukleären Repressor BACH1 reguliert. In dieser Arbeit wurde die Hypothese 

aufgestellt, dass Änderungen der Konzentrationen von labilem Häm in 

Lipopolysaccharid (LPS)-stimulierten Makrophagen zu einer BACH1-abhängigen HO-

1 Expression führen. LPS ist ein prototypischer pro-inflammatorischer Toll-like 

Rezeptor (TLR)-4 Agonist. Zur Überprüfung dieser Hypothese wurde die Konzentration 

von labilem Häm mittels eines auf Apo-meerrettich Peroxidase basierenden Assays 

sowohl in humanen aus Monozyten differenzierten Makrophagen (hMDMs), als auch 

in aus Maus Knochenmark stammenden Makrophagen (mBMDMs) bestimmt. In 

hMDMs reduzierte LPS den labilen Hämpool bei gleichzeitiger Induktion der 

Expression von BACH1 und der Repression von HO-1. In mBMDMs hingegen 

induzierte LPS labile Hämkonzentrationen und die HO-1 Expression unter Repression 

von BACH1. Diese Effekte wurden durch den TLR4 Antagonisten TAK-242 

aufgehoben. Dies deutet auf einen Zusammenhang zwischen der durch die TLR4-

Aktivierung in Gang gesetzten Signalkaskade und den Änderungen des labilen Häms- 

pools hin. Untersuchungen mit mBMDs von BACH1-/- und NRF2-/--defizienten 

Mäusen zeigten, dass die Regulation von HO-1 und des labilen Hämpools nach 

Stimulation mit LPS ausschließlich von BACH1, jedoch nicht von NRF2 abhängig sind. 

Die Wechselwirkung zwischen der durch BACH1 vermittelten HO-1 Expression und 

intrazellulären labilen HämKonzentrationen wurde auch durch siRNA knockdown 

Untersuchungen in hMDMs in Kombination mit Inhibition der de novo Hämsynthese 
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durch Succinylaceton bestätigt. Abschließend wurde unter Verwendung von CORM-

401, einer synthetischen CO-freisetzenden Verbindung, die LPS-abhängige 

Herunterregulation von HO-1 bei gleichzeitiger Erhöhung des labilen Hämpools in 

hMDMs entgegengewirkt. Zusammenfassend spielen TLR4-abhängige 

Veränderungen von labilem Häm in Makrophagen eine zentrale Rolle in der durch 

BACH1-vermittelten Regulation der HO-1 Expression. 
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1. Introduction  

1.1 Inflammation 

In clinical medicine, inflammation can be categorized in acute and chronic 

inflammation. Principally, acute inflammation is rapid, lasts only for few hours or days 

and is characterized by the five cardinal signs of redness, swelling, heat, pain and loss 

of function. In general, the outcome of acute inflammation is restoration of tissue 

homeostasis and resolution of this condition and therefore is beneficial. However, 

dysregulated acute inflammatory responses may result in incomplete elimination of 

pathogens, loss of resolution and failure to restore tissue homeostasis in the host. 

Uncontrolled or persistent release of inflammatory mediators can lead to chronic 

inflammation, which is a major cause of various pathophysiological disorders and 

clinical complications. Therefore, anti-inflammatory mediators such as interleukin (IL) 

-10 and transforming growth factor-β are known to inhibit production of pro-

inflammatory cytokines, which in turn lead to attenuation of uncontrolled inflammatory 

responses [1-3].  

 

Inflammation is an essential part of the innate immune system and is directed against 

pathogenic invaders or tissue damage caused by immune responses to pathogens or 

any injurious agents. Key steps of the inflammatory response at the site of infection or 

injury are the following: 1) dilation of blood vessels to enable the recruitment of blood 

cells; 2) increased endothelial permeability for the entry of immune cells; 3) leukocyte 

adhesion-rolling cascade; 4) release of proteolytic mediators, free radicals and 

phagocytosis predominantly via neutrophils and mononuclear phagocytes to eliminate 

the intruding pathogen or damaged tissue [4].  
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Sensing of foreign antigens and damaged tissues by pattern-recognition receptors 

(PRRs) on immune cells such as macrophages and dendritic cells play a critical role 

in initiating an inflammatory response. Activation of PRRs triggers downstream 

signalling cascades and subsequent release of pro-inflammatory cytokines. PRRs 

interact with two distinct types of ligands: pathogen-associated molecular pattern 

(PAMPs), which recognize molecules present on the invading pathogens known as 

exogenous ligands, and danger-associated molecular pattern (DAMPs), which 

recognize molecules from damaged or dead cells known as endogenous ligands. To 

date, four subfamilies of PRRs have been identified: the transmembrane receptors 

including toll-like receptors (TLRs),  C-type lectin receptors and cytoplasmic receptors, 

which encompass retinoic acid-inducible gene-I-like receptors, NOD-like receptors 

(NLRs). TLRs have been extensively shown to sense exogenous and endogenous 

ligands [5-7]. In addition, PRRs particularly NLRs and TLRs are critical for initiating an 

effective inflammatory response.  

The inflammatory response comprises an intricate network of multiple cell types. In 

particular, mononuclear phagocytes predominantly macrophages play a key role in 

initiation, maintenance and resolution of inflammation as illustrated in Figure 1-1 [8, 

9].   
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Figure 1-1: Central role of macrophages in inflammation - Macrophages are activated upon 
tissue injury or bacterial infections to inititate an inflammatory response. They remove  
apoptotic neutrophils and dead cells to regulate inflammation and participate in switching 
inflammatory responses to tissue remodelling in order to restore cell homeostasis (adapted 
from [10]).  
 

1.2 The heme oxygenase (HO) system  

HO is the major enzyme for heme degradation. HO has been identified to have two 

genetically distinct isoforms: HO-1, the inducible isoenzyme, and HO-2, the constitutive 

isoenzyme [11, 12]. Initially, Tenhunen and colleagues demonstrated that HO 

catalyzed the breakdown of heme to equimolar amounts of iron, carbon monoxide (CO) 

and biliverdin (BV) at the expense of three moles of oxygen and nicotinamide adenine 

dinucleotide phosphate (NADPH) [13]. BV is reduced by BV reductase (BVR) to 

bilirubin (BR), (Figure 1-2) which has antioxidant properties [13-16].  
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heme, but also by a wide spectrum of oxidative stress stimuli such as ultraviolet light, 

heavy metals, xenobiotic compounds, hypoxia, cytokines and lipopolysaccharide 

(LPS) in various cell types [19-22]. Thus, induction of HO-1 has been considered for a 

long while as an adaptive cytoprotective response against oxidative stress to restore 

physiological homeostasis [23] via its antioxidant products CO and bilirubin as well as 

degradation of the prooxidant heme [24, 25]. 

HO degradation products 

CO 

CO is widely known as a toxic gas. Exposure to CO inhibits oxygen binding to 

hemoglobin (Hb) due to its high affinity for iron in this molecule. This leads to tissue 

hypoxia and CO poisoning, which can lead to coma and death [26]. However, more 

recently it has been recognized that endogenous generation of low concentrations of 

CO exhibit cytoprotective and homeostatic effects mainly via modulating inflammation,  

apoptosis and cell proliferation [27]. Protective properties of CO have also been 

studied by utilization of so-called CO-releasing molecules (CORMs), which enable the 

controlled release of CO in biological systems [28]. CO has been shown to contribute 

to HO-mediated anti-inflammatory activities [29].  The therapeutic potential of CORMs 

is not limited to inflammatory conditions, but has also been demonstrated in 

cardiovascular disorders, organ transplantation, blood coagulation and fibrinolysis (for 

reviews see [27, 30]). 

BV and BR 

Similar to CO, BR was initially considered a toxic waste product excreted via bile and 

urine. Nevertheless, the antioxidant properties of BR have been appreciated in recent 

years, in particular its protection against lipid oxidation [31, 32]. The protective effect 

of BV seems to rely largely on the expression of BVR, which catalyzes the conversion 
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of BV to BR. This enzymatic reaction might result in an amplification of BR to confer 

BV-mediated protection [33].  

Iron 

Heme is major source of iron, which is released during oxidative degradation via the 

HO system [34]. Labile iron produced during heme catabolism catalyzes the production 

of reactive oxygen species (ROS) via Fenton chemistry, which in turn may damage 

various cellular components. Accordingly, HO-1 up-regulation is accompanied by 

increased synthesis of the iron-binding protein ferritin for iron sequestration to maintain 

cellular redox homeostasis [35]. Notably, increased deposition of iron was observed in 

liver and kidney of HO-1 knockout mice [36, 37]. This suggests that physiological iron 

metabolism is dependent on the presence of HO-1.  

1.3 Heme  

Heme (iron-protoporphyrin IX) is an evolutionary conserved compound, which is 

composed of a tetrapyrole ring with a central iron ion. Heme serves important 

physiological functions as long as it is covalently or non-covalently bound to 

hemoproteins. On the contrary, if heme is not bound to hemoproteins, it can be 

cytotoxic [38-40]. 

Heme in hemoproteins 

Heme is the prosthetic group of various hemoproteins and is essential for the 

functionality of numerous biological processes. Major hemoproteins are Hb and 

myoglobin, in which heme is critical for oxygen transport and storage. Cytochrome 

P450 requires heme as a co-factor for electron transport and generation of energy. 

Notably, heme in hemoproteins can also be considered as inert heme, because it is 

not readily available for heme signalling processes [38-40]. 
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Labile heme 

Labile heme is metabolically active heme, which is bound with low-affinity to proteins 

or molecules other than hemoproteins and is also known as regulatory heme [41, 42]. 

Such bioavailable heme has also been shown to affect the activity of heme-sensing 

transcription factors (TFs) such as BTB and CNC homologue (BACH)1 and Rev-ERB 

[41, 43, 44]. Moreover, heme from the labile heme pool appears to be required for the 

synthesis of several heme-dependent enzymes such as cyclooxygenase (COX)-2 or 

inducible nitric oxide synthase (iNOS). In addition, catalase and peroxidase require 

heme for their enzymatic activity [45-47]. Recent studies have demonstrated the 

concentration and subcellular distribution of intracellular labile heme via fluorescent- 

based probes, which might be involved in heme-dependent signalling processes in 

various cellular compartments [40, 48, 49]. Moreover, labile heme may also represent 

extracellular heme released from hemoproteins upon hemolysis, tissue injury or other 

pathological conditions [50, 51]. This is associated with release in high levels of heme 

from Hb that generates a prooxidant milieu, which may lead to oxidative modifications 

of proteins, lipids and nucleic acids [52, 53]. The double-edged role of heme indicates 

that it is crucial to regulate its concentration and availability to maintain cellular 

homeostasis.  

Heme synthesis: Regulation of cellular heme levels 

The level and dynamics of the heme pool are not only regulated via HO-dependent 

degradation but also via its enzymatic synthesis. Heme synthesis begins with the 

convergence of succinyl coenzyme A and glycine catalyzed by δ 5-aminolevulinic acid 

(ALA) synthase (ALAS) in mitochondria to form ALA followed by a series of eight 

enzymatic reactions to form heme. ALAS is the rate-limiting enzymatic step of heme 

synthesis. Increased levels of heme down-regulate heme biosynthesis via inhibiting 
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1 deficiency appeared to be similar to those in HO-1 knockout mice as demonstrated 

in Table 1-1 (adapted from [37]).  

 

Table 1-1: Experimental findings in HO-1 deficient human model and HO-1-/-  mouse  

Findings Human Mouse 
Intrauterine death Stillbirth, abortion 20% birth rate 
Growth failure + + 
Anemia + + 
Iron binding capacity Increased Increased 
Ferritin Elevated Elevated 
Iron deposition + + 
Hepatomegaly + + 
Leukocytosis + + 
Thrombocytosis + ? 
Coagulation abnormality + ? 
Endothelial injury + ? 

 

Importantly, a pathological inflammatory response was observed in a mouse model of 

conditional HO-1 deletion in myeloid cells, which was associated with decreased 

production of interferon (IFN)-beta [56]. Moreover, various studies have reported that 

IL-10 suppresses LPS-induced inflammation in a HO-1 dependent manner [57, 58]. 

Macrophages are key regulators of inflammation and produce pro- or anti-inflammatory 

molecules according to the local tissue milieu as described in Section 1.1 to maintain 

immune homeostasis. Based on their functions in inflammation, macrophages can be 

broadly classified into pro-inflammatory M1 and anti-inflammatory M2 macrophages 

[59]. Notably, HO-1 induction has been associated with a phenotypical switch of 

macrophages into an anti-inflammatory (M2) phenotype [60]. More recently, 

macrophage-based cell therapies have been proposed via specific ex vivo modulation 

of HO-1 in macrophages, which could be further administered to host for treatment of 

inflammatory disorders [61, 62]. LPS, a prototypical bacterial ligand up-regulates HO-1 

expression in a TLR4-dependent manner in mouse macrophages [20, 63, 64]. Notably, more 

recently a species-specific difference in the regulatory pattern has been demonstrated for HO-

1 expression in LPS-stimulated mouse and human macrophages [65].  
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1.5 Transcriptional regulation of HO-1 

HO-1 induction is primarily regulated on the transcriptional level mediated via several 

promoter enhancer elements. In particular, the enhancer elements E1 and E2 with 

multiple copies of antioxidant response elements (AREs) mediate the basal and 

inducible expression of HO-1. In contrast to the mouse HO-1 gene, the human HO-1 

gene contains a microsatellite polymorphism in the proximal promoter region, which is 

critical for the up-regulation of this gene and is determined by the number of GT- 

repeats [66, 67]. Notably, this polymorphism has been associated with the prognosis 

of several diseases such as cardiovascular, pulmonary and haematological disorders 

[68, 69]. In addition, TFs such as activator protein-1, and nuclear factor (NF)-kB are 

crucial for stress- or inflammatory-dependent HO-1 induction [66, 70, 71].  

 

Given that heme is the major mediator for transcriptional regulation of HO-1, 

transcriptional activator, nuclear factor erythroid 2 (NF-E2)-related factor 2 (NRF2) and 

the transcriptional repressor, BACH1 have attracted major attention because of their 

ability to be regulated by heme [72, 73]. Both NRF2 and BACH1 belong to the cap“n” 

collar (CNC) subfamily of proteins, which contains a conserved basic-region-leucine 

zipper structure. These TFs form heterodimers with small Maf proteins to regulate their 

target genes via interaction with AREs [74]. 

1.5.1 NRF2 

NRF2 is the major transcriptional regulator of the inducible stress response genes. 

Activation of NRF2 is mainly regulated via the redox sensitive cytoplasmic protein 

Kelch-like ECH associated-protein 1 (Keap1).  Under homeostatic conditions Keap1 

forms a protein complex with NRF2, which keeps NRF2 in an inactive state. In stress 

conditions Keap1 undergoes conformational changes and releases NRF2 leading to 
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Notably, knockdown of BACH1 in human keratinocytes has been shown to cause 

specific up-regulation of HO-1, but not of other NRF2-regulated genes indicating that 

derepression of BACH1 is critical for inducing HO-1 expression [80]. Interestingly, a 

regulatory association of BACH1 and HO-1 is involved in differentiation of inflammatory 

macrophages. This was shown in peritoneal macrophages from BACH1-/- mice, in 

which up-regulation of HO-1 and increased expression of anti-inflammatory genes was 

observed in macrophages [81]. 
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2. Objective 

The main goal of my thesis was to investigate the underlying regulatory mechanism of 

HO-1 expression in LPS-activated macrophages.  Specifically, it was hypothesized that 

TLR4-dependent modulation of intracellular labile heme levels and its interaction with 

the heme sensor protein BACH1 may play a major role in this regulatory pathway. 
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3. Materials and Methods 

3.1 Materials  

3.1.1 Experimental animals 

Wildtype and knockout mice were 8-12 weeks old of a C57BL/6 background. Bach1-/- 

mice were obtained from Prof. Kazuhiko Igarashi (Tohoku University School of 

Medicine, Japan). NRF2-/- mice were originally developed by Professor M. Yamamoto 

[82] obtained from RIKEN Bioresource Research Center (Tsukuba Japan) and bred 

with wild-type littermates (NRF2+/+). These animals were housed and maintained 

under sterile pathogen free conditions in the central animal facility of Hannover Medical 

School (ZTL). Approval for all experiments was given by local animal protection 

committee (33.12-42502-04-14/1657). The German guidelines are in accordance with 

NIH guidelines for animal welfare.  

3.1.2 Laboratory equipment 

Table 3-1: List of laboratory equipment 

Equipment Company 

Autoclave 5050 EL Systec GmbH (Wettenberg,Germany) 

Centrifuge Heraeus Multifuge 1S-R Thermo Scientific (Darmstadt, Germany) 

Centrifuge Heraeus Pico 21 Thermo Scientific (Darmstadt, Germany) 

Laminar Herasafe Heraeus 280 Thermo Scientific (Darmstadt, Germany) 

CO2 Incubator Heraeus BBD 6620 Thermo Scientific (Darmstadt, Germany) 

ELISA plate reader Synergy 2 BioTek (Bad Freidrichshall, Germany) 

Eppendorf Research® plus (100 µl, 200 µl, 300 µl) Eppendorf GmbH (Hamburg, Germany) 

Freezer Profiline (-20°C) 
Liebherr-International Deutschland GmbH 
(Langenhagen,Germany) 

Freezer Sanyo (-150°C) 
Landgraf Laborsysteme HLL GmbH 
(Langenhagen,Germany) 

Freezer Sanyo (-80°C) 
Landgraf Laborsysteme HLL GmbH 
(Langenhagen,Germany) 

CO2 Incubator Heraeus BBD 6620 Thermo Scientific (Darmstadt, Germany) 

ELISA plate reader Synergy 2 BioTek (Bad Freidrichshall, Germany) 

Eppendorf Research® plus (100 µl, 200 µl, 300 µl) Eppendorf GmbH (Hamburg, Germany) 
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Ice machine Scotsman (Milan, Italy) 

Multipette® plus Eppendorf GmbH (Hamburg, Germany) 

Neubauer counting chamber Marienfeld (Lauda-Königshofen, Germany) 

Pipetboy accu-jet® Brand (Wertheim, Germany) 

Pipettes (2.5 µl, 10 µl, 100 µl, 1000 µl, 5000 µl) Eppendorf GmbH (Hamburg, Germany) 

pH meter in Lab pH Level 1 
Wissenschaftlich-Technische Werkstätten 
(WTW) GmbH (Weilheim,Germany) 

Multipette® plus Eppendorf GmbH (Hamburg, Germany) 

Vortex Reax Top Heidolph Heidolph Instruments (Schwabach, Germany) 

Shaker TPM4 Sarstedt AG & Co. (Nümbrecht,Germany) 

Thermostat 5320 Eppendorf GmbH (Hamburg, Germany) 

Freezing container, Nalgene® Mr. Frosty Eppendorf GmbH (Hamburg, Germany) 

Electrophoresis Power Supply Consort E865 Laboratory (Turnhout, Belgium) 

Gel Electrophoresis Chamber 
Novex, Thermo Scientific 
(Darmstadt,Germany) 

iBlot Dry Blotting System 
Invitrogen, Thermo Scientific 
(Darmstadt,Germany) 

Olympus IMT-2 
Olympus Deutschland GmbH 
(Hamburg,Germany) 

Thermostat 5320 Eppendorf GmbH (Hamburg, Germany) 

Electrophoresis Power Supply Consort E865 Laboratory (Turnhout, Belgium) 

Gel Electrophoresis Chamber 
Novex, Thermo Scientific 
(Darmstadt,Germany) 

iBlot Dry Blotting System 
Invitrogen, Thermo Scientific 
(Darmstadt,Germany) 

Step One Plus Real-Time PCR System Applied Biosystems (Foster City,CA,USA) 

NanoDrop 1000 Spectrophotometer Thermo Fischer Scientific  (Waltham,MA,USA) 

Thermocycler GeneAmp® PCR System 2700 Thermo Fischer Scientific  (Waltham,MA,USA) 

NanoDrop 1000 Spectrophotometer Thermo Fischer Scientific  (Waltham,MA,USA) 

Laboratory Top-loading Balance QT6100 Sartorius GmbH  (Goettingen,Germany) 

Ultra-Micro Competemce Balance CP225D-OCE Sartorius GmbH  (Goettingen,Germany) 

Chemi-Doc™ Touch Imaging System Bio-Rad  (Munich,Germany) 

Microplate centrifuge,PCR Plate Spinner PEQLAB,VWR (Darmstadt,Germany) 

Heidolph MR Hotplate/Magnetic Stirrer LabMakelaar Benelux BV (Netherlands) 

 

3.1.3 General materials/Consumables 

Table 3-2: General materials/consumables 

Consumables Company 

Serological pipettes (5 ml, 10ml, 25ml) Sarstedt AG & Co. (Nümbrecht,Germany) 

Syringes and needles (sterile) Braun Melsungen AG (Melsungen, Germany) 

Tip Stackpack (200 µl) Sarstedt AG & Co. (Nümbrecht,Germany) 

Tubes (15 ml, 50 ml) Greiner Bio-One (Frickenhausen, Germany) 

SafeSeal micro tubes (1.5 ml) Sarstedt AG & Co. (Nümbrecht,Germany) 

Disposable pipette tips (2.5 µl, 10µl,100 µl,  
1250 µl, 5000 µl) 

Sarstedt AG & Co. (Nümbrecht,Germany) 
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Combitips (5 ml, 50 ml) Eppendorf GmbH (Hamburg, Germany) 

Disposal reagent reservoirs (sterile) Thermo Scientific (Darmstadt, Germany) 

0.22 µm filter Merck Millipore (Darmstadt, Germany) 

Foreceps (Dumont, No. 7) Sigma-Aldrich (St. Louis,MO,USA) 

Leucosep™ tubes (50 ml) Greiner Bio-One (Frickenhausen, Germany) 

NuPAGE® Novex 4-12% Bis-Tris Protein Gels 
Invitrogen, Thermo Scientific (Darmstadt, 
Germany) 

Nunc MaxiSorp®flat-bottom 96 well plate Thermo Scientific (Darmstadt, Germany) 

Cell culture flasks (25 cm², 75 cm²) 
TPP Techno Plastic Products AG 
(Trasandingen,Switzerland) 

Microscopic Slides Menzel-Gläser (Braunschweig, Germany) 

Surgical disoposable scalpel Aesenlag AG (Tuttlingen, Germany) 

TPP Tissue culture adherent plate polystyrene 
(6 well, 12 well) 

TPP Techno Plastic Products AG 
(Trasandingen,Switzerland) 

TPP Tissue culture dishes polystyrene (10 cm) Sigma-Aldrich (St. Louis,MO,USA) 

Cover slips 12mm diameter Menzel-Gläser (Braunschweig, Germany) 

Bacteriological culture dishes (10 cm) Greiner Bio-One (Frickenhausen, Germany) 

Cell Scraper 
TPP Techno Plastic Products AG 
(Trasandingen,Switzerland) 

 

3.1.4 Chemicals and Reagents 

Table 3-3: List of chemicals and reagents 

Chemicals Company 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich  (St. Louis,MO,USA) 

Hydrochloric acid (HCl) Merck (Darmstadt, Germany) 

Sodium Chloride (NaCl) Sigma-Aldrich  (St. Louis,MO,USA) 

Sodium hydroxide (NaOH) Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

Glycine Sigma-Aldrich  (St. Louis,MO,USA) 

Glycerol Sigma-Aldrich  (St. Louis,MO,USA) 

Mowiol Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

Ethanol 
J.T.Baker, Thermo Scientific  
(Darmstadt, Germany) 

Methanol 
J.T.Baker, Thermo Scientific  
(Darmstadt, Germany) 

Milk Powder Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

Hemin (H651-9) Frontier Scientific (Logan,UT) 

N-Propyl-gallate Sigma-Aldrich  (St. Louis,MO,USA) 

Paraformaldehyde (PFA) Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

Sucrose Sigma-Aldrich  (St. Louis,MO,USA) 

Hydrochloric acid (HCl) Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

Trypan Blue Solution Sigma-Aldrich  (St. Louis,MO,USA) 

Tween®20 AppliChem (Darmstadt, Germany) 

USP WFI bulk Sterile filtered Lonza (Verviers, Belgium) 

4′,6-diamidino-2-phenylindole (DAPI) Invitrogen, Thermo Scientific 
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(Darmstadt, Germany) 

Protein A/G PLUS-Agarose beads (sc-2003) 
Santa Cruz Biotechnology  
(Heidelberg, Germany) 

APO-HRP4C (Apo-HRP enzyme) BBI Solutions (Gwent, UK) 

Sodium phosphate dibasic dodecahydrate 
(Na₂HPO₄ x 12 H₂O) 

Sigma-Aldrich (St. Louis,MO,USA) 

Sodium phosphate monobasic dihydrate 
(Na₂HPO₄ x 2 H₂O) 

Sigma-Aldrich (St. Louis,MO,USA) 

Triton X®-100 Sigma-Aldrich (St. Louis,MO,USA) 

NuPAGE™ Sample Reducing agent (10x) Thermo Fischer Scientific (Waltham,MA,USA) 

NuPAGE LDS Sample buffer (4x) Thermo Fischer Scientific (Waltham,MA,USA) 

PageRuler Prestained Protein Ladder Thermo Fischer Scientific (Waltham,MA,USA) 

 

3.1.5 Culture media and supplements  

Table 3-4: Culture media and supplements 

Culture media and supplements Company 

RPMI 1640 media Lonza (Verviers, Belgium) 

Human AB sera (Heat inactivated at 56º C for  
20 min) 

c.c.pro GmbH (Oberdorla, Germany) 

Fetal Calf/Bovine Serum (FCS/FBS: Heat 
inactivated) 

Biochrome (Berlin, Germany) 

Accutase Capricon Scientific (Hesse, Germany) 

L-Glutamine c.c.pro GmbH (Oberdorla, Germany) 

Penicillin/Streptomycin c.c.pro GmbH (Oberdorla, Germany) 

Lymphosep c.c.pro GmbH, Oberdorla, Germany 

Minimum Essential Media (MEM) Thermo Fischer Scientific (Waltham,MA,USA) 

Non-essential amino acids (NEAA) Thermo Fischer Scientific (Waltham,MA,USA) 

Dulbecco's Phosphate Buffered Saline (DPBS) 
(1x) for sterile work 

Lonza (Verviers, Belgium) 

 

3.1.6 Buffers and solutions 

Table 3-5: Buffers and solutions  

Buffers and solutions Company/Composition 

TMB Substrate 
KEM-EN-TEC Diagnostics  
(Copenhagen, Denmark) 

Dulbecco's Phosphate Buffered Saline (DPBS) 
(1x) for sterile work 

Lonza (Verviers, Belgium) 

PBS (10x) 
Dissolve 100 g Na₂HPO₄ x 12 H₂O, 9 g NaH₂ 
PO₄ x 2 H₂O, 400 g NaCl in 5 litre of H₂O and 
adjust to pH using NaOH. 

PBS (1x) Add 100 ml PBS (10x) to 1000 ml of ddH₂O 
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Nuclease free water Thermo Fischer Scientific (Waltham,MA,USA) 

NuPAGE® MES SDS Running Buffer (20x) 
Life Technologies, Thermo Fischer Scientific 
(Waltham,MA,USA) 

NuPAGE® MES SDS Running Buffer (1x) 
Add 50 ml of NuPAGE® MES SDS Running 
Buffer (20x) to 950 ml of dd H₂O 

Fixative Solution 4% PFA in 1x PBS, pH 7.4 

Triton X-100 (0.5%) 0.5 ml of Triton X®-100 in 10 ml of 1x PBS 

Bovine serum albumin (BSA) Carl Roth GmbH+Co.KG (Karlsruhe,Germany) 

1% BSA Add 0.5 g of BSA to 50 ml of 1x PBS 

5% Milk Add 2.5 g of milk powder to 50 ml of 1x PBS 

Mowiol solution 

Overnight stirring of 16.7% Mowiol (w/v) in 80 
ml of 1x PBS. Add 40 ml of glycerol, stir again 
overnight. Centrifuge at 15,000 g for 1 h and 
take out the supernatant to further store at -20° 
C 

Anti-fading agent (2.5%) 
2.5 g of N-propyl-gallate in 50 ml of PBS and 
add 50 ml of glycerol 

Mounting Medium 3 parts of Mowiol + 1 part of anti-fading agent 

1% BSA Add 0.5 g of BSA to 50 ml of 1x PBS 

5% Milk Add 2.5 g of milk powder to 50 ml of 1x PBS 

2x SDS Loading buffer 
200 µl of 10x reducing agent+ 400µl of 4x 
sample buffer + 400µl of ddH₂O 

Heme (10 µM) pH 8 

Dissolve 4-6 mg of hemin in 500 µl of D-PBS. 
Adjust the pH with 0.1N NaOH , 1M HCl and 
scale up to 1 ml using D-PBS.The 
concentration of heme was determined in 40% 
DMSO solution using spectro-photometer at 
wavelength of 400 nm 

 

3.1.7 Inhibitors/Ligands 

Table 3-6: List of inhibitors, cytokines and ligands 

Biochemical compounds Company 

LPS (E. coli 0111: B4) : TLR4 ligand InvivoGen (Toulouse, France) 

LTA (Staphylococcus aureus): TLR2 ligand InvivoGen (Toulouse, France) 

TAK-242: TLR4 inhibitor AG Scientific (San Diego, CA, USA) 

Cycloheximide (CHX): protein synthesis 
inhibitor 

AG Scientific (San Diego, CA, USA) 

MG-132: Proteasomal inhibitor AG Scientific (San Diego, CA, USA) 

Recombinant Mouse M-CSF: Growth factor Immunotools (Friesoythe, Germany) 

 

 

 



Materials and Methods  19 

3.1.8 Kits 

Table 3-7: List of used kits 

Kits Company 

RIPA Lysis Buffer System; sc-24948 Santa Cruz Biotechnology (Heidelberg, Germany) 

Rneasy Mini Kit Qiagen (Hilden, Germany) 

High capacity cDNA Reverse Transcription kit Applied Biosystems (Foster City, CA, USA) 

TaqMan Gene Expression Master Mix Applied Biosystems (Foster City, CA, USA) 

iBLOT Protein Transfer Stacks 
Invitrogen, Thermo Scientific  
(Darmstadt, Germany) 

Screenfect A-plus transfection  reagent kit Incella (Eggenstein-Leopoldshafen,Germany) 

Uptima BC assay kit Interchim (Montlucon, France) 

 

3.1.9 Silencing RNA  

Table 3-8: List of silencing RNA and controls used for knockdown studies 

Silencing RNA Company 

BACH1 siRNA; Ambion siRNA, ID: n259057 Thermo Fischer Scientific (Waltham,MA,USA) 

HO-1 siRNA; siRNA, ID: s194530 Thermo Fischer Scientific (Waltham,MA,USA) 

Control siRNA; Pre-designed validated 
AllStars Negative Control siRNA 

Qiagen (Venlo,Netherlands) 

 

3.1.10 Primers  

Amplification was performed using the pre-designed primers from Human and Mouse 

TaqMan assays for real-time PCR (RT-PCR). 

Table 3-9: List of real-time primers 

Gene of Interest Species Primer name 

HO-1 Human Hs01110250_m1_HMOX1 

COX-2 Human Hs00153133_m1_PTGS2 

TNF-α Human Hs01113624_g1_TNF 

NQO1 Human Hs00168547_m1_NQO1 

GAPDH Human Hs02758991_g1_GAPDH 

HO-1 Mouse Mm00516005_m1_HMOX1 

BACH1 Mouse Mm01344527_m1_Bach1 

NRF2 Mouse Mm00477784_m1_Nfe2l2 

NQO1 Mouse Mm01253561_m1_NQO1 

GAPDH Mouse Mm99999915_g1_Gapdh 
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3.1.11 Antibodies 

Table 3-10 and Table 3-11 show the list of primary and secondary antibodies 

respectively. These antibodies were used for Immunofluorescence microscopy, Co-

immunoprecipitation and Western blots.  

Table 3-10: List of primary antibodies 

PRIMARY ANTIBODIES 

Protein of 
Interest  

Method Species  Dilution 
  Catalogue 

label  
Company 

HO-1 WB Rabbit 1:2000 ADI-SPA-896-F 
Enzo Life Sciences 
(Lörrach,Germany) 

BACH1 WB Rabbit 1:1000 ab124919 
Abcam  
(Cambridge, UK) 

NRF2 WB Rabbit 1:1000 ab62352 
Abcam  
(Cambridge, UK) 

COX-2 WB Rabbit 1:1000 ab15191 
Abcam  
(Cambridge, UK) 

Ubiquitin WB Rabbit 1:500 Z0458 
Dako  
(Glostrup, 
Denmark)  

GAPDH WB Mouse 1:5000 sc-47724 

Santa Cruz 
Biotechnology 
(Heidelberg, 
Germany)  

GAPDH WB Mouse 1:5000 ab9484 
Abcam  
(Cambridge, UK) 

BACH1 IP Goat 1:50 sc-14700, C-20 

Santa Cruz 
Biotechnology 
(Heidelberg, 
Germany)  

NRF2 IF, IP Rabbit 1:500,1:50 sc13032, H-300 

Santa Cruz 
Biotechnology 
(Heidelberg, 
Germany)  

BACH1 IF Rat 1:500 Clone: 11D11C25 
Biolegend  
(Koblenz, 
Germany) 

 

Table 3-11: List of secondary antibodies 

SECONDARY ANTIBODIES 

Detection antibody  Method Dilution Company  

Goat anti-rabbit IgG HRP WB 1:5000 Dako (Glostrup, Denmark)  

Goat anti-mouse IgG HRP WB 1:5000 Dako (Glostrup, Denmark)  

Anti-rabbit Ig Alexa FluorTM488 IF 1:1000 
Invitrogen, Thermo Scientific 
(Darmstadt,Germany)  
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3.1.12 Software 

Table 3-12: List of software used to depict 

Software Company  

StepOne™ Real-Time PCR Software v2.2 Thermo Fischer Scientific (Waltham,MA,USA) 

GraphPad Prism Version 5.5 Graphpad Software (San Diego, CA, USA) 

Office 2010 Microsoft (Unterschleißhem,Germany) 

Fiji ImageJ 1.47v NIH ( Maryland,USA) 

CorelDraw X5 Synex (New York, USA) 

Image Lab Version 6.0 Bio-Rad (Munich,Germany) 

 

3.2 Methods 

3.2.1 Cell isolation and culture 

The source of human peripheral blood mononuclear cells (PBMCs) are the residual 

blood samples of healthy anonymous donors obtained from platelet apheresis 

disposables in the Institute for Transfusion Medicine, Hannover Medical School (MHH). 

Informed consent was obtained from all healthy donors as well as approved by Ethical 

Committee of MHH (Ethical number: 3639-2017, 2744-2015) and medical 

confidentiality of trial subject data were maintained.  

PBMCs were isolated from healthy donors by Ficoll-Paque density-gradient 

centrifugation. Briefly, blood sample was collected and diluted with sterile D- 

phosphate buffered saline (PBS) to the total volume of 50 ml in a centrifuge tube. 50 

ml of diluted blood sample was layered into Leucosep barrier tubes containing 15 ml 

Lymphosep. Samples were centrifuged at 2000 revolutions per minute (rpm) for 20 

minutes (min) at room temperature (RT) with the brake off. The white layer of PBMCs 

was carefully collected into a fresh falcon tube containing ice cold sterile D-PBS. The 

samples were washed to remove contaminating platelets by centrifugation at 1500 rpm 

with the brake for 10 min at 4°C. Supernatant was discarded and cell pellet was re-

suspended in sterile cold D-PBS. The washing procedure was further performed twice 
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but in centrifugation speed of 1200 rpm and 1000 rpm for 10 min at 4°C to minimize 

the loss of monocytes via adherence to plastic. The isolated PBMCs were re-

suspended and maintained in RPMI 1640 media with 10% human AB sera (referred to 

herein as R.10 media). Subsequently, live cells were counted manually with trypan 

blue exclusion method using bifocal light microscope.   

hMDMs were prepared from isolated PBMCs resuspended in R.10 media. hMDMs 

were cultured by plating them in 10-cm Greiner polystyrene dishes at a seeding density 

of 50´106 cells. On day 3, cells were washed once with 1x sterile D-PBS to remove 

non-adherent cells and new R.10 culture medium was added. On day 4, adherent 

hMDMs reached a confluency of approximately 80% and were further split by the use 

of accutase in R.10 media on 6-well or 12-well plates for further experiments.  

 mBMDMs were prepared from femurs and tibias of male C57BL/6J, Bach1-/- and 

NRF2-/- mice. Bones were cleaned to remove the attached muscle tissues under 

aseptic conditions. Bone ends were cut at both sides to flush out the cells from bone 

marrow cavity with sterile PBS using a sterile needle. These bone marrow cells were 

re-suspended in ice cold sterile D-PBS for cell counting via trypan dye exclusion 

method. 6´106 of bone marrow cells were further re-suspended in RPMI-1640 with 1% 

L-Glutamine, 1% Pencillin/Streptomycin (Pen/Strep), 10% Fetal bovine serum (FBS) 

and 50 ng/ml Macrophage-colony stimulating factor (M-CSF) (R.10 FBS) and seeded 

in 10-cm tissue culture dishes. On Day 3, adherent cells were rinsed once with 1x 

sterile D-PBS to wash away non-adherent cells and new R.10 FBS culture media was 

added. On Day 5, ~80% confluency was obtained to further split the cells via accutase. 

Cells were harvested and plated in the fresh R.10 FBS culture media on 6-well or 12- 

well plates. On Day 6, culture media was replaced with RPMI-1640 media 

supplemented with 1% FBS without M-CSF for 24 h before stimulation. 
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The murine RAW 264.7 cell line was obtained from American Type Culture Collection 

(ATCC). Cells were cultured in RPMI-1640 with 1% L-Glutamine, 2% Pen/Strep, 10% 

FBS, 1% Minimum essential media/Non-essential amino acids (MEM/NEAA) and 0.1% 

human insulin. Cell media was replaced with 1% FBS for 24 h before stimulation. All 

cell cultures were maintained under air/CO2 (19:1) at 100% humidity. 

3.2.2 Cell stimulation 

Treatment of cells with LPS (1 µg/ml), Lipoteichoic acid LTA (5 µg/ml), heme (10 µM), 

succinylacetone (SA; 1 mM), cycloheximide (CHX; 10 µg/ml), TAK-242 (10 µg/ml), MG-

132 (4 µM), iCORM-401 (50 µM) and CORM-401 (50 µM) was performed in 1% sera 

conditions. 

Pre-treatment of cells with SA was for 24 hours (h), MG-132 for 4 h and TAK-242 as 

well as CHX were for 30 min followed by further stimulations with LPS (1 µg/ml), LTA 

(5 µg/ml), heme (10 µM) for 3 h as indicated. CORM-401 and iCORM-401 were co-

stimulated with and without LPS for 3 h.  

3.2.3 Quantitative real-time PCR 

RNA isolation 

Ribonucleic acid (RNA) isolation was performed from cultured cells using the RNeasy 

Mini kit from Qiagen. Cells were lysed in RLT buffer and RNA was eluted according to 

the manufacturer’s protocol of RNeasy Mini kit. All steps of RNA extraction were carried 

out at RT and centrifugation was performed between 20°C - 24°C. In brief, 70% of 

ethanol was added to RLT cell lysate for RNA precipitation. Thereafter, precipitated 

RNA was immobilised to the spin binding columns followed by repeated washing for 

15 seconds at 10,000 rpm. Finally, RNA was eluted using 30 microliters (µl) of RNAse-
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free water by centrifugation at 15,000 rpm for 1 min at 4°C. The concentration of 

isolated RNA was determined by Nanodrop™ spectrophotometer.  

cDNA synthesis 

The isolated RNA was reverse transcribed to complementary-deoxyribonucleic acid 

(cDNA) using High-capacity cDNA Reverse Transcription Kit according to the 

manufacturer’s protocol. For each sample, 30 µl reaction was set up in Polymerase 

chain reaction (PCR) tubes containing 20 µl of nuclease-free water with 500-1000 

nanogram (ng) of RNA in the reaction mixture (volume was flexible according to the 

required reaction). The composition of reaction mixture for cDNA synthesis is 

described in Table 3-13. 

 

Table 3-13: The reaction volume for cDNA synthesis 

  Volume (µl) 

RNA 19,8  

Reaction Mix (Applied Biosystem) Volume (µl) 

Nuclease- free water  0 

10X RT Buffer 3 

100 mM dNTP 1,2 

10X Random Primer 3 

RNAse Inhibitor 1,5 

Enzyme Multiscribe RT 1,5 

Final volume 10,2 

 

The reverse transcription process was performed in a thermocycler with conditions 

described in Table 3-14.  

TaqMan- based RT-PCR  

Real-time (RT-)PCR was performed on a StepOnePlus Real-Time PCR System in 

TaqMan Gene expression Master Mix according to manufacturer’s instructions. 
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Amplification was performed using the pre-designed primers from Human and Mouse 

TaqMan assays. All real time PCR reactions were run in triplicates and reaction volume 

for each sample was prepared as described in Table 3-15. 

Table 3-14: The table below show the thermocycler condition for cDNA synthesis 

Steps  Temperature Time  

Primer annealing 25°C 10 min 

DNA polymerization 37°C 120 min 

Enzyme deactivation 85°C 5 sec 

 

Table 3-15: The reaction set up for real time PCR 

Reaction Mix (TaqMan Assay kit) Volume (µl) 

Master Mix 5 

Assay Mix 0.5 

cDNA sample 1 

Nuclease-free water 3.5 

Final volume 10 

 

The reaction mixture was processed for amplification in StepOnePlusÔ Instrument  

(96-wells) with conditions described in Table 3-16.  

Table 3-16: The table below show the real-time PCR condition 

Steps  Temperature Time  Cycle  

Enzyme activation 50°C 2 min 1 

Denaturation 95°C 10 min 1 

Anneal/Extend/Acquire 95°C 15 sec 40 

Anneal/Extend/Acquire 60°C 1 min 40 
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The housekeeping gene, GAPDH, was used as an internal control for normalization of 

all cDNA levels. The relative gene expression was calculated by 2−ΔΔCT method using 

Microsoft Excel program. 

3.2.4 Indirect Immunofluorescence 

hMDMs were seeded on coverslips in a 12-well plate and cultured overnight with R.10 

media. Cell media was changed to RPMI 1640 media with 1% human AB sera 12 h 

before cell treatment. Cultured hMDMs were stimulated with LPS (1 µg/ml), heme (10 

µM) for 3 h, thereafter, coverslips were rinsed by PBS and cells were fixed by 2% PFA 

in PBS for 10 min at RT. After washing with PBS, cells were permeabilized by 0.5% 

Triton-X to ensure the access of antibody to the antigens on the cell interior. Cells were 

further washed for 3 times (5 min per wash) with 1x PBS and were blocked with 1% 

Bovine serum albumin (BSA) in PBS for 30 min at RT to avoid non-specific binding of 

antibody. After blocking, cells were incubated with primary antibody for 1 h at RT 

followed by extensive rinsing for three times (5 min /wash) with 1x PBS to wash away 

the unbound antibody. Thereafter, cells were incubated with fluorescently-labelled 

secondary antibody in dark for 1 h at RT. Coverslips were consistently protected from 

light in the following steps to preserve the fluorescence of the target proteins. Unbound 

secondary antibody was washed away by rinsing three times with 1x PBS followed by 

nuclear staining with DAPI (1:1000) for 5 min at RT in dark. After cell staining, 

coverslips were mounted onto the glass slides with Mowiol containing N-propyl-gallate 

as an anti-fading reagent. After mounting, glass slides were stored overnight at RT in 

dark so that mounting media is dried out for microscope analysis. 
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3.2.5 Western Blotting 

Cell Lysate preparation 

Cultured cells on tissue culture plates were washed and harvested with 1x PBS. Cells 

were scraped lightly in 1x PBS and transferred to 15 ml falcon tubes. Cells were 

pelleted down by centrifugation at 1500 g for 10 min at 4°C and cell pellet was lysed 

with 60 µl of RIPA lysis buffer (with protease and phosphatase Inhibitor Cocktail Set). 

The tubes were kept on ice for 30 min followed by centrifugation at maximum speed of 

15000 rpm for 20 min at 4°C. Cell supernatant was stored in eppendorff tubes overnight 

at -80°C and cell pellet containing debris was discarded. Total protein concentration 

was determined by Uptime BC assay kit which is based on the principal of the classic 

Bradford method by reference to BSA standard curve [83]. 

Protocol for western blotting 

Samples were boiled in loading buffer for 5 min at 95 ̊C prior to western blotting. 35 µg 

of total protein was loaded per lane and separated on pre-casted SDS-polyacrylamide 

gel. The blotting was done using bufferless iBlot blotting system which uses iBlot 

disposable blotting stacks in which top stack acts as cathode and bottom stack acts as 

anode with copper electrode, transfer gel layer and integrated polyvinylidene difluoride 

(PVDF) membrane for protein transfer. Membrane was blocked for 1 h at RT with 5% 

skim milk in 0.05% PBS-T to block non-specific protein binding sites and further probed 

with primary antibodies for 18 h at 4° C. Following primary antibody incubation, 

membranes were washed 3 times with 1x PBS (10 min per wash) and then incubated 

with secondary antibody for 45 min at RT. Unbound secondary antibody was rinsed 

away by washing 2 times with 1x PBS (5 min per wash). Protein bands were detected 

using enhanced chemiluminescence substrates and were visualized in ChemiDocTM 
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Touch Imaging System. Protein bands were quantified using the ImageJ1.47v Gel 

Analysis program. 

3.2.6 siRNA mediated knockdown assay  

Cultured hMDMs were transfected in a 6-well plate with 100 nM of BACH1 short-

interfering (si) RNA, HO-1 siRNA and control siRNA as indicated in the experimental 

analysis. Transfection was performed in RPMI+1% human AB sera using ScreenFect 

A-plus transfection reagent according to the manufacturer’s protocol. Briefly, 1.25 ml 

of fresh media was added on the day of transfection and 2 eppendorff tubes were 

prepared for separate dilution of reagent as well as siRNA. Screenfect siRNA was 

vortexed thoroughly before use, thereafter, 4 µl of reagent was added in an eppendorff 

to the final volume of 120 µl in dilution buffer. siRNA dilution was prepared in a separate 

eppendorff with 100 nanomolar (nM) of pre-designed siRNA to a final volume of 120 µl 

in dilution buffer. The diluted screenfect siRNA reagent and pre-designed siRNA were 

merged in 1 eppendorff to mix these mixtures thoroughly and incubated for 20 min at 

RT. The entire mixture was then transferred to the adhered hMDMs. The plates were 

swirled gently to ensure even dispersal of the complex in each well. After 24 h, culture 

media was replaced with fresh RPMI+1% AB human sera and cells were further 

cultured for next 24 h. Cells were harvested 48 h after transfection and knockdown 

was verified with Western blotting. After transfection for 48 h, the cells were further 

stimulated with LPS (1 µg/ml) for 3 h.  

3.2.7 Apo-horseradish peroxidase (apoHRP) assay 

Intracellular levels of labile heme in cellular lysate were determined by the well-

established assay based on the reconstitution of apo-horseradish peroxidase (apo-

HRP) as described previously elsewhere [84] and illustrated in Figure 3-1.  
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Briefly, cellular lysate was prepared as described before in Section 3.2.5 and 10 µg of 

protein was used in 50 µl of 1x PBS. A heme standard curve was then prepared from 

5 nm of heme in DMSO with the following concentrations of 0.25, 0.5, 1, 1.5, 2.0, 2.5 

nM to a final volume of 50 µl in 1x PBS. For apo-HRP reconstitution assay, 50 µl of 

150 nm apo-HRP was added to all the samples and standards. The reconstitution 

reaction was carried out in a 96-well plate and was incubated for 10 min at 4̊ C. 

Following incubation, 10 µl of each reaction was used to detect the holoHRP activity 

by adding 200 µl of TMB substrate for 2 min at RT. The holo-HRP activity was 

measured by absorbance at 652 nm using BioTek Synergy 2 plate reader. Finally, 

intracellular levels of labile heme in the cell lysate were calculated with the reference 

to the heme standard curve using linear regression analysis in GraphPad Prism 5 

software. The statistical differences of labile heme pool in treated and untreated cells 

are represented in percentage. The percentage change shows the relative changes in 

experimental samples to control samples as indicated in figures and figure legends of 

Results Section.  
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Figure 3-1: Apo-HRP assay - Schematic illustration of the study design to perform apo-
horseradish peroxidase assay. Total cell extract was incubated with Apo-HRP which bind 
specifically to labile heme but not with the heme-bound to hemoproteins. The reconstitution of 
apo-HRP with labile heme forms a final product of holo-HRP complex. TMB substrate is used 
to detect holo-HRP activity with the help of colorimetric reader at 652 nm. 
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protein quantification (lower panel) of the indicated proteins normalized to GAPDH are shown 
(n=6) (A-B) Values ± SEM represent the -fold induction of protein levels from six independent 
experiments. Statistical significance of control versus treatment was determined by one way 
ANOVA, Bonferroni’s multiple comparison t-test; treatment versus control: *p<0.05, ** p<0.01, 
***p<0. 001.Ctrl, negative control; He, heme. 
 

Next, the expression of BACH1 and NRF2 was determined by immunofluorescence 

studies in LPS- and heme-treated hMDMs. Immunostaining for BACH1 in cultured 

hMDMs revealed that LPS stimulation increased the nuclear localization of BACH1. As 

expected, heme treatment led to a significant reduction in nuclear BACH1 in 

comparison to untreated and LPS-treated cells (Figure 4-3A). By contrast, 

immunostaining of NRF2 in cultured hMDMs caused increased nuclear levels of NRF2 

in both LPS- and heme-stimulated cells in comparison to untreated cells (Figure 4-

3B). 

 

 

 

Figure 4-3: Nuclear accumulation of BACH1 and NRF2 is up-regulated in LPS-stimulated hMDMs 
-After fixation and permeabilization of hMDMs, BACH1 and NRF2 were visualized by an 
immunofluorescence studies with specific antibodies as described in Materials and Methods. 
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4.2 Regulation of intracellular levels of labile heme in LPS-activated 

macrophages is associated with BACH1 

BACH1 is a heme sensor protein and its transcriptional activity is controlled by 

intracellular levels of heme  [43, 44].  Hence, we hypothesized that changes of the 

intracellular labile heme pool upon LPS activation might be involved in the regulation 

of BACH1 and HO-1. Therefore, we employed  an apo-peroxidase based assay, which 

has previously been used to determine intracellular concentrations of labile heme in 

cellular lysates [84, 85]. hMDMs treated with LPS showed reduced levels of labile 

heme, whereas mBMDMs exhibited increased levels of labile heme under the same 

conditions. Treatment with exogenous heme caused an up-regulation of labile heme 

levels in both hMDMs and mBMDMs (Figure 4-5).  

 

Taken together, these data reveal that the differential regulation of HO-1 and BACH1 

in LPS-activated hMDMs and mBMDMs was associated with that of intracellular levels 

of labile heme. 
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Moreover, we examined the upstream transcriptional regulators of HO-1 in LPS-  

(LTA-) and heme-treated cells of BACH1-/- and NRF2-/- mBMDMs. Immunoblot 

analysis showed that in NRF2-/- mBMDMs, LPS- (LTA-) and heme-mediated BACH1 

down-regulation was similar to that in wild-type mBMDMs. Conversely, in BACH1-/- 

mBMDMs, LPS- and heme-induced NRF2 up-regulation was abrogated in comparison 

to wild-type treated mBMDMs (Figure 4-11). 
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4.5 HO-1 regulation is mediated via BACH1 and intracellular levels of labile 

heme in hMDMs 

We also examined the specific interplay of BACH1 and HO-1 with endogenous levels 

of labile heme in cultured hMDMs. To address this issue, we employed a siRNA-

mediated knockdown approach to down-regulate BACH1 and HO-1 expression in 

cultured hMDMs. Knockdown of the target genes was confirmed at the protein level by 

Western blot studies. In cultured hMDMs, knockdown of BACH1 induced HO-1 

expression, whereas HO-1 knockdown caused an up-regulation of BACH1. Notably, 

no significant effects on NRF2 expression levels were observed in these conditions 

(Figure 4-13). Furthermore, knockdown cells were treated with LPS to analyze the 

expression pattern of BACH1, NRF2 and HO-1. LPS-mediated down-regulation of HO-

1 was reduced in BACH1-silenced cells. However, down-regulation of LPS-mediated 

COX-2 expression was observed in BACH1 knockdown cells. Expression of NRF2 was 

slightly increased in the presence of LPS under both silenced and control conditions 

(Figure 4-13A). In summary, knockdown of BACH1 led to significant alterations in HO-

1 expression, but not NRF2 in hMDMs.  

 

In HO-1 silenced cells, exposure to LPS resulted in down-regulation of HO-1 in both 

HO-1 silenced and control cells. LPS-mediated HO-1 down-regulation was observed 

with simultaneous increase of BACH1 and COX-2 in both HO-1 silenced and control 

cells. Notably, no difference in the expression level of BACH1 was observed in LPS-

treated HO-1 deficient cells, whereas NRF2 was significantly increased (Figure 4-

13B). In summary, these data show that HO-1 down-regulation appears to be 

coordinated with the regulation of BACH1, but not with NRF2.  
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4.6 CORM-401 affects LPS-mediated HO-1 regulation in hMDMs 

The HO product, CO has been shown to have anti-inflammatory effects in 

macrophages and to also interact with heme as well as low-affinity hemoproteins [27, 

86, 87]. In order to investigate the effect of CO in LPS-mediated HO-1 regulation, 

CORM-401 was applied in cultured hMDMs and RT- PCR studies showed that CORM-

401 up-regulated HO-1 mRNA levels. Interestingly, CORM-401 reversed LPS-

mediated down-regulation of HO-1 and caused a significant reduction of LPS-induced 

COX-2 mRNA levels in hMDMs (Appendix Table 7-3,7-4). Furthermore, immunoblot 

analyses revealed that CORM-401 down-regulated BACH1 and inhibited LPS-induced 

BACH1 levels in hMDMs (Figure 4-15). However, no major differences were observed 

for expression of NRF2 levels independent of treatment with or without CORM-401 in 

LPS-activated macrophages (Figure 4-15).  
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4.7 Inhibition of heme synthesis has regulatory effects in LPS-activated 

macrophages 

Intracellular labile heme levels are not only regulated by enzymatic degradation via 

HO, but also by heme synthesis [85]. To evaluate the effect of heme synthesis on LPS-

mediated HO-1 regulation in hMDMs, we determined the regulatory effect of the ALAS 

inhibitor SA on HO-1, BACH1 and NRF2 expression level in cultured hMDMs. 

Immunoblot analysis showed that treatment with SA down-regulated HO-1 and up-

regulated BACH1 whereas LPS had no effect (Figure 4-17). Moreover, SA treated 

cells exhibited a significant down-regulation of HO-1 and disturbed LPS-mediated HO-

1 regulation. However, up-regulation of NRF2 was observed only in LPS-treated cells 

(Figure 4-17).  

 

 

 

 

 

 

 

 

 

 

 

 







Results  54 

4.8 Differential regulation of de novo synthesis of BACH1 and NRF2 in 

hMDMs 

Next, we examined the interplay of BACH1 and NRF2 for the regulation of HO-1 

expression in cultured hMDMs. To this end, we determined the half-lives of NRF2 and 

BACH1 by using the protein synthesis inhibitor CHX. We determined the effect of CHX 

in the presence and absence of LPS in cultured hMDMs. CHX alone inhibited 

expression levels of HO-1, NRF2 and COX-2, but not that of BACH1 (Figure 4-19). 

Moreover, exposure to CHX blocked LPS- and LTA-induced regulation of BACH1, 

NRF2 and COX-2 (Figure 4-19). Furthermore, heme-mediated induction of NRF2 and 

HO-1 as well as down-regulation of BACH1 was not observed in CHX-treated cells 

(Figure 4-19). The data indicate that the half-lives of BACH1 and NRF2 are 

differentially regulated in LPS- and heme-treated hMDMs. 
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Figure 4-19: Effect of CHX in LPS- and heme-treated hMDMs - hMDMs were pre-treated with 
CHX (10 μg/ml) for 30 min followed by exposure to LPS (1 μg/ml), LTA (5 μg/ml) and heme 
(10 μM) stimulation for 3 h, as indicated. Total cellular lysates were subjected to Western blot 
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analysis and probed for HO-1, BACH1, NRF2 and COX-2. A representative immunoblot (upper 
panel) and densitometric protein quantification (lower panel) of the indicated proteins 
normalized to GAPDH are shown. Values ± SEM represent the -fold induction of protein levels 
from three independent experiments. Statistical significance was determined by one way 
ANOVA, Bonferroni’s multiple comparison t-test; untreated (-) versus treated (+): * p<0.05, 
**p<0.01, ***p<0.001. Ctrl, control; He, heme; CHX, cycloheximide.
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5. Discussion 

Gene expression of HO-1 is governed by a complex network of signaling cascades 

and transcriptional regulators, but the underlying mechanisms that control its 

expression during inflammation are poorly established. In this thesis it is shown that 

the intracellular labile heme pool plays a critical regulatory role for BACH1-dependent 

HO-1 expression in LPS-stimulated macrophages.  

In keeping with previous findings [65, 88], we corroborate in this study a counter-

regulatory pattern of LPS-dependent BACH1 and HO-1 expression in human and 

mouse macrophages (Figure 4-2). We attribute this peculiar response to the novel 

observation reported herein showing that LPS exerts an opposing effect on intracellular 

labile heme: in fact, heme levels are down-regulated in human macrophages resulting 

in the accumulation of BACH1 and consequent HO-1 repression, while the labile heme 

pool is raised in mouse cells leading to BACH1 disappearance and induction of HO-1 

(Figure 4-2, 4-5). Why LPS causes a differential fluctuation in labile heme in the two 

cell types is unclear at present, but experiments using the TLR4 antagonist TAK-242 

in human cells point to activation of TLR4 as directly responsible for the changes in 

heme levels as well as expressions of BACH1 and HO-1 (Figure 4-8, 4-9). We note 

that a detailed study on TLR4-dependent gene regulation in human and mouse 

macrophages has revealed extensive divergence in regulatory patterns of orthologue 

genes in these cells, which appear to be linked with evolutionary-dependent structural 

differences in various gene promoters [89]. Accordingly, a number of functionally 

relevant differences between the human and mouse HO-1 promoters have been 

described, including a (GT)n repeat in the proximal promoter region of the human HO-

1 gene [68, 69, 90]. Remarkably, iNOS regulation also exhibits a different interspecies-

specific expression pattern in murine and human macrophages [91, 92]. Interestingly, 
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current findings highlight that this divergence is evident only under TLR4 activation 

conditions since HO-1 and BACH1 regulation following exposure to exogenous heme 

is identical in the two cell types and is not affected by TAK-242 in hMDMs (Figure 4-

8, 4-9) 

The nuclear repressor BACH1 is known to control HO-1 expression together with the 

transcriptional activator NRF2. The results of this study show that HO-1 gene 

expression in LPS-stimulated macrophages is primarily regulated via BACH1. This 

idea is supported by experimental evidence demonstrating that: 1) even though NRF2 

is activated by LPS in both human and mouse cells, HO-1 is decreased in correlation 

with BACH1 accumulation in hMDMs, but is induced in association with BACH1 

disappearance in mBMDMs (Figure 4-2); 2) in NRF2-/- mBMDMs, LPS still elicits up-

regulation of HO-1 together with decrease of BACH1 (Figure 4-11) and 3) NQO1, a 

prototypical gene regulated by NRF2, is equally augmented by LPS in human and 

mouse cells (Figure 4-4). Notably, current findings are in line with previous reports, in 

which knockdown of BACH1 in human keratinocytes was specific for HO-1 regulation, 

whereas knockdown of NRF2 was associated with regulation of numerous inducible 

antioxidant and detoxification genes [80, 93].  

A central issue in this study is the significance of changes in labile heme levels in the 

macrophage response to inflammatory stimuli. In the current study endogenous labile 

heme was quantified using an enzymatic apoHRP assay previously described [84, 85], 

which was specifically developed for detection of labile (or regulatory) heme [38, 84, 

94]. In contrast to exchange-inert heme, which is primarily allocated to hemoproteins, 

regulatory heme is only loosely bound to non-hemoproteins and can be readily 

mobilized for heme-dependent signaling and synthesis of hemoproteins [41, 54]. 

Current data demonstrate that levels of labile heme are modulated in macrophages 
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following LPS activation, suggesting a mobilization of loosely-bound heme that 

subsequently acts as a signal to regulate BACH1 and HO-1 expression. In addition, 

levels of labile heme change also in unstimulated macrophages lacking either BACH1 

or HO-1. It is intriguing to observe that in the absence of BACH1, mouse and human 

(in which BACH1 was silenced by siRNA) macrophages exhibit an increase in labile 

heme under basal conditions (Figure 4-11, 4-12, 4-13, 4-14). This effect is evident 

despite induction of HO-1, which would be expected to degrade all excess heme 

available. Accordingly, silencing of HO-1 in human cells is accompanied by a sharp 

decrease in labile heme with marked overabundance of BACH1 protein (Figure 4-13, 

4-14). Thus, it is tempting to postulate that the labile heme pool is not accessible to HO 

for degradation, but serves as unique intracellular signal to regulate BACH1 

expression. Whether this is a consequence of a higher affinity for or better access of 

BACH1 to labile heme compared to other heme-binding proteins (HBP) remains an 

open question. Concerning the origin of labile heme, the study using the inhibitor of 

ALAS SA indicate that newly synthesized heme substantially contributes to the 

maintenance of this labile heme pool (Figure 4-18).  

   

It is important to note that regulation of intracellular labile heme levels is not only 

governed by heme-degrading HOs and the heme-synthesizing enzyme ALAS but also 

by various HBPs such as GSTs, HBP 23 and GAPDH [54, 95-98]. Based on the current 

findings it is conceivable that upon inflammatory activation of macrophages, rapidly 

available heme is mobilized from the intracellular labile heme pool to provide the 

prosthetic group for the synthesis of various inducible hemoproteins including COX-2, 

iNOS and NADPH oxidase-2 [91, 99, 100]. A minor fraction of so-called ‘free’ heme 

may also exist even under physiological conditions as discussed by various authors 

[38, 54, 97]. However, because ‘free’ heme can be cytotoxic via the generation excess 
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reactive oxygen species (ROS), this issue is controversially discussed. For example, 

in macrophages high concentrations of heme have been shown to cause necrotic cell 

death and heme has recently also been proposed to be an alarmin [42, 101]. This study 

shows that HO-1 regulation by exogenous heme was not blocked by the 

pharmacological TLR4 inhibitor TAK-242 in hMDMs suggests that TLR4-independent 

pathways may also be involved in mediating heme-dependent effects in macrophages, 

which adds to the on-going discussion on the potential mechanisms of heme signaling 

(Figure 4-8, 4-9) [102-104].  

The data presented here support a dynamic and complex interplay among labile heme, 

BACH1 and HO-1. It appears also that metabolites of heme degradation may 

participate in the mechanistic regulation of the various factors examined. This study 

points to the possibility that the HO-1 pathway restricts BACH1 protein since its 

silencing enhances the levels of this repressor and the HO-1 product CO, released 

from CORM-401, led to significant inhibition of BACH1 in unstimulated and LPS-

challenged cells. In addition, CORM-401 not only counteracted, but even over-

compensated LPS-dependent down-regulation of HO-1 gene expression in hMDM 

(Figure 4-15, 4-16). These effects are likely dependent on increased mobilization of 

labile heme observed after treatment with CO. Interestingly, enhanced cytosolic and 

nuclear labile heme mobilization has been reported also in Saccharomyces cerevisiae 

after exposure to the gaseous molecule NO [40]. Clearly, further experimental studies 

are required for a better understanding of the molecular mechanisms that are 

implicated in the interaction of CO, labile heme and BACH1 in macrophages. 

Macrophages are key regulators of immune homeostasis and inflammatory responses. 

They exhibit phenotypical alterations ranging from inflammatory (also called M1) to 

anti-inflammatory (M2) macrophages as extremes of a continuous spectrum of 
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activation in inflammation [59, 105]. Notably, up-regulation of HO-1 has been 

associated with anti-inflammatory polarization of macrophages [60, 106]. Thus, current 

findings suggest that regulation of the cellular labile heme pool is critically involved in 

macrophage polarization via BACH1-dependent regulation of HO-1. Interestingly, loss 

of BACH1 in a mouse model of genetic BACH1 deficiency has previously been linked 

with M2 macrophage polarization in an in vivo model of colitis [81]. Moreover, 

administration of liposome-packed exogenous heme has been shown to provide 

protective therapeutic effects in a mouse model of myocardial infarction via reversing 

the M1 phenotype of inflammatory macrophages into anti-inflammatory M2 

macrophages [107] and similar observations have recently also been reported in a 

dextran sodium sulfate-induced colitis model [108]. Finally, cellular levels of labile 

heme in macrophages may also be affected by alterations of extracellular heme in 

various in vivo situations such as hemolysis and/or tissue damage [103, 109, 110]. 

Therefore, findings from my study may not only help to better understand macrophage 

homeostasis during inflammatory responses, but may also direct towards the 

development of novel strategies for targeted anti-inflammatory therapies based on 

controlled delivery of heme. 
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6. Conclusion  

In LPS-activated macrophages, intracellular levels of labile heme may specifically 

regulate BACH1-mediated HO-1 expression via TLR4 signaling. These results suggest 

that labile heme can act as a dynamic signaling molecule to regulate the expression of 

BACH1 and HO-1 in TLR4-activated macrophages as summarized in Figure 6-1. 

 

 

Figure 6-1: Labile heme dependent regulation of BACH1-mediated HO-1 expression - Schematic 
representation of labile heme as a signalling molecule involved in regulation of HO-1 gene 
expression via BACH1 in LPS-activated macrophages. The heme degradation product CO 
inhibits LPS-mediated HO-1 regulation via up-regulation of labile heme which leads to down-
regulation of BACH1.  
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7. Appendix 

 

Table 7-1: Fold change of HO-1 mRNA levels in mBMDMs from WT and BACH1-/- mice a 

BACH1   HO-1 SEM p value 

WT Control 1 0 NA 

WT LPS 3,17 0,2 <0.05 

WT He 11,25 0,5 <0.001 

KO Control 9,88 0,4 <0.001 

KO LPS 10,54 1 <0.001 

KO He 13,19 1,1 <0.001 
 

a Concentrations used for stimulations were: 1 μg/ml of LPS, 10 µM of heme. Data are 
expressed as mean and SEM.  Whole cell lysates were subjected to quantitative RT-PCR for 
HO-1 mRNA analysis normalized to GAPDH (n=3) as described in Materials and Methods. 
Statistical significance was determined by one way ANOVA, Bonferroni’s Multiple Comparison 
t-test; treatment versus control: * p<0.05, *** p<0.001. NA, not applicable; WT, wildtype; KO, 
knockout; He, heme. 

 

Table 7-2: Fold change of HO-1 mRNA levels in mBMDMs from WT and NRF2-/- mice b  

NRF2   HO-1 SEM p value 

WT Control 1 0 NA 

WT LPS 3,6 0,2 <0.05 

WT He 19,22 0,7 <0.001 

KO Control 0,94 0,3 NS 

KO LPS 1,3 0,2 NS 

KO He 12,2 0,1 <0.001 

 

b Concentrations used for stimulations were: 1 μg/ml of LPS, 10 µM of heme. Data are 
expressed as mean and SEM. Whole cell lysates were subjected to quantitative RT-PCR for 
HO-1 mRNA analysis normalized to GAPDH (n=3) as described in Materials and Methods. 
Statistical significance was determined by one way ANOVA, Bonferroni’s Multiple Comparison 
t-test; treatment versus control: * p<0.05, *** p<0.001. NA, not applicable; NS, not significant; 
WT, wildtype; KO, knockout; He, heme. 
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Table 7-3: Fold change of HO-1 mRNA levels in hMDMs treated with iCORM-401, CORM-
401 and LPS * 

 

Samples HO-1 SEM p value 

Control 1 0 NA 

iCORM-401 1,02 0,07 NS 

iCORM-401+LPS 0,36 0,04 <0.05 

CORM-401 8,42 0,6 <0.001 

CORM-401+LPS 6,71 0,2 <0.001 

 

* Concentrations used for stimulations were: 1 μg/ml of LPS, 50 µM of iCORM-401 and CORM-
401. Whole cell lysates from indicated samples were subjected to quantitative RT-PCR for HO-
1 mRNA analysis normalized to GAPDH (n=3).  Data are expressed as mean and SEM. 
Statistical significance was determined by one way ANOVA, Bonferroni’s Multiple Comparison 
Test; * p<0.05, ** p<0.01, *** p<0.001. NA, not applicable; NS, not significant 

 

Table 7-4: Fold change of COX-2 mRNA levels in hMDMs treated with iCORM-401, CORM-
401 and LPS# 

 

Samples COX-2 SEM p value 

Control 1 0 NA 

iCORM-401 1,08 0,07 NS 

iCORM-401+LPS 264,6 14,74 <0.001 

CORM-401 0,81 0,18 NS 

CORM-401+LPS 117,7 9,59 <0.001 

 

# Concentrations used for stimulations were: 1 μg/ml of LPS, 50 µM of iCORM-401 and CORM-
401.Whole cell lysates from indicated samples were subjected to quantitative RT-PCR for 
COX-2 mRNA analysis normalized to GAPDH (n=3). Data are expressed as mean and SEM. 
Statistical significance was determined by one way ANOVA, Bonferroni’s Multiple Comparison 
Test; * p<0.05, ** p<0.01, *** p<0.001. NA, not applicable; NS, not significant 
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