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1 Introduction 

1.1 Sepsis, systemic inflammatory response syndrome and multiple 
organ dysfunction syndrome 

With an estimated incidence of 48.9 million cases and 11.0 million sepsis-related deaths 

representing 19.7% of all global deaths, sepsis is considered a major health concern (Rudd et 

al. 2020). Sepsis is a “life-threatening organ dysfunction caused by a dysregulated host 

response to infection” (Singer et al. 2016). This response clinically manifests as systemic 

inflammatory response syndrome (SIRS) that is defined by the presence of two or more of the 

following symptoms (Bone et al. 1992): (1) body temperature > 38 °C or < 36 °C; (2) heart rate 

> 90 beats/min; (3) respiratory rate > 20 breaths/min or a PaCO2 of < 32 mm Hg; and (4) white 

blood cell counts > 12,000 /mm3 or < 4,000 /mm3, or the presence of more than 10 % immature 

neutrophils. The clinical picture of SIRS can also be triggered by sterile inflammation as a 

consequence of ischemia, multiple trauma, tissue injury, and hemorrhagic shock, but also by 

exogenous administration of pro-inflammatory cytokines, such as tumor necrosis factor alpha 

(TNF-α) (Bone et al. 1992). 

SIRS culminates in the development of multiple organ dysfunction syndrome (MODS). MODS 

is a leading cause of death of critically ill patients in intensive care units, with an increasing risk 

with the number of organs failing (Sakr et al. 2012). Organs sensitive to MODS are lung, liver, 

intestinal tract, and kidney. Ultimately failure of the hematologic system occurs, which also 

affects the heart. Of affected organ systems, liver dysfunction has an exceptional prognostic 

value for the progression of sepsis and is associated with a poor prognosis (Dizier et al. 2015, 

Koch et al. 2011). 

1.2 Liver in systemic inflammation 

The liver is the largest gland of the body with over 200 functions including detoxification, 

nutrient conversion, storage, energy production, protein synthesis, regulation of coagulation, 

iron recycling and immune surveillance. Thus, it plays a central role in metabolic and 

immunologic homeostasis. Owing to these important physiological functions, liver dysfunction 

and failure constitute a particularly serious complication in sepsis directly contributing to 

disease progression and death (Dizier et al. 2015, Koch et al. 2011). 
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The liver provides the first line of defense against blood borne infections. Clearance of 

particulates and other immunoreactive material from the blood is carried out by Kupffer cells, 

tissue resident macrophages, which make up 80-90% of the tissue macrophages of the entire 

body. Located in the liver sinusoids, where they are attached to the liver sinusoidal endothelial 

cells, Kupffer cells are directly exposed to the blood stream and clear gut derived bacteria, but 

also senescent erythrocytes (reviewed in Bilzer et al. 2006) and stay immunological tolerant 

under physiological conditions (reviewed in Jenne and Kubes 2013). 

However, during systemic inflammation the liver is the major site of the inflammatory response 

to bacterial endotoxins (Siore et al. 2005). Kupffer cells in response to endotoxin release early 

pro-inflammatory cytokines TNF-α and interleukin (IL)-1β, which can be envisioned as signal 

amplifiers causing release of further inflammatory signals including cytokines (e.g. IL-6), 

chemokines (e.g. IL-8) and reactive oxygen (ROS) and nitrogen species (RONS) (reviewed in 

Kozlov et al. 2017). 

In the hepatocytes, the major parenchymal cell type in the liver TNF-α directly stimulates IL-6 

production. IL-6 together with TNF-α and IL-1β activates the acute phase reaction (Castell et 

al. 1989), an adaptation of the synthesis of plasma proteins towards acute phase reactants 

that support the immune response and promote the defense against pathogens. Among those 

are complement factors that act as opsonins and pore forming proteins (reviewed in Kozlov 

and Grillari 2022), pro-coagulant factors that shift the balance towards pro-coagulant activity 

(reviewed in Dhainaut et al. 2001) and iron sequestration molecules  (Nemeth et al. 2004). 

Concomitantly the hepatocyte’s metabolism is significantly altered (Mainali et al. 2021). 

The inflammatory response is counteracted by a compensatory anti-inflammatory response 

that is mediated by release of interleukins IL-4 and IL-10 to inhibit the production of TNF-α, 

IL-1, IL-6, and IL-8. A complex molecular and cellular network regulates the anti-inflammatory 

response by silencing pro-inflammatory genes, while simultaneously maintaining anti-

infectious processes (reviewed in Perl et al. 2006). However, the factors that disturb the 

balance of pro- and anti-inflammatory reaction resulting in organ dysfunction are still not 

completely determined. 

Overwhelming inflammatory response and resulting tissue hypoperfusion and hypoxia are 

important drivers, but cannot sufficiently explain development of liver failure. Generally, failing 

organs show minimal signs of cell death (Nürnberger et al. 2012, Watanabe et al. 2009), even 



- 3 - 

 

 

in patients who deceased from unresolved MODS (Takasu et al. 2013). Further, organs in 

patients that recovered from critical illness quickly regain function. Both, the reversibility of 

organ dysfunction and the structural integrity of the affected organs, point towards a functional, 

and potentially transient, impairment at (sub-) cellular level (Singer et al. 2004).  

Besides the nutrient conversion and provision of energy production, hepatocytes play a 

fundamental role for plasma protein synthesis. In the endoplasmic reticulum (ER) synthesis 

and quality control of secretory and membrane proteins takes place. A dysfunctional ER with 

reduced protein folding capacity has recently been emphasized as a key mechanism of 

numerous diseases including MODS (reviewed in Almanza et al. 2019). The unfolded protein 

response (UPR) is a stress response mechanism, which enables the cell to restore and 

maintain the capacity for folding proteins correctly even under stressful conditions. However, 

failure to adapt the protein processing capacity to a changed demand may explain a 

dysfunctional cell state. 

1.3 Unfolded protein response 

Perturbations impacting the ER homeostasis like elevated protein traffic, expression of folding-

defective proteins, nutrient deprivation, infections, altered redox status, hypoxia, intraluminal 

calcium and altered post-translational modifications, are characterized by the accumulation of 

unfolded/misfolded protein in the ER, a condition known as ER stress (reviewed in Pahl 1999). 

Misfolded proteins disturb the balance between protein folding capacity of ER and cellular 

demand. To overcome stress and restore ER homeostasis cells activate the UPR. 

The UPR restores ER homeostasis by attenuating protein synthesis, clearance of 

unfolded/misfolded proteins and increasing protein folding capacity. The UPR signaling 

cascade is initiated by three ER membrane proteins, the protein kinases protein kinase RNA-

activated (PKR)-like ER kinase (PERK) and inositol requiring enzyme 1 (IRE1α) and the 

transcription factor activating transcription factor (ATF) 6. Glucose regulated protein 78 

(GRP78) is a major ER chaperone and acts as primary sensor of ER stress by activating 

canonical UPR, upon dissociation from transmembrane sensors (Bertolotti et al. 2000, Kopp 

et al. 2019). 

PERK dimerization and subsequent trans-autophosphorylation leads to the activation of its 

eukaryotic translation initiation factor 2 alpha subunit (eIF2α) kinase function. Phosphorylation 
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of eIF2α causes a transient attenuation of protein translation, the most immediate response to 

ER stress. Despite general translational attenuation eIF2α-phosphorylation activates selective 

translation of selected mRNAs via up-regulation of ATF 4. Among these UPR-targets are 

genes encoding proteins functioning in amino acid biosynthesis and transport, anti-oxidative 

stress response, and apoptosis, such as CAAT/Enhancer binding protein (C/EBP) homologous 

protein (CHOP) (reviewed in Ron 2002) (Figure 1). 

IRE1 release from GRP78 leads to homodimerization and activation of its cytosolic RNase 

domain by autophosphorylation. The RNase-function of IRE1 removes a 26 nucleotide intron 

from its substrate X-box binding protein (XBP1) mRNA in a process known as unconventional 

splicing (Uemura et al. 2009). The protein derived from spliced XBP1 (XBP1s) is a potent 

transcription factor that triggers transcription of ER chaperones, foldases and components of 

the ER associated protein degradation pathway (Travers et al. 2000) (Figure 1). 

ATF6 is exported to the Golgi-apparatus where it is cleaved by proteases site-1 protease (S1P) 

and site-2 protease (S2P) releasing the cytosolic domain that contains a bZIP transcription 

factor (ATF6p50) (Ye et al. 2000). ATF6p50 induces transcription of genes involved in protein 

folding and ER associated protein degradation. Additionally ATF6p50 also regulates the 

transcription of XBP1 (Yoshida et al. 2001) (Figure 1).  
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Figure 1: The unfolded protein response (UPR) pathways. In unstressed cells the chaperon 

glucose regulated protein 78 (GRP78) is bound to ER stress sensors protein kinase RNA-activated 

(PKR)-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1α) and activating transcription factor 6 

(ATF6). Upon ER stress GRP78 preferentially binds to unfolded proteins and thereby releases ER 

stress sensors. This leads to the initiation of the UPR signaling cascades. PERK is activated by 

homodimerization and transautophosphorylation. Activated PERK phosphorylates eukaryotic 

translation initiation factor 2 alpha subunit (eIF2α), which reduces overall translational initiation. 

However, selected mRNAs, like ATF4 mRNA are preferably translated. ATF4 initiates the expression 

of UPR target genes encoding proteins involved in amino-acid biosynthesis, antioxidative-stress 

response and apoptosis. Free IRE1α forms dimers, activating its protein-kinase and its 

endoribonuclease activity. Active IRE1α cleaves a 26-base intron from X-box binding protein 1 (XBP1) 

mRNA. The spliced XBP1 mRNA encodes a potent transcription factor that activates UPR target gene 

expression. Unbound ATF6 is exported to the Golgi-apparatus, and cleaved by the proteases site-1 

protease (S1P) and site-2 protease (S2P). The cytosolic ATF6 fragment (ATF6 p50) activates the 

transcription of UPR target genes. Figure is adapted from (Zhang and Kaufman 2008) © 2008 

Macmillan Publishers Limited. Reprinted with permission. 
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An increased upregulation of chaperons, including GRP78, in response to ER stress occurs 

predominantly via IRE1α and ATF6 and aims at restoring the protein folding capacity of the 

ER. Besides its function as chaperon and master regulator of UPR, GRP78 is required for 

inducing autophagy, which eliminates damaged structures that cannot be repaired otherwise 

(Li et al. 2008). Under conditions of irremediable ER stress, the character of IRE1α mediated 

UPR switches from cytoprotection to enhanced programmed cell death, predominantly via 

CHOP (Lerner et al. 2012).  

Since all three ER stress sentinels are principally capable to activate ER stress-associated cell 

death cascades (Fribley et al. 2009, Morishima et al. 2011), it is believed that the redundancy 

of the simultaneous activation of the three UPR branches constitutes a strong stimulus towards 

programmed cell death. It is not known whether or how the cell senses that the malfunction of 

the ER is irremediable. Anyway, the activation of UPR, particularly when PERK is involved, 

leads to a state, in which the ER is at least transiently dysfunctional (Dubois et al. 2020). 

However, the factors modulating UPR fate towards death or life of the cell are not fully 

understood. 

There are several intersections of ER stress and UPR with the inflammatory response. ER 

stress-induced UPR signaling also activates pro-inflammatory pathways (reviewed in Zhang 

and Kaufman 2008). It has been shown that ER stress activates acute phase reaction in the 

liver in response to inflammation (Zhang et al. 2006). On the other hand, ER stress in 

conjunction with activation of toll like receptors can directly induce inflammation (Hu et al. 2011, 

Martinon et al. 2010). All the three ER stress sensors induce inflammation by different 

mechanisms operating via nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) 

(Deng et al. 2004, Urano et al. 2000). Furthermore, ROS generated at the ER or in 

mitochondria upon ER stress can enhance inflammation induction through NF-κB dependent 

or independent mechanisms. Secondary events caused indirectly by the inflammatory process, 

such as hypoxic or ischemic episodes, are as well potent inducers of ER stress (Duvigneau et 

al. 2010). Thus, many conditions that are associated with SIRS may act as potential triggers 

of ER stress and subsequent UPR. However, whether ER stress seen in SIRS is primarily 

associated with infection and resulting inflammation or with tissue damage is not clear. 

Importantly, UPR also triggers an antioxidant defense program by direct activation of nuclear 

factor-erythroid-derived 2-related factor 2 (Nrf2) pathway via PERK branch of UPR (Cullinan 
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et al. 2003, He et al. 2001). Nrf2 activates the transcription of a set of antioxidant and 

oxidant-detoxifying enzymes including heme oxygenase (HO) -1. HO-1 has been implicated 

in suppressing ROS-associated ER stress (Chen et al. 2018, Li et al. 2020) however the 

underlying mechanisms remain elusive. Modulation of the ER stress response could either 

increase susceptibility to ER dysfunction, or mediate resistance to ER stress associated cell 

death. Thus, the role of HO in the modulation of the ER stress response is not fully 

understood. 

1.4 Heme oxygenase 

HO (enzyme classification (EC) 1.14.14.18) was first described by Tehunen et al. (Tenhunen 

et al. 1968). Located within the ER it is the rate limiting enzyme in the heme catabolism. In 

conjunction with nicotinamide adenine dinucleotide phosphate (NADPH) cytochrome P450 

reductase (EC 1.6.2.4) it catalyzes the oxidative cleavage of heme (iron protophrphyrin-IX) to 

equimolar amounts of the linear tetrapyrrole biliverdin, carbon monoxide (CO) and ferrous iron 

(Fe2+). Biliverdin is further reduced to bilirubin (BR) by biliverdin reductase (EC 1.3.1.24) 

(Figure 2). Initially, the HO reaction was viewed exclusively as a mechanism for heme 

disposal. With the discovery of the antioxidant and anti-inflammatory properties conferred by 

HO, research interest was boosted (Maines and Gibbs 2005). 
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Figure 2: Heme degradation by heme oxygenase. Heme oxygenase catalyzes the degradation of 

heme to equimolar amounts of biliverdin, carbon monoxide (CO) and ferrous iron (Fe2+) in the 

presence of oxygen (O2) and nicotinamide adenine dinucleotide phosphate (NADPH). Biliverdin is 

reduced to bilirubin by biliverdin reductase. 

 

In mammals, two catalytically active isoforms of HO exist, HO-1 and HO-2. Although catalyzing 

the same biochemical reaction, they are encoded by independent genes and substantially 

differ with respect to gene structure, regulation and tissue expression patterns. 

HO-1, also referred to as heat shock protein 32, is a 32 kDa protein encoded by the HMOX1 

gene. In unstressed conditions, HO-1 is solely expressed in tissues that degrade senescent 

erythrocytes. However, as a stress-inducible enzyme, HO-1 gene transcription is activated by 

a vast number of stimuli, including its substrate heme (and its oxidized form, hemin), transition 

metals, ROS, cytokines, prostaglandines, endotoxines, nitric oxide (NO), altered oxygen 

tension (hypoxia/hyperoxia) and diverse phytochemicals (reviewed in Medina et al. 2020). 

Thus, up-regulation of HO-1 is a sensitive marker of cellular stress. 
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HO-2 is a 36 kDa protein encoded by the HMOX2 gene. It is constitutively expressed in many 

tissues including brain, testis, cardiovasculature and liver (reviewed in Muñoz-Sánchez and 

Chánez-Cárdenas 2014). 

It is generally assumed that HOs exert their anti-oxidative and anti-inflammatory function 

essentially via the combined effects of the removal of pro-oxidant heme on the one hand and 

the generation of biologically-active products from heme catabolism on the other hand. 

However, the contribution of either mechanism is frequently not known.  

Heme is a vital prosthetic group in hemeproteins. The most prominent function of hemeproteins 

is delivery of oxygen (O2) to tissues (hemoglobin, myoglobin). It is facilitated by oxygen binding 

to divalent iron of heme. Further, hemeproteins serve as electron transporters [e.g. 

Cytochrome c, Cytochrome C oxidase (EC 1.9.3.1)] and catalysts for biosynthesis and 

biodegradation [e.g. Cytochrome P450 superfamily (EC 1.14.14.1), nitric oxide synthases 

NOS, (EC 1.14.13.39)] (reviewed in Gozzelino et al. 2010). Besides O2, other gaseous 

molecules [NO, CO and hydrogen sulfide (H2S)] show high affinity to heme-iron. These 

compounds act as messengers via interaction with hemeproteins that serve as sensors [e.g. 

soluble guanylate cyclase (EC 4.6.1.2)]. Additionally, NO and CO may act as inhibitors of 

hemeproteins function. Though indispensable for enzyme function when bound to an 

apoprotein, free heme is a potent pro-oxidant facilitating iron catalyzed hydroxyl radical 

formation (Fenton reaction) and membrane lipid peroxidation in diverse subcellular organelles 

(Halliwell and Gutteridge 1984, reviewed in Kumar and Bandyopadhyay 2005). Finally, free 

heme has the potential for acting as alarmin, harmful promotors of inflammatory reactions 

(reviewed in Ryter 2021 and Soares and Bozza 2016). 

All three products of the HO reaction, bilirubin, CO and Fe2+ are potentially cytotoxic, but at the 

same time convey concentration dependent antioxidant, anti-inflammatory and vasoactive 

properties (reviewed in Kirkby and Adin 2006). 

BR is well known for its neurotoxic action in newborns. Free unconjugated BR can unbalance 

the redox homeostasis, affect the mitochondrial membrane integrity and induce apoptosis 

(Rodrigues et al. 2002). However, at physiological concentrations it is one of the most potent 

antioxidants in mammalian cells scavenging various ROS including superoxide, peroxyl 

radicals and peroxynitrites. Due to its lipophilic properties, it is particularly potent in preventing 
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lipid peroxidation (Stocker et al. 1987). Exogenous administration of bilirubin improved 

outcome in an experimental sepsis model (Tran et al. 2020). 

CO is a dangerous poisonous gas, but at lower concentrations it serves as second messenger 

that can exert biological functions as diverse as neurotransmission, cytoprotection, anti-

inflammation, protection against oxidative injury and regulation of vascular tonus (reviewed in 

Ryter et al. 2006). The molecular basis for CO biological action relies on its high affinity to 

heme iron that facilitates the modulation of heme protein function. Binding of CO to active site 

of soluble guanylate cyclase mediates for example vasodilatation and inhibits platelet 

aggregation (Brüne and Ullrich 1987). Another protein of relevance in CO signaling is the 

mitochondrial cytochrome c oxidase. Exposure to CO triggers the release of ROS form 

mitochondria that activate several anti-inflammatory and anti-oxidant signaling pathways, 

including p38 mitogen activated protein kinase (MAPK) (Zuckerbraun et al. 2007). MAPK 

signaling pathway is essentially involved in the anti-inflammatory (Otterbein et al. 2000) and a 

number of other signaling pathways.  

Free ferrous iron is a potent pro-oxidant that catalyzes the formation of ROS and ferryl species 

via Fenton reaction (Koppenol 2022) which induce lipid peroxidation and oxidative damage to 

DNA and proteins. Thus, release of iron by HO may contribute to a pro-oxidant state of the 

cell. Toxicity of an increased level of catalytically active iron could be prevented by an 

increased synthesis of ferritin. Interestingly, ferritin levels are decreased upon HO inhibition 

(Eisenstein et al. 1991), suggesting iron mediated up-regulation of ferritin. Ferritin sequesters 

iron in an almost redox inactive state. Thus, it was supposed that some of the protective effects 

of HO-1 may be attributed to the lowering of cellular free iron levels (Balla et al. 1992). 

The heme degradation product BR exerts potent anti-oxidant, anti-inflammatory and metabolic 

activity. Application of BR counteracted systemic inflammation induced by endotoxin (Kadl et 

al. 2007). However, cytoprotective effects of BR are limited, and higher levels of unconjugated 

BR exert cytotoxic effects (Chuniaud et al. 1996), suggesting that under conditions with 

enhanced HO activity BR formation may have counterproductive effects.  

Thus, HO may confer cytoprotection by multiple mechanisms. However, when heme 

degradation products overstep critical levels, an accelerated HO reaction can also mediate cell 

stress. To clarify the role of HO in the development of SIRS induced liver dysfunction, it is 

important to understand, whether direct (removal of heme) or indirect (activity of the formed 
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products) effects prevail, and to attribute them to protection or exacerbation of inflammation-

associated cell stress. 

1.5 NO synthase 

The activity HO is interactive with synthesis of NO generated by a family of enzymes called 

NO synthases (NOS, EC 1.14.13.39). There are three NOS isoforms, the endothelial (eNOS), 

neuronal (nNOS) and inducible (iNOS) NOS. eNOS and nNOS are expressed constitutively, 

while iNOS is induced by endotoxin [lipopolysaccharide (LPS)] or inflammatory cytokines 

(reviewed in Thiemermann 2000). All three NOS isoforms generate NO from L-arginine, 

NADPH and oxygen. NO is involved in regulation of vascular tone, smooth muscle relaxation, 

platelet aggregation, synaptic function and cytotoxic function of innate immune cells (reviewed 

in Robbins and Grisham 1997). It has properties similar to CO which results in a crosstalk 

between both gaseous messengers mimicking the biological effects of each other, for instance, 

both are able to activate soluble guanylate cyclase (reviewed in Hartsfield 2002) and regulate 

the generation of mitochondrial (mt) ROS (Poderoso et al. 1996). 

iNOS together with HO-1 are key enzymes of macrophages and both intimately linked to their 

phenotype. Upon activation macrophages may polarize from resting into pro-inflammatory or 

anti-inflammatory phenotype. Pro-inflammatory macrophages play an important role for 

mounting and supporting the inflammatory response. These cells are characterized by an 

increased expression of the marker enzyme iNOS. iNOS contributes to the synthesis of highly 

reactive RONS necessary for killing bacteria, but it is also involved in the regulation of several 

gene expression pathways, including Nrf2 pathway (McNeill et al. 2015). Anti-inflammatory 

macrophages have tissue remodeling function and are relevant for wound healing and 

resolution from injury. Anti-inflammatory phenotype is associated with high expression of HO-1 

and there is evidence that HO-1 induction can drive phenotypic shift towards anti-inflammatory 

(Naito et al. 2014). The phenotype of macrophages is dynamic and modulated by the external 

conditions. Depending on the predominant phenotype, the activity of macrophages is either 

tissue damaging or tissue protective. The gaseous messengers CO and NO formed by HO-1 

and iNOS can regulate mtROS formation (Poderoso et al. 1996, Zuckerbraun et al. 2007). 

These mtROS play an important role in various innate immune signaling pathways (Garaude 

et al. 2016), they activate NADPH oxidase (EC 1.6.3.1) (West et al. 2011) and were believed 

to increase the phagocytic activity of macrophages (Lo et al. 2013). Thus, activity of HO-1 and 

iNOS may play an important role in regulation of inflammatory response and the processes 
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related to liver dysfunction in response to systemic inflammation by modulation of macrophage 

function possibly via mtROS dependent mechanisms. 
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1.6 Aim of the study 

Liver failure upon systemic inflammatory response is supposed to be result of functional 

impairment induced by metabolic changes going along acute phase response, rather than 

death of parenchymal cells. Metabolic changes involve reduced capacity of protein folding and 

accumulation of unfolded proteins in the ER, a condition called ER stress. Induction of 

subsequent UPR is hallmarked by partial dedifferentiation of the liver and functional 

impairment. However, the impact of tissue trauma and infection on the induction of hepatic 

unfolded protein response has not been addressed so far. 

Upon systemic inflammation heme oxygenase (HO) and nitric oxide synthase (NOS) activities 

are markedly increased due to upregulation of stress inducible enzymes HO-1 and inducible 

NOS (iNOS). The activities of both enzymes are interactive and assumed to be involved in 

onset and shaping of the UPR and inflammatory response. 

Thus, the first aim of this thesis was to dissect the role of trauma (surgery) and infection on the 

progression of the cellular stress response in a clinically relevant sepsis model. 

The second and the third aims were based on the assumption that hepatocytes and 

macrophages are two major players in the development of liver dysfunction induced by 

inflammation.  

The second aim was to understand whether the changes observed in sepsis model could be 

recapitulated in hepatocytes. 

The third aim was to understand whether the changes observed in vivo could be recapitulated 

in macrophages.  

Outlook: The data obtained are expected to make a contribution to basic understanding of 

pathomechanisms of diseases accompanied by systemic inflammatory response syndrome, 

which make a basis for the development of effective therapy. 
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Tissue Damage, Not Infection,
Triggers Hepatic Unfolded Protein
Response in an Experimental Rat
Peritonitis Model
Andrea Müllebner 1,2, Anna Herminghaus 3, Ingrid Miller 2, Martina Kames 2, Andreia Luís 1,

Olaf Picker 3, Inge Bauer 3, Andrey V. Kozlov 1 and Johanna Catharina Duvigneau 2*

1 Ludwig Boltzmann Institute for Traumatology, The Research Center in Cooperation With AUVA, Vienna, Austria,
2Department of Biomedical Sciences, Institute for Medical Biochemistry, University of Veterinary Medicine Vienna, Vienna,

Austria, 3Department of Anesthesiology, University Hospital Düsseldorf, Düsseldorf, Germany

Background: Abdominal surgery is an efficient treatment of intra-abdominal sepsis.

Surgical trauma and peritoneal infection lead to the activation of multiple pathological

pathways. The liver is particularly susceptible to injury under septic conditions. Liver

function is impaired when pathological conditions induce endoplasmic reticulum (ER)

stress. ER stress triggers the unfolded protein response (UPR), aiming at restoring ER

homeostasis, or inducing cell death. In order to translate basic knowledge on ER function

into the clinical setting, we aimed at dissecting the effect of surgery and peritoneal

infection on the progression of ER stress/UPR and inflammatory markers in the liver in a

clinically relevant experimental animal model.

Methods: Wistar rats underwent laparotomy followed by colon ascendens stent

peritonitis (CASP) or surgery (sham) only. Liver damage (aspartate aminotransferase

(AST), alanine aminotransferase (ALT) and De Ritis values), inflammatory and UPR

markers were assessed in livers at 24, 48, 72, and 96 h postsurgery. Levels of

inflammatory (IL-6, TNF-α, iNOS, and HO-1), UPR (XBP1, GRP78, CHOP), and apoptosis

(BAX/Bcl-XL) mRNA were determined by qPCR. Splicing of XBP1 (XBP1s) was analyzed

by gel electrophoresis, p-eIF2α and GRP78 protein levels using the western blots.

Results: Aspartate aminotransferase levels were elevated 24 h after surgery and

thereafter declined with different kinetics in sham and CASP groups. Compared with

sham De Ritis ratios were significantly higher in the CASP group, at 48 and 96 h. CASP

induced an inflammatory response after 48 h, evidenced by elevated levels of IL-6,

TNF-α, iNOS, and HO-1. In contrast, UPR markers XBP1s, p-eIF2α, GRP78, XBP1,

and CHOP did not increase in response to infection but paralleled the kinetics of AST

and De Ritis ratios. We found that inflammatory markers were predominantly associated

with CASP, while UPR markers were associated with surgery. However, in the CASP

group, we found a stronger correlation between XBP1s, XBP1 and GRP78 with damage

markers, suggesting a synergistic influence of inflammation on UPR in our model.
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Conclusion: Our results indicate that independent mechanisms induce ER stress/UPR

and the inflammatory response in the liver. While peritoneal infection predominantly

triggers inflammatory responses, the conditions associated with organ damage are

predominant triggers of the hepatic UPR.

Keywords: sepsis, systemic inflammatory response syndrome (SIRS), ER stress, surgical trauma, colon ascendens

stent peritonitis (CASP), unfolded protein response

INTRODUCTION

Abdominal surgery is the most efficient treatment of intra-
abdominal sepsis. However, surgical trauma and peritoneal
infection lead to the activation of multiple stress and
inflammatory pathways. An exaggerated response can cause
systemic inflammatory response syndrome (SIRS). Despite
worldwide efforts to improve treatment and clinical outcomes,
the mortality rate of sepsis, septic shock, and the consecutive
multiorgan dysfunction syndrome (MODS) in humans remains
very high (1). Notably, sepsis-associated liver failure and
dysfunction are associated with a poor prognosis (2).

The liver plays a particular role in SIRS, as it mounts the
acute phase response and represents the source but also a target
organ of inflammatory mediators. The liver is a major regulator
of immune and inflammatory responses at the systemic level
(3). In response to infection and inflammation, the liver adapts
its metabolism and switches protein synthesis toward the acute
phase reactants (4). For these tasks, the hepatocytes critically
depend on the functional endoplasmic reticulum (ER). However,
SIRS is associated with profound derangements of the hepatic
metabolism and the capacity to produce proteins. Recently, these
derangements have been attributed to a dysfunctional ER of
hepatocytes, a condition termed ER stress. ER stress is meanwhile
considered an early sign of hepatocyte dysfunction preceding
liver dysfunction caused by sepsis and SIRS (5, 6).

Endoplasmic reticulum stress elicits the unfolded protein
response (UPR), an adaptive response that aims at restoring
cellular protein homeostasis (7). Three ER stress sentinels drive
UPR in a concurrent manner. Activation of inositol-requiring
protein 1-2 (IRE1α) leads to alternative splicing of X-Box
binding protein 1 (XBP1) mRNA, an early indicator for ER
stress. Proteolytic cleavage of activating transcription factor 6

Abbreviations: ATF4, activating transcription factor 4; ATF6, activating

transcription factor 6; BAX, Bcl2 associated X protein; Bcl, B-cell lymphoma; Bcl-

XL, Bcl-extra large; BRL3A, buffalo rat liver 3A cell line; CASP, colon ascendens

stent peritonitis; CHOP, CCAAT/enhancer-binding protein homologous

protein; Cyclo, cyclophilin A; eIF2α, α-subunit of the eukaryotic translation

initiation factor 2; ER, endoplasmic reticulum; GRP78, glucose regulated

protein 78 kDa; HO-1, heme oxygenase 1; HPRT, hypoxanthine-guanine

phosphoribosyltransferase; iNOS, inducible NO synthase; IL-6, interleukin 6;

IRE1α, inositol-requiring enzyme-1; LPS, lipopolysaccharide; MODS, multi-organ

dysfunction syndrome; NF-κB, Nuclear factor kappa B; PERK, protein kinase

R-like endoplasmic reticulum kinase; p-eIF2α, phosphorylated α-subunit of the

eukaryotic translation initiation factor 2; SIRS, systemic inflammatory response

syndrome; TNF-α, tumor necrosis factor α; THS, traumatic/hemorrhagic shock;

TRAF2, tumor necrosis factor α receptor-associated factor 2; UPR, unfolded

protein response; XBP1, X-Box binding protein 1; XBP1s, spliced isoform

of XBP1.

(ATF6) releases its cytosolic portion. The spliced isoform of
XBP1 (XBP1s) and the cleaved ATF6 are potent transcription

factors that promote an increase in protein-folding capacity
of the ER by enhancing the expression of ER chaperones,

such as the glucose-regulated protein 78 kDa (GRP78), and
ER-associated protein degradation (8, 9). Activation of the
protein kinase R-like ER kinase (PERK) causes translational
attenuation by directly phosphorylating the α-subunit of the
eukaryotic translation initiation factor 2 (eIF2α) (10). Prolonged
activation of PERK commits the cell to UPR-induced apoptosis
that can be initiated by increased CCAAT/enhancer-binding
protein homologous protein (CHOP) expression. CHOP favors
a proapoptotic phenotype by downregulating antiapoptotic
mitochondrial proteins of the B-cell lymphoma family such as
B-cell lymphoma-extra large (Bcl-XL) causing increased levels

of proapoptotic proteins, such as Bcl2-associated X protein
(BAX) (11). Thus, UPR can initiate apoptosis in a mitochondria-
dependent manner, if ER stress remains unresolved (12).

In the last decade, ER stress and UPR have been explored
as biomarkers and therapeutic targets in many diseases (13).
Activation of ER stress and UPR have been associated
with the induction of liver failure in several critical care
disease models, e.g., endotoxemia (14), traumatic/hemorrhagic
shock (THS) (15, 16), and sepsis (17–19). Besides trauma
and burns, intra-abdominal infections are a common cause

of sepsis, which therefore represent an important clinical
problem in abdominal surgery (20). For translation into clinical
practice, the impact of diverse factors, such as inflammation
or tissue damage on ER stress activation in the peritonitis
needs further characterization using appropriate biomedical
research models.

The colon ascendens stent peritonitis (CASP) model closely

mimics the clinical progression of sepsis after intra-abdominal
surgery. This experimental peritonitis model is of high-clinical

relevance since it allows controlling the severity of sepsis (21). It
consists of two independent insults, first tissue damage because of
the surgery and second infection because of the bacterial leakage

from the gut (22). However, the impact of surgery on the markers
for the hepatic stress response has not been addressed so far.

We applied a self-resolving model of CASP, with moderate
peritonitis induction, in order to minimize secondary,
inflammation-induced tissue injury and damage, which is a
frequent septic complication. We assumed this model would
be particularly suitable to dissect the effect of surgery and
peritonitis-induced inflammation on the progression of UPR
and inflammation markers in the liver. The clarification of a
causal association between UPR signaling and onset of SIRS is of
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translational significance, as it implies new medical approaches
for preventing liver dysfunction in the clinical situation.

MATERIALS AND METHODS

Animals
In accordance with the ethical guiding principles for animal
experiments (23), we aimed at obtaining maximal information
from previous animal experiments. We used residual tissue
samples of animals investigated in a previous study (24). From
animals that did not undergo surgery (untreated control) no
more tissue material was available, when we started this study.
Because of the limited amount of tissue, we included 8 animals
per group, although the previous study comprised 12 animals
per group. Animals are described in detail in Herminghaus et
al. (24). In brief, liver tissues of 64 adult male Wistar rats (374
± 23 g body weight) were investigated in this study. Animals
were randomly assigned to 8 groups: groups 1–4, sham-operated
animals (laparotomy only, 24, 48, 72, and 96 h after surgery) and
groups 5–8, CASP with a 14-G stent, 24, 48, 72, and 96 h after
surgery (Figure 1A).

Colon Ascendens Stent Peritonitis/Sham
Surgery
Polymicrobial abdominal infection was induced by leakage
of feces into the abdominal cavity via a stent implanted
in the colonic wall (CASP) as previously described (24).
This previous study was approved by the local Animal Care
and Use Committee (Landesamt für Natur, Umwelt und
Verbraucherschutz, Recklinghausen, Germany), and all the
experiments were performed in accordance with the NIH
guidelines for animal care. In brief, the volatile anesthetic
sevoflurane (3.0 Vol%, FiO2 0.5) was used to induce and
maintain anesthesia. Buprenorphine was applied at 0.05 mg/kg
subcutaneously for analgesia. Animals were laparotomized and
a 14-G stent penetrating the colonic wall (ca. 0.5 cm distal to
the cecum) was fixed. Sham animals underwent anesthesia and
laparotomy as stated earlier, but the stent was fixed outside on
the wall of the gut without piercing it. After surgery, animals
received analgesia (buprenorphine 0.05 mg/kg in 0.6 ml NaCl
subcutaneously every 12 h), but no antibiotics and no additional
fluid therapy were applied. The overall survival rate in the
sham and CASP group were 100 and 94%, respectively. Animals
were euthanized by intraperitoneal injection of pentobarbital
(120 mg/kg) 24, 48, 72, or 96 h after sham/CASP surgery. Blood
was obtained by cardiac puncture. Livers were collected, aliquots
were shock frozen in liquid nitrogen, and stored at −80◦C
until further processing. The experimental scheme is shown in
Figure 1B.

Plasma Analyses
Plasma levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) of all animals included in this study
(n = 8 per group) and also from untreated control animals
(n= 9) were taken from a data set determined in a previous study
(24) published under Creative Commons-by 4.0 license (25). In
brief, plasma was obtained by centrifugation (4◦C, 4000 × g,

10 min) from blood collected in EDTA tubes and stored at−80◦C
until further processing. ALT and AST activities were measured
in the Central Institute of Clinical Chemistry and Laboratory
Medicine of the University Hospital Duesseldorf, Germany (24).

Gene Expression Analyses
Liver tissue (25–50mg) was homogenized in 1ml of TriReagent R©

(Molecular Research Center Inc., Cincinnati, OH, USA). Total
RNA was extracted according to the manufacturer’s protocol.
Extracted RNA was quantified and purity was checked with an
Eppendorf BioPhotometer plus UV/VIS (Eppendorf, Wesseling-
Berzdorf, Germany) using absorption at 260 nm and the
260/280 nm ratio, respectively. Reverse transcription of 1 µg
of total RNA to cDNA was performed using SuperscriptTM

II reverse transcriptase (200 U/reaction; Invitrogen; Carlsbad,
CA, USA) and anchored oligo dT primers (3.5 µmol/l final
concentration). Equal aliquots of each cDNA were pooled to
generate an internal standard used as a reference for the
quantification of qPCR.

Quantitative PCR was performed in reactions of 12 µl
containing SYBR R© green I (0.5×, Sigma Aldrich, Vienna,
Austria), iTaqTM DNA polymeraseTM (25 U/L; Bio Rad,
Hercules, CA, USA), oligonucleotide primers (250 nmol/l each,
Invitrogen; Carlsbad, California, USA), dNTP [200 µmol/l
each], and MgCl2 (1.5-3 mmol/l). All the reactions were
performed in duplicates on a CFX96TM real-time cycler (Bio-
Rad, Hercules, California, USA). Details on primer pairs are
shown in Supplementary Table S1. Randomly assigned no-
reverse transcriptase controls corresponding to ∼15% of all the
samples investigated, a no-template control, and the internal
standard was included in each measurement. 1Cq of no-reverse
transcriptase controls to the respective sample was >7 for all the
cases, while no-template control never yielded signals.

Data were analyzed using the CFX Manager (version
2.0, Bio-Rad, Hercules, CA, USA) in the linear regression
mode. Target gene expression was calculated relative to the
internal standard (1Cq) and normalized by mean 1Cq
values of two internal reference genes (hypoxanthine-guanine
phosphoribosyltransferase, HPRT, and cyclophilin A, Cyclo),
yielding 11Cq values, as previously described (26). The 11Cq
values obtained from the technical replicates were averaged and
used for statistical analyses. For visualization, data are presented
as fold changes (2−11Cq values) relative to the mean of the
96 h sham group. The 96 h time point was used as a reference
point, owing to the lack of untreated control animals. Our
previous study revealed (24) that not only CASP but also the
surgical procedure itself transiently affected liver damagemarkers
(AST and ALT) and the mitochondrial function of the liver.
However, ALT and AST data obtained from the 96 h sham
animals were nearly identical to those of the untreated control
animals (Figures 1C–E). Therefore, we assume the values of the
96 h sham animals correspond to physiological levels. This is in
line with previously published results (19).

Western Blot Analyses
Liver tissues were homogenized 1:10 (w/v) in RIPA lysis
buffer (25 mmol/l Tris–HCl (pH 8.0), 0.5% Nonidet P-40,
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FIGURE 1 | Surgery and peritonitis induce liver damage in a self-resolving model. (A) Experimental model for the induction of experimental peritonitis using CASP

surgery. (B) Plasma and liver samples were collected at consecutive time points after sham and CASP surgery. Plasma levels of (C) ALT and (D) AST were obtained

from a data set determined for a previous study (24) published under Creative Commons-by 4.0 license (25). (E) De Ritis ratio was calculated from those data. Data

are shown as mean ± SEM per group, with n = 8 for all the groups, except for (D,E) sham 48h (n = 7), (D) CASP 24h (n = 7), and (D) CASP 96h (n = 7). The

dashed line indicates the mean value of the sham group at 96 h. The solid line indicates the mean value of untreated control animals (n = 9). Statistical differences

were calculated using two-way ANOVA followed by uncorrected Fisher’s LSD test and are indicated by *p < 0.05, **p < 0.01, ***p < 0.001.

150 mmol/l NaCl, 0.25% sodium deoxycholate, 0.05% sodium
dodecyl sulfate (SDS), 1 mmol/l EDTA, and 0.5 mmol/l DTT)
freshly supplemented with protease and phosphatase inhibitor
cocktails (Roche, Mannheim, Germany). After centrifugation
(12,000×g) at 4◦C for 10min, protein concentration in the
supernatant was determined using the Bradford method.
Western blotting was performed essentially as previously

described (15), on specimens of three randomly selected
animals per group. Samples (20 µg protein per lane, reduced
in Laemmli sample buffer) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis over a separation
distance of 7 cm followed by semidry blotting onto nitrocellulose
(Hybond ECL; GE Healthcare Life Sciences, Munich, Germany).
Blots were first stained with the fluorescent dye ruthenium (II)
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tris-(bathophenanthroline disulfonate) and overall protein
pattern captured on a Typhoon RGB imager (GE Healthcare Life
Sciences, Munich, Germany). Immunostaining was performed
with specific antibodies against GRP78 (ALX-210-137, Enzo Life
Sciences, 1:5,000) or p-eIF2α (No. 9721, Cell Signaling, 1:1000)
followed by cross-adsorbed anti-rabbit-HRPO (No. A16104,
Life Technologies). Reactive bands were detected by enhanced
chemiluminescence (ClarityTM Western ECL Blotting reagent,
Bio-Rad) on a Vilber Fusion FX system (Vilber-Lourmat,
Eberhardzell, Germany). The overall protein-staining pattern
was used as a loading control and for normalization.

Data Analyses and Statistics
Data were calculated and visualized using GraphPad Prism
v6.01 (GraphPad Software Incorporation, La Jolla, California,
USA). Outliers were detected by the ROUTs test (Q = 1%)
(27) and excluded from analyses. Data were analyzed by two-
way ANOVA followed by uncorrected Fisher’s LSD test unless
otherwise stated. Correlations were calculated using Pearson’s
correlation coefficient. Differences were considered significant
when the p-value was <0.05.

RESULTS

Liver Damage Markers Are Increased
24–48h After Surgery
The values for the plasma levels of liver damage markers,
activities of ALT (Figure 1C) and AST (Figure 1D) of untreated
control animals (n = 9), sham and CASP animals enrolled in
this study (n = 8 per group), were taken from a previously
determined data set (see Materials and Methods, Animals and
Plasma Analyses). In the acute phase (24-48 h), AST was elevated
two-fold compared to the postacute phase (72–96 h) in both sham
and CASP groups. We did not observe any significant difference
in AST and ALT levels between sham and CASP groups at any
time point (24). In contrast, the De Ritis ratio (AST/ALT) was
significantly higher in CASP groups compared to shams at 48
and 96 h (Figure 1E). The 96 h sham group displayed values for
ALT and AST, and also the De Ritis ratio, that did not differ
significantly from the non-operated control animals (ALT: p =

0.9; AST: p = 0.3; De Ritis: p = 0.4; two-sided, heteroscedastic
Student’s t-test), indicating resolution of liver injury.

Abdominal Infection Triggered Stress and
Inflammatory Response in the Liver 48h
After CASP
To assess the inflammatory response in the liver, we analyzed
gene expression levels of key inflammatory markers. The mRNA
levels of stress responsive enzyme heme oxygenase 1 (HO-
1; Figure 2A) were moderately, albeit, significantly increased
in CASP compared to sham-operated animals at 48, 72, and
96 h. The mRNA levels of the proinflammatory cytokines tumor
necrosis factor α (TNF-α; Figure 2B) and interleukin 6 (IL-6;
Figure 2C), and inducible NO synthase (iNOS; Figure 2D),
an enzyme required for bactericidal activity, were significantly
higher in CASP compared with sham animals at 48 h after

surgery. In addition, iNOS was significantly higher in CASP
animals at 96 h (Figure 2D). These data show that our
experimental CASP model causes abdominal infection, which is
capable to trigger an inflammatory response in the liver.

XBP1 Splicing and eIF2α Phosphorylation
Are Triggered by Surgical Stress
We studied the activation of canonical UPR signaling in response
to CASP and sham operation by quantifying XBP1s and detecting
p-eIF2α. XBP1s levels were the highest at 24 h after surgery and
declined until 72 h after surgery. Subsequently XBP1s increased
again. Changes reached significance between 48 and 72 h in
the sham group and 24, and 72 h and 96 h in CASP animals
(Figures 3A,B). The p-eIF2α continuously increased throughout
the observation period in sham and CASP-operated animals
(Figures 3C,D). Within the sham group, we found significantly
higher levels of p-eIF2α at 72 h and 96 h compared with the
24 h time point. The CASP group displayed similar kinetics with
significantly higher levels at 96 h compared with the values
determined at 24 and 48 h. Although the CASP group displayed
higher levels of XBP1s and p-eIF2α at the late time point (96 h),
the differences between the sham and CASP group failed to be
significant. This suggests that ER stress sentinels, IRE1α and
PERK, were activated by surgery-associated stress rather than by
moderate peritoneal infection.

Unfolded Protein Response Is Transient
and Peaks at 24h After Surgery
We next examined gene expression of UPR target genes, XBP1
and GRP78. Protein expression of GRP78 was additionally
determined. The highest levels of XBP1 (Figure 4A) and GRP78
mRNA (Figure 4B) were found in sham and CASP groups at
24 h after surgery; however, no differences between the sham
and CASP groups were found. In addition, we observed a close
correlation of GRP78 mRNA levels with the marker for organ
damage De Ritis ratio (Figure 4C) with a correlation coefficient
(r) of 0.494 (p < 0.01) for the sham group and 0.518 (p < 0.01)
for the CASP group, respectively. Although differences were not
significant there was a trend toward lower GRP78 protein levels
in the sham group at 96 h compared with the levels at 24 h,
while we observed a slight increase at 96 h for the CASP group
(Figure 4D; Supplementary Figure S1).

Unfolded Protein Response Triggered a
Proapoptotic Shift in the Liver 48h After
Surgery
Since we found that p-eIF2α levels continued to increase after
surgery, which is a sign for sustained activation of the PERK axis
of the UPR, we next analyzed markers indicative of apoptosis
activation. In both groups, we found the highest levels of CHOP,
a downstream target of PERK activation, at 48 h after surgery.
Thereafter, CHOP gene expression levels declined (Figure 5A).
In addition, markers of the mitochondria-triggered apoptotic
pathway, involving BAX and Bcl-XL, displayed a transient
proapoptotic shift in both groups (Figure 5B). Compared with
all the other time points, the ratio of the proapoptotic BAX to
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FIGURE 2 | Hepatic inflammatory response induced by abdominal infection peaks at 48 h. Gene expression levels of (A) HO-1, (B) TNF-α, (C) IL-6, and (D) iNOS

were determined using qPCR in liver samples of rats that underwent sham or CASP surgery. Data are shown as mean ±SEM, with n = 8 for all the groups, except for

(D) sham 48h (n = 7) and (D) sham 96h (n = 4). Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher’s LSD test and are

indicated by *p < 0.05; **p < 0.01.

the antiapoptotic Bcl-XL mRNA was significantly increased at
48 h after surgery in both, CASP and sham animals. However, no
differences were found between the sham and CASP groups.

Unfolded Protein Response Activation Is
Associated With the Surgical Stress
Considering that the degree of tissue damage caused by the
surgical procedures was similar in all the experimental animals,
the elicited effects are supposed to be influenced mainly
by the time passed after surgery. In contrast, effects elicited
by the peritoneal infection should distinguish sham animals
from the CASP animals. In order to test the hypothesis that

tissue damage, not peritoneal infection acts as a direct trigger
for the hepatic UPR, we analyzed our data for both main

effects, “time after surgery” and “peritoneal infection” and in

addition for a potential interaction of both the conditions.
We observed that inflammatory markers (TNF-α, IL-6, iNOS,

and HO-1) were exclusively associated with the peritoneal

infection, while UPR markers (XBPs, p-eIF2α, XBP1, GRP78,

and CHOP) exclusively associated surgical stress (Table 1). There

was no remarkable interaction between peritoneal infection and
surgery for most markers. However, the interaction found for
GRP78 mRNA in our study indicates that infectious stress
in the peritoneum is capable of modulating the altitude of
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FIGURE 3 | Surgery induces hepatic XBP1 splicing and eIF2α phosphorylation. (A) Representative agarose gel electrophoresis of XBP1 PCR products showing the

occurrence of the splice variant in the liver. (B) XBP1s indicated as the ratio of spliced (s) to unspliced (us) XBP1 mRNA determined by densitometric analyses. Data

are given as mean ± SEM (n = 8 per group). (C) Liver homogenates were analyzed by SDS-PAGE and immunostaining for p-eIF2α. An exemplary blot is shown (the

entire blot is shown in Supplementary Figure S1A). (D) Band intensities were normalized to the total protein of the respective gel lanes. Values are given as mean

AU (arbitrary units) ± SEM (n = 3 per group, except for sham 48h n = 1). The dashed line indicates the mean value of the sham group at 96 h. Statistical differences

were calculated using two-way ANOVA followed by uncorrected Fisher’s LSD test and are indicated by *p < 0.05, **p < 0.01.

hepatic GRP78 gene expression that was triggered by the
surgical stress.

Activation of UPR Is Directly Correlated
With the Level of Liver Damage During
Abdominal Infection
We next analyzed the correlations among organ damage, UPR,
or inflammation markers within sham and CASP animals using
Pearson correlation (Figure 6). We found that UPR target genes
GRP78 and XBP1 correlated significantly with liver damage

markers De Ritis ratio (GRP78: sham r = 0.49, p < 0.01
and CASP r = 0.52, p < 0.01; XBP1: sham r = 0.50, p <

0.01 and CASP r = 0.48, p < 0.01) and AST (GRP78: sham
r = 0.52, p < 0.01 and CASP r = 0.59, p < 0.01; XBP1:

CASP r = 0.60, p < 0.01) in animals of both groups (Figure 6).

Interestingly, these correlations were stronger among each other
in animals of the CASP group. In addition, a strong positive

correlation of XBP1s with liver damage markers (De Ritis ratio:

r = 0.56, p < 0.01; AST: r = 0.53, p < 0.01) and with

GRP78 (r = 0.91, p < 0.01) protein expression was found
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FIGURE 4 | Gene expression of UPR markers in the liver is highest at 24 h after surgery. Gene expression levels of (A) XBP1 and (B) GRP78 in the liver of sham and

CASP operated rats were determined by means of qPCR. Data are shown as mean ± SEM (n = 8 per group). (C) Pearson correlation between GRP78 mRNA level

and De Ritis ratio of sham (n = 31) and CASP (n = 31) operated animals. (D) GRP78 protein abundance in liver homogenates of single animals was analyzed by

SDS-PAGE and immunostained for GRP78 (blot is shown in Supplementary Figure S1B). Band intensities of specific staining were normalized to the total protein of

the respective gel lanes. Values are given as mean AU (arbitrary units) ± SEM (n = 3 per group). The dashed line indicates the mean value of the sham group at 96 h.

Statistical differences were calculated using two-way ANOVA followed by uncorrected Fisher’s LSD test and are indicated by *p < 0.05; **p < 0.01, and ***p < 0.005.

in CASP animals. Moreover, only in the CASP animals, the
gene expression of the inflammatory marker TNF-α correlated

with XBP1 mRNA (r = 0.5, p < 0.01). In sham animals,

we found inverse correlations of CHOP and BAX/Bcl-XL with
XBP1 mRNA (CHOP: r = −0.42, p < 0.05; BAX/Bcl-XL:

r = −0.54, p < 0.01), which were not present in CASP animals.

In contrast, no correlations between liver damage and markers of

the inflammatory response were found. Taken together, our data

suggest that not peritoneal infection, but organ damage triggers
hepatic UPR.

Infectious Stimulants Are Weak, but Organ
Damage-Triggering Factors Are Strong
Inducers of UPR in the Liver
Since an upregulated hepatic UPR has been shown in several
inflammatory animal models, including our own (15, 28),
the question arises, which condition acts as a predominant
trigger; the inflammation-inducing stimuli, or the tissue damage,
which is accompanying severe inflammatory processes. To
address this question more profoundly, we determined clustering
of representative markers by reanalyzing data sets from
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FIGURE 5 | UPR triggers a pro-apoptotic shift with maximum at 48 h after surgery. Gene expression levels of (A) CHOP, (B) BAX and Bcl-XL mRNA were determined

by means of qPCR in liver samples after sham and CASP surgery. Data from BAX and Bcl-XL expression are presented as a ratio. The dashed line indicates the mean

value of the sham group at 96 h. All data are shown as mean ± SEM (n = 8 per group). Statistical difference was calculated using two-way ANOVA followed by

uncorrected Fisher’s LSD test and is indicated by *p < 0.05, **p < 0.01, and ***p < 0.005.

two different acute experimental models, a THS model and
an endotoxic shock model (i.v. application of LPS), which
were part of studies previously published (15, 28). While
the THS model induces initially acute tissue damage, via
ischemia/reperfusion injury, intravenous LPS application leads

acutely to a fulminant inflammatory response. Thus, analyzing
a very early time point (2 h) in both models, we expected to see

the predominantly triggered responses, without superimposing
secondary effects. The applied analytical approach, of ranking the
normalized effects of investigated markers (refer to Methods to

Supplementary Figure S2 in Supplementary Material), allows
a direct comparison of marker clustering in both models. We

found significant differences between the THS (2 h after trauma
and hemorrhage) and the endotoxic shock group (LPS, 2 h). The

LPS group showed higher cumulative ranks of inflammatory
markers (iNOS, TNF-α) with lower ALT ranks, and lower ranks

for UPR (CHOP, XBP1, XBP1s, and GRP78) compared with the
THS animals. In contrast, the THS group showed higher ranks

of ER-stress markers (CHOP, XBP1, and XBP1s) and higher
ALT ranks, while an association with the inflammatory markers
was nearly absent (Supplementary Figure S2). Of note: HO-1

levels were significantly increased compared with controls in
both models, supporting the observation of HO-1 as an exquisite
marker of the general hepatic cell stress.

In addition, our experiments performed with an immortalized

liver cell line (BRL3A) described in the Supplementary Material

(Methods to Supplementary Figure S3), support the finding

of the weak capacity of inflammatory mediators to directly
induce hepatic UPR. Although the BRL3A cells are capable of

exquisitely responding to ER stress inducers, such as tunicamycin

and thapsigargin (Supplementary Figure S3A), incubation with
inflammatory mediators raised the expression of IL-6, without
clearly affecting the UPR response markers, GRP78 and CHOP
(Supplementary Figure S3B).

These additional data support the assumption that not
infectious stimuli, but the conditions associated with organ
damage are the predominant triggers of the hepatic UPR seen in
our CASP model.

DISCUSSION

Animal Model
Abdominal infections are an important clinical problem. In

Germany, abdominal infections cause 28.7% of all sepsis cases

(29). Primary peritonitis caused by diverticulitis or Morbus
Crohn, or secondary peritonitis through anastomotic failure after
surgical procedures is a frequent problem in the clinical setting.

The CASP model is a well-established and clinically relevant
animal model of polymicrobial sepsis. The stent used in
CASP leads to continuous leakage of feces into the abdomen,
and therefore, closely mimics the clinical course of diffuse
peritonitis in patients with steadily increasing systemic infection
and inflammation (22). The severity of sepsis and resulting
mortality can be controlled in CASP models, as it is directly
depending on the size of the stent (21). Mortality occurs
already at early time points in the experimental models
of severe sepsis, such as CASP with large stent, or cecal
ligation and puncture models (22). In the model of moderate
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TABLE 1 | Main effects of peritoneal infection and surgical stress on inflammatory

markers, unfolded protein response, and interaction of both the conditions

determined by two-way ANOVA.

Variable Main effect (p-value) Interaction

(p-value)
Peritoneal

infection

Surgery

AST Activity 0.638 <0.0001 0.133

ALT Activity 0.008 0.157 0.289

De Ritis ratio (AST/ALT) 0.002 0.0002 0.396

TNF-α mRNA 0.002 0.132 0.516

IL-6 mRNA 0.035 0.112 0.233

iNOS mRNA 0.0004 0.4690 0.872

HO-1 mRNA 0.000 0.141 0.314

p-eIF2α Protein 0.733 0.0008 0.697

XBP1s mRNA 0.074 0.007 0.975

GRP78 mRNA 0.202 <0.0001 0.044

XBP1 mRNA 0.404 <0.0001 0.625

GRP78 Protein 0,765 0.680 0.134

CHOP mRNA 0.897 0.006 0.118

BAX/Bcl-XL mRNA 0.995 <0.0001 0.164

Significant effects (p < 0.05) are indicated by bold values.

peritonitis, which was applied in this study, the survival rate
was more than 90% until 96 h after surgery (24). Therefore,
this model is characterized as non-lethal but self-resolving
peritonitis. Using this model, we previously demonstrated that
CASP transiently compromised liver mitochondria early (24–
48 h) after surgery (24). The transient nature of CASP-
induced effects on functional parameters of the liver confirms
the moderate and self-resolving character of the present
peritonitis model.

Organ/Cell Damage
The levels of the liver damage markers AST, as published
previously (24), and the De Ritis ratio were only moderately
elevated. AST and De Ritis ratio were significantly higher at
the early time point (24 h) in response to the surgical stress.
Thereafter, these values declined successively supporting the self-
resolving character of the CASPmodel. Abdominal infection only
slightly modulated AST values, which resulted in moderately,
albeit significantly higher De Ritis ratios in the CASP groups at
48 and 96 h after surgery. Thus, the surgical procedure exerted
an acute, but transient stress that was associated with a moderate
liver-damaging potential. Moderate peritonitis contributed little
to liver damage, which occurred predominantly in response to
surgery. We assume that this reaction was the consequence of
tissue damage related to the surgery. The increased expression
of ER stress response genes in the blood cells of patients 1 day
after cardiac surgery with cardiopulmonary bypass supports our
assumption (30).

Hepatic Inflammatory Response
In contrast to organ damage markers, expression of markers
of inflammation in liver tissues showed a strong response

to and a clear association with the abdominal infection. In
CASP compared with the sham animals, gene expression
of proinflammatory markers was maximally and significantly
increased at 48 h. Thereafter, gene expression levels declined
with HO-1 and iNOS still being significantly higher in the
sham group up to the latest time point investigated (96 h). We
attribute this late effect to the continuously increasing systemic
response to infection and inflammation induced by CASP, as
shown before (22). These data show that surgery contributes
little if anything to the inflammatory response in the liver, which
is essentially triggered by the abdominal infection. Of note, we
have determined the inflammatory markers at gene expression
levels, which reflect a quick response to infection. Thus, it can be
assumed that in the present model, abdominal infection induced
by CASP takes about 2 days (48 h) to reach the maximum. This is
also the time point, at which high-mortality rates can be observed
in severe sepsis models and septic patients (21, 31, 32). We
assumed that UPR would follow the same kinetics if triggered by
infectious stimuli.

Hepatic Unfolded Protein Response
Contrary to this assumption, the kinetics of expression of ER
stress and UPR-related markers were different from those of the
proinflammatory markers. The changes observed for the UPR-
related markers were moderate, but most strikingly, markers
associated with IRE1α activation were maximal at 24 h after
surgery. Furthermore, we could not determine a significant effect
of CASP on the UPR-related markers investigated.

Unfolded protein response activation in consequence
of tissue damage (33), particularly because of hypoxia or
ischemia/reperfusion (15, 16), has been demonstrated in the
last couple of years. Thus, we assume that hepatic ER stress and
UPR are a consequence of circulating damage-associated signals
(possibly danger-associated molecular patterns) rather than
inflammatory mediators.

This association was addressed more profoundly by
reanalyzing data sets from two different acute models, a
THS model and an endotoxic shock model (i.v. application of
lipopolysaccharide (LPS)), which were part of studies previously
published (15, 28). Both experimental models are associated with
a substantial loss of animals (up to 50%) and are, in contrast to
the CASP model, characterized by a nearly immediate response
of the liver (15, 28). Therefore, we considered a very early time
point (2 h) most suitable to dissect the direct impact of induced
tissue damage vs. induced inflammation on the manifestation of
the hepatic ER stress response.

The infectious stimulus, LPS, triggered predominantly an
increased inflammatory response that was initially not associated
with substantial organ damage (28) and only a weakly
upregulated hepatic UPR at this time point. In contrast, THS,
which triggered significant organ damage (15), was associated
with a strongly upregulated hepatic UPR, while an inflammatory
response was absent at this early time point. Of importance, in
the THS model XBP1 and XBP1s nearly instantly followed organ
damage as indicated by the increased levels of ALT (15). These
data indicate that conditions associated with organ damage rather
than infectious stimuli operate as direct triggers of the hepatic
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FIGURE 6 | Pearson correlation analysis of liver damage markers, UPR, and inflammatory response in animals subjected to surgery (sham) or CASP. Markers for organ

damage (plasma ALT and AST and De Ritis ratio) and levels of hepatic markers for UPR (XBP1s mRNA, XBP1 mRNA, GRP78 mRNA/protein, p-eIF2α protein, CHOP

mRNA), inflammatory response (IL-6 mRNA, TNF-α mRNA, iNOS mRNA), general stress response (HO-1 mRNA), as well as BAX/Bcl-XL mRNA ratio as a marker for a

proapoptotic phenotype were correlated with each other in both, CASP and sham animals, using Pearson correlation (n = 4–8 for all mRNA data, n = 1–3 for all the

protein data). In the upper right and the lower left part correlation coefficients (r) calculated from sham and CASP animals, respectively, are shown. A correlation plot

was prepared using Microsoft Excel 2016. Positive correlations are highlighted in blue, negative correlations in red. Significant correlations are indicated by bold letters.

UPR. This assumption is further supported by our additional
experiments using cultured immortalized liver cells, in which we
show that inflammatory mediators were capable to induce an
inflammatory response, but not a substantial ER stress response.

We found that UPR, which was triggered primarily by tissue
damage, is associated with IRE1α and PERK activation. IRE1α
activation, through the expression of XBP1s, has been extensively

associated with cell survival (34). In the CASP model, IRE1α
was temporarily activated early (24 h) after surgery, while the
PERK-eIF2α-p-eIF2α pathway was activated throughout the
entire observation period. Phosphorylation of eIF2α inhibits
translation initiation resulting in a reduction of protein load in
the ER, except for transcripts related to ER stress resolution (35).
Persistent PERK-ATF4-CHOP signaling can commit the cell to
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apoptosis (36). Indeed, CHOP levels peaked 48 h after surgery
and resulted in transiently higher BAX/Bcl-XL ratios indicating
a proapoptotic switch at the consecutive time point (48 h) in the
present model. In addition, eIF2α phosphorylation and CHOP
activation are associated with metabolic dysregulation during
hepatic ER stress (37).

Although individual UPR-related targets increased only
moderately in this model, the entity of upregulated UPR-related
markers following tissue trauma because of the surgery likely
reflects an early effort to rescue tissue function upon danger
signaling, as was previously suggested (38).

In addition, both the XBP1 and the downstream target GRP78
correlated significantly with AST and De Ritis ratio in the present
CASP model. Although a correlation does not imply a causal
relationship, it is noteworthy that organ damage markers did
not correlate with inflammatory markers, but with ER stress
markers. Pharmacological induction of ER stress has been shown
to result in increased mortality after trauma (33). In contrast,
inhibition of ER stress has been shown to protect livers against
ischemia/reperfusion injury in a model of hepatectomy (39). This
indicates that possibly danger-associated molecular patterns,
released in substantial amounts during trauma or surgery, but
also secondary to substantial systemic inflammatory conditions
are triggers of liver cell death employingmechanisms that involve
ER stress pathways.

Interaction of Hepatic UPR With
CASP-Induced Inflammatory Response
Pathways
Even though abdominal infection had no significant effect
on the expression of UPR markers, we found a stronger
association between XBP1s and GRP78 with liver damage
markers in rats that underwent CASP. Furthermore, CASP
altered the kinetics of GRP78 gene expression following surgical
trauma toward a later decline, suggesting cooperation between
inflammatory and ER stress pathways. To the best of our
knowledge, no experiments could show a direct induction of
UPR by inflammatory mediators, such as cytokines. However,
the secondary organ damage, which is typically accompanying
inflammatory conditions, could well explain the increased
ER stress response seen in SIRS. Vice versa, ER stress is
capable to trigger inflammatory pathways acting as synergizing
components in several pathologies (40). Both UPR branches,
IRE1α and PERK can directly activate nuclear factor kappa B
(NF-κB) (41, 42) leading to the production of inflammatory
cytokines. ER stress activating IRE1α is further linked to
TNF-α-mediated cell death through the adaptor protein tumor
necrosis factor α receptor-associated factor 2 (TRAF2) and
NF-κB (43). Therefore, cell death signals synergize in response
to inflammation triggered by TNF-α, which also employs NF-
κB. TNF-α levels in the plasma of CASP animals were elevated
96 h after surgery in the present model (24). The increased De
Ritis ratio in the CASP group at this time point possibly reflects
a converged synergism of cell death pathways. Although the
low mortality of this CASP model indicates that the elicited
inflammatory response may be self-resolving, it was sufficient

to transiently affect mitochondrial function in the liver (24).
Interestingly, mitochondrial damage driven by caspase 2 has been
described as a mechanism underlying hepatocyte death upon
ER stress that operated via NLRP3 inflammasome activation
(44, 45).

Given the good outcome of our experimental rats, which
were young and showed no clinical signs when enrolled in
the study, we assume that the damage triggered hepatic UPR
was well balanced and exerted a beneficial role in the present
CASP model. However, since ER stress is a critical inflammation
triggering factor, the role of surgery modulating UPR warrants
closer consideration in patients suffering from comorbidities,
i.e., metabolic diseases (46). Based on our results, we suggest
therapeutic approaches, which target the ER to maintain liver
function in conditions associated with inflammatory processes,
such as sepsis. Of note, certain anesthetics or antibiotics
have been shown to modulate ER stress induction in the
liver (47–50). Thus, the choice of an appropriate anesthetic
protocol during surgery followed by a suitable antibiotic
therapy might help to shape UPR and limit consecutive
liver damage.

Limitations
This study was focused on the progression of ER stress/UPR
markers exclusively in the liver as a remote target organ in the
peritonitis and abdominal surgery, because of its central role
for the system. However, we did not analyze the local effects of
peritonitis. Several studies have already highlighted the relevance
of intestinal ER stress in peritonitis that is tightly linked to
deranged intestinal tissue homeostasis and immunity (51, 52),
and particularly the impairment of the intestinal barrier function
(53). Further studies will be necessary to clarify the source or
the nature of the compounds that trigger the ER stress/UPR and
inflammatory response in the liver.

CONCLUSION

Using a clinically relevant experimental sepsis model, we found
that surgical trauma activates hepatic UPR, presumably because
of tissue injury. UPR activation occurred early and preceded the
inflammatory response in the liver. This indicates that hepatic
UPR and the inflammatory response are triggered by different
mechanisms. Our data further suggest that secondary tissue
injury, as it occurs in septic complications, may influence the
severity of ER stress and UPR-mediated liver cell dysfunction.
Thus, the hepatic ER appears to be an important target for
shaping UPR in order to prevent liver dysfunction in abdominal
surgery and severe SIRS.
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Supplementary Table 1: Sequence and source of primer pairs used in this study. 

Target 
Accession 
number 

Primer sequences 
Position 
on plus 
strand 

Product 
Length 

Source 

Cyclo M19533 
TAT CTG CAC TGC CAA GAC TGA GTG 381 

127 (1) 
CTT CTT GCT GGT CTT GCC ATT CC 507 

HPRT NM_012583 
CTC ATG GAC TGA TTA TGG ACA GGA C 179 

123 (2) 
GCA GGT CAG CAA AGA ACT TAT AGC C 301 

TNF-α X66539 
TGC CTC AGC CTC TTC TCA TT 94 

376 (1) 
TGT GGG TGA GGA GCA CAT AG 469 

IL-6 NM_012589.1 
CCG GAG AGG AGA CTT CAC AG 154 

161 (3) 
ACA GTG CAT CAT CGC TGT TC 314 

iNOS NM_012611.3 
AGG CAA GCC CTC ACC TAC TT 2654 

161 (3) 
GTG GGG TTG TTG CTG AAC TT 2814 

HO-1 NM_012580.2 
CCA GCC ACA CAG CAC TAC 441 

293 (1) 
GCG GTC TTA GCC TCT TCT G 733 

GRP78 NM_013083.2 
GTT CTG CTT GAT GTG TGT CC 1424 

349 (1) 
TTT GGT CAT TGG TGA TGG TG 1772 

XBP1 NM_001004210.1 
GAG TCC AAG GGG AAT GGA GT 435 

196 (4) 
ACA GGG TCC AAC TTG TCC AG 630 

CHOP NM_024134.2 
TTG GGG GCA CCT ATA TCT CA 219 

263 (1) 
CTC CTT CAT GCG CTG TTT CC 481 

BAX NM_017059.2 
AAA GTG CCC GAG CTG ATC A 471 

153 (5) 
AGC CAC AAA GAT GGT CAC TGT CT 623 

Bcl-XL NM_001033672.1 
AAT GAA CTC TTT CGG GAT GGG 717 

126 (5) 
CCA ACT TGC AAT CCG ACT CA 842 
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Supplementary Figure 1: p-eIF2α and GRP78 protein abundance in liver homogenates after 
sham or CASP surgery. Liver homogenates were analyzed by SDS-PAGE and immunostained 
for p-eIF2α or GRP78. Exemplary whole blots of p-eIF2α (A) and GRP78 (B) staining are 
shown. 
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Supplementary Figure 2: Hepatic UPR is associated primarily with organ damage, 
rather than with induction of inflammatory response. Radar chart showing mean ranks of 
normalized values from rats subjected to an inflammatory stimulus (LPS i.v. 2 h, n=7, green 
line) or tissue damage (traumatic/hemorrhagic shock, THS-Shock, 2 h after onset of 
hemorrhage, n=8, red line), and the respective sham control (THS-Sham, n=8, blue line) for 
visualizing predominating type of response. Values were calculated from data sets of previous 
studies, in which experimental details can be found (5,6). Values for plasma levels of organ 
damage marker (ALT) and mRNA expression levels of ER stress (CHOP, GRP78, XBP1, 
XBP1s), inflammatory (iNOS, TNF-α) and general cell stress (HO-1) response markers were 
normalized for allowing comparison and ranking as is described beneath in the methods to 
supplementary figure 2. Higher mean group ranks indicate higher differences to the untreated 
control animals (n=7/8). For indicating significant differences to the respective control groups 
normalized data were used and Kruskal Wallis, followed by Dunn test was performed 
(*, p<0.05, relative to untreated control; #, p<0.05, relative to THS-Sham). Differences 
between THS and LPS group were calculated with ranked values using non-parametric 
Wilcoxon test (IBM SPSS Statistics 27), and are indicated (§, p<0.05 significant differences 
between).  

Methods to supplementary figure 2: 

Association of UPR and inflammatory response with liver damage and induction of 
inflammatory response in comparable in-vivo models 

Two data sets from previously published studies (5,6) were reanalysed. Data were obtained from 
a study using an endotoxic shock model, 2 h after injection of LPS (6 mg/kg, i.v.; n = 6/7) 
reflecting immediate response to an infectious/inflammatory stimulus. Details regarding the 
groups’ description and the experimental approach can be found elsewhere (6). The second data 
set was taken from a study using an experimental model of traumatic/hemorrhagic shock (THS) 
consisting of surgery and severe haemorrhage followed by inadequate volume resuscitation 
corresponding to a time point of 2h after onset of haemorrhage and includes THS (n=8) and sham 
(n=8) animals. Details regarding the groups’ description and the experimental approach can be 
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found elsewhere (5). In both studies a group of corresponding untreated control animals were 
included for comparison and levels for organ damage (plasma ALT), as well as hepatic ER stress 
response (CHOP, GRP78, XBP1 and XBP1s mRNA), inflammatory response (iNOS, TNF-α 
mRNA) and general cell stress response (HO-1 mRNA) levels were recorded. 

For allowing direct comparison, the two data sets were normalized, using respective untreated 
control values as reference. From this group the median was calculated and all data were 
expressed relative to the median of the reference animals. To calculate differences between 
groups normalized data were used and Kruskal-Wallis, followed by Dunn test (GraphPad Prism 
v6.01; GraphPad Software, Inc., La Jolla, CA, USA) was applied. To enable visualization of the 
elicited effects independently of the magnitude, the normalized values of the experimental 
animals (THS, sham, LPS) were ranked in increasing order according to their effect size and 
mean group ranks were calculated. Statistical differences between mean ranks of LPS and THS-
Shock group were calculated using non-parametric Wilcoxon test (IBM SPSS Statistics 27; IBM, 
New York, USA).  
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Supplementary Figure 3: Effect of ER stressors and inflammatory mediators (IM) on 
expression of ER stress markers in immortalized rat liver cells. BRL3A cells were incubated 
with (A) classical ER stressors or (B) conditioned medium (CM), which was generated using white 
blood cells treated without (Ctrl.-CM) or with LPS to elicit production of inflammatory mediators 
(IM-CM) as described beneath in the methods to supplementary figure 3. Levels of mRNA were 
calculated relative to vehicle (A) or untreated (B) controls. Data are shown as mean +/-SEM (n=2/3). 
Levels of UPR marker mRNA (GRP78, CHOP, XBP1) are presented on primary, IL-6 mRNA levels 
on the secondary Y-axis in B. Significant differences were calculated relative to vehicle (A) or 
untreated (B) control (Student’s t-test, paired, 2 sided; *, p<0.05; **, p<0.01; ***, p<0.005). 

Methods to supplementary figure 3: 

Cell culture 

Adherently growing cells from buffalo rat liver 3A cell line (BRL3A, ECACC) were cultivated in 
Coon’s F-12 medium with 5% fetal calf serum (PAA). For the experiments, cells were grown in 
six-well plates until reaching a confluency of 70–80%. BRL3A cells were incubated with 
different concentrations of thapsigargin (1.6, 8, 40 nmol/L), tunicamycin (8, 40, 200 ng/L) or 
vehicle (dimethyl sulfoxide) for 6 h and for 3 h or 6 h with RPMI-1640 medium (untreated 
control), control conditioned medium or inflammatory mediator containing conditioned medium. 
Thereafter, RNA was extracted, reverse transcribed and used for qPCR analyses, as described in 
Materials and Methods, Gene Expression Analyses. 

Preparation of conditioned media 

Medium containing inflammatory mediators was generated as described elsewhere (3). Briefly, 
conditioned medium was prepared from isolated rat white blood cells set at a density of 
1 × 106 cells/mL. Cells were incubated for 24 h at 37°C with RPMI-1640 medium alone (Ctr.-
CM) or supplemented with LPS (E. coli Serotype 026:B6, 6 μg/ml; IM-CM) to obtain control or 
inflammatory mediators containing medium, respectively. The cell suspension was centrifuged 
(10 min, 400×g, 4°C), the supernatants harvested and stored at −80°C until being used. 
Inflammatory cytokines were determined by Myriad RBMTM (Austin, TX, USA), and were 
exclusively present in the inflammatory mediators containing medium (IFN, 4.6 pg/mL; IL-1α, 
290 pg/mL; TNF-α, 0.6 pg/mL; MCP1, 1335 pg/mL).  
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Abstract: Heme oxygenase (HO), in conjunction with biliverdin reductase, degrades heme 
to carbon monoxide, ferrous iron and bilirubin (BR); the latter is a potent antioxidant. 
The induced isoform HO-1 has evoked intense research interest, especially because it manifests 
anti-inflammatory and anti-apoptotic effects relieving acute cell stress. The mechanisms by 
which HO mediates the described effects are not completely clear. However, the degradation 
of heme, a strong pro-oxidant, and the generation of BR are considered to play key roles. 
The aim of this study was to determine the effects of BR on vital functions of hepatocytes 
focusing on mitochondria and the endoplasmic reticulum (ER). The affinity of BR to proteins 
is a known challenge for its exact quantification. We consider two major consequences 
of this affinity, namely possible analytical errors in the determination of HO activity, and 
biological effects of BR due to direct interaction with protein function. In order to overcome 
analytical bias we applied a polynomial correction accounting for the loss of BR due to its 
adsorption to proteins. To identify potential intracellular targets of BR we used an in vitro 
approach involving hepatocytes and isolated mitochondria. After verification that the 
hepatocytes possess HO activity at a similar level as liver tissue by using our improved 
post-extraction spectroscopic assay, we elucidated the effects of increased HO activity and 
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the formed BR on mitochondrial function and the ER stress response. Our data show that 
BR may compromise cellular metabolism and proliferation via induction of ER stress. 
ER and mitochondria respond differently to elevated levels of BR and HO-activity. 
Mitochondria are susceptible to hemin, but active HO protects them against hemin-induced 
toxicity. BR at slightly elevated levels induces a stress response at the ER, resulting in a 
decreased proliferative and metabolic activity of hepatocytes. However, the proteins that are 
targeted by BR still have to be identified. 

Keywords: heme oxygenase activity; bilirubin; hemin; endoplasmic reticulum; mitochondria 
 

1. Introduction 

Heme oxygenase (HO), residing at the endoplasmic reticulum membrane, is the rate-limiting enzyme 
in the degradation of heme, yielding equivalent amounts of carbon monoxide (CO), ferrous iron (Fe2+), 
and biliverdin (BV). BV is subsequently reduced to bilirubin (BR) by the cytosolic BV reductase (BVR). 
Stressful conditions lead to an increase in HO activity due to induction of HO-1 [1], a member of  
the heat shock protein family (HSP32). Up-regulation of HO in the liver is caused by multiple stimuli 
that include cytokines, bacterial toxins, hypoxia, and increased amounts of the HO substrate, protoheme 
IX (heme). HO-1 was shown to mediate tissue protection, since its inhibition increased tissue injury, 
while tissues were protected when HO-1 was upregulated prior to an acute experimental insult [2]. The 
cytoprotective effects of HO-1 are partly attributed to the degradation of excessive free heme and partly 
to the generation of the heme degradation products CO and BR, which are able to mimic HO-1-mediated 
effects [3–5]. Although BR was found to exert anti-oxidant activity, which together with BV effectively 
protects the water/membrane interface [6,7], it is not clear to what extent BR formed in the HO reaction 
may contribute to the protection against heme-induced oxidative damage to subcellular structures. 

Besides its relevance as diagnostic marker for liver diseases [8], BR was for a long time considered 
a waste product of heme degradation. However, elevated levels of unconjugated BR are able to induce 
cytotoxic effects, which are well documented for developing neuronal cells [9–12]. Free unconjugated 
BR was found to unbalance the redox homeostasis [13], or to affect the mitochondrial membrane 
integrity and to induce apoptosis [14]. The liver is one of the organs with a relatively high HO activity 
and involved in the elimination of BR. Thus, especially under conditions of elevated HO activity BR 
levels may exceed physiologic levels. 

Determination of HO activity by means of BR quantification following the classical photometric 
extraction assay [15–17] is sensitive to higher protein concentrations making direct comparison between 
different sample types difficult. Thus, improvements of these assays should take the high affinity of 
lipophilic BR to proteins into account. Additionally, this affinity suggests that functional interaction with 
lipid and protein-rich structures, such as mitochondria or ER, are likely to occur. Increased levels of BR 
are formed during enhanced HO activity [5] and may target intracellular structures. However, it is not 
clear whether such an interaction would contribute to protective effects of the HO reaction or whether  
it may compromise cellular function and thereby limit the cytoprotective properties of the HO reaction. 
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In order to approach this topic we addressed the following questions using rat liver, cultured hepatocytes 
and isolated mitochondria as in vitro systems: 

(1) How to account for the amount of BR that is adsorbed by protein and thus not considered when 
applying the classical photometric extraction assay for the determination of HO activity? 

(2) Are the in vitro model systems suitable to investigate the effects of BR that is released following 
HO reaction? 

(3) Does the HO reaction rescue hepatic mitochondria from hemin-mediated toxicity? 
(4) Is the anti-oxidative property of BR involved in the protective effect of HO towards mitochondria? 
(5) How does BR formation relate to the metabolic activity and the proliferative response of cultured 

hepatocytes under conditions of accelerated HO activity? 
(6) Which subcellular structure in the hepatocyte is sensitive to increased levels of BR? 

2. Aims of This Study 

This study aimed at determining the potential limits of the protective range of the HO reaction in liver 
cells due to the formation of BR. In contrast to previous reports we focus this study more on the 
biological/analytical impact of the high affinity of BR to proteins in the liver. We consider two major 
consequences of the high affinity, namely errors in the determined quantity of BR as a measure for HO 
activity and the direct interaction of BR with mitochondria and ER. These effects were investigated 
using rat livers, cultured hepatocytes, and isolated mitochondria. 

3. Results and Discussion 

At increased protein concentrations the precise quantification of BR is a problem, because BR may 
adsorb to proteins, as known for albumin [18]. In the first part of the study we focused on the improvement 
of the HO assay, since determination of HO activity using BR quantification was compromised by higher 
protein concentrations [19]. 

3.1. Protein Adsorption of BR and Subsequent Interference with the Quantification Can Be Corrected 
Using a Polynomial that Accounts for the Protein Amount Present in the Assay 

Quantification of BR, the end product from the HO/BVR reaction, is least laborious and therefore  
the most frequently used approach to determine HO activity [15,16]. BV and its reduction product BR 
are components exclusively formed by the HO/BVR system and generally tissue or cell homogenates 
possess sufficient BVR activity assuring the complete conversion of BV to BR and thus allowing the 
determination of BR by means of HPLC [20] or by photo spectroscopy [15,17]. 

Although extraction of BR from the aqueous phase into an organic solvent [17] significantly enhances 
the sensitivity of the assay, because BR is the only component absorbing around 450 nm in the organic 
extract, the load of unspecific protein has to be reduced, as it was shown to interfere with the assay [19]. 
Therefore generally microsomal-enriched fractions are prepared, which contain less protein [21]. 
However, the use of microsomal preparations bears the risk of partially losing HO activity. It was  
shown that pathogenic stimuli may induce translocation of HO-1 into the cell nucleus [22] or into 
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mitochondria [23]. This translocation increased the enzymatic activity to convert heme in the target 
compartment [23], while the activity in the microsomal fraction decreased [22]. 

The problem to correctly quantify BR can be solved in two ways. Either BR calibration curves are 
used, which contain the same amount of protein, as was the case in a recently presented study for the 
determination of BR by ELISA [24], or the effect of protein adsorption has to be considered using a 
mathematical approach. The latter has the advantage of circumventing the laborious and time-consuming 
preparation of appropriate calibration curves. However, both approaches allow an improved comparison 
of the capacities of cells or tissues to convert heme, since preparation steps that may introduce biases 
are reduced. 

To quantify BR formed by the HO reaction we used calibration curves which we obtained by adding 
known amounts of BR to an equivalent amount of assay buffer followed by extraction into chloroform 
(Figure 1A). When adding protein the amount of BR extractable from the buffer decreased in a non-linear 
fashion (Figure 1B). At constant protein concentrations, however, the relation between input BR and 
extractable BR remained linear (Figure 1C). Therefore it was possible to develop a polynomial for 
calculating a correction factor f, which takes into account the adsorption of BR to protein, which is 
dependent on the amount x of protein. 

The corrected BR amount is: brcorr = br × f 
br = BR concentration (calculated from the calibration curve using the differential OD) 
f = �0.076 × x2 + 0.704 × x + 1.027 
x = protein content present in the assay in mg 

Using this equation, we were able to achieve a nearly linear relationship between the amount of BR 
formed in the reaction and the amount of tissue homogenate subjected to the assay for determination of 
HO-activity (Figure 1D). The data presented in Figure 1 show that the high affinity of BR to proteins 
may result in underestimation of HO-activity, which can be corrected using the polynomial. In addition 
to improvement of the analytical procedure determining HO activity, this result stimulated us to explore 
the biological impact of a presumed interaction of BR with intracellular protein. Since BR is formed by 
the HO/BVR reaction within the cell, in close vicinity to the ER, we focused our studies on the effects 
of BR on mitochondria and ER, structures that are rich in protein and membrane lipids. 

3.2. BRL3A Cells Have Similar HO Activities as Liver Tissue 

We first verified the suitability of the hepatocyte line BRL3A regarding its HO activity, since  
we aimed at studying the effects of BR formed by the HO reaction in a cell culture model. In the liver 
different cell types contribute to the activity of HO, composed of the activity of both enzymes, HO-1 
and HO-2. Under physiological conditions the determined HO activity nearly exclusively consists of the 
activity of HO-2, while an increase accounts for the induction of HO-1, which occurs in all liver cells to 
different degrees [25]. Since the amount of BR formed depends on the level of the HO activity, we first 
examined whether BRL3A cells would be able to convert heme at comparable rates as homogenized 
liver. Cells were cultured and treated with various amounts of hemin, that is protoporphyrin IX 
containing ferric iron, or vehicle for 16 h, and examined for HO activity as described in the Materials 
and Methods section (Figure 2). Basal levels of HO activity (Figure 2, grey bars) were similar to those 
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found in homogenates obtained from livers of control rats (dashed line in Figure 2). An incubation for 
16 h with varying concentrations of hemin resulted in a dose dependent increase in HO activity, 
indicative for HO-1 induction (Figure 2, black bars). 

These findings show that BRL3A cells are suitable to study the role of HO and the effects mediated 
by the products of heme degradation. 

 

Figure 1. The tight interaction of BR with protein leads to underestimation of enzyme 
activities using the classical HO-assay. (A) Relationship between input and extractable 
amount of BR from HO-assay buffer (amount of BR was calculated using OD at 450 nm 
corrected for background OD at 520 nm (Diff. OD)) was linear (no protein added);  
(B) Presence of protein (liver homogenate: HOMO) in assay buffer supplemented with BR 
(1 μM) decreased the extractable amount of BR (Diff. OD); (C) Relationship between input 
and extractable amount of BR (0.01–1 μM) from HO-assay buffer (Diff. OD) was linear at 
constant protein concentration (added tissue homogenate (HOMO) with constant protein 
concentration of 10 mg protein/mL); (D) Using the polynomial for correcting the BR 
amount, the activity of HO (formation of BR/30 min) depended nearly linearly on the amount 
of liver homogenate used for the assay. 
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Figure 2. HO activity in hepatocytes after treatment with hemin. Cells were treated with 
vehicle (DMSO, grey bars) or hemin (8, 40, 200 μM, black bars) for 16 h. HO activity  
was determined in homogenized cells as described in the Materials and Methods section. 
The capacity to convert hemin increased in function to the concentration present in medium. 
HO activity, expressed as capacity of 1 mg cell protein to produce BR was similar to that 
obtained in the liver of control rats (n = 5, dashed line). Data are given as means (±SD) 
obtained from one experiment with n = 2 replicates. 

3.3. HO Reaction Rescues Mitochondria from Hemin-Mediated Impairment of Respiration and 
Subsequent Fragmentation 

We next questioned whether HO in BRL3A cells would protect mitochondria of BRL3A cells against 
hemin-induced toxicity via formed BR. It is known that mitochondria are particularly sensitive to 
increased intracellular levels of heme [26]. Although heme may reach much higher concentrations, we used 
levels that have been reported previously as the intracellular threshold for inducing heme toxicity [26]. 

Heme toxicity is based on the oxidative modification and consequent damage exerted to membranes 
and associated proteins when exceeding critical levels. Heme induces HO-1 by directly interacting with 
the heme-sensitive transcription factors BACH1 and BACH2 [27], resulting in its subsequent degradation 
by the up-regulated HO activity. HO may provide protection in two ways, either by consumption of 
heme or by the release of BR, exerting putative anti-oxidative properties, or by both. In the following 
experiments we examined the effect of HO on hemin-mediated impairment of mitochondrial function. 
BRL3A cells were treated with 20 μM hemin and mitochondria were visualized using JC-1 (Figure 3), 
as a measure for membrane potential (Figure 3A1–C1). Membrane potential initially decreased in cells 
treated with hemin, and this effect was most pronounced when its degradation was inhibited by zinc 
protoprophyrin IX (ZnIXPP), a competitive inhibitor of HO (Figure 3D). Continuous inhibition of hemin 
degradation resulted in an increased mitochondrial fragmentation (Figure 3C1). Cells treated with hemin 
or vehicle alone did not show any effects on their mitochondria (Figure 3A,B). 

In order to rule out the possibility that the inhibitor itself may have caused mitochondrial dysfunction, 
we incubated isolated mitochondria with either hemin or ZnIXPP at various concentrations and 
examined respiration in terms of oxygen consumption (Figure 4). 
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Figure 3. Effect of hemin and zinc protoprophyrin IX on mitochondrial function and 
morphology in hepatocytes. Liver cells (BRL3A) were incubated with JC-1 for 30 min, 
thereafter vehicle (DMSO, A) or hemin (20 μM); (B,C)) was added. Zinc protoporphyrin 
(ZnIXPP), a competitive inhibitor of HO (0.2 μM); was added 10 min before (C). Cells were 
analyzed after 2 h. A1, B1 and C1 show energized mitochondria (fluorescence at 590 nm). 
Competitive inhibition of HO by ZnIXPP resulted in delayed fragmentation of mitochondria 
(C1); (D) Effect of hemin (H, grey line), HO-inhibitor ZnIXPP (I, orange line), and hemin 
plus inhibitor (H+I1, violet line) in the concentrations indicated above on quantification of 
mitochondrial potential (intensity of background normalized JC-1 fluorescence (emission at 
590 nm) was used as a parameter for mitochondrial potential); (E) Effect of hemin (H, grey 
line), HO-inhibitor ZnIXPP (I, orange line), and hemin plus inhibitor (H+I, violet line) in 
the concentrations indicated above on HO-1 mRNA expression in BRL3A cells determined 
by qPCR. Data are given as means (±SD) obtained from one representative experiment using 
n = 4 replicates. 
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We found that isolated liver mitochondria responded with a significant decrease of oxygen 
consumption at a concentration of 20 μM hemin (Figure 4), which is in line with our previous cell culture 
experiment. In contrast to hemin, ZnIXPP did not affect mitochondrial respiration, suggesting that iron 
ions play the principal role in the induction of mitochondrial dysfunction. Thus, our results show that 
functional HO in parenchymal liver cells protects mitochondria against hemin-mediated respiratory 
dysfunction. It is possible that the heme degradation products contribute to this effect, although initial 
levels present are presumably too low, as the levels of hemin are still high. However, longer incubation 
time may raise BR until reaching effective concentration. 

 

Figure 4. Hemin compromizes respiration of mitochondria. Isolated mitochondria were 
supplemented with succinate/rotenon to promote respiration of complex II. Transition to 
state III was induced by adding ADP and oxygen consumption was determined immediately 
after adding vehicle, hemin in the following concentrations: 2, 20 and 200 μM. In order to 
exclude effects of the HO inhibitor we also tested ZnIXPP (HO inhibitor) in the following 
concentrations: 0.2, 2 and 20 μM. Concentrations not tested are indicated (n.t.). State III 
respiration is indicated relative to the control (vehicle alone, set to 1). Data are given as 
means (±SD) obtained from one experiment with n = 5 replicates. 

3.4. Bilirubin Does not Prevent Hemin-Induced Repression of Respiration in Liver Mitochondria 

In order to understand whether BR is able to mediate the preservation of mitochondrial function seen 
in cells with functional HO, we used isolated mitochondria treated with hemin and BR simultaneously 
(Figure 5). As was shown before (Figures 3 and 4), a nearly immediate dose-dependent decrease of 
oxygen consumption occurred in mitochondria treated with increasing amounts of hemin. Addition of 
BR at physiological concentrations tended to further decrease mitochondrial respiration, however, 
without being significant. Additionally, BR was not able to restore the hemin-mediated depression of 
respiration (Figure 5). This suggests that in cells treated with hemin, the removal of heme by HO and 
not the release of BR, mediates the protection of mitochondria. 

Interestingly, others showed that BR was able to modulate membrane integrity and redox status [14] 
of mitochondria, to modulate cytochrome c oxidase activity [28], and to induce apoptotic cell death, 
which involves mitochondrial pathways [14,29,30], without reporting on changes of respiratory 
parameters. Thus BR may target other cellular functions that are more sensitive to BR. 
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Figure 5. BR was not able to prevent hemin-mediated decrease of mitochondrial respiration. 
Liver mitochondria were isolated as described in the Materials and Methods section and 
treated with BR in the indicated concentration or with DMSO (Veh). State 3 respiration of 
complex II was induced by adding ADP and effects on oxygen consumption were determined 
after adding hemin in the indicated concentrations. Data are given as means (±SD), obtained 
from one experiment with n = 2 (control)/4 (BR) replicates, indicating significant differences 
(*) to the control (Veh state 3). 

3.5. Formation of BR and Excretion to the Cell Culture Medium Is Accelerated in Response to hemin, 
but Decreases Cell Proliferation Rate 

We next questioned how much BR is produced by BRL3A cells that are cultured in the presence of 
hemin, and whether an increased amount of BR extracted from the cell culture medium would reflect 
the underlying capacity to convert hemin determined ex vivo (see Figure 2). The presence of BR in the 
cell culture medium may represent an additional measure for HO activity (in-situ HO activity), provided 
that BR is not degraded. BR was extracted from medium and extracted into CHCl3, and quantified by 
means of photo spectroscopy using calibration curves. 

Cells treated with 20 μM hemin responded with increasing BR production, compared to control 
(Figure 6A). We next questioned whether BR production and excretion into the medium would reflect 
the HO activity determined ex vivo. If so, we would expect that an amount of 20 nmol hemin should be 
converted to 20 nmol BR by 1 mg BRL3A cell protein within 66 h. Considering a fully upregulated  
HO-1 (approximately within 12 h) we expected 1.6 nmole BR to be produced. However in the time 
period between 12 h and 24 h we were able to extract only 0.16 nmole BR per mg cell protein (Figure 6B). 
Although unbound BR may freely diffuse through cell membranes [31], once bound to albumin, a part 
will be redirected into hepatocytes via vesicular uptake [32]. Furthermore, it was shown that BR may be 
oxidized by cytochrome P450 2A [33,34], and a part of BR may have been conjugated. Therefore an 
unknown amount of BR has possibly escaped from quantification. Although the appearance of BR in 
the cell culture may not properly represent the underlying HO activity in situ, the data show that  
BR formation occurs much slower than expected. With increasing BR concentrations however,  
the proliferation of the producing cells slowed down, reaching only 80% of the cell number of the control, 
verified by estimation of the underlying cell number at each time point (Figure 6A, inset Y-axis).  
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Due to the tight interaction of BR it is possible, that the newly formed BR modulates cell function by 
binding to suitable proteins. Bilirubin was reported to inhibit proliferation in several cell types [35–37]. 

 

Figure 6. Production of BR by liver cells (BRL3A) as a function of the incubation time. (A) 
Cells were treated with vehicle (DMSO, grey symbols) or hemin (20 μM, black symbols) 
for the indicated time. BR was extracted from medium (diamonds; solid lines). Underlying 
cell number equivalents (CE, inset Y-axis) were determined (triangles) using crystal violet 
assay and expressed relative to the values of day 0 (dotted lines). After 48 h, equivalents of 
hemin-treated cells were significantly lower compared to the vehicle-control (§); (B) Hemin 
treatment increased the total amount of BR that was newly formed (nmole) per time interval 
when calculated per mg cell protein. Protein content of cell samples was determined at 48 h 
using the Bradford method and extrapolated from cell equivalents for each time point.  
Data are given as means (±SD), obtained from one experiment with n = 4 replicates. 

To elucidate the role of BR in regulating proliferation of BRL3A cells we incubated cells with varying 
concentrations of unconjugated BR and determined cell number (crystal violet assay; [38–40]) and 
metabolic activity (MTT assay; [41]) at different time points (12 h and 48 h; Figure 7). Considering that 
an increase in HO would only slowly increase physiologic levels of BR, we used physiologic concentrations 
of BR, which range between 5 and 32 μM in human serum [42] and about half as much in rodents [43], 
of which around 4% appears as water-soluble glucuronides [44]. We found that physiologic levels of BR 
(4–20 μM) decreased the proliferation rate about 20%, but affected the metabolic activity to a much 
higher degree (50% activity after 48h at the highest BR concentration tested). 

3.6. BR Increases Expression of Markers for ER Stress and Unfolded Protein Response 

Decreased metabolic activity is frequently interpreted as a decrease in mitochondrial energy provision. 
However, also compromised ER function may lead to decreased cell proliferation rates, especially as a 
response to ER stressing agents [45]. 
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Figure 7. BR results in decreased proliferation and metabolic activity of BRL 3A cells.  
(A) Cells were treated with vehicle (Veh) or BR in the concentrations indicated, and incubated 
for 48 h. Cell number (squares and dotted line) was determined using crystal violet assay, 
and expressed in % relative to the vehicle control (CV 48 h). Data are given as means (±SD) 
obtained from two experiments with n = 2 replicates. Metabolic activity of treated cells was 
determined by MTT assay (diamonds and full line). Data are given as means (±SD) obtained 
from one experiment with n = 4 replicates (MTT 48 h). Significant differences to the control 
are indicated as (*, §); (B) Determination of cell numbers within one experiment at consecutive 
time points (12 h and 48 h) showed a decreased proliferation rate in the presence of BR.  
Data are given as % increase relative to the values determined at 12 h. 

We have found that BR concentrations reduced the metabolic activity of BRL3A indicative for enhanced 
cell stress. It is known that induction of ER stress decelerates growth rate, involving sXBP1 [46] and 
promotes apoptosis via CHOP [47,48]. We therefore analyzed the expression of markers for ER stress, 
X-Box binding protein 1 (XBP1), glucose regulated protein 78 (GRP78) HO-1, CRBP homologous 
protein (CHOP), and interleukin 6 (IL6) as a marker for an inflammatory response, in BR-treated 
BRL3A cells. Already after 8 h at concentrations between 4 μM and 20 μM BR elicited an ER stress 
response (Figure 8), which was accompanied by elevated levels of the XBP1 splice variant, a typical 
ER-stress marker [49]. Additionally, we determined increased levels of IL6, suggesting onset of an 
inflammatory response, a pathologic reaction mediated by classical ER stressors [50]. Our data indicate 
that BR may affect proper function of ER. BR may induce protein mis-folding and aggregation due to 
its particular chemical properties. We showed that BR, which is newly formed in the HO reaction, tightly 
binds to proteins. At higher concentrations BR is known to lead to aggregates which are favored at lower 
pH [51]. Additionally, BR is able to associate with calcium [52], which is high in the ER lumen, and to 
precipitate with other amphiphilic compounds. This phenomenon is known to occur in the bile leading 
to the formation of pigmented gallstones containing calcium bilirubinate [53]. In neuronal cells, both 
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mitochondrial and ER function are sensitive to elevated concentrations of BR [54]. In parenchymal 
hepatocytes, in contrast, BR affects primarily the ER. If the concept remains valid that BR works as  
a potent anti-oxidant within the cell, an elevated level of BR is supposed to disturb the finely tuned redox 
equilibrium. However, it is well possible that under conditions of excessive oxidative stress BR would 
help to reinstall a disturbed equilibrium. 

Thus, we cannot answer the question, whether the observed changes would be beneficial under 
pathologic conditions, or not. It was found, however, that treatment of obese mice with BR over a longer 
period, relieved signs of metabolic diseases [55]. Interestingly, in this pathologic model, markers for ER 
stress decreased. Further studies are needed to clarify the significance of BR-mediated interaction with 
the ER and the induction of a stress response. 

 

Figure 8. Physiologic range of BR induces ER stress response in BRL 3A cells. (A) Cells 
were treated with vehicle (DMSO) or BR in the concentrations indicated, and incubated for 
8 h. RNA was extracted and expression of cell stress markers X-Box binding protein 1 (XBP1), 
glucose regulated protein 78 (GRP78), interleukin 6 (IL6), HO-1, CRBP homologous protein 
(CHOP) and the internal reference genes (cyclophilin A, hypoxanthine ribosyltransferase, 
glycerinaldehyde dehydrogenase) used for basket normalisation was determined by means 
of real-time PCR. Target mRNA was normalized to the internal references and calculated 
relative to the vehicle control (DMSO); (B) BR induced unconventional XBP1 splicing. PCR 
products were separated using electrophoresis and visualized by ethidium bromide staining. 
PCR products consisting of spliced (sXBP1) and unspliced variants (usXBP1) were 
quantified by means of densitometry using the public domain Scion Image program 
(http://www.scioncorp.com/), and intensities were expressed as a ratio (spliced to unspliced 
isoforms). Data are given as means (±SD) obtained from one experiment with n = 2 replicates, 
indicating significant differences (*). 
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4. Experimental Section 

4.1. Chemicals 

All reagents were obtained from Sigma-Aldrich (Vienna, Austria) unless otherwise noted. All 
porphyrins were dissolved in DMSO and used as a 500× stock solution. 

4.2. Cell Culture 

The adherently growing Buffalo rat liver cell line (BRL3A, European Collection of Cell Cultures, 
Salisbury, UK) was cultivated in Coon’s F-12 medium with 5% FCS (PAA, Linz, Austria). At a 
confluency of 70%–80% cells were passaged using 0.25% trypsin/EDTA and diluted 1/10 for further 
culture. Maximal six consecutive passages were used. 

4.3. Animals 

Rats were injected with lipopolysaccharide (LPS) at a dose of 8 mg/kg (i.v.). Adult male  
Sprague-Dawley rats weighing 280 ± 21 g (Animal Research Laboratories, Himberg, Austria) were divided 
into two groups: a control group receiving saline i.v., and a group receiving 8 mg lipopolysaccharide/kg i.v. 
(LPS; E. coli 026:B6, Difco, Detroit, MI, USA). At different time points (0, 2, 4, 8, and 12 h (n = 3/6)), 
the animals were killed; liver tissue was taken for analytical examination, aliquoted and stored at �80 °C 
until analysis. All animals received humane care according to the criteria outlined in the “Guide for the 
Care and Use of Laboratory Animals” prepared by the National Academy of Sciences and published by 
the National Institutes of Health (NIH publication 86-23, revised 1985). 

4.4. Determination of Cell Number by Crystal Violet Assay 

BRL3A cells were seeded at a density of 5–10 × 104/mL in 24-wells using Coon’s F-12 medium  
(5% FCS). The next day medium was exchanged for medium containing hemin (20 μM) or BR  
(0.032 μM, 0.16 μM, 0.8 μM, 4 μM, and 20 μM) or vehicle (DMSO). Cells were incubated for the given 
time points (4 h, 8 h, 12 h, 24 h and 48 h or 12 h and 48 h). Thereafter culture medium was removed, 
cells were washed 3× with PBS and fixed with 4% paraformaldehyde in PBS. After washing 3× with 
dH2O cells were stained using crystal violet staining solution (0.5% in ethanol (10%)) and incubated  
for 15 min. Thereafter cells were washed three times, plates were dried, and kept in the dark until 
analysis. In each well 500 μL acetic acid (10%) was added. Stained cells were solubilized by pipetting. 
One hundred μL of the solution was transferred into a 96-well plate, and extinction at 590 nm was 
determined using a plate reader. 

4.5. Determination of Metabolic Activity by MTT Assay 

BRL3A cells were prepared as described above in Section 4.4. The next day medium was exchanged 
for medium containing BR (0.032 μM, 0.16 μM, 0.8 μM, 4 μM, and 20 μM) or vehicle (DMSO). Cells 
were incubated for 48 h. Six hour prior to the end of the experiment, medium was exchanged for  
MTT-containing medium (0.5 mg/mL) which was freshly prepared. Following a 6 h incubation period, 
supernatant was aspirated and formazan crystals were dissolved in sterile DMSO (same volume as the 
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culture medium) by incubating at 37 °C for 30 min. After shaking, 100 μL aliquots were transferred into 
96-wells and the absorbance was read at 550 nm using a plate reader. 

4.6. Cellular Heme Oxygenase Activity by Determination of BR Production in Medium 

For determination of BR production, cells were plated in 6-well plates at a density of 5 × 104/mL. 
The next day medium was supplemented with 0.5% hemin solution (solved in DMSO) to a final 
concentration of 12.5 μg/mL (corresponding to 20 μM). At each time point (4 h, 8 h, 12 h, 24 h, and 48 h) 
an aliquot of 200 μL medium was removed and supplemented with 100 μL saturated KCl and 2 mL CHCl3. 
After vortexing (3 × 30 s) and centrifugation (250× g) the organic phase was harvested, and bilirubin 
concentration was determined using photo spectroscopy (U-3000, Hitachi, Tokyo, Japan). The samples 
were repeatedly (3 times) scanned between 600 and 380 nm using the following settings: slit: 2 nm,  
120 nm/min, PMT: autogain, high resolution, and the difference in absorption between 450 and 520 nm 
determined. Samples were run in triplicates and obtained values were averaged. Calculation of the formed 
bilirubin was obtained using a standard calibration curve. This standard was generated by adding known 
amounts of bilirubin to Coon’s F12 medium supplemented with 5% FCS, followed by the subsequent 
extraction of bilirubin. HO activity was calculated as nmole bilirubin formed per ml per 30 min. 

4.7. Laser Scanning Microscopy 

BRL3A cells were grown in Lab-Tek two-chambered cover glasses (Nalge Nunc, Rochester, NY, 
USA) with cell culture medium (Coon’s F-12 medium). For confocal microscopic investigations, cells 
were stained with JC-1 (2 μM MitoProbe, Invitrogen, Carlsbad, CA, USA). After 20 min, cells were 
treated with Zn(II) protoporphyrin IX (0.1; 1; 10 mg/L; Frontier Scientific, Logan, UT, USA). 
Subsequently hemin was added at a concentration of 12.5 mg/L. Control cells were treated with DMSO 
(vehicle control). Thereafter cells were washed with Coon’s F-12 medium. Fluorescence of JC-1 at 590 
nm was used as parameter for mitochondrial potential. Imaging was performed with an inverted confocal 
microscope (LSM 510, Zeiss, Oberkochen, Germany) and 63× oil immersion objective. Image analysis 
was performed with the histogram toolbar (LSM 510, Zeiss). Regions of interests were marked manually 
and total fluorescence intensity was defined as mean x area + area x threshold. 

4.8. Gene Expression 

RNA was isolated from BRL3A treated with BR (0.8 μM, 4 μM, 20 μM) for 8 h and processed as 
described elsewhere [56]. Primer sequences used for amplification are given in Table 1. Primer sequences 
for XBP-1 were newly designed (and amplification efficiency was verified by dilution series (accessory 
information is given in the Appendix Figure A1, Tables A1 and A2). Expression of target genes was 
measured using a CFX96™ (Bio-Rad, Hercules, CA, USA). Each reaction contained SYBR® green I  
as reporter (0.5×), iTaq™ polymerase™ (0.625 U/reaction; BioRad), the primers (250 nmol/L each, 
Invitrogen) with a final concentration of 200 �mol/L dNTP (each) and 3 mmol/L MgCl2 in the provided 
reaction buffer with a final volume of 12 �L. Data were collected in the regression mode and calculated 
against an internal standard (IS) consisting of pooled cDNA samples of all experiments. We used  
a modified comparative ��Cq method. First the gene specific Cqs were subtracted from the mean Cq of 
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the IS obtained for the same gene giving rise to �Cq. The values were then subtracted from the 
normalization factor, which was calculated by averaging the �Cqs of the internal reference genes 
(cyclophilin A, hypoxanthinribosyl transferase, glycerinaldehyde dehydrogenase) of the same sample 
(��Cq). The obtained ��Cq values of the replicates were averaged and expressed as 2���Cq in fold 
changes relative to the IS. 

Table 1. Primers used for analysis of gene expression by real-time PCR. 

 Accession Sense Primer Antisense Primer Source 

XBP-1 NM_001004210.2 gag tcc aag ggg aat gga gt aca ggg tcc aac ttg tcc ag Designed for this study 

GRP78 S63521 gtt ctg ctt gat gtg tgt cc ttt ggt cat tgg tga tgg tg  [57] 

IL6 NM_012589.1 ccg gag agg aga ctt cac ag aca gtg cat cat cgc tgt tc [58] 

HO-1 NM_012580.2 cca gcc aca cag cac tac gcg gtc tta gcc tct tct g [59] 

CHOP NM_024134.2 ttg ggg gca cct ata tct ca ctc ctt cag tcg ctg ttt cc [60] 

GAPDH M17701 cat gcc gcc tgg aga aac ctg cca tgg gct ggg tgg tcc agg ggt ttc [61] 

HPRT NM_012583 ctc atg gac tga tta tgg aca gga c gca ggt cag caa aga act tat agc c [62] 

Cyc M19533 tat ctg cac tgc caa gac tga gtg  ctt ctt gct ggt ctt gcc att cc [62] 

4.9. Determination of Unconventional Splicing of XBP1 

For the quantitative determination of the spliced variant of XBP-1 mRNA, 10 μL from the PCR 
reaction product were separated on a 2% agarose gel and after staining with ethidium bromide visualized 
by 300 nm UV transillumination. Density of both products, the unspliced and the spliced variant,  
was quantified via computer assisted densitometric scanning using the public domain Scion Image 
program (http://www.scioncorp.com/), and the ratio of the spliced to the unspliced variant was 
determined in each sample. 

4.10. Heme Oxygenase Activity of Liver Tissue 

Liver tissue was homogenized 1:10 (gram tissue/mL buffer) in a buffer containing 300 mM sucrose, 
20 mM TRIS and 2 mM EDTA at a pH of 7.4. Approximately 1 mg of protein was added to a reaction 
mixture containing 500 nmole NADPH  in a 100 mM potassium phosphate buffer with 1 mM EDTA 
(pH: 7.4), supplemented by 20 nmoles of hemin. The mixture was incubated under constant agitation in 
darkness for 30 min at 37 °C. Afterwards, the reaction was stopped by transferring the samples on ice. 
After addition of 1/5 volume of saturated KCl, the formed bilirubin was extracted into chloroform  
(4× the assay volume). Samples were then processed as described in Section 4.6. Samples were run in 
duplicates and obtained values were averaged and corrected for the absorption measured in corresponding 
samples incubated at 0 °C. Calculation of the formed bilirubin was obtained using a standard calibration 
curve. This standard was generated by adding known amounts of bilirubin to a pool of tissue homogenate 
followed by the subsequent extraction of bilirubin. Protein concentration of liver homogenate was 
determined using Coomassie Brilliant Blue [63]. HO activity was corrected for the BR lost due to 
adsorption by proteins using the correction factor described in Section 3.1 and calculated as nmole 
bilirubin formed per mg protein per 30 min.  
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4.11. Heme Oxygenase Activity of BRL3A Cells 

BRL3A cells were seeded at a density of 5–10 × 104/mL in 6-well plates using Coon’s F-12 medium 
(5% FCS). The next day medium was exchanged for medium containing hemin (20 μM) or vehicle 
(DMSO). Cells were incubated for 16 h. Medium was discarded, cell layer was washed once with 
prewarmed PBS and the cells were detached by adding 800 μL of 0.25% trypsin/EDTA. After complete 
detachment cell suspension of each well was transferred into 5 mL vials containing 4 ml culture medium 
to stop the trypsin activity. Cells were gently pelleted (400× g, RT) (10 min) and supernatant was aspirated. 
The tube was then placed in liquid nitrogen to snap freeze and stored at �80 °C until being used. For the 
determination of HO activity, the cell pellet was quickly unfrozen and dissolved in 60 μL buffer 
containing 300 mM sucrose, 20 mM TRIS and 2 mM EDTA at a pH of 7.4. Approximately 0.3 mg of 
protein (50 μL) was added to a reaction mixture containing 500 nmole NADPH  in a 100 mM potassium 
phosphate buffer with 1 mM EDTA (assay buffer, pH 7.4), supplemented by 20 nmoles of hemin.  
The mixture was incubated under constant agitation in darkness for 30 min at 37 °C. Afterwards, the reaction 
was stopped by transferring the samples on ice. After addition of 1/5 volume of saturated KCl, the formed 
bilirubin was extracted into chloroform (4× the assay volume). Samples were then processed as described 
in Section 4.6. Samples were run in duplicates and obtained values were averaged and corrected for the 
absorption measured in solvent alone. Calculation of the formed bilirubin was obtained using regression 
analysis of standard calibration curves. These standards were generated by adding known amounts of 
bilirubin to assay buffer followed by the subsequent extraction of bilirubin. Protein concentration of 
liver homogenate was determined using Coomassie Brilliant Blue [63]. HO activity was corrected  
for the BR lost due to adsorption by proteins using the correction factor described in Section 3.1 and 
calculated as nmole bilirubin formed per mg protein per 30 min. 

4.12. Preparation of Liver Mitochondria 

Sprague-Dawley rats weighing 280 ± 21 g (Animal Research Laboratories, Himberg, Austria) were 
euthanized by decapitation. The protocol was approved by the City Government of Vienna, Austria, and 
all experiments were performed under the conditions described in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health. Immediately after decapitation, liver was extracted 
and placed in ice-cold sucrose buffer (0.25 M sucrose, 10 mM Tris-HCl, 1 mM EDTA, 0.1% ethanol,  
pH = 7.4), diced and rinsed with the same buffer to remove remaining blood. After blotting dry with 
paper, the liver pieces were weighed and the same buffer was added in a ratio of 1:6 liver/buffer (w/v) 
and homogenized using a Potter-Elvehjem homogenizer. Rat liver mitochondria (RLM) were prepared 
as described previously [64] and stored at 0 °C for 4–5 h in a buffer containing 0.25 M sucrose, 10 mM 
TRIS-HCl, 0.5 mM EDTA (pH 7.2), and 0.5 g/L essentially fatty-acid-free bovine serum albumin. 

4.13. Hepatic Mitochondrial Function 

Respiratory parameters of mitochondria isolated from control and LPS-treated rats were determined 
with a Clark-type oxygen electrode (OROBOROS Ltd, Innsbruck, Austria). Rat liver mitochondria  
(0.5 mg/mL) were incubated in a buffer consisting of 105 mM·KCl, 20 mM TRIS-HCl, 1 mM 
diethylenetriaminepentaacetic acid, 5 mM·KH2PO4, and 1 mg/mL fatty acid-free bovine serum albumin 



Biomolecules 2015, 5 695 
 

 

(pH 7.4, 25 °C). Respiration was stimulated by the addition of 10 mM succinate in the presence of 
rotenone (1 �g/mL; complex II). The transition to state 3 respiration was induced by addition of 200 �M 
ADP and used as parameter for ATP synthesis. 

4.14. Data Analysis and Statistics 

Data processing and graphics were made using Excel or SPSS 15 (SPSS Inc., Chicago, IL, USA). 
Data from experiments performed with cells and isolated mitochondria were analyzed by one-way 
ANOVA followed by LSD post hoc test using SPSS. Data from experiments using liver tissues obtained 
from animals were subjected to non-parametric analysis using Kruskal-Wallis. Differences to the control 
were considered significant when p < 0.05, and are indicated. The numbers of independent samples (n) 
are indicated in figure legends. 

5. Conclusions 

We found that HO activity can be determined in each type of sample by the modified photometric 
extraction assay when the adsorption of BR to protein is accounted for. Additionally this shows that BR 
that is newly formed by the HO reaction may tightly adsorb to intracellular protein, and thereby modulate 
the function of sensitive target structures. We found that HO protected mitochondria from hemin-induced 
toxicity. BR at concentrations that were only slightly higher than the physiological concentrations  
was capable of inhibiting cell metabolism and proliferation and inducing a stress response at the ER.  
In BRL3A cells the primary target modulated by BR was the ER, which indicates that HO may modulate 
ER function via newly formed BR. 

Acknowledgments 

The authors thank Annika Cronstedt-Fell, Jasmin Weeger, and Carmen Konzett for skilled assistance 
in performing and analyzing cell culture experiments. The technical support of Susanne Haindl, performing 
the experiments with isolated mitochondria, is greatly acknowledged. The study was supported by FWF 
(Austria, project P211221-B11 assigned to Andrey V. Kozlov). 

Author Contributions 

Andrea Müllebner planned the experiments, performed qPCR experiments, analyzed data, wrote first 
version and revised the manuscript. Rudolf Moldzio performed viability assays and analyzed the data. 
Heinz Redl designed part of the study and supervised the animal experiments. Andrey V. Kozlov and  
J. Catharina Duvigneau designed the study, performed experiments with mitochondria, optimized the assay 
for the determination of the heme oxygenase activity and contributed to the writing and editing of the 
manuscript. 

Abbreviations 

BR Bilirubin 
BV Biliverdin 
Diff. OD background corrected optical density 



Biomolecules 2015, 5 696 
 

 

Appendix 

 

 

Figure A1. The suitability of the newly designed primers was verified in separate experiments 
by performing dilution series using the PCR products (Table A2) as well as dilution series 
of a cDNA pool (A). In melt curve (B) and amplification plots (B) samples are shown in 
green while controls (no reverse transcription control and no template control) are shown in 
yellow and orange respectively.  
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Table A1. Information about Intron-spanning primers. 

Table A2. Optimized protocol and validation studies using amplificate dilution series 

Target Annealing 
temp (°C)/time (sec) 

Extension 
temp (°C)/time (sec) 

�Ct 
(RT+ to RT�) slope Correlation-Coefficient 

(Pearson) R2 
Verified dynamic 

range 

XBP-1 65/30 72/20 not detected �3.537 0.997 105 
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interaction between Mitochondrial 
reactive Oxygen species, heme 
Oxygenase, and nitric Oxide 
synthase stimulates Phagocytosis  
in Macrophages
Andrea Müllebner1,2, Gabriel G. Dorighello3, Andrey V. Kozlov2 and J. Catharina 
Duvigneau1*

1 Institute for Medical Biochemistry, University of Veterinary Medicine Vienna, Vienna, Austria, 2 Ludwig Boltzmann Institute for 
Experimental and Clinical Traumatology, Vienna, Austria, 3 Department of Structural and Functional Biology, Biology Institute, 
University of Campinas, Campinas, Brazil

Background: Macrophages are cells of the innate immune system that populate every 
organ. They are required not only for defense against invading pathogens and tissue 
repair but also for maintenance of tissue homeostasis and iron homeostasis.

aim: The aim of this study is to understand whether heme oxygenase (HO) and nitric oxide 
synthase (NOS) contribute to the regulation of nicotinamide adenine dinucleotide phosphate 
oxidase (NOX) activity and phagocytosis, two key components of macrophage function.

Methods: This study was carried out using resting J774A.1 macrophages treated with 
hemin or vehicle. Activity of NOS, HO, or NOX was inhibited using specific inhibitors. 
Reactive oxygen species (ROS) formation was determined by Amplex® red assay, and 
phagocytosis was measured using fluorescein isothiocyanate-labeled bacteria. In addi-
tion, we analyzed the fate of the intracellular heme by using electron spin resonance.

results: We show that both enzymes NOS and HO are essential for phagocytic activity 
of macrophages. NOS does not directly affect phagocytosis, but stimulates NOX activity 
via nitric oxide-triggered ROS production of mitochondria. Treatment of macrophages 
with hemin results in intracellular accumulation of ferrous heme and an inhibition of 
phagocytosis. In contrast to NOS, HO products, including carbon monoxide, neither 
clearly affect NOX activity nor clearly affect phagocytosis, but phagocytosis is acceler-
ated by HO-mediated degradation of heme.

conclusion: Both enzymes contribute to the bactericidal activity of macrophages inde-
pendently, by controlling different pathways.

Keywords: macrophage, phagocytosis, heme oxygenase, nitric oxide synthase, reactive oxygen species, rOs, 
mitochondria

inTrODUcTiOn

Macrophages are cells of the innate immune system that can be found in all tissues. They are required 
for maintenance of tissue homeostasis, defense against invading pathogens, tissue repair, and red 
blood cell recycling. Macrophages maintain homeostasis by receptor-mediated recognition and 
phagocytic uptake of pathogenic or microbial material and damaged or apoptotic host cells.
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Degradation of the material taken up by phagocytosis is 
achieved via proteolytic enzymes and facilitated by the so-called 
oxidative burst. This involves the formation of reactive oxygen 
species (ROS) and nitric oxide (NO). Nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase (NOX) residing in 
the phagosomal membrane reduces oxygen (O2) to superoxide 
anion (O⦁

2
−). This leads to the formation of hydrogen peroxide 

(H2O2) and the subsequent generation of highly reactive hydroxyl 
radicals via the Fenton reaction or the synthesis of hypochlorite 
by myeloperoxidase. In addition, the reaction of ROS with NO 
yields peroxynitrite, which together with hypochlorite is very 
effective antimicrobial agent (1). Altogether these reactive species 
are termed as reactive oxygen and nitrogen species.

Also mitochondrial ROS (mtROS) plays an important role 
in various innate immune signaling pathways (2). They activate 
NOX (3–5), the NLRP3 inflammasome (6), and were shown to 
drive synthesis of inflammatory cytokines (7). Furthermore, 
mtROS are believed to increase the phagocytic activity of mac-
rophages (8).

It is known that generation of mtROS is regulated by diatomic 
gaseous messengers such as NO (9) and carbon monoxide (CO) 
(10). NO is formed from arginine by nitric oxide synthases 
(NOSs) and is a ubiquitous signaling messenger involved in 
multiple pathophysiologic reactions (11). NO acts as a revers-
ible inhibitor of mitochondrial respiration by competing with 
O2 for binding to the heme moiety of cytochrome c oxidase 
(COX). NO also reacts with iron sulfur clusters in complex I and 
II of the mitochondrial electron transport chain (mETC) (12). 
However, this effect is more likely assigned to the formation of 
peroxynitrite. Peroxynitrite inhibits the complexes of the mETC 
irreversibly (13). Both reversible and irreversible inhibitions of 
the mETC were shown to enhance mtROS formation in different 
model systems (9).

CO is a product of heme degradation by heme oxygenase (HO). 
CO targets cellular heme-containing proteins, including soluble 
guanylate cyclase (14, 15), NOS (16, 17), and NOX (18). Similar to 
NO, CO also competes with O2 for binding to COX. Higher levels 
of CO were shown to inhibit COX and to raise the production of 
mtROS, without decreasing mitochondrial potential (19).

Nitric oxide synthase and HO play an opposing role for the 
regulation of macrophage function, despite the similarity of the 
biological action of NO and CO. Macrophages with elevated NOS 
activity are considered to display a pro-inflammatory phenotype, 
associated with the generation of NO and peroxynitrite (20). In 
contrast, upregulated HO is associated with a tissue-protective 
phenotype (21, 22) and suppressed pro-inflammatory cytokine 

production. Obviously macrophages need to adapt their pheno-
type in accordance to the environment. Meanwhile it has become 
evident that the phenotype of macrophages displays a higher 
plasticity and a more dynamic functional repertoire than previ-
ously recognized (23).

Macrophages are particularly challenged under conditions of 
hemolysis, when they encounter increased levels of hemoglobin 
or free heme. Endocytosis of haptoglobin-bound hemoglobin 
via CD163 or uptake of the heme/hemopexin complex (24) lead 
to increased levels of intracellular heme (25) and initiate heme-
mediated signaling cascades, among others upregulation of HO 
(26, 27). Recently, it was shown that the treatment of macrophages 
with hemin (ferric heme) inhibited phagocytosis (28). Currently, 
it is not clear whether the redox state of the central iron ion of the 
heme molecule is relevant for the inhibition of phagocytosis and 
thus for the regulation of macrophage function.

The iron ion in protoporphyrin can exist in a ferrous (Fe2+, 
ferroprotoporphyrin, or heme) or in a ferric form (Fe3+, ferripro-
toporphyrin, or hemin), which can be further oxidized yielding 
ferryl species (29). The intracellular reactions mediated by either 
species are supposed to differ considerably. It is known that at 
least some heme-dependent processes critically depend on the 
redox state of heme. Ferrous heme acts as a potent catalyst of 
the Fenton reaction generating highly active ROS. However, as 
a regulator of protein function, heme appears to preferentially 
act in its ferric form within the cell. Ferric heme, and not ferrous 
heme, was shown to activate RNA-binding protein DGCR8 (30). 
Function of the heme-containing enzymes, NOS and cytochrome 
p450, requires binding of ferric heme (31). It further appears that 
an enhanced degradation of heme also requires ferric heme, as 
it mediates proteasomal degradation of the Bach repressor (32), 
which is required to induce HO-1 transcription. To shed light 
on the intracellular heme pool, we questioned whether the treat-
ment of J774A.1 cells with ferric heme (hemin) would result in 
determinable amounts of ferrous heme.

aims
The aim of this study is to investigate the contribution of NOS 
and HO to the regulation of NOX activity and phagocytosis. 
Particular attention was paid to the role of mtROS and hemin as 
modulators of ROS generation and phagocytic activity.

MaTerials anD MeThODs

Material
All chemicals used in this study were obtained from Sigma-
Aldrich (St. Louis, MO, USA). HO inhibitors [tin protopor-
phyrin (SnPP), zinc protoporphyrin (ZnPP), and chromium 
mesoporphyrin (CrMP)] were obtained from Frontier Scientific 
(Logan, UT, USA). Fetal calf serum was purchased from Bio & 
Sell (Nürnberg, Germany).

cell culture
J774A.1 mouse macrophages (TIB-67™; ATCC®, Manassas, VA, 
USA) were grown in Dulbecco’s modified Eagle’s medium con-
taining high glucose (glucose 25 mM, glutamine 4 mM, sodium 

Abbreviations: CO, carbon monoxide; COX, cytochrome oxidase; CrMP, 
chromium mesoporphyrin; DEA/NO, diethylamine NONOate; DETA/NO, 
diethylenetriamine NONOate; DPI, diphenyleneiodonium chloride; ESR, electron 
spin resonance; HO, heme oxygenase; HRP, horseradish peroxidase; l-NAME, 
l-NG-nitro-arginine methyl ester; mETC, mitochondrial electron transport 
chain; mtROS, mitochondrial ROS; NADPH, nicotinamide adenine dinucleotide 
phosphate; NO, nitric oxide; NOS, nitric oxide synthase; NOX, NADPH oxidase; 
NOX-ROS, NADPH oxidase-derived ROS; PMA, phorbol 12-myristate 13-acetate; 
RONS, reactive oxygen and nitrogen species; ROS, reactive oxygen species; SnPP, 
tin protoporphyrin; TC, S-methyl-l-thiocitrulline; ZnPP, zinc protoporphyrin.
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FigUre 1 | Scheme illustrating the approach for measuring total, 
mitochondrial (mt) and nicotinamide adenine dinucleotide phosphate oxidase 
(NOX)-derived reactive oxygen species (ROS) formation. Superoxide radicals 
formed by either mitochondrial electron transport chain or NOX are converted 
to hydrogen peroxide (H2O2) by mitochondrial and cytoplasmic superoxide 
dismutase (SOD1 and SOD2). H2O2 capable of diffusing through membranes 
reacts with Amplex® red to resorufin on an equimolar basis in presence of 
horseradish peroxidase (HRP). Hence fluorescence of resorufin (excitation: 
530–560 nm; emission: 590 nm) can be used as an indirect measure of ROS 
formation. Determination of mitochondrial ROS (mtROS) is achieved by 
inhibition of NOX using diphenyleneiodonium chloride (DPI). Difference of total 
and mtROS formation reflects NOX-ROS levels.
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bicarbonate 1.5 g/l, and sodium pyruvate 1 mM), supplemented 
with 10% fetal calf serum. They were grown either adherently 
in cell culture flasks or in suspension in roller culture. The cells 
were kept in a humid incubator with 95% of air and 5% of carbon 
dioxide at 37°C.

inhibition of Underlying hO activity of 
J774a.1 cells
The presence of basal HO activity was confirmed in homogenates 
of J774A.1 cells using an optimized enzyme-coupled spectropho-
tometric assay detecting the final product bilirubin (33) (data 
not shown). Full inhibition of enzyme activity determined in 
the presence of hemin (20 µM) was found for the HO inhibitors 
ZnPP, SnPP, and CrMP at equimolar concentration (20 µM; data 
not shown). In situ HO activity was confirmed by the detection 
of bilirubin in the cell culture supernatant formed from hemin 
(20 µM) after incubation overnight as elsewhere described (33).

inhibition of nOs activity
The basal activity of NOS was confirmed indirectly by the 
acceleration of mitochondrial O2 consumption rates by NOS 
inhibitors (data not shown). Effective concentrations of the 
inhibitors were determined by measuring nitrite (NO2

−) forma-
tion from lipopolysaccharide-treated (1 µg/ml for 16 h) J774A.1 
cells. NO2

− formation was fully inhibited at concentrations of 
10 mM l-NG-Nitro-arginine methyl ester (l-NAME) and 50 μM 
S-methyl-thiocitrulline (TC; data not shown).

Determination of Total rOs, mtrOs, and 
naDPh-Derived rOs (nOX-rOs)
Reactive oxygen species formation was quantified using Amplex® 
red (Molecular Probes, Eugene, Oregon, USA). Before the experi-
ment (24  h), the cells were seeded in low-fluorescence 96-well 
plates at a density of 6 ×  104 cells per well. Experiments were 
performed in 100 µl Krebs buffer [NaCl (135 mM), KCl (5 mM), 
MgSO4 (1  mM), K2HPO4 (0.4  mM), CaCl2 (1  mM), HEPES 
(15 mM), and glucose (25 mM); pH 7.4] containing Amplex® red 
(10 µM), horse radish peroxidase (HRP; 0.2 U/mL), and phorbol 
12-myristate 13-acetate (PMA; 1  µM). Contribution of mito-
chondria, NOS, and HO to the determined ROS formation was 
investigated using mitoTEMPO (0.5 µM) or inhibitors of either 
NOS (L-NAME, 10 mM) or HO (SnPP, 20 µM). Each condition 
was measured in the presence and absence of the NOX inhibitor 
diphenyleneiodonium chloride (DPI, 0.05 µM). Plates were kept 
in the dark at 37°C for 35  min measuring fluorescence of the 
formed resorufin (excitation: 530 nm, emission: 590 nm) every 
5 min. The fluorescence signals were corrected for background 
fluorescence determined in wells without cells. The slope of the 
regression lines calculated from the first 15  min of resorufin 
formation was taken as H2O2 release rate and was displayed as 
percentage of total H2O2 release rate in controls. Rates detected 
in the absence of DPI reflected total H2O2 production; rates in the 
presence of DPI were taken as a measure for the mitochondrial 
H2O2 production. The difference between total and mitochondrial 
H2O2 production was used as a measure for the H2O2 generation 
by NOX activity (Figure  1). Modulation of ROS formation 

by mtROS (mitoTEMPO) was determined in n =  5, by NOS 
(L-NAME) and HO (SnPP) in n = 3 independent experiments. 
Each condition was measured in technical replicates of n = 6.

Determination of Phagocytosis
Phagocytic activity was assessed by using Phagotest™ (Glycotype 
Bioscience; Berlin, Germany) according to the following proto-
col. 1 × 106 cells were suspended in 200 µl Dulbecco’s modified 
Eagle’s medium buffered with 25  mM HEPES. The suspension 
was treated for 60 min with vehicle (dimethyl sulfoxide) or hemin 
(20 µM) with or without inhibitors of NOS (L-NAME, 10 mM; 
TC, 50 µM) or HO (ZnPP or CrMP, 20 µM). The viability of the 
cells after the initial 60 min of treatment (vehicle, hemin NOS/
HO inhibitors) was analyzed by flow cytometry after propidium 
iodide staining (1 µg/ml) and was always higher than 90% (data 
not shown). Fluorescein isothiocyanate-labeled bacteria (20  µl 
diluted 1:2) were added, and the suspension was incubated at 
37°C under shaking. After 30 min, phagocytosis was stopped by 
placing tubes on ice. Each sample was analyzed in duplicates. In 
addition, a control sample for each condition was kept on ice to 
prevent phagocytosis. After adding of 100 µl ice-cold quenching 
solution and incubation on ice for 3 min, cells were washed with 
ice-cold wash buffer (phosphate-buffered saline containing 0.3% 
fetal calf serum), fixed with 1% paraformaldehyde for 20 min at 
room temperature, washed again, and resuspended in 200 µl wash 
buffer. Uptake of bacteria was assessed on a FACScan (Becton 
Dickinson, Franklin Lakes, NJ, USA) flow cytometer and analyzed 
using Cell Quest 3.1 software (Becton Dickinson, Franklin Lakes, 
NJ, USA). A live gate was set in the scatter plot (forward scatter 
versus side scatter) to exclude debris. The green fluorescence 
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FigUre 2 | Modulation of reactive oxygen species (ROS) formation in J774A.1 cells by mitochondria-targeted antioxidant MitoTEMPO. Hydrogen peroxide (H2O2) 
formation in J774A.1 cells treated with dimethyl sulfoxide (control) or MitoTEMPO (0.5 µM) was triggered by phorbol 12-myristate 13-acetate (1 µM). Formation of 
resorufin from Amplex® red was assessed over 15 min. H2O2 release rates correspond to slopes calculated from resorufin formation kinetics and are displayed as 
percentage of total H2O2 release rate of the controls (a). Mitochondrial H2O2 release (B) was assessed by blocking nicotinamide adenine dinucleotide phosphate 
oxidase (NOX) using diphenyleneiodonium chloride (DPI; 0.05 µM). NOX H2O2 release (c) equals the difference of mitochondrial (B) from total H2O2 release (a). Data 
are presented as mean ± SEM of five independent experiments. Significant differences (p < 0.05) are indicated (**p < 0.01 and ***p < 0.005).
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histogram (FL1, 530/30) was analyzed. Autofluorescence of 
J774A.1 cells was assessed in the respective control samples to 
set a marker for discrimination between non-phagocytosing and 
phagocytosing cells. Percentage of gated events above this marker 
equals the population of phagocytosing cells in the samples. The 
mean fluorescence in this population was taken as a measure for 
the number of bacteria taken up per individual cell. For each 
condition, n = 4 independent experiments were performed.

Determination of Ferrous heme by 
electron spin resonance (esr) 
spectroscopy
To determine the occurrence of intracellular ferrous heme, we 
analyzed the spectra of suspension cells treated for 24  h with 
vehicle, hemin, or hemin plus diethylenetriamine NONOate 
(DETA/NO). 5  min before collecting the cells or the superna-
tants, 1  mM diethylamine NONOate (DEA/NO; 1  mM) was 
added to convert all free ferrous heme into the nitrosylated form. 
The cell suspension was centrifuged (350 × g), the supernatant 
was harvested, and the pelleted cells were washed twice with PBS 
and resuspended in 300 µl phosphate-buffered saline. 300 µl of 
the samples were aspirated in standard 1 ml syringes and shock 
frozen in liquid nitrogen. ESR spectra were recorded at liquid 
nitrogen temperature (−196°C) with a Magnettech MiniScope MS 
200 ESR spectrometer (Magnettech Ltd., Berlin, Germany). The 
general settings were as follows: modulation frequency, 100 kHz; 
microwave frequency, 9.425  GHz; microwave power, 8.3  mW; 
modulation amplitude, 5 G; gain, 200; range, 330 ± 20 mT. Two 
independent experiments were performed.

Data analysis and statistics
Data processing and visualization were performed using Excel 
or GraphPad Prism v6.01 (GraphPad Software Inc., La Jolla, CA, 
USA). Data are presented as means ± SEM. Differences between 
groups were assessed using paired t-test for ROS formation and 
for phagocytosis using matched two-way ANOVA followed by 
Sidak’s multiple comparisons using GraphPad Prism. Differences 
were considered significant when p < 0.05.

resUlTs

Determination of Total rOs, mtrOs, and 
nOX-rOs
The ROS formation from unstimulated cells was below the detec-
tion limit (data not shown). The application of PMA triggered 
ROS generation (Figure 2A) by activating both mitochondria- 
(Figure 2B) and NOX-dependent (Figure 2C) ROS formation. 
On treatment with the mitochondria-targeted antioxidant mito-
TEMPO, total ROS formation was reduced by 30% (Figure 2A). 
MitoTEMPO at 0.5 µM was sufficient to scavenge about 25% of 
mtROS, corresponding to a portion of less than 5% of total ROS 
(Figure 2B). This in turn substantially reduced NOX-ROS forma-
tion (Figure 2C).

effect of nOs inhibition on Formation of 
mtrOs and nOX-rOs
Inhibition of basal NOS activity reduced ROS formation by 30% 
(Figure 3A) in J774.A1 cells. NOS inhibitor attenuated mtROS 
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FigUre 3 | Modulation of reactive oxygen species formation in J774A.1 cells by inhibition of nitric oxide synthase activity with l-NG-nitro-arginine methyl ester 
(L-NAME). Hydrogen peroxide (H2O2) formation in J774A.1 cells in the absence (control) or presence of l-NAME (10 mM) was triggered by phorbol 12-myristate 
13-acetate (1 µM). Formation of resorufin from Amplex® red was assessed over 15 min. H2O2 release rates correspond to slopes calculated from resorufin formation 
kinetics and are displayed as percentage of total H2O2 release rate of the controls (a). Mitochondrial H2O2 release (B) was assessed by blocking nicotinamide 
adenine dinucleotide phosphate oxidase (NOX) using diphenyleneiodonium chloride (DPI; 0.05 µM). NOX H2O2 release (c) equals the difference of mitochondrial (B) 
from total H2O2 release (a). Data are presented as mean ± SEM of three independent experiments. Significant differences (p < 0.05) are indicated (*p < 0.05).
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formation (Figure  3B), which was accompanied by decreased 
ROS formation by NOX (Figure 3C) showing that NOS contrib-
utes to an enhanced NOX-ROS generation. These data suggest 
that NO activates NOX in a mtROS-dependent manner.

effect of hO inhibition on Formation of 
mtrOs and nOX-rOs
In contrast to inhibitors of NOS, we did not observe a significant 
effect of HO inhibitors neither on total ROS (Figure 4A) nor on 
mtROS (Figure 4B) nor on NOX-ROS (Figure 4C) formation. 
However, there was a high tendency of an increased mtROS 
formation from mitochondria (p  =  0.0535) when HO was 
inhibited. Simultaneously the inhibition of HO resulted in a 
decreased NOX-ROS formation by trend (p = 0.0586). Although 
the determined effects of HO inhibition were not strong enough 
to result in significant differences using a replicate number of 3, 
we cannot completely exclude a possible contribution of HO to 
ROS production. Thus, our data suggest that HO and NOS may 
affect mitochondrial ROS production in an opposite way.

effect of nOs inhibitors on Phagocytosis
Inhibition of NOS with l-NAME altered neither the percentage of 
phagocytosing cells (Figure 5A) nor the average number of bac-
teria ingested per cell (Figure 5B). We confirmed the results using 
TC, an alternate inhibitor of NOS. Considering that the action of 
HO and NOS at the level of phagocytosis can be synergistic, we 
repeated the experiment in the presence of hemin, the substrate 
of HO. Hemin strongly impaired phagocytic activity by reducing 
the number of phagocytosing cells (Figures 5A and 6A) and even 

more the amount of bacteria ingested per cell (Figures 5B and 
6B). But even in the presence of hemin, NOS inhibitors had no 
effect on the rate of phagocytosis (Figures 5A,B).

effect of hO inhibitors on hemin 
Modulated Phagocytosis
Since an inhibition of phagocytosis could be exerted either by 
hemin or by the products of HO reaction, we questioned whether 
the inhibition of basal HO activity would prevent the observed 
phagocytosis inhibition. Therefore, we studied phagocytosis in 
the presence of two different HO inhibitors, ZnPP and CrMP. 
Both HO inhibitors per se reduced phagocytosis (Figures 6A,B), 
especially the number of ingested bacteria per cell (Figure 6B), 
suggesting that the inhibition of phagocytosis is due to the accu-
mulation of heme. This was confirmed by the further inhibition of 
phagocytic activity in presence of hemin (Figures 6A,B).

Occurrence of Ferrous heme within cells 
or cell supernatant
Phagocytosis was modulated by changes of HO activity, which 
affects the level of the intracellular heme pool. It is possible that 
the redox state of heme plays a role in this regulation. To under-
stand whether treatment of the cells with ferric heme (hemin) 
would result in occurrence of intracellular ferrous heme, we 
additionally treated the cells with the NO-donor DEA/NO, which 
allows the detection of ferrous heme in its nitrosylated form by 
low-temperature ESR, due to its unique spectrum. Cells exposed 
to 1  mM NO-donor DEA/NO for 5  min did not display any 
NO-related signal (Figure 7A). Cells treated with hemin for 24 h 
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FigUre 5 | Effect of nitric oxide synthase (NOS) inhibition on phagocytic activity of J774A.1 cells. The amount of phagocytosing cells from the entire population [in 
% (a)] and average amount of phagocytosed bacteria per cell (B) was determined. Macrophages were treated with dimethyl sulfoxide or hemin (20 µM) alone 
(control) or with additional NOS inhibitors l-NG-nitro-arginine methyl ester (L-NAME; 10 mM) or S-methyl-l-thiocitrulline (TC; 50 µM). Phagocytic activity was 
assessed using Phagotest Kit (Glycotype Technology). Data are presented as mean ± SEM of four independent experiments. Significant differences are indicated as 
follows (**p < 0.01, ***p < 0.005, and ****p < 0.001).

FigUre 4 | Modulation of reactive oxygen species formation in J774A.1 cells by inhibition of heme oxygenase activity with tin protoporphyrin (SnPP). Hydrogen 
peroxide (H2O2) formation in J774A.1 cells treated with dimethyl sulfoxide (control) or with SnPP (20 mM) was triggered by phorbol 12-myristate 13-acetate (1 µM). 
Formation of resorufin from Amplex® red was assessed over 15 min. H2O2 release rates correspond to slopes calculated from resorufin formation kinetics and are 
displayed as percentage of total H2O2 release rates of the controls (a). Mitochondrial H2O2 release (B) was assessed by blocking nicotinamide adenine dinucleotide 
phosphate oxidase (NOX) using diphenyleneiodonium chloride (DPI; 0.05 µM). NOX H2O2 release (c) equals the difference of mitochondrial (B) from total H2O2 
release (a). Data are presented as mean ± SEM of three independent experiments. p values obtained from the statistical analyses are indicated.

FigUre 6 | Effect of heme oxygenase (HO) inhibition on phagocytic activity of J774A.1 cells. The amount of phagocytosing cells from the entire population [in % 
(a)] and average amount of phagocytosed bacteria per cell (B) was determined. Macrophages were treated with dimethyl sulfoxide (DMSO) or hemin (20 µM) alone 
(control) or with additional HO inhibitors zinc protoporphyrin (ZnPP; 20 µM) or chromium mesoporphyrin (CrMP; 20 µM). Phagocytic activity was assessed using 
Phagotest Kit (Glycotype Technology). Data are presented as mean ± SEM of four independent experiments. Significant differences are indicated as follows 
(*p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001).
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FigUre 7 | Occurrence of ferrous heme determined by low-temperature 
electron paramagnetic resonance (ESR) spectra of J774A.1 cells (a) and 
incubation media (B) after treatment with hemin and nitric oxide (NO) donors. 
Cells were incubated for 24 h with medium alone (control; a) or in the 
presence of hemin (20 µM; b) or hemin (20 µM) and diethylenetriamine 
NONOate (100 µM; c). After incubation, cells were treated with diethylamine 
NONOate (1 mM) for 5 min. Released nitric oxide and ferrous heme form a 
nitrosyl-heme complex giving a triplet structured signal centered at 
g = 2.009. ESR parameters are described in Section “Materials and 
Methods.” Representative spectra of two independent experiments are 
shown. g, g-factor; mT, millitesla.
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and exposed to 1 mM NO-donor DEA/NO for the final 5 min 
showed the ESR signal typical for NO-heme centered at g = 2.009 
and with the characteristic triplet splitting (Figure  7A). This 
signal indicates that at least a small portion of intracellular heme–
iron occurs in a ferrous form. The signal was strongly increased 
after the simultaneous treatment with hemin and DETA/NO for 
24 h (Figure 7A) and exposure to 1 mM NO-donor DEA/NO 
for the final 5 min, suggesting the accumulation of nitrosylated 
heme inside the cell. None of the supernatants showed a signal 
arising from nitrosyl–heme complexes. This indicates that exclu-
sively ferric heme is present extracellularly in the supernatants 
(Figure 7Ba–c) and that the reduction step required to form fer-
rous from ferric heme, allowing the formation of nitrosyl–heme 
complexes, occurred inside the cells.

DiscUssiOn

We studied the role of HO and NOS on ROS generation and 
phagocytosis, two major tasks of macrophages. NOS and HO 
play an opposing role in the regulation of macrophages despite 
the similarity of the biological action of their products NO and 
CO. Macrophages with elevated NOS activity are considered 
to display a pro-inflammatory phenotype, which is associated 
with the generation of NO and peroxynitrite (20). In contrast, 
upregulated HO is associated with a tissue-protective phenotype 
and a suppressed pro-inflammatory cytokine production. The 
anti-inflammatory and tissue-protective effects are believed to 
be mediated mainly by the HO reaction products, CO (34, 35) 
and bilirubin (36). In addition, HO products were shown to 
inhibit inducible NOS expression and NO formation (37, 38). 
Macrophages activated by pro-inflammatory stimuli produce 
high levels of NO, by far exceeding the levels of CO that can be 
reached by active HO. We found that NOS product formation 
in LPS-stimulated J774A.1 cells was several 100-fold higher than 
the generation of HO products upon hemin stimulation within 
the same time (data not shown). Both NO and CO compete with 
oxygen for the binding to heme proteins of the mETC, such as 

COX. Therefore, the different binding affinities and the concen-
tration ratios of all three ligands to each other determine the 
overall effects on the mETC. To avoid competition by excessively 
produced NO, we used macrophages without previous activation 
(resting macrophages), which display only basal NOS activity. To 
trigger ROS generation or phagocytosis, we used PMA stimula-
tion or bacterial preparations, respectively.

mtrOs amplify nOX-rOs Formation
In J774A.1 cells, PMA induced ROS generation from both 
mitochondria and NOX. This is in line with the former report 
using human lymphoblasts (39). It was previously shown that 
mtROS may enhance the activity of NOX (3–5). Since we have 
found that the amount of ROS generated by mitochondria was 
about 10 times lower compared to that generated from NOX, we 
tested whether these levels would be sufficient for an enhance-
ment of NOX activity in J774A1 cells, using the mitochondria-
targeted ROS scavenger mitoTEMPO. As expected, mitoTEMPO 
attenuated mtROS generation, and in addition, it also attenuated 
generation of NOX-ROS, confirming previous findings in acti-
vated macrophages (5). This shows that mtROS contribute to 
NOX-ROS generation also in resting macrophages. In addition, 
these data show that mtROS operate as an amplifier of the NOX-
ROS generation and underpin the role of mtROS as an essential 
regulator of the bactericidal activity of macrophages (5).

Formation of mtROS was shown to be modulated by NO 
and CO (9, 40). Therefore, both gaseous messengers are possible 
candidates for an indirect modulation of NOX-ROS generation 
in macrophages. In addition, it was suggested that NOX as a 
heme protein may be directly inhibited by NO or CO (41, 42). 
In resting macrophages, NOS- and HO-derived NO and CO are 
endogenously produced at low levels. To elucidate the potential 
of such basal enzyme activity to influence the activity of NOX via 
formed gaseous messengers, we applied specific NOS and HO 
inhibitors.

Basal nOs contributes to nOX-rOs 
Formation Via mtrOs in resting 
Macrophages
Inhibition of NOS decreased mtROS formation and subsequently 
NOX-ROS generation. These findings confirm that the ROS-NOS 
cycle, which was previously described in hepatocytes (7), also 
exists in macrophages. In addition, the decrease of formation 
of NOX-ROS by NOS inhibition shows that mtROS formation 
is modulated by NO, possibly via inhibiting mETC. It should 
be noted that the macrophages were not activated and that NO 
production under these conditions is rather low. However, our 
data suggest that also in resting macrophages basal NOS activity 
is sufficient to activate NADPH oxidase in a mtROS-dependent 
manner.

no or limited contribution of Basal hO to 
rOs Formation in resting Macrophages
While NOS inhibition affects only NO levels, HO inhibition 
not only leads to decreased CO levels but also simultaneously 
to decreased levels of ferrous iron and bilirubin. In addition, 
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the inhibition of HO leads to the accumulation of intracellular 
heme and may thereby promote other heme-mediated reactions 
as shown by others (43). Therefore, it is not possible to attribute 
effects in the HO inhibitor-treated cells solely to the absence of a 
single HO product. This and the comparably low concentrations 
of HO products formed by basal HO activity might explain that 
in our model ROS generation was not effected upon inhibi-
tion of HO, contrasting previous findings in RAW 264.A cells 
treated with HO-derived products (35, 36). However, there was 
a trend for a reduction of NOX-ROS generation when HO was 
inhibited. We found additionally that HO inhibition increased 
the mtROS formation by trend, which is in contrast to the 
findings obtained for the inhibition of NOS. Due to the limited 
number of replicates (n = 3), it is not possible to clearly exclude 
a modulatory effect of HO on NOX-ROS and mitochondrial 
ROS production and a possible contribution of HO on ROS 
generation in macrophages. Anyway, our data show that HO 
and NOS differ considerably regarding their contribution to 
mitochondrial ROS production. To find out whether these 
effects are of biological relevance, further studies have to be 
performed.

nOs Does not affect Phagocytosis in 
resting J774a.1 cells
An efficient phagocytosis is essential for macrophage bactericidal 
function, besides sufficient ROS formation. In pro-inflammatory 
macrophages, both NOS (44) and HO activities (45, 46) acceler-
ate the process of phagocytosis. On the other hand, it was shown 
that knocking out HO-1 results in an increased expression of 
macrophage-specific scavenger receptor A (47), which is required 
for phagocytosis and inflammatory signal release (48). Therefore, 
we questioned whether NOS and HO activity contribute to the 
phagocytic activity in resting macrophages as well. NOS inhibi-
tors did neither influence the number of phagocytosing cells 
nor influence the amount of phagocytosed bacteria. It is known 
that the substrate of HO, hemin, is an inhibitor of phagocytosis 
in macrophages (28). Since it is not clear whether NOS or HO 
products show additional modulating properties, we investigated 
phagocytosis in cells treated with hemin and simultaneously 
inhibited HO and NOS activity.

hemin impairs Phagocytosis in resting 
J774a.1 cells
We observed that hemin reduced phagocytic activity, which is 
in line with the study performed by Martins et al. (28). Both the 
number of phagocytosing cells and the amount of bacteria phago-
cytosed per cell were decreased by hemin treatment, and thus, we 
questioned whether this effect is mediated by the formation of 
HO products or by heme itself.

hO Partly restores Phagocytosis by 
Degradation of heme
Co-treatment of cells with hemin and an HO inhibitor further 
decreased the phagocytic activity, suggesting that hemin itself, 
rather than the HO products, modulate phagocytic activity. 
Since active HO degrades heme, these findings suggest that HO 

contributes indirectly to the efficiency of phagocytosis. This is 
supported by the findings that macrophages and neutrophils from 
HO-1 knockout animals showed an impaired bacterial clearance 
upon treatment with heme (28). In addition, we found that treat-
ment with HO inhibitors alone also reduced phagocytic activity. 
HO inhibition is supposed to increase the levels of intracellular 
heme pool, even in the absence of an external heme supplementa-
tion. Thus, our findings indicate that the endogenous basal HO 
activity of J774A.1 cells is sufficient to accelerate phagocytosis. 
Our findings further suggest that it is not the treatment with 
hemin itself, but the change of the level of the intracellular heme 
pool, which is responsible for the modulation of phagocytosis.

heme exists as Ferrous heme in the 
intracellular heme Pool
The reactions catalyzed by heme are dependent on its redox state. 
The availability of heme in the appropriate redox state appears to 
play an important role for its regulator function (49). For exam-
ple, ferric heme, and not ferrous heme, was shown to activate 
RNA-binding protein DGCR8 (30). It is not known whether (i) 
the redox state of heme is relevant for the regulation of phagocy-
tosis, (ii) heme within the heme pool exists predominately in its 
ferrous or ferric form in resting macrophages, and (iii) hemin, 
the ferric chloride salt of heme, increases the ferrous or ferric 
heme portion of the intracellular pool in these cells. Due to the 
reductive environment inside the cell, we expect the intracellular 
heme pool to contain iron predominantly in its ferrous form. 
Thus, we expected that treatment with hemin would result in 
discernable amounts of ferrous heme within J774A.1 cells. Our 
ESR analyses of heme-treated J774A.1 cells confirmed that a 
portion of heme exists in its ferrous form, since treatment with 
NO resulted in a clear nitrosylated heme ESR signal, which was 
absent in the cell supernatants. However, when cells were treated 
with NO throughout the incubation period, a stronger signal was 
determined, indicating an accumulation of the ferrous heme. This 
suggests that hemin treatment feeds the intracellular heme pool 
predominately with ferric heme. Our findings further indicate 
that NO may shift the balance between ferrous and the ferric 
heme toward the ferrous heme, thereby decreasing the portion 
of ferric heme. Upregulation of NOS under pro-inflammatory 
conditions yields higher levels of NO and is therefore supposed 
to favor the balance toward ferrous heme. Ferric heme, however, 
is the substrate of HO (50), which is supposed to predominantly 
decrease the portion of ferric heme. Thus, it is tempting to 
speculate that it is the balance between the ferrous and the ferric 
portion of the heme pool, which determines the predominant 
phenotype of the macrophage.

We admit as a limitation of our study that modulating effects 
of the essential enzymes NOS, HO, and NOX were obtained 
by indirect means, i.e., by using inhibitors of HO and NOS. 
Correspondingly, for impairing NOX activity, we used DPI, which 
is not a selective inhibitor of NADPH oxidases, but an inhibitor 
of all flavoproteins. For all inhibitors, we have chosen the lowest 
concentration that is possible to avoid excessive effects. However, 
further experiments are warranted to confirm our findings, ide-
ally by using complementary methods.
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cOnclUsiOn

We showed that both enzymes NOS and HO are essential for 
important functions of macrophages, namely ROS generation 
and phagocytosis. While NOS, via its product NO, enhances 
ROS production, HO indirectly, via decreasing intracellular 
heme levels, enhances phagocytosis. This indicates that both 
enzymes contribute to the bactericidal activity of macrophages 
independently by controlling different pathways.
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3 Discussion 

Despite intensive research for almost 50 years, the key regulatory mechanisms responsible 

for the development of MODS in critical care patients are still incompletely understood. Due to 

the important role of the liver for immune surveillance and the metabolism, hepatic dysfunction 

or failure in response to systemic inflammation increases the probability for MODS and 

associates with high mortality rates (reviewed in Yan et al. 2014).  

We applied a clinically relevant model of sepsis to dissect the impact of infectious stimuli and 

tissue damage on the hepatic ER-stress and inflammatory response. Both conditions are 

associated with greatly increased enzymatic activities of HO and NOS. In order to elucidate 

their reciprocal association in the onset and shaping of the UPR and the inflammatory 

response, we performed in vitro studies with hepatocyte and macrophage cell lines.  

3.1 Tissue damage and peritoneal infection constitute independent 
triggers of the hepatic UPR and the inflammatory response. 

In this study, we examined a clinically relevant sepsis model (colon ascendens stent peritonitis, 

CASP) (Maier et al. 2004). The CASP model recapitulates polymicrobial abdominal sepsis and 

allows the control of the severity of SIRS via the diameter of the stent inserted into the colonic 

wall (Lustig et al. 2007). We defined the surgical procedure for placing the stent within the 

abdomen and the associated tissue damage as a trigger for releasing injury-associated 

signals. The leakage of fecal microorganisms into the peritoneal cavity via the stent, causing 

infection and peritonitis, was defined as a trigger for the release of infection-associated signals. 

In order to prevent excessive inflammation-associated tissue damage, which is seen in severe 

CASP models (Zhang et al. 2018) and superimposes the tissue damage induced by surgery, 

our samples were obtained from a sepsis model with moderate severity, capable of self-

resolution (Herminghaus et al. 2019). This was confirmed by the De Ritis ratio, the quotient of 

aspartate aminotransferase (AST) and alanine aminotransferase (ALT), which has been 

described as an exquisite marker for hepatocellular damage (Botros and Sikaris 2013). We 

found that early after surgery (24 h) De Ritis ratio and AST levels were elevated in both groups 

undergoing surgery, sham and CASP animals. However, at later time points only (48 h and 

96 h) De Ritis ratio was moderately higher in CASP compared to sham animals. This indicates 

that both, injury-associated signals and infection-associated signals contribute differently to 

liver cell damage.  
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In order to understand the association of liver cell damage with inflammatory response and ER 

stress in the liver, we analyzed markers for inflammation and UPR-signaling in response to 

CASP and sham surgery. The inflammatory response was clearly different in CASP groups 

compared to the sham animals. The pro-inflammatory cytokines IL-6 and TNF-α were 

significantly higher in the CASP group, reaching a maximum at 48 h after surgery with a 

subsequent decline. Interestingly, expression of iNOS and HO-1 revealed major and sustained 

differences between CASP and sham groups throughout the entire observation period. This 

indicates ongoing inflammation-associated stress in the liver, for which both enzymes are 

sensitive markers. Additionally this indicates an increased formation of the enzyme products 

in CASP livers later on. 

In contrast, the expression profiles of UPR markers were similar in both, sham and CASP 

groups. XBP1s, indicating activation of the stress sentinel IRE1α, (van Schadewijk et al. 2012), 

as well as the downstream targets of XBP1s and cleaved ATF6, GRP78 and XBP1 were 

maximal at 24 h and thereafter declined until 72 h after surgery. Phosphorylated eIF2α, 

indicating activation of PERK pathway of UPR, continuously rose throughout the observation 

period to a similar extent in both groups. Markers associated with ER stress induced apoptosis 

increased by 48 h after surgery, with no differences between the groups. These findings 

indicate that injury-associated, not infectious signals are primary inducers of the hepatic UPR 

(Figure 3A). However, in the CASP group UPR markers, XBP1s, XBP1 and GRP78 showed 

stronger correlation with damage markers than in sham animals, suggesting a potential of 

inflammation-associated stimuli for shaping or fine-tuning the hepatic UPR.  

The biatomic gas messengers NO and CO products of NOS and HO, respectively but also HO 

substrate heme, and heme degradation product BR have the potential to affect major 

intracellular functions, especially mitochondrial and ER function (Gáll et al. 2018, Higdon et al. 

2012, Poderoso et al. 1996, Rodrigues et al. 2002, Zuckerbraun et al. 2007). Therefore, NOS 

and HO may modulate cellular UPR via their enzymatic reactions. Obviously, the impact of HO 

and NOS activities on subcellular structures depends on the cell type and its main functions. 

Considering macrophages’ and hepatocytes’ different role in inflammation and liver 

dysfunction, we studied the effect of HO and NOS enzymatic activities on their functions 

separately using in vitro studies. 
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3.2 HO protects mitochondrial integrity against damage mediated by free 
heme.  

Tissue damage or hemolysis increase the levels of circulating hemoglobin and heme in sepsis 

(Adamzik et al. 2012, Larsen et al. 2010). Elevated levels of hemoglobin and heme are 

associated with an adverse effect on outcome in sepsis (Adamzik et al. 2012, Larsen et al. 

2010), just as HO-1 deficiency (Larsen et al. 2010). Thus, HO’s capacity to degrade heme, 

which increases in response to cell injury, contributes to cytoprotection, probably also in our 

CASP model. However, the mechanisms underlying the cytotoxicity of heme and the 

contribution of the generated HO products to cytoprotection incompletely understood. 

Hepatocytes contain of large amounts of ER and abundant mitochondria to execute their 

secretory and detoxifying functions. We aimed at analyzing the effect of heme and HO 

degradation products on mitochondrial and ER function in hepatocytes. Long-term analyzes in 

in vitro studies require a stable gene expression profile. In primary liver cells relatively strong 

changes occur during the first 6 h after isolation, while the liver cell line BRL3A displays a 

relatively stable gene expression profile over several early passages. However, the gene 

expression profile from BRL3A cells clearly differs from whole liver (Boess et al. 2003). 

Therefore, we first tested their sensitivity to hemin and inducers of ER stress. We found them 

similarly responsive as has been described for primary hepatocytes (Borkham-Kamphorst et 

al. 2019, Silomon et al. 2007) or whole livers obtained from in vivo studies (Duvigneau et al. 

2010, Luís et al. 2020).  

In order to analyze the capacity of tissue or cell homogenate to convert heme, we applied our 

in vitro biochemical assay for the determination of HO activity based on spectrophotometric 

quantification of the stable product BR in organic extracts (Kozlov et al. 2010). Additionally, to 

assess the in situ HO activity of living cells, quantification of the formed BR from cell culture 

medium was performed. Both assays were adapted for taking into account the amount of BR 

that escapes from the extraction by adsorption to proteins. The capacity of rat liver homogenate 

and BRL3A cell homogenate degrading heme was similar, confirming suitability of BRL3A cells 

for analyzing the role of HO and investigating the effects of heme or HO products on subcellular 

function.  

Treatment of BRL3A cells with hemin in combination with the heme analogue zinc 

protoporphyrin-IX (ZnPP), a competitive HO inhibitor, revealed that intracellular heme causes 
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a significant drop in mitochondrial membrane potential and increases mitochondrial 

fragmentation. Hemin, but not ZnPP, applied to isolated mitochondria compromised respiratory 

function demonstrating that heme itself, when accumulating within the cell, has the potential to 

compromise mitochondrial function. Since hemin treatment did not result in mitochondrial 

dysfunction in intact cells with operating HO, we questioned, whether the end product BR, 

which has previously been shown to protect the membrane interface against oxidant stress 

(Wu et al. 1991) would afford protection when added in physiological concentrations (Creeden 

et al. 2021) to hemin-challenged mitochondria. However, BR was not able to prevent heme-

mediated decay of mitochondrial function. Instead, we observed that BR reduced the metabolic 

activity of BRL3A cells and decreased the proliferation rate. Already after 8 h, at concentrations 

between 4 µmol/l and 20 µmol/l, BR induced markers indicating activation of UPR. We found 

elevated levels of XBP1s, GRP78 and CHOP. Additionally, we determined increased levels of 

IL-6, suggesting onset of an inflammatory response, which is known to occur in conditions of 

ER stress (Zhang and Kaufman 2008). Thus, it appears that BR is capable to induce a similar 

UPR response as is triggered by pharmacological ER stress inducers (Oakes and Bend 2010, 

Zhang et al. 2006). BR was found to induce UPR also in other cell systems, such as hepatoma 

cells (Oakes and Bend 2010) and neurons (Qaisiya et al. 2017). Since BR is able to associate 

with calcium (van der Veere et al. 1995), it could deplete Ca2+-levels in the ER lumen, and 

thereby directly contribute to ER stress. Metabolic gene expression networks directly respond 

to ER homeostasis (Kim et al. 2020). Therefore, the capacity of BR to sensitize ER likely results 

in the observed reduction in cell proliferation seen in BRL3A cells and a transiently decreased 

secretory activity of hepatocytes. A similar effect has been described in response to ER 

stressors in muscle cells, which lower anabolic processes (Deldicque et al. 2011). Further, liver 

specific depletion of GRP78 results in an exacerbation of liver damage due to an inappropriate 

UPR and a decreased resistance against ER challenging conditions (Ji et al. 2011). By 

sensitizing the ER, BR might induce an enhanced protein processing capacity and thereby 

contribute to stress relief later on, as has been described for the bile salt ER stress reliever 

TUDCA (Gani et al. 2015). 

In conclusion, our data show that the heme-mediated increase in HO activity not only protects 

mitochondrial function, but may additionally enhance the ER stress response in hepatocytes 

(Figure 3B). Thus it is possible that up-regulation of HO in the livers of animal subjected to 

CASP, which we have determined (Müllebner et al. 2022), results in sufficient amounts of BR 

to interfere with UPR signaling. Whether the increased BR production supports the metabolic 
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function by up-regulating UPR, or limits the cytoprotective action of HO by enhancing ER stress 

in hepatocytes needs to be answered in subsequent studies.  

Although heme is predominantly seen as a cytotoxic molecule, capable to induce pro-

inflammatory reactions due to its pro-oxidant character (reviewed in Mendonça et al. 2016), its 

role for the immune response in the liver is under discussion. Heme and its degradation by HO 

play an important role for the polarization of macrophages. Acute hemolysis and 

erythrophagocytosis were shown to abrogate CD40-mediated macrophage activation and to 

decrease inflammatory cytokine secretion of liver macrophages (Pfefferlé et al. 2021). The 

anti-inflammatory heme-effect was mediated by increased intracellular heme levels (Pfefferlé 

et al. 2021), suggesting involvement of HO. Kupffer cells are the major site of expression of 

HO-1 in the liver under physiological conditions and HO-1 is further induced upon inflammatory 

stimuli (Immenschuh et al. 1999). Additionally, Kupffer cells mediate the hepatocellular 

induction of HO-1 in systemic inflammation (Rizzardini et al. 1998). Thus, we can assume that 

the increased HO-1 expression, which we have seen in our CASP model, can be attributed at 

least partially to the liver macrophages. Therefore, we next investigated the role of heme and 

HO on the functional activity of macrophages under resting and inflammatory conditions and 

its interplay with iNOS.  

3.3 While NOS via NO directly contributes to the bactericidal activity of 
macrophages, HO contributes indirectly, by removing heme 

Generation of ROS and NO is critical for the bactericidal function of macrophages. These 

highly reactive species are essential for killing microorganisms after phagocytic uptake 

(reviewed in Fang 2004). mtROS are needed for the activation of the NADPH-oxidase (NOX) 

activity (reviewed in Daiber 2010 and Dikalov 2011), the major source of ROS in macrophages. 

We have previously shown that NOS via the generated NO is capable to boost mitochondrial 

ROS-generation in livers and isolated hepatocytes of rats subjected to LPS (Weidinger et al. 

2015). Increased mtROS generation may relate to the capability of biatomic gaseous 

messengers to inhibit heme-containing enzymes of the mitochondrial electron transport chain. 

This mechanism was shown for direct CO application, which moderately increased mtROS 

production by inhibiting cytochrome C (Zuckerbraun et al. 2007). This effect was associated 

with a decreased TNF-α production and should explain the anti-inflammatory action of CO 

application (Zuckerbraun et al. 2007). However, it is unclear whether a similar effect can be 

elicited by the endogenously formed products. 
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In order to understand contribution of the enzymatic activities of NOS and HO on ROS 

production in macrophages, we used the mouse macrophage cell line J774A.1. Initially, we 

validated the suitability of our system. Macrophages stimulated with LPS produce significant 

amounts of NO, as is exemplified in the kinetics of nitrite (an oxidation product of NO) 

accumulation in the medium of a rodent macrophage cell line, J774A.1 (Unpublished data 
Figure 1). Increased nitrite levels were determined already after 16 h, and further increased 

until 48 h of incubation. Addition of non-isoform selective inhibitors L-NAME or S-methyl-L-

thiocitrulline to LPS-stimulated macrophages vastly blocked NO formation, indicating suitability 

of these compounds to inhibit NOS activity.  

Stimulation of macrophages with 20 µmol/l heme resulted in a markedly increased HO activity. 

This was exemplified by the increased capacity of cell homogenate to degrade heme in-vitro 

assay (Duvigneau et al. 2020, Warenits et al. 2020) and by the many-fold higher amounts of 

BR extracted from the incubation medium of J774A.1 cells treated with heme (in-situ assay). 

The values obtained with both assays yield highly consistent results and correlate with HO-1 

gene expression (Unpublished data Figure 2). Stimulation of cultured J774A.1 cells for 16 h 

with 2 µmol/l heme was already sufficient to increase in-situ HO activity by trend, but 

significantly higher levels of BR accumulated in medium upon stimulation with 20 µmol/l heme 

(Unpublished data Figure 2A). LPS stimulation prior to heme treatment further increased HO 

activity in J774A.1 cells, resulting in a nearly 5-fold higher capacity to convert heme compared 

to the untreated control cells (Unpublished data Figure 2A). Using ZnPP at a concentration 

of 20 µmol/l we found a substantial reduction of the in situ HO activity (Unpublished data 
Figure 3A). ZnPP at this concentration has previously been shown not to interact with NOS 

activity or with the activity of soluble guanylate cyclase (Appleton et al. 1999). Therefore, we 

considered these concentrations suitable for our experiments. However, incubation with ZnPP 

resulted in super-induction of HO-1 (Unpublished data Figure 3B). It can be assumed that 

this effect is mediated by two synergistically operating conditions, the increased intracellular 

heme levels due to the inhibition of heme degradation and the presence of ZnPP. Porphyrins 

are capable to bind to the Bach repressor, leading to recruitment of Nrf2, and thereby enhance 

HO-1 gene expression (reviewed in Schulz et al. 2012). In order to exclude an overcoming of 

HO activity inhibition by increased HO 1 protein abundance, we limited our investigations to 

an incubation time of maximal 16 h, where inhibition was confirmed.  



- 76 - 

 

 

In resting macrophages scavenging of mtROS using mitochondria targeted antioxidant 

mitoTEMPO reduced both, the rates of mitochondrial and NOX mediated ROS release in 

response to Phorbol 12-myristate 13-acetate treatment. These findings point towards the 

essential role of mitochondria in the regulation of NOX in our model. Inhibition of NOS caused 

a similar effect, a decrease of both mitochondrial and NOX mediated ROS generation, 

supporting the involvement of NOS in the regulation of ROS. In contrast, acute inhibition of HO 

did not substantially influence the release of ROS, neither from mitochondria nor from NOX. 

These findings are in contrast to what has been reported for direct application of CO to 

macrophages (Zuckerbraun et al. 2007), suggesting that the amount of CO generated by the 

HO reaction in situ doses not suffice to result in an inhibition of cytochrome c. Thus, NOS, but 

not HO, acutely regulates the release of ROS in macrophages. These data suggest that HO 

does not directly contribute to the biocidal activity of macrophages. This is also confirmed by 

our findings, that stimulation of HO using heme did not affect survival of bacteria phagocytosed 

by J774A.1 cells (Unpublished data Figure 4A, B). However, examination of phagocytosis 

rate revealed that while inhibition of NOS does not influence uptake of bacteria, inhibition of 

HO substantially reduces phagocytic activity. Acutely added hemin further reduced the 

phagocytic activity. Another study confirmed the inhibitory effect of hemin on phagocytosis of 

macrophages, suggesting a disruption of cytoskeletal dynamics as an underlying mechanism 

(Martins et al. 2016). This shows that heme itself, similarly to what we have found for 

hepatocytes, exerts an inhibitory effect on main cellular functions also in macrophages. This 

inhibition is abrogated by HO via removal of heme. We have shown that hemin (with iron in its 

ferric form), when taken up into the cells, is reduced into heme (with iron in its ferrous form), 

which acts as pro-oxidative species. The reduction of phagocytosis may represent a 

mechanism for protecting the cell against excessively increased intracellular heme levels and 

confirms that HO exerts its predominant protection by removal of its substrate  

In LPS treated iNOS-expressing macrophages challenged with hemin the reactions of both 

enzymes, NOS and HO, are supposed to run in parallel, if sufficient substrates are available. 

NO leads to nitrosylation of intracellular ferrous heme (Unpublished data Figure 5A) and thus 

potentially inhibits enzymatic reactions at micromolar concentrations (Juckett et al. 1998). We 

questioned whether active NOS would affect simultaneous heme degradation of macrophages. 

Therefore, we tested the influence of inhibition of NOS enzymatic activity on the HO-1 

expression and HO activity (Unpublished data Figure 5B, C). Inhibition of NOS activity did 

neither affect HO-1 expression nor heme degradation suggesting, that NOS does not regulate 
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HO activity in macrophages, at least under conditions used in our experimental models. In 

contrast, the HO substrate hemin greatly affected NOS as indicated by reduced iNOS gene 

expression and nitrite levels (Unpublished data Figure 6A, B). This is in line with reports of 

decreased iNOS expression and NO production via up-regulation of HO-1 in hemin-treated 

macrophages and astrocytes (Lin et al. 2003, Sheng et al. 2010). Reduction of nitrite levels 

was partly reverted upon adding the HO inhibitor chromium-mesoporphyrin to cultured 

J774A.1, suggesting that formation of an HO product is responsible for this effect. Indeed, our 

findings confirm that BR is able to inhibit NO production in LPS stimulated J774A.1 

macrophages (Unpublished data Figure 6C), similarly to what has been found by others 

(Wang et al. 2004). Additionally, BR reduced the inflammatory response in an in vivo model of 

hind limb inflammation (Wang et al. 2004), indicating that the cellular HO enzymatic activity is 

capable to terminate an up-regulated biocidal activity of macrophages.  

Our data suggest that heme degradation by HO influences macrophage function by two 

pathways; it supports phagocytosis by removing intracellular heme and it down-regulates iNOS 

and limits NO production by increased product generation due to the elevated HO activity. HO 

products, by down-modulating iNOS expression slow down and terminate the pro-inflammatory 

NOS/ROS/NOX pathway, which is required for the bactericidal activity. Thus, heme-induced 

formation of HO products contributes to a time-dependent shift of the macrophage function 

from pro-inflammatory to anti-inflammatory. 

Additionally, UPR has an important role for the regulation of macrophage polarization. 

Knockdown of PERK by RNA silencing increased iNOS and inhibited expression of the anti-

inflammatory marker protein arginase 1, suggesting a pro-inflammatory phenotype (Soto-

Pantoja et al. 2017). Vice versa, LPS-activated macrophages decreased UPR signaling 

induced by pharmacological ER stressors. These macrophages displayed lower expression 

levels of pro-inflammatory cytokines, indicative for a shift of the macrophage polarity towards 

anti-inflammatory (Soto-Pantoja et al. 2017). 

Since we found that HO via BR modulates UPR in hepatocytes, we next analyzed the potential 

of HO substrate and inhibitors to affect UPR in macrophages. We show that treatment with 

LPS up-regulated UPR (Unpublished data Figure 7). LPS-stimulated expression of XBP1 

and GRP78 was completely blocked upon inhibition of endogenous heme degradation using 

ZnPP. However, additional heme, which leads to HO-1 super-induction and partially 

overcomes ZnPP inhibition, was able to restore XBP1 and GRP78 expression levels to some 
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extent (Unpublished data Figure 7A, B). In contrast, ZnPP could not down-modulate 

expression of CHOP, an upstream target of PERK, which increased in response to LPS. 

Hemin-mediated HO induction even further enhanced CHOP expression (Unpublished data 
Figure 7C). Thus, in macrophages heme and HO products both affect stress induced UPR 

signaling. Heme degradation is required to support LPS-induced IRE1α signaling, while CHOP 

expression seems to involve HO product formation, possibly BR, as shown for hepatocytes. 

Thus, our findings show that HO supports the LPS-triggered UPR either by heme removal or 

by accumulation of HO reaction products. Our data might be interpreted that HO by enhancing 

UPR in macrophages contributes to shift polarization of macrophages towards an anti-

inflammatory phenotype (Soto-Pantoja et al. 2017). However this needs to be confirmed by 

additional experiments (Figure 3C). 

Thus, the ER stress response, seen in the livers of our peritonitis rats, likely results from the 

cumulative responses of hepatocytes and macrophages. Both, heme removal and HO 

products generated by heme degradation are capable to sensitize ER and enhance UPR in 

both hepatocytes and macrophages. Although the enhanced UPR may transiently lower the 

secretory function of both, hepatocytes and macrophages, it may contribute to restore 

homeostasis and tissue remodeling and foster resolution of inflammation. 

In conclusion, our findings using cell culture models indicate that HO has an important role in 

controlling central functions of hepatocytes and macrophages. Both cell types can contribute 

to the increased HO-1 expression, which we have found in the liver of CASP animals, and 

which is probably caused by elevated heme levels released during the inflammatory reaction. 

We suggest that both, the removal of heme and the generation of HO products constitute 

different aspects of cytoprotection exerted in a coordinated and time dependent fashion. 

  



- 79 - 

 

 

 
Figure 3: HO activity exerts a beneficial effect on liver ameliorating mitochondrial function 
and modulating macrophage activity. (A) In moderate colon ascendens stent peritonitis 

unfolded protein response (UPR) was primarily associated with surgery (tissue damage), while 

up-regulation of heme oxygenase (HO) -1 and inducible NO synthase (iNOS) observed in this 

model was primarily associated with abdominal infection (inflammatory response). (B) In 

hepatocytes an increased HO activity affects both, mitochondria and ER. Removal of heme 

protects mitochondria from heme induced oxidative damage, while the HO product bilirubin (BR) 

up-regulates UPR. (C) In macrophages NOS supports bactericidal activity by enhancing ROS 

production involving NADPH oxidase activation via increased mitochondrial ROS production. HO 

by heme removal supports phagocytosis. HO products (BR) dampen the inflammatory response 

of macrophages by down-modulating iNOS and possibly by up-regulating PERK-branch of UPR. 
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3.4 Conclusions 
1. Here we show that ER-stress induced in clinically relevant sepsis model is not associated 

primarily with infection but with tissue damage. In contrast, up-regulation of HO-1 and iNOS 

observed in this model was primarily associated with the inflammatory response. 

2. In hepatocytes an increased HO activity affects both, mitochondria and ER. Removal of 

heme protects mitochondria, while the HO product BR sensitizes ER and up-regulates UPR. 

3. In macrophages NOS and HO regulate main macrophage functions distinctly. NOS 

supports bactericidal activity by enhancing ROS production involving NOX activation via 

increased mtROS production. 

4. In contrast, heme removal by HO supports phagocytosis and IRE1α-mediated UPR 

signaling. HO products dampen the inflammatory response of macrophages by down-

modulating iNOS and possibly by up-regulating PERK-branch of UPR. 

Thus, inflammation mediated HO contributes to the restoration of liver homeostasis in 

moderate sepsis by multiple mechanisms. Our findings in hepatocytes and macrophages 

suggest that up-regulation of the cellular HO activity is capable to lower the inflammatory 

response contributes to liver homeostasis, is facilitated by elevated heme levels. 
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4 Summary 

Liver dysfunction constitutes a serious complication in sepsis contributing to disease 

progression and death. It is supposed to result from a functional impairment of parenchymal 

cells induced by metabolic changes going along systemic inflammation. There exists evidence 

suggesting that disturbance of protein folding machinery, a condition called endoplasmic 

reticulum (ER) stress and subsequent induction of the unfolded protein response (UPR) are 

involved in these processes. Whether the initial triggers of hepatic ER stress and UPR are 

associated with tissue trauma or infection has not been addressed so far. Upon systemic 

inflammation heme oxygenase (HO) and nitric oxide synthase (NOS) activities are markedly 

increased due to up-regulation of stress inducible enzymes HO-1 and inducible NOS (iNOS). 

The activities of both enzymes are interactive and assumed to be involved in onset and shaping 

of the UPR and inflammatory response. 

Thus, in the first part of this thesis, we aimed to dissect the role of infection and injury on the 

progression of HO-1 and iNOS gene expression in parallel with UPR markers in liver in a 

clinically relevant sepsis model. The aim of the second part of this thesis was to recapitulate 

the observed changes in hepatocytes and macrophages as they are considered key players 

in the development of liver dysfunction. In the hepatocyte cell line BRL3A we studied the 

protective role of the HO reaction and the HO product bilirubin against heme induced oxidative 

damage of mitochondria and ER. In macrophage cell line J774A.1 we studied the interplay of 

HO and NOS activity and their effects on the functional activity and stress response of 

macrophages under resting and inflammatory conditions. 

Our results show, that ER-stress was not primarily associated with infection but with tissue 

damage in moderate sepsis. In contrast, HO-1 and iNOS were up-regulated in context with 

inflammatory response. Increased HO activity in hepatocytes directly protects mitochondria 

from heme induced oxidative damage by removal of heme, while bilirubin triggers UPR. In 

macrophages HO and NOS independently regulate main macrophage functions. NOS 

supports bactericidal activity by enhancing NADPH oxidase activity via increased 

mitochondrial reactive oxygen species production. HO supports phagocytosis by heme 

degradation, which is also involved in lipopolysaccharide induced UPR signaling. High levels 

of HO products dampen pro-inflammatory response in macrophages by down-modulating 

iNOS possibly in a UPR dependent manner.  
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To summarize, our data show that upon moderate sepsis HO activity exerts a beneficial effect 

on liver ameliorating mitochondrial function and modulating macrophage activity. 
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5 Zusammenfassung 

Leberfunktionsstörungen stellen eine schwerwiegende Komplikation bei Sepsis dar, die zum 

Fortschreiten der Krankheit und zum Tod beiträgt. Die Ursache wird auf die durch systemische 

Entzündung hervorgerufenen Stoffwechselveränderungen und daraus resultierende 

Funktionsbeeinträchtigung parenchymaler Zellen zurückgeführt. Eine Störung der 

Proteinfaltungsmaschinerie, welche als endoplasmatischer Retikulums (ER) Stress  

bezeichnet wird und die dadurch eingeleitete „unfolded protein response“ (UPR) sollen an 

diesem Prozessen beteiligt sein. Ob die primären Auslöser von hepatischem ER-Stress und 

UPR mit einem Gewebetrauma oder einer Infektion zusammenhängen, wurde bisher nicht 

untersucht. Bei systemischen Entzündungen sind durch Hochregulierung der 

stressinduzierbaren Enzyme Hämoxygenase (HO)-1 und der induzierbaren Stickstoffmonoxid-

Synthase (iNOS) die entsprechenden enzymatischen Aktivitäten deutlich erhöht. Diese 

wechselwirken miteinander und es wird angenommen, dass sie an der Einleitung und 

Regulation von UPR und Entzündungsreaktionen beteiligt sind. 

Daher untersuchten wir im ersten Teil dieser Arbeit die Rolle von Entzündung und 

Verletzungen auf den Verlauf der Genexpression von HO-1 und iNOS parallel zu UPR-

Markern in der Leber in einem klinisch relevanten Sepsis-Modell. Das Ziel des zweiten Teils 

dieser Arbeit war es, die beobachteten Veränderungen in Hepatozyten und Makrophagen 

nachzustellen, da diese als Schlüsselakteure bei der Entwicklung von 

Leberfunktionsstörungen gelten. In der Hepatozyten-Zelllinie BRL3A untersuchten wir die 

schützende Rolle der HO-Reaktion und des HO-Produkts Bilirubin gegen Häm-induzierte 

oxidative Schäden an Mitochondrien und ER. In der Makrophagen-Zelllinie J774A.1 

untersuchten wir das Zusammenspiel von HO und NOS-Aktivität und ihre Auswirkungen auf 

Funktion und Stressreaktion von Makrophagen unter Ruhe- und Entzündungsbedingungen. 

Unsere Ergebnisse zeigen, dass ER-Stress bei moderater Sepsis nicht primär mit Infektionen, 

sondern mit Gewebeschäden assoziiert war. Im Gegensatz dazu wurden HO-1 und iNOS im 

Zusammenhang mit der Entzündungsreaktion hochreguliert. Eine erhöhte HO-Aktivität in 

Hepatozyten schützt die Mitochondrien durch Abbau von Häm direkt vor oxidativen Schäden, 

während Bilirubin UPR auslöst. In Makrophagen regulieren HO und NOS unabhängig 

voneinander die wichtigsten Makrophagenfunktionen. NOS unterstützt die bakterizide 

Aktivität, indem es, über eine erhöhte Produktion mitochondrialer reaktiver Sauerstoffspezies, 

die Aktivität der NADPH-Oxidase steigert. HO unterstützt die Phagozytose durch Häm-Abbau, 



- 84 - 

 

 

der auch die Lipopolysaccharid-induzierten UPR-Signalübertragungswege beeinflusst. Hohe 

Mengen an HO-Produkten dämpfen eine proinflammatorische Reaktion in Makrophagen, 

indem sie iNOS, möglicherweise in einer UPR-abhängigen Weise, heruntermodulieren. 

Zusammenfassend zeigen unsere Daten, dass die HO-Aktivität bei moderater Sepsis eine 

positive Wirkung auf die Leber ausübt, indem sie die mitochondriale Funktion verbessert und 

die Makrophagenaktivität moduliert. 
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6 Abbreviations 

ALT  alanine aminotransferase 

AST  aspartate aminotransferase 

ATF  activating transcription factor 

BR  bilirubin 

CASP  colon ascendens stent peritonitis 

CHOP  CAAT/Enhancer binding protein (C/EBP) homolgous protein 

CO  carbon monoxide 

CrMP  chromium mesoporphyrin 

EC  enzyme classification 

eIF2α  eukaryotic translation initiation factor 2 alpha subunit 

eNOS  endothelial nitric oxide synthase 

ER  endoplasmic reticulum 

ERAD  ER associated protein degradation 

GRP78  glucose regulated protein 78 

HO   heme oxygenase 

HS  hydrogen sulfide 

iNOS  inducible nitric oxide synthase 

IRE1  inositol requiring enzyme 1 

IL  interleukin 
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LPS   lipopolysaccharide 

MAPK   p38 mitogen activated protein kinase 

MODS  multiple organ dysfunction 

mtROS  mitochondrial ROS 

nNOS  neuronal nitric oxide synthase 

NADPH  nicotinamide adenine dinucleotide phosphate 

NO  nitric oxide 

NOX   NADPH oxidase 

Nrf2  nuclear factor-erythroid-derived 2 (NF-E2)-related factor 2 

NF-κB   nuclear factor κ-light-chain-enhancer of activated B cells 

NO   nitric oxide 

NOS  nitric oxide synthase 

PERK  protein kinase RNA-activated (PKR)-like ER kinase 

ROS  reactive oxygen species 

RONS   reactive oxygen and nitrogen species 

S1P   site-1 protease 

S2P   site-2 protease 

SIRS   systemic inflammatory response syndrome 

TNF-α   tumor necrosis factor alpha 

UPR   unfolded protein response 
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XBP1  X-box binding protein 

XBP1s  XBP1 spliced 

ZnPP  zinc protoporphyrin-IX 
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8 Appendix 

8.1 Unpublished Data 

A

 

B

 
Unpublished data Figure 1. LPS induces nitric oxide (NO) formation by NO synthase (NOS) in 
J774A.1 cells. Cells were treated with 1µg/ml LPS for 2, 8, 16, 24, 36 or 48 h in DMEM with 10% FCS 

or DMEM with 10% FCS supplemented L-arginine (2 mmol/L). (A) To assess in situ NOS activity, 

amounts of NO oxidation product nitrite (NO2-) in the cell culture supernatants were measured using 

Grieß-method and normalized for the underlying cell counts. (B) Cell counts were determined using 

crystal violet assay (Müllebner et al. 2015) and expressed as cell equivalents (CE; 1 CE corresponds to 

106 cells). Three independent experiments were performed (n=3). Data are shown as mean +/-SEM. 

Statistical differences between control and LPS groups were calculated using homoscedastic two-sided 

Students t-test and are indicated by *p<0.05, **p<0.01, ***p<0.001. (A)(B) A preliminary version of these 

data has been published in (Michenthaler 2016). 
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Unpublished data Figure 2. Hemin augments HO activity by induction heme oxygenase (HO) 1 
expression. Two sets of J774A.1 cells were either left untreated (control) or pretreated with LPS 

(1µg/mL). After 2 h each group was split into three subgroups and treated with additional vehicle 

(DMSO), hemin (2 µmol/L) or hemin (20 µmol/L) for another 16 h. (A) The in situ HO activity was 

determined by extraction and spectrophotometric quantification of bilirubin (BR) accumulating in the cell 

culture medium in 16 h. It was normalized for underlying cell count assessed by crystal violet assay (see 

legend Fig. X). Data are presented relative to vehicle control (n=3). (B) The in vitro HO activity was 

determined in homogenates of J774A.1 cells using a biochemical assay. Amount of BR (nmol) formed 

in 30 min per mg cell-protein was determined (Duvigneau et al. 2020). Data are presented relative to 

vehicle-control (n=2). (C) HO-1 mRNA levels were determined by reverse transcription qPCR. Data were 

normalized for internal reference genes cyclophilin A and hypoxanthine phosphoribosyltransferase and 

are displayed relative to vehicle-control (n=3). Data are shown as mean +/- SEM. Statistical differences 

were calculated using matched two way ANOVA followed by Bonferroni multiple comparison test and 

are indicated by *p<0.05, **p<0.01 ***p<0.001. (A)(B) A preliminary version of these data has been 

published in (Michenthaler 2016) 
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Unpublished data Figure 3. Heme oxygenase (HO) inhibitor zinc protoporphyrin (ZnPP) leads to 
super-induction of HO-1 gene expression. Two sets of J774A.1 cells were either left untreated 

(control) or pretreated with LPS (1µg/mL). After 2 h each set was split into 4 subsets and treated with 

additional  vehicle (DMSO), hemin (20 µmol/L), ZnPP (20 µmol/L) or the combination of hemin 

(20 µmol/l) and ZnPP (20 µmol/L) for another 16 h. (A) In situ HO activity was determined by extraction 

and spectrophotometric quantification of bilirubin (BR) formed in situ (see legend of Fig. XI) and is 

presented relative to vehicle-control (n=2). (B) Gene expression of HO-1 was determined as described 

(see legend of Fig. XI) and is given relative to vehicle-control (n=3). Data are shown as mean +/- SEM. 

Statistical differences were calculated using matched one way ANOVA followed by Bonferroni multiple 

comparison test and are indicated by *p<0.05, **p<0.01, ***p<0.001. . (A)(B) A preliminary version of 

these data has been published in (Michenthaler 2016) 
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Unpublished data Figure 4. Activity of nitric oxide synthase (NOS) but not heme oxygenase (HO) 
supports bactericidal activity of J774A.1 macrophages. (A) Schematic overview of the method for 

analyzing bactericidal activity adapted from Subashchandrabose et al. (2013). In two 24 well plates 

J774A.1 cells (0,5 x 106 cells/well) were incubated with E. coli for 30 min at 37°C (phagocytosis phase). 

Thereafter, cells were washed with PBS (supplemented with Ca2+ and Mg2+ and gentamicin 200 µg/mL) 

to eliminate extracellular bacteria and stop phagocytosis. At this point (T0) cells in one plate were lysed 

by saponin (1 %) and plated on agar (Luria Bertani agar plates) for determining the number of colony 

forming units (CFU) which equals number of viable phagocytosed bacteria. The cells on the second 

plate were incubated with the test substances or vehicle for another 180 min (killing phase). At the 

consecutive time point (T1) number of viable phagocytosed bacteria was assessed by lysing cells with 

saponin (1%) and determination of CFU. CFU were quantified by counting colonies grown over night at 

37°C on LB-plates inoculated with 1/500th of lysed cells. Survival rate was calculated in % of viable 

bacteria at T1 (CFU T1) from the total amount of phagocytosed bacteria (CFU T0). (B) Survival rates in 

presence of HO substrate hemin (20 µmol/L) and NOS inhibitor L-NAME (10 mmol/L) are displayed 

relative to mean of vehicle (DMSO) control (n=7). Data are shown as mean +/- SEM. Statistical 

differences to vehicle-control were calculated using matched two way ANOVA and are indicated by 

*p<0.05. 
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Unpublished data Figure 5. NO derived by nitric oxide synthase (NOS) activity does not affect 
heme oxygenase (HO) 1 expression and HO activity in macrophages. (A) Two sets of J774A.1 cells 

were either left untreated (control) or treated with LPS (1µg/mL). After 8 h LPS treated cells were split 

in two groups. One LPS group was treated with additional vehicle (DMSO), the other LPS and the control 

group with additional hemin (20 µmol/l) for 60 min. Accumulation of nitrosyl-heme complex formed from 

released NO and ferrous heme was determined in the cells by low-temperature electron paramagnetic 

resonance (ESR). Nitrosyl-heme complex gives a triplet structured signal centered at g = 2.009. ESR 

parameters were as follows: modulation frequency, 100 kHz; microwave frequency, 9.425 GHz; 

microwave power, 8.3 mW; modulation amplitude, 5 G; gain, 50; range, 330 ± 30 mT. Spectrum of one 

representative experiment is shown. g, g-factor; mT, millitesla. (B)(C) J774A.1 cells were treated with 

vehicle (PBS) or NOS inhibitor S-methyl-L-thiocitruline (TC, 50 µmol/L) alone or in combination with LPS 

(1 µg/mL) for 8 h (B) or 16 h (C). (B) HO-1 mRNA levels were determined by reverse transcription qPCR 

(see legend Fig XI). Data are displayed relative to mean of vehicle-control (n=3). (C) In situ HO activity 

was determined as described (see figure legend XI). Data are presented relative to vehicle control (n=5). 

Data are shown as mean +/- SEM. No statistical differences were found using matched two way ANOVA. 
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Unpublished data Figure 6. Heme oxygenase (HO) substrate hemin diminishes inducible nitric 
oxide synthase (iNOS) expression and NOS activity. (A)  A set of J774A.1 cells was pretreated with 

LPS (1µg/mL). After 2 h they were split in two groups treated with additional vehicle (DMSO) or hemin 

(20 µmol/L). Vehicle treated control was run in parallel. Gene expression levels of iNOS were 

determined by reverse transcription qPCR (see legend Fig XI). Data are displayed relative to vehicle-

control (n=3). (B) A set of J774A.1 cells was pretreated with LPS (1 µg/mL). After 2 h they were split 

into 4 subgroups and treated with additional vehicle (DMSO), hemin (20 µmol/L), HO inhibitor chromium 

mesoporphyrin (CrMP, 20 µmol/L) or the combination of hemin (20 µmol/l) and CrMP (20 µmol/L) for 

another 16 h. In situ NOS activity was assessed as described (see legend of Fig. X) and presented 

relative to LPS-vehicle controls (n=3). (C) A set of J774A.1 cells was pretreated with LPS (1µg/mL). 

After 2 h they were split in three groups treated with additional vehicle (DMSO), bilirubin (4 µmol/L) or 

bilirubin (20 µmol/L). In situ NOS activity was assessed as described (see legend of Fig. X) and 

presented relative to LPS-vehicle controls (n=2). Data are shown as mean +/- SEM. Statistical 

differences were calculated using (A) two sided paired students t-test, (B) matched two way ANOVA or 

(C) matched one way ANOVA followed by Bonferroni multiple comparison test and are indicated by 

*p<0.05, **p<0.01, ***p<0.001. (B) A preliminary version of these data from has been published in 

(Michenthaler 2016) 
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Unpublished data Figure 7. Inhibition of heme oxygenase (HO) activity alleviates LPS triggered 
unfolded protein response (UPR). Two sets of J774A.1 cells were either left untreated (control) or 

pretreated with LPS (1µg/mL). After 2 h either group was split into 4 subgroups and treated with 

additional vehicle (DMSO), hemin (20 µmol/L), zinc protoporphyrin (ZnPP, 20 µmol/L) or the 

combination of hemin (20 µmol/l) and ZnPP (20 µmol/L) for another 16 h. Expression levels of UPR 

genes (A) glucose regulated protein 78 (GRP78), (B) X-box binding protein (XBP1) and (C) 
CAAT/enhancer binding protein (C/EBP) homologous protein (CHOP) were determined by reverse 

transcription qPCR as described (see legend of Fig. XI). Data are displayed relative to mean of vehicle-

control (n=3). Data are shown as mean +/- SEM. Statistical differences were calculated using matched 

one way ANOVA followed by Bonferroni multiple comparison test and are indicated by *p<0.05, 

**p<0.01, ***p<0.001. 
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