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Zusammenfassung 

In der Leber, als wichtiges metabolisierendes Organ des Menschen, laufen eine Vielzahl an komplexen 

Signalwegen oft gleichzeitig ab. An diesen Prozessen sind nicht nur Hepatozyten, sondern auch 

Kupffer-Zellen, als größte Population an leberständigen Makrophagen, involviert. In der vorliegenden 

Arbeit wurden – ausgehend von den spezifischen Effekten von Bisphenol A-Derivaten – bei der 

Hepatozyten-ähnlichen Zelllinie HepG2 strukturabhängige und molekularbiologische Reaktionsmuster 

untersucht. Diese chemikalieninduzierten Effekte wurden auch über eine indirekte Ko-Kultivierung von 

HepG2-Zellen mit der Makrophagen-ähnlichen differenzierten Zelllinie THP-1 detektiert. Dabei ist ein 

kausaler Zusammenhang zwischen strukturellen Änderungen des Bisphenol A-Moleküls und der 

mitochondrialen Membrandepolarisation mit anschließend eingeleiteter intrinsischer Apoptose 

gezeigt worden. Dieser spezifische zelluläre Effekt von zusätzlichen Methylgruppen des Moleküls 

konnte in der indirekten Ko-Kultur anhand einer erhöhten Sekretion des prognostischen Faktors TNF-α 

erklärt werden. Diese TNF-α Sekretion war zusätzlich auch ein Beleg für die erhöhte chemische 

Sensitivität der indirekten Ko-Kultur gegenüber der Einzelkultur von HepG2 Zellen. Diese Sensitivität 

ließ sich – entsprechend der Daten in dieser Arbeit – auf eine erhöhte Aktivität metabolisierender 

Enzyme (zum Beispiel der Cytochrom-P450-abhängigen Monooxygenase 1A1) und eine vermehrte β-

Oxidation der intrazellulären Fettsäuren, was eine Reduzierung der intrazellulären Lipidtröpfchen nach 

sich zieht, zurückführen. All diese Änderungen sind begründet auf dem pro-inflammatorischen Einfluss 

der differenzierten THP-1 Zellen. Durch deren Sekretion von löslichen Faktoren (z.B. Zytokine) werden 

inflammatorische Signalwege in den Hepatozyten induziert. Die Korrelationsnetzwerke der 

Zytokinsekretion deuten dabei darauf hin, dass in der Ko-Kultur eine additive, sich gegenseitig 

ergänzende Reaktionslage der zwei verwendenden Zelllinien vorherrscht. Eine solche indirekte Ko-

Kultivierung kann auch durch den Einsatz von primären, humanen, immortalisierten Hepatozyten 

(Fa2N-4) und Makrophagen aus primären humanen Monozyten (MDM) realisiert werden. Dabei wird 

im Korrelationsnetzwerk eine Zell-Zell-Kommunikation über die entsprechend sekretierten Zytokine 

detektierbar. Durch das Verhältnis der Zellzahl von MDM- zu Fa2N-4-Zellen kann der 

„inflammatorische Status“ des Systems beeinflusst werden. So ist die Erhöhung der MDM-Zellzahl an 

eine veränderte Expression von Genen (basierend auf Transkriptomdaten der Fa2N-4-Zellen) der 

akuten Phase-Reaktion gekoppelt. Das in dieser Arbeit verwendete Zellsystem reagiert auf die 

Behandlung durch potenziell Leberschäden induzierende Pharmazeutika wie Diclofenac und 

Adalimumab, sowie auf Lipopolysaccharide, mit einer Abweichung in der Zytokinsekretion. Dabei sind 

Parallelen zur in vivo Situation erkennbar.   
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Abstract 

In the liver, as an important metabolic organ, a large number of complex signaling pathways occur, 

often simultaneously. Not only hepatocytes are involved in these signaling pathways, also Kupffer cells, 

the largest population of liver macrophages, are part of these pathways. In this work, structure-

dependent molecular cell responses were established based on the adverse effects of bisphenol A and 

its derivatives in the hepatocyte-like cell line HepG2 indirectly co-cultured with the differentiated 

macrophage-like cell line THP-1 cells. The causal relationship between the effects of two additional 

methyl groups in bisphenol A and the depolarisation of the mitochondrial membrane, along with 

subsequently induced intrinsic apoptosis, has been shown. This adverse effect of the additional methyl 

groups could be detected through the increased secretion of the prognostic factor TNF-α in the cell 

culture system. So, there is evidence that increases in TNF-α secretion mirrors a potentially increased 

chemical sensitivity in the indirect co-culture of the cells investigated. Based on the data of this work, 

this increased sensitivity is correlated with the increased expression and activity of metabolizing 

enzymes (e.g., cytochrome P450-dependent monooxygenase 1A1) and the accelerated β-oxidation of 

intracellular fatty acids, which results in the reduction of intracellular lipid droplets. All of these 

changes are due to the pro-inflammatory influence of the differentiated THP-1 cell line. Its secretion 

of soluble factors (e.g., cytokines) initiates certain signaling pathways. By looking into the correlation 

networks of these cytokines, an additive effect of the two cell lines used in this co-culture becomes 

obvious. However, when this indirect co-culture is replaced by using more primary cells, such as 

primary human immortalized hepatocytes (Fa2N-4) and primary human monocyte derived 

macrophages (MDM), cytokine-dependent cell-cell communication can be observed in the correlation 

network as well. The “inflammatory status” of the system can be influenced by the ratio of MDM to 

Fa2N-4 cells. For instance, an increase in the MDM cell number is associated with altered gene 

expression (based on transcriptome data of Fa2N-4 cells) related to an acute phase reaction. The cell 

system established in this work responds to the treatment with pharmaceuticals such as diclofenac 

and adalimumab, and to lipopolysaccharides, in terms of altered cytokine secretion. Parallels to the in 

vivo situation can be seen here. In conclusion, the present work provides evidence for an increased 

chemical sensitivity of HepG2 cells when growing in an indirect co-culture system along with THP-1 

cells. Furthermore, it could be shown that indirect co-cultivation of Fa2N-4 cells and MDM would be 

advantageous in the detection of chemical-induced adversity in liver cells. 
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List of abbreviations  

AHR aryl hydrocarbon receptor 
AMB Adalimumab 
ARNT AHR nuclear translocator 
ATP adenosine triphosphate 
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CCL4 chemokine (C-C motif) ligand 4 
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CXCL1 chemokine (C-X-C motif) ligand 1 
CXCL3 chemokine (C-X-C motif) ligand 3 
CyC cytochrome c  
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CYP1A1 cytochrome P450 1A1 
CYP1A2 cytochrome P450 1A2 
CYP1B1 cytochrome P450 1B1 
CYP2C9 cytochrome P450 2C9 
CYP3A4 cytochrome P450 3A4 
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FGF fibroblast growth factor 
GM-CSF macrophage colony-stimulating factor 
GST glutathione S-transferases 
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HGF hepatocyte growth factor 
HLA-B human leukocyte antigen-B 
IL-10 interleukin 10 
IL-12 interleukin 12 
IL-6 interleukin 6 
IL-8 interleukin 8 
KC Kupffer cells 
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logPOW oil water distribution coefficient 
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MDM monocyte derived macrophages 
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TGFB1 gene of transforming growth factor β1 
TGF-β1 transforming growth factor β1 
TNF gene of tumor necrosis factor α 
TNF-α tumor necrosis factor α 
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UGT  UDP-glucuronosyltransferases 
UGT1A9 UDP-glucuronosyltransferase 1A9 
UGT2B1 UDP-glucuronosyltransferase 2B1 
UGT2B7 UDP-glucuronosyltransferase 2B7  
VDL very low-density lipoprotein particles 
αIL-8 IL-8 neutralizing antibody 
ΔΨm mitochondrial membrane potential 
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1. Introduction 

1.1 The liver 

The liver is the largest organ with an average of 2 % to 3 % of body weight [1]. It´s located in the right 

upper quadrant of the abdominal cavity beneath the right hemidiaphragm and is supplied with blood 

through the hepatic artery and the portal vein. The latter directly connects the liver with the intestinal 

tract, by carrying nutrient-rich blood from the intestinal tract [1]. The liver is the central metabolic 

organ, converting absorbed nutrients of the diet into usable substrates that are either stored or 

delivered to cells [2]. Furthermore, its converts potentially toxic substances into harmless substances, 

which can be released from the body either in urine or faeces [3]. Xenobiotic metabolites can be 

excreted directly through the urine by the kidneys, dependent on their structure or molecular weight 

(below 600 g/mol). In comparison, hepatic xenobiotic metabolites are excreted via the biliary route, 

returning in the small intestine. From there the metabolites can be eliminated from the body in the 

faeces or might be reabsorbed, entering the entero-hepatic circulation [3]. By that, metabolites 

subsequently return to the liver and might undergo further metabolism steps. 

Histologically the liver is organized in so-called lobules (Figure 1 A), hexagonal units consisting of 

hepatocytes, sinusoidal endothelial cells, phagocytic Kupffer cells (KC), and stellate cells. Each lobule 

has on average three portal triad, consisting of portal vein, hepatic artery, and bile duct. Within these 

lobules, the hepatocytes are separated from the blood-carrying ducts (sinusoid) by the perisinusoidal 

space of Disse. This space of Disse is facing this sinusoidal lumen through a continuous (but 

fenestrated) line of endothelial cells. Inside the lumen, the KC are located. KC are adhesive to the 

endothelium and sometimes pass through the fenestration into the space of Disse, causing direct 

contact to the hepatocytes [4] (figure 1 A). 
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Figure 1. Schematic overview of the liver physiology and in vitro model. (A) The liver is histologically 
organized in liver lobules. The cellular composition of a liver lobule consists of hepatocytes, 
stellate cells, endothelial cells, and Kupffer cells. The hepatocytes are polarized cells which faced 
on the apical side the bile duct and on the basolateral side the space of Disse. The space of Disse 
(including the stellate cells) is demarcated to the sinusoid by a fenestrated line of endothelial 
cells. Within the sinusoid, the Kupffer cells are adhesive to the endothelium or sometimes pass 
through the fenestration into the space of Disse. (B) To simulate potential indirect 
communication of hepatocytes and Kupffer cells co-culture studies were performed in vitro. 
Therefore, hepatocytes are seeded on the bottom of the cell culture plate. The macrophage like 
cells (which are able to simulate Kupffer cells) are seeded in a second compartment (insert) and 
an exchange of messenger takes place through a semipermeable membrane. 
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All of these cell types have important functions in the liver, but on the basis of this work, the role of 

hepatocytes and KC are of particular interest and addressed below. 

Hepatocytes 

The largest proportion of cells in the liver is represented by hepatocytes (up to 65 %) [5], which are 

exposed to absorbed substance of the intestine, whether nutritious or toxic. Hepatocytes are in 

general a polarized cell type. The apical (canalicular) and basolateral (sinusoidal) plasma membrane 

are characterized by distinct surface proteins, channels, and receptors. Based on that, an extensive 

endoplasmic reticulum and Golgi network in hepatocytes realize the secretion of many essential 

proteins into the circulation, including α-fetoprotein, albumin, transferrin, plasminogen, and 

fibrinogen [2]. Additionally, hepatocytes participate in biotransformation processes [6] and are 

expressing a large number of biotransformation-associated enzymes, involved in systemic 

homeostasis. For example, dietary iron is absorbed and stored in the hepatocytes [2]. Also, worth 

mentioning is the central role of hepatocytes in lipid metabolism and storage [7]. Therefore, dietary 

lipids (chylomicron remnants) released from the intestine are taken up from the hepatocytes. In 

hepatocytes, very-low-density lipoprotein particles (VLDL) can be produced and secreted from these 

chylomicron remnants [8]. The circulating VLDL are converted in the peripheral tissues and in turn 

circulating as low- and high density lipoproteins. These lipoproteins can then be used by the 

hepatocytes to synthesize VLDL [8]. These VLDL structures primarily include cholesteryl esters and 

triacylglycerols enclosed in an apolipoprotein studded phospholipid monolayer [2]. This indicates that 

hepatocytes are an important component in the metabolism of triacylglycerols. Intracellular 

triacylglycerols are stored in intracellular lipid droplets (LD) if they are not directly used for VLDL 

synthesis [7]. Therefore, LD are responsible for the storage of triacylglacerols and fatty acids (FA). 

These FA can derived from the de novo FA synthesis. The de novo FA synthesis, starting from acetyl 

coenzyme A, is performed in the hepatocytes to store FA in the LD. The FA stored in this way can then 

be used after the β-oxidation to provide energy when needed (e.g., in a fasted state) [9]. Additionally, 

KC impact these FA metabolic activities by secretion of cytokines [10]. This confirms that KC also plays 

an important role in the physiological processes of hepatocytes and is therefore described in more 

detail below. 

Kupffer cells (KC) 

The KC were first identified by Karl Wilhelm von Kupffer in 1876 [11]. They represent the largest 

population of tissue macrophages [12]. However, inter-individual variability in the ratio of KC (average 

= 14.5 ± 9.1 %) to hepatocytes has been reported [13]. The origin and the renew capacity of KC are still 
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under discussion. Nguyen-Lefebvre (2015) summarized two possible theories about the renewal of KC 

[14]. First, KC are not able to self-renew and come from bone marrow-derived monocytes [14]. This 

theory is founded on the observation that labelled bone marrow-derived monocytes differentiate to 

macrophages and enters the liver followed by an inflammatory response. Accordingly, existing KC are 

not capable for cell division [15]. The second theory based on the hypothesis that KC is a self-renewing 

population and can proliferate as mature cells, or they come from local intrahepatic progenitors [14]. 

This theory is supported by the study of a murine irradiation and transplantation model [16]. In 

general, KC are completely (99%) replaced from a haematogenous origin within four weeks and 

immunohistology revealed distinct populations of bone marrow-derived and sessile KC [16]. Therefore, 

distinct renewing capacity of the KC is still under discussion. Besides the origin and renewing capacity, 

KC physiologically are one of the first cells with contact to substances absorbed from the intestine (e.g., 

bacterial lipopolysaccharides (LPS), toxins, pharmaceutical agents). In the role as immune cell, KC are 

able to recruit other immune cells (e.g., T cells or natural killer cells) [14]. Therefore, after metabolic 

or toxic damage of liver tissue, a massive infiltration of blood monocytes, which differentiate to 

macrophages, occurs [17]. In general, macrophages are derived from circulating monocytes. These 

monocytes can differentiate into M1 or M2 macrophages, depending on the surrounding cytokines. 

The M1 and M2 macrophage lineages have either pro- and anti-inflammatory properties [18]. In 

general, liver macrophages appear to express markers of both macrophage lineages simultaneously 

[19]. However, a specific surface marker for the identification of KC is missing and so far human KC can 

only be identified indirectly by their expression of cluster of differentiation (CD) 14, CD16, and CD68 

[20]. Further, KC are capable to bind and endocytose proteins, foreign particles, bacteria, yeasts, and 

viruses [21]. Furthermore, murine peroxisome proliferator-activated receptor (PPAR) δ knock-out (KO) 

experiments have shown that KC are also involved in oxidative metabolism and insulin resistance [22]. 

Additionally, Neyrinck et al. (1999) reported that KC participate on the xenobiotic metabolism. 

Therefore, reduction of KC number is associated with higher toxicity of paracetamol [23]. 

As mentioned before, the liver, especially hepatocytes but also KC, are important for the xenobiotic 

metabolism. 

1.1.1 Xenobiotic metabolism  

The overall goal of the xenobiotic metabolism is the reduction of lipophilicity, followed by the 

enhanced excretability of potentially toxic substances [6]. Classically, the xenobiotic metabolism can 

be divided into two phases.  
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Phase I metabolism 

During phase I metabolism, the cytochrome P450-dependent monooxygenases (CYP) play a central 

role. This enzyme family detoxify and/or bioactivate xenobiotic chemicals due to N- and O-dealkylation 

as well as aliphatic and aromatic hydroxylation [24]. In the human genome, 57 putative functional CYP 

genes are known. These genes can be grouped (according to their sequence similarity) into 18 families 

and 44 subfamilies. Among these, the 1-, 2-, and 3-CYP-families are known to be responsible for the 

metabolism of the majority of xenobiotics, due to the broad and overlapping substrate specificity [25].  

Phase II metabolism 

The phase II metabolism includes a broader range of enzymes. Aim of this phase is the enhancement 

of hydrophilicity of the parent compound usually resulting in an increased excretability. Reactions like 

glucuronidation, sulfation, methylation, acetylation, glutathione conjugation, and amino acid 

conjugation are of importance here. Among others, these additive reactions are catalysed by UDP-

glucuronosyltransferases (UGT), sulfotransferases (ST), and glutathione S-transferases (GST) [24]. 

Furthermore, a third phase is discussed and should not remain unmentioned. Here active membrane 

transporters (e.g., solute carrier 22A organic ion transporter family members) are in the center of 

attention, due to their function of shuttling xenobiotics across cellular membranes [24].  

In the following, phase I and II of the xenobiotic metabolism will be explained in more detail using the 

example substance diclofenac (DCN, Cas: 15307-86-5). DCN is a nonsteroidal anti-inflammatory, 

antipyretic, and analgesic drug [26]. Thus, in phase I DCN is hydroxylated by CYP2C9 and CYP3A4 to 4′-

hydroxydiclofenac and 5-hydroxydiclofenac, respectively [27]. Within phase II metabolism UGT2B7 and 

UGT1A9 glucuronidate hydroxylated-DCN [28]. It is therefore not surprising that after oral 

administration of DCN the conjugated forms of 4′-hydroxydiclofenac and 5-hydroxydiclofenac can be 

detected in the urine [29]. 

Furthermore, it is possible that xenobiotics itself can be influence their corresponding metabolism 

cascade (phase I and phase II). Responsible for this are receptors (e.g., constitutive androstane 

receptor (CAR), pregnane X receptor (PXR), aryl hydrocarbon receptor (AHR), and PPAR) which can 

initiate the transcription of metabolizing enzymes upon their activation [24].  

For example, the AHR receptor gets activated by ligands of the group of polycyclic aromatic 

hydrocarbons. Afterwards, the AHR dimerizes with AHR nuclear translocator (ARNT) and transfers to 
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the nucleus to trigger downstream gene transcription [30]. These downstream target genes are, 

among others, CYP1A1, CYP1A2, and CYP1B1 [31]. 

The xenobiotic metabolism in hepatocytes is generally well studied. However, in recent years the role 

of KC in hepatic metabolism reached the focus, indicating a possible involvement of KC in xenobiotic 

metabolism. To identify the role of KC in more detail a chemical blockage of KC via gadolinium chloride 

was realized. Pre-treatments of rats with gadolinium chloride blocked effects of LPS serum parameters 

and gene expression. This led to the conclusion, that KC mediate the LPS-induced effects [32]. The 

chemical blockade of KC is accompanied by a reduced CYP content and activity [33], as reported for 

the metabolism of ethanol. Here, a significant reduction of the ethanol-induced acetaldehyde and 

malondialdehyde formation was measurable, after chemical blockade of KC activation [34]. In addition 

to this classical metabolism by CYP enzymes in hepatocytes, KC can participate directly in the 

metabolism/degradation of substances. The approved medical drug adalimumab (AMB) is a 

monoclonal human immunoglobulin G antibody, applied to neutralize the soluble and transmembrane 

tumor necrosis factor α (TNF-α). AMB has a half-life of 10-20 days and is approved for the treatment 

of rheumatoid arthritis [35]. The degradation of AMB is assumed to rely on receptor-mediated 

endocytosis and subsequent degradation [36], partially mediated by KC [17], by that contributing to 

the elimination of AMB. 

1.1.2 Inflammation 

The fact that the liver harbors the largest population of tissue-specific macrophages [12] indicates that 

inflammatory processes in liver are of great importance. Hepatic inflammation can be triggered by liver 

disease and hepatic tissue damage. These tissue damage can be caused by chronic infections, bile duct 

damage or the progression of non-alcoholic fatty liver disease. This impairment of hepatic tissue can 

lead to severe fibrogenesis and finally to hepatocellular carcinoma [37]. All these mentioned diseases 

starting with hepatic inflammation. This process is initiated by metabolic and/or toxic stress [38]. In 

general, the liver is constantly exposed to substances that have a high inflammatory potential (e.g., 

intestinal derived microbial components like LPS). This persistent exposure requires a tightly regulated 

inflammatory homeostasis and may lead to an intensified reaction to get rid of hepatotropic 

pathogens, malignant cells or toxic products of metabolic activity [39]. Besides the intrahepatic 

regulation of inflammatory processes, the liver is also involved in extrahepatic inflammatory processes. 

Thus, cytokines that are secreted outside the liver can cause production of acute-phase response 

proteins and interleukin (IL)-6 by hepatocytes, by that contributing to systemic inflammation [39]. 
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Based on hepatic inflammatory reactions, KC are activated and secrete cytokines and chemokines such 

as IL-1, IL-6, TNF-α [39], IL-8, chemokine (C-X-C motif) ligand 1 (CXCL1), chemokine (C-X-C motif) ligand 

2 (CXCL2), chemokine (C-X-C motif) ligand 3 (CXCL3), monocyte chemoattractant protein 1 (MCP-1), 

chemokine (C-C motif) ligand 3 (CCL3), and chemokine (C-C motif) ligand 4 (CCL4) [40]. In acute liver 

inflammation, KC are able to recruit and activate other immune cells [39], like neutrophils, monocytes, 

and/or macrophages, depending on cytokine secretion [40]. 

In human KC, it has been shown that stimulation with LPS leads to secretion of IL-10. In turn, IL-10 

leads to a reduction of IL-6 and TNF-α secretion, which implies an anti-inflammatory immune-

modulating effect in response to LPS [41].  

In addition to these KC-driven effects, hepatocytes also actively participate in immune responses [42]. 

It has long been known that human hepatocytes induce the synthesis of the “classic” acute-phase 

response proteins (e.g., serum amyloid A, C-reactive protein (CRP), haptoglobin, α1-antichymotrypsin, 

and fibrinogen) in response to IL-6, whereas the synthesis of “systemic” serum proteins (e.g., albumin, 

transferrin, and fibronectin) is reduced [43]. Immune responses of hepatocytes and KC can vary after 

stimulation with cytokines. For example, it was shown that rodent macrophages stimulated with 

hepatocyte growth factor (HGF) reduced the production of IL-6, whereas rodent hepatocytes showed 

the opposite [44]. 

In general, the inflammatory response of the liver is very complex which, if it becomes chronic, can 

lead to severe liver disease. For example, inflammation of chronic hepatitis C virus infection, alcohol 

abuse, and/or non-alcoholic steatohepatitis can lead to an accumulation of extracellular matrix and 

thus to liver fibrosis [45]. In principle, liver fibrosis can be described as a passive, irreversible process 

in which the hepatic parenchyma is replaced by extracellular matrix, mainly collagen. However, if 

hepatic damage persists, regeneration may fail and hepatocytes are replaced by an abundant 

extracellular matrix produced by stellate cells [45], resulting in the restructure of the liver and its 

involved cell types, accompanied by liver dysfunctions [46]. 

1.1.3 Drug-induced liver injury (DILI) 

Hepatic damage could also be a consequence of drug administration, based on the toxicity itself or 

immune-mediated mechanisms, called drug induced liver injury (DILI) [47].  

DILI can be classified as intrinsic and idiosyncratic. The intrinsic DILI underlies a distinct dose-response 

relationship and has a predictable toxic effect. In comparison, idiosyncratic DILI shows no dose-

response correlation. Accordingly, the toxic effect is unpredictable due to adverse reactions [48]. This 
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idiosyncratic DILI can be a problem for clinicians, drug developers, and regulatory agencies, as some 

patients will develop DILI after drug administration whereas others do not [49]. Evidence that DILI is 

immune-mediated is based on studies regarding the human leukocyte antigen (HLA) genotype [50]. 

According to these studies, patients with a HLA-B*5701 genotype have a 0.2 % higher risk to develop 

DILI after administration of the β-lactam antibiotic flucloxacillin [51]. It is assumed that the reactive 

metabolite of the drug binds to proteins and can thus be presented via the corresponding HLA 

molecules [49]. However, the effect via the HLA not only rely on the DILI mechanism. Large variations 

in latency of DILI diagnosed patients (up to 12 months) [52] indicate that additionally the adaptive 

immune system might be involved as the extended time windows could be relevant for activation and 

proliferation of sufficient lymphocytes. Therefore, DILI recurs if the patient is rechallenged with the 

offending drug, due to the required time for antigen-specific lymphocytes to be activated and 

proliferate to sufficient numbers [53]. Consequently, this effect is an immune-mediated DILI that 

includes an early and late phase. 

An example for a partly immune-mediated idiosyncratic DILI substance is DCN [54]. Therefore, DCN is 

listed on the 12th place in a ranking of over 3300 DILI case reports [55]. Two possible routes for a DCN-

mediated DILI are discussed. First, the hepatic metabolism of DCN lead via reactive intermediates to 

protein adducts, thereby causing mitochondrial dysfunction and finally result in apoptosis or necrosis 

of hepatocytes. Second, clinical-pathological evidence suggest a type of hypersensitivity, i.e., an 

immune-mediated toxic effect [54], as reported in a mouse model [56]. Here transcriptome analyses 

indicated that DCN-mediated DILI involves pro-inflammatory cytokine and acute phase responses [56]. 

1.1.4 In vitro systems  

In vitro models are developed and discussed for drug development and toxicological research [57-59]. 

The “gold-standard” for hepatic in vitro investigations are primary human hepatocytes [57, 58]. 

However, this "gold standard" is not free of limitations, as large inter-individual differences and the 

reduction of functionality within days influence the outcomes [58]. The origin of these primary human 

hepatocytes cannot be neglected either, since signaling pathways and enzyme activity can be 

influenced by individualized drug treatment and lifestyle of the donor [60].  

Another option of in vitro studies based on hepatic cell lines (e.g., HepG2, Huh7). Although the 

reproducibility of the results is increased, there are limitations with regard to the enzyme activity 

compared to primary hepatocytes [61, 62]. Like many other cell lines, the HepG2 cell line, which was 

established by Aden et al. (1979), derived from a intravital tumor environment [63]. Thereby, some 

essential characteristics of hepatocytes have also been demonstrated in the cultured HepG2 cells, such 
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as synthesis and secretion of bile acids, synthesis of cholesterol, and internalization of VDL [64]. 

However, the absolute number of most CYP-transcripts in primary hepatocytes is several times higher 

(between 14- and 5028-fold) than in HepG2 cells. In comparison, benzo[a]pyrene treatment, a known 

promutagenic contaminant (e.g., of food and cigarette smoke) revealed a comparable gene induction 

of relevant metabolizing enzymes between primary hepatocytes and HepG2 cells [65].  

To stay with the already mentioned example (DCN metabolism, cf. 1.1.1), the activity of the phase I 

metabolizing enzyme CYP2C9 is negligible in HepG2 cells [66]. Thus, a human in vivo relevant 

xenobiotic metabolism of DCN in HepG2 cells alone can be excluded. However, transcriptome data 

show that cell lines from an intravital tumor environment, like HepG2 cells, still share many similarities 

with primary human tumor cells [67]. This example shows the limitations of HepG2 cells. Thus, the 

altered metabolism of the HepG2 cells must be considered in studies involving the metabolism of a 

substance. 

To overcome this issue, cell lines have been developed that come from healthy donors and have been 

immortalized. One example is the Fa2N-4 cell line. This cell line is developed by MultiCell Technologies 

(Warwick, RI) as a primary human simian virus 40 (SV-40) immortalized hepatic cell line [68]. Due to 

the Fa2N-4 cells, the xenobiotic metabolism-associated enzymes can also be examined more reliably. 

Hariparsad et al. (2008) compared the transcription of different metabolically involved proteins in 

Fa2N-4 cells with four different batches of cryopreserved primary human hepatocytes. Here the 

expression of UGT2B7 and CYP2C9 was comparable with two and three batches of primary human 

hepatocytes, respectively [69]. Furthermore, the transcription of CYP2C9, CYP3A4, and UGT1A could 

be induced in the Fa2N-4 cells in response to corresponding inducers and the activity of CYP2C9 

enzyme has been confirmed due to the hydroxylation of DCN [68].  

In addition to individual cell cultivation, in recent years it has been stated that in vitro co-cultivation 

probably reflects the in vivo situation more appropriate. Mitaka et al. (1999) demonstrated that 

primary rat hepatocytes maintained proliferation in an artificial 3-dimensional setting due to the 

presence of non-parenchymal cells. In contrast, single cultured primary rat hepatocytes de-

differentiate within three days [70]. Concerning human primary hepatocytes, co-cultivation with 

supportive 3T3 fibroblasts shows that functionality is maintained for six weeks [71]. However, different 

cell lines can lead to different results in a co-cultivation compared to the corresponding individual 

cultivation. Thus, co-cultivation of the hepatocyte and monocyte cell line (Huh7 and THP-1 cells), 

respectively, showed an improved chemical sensitivity and represent a pro-inflammatory in vitro 

model [72]. THP-1 cells can be differentiated by phorbol 12-myristate 13-acetate (PMA) and reveal a 
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macrophage-like phenotype [73]. Indirect co-cultivation (figure 1 B) of HepG2 and PMA-differentiated 

THP-1 cells, established by Wewering et al. (2017), results in a pro-inflammatory system, as indicated 

by the secretion of IL-8, granulocyte macrophage colony-stimulating factor (GM-CSF), and macrophage 

migration inhibitory factor [74]. Granitzny et al. (2017) investigated the suitability of this co-cultivation 

system for the identification of drugs that induce DILI [75] coming to the conclusion, that positive as 

well as negative reference substances were correctly identified by the metabolic activity of water 

soluble tetrazolium-1 assays. In addition, TNF-α is identified as a prognostic factor for DILI 

development in vitro [75]. 

1.2 Bisphenols 

The simplest form a of phenolic substances (figure 2) is phenol (hydroxybenzene), consisting of a 

hydroxyl group attached to an aromatic ring [76]. When two of these phenols are joined with a 

hydrocarbon bridge supplemented by two methyl groups, the structure of bisphenol A (BPA) results 

[77]. Further common bisphenols with slightly varying residues are bisphenol C (BPC), bisphenol F (BPF) 

and bisphenol S (BPS), as shown in Figure 2. 

 

Figure 2. Chemical structure of selected bisphenols. (A) Shown are the chemical structures of phenol, 
bisphenol A (BPA), bisphenol C (BPC), bisphenol F (BPF), and bisphenol S (BPS). (B) The major 
metabolism (after phase I and phase II) of BPA to BPA-4-sulfate and BPA-4-β-glucuronide occurs 
in the liver.  
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1.2.1 Use and consumer exposure 

BPA is an important industrial basic chemical due to its usage in epoxy resins since 1945. Furthermore, 

the most common thermoplastic polymer (i.e. polycarbonate) is based on BPA [77]. These 

polycarbonates are one among the sources of exposure of humans to BPA. Therefore, the amount of 

BPA is reported to be elevated in the urine of humans who are using BPA-containing drinking vessels 

[78]. Unused newly purchased BPA-containing polycarbonate bottles exhibit migration levels below 

1 µg BPA/L (water extraction, 100°C, 1 h). However, after normal usage (dishwashing, boiling, 

brushing) the migration level increases (up to 15 µg/L) due to polymer degradation [79]. In addition to 

oral exposure, dermal exposure was identified since color developers of thermographic paper can be 

made of BPA or BPS. For this reason, it is not surprising that BPA and BPS could be detected in the 

urine of cashiers, depending on the extent of thermal paper usage/exposure [80]. Meanwhile, 

manufacturers and consumers are striving to replace BPA with related bisphenols [81], as a large body 

of evidence (over 300 published studies) links BPA to adverse health effects [82]. Also, BPC (like BPA) 

has been detected in bottled carbonated beverages [83]. On the other hand, BPS and BPF are being 

detectable in various personal care products, such as body wash, hair care products, makeup, lotions, 

and toothpaste [84]. Additionally, BPS was also detected in airplane luggage tags and boarding passes 

as well as food contact paper. The calculated dermal exposures from these sources reached levels of  

up to 789 ng/day [85].  

The bisphenols mentioned here were also tested by Kitamura et al. (2005) for their estrogenic activity, 

since BPA is known for the endocrine-disrupting effects in vivo. In in vitro experiments concentrations 

were determined at which the estrogen receptor binding activity exhibits the half-maximum level 

(EC50). These results show that BPC binds to the estrogen receptor significantly stronger (EC50= 

0.42 µM) than BPA (EC50= 0.63 µM), BPF (EC50= 1 µM), and BPS (EC50= 1.1 µM) [86]. These results show 

that the estrogenic activity of bisphenols varies depending on their structural features. 

1.2.2 Risk assessment 

Risk assessment is of crucial importance to assess the estimates of exposure concentrations. The EFSA 

has estimated an increased dietary exposure of more than 30 µg BPA per kg canned food [87]. Besides 

dietary exposure, additional sources such as cosmetics and thermal paper account for BPA levels of up 

to 31 µg  and 863 ng/kg BW/day, respectively [87]. Such BPA exposures result in blood serum 

concentrations of 0.002 µM [88] up to 0.004 µM (1 µg/L) [87]. As the exposure of consumers to BPA is 

non-negligible, the European Chemicals Agency (ECHA) has listed BPA as a substance of very high 

concern (EU Nr. 1272/2008). In this context, the European Commission adopted a regulation (EU Nr. 
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2016/2235) in 2016 that has set the maximum usage of BPA in thermal papers (such as receipts) at a 

level of 0.02 % (by weight). This European regulation came into force on January 2, 2020. 

In general, BPA has been classified as reprotoxic (Repr. 1B) [89], as potential skin sensitizer (Skin Sens. 

1), as well as a respiratory (STOT SE 3) and potential eye (Eye Dam. 1) irritant [90]. The Member State 

Committee of ECHA agreed to classify BPA also as an endocrine disruptor [89]. The EFSA was also able 

to identify possible BPA target organs such as liver, kidney, and mammary glands (proliferation) [87]. 

Based on this data, a temporary tolerable daily intake (tTDI) level of 4 µg/kg BW/day was derived. The 

toxicological data basis of BPC is by far not as detailed as for BPA. BPC is currently labelled as skin 

irritant (Skin Irrit. 1) and as severe eye-damaging (Eye Irrit. 2) substance. However, up to now there is 

no harmonized classification of BPC. Similarly, BPS has so far only been classified by the industrial 

registrants and a harmonized classification is still pending. The ECHA has concluded that BPS could be 

classified as reprotoxic (Repr. 1B) and skin irritant (Skin Irrit. 2) [91].  

The bisphenols examined here display a high degree of structural similarity (cf. chapter 1.2 figure 2). 

BPC differs from BPA only by two additional methyl groups each of which being attached to the 

phenolic ring (figure 2 A). BPS is also structurally comparable since one dimethyl methylene group 

(-CH(CH3)2) is replaced by a sulfonyl group (-SO2-). These supposedly small structural differences make 

these bisphenols ideal candidates for the investigation of structure-dependent cell toxicity and a 

possible read-across approach. The read-across approach is an accepted method for risk assessment, 

suitable to substitute data gaps of a certain target substance by using information from analogous 

substances [92]. Using bisphenols as an example, BPA might be a candidate to fill the data gaps of the 

potential target substance BPC. 

1.2.3 Pharmacokinetics and metabolism 

A large number of studies (> 300 publications) focus on the effects of BPA [82], including the 

pharmacokinetic properties. Accordingly, BPA has a half-live of 53 min and is taken up and eliminated 

from the central compartment (plasma) within 17 min [93]. These analyses can also be used to 

determine pharmacokinetic parameters. BPA has a clearance rate from plasma of 0.13 L/min and a 

volume of distribution related to the terminal kinetic phase of 37 L [93].  

BPA is subject of xenobiotic metabolism. Studies in primary human, rat, and mouse hepatocytes 

confirmed that BPA undergoes glucuronidation or sulfatation [94]. Figure 2 B displays the structures 

of the resulting BPA-glucuronide and BPA-sulfate, respectively. Studies that applied liver microsomes 

from rats confirmed glucuronidation catalyzed by the enzyme UGT2B1 [95]. In humans, a recombinant 

variant of UGT2B15 was found to be involved in BPA glucuronidation [96]. The BPA-glucuronide loses 
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any binding capacity to the estrogen receptor [97]. Sulfation of BPA also leads to a lower estrogen 

receptor binding activity. However, in human metabolism conjugation of BPA to sulfate occurs only to 

a minor extent [98].  

To some extent, metabolic conversion of all other bisphenols (BPS, BPF, BPC) considered in this work 

goes beyond sulfation and glucuronidation. However, human primary hepatocytes and human liver 

enzymes (S9 fraction) predominantly catalyse glucuronidation and sulfatation of BPS and BPF [99, 100]. 

For BPC, studies with human liver microsomes could also confirm glucuronidation [101]. These results 

show that all of these BPA derivatives, like BPA itself, are mainly converted into glucuronides and 

sulfates. EFSA summarized that human excretion of bisphenols, such as BPA, occurs via urine within 

24 h almost completely in its metabolized (conjugated) form [102].  
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2. Objectives 

Substances such as BPA can initiate adverse toxic effects in the liver and other organs. One way of 

predicting such adverse effects takes advantage of the so-called read across approach. The first part 

of this thesis will address this approach. It will be investigated whether or not it would be possible to 

foresee the adverse effects of BPC based on the toxicological data of BPA.  

Pro-inflammatory systems are very sensitive to study certain substance effects. It has been proven that 

even bounded cellular and tissue inflammation can lower the threshold of the onset of a substance 

specific adverse effect [103]. Such modest inflammation can be induced in an animal model by 

performing pre- or co-treatment with low doses of LPS [104-106]. In this context, it is not fully 

understood whether LPS itself may trigger any additional effects in the cells besides pro-inflammatory 

signaling pathways. It is known that LPS can be modified in vivo by KC and then degraded by 

hepatocytes [107], the role of this metabolic conversion for the initiation of substance-specific adverse 

effects remains open though.  

Accordingly, a reliable hepatic pro-inflammatory system becomes desirable, especially for the 

identification of adverse substance effects, which at best does not require the co-stimulus of LPS. 

For this reason, the second part of the thesis will focus on the characterization of an already 

established co-culture model consisting of HepG2 and THP-1 cells. It will be examined whether the 

already postulated prognostic factor TNF-α [75] is able to indicate bisphenol-related adverse effects 

and which physiological processes of the cells are being altered in the co-culture. The investigated 

physiological processes include xenobiotic metabolism, cholesterol biosynthesis, lipid metabolism, and 

characteristics of inflammation (e.g., interactions of cytokines). 

In a second step it will be clarified whether reproducible primary SV-40 immortalized hepatocytes 

(Fa2N-4) are also able to form a pro-inflammatory system without the need for LPS co-stimulation. For 

this reason, the Fa2N-4 cells will be indirectly co-cultivated with monocyte derived macrophages 

(MDM). Indirect co-cultivation is assumed to reflect the physiological topology in the liver in a more 

appropriate way. With this new co-culture system, pro inflammatory signaling pathways will be 

investigated, potential interactions of cytokines will be uncovered, and interactions will be evaluated 

by applying specific cytokine-neutralizing antibodies. Finally, these interactions will be compared with 

the previously established liver cell co-culture model (HepG2/THP-1).  
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3. Results 

3.1 Minor structural modifications of bisphenol A strongly affect physiological 

responses of HepG2 cells 
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Abstract 

Bisphenols represent a large group of structurally similar compounds. In contrast to bisphenol A (BPA) 

and bisphenol S (BPS), however, toxicological data are usually scarce, thus making bisphenols an ideal 

candidate for read-across assessments. BPA, bisphenol C (BPC) and a newly synthesized bisphenol A/C 

(BPA/C) differ only by one methyl group attached to the phenolic ring. Their EC50 values for cytotoxicity 

and logPOW values are comparable. However, the estrogenic activities of these bisphenols are not 

comparable and among this group only BPC leads to a decrease of the mitochondrial membrane 

potential and ATP concentration in HepG2 cells. Conversely, the cell division rate was decreased by 

BPS, BPA, BPC and BPA/C at 10 % toxicity (EC10). At lower concentrations, only BPC significantly affected 

proliferation. The pro-inflammatory cytokines TGFB1 and TNF were significantly upregulated by BPC 

only, while SPP1 was upregulated by BPA, BPA/C and BPS. BPC led to the release of cytochrome c from 

mitochondria, indicating that this compound is capable of inducing apoptosis. In conclusion, the read-

across approach revealed non-applicable in the case of the various structurally and physicochemically 

comparable bisphenols tested in this study, as the presence of one or two additional methyl group(s) 

attached at the phenol ring profoundly affected cellular physiology. 

Keywords: 2,2-bis(4-hydroxyphenyl) propane, 2,2-bis(4-hydroxy-3-methylphenyl) propane, 4,4′-

sulfonyl-diphenol, mitochondria, intrinsic apoptosis, HepG2 cells 

Introduction 

Bisphenol A (BPA, see table 1) is used in different consumer products. At high nanomolar 

concentrations it exhibits estrogenic activity, as well as liver and kidney toxicity (EFSA 2017). Therefore, 

BPA is often replaced by bisphenol S (BPS) in its manufacture (Rochester and Bolden 2015). The 

presence of BPS has been reported in thermal paper, advertised as “BPA-free” (Liao et al. 2012). The 

presence of bisphenol C (BPC) has been detected in bottled carbonated beverages (Mandrah et al. 

2017) as well as in waste water (Cesen et al. 2018). In MCF7 cells BPS and BPA showed a lower 

estrogenic activity compared to BPC (Kitamura et al. 2005). The human serum levels of BPA are 

0.002 µM (Kuroda et al. 2003) and the European Food Safety Authority (EFSA) published a 

concentration level of up to 1 µg/l (0.004 µM) (EFSA 2015). Interestingly, in the urine of cashiers a two-

fold increase of BPA (up to 2.76 µg/g creatinine) and a slight increase of BPS (up to 0.54 µg/g creatinine) 

compared to non-cashiers has been determined, dependent upon the use of thermal paper (Thayer et 

al. 2016). So far there are no exposure data available for BPC. To close this gap, a European human 

biomonitoring program has been initiated (https://www.hbm4eu.eu/). The presence of different 

bisphenols in consumer products underlines the need for further risk characterization. The European 
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Chemical Agency (ECHA) has evaluated BPA as substance of very high concern (SVHC) (EU (Nr. 

1272/2008) due to its reprotoxic properties (Repr. 1B) and in June 2017 the Member State Committee 

of ECHA agreed to classify BPA as an endocrine disruptor (ECHA 2018b). Furthermore, it is classified as 

potential skin sensitizer (Skin Sens. 1), as well as a respiratory (STOT SE 3) and potential eye (Eye Dam. 

1) irritant (ECHA 2017c). The EFSA identified several ‘likely’ target tissues of BPA toxicity, being liver as 

well as kidney and mammary glands (proliferation). Effects on these organs were used for risk 

characterisation (EFSA 2015). Based on the ‘likeliness’ of effects the EFSA has derived a temporary 

tolerable daily intake (tTDI) of 4 µg/kg BW/day. The general toxicity of BPA to liver and kidney as well 

as reproductive, developmental, neurological, immune metabolic and cardiovascular toxicity, 

mammary gland changes, carcinogenicity and genotoxicity are currently re-evaluated (EFSA 2017).  
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Table 1 Structure, IUPAC name, molecular weight (MW), CAS number, distribution coefficient (logPow), 50% (EC50) and 10 % (EC10) of the effective concentration 
of the bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC), bisphenol S (BPS), bisphenol F (BPF) and bisphenol G (BPG). 

  BPA BPA/C BPC BPS BPF BPG 

Structure  
      

IUPAC 

name 
 

2,2-bis(4-
hydroxyphenyl)-

propane 

2-(4-hydroxy-3-
methylphenyl)-2-

(4'-hydroxy-
phenyl)propane 

2,2- bis(4-
hydroxy-3-

methylphenyl) 
propane 

4,4′-Sulfonyl-
diphenol 

4,4′-Methylene-
diphenol 

2,2- bis(4-
hydroxy-3-
isopropyl-

phenyl)propane 

CAS  80-05-7 14151-63-4 79-97-0 80-09-1 620-92-8 127-54-8 

logPOW [-] 3.64 4.06 4.46 1.66 2.89 6.00 

MW [g/mol] 228.29 242.31 256.34 250.27 200.23 312.45 

EC50 µM 261 153 196 2061 735 59 

EC10 µM 131 60 117 284 224 21 
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BPC has been registered under REACH, resulting in labels for skin irritation (Skin Irrit. 2), serious eye 

damage (Eye Irrit. 2) and respiratory irritancy (STOT SE 3) (ECHA 2018d). In contrast, BPS has been fully 

registered at ECHA, is listed on the Community Rolling Action Plan (CORAP), and has a self-classification 

for harmfulness against aquatic life with long lasting effects (Aquatic Chronic 3), as well as for serious 

eye irritancy (Eye Irrit. 2) (ECHA 2018a). Structurally, these bisphenols are quite similar: BPC differs 

from BPA only by two additional methyl groups on either phenolic ring. BPS is a close analog of BPA as 

well, in which the dimethyl methylene group (C(CH3)2) is replaced by a sulfonyl functional group (SO2)).  

One accepted method to validate the potential risk, is the read-across assumption, which can be used 

to substitute for data gaps of a certain target substance using information from analogous substances 

(ECHA 2017b). Choosing an appropriate model for the route of metabolism is essential in order to fill 

these data gaps. The first evidence that described the route of metabolism demonstrated the 

involvement of the enterohepatic cycle in the metabolism of BPA in rats (Doerge et al. 2010). The 

enterohepatic cycle is responsible that the same molecule of a potentially toxic substance is 

metabolized several times in the liver (Malik et al. 2016). Due to this repeated tissue exposure, 

hepatocytes may be strongly affected by BPA. According to EFSA, liver is one of the main target organs 

of BPA toxicity (EFSA 2015). Hepatic cell lines are a suitable model for the investigation of potentially 

adverse effects. Based on a dose-dependent increase of DNA stand breaks observed in 

hepatoblastoma HepG2 cells, a recent study claimed that BPA and BPS, but not BPC, were genotoxic 

(Fic et al. 2013). Yet, it is still generally accepted that BPA is not genotoxic (EFSA 2015). One reason 

might be that different bisphenols can have different effects on various hepatic cell lines. 

The aim of this study was to apply a read-across approach using BPA as source substance and the 

structurally related BPC and BPA/C as target substances. The outcome has been compared with the 

results obtained in vitro by exposing HepG2 cells to the respective compounds. Mechanistic 

investigations were performed in order to evaluate whether a read-across approach is suitable in this 

case, or not. 

Materials and methods 

Chemicals and antibodies 

All chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany) unless stated otherwise. 

Furthermore, Dulbecco’s phosphate-buffered saline (DPBS) (PAN-Biotech, Aidenbach, Germany) and 

Bisphenol A/C (BPA/C) (Angene, London, UK) was used. The following antibodies were used: β-actin 
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(AC-15), α-tubulin, cytochrome C (EPR1327), mitofilin (2E4AD5) (all from Abcam, Cambridge, UK) and 

ERα (F-10) (Santa Cruz Biotechnology, Heidelberg, Germany). 

Cell culture 

All single-use plastics were purchased from TPP (Trasadingen, Switzerland) and all cell lines were 

purchased from DSMZ (Braunschweig, Germany). HepG2 cells were grown in RPMI 1640 (PAN-Biotech, 

Aidenbach, Germany) containing 10% (v/v) FCS (PAN-Biotech, Aidenbach, Germany), 100 U/ml 

penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine at 37 °C and 5% CO2. THP-1 cells were 

differentiated under the influence of 100 nM phorbol-12-myristate-13-acetate (PMA) for 24 h. THP-1 

cultivation and the co-culture were done according to Wewering et al. (2017). When THP-1 and HepG2 

cells were combined, the bisphenol treatment started immediately. MCF7 cells were purchased from 

American Type culture collection (Manassass, VA, USA) and were grown in DMEM (PAN-Biotech, 

Aidenbach, Germany) containing 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine at 

37 °C and 5% CO2. Hela9903 cells were purchased from JCRB cell bank (JCRB-No. 1318) (Tokio, Japan) 

and were cultivated according to Tarnow et al. (2013). 

Cytotoxicity testing 

The MTT Assay was performed with minor modifications according to Mosmann (1983). All values were 

corrected for the DMSO solvent controls. All substances were tested in a concentration range using 

log2 serial dilutions [BPA (1.75 mM–0.22 µM), BPA/C (1.6 mM–54.75 µM), BPC (1.56 mM–0.22 µM), 

BPS (6.39 mM–0.88 µM), BPF (1.99 mM–0.44 µM), BPG (1.28 mM–0.22 µM)]. 

Mitochondrial membrane potential 

Cells were seeded at a density of 1.3 × 106 cells per cm2. After treatment for 24 h, cells were detached 

using trypsin/EDTA (PAN-Biotech, Aidenbach, Germany). Before staining the cells were incubated for 

2 h at 37 °C and 5 % CO2 with 100 µM of the decoupling agent carbonyl cyanide 3-

chlorophenylhydrazone (CCCP). The mitochondrial membrane potential (ΔΨ) was determined via 

incubation with 30 µM JC-10 (Adipogen, Liestal, Switzerland) for 30 min at 37 °C. Fluorescence 

intensities were measured with the FACS Aira III (PE channel settings: 585/42 nm, FITC channel 

settings: 530/30) (BD Biosciences, Heidelberg, Germany) and the cells were analyzed with the software 

FlowJo v 10 (FlowJo LLC, Ashland, OR, USA). 
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ATP measurements 

Cells were seeded at a density of 1.3 × 106 cells per cm2. After treatment for 24 h, the ATP 

concentration was determined using the Bioluminescence Assay Kit HS II (Roche, Basel, Switzerland) 

according to the manufacturer’s protocol. 

Cell division analysis 

Cells were seeded at a density of 0.75 × 105 cells per cm2. After 48 h the cells were stained for 30 min 

at room temperature with 5(6)-carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE) (Cayman, 

Hamburg, Germany). Staining was terminated with 10% FCS in phosphate-buffered saline (PBS) 

followed by washing with DPBS. Fluorescence was measured with the FACS Aria III (FITC channel 

settings: 530/30) (BD Biosciences, Heidelberg, Germany) and analyzed with the FlowJo v 10 (FlowJo 

LLC, Ashland, OR, USA). 

PCR analysis 

RNA was isolated using the NucleoSpin RNA Kit (Machery-Nagel, Düren, Germany) and the reverse 

transcriptions were performed with the high-capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Quantitative PCR (qPCR) 

was performed with 7500 Fast Real-Time PCR Instrument using Fast SYBR Green Master Mix (Applied 

Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. The primer sequences are 

listed in Table 2. The ΔΔCTΔΔCT-value was calculated according to Livak and Schmittgen (2001) and 

normalized to the expression of hypoxanthine–guanine phosphoribosyltransferase (HPRT) in control 

(DMSO treated) cells. 
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Table 2 Primer sequences used. The gene symbol, the sequence of the forward and reverse primers and the 

product size in base pairs (bp) is given. 

gene forward primer reverse primer product 

HPRT gttctgtggccatctgcttag gcccaaagggaactgatagtc 144 bp 

BCL2 gaggattgtggccttctttg acagttccacaaaggcatcc 170 bp 

TGFB1 gtggaaacccacaacgaaat cacgtgctgctccactttta 165 bp 

SPP1 gccgaggtgatagtgtggtt ctcctcgctttccatgtgtg 119 bp 

TNF cttctgcctgctgcactttggag ggctacaggcttgtcactcgg 130 bp 

Elisa 

HepG2 cells and THP-1 cells were seeded at densities of 1.3 × 106 cells per cm2 and of 0.65 × 106 cells 

per cm2, respectively. TNF-α in the supernatant of cell culture was measured using the DuoSet® ELISA 

Human TNF-α (R&D Systems, Abingdon, UK) according to the manufacturer’s protocol. 

Western-blot 

Cells were lysed at 4 °C with RIPA buffer (50 mM Tris/HCl (pH 7.4), 159 mM NaCl, 1 mM EDTA, 1% 

Igepal®, 0.25% sodium deoxycholate, and protease inhibitor cocktail). Mitochondrial isolation (Clayton 

and Shadel 2014a) and purification was performed according to Clayton and Shadel (2014b) including 

lysis with tight fit douncer, ultracentrifugation using a sucrose step density gradient. The enrichment 

of the mitochondrial fraction was validated in pooled samples (Figure S1). Protein concentration was 

measured with the Pierce™ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA) and equal 

amounts of protein were applied to SDS-PAGE transferred onto nitrocellulose membranes according 

to the manufacturer’s instructions. Primary anti-bodies were labelled with the corresponding 

horseradish peroxidase coupled secondary antibody and visualized with Pierce ECL Substrate (Thermo 

Fisher Scientific, Waltham, MA, USA). 

Estrogen activity 

Estrogenic activity was measured according to TG 455 (OECD 2016). 
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Statistics 

All shown data contain at least three independent biological replicates. Means, standard deviations 

and the p values of the ANOVA followed by Bonferroni correction were calculated with GraphPad 

Prism 6 (Statcon, Witzenhausen, Germany). The effective concentrations (EC50, EC10 and EC50E) were 

calculated under the programming environment R (R Core Team 2018) according to Wewering et al. 

(2017). The distribution coefficient (logPow) was calculated with Gastro Plus™ version 9.5 (Simulations 

Plus, Lancaster, CA, USA). 

Results 

Physicochemical properties and toxicity of bisphenols in HepG2 cell cultures 

BPA/C, BPC and BPS are of comparable molecular weights (MW), that is, between 242.31 g/mol and 

256.34 g/mol (Table 1). In contrast, BPA and BPF are of lower MW, being 228.29 g/mol and 

200.23 g/mol, respectively. In this series of compounds, only the MW of BPG is greater than 300 g/mol. 

The oil/water distribution coefficients (logPow) of BPA, BPA/C and BPC are in the range of 3.64–4.46 

(Table 1). BPS and BPF exhibit lower logPOW values of only 1.66 and 2.89, respectively, while BPG had 

the highest logPOW value of 6.0. In summary BPA, BPA/C, BPC have similar molecular structures, similar 

molecular weights and comparable logPOW values. A closer look shows that the logPOW of these three 

bisphenols increases with increasing numbers of methyl groups (BPA < BPA/C < BPC), making these 

bisphenols ideal candidates for a read-across approach. 

To support the read-across approach further, the cytotoxicity of bisphenols was studied in vitro. HepG2 

cells were incubated with different concentrations of BPA, BPA/C, BPC, BPG, BPF and BPS and half 

maximal effective concentrations (EC50) were determined (Fig. 1). BPA and BPC showed EC50 values of 

261 ± 27 µM and 196 ± 53 µM, respectively. BPA/C was characterized by an EC50 value of 153 ± 8 µM, 

BPS was found about tenfold less toxic compared to BPC with an EC50 value of 2061 ± 1580 µM. The 

cytotoxicity of BPF was between BPA and BPS with an EC50 of 735 ± 412 µM. The most toxic bisphenol 

investigated in our study was BPG with an EC50 of 59 ± 22 µM. In summary, the EC50 values of the six 

bisphenols investigated correlated roughly with the respective logPOW values. Significant differences 

(p ≤ 0.01) were detectable between EC50 values of BPA and BPA/C but not for BPA and BPC or BPA/C 

and BPC. The four compounds BPA, BPA/C, BPC, BPS were selected for further investigation, either 

based on their relevance as contaminant of food contact materials (BPA, BPS, BPC) or based on their 

structural and physicochemical similarities (BPA/C). For further experimental studies, the EC10 values 

were calculated, based on the experimental data (Figure S2, Table 1). 
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Fig. 1 Correlation between the logPOW and the EC50. HepG2 cells were treated with bisphenol S (BPS), 
bisphenol F (BPF), bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC) and bisphenol G 
(BPG) for 24 h (n = 3). The mean and the SD of the half maximal effective concentration (EC50) 
were calculated under the program environment R and the oil/water distribution coefficient 
(logPOW) with Gastro Plus™ version 9.5. *p < 0.05, **p < 0.01 

 

Bisphenol treatment decreases cell division rate 

BPA affects the cell division rate in vitro, depending on substance concentration and the cell line. 

Previously, a BPA-mediated increase of cell proliferation has been observed in MCF7 cells due to 

estrogen receptor (ER) activation (Potratz et al. 2017). Conversely a BPA-mediated decrease in cell 

proliferation was observed in murine osteosarcoma cells (Kidani et al. 2017). In our study, we looked 

into the effects of bisphenols on HepG2 cell division rates. Low, non-toxic concentrations (EC10) were 

used for cell treatments (see Table 1). At EC10 the cell division rates were significantly (p ≤ 0.01) 

reduced by 0.37-, 0.63- and 0.41-fold for BPA, BPA/C and BPC, respectively (Fig. 2b). In contrast, BPS 

did not change the cell division rate of HepG2 cells. At the dose of one-third of the EC10, that is, 44 µM 

of BPA, 19 µM of BPA/C, 39 µM of BPC, and 95 µM of BPS, only BPC decreased the cell division rate 

significantly (p ≤ 0.01) 0.65-fold, compared to the vehicle control (Fig. 2a). 
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Fig. 2 Cell division rate is affected by bisphenols. Effects of different bisphenols on the cell division rate 
of HepG2 cells after 48 h. HepG2 cells were treated with bisphenol A (BPA), bisphenol A/C 
(BPA/C), bisphenol C (BPC) and bisphenol S (BPS) for 48 h (n = 3). Measurements (•), mean (―) 
and SD (‒) of the cell division related to solvent control (∙∙∙) are shown. Treatment 
concentrations: a 1/3 of 10% of the effective concentration (EC10) and b the EC10. *p < 0.05, 
**p < 0.01 

 

Bisphenol C decouples the mitochondrial membrane potential ∆Ψ m 

There is evidence that the mitochondrial membrane potential and the oxygen consumption changes 

in different cell types (Jurkat, HeLa and HEK-293T) during early and late phase of the cell cycle (Schieke 

et al. 2008). Therefore, we were interested to determine whether changes in the cell division rate were 

linked to the mitochondrial membrane potential (∆Ψm) in HepG2 cells. The EC10 and one-third of 

EC10 were used to study the effect on the ∆Ψm. Only the BPC-treated cells showed a significant 

decrease in ∆Ψm (Fig. 3a). This decrease of ∆Ψm was dependent on the BPC concentration applied. The 

∆Ψm value at the EC10 of BPC significantly decreased to 46 ± 37% (p ≤ 0.05) in HepG2 cells when 

compared to the treatment with one-third of EC10 (Fig. 3b). In summary, BPA, BPA/C and BPS did not 

reduce the ∆Ψm, while BPC had a strong effect on this cellular parameter. 
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Fig. 3 Effects of different bisphenols on mitochondrial membrane potential ΔΨ. HepG2 cells were 
treated with bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC) and bisphenol S (BPS) 
for 24 h (n = 3). Measurements (•), mean (—) and SD (‒) of the mitochondrial membrane 
potential (ΔΨm) related to solvent control (∙∙∙) and based to the positive control (carbonyl 
cyanide 3-chlorophenylhydrazone, CCCP) are shown. a Shown are the 10% of effective 
concentration (EC10) and b one-third of EC10 and the EC10 of BPC. *p < 0.05 

 

BPC reduces the intracellular ATP concentration 

The ∆Ψm is used for the generation of ATP. Therefore, we asked whether changes in ∆Ψm would affect 

the ATP levels in the cells. Neither BPA, BPA/C nor BPS treatment led to a significant reduction of the 

intracellular ATP concentration compared to the solvent control (DMSO). In contrast a significant 5-

fold (p ≤ 0.01) reduction occurred after treatment with BPC at EC10 after 24 h (Fig. 4). 



Minor structural modifications of bisphenol A strongly affect physiological responses of HepG2 cells 

31 

 

 

Fig. 4 Effects of bisphenols on intracellular ATP levels, normalized to the total protein. HepG2 cells 
were treated with 10% of the effective concentration (EC10) of bisphenol A (BPA), bisphenol A/C 
(BPA/C), bisphenol C (BPC), bisphenol S (BPS) and dimethyl sulfoxid (vehicle control) for 24 h 
(n = 3). Measurements (•), mean (—) and SD (‒) of the ATP concentration per g total protein are 
shown from 3 biological replicates. **p < 0.01 

 

Cytokine gene expression differs after exposure to different bisphenols 

The intracellular ATP concentration might be associated with inflammation. It has already been shown 

that treatment of neutrophils with nonsteroidal anti-inflammatory drugs, like flufenamic acid, reduces 

the intracellular ATP levels (Manica et al. 2018). Therefore, the expression profiles of the 

cytokines TNF, TGFB1 and SPP1 (osteopontin) were investigated to study the pro- or anti-

inflammatory effects of the bisphenols in focus. The pro-inflammatory cytokine osteopontin 

participates in several adaptive and innate immune responses, including the migration of macrophages 

and T-helper (Th) cells and the proliferation and survival of Th cells (Clemente et al. 2016). TGF-β 

(TGFB1) represents a cytokine with both pro- and anti-inflammatory effects depending on the 

physiological conditions (Worthington et al. 2012). HepG2 cells were treated at the EC10 of bisphenols 

and the gene expression was quantified 24 h later (Fig. 5). The TGFB1 expression of HepG2 cells 

exposed to BPA, BPC and BPS was significantly (p ≤ 0.01) upregulated (between 1.4- and 6-fold) 

compared to the vehicle control. By contrast, treatment with BPA/C did not affect the expression 

of TGFB1 compared to solvent control (Fig. 5a). In addition, treatment of HepG2 cells with BPA, BPA/C 

or BPS resulted in a comparable up-regulation of SPP1 (two and threefold), while BPC had no effect 
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(Fig. 5b). Interestingly, BPC caused a significant (p ≤ 0.01) threefold up-regulation of TNF, the gene 

encoding for TNF-α. In contrast, BPA, BPA/C and BPS had no significant effect (Fig. 5c). 

 

Fig. 5 Expression of cytokines in HepG2 under the influence of bisphenols. HepG2 cells were treated 
with 10% of the effective concentration of bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol 
C (BPC) and bisphenol S (BPS) for 24 h (n = 3). Measurements (•), mean (―) and SD (‒) of the 
expression of a the transforming growth factor β 1 (TGFB1), b osteopontin (SPP1) and c tumor 
necrosis factor (TNF) α related to solvent-control (∙∙∙) and HPRT (ΔΔCT) are shown. *p < 0.05, 
**p < 0.01 

 

At pro-inflammatory cellular conditions bisphenols alter the expression of BCL2 

Under single cell culture conditions treatment of HepG2 cells with bisphenols changed the expression 

of selected cytokines (Fig. 5). Here, we wanted to investigate cytokine expression in a co-culture 

system under pro-inflammatory conditions. It has been shown before, that this co-cultivation resulted 

in the release of chemokines and cytokines such as CCL3, IL-1α, and CXCL8 (Wewering et al. 2017). 

The protein BCL-2 (BCL2) is commonly known as inhibitor of the intrinsic apoptotic pathway (Czabotar 

et al. 2014). The expression levels of BCL2 in single cell cultures of HepG2 cells were not affected by 
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any of the bisphenols applied (data not shown). However, this expression profile changed when cells 

were cultivated in a pro-inflammatory environment (Fig. 6a). BPA (EC10) led to a significant (p ≤ 0.05) 

up-regulation (1.8-fold) of BCL2 in co-cultivated HepG2 cells compared to the solvent control (Fig. 6a). 

BPS and BPA/C showed no effect on the expression of BCL2 compared to cells treated with the vehicle, 

while HepG2 cells treated with BPC (EC10) showed a fourfold down-regulation of BCL2. In summary, an 

inflammatory environment in combination with bisphenol treatment seems to affect the up- or down-

regulation of key genes of the intrinsic apoptotic pathway. 

 

Fig. 6 Pro-inflammation model under influence of bisphenols. HepG2 cells were co-cultivated with 
PMA-activated THP-1 cells and treated with the EC10 of bisphenol A (BPA), bisphenol A/C 
(BPA/C), bisphenol C (BPC) and bisphenol S (BPS) for 24 h. a Measurements (•), mean (―) and 
SD (‒) of the expression of the B-cell lymphoma 2 (BCL2) related to solvent-control (∙∙∙) 
and HPRT (ΔΔCT) are shown (n = 3). b Concentration of tumor necrosis factor α (TNF-α) in the 
supernatant of single- and co-cultivated HepG2 and PMA differentiated THP-1 cells (n = 4). LDL 
indicates values below the limit of detection of 7.8 pg/ml. *p < 0.05, **p < 0.01 
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TNF-α secretion is affected by bisphenols 

While BCL2 is a known inhibitor of the intrinsic apoptotic pathway, the cytokine TNF-α is known as pro-

apoptotic (van Horssen et al. 2006) and essential pro-inflammatory mediator (Sedger and 

McDermott 2014). Consequently, the TNF-α secretion of bisphenol-treated HepG2 and PMA-

differentiated THP-1 kept in co- and single-culture (Fig. 6b) was determined. To exclude combinatory 

effects of bisphenols and cytokines already secreted due to the co-culture conditions, the bisphenols 

were added at the onset of co-cultivation conditions. PMA-differentiated THP-1 cells secrete 

404 ± 59 pg/ml TNF-α. After BPC or BPS treatment the secretion is significantly (p < 0.01) reduced to 

133 ± 70 pg/ml and 220 ± 53 pg/ml, respectively. In contrast, no TNF-α was detectable in the single 

culture of HepG2 cells, except for BPS treatment (TNF-α: 54 ± 40 pg/ml). In general, TNF-α secretion at 

co-cultivation conditions was higher 64 ± 13 pg/ml to 237 ± 67 pg/ml when compared to the single 

cultivation conditions of HepG2 and lower as in the single cultivation of PMA-differentiated THP-1. 

However, under the influence of BPC, the concentration of TNF-α in co-cultivation are comparable to 

PMA-differentiated THP-1 cells alone (237 ± 67 pg/ml and 133 ± 70 pg/ml). TNF-α levels in the 

supernatant of co-cultures was not detectable after treatment with BPS (Fig. 6b). In brief, the TNF-α 

amount is thus dependent on the cultivation conditions and on the kind of bisphenol treatment. BPC 

increases the secretion of the pro-apoptotic TNF-α in co-cultivated HepG2 cells thereby promoting 

apoptosis. This coincides with the concomitant decrease in the expression level of the anti-apoptotic 

BCL2 protein. 

Bisphenol C changes intracellular cytochrome c localisation 

The activation of the intrinsic apoptotic pathway can result in a cytochrome c (CyC) release from 

mitochondria (Ichim and Tait 2016). This results in a decreased mitochondrial CyC concentration, while 

the total cellular amount of CyC remains constant. An activation of the intrinsic apoptotic pathway was 

studied by comparison of the CyC concentration in the mitochondrial fraction (Figure S1) and the total 

cell lysate (Fig. 7a). Only BPC treatment resulted in a decrease of the CyC concentration, while BPA, 

BPA/C and BPS had no effect. Therefore, these data support the results of the cytokine determinations 

and it can be concluded that only BPC activates the intrinsic apoptotic pathway, which resulted in a 

release of CyC. 



Minor structural modifications of bisphenol A strongly affect physiological responses of HepG2 cells 

35 

 

 

Fig. 7 Qualitative analysis of the estrogen receptor (ER) and intracellular distribution of the protein 
cytochrome C. a HepG2 were treated with the EC10 of bisphenol A (BPA), bisphenol A/C (BPA/C), 
bisphenol C (BPC) and bisphenol S (BPS) for 24 h. The total protein (tp) and the mitochondrial 
protein fraction (mp) were analyzed for cytochrome C (CyC) content, with β-actin as loading 
control. b Determination of the expression of ERα in HepG2 and MCF7 cells. The loading control 
α-tubulin was used 

 

The estrogen receptor is not detectable in HepG2 cells 

BPA is a known xenoestrogen (Kitamura et al. 2005). Since MCF7 cells undergo apoptosis after long-

term estrogen deprivation and subsequent estrogen treatment (Song et al. 2001), we determined the 

total estrogen receptor α (ERα) levels in HepG2 cells to clarify whether estrogenic activity plays a 

crucial role for the cellular endpoints investigated in our study. Yet, Fig. 7b shows that HepG2 cells do 

not express any detectable levels of the ERα protein. Therefore, the described effects of bisphenols in 

HepG2 cells are likely independent from any estrogen receptor signaling pathways. 

To validate this conclusion, the activation of the ERα signalling by the different bisphenols was 

investigated according to TG 455 (OECD 2016). The half maximal effective concentration for estrogen 

activity (EC50E) was 0.7 ± 0.2 µM, 1.2 ± 0.2 µM and 0.2 ± 0.02 µM for BPA, BPA/C and BPC, respectively 

(Fig. 8). BPS and BPF had an EC50E of 1.5 ± 0.4 µM and 1.1 ± 0.3 µM. The highly toxic BPG had an EC50E of 

0.89 ± 0.23 µM, similar to BPA. This shows that the increase in the number of methyl groups (BPA → 

BPA/C → BPC) has no comparable linear effect on the ERα activation. The EC50E of the ERα activation 

does not follow the same sequence, since BPC has the lowest and BPA/C the highest EC50E (Fig. 8). 
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Fig. 8 Concentration of half maximal estrogen receptor activation (EC50E). Hela9903 cells were treated 
with bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC), bisphenol S (BPS), bisphenol 
F (BPF) and bisphenol G (BPG) or dimethyl sulfoxide (vehicle control) and 2 nM Estrogen (positive 
control) for 24 h (n = 3). The EC50E were calculated under the program environment R (•) and 
shown are mean (―) and SD (‒). **p < 0.01 

 

ERα is expressed in healthy liver tissue. Therefore, we asked, whether the results of the presented 

work might be affected by the absence of estrogen receptor signalling in HepG2 cells. The ERα 

signalling was activated by BPA, BPC and BPF at 10 µM, 3.16 µM and 10 µM, respectively. BPA/C 

activated the ERα to 73.4 ± 8.8% at 10 µM. This result clearly demonstrates that the EC50 and 

EC10 concentrations used in the present study are sufficient to activate ERα in healthy liver. 

Discussion 

The read-across approach allows the prediction of missing toxicological data for a target substance, 

based on data from similar substances (source substance). The starting point of the read-across 

approach could be the grouping of several source substances. This grouping is based on common 

functional groups, precursors, and a reportedly consistent pattern in terms of the changes in 

physicochemical and/or biological properties (ECHA 2017a). Based on this, BPA and BPA/C (source 

substance) were grouped to predict the toxicological properties of BPC (target substance). These three 

bisphenols had comparable EC50, EC10 and logPOW values (Table 1). Structurally, the BPA, BPA/C and 
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BPC differed only with respect to the number of additional methyl groups (Table 1). Experimental data 

were generated to validate the predictions for BPC and will be discussed in the following section. 

We showed that the in vitro toxicity (EC50) correlates well with the logPOW (Fig. 1); the latter represents 

the distribution of a substance between water and the lipophilic solvent octanol (Sangster 1989). Our 

data showed that the toxicity increased with decreasing water solubility (Fig. 1). 

Bisphenols with a higher hydrophobicity had previously been shown to be located in the hydrophobic 

layer of the cell membrane thereby disturbing the membrane fluidity (Macczak et al. 2017). Recent 

computer-based simulations underlined that BPA accumulates in the membrane, causes potential 

cluster generation and increased numbers of membrane pores, and leads to an enhanced water influx 

into the cell (Chen et al. 2016). Based on this computer-based simulation, it is likely that the cell 

membrane of HepG2 cells becomes disturbed by BPA, which might result in the generation of 

membrane pores. 

BPA/C produced a significant increase of the cell division rate at the EC10 (compared to BPA) in concert 

with an increase in one methyl group. Therefore, one would predict that BPC with two additional 

methyl groups would show a further increase in the cell division rate. However, experimental data 

using BPC showed that a decrease in cell division was detectable (Fig. 2b). At a lower dose of 1/3 

EC10 there was no change in the cell division rate between BPA, BPA/C and BPS, despite differences in 

the logPOW. Even at this 1/3 EC10 concentration, BPC resulted in a significantly lower number of cell 

divisions (Fig. 2a). 

Using a read-across approach one would predict different effects of BPC on the cell division rate: at 

the EC10 the cell division rate of BPC-treated cells should be above the rate found in cells treated with 

BPA or BPA/C, since BPA and BPA/C induced increasing cell division ratios corresponding to the 

increasing number of additional methyl groups (Fig. 2b). In summary, an application of read-across in 

terms of cell division rates is not possible for BPA, BPA/C and BPC. 

In general, the initiation of cell division depends not only on cyclins and the corresponding kinases but 

also on factors like ATP and oxygen (Gelfant 1960). Therefore, the effect of the bisphenols on the 

mitochondrial membrane potential ∆Ψm was studied (Fig. 3). Uncoupling of ∆Ψm led to an opening of 

the mitochondrial permeability transition pores (Petronilli et al. 1993). In contrast to BPA, BPA/C and 

BPS, only BPC decreased ∆Ψm significantly at EC10 concentrations (Fig. 3a). At lower concentrations 

(1/3 EC10), no effect was detectable. Therefore, a read across from BPA and BPA/C to BPC is not 

possible. 
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A recent study has shown that the intracellular ATP concentration is a sensitive endpoint for 

mitotoxicity (i.e., mitosis toxicity) in the absence of cell death (Kamalian et al. 2015). In our study, the 

determination of the intracellular ATP concentration clearly showed that only BPC had an effect. The 

other investigated bisphenols (BPA, BPA/C, and BPS) had no mitotoxic effects, regardless of the 

chemical structure. Macczak et al. (2017) showed that derivatives of BPA exerted different effects on 

erythrocyte membranes, depending on its hydrophobicity; this also suggests the potential for 

mitochondrial membrane disturbance. It has been reported that 1000-fold lower concentrations of 

BPA can induce a reduction in the ∆Ψm in HepG2 cells after 12 h of incubation (Moon et al. 2012), 

indicating a short-term effect (12 h) of BPA. In the present study, no change in ∆Ψm was detected after 

24 h, except for BPC, for which a decreased ∆Ψm was detectable after 24 h (Fig. 3). The only structural 

differences between BPA and BPC are the two additional methyl groups attached to the phenol rings, 

which might be essential for the decoupling effect. To validate a potential structure–activity 

relationship (SAR), the effects of an intermediate structure, BPA/C, were investigated (Table 1). 

Ultimately, BPA/C was shown to lack any effect on ∆Ψm (Fig. 3). Therefore, it can be concluded that 

the membrane potential related effects of BPC are dependent on the presence of both methyl groups. 

Interestingly, the effect of ∆Ψm seemed to be a reliable indicator for the intracellular ATP 

concentration. In summary, the decrease of the intracellular ATP concentration is supported by the 

ΔΨm determinations. Yet, a prediction of the effects of BPC, based on data from BPA and BPA/C, 

seemed to be limited. 

The effects of BPC on HepG2 cells differ, when compared to BPA, BPA/C and BPS. The differences are 

based not only on the cell division rate but also on ΔΨm (Fig. 3) and the cellular ATP concentration 

(Fig. 4). It has been reported that decoupling of ∆Ψm can result in the mitochondrial release of CyC (Li 

et al. 2010). CyC is part of the mitochondrial electron transport chain. A release of CyC into the cytosol 

subsequently results in an activation of apoptosis-related caspases, which then may trigger the 

intrinsic apoptosis pathway (Tait and Green 2010). Since only BPC-treated cells revealed a reduced 

amount of CyC in the mitochondrial fraction (Fig. 7a), it was assumed that only BPC might be capable 

to activate the intrinsic apoptotic pathway by mitochondrial depolarisation and translocation of CyC 

into the cytosol. The activation of this apoptotic pathway could be enhanced by the recently 

established co-cultivation system (Wewering et al. 2017), reflecting a pro-inflammatory cell state. BCL-

2 is an inhibitor of apoptosis pathway (Kluck et al. 1997). It was significantly down-regulated by BPC 

during conditions of pro-inflammation in HepG2 and PMA-activated THP-1 cells while growing in co-

culture (Fig. 6a). Especially the increased secretion of TNF-α during co-cultivation enhanced the effect 
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on BPC treated cells (Fig. 6b). It has been already shown, that intracellular TNF-α occurs in HepG2-cells 

(Zhang et al. 2013) and we could show that BPS treatment led to secretion of TNF-α (Fig. 6b). 

In general, HepG2 cells were also capable of expressing pro-inflammatory cytokines under the 

influence of external stimuli (Gutierrez-Ruiz et al. 1999). The investigated bisphenols were known to 

carry intrinsic estrogenic activity (Kitamura et al. 2005). It has been shown that pro-inflammatory 

cytokines, like TNF-α, were upregulated in liver after treatment with estrogens (Colantoni et al. 2003). 

Due to the lack of ERα protein in HepG2 cells, all effects on cytokine expression were independent 

from the estrogenic properties of the investigated bisphenols though (Fig. 7b). However, one has to 

keep in mind that the ERα is expressed in normal liver tissue (Zhao and Li 2015) and that differences in 

the activation of ERα by bisphenols might alter the reported effects. BPA and BPC activated the ERα 

signaling completely and BPA/C up to 73.8 ± 8.8 % at concentrations lower than the ones used in the 

present study (Figure S3). Furthermore, the EC50E of ERα activation differs between BPA, BPA/C and 

BPC, and no correlation between the number of methyl-groups and the EC50E was detected (Fig. 8). The 

EC50E values of BPA, BPC, BPS and BPF were similar to the values reported by Kitamura et al. (2005). 

Moreover, the data support the scheme proposed by the authors only partly. It remains to be 

elucidated why the single methyl group of BPA/C reveals with highest EC50E of ERα activation, while 

one less (BPA) or an additional methyl group (BPC) lowers this value. 

These results show that there is no constant increase in ERα activation by the addition of single methyl 

groups. Therefore, a read across from BPA and BPA/C to BPC is not possible. In addition, the data show 

that ERα is already activated at concentrations below the ones used in the present study. It is likely 

that this situation occurs in healthy liver. Effects based on differences in the activation are unlikely. 

The read-across approach was used to predict the expression of cytokines in treated HepG2 cell 

culture. BPA, BPA/C were used as source substances and BPC as target substance. The expression of 

the pro-inflammatory cytokine TGF-β (Worthington et al. 2012) was significantly up-regulated in the 

presence of BPC and BPA (Fig. 5a) but not by BPA/C. Since both former substances differed only by the 

number of methyl-groups and its logPOW values, it should be expected that the addition of a single 

methyl group to BPA/C would result in the down-regulation or at least in the lack of any expression 

changes of this pro-inflammatory cytokine. However, our experimental data show that BPC 

increases TGFB1 expression even more than BPA. Therefore, it seems that BPA and BPA/C cannot be 

used as reliable source substances to predict the expression of BPC. To summarize, the prediction of 

the read-across approach was not found to be reliable for the set of bisphenols investigated in our 
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study due to the fact that the expression of TGFB1 was significantly up-regulated compared to the 

expression produced by a structurally similar BPA/C. 

We next studied additional pro-inflammatory cytokines. The expression profiles of SPP1 and TNF 

differed between BPC-treated HepG2 cells when compared to the other bisphenol treatments. The 

treatment with BPA, BPA/C and BPS led to an up-regulation of SPP1, but not of TNF. BPC did not change 

the expression of SPP1, but up-regulated the expression of TNF (Fig. 5b, c). Actually, applying the read-

across approach one would expect an up-regulated SPP1 expression, similar to BPA and BPA/C, and an 

unchanged expression of this cytokine in BPC-treated cells. However, the strong up-regulation 

of TNF contradicted this prediction. 

Generally TNF-α secretion can be also used for the read-across approach. One would expect that the 

TNF-α secretion levels in co-cultures treated with BPA and BPA/C (Fig. 6b) would be comparable to the 

BPC-treated co-culture, based on the structurally similarities. But our data clearly show that only BPC 

significantly enhances the TNF-α secretion in co-culture (Fig. 6b). However, no TNF-α was secreted in 

BPS-treated co-culture (Fig. 6b). In brief, the read-across approach could be not applied to the current 

set of substances. 

In theory, a read-across approach for the prediction of the effects of BPC seemed feasible using data 

from BPA- and BPA/C-treated HepG2 cells. The more so as these bisphenols differed only by one or 

two methyl groups. Yet our data clearly showed that the application of read-across was impossible 

within this group, despite the high structural similarity. At non-toxic concentrations (EC10), different 

biochemical effects of BPA, BPA/C, BPC and BPS became obvious in HepG2 cell cultures. 

The in vitro data on bisphenol derivatives indicate that a single methyl group can have a profound 

effect on cellular toxicity. Similar effects have been shown with other chemicals as well, such as, 1-

amino-2-propanol (CAS 78-96-6) and 2-aminoethanol (CAS 141-43-5). Both chemicals differ only in a 

single methyl group. Here, this small structural change caused significantly different in vivo toxicity in 

rats, with 1-amino-2-propanol resulting in an increased liver weight, generally, and an increased 

thymus weight in females only (ECHA 2018c). In contrast, oral exposure to 1-aminoethanol resulted in 

decreased weights of prostate, as well as corpus and cauda epididymis (ECHA 2016). Our study adds 

to these observations and prompts us to suggest caution in cases where the read-across approach is 

thought to be applicable due to small structural alterations of the compounds under investigation, 

such as the adding or loss of a single methyl side chain. 
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Conclusion 

In this study, we showed that the cytotoxicity of a selected set of bisphenols depended largely on the 

respective logPow values. Furthermore, methylation of both phenolic moieties is required to trigger the 

intrinsic apoptotic pathway in HepG2 cells. This is mediated by the compound’s decoupling effect on 

the mitochondrial membrane or the activation of the TNF pathway. BPS, used as an alternative for BPA 

in consumer products, revealed with a similar expression pattern for TGFB1, SPP1 and TNF. BPS was 

able to evoke the expression of similar cytokines (SPP1 and TGFB1) as BPA suppressed TNF-α secretion 

in a pro-inflammatory co-culture system without affecting cell division rates. In conclusion, the read-

across method should be used carefully with regard to bisphenols, since the addition of a single methyl 

group can trigger large differences in terms of potentially adverse biological effects. 
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Abstract 

HepG2 and THP-1 cells, the latter differentiated by phorbol 12-myristate 13-acetate (PMA), were co-

cultured and characterized for typical liver-specific functions, such as xenobiotic detoxification, lipid 

and cholesterol metabolism. Furthermore, liver injury-associated pathways, such as inflammation, 

were studied. In general, the co-cultivation of these cells produced a pro-inflammatory system, as 

indicated by increased levels of cytokines (IL-8, TGF-α, IL-6, GM-CSF, G-CSF, TGF-β, and hFGF) in the 

respective supernatant. Increased expression levels of target genes of the aryl hydrocarbon receptor 

(AHR), e.g., CYP1A1, CYP1A2 and CYP1B1, were detected, accompanied by the increased enzyme 

activity of CYP1A1. Moreover, transcriptome analyses indicated a significant upregulation of 

cholesterol biosynthesis, which could be reduced to baseline levels by lovastatin. In contrast, total de 

novo lipid synthesis was reduced in co-cultured HepG2 cells. Key events of the adverse outcome 

pathway (AOP) for fibrosis were activated by the co-cultivation, however, no increase in the 

concentration of extracellular collagen was detected. This indicates, that AOP should be used with 

care. In summary, the indirect co-culture of HepG2/THP-1 cells results in an increased release of pro-

inflammatory cytokines, an activation of the AHR pathway and an increased enzymatic CYP1A activity. 

Keywords: HepG2; THP-1; Co-culture; Lipids; Cholesterol; Cytokines; Inflammation; Metabolism; 

Adverse outcome pathway 

1. Introduction 

The liver is the main organ of intermediary metabolism. When taken up orally, nutrients, noxious 

and/or pharmacologically active compounds reach the liver through the portal vein. Consequently, 

appropriate in vitro liver models are widely discussed and developed for toxicological and 

pharmacological studies (Zeilinger et al., 2016; Soldatow et al., 2013; Toyoda et al., 2017; Zhou et al., 

2019). Primary human liver cells are thus far the “gold standard” for these in vitro investigations 

(Zeilinger et al., 2016; Soldatow et al., 2013). However, one should be aware of the short comings of 

this “gold standard”, for instance, large inter-individual differences, reduction in functionality within 

days (Soldatow et al., 2013) and induction of signalling pathways and changes in enzyme activity due 

to disease-related patient treatment. On the other hand, hepatic cell lines (e.g., HepG2, Huh7) also 

have limitations, since the metabolic enzyme activity of these cells is often much lower or absent than 

that of primary cell cultures (Hewitt and Hewitt, 2004; Lin et al., 2012). However, availability is almost 

unlimited, since these cells can be easily expanded in the laboratory. 
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Differences between primary human hepatocytes and HepG2 cells in the response to 

pharmacologically active substances were investigated recently (Albrecht et al., 2019). Primary 

hepatocytes were more suitable for the detection of toxic effects, compared to HepG2 cells. In 

addition, it was shown that the read out was of crucial importance. The authors concluded that HepG2 

cells represent a suitable screening tool to study most of these substances (Albrecht et al., 2019). 

Besides the single cultivation of HepG2 cells, co-culturing of HepG2 cells (e.g. with THP-1 cells) could 

also lead to more sensitive cell culture model. However, much more complex 3D co-cultures have 

generated promising pro-fibrotic hepatic in vitro systems (Prestigiacomo et al., 2017). In this system, 

essential interactions between hepatocytes, Kupffer cells and stellate cells (by HepaRG, THP-1, hTERT-

HSC) were successfully simulated in vitro. This study showed that co-cultivation systems could have a 

higher validity compared to single cultures and that THP-1 cells can be a possible surrogate for human 

Kupffer cells. (Prestigiacomo et al., 2017). THP-1 cells, differentiated by phorbol 12-myristate 13-

acetate (PMA), convert into a macrophage-like phenotype (Schwende et al., 1996). Wewering and co-

workers (Wewering et al., 2017a) established an indirect co-cultivation system with HepG2 and PMA-

differentiated THP-1 cells. This co-cultivation resulted in a pro-inflammatory system, as indicated by 

the secretion of C–X–C-motif ligand 8 (CXCL8 or IL-8), granulocyte macrophage colony-stimulating 

factor (GM-CSF) and macrophage migration inhibitory factor. Granitzny and co-workers (Granitzny et 

al., 2017) investigated the suitability of this co-cultivation system for the identification of drugs that 

induce liver injury (DILI). Positive reference substances for DILI like troglitazone, trovafloxacin, 

diclofenac and ketoconazole as well as negative reference substances like rosiglitazone, levofloxacin, 

acetylsalicylic acid, fluconazole were correctly identified and proved the functionality of the system. In 

addition, tumour necrosis factor α (TNF-α) was identified as a prognostic factor for DILI development 

in vitro (Granitzny et al., 2017). These findings support the hypothesis that pro-inflammatory 

conditions might lower the hepatotoxic thresholds of xenobiotics or drugs and can lead to DILI (Roth 

et al., 2003). 

The main focus of the present paper are changes at the cellular level that were induced by the indirect 

co-cultivation of HepG2 and PMA-differentiated THP-1 cells. Therefore, gene expression profiles were 

determined by transcriptome analyses. The predictions were then validated by measuring cytokine 

secretion, CYP enzyme expression and specific enzyme activities, collagen accumulation and changes 

in the amount of total lipids. Finally, crucial hepatic pathways that were changed due to the co-

cultivation conditions were identified, which allows a deeper understanding of the co-cultivation 

system. 
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2. Methods 

All methods were carried out according to the manufacturer's protocol. Only the modifications are 

given below. 

2.1. Chemicals and antibodies 

All chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany) unless stated otherwise. In 

general, Dulbecco's phosphate-buffered saline (DPBS, PAN-Biotech, Aidenbach, Germany) was used. A 

list of the antibodies used is provided in supplementary table S1. 

2.2. Cell culture 

All single use consumables were purchased from TPP (Trasadingen, Switzerland). Cell lines were 

purchased from DSMZ (Braunschweig, Germany). HepG2 cells were grown in RPMI 1640 (PAN-Biotech, 

Aidenbach, Germany) contained 10% (v/v) FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM l-

glutamine at 37 °C and 5% CO2 as described previously. THP-1 cells were grown in RPMI 1640 (PAN-

Biotech, Aidenbach, Germany) contained 10% (v/v) FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, 

2 mM l-glutamine, 1 mM sodium pyruvate, 10 mM Hepes and the co-culture were performed using 

Falcon® cell culture inserts (VWR, Darmstadt, Germany) according to Wewering and co-workers 

(Wewering et al., 2017a). HepG2 cells were seeded at a density of 1.3 × 105 cells per cm2. THP-1 cells 

were seeded at a density of 0.65 × 105 cells per cm2 and differentiated using 100 nM phorbol-12-

myristat-13-acetat (PMA) for 24 h. Immediately after differentiation the co-cultivation with the HepG2 

cells was started. Previously it has been shown that PMA in the concentration range of 8–200 nM can 

be used for a successful differentiation and adherence of the cells to the culture vessel within 24 h 

(Lund et al., 2016). However, during a subsequent PMA free cultivation phase the adherence decreased 

with a decreasing PMA concentration. THP-1 cells, that were differentiated with 100 nM PMA showed 

the highest adherence 24 h after cultivation in the absence of PMA. Secondly, the concentration of 

PMA as well as incubation and resting phase seems to affect the toxicity of drugs. Granitzny and co-

workers (Granitzny et al., 2017) studied the effect of ketoconazole on THP-1 cells, differentiated for 

72 h in the presence of 50 nM PMA, followed by a resting phase in PMA-free growth medium for 

another 24 h. In co-culture, ketoconazole had a much higher toxicity to THP-1 cells, compared to the 

HepG2 cells (Granitzny et al., 2017). In contrast, the differentiation with 100 nM PMA for 24 h without 

a resting phase decreased the toxicity of ketoconazole (Wewering et al., 2017a). In order to warrant a 

high adherence of the THP-1 cells and a similar toxicity of drugs to THP-1 cells and HepG2 cells, 100 nM 

PMA was used for differentiation. 
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In Fig. 1 the set-up of a co-cultivation can be seen. In order to further investigate the differentiation 

protocol used, the basic property of phagocytosis of PMA differentiated THP-1 cells (Kurynina et al., 

2018) was confirmed (Fig. 1B). The THP-1 cells were capable of active phagocytosis from the beginning 

of co-cultivation to the end. Therefore, all cultures were incubated for 24 h and culture medium with 

0.1% DMSO was used as control. 

 

Fig. 1. Set-up of the co-cultivation and phagocytic capacity of THP-1 cells. THP-1 cells were 
differentiated using 100 nM phorbol-12 myristat-13 acetat (PMA) for 24 h and the co-cultivation 
with HepG2 starts without a resting phase. (A) Shown are set-up und photomicrographic images 
at the beginning (t = 0) and the end (t = 24 h) of the co-cultivation. (B) Phagocytosis is a 
characteristic of PMA differentiated THP-1 cells. The internalisation of latex beads (2 μm, 5 μl/ml 
culture medium) after 2 h incubation is temperature dependent (4 °C or 37 °C). The white arrow 
indicates exemplarily the latex beads. The scale bar denotes 20 μm. 

 

2.3. Cell viability testing 

The MTT Assay was performed according to Mosmann (Mosmann, 1983). All values were corrected for 

the solvent control DMSO. 
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2.4. RNA isolation 

RNA was isolated using the NucleoSpin® RNA Kit (Machery-Nagel, Düren, Germany). 

2.5. Microarray analyses 

All samples (RNA integrity number (RIN) >8.5) were analysed using a Human Clariom™ S Assay (Applied 

Biosystems, Foster City, CA, USA). Microarray data have been deposited in the Gene Expression 

Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE140141). To analyse 

microarray data, the exclusion criterion of p ≤ 0.05 was used. Detailed information is provided in the 

supplementary material. 

2.6. Cytokines 

Cytokines in the supernatant were measured using the Cytokine LEGENDplex™ including Anti-Virus 

Response Panel (IL-8, IL-6, human fibroblast growth factor (hFGF)), Cytokine Panel 2 (interleukin 1α 

(IL-1α)) and Growth Factor Panel (TGF-α, GM-CSF, granulocyte colony-stimulating factor (G-CSF)) 

(Biolegend, San Diego, CA, USA). The results were analysed using LEGENDplex™ 8.0 software 

(Biolegend, San Diego, CA, USA). TGF-β was quantified using the BD™ Cytometric Bead Array (CBA) 

with the Human TGF-β1 Single Plex Flex Set (BD Biosciences, Heidelberg, Germany) and analysed with 

FCAP Array v1.0.1 software (BD Biosciences, Heidelberg, Germany). 

2.7. PCR analyses 

Reverse transcription was performed with the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Foster City, CA, USA). Quantitative PCR (qPCR) was performed with a 7500 Fast Real-Time 

PCR Instrument using Fast SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA). The 

primer sequences are listed in table S2. The ∆∆CT-value was calculated according to Livak and 

Schmittgen (Livak and Schmittgen, 2001) and normalized to the expression of hypoxanthine-guanine 

phosphoribosyl transferase (HPRT) and to the corresponding control sample. Positive controls were 

generated by the treatment with 10 nM 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (LGC Standards, 

Wesel, Germany) or 1 μM lovastatin before RNA isolation. 

 

2.8. Western blots 

Cells were lysed at 4 °C in RIPA buffer (50 mM Tris/HCl (pH 7.4), 159 mM NaCl, 1 mM EDTA, 1% Igepal®, 

0.25% sodium deoxycholate) supplemented with a protease inhibitor cocktail (Merck, Darmstadt, 
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Germany). Protein concentrations were determined with the Pierce™ BCA Protein Assay Kit (Thermo 

Scientific, Waltham, MA, USA), and equal amounts of protein were applied to SDS-PAGE and 

transferred onto nitrocellulose membranes. After binding of primary antibodies (24 h at 4 °C), the 

secondary antibody (horseradish peroxidase labelled) was added, and visualized with Pierce ECL 

Substrate (Thermo Fisher Scientific, Waltham, MA, USA) using a ChemiDoc XRS (Bio-Rad, Munich, 

Germany). 

2.9. CYP1A1 activation 

CYP1A1 activation was measured using the P450-Glo™ CYP1A1 Assay System (Promega Corporation, 

Madison, WI, USA). 

2.10. Cholesterol measurements 

The cholesterol concentration was quantified using the Amplex™ Red Cholesterol Assay Kit (Thermo 

Fisher Scientific, Waltham, MA, USA). 

2.11. Lipid staining 

The cellular layer was fixed with Roti®-Histofix 4% (Roth, Karls-ruhe, Germany) for 10 min, and cells 

were permeabilized with 0.2% TRITON™X-100 for 10 min. Lipids were stained using a freshly prepared 

6 mM Sudan Red 7 B solution in 60% 2-propanol for 10 min. After carefully removing excess staining 

solution, nuclear staining was performed with 1 μg/ml Hoechst3342. Images were repeatedly taken 

using an Olympus BX51 microscope (U Plan FLN 20×/0.50) connected to a ColorView III camera 

(Olympus, Hamburg, Germany). Finally, the number of nuclei and the areas of stained droplets were 

calculated using CellProfiler® 3.1.5 software (Carpenter et al., 2006) An example of the evaluation and 

its calculation is given in fig. S1. 

2.12. ATP measurements 

The ATP concentration was determined using a Bioluminescence Assay Kit HS II (Roche, Basel, 

Switzerland). 

2.13. Collagen staining 

The Sirius Red/Fast green collagen staining kit (AMS Biotechnology, Abingdon, UK) was used. 
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2.14. Statistics 

Detailed information on the exploratory grouping analysis is provided in the supplementary section. 

All data shown contain at least three independent biological replicates. Means, standard deviations 

and ANOVA p-values followed by Bonferroni correction were calculated with GraphPad Prism 6 

(Statcon, Witzenhausen, Germany). Analysed gene lists were selected due to the pathway relevance 

and the significance (p < 0.05) using Ingenuity® Pathway Analysis (Qiagen, Aarhus, Denmark). The Z-

score and the hierarchical clustering were calculated with Perseus Software (Tyanova et al., 2016). 

Three-dimensional figures were generated using Plotly (https://plot.ly) (Plotly Technologies Inc, 2015). 

3. Results 

3.1. Toxicity of selected substances on 100 nM PMA diffentiated THP-1 cells 

The toxicity of drugs, used in co-cultivation experiments should have similar half effective 

concentrations for all cell lines. PMA differentiated THP-1 cells are very sensitive against drugs 

(Granitzny et al., 2017). Therefore, in a first step, we tested the effect of three different drugs on the 

cell viability of PMA differentiated THP-1 cells, after single and co-culture. The selected PMA 

concentration was 100 nM (cf. 2.2). 

The loss of cell viability induced by primaquine, flutamide and amiodarone (Fig. 2) was almost lower 

or equal (Fig. 2) for co-cultivated THP 1 cells compare to the corresponding single cultivation. 

Therefore, THP-1 differentiation with 100 nM PMA for 24 h without a resting phase was chosen for all 

experiments, in order to obtain high adherence and low loss of viability of the THP-1 cells. 
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Fig. 2. Dose dependent loss of cell viability on co- and single-cultivated THP-1 cells. THP-1 cells were 
exposed to increasing concentration of primaquine, flutamide, or amiodarone for 24 h in co- 
(CC) or single-(SC) cultivation condition. Viability was determined using a MTT assay. All values 
were corrected to % of the corresponding DMSO solvent controls. n = 3, **p < 0.01. 

 

3.2. Exploratory grouping analysis highlights differences between single- and co-cultivated HepG2 

cells 

Outlier and batch effects can occur if there are any differences in batch-to-batch cultivation conditions 

or in the handling and preparation of samples. These outliers can be identified, for example, by 

exploratory grouping analysis (Bro and Smilde, 2014). We compared the cultivation conditions (single- 

and co-cultivation) of HepG2 cells and PMA-differentiated THP-1 cells (Fig. 3). The distances of the 

individual samples in terms of expression profiles indicate that the variation in the data is mainly 

affected by culture conditions (single- vs. co-cultivation) and the kind of cell type (HepG2 or THP-1), 

but not by batch-to-batch variations between individual samples. Therefore, the presence of outliers 

and a batch-to-batch variation was excluded and all samples were included in the subsequent analyses. 
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Fig. 3. Exploratory grouping analysis shows that the cultivation conditions affect gene expression 
profiles to a larger extent than the factor of sample-to-sample variability within the same group. 
HepG2 cells were cultivated with PMA-differentiated THP-1 cells in co-culture (●, HepG2 
CC, n = 5) and compared to single cultivated HepG2 (○, HepG2 SC, n = 5) or PMA-differentiated 
THP-1 (single cell) cultures (□, THP-1, n = 3) for 24 h. 

 

3.3. Genes associated with liver inflammation are upregulated 

The analysis of the transcriptomes identified differentially expressed cytokines and cytokine receptors. 

A total of 73.9% of the significantly upregulated genes (p < 0.05) were associated with liver 

inflammation (Fig. 4A). Based on these microarray data, we quantified a selection of secreted cytokines 

in the cell culture supernatants (Fig. 4B). To identify the cell type responsible for the secretion (HepG2 

or THP-1), we also quantified cytokine concentrations in pure THP-1 and HepG2 (single cell) cultures. 

Among the set of cytokines investigated, hFGF, TGF-α, and G-CSF were only detectable under co-

cultivation conditions (Fig. 4B), whereas HepG2 cells alone also secreted GM-CSF and IL-6. However, 

the levels of these two biomarkers were still further and significantly (p < 0.01) upregulated under the 

condition of co-cultivation with THP-1 cells. Conversely, PMA-differentiated THP-1 cells alone secreted 
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IL-8 to a much higher extent than did HepG2 cells alone. IL-8 levels under co-cultivation conditions 

were again in the same range as observed for THP-1 cells in the absence of HepG2 cells. In contrast, 

TGF-β concentrations in the supernatant were 2-fold higher (non-significantly) under co-cultivation 

than in individual cell cultures but represented approximately the sum of levels that were measured 

in the latter. Interestingly, the cytokine IL-1α was only detectable when THP-1 cells were cultured alone 

but absent in HepG2 cell cultures or co-cultures of THP-1 and HepG2 cells. 

 

Fig. 4. Inflammation is induced in the co-culture of HepG2 and differentiated THP-1 cells. (A) Heat map 
of HepG2 cells in single culture (SC) or co-culture (CC) with PMA-differentiated THP-1 cells after 
24 h (n = 5). Gene symbols and the Z-score of significantly (exclusion p > 0.05) up- or 
downregulated genes based on the IPA gene list are shown. An enlarged heat map is shown in 
the supplementary material (S2). (B) Secretion of TNF-α, IL-8, TGF-α, IL-6, GM-CSF, G-CSF, TGF-
β and hFGF in the supernatant of individually cultured and co-cultivated cells after 24 h (n = 6). 
The means and standard deviations (SD) are shown with the upper (UDL) (−--) and the lower 
detection limits (LDL) of the assay (∙∙∙). **p < 0.01. 

 

In conclusion, the secretion differed between individually cultivated cells and the co-cultivation of 

HepG2 with differentiated THP-1 cells (Fig. 4). 

3.4. Pro-inflammatory conditions in co-culture activate the AHR signalling pathway 

Next, we were interested, whether xenobiotic metabolism might be affected under co-culture 

conditions. Therefore, genes representing phase I and phase II xenobiotic metabolism whose 

expression levels were found to be significantly elevated were selected from the microarray data (Fig. 

5A). Using Ingenuity® Pathway Analysis (IPA®) software, we concluded that most (70.0%) of these 
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genes were downregulated (Fig. 5A). In addition, the IPA® analysis indicated the activation of the AHR 

in co-culture. Immunoblot assays confirmed an increase in the amount of AHR protein in HepG2 cells 

after co-cultivation and a comparable amount of aryl hydrocarbon receptor nuclear translocator 

(ARNT) (Fig. 5B). As a result, known AHR target genes were transcriptionally upregulated in co-

cultivated HepG2 cells compared to single-cultivated HepG2 cells (Fig. 5C): 74-fold for CYP1A1, 48-fold 

for CYP1A2 and 4-fold for CYP1B1. 

 

Fig. 5. Effects of co-cultivation on xenobiotic metabolism. (A) HepG2 cells were cultivated in single 
culture (SC) or co-culture (CC) for 24 h (n = 5). The gene symbols and the Z-score of significantly 
and differentially expressed genes are shown. (B) Co-cultivation increased the amounts of AHR 
and ARNT. One representative blot of three biological replicates is shown. (C) Co-culture of 
HepG2 cells resulted in the increased expression of CYP1A1 and CYP1A2 gens, compared to 
single-cultivated cells. (D) Addition of 10 nM TCDD in CC systems resulted in no further induction 
of cytochrome P450 1A1 (CYP1A1), but an additional induction of cytochrome P450 1A2 
(CYP1A2), and cytochrome P450 1B1 (CYP1B1) expression (n = 3). (E) Compared to individually 
cultivated cells, HepG2 cells in co-culture showed increased cytochrome P450 1A1 (CYP1A1) 
enzyme activity (n = 6). **p < 0.01. 

 

Next, we studied, whether a classical inductor of AHR, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is 

able to further induce the expression of AHR target genes in co-culture. Therefore, we treated single- 
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and co-cultivated cells with the AHR activator TCDD. Compared to treated single-cultivated HepG2 

cells, the co-cultivated HepG2 cells showed clearly upregulated CYP1A2 and CYP1B1 gene expression, 

only (Fig. 5D). The additional induction of CYP1A1 by TCDD was only minor. Finally, we were interested, 

whether the increased gene and protein expression resulted in increased enzyme activity of the target 

gene. The enzyme activity of CYP1A1 was significantly higher (p < 0.01) in co-cultivated HepG2 cells 

than in individually cultivated HepG2 cells (Fig. 5E), indicating that the AHR receptor pathway was not 

only activated but also resulted in higher amounts of functional enzyme. 

This result implies that compared to the individual cultivation of HepG2 cells, the co-cultivation of 

HepG2 cells with differentiated THP-1 cells results in the activation of AHR target genes and an 

increased CYP1A1 enzyme activity. 

3.5. Cholesterol biosynthesis is enhanced in co-culture 

The liver is the main organ of cholesterol synthesis. The microarray data revealed that all genes in the 

cholesterol biosynthesis pathway were significantly (p < 0.05) downregulated under co-cultivation 

compared to individual cultivation (Fig. 6A). In contrast, the cellular cholesterol concentration was 

significantly increased in co-cultivated HepG2 cells after 24 h relative to the individually cultivated cells 

(Fig. 6B). Thus, we studied these contradictory results in more detail. HepG2 cells were treated with 

the HMG-CoA reductase inhibitor lovastatin, and the expression of a master regulator of cholesterol 

synthesis, sterol regulatory element binding transcription factor 1 (SREBF1) (Shimano et al., 1996), was 

determined (Fig. 6C). As expected, lovastatin treatment induced the significant upregulation (2-fold) 

of the transcription factor SREBF1 in single culture. In co-culture, however, a 1.5-fold downregulation 

was detected (Fig. 6C). This treatment-dependent regulation indicated the presence of a negative 

feedback mechanism in co-culture. For clarification, we determined the cellular cholesterol 

concentration in single- and co-cultivated HepG2 cells after lovastatin treatment. In single-cultivated 

cells, the amount of cholesterol decreased relative to the level in co-cultivated cells (Fig. 6B). To further 

evaluate the effect of lovastatin, we compared individually cultivated and co-cultivated cells at 

different time points. In individually cultivated HepG2 cells, the effect of lovastatin occurred after 48 h 

(Fig. 6D). However, in co-cultivated cells, a significant (p < 0.05) reduction in the cellular cholesterol 

concentration occurred after 24 h and remained constant for 48 h (Fig. 6D), indicating that lovastatin 

affected the lipid metabolism in co-cultivated cells responded faster than in individually cultivated 

cells. 
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Fig. 6. Effects of co-culture on cholesterol biosynthesis. (A) Heat map of HepG2 cells in single culture 
(SC) or HepG2 cells co-cultured (CC) with PMA-differentiated THP-1 cells after 24 h (n = 5). The 
gene symbols and the Z-score of significantly (exclusion p > 0.05) expressed genes are shown. 
(B) Co-cultivation increased the relative cholesterol concentration in co-cultivated HepG2 cells. 
This increase was suppressed by 1 μM lovastatin. (C) Lovastatin (1 μM) increased the expression 
of sterol regulatory element binding transcription factor 1 (SREBF1) in individually cultivated 
HepG2 cells. During co-cultivation, the expression of SREBF1 was decreased in HepG2 cells 
(n = 3). (D) Cholesterol concentration in co-cultivated lovastatin-treated HepG2 cells decreased 
after 24 h and remained constant for 48 h. Cholesterol concentration in individually cultivated 
HepG2 cells decreased after 48 h relative to the corresponding DMSO control. Measurement 
data (•,▪), mean ± SD and respective control (∙∙∙) are shown. *p < 0.05 and **p < 0.01. 

 

In summary, we have shown that cholesterol biosynthesis is increased in co-cultivated HepG2 cells, 

despite reduced SREBF1 expression. The cholesterol-lowering effect of lovastatin occurred earlier in 

co-culture than in individual culture. 

3.6. Total lipid synthesis is decreased in co-culture 

Next, we were interested, whether the total lipid amount and the related metabolism were affected 

during co-cultivation. Transcriptional analysis showed that 65% of the significantly (p < 0.05) regulated 

genes related to lipid metabolism were upregulated in co-culture (Fig. 7A). However, these significantly 

upregulated genes could not be assigned to a distinct lipid metabolic pathway. Therefore, we 
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quantified the amount of lipid droplets in HepG2 cells upon individual cultivation and co-cultivation. 

In general, the total area of lipid droplets in HepG2 cells was significantly (p < 0.01) reduced in co-

culture by 76% (Fig. 7B). To further elucidate this result, we studied the expression and concentration 

of fatty acid synthase (FAS), a key enzyme in lipid synthesis. The gene array data (Fig. 7A) and qPCR 

showed that the expression of FASN in HepG2 cells was significantly downregulated by 0.6-fold and 

that the protein concentration was reduced by 0.7-fold under co-culture conditions, supporting the 

reduction in the amount of lipid droplets (Fig. 7C+D).  

Accordingly, total lipid synthesis seems to be lowered in co-cultivated HepG2 cells. 

 

Fig. 7. Lipid metabolism. (A) Heat map of differentially expressed genes in HepG2 cells in single culture 
(SC) and co-culture (CC) with PMA-differentiated THP-1 cells. The gene symbols and the Z-score 
(exclusion p > 0.05) after 24 h are shown (n = 5). (B) Effect of SC and CC on the intracellular lipid 
droplet area (normalized to cell number) of HepG2 cells after 24 h (n = 3). Each dot (●) 
represents a microscopic image. (C) HepG2 cells cultivated for 24 h in CC, showed reduced 
expression of fatty acid synthase (FASN) normalized to SC (∙∙∙) and HPRT (n = 10). The amount of 
fatty acid synthase (FAS) protein in CC was slightly reduced compared to in the SC (∙∙∙) of HepG2 
(●) or THP-1 (▪) cells (n = 3). (D) Amount of FAS protein under SC and CC conditions. **p < 0.01, 
***p < 0.005. 
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3.7. Co-culture activates key events of the AOP fibrosis 

The global transcriptome analysis of the co-culture indicated an increased expression of genes related 

to liver fibrosis. To validate this prediction, we studied key events (KE) of the adverse outcome pathway 

number 38 (Landesmann, 2016), visualized the presence of extracellular collagen and determined the 

upregulation of fibrosis-related genes (Fig. 8). The ‘KE 1’ requires hepatocyte injury. Hepatocyte injury 

is often related to the amount of intracellular ATP, which was significantly (p < 0.01) reduced in co-

cultivated HepG2 cells (Fig. 8B). ‘KE 2’ is the activation of Kupffer cells (KC). The transcriptome analysis 

of all associated genes (e.g., cytokines and corresponding receptors) showed KC activation. In brief, 

86% of all significantly (p < 0.05) regulated genes examined for KE 2 were upregulated (Fig. 8C). 

Regarding ‘KE 3’, enhanced TGFB1 expression was detected (up to 1.7-fold) in co-cultivated HepG2 

cells compared to individually cultivated cells (Fig. 8D). The activation of these key events should result 

in an accumulation of collagen in the co-culture system. Staining and photometric quantification shows 

that a rather small but significant (p < 0.05) accumulation (1.14-fold) of collagen occurred in co-

cultivated HepG2 cells (Fig. 8E). In order to validate these unexpected finding further, the presence of 

extracellular collagen was analysed using Sirius Red (Fig. 8F). The images clearly proved, that staining 

occurred in cells and not, as expected for the extracellular matrix, outside of the cells. Finally, the 

expression of genes related to fibrosis was studied. In the co-culture the expression of pro-fibrotic 

genes for smooth muscle α actin (ACTA2) and SMAD family member 7 (SMAD7) were down-regulated 

and only the expression of SMAD family member 3 (SMAD3) was upregulated, relative to the single 

cultured HepG2 cells (Fig. 8G). 
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Fig. 8. Application of key events of the adverse outcome pathway (AOP) of ‘fibrosis’ (A) AOP analysis 
according to Horvat and co-workers (Horvat et al., 2017), including the gene symbol of 
transforming growth factor β 1 (TGFB1) and the extracellular matrix (ECM). (B) ATP 
concentration per g total protein of HepG2 cells cultivated for 24 h under single culture (SC) or 
co-culture conditions (CC) with PMA-differentiated THP-1 cells. Individual measurement data (○, 
●), mean ± SD are given (n = 3). (C) HepG2 cells were cultivated under SC or CC for 24 h (n = 5). 
The gene symbols and the Z-score of significantly (exclusion p > 0.05) and differentially 
expressed relevant genes for Kupffer cell activation are shown (Horvat et al., 2017). An enlarged 
heat map is shown in supplementary fig. S3. (D) Expression of TGFB1 normalized to SC (∙∙∙) 
HepG2 cells or PMA-differentiated THP-1 cells (▪) and HPRT are shown (n = 11). (E) The 
concentration of collagen significantly increased under the CC with HepG2 cells and PMA-
differentiated THP-1 within 24 h. Data were normalized to the total amount of non-collagenous 
protein (n = 3). (F) Representative microscopic image of HepG2 cells after cultivation under SC 
or CC for 24 h. The collagen staining (Sirius Red) was exclusively detectable in the intracellular 
compartments. (G) Fold change (CC relative to SC, n = 5) of fibrosis associated gene expression 
assessed from the transcriptomic analysis, including the respective p-value. The gene for smooth 
muscle α actin (ACTA2) and SMAD family member 7 (SMAD7) were downregulated in CC 
compared to SC, while SMAD family member 3 (SMAD3) was upregulated. *p < 0.05, **p < 0.01, 
and ***p < 0.005. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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In summary, while several of the KEs of the AOP fibrosis are met, the co-culture does not represent a 

fibrotic state and is in its present form not useful for studying fibrosis. 

4. Discussion 

In this study, we characterized changes at the cellular level that were induced by the co-cultivation of 

HepG2 and PMA-differentiated THP-1 cells. The main focus was on the hepatic cell line. Transcriptome 

analyses of co-cultivated and individually cultivated HepG2 cells were taken as the basis for all further 

investigations. The previously reported pro-inflammatory properties of this co-culture (Wewering et 

al., 2017a; Granitzny et al., 2017; Wewering et al., 2017b) were studied in close detail in order to 

characterize the system further. Except for IL-1α, the concentrations of all detected cytokines were 

found increased in the supernatant of co-cultivated cells (Fig. 4B). 

Next, we compared the cytokine concentration measured under co-cultivation conditions with 

reported serum concentrations of healthy humans. The IL-6 concentration in our in vitro model was in 

a similar range as found in healthy human serum (Table 1), and GM-CSF is the only cytokine that 

showed a lower concentration than the reported values (Table 1). All other detected cytokines (IL-8, 

TGF-α, G-CSF, TGF-β, hFGF) had higher concentrations in the supernatant of the co-culture than in 

healthy human serum (Table 1). Even though that the absolute numbers of the in vitro concentrations 

are not directly comparable with the in vivo data, the concentrations are in the same range. 

Surprisingly, IL-1α was only detected in the supernatant of THP-1 cells under single culture conditions 

(Fig. 4B). Under co-cultivation conditions, no secretion was detectable, hence indicating that indirect 

cell-cell interactions (HepG2-THP-1) occurred. Therefore, co-cultivation is associated with the release 

of the inflammatory cytokines IL-8, TGF-α and G-CSF in the supernatant, most likely due to complex 

cell-cell interactions. 
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Table 1. Comparison of cytokine concentration in the supernatant of co-cultivated HepG2 cells with 
THP-1 cells and healthy human serum. The following cytokines were quantified: interleukin 8 (IL-
8), transforming growth factor α (TGF-α), interleukin 6 (IL-6), granulocyte macrophage colony-
stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), transforming growth 
factor β (TGF-β), human fibroblast growth factor (hFGF) and interleukin 1 α (IL-1α). The mean 
concentration (± SD) in the co-culture supernatant and the mean concentration and 
concentration range in human serum are shown. 

Cytokine 

Concentration in co-

culture 

[pg/ml] (SD) 

Mean concentration 

(range) in healthy human 

serum [pg/ml]  

Reference for serum 

concentrations 

IL-8 >12603.06 (-) 29.3 (24.4-35.9) (Kleiner et al., 2013) 

TGF-α 56.87 (27.47) 3.2 (0.93-26.8) (Kim et al., 2011) 

IL-6 3.95 (0.58) 2.91 (0.16-37.7) (Kim et al., 2011) 

GM-CSF 10.22 (3.33) 38.3 (26.3-63.8) (Kleiner et al., 2013) 

G-CSF 1162.29 (485.3) 45.5 (34-53.6) (Kleiner et al., 2013) 

TGF-β 96.37 (90.08) 49.1 (not given) (Wu et al., 2002) 

hFGF 138.48 (110.09) 41.7 (33.2-49.5) (Kleiner et al., 2013) 

IL-1α <1.89 <1.4 (Kleiner et al., 2013) 

 

Xenobiotic metabolism is also affected in a pro-inflammatory environment. An increase in the IL-6 

serum levels of patients undergoing allogeneic bone marrow transplantation was associated with a 

decrease in cyclosporine metabolism (Chen et al., 1994). The liver is important for phase I and phase II 

metabolism of xenobiotic substances (Anzenbacher and Zanger, 2012), and it has been shown that 

cytokines can affect biotransformation (Prescott et al., 1975). Xenobiotic metabolism (membrane 

transport, phase I and phase II) is reduced by 10 ng/ml IL-6 in primary human hepatocytes and HepaRG 

cells (Klein et al., 2015). In addition, the phase I enzyme CYP1A1 is repressed by IL-6 and TNF-α in 

primary human hepatocytes (Muntane-Relat et al., 1995). Previously, we have shown that the 

secretion of TNF-α increases under co-cultivation conditions up to 63.5 pg/ml (Padberg et al., 2019), 

and here we report that the IL-6 concentration was 3.9 pg/ml (Table 1). In contrast to the reported 

data (Muntane-Relat et al., 1995), CYP1A1 enzyme activity also increased (Fig. 5E), indicating that the 

interaction of cytokines and xenobiotic metabolism might be more complex and different in the HepG2 

and THP-1 co-culture system than in individually cultivated primary hepatocytes. The upregulation of 

CYP1A1 in the co-cultivated HepG2 cells could also be induced by other non-investigated 

pathways/receptors, such as the constitutive androstane receptor (CAR) and the liver X 

receptor α signalling (LXRα) pathways (Santes-Palacios et al., 2016). Indeed, the AHR pathway was 
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activated in co-cultivated HepG2 cells. An assessment based on the higher concentration of AHR (Fig. 

5B) and upregulated expression of the target genes CYP1A1, CPY1A2 and CYP1B1 (Fig. 5C). 

Interestingly, Nguyen and co-workers showed that humans exposed to dioxin (a potent activator of 

the AHR pathway) showed significantly increased gene expression of TNF and IL-6 in whole blood cells 

(Nguyen et al., 2017). In addition to ligand-dependent activation, AHR overexpression can also result 

from the expression of IL-6 (Chen et al., 2011). Therefore, we concluded that the expression and 

activation of AHR in the co-culture resulted from increased cytokine signalling, which finally results in 

an increased enzyme activity (Fig. 5E). 

In addition to the biotransformation of xenobiotics, the liver is crucial for lipid metabolism, including 

cholesterol biosynthesis (Repa and Mangelsdorf, 2000). The biosynthesis of cholesterol increases in 

the co-culture system (Fig. 6), while the amount of total lipids, determined as lipid droplets, is reduced 

(Fig. 7B). 

An increase in the sensitivity of co-cultured HepG2 cells towards lovastatin, a classical sterol 

biosynthesis inhibitor, occurred under co-cultivation (Fig. 6D). Lovastatin (HMG-CoA reductase 

inhibitor) reduced the cholesterol concentration in the co-culture after 24 h. In contrast, the reduction 

occurred in single-cultivated HepG2 only after 48 h. This result demonstrates that the co-culture 

system has an improved sensitivity towards a classical sterol biosynthesis inhibitor. Previously, 

enhanced sensitivity to the DILI-inducing substance ketoconazole was demonstrated due to increases 

in oxidative stress-related proteins and pro-inflammatory cytokine secretion (Wewering et al., 2017a). 

This finding was supported by a mechanistic approach, testing a larger set of drugs (Granitzny et al., 

2017). Therefore, it is concluded that the co-culture exhibits not only a higher sensitivity to DILI-

inducing substances but might also respond more rapidly to drug exposure. This has to be studied in 

more detail in future. Whether this enhanced sensitivity is based on the reduced lipid droplets in the 

co-cultivated HepG2 (Fig. 7B) remains also to be proven. It is known that lipid droplets maintain 

organelle homeostasis and prevent reactive oxygen species (ROS), lipid overload, hypoxia and 

apoptotic cell death (Baenke et al., 2013). 

Surprisingly, the increased cholesterol biosynthesis (Fig. 6) does not lead to an increase in total lipids 

(Fig. 7B), but rather to a decrease in the number of lipid droplets. Since acetyl-CoA is the common 

precursor of cholesterol and fatty acids, it can be concluded that acetyl-CoA is not limited and that the 

regulation of the two pathways must occur at later stages. We identified a decrease in the lipid droplet 

area per cell (Fig. 7B) and validated the hypothesis that de novo fatty acid (FA) synthesis was reduced 

in co-culture, since the gene expression of FAS and the amount of FAS protein was decreased in the 
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co-culture compared to the individual cultures (Fig. 7C+D). The reduction of FAS and the lipids 

indicates, that the β-oxidation of FA is increased in co-cultivation compared to HepG2 cells alone, 

thereby providing ATP. The decreased intracellular ATP amount in co-cultivated HepG2 cells supports 

this (Fig. 8B). An increased CYP expression (Fig. 5C) and protein biosynthesis (Fig. 5E) supports the need 

for energy further, because protein biosynthesis is one of the most energy consuming cellular 

processes (Lindqvist et al., 2018). Also the enhanced cholesterol biosynthesis in co-cultivation (Fig. 6) 

is an ATP demanding anabolic pathway (Korman et al., 2014). Taken together the co-cultivated HepG2 

cells have an higher ATP demand compared to the HepG2 cells alone and this is most likely covered by 

the oxidation of FA. 

The aforementioned changes in lipid metabolism can be closely linked to the inflammatory 

environment during co-cultivation. The hormone leptin promotes FA oxidation, resulting in a reduction 

of hepatic triglycerides and cytokine secretion (GM-CSF, IL-1α, IL-1β, IL-6, IL-10 and IL-18) in murine 

KC in vitro (Metlakunta et al., 2017). However, the authors showed that typical leptin-induced FA 

oxidation was not a consequence of the cytokine release (Metlakunta et al., 2017). This result provides 

evidence that the interplay of the cytokines with each other and with cells and tissues is complex. IL-6 

is a pleiotropic cytokine and has multiple effects on hepatic lipid metabolism (Hassan et al., 2014). In 

general, lipid metabolism is disturbed during inflammatory processes (Tall and Yvan-Charvet, 2015). 

The inflammatory pattern of the co-culture does not indicate a pathophysiological pattern like non-

alcoholic fatty liver disease (NAFLD) or steatohepatitis, even though the typical pro-inflammatory 

cytokines (e.g., IL-6, IL-8 and TNF-α) are increased (Braunersreuther et al., 2012; Niederreiter and Tilg, 

2018). Since the lipid droplet area in the presented co-culture was reduced (Fig. 7B), the system did 

not represent a true model of fatty liver disease. 

A pro-inflammatory co-culture system might also enable the investigation of liver fibrosis in vitro. Liver 

fibrosis is associated with abundant extracellular matrix (ECM) proteins, like collagen. Hepatic stellate 

cells are the main mediators of ECM production (Bataller and Brenner, 2005). Recently, Prestigiacomo 

and co-workers (Prestigiacomo et al., 2017) developed a co-culture system, composed of three cell 

lines: HepaRG, differentiated THP-1 and hTERT-HSC for studying fibrosis. ECM production and fibrosis 

become clinically relevant when dysregulated, eventually leading to chronic liver diseases (Pellicoro et 

al., 2014). This liver injury can be induced in vitro using the indirect co-cultivation of rat hepatic stellate 

cells and rat KC (Nieto, 2006). In the presented co-cultivation system, the main key events of the AOP 

for fibrosis (Horvat et al., 2017) were observable (Fig. 8). Due to the absence of stellate cells, however, 

we were unable to prove key event 4, that is, the activation of the latter cell type. Stellate cells are an 
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essential contributor to hepatic fibrosis (Horvat et al., 2017). A small but significant collagen 

accumulation, could be confirmed (Fig. 8E) in HepG2 cells. The synthesis of collagen 1 by HepG2 cells 

has been reported (Zhang et al., 2020), and that collagen production can be induced by 10 μM all-

trans retinoic acid (Wang et al., 2013). This finding shows that stellate cell-independent collagen 

accumulation can occur in vitro. While several KE of the AOP fibrosis were detected in our co-culture 

system, it does not represent a fibrotic state, because there was no extracellular accumulation of 

collagen (Fig. 8F). In addition, ACTA2 and SMAD7 (Rockey et al., 2019), important during the 

development of fibrosis were downregulated (Fig. 8G) and only SMAD3 was upregulated, relative to 

the single culture. Therefore, this example demonstrates, that AOPs should be used with care. The 

presence of KE are important parameters in an AOP, but in the case of complex pathological processes 

like fibrosis the presence of KE might be misleading. Especially, if in vitro systems do not consist of the 

cell types relevant for the pathological process. Stellate cells in the case of fibrosis. This is clearly 

demonstrated by an in vitro co-culture system of HepRG, THP-1 and a stellate cell line, that is able to 

mimic the fibrotic pathology (Prestigiacomo et al., 2017). 

5. Conclusion 

Biochemical changes that were induced by the co-cultivation of HepG2 and PMA-differentiated THP-1 

cells were characterized. In general, indirect co-cultivation was associated with an inflammatory 

cytokine composition in the supernatant. Enzymes involved in xenobiotic metabolism (CYP1A1, 

CYP1A2 and CYP1B1) increased, as determined by mRNA expression. Besides differential gene 

expression the enzymatic activity also increased. These observations were due to activation of the AHR 

signalling pathway. In addition, the lipid metabolism was disturbed, indicated by an increased 

cholesterol biosynthesis, a shortened reaction time upon lovastatin treatment, and a reduced de 

novo fatty acid synthesis. 

In summary, the co-culture of HepG2 and PMA-differentiated THP-1 is a simple in vitro method with 

increased release of inflammatory cytokines (IL-8, TGF-β, IL-6, GM-CSF, G-CSF, TGF-β and hFGF) and an 

activated AHR pathway with differential expression of genes related to biotransformation and an 

increased CYP1A1 enzymatic activity. Finally, we consider that this co-cultivation is a method for a fast 

and uncomplicated screening of substances that affect the release of pro-inflammatory cytokines or 

AHR signalling and related enzyme activities. 
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Abstract  

The liver is composed of different cell populations. Interactions of different cell populations can be 

investigated by a newly established indirect co-culture system consisting of immortalised primary 

human hepatocytes and human monocyte derived macrophages (MDMs). Using the time-dependent 

cytokine secretion of the co-cultures and single cultures, correlation networks (including the cytokines 

G-CSF, CCL3, MCP-1, CCL20, FGF, TGF-β1, GM-CSF, IL-8 IL-6, IL-1β, and IL-18) were generated and the 

correlations were validated by application of IL-8 and TNF-α-neutralising antibodies. The data reveal 

that IL-8 is crucial for the interaction between hepatocytes and macrophages in vitro. In 

addition, transcriptome analyses showed that a change in the ratio between macrophages and 

hepatocytes may trigger pro-inflammatory signalling pathways of the acute phase response and the 

complement system (release of, e.g., certain cyto- and chemokines). Using diclofenac and LPS showed 

that the release of cytokines is increasing with higher ratios of MDMs. Altogether, we could 

demonstrate that the current co-culture system is better suited to mirror the in vivo situation when 

compared to previously established co-culture systems composed of HepG2 and differentiated THP-1 

cells. Further, our data reveal that the cytokine IL-8 is crucial for the interaction between hepatocytes 

and macrophages in vitro. 

Keywords: co-culture, Fa2N-4, monocyte derived macrophages, cytokine correlation network, acute 

phase 

 

Introduction 

The liver is one of the largest organs in the human body (Abdel-Misih and Bloomston, 2010). It consists 

of parenchymal cells (hepatocytes) and a variety of non-parenchymal cell populations such as Kupffer 

cells, stellate cells and endothelial cells (Kmiec, 2001). 

Primary hepatocytes are well suited for the investigation of substance-specific metabolic effects. 

However, liver cell physiology and metabolism are characterised by large inter-individual variations 

and during in vitro cultivation cellular de-differentiation and changes of metabolic capacities occur 

within days (Soldatow et al., 2013). Such inter-individual differences can be excluded by using hepatic 

cell lines. However, these cell lines usually originate from an intravital tumour environment and thus 

may have altered metabolic activities (Wilkening et al., 2003). 

The hepatic Fa2N-4 cell line represents an SV-40 immortalised, non-tumorigenic primary human cell 

line (Mills et al., 2004). Fa2N-4 cells are able to metabolise drugs like diclofenac (DCN), due to the 
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expression and activity of cytochrome P450-dependent monooxygenases (CYP) 2C9 (Mills et al., 

2004; Ripp et al., 2006) and CYP3A4, or UDP-glucuronosyltransferases (UGT) 2B7 and UGT1A9 

(Hariparsad et al., 2008). In this context, the expression, inducibility, and activity of CYP1A2, CYP2C9, 

and CYP3A4 were shown to be comparable between Fa2N-4 and primary hepatocytes (Hariparsad et 

al., 2008; Mills et al., 2004). In contrast to HepaRG cells, Fa2N-4 cells can be used immediately and no 

differentiation time of 2–4 weeks is required (Aninat et al., 2006; Gripon et al., 2002). Furthermore, 

while HepaRG cells originate from a female hepatocarcinoma (Aninat et al., 2006), Fa2N4 cells have a 

non-tumorigenic origin (Mills et al., 2004). 

Kupffer cells are the largest population of tissue macrophages in the liver (Dixon et al., 2013) and play 

an important role during drug induced liver injury (DILI) (Ju and Reilly, 2012), liver regeneration 

(Michalopoulos, 2017) and drug metabolism (Ding et al., 2004) to name a few physiological processes. 

The interaction between hepatocytes, Kupffer cells and infiltrating macrophages is relevant for 

substance specific hepatotoxicity. In general, liver macrophages, such as Kupffer cells, appear to 

express markers of different macrophage lineages simultaneously (Guillot and Tacke, 2019). In the 

physiological human liver, a large inter-individual variability in the ratio of Kupffer cells to hepatocytes 

(average = 14.5 ± 9.1%) has been reported (Brouwer et al., 1988). Similarly, a range of 8–12% has been 

described by Gebhardt (1992). Kupffer cells can bind and incorporate proteins, foreign particles, 

bacteria, yeasts and viruses via endocytosis (Wardle, 1987). However, for the operability of in 

vitro models, it should be considered that the availability of primary Kupffer cells is limited and subject 

to a large inter-individual variability (Wu et al., 2020). Following a metabolic or toxic damage of liver 

tissue, a massive infiltration of blood mononuclear cells (PBMC), which differentiate into macrophages, 

occurs (Tacke and Zimmermann, 2014). 

Many studies have shown that the in vitro co-cultivation of hepatocytes and Kupffer cells (or Kupffer 

cell-like models) can be used to characterise tissue responses upon exposure to hepatotoxic 

substances (Granitzny et al., 2017; Rose et al., 2016; Wewering et al., 2017b). Melino et al. (2012) were 

able to show that hepatocytes responded to secreted factors from differentiated THP-1 cells. 

Thus, HepG2 cells are converted into an “inflammatory phenotype” (based on transcriptomic data) 

while growing in THP-1 conditioned medium (Melino et al., 2012). Indirect co-cultivation of HepG2 and 

differentiated THP-1 cells (HepG2/THP-1) is a useful in vitro approach to identify substances 

responsible for drug induced liver injury and to discriminate DILI from non-DILI substances (Granitzny 

et al., 2017; Padberg et al., 2020). Furthermore, HepG2/THP-1 co-culture can help to characterise the 

causative mechanisms of hepatotoxicity. An important effect of ketoconazole is the induction of an 

NRF2-mediated oxidative stress response that could be identified in HepG2/THP-1 co-culture 

(Wewering et al., 2017b). Other data also showed that primary co-cultures consisting of hepatocytes 
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and Kupffer cells in direct contact show specific DILI-trovafloxacin dependent hepatotoxic effect. The 

hepatotoxic effect is indicated by the alteration of interleukin (IL)-6 and tumour necrosis factor α (TNF-

α) levels and CYP3A metabolic capacity (Rose et al., 2016). A recently described in vitro co-culture 

model composed of non-differentiated PBMCs in combination with HepG2 allows an identification of 

DILI-inducing drugs (Oda et al., 2021). Results from pro-inflammatory in vitro models are also known 

from animal models. It has been shown that moderate inflammation in vivo is induced by low doses of 

lipopolysaccharides (LPS). This lowers the threshold for adverse effects and allows the identification of 

DILI substances (Buchweitz et al., 2002; Deng et al., 2006; Zou et al., 2009). Since LPS is modified by 

Kupffer cells, which affects its toxicity, and subsequently degraded by hepatocytes (Treon et al., 1993), 

it is important to consider not only hepatocytes in the elucidation of compound-specific effects. 

In this study we investigated a novel indirect co-culture system, based on Fa2N-4 cells in combination 

with blood monocyte derived macrophages (MDMs), without a LPS induced inflammation. To simulate 

the differences between physiological and inflammatory conditions, different Fa2N-4 to MDM ratios 

of 15% (Brouwer et al., 1988) and 50% were used. The ratio of 50% represent a more than three-fold 

increase in MDM cell numbers, which has been detected in inflammatory processes of the portal 

region of human liver (Karakucuk et al., 1989). With these two co-culture systems, time dependent 

cytokine secretion and alterations of the transcriptome were investigated. The release of cytokines, as 

well as the phosphorylation status of acute phase associated transcription factor p38 mitogen-

activated protein kinase (p38) were determined. Based on the cytokine data, correlation networks 

were generated using statistical methods. The robustness was studied by using interleukin 

8 neutralising antibodies (αIL-8) and the TNF-α neutralising drug Adalimumab (AMB, 

EMEA/H/C/004475). Furthermore, the effects of DCN and LPS on the cytokine secretion was studied 

using single and co-cultures with 15% and 50% MDMs. 

 

Materials and Methods 

All methods were carried out according to the manufacturer's protocol. Only modifications are 

described below. 

Chemicals and antibodies 

All chemicals were purchased from Sigma-Aldrich (Taufkirchen, Germany) unless stated otherwise. 

Dulbecco's phosphate-buffered saline (DPBS) was a product of PAN-Biotech (Aidenbach, 

Germany). AMB was purchased from Selleck chemicals (BIOZOL, Eching, Germany) and αIL-8 was a 
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product of R&D Systems (Bio-Techne GmbH, Wiesbaden-Nordenstadt, Germany). The complete list of 

antibodies is given in table S1. 

Cell culture 

All following cell cultivations were conducted under treatment with 0.1% dimethyl sulfoxide (DMSO), 

including solvent controls. All consumables were purchased from TPP (Trasadingen, Switzerland). 

Microscopic images were taken with an Observer.A1 microscope (LD Plan Neoflua 40×/0.60) from Zeiss 

(Jena, Germany). Cell cultivation and incubation was performed at 37 °C and 5% CO2. Penicillin 

(100 U/ml), 100 µg/ml streptomycin, and 2 mM L-glutamine were added to all cell culture media. 

Further additives are listed in the cultivation conditions of the individual cells below. 

Hepatocyte cultures 

The SV-40 immortalised hepatocytes (Fa2N-4) were purchased from SEKISUI-XenoTech (tebu-bio, 

Offenbach, Germany). After thawing, Fa2N-4 cells were seeded at a density of 2 × 105 cells per cm2 and 

cultivated in Williams E (PAN-Biotech, Aidenbach, Germany) containing 10% (v/v) FCS, 

100 nM dexamethasone, and 10 μg/ml recombinant human insulin. After 4 h the culture medium was 

replaced by Williams E containing 100 nM dexamethasone and 10 μg/ml recombinant human insulin 

for 24 h. 

Monocyte isolation and differentiation into macrophages (MDMs) 

Human buffy coats were obtained from anonymised donors, with their consent (votum of the ethics 

committee: EA4/071/13), from the blood bank (Deutsches Rotes Kreuz, Berlin, Germany). PBMCs were 

isolated from buffy coats based on the Ficoll® Plaque Plus density gradient centrifugation (450 xg, 

35 min, 20 °C). Then, PBMCs were collected at the interphase, followed by three washing steps and a 

centrifugation at 200 xg with autoMACS Running Buffer (Miltenyi Biotec, Bergisch Gladbach, Germany) 

at 4 °C to carefully remove the thrombocytes. Monocytes were separated due to the adhesion-

properties of the cells. Therefore, the PBMCs were resuspended in RPMI (PAN-Biotech, Aidenbach, 

Germany) containing 10% (v/v) FCS and incubated for 1 h at a density of 0.8 × 106 cells per cm2. After 

careful removal of all non-adhered cells, differentiation to MDMs was started using RPMI containing 

10% (v/v) FCS and 25 ng/ml macrophage-colony-stimulating factor (M-CSF) over six days with a 

medium change every two days. After the differentiation, all non-adherent cells were removed by 

washing with DPBS. The MDMs were detached using 10 mM EDTA in DPBS for 30 min at 4 °C. 
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Co-cultivation 

MDMs were seeded either into the well directly (for the single-cultivation) or into the Falcon® cell 

culture inserts (VWR, Darmstadt, Germany) for the co-cultivation using Williams E medium, 

supplemented with 100 nM dexamethasone and 10 μg/ml recombinant human insulin. The 50% and 

15% MDMs corresponded to a density of 1 × 105 and 0.3 × 105 cells per cm2, respectively. After 24 h, 

the media of MDMs and Fa2N-4 was replaced with Williams E supplemented with 10 μg/ml 

recombinant human insulin and the MDMs containing cell culture inserts were inserted into the Fa2N-

4 culture well. This represents the time point 0. Culture medium with 0.1% DMSO was used as control 

and cultivated alike to the samples. 

HepG2/THP-1 co-cultivation 

HepG2 and THP-1 cells were grown in RPMI supplemented with 10% (v/v) FCS. Single culture THP-1 

cells were supplemented additionally with 1 mM sodium pyruvate and 10 mM Hepes. The co-culture 

was established using Falcon® cell culture inserts (VWR, Darmstadt, Germany) according to Wewering 

et al. (2017a). HepG2 cells were seeded at a density of 1.3 × 105 cells per cm2. THP-1 cells were 

differentiated by 100 nM phorbol 12-myristat 13-acetat (PMA) for 24 h and were seeded at a density 

of 0.65 × 105 cells (corresponding to a density of 50%) or 0.2 × 105 (representing a density of 15%) per 

cm2. 

Cytotoxicity testing 

Cytotoxicity was assessed by measuring the activity of the adenylate kinase (AK) in the supernatant 

using the ToxiLight™ assay (Lonza, Basel, Switzerland). LDH activity in the supernatant was measured 

using the Cytotoxicity Detection Kit (Roche, Basel, Switzerland). In addition, the MTT Assay was 

performed according to Mosmann (1983) followed by cell lysis with DMSO. All values were corrected 

for the DMSO (0.1%) solvent controls. 

RNA isolation procedure 

RNA was isolated using the NucleoSpin® RNA Kit (Machery-Nagel, Düren, Germany) according to the 

manufacturer’s protocol. 

Microarray analyses 

All samples (RNA integrity number (RIN) >8.5) were analysed using a Human Clariom™ S Assay (Applied 

Biosystems, Foster City, CA, USA). Further information is provided in the supplementary section. 
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Microarray data have been deposited in the Gene Expression Omnibus (GEO) 

database, www.ncbi.nlm.nih.gov/geo (accession no. GSE156627). 

Flow-cytometry analyses 

FACS-buffer (1% FCS, 0.2 mM EDTA in DPBS) was used for all washing and incubation steps at 4 °C. 

After staining with LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Thermo Scientific, Waltham, MA, 

USA) the cells were fixed with Roti®-Histofix 4% (Roth, Karlsruhe, Germany) for 10 min. The functional 

antibody or the corresponding isotype controls were diluted in FACS-buffer, applied to the cells and 

incubated at 4 °C for 15 min. Fluorescence intensities were measured with the FACS Aria III (BD 

Biosciences, Heidelberg, Germany) with the following settings: PE channel: 585/42 nm, FITC channel: 

530/30, APC channel: 660/20, BV421 channel: 450/40, Alexa Fluor 700 channel: 730/45, PerCP 

channel: 695/23, live/dead channel: 780/60 and generated data were analysed with the FlowJo v 10 

software (FlowJo LLC, Ashland, OR, USA). 

Cytokine measurements  

Cytokines in the supernatant were quantified using the Cytokine LEGENDplex™ system (Biolegend, San 

Diego, CA, USA), including the Inflammation Panel 1 (IL-1β, TNF-α, MCP-1, IL-6, IL-8, IL-10, IL-12, IL-18) 

and the Custom Human Assay (TGF-β1, GM-CSF, G-CSF, FGF, CCL3, CCL20, HGF, TGF-α). The results 

were analysed using LEGENDplex™ 8.0 software (Biolegend, San Diego, CA, USA). 

Western blot analysis 

Cells were lysed at 4 °C in RIPA buffer (50 mM Tris/HCl (pH 7.4), 159 mM NaCl, 1 mM EDTA, 1% Igepal®, 

0.25% sodium deoxycholate) supplemented with a protease inhibitor cocktail (Merck, Darmstadt, 

Germany), composed of 200 μM phenylmethylsulfonyl fluoride and 1 mM sodium orthovanadate. 

Protein concentrations were determined with the Pierce™ BCA Protein Assay Kit (Thermo Scientific, 

Waltham, MA, USA), and equal amounts of protein were applied to SDS-PAGE and, after separation, 

transferred to nitrocellulose membranes. After binding of primary antibodies (16 h at 4 °C), the 

secondary antibody (horseradish peroxidase labelled) was added for 1 h, and the staining was 

visualised with Pierce ECL Substrate (Thermo Fisher Scientific, Waltham, MA, USA) using a ChemiDoc 

XRS (Bio-Rad, Munich, Germany). The signal intensity was normalised to the loading control β-actin 

and then the ratio of phosphorylated (P) to total p38 protein was calculated. 
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Data pre-processing and analysis 

All time-resolved data of cytokine concentrations in the supernatant were used for the correlation 

network analysis. The correlation uses individual replicates and not mean values since the data are 

paired over both time points and replicates, i.e. for a given time point the values of all cytokines 

originate from the same sample. Data compilation and network generation were performed using 

the statistical language and environment R (version 3.6.3) (R Core Team, 2018). In detail, in a first 

step all values below their lower detection limit were set to the half value of that detection limit. 

Subsequently, all values were log-transformed. Individual samples were grouped (time point 0 h 

belonging to all groups) with respect to their conditions i.e. to either single or one of the co-cultures 

later becoming individual networks. In particular, for the MDM culture as well as the co-culture the 

data of the different macrophage ratios (15% and 50%) were combined. Within these data groups for 

each pair of cytokines, their correlation coefficients and respective p-values were determined by 

Spearman rank correlation. The p-values were adjusted according to Benjamini-Hochberg. 

Subsequently, a filter was applied to all pairwise connections with respect to the p-value (significant 

for p ≤ 0.05) as well as the correlation coefficient (threshold of ϱ ≤ −0.2 and ϱ ≥ 0.6 according to 

coefficients' distribution and confidence intervals). The remaining connections after filtering were 

employed to visualise the respective non-directed correlation networks. 

Data shown are based on at least three independent biological replicates. Means, standard 

deviations and ANOVA p-values followed by Bonferroni correction were calculated with GraphPad 

Prism 6 (Statcon, Witzenhausen, Germany). The Z-scores were calculated and visualised with Perseus 

Software (Tyanova et al., 2016). The Z-score was based on the mean values of the individual cytokine 

concentrations (values below their lower detection limit were set to the half value of that detection 

limit) in the corresponding cultivations. Venn diagrams were created using jvenn (Bardou et al., 

2014). Volcano-plots were created using Transcriptome Analysis Console (TAC), version 4.0.1.36 

(Applied Biosystems, Foster City, CA, USA). Significant (p < 0.05) gene expressions were analysed 

using Ingenuity® Pathway Analysis (IPA) software (Qiagen, Aarhus, Denmark). Furthermore, only 

those pathways embedded in the IPA software, that were assigned to liver and immune cell 

associated pathways, were included in the analysis. 
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Results 

Macrophage derived monocytes express specific markers 

During differentiation, characteristic morphological changes of the round shaped PBMCs to elongated 

fibroblast-like MDMs became obvious (Fig. 1 A). We determined typical macrophage markers and 

compared those with markers of T-, B- and dendritic cells. About 26% of the PBMCs were 

CD14+ monocytes and therefore potential macrophage precursors. Almost all (>90%) MDMs were 

positive for typical macrophage markers (CD83, CD14, CD86, toll-like receptor 4 (TLR4), human 

leukocyte antigen-DR isotype (HLA-DR) and CD163). Only 28% of the MDMs were also CD209+, being a 

marker for dendritic cells and M2 macrophages. Furthermore, CD3+ cells, characteristic for T-cells, 

were only present before the differentiation of PBMCs (Fig. 1 C). Altogether, these surface markers 

indicated a successful differentiation of the PBMCs to MDMs. A co-culture system composed of these 

MDMs and the hepatic cell line Fa2N-4 was then developed. The viability of the two cell populations 

was found to be unaffected by the co-culture condition, since no increased release of the cytoplasmic 

marker adenylate kinase (AK) was measurable in the supernatant of the cell culture. Even an increase 

in the ratio of MDMs from 15% to 50% resulted in no changes of the AK level in the supernatant (Fig. 

1 B). 
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Figure 1: Set-up of the co-culture, cytotoxicity and expression of cell specific surface markers. (A) 
Images of the Fa2N-4 cells and of the differentiation process from peripheral blood mononuclear 
cells (PBMC) after 6 d of differentiation with 25 ng/ml of macrophage colony stimulating factor 
(M-CSF) to monocyte derived macrophages (MDMs). The scale bar denotes 20 µm. (B) Toxicity 
of physiological (15 %) and pro-inflammatory (50 %) ratios of MDM-to-Fa2N-4 cells were tested. 
The dotted line represents the reference (single culture, SC) of the adenylate kinase (AK) in the 
supernatant. (C) The presence of CD163, toll-like receptor 4 (TLR4) and human leukocyte antigen 
- DR isotype (HLA-DR) indicated a successful differentiation of the PBMCs into MDMs. n=3, bars 
represent mean ± SD 

 

Culture conditions affect Fa2N-4 gene expression  

Next, changes of the Fa2N-4 gene expression in the co-culture (relative to the individual culture) 

were determined at two different time points (24 h and 48 h) and two different ratios of MDMs (15% 

and 50%). The physiological conditions were simulated with a co-culture consisting of 15% MDMs (CC 

15%) and for inflammatory conditions a co-culture with 50% MDMs (CC 50%) was used. 

In general, the total number of differential expressed genes was independent of the number of 

macrophages (Fig. 2 A). Microarray data indicated that 357 genes were significantly (p < 0.05) 

differentially regulated during physiological co-cultivation (CC 15%) and 419 genes during 

inflammatory co-cultivation (CC 50%) after 24 h (Fig. 2 B). A prolongation of the cultivation time to 

48 h resulted in about 30% more significantly expressed genes in both co-cultures, compared to 

single cultivated Fa2N-4 cells (Fig. 2 B). Among all genes pro-inflammatory signalling pathways took a 
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central role, especially in the CC 50% after 24 h. Under these conditions, we were able to identify the 

signalling pathways of the “complement system” and the “acute phase response signalling” (Fig. 2 C) 

as top two of all regulated pathways. A total of 16 signalling pathways are marked as significantly 

regulated (p < 0.05). The gene lists of exclusively significant genes of the CC 50% (567 genes) after 

24 h were used for the pathway analyses. In the CC 50% after 24 h, 18% of significantly regulated 

genes could be attributed to “complement system signalling” and showed a high probability of 

regulation (p < 0.01). The “acute phase response signalling” was also identified, with lower ratios (up 

to 9%) but with partially higher probabilities of p < 0.001 (Fig. 2 C) and 21% of the expected 

associated target gene expression. After an incubation time of 48 h we were able to identify other 

signalling pathways like neuroinflammation and T-helper cell associated pathways. We did not 

consider these pathways in further analysis, since they were not related to 

hepatic pathophysiology and contain no or only 9% of the expected associated target gene 

expressions. 
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Figure 2: Microarray analysis reveals time- and MDM-dependent differences in the gene expression of 
Fa2N-4 cells. Fa2N-4 cells were co-cultivated with monocyte derived macrophages (MDMs). 
Physiological (CC 15 %) and pro-inflammatory (CC 50 %) conditions were studied and related to 
the corresponding single cell culture of Fa2N-4 cells (n=3). (A) Volcano-plots included all 
significantly upregulated (red) and downregulated (green) genes of the CC 15 % and CC 50 % 
after 24 h. The significance was set to p<0.05 ( log10(p)>1.3). (B) Venn diagram and the size of 
each gene list of significantly (p < 0.05) expressed genes based on microarray analysis. Different 
MDM ratios and cultivation times (24 h or 48 h) resulted in specific expression patterns. (C) 
Significantly regulated genes of the pro-inflammatory signalling pathways "complement system" 
and "acute phase response" in relation to all genes involved (ratio) and their respective p-value 
(after 24 h) of expressed genes of the CC 50 %. 

 

In summary, inflammatory signalling pathways are activated within 24 h during co-cultivation. 

An acute phase transcription factor is phosphorylated 

Especially in the CC 50 %, our transcriptome analysis indicated a major role for the acute phase 

response signalling. 

Therefore, the phosphorylation of the transcription factor p38 was studied. The relative 

phosphorylation (P-p38/p38) was 0.8 ± 0.1 in Fa2N-4 cells, 2.0 ± 0.4 in the CC 15% and 1.5 ± 0.3 CC 50% 

after 4 h of co-cultivation (Fig. 3). 
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Figure 3: Semi-quantitative western blot analysis of phosphorylation of the transcription factor p38. 
Western blot analysis Fa2N-4 cells with (“CC”) and without MDMs after 4 h. Physiological (15 %, 
n= 3) and pro-inflammatory (50 %, n=3) MDM numbers were used. (n=2). Shown are the mean 
and the SD of the culture dependent phosphorylation of p38 mitogen-activated protein kinase 
(p38) in Fa2N-4 cells. Figure S2 shows a representative blot.  

 

In summary, the indirect co-cultivation of Fa2N-4 and MDM (Fa2N-4/MDM) cells results in the 

phosphorylation of the transcription factor p38. 

Cytokine secretion depends on the culture conditions  

Next, we analysed the time-dependent release of cytokines in the co-cultures (Fig. 4). In contrast to 

MDMs, secreted cytokines of Fa2N-4 cells accumulated after 48 h of cultivation (Fig. 4 A). The 

majority of cytokines showed a steep increase in single cell cultivated Fa2N-4 cells and during co-

cultivation after 48 h. However, hepatocyte growth factor (HGF), transforming growth factor (TGF)-α, 

TNF-α, IL-10, and IL-12 showed no clear time-dependent accumulation (Fig. 4 A, g, h, j, n, o). In 

general, co-cultures showed increased absolute levels of cytokine secretion. Among others, the 

concentration of fibroblast growth factor (FGF) in co-culture reached up to 7532.5 pg/ml in CC 15% 

after 48 h and IL-8 reached up to 892.3 pg/ml in CC 50% after 48 h. The absolute concentration of IL-

6 in the co-culture was 200-fold higher compared to the single cultures with a maximum 

concentration of 892.3 pg/ml (Fig. 4 A). 
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Figure 4: Effect of co-culture on cytokine secretion and its temporal progression. Fa2N-4 cells were co-
cultivated with monocyte derived macrophages (MDMs) for 48 h. Physiological (15 %) and pro-
inflammatory (50 %) MDM numbers were used. (A) Heatmaps of the time-dependent cytokine 
concentration in the supernatant included the Z-score of the means within one row of the 
heatmap. Letters (a-p) indicate the individual cytokines. Only the lowest (min) and highest (max) 
cytokine concentrations are shown (complete data are given in table S2). (B) The time-
dependent concentrations were used for the generation of correlation networks. Solid lines (──) 
indicate that these correlations occur in the co-culture network and in at least one of the single 
cultivation networks. Dotted lines (---) identify additional correlations occurring in the respective 
network. A positive correlation is labelled green and a negative correlation is labelled red. The 
data were generated from three independent experiments. 
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In summary, most of the investigated cytokines accumulated in cultures consisting of Fa2N-4 cells only 

and in the co-cultures of Fa2N-4/MDMs after 48 h (Figure 4 A).  

Correlation networks visualise the relationship between secreted cytokines 

Next, a statistical approach was used to identify significant Spearman correlations (indicated by 

respective correlation coefficients and p-values) between cytokine concentration values (Fig. 4 B). The 

co-cultures CC 15% and CC 50% were combined, because it is assumed that the behaviour of each of 

the single cultures and the co-culture is structurally the same but that the two ratios lead to different 

inflammatory states represented by respective cytokine concentrations. The correlation network 

indicated that the chemokine (C-C motif) ligand (CCL) 20 played a central role in the individual 

cultivation of Fa2N-4 cells, since correlations exist to five other cytokines: CCL3, FGF, TGF-β1, 

granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-8. The secretion of FGF seemed 

to be also important in the Fa2N-4 associated correlation network. Six FGF-dependent correlations 

were identified in the Fa2N-4 single cell cultivations and in the co-cultivations with MDMs. While 

CCL20-FGF showed significant correlation in co-culture, the central cytokine in this network was IL-8, 

which was correlated to seven other cytokines. Interestingly, IL-8 differed in terms of correlation 

between the individual cultures and co-cultivations. However, all of the IL-8 connections in the co-

cultivation network could be found in at least one of the single cultivation networks. Among the 

correlations of IL-8 in the co-cultivation network, the one to IL-6 was the strongest based on its 

correlation coefficient (table S3). Strikingly, the connection between IL-8 and FGF showed opposing 

correlation in the individual networks: positive for Fa2N-4 and negative for MDM cells (Fig. 4 B). 

Further, there were some other connections that showed differences between the MDMs and the co-

cultivation network: another change in its direction occurred between FGF and IL-1β. Finally, there 

were FGF correlations that cannot be found in the MDM network but occur in co-cultivation (FGF-TGF-

β1, FGF-CCL3, and FGF-MCP-1). 

In summary, cytokine secretion in co-culture was more complex and correlations between the 

cytokines changed when compared to single cultures. Therefore, the correlation network of the co-

culture did not represent a simple merge of the Fa2N-4 and MDM networks but showed additional 

cytokine interactions between the two cell types. 

Since inflammatory processes seemed to dominate after 48 h (Fig. 4), all further investigations were 

performed at the time point of 24 h of cultivation. To investigate the central role of IL-8 in the co-

culture, further studies were conducted in the presence of αIL-8. 
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αIL-8 affects the cytokine release 

The neutralising antibody αIL-8 was used to investigate the role of IL-8 in the correlation network and 

to study how its reduction/elimination affects the outcome. For this purpose we added αIL-8 

(100 ng/ml) to all samples. An acute toxic effect of αIL-8 was excluded by analysing the LDH activity in 

the cell culture supernatant (cf. figure S1). 

To investigate the effects of αIL-8 treatment on the secreted cytokines, we determined the total 

cytokine concentration in the supernatant (table S2) after 24 h, which was normalized to the control 

(Fig. 5A). The αIL-8 treatment led not only to a reduction of the average concentration of IL-8, but also 

diminished the monocyte chemoattractant protein 1 (MCP-1) in all cultivations (Fig. 5 A). FGF was 

reduced in the supernatant of Fa2N-4 cells, however the MDM cells secreted more FGF under the 

influence of αIL-8. Additionally, HGF was secreted only in the single cultures (Fa2N-4 and MDM cells, 

respectively). In contrast, treatment with αIL-8 induced GM-CSF secretion only in the co-cultivation 

system. CCL20 secretion due to αIL-8 treatment was detected in the Fa2N-4 cells. 

https://www.sciencedirect.com/science/article/pii/S088723332100059X?via%3Dihub#f0025
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Figure 5: Analysis of αIL-8- and TNF-α-specific alterations of the cytokine secretion pattern. Fa2N-4 
cells were co-cultivated (CC) with monocyte derived macrophages (MDMs) for 24 h. 
Physiological (15 %) and pro-inflammatory (50 %) MDM-to-Fa2N-4 ratios were used. All 
measured cytokine concentrations were related to the corresponding control (fold change) to 
analyse (A) the IL-8 neutralising antibody (αIL-8, 100 ng/ml) specific effect and (B) the TNF-α 
neutralising effect of Adalimumab (AMB, 500 ng/ml).  



Novel indirect co-culture of immortalised hepatocytes with monocyte derived macrophages is 

characterised by pro-inflammatory cytokine networks 

88 

 

In summary, αIL-8 treatment provoked specific changes in the cytokine secretion pattern, thus 

supporting the certain role of IL 8 in inflammatory cytokine networks of hepatic cells. 

Adalimumab treatment alters the secretion of cytokines  

Adalimumab (AMB) was used to study the effect of a decreased tumour necrosis factor α (TNF-α) 

concentration on the correlation network. 

The concentration of TNF-α after treatment with AMB was in the range of 1.7 pg/ml ± 0.2 to 

5.5 pg/ml ± 3.2 after 4 h (data not shown) and in the range of 1.6 pg/ml ± 0.7 to 4.0 pg/ml ± 1.1 after 

24 h, respectively. In the untreated cell culture, TNF-α showed no significant correlation to changes 

of the levels of other cytokines (Fig. 4 B). Upon treatment of the cultures with AMB, a role of TNF-α 

in the co-culture system could be identified (Fig. 5 B). Twenty-four hours after addition of AMB to the 

co-culture, an increased secretion of cytokines, present in the afore depicted correlation network 

(e.g. GM-CSF, CCL20, FGF, IL-1β) was determined (up to 3.4-fold) compared to the corresponding 

controls. In addition, treatment resulted in a reduced IL-6 secretion (0.7-fold) similar to TGF-β1 (0.6-

fold) (Fig. 5 B). In the single culture of Fa2N-4 cells, a reduction of TGF-β1 and FGF (0.2-fold and 0.7-

fold) occurred, while MCP-1 secretion increased 2.7-fold after 24 h (Fig. 5 B). In the single cultivated 

MDMs, the cytokine CCL20 decreased (0.5-fold), while the concentration of IL-6 increased (8.6-fold) 

after 24 h of AMB treatment (Fig. 5 B). 

In summary, treatment with the TNF-α neutralising AMB leads to major changes in the cytokine 

secretion. 

Treatment with diclofenac and lipopolysaccharide leads to changes in cytokine secretion depending 

on the inflammatory status. 

The Fa2N-4/MDM were treated with the non-steroidal drug DCN and with LPS. In order to exclude 

acute toxic effects, 5 % of the effective concentration (EC5) was calculated for DCN, using the MTT 

assay (figure S3) and LPS, using the LDH assay (figure S4). Concentrations of 157 µM for DCN and 

100 ng/ml for LPS were used in further experiments. Figure 6 gives an overview of the treatment 

dependent cytokine secretion at different cultivations. In contrast to the untreated co-cultures (cf. 

figure 4) the drug treatment resulted in a higher release of cytokines. 

https://www.sciencedirect.com/science/article/pii/S088723332100059X?via%3Dihub#f0020
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Figure 6 Analysis of DCN and LPS specific alterations of the cytokine secretion pattern. Fa2N-4 cells 
were co-cultivated (CC) with monocyte derived macrophages (MDM) for 24 h. Physiological 
(15 %) and pro-inflammatory (50 %) MDM to Fa2N-4 ratios were used. All measured cytokine 
concentrations were related to the corresponding control (fold change) to analyse (A) the 
diclofenac (DCN, 157 µM) and (B) lipopolysaccharides (LPS, 100 ng/ml). Data are based on three 
biological replicates. For visualisation a cut-of value of 6-fold was chosen. The particular fold 
changes are given in table S4. 
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Fig. 6 summarizes the different co-cultivation conditions in order to compare the treatment-related 

effects in relation to the inflammatory status (e.g. 15% MDMs and 50% MDMs). In general, 

treatment with 157 μM DCN lead to a reduction in cytokine secretion in the CC 15% compared to the 

control (Fig. 6 A). Only selected cytokines such as HGF and CCL20 in the single culture of Fa2N-4 as 

well as TGF-β1 and FGF in the pro-inflammatory co-culture (CC 50%) showed an increase in secretion 

compared to the control. The pattern is different in LPS treated cultures (Fig. 6 B). After 24 h, a clear 

increase in secretion of nine cytokine can be detected; most prominently in the pro-inflammatory 

(CC 50%) co-culture culture. The concentration of the cytokines IL-10, IL-8, IL-6, HGF, CCL3, FGF, and 

TGF-β1 are higher compared to the control and, except for IL-6 and HGF, also in the corresponding 

single cultivation of MDMs (MDM 50%). 

It can be concluded that the co-culture (CC 15%) under the influence of DCN leads to reduced 

cytokine secretion, whereas individual cytokines are increasingly secreted in the pro-inflammatory 

co-cultivation with 50% MDMs. A similar increased cytokine secretion can be observed after LPS 

treatment of the pro-inflammatory CC 50%. 

Comparison of cytokine profiles in FA2N-4/MDM and HepG2/THP-1 co-cultures 

The newly established indirect co-cultivation of Fa2N-4 and MDM (Fa2N-4/MDM) cells was compared 

with already established similar systems. For this purpose we selected the co-culture model 

consisting of HepG2 and PMA-differentiated THP-1 (Padberg et al., 2020; Padberg et al., 2019). For 

better comparability, the HepG2/THP-1 cells were cultivated in similar numbers as the Fa2N-4/MDM 

cells. Subsequently, the same cytokines were measured in the supernatant at the same time intervals 

and a correlation network was calculated. In general, HepG2 cells formed a much less complex 

correlation network of cytokines than Fa2N-4 cells and THP-1 cells form a more complex network 

compared to MDMs. 

Networks for Fa2N-4/MDM and HepG2/THP-1 co-cultivation were based on similar cytokines (Fig. 

7 and Fig. 4 B). However, the cytokines TGF-β1, FGF and IL-6 played a minor role in HepG2/THP-1 co-

cultivation compared to Fa2N-4/MDM co-cultivation. Yet, correlations of TNF-α and TGF-α were 

detectable in HepG2/THP-1 co-cultivation (Fig. 7). In addition, HepG2/THP-1 co-cultivation revealed a 

correlation between interleukin 1β (IL-1β) and interleukin 18 (IL-18). All other correlations were also 

present in either the THP-1 or the HepG2 single culture networks. In the co-culture the results 

obtained looked like some sort of addition of the THP-1 and HepG2 networks (Fig. 7). Altogether, the 

cytokine network found in the Fa2N-4/MDM co-culture (Fig. 4 B) was more complex, compared to 

the network detected in HepG2/THP-1 co-culture (Fig. 7). 
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Figure 7 Correlation network analysis of the HepG2/THP-1 co-cultivation reveals additive effects. 
HepG2 cells were co-cultivated (CC) with PMA-differentiated THP-1 cells. Physiological (15 %) 
and pro-inflammatory (50 %) THP-1 numbers were used. Overall 16 cytokines were measured 
(given in table S5) at the same time points (0, 0.5, 1, 2, 4, 8, 16, 24 and 48 h) like the 
Fa2N-4/MDM co- and single cell cultivation (cf. figure 4). Solid lines (──) indicate that these 
correlations occur in the co-cultivation network and in at least one of the single cultivation 
networks. Dotted lines (---) identify additional correlations occurring in the respective network. 
n=3 
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Discussion 

A novel co-culture system, consisting of immortalised hepatocytes (Fa2N-4) and MDM cells, has been 

established. In a first step, the differentiation of MDMs was characterised. Differentiated MDM cells 

expressed typical surface markers (Bertani et al., 2017; Cao et al., 2005; Lai et al., 2006; Taylor et al., 

2004): CD83, CD209, CD14, CD86, TLR4, HLA-DR and CD163 (Fig. 1). However, only 28% of the MDMs 

were CD209 positive (CD209+, Fig. 1). Among liver cells, Kupffer cells were also reported to be positive 

for CD209 (Lai et al., 2006). In addition to Kupffer cells, also human anti-inflammatory M2 macrophages 

(but no pro-inflammatory M1 macrophages) were CD209+ (Buchacher et al., 2015). This indicates that 

CD209 negative (CD209−) MDMs in this co-culture system might represent the heterogeneity of 

macrophages migrating into the liver due to an inflammatory response. Thus, this Fa2N-4/MDM 

system is independent of the limited availability of primary Kupffer cells and primary human 

hepatocytes. In contrast to the model of Oda et al. (2021) which relies on PBMCs this study consists of 

differentiated PBMCs (MDMs). 

An inflammatory status of cellular systems can improve the detection of adverse chemicals. It is known 

that modest inflammation during drug therapy lowers the hepatotoxic threshold and leads to adverse 

effects (Roth and Ganey, 2011). These adverse effect can be reproduced in an animal model by 

performing co-treatment with low doses of lipopolysaccharides (LPS) (Buchweitz et al., 2002; Deng et 

al., 2006; Zou et al., 2009). In contrast to several studies, we did not use LPS to simulate an 

inflammatory environment, but increased the number of MDM cells in the co-culture (CC 50%) and 

compared these with the “physiological” number of MDMs present (CC 15%). The “physiological” 

concentration was calculated from data published by (Brouwer et al., 1988), who reported an average 

of 14.5 ± 9.1% Kupffer cells from seven human liver preparations. To our knowledge, our paper is the 

first work in which the extent of the pro-inflammatory status depends on the hepatocyte-to-MDM 

ratio and not on prior substance-specific induction of pro-inflammation. Hence this novel co-culture 

system allows to study adverse substance effects depending on its inflammatory status. 

The number of MDM cells and the total incubation time (24 h or 48 h) affected the gene expression 

pattern of Fa2N-4 cells (Fig. 2). Independent transcriptome-based pathway analysis of the two 

different co-cultures (CC 15% and CC 50%, respectively) after 24 h revealed the activation of an acute 

phase response mainly in the CC 50% culture (Fig. 2 C) which could be confirmed by the 

phosphorylation of p38 (Fig. 3). Coulouarn et al. (2004) have shown that the gene expression in 

primary human liver cells correlated with the severity of the acute phase response and supporting our 

data of the transcriptome-based pathway analysis in connection with the phosphorylation of p38. 
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It is well known that the secretion of various pro-inflammatory cytokines (e.g. IL-6, TNF-α, IL-1β) is part 

of an acute phase reaction (Ramadori and Christ, 1999). Therefore, we investigated the time course of 

secreted cytokines (Fig. 4 A) and established a correlation network of these cytokines (Fig. 4 B). Similar 

to the in vivo situation, cytokine secretion in co-culture was more complex compared to single 

cultivated cells and did not represent the sum of the Fa2N-4 and MDM dependent networks (Fig. 4 B). 

IL-8 played a central role under co-cultivation conditions, as indicated by seven correlations to other 

cytokines and an elevated absolute concentration (Fig. 4). In contrast, the previously studied 

HepG2/THP-1 co-culture systems (Granitzny et al., 2017; Padberg et al., 2020; Wewering et al., 2017b) 

showed only five correlations of IL-8 to other cytokines (Fig. 7). 

In vivo correlations between IL-8, IL-6 and IL-1β, that have been described in the literature (Table 1), 

occurred only in the Fa2N-4/MDM network and were absent in the HepG2/THP-1 co-culture (using a 

cut-off value of p < 0.05). To validate the in vitro cytokine correlations in HepG2/THP-1 and Fa2N-

4/MDM networks further, information from literature was retrieved. Table 1 compares the two 

correlation networks in focus (Fig. 4 B + Fig. 7) with the data found in the literature. The single- and co-

cultivation of Fa2N-4 and MDM cells showed more similarities between in vivo reported correlation 

networks (c.f. Fig. 4 B) than the co-cultivation of HepG2 and THP-1 cells (Fig. 7). However, Fa2N-

4/MDM co-cultivation did not mirror all cytokine profiles reported in the literature. This might be 

related to the absence of other hepatic cells such as endothelial cells and Ito cells (Brouwer et al., 

1988; Gebhardt, 1992) that are present in healthy liver. Furthermore, the concentrations of some 

cytokines, like TNF-α in Fa2N-4/MDM co-cultures (Table 1 + Fig. 4 B) and IL-6 in HepG2/THP-1 co-

cultivations (Table 1 + Fig. 7), were at the lowest level of possible quantification, which also caused the 

absence of respective nodes and edges in the correlation networks. In addition, the (statistically) 

absence of correlations between cytokines in the correlation network did not necessarily indicate that 

there was no biological dependence. The absence might be based on the predefined cut-off value of 

p < 0.05, set in the statistical analysis (c.f. Fig. 4 B). This in particular includes cytokines that are present 

at high concentrations, but have no correlation to any other cytokine. As already mentioned, IL-8 is of 

particular importance in the Fa2N-4/MDM co-culture and potential correlations can be confirmed by 

the literature (Table 1). 
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Table 1. Comparison of the established correlation network analyses of he co-cultures with literature data. Correlation network analyses of co-cultivations (CC) 
of Fa2N-4 cells with monocyte derived macrophages (MDMs) and HepG2 cells with PMA-differentiated THP-1 cells (cf. figure 4 B + 7) were compared with 
inflammatory cytokine profiles from the literature. The literature data shown here were based on liver-associated cell types in an inflammatory state (e.g. 
virus infections, exposure to lipopolysaccharide, thioacetamide, carbon tetrachloride or ethanol). Shown were either complete agreement () or at least 
one agreement (()) of the direct correlations with the cytokine profiles found in the literature. 

Fa2N-4/MDMs HepG2/THP-1 literature 

Fa2N-4 MDM CC HepG2 THP-1 CC Cytokines species reference 

()  () () () () IL-1β, IL-6, TNF-α,TGF-β1 mouse (Meng et al., 2012) 

()  () () () () IL-1β, IL-6, TNF-α  mouse (Dong et al., 2019) 

()  () () () () IL-1β, IL-6, IL-10, TNF-α mouse (Yang et al., 2010) 

      IL-1β, IL-6 mouse (Qin et al., 2012) 

()   () () () IL-1β, IL-8, TGF-β1, MCP-1 mouse (Dou et al., 2019) 

() () () () () () IL-1β, IL-6, TNF-α, MCP-1 mouse (Mandrekar et al., 2011) 

()  () () () () IL-1β, IL-6, TNF-α, CCL3 mouse (Denaes et al., 2016) [108] 

 ()     IL-1β, IL-6, IL-8 human (Hosel et al., 2009) 

      IL-1β, IL-18 human (Shrivastava et al., 2013) 

()  ()   () IL-1β, IL-12, IL-18 mouse [109] 



Novel indirect co-culture of immortalised hepatocytes with monocyte derived macrophages is 

characterised by pro-inflammatory cytokine networks 

95 

 

In general, IL-8 and the corresponding receptor C-X-C motif chemokine receptor 1 (CXCR1) are 

responsible for the recruitment of macrophages and neutrophils (Ishida et al., 2006). We investigated 

the role of IL-8 in our co-culture system by using the neutralising antibody αIL-8 (Fig. 5 A). The heatmap 

(Fig. 5 A) showed that the concentration of IL-8 decreased in the presence of αIL-8, as expected. Some 

correlations predicted by the correlation network were confirmed. A decrease in IL-8 resulted in a 

reduced secretion of FGF in single cultured Fa2N-4 cells, supporting the prediction that both are 

positive correlated (Fig. 4 B). In MDM cells, the decrease of IL-8 resulted in an increased secretion of 

FGF, supporting the predicted negative correlation. Furthermore, the correlation network (Fig. 4 B) 

indicated that MCP-1 correlates positively with IL-8 in co-cultures and in single cultivated MDMs. 

Reduction of IL-8 by the treatment with αIL-8 resulted in a decrease of MCP-1 in co-cultures and single-

cultivated MDM cells (Fig. 5 A). This positive correlation could be supported by expression data from 

the literature. An increase in the gene expression of MCP-1 and IL-8 has been previously shown in co-

cultures of HepaRG cells with PBMCs (Beringer et al., 2019). 

The depletion of IL-8 also resulted in some unexpected findings, which did not match the predictions 

of the correlation network. A positive correlation existed between IL-8 and CCL20 in FA2N-4 single 

cultures (Fig. 4 B). Despite this positive correlation, the CCL20 concentration increased after lowering 

the level of IL-8 (Fig. 5 A). 

Besides the influence of IL-8 we investigated the effect of TNF-α on cytokine secretion using AMB. AMB 

is a monoclonal TNF-α neutralising IgG1 antibody used for the treatment of patients with rheumatoid 

arthritis (French et al., 2016). It is capable of inducing DILI (Ghabril et al., 2013) and thus has been listed 

in the DILIrank dataset (Chen et al., 2016). 

Treatment with AMB resulted in several changes of the cytokine concentrations. Obviously, IL-6 was 

reduced in co-culture after treatment with AMB (Fig. 5 B). The connection between IL-6 and TNF-α has 

been described before: In a mouse model, TNF-α in the serum peaked at 1.5 h and IL-6 after 4 h after 

LPS injection (Hong et al., 2009). This temporal relationship of TNF-α and IL-6 after LPS treatment was 

also shown in cultured rat hepatocytes (Saad et al., 1995). Furthermore, a positive correlation between 

IL-6 and TGF-β1 is likely, since murine fibroblasts showed an IL-6 induced expression of TGF-β1 

(Luckett-Chastain and Gallucci (2009)). Therefore, the predictions of the correlation network are 

supported by literature. The negative correlation of CCL20 and IL-6 in the single culture of MDM cells 

was confirmed, since an increase of IL-6 increased resulted in a decrease of TGF- β1 (Fig. 4 B). In 

addition, the positive correlation of TGF-β1 and FGF in single cultured Fa2N-4 cells (Fig. 4 B) was 

confirmed, since both decreased after the AMB induced reduction of TNF-α (Fig. 5 B). Similar to the 

αIL-8 treatments, not all correlations of the cytokine network could be validated via an AMB induced 

decrease of TNF-α. A reduction of the FGF concentration in single culture of Fa2N-4 cells should lead 
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to a reduction of MCP-1 concentration according to the correlation network (Fig. 4 B). However, this 

MCP-1 reduction did not occur after AMB treatment (Fig. 5 B). 

After 24 h of AMB treatment (Fig. 5 B) three additional positive correlations could be verified in co-

culture with regard to FGF levels (with CCL20, IL-1β and GM-CSF, c.f.Fig. 4 B). In summary, we could 

confirm several correlation predictions. With regard to the effect of AMB, the secretion of FGF and IL-

6 led to changes in other associated cytokine secretions exclusively under co-cultivation condition. 

Besides the general neutralisation of TNF-α, AMB is known as a potential DILI inducing substance 

(Frider et al., 2013). Another DILI inducing substance is DCN (Boelsterli, 2003), although the structure 

and mode of action are completely different. Fig. 6 A gives an overview of the changed cytokine 

secretion as a result of DCN treatment depending on the cultivation set-up. The simulation of a healthy 

cell ratio (CC 15%) leads to a reduction of most cytokine secretion after DCN treatment when compared 

to control. This confirms the known anti-inflammatory effect of DCN (Skoutakis et al., 1988). Another 

more differentiated cytokine secretion pattern was present in the pro-inflammatory CC 50%. The 

down-regulated cytokine secretion of IL-8, MCP-1 and GM-CSF in particular follows the postulated 

positive correlation based upon network analyses (Fig. 4 B). The detectable upregulation of TGF-β1 

and FGF secretion in the CC 50% after DCN treatment compared to the control was also predicted by 

the network analyses. However, DCN treatment can also show that other measured cytokines such as 

HGF and TGF-α play a role in co-cultivation although they do not show dependencies in the correlation 

networks. The reason for this is the generally low secretion of these cytokines in the absence of 

stimulating drugs or xenobiotics. 

To investigate the induction of the cytokine secretion in more detail, cultures were treated with LPS 

(Fig. 6 B). Especially the pro-inflammatory CC 50% responded to LPS treatment with an increased 

secretion of IL-12, IL-10, IL-8, IL-6, HGF, CCL3, FGF, GM-CSF and TGF-β1 compared to the untreated 

control (Fig. 6 B). Most of these cytokines are mapped in the correlation network. In general, secretion 

of cytokines in the LPS-treated pro-inflammatory CC 50% system is known from the early and late 

response of monocytes and macrophages. IL-6, IL-8 and IL-12 can be attributed to the early response 

(up to 6 h after treatment) and IL-10, TGF-β1 and GM-CSF (up to 24 h after treatment) are known from 

the late response (Rossol et al., 2011). Furthermore, an increase in the HGF concentration in the 

supernatant of the CC 50% is detectable after the LPS treatment. In a rat model, HGF is known to 

prevent LPS-induced liver failure (Kaido et al., 1997). This indicates that our co-culture system shows 

a response to LPS and, in addition, supports the reported protective effect of HGF. 

In summary, reduction of TNF-α by AMB treatment and the reduction of IL-8 by αIL-8 treatment (Fig. 

5) resulted in decreases of several correlated cytokines, indicating the validity of the network (Fig. 4 B). 

The treatment with DCN or LPS shows, that the ratio of MDMs affects the amount of cytokines 
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released. The data demonstrate that co-cultivation of Fa2N-4 and MDMs creates a complex cytokine 

correlation network. This novel Fa2N-4/MDM co-culture shows a high similarity to published in 

vivo data. 

 

Conclusion 

A successful co-cultivation of an immortalised hepatic cell line (Fa2N-4) with monocyte derived 

macrophages (MDMs) was established. This resulted in the release of pro-inflammatory cytokines. It 

triggers pathways such as an acute phase response and the complement system. The concentrations 

of the cytokines released differed between co- and individually cultured cells as well as between a 

corresponding model consisting of HepG2 and differentiated THP-1 cells. A network of cytokine 

interactions showed that IL-8 plays a central role in the network. Changes in the IL-8 level affected 

numerous other cytokines, which allowed to validate the central role of IL-8. In addition, treatment 

with the TNF-α neutralising antibody (AMB), DCN and LPS showed that the resulting changes in 

cytokine secretion could be partially predicted by the correlation network. Especially the treatment of 

DCN and LPS proved that the CC 50% simulates a pro-inflammatory status with an further increase of 

cytokine secretion. During the AMB exposure FGF, likewise to IL-6, was an important soluble factor. 
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4. Discussion 

Substances may be inadvertently ingested (e.g., via migration of bisphenols from food contact 

materials into foodstuff). However, substances can also be intentionally ingested (e.g., nutrients or 

pharmaceuticals). After oral intake, the liver is exposed to these nutrients, noxious and/or 

pharmacologically active compounds. In the case that there are no data for potential hepatotoxic 

effects available, the read across approach might be applied. A basic requirement for the application 

are existing data on structurally similar compounds. 

As already described (cf. chapter 1.2.2), the read across approach can be used to fill data gaps of target 

substances with data of structurally analogous substances [92]. Here, BPA and BPC are ideal candidates 

for read across. The difference rely on two additional methyl groups of BPC compared to BPA (cf. 

chapter 1.2, figure 2). To evaluate the applicability of the read across approach better, synthesized 

bisphenol A/C (BPA/C) was used. BPA/C is a structural intermediate between BPA and BPC, as it does 

carry only one additional methyl group (cf. chapter 3.1, table 1) when compared to BPA. The ECHA 

defined the grouping criteria of substances for a read across approach. Following the definition, the 

grouping is based on common functional groups, precursors, physicochemical, and/or biological 

properties [110]. Two of these defined grouping principles of the physicochemical and biological 

properties were clearly confirmed in this work (cf. chapter 3.1, table 1): The metabolic activity in the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in HepG2 cells (with regard 

to the EC50) and the oil water distribution coefficients (logPOW) were comparable (cf. chapter 3.1, 

figure 1). In the beginning, these studies indicated that a read across approach is a reliable prediction 

method of the adverse effects of BPC to the source substance BPA. 

By comparing the cellular effects of BPC to those of BPA and BPA/C it becomes obvious that these 

particular compounds are not in favor with the use of a read across approach. Table Table 1 provides 

a summary of the physiological effects of these compounds detected. 
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Table 1. Comparison of bisphenol A (BPA)-, bisphenol A/C (BPA/C)-, and bisphenol C (BPC)-induced 
effects in HepG2 cells. As indicated in chapter 3.1, treatment of HepG2 cells with BPC leads to 
certain cellular responses. This is exemplified in terms of an agreement (=), an increase (>) or a 
decrease (<) of the effects when compared to BPA or BPA/C treatment. Shown are the cell division 
ratio under influence of 1/3 of 10 % of the effective concentration (EC10) and the EC10. 

 BPA/C 

compared 

to BPA 

BPC 

compared 

to BPA 

BPC 

compared 

to BPA/C 

cell division ratio  
EC10 > = = 

1/3 EC10 = < < 

mitochondrial membrane potential = < < 

intracellular ATP/protein = < < 

TGFB1 expression < = > 

TNF expression = > > 

estrogenic activity > < < 

 

According to this summary BPC does not trigger comparable cellular effects when compared to BPA 

and/or BPA/C. It is also impossible to correlate the effects based to the increasing number of methyl 

groups (BPA<BPA/C<BPC). The alleviating effect of BPC on the intracellular ATP level and the 

mitochondrial membrane potential (ΔΨm) in HepG2 cells is particularly noticeable (cf. chapter 3.1, 

figure 3 + 4). The concentration of intracellular ATP is a sensitive endpoint for mitotoxicity in the 

absence of cell death [111] for which both methyl groups of BPC seems to be required. Further analyses 

showed that among the bisphenols studied (cf. chapter 3.1, figure 7), only BPC leads to a reduction in 

mitochondrial cytochrome c (CyC). It is known that the release of mitochondrial CyC into the cytoplasm 

leads to the activation of apoptosis-mediating enzymes (i.e. caspases), which trigger the intrinsic 

apoptosis pathway [112]. Obviously only BPC triggers intrinsic apoptosis in HepG2 cells. This raises the 

question if HepG2-based in vitro system could be instrumental and which cellular factors would be 

best to identify substance-specific adverse effects. One potential approach could be a HepG2/THP-1 

co-culture. Yet this HepG2/THP-1 system has been already established by two independent groups, as 

published in Wewering et al. (2017) and Granitzny et al. (2017). Both groups could show that the 

HepG2/THP-1 system reacts more sensitive to substance treatment than the corresponding single cell 

culture of HepG2 cells [74, 75]. The group around Granitzny et al. could postulate TNF-α as a potential 

prognostic factor for the development of DILI in vitro [75]. When these HepG2/THP-1 co-cultures were 

now treated with the selected bisphenols, an increased concentration of TNF-α in the cell culture 
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supernatant could be observed in the case of BPC (cf. chapter 3.1, figure 6 B). This shows that TNF-α 

can be used as prognostic factor in HepG2/THP-1 co-cultures, but not in the corresponding single 

cultures. 

In light of these results further questions arose: Why is the pro-inflammatory HepG2/THP-1 co-culture 

model more sensitive to substance treatment? This co-culture represents a pro-inflammatory system 

[74] and the pro-inflammatory cytokines have been quantified in the supernatant (cf. chapter 3.2, 

figure 4 B). Moderate tissue inflammation enhance cellular sensitivity and lowers the toxic threshold 

of a cellular system. This was demonstrated by the use of LPS in animal models [103-106]. According 

to these animal studies a moderate inflammation may lead to altered substance metabolism and thus 

to altered toxic effects. Therefore, the next step was to investigate the changes in physiological 

processes of HepG2 cells under the pro-inflammatory influence of PMA-differentiated THP-1 cells. In 

this co-culture we found an activation of the AHR signaling pathway. Co-cultivation not only increases 

the expression of typical target genes of this pathway, but also increases the corresponding CYP1A1 

enzyme activity in HepG2 cells (cf. chapter 3.2, figure 5). This activation is associated with changes in 

the concentration of cytokines found in the supernatant. It is known that in primary hepatocytes 

CYP1A1 is repressed by cytokines such as IL-6 and TNF-α [113]. These data suggest that the 

concentration of an individual cytokine does not reflect a single cellular process, but rather the 

complex interaction of the latter. The pro-inflammatory CYP1A1 induction can also be caused by other 

signaling pathways. This includes CAR and the liver X receptor α signaling (LXRα) pathways [114]. 

Besides the influence on CYP1A1 expression, CAR is also involved in hepatocellular physiology. Studies 

in rats have shown that the activation of CAR (by phenobarbital) leads to an increase in total serum 

cholesterol and stimulated lipolysis [115]. These changes in cholesterol biosynthesis and de novo FA 

synthesis was also identified in co-cultured HepG2 cells. Yet, increased cholesterol biosynthesis (cf. 

chapter 3.2, figure 6) in the co-cultured HepG2 cells did not lead to an increase in total lipids compared 

to single-cultured HepG2 cells; even a reduction of the LD content was detectable (cf. chapter 3.2, 

figure 7). The common precursor of these two biochemical reactions, acetyl coenzyme A, is most likely 

not the limiting factor here, as otherwise the increase in cholesterol amount could not be explained. 

The reduced expression of fatty acid synthase (FAS) based on RNA and protein levels, together with 

the reduced content of total lipids leads to the conclusion that the de novo FA synthesis is reduced, 

whereas the β-oxidation of FAs is increased. The β-oxidation seems to be more pronounced in co-

cultured HepG2 cells than in individual-cultured HepG2 cells. Through this β-oxidation additional ATP 

is generated, covering the energy demand of the cell [116]. In general, the ATP content in co-cultured 

HepG2 cells is significantly lower than in individually cultivated HepG2 cells (cf. chapter 3.2, figure 8 B). 
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This indicates an increased protein biosynthesis, the highest energy consuming cellular process [117]. 

Cholesterol biosynthesis is also an ATP-consuming biochemical process [118]. Both processes together 

could be the cause for the lower intracellular ATP concentration. In summary, the co-cultured HepG2 

cells have a higher ATP consumption than HepG2 cells alone, apparently covered by FA β-oxidation.  

The putatively increased β-oxidation of co-cultured HepG2 cells reduce the amount of LDs in this co-

culture compared to HepG2 cells alone (cf. chapter 3.2, figure 7). This may explain why HepG2/THP-1 

co-culture shows the aforementioned increased chemical sensitivity in comparison to single cell 

cultivation. As it is already known, a characteristic of LDs is the maintenance of organelle homeostasis, 

preventing the formation of reactive oxygen species, hypoxia, and apoptotic cell death [119].  

These changes in cellular biochemical processes are exclusively recognized in the HepG2/THP-1 co-

culture. It is very likely that the above mentioned changes are related to the pro-inflammatory 

properties and the secretion of soluble factors. As an example, the pleiotropic cytokine IL-6 has 

multiple effects on hepatic lipid metabolism [120]. Correlation networks were investigated to get an 

overview of possible interactions and correlations between the secreted cytokines. It becomes obvious 

that HepG2 cells alone show only few possible correlations between different cytokines. THP-1 cells, 

on the other hand, are characterized by a large number of potential correlations that seem to 

determine the correlations of the cytokines in the HepG2/THP-1 co-culture as well (cf. chapter 3.3, 

figure 7). However, cytokine IL-6 did not show any association with the cytokines in the correlation 

network determined. Overall, an additive effect of the correlation networks of HepG2/THP-1 co-

culture with respect to the corresponding single cultivations was observed (cf. 3.3 figure 7).  

It has long been known that transformed hepatocyte cell lines (such as HepG2 cells) secrete lower 

levels of cytokines than primary hepatocytes [121]. Accordingly, an IL-8 concentration was detected in 

the supernatant of primary hepatocytes of 1159 ± 94 pg/ml, whereas in the supernatant of HepG2 cells 

a concentration of 87 ± 6 pg/ml was quantified [121]. In HepG2/THP-1 co-culture, IL-8 signaling seems 

to play a prominent role in the correlation network compared to the individual HepG2-cultivation. This 

is also shown by the increased IL-8 secretion of >12603 pg/ml vs. 29 pg/ml as measured in co- and 

single culture, respectively. This increased secretion of IL-8 was already noted in an earlier publication 

and linked to the pro-inflammatory status of HepG2/THP-1 [74]. When the primary co-culture system 

consisting of Fa2N-4 and MDM was used, it can be seen that IL-8 also plays a prominent role here, 

demonstrated by an increased secretion (up to 3167 pg/ml) in the co-culture. Thus, a correlation of 

IL-8 with seven other cytokines in the corresponding network exists (cf. chapter 3.3, figure 4), 

indicating a pro-inflammatory environment. Moreover, the Fa2N-4/MDM co-culture has the 
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advantage that no tumor cell lines are employed and that the inflammatory status can be changed 

simply by changing the hepatocyte-MDM cell ratio, with no necessity for LPS.  

We found that adjustments in the hepatocyte-MDM cell ratio leads to changes in the signaling 

pathways based on alterations in gene expression. It has been shown that higher MDM numbers result 

in an acute-phase response signaling (cf. chapter 3.3, figure 2). In connection with the phosphorylation 

of the transcription factor of p38 mitogen-activated protein kinase (cf. chapter 3.3, figure 3), these 

analyses indicate that the acute response signaling pathway is being activated. In general, the liver is 

the major producer of acute-phase proteins and it is therefore an essential part of the innate immune 

system's response to infection [122]. These correlations, along with its pro-inflammatory status, 

indicate that the Fa2N-4/MDM system might be able to simulate the subsequent modulation of the 

innate immune system in vitro. 

As mentioned before, IL-8 is a central cytokine in the Fa2N-4/MDM culture. For this reason, the IL-8-

neutralizing antibody (αIL-8) was used to evaluate the correlation network (cf. chapter 3.3, figure 5 A). 

The positive correlations of IL-8 with FGF (in Fa2N-4 cells only) and MCP-1 (in Fa2N-4/MDM and MDM 

cells only) were confirmed, whereas the correlation with CCL20 (in Fa2N-4 cells only) could not be 

confirmed, potentially due to the complex interference with other cytokines.  

Next, the newly developed cell culture system, combining Fa2N-4 and MDM cells, was treated with 

known DILI substances and cytokine secretion was measured. 

Treatment with DILI substance AMB (cf. chapter 3.3, figure 5 B) can answer two questions. Firstly, 

because of its property as a TNF-α-neutralizing antibody, AMB is able to validate the correlation 

network with reference to the literature. Secondly, AMB is known as a potential DILI-inducing 

substance. By treating the Fa2N-4/MDM culture with AMB, it is possible to confirm the postulated 

nodes of the correlation network, even though TNF-α itself shows no correlation to the cytokines 

studied. In the mouse model, a time dependence in serum concentration of TNF-α (peaked at 1.5 h) 

and IL-6 (peaked at 4 h) could be measured after LPS injection [123]. According to a study of murine 

fibroblasts, a positive correlation of IL-6 and TGF-β1 can be detected [124]. Based on these two studies, 

a temporal correlation (TNF-α – IL-6 – TGF-β) of cytokine secretion can be postulated. In the cytokine 

secretion data of the Fa2N-4/MDM system after 24 h, an AMB-dependent reduction of TGF-β can be 

seen (cf. chapter 3.3, figure 5 B). These analyses therefore support the assumption of the existence of 

a correlation network (IL-6 – TGF-β) expressed in the Fa2N-4/MDM culture. The second objective of 

this treatment was to consider AMB as a potential DILI-inducing substance. Comparison of the U.S. DILI 

Network database between 2003 and 2011 and a detailed literature review show that AMB is a 
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potentially DILI-inducing substance [125]. These cases are documented with patients suffering from 

Crohn’s disease, psoriatic arthritis, or rheumatoid arthritis [125]. For these inflammatory diseases, 

associated with AMB-DILI, the pro-inflammatory Fa2N-4/MDM system may provide evidence for the 

adverse effects of AMB. The increase of IL-12 secretion is particularly noticeable when Fa2N-4/MDM 

co-cultures are treated with AMB. It is long been known that TNF-α KO mice show significantly higher 

inducible IL-12 serum concentrations [126]. IL-12 is an early pro-inflammatory cytokine with 

immunomodulating effects, like the differentiation of Type 1 helper T cells and cytotoxic T cells [127]. 

Besides the up-regulation of pro-inflammatory IL-12 in AMB-treated Fa2N-4/MDM co-cultures 

compared to the control, some growth factors (HGF, FGF) also appear to be upregulated. Altered 

secretion of these measured growth factors can also be detected in Fa2N-4/MDM cultures upon DCN 

treatment (cf. chapter 3.3, figure 6 A). However, the fundamental differences of the substances AMB 

and DCN in the mode of action and structure make a further comparison as potential DILI substance 

difficult. Nevertheless, the common aspect of increased HGF secretion in the different treatments 

should be considered in more detail. A recent transcriptome study shows that HGF is among the top 

activated upstream regulators (p<0.0001) in a mouse model with acetaminophen-dependent DILI 

[128]. This could be an indication that the DILI substance induced HGF dependent signaling could be 

comparable between the Fa2N-4/MDM system and the in vivo situation. Furthermore, HGF might be 

a potential biomarker in the Fa2N-4/MDM system. 

As described above, DCN is known as a potential DILI-triggering substance [54]. In the Fa2N-4/MDM 

system adverse effects of DCN can now be investigated with regard to physiological and pro-

inflammatory conditions (cf. chapter 3.3, figure 6 A). The cytokine secretion is mainly reduced after 

DCN treatment under healthy conditions (CC 15 %) compared to the corresponding control. This clearly 

indicates the anti-inflammatory effect of DCN [129]. However, an increased secretion of HGF under 

healthy conditions (CC 15 %) can be detected. This indicates that HGF might be a novel biomarker for 

the DILI identification of DCN under healthy conditions (CC 15 %). In general, it has been shown that 

HGF protects from anti-tuberculosis drug-induced (isoniazid/rifampicin) hepatotoxicity in a mouse 

model [130]. It is therefore possible that this protective effect also occurs under healthy (CC 15 %) 

conditions and is therefore a DCN specific effect. This assumption is reinforced by the effect of DCN in 

the pro-inflammatory Fa2N-4/MDM co-culture (CC 50 %), since under these conditions the secretion 

of HGF is downregulated. Also, the reduction of cytokines from CC 15 % is no longer detectable (except 

for MCP-1 and IL-8). This indicates a shift in the effect of DCN depending on the inflammatory status 

of the Fa2N-4/MDM system. A slightly increased secretion of FGF and TGF-β1 in the CC 50 % is visible 

when compared to the corresponding control. It is known that FGF is activated in an autocrine loop by 
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TGF-β1 and leads to a growth stimulation of human myofibroblastic liver cells [131]. This could be an 

indication of altered physiological cellular processes. Based on these data, it can be concluded that the 

effect of DCN is clearly dependent on the inflammatory status of the Fa2N-4/MDM system, i.e. the 

ratio of MDM herein.  

LPS treatment, like DCN treatment, also shows differences in cytokine secretion depending on the 

inflammatory status of the Fa2N-4/MDM system (cf. chapter 3.3, figure 6 B). Thus, the secretion of 

nine cytokines is increased exclusively in pro-inflammatory Fa2N-4/MDM co-culture, except for IL-6 

and HGF, which are also upregulated in healthy Fa2N-4/MDM co-culture. This increased secretion after 

LPS treatment was to be expected, as LPS is a strong pro-inflammatory stimulus [132]. However, the 

composition of these individual cytokines is specific. Thus, many typical LPS-inducible cytokines of early 

response (4 h to 6 h post treatment) of monocytes and macrophages are found, such as IL-12, IL-8, and 

IL-6, and some cytokines of late response (16 h to 24 h post treatment), such as IL-10, TGF-β1, and 

GM-CSF [133] were identified in the Fa2N-4/MDM co-cultures. Even after treatment with LPS, an 

increased HGF secretion can be detected compared to control. In rat models, HGF has been shown to 

prevent acute liver failure induced by LPS [134]. This in vivo study suggests that HGF should also reduce 

cytokine production after LPS treatment in the Fa2N-4/MDM system. The reason why HGF does not 

reduce cytokine secretion in the pro-inflammatory Fa2N-4/MDM culture is probably due to the use of 

cells with HGF overexpression and secretion in the cited in vivo study [134]. This would mean that in 

the healthy Fa2N-4/MDM system (CC 15 %) the secretion of HGF might be sufficient to reduce the 

effect of LPS. In contrast, the protective effect of HGF is not sufficient to reduce cytokine secretion in 

the pro-inflammatory Fa2N-4/MDM system (CC 50 %). This indicates that the Fa2N-4/MDM co-culture 

system responds to LPS treatment with the supposed protective effect of HGF depended on the 

inflammatory status.  

In summary, these analyses demonstrate that Fa2N-4/MDM system reacts specifically with the 

secretion of relevant cytokines to LPS treatment and that the pro-inflammatory status can be further 

induced.  
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5. Conclusion & Outlook 
The liver as an important metabolic organ can be affected by adverse effects of xenobiotic substances.  

BPA and its derivatives can be ingested unintentionally and trigger these adverse effects in the liver. 

In this work it could be shown that despite comparable physicochemical properties bisphenol 

derivatives have fundamentally different cellular effects. The methylation of both phenolic rings (as in 

BPC) is responsible for the decoupling effect of the mitochondrial membrane and the induction of 

intrinsic apoptosis. This adverse effect could not be identified in all the other BPA derivatives 

investigated. Therefore a read across between different bisphenols should be used carefully since the 

effects on cellular level may not fulfil the predictions. Especially with regard to the replacement of BPA 

in consumer products, a screening of further derivatives could be reasonable in the future. This 

screening could be done with the help of the prognostic factor TNF-α in the HepG2/THP-1 co-culture 

system. 

The pro-inflammatory HepG2/THP-1 co-culture system is characterized by an altered physiology of 

HepG2 cells. The co-cultivation changes the xenobiotic metabolism by activating the AHR (followed by 

an increased expression of the target genes CYP1A1, CYP1A2, and CYP1B1) in HepG2 cells. The 

increased sensitivity described above is probably due to the altered de novo FA synthesis and reduced 

intracellular LDs. This alteration maybe based on the intercellular exchange of the soluble factors. 

Future studies can determine which factor is responsible for this in detail. This factor would then be a 

potential biomarker to predict an increased sensitivity of the liver to substances with potentially 

adverse effects.  

For both cultivation systems (HepG2/THP-1 and Fa2N-4/MDM) correlation networks of the secreted 

cytokines were established. It became obvious that most cytokine correlations in the HepG2/THP-1 co-

culture system originate from THP-1 cells and that the correlation network of the co-culture can be 

described by additive effects. The Fa2N-4/MDM co-culture system forms a much more complex 

correlation network. In general, it has been shown that the inflammatory status in the Fa2N-4/MDM 

system can be changed by altering the ratio of MDM to Fa2N-4 cells (simply by regulating the acute 

phase response pathway in terms of gene expression analysis). The Fa2N4/MDM system reacts 

specifically to treatments (AMB, DCN or LPS) by secretion of cytokines. TNF-α does not appear to be a 

prognostic factor, thus contrasting HepG2/THP-1 system. However, the analyses show that the 

secretion of HGF is a promising starting point for further analyses. Furthermore, the question arises to 

what extent physiological processes of Fa2N-4 cells are influenced in the Fa2N-4/MDM system and 

whether they are comparable to those in the HepG2/THP-1 system. 
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The limitations of both cell culture systems is the origin of the cells from an intravital tumour 

environment (HepG2) and the cellular differences to Kupffer cells (THP-1 and MDM). In future, detailed 

comparisons between the properties of MDM and Kupffer cells should be carried out. This comparison 

could at least decrease the limitation of using MDM instead of native Kupffer cells. Furthermore the 

influence of other cell types (e.g. endothelial and stellate cells) cannot be investigated in the systems 

considered here (HepG2/THP-1 or Fa2N-4/MDM). However, this would mean a significant increase in 

complexity and would thus be contrary to reproducible applicability.  

In conclusion, HepG2/THP-1 provides a simple and rapid in vitro system that has an increased chemical 

sensitivity compared to the individual cultivation of HepG2 cells. The Fa2N-4/MDM system, on the 

other hand, offers a good opportunity to directly investigate the adverse effects in vitro and to draw 

conclusions about potential substance effects in vivo. 
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Annex I 
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Minor structural modifications of bisphenol A strongly affect physiological responses of HepG2 cells 
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Figure S1: Validation of mitochondrial purification. HepG2 cells were treated with EC10 concentrations 
of bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC) and bisphenol S (BPS) for 24 h. 
The total protein (tp) and the mitochondrial protein fraction (mp) were analyzed for the 
mitochondrial marker (mitofilin) content, with β-actin as loading control. 

 

 

Figure S2: Correlation between the viability and bisphenol concentration. HepG2 cells were treated 
with different concentrations of bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C (BPC), 
bisphenol S (BPS), bisphenol F (BPF) and bisphenol G (BPG) for 24 h (n=3). The viability was 
derived via MTT-assay. Shown are 10 % and 50 % of the effective concentration (···), mean and 
SD (‒).  
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Figure S3: Activation of estrogen receptor in relation to 2 nM estrogen (EMAX). Hela9902 cells were 
treated with different concentrations of bisphenol A (BPA), bisphenol A/C (BPA/C), bisphenol C 
(BPC), bisphenol S (BPS), bisphenol F (BPF) and bisphenol G (BPG) for 24 h (n=3).The activation 
was related to the positive control of 2 nM estrogen (···). Shown are measurements (•), mean 
(―) and SD (‒). 
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pro-inflammatory cytokines 

Authors 

Florian Padberg1,2, Henrik Hering1, Andreas Luch1,2, and Sebastian Zellmer1 

1German Federal Institute for Risk Assessment (BfR), Department of Chemical and Product Safety, 

Max-Dohrn Strasse 8-10, 10589 Berlin, Germany 

2 Department of Biology, Chemistry, Pharmacy, Institute of Pharmacy, Freie Universität Berlin, Berlin, 

Germany 

Journal 
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Table S1: Antibodies 

antigen clone host Supplier 

β-actin AC-15 mouse abcam, Cambridge, UK 

AHR H-211 rabbit Santa Cruz Biotechnology, Heidelberg, Germany 

ARNT H-172 rabbit Santa Cruz Biotechnology, Heidelberg, Germany 

FAS EPR7465 rabbit abcam, Cambridge, UK 

 

Table S2: Primer 

gene  forward primer reverse primer product 

CYP1A1 TCCAAGAGTCCACCCTTCC AAGCATGATCAGTGTAGGGATCT 72 bp 

CPY1A2 ACAACCCTGCCAATCTCAAG GGGAACAGACTGGGACAATG 68 bp 

CYP1B1 TGGATTTGGAGAACGTACCG CCACGACCTGATCCAATTCT 150 bp 

SREBF1 GCTTTCTGCAACACAGCAAC GGTCAGTGTGTCCTCCACCT 167 bp 

FASN CTTCCGAGATTCCATCCTACGC TGGCAGTCAGGCTCACAAACG 131 bp 

TGFB1 GTGGAAACCCACAACGAAAT CACGTGCTGCTCCACTTTTA 165 bp 

 

Microarray analysis 

The RNA-integrity (RIN) was analyzed by an Agilent 2100 Bioanalyzer System (Agilent Technologies, 

Waldbronn, Germany) using an Agilent RNA 6000 Nano Kit (Agilent Technologies, Waldbronn, 

Germany) according to the manufacturer’s protocol. Human Clariom™ S Assay (Applied Biosystems, 

Foster City, CA, USA) was performed with all samples (RIN >8.5) at ATLAS Biolabs (ATLAS Biolabs, Berlin, 

Germany). The sample signals were analyzed with the Transcriptome Analysis Console 4.0.1.36 (TAC) 

(Applied Biosystems, Foster City, CA, USA) and compared with Ingenuity pathway analysis® (IPA®) 

(QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis, Qiagen, 

Hilden, Germany). 

Exploratory grouping analysis 

The Exploratory Grouping Analysis was performed with Transcriptome Analysis Console 4.0.1.36 (TAC) 

(Applied Biosystems, Foster City, CA, USA) with an AUC Threshold of 0.7, a distributed stochastic 

neighbor embedding (tSNE) Perplexity of 3 and a variance filter number of 20000. 
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Figure S1 Example of the evaluation and calculation of the lipid droplet area The microscopic images 
were taken after a Sudan Red staining in the different channels for the Hoechst3342 and 
transmitted light. Subsequently, a grayscale image was created and the background of the 
respective measurement was minimized. Then the respective objects (based on their shape and 
expected size) were determined. The Hoechst3342 staining was then used to determine the cell 
count of each image and the area occupied by the Sudan Red staining was measured. The ratio of 
these ratios then formed the measurements of figure 7B.  
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Figure S2: Effects of co-cultivation on the xenobiotic metabolism. HepG2 cells were cultivated in 
single- (SC) or co-culture (CC) for 24 h (n=5). Shown are the gene symbols and the Z-score of 
significantly (exclusion p>0.05) different expressed genes of the transcriptome analysis console 
(TAC)-gene list.  
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Figure S3: Differential and significantly expressed genes related to Kupffer cell activation. Shown are 
the gene symbols and the Z-score of significant (exclusion p>0.05) expressed genes in HepG2 after 
24 h of single- (SC) or co-cultivation (CC). 
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Table S1: Antibodies 

antigen clone host Supplier fluorophore 

β-actin AC-15 mouse abcam, Cambridge, UK  

CD3 UCHT1 mouse BD Pharmingen™,Heidelberg, Germany Alexa Fluor® 700 

CD14 M5E2 mouse BD Pharmingen™,Heidelberg, Germany PE 

CD19 HIB19 mouse BD Pharmingen™,Heidelberg, Germany APC 

CD83 HB15e mouse BD Pharmingen™,Heidelberg, Germany FITC 

CD86 IT2.2 mouse BioLegend, Koblenz, Germany Brilliant Violet 421™ 

CD163 REA812 human Miltenyi Biotec, Bergisch Gladbach, Germany FITC 

CD209 DCN47.5 mouse Miltenyi Biotec, Bergisch Gladbach, Germany APC 

TLR4 HTA125 mouse Thermo Scientific, Waltham, MA, USA PE 

HLA-DR AC122 mouse Miltenyi Biotec, Bergisch Gladbach, Germany PerCP 

p38 polyclonal rabbit Cell Signaling, Frankfurt a. M., Germany  

P-p38 28B10 mouse Cell Signaling, Frankfurt a. M., Germany  

 

Microarray analysis 

The RNA-integrity (RIN) was analysed by an Agilent 2100 Bioanalyzer System (Agilent Technologies, 

Waldbronn, Germany) using an Agilent RNA 6000 Nano Kit (Agilent Technologies, Waldbronn, 

Germany) according to the manufacturer’s protocol. Human Clariom™ S Assay (Applied Biosystems, 

Foster City, CA, USA) was performed with all samples (RIN >8.5) at ATLAS Biolabs (ATLAS Biolabs, Berlin, 

Germany). The sample signals were analysed with the Transcriptome Analysis Console 4.0.1.36 (TAC) 

(Applied Biosystems, Foster City, CA, USA) and compared with Ingenuity pathway analysis® (IPA®) 

(QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis, Qiagen, 

Hilden, Germany). 
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Figure S1. Analysis of the αIL-8-dependent toxicity. Fa2N-4 cells were co-cultivated (CC) with 
monocyte derived macrophages (MDMs) for 24 h. Physiological (15 %) and pro-inflammatory 
(50 %) MDM numbers were used. These cultivations were treated with DMSO (control), 
neutralising antibody (αIL-8, 100 ng/ml) or adalimumab (AMB, 500 ng/ml). For each experiment 
(n=3) the activity of LDH was determined to exclude an acute toxic effect.  

 

 

Figure S2 western blot analysis of phosphorylation of the transcription factor p38. Western blot 
analysis Fa2N-4 cells with (CC) and without the presence of monocyte derived macrophages 
(MDMs) after 4 h. Physiological (15 %) and pro-inflammatory (50 %) MDM numbers were used. 
These cultivations were treated with DMSO (control). Shown is the culture dependent 
phosphorylation of p38 mitogen-activated protein kinase (p38) in Fa2N-4 cells. One of three 
representative blots is depicted. β actin was used as loading control. 
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Figure S3 analysis of the diclofenac toxicity. Fa2N-4 cells were incubated with various concentrations 

of diclofenac (DCN) for 24 h (n=3). The viability was calculated related to the solvent (DMSO) 

control. Given are 5 % of the effective concentration (EC5) (calculated under the program 

environment R) and the toxic human serum concentration (157 µM). 
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Figure S4 analysis of the LPS toxicity. Fa2N-4 cells were co-cultivated (CC) with monocyte derived 

macrophages (MDM) for 24 h. Healthy (15 %) and pro-inflammatory (50 %) MDM numbers were 

used. These cultivations were treated with DMSO (0.1 %) or lipopolysaccharides (LPS) 

(100 ng/ml). For every experiment (n=3) the activity of the LDH was determined to exclude an 

acute toxic effect. 
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Table S2 measured time dependent cytokine concentration. Fa2N-4 cells were co-cultivated (CC) with 
monocyte derived macrophages (MDM). Single- (SC) and co- cultivation under physiological (15 %) 
and pro-inflammatory (50 %) MDM-to-Fa2N-4 ratios were used. At the indicated time, samples of 
the supernatant were taken and the cytokine concentration was determined. n=3 

 

 

 

 

 

 

 

 

 

0 2.24 2.24 2.24 1.84 <1.23 1.43 5.81 6.39 7.61 83.56 <33.89 55.46

CC 15 % 0.5 2.24 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 44.56 37.71 92.23

CC 15 % 1 2.24 2.24 2.24 <1.23 <1.23 1.63 <5.50 <5.50 <5.50 48.12 37.71 44.56

CC 15 % 2 2.24 7.45 3.36 <1.23 11.03 2.18 <5.50 8.26 6.39 <33.89 105.76 63.12

CC 15 % 4 2.24 10.79 2.24 <1.23 19.6 5.26 <5.50 <5.50 <5.50 <33.89 115.11 48.12

CC 15 % 8 2.24 6.07 3.03 <1.23 28.74 16.05 6.39 6.39 <5.50 48.12 105.76 48.12

CC 15 % 16 13.74 2.39 2.71 6.76 5.09 15.74 <5.50 <5.50 <5.50 55.46 63.12 48.12

CC 15 % 24 17.35 9.89 27.98 10.05 19.95 58.55 <5.50 <5.50 <5.50 71.08 115.11 96.67

CC 15 % 48 59.97 19.41 24.92 43.63 64.64 32.23 9.63 6.99 <5.50 1041.75 7532.51 587.05

0 2.24 2.24 2.24 1.84 <1.23 1.43 5.81 6.39 7.61 83.56 <33.89 55.46

CC 50% 0.5 2.24 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 48.12 55.46 37.71

CC 50% 1 2.24 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 63.12 37.71 63.12

CC 50% 2 3.96 2.24 2.24 <1.23 6.37 4.75 <5.50 5.81 <5.50 <33.89 92.23 71.08

CC 50% 4 2.24 2.24 2.24 <1.23 20.29 4.42 <5.50 <5.50 <5.50 37.71 75.17 <33.89

CC 50% 8 2.24 2.24 2.39 <1.23 28.32 6.37 <5.50 6.99 6.39 44.56 115.11 71.08

CC 50% 16 10.56 2.39 2.24 9.11 <1.23 20.64 <5.50 <5.50 5.81 92.23 129.62 55.46

CC 50% 24 28.98 7.66 20.41 11.54 24.31 59.87 5.81 <5.50 6.99 63.12 171.11 96.67

CC 50% 48 49.92 10.79 51.55 33.14 33.6 26.67 10.71 8.93 <5.50 938.22 1991.66 915.97

0 2.24 2.24 2.24 1.84 <1.23 1.43 5.81 6.39 7.61 83.56 <33.89 55.46

SC 0.5 2.24 2.24 2.24 <1.23 <1.23 1.43 <5.50 <5.50 <5.50 44.56 44.56 48.12

SC 1 2.24 2.24 2.24 <1.23 <1.23 <1.23 7.61 <5.50 <5.50 <33.89 55.46 <33.89

SC 2 2.24 2.24 2.24 <1.23 <1.23 3.21 <5.50 5.81 5.81 37.71 37.71 71.08

SC 4 2.24 2.71 2.71 <1.23 26.27 4.42 <5.50 <5.50 <5.50 37.71 83.56 63.12

SC 8 2.24 2.24 2.24 <1.23 28.32 13.42 5.81 5.81 <5.50 55.46 55.46 63.12

SC 16 2.24 2.24 2.24 16.36 17.3 24.31 5.81 <5.50 <5.50 129.62 199.06 55.46

SC 24 2.24 3.36 7.45 5.8 22.07 40.98 <5.50 6.39 6.99 55.46 210.66 253.16

SC 48 15 26.19 17.35 13.98 80.48 43.09 6.39 8.93 6.39 2574.37 3619.51 1680.92

0 2.24 2.24 2.24 1.84 <1.23 1.43 5.81 6.39 7.61 83.56 <33.89 55.46

SC 15 % 0.5 5.5 2.24 2.71 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 48.12 44.56

SC 15 % 1 2.39 2.24 3.7 <1.23 <1.23 <1.23 <5.50 5.81 <5.50 48.12 <33.89 71.08

SC 15 % 2 3.96 16.68 7.96 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 44.56 48.12 <33.89

SC 15 % 4 2.24 38.84 7.96 <1.23 <1.23 5.8 <5.50 7.61 6.99 48.12 <33.89 83.56

SC 15 % 8 2.39 7.66 2.24 <1.23 <1.23 <1.23 <5.50 5.81 <5.50 37.71 44.56 <33.89

SC 15 % 16 7.96 2.24 10.11 <1.23 <1.23 <1.23 5.81 <5.50 <5.50 63.12 48.12 <33.89

SC 15 % 24 18.58 2.24 9.23 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 <33.89 <33.89

SC 15 % 48 23.52 2.24 2.24 1.24 1.43 1.24 <5.50 6.39 <5.50 48.12 48.12 44.56

0 2.24 2.24 2.24 1.84 <1.23 1.43 5.81 6.39 7.61 83.56 <33.89 55.46

SC 50 % 0.5 2.24 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 48.12 44.56 <33.89

SC 50 % 1 4.58 2.24 2.24 <1.23 <1.23 <1.23 5.81 <5.50 <5.50 55.46 55.46 63.12

SC 50 % 2 2.24 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 44.56 <33.89

SC 50 % 4 4.94 3.03 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 37.71 55.46 <33.89

SC 50 % 8 2.71 2.24 4.31 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 63.12 55.46

SC 50 % 16 5.5 2.24 2.24 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 71.08 37.71

SC 50 % 24 37.28 6.36 9.23 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 55.46 83.56 <33.89

SC 50 % 48 23.52 2.24 2.71 <1.23 <1.23 <1.23 <5.50 <5.50 <5.50 <33.89 <33.89 55.46

Fa
2

N
-4

M
D

M
M

D
M

timepoint 

[h]

[pg/ml] [pg/ml] [pg/ml] [pg/ml]

TGF-β1 GM-CSF G-CSF FGF
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Continued table S2 

 

 

 

 

 

 

 

 

 

 

 

0 0.98 <0.62 <0.62 1.23 <0.91 1.42 37.73 <7.29 <7.29 10.81 <5.62 <5.62

CC 15 % 0.5 <0.62 <0.62 <0.62 1.02 <0.91 <0.91 <7.29 <7.29 <7.29 9.67 <5.62 9.12

CC 15 % 1 <0.62 <0.62 <0.62 1.23 0.93 1.23 <7.29 <7.29 <7.29 6.56 6.09 6.56

CC 15 % 2 <0.62 9.96 2.11 <0.91 1.62 1.82 <7.29 <7.29 14.33 10.23 7.05 7.54

CC 15 % 4 <0.62 10.42 2.4 1.13 1.34 1.54 <7.29 <7.29 <7.29 8.05 11.4 8.05

CC 15 % 8 <0.62 9.74 2.4 1.13 <0.91 0.93 <7.29 <7.29 12.27 9.67 8.05 6.09

CC 15 % 16 14.99 4.68 <0.62 <0.91 2.36 <0.91 9.47 34.43 14.33 8.05 12.62 7.54

CC 15 % 24 19.15 13.62 30.1 0.93 2.75 0.93 <7.29 26.82 <7.29 9.67 9.67 7.54

CC 15 % 48 61.42 18.89 27.72 8.66 24.31 2.46 <7.29 9.47 <7.29 13.25 13.89 10.81

0 0.98 <0.62 <0.62 1.23 <0.91 1.42 37.73 <7.29 <7.29 10.81 <5.62 <5.62

CC 50% 0.5 <0.62 <0.62 <0.62 <0.91 1.23 <0.91 <7.29 <7.29 <7.29 8.05 <5.62 6.09

CC 50% 1 <0.62 <0.62 <0.62 <0.91 <0.91 <0.91 12.27 <7.29 <7.29 8.58 7.54 6.56

CC 50% 2 <0.62 <0.62 <0.62 <0.91 1.23 <0.91 <7.29 9.47 <7.29 9.12 8.05 7.54

CC 50% 4 <0.62 <0.62 <0.62 <0.91 1.74 <0.91 <7.29 <7.29 <7.29 9.67 6.56 6.09

CC 50% 8 <0.62 <0.62 <0.62 1.13 1.54 1.13 <7.29 9.47 <7.29 <5.62 9.12 8.58

CC 50% 16 11 <0.62 <0.62 1.02 1.54 1.42 12.27 20.11 <7.29 <5.62 9.67 10.23

CC 50% 24 30.92 7.41 22.49 <0.91 2.85 <0.91 <7.29 54.37 14.33 5.63 6.09 6.09

CC 50% 48 51.82 12.77 52.26 12.48 14.71 5.97 <7.29 <7.29 12.27 15.89 12.62 <5.62

0 0.98 <0.62 <0.62 1.23 <0.91 1.42 37.73 <7.29 <7.29 10.81 <5.62 <5.62

SC 0.5 <0.62 <0.62 <0.62 <0.91 <0.91 <0.91 <7.29 <7.29 <7.29 7.54 <5.62 6.09

SC 1 <0.62 <0.62 <0.62 <0.91 <0.91 1.62 <7.29 <7.29 <7.29 <5.62 8.05 10.23

SC 2 <0.62 <0.62 <0.62 <0.91 <0.91 1.23 <7.29 <7.29 <7.29 7.54 10.23 16.58

SC 4 <0.62 <0.62 <0.62 1.42 1.62 1.02 <7.29 <7.29 <7.29 <5.62 12 <5.62

SC 8 <0.62 <0.62 <0.62 1.02 1.34 1.13 <7.29 <7.29 12.27 7.05 9.12 7.05

SC 16 <0.62 <0.62 <0.62 2.04 1.95 1.23 9.47 20.11 <7.29 10.23 9.12 <5.62

SC 24 <0.62 2.79 5.82 1.42 4.79 3.06 9.47 17.69 <7.29 8.05 6.09 7.05

SC 48 18.22 25.88 18.62 22.94 32.72 15.59 12.27 9.47 <7.29 11.4 12 5.63

0 0.98 <0.62 <0.62 1.23 <0.91 1.42 37.73 <7.29 <7.29 10.81 <5.62 <5.62

SC 15 % 0.5 0.98 <0.62 <0.62 1.13 <0.91 2.04 <7.29 <7.29 <7.29 7.05 6.09 7.54

SC 15 % 1 <0.62 <0.62 2.79 1.23 1.02 <0.91 <7.29 12.27 12.27 <5.62 7.05 5.63

SC 15 % 2 <0.62 18.75 0.98 1.02 <0.91 <0.91 <7.29 <7.29 <7.29 <5.62 5.63 <5.62

SC 15 % 4 <0.62 38.73 7.95 <0.91 1.13 0.93 <7.29 20.11 14.33 8.05 8.58 9.67

SC 15 % 8 <0.62 16.26 4.07 1.13 1.95 <0.91 17.69 50.42 <7.29 8.05 8.05 <5.62

SC 15 % 16 7.41 <0.62 7.95 1.34 1.82 <0.91 <7.29 9.47 <7.29 7.54 8.05 7.05

SC 15 % 24 20.25 <0.62 9.28 <0.91 <0.91 <0.91 <7.29 12.27 <7.29 <5.62 6.09 <5.62

SC 15 % 48 25.28 <0.62 <0.62 0.93 1.23 <0.91 12.27 <7.29 <7.29 9.67 6.56 <5.62

0 0.98 <0.62 <0.62 1.23 <0.91 1.42 37.73 <7.29 <7.29 10.81 <5.62 <5.62

SC 50 % 0.5 <0.62 <0.62 <0.62 <0.91 <0.91 <0.91 <7.29 <7.29 <7.29 6.09 <5.62 7.54

SC 50 % 1 2.4 <0.62 <0.62 <0.91 <0.91 <0.91 <7.29 <7.29 <7.29 12 <5.62 <5.62

SC 50 % 2 <0.62 <0.62 <0.62 0.93 <0.91 0.93 <7.29 9.47 <7.29 6.56 6.09 <5.62

SC 50 % 4 4.68 <0.62 <0.62 <0.91 <0.91 <0.91 <7.29 9.47 <7.29 6.56 <5.62 6.56

SC 50 % 8 1.73 <0.62 <0.62 <0.91 <0.91 <0.91 <7.29 <7.29 <7.29 7.54 5.63 <5.62

SC 50 % 16 7.95 <0.62 1.36 <0.91 1.13 <0.91 <7.29 26.82 <7.29 7.05 9.12 <5.62

SC 50 % 24 39.85 6.87 9.74 <0.91 1.74 <0.91 9.47 37.73 <7.29 8.58 5.63 <5.62

SC 50 % 48 24.68 <0.62 <0.62 <0.91 <0.91 <0.91 17.69 12.27 <7.29 <5.62 <5.62 7.54

CCL20CCL3

Fa
2

N
-4

M
D

M
M

D
M

timepoint 

[h]

[pg/ml] [pg/ml][pg/ml] [pg/ml]

HGF TGF-α
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Continued table S2 

 

 

 

 

 

 

 

 

 

 

 

0 1.17 1.17 1.17 0.81 0.81 2.12 2.04 <0.87 1.48 2.47 <1.43 <1.43

CC 15 % 0.5 1.4 1.17 3.52 1.18 0.81 0.81 <0.87 <0.87 <0.87 <1.43 <1.43 <1.43

CC 15 % 1 1.17 1.17 4.37 1 0.81 0.81 <0.87 <0.87 1.61 <1.43 <1.43 2.47

CC 15 % 2 1.17 11.48 3.3 0.92 0.81 0.81 <0.87 3.15 1.23 <1.43 19.86 <1.43

CC 15 % 4 1.17 14.42 1.17 0.81 0.81 0.92 0.94 1.23 1.75 2.47 28.52 7.14

CC 15 % 8 1.17 15.18 9.26 0.81 0.81 0.81 1.23 2.52 2.2 4.05 30.17 18.1

CC 15 % 16 7.12 1.17 3.3 0.81 0.81 1.25 3.44 0.94 2.04 28.25 <1.43 16.42

CC 15 % 24 20.41 1.17 24.28 0.81 0.81 0.81 2.78 1.11 1.11 100.78 <1.43 75.92

CC 15 % 48 30.62 24.56 28.07 1.25 5.66 0.85 5.56 7.76 3.64 388.84 392.22 141.22

0 1.17 1.17 1.17 0.81 0.81 2.12 2.04 <0.87 1.48 2.47 <1.43 <1.43

CC 50% 0.5 3.74 1.17 3.3 0.92 0.81 1.18 <0.87 1.48 <0.87 <1.43 2.03 <1.43

CC 50% 1 1.17 2.91 5.93 0.81 0.81 0.81 <0.87 1.61 1.11 <1.43 <1.43 2.03

CC 50% 2 1.24 8.85 2.72 0.81 0.81 0.81 <0.87 4.16 1.48 <1.43 21.47 4.57

CC 50% 4 1.17 12.46 3.3 0.81 0.81 0.81 1.11 1.11 1.23 5.82 13.83 9.7

CC 50% 8 2.48 16.39 4.37 0.81 0.81 0.81 2.2 1.61 2.78 15.6 20.54 18.76

CC 50% 16 19.46 9.53 5.54 0.85 0.81 0.85 1.48 5.19 2.96 92.62 30.17 16.83

CC 50% 24 19.93 1.17 26.86 1.54 0.81 1.63 3.34 1.11 3.95 213.47 <1.43 204.14

CC 50% 48 41.43 34.78 31.62 2.23 0.81 0.81 7.31 7.61 4.72 892.29 372.49 443.77

0 1.17 1.17 1.17 0.81 0.81 2.12 2.04 <0.87 1.48 2.47 <1.43 <1.43

SC 0.5 1.57 1.17 1.17 0.81 0.81 0.81 <0.87 <0.87 <0.87 <1.43 <1.43 <1.43

SC 1 1.57 1.17 1.17 0.81 0.81 1.35 <0.87 <0.87 <0.87 <1.43 <1.43 2.03

SC 2 1.17 1.17 3.52 0.85 0.85 0.81 1.48 2.36 1.48 <1.43 1.71 <1.43

SC 4 1.17 1.17 1.17 0.81 0.81 0.81 <0.87 <0.87 0.94 <1.43 2.36 3.42

SC 8 1.57 5.54 9.96 0.81 0.81 1.25 <0.87 <0.87 1.23 2.36 2.7 15.2

SC 16 8.59 1.17 1.4 0.81 0.81 1.18 1.48 1.48 1.11 20.09 <1.43 6.54

SC 24 13.51 1.17 9.96 0.81 0.81 0.81 3.95 1.23 2.04 36.71 <1.43 50.05

SC 48 24.28 19.46 24.56 0.81 0.81 0.81 6.61 5.68 2.7 145.28 195.28 176.29

0 1.17 1.17 1.17 0.81 0.81 2.12 2.04 <0.87 1.48 2.47 <1.43 <1.43

SC 15 % 0.5 6.46 1.17 1.94 1.91 1.63 0.81 <0.87 1.11 1.35 1.71 4.44 2.94

SC 15 % 1 1.17 1.17 1.17 0.81 0.81 0.81 <0.87 <0.87 2.36 <1.43 1.92 4.18

SC 15 % 2 1.17 6.46 1.94 0.92 0.81 1.18 <0.87 4.38 2.2 2.82 12.7 14.41

SC 15 % 4 1.17 19.22 1.17 0.81 0.81 0.81 <0.87 4.38 3.15 1.61 41.99 9.2

SC 15 % 8 1.17 10.25 9.82 0.81 2.42 0.81 <0.87 6.07 4.72 2.82 18.32 23.38

SC 15 % 16 7.83 1.17 14.42 0.81 0.81 0.81 1.11 1.23 3.84 2.7 <1.43 52.03

SC 15 % 24 18.31 1.17 14.23 0.81 0.81 0.81 3.84 2.2 4.38 10.38 5.12 31.3

SC 15 % 48 29.01 3.3 1.17 0.81 0.81 0.81 3.64 1.61 1.61 15.6 <1.43 4.84

0 1.17 1.17 1.17 0.81 0.81 2.12 2.04 <0.87 1.48 2.47 <1.43 <1.43

SC 50 % 0.5 4.37 2.48 1.17 0.81 0.81 1.43 <0.87 <0.87 <0.87 3.18 <1.43 5.39

SC 50 % 1 1.4 1.17 1.17 0.81 0.81 0.81 1.11 0.94 1.89 2.14 1.92 6.69

SC 50 % 2 1.17 1.17 3.52 0.81 0.81 1 <0.87 2.52 5.19 2.47 16.42 24.86

SC 50 % 4 3.52 1.17 1.17 0.81 0.81 0.81 2.52 4.16 4.83 4.57 16.01 11.07

SC 50 % 8 6.89 1.17 7.59 0.81 0.81 0.92 2.04 4.72 4.83 4.57 17.68 29.61

SC 50 % 16 9.26 1.17 11.8 0.81 0.81 0.81 4.72 1.35 4.38 16.21 <1.43 16.63

SC 50 % 24 26.57 1.17 21.39 1.09 0.81 1.43 5.56 0.94 5.68 16.21 <1.43 19.64

SC 50 % 48 27.16 10.7 1.4 2.3 0.85 0.81 2.96 3.64 2.78 12.7 13.83 15.2

Fa
2

N
-4

M
D

M
M

D
M

timepoint 

[h]

[pg/ml] [pg/ml] [pg/ml] [pg/ml]

IL-1β TNF-α MCP-1 IL-6
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Continued table S2 

 

 

 

 

 

 

 

 

 

 

 

3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

0 3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

CC 15 % 0.5 4.83 2.42 5.06 1.32 <0.96 <0.96 <0.76 <0.76 <0.76 1.8 0.9 2.21

CC 15 % 1 3.93 6.4 8.55 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 <0.88 1.38 2.4

CC 15 % 2 7.37 52.39 15.18 1.4 <0.96 <0.96 1.46 <0.76 <0.76 1.64 3.41 1.74

CC 15 % 4 6.4 97.93 24.79 1.69 <0.96 <0.96 <0.76 <0.76 <0.76 2.09 5.51 2.4

CC 15 % 8 7.57 117.52 41.63 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 1.38 5 2.4

CC 15 % 16 81.34 2.42 24.27 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 3.41 <0.88 3.82

CC 15 % 24 119.56 2.42 320.24 1.32 <0.96 <0.96 <0.76 <0.76 0.97 6.15 0.9 5.4

CC 15 % 48 1107.28 627.42 244.15 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 7.19 14.37 3.18

0 3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

CC 50% 0.5 2.42 3.33 9.26 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 0.9 1.19 1.06

CC 50% 1 4.61 4.61 11.5 1.23 <0.96 <0.96 <0.76 <0.76 <0.76 1.06 1.64 1.06

CC 50% 2 3.74 58.62 12.39 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 <0.88 3.26 2.28

CC 50% 4 10.27 60.27 15.91 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 2.21 3.65 1.8

CC 50% 8 21.55 73.03 24.27 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 3.99 2.6 3.26

CC 50% 16 111.59 35.2 27.83 <0.96 <0.96 1.23 <0.76 <0.76 <0.76 6.48 4.71 2.6

CC 50% 24 386.62 2.42 455.42 <0.96 <0.96 1.5 <0.76 <0.76 <0.76 4.62 <0.88 6.04

CC 50% 48 3166.98 322.88 1237.06 <0.96 <0.96 <0.96 <0.76 0.97 <0.76 7.81 10.93 7.31

0 3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

SC 0.5 2.42 2.42 2.42 1.15 <0.96 <0.96 <0.76 0.81 <0.76 <0.88 <0.88 1.38

SC 1 2.42 2.42 2.42 1.06 <0.96 1.58 0.81 <0.76 0.81 0.98 1.38 2.09

SC 2 2.42 2.42 8.11 <0.96 <0.96 <0.96 <0.76 1.01 1.46 1.48 1.15 2.4

SC 4 2.42 13 4.4 <0.96 <0.96 1.23 <0.76 <0.76 <0.76 <0.88 1.53 2.09

SC 8 4.61 14.83 29.31 2.16 <0.96 <0.96 <0.76 <0.76 0.77 2.6 1.8 5.2

SC 16 47.65 2.42 7.17 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 3.99 0.98 1.91

SC 24 63.12 2.42 67.3 1.32 <0.96 <0.96 <0.76 <0.76 <0.76 4.25 <0.88 3.49

SC 48 265.12 221.09 105.01 <0.96 <0.96 <0.96 0.81 <0.76 <0.76 6.83 4.25 4.08

0 3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

SC 15 % 0.5 24.53 2.42 8.33 1.15 1.15 <0.96 0.81 0.77 <0.76 <0.88 <0.88 2.03

SC 15 % 1 8.55 2.42 10.27 <0.96 <0.96 1.58 <0.76 <0.76 <0.76 <0.88 <0.88 1.06

SC 15 % 2 4.83 31.82 14.14 <0.96 <0.96 <0.96 <0.76 0.77 0.81 <0.88 2.03 1.8

SC 15 % 4 7.17 104.1 10.67 <0.96 <0.96 1.23 <0.76 <0.76 <0.76 <0.88 1.38 <0.88

SC 15 % 8 12.69 64.88 35.2 <0.96 <0.96 <0.96 0.81 0.97 0.97 <0.88 2.74 1.74

SC 15 % 16 26.14 2.42 73.69 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 <0.88 <0.88 1.53

SC 15 % 24 92.9 18.87 87.33 <0.96 2.16 <0.96 <0.76 1.8 <0.76 <0.88 0.98 2.4

SC 15 % 48 187.23 6.4 6.22 <0.96 1.15 <0.96 <0.76 <0.76 <0.76 1.48 1.29 1.48

0 3.93 2.42 2.42 <0.96 <0.96 1.69 <0.76 <0.76 <0.76 <0.88 <0.88 <0.88

SC 50 % 0.5 13.16 2.42 11.5 <0.96 <0.96 1.69 0.92 <0.76 <0.76 <0.88 1.53 2.28

SC 50 % 1 20.17 3.11 3.74 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 0.98 <0.88 1.06

SC 50 % 2 17.44 5.06 16.09 1.23 <0.96 1.78 <0.76 <0.76 1.19 <0.88 <0.88 1.48

SC 50 % 4 26.41 19.95 9.5 <0.96 <0.96 <0.96 <0.76 <0.76 <0.76 <0.88 1.91 <0.88

SC 50 % 8 30.54 18.45 42.45 0.98 <0.96 2.85 0.77 <0.76 <0.76 <0.88 2.03 1.74

SC 50 % 16 56.48 2.42 49.97 <0.96 <0.96 1.96 <0.76 <0.76 <0.76 0.9 <0.88 <0.88

SC 50 % 24 423.06 4.4 178.07 1.06 <0.96 1.78 <0.76 <0.76 <0.76 1.19 <0.88 1.38

SC 50 % 48 607.07 25.32 11.5 <0.96 1.4 <0.96 <0.76 <0.76 0.81 0.9 2.28 1.48

M
D

M

timepoint 

[h]

Fa
2

N
-4

M
D

M

[pg/ml] [pg/ml] [pg/ml] [pg/ml]

IL-8 IL-10 IL-12 IL-18
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Continued table S2. Fa2N-4 cells were co-cultivated (CC) with monocyte derived macrophages (MDM) 
for 24 h. Single- (SC) and co- cultivation under physiological (15 %) and pro-inflammatory (50 %) 
MDM-to-Fa2N-4 ratios were used. The corresponding cultivation were treated with 500 ng/ml 
adalimumab (AMB) or 100 ng/ml interleukin 8 neutralising antibody (αIL-8). n=3 

 

 

 

 

 

 

 

 

 

 

SC 15 % MDM 47.18 79.62 29.1 0.535 0.535 0.535 1.25 4.7 3.45 23.63 99.65 118.18 35.43 81.17 9.8

SC 50 % MDM 55.14 157.58 29.1 0.535 0.535 0.535 1.25 2.61 1.25 23.63 250.4 202.55 35.43 137.6 31.63

SC Fa2N4 7.08 11.61 9.25 8.16 0.535 1.09 2.61 2.88 3.16 118.18 82.24 275.65 16.83 4.275 4.275

CC 15 % Fa2N4/MDM 172.65 96.82 49.79 1.76 1.76 0.535 4.37 4.06 5.03 137.78 158.39 226.03 122.78 69.3 29.79

CC 50% Fa2N4/MDM 52.44 57.87 1.825 0.535 0.535 1.53 2.61 2.61 3.45 66.01 51.05 275.65 15.43 46.78 12.79

SC 15 % MDM 47.18 69.21 73.62 0.535 0.535 0.535 3.45 1.25 1.25 66.01 23.63 99.65 15.43 55.83 43.56

SC 50 % MDM 5.11 101.68 5.11 1.09 0.535 0.535 5.03 1.25 4.06 328.69 23.63 118.18 33.51 74.48 33.51

SC Fa2N4 1.825 1.825 1.825 3.31 0.535 4.78 2.88 1.25 4.37 66.01 23.63 385.03 28.01 4.275 4.275

CC 15 % Fa2N4/MDM 5.11 52.44 1.825 0.535 0.535 3.59 2.88 3.16 1.25 137.78 158.39 275.65 14.09 24.57 33.51

CC 50% Fa2N4/MDM 60.65 63.47 1.825 3.59 0.535 2.5 7.21 2.61 2.88 676.55 99.65 226.03 52.36 19.78 15.43

SC 15 % MDM 206.07 98.43 52.44 0.535 0.535 0.535 1.25 2.88 1.25 158.39 137.78 99.65 116.41 75.8 21.33

SC 50 % MDM 63.47 206.07 11.61 1.09 0.535 0.535 5.03 3.16 4.37 202.55 137.78 118.18 33.51 149.6 21.33

SC Fa2N4 42.09 1.825 39.62 3.59 0.535 1.53 3.16 2.61 3.16 66.01 23.63 226.03 22.93 4.275 21.33

CC 15 % Fa2N4/MDM 15.92 31.34 47.18 2.76 0.535 2.24 3.45 2.61 3.45 66.01 23.63 226.03 22.93 48.98 33.51

CC 50% Fa2N4/MDM 44.61 73.62 26.91 2.24 4.47 0.535 1.25 3.16 3.45 82.24 475.44 301.75 19.78 64.26 26.27

SC 15 % MDM 7.01 7.01 13.11 2.97 2.97 41.45 1.695 7.25 1.695 0.96 0.88 0.88 4.94 4.85 2.68

SC 50 % MDM 4.9 4.9 7.01 2.97 2.97 2.97 1.695 4.2 1.695 1.61 1.11 1 3.96 4.94 2.49

SC Fa2N4 4.9 1.35 1.35 2.97 2.97 2.97 1.695 4.69 1.695 0.41 0.41 0.41 2.12 2 1.21

CC 15 % Fa2N4/MDM 1.35 3.88 2.88 2.97 2.97 2.97 3.96 4.69 4.2 0.41 0.96 0.41 3.55 1.39 1.58

CC 50% Fa2N4/MDM 4.9 1.35 2.88 2.97 2.97 26.78 1.695 4.44 4.2 0.41 0.41 1.18 1.48 1.21 3.25

SC 15 % MDM 2.88 1.35 11.98 2.97 2.97 2.97 1.695 3.72 4.2 1.84 0.84 0.41 1.53 0.85 1.58

SC 50 % MDM 4.9 1.35 1.35 2.97 2.97 11.69 4.2 3.96 4.95 12.73 0.88 1.23 2.96 1.53 1.53

SC Fa2N4 1.35 1.35 3.88 2.97 2.97 7.45 6.34 1.695 4.95 0.41 0.41 0.41 1.78 1.73 0.85

CC 15 % Fa2N4/MDM 3.88 3.88 3.88 2.97 2.97 2.97 4.95 1.695 3.5 1.39 0.41 0.41 1.39 0.375 1.73

CC 50% Fa2N4/MDM 7.01 7.01 4.9 11.69 24.05 57.68 7.25 6.05 4.2 5.17 0.96 0.88 2.89 1.25 1.89

SC 15 % MDM 1.35 11.41 8.09 51.01 35.38 44.58 10.34 1.695 3.5 3.09 0.41 0.41 11.1 5.85 2.42

SC 50 % MDM 20.74 11.98 11.41 71.66 21.41 38.38 5.22 7.25 3.5 0.41 1.07 0.41 0.375 4.13 2.12

SC Fa2N4 17.76 10.29 2.88 32.44 2.97 2.97 4.95 5.49 3.96 0.41 0.41 0.41 1.68 1.58 1.25

CC 15 % Fa2N4/MDM 11.98 1.35 1.35 2.97 2.97 2.97 4.2 3.96 1.695 0.41 0.88 0.41 1.53 1.48 1.08

CC 50% Fa2N4/MDM 2.88 2.88 2.88 2.97 2.97 2.97 4.95 5.22 1.695 0.41 1.16 0.41 1.25 1.12 1.21

SC 15 % MDM 192.17 162.78 68.4 3.09 0.525 0.525 1102.77 691.76 278.3 0.605 0.605 0.605 0.09 0.21 0.09 1.11 1.19 1.09

SC 50 % MDM 491.98 957.74 297.4 1.8 0.525 1.58 2037.39 1671.97 299.04 0.605 0.605 0.605 0.09 0.09 0.09 0.9 1.09 0.39

SC Fa2N4 69.64 28.11 13.84 39.31 42.24 46.35 38.82 23.01 18.14 0.605 0.605 0.605 0.09 0.09 0.28 1.19 1.09 1.39

CC 15 % Fa2N4/MDM 957.74 1158.69 140.76 304.41 181.34 88.47 999.06 1205.94 189.06 0.605 0.605 0.605 0.09 0.09 0.26 1.14 1.19 2.65

CC 50% Fa2N4/MDM 1491.28 3206.83 1209.28 292.19 148.17 93.56 1483.93 1032.28 315.73 0.605 0.605 0.605 0.09 0.3 0.09 1.75 1.68 1.58

SC 15 % MDM 60.63 175.46 61 7.22 0.525 0.525 589.2 555.38 204.41 0.605 0.605 0.605 0.53 0.09 0.09 0.85 0.39 0.92

SC 50 % MDM 679.55 664.2 458.79 75.19 2.41 1.58 2867.38 841.95 436.57 2.12 0.605 0.605 0.76 0.43 0.37 2.38 1.28 0.39

SC Fa2N4 70.9 24.91 85.85 55.32 33.83 32.53 66.66 18.49 39.85 0.605 0.605 1.31 0.47 0.09 0.09 1.28 0.39 1.52

CC 15 % Fa2N4/MDM 292.51 287.73 255.1 476.14 53.56 44.78 539.32 365.54 199.15 0.605 0.605 1.76 0.37 0.09 0.19 0.94 1.25 1.45

CC 50% Fa2N4/MDM 1940.86 2661.52 1588.68 3014.36 94.43 65.39 3115.52 1291 494.25 2.28 0.605 0.605 1.28 0.09 0.33 2.21 1.75 1.75

SC 15 % MDM 241.6 125.46 39.69 0.525 0.525 0.525 1866.59 513.72 223.06 2.76 1.39 0.605 1.01 0.09 0.09 0.39 1.04 0.39

SC 50 % MDM 0.815 792.41 234.32 0.525 1.47 0.525 0.34 869.03 192.36 0.605 0.605 0.605 0.09 0.09 0.19 0.39 1.14 0.39

SC Fa2N4 58.46 19.77 4.8 34.71 31.27 17.9 23.66 15.34 7.34 0.605 0.605 0.605 0.19 0.09 0.09 1.33 0.85 1.25

CC 15 % Fa2N4/MDM 343.91 404.95 171.88 159.92 78.17 43.24 595.07 349.08 129.79 0.605 0.605 0.605 0.09 0.09 0.09 1.65 1.33 1.01

CC 50% Fa2N4/MDM 1080.71 3277.15 802.14 213.99 205.35 53.56 815.85 946.48 233.06 0.605 0.605 0.605 0.09 0.09 0.09 1.11 2.46 1.11

0.1% DMSO

100 ng/mL αIL‐8

500 ng/mL AMB 

0.1% DMSO

100 ng/mL αIL‐8

500 ng/mL AMB 

0.1% DMSO

pg/ml pg/ml pg/ml pg/ml

500 ng/mL AMB 

100 ng/mL αIL‐8

pg/ml pg/ml pg/ml pg/ml

pg/ml pg/ml

IL-8 IL-10 IL-12 IL-18

pg/ml pg/ml pg/ml pg/ml pg/ml

pg/ml

HGF TGF‐α IL‐1β TNF‐α

MCP-1 IL-6

TGF‐β1 GM-CSF G-CSF FGF CCL3

CCL20
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Table S3 statistical analysis of the cytokine secretion. Fa2N-4 cells were co-cultivated with monocyte 
derived macrophages (MDM). Single- and co- cultivation under physiological (15 %) and pro-
inflammatory (50 %) MDM-to-Fa2N-4 ratios were used. At the deferent time points (0.5, 1, 2, 4, 8, 
16, 24, 48 h) samples (n=3) of the supernatant were taken and the cytokine concentration was 
determined. the following parameter were calculated in order to establish the correlation network.  

Continued table S3, p-values of the cytokine secretion in the Fa2N-4 single cultivation:  

 

Continued table S3, ϱ-values of the cytokine secretion in the Fa2N-4 single cultivation: 

 

Continued table S3, p-values of the cytokine secretion in the MDM single cultivation:  

 

 

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 0.00E+00 1.50E-03 5.91E-02 2.89E-04 7.32E-06 1.50E-03 4.69E-01 5.94E-01 1.03E-01 2.07E-01 5.33E-02 9.96E-03 9.20E-03 4.39E-01 5.88E-01 8.52E-02

GM-CSF 1.50E-03 0.00E+00 2.46E-01 2.42E-06 8.86E-03 6.17E-05 1.00E-01 2.90E-01 1.48E-02 4.63E-01 2.82E-02 8.52E-04 9.80E-05 1.21E-01 2.07E-01 2.15E-02

G-CSF 5.91E-02 2.46E-01 0.00E+00 1.65E-01 4.53E-03 1.09E-01 6.64E-01 9.34E-01 1.00E-01 5.88E-01 8.52E-02 3.65E-01 2.36E-01 9.36E-01 8.22E-01 7.63E-01

FGF 2.89E-04 2.42E-06 1.65E-01 0.00E+00 2.98E-04 6.17E-05 7.81E-03 9.06E-02 2.72E-02 1.69E-01 3.40E-03 4.53E-03 2.89E-04 1.77E-01 3.77E-01 2.72E-02

CCL3 7.32E-06 8.86E-03 4.53E-03 2.98E-04 0.00E+00 1.50E-03 6.85E-02 4.04E-01 4.76E-02 2.55E-01 3.49E-03 1.37E-02 1.85E-02 2.07E-01 6.79E-01 2.34E-01

CCL20 1.50E-03 6.17E-05 1.09E-01 6.17E-05 1.50E-03 0.00E+00 3.07E-02 1.46E-01 4.64E-02 6.48E-01 1.30E-02 5.95E-03 3.51E-03 5.94E-01 5.01E-01 4.64E-02

HGF 4.69E-01 1.00E-01 6.64E-01 7.81E-03 6.85E-02 3.07E-02 0.00E+00 1.05E-01 3.90E-01 5.94E-01 1.48E-02 2.07E-01 2.27E-01 3.88E-01 8.22E-01 4.57E-01

TGF-α 5.94E-01 2.90E-01 9.34E-01 9.06E-02 4.04E-01 1.46E-01 1.05E-01 0.00E+00 3.43E-01 6.85E-01 1.00E-01 2.28E-01 1.00E-01 3.90E-01 4.10E-01 1.00E-01

IL-1β 1.03E-01 1.48E-02 1.00E-01 2.72E-02 4.76E-02 4.64E-02 3.90E-01 3.43E-01 0.00E+00 4.39E-01 3.01E-02 1.78E-04 1.44E-06 9.36E-01 7.63E-01 4.24E-05

TNF-α 2.07E-01 4.63E-01 5.88E-01 1.69E-01 2.55E-01 6.48E-01 5.94E-01 6.85E-01 4.39E-01 0.00E+00 7.84E-01 9.01E-01 4.04E-01 4.39E-01 3.05E-01 9.34E-01

MCP-1 5.33E-02 2.82E-02 8.52E-02 3.40E-03 3.49E-03 1.30E-02 1.48E-02 1.00E-01 3.01E-02 7.84E-01 0.00E+00 7.81E-03 9.20E-03 4.40E-01 8.30E-01 3.58E-02

IL-6 9.96E-03 8.52E-04 3.65E-01 4.53E-03 1.37E-02 5.95E-03 2.07E-01 2.28E-01 1.78E-04 9.01E-01 7.81E-03 0.00E+00 9.18E-09 8.22E-01 7.17E-01 7.14E-06

IL-8 9.20E-03 9.80E-05 2.36E-01 2.89E-04 1.85E-02 3.51E-03 2.27E-01 1.00E-01 1.44E-06 4.04E-01 9.20E-03 9.18E-09 0.00E+00 5.23E-01 8.22E-01 1.44E-06

IL-10 4.39E-01 1.21E-01 9.36E-01 1.77E-01 2.07E-01 5.94E-01 3.88E-01 3.90E-01 9.36E-01 4.39E-01 4.40E-01 8.22E-01 5.23E-01 0.00E+00 9.77E-01 9.77E-01

IL-12 5.88E-01 2.07E-01 8.22E-01 3.77E-01 6.79E-01 5.01E-01 8.22E-01 4.10E-01 7.63E-01 3.05E-01 8.30E-01 7.17E-01 8.22E-01 9.77E-01 0.00E+00 6.30E-01

IL-18 8.52E-02 2.15E-02 7.63E-01 2.72E-02 2.34E-01 4.64E-02 4.57E-01 1.00E-01 4.24E-05 9.34E-01 3.58E-02 7.14E-06 1.44E-06 9.77E-01 6.30E-01 0.00E+00

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 1 0.6542 0.4356 0.7138 0.8071 0.6564 0.1835 0.1401 0.3824 -0.3087 0.4438 0.558 0.5635 -0.1987 -0.1466 0.4072

GM-CSF 0.6542 1 0.2849 0.8309 0.5681 0.7582 0.3873 0.2653 0.5331 -0.1868 0.4919 0.6766 0.7453 -0.3656 -0.3095 0.511

G-CSF 0.4356 0.2849 1 0.3372 0.6034 0.3755 0.1159 0.0261 0.387 -0.1451 0.4063 0.2354 0.2904 -0.0201 0.0607 0.0845

FGF 0.7138 0.8309 0.3372 1 0.709 0.7592 0.5761 0.4003 0.4955 -0.3341 0.6216 0.6031 0.7118 -0.3285 -0.2301 0.4953

CCL3 0.8071 0.5681 0.6034 0.709 1 0.6527 0.4243 0.2145 0.4523 -0.28 0.6187 0.54 0.5204 -0.3085 -0.1107 0.2929

CCL20 0.6564 0.7582 0.3755 0.7592 0.6527 1 0.4843 0.3492 0.4555 -0.1217 0.5439 0.5903 0.6166 -0.1388 -0.173 0.4553

HGF 0.1835 0.3873 0.1159 0.5761 0.4243 0.4843 1 0.3798 0.2227 -0.1404 0.5335 0.3102 0.2987 -0.2254 -0.0598 0.1898

TGF-α 0.1401 0.2653 0.0261 0.4003 0.2145 0.3492 0.3798 1 0.2439 -0.1075 0.3858 0.2967 0.3914 -0.2218 0.2111 0.3891

IL-1β 0.3824 0.5331 0.387 0.4955 0.4523 0.4555 0.2227 0.2439 1 -0.1982 0.4868 0.7287 0.8423 -0.022 0.0831 0.7714

TNF-α -0.3087 -0.1868 -0.1451 -0.3341 -0.28 -0.1217 -0.1404 -0.1075 -0.1982 1 0.0763 -0.0367 -0.2144 0.1981 0.2584 0.0246

MCP-1 0.4438 0.4919 0.4063 0.6216 0.6187 0.5439 0.5335 0.3858 0.4868 0.0763 1 0.5753 0.5632 -0.1963 0.0559 0.4738

IL-6 0.558 0.6766 0.2354 0.6031 0.54 0.5903 0.3102 0.2967 0.7287 -0.0367 0.5753 1 0.9064 -0.0601 -0.0979 0.8105

IL-8 0.5635 0.7453 0.2904 0.7118 0.5204 0.6166 0.2987 0.3914 0.8423 -0.2144 0.5632 0.9064 1 -0.1655 -0.0615 0.8473

IL-10 -0.1987 -0.3656 -0.0201 -0.3285 -0.3085 -0.1388 -0.2254 -0.2218 -0.022 0.1981 -0.1963 -0.0601 -0.1655 1 -0.0059 0.006

IL-12 -0.1466 -0.3095 0.0607 -0.2301 -0.1107 -0.173 -0.0598 0.2111 0.0831 0.2584 0.0559 -0.0979 -0.0615 -0.0059 1 0.1278

IL-18 0.4072 0.511 0.0845 0.4953 0.2929 0.4553 0.1898 0.3891 0.7714 0.0246 0.4738 0.8105 0.8473 0.006 0.1278 1

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 0.00E+00 7.94E-01 8.92E-01 8.32E-01 6.87E-13 8.98E-01 4.90E-01 4.93E-01 9.18E-06 4.78E-01 2.56E-02 2.15E-02 1.87E-07 5.16E-01 8.74E-01 3.13E-01

GM-CSF 7.94E-01 0.00E+00 2.64E-03 7.32E-02 8.90E-01 9.22E-02 4.90E-01 4.47E-01 5.97E-01 8.57E-01 9.96E-01 4.74E-01 4.44E-01 5.69E-01 3.91E-01 7.91E-01

G-CSF 8.92E-01 2.64E-03 0.00E+00 4.74E-01 5.69E-01 7.03E-03 2.99E-01 9.22E-02 8.32E-01 9.80E-01 7.62E-01 3.21E-01 5.04E-01 9.96E-01 5.04E-01 5.16E-01

FGF 8.32E-01 7.32E-02 4.74E-01 0.00E+00 6.50E-01 2.99E-01 3.48E-01 3.13E-01 2.95E-02 3.91E-01 6.15E-01 1.01E-01 3.32E-02 6.50E-01 2.99E-01 5.45E-01

CCL3 6.87E-13 8.90E-01 5.69E-01 6.50E-01 0.00E+00 8.90E-01 2.99E-01 3.67E-01 7.99E-08 7.71E-01 1.41E-03 1.02E-02 1.76E-08 7.05E-01 8.98E-01 5.04E-01

CCL20 8.98E-01 9.22E-02 7.03E-03 2.99E-01 8.90E-01 0.00E+00 2.95E-02 2.95E-02 5.04E-01 8.74E-01 1.66E-01 1.23E-02 1.97E-01 7.94E-01 8.92E-01 2.99E-01

HGF 4.90E-01 4.90E-01 2.99E-01 3.48E-01 2.99E-01 2.95E-02 0.00E+00 2.15E-02 8.27E-01 9.97E-01 6.84E-01 9.96E-01 9.80E-01 7.98E-01 8.92E-01 8.52E-01

TGF-α 4.93E-01 4.47E-01 9.22E-02 3.13E-01 3.67E-01 2.95E-02 2.15E-02 0.00E+00 9.39E-01 3.97E-01 6.79E-01 5.66E-01 8.90E-01 5.67E-01 9.49E-01 4.90E-01

IL-1β 9.18E-06 5.97E-01 8.32E-01 2.95E-02 7.99E-08 5.04E-01 8.27E-01 9.39E-01 0.00E+00 2.99E-01 1.96E-04 1.20E-04 5.69E-13 8.27E-01 6.83E-01 2.84E-02

TNF-α 4.78E-01 8.57E-01 9.80E-01 3.91E-01 7.71E-01 8.74E-01 9.97E-01 3.97E-01 2.99E-01 0.00E+00 5.16E-01 4.57E-01 4.74E-01 7.21E-03 2.99E-01 3.75E-01

MCP-1 2.56E-02 9.96E-01 7.62E-01 6.15E-01 1.41E-03 1.66E-01 6.84E-01 6.79E-01 1.96E-04 5.16E-01 0.00E+00 5.69E-13 2.96E-06 5.04E-01 8.01E-01 1.54E-03

IL-6 2.15E-02 4.74E-01 3.21E-01 1.01E-01 1.02E-02 1.23E-02 9.96E-01 5.66E-01 1.20E-04 4.57E-01 5.69E-13 0.00E+00 6.46E-08 6.21E-01 4.74E-01 7.01E-05

IL-8 1.87E-07 4.44E-01 5.04E-01 3.32E-02 1.76E-08 1.97E-01 9.80E-01 8.90E-01 5.69E-13 4.74E-01 2.96E-06 6.46E-08 0.00E+00 5.97E-01 5.85E-01 2.10E-02

IL-10 5.16E-01 5.69E-01 9.96E-01 6.50E-01 7.05E-01 7.94E-01 7.98E-01 5.67E-01 8.27E-01 7.21E-03 5.04E-01 6.21E-01 5.97E-01 0.00E+00 6.30E-01 8.90E-01

IL-12 8.74E-01 3.91E-01 5.04E-01 2.99E-01 8.98E-01 8.92E-01 8.92E-01 9.49E-01 6.83E-01 2.99E-01 8.01E-01 4.74E-01 5.85E-01 6.30E-01 0.00E+00 5.69E-01

IL-18 3.13E-01 7.91E-01 5.16E-01 5.45E-01 5.04E-01 2.99E-01 8.52E-01 4.90E-01 2.84E-02 3.75E-01 1.54E-03 7.01E-05 2.10E-02 8.90E-01 5.69E-01 0.00E+00
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Continued table S3, ϱ-values of the cytokine secretion in the MDM single cultivation: 

 

Continued table S3, p-values of the cytokine secretion in the co-cultivation: 

 

 

Continued table S3, ϱ-values of the cytokine secretion in the co-cultivation: 

 

 

 

 

 

 

 

 

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 1 -0.0721 0.0346 -0.0582 0.838 0.0293 0.1644 0.1625 0.6311 0.1707 0.3879 0.3968 0.7 -0.1477 -0.0466 0.2253

GM-CSF -0.0721 1 0.483 0.331 0.0375 0.3162 0.1655 0.185 -0.1221 -0.0512 -0.003 -0.1763 -0.1871 0.1319 -0.1998 -0.0753

G-CSF 0.0346 0.483 1 0.1743 0.1326 0.4495 0.2326 0.3168 -0.058 -0.0107 -0.0825 -0.2219 -0.1547 -0.0023 -0.1538 -0.1486

FGF -0.0582 0.331 0.1743 1 -0.1083 0.236 0.2146 0.226 -0.377 -0.2013 -0.1179 -0.3097 -0.3688 -0.1069 -0.2383 -0.1413

CCL3 0.838 0.0375 0.1326 -0.1083 1 -0.0387 0.2315 0.2091 0.7142 0.0798 0.5059 0.4325 0.7392 -0.0929 -0.0303 0.1552

CCL20 0.0293 0.3162 0.4495 0.236 -0.0387 1 0.3754 0.3755 -0.1592 0.0458 -0.2811 -0.4237 -0.2694 -0.0734 -0.0332 -0.2417

HGF 0.1644 0.1655 0.2326 0.2146 0.2315 0.3754 1 0.3982 -0.0614 -0.0005 0.0976 -0.003 0.0095 -0.0701 -0.0337 -0.0533

TGF-α 0.1625 0.185 0.3168 0.226 0.2091 0.3755 0.3982 1 -0.0209 -0.1972 -0.1009 -0.1364 0.0379 -0.135 0.0178 -0.166

IL-1β 0.6311 -0.1221 -0.058 -0.377 0.7142 -0.1592 -0.0614 -0.0209 1 0.2321 0.5596 0.5733 0.8422 0.0625 0.0989 0.382

TNF-α 0.1707 -0.0512 -0.0107 -0.2013 0.0798 0.0458 -0.0005 -0.1972 0.2321 1 0.1484 0.1817 0.1736 0.4465 0.2321 0.206

MCP-1 0.3879 -0.003 -0.0825 -0.1179 0.5059 -0.2811 0.0976 -0.1009 0.5596 0.1484 1 0.8438 0.6538 0.1557 0.0683 0.5013

IL-6 0.3968 -0.1763 -0.2219 -0.3097 0.4325 -0.4237 -0.003 -0.1364 0.5733 0.1817 0.8438 1 0.7195 0.1156 0.1728 0.5875

IL-8 0.7 -0.1871 -0.1547 -0.3688 0.7392 -0.2694 0.0095 0.0379 0.8422 0.1736 0.6538 0.7195 1 0.1227 0.1268 0.4014

IL-10 -0.1477 0.1319 -0.0023 -0.1069 -0.0929 -0.0734 -0.0701 -0.135 0.0625 0.4465 0.1557 0.1156 0.1227 1 0.1129 0.0406

IL-12 -0.0466 -0.1998 -0.1538 -0.2383 -0.0303 -0.0332 -0.0337 0.0178 0.0989 0.2321 0.0683 0.1728 0.1268 0.1129 1 0.1308

IL-18 0.2253 -0.0753 -0.1486 -0.1413 0.1552 -0.2417 -0.0533 -0.166 0.382 0.206 0.5013 0.5875 0.4014 0.0406 0.1308 1

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 0.00E+00 3.28E-09 1.13E-01 6.14E-07 9.40E-19 2.65E-02 1.13E-01 2.11E-01 1.12E-07 2.42E-01 3.88E-05 1.53E-07 5.41E-07 4.34E-01 4.36E-01 3.37E-06

GM-CSF 3.28E-09 0.00E+00 3.86E-03 2.19E-09 7.53E-10 4.78E-04 1.13E-01 1.61E-01 1.51E-08 2.11E-01 6.09E-07 3.42E-09 8.82E-09 5.79E-01 3.82E-01 5.41E-07

G-CSF 1.13E-01 3.86E-03 0.00E+00 6.93E-03 9.48E-02 2.65E-02 9.87E-01 2.00E-01 2.65E-02 1.13E-01 3.21E-04 1.28E-02 2.47E-02 8.02E-01 8.42E-01 8.45E-02

FGF 6.14E-07 2.19E-09 6.93E-03 0.00E+00 4.50E-07 3.07E-06 2.43E-02 2.47E-02 5.87E-07 7.28E-01 6.92E-06 2.26E-06 2.32E-05 2.42E-01 7.40E-01 4.04E-05

CCL3 9.40E-19 7.53E-10 9.48E-02 4.50E-07 0.00E+00 6.18E-03 1.25E-01 2.11E-01 4.27E-06 2.11E-01 5.91E-05 6.09E-07 1.44E-06 5.19E-01 4.21E-01 4.04E-05

CCL20 2.65E-02 4.78E-04 2.65E-02 3.07E-06 6.18E-03 0.00E+00 1.43E-01 3.36E-02 1.22E-01 6.77E-01 2.95E-03 4.38E-02 1.13E-01 4.36E-01 9.87E-01 1.13E-01

HGF 1.13E-01 1.13E-01 9.87E-01 2.43E-02 1.25E-01 1.43E-01 0.00E+00 8.42E-01 9.91E-01 6.54E-01 2.57E-01 7.59E-01 9.93E-01 7.29E-01 3.44E-01 9.85E-01

TGF-α 2.11E-01 1.61E-01 2.00E-01 2.47E-02 2.11E-01 3.36E-02 8.42E-01 0.00E+00 2.94E-01 5.95E-01 2.11E-01 2.11E-01 2.43E-01 6.63E-01 2.57E-01 2.42E-01

IL-1β 1.12E-07 1.51E-08 2.65E-02 5.87E-07 4.27E-06 1.22E-01 9.91E-01 2.94E-01 0.00E+00 2.42E-01 1.12E-07 4.54E-14 2.85E-17 4.20E-01 4.49E-01 5.51E-14

TNF-α 2.42E-01 2.11E-01 1.13E-01 7.28E-01 2.11E-01 6.77E-01 6.54E-01 5.95E-01 2.42E-01 0.00E+00 3.07E-01 2.94E-01 1.98E-01 8.35E-02 9.87E-01 2.94E-01

MCP-1 3.88E-05 6.09E-07 3.21E-04 6.92E-06 5.91E-05 2.95E-03 2.57E-01 2.11E-01 1.12E-07 3.07E-01 0.00E+00 5.51E-14 1.26E-09 5.19E-01 8.42E-01 2.90E-09

IL-6 1.53E-07 3.42E-09 1.28E-02 2.26E-06 6.09E-07 4.38E-02 7.59E-01 2.11E-01 4.54E-14 2.94E-01 5.51E-14 0.00E+00 1.39E-22 5.00E-01 5.79E-01 2.55E-19

IL-8 5.41E-07 8.82E-09 2.47E-02 2.32E-05 1.44E-06 1.13E-01 9.93E-01 2.43E-01 2.85E-17 1.98E-01 1.26E-09 1.39E-22 0.00E+00 6.21E-01 3.68E-01 6.42E-22

IL-10 4.34E-01 5.79E-01 8.02E-01 2.42E-01 5.19E-01 4.36E-01 7.29E-01 6.63E-01 4.20E-01 8.35E-02 5.19E-01 5.00E-01 6.21E-01 0.00E+00 4.44E-01 7.67E-01

IL-12 4.36E-01 3.82E-01 8.42E-01 7.40E-01 4.21E-01 9.87E-01 3.44E-01 2.57E-01 4.49E-01 9.87E-01 8.42E-01 5.79E-01 3.68E-01 4.44E-01 0.00E+00 3.20E-01

IL-18 3.37E-06 5.41E-07 8.45E-02 4.04E-05 4.04E-05 1.13E-01 9.85E-01 2.42E-01 5.51E-14 2.94E-01 2.90E-09 2.55E-19 6.42E-22 7.67E-01 3.20E-01 0.00E+00

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-12 IL-18

TGF-β1 1 0.7453 0.2685 0.6606 0.9088 0.354 0.2719 0.2166 0.6936 0.2025 0.5732 0.6881 0.6659 -0.1395 0.137 0.6272

GM-CSF 0.7453 1 0.4376 0.752 0.7662 0.5054 0.268 0.2418 0.7234 0.2173 0.6614 0.7439 0.7312 -0.1006 0.1541 0.6655

G-CSF 0.2685 0.4376 1 0.4147 0.2839 0.3531 -0.0053 0.2256 0.3531 0.27 0.5172 0.3897 0.3591 0.0472 0.0363 0.2914

FGF 0.6606 0.752 0.4147 1 0.6701 0.6297 0.3616 0.359 0.6634 0.0666 0.6118 0.6361 0.5855 -0.2032 0.0619 0.5711

CCL3 0.9088 0.7662 0.2839 0.6701 1 0.4198 0.2599 0.219 0.622 0.2193 0.5614 0.6617 0.645 -0.1145 0.1433 0.571

CCL20 0.354 0.5054 0.3531 0.6297 0.4198 1 0.2503 0.3412 0.2625 0.0768 0.4478 0.3276 0.2678 -0.138 0.0057 0.269

HGF 0.2719 0.268 -0.0053 0.3616 0.2599 0.2503 1 0.0384 0.0031 -0.0832 0.1946 0.0573 0.0012 -0.0651 -0.1652 -0.0102

TGF-α 0.2166 0.2418 0.2256 0.359 0.219 0.3412 0.0384 1 0.1828 0.0964 0.2159 0.2166 0.2006 0.0805 0.195 0.2019

IL-1β 0.6936 0.7234 0.3531 0.6634 0.622 0.2625 0.0031 0.1828 1 0.2022 0.6936 0.8519 0.8934 -0.1447 0.1322 0.8487

TNF-α 0.2025 0.2173 0.27 0.0666 0.2193 0.0768 -0.0832 0.0964 0.2022 1 0.1766 0.1811 0.2272 0.2931 -0.0078 0.1822

MCP-1 0.5732 0.6614 0.5172 0.6118 0.5614 0.4478 0.1946 0.2159 0.6936 0.1766 1 0.8494 0.7594 -0.1149 -0.0374 0.7477

IL-6 0.6881 0.7439 0.3897 0.6361 0.6617 0.3276 0.0573 0.2166 0.8519 0.1811 0.8494 1 0.9408 -0.1204 0.1017 0.9148

IL-8 0.6659 0.7312 0.3591 0.5855 0.645 0.2678 0.0012 0.2006 0.8934 0.2272 0.7594 0.9408 1 -0.0905 0.1584 0.935

IL-10 -0.1395 -0.1006 0.0472 -0.2032 -0.1145 -0.138 -0.0651 0.0805 -0.1447 0.2931 -0.1149 -0.1204 -0.0905 1 0.1343 -0.0546

IL-12 0.137 0.1541 0.0363 0.0619 0.1433 0.0057 -0.1652 0.195 0.1322 -0.0078 -0.0374 0.1017 0.1584 0.1343 1 0.1722

IL-18 0.6272 0.6655 0.2914 0.5711 0.571 0.269 -0.0102 0.2019 0.8487 0.1822 0.7477 0.9148 0.935 -0.0546 0.1722 1
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Continued table S3 HepG2 cells were co-cultivated with PMA differentiated THP-1 cells. Single- and 
co- cultivation under physiological (15 %) and pro-inflammatory (50 %) THP-1-to-HepG2 ratios were 
used. At the deferent time points (0.5, 1, 2, 4, 8, 16, 24, 48 h) samples (n=3) of the supernatant 
were taken and the cytokine concentration was determined. the following parameter were 
calculated in order to establish the correlation network.  

p-values of the cytokine secretion in the HepG2 single cultivation:  

 

Continued table S3, ϱ-values of the cytokine secretion in the HepG2 single cultivation: 

 

Continued table S3, p-values of the cytokine secretion in the THP-1 single cultivation:  

 

 

 

 

 

 

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 0.00E+00 1.53E-01 9.74E-02 6.53E-01 9.85E-01 5.36E-02 8.94E-01 6.57E-02 6.89E-01 6.90E-01 9.28E-01 6.54E-01 1.23E-01 3.17E-01 7.78E-01

GM-CSF 1.53E-01 0.00E+00 9.40E-06 1.55E-01 2.12E-01 3.33E-03 6.53E-01 9.58E-04 6.53E-01 6.36E-01 3.31E-01 7.79E-01 6.57E-02 3.74E-02 5.94E-01

G-CSF 9.74E-02 9.40E-06 0.00E+00 1.52E-01 2.77E-01 7.47E-05 8.63E-01 3.34E-04 7.45E-01 4.54E-01 3.66E-01 4.63E-01 2.06E-02 4.16E-01 9.38E-01

FGF 6.53E-01 1.55E-01 1.52E-01 0.00E+00 2.65E-01 6.32E-01 6.53E-01 2.66E-01 6.54E-01 3.78E-01 2.95E-01 6.53E-01 6.54E-01 2.95E-01 9.92E-01

CCL3 9.85E-01 2.12E-01 2.77E-01 2.65E-01 0.00E+00 8.02E-01 3.72E-01 7.54E-01 2.95E-01 2.79E-01 2.53E-01 4.54E-01 8.71E-01 2.44E-01 4.89E-01

CCL20 5.36E-02 3.33E-03 7.47E-05 6.32E-01 8.02E-01 0.00E+00 6.54E-01 1.26E-07 6.54E-01 5.49E-01 4.16E-01 2.95E-01 1.26E-07 4.53E-01 8.02E-01

HGF 8.94E-01 6.53E-01 8.63E-01 6.53E-01 3.72E-01 6.54E-01 0.00E+00 1.00E+00 5.56E-01 6.54E-01 7.45E-01 8.94E-01 6.53E-01 3.96E-01 6.53E-01

TGF-α 6.57E-02 9.58E-04 3.34E-04 2.66E-01 7.54E-01 1.26E-07 1.00E+00 0.00E+00 5.49E-01 5.84E-01 4.43E-01 5.21E-01 1.53E-05 2.53E-01 6.54E-01

IL-1β 6.89E-01 6.53E-01 7.45E-01 6.54E-01 2.95E-01 6.54E-01 5.56E-01 5.49E-01 0.00E+00 7.11E-07 4.64E-04 6.54E-01 1.46E-01 1.55E-01 1.26E-01

TNF-α 6.90E-01 6.36E-01 4.54E-01 3.78E-01 2.79E-01 5.49E-01 6.54E-01 5.84E-01 7.11E-07 0.00E+00 1.27E-06 6.54E-01 4.66E-02 1.23E-01 2.53E-01

MCP-1 9.28E-01 3.31E-01 3.66E-01 2.95E-01 2.53E-01 4.16E-01 7.45E-01 4.43E-01 4.64E-04 1.27E-06 0.00E+00 7.45E-01 2.18E-02 1.69E-02 6.57E-02

IL-6 6.54E-01 7.79E-01 4.63E-01 6.53E-01 4.54E-01 2.95E-01 8.94E-01 5.21E-01 6.54E-01 6.54E-01 7.45E-01 0.00E+00 2.81E-01 4.53E-01 3.66E-01

IL-8 1.23E-01 6.57E-02 2.06E-02 6.54E-01 8.71E-01 1.26E-07 6.53E-01 1.53E-05 1.46E-01 4.66E-02 2.18E-02 2.81E-01 0.00E+00 1.55E-01 4.54E-01

IL-10 3.17E-01 3.74E-02 4.16E-01 2.95E-01 2.44E-01 4.53E-01 3.96E-01 2.53E-01 1.55E-01 1.23E-01 1.69E-02 4.53E-01 1.55E-01 0.00E+00 6.57E-02

IL-18 7.78E-01 5.94E-01 9.38E-01 9.92E-01 4.89E-01 8.02E-01 6.53E-01 6.54E-01 1.26E-01 2.53E-01 6.57E-02 3.66E-01 4.54E-01 6.57E-02 0.00E+00

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 1 0.3964 0.4438 0.1456 0.0085 0.4949 0.0379 0.4736 0.1142 0.112 0.0274 0.1265 0.4223 0.2924 -0.0806

GM-CSF 0.3964 1 0.8036 0.3878 0.3605 0.6374 0.1438 0.6814 0.1483 0.1605 0.2859 0.0784 0.471 0.5208 0.1742

G-CSF 0.4438 0.8036 1 0.3995 0.3208 0.7565 -0.0519 0.7173 0.0927 0.2251 0.2726 -0.2205 0.5569 0.2471 0.0225

FGF 0.1456 0.3878 0.3995 1 0.3296 0.1634 0.1455 0.3266 0.1274 0.2638 0.3039 -0.1455 0.1376 0.3014 -0.0045

CCL3 0.0085 0.3605 0.3208 0.3296 1 -0.0688 0.2677 0.0885 0.3027 0.3179 0.3409 0.2275 -0.0477 0.3463 0.2118

CCL20 0.4949 0.6374 0.7565 0.1634 -0.0688 1 -0.126 0.8799 0.1392 0.1929 0.2483 -0.3023 0.8749 0.233 0.0687

HGF 0.0379 0.1438 -0.0519 0.1455 0.2677 -0.126 1 0 -0.1873 -0.1247 -0.0929 -0.0385 -0.1511 0.2568 0.1422

TGF-α 0.4736 0.6814 0.7173 0.3266 0.0885 0.8799 0 1 0.1911 0.1785 0.238 -0.202 0.7917 0.3362 0.1283

IL-1β 0.1142 0.1483 0.0927 0.1274 0.3027 0.1392 -0.1873 0.1911 1 0.8499 0.7053 0.1338 0.4051 0.3898 0.4179

TNF-α 0.112 0.1605 0.2251 0.2638 0.3179 0.1929 -0.1247 0.1785 0.8499 1 0.8383 -0.1247 0.5059 0.4256 0.3359

MCP-1 0.0274 0.2859 0.2726 0.3039 0.3409 0.2483 -0.0929 0.238 0.7053 0.8383 1 -0.0929 0.5509 0.5695 0.4783

IL-6 0.1265 0.0784 -0.2205 -0.1455 0.2275 -0.3023 -0.0385 -0.202 0.1338 -0.1247 -0.0929 1 -0.3148 0.2311 0.2716

IL-8 0.4223 0.471 0.5569 0.1376 -0.0477 0.8749 -0.1511 0.7917 0.4051 0.5059 0.5509 -0.3148 1 0.3926 0.2248

IL-10 0.2924 0.5208 0.2471 0.3014 0.3463 0.233 0.2568 0.3362 0.3898 0.4256 0.5695 0.2311 0.3926 1 0.4723

IL-18 -0.0806 0.1742 0.0225 -0.0045 0.2118 0.0687 0.1422 0.1283 0.4179 0.3359 0.4783 0.2716 0.2248 0.4723 1

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 0.00E+00 1.08E-02 1.05E-02 2.00E-02 3.96E-01 6.92E-03 5.73E-01 7.41E-03 3.81E-01 7.82E-01 7.79E-01 3.09E-01 4.03E-01 6.04E-01 5.81E-01

GM-CSF 1.08E-02 0.00E+00 6.55E-14 2.28E-02 2.71E-08 3.76E-11 1.37E-01 4.90E-11 2.46E-02 3.92E-04 2.82E-05 5.33E-01 1.45E-06 7.52E-05 1.08E-01

G-CSF 1.05E-02 6.55E-14 0.00E+00 3.50E-03 5.41E-11 3.62E-14 1.91E-01 8.34E-11 4.38E-04 7.37E-06 7.49E-07 8.56E-01 1.57E-11 2.63E-05 3.60E-01

FGF 2.00E-02 2.28E-02 3.50E-03 0.00E+00 1.87E-04 2.60E-03 7.60E-01 1.35E-04 1.41E-02 2.83E-03 5.88E-03 1.99E-01 5.81E-04 1.33E-02 9.01E-01

CCL3 3.96E-01 2.71E-08 5.41E-11 1.87E-04 0.00E+00 7.88E-10 2.09E-01 4.98E-09 3.61E-07 3.94E-14 5.78E-14 3.23E-01 5.81E-14 7.19E-12 1.97E-01

CCL20 6.92E-03 3.76E-11 3.62E-14 2.60E-03 7.88E-10 0.00E+00 1.91E-01 5.78E-16 2.29E-05 2.25E-05 1.28E-06 5.96E-01 1.03E-09 4.35E-05 3.87E-01

HGF 5.73E-01 1.37E-01 1.91E-01 7.60E-01 2.09E-01 1.91E-01 0.00E+00 2.56E-01 9.98E-01 1.99E-01 2.57E-01 3.89E-01 1.75E-01 3.23E-01 9.05E-01

TGF-α 7.41E-03 4.90E-11 8.34E-11 1.35E-04 4.98E-09 5.78E-16 2.56E-01 0.00E+00 6.26E-03 7.52E-05 4.35E-05 3.73E-01 1.81E-07 4.40E-05 5.46E-01

IL-1β 3.81E-01 2.46E-02 4.38E-04 1.41E-02 3.61E-07 2.29E-05 9.98E-01 6.26E-03 0.00E+00 1.96E-07 1.02E-06 1.87E-01 2.55E-05 4.40E-05 1.27E-02

TNF-α 7.82E-01 3.92E-04 7.37E-06 2.83E-03 3.94E-14 2.25E-05 1.99E-01 7.52E-05 1.96E-07 0.00E+00 1.01E-24 2.84E-01 4.89E-15 1.12E-20 1.12E-01

MCP-1 7.79E-01 2.82E-05 7.49E-07 5.88E-03 5.78E-14 1.28E-06 2.57E-01 4.35E-05 1.02E-06 1.01E-24 0.00E+00 2.14E-01 2.34E-18 4.09E-24 1.57E-01

IL-6 3.09E-01 5.33E-01 8.56E-01 1.99E-01 3.23E-01 5.96E-01 3.89E-01 3.73E-01 1.87E-01 2.84E-01 2.14E-01 0.00E+00 4.87E-01 2.45E-01 5.46E-01

IL-8 4.03E-01 1.45E-06 1.57E-11 5.81E-04 5.81E-14 1.03E-09 1.75E-01 1.81E-07 2.55E-05 4.89E-15 2.34E-18 4.87E-01 0.00E+00 9.95E-14 5.73E-01

IL-10 6.04E-01 7.52E-05 2.63E-05 1.33E-02 7.19E-12 4.35E-05 3.23E-01 4.40E-05 4.40E-05 1.12E-20 4.09E-24 2.45E-01 9.95E-14 0.00E+00 3.92E-02

IL-18 5.81E-01 1.08E-01 3.60E-01 9.01E-01 1.97E-01 3.87E-01 9.05E-01 5.46E-01 1.27E-02 1.12E-01 1.57E-01 5.46E-01 5.73E-01 3.92E-02 0.00E+00
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Continued table S3, ϱ-values of the cytokine secretion in the THP-1 single cultivation: 

 

Continued table S3, p-values of the cytokine secretion in the co-cultivation: 

 

Continued table S3, ϱ-values of the cytokine secretion in the co-cultivation: 

 

  

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 1 0.3821 0.384 0.3522 0.1387 0.4023 -0.0933 0.3989 0.1454 -0.0453 -0.0472 0.1692 0.1359 -0.0827 0.0897

GM-CSF 0.3821 1 0.8445 0.3455 0.7093 0.7902 0.2436 0.7871 0.3412 0.5038 0.5769 0.1054 0.6411 0.5503 0.2609

G-CSF 0.384 0.8445 1 0.4301 0.7855 0.8515 0.2163 0.7806 0.4999 0.6091 0.6549 0.0305 0.7991 0.5791 0.1529

FGF 0.3522 0.3455 0.4301 1 0.525 0.4421 -0.0522 0.5343 0.3684 0.4384 0.4101 0.2105 0.4909 0.3719 0.0209

CCL3 0.1387 0.7093 0.7855 0.525 1 0.7559 0.2059 0.7325 0.6679 0.8501 0.8467 0.1639 0.846 0.8067 0.213

CCL20 0.4023 0.7902 0.8515 0.4421 0.7559 1 0.2169 0.8779 0.5836 0.5846 0.6441 0.0856 0.7522 0.5655 0.1431

HGF -0.0933 0.2436 0.2163 -0.0522 0.2059 0.2169 1 0.1875 -0.0004 0.2109 0.1861 -0.1413 0.2256 0.1632 0.0187

TGF-α 0.3989 0.7871 0.7806 0.5343 0.7325 0.8779 0.1875 1 0.4069 0.5497 0.566 0.1485 0.6804 0.564 0.1003

IL-1β 0.1454 0.3412 0.4999 0.3684 0.6679 0.5836 -0.0004 0.4069 1 0.6784 0.6488 0.2198 0.5805 0.564 0.3747

TNF-α -0.0453 0.5038 0.6091 0.4384 0.8501 0.5846 0.2109 0.5497 0.6784 1 0.9515 0.1771 0.8649 0.9249 0.2576

MCP-1 -0.0472 0.5769 0.6549 0.4101 0.8467 0.6441 0.1861 0.566 0.6488 0.9515 1 0.2033 0.9046 0.9471 0.2337

IL-6 0.1692 0.1054 0.0305 0.2105 0.1639 0.0856 -0.1413 0.1485 0.2198 0.1771 0.2033 1 0.1161 0.192 0.1006

IL-8 0.1359 0.6411 0.7991 0.4909 0.846 0.7522 0.2256 0.6804 0.5805 0.8649 0.9046 0.1161 1 0.841 0.0925

IL-10 -0.0827 0.5503 0.5791 0.3719 0.8067 0.5655 0.1632 0.564 0.564 0.9249 0.9471 0.192 0.841 1 0.3176

IL-18 0.0897 0.2609 0.1529 0.0209 0.213 0.1431 0.0187 0.1003 0.3747 0.2576 0.2337 0.1006 0.0925 0.3176 1

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 0.00E+00 5.94E-03 1.33E-03 8.74E-04 2.76E-03 1.19E-04 2.88E-01 5.97E-01 9.16E-01 7.74E-01 1.92E-01 4.41E-01 2.61E-01 5.51E-01 2.02E-01

GM-CSF 5.94E-03 0.00E+00 3.04E-22 1.16E-01 1.52E-08 4.22E-12 5.51E-01 6.57E-01 3.14E-02 3.18E-02 3.86E-04 5.98E-01 7.77E-06 6.02E-03 5.51E-01

G-CSF 1.33E-03 3.04E-22 0.00E+00 2.83E-02 1.78E-09 1.16E-13 5.47E-01 9.16E-01 1.72E-02 1.89E-02 2.85E-04 3.93E-01 4.37E-05 5.73E-03 5.36E-01

FGF 8.74E-04 1.16E-01 2.83E-02 0.00E+00 9.29E-02 5.63E-02 4.74E-01 1.47E-01 9.24E-01 4.74E-01 3.62E-01 3.32E-01 3.08E-01 9.36E-01 2.82E-01

CCL3 2.76E-03 1.52E-08 1.78E-09 9.29E-02 0.00E+00 2.37E-04 2.82E-01 9.79E-01 4.62E-04 6.31E-06 1.13E-12 7.21E-01 4.74E-08 2.29E-07 5.98E-01

CCL20 1.19E-04 4.22E-12 1.16E-13 5.63E-02 2.37E-04 0.00E+00 2.61E-01 9.39E-01 2.88E-01 5.57E-01 3.99E-02 7.51E-01 1.10E-03 1.02E-01 9.79E-01

HGF 2.88E-01 5.51E-01 5.47E-01 4.74E-01 2.82E-01 2.61E-01 0.00E+00 2.88E-01 9.29E-01 3.26E-01 3.26E-01 7.51E-01 5.51E-01 3.46E-01 5.98E-01

TGF-α 5.97E-01 6.57E-01 9.16E-01 1.47E-01 9.79E-01 9.39E-01 2.88E-01 0.00E+00 9.33E-02 7.49E-02 5.98E-01 7.74E-01 2.33E-01 5.98E-01 3.42E-01

IL-1β 9.16E-01 3.14E-02 1.72E-02 9.24E-01 4.62E-04 2.88E-01 9.29E-01 9.33E-02 0.00E+00 1.72E-07 5.61E-05 1.89E-01 4.62E-04 3.63E-05 1.04E-06

TNF-α 7.74E-01 3.18E-02 1.89E-02 4.74E-01 6.31E-06 5.57E-01 3.26E-01 7.49E-02 1.72E-07 0.00E+00 2.45E-09 9.19E-01 7.77E-06 2.80E-07 2.82E-01

MCP-1 1.92E-01 3.86E-04 2.85E-04 3.62E-01 1.13E-12 3.99E-02 3.26E-01 5.98E-01 5.61E-05 2.45E-09 0.00E+00 4.35E-01 2.10E-14 2.92E-18 5.98E-01

IL-6 4.41E-01 5.98E-01 3.93E-01 3.32E-01 7.21E-01 7.51E-01 7.51E-01 7.74E-01 1.89E-01 9.19E-01 4.35E-01 0.00E+00 3.62E-01 1.60E-01 3.36E-01

IL-8 2.61E-01 7.77E-06 4.37E-05 3.08E-01 4.74E-08 1.10E-03 5.51E-01 2.33E-01 4.62E-04 7.77E-06 2.10E-14 3.62E-01 0.00E+00 7.26E-11 7.08E-01

IL-10 5.51E-01 6.02E-03 5.73E-03 9.36E-01 2.29E-07 1.02E-01 3.46E-01 5.98E-01 3.63E-05 2.80E-07 2.92E-18 1.60E-01 7.26E-11 0.00E+00 1.76E-01

IL-18 2.02E-01 5.51E-01 5.36E-01 2.82E-01 5.98E-01 9.79E-01 5.98E-01 3.42E-01 1.04E-06 2.82E-01 5.98E-01 3.36E-01 7.08E-01 1.76E-01 0.00E+00

TGF-β1 GM-CSF G-CSF FGF CCL3 CCL20 HGF TGF-α IL-1β TNF-α MCP-1 IL-6 IL-8 IL-10 IL-18

TGF-β1 1 0.4252 0.4788 0.4935 0.4542 0.5539 -0.1979 0.1029 -0.0263 0.0539 0.2375 -0.146 0.2112 0.1157 -0.2331

GM-CSF 0.4252 1 0.9384 0.2751 0.7277 0.8178 -0.1158 -0.083 0.3517 0.35 0.52 -0.0951 0.6183 0.4237 0.1142

G-CSF 0.4788 0.9384 1 0.3578 0.7565 0.8475 -0.1202 0.0265 0.3816 0.3765 0.5293 -0.1589 0.5796 0.4277 0.1235

FGF 0.4935 0.2751 0.3578 1 0.2913 0.3202 -0.1377 0.2597 0.0216 0.1368 0.1673 -0.1802 0.19 0.0164 -0.2019

CCL3 0.4542 0.7277 0.7565 0.2913 1 0.5353 0.2018 0.005 0.5129 0.6247 0.8296 -0.0688 0.7112 0.6856 0.0959

CCL20 0.5539 0.8178 0.8475 0.3202 0.5353 1 -0.2114 0.0143 0.1964 0.1117 0.3382 -0.0606 0.4857 0.2836 0.0038

HGF -0.1979 -0.1158 -0.1202 -0.1377 0.2018 -0.2114 1 -0.197 -0.0192 0.1829 0.1832 -0.0607 0.1153 0.1732 -0.0974

TGF-α 0.1029 -0.083 0.0265 0.2597 0.005 0.0143 -0.197 1 0.2899 0.3043 -0.0955 -0.0548 -0.2218 -0.0994 0.1753

IL-1β -0.0263 0.3517 0.3816 0.0216 0.5129 0.1964 -0.0192 0.2899 1 0.6912 0.5728 0.2397 0.513 0.5849 0.6588

TNF-α 0.0539 0.35 0.3765 0.1368 0.6247 0.1117 0.1829 0.3043 0.6912 1 0.7515 0.0241 0.6189 0.6813 0.2043

MCP-1 0.2375 0.52 0.5293 0.1673 0.8296 0.3382 0.1832 -0.0955 0.5728 0.7515 1 0.1486 0.8603 0.9065 0.0997

IL-6 -0.146 -0.0951 -0.1589 -0.1802 -0.0688 -0.0606 -0.0607 -0.0548 0.2397 0.0241 0.1486 1 0.1671 0.2529 0.1781

IL-8 0.2112 0.6183 0.5796 0.19 0.7112 0.4857 0.1153 -0.2218 0.513 0.6189 0.8603 0.1671 1 0.7912 0.0724

IL-10 0.1157 0.4237 0.4277 0.0164 0.6856 0.2836 0.1732 -0.0994 0.5849 0.6813 0.9065 0.2529 0.7912 1 0.2458

IL-18 -0.2331 0.1142 0.1235 -0.2019 0.0959 0.0038 -0.0974 0.1753 0.6588 0.2043 0.0997 0.1781 0.0724 0.2458 1
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Table S4 particular fold changes of DCN and LPS specific alterations of the cytokine secretion pattern. 
Fa2N-4 cells were co-cultivated (CC) with monocyte derived macrophages (MDM) for 24 h. 
Single- (SC) and co- cultivation under physiological (15 %) and pro-inflammatory (50 %) MDM-
to-Fa2N-4 ratios were used. All measured cytokine concentrations were related to the 
corresponding control (fold change) to analyse the effect of diclofenac (DCN, 157 µM) and 
lipopolysaccharides (LPS, 100 ng/ml). 

 

  

cultivation celltype time [h]

SC 15 % MDM 0.25 0.73 0.06 1 1 1 2.304 0.555 0.362 1 0.825 0.559 0.309 0.282 2.34 0.193 0.699 0.103

SC 50 % MDM 0.13 0.46 0.64 1 1 1 2.304 0.479 2.088 3.48 0.094 0.406 0.309 0.381 0.404 3.027 0.588 1

SC Fa2N4 4.11 0.16 6.26 0.066 1 0.491 1.103 0.434 1.092 0.559 0.287 0.362 1.086 2.035 4.627 1 1 8.874

CC 15 % Fa2N4/MDM 0.53 0.43 0.54 0.304 0.304 1 0.659 0.308 0.573 0.371 0.149 0.701 0.493 0.874 0.614 4.407 0.348 4.552

CC 50% Fa2N4/MDM 1.32 0.54 7.75 1 1 0.712 1.556 1.103 1 3.793 4.905 0.653 3.694 0.562 1.668 1.431 1 0.469

SC 15 % MDM 3.86 0.02 0.24 1 1 1 2.528 0.555 0.757 6.703 1 0.2 3.931 0.107 2.507 1.154 0.193 1.31

SC 50 % MDM 1.93 3.07 1.53 1 1 1 2.528 1.322 2.304 9.565 0.472 0.583 2.215 3.512 0.777 2.445 0.276 0.411

SC Fa2N4 0.26 1.37 1.53 0.956 1 7.156 1.103 1 0.911 2.781 3.045 1.957 0.517 1 2.292 0.276 1 4.407

CC 15 % Fa2N4/MDM 0.65 2.56 3.2 1.881 0.304 3.29 0.659 1 0.249 1.817 0.417 0.701 0.554 2.941 4.176 3.63 0.742 0.469

CC 50% Fa2N4/MDM 0.03 32.2 242 1 5.159 2.922 1 2.617 1.177 2.087 8.708 1.192 0.277 41.36 30.13 0.588 2.874 0.469

cultivation celltype time [h]

SC 15 % MDM 1 1 0.07 2.478 0.234 1 1.042 1.091 0.466 0.613 0.61 0.519 0.385 0.368 0.128

SC 50 % MDM 2.51 1 1 1 0.404 2.92 1.099 0.865 0.41 0.644 0.504 0.803 0.566 0.288 0.109

SC Fa2N4 1 1 8.1 3.404 1 3.404 1 1 1 0.571 0.5 0.893 0.397 0.456 0.444

CC 15 % Fa2N4/MDM 6.34 15 10.9 1.601 1.48 0.886 2.146 0.427 1 0.487 1 0.968 0.311 0.215 0.2

CC 50% Fa2N4/MDM 1 1 0.44 3.569 1.633 1.179 2.439 1 0.983 1.034 1.149 0.548 0.327 0.307 0.238

SC 15 % MDM 16.1 1 0.39 1 0.234 3.239 2.281 1.489 1.739 1.411 0.596 0.929 1.461 0.191 0.072

SC 50 % MDM 17.2 1 1 2.478 0.404 3.08 1.248 1.595 0.41 1.131 7.093 3.141 0.255 0.209 4.008

SC Fa2N4 1 2.51 1 3.74 0.746 2.767 1 2.537 1 0.571 2.38 1.471 0.265 0.835 1.062

CC 15 % Fa2N4/MDM 1 1 1 1.25 0.746 0.404 2.439 1.156 1 0.487 2.791 2.722 0.208 0.132 0.944

CC 50% Fa2N4/MDM 14 1 0.11 2.065 1.236 1 2.341 2.756 0.712 2 3.397 1.117 0.178 1.078 0.986

cultivation celltype time [h]

SC 15 % MDM 0.35 1 1 0.1 0.132 0.097 1 1 1 2.889 0.429 1 0.955 0.328 0.358

SC 50 % MDM 0.88 1 0.33 0.343 0.264 0.066 1 1 1 1 1 1 1.444 0.358 2.128

SC Fa2N4 2.66 1.75 0.69 0.892 0.673 0.019 1 1 1 1 1 0.321 1.277 1.193 0.957

CC 15 % Fa2N4/MDM 0.8 0.89 0.47 0.658 0.422 0.078 1 1 1 1 3.667 0.346 1.509 1.412 0.4

CC 50% Fa2N4/MDM 0.98 1.32 1.53 0.598 0.631 0.272 1 2.231 1 1 2.2 1 1.217 1.631 1.133

SC 15 % MDM 0.55 12.6 1 0.849 0.161 0.078 1 1 2.678 1 2.714 4.111 0.73 1 0.954

SC 50 % MDM 4.12 210 6.97 0.418 0.468 0.655 1 1 1 2.889 4.111 1 1.233 1.514 3.487

SC Fa2N4 2.09 0.58 0.76 0.965 0.269 0.588 1 1 1 1 1 0.679 1.79 2.514 0.676

CC 15 % Fa2N4/MDM 1.67 1.53 4.52 0.639 0.904 3.811 1 4.893 2.298 2.444 6.333 0.731 1.096 1.588 0.558

CC 50% Fa2N4/MDM 1.25 4.12 7.37 0.249 3.033 6.214 1 14.25 4.992 3.889 1.517 5 1.149 2.565 0.88

TGF‐β1 GM-CSF G-CSF FGF CCL3 CCL20

IL‐1β TNF‐α MCP-1HGF TGF‐α

IL-10 IL-12 IL-18IL-6 IL-8

24

24

157 µM DCN

100 ng/ml LPS

157 µM DCN

100 ng/ml LPS

157 µM DCN

100 ng/ml LPS

24

24

24

24
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Table S5 measured time dependent cytokine concentration. HepG2 cells were co-cultivated (CC) with 
PMA differentiated THP-1 cells. Single- (SC) and co- cultivation under physiological (15 %) and pro-
inflammatory (50 %) THP-1-to-HepG2 ratios were used. At the indicated time, samples of the 
supernatant were taken and the cytokine concentration was determined. n=3 

 

 

 

 

0 1.02 <0.97 3.05 <0.54 <0.54 0.65 <1.31 <1.31 <1.31 <69.38 234.54 <69.38

CC 15 % HepG2/THP-1 0.5 5.17 <0.97 3.96 <0.54 <0.54 <0.54 4.39 4.39 6.05 <69.38 <69.38 <69.38

CC 15 % HepG2/THP-1 1 1.94 <0.97 1.52 <0.54 <0.54 0.65 2.79 <1.31 2.03 234.54 <69.38 <69.38

CC 15 % HepG2/THP-1 2 4.15 <0.97 1.8 0.86 1.35 0.94 13.16 8.63 7.76 651.09 <69.38 <69.38

CC 15 % HepG2/THP-1 4 5.17 1.52 3.41 2.47 9.33 2.85 34.33 51.26 35.42 234.54 318.92 318.92

CC 15 % HepG2/THP-1 8 15.02 <0.97 6.98 4.34 10.28 7.15 40.93 70.85 92.05 485.76 <69.38 568.56

CC 15 % HepG2/THP-1 16 21.24 2.24 4.15 4.02 9.86 4.43 30.06 31.12 34.33 651.09 <69.38 318.92

CC 15 % HepG2/THP-1 24 1.52 1.8 1.26 0.79 13.01 8.44 7.76 57.21 116.37 <69.38 318.92 318.92

CC 15 % HepG2/THP-1 48 <0.97 9 13.71 0.65 24.5 5.13 5.21 154.07 52.44 <69.38 568.56 318.92

0 1.02 <0.97 3.05 <0.54 <0.54 0.65 <1.31 <1.31 <1.31 <69.38 234.54 <69.38

CC 50% HepG2/THP-1 0.5 6.05 <0.97 1.26 <0.54 <0.54 0.59 7.76 5.21 5.21 402.59 234.54 <69.38

CC 50% HepG2/THP-1 1 3.41 1.26 1.02 0.65 <0.54 0.65 5.21 <1.31 2.79 318.92 <69.38 402.59

CC 50% HepG2/THP-1 2 6.05 1.52 <0.97 1.22 1.35 1.09 15.98 9.52 9.52 402.59 <69.38 234.54

CC 50% HepG2/THP-1 4 5.38 <0.97 2.24 4.51 3.78 1.54 85.25 39.82 15.98 <69.38 <69.38 <69.38

CC 50% HepG2/THP-1 8 13.07 <0.97 4.15 13.01 29.88 4.02 213.02 374.6 37.6 568.56 <69.38 402.59

CC 50% HepG2/THP-1 16 25.81 3.05 4.15 12.85 24.76 9.59 60.86 178.01 90.67 234.54 234.54 318.92

CC 50% HepG2/THP-1 24 75.23 1.94 1.94 16.78 1.13 5.22 137.86 8.63 47.76 234.54 <69.38 <69.38

CC 50% HepG2/THP-1 48 26.69 1.8 20.84 17.99 1.01 10.28 90.67 4.39 120.86 149.07 <69.38 <69.38

0 1.02 <0.97 3.05 <0.54 <0.54 0.65 <1.31 <1.31 <1.31 <69.38 234.54 <69.38

SC HepG2 0.5 <0.97 1.26 2.72 <0.54 <0.54 <0.54 <1.31 <1.31 2.79 <69.38 <69.38 149.07

SC HepG2 1 1.94 <0.97 2.55 0.59 <0.54 0.72 <1.31 <1.31 2.03 <69.38 <69.38 149.07

SC HepG2 2 4.15 1.52 1.26 <0.54 1.22 0.59 2.79 9.52 2.79 <69.38 485.76 <69.38

SC HepG2 4 4.15 <0.97 1.94 <0.54 <0.54 <0.54 <1.31 <1.31 2.03 <69.38 <69.38 234.54

SC HepG2 8 13.39 1.02 1.8 0.59 <0.54 0.65 2.03 <1.31 5.21 402.59 <69.38 <69.38

SC HepG2 16 19.68 3.05 3.96 0.59 0.79 0.79 5.21 2.79 5.21 <69.38 <69.38 318.92

SC HepG2 24 1.8 3.05 <0.97 0.86 31.44 0.65 7.76 277.03 4.39 318.92 <69.38 <69.38

SC HepG2 48 98.23 2.55 22.44 0.72 34.43 0.86 7.76 369.27 5.21 <69.38 815.57 149.07

0 1.02 <0.97 3.05 <0.54 <0.54 0.65 <1.31 <1.31 <1.31 <69.38 234.54 <69.38

SC 15 % THP-1 0.5 <0.97 <0.97 3.05 <0.54 0.65 0.59 <1.31 <1.31 <1.31 <69.38 <69.38 <69.38

SC 15 % THP-1 1 2.24 <0.97 1.52 <0.54 <0.54 0.65 <1.31 <1.31 2.03 149.07 <69.38 <69.38

SC 15 % THP-1 2 <0.97 1.02 <0.97 <0.54 <0.54 <0.54 <1.31 <1.31 <1.31 <69.38 <69.38 <69.38

SC 15 % THP-1 4 1.26 <0.97 1.02 0.72 <0.54 0.59 2.79 <1.31 <1.31 <69.38 <69.38 234.54

SC 15 % THP-1 8 <0.97 <0.97 <0.97 <0.54 <0.54 <0.54 2.79 <1.31 <1.31 <69.38 <69.38 149.07

SC 15 % THP-1 16 66.67 1.52 1.26 6.71 1.84 0.79 65.81 19.86 4.39 149.07 149.07 149.07

SC 15 % THP-1 24 25.38 1.52 <0.97 7.95 1.13 0.72 58.42 8.63 2.03 485.76 568.56 234.54

SC 15 % THP-1 48 1.52 <0.97 1.52 1.31 1.09 1.44 16.94 15.03 6.05 318.92 149.07 318.92

0 1.02 <0.97 3.05 <0.54 <0.54 0.65 <1.31 <1.31 <1.31 <69.38 234.54 <69.38

SC 50 % THP-1 0.5 <0.97 1.26 2.72 <0.54 <0.54 <0.54 <1.31 <1.31 <1.31 <69.38 <69.38 149.07

SC 50 % THP-1 1 1.52 <0.97 1.02 <0.54 <0.54 <0.54 <1.31 <1.31 <1.31 234.54 <69.38 149.07

SC 50 % THP-1 2 1.8 <0.97 1.8 <0.54 0.79 0.59 2.79 5.21 <1.31 318.92 <69.38 <69.38

SC 50 % THP-1 4 9.55 <0.97 <0.97 0.59 <0.54 <0.54 13.16 <1.31 <1.31 2046.19 <69.38 402.59

SC 50 % THP-1 8 1.02 <0.97 1.26 0.59 0.65 0.59 7.76 4.39 5.21 <69.38 <69.38 402.59

SC 50 % THP-1 16 1.8 2.24 1.02 1.31 1.74 1.13 7.76 15.98 2.79 651.09 <69.38 318.92

SC 50 % THP-1 24 54.04 <0.97 1.52 0.65 0.94 0.79 7.76 6.05 5.21 <69.38 <69.38 402.59

SC 50 % THP-1 48 3.59 <0.97 <0.97 1.59 1.09 1.74 11.32 11.32 6.05 318.92 402.59 <69.38

timepoint 

[h]

TGF‐β1 GM-CSF G-CSF FGF

pg/ml pg/ml pg/ml pg/ml
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Continued table S5 

 

 

 

 

 

 

0 4.09 <3.41 5.89 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 4.27 <3.41 5

CC 15 % HepG2/THP-1 0.5 33.04 17.82 22.12 140.82 17.07 113.3 <8.36 <8.36 <8.36 51.11 24.4 36.45

CC 15 % HepG2/THP-1 1 134.7 54.56 132.95 70.24 47.87 105.27 <8.36 <8.36 <8.36 57.53 35.71 68.46

CC 15 % HepG2/THP-1 2 149 105.44 184.52 173.66 148 203.72 <8.36 <8.36 <8.36 59.44 54.73 71.62

CC 15 % HepG2/THP-1 4 231.8 202.49 223.11 921.41 523.07 712.03 <8.36 <8.36 <8.36 81.58 54.73 78.18

CC 15 % HepG2/THP-1 8 319.6 237.7 292.96 1264.09 594.49 1361.87 <8.36 <8.36 <8.36 57.53 22.07 60.41

CC 15 % HepG2/THP-1 16 358.8 236.69 213 800.97 554.06 1071.87 <8.36 <8.36 <8.36 23.81 34.98 34.98

CC 15 % HepG2/THP-1 24 1289 598.37 483.03 24.16 1565.65 959.71 <8.36 <8.36 <8.36 6.64 11.48 18.3

CC 15 % HepG2/THP-1 48 995.6 751.75 312.7 16.71 667.41 2406.98 18.05 <8.36 <8.36 9.95 25 10.32

0 4.09 <3.41 5.89 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 4.27 <3.41 5

CC 50% HepG2/THP-1 0.5 147.1 115.66 15.84 202.21 27.74 57.76 <8.36 <8.36 <8.36 66.4 41.83 41.04

CC 50% HepG2/THP-1 1 375.4 173.87 38.23 98.53 34.14 84.98 <8.36 <8.36 <8.36 83.89 47.62 71.62

CC 50% HepG2/THP-1 2 419.7 238.7 64.84 212.94 286.47 288.43 <8.36 <8.36 <8.36 78.18 66.4 68.46

CC 50% HepG2/THP-1 4 651 264.3 61.65 896.89 735.56 698.31 <8.36 <8.36 <8.36 91.03 56.59 61.39

CC 50% HepG2/THP-1 8 1169 728.81 138.33 1150.43 1629.78 1118.15 <8.36 <8.36 <8.36 80.44 53.81 48.48

CC 50% HepG2/THP-1 16 938.3 647.3 406.1 833.38 833.38 861.57 <8.36 <8.36 <8.36 34.98 34.26 35.71

CC 50% HepG2/THP-1 24 1326 5.57 266.56 3671.98 2250.02 946.73 <8.36 <8.36 <8.36 14.45 10.7 14

CC 50% HepG2/THP-1 48 1593 3.47 608.37 953.19 404.48 2964.73 <8.36 <8.36 27.49 13.56 9.95

0 4.09 <3.41 5.89 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 4.27 <3.41 5

SC HepG2 0.5 <3.41 3.47 4.65 3.35 44.2 43.61 <8.36 <8.36 <8.36 <3.41 5.52 5

SC HepG2 1 <3.41 3.47 7.51 76.59 41.27 103.32 <8.36 <8.36 21.55 4.51 5 7.87

SC HepG2 2 4.65 5.89 3.47 160.49 129.36 164.37 <8.36 <8.36 <8.36 6.35 8.54 6.64

SC HepG2 4 <3.41 <3.41 <3.41 245.89 206.76 263.74 <8.36 <8.36 <8.36 7.55 7.24 6.35

SC HepG2 8 4.09 <3.41 <3.41 404.48 394.11 454.3 <8.36 <8.36 <8.36 13.13 10.7 10.7

SC HepG2 16 <3.41 <3.41 <3.41 557.62 401.86 561.2 <8.36 <8.36 <8.36 9.95 10.32 10.7

SC HepG2 24 4435 1242.76 3.47 500.16 2997.94 698.31 <8.36 <8.36 <8.36 14.9 10.32 9.95

SC HepG2 48 <3.41 1447.85 <3.41 2504.45 1245.67 2747.98 <8.36 <8.36 <8.36 19.34 25.61 10.7

0 4.09 <3.41 5.89 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 4.27 <3.41 5

SC 15 % THP-1 0.5 <3.41 65.56 121.58 <2.84 <2.84 2.92 <8.36 <8.36 <8.36 <3.41 4.75 5.52

SC 15 % THP-1 1 105.4 61.3 44.39 4.29 <2.84 <2.84 <8.36 <8.36 <8.36 5 <3.41 <3.41

SC 15 % THP-1 2 236.7 142.64 122.13 4.63 3.96 <2.84 <8.36 13.11 <8.36 6.64 <3.41 <3.41

SC 15 % THP-1 4 338.5 231.75 178.36 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 <3.41 3.83 4.05

SC 15 % THP-1 8 500.3 375.44 291.7 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 3.61 <3.41 4.51

SC 15 % THP-1 16 654.8 886.47 554.82 2719.1 29.16 5.75 <8.36 8.59 25.2 11.08 8.88 6.35

SC 15 % THP-1 24 682.1 3402.02 670.18 1042.36 415.09 8.88 <8.36 <8.36 <8.36 27.49 12.29 5.25

SC 15 % THP-1 48 5444 4062.53 3181.59 186.14 113.3 108.24 <8.36 <8.36 <8.36 14 13.56 13.56

0 4.09 <3.41 5.89 <2.84 <2.84 <2.84 <8.36 <8.36 <8.36 4.27 <3.41 5

SC 50 % THP-1 0.5 15.32 145.15 32.54 <2.84 5.36 <2.84 <8.36 <8.36 <8.36 <3.41 4.05 3.61

SC 50 % THP-1 1 271.2 246.92 143.89 4.29 <2.84 <2.84 <8.36 <8.36 <8.36 3.83 <3.41 3.83

SC 50 % THP-1 2 615.2 408 304.62 4.29 6.57 <2.84 <8.36 <8.36 <8.36 5.25 4.75 <3.41

SC 50 % THP-1 4 1059 <3.41 457.54 10.18 <2.84 <2.84 <8.36 <8.36 <8.36 6.64 <3.41 4.51

SC 50 % THP-1 8 1277 1149.24 611.75 23.31 15.67 2.92 <8.36 <8.36 <8.36 4.51 4.51 5.79

SC 50 % THP-1 16 2573 1666.55 1168.91 371.64 290.4 149.22 <8.36 <8.36 <8.36 12.29 13.13 10.32

SC 50 % THP-1 24 3.73 886.47 1493.39 637.98 18.53 130.48 <8.36 <8.36 <8.36 12.29 8.2 12.29

SC 50 % THP-1 48 6156 5057.85 3325.16 1110.26 1035.14 896.89 <8.36 <8.36 13.11 31.46 23.22 26.86

timepoint 

[h]

CCL20CCL3

pg/ml pg/ml

HGF TGF‐α

pg/ml pg/ml
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Continued table S5 

 

 

 

 

 

 

0 <0.32 6.8 0.7 <0.92 3.32 <0.92 7.96 <0.62 <0.62 <0.44 <0.44 0.58

CC 15 % HepG2/THP-1 0.5 1.86 <0.32 1.47 0.92 <0.92 1.67 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

CC 15 % HepG2/THP-1 1 21.4 9.89 21.19 830.9 5.29 13.55 5.59 378.46 13.55 0.87 <0.44 0.49

CC 15 % HepG2/THP-1 2 13.67 27.55 27.29 44.8 68.33 79.07 21.12 31.44 36.27 <0.44 <0.44 <0.44

CC 15 % HepG2/THP-1 4 0.35 20.35 19.94 <0.92 123.42 101.57 50.16 <0.62 60.11 <0.44 <0.44 <0.44

CC 15 % HepG2/THP-1 8 4.07 10.27 15.29 39.46 113.06 110.09 88.92 57.66 97.67 <0.44 <0.44 <0.44

CC 15 % HepG2/THP-1 16 4.57 3.67 4.14 43.8 31.24 17.85 61.55 68.82 60.83 <0.44 <0.44 <0.44

CC 15 % HepG2/THP-1 24 10.52 10.92 21.19 279.87 7.14 34.13 156.08 428.24 259.68 <0.44 1.07 <0.44

CC 15 % HepG2/THP-1 48 9.76 7.39 4.72 223.29 37.63 3.57 247.73 319.32 126.54 <0.44 <0.44 <0.44

0 <0.32 6.8 0.7 <0.92 3.32 <0.92 7.96 <0.62 <0.62 <0.44 <0.44 0.58

CC 50% HepG2/THP-1 0.5 3.73 9.64 5.78 5.93 8.85 1.49 42.03 3.42 <0.62 <0.44 <0.44 <0.44

CC 50% HepG2/THP-1 1 108 10.14 <0.32 1303.02 816.46 <0.92 604.42 763.64 <0.62 <0.44 0.77 <0.44

CC 50% HepG2/THP-1 2 17.78 77.16 13.98 79.83 66.31 28.89 41.48 41.76 6.94 <0.44 <0.44 0.49

CC 50% HepG2/THP-1 4 11.33 64.07 9.64 244.07 97.07 25.22 61.92 330.62 6.27 <0.44 0.58 <0.44

CC 50% HepG2/THP-1 8 8.13 51.62 6.05 97.96 260.33 52.82 188.64 129.72 39.88 <0.44 <0.44 <0.44

CC 50% HepG2/THP-1 16 10.14 27.29 11.05 118.14 185.06 67.65 138.99 152.06 100 <0.44 <0.44 <0.44

CC 50% HepG2/THP-1 24 43.72 <0.32 3.54 24.87 <0.92 12.82 <0.62 243.92 174.85 <0.44 <0.44 <0.44

CC 50% HepG2/THP-1 48 31.92 <0.32 32.51 97.96 <0.92 12.1 <0.62 415.97 203.96 <0.44 <0.44 0.97

0 <0.32 6.8 0.7 <0.92 3.32 <0.92 7.96 <0.62 <0.62 <0.44 <0.44 0.58

SC HepG2 0.5 <0.32 7.5 <0.32 <0.92 1.31 <0.92 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC HepG2 1 0.35 <0.32 <0.32 <0.92 <0.92 <0.92 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC HepG2 2 3.48 <0.32 0.35 1.76 <0.92 0.92 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC HepG2 4 8.24 <0.32 <0.32 44.3 <0.92 <0.92 <0.62 30.29 <0.62 <0.44 <0.44 <0.44

SC HepG2 8 0.35 0.57 0.35 <0.92 <0.92 <0.92 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC HepG2 16 <0.32 <0.32 1.23 <0.92 <0.92 1.23 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC HepG2 24 41.91 57.8 <0.32 1541.31 29.66 <0.92 206.92 1116.35 <0.62 <0.44 <0.44 <0.44

SC HepG2 48 <0.32 55.08 <0.32 <0.92 260.33 <0.92 639.58 <0.62 <0.62 <0.44 <0.44 <0.44

0 <0.32 6.8 0.7 <0.92 3.32 <0.92 7.96 <0.62 <0.62 <0.44 <0.44 0.58

SC 15 % THP-1 0.5 1.36 <0.32 <0.32 1.23 <0.92 <0.92 <0.62 <0.62 <0.62 <0.44 <0.44 <0.44

SC 15 % THP-1 1 8.69 6.51 2.78 7.32 2.49 1.96 12.66 9.33 2.24 <0.44 <0.44 <0.44

SC 15 % THP-1 2 4.07 7.29 3.54 42.81 10.74 13.31 53.32 92.64 40.68 <0.44 <0.44 <0.44

SC 15 % THP-1 4 4.65 6.05 4.14 18.44 26.29 32.46 101.8 43.41 62.65 <0.44 0.87 <0.44

SC 15 % THP-1 8 9.16 4.57 2.72 75.36 46.85 51.15 166.78 160.25 132.16 <0.44 <0.44 <0.44

SC 15 % THP-1 16 11.05 4.35 4.65 5.29 174.66 122.35 253.61 206.92 245.82 <0.44 <0.44 <0.44

SC 15 % THP-1 24 6.23 35.86 3.05 22.49 755.04 93.58 1132.18 245.82 300.81 <0.44 1.07 <0.44

SC 15 % THP-1 48 15.12 5.44 23.17 845.63 411.7 16.17 293.35 854.4 28.49 <0.44 <0.44 <0.44

0 <0.32 6.8 0.7 <0.92 3.32 <0.92 7.96 <0.62 <0.62 <0.44 <0.44 0.58

SC 50 % THP-1 0.5 <0.32 19.73 3.05 0.92 7.32 <0.92 16.12 <0.62 <0.62 <0.44 <0.44 <0.44

SC 50 % THP-1 1 15.63 11.6 5.96 39.93 14.06 13.06 64.9 34.79 28.49 <0.44 0.49 0.58

SC 50 % THP-1 2 16.15 13.82 5.78 159.38 80.59 62.42 198.2 158.14 113.36 <0.44 <0.44 <0.44

SC 50 % THP-1 4 17.6 13.36 5.78 113.06 160.72 141.62 424.1 73.8 217.79 <0.44 <0.44 <0.44

SC 50 % THP-1 8 19.53 12.46 6.51 415.04 293.68 216.16 632.32 530.3 381.99 <0.44 <0.44 <0.44

SC 50 % THP-1 16 17.41 40.85 9.89 1218.44 1315.7 538.95 584.6 763.64 432.45 0.77 <0.44 <0.44

SC 50 % THP-1 24 <0.32 7.09 13.98 <0.92 145.27 557.08 392.87 <0.62 625.18 <0.44 <0.44 0.58

SC 50 % THP-1 48 81.99 40.5 51.62 1897.97 620.86 1762.06 639.58 1216.04 792.36 2.27 <0.44 <0.44

timepoint 

[h]

IL‐1β TNF‐α MCP-1 IL-6

pg/ml pg/ml pg/ml pg/ml
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0 11.29 101.54 <0.47 0.78 0.98 1.17 <0.91 <0.91 <0.91 <0.17 0.89 0.89

CC 15 % HepG2/THP-1 0.5 36.17 16.7 47.32 1.09 <0.44 0.94 <0.91 <0.91 <0.91 0.4 1.02 0.37

CC 15 % HepG2/THP-1 1 32919 132 168.58 26.52 1.3 3.38 <0.91 <0.91 <0.91 0.5 1.27 1.37

CC 15 % HepG2/THP-1 2 1200 1732.62 1254.45 0.98 1.3 3.07 <0.91 <0.91 <0.91 <0.17 1.48 1.95

CC 15 % HepG2/THP-1 4 110.4 7858.48 4847.15 <0.44 1.09 6.06 <0.91 <0.91 <0.91 <0.17 0.4 0.89

CC 15 % HepG2/THP-1 8 9863 18196.56 14200.04 1.3 6.55 5.38 <0.91 <0.91 <0.91 0.17 1.77 0.72

CC 15 % HepG2/THP-1 16 8504 15697 8368.85 2.12 2.37 3.63 <0.91 <0.91 <0.91 <0.17 <0.17 <0.17

CC 15 % HepG2/THP-1 24 25231 >33713.06 25231.2 19.04 4.95 10.23 <0.91 <0.91 <0.91 <0.17 0.24 0.57

CC 15 % HepG2/THP-1 48 19015 32007.7 25875.78 8.93 5.38 8.62 <0.91 <0.91 <0.91 0.21 0.29 0.4

0 11.29 101.54 <0.47 0.78 0.98 1.17 <0.91 <0.91 <0.91 <0.17 0.89 0.89

CC 50% HepG2/THP-1 0.5 68.42 176.61 61.16 <0.44 1.17 0.98 <0.91 <0.91 <0.91 <0.17 0.6 0.37

CC 50% HepG2/THP-1 1 31133 22871.2 <0.47 27.89 46.75 <0.44 <0.91 <0.91 <0.91 2.71 0.17 <0.17

CC 50% HepG2/THP-1 2 1436 1490.29 1836.05 0.87 1.22 3.38 <0.91 <0.91 <0.91 0.93 3.26 1.89

CC 50% HepG2/THP-1 4 1336 3960.9 2265.51 8.62 2.12 0.45 <0.91 <0.91 <0.91 <0.17 2.71 0.6

CC 50% HepG2/THP-1 8 580.5 26544.37 6856.66 5.38 9.56 1.89 <0.91 <0.91 <0.91 0.89 1.37 0.29

CC 50% HepG2/THP-1 16 17806 26544.37 14200.04 2.37 5.38 6.06 <0.91 <0.91 <0.91 <0.17 0.76 0.68

CC 50% HepG2/THP-1 24 22871 2174.58 13925.03 7.75 <0.44 5.83 <0.91 <0.91 <0.91 2.08 <0.17 0.47

CC 50% HepG2/THP-1 48 21304 767.22 24009.57 8.62 <0.44 9.08 <0.91 <0.91 <0.91 1.37 <0.17 1.12

0 11.29 101.54 <0.47 0.78 0.98 1.17 <0.91 <0.91 <0.91 <0.17 0.89 0.89

SC HepG2 0.5 6.3 52.35 18.29 0.87 <0.44 <0.44 <0.91 <0.91 <0.91 <0.17 0.32 0.21

SC HepG2 1 24.2 25.17 35.76 <0.44 0.45 1.63 <0.91 <0.91 <0.91 <0.17 0.72 0.57

SC HepG2 2 138.5 <0.47 60.01 <0.44 <0.44 0.98 <0.91 <0.91 <0.91 0.17 <0.17 0.68

SC HepG2 4 4374 127.82 116.9 0.98 0.5 <0.44 <0.91 <0.91 <0.91 0.47 0.72 <0.17

SC HepG2 8 456.6 355.21 404.09 1.06 <0.44 <0.44 <0.91 <0.91 <0.91 <0.17 0.5 0.32

SC HepG2 16 329.4 493.07 481.8 0.57 1.06 1.09 <0.91 <0.91 <0.91 <0.17 <0.17 0.21

SC HepG2 24 22871 27238.15 736.76 40.4 10.75 <0.44 <0.91 <0.91 <0.91 0.4 1.32 <0.17

SC HepG2 48 1576 28706.52 1947.36 0.87 18.78 0.84 <0.91 <0.91 <0.91 0.57 1.27 0.47

0 11.29 101.54 <0.47 0.78 0.98 1.17 <0.91 <0.91 <0.91 <0.17 0.89 0.89

SC 15 % THP-1 0.5 58.3 0.83 <0.47 <0.44 1.48 <0.44 <0.91 <0.91 <0.91 <0.17 1.32 <0.17

SC 15 % THP-1 1 196.7 115.94 117.86 2.44 0.57 0.5 <0.91 <0.91 <0.91 0.29 0.17 1.07

SC 15 % THP-1 2 690.9 281.08 368.92 5.05 0.84 2.25 <0.91 <0.91 <0.91 <0.17 0.37 0.47

SC 15 % THP-1 4 344.6 467.22 520.48 2.44 3.15 2.19 <0.91 <0.91 <0.91 0.47 <0.17 <0.17

SC 15 % THP-1 8 1668 951.21 1168.9 6.18 5.16 7.2 <0.91 <0.91 <0.91 0.17 0.93 0.29

SC 15 % THP-1 16 29484 13143.69 5391.44 4.07 8.62 11.65 <0.91 <0.91 <0.91 0.21 0.21 1.12

SC 15 % THP-1 24 22871 28706.52 4429.83 4.85 30.42 23.93 <0.91 <0.91 <0.91 <0.17 0.47 1.32

SC 15 % THP-1 48 18197 32918.71 164.69 23.31 11.47 2.07 <0.91 <0.91 <0.91 0.6 <0.17 1.71

0 11.29 101.54 <0.47 0.78 0.98 1.17 <0.91 <0.91 <0.91 <0.17 0.89 0.89

SC 50 % THP-1 0.5 1.61 96.52 79.77 <0.44 1.09 0.87 <0.91 <0.91 <0.91 <0.17 1.89 0.21

SC 50 % THP-1 1 326.9 236.2 243.47 1.3 3.55 3.63 <0.91 <0.91 <0.91 0.37 0.24 0.5

SC 50 % THP-1 2 15073 669.14 545.3 3.55 7.33 6.8 <0.91 <0.91 <0.91 0.32 2.02 0.5

SC 50 % THP-1 4 7390 1423.3 897.03 3.98 13.63 7.75 <0.91 <0.91 <0.91 1.59 1.22 <0.17

SC 50 % THP-1 8 6467 4722.73 2336.93 16.77 20.95 20.39 <0.91 <0.91 <0.91 <0.17 2.02 0.93

SC 50 % THP-1 16 28707 32918.71 16358.7 10.06 34.73 23.93 <0.91 <0.91 <0.91 0.5 1.77 <0.17

SC 50 % THP-1 24 536.9 14773.53 23430.46 <0.44 15.59 32.71 <0.91 <0.91 <0.91 <0.17 0.5 0.72

SC 50 % THP-1 48 26544 29483.9 19443.28 24.88 18 100.38 <0.91 <0.91 <0.91 1.77 <0.17 1.32

timepoint 

[h]

IL-8 IL-10 IL-12 IL-18

pg/ml pg/ml pg/ml pg/ml


