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Figure 1. Pathways of fatty acids in the liver. Liver Free Fatty Acids (FFA) are derived 

from uptake of circulating FFAs and de novo synthesis. The FFAs are either oxidized (β-

oxidation) or esterified to triglycerides. Triglycerides are then released into circulation as 

Very Low Density Lipoprotein (VLDL) or stored within hepatocytes in vacuoles. (Guturu 

and Duchini 2012) (Int J Hepatol. 2012; 2012: 212865. Published online 2012 Jun 25. doi:  

10.1155/2012/212865). 

 

Figure 2. Scheme of Non-Alcoholic Fatty Liver Disease (NAFLD) spectrum from 

steatosis (fatty liver) to Non-Alcoholic SteatoHepatitis (NASH) 

(http://www.fix.com/blog/sugar-from-head-to-toe/) (05.06.2015). 

 

Figure 3. Scheme of the function of FAT/CD36 in the liver; TG = Triglycerides, FFA = 

Free Fatty Acids, FAT/CD36 = Fatty Acid Translocase/cluster of differentiation 36 

(modified from http://www.surgery.usc.edu/hepatobiliary/liversurgery.html). 

 

Figure 4. Scheme of selective whole liver irradiation of the rat. (A) by computer 

tomography (CT) calculated radiation field and dose distribution of rat liver irradiation, 

(B)  example of rat liver irradiation protocol with an anaesthetized rat and a clinical linear 

accelerator. (Sultan et al. 2013) (Liver Int. 2013 Mar;33(3):459-68. doi: 

10.1111/liv.12073. Epub 2013 Jan 18, page 3). 

 

Figure 5: Infiltration of Neutrophil Granulocytes by using antibody against CD11b/c 

(marker for Neutrophil Granulocytes and macrophages) after irradiation. A) sham-

irradiated (control) B) 6 h after irradiation (unpublished pictures of our group). 
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1. Zusammenfassung 

Die Strahlentherapie ist eine wichtige Methode, um Tumore zu behandeln. Die 

entscheidenden Effekte der Bestrahlung von tumorösem Gewebe werden der Schädigung 

von Tumor-DNA und der Zerstörung von Tumorgefäßen zugeschrieben. Strahlentherapie 

alleine oder in Kombination mit zytotoxischen Wirkstoffen ist eine wesentliche Methode 

in der Krebstherapie. Mit dem Aufkommen von atmungsgesteuerter Strahlentherapie und 

der Verbesserung stereotaktischer Techniken ist die strahlentherapeutische Behandlung 

von Lebertumoren möglich geworden. Dagegen ist jedoch die Auswirkung von Strahlung 

auf normales Gewebe, einschließlich das der Leber, wenig bekannt. 

Die Leber ist verantwortlich für den Energiestoffwechsel und die Entgiftung. Die 

Leberläppchen repräsentieren einen Schwamm aus Gefäßen und Schnüren aus 

Hepatozyten mit angrenzenden Kupffer-Zellen und einem variierenden Sauerstoffdruck, 

der mit einer Anfälligkeit für Mechanismen von oxidativem Stress assoziiert ist. Die 

Leber ist dadurch empfindlich gegenüber Bestrahlung, welche zusammen mit anderen 

Noxen im Verlauf der Zeit zur Leberschädigung (z.B. Entwicklung von Fibrose/Zirrhose) 

führen kann. Deshalb kann Bestrahlung zur Schädigung von nicht-tumorösem Gewebe 

führen. Strahleninduzierte Lebererkrankung (Radiation-Induced Liver Disease = RILD) ist 

eine klinische Komplikation, die durch das Auftreten von Aszites und Anzeichen einer 

verminderten Leberfunktion gekennzeichnet ist. Die Histopathologie zeigt 

Venenverschlusskrankheit und Atrophie von umliegenden Hepatozyten. 

Bestrahlung induziert bekanntermaßen eine Immunantwort und beeinflusst 

Fettstoffwechselwege, wobei Zytokine wie Tumornekrosefaktor-α (TNF-α) eine 

Schlüsselrolle spielen. Obwohl eine Verbindung zwischen Leberentzündung und 

Fettakkumulation bekannt ist, sind die metabolischen Veränderungen nach Bestrahlung 

wenig untersucht. 

Das Ziel der Arbeit war, die Änderungen in der Fettaufnahme und des Lipidprofils nach 

strahleninduzierter Leberschädigung zu untersuchen. Desweiteren wurden die Gene, die 

für Proteine kodieren, die am Import von Fett in die Leber nach Bestrahlung beteiligt 

waren, untersucht,. 

Rattenlebern wurden selektiv in vivo bestrahlt (25 Gray (Gy)), scheinbestrahlte Ratten 

fungierten als Kontrollen. Zusätzlich zum Rattenmodel, welches bereits in unserem Labor 

etabliert war, wurde ein Mausmodel der selektiven Einzeldosisbestrahlung (25 Gy) bei 
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gleichzeitiger Verabreichung von jeweils TNF-α und anti-TNF-α, Infliximab (IFX), 

entwickelt. 

Mit Hilfe von Nile Red- und Sudan III-färbung wurde die Fettakkumulation im 

Lebergewebe betrachtet. Leberlipide wurden durch colorimetrische Assays in 

Lebergewebe und Serum untersucht, Proteinlevel und mRNA-Expression wurden mittels 

Immunhistologie, Western Blot und RT-PCR im Lebergewebe analysiert. Veränderungen 

von FAT/CD36 auf Proteinebene nach Bestrahlung wurden in vitro in einer humanen 

Monozytenzelllinie (U937) mit oder ohne Gabe von anti-TNF-α untersucht. 

In der Rattenleber konnte mittels Nile Red in Gefrierschnitten eine rasche Zunahme (12–

48 hours (h)) von Fetttröpfchen dargestellt werden. Entsprechend waren die 

Konzentrationen der hepatischen Triglyzeride (TG) und der freien Fettsäuren (FFA) 

erhöht. Nach Bestrahlung wurde ein frühzeitiger Anstieg (3–6 h) der Serumwerte von 

High Density Lipoprotein-Cholesterin (HDL-C), sowie die TG- und Cholesterin-

Veränderungen mit darauffolgender Abnahme in der Rattenleber gemessen. 

Zusätzlich war die mRNA-Expression des Gens welches das Fetttransporterproteins 

FAT/CD36 kodiert erhöht, durch Immunhistologie wurde eine basolaterale und 

zytoplasmatische Lokalisierung dieses Transporters in Hepatozyten gezeigt. Desweiteren 

waren Apolipoproteine B100 und C3 und Schlüsselenzyme des Fettstoffwechsel wie 

Acetyl-CoA Carboxylase, Lipoproteinlipase, Carnitin-Palmitoyltransferase und Malonyl-

CoA Decarboxylase nach 12-24 h induziert. Eine frühe Aktivierung des NFκB-

Signalweges (IκBα) durch TNF-α konnte beobachtet werden, gefolgt von einer 

signifikanten Erhöhung der Serummarker für Leberschädigungen (Aspartat-Transaminase 

(AST) und Glutamatdehydrogenase (GLDH)) nach einmaliger Bestrahlung von 

Rattenlebern. Die Blockierung von TNF-α durch anti-TNF-α in Zellkultur (U937) 

verhinderte die gesteigerte strahleninduzierte Bildung von FAT/CD36. 

Ähnlich wie in der Rattenleber beobachtet, war die Genexpression von TNF-α, einem pro-

inflammatorischen Protein, in Mauslebergewebe im Vergleich zu scheinbestrahlten 

Kontrollen früh (1-3 h) induziert. Die gesteigerte TNF-α-Expression wurde zeitlich 

gefolgt von erhöhten Konzentrationen der Leber-Triglyzeride (6-12 h). Demgegenüber 

wurde ein verringertes Niveau der TG im Serum von bestrahlten Tieren zu den 

Zeitpunkten nachgewiesen, zu denen die Leber-Triglyzeride erhöht waren. 

Übereinstimmend mit der Höhe der TG-Konzentration in Mauslebern zeigte die 

Sudanfärbung von Leberkryoschnitten eine rasche (3-6 h) Akkumulation von Fett und die 

Zunahme in der Größe der Fetttröpfchen nach Bestrahlung. Parallel dazu war FAT/CD36 
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auf Proteinebene nach Bestrahlung erhöht. In vivo verhinderte die Blockierung von TNF-α 

durch anti-TNF-α die Zunahme von FAT/CD36 in der Mausleber. 

In der Immunhistochemie wurde die basolaterale und zytoplasmatische Lokalisierung von 

FAT/CD36 in murinen Hepatozyten gezeigt. Desweiteren konnte FAT/CD36 in CK19+-

positiven Zellen (Gallengangzellen), SMA+-positiven Zellen (Myofibroblasten) und 

F4/80+- positiven Zellen (Makrophagen) der Mausleber nachgewiesen werden. 

Die Ergebnisse der in vivo- und in vitro-Daten weisen darauf hin, dass IFX dadurch, dass 

es lösliches TNF-α blockiert, FAT/CD36 auf Proteinebene inhibiert, die Zunahme von 

FAT/CD36 durch TNF-α oder/und Bestrahlung in Leberexperimenten demnach 

verhindert; eine Voraussetzung dafür den Fetttransportes ins Gewebe zu kontrollieren. 

Der beobachtete Effekt von anti-TNF-α könnte zu einer Verminderung entzündlicher 

Prozesse, ausgelöst durch Bestrahlung und/oder TNF-α, in der Leber beitragen. Außerdem 

deutet das Vorhandensein von FAT/CD36 in verschiedenen Leberzelltypen, abgesehen 

von Hepatozyten, auf eine aktive Teilnahme dieser Zellen an den Mechanismen der 

Fettaufnahme in der Leber hin. 
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1. Summary 

Radiotherapy is an important method to treat tumors. The positive effects of 

irradiation on tumoral tissue are thought to be due to the damage of the DNA of tumor 

cells and the damage of tumor vessels. Radiation as single or together with anti-tumor 

drugs is a main therapy against cancer. Recent development in the radiotherapy such as 

respiratory-gated radiotherapy and the amelioration of stereotactic techniques has made 

radiotherapy of liver tumors possible. However, there has been little knowledge how 

irradiation affects healthy tissue. Accordingly, the effect of irradiation on healthy liver 

tissue is still poorly understood. 

The liver is responsible for energy metabolism and detoxification. Its lobules represent 

a sponge of vessels and hepatocyte cords with adjacent Kupffer cells and with a varying 

oxygen tension, implicating sensitivity to oxidative stress mechanisms. The liver is thus 

considered to be sensitive to irradiation, which together with other noxae could lead to 

liver damage (e.g. development of fibrosis/cirrhosis) over the course of time. Hence, 

irradiation might cause damage of (non-tumoral) liver tissue. Radiation-Iinduced Liver 

Disease (RILD) is a clinical complication characterized by the appearance of ascites and 

signs of decreased liver function. Histopathology shows veno-occlusive disease and 

atrophy of adjacent hepatocytes. 

Irradiation is known to induce an inflammatory response and affects fat metabolic 

pathways where cytokines, especially Tumor Necrosis Factor-α (TNF-α), play a key role. 

Although, a link between hepatic inflammation and fat accumulation has been described, 

the metabolic changes after irradiation have been poorly studied. 

The aim of the current study was to investigate changes in fat uptake and lipid profile after 

radiation-induced liver damage. Furthermore, the genes encoding proteins which are 

involved in transport of fat into the liver after selective liver irradiation were analyzed. 

Rat livers were selectively irradiated in vivo (25 Gy), sham-irradiated rats served as 

controls. In addition to the rat model, already established in our laboratory, a mouse model 

of selective single-dose irradiation (25 Gy) in presence or absence of TNF-α and anti-

TNF-α antibody, infliximab (IFX), was established. 

Nile red and Sudan staining were used to observe the fat accumulation in liver tissue. 

Hepatic lipids were studied by colorimetric assays in liver tissue and serum. Protein level 

and mRNA expressions were studied by immunohistology, Western Blot analysis and RT-

PCR in liver tissue, respectively. Changes in FAT/CD36 protein level were studied in 
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vitro in a human monocyte cell line U937 after irradiation in presence or absence of anti-

TNF-α antibody. 

In rat liver, Nile-Red staining of cryosections showed a quick (12–48 hours (h)) increase 

of fat droplets. Accordingly, concentrations of hepatic triglycerides (TG) and free fatty 

acids (FFA) were elevated. An early increase (3-6 h) in the serum level of High Density 

Lipoprotein-Cholesterol (HDL-C), TG and cholesterol was measured after single-dose 

irradiation in rat liver followed by a decrease thereafter. 

In addition, an increased mRNA expression of the fat transporter protein FAT/CD36 was 

detected, immunohistochemistry revealed basolateral and cytoplasmic localization of this 

transporter in hepatocytes. Moreover, apolipoprotein-B100, -C3 and key enzymes of fat 

metabolism (acetyl-CoA carboxylase, lipoprotein lipase, carnitine palmitoyltransferase, 

malonyl-CoA decarboxylase) involved in fat metabolism were induced at 12–24 h. An 

early activation of the NFκB pathway (IκBα) by TNF-α was seen, followed by a 

significant elevation of serum markers for liver damage (AST and GLDH) after single-

dose irradiation in rat liver. TNF-α blockage by anti-TNF-α in cell culture (U937) 

prevented the increase of FAT/CD36 protein level caused by irradiation. 

Similar to what was observed in rat liver, an early (1-3 h) induction of TNF-α gene 

expression, a pro-inflammatory protein, was seen in mouse liver tissue compared to sham-

irradiated controls. Increased TNF-α expression was followed by elevated hepatic TG 

concentration (6-12 h). In contrast, a decreased TG level was detected in the serum of 

irradiated animals at the same time points when liver TG were elevated.  

Corresponding to TG levels in mouse liver, Sudan staining of liver cryosections showed a 

quick (3-6 h) accumulation and increase in size of fat droplets after irradiation. In parallel, 

the fat transporter FAT/CD36 was increased at protein level after irradiation. In vivo, 

TNF-α blockage by anti-TNF-α in mice liver prevented the increase of FAT/CD36. 

Immunohistochemistry showed the basolateral and cytoplasmic localization in mice 

hepatocytes. Moreover, co-localization of FAT/CD36 was detected in CK-19+- (billary 

cells), SMA+- (myofibroblast) and F4/80+- (macrophages) cells in mouse liver.  

The results (in vivo and in vitro) suggest that IFX, by blocking soluble TNF-α, inhibits 

FAT/CD36 on protein level, preventing the increase of FAT/CD36 caused by TNF-α 

or/and irradiation in liver experiments, a prerequisite to control fat transport into tissue.  

The observed effect of anti-TNF-α might contribute to a reduction of inflammatory 

processes caused by irradiation and/or TNF-α in liver. Moreover, the presence of 
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FAT/CD36 in different liver cell types apart from hepatocytes strongly suggests their 

active involvement in liver fat uptake mechanisms. 
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2. Introduction 

2.1. Fat metabolism of the liver 

2.1.1. Fat metabolism in healthy liver 

The main function of the liver is to maintain the energy homeostasis in the body as it 

processes and enables the distribution of fatty acids (Reddy and Rao 2006). Despite from 

synthesizing fatty acids (de novo lipogenesis, DNL), liver has also the capability to 

degrade and convert the fatty acids approaching from the circulating system (Tamura and 

Shimomura 2005). The fatty acids may either be oxidized in the mitochondria, stored in 

the liver or exported to adipose tissue and muscles (Fig. 1) (Frayn et al. 2006). 

 

 

Figure 1. Pathways of fatty acids in the liver. Liver Free Fatty Acids (FFA) are derived from uptake of 

circulating FFAs and de novo synthesis. The FFAs are either oxidized (β-oxidation) or esterified to 

triglycerides. Triglycerides are then released into circulation as Very Low Density Lipoprotein (VLDL) or 

stored within hepatocytes in vacuoles. (Guturu and Duchini 2012) (Int J Hepatol. 2012; 2012: 212865. 

Published online 2012 Jun 25. doi:  10.1155/2012/212865).  

 

The parenchymal cells of the liver, i.e. hepatocytes, are the main responsible cells for 

metabolizing fat (Hayhurst et al. 2001). In case of high energy demand in the body, the 
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intrahepatic fatty acids may be metabolized by β-oxidation to provide energy in form of 

Adenosine Triphosphate (ATP) (Nguyen et al. 2008). In the case of low energy demand or 

increased supply of fatty acids due to dietary conditions, fatty acids are esterified with 

glycerol to form triglycerides. They can be stored within hepatocytes or exported into the 

circulating system (Meng et al. 2013). Triglycerides are collected into Very Low-Density 

Lipoproteins (VLDL) in association with lipoproteins, lipids and phospholipids to be 

exported from the liver into the peripheral system (Gibbons et al. 2004). Moreover, 

excessive fatty acids are stored within hepatocytes after being converted to triglycerides to 

neutralize the lipotoxic consequences (Gibbons et al. 2000). 

2.1.2. Fat metabolism in diseased liver 

Non-Alcoholic Fatty Liver Disease (NAFLD) is identified by an excessive 

accumulation of intrahepatic triglycerides which is often linked to risk factors such as 

obesity, type 2 diabetes, metabolic syndrome and coronary heart disease  (Fabbrini et al. 

2010). Clinically, it could lead to steatosis, Non-Alcoholic SteatoHepatitis (NASH), liver 

fibrosis, cirrhosis and eventually to hepatocellular carcinoma (Fig. 2) (Adams et al. 2005).   

 

 

Figure 2. Scheme of Non-Alcoholic Fatty Liver Disease (NAFLD) spectrum from steatosis (fatty liver) to 

Non-Alcoholic SteatoHepatitis (NASH) (http://www.fix.com/blog/sugar-from-head-to-toe/) (05.06.2015). 

 

The risk for patients to develop NASH and fibrosis increases from 2.7 % in lean 

individuals to 18.5 % in obese subjects (Adams et al. 2005), although the natural history 
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and rate of progression of NAFLD to NASH is contentious (Ekstedt et al. 2006). Patients 

suffering from diabetes mellitus and patients with an excessive consumption of alcohol, 

drugs and supernutrition (Cave et al. 2007) are often associated with fatty liver 

(Marchesini et al. 2001). Steatosis is pathologically characterized by excessive storage of 

intrahepatic triglycerides in more than 5% of hepatocytes (Hubscher 2006). Diseases such 

as hepatitis C, as well as medication and alcohol misuse are reported risk factors to 

develop steatosis. Indeed, inflammation alone or together with fibrosis worsen the clinical 

prognosis in the patients who develop NASH (Dixon et al. 2001). In fact, simple steatosis 

appears to have a low rate of progression to NASH. Subsequently it is believed that the 

majority of steatosis cases developing NASH with fibrosis or liver injury is due to a 

constant activation of inflammatory state in human body (Ong and Younossi 2007). A 

recent study on NAFLD has shown that the progression of steatosis is positively 

correlated with the grade of lobular inflammation, fibrosis and NASH (Chalasani et al. 

2008).The reason why some patients with fatty liver disease develop NASH and others do 

not, is still unclear. Besides of increased intake of nutritional fat and de novo hepatic 

lipogenesis, a consequence of hepatic lipid accumulation could be an increased lipolysis 

from adipose tissue. Additionally, an impaired oxidation of free fatty acids and secretion 

of VLDL-triglycerides could also be determining factors for this event (Tilg and Moschen 

et al. 2010). The main source of fatty acids leading to hepatic lipid accumulation and to 

NAFLD is their supply of serum Non-Esterified Fatty Acids (NEFAs) to the liver. This 

alone contributes to 60% of hepatic fat accumulation (Donnelly et al. 2005). 

2.2. The role of FAT/CD36 in fat metabolism 

Fat metabolism is a multifaceted process, which includes the participation and 

interaction of a huge variety of proteins. Fatty acid oxidative enzymes, e.g. Malonyl-CoA 

Decarboxylase (MCOAD), Carnitine PalmitoylTransferase (CPT) and lipoprotein lipase 

(LPL), and fatty acid synthesis enzymes, e.g. Acetyl-CoA Carboxylase (ACC), are 

holding key positions in fat metabolism pathways (Schreurs et al. 2010). In addition to 

these enzymes, membrane proteins such as Apolipoproteins (ApoC3 and ApoB100) and 

mitochondrial mitofusin-2 (Mtf-2)  (Jong et al. 2001;Sebastian et al. 2012) along with fat 

transporter proteins (Fatty Acid Binding Proteins (FABPs), Fatty Acid Transport Proteins 

(FATPs) and Fatty Acid Translocase (FAT/CD36)) contribute to distribution of fatty acids 

inside the cell and the peripheral system (Glatz et al. 2010). The recently discovered 
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cluster of differentiation protein 36 (FAT/CD36) is known to be a vital player in liver fatty 

acid transport (Fig. 3). 

 

Figure 3. Scheme of the function of FAT/CD36 in the liver; TG = Triglycerides, FFA = Free Fatty Acids, 

FAT/CD36 = Fatty Acid Translocase/cluster of differentiation 36 (adopted and modified from 

http://www.surgery.usc.edu/hepatobiliary/liversurgery.html). 

 

In different experimental models of NAFLD an elevated FAT/CD36 level was shown (Ge 

et al. 2010;Larter et al. 2010). Fatty Acid Translocase (FAT/CD36) is a transmembrane 

transport protein which is localized at the cell membrane of different cells, including 

macrophages, adipocytes and hepatocytes and is present in different organs (Zhang et al. 

2003). Posttranslational modifications are known for FAT/CD36, mainly N-linked-

glycosylation (Lauzier et al., 2011). It plays a critical role in metabolic disorders like 

diabetes mellitus, obesity and non-alcoholic hepatic steatosis (Fabbrini et al. 

2010;Fernandez-Real et al. 2009;Glatz et al. 2010;Su and Abumrad 2009) where the level 

of FAT/CD36 is increased and probably contributes to development of fatty liver disease 

(He et al., 2011). In contrast, some research groups suggest that the protein is not 

produced significantly in rodent liver (Abumrad et al. 1993). Presently, the occurrence and 

the level of FAT/CD36 is supposed to be dependent on gender, genetic background, and is 
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reflective of its numerous functions (Fabbrini et al. 2010). Active FAT/CD36 is an 88 kDa 

protein containing two domains crossing the cell membrane (Su and Abumrad 2009). It 

has a variety of ligands including fatty acids (Glatz et al. 2010). It has been shown that the 

inactive form of FAT/CD36 is a non-glycosylated protein of 54 kDa (Glatz et al. 2010), 

that has ten putative glycosylation sites which can be glycosylated in the Golgi apparatus 

and in the endoplasmic reticulum (Hoosdally et al. 2009). The pattern of FAT/CD36 

changes under different metabolic disorders; mostly elevated FAT/CD36 protein is 

leading to a higher import of fatty acids into the cells. For instance in diabetic patients, it 

is significantly participating in liver steatosis and oxygen stress induced by lipids (Bonen 

et al. 2006). 

2.3.  Hepatic radiotherapy and metabolic disorder 

In recent years, ionizing radiation has emerged as a useful tool for the treatment of 

tumors alongside surgery, chemotherapy, immunotherapy and hormonal therapy. Ionizing 

radiation causes damage of the tumor- and normal cells by damaging their DNA. 

However, normal cells can usually repair the damage, recover and maintain their normal 

functions. In general, the ability of tumor cells to repair the damages is not as effective as 

of normal cells. This concept is used for cancer treatment (Baskar et al. 2012). Although 

with the advancement of radiotherapy, efforts have been made to avoid or minimize the 

damage to healthy tissue, the treatment of liver cancer with ionizing radiation is still 

problematic, as the diseased liver is a highly sensitive organ and has low tolerance to 

radiotherapy (Cheng et al. 2002). There are also conflicting reports of simultaneously 

applied radiotherapy and chemotherapy (concomitant chemoradiotherapy). In addition, 

pretreatment of the liver with chemotherapeutics is known to lower the tolerance dose of 

ionizing radiation (Ruhl et al. 2010) which is another challenge in this regard. 

As the liver is the most important metabolizing organ in the body, simultaneous exposure 

to radiation energy and administration of cytostatic agents could lead to hepatic metabolic 

dysfunction, which might be connected to radiation-induced protein degradation and cell 

stress response in membranes. Recently, a radiation-induced increased peroxidation 

together with cell membrane damage and related proteins has been shown in fibroblasts 

(Kwon et al. 2014). In fact, mechanisms of fatty acid transport have been poorly 

investigated in other organs and furthermore the consequences of targeted liver radiation 

on fatty acid transport have not been studied so far.  
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2.4.  Animal model for studies of liver irradiation 

Irradiation is one of the therapeutic tools against cancer. Administration of irradiation 

however has negative effects on non-tumoral tissue (Burdak-Rothkamm and Prise 2009). 

The liver is affected by the development of primary tumors such as hepatocellular or 

cholangiocellular carcinoma, but most often the liver is the target of tumor metastasis 

(Koshariya et al. 2007). It is considered to be sensitive to irradiation (Christiansen et al. 

2006;Christiansen et al. 2007) with a threshold radiation dose of  20-30 Gy (Gray) for the 

whole liver (Anscher et al. 1990). 

 

 
Figure 4. Scheme of selective whole liver irradiation of the rat. (A) by computer tomography (CT) 

calculated radiation field and dose distribution of rat liver irradiation, (B)  example of rat liver irradiation 

protocol with an anaesthetized rat and a clinical linear accelerator. (Sultan et al. 2013) (Liver Int. 2013 

Mar;33(3):459-68. doi: 10.1111/liv.12073. Epub 2013 Jan 18, page 3). 

 

Because the molecular changes in normal irradiated liver have not been analysed so far, a 

model for rat liver irradiation was developed by Christiansen et al. (Fig. 4) (Christiansen 

et al. 2006). Its purpose was to examine and understand acute and chronic effects of 

selective single-dose irradiation at mRNA and protein level in the liver. In addition to this 

rat model of single-dose liver irradiation, a mouse model for selective single-dose 

irradiation of the liver was established. 
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2.5.  Aims of the Study 

The liver is the central organ for the control of the glucose, protein and fat 

metabolism. Therefore, hepatic functional impairment can lead to serious consequences 

regarding metabolic diseases such as hepatic steatosis. The main reasons for this disorder 

are the disturbance or imbalance in fatty acid uptake, synthesis, oxidation and secretion.  

Radiation-induced metabolic disruption has been reported which resulted in accumulation 

of fat in adipose tissue (Jo et al. 2011). Clinically, Radiation-Induced Liver Disease 

(RILD) is a well-known problem (Shim et al. 2007)  mainly due to vessel damage 

(Lawrence et al. 1995), which leads to an increase of acute phase proteins with release of 

inflammatory mediators (Malik et al. 2010;Sultan et al. 2012). Although an association 

between excessive fat accumulation followed by inflammation has been described, little is 

known about the effect of single-dose selective liver irradiation on hepatic fat 

accumulation and associated fat transport pathways.  

A previous study of our group showed radiation-induced inflammation which was 

mediated by inflammatory cytokines (esp. TNF-α) (Christiansen et al. 2007) and 

chemokines followed by infiltration of neutrophil granulocytes in the irradiated liver 

(Malik et al. 2010).  The aim of the present work was to explore the alteration in lipid 

profile and fat uptake in relation to radiation-induced hepatic inflammation. Furthermore, 

we were interested to examine the protein(s) involved in transport of fat into the liver after 

selective liver irradiation. 

The general question was: Is fat uptake and fat metabolism affected by irradiation and/or 

radiation-induced inflammation (role of TNF-α) in the liver? 
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Therefore the experiments addressed the following targets:   

• To investigate if fat accumulation can be seen in irradiated liver through staining and lipid 

profiles analysis in serum and liver after single-dose irradiation  

• To determine the main cell type of fat transporter FAT/CD36 production in the liver and 

to examine its regulation after irradiation 

• To examine the relation between fat metabolism and radiation-induced inflammation in 

vivo and in vitro: 

a) Investigation of the direct or indirect (through TNF-α) effect of irradiation on fat 

transporter FAT/CD36 gene expression and protein level and 

b) Whether inhibition of TNF-α by anti-TNF-α-therapy (infliximab) could reverse 

the effect of radiation on FAT/CD36 

The understanding of this metabolic pathway can lead to new potential therapeutic targets 

for treatment of steato-hepatitis in patients during or after upper abdominal radiation 

treatment. 
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3. Results 

The main focus of this study was to investigate the influence of ionizing single-dose 

irradiation and/or radiation-induced inflammation on the lipid profile and proteins 

involved in fat metabolism. To achieve this aim, different molecular and biochemical 

techniques were used in several animal and cell models. In addition to analyzing the 

changes in lipid profile of these studied models, expression of genes encoding for proteins 

that are involved in fat metabolism were investigated at mRNA and protein level. The 

main focus was put onto fatty acid transporter FAT/CD36, a key protein in fatty acid 

transport. The results of these studies were set into two of the following manuscripts, 

which have already been published in peer-reviewed journals.  

3.1. Hepatic fat accumulation and regulation of FAT/CD36: an effect of hepatic 

irradiation 

3.2. The anti-TNF-α antibody infliximab inhibits the expression of fat-

transporter-protein FAT/CD36 in a selective hepatic-radiation mouse model 
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3.1 Hepatic fat accumulation and regulation of FAT/CD36: an effect of 

hepatic irradiation 

In the first part of the thesis the fat metabolism was analyzed in rat liver following 

single-dose irradiation. Increasing intracellular fat accumulation was observed via 

fluorescent staining with lipophilic dye Nile Red. The analysis of the lipid types revealed 

increased free fatty acid levels, triglycerides and total lipids in the liver at the 

corresponding time points (12, 24 and 48 h after irradiation). Strikingly, the triglycerides 

were decreased at the corresponding time points in the serum. mRNA levels of several 

genes encoding proteins that are involved in fat metabolism of hepatocytes were analyzed 

by real time PCR, whereas fatty acid transporter FAT/CD36 was chosen for further 

studies; it showed the most outstanding gene expression among all studied genes. 

FAT/CD36 plays a crucial role in metabolic disorders and diabetes in regulating fatty acid 

transport and fat accumulation in the liver of those patients. Parallel to increase in fat 

droplets, increasing protein level of FAT/CD36 in total rat liver lysate of both active and 

inactive isoform could be shown. Moreover, TNF-α, a pro-inflammatory cytokine, has 

shown to be the main inducer of FAT/CD36 through the NF-κB pathway in our model.  In 

vitro data revealed an inhibition of the FAT/CD36 protein increase caused by irradiation 

by using anti-TNF-α antibody to block the radiation-induced TNF-α protein increase.  

Authors: Gesa Martius, Salamah Mohammad Alwahsh, Margret Rave-Fränk, Clemens 

Friedrich Hess, Hans Christiansen, Giuliano Ramadori and Ihtzaz Ahmed Malik 

Status: Published in Int J Clin Exp Pathol. 2014 Jul 15;7(8):5379-92. eCollection 2014 
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7: Ihtzaz Ahmed Malik: research theme design, data interpretation, improved the 

manuscript 
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3.2.  The anti-TNF-α antibody infliximab inhibits the expression of fat-

transporter-protein FAT/CD36 in a selective hepatic-radiation mouse model 

We could previously show that TNF-α is involved in enhancing FAT/CD36 protein 

level and that this effect could be decreased by anti-TNF-α-antibody Infliximab (IFX) in 

vitro. We now studied the effect of TNF-α and IFX in vivo in a mouse model of single-

dose liver irradiation. The concentration of triglycerides in liver of irradiated mice was 

elevated and reached a maximum at 12 h, but the concentration of triglycerides in the 

serum decreased at the corresponding time points reaching a minimum at 12 h. An 

increase in fat accumulation could also be shown by Sudan staining with clearly visible fat 

droplets at 6 and 12 h. Similar to rat liver, radiation-induced increase of FAT/CD36 

protein level was observed in the mouse after irradiation and TNF-α administration, 

respectively. The protein level of the hepatic FAT/CD36 was further enhanced when 

TNF-α was administered prior to irradiation. In contrast, elevated FAT/CD36 protein level 

caused by irradiation was prevented when anti-TNF-α (IFX) was administered just before 

irradiation.  

Authors: Gesa Martius, Silke Cameron, Margret Rave-Fränk, Clemens Friedrich Hess, 

Hendrik A. Wolff and Ihtzaz A. Malik 

Status: Accepted for publication in International Journal of Molecular Science on 13th 
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4. Discussion 

4.1. Hepatic fat accumulation and regulation of FAT/CD36: an effect of 

hepatic irradiation 

The development of advanced ionizing radiation techniques in clinic has opened a new 

treatment option for tumor therapy. As radiotherapy offers the possibility to focus the 

tumor precisely, it is more attractive compared to other therapies. The use of radiotherapy 

in liver is limited as the liver is considered to be radio-sensitive. Furthermore, 

radiotherapy is often applied together with chemotherapeutic agents, which have to be 

metabolized by the liver, providing an extra stress to the organ. Accordingly, tumor-

adjacent tissue is also often affected, which is still another challenge. 

The liver is a complex organ consisting of different cell types and tissue compartments 

responsible for major metabolic processes such as energy metabolism and detoxification. 

The lobules of the liver represent a sponge of vessels and hepatocyte cords with adjacent 

Kupffer cells with a varying oxygen tension implicating sensitivity to oxidative stress 

mechanisms, which is considered to make the liver sensitive to irradiation. The situation 

can become worse when irradiation is applied together with other chemotherapeutic 

agents (noxae). It could lead to liver damage (e.g. development of fibrosis/cirrhosis) over 

the course of time. Hence, irradiation might cause damage of (non-tumoral) liver tissue. 

Radiation-Induced Liver Disease (RILD) is a clinical problem which is often accompanied 

with ascites and signs of decreased liver function (Lawrence et al., 1995). Histopathology 

shows veno-occlusive disease and atrophy of adjacent hepatocytes as a consequence of 

radiotherapy.  

The sensitivity of the liver for irradiation is associated with released inflammatory 

mediators. Indeed, radiation-induced inflammation factors in healthy and diseased tissue 

are still only partially understood. Recently, an increased production of acute phase 

proteins, release of pro-inflammatory mediators, oxidative stress and infiltration of 

inflammatory cells after liver irradiation is described (Malik et al. 2010;Sultan et al. 

2012).  

Accordingly, the current study exhibited the hepatic inflammation with infiltration of 

neutrophil granulocytes around the portal area (Fig. 5) followed by a significant elevation 

of serum markers for liver damage (Aspartate Transaminase (AST) and Glutamate 
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Dehydrogenase (GLDH)). Moreover, an increase of pro-inflammatory cytokines, mainly 

TNF-α, in serum and liver tissue of rat and mouse after irradiation was also observed. 

 

 

Figure 5: Infiltration of neutrophil granulocytes into hepatic portal area demonstrated by using an antibody 

against CD11b/c (marker for neutrophil granulocytes and macrophages) after irradiation. A) sham-irradiated 

(non-irradiated control) B) 6 h after irradiation (unpublished pictures of our group). 

 

It is universally well-known that the inducers of inflammation are diverse. Chemical 

substances, microbial invasion or mechanical injury can lead to inflammation processes 

involving different mediators and cells (Amanzada et al. 2014;Schlayer et al. 1988). 

Kupffer cells are the main inflammatory mediators-producing cells in the liver such as 

cytokines and chemokines during inflammatory conditions (Decker 1990). They are 
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mostly responsible for eliminating damaging agents and damaged cells (Herskind et al. 

1998). The inflamed tissue induces the acute phase response by releasing Acute Phase 

Proteins (APPs) in order to restrict the area of damage (Ramadori and Christ 1999). These 

acute phase proteins are released by hepatocytes after cytokine stimulation and are 

responsible for in turn inducing or decreasing the production of other proteins (Ramadori 

and Meyer Zum Buschenfelde 1990). 

4.1.1. Hepatic inflammation and fat metabolism 

An association between excessive fat accumulation followed by inflammation has 

been partially described (Reddy and Rao 2006), but hepatic metabolic changes after 

irradiation have not been investigated so far. Hence, the aim of the current study was to 

investigate changes in fat uptake and lipid profile after radiation-induced liver damage. 

The genes that encode for proteins which are responsible for the transportation of fat into 

the liver from circulation were studied after selective liver irradiation.  

4.1.2. Fat accumulation and regulation of FAT/CD36 in rat liver 

after irradiation 

An increase in fat accumulation demonstrated by Nile red staining was noticed 

after liver irradiation. In parallel, Triglyceride (TG) and Free Fatty Acid (FFA) levels 

were also elevated in liver tissue, confirming the accumulation of fat within the cells. An 

early increase (3-6 h) in serum High Density Lipoprotein-Cholesterol (HDL-C), TG and 

cholesterol levels was also found. According to the increased FFA and TG levels, an 

increased expression of genes that encode for proteins that are involved in fat metabolism 

such as enzymes (ACC-2, LPL, Mtf-2), lipoproteins (ApoB100, ApoC3), and transport 

proteins (L-FABP, FATP-1, FAT/CD36) was detected at 1-48 h in liver tissue at mRNA 

level after irradiation. FAT/CD36 showed the highest increase among all studied genes. 

Hepatic steatosis is a consequence of lipid droplet accumulation in (Tiniakos et al. 

2010;Zhou et al. 2008) that may result in metabolic dysfunctions, for instance alteration in 

β-oxidation, Very Low-Density Lipoprotein (VLDL) secretion, and pathways 

participating in fatty acid synthesis (Buettner et al. 2006). The disturbance of long-chain 

fatty acids (LCFA) and TG metabolism has been reported to be the major cause of non-

alcoholic fatty liver disease (NAFLD) as well as of diabetes and insulin resistance. 
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Accordingly, more import than export of fatty acids into the cells could be another 

explanation for intracellular fat accumulation (Fabbrini et al. 2010;Tiniakos et al. 2010). 

Several proteins control the processes of fatty acid uptake, synthesis and esterification 

(“input”) as well as fatty acid oxidation and the export of triglycerides (“output”) and thus 

regulate the concentration of triglycerides in hepatocytes (Nguyen et al. 2008). ACC-2 

regulates the metabolism of fatty acids (Abu-Elheiga et al. 2012). Our study showed an 

elevated level of ACC-2 mRNA which displays the synthesis of new fatty acids (de novo) 

and simultaneously an increased fatty acid hydrolysis characterized by an amplified LPL 

level which is in accordance to previous studies (Degrace et al. 2006).  

In order to transport fatty acids into hepatocytes, several proteins are necessary such as 

putative fatty acid transporter Fatty Acid Translocase (FAT/CD36), Fatty Acid Transport 

Protein-1 (FATP-1) and Liver Fatty Acid Binding Protein (L-FABP) (Grefhorst et al. 

2002;Motojima et al. 1998;Oyama et al. 2005;Storch and Thumser 2000). Expression of 

L-FABP and FATP-1 was nearly unaffected by irradiation. These proteins are facilitating 

the transport of fatty acids within the cell and through membranes (Coe and Bernlohr 

1998). Nevertheless, the impact of those proteins in liver homoeostasis is not fully 

understood. However, the putative long chain fatty acid transporter FAT/CD36 showed 

the highest increase in rat liver after irradiation. 

Previous studies reported a role of FAT/CD36 in the process of development of steatosis 

due to hepatic triglyceride accumulation. (Koonen et al. 2007;Zhou et al. 2008). This 

observation might be most crucial to explain steatosis in our model. Furthermore, a link 

between Apo100 and ApoC3 and increased triglyceride concentration has already been 

documented. These proteins are also known to play a role in fat export (Degrace et al. 

2006). An increased expression of these genes could be an additional reason for steatosis 

through impaired transport of fatty acids out of liver cells. 

Irradiation is known to damage the mitochondrial structure of a cell (Gupta et al. 2004). 

Indeed, disturbance in the hepatic mitochondrial function contributes to hepatic lipid 

accumulation (Perez-Carreras et al. 2003;Rector et al. 2010). Here, we observed the 

increased mRNA transcription of carnitine palmitoyltransferase-1α (CPT-1 α) and 

Mitofusin-2 (Mtf2); the corresponding proteins are participating in mitochondrial 

biogenesis. The CPT-1α protein determines the rate of long-chain fatty acids passing 
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through the mitochondrial outer membrane to be metabolized by β-oxidation (Akkaoui et 

al. 2009;Bruce et al. 2009;Jambor de Sousa et al. 2005). The enzyme Malonyl-CoA 

Decarboxylase (MOCAD) is highly expressed in the liver and also takes part in the 

degradation of fatty acids, as it catalyzes the decarboxylation of malonyl-CoA to acetyl-

CoA (Dyck et al. 2000). CPT1α and MCOAD are linked by malonyl-CoA; this molecule 

can inhibit CPT1α and finally the mitochondrial β-oxidation (Akkaoui et al. 2009). A 

highly increased expression of MCOAD and CPT-1α mRNA in the current study indicates 

an altered metabolism of fatty acids through mitochondria caused by elevated intracellular 

fatty acids. 

Taken together, our current study established a quick hepatic steatosis model by selective 

rat liver irradiation.  Furthermore, increased transport of fat into the liver could be due to 

elevated FAT/CD36 level which is influenced by radiation-induced cytokines (e.g TNF-

α). 

Radiation acts through the activation of oxidative stress and induction of inflammatory 

response. Likewise, radiation-induced microcirculation damage is also known. An 

association between fat storage (through up-regulation of transporter mechanisms) and the 

radiation-induced inflammatory response (mediated by cytokine secretion) has not been 

investigated so far. TNF-α is a key player of inflammation that acts mainly through its 

transcription factor nuclear transcription factor (NF)-κB which is a pivotal regulator of 

several genes involved in i.e. inflammation. Phosphorylation of the p65 subunit and the 

degradation of IκBα are known to activate this pathway, which is in accordance to the 

current study. It suggests that selective liver irradiation induced an acute inflammation 

mainly through the TNF-α-induced NF-κB pathway in our current experimental models. 

Another aim was to address the question whether an increase in FAT/CD36 after 

radiation-induced liver damage could also be due to the direct effect of inflammatory 

mediators (e.g TNF-α). Therefore, we inhibited the radiation-induced TNF-α effect by 

using anti-TNF-α (infliximab, IFX) and examined if blocking TNF-α in the presence of 

irradiation could prevent the induction of fat transporter protein FAT/CD36 in vitro. To 

this end, a human monocytic cell line U937 (characteristics of macrophages) was cultured 

and treated with the “major” pro-inflammatory cytokine TNF-α. Similarly to what was 

observed in liver tissue after irradiation, an increase in protein level of FAT/CD36 was 
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found after TNF-α administration and/or irradiation whereas such an increase was 

inhibited by the addition of anti-TNF-α into culture medium. 

4.2. The anti-TNF-α antibody infliximab inhibits the expression of fat-

transporter-protein FAT/CD36 in a selective hepatic-radiation mouse 

model 

 
In order to confirm the in vitro data, a similar model of liver irradiation was generated in 

the mouse. According to data that were gathered in experiments of our rat model, an elevated 

TG level was detected in the liver of animals in our mouse model in parallel to decreased 

serum TG level, suggesting increased lipid transport from the circulation into the liver. 

Accordingly, by means of Sudan III staining, an increased accumulation of fat droplets was 

observed in the liver, confirming further our results. Corresponding to increased hepatic TG 

level and excessive number of fat droplets, an elevated level of fat transporter protein 

FAT/CD36 was noticed at mRNA and protein level in mice liver after irradiation in the 

presence or absence of TNF-α administration. The magnitude of FAT/CD36 was higher when 

TNF-α was administered prior to irradiation in comparison to irradiation alone. In contrast to 

this finding and in agreement with in vitro data, the radiation-induced FAT/CD36 increase 

was prevented early when anti-TNF-α (infliximab) was administered just before irradiation in 

mice. 

A role of anti-TNF-α therapy in fat-related disorder has already been discussed. Previous 

reports revealed the beneficial effect of anti-TNF-α therapy in hindering the progression of 

steatohepatitis, alcoholic steatohepatitis and non-alcoholic fatty liver disease in human. 

Similar effect was also reported in rodents (Li et al. 2003;Manco et al. 2007). 

Another interesting finding in our work was to observe the presence of FAT/CD36 not 

exclusively in hepatocytes but also in other liver cells such as liver macrophages (Kupffer 

cells) and smooth muscle actin-positive (SMA) cells. Likewise, a weak detection of 

FAT/CD36 was also observed in bile duct cells (CK-19+). The occurrence of FAT/CD36 in 

liver non-parenchymal cells might explain the delayed increase of FAT/CD36 in time in 

mouse liver after irradiation in the presence of anti-TNF-α. It indicates the active role of 

non-parenchymal cells (i.e. liver macrophages), alongside the parenchymal cells (i.e. 

hepatocytes). 

54 
 



The main function of the liver is to maintain energy homeostasis in the body as it 

processes and facilitates the distribution of fatty acids (Reddy and Rao 2006). Functional 

impairment of the liver as being the main metabolic organ has serious consequences 

which could lead to hepatic steatosis and ultimately to fibrosis and cirrhosis. Hepatic 

steatosis is the result of a disturbed balance in fatty acids uptake, synthesis, oxidation and 

secretion (Tilg and Moschen 2010). Several proteins are known to be involved in the 

process of fatty acid uptake; among them the role of FAT/CD36 is well accepted (He et al. 

2011). For instance, overexpression of FAT/CD36 has been associated with higher fatty 

acid and lipoprotein influx and/or utilization. Similarly, a role of FAT/CD36 in metabolic 

disorders and hepatic steatosis is also established (Zhou et al. 2008). Increased level of 

FAT/CD36 has been reported in experimental models of NAFLD and patients as well (Ge 

et al. 2010). In several animal models, the lack of FAT/CD36-mediated lipid uptake 

prevented lipotoxicity in liver and muscle (Koonen et al. 2007;Yang et al. 2007), 

suggesting the important role of FAT/CD36 in the uptake of fatty acids into the liver. 

In fact, irradiation-stimulated tissue fat accumulation has only been reported in extra-hepatic 

tissue (i.e. mouse gonadal adipose tissue) with a disturbance in metabolic pathway (Jo et al. 

2011). Additionally it has been supposed that FAT/CD36 actively participates in long-chain 

fatty acid uptake into the cell as well as into mitochondria. It suggests a role of FAT/CD36 

directly linked to energy metabolism of the cell and higher fatty acid oxidation upon increased 

production (Campbell et al. 2004). 

Indeed, abnormal mitochondrial fatty acid oxidation generates an increased production of 

Reactive Oxygen Species (ROS) (Rosca et al. 2012) which results in cell injury 

(inflammation). A similar observation has been made in the same animal model by our group, 

where an increased amount of ROS was detected after irradiation (Malik et al., manuscript in 

preparation), suggesting the connection between radiation-induced inflammation and 

metabolic impairment. Accordingly, a previous study found a direct effect of irradiation on 

mitochondria which could be the case in our study as well (Yamamori et al. 2012). The 

involvement of mitochondria could be a possible explanation of the observed late increase of 

FAT/CD36 protein in the liver after irradiation. This increased production of FAT/CD36 

protein could originate from Kupffer cells and smooth muscle actin-positive cells as they are 

also affected by irradiation and hypoxia. 
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Taken together, a rapid hepatic steatosis model was developed by selective liver irradiation in 

rat and mouse. Moreover, radiation-induced acute phase response was followed by 

accumulation of hepatic fat via activation of FAT/CD36, a key fat transporter protein. In 

addition, gene expression of TNF-α, a central pro-inflammatory cytokine, was induced after 

irradiation, the main regulator of FAT/CD36 in the current study. Hence, anti-TNF-α therapy 

inhibited the FAT/CD36 activation, indicating an important role of this cytokine in hepatic fat 

metabolism. As fatty acid uptake is a multifactorial process, thus based on our data, it can be 

concluded that inhibition of more than one gene is required to control fat metabolism 

regulative pathways. Similarly, inflammatory mediators (e.g.TNF-α) present an interesting 

target in this process. Further studies are required to investigate the relationship between 

radiation-induced inflammation and metabolic changes. 

4.3. Future endeavors and perspectives 

In this study we examined the effect of ionizing radiation on fat metabolism, gene 

expression and protein level in a rat and mouse model of in vivo single-dose liver 

irradiation. A time-dependent increase of fat accumulation was observed by lipophilic 

staining in liver sections at late time points (12, 24, 48 h) as well as an increased 

concentration of lipids such as triglycerides in total liver lysates of irradiated animals. To 

further study the role of FAT/CD36 in fat accumulation, it could be a fundamental step to 

concentrate on FAT/CD36-knock-out mice, as it is hypothesized that fat accumulation in 

liver of those mice would be prevented or at least decreased after irradiation. Additionally, 

the administration of anti-obesity drugs prior to irradiation might offer the opportunity to 

investigate the previously mentioned aim. Accordingly, a link between radiation-induced 

inflammation and fat accumulation was revealed by TNF-α and anti-TNF-α administration 

in in vitro and in vivo experiments. As TNF-α was inducing FAT/CD36 protein level, it 

might be of interest to investigate the TNF-α signaling pathway in detail and targeting 

other inflammatory mediators. As FAT/CD36 is probably not the only protein involved in 

fatty acid transport, the investigation of interacting partner could be an important aim to 

understand the mechanisms of radiation-induced fat accumulation in the liver. 

From a clinical point of view, regulation of fat metabolism could be an underestimated 

response in radiotherapy. Further understanding of the fat metabolism before and during 

radiotherapy could help to understand hepatic lipid metabolism for the prevention and/or 

treatment of NAFLD.  However, prospective studies would need to be performed to correlate 
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fat metabolism dynamics following irradiation to the clinical course of patients developing 

irradiation-related problems. 
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6. Abbreviations 
 

APP    Acute phase proteins 

APR    Acute phase response 

AST    Aspartate aminotransferase 

ATP    Adenosine triphosphate 

CK19    Cytokeratin 19 

CoA    Coenzyme A 

CT    Computer-Tomograph 

DNA    Deoxyribonucleic acid 

DNL    De novo lipogenesis 

FABP    Fatty acid binding protein 

FAT/CD36   Fatty acid translocase/cluster of differentiation 36 

FATP    Fatty acid transport protein 

FFA    Free fatty acid 

GLDH    Glutamate Dehydrogenase 

Gy    Gray 

H    Hour 

HCC    Hepatocellular carcinoma 

HDL-C   High density lipoprotein- cholesterol 

IFX    Infliximab (anti-TNF-α) 

IκBα    NFκB inhibitory subunit α 

IP    Intraperitoneal 

kDa    Kilodalton 

µm    Mikrometer 

mRNA    messenger ribonucleic acid 

n    number of animals per timepoint 

NAFLD   Non-alcoholic fatty liver disease 

NASH    Non-alcoholic steatohepatitis 

NEFA    Non-esterified fatty acid 

NF-κB    Nuclear factor κB 

N-linked glycosylation Nitrogen-linked glycosylation 

OD    Optical density 

P    Probability value 
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PCR    Polymerase chain reaction 

 (q)RT-PCR   (quantitative) Real-Time-Polymerase Chain Reaction 

RILD    Radiation-induced liver disease 

ROS    Reactive oxygen species 

RT    Radiation therapy 

SEM    Standard error of the mean 

SMA    Smooth muscle actin 

TG    Triglyceride 

TNF-α    Tumor necrosis factor α 

VLDL    Very low-density lipoprotein 
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