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Abstract: Irradiation is known to induce inflammation and affect fat metabolic pathways. The current study investi-
gates hepatic fat accumulation and fatty acid transportation in a rat model of single dose liver irradiation (25-Gy). 
Rat livers were selectively irradiated in-vivo (25-Gy), sham-irradiated rats served as controls. Hepatic lipids were 
studied by colorimetric assays in liver and serum. Intracellular lipids, protein and mRNA were studied by Nile red 
staining, immunohistology, Western Blot analysis and RT-PCR in liver, respectively. Changes in FAT/CD36 expres-
sion were studied in-vitro in a human monocyte cell line U937 after irradiation in presence or absence of infliximab 
(IFX). Nile Red staining of liver cryosections showed a quick (12-48 h) increase in fat droplets. Accordingly, hepatic 
triglycerides (TG) and free fatty acids (FFA) were elevated. An early increase (3-6 h) in the serum level of HDL-C, 
TG and cholesterol was measured after single dose irradiation followed by a decrease thereafter. Furthermore, 
expression of the fat transporter protein FAT/CD36 was increased, immunohistochemistry revealed basolateral and 
cytoplasmic expression in hepatocytes. Moreover, apolipoprotein-B100, -C3 and enzymes (acetyl-CoA carboxylase, 
lipoprotein-lipase, carnitine-palmitoyltransferase, malonyl-CoA-decarboxylase) involved in fat metabolism were in-
duced at 12-24 h. Early activation of the NFkβ pathway (IκBα) by TNF-α was seen, followed by a significant elevation 
of serum markers for liver damage (AST and GLDH). TNF-α blockage by anti-TNF-α in cell culture (U937) prevented 
the increase of FAT/CD36 caused by irradiation. Selective liver irradiation is a model for rapid induction of steatosis 
hepatis and fat accumulation could be triggered by irradiation-induced inflammatory mediators (e.g. TNF-α).
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Introduction 

The liver regulates the metabolism of glucose, 
proteins and fat. Storage of lipids occurs in 
hepatocytes as free fatty acids (FFA), triglycer-
ides (TG) and cholesterol, whereby the liver is 
the main organ which synthesizes TGs and cho-
lesterol [1].

As the liver is the pivotal metabolic organ, 
hepatic impairment may have serious conse- 
quences.

Hepatic steatosis occurs whenever there is an 
imbalance among the uptake, synthesis, oxida-
tion and secretory pathways of fatty acid 
metabolism [2]. Sources of fatty acids for 
hepatic TG synthesis are derived from the plas-
ma non-esterified fatty acids (NEFA) pool and 

from de novo hepatic lipogenesis (DNL), mainly 
from glucose [1]. Moreover, a fat-enriched diet 
also contributes to elevate liver TG and fatty 
acids.

Fat homeostasis is controlled by a number of 
factors including different enzymes, transcrip-
tion factors, membrane and/or intracellular pro-
teins involved in transport, synthesis and deg-
radation of fat [3].

Free fatty acids are taken up by hepatocytes via 
transport proteins like the transporter fatty acid 
translocase (FAT/CD36), fatty acid transport 
protein-1 (FATP-1) and liver fatty acid binding 
protein (L-FABP) [4].

FAT/CD36 is a membrane bound glycoprotein 
present on platelets, mononuclear phagocytes, 
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Table 1. Sequence of the primers used for the realtime PCR

adipocytes, hepatocytes, and myocytes [3, 5]. 
A ligand-specific aspect of FAT/CD36 signalling 
involves its capacity to deliver biologically 
active lipids to cells. FAT/CD36 is also known to 
have functions on adipocytes, muscle cells, 
enterocytes, and hepatocytes as a facilitator of 
long chain fatty acid transport [6]. There is evi-
dence that fatty acids or oxidized, bind to FAT/
CD36, however, the exact mechanism of fatty 
acid uptake into liver cells remains unclear [7].

In several animal models, ablation of FAT/
CD36-mediated lipid uptake into muscle or 
liver prevented lipotoxicity [8]. In models in 
which FAT/CD36 was specifically induced in the 
liver by pharmacologic means or cDNA trans-

Figure 1. Fluorescent staining of intracellular fat with Nile Red dye in cryosections of livers of 12, 24 and 48 h sham-
irradiated controls (A-C) and irradiated rats (D-F). The intracellular accumulation of fat in droplets increased with 
time. Magnified area is shown in picture E. Arrow in picture F shows lipid droplet. Sections were 5 µm thick. Results 
show representative picture of three animals and six slides per time point (original magnification, x200).

duction, it may lead to steatosis, which can also 
contribute to metabolic disorders [7].

In addition, carnitine palmitoyltransferase 1α 
(CPT1α) is a mitochondrial membrane-localized 
enzyme that catalyses the key reaction in the 
metabolism of long chain fatty acyl-CoA by 
transporting long chain fatty acids from the 
cytoplasm into mitochondria [9]. Malonyl-CoA 
decarboxylase (MCOAD) is highly expressed in 
the liver [9] and also takes part in the degrada-
tion of fatty acids.

Radiation therapy involves the use of high-
energy rays to treat local or regional malignan-
cies either alone or in combination with modali-
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Figure 2. Amount of (A) free fatty acids (FFA) (B) 
triglyceride (TG) and (C) total lipids (TL) concen-
tration in the liver tissue lysate of irradiated rat 
liver compared to the sham-irradiated controls 
for each time points. Values on y-axis are con-
centration values of FFA, TG and TL measured 
compared to sham-irradiated controls. Results 
represent mean value ± S.E.M. of five animals. 
*P < 0.05.

ties such as chemotherapy or surgery. 
Therapeutic radiation causes both, acute and 
chronic toxicity in normal tissues [10]. Indeed, 
radiation-induced liver disease (RILD) is a seri-
ous clinical complication [11], mainly due to 
vessel damage. Radiation-induced inflamma-
tion is known to be mediated by cytokines [12]. 
Furthermore, free radicals such as reactive oxy-
gen species (ROS) are generated after irradia-
tion in irradiated tissue, and cells which are 
chemically very active are prone to oxidative 
stress [10]. Moreover, ionizing radiation is 
recently reported to alter the gene or protein 
expression of fat metabolism pathway in paral-
lel to accumulation of fat in adipose tissue of 
rat [13]. However, effect of targeted liver radia-
tion has been not investigated so far.

In our previous work, we have shown that sin-
gle-dose irradiation of rat liver induces peripor-
tal inflammation and changes the gene expres-
sion of proteins including those of iron 
metabolism and inflammatory mediators [14]. 
As molecular mechanisms underlying inflam-
matory events during obesity are poorly 
defined, we extended our previous knowledge 
and investigated whether single dose liver irra-
diation could trigger the intracellular fat accu-
mulation in the liver. Additionally, we analysed 
the changes in gene expression of fat metabo-
lism proteins after irradiation.

Material and methods

Materials

All chemicals used, were of analytical grade 
and purchased from commercial sources as fol-
lows: real-time polymerase chain reaction 
(PCR) primers, M-MLV reverse transcriptase, 
reverse transcription buffer, 0.1 M dithiothrei-
tol (DTT), Platinum SYBR green qPCR UDG mix 
were from Invitrogen (Carlsbad, USA); dNTPs, 
Protector RNase inhibitor, Klenow enzyme, 
primer oligo (dT) 15 for complementary DNA 
(cDNA) synthesis, and Salmon sperm DNA were 
from Roche (Penzberg, Germany); Hybond N 
nylon membranes were purchased from 
Amersham Pharmacia Biotech (Amersham, 
UK), 4,6-diamidino-2-phenylindole (DAPI) from 
Southern Biotech (Birmingham, USA). All other 
reagents and chemicals were from Sigma-
Aldrich (St. Louis, USA) or Merck (Darmstadt, 
Germany).

Animal model

Male Wistar rats of about 200-250 gram body 
weight were purchased from Harlan-Win- 
kelmann (Brochen, Germany). A rat model for 
selective liver irradiation was established using 
CT planned single organ irradiation as described 
before [15]. Briefly, a planning CT- scan 
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Figure 3. Changes in circulating high-density 
lipoprotein (HDL) (A) triglyceride (TG) (B) and 
cholesterol (chol) (C) in the serum of irradi-
ated rat compared to the sham-irradiated 
controls for each time points. Values on y-
axis are serum-concentration of HDL, TG and 
chol measured compared to sham-irradiated 
controls. Results represent mean value ± 
S.E.M. of five animals *P < 0.05.

(Siemens, Erlangen, Germany) was done on 
each anesthetized rat i.p. [90 mg/kg ketamine 
(Intervet, Unterschleißheim, Germany), 7.5 mg/
kg xylazine 2% (Serumwerk Bernburg AG, 
Bernburg/Saale, Germany)] to delineate the liv-
ers of the animals. The margins of the liver 
were marked on the animal’s skin, and a dose 
distribution was calculated. Livers were irradi-
ated selectively with 6 MV photons (dose rate 
of 2.4 Gy/min) using a Varian Clinac C accelera-
tor (Varian Medical Systems, Palo Alto, USA). A 
dose of 25-Gy was delivered using an AP/PA 
treatment technique. Sham-irradiated control 
animals were handled similarly but were not 
irradiated. Treated animals and sham-irradiat-
ed controls were killed humanely 1, 3, 6, 12, 24 
and 48 h after irradiation. All animals received 
humane care in accordance to the German Law 
for the Protection of Animals and the institu-
tional guidelines. The treatment of the rats, and 
the experiments were approved by the local 
committee on animal welfare.

Histopathological examination

Unfixed cryostat liver sections (5 µm) from irra-
diated rats and sham-irradiated controls were 
stained by Nile Red (Sigma-Aldrich, St. Louis, 
USA) to study the histology of irradiated-liver 
tissues compared to sham-irradiated controls. 

Nile Red-stained slides were observed by using 
an Axiovert 200 M epifluorescence microscope 
(Zeiss, Jena, Germany). Immunofluorescence 
staining was also performed as described 
before [14] for FAT/CD36 by using a monoclonal 
antibody (Abcam, Cambridge, UK) and Alexa 
Fluor® 555 goat anti-rat rhodamin-coupled 
was used as secondary antibody (Invitrogen, 
Carlsbad, USA). Non-immune serum was used 
as negative control.

Lipid profile and transaminase analysis in 
serum and liver tissue after irradiation

Blood samples and liver tissues were collected 
from rats at the studied time points. The plas-
ma levels of TG, total cholesterol, and high-den-
sity lipoprotein containing cholesterol (HDL-C) 
and the activity of liver transaminases aspar-
tate aminotransferase, (AST) and glutamate 
dehydrogenase (GLDH) were determined by uti-
lizing the automated systems of the central 
laboratory of the Institute of Clinical Chemistry 
in University Medical Centre Goettingen. Frozen 
liver portions (ca. 100 mg) were homogenized 
in 5% Triton X-100 (Merck, Darmstadt, 
Germany). TG and FFA concentrations were determi- 
ned by commercially available kits (BioAssay Syst- 
ems, Hayward, USA).
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Figure 4. qRT-PCR analysis of total RNA isolated from rat liver after irradiation. 
Data are shown as fold-changes in mRNA expression of fat transport proteins (L-
FABP, FATP-1, and FAT/CD36) at various time-points relative to sham-irradiated 
controls for each time-point. qRT-PCR was normalized by using two housekeep-
ing genes: β-actin and ubiquitin. Results represent means ± S.E.M. of five ex-
periments; *P < 0.05 n = 5.

Figure 5.  qRT-PCR analysis of total RNA isolated from rat liver after irradiation. 
Data are shown as fold-changes in mRNA expression of membrane proteins 
ApoC3, ApoC3 (A) and Mtf-2 (B), that are involved in fatty acid metabolism at 
various time-points relative to sham-irradiated controls for each time-point. qRT-
PCR was normalized by using two housekeeping genes: β-actin and ubiquitin. 
Results represent means ± S.E.M. of five experiments; *P < 0.05, n = 5.

Lipid quantity was analysed 
by the Bligh and Dyer meth-
od of lipid isolation using 
chloroform/methanol [16].

RNA isolation and real-time 
PCR analysis

Total RNA from the livers of 
irradiated and sham-irradi-
ated rats was isolated after 
homogenization in guani-
dine isothiocyanate (Sigma-
Aldrich, St. Louis, USA) by 
the CsCl ultracentrifugation 
method as described previ-
ously [17].

For real-time PCR, reverse 
transcription of the extract-
ed RNA samples was per-
formed using a Superscript 
kit from Invitrogen (Carl- 
sbad, USA). Briefly, cDNA 
was generated by reverse 
transcription of 1 µg of total 
RNA using 100 nM of dNT- 
Ps, 50 pM of primer oligo 
dT15, 200 U of moloney 
murine leukaemia virus re- 
verse transcriptase (M-MLV 
RT), 16 U of protector RN- 
ase inhibitor in RT buffer 
and 2.5 µl of 0.1 M DTT; 
real time PCR was per-
formed using an ABI prism 
7700 sequence detection 
system (Applied Biosyst- 
ems, Darmstadt, Germany) 
as described elsewhere 
[14].

β-actin and ubiquitin were 
used as housekeeping 
genes. The results were 
normalized to the house-
keeping gene and fold 
change expression was cal-
culated using threshold 
cycle (Ct) values. Primer 
sequences are given in 
Table 1. All primers were 
synthesized by Invitrogen 
(Carlsbad, USA).
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Figure 6. qRT-PCR analysis of total RNA isolated from rat liver after irradiation. 
Data are shown as fold-changes in mRNA expression of membrane proteins 
that are involved in fatty acid metabolism. Fold-change expressions of ACC-2, 
MCOAD, CPT-1α and LPL at various time-points relative to sham-irradiated con-
trols for each time-point. qRT-PCR was normalized by using two housekeeping 
genes: β-actin and ubiquitin. Results represent means ± S.E.M. of five experi-
ments; *P < 0.05, n = 5.

Figure 7. Western blot analysis of total protein from rat liver by using anti-FAT/
CD36 after irradiation at different time points. Three bands, ~88 (active iso-
form), ~54 (inactive isoform) and ~30 kDa (short isoform) were detected after 
irradiation in rat liver. â-actin (~42 kDa) was used as a loading control. Results 
are representative of three experiments.

Protein extraction from liver tissue and cells

About 50 mg frozen tissue or cells were homog-
enized with an Ultra-turrax TP 18/10 (Cole-
Parmer, Vernon Hills, USA), three times for 10 s 
each, in 10 vol 50 mM TRIS-HCl buffer, pH 7.4, 
containing 150 mM sodium chloride, 1 mM 
EDTA, 1% Triton X-100, 1 mM phenylmethane 
sulfonyl-fluoride (PMSF), 1 mM benzamidine, 1 
mg/ml leupeptin, 10 mM chymostatin, 1 mg/
ml antipain, and 1 mg/ml pepstatin A. The 
entire procedure was carried out at 4°C. Crude 
homogenates were passed five times through a 
22G needle attached to a syringe and centri-
fuged for 5 min at 10,000 g, at 4°C. The protein 

concentration was deter-
mined in supernatants by 
using the BCA (bicinchonin-
ic acid) protein assay rea- 
gent kit (Pierce, Rockford, 
USA). Aliquots of the homo- 
genates were stored at 
-20°C until further used for 
Western blot analysis.

Western blot analysis

Samples of 50 μg proteins 
were applied per well and 
subjected to polyacrylami- 
de gel electrophoresis us- 
ing NuPAGE 4-12% Bis-Tris 
Gel (Invitrogen, Carlsbad, 
USA) under reducing condi-
tions as described previ-
ously [18]. After electro-
phoresis, the proteins were 
transferred to Hybond-ECL 
(enhanced chemilumines-
cence) nitrocellulose mem-
branes. Immunodetection 
was performed according 
to the ECL Western blotting 
protocol described before 
[18]. The antibodies used 
in this study were, mono-
clonal anti- FAT/CD36 (Ab- 
cam, Cambridge, UK), poly-
clonal anti-IκBα (Abcam, 
Cambridge, UK), monoclo-
nal anti-TNF-α (Abcam, Ca- 
mbridge, UK). β-actin (Sig- 
ma-Aldrich, St. Louis, USA) 
was used for equal loa- 
ding.

Culture and treatment of 
promonocytic cell line U-937

U-937 promonocytic cells were seeded at 
2x105 cells/ml in RPMI 1640 medium contain-
ing 10% (v/v) heat-inactivated fetal calf serum, 
2 mM/l L-glutamine, 1 mM/l sodium pyruvate 
and 1 mM of non-essential amino acids, and 
cultured at 37°C in an atmosphere of 95% air, 
5% CO2 as described previously [19]. In a sec-
ond set of experiments, U-937 promonocytic 
cells were administrated with irradiation (8 Gy) 
or stimulated with either human TNF-α (10 ng/
ml) (Roche, Penzberg, Germany), in the pres-
ence of antibody against human TNF-α inflix-
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Figure 8. Immunofluorescent staining of liver sections with monoclonal antibody directed against FAT/CD36 fol-
lowed by fluorescent immunodetection with labeled secondary antibody (red). A. FAT/CD36-positive cells with an 
arrow which points to basolateral localization, inlet shows higher magnification; B. Negative control, inlet shows 
higher magnification. Nuclear counterstaining was done with DAPI. Results shows representative picture of three 
animals (original magnification, x200).

imab (Remicade, 1000 µg/ml) (MSD, Munich, 
Germany).

Statistical analysis

The data were analysed using Graph pad Prism 
4 software (San Diego, USA). All experimental 
errors are shown as S.E.M. Statistical signifi-
cance was calculated by student T-test. 
Significance was accepted at *P < 0.05.

Results

Accumulation of fat content in rat liver after 
irradiation

Nile Red staining showed an increase in fat 
droplets in cryosections of irradiated (Figure 
1D-F) rat liver after 12, 24 and 48 h. Fat drop-
lets were mainly stained red within hepatocytes 
and were increasing in size after irradiation in 
comparison to corresponding sham-irradiated 
(A-C) control. The maximum fat droplet accu-
mulation was detected at 48 h after irradiation 
in rat liver (Figure 1F).

Change in free fatty acid (FFA), triglyceride 
(TG) and total lipids (TL) level in rat liver after 
irradiation

An early (1 h) increase in the FFA level was 
detected after irradiation compared to sham-
irradiated controls in rat liver. The FFA remained 
above control level throughout the course of 
the study with a maximum increase at 48 h 

(0.63 ± 0.05 mg/g vs. control 0.43 ± 0.035 
mg/g). 

An elevated pattern for triglycerides (TG) was 
also observed in rat livers with a peak at 24 h 
(12.4 ± 2.2 mg/g vs. control 7.3 ± 0.3 mg/g) 
after irradiation compared to sham-irradiated 
control rats. However, only minor changes were 
measured in total lipid content after irradiation 
(Figure 2).

Change in high-density lipoprotein (HDL), 
triglyceride (TG) and cholesterol (chol) levels in 
rat serum after irradiation

The HDL level was significantly increased after 
irradiation compared to sham-irradiated con-
trols (17 ± 0.1 mg/dl) in rat liver. The maximum 
increase was found at 6 h (22 + 0.5 mg/dl) fol-
lowed by decrease after 24 h. A similar pattern 
was also observed for cholesterol with a maxi-
mum at 6 h (87.5 ± 3.5 mg/dl vs. control 67 ± 
3.5 mg/dl). A significant elevation of TG-serum 
levels was measured at 3 h (163 ± 37.5 mg/dl 
vs. control 62.8 ± 4.8 mg/dl) in rat liver after 
single dose irradiation. The level of TG was 
reduced after 6 h and remained significantly 
below control level at 12 h (35 ± 2.3 mg/dl) and 
24 h (26 ± 3.5 mg/dl) (Figure 3).

Radiation-induced changes of fat metabolism 
transcripts in liver tissue

Using real-time PCR analysis, mRNA expression 
from irradiated liver tissue was examined at 1, 
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Figure 9. qRT-PCR and Western blot analysis from total RNA and total protein 
of rat liver after irradiation respectively. A. Fold change in mRNA expression of 
TNF-α in irradiated rat liver at different time points (1-48 h) related to sham-
irradiated controls for each time point. qRT-PCR was normalized by using two 
housekeeping genes: β-actin and ubiquitin C. Results represent mean value ± 
S.E.M. of five animals *p < 0.05. B. Western blot analysis of protein from rat 
liver after irradiation by using antibodies specific for TNF-α (upper) and IêBá 
(middle). β-actin (lower) was used as a loading control. Results are representa-
tive of three experiments.

3, 6, 12, 24 and 48 h after irradiation. Gene 
expression was normalized to corresponding 
sham-irradiated controls and compared to the 
expression of ubiquitin. 

Fat transport proteins: An early (1 h) significant 
increase was detected in FAT/CD36 at mRNA 
level. The most significant upregulation was 
found at 6 h (26.4 folds) after irradiation. It 
remained significantly elevated until 48 h after 
irradiation. The increase of FAT/CD36 was high-
est after rat liver irradiation among all studied 
genes. Furthermore, a mild increase in the 
gene expression of FATP-1 and L-FABP was 
detected by RT-PCR (Figure 4).

Membrane proteins: The examined membrane 
proteins apolipoprotein C3 (ApoC3), apolipo-
protein B100 (ApoB100) and mitofusin-2 (Mtf-
2) were up-regulated after irradiation at every 
measured time point. Gene expression of mem-
brane proteins started to increase early after 
irradiation. The maximum upregulation w- 
as observed for Mtf-2 at 6 h (3-fold) followed by 
ApoB100 at 12 h (4.8-fold) at transcript level, 

their expression remained ab- 
ove control levels until 48 
h. Likewise, ApoC3 gene 
expression increased early 
with its peak at 12 h after 
irradiation. The strongest 
increase could be seen at 
6, 12 and 24 h after treat-
ment (Figure 5).

Enzymes: A quick (1 h) and 
early change in gene ex- 
pression of ACC2, MCOAD 
and CPT-alpha was detect-
ed after irradiation. The 
most pronounced increase 
was detected in gene ex- 
pression of MCOAD (17.8-
fold) at 24 h and CPT-alpha 
(17-folds) at 48 h and LPL 
(4.2-fold) at 24 h. The ex- 
pression of these three 
genes remained significan- 
tly upregulated throughout 
the course of the study. 
However, a significant re- 
duction at 12 h was detect-
ed in the gene expression 
of ACC-2 (3.3-fold) (Figure 
6).

Changes in FAT/CD36 protein level in rat liver 
by western blot analysis

Western blot was performed to analyze the 
time dependent protein content in irradiated 
vs. sham irradiated control samples. It is known 
that FAT/CD36 is built as a non-active form of 
54 kDa and is then post-translational glycosyl-
ated to its active form of 88 kDa [20]. The anti-
body detected 3 different antigens which are a 
54 kDa, an 88 kDa and a 30 kDa protein. 
Similar to what was observed at RNA level, 
using antibody against FAT/CD36 in the irradi-
ated liver tissue, an increased level of FAT/
CD36 was detected with a maximum at 12 h for 
the active and inactive form and a maximum at 
3 h for the short isoform. The protein level of all 
isoforms of FAT/CD36 decreased after 12 h 
(Figure 7).

Localization of FAT/CD36 protein by immuno-
fluorescent staining

Immunofluorescent staining of irradiated rat 
liver section with an antibody against FAT/CD36 
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Figure 10. Measurement of aspartate transaminase (AST) and glutamate dehydrogenase (GLDH) concentrations in 
rat serum after single dose liver irradiation related to sham-irradiated controls for each time point. Results repre-
sent means ± S.E.M. of five experiments; *P < 0.05, n = 5.

was performed. A fluorescent signal for FAT/
CD36 was found in the basolateral membrane 
and the cytoplasm of hepatocytes in rat liver 
(Figure 8A). The expression of FAT/CD36 was 
equally distributed in the liver tissue. The nega-
tive controls showed no positive staining of 
FAT/CD36 (Figure 8B).

Real time PCR analysis of TNF-α in irradiated 
rat liver

The mRNA expression of TNF-α, a major pro-
inflammatory cytokine was analyzed in liver tis-
sue at 1, 3, 6, 12, 24 and 48 h after irradiation 
using real-time PCR analysis. A quick upregula-
tion of TNF-α (4.3-fold) was detected after 1h 
with a maximum at 3 h. The gene expression of 
TNF-α then decreased (Figure 9A). The results 
were further confirmed at protein level by 
Western blot analysis using a specific antibody 
against membrane-bound TNF-α. The protein 
level of TNF-α increased at 1-6 h with a 
decrease thereafter (Figure 9B). 

Changes in protein expression of IκBα in the 
rat liver after irradiation 

Phosphorylation of the p65 subunit and degra-
dation of IκBα are known to be associated with 
activation of the NF-κB classical pathway [21]. 
In order to analyze the activation of the NF-κB 
pathway, the transcription factor IκBα (subunit 
of NF-κB) was analyzed at protein level. IκBα 
protein was decreased at 1 and 3 h. The level 
of IκBα returned to basal level afterwards in rat 
liver after irradiation (Figure 9B).

Serum level analysis of aspartate transami-
nase (AST) and glutamate dehydrogenase 
(GLDH)

The serum level of AST and GLDH both 
increased between 6 to 12 h with a maximum 
at 24 h after irradiation compared to sham-irra-
diated controls. The concentration of both 
enzymes decreased thereafter (Figure 10).

Modulation of FAT/CD36 protein expression in 
cultured human monocytic cell line U-937

To investigate the role of TNF-α on FAT/CD36 
gene regulation, human monocytic cells U-937 
were treated with TNF-α and anti-TNF-α 
(Infliximab, IFX) in the presence or absence of 
irradiation. After preliminary experiments using 
different radiation doses (2, 8, 25 Gy) 8 Gy 
were chosen, as no greater effect was observed 
by using 25 Gy.

As previously reported [22], only the mature 
form of FAT/CD36 at > 95 kDa is detectable in 
unstimulated U937. Similarly, we have detected 
a ~102 kDa band by using the specific antibody 
against FAT/CD36. Furthermore, an increase in 
protein level of FAT/CD36 was revealed in 
U-937 cells at 8 h to 24 h after TNF-α or irradia-
tion- as compared to the anti-TNF-α (IFX)- and 
non-treated control cells. In addition, a syner-
gistic effect on FAT/CD36 induction was 
observed when TNF-α was administered 
together with irradiation. The up-regulating 
effect of irradiation was decreased by addition 
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Figure 11. Western blot analysis of total protein isolated from human U-937 cell 
line by using antibody specific for FAT/CD36 (~102 kDa, active form) after irra-
diation (8 Gy) and/or  tumor necrosis factor-alpha (TNF-α) in the presence/ab-
sence of  infliximab (IFX) at 8 h (A and C) and 24 h (B and D). â-actin (~42 kDa) 
was used as a loading control. Results are representative of three experiments.

of anti-TNF-α (IFX) to the culture medium 
(Figure 11).

Discussion

Clinical and pathological studies revealed that 
radiation therapy can produce significant 
hepatic injury. Radiation-induced liver disease 
(RILD) has been one of the most important 
treatment-related complications of hepatic irra-
diation. The pathomechanisms of radiotherapy-
induced hepatic toxicity are not clearly under-
stood [23].

Previously, we showed liver inflammation 
caused by single-dose-irradiation [14] followed 
by some fat droplet in the liver by HE-staining 
method [15]. Therefore, the aim of this project 
was to ascertain if selective liver irradiation 
could increase the fat transport into the liver. 
Furthermore, we studied the changes of genes 
expression involved in fat transport. 

We found an increased fat accumulation by Nile 
red-staining at 24 and 48 h after liver irradia-
tion. In parallel, TG and FFA levels were also 
elevated in liver tissue, confirming the accumu-
lation of fat within the cells. An early increase 
(3-6 h) in serum HDL, TG and cholesterol levels 
was also found. According to the increased FFA 
and TG-levels, an increased expression of 
genes involved in fat metabolism such as 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. 

These results were con-
firmed at protein level 
showing an increase in dif-
ferent isoforms of FAT/
CD36 after irradiation.

Eventually the accumula-
tion of lipid droplets into 
the hepatocytes results in 
hepatic steatosis, [7, 24] 
which may develop as a 
consequence of multiple 
dysfunctions such as alter-
ations in β-oxidation, very 
low density lipoprotein se- 
cretion, and pathways in- 
volved in the synthesis of 
fatty acids [25].

The triacylglycerol content of hepatocytes is 
regulated by the activity of several fat metabo-
lism proteins that facilitate hepatic fatty acid 
uptake, fatty acid synthesis, and esterification 
(‘input’) and hepatic fatty acid oxidation and 
triacylglycerol export (‘output’) [26]. ACC-2 reg-
ulates the metabolism of fatty acids [27]. An 
elevated level of ACC-2 in our study indicates 
de novo synthesis of fatty acids and at the 
same time an increased hydrolysis of fat 
observed by LPL upregulation which is in accor-
dance to previous studies [28]. 

On the other hand, in order to transport fatty 
acids into hepatocytes, several proteins are 
necessary such as putative fatty acid trans-
porter fatty acid translocase (FAT/CD36), fatty 
acid transport protein (FATP-1) and liver fatty 
acid binding protein (L-FABP) which provide the 
removal of long chain fatty acids from tissues 
[4, 29-31].

Expression of liver fatty acid binding protein 
(L-FABP) and transport protein FATP-1 (fatty 
acid transport protein-1) was least affected by 
irradiation. These proteins are known to play a 
role in fatty acid metabolism [32]. However, the 
role of these proteins in the liver is still not 
clear. The putative long chain fatty acid trans-
porter FAT/CD36 showed the highest increase 
in the rat liver after irradiation. Previous studies 
reported a role of FAT/CD36 in the process of 
accumulation of triglycerides in the liver which 
could lead to steatosis [7, 33]. This observation 
might be most crucial to explain steatosis in our 
model.
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Furthermore, a link between Apo100 and 
Apoc3 to increased TG has already been docu-
mented. These proteins are also known to play 
a role in fat export [28]. An increased gene 
expression of these genes could be another 
reason for steatosis through impaired trans-
port of fatty acids out of liver cells.

Irradiation is known to damage the mitochon-
drial part of cell [34]. Indeed, disturbance in the 
hepatic mitochondrial function contributes to 
hepatic lipid accumulation [35, 36]. Here we 
observed that the expression of genes involved 
in mitochondrial biogenesis such as carnitine 
palmitoyltransferase-1α (CPT-1α) and Mitofus- 
in-2 (Mtf2) was upregulated. CPT-1α is a mito-
chondrial transmembrane enzyme thought to 
be rate limiting for long-chain fatty acid entry 
into the mitochondria for β-oxidation [37-39]. 
The enzyme malonyl-CoA decarboxylase 
(MOCAD) is highly expressed in the liver and 
also takes part in the degradation of fatty 
acids, it catalyses the decarboxylation of malo-
nyl-CoA to acetyl-CoA [9]. CPT1α and MCOAD 
are linked by malonyl-CoA; this molecule can 
inhibit CPT1α and finally the mitochondrial 
β-oxidation [37]. 

A highly increased expression of MCOAD and 
CPT-1α found in the current study points to an 
altered fatty acid oxidation in the mitochondria 
due to high amounts of fatty acids within the 
cells.

Another important aspect of the current and 
our previous studies was the observation of 
inflammation with infiltration of neutrophil 
granulocytes around the portal area [14] and 
an increase of pro-inflammatory cytokines, 
mainly TNF-α in serum and liver in the same 
model [12]. Moreover, the upregulation of 
TNF-α both at RNA and protein level after irra-
diation can account for the intense induction of 
these fat import proteins (e.g. FAT/CD36), indi-
cating a direct effect of the TNF-α, in regulating 
fat import proteins. In fact, a link between ste-
atosis and inflammation has already been well 
established [40].

TNF-α is a key player of inflammation and it 
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 be associated with activation of the NF-κB 
classical pathway [21, 41]. Induction of TNF-α 
in parallel to reduction of IκBα level in our study 
suggests an activation of NF-κB pathway by 
TNF-α. 

To address the question of whether an increase 
in FAT/CD36 after irradiation induced liver dam-
age could also be due to the direct effect of 
inflammatory mediators (e.g. TNF-α), a human 
monocytic cell line U937 (characteristics of 
macrophages) was therefore cultured and 
treated with the “major” pro-inflammatory cyto-
kine (TNF-α). Similarly to what is observed in 
the liver tissue after irradiation, an increase in 
protein expression of FAT/CD36 was found 
after TNF-α and/or irradiation administration 
whereas such an increase was inhibited by the 
addition of anti-TNF-α into culture medium of 
U937.

These results are consistent with the view that 
IFX, by blocking soluble TNF-α, inhibits FAT/
CD36 protein level, preventing the increase of 
FAT/CD36 caused by TNF-α and irradiation in 
our in vitro experiment, a prerequisite for fat 
transporter into tissue. 

The observed effect of anti-TNF-α might con-
tribute to a reduction of inflammatory process-
es caused by irradiation and/or TNF-α in rat 
liver, suggesting that a change in gene-expres-
sion of FAT/CD36 is also induced by irradiation 
or/and irradiation induced cytokines.

The unique point of current model is to detect a 
rapid (within hours) fat accumulation in parallel 
to liver inflammation after selective single dose 
liver irradiation, as previously reported fat ani-
mal models require long duration (weeks) to 
establish. Furthermore, these models are also 
developed by different types of diets such as 
high-fat or fructose-diet [42-44] which is also 
difficult to quantify as administrated orally.

Taken together, our current study established a 
quick hepatic steatosis model by selective rat 
liver irradiation. Furthermore, transport of fat 
into the liver could be due to FAT/CD36 which is 
influenced by cytokines (e.g. TNF-α) produced 
after irradiation. TNF-α-mediated induction of 
FAT/CD36 was further confirmed by our in vitro 
experiments. Clinically, regulation of fat metab-
olism could be an underestimated response in 
radiotherapy. Further understanding of the fat 
metabolism before and during radiotherapy 
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could help to understand hepatic lipid metabo-
lism for the prevention and/or treatment of fat-
associated disorders (e.g. Non-alcoholic fatty 
liver disease). However, prospective studies 
would need to be performed to correlate fat 
metabolism dynamics following irradiation to 
the clinical course of patients developing irradi-
ation-related problems. 
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