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Abstract: Activation of the epidermal growth factor receptor (EGFR) signaling pathway promotes the
development of hepatocellular adenoma (HCA) and carcinoma (HCC). The selective EGFR inhibitor
Gefitinib was found to prevent hepatocarcinogenesis in rat cirrhotic livers. Thus, Gefitinib might
reduce progression of pre-neoplastic liver lesions to HCC. In short- and long-term experiments,
administration of N-Nitrosomorpholine (NNM) or intrahepatic transplantation of pancreatic islets in
diabetic (PTx), thyroid follicles in thyroidectomized (TTx) and ovarian fragments in ovariectomized
(OTx) rats was conducted for the induction of foci of altered hepatocytes (FAH). Gefitinib was
administered for two weeks (20 mg/kg) or three and nine months (10 mg/kg). In NNM-treated rats,
Gefitinib administration decreased the amount of FAH when compared to controls. The amount of
HCA and HCC was decreased, but development was not prevented. Upon all transplantation models,
proliferative activity of FAH was lower after administration of Gefitinib in short-term experiments.
Nevertheless, the burden of HCA and HCC was not changed in later stages. Thus, EGFR inhibition
by Gefitinib diminishes chemical and hormonal also induced hepatocarcinogenesis in the initiation
stage in the non-cirrhotic liver. However, progression to malignant hepatocellular tumors was
not prevented, indicating only a limited relevance of the EGFR signaling cascade in later stages
of hepatocarcinogenesis.
Keywords: hepatocarcinogenesis; intraportal transplantation; epidermal growth factor receptor
(EGFR); Gefitinib

1. Introduction
Hepatocellular carcinoma (HCC) is the fifth leading cause of tumor related deaths worldwide
with increasing incidence in the Western hemisphere [1]. Main causes are chronic hepatitis B and C
virus infection, long-term alcohol abuse, aflatoxins in foodstuff, and rare inherited diseases such as
alpha-1 antitrypsin deficiency and hemochromatosis [2].
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Furthermore, hormonal influences like hyperinsulinism in type 2 diabetes mellitus and long-term
intake of oral contraceptives are risk factors for hepatocarcinogenesis in the non-cirrhotic liver [3].
The prognosis and overall survival of HCC patients is poor, with less than 5% five-year survival.
Partial resection and liver transplantation remain the only curative options, but most cases of HCC are
diagnosed in an advanced stage and are not suitable for surgical therapy. Ablation therapies, including
radio-frequency ablation, transarterial chemoembolization, and radioembolization are effective in
slowing tumor progression in advanced stages [4]. HCC is extremely resistant to conventional
chemotherapy [5]. New hopes come from the use of targeted therapies, such as receptor tyrosine
kinase inhibitors. Sorafenib (Nexavar© , Bayer, Karlsruhe, Germany) was the first (and still the only
one) of this class of new drugs to be approved by the Food and Drug Administration for the treatment
of HCC, as overall survival was improved [6].
The epidermal growth factor receptor (EGFR) is a transmembraneous protein with intrinsic
tyrosine kinase activity and belongs to the family of erbB proteins. Binding of EGF or transforming
growth factor α (TGFα) leads to receptor dimerization and autophosphorylation of the intrinsic
tyrosine kinase [7,8].
Downstream signaling cascades include the rat sarcoma/rat sarcoma-activated factor/mitogen
activated protein kinase/extracellular regulated kinase kinase (Ras/Raf/MEK/ERK) and the
phosphatidyl-inositide 3 kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/
mTOR) pathways [9]. Immunohistochemical analysis often reveals co-localization of EGFR and TGFα
in human HCC, supporting the hypothesis of autocrine and paracrine mitogenic action of TGFα to
hepatocytes [10].
Gefitinib (Iressa® , Astra-Zeneca, Wedel, Germany) is a small molecule designed to block
the catalytic domain of the EGFR tyrosine kinase, thus inhibiting downstream signaling [11].
The results of a contemporary Phase II trial approaching the adjuvant Gefitinib administration
after local ablation of HCC are still pending [12]. Applying these small molecules in models of
hepatocarcinogenesis would lead to both a deeper understanding of the molecular pathogenesis of
HCC and the evaluation of their efficacy for the treatment of this deadly disease. Continuous oral
administration of N-Nitrosomorpholine (NNM) is a well-established model of chemically-induced
hepatocarcinogenesis [13]. Earliest morphological changes in the liver are pre-neoplastic lesions
(foci of altered hepatocytes (FAH)) that are of a clear cell or mixed cell appearance, which progress to
hepatocellular adenoma (HCA) and carcinoma (HCC).
FAH can also be induced by hormonal stimuli—after intraportal transplantation of pancreatic
islets in diabetic rats (PTx, [14]), ovarian fragments in ovarectomized rats (OTx, [15]) and thyroid
follicles in thyroidectomized rats (TTx, [16]). After low-number islet transplantation, insulin related
alterations lead to glycogen and fat storing clear cell foci downstream of the islet transplant, which
evolve into basophilic foci and progress to HCA and HCC [14]. The hepatocytes downstream
of the transplanted ovarian fragments are characterized by an amphophilic phenotype driven by
estrogens [17], which also evolve to HCA and HCC [15]. Intraportal transplantation of thyroid
follicles and the influence of triiodothyronine (T3) lead to hyperproliferative FAH downstream of
the transplants, which are amphophilic-tigroid [16]. T3 is a direct mitogen for hepatocytes without
preceding cell loss [18]. By contrast to the other models, a progression to HCA or HCC could not be
seen in long term experiments after thyroid follicle transplantation.
Overexpression of TGFα is documented in NNM induced hepatocarcinogenesis [19] and
pre-neoplastic lesions of PTx and OTx transplantation models [14,15], but not in T3 induced
hepatocellular alterations [16].
Therefore, we investigated the antitumoral effect of Gefitinib in rat models of chemically-induced
hepatocarcinogenesis (administration of NNM) and three different intraportal transplantation models
of hormonal active tissue (PTx, OTx or TTx), with particular regard to early pre-neoplastic lesions
(in the case of NNM, insulin and estrogens, respectively), and hyperproliferative hepatocellular
alterations (in the case of triiodothyronine, T3).
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2.1. Hepatocellular Lesions after N-Nitrosomorpholine (NNM) Administration
2.1. Hepatocellular Lesions after N-Nitrosomorpholine (NNM) Administration
FAH were induced in all animals that received NNM for three months, and mainly consisted of
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clear cell foci, whereas HCA or HCC were not observed at this time point. After six months of NNM
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administration, multiple HCA and HCC were detected in all NNM-treated rats (Figure 1).
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Table 1. The effect of gefitinib treatment on the proliferative activity of pre-neoplastic liver lesions
and extrafocal liver tissue (a); proliferative activity (b); and quantity (c) of hepatocellular tumors in
chemical hepatocarcinogenesis with N-Nitrosomorpholine.

Duration of NNM
Administration

Gefitinib
Administration

N

BrdU-LI FAH, %

BrdU-LI Extrafocal
Liver Tissue, %

2 weeks HD
3 months LD

7
7
7
(a)

68.26 ± 6.82 §
60.80 ± 2.80 §
55.49 ± 3.00 §

18.07 ± 2.72
18.33 ± 2.88
12.53 ± 1.29

3 months
3 months
3 months
Duration of NNM
Administration
6 months
6 months
6 months

Duration of NNM
Administration
3 months
3 months
3 months
6 months
6 months
6 months

Gefitinib
N
Administration
2 weeks HD
3 months LD

6
7
7

Gefitinib
N
Administration

2 weeks HD
3 months LD
2 weeks HD
3 months LD

14
14
15
12
15
15

BrdU-LI FAH %
85.50 ± 1.90
73.89 ± 3.17
70.36 ± 1.75 #
(b)
Volume
Fraction FAH %
7.25 ± 0.90
4.92 ± 0.87 #
1.58 ± 0.28 #
85.86 ± 0.67
84.82 ± 0.83
88.01 ± 0.57 #
(c)

BrdU-LI
HCA %

BrdU-LI
HCC %

89.73 ± 1.13
81.03 ± 2.70
76.03 ± 1.75

97.14 ± 0.32
95.49 ± 0.82
92.67 ± 1.58

Volume
Fraction HCA %
10.36 ± 0.89
10.51 ± 0.56
5.43 ± 0.57 #

Number of
HCC per
Animal
7.93 ± 0.92
6.53 ± 1.61
4.87 ± 0.77 #

Rats were subjected to daily administration of NNM (5 mg/kg body weight). Gefitinib was administered
daily and orally for two weeks (HD, high dose of 20 mg/kg) or three months and nine months, respectively
(LD, low dose of 10 mg/kg). BrdU was administered for the duration of one week before sacrifice via an osmotic
minipump. Data are expressed in percent (mean ± SEM). N—number of evaluated animals. BrdU-LI—BrdU
labeling index; FAH—foci of altered hepatocytes; HCA—hepatocellular adenoma; HCC—hepatocellular
carcinoma. § p < 0.05 vs. extrafocal liver tissue; # vs. untreated controls.

2.1.2. Volume Fraction of FAH and HCA
After NNM administration for three months, FAH foci occupied a reduced volume portion of
liver parenchyma after two weeks Gefitinib with 4.92 ± 0.87 vol % and after three months with
1.58 ± 0.28 vol % as compared to administration of NNM alone (7.25 ± 0.90 vol %; p < 0.05).
After six months, volume fraction of FAH was not reduced after Gefitinib treatment. A halving of
volume portion of HCA from 10.36 ± 0.89 vol % to 5.43 ± 0.57 vol % could be instead appreciated
(p < 0.05). The number of HCC was reduced from 7.93 ± 0.92 to 4.87 ± 0.77 tumors per animal
(p < 0.05) (Table 1).
2.2. Hepatocellular Lesions in Transplantation Models
2.2.1. Short Term Experiments
Intraportal transplantation of pancreatic islets, ovarian fragments, and thyroid follicles resulted in
the development of FAH in the transplanted rats (Figures 2A, 3A, 4A). In particular, typical clear cell
foci—demonstrated by the PAS reaction—developed after islet transplantation, whereas amphophilic,
glycogen-depleted foci occurred after transplantation of ovarian fragments, and amphophilic-tigroid
cell foci followed the transplantation of thyroid follicles. FAH exhibited increased proliferative activity
in comparison to unaltered extrafocal liver tissue. The proliferative activity of FAH was reduced
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Table 2. The effect of gefitinib treatment on the proliferative activity of pre-neoplastic liver lesions and
extrafocal liver tissue in hormonal hepatocarcinogenesis.
Treatment
Procedure

Time after Tx

PTx

3 weeks
3 weeks
6 months
6 months
6 months
12 months
12 months
12 months
24 months
24 months

OTx

2 weeks HD
2 weeks HD
3 months LD
2 weeks HD
3 months LD
9 months LD

3 months
3 months
12 months
12 months
12 months
24 months
24 months

TTx

Gefitinib
Administration

2 weeks HD
2 weeks HD
3 months LD
9 months LD

3 months
3 months
12 months
12 months
12 months
24 months
24 months

2 weeks HD
2 weeks HD
3 months LD
9 months LD

N

BrdU-LI FAH %

BrdU-LI Extrafocal
Liver Tissue, %

4

10.7 ± 0.99 §

3.48 ± 0.77

4
5
6
6
5
9
7
4
3

§

5.74 ± 0.49
6.06 ± 0.44 §
2.27 ± 0.13 §,#
3.55 ± 0.22 §
2.43 ± 1.39
1.26 ± 0.44 §
1.55 ± 0.51
10.50 ± 6.94
19.20 ± 5.82

1.25 ± 0.26
1.17 ± 0.08
0.60 ± 0.03 #
0.74 ± 0.04
0.35 ± 0.27
0.09 ± 0.05
0.49 ± 0.20
6.69 ± 2.80
5.33 ± 3.78

7

29.79 ± 2.68 §

2.66 ± 0.39

6
6
7
4
6
5

12.67 ± 2.64 §,#
16.52 ± 2.47 §
8.73 ± 0.88 §,#
13.55 ± 2.50
6.50 ± 1.56
11.10 ± 1.77

2.67 ± 1.59
5.68 ± 0.10
5.12 ± 0.94
6.29 ± 0.49
2.26 ± 0.58
6.35 ± 5.22

7

12.25 ± 1.33 §

2.84 ± 0.53

8
8
6
6
7
9

7.69 ± 1.07 #
11.04 ± 1.45 §
11.36 ± 1.55 §
10.62 ± 1.91 §
9.33 ± 2.67 §
6.34 ± 1.23 §

6.61 ± 1.63 #
1.07 ± 0.18
0.69 ± 0.28
2.31 ± 1.08
1.58 ± 0.90
1.13 ± 0.33

Proliferative activity foci of altered hepatocytes (FAH) and extrafocal tissue, determined as BrdU labeling index
(BrdU-LI) after intraportal transplantation of pancreatic islets (PTx), ovarian fragments (OTx) or thyroid follicles
(TTx) at different time points and with or without administration of gefitinib (HD, high dose of 20 mg/kg body
weight, LD, low dose of 10 mg/kg body weight). N—number of evaluated animals. BrdU was administered
via an osmotic pump for a duration of one week before sacrifice. p < 0.05 § vs. extrafocal liver tissue, # vs.
untreated controls.

2.2.2. Long Term Experiments
Administration of high dose Gefitinib for two weeks before sacrifice could significantly reduce
the proliferative activity only in FAH from the OTx model after 12 months (8.73% ± 0.88% vs.
16.52% ± 2.47%, p < 0.05, Table 3). Low dose treatment with Gefitinib for three months or nine
months before sacrifice did not influence the proliferation rate of FAH or extrafocal liver tissue in
the three transplantation models in 12 and 24 months experiments. Frequency and quantity of FAH
did not differ between treated and untreated groups. Transplant associated HCA arose in all three
transplantation models after 12 and 24 months post-transplantation without Gefitinib as well as after
high (two weeks prior to sacrifice) or low dose (three or nine months before sacrifice) Gefitinib treatment
(Figures 2B, 3B, 4B). In general, 12 months after transplantation, HCA occurred most frequently in PTx
livers. After 24 months, HCA could also be detected in OTx and TTx animals. Transplant associated
HCC arose very seldom and only after 24 months after transplantation in PTx and OTx animals without
and with high dose of Gefitinib. Hyperplasia of transplants developed often after OTx and transplant
tumors in some cases after TTx, in untreated and Gefitinib-treated rats at both time points. Transplant
tumors of TTx livers mainly revealed follicular or papillary morphology with mild to moderate atypia;
in one case (24 months, without Gefitinib), criteria for a thyroid carcinoma with invasive growth and
high mitotic activity were applicable (Table 3).
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Table 3. The effect of gefitinib treatment on the frequency of hepatocellular tumors in hormonal
hepatocarcinogenesis.
Treatment
Procedure

Time after Tx

PTx

12 months
12 months
12 months
24 months
24 months

OTx

2 weeks HD
3 months LD
9 months LD

12 months
12 months
12 months
24 months
24 months

TTx

Gefitinib
Administration

2 weeks HD
3 months LD
9 months LD

12 months
12 months
12 months
24 months
24 months

2 weeks HD
3 months LD
9 months LD

Rats with
HCA

Rats with HCC

Rats with Transplant
Hyperplasia or Tumors

16 (34)

0 (34)

0

8 (17)
11 (17)
5 (19)
3 (10)

0 (17)
0 (17)
1 (19)
1 (10)

0
0
0
0

0 (15)

0 (15)

3 (15)

1 (16)
1 (16)
9 (20)
9 (21)

0 (16)
0 (16)
1 (20)
1 (21)

6 (16)
7 (16)
10 (20)
12 (21)

1 (15)

0 (15)

0 (15)

2 (14)
2 (13)
3 (15)
8 (15)

0 (14)
0 (13)
0 (15)
0 (15)

1 (14)
1 (13)
2 (15)
2 (15)

Frequency of transplant associated hepatocellular adenomas (HCA), carcinomas (HCC) and transplant
hyperplasia or tumors after intraportal transplantation of pancreatic islets (PTx), ovarian fragments (OTx)
or thyroid follicles (TTx) at different time points and with or without administration of gefitinib (HD, high dose
of 20 mg/kg body weight, LD, low dose of 10 mg/kg body weight). The number of investigated animals is
given in parentheses.

2.3. Effects of Gefitinib on Expression Levels of EGFR, TGFα and Downstream Effectors in Different
Hepatocarcinogenesis Models
EGFR and TGF-α are upregulated in pre-neoplastic FAH, HCA and HCC induced after NNM
(Figure 1) administration and after PTX (Figure 2) and OTx (Figure 3) in untreated rat livers
in comparison to extrafocal liver tissue, whereas TTx (Figure 4) induced lesions revealed no
overexpression. Representative downstream target proteins of the AKT/mTOR and MAPK signaling
pathways (p-mTOR, p-4EBP1, Ras and PanERK) were also strongly activated, as expected, in NNM
and PTx induced FAH, and also after OTx, but are not detectable after TTx.
Gefitinib treatment for three months reduced the expression levels of EGFR and TGFα in FAH
of six months treated NNM rats, thus correlating with less proliferative activity and volume fraction
of FAH in Gefitinib treated rats. Nevertheless, levels of AKT/mTOR and MAPK cascades were not
altered in hepatocellular tumors (Figure 1).
While EGFR expression is not altered and TGFα is predominantly upregulated in the PTx
model after administration of Gefitinib, the downstream AKT/mTOR and MAPK pathways were
downregulated, corresponding to less proliferative activity in short time experiments. By contrast,
at six months and Gefitinib treatment for two weeks/three months, downstream cascades were not
altered or even upregulated, suggesting the resistance to Gefitinib. In long-term PTx experiments
of 12 and 24 months, expression levels of EGFR or TGFα were also higher in FAH after Gefitinib
treatment, as it has been detected in short-term experiments. HCCs showed strong overexpression of
EGFR and TGFα, which was almost not reduced after Gefitinib treatment. Additional assessment of
the transporter protein sodium/glucose cotransporter 1 (SGLT1), whose expression increases following
EGFR inactivation [20] revealed cytoplasmatic and slight membranous expression in FAH of untreated
PTx rats, which was not altered after Gefitinib treatment (Figure 2).
In early FAH, which are related to transplanted ovarian fragments of the OTX model, the EGFR
and TGFα and also downstream signaling of MAPK and AKT/mTOR were found to be slightly
upregulated, which could be only slightly diminished after Gefitinib treatment in three months and
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12 months experiments. Thus, reduction of proliferative activity of FAH cannot be attributed to this
signaling pathway inhibition, as epatocellular neoplasms, such as HCA after 24 months, also reveal
upregulation of the EGFR and TGFα after Gefitinib treatment (Figure 3).
Early hepatocellular proliferative lesions of the TTx model did not express the EGFR, TGFα or
downstream target proteins, neither without nor after Gefitinib administration (Figure 4). Upregulation
in hepatocytes could only be seen in one animal at the downstream level in one animal with a malignant
transplant tumor, and thus a single observation (not shown).
3. Discussion
Hepatocarcinogenesis is accompanied by overexpression of multiple growth factors and activation
of various signaling pathways, including EGF, Vascular endothelial growth factor (VEGF), Insulin like
growth factor (IGF), MAPK, PI3K/AKT/mTOR, and Wnt/β-Catenin [21–26]. They might represent
valuable targets for systemic molecular-based therapies. EGFR is expressed in most HCC [10,27], and
EGFR inhibitors such as the monoclonal antibody cetuximab or tyrosine kinase inhibitors such as
Gefitinib and Erlotinib are able to suppress HCC growth both in vitro and in vivo [9,28,29].
In this study, we investigated the antiproliferative and antitumoral activity of the EGFR
tyrosine kinase inhibitor Gefitinib in various models of hormonally- and chemically-induced
hepatocarcinogenesis.
In the NNM model, representing chemical hepatocarcinogenesis without contemporary liver
cirrhosis, selective EGFR inhibition by Gefitinib diminished hepatocarcinogenesis at the level of
initiation (early time points) and progression (later time points), as the volume fraction of pre-neoplastic
liver lesions and HCAs and the number of HCC were reduced. These results are supported by former
findings of Gefitinib effects on sequential cirrhosis and HCC development in diethylnitrosamine treated
rats [30], which was interpreted as a chemopreventive option for HCC development. Interestingly,
EGFR inhibition by Gefitinib did not influence proliferative activity in NNM induced FAH, but the
amount of pre-neoplastic and neoplastic tissue was reduced, accompanied by downregulation of the
EGFR and TGFα expression levels and reduction of related protooncogenic signaling. Furthermore,
the antitumoral effect of Gefitinib might be directed toward cells other than hepatocytes. In accordance
with the latter hypothesis, it has been shown that Gefitinib administration leads to the inhibition of
angiogenesis due to apoptosis induction in endothelial cells and decreased production of proangiogenic
molecules in pancreatic cancer [31].
The protooncogenic signaling pathways of AKT/mTOR and Ras/raf-1/MAPK, which are
activated in the NNM and the PTx [32–34], could also be substantiated to be slightly upregulated after
OTx, but not after TTx. At the initiation level of FAH (short time experiments) inhibition of the EGFR
by Gefitinib could reduce proliferative activity corresponding to a diminished downstream signaling
in FAH after PTx and OTx.
On the contrary, Gefitinib administration did not influence proliferative activity of FAH or
the development of hepatocellular neoplasms at the progression level in long-term experiments.
Furthermore, downstream signaling pathways were upregulated after Gefitinib administration,
suggesting resistance mechanisms in hepatocytes. One has to consider that, due to severe side effects,
Gefitinib must be administered at a low dose in long-term experiments, which might partly explain
the lack of inhibition of liver tumor development in the various models examined. Nevertheless,
resistance to Gefitinib in the late stages of hepatocarcinogenesis is very likely and has been described
in the treatment of human non-small-cell lung cancer as well [35] and in HCCs of diethylnitrosamine
treated rats [30].
Possible resistance of the AKT/mTOR and Ras/raf-1/MAPK oncogenic signaling pathways
to EGFR tyrosine kinase inhibitors has been described [30,36]. Activation of these pathways by
other growth factor receptors like Hepatocyte growth factor/c-Met, IGF-1R and the Insulin receptor
could explain the emergence of residual tumors [37–41]. Furthermore, other members of the erb-B
receptor family, which are also upregulated in human HCC [22], might also drive hepatocarcinogenesis.
The effect of Gefitinib to these receptors remains poorly understood.
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Lately, Steinway [37] found that the EGFR pathway acts as a compensatory survival mechanism
upon c-Met inhibition in human c-Met-positive HCC, and combined inhibition of both c-Met and
EGFR oncogenic pathways provides superior suppression of HCC tumor growth.
We could substantiate an upregulation of the sodium/glucose cotransporter 1 (SGLT1) in FAH
of PTX rats after Gefitinib treatment, another possible explanation of resistance with unrestrained
proliferation and cell growth. SGLT1 maintains high intracellular glucose levels leading to cell survival
and intracellular homeostasis, is activated by EGFR independent of its kinase activity, and is therefore
not influenced by tyrosine kinase inhibitors [20].
Furthermore, our findings of upregulation of the EGFR expression levels, mainly in liver lesions
after PTx, illustrate resistance to Gefitinib after long term application. Nevertheless, this paradoxical
conversion of EGFR expression cannot be explained by direct effects of Gefitinib, as its target is
only the catalytic domain of the EGFR tyrosine kinase [11] with inhibition of downstream signaling.
Mechanisms of transactivation of the EGFR by other activated receptors in hepatocarcinogenesis,
as has been shown for the Insulin-Like Growth Factor Receptor 1 (IGF-1R) in Erlotinib treated HCC
cell lines Huh7 [42], would be a possible explanation.
In this study, some HCA could be detected after intraportal transplantation of thyroid
follicles (TTx) for the first time in this experimental setting, as manifest hepatocellular
neoplasms have not been described by Dombrowski et al. [16]. Despite one simple HCA near
a transplant tumor after TTx, neither the EGFR nor the TGFα were upregulated in hormonal
induced alterations of hepatocytes after TTx. Nevertheless, Gefitinib treatment induced a
reduction of proliferative activity, suggesting that T3 induced pathways in hepatocytes, like the
nuclear thyroid hormone receptor activation or related enzyme activities of i.e., cyclooxygenases,
glucose-6-phosphatase or glucose-6-phosphat-dehydrogenase [16], are influenced by Gefitinib,
independently of its EGFR-activity.
4. Experimental Section (for Details Refer to Supplementary Materials and Methods)
4.1. Animal Treatments
Seven hundred sixty-eight inbred male and female Lewis rats (3 months old, 150–250 g) were used
in the present study. Housing of the animals was described in detail previously [14–16]. The animal
protocols used in this work were evaluated and approved by the Committee for Animal Research
(Protocol no. LALLF M-V/TSD/7221.3-1.1-023/08, 15 April 2008) and in the accordance with the
German Animal Protection Law.
Animals were allocated to four different experimental settings to the chemical model of
hepatocarcinogeneses after administration N-Nitrosomorpholine (NNM) or to three established
intraportal transplantation models and to appropriate control groups, as shown in Table 4.
Table 4. Experimental design of investigated models of hepatocarcinogenesis.
Treatment
Procedure

Sacrifice
Time Point

Gefitinib
Administration

Experimental
groups
PTx (male)

Sacrifice
Time Point

N

Gefitinib
Administration

N

Control
groups
3 weeks

-

8

3 weeks
6 months
6 months
6 months
12 months
12 months
12 months
24 months
24 months

2 weeks HD
2 weeks HD
3 months LD
2 weeks HD
3 months LD
9 months LD

12
10
14
12
34
17
17
19
10

male

3 weeks

-

10

3 weeks
3 months
3 months
3 months
6 months
6 months
6 months
12 months
12 months
12 months

2 weeks HD
2 weeks HD
3 months LD
2 weeks HD
3 months LD
2 weeks HD
3 months LD

10
15
15
15
26
25
25
11
10
10

Int. J. Mol. Sci. 2016, 17, 1618

14 of 18

Table 4. Cont.
Treatment
Procedure

Sacrifice
Time Point

TTx (male)

3 months

-

15

24 months

-

19

3 months
12 months
12 months
12 months
24 months
24 months

2 weeks HD
2 weeks HD
3 months LD
9 months LD

15
15
14
13
15
15

24 months

9 months LD

24

3 months
3 months
12 months
12 months
12 months

2 weeks HD
2 weeks HD
3 months LD

10
10
14
9
9

3 months

-

15

24 months

-

21

3 months
12 months
12 months
12 months
24 months
24 months

2 weeks HD
2 weeks HD
3 months LD
9 months LD

15
15
16
16
20
21

24 months

9 months LD

17

OTx
(female)

NNM

Gefitinib
Administration

Sacrifice
Time Point

N

3 months

-

15

3 months
3 months
6 months
6 months
6 months

2 weeks HD
3 months LD
2 weeks HD
3 months LD

15
15
15
15
15

female

Gefitinib
Administration

N

Overview of all investigated experimental and control groups in short (3 weeks, and 3 and 6 months) and
long term investigations (12 and 24 months) after intraportal transplantation of pancreatic islets (PTx), ovarian
fragments (OTx) or thyroid follicles (TTx) or administration of N-Nitrosomorpholine (NNM) at different sacrifice
time points (time after transplantation or beginning of NNM administration) and with or without administration
of gefitinib (HD, high doses of 20 mg/kg body weight, LD, low doses of 10 mg/kg body weight) as indicated.
N number of animals in respective groups.

4.2. Administration of NNM
Male Lewis rats were fed NNM (Sigma Aldrich, Darmstadt, Germany) orally in a low dose
(5 mg/kg body weight) daily throughout the experiment.
4.3. Transplantation Models
4.3.1. Diabetes Induction and Intraportal Pancreatic Islet Transplantation (PTx)
Diabetes was induced by streptozotocin (80 mg/kg body weight) prior to the intraportal
transplantation of 400–450 pancreatic islet grafts.
4.3.2. Thyroidectomy and Intraportal Transplantation of Thyroid Follicles (TTx)
Rats were thyroidectomized before intraportal transplantation of isolated, isologous thyroid
tissue pieces.
4.3.3. Ovariectomy and Intraportal Transplantation of Ovarian Fragments (OTx)
Female, ovariectomized rats received isolated, isologous grafts of small fragments of
ovarian tissue.
4.3.4. Control Groups
Male and female Lewis rats, non-diabetic, not ovariectomized or thyroidectomized and without
transplantation procedures or NNM administration were either given Gefitinib as the experimental
groups or left untreated.
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4.3.5. Gefitinib Treatment
Gefitinib (Iressa® , Astra Zeneca, Wedel, Germany) was administered daily and orally for two
weeks (with 20 mg/kg) or three and nine months, respectively (with a reduced dose of 10 mg/kg),
to respective groups as shown in Table 1.
4.3.6. Application of the Nucleoside Analog 5-Bromo-20 -deoxyuridine (BrdU)
Seven days before sacrifice, osmotic minipumps (Osmotic Pump Model 2ML1, Alzet, Alza Corp.,
Palo Alto, CA, USA) filled with 40 mg of BrdU (Sigma Aldrich, Heidelberg, Germany) were implanted
in one third of the animals of each group.
4.3.7. Animal Sacrifices and Tissue Processing
Rats were sacrificed at 3 weeks, 3 months, 6 months, 12 months and 24 months, respectively, post
transplantation. After perfusion fixation, the liver was removed and cut into slices of 1–2 mm thickness.
All macroscopically visible lesions (>2 mm) and additional 10 liver slices were embedded in paraffin.
Slides of 2–3 µm thickness were cut and stained by H&E and the periodic acid Schiff (PAS) reaction.
4.3.8. Immunohistochemistry
Formalin-fixed, paraffin-embedded or frozen tissue serial sections were stained for TGF-α,
EGFR, BrdU, sodium-glucose-transporter protein 1 (SGLT1), phosphorylated mTOR (p-mTOR),
phosphorylated 4 eukaryotic translation initiation factor 4E binding protein 1 (p-4EBP1), Ras, and
extracellular related kinase (PanERK).
4.3.9. Morphologic Investigations
FAH in different models were classified according to Bannasch and Zerban [43] into glycogen
storing foci, basophilic foci, amphophilic foci, and amphophilic-tigroid cell foci [16]. Furthermore,
frequency and amount of transplant associated HCAs, HCCs and hyperplastic transplants or
transplant tumors, respectively, were assessed. BrdU labeling indices (BrdU-LI) and volume fraction
determination in hepatocellular lesions and extrafocal liver tissue were determined as described
earlier [14,44]. Expression levels of immunostaining were scored as product of % of hepatocytes (factors
of 0 = 0%; 1 = 1%–<10%; 2 = 10%–<75%; 3 = 75%–100%) and intensity of membranous/cytoplasmatic
staining result (0 = no staining; 1 = weak; 2 = medium; 3 = strong). A product difference between
groups of ≥2 was defined as upregulation or downregulation, respectively.
4.4. Statistical Analysis
The Wilcoxon–Mann–Whitney U test was applied to determine differences regarding the BrdU-LIs
in intraindividual and interindividual comparisons and in cell proliferation assays. Differences
regarding the number of tumor bearing animals were assessed via Fisher’s exact test. p-Values of less
than 0.05 were considered statistically significant.
5. Conclusions
EGFR inhibition by Gefitinib also diminishes chemical and hormonal induced
hepatocarcinogenesis at the level of initiation in the non-cirrhotic liver, as quantity and proliferative
activity of different types of pre-neoplastic liver lesions are decreased. By contrast, progression to
neoplastic hepatocellular tumors, even if reduced in the NNM model, is not prevented. This indicates
only a partial relevance of the EGFR signaling pathway in later stages of hepatocarcinogenesis, where
multiple oncogenic pathways are known to be activated, but should be considered for combined
therapy with conventional cytostatic drugs or other targeted agents.
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Acknowledgments: The authors wish to thank Cathrin Müller, Christine Wandschneider, and Stefanie Bockhahn
for excellent technical assistance and Ines Zimak for animal care. Deutsche Forschungsgemeinschaft (German
Research Foundation) grants Do 622/2-1 to FD and RI 2695/1-1 to SR.
Author Contributions: Silvia Ribback, Verena Sailer, Enrico Böhning, Julia Günther, Jaqueline Merz,
Frauke Steinmüller, Kirsten Utpatel, Antonio Cigliano, Maria G. Pilo, and Diego F. Calvisi were involved
in the acquisition of the data, analysis and interpretation of the data. Silvia Ribback and Diego F. Calvisi
drafted the manuscript. Antonio Cigliano, Kristin Peters and Maria G. Pilo provided technical expertise
for immunohistochemistry. Matthias Evert and Frank Dombrowski provided relevant intellectual input.
Silvia Ribback, Diego F. Calvisi and Frank Dombrowski conceived and designed the study, drafted the manuscript,
obtained funding, and supervised the study.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.

10.

11.

12.

13.

14.
15.

El-Serag, H.B. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology 2012, 142,
1264–1273. [CrossRef] [PubMed]
Gomaa, A.I.; Khan, S.A.; Toledano, M.B.; Waked, I.; Taylor-Robinson, S.D. Hepatocellular carcinoma:
Epidemiology, risk factors and pathogenesis. World J. Gastroenterol. 2008, 14, 4300–4308. [CrossRef] [PubMed]
Evert, M.; Dombrowski, F. Hepatocellular carcinoma in the non-cirrhotic liver. Der Pathol. 2008, 29, 47–52.
[CrossRef] [PubMed]
Raza, A.; Sood, G.K. Hepatocellular carcinoma review: Current treatment, and evidence-based medicine.
World J. Gastroenterol. 2014, 20, 4115–4127. [CrossRef] [PubMed]
Llovet, J.M.; Burroughs, A.; Bruix, J. Hepatocellular carcinoma. Lancet 2003, 362, 1907–1901. [CrossRef]
Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.;
Forner, A.; et al. SHARP Investigators Study Group. Sorafenib in advanced hepatocellular carcinoma.
N. Engl. J. Med. 2008, 359, 378–390. [CrossRef] [PubMed]
Wells, A. EGF receptor. Int. J. Biochem. Cell Biol. 1999, 31, 637–643. [CrossRef]
Olayioye, M.A.; Neve, R.M.; Lane, H.A.; Hynes, N.E. The ErbB signaling network: Receptor
heterodimerization in development and cancer. EMBO J. 2000, 19, 3159–3167. [CrossRef] [PubMed]
Höpfner, M.; Schuppan, D.; Scherübl, H. Growth factor receptors and related signalling pathways as targets
for novel treatment strategies of hepatocellular cancer. World J. Gastroenterol. 2008, 14, 1–14. [CrossRef]
[PubMed]
Yamaguchi, K.; Carr, B.I.; Nalesnik, M.A. Concomitant and isolated expression of TGF-α and EGF-R in
human hepatoma cells supports the hypothesis of autocrine, paracrine, and endocrine growth of human
hepatoma. J. Surg. Oncol. 1995, 58, 240–245. [PubMed]
Ciardiello, F.; Caputo, R.; Bianco, R.; Damiano, V.; Pomatico, G.; de Placido, S.; Bianco, A.R.; Tortora, G.
Antitumor effect and potentiation of cytotoxic drugs activity in human cancer cells by ZD-1839 (Iressa), an
epidermal growth factor receptor-selective tyrosine kinase inhibitor. Clin. Cancer Res. 2000, 6, 2053–2063.
[PubMed]
Lopes, G.; Ho, C.; Liau, K.; Chung, A.; Cheow, P.; Chang, A.; Consortium, S.H.C. Adjuvant gefitinib in
hepatocellular carcinoma (HCC): An ongoing pilot study by the Singapore Hepatocellular Carcinoma
Consortium. In Proceedings of the 2009 Gastrointestinal Cancers Symposium, San Francisco, CA, USA,
15–17 January 2009.
Weber, E.; Bannasch, P. Dose and time dependence of the cellular phenotype in rat hepatic preneoplasia and
neoplasia induced by continuous oral exposure to N-Nitrosomorpholine. Carcinogenesis 1994, 15, 1235–1242.
[CrossRef] [PubMed]
Dombrowski, F.; Lehringer-Polzin, M.; Pfeifer, U. Hyperproliferative liver acini after intraportal islet
transplantation in streptozotocin-induced diabetic rats. Lab. Investig. 1994, 71, 688–699. [PubMed]
Dombrowski, F.; Flaschka, C.; Klotz, L.; von Netzer, B.; Schulz, C.; Lehnert, H.; Evert, M. Hepatocellular
neoplasms after intrahepatic transplantation of ovarian fragments into ovariectomized rats. Hepatology 2006,
43, 857–867. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 1618

16.

17.
18.

19.

20.
21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.

32.

33.

17 of 18

Dombrowski, F.; Klotz, L.; Hacker, H.J.; Li, Y.; Klingmüller, D.; Brix, K.; Herzog, V.; Bannasch, P.
Hyperproliferative hepatocellular alterations after intraportal transplantation of thyroid follicles.
Am. J. Pathol. 2000, 156, 99–113. [CrossRef]
Dombrowski, F.; Mathieu, C.; Evert, M. Hepatocellular neoplasms induced by low-number pancreatic islet
transplants in autoimmune diabetic BB/PFD rats. Cancer Res. 2006, 66, 1833–1843. [CrossRef] [PubMed]
Francavilla, A.; Carr, B.I.; Azzarone, A.; Polimeno, L.; Wang, Z.; van Thiel, D.H.; Subbotin, V.; Prelich, J.G.;
Starzl, T.E. Hepatocyte proliferation and gene expression induced by triiodothyronine in vivo and in vitro.
Hepatology 1994, 20, 1237–1241. [CrossRef]
Hufnagl, K.; Parzefall, W.; Marian, B.; Käfer, M.; Bukowska, K.; Schulte-Hermann, R.; Grasl-Kraupp, B.
Role of transforming growth factor alpha and prostaglandins in preferential growth of preneoplastic rat
hepatocytes. Carcinogenesis 2001, 22, 1247–1256. [CrossRef] [PubMed]
Weihua, Z.; Tsan, R.; Huang, W.C.; Wu, Q.; Chiu, C.H.; Fidler, I.J.; Hung, M.C. Survival of cancer cells is
maintained by EGFR independent of its kinase activity. Cancer Cell 2008, 13, 385–393. [CrossRef] [PubMed]
Chiang, D.Y.; Villanueva, A.; Hoshida, Y.; Peix, J.; Newell, P.; Minguez, B.; LeBlanc, A.C.; Donovan, D.J.;
Thung, S.N.; Solé, M.; et al. Focal gains of VEGFA and molecular classification of hepatocellular carcinoma.
Cancer Res. 2008, 68, 6779–6788. [CrossRef] [PubMed]
Ito, Y.; Takeda, T.; Sakon, M.; Tsujimoto, M.; Higashiyama, S.; Noda, K.; Miyoshi, E.; Monden, M.;
Matsuura, N. Expression and clinical significance of ERB-B receptor family in hepatocellular carcinoma.
Br. J. Cancer 2001, 84, 1377–1383. [CrossRef] [PubMed]
Calvisi, D.F.; Ladu, S.; Gorden, A.; Farina, M.; Conner, E.A.; Lee, J.S.; Factor, V.M.; Thorgeirsson, S.S.
Ubiquitous activation of Ras and Jak/Stat pathways in human HCC. Gastroenterology 2006, 130, 1117–1128.
[CrossRef] [PubMed]
Sahin, F.; Kannangai, R.; Adegbola, O.; Wang, J.; Su, G.; Torbenson, M. mTOR and P70 S6 kinase expression
in primary liver neoplasms. Clin. Cancer Res. 2004, 10, 8421–8425. [CrossRef] [PubMed]
Takami, T.; Kaposi-Novak, P.; Uchida, K.; Gomez-Quiroz, L.E.; Conner, E.A.; Factor, V.M.; Thorgeirsson, S.S.
Loss of hepatocyte growth factor/c-Met signaling pathway accelerates early stages of N-nitrosodiethylamine
induced hepatocarcinogenesis. Cancer Res. 2007, 67, 9844–9851. [CrossRef] [PubMed]
Breuhahn, K.; Longerich, T.; Schirmacher, P. Dysregulation of growth factor signaling in human
hepatocellular carcinoma. Oncogene 2006, 25, 3787–3800. [CrossRef] [PubMed]
Buckley, A.F.; Burgart, L.J.; Sahai, V.; Kakar, S. Epidermal growth factor receptor expression and gene copy
number in conventional hepatocellular carcinoma. Am. J. Clin. Pathol. 2008, 129, 245–251. [CrossRef]
[PubMed]
Okano, J.; Matsumoto, K.; Nagahara, T.; Murawaki, Y. Gefitinib and the modulation of the signaling
pathways downstream of epidermal growth factor receptor in human liver cancer cells. J. Gastroenterol. 2006,
41, 166–176. [CrossRef] [PubMed]
Höpfner, M.; Sutter, A.P.; Huether, A.; Schuppan, D.; Zeitz, M.; Scherübl, H. Targeting the epidermal
growth factor receptor by gefitinib for treatment of hepatocellular carcinoma. J. Hepatol. 2004, 41, 1008–1016.
[CrossRef] [PubMed]
Schiffer, E.; Housset, C.; Cacheux, W.; Wendum, D.; Desbois-Mouthon, C.; Rey, C.; Clergue, F.; Poupon, R.;
Barbu, V.; Rosmorduc, O. Gefitinib, an EGFR inhibitor, prevents hepatocellular carcinoma development in
the rat liver with cirrhosis. Hepatology. 2005, 41, 307–314. [CrossRef] [PubMed]
Bruns, C.J.; Solorzano, C.C.; Harbison, M.T.; Ozawa, S.; Tsan, R.; Fan, D.; Abbruzzese, J.; Traxler, P.;
Buchdunger, E.; Radinsky, R.; et al. Blockade of the epidermal growth factor receptor signaling by a
novel tyrosine kinase inhibitor leads to apoptosis of endothelial cells and therapy of human pancreatic
carcinoma. Cancer Res. 2000, 60, 2926–2935. [PubMed]
Evert, M.; Sun, J.; Pichler, S.; Slavova, N.; Schneider-Stock, R.; Dombrowski, F. Insulin receptor, insulin
receptor substrate-1, Raf-1, and Mek-1 during hormonal hepatocarcinogenesis by intrahepatic pancreatic
islet transplantation in diabetic rats. Cancer Res. 2004, 64, 8093–8100. [CrossRef] [PubMed]
Evert, M.; Calvisi, D.F.; Evert, K.; de Murtas, V.; Gasparetti, G.; Mattu, S.; Destefanis, G.; Ladu, S.;
Zimmermann, A.; Delogu, S.; et al. AKT/mTOR Activation Induces a Module of Metabolic Changes
Contributing to Growth in Insulin-induced Hepatocarcinogenesis. Hepatology 2012, 55, 1473–1484. [CrossRef]
[PubMed]

Int. J. Mol. Sci. 2016, 17, 1618

34.

35.

36.
37.

38.

39.

40.

41.
42.

43.

44.
45.

18 of 18

Ribback, S.; Calvisi, D.F.; Cigliano, A.; Sailer, V.; Peters, M.; Rausch, J.; Heidecke, C.D.; Birth, M.;
Dombrowski, F. Molecular and metabolic changes in human liver clear cell foci resemble the alterations
occurring in rat hepatocarcinogenesis. J. Hepatol. 2013, 58, 1147–1156. [CrossRef] [PubMed]
Nguyen, K.S.H.; Kobayashi, S.; Costa, D.B. Acquired resistance to epidermal growth factor receptor tyrosine
kinase inhibitors in non-small-cell lung cancers dependent on the epidermal growth factor receptor pathway.
Clin. Lung Cancer 2009, 10, 281–289. [CrossRef] [PubMed]
Lee, G.H.; Merlino, G.; Fausto, N. Development of liver tumors in transforming growth factor alpha
transgenic mice. Cancer Res. 1992, 52, 5162–5170. [PubMed]
Steinway, S.N.; Dang, H.; You, H.; Rountree, C.B.; Ding, W. The EGFR/ErbB3 Pathway acts as a compensatory
survival mechanism upon c-Met Inhibition in Human c-Met+ Hepatocellular Carcinoma. PLoS ONE 2015,
10, e0128159. [CrossRef] [PubMed]
Chettouh, H.; Fartoux, L.; Aoudjehane, L.; Wendum, D.; Clapéron, A.; Chrétien, Y.; Rey, C.; Scatton, O.;
Soubrane, O.; Conti, F.; et al. Mitogenic insulin receptor-A is overexpressed in human hepatocellular
carcinoma due to EGFR-mediated dysregulation of RNA splicing factors. Cancer Res. 2013, 73, 3974–3986.
[CrossRef] [PubMed]
Bodzin, A.S.; Wei, Z.; Hurtt, R.; Gu, T.; Doria, C. Gefitinib resistance in HCC mahlavu cells: Upregulation of
CD133 expression, activation of IGF-1R signaling pathway, and enhancement of IGF-1R nuclear translocation.
J. Cell. Physiol. 2012, 227, 2947–2952. [CrossRef] [PubMed]
Desbois-Mouthon, C.; Baron, A.; Blivet-Van Eggelpoël, M.J.; Fartoux, L.; Venot, C.; Bladt, F.; Housset, C.;
Rosmorduc, O. Insulin-like growth factor-1 receptor inhibition induces a resistance mechanism via the
epidermal growth factor receptor/HER3/AKT signaling pathway: Rational basis for cotargeting insulin-like
growth factor-1 receptor and epidermal growth factor receptor in hepatocellular carcinoma. Clin. Cancer Res.
2009, 15, 5445–5456. [PubMed]
Scharf, J.G.; Braulke, T. The role of the IGF axis in hepatocarcinogenesis. Horm. Metab. Res. 2003, 35, 685–693.
[PubMed]
Huether, A.; Höpfner, M.; Sutter, A.P.; Baradari, V.; Schuppan, D.; Scherübl, H. Signaling pathways
involved in the inhibition of epidermal growth factor receptor by erlotinib in hepatocellular cancer.
World J. Gastroenterol. 2006, 12, 5160–5167. [PubMed]
Bannasch, P.; Zerban, H. Predictive value of hepatic preneoplastic lesions as early indicators ofcarcinogenic
response. In Mechanisms of Carcinogenesis in Risk Identification; Vainio, H., Magee, P.N., McGregor, D.B.,
McMichael, A.J., Eds.; International Agency for Research on Cancer: Lyon, France, 1992; pp. 389–427.
Dombrowski, F.; Bannasch, P.; Pfeifer, U. Hepatocellular neoplasms induced by low-number pancreatic islet
transplants in streptozotocin diabetic rats. Am. J. Pathol. 1997, 150, 1071–1087. [PubMed]
Weibel, E.R. Stereological principles for morphometry in electron microscopic cytology. Int. Rev. Cytol. 1969,
26, 235–302. [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

