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A B S T R A C T

Background: Abnormal activation of protein kinase B (PKB) is associated with many cancers. This makes
inhibition of PKB signaling pathway a promising strategy for cancer therapy. Lactoferrin (Lf) has been
reported for its inhibition of tumor growth and metastasis, however, the mechanism is not completely
understood. Its anti-hepatocarcinogenic activity has not taken the deserved recognition despite the
additional advantages of Lf as an antiviral against hepatitis C virus, the main cause of hepatocellular
carcinoma (HCC), and as a targeting ligand for delivering chemotherapeutics to hepatoma cells.
Methods: This study evaluated the anti-hepatocarcinogenic effect of Lf, and the role of PKB in this effect
using diethylnitrosamine (DENA)-induced HCC rat model, and a primary cell culture prepared from the
induced hepatic lesions (DENA�HCC cell culture).
Results: Up-regulation of activated PKB in the hepatocytes of rats with DENA-induced HCC was observed,
as measured biochemically in the liver homogenate, and localized immunohistochemically. This was
accompanied by increment of hepatocytes proliferation, and expression of vascular endothelial growth
factor and endothelial nitric oxide synthase. Involvement of PKB in DENA-induced HCC was confirmed by
the observed decrease in cell proliferation in DENA�HCC cell culture that was treated with PKB inhibitor.
In Lf-treated rats, a dose-dependent chemopreventive effect was observed, with decreased expression
and activation of PKB, amelioration of the other DENA-induced alterations, and stimulation of apoptosis.
In vitro, Lf blocked PKB activator-induced cell proliferation.
Conclusion: These findings support the chemopreventive activity of Lf against HCC, and suggest
regulation of PKB-pathway as a potential mechanism underlying this effect.

© 2019 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
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Introduction

Primary liver cancer is the fifth most common cancer
worldwide, and the third cause of cancer-related death [1]. About
75–90% of liver cancers are hepatocellular carcinomas (HCC) [2].
One of the most leading causes of HCC is viral infection with
hepatitis B and C viruses (HBV and HCV) [3]. About 70–80% of
individuals infected with the virus become chronically infected,
and, in its chronic form, hepatitis C can lead to liver fibrosis, HCC
and eventually death from liver failure [4]. Other risk factors
involved in the etiology of HCC include alcohol consumption,
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obesity, environmental pollutants, and several dietary carcinogens,
such as aflatoxins and nitrosamines [5,6]. Unfortunately, advanced
HCC has limited approved treatment options and grave prognosis,
therefore, chemoprevention has been considered as the best
approach in lowering the high morbidity and mortality associated
with this disease [7].

Lactoferrin (Lf) has attracted a lot of interest in the last few
years due to its multi-pharmacological properties. It is a natural
glycoprotein that found predominantly in milk and can also found
in the other secretory fluids [8]. It has many pharmacological
properties that are mediated through specific receptors [9]. Many
recent studies have found promising anti-carcinogenic effects for
Lf against a number of tumor cells [10–12]. However, the anti-
tumor mechanism of Lf remains inconclusive. On the other hand,
although it has been evaluated by some research groups [13,14],
 Elsevier B.V. All rights reserved.
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the antihepatocarcinogenic effect of Lf has not taken the much
interest it deserves. In addition to its anti-cancer activity, Lf has
been reported for its antiviral effect against HCV, the main cause of
HCC, by preventing its binding to the host cells and preventing its
replication [15]. More fascinatingly, many recent studies revealed
that Lf could be used as a targeting agent to deliver chemo-
therapeutics to hepatoma cells, as it can bind to multiple receptors
on hepatocytes [16]. Taken together, these important extra values
of Lf necessitate a more extensive study of its antihepatocarcino-
genic effect, due to the potential additional benefit that might
gained by using Lf in HCV patients susceptible to HCC, and in HCC
patients as a drug delivery system.

Protein kinase B (PKB), also known as Akt, is a basic node in
different signaling cascades that regulate the normal cellular
physiology, and also involved in various disease conditions. It
controls cell proliferation, growth, survival, glucose metabolism,
and motility, as well as angiogenesis [17]. Increasing evidence
suggests that abnormal activation of PKB is involved in human
cancers and that inhibition of PKB signaling pathway might be a
promising strategy for cancer treatment [18].

The current study aimed to evaluate the antihepatocarcino-
genic effect of Lf against clinically relevant experimental rodent
model of HCC, and to explore the role of PBK-pathway in this effect.

Materials and methods

Animals

Adult male Albino Wistar rats of 10–12 weeks, weighing 120–
140 g, were obtained from the animal house colony of the National
Research Centre (NRC, Egypt). The animals were maintained at a
controlled temperature of 24 � 1 �C with a 12–12 h light-dark cycle
(lights on at 0600–1800), and were allowed free access to water
and standard chow ad libitum. They were treated according to the
national and international ethics guidelines stated by the ethics
committee of NRC, and all procedures and experiments were
performed according to a protocol approved by it.

Experimental design

Fifty-four rats were randomly allocated into five groups. The 1st

group (n = 6) received vehicles and served as the normal group
(VHC). In the other four groups (n = 12), HCC was induced
according to Hussien et al. [19] with slight modifications. HCC
was initiated using 1 monthly dose of diethylnitrosamine (DENA,
Sigma Aldrich, USA) (200 mg/kg, ip) for 3 successive months.
Following 2 weeks from the 1st DENA dose, phenobarbital (PhB,
Sigma Aldrich, USA) was added daily to the drinking water of the
rats (0.05%) till the end of the experiment to promote the
hepatocarcenogenises. The 2nd group served as an HCC model
group; in the other 3 groups, rats received daily oral dose, by
gavage, of Lf (Radiance Nutritional, New Zealand) dissolved in
distilled water (100, 200, or 400 mg/kg/day) [20,21], respectively,
Fig. 1. Representative figure indicating induction and treatment regimen in rats.
DENA, diethylenitrosamine (200 mg/kg, ip); PhB, phenobarbital (0.05% in the
drinking water of the rats); Lf, lactoferrin (100, 200, or 400 mg/kg/day, po).
starting 14 days prior to DENA injection and till the end of the
experiment (Fig. 1).

Assessment of serum levels of liver function biomarkers

Twenty-four weeks following the 1st DENA injection, blood
samples were withdrawn via tail vein of six rats per group under ip
anesthesia with ketamine–xylazine (K, 100 mg/kg; X, 10 mg/kg)
[22]. Serum was used for estimation of alanine aminotranseferase
(ALT) and aspartae aminotranseferase (AST) activities, as well as
bilirubin level, using specific kits (Biodiagnostic, Egypt).

Morphometric analysis of hepatic nodulogenesis

Immediately after blood sampling, animals were sacrificed by
cervical dislocation under K–X anesthesia, the livers were removed
and grossly examined for presence of visible nodules, which
appeared sharply demarcated and greyish-white. The sphere like
nodules were measured in two perpendicular planes in order to get
an average diameter for each nodule to the nearest millimeter. The
visible nodules were classified into three categories relying on
their diameter namely �3, <3-<1 and �1 mm, as described by
Bishayee and Chatterjee [23]. The percentage of nodule incidence,
the total number of nodules and the average number of nodules per
nodule-bearing liver (nodule multiplicity) were calculated.

Biochemical analysis of liver tissues

Following morphometric analysis, weighed parts from the
livers and nodular lesions of six rats per group were homogenized
(MPW-120 homogenizer, Med instruments, Poland). The homoge-
nate was used for assessment of the contents of reduced
glutathione (GSH) and lipid peroxides, measured as malondialde-
hyde (MDA), using Biodiagnostic kits (Egypt), glutathione-
S-trasferase (GST) and alpha-fetoprotein (AFP) using Bioneovan
ELISA kits (China), lactate dehydrogenase (LDH) content using
Salucea ELISA kits (Netherlands), as well as phosphorylate PKB and
endothelial nitric oxide synthase (eNOS) levels using Systems
ELISA kits (USA).

Histopathological examination and histomorphometric analysis

Different tissue sections from liver and nodular lesions were
fixed in 10% neutral buffered formalin, washed, dehydrated, and
embedded in paraffin blocks. Sections of 5 mm thickness were
stained with haematoxylin and eosin (H&E) forb histopathological
examination. Five liver sections per group were examined. Ten
random low microscopic fields (10X) per section were scanned for
assessment of the histopathological lesions using binocular
Olympus CX31 microscope. The pre-neoplastic and neoplastic
lesions of liver were classified according to the method described
previously [24]. For quantitative analysis of theses pre-neoplastic
and neoplastic hepatic lesions in H&E stained sections, the number
and size of altered hepatic foci, hepatocellular adenoma and
hepatocellular carcinoma were estimated in ten low microscopic
fields (4X) according to published criteria [23,25]

Immunohistochemical investigation

For immunostaining, the liver sections were deparaffinized
and rehydrated in ethanol. The rehydrated sections were incubated
in 0.3% hydrogen peroxide to inactivate endogenous peroxidase.
The tissue sections were incubated with phosphorylated PKB
(polyclonal antibody Ser473; Cell Signaling Technology Inc., USA),
polycolonal anti-VEGF (Santa Cruz Biotechnology Inc., USA),
polyclonal anti-caspase-3 (Abcam, Ltd., USA), and monoclonal
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Anti- PCNA (Dako Corp, USA) as biotinylated primary antibodies. It
was then incubated with biotin-conjugated secondary antibody
(Vactastain ABC peroxidase kit, Vector Laboratories, USA). Dia-
minobenzidine (DAB) was used to demonstrate the immune
reaction. Hepatocytes with brown cytoplasm were considered
positive immune reactive cells for PKB, VEGF and caspase-3.
Whereas, hepatocytes with brown nuclei were considered positive
immune reactive cells for PCNA.

The immunohistochemical staining for PKB, VEGF proteins
and Caspase-3 was assessed in ten random high
microscopic power fields (40X) according to the method of
Maae et al. [26] with some modifications. This assessment is
Fig. 2. Serum biomarkers of liver function. VHC, rats treated with vehicles; DENA, rats tre
lactoferrin; ALT, alanine aminotranseferase; AST, aspartae aminotranseferase. Values re
bSignificantly different from DENA group at p < 0.05. *, #DENA-Lf groups with the diffe
based on two main criteria including the color intensity and
the percentage of positively immune stained cells. The color
intensity was semi quantitatively graded from 0 to 3 in which
grade 0 represent no staining, graded 1 represent weak
staining, graded 2 represent moderate staining and graded 3
represent strong staining. Additionally, the percentage of
positively stained cells was scored from 0 to 3, in which score
0 denotes 0%, score 1denotes <30%, score 2 denotes 30%–70% and
score 3 denotes <70%. The total immunoreactivity score (IRS) of
each tissue section is the sum of the two criteria. IRS score < 4 is
considered low expression and IRS score � 4 is considered
high [27].
ated with diethylenitrosamine; DENA-Lf, rats treated with diethylenitrosamine and
present the means � SE, n = 6. aSignificantly different from VHC group at p < 0.05.
rent symbol are significantly different from each other at p < 0.05.



Table 1
Effect of Lf on the growth and development of nodules in the livers of DENA-treated
rats.

Group No.of rats
with
nodules /
6 rats

Nodule
incidence

Total
no. of
nodules

Nodule
multiplicity

VHC – – – –

DENA 6/6 100 107 17.3a�1.4
DENA-Lf
(100 mg/kg)

4/6 66.6 45 11.25b�1.02

DENA-Lf
(200 mg/kg)

3/6 50 27 9.00c�0.70

DENA-Lf
(400 mg/kg)

2/6 33.3 11 6.50d�0.50

VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine;
DENA-Lf, rats treated with diethylenitrosamine and lactoferrin. Values
represent the means � SE. Groups with different superscript are significantly
different at p < 0.05.

Table 2
Effect of Lf on nodules size in the livers of DENA-treated rats.

Group No. of rats Nodules relative to size (% of total no.)

VHC – �3 mm <3-<1 mm �1 mm
DENA 6 48a � 2 26c� 2 26c � 2
DENA-Lf (100 mg/kg) 4 38b� 4 32b� 3 30b � 3
DENA-Lf (200 mg/kg) 3 32b� 4 32b� 3 36a� 3
DENA-Lf (400 mg/kg) 2 30c� 3 35a � 2 35a � 4

VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine;
DENA-Lf, rats treated with diethylenitrosamine and lactoferrin. Values
represent the means � SE. Groups with different superscript are significantly
different at p < 0.05.
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On the other hand, the positively PCNA immune stained nuclei
were counted in five random high microscopic field according to a
method described before [21].

The in vitro study

Preparation of primary cell culture

Tumor specimens from liver tissues of DENA-treated group that
were not required for histopathological and immunohistochemical
investigations, were used for further establishment of primary cell
culture, named "DENA�HCC cells", according to the method
descriped in a previous study with slight modifications [28]. Brifely,
tumor sections were enzymatically digested by type IV collagenase
(Sigma Aldrich, USA). The disaggregated cells were resuspended in
Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and penicillin-streptomycin (X100)
(Lonza Group Ltd., Switzerland). Then, they were seeded onto 6-well
culture plates coated with 0.1% gelatin to promote cell attachment
andviability [29], incubatedat37 �C in5%CO2and95% humidity, and
allowed to attach overnight prior to drug treatment.

Assessment of the role of PKB in the proliferation of DENA�HCC cells,
and the effect of Lf on it

The following day DENA�HCC cells were treated (every 24 h for
5 days) with either 1 mM GSK690693 (a specific PKB inhibitor) [30]
for 24 h/day, 10 mg/ml Lf [31] for 24 h/day, 100 nM insulin (a PKB
activator) [32] for 30 min/day, or a combination of Lf and insulin at
37 �C in a humidified, 5% CO2 atmosphere. In cells that were treated
with insulin and Lf, they were pretreated every day with Lf for
23.5 h and subsequently cultured in DMEM containing 10% FBS and
insulin for 30 min at 37 �C in a humidified, 5% CO2 atmosphere. All
drugs were dissolved in dimethyl sulfoxide (DMSO). DMSO was
used as the negative control (CT). Insulin, GSK690693 and DMSO
were purchased from Sigma-Aldrich (USA). At 1, 3, and 5 days after
drug treatment, a cell count was made using a Bürker chamber and
trypan blue dye (Sigma, USA) to differentiate live cells from dead.

To evaluate the role of PKB in DENA-induced HCC, the viability
and proliferation of the negative control DENA�HCC cells were
compared with those of the cells treated with specific PKB
inhibitor, GSK690693.

On the other hand, to evaluate the potential direct inhibition of
PKB by Lf, we compared the effects produced by the PKB activator
(insulin) on the proliferation of DENA�HCC cells with that in Lf,
and Lf/insulin-treated cell cultures.

Statistical analysis

All the values are presented as means � standard error of the
means (SE). Comparisons between different groups were carried
out using one-way analysis of variance (ANOVA) followed by Tukey
HSD test for multiple comparisons. Student t-test was used to
compare the cell proliferation in negative control DENA�HCC and
GSK690693-treated DENA�HCC cell culture. Graphpad Prism
software, version 5 (Inc., USA) was used to carry out these
statistical tests. The difference was considered significant when
p < 0.05.

Results

Serum levels of liver function biomarkers

DENA-induced HCC rat model markedly increased the normal
serum activities of ALT and AST, as well as bilirubin level.
Treatment of rats with Lf decreased this DENA-induced effect in
a dose-dependent manner, so as normal activities of ALT and AST
were observed in Lf (400 mg/kg)-treated group, with a more
significant improvement of bilirubin level compared to the other
treated groups (Fig. 2).

Hepatic nodulogenesis

There was no definite apparent nodules in the liver of VHC group.
Macroscopic nodules were clearly demonstrated on the surface of
the livers of DENA-treated group. Table 1 illustrates the incidence of
nodules, total number of nodules and nodule multiplicity (the
average number of nodules per nodule-bearing liver) of DENA- and
other treated groups. At 100 mg/kg, Lf treatment significantly
reduced nodule incidence compared to DENA-treated group.
Interestingly, pronounced decrease of nodule incidence was
recorded in DENA-Lf (200 mg/kg) and DENA-Lf (400 mg/kg) -treated
groups compared with DENA-treated one. The total number of
nodules was markedly regressed in DENA-Lf (200 mg/kg) and DENA-
Lf (400 mg/kg)-treated groups compared with DENA control.
Additionally, diminished nodule multiplicity was recorded in Lf in
a dose-dependent manner in comparison to DENA control group.

The size and distribution of visible nodules

Table 2 summarizes the size distribution of visible nodules in
the liver of various treated groups. Lf treatment at 400 mg/kg
significantly attenuated appearance of nodules � 3 mm compared
to DENA control group. Furthermore, increased number of nodules
less than 1 mm was recorded in DENA-Lf (200 mg/kg) and DENA-Lf
(400 mg/kg)-treated groups.

Hepatic oxidative stress markers

The normal hepatic oxidative index was altered in the rats with
DENA-induced HCC model, as revealed by the elevated MDA content



Fig. 3. The biochemical analysis of the liver contents of (a) MDA, (b) GSH, (c) GST, (d) AFP, (e) LDH, (f) PKB, and (g) eNOS. VHC, rats treated with vehicles; DENA, rats treated
with diethylenitrosamine; DENA-Lf, rats treated with diethylenitrosamine and lactoferrin; MDA, malondialdehyde; GSH, glutathione; GST, glutathione-S-trasferase; AFP,
alpha-fetoprotein; LDH, lactate dehydrogenase; PKB, protein kinase B; eNOS, endothelial nitric oxide synthase. Values represent the means � SE, n = 6. aSignificantly
different from VHC group at p < 0.05. bSignificantly different from DENA group at p < 0.05. *, #DENA-Lf groups with the different symbol are significantly different from each
other at p < 0.05.
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and the decreased GSH and GST levels. Lf significantly retrieved the
altered levels of MDA, GSH, and GST, with the most protective effect
observed in the group treated with Lf (400 mg/kg) (Fig. 3a–c).

Hepatic tumor markers

DENA resulted in recognition of high levels of AFP and LDH in
liver tissue homogenate of the rats. All doses of Lf normalized the
level of AFP, while there was a dose-dependent protection against
DENA-induced elevation of LDH (Fig. 3d and e).

The levels of phosphorylated PKB and eNOS in the liver

Significantly elevated levels of phosphorylated PKB and eNOS
were demonstratedinrats with DENA-inducedHCC. Treatmentof the
animals with Lf dose dependently suppress these effects, with
conservation of the normal levels in rats treated with Lf (400 mg/kg)
(Fig. 3f and g).
Table 3
The histopathological lesions demonstrated in the different groups of rats.

Parameters

Groups Altered foci Hepatocellular a

Number /LPF Mean area (mm2/
cm2)

Number /LPF 

DENA 7.00a+0.63 0.09a+0.02 5.90a+0.67 

DENA-Lf (100 mg/kg) 5.30b+0.83 0.03b+0.01 4.30b+0.36 

DENA-Lf (200 mg/kg) 3.40c+0.60 0.02b+0.04 2.40c+0.33 

DENA-Lf (400 mg/kg) 0.40d+0.34 0.03c+0.01 0.10d+0.10 

VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine; DENA
means � SE. Groups with different superscript are significantly different at p < 0.05.
Hepatic architecture in rats

The detailed hepatocellular lesions demonstrated in the liver of
DENA and Lf (100-200�400 mg/kg)-treated groups were summa-
rized in Table 3. Liver of VHC treated rats showed normal hepatic
architecture with preserved lobular pattern (Fig. 4a and b).
Meanwhile, liver of DENA-treated group revealed distortion of
the hepatic architecture with preneoplastic and neoplastic
(hepatocellular adenoma) lesions as well as various multinodular
carcinomatous lesions (Fig. 4c), in which the neoplastic cells
arranged in solid sheet with cellular and nuclear pleomorphism in
addition to presence of cytoplasmic inclusions including abundant
globular eosinophilic inclusions and faint pink fibrinogen inclusion
(Fig. 4d). The other commonly demonstrated hepatic lesions were
neoplastic nodules and altered hepatic foci that were found all over
the hepatic parenchyma. The neoplastic nodules (adenoma) were
of large sized, disrupt, and compress the surrounding parenchyma.
In addition, the plates of these nodules are discontinuous with
those of the adjacent liver tissue. However, the altered foci are
denoma Hepatocellular carcinoma

Mean area (mm2/
cm2)

Number /LPF Mean area (mm2/cm2)

0.08a+0.01 2.90a+0.27 0.35a+0.07
0.06b+0.01 0.80b+0.24 0.12b+0.04
0.05c+0.03 0.40c+0.22 0.04c+0.01
0.01c+0.02 0.10d+0.10 0.02c+0.01

-Lf, rats treated with diethylenitrosamine and lactoferrin. Values represent the



Fig. 4. Effect of Lf on the histopathological features of liver tissues of rats with DENA-induced HCC. VHC, rats treated with vehicles; DENA, rats treated with
diethylenitrosamine; DENA-Lf, rats treated with diethylenitrosamine and lactoferrin. Photomicrograph of liver tissue of (a and b) VHC-treated rats showing normal hepatic
architecture, (c and d) DENA-treated rats showing multi nodular hepatocellular carcinoma (arrows) (c) and large polygonal tumor cells with abundant intracytoplasmic
eosinophilic globular inclusions (arrows), and fibrinogen inclusions (thik arrows, insert) (d), (e and f) DENA-Lf (100 mg/kg)-treated rats showing multiple large (arrows) and
small altered hepatocellular foci (thick arrow) (e) characterized by multiple glycogenated nuclei (arrow) and prominent nucleoli (thick arrow) (f), (g and h) DENA-Lf (200 mg/
kg)-treated rats showing small clear cell focus (arrows), and (i&j) DENA-Lf (400 mg/kg)-treated rats showing restoration of hepatic parenchyma (i) with vacuolation of
hepatocellular cytoplasm (arrows) (j). (H&E; a, c, e, g and i X10; b, d, f, h and j X40).
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Table 4
The results of immunohistochemical assays recorded in the liver of the different groups of rats.

Parameter

Group PKB
(IRS)

VEGF
(IRS)

Caspase-3
(IRS)

PCNA
(count/ high
microscopic field)

VHC 1.70b�0.21 1.60b�0.16 0.27b�0.27 0.60b�0.24
DENA 5.10a�0.27 3.40a�0.42 3.50a�0.40 89.40a�5.09
DENA-Lf (100 mg/kg) 3.90ab*�0.17 2.80a*�0.38 3.55a*�0.24 49.20ab*�5.81
DENA-Lf (200 mg/kg) 2.60ab#�0.22 2.30ab�0.36 5.10ab#�0.27 17.40ab#�2.20
DENA-Lf (400 mg/kg) 1.40b#�0.42 1.80b#�0.24 5.30ab#�0.21 9.40ab@�1.29

VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine; DENA-Lf, rats treated with diethylenitrosamine and lactoferrin; PKB, protein kinase B; VEGF,
vascular endothelial growth factor; PCNA, proliferating cell nuclear antigen; IRS, the total immunoreactivity score. Values represent the means � SE. *, #, @ DENA-Lf groups
with the different symbol are significantly different at p < 0.05.

a Significantly different from VHC group at p < 0.05.
b Significantly different from DENA group at p < 0.05.
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small lesions of hepatocytes that don’t disrupt the parenchymal
architecture. Basophilic and clear foci were most abundant. The
cells of these foci have round nuclei with prominent nucleoli.
Glycogenated nuclei were also evident. LF Treatment revealed
significant regression of preneoplastic and neoplastic lesions in a
Fig. 5. PKB immunohistochemical staining of liver tissues. VHC, rats treated with ve
diethylenitrosamine and lactoferrin; PKB, protein kinase B. (a) VHC-treated rats showing
strong cytoplasmic expression of PKB (arrow), (c) DENA-Lf (100 mg/kg)-treated rats show
showing cytoplasmic expression in few immune stained cells (arrow), and (e)
immunohistochemical staining, X40).
dose-dependent manner. DENA-Lf (100 mg/kg)-treated group
revealed significant decrease of number and size of neoplastic
nodules and the lesions were mainly consisted of numerous AHF
that appeared with increasesed size and weakly disarrange the
hepatic parenchyma (Fig. 4e and f). On the other hand, the number
hicles; DENA, rats treated with diethylenitrosamine; DENA-Lf, rats treated with
 cytoplasmic expression (arrow), (b) DENA-treated rats showing tumor nodule with
ing moderate cytoplasmic expression (arrow), (d) DENA-Lf (200 mg/kg)-treated rats

 DENA-Lf (400 mg/kg)-treated rats showing weak expression (arrow) (PKB-
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and size of altered foci were diminished in DENA-Lf (200 mg/kg)-
treated group and few small clear hepatocellular foci, that don’t
disrupt the hepatic architecture, were observed (Fig. 4g and h).
Remarkable regression of preneoplastic lesions with pronounced
delay of tumor development was demonstrated in DENA-Lf
(400 mg/kg) treated group, in which marked restoration of hepatic
parenchyma with few altered hepatocytes was demonstrated
(Fig. 4i and j).

PKB immunohistochemical staining

Table 4 summarizes the results of immunohistochemical assay
recorded in the liver of different groups.

PKB immunohistochemical staining

Positive AKT immune reactivity with cytoplasmic expression
was demonstrated in the liver of VHC group (Fig. 5a). In contrast,
the intensity and the percentage of positively immune stained
cells were significantly increased in DENA-treated group (Fig. 5b),
with mean IRS of 5.10 � 0.27. Moderate staining was demonstrat-
ed in DENA-Lf (100 mg/kg)-treated group (Fig. 5c), with mean IRS
of 3.90 � 0.17. PKB expression was significantly decreased in
Fig. 6. VEGF immunohistochemical staining of liver tissues. VHC, rats treated with 

diethylenitrosamine and lactoferrin; VEGF, vascular endothelial growth factor. (a) VHC-trea
andsparsehepatocytes(arrow),(b) DENA-treatedratsshowingrelativelystrongimmunesta
showing moderate expression of VEGF protein (arrows), (d) DENA-Lf (200 mg/kg)-treated
kg)-treated rats showing weak expression of VEGF protein (arrows) (VEGF-immunohist
DENA-Lf (200 mg/kg) and DENA-Lf (400 mg/kg)-treated groups
(Fig. 5d and e, respectively) with mean IRS of 2.60 � 0.22 and
1.40 � 0.42, respectively.

VEGF immunohistochemical staining

Positive staining for VEGF protein in the hepatic sinusoids and
sparse hepatocytes of VHC group (Fig. 6a). While, DENA-treated
group revealed weak expression for VEGF protein in the vicinity of
tumor cells but relatively strong immune staining was demon-
strated at the periphery of cancerous nodule (Fig. 6b) with mean
IRS of 3.40a�0.42. Moderate expression of VEGF was recorded in
DENA-Lf (100 mg/kg) (Fig. 6c) and DENA-Lf (200 mg/kg)-treated
groups (Fig. 6d) with mean IRS of 2.80 � 0.38 and 2.30 � 0.36,
respectively, which is significantly different from DENA-treated
one. On the other hand, significant weak expression of VEGF was
recorded in DENA-Lf (400 mg/kg)-treated group (Fig. 6e) with
mean IRS of 1.80 � 0.24.

Caspase-3 immunohistochemical staining

Sparse immune immune reactive cells for caspase 3 was
demonstrated in VHC-treated group (Fig. 7a). In contrast, moderate
vehicles; DENA, rats treated with diethylenitrosamine; DENA-Lf, rats treated with
ted rats showing positive staining for VEGF protein in the hepatic sinusoids (thick arrow)
iningattheperipheryofcancerousnodule(arrows), (c)DENA-Lf (100 mg/kg)-treated rats
 rats showing moderate expression of VEGF protein (arrows), and (e) DENA-Lf (400 mg/
ochemical staining, X40).



Fig. 7. Caspase-3 immunohistochemical staining of liver tissues. VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine; DENA-Lf, rats treated with
diethylenitrosamine and lactoferrin. (a) VHC-treated rats showing no immune reactive cells, (b) DENA-treated rats showing moderate expression of caspase-3 with
cytoplasmic staining (arrows), (c) DENA-Lf (100 mg/kg)-treated rats showing moderate expression of caspase-3 with cytoplasmic and nuclear staining (arrows), (d) DENA-Lf
(200 mg/kg)-treated rats showing remarkable increase of caspase-3 expression (arrows), and (e) DENA-Lf (400 mg/kg)-treated rats showing diffuse overexpression of
caspase-3 (arrows) (Caspase-3 immunohistochemical staining, X40).
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expression of caspase-3 was demonstrated in DENA and DENA-Lf
(100 mg/kg)-treated groups (Fig. 7b and c, respectively), with
nonsignificant difference between them, in which the mean IRS for
both group was 3.50 � 0.40 and3.55 � 0.24, respectively. On the
other hand, remarkable increase of caspase 3 expression was
recorded in DENA-Lf (200 mg/kg)-treated group (Fig. 7d) and
DENA-Lf (400 mg/kg) (Fig. 7e) with mean IRS of 5.10 � 0.27 and
5.30 � 0.21, respectively, which is significantly different from
DENA and DENA-Lf (100 mg/kg)-treated groups.

PCNA immunohistochemical staining

Scarse PCNA- positive cells were demonstrated in VHC-treated
group (0.20 � 0.24) (Fig. 8a). while significant increase of PCNA
immune stained nuclei was recorded in DENA-treated group
(89.40 � 5.09) (Fig. 8b) compared to the VHC-treated group. On the
contrary, decreased number of PCNA immune stained nuclei was
recorded in DENA-Lf (100 mg/kg) treated group (49.20 � 5.81)
(Fig. 8c) which is significantly different from the DENA-treated
one. Significant decrease of PCNA immune stained nuclei was
recorded in DENA-Lf (200 mg/kg) and DENA-Lf (400 mg/kg)
respectively (17.40 � 2.20 and 9.40 � 1.29, respectively) (Fig. 8d
and 8e) which is significantly different from other treated groups.
In vitro evaluation of the proliferation of DENA�HCC primary cell
culture treated with PKB inhibitor, or PKB activator alone and in
combination with Lf

PKB inhibitor, Gsk690693 significantly reduced proliferation of
DENA�HCC Cells compared to the negative control (CT-DENA�HCC)
(Fig. 9a). A mild to moderate reduction were observed with 1 and 3
days of treatment, respectively. However, a more significant
reduction was obtained on day 5.

Moreover, the effectof PKB activator (insulin) andits combination
with Lf, on the growth rate of DENA�HCC cells is shown in Fig. 9b.
Insulin treatment appeared to be effective and amplified the
proliferation of DENA�HCC cells in vitro compared to the negative
control. However, a statistically significant reduction in growth was
observed in cells treated with a combination of the 2 drugs as early
as 24 h after treatment.

Discussion

DENA is a well-known dietary carcinogen that is commonly
used in induction of clinically relevant HCC in experimental
animals [33]. Induction of HCC by DENA in the current study was
evidenced by the biochemical, morphological, histopathological



Fig. 8. PCNA immunohistochemical staining of liver tissues. VHC, rats treated with vehicles; DENA, rats treated with diethylenitrosamine; DENA-Lf, rats treated with
diethylenitrosamine and lactoferrin; PCNA, proliferating cell nuclear antigen. (a) VHC-treated rats showing sparse immune reactive cells, (b) DENA-treated rats showing
significant increase of PCNA immune stained nuclei (arrows), (c) DENA-Lf (100 mg/kg)-treated rats showing decreased number of PCNA immune stained nuclei (arrows), (d)
DENA-Lf (200 mg/kg)-treated rats showing significant decrease of PCNA immune stained nuclei (arrows), and (e) DENA-Lf (400 mg/kg)-treated rats showing few scattered
immune reactive cells (arrows) (PCNA immunohistochemical staining, X40).

888 R.R. Hegazy et al. / Pharmacological Reports 71 (2019) 879–891
and immunohistochemical findings. The elevation of the serum
biomarkers of liver function indicated the hepatocellular damage
and was in agreement with other studies [19,33]. ALT and AST are
cytoplasmic in origin and physiologically detectable in serum with
very low concentrations. Their abnormal serum amounts indicate
cell membrane damage and hepatocytes death [34]. Also, hyper-
bilirubinemia indicates liver failure to conjugate and excrete
bilirubin [35].

Moreover, increment of the hepatic oxidative index in the
present DENA model indicated the exposure of the liver to
oxidative stress, a factor that was reported as one of the major
reasons contribute to the pathogenesis of HCC [36]. Furthermore,
the increased levels of AFP and LDH in the liver indicated the
induction of HCC. AFP is often measured as a tumor marker for
diagnosis of HCC [37]. Also, LDH the enzyme that participates in
the normal anaerobic glycolysis, is frequently increased in human
cancers due to the overproduction of lactic acid by cancer cells;
thus, it is considered as a tumor marker [38].

Morphometricallyand histopathologically, a multi nodular pattern
HCC was observed, and the immunohistochemical analysis revealed
enhancement of proliferation with no augmentation of the normal
apoptotic activity in the liver of DENA-treated group. The observed
induction of HCC in this study using the DENA model is in line with the
findings described in the other studies used the same model [6,39].
Inhibition of DENA-induced HCC by Lf was observed, as
indicated by the improvement of the serum liver function
biomarkers, as well as the hepatic nodulogenesis, oxidative index,
and tumor markers levels. Histopathological and immunohisto-
chemical investigations confirmed the biochemical outcome and
revealed a dose-dependent inhibition of DENA-induced hepato-
carcinogenesis and cell proliferation, and enhancement of
apoptosis. However, though the presence of few malignant hepatic
foci at the microscopic level in the livers of DEN-Lf treated rats, the
reported normal levels of hepatic AFP suggesting them as
premalignant foci, atypical non-AFP-positive hepatic lesions
[40]. In line with the current findings, the antitumor activity of
Lf is well reported, and its chemopreventive activity against HCC
has been previously demonstrated [13,14]. Indubitably, the
antioxidant property of Lf played an important role in the
attenuation of the present hepatocarcinogenic effect of DENA, as
revealed by the correction of the oxidative state of the liver.
However, increasing evidence indicates the direct inhibition of
tumor cell growth by Lf [10]; though, the molecular mechanism
underlying this effect is incompletely understood.

Meanwhile, data support the suggestion that aberrant activa-
tion of PKB is involved in human cancers and that inhibition of PKB
signaling pathway might be a promising strategy for cancer
treatment. PKB has been found to play an important role in



Fig. 9. Effect of drug treatments on the cell proliferation in DENA�HCC primary cell line (a) PKB inhibitor, (b) PKB activator alone and in combination with Lf. CT DENA�HCC,
negative control DENA�HCC primary cell line treated with DMSO; GSK690693-treated DENA�HCC, DENA�HCC primary cell line treated with PKB inhibitor; Insulin-treated
DENA�HCC, DENA�HCC primary cell line treated with PKB activator; Lf-treated DENA�HCC, DENA�HCC primary cell line treated with Lf; Lf/insulin-treated DENA�HCC,
DENA�HCC primary cell line treated with Lf and PKB activator. Values represent the means � SE of 3 individual determinations. *Significantly different from CT DENA�HCC at
the corresponding day at p < 0.05. #Significantly different from Insulin-treated DENA�HCC at the corresponding day at p < 0.05.
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carcinogenesis as it regulates cell-cycle progression, and prevents
apoptosis through inhibition of caspase-3 [18,41]. Moreover, PKB
has been found to direct the angiogenesis, the process of
generation of blood vessels that is essential for the survival and
growth of the tumor cells in nutrient-depleted conditions. PKB
activation contributes to this process through downstream
activation of VEGF in endothelial cells in the lining of blood
vessels [42]. In addition, PKB activates eNOS, which increases
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production of nitric oxide that stimulates vasodilation and vascular
remodeling [43].

Supporting these data explained the role of PKB in cancer
formation, the findings of the present study showed that DENA
model of HCC was associated with elevated hepatic levels of
phosphorylated PKB. Investigation of its downstream activation
products revealed raised levels of eNOS and enhanced expression
of VEGF in the liver of HCC rats. These data point out the
involvement of PKB pathway in increasing the cell proliferation
and suppressing the apoptosis of the hepatocytes, and eventually
in the hepatocarcinogenesis induced in rats by DENA. The findings
of the current in vitro experiment confirmed the role of PKB in
DENA-induced HCC, as the cell proliferation was reduced in the
DENA�HCC primary cell culture treated with specific PKB
inhibitor. As PKB is known to be activated due to the effect of
oxidative stress, the activation of PKB in this HCC might be a result
of DENA-induced reactive oxygen species–mediated PKB activa-
tion [44], a suggestion that is supported by the oxidative stress
state observed in this study.

On the other hand, decreased levels of phosphorylated PKB,
eNOS and VEGF were observed in Lf-treated groups, in a dose-
dependent fashion, suggesting the inhibition of PKB activation and,
subsequently, its signaling pathway by Lf. These effects were linked
with the detected suppression of proliferation and induction of
apoptosis via caspase-3 activation in HCC cells. Supportively, in the
in vitro study, Lf showed inhibition of PKB activator-mediated cell
proliferation in DENA�HCC primary cell culture, indicating a direct
inhibition of PKB by Lf.

In line with our findings, decreased levels of phosphorylated
PKB were also observed in association with Lf-induced growth
inhibition of head and neck cancer cells [45]. Other study also
demonstrated induction of apoptosis of stomach cancer cell and
regulation of PKB signaling pathway by Lf, and suggested that Lf
inhibits PKB activation and modulates its downstream proteins
phosphorylation in cancer cells [46].

Stimulatingly, the direct effect of Lf on PKB observed in the
present work can explain and link the findings of some older
studies. In one of these studies, Damiens et al. demonstrated that Lf
induces growth arrest of human breast carcinoma cells by
inhibiting cyclin-dependent kinases that modulate the expression
and the activity of key regulatory proteins in the cell-cycle
progression [47]. Additionally, an increased expression of the
cyclin-dependent kinases inhibitor proteins was reported in the
same study. In other studies, it has been found that PKB increases
the cell proliferation in breast cancer cells through inhibition of
cyclin-dependent kinase inhibitor [48]. Taken together, our results
could logically link the former findings and conclude that Lf-
induced growth arrest and inhibition of cyclin-dependent kinases
activity might be exerted through inhibition of PKB-mediated
regulation of these kinases.

Interestingly, regulation of PKB activation by Lf does not only
explain the direct anti-carcinogenic activity of Lf, however, it could
also justify its previously reported anti-metastatic effect [49], as
PKB is known to promote cancer metastasis [50]

Conclusion

This study revealed a significant dose-dependent chemo-
preventive effect of Lf against DENA-initiated and PhB-promoted
HCC in rats. The well-recounted antioxidant activity of Lf was
confirmed by the results of the current experiment, and it is
suggested to play a role in this anti-tumor activity of Lf.
Interestingly, our finding demonstrated that, in vivo, Lf decreased
the level and expression of phosphorylated PKB in the hepatocytes
in the rat model of DENA-induced HCC. In addition, Lf reduced the
expression and activation of eNOS, VEGF, which are activated
through PKB downstream signaling pathway, and enhanced the
activation of caspase-3 that is blocked by PKB. Also, in vitro, Lf has
been found to reduce the PKB-mediated cell progression in
DENA�HCC primary cell culture. Taken together, these findings
suggest that Lf directly regulates the activation of PKB and
subsequently inhibits its mediated actions, and propose this
activity of Lf as a potential mechanism involved in its direct anti-
carcinogenic capacity.
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