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Abstract: This study investigated the in vitro and in vivo anti-hepatocellular carcinoma activity of pseurotin A isolated from the
n-butanol extract of Aspergillus fumigatus Fr. AUMC 8002 (nBE-AF).The in vitro anticancer activity of nBE-AF was measured
againstahumanhepatocellularcarcinomacellline (HepG2) using a sulforhodamine-B (SRB) assay. Theintraperitoneal median
lethal dose (LD,,) of nBE-AF was determined in rats. Hepatocellular carcinoma was induced in rats by a single intraperitoneal
injection of diethyInitrosamine (DEN) (200 mg/kg b.wt.) followed by subcutaneousinjections of carbon tetrachloride (CCl,) (3mi/
kgb.wt.) weekly for 6 weeks. After administration of these carcinogens, 1/10 and 1/20 LD,, doses of nBE-AF were administered
intraperitoneally daily. NBE-AF exhibited significant cytotoxic activity against HepG2 cells. Administration of DEN and CCl,
significantly elevated the serum levels of liver function and tumour markers and significantly downregulated tumour necrosis
factor-a gene expression. Moreover, DEN and CCl4 decreased immunohistochemical Bax expression and increased Bcl-2
expression in the liver. Co-treatment with nBE-AF mitigated the DEN+CCI,-induced alterations in a dose-dependent manner.
Histopathological evaluation of the liver substantiated the above biochemical results. These results confirmed that nBE-AF,
via its major isolated secondary metabolite, pseurotin A, exerted an anti-hepatocarcinogenic effect and could be used as a
chemopreventive agentfor hepatocellular carcinoma..
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alcohol consumption, and exposure to environ-
mental carcinogens such as aflatoxins and nitro-
samines (3). Diethylnitrosamine (DEN) is one of
the most potent hepatocarcinogenic nitrosamines
found in agricultural chemicals, cosmetics and
alcoholic beverages (4). DEN has been commonly
used as a cancer initiator for the induction of HCC
in experimental animals. Metabolized DEN in the

Introduction

Cancer is a leading cause of death worldwide.
Approximately 7.6 million deaths occur from
cancer annually worldwide, and this number is
expected to increase to 13.1 million in 2030 (1).
Hepatocellular carcinoma (HCC) is the fifth most
common tumour and the second most common

cause of cancer mortality worldwide (2). The major
risk factors for HCC are hepatitis B or C virus in-
fection, food additives, toxic industrial chemicals,
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liver generates reactive oxygen species (ROS) and
induces oxidative stress and liver cell injury (5,
6).Furthermore, DEN is a genotoxic compound
that forms alkyl DNA adducts and causes sever-
al nuclear aberrations in the rat liver that ulti-
mately lead to the development of HCC (7).Carbon
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tetrachloride (CCl,) is a powerful environmental
toxicant that produces severe hepatic damage via
the generation of reactive free radicals. Currently,
there is no established effective chemotherapy for
liver cancer, and chemotherapy is considered of
limited value (8).One current approach to control
hepatic cancer is chemoprevention, a programme
of cancer management in which the occurrence
of tumourigenesis could be completely prevent-
ed, slowed, or reversed by the use of natural or
synthetic products (9).Indeed, the complementa-
ry and alternative use of natural products in the
treatment of liver diseases has greatly increased
worldwide. Currently, the identification of bioac-
tive ingredients from plants, marine organisms
and microorganisms to inhibit tumourigenesis in
different types of animal models of carcinogenesis
is attracting substantial attention (10). Fungi are
important sources of bioactive secondary metab-
olites containing novel compounds with unique
structural characteristics. These organisms have
proven to be a rich and promising source of nov-
el anticancer, antibacterial, antitumour and an-
ti-inflammatory agents (11). Aspergillus fumiga-
tus is a saprotrophic fungus that is widespread
throughout nature. A. Fumigatus is found in soil
and decaying organic matter and plays a vital role
in carbon and nitrogen recycling. Numerous bio-
active compounds, such as alkaloids, dibenzofu-
rans, dioxopiperazine and indolediketopiperazine,
have been isolated from A. fumigatus (12, 13). In
the present study, subsequent culture and frac-
tionation of the n-butanol extract of A. fumigatus
(nBE-AF) resulted in the isolation of pseurotin A
as a major secondary metabolite. Pseurotin A (an
alkaloid) is a major secondary metabolite isolated
from Pseudeurotium ovalis (14) and A. Fumigatus
(15).To our knowledge, detailed studies about the
anticancer effects of pseurotin A have not yet been
reported. Therefore, the aim of this study was to
evaluate the chemopreventive effect of nBE-AF via
its major isolated secondary metabolite, pseurotin

A, against HCC in rats.
Materials and methods
Chemicals

DEN was purchased from Sigma Chemicals Co.
(St. Louis, MO, USA), whereas CCI, was obtained
from El-Gomhoria Chemicals Co. (Zagazig, Egypt).

Fungal strain and growth conditions

The Aspergillus fumigatus Fr. AUMC 8002
strain was previously isolated and characterized
from Roquefort cheese from the Sharkia and
Assiut Governorates, Egypt. This fungal strain was
maintained on Czapek yeast extract agar medium
and incubated at 30°C for 7 days, followed by
monthly subculture.

N-butanol extract of A. fumigatus Fr. AUMC
8002

An Erlenmeyer conical flask(250 ml capacity)
containing 50 ml of Czapek yeast extract broth
medium was inoculated with 1 ml of A. fumigatus
Fr. AUMC 8002 fungal spore suspension, and the
culture flasks were incubated at 30°C for 7 days.
After incubation, the fermented substrate was
extracted using 1:1(v/v) n-butanol. The n-butanol
extracts were washed with equal volumes of
distilled water and dried over anhydrous sodium
sulfate, filtered and concentrated by air-drying.
The obtained crystals were preserved in dark
bottles in a refrigerator at 4°C and subjected to
further analysis.

In vitro anticancer activity

The in vitro anticancer activity of nBE-AF
against HepG2 cells was measured using a
SRB assay (16). Briefly, cells were placed in a
96-multiwell plate (104cells/well) for 24 h before
treatment with the compounds to allow attachment
of the cells to the surface of the plate. nBE-AF
was dissolved in dimethylsulfoxide (DMSO), and
different concentrations (5, 12.5, 25 and 50 mM)
were added to the cell monolayer. Triplicate wells
were prepared for each individual dose. The cell
monolayer was incubated with nBE-AF for 48 h at
37°C in an atmosphere of 5% CO,. After 48 h, cells
were fixed, washed and stained for 30 min with 0.4%
(w/v) SRB dissolved in 1% acetic acid. Unbound
dye was then removed by four washes with 1%
acetic acid, and the bound stain was recovered
with Tris-EDTA buffer. The colour intensity was
measured in an enzyme-linked immunosorbent
assay (ELISA) reader (microplate reader; Sunosik;
SPR-960B; China). The relationship between the
surviving fraction and the nBE-AF concentration
was plotted to obtain the survival curve for the
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HCC cell line after the specified time, and the IC,;
(the concentration required for 50% inhibition of
cell viability) was calculated.

Isolation and chemical identification of the
major compound isolated from nBE-AF

The extract was subjected to silica gel open
column chromatography [Merck silica gel 60H
(70203 mesh)] and elution with a stepwise
gradient of 100% hexane to 100% EtOAc to (1:1)
EtOAc-MeOH to yield 4 major fractions (F1-F4).

Fraction (3), eluted with hexane-EtOAc (7:3),
yielded a pale yellow solid precipitate, which was
purified by recrystallization from MeOH to yield
pseurotin A. Thin-layer chromatography (TLC) was
carried out using Merck Kiesel gel 60 pf254 plates.
Preparative TLC was used for purification of the
compound using chloroform and methanol (4:1) as
the mobile phase, yielding a white crystalline solid.
The chemical structure of the isolated compound
was elucidated according to elemental analysis of
C, H, N and halogen in a Perkin Elmer CHN 2400
and spectroscopic analysis including infrared (IR),
nuclear magnetic resonance (‘HNMR), carbon-13
nuclear magnetic resonance (*C NMR) and mass
spectra. These analyses were carried out at the
Micro-analytic Center, Cairo University, Egypt, as
follows:

IR spectra

The IR spectra of the isolated compound
were recorded from KBr discs using an FTIR
Spectrophotometer 460 (4000-400 cm™).

Mass spectra

The mass spectra (direct inlet, FAB ionization)
of the isolated compound were recorded using a
mass spectrophotometer (MS-5988). The product
was subjected to a stream of high-energy electrons
at elevated temperatures of up to 100°C, yielding
cleavage fragments, which were characterized
by the mass/charge (m/e) values from the mass
spectral data.

THNMR

Spectra were recorded on a Varian Mercury
VX-300 NMR spectrometer using DMSO-d6 as

a solvent and tetramethylsilane (TMS) as the
internal chemical shift reference. Shifts (in ppm
relative to TMS, with coupling constants in Hz)
were obtained with the Varian Mercury VX-300
NMR spectrophotometer (500 MHz for 'H and 125
MHz for 13C).

Animals

Healthy adult male Sprague-Dawley rats
weighing 150-170 g were provided by the Animal
Research Unit, Faculty of Veterinary Medicine,
Zagazig University, Egypt. Animals were acclimated
to laboratory conditions for 2 weeks prior to
starting the experiment. Rats were kept in metal
cages during the experimental period, maintained
on a 12 h light-dark cycle in a temperature range
of 21-24 °C and a relative humidity of 50-60%,
and supplied a standard diet. The protocols were
approved by the Ethics of Animal Use in Research
Committee of Cairo University.

Determination of the intraperitoneal
median lethal dose (LD, )

An acute toxicity screen was performed for nBE-
AF according to the Spearman-Karber arithmetic
method (17). Eighty-four adult male Sprague-
Dawley rats were divided into 14 groups (six per
group). The animals were fasted overnight with
only water provided. The control group received
no treatment. Groups 2 through 14 received
intraperitoneal injections of fungal extract
dissolved in water at different concentrations
ranging from 500 to 6500 mg/kg body weight
(b.wt.). The mortality of the animals was observed
after 24 h.

LD,, =LD100 -X. (a x b)/n

n = total number of rats in a group.

a = difference between two consecutive doses of
injected fungal extract.

b = average number of dead animals between two
succeeding doses.

LD = lethal dose leading to 100% death of all

100
test animals.

Induction of HCC

HCC was induced by a single intraperitoneal
injection of DEN at a dose of 200 mg/kg b.wt.
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dissolved in normal saline, as previously described
by Sarkar et al. (18). After two weeks, animals
received subcutaneous injections of CCl, in corn
oil (50% (v/v), 3 ml/kg b.wt.) weekly for 6 weeks to
promote the carcinogenic effect of DEN (6).

Experimental design

Sixty rats were divided into six groups (10/
group) for an experimental period of 32 weeks.
Group [ served as the normal control group
and received vehicle alone. Group II was the
HCC (DEN+CCl,) control rat group. Groups III
(DEN+CCl,+ 1/10 LD, ) and IV (DEN+CCL,+ 1/20
LD, ) were injected intraperitoneally with fungal
extract dissolved in distilled water at doses of 508
and 254 mg/kg b.wt., respectively, daily. Group
V (1/10 LD,) was intraperitoneally injected with
508mg/kg b.wt. nBE-AF alone daily. Group VI
(1/20 LD,y received intraperitoneal injection
of nBE-AF alone (254 mg/kg b.wt.) daily. At
the end of the experiment, blood samples were
collected from the medial canthus of the rats
and were centrifuged at 3000 rpm for 10 min to
separate serum. Serum samples were preserved
at -20°C until use for biochemical analysis. Then,
rats were anaesthetized using diethyl ether and
sacrificed by cervical dislocation, and liver tissue
was rapidly removed and perfused with ice-
cold saline. Liver specimens were immediately
frozen in liquid nitrogen and stored at -80°C for
analysis of gene expression. Other liver specimens
from all groups were preserved at -20°C for the
assessment of antioxidant status or in 10%
neutral buffered formalin for histopathological
and immunohistochemical investigations.

Biochemical analysis

Assessment of liver function

Serum activities of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were
estimated according to the method described by
Bergmeyer et al. (19). Serum alkaline phosphatase
(ALP) activity was measured by the method of King
and Armstrong (20).Serum levels of albumin, total
protein and total bilirubin (TBL) were determined
according to the methods described by Grant etal.
(21) and Tietz (22, 23), as appropriate.

Quantitative determination of serum tumour
markers

Alpha-fetoprotein (AFP) and carcinoembryonic
antigen (CEA) levels were measured using ELISA
kits provided from Bio-Check, Inc. (Foster City,
CA, USA).

Assessment of antioxidant activity

Liver specimens were homogenized (10% (w/V))
in a potassium phosphate buffer solution (pH
7.4) using a tissue homogenizer. Samples were
then centrifuged at 3000 rpm for 15 min. The
supernatant was used to estimate superoxide
dismutase (SOD) activity (24), catalase (CAT)
activity (25), glutathione peroxidase (GPx) activity
(26), reduced glutathione (GSH) levels (27) and
malondialdehyde (MDA) concentrations (28).

Estimation of hepatic tumour necrosis factor-a
(TNF-a) expression

Total RNA was extracted from 30 mg of
liver tissue using an RNeasy Mini Kit (Qiagen,
Heidelberg, @ Germany) according to the
manufacturer’s instructions. The purity of the
total RNA was determined using a NanoDrop® ND-
1000 spectrophotometer (NanoDrop Technologies,
Wilmington, Delaware, USA). Total RNA (0.5
ug) was reverse transcribed into cDNA using a
Qiagen LongRange2 Step RT-PCR Kit following
the manufacturer’s instructions. One microliter of
total cDNA was mixed with 12.5 pl of 2x SYBR®
Green PCR Mix with ROX from BioRad, 5.5 pl
of autoclaved water, and 0.5 pl (10 pmol/pl) of
each forward and reverse primer for the target
genes. The expression values were normalized to
an internal housekeeping control (B-actin) gene.
The expression of the TNF-a gene was assessed
using real-time PCR. The primer sequences are
shown in Table (1). PCR reactions were conducted
in a Rotor-Gene Q cycler (Qiagen, Heidelberg,
Germany). The real-time qPCR program included
an enzyme activation step at 94°C for 2 min followed
by 40 cycles of denaturation at 95°C for 15 sec,
annealing at 60 °C for 30 sec and extension at 72
°C for 30 sec. Detection of the fluorescent product
was carried out at the end of the 72 °C extension
period. The amplification data were collected by
a sequence detector and analysed with sequence
detection software. For each assay, a standard
curve was generated using increasing amounts
of cDNA, and the slopes of all curves indicated
adequate PCR conditions (slopes of 3.3-3.6). The
RNA concentration in each sample was determined
from the threshold cycle (Ct) values and calculated
with the sequence detection software supplied by
the manufacturer. The quantitative fold changes
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in mRNA expression were determined relative to
the fS-actin mRNA levels in each corresponding
group and calculated using the 2-#*°* method.

Histopathological examination

Liver samples were preserved in 10% neutral
buffered formalin and were then processed and
stained with haematoxylin and eosin (H&E)
for histopathological examination using light
microscopy (29).

Immunohistochemical investigation

Liver sections were prepared for immunohis-
tochemical detection of Bax and Bcl-2 using pri-
mary rabbit polyclonal anti-rat Bax and Bcl-2 an-
tibodies (Thermo Fisher Scientific Inc., Fremont,
CA, USA), respectively. This technique was car-
ried out via the avidin-biotin complex method
(30). Negative control sections were incubated in
phosphate-buffered saline instead of the primary
antibody, and all tissue sections were examined
under a light microscope.

Statistical analysis

The data are presented as the means =+
standard error (SE). Statistical analysis was
performed using one-way analysis of variance
(ANOVA) followed by the post hoc Duncan’s test
for comparison between different experimental
groups. Analyses were performed using IBM SPSS
statistics computer software (version 22). P-values
of < 0.05 were considered statistically significant.

Results

In vitro anticancer potency

To explore the in vitro anticancer potency of
nBE-AF against HepG2 cells, cell proliferation was
determined by an SRB assay. The cytotoxic effects
of nBE-AF on HepG2 cells were determined by
treating cells with different concentrations of nBE-
AF. Upon treatment with increasing concentrations
of nBE-AF, treated cells showed a significant
decrease in viability. nBE-AF was active against
HepG?2 cells, with an IC_, of 22.2 ug/ml (Figure 1).

Preliminary characterization of nBE-AF

nBE-AF is a faint yellow-green colour and
dissolves only in DMSO with heating and shaking
and in hot water. nBE-AF produces one yellow
spot on TLC with an R, value of 0.3 using methanol
solvent and melts at 203°C. Elemental analysis
indicated that the ratio of the main elements
(C/H/N) was 2.73/2.77/0.33 for compound
32. The extracted natural compound was found
to be a polymer of the furanose ring with n=3
units. The data obtained by spectral analysis,
IR spectrophotometry and mass spectrometry
indicated that the M* parent ions were a polymer
of the furanose ring. The mass spectrometry data
showed that the M* parent ion (430) indicated
n= 3 fragmentation, and the IR spectra showed
the presence of bands at 1116 and 1039 cm-1,
corresponding to the ether linkage (-O-) and (C=C),
respectively, in the furanose moiety (Helal et al.,
2018 unpublished data).

Chemical identification of the major
compound isolated from nBE-AF

Preparative = chromatographic  purification
of nBE-AF yielded the pseurotin A compound
as the major compound isolated from nBE-AF.
The molecular formula of this compound was
determined using spectroscopic tools (IR, 'Hand!*C
NMR, elemental analysis and mass spectrometry)
as illustrated in Figure 2. The structure of
pseurotin contains a unique and highly oxidized
azaspirocyclic framework in the form of a 1-oxa-
7-azaspiro[4.4]non-2-ene-4,6-dione ring system.
Numerous analogues were found that differed in
the substitution at positions C2 and C8 (Figure 2).

IR (KBr, cm™)

The IR spectra showed absorption bands for
hydroxyls and NH groups: 3399 cm™! (br, 30H and
NH), 3080 cm(C-H, aromatic), 2936 cm! (C-H
aliphatic), 1656 cm! (br, 3C=0, a, p-unsaturated
and amidic), and 1246 cm™ (-O-, ether).

'H NMR (DMSO-d6)

The 'HNMR data indicated shifts with 6= 2.52,
2.72,2.88 and 2.52 ppm (t, J=3H, CH3, CH2); 2.72
and 2.88 (2s, J=6H, 2CH3); 3.05 (q, 2H, CH2CH3);
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3.40, 3.53, and 3.79 (3t, 2CHOH); 3.87(s, 1H, NH,
exchange with D20); 4.26, 4.88, and 5.17 (3t,
30H, exchange with D20); 6.56 (d,1H, J= 10.2 Hz
olefinic); 6.96 (d, 1H, J = 16.9 Hz, olefinic); and
7.89(s,5H, Ar-H).

13C NMR (DMSO-d6)

The 3C NMR results indicated shifts with § =
29.81, 31.29, 35.20, and 36.33 (3CH3 and CH2);
63.48, 70.07, 70.32 and 75.25 (4CHOH); 81.37,
92.17, 92.62, 97.26, 98.49, 102.3, 104.4, and
104.6 (2C=C and 4Ar-C); and 162.9, 174.2 and
179.8 (3C=0).

Mass spectrometry

The fast atom bombardment mass spectrometry
(FABMS) data contained a peak (m/z= 432 [M+H]+),
identified as C22H25NO8, that indicated the parent
ion at M+1 [m/z= 431.45 (M + H+, 19.54%)| with
fragment ions at m/z values of 54.95 (67.56%),
57.10 (72.88%), 69.10 (99.75%), 70.05 (61.02%),
71.10 (69.86%), 81.05 (67.17%), 83.05 (92.59%),
85.05 (73.24%), 97.10 (100%) as the base peak,
111.0 (63.06%), and 430.35 (47.96%).

The parent ion indicates that the molecular
formula of this compound is C,H, O.,N; the
compound was soluble in ethyl acetate, acetone,
ethanol and isopropanol.

Median lethal dose of nBE-AF

The intraperitoneal LD, of nBE-AF in rats was
5083 mg/kg b.wt., suggesting that nBE-AF was
highly safe. The therapeutic doses were (1/10
of the LD, ) 508.3 mg/kg b.wt. and (1/20 of the
LD, )254.2 mg/kg b.wt. (Table 2).

Effect of nBE-AF on liver function and se-
rum tumour markers

DEN+ CCl,-treated rats showed significantly (p
< 0.05) increased serum ALT, AST and ALP activity
and TBL levels compared with those of the control
group. However, the groups co-treated with DEN
and nBE-AF (IIl and IV) exhibited significant dose-
dependent reduction in the levels of these markers
compared with those in the DEN+CCI,-treated
group. In addition, the serum albumin and total

protein levels were significantly decreased in rats
treated with DEN and CCIl, relative to those in
control group. Compared with DEN+CCI, treatment
alone, co-administration of nBE-AF with DEN
significantly increased serum albumin and total
protein (Table 3).The serum levels of the tumour
markers AFP and CEA were significantly increased
in the DEN+CCl,-treated group compared with
those in the control group but were significantly
decreased by co-treatment with 1/10 and 1/20
LD, doses of nBE-AF (Figure 3).

Effect of nBE-AF on hepatic antioxidant
Status

The activities of the hepatic antioxidant enzymes
GR, GPx and SOD were significantly decreased in
DEN-treated group compared with those in control
animals (Table 4). Compared to the DEN-treated
group, the groups treated with nBE-AF showed
significantly increased hepatic GR, GPx and SOD
activities (Table 4). A significant increase in the
MDA level, which is a marker of lipid peroxidation,
was observed in DEN-treated rats relative to that
in control rats (Table 4). Treatment with nBE-AF
for 24 weeks showed a significant protective effect
against DEN-induced lipid peroxidation (Table
4). Therapeutic treatment with nBE-AF for 24
weeks resulted in a significant decrease in MDA
levels compared to those in DEN-treated rats
(Table 4). DEN administration led to a significant
reduction in hepatic GSH content compared with
that in control rats (Table 4), but treatment with
nBE-AF significantly improved hepatic GSH levels
compared to those in DEN-treated group (Table 4).

Estimation of hepatic TNF-a expression

Expression of the TNF-a gene was significantly
(p < 0.05) upregulated in the livers of DEN+CCI,-
treated rats relative to that in control group rats.
Additionally, this expression level was significantly
downregulated in a dose-dependent manner in
the nBE-AF-co-treated groups (III and IV) relative
to that in theDEN+CCI,-treated group (Figure 4).

Histopathological changes

Light microscopy of H&E-stained liver sections
from rats in the control and nBE-AF-treated groups
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showed normal polygonal hepatocytes with round
nuclei arranged in strands, along with a normal
central vein, Kupffer cells and blood sinusoids
(Figure 5A). The livers of rats in the DEN+CCI,-
treated group revealed highly demarcated HCC
near the central vein and some hepatocytes with a
vacuolated cytoplasm and deeply stained pyknotic
nuclei, in addition to dilated blood vessels (Figure
SB). Severely congested blood vessels and hepatic
portal vein, along with portal vein dilation, were
also observed (Figure S5C). The lesions in the
group treated with DEN+CCl,+1/10 LDg, nBE-
AF were distinctly reduced relative to that in the
DEN-treated group. The livers of rats treated with

DEN+CCI,+1/10 LD, nBE-AF showed a significant
improvement in hepatocyte morphology, as
represented by the normal central vein (Figure 5D).
Moreover, Kupffer cells were noticed around the
portal tract, in addition to some congested blood
vessels and a reduction in the size of the hepatic
portal vein to a normal shape (Figure SE). The livers
of rats in the DEN+CCI,+1/20LD,  nBE-AF group
revealed moderate improvements in hepatocyte
morphology, reductions in inflammation and
degenerative changes, and reactive hepatocytes
with condensed chromatin and small nuclei
(Figure SF).

Table 1: Oligonucleotide sequences used for real-time PCR analysis of the TNF-a and B-actin genes

Gene Primer sequences GenBank accession number
F: 5“CCAGGAGAAAGTCAGCCTCCT -3¢
TNF-a R: 5“TCATACCAGGGCTTGAGCTCA -3¢ NM_012675
R-actin F:5“AAGTCCCTCACCCTCCCAAAAG -3 V01217

R: 5“AAGCAATGCTGTCACCTTCCC -3¢

Table 2: Determination of the LD, of nBE-A

Group Difference between

No. of dead animals

Mean mortality between

consecutive doses (a) two consecutive doses (b) Db
Control 0 0 0 0
500 mg/kg b.wt. 500 0] 0 0
1000 mg/kg b.wt. 500 0 0 0
1500 mg/kg b.wt. 500 0 0 0
2000 mg/kg b.wt. 500 0 0 0
2500 mg/kg b.wt. 500 0 0 0]
3000 mg/kg b.wt. 500 0 0 0]
3500 mg/kg b.wt. 500 0] 0 0
4000 mg/kg b.wt. 500 0 0 0
4500 mg/kg b.wt. 500 2 1 500
5000 mg/kg b.wt. 500 3 2.5 1250
5500 mg/kg b.wt. 500 4 3.5 1750
6000 mg/kg b.wt. 500 5 4.5 2250
6500 mg/kg b.wt. 500 6 5.5 2750
Sum 8500

LD, =LD-X (ax )N

LD is the lowest lethal dose among all animals in each group; N is the number of animals in each group; Y = the sum of (a X b).

LD,, =6500-8500/6= 6500-1416.6= 5083 mg/kg b.wt.
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Immunohistochemical findings

Immunohistochemical staining with the
pro-apoptotic Bax antibody in rat liver tissue
revealed weak expression in control and nBE-
AF-treated rats (Figure 6A-C). The livers of
rats in the DEN+CCl,-treated group showed
preneoplastic nodules with a marked reduction in
the expression of Bax (Figure 6D). However, the
livers of rats in the DEN+CCl,+1/10 LD, nBE-AF
and DEN+CCI,+1/20 LD, nBE-AF groups showed
increased nuclear and cytoplasmic expression of
Bax (Figure 6E and F).

Immunohistochemical staining with the
anti-apoptotic Bcl-2 protein in rat liver showed
weak expression in control and nBE-AF-treated
rats (Figure 7A-C). The livers of rats in the
DEN+CCI,-treated group exhibited preneoplastic
nodules with marked expression of Bcl-2
(Figure7D), while the livers of rats in the groups
treated with DEN+CCL,+1/10 LD_, nBE-AF and
DEN+CCI,+1/20 LD,, nBE-AF showed moderate

expression of Bcl-2 (Figure 7E and F).

nBE-AF Cytotoxicity
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Figure 1: Cytotoxicity of nBE-AF against HepG?2 cells

Figure 2: Chemical structure of pseurotin A isolated
from nBE-AF
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Figure 3: Effect of nBE-AF on the serum AFP and CEA
levels in DEN-treated rats. The bars with differing let-
ters indicate significant differences (p<0.05) (mean +SE,
n=10)
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Figure 5: Photomicrographs of H&E-stained liver
sections from rats in the control and experimen-
tal groups under light microscopy. A; The control
group and the groups treated with nBE-AF alone
at 1/10 and 1/20 LD, showing normal architec-
ture, indicating the nontoxic nature of nBE-AF.
B, C; DEN+CCl,-treated group showing the fol-
lowing abnormalities: B, Highly demarcated HCC
near the central vein (CV) (thick arrow); some he-
patocytes have vacuolated cytoplasm with deep-
ly stained pyknotic nuclei. Dilated blood vessels
(DBV) can also be seen; and C, Severe congest-
ed blood vessels (CBV) and hepatic portal vein
(HPV), with portal vein dilation. D, E; DEN+C-
Cl,+1/10 LD,, nBE-AF-treated group showing
considerable improvements in hepatocyte mor-
phology. D; Normal central vein. E; The size of
the hepatic portal vein was reduced to a normal
shape, and Kupffer cells (KC) were visible around
the portal tract, along with some congested blood
vessels. F; DEN+CCI,+1/20 LD,  nBE-AF-treated
group showing moderate improvements in he-
patocyte morphology, reductions in inflamma-
tion and degenerative changes, and reactive he-
patocytes with condensed chromatin (arrowhead)
and small nuclei. (HC: Hepatic cells, HS: Hepatic
cells arranged in strands, HPA: Hepatic portal ar-
tery, BD: Bile duct)

Figure 6: Immunohistochemical staining with
Bax in liver tissue from rats in the control (A),
1/10 LD, nBE-AF alone (B), 1/20 LD,, nBE-AF
alone (C), DEN+CCI,-treated (D), DEN+CCI1,+1/10
LD,, nBE-AF-treated (E) and DEN+CCl,+1/20
LD,, nBE-AF-treated (F) groups. A-C; Weak ex-
pression of Bax (arrows). D; Preneoplastic nodule
with a marked reduction in Bax expression. E, F;
Increased nuclear and cytoplasmic expression of
Bax (arrows) (200%)
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Figure 7: Immunohistochemical staining with
Bcl-2 in liver tissue from rats in the control (4),
1/10 LDy, nBE-AF alone (B), 1/20 LD, nBE-
AF alone (C), DEN+CCIl,-treated (D), DEN+C-
Cl,+1/10 LD, , nBE-AF-treated (E) and DEN+C-
Cl,+1/20 LD., nBE-AF-treated (F) groups. A-C;
Weak expression of Bcl-2. D; Preneoplastic nod-
ule with marked expression of Bcl-2(arrows). E,
F; Moderate expression of Bcl-2 (arrows) (200x)

Discussion

In recent years, interest in the use of
bioactive metabolites of microorganisms such
as actinomycetes and fungi as possible chemo-
preventive and chemotherapeutic agents against
HCC has been increasing worldwide. These derived
compounds inhibited the growth and proliferation
of tumour cells (31).This study investigated the in
vitro anticancer activity of nBE-AF on HepG2 cells
as well as its chemopreventive potential against
DEN+CCl,-induced HCC in rats. Our results
showed that nBE-AF has significant cytotoxicity
towards HepG2 cells, with an IC, of 22.2 ug/ml.
Therefore, we suggest that nBE-AF has strong
cytotoxic activity according to the guidelines of
The American National Cancer Institute, which
describe an extract with strong cytotoxic activity
as an anticancer agent if its IC, value is less than
30 mg/ml (32). In the present study, the major
compound isolated from nBE-AF was identified
as pseurotin A. Four pseurotin analogues were
reported to exhibit potent cytotoxicity against the
human breast cancer cell line MCF-7, with the
more active pseurotin D inhibiting MCF-7 cell
growth with an IC, value of 15.6 pM (33).

DEN and CCI, induced liver damage in rats,
as indicated by significant increases (p < 0.05)
in the serum transaminase (ALT and AST), ALP
and TBL levels relative to those in control group.
Elevations in transaminase levels are considered

the most sensitive markers for diagnosing
hepatocellular damage (34).The elevated serum
ALT and AST levels in DEN + CCl,-treated rats may
be attributed to DEN-induced hepatic damage
associated with the loss of the functional integrity
of the cell membrane and the leakage of cellular
enzymes from neoplastic cells into the circulation
(35). Moreover, the elevated ALP activity reflected
pathological alterations in biliary flow, and the
increased TBL level indicated a non-specific
alteration in plasma membrane integrity and
permeability (6). Serum protein levels can also be
used as a marker of liver function. Administration
of DEN and CCl, caused a significant reduction
in the serum albumin and total protein levels,
indicating hepatocellular dysfunction. The DEN +
CCl,-induced liver damage observed in the present
study was consistent with that seen in previous
studies (6, 31). Our results showed that DEN and
CCl, elicited a significant increase (p < 0.05) in the
levels of serum tumour markers (AFP and CEA)
relative to those levels in the control group. These
findings coincided with those in previous studies
showingincreased levels of serum tumour markers,
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including AFP and CEA, following treatment with
DEN and CClI, in rats (6, 36). AFP is an oncofoetal
serum glycoprotein that is normally produced by
immature liver cells in the foetus but is gradually
lost during development, becoming almost absent
in healthy adults (37), and is an excellent marker
for diagnosing HCC (38). CEA is a 180-200
kDa, heavily glycosylated protein belonging to
the immunoglobulin supergene family. CEA is
commonly detected at a high level in the serum of
patients with liver malignancy (39). Additionally,
the CEA level is elevated in the serum of patients
with various other cancers, such as lung, colon,
ovarian and breast cancers (40). Furthermore,
administration of DEN and CCl, caused hepatic
oxidative damage in rats, as evidenced by the
reductions in antioxidant enzyme (SOD, CAT
and GPx) activity and the GSH concentration,
along with increased lipid peroxidation (MDA)
in the livers of rats in the DEN + CCl,-treated
group relative to these parameters in control
group. These results were consistent with those
in previous reports (6, 36, 41). Administration of
DEN has been reported to generate products of
lipid peroxidation such as 4-hydroxynonenal and
MDA that may interact with different molecules,
resulting in oxidative stress and carcinogenesis
(42). Additionally, DEN-induced oxidative stress
may be due to the generation of ROS during the
metabolic biotransformation of DEN (43). Oxidative
stress results in carcinogenesis by several
mechanisms involving damage to lipids, proteins
and DNA; alterations in intracellular signalling
pathways; and changes in gene expression—these
events, in turn, promote abnormal cell growth and
carcinogenesis (44). We observed significant (p <
0.05) upregulation of TNF-a gene expression in
the livers of DEN+CCI,-treated rats relative to that
in control group. Similarly, hepatic TNF-a gene
expression was significantly increased in DEN-
treated mice (45, 46). TNF-a is a pro-inflammatory
cytokine involved in cancer owing to its ability
to activate the oncogenic transcription factors
nuclear factor kappa B (NF-kB) and activator
protein 1 (AP-1) in epithelial cells, leading to
the promotion of cell proliferation and survival.
Consequently, NF-kB activation plays a vital role
in tumour cell growth and invasion (47, 48). In
addition, TNF-a acts as a growth factor in the
majority of tumour cells and can affect all stages
of tumour development, including initiation,
promotion and metastasis (49, 50). Interestingly,

co-treatment with nBE-AF ameliorated DEN+CCI, -
induced hepatic damage by significantly (p < 0.05)
restoring the levels of liver function markers in
a dose-dependent manner. Therefore, our results
indicate that nBE-AF facilitates parenchymal
cell regeneration in the liver, thus protecting
membrane integrity by reducing enzyme leakage
induced by the carcinogenic effects of DEN and
CCl,. These findings were in accordance with
those of a previous study showing that the alkaloid
berberine ameliorated liver damage induced by
CCl, in rats (51). Concomitant treatment with
nBE-AF and DEN+CCI, significantly (p < 0.05)
decreased the levels of serum tumour markers,
including AFP and CEA, relative to those in the
DEN+CCI,-treated group. This finding suggested
that nBE-AF reduced the tumour incidence
rate. This hypothesis was supported by the
pro-apoptotic effect of nBE-AF observed in the
present study, as evidenced by the increased
immunohistochemical expression of Bax and
decreased expression of Bcl-2 in the livers of
rats in the groups co-treated with nBE-AF (III
and IV). Interestingly, administration of nBE-AF
mitigated DEN+CCl,-induced hepatic oxidative
damage by restoring the activity of antioxidant
enzymes (SOD, CAT and GPx) and the levels of
GSH and MDA towards the control values. This
effect may be due to the antioxidant and free
radical scavenging activities of pseurotin A, the
major secondary metabolite isolated from nBE-
AF (52). In a similar study, the alkaloid canadine
showed antioxidant activity against oxidative
stress induced by tert-butylhydroperoxide in rat
hepatocytes (53). Notably, significant (p < 0.05)
dose-dependent downregulation of TNF-a gene
expression was observed in the livers of rats in the
groups co-treated with nBE-AF(III and IV) relative
to that in rats in the DEN+CCl,-treated group.
Similarly, the alkaloid crebanine inhibited TNF-
a-induced NF-xkB activation in A549 human lung
adenocarcinoma cells. Additionally, crebanine
suppressed the TNF-a-mediated expression
of proteins implicated in cancer cell invasion,
such as matrix metalloproteinase 9 (54). Our
findings demonstrated that nBE-AF exerts anti-
inflammatory and anticancer effects through the
downregulation of hepatic TNF-a gene expression,
which plays an essential role in tumour
development and metastasis via NF-kB activation.
Regarding the immunohistochemical expression
of the pro-apoptotic Bax and anti-apoptotic Bcl-



Pseurotin a from Aspergillus fumigatus Fr. AUMC 8002 exhibits anticancer activity against hepatocellular carcinoma in vitroand in vivo 71

2 proteins in the liver, these proteins are key
factors that regulate apoptosis and determine cell
death or survival (55). The present results showed
preneoplastic nodules with a marked reduction
in Bax expression in the DEN+CCl4-treated
rats. However, rats in the groups co-treated with
nBE-AF (III and IV) exhibited increased nuclear
and cytoplasmic expression of Bax. The anti-
apoptotic protein Bcl-2 is implicated in cancer
initiation and progression by promoting the
survival of transformed cells. Therefore, Bcl-2 is
the main target for innovative specific anticancer
therapeutics. In addition, the present results
showed that administration of DEN and CCI,
caused a marked increase in the expression
of Bcl-2 relative to that in the control group.
Consistent with our results, other studies have
indicated that Bcl-2 is overexpressed in various
types of cancers (56). In contrast, the groups
co-treated with nBE-AF exhibited a marked
reduction in Bcl-2 expression relative to that in
the DEN+CCI,-treated group. These findings were
consistent with those in a similar study showing
that 6-methoxydihydrosanguinarine induced
apoptosis in HepG2 cells via upregulation of Bax
and downregulation of Bcl-2 (57).The current
findings confirmed that nBE-AF could induce
apoptosis in HCC cells and eventually inhibit
tumour cell proliferation in rats with DEN+CCI,-
induced HCC.

The antioxidant, anti-proliferative and antican-
cer activities exhibited by nBE-AF may contrib-
ute to its chemopreventive effect against DEN+C-
Cl,-induced hepatocarcinogenesis in rats (13, 58).

Our aforementioned data were corroborat-
ed by the liver histopathological findings. Histo-
pathological examination of the livers of DEN+C-
Cl,-treated rats revealed marked architectural
changes, with highly demarcated HCC near the
central vein. These findings were consistent with
those of previous reports (6, 36).

Co-administration ofa 1/10 LD ,dose of nBE-AF
significantly ameliorated these pathological lesions.
However, co-treatment with a 1/20 LD, dose of
nBE-AF produced moderate improvements in
hepatocyte morphology and reduced inflammation
and degenerative changes. Our results were
consistent with those of similar studies showing
that the alkaloid berberine exerted hepatoprotective
effects against histological damage induced by CCl,
in rats (59) and by doxorubicin in mice (60).

Conclusion

The results of this study demonstrated that
nBE-AF exhibited anticancer activity on HepG2
cells in vitro and exerted a dose-dependent
beneficial protective effect against DEN+CCI,-
induced hepatocarcinogenesis in rats by restoring
the serum levels of tumour and hepatic function
markers, enhancing the liver antioxidant status,
downregulating the hepatic TNF-a gene expression
and minimizing histological alterations in the
liver. In addition, nBE-AF inhibited HCC cell
proliferation through the induction of apoptosis
via increased Bax expression and decreased
Bcl-2 expression. The anti-carcinogenic effect of
pseurotin A isolated from A. Fumigatus could be
attributed to its antioxidant, anti-inflammatory,
cytotoxic and pro-apoptotic activities. Therefore,
nBE-AF could be a candidate chemopreventive
agent for hepatic cancer.
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PSEUROTIN AIZ GLIVE Aspergillus fumigatus Fr. AUMC 8002 ZAVIRARAST KARCINOMA
JETER IN VITRO IN IN VIVO

G.A.Helal,F.A.Ahmed, A. Askora, T.M. Saber, S. M. Rady

Povzetek: V studiji so raziskali in vitro in in vivo protirakasto aktivnost pseurotina A, pridobljenega iz n-butanolnega izvlecka
glive Aspergillus fumigatus Fr. AUMC 8002 (nBE-AF), na karcinom jeter. In vitro protirakasta aktivnost nBE-AF je bila spremljana
prihumani celi¢nilinijijetrnega karcinoma (HepG2) z uporabo analize sulforhodamin-B (SRB). Pripodganah sointraperitonealno
dolocili povprecni smrtni odmerek (LDso) NBE-AF. Jetrni karcinom je bil pri podganah sprozen z enkratno intraperitonealno injek-
cijo dietilnitrozamina (DEN) (200 mg/kg telesne teze), Cemur so sledile podkozZne injekcije ogljikovega tetraklorida (CCly) (3 ml/
kg) enkrat tedensko 6 tednov. Po dodajanju teh rakotvornih snovi so 1/10in 1/20 odmerka LDso nBE-AF aplicirali vsak dan intra-
peritonealno. NBE-AF je pokazal pomembno citotoksic¢no aktivnost proti celicam HepG2. Uporaba DEN in CCl4 je znacilno pov-
eCala serumske vrednostijetrnih funkcijin tumorskih markerjev terznatno zmanjSalaizrazanje gena za faktor tumorske nekroze o
(TNF-a). Poleg tega sta DEN in CCl, zmanjSala imunohistokemi¢no izrazanje gena Bax in povecalaizrazanje gena Bcl-2 v jetrih.
Socasno zdravljenje z nBE-AF je zmanjSalo z DEN + CCl, sproZzene spremembe v jetrih v povezavi z velikostjo odmerka. Histopa-
toloSka ocena jeter je potrdila zgoraj navedene biokemi¢ne rezultate. Rezultati so potrdili, da je nBE-AF preko svojega glavnega
izoliranega sekundarnega metabolita pseurotina A izkazal protirakasti u¢inek najetra in bi se lahko v prihodnosti morda upora-
bljal kot zdravilo za zdravljenje karcinomajeter.

Kljuéne besede: izvie¢ek Aspergillus fumigatus;pseurotin A; karcinom jeter; protirakasto; citotoksi¢no



