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Secalonic acid- F inhibited cell growth more effectively than 5-fluorouracil
on hepatocellular carcinoma in vitro and in vivo
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Hepatocellular carcinoma (HCC), one of the most common types of liver cancer, could be treated with 5-fluorouracil
(5-FU). Due to its side effects, 5-FU is more often used as the co-administration drug in clinical practice. Secalonic acid-F
(SAF), isolated from a fungal strain identified in our lab as Aspergillus aculeatus, showed potent biological activities. The goal
of this study was to evaluate the inhibitory effects of SAF on hepatocellular carcinoma and to compare it with that of 5-FU.
Results showed that SAF effectively inhibited cell growth with a dose-dependent manner in vitro and in vivo. And the inhibi-
tory effects of SAF were stronger than that of 5-FU. Importantly, the cytotoxicity of SAF to peripheral blood mononuclear
cells (PBMC) was similar to that of 5-FU. Furthermore, this study demonstrated that SAF arrested the cell cycle at the G1
phase and induced apoptosis with a dose-dependent manner by activating caspase3 and caspase9 through a mitochondrial
pathway. Consequently, SAF may be a better potential candidate compound for human cancer treatment; these results will

afford more data for antitumor agent design in detail.

Key words: Secalonic acid-F, 5-fluorouracil, tumor growth, PBMCs, cell cycle, apoptosis

There are two major types of liver cancer, primary liver
cancer and metastasis-related liver cancer. HCC is the most
common type of primary liver cancer for the adult [1, 2]. It is
the third leading cause of cancer-related death worldwide [3].
Chemotherapy is widely performed in treating patients who
are diagnosed with HCC. Among all the chemotherapeutic
agents, 5-FU is one of the commonly applied ones in the clini-
cal practice [4]. Inside the cells, 5-FU can be biotransformed
into several cytotoxic metabolites, and it can induce cell cycle
arrest and lead to apoptosis. However, 5-FU monotherapy is
not so effective, people with HCC can easily develop drug
resistance after long terms of medication [5]. Consequently,
there is an urgent need to develop more novel antitumor agents
for HCC clinical therapy.

During the past few years, Secalonic acid-F (SAF) has been
isolated from several sources with different promising bio-
logical effects [6, 7]. Previously, a fungal strain from sediment
samples which was collected in the coastal saline in the Yellow
River Delta in China, was identified as Aspergillus aculeatus.
After fermentation, SAF was purified from the crude extract
as a yellow powder [8]. Up to now, it is still an unexplored field

about the effects and mechanisms of SAF on hepatocellular
carcinoma. Its also a wonderful imagine whether SAF can
possess hepatocellular carcinoma growth inhibition in vitro
or in vivo with a potency similar to that of 5-FU or not. In this
paper, SAF was assessed for the antitumor activities on hepato-
cellular carcinoma in vitro and in vivo, while 5-FU being used
as a positive control. Furthermore, additional details of SAF
were investigated in this research concerning the cytotoxici-
ties of SAF and 5-FU to peripheral blood mononuclear cells
(PBMC), the cell cycle and apoptosis. Together, our findings
indicated that SAF may be a promising antitumor agent for
tumor clinical treatments or assistant treatments.

Materials and methods

Chemicals, reagents and antibodies. SAF was dissolved
in dimethyl sulfoxide (DMSO) at 0.1 mM stock solution and
stored at -20 °C. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) and DMSO were obtained
from Sigma-Aldrich (Sigma, USA). DMEM liquid media was
a product of Gibco BRL (Gaitherbrug, MD). Cell cycle assay
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kit and apoptosis assay kit were purchased from KeyGEN
BioTECH (Nanjing, China). Antibodies for rabbit anti-human
cl-caspase3 (17 kD, 19 kD), cl-caspase9 (37 kD), cytochrome
C (14 kD) and GAPDH (37 kD) as well as the anti-rabbit IgG
HRP-conjugated secondary antibody were all bought from
Cell Signaling Technology (Beverly, MA, USA).

Cell culture. Human hepatocellular carcinoma cells desig-
nated HepG, were propagated in Dulbeccos modified Eagle’s
medium (DMEM) medium supplemented with fetal bovine
serum (10%). Cells were incubated at 37 °C in a humidified
atmosphere composed of 95% air and 5% CO,. Cell density was
adjusted every two days with 0.25% (m/v) trypsin and 0.02%
(m/v) ethylenediaminetetraacetic acid (EDTA).

Cell viability assay. Cell viability was determined by MTT
assay. Cells (4000 cells per well) were cultured in a 96-well
plate. After a certain period incubation, increasing concen-
trations (0-50 uM) of SAF or 5-FU (10 uM) were added and
incubation was carried out for 24, 48 and 72 h. Afterwards,
MTT (5 mg/mlin PBS) was added to each well, and cells were
incubated for additional 4 h at 37 °C. The supernatants were
removed carefully and 100 ul of DMSO was added to solve
crystal. The absorbance values were recorded using a Micro-
plate Reader (ELX800, Bio-Rad, USA) at 490 nm. DMSO was
used as the solvent control agent. The IC,  values were calcu-
lated with GraphPad Prism software (GraphPad Software, Inc).

Cellular morphology observation. HepG2 cells were
seeded in a 24-well plate at a density of 2000 cells per well.
After 12 h incubation, cells were treated with SAF at 5, 10 and
20 uM concentrations for 48 and 72 h. The cellular morphology
was observed with the inverted microscope.

Cell cycle assay. To investigate the effect of SAF on the cell
cycle distribution, HepG2 cells were seeded in a 6-well culture
plate at a density of 2x10* cells per well. After adhesion, the
medium was replaced with a fresh medium containing SAF
at 5, 10 and 20 uM. After 48 h incubation, the cells were
harvested and fixed with 70% cold ethanol overnight. Cells
were then treated with a Cell Cycle Assay Kit according to the
manufacturer’s instructions, and the cell cycle was analysed
by a flow cytometer (BD FACS Canto™, BD Biosciences, San
Jose, USA).

Apoptosis assay. HepG2 cells were seeded in a 6-well
culture plate at a density of 2x10* cells per well. After 24 h
incubation, the medium was replaced with a fresh medium
containing SAF (10 uM) to treat additional 24,48 and 72 h. The
cells were harvested and incubated with AnnexinV-FITC and
propidium iodide (PI) dyes successively from Apoptosis Assay
Kit according to the manufacturer’s instructions. Apoptotic
rates of cells were analysed by a flow cytometer.

Mitochondrial membrane potential analysis. Mito-
chondrial membrane potential (A¥m) was evaluated by the
confocal microscopy with JC-1 (5,5,6,6’-tetrachloro-1,133,3’-
tetraechylbenzimidazolylcarbocyanine iodide). J-aggregates
in intact mitochondria fluorescent red with emission at 590
nm expressed higher membrane potential, and J-monomers
in the cytoplasm fluorescent green with emission at 529 nm

expressed lower membrane potential. JC-1 (10 M) was added
to the cells and the cells were incubated at 37 °C for 15 min
in the dark. Then the cells were washed twice with PBS and
identified using the confocal microscopy. CCCP (10 pM) was
used as the positive control.

Preparation of cell lysates and western blot analysis. Cells
were lysed with RIPA buffer for 30 min on ice, and the lysates
were separated 12% SDS polyacrylamide gel electrophore-
sis (SDS-PAGE). The proteins were transferred to a PVDF
membrane (Millipore, Billerica, MA, USA) and membrane
was blocked in 5% non-fat dried milk for 1 h. The membrane
was incubated with specific primary antibodies at 4 °C over-
night, then exposed to respective HRP-conjugated secondary
antibodies for 1 h at room temperature. Immunoreactive
bands were visualized using ECL reagents and an enhanced
chemiluminescence detection system (Amersham-Pharmacia
Biotech). GAPDH was used as the loading control.

Tumorigenicity analysis in vivo. All animal experiments
performed in this study were compliant with the national and
international guidelines, and mice were cultured in the Animal
Ethics Committee of Binzhou Medical University. Mouse H22
hepatocarcinoma cells were maintained in the peritoneal cav-
ity of male BALB/c mice as described [9]. Male BALB/c mice
aged four weeks were used and H22 cells which were usually
to establish murine solid tumor model were performed. H22
cells were suspended with normal saline and each mouse was
injected with 5x10° cells to create ascites intraperitoneally
(IP). H22 tumor ascites were axillary vaccination to mice with
0.1 ml/10g. After seven days, mice were treated with various
concentrations of SAF and 5-FU every day with gastric infu-
sion. Tumor volumes and weights were measured every day.
At the end of the experiment, mice were sacrificed, and the
cancer chunks were collected. Five mice were used for each
experimental group and control group.

To investigate the inhibition of SAF on the progression of
cancer in mice, animals’ thymuses and spleens were weighted
after execution. We calculated the indexes of the thymus and
the spleen. The related formula was as follows:

Organ index(100%)=[organ’s weight(g)/body weight(g)] x100

Human cell viability analysis. Peripheral blood mononu-
clear cells (PBMCs) were collected from heparinized blood of
ten healthy human volunteers (aged 18-20 years old) accord-
ing to the agreement by the Ethics Committee in Binzhou
Medical University Hospital. Cells were isolated by density
gradient centrifugation (Lymphocyte Separation Medium,
Solarbio, China). PBMCs were seeded in a 96-well plate at
a concentration of 5x10* cells per well and cultured with
several concentrations of SAF and 5-FU. At the end of the
culture, cytotoxic analyses were performed against PBMCs
using MTT assay.

Statistical analysis. All tests were repeated at least three
times. Data (mean + SD) and student’s ¢-test were carried
out with the GraphPad Prism software.*P<0.05, **P<0.01 or
**#*P<0.001 were considered indications of the statistically
significant results.
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Figure 1. SAF inhibited cell viability with a time- and concentration-dependent manner, and the inhibitory effect of SAF was more potent than that
of 5-FU in vitro. (A) HepG2 cells were treated with various concentrations of SAF for 24, 48 and 72 h. (B) HepG2 cells were treated at 10 uM SAF or
10 uM 5-FU for 24, 48 and 72 h. The results were mean+SD (1n=8 wells) of three independent experiments. **P<0.01, ***P<0.001 compared with control.

Results

SAF concentration-dependently inhibited cell viability
in vitro, and its effect was more potent than that of FU-5.
First, to explore the inhibitory effect of SAF in vitro, the HepG2
human hepatocellular carcinoma cell line was used. The cells
were treated with various concentrations (0-50 pM) of SAF for
24, 48 and 72 h, and the antiproliferative activity of SAF was
investigated by MTT assay. SAF caused a significant decrease
in cell viability with a time- and concentration-dependent
manner (Figure 1A). The IC, values of HepG2 cells were
45.49+2.65, 8.73+1.16 and 7.66+0.59 uM for 24, 48 and 72 h,
respectively. Next, the inhibitory effect of cell viability by SAF
(10 uM) was compared with that of 5-FU (10 pM). It is also
important to note that SAF inhibited cell viability more effec-
tive than that of 5-FU on a 10 pM concentration for 48 and
72 h, respectively. (Figure 1B).

SAF effectively suppressed tumor growth with a con-
centration-dependent manner in vivo, and its effect was
more potent than that of 5-FU. To investigate the inhibitory
effect of SAF in vivo, we firstly used a mice xenograft model.
Twenty-five SPF grade BALB/c mice were used, and each
group contained five mice. Eleven days after the treatment,
all mice were sacrificed, and their tissues were dissected and
weighed. It was clear that the tumor weights had significantly
decreased with a concentration-dependent manner with
SAF treatment (Figure 2A, 2B). The tumor growth inhibition
rates were 56.72+6.86% (10 mg/kg), 84.66+2.88% (20 mg/
kg) and 95.70£1.91% (50 mg/kg), respectively. Importantly,
the tumor growth inhibition rate of 5-FU group (50 mg/kg)
was 71.45+7.38%. The tumor weights of the SAF treatment
group were obviously lower than that of 5-FU control group
on the same concentration (Figure 2A, 2B). Data confirmed
that tumor inhibitory effect of SAF was more potent than that
of 5-FU in vivo.

Cancer usually affects the body’s immune system especially
the thymus and the spleen. Consequently, the relative weights
of the mice’s thymuses and spleens were analysed. A different
concentration administration of SAF made a significant de-
crease in the index of the spleen weights; however, there was
no marked difference between SAF (50 mg/kg) and 5-FU (50
mg/kg). In contrast, the weights of the thymuses did not show
aregular pattern in the SAF groups (Figure 2C). However, SAF
appeared as an augment effect on the thymus index, in contrast
to the effect of 5-FU on the same concentration (Figure 2D).

Furthermore, we analysed cell viability inhibitory rates of
SAF and 5-FU to PBMCs. Compared to the control group,
which had no cytotoxic effects, the exposures of PBMCs to
SAF and 5-FU showed no significant reductions on cell vi-
ability. And there were no statistical differences on the cell
viability inhibitory rates between SAF group and 5-FU group
(Figure 2E).

SAF arrested the cell cycle at the G1 phase and induced
apoptosis in HepG2 cells. Disturbance of cancer cell cycle is
related to cell growth and apoptosis. To detect whether or not
the cell growth inhibitory effect of SAF was associated with
the cell cycle arrest, a flow cytometer was used to measure cell
cycle distribution in HpeG2 cells. The cells were treated with
5,10 and 20 uM SAF for 48 h; as a result, SAF induced a G1
phase arrest in HepG2 cells (Figure 3A). Compared to the G1
phase arrest, the S phase shortened obviously, while the G2
phase experienced no change. These results suggested that
SAF might inhibit cell growth by mediating cell cycle arrest.

Through a microscope, the cytotoxic effect of SAF was
observed in HepG?2 cells. The cells were cultured with SAF
(5,10 and 20 uM) for 48 and 72 h. There were significantly
more death cells with a higher concentration of SAF (Figure
3B). Next, to explore the mechanism of SAF on cytotoxicity,
an apoptosis analysis was performed by a flow cytometer.
The percentage of apoptotic cells increased after exposure
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Figure 2. SAF inhibited tumor growth with a concentration-dependent manner, and the inhibitory effect of SAF was more potent than that of 5-FU in vivo.
(A, B) Mice were sacrificed after treatment with several concentrations of SAF for eleven days. The tumor weights were quantified. The effect of SAF
(50 mg/kg) on tumor growth inhibition was compared with that of 5-FU (50 mg/kg). (C) The effects of SAF on relative weights of thymuses and spleens
were quantified. (D) The effects of SAF (50 mg/kg) on the index of organs were compared with that of 5-FU (50 mg/kg). (E) The cytotoxicities of SAF

and 5-FU were analysed to PBMCs using MTT assay. **P <0.01, ***P <0.001 were considered statistically significant.

to 10 uM SAF for 24, 48 and 72 h. The results showed that
SAF at 10 uM induced apoptotic rates (the early-stage apop-
totic rate plus the late-stage apoptotic rate) as 22.13+1.73%,
61.07+1.81% and 85.30+3.76% for 24, 48 and 72 h, respec-
tively (Figure 3C, 3D).

SAF induced apoptosis by activating caspase3 and
caspase9 through a mitochondrial pathway. In order to
investigate the mechanisms of SAF on apoptosis in HpeG2
cells, lipophilic dye JC-1 was adopted (it can accumulate in
the mitochondria), to indicate the dissipation of mitochondrial
membrane potential. As shown in Figure 4A, J-aggregates,
which show red fluorescence for high membrane potential,
decreased with a concentration-dependent manner with
SAF treatments. Conversely, ]-monomers, which show green
fluorescence for lower membrane potential, increased with
SAF treatments (Fig4. A). CCCP (10 uM) was used as a posi-
tive control in this study. Also the expression of cytochrome
cincreased with SAF treatments (Figure 4B, 4C). Furthermore,
the results showed that SAF induced apoptosis by activating
caspase3 and caspase9 genes, and their cleavage fragments
(cl-caspase3 and cl-caspase9) increased with SAF treatments

(Figure 4D-F). These data demonstrated that SAF induced
apoptosis through a mitochondrial pathway.

Discussion

Hepatocellular carcinoma (HCC) is one of the most com-
mon lethal cancers in the world. Today, the growing new
cases of HCC are nearly equal to the number of deaths from
this disease, and HCC has become the third leading cause of
cancer related to death in men [10-12]. Although there have
been a variety of ways to treat liver cancer, chemotherapy is
still the major method currently used to prolong the survival
of patients with HCC, despite the severe adverse reactions [13,
14]. 5-FU is a commonly used agent for liver cancer in clinical
treatments in combination with other therapeutics. However,
there were many problems with 5-FU clinical application [15-
18]. In fact, there is still no special effective agents for liver
cancer therapy.

Fungi derived from unique environments have attracted
great attention since they have developed unique meta-
bolic and physiological capabilities which not only ensure
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Figure 3. SAF induced cell cycle arrest and apoptosis. (A) Cells were treated with several concentrations of SAF for 48 h prior to analysis by a flow
cytometer. (B) After treatment with SAF for 48 and 72 h, the cellular morphology of the HepG2 cells were photographed under the microscope (60x).
Untreated cells were performed as the negative control. (C, D) Flow cytometer analysis of PI-Annexin- V to measure apoptosis in HepG2 cells. HepG2

cells were harvested after treated with 10 uM SAF for 24, 48 and 72 h. *P<0.05, **P <0.01 was considered statistically significant.

survival in extreme habitats, but also offer the potential to
produce compounds for cancer and other interesting phar-
macological activities. In recent years, there was a focus on
the secondary metabolites of fungi derived from special
environments, especially the fungi from coastal saline in
the Yellow River Delta. Many novel structures with vari-
ous activities were separated from them [8]. In our study,
more than 400 microbial strains isolated from sediment
samples that were collected from the coastal saline in the
Yellow River Delta in China were screened for cytotoxicity
against cancer cells. Among them, a fungal strain identified
as Aspergillus aculeatus exhibited a significant cytotoxic
activity. We investigated the secondary metabolites from
this fungus and obtained SAF. SAF had been obtained from
several sources. For example, SAF which was derived from
a deep sea originated fungus Penicillium sp. F11 showed
significant antitumor effects in HL60 cells [6]. This study

demonstrated that SAF might have a promising inhibitory
effect on cancer cell growth.

In this study, SAF significantly inhibited cell viability with
a time- and concentration-manner in vitro. Most importantly,
the inhibitory effect of SAF on cell viability is more potent than
that of 5-FU on the same concentration. In the in vivo study, the
antitumor effect of SAF was investigated in the mice xenograft
model. It was obvious that SAF also significantly inhibited
tumor growth with a concentration-dependent manner, and
that the inhibitory effect of SAF was also easier to observe
than that of 5-FU at the same concentration. This study was
the first to confirm that the inhibitory effect of SAF on cancer
cell growth is more promising than that of 5-FU in vitro and in
vivo. Furthermore, the index of the mice’s immune organs (the
spleen and the thymus) and the cytotoxicities of SAF and 5-FU
demonstrated that SAF might represent a better alternative to
5-FU for clinical application in the future.
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Figure 4. SAF induced apoptosis by activating caspase3 and caspase9 through a mitochondrial pathway. (A) Mitochondrial membrane potential (AWm)
was performed with JC-1. CCCP (10 uM) was used as the positive control reagent. (B, C) Expression of cytochrome c was assayed by western blot. (D, E,
F) Western blot was performed to assay the expressions of apoptosis-related genes on protein level. Proteins of caspase3 and caspase9 were all cleaved
fragments. GAPDH was used as a loading control. **P <0.01, ***P <0.001 was considered statistically significant.

Next, we investigated the mechanisms of SAF on cell growth
inhibition. The cell cycle and apoptosis may trigger cell viability
delay from SAE which caused cell cycle arrest by increasing
the level of the key G2 phase and decreasing the level of the
S phase. The microscope clearly showed that SAF induced
apoptosis, which was assayed by a flow cytometer. Data showed
that the mitochondrial membrane potential (Aym) decreased
with SAF treatment, unlike the CCCP positive control group.

The activation of an intrinsic mitochondria-mediated
apoptotic pathway is related to the release of cytochrome
¢ from a mitochondrial membrane to cytosol. SAF induced the
depression of cytochrome ¢ with a concentration-dependent
manner. The loss of mitochondrial membrane potential (Aym)
and the formation of Apaf-1/cytochrome c complex are impor-
tant events corresponding with the activation of caspase [19,
20]. The activation of caspase family is generally considered
to be one of the key events in an apoptosis pathway [21, 22].
More specially, caspase3 and caspase9 play the major role in the
caspase-dependent pathway; thus, caspase3 and caspase9 acti-
vation were studied during the mechanisms of apoptosis [23,
24]. SAF induced apoptosis with a concentration-dependent
manner by activating caspase-family genes, including caspase3
and caspase9. The expressions of cl-caspase3 and cl-caspase9
also increased with a concentration-dependent manner. As

a result, SAF might induce apoptosis by up-regulation of cy-
tochrome c in order to activate caspase3 and caspase9 through
the mitochondrial pathway.

Opverall, this study demonstrated the effects and mecha-
nisms of SAF on hepatocellular carcinoma. In contrast to the
common antitumor drug 5-FU, SAF showed more promising
inhibitory effects on cell viability in vitro and tumor growth in
vivo by arresting the cell cycle and inducing caspase-dependent
apoptosis through a mitochondrial pathway. Consequently,
SAF might be a useful antitumor agent and an effective com-
pound in HCC clinical treatment; also, its structure might
afford a promising future concerning antitumor drug inves-
tigation and design.
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