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Abstract. Background/Aim: The purpose of this study was
to investigate the mechanism by which agmatine sulfate
induces an anti-metastatic effect in human HTI1080
fibrosarcoma cells, by affecting matrix metalloproteinases
(MMPs). Materials and Methods: For the experiments, we
used a non-toxic concentration of agmatine, below 512 uM,
that was determined using an MTT assay. The effect of
agmatine sulfate on metastasis was gelatin zymography,
western blot, immunofluorescence staining and cell invasion
assay. Results: Agmatine sulfate inhibited MMP-2 activity
stimulated by phenazine methosulfate (PMS). Furthermore,
the expression level of MMP-2 stimulated by PMS, was
decreased, but the expression level of TIMP-1 was increased
in the presence of agmatine sulfate. Moreover, it was
observed that the expression levels of ERK and p38 were
increased, but those of PI3K and Akt-1 associated with the
modulation of MMP-2 were decreased in this study.
Furthermore, agmatine sulfate decreased the invasion level
of human fibrosarcoma cells stimulated by VEGF.
Conclusion: These results suggest that agmatine sulfate
could inhibit metastasis through inhibition of MMP-2 via the
PI3K/Akt-1 signaling pathway.

Cancer, among several other diseases, is a major cause of
death with a rapidly increasing mortality rate. The majority
of cancer-related deaths are due to cancer tumor metastasis
(1). Recently, the inhibition of tumor invasion and metastasis
has been extensively studied in order to treat and prevent
cancer. For cancer invasion and metastasis, cancer cells
require a variety of interactions with the extracellular matrix
surrounding the tumor. The main group of proteolytic
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enzymes related to tumor invasion and metastasis are matrix
metalloproteinases (MMPs). They cleave polypeptide bonds
in extracellular matrix proteins such as collagen, elastin,
fibronectin, proteoglycan and laminin (2, 3). MMPs
implicated in the invasive and metastatic spread of cancer
include gelatin A (MMP-2) and gelatin B (MMP-9). The
activity of MMPs is modulated by the tissue inhibitors of
metalloproteinases (TIMPs). In particular, TIMP-1 regulates
the inhibition of MMP-2 activity (4, 5). The expression of
MMP-2, related to metastasis, was reported to be regulated
via the MAPK signaling pathway including extracellular
signal-regulated kinases (ERK), c-jun N-terminal kinases
(JNK) and p38. The MAPK signaling pathway has been
reported to regulate cell growth, apoptosis and tumor
metastasis (6, 7). In addition, the activation of the
phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway
has been known to regulate MMPs and promote tumor
invasion. The PI3K/Akt signaling pathway plays a major role
in cellular processes such as metastasis of tumor cells (8).
However, the natural compounds capable of completely
inhibiting MMPs associated with metastasis have not been
reported until now. Therefore, we examined whether
Brunfelsia uniflora (manaca) extract known to have anti-
aging effects may inhibit metastasis and cancer invasion.
Brunfelsia uniflora extract has been known to contain
agmatine, alkalods-franciscain, manainm and scopoletin (9,
10). Previous studies have shown that agmatine sulfate exerts
an anti-proliferative effect in cancer and may be effective in
the treatment of sepsis (11). Therefore, in this study we
investigated the inhibitory effect of agmatine sulfate on the
modulation of MMP-2 via the PI3K/Akt signaling pathway.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), trypsin—
EDTA, penicillin/streptomycin/ amphotericin (10000 U/ml, 10000
g/ml, and 2500 g/ml, respectively) and fetal bovine serum (FBS)
were obtained from Gibco BRL, Life Technologies (NY, USA).
HT1080 cells were purchased by ATCC. MTT reagent, agmatine
sulfate and other materials were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).
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Cell line and culture. Cell lines were separately grown as
monolayers at 5% CO, and 37°C humidified atmosphere using
appropriate media supplemented with 5% fetal bovine serum, 2 mM
glutamine and 100 g/ml penicillin-streptomycin. DMEM was used
as the culture medium for the HT1080 cell line. Cells were passaged
3 times a week by treating with trypsin-EDTA.

MTT assay. Cytotoxic levels of agmatine sulfate on HT1080 cells
were measured using 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) method as described by Hansen et al. (12).

Gelatin zymography. Activation of MMPs were determined by
zymography as described previously (13) in the presence or absence
of agmatine sulfate. Conditioned medium containing same amount of
total proteins was loaded into each well of a polyacrylamide gel
containing 1.5 mg/ml gelatin and electrophoresed under non-reducing
conditions. Depending on the purpose, different protein amounts for
each experiment were used for gelatin zymography analysis.
Gelatinolytic bands were observed as clear zones against the blue
background and the intensity of the bands was estimated using
ImageMaster Software (Amersham Pharmacia Bioscience, NJ, US).

Western blot analysis. Western blot analysis was performed
according to standard procedures. Cell lysates or nuclear proteins
were resolved on a 4-20% Novex®gradient gel (Invitrogen, US),
electro transferred onto a nitrocellulose membrane and blocked with
10% skim milk. The primary antibodies including anti-MMP-2,
anti-TIMP-1, anti-p-ERK, anti-p-p38, anti-p-JNK, anti-p-PI3K, anti-
Akt-1 and anti-B-actin and their secondary antibodies (Santa Cruz
Biotechnologuflnc., CA, US) were used to detect respective proteins
using a chemiluminescent ECL assay kit (Amersham Pharmacia
Biosciences, NJ, US) according to the manufacturer’s instructions.
Protein bands were visualized using AlphaEase®gel image analysis
software (Alpha Innotech, CA, US).

Analyses of proteins expression using Immunofluorescence assay.
HT1080 cells were seeded in slide chambers and incubated
overnight at 37°C. Then, cells were treated with agmatine sulfate
and stimulated with PMS as a negative control. After 24 h of
incubation, cells were fixed with 10% formalin for 15 min at room
temperature followed by permeabilization with PBS containing
0.5% tween 20 (0.5% PBS T-20) and washing for three times with
0.1% PBS T-20. The cells were preconditioned with 5% Donkey
normal serum and analysed by immunofluorescence staining using
a primary antibody (MMP-2) (1:500) for 24 h at room temperature.
Afterwards, the cells were washed with 0.1% PBS T-20 three times
for 5 min, respectively and treated with secondary antibodies
(donkey anti- rabbit conjugated FITC) (FITC 1:200) at room
temperature for 1 h. The cells were then washed with 0.1% PBS T-
20 three times and PBS once for 5 min, respectively. Finally, the
slide was stained with DAPI solution and examined using Axio
Scope A1l Microscope (Carl Zeiss, Goettingen, Germany).

In vitro cell invasion assay. Cell invasion assay was performed
according to the protocol from Chemicon®. The Cell Invasion Assay
Kit (ECMS550) utilizes an Invasion Chamber, which consists of a
24-well tissue culture plate and 12 cell culture inserts. For
quantification stained cells were dissolved in 10% acetic acid and a
consistent amount of the dye/solute mixture was transferred to a 96-
well plate for colorimetric reading of OD at 560 nm.
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Figure 1. Effect of agmatine sulfate on viability and activity of MMP-2
in HT1080 cells. (A) HT1080 cells were treated with agmatine sulfate
at 32, 64, 128, 256 and 512 uM. Cell viability was determined by MTT
assay after 24 h. (B) The cells stimulated with 2 uM of PMS to induce
MMPs expression were treated with agmatine sulfate at 32, 64, 128, 256
and 512 uM under serum-free conditions for 72 h. MMP-2 activity in
conditioned media were determined by gelatin zymography. Data are
given as means of values+S.D. from three independent experiments.
Level of significance was identified statistically (***p<0.001) using the
Student’s t-test.

Statistics. Data were analyzed using the Student’s ¢-test for paired
data (comparison with control group) and MEGFL. Data are given
as means of values+S.D. from three independent experiments
(*p<0.05, **¥p<0.01, ***p<0.001).

Results

Effect of agmatine sulfate on cytotoxicity and MMP-2
activity in HT1080 cells stimulated with PMS. In order to
determine the non-cytotoxic concentration of agmatine
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Figure 2. Effect of agmatine sulfate on MMP-2 and MAPK expression
related to metastasis in HT1080 cells. The cells were treated with agmatine
sulfate at 32, 64, 128, 256 and 512 uM prior to stimulation of cells with
2 uM PMS for 24 h. Western blot analysis of cell lysates was performed
using antibodies as indicated. The expression level of B-actin was used as
a control for normalization of target proteins. Data are given as means of
values+S.D. from three independent experiments. Level of significance was
identified statistically (***p<0.001) using Student’s t-test.

sulfate on HT1080 cells, an MTT assay was carried out. The
human fibrosarcoma cells were treated with agmatine sulfate
at 32, 64, 128, 256 and 512 pM for 24 h. As shown in Figure
1A, agmatine sulfate at all concentrations did not exert a
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Figure 3. Effect of agmatine sulfate on PI3K/Akt-1 expression related
to metastasis in HT1080cells. The cells were treated with agmatine
sulfate at 32, 64, 128, 256 and 512 uM prior to stimulation of cells with
2 uM PMS for 24 h. Western blot analysis of cell lysates was performed
using antibodies as indicated. The expression level of 3-actin was used
as a control for normalization of target proteins. Data are given as
means of values+S.D. from three independent experiments. Level of
significance was identified statistically (*p<0.05; **p<0.01;
#¥%p<0.001) using Student’s t-test.

cytotoxic effect on fibrosarcoma cells. Therefore, a
concentration of agmatine sulfate of less than 512 pM was
used for further study in human fibrosarcoma cells. In the
next experiment, gelatin zymography was performed in
HT1080 cells to examine the effect of agmatine on MMP-2
activity. The cells were cultured for 72 h after stimulation of
cells with phenazine methosulfate (PMS) that generates
intracellular H,O, following agmatine sulfate treatment at
the indicated concentration. As shown in Figure 1B, it was
observed that the inactive pro MMP-2 form, was converted
into MMP-2, an active form, by treatment with PMS.
Agmatine sulfate at 128 uM inhibited the activity of MMP-
2 by 200% compared with the PMS treated human
fibrosarcoma cells. This result suggests that agmatine sulfate
could inhibit metastasis.

Effect of agmatine sulfate on the expression of MMP-2,
TIMP-1 and MAPK related to metastasis in HT1080 cells.
The effect of agmatine sulfate on the expression levels of
MMP-2, TIMP-1 and MAPK in HTI1080 cells was
investigated using western blot analysis in order to explore
the signaling pathway of MMP-2. As shown in Figure 2A,
agmatine sulfate inhibited the expression level of MMP-2 in
a dose-dependent manner compared to the PMS-treated cells.
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Figure 4. Effect of agmatine sulfate on protein expression related to
antioxidant enzyme in HT1080 cells. The cells were treated with agmatine
sulfate at 32, 64, 128, 256 and 512 uM prior to stimulation of cells with
2 uM PMS for 24 h. Western blot analysis of cell lysates was performed
using antibodies as indicated. The expression level of [5-actin was used
as a control for normalization of target proteins. Data are given as means
of values+S.D. from three independent experiments. Level of significance
was identified statistically (***p<0.001) using the Student’s t-test.

Furthermore, agmatine sulfate increased the expression of
TIMP-1 in human fibrosarcoma cells treated with a
concentration above 128 uM. As shown in Figure 2B,
agmatine sulfate did not exert any effect on the expression
of p-JNK in human fibrosarcoma cells. However, it was
observed that agmatine sulfate increased the expression
levels of p-ERK and p-p38. Therefore, these results indicate
that inhibition of MMP expression by agmatine sulfate was
modulated by the increase of TIMP-1 expression.

Effect of agmatine sulfate on the expression of p-PI3K and
AKT-1 in HT1080 cells. On the other hand, in order to
examine the effect of agmatine sulfate on the p-PI3K and
Akt-1 signaling pathway related to MMP-2, the expressions
of PI3K and Akt-1 were analyzed by western blotting in
HT1080 cells. As shown in Figure 3, agmatine sulfate
decreased the expression levels of p-PI3K and Akt-1 in a
dose-dependent manner using concentrations above 32 uM.
Therefore, these results indicate that the inhibition of MMP
expression by agmatine sulfate could be regulated by the
activation of PI3K/Akt-1.
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Figure 5. Effect of agmatine sulfate on the level of p-FoxO1 expression
in nucleus. HT1080 cells were pre-treated with different concentrations
of agmatine sulfate for 1 h and followed for 24 h of incubation. After
nucleus extraction, equal amounts of protein in the nuclear lysates were
electrophoresed and level of p-FoxOl1 expression was determined. The
expression level of (3-actin was used as a control for normalization of
target proteins. Data are given as means of values+S.D. from three
independent experiments. Level of significance was identified
statistically (***, p<0.001) using Student’s t-test.

Effect of agmatine sulfate on the expression of SOD-1, SOD-
3 and glutathione reductase related to antioxidant activity in
HT1080 cells. Because PMS produces H,O, in cells, the
effect of agmatine sulfate on the expression of antioxidant
proteins such as SOD-1, SOD-3 and glutathione reductase
was investigated using western blot analysis in HT1080
cells. As shown in Figure 4, agmatine sulfate had no effect
on the expression of SOD-1. However, agmatine sulfate
increased the expression of SOD-3 in human fibrosarcoma
cells by 65% compared to the PMS-treatment group.
Especially, the expression of glutathione reductase was
increased in a dose-dependent manner by agmatine sulfate.
Therefore, these results indicate that agmatine sulfate could
affect the expression of antioxidant enzymes.

Effect of agmatine sulfate on the expression of p-FoxOl in
nucleus. Forkhead-box O (FoxO1) modulates the expression
of antioxidant enzymes such as SOD and glutathione
reductase in the nucleus. However, p-FoxO1 inhibits the
expression of antioxidant enzymes. The effect of agmatine
sulfate on the expression of p-FoxOl in the nucleus was



Kim and Kim: Effect of Agmatine Sulfate on Modulation of Matrix Metalloproteinases

DAPI MMP-2 MERGE

Blank

PMS
+

32
+

64
+

Agmatine sulfate (uM)
256 128
+ +

512
+

Figure 6. Effect of agmatine sulfate on MMP-2 expression in HT1080
cells using immunofluorescence staining analysis. HT1080 cells were
cultured in the presence of PMS or agmatine sulfate and MMP-2
expression was detected with a mouse polyclonal MMP-2 antibody.
MMP-2 localized to the cell cytosol. MMP-2 was observed in green
color and nucleus was observed in blue. The merged image was
observed in yellow green color using fluorescence microscopy at 200 X
of magnification.

investigated by western blot analysis. As shown in Figure 5,
agmatine sulfate decreased the expression of p-FoxO1 using
a concentration above 32 uM compared to the PMS-
treatment group in HT1080 cells. This result indicates that
agmatine sulfate could enhance the expression of antioxidant
enzymes by regulating FoxO1.

Immunofluorescence analysis for the expression of MMP-2 in
HTI1080 cells treated with agmatine sulfate. In order to
confirm whether agmatine sulfate affects the expression of
MMP-2, immunofluorescence staining was carried out in
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Figure 7. Effects of agmatine sulfate on cell invasion of HT1080 cells.
Invasion assay was performed in an invasion chamber, a 24-tissue
culture plate with 5-cell culture insert, 8-um pore size of polycarbonate
membrane coated with matrigel. HT1080 cells were seeded to
polycarbonate membrane. After treatment with agmatine sulfate for
24 h, non-invaded cells were removed using cotton-tipped swab and
then the invaded cells were stained with staining solution. Data are
given as means of values+S.D. from three independent experiments.
Level of significance was identified statistically (**p<0.01;
*¥%p<0.001) using the Student’s t-test.

HT1080 cells treated with agmatine sulfate. As shown in
Figure 6, MMP-2 protein expression visualized by FITC-
fluorescence (green) was higher in the PMS treatment group
than the blank group. However, agmatine sulfate attenuated
MMP-2 protein expression compared with the PMS treatment
group in HT'1080 cells underimmunofluorescence observation.

Effect of agmatine sulfate on cell invasion in HT1080 cells
stimulated with VEGF. When cancer cells lack nutrients, they
move into the surrounding tissues and organ by degrading the
base membrane and extracellular matrix. Therefore, it was
examined whether agmatine sulfate can inhibit cell invasion.
As shown in Figure 7, VEGF was used to stimulate cell
invasion and cell movement from the upper part of the
polycarbonate membrane into the lower part of the membrane.
When the cells were pre-treated with agmatine sulfate exposed
to VEGF, agmatine sulfate decreased cell invasion in a dose
dependent manner. It was also observed that the cells treated
with agmatine sulfate at 64 pM inhibited cell invasion by 16%
compared to the VEGF group. Therefore, this result provides
evidence that agmatine sulfate could inhibit metastasis.
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Discussion

Inhibition of tumor invasion and metastasis is very
important for the treatment of cancer. Recently, it has been
reported that natural compounds such as platycodin D (14),
paris saponin VII (15) and phloretin (16) inhibit metastasis
associated with MMP. Therefore, we screened for natural
compounds that inhibit MMPs and cell invasion. In this
study, we investigated the effect of agmatine sulfate on
metastasis related to the expression MMP-2 in human
fibrosarcoma cells (17). In this study, we examined the
inhibitory effect of agmatine sulfate on the activity of PMS-
induced MMPs using gelatin zymography in HT1080 cells.
Agmatine sulfate significantly revealed the inhibitory effect
on MMP-2 activation stimulated by PMS which is known
as an inducer of intracellular hydrogen peroxide. In a
previous study it was reported that human fibrosarcoma
cells treated with PMS promoted the activation of pro-
MMP-2 (18). In addition, PMS-induced cell motility is
inhibited by MMP-2, which is associated with the inhibition
of intracellular levels of ROS. Our results demonstrated that
the cells induced by PMS increased activation of MMP-2.
Moreover, the effects of agmatine sulfate on the expression
levels of the MMP-2 and TIMP-1, major proteins involved
in tumor metastasis, were investigated in this study. The
expression of MMP-2 in the human fibrosarcoma cells were
decreased by agmatine sulfate in a concentration dependent
manner. Agmatine sulfate salt also increased the expression
level of TIMP-1. Among TIMPs, TIMP-1 is known to
inhibit the activity of MMP (19). Our results showed that
the inhibitory effect of agmatine sulfate on the activities of
MMP-2 is caused by TIMP-1. Moreover, in another study it
was reported that MAPK and PI3K/Akt-1 signaling pathway
among several other signaling pathways are related to the
regulation of MMPs (20). Thus, we aimed to investigate the
effects of agmatine sulfate on the MAPK and PI3K/Akt-1
signaling pathways. It was predicted that the MAPKs such
as JNK, ERK and p38 are inactivated. However, in this
study the effect of agmatine sulfate on the expression of
MMP-2 was not found to be associated with p-JNK. In
contrast, MAPK such as ERK and p38 were activated.
Although the inhibition of MMP-2 via the MAPK signaling
pathway by agmatine sulfate cannot be clearly explained by
this finding, the previous study reported that the expression
of p-38 and p-JNK was increased, and promoted apoptosis.
In addition, the expression of p-Akt was decreased, which
suggested that the anticancer effect is regulated by the
PI3K/AKkt signaling pathway (21). These results suggest that
the modulation of MMP-2 by agmatine sulfate is not
affected by the MAPK signaling pathway. On the other
hand, the expression levels of PI3K and Akt-1 were down-
regulated in fibrosarcoma cells. A previous study reported
that the activation of MMPs involved in metastasis is
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modulated by the PI3K/Akt-1 signaling pathway (22). Our
results indicated that the MMP-2 expression reduced by
agmatine sulfate is not due to the decreased level of
PI3K/Akt-1 but due to the MAPK signaling pathway. Thus,
our findings suggest that the PI3K/Akt-1 signaling pathway
plays an important role in the inhibition of metastasis by
agmatine sulfate. In addition, the agmatine sulfate
remarkably increased the expression of antioxidant proteins
such as glutathione reductase and SOD-3 in HT1080 cells.
This evidence suggests that the increase in the expression
levels of antioxidant proteins by agmatine sulfate could
reduce the level of intracellular hydrogen produced by PMS,
which could inhibit the expression of MMP-2. Moreover,
we investigated the effect of agmatine sulfate on the
expression of p-FoxOl in the nucleus. Agmatine sulfate
reduced the expression level of p-FoxOl involved in
inhibition of antioxidant gene transcription. This result
indicates the relative increase of FoxO1 due to the decrease
of p-FoxOl1 level in the nucleus promoted the nuclear
expression of antioxidant enzymes such as SOD and
glutathione reductase consistent with a previous report (23).
The inhibitory effect of agmatine sulfate is consequently
confirmed by immunofluorescence for the expression of
MMP-2. In addition, in order to investigate whether
agmatine sulfate could inhibit metastasis, an in vitro cell
invasion assay was performed with human fibrosarcoma
cells. The inhibitory effect of agmatine sulfate on the cell
invasion was observed in fibrosarcoma cells. A previous
study reported that the inhibition of cell invasion is
modulated by the expression of MMP related to metastasis
(24). In conclusion, the above results suggest that the
activation PI3K/Akt-1 and the increase of TIMP-1
expression in the presence of agmatine sulfate could inhibit
the expression of MMP-2 in human fibrosarcoma cells.
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