
Abstract. Background: LY52 is a caffeoyl pyrrolidine derivative
designed to fit and extend into the active pocket of matrix
metalloproteinase (MMP). In this study, the effects of LY52 on
MMP-2 and MMP-9 activities and tumor invasion and
metastasis were examined. Materials and Methods: MMP
expression in SKOV3 cells was analyzed by gelatin zymography.
The anti-invasion and anti-metastasis abilities of LY52 were
evaluated with penetration of SKOV3 cells through Matrigel-
coated membrane in vitro and pulmonary metastasis of Lewis
lung carcinoma in mice, respectively. Results: LY52 significantly
blocked the proteolytic activity of gelatinase. Gelatin zymography
revealed that MMP-2 and MMP-9 expressions in SKOV3 cells
were reduced in the presence of LY52. LY52 also suppressed
SKOV3 cell invasion in vitro. Furthermore, a significant
inhibition of pulmonary metastasis of Lewis lung carcinoma
cells was observed in LY52-administrated mice. Conclusion:
LY52 might suppress invasion and metastasis of carcinoma cells
via inhibition of MMP-2 and MMP-9 proteolytic activities.

Matrix metalloproteinases (MMPs) play a crucial role in the
development and metastatic spread of cancer. One of the
earliest events in the metastatic spread of cancer is invasion
through basement membrane and proteolytic degradation of
extracellular matrix (ECM) proteins, such as collagens,

laminin, elastin and fibronectin (1). MMPs are zinc-dependent
endopeptidases, which consist of at least a pro-peptide and a
catalytic domain (2). Functionally, MMPs can be subdivided
into collagenases, stromelysins and gelatinases, based
primarily on their substrate preferences (3, 4). Gelatinases,
which preferentially proteolyze basement membrane collagen
type IV, include MMP-2 and MMP-9, which are expressed in
tumor tissues at various stages of cancer development, but in
normal tissues are typically low or absent (5). The
overexpression of MMP-2 and MMP-9 is associated with the
degradation of basement membrane proteins to increase
tumor dissemination and metastasis. During these processes,
the enzymes require specific activation by proteolytic removal
of the NH2-terminal propeptide to convert to the activated
forms (6, 7). Three-dimensional structure analysis of the active
sites showed that the S’1 pocket in the crystal structure of
human gelatinase is deeper than that of MMP-3 (8). This has
provided helpful clues when using structure-based design
strategies to discover novel MMP inhibitors that selectively
block the proteolytic activity of MMP-2 and MMP-9.

In previous studies, we reported that some caffeoyl
pyrrolidine derivatives, which were designed as analogs of
the reference drug CGS27023A, were potential gelatinase
inhibitors (9, 10). These compounds inhibited lung
metastasis of mice H22 tumor cells following the injection
via caudal vein, without significant toxic effects (9, 10). In
this study, the inhibitory effect of LY52, one of the caffeoyl
pyrrolidine derivatives, on the activity of MMP-2 and MMP-9,
as well as on in vitro invasion and in vivo metastasis of tumor
cells, was examined. 

Materials and Methods

Cell line and cell culture. The human ovarian carcinoma SKOV3
cell line and the metastatic Lewis lung cell line were obtained
from the Division of Cancer Treatment, National Cancer Institute
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of China (Beijing, China) and the Institute of Materia Medica,
Academy of Medical Sciences (Beijing, China), respectively. The
cells were maintained in RPMI-1640 supplemented with 10%
(v/v) heat-inactivated fetal bovine serum, penicillin-streptomycin
(100 IU/ml-100 Ìg/ml), 2 mM glutamine, and 10 mM Hepes
buffer at 37ÆC in a humid atmosphere (5% CO2-95% air). The
cells were fed every 3 to 4 days and harvested by brief incubation
in 0.02% EDTA-PBS.

Chemical reagent. Caffeoyl pyrrolidine derivative LY52 (Figure 1)
was synthesized from 4-L-hydroxyproline through a sequence
reaction including methylation, esterification, condensation,
mesylation, SN2 reaction upon treatment with sodium azide,
hydrogenation over 5% Pd-C/CaCO3, acylation and ester exchange
upon treatment with hydroxylamine (9). The compound was
dissolved in dimethylsulfoxide for in vitro assay and in 5% amylum
for in vivo study.

MTT assay. Cells (2-5x104 per well) seeded in 96-well plates for 12
h were treated with different doses of LY52 for the required time
period. The medium was then removed and the wells were washed
with PBS. The MTT assay was performed by adding 20 Ìl MTT 
(5 mg/ml, 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium
bromide; Sigma, St. Louis, MO, USA) for 4 h (11). Light
absorbance of the solution was measured at 540 nm on a plate
reader (TECAN, Harrogate, UK). Triplicate experiments with
triplicate samples were performed.

Gelatinase assay. All assays were done in 96-well flat-bottom
microtiter plates (12). The reaction mixture (total 150 Ìl)
contained 12.5 Ìl of gelatinase (30 Ìg/ml, Sigma), 55 Ìl (20 Ìg) of
succinylated gelatin (Sigma) and 15 Ìl (50 Ìg) of p-amino-
phenylmercuric acetate (APMA, Sigma), as well as different
doses of LY52. Blank reactions without the substrate were
performed for each enzyme assay. The reactions were carried out
at 37ÆC for 30 min. Fifty microliters of 0.03% trinitrobenzene
sulfonic acid (TNBSA, Sigma) were then added to the reaction
mixture and the mixture was allowed to incubate at room
temperature for 20 min. Absorbance at 450 nm of each reaction
was determined using a THERMOmax microplate reader
(Molecular Devices, Sunnyvale, CA, USA). The inhibitory rate
(%) was evaluated by comparing the relative activity in the
presence and absence of LY52.

SDS-PAGE gelatin zymography of MMP-2 and MMP-9. Levels of
MMP-2 and MMP-9 expressions in SKOV3 cells were analyzed by
SDS-PAGE gelatin zymography (12). Briefly, cells (80% confluent
in 24-well plates) were washed twice with PBS and treated with
different doses of LY52 in 2 ml of serum-free medium for 24 h at
37ÆC in a humidified 5% CO2-95% atmosphere. Ten microliters of
the supernatant were subjected to electrophoresis on 10% 
SDS-PAGE co-polymerized with 1 mg/ml gelatin as a substrate.
After electrophoresis was finished, the gel was washed with 2%
Triton X-100 solution to remove SDS and incubated in activation
buffer (50 mM Tris, 5 mM CaCl2, 0.5 ÌM ZnCl2, pH 7.4) for 20 h
at 37ÆC. Gels were then stained with 0.05% Coomassie brilliant
blue R-250 and destained in acetic acid. Non-staining regions of
the gel corresponding to the active MMP-2 and MMP-9 were
quantified by densitometry using an Electrophoresis Image
Analysis System (FR980, Furi Company, Shanghai, China). 

Invasion assay in vitro. A 24-well transwell chamber (Corning, NY,
USA) was used to evaluate the motility and invasive ability of
SKOV3 cells in vitro (13, 14). The upper surface of polycarbonate
filters with 8-Ìm pores was coated with 100 Ìg of Matrigel (Sigma).
The SKOV3 cells were pre-incubated with different doses of LY52
or 1% BSA (negative control) for 12 h at 37ÆC in a CO2 incubator
and then detached and resuspended in serum-free RPMI-1640. A
suspension of cells (1x105 cells/100 Ìl) was placed in the upper
chambers. The lower chambers were filled with 500 Ìl of RPMI-
1640 medium. After 24 h of incubation at 37ÆC under optimal
conditions, the filters were fixed with 10% buffered formalin and
stained with hematoxylin. Cells on the upper surface of the filter
were completely removed by wiping them with a cotton swab. Cells
that had invaded through the Matrigel and reached the lower
surface of the filter were quantified by counting the number of cells
that migrated in five random microscopic fields per filter at a
magnification of x200. Each assay was performed in triplicate and
repeated twice.

Metastasis assay in vivo. The anti-metastasis activity of LY52 was
assessed using a Lewis lung carcinoma (LLC) model in vivo (15).
C57/BL6 mice, 5-6 weeks of age, were purchased from the Animal
Experiment Central of Beijing, China. The research protocol was
approved in accordance with the institutional guidelines of the
Animal Care and Use Committee at Shandong University, China.
Animals were housed under pathogen-free conditions. C57/BL6
mice arranged in groups were injected in the right footpad with
5x105 tumor cells in 50 Ìl of PBS. The mice were orally
administered 0, 25, 50 and 100 mg/kg of LY52 in 0.5 ml.
Carboxylates (100 mg/kg) were given orally as the positive control
(16). After 7 days, when the footpad tumors reached between 6 and
8 mm in mean diameter, the tumor-bearing legs were amputated.
Administrations were performed 6 days per week for five
consecutive weeks. All the surviving mice were then sacrificed and
the lungs with tumor nodes were placed in bouin solution. The
number of the metastatic nodes on the lung surface was counted.

Statistical analysis. Statistical significance was determined by the
Student’s two-tailed t-test. The limit of statistical significance was
p<0.05. 

Results

Inhibitory effect of LY52 on cell growth. The effects of LY52
on cell growth were examined with SKOV3 cells. As shown
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Figure 1. Structure of LY52.



in Figure 2, LY-52 had an anti-proliferative effect on
SKOV3 cells in a dose- and time-dependent manner within
the concentrations (0.1, 1, 10, 100 and 1000 Ìg/ml) for up to
120 h treatment. The maximum inhibition rate was 52.0%
for 1000 Ìg/ml of LY52 at 120 h incubation. The growth
inhibition occurred in the absence of evident cytotoxicity,
as verified by staining for viability using Trypan blue (data
not shown).

Inhibitory effect on gelatinase activity. The effect of LY52
on the activity of gelatinase in the hydrolysis of
succinylated gelatin was measured. LY52 tended to
withstand the degradation of succinylated gelatin in the
presence of p-aminophenylmercuric acetate in vitro. The
inhibition rates of substrate hydrolysis by gelatinase
increased with increasing concentrations of LY52 (Figure
3). The IC50 was 11.9 ng/ml.

Inhibition of MMP-2 and MMP-9 expression in SKOV3 cells.
Gelatin zymography was performed to evaluate the effect of
LY52 on the expression of MMP-2 and MMP-9 activities in
the supernatants of SKOV3 cell cultures. As shown in
Figure 4, the activity of MMP-2 and MMP-9 in the
supernatants of the cultured cells was reduced in a dose-
dependent manner by treatment with LY52 (0-1000 Ìg/ml).
The inhibition rates by 0.1, 1, 10, 100 and 1000 Ìg/ml of
LY52 were 22.6, 28.8, 40.2, 49.4 and 56.7%, respectively, for
MMP-2 and 10.7, 14.2, 20.3, 27.9 and 31.5%, respectively,
for MMP-9 (Figure 4B).

Inhibition of SKOV3 cell invasion in vitro. The effect of LY52
on the invasive potential of SKOV3 cells in vitro was
examined by an invasion assay with Matrigel-coated filters.
SKOV3 cells displayed a high invasive ability to penetrate
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Figure 2. Inhibitory effect of LY52 on SKOV3 cell growth. Cells were
cultured with or without LY52 (0.1-1000 Ìg/ml). Cell growth was
evaluated by MTT assay at various culture times (24-120 h).

Figure 3. Rate of gelatinase activity inhibition by LY52. The proteolysis
of succinylated gelatin by gelatinase was evaluated in the presence of
different concentrations of LY52 for 30 min. After the enzyme reaction,
0.03% TNBS was added to each sample, which was then allowed to stand
for 20 min at room temperature, followed be measurement of the
absorbance at 450 nm. Bars, SD (n=3).

Figure 4. Gelatin zymography for MMP-2 and MMP-9 in SKOV3 cells
after treatment with different concentrations of LY52. Cells were exposed
to LY52 (0-1000 Ìg/ml) for 24 h. A. MMP-2 and MMP-9 activities in the
medium were detected as two destained bands by SDS-PAGE gelatin
zymography. B. Areas of the destained bands were quantified by
densitometry and the inhibition rates of MMP-2 (white column) and
MMP-9 (black column) activities were evaluated. Bars, SD (n=3).



the filters in the absence of LY52 (Figure 5). The invasive
potential of SKOV3 cells was significantly diminished in a
dose-dependent manner by 12 h pre-treatment of LY52
(Figure 5). At the concentrations of 0.1, 1, 10, 100 and 1000
Ìg/ml, the number of cells penetrating the Matrigel coated
on polycarbonate filters were inhibited by 7.5, 42.0, 67.3,
72.1 and 82.9%, respectively (Figure 5B).

Inhibition of LLC metastasis in mice. The effect of LY52 on
pulmonary metastasis of LLC cells transplanted in C57/BL6
mice was examined, as described in the Materials and
Methods. As shown in Table I, the number of tumor nodes
formed on the lung surface was significantly lower in the
LY52-treated mice than in untreated mice (p<0.05). The
anti-metastasis ability of LY52 was dose-dependent. On the

other hand, a significant weight loss was not observed
during the continuous administration (Table I).

Discussion

Tumor metastasis consists of a series of sequential steps
resulting in the formation of metastatic foci distant from the
primary tumor: i) release from the primary tumor and
invasion of the surrounding basement membrane, ii)
invasion and penetration of the basement membrane of
vascular (or lymphatic) endothelium at the primary site, iii)
extravasion, invasion and penetration of the basement
membrane at the metastatic site, and iv) growth at
apparently preferred sites. MMP-2 and MMP-9 participate
in the proteolytic cleavage of the basement membrane, a
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Figure 5. Inhibition of SKOV3 cell invasion by LY52. Cells pre-treated
with various concentrations of LY52 were placed on Matrigel-coated filters
and incubated for 24 h. The number of cells passing through the filter was
counted after staining with hematoxylin. A. Typical micrographs of
invading SKOV3 cells pre-treated with the indicated concentrations of
LY52 (original magnification, x200). B. Inhibition rates of cell invasion
by various concentrations of LY52. Bars, SD (n=6). 



key step in the process of invasion and metastasis (17, 18).
Therefore, regulation of MMP-2 and MMP-9 is crucial in
blocking tumor invasion and metastasis.

The present study focused on the effects of the newly
designed caffeoyl pyrrolidine derivative, LY52, on MMP-2
and MMP-9 activities and tumor invasion and metastasis.
LY52 had a weak, but nonetheless significant ability to
inhibit SKOV3 cell growth without a cytotoxic effect (Figure
2). LY52 significantly blocked the activation of gelatinase
(Figure 3) and expression of MMP-2 and MMP-9 activities
in SKOV3 cells (Figure 4). Furthermore, invasion of
SKOV3 cells was also prevented in the presence of LY52 in
a dose-dependent manner (Figure 5). The aggressive
potential of SKOV3 cells was reported to be related to the
overexpression of MMP-2 and MMP-9 (19, 20). Therefore,
the anti-invasion ability of LY52 could be due to its
inhibition of MMP-2 and MMP-9 expressions. The present
study also showed that administration of LY52 significantly
inhibited pulmonary metastasis of LLC cells in mice without
any significant toxicity. These results suggest that LY52 may
be a candidate compound for anti-invasion and anti-
metastasis via suppression of MMP activity.

LY52 (Figure 1) was designed as an analog of the
reference drug CGS27023A, a broad-spectrum MMPs
inhibitor that inhibits the activity and expression of MMP-1,
-2, -3 and -9 (21-24). The properties of the broad-spectrum
inhibitor may correlate with its larger structure which
accommodates the S’1 pocket of MMP-3. Since the S’1 pocket
of gelatinase is deeper than that of MMP-3, we designed the
backbone of the hydroxyproline linked to the caffonyl group
to extend into the S’1 pocket (8, 9). This portion of
hydroxyproline one of the specific amino acid residues of the
collagens that are substrates of MMPs (9, 10). Caffic acid was
proven to inhibit the activity of MMP-2 and MMP-9 (25).

The p-(methylphenyl)sulfonyl group can extend into the S’1
active pocket of MMP-2 and MMP-9, thereby enhancing the
flexibility of the chemical structure to combine with the active
site of the enzymes (9, 10). Carboxylic acid, a metabolized
product of the carbomethoxy group, might chelate the zinc
ion, which is essential to the enzyme activity (9, 10). These
structures in the LY52 molecule provide the specificity for
acting on MMP-2 and MMP-9. In the present study,
inhibition ability of LY52 towards MMP-2 and MMP-9 was
indicated by means of gelatin zymography using SKOV3 cells
that overexpress MMP-2 and MMP-9. Experiments to
confirm the specificity of LY52 for MMP-2 and MMP-9, as
well as those to analyze effect of LY52 on mRNA expression
of the enzymes are in progress.

In conclusion, LY52 is a novel caffeoyl pyrrolidine
derivative with an inhibitory effect on the proteolytic activity
of MMP-2 and MMP-9 in carcinoma cells. LY52 also
inhibited SKOV3 cell invasion in vitro and LLC cell
metastasis in vivo. These results suggest that LY52 may be a
candidate compound for anti-invasion and anti-metastasis
via the suppression of MMP activity.
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