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Opposite Effects of High Glucose on MMP-2 and
TIMP-2 in Human Endothelial Cells
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Abstract Diabetes mellitus (DM) is a major risk factor for atherosclerosis and causes multiple cardiovascular
complications. Although high glucose can induce matrix metalloproteinases (MMPs), its inhibitors and cell apoptosis,
little is known about the roles of MMPs in regulating cell apoptosis in response to high glucose. To address this issue, we
elucidated the relationship between MMPs, its inhibitors and cell apoptosis in human umbilical vein endothelial cells
(HUVECs). HUVECs were treated with medium containing 5.5 mM or 33 mM of glucose in the presence or the absence of
ascorbic acid and MMP inhibitors (GM6001 and endogenous tissue inhibitors of MMPs, TIMP-1, and TIMP-2). For
detection of cell apoptosis, the cell death detection ELISA assay was used. The results revealed that high glucose-induced
apoptosis could be suppressed by ascorbic acid, GM6001 and TIMP-2, but not by TIMP-1. The activities of MMP-2, MMP-
9 and its inhibitors, TIMP-1, TIMP-2 after high glucose treatment, were also detected by ELISA method. We found that the
activated form of MMP-2, but not MMP-9, was increased, while the level of TIMP-2, but not TIMP-1, was decreased. In
Western blot and RT-PCR analysis, the expression of TIMP-2, but not TIMP-1, after high glucose treatment was
downregulated, whereas the levels of MMP-2 and -9 proteins and mRNA were not changed. The present study indicated
that oxidative stress induced by high glucose might be involved in the opposite effects on MMP-2 activation and TIMP-2
downregulation. This reactive oxygen species (ROS)-dependent MMP-2 activation in turn mediates high glucose-induced
cell apoptosis in HUVECs. J. Cell. Biochem. 101: 442-450, 2007.  © 2007 Wiley-Liss, Inc.
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in the balance between extracellular matrix
(ECM) synthesis and degradation [Fisher et al.,

Diabetes mellitus (DM) is one of the major
risk factor in patients with cardiovascular

disease [Kannel and Mcgee, 1979; Rudermam
and Haudenchild, 1984]. Hyperglycemia could
be a contributing factor to accelerate athero-
sclerosis and develop the vascular complica-
tions [The Diabetes Control and Complications
Trial Research Group, 1993]. Evidence showed
that elevated glucose concentrations can induce
dysfunction of several intracellular signal
transduction cascades, which leads to an upset
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1991; Puliese et al., 1994]. Localized ECM
breakdown plays a major role in the patho-
genesis of atherosclerosis [Galis et al., 1995].
However, the detail molecular mechanisms are
not yet clear.

Matrix metalloproteinases (MMPs) are
members of family of Zn"- and Ca*-dependent
endopeptidases, which are secreted by
many types of cells as proleolytic enzymes. On
activation by proteolytic cleavage, activated
enzymes are capable of degrading many
ECM components. MMPs are produced and
generally secreted in alatent form that requires
stepwise activation through interactions with a
variety of proteins, including membrane-type
(MT)-MMPs and adhesion molecules [Borden
and Heller, 1997; Nagase, 1997]. Increased
expression and activity of MMPs have been
identified in various pathological processes,
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such as general inflammation, atherosclerosis,
and cardiovascular disease [Galis et al,,
1994; Creemers et al., 2001; Komorowski
et al., 2002]. Moreover, evidence demonstrated
that MMPs, especially MMP-2 and MMP-9 are
actively synthesized in atheromatous plaque
and are particularly prevalent in rupture-
prone shoulder regions [Galis et al., 1994],
which may lead to acute coronary syndrome.
Both MMP-2 and MMP-9 can be activated by
reactive oxygen species (ROS), and their
expression seems to be regulated by oxidative
stress [Rajagopalan et al.,, 1996]. However,
the potentially deleterious nature of MMPs is
tightly regulated at different levels, including
transcriptional and post-transcriptional levels.
Post-transcriptional regulation involves bind-
ing to specific endogenous tissue inhibitors of
MMPs (TIMPs), which may prevent proteolytic
cleavage of the proenzyme, as well as function
of the active enzyme [Gomez et al., 1997]. It is
currently accepted that the balance between
MMP and TIMP activity in a particular envir-
onment may determine their net degrading
potential [Gomez et al., 1997; Nagase and
Woessner, 1999]. Evidence also demonstrated
that high glucose could induce discordant
regulation of MMP/TIMP system, which may
be influential the processing atherosclerosis
[Death et al., 2003]. In our previous study,
apoptosis induced by high glucose in human
endothelial cell was also observed [Ho et al.,
2000]. Nonetheless, the relationships among
hyperglycemia, apoptosis, and MMP/TIMP
gene regulation and activities have not been
investigated. Here, we try to study the mecha-
nism and contribution of regulating MMP/
TIMP in endothelial cell apoptosis after
exposure to high glucose (33 mM).

MATERIALS AND METHODS
Cell Culture and Treatment

Human umbilical vein endothelial cells
(HUVECs) were cultured as previously
described [Ho et al., 2000]. Cells were seeded
at a density of 1x10° per 75-cm®flask in
medium 199 (Gibco, Grand Island, NY), supple-
mented with 20 mM HEPES, 100 pg/ml
endothelial cell growth substance (Collabora-
tive Research, Inc., Bedford, MA), and 20%
fetal calf serum (Gibco). The cultures were
maintained at 37°C with gas of 5% CO5—95%

air mixture. All media were supplemented
with 5 U/ml heparin, 100 IU/ml penicillin,
and 0.1 mg/ml streptomycin. Medium was
refreshed every 3 days. The endothelial cells
were identified by the presence of factor
VIlI-related antigen (Histoset Kit, Immunolok,
Carpinteria, CA) and typical “cobblestone”
appearance. Endothelial cells of the third to
fifth passages in actively growing condition
were used for experiments. In experiments
under high glucose situation, HUVECs were
incubated in medium supplemented with
glucose from basal level of 5.5-33 mM for
different time intervals.

Evaluation of MMP-2, MMP-9, TIMP-1,
and TIMP-2 by ELISA

For MMP activity assay, the Biotrack MMP
Activity Assay System (Amersham Biosciences,
Pharmacia) was used to detect total MMP-2 and
MMP-9 activity, according to the manu-
facturer’s instructions. The assay uses the pro
form of a detection enzyme that can be activated
by captured active MMP-2 or -9, into an active
detection enzyme, through a single proteolytic
event. MMP-activated detection enzyme can
then be measured using a specific chromogenic
peptide substrate. Total level of free MMP-2 or
MMP-9 in cell culture supernatants (condi-
tioned medium) was detected by including an
incubation step using p-aminophenylmercuric
acetate (APMA) to activate any bound MMP in
its pro form. Active MMP-2 or -9 was detected
without APMA treatment. Moreover, for the
quantitative determination of TIMP-1 and
TIMP-2 concentrations in conditioned medium,
ELISA kits (Quantikine, R&D system, Minnea-
polis), based on the sandwich enzyme immu-
noassay technique, were employed. The
monoclonal antibody specific for TIMP-1 or
TIMP-2 has been pre-coated onto the micro-
plates. Standards and samples were pipetted
into the wells and any present TIMP-1 or
TIMP-2 was bound by the immobilized anti-
body. Afterwards, washing any unbound
substance, and an enzyme-linked polyclonal
antibody specific for TIMP-1 or -2 was added to
the wells. A prepared substrate solution was
added to the wells and color developed in
proportion to the amount of TIMP-1 or -2. Using
a microplate reader set to 450 nm, we deter-
mined the optical density of each well with
resultant color.
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Gelatinolytic Zymography

Conditioned media from the equivalent
cultured cells were analyzed by electrophoresis
in the presence of 10% SDS—PAGE containing
gelatin (1 mg/ml) which was prepared as
described [Liotta and Stetler-Stevenson, 1990]
with a minor modification. The gel was incu-
bated in substrate buffer (5 mM CaCly, 100 mM
NaCl, and 50 mM Tris, pH 6.8) containing 2.5%
Trion X-100 at room temperature for 1 h,
followed by further incubation in substrate
buffer at 37°C for 18 h. The gelatinolytic
activities were visualized by staining Coomma-
sie Blue R-250 solution. Areas of protease
activity will appear as clear bands against a
dark blue background where the protease has
digested the substrate.

Immunoblotting

Cellular lysates were prepared as previously
described [Ho et al.,, 2000]. Specimens con-
taining 60 pg of cellular lysate were subjected
to electrophoresis on 10% SDS-polyacrylamide
gels. The gels were then transferred onto
nitrocellulose membranes and incubated in
TBST buffer (150 mM NaCl, 20 mM Tris-HCI,
pH 7.4, 0.02% Tween 20) containing 5% nonfat
milk. After blocking, the blots were incubated
with TIMP-1, TIMP-2, or MT1-MMP antibodies
(Santa Cruz Biotechnology, CA) in TBST for
1.5 h, followed by three washes (10 min each)
with TBST buffer. The blots were then incu-
bated with horseradish peroxidase-conjugated
second antibodies for 30 min, and washed for
three times (10 min each) with TBST buffer.
Immunoreactivity was detected by enhanced
chemiluminescence reagents according to man-
ufacturer’s instruction.

Reverse Transcriptase Polymerase
Chain Reaction (RT-PCR)

The total RNA was extracted with buffer
containing 4 M guanidium isothiocyate, 25 mM
sodium citrate, 0.5% lauroylsarcosine, and
0.7% B- mercaptoethanol. Reverse transcrip-
tion was carried out in 50 pl reaction with 4 ug
RNA and 2 pg random deoxynucleotide hex-
amers according to the manufacturer’sinstruc-
tions. The reaction was terminated by
incubation of the samples at 94°C for 3 min.
Specific cDNAs for MMP-2, MMP-9, TIMP-1,
TIMP-2, MT1-MMP, and GAPDH were ampli-
fied with the ROBOCYCLER (Stratagene, La

Jolla, CA). The optimal PCR results for the
genes were obtained at an annealing tempera-
ture of 60°C with 35 cycles. The PCR products
were resolved by agarose gel electrophoresis
followed by staining with ethidium bromide.
The oligonucleotide primers were all designed
from the published sequence of the human
genes: MMP-1 (sense), 5'-TTCATTTCTGTTT-
CTGGCC-3; MMP-1 (antisense), 5'-ATTTTT-
CCTGCAGTTGAACC-3 (462 bp) [Shiozawa
et al., 2000]; MMP-2 (sense), 5'-ACCTGGAT-
GCCGTCGTGGAC-3; MMP-2 (antisense),
5-TGTGGCAGCACCAGGGCAGC-3' (447 bp)
[Onisto et al., 1995]; MMP-9 (sense), 5-GGT-
CCCCCCACTGCTGGCCCTTCTACGGCC-3/;
MMP-9 (antisense), 5-CACCTCCACTCCTCC-
CTTTCC-3' (761 bp) [Wilhelm et al., 1989];
MT1-MMP (sense), 5-GCCCATTGGCCAG-
TTCTGGCGGG-3; MT1-MMP (antisense), 5-
CCTCGTCCACCTCAATGATGATC-3 (530 bp)
[Lafleur et al.,, 2001]; TIMP1 (sense),
5-TGCACCTGTGTCCCACCCCACCCCACAG-
AC-3’; TIMP-1 (antisense), 5-GGCTACTGG-
GACCGCAGGGACTGCCAGGT-3" (552 bp)
[Carmichael et al., 1986]; TIMP-2 (sense), 5'-
TGCAGCTGCTCCCCGGTGCAC-3’; TIMP-2
(antisense), 5-TTATGGGTCCTCGATGTCG-
AG-3' (590 bp); GAPDH (sense), 5'-CGGAGT-
CAACGGATTTGGTCGTAT-3' [Onisto et al.,
1995]; GAPDH (antisense), 5'-AGCCTTCTC-
CATGGTGGTGAAGAC-3' (307 bp) [Lafleur
et al., 2001]. After amplification, 10 ul of each
PCR reaction mix was subjected to electro-
phoresis through a 2% (w/v) agarose gel with
ethidium bromide (0.5 pg/ml).

Detection of Cell Death

Apoptosis of the treated HUVECs was
detected by the method of cell death detection
ELISA (Boehringer Mannheim, Indianapolis,
IN), as previously described [Ho et al., 2000].
This method is based on a quantitative
sandwich -enzyme-immunoassay-principle. It
can detect histone-associated DNA fragments
in one immunoassay, demonstrating the inter-
nucleosomal degradation of genomic DNA
occurring during apoptosis.

Statistical Analysis

Data were expressed as mean + SEM from at
least three independent experiments. Compar-
ison of the multiple groups was performed by
one way ANOVA followed by the student’s
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t-test. A value of P<0.05 was considered
statistically significant.

RESULTS

Identification of MMP-2 and MMP-9
Activity After High Glucose Treatment

To evaluate the activity of MMP-2 and -9 after
high glucose (33 mM) treatment, HUVECs
were incubated in high glucose-containing
medium for different time periods (0—48 h). In
Figure 1A-a, we found that the active MMP-2
level secreted in the conditioned media was

A
a _
1T O Total MMP-2 *
B Active MMP-2 .
— !‘5 i =
2
g
L*
s 1f
G
0s
0 r : . . ~
— 4 i 34 36 48 (hours)
Glucose (33mM)
b
Pro-MMP-2 +| . .
Intermediate MMP-2
Active MMP-2 +> =
Control Glucose (33 mM)
B (48 hours)
2T O Total MMP-9
B Active MMP-9
15 F
=
2,
(=}
=
£
u-s =
i —
—_ 4 10 24 36 48 (hours)

Glucose (33m)

Fig. 1. The effects of high glucose on the levels of total and
active MMP-2 and MMP-9 in HUVECs. HUVECs were treated
with high glucose (33 mM) within 48 h. The total and active form
of MMP-2 (A-a) and MMP-9 (B) were measured by ELISA kit as
described in ““Materials and Methods.”” In A-b, the gelatinolytic
activities from the conditioned media were examined by
zymography. Bands of 72, 64, and 62 kDa indicate pro-MMP-
2, intermediate MMP-2 and active MMP-2, respectively. All data
are presented as mean + SEM from five experiments performed in
duplicate. *P < 0.05 as compared with control group.

gradually increased since 24 h after high
glucose treatment. In contrast, total level of
MMP-2 was not changed. In Figure 1B, the
levels of total and active MMP-9 in the con-
ditioned media were not significantly changed
within 48 h treatment with high glucose. More-
over, using gelatinolytic zymography assay, we
confirmed that the active form of MMP-2
(62kDa) wasincreased in the conditioned media
after high glucose treatment for 48 h, whereas
the total MMP-2 level, which contains major
pro-MMP-2, was not changed (Fig. 1A-b). In
addition, using zymography assay, we did
not detect the changes of MMP-9 level, either
pro-form or active form, in high glucose-treated
conditioned media (data not shown).

The Different Expression of TIMP-1 and
TIMP-2 After High Glucose Treatment

In order to prove whether the endogenous
tissue inhibitors of MMPs (TIMPs) were
involved after high glucose treatment, the levels
of TIMP-1 and TIMP-2 in the conditioned media
were detected. We found that TIMP-1 level was
not altered in conditioned media after high
glucose treatment for 48 h, while TIMP-2
expression was time-dependently decreased
(Fig. 2). At 10 h incubation with high
glucose, TIMP-2 level decreased by about 50%,
and continued to decrease to 10% after 48 h
treatment.

31 grmp-1
B TIMP-2
Bl
5 A
Q
j @]
Gt
lo]
=
S ost 3
*
*
N L
L 18

- 4 10 24 3 48 (hours)

Glucose (33mM)

Fig. 2. The effects of high glucose on the levels of TIMP-1 and
TIMP-2 in HUVECs. HUVECs were treated with high glucose
(33 mM) for 4-48 h. The levels of TIMP-1 and TIMP-2 were
measured by ELISA kit as described in ““Materials and Methods.”
All data are presented as mean £ SEM from five experiments
performed in duplicate. *P < 0.05 as compared with control group.
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Influence of High Glucose on MMP-2,
MMP-9, TIMP-1, TIMP-2, MT1-MMP mRNA,
and Protein Expression

To understand the expression levels of MMP-
2, MMP-9, TIMP-1, TIMP-2, MT1-TIMP pro-
tein, and mRNA after high glucose treatment,
the methods of RT-PCR and Western Blot were
used in different time periods (0-48 h). In
Figure 3A-a, we analyzed the expression of
MMP-2, MMP-9, MT1-MMP, and TIMPs
mRNA after high glucose treatment with RT-
PCR method. We found that the level of TIMP-2
mRNA after high glucose treatment was gra-
dually decreased from 4 to 48 h. The levels of
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Fig. 3. The effects of high glucose on the mRNA and protein
expressions of MMP-2, MMP-9, TIMP-1, TIMP-2, and MT1-MMP
in HUVECs. HUVECs were treated with high glucose (33 mM) in
the presence or the absence of ascorbic acid (100 uM) for 4—48 h.
A: The mRNA expressions of MMP-2, MMP-9, TIMP-1, TIMP-2,
and MT1-MMP were determined by RT-PCR method as
described in ““Materials and Methods.” B: The protein expres-
sions of TIMP-1, TIMP-2, and MT1-MMP were determined by
Western blot analysis using the specific antibodies for TIMP-1,
TIMP-2, and MT1-MMP as described in ‘“Materials and
Methods.” All results are representative of at least four
independent experiments.

TIMP-1, MT1-MMP, MMP-2, and MMP-9
mRNA within 36 h did not change compared
with the control group. However, the mRNA
levels of TIMP-1, MT1-MMP, MMP-2, and
MMP-9 were slightly decreased after high
glucose treatment for 48 h. This effect might
be related to the cell death at this time point. In
Figure 3B, using Western Blotting analysis, we
found that the expression of TIMP-2 protein
after high glucose treatment was significantly
decreased from 10 to 48 h. The expressions of
TIMP-1 and MT1-TIMP proteins, however,
were not changed. These data suggest that
exposure of HUVECs to high glucose led to the
specific inhibition of TIMP-2 mRNA expression
accompanied by a reduction in TIMP-2 protein
secretion.

Roles of Oxidative Stress in TIMP-2
and MMP-2 Activity

In our previous study, we demonstrated that
high glucose could induce ROS production,
which could be suppressed by ascorbic acid, an
anti-oxidant agent. To understand the roles of
ROS in high glucose-induced effects on MMPs
and TIMPs, we treated cells with ascorbic acid
(100 puM) together with high glucose. In
Figure 4, we showed that the active form of
MMP-2 after high glucose exposure for 48 h
could be suppressed by ascorbic acid. The
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Fig. 4. Effects of ascorbic acid on the activity of MMP-2, MMP-
9, TIMP-1, and TIMP-2 in HUVECs under high glucose treatment.
HUVECs were treated with high glucose (33 mM) for 48 h in the
presence or the absence of ascorbic acid (100 uM). Enzyme
activities were determined by ELISA kits. All data are presented as
mean +SEM from five experiments performed in duplicate.
*P<0.05 as compared with control group. **P<0.05 as
compared with high glucose-treated group.
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decrease of TIMP-2 expression was reversed by
ascorbic acid as well. Neither the expression of
MMP-9 or TIMP-1 was influenced after high
glucose plus ascorbic acid treatment for 48 h. In
accordance with this result, ascorbic acid can
prevent high glucose-induced TIMP-2 mRNA
reduction within 48 h incubation (Fig. 3A-b).
These results suggest that the opposite effects
on MMP-2 and TIMP-2 induced by high glucose
are dependent on ROS production and can be
reversed by ascorbic acid.

High Glucose-Induced Cell Apoptosis Is Mediated
by Oxidative Stress and MMP Activation

Next, we attempted to evaluate the role of
ROS and MMP/TIMP in cell apoptosis after
high glucose exposure. HUVECs exposed
to high glucose were treated with TIMP-1,
TIMP-2, GM 6001 (a chemical synthetic and
specific MMPs inhibitor), or ascorbic acid. In
Figure 5A, we found that cell apoptosis induced
by high glucose treatment for 48 h can be
inhibited by ascorbic acid (100 pM). In
Figure 5B, after high glucose treatment for
48 h, cell apoptosis can also be inhibited by GM
6001 (5 pM) and TIMP-2 (40 ng/ml), but not
by TIMP-1(40 ng/ml). Treatment with GM 6001,
TIMP-2 or TIMP-1 alone did not show signi-
ficant toxicity in HUVECs. These results con-
cluded that MMP activity is indeed involved in
high glucose-mediated cell apoptosis.

DISCUSSION

In previous study, evidence showed that the
activity of MMP can be induced by ROS
[Rajagopalan et al., 1996]. Until now it still did
not understand the role of MMPs in high
glucose-induced cell apoptosis. In this study,
we demonstrated that high glucose-induced
HUVEC apoptosis is mediated by its opposite
effects on MMP-2 and TIMP-2, leading to the
increased MMP-2 activity.

MMPs are secreted by many types of cells
as proenzymes. On activation by proteolytic
cleavage, activated enzymes are capable of
degrading many ECM components. The proteo-
Iytic activities of MMPs are tightly controlled
during activation from their proenzymes to
active forms by the combination of endogenous
activators (e.g., MT-MMPs) and inhibitors.
Proteinase and associated ECM degradation
lead to apoptosis in several system involving

>

Aok

B

Glucose
+

apoptosis (fold of control)
[ ]

— Glucose

Ascorbic acid

apoptosis (fold of control) I

- -— GM6001 TIMP-1 TINMP-2 GM6001 TIMP-1 TTMP-2

Glucose (33 mM)

Fig. 5. Involvement of oxidative stress and MMP activation in
high glucose-mediated HUVECs apoptosis. HUVECs were
treated with high glucose (33 mM) for 48 h in the presence or
the absence of ascorbic acid or other agents. A: Effect of ascorbic
acid (100 pM) on the high glucose-induced cell apoptosis.
B: Effects of GM6001 (5 pM), TIMP-1 (40 ng/ml), and TIMP-2
(40 ng/ml) on the high glucose-induced cell apoptosis. Cell
apoptosis was determined by the method of cell death detection
ELISA kit as described in “Materials and Methods.”” All data are
presented as mean + SEM from five experiments performed in
duplicate. *P < 0.05 as compared with control group. **P < 0.05
as compared with high glucose-treated group.

development and cell death [Chen and Strick-
land, 1997]. Increased activity of MMPs has
been implicated in numerous processes, includ-
ing atherosclerosis and cardiovascular disease
[Galis et al., 1994; Kai et al., 1998]. All vascular
cells including endothelial cells and macro-
phages can secret MMPs. MMP-2 is predomi-
nantly secreted by endothelial cells [Nguyen
et al., 2000], while the major MMP secreted
from macrophages is the MMP-9 [Winberg
et al., 2000]. The precursor of MMP-2 is tightly
bound to TIMP-2, whereas MMP-9 proenzyme
is associated with TIMP-1 [Goldberg et al,,
1989]. The role of TIMPs in regulating
matrix degradation may be exerted by protease
elimination and blockage of MMPs activation.
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Evidence demonstrated that glucose-induced
expression of MMPs in several different cell
types is mediated by a ROS-sensitive pathway
[Rajagopalan et al.,, 1996]. The increase of
MMP-9 activity after high glucose exposure
was observed in cultured bovine endothelial
cells [Uemura et al., 2001]. It has also been
reported that high glucose exposure can induce
the activity of MMP-2 in HUVECs [Death et al.,
2003]. However, in current study, we found that
MMP-2 activity, but not MMP-9, was increased
in HUVECs culture after high glucose treat-
ment. Moreover, the levels of MMP-2 and
MMP-9 mRNA in HUVECs after high glucose
exposure were not affected. These results were
contrary to the findings by McLennan and
colleagues that the increase of gene and
protein expression of MMP-2 and decrease of
MT1-MMP expression by high glucose were
shown in human mesangial cells, demonstrat-
ing a good correlation of MMP-2 and MT-MMP
expression [McLennan et al., 2000]. As shown
in Figures 3 and 4 of present work, we did
not observe such reciprocal changes between
MMP-2 and MT1-MMP. We only found that the
levels of TIMP-2 protein and mRNA in HUVECs
after high glucose exposure were downregu-
lated. Our current findings confirmed the report
by Death and colleagues who showed that high
glucose increased MMP-2 activity, while did not
change TIMP-1 expression in HUVECs [Death
et al., 2003]. Taken together, our current data
suggest the activated MMP-2 is resulting from
direct enzymatic activity rather than gene and
protein upregulation. In contrast, the decreased
TIMP-2 activity is resulting from the transecrip-
tional downregulation of TIMP-2 mRNA,
followed by the translational protein ex-
pression.

Much evidence was observed that MMPs play
a key role in cell proliferation and angiogenesis
and TIMPs can inhibit cell proliferation [Mur-
phy et al.,, 1993]. Schnaper and colleagues
demonstrated that the balance of MMPs and
TIMPs is a primary determinant in the early
stages of endothelial tube formation [Schnaper
et al., 1993]. Instead addition of excess TIMP-1
or TIMP-2 can block endothelial tube formation
in vitro. Despite previous studies on MMPs and
TIMPs, it still has not elucidated regarding the
causal relationship between apoptosis and
balanced activity of MMP/TIMP in high
glucose-stimulated cells. In the present study,
we showed that a broad spectrum inhibitor of

MMPs, GM 6001, and a specific inhibitor
TIMP-2, but not TIMP-1, can inhibit HUVECs
apoptosis induced by high glucose exposure.
These results, therefore, suggest that the high
glucose-induced endothelial cell apoptosis is
mediated not only by the increase of active
form MMP-2 but also by the decrease of its
endogenous inhibitor TIMP-2. One of the inter-
esting finding, as shown in Figure 4, is that the
high glucose-induced opposite effects on MMP-2
and TIMP-2 in HUVECs can be reversed by
ascorbic acid. This finding suggests that ROS
production following high glucose plays an
important role to mediate TIMP-2 gene ex-
pression, accompanied by the regulation of
MMP-2 activity. As a result, this MMP-2-
dependent cell apoptosis is dependent on ROS
production.

Our previous study demonstrated that NO
plays a protective role from apoptosis of
HUVECs during the early stage of high glucose
exposure, but in the late stage, high glucose
exposure leads to the imbalance of NO and ROS,
resulting to the observed apoptosis [Ho et al.,
1999]; further findings showed that ROS
induced by high glucose may be involved in
c-Jun N-terminal kinase (JNK) activation,
which in turn triggers the caspase-3 that
facilitates the apoptosis in HUVECs [Ho et al.,
2000]. Moreover, our recent results demon-
strated that high glucose-induced HUVECs
apoptosis is through NF-kB-dependent JNK
activation and ROS-dependent Akt depho-
sphorylation [Ho et al., 2006]. Activated Akt/
PKB, which is a core component of the phos-
phoinositide 3-kinase (PISK) signaling path-
way, is a powerful promoter of cell survival, as it
antagonizes apoptosis by phosphorylating and
inactivating various components of the apopto-
tic machinery. PI3K/Akt signals have also been
reported to directly involve the regulation of
expression of MMP-2 and -9 that related to the
cancer cell invasion [Kim et al., 2001; Sun et al.,
2006]. Therefore, the role of PI3K/Akt signals in
the opposite effects on MMP-2 and TIMP-2 in
human endothelial cells and its related apopto-
sis after exposure to high glucose should be
subjected to further investigation.

In conclusion, high glucose-induced oxidative
stress seems to play an important role in the
regulation of MMP-2 activity. Moreover,
endothelial cell apoptosis induced by high
glucose is mediated not only by an increase
of MMP-2 activity, but also accompanied by a
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decrease of TIMP-2 expression. From these
findings, we suggest that normalization of
the balance between MMP-2 and TIMP-2,
and inhibition of ROS production may yield
therapeutic strategies for hyperglycemia-
related atherosclerosis. Moreover, in our study,
we found that GM6001 could markedly inhibit
high glucose-induced HUVEC apoptosis. This
result further implies that the synthetic MMPs
inhibitor(s) may have potential in preventing
hyperglycemia-related atherosclerosis. The in
vivo studies stay to be confirmed in the future.
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