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Abstract

In diabetes mellitus (DM), hyperglycemia causes cardiovascular lesions through endothelial dysfunction. Monocyte chemo-
attractant protein-1 (MCP-1) is implicated in the pathogenesis of cardiovascular lesions. By using human umbilical vein endothelial
cells, we investigated the effect of hyperglycemia on MCP-1 production and its signaling pathways. Chronic incubation with high
glucose increased mRNA expression and production rate of MCP-1 in a time (1-7 days)- and concentration (10-35 mM)-dependent
manner. Chronic exposure to high glucose resulted in enhancement of generation of reactive oxygen species (ROS), as determined by
increasing level of 2,7-dichlorofluorescein (DCF), and subsequent activation of p38 mitogen-activated protein kinase (MAPK).
Neither c-Jun NH,-terminal kinase nor extracellular signal-regulated kinasel/2 was affected. SB203580 or FR167653, p38 MAPK
specific inhibitors, completely suppressed MCP-1 expression. Catalase suppressed p38 MAPK phosphorylation and MCP-1 ex-
pression. These results indicate that hyperglycemia can accelerate MCP-1 production through the mechanism involving p38 MAPK,
ROS-sensitive signaling pathway, in vascular endothelial cells.
© 2003 Elsevier Science (USA). All rights reserved.
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Cardiovascular complications are the leading cause of
morbidity and mortality in patients with diabetes mell-
itus (DM) [1,2]. Because the onset and progression of
complications are delayed in patients with good glyce-
mic control [3], hyperglycemia is thought to be an im-
portant regulator of vascular lesion development.
Elevated glucose concentrations can induce dysfunction
of several intracellular signal transduction cascades, in-
cluding modulation of protein kinase C (PKC) [4,5],
generation of reactive oxygen species (ROS) [6-8], and
accumulation of advanced glycation end products
(AGEs) [9]. A recent study demonstrated that hyper-
glycemia-induced mitochondrial superoxide overpro-
duction might be the unifying pathway that activates
PKC activity, increases intracellular sorbitol and AGE
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formation, and subsequently induces endothelial cell
dysfunction [8]. However, the underlying mechanisms
between hyperglycemia and vascular disease develop-
ment were not fully clarified.

Monocyte chemoattractant protein-1 (MCP-1), a C-
C chemokine, controls chemotaxis of mononuclear cells
[10,11]. MCP-1 and its receptor (CCR2) pathway re-
cently attracted much attention, because the MCP-1
seems to be involved in the inflammatory aspect of
atherogenesis. Atheroma-forming cells (endothelial
cells, smooth muscle cells, and macrophages) express
MCP-1 and activity of MCP-1/CCR2 pathway is in-
creased in atherosclerotic lesions [12-14]. Furthermore,
MCP-1 induces adhesion molecules [15], proinflamma-
tory cytokines [15,16], chemokines, MMP [17], and tis-
sue factor expression [18]. These findings suggest that
MCP-1 contributes to the initiation and development of
cardiovascular lesions.
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The members of mitogen-activated protein kinases
(MAPKS) play a crucial role in the regulation of MCP-1
production. Numerous studies have implicated ROS as
participants in a variety of intracellular signaling se-
quences including members of MAPK [19-21] and other
signaling systems [22].

Because the prevalence of cardiovascular complica-
tions is significantly greater in diabetic patients than in
nondiabetic subjects, we hypothesized that MCP-1
may be preferentially activated in the setting of
diabetes and that hyperglycemic environment could
regulate the MCP-1 production from the vascular
cells.

In the present study, we documented the fact that
human vascular endothelial cells, chronically exposed to
high glucose, generated intracellular hydrogen peroxide
(H,0,) and highly expressed MCP-1 through the
mechanism involving p38 MAPK pathway, a member of
the MAPK family and a component of oxidant stress-
sensitive signaling pathway.

Materials and methods

Cell culture and experimental design. Human umbilical vein en-
dothelial cells (HUVECs) were isolated from at least three healthy
volunteers and used between passages 2 and 4. HUVECs were cul-
tured on 0.25% gelatin coated dishes at 37 °C, 5% CO, in RPMI1620
medium (Sigma chemicals, St. Louis, MO) supplemented with 10%
fetal bovine serum (FBS), 20 ug/ml endothelial cell growth supple-
ment (ECGS) (Becton-Dickinson), 5U/ml heparin, 50 U/ml penicil-
lin, and 50 pg/ml streptomycin (Sigma). After HUVECs were grown
under confluency, the cells were maintained in the culture medium
that contained either 10 mM D-glucose (as a control), 25 and 35mM
D-glucose (as a high glucose), or 25mM D-mannitol (as an osmotic
control for high glucose) for up to 7 days. The conditioned media
were refreshed everyday. To investigate the effects of p38 MAPK
inhibitor, SB203580 (Calbiochem, CA) or FR167653 (Fujisawa
Pharmaceutical), PKC inhibitor, Bisindolylmaleimide I(GF109203X)
(Calbiochem), and MEK1/2 inhibitor (U10260) (Calbiochem), the
cells were treated with these reagents for 6 h prior to harvesting. To
investigate the effects of antioxidants, vitamin C (Sigma), N-acetyl-
cysteine (Sigma), and catalase (Roche) were administrated for the last
24h.

Detection of reactive oxygen species production. To detect intracel-
lular production of reactive oxygen species (ROS), we employed car-
boxy-2',7'-dichlorodihydrofluorescein diacetate (Carboxy-H,DCFDA,
Molecular Probes). The dye is cleaved and trapped intracellularly,
where it can be oxidatively modified by intracellular H,O, and per-
oxidases to produce fluorescent 2',7'-dichlorofluorescein (DCF). HU-
VECs were treated with different glucose concentrations for
predetermined periods, or H,O, (500 uM) for 15min, and then ex-
posed to 20uM Carboxy-H,DCFDA in phosphate buffered saline
(PBS) for 15min. The cells were harvested by trypsinization and then
collected by centrifugation, washed twice with PBS, and resuspended
in PBS containing 2 pg/ml propidium iodide. Viable cells were sorted
out and the intensity of DCF in the cells was analyzed by FACScan
flow cytometry (Becton—Dickinson) and Cell Quest software (Becton—
Dickinson).

RNA preparation and Northern blot analysis of MCP-1 mRNA.
Total RNA was extracted using ISOGEN reagent (Nippon Gene,
Japan), according to the manufacturer’s protocol. The amount of

mRNA was quantified by Northern blot analysis. Total RNA (10 pg/
lane) was electrophoresed on 1% formaldehyde—agarose gels in the
presence of ethidium bromide. The RNA was transferred to a ni-
trocellulose membrane (Hybond N, Amersham Pharmacia Biotech)
by capillary action and covalently linked by UV irradiation. Human
MCP-1 ¢cDNA was labeled with [o-**P]JdCTP using random primer
labeling kits (Amersham Pharmacia Biotech). Hybridization was
performed with labeled human MCP-1 cDNA probe for 2h at 68 °C.
After hybridization, membranes were washed twice with 1x SSC and
0.1% SDS and then washed once with 0.1x SSC and 0.1% SDS at
68°C for 20min. The level of MCP-1 mRNA was quantified from
the radioactivity by using bio-image analyzer (Fujix BAS 2000
system).

Measurement of MCP-1 protein in the medium. The cultured me-
dium of HUVECsS was exchanged every 24 h for 7 days and collected at
each time. The concentration of the MCP-1 protein in the collected
medium was quantified by using a commercial solid phase enzyme
linked immunosorbent assay (ELISA) (Biosourse International,
Camarillo, CA).

Western blot analysis. HUVECs were rinsed twice with chilled
PBS and lysed by scraping in a lysis buffer containing 20 mM Tris—
HCI, pH 7.5, 0.5mM EDTA, 0.1% NP-40, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate (SDS), 1mM Na;VO,;, 1mM
phenylmethylsulfonyl fluoride (PMSF), 1 pg/ml leupeptin, and 0.15 U/
ml aprotinin. The proteins (20 pg/well) were separated by using 10%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels under
reducing conditions and transferred onto microporous polyvinylidene
fluoride (PVDF) membranes (Immobilon-P, Millipore, Tokyo).
Membranes were blocked with 5% skim milk in TBS-T (TBS with
0.1% Tween 20, pH 7.6) for 1 h and thereafter immunoblotted with
anti-phospho-p38 MAPK, anti-p38 MAPK, anti-phospho-ERK1/2,
anti-ERK1/2, and anti-phospho-JNK polyclonal antibodies (New
England Biolabs, Beverly, MA), respectively. A horseradish
peroxidase-linked anti-rabbit IgG antiserum was employed as a sec-
ondary antibody and the bands of interest were detected using an
enhanced chemiluminescence (ECL) technique (Amersham Pharma-
cia Biotech).

Assay of p38 MAPK kinase activity. HUVECs were rinsed twice
with chilled PBS and incubated in 0.5ml ice-cold cell lysis buffer plus
I mM PMSF for Smin. The lysis buffer contained 20 mM Tris-HCI,
pH 7.5, 1mM EDTA, ImM EGTA, 150mM NaCl, ] mM Na;VOs,,
1% Triton X-100, 2.5mM sodium pyrophosphate, 1 mM f-glycerol-
phosphate, and 1 pg/ml leupeptin. The tissues were sonicated four
times for 5s each on ice and centrifuged for 10min at 4°C. The
supernatant was stored at —70 °C for activity assay.

For immunoprecipitation of phosphorylated p38 MAPK, 200 pl
cell lysate containing 200 ug total protein was incubated with 20 pl
of resuspended immobilized phospho-p38 MAPK (Thr180/Tyr182)
monoclonal antibody (New England Biolabs) overnight at 4°C. The
samples were then centrifuged for 30s at 4°C and the pellet was
washed twice with 500 pl lysis buffer and washed twice with 500 pl
kinase buffer containing 20mM Tris (pH 7.5), 5SmM -glycerol-
phosphate, 2mM DTT, 0.1lmM Na;VO,, and 10mM MgCl,.
Immune complexes were resuspended in 50 ul kinase buffer supple-
mented with 200uM ATP and 2pg of activating transcription fac-
tor-2 (ATF-2, New England Biolabs) for 30min at 30°C. The
reaction was terminated with 25ul of 3x SDS sample buffer con-
taining 187.5mM Tris—HCI (pH 6.8 at 25°C), 6% (w/v) SDS, 30%
glycerol, 150mM DTT, and 0.03% (w/v) bromophenol blue. The
samples were boiled for 5min and loaded on 10% SDS-PAGE gels.
Phosphorylation of ATF-2 protein at Thr71 was measured by
Western blot analysis using a phospho-ATF-2 (Thr71) polyclonal
antibody.

Statistical analysis. Results are expressed as means+ SEM. The
significance of differences among experimental groups was determined
by ANOVA. Statistical significance was assumed at p < 0.05 and
p <0.01.
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Results

Chronic exposure to high glucose enhanced the expression
of MCP-1 mRNA and production rate of MCP-1 protein
in HUVECs

Although exposure of HUVECs to high glucose for
24h did not enhance the expression of MCP-1 mRNA,
chronic exposure to high glucose for up to 7 days sig-
nificantly led to the enhancement of MCP-1 mRNA
expression in a concentration (10-35mM glucose)-de-
pendent manner (Fig. 1A). To exclude the osmolal effect
of glucose from the expression of MCP-1 mRNA,
HUVECs were cultured with high concentration of D-
mannitol (25 mM) for 7 days. As shown in Fig. 1A, high
mannitol had no effect on the expression of MCP-1
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Fig. 1. Increase of expression of MCP-1 mRNA and production rate of
MCP-1 protein in HUVECs exposed to high glucose. (A) HUVECs
were cultured for up to 7 days under normal glucose (10mM), high
glucose or mannitol (10mM glucose + mannitol 25mM) (MN) me-
dium. The steady-state expression of MCP-1 mRNA at indicated pe-
riods was quantified by Northern blot analysis. The result shown
represents one of the three independent experiments. (B) HUVECs
were cultured for up to 7 days in indicated concentrations of glucose or
mannitol and MCP-1 protein levels in the medium, exchanged, and
harvested every 24 h, were determined by ELISA. N = 3, *p < 0.01,
*p < 0.05 vs. normal glucose (10 mM).

MCP-1 protein (pgl105cellslml)

mRNA. In accordance with these results, exposure to
high glucose but not high mannitol increased the
amount of MCP-1 protein secreted into the cultured
medium in a concentration- and a time (1-7 days)-
dependent manner (Fig. 1B).

Chronic exposure to high glucose influenced the phos-
phorylation status of MAP kinase members in HUVECs

To determine the potential involvement of MAPK
family pathway in MCP-1 production in HUVECs ex-
posed to high glucose, we surveyed the phosphorylation
status of the MAPK family. Acute exposure (for 24 h) to
high glucose (35mM) slightly increased ERKI1/2
(Thr202/Tyr204) phosphorylation, though longer expo-
sure (for 7 days) to high glucose (10 and 35 mM) did not
enhance the phosphorylation (Fig. 2A). JINK (Thr183/
Tyr185) phosphorylation was not observed. In contrast,
p38 MAPK were significantly phosphorylated by longer
exposure to high glucose (Fig. 2A). Additionally, p38
MAPK (Thr180/Tyr182) phosphorylation increased in a
concentration (10-35mM)-dependent manner. How-
ever, high mannitol (25mM) had no effect on phos-
phorylation of p38 MAPK in HUVECs.

HUVECs were incubated with high glucose (35 mM)
for up to 7 days. p38 MAPK phosphorylation increased
in a time-dependent manner (Fig. 2B). To confirm p38
MAPK activation, the p38 MAPK were immunopre-
cipitated from HUVEC lysates exposed to high glucose
and in vitro kinase assays were performed by using
ATF-2 as a substrate. As revealed using a specific anti-
phospho ATF-2 antibody, p38 MAPK activity also in-
creased in accordance with increasing phosphorylation
of p38 MAPK (Thr180/Tyr182) (Fig. 2B).

p38 MAPK pathway was involved in MCP-1 mRNA
expression induced by high glucose in HUVECs

To determine the involvement of p38 MAPK path-
way on MCP-1 expression induced by chronic exposure
to high glucose, we examined the effect of pharmaco-
logical kinase inhibitors, namely selective p38 MAPK
inhibitors, SB203580 and FR167653 [23-25], a MEK1/2
inhibitor UO0126, and a general PKC inhibitor
GF109203X. Both SB203580 and FR167653 signifi-
cantly inhibited the expression of MCP-1 mRNA and
the effects were concentration-dependent (Fig. 3B).
U0126 10puM, presumed to fully block the MEKI1/2
activation, had no effect on MCP-1 expression, besides
paradoxically increasing the MCP-1 expression (Fig.
3A). Because high glucose environment increases PKC
activity in vitro and in vivo [4,5] and p38 MAPK acti-
vation is reported to be involved in PKC pathway in
other cell [26], we tested the effect of PKC inhibitor on
MCP-1 mRNA expression induced by chronic exposure
to high glucose. GF102903X 10 uM, estimated enough
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Fig. 2. p38 MAPK phosphorylation and activation in HUVECs ex-
posed to high glucose. (A) HUVECs were cultured for up to 7 days
under normal glucose (10mM), high glucose or mannitol (10mM
glucose + mannitol 25mM) (MN) medium. The phosphorylation sta-
tus of MAPK family at indicated periods was quantified by immu-
noblot analysis. Cell lysates were analyzed by immunoblotting with the
phospho-specific anti-bodies. (B) HUVECs were cultured for various
periods of time as indicated in high glucose (35mM) medium. The
phosphorylation status of p38 MAPK was quantified in cell lysates of
the HUVECs. ATF-2 was reacted with immunoprecipitated p38
MAPK from the HUVEC lysates in vitro. The phosphorylation status
of ATF-2 was representative of p38 MAPK activity. The result shown
represents one of the three independent experiments.

to block activities of novel and conventional PKC iso-
forms, had no effect on p38 MAPK phosphorylation
(Thr180/Tyr182) (data not shown) and MCP-1 mRNA
expression (Fig. 3A).

Chronic exposure to high glucose induced reactive oxygen
species in HUVECs

To investigate whether ROS was generated in HU-
VECs exposed to high glucose, cells were analyzed by
intracellular staining for ROS using H,DCFDA, a
specific fluorescent dye for hydrogen peroxide (H,O,).
The increased level of fluorescein was measured by flow
cytometry. Chronic but not acute (24h) exposure to
high glucose induced generation of intracellular H,O, in
a time (1-7 day)- and a concentration (10-35mM)-
dependent manner (Fig. 4), while high mannitol

r28s »

Fig. 3. Involvement of p38 MAPK pathway in the expression of MCP-1
mRNA in HUVECs exposed to high glucose. (A) HUVECs cultured
for 7 days in high glucose (35 mM) medium were treated with SB203580
(10uM), U0126 (10 uM) or GF102903X (10 uM) for the last 6 of the
incubation. (B) Various concentrations of SB203580 or FR167653 as
indicated were administer for the last 6 h of the incubation. Expression
of MCP-1 mRNA was quantified by Northern blot analysis. The result
shown represents one of the three independent experiments.

(25 mM) had no effect on the generation of intracellular
H,O0, (data not shown).

A H,0, scavenger suppressed p38 MAPK phosphoryla-
tion and expression of MCP-1 mRNA induced by high
glucose

To assess whether the generation of intracellular ROS
induced by high glucose involves the activation of p38
MAPK pathway, we examined the effect of antioxidants.
HUVECs were treated with N-acetylcysteine (20 mM),
vitamin C (100 uM), and catalase (6000 U/ml) for the
last 24h of 7 days high glucose environment, respec-
tively. Catalase, a H,O, scavenger, inhibited p38 MAPK
phosphorylation, whereas neither N-acetylcysteine nor
vitamin C appeared to inhibit the p38 MAPK phos-
phorylation (Fig. 5A). These results suggest that intra-
cellular H,O, might be a mediator for the stimulation of
p38 MAPK signal transduction pathway. As expected
from the inhibitory effect of p38 MAPK, catalase also
suppressed MCP-1 mRNA expression (Fig. 5B).
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Fig. 4. Production of reactive oxygen species in HUVECs exposed to high glucose HUVECs (35 mM) were cultured for up to 7 days under normal
glucose (10mM) or high glucose medium. HUVECS at indicated periods were stained with Carboxy-H,DCFDA (20 uM) for 15 min. Amount of ROS
was determined by FACS analysis. H,O, (500 uM for 15 min before staining) was used as a positive control. The histogram shown represents one of

the three independent experiments.
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Fig. 5. Role of reactive oxygen species in high glucose-mediated p38
MAPK activation. (A) HUVECs cultured for 7 days in high glucose
(35mM) medium were treated with 20mM N-acetylcysteine (NAC),
100 uM vitamin C (Vit.C) or 6000 U/ml catalase (CAT) for the last 24 h
of the incubation. The phosphorylation status of p38 MAPK was
quantified in cell lysates of the HUVECs. (B) Catalase (6000 U/ml) was
administrated for the last 24 h of the incubation. Expression of MCP-1
mRNA was quantified by Northern blot analysis. The result shown
represents one of the three independent experiments.

Discussion

It has been reported that high glucose generates mi-
tochondrial superoxide anion in vascular endothelial
cells [6,8]. In addition, increased flux of glucose through
the polyol pathway reduces antioxidant enzyme activity
depleting NADPH in vascular cells. Thus high glucose
environment can enhance the generation of ROS in
vascular cells [7]. There secems to be an association

between ROS generation induced by high glucose and
development of vascular complications but the under-
lying mechanisms have not been fully documented. In
the present study, we demonstrated that chronic expo-
sure to high glucose induced accumulation of intracel-
lular hydrogen peroxide in HUVECs and accelerated
MCP-1 production by activation of p38 MAPK, a
component of oxidant stress-sensitive signaling path-
way.

MCP-1, a member of the C-C chemokine family,
attracts blood monocytes both in vitro and in vivo
[27,28] and triggers their adhesiveness and transmigra-
tion through the endothelial layer. MCP-1 has a key role
in the initiation and development of cardiovascular le-
sions [13]. Accumulating evidences revealed the fact that
in human endothelial cells, MKK/p38 MAPK pathway
rather than Raf/MEK/ERK or SEK/INK pathway
plays a crucial role in inflammatory cytokine-induced
MCP-1 production [23,24,29,30]. p38 MAPK is highly
activated on exposure to inflammatory cytokines such as
TNF-a and IL-1 and a wide variety of environmental
stress factors such as lipopolysaccharides (LPS), arse-
nite, anisomycin, and ultraviolet (UV) light, and also
oxidative stress [21,26,31,32].

Our results indicated that chronic incubation with
high glucose accumulated ROS in a time (1-7 days)- and
concentration (10-35mM)-dependent manner, as mea-
sured by the fluorescent activity of DCF in HUVECs.
The oxidant species responsible for acceleration of
MCP-1 production is likely to be H,O,. This is sup-
ported by the following observations: (I) fluorescent
activity of DCF, H,0,-sensitive probe [33,34], increased
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in a time (1-7 days)- and concentration (10-35mM)-
dependent fashion (Fig. 4); (II) p38 MAPK and ERK1/2
signaling pathways are ROS-sensitive. ERK1/2 is highly
sensitive to superoxide [35] and p38 MAPK has in-
creased sensitivity to H,O, in vascular smooth muscle
cells [21,31]. In the present study, p38 MAPK but not
ERK1/2 was phosphorylated and activated in a time-
and concentration-dependent fashion (Fig. 3B); and
(IIT) catalase, which can inactivate H,O, [30], sup-
pressed phosphorylation of p38 MAPK and expression
of MCP-1 mRNA (Fig. 5).

Hyperglycemia activates various PKC isoforms [4,5].
To investigate whether PKC pathway is involved in
MCP-1 mRNA expression and p38 MAPK activation in
HUVECs, we administer the general PKC antagonist
GF109203X. As indicated, the administration of PKC
antagonist had no effect on MCP-1 mRNA expression
(Fig. 3A) and p38 MAPK phosphorylation (data not
shown). Some PKC species have been demonstrated to
activate specific NAD(P)H oxidase subunits and to
regulate subsequent superoxide anion production in
vascular cells [36]. However in the present study, the
administration of the PKC antagonist did not affect the
generation of intracellular H,O, (data not shown). As
discussed above, the oxidant species responsible for
MCP-1 mRNA expression through p38 MAPK activa-
tion may offer some explanation.

The generation of ROS associated with hyperglyce-
mia may also be due to increased concentrations of
AGEs. AGEs have been demonstrated to interact with
specific receptors and induce oxidative stress, enhance
vascular cell adhesion molecule-1 expression and in-
crease endothelial adhesiveness of monocytes [37]. The
relatively short-time course used in our experiments has
been demonstrated to result in a slight elevation of
AGE:s [38]. In the present study, their role might not be
fully excluded.

In this study, we presented the inhibitory effect of
catalase, but not N-acetylcysteine and vitamin C, on
phosphorylation of p38 MAPK in high glucose-stimu-
lated HUVECs (Fig. 5). Recent studies showed that N-
acetylcysteine had paradoxical effect to enhance LPS
activity in serum-containing media [39], and high con-
centration of vitamin C directly activated p38 MAPK in
HUVECs [40]. Our results also did not clarify the in-
hibitory effect of N-acetylcysteine and vitamin C as an
antioxidant on p38 MAPK phosphorylation.

In conclusion, the results in the present study dem-
onstrated that high glucose induced MCP-1 production
in human vascular endothelial cells and provided the
possible signaling pathway of high glucose-induced
MCP-1 expression, in which ROS generation and p38
MAPK activation are involved in MCP-1 expression.
These findings indicate that in diabetes mellitus, sus-
tained hyperglycemia can accelerate MCP-1 production
from vascular endothelial cells through the mechanism

involving ROS and p38 MAPK, and might accelerate
the development of vascular lesions.

Acknowledgment

We thank Fujisawa Pharmaceutical Co., Ltd. (Osaka, Japan) for
the generous gift of FR167653.

References

[1] W.B. Kannel, D.L. McGee, Diabetes and cardiovascular risk
factors: the Framingham study, Circulation 59 (1979) 8-13.

[2] N.B. Ruderman, C. Haudenschild, Diabetes as an atherogenic
factor, Prog. Cardiovasc. Dis. 26 (1984) 373-412.

[3] The effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-dependent
diabetes mellitus. The Diabetes Control and Complications Trial
Research Group. N. Engl. J. Med. 329 (1993) 977-986.

[4] F.M. Ho, S.H. Liu, C.S. Liau, P.J. Huang, S.Y. Lin-Shiau, High
glucose-induced apoptosis in human endothelial cells is mediated
by sequential activations of c-Jun NH(2)-terminal kinase and
caspase-3, Circulation 101 (2000) 2618-2624.

[5] I Idris, S. Gray, R. Donnelly, Protein kinase C activation:
isozyme-specific effects on metabolism and cardiovascular com-
plications in diabetes, Diabetologia 44 (2001) 659-673.

[6] X.L. Du, D. Edelstein, L. Rossetti, I.G. Fantus, H. Goldberg, F.
Ziyadeh, J. Wu, M. Brownlee, Hyperglycemia-induced mitochon-
drial superoxide overproduction activates the hexosamine path-
way and induces plasminogen activator inhibitor-1 expression by
increasing Spl glycosylation, Proc. Natl. Acad. Sci. USA 97
(2000) 12222-12226.

[7] J.W. Baynes, S.R. Thorpe, Role of oxidative stress in diabetic
complications: a new perspective on an old paradigm, Diabetes 48
(1999) 1-9.

[8] T. Nishikawa, D. Edelstein, X.L. Du, S. Yamagishi, T. Matsum-
ura, Y. Kaneda, M.A. Yorek, D. Beebe, P.J. Oates, H.P.
Hammes, 1. Giardino, M. Brownlee, Normalizing mitochondrial
superoxide production blocks three pathways of hyperglycaemic
damage, Nature 404 (2000) 787-790.

[9] G.L. King, H. Wakasaki, Theoretical mechanisms by which
hyperglycemia and insulin resistance could cause cardiovascular
diseases in diabetes, Diabetes Care 22 (Suppl. 3) (1999) C31-C37.

[10] C. Gerard, B.J. Rollins, Chemokines and disease, Nat. Immunol.
2 (2001) 108-115.

[11] W. Peters, I.LF. Charo, Involvement of chemokine receptor 2 and
its ligand, monocyte chemoattractant protein-1, in the develop-
ment of atherosclerosis: lessons from knockout mice, Curr. Opin.
Lipidol. 12 (2001) 175-180.

[12] S. Yla-Herttuala, B.A. Lipton, M.E. Rosenfeld, T. Sarkioja, T.
Yoshimura, E.J. Leonard, J.L. Witztum, D. Steinberg, Expression
of monocyte chemoattractant protein 1 in macrophage-rich areas
of human and rabbit atherosclerotic lesions, Proc. Natl. Acad. Sci.
USA 88 (1991) 5252-5256.

[13] W.S. Shin, A. Szuba, S.G. Rockson, The role of chemokines in
human cardiovascular pathology: enhanced biological insights,
Atherosclerosis 160 (2002) 91-102.

[14] Y. Jiang, D.I. Beller, G. Frendl, D.T. Graves, Monocyte
chemoattractant protein-1 regulates adhesion molecule expression
and cytokine production in human monocytes, J. Immunol. 148
(1992) 2423-2428.

[15] B. Lu, B.J. Rutledge, L. Gu, J. Fiorillo, N.W. Lukacs, S.L.
Kunkel, R. North, C. Gerard, B.J. Rollins, Abnormalities in
monocyte recruitment and cytokine expression in monocyte



128 H. Takaishi et al. | Biochemical and Biophysical Research Communications 305 (2003) 122—128

chemoattractant protein 1-deficient mice, J. Exp. Med. 187 (1998)
601-608.

[16] T. Yamamoto, B. Eckes, T. Krieg, High expression and autoin-
duction of monocyte chemoattractant protein-1 in scleroderma
fibroblasts, Eur J. Immunol. 31 (2001) 2936-2941.

[17] T. Yamamoto, B. Eckes, C. Mauch, K. Hartmann, T. Krieg,
Monocyte chemoattractant protein-1 enhances gene expression
and synthesis of matrix metalloproteinase-1 in human fibroblasts
by an autocrine IL-1a loop, J. Immunol. 164 (2000) 6174-6179.

[18] A.D. Schecter, B.J. Rollins, Y.J. Zhang, L.F. Charo, J.T. Fallon,
M. Rossikhina, P.L. Giesen, Y. Nemerson, M.B. Taubman,
Tissue factor is induced by monocyte chemoattractant protein-1 in
human aortic smooth muscle and THP-1 cells, J. Biol. Chem. 272
(1997) 28568-28573.

[19] K.R. Laderoute, K.A. Webster, Hypoxia/reoxygenation stimu-
lates Jun kinase activity through redox signaling in cardiac
myocytes, Circ. Res. 80 (1997) 336-344.

[20] K.Z. Guyton, Y. Liu, M. Gorospe, Q. Xu, N.J. Holbrook,
Activation of mitogen-activated protein kinase by H202. Role in
cell survival following oxidant injury, J. Biol. Chem. 271 (1996)
4138-4142.

[21] M. Ushio-Fukai, R.W. Alexander, M. Akers, K.K. Griendling,
p38 Mitogen-activated protein kinase is a critical component of
the redox-sensitive signaling pathways activated by angiotensin II.
Role in vascular smooth muscle cell hypertrophy, J. Biol. Chem.
273 (1998) 15022-15029.

[22] H.M. Lander, An essential role for free radicals and derived
species in signal transduction, FASEB J. 11 (1997) 118-124.

[23] K. Furuichi, T. Wada, Y. Iwata, N. Sakai, K. Yoshimoto, K.
Kobayashi Ki, N. Mukaida, K. Matsushima, H. Yokoyama,
Administration of FR167653, a new anti-inflammatory com-
pound, prevents renal ischaemia/reperfusion injury in mice,
Nephrol. Dial. Transplant. 17 (2002) 399-407.

[24] F.G. Salituro, U.A. Germann, K.P. Wilson, G.W. Bemis, T. Fox,
M.S. Su, Inhibitors of p38 MAP kinase: therapeutic intervention in
cytokine-mediated diseases, Curr. Med. Chem. 6 (1999) 807-823.

[25] S. Takahashi, Y. Keto, T. Fujita, T. Uchiyama, A. Yamamoto,
FR167653, a p38 mitogen-activated protein kinase inhibitor,
prevents Helicobacter pylori-induced gastritis in Mongolian ger-
bils, J. Pharmacol. Exp. Ther. 296 (2001) 48-56.

[26] M. Igarashi, H. Wakasaki, N. Takahara, H. Ishii, Z.Y. Jiang, T.
Yamauchi, K. Kuboki, M. Meier, C.J. Rhodes, G.L. King,
Glucose or diabetes activates p38 mitogen-activated protein
kinase via different pathways, J. Clin. Invest. 103 (1999) 185-195.

[27] A. Mantovani, F. Bussolino, M. Introna, Cytokine regulation of
endothelial cell function: from molecular level to the bedside,
Immunol. Today 18 (1997) 231-240.

[28] M. Baggiolini, B. Dewald, B. Moser, Human chemokines: an
update, Annu. Rev. Immunol. 15 (1997) 675-705.

[29] M. Goebeler, K. Kilian, R. Gillitzer, M. Kunz, T. Yoshimura,
E.B. Brocker, U.R. Rapp, S. Ludwig, The MKK6/p38 stress
kinase cascade is critical for tumor necrosis factor-o-induced
expression of monocyte-chemoattractant protein-1 in endothelial
cells, Blood 93 (1999) 857-865.

[30] M. Goebeler, R. Gillitzer, K. Kilian, K. Utzel, E.B. Brocker, U.R.
Rapp, S. Ludwig, Multiple signaling pathways regulate NF-xB-
dependent transcription of the monocyte chemoattractant protein-
1 gene in primary endothelial cells, Blood 97 (2001) 46-55.

[31] M. Ding, X. Shi, Y. Lu, C. Huang, S. Leonard, J. Roberts, J.
Antonini, V. Castranova, V. Vallyathan, Induction of activator
protein-1 through reactive oxygen species by crystalline silica in
JB6 cells, J. Biol. Chem. 276 (2001) 9108-9114.

[32] Y. Kawano, J.W. Ryder, J. Rincon, J.R. Zierath, A. Krook, H.
Wallberg-Henriksson, Evidence against high glucose as a mediator
of ERK1/2 or p38 MAPK phosphorylation in rat skeletal muscle,
Am. J. Physiol. Endocrinol. Metab. 281 (2001) E1255-E1259.

[33] T.L. Vanden Hoek, C. Li, Z. Shao, P.T. Schumacker, L.B. Becker,
Significant levels of oxidants are generated by isolated cardio-
myocytes during ischemia prior to reperfusion, J. Mol. Cell.
Cardiol. 29 (1997) 2571-2583.

[34] W.O. Carter, P.K. Narayanan, J.P. Robinson, Intracellular
hydrogen peroxide and superoxide anion detection in endothelial
cells, J. Leukoc. Biol. 55 (1994) 253-258.

[35] B.W. Zanke, E.A. Rubie, E. Winnett, J. Chan, S. Randall, M.
Parsons, K. Boudreau, M. Mclnnis, M. Yan, D.J. Templeton,
J.R. Woodgett, Mammalian mitogen-activated protein kinase
pathways are regulated through formation of specific kinase-
activator complexes, J. Biol. Chem. 271 (1996) 29876-29881.

[36] R.S. Frey, A. Rahman, J.C. Kefer, R.D. Minshall, A.B. Malik,
PKCC regulates TNF-a-induced activation of NADPH oxidase in
endothelial cells, Circ. Res. 90 (2002) 1012-1019.

[37] A.M. Schmidt, O. Hori, J.X. Chen, J.F. Li, J. Crandall, J. Zhang,
R. Cao, S.D. Yan, J. Brett, D. Stern, Advanced glycation
endproducts interacting with their endothelial receptor induce
expression of vascular cell adhesion molecule-1 (VCAM-1) in
cultured human endothelial cells and in mice. A potential
mechanism for the accelerated vasculopathy of diabetes, J. Clin.
Invest. 96 (1995) 1395-1403.

[38] P.J. Thornalley, A. Langborg, H.S. Minhas, Formation of
glyoxal, methylglyoxal and 3-deoxyglucosone in the glycation of
proteins by glucose, Biochem. J. 44 Pt 1 (1999) 109-116.

[39] E.D. Chan, D.W. Riches, C.W. White, Redox paradox: effect of
N-acetylcysteine and serum on oxidation reduction-sensitive
mitogen-activated protein kinase signaling pathways, Am. J.
Respir. Cell. Mol. Biol. 24 (2001) 627-632.

[40] A.G. Bowie, L.A. O’Neill, Vitamin C inhibits NF-kB activation
by TNF via the activation of p38 mitogen-activated protein
kinase, J. Immunol. 165 (2000) 7180-7188.



	High glucose accelerates MCP-1 production via p38 MAPK in vascular endothelial cells
	Materials and methods
	Results
	Chronic exposure to high glucose enhanced the expression of MCP-1 mRNA and production rate of MCP-1 protein in HUVECs
	Chronic exposure to high glucose influenced the phosphorylation status of MAP kinase members in HUVECs
	p38 MAPK pathway was involved in MCP-1 mRNA expression induced by high glucose in HUVECs
	Chronic exposure to high glucose induced reactive oxygen species in HUVECs
	A H2O2 scavenger suppressed p38 MAPK phosphorylation and expression of MCP-1 mRNA induced by high glucose

	Discussion
	Acknowledgements
	References


