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Insulin augments matrix metalloproteinase-9 expression in monocytes
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Abstract

Objective: Insulin resistance and hyperinsulinemia are major causes of cardiovascular morbidity and mortality. Matrix metalloproteinases
(MMPs), highly expressed in activated mononuclear cells in vulnerable atherosclerotic lesions, are the main proteolytic enzymes controlling
plaque stability. The aim of this study was to investigate the regulation of monocyte MMP-9 by insulin.
Methods and results: Stimulation of MMP-9 expression by insulin was time- and concentration-dependent in human monocytic THP-1
cells. Inhibition of insulin receptor (IR) maturation via inhibition of its activating convertase furin with the pharmacological furin-inhibitor
decanoyl-RVKR-chloromethylketone, as well as blocking of IGF-1R function with a IGF-1R blocking antibody, demonstrated that insulin
mediates increases in MMP-9 via IR activation. Inhibition of insulin's “metabolic” phosphatidylinositol 3-kinase signaling with wortmannin
(50 nmol/L) or LY294002 (2.5 μmol/L) did not prevent insulin-dependent MMP-9 induction. In contrast inhibition of insulin's “mitogenic”
Ras-Raf-mitogen-activated protein kinase–kinase pathways with PD98059 (15 μmol/L) or U0126 (2 μmol/L) inhibited insulin-induced
MMP-9 gelatinolytic activity in THP-1 cells. Likewise, PD98059 inhibited insulin augmented MMP-9 levels in primary human monocytes,
whereas wortmannin had no effect.
Conclusion: This study demonstrates that insulin can induce MMP-9 via mitogenic signaling pathways in monocytes, whereas
phosphatidylinositol 3-kinase-dependent signaling, typically altered in insulin resistance, is not required. Induction of MMP-9 by insulin may
potentially contribute to a pro-inflammatory state and the increased cardiovascular morbidity and mortality in type 2 diabetics.
© 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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Insulin resistance and hyperinsulinemia, which cluster with
obesity, dyslipidemia and hypertension in the metabolic syn-
drome, are a major cause of premature cardiovascular morbi-
dity and mortality [1]. Atherosclerotic plaque rupture, causally
related to the majority of acute coronary syndromes, com-
monly occurs at sites of continuous inflammation and collagen
degradation [2]. Matrix metalloproteinases (MMPs) are the
primary proteolytic enzymes in the extracellular space, contri-
buting toweakening of the plaque cap via their ability to cleave
the extracellular matrix (ECM) [3]. Rupture prone atheroscle-
rotic lesions are characterized by the accumulation of activated
mononuclear inflammatory cells (MNCs) and their increased
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expression of MMPs [4]. Basically the N26 mammalian
MMPs can be grouped according to their mode of activation
into soluble MMPs (e.g. MMP-2 and -9) and the membrane-
bound MT-MMPs. Soluble MMPs are released as zymogens
and then activated extracellularly by other MMPs or serine
proteases such as plasmin [3]. In contrast MT-MMPs are
activated in the trans-Golgi network by furin [5], then tethered
to the plasma membrane as active enzymes, targeting their
proteolytic activity to the pericellular space [3].

Clinical and experimental studies have implicatedMMP-9
(gelatinase B) as a key determinant of atherosclerotic plaque
stability [6–8]. MMP-9 principally derives from monocytes/
macrophages [9,10], the major cell type involved in the
initiation, progression and complications of atherosclerosis.
This MMP-isozyme may regulate lesion stability via its
capacity to cleave the ECM (e.g. collagen type IV, fibronectin
d by Elsevier B.V. All rights reserved.
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or laminin), as well as “non-matrix” substrates, such as
adhesion molecules and growth factors [11]. InMNCsMMP-
9 is strongly inducible by a number of inflammatory
mediators, including TNF-α and oxidized LDL [10,12].
Recently, studies have shown that MMP-9 serum levels are
increased in patients with insulin resistance/type 2 diabetes
[13,14], potentially contributing to their increased cardio-
vascular risk. However, a direct contribution of hyperinsu-
linemia to MMP-9 expression in MNCs is unknown. In this
study we investigated the regulation of MNC MMP-9 by
insulin and its involved signaling pathway.

1. Materials and methods

Cell culture medium and materials were from Invitrogen.
The pharmacological MEK1 inhibitor PD98059, the MEK1/
2 inhibitor U0126, its control U0124 and the p38 MAPK
inhibitor SB203580 were from Calbiochem. The PI3-kinase
inhibitors wortmannin, LY294002 and its control LY303511
were from Calbiochem; the mTOR/p70s6-kinase inhibitor
rapamycin and the antibody to actin were from Sigma. The
furin-like proprotein convertase inhibitor decanoyl-RVKR-
chloromethylketone (dec-CMK) was from Bachem. TNF-α
was from TEBU (FRG) and angiotensin II and insulin were
purchased from Sigma. The antibody to furin (MON152)
was from Alexis Biochemicals and the antibody to the
insulin receptor (IR) α-subunit was from Dianova. Anti-
bodies to MMP-9 and TIMP-1 were purchased from
Labvision (FRG). The antibody to the IGF-1Rβ-subunit
(C-terminus), to the IRβ-subunit (C-terminus) and the
monoclonal functional IGF-1Rα blocking antibody (clone
1H7) and its control isotype were from Santa Cruz. Levels of
signaling pathway activation were detected with phospho-
specific antibodies, recognizing pERK1/2 MAP-kinase,
pAkt, (p)p70s6-kinase, (p)p38, p-eNOS or p-GSK-3α/β
and corresponding antibodies to non-phosphorylated forms
purchased from Cell Signaling.

1.1. Cell culture

The human monocytic THP-1 cell line was obtained from
DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Germany). Cells were cultured in RPMI 1640,
supplemented with 10% FCS, 2 mmol/L L-glutamine, 100 U/
mL penicillin and 100 μg/mL streptomycin at 95% relative
humidity and 5% CO2 at 37 °C as described [10]. For
experiments, cells were rendered quiescent by serum-
starvation overnight. In inhibition experiments, cells were
pre-treated with dec-CMK (12 h), pharmacological signaling
pathway inhibitors (1 h) or the IGF-1R blocking antibody
(1 h) in serum-free media, followed by stimulation in the
presence of the inhibitors.

Primary human monocytes were obtained from healthy
volunteers and purified as described by Cipolletta et al. [15].
Briefly, blood samples were collected in lithium heparin-
containing tubes and processed within 1 h. CD14+ mono-
cytes were isolated from blood samples using the MACS
column technology and CD14 MicroBeads (Miltenyi
Biotech.) as recommended by the manufacturer. High purity
of monocytes was confirmed by flow cytometry (N95%
CD14+). Human monocytes were cultured in RPMI 1640,
supplemented with 10% FCS, 2 mmol/L L-glutamine, 100 U/
mL penicillin and 100 μg/mL streptomycin at 95% relative
humidity and 5% CO2 at 37 °C for 6–8 h, then synchronized
overnight and used in pharmacological inhibitor experi-
ments, as described above for THP-1 cells. Viability of THP-
1 monocytes and primary human monocytes was monitored
by propidium iodide analysis and trypan blue exclusion.
Experiments were done in triplicates, at the least.

1.2. Immunoblotting

Western blot analysis has been described recently [10].
Briefly, proteins were extracted in a buffer (20 mmol/L Tris,
pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
EGTA, 1% Triton X-100, 2.5 mmol/L Na-pyrophosphate,
1 mmol/L Na3VO4) containing freshly dissolved protease
inhibitors (Complete EDTA-free, Boehringer). Up to 50 μg
of proteins was subject to 10% reducing SDS-PAGE.

1.3. Gelatin zymography

Conditioned medium was mixed 1:1 with Novex buffer
(Invitrogen) and electrophoresed in 10% SDS-PAGE con-
taining 0.1% gelatin. Gels were renaturated by exchanging
SDS for Triton X-100 (2.5%), followed by 24 h incubation at
37 °C in activation buffer (50 mmol/L Tris, pH 7.6; 5 mmol/
L CaCl2; 0.2 mol/L NaCl and 0.02% Brij). Gels were
subsequently stained with Coomassie staining solution
(0.5% Coomassie R250; 30% MeOH; 10% acetic acid) for
2 h, followed by destaining (50% MeOH and 10% acetic
acid). Supernatants from the human fibrosarcoma cell line
(HT1080) were used as standard.

1.4. Flow cytometry analysis

Monocytic THP-1 cells (200,000 cells/sample) were
washed once with PBS–0.2% NaN3–0.15% bovine serum
albumin (BSA)–1 mg/mL hIgG (500 ×g, 5 min, 5 °C),
giving a final volume of 300 μL. After the addition of 2.5 μg/
sample control antibody (polyclonal rabbit IgG [Sigma] or
mouse IgG1 [#2010, DIATEC]) or specific antibodies
(polyclonal rabbit–anti-furin convertase [MON152; #ALX-
803-017-R100, Alexis] or monoclonal mouse–anti-insulin
receptor antibody [IRα; #DLN-10220, Dianova]) samples
were incubated for 30 min at 5 °C and washed again. Then
7.5 μg/sample secondary antibody goatF(ab′)2-anti-rabbit
IgG (H+L)-FITC (#FI-1000, VECTOR) or goat–anti-mouse
IgG (H+L)-FITC (#115-096-062, Jackson Immunotec) was
added and incubated in the dark for 30 min at 5 °C. Cells
were then washed as above and the fluorescence measured
with the FACScan (BD Biosciences, USA) in the
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fluorescence-1 channel (20,000 events/sample). The fluo-
rescence histograms were generated using the WinMDI2.8
software after gating for THP-1 cells in the FSC/SSC dot
plot.

1.5. Data analysis

Semiquantitative densitometry was done using the NIH
program 1.62 and is expressed in arbitrary units (A.U.). Data
are expressed as mean±SD. Groups were compared using 1-
way ANOVA followed by Bonferroni/Dunn multiple
comparison test. Statistical significance was designated at a
probability value of pb0.05.

2. Results

2.1. Insulin induces MMP-9 gelatinolytic activity in human
monocytic cells

THP-1 monocytes were rendered quiescent by serum-
starvation overnight and then stimulated with 10 nmol/L
insulin for 24 h. In comparison experiments, cells were
stimulated with 10 μmol/L angiotensin II (Ang II) or 10 ng/
mL TNF-α, a potent inducer of MMP-9 [10]. Compared to
controls, insulin and TNF-α strongly increased pro-MMP-9
gelatinolytic activity and protein levels, whereas Ang II had
no effect (Fig. 1A, B, C). Increases in pro-MMP-9 were
paralleled by an induction of tissue inhibitor of matrix
metalloproteinases (TIMP)-1, which typically accompanies
MMP-9 synthesis/release in MNCs [11]. Neither insulin nor
TNF-α or Ang II had any effect on constitutively expressed
pro-MMP-2 (Fig. 1A). In vivo, MMP-9 is primary released
as zymogen, which is then activated extracellularly by other
proteases [11]. Thus, we next investigated whether insulin-
Fig. 1. (A) THP-1 monocytes were stimulated with insulin (10 nmol/L), angiotensin
analyzed by zymography. Insulin and TNF-α significantly increased pro-MMP-9, w
pro-MMP-2. Densitometry of pro-MMP-9 is depicted in B (n=5). (C) Insulin (10
TIMP-1 (membrane reblotted with actin; n=3). (D) Insulin-induced pro-MMP-9
supernatants with 4-aminophenylmercuric acetate (APMA; 1 mmol/L, 4 h; co. = c
mediated increases in pro-MMP-9 can be activated to the
fully active MMP-9 by 4-aminophenylmercuric acetate
(APMA). Compared to unstimulated cells, APMA treatment
(1 mmol/L, 4 h) of conditioned medium from insulin
stimulated THP-1 cells resulted in a heightened generation of
the mature 82 kDa MMP-9 from its 92 kDa precursor
(Fig. 1D). Further analysis demonstrated that insulin
increases pro-MMP-9 in dependence on the concentration
(significant increase at 0.1 nmol/L insulin, 24 h stimulation;
Fig. 2A and B; ⁎pb0.05 vs. controls). To ensure maximal
stimulation, a concentration of 10 nmol/L insulin was used in
further experiments. Time course studies revealed a
significant increase of MMP-9 gelatinolytic activity follow-
ing 12 h stimulation with 10 nmol/L (Fig. 2C and D;
⁎pb0.05 vs. controls).

2.2. Regulation of THP-1 monocyte MMP-9 by insulin
involves insulin receptor activation

To dissect the role of insulin receptor (IR) signaling in
insulin-induced pro-MMP-9, we investigated IR involve-
ment by inhibition of IR activation. The mature, membrane-
expressed IR derives from endoproteolytic cleavage of its
propeptide in the trans-Golgi network (TGN) by furin [16].
FACS analysis demonstrated significant expression of IR
and its activating convertase furin on monocytic THP-1 cells
(Fig. 3A and B; full line = control (isotype), dotted line =
specific antibody). Inhibition of furin with the specific
inhibitor dec-CMK [17] (50 μmol/L) inhibited IR activation,
evident by the increase of the 200 kDa IRTGN pro-form and
a simultaneous decrease of the mature 100 kDa IR (Fig. 3C).
In agreement with the inhibition of IR maturation, insulin-
mediated increases of MMP-9 gelatinolytic activity were
abolished in dec-CMK treated cells (Fig. 3D). In contrast,
II (Ang II; 10 μmol/L) or TNF-α (10 ng/mL) for 24 h and conditioned media
hereas Ang II had no effect and neither insulin nor TNF-α or Ang II affected
nmol/L) and TNF-α (10 ng/mL) induced protein levels of pro-MMP-9 and
(92 kDa) is convertible to its fully active 82 kDa form by incubation of
ontrol; n=3). HT = HT1080.

817 by guest on 24 April 2024



Fig. 2. Pro-MMP-9 induction by insulin was concentration-dependent, with a significant increase at 0.1 nmol/L insulin stimulation (A and B; ⁎pb0.05 vs.
controls (co.); 24 h stimulation; n=6). Pro-MMP-9 increased time-dependently and was significantly induced following 12 h stimulation with 10 nmol/L insulin
(C and D; ⁎pb0.05 vs. controls (co.); n=6). HT = HT1080.
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inhibition of furin did not prevent TNF-α (10 ng/mL)
induced pro-MMP-9, because the TNF receptor does not
require endoproteolytic activation by furin. We further
investigated IR involvement by blocking IGF-1R function
using a specific monoclonal IGF-1R blocking antibody.
Because IGF-1 is a relatively weak inducer of MAP-kinases
Fig. 3. (A and B) FACS analysis demonstrated that THP-1 monocytes express the I
specific antibody; n=3). (C) Inhibition of furin in THP-1 cells with dec-CMK (50 μ
of its 200 kDa trans-Golgi network (TGN) form (ER = endoplasmic reticulum) a
actin; n=3). (D) Inhibition of IR activation with dec-CMK abolished insulin (10 n
(10 ng/mL; 12 h) induced pro-MMP-9 (n=4). (E) A IGR-1R blocking antibody
antibody (clone 1H7; 5 μg/mL) prevented IGF-1 (50 ng/mL; 20 min) dependent
20 min)-mediated Akt activation, demonstrating specificity of the antibody for the I
effect on insulin (10 nmol/L, 12 h)-induced pro-MMP-9 in THP-1 monocytes, supp
IR activation (n=3). HT = HT1080.
[18], Akt phosphorylation was investigated to asses antibody
functionality. Blocking IGF-1R activation with an IGF-1R
blocking antibody (clone 1H7; 5 μg/mL) repressed IGF-1
(50 ng/mL)-dependent Akt phosphorylation, but did not
significantly affect insulin (10 nmol/L)-mediated Akt
activation, confirming specificity of the antibody to the
R and its activating convertase furin (full line = control isotype; dotted line =
mol/L) inhibited endoproteolytic activation of the IR, evident by the increase
nd concurrent decease of the mature 100 kDa IR (membrane reblotted with
mol/L; 12 h)-mediated pro-MMP-9 induction, but had no effect on TNF-α
was used to further dissect IR/IGF-1R involvement. The IGF-1R blocking
Akt phosphorylation, but had no significant effect on insulin (10 nmol/L;
GF1-R. An isotype control had no effect (n=3). (F) Accordingly, 1H7 had no
orting the hypothesis that insulin mediates pro-MMP-9 induction primary via

res/article/73/4/841/317817 by guest on 24 April 2024



Fig. 4. (A) Insulin (10 nmol/L; 20 min) induces the “metabolic” PI3-kinase pathway (Akt, eNOS, GSK-3α/β) and the “mitogenic” ERK1/2MAP-kinase pathway
in THP-1 monocytes. The “metabolic” pathway is inhibited by wortmannin (50 nmol/L), whereas the “mitogenic” pathway is inhibited by the MEK1 inhibitor
PD98059 (15 μmol/L) in THP-1 monocytes (n=3). (B) Inhibition of PI3-kinase-dependent pathways with wortmannin (50 nmol/L) or LY294002 (2.5 μmol/L)
did not affect insulin (10 nmol/L; 12 h)-induced pro-MMP-9. LY303511 (2.5 μmol/L) was used as inactive control. Rapamycin (100 ng/mL), an inhibitor of
mTOR/p70s6-kinase signaling, did not inhibit insulin-mediated pro-MMP-9 either. Inhibition of PI3-kinase signaling pathways by the respective
pharmacological inhibitors is depicted in (C) (n=4). (D) In contrast, the MEK1 inhibitor PD98059 (15 μmol/L) and the MEK1/2 inhibitor U0126 (2 μmol/
L) significantly inhibited insulin (10 nmol/L; 12 h)-induced MMP-9, whereas the MEK1/2 control U0124 (2 μmol/L) and the p38 MAP-kinase inhibitor
SB20350 (2.5 μmol/L) had no effect. Successful inhibition of the ERK1/2 MAP-kinase signaling pathways is depicted in E (n=4). HT = HT1080.
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IGF-1R (Fig. 3E). An isotype control antibody had no effect
on IGF-1 or insulin-dependent Akt activation. Consequently,
inhibition of IGF-1R activation by the specific IGF-1R
blocking antibody did not prevent insulin-induced pro-
MMP-9 in monocytes, demonstrating that insulin mediates
increases in MMP-9 gelatinolytic activity principally via IR
activation (Fig. 3F).

2.3. Insulin induces MMP-9 in monocytes via MAP-kinase-
dependent signaling

Pharmacological inhibitors were used to investigate the
signaling pathways involved in insulin-mediated pro-MMP-
9 induction in THP-1 monocytes. Immunoblotting with
phospho-specific antibodies demonstrated that wortmannin
(50 nmol/L), a specific PI3-kinase inhibitor, prevented
insulin-mediated phosphorylation of protein kinase B
(Akt), nitric oxide synthase (eNOS) and glycogen synthetase
kinase (GSK)-3α/β, but had no effect on MAP-kinase
activation (Fig. 4A). In contrast, the selective MEK1
inhibitor PD98059 (15 μmol/L) inhibited activation of
ERK-1/2 MAP-kinases, but had no effect on insulin-
dependent PI3-kinase→Akt signaling (Fig. 4A). Inhibition
of the PI3-kinase pathway with wortmannin (50 nmol/L) or
LY294002 (2.5 μmol/L), as well as the inhibitor control
LY303551 (2.5 μmol/L) had no significant effect on insulin-
induced MMP-9 gelatinolytic activity. Likewise inhibition of
mTOR/p70s6-kinase, a pathway downstream of PI3-kinase
in insulin's “metabolic” signaling [19] with rapamycin
(100 ng/mL), did not affect insulin-induced MMP-9 (Fig.
4B and C). In contrast, inhibition of MAP-kinases, either
with the MEK1 inhibitor PD98059 (15 μmol/L) or the
MEK1/2 inhibitor U0126 (2 μmol/L) significantly inhibited
insulin-dependent increases of MMP-9, whereas the MEK1/



Fig. 5. (A) Insulin augmented MMP-9 gelatinolytic activity in primary
human monocytes, obtained from healthy volunteers. Insulin-induced
(10 nmol/L; 12 h) MMP-9 gelatinolytic activity was significantly inhibited
with the MEK1 inhibitor PD98059 (PD98; 15 μmol/L), whereas
wortmannin (wort.; 50 nmol/L) had no significant effect (densitometry
depicted in B, #pb0.05 vs. controls (co.); n=4). HT = HT1080.
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2 inhibitor control U0124 (2 μmol/L) or the p38 MAP-kinase
inhibitor SB203580 (2.5 μmol/L) had no effect (Fig. 4D and
E). Comparable results were obtained with primary human
monocytes, in which insulin (10 nmol/L; 12 h) augmented
pro-MMP-9 was significantly inhibited by the MEK1
inhibitor PD98059 (15 μmol/L), whereas the PI3-kinase
inhibitor wortmannin (50 nmol/L) had no significant effect
(Fig. 5A and B; #pb0.05 vs. controls).

3. Discussion

Insulin resistance, the major characteristic of type 2
diabetes, is defined as the inability of insulin to facilitate
glucose uptake and metabolism in target organs such as
muscle and adipose tissue. Initially hyperinsulinemia, a state
strongly associated with increased cardiovascular morbidity
and mortality, compensates [20–22]. However, a direct
contribution of hyperinsulinemia to the increased cardiovas-
cular risk in type 2 diabetes is still debated, since beneficial
and potentially harmful effects of insulin have been reported.
Thus, insulin has been shown to inhibit apoptosis in THP-1
monocytes [23] and to induce NO-synthesis in endothelial
cells (ECs) [24], but it can also induce plasminogen activator
inhibitor type 1 (PAI-1) in ECs [25] or facilitate vascular
smooth muscle cells (VSMCs) migration [26], whereby it
may promote atherothrombosis and restenosis.

Here we demonstrate that insulin is a potent inducer of
MMP-9 gelatinolytic activity in human monocytic THP-1
cells and primary human monocytes. This MMP-isozyme is
highly expressed in activated macrophages of rupture prone
atherosclerotic plaques [2,4] and serum levels of MMP-9 are
increased in patients with acute coronary syndromes [7] or in
stent restenosis [27]. Recently, in vivo experiments demon-
strated that forced overexpression of MMP-9 in macro-
phages induces plaque disruption in apoE−/− mice [6],
supporting its role as a key regulator in the equilibrium of
matrix synthesis/degradation, essential to vessel wall
integrity. Interestingly, it has been shown that levels of
MMP-9 are also significantly increased in type 2 diabetics
[13,14], potentially contributing to the increased cardiovas-
cular risk in these patients. Treatment of insulin resistance,
either with intensive lifestyle modifications [28] or with the
antidiabetic PPARγ-activators [13,14], has been demon-
strated to reduce MMP-9 serum levels in patients with
insulin resistance/type 2 diabetes.

Our study demonstrates, that insulin directly elicits a pro-
inflammatory response in monocytes at concentrations
recognized in patients with insulin resistance/type 2 diabetes
[29]. Insulin mediates its “metabolic” and “mitogenic”
effects principally via two distinct signaling pathways: the
PI3-kinase pathway is responsible for glucose uptake,
lipogenesis and glycogen synthesis, whereas insulin stimu-
lated Ras-Raf-mitogen-activated protein kinase–kinase
(MEK-signaling) mediates insulin's “mitogenic” actions
[30]. In insulin resistance a selective post-receptor defect
involving impairment of the beneficial “metabolic” PI3-
kinase pathway, with an unaltered “mitogenic” MAP-kinase
pathway, has been documented in the vasculature [31] and
macrophages [32] of insulin resistant/diabetic animal
models, as well as in skeletal muscle biopsies from insulin
resistant patients [33]. Furthermore in the vasculature of
insulin resistant animals, strong increases of ERK activation
and concurrent decreases in Akt phosphorylation have been
demonstrated in response to stent injury, potentially reflect-
ing the altered tissue repair that accompanies the shift in
proliferative/metabolic signaling balances in insulin resis-
tance [34]. In vitro, impaired PI3-kinase but intact MAP-
kinase signaling has been demonstrated to facilitate insulin-
mediated VSMC and EC migration [26,35].

Here we show that, despite the inhibition of insulin's
“metabolic” PI3-kinase/Akt/GSK-3 signaling, insulin can
still induce MMP-9 gelatinolytic activity in monocytic THP-
1 cells and primary human monocytes, whereas inhibition of
insulin's “mitogenic” ERK1/2 MAP-kinase abolishes it.
Nevertheless in hyperinsulinemic states, insulin may also
bind to the IGF-1R [36], which shares N85% homology with
the IR [37]. Activation of the IGF-1/IGF-1R axis is capable
of upregulating MT1-MMP/MMP-2 activities itself, as we
have recently demonstrated in VSMCs [18]. Thus to further
explore IR/IGF-1R contribution in insulin-dependent induc-
tion of monocyte MMP-9, we initially targeted IR maturation
via inhibition of its activating convertase furin. Furin, which
has been shown to activate the pro-IR precursor in the TGN
[16], is a member of the subtilisin/kexin-like proprotein
convertases [38] which activate proproteins with narrow
specificity following basic R-Xaa-K/R-R-like motifs [39].
Our study demonstrates that inhibition of IR maturation
significantly inhibited insulin-induced MMP-9. However,
furin also activates the IGF-1R in VSMCs [18] and THP-1
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monocytes (data not shown); thus we further excluded
binding of insulin to the IGF-1R using a specific IGF-1R
blocking antibody. The IGF1-1R blocking antibody inhibited
IGF-1-mediated IGF-1R activation, but had no effect on
insulin-dependent IR activation and accordingly did not
abolish insulin-dependent increases in MMP-9 gelatinolytic
activity. This demonstrates that insulin can activate MMP-9
via its IR, independent of the IGF-1R in monocytes.

In conclusion, we demonstrate that insulin induces MMP-
9 gelatinolytic activity and protein levels via its “mitogenic”
ERK1/2 signaling pathways in monocytes, whereas PI3-
kinase signaling, typically altered in insulin resistance, is not
required. Therefore, induction of MMP-9 by insulin may
potentially contribute to a pro-inflammatory state and the
increased cardiovascular morbidity and mortality found in
patients with insulin resistance and type 2 diabetes.

Acknowledgments

The study was supported by the Forschungsförderung of
the Charité, Universitätsmedizin–Berlin. The authors thank
Ms. A. Gale for editing of the manuscript.

References

[1] Smyth S, Heron A. Diabetes and obesity: the twin epidemics. Nat Med
2006;12:75–80.

[2] Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: a comprehensive morphological
classification scheme for atherosclerotic lesions. Arterioscler Thromb
Vasc Biol 2000;20:1262–75.

[3] Nagase H, Visse R, Murphy G. Structure and function of matrix
metalloproteinases and TIMPs. Cardiovasc Res 2006;69:562–73.

[4] Galis ZS, SukhovaGK, LarkMW,LibbyP. Increased expression ofmatrix
metalloproteinases and matrix degrading activity in vulnerable regions of
human atherosclerotic plaques. J Clin Invest 1994;94:2493–503.

[5] Stawowy P, Margeta C, Kallisch H, Seidah NG, Chretien M, Fleck E,
et al. Regulation of matrix metalloproteinase MT1-MMP/MMP-2 in
cardiac fibroblasts by TGF-beta1 involves furin-convertase. Cardio-
vasc Res 2004;63:87–97.

[6] Gough PJ, Gomez IG, Wille PT, Raines EW. Macrophage expression
of active MMP-9 induces acute plaque disruption in apoE-deficient
mice. J Clin Invest 2006;116:59–69.

[7] Fukuda D, Shimada K, Tanaka A, Kusuyama T, Yamashita H, Ehara S,
et al. Comparison of levels of serum matrix metalloproteinase-9 in
patients with acute myocardial infarction versus unstable angina
pectoris versus stable angina pectoris. Am J Cardiol 2006;97:175–80.

[8] Blankenberg S, Rupprecht HJ, Poirier O, Bickel C, Smieja M, Hafner
G, et al. Plasma concentrations and genetic variation of matrix
metalloproteinase 9 and prognosis of patients with cardiovascular
disease. Circulation 2003;107:1579–85.

[9] Chase AJ, Bond M, Crook MF, Newby AC. Role of nuclear factor-
kappa B activation in metalloproteinase-1, -3, and -9 secretion by
human macrophages in vitro and rabbit foam cells produced in vivo.
Arterioscler Thromb Vasc Biol 2002;22:765–71.

[10] Stawowy P, Meyborg H, Stibenz D, Borges Pereira Stawowy N, Roser
M, Thanabalasingam U, et al. Furin-like proprotein convertases are
central regulators of the membrane type matrix metalloproteinase–pro-
matrix metalloproteinase-2 proteolytic cascade in atherosclerosis.
Circulation 2005;111:2820–7.

[11] Van den Steen PE, Dubois B, Nelissen I, Rudd PM, Dwek RA,
Opdenakker G. Biochemistry and molecular biology of gelatinase B or
matrix metalloproteinase-9 (MMP-9). Crit Rev Biochem Mol Biol
2002;37:375–536.

[12] Xu XP, Meisel SR, Ong JM, Kaul S, Cercek B, Rajavashisth TB, et al.
Oxidized low-density lipoprotein regulates matrix metalloproteinase-9
and its tissue inhibitor in human monocyte-derived macrophages.
Circulation 1999;99:993–8.

[13] Marx N, Froehlich J, Siam L, Ittner J, Wierse G, Schmidt A, et al.
Antidiabetic PPAR gamma-activator rosiglitazone reduces MMP-9
serum levels in type 2 diabetic patients with coronary artery disease.
Arterioscler Thromb Vasc Biol 2003;23:283–8.

[14] Haffner SM, Greenberg AS, Weston WM, Chen H, Williams K, Freed
MI. Effect of rosiglitazone treatment on nontraditional markers of
cardiovascular disease in patients with type 2 diabetes mellitus.
Circulation 2002;106:679–84.

[15] Cipolletta C, Ryan KE, Hanna EV, Trimble ER. Activation of
peripheral blood CD14+ monocytes occurs in diabetes. Diabetes
2005;54:2779–86.

[16] Bass J, Turck C, RouardM, Steiner DF. Furin-mediated processing in the
early secretory pathway: sequential cleavage and degradation of
misfolded insulin receptors. ProcNatl Acad Sci U SA 2000;97:11905–9.

[17] Hallenberger S, Bosch V, Angliker H, Shaw E, Klenk HD, Garten W.
Inhibition of furin-mediated cleavage activation of HIV-1 glycoprotein
gp160. Nature 1992;360:358–61.

[18] Stawowy P, Kallisch H, Kilimnik A, Margeta C, Seidah NG, Chretien
M, et al. Proprotein convertases regulate insulin-like growth factor 1-
induced membrane-type 1 matrix metalloproteinase in VSMCs via
endoproteolytic activation of the insulin-like growth factor-1 receptor.
Biochem Biophys Res Commun 2004;321:531–8.

[19] Cheatham B, Vlahos CJ, Cheatham L, Wang L, Blenis J, Kahn CR.
Phosphatidylinositol 3-kinase activation is required for insulin
stimulation of pp70 S6 kinase, DNA synthesis, and glucose transporter
translocation. Mol Cell Biol 1994;14:4902–11.

[20] Pyorala M, Miettinen H, Halonen P, Laakso M, Pyorala K. Insulin
resistance syndrome predicts the risk of coronary heart disease and stroke
in healthymiddle-agedmen: the 22-year follow-up results of the Helsinki
Policemen Study. Arterioscler Thromb Vasc Biol 2000;20:538–44.

[21] Haffner SM, Mykkanen L, Festa A, Burke JP, Stern MP. Insulin-
resistant prediabetic subjects have more atherogenic risk factors than
insulin-sensitive prediabetic subjects: implications for preventing
coronary heart disease during the prediabetic state. Circulation
2000;101:975–80.

[22] Hu FB, Stampfer MJ, Haffner SM, Solomon CG, Willett WC, Manson
JE. Elevated risk of cardiovascular disease prior to clinical diagnosis of
type 2 diabetes. Diabetes Care 2002;25:1129–34.

[23] Iida KT, Suzuki H, Sone H, Shimano H, Toyoshima H, Yatoh S, et al.
Insulin inhibits apoptosis of macrophage cell line, THP-1 cells, via
phosphatidylinositol-3-kinase-dependent pathway. Arterioscler
Thromb Vasc Biol 2002;22:380–6.

[24] Zeng G, Nystrom FH, Ravichandran LV, Cong LN, Kirby M,
Mostowski H, et al. Roles for insulin receptor, PI3-kinase, and Akt
in insulin-signaling pathways related to production of nitric oxide in
human vascular endothelial cells. Circulation 2000;101:1539–45.

[25] Schneider DJ, Absher PM, Ricci MA. Dependence of augmentation of
arterial endothelial cell expression of plasminogen activator inhibitor
type 1 by insulin on soluble factors released from vascular smooth
muscle cells. Circulation 1997;96:2868–76.

[26] Wang CC, Gurevich I, Draznin B. Insulin affects vascular smooth
muscle cell phenotype and migration via distinct signaling pathways.
Diabetes 2003;52:2562–9.

[27] JonesGT, Kay IP, Chu JW,WilkinsGT, Phillips LV,McCormickM, et al.
Elevated plasma active matrix metalloproteinase-9 level is associated
with coronary artery in-stent restenosis. Arterioscler Thromb Vasc Biol
2006;26:e121–5.

[28] Roberts CK,Won D, Pruthi S, Kurtovic S, Sindhu RK, Vaziri ND, et al.
Effect of a short-term diet and exercise intervention on oxidative stress,
inflammation, MMP-9, and monocyte chemotactic activity in men with
metabolic syndrome factors. J Appl Physiol 2006;100:1657–65.



848 A. Fischoeder et al. / Cardiovascular Research 73 (2007) 841–848

D
ow

nloaded from
 ht
[29] Weyer C, Hanson RL, Tataranni PA, Bogardus C, Pratley RE. A high
fasting plasma insulin concentration predicts type 2 diabetes
independent of insulin resistance: evidence for a pathogenic role of
relative hyperinsulinemia. Diabetes 2000;49:2094–101.

[30] Nigro J, Osman N, Dart AM, Little PJ. Insulin resistance and
atherosclerosis. Endocr Rev 2006;27:242–59.

[31] Jiang ZY, Lin YW, Clemont A, Feener EP, Hein KD, Igarashi M, et al.
Characterization of selective resistance to insulin signaling in the
vasculature of obese Zucker (fa/fa) rats. J Clin Invest 1999;104:447–57.

[32] Liang CP, Han S, Okamoto H, Carnemolla R, Tabas I, Accili D, et al.
Increased CD36 protein as a response to defective insulin signaling in
macrophages. J Clin Invest 2004;113:764–73.

[33] Cusi K, Maezono K, Osman A, Pendergrass M, Patti ME,
Pratipanawatr T, et al. Insulin resistance differentially affects the PI
3-kinase- andMAP kinase-mediated signaling in human muscle. J Clin
Invest 2000;105:311–20.

[34] Jonas M, Edelman ER, Groothuis A, Baker AB, Seifert P, Rogers C.
Vascular neointimal formation and signaling pathway activation in
response to stent injury in insulin-resistant and diabetic animals. Circ
Res 2005;97:725–33.
[35] Montagnani M, Golovchenko I, Kim I, Koh GY, Goalstone ML,
Mundhekar AN, et al. Inhibition of phosphatidylinositol 3-kinase
enhances mitogenic actions of insulin in endothelial cells. J Biol Chem
2002;277:1794–9.

[36] Li G, Barrett EJ, Wang H, Chai W, Liu Z. Insulin at physiological
concentrations selectively activates insulin but not insulin-like growth
factor I (IGF-I) or insulin/IGF-I hybrid receptors in endothelial cells.
Endocrinology 2005;146:4690–6.

[37] LeRoith D, Werner H, Beitner-Johnson D, Roberts Jr CT. Molecular
and cellular aspects of the insulin-like growth factor I receptor. Endocr
Rev 1995;16:143–63.

[38] Stawowy P, Fleck E. Proprotein convertases furin and PC5: targeting
atherosclerosis and restenosis at multiple levels. J Mol Med
2005;83:865–75.

[39] Henrich S, Cameron A, Bourenkov GP, Kiefersauer R, Huber R,
Lindberg I, et al. The crystal structure of the proprotein processing
proteinase furin explains its stringent specificity. Nat Struct Biol
2003;10:520–6.
tp
s://academ
ic.oup.com

/cardiovascres/article/73/4/841/317817 by guest on 24 April 2024


	Insulin augments matrix metalloproteinase-9 expression in monocytes
	Materials and methods
	Cell culture
	Immunoblotting
	Gelatin zymography
	Flow cytometry analysis
	Data analysis

	Results
	Insulin induces MMP-9 gelatinolytic activity in human monocytic cells
	Regulation of THP-1 monocyte MMP-9 by insulin involves insulin receptor activation
	Insulin induces MMP-9 in monocytes via MAP-kinase-dependent signaling

	Discussion
	Acknowledgments
	References


