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18The molecular chaperone heat shock protein 90 (HSP90) is overexpressed in plaques of atherosclerosis patients,
19and is associated with plaque instability. However, the role of HSP90 in atherosclerosis remains unclear. The
20present study investigated the effects of HSP90 inhibition on migration and proliferation of vascular smooth
21muscle cells (VSMCs) and involvement in atherosclerosis. To examine the role of HSP90 in VSMC migration,
22VSMCs were treated with the specific HSP90 inhibitors, 17-N-allylamino-17-demethoxygeldanamycin (17-AAG)
23and STA-9090. Results of a chemotaxis assay showed that the HSP90 inhibitors suppress migration of
24VSMCs. HSP90 inhibition also prevented invasion and sprout formation of VSMCs via inhibition of matrix
25metalloproteinase-2 proteolytic activity. Results of a flow cytometric analysis showed that HSP90 inhibition
26induces cell cycle arrest via regulation of cyclin D3, PCNA and pRb. To investigate the role of HSP90 in the
27development of atherosclerosis, low-density lipoprotein receptor (LDLR) deficient mice were fed with a
28high cholesterol diet for 4 weeks and treated with 17-AAG for 8 weeks. HSP90 inhibition suppressed migration
29of VSMCs into atherosclerotic plaque lesions in high cholesterol diet-stimulated LDLR−/− mice. Inhibition of
30HSP90 attenuates formation of atherosclerotic plaques via suppression of VSMC migration and proliferation,
31indicating that HSP90 inhibitors can be used as therapeutic agents for atherosclerosis and in stent restenosis.

32 © 2014 Published by Elsevier Ltd.
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37 1. Introduction

38 Atherosclerosis is a chronic progressive disease in which arteries
39 thicken as a result of accumulation of cholesterol, lipids, vascular smooth
40 muscle cells (VSMCs), and immune cells [1,2]. VSMC migration is an
41 important process that occurs during progression of atherosclerosis and
42 tissue repair in response to vascular injury [3,4]. VSMCs are mostly
43 found in the media layer of normal arteries; however, VSMCs migrate
44 from the media towards the intima during the development of athero-
45 sclerosis or vascular damage [3,4]. Many factors, including matrix metal-
46 loproteinases (MMPs), growth factors, cytokines, and chemokines, affect
47 migration of VSMCs in the microenvironment of atherosclerotic lesions
48 [5,6].
49 MMPs are a family of zinc-dependent endopeptidases that are pro-
50 duced by various types of cells, including foam cells, endothelial cells,
51 and VSMCs in atherosclerotic lesions [5]. MMPs play a major role in deg-
52 radation of extracellularmatrix (ECM) components, aswell as release and
53 activation of ECM-bound latent factors, such as cytokines and growth

54factors, which result in significant changes in atherosclerotic lesions [5].
55MMP-2 and -9 typically contribute to degradation and turnover of ECM,
56thus allowing migration of VSMCs [7]. Expressions of MMP-2 and -9 are
57up-regulated during VSMC migration in pathological conditions, such as
58development of restenosis and atherosclerosis [8]. MMP-2 and ApoE
59double-knockout mice exhibit reduced VSMC migration and attenuated
60intimal thickening in atherosclerosis [7]. MMP activity is tightly
61regulated by transcription, post-translational activation, and tissue
62inhibitors of metalloproteinases (TIMPs) [6,9]. Inflammatory cyto-
63kines, growth factors, and chaperones, including tumor necrosis
64factor-α (TNF-α), interleukin-1β (IL-β), IL-6, epidermal growth factor
65(EGF), platelet-derived growth factor (PDGF), heat shock protein 60
66(HSP60), and HSP90, regulate transcriptional expression and post-
67translational activation of MMPs, while glucocorticoids and TIMP exert
68inhibitory effects [5,6,9,10].
69HSPs are highly conserved molecular chaperones that assemble
70various types of client proteins and regulate protein folding, signal
71transduction, translocation and transcription [11,12]. Many types of
72HSPs, including HSP27, HSP60, HSP72, and HSP90, are associated with
73atherosclerosis [12–15]. A recent study revealed that HSP90 is highly
74expressed in human atherosclerotic plaques with increased VSMCs
75and collagens, suggesting that HSP90 contributes to instability of ad-
76vanced human atherosclerotic plaques by regulating VSMC migration
77and collagen contents [14,16]. Geldanamycin, a natural product
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