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NADPH oxidase 4 is required for interleukin-1b-mediated activation of
protein kinase Cd and downstream activation of c-jun N-terminal kinase
signaling in smooth muscle
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a b s t r a c t

Reactive oxygen species (ROS) are generated in the vascular wall upon stimulation by proinflammatory

cytokines and are important mediators of diverse cellular responses that occur as a result of vascular

injury. Members of the NADPH oxidase (NOX) family of proteins have been identified in vascular

smooth muscle (VSM) cells as important sources of ROS. In this study, we tested the hypothesis that

NOX4 is a proximal mediator of IL-1b-dependent activation of PKCd and increases IL-1b-stimulated c-

Jun kinase (JNK) signaling in primary rat aortic VSM cells. We found that stimulation of VSM cells with

IL-1b increased PKCd activity and intracellular ROS generation. SiRNA silencing of NOX4 but not NOX1

ablated the IL-1b-dependent increase in ROS production. Pharmacological inhibition of PKCd activity as

well as siRNA depletion of PKCd or NOX4 blocked the IL-1b-dependent activation of JNK. Further

studies showed that the IL-1b-dependent upregulation of inducible NO synthase expression was

inhibited through JNK inhibition and NOX4 silencing. Taken together, these results indicate that IL-1b-

dependent activation of PKCd is modulated by NOX4-derived ROS. Our study positions PKCd as an

important redox-sensitive mediator of IL-1b-dependent signaling and downstream activation of

inflammatory mediators in VSM cells.

& 2012 Elsevier Inc. All rights reserved.

Introduction

Vascular diseases such as atherosclerosis, postangioplasty
restenosis, posttransplant coronary arteriopathy, and vascular
hyporesponsiveness after septic shock all have an inflammatory
component associated with their etiologies [1]. In the vessel wall,
the inflammatory response leads to the production of cytokines
and growth factors, which induce the proliferation and migration
of the underlying smooth muscle resulting in thickening of the
medial layer, matrix deposition, and formation of a neointima [2].
Mice deficient in the IL-11 receptor IL-1R1 present with reduced
neointima/media formation after injury [3], whereas animals

deficient in the IL-1 receptor antagonist display increased neoin-
timal formation upon injury [4]. IL-1b is expressed by vascular
smooth muscle (VSM) cells and other cell types in advanced
stages of atherosclerotic plaques as well as in nonatherosclerotic
vascular injury models, in which it regulates VSM cell gene
expression and proliferation [5–8].

The prototypical signaling pathway associated with IL-1b
requires the adaptor protein MyD88 and the recruitment of the
IL-1 receptor-associated kinase and TNFa receptor-associated factor
6 (TRAF6) [9,10]. These in turn activate downstream kinases and
regulate the transcriptional activation of inflammatory genes. We
also identified PLC-g and PKCd as important components of IL-1b
signaling in cultured rat aortic VSM cells [11]. Most if not all of these
signaling elements are sensitive to changes in intracellular redox
status, although the significance of these effects has not always been
demonstrated in smooth muscle.

A common feature of vascular diseases is the dysregulation of
reactive oxygen species (ROS) production in the vascular wall. In
this context, some of the most significant sources of ROS are
NADPH oxidases (NOXs) because their activation allows for
temporal and spatial regulation of intracellular signaling pathways
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[12]. NOXs are composed of one or two transmembrane proteins
(such as NOX, DUOX, and p22phox) and in some cases include
regulatory subunits such as p47phox, NOXO1, p40phox, p67phox,
or NOXOA1. In MCF-7 cells stimulated with IL-1b, NOX2 is
required for the recruitment of TRAF6 to the IL-1 receptor complex
[13]. The contribution of NOXs to IL-1b signaling in the vascula-
ture and in VSM cells has not been well characterized although IL-
1b-induced ROS production has been previously established in
VSM cells [14–16]. In this study, we show that the IL-1b-stimu-
lated production of ROS involves NOX4 and that this results in
PKCd-dependent activation of c-Jun N-terminal kinase (JNK)
downstream signaling in rat aortic VSM cells.

Materials and methods

Materials

Antibodies for PKCd were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), antibody for JNK was from Cell
Signaling Technologies (Beverly, MA, USA), and antibodies for
inducible nitric oxide synthase (iNOS), NOX4, and b-actin were

from Millipore (Billerica, MA, USA), Proteintech (Chicago, IL, USA),
and Sigma (St. Louis, MO, USA), respectively. Inhibitors of PKCd,
SP00125 and Protease Inhibitor Cocktail III, were purchased from
Calbiochem (La Jolla, CA, USA). All tissue media were purchased
from GIBCO–BRL Life Technologies (Carlsbad, CA, USA) unless
specifically stated. All other chemicals were purchased from Sigma.

All adenovirus stocks were propagated by the addition of small
amounts of virus to human embryonic kidney-293 cells. When
cells were �50% lysed, cells and media were collected, subjected
to 3� freeze/thaw cycles, aliquotted, and stored at �80 1C. Titer
assays were performed using an adenovirus containing b-galac-
tosidase as a control at matching multiplicity of infection.

Generation of adenoviral small interfering RNA (siRNA)

constructs

Adenoviral delivery of siRNA was achieved using the methods
developed by Zhao et al. [17]. Target sequences were identified
using the Dharmacon Web site [18]. Adenoviral vectors were
designed to express siRNA hairpins targeted to rat NOX4 (GenBank
Accession No. NM_053524) or rat NOX1 (GenBank Accession No.
NM_053683). The target sequences were chemically synthesized as

Fig. 1. IL-1b-induced JNK activation is ROS-dependent in rat aortic VSM cells. (A) Time course of IL-1b-induced JNK in VSM cells. VSM cells were stimulated with 10 ng//ml

IL-1b for the indicated times. Whole-cell lysates were then resolved using SDS–PAGE and transferred to nitrocellulose membrane as described under Materials and

methods. The nitrocellulose membranes were then immunoblotted (IB) with antibody for active c-Jun kinase (P-JNK) and total JNK to ensure equivalent loading of protein

in each well. (B) VSM cells were treated with 3000 U/ml catalase 16 h before stimulation with 10 ng//ml IL-1b for 10 min. JNK activation was determined as described for

(A). (C) VSM cells were treated with 10 mM DPI for 30 min before stimulation with 10 ng//ml IL-1b for 10 min. JNK activation was determined as described for (A). On the

right of each immunoblot is the quantitation of three or four separate experiments.
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