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Article history: P-21 activated kinases, or PAKs, are serine-threonine kinases that serve a role in diverse biological functions and
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PAK1 organ diseases with an emphasis on cardiovascular disease, and the PAK signaling pathway, including activators
PAK2 and targets of PAK. Also, we discuss PAK1 as a pharmacological anti-inflammatory target, explore the potentials
NADPH oxidase and the limitations of the current pharmacological tools to regulate PAK1 activity during inflammation, and
Cardiac provide indications for future research. We conclude that a vast amount of evidence supports the idea that
Cytoskeletal dynamics PAK is a central molecule in inflammatory signaling, thus making PAK1 itself a promising prospective pharmaco-
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1. Introduction

P-21 activated kinases, or PAKs, are serine-threonine kinases
activated by the small GTP binding proteins Cdc42 and Rac1 [1,2], and
they serve a role in diverse biological functions and organ system
diseases [3]. So far, the PAK isoforms identified in mammalian cells are
characterized into group I (PAK1-3) and group Il (PAK4-6). The first
group of PAKs shares a high sequence homology and is highly evolu-
tionarily conserved [3].

Originally discovered in brain tissue [4], PAKs are important regula-
tors of the inflammatory response. To the best of our knowledge,
only PAK1 and PAK2, but not PAK3, have been thus far associated with
inflammation, immunity, and infective diseases [5-9]. Additionally,
PAK1 and PAK2 are the two most abundantly expressed PAK isoforms
in white blood cells, including T lymphocytes, neutrophils, macro-
phages, and mast cells [10-14]. One way in which PAK1 and PAK2
regulate the molecular mechanisms of inflammation is through activa-
tion of their downstream target nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH oxidase) in neutrophils [15,16]. In the
above mentioned cell types, PAK1 is implicated in the regulation of
NADPH oxidase activity through several direct and indirect mecha-
nisms, which are described hereafter.

In this review, we describe the role of PAKs in inflammation, with an
emphasis on PAK1 and PAK2. PAK signaling has been the focus of many
investigations under many different experimental models and condi-
tions. This review aims to piece together what is known about PAK1
across several cell types, highlighting the role of PAK1 and PAK2 in
inflammation in relation to NADPH oxidase activation. Also, we will dis-
cuss the role of PAK1 as a therapeutic anti-inflammatory target, explore
the potentials and the limitations of the current drugs that regulate
PAK1 activity during inflammation, and provide indications for future
research.

2. PAK structure and activation

P21-activated kinases are a family of enzymes that are central in
regulating intracellular signaling and cellular functions [13,17,18]. The
actions of PAKs in the context of different cellular functions [19] are
tightly regulated and are often achieved as a result of conformational
changes in PAK molecular domains. Thus, a clear knowledge of the
structure of PAKs is fundamental to understand their regulation
and functions. In Fig. 1, we illustrate the primary structure of PAK1,
and we show one of the most studied mechanisms of its activation.

The entire PAK structure is incompletely understood, although the
crystal structure of PAK1 has been partly resolved. So far, it is known
that the N-terminus of Group I PAKs shares a unique proline-rich
motif located between amino acids 182-203, which is the binding site
of the SH3 domain of PIX, an essential activator of PAK1/2/3 (Fig. 1 A).
Thus far, only some parts of the auto-inhibitory domain, located in the

N-terminal domain, and the kinase domain, located in the C-terminal
domain, of some members of the PAK family have been elucidated [19].

One important key to understanding PAK structure and function is to
understand its mechanism of activation. When in the inactive state,
PAK1 homodimerizes with another PAK1 molecule through the dimer-
ization segment (DI), the inhibitor switch domain (IS), the kinase-
inhibiting segment (KI) domain, and an amino acid segment across
the kinase domain (Fig. 1 B). The IS domain overlaps with the protein
binding domain (PBD), which binds the GTPases Rac1/cdc42 and the
auto-inhibitory domain (AID). The binding of GTPases to the PBD
induces a conformational change in the kinase inhibitor (KI) fragment
located within the AID. This is first followed by the dissociation of the
IS from the kinase domain, then by PAK autophosphorylation of the
T-loop, resulting in the activation of PAK1.

An ATP binding pocket (where ATP is the native ligand) exists and
lies between the N-lobe and the C-lobe of the PAK1 kinase domain.
This niche has been recently exploited to achieve pharmacological mod-
ulation of PAK1. A molecular analysis of the kinase domain structure
using a Q-site finder technique has illustrated that molecular niches
exist that could nest small pharmacological molecules. In fact, most
PAK non-native ligands (e.g. 3Q53 [20], 3FXZ [21], 3FY0 [21], and
2HY8 [22]) bind to the ATP binding pocket, nurturing hopes that
modulation of PAKs can be pharmacologically achieved.

Additional studies are required to fully understand the mechanism
of PAK activation, especially across multiple organs and cell types.
There remains a limited understanding of the effects of PAK regulation
of the inflammatory process. A better understanding of both the role
of PAK in multiple systems, as well as the relationship between the
PAK structure and function, will provide the necessary knowledge to
design activators or inhibitors that bind to PAK and modulate its
functions in the inflammatory process.

3. Mechanisms of PAK activation

Besides activation via the small Rho GTPase Rac1, PAK1 can alterna-
tively or synergistically be activated by other molecules, including
membrane lipids [23] or receptor agonists [24]. Recently, we have
understood that a vast number of important regulators of the inflamma-
tory process act upon PAK1 as a downstream target and exert their
effects through PAK1. In this section and in Fig. 2, we describe some re-
cent advances in the understanding of signaling mechanisms involved
in the activation of PAK during inflammation.
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3.1. Lipid-mediated and receptor tyrosine kinase-mediated activation of 151

PAK1 and NADPH oxidase

Long chain sphingoid bases, sphingosine, phosphatidic acid, and
phosphatidyl inositol produce stimulatory effects on PAK1 through a
domain that is similar to the GTP-ase binding domain [25]. On the
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