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ABSTRACT

Oxidative stress has been implicated in the pathogenesis of several inflammatory lung disorders including
chronic obstructive pulmonary disease (COPD), due to its effect on pro-inflammatory gene transcription. Cig-
arette smoke-mediated oxidative stress activates NF-�B-dependent transcription of pro-inflammatory medi-
ators either through activation of inhibitor �B-� kinase (IKK) and/or the enhanced recruitment and activa-
tion of transcriptional co-activators. Enhanced NF-�B–co-activator complex formation results in targeted
increase in chromatin modifications, such as histone acetylation leading to inflammatory gene transcription.
NF-�B-dependent gene expression, at least in part, is regulated by changes in deacetylases such as histone
deacetylases (HDACs) and sirtuins. Cigarette smoke and oxidants also alter the activity of HDACs and sir-
tuins by post-translational modifications by protein carbonylation and nitration, and in doing so further in-
duce gene expression of pro-inflammatory mediators by chromatin modifications. In addition, cigarette
smoke/oxidants can reduce glucocorticoid sensitivity by attenuating HDAC2 activity and expression, which
may account for the glucocorticoid insensitivity in patients with COPD. Understanding the mechanisms of
NF-�B regulation, and the balance between histone acetylation and deacetylation may lead to the develop-
ment of novel therapies based on the pharmacological manipulation of IKK and deacetylases in lung inflam-
mation and injury. Antioxid. Redox Signal. 10, 799–811.

799

INTRODUCTION

BIOLOGICAL SYSTEMS ARE continuously exposed to oxidants
either generated endogenously by metabolic reactions (mi-

tochondrial electron transport during respiration, during acti-
vating phagocytes) or exogenously (air pollutants or cigarette
smoke). The great external surface area (1–2 m2) of the human
airway epithelium (300 million alveoli), alveolar ducts (14 mil-
lion), capillary segments (280 billion), plus its direct contact
with the high oxygen environment for gas exchange between
air and blood (alveolar and alveolar–capillary surface area �
40 to 80 square meters) makes the lung a major target for ox-
idative injury from reactive oxygen species (ROS) and free rad-

icals (5, 71, 73). Inflammation is an important protective re-
sponse to cellular/tissue injury. The purpose of this process is
to destroy and remove the injurious agent and injured tissues,
thereby promoting tissue repair. When this crucial and normally
beneficial response occurs in an uncontrolled manner, the re-
sult is excessive cellular/tissue damage that results in chronic
inflammation and destruction of normal tissue. ROS, such as
superoxide anion (O2

•�) liberated by phagocytes recruited to
sites of inflammation, are proposed to be a major cause of the
cell and tissue damage associated with many chronic inflam-
matory diseases such as asthma and chronic obstructive pul-
monary disease (COPD) (58, 67, 72). Increased levels of ROS
have been implicated in initiating the lung inflammatory re-
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sponses through the activation of redox sensitive transcription
factor, nuclear factor-kappa B (NF-�B), and chromatin remod-
eling (histone acetylation/deacetylation), which regulate the
gene expression of pro-inflammatory mediators (70) (Fig. 1).
In this review, we present an overview of redox regulation of
NF-�B and describe the current evidence on involvement of
deacetylases in oxidant-mediated lung inflammation.

OXIDATIVE STRESS

Aerobic metabolism is the major source of ROS and reactive
nitrogen species (RNS), which are essentially the byproducts
of normal oxygen metabolism. Biological systems are capable
of forming highly reactive moieties, both free radicals and non-
radicals. These biologically active species participate in normal
cell functions by serving in host defense and also in cell sig-
naling as messenger molecules of autocrine or paracrine sys-
tem (77), but their excess production may result in tissue in-
jury and inflammation (38). To combat these unrelenting
insults, the lungs have well-coordinated and efficient endoge-
nous antioxidant defense systems, which protect against the in-
jurious effects of oxidants by electron transfer, enzymatic re-
moval, scavenging, and by keeping transition metal ions tightly
sequestered. There are three major classifications in the en-
dogenous antioxidant defenses. (a) Primary defense can pre-
vent radical formation. Transferrin and lactoferrin have this role
in extracellular fluids; (b) Secondary defense removes or inac-
tivates formed ROS. This may be enzymes such as superoxide
dismutase and glutathione peroxidase as well as nonenzymatic
molecules such as reduced glutathione, �-tocopherol, ascorbic
acid, �-carotene, albumin, mucin, glucoase, bilirubin, and uric
acid; (c) Tertiary defense operates to remove and or repair ox-
idatively damaged molecules, and is particularly important for
proteins and deoxyribonucleic acids (5). The lung has precise

balance between the production/exposure of oxidants and en-
dogenous antioxidants. Oxidative stress resulting from an im-
balanced ratio between ROS production and its detoxification
plays an important role in cellular processes such as signal trans-
duction and gene expression (25). During acute and chronic in-
flammations, ROS is produced at rates that overwhelm the ca-
pacity of the endogenous antioxidant defense system to remove
it, resulting in oxidative stress (25). Increased ROS production
and reduced endogenous antioxidant defense has been reported
in several lung diseases, including COPD (52, 68, 73). This may
result in oxidative stress condition, which is involved in the
pathogenesis of various chronic inflammatory lung diseases.

ENDOGENOUS ROS PRODUCTION 
IN THE LUNG

Reactive oxygen and nitrogen species are generated by sev-
eral inflammatory and structural cells of the airways. A com-
mon feature of all inflammatory lung diseases is the involve-
ment of an inflammatory–immune response, characterized by
activation of epithelial cells and resident macrophages, and the
recruitment and activation of neutrophils, eosinophils, mono-
cytes, and lymphocytes. Inflammatory cells once recruited in
the airspace become activated and generate ROS in response to
a sufficient level of a secretagogue stimulus (threshold condi-
tion). The activation of macrophages, neutrophils, and
eosinophils generates O2

•�, which is rapidly converted to hy-
drogen peroxide (H2O2) by superoxide dismutase (SOD), and
hydroxyl radical (•OH) formed nonenzymatically in the pres-
ence of Fe2� as a secondary reaction. ROS can also be gener-
ated intracellularly from several sources such as mitochondrial
respiration, the NADPH oxidase system, and xanthine/xanthine
oxidase (65). At sites of inflammation, increased free radical
activity is associated with the activation of the neutrophil
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FIG. 1. ROS-mediated inflammation in the
lung. Oxidative stress condition is produced in the
lung by inhaled oxidants (external sources) and/or re-
lease of ROS by the cellular sources. Inflammatory
cells such as activated neutrophils (PMNs), alveolar
macrophages (AMs), and eosinophils (Eos) are the
most important cells involved in endogenous gener-
ation of ROS. Intra- and extra-cellular generation of
ROS lead to oxidant/antioxidant imbalance and oxi-
dation of biomolecules. ROS-mediated activation of
NF-�B and chromatin remodeling leads to upregu-
lated transcription of pro-inflammatory chemokine
and cytokine genes, and increased release of pro-in-
flammatory mediators which are involved in the in-
flammatory responses in patients with COPD. ROS,
reactive oxygen species; RNS, reactive nitrogen
species.
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NADPH oxidase and/or the uncoupling of a variety of redox
systems, including endothelial cell xanthine dehydrogenase (23,
53).

ENVIRONMENTAL OXIDANTS

The air is polluted with cigarette smoke, automobile exhaust,
diesel soot, ozone, sulfur dioxide, nitrogen dioxide, and vary-
ing degrees of other pollutants produced by anthropogenic ac-
tivities. Due to the unique structure and function, lung is vul-
nerable to numerous pathogens, pollutants, oxidants, gases, and
toxicants that are inhaled continuously with ambient air. In-
halation of such toxic pollutants and microorganisms results in
lung injury and generation of reactive oxygen/nitrogen species
leading to cascades of signaling events triggering inflammatory
influx, production of proinflammatory cytokines, chemokines,
and other factors (21). Cigarette smoke is the major etiological
factor in the pathogenesis of COPD (66). An increased oxidant
burden in smokers derives from the fact that cigarette smoke
contains an estimated 1017 oxidants/free radicals and 4,700
chemical compounds, including aldehydes and quinones per
puff, and many of those are relatively long-lived such as tar-
semiquinone that can generate •OH and H2O2 by the Fenton re-
action (14).

OXIDATIVE STRESS 
AND INFLAMMATION

Oxidative stress has been implicated in cell and tissue dam-
age associated with many chronic inflammatory lung diseases
such as asthma, COPD, idiopathic pulmonary fibrosis (IPF),
and adult respiratory distress syndrome (ARDS) (1). Increased
ROS production has been directly linked to oxidation of pro-
tein, DNA, and lipids, which may cause direct lung injury or
induce a variety of cellular responses through the generation of
secondary metabolic reactive species. The pathogenesis of
many forms of lung injury has implicated peroxidative break-
down of polyunsaturated fatty acids due to the effects on mem-
brane function, inactivation of membrane-bound receptors and
enzymes, and increased tissue permeability (67). There is in-
creasing evidence that aldehydes, generated endogenously dur-
ing the process of lipid peroxidation, are involved in many of
the pathophysiological events associated with oxidative stress
in cells and tissues (36). In addition to their cytotoxic proper-
ties, lipid peroxides are increasingly recognized as being im-
portant in signal transduction for a number of important events
in the inflammatory response in the lungs (67).

ROS may alter the remodeling of extracellular matrix,
apoptosis and mitochondrial respiration, cell proliferation,
maintenance of surfactant and the antiprotease screen, effec-
tive alveolar repair responses, and immune modulation in the
lung (65, 66). ROS produced by phagocytes that have been
recruited to sites of inflammation, are a major cause of the
cell and tissue damage associated with many chronic in-
flammatory lung diseases such as asthma, COPD, IPF, and
ARDS. All these diseases involve the recruitment of immune
and inflammatory cells to the lungs. These cells are activated

and produce mediators of inflammation including ROS and
cytokines, such as the pro-inflammatory cytokine tumor ne-
crosis factor-� (TNF-�) (65).

OXIDATIVE STRESS AND 
CELL SIGNALING

There has been a paradigm shift in the belief that ROS may
not always be detrimental, and the concept that ROS can be
produced deliberately and act on specific targets to modulate
signaling pathways is gaining credence. In fact, the role of ROS
as second messengers, in particular that of H2O2, is gaining ac-
ceptance, as the four characteristics of classical second mes-
sengers (i.e., regulated enzymatic production, degradation by
specific enzymes, presence at low concentrations that can be
transiently elevated to measurable amounts upon stimulation,
and (at least for H2O2) ability to react at specific sites, such as
metals and thiolates) are now getting support from studies with
protein tyrosine phosphatases and other thiol-containing pro-
teins.

The response of a cell or organism to an increase in ROS of-
ten involves the activation of numerous intracellular signaling
pathways. These cytosolic pathways can, in turn, regulate a host
of transcriptional changes that allow the cell to respond appro-
priately to the perceived oxidative stress. In addition to the reg-
ulation achieved by classical cytosolic signaling pathways, such
as the family of mitogen-activated protein kinases, evidence
suggests that certain transcription factors can directly or indi-
rectly alter their activity, depending on cellular redox condi-
tions (49). ROS such as hydrogen peroxide (H2O2) and oxygen
free radicals are implicated in the regulation and pathogenesis
of inflammation. There is a growing body of evidence that ROS
can be purposely made within cells to serve as signaling mol-
ecules (49, 67). Importantly, oxidants (ROS and RNS) produced
by neutrophils participate as signaling molecules that regulate
diverse physiological signaling pathways in neutrophils. They
also serve as modulators of protein and lipid kinases, phos-
phatases, membrane receptors, ion channels, and transcription
factors, including NF-�B. The latter regulates expression of key
cytokines and chemokines that further modulate the inflamma-
tory response (1).

Redox sensitive molecular targets usually contain highly con-
served cysteine residues, and their oxidation, nitration, and for-
mation of disulfide links are crucial events in oxidant/redox sig-
naling. It is hypothesized that oxidation of those sulfide groups
in signaling proteins causes structural modifications, resulting
in the exposure of active sites and protein activation. Such mo-
lecular targets include transcription factors (NF-�B and AP-1),
signaling molecules such as ras/rac or c-Jun N-terminal kinase
(JNK), protein tyrosine phosphatases, and p21ras. Thiol mole-
cules such as intracellular reduced glutathione (GSH) and
thioredoxin are of central therapeutic importance in the regu-
lated control of such redox signaling pathways, by reducing
disulfide bridges or oxidized cysteine residues (68). Recent
studies have shown that in response to TNF-� and lipopolysac-
charide (LPS), which are relevant stimuli for the inflammatory
response in chronic inflammatory lung diseases, airway ep-
ithelial cells can concurrently produce increased amounts of in-
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tracellular ROS. This intracellular production of oxidants and
the subsequent changes in intracellular redox status is impor-
tant in the molecular events controlling the expression of genes
for inflammatory mediators. The signaling pathways and acti-
vation of transcription factors in response to ROS is subject of
rigorous investigation.

REDOX SIGNALING AND 
OXIDATIVE STRESS

At this juncture, it would be prudent to differentiate redox
signaling from oxidative stress. Redox signaling involves at
least one reaction of reversible oxidation of a signaling mole-
cule that is intended to modulate a signaling pathway (e.g., al-
teration of sulfhydryl group on protein phosphatases as dis-
cussed above). On the other hand, oxidative stress is often
characterized as an imbalance in the oxidant/antioxidant ratio,
tilted toward a higher proportion of oxidants. The ultimate out-
come of oxidative stress is cell-type specific, which can not
only elicit responses ranging from severe oxidative damage,
loss of cell function and viability, to apoptosis and ultimately
necrosis, but may also induce responses such as cell differen-
tiation to cell cycle progression (2, 60). Since both redox sig-
naling and oxidative stress may occur during different phases
of inflammation, it is vital to understand the exact phenome-
non that underlies a pathologic state before designing a thera-
peutic strategy to counter the aberrations. Also, since cigarette
smoke can elicit both redox and oxidative alterations (mainly
protein carbonylation) in a given type of a cell, it would be very
vital to systematically delineate which mechanistic and signal-
ing pathway cigarette smoke alters. This knowledge would lead
to better understanding of the pathology due to cigarette smoke
and would also lead to development of a specific therapeutic
agent.

REDOX REGULATION OF NF-�B

NF-�B is a family of seven structurally related transcription
factors (p50, p105, p52, p100, RelA/p65, C-Rel, and RelB) that
play a central role in inflammation and stress response by con-
trolling gene network expression (30). The members of the NF-
�B/Rel family of transcription factors are known to activate ex-
pression of many pro-inflammatory genes involved in lung
inflammation (71). The expression of inflammatory mediators can
be regulated by the activation of redox-sensitive transcription fac-
tor, NF-�B, stimulated in response to ROS (66) (Fig. 2). In addi-
tion to ROS, cellular redox status, particularly thiol status can be
directly involved in activation of NF-�B, signal transduction, and
gene expression involved in cellular pathophysiologic activities
(66). Based on earlier studies with antioxidants, it was proposed
that activation of NF-�B is redox-sensitive and is regulated by the
changes in the oxidant/antioxidant balance, further suggesting that
agonists activating NF-�B, in particular TNF-�, could stimulate
the production of ROS (8, 62).

Many proteins in the NF-�B pathway have reactive cysteine
residue that impacts on NF-�B activation. Oxidation, nitration,
and formation of disulfide links in cysteine residues of NF-�B are
crucial events in oxidant/redox signaling. Oxidation of these
sulfhydryl groups may cause structural modifications, resulting in
the exposure of active site of the signaling protein and protein ac-
tivation (69). In addition to cysteine, other amino acids, particu-
larly those containing aromatic rings, the thioester of methionine,
and the protein backbone itself can also be oxidized, which may
impact signaling modules, such as NF-�B activation (17).
Whereas NF-�B subunits themselves can be a target of oxidative
regulation, upstream kinases of the NF-�B pathway are also sub-
ject to redox regulation, and may in fact determine whether NF-
�B will be activated or inhibited in the presence of ROS. Many
kinases (IKK, AKT/PI3K, MEKK-1, and various nuclear kinases)
involved in direct or indirect activation of NF-�B are affected by
oxidants and therefore, have the potential to alter NF-�B activity

RAJENDRASOZHAN ET AL.802

FIG. 2. Mechanism of ROS-mediated ac-
tivation of NF-��B and pro-inflammatory
gene transcription. NF-�B exists as a
heterodimeric complex of p50 and
p65/RelA subunits. In the absence of stim-
ulation, NF-�B is found in the cytoplasm
as an inactive non-DNA binding form in as-
sociation with inhibitory �B (I�B). ROS are
involved in the activation of NF-�B by re-
dox modulation of critical cysteine residue
present on I�B kinase (IKK) subunit. Acti-
vation of NF-�B involves the phosphoryla-
tion, ubiquitination, and subsequent prote-
olytic degradation of the inhibitory protein
I�B. Free/active NF-�B then translocates
into the nucleus and binds with its con-
senses sites which leads to the expression
of pro-inflammatory genes. p50 and p65,
subunits of NF-�B; P, phosphate; ROS, re-
active oxygen species; Ub, ubiquitin.
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(62). Antioxidants, for instance, have been reported to block NF-
�B activation in certain cell types, leading to the hypothesis that
the activation of this transcription factor is mediated by ROS in
response to specific stimuli. A wide array of antioxidants that can
detoxify ROS/RNS have been reported to suppress the activation
of NF-�B signaling (37).

ROLE OF NF-�B IN HISTONE
MODIFICATIONS: EPIGENETICS

The complex structure of chromatin consists of DNA wrapped
around an octamer of core histones, which is composed of two
molecules each of the histones H2A, H2B, H3, and H4. Nucleo-
somal DNA is dynamically packaged to varying degrees, result-
ing in different levels of chromatin compaction ranging from the
10-nm fiber to higher order structures, such as the condensed mi-
totic chromosomes. Condensation of eukaryotic DNA in chro-
matin suppresses gene activity through the coiling of DNA on the
surface of the nucleosome core and folding of nucleosome as-
semblies, thus decreasing the accessibility of transcriptional fac-
tors, such as NF-�B (71, 87). Alterations in the structure of chro-
matin are critical to the regulation of gene expression (83). Gene
expression is regulated by modifications such as acetylation of
core histones through the concerted action of coactivators such as
CBP (cAMP-response element binding protein-binding pro-
tein)/adenoviral protein E1A (p300), CBP/p300 associated factor
(P/CAF) and activating transcription factor-2 (ATF-2), which
have intrinsic histone acetyltransferase (HAT) activity and are able
to recruit other HAT enzymes. Acetylation of the �-group on ly-
sine (K) residues results in neutralization of positive charge on hi-
stone tails that weakens the electrostatic interaction between the
histone and the DNA backbone and facilitates access to tran-
scription factors (34). Increase in histone acetylation is therefore
associated with increased gene expression. Recent studies postu-
lates that histone tails themselves might participate directly in the
binding of transcription factors (e.g., by virtue of modified amino
acids recognized by these factors) (39). In addition, phosphoryla-
tion of histone is known as an early step in chromatin remodel-
ing and is important during chromosomal replication. Recently,
this modification also has been found to be associated with rapidly
inducible pro-inflammatory gene promoters (32).

CBP/p300, transcriptional coactivators with intrinsic HAT
activity, is regulated by the p38 MAP kinase pathway that is
activated by oxidative stress condition (67). Kinase-mediated
phosphorylation of CBP/p300 has local effects on the confor-
mation and activity. The additional charge from the phosphate
at Ser133 has been shown to increase the recruitment of
CBP/p300 by forming hydrogen bonds with the Tyr658 and
Lys662 residues in KIX domain (64, 96). Activation of CBP
leads to acetylation of specific core histone lysine residues by
an intrinsic HAT activity. Acetylation of the histone tails pre-
sumably destabilizes the nucleosome, thereby facilitating ac-
cess by transcription factors and regulatory factors. Transcrip-
tion coactivator, p300, and CBP are reported to be involved in
the regulation of various DNA-binding transcriptional factors
(61). Like other transcription factors, NF-�B (RelA/p65) relies
on the lysine acetylation of histones by HAT to initiate DNA

uncoiling and allow the accessibility for binding (12). Thus hi-
stone acetylation via CBP/p300 has a significant role in the ac-
tivation of NF-�B mediated pro-inflammatory gene expression.

Repression of genes is associated with histone deacetylation, a
process controlled by histone deacetylases (HDACs). HDACs, con-
versely, act by catalyzing the removal of acetyl groups on amino-
terminal lysine (K) residues of histones, producing DNA rewind-
ing and a condensed chromatin structure, which results in
transcriptional repression and gene silencing. Thus, HDACs play
an important role in maintaining the balance of histone acetyla-
tion/deacetylation and/or transcriptional activity of pro-inflamma-
tory genes in cells (67). Apart from the inhibition of gene tran-
scription, HDACs also directly affect the nuclear activity of
transcription factors such as NF-�B (12). HDACs not only deacety-
late histones but also have the ability to deacetylate nonhistone pro-
teins such as NF-�B and thereby have the ability to regulate NF-
�B dependent pro-inflammatory gene transcription (76). HDACs
are known to regulate critical cellular processes such as cell cycle
progression and differentiation, while HDAC inhibitors are being
studied as potential anti-cancer therapies since they induce apopto-
sis and cell cycle arrest in certain transformed cell lines (56).

There are 18 potential deacetylase enzymes, HDAC1 to
HDAC11 and Silent Information Regulator (SIRT) SIRT1 to
SIRT7, have been identified in humans (18, 57). They are clas-
sified into four classes: Class I HDACs include HDACs 1, 2, 3,
8, and are almost exclusively localized to the nucleus, depend-
ing on the presence or absence of a nuclear localization signal
(NLS) and a nuclear export signal (NES) (18). Members of this
class are related to the yeast RPD3 protein. Class II HDACs in-
clude HDACs 4–7, 9, and 10. These share similarities to the yeast
HDAC1, and HDAC2 are thought to be able to shuttle between
the nucleus and cytoplasm. However, it is thought that class II
HDACs, unlike members of the class I family, are expressed in
a cell-specific pattern, suggesting they may play a role in spe-
cific cell functions. Class III HDACs include SIRT 1–7 NAD�

family. It is suggested they may play a role in aging, inflamma-
tion, and cell senescence, and possess nonhistone protein sub-
strates. Class IV HDACs include HDAC 11 (57).

ROLE OF HDAC2 IN THE REGULATION
OF NF-�B DEPENDENT GENES

Several reports have shown that HDACs 1–3 can also be as-
sociated with inactive RelA/p65 and play a role in the regulation
of NF-�B-mediated gene transcription (3, 12, 95) (Table 1). Thus,
changes in HDAC activity associated with RelA/p65 can enhance
or repress NF-�B-mediated gene expression (95). Among sev-
eral types of HDACs, HDAC2 is well characterized and reported
to play a role in the regulation of inflammation and has been im-
plicated in the dysregulation in smokers and patients with COPD
(4, 44, 78). HDAC2 expression and activity is decreased in smok-
ers, COPD subjects, and mild asthma patients, and there is a good
correlation between cytokine production and HDAC activity in
alveolar macrophages from smokers and nonsmokers (1, 4, 44).
Decreased levels/activities of HDAC2 (i.e., disruption of the
acetylation:deacetylation balance) may lead to sustained tran-
scription of pro-inflammatory gene controlled by NF-�B, result-

NF-�B AND DEACETYLASES IN COPD 803



ing in a chronic inflammatory response. Cigarette smoke extract
(CSE)-mediated reduction in HDAC2 was associated with in-
creased RelA/p65, and indicated that RelA/p65 interacts with
HDAC2 and RelA/p65 becomes available or retained in the nu-
cleus for pro-inflammatory gene transcription when HDAC2 is
decreased (88). In addition, we also demonstrated HDAC3, but
not HDAC1, interacted with RelA/p65, suggesting an important
role of specific HDACs such as HDAC2 and HDAC3 in regu-
lation of the NF-�B signaling pathway, particularly in response
to cigarette smoke (88). The binding of NF-�B to HDAC2 pre-
sumably reflects the recruitment of HDAC2 to specific NF-�B
target promoters. The domains of HDAC2 and NF-�B that in-
teract remain to be identified. It is unlikely that this interaction
involves the DNA binding domain of NF-�B, because tricho-
statin A (TSA) treatment did not significantly interfere with DNA
binding (93).

HDAC2 has also been implicated in the anti-inflammatory ef-
fects of corticosteroids as ligand-bound steroid receptors recruit
HDAC2 to promoters of pro-inflammatory genes, leading to
deacetylation and transcriptional repression. However, a small
proportion of severe asthmatics who smoke and severe COPD pa-
tients exhibit unresponsiveness towards high doses of oral corti-
costeroids. The current hypothesis indicates that cigarette smoke-
induced oxidative stress alters the basal HDAC2 response via

post-translational modifications and an induced net loss of
HDAC2. The absence of HDAC2 or the presence of a defective
HDAC2 protein may thus explain the abnormal inflammatory re-
sponse and corticosteroid inefficiency in patients with COPD. De-
creased HDAC2 protein expression and deacetylase activity ob-
served in the macrophage of COPD patients (15, 42) is implicated
in an impaired ability of dexamethasone to inhibit basal cytokine
release in alveolar macrophages from COPD patients compared
to casual smokers (16) (Fig. 3). However, while many studies
have focused on establishing a link between decreased HDAC2
expression and increased susceptibility to persistent inflammation,
little is known on how HDAC2 expression is regulated in response
to cigarette smoke-induced oxidative stress.

POST-TRANSLATIONAL MODIFICATIONS
OF HDAC2 AND ITS IMPACT ON
TRANCRIPTIONAL REGULATION

Post-translational modifications, such as carbonylation and
nitration of HDAC2, have recently been thought to be the pri-
mary mechanism involved in decreased activity of HDAC2,
particularly as observed in alveolar macrophages and periph-

RAJENDRASOZHAN ET AL.804

TABLE 1. INTRACELLULAR LOCALIZATION AND FUNCTIONS OF SOME DEACETYLASES DISCUSSED IN THIS REVIEW

Intracellular
Deacetylase localization Target Function Reference

HDAC1 Nucleus Histone H1, and • Involved in cell 75
p50 and RelA/p65 • proliferation
subunits of NF-�B • Interacts with p50 and 12, 95

• RelA/p65
HDAC2 Cytoplasm Histones, • Recruited by glucocorticoid 4, 43

and nucleus glucocorticoid • on pro-inflammatory genes
receptor, • Post-translationally 41, 88
RelA/p65 and • modified by oxidants/nitric
CBP/p300 • oxide/carbonyls

• Interacts with RelA/p65 to 88
• inhibit NF-�B transactivation
• Activated by theophylline 15, 45
• Phosphorylated and 28, 48, 82
• degraded

HDAC3 Nucleus Histone H4 and • Interacts with RelA/p65 12
RelA/p65 • and inhibits its

• transactivation
SIRT1 Cytoplasm RelA/p65, p53 • Interacts with RelA/p65 89, 91

and nucleus and FOXO3
• Involved in regulation of 57, 89
• pro-inflammatory
• mediators (cytokines) and
• matrix metalloproteinases
• Calorie restriction 6, 35
• Regulation of p53, 9, 20, 51,
• FOXO3, DNA repair, cell 57, 59
• proliferation, cell cycle, 81, 84
• senescence and aging
• SIRT1 nucleocytoplasmic shuttling 46, 80

Activity of HDAC1, HDAC2, and HDAC3 is inhibited by trichostain A, sodium butyrate, valproic acid, and suberoylanilide
hydroxamic acid, whereas SIRT1 activity is inhibited by sirtinol and nicotinamide adenine dinucleotide (NAD�), and activated
by resveratrol.



eral lung tissue from healthy smokers and patients with COPD
as compared to healthy nonsmokers (42, 54, 88). The decrease
in HDAC2 activity correlated with increased production of in-
flammatory cytokines in the lung (42, 88). Decreased HDAC2
activity was also observed in vitro experiments in monocytic
cell lines treated with cigarette smoke extract showing modifi-
cations by aldehydes and by protein nitration, and restoration
of HDAC2 activity by pretreating the cells with GSH monoethyl

ester (88). Synthetic nitric oxide (NO)/peroxynitrite donors also
increases nitrosylation of tyrosine residues on HDAC2, leading
to a decrease in deacetylase activity (41, 54). Moreover, alve-
olar macrophages from COPD patients show a marked increase
in nitrosylation of HDAC2 (15). The results suggested that ox-
idative stress may play a role in reduced activity of HDAC2 by
post-translational modification. Thus, several post-translational
modifications to HDAC2 such as nitration and �-� unsaturated
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FIG. 3. Proposed mechanism of glucocor-
ticoid resistance in COPD inflammation
and the effect of theophylline. Cigarette
smoke-mediated oxidative stress activates the
NF-�B pathway leading to acetylation of
chromatin on pro-inflammatory genes, thus
increasing the accessibility of transcription
factors, leading to increased pro-inflamma-
tory gene expression. Deacetylation results in
DNA rewinding around histone proteins, de-
creasing gene transcription. CBP/p300 func-
tion as intrinsic histone acetyltransferases
(HATs). Activated corticosteroid receptors
recruit HDAC2 into the transcriptome com-
plex promoting histone deacetylation, chro-
matin condensation, and expulsion of DNA
polymerases, shutting off gene expression.
Cigarette smoke/oxidants inhibit HDAC2 ac-
tivity (by post-translational modifications) as
well as activating NF-�B, facilitating histone
acetylation by the transcriptome complex,
even in the presence of activated glucocorti-
coid receptor. Theophylline, a methyl xan-
thine, inhibits pro-inflammatory gene expres-
sion via restoring transrepressive pathways through the activation of HDAC2. Ac, acetylation; CBP, CREB (cAMP response element
binding protein)-binding protein; GC, glucocorticoid; 4-HNE, 4-hydroxy-2-nonenal; NO2, nitric oxide; P, phosphate.

FIG. 4. Oxidant-mediated degrada-
tion of deacetylases (HDAC2) leading
to increased expression of pro-
inflammatory cytokines. DNA is
coiled around the histone proteins and
form chromatin structure. Acetylation
of chromatin (on pro-inflammatory
genes) increasing the accessibility of
transcription factors and there by in-
creasing gene transcription. Deacetyla-
tion results in DNA rewinding around
histone proteins, and decreasing gene
transcription. Thus, HDACs involved in
the maintenance of histone acetylation
and deacetylation balance and thereby
control the gene expression. HDAC
may be post-translationally modified 
by phosphorylation, carbonylation, or
aldehyde adducts formation, and ni-
tration, leading to increased ubiquitina-
tion and subsequent degradation of
HDACs. Decreased HDACs leads to an
increased histone acetylation/deacetyla-
tion ratio which causes increased acety-
lation of chromatin, chromatin remodu-
lation, and increased transcription of pro-inflammatory mediators. Ac, acetylation; HAT, histone acetyltransferase, HDAC, histone
deacetylase; 4-HNE, 4-hydroxy-2-nonenal; NO2, nitric oxide, P, phosphate.
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aldehyde-adduct formation (protein carbonyl-adducts) have
been implicated in the loss of deacetylase activity and as pos-
sible mechanisms for pro-inflammatory response in patients
with COPD (Fig. 4).

With the exception of mammalian HDAC8, recombinant
HDACs are not enzymatically active (40) and require a co-re-
pressor complex that involves complex protein–protein inter-
actions that enhance their deacetylase activities or mediate their
association with histones or DNA since HDACs have no abil-
ity to bind DNA. HDAC2 is known to associate with three
different co-repressor complexes; Sin3, NuRD/Mi2, and the
CoRest complexes (Fig. 5). Both the Sin3 and Mi2 complexes
contain a core group of four proteins HDAC1, HDAC2,
RbAp46, and RbAp48 including the distinct mSin3A protein in
the Sin3 complex and Mi2 in the NuRD/Mi2 complex (76).
RbAp48 is known to selectively bind to histone H4 in vivo (85),
thus serving to recruit HDAC2 to co-repressor complex. Since
HDACs were first discovered to be phosphoproteins (82), an
increasing body of evidence is elucidating mechanisms by
which HDAC2 is regulated by hyperphosphorylation. Galasin-
ski et al. first showed that HDAC2 exists in three forms; the
unphosphorylated, basally phosphorylated, and hyperphospho-
rylated forms (28). Hyperphosphorylation of HDAC2 induced
by inhibiting cellular serine phosphatase activity increased dis-
ruption of the HDAC2-mSin3A interaction (28); oxidative and
nitrative stress was also shown to reduce the Mi2/mSin3A in-
teraction with HDAC2 without a reduction in protein expres-
sion (29). In vitro phosphorylated flag-tagged HDAC2 showed
a reduction in deacetylase activity (82), indicating that hyper-
phosphorylation of co-repressor complex may be one plausible
explanation for decreased HDAC2 deacetylase activity in re-
sponse to oxidative stress. However, the observation that hy-
pophosphorylated HDAC2 disrupts interaction with mSin3A/
Mi2 (82) is further evidence of the complex mechanisms by
which phosphorylation regulates HDAC2. Site-directed muta-
tions of Ser421 and Ser423 phosphorylation sites in HDAC1 com-
pletely abolishes co-repressor complex formation (76). Basal

phosphorylation is required for its deacetylase activity, how-
ever, hyperphosphorylation of HDAC2 has been shown to cause
a dissociation of the co-repressor complex required for deacety-
lase activity (28) (Fig. 5).

Current theories on HDAC2 degradation has focused
mainly on a possible role of the ubiquitin–proteasomal path-
way. Proteolytic degradation regulates the basal turnover
HDAC2, and it is currently hypothesized that hyperphospho-
rylation of HDAC2 may increase ubiquitination and eventual
net loss of HDAC2. Valproic acid, a potent inhibitor of
HDACs, increases the polyubiquitination of HDAC2, while
the overexpression of the E2 ubiquitin ligase Ubc8 causes a
decrease in HDAC2 protein expression (48). It remains to be
seen whether oxidative stress-induced hyperphosphorylation
may regulate HDAC2 in a similar fashion. Whereas protein
kinase A (PKA) is known to phosphorylate HDAC1, only ca-
sein kinase 2 (CK2) is known to phosphorylate HDAC2 in
vivo and in vitro (82). Oxidative stress-induced phospho-
inositide-3 kinase (PI3K) activation has been shown to be in-
volved in reducing HDAC2 activity (22); other studies have
shown a decreased inflammatory response to cigarette smoke
exposure in the PI3K� knock-out mouse model (33) while
PI3K� knock-in restored steroid function in a mouse model
of cigarette smoke exposure (53). However, no direct link be-
tween PI3K and hyperphosphorylation of HDAC2 has been
established. Cigarette smoke is known to cause increased
HDAC2 phosphorylation. Since valproic acid, an HDAC2 in-
hibitor, induces HDAC2 ubiquitination and proteasomal
degradation (48), it is thought that cigarette smoke might in-
duce degradation of HDAC2 via the ubiquitin–proteasome
pathway and that hyperphosphorylation might be the trigger 
for this event. This contention of cigarette smoke-mediated
HDAC2 regulation by ubiquitin–proteasome pathway re-
quires further investigation.

The loss of HDAC2 levels in the lung of COPD patients may
also be a result of observed reduction in HDAC2 mRNA ex-
pression (42). A recent study using a luciferase reporter system

RAJENDRASOZHAN ET AL.806

FIG. 5. Proposed model for the regulation of
HDAC2 co-repressor complex via phosphory-
lation/dephosphorylation. HDAC2 can be
phosphorylated by phosphokinase CK2 (PKCK2)
and possibly by other kinases, such as phospho-
inositide-3 kinase (PI3K) and members of the mi-
togen-activated protein (MAP) kinase family, and
dephosphorylated by ser/thr phosphatase-depen-
dent mechanisms. Alteration in phosphoryla-
tion/dephosphorylation status can modify
HDAC2 activity, particularly in response to cig-
arette smoke/oxidants exposure. The activity of
HDAC2 relies on its association with co-repres-
sor complexes (Sin 3A, NuRD/Mi2, N-
CoR1/SMRT, and Co-REST). Post-translational
modifications of HAC2 may have ramifications
in sustained lung inflammatory responses by the
disruption of HDAC2 co-repressor complex. The
mechanisms that underlie cigarette smoke-medi-
ated reductions in HDAC2 levels are not known,
although an attractive hypothesis is that it in-

volves alterations in HDAC2 phosphorylation or inhibition of ser-thr phosphatases may lead to subsequent ubiquitination and
degradation of HDAC2 by the 26S proteasome. A similar mechanism may be possible for SIRT1 and other HDAC members.
Ser-P, phosphoserine; Thr-P, phosphothreonine; � , disruption of HDAC2 complex.
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linked to the HDAC2 promoter showed diminished promoter
activation in response to hypoxia and oxidative stress which
was rescued by corticosteroids (10). Possible mechanisms may
involve deacetylation of critical histones in the promoter region
or increased methylation of DNA which has been linked to gene
silencing. However, very little is known about HDAC2 pro-
moter regulation that may prove to be an important link to how
cells respond to oxidative stress.

ROLE OF HDAC1 and HDAC3 IN THE
REGULATION OF NF-�B

HDAC1 (class I HDAC) is crucial in suppressing NF-�B
dependent gene expression, including silencing of pro-inflam-
matory cytokine (IL-8) expression (3, 95). Moreover, HDAC1
directly associates with the Rel homology domain of NF-�B
p65 to alter its NF-�B activity in cultured cells. HDAC2 may
also regulate NF-�B activity through its association with
HDAC1 (3). Recruitment of HDAC1 results in local histone H3
deacetylation, which facilitates the closed chromatin complex
formation and prevents the association of RNA polymerase II
with the promoter, leading to its repression (86). On stimula-
tion, NF-�B with RelA/p65 phosphorylated possibly by PKA
recruits CBP with intrinsic HAT activity and translocates to the
nucleus where it displaces the HDAC1/p50 complex to increase
gene transcription (95). Oxidative stress-mediated phosphory-
lation of RelA/p65 may lead to dissociation from HDAC1 and
can then associate with CBP/p300 (88, 95), which leads to ex-
pression of NF-�B mediated pro-inflammatory gene expression.
Oxidative stress may also cause post-translational modifications
of HDAC1 and prevent it from efficiently binding unstimulated
RelA/p65. This may predispose the cell to a higher NF-�B ac-
tivation than would normally be possible.

HDAC3 functions as a co-repressor for many sequence-spe-
cific transcription factors, including NF-�B. Through a physi-
cal interaction with transcription factors, HDAC3 is recruited
to specific promoters, where it brings about transcriptional re-
pression through histone deacetylation. In addition to this local
function, HDAC3 is also important for global genome-wide hi-
stone deacetylation, and specific inactivation of HDAC3 leads
to an increase in global histone acetylation (31, 94). HDAC3
associated with the acetyltransferases p300 and p300/CBP-as-
sociated factor (PCAF) to reverse autoacetylation. Reversible
deacetylation of the inducible transcription factor NF-�B RelA
by HDAC3 promotes effective binding to I�B� and nuclear ex-
port of the complex to regulate target gene transcription (12).

Post-translational modification of histone proteins in chro-
matin architecture plays a central role in the epigenetic regula-
tion of transcription (1). Cigarette smoke is reported to decrease
the activity of HDAC and the levels of HDAC 1, 2, and 3, which
are associated with the significant increase in 4-hydroxy-2-
nonenal (4-HNE)-mediated protein carbonylation, and nitroty-
rosine post-translational modification of HDAC proteins (41,
88). This decline in HDAC1-3 protein was however restored
by pretreating with GSH monoethyl ester, suggesting a role for
oxidative stress in reduced HDAC activity (88). Since HDACs
involved in the repression of pro-inflammatory genes, activa-
tion of HDAC2 may have therapeutic potential, and theo-
phylline has been shown to have this property, resulting in

marked potentiation of the anti-inflammatory therapy (45).
However, it is not known whether theophylline bypasses ox-
idative stress modifications or inhibits phosphorylation of
HDAC2 to restore steroid efficacy. Similarly, we have recently
shown that curcumin, a dietary polyphenolic compound, re-
versed the steroid efficacy by attenuating the CSE-induced re-
duction of HDAC2 in monocytes. This effect was not due to
curcumin’s antioxidant effect.

ROLE OF SIRTUIN (CLASS III HDAC) IN
THE REGULATION OF NF-�B

Sirtuins (SIRT, Silent information regulator 2, Sir2 family of
enzymes) belong to class III HDACs or protein deacetylase
(PDAC) that regulate gene expression in a variety of organisms
by deacetylation of modified lysine residues on histones, tran-
scription factors, and other proteins. SIRTs are widely distrib-
uted in all phyla and are implicated in aging, cell cycle regu-
lation, apoptosis, metabolism, and inflammation. SIRT include
five homologues in yeast (ySir2 and Hst1–4) and seven in hu-
mans (SIRT1-7, classes I–IV and U) (26). Unlike class I and II
HDACs, which require water molecule for deacetylation, sir-
tuins require NAD� as a co-substrate. The stoichiometry be-
tween NAD� and the substrate (acetylated protein) is 1:1 and
the products of the reaction are: 2-O-acetyl-ADP-ribose
(ADPR), nicotinamide, and deacetylated protein. The deacety-
lating activity of sirtuins depends on NAD� and is inhibited by
the reaction product, nicotinamide (IC50 �50 �M) (6). The
other reaction product, O-acetyl-ADP-ribose is now hypothe-
sized to have signaling function (7).

Sirtuin1 (SIRT1) is an important mammalian sirtuin, pre-
dominantly present in the nucleus and is homologous to yeast
Sir2� (55). SIRT1 binds directly to one or more constituents in
the chromatin complex, resulting in structural reorganization,
and therefore has the ability to establish silent chromatin do-
mains (24, 79). The involvement of NAD� in the deacetylation
reaction is also thought to link sirtuin deacetylase activity to
metabolism (19). SIRT1 control the energy metabolism and me-
diate the longevity effect of dietary caloric restriction by acti-
vating gluconeogenesis and repressing glycolysis in the liver
via deacetylation of PPAR� coactivator-1 (PGC1). In addition,
SIRT1 inhibits fat storage and increases fat release in white adi-
pose tissue via repression of PPAR� (35, 63, 74). In humans,
SIRT1 deacetylates transcription factors such as Drosophila
forkhead transcription factor (FOXO), p53, and NF-�B, which
mediates stress resistance, apoptosis, and inflammatory re-
sponses that participate in physiological responses to toxicity
(57, 90). Since the transcriptional activity of FOXO3 is regu-
lated by phosphorylation and acetylation, SIRT1-mediated
deacetylation of FOXO3 leads to its activation and induction
of cell cycle arrest. Thus, high SIRT1 activity would promote
cell survival (59, 92). SIRT1 also upregulates stress-positive
pathways via deacetylation of FOXO3 transcription factor, lead-
ing to increased transcription of GADD45 (DNA repair) and
MnSOD (reactive oxygen detoxification) (9, 47). Interestingly,
SIRT1 interacts with p53 and deacetylates the C-terminal reg-
ulatory domain (84), whereas reduction of SIRT1 leads to in-
creased of acetylation of p53, thereby increasing its pro-apop-
totic and cell senescence function (50, 84). Oxidative stress
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accelerates cellular senescence by accumulation of acetylated
p53 via decrease in the function of SIRT1 by NAD� depletion
(27). Nuclear SIRT1 levels were decreased in vivo and in vitro
in response to cigarette smoke exposure (89), but it is not known
if SIRT1-mediated regulation of FOXO3 (acetylation) plays a
role in cigarette smoke-mediated apoptosis and senescence. De-
creased SIRT1 levels may also lead to upregulation of matrix
metalloproteinases and mucin genes that are involved in air-
space enlargement, but the role of SIRT1 in pulmonary em-
physema is not known.

Recently, it has been shown that endogenous and exogenous
SIRT1 were both able to partially localize in cytoplasm in cer-
tain cell lines. Cytoplasm-localized SIRT1 enhances apoptosis
(46), whereas the nuclear form suppressed the oxidative stress-
mediated apoptosis. Thus, nucleocytoplasmic shuttling is im-
portant in the regulatory mechanism of SIRT1, which may in-
volve in differentiation and in inhibition of cell death (80).
Evidence indicates that sirtuins have evolved to mediate sig-
naling initiated by stress condition such as nutrient deprivation
to produce adaptation to improve organism survival (35). SIRT1
regulates NF-�B-dependent transcription and cell survival in
response to TNF-� (11, 84, 89, 91). SIRT1 protein associated
directly with RelA/p65 subunit of NF-�B and deacetylates
Lys310 of RelA/p65, a site that critical for NF-�B transcriptional
activity, and thereby inhibit the activity of NF-�B (13, 91). Ge-
netic ablation of SIRT1 leads to increased NF-�B activation
and pro-inflammatory cytokine release in mouse lung, sug-
gesting that SIRT1 knockdown leads to lung inflammation and
pulmonary edema (55). Similar to HDAC2, we have recently
shown that decreased level of SIRT1 in response to cigarette
smoke extract was associated with increased activation of
RelA/p65 subunit of NF-�B and pro-inflammatory mediator re-
lease in human monocytic cell lines (89). This may be partially
explained on the basis that cigarette smoke-derived oxidants
caused post-transcriptional modification by reactive aldehy-
des/reactive oxygen species/reactive nitrogen species, thereby
disrupting the SIRT1–RelA/p65 complex and increasing the
release of pro-inflammatory mediators (89). Such oxidative/
aldehyde/nitrosative modifications may in turn render SIRT1
ineffective for interaction with other signaling components. Re-
cently, Yang et al. have shown that resveratrol, a polypenolic
antioxidant which induces SIRT1 activity, attenuated CSE-in-
duced pro-inflammatory cytokine release in human mono-
cytic/macrophage cells (89). Overall, sirtuin is a redox-sensi-
tive protein, shuttles from nucleus to cytoplasm, and is prone
to alterations by oxidants and/or free radicals, which in turn
linked with the abnormal regulation of various pro-inflamma-
tory transcription regulatory and apoptotic pathways.

CONCLUSIONS

ROS are critical in the pro-inflammatory response to ciga-
rette smoke or other environmental oxidants through the acti-
vation of NF-�B-dependent redox-sensitive transcription fac-
tors and alteration in histone acetylation/deacetylation balance
(chromatin remodeling). ROS alters/affects deacetylases such
as HDAC 1, 2, 3, and SIRT1 (increased HAT/HDAC ratio)
which leads to acetylation of RelA/p65, disruption of HDAC-

RelA/p65 complex and opening of chromatin culminating in
NF-�B-dependent gene transcription. Oxidative stress-medi-
ated post-translational modifications (nitration, carbonylation,
or adduct formation) and phosphorylation of HDACs and
SIRT1 result in ubiquitination and proteasomal degradation.
These post-translational modifications will also lead to disrup-
tion of the co-repressor complex, which is essential for enzyme
activity of HDAC2. Since HDAC2 and its co-repressor com-
plex are involved in steroid efficacy, decreased HDAC2, or dis-
ruption of co-repressor complex will cause steroid resistance
that is seen in severe asthmatics and in patients with COPD.
Understanding the redox regulation of HDACs and SIRT1, and
their signaling mechanisms through NF-�B will lead to better
understanding of therapeutic targets and development of ther-
apies in chronic inflammatory lung diseases where oxidative
stress occurs.
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ABBREVIATIONS

AP-1, activator protein-1; AKT, protein kinase B/serine-thre-
onine kinase; ATF-2, activating transcription factor-2; CBP,
cAMP-response element binding protein-binding protein;
COPD, chronic obstructive pulmonary disease; CoRest, co-re-
pressor for element-1-silencing transcription factor; FOXO,
fork-head box, class O protein; GADD45, growth arrest and
DNA-damage-inducible protein 45; GSH, reduced glutathione;
H2O2, hydrogen peroxide; HAT, histone acetyl transferase;
HDAC, histone deacetylase; HNE, 4-hydroxyl-2-nonenal; IKK,
inhibitor �B-� kinase; JNK, c-Jun N-terminal kinase; LPS,
lipopolysaccharide; MAP, mitogen-activated protein; MEKK-
1, extracellular signal-regulated kinase kinase; MnSOD, man-
ganese superoxide dismutase; NAD, nicotinamide adenine din-
ucleotide; NADPH, reduced nicotinamide adenine dinucleotide
phosphate; NF-�B, nuclear factor kappa B; NuRD, nucleosome
remodeling/histone deacetylase; O2

•�, superoxide radical; •OH,
hydroxyl radical; PI3K, phosphoinositide-3 kinase; PKA, pro-
tein kinase A; PPAR�, peroxisome proliferator-activated re-
ceptor-�; RbAp, retinoblastoma-associated protein; ROS, reac-
tive oxygen species; RNS, reactive nitrogen species; SIRT,
silent information regulator; TNF-�, tumor necrosis factor-�.
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