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ABSTRACT

Elevated levels of NO produced within the central nervous system (CNS) are associated with the pathogenesis
of neuroinflammatory and neurodegenerative human diseases such as multiple sclerosis, HIV dementia, brain
ischemia, trauma, Parkinson’s disease, and Alzheimer’s disease. Resident glial cells in the CNS (astroglia and
microglia) express inducible nitric oxide synthase (iNOS) and produce high levels of NO in response to a wide
variety of proinflammatory and degenerative stimuli. Although pathways resulting in the expression of iNOS
may vary in two different glial cells of different species, the intracellular signaling events required for the ex-
pression of iNOS in these cells are slowly becoming clear. Various signaling cascades converge to activate sev-
eral transcription factors that control the transcription of iNOS in glial cells. The present review summarizes
different results and discusses current understandings about signaling mechanisms for the induction of iNOS
expression in activated glial cells. A complete understanding of the regulation of iNOS expression in glial cells
is expected to identify novel targets for therapeutic intervention in NO-mediated neurological disorders. An-

tioxid. Redox Signal. 8, 929-947.

INTRODUCTION

NITRIC OXIDE (NO), A BIOACTIVE FREE RADICAL, is in-
volved in various physiological and pathological pro-
cesses in many organ systems, including brain and spinal
cord (17, 30). At low concentrations, NO plays a role in neu-
rotransmission and vasodilation, while at higher concentra-
tions, it is implicated in having a role in the pathogenesis of
stroke, demyelination, and other neurodegenerative diseases
(62, 98). NO is enzymatically formed from L-arginine by the
enzyme nitric oxide synthase (NOS). The NOS are basically
divided into two forms. The constitutive form, present in neu-
rons (nNOS) and endothelial cells (eNOS), is a calcium-
dependent enzyme (62). The inducible form (iNOS), ex-
pressed in various cell types, including astroglia and
microglia of the CNS, in response to wide variety of stimuli,
is, however, regulated mainly at the transcriptional level and
does not require calcium for its activity (44). Astroglia and

microglia in the healthy brain do not express iNOS but follow-
ing ischemic, traumatic, neurotoxic, or inflammatory damage,
reactive astroglia and microglia express iNOS in the mouse,
rat, and human (44). NO derived from activated glial cells is
assumed to contribute to oligodendrocyte degeneration in de-
myelinating diseases (e.g., multiple sclerosis, experimental al-
lergic encephalopathy, and X-adrenoleukodystrophy) and neu-
ronal death during ischemia, trauma, and neurodegenerative
diseases (e.g., Alzheimer’s disease, Parkinson’s disease, HIV-
associated dementia, Huntington’s disease, and amyotrophic
lateral sclerosis) (84, 94).

Therefore, characterization of intracellular pathways re-
quired to transduce the signal from the cell surface to the nu-
cleus for the expression of iNOS in activated glial cells is an
active area of investigation. Despite a large number of obser-
vations describing the expression of iNOS in glial cells, the
molecular events leading to the expression of iNOS are inad-
equately understood. Here we circumvent observations on the

Section of Neuroscience, Department of Oral Biology, University of Nebraska Medical Center, Lincoln, Nebraska.

929



930

regulation of iNOS in non-CNS cells and discuss recent ad-
vances about signaling mechanisms for the biosynthesis of
iNOS in activated glial cells.

INDUCERS FOR GLIAL
EXPRESSION OF iNOS

As observed in other immune cells such as macrophages
(87), different stimuli induce the expression of iNOS in glial
cells. In the following lines, these stimuli are delineated and
discussed in major functional categories to appreciate the di-
versity of iNOS inducers in glial cells.

Bacterial products

Although glial cells in patients with neurodegenerative
and neuroinflammatory disorders probably do not come in
contact with bacterial lipopolysaccharide (LPS), it is how-
ever, the first stimulus shown to induce the production of NO
and expression of iNOS in microglial cells (21, 127). Subse-
quently, several studies have used LPS to trigger the expres-
sion of iNOS in various glial cell lines and primary astrocytes
and microglia (15, 105, 109). In microglia, LPS alone is suf-
ficient to induce iNOS. However, controversial opinions exist
with regard to the role of LPS in astroglial iNOS induction.
While several reports suggest that astroglial iNOS induction
requires a co-stimulatory effect of IFN-y along with LPS (15,
119, 129), another set of observations suggest that LPS alone
is sufficient for iNOS expression in primary astroglial cells
(45,99, 105, 109). Interestingly, although iNOS is stimulated
by LPS in rat and mouse glial cells, human glial cells do not
demonstrate iNOS upregulation in response to LPS.

Glial cells respond to LPS via more than one kind of re-
ceptors. Toll-like receptor (TLR)-4, the primary receptor for
bacterial endotoxin, is expressed in glial cells (18, 80). How-
ever, involvement of TLR-4 in LPS triggered iNOS upregu-
lation is yet to be experimentally undetermined. On the other
hand, the involvement of CDI14, a LPS binding glyco-
sylphosphatidylinositol-anchored receptor, is well docu-
mented in this regard (46).

In addition to LPS, bacterial DNA has been shown to
stimulate iNOS expression in mouse glial cells (27, 57).
TLR-9, the receptor for bacterial DNA, is expressed in glia
and thus permits sensitization of these cells against the for-
eign DNA containing motifs of unmethylated CpG dinu-
cleotides (27).

Viral products

Several viruses can induce iNOS in brain cells in a wide
variety of species. To illustrate our point, let us consider some
examples. Virulent strains of Marek’s disease viruses induce
iNOS in chicken brain (65). In mammals, glial iNOS is in-
duced by several viruses, including Junin virus (in rodents)
(53), Sindbis virus (in murines) (19), Theiler’s murine en-
cephalomyelitis virus (86) (in murines), and Venezuelan
equine encephalitis virus (in equines) (125). Human glial
iNOS is unmistakably upregulated in response to human im-
munodeficiency virus (HIV) intrusion in brain.
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How do viruses induce iNOS in glial cells? While whole
viruses are sometimes required for the effect, often, however,
isolated viral products such as viral nucleic acids or proteins,
are strong inducers of iNOS in glial cells. We have demon-
strated that viral dSRNA induces iNOS in human astroglia via
dsRNA-dependent protein kinase (PKR) pathway (4). Simi-
larly, various proteins of viral origin also trigger iNOS ex-
pression. HIV coat protein gp41 demonstrates a steady quan-
titative co-relation between itself and levels of iNOS in
HIV-associated dementia (HAD) (2). This coat protein alone
also induces iNOS in primary cultures of mixed rat neuronal
and glial cells. Furthermore, the HIV surface glycoprotein
gp120 also induces iNOS in human astrocytes (140). In addi-
tion to surface proteins, viral transcription factors, like HIV-
Tat, also trigger upregulation of iNOS. We have observed that
overexpression of HIV-1 7at in human astroglial cell line
(U373MG) and primary astrocytes leads to significant in-
crease in expression of iNOS (85). Similar effect of Tat has
also been recorded in microglial cells (118). Moreover, engi-
neered nonreplicating adenovirus vectors of viral origin also
upregulate iNOS in rat microglia (12).

Cytokines

Cytokines are best characterized among components of in-
nate or adaptive immune response that induce iNOS in glial
cells. Many proinflammatory cytokines associated with innate
immune system induce iNOS expression in both astroglia and
microglia of various species. Few cytokines, such as IL-1$3
and IFN-v, alone can induce iNOS in glial cells. Other cy-
tokines (e.g., TNF-a) usually induce iNOS in conjunction
with IL-18 or IFN-y. Although IFN-y alone is sufficient to in-
duce iNOS in rat and mouse primary microglia (64, 138), no
such effect has been reported so far in human primary mi-
croglia. In fact, we have found that different cytokines alone
or in combination are also unable to induce the production of
NO in human fetal microglia (unpublished observation). On
the other hand, human fetal astrocytes induce iNOS upon cy-
tokine stimulation (63). Among different cytokines tested in
our laboratory and elsewhere, it has been found that only IL-
1B alone or combinations involving IL-1{ as a partner such as
IL-1B + IFN-y and IL-1B + TNF-« is/are capable of inducing
iNOS in human primary astrocytes (58, 63).

In contrast to IL-1f3 or TNF-a, both of which are multimers
of a single subunit, [L-12 is an interesting iNOS inducing het-
erodimeric cytokine. This 70 kd cytokine is composed of two
subunits, p40 and p35. We have shown that IL-12 is a potent
inducer of iNOS in mouse microglia (108). However, individ-
ual overexpression of p40 and p35 in BV2 microglial cells
suggested that only p40 subunit, but not p35, was participat-
ing in iNOS induction (108). Consistently, we have also ob-
served that the p40:p40 homodimer alone is capable of induc-
ing iNOS in mouse primary microglia (108).

In addition to the above mentioned immune-response asso-
ciated cytokines, other cytokines are now also known to in-
duce iNOS. Macrophage colony stimulating factor (M-CSF),
a classical hematopoietic cytokine, strongly augments iNOS
expression primarily induced by amyloid-f3 peptide (A), the
etiological factor of Alzheimer’s disease in BV2 microglial
cells (96) and in astrocytes of hippocampal organotypic cul-
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tures (139). In addition to supplementing Af3 shock, M-CSF
alone also upregulates iNOS mRNA in BV2 cells after 18 h
of treatment (96).

Cell—cell contact

During diseased conditions, for example in multiple scle-
rosis (MS), the leaky blood-brain barrier permits infiltration
of many peripheral cells into the brain. Many such cells, no-
tably T cells, can induce iNOS expression in glial cells by es-
tablishing contact with them. For illustration of the point, let
us consider the case of autoimmune T cells that lead to MS.
We have previously shown that myelin basic protein (MBP)-
primed T cells, which confer autoimmune reactions by recog-
nizing self-myelin antigens, induce the expression of iNOS in
mouse microglia (28). Furthermore, this study also demon-
strates that iNOS induction is primarily dependent on the
contact between MBP-primed T cells and microglia. Place-
ment of MBP-primed T cells in a culture insert, where they
are in close proximity but not in contact with microglia, fails
to induce iNOS in microglial cells (28).

What molecular events may mediate the trigger during
such contacts? A logical envisioning could involve ligand—re-
ceptor interaction of moieties exhibited on membranes of ei-
ther cell type. Indeed, our experiments showed that VLA-4 in-
tegrin on the surface of neuroantigen-primed T cells and its
interaction with VCAM-1 on microglial cells play an impor-
tant role in contact-mediated induction of iNOS in microglia
(28). However, VLA-4-VCAM-1 interaction is not the only
molecular bridge representing cell-cell contact leading to
iNOS expression. In the presence of IFN-v, ligation of mi-
croglial CD40 by either cross-linking antibodies or recombi-
nant CD40 ligand (CD154), has also led to iNOS expression
in these cells (64). In light of these molecular mechanisms,
we may consider cell-cell contact as a prime factor of glial
expression of iNOS.

Neurodegenerative toxins

Several neurodegenerative diseases, such as AD, PD,
HAD, etc, are characterized by neuronal degeneration and si-
multaneous activation of glial cells, leading to a local proin-
flammatory milieu in infarct tracts. Therefore, it is suggestive
that the neurotoxic molecules may induce iNOS, an important
component of glial proinflammatory response. Indeed, neuro-
toxins, like amyloid-f3 peptides (AP) and oxidation product
of 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP),
induce iNOS in glial cells. During AD, toxic A is formed by
cleavage of amyloid precursor protein (APP) followed by ag-
gregation of the cleaved peptides. These aggregated fibrillar
AP peptides trigger iNOS activation in primary microglia.
Primarily, fibrillar AR peptides activate tyrosine kinase re-
ceptor Lyn (24). In addition to AR, the secreted derivative of
APP also triggers iNOS expression in rat primary microglia
(8). Similarly, administration of MPTP in C57/BL6 mice
leads to robust gliosis marked by upregulation of glial iNOS
(83). A synthetic peptide consisting of amino acid residues
106-126 of the human prion protein, the endogenous mis-
folded villain of the Creutzfeldt—Jakob disease in humans,
also induces iNOS in human microglial cells (38). Galacto-
sylsphingosine (psychosine) accumulation, considered as the
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etiological cause of Krabbe disease, also upregulates iNOS
expression in human astrocytes (49). In Huntington’s disease
(HD), iNOS level is elevated in glial cells in region of the de-
generating infarct (22). Similarly, during amyotrophic lateral
sclerosis (ALS), strong iNOS immunoreactivity is recorded
in activated astrocytes (7). However, in both these cases, the
exact inducer of glial iNOS is not yet experimentally verified.

Neurodegenerative insults

In addition to the above mentioned neurodegenerative dis-
eases, glial iINOS is expressed profusely during several other
neurodegenerative insults. Ischemic shock induces iNOS in
mice microglia (67, 114). Chronic and acute spinal cord in-
jury also leads to iNOS expression by local glial cells (11).
One of the major inducers of iNOS during these insults is ox-
idative stress generated free radicals (detailed subsequently).
For example, expression of glial iNOS due to administration
of quinolinic acid is appreciably reversed by co-administra-
tion of pyruvate, a glycolysis end product with antioxidant
activity (123).

In the following lines, elaboration on the mechanism of
iNOS regulation by these inducers is attempted.

REGULATION OF GLIAL
iNOS EXPRESSION

We do not have ample evidence to consider regulation of
iNOS in glial cells (astroglia and microglia) in a different
light than what is used to define the same in other cell types.
However, a couple of studies indicate that the regulation of
iNOS in astroglia is a distinct affair from the regulation of
this gene in other immune cells in periphery such as macro-
phages (105, 109). Moreover, we cannot reach a conclusion
as microglia, the other glial cells, are not considered in these
studies. Therefore, we will restrict ourselves from mentioning
glia-specific regulatory events for the expression of iNOS
and discuss mechanisms that are known to control the expres-
sion of iNOS in glial cells. As expected, glial iNOS can be
regulated at the transcriptional, posttranscriptional, transla-
tional, and posttranslational level.

Transcriptional regulation

As observed in case of other inducible genes, iNOS is also
regulated mainly at the transcriptional level. However, tran-
scriptional regulation of iNOS is very complex. Several intra-
cellular signaling cascades have been found to control the ex-
pression of iNOS in glial cells at the transcriptional level. In
the following lines, we first describe the iNOS promoter and
subsequently elaborate on various transcription factors and
signaling pathways involved in its induction in glial cells. A
general overview of the same is presented in Table 1.

Promoter of iNOS. Cloning of iNOS promoter from
different species has paved the way for investigating molecular
mechanisms required for transcriptional regulation of the
iNOS gene. Although in the mouse iNOS gene, about 1.7 kb
promoter exhibits full inducibility to a mixture of LPS and
IFN-v (147), a 3.2 kb rat iNOS promoter was required for full
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TABLE 1. MAJOR SIGNLAING PATHWAYS TRIGGERED BY VARIOUS iNOS INDUCERS IN GLIAL CELLS
Inducer Class Inducer Major pathway triggered

Viral and bacterial products LPS CD14 — ERK1/2 and p38— NF-kB — iNOS
Bacterial DNA TLR-9 — MyD88 — p38 — iNOS
viral dsRNA Receptor (?) - PKR — NF-kB — iNOS
Viral Tat Receptor (?) - ERK2 — C/EBP — iNOS

Cytokines IL-1B IL-1BR — p38 — NF-kB — iNOS
IFNy IFNyYR — JAK — STAT — iNOS

IL-12 (p40),
Cell—cell contact
Neurotoxins Fibrillar Amyloid-3
Secreted APP
106—126 aa of APrion

Engagement of surface molecules

Receptor (?) - NF-kB — iNOS

VLA4-VCAM-1 — C/EBP — iNOS

CD40-CD40L — NF-kB — iNOS

Lyn (?) - NF-kB (?) - iNOS

Receptor (?) — JNK/ p38 — iNOS

Receptor (?) — p38 — NF-kB — (TNFaT) — iNOS

inducibility (149). On the other hand, functional promoter ele-
ments that regulate cytokine-inducible human iNOS expres-
sion are located upstream of 3.8 kb (31). According to Taylor et
al. (136), a 7.2 kb promoter segment of the human iNOS gene
confers partial inducibility in response to cytokines. A pro-
moter segment of 8.3 kb or 16 kb is required for higher level of
activation in non-CNS cells (78, 135) suggesting that the regu-
lation of human iNOS promoter is very complex. For example,
promoters of several inflammatory response genes, including
cell adhesion molecules ELAM-1, VCAM-1, and ICAM-1 and
the cytokines IL-1, IL-6, and IL-8 contain only one or two
proximally-located functional NF-«kB binding sites. The human
iNOS gene instead houses eight NF-kB binding sites that are
located more than 5.2 kb upstream of the TATA box (136) and
many of them are located within a segment of ~800 bp. Al-
though functional relevance of the presence of multiple func-
tional NF-kB binding sites is poorly understood, it is believed
that the number of NF-kB binding sites in human iNOS pro-
moter may influence the intensity of the response to NF-kB de-
pending on the concentration of this transcription factor in a
particular cell type. As for example, low concentrations of NF-
kB would be expected to evoke only a minimal response; how-
ever, with increasing levels of NF-kB translocating into the nu-
cleus, more NF-kB sites would become occupied and a greater
response elicited. To further complicate the situation, it has
been predicted that the 5’-flanking region of the human iNOS
gene is more than 30 kb and may contain other positive regula-
tory elements (136).

Although most of the studies related to manipulation of
iNOS promoter have been performed in non-CNS cells, a few
studies have also registered the activation of iNOS promoter
in mouse and rat glial cells (13, 106, 117, 143). In recent past,
our lab has mainly concentrated on the activation of human
iNOS promoter in human U373MG astroglial cells and pri-
mary astrocytes. We have observed that a number of stimuli
(e.g., IL-1B, the combination of IL-18 and IFN-v, double-
stranded RNA, and HIV-1 Tat) are capable of activating a 7.2
kb human iNOS promoter by three- to fourfold in human pri-
mary astroglia and U373MG astroglial cells (4, 85, 102). Our
recent studies have shown that IL-13 or cytokine combina-
tions involving IL-1f3 as a partner induce the activation of an
8.8 kb human iNOS promoter by 5.5- to 8.2-fold in human
primary astroglia (63). This increase in iNOS promoter activ-

ity could be due to the presence of extra positive regulatory
elements within 7.2-8.3 kb human iNOS promoter, which is
responsible for higher promoter activity in response to cy-
tokines (63).

Involvement of different transcription factors.
Among all the transcription factors working in concert to trans-
activate the iNOS promoter, nuclear factor kappaB (NF-kB)
p50:p65 is literally the prima donna. The presence of multiple
consensus sequences (kappaB elements) in the promoter re-
gion of human, rat, and mouse iNOS for the binding of NF-kB
and the inhibition of iNOS expression in human, rat, and
mouse glial cells with the inhibition of NF-kB activation by
PDTC (111) or NBD peptide (29) establishes an essential role
of NF-kB activation in the induction of iNOS. All different in-
ducers of iNOS have been shown to recruit NF-kB in a wide
variety of cell types via one or more kinase pathways (see next
section). Activated kinase pathway(s) phosphorylate the NF-
kB p50:p65 arresting protein, inhibitory kappaB (IkB) in the
cytosol, thereby subjecting it for ubiquitination and subsequent
proteosomal degradation. This liberates the p50:p65 het-
erodimer to enter the nucleus and bind kappaB elements in the
iNOS promoter. Interestingly, rat and mouse iNOS promoter
harbor two distinct regions of kappaB elements. One of these is
proximal, within ~100 nucleotides of the initiation site and the
other is about —1,000 bp distal from it on 5'-flanking region
(Table 2). A similar scenario is also present in human iNOS
promoter with a comparable proximal kappaB element. How-
ever, the distal region spans between —5.8 and —7.2 kb and is
composed of cytokine sensitive multiple NF-kB binding
elements (136).

Along with NF-kB, CCAAT/enhancer-binding protein
(C/EBP) is another transcription factor of prime importance
in induction of glial iNOS and is induced in these cells by a
wide array of stimuli (Table 2). The C/EBPs are a family of
six basic leucine zipper transcription factors (81). Among
them, C/EBPB (4, 13, 63, 85) and C/EBPS (143) have been
reported to regulate in glial iNOS induction. C/EBPB and
C/EBP3 may form homo- or heterodimer between them-
selves. In our studies, we have found C/EBP to be an obliga-
tory factor in regulation of iNOS induction in response to IL-
1B + IFN-y (63), dsRNA (4), HIV-tat (85), and contact with
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TABLE 2. INVOLVEMENT OF DIFFERENT TRANSCRIPTION FACTORS IN THE ACTIVATION OF INOS PROMOTER

Transcription Recruiting Species Important Promoter
factor trigger specificity Binding region Remarks
NK-kB LPS, viral R,M,H MP: (i) —76 to —85(146) Recruitment to

p50:p65 products, (i) —974 to —960(132) promoter invariably
cytokines, RP: (1) —107 to —98 leads to promoter
oxidative stress, (i) —965 to —956G7 transactivation
cell—cell contact, HP: (i) —115 to —106(10D
neurotoxins, etc. (i1) many others(139)

C/EBP LPS, viral R,M,H MP: (i) —153/—14269 Co-activator
products, CD40 RP: (i) —155to —163G7 modulation?
ligation, cAMP, HP: (i) —205 to +88
hypoxia (several)(7»)

IL-1B, dsRNA,
glucose
metabolites.
STAT-1 IFN-y R,M,H MP: (i) —934 to —942¢8) Depending on
RP: (1) —936 to —9286G7 stimuli, GAS
HP: (i) around —5.2 kb elements may
(STAT specific) impart opposite
(i1) around —5.8 kb effect on promoter
(STAT/NF-kB)“7) activity.
IRF-1 IFN-vy R,M MP: (i) —901 to —913GD Species specific?
(i) —913 to —923®9
RP: (ii) —929 to —881(131)
HP: ?

AP-1 Galactosylsphingosine, R(?),M,H MP: (i) —524*07D Controversial role.

cytokines HP: (i) —5115 May induce or
(i) —53010® suppress iNOS
promoter.

*AP-1 like site.

neuroantigen primed T-cell (28). Similar conclusions have
also been reached by other groups in studies with glucose de-
pendent induction of iNOS (143). What renders C/EBP such
an unavoidable critical role in iNOS regulation? The answer
probably lies in their capacity to recruit and phosphorylate hi-
stone acetyl-transferase (HAT) co-activators, like p300 and
CREB binding protein (CBP). Signal-induced nuclear
translocated C/EBP has been shown to recruit and phospho-
rylate p300-HAT (126), while C/EBP3 performs similar mod-
ifications on CBP-HAT and recruits it to the active transcrip-
tional complex (77). Abolishing this C/EBP dependent
phosphorylation of co-activators by introducing specific mu-
tations attenuates the transactivation of C/EBP contingent
genes, probably by interfering with formation of active tran-
scriptosome. Interestingly, critical binding sites for C/EBP
are located very near to transcription initiation site in all three
mammalian iNOS promoter (Table 2).

Besides kappaB and C/EBP binding elements, all mam-
malian iNOS promoters house the STAT-1« (signal transduc-
ers and activators of transcription-la) binding sequences,
called GAS element (Table 2). Although STAT-1a has been
found to inhibit NF-kB activity with respect to iNOS induc-
tion in some cases (47), in glial cells Jak-STAT and NF-«kB
pathways synchronize at least in response to IL-1p + IFN-y
treatment (63). In addition to STAT-1a, IFN-vy also activates
interferon regulatory factor-1 (IRF-1) as a secondary re-
sponse. So far, interferon-stimulated responsive element
(ISRE), the DNA binding sequence for IRF-1, has been iden-

tified in rat and mouse iNOS promoter where two ISRE were
found to be crucial (89) (Table 2). IRF-1 has been shown to
physically bend iNOS promoter region, thereby facilitating
its activation (124). This is a unique property and has not
been reported for other transcription factors. Although con-
sensus ISRE is not yet reported in human iNOS promoter,
however, several related elements have been detected in it
(23). Is IRF-1 involved in glial expression of iNOS? In re-
sponse to LPS and IFN-y treatment, mixed glial cells from
IRF-1 (—/—) mice express reduced iNOS mRNA in compari-
son to their wild-type litter mates (43). It is important to note
here that ablation of IRF-1 did not abolish iNOS expression
completely, suggesting a supplemental role for IRF-1 in
iNOS expression. Strangely, the involvement of IRF-1 is not
yet reported in human glial cells. We have observed that IL-
1B + IFN-v, the combination that efficiently induces iNOS in
human astrocytes, is unable to induce ISRE-dependent re-
porter activity in the same cells (102). This suggests a proba-
ble species specific function of this transcription factor.

One more transcription factor that is widely studied in this
regard is activator protein-1 (AP-1). The 8.3 kb human iNOS
promoter has a couple of consensus AP-1 binding elements
(Table 2). While the above-mentioned transcription factors
are now widely accepted to impart positive influence to iNOS
transactivation, AP-1 harbors controversy regarding its exact
role in this regard in glial and nonglial cells. In a study with
galactosylsphingosine in rat astroglial cells, Giri e al. uti-
lized AP-1 binding element containing decoy DNA and
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showed that AP-1 plays a positive role in maintaining high
level of iNOS mRNA after galactosylsphingosine treatment
(49). This group has also suggested a positive role for AP-1 in
Ap-treated glial cells (5). Observations in our laboratory
offer a slightly variant version. In a study with human pri-
mary astrocytes and different cytokines, we have found that
AP-1 is involved in IL-1B, but not (IL-1B + IFN-vy)-induced
expression of iNOS (63). IL-1B or IFN-vy alone significantly
induces the transcriptional activity of AP-1. However, a com-
bination of these two cytokines, that stimulates iNOS pro-
moter maximally, completely reverses the transcriptional ac-
tivity of AP-1 (63). This combined treatment, however, does
not block the DNA binding activity of AP-1. We therefore be-
lieve that, although activation of AP-1 may represent an es-
sential step in iNOS regulation in glial cells under certain
conditions, it is not absolutely required for glial expression of
iNOS by other stimuli.

Transcriptional regulation by tyrosine kinases.
Tyrosine kinase super family is comprised of Janus kinase
(JAK) family, src family, mitogen-activated protein kinase ki-
nase (MAPKK) family, and receptor-linked tyrosine kinase
family. In general, broad-spectrum tyrosine kinase inhibitors
(e.g., genistein and herbimycin A) are capable of inhibiting al-
most every family member. Several evidences indicate that
these broad-spectrum tyrosine kinase inhibitors inhibit LPS-
and cytokine-mediated expression of iNOS in glial cells (39,
76) suggesting the possible involvement of tyrosine kinase(s)
in glial expression of iNOS. Among all the tyrosine kinases,
the role of JAK in the expression of iNOS in glial cells has
been extensively studied. JAK-STAT signaling, originally
identified as the signaling pathway for IFNs, mediates the im-
mune responses of various cytokines as well as the actions of
many growth factors and hormones. Usually the binding of a
ligand to its receptor induces the assembly of an active receptor
complex and subsequent phosphorylation of the receptor-
associated JAKs (JAK1, JAK2, and JAK3) and tyrosine kinase
2 (Tyk2). Phosphorylated JAKSs lead to the phosphorylation of
STATs, which in turn are released from the receptor complex
and form homo- or heterodimers (Fig. 1). These dimers
translocate to the nucleus where they directly bind to the pro-
moter region of several inflammation-associated genes includ-
ing iNOS. Consistently, Xie ef al. (147) has provided evidence
that the promoter region of mouse iNOS gene contains the
IFN-vy activation site (GAS) and that GAS is activated by tyro-
sine phosphorylated STATla. According to Kitamura et al.
(70), the activation of JAK2 is mainly involved in IFN-y-
induced expression of iNOS in glial cells. In fact, IFN-y in-
duces tyrosine phosphorylation of STATla but not STAT1B
via JAK2 and that tyrosine phosphorylation of STAT 1o seems
to be essential for IFN-y-induced expression of iNOS in glial
cells (33). These observations suggest that [IFN-y-induced acti-
vation of JAK2 phosphorylates STAT 1« that in turn binds to
GAS elements in the promoter of iNOS. Although inhibitors of
tyrosine kinase inhibit LPS-induced expression of iNOS in
glial cells (76, 128), LPS-induced expression of iNOS does not
involve the activation of JAK—STAT signaling pathway (100).

In addition to coupling the JAK—STAT la pathway for the
regulation of iNOS, tyrosine kinases may also regulate iNOS
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expression via activation of NF-kB (100). Although tyrosine
kinase inhibitors have been shown to inhibit the activation of
NF-«kB in glial cells, the mechanism by which tyrosine ki-
nase(s) control the activation of NF-kB is poorly understood.

Transcriptional regulation by SOCS. Recent
studies show that cells can employ a family of proteins called
suppressors of cytokine signaling (SOCS) to challenge proin-
flammatory signaling pathways of various cytokines. This fam-
ily of proteins is now considered as important regulators of
normal immune physiology and immune disease (82). In gen-
eral, SOCS are present in cells at very low levels. However,
SOCS are rapidly transcribed upon exposure of cells to certain
stimuli. Subsequently several studies indicate that SOCS can
negatively regulate the response of immune cells either by in-
hibiting the activity of JAK or by competing with signaling
molecules for binding to the phosphorylated receptor (3). For
example, both SOCS1 and SOCS3 are capable of binding JAKs
to suppress their tyrosine kinase activity (113). According to
Park et al. (113), 15d-PGJ, and rosiglitazone, activators of
PPAR-v, induce the transcription of SOCS1 and SOCS3 to in-
hibit the activity of JAK1 and JAK2 in rat primary astrocytes
and microglia (Fig. 1). Therefore, 15d-PGJ, and rosiglitazone
reduce the phosphorylation of STAT1 and STAT3 and block the
expression of iNOS in activated glial cells. These results sug-
gest that upregulation of SOCS may represent a critical step for
suppressing expression of iNOS in glial cells via negative regu-
lation of the JAK—STAT pathway.

Transcriptional regulation by mevalonate metab-
olites. The mevalonate pathway is involved in the biosyn-
thesis of cholesterol in cytoplasm from acetyl-CoA (Fig. 2).
However, the idea of investigating the role of the mevalonate
pathway in the regulation of iNOS came from the fact that in-
termediates of this biochemical pathway are isoprenoids,
which are known to play an important role in isoprenylating
small G proteins like Ras and Rac (52). Upon isoprenylation,
these G proteins go to the membrane and transduce several in-
tracellular signaling pathways. Therefore, drugs capable of re-
ducing cholesterol biosynthesis also inhibit isoprenylation and
activation of small G proteins (68). Interestingly, Pahan et al.
(110) have shown that lovastatin, an FDA-approved drug for
hypercholesterolemia, inhibits the activation of NF-kB and the
expression of iNOS in LPS-stimulated rat primary astrocytes.
In fact, this landmark finding has added a new dimension to
statin research. Nowadays, statin drugs are being widely con-
sidered as potential therapeutic agents against various neuroin-
flammatory and neurodegenerative disorders. The same study
also shows the antiinflammatory property of another meval-
onate pathway inhibitor, sodium phenylacetate (NaPA), an
FDA-approved drug for hyperammonemia in children. Similar
to lovastatin, NaPA also inhibits the activation of NF-«kB and
the expression of iNOS in glial cells (110). As lovastatin in-
hibits HMG-CoA reductase, both mevalonate and farnesyl py-
rophosphate (FPP) are capable of reversing the inhibitory ef-
fect of lovastatin on iNOS expression and NF-kB activation.
On the other hand, NaPA inhibits mevalonate pyrophosphate
decarboxylase downstream of mevalonate synthesis, therefore,
FPP but not mevalonate, blocks the inhibitory effect of NaPA
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FIG. 1. Regulation of iNOS by
JAK-STAT pathway. Ligand-
mediated engagement of receptor
tyrosine kinases leads to their
auto-activation and permits re-
cruitment and phosphorylation of
JAK. Thereafter, receptor bound
JAK mediates phosphorylation,
dimerization, and activation of
STAT. These active dimers translo-
cate to the nucleus and bind to
GAS elements in iNOS promoter.
SHP-1 and SHP-2 can block re-
cruitment of JAK to the RTK and
thus prevent activation of the
JAK-STAT pathway. This scheme
is utilized by curcumin {diferu-
loylmethane, 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-
3,5-dione} and PPARv ligands, as
they can mediate activation of
SHP. PPARY ligands can also up-
regulate SOCS expression, which
subsequently blocks recruitment of
JAK to the RTK.

(Fig. 2). However, addition of ubiquinone and cholesterol to as-
trocytes does not prevent the inhibitory effect of lovastatin and
NaPA. These results suggest that depletion of farnesyl py-
rophosphate, rather than end products of mevalonate pathway,
is responsible for the observed inhibitory effect of lovastatin
and NaPA on the expression of iNOS.
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Suppression of LPS-induced activation of NF-kB and ex-

pression of iNOS in glial cells by farnesyltransferase in-
hibitors (97, 103) suggests an important role of farnesylation
reaction in the regulation of iNOS gene. Consistent to a role
of farnesylation in the activation of p21Ras a dominant-nega-
tive mutant of p21Ras (S17N) also attenuated activation of
NF-kB and expression of iNOS in rat and human primary as-
trocytes (103). Recently, another well-executed study by Cor-
dle and Landreth (25) also indicates that statins inhibit fibril-
lar AB-induced expression of iNOS in mouse BV-2 microglial
cells by inhibiting isoprenylation of Rac. Taken together,
these studies suggest that mevalonate metabolites regulate the
expression of iNOS in glial cells via modulating isoprenyla-

tion of Ras and Rac.

Transcriptional regulation by MAP kinases.
Several studies have now identified involvement of all three
MAP kinase (ERK1/2, p38, and INK) pathways in iNOS regu-
lation. In the following lines, we will restrict our discussion to
findings relevant to glial iNOS regulation only.

Regulation by MAP kinases in astroglia. A num-
ber of studies with inhibitors of MAP kinases or with their
dominant negative forms have revealed distinct as well as over-
lapping roles of all three MAP kinases in glial iNOS machin-
ery in response to a wide array of stimuli. In rat astrocytes,
combined treatment of LPS + IFN-y induces p38 and ERK1/2
pathways (15). Similarly, treatment with a combined cytokine
regimen of TNF-a + IL-1B utilizes the MEK-ERK pathway
(88). Uniquely, the same study also reported that blocking p38
MAPK with its inhibitor amplified nitrite accumulation, sug-
gesting a gain of function for iNOS in the absence of potent
p38. This observation stands in some degree of isolation and

may represent an inducer-specific effect as rat astrocytes re-
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rophosphate, modify membrane-
coupled Rac and Ras, respectively,
/|| leading to their activation. Subse-
quently, MAP kinase pathways are
employed to activate specific tran-
scription factors, which then bind to
their elements in the iNOS promoter
and transactivate them. iNOS ex-
pression blockers may impede this
pathway by interfering at specific
points in the cholesterol synthesis
pathway. Furthermore, activation of
Rac also leads to activation of the
NADPH complex. Thus, ROS is
generated, which diffuses back into
the cell to mediate its own signal is
augmenting iNOS expression.
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quire p38 activity for iNOS expression in response to other
stimuli like Taxol (26) and activation of upstream kinase TGF-
B-activated-kinase (TAK) (14). Along the same lines, p38
MAP kinase pathway is also a major mediator of human as-
troglial iNOS expression in response to IL-1f + IFN-y (our un-
published observation), IL-10 (58), and dsSRNA (4).

More often than not, p38 MAP-kinase pathway functions
in parallel with JNK pathway. In rat astrocytes, dual activity
of JNK and p38 has been observed in several cases (26, 14).
In human astrocytes, similar trend is also reported for iNOS
induction by IL-1f (58). However, when co-administered
with IFN-v, the combination (IL-1f3 + IFN-vy), triggers iNOS
in a p38-sensitive (our unpublished observation) but JNK-
insensitive way (63). Similarly, we have observed that HIV-1
Tat induces iNOS in human astroglial cells in a (MEK-ERK)-
responsive but p38-nonresponsive way (85). Taken together,
this clutter of diverse observations suggests that signal trans-

duction for astroglial expression of iNOS is conveyed by all
three MAP kinase pathways. However, they are employed in
various combinations depending mainly upon the inducing
stimuli.

Regulation by MAP kinases in microglia. Litera-
ture in this area is restricted to work done in rat primary mi-
croglia or in BV2 mouse secondary microglial cell lines. Like
astrocytes, different stimuli utilize one or more of the three
MAP kinase pathways in microglia. For example, p38 and JNK
pathways are utilized simultaneously during iNOS induction
by hyaluronan (142), soluble APP (16), adenoviral vectors
(12), and TAK1 (14) in microglial cell lines. However, iNOS
expression due to hypoxic shock in BV2 cells is sensitive only
to p38 inhibitor and not to inhibitors of INK (114). LPS, on the
contrary, utilizes a different combination of MEK-ERK and
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FIG. 3.

eneral overview of MAP-kinase pathways (MKP), transcription factors, and iNOS transactivation.

Activation

of cytokine receptors induces a downstream signal, which is mediated by one or more of the three MKPs. Several transcription
factors act downstream of specific MKP, which then translocate to the nucleus to transactivate iNOS. This figure indicates the

central role of p38 MKP in iNOS induction.

p38 pathways to upregulate iNOS (15). Involvement of
ERK1/2 pathway in LPS trigger is further confirmed by a
study with parthenolide, a sesquiterpene lactone, where LPS-
induced microglial iNOS upregulation is attenuated by
parthenolide by blocking ERK1/2 activity (42).

Regulation of transcription factors by MAP ki-
nases. MAP kinases convey iNOS upregulating signal by
activating different transcription factors, which then translo-
cate to the nucleus and directs transcription initiation at iNOS
promoter. In light of differential species or cell type-specific
regulation of iNOS promoter, several permutations and combi-
nations are viable in producing the desired effect. However, to

represent the situation in glial cells, we have attempted to knit a
flow-diagram representing transcription factor specificity for
several MAP kinase pathways (Fig. 3). A quick glance at this
figure reveals the central role of p38 MAPK in this regard. In
rat astroglia, p38 has been shown to regulate NF-«B, C/EBP,
and ATF-2 (13). In human primary astrocytes, we have seen a
significant loss of transcriptional activity for NF-kB, C/EBP,
STAT-1, and AP-1 in the exclusive presence of a p38 MAPK
inhibitor (63, unpublished data). However, p38 may not be in-
volved in response to several stimuli. For example, HIV-1 Tat-
induced iNOS expression in human astrocytes is dependent on
the ERK pathway (85). In this case, inhibitor for the kinase
(PD98059) and dominant—negative mutant of ERK-2 blocked
iNOS expression by interfering with C/EBP@, but not NF-«B,
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activity. In contrast to these two MAPK pathways, the INK
pathway triggers the activation of AP-1 primarily in response
to cytokines. Blocking this pathway attenuates IL-13-, but not
(IL-1B + IFN-y)- induced iNOS expression in human primary
astrocytes (63).

Transcriptional regulation by cyclic AMP.
cAMP, one of the most important cellular second messengers,
functions through protein kinase A (PKA), which is an integral
constituent of the protein kinase cascade that couples a number
of extracellular signals to variety of cellular functions. Subse-
quently, it has been shown to regulate the induction of iNOS in
various cell types. For example, cAMP induces the expression
of iNOS in LPS- and cytokine-stimulated glomerular mesan-
gial cells (95), vascular smooth muscle cells (73), cardiac my-
ocytes (60), murine 3T3 fibroblasts (72), and rat peritoneal
macrophages (130). In these studies, the increase in cAMP
level resulting due to inhibition of phosphodiesterase (an en-
zyme that degrades cAMP), or due to an exogenous supply of
cAMP derivatives or compounds that enhance intracellular lev-
els of cAMP induce iNOS. In contrast to these results, cAMP
inhibits the expression of iNOS and the production of NO in
LPS- or cytokine-stimulated rat primary astrocytes or C6 glial
cells (105). The reciprocal relationship between the activation
of PKA and the expression of iNOS by forskolin, 8-Br cAMP,
and Sp-cAMP supports the conclusion that cAMP negatively
regulates the expression of iNOS in astrocytes (105). One po-
tential intracellular target of LPS signaling in cells is the acti-
vation of the MAP kinase pathway. It has been shown by sev-
eral groups that augmentation of intracellular cAMP blocks the
signaling pathway from Ras to MAP kinase in cells such as fi-
broblasts and fat cells by phosphorylation of Raf (an upstream
member of MAP kinase pathway) (54, 145). However, one re-
cent study (144) with rat primary astrocytes and C6 glial cells
shows that cAMP in fact inhibits the activation of p38 MAP ki-
nase, the kinase that is involved in the activation of NF-kB in
most cases. Different neurotransmitters are known to increase
the level of cAMP in the CNS. Consistently, norepinephrine
has been reported to inhibit the expression of iNOS in glial
cells via the cAMP-PKA pathway. Feinstein and co-workers
have observed that NE actually increases the expression of
IkBa, the inhibitory subunit of NF-kB, to arrest the active NF-
kB heterodimer in the cytosol. Because in all these studies, the
final outcome is inhibition of NF-kB activation by cAMP, it is
possible that increasing cAMP may inhibit astroglial activation
of NF-kB at both the steps. Apart from NF-kB, p38 is also in-
volved in the activation of AP-1, C/EBP, and ATF-2, the tran-
scription factors that positively regulate the transcription of
iNOS gene in astrocytes. Therefore, cCAMP is expected to in-
hibit astroglial expression of iNOS via downregulation of p38-
coupled proinflammatory transcription factors. In addition, the
role of cAMP-response element binding protein (CREB) in
cAMP-mediated downregulation of astroglial iNOS cannot be
over-ruled. Because cAMP is capable of activating CREB via
PKA-mediated phosphorylation and the promoter of iNOS
contains CRE, it is possible that cAMP-PKA may downregu-
late the expression of iNOS via CREB. Therefore, it will be in-
teresting to explore the role of CREB, if any, in expression of
astroglial iNOS.
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On the other hand, studies regarding the role of
cAMP-PKA in the induction of iNOS in microglia indicate
differential regulation based on stimuli. For example, accord-
ing to Fiebich et al. (41), elevation of cAMP inhibits LPS-
induced microglial expression of iNOS. Consistently, another
study by Minghetti e al. (93) also shows downregulation of
LPS-induced microglial expression of iNOS by PGE,,
forskolin, and dibutyryl cAMP. On the other hand, a different
set of inducers such as, amyloid-f3 peptides, plasminogen,
and gangliosides induce microglial expression of iNOS via
cAMP-PKA (92, 120). Therefore, a detailed analysis of regu-
latory mechanisms by which the cAMP—PKA pathway cross-
talks with the transcriptional machinery for iNOS in two dif-
ferent glial cells is required to assess activators of
cAMP-PKA pathway as possible therapeutics.

Transcriptional regulation by reactive oxygen
species (ROS). Once ROS are produced, these multipo-
tent diffusible molecules are capable of carrying out many sig-
nal transduction processes of various extracellular stimuli.
Consistent with their versatile cellular functions, ROS also
regulate the expression of iNOS in different cells including
glial cells. N-acetyl cysteine (NAC) is a cell-permeable analog
of cysteine, the precursor of glutathione, the molecule that
plays an important role in maintaining cellular redox homeo-
stasis. Studies have revealed that NAC and other antioxidants
like pyrrolidine dithiocarbamate (PDTC) and lycopene are po-
tent inhibitors of production of NO and the expression of
iNOS in rat primary astrocytes, microglia, and C6 glial cells
(111, 112). Recent studies have identified the ROS-producing
molecule in activated glial cells. For example, Pawate et al.
(116) have defined a critical role of NADPH oxidase in (LPS
+ IFN-v)-induced expression of iNOS in glial cells. They have
shown that stimulation of rat primary astrocytes and microglia
leads to rapid activation of NADPH oxidase and release of
ROS followed by the expression of iNOS. Consistently, atten-
uated induction of iNOS is observed in a microglial cell line
stably transfected with a mutant form of Phox subunit (i.e.,
p47Phex. W193R) and in primary astrocytes derived from
gp91Phox-deficient mice (116). Furthermore, inhibition of
(LPS + IFN-vy)-induced expression of iNOS and production of
NO by exogenous addition of catalase but not superoxide dis-
mutase suggests that H,O, is the ROS coupled to the induction
of iNOS. Recently, Cordle and Landreth have also shown that
Rac1-dependent activation of NADPH oxidase and production
of superoxide play an essential role in fibrillar AB-induced ex-
pression of iNOS in microglial cells (25). Because activation
of NF-kB is involved in the expression of iNOS and antioxi-
dants and inhibitors of NADPH oxidase suppress the activa-
tion of NF-kB in glial cells (91), ROS are believed to regulate
iNOS expression via NF-kB. However, the involvement of
other transcription factors in ROS-mediated induction of
iNOS in glial cells cannot be ruled out as many such factors
are redox-sensitive in other cell types.

Transcriptional regulation by ceramide. Several
extracellular stimuli have been shown to couple the sphin-
gomyelin—ceramide pathway that eventually leads to important
biochemical and cellular responses, including apoptosis (55,
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74). This pathway is initiated by the activation of neutral sphin-
gomyelinase (NSMase) that hydrolyzes membrane sphin-
gomyelin to ceramide and phosphocholine. Eventually, ce-
ramide has emerged as a second messenger molecule that
mimics some of the cellular effects of different cytokines, neu-
rotoxins, apoptotic inducers, and bacterial and viral products in
terminal differentiation, apoptosis, and cell cycle arrest (151).
Although sphingomyelinase (SMase) increased the cellular
levels of ceramide, either SMase or cell-permeable ceramide
analog alone was unable to induce iNOS in rat primary astro-
cytes (107). However, incubation of LPS or cytokine-stimu-
lated astrocytes with SMase, cell-permeable ceramide analogs
(C,- or C-ceramide) or inhibitor of ceramidase (N-oleoyl
ethanolamine) led to a time- and dose-dependent increase in
the expression of iNOS in rat astrocytes and C6 glial cells
(107). The ability of ceramide to potentiate the LPS- or
cytokine-mediated activation of NF-«kB activation indicates that
sphingomyelin—ceramide signaling events augment astroglial
expression of iNOS via increasing the activation of NF-kB
(107). Inhibition of iNOS expression in (LPS + ceramide)-
activated astrocytes by antioxidants and inhibitors of farnesyl-
transferase and MEK suggested the possible involvement of
redox-sensitive Ras-ERK pathway in the activation of NF-kB
and the expression of iNOS (107). Consistently, a recent well-
executed study by Singh and colleagues (112) has identified
lactosylceramide as an important mediator of expression of
iNOS in (LPS + IFN-y)-activated primary rat astrocytes. They
have delineated that LPS/IFN-vy induces the production of Lac-
Cer that in turn activates Ras—ERK pathways via redox-
sensitive pathway. This Ras—ERK pathway couples to the acti-
vation of NF-kB and hence the induction of iNOS in astrocytes.

Transcriptional regulation by phosphatidylinosi-
tol-3 kinase (PI-3K). PI-3K is a lipid kinase that phos-
phorylates 3°-OH position of the inositol ring of inositol phos-
pholipids, producing PtdIns(3)P, PtdIns(3,4)P,, PtdIns
(3,4,5)P,. The prototypical class-I PI-3K comprises a p110 cat-
alytic subunit and a p85 regulatory subunit (three mammalian
subtypes: a, 3, and 7). As per a well-accepted model (20), the
p110 subunit is recruited to the Src homology 2 (SH2) domains
in the cytoplasmic fraction of an engaged tyrosine kinase re-
ceptor by a similar domain in the adapter p85 subunit. Thus,
transported to a membrane proximal position, p110 performs
its catalytic activity on lipid residues of the plasma membrane.
Although this kinase activity is known to initiate several posi-
tive cellular responses, inhibition of the PI-3K pathway in-
duces/stimulates LPS or cytokine induced iNOS expression in
glial cells. Treatment of C, glial cells and rat primary astro-
cytes with specific inhibitors of PI-3K (wortmannin and
LY294002) induces the expression of iNOS in LPS- or cy-
tokine-stimulated C; glial cells or stimulates the expression of
iNOS in rat primary astrocytes. Similar effects are seen by
overexpression of dominant—negative mutant of adapter p85«a
in these cells (106). Along the same lines, expression of a cat-
alytically active p110 subunit of PI 3-kinase but not that of a
kinase-deficient mutant of p110 induced an increase in PI 3-
kinase activity and inhibited cytokine-induced production of
NO and expression of iNOS (104). Although the exact mecha-
nism of PI-3K induced block is not understood at this point of

939

time, it is known that these inhibitory effects are not contingent
on MAP kinase pathways or activation of NF-kB (104,100).

Transcriptional regulation by protein phos-
phatases. Transient modulation of protein phosphorylation
and dephosphorylation is a major mechanism of intracellular
signal transduction pathways triggered by different extracellu-
lar stimuli. Because proteins are phosphorylated on serine,
threonine, and tyrosine residues, cells are naturally armed with
two different groups of enzymes that dephosphorylate these
residues. Phosphoserine threonine protein phosphatases (PP1,
PP2A, PP2B, PP2C) are entitled to dephosphorylate phospho-
serine and phosphothreonine residues. On the other hand,
phosphotyrosine protein phosphatases are assigned for phos-
photyrosine residues. Interestingly, both groups of phos-
phatases have been shown to regulate the expression of iNOS
in glial cells.

Regulation by phospho serine/threonine protein
phosphatase. The hypothesis that cellular regulation of
signaling pathways may utilize Ser/Thr phosphatases to modu-
late the phosphorylation state of critical phosphoproteins asso-
ciated with the induction of iNOS was tested in rat primary as-
trocytes. Compounds (calyculin A, microcystin, okadaic acid,
and cantharidin) that inhibit PP 1 and PP 2A were found to
stimulate the LPS- and cytokine-mediated expression of iNOS
and production of NO in rat primary astrocytes and C, glial
cells, suggesting that protein phosphatases may negatively reg-
ulate astroglial expression of iNOS (109). Because the activa-
tion of NF-kB is necessary for the induction of iNOS, the ef-
fect of okadaic acid on the LPS-mediated activation of NF-«B
was tested in rat primary astrocytes. Interestingly, okadaic acid
stimulated the LPS-mediated DNA binding as well as tran-
scriptional activity of NF-kB, suggesting that the stimulation
of iNOS expression in astrocytes by inhibitors of PP1/2A is
possibly due to a stimulation of NF-kB activation. In contrast,
regulation of iNOS by PP1/2A in microglia has not been re-
ported. However, inhibition of PP1/2A has been shown to stim-
ulate the activation of NF-kB and attenuate the expression of
iNOS in rat macrophages (109), suggesting that activation of
NF-kB is not sufficient for the induction of iNOS in macro-
phages, and that apart from NF-kB some other signaling path-
way(s) sensitive to PP 1/2A is/are possibly involved in the reg-
ulation of iNOS in macrophages. Given the proximity of
macrophages to brain resident microglia, it is possible that
PP1/2A may regulate microglial expression of iNOS in a way
similar to macrophages.

Regulation by phosphotyrosine protein phos-
phatase. Consistent with the regulation of iNOS by tyro-
sine kinases (see above), it has been found that tyrosine phos-
phatase(s) also play an important role in controlling the
expression of iNOS. SH2 domain-containing tyrosine phos-
phatases (SHP)-1 and SHP-2 have two SH2 domains at the N
terminus and a phosphatase catalytic domain at the C terminus
capable of dephosphorylating tyrosine phosphorylated JAKSs,
receptors, or other cellular proteins (121, 150). Therefore,
SHP-1 and SHP-2 play important roles in the control of proin-
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flammatory cytokine signaling. Kim et al. (69) have shown that
curcumin, a major component of Indian spice turmeric, inhibits
the expression of iNOS in ganglioside-, LPS-, or IFN-y-stimu-
lated microglia via activation of tyrosine phosphatases. In fact,
curcumin activates SHP-2 by tyrosine phosphorylation, and ac-
tivated SHP-2 then associates with JAK1/2 and dephosphory-
lates these kinases to suppress the JAK-STAT pathway (Fig.
1). A previous study, showing greater iNOS expression in SHP-
1 deficient astrocytes, also supports the suggested role of SHPs
in regulating iNOS (90). Activation of tyrosine phosphatases
that do not contain SH2 domain, like CD45, also leads to the
inhibition of iNOS in microglia. For example, Tan et al. (134)
showed that activation of microglial CD45 by anti-CD45 anti-
body cross-linking inhibits the activation of p44/42 MAPK and
thereby attenuates fibrillar amyloid-B peptide-induced mi-
croglial nitric oxide production.

Transcriptional regulation by ligands of nuclear
hormone receptors. Nuclear receptors (NR) are evolu-
tionary conserved lipophilic ligand-regulated transcription fac-
tors that control gene expression. NR ligands (NRL) recruit
coactivators to the DNA-bound NR, thereby transactivating
target genes. Interestingly, this general modus operandi is ig-
nored during regulation of iNOS. Several observations have
now revealed that NRLs repress iNOS transcription indepen-
dent of nuclear receptor itself. For example, gemfibrozil, a li--
gand for peroxisome proliferator-activated receptor-alpha
(PPAR-a), inhibits cytokine-induced iNOS expression in
human astrocytes independent of PPAR-a (102). We have
found that gemfibrozil induces peroxisome proliferator-
responsive element (PPRE)-dependent luciferase activity,
which is inhibited by the expression of APPAR-a, the domi-
nant-negative mutant of human PPAR-«. However, APPAR-«
is unable to abrogate gemfibrozil-mediated inhibition of iNOS,
suggesting that gemfibrozil inhibits iNOS independent of
PPAR-alpha. Along similar lines, 15-deoxy-12, 14-PGJ2
(15d-PGJ2), a ligand for PPAR-a, attenuates (LPS + IFN-vy)-
induced expression of iNOS in rat primary astrocytes indepen-
dent of the PPAR-« itself (50). Similar observations involving
downregulation of iNOS have also been recorded for rat mi-
croglia (10). Recently, ligands for other NR such as RAR and
RXR have been also shown to suppress the expression of iNOS
independent of NR (122). However, like PPARs, there is not
enough evidence to emphasize on specific roles of RAR/RXR
and their ligands separately in this case.

How may NRLs repress iNOS without actually involving
the NR? Although details are yet sketchy, still we have gath-
ered few pieces of the puzzle in the past few years to generate
a broad based answer. Gemfibrozil, the PPAR-a ligand,
strongly inhibited (IL-13 + IFN-y)-induced activation of NF-
kB, AP-1, and C/EBP@ but not that of STAT-GAS in human
astroglial cells (102). Further probing with the NF-«kB path-
way in rat glial cells revealed that 15d-PGJ2, the PPAR-vy li-
gand, inhibits this pathway at multiple points (50). Blocking
of NF-kB and other TFs is indeed a handy mode of shutting
down stimulus-induced response in a short period of time. Ad-
ditionally, few mechanisms have been offered to explain the
blocking effect of NRLs on proinflammatory TFs. As revealed
in Fig. 3, PPAR-vy ligands 15d-PGJ2 and rosiglitazone, reduce
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phosphorylation of the JAK—STAT pathway in activated rat as-
troglia and microglia, thereby leading to the suppression of
JAK-STAT-dependent inflammatory responses (113). This
blockage is not contingent on PPAR-y and is mediated by
rapid transcription of suppressor of cytokine signaling
(SOCS) 1 and 3 (Fig. 3). Additionally, SHP-2 is also involved
in the antiinflammatory action of NRLs. NRL treatment was
shown to phosphorylate SHP2 within minutes (113). As phos-
phorylated SHP2 dephosphorylates JAK, this creates yet an-
other avenue of blocking the JAK—-STAT pathway.

Thus, we find that NRLs block iNOS and other proinflam-
matory genes primarily by hindering activation and subse-
quent recruitment of several TFs to target promoters. How-
ever, the exact mechanism(s) of blocking all these TFs
remains to be elucidated.

Post-transcriptional regulation of iNOS

Although most of the studies delineate transcriptional
control of the iNOS gene in glial cells, there is increasing ev-
idence that posttranscriptional modifications may also play
an important role in the regulation of iNOS in glial cells. For
example, Stratman et al. (113) have shown that ibuprofen, a
nonsteroidal antiinflammatory drug, inhibits the expression
of iNOS protein in rat cerebellar granule cells by inhibiting
the post-transcriptional processing of iNOS. According to
Barger et al., dehydroepiandrosterone (DHEA), a multifunc-
tional steroid hormone known to be involved in a variety of
functional activities in the CNS, inhibits LPS-induced ex-
pression of iNOS protein in rat primary microglia via a post-
transcriptional mechanism (9). However, Wang et al. have
demonstrated that DHEA suppressed LPS-induced iNOS
mRNA expression in BV-2 microglial cells without de novo
protein synthesis and did not effect the stability of LPS-
induced iNOS mRNA (141). The basis of these differences of
different reports can be explained by the fact that DHEA may
exhibit differential effects depending on cell types. Jeohn et
al. have also shown that Go6976, an indolocarbazole com-
pound, inhibits LPS-induced expression of iNOS in microglia
at the post-transcriptional level through the destabilization of
iNOS mRNA (66). Transcriptional control of iNOS requires
the involvement of different transcription factors that are also
involved in the transcription of many other apoptotic and an-
tiapoptotic genes in glia and other CNS cells as well. In that
context, posttranscriptional regulation of iNOS may be an im-
portant step to control aberrant induction of iNOS in glial
cells.

Translational regulation of iINOS

A few studies are also present in the literature to support
translational control of iNOS in glial cells. For example, in
cytokine-stimulated human fetal mixed glial cultures, the
iNOS mRNA was expressed within 2 h after stimulation and
the iNOS protein appeared within 24 h after stimulation (34).
However, the production of NO was evident at 48 h after
stimulation, suggesting that posttranslational regulatory
events may play an important role in iNOS-mediated NO pro-
duction in human glial cells. Another classic example of
iNOS translational regulation has been described recently by
Lee et al. (79) in which a substrate can regulate the transla-
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tion of its own enzyme mRNA. L-Arginine is the only en-
dogenous substrate of NOS and this study shows that de-
creased availability of L-arginine blocked the induction of NO
production and the expression of iNOS protein in cytokine-
stimulated astrocytes. However, activity of iNOS promoter,
induction of iNOS mRNA, and stability of iNOS protein were
not inhibited under these conditions (79). This study further
demonstrated that arginine depletion inhibits the translation
of iNOS mRNA via negative regulation of phosphorylation
status of the eukaryotic initiation factor (elF2a), responsible
for translation of iNOS mRNA (79). Because elF2a is in-
volved in the translation of other mRNAs as well, arginine
depletion may not be a specific way to control the translation
of iINOS mRNA.

THERAPEUTIC IMPORTANCE
OF iNOS REGULATION

It is generally believed that aberrant iNOS induction in the
CNS at the wrong place or at the wrong time influences the
pathophysiology of several human neurodegenerative disor-
ders, leading to detrimental consequences. Once NO is pro-
duced, it reacts with superoxide to form peroxynitrite
(ONOO-), the most toxic derivative of NO. Several studies
have shown that iNOS-NO-ONOO~- plays an important role
in neuronal loss in neurodegenerative disorders. For example,
by using primary mixed cortical cultures from nNOS (—/—)
and iNOS (—/minus;) mice, Adamson et al. (1) have shown
iNOS-derived NO as a major mediator of HIV-1 gp41 neuro-
toxicity. Consistent with the observation of Xu er al. (148)
that injured spinal cords express iNOS and nitrotyrosine after
SCI, Isaksson et al. (61) demonstrated improved functional
outcome after SCI in iNOS (—/—) mice. Along the same
lines, it has been shown in a model of transient focal cerebral
ischemia, antisense knockdown of iNOS mRNA reduced le-
sion volume by 30% (115). Many cells in the SNpc from
post-mortem PD samples express considerable amounts of
iNOS, whereas those from age-matched controls do not (59).
Consistently, the ablation of iNOS in mutant mice signifi-
cantly attenuates MPTP (Parkinsonian toxin) toxicity (32).

While the observations mentioned above suggest that NO
produced from iNOS is involved in the disease process of
devastating neurodegenerative disorders and inhibition of
iNOS is a promising therapeutic target in these disorders,
conflicting results have been reported regarding the role of
NO and iNOS in experimental allergic encephalomyelitis
(EAE), the animal model of MS. According to Bagasra et al.
(6), the mRNA for iNOS was detectable in all brains exam-
ined from patients with MS and animals with EAE but none
of the control brains. Inhibition of iNOS in both rat and
mouse model of EAE by aminoguanidine also prevented the
clinical development of EAE (152). Similar trends were re-
corded in studies with iNOS inhibitors or NO scavengers
(56). Again, selective inhibition of iNOS in the CNS by intra-
ventricular administration of antisense oligonucleotides
blocks the disease process of EAE in mice (35). In contrast,
the induction of EAE in iNOS (—/—) mice shows that clinical
symptoms of EAE and mortality rate increase in the iNOS

941

(—/—) mice compared to the wild-type mice (40), suggesting
that the expression of iNOS may be beneficial for EAE.
Therefore, at present, there are two distinct pictures regarding
the involvement of iNOS in the disease process of EAE. It ap-
pears that chemical inhibitors or antisense oligonucleotides at
the doses applied in vivo do not inhibit iNOS completely,
therefore, partial inhibition of iNOS by chemical inhibitors of
iNOS or antisense oligonucleotides against iNOS protect ani-
mals against EAE. On the other hand, complete inhibition of
iNOS in iNOS (—/—) mice worsens the clinical symptoms of
EAE. These speculations suggest that NO produced up to cer-
tain levels from the activation of iNOS is beneficial for EAE.
It is to be noted that MS and EAE, in particular, are T cell-
mediated neuroinflammatory disorders and that NO inhibits
the activation of T cells and thereby may act as an immuno-
suppressant. However, once iNOS is activated, it produces ex-
cessive amounts of NO for an extended period of time, and
NO produced in excess is cytotoxic. Therefore, partial knock-
down of iNOS by pharmacological compounds to inhibit the
excessive production of NO but not complete knockout of the
iNOS is a feasible therapeutic approach for EAE and hence
for MS.

CONCLUSION

The convergence of various intracellular signaling path-
ways to the expression of iNOS in glial cells has greatly en-
hanced our understanding of both the mechanism of iNOS ex-
pression and its possible control in CNS inflammatory
disorders. However, the contribution and importance of any
biomedical subfields should be judged by two parameters: ac-
ademic and therapeutic. From the academic point of view, it
is important to create a dictionary of the regulation of glial
iNOS that should help in intellectual expansion of this or an-
other subfield. For example, one can predict a possible simi-
larity with and/or merger to another subfield that might pro-
vide a more coherent approach for better understanding of
signal transduction processes in the CNS. On the other hand,
from the therapeutic point of view, one might expect direct
application of nontoxic drugs capable of blocking these sig-
naling pathways for glial expression of iNOS in NO-mediated
neuroinflammatory and neurodegenerative diseases. From
this aspect, it has, as yet, received mixed success. The reason
behind this lies in the fact that same inflammatory signaling
pathways and transcription factors are utilized for the tran-
scription of various proinflammatory molecules. Several
classes of drugs that attenuate the expression of iNOS in
other cells including glial cells such as statins and other
mevalonate inhibitors, salicylates, nonsteroidal antiinflam-
matory drugs, ligands of PPAR, antioxidants, cAMP phos-
phodiesterase inhibitors, proteosome inhibitors, and natural
compounds (curcumin) are being considered for various neu-
rodegenerative disorders. However, in addition to suppressing
the expression of iNOS, these drugs also inhibit the expres-
sion of other proinflammatory molecules, suggesting that
therapeutic efficacy of these drugs cannot be attributed only
to the suppression of iNOS. Therefore, the challenge is to dis-
cover signaling pathways and transcription factors specific
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for the activation of iNOS promoter which may not be even
possible. However, analysis of the huge 5’-flanking region of
the human iNOS gene (>30 kb) may be a viable option in
moving forward.

Although this review compiles evidence based on the regu-
lation of iNOS in glial cells, so far very little is known about
glial cell-specific signaling pathways for the induction of
iNOS. It could be an important avenue to investigate if we
consider the pathologies of certain neurodegenerative disor-
ders in which the expression of iNOS is confined mainly
within CNS cells. Under these conditions, specific targeting
of glial iNOS is the best option to get better therapeutic
output.
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ABBREVIATIONS

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclero-
sis; APP, amyloid precursor protein; C/EBP, CCAAT/en-
hancer-binding protein; cAMP, cyclic adenosine monophos-
phate; CBP, CREB binding protein; CNS, central nervous
system; eNOS, endothelial nitric oxide synthase; HAD, HIV-
associated dementia; HD, Huntington’s disease; HIV, human
immunodeficiency virus; IFN, interferon; IL, interleukin;
iNOS, inducible nitric oxide synthase; NO, nitric oxide; IRF,
interferon regulatory factor; ISRE, interferon-stimulated re-
sponsive factor; LPS, lipopolysaccharide; MBP, myelin basic
protein; MCSF, macrophage colony stimulating factor;
MPTP, 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine; MS,
multiple sclerosis; NF-kB, nuclear factor kappaB; nNOS,
neuronal nitric oxide synthase; NSMase, neutral sphin-
gomyelinase; PD, Parkinson’s disease; PPAR, peroxisome
proliferator-activated receptor; PPRE, peroxisome proliferator-
responsive element; ROS, reactive oxygen species; SHP, SH2
domain containing tyrosine phosphatase; SOCS, suppressor
of cytokine signaling; TLR, Toll-like receptor; VCAM, vas-
cular cell adhesion molecule; VLA, very late antigen.
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