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MOLECULAR MECHANISMS REGULATING iNOS EXPRESSION
IN VARIOUS CELL TYPES

K. Murali Krishna Rao

Health Effects Laboratory Division, National Institute for
Occupational Safety and Health, Morgantown, West Virginia, USA

Inducible nitric oxide synthase ( iNOS) has been shown to be present in a variety of cell
types, and nitric oxide (NO) has been implicated in a multitude of biological functions.
The purpose of this review is twofold: ( 1)  to provide a comprehensive table of cell
types that produce NO together with the effects of agents used to study iNOS regula-
tion, as a ready reference for the investigators in the field; and (2) to summarize recent
observations dealing with iNOS signal transduction mechanisms. Initially, the major reg-
ulation of NO production was believed to occur at the transcription step, but now it is
recognized that NO regulation can occur at the transcriptional, posttranscriptional,
translational, and posttranslational level. There have been a number of studies of the
regulation of iNOS in various cell types, often yielding conflicting results. The major
emphasis of this review is on iNOS signal transduction mechanisms. For example, the
role of JAK kinases and mitogen-activated protein (MAP)  kinases in iNOS regulation is
elaborated. In addition, species differences in the iNOS promoter region and the role of
RNA structure in iNOS expression is discussed. The role MAP kinases play in transla-
tional regulation in addition to transcriptional regulation is emphasized. An analysis of
the current data and suggestions for future studies are also presented.

Stuehr and Marletta (1985) demonstrated that nitrite and nitrate are pro-
duced in murine macrophages. These compounds have been shown to be the
end products of nitric oxide synthesis in cells. Nitric oxide (NO) is synthe-
sized by a family of three NO synthases (NOS). The three isoforms of this
enzyme, neuronal (nNOS), inducible (iNOS), and endothelial (eNOS), are
products of three genes named NOS1, NOS2, and NOS3, respectively (Mon-
cada et al., 1997). Although nNOS and eNOS do exhibit a modest degree of
regulation at the expression level, iNOS is the major isoform and is expressed
in most cells only after induction by immunologic or inflammatory stimuli. In
view of the profound effects attributed to NO in various pathological and
physiological conditions, an understanding of the regulation of NO produc-
tion in tissues has become an important research area. Within the last few
years, various laboratories have focused extensively on the various signal
transduction mechanisms involved in regulating iNOS expression. iNOS,
originally purified and cloned from an immunoactivated macrophage cell
line, has now been identified in numerous other cell types. The diversity of
cell types that are capable of producing iNOS appears to have introduced
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additional complexity in the elucidation of signal transduction mechanisms
involved in regulating iNOS expression. Seemingly contradictory results are
being reported from various laboratories with respect to various second mes-
sengers involved in the regulation of iNOS expression. However, these
diverse findings suggest that iNOS may be regulated differently in different
cell types (Table 1). In addition, the effects of agents used to modify NO for-
mation may depend largely upon the nature of the stimuli that are being
used to activate the particular cell type. Thus, the apparent contradictions
may actually be revealing the diverse ways by which iNOS expression are
regulated in various cell types. The existing data on the molecular mecha-
nisms involved in the regulation of iNOS expression are summarized in this
review. This will hopefully serve to introduce a semblance of order into a
chaotic state of knowledge in this important area of investigation .

In Table 1 a list of cell types, the species from which the cells were ob-
tained, the stimuli used to induce iNOS, and the agents used to modify the
iNOS induction are listed. The intracellular signal molecules implicated in
the modulation of iNOS are also listed where applicable. Thus, this table
provides a quick reference to various cell types used and how the same
agent may produce a different effect depending upon the cell type and the
stimulus used.

Regulation of iNOS differs with strain (Hussain & Qureshi, 1998) and
species (Adler et al., 1995; Jungi et al., 1996; Jesch et al., 1997). The expres-
sion of iNOS in bovine, goat, hamster, human, monkey, murine, pig, and
rabbit macrophages has been reported. The macrophage response to various
cytokines and the extent of the response differs considerably according to
the species. Goat, hamster, monkey, human, and pig macrophages are rela-
tively resistant to iNOS production in response to cytokine stimulation,
whereas bovine and murine macrophages generate considerable amounts of
iNOS under similar conditions (Jungi et al., 1996). Therefore it is important
to note which strain and species are being used in any particular study. The
same agent may have different effects, depending on the cell type and the
species being studied. This has been well documented with regard to regula-
tion of NO production by transforming growth factor- b 1 (TGF- b 1), as
reviewed by Vodovotz (1997). TGF- b suppresses iNOS expression by three
distinct mechanisms: decreased stability and translation of iNOS mRNA,
and increased degradation of iNOS protein. This was the first evidence that
iNOS was subject to other than transcriptional regulation (Vodovotz et al.,
1993). Subsequent studies have shown that iNOS is regulated at transcrip-
tional, posttranscriptional, translational, and posttranslational levels. Recent
developments in these areas are reviewed with emphasis on signal transduc-
tion mechanisms that have been proposed in various cell types.

iNOS GENE PROMOTER

The molecular mechanisms for the transcriptional regulation of the
iNOS gene have been studied by cloning mouse (Lowenstein et al., 1993;
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Xie et al., 1993), human (Chartrain et al., 1994; Zhang et al., 1996; de
Vera et al., 1996; Spitsin et al., 1996; Charles et al., 1993), rat (Zhang et
al., 1998; Eberhardt et al., 1996), and avian (Lin et al., 1996) promoter
regions of iNOS gene. The promoters from human (Chartrain et al., 1994;
Zhang et al., 1996) and mouse iNOS genes (Lowenstein et al., 1993; Xie
et al., 1993) have some common elements, with a homology of 55% within
the first 1.7 kb of 5’ flanking sequence (Zhang et al., 1996). Both contain
consensus sequences for numerous cis-actin regulatory elements. The
mouse iNOS gene promoter contains two regions or clusters of regulatory
elements, a proximal and a distal region. The proximal region (region I or
RI) extends from position –48 to –209, functions as the basal promoter
element, and mediates response to lipopolysaccharide (LPS) through NF- k B
and interferon response factor (IRF) binding (Xie et al., 1993; Lowenstein
et al., 1993; Alley et al., 1995). The distal region (region II or RII) extends
from –913 to –1029, functions as an enhancer element, and responds to
LPS and interferon (IFN)- g stimulation through NF- k B and IRF-1 binding
(Lowenstein et al., 1993; Alley et al., 1995). The human iNOS gene pro-
moter contains sequences homologous to mouse RI and RII (Chartrain
et al., 1994; Zhang et al., 1996). Although the regulatory elements in RI
are well conserved between mouse and human promoters, the elements
in human RII are less conserved and would be predicted to be nonfunc-
tional based upon their comparison to consensus sequences (Zhang et al.,
1996).

In the mouse iNOS gene, 1000 base pairs out of the 1.5-kb mouse
iNOS promoter confer full inducibility in response to a mixture of IFN- g
and LPS in a cultured mouse macrophage cell line, RAW 264.7 (Xie et al.,
1993; Lowenstein et al., 1993). In the rat iNOS gene, a 3.2-kb promoter
construct was required for full inducibility. In the human iNOS gene, a 3.7-
kb segment of 5’-flanking region does not contain all of the elements re-
quired for transcriptional induction (Laubach et al., 1997); a full-length 16-
kb promoter is required for induction by a cytokine mixture even though
the full sequence and elements of this promoter are still unknown (de Vera
et al., 1996). In the chicken iNOS gene, an LPS-responsive region is located
exclusively within 300 base pairs upstream of the transcription initiation
site (Lin et al., 1996). Thus, there are significant differences in the promoter
regions of iNOS from different species.

In addition to the differences in the iNOS promoters from different
species, molecular regulation of transcription appears to differ among dif-
ferent cell types in the same species. For example, in a mouse macrophage
cell line, RAW 264.7, the promoter region that responds to LPS contains
only a single downstream NF- k B binding site (Xie et al., 1994). But in the
vascular smooth muscle cell line, A7r5, it is the –890 to –1002 bp region
(also containing another NF- k B site) that responds better to cytokines
(Spink et al., 1995). Furthermore, interspecies differences in the transcrip-
tional regulation are demonstrated by the fact that the mouse iNOS pro-
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moter is unresponsive to cytokines when transfected into human colonic
epithelial cells (Laubach et al., 1997).

ROLE OF TRANSCRIPTIONAL FACTORS

The transcriptional control of iNOS gene expression in vascular smooth
muscle cells has been recently reviewed (Hecker et al., 1999). Here, recent
observations concerning the role of various transcription initiation factors
are discussed. The promoter region of the mouse iNOS gene contains
several binding sites for nuclear factor kappa B (NF- k B), activator protein
1 (AP-1), and various members of the CCAAT/enhancer binding protein
(C/EBP), cAMP-responsive element-binding protein (CREB), and signal trans-
ducers and activators of transcription (STAT) family of transcription factors.

NF- k B
Activation of NF- k B has been shown to mediate enhanced expression

of the iNOS gene in mouse macrophages exposed to LPS (Xie et al., 1994)
and vascular smooth muscle cells (Spink et al., 1995) and mesangial cells
(Eberhardt et al., 1994) exposed to interleukin-1b . However, it is unlikely to
act as an important factor for cytomix-stimulated iNOS in human epithelial
DLD-1 cells (Kleinert et al., 1998). NF- k B activated by LPS induces iNOS in
mouse macrophages (Lorsbach et al., 1993), whereas NF- k B generated by
TNF- a fails to induce iNOS in renal epithelial cells (Amoah-Apraku et al.,
1995). In renal mesangial cells, iNOS was induced even after total abolish-
ment of active NF- k B (Nakashima et al., 1999). So it seems that although
NF- k B plays an important role in iNOS induction it is not essential for
iNOS expression, at least in certain cell types.

AP-1
AP-1 acts as an inhibitor of iNOS gene expression in both murine

macrophages (Lowenstein et al., 1993) and human epithelial DLD-1 cells
(Kleinert et al., 1998). Thus, AP-1 seems to exert a negative influence on
iNOS transcription. But using luciferase plasmid constructs of a human
promoter, both AP-1 and NF- k B were shown to be important for induc-
tion of human iNOS gene transcription (Marks-Konczalik et al., 1998).

CREB and C/EBP
Elevated cAMP levels induce iNOS expression in rat vascular smooth

muscle cells (Hecker et al., 1997), in rat macrophages in vitro and in vivo
(Sowa & Przewlocki, 1995; Greenberg et al., 1997), and in rat renal mesan-
gial cells (Eberhardt et al., 1994). cAMP acts through C/EBP family of
transcription factors. But cAMP regulation of iNOS expression is unique
to the rat iNOS promoter. C/EBPb (NF-IL6) seems to be important for main-
taining a high transcriptional rate of the iNOS gene after IFN- g /LPS stimu-
lation in J774A.1 murine macrophages (Dlaska & Weiss, 1999). NF- k B
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and C/EBP also cooperate in a synergistic manner in the induction of
iNOS gene expression in VSMC (Hecker et al., 1997).

ROLE OF KINASES IN iNOS TRANSCRIPTIONAL REGULATION

Various kinases have been implicated in iNOS regulation. These in-
clude (1) protein kinase C in liver cells (Chen et al., 1998a), microglial
cells (Fiebich et al., 1998), vascular smooth muscle cells (Li et al., 1998),
and RAW 264.7 cells (Chen et al., 1998b); (2) protein kinase A in vascu-
lar smooth muscle cells (Imai et al., 1994), microglial cells and astrocytes
(Hellendall & Ting, 1997), and macrophages (Mullet et al., 1997); and (3)
protein tyrosine kinases in microglial cells and astrocytes (Kong et al.,
1996; Hellendall & Ting, 1997) and in liver cells (Lee et al., 1997). These
kinases in turn initiate kinase cascades involving several other kinases, and
some of the cellular kinases implicated in iNOS regulation are described
next.

JAK-STAT Pathway
Exposure of cells to IFN- g results in the activation of protein tyrosine

kinases such as the janus kinases, JAK-1 and JAK-2, which phosphorylate
and activate STAT1 a . The activated STAT1 a translocates into the nucleus
and induces transcription of IFN- g regulated genes (Schindler & Darnell,
1995). The IFN- g –JAK2–STAT1 a -pathway is important in iNOS induction
in rodent cells (Kitamura et al., 1996; Nishiya et al., 1997; Singh et al.,
1996) and in human DLD-1 cells (Kleinert et al., 1998). In renal mesan-
gial cells, JAK2 plays an essential role in IFN- g signal transduction, and
the contribution of JAK2 to nitrite production is greater than that of NF- k B
(Nakashima et al., 1999).

Mitogen-Activated Protein Kinases (MAP) Kinases
The stimulants that induce nitric oxide production are known to acti-

vate MAP kinases, which play an important role in transcription (Davis,
1994; Kyriakis & Avruch, 1996) and translation (Prichett et al., 1995). The
MAP kinase group consists of three families of kinases: p38MAPK, p42/44MAPK

(ERK1/ERK2), and JNK/SAPK. LPS activates all three kinases in murine
RAW 264.7 cells (Sanghera et al., 1996; Swantek et al., 1997). Similarly,
all three MAP kinases are activated in mouse bone marrow-derived macro-
phages stimulated with tumor necrosis factor (TNF) alone. Further, ad-
dition of IFN- g to TNF did not cause a significant change in activation
(Chan et al., 1999). IL-1 b activates p38MAPK and p42/44MAPK in cardiac
myocytes (LaPointe & Isenovic, 1999). Activation of p38MAPK and p42/44MAPK

also occurs in bovine retinal pigmented epithelial cells stimulated with
IFN- g and LPS (Faure et al., 1999). Larsen et al. (1998) concluded that in
rat islet cells and insulinoma cells activation of p38MAPK and p42/44MAPK is
necessary but not sufficient for NO production in IL-1 b -stimulated cells.
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Similarly, in mouse astrocytes stimulated with IL-1 a and TNF- a , p38MAPK

activation was necessary but not sufficient to transduce the signal, and
inhibition of p42/44MAPK with PD98059 had no marked effect (Da Silva et
al., 1997). In RAW 264.7 cells also stimulated with LPS, it was activation
of p38MAPK that was found to be important in regulating iNOS induction
(Chen & Wang, 1999). In another study using RAW 264.7 cells stimulated
with a combination of LPS and IFN- g , both p42/44MAPK and p38MAPK were
implicated in iNOS expression (Ajizian et al., 1999). Similarly in rat micro-
glial cells and astrocytes treated with LPS or the combination of LPS/IFN- g ,
respectively, p42/44MAPK and p38MAPK were shown to cooperate in iNOS
induction (Bhat et al., 1998). Yet in another study of bone marrow-derived
mouse macrophages stimulated with TNF, it was reported that JNK/SAPK
was involved in regulating NO production (Chan et al., 1999). The conclu-
sions in many of these studies are based on the use of supposedly specific
inhibitors of particular kinases. It is well known that over time other sec-
ondary effects of inhibitors become evident and render the interpretations
based on inhibitors very tentative. For example, it has been shown recently
that the p38MAPK inhibitor SB203580 activates the serine/threonine kinase
Raf-1 in vascular smooth muscle cells (Daum et al., 1999). In addition,
careful comparative studies may be required to identify how much of this
variation is due to technical differences, and what role cell- and stimulus-
specific differences play in these data.

Phosphatidylinositol 3-Kinase

Stimulation of RAW 264.7 cells with LPS activates phosphatidylinosito l
3-kinase (PI3-kinase) and has been assigned a negative role in iNOS regula-
tion (Diaz-Guerra et al., 1999). In fact, it appears that inhibition of PI3-
kinase may be a necessary event for production of NO following stimulation
in C6 glial cells and rat primary astrocytes (Pahan et al., 1999). Additional
evidence for a role of PI3-kinase in NO regulation comes from the observa-
tion that inhibition of iNOS expression by activation of RON (receptor d’
origine nantais) tyrosine kinase is mediated through activation of PI3-kinase
(Y.-Q. Chen et al., 1998).

Protein Phosphatases

Involvement of so many kinases in iNOS regulation implies that phos-
phatases may also play a role in its regulation. Compounds that inhibit
protein phosphatases 1 and 2A (calyculin, microcystin, okadaic acid, and
cantharidin) stimulate LPS/cytokine-mediated expression of iNOS and
production of NO in rat primary astrocytes and glial cells; however, the
same agents inhibit the LPS/cytokine-mediated expression of iNOS and
production of NO in rat resident macrophages and RAW 264.7 cells (Pahan
et al., 1998). Again the actual mechanisms for these differences are not
clear at the present time.

Many of these kinases play a role in the transcriptional regulation of
the iNOS gene. But it is becoming clear that these kinases also play an
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important role in translational regulation of genes. Recent findings indi-
cate that translational regulation may play a crucial role in fine-tuning
iNOS gene expression. The role of these kinases in such regulation is dis-
cussed later, but we next return to events following the transcription of
iNOS gene.

iNOS REGULATION BY mRNA STRUCTURE

The first data suggesting that posttranscriptional mechanisms are in-
volved in the regulation of iNOS expression were provided by Vodovotz et
al. (1993). They showed that TGF- b decreases iNOS expression by decreas-
ing iNOS mRNA stability, reducing iNOS mRNA translation, and increasing
degradation of iNOS protein in mouse peritoneal macrophages. The com-
plex effects of TGF- b in various cell types have been reviewed (Vodovotz,
1997) and are briefly described in Table 1.

There is increasing evidence that the 5’- and 3’-untranslated regions
(UTRs) of many mRNAs play an important role in the regulation of gene ex-
pression by influencing mRNA stability and translational efficiency (Kozak,
1992; Altmann & Trachsel, 1993). Despite the presence of a TATA box in
the promoter region, multiple transcription initiation sites have been ob-
served in different types of human cells and human cell lines. Alternative
splicing of 5’-UTR of human iNOS mRNA results in further diversity (Chu et
al., 1995). The TATA-independent iNOS mRNA transcripts are upregulated
by cytokines. The long and complex 5’-UTRs contain eight partially over-
lapping open reading frames upstream of putative inducible nitric oxide
synthase ATG and have been proposed to have a role in translational regu-
lation of human iNOS (Chu et al., 1995). In addition, the 3’-UTRs of both
murine and human iNOS mRNAs have a conserved AU-rich octanucleotide
sequence, which is known to mediate mRNA stability (Evans et al., 1994).
There also appears to be a cooperative interaction between 5’- and 3’-UTRs
in the induction of human iNOS (Nunokawa et al., 1997).

iNOS Regulation at the Translational Level
Dexamethasone (Walker et al., 1997) and IL-13 (Bogdan et al., 1997)

inhibit NO production by inhibiting the translation of iNOS mRNA in cer-
tain cell types. Similarly, sodium salicylate has been shown to decrease
iNOS protein levels in rat hepatocytes (Sakitani et al., 1997) and RINm5F
cells and rat islet cells (Kwon et al., 1997). Maleyl-BSA (Maleyl-bovine
serum albumin) is another agent that regulates iNOS expression at the
translational level (Alford et al., 1998). Recently, lung surfactant has been
shown to decrease iNOS protein levels without decreasing the steady-
state mRNA levels (Miles et al., 1999). This decrease may also occur at a
translational level. However, the mechanism of action for these agents is
not known. Study of translational control of iNOS gene may contribute to
our understanding of the translational regulation of gene expression in
eukaryotic cells.
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iNOS Regulation at the Posttranslational Level

NO production can also be modulated after the synthesis of iNOS
protein by alterations in the stability of the protein. Dexamethasone de-
creases iNOS protein stability in IL-1 b -stimulated rat renal mesangial
cells (Kunz et al., 1996) and IFN- g -stimulated RAW 264.7 cells (Walker et
al., 1997). It appears that the cysteine protease calpain I may be involved
in the increased degradation of the iNOS protein caused by dexametha-
sone. TGF- b also decreases protein stability and in addition reduces iNOS
mRNA translation. Another posttranslational regulatory event is the tyrosine
phosphorylation of iNOS protein, which seems to activate the enzyme (Pan
et al., 1996).

AN ANALYSIS OF THE EXISTING DATA AND FUTURE DIRECTIONS

iNOS, by definition, has been known to be an enzyme that is newly syn-
thesized following cytokine stimulation. Resting cells have no detectable
message, and iNOS mRNA is newly synthesized following stimulation.
Therefore, transcriptional regulation of iNOS was the focus of early inves-
tigations. The first evidence that iNOS is subject to other than transcrip-
tional regulation was based on the effect of TGF- b on mouse peritoneal
macrophages stimulated with IFN- g (Vodovotz et al., 1993). Since then it has
become clear that iNOS is regulated at various levels of synthesis and degra-
dation as described earlier in this review. This level of complexity makes the
interpretation of data difficult, and requires one to pay careful attention to
the experimental conditions described. The varied effects of TGF- b , depend-
ing on the cell type, have been reviewed (Vodovotz, 1997) and can be
rapidly perused in Table 1. In addition, it has been shown that the same
agent under different incubation conditions produces different effects. For
example, when endothelin is added to glial cells together with cytokines,
it enhances iNOS production. When it is added 24 h before cytokines,
endothelin suppresses NO production (Murayama et al., 1998). Cyclohexi-
mide suppresses NO production in hepatocytes stimulated with LPS and
enhances NO mRNA in cells treated with cytokines (Casado et al., 1997).
Epidermal growth factor decreases NO production in LPS-stimulated
human hepatocytes and cytokine-stimulated mouse hepatocytes, but has no
marked effect on cytokine-stimulated rat hepatocytes (Nussler et al., 1995).
These few examples suffice to show the complexity of the phenomenon
regulating NO production in mammalian cells. This poses a great chal-
lenge, and at the same time offers a great opportunity to understand gene
regulation in mammalian cells.

A number of kinases have been implicated in iNOS regulation as
described earlier. As reflected in the studies involving MAP kinases, con-
flicting data exist with regard to their role in iNOS regulation. Part of
these differences may well be due to different cell types being studied;
one would expect that the complex maze of signal transduction networks
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works differently in different cell types. In fact, signal transduction path-
ways differ in the same cell type, depending upon the stage of maturation
(Lucas et al., 1998). But in many cases the conclusions are based on sup-
posedly specific inhibitors. The specificity of the inhibitors is always sub-
ject to revision and should be regarded with caution. More reliable are
the studies using molecular biology techniques such as antisense oligonu-
cleotides (Nakashima et al., 1999; Chen et al., 1998b), expression of
dominant-inhibitory proteins (Y.-Q. Chen et al., 1998; Nishiya et al., 1997;
Swantek et al., 1997; Hu et al., 1998), or gene knockout animals (Ambs
et al., 1998; Shull et al., 1992; Vodovotz et al., 1996).

In view of the fact that 5’- and 3’-UTR play an important role in regu-
lating the ultimate production of NO, studies using expression vectors
containing only promoter regions may not yield the true picture of NO
production. Expression vectors containing full-length cDNAs with a full
complement of 5’- and 3’-UTRs may be necessary to understand the com-
plexities of iNOS regulation.

MAP kinases have been recognized generally for their role in mediat-
ing signal transduction events regulating transcription, but recent studies
implicate them in the regulation of translational events also. The eukary-
otic initiation factor eIF4E is phosphorylated by MAP kinases. Specifi-
cally, the p38MAPK inhibitor SB203580 blocks the phosphorylation of eIF4E
(X. Wang et al., 1998). Treatment with SB203580 has been shown to
inhibit NO production in many cell types, using a variety of stimuli (see
Table 1). It remains to be clarified what role the effects on transcription
and translation play in inhibition of NO caused by this agent. Such studies
might be very useful in understanding the translational regulation of gene
expression. In this regard it is important to note that two other proinflam-
matory molecules, TNF (Prichett et al., 1995) and IL- b (Kaspar & Gehrke,
1994), are also under translational regulation, in addition to other types
of regulation. It would be interesting to see if translational regulation of
all three proinflammatory molecules share a similar mechanism.

At first sight, as Table 1 indicates, interpretation of data is complicat-
ed by differences in the types of cells studied, by the variety of stimulants
used, and by the contradictory effect of various inhibitors. The challenge
facing the investigators in the field is to delineate how many of the con-
tradictions are due to experimental artifacts and what constitutes real
physiologic variation. If this challenge can be met successfully, the study
of iNOS regulation may provide important information on various ways
gene expression may be regulated in eukaryotic cells and the various sig-
nal transduction events that may be involved in different cell types.
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