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Inducible Nitric Oxide Synthase Inhibition by Mycophenolic Acid

Dj. Miljkovic*!, M. Markovic? and V. Trajkovic?

!Institute for Biological Research, Belgrade, Serbia and Montenegro

2Institute of Microbiology and Immunology, School of Medicine, Belgrade, Serbia and Montenegro

Abstract: The focus of this review is the influence of an immunosuppressive xenobiotic drug mycophenolic
acid on the induction of nitric oxide production in various cell types. The potential therapeutic significance of
the cell-specific fine-tuning of nitric oxide release by mycophenolic acid, as well as the mechanisms behind

the drug action are discussed.
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INTRODUCTION
Immunosuppressive Action of Mycophenolic Acid

Mycophenolic acid (MPA) is the principal bioactive
compound of mycophenolate mofetil (MMF), an immuno-
suppressive xenobiotic drug, which has been used in
preventing transplant rejection [43]. MMF was also shown
efficient in the treatment of various immune-mediated
diseases in animal models [3], as well as of rheumatoid
arthritis [3, 52] and autoimmune skin disorders in humans
[13, 21, 30, 31].

MPA inhibits the activity of inosine monophosphate
dehydrogenase (IMPDH), a rate-limiting enzyme for de novo
synthesis of guanosine nucleotides (Fig. (1)). By depleting
the intracellular concentration of guanosine nucleotides,
MPA acts as a powerful proliferation inhibitor in various
cell types, especially in activated lymphocytes [3]. This
selectivity is a consequence of its preference for IMPDH
isoform II, which is expressed in lymphocytes upon their
activation [36, 48]. Apart from proliferation, MPA inhibits
cytokine production, glycosylation and expression of
adhesion molecules in cultured human T cells, as well as
antibody formation of in vitro activated human B
lymphocytes [1, 2, 16, 18]. MPA was also shown effective
in vivo, since it inhibited both primary and secondary
humoral response in rodents [1, 22, 23] and humans [3].
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Fig. (1). Interference of MPA with de novo guanosine
nucleotide synthesis. ATP - adenosine monophosphate; IMP -
inosine monophosphate; XMP - xanthosine monophosphate;
GMP - guanosine monophosphate; GTP - guanosine
triphosphate; dGTP - deoxyguanosine triphosphate; IMPDH -
inosine monophosphate dehydrogenase.
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There is a growing body of evidence suggesting a potent
influence of MPA on cell types other than lymphocytes.
MPA significantly reduced cytokine-induced expression of
selectins and VCAM-1, together with prostaglandin E2
synthesis in endothelial cells [5, 8, 9, 10, 50]. On the other
hand, the ICAM-1 expression on human umbilical vein
endothelial cells (HUVEC) was augmented by its action
[59]. Importantly, MPA was shown capable of impairing
maturation and differentiation of murine dendritic cells, as
well as their ability to stimulate allogeneic T cells [42].
Therefore, besides directly acting on lymphocytes, MPA
might exert immunoregulatory properties through
influencing the function of other cells involved in the
immune response.

The Role of Nitric Oxide in Immunity

Nitric oxide (NO) is synthesized from L-arginine by
intracellular enzyme NO synthase (NOS). Neuronal (nNOS,
NOSI1) and endothelial (eNOS, NOS3) NOS isoforms are
constitutively expressed and generate low amount of NO
involved in regulation of neurotransmission and vascular
homeostasis, respectively [11, 39]. In contrast, the
expression of inducible isoform (iNOS, NOS2) is induced
during immune response in macrophages, endothelial cells,
fibroblasts, astrocytes, vascular smooth muscle cells and
other cell types in reaction to the microbial products and/or
cytokines [12]. High-output NO production by iNOS is one
of the major microbicidal and tumoricidal mechanisms of
the immune system [12, 39]. However, NO could be
involved as an effector molecule in excessive tissue
destruction during inappropriate immune response occurring
in prolonged infections, in diseases with autoimmune
etiology or in hypersensitivity reactions [11]. Alternatively,
NO also has a profound immunomodulatory property,
including suppression of T lymphocyte and antigen-
presenting cell function [12, 37].

THE INFLUENCE OF MPA ON INOS-MEDIATED
NO PRODUCTION

There are several reports concerning MPA's effect on NO
production in various cell types, both in vivo and in vitro.
Although all in vivo experiments on animals were conducted
with MMF, the observed effects of MMF in these
experiments could be fairly attributed to MPA, since MPA
is its only known active metabolite [3].
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MPA Modulation of NO Production in vivo

It is well appreciated that excessive production of TNF-a
and NO contributes to inflammation and cardiovascular
collapse seen in endotoxic shock [6, 27]. Pretreatment of
LPS-injected animals with MMF inhibited the release of
TNF-a and NO, promoted production of IL-10, and
protected mice from LPS-induced Ilethality [20].
Interestingly, MMF pretreatment did not alter NO
production in IL-10 deficient mice injected with LPS, thus
suggesting that the upregulation of IL-10 synthesis
participates in the drug-mediated suppression of NO release
[20]. This is consistent with the proposed inhibitory effect
of this anti-inflammatory cytokine on NO synthesis in
sepsis [17, 63]. Similar results were obtained in
streptozotocin-induced diabetes in mice, an autoimmune
disease characterized by NO-mediated killing of pancreatic 3-
cells [40]. MMF treatment of diabetic animals augmented
IL-10 production and down-regulated NO release from
peritoneal macrophages, which might partly account for the
protective effect of the drug in this disease [40].

The influence of MMF on iNOS-mediated NO
production was also investigated in the mouse model of
renal ischemia-reperfusion injury (IRI) [38]. While only low
levels of NO and iNOS mRNA were detected in the sham-
operated kidneys, they were significantly increased in mice
with renal IRI. However, both the expression of iNOS gene
and subsequent NO release were reduced in a dose-dependent
fashion by pre-treatment with MMF. Overexpression of
iNOS with high NO production in kidneys is also a
hallmark of lupus glomerulonephritis in systemic lupus
erithemathosus (SLE) in humans [60]. Mice of MRL strain
that are homozygous for the defective Fas gene, called lpr
(MLR/lpr mice), spontaneously develop a lupus-like
syndrome, and are frequently used as a model for human
SLE. It was recently reported that renal cortical iNOS
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mRNA level and urinary nitrite production were markedly
reduced in MLR/Ipr mice treated with MMF. Furthermore,
this effect was accompanied by significant reduction of
glomerulonephritis signs, such as glomerulosclerosis,
glomerular volume and proteinuria.

MPA Modulation of NO Production in vitro

So far, MPA influence on iNOS-mediated NO
production in vitro was investigated in rat or mouse
endothelial cells, astrocytes, fibroblasts and macrophages,
and the results of these studies are summarized in Table 1.

Endothelial Cells

In rat brain vascular endothelial cells, MPA inhibited NO
production induced by combination of IFN-y and TNF-a
[53]. However, MPA did not affect low basal NO synthesis
in unstimulated cells, suggesting that iNOS, rather than
constitutive NOS (cNOS or eNOS), was the target for the
drug action [53]. Interestingly, although the regulation of
iNOS is mainly transcriptional [12, 39], MPA effect in
endothelial cells was apparently exerted through suppression
of iINOS co-factor tetrahydrobiopterin (BH4). BHy is
essential for optimal functioning of iNOS enzyme [12, 39]
and its intracellular concentration is controlled by de novo
synthesis, mainly by the feedback regulation of GTP
hydrolase I [26, 28, 29]. As the substrate for GTP hydrolase
I is GTP, the synthesis of BH4 is dependent on IMPDH
activity. Therefore, MPA-imposed inhibition of IMPDH
activity could lead to restricted levels of BHy in cells and
subsequent impairment of iNOS catalytic activity. The
addition of the direct BH4 precursor sepiapterin to MPA-
treated endothelial cells completely restored their NO release,
thus arguing in favor of such an assumption. Exogenous
guanosine, which overcomes IMPDH block by acting as a
salvage pathway precursor for GTP synthesis, completely

Table 1. The Influence of MPA on iNOS-Mediated NO Release In vitro. All Cells Described in the Table are of Rat Origin, Except

Mouse Cell Lines 1.929 and IC-21

Cell type iNOS stimulus NO production iNOS expression iNOS catalytic activity Ref.

Endothelium

Brain vascular

endothelial cells IFN-y/TNF-a ! na ! [53]
Astrocytes .

Primary astrocytes IFN-y/LPS ! 9] [45]

C6 astrocytoma IFN-y/LPS ! na na [45]
Fibroblasts

Primary fibroblasts IFN-y/LPS ! X 2 [47]

L.929 fibrosarcoma IFN-y/LPS ! na na [46]
Macrophages

Peritoneal cells IFN-y/LPS (%] (%] na [45, 47]

IC-21 cell line IFN-y/LPS i i na [34]
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abolished the effect of MPA on endothelial NO release [45,
53], thus confirming that the drug acted through IMPDH
inhibition.

Astrocytes and Fibroblasts

In contrast to the results obtained with rat endothelial
cells, sepiapterin failed to prevent drug inhibitory action on
IFN-y + LPS-induced NO synthesis in rat primary
astrocytes or fibroblasts [45, 47]. Hence, MPA effect in
these cells did not stem from the limitation of BHy4
availability and resulting suppression of iNOS enzymatic
activity. This discrepancy was not a consequence of different
iNOS stimuli applied in the two studies, as sepiapterin was
also unable to revert the MPA inhibitory action in astrocytes
and fibroblasts treated with IFN-y + TNF-a. The observed
block of NO production in astrocytes and fibroblasts rather
involved the interference of MPA with IFN-y + LPS-
triggered expression of iNOS gene, as supported by MPA's
inability to affect NO production if transcription was
blocked, as well as by the reduced expression of iINOS
mRNA in MPA-treated cells. However, MPA obstruction of
iNOS catalytic activity in astrocytes or fibroblasts could not
be completely ruled out, since such an ability of the drug

MPA e --->IMPDH‘

NFxB activation
Jak-STAT activation
MAPK activation
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would be presumably preceded and, therefore, masked by its
interference with iNOS gene expression. In fact, this notion
is supported by the finding that MPA-mediated suppression
of NO production was more prominent than that of iNOS
mRNA expression. Interestingly, MPA failed to inhibit
astrocyte or fibroblast iNOS activation in the presence of
guanosine, thus strongly indicating that the drug effect was
completely dependent on the down-regulation of IMPDH
activity. The inhibitory action of MPA on iNOS-mediated
NO release was not restricted to primary cells, as it was also
observed in rat astrocytoma line C6 and mouse fibrosarcoma
cell line 1929 [45, 47].

Macrophages

MPA significantly down-regulated both TNF-a and NO
release in IFN-y + LPS-stimulated cultures of murine
macrophage cell line IC-21 [34]. However, these effects were
apparently due to IMPDH inhibition-dependent cytotoxic
action of the drug. On the other hand, both IFN-y and/or
LPS-activated rat and mouse primary macrophages were
absolutely resistant to MPA toxic action observed in their
transformed counterparts, as well as to the drug interference
with iNOS expression or catalytic activity that was operative

IMP

GMP

i
o

(+ ).:.,:":‘

4 iINOS
dimer

BH, \.
O O iNOS
4

monomer

iRNK

iNOS gene expression

Fig. (2). The influence of MPA on iNOS mediated NO production. Several signaling pathways, including Jak-STAT and MAPK, are
involved in the activation of the essential iNOS transcription factor IRF-1 and subsequent transcription of the iNOS gene. Decrease of
GTP intracellular concentration by MPA could interfere with MAPK-induced IRF-1 activation, as well as with the synthesis of BH4 an

indispensable iNOS co-factor.
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in fibroblasts/astrocytes, or endothelial cells, respectively.
This is unlikely to be due to macrophage insensitivity to
MPA-mediated IMPDH inhibition, since MPA caused a
rapid down-regulation of guanosine nucleotide content in
monocytes [3]. While possible difference in BH,4 availability
might account for distinct MPA effect on the enzymatic
activity of macrophage and endothelial iNOS, the absence of
MPA influence on the expression of macrophage iNOS
indicates that intracellular pathways controlling iNOS
activation in fibroblast or astrocytes and macrophages might
differ. This finding also implies that down-regulation of NO
release by MPA observed in sepsis and diabetes [20, 40]
could not result from the direct inhibition of macrophage
iNOS, but rather from alterations in cytokine network that
controls iNOS expression. Indeed, in both studies the
suppression of NO release correlated with reduced production
of iNOS-activating proinflammatory cytokines TNF-a
and/or IFN-y, as well as with augmented synthesis of anti-
inflammatory iNOS-deactivating cytokine IL-10 [20, 40].

Intracellular Mechanisms for MPA Inhibition of iNOS
Induction

A coordinated binding of two transcription factors, NF-
KB and IRF-1, to their consensus sequences in iNOS
promoter, is necessary for optimal iNOS transcription [51]
(Fig. (2)). Unlike NF-kB, which pre-exists in the cytoplasm
in the inactive state, IRF-1 is activated mainly at the
transcriptional level via Jak-triggered induction of
transcriptional factor STAT1 [54]. Interestingly, a striking
down-regulation of IRF-1 mRNA coincided with MPA
suppression of iNOS gene expression in astrocytes and
fibroblasts [45, 47], thus providing a plausible explanation
for the drug effect. Moreover, this indicates that similar
mechanism might be also responsible for the reduced renal
iNOS mRNA expression in MPA-treated lupus mice, since
the observed drug action was apparently independent of
modulation of NF-kB pathway [64]. While LPS is a
prototype NF-KB activator [25], IRF-1 is a principal
mediator of IFN-y intracellular actions [54]. It therefore,
seems conceivable to assume that MPA might exert its
inhibitory action on fibroblast and astrocyte iNOS
expression mainly through interference with IFN-y-derived
signals. The finding that MPA-sensitive expression of iNOS
in lupus mice [64] depends mostly on IL-12-induced IFN-y
[32] is also consistent with the putative interference of MPA
with IFN-y signal transduction and IRF-1 activation. The
absence of MPA influence on IRF-1 expression in
macrophages [47] further supports possible involvement of
impaired IRF-1 induction in the drug-mediated block of
iNOS transcription.

The observed inhibition of IRF-1 expression by MPA in
both astrocytes and fibroblasts was completely prevented by
exogenous guanosine [45, 47], indicating that the drug effect
was mediated through suppression of IMPDH activity.
While the assumption that IMPDH might be required for the
optimal induction of IRF-1 and, subsequently, iNOS, is
intriguing, there is a question of the intracellular mechanism
behind this IMPDH involvement. It was recently reported
that IMPDH inhibition was linked with reduced levels of
GTP-associated G-protein p2lras and the subsequent
impairment of G-protein-dependent activation of mitogen
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activated protein kinase (MAPK) signaling cascade [56]. The
members of MAPK signaling pathways have recently been
implicated in the induction of iNOS in fibroblasts and
astrocytes [7, 19, 33, 44, 58], as well as IRF-1 in retinal
epithelial cells or hepatocytes [24, 57]. Although the data on
MAPK involvement in the iNOS induction in macrophages
are somewhat conflicting, several studies suggested that
induction of macrophage iNOS might be relatively
insensitive to inhibition of MAPK, particularly to that of
p44/42 MAPK [14, 15, 33, 44, 49]. Therefore, cell-selective
down-regulation of iNOS gene expression by MPA might be
achieved, at least in part, through IMPDH inactivation-
dependent interference with MAPK signaling and subsequent
block of IRF-1 induction (Fig. (2)).

CELL-SPECIFIC INHIBITION OF INOS BY MPA IN
THE THERAPY OF AUTOIMMUNITY

Cytokine-activated iNOS expression and high NO
production in both infiltrating macrophages and resident
cells, may contribute to target tissue destruction in organ-
specific autoimmune diseases. We will here try to postulate
possible implications for the therapy of autoimmunity of the
cell-specific MPA interference with the iNOS-mediated NO
release in vitro.

It has become increasingly clear in recent years, that apart
from its deleterious effect in the target tissue, NO might also
limit the development of autoimmune T cells [11, 62]. This
protective action in autoimmunity has been mainly ascribed
to macrophages, which use NO to suppress the activation
and clonal expansion of autoreactive T cells in lymphoid
organs [37]. Indeed, peripheral macrophages were found to
block the proliferation of encephalitogenic T cells in
experimental allergic encephalomyelitis (EAE), an animal
model of multiple sclerosis [61]. On the other hand, it has
been shown that astrocytes, despite releasing high amounts
of NO, use NO-independent mechanisms for the suppression
of autoantigen-driven activation of T cells [45]. It is
therefore, conceivable to assume that the interference of
MPA with astrocyte, but not macrophage NO synthesis,
might presumably preserve beneficial immunosuppressive
effect of NO, while partly reducing its destructive action on
the myelin sheath and neurons in the CNS. A similar line of
reasoning can be employed for rheumatoid arthritis, where
iNOS-mediated excessive release of NO by cytokine-
activated synovial fibroblasts may contribute to joint
cartilage destruction [4, 41]. Selective down-regulation of
fibroblast iNOS by MPA might be sufficient to prevent
excessive NO release and cell damage in the joint, while
sparing presumably protective effect of macrophage NO at
the periphery.

However, although in vitro results indicate that
macrophages are fairly resistant to direct inhibition of NO
release by MPA, it should be noted that macrophage NO
production in autoimmune diabetes was significantly down-
regulated by MPA treatment [40]. This might be a
consequence of MPA interference with the production of T
cell cytokines (IFN-y, TNF-a) involved in activation of
macrophage iNOS in vivo [40]. In the same study, MPA
markedly reduced macrophage release of IL-12, which is a
crucial cytokine involved in the development of Thl
response, while the production of anti-inflammatory Th2
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cytokine IL-10 was increased [40]. Since Th1 cytokines (IL-
12, IL-18, IL-2, IFN-Yy) mainly promote, and Th2 cytokines
(IL-4, IL-10, IL-13) repress iNOS induction [39], one could
expect that shifting Th1/Th2 balance to the latter type of
response might significantly contribute to MPA-mediated
down-regulation of NO synthesis in vivo. However, such
selective interference of MPA with Th1/Th2 cytokine
production in autoimmunity was not universally observed,
as the drug treatment suppressed both types of T cell
response in experimental autoimmune encephalomyelitis and
lupus-like disease in mice [35, 55].

CONCLUDING REMARKS

The studies presented here strongly indicate that novel
immunosuppressant MPA has the ability to directly block
iNOS-mediated NO release in different cell types, through
mechanisms involving both interference with iNOS gene
expression, as well as with iNOS catalytic activity. While
iNOS induction or activity in macrophages was mainly
refractory to MPA action in vitro, the drug might be able to
suppress NO release in vivo by affecting the production of
iNOS-inducing proinflammatory and/or Thl cytokines.
However, such indirect obstruction would presumably
require some time to exert the effect, which at least during
the initial period of the treatment, might leave intact NO-
dependent immunosuppressive action of the macrophages.
While the putative delay in inhibiting macrophage iNOS
could be beneficial, immediate MPA-mediated direct
blockade of iNOS in resident cells might contribute to the
reduction of target tissue damage. It is on future studies to
explore whether such time-dependent fine-tuning of NO
production could be involved in the protective effects of
MPA in autoimmunity and the treatment of transplant
rejection.
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