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Systemic lupus erythematosus (SLE) is an autoimmune disease with a
broad spectrum of clinical manifestations, but its pathogenesis remains fairly
understood. Cyclic nucleotide signaling pathways in immune cells and kidney
are emerging as cellular mechanisms governing SLE disease progression.
Upregulations of cGMP/cAMP metabolism lead to lupus nephritis and abnormal
kidney remodeling/hypertrophy. PDE4 family remains the major cAMP
hydrolyzing enzyme as PDE1 is responsible for cGMP breakdown in kidney. SLE
disease progression to lupus nephritis is correlated with increase PDE1 and PDE4
activities resulting in lower cyclic nucleotide levels in kidney. Administration
of Nimodipine, a PDE1 inhibitor prevents the lymphoproliferative phenotype
and exert anti-proliferative effects on mesangial cells while PDE4 inhibitor NCS
613 prevents inflammatory cytokines release, immune complex deposition,
and nephritis in MRL/lpr lupus prone mice. In this review, we highlight recent
findings of alterations of cyclic nucleotide signaling pathways in lupus nephritis.
Given the role of cAMP/cGMP signaling in kidney function, dual inhibition of
PDE1 and PDE4 may represent a promising therapeutic approach to tackle
lupus nephritis.
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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease
with a broad spectrum of clinical manifestations. Secretion of variety
proinflammatory cytokines and autoantibodies is the hallmark of
SLE. Loss of tolerance to endogenous antigens initiates generations
of antibodies against nuclear compartment including spliceosomes,
DNA, and phospholipids1. This polymorphic and multigenic
autoimmune disease predominantly affects women in their
premenopausal age. Although several organs can be affected, lupus
nephritis (LN) remains the major cause of morbidity and mortality
in patients with SLE and affects up to 60% of patients2. However,
the immunopathogenesis of LN is elusive since key mechanisms
explaining kidney cell injury and organ failure remains largely
unclear. It has been reported that podocyte injury after deposition
of immune complexes leads to irreversible glomerular damage3.
There is a positive correlation between anti-dsDNA antibody and IL-6,
IL-10, and TNF-α levels which can affect the prognosis of SLE4. The
deposition of immune complexes in different areas of the glomerulus
activates components of the immune system as well mesangial cell
proliferation5. Recent studies focusing on immune cell landscape
of lupus nephritis have revealed subsets of leukocytes active in
this disease. Macrophages, T cells, natural killer cells, and B cells
demonstrated both pro-inflammatory responses and inflammationresolving responses6. Cyclic nucleotides (cyclic adenosine-3’,5’monophosphate (cAMP) and cyclic guanosine-3’,5’-monophosphate
(cGMP)) have been long recognized as critical mediators of many
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renal functions, including solute transport, regulation
of vascular tone, proliferation of parenchymal cells, and
inflammation7-9.

Intracellular calcium handling is unbalanced in T
lymphocytes from lupus patients which lead to overactivity
of T cells. In addition, it has been reported that a low
intracellular cAMP level is associated with impaired cAMPdependent phosphorylation of endogenous substrates in T
lymphocytes from patients with active disease. Therefore,
SLE is characterized by exaggerated T-cell activity and
abnormal T-cell signaling. The mitogen-activated protein
kinase (MAPK) pathway is involved in the maintenance
of T-cell tolerance10. We have previously demonstrated
that inhibition of cAMP degrading enzyme can prevent
proinflammatory signaling including MAPK and nuclear
factor κB (NFκB) in peripheral leucocytes from of patients
with SLE11. Other clinical future of lupus nephritis is
mesangial cell proliferation and podocyte loss mediated
by immune complex deposition12, 13. Mesangial cell
proliferation is increased in presence of low intracellular
cGMP, therefore elevated glomerular cGMP levels has been
shown to inhibit of mesangial proliferation, glomerular
matrix accumulation, and proteinuria8, 14. This review will
discuss the role of cyclic nucleotide signaling pathways in
lupus nephritis complications. This manuscript will present
current understanding of LN from lessons learned from
animal models and interesting therapeutic approaches for
the management of SLE.

Cyclic Nucleotides Signaling in Kidney

Cyclic nucleotide signal transduction pathways
are an emerging research field in kidney disease.
Downstream receptor activation, cyclic nucleotides are
second messengers that govern many physiological
processes and pathology including inflammation and
cell proliferation15. cAMP and cGMP are synthesized by
adenylyl cyclases and guanylyl cyclases respectively. cAMP
and cGMP participate in kidney physiological responses
and have been shown to be renoprotective16. Cyclic
nucleotide intracellular signaling pathways are regulated
by cyclic nucleotide phosphodiesterase families (PDE1
to PDE11) that hydrolyze cAMP and cGMP as a feedback
mechanism to return to basal levels. The balance of
intracellular cyclic nucleotide levels is mainly dependent
on the anabolic activity of adenylyl/guanylyl cyclase
and the catabolic activity of PDEs. In fact, the hydrolytic
activity of PDEs against cyclic nucleotides is greater than
that of synthesis. Activation of PDEs abolishes the cellular
effects of cAMP and cGMP signaling, while inhibition
of PDEs increases cAMP and/or cGMP signaling. The
superfamily of PDEs encompass more than 100 identified
proteins which participate in their functional diversity.
The multiplicity of PDEs and their specific intracellular
localization in the vicinity of various protein effectors
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contribute of the compartmentalized regulation of cAMP
and cGMP17, 18. By regulating cyclic nucleotide levels, PDEs
contribute to their compartmentalization and govern many
biological processes including inflammation, cell adhesion,
proliferation and migration19.

In disease conditions such as glomerulosclerosis and
nephritis, increased cAMP or cGMP have been shown to
suppress these renal diseases. Brain natriuretic peptide
(BNP) induces cGMP signaling by stimulating guanylyl
cyclase A. Through activation of cGMP-dependent
kinases and an increase intracellular calcium, BNP elicits
vasodilating, natriuretic effects, inhibition fibroblast
proliferation, and anti-proliferative effects on mesangial
cells. Elevated the renal content of cGMP can result in an
improved renal plasma flow, glomerular filtration rate,
and sodium excretion. In cirrhotic animals, it has been
previously shown that PDE5 inhibitor ameliorated the
sodium retention and the resistance to the natriuretic
effects of ANP14, 20. The cAMP pathway exerts anti-fibrotic
actions which include inhibition of epithelial mesenchymal
transition (EMT), blockade of fibroblast proliferation,
and activation of the death of fibroblasts21. TGFβ levels
play a dual role in the pathogenesis of lupus nephritis
with immunoregulatory and proinflammatory properties
dependent on different microenvironments22. The antifibrotic effects of cAMP are mediated by PKA through cAMP
responsible element binding (CREB) phosphorylation
which blocks TGFβ mediated gene transcription. It is
well accepted that activation exchange protein directly
activated by cAMP (Epac) also blocks TGFβ mediated smad
dependent gene transcription thereby the EMT.

PDE4, the Major cAMP Degrading Enzyme in
Lupus Nephritis

The clinical complications of lupus include nephritis,
neurological disorders, and dermatitis. Lupus nephritis has
been described as the most serious complication of SLE and
strongest predictor of poor disease outcomes. Lupus prone
mice (MRL/lpr) strain which bears an autosomal recessive
mutation in the gene encoding Fas, is widely used as animal
model for autoimmune disease23. The MRL+/+ background
is responsible for the development of autoimmune kidney
disease, and the lymphoproliferation (lpr)/Fas mutation
converts a mild nephritis into a much severe disease,
with a 50% mortality rate at 24 weeks of age24. Although
this molecular defect in Fas gene does not lead to SLE in
human, this mouse model recapitulates many biological,
immunological and clinical features of the human disease.

Among PDEs, the members of the PDE4 family (PDE4A,
PDE4B, PDE4C and PDE4D) specifically hydrolyze cAMP
and are mainly present in inflammatory cells11, 25. PDE4
family comprises of 4 genes with various alternative mRNA
splices encoding long and short PDE4 isozymes, resulting
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in 35 different proteins15, 26. Peripheral leukocytes from
mice deficient in PDE4B loss approximately 90% of TNFα
production, a major proinflammatory cytokine is SLE
pathogenesis. Renal injury in LN occurs through either
immune complex deposition, autoantibodies binding to
glomerular antigens, or in situ immune complex formation
within glomeruli2. Early study in MRL/lpr mice established
the involvement of PDE4 family in lupus disease progression.
Kidney cAMP is degraded by PDE2 and PDE3, but
predominantly by PDE4 family which contributes to 66% of
cAMP-PDE activities. In the kidney of young healthy mice, all
4 subtypes of PDE4 are expressed (PDE4A, PDE4B, PDE4C,
and PDE4D). cAMP regulation mediated by the differential
expressions of PDE4 contribute to kidney inflammation.
MRL/lpr mice spontaneously develop systemic
inflammation and nephritis when transitioning from young
(week 8) to adult life (week 15). It should be noticed that
disease progression is correlated with significant increase
in cAMP catabolism by PDE4 without change in PDE2 and
PDE3 activities. The only PDE4C isoform expressed in the
kidney is absent in lupus prone mice, while PDE4B isoform
is upregulated. Interestingly, NCS 613 a PDE4C selective
inhibitor can reduce TNFα secretion, prevent proteinuria,
and improve survival in lupus prone mice. NCS 613
restores renal PDE4C expression, a membrane associated
PDE4. Other PDE4 inhibitors including pentoxifylline and
denbufylline do not improve animal survival but reduce
TNFα secretion. NCS 613 is a new potent PDE4 inhibitor
which exerts anti-inflammatory properties (Figure 1). Oral
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administration of NCS 613 reduces neutrophil recruitment
in lipopolysaccharide (LPS)-treated mouse bronchi as
and abolishes hyperresponsiveness of cultured human
bronchi27-29. Recently, we reported that NCS 613 suppresses
systemic inflammation and immunes complexes deposition
in kidney of lupus prone mice30. Apremilast is an orally
available small molecule PDE4 inhibitor approved by the
USA FDA for the treatment of active psoriatic arthritis
and moderate-to-severe psoriasis. Apremilast has been
shown to block production of IL-12, IL-23, TNF-a, INF-γ
by leukocytes with subsequent suppression of Th1 and
Th17-mediated immune responses31. NCS 613 targets
immunocompetent cells including T cells, B cells, and
phagocytes to achieve its therapeutic effects in controlling
systemic inflammation. As an impact, systemic secretion
of TNFα and anti-dsDNA antibodies is reduced by NCS 613
treatment. Prolong PDE4 inhibition in MRL/lpr treated
mice is accompanied by ameliorations of kidney damage.
Anti-dsDNA antibody-induced mesangial cell proliferation
and nephromegaly is prevented by increased kidney cAMP
levels (Figure 1). In other study, it has been shown that
PDE4 inhibitors improve kidney damage by increasing
cAMP levels after renal ischemia-reperfusion injury in
rats32. Our recent study has shown that PDE4 inhibition
by NCS 613 exerts antiproliferative effects on A549 lung
epithelial cells and human lung adenocarcinoma explants,
as well as anti-proliferative effects on mesangial cells29, 33.
From animal studies to patient bed site, our translational
observations strongly support the idea that inhibition of

Figure 1: Contributions of cyclic nucleotide signaling pathways to lupus nephritis pathogenesis. Lower cAMP levels in immunocompetent
cells induced T cells overactivity, storm of inflammatory cytokine release by inflammatory cells, and autoantibody production by B
cells. Immune complexes and inflammatory cytokines mediate mesangial cell proliferation and podocyte apoptosis leading to kidney
dysfunction. PDE4 inhibition by NCS 613 prevents proinflammatory signaling whereas PDE1 inhibition induces anti-lymphoproliferative
effects. Dual inhibition of PDE1 and PDE4 may represent a promising therapeutic approach to tackle LN.
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PDE4 activities in peripheral mononuclear cells (PBMCs)
can control proinflammatory signaling. The PBMCs consist
of monocytes and lymphocytes that play key roles in
SLE systemic inflammatory processes. LPS stimulations
predominantly activate TRL4 signaling in macrophages and
release of large amounts of TNFα. Inhibition of PDE4B and
PDE4C by NCS 613 reduces p38 MAPK and NFκB signaling
and ultimately prevents IL-6, IL-8, and TNFα secretion
upon PBMCs stimulation by LPS. By controlling systemic
inflammation mediated by macrophages and production
of autoantibodies by B cells, NCS 613 treatment has been
shown to be an attractive therapeutic intervention in
management of SLE.

PDE1, the Major cGMP Degrading Enzyme in
Lupus Nephritis

Mesangial cell proliferation plays an important role in
the pathogenesis of progressive glomerular abnormalities,
leading to glomerulosclerosis and kidney dysfunctions8.
PDE1 sub-family of enzymes hydrolyze both cAMP and
cGMP in a mutually competitive manner9, 34. PDE1 involves
in cell proliferation by activating p27Kip1 and regulating
cell cycle35, 36. We previously documented splenomegaly,
nephromegaly, and hepatomegaly in MRL/lpr mice. This
correlates with an increase PDE1 activity in the kidney
and liver, and PDE2 activity in the spleen. Calcium/
calmodulin activated-PDE1 has been reported to play an
important role in cell proliferation and is implicated in
rodent heart hypertrophy37. Inhibition of PDE1A isoform
results in vascular remodeling and inhibition of smooth
muscle cells (SMCs) proliferation in lung vasculature36.
Other reports have discussed the anti-proliferative and
anti-cancer effects of PDE1 inhibitors that will not be
discussed in this manuscript35, 38. From 8 week to week 15
of age MRL/lpr lupus-prone mice develop nephromegaly.
In healthy mice, PDE1 is the major cGMP hydrolyzing
enzyme in the kidney contributing to 52% of the total
cGMP-PDE activities while the rest is due to PDE2, PDE3,
and PDE5. The expression of three PDE1 isoforms (PDE1A,
PDE1B, and PDE1C) is critical to cGMP breakdown in the
kidney. During lupus disease progression in lupus prone
mice kidney, cGMP-PDE activities significantly increase
in the kidney, mainly due to PDE1 activity which lowers
intracellular cGMP levels. Of critical importance PDE1B and
PDE1C upregulation seems to play critical role in kidney
pathology. Expression of PDE1 particularly increases in
the glomerulus supporting the idea that this isoform might
contribute to mesangial cell proliferation. Implications
of cGMP-PDE in lymphoproliferative phenotype and
organomegaly were tested with the used of PDE1and PDE2
inhibitors. Intravenous administration of Nimodipine
(PDE1 inhibitor) to MRL/lpr mice but not of EHNA (PDE2
inhibitor) was able to significantly lower peripheral
leucocyte hypercellularity, a characteristic feature of lupus-
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prone mice. PDE1 inhibition is a potential therapeutic target
for prevention of abnormal renal remodeling leading to
kidney dysfunction. Future investigation should address
how the simultaneous inhibition of PDE4 and PDE1 could
ameliorate nephritis complications in SLE.

Conclusion and Perspective

PDE1 and PDE4 predominantly degrade kidney cGMP
and cAMP respectively. Cyclic nucleotide signaling pathways
are impaired in lupus nephritis due to PDE1 and PDE4
upregulation. PDE4 activity contribute to lower kidney cAMP
and inflammation, while PDE1 promotes lower cGMP and
mesangial cell proliferation. The pathogenic autoimmune
complexes trigger immune response, podocyte apoptosis,
and mesangial cell proliferation thereby exacerbating
kidney dysfunction. Dual inhibition of PDE1 and PDE4 may
represent a unique therapeutic approach to tackle systemic
inflammation, anti-proliferative effects on mesangial cells,
and kidney hypertrophy, while improving disease outcome.
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