





Figure 9: Phospho-eNOS (Thr*®®) immunoblots of nuclear and cytoplasmic
fractions. Nuclear fractions (Figure 9A) reprobed with anti-phosphorylated eNOS
(Thr*®). “L” indicates the ladder band and “e” indicates the purified eNOS used

as a control. Figure 9B indicates cytoplasmic fractions.
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DISCUSSION

In recent years, the theory of IPF as a disease consisting predominantly of
chronic and uncontrolled inflammation has largely been dismissed as being
inaccurate. While many interstitial lung diseases include an identifiable initial
inflammatory response to a damaging agent, many patients heal or show vast
improvement with anti-inflammatory therapies (Selman & Pardo, 2002). The
evolution of the initial inflammatory response to the fibroproliferative pathology
characteristic of IPF is largely indistinguishable upon lung biopsy to that of other
interstitial lung diseases. Moreover, there is little evidence to suggest true IPF
begins with an inflammatory response, or support for the theory that inflammation
is prominent in the early phases of IPF (Bjoraker et al., 1998). Indeed, the lack of
long-term beneficial response to anti-inflammatory drugs, corticosteroids, and
immunosuppressive agents among patients suggests the mechanism behind the
onset and fibroproliferative nature of IPF lies in a realm science just beginning to
to be understood.

The focus of current research into IPF has generally centered on it as
being a disease of fibroproliferation preceded by alveolar cell activation (Selman
& Pardo, 2002). Both of these factors have been shown to trigger a number of
chemokines/growth factors that induce fibroblast migration and proliferation, and
differentiation among myofibroblasts, and subsequent accumulation of ECM
(Ramos-Nino et al., 2003: IPF Supplement). It's important to recognize that the

potential inflammation and fibroproliferation seen in IPF are two
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pathophysiologically distinct pathways independent of each other. Novel
treatments and anti-fibrotic therapies are currently in various stages of
preclinical/clinical development (de Andrade & Thannickal, 2009) and take aim at
the underlying fibroproliferation that is now known to be the hallmark of the
disease.

A consistent finding from the various studies into the cell biology, growth-
factor/cytokine signaling, animal models, and human models of IPF is the
accumulation of the aggregates of myofibroblasts in the fibroblastic foci of the
tissue (Thannickal and Horowitz, 2006). Ample evidence exists showing the
development of apoptosis-resistant phenotypes of myofibroblasts are generated
during fibroblast/myofibroblast differentiation in disease models of IPF, with a
correlation among the extent of the fibrotic foci and increased rates of mortality.

Nitric oxide, generated by NOS, plays a substantial role as a signaling
molecule involved in physiological processes in the airway epithelium (Gaston et
al., 1994; Barnes, 1995). The endothelial isoform of NOS (eNOS) has been
demonstrated to be a key enzyme in endothelial tissue homeostasis,
angiogenesis, and remodeling. In the last few years, and in this present study,
the goal of our research lab has been to characterize and investigate the factors
regulating eNOS (as well as INOS) expression and activity, including post-
translational modifications of the enzyme, protein-protein interactions, cofactors,
Ca?*/CaM influences, and phosphorylation.

There has been a large amount of research into the biochemical

properties of eNOS in a number of endothelial cell types, namely bovine aortic
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endothelial cells. Alternatively, there is little research into the enzyme’s
expression in mesenchymal cells such as pulmonary myofibroblasts, the focus of
this thesis. Indeed, a PubMed search of “nitric oxide” and “pulmonary
myofibroblast” yields only nine results, while one of “nitric oxide” “bovine aortic
endothelial cell” yields 174.

Nitric oxide has been shown to attenuate the epithelial-mesenchymal
transition induced by TGF-f in alveolar epithelial cells both in vivo and in vitro.
This feature is also seen in pulmonary tissue biopsies of those patients with lung
fibrosis secondary to myofibroblast-mediated excessive ECM deposition (Vyas-
Read et al., 2006). Additionally, inhibition of NO synthesis has been shown to
increase accumulation of myofibroblasts and subsequent collagen deposition
(Pessanh et al., 2000).

This study presents a potential mechanism by which nitric oxide influences
myofibroblast accumulation by investigating the role of eNOS in the pulmonary
myofibroblast. eNOS knockout mice experience prolonged pulmonary fibrosis in
response to the profibrotic agent bleomycin, suggesting a correlation between
eNOS expression and myofibroblast regulation and/or apoptosis. We have
demonstrated eNOS is the primary NOS isoform expressed in pulmonary
myofibroblasts and the enzyme’s localization is dependent upon growth
conditions. Immunocytochemistry of prtotmyofibroblasts grown under normal
(10% FBS) conditions predominately show eNOS expression confined to the
nucleus, with little cytosolic staining. Myofibroblasts grown under serum-starved

conditions (0% FBS) show an increase in a-SMA and MyHC expression and
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mimic in vivo differentiated conditions (Rice and Leinwand, 2003). eNOS is
translocated from the nuclear to cytoplasmic regions under these highly
differentiated conditions (see Figure 4), although nuclear staining is still
observed, as shown in figure 7.

In epithelial cells, eNOS has been shown to translocate from the caveolae
to intracellular sites in a Ca?*- dependent manner (Goetz et al., 1999). | have
shown this too, is the case for pulmonary myofibroblasts. Removal of Ca?* from
cells by the chelator EGTA mimics a differentiated state, with eNOS expression
largely confined to the perinuclear region. Previous research indicating increases
in cytoplasmic Ca®* levels activates CaM, which binds to the canonical CaM-
binding domain in eNOS to promote the alignment of the oxygenase and
reductase domains of the enzyme, leading to an increase in catalytic activity
(Sessa, 2004; Fleming et al., 2001). My data shows pulmonary myofibroblasts
respond oppositely to Ca”* presence, with a decrease in basal catalytic activity
upon by the removal of Ca?*.

There is ample evidence that regulation of eNOS localization, and,
coordinately, activity is regulated via phosphorylation/dephosphorylation on
multiple serine, tyrosine, and threonine residues by various protein kinases and
phosphatases (Dimmeler et al., 1999; Gallis et al., 1999; Michell et al., 2001).
Neuronal NOS (nNOS) was the first NOS isoform to be identified as
phosphorylated at distinct sites by PKC, and PKC-dependent phosphorylation
decreased the level of enzyme activity (Bredt et al., 1992). We investigated the

role of PKC-dependent phosphorylation on eNOS localization and activity by
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treating cells with the known PKC activator PMA and immunoblotting fractionated
cell lysates for native eNOS and phospho-eNOS (Thr*?®). PKC activation by PMA
has previously been shown to inhibit eNOS activity in cultured cells (Davda et al.,
1994; Hirata et al., 1995). In Figure 9, we show that myofibroblasts treated with
PMA do indeed synthesize lower than basal levels of eNOS, with the additions of
EGTA mitigating this effect. Protomyofibroblasts do not appear to be affected by
PMA treatment in the same way showing slight increases in expression. By
DAF-2DA staining, we have been also able to show qualitatively that NO is also
present in the same cellular regions as eNOS. This work is in agreement with
recent work in our lab by Dr. Bethel Sharma who has able to quantify NO activity
in our cells grown under various conditions. NO production was measured
amperometrically using an NO electrode (Innovative Instruments, Inc) and
normalized to total cell count. Treatment with 10 uM PMA was found to lower NO
production to near basal levels of differentiated cells. Addition of EGTA to the
PMA-treated differentiated cells restored NO production, providing confirmation
that phosphorylation of eNOS by PKC is associated with a reduction in its
catalytic activity in pulmonary myofibroblasts. Thus, the changes in eNOS
expression in response to PKC activation (Figure 8) correlate with changes in the
catalytic activity of the protein (Figure 10). These finding are in accordance with
earlier data showing eNOS is a PKC substrate and PKC-mediated
phosphorylation mitigates eNOS activity (Tsukahara et al., 1993; Davda et al.,

1994., Hirata et al., 1995; Fleming et al., 2001).
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Figure 10: PKC-induced phosphorylation coordinates with activity

These past and present studies have aided in analyzing the role
nitric oxide plays as a signaling molecule in the pulmonary myofibroblast, a cell
model with little background work, but with important research and clinical
implications. With IPF being a disease of uncontrolled fibroproliferation, the
possibility of using agents that alter collagen synthesis or mitigate other fibrotic
responses are current focuses of first-line treatment for those unresponsive to
conventional therapies. With its ability to inhibit microtubule polymerization,
colchicine has been investigated in vitro and in animal models and demonstrated
an ability to suppress the release of macrophage-derived growth factor and
fibronectin by cultured alveolar macrophages from patients with sarcoidosis and
IPF (Rennard et al., 1988) Treatment with interferon-y is another novel anti-

fibrotic with potential benefits to those with IPF. Ziesche and colleagues have
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demonstrated interferon-y inhibits the proliferation of lung fibrosis in a dose-
dependent manner and reduces the synthesis of protein in fibroblasts (Ziesche et
al., 1999). Future studies are needed to gain insight into the role nitric oxide
plays in the fibroproliferative properties of this cell as implicated in IPF. With the
number of existing NO donating or inhibiting pharmaceuticals, the NO pathway
could yield yet more treatment options for a disease that, thus far, has tragic

consequences.
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