ADPKD, Oxidative Stress and Tolvaptan Treatment
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Tolvaptan-treated ADPKD patients have reduced OxSt levels compared to untreated patients. This effect may contribute
to the slowing of renal function loss observed with tolvaptan treatment.
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| 1. Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is a genetic multisystem disorder with an autosomal dominant
pattern and an estimated prevalence of affected subjects between 1:400 and 1:1000. It is characterized by multiple,
bilateral renal cysts and is found in 10% of patients with end-stage renal disease (ESRD).[!

ADPKD is caused by mutations in the PKD1 (78% of cases) or PKD2 (15% of cases) genes. PKD1, located on
chromosome 16 (16p13.3), encodes polycystin-1 (PC1), a large multidomain glycoprotein that is cleaved at a proteolytic
site of the G protein-coupled-receptor. PKD2, located on chromosome 4 (4g21), encodes for polycystin-2 (PC2), a protein
belonging to the transient receptor potential family of calcium-regulated cation channels.

Both PC1 and PC2 are found on primary cilia and studies now support an inhibitory role of PC1 and PC2 against
cystogenesis 4. Loss of PC1 or PC2 is associated with low intracellular calcium concentrations, which lead to increased
activity of adenyl cyclase type 5 and 6, reduced activity of phosphodiesterase 1, excessive concentrations of cyclic AMP
(cAMP), and consequent cystogenesis through the activation of the proliferation and secretion pathways 2.

Preclinical studies showed the role of arginine-vasopressin-mediated cAMP signaling as a driver of cystic proliferation and
fluid secretion in ADPKD. In mouse models, the suppression of vasopressin release, vasopressin V2 receptor
antagonism, or genetic elimination of vasopressin resulted in improved cyst burden El.

Tolvaptan, a vasopressin V2 receptor antagonist, was shown to be effective in slowing the increase in total renal volume
during a 3-year study period and it is now a consolidated treatment option for ADPKD patients 4!,

Oxidative stress (OxSt), inflammation and endothelial dysfunction are non-traditional cardiovascular risk factors that have
a key role in the induction of atherogenesis, malnutrition, and anemia in patients with chronic kidney disease (CKD). OxSt
is one of the main factors leading to the progression of CKD &l 81, |ncreased OxSt in patients with CKD has been linked to
a reduction in antioxidants and reduced bioavailability of nitric oxide (NO) I8, The RhoA/Rho kinase (ROCK) system is
deeply involved in a broad spectrum of essential physiological processes, including having a key role in the induction of
OxSt signaling BIALL: the activation of the RhoA/Rho kinase pathway essentially leads to cardiovascular-renal
remodeling via the induction of OxSt and the reduction in NO bioavailability BI[LALL12]

While the impact of OxSt and the effects of tolvaptan on OxSt in ADPKD have been evaluated in vitro and in animal
models via the determination of biochemical markers related to OxSt and inflammation 2324 no human studies are
available. To this end, using a molecular biology approach, we evaluated ex vivo the OxSt status of ADPKD patients in our
cohort treated with tolvaptan in terms of (1) mononuclear protein expression of p22P"°% a subunit of NADPH oxidase key
in the transfer of electrons to molecular oxygen to generate superoxide anions and the induction of OxSt 18I, (2)
phosphorylation state of MYPT-1, a marker of RhoA/ROCK pathway activity 2A12: and (3) HO-1 levels, induced and
protective against OxSt 28], and compared these to a group of matched untreated ADPKD patients with normal renal
function and to a group of healthy subjects.



| 2. Current Insights

This study showed at the level of molecular biology that OxSt is activated in ADPKD, and that treatment with tolvaptan is
associated not only with the reduction in proteins closely related to OxSt signaling, inflammation, and cardiovascular-renal
remodeling, but also with the induction of defense/protection toward OxSt. OxSt, in terms of p22Ph°* and MYPT-1
phosphorylation state, was significantly higher in untreated ADPKD patients, whereas it was significantly reduced in
tolvaptan-treated ADPKD patients. In addition, the tolvaptan-treated ADPKD patients’ HO-1 levels were significantly higher
compared to those of untreated ADPKD patients.
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p22P"oX js a 22 kDa subunit of cytochrome b558 of the NADH/NADPH oxidase present both in leukocytes and in the
vascular wall, and is fundamental for the final electron transport from NAD(P)H to heme and molecular oxygen in
generating superoxide anions 1€, In tolvaptan-treated ADPKD patients, the reduced p22P"°% protein levels not only
suggests lower OxSt, but also, given its presence in leukocytes, an inhibition of leukocyte activation, which is a well-
known cause of OxSt in CKD. As a consequence, this reduction in p22P"°% protein levels suggests an inhibition of OxSt-
mediated signaling mechanisms responsible for vascular remodeling and atherogenesis [2I€],

Another fundamental signaling pathway in OxSt processes is RhoA/ROCK UM 3 pathway that induces OxSt via
upregulation of NADPH oxidase. RhoA/ROCK signal is further involved in the vascular effects of OxSt LA |n addition,
it has been recently proven that RhoA/ROCK pathway activation is promoted following the inactivation of PKD-1 via
activation of proteins involved in cystogenesis LAML8 whereas ROCK inhibition reduces the activity of proteins involved in
cystogenesis, which in turns are upregulated in both PKD1-mutated cystic cells and cystic kidney tissue samples from
ADPKD patients [LA[18],

We further evaluated heme oxygenase 1 (HO-1), the inducible isoform of HO that protects against oxidative processes.
HO-1 acts on heme, producing CO and biliverdin, which is further metabolized to bilirubin, a powerful antioxidant. There
are three different isoforms of HO: HO-1, HO-2, and HO-3. HO-1 has a low baseline expression that increases rapidly in
the presence of oxidative stress, whereas HO-2 and HO-3 are constitutively expressed 12, HO-1 mediates production of
the vasodilator CO and contributes to the regulation of vascular tone and therefore of blood pressure and endothelial
function. Finally, HO-1 has been shown to have a long-term anti-inflammatory and antiproliferative effect [18129121].

Tolvaptan is an arginine-vasopressin V2 receptor antagonist and is currently indicated to slow the progression of cyst
development and renal failure associated with ADPKD . Ishikawa et al. showed in an animal model that chronic
tolvaptan treatment significantly suppressed the upregulation of NADPH oxidase subunits including p22Ph°%, and inhibited
RhoA expression, phosphorylation, and MYPT-1 phosphorylation [22; Novak et al. 23 reported that vascular endothelial
cell protein expression of NF-kB was increased in ADPKD, consistent with the presence of local and systemic
inflammation. Furthermore, the increased OxSt and inflammation likely contribute to reduce NO bioavailability, as shown
in subcutaneous resistance vessels from ADPKD patients where endothelium (NO)-dependent dilatation is impaired.
Finally, Fuijiki et al.24 showed that in mpkCCD cells and in the external medulla of mouse kidneys, tolvaptan increased
mMRNA and protein expressions of HO-1.

The results of our study show for the first time ex vivo in humans that treatment with tolvaptan in ADPKD patients is
associated with a reduction of OxSt and an increase of antioxidant defenses such as HO-1. Although our study was
performed in a small cohort of patients, in line with the approach from molecular biology, the results support the data
obtained by in vitro and animal model studies and provide the mechanistic rationale for the reductions in OxSt and
inflammation, as well as protection against the worsening of renal function, endothelial damage, and hypertension in
tolvaptan-treated ADPKD patients.
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