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ABSTRACT

The sesquiterpene polygodial is an agonist of the transient receptor
potential vanilloid 1 (TRPV1). Our group recently reported the synthesis and
anticancer effects of polygodial and its derivatives, and showed that these
compounds retain activity against apoptosis- and multidrug-resistant cancer
cells. Herein, we tested the inhibitory effect of these compounds on the activity
of the enzyme Na'/K*-ATPase (NKA) from kidney (a; isoform) and brain (a, and

azisoforms) guinea pig extracts. Polygodial (1) displayed a dose-dependent



inhibition of both kidney and brain purified NKA preparations, with higher
sensitivity for the cerebral isoforms. Polygo-11,12-diol (2) and C11,C12-
pyridazine derivative (3) proved to be poor inhibitors. Unsaturated ester (4) and
9-epipolygodial (5) inhibited NKA preparations from brain and kidney, with the
same inhibitory potency. Nevertheless, they did not achieve maximum inhibition
even at higher concentration. Comparing the inhibitory potency in crude
homogenates and purified preparations of NKA, compounds 4 and 5 revealed a
degree of selectivity toward the renal enzyme. Kinetic studies showed a non-
competitive inhibition for Na* and K* by compounds 1, 4 and 5 and for ATP by 1
and 4. However, compound 5 presented a competitive inhibition type.
Furthermore, K*-activated p-nitrophenylphosphatase activity of these purified
preparations was not inhibited by 1, 4 and 5, suggesting that these compounds
acted in the initial phase of the enzyme’s catalytic cycle. These findings suggest
that the antitumor action of polygodial and its analogues may be linked to their
NKA inhibitory properties and reinforce that NKA may be an important target for
cancer therapy.
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1. INTRODUCTION

The Na'/K*-ATPase (NKA) is a plasma membrane protein complex
transferring the stored energy of ATP to the active transport of Na* and K" ions
across the cell membrane. The ionic transport performed by this enzyme
creates an electrochemical gradient through the cell plasma membrane, which
is essential for the maintenance of muscle and nerve cell excitability (Skou,
1965, 1957). The NKA also participates in cell signaling events, which are
mediated via the NKA caveolar pool, affecting cell-cell interactions, as well as
cell proliferation, differentiation, and death (Goncgalves-de-Albuquerque et al.,

2017; Jaitovich and Bertorello, 2006; Liu et al., 2003; Skou, 2004).



Alterations in the expression and activity of the NKA are implicated in the
pathophysiology of several diseases such as leptospirosis (Burth et al., 1997,
Goncalves-de-Albuquerque et al., 2014), cardio-metabolic diseases (Liu and
Songu-Mize, 1997; Obradovic et al., 2017; Tsimaratos et al., 2001), Alzheimer’s
disease (Dickey et al., 2005; Ohnishi et al., 2015), and cancer (Chen et al.,
2006; Lefranc et al., 2008; Yu, 2003). Moreover, suppression or over-
expression of some NKA isoforms were detected at early stages of
tumorigenesis (Mijatovic et al., 2008; Sakai et al., 2004). The involvement of the
NKA in the pathogenesis of many other diseases and its signal transduction
properties make this enzyme an attractive target for drug development (Aperia,

2007; Goncalves-de-Albuquerque et al., 2017).

Cardiac glycosides, which are classical NKA selective inhibitors, have
been widely used in patients with chronic cardiovascular diseases. However,
due to their high toxicity, the search for inotropic drugs having a better
therapeutic index is of great importance (P6cas et al., 2003). Incidentally, the
first indication of their anticancer properties emerged from the fact that a low
breast cancer mortality rate was detected in cardiac women treated with such
glycosides due to their cardiovascular problems (Stenkvist, 1999). This fact
generated new interest in cardiac glycosides as anticancer drugs (Kometiani et
al., 2005; Lefranc and Kiss, 2008; Mijatovic et al., 2007b; Winnicka et al., 2010).
These observations have been confirmed in several in vitro and in vivo studies,
and substances based on the structures of cardiac glycosides have already
been tested in clinical trials for cancer treatment (Gongalves-de-Albuquerque et

al., 2017; Mijatovic et al., 2007b, 2007a; Prassas and Diamandis, 2008).



On the other hand, the importance of NKA in cancer therapy has also
been suggested using compounds unrelated to the cardiac glycoside structure
(Garcia et al., 2015; Lefranc et al., 2013). In this sense, the current investigation
describes the inhibitory effect on the NKA activity by polygodial and its synthetic
derivatives (Fig. 1). Polygodial is a terpenenoid dialdehyde isolated from
Persicaria hydropiper (L.) (Polygonaceae), a plant once used as a pepper
substitute in Europe and still a popular condiment for sashimi in Japan (Ohsuka,
1963). It is a known agonist of the transient receptor potential vanilloid 1
(TRPV1) showing cytotoxic effects on cancer cells. We found, however, that
several polygodial derivatives exert their antiproliferative action mainly through
cytostatic effects. The anticancer evaluation of these compounds revealed their
promising activity against human cancer cells displaying various forms of
resistance, including resistance to proapoptotic agents and multidrug resistance
(Dasari et al., 2015a, 2015b).

Present work investigated the inhibitory properties of polygodial and its

derivatives on the NKA from guinea pig kidney and brain tissues.

2. MATERIALS AND METHODS

2.1 Compound Synthesis

General: All reagents, solvents, and catalysts were purchased from

commercial sources (Acros Organics and Sigma—Aldrich) and used without

purification. All reactions were performed in oven-dried flasks open to the

atmosphere or under nitrogen or argon and monitored by thin-layer



chromatography (TLC) on TLC pre-coated (250 mm) silica gel 60 F254 glass-
backed plates (EMD Chemicals Inc.). Visualization was accomplished with UV
light, iodine, and p-anisaldehyde stains. *H and **C NMR spectra were recorded
on a Bruker 400 & 500 spectrometer. Chemical shifts (d) are reported in ppm
relative to the residual solvent signal internal standard. Abbreviations are as
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), HRMS
spectra were recorded on a Waters Synapt G2 UPLC Mass Spectrometer.

Polygodial (1) was purchased from VWR.

HO

Compound 2: To a solution of 1 (3 mg, 0.0128 mmol) in MeOH (2 ml) was
added sodium borohydride (1.0 mg, 0.027 mmol). The mixture was stirred at
room temperature for 2 h. After completion of the reaction, as monitored by
TLC, added water to the reaction mixture and evaporated MeOH. The reaction
mixture was diluted with ethyl acetate and organic phase was washed with 1N
HCI and water, dried over anhydrous sodium sulphate and concentrated under
reduced pressure. The crude product was purified by preparative TLC (10/90
EtOAc/Hexane) to obtain 2.4 mg of 2 (80% vyield); *H NMR (400 MHz, CDCls) &
5.83 — 5.78 (M, 1H), 4.38 — 4.32 (m, 1H), 3.99 (d, J = 12.1 Hz, 1H), 3.91 (dd, J =
10.9, 2.2 Hz, 1H), 3.69 (dd, J = 10.9, 8.2 Hz, 1H), 2.86 (brs, 1H), 2.14 (brs, 1H),
2.13-2.04 (m, 1H), 2.01 — 1.83 (m, 2H), 1.59 — 1.39 (m, 3H), 1.28 — 1.11 (m,
4H), 0.88 (s, 3H), 0.87 (s, 3H), 0.76 (s, 3H); **C NMR (100 MHz, CDCls) &

136.9, 127.6, 67.5, 61.5, 54.5, 49.4, 42.0, 39.3, 35.6, 33.2, 33.0, 23.6, 21.9,



18.8, 14.5; HRMS (ESI) calcd for C15H26NaO, (M+Na) 261.1830, found

261.1829.

Compound 3: To a solution of 1 (3 mg, 0.0128 mmol) and hydrazine hydrate
(0.7 pl, 0.014 mmol) in MeOH (1 ml) were added 4A molecular sieves. The
mixture was stirred at room temperature for 20 h. After completion of the
reaction, as monitored by TLC, the reaction mixture was filtered and filtrate was
concentrated under reduced pressure. The crude product was purified by
preparative TLC (4/96 MeOH/CHCI3) to obtain 2.8 mg of 2 (95% yield); *H NMR
(400 MHz, CDCl3) 8 9.02 (s, 1H), 8.84 (s, 1H), 2.99 — 2.90 (m, 1H), 2.82 (ddd, J
=18.7,11.1, 7.7 Hz, 1H), 2.37 = 2.31 (m, 1H), 2.06 — 1.98 (m, 1H), 1.86 — 1.65
(m, 3H), 1.58 — 1.51 (m, 1H), 1.42 (td, J = 12.7, 3.9 Hz, 1H), 1.31 — 1.23 (m,
2H), 1.23 (d, J = 0.7 Hz, 3H), 0.98 (s, 3H), 0.95 (s, 3H); *C NMR (100 MHz,
CDCl3) 6 152.2, 148.3, 145.8, 135.8, 49.5, 41.2, 36.95, 36.4, 33.4, 33.0, 26.9,
24.2,21.5,18.6, 17.7; HRMS (ESI) calcd for C1sH23N, (M+H) 231.1861, found

231.1861.




Compound 4: To a solution of 1 (3 mg, 0.0128 mmol) in toluene (3 ml) was
added Wittig reagent (12.8 mg, 0.0384 mmol). The resultant mixture was stirred
at room temperature for 20 h. After completion of the reaction, as monitored by
TLC, the reaction mixture was filtered and the filtrate was concentrated under
reduced pressure. The crude product was purified by preparative TLC (9/91
EtOAc/Hexane) to obtain 4 (94% vyield); *H NMR (400 MHz, CDCls) & 9.47 (d, J
= 4.8 Hz, 1H), 7.33 (d, J = 16.3 Hz, 1H), 6.53 — 6.49 (m, 1H), 5.50 (d, J = 16.3
Hz, 1H), 3.71 (s, 3H), 2.83 (s, 1H), 2.37 — 2.16 (m, 2H), 1.87 — 1.80 (m, 1H),
1.53 — 1.44 (m, 3H), 1.38 — 1.30 (m, 1H), 1.23 — 1.16 (m, 2H), 1.00 (s, 3H), 0.94
(s, 3H), 0.90 (s, 3H); *C NMR (100 MHz, C¢D¢): 6 203.8, 167.2, 146.9, 141.1,
130.7, 116.8, 62.9, 51.2, 48.3, 41.9, 40.2, 37.2, 33.2, 32.9, 24.7, 22.2, 18.3,

15.3; HRMS (ESI) calcd for C1gH26NaO3 (M+Na) 313.1780, found 313.1779.

CHO

CHO

Compound 5: To a solution of 1 (3 mg, 0.0128 mmol) in dry toluene (1.5 ml)
were added 4A molecular sieves and PTSA (cat.). The mixture was stirred at
room temperature for 40 h. Solid NaHCO3; was added to the reaction mixture
and stirred for 10 minutes, filtered and the filtrate was concentrated under
reduced pressure. The crude product was purified by preparative TLC (8/92
EtOAc/Hexane) to obtain 1.2 mg of 5 (40% vyield); *H NMR (400 MHz, C¢D¢) d
9.69 (d, J = 2.4 Hz, 1H), 9.19 (s, 1H), 6.20 (dd, J = 4.9, 2.4 Hz, 1H), 1.96 — 1.88
(m, 1H), 1.62 — 1.51 (m, 1H), 1.45 — 1.39 (m, 2H), 1.34 — 1.25 (m, 2H), 1.20 —

1.12 (m, 2H), 0.96 — 0.87 (m, 2H), 0.65 (s, 3H), 0.63 (s, 3H), 0.57 (d, J = 0.7 Hz,



3H); *C NMR (100 MHz, CDCls) 5 202.2, 192.8, 153.4, 137.4, 58.5, 44.2, 42.0,
37.7,37.1,32.9, 32.7, 25.5, 21.9, 21.5, 18.4; HRMS (ESI) calcd for C15H2,NaO-

(M+Na) 257.1517, found 257.1519.

2.2 NKA preparation

Guinea pig brain and kidney were used in the preparation of
homogenates and NKA-enriched fractions according to Jergensen’s procedure
(Jergensen, 1977). Animals were kept in compliance with the Guide for the
Care and Use of Laboratory Animals (US Department of Health and Human
Services, NIH) and according to the in-house regulations of our institution.

The final enzyme suspensions (adjusted to 0.35 mg of protein/ml) were
prepared in a solution containing 30 mM Tris-HCI pH 7.5, 1 mM EDTA and 1%
sucrose. Aliquots of these suspensions were poured into dark flasks, lyophilized
and stored at —20 °C. The lyophilized preparation could be stored for more than
6 months without losing its activity. Freeze-dried aliquots suspended in water
and kept at 0 °C could be used within 24 h after the suspension. Enzyme
specific activities were 112 and 120 umol of Pi formed/h/mg of protein for kidney
and brain, respectively. Ouabain insensitive ATPase activity was not detected in
these purified preparations. NKA specific activities in whole kidney and brain

homogenates were 1.4 and 1.8 ymol of Pi formed/h/mg of protein, respectively.

2.3 NKA assays



Enzyme activity was determined in microtiter plates. The final incubation
volume contained 110 mM NacCl, 20 mM KCI, 5 mM MgCl,, 50 mM Tris-HCI pH
7.6, compounds (absent in controls) dissolved in 100% dimethyl sulfoxide
(DMSO), enzyme preparation and 5 mM ATP. Assays were performed as
detailed previously (Burth et al., 1997). In all experiments (including controls
and blanks), the final DMSO concentration in the incubation mixture was kept
below 1% (v/v), a condition that did not affect the enzyme activity. The amount
of the enzyme preparation used in all experiments (including tissue
homogenates) corresponded to an activity of 0.12—-0.13 pymol Pi formed/h in
control assays (100% enzyme activity). Preparations were preincubated for 10
min before starting the enzyme reaction with ATP and this reaction was stopped
40 min later. In the blanks, the enzyme was added only after stopping the
reaction. NKA activity in whole tissue homogenates was calculated from the
difference between the total ATPase activity (in the absence of ouabain) and
Mg**-ATPase activity (in the presence of 3.6 mM ouabain). For kinetic studies
varying Na*, K™ or ATP concentrations, the concentration of the compounds

were fixed about 50% the enzyme activity.

2.4 K" activated-p-nitrophenylphosphatase (K*-pnppase) Assay

K*-pnppase assay was performed according to Rodriguez de Lores
Arnaiz et al. (2003). For basal measurements, KCl was omitted and substituted
by 1 mM ouabain. K*-pnppase activity was the difference between total and

basal activities.



2.5 Statistics

Prism 5.0 software (GraphPad Inc., CA, USA) was used for graphical
presentation and statistical analysis. The statistical analyses included Student’s
t-test and Two-Way ANOVA followed by Bonferroni test. The data are
expressed as the means + standard deviation (S.D.) of at least three

independent experiments. Significance was determined at P < 0.05.

3. RESULTS

3.1 NKA inhibition

3.1.1 Purified preparations

We evaluated the synthesized compounds’ inhibitory effect on the activity
of purified NKA from guinea pig kidney and brain. Fig. 2-A shows a polygodial
(1) dose-dependent inhibition of both purified NKA preparations. The I1Csg
values were 9.9 uM (£ 0.1) for the brain enzyme and 53 pM (z 5.1) for the
kidney enzyme, indicating a higher sensitivity for the NKA cerebral isoforms (P
< 0.001, Two-Way ANOVA Bonferroni post-test). Compounds 2 and 3
presented a weak effect (Fig. 2-B and 2-C), reaching 50% inhibition of both
enzymes only at high concentrations: the ICs, for 2 was above 100 uM, while 3
did not achieve 100% enzymatic inhibition even at 1000 uM. Compounds 4 and

5 inhibited the activity of purified kidney and brain NKA preparations (Fig. 2-D



and 2-E) with similar potencies (ICso = 50 uM). Neither of these two compounds

achieved a NKA total inhibition at the concentrations tested.

3.1.2 Crude preparations

Inhibitory potencies in crude homogenates compared to purified
preparations of NKA are shown in Fig. 3. This approach can serve as an
indication of selectivity. In the crude homogenates, a nonspecific binding to
different targets may occur and it would decrease the inhibitory effects toward
the NKA. Our results suggest good selectivity level for compounds 4 and 5,
because the inhibition in the kidney homogenate was similar to the purified
enzyme (Fig. 3-B and 3-C). Compound 1 did not display the same pattern (Fig.
3-A). The results were different however when the brain tissue was used. The

compounds did not show selectivity for cerebral NKA isoforms (Fig. 3-D to 3-F).

3.2 Kinetic studies

Kinetic studies evaluating the influence of the compounds at fixed
concentrations on the activation of purified kidney NKA preparations by Na®, K*
and ATP can be observed from double reciprocal plots shown in Figs. 4, 5 and
6. A non-competitive inhibition for Na* (Fig. 4-A to 4-C) and K" (Fig. 5-A to 5-C)
was found for compounds 1, 4 and 5. Altering the ATP concentration,
compounds 1 and 4 also displayed a non-competitive inhibition (Fig. 6-A and 6-

B) but 5 exhibited a competitive inhibition (Fig. 6-C).



3.3 Influence on K™ -activated p-nitrophenylphosphatase activity

Considering the two phases (I and Il) of the NKA catalytic cycle, the K*-
activated p-nitrophenylphosphatase (K*-pnppase) measures phase Il activity
(K+-activated enzyme dephosphorylation). As shown in Fig. 7, compound 1, 4

and 5 did not affect this phosphatase in a purified kidney NKA preparation.

4. DISCUSSION

Polygodial is an agonist of the transient receptor potential vanilloid 1
(TRPV1) (Andre et al., 2004; André et al., 2006; D’Acunto et al., 2010; Della
Monica et al., 2007; lwasaki et al., 2009; Mendes et al., 1998; Sterner and
Szallasi, 1999), a temperature-sensitive ion channel with the preference for
Ca”" ions (Caterina et al., 1997; Caterina and Julius, 2001). In addition to its
expression in sensory neurons, TRPV1 is upregulated in several human cancer
cells (Gkika and Prevarskaya, 2009; Hartel et al., 2006; Premkumar and
Bishnoi, 2011). As an example, in human glioma cells the activation of TRPV1
leads to cell death by endoplasmic reticulum stress (Stock et al., 2012). In our
previous investigations, polygodial and a series its analogues were investigated
for TRPV1-agonistic and anticancer activities, showing cytotoxic and cytostatic
effects depending on a specific derivative (Dasari et al., 2015a, 2015b).
Furthermore, our previous results suggested that in contrast to polygodial (1),
the antiproliferative activity of compounds 4 and 5 were non-TRPV1-mediated.

Inhibition of various types of ion channels is a strategy used to combat

several types of cancers, including those associated with dismal prognoses. We



have been studying the NKA, especially its a; subunit, which is overexpressed
in gliomas, melanomas, and non-small cell lung cancer (Garcia et al., 2015;
Lefranc et al., 2008, 2013; Mathieu et al., 2009; Mijatovic et al., 2007a). When
the activity of the NKA a; subunit is impaired, cancer cells, including those with
multidrug resistance phenotype, undergo cell death through apoptosis or
autophagy (Goncalves-de-Albuquerque et al., 2017; Lefranc et al., 2007,
Lefranc and Kiss, 2008; Mijatovic et al., 2009, 2012). These effects on cancer
cells have been observed using either natural or synthetic NKA inhibitors with
steroidal (e.qg., cardiac glycosides, classical NKA inhibitors) or non-steroidal
structure (Garcia et al., 2015; Lefranc et al., 2013, 2008).

Herein, the brain enzyme, rich in NKA a, and a3 isoforms, showed a
higher sensitivity to compound 1. The inhibition of this enzyme was ca. 500%
more potent than that of the kidney enzyme, expressing a; isoform. On the
other hand, compounds 2 and 3 were found to be poor inhibitors of the NKA
enzyme activity. Furthermore, compounds 4 and 5 acted with the same potency
on the kidney and brain NKA, indicating that all isoforms are equally inhibited.

The inhibitory capacity of ouabain, a well-known NKA specific inhibitor,
was ca. 3.5 times higher for brain than for kidney preparations from guinea-pig
(Garcia et al., 2009), while this ratio is around 1000 for rat enzymes (Pocas et
al., 2003). In contrast to the rat, the affinity of all human NKA a-subunit isoforms
for ouabain is similar (Crambert et al., 2000; Wang et al., 2001). These results
indicate large differences of isoform sensitivity to cardiac glycosides among
animal species. Therefore, we cannot predict, at this time, the inhibition

behavior of human isoforms to these compounds.



Aiming to determine the magnitude of selectivity of these compounds
towards NKA, we performed another experiment using organ crude
homogenates instead of purified preparations. Using kidney homogenate,
polygodial (1) did not show selectivity. Compounds 4 and 5, however, seem to
selective for the NKA a; isoform. Using brain homogenates, no level of
selectivity was found. The ICsg ratio between the kidney purified and crude
enzyme preparations for compounds 4 and 5 was 1.5 and 1.0, respectively.
Drawing a comparison with our previous work (Garcia et al., 2009), the
selectivity was similar to ouabain (1.2) and significantly lower for a nonselective
inhibitor, oleic acid (3.3) (Table 1). These data point to a high degree of
selectivity of compound 4 and, mainly, compound 5 in binding NKA. These
finding are consistent with the fact that polygodial (1) has other targets in the
cell, such as TRPV1, while additional interactions for compounds 4 and 5 have
not been revealed. Also consistent is the fact that compound 5 has
antiproliferative potency significantly exceeding that of 1 and was found to
maintain potency against apoptosis-resistant cancer cells as well as those
displaying the multidrug-resistant (MDR) phenotype (Dasari et al., 2015b).
Given the small number of compounds tested herein and the lack of information
on the structural requirements for binding to NKA, it is premature to speculate
on the structure-activity relationship in this series of compounds. This will be the
subject of future studies.

The possibility thus remains that the antiproliferative effect of polygodial,
which is not a cardiotonic steroid, and its derivatives could be mediated via the
NKA caveolar pool at lower concentrations, because it is independent of the

changes in intracellular Na* and K* concentrations. Importantly, cardiotonic



steroids display in vitro growth inhibitory effects usually in nM ranges and, yet,
they have not been developed clinically to combat various types of cancer. The
fact remains that various types of cancer display significantly higher amounts of
“NKA receptors” (mainly the NKA alpha-1 subunit) when compared to their
normal tissues (Lefranc et al., 2008; Mathieu et al., 2009; Mijatovic et al., 2008,
2007a). Thus, on the one hand, the concentration expected to inhibit the NKA
activity in the type of assay used may be higher than the one required for
inhibition of cell proliferation. On the other hand, it is known that the high
potency of cardiotonic steroids in inhibition of the NKA activity is related to their
ability to link / bridge / block the fifth loop of the alpha-1 subunit in the plasma
membrane, as demonstrated with the alpha-1 NKA subunit in rodents, in which
it is doubly mutated and is therefore 1000 times less sensitive to the toxic
effects of cardiotonic steroids (Mijatovic et al., 2007b).

Kinetic studies show a non-competitive inhibition for Na* and K* by
compounds 1, 4 and 5. Moreover, the same type of inhibition was found for 1
and 4 when ATP concentration was changed. Remarkably, a competitive
inhibition was presented by compound 5. In competitive inhibition, the substrate
(ATP) and inhibitor compete for access to the active site of the enzyme. Thus,
the maximum velocity of the reaction was unchanged, while the apparent affinity
of the substrate to the binding site decreased. Although a direct interaction of 5
with a specific enzyme site may be involved, we cannot rule out the possibility
that this compound binds to the lipid microenvironment involving the enzyme.
Furthermore, compounds 1, 4 and 5 have no effect on the second phase of the
NKA catalytic cycle, the K*-activated p-nitrophenylphosphatase (K*-pnppase).

Consistent with that, unlike cardiac glycosides, polygodial and its derivatives



acted on the first phase of the NKA cycle, which starts with ATP binding to the
enzyme and is followed by Na*-activated enzyme phosphorylation by ATP
(Rodriguez de Lores Arnaiz et al., 2003).

In general, diverse mechanisms of cell death are triggered via NKA but
the induction of apoptosis has been reported more frequently (Garcia et al.,
2015; Kulikov et al., 2007; Yang et al., 2014; Yu et al., 2008). Nonetheless, the
cytostatic effects in different cancer cell models can be exerted by impairing the
NKA as well (Bloise et al., 2009; Schneider et al., 2017). Our manuscript
describes a new way of blocking the alpha-1-related NKA activity, which could
be successful in combating cancers with dismal prognoses, because all our
data suggest that the polygodial derivatives under study do not display their
antiproliferative activity through the sole inhibition of the alpha-1 NKA subunit,

and definitively not through the fifth loop of the alpha-1 NKA subunit.

5. CONCLUSION

The present communication provides for the first time the evidence that
polygodial and its derivatives are NKA inhibitors. Interestingly, the minor
structural differences found among these compounds, especially between 1 and
5, which are epimers, strikingly altered their inhibitory and selective properties
on NKA. Further experiments are necessary to define the effects of these
compounds on the activation of NKA-dependent signaling cascades leading to
cell death. It is important to note that we are not in search of NKA inhibitors
more potent than cardiotonic steroids, but of NKA inhibitors that could be

clinically manageable. Therefore, the effects of these compounds on NKA may



encourage the development of polygodial analogues showing superior inhibitory

properties in a search of new anticancer agents.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge to Programa de Fomento a Pesquisa
da Universidade Federal Fluminense (FOPESQ-UFF) for their financial support.
Diogo Gomes Garcia had a postdoctoral fellowship and Camila Ignacio da Silva
had a postgraduate Scholarship from Coordenacéo de Aperfeicoamento de

Pessoal de Nivel Superior (CAPES).

CONFLICTS OF INTEREST: None.

6. REFERENCES

André, E., Campi, B., Trevisani, M., Ferreira, J., Malheiros, A., Yunes, R.A.,
Calixto, J.B., Geppetti, P., 2006. Pharmacological characterisation of the plant
sesquiterpenes polygodial and drimanial as vanilloid receptor agonists.

Biochem. Pharmacol. 71, 1248-1254. https://doi.org/10.1016/j.bcp.2005.12.030

Andre, E., Ferreira, J., Malheiros, A., Yunes, R.A., Calixto, J.B., 2004. Evidence
for the involvement of vanilloid receptor in the antinociception produced by the
dialdeydes unsaturated sesquiterpenes polygodial and drimanial in rats.
Neuropharmacology 46, 590-597.

https://doi.org/10.1016/j.neuropharm.2003.10.008



Aperia, A., 2007. New roles for an old enzyme: Na,K-ATPase emerges as an
interesting drug target. J. Intern. Med. 261, 44-52.

https://doi.org/10.1111/j.1365-2796.2006.01745.x

Bloise, E., Braca, A., De Tommasi, N., Belisario, M.A., 2009. Pro-apoptotic and
cytostatic activity of naturally occurring cardenolides. Cancer Chemother.

Pharmacol. 64, 793—-802. https://doi.org/10.1007/s00280-009-0929-5

Burth, P., Younes-lbrahim, M., Gongalez, F.H., Costa, E.R., Faria, M.V., 1997.
Purification and characterization of a Na+, K+ ATPase inhibitor found in an
endotoxin of Leptospira interrogans. Infect. Immun. 65, 1557-1560.

http://dx.doi.org/10.1590/S0100-879X1997000200009

Caterina, M.J., Julius, D., 2001. The vanilloid receptor: a molecular gateway to
the pain pathway. Annu. Rev. Neurosci. 24, 487-517.

https://doi.org/10.1146/annurev.neuro.24.1.487

Caterina, M.J., Schumacher, M.A., Tominaga, M., Rosen, T.A., Levine, J.D.,
Julius, D., 1997. The capsaicin receptor: a heat-activated ion channel in the

pain pathway. Nature 389, 816—824. https://doi.org/10.1038/39807

Chen, J.-Q., Contreras, R.G., Wang, R., Fernandez, S.V., Shoshani, L., Russo,
I.H., Cereijido, M., Russo, J., 2006. Sodium/potassium ATPase (Na+, K+-
ATPase) and ouabain/related cardiac glycosides: A new paradigm for
development of anti- breast cancer drugs? Breast Cancer Res. Treat. 96, 1-15.

https://doi.org/10.1007/s10549-005-9053-3

Crambert, G., Hasler, U., Beggah, A.T., Yu, C., Modyanov, N.N., Horisberger,

J.D., Lelievre, L., Geering, K., 2000. Transport and pharmacological properties



of nine different human Na, K-ATPase isozymes. J. Biol. Chem. 275, 1976—

1986. https://doi.org/10.1074/jbc.275.3.1976

D’Acunto, M., Della Monica, C., Izzo, I., De Petrocellis, L., di Marzo, V.,
Spinella, A., 2010. Enantioselective synthesis of 3(S)-hydroxy polygodial
derivatives and evaluation of their vanilloid activity. Tetrahedron 66, 9785-9789.

https://doi.org/10.1016/).tet.2010.11.002

Dasari, R., De Carvalho, A., Medellin, D.C., Middleton, K.N., Hague, F., Volmar,
M.N.M., Frolova, L.V., Rossato, M.F., De La Chapa, J.J., Dybdal-Hargreaves,
N.F., Pillai, A., Kélin, R.E., Mathieu, V., Rogelj, S., Gonzales, C.B., Calixto, J.B.,
Evidente, A., Gautier, M., Munirathinam, G., Glass, R., Burth, P., Pelly, S.C.,
van Otterlo, W.A.L., Kiss, R., Kornienko, A., 2015a. Wittig derivatization of
sesquiterpenoid polygodial leads to cytostatic agents with activity against drug
resistant cancer cells and capable of pyrrolylation of primary amines. Eur J Med

Chem 103, 226-237. https://doi.org/10.1016/j.ejmech.2015.08.047

Dasari, R., De Carvalho, A., Medellin, D.C., Middleton, K.N., Hague, F., Volmar,
M.N.M., Frolova, L.V., Rossato, M.F., De La Chapa, J.J., Dybdal-Hargreaves,
N.F., Pillai, A., Mathieu, V., Rogelj, S., Gonzales, C.B., Calixto, J.B., Evidente,
A., Gautier, M., Munirathinam, G., Glass, R., Burth, P., Pelly, S.C., van Otterlo,
W.A.L., Kiss, R., Kornienko, A., 2015b. Synthetic and Biological Studies of
Sesquiterpene Polygodial: Activity of 9-Epipolygodial against Drug-Resistant
Cancer Cells. ChemMedChem 10, 2014-2026.

https://doi.org/10.1002/cmdc.201500360

Della Monica, C., De Petrocellis, L., Di Marzo, V., Landi, R., 1zzo, I., Spinella,

A., 2007. Enantioselective synthesis and vanilloid activity evaluation of 1-beta-



(p-methoxycinnamoyl)polygodial, an antinociceptive compound from Drymis
winteri barks. Bioorg. Med. Chem. Lett. 17, 6444—-6447.

https://doi.org/10.1016/j.bmcl.2007.10.001

Dickey, C.A., Gordon, M.N., Wilcock, D.M., Herber, D.L., Freeman, M.J.,
Morgan, D., 2005. Dysregulation of Na+/K+ ATPase by amyloid in APP+PS1

transgenic mice. BMC Neurosci 6, 7. https://doi.org/10.1186/1471-2202-6-7

Garcia, D.G., Bianco, E.M., Santos, M. da C.B.D., Pereira, R.C., Faria, M.V. de
C., Teixeira, V.L., Burth, P., 2009. Inhibition of mammal Na(+)K(+)-ATPase by
diterpenes extracted from the Brazilian brown alga Dictyota cervicornis.

Phytother Res 23, 943-947. https://doi.org/10.1002/ptr.2600

Garcia, D.G., de Castro-Faria-Neto, H.C., da Silva, C.I., de Souza e Souza,
K.F.C., Goncalves-de-Albuquerque, C.F., Silva, A.R., de Amorim, L.M. da F.,
Freire, A.S., Santelli, R.E., Diniz, L.P., Gomes, F.C.A., Faria, M.V. de C., Burth,
P., 2015. Na/K-ATPase as a target for anticancer drugs: studies with perillyl

alcohol. Mol. Cancer 14, 105. https://doi.org/10.1186/s12943-015-0374-5

Gkika, D., Prevarskaya, N., 2009. Molecular mechanisms of TRP regulation in
tumor growth and metastasis. Biochim. Biophys. Acta 1793, 953-958.

https://doi.org/10.1016/j.bbamcr.2008.11.010

Goncalves-de-Albuquerque, C.F., Burth, P., Silva, A.R., de Moraes, |.M.M.,
Oliveira, F.M. de J., Santelli, R.E., Freire, A.S., de Lima, G.S., da Silva, E.D., da
Silva, C.I., Morandi, V., Bozza, P.T., Younes-lbrahim, M., de Castro Faria Neto,
H.C., de Castro Faria, M.V., 2014. Murine lung injury caused by Leptospira
interrogans glycolipoprotein, a specific Na/K-ATPase inhibitor. Respir. Res. 15,

93. https://doi.org/10.1186/s12931-014-0093-2



Goncalves-de-Albuquerque, C.F., Silva, A.R., Silva, C.I. da, Castro-Faria-Neto,
H.C., Burth, P., 2017. Na/K pump and beyond: Na/K-ATPase as a modulator of
apoptosis and autophagy. Molecules 22.

https://doi.org/10.3390/molecules22040578

Hartel, M., di Mola, F.F., Selvaggi, F., Mascetta, G., Wente, M.N., Felix, K.,
Giese, N.A., Hinz, U., Di Sebastiano, P., Buichler, M.W., Friess, H., 2006.
Vanilloids in pancreatic cancer: potential for chemotherapy and pain

management. Gut 55, 519-528. https://doi.org/10.1136/gut.2005.073205

Iwasaki, Y., Tanabe, M., Kayama, Y., Abe, M., Kashio, M., Koizumi, K.,
Okumura, Y., Morimitsu, Y., Tominaga, M., Ozawa, Y., Watanabe, T., 2009.
Miogadial and miogatrial with alpha,beta-unsaturated 1,4-dialdehyde moieties--
novel and potent TRPA1 agonists. Life Sci. 85, 60-69.

https://doi.org/10.1016/).1fs.2009.04.017

Jaitovich, A.A., Bertorello, A.M., 2006. Na+, K+ -ATPase: an indispensable ion
pumping-signaling mechanism across mammalian cell membranes. Semin.

Nephrol. 26, 386—392. https://doi.org/10.1016/j.semnephrol.2006.07.002

Jagrgensen, P.L., 1977. Purification and characterization of (Na+ + K+)-ATPase.
VI. Differential tryptic modification of catalytic functions of the purified enzyme in
presence of NaCl and KCI. Biochim. Biophys. Acta 466, 97—-108.

https://doi.org/10.1016/0005-2736(77)90211-5

Kometiani, P., Liu, L., Askari, A., 2005. Digitalis-induced signaling by Na+/K+-
ATPase in human breast cancer cells. Mol. Pharmacol. 67, 929-936.

https://doi.org/10.1124/mol.104.007302



Kulikov, A., Eva, A., Kirch, U., Boldyrev, A., Scheiner-Bobis, G., 2007. Ouabain
activates signaling pathways associated with cell death in human
neuroblastoma. Biochim. Biophys. Acta 1768, 1691-1702.

https://doi.org/10.1016/j.bbamem.2007.04.012

Lefranc, F., Facchini, V., Kiss, R., 2007. Proautophagic drugs: a hovel means to
combat apoptosis-resistant cancers, with a special emphasis on glioblastomas.

Oncologist 12, 1395-1403. https://doi.org/10.1634/theoncologist.12-12-1395

Lefranc, F., Kiss, R., 2008. The sodium pump alphal subunit as a potential
target to combat apoptosis-resistant glioblastomas. Neoplasia 10, 198-206.

https://doi.org/10.1593/ne0.07928

Lefranc, F., Mijatovic, T., Kondo, Y., Sauvage, S., Roland, I., Debeir, O., Krstic,
D., Vasic, V., Gallly, P., Kondo, S., Blanco, G., Kiss, R., 2008. Targeting the
alpha 1 subunit of the sodium pump to combat glioblastoma cells. Neurosurgery
62, 211-221; discussion 221-222.

https://doi.org/10.1227/01.NEU.0000311080.43024.0E

Lefranc, F., Xu, Z., Burth, P., Mathieu, V., Revelant, G., de Castro Faria, M.V.,
Noyon, C., Garcia, D.G., Dufour, D., Bruyére, C., Gongalves-de-Albuquerque,
C.F., Van Antwerpen, P., Rogister, B., Hesse, S., Kirsch, G., Kiss, R., 2013. 4-
Bromo-2-(piperidin-1-yl)thiazol-5-yl-phenyl methanone (12b) inhibits Na+/K(+)-
ATPase and Ras oncogene activity in cancer cells. Eur J Med Chem 63, 213—

223. https://doi.org/10.1016/j.ejmech.2013.01.046

Liu, L., Mohammadi, K., Aynafshar, B., Wang, H., Li, D., Liu, J., Ivanov, A.V.,

Xie, Z., Askari, A., 2003. Role of caveolae in signal-transducing function of



cardiac Na+/K+-ATPase. Am. J. Physiol., Cell Physiol. 284, C1550-1560.

https://doi.org/10.1152/ajpcell.00555.2002

Liu, X., Songu-Mize, E., 1997. Alterations in alpha subunit expression of cardiac
Na+,K+-ATPase in spontaneously hypertensive rats: effect of antihypertensive

therapy. Eur. J. Pharmacol. 327, 151-156.

Mathieu, V., Pirker, C., Martin de Lassalle, E., Vernier, M., Mijatovic, T.,
DeNeve, N., Gaussin, J.-F., Dehoux, M., Lefranc, F., Berger, W., Kiss, R., 2009.
The sodium pump alphal sub-unit: a disease progression-related target for
metastatic melanoma treatment. J. Cell. Mol. Med. 13, 3960-3972.

https://doi.org/10.1111/j.1582-4934.2009.00708.x

Mendes, G.L., Santos, A.R., Campos, M.M., Tratsk, K.S., Yunes, R.A., Cechinel
Filho, V., Calixto, J.B., 1998. Anti-hyperalgesic properties of the extract and of
the main sesquiterpene polygodial isolated from the barks of Drymis winteri
(Winteraceae). Life Sci. 63, 369-381. https://doi.org/10.1016/S0024-

3205(98)00285-9

Mijatovic, T., Dufrasne, F., Kiss, R., 2012. Cardiotonic steroids-mediated
targeting of the Na(+)/K(+)-ATPase to combat chemoresistant cancers. Curr.

Med. Chem. 19, 627-646. https://doi.org/10.2174/092986712798992075

Mijatovic, T., Ingrassia, L., Facchini, V., Kiss, R., 2008. Na+/K+-ATPase alpha
subunits as new targets in anticancer therapy. Expert Opin. Ther. Targets 12,

1403-1417. https://doi.org/10.1517/14728222.12.11.1403

Mijatovic, T., Jungwirth, U., Heffeter, P., Hoda, M.A.R., Dornetshuber, R., Kiss,

R., Berger, W., 2009. The Na+/K+-ATPase is the Achilles heel of multi-drug-



resistant cancer cells. Cancer Lett. 282, 30-34.

https://doi.org/10.1016/j.canlet.2009.02.048

Mijatovic, T., Roland, I., Van Quaquebeke, E., Nilsson, B., Mathieu, A., Van
Vynckt, F., Darro, F., Blanco, G., Facchini, V., Kiss, R., 2007a. The alphal
subunit of the sodium pump could represent a novel target to combat non-small

cell lung cancers. J. Pathol. 212, 170-179. https://doi.org/10.1002/path.2172

Mijatovic, T., Van Quaquebeke, E., Delest, B., Debeir, O., Darro, F., Kiss, R.,
2007b. Cardiotonic steroids on the road to anti-cancer therapy. Biochim.

Biophys. Acta 1776, 32-57. https://doi.org/10.1016/j.bbcan.2007.06.002

Obradovic, M., Stanimirovic, J., Panic, A., Bogdanovic, N., Sudar-Milovanovic,
E., Cenic-Milosevic, D., Isenovic, E.R., 2017. Regulation of Na+/K+-ATPase by
estradiol and IGF-1 in cardio-metabolic diseases. Curr. Pharm. Des. 23, 1551—

1561. https://doi.org/10.2174/1381612823666170203113455

Ohnishi, T., Yanazawa, M., Sasahara, T., Kitamura, Y., Hiroaki, H., Fukazawa,
Y., Kii, I., Nishiyama, T., Kakita, A., Takeda, H., Takeuchi, A., Arai, Y., Ito, A.,
Komura, H., Hirao, H., Satomura, K., Inoue, M., Muramatsu, S., Matsui, K.,
Tada, M., Sato, M., Saijo, E., Shigemitsu, Y., Sakai, S., Umetsu, Y., Goda, N.,
Takino, N., Takahashi, H., Hagiwara, M., Sawasaki, T., lwasaki, G., Nakamura,
Y., Nabeshima, Y., Teplow, D.B., Hoshi, M., 2015. Na, K-ATPase a3 is a death
target of Alzheimer patient amyloid-8 assembly. Proc. Natl. Acad. Sci. U.S.A.

112, E4465-4474. https://doi.org/10.1073/pnas.1421182112

Ohsuka, A., 1963. The Structure of Tadeonal and Isotadeonal, Components of
Polygonum Hydropiper L. Nippon kagaku zassi 84, 748-752,A50.

https://doi.org/10.1246/nikkashil948.84.9 748



Pdcas, E.S.C., Costa, P.R.R., da Silva, A.J.M., Noél, F., 2003. 2-Methoxy-3,8,9-
trinydroxy coumestan: a new synthetic inhibitor of Na+,K+-ATPase with an
original mechanism of action. Biochem. Pharmacol. 66, 2169-2176.

https://doi.org/10.1016/j.bcp.2003.08.005

Prassas, |., Diamandis, E.P., 2008. Novel therapeutic applications of cardiac

glycosides. Nat Rev Drug Discov 7, 926—-935. https://doi.org/10.1038/nrd2682

Premkumar, L.S., Bishnoi, M., 2011. Disease-related changes in TRPV1
expression and its implications for drug development. Curr Top Med Chem 11,

2192-2209. https://doi.org/10.2174/156802611796904834

Rodriguez de Lores Arnaiz, G., Herbin, T., Pefia, C., 2003. A comparative study
between a brain Na+,K(+)-ATPase inhibitor (endobain E) and ascorbic acid.

Neurochem. Res. 28, 903-910. https://doi.org/10.1023/A:1023227510707

Sakai, H., Suzuki, T., Maeda, M., Takahashi, Y., Horikawa, N., Minamimura, T.,
Tsukada, K., Takeguchi, N., 2004. Up-regulation of Na(+),K(+)-ATPase alpha 3-
isoform and down-regulation of the alphal-isoform in human colorectal cancer.

FEBS Lett. 563, 151-154. https://doi.org/10.1016/S0014-5793(04)00292-3

Schneider, N.F.Z,, Silva, |.T., Persich, L., de Carvalho, A., Rocha, S.C.,
Marostica, L., Ramos, A.C.P., Taranto, A.G., Padua, R.M., Kreis, W., Barbosa,
L.A., Braga, F.C., Simdes, C.M.O., 2017. Cytotoxic effects of the cardenolide
convallatoxin and its Na,K-ATPase regulation. Mol. Cell. Biochem. 428, 23-39.

https://doi.org/10.1007/s11010-016-2914-8

Skou, J.C., 2004. The identification of the sodium pump. Biosci. Rep. 24, 436—

451. https://doi.org/10.1007/s10540-005-2740-9



Skou, J.C., 1965. Enzymatic basis for active transport of Na+ and K+ across
cell membrane. Physiol. Rev. 45, 596-617.

https://doi.org/10.1152/physrev.1965.45.3.596

Skou, J.C., 1957. The influence of some cations on an adenosine
triphosphatase from peripheral nerves. Biochim. Biophys. Acta 23, 394-401.

https://doi.org/10.1016/0006-3002(57)90343-8

Stenkvist, B., 1999. Is digitalis a therapy for breast carcinoma? Oncol. Rep. 6,

493-496. https://doi.org/10.3892/0r.6.3.493

Sterner, O., Szallasi, A., 1999. Novel natural vanilloid receptor agonists: new
therapeutic targets for drug development. Trends Pharmacol. Sci. 20, 459—-465.

https://doi.org/10.1016/S0165-6147(99)01393-0

Stock, K., Kumar, J., Synowitz, M., Petrosino, S., Imperatore, R., Smith, E.S.J.,
Wend, P., Purfurst, B., Nuber, U.A., Gurok, U., Matyash, V., Walzlein, J.-H.,
Chirasani, S.R., Dittmar, G., Cravatt, B.F., Momma, S., Lewin, G.R., Ligresti, A.,
De Petrocellis, L., Cristino, L., Di Marzo, V., Kettenmann, H., Glass, R., 2012.
Neural precursor cells induce cell death of high-grade astrocytomas through
stimulation of TRPV1. Nat. Med. 18, 1232-1238.

https://doi.org/10.1038/nm.2827

Tsimaratos, M., Coste, T.C., Djemli-Shipkolye, A., Daniel, L., Shipkolye, F.,
Vague, P., Raccah, D., 2001. Evidence of time-dependent changes in renal
medullary Na,K-ATPase activity and expression in diabetic rats. Cell. Mol. Biol.

(Noisy-le-grand) 47, 239-245.

Wang, J., Velotta, J.B., McDonough, A.A., Farley, R.A., 2001. All human Na(+)-

K(+)-ATPase alpha-subunit isoforms have a similar affinity for cardiac



glycosides. Am. J. Physiol., Cell Physiol. 281, C1336-1343.

https://doi.org/10.1152/ajpcell.2001.281.4.C1336

Winnicka, K., Bielawski, K., Bielawska, A., Miltyk, W., 2010. Dual effects of
ouabain, digoxin and proscillaridin A on the regulation of apoptosis in human
fibroblasts. Nat. Prod. Res. 24, 274-285.

https://doi.org/10.1080/14786410902991878

Yang, S.Y., Kim, N.H., Cho, Y.S., Lee, H., Kwon, H.J., 2014. Convallatoxin, a
dual inducer of autophagy and apoptosis, inhibits angiogenesis in vitro and in

vivo. PLoS ONE 9, €91094. https://doi.org/10.1371/journal.pone.0091094

Yu, C.-H., Kan, S.-F., Pu, H.-F., Jea Chien, E., Wang, P.S., 2008. Apoptotic
signaling in bufalin- and cinobufagin-treated androgen-dependent and -
independent human prostate cancer cells. Cancer Sci. 99, 2467-2476.

https://doi.org/10.1111/j.1349-7006.2008.00966.x

Yu, S.P., 2003. Na(+), K(+)-ATPase: the new face of an old player in
pathogenesis and apoptotic/hybrid cell death. Biochem. Pharmacol. 66, 1601—

1609. https://doi.org/10.1016/S0006-2952(03)00531-8

FIGURE LEGENDS

Fig. 1. Synthesis of compounds 2-5.

Fig. 2: Inhibition of purified preparations of NKA from kidney (light gray) or brain

(dark gray) by compounds 1 (A), 2 (B), 3 (C), 4 (D) and 5 (E). Each point is the

mean £ S.D. of three different experiments conducted in triplicate.



Fig. 3: Inhibition of crude (homogenate) preparations of NKA from kidney (light
gray) or brain (dark gray) by compounds 1 (A and D), 4 (B and E) and 5 (C and
F). Inhibition data for purified preparations shown in Fig. 2 were also included
here for comparative purposes (hatched). Each point is the mean + S.D. of

three different experiments conducted in triplicate.

Fig. 4: Influence of the compounds 1 (A), 4 (B) and 5 (C) on the NKA activation
by Na+. Double reciprocal plots (inverse of velocity versus inverse of Na+
concentration) in absence of the compounds (filled circle) and in presence of
the compounds (filled diamond). Each point is the mean = S.D. of three different

experiments conducted in triplicate.

Fig. 5: Influence of the compounds 1 (A), 4 (B) and 5 (C) on the NKA activation
by K+. Double reciprocal plots (inverse of velocity versus inverse of K+
concentration) in absence of the compounds (filled circle) and in presence of
the compounds (filled triangle). Each point is the mean + S.D. of three different

experiments conducted in triplicate.

Fig. 6: Influence of the compounds 1 (A), 4 (B) and 5 (C) on the NKA activation
by ATP. Double reciprocal plots (inverse of velocity versus inverse of ATP
concentration) in absence of the compounds (filled circle) and in presence of
the compounds (filled square). Each point is the mean £ S.D. of three different

experiments conducted in triplicate.



Fig. 7: Influence of compounds 1, 4 and 5 on K+-pnppase activity of the purified

kidney NKA. Control K+-pnppase activity (100%) was 0.1 pymol p-nitrophenol

formed per min. Each point is the mean + S.D. of three different experiments

conducted in triplicate.

TABLE

Table 1. Compound concentrations inhibiting 50% (ICsp) the activities of Na+/K+

ATPase from several sources

Compound Enzyme source ICs0 (UM) Ratio ICsg
Homog/ICs purif

Ouabain Kidney Purified 1.6% 1.2
Kidney homogenate 1.92

Unsaturated ester (4) Kidney Purified 50" 15
Kidney homogenate 73.5°

9-epipolygodial (5) Kidney Purified 50° 1.0
Kidney homogenate 50.1°

Oleic acid Kidney Purified 115° 3.3
Kidney homogenate 375,

& |Cs calculated from data published in previous wok (Garcia et al., 2009).

® |Cs calculated from data shown in graphs.

FIGURES



Fig.1

Fig. 2

>

{% inhibition}
8

Na',K' ATPasa

Fig. 3

-
g

8

¥

OH NaBH,, MeOH
r.t., 80%

PTSA, 4AMS
PhMe, r.t., 40%

CHO
‘. _CHO

Na®, K" ATPase
{% Inhibition}
g

[1/uM

¢

Na*, K" ATPase
(% inhibition)
& 8

L S L
[4]/ uM

-g.
I

g

&

N,H4.H50,
4A MS

95%

polygodial (1)

Ph;P=CHCO,Me
PhMe, r.t., 94%

CHO

C

H
g

Na*,K* ATPase
{% inhibiton}
g

%

m

{% Inhibition)
g

Na*, K" ATPase

-]
I

-y
d

&

&

[2]/uM

L R
[5]fuM

MeOH, r.t.,

3

¥

[3] uM

[ kidney purified
[ Brain purified



B3 Kidney homogenate

h-l
2
2
=
=1
a
-
2
=
"2

3] {uopiayuy %}
esedly M ‘BN

{uopiayuy %}
8SEdLY M ‘BN

{uopiayuy %}
8SBdLY M ‘BN

[51/ uM

[4]/uM

[1]/uM

TH

w

o

@@ Brain purified
B8 Brain homogenate

I

{uopigiyu %}
esedly M ‘BN

~

{uomaiyu %}
esedLyY M ‘.BN

14

{uopigiyu %}
esedLyY ‘BN

gﬁ
[51/ uM

Y%

QQ
[4] /uM

ﬁﬁ
[1]/uM

Y%

Fig. 4



100-
A
904 -+ 1
- Conirol
= 60+
m._—'__'_k""’,—//
©.10 0.05 .00 0.05 0.10
1/ [Na" mM]
B 100~
20
3+
> &0 . ~ Control
T 404
+* -
m-/
010 005 0.00 0.05 0.10
11 [Na* mM]
100-
C
90 -+ 5
-e Conirol
> m-
T a0+
0.05 0.00 0.05 0.10
11 [Na* mM]

Fig. 5



11V
AR

\

- 1
-» Confrol

| ] L]
04 02

11V

\

0.0

0.2

04

06 08

11K mM]

1.0

KSF%F

18

-+ 4
-+ Conirol

| ] |
04 02

171V

\rv\”#??

0.0

0.2

04

0.6 0.8
11 [K* mM]

1.0

1%

- 5
-» Confrol

L]
04 02

Fig. 6

0.0

0.2

0.4

06 0.8
11[K" mM]

18



100

11y

-1.0 0.5 0.0

-1.0 05 0.0

-1.0

Fig. 7

- 1]
- Conirol

- 4

-+ control

- 5
-a Ccontrol



T
50

T
25

:

8 8 € 8
(A3a30e o) eseddud

=

[compounds] /| uM





