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Abstract

Usage of cisplatin, a highly potent chemotherapeutic, is limited by its severe nephrotoxicity.
Arachidonic acid (ARA)-derived epoxyeicosatrienoic acids (EETs) and soluble epoxide hydrolase
(sEH) inhibitors were shown to ameliorate this dose-limiting side effect, but both approaches
have some pharmacological limitations. Analogues of EETSs are an alternative avenue with unique
benefits, but the current series of analogues face concerns regarding their structure and mimetic
functionality. Hence, in this study, regioisomeric mixtures of four new ARA alkyl-ethers were
synthesized, characterized, and assessed as EET analogues against the concentration- and time-
dependent toxicities of cisplatin in porcine proximal tubular epithelial cells. All four ether groups
displayed bioisostere activity, ranging from marginal for methoxy- (1), good for /+propoxy- (4),
and excellent for ethoxy- (2) and /propoxy- (3). Compounds 2 and 3 displayed cytoprotective
effects comparable to that of an EET regioisomeric mixture (5) against high, acute cisplatin
exposures but were more potent against low to moderate, chronic exposures. Compounds 2 and 3
(and 5) acted through stabilization of the mitochondrial transmembrane potential and attenuation
of reactive oxygen species, leading to reduced phosphorylation of mitogen-activated protein
kinases p38 and JNK and decreased activation of caspase-9 and —3. This study demonstrates

that alkoxy- groups are potent and more metabolically stable bioisostere alternatives to the epoxide
within EETSs that enable sEH-independent activity. It also illustrates the potential of ether-based
mimics of EETs and other epoxy fatty acids as promising nephroprotective agents to tackle the
clinically relevant side effect of cisplatin, without compromising its antineoplastic function.
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INTRODUCTION

cis-Diamminedichloroplatinum (1), commonly known as cisplatin (CDDP), is a potent
inorganic antineoplastic agent that is widely used for treatment of several types of cancers.!
However, it has many side effects, the most severe being dose-limiting nephrotoxicity.! Due
to selective basolateral uptake, cisplatin is particularly damaging to the proximal tubules.2
Mitochondrial disruptions,3 generation of reactive oxygen species (ROS),* activation of
mitogen-activated protein kinases (MAPKSs),>6 and recruitment of caspases’ are major
implicated molecular modes of toxicity that lead to apoptosis of epithelial tubular cells.
Currently, the lack of safe and efficacious therapeutic agents and impractical treatment
alternatives make preserving kidney health during CDDP-based chemotherapy especially
challenging. Since there is justified pressure on oncologists to administer higher levels of
cisplatin to overcome drug resistance in tumors, therapeutics are urgently needed to mitigate
its renal toxicity.

Cytochromes P450 (CYPs)-catalyzed epoxidation of polyunsaturated fatty acids (PUFAS)
generates mono-epoxide lipid mediators known as epoxy fatty acids (EpFAS). w—6
Arachidonic acid (ARA, 20:4)-derived epoxyeicosatrienoic acids (EETSs) are the most
widely studied group of EpFAs.8-10 EETs exhibit primarily tissue-healing and organ-
protective activities but are hydrolyzed to less active vicinal diols by the soluble epoxide
hydrolase (SEH). sEH inhibitors (SEHISs) stabilize endogenous levels of EETs, enhancing
their bioavailability and facilitating their functions. EETs in vitro and the inhibition or
knockout of SEH in vivo have been shown to attenuate cisplatin nephrotoxicity.11-13 Thus,
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this pathway provides a novel and promising therapeutic target to manage the major side
effects of cisplatin.

While administration of EETs and SEHIs are the two most common therapeutic approaches,
both have certain disadvantages. SEH-mediated degradation of EETs occurs rapidly and
hence EETs are poorly bioavailable in vivo following most routes of administration. The
activity of sEHIs is dependent on endogenous levels of EETs and other EpFAs. Therefore,
under certain conditions of renal or cardiovascular dysfunction where release of membrane
fatty acids or CYP metabolism is impaired, EET biosynthesis could be compromised,
limiting efficacy of sEHIs. EET analogues (or mimics) are an alternative approach.141%
They are designed to be more biologically stable than EETs and act independently of
endogenous EET generation. Several potential EET analogues are being investigated and
the most promising compounds have demonstrated therapeutic effects in multiple disease
models. Some EET analogues have also been shown to ameliorate cisplatin nephrotoxicity in
Vivo.16.17

However, many current EET analogues utilize classic sEHI pharmacophores (i.e., ureas
and amides) as epoxide bioisosteres. For molecules where demonstrable mimetic function,
verified in systems such as sEH-deficient mesenteric vessels,8 is absent, there is ensuing
debate and uncertainty about their functionality as analogues (or dual-acting agents) as
opposed to sEHIs. Furthermore, modified chain lengths and altered unsaturation sites in
the fatty acid moieties of some of these analogues have raised questions about off-target
effects and a diminished therapeutic index. Since an epoxide is a cyclic ether, linear or
branched ethers are plausible alternative bioisosteres. Alkoxy groups would allow direct
replacement of the epoxide with more metabolically stable functional groups and permit
retention of the core molecular backbone. Incidentally, alkoxy groups were employed as
epoxide bioisosteres in compounds mimicking the juvenile hormones (JHs) of insects, and
these analogues have been utilized successfully for decades as potent growth regulators for
pest control 19.20

Thus, in this study, alkoxy-containing EET analogues were synthesized and characterized.
Concentration- and time-dependent activities of bioisosteres were screened, relative to the
epoxide within EETS, against cisplatin toxicity in the porcine LLC-PK1 proximal tubular
epithelial cell (PTEC) line, the standard in vitro model for PTECs. Furthermore, based on
the molecular pathways of cisplatin kidney toxicity, the mechanism of therapeutic action for
the most promising analogue series was investigated, namely stabilization of mitochondrial
dysfunction, anti-oxidative stress action, reduced relative MAPK phosphorylation, and anti-
caspase activation.

EXPERIMENTAL PROCEDURE

Reagents and Apparatus.

cfs-diamminedichloroplatinum (I1) of 99.99% purity (trace metal basis) was purchased

from Fisher Scientific Company LLC (Pittsburg, PA, USA). MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) and CM-H,DCFDA indicator were purchased

from Life Technologies (Carlsbad, CA, USA). JC-10 dye, FCCP (Carbonyl cyanide-
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p-trifluoromethoxyphenylhydrazone), and MitoSOX Red indicator were purchased

from Fisher Scientific. Primary antibodies against p38, phospho-p38, SAPK/JNK,

and phospho-SAPK/IJNK were purchased from Cell Signaling Technology (Danvers,

MA, USA). Cyano(6-methoxy-naphthalen-2-yl)methyl trans-[(3-phenyloxiran-2-yl)methyl]
carbonate (CMNPC), WST-8 (CCK-8) cell proliferation assay kit, 14,15-EE-5(Z)-E
(14,15-Epoxyeicosa-5(Z)-enoic Acid), and Ac-DEVD-AMC were purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). Ac-LEHD-pNa and Erythromycin (EM)

were purchased from Millipore Sigma (St. Louis, MO, USA). trans-4-[4-(3-adamantan-1-
yl-ureido)-cyclohexyloxy]-benzoic acid (£AUCB) was generated in-house.2! Arachidonic
acid methyl ester was purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). The
reagents required for synthesis are commercially available and were purchased from one

of the following vendors: Fisher Scientific, Millipore Sigma, or VWR International (Radnor,
PA, USA). All chemicals purchased from commercial sources were used as received
without further purification. Analytical thin layer chromatography (TLC) was performed

on Merck TLC silica gel 60 Fys4 plates (Darmstadt, Germany) and spots were revealed via
development with a potassium permanganate stain. Flash chromatography was performed on
silica gel (230-400 Mesh, Grade 60) from Fisher Scientific. 1H and 13C nuclear magnetic
resonance (NMR) spectra were recorded on a 400 MHz Bruker Avance 111 HD Nanobay
NMR spectrometer. Multiplicity is described by the abbreviations, s = singlet, t = triplet, m =
multiplet. High resolution electrospray ionization mass spectrometry (HRESIMS) data were
recorded on a Thermo Q-Exactive High-field Orbitrap mass spectrometer equipped with

an electrospray ionization (ESI) source operating in positive ion mode. High-performance
liquid chromatography-mass spectrometry (HPLC-MS) traces and product ion spectra
(Figures S1-S5, Supporting Information) were recorded on an Agilent 1200 SL HPLC,
coupled to a SCIEX 4000 Q-TRAP tandem mass spectrometer, equipped with an ESI
source, and operating in positive ion mode. For HPLC-MS analyses, compounds 1-5 were
injected onto a reverse-phase 2.1 x 150 mm 1.8-um Zorbax Eclipse C18 RRHT column,
held at 50 °C. Mobile phase A was water with 0.1% glacial acetic acid (AA) and mobile
phase B was acetonitrile with 0.1% glacial AA. A gradient elution was employed, and

the chromatographic run was optimized to be 90 min for separation of peaks. Gradient
conditions and MS source parameters are described in the Supporting Information (Tables
S1, S2).

Synthesis and characterization of mono-ethers (1-4, regioisomeric mixtures) of
arachidonic acid methyl ester.

The general synthesis is illustrated with the representative ethoxyeicosatrienoic methyl
esters (2). Arachidonic acid methyl ester (1.10 g, 3.45 mmol, 1.0 equiv.) was dissolved

in ethanol (5 mL) and quickly added to a stirring solution of Hg(OAc), (1.65 g, 5.18 mmol,
1.5 equiv.) in ethanol (12 mL). The mixture was stirred under nitrogen or argon overnight

at room temperature. The mixture was then cooled to 0 °C (via ice bath), and a solution of
NaBH, (0.26 g, 6.90 mmol, 2.0 equiv.) in water (10 mL) was slowly added. After stirring for
10 min, 10 drops of acetic acid were added, the stirring was stopped, and the solution was
allowed to settle. The supernatant was collected, and the mercury precipitate was washed
with ethanol (2 x 10 mL). The combined supernatant fractions were concentrated in vacuo,
reconstituted in hexanes (20 mL) and saturated aq. NaHCO3 (15 mL), after which the
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organic layer was isolated. The aqueous layer was extracted with hexanes (3 x 10 mL).
The combined organic layers were washed once with ag. NaHCO3, dried (MgSQOy,), and
concentrated in vacuo. The crude mixture was reconstituted in hexanes and, by monitoring
fractions with TLC, purified using flash chromatography (ethyl acetate-hexanes 4:96 —
8:92) to yield the mono-ethyl-ethers of arachidonic acid methyl ester. Compound structures
of 1-4 were consistent with the acquired *H NMR spectra, including ratios of olefinic
protons, ether protons, and other indicator peaks (e.g., methyl ester, terminal methyl) on
integration. Observed high resolution //z of adduct ions concurred with calculated values.
Relative retention times were also consistent with the polarity of the corresponding alkoxy-
substituent.

Compounds 1-4 are complex mixtures expected to contain eight possible regioisomers as the
alkoxy- group can be inserted at one of two positions across each of the four ARA olefins.
Furthermore, every regioisomer would possess a chiral center, suggesting sixteen potential
stereoisomers. Hence, HPLC-MS traces predictably revealed multiple peaks of the parent
my/z that eluted as a group within a narrow time window. Similarly, the number of peaks
detected by 13C NMR for 1-4 exceeded the number of carbons present within an individual
isomer of a group. Slight differences in chemical shifts for an equivalent carbon in different
regioisomers would account for these “duplicate” or “triplicate” peaks since the position of
the carbon in question varies depending on specific molecule.

Methoxyeicosatrienoic methyl esters (1, regioisomer mixture).—Yield 9% (112
mg); Colorless oil; TH NMR (400 MHz, CDCl3) & 5.46-5.36 (6H, m, vinylic), 3.69 (3H,

s, CO,Me), 3.37 (3H, s, OMe) 3.24-3.14 (1H, m), 2.85-2.78 (3H, m), 2.37-2.21 (3H, m),
2.17-2.02 (4H, m), 1.75-1.67 (2H, m), 1.58-1.45 (3H, m), 1.42-1.26 (7H, m), 0.91 (3H, t,
J=17.2 Hz, Me); 13C NMR (100 MHz, CDCl3) 6 174.1, 132.1, 130.5, 130.5, 130.4, 130.4,
130.1, 130.0, 129.9, 129.8, 129.7, 129.5, 129.5, 129.2, 129.2, 129.1, 128.9, 128.9, 128.9,
128.6, 128.5, 128.4, 128.2, 128.2, 128.2, 128.1, 127.9, 127.8, 127.8, 127.6, 127.5, 126.4,
126.0, 125.8, 125.7, 125.4, 125.1, 80.9, 80.6, 80.4, 80.3, 80.2, 80.2, 79.9, 56.6, 56.6, 56.5,
56.4, 51.5, 33.6, 33.6, 33.6, 33.5, 33.5, 33.5, 33.4, 33.3, 32.1, 31.9, 31.6, 31.5, 31.1, 31.1,
31.0, 31.0, 29.5, 29.4, 29.4, 29.3, 29.3, 27.4, 27.2, 27.2, 27.2, 26.6, 26.6, 25.8, 25.8, 25.6,
25.6,25.6,24.9,24.8,24.8,23.2,23.2,23.1,23.1, 22.7, 22.6, 22.6, 14.1, 14.1; HRESIMS
observed /m/z373.2738 [M + Na]* (calculated m/zfor CooHagNaO3*, 373.2719); HPLC-MS
observed multiple peaks of m/z 351 [M + H]* (CxH3903"), retention times (tg) 39.2 - 41.5
min

Ethoxyeicosatrienoic methyl esters (2, regioisomer mixture).—Yield 22% (280
mg); Colorless oil; TH NMR (400 MHz, CDCl3) & 5.43-5.33 (6H, m, vinylic), 3.66 (3H,

s, CO,Me), 3.60-3.39 (2H, m, O-CH>) 3.30-3.20 (1H, m), 2.81-2.77 (3H, m), 2.34-2.21
(3H, m), 2.14-2.00 (4H, m), 1.74-1.66 (2H, m), 1.57-1.43 (3H, m), 1.40-1.26 (7H, m),
1.21-1.18 (3H, m, CH3-CH»-0), 0.89 (3H, t, J= 7.0 Hz, Me); 13C NMR (100 MHz,
CDCl3) 6 174.0, 131.9, 130.3, 130.2, 130.1, 129.9, 129.6, 129.5, 129.3, 129.2, 129.1, 128.9,
128.9, 128.8, 128.7, 128.6, 128.4, 128.1, 128.0, 127.9, 127.8, 127.8, 127.6, 125.9, 125.3,
78.7,78.6,78.5,78.4,64.4,64.3,64.2,64.1,51.4,34.1,34.1, 34.0, 34.0, 33.5, 33.4, 33.4,
32.0,31.9,31.8,31.8,31.7,31.5,31.5,29.4, 29.3, 29.3, 29.2, 27.4, 27.2, 27.2, 27.1, 26.7,
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26.6, 26.5, 25.8, 25.7, 25.6, 25.6, 25.6, 25.5, 25.0, 24.8, 24.7, 23.3, 23.3, 23.2, 22.7, 22.6,
22.5,15.7,15.6, 14.1, 14.0; HRESIMS observed m/z387.2900 [M + Na]* (calculated m/z
for Co3HagNaO3z*, 387.2875); HPLC-MS observed multiple peaks of m/z 365 [M + H]*
(Cy3H4103%), tg 51.2 — 54.1 min

i-Propoxyeicosatrienoic methyl esters (3, regioisomer mixture).—Yield 16%
(210 mg); Colorless oil; IH NMR (400 MHz, CDCls) 6 5.44-5.33 (6H, m, vinylic), 3.67
(3H, s, CO,Me), 3.64-3.59 (1H, m, O-CH), 3.36-3.27 (1H, m), 2.84-2.77 (3H, m), 2.34—
2.21 (3H, m), 2.14-2.03 (4H, m), 1.73-1.67 (2H, m), 1.52-1.42 (3H, m), 1.38-1.26 (7H,
m), 1.16-1.12 (6H, m, (CH3),-CH-0), 0.89 (3H, t, J= 7.4 Hz, Me); 13C NMR (100 MHz,
CDCl3) 6 174.0, 130.4, 130.2, 130.2, 129.4, 128.9, 128.9, 128.8, 128.8, 128.8, 128.7, 128.5,
128.3,128.2,128.1, 128.0, 127.8, 127.8, 127.7, 127.7, 127.6, 127.5, 125.5, 76.7, 76.4,
76.2,69.7,69.7, 69.6, 69.6, 69.4, 51.4, 51.4, 34.7, 34.7, 34.6, 33.5, 33.4, 32.7, 32.7, 32.6,
32.1,31.6,31.5, 31.5,29.4, 29.3, 29.3, 27.4, 27.2, 27.2, 26.6, 26.6, 26.5, 25.8, 25.8, 25.7,
25.6, 25.6, 25.5,25.2, 24.8, 24.7, 23.4, 23.4, 23.3, 23.2, 23.1, 23.1, 23.0, 22.9, 22.9, 22.7,
22.6,22.6,22.5, 14.1, 14.0; HRESIMS observed m/z401.3049 [M + Na]* (calculated m/z
for Co4H4oNaO3*, 401.3032); HPLC-MS observed multiple peaks of m/z 379 [M + H]*
(Cp4H4303"), tg 61.3 — 65.4 min

n-Propoxyeicosatrienoic methyl esters (4, regioisomer mixture).—Yield 2% (10
mg); Colorless oil; TH NMR (400 MHz, CDCl3) & 5.46-5.36 (6H, m, vinylic), 3.69 (3H, s,
CO,Me), 3.52-3.22 (3H, m, H,C-O-CH), 2.85-2.78 (3H, m), 2.35-2.22 (3H, m), 2.18-2.01
(4H, m), 1.76-1.69 (2H, m), 1.62-1.48 (4H, m), 1.39-1.27 (8H, m), 0.97-0.86 (6H, m,
Me); 13C NMR (100 MHz, CDCl3) & 174.1, 131.8, 130.4, 130.3, 130.3, 130.2, 129.9, 129.2,
129.1, 128.9, 128.8, 128.7, 128.6, 128.4, 128.2, 128.0, 127.9, 127.8, 127.5, 126.3, 125.7,
125.3,78.9, 78.8, 78.7, 78.6, 70.9, 70.8, 70.6, 51.4, 34.2, 34.1, 34.0, 34.0, 34.0, 33.9, 33.5,
33.5,33.4,32.0,31.9,31.8,31.7,31.7, 31.7, 31.6, 31.5, 29.7, 29.5, 29.4, 29.3, 29.3, 27.4,
27.3,27.2,26.8, 26.6, 26.5, 25.8, 25.8, 25.6, 25.5, 25.1, 24.8, 24.7, 23.5, 23.4, 23.3, 23.3,
23.2,23.2,22.7,22.6,22.5,14.1, 14.0, 10.8, 10.7; HRESIMS observed /m/z401.3026 [M +
Na]* (calculated m/z for Co4H4oNaO3*, 401.3032); HPLC-MS observed multiple peaks of
m/z 379 [M + H]* (C»4H4303"), tr 68.3 — 71.7 min

Synthesis of mono-epoxides (5, regioisomeric mixture) of arachidonic acid methyl ester.

Arachidonic acid methyl ester (1.10 g, 3.45 mmol, 1.0 equiv.) was dissolved in
dichloromethane (DCM, 2 mL) and quickly added to a vigorously stirring solution of
70% meta-chloroperoxybenzoic acid (171 mg, 0.69 mmol, 0.20 equiv.) in DCM (30 mL).
The reaction was stirred for 90 min at room temperature and quenched with saturated ag.
Na,CO3. The mixture was extracted with diethyl ether (4 x 10 mL), dried (MgSQy), and
concentrated in vacuo. The crude mixture was reconstituted in hexanes and, by monitoring
fractions with TLC, purified using flash chromatography (ethyl acetate-hexanes 5:95 —
10:90) to yield the mono-epoxides of arachidonic acid methyl ester.

Epoxyeicosatrienoic methyl esters (5, regioisomer mixture).—Yield 88% (204
mg); Colorless oil; TH NMR (400 MHz, CDCl3) & 5.55-5.38 (6H, m, vinylic), 3.70 (3H,
s, CO,Me), 2.99-2.95 (2H, m), 2.87-2.82 (3H, m), 2.46-2.22 (5H, m), 2.16-2.05 (3H, m),
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1.78-1.69 (3H, m), 1.38-1.28 (6H, m), 0.91 (3H, t, J= 7.0 Hz, Me); 13C NMR (100 MHz,
CDCl3) § 174.1,132.9, 131.4, 131.0, 130.6, 130.4, 129.2, 129.0, 128.8, 128.5, 127.8, 125.0,
124.6, 124.4,124.0, 123.6, 57.2, 56.4, 51.5, 33.4, 31.7, 31.5, 29.2, 27.8, 27.4, 27.2, 26.8,
26.6, 26.3, 26.2, 25.8, 25.6, 24.8, 22.6, 22.5, 14.1, 14.0; HRESIMS observed 7/z 357.2429
[M + Na]* (calculated /7/zfor Co1H34NaO3*, 357.2406); HPLC-MS observed multiple
peaks of m/z 335 [M + H]* (C»1H3503%), tr 22.0 — 24.4 min. Individual yields of 14,15-,
11,12-, 8,9-, and 5,6-EET methyl ester were 68 mg, 54 mg, 48 mg, and 34 mg, respectively,
as per the corresponding regioisomeric ratio of 2.0:1.6:1.4:1.0 in the mixture.

The methyl esters of the ARA alkyl-ethers and epoxide were employed as the prodrug for
therapeutic applications in cells, due to their chemical and pharmacological advantages over
the carboxylic acid form.22 Stock solutions were prepared in ethanol, flushed with nitrogen
or argon, and stored at —=80 °C for long term use.

Soluble Epoxide Hydrolase Inhibition Assay.

Purified, recombinant human sEH (hsEH) was obtained utilizing a baculovirus expression
system and affinity chromatography,23 and the inhibition assay was performed as previously
described.24 Briefly, a fluorometric assay that measures hydrolysis of the nonfluorescent
SEH substrate CMNPC (5 uM) to the fluorescent 6-methoxynaphthaldehyde, in the presence
of different concentrations of compounds 1-5, was employed. Fluorescence was measured
at Agx/Agm = 330 nm/465 nm using a Molecular Devices M2 microplate reader, and the
respective ICsq values (UM) against the hsEH were derived.

Cell Cultures.

Porcine kidney proximal tubular epithelial cells (LLC-PK1) and human liver hepatocellular
carcinoma (HepG2) cells were purchased from American Type Culture Collection
(Manassas, VA, USA). LLC-PK1 cells were cultured in M199 medium, supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). HepG2 cells were
cultured in Dulbecco’s Modified Eagle Medium, supplemented with 10% FBS and 1% PS.
Cultures were maintained in a humidified incubator at 37 °C, under an atmosphere of 5%
C0,/95% air.

MTT Cell Viability Assay.

LLC-PK1 or HepG2 cells were seeded in sterile, transparent 96-well microplates at a density
of 1 x 104 cells/well and incubated overnight. In general, cells were pre-treated for 1 h, in
the presence or absence of 14,15-EE-5(Z)-E (3 pM), with the vehicle (EtOH), ARA methyl
ester (0.1-10 uM), alkoxy-ARA methyl ester (0.1-10 UM, regioisomeric mixture) with or
without EM (20 uM), or EET methyl ester (0.1-10 uM, regioisomeric mixture) with or
without #AUCB (10 pM). This was followed by exposure to cisplatin (5-20 uM) or culture
media for 24-120 h. Following treatment regimens, the cell media was replaced with 100
uL/well of fresh media containing the MTT reagent (0.5 mg/mL) and incubated for 4 h in
the cell culture incubator. The MTT solution was aspirated, 150 pL/well of 4 mM HCI in
isopropanol was added, and plates were shaken for 15 min to dissolve the formazan crystals.
Finally, absorbance was read at A aps = 570 nm using a Molecular Devices M2 microplate
reader.
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CCK-8 Cell Proliferation Assay.

LLC-PK1 or HepG2 cells were seeded in sterile, transparent 96-well microplates at a density
of 1 x 104 cells/well and incubated overnight. Cells were then pre-treated for 1 h with the
vehicle (EtOH), alkoxy-ARA methyl ester (1 uM, regioisomeric mixture), or EET methyl
ester (1 uM, regioisomeric mixture), followed by exposure to cisplatin (20 uM) for 24 h.

The CCK-8 assay was then conducted as per the manufacturer’s instructions. Briefly, 10 pL
of the CCK-8 working solution was added to the 100 uL/well cultures, plates were gently
shaken for 1 min, and incubated for 2 h in the cell culture incubator. After 1 min of gentle
shaking, absorbance was read at A aps = 450 nm using a Molecular Devices M2 microplate
reader.

JC-10 Mitochondrial Transmembrane Potential Assay.

LLC-PK1 cells were seeded in sterile, clear-bottom black 96-well microplates at a density of
1 x 10 cells/well and incubated overnight. Cells were pre-treated for 1 h with the vehicle
(EtOH), alkoxy-ARA methyl ester (1 uM, regioisomeric mixture), or EET methyl ester (1
UM, regioisomeric mixture), followed by exposure to cisplatin (20 uM) or culture media
for 6, 24, or 48 h. Cells were then washed once with the wash solution (Hanks’ Balanced
Salt Solution with Ca2*, Mg?*, 0.1% Pluronic F-68). 10 uM JC-10 dye (in wash solution)
was added (under dark) and cells were incubated for 1 h in the cell culture incubator. After
cells were washed twice, 100 puL/well of wash solution was added and fluorescence was
immediately read at A1g,/A1lgm = 492 nm/575 nm (red aggregates) and A2g,/A2gm = 492
nm/525 nm (green monomers) using a Tecan Infinite Pro microplate reader. The ratio of red
to green fluorescence was used as a measure of the mitochondrial transmembrane potential.
FCCP (10 pM), a potent uncoupler of oxidative phosphorylation, was utilized as a positive
control for the loss of mitochondrial membrane potential.

CM-H,DCFDA General Reactive Oxygen Species Quantitation Assay.

LLC-PKZ1 cells were seeded in sterile, clear-bottom black 96-well microplates at a density
of 1 x 10% cells/well and incubated overnight. Cells were pre-conditioned with 5 pM
CM-H,DCFDA for 30 min in the cell culture incubator and washed thrice with phosphate
buffered saline (PBS). Cells were then pre-treated for 1 h with the vehicle (EtOH), alkoxy-
ARA methyl ester (1 UM, regioisomeric mixture), or EET methyl ester (1 uM, regioisomeric
mixture), followed by exposure to cisplatin (20 pM) for 24 h. After cells were washed twice
with PBS, 100 uL/well of PBS was added and fluorescence was immediately measured at
Aex/AEm = 485 nm/535 nm using a Tecan Infinite Pro microplate reader.

MitoSOX Red Mitochondrial Superoxide Detection Assay.

LLC-PK1 cells were seeded in sterile, clear-bottom black 96-well microplates at a density
of 1 x 104 cells/well and incubated overnight. Cells were pre-conditioned with 2.5 uM
MitoSOX Red for 10 min in the cell culture incubator and washed thrice with PBS. Cells
were then pre-treated for 1 h with the vehicle (EtOH), alkoxy-ARA methyl ester (1 uM,
regioisomeric mixture), or EET methyl ester (1 uM, regioisomeric mixture), followed by
exposure to cisplatin (20 uM) for 24 h. After cells were washed twice with PBS, 100 pL/well
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of PBS was added and fluorescence was immediately measured at Agy/Agm = 510 nm/580
nm using a Tecan Infinite Pro microplate reader.

Western Blotting for Mitogen-Activated Protein Kinases.

LLC-PK1 cells were seeded in sterile 6-well plates at a density of 3 x 10° cells/well and
incubated overnight. Cells were pre-treated for 1 h with the vehicle (EtOH), alkoxy-ARA
methyl ester (1 UM, regioisomeric mixture), or EET methyl ester (1 uM, regioisomeric
mixture), followed by exposure to cisplatin (20 uM) for 6 or 24 h. Cells were rinsed thrice
with ice-cold PBS and harvested with ice-cold radioimmunoprecipitation assay (RIPA)
lysis buffer (containing a freshly added protease/phosphatase inhibitor cocktail, 1:100).
Following sonication on ice for 30 min and centrifugation at 13000 rpm and 4 °C for 25
min, the supernatants were collected and protein concentrations in lysates were normalized
using a Bicinchoninic Acid (BCA) assay and a bovine serum albumin (BSA) standard.
After lysate aliquots were denatured and reduced in loading buffer, 15 pg of protein was
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Membranes were blocked for 1 h with 5% non-fat milk or BSA
in tris buffered saline-0.1% tween 20 (TBS-t) at room temperature and incubated overnight
with the primary antibodies (1:1000 in TBS-t containing 2% non-fat milk or BSA) at 4

°C. Following quadruplicate washes with TBS-t, blots were incubated with the horseradish
peroxidase-linked secondary antibody (1:10000 in TBS-t containing 2% non-fat milk or
BSA) for 1 h at room temperature. After another set of quadruplicate washes, membranes
were exposed to an enhanced chemiluminescence substrate (under dark) for 2 min and bands
were visualized with a charged-coupled device imager.

Caspase —3 and -9 Activity Assays.

Statistics.

LLC-PK1 cells were seeded in sterile 12-well plates at a density of 1 x 10° cells/well and
incubated overnight. Cells were pre-treated for 1 h with the vehicle (EtOH), alkoxy-ARA
methyl ester (1 uM, regioisomeric mixture), or EET methyl ester (1 pM, regioisomeric
mixture), followed by exposure to cisplatin (20 pM) for 24 h. Cells were rinsed twice

with ice-cold PBS and harvested with ice-cold RIPA buffer (without protease inhibitors).
Following cold centrifugation, the supernatants were collected and kept on ice. 30 uL of
supernatants were incubated with 30 pL of caspase activity buffer (50 mM HEPES, pH

7.4, 100 mM NacCl, 0.1% CHAPS, 10% glycerol, 1 mM EDTA, 10 mM DTT) containing
Ac-DEVD-AMC (20 pM, fluorogenic caspase-3 substrate) or Ac-LEHD-pNa (100 uM,
chromogenic caspase-9 substrate) for 90 min at 37 °C. Caspase activity was estimated by
reading fluorescence at Agy/Agm = 345 nm/445 nm (Ac-DEVD-AMC) or absorbance at
Aaps = 400 nm (Ac-LEHD-pNA) using a Tecan Infinite Pro microplate reader. The activities
of caspases were normalized relative to total protein present in lysates (quantified by a BCA
assay).

The results are reported as the means + SEM. Significant differences between groups were
determined by One-way analysis of variance, followed by Holm-Sidak multiple comparison
testing. A p-value < 0.05 (i.e., significance level a.) was considered statistically significant.
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RESULTS AND DISCUSSION
Design of Arachidonic acid Alkyl-Ethers.

Four different alkoxy groups (Table 1) were explored as potential bioisosteres for

the epoxide within EETs. Due to the presence of olefins in the ARA backbone, an
oxymercuration-demercuration synthetic method was employed to transform the alkenes to
alkyl-ethers (Scheme 1). Subsequently, the mono-ethers of ARA (regioisomeric mixtures)
were isolated to obtain alkoxy-containing mimics of the mono-epoxy EETSs. Different
alkoxy groups were introduced by varying the alcohol solvent (Scheme 1), which served

as the nucleophile reacting with the mercurinium ion to form the corresponding ether. More
specifically, methanol, ethanol, isopropanol, and 7-propanol were employed to synthesize
the methoxy- (1), ethoxy- (2), Fpropoxy- (3), and r-propoxy- (4) analogues, respectively.

Initially, a concentration-response of cisplatin toxicity in LLC-PK1 cells was run (Figure
S6, Supporting Information) to assess the optimal screening concentrations of cisplatin.
These were determined to be 5, 10, and 20 uM for a low, moderate, and high concentration,
respectively.

Ether Bioisostere Screening.

Cell protective activity of the four alkoxy- EET analogues was tested against acute exposure
(24 h) to a high concentration (20 uM) of cisplatin and compared to that of an EET

control group (5, regioisomeric mixture) to gauge bioisostere functionality relative to the
epoxide. Firstly, a concentration-response of therapeutic effect against cisplatin toxicity
was conducted (Figure 1). Compound 1 did not show significant protective activity at any
of the concentrations tested (Fig. 1A). It was suspected that the generally faster rate of
CYP-mediated O-dealkylation for methyl substituted ethers, relative to longer chain alkyl
counterparts,2> might be one factor that limits its action. This hypothesis was tested by
co-pre-treating 1 with EM, a CYP inhibitor, to restrict potential metabolic inactivation.
However, 1 was unable to significantly maintain cell viability even when incubated with
the CYP inhibitor (Figure S7, Supporting Information), suggesting the lack of effect might
be due to low intrinsic efficacy of the methoxy- group rather than its metabolically labile
nature. On the other hand, 1 uM of 2 and 3 significantly shielded cells from cisplatin-
induced toxicity (Fig. 1B, 1C, 1F), with an efficacy comparable to that of 1 uM 5 (Fig. 1E,
1F). 1 uM of 4 also displayed good bioactivity (Fig. 1D), but its magnitude of effect was
smaller than that of 2, 3, and 5 (Fig. 1F). Since all the analogues, as well as 5, displayed
maximal activity at 1 pM, a concentration of 1 uM was considered optimal and utilized
for further experiments. To confirm that the observed effects were independent of the assay
employed (i.e., MTT), a supporting viability assay (CCK-8) was also conducted (Figure
S8, Supporting Information). The magnitude and trends of therapeutic action remained
consistent across the two assays, reaffirming inherent compound activity.

14,15-EE-5(Z)-E, or 14,15-EEZE, is a selective antagonist of the putative EET receptor2®
and was employed to study whether antagonism of EET action could pare activity of
analogues 1-4. Compounds 2-5 successfully preserved cell viability against cisplatin in
the absence of 14,15-EEZE (Figure 2). Presence of 14,15-EEZE significantly curtailed
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the magnitude of therapeutic action for 2 and 3, while completely abolishing activity

of 5 (Figure 2). Hence, generally, alkyl ethers of ARA appear to act at least partially

through agonism of the presumed EET receptor, further validating alkoxy- groups as suitable
bioisosteric substitutes for the epoxide of EETS.

Additionally, a concentration-response of effect was obtained for the parent molecule ARA
(Figure S9, Supporting Information), which did not sustain cell viability against cisplatin
toxicity at any tested concentration. Furthermore, compounds 1-5 (and parent ARA) were
tested in the absence of cisplatin to account for potential isolated effects on cells. None

of the compounds stimulated cell growth, nor were they cytotoxic (Figure S10, Supporting
Information). Finally, inhibitory activity of analogues 1-4 towards the human sEH was
tested (Table S3, Supporting Information). The weak inhibitory potency (ICsg = 6.7-32.1
uUM) verified their poor sEH inhibition, even relative to 5 (ICsg = 3.1 M), suggesting
sEH-independent action.

Time-Dependent Therapeutic Action.

Activity of analogues 1-4, relative to 5, against prolonged exposure (48-120 h) to low

or moderate concentrations (5 or 10 uM) of cisplatin was also assessed (Figure 3).
Interestingly, 1 displayed previously unseen therapeutic activity at 72 h exposure with 5

UM cisplatin (Fig. 3C). This suggests that a degree of bioisosteric activity is associated with
the methoxy- group, particularly under conditions of low acute stress. However, unlike other
analogues, its activity was not sustainable against 10 uM cisplatin (Fig. 3A, 3B), or for
longer durations (96 h) against 5 uM cisplatin (Fig. 3D). Analogues 2 and 3 continued to
demonstrate protective effects comparable to that of 5 for earlier time points, namely 48

h and 72 h exposures to 10 pM and 5 puM cisplatin, respectively (Fig. 3A, 3C). Notably,

at later durations (72 and 96 h exposures to 10 uM and 5 pM cisplatin, respectively),

their activity in fact surpassed that of EETSs as the extent of effects exerted by the latter
subsided entirely (Fig. 3B) or partially (Fig. 3D). Co-pre-treating 5 with #AUCB, an sEHI,
abolished this drop-off in bioactivity (Fig. 3B, 3D), suggesting SEH-mediated degradation of
EETs impedes their function under chronic toxicity conditions. Accordingly, the necessity
for dual 5/sEHI treatment to match the activity of 2 and 3 at later toxicity time points

lends confidence to the notion that the ethoxy- and /~propoxy- compounds would possess
greater bioavailability than their epoxide equivalents and hence perhaps be more suitable for
extended medicinal applications. Analogue 4 also demonstrated therapeutic effects against
5 uM cisplatin (Fig. 3C, 3D), but the magnitude of its activity lagged slightly, relative to
that of 2 and 3, at the later (96 h) time point (Fig. 3D). However, it was still significantly
more active than 5 (without sEHI) at the latter time-concentration combination, suggesting
a biochemical stability advantage over EETs akin to 2 and 3. However, 4 did not display
significant activity against 10 uM cisplatin at either the 48 or 72 h time points (Fig. 3A, 3B).
None of the compounds were able to maintain cell viability after 96 h and 120 h exposures
to 10 uM and 5 pM cisplatin, respectively (Figure S11, Supporting Information).

Taken together with their effects against the acute toxicity of CDDP, all four alkoxy- EET
analogues exhibited bioactivity against cisplatin toxicity in LLC-PKZ1 cells, ranging from
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excellent for 2 and 3 to good for 4 to minimal for 1. Consequently, the two most promising
analogues (i.e., 2 and 3) were selected for further biological mechanism of action studies.

Prevention of Mitochondrial Transmembrane Potential Collapse.

Cisplatin preferentially accumulates in the mitochondria, enhancing susceptibility of cells
with higher mitochondrial densities (e.g., PTECs) to its noxious effects.327:28 |t proceeds
to trigger mitochondrial dysfunction by interfering with the electron transport chain, and
perturbations typically occur in a time-dependent manner (Figure 4). For instance, a

short exposure (6 h) to a high concentration of cisplatin did not significantly impact the
mitochondrial transmembrane potential (AY'm) of LLC-PK1 cells (Fig. 4A). However, a
longer exposure (24 h) resulted in substantial loss of the A¥m (Fig. 4B). Pre-treatment
with 2 or 3 (or 5) significantly inhibited decline of the electrochemical gradient, returning

it closer to basal levels (Fig. 4B), signifying that the alkoxy-based analogues of EETs exert
mitochondrial protective effects. Previously, EETs were shown to reduce loss of A¥m and
thus mitigate stressor-induced mitochondrial damage in cardiac cells?® and hippocampal
astrocytes, 30 further underlining the involvement of mitochondrion-mediated action for this
class of molecules. Moreover, the cell viability assays employed in this study are contingent
on activity of mitochondrial reductases and hence the parallel cell-protective effects of these
compounds (Fig. 1F) provide yet more evidence of a mitochondria-dependent pathway.

An excessively long (48 h) exposure resulted in a nearly complete gradient collapse and
pre-treatment with 2 or 3 (or 5) was unable to preserve the A¥Ym (Fig. 4C). This finding
aligns closely with the observation that exposure to a high level of cisplatin for 48 h was
entirely lethal to LLC-PKZ1 cells and pre-treatment with the compounds could not sustain
viability (Figure S12, Supporting Information). Finally, none of the compounds affected the
AYm of cells in the absence of cisplatin (Figure S13, Supporting Information).

Reduction of General and Mitochondrial Reactive Oxygen Species Generation.

Cisplatin is known to induce oxidative stress,*3! stimulating the generation of reactive
oxygen species (ROS), particularly superoxide anion (O,°7), H,0,, and hydroxyl radical
("OH), through both mitochondrial and non-mitochondrial pathways. Disruptions to the
mitochondrial respiratory complexes are a major source of ROS. Non-mitochondrial sources
include depletion of glutathione and activation of NADPH and xanthine-xanthine oxidases,
which in turn can further exacerbate the mitochondrial dysfunction. Thus, effects of the EET
analogues were assessed against both total cellular ROS and mitochondria-specific ROS,
expressly Oy~ (Figure 5). Predictably, cisplatin increased the general ROS in LLC-PK1
cells (Fig. 5A), as well as the O,*"generated in mitochondria (Fig. 5B). Compound 2 and 3
(as well as 5) lessened both surges, implying oxidative stress-alleviating activity that could
be both mitochondria-targeted and whole cell divergent.

Decreased Ratio of Phosphorylated to Total p38 and JNK.

Involvement of MAPKSs, namely p38 and Jun N-terminal kinase/stress-activated protein
kinase (JNK/SAPK), has been closely linked to the nephrotoxic effects of cisplatin.>-
MAPKs are key regulators of the mitochondria-mediated intrinsic cellular death pathway.32
They act through recruitment of pro-apoptotic regulators and suppression of anti-apoptotic
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function, sensitizing the mitochondria towards cell death and activating the downstream
caspase-9 pathway. Phosphorylation of MAPKS triggers their activity and cisplatin-
generated ROS (in particular *OH) are the primary cellular stressors considered to initiate
this MAPK signaling. Accordingly, little to no levels of the phosphorylated MAPK variant
were detectable in LLC-PK1 cells after only a brief period (6 h) of cisplatin exposure
(Figure S14, Supporting Information), a time point at which mitochondrial integrity was
intact (Fig. 4A). However, following an extended exposure (24 h), under conditions of
verifiable cisplatin-induced mitochondrial disruption and ROS upregulation (Fig. 4B, 5),
markedly augmented levels of the phosphorylated p38 and INK/SAPK forms (relative

to total variants) were observed (Figure 6). The ratios were significantly reduced by pre-
treatments with 2, 3, or 5 (Figure 6), denoting the capacity of alkoxy- EET analogues to
terminate the MAPK signaling upregulated by cisplatin.

Inhibition of Caspase-9 and -3 Activation.

Initiation of caspase-9 and ensuing recruitment of caspase-3 is a primary mode of cisplatin-
induced cell death.” Disruptions to mitochondrial health, through direct agitations, oxidative
damage, and MAPK-mediated pro-apoptotic signaling, trigger the caspase-9 pathway,
leading to activation of the executioner caspase-3. Hence, as expected, activity of both
caspase-9 and caspase-3 was greatly elevated with exposure to cisplatin (Figure 7). This
activity was ablated by 2 and 3 (as well as 5), suggesting the ability of these compounds to
mitigate cisplatin-induced cell death by obstructing the downstream caspase stimulation.

Preservation of Cytotoxicity Against Cancer Cells.

While attenuating the off-target renal toxicity of cisplatin is vitally important, ensuring

that the pharmacological intervention does not dilute the desired chemotherapeutic action

is a key consideration. Hence, the effects of compounds 1-5 on human liver hepatocellular
carcinoma cells (HepG2) were assessed (Figure 8). Compounds 1-5 did not shield liver
cancer cells from the toxic effects of cisplatin (Fig. 8A), nor did they stimulate cancer

cell growth in the absence of cisplatin (Fig. 8B). The findings were reinforced with a
secondary assay (CCK-8) to ensure the lack of hindrance was assay-independent (Figure
S8, Supporting Information). This implies these compounds do not interfere with the cancer
cell-targeted toxicity of cisplatin, potentially expanding its therapeutic index and capacity
for use.

CONCLUSIONS

Here we report new EET mimics developed as potential lead therapeutics against the
off-target nephrotoxicity of the common cancer drug cisplatin. They employ alkoxy-
substituents as replacement groups for the chemically stable but enzymatically labile
epoxide. Since alkoxy groups are so chemically similar to the epoxide, alkyl-ethers of ARA
potentially orient at the putative receptor in a manner akin to EETs. This study emphasized
assessing the bioisosteric activity of common alkoxy groups in pig derived PTECs, as
opposed to investigating pure regioisomers. Thus, regioisomeric mixtures of four alkoxy-
ARA analogues of EETs were screened against cisplatin renal toxicity in vitro, relative

to an EET regioisomer mixture. All bioisosteres exhibited activity, to varying degrees.
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The ethoxy- and ~propoxy- compounds were the most efficacious in this model and,
importantly, proved more effectual than EETs at mitigating effects of prolonged cisplatin
exposures. They protected PTECs from cisplatin toxicity through the same molecular
modes as EETS, specifically by blocking mitochondrial dysfunction and oxidative stress
and curbing subsequent MAPK signaling and caspase activation, while not influencing
cytotoxicity of cisplatin against the target cancer cells. Application of an EET receptor
antagonist diminished their efficacy, further authenticating mimetic functionality.

In earlier studies on alkoxy- mimics of insect JHs, large differences in biological potency
were observed for the ether groups across different target species. For instance, the methoxy-
was highly potent on dipterous insects (flies), relative to the weakly active ethoxy-, #
propoxy-, and r/+propoxy-. In contrast, high activity of ethoxy- and 7-propoxy- was seen

in coleopterous insects (beetles), compared to low potency for methoxy and /~propoxy.
Interestingly, the /~propoxy analogue of EETs was of high activity in this study but the
homologous mimic of JH was over 100-fold less active than the r7-propoxy in beetles.
Hence, uniform recognition across systems cannot be assumed, and species differences and
the specific bioassay of interest should be taken into account when evaluating bioisosteric
potential.

More recently, there is growing interest in w—3 EpFAS, namely eicosapentaenoic acid (EPA,
20:5)-derived epoxyeicosatetraenoic acids (EEQs) and docosahexaenoic acid (DHA, 22:6)-
derived epoxydocosapentaenoic acids (EDPs), and their synthetic analogues.33-3 Thus, as
a next step, the alkoxy- analogues of these EpFAs could also be examined, especially

since EEQs and EDPs are more potent than EETSs in certain disease models.36:37 Moreover,
activity of individual regioisomers within the most promising series should eventually be
explored.

Finally, while sEH-mediated hydrolysis is the primary mode of EpFA degradation, EpFAS
are also metabolized by a variety of pathways including p-oxidation, chain elongation,
wlw—1 hydroxylation, and secondary metabolism.38 EpFA analogue design generally
attempts to block these routes as well since they become major contributors to degradative
metabolism once the hydrolytic role of sEH is blocked. Hence, the alkoxy- bioisostere
approach might facilitate employment of ideal scaffolds that lead to further improved
EpFA analogues. Thus, overall, future work will highlight the importance of identifying
the appropriate regio- and, possibly, sterecisomer for medicinal optimization and targeted
biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

EET analogues 2-4 exhibit cytoprotective activity against acute cisplatin (CDDP) toxicity

in LLC-PKZ1 proximal tubular cells in a concentration-dependent manner. Cells were pre-
treated with the vehicle (EtOH), analogues 1-4 (0.1-10 uM), or compound 5 (0.1-10 uM)
for 1 h, followed by exposure to CDDP (20 uM) for 24 h. (A) Compound 1 did not
demonstrate protective effects at any concentration while (B) compound 2, (C) compound

3, (D) compound 4, and (E) compound 5 all displayed maximal protective activity at a
concentration of 1 uM. (F) 1 pM of 2, 3, 4, and 5 significantly shielded LLC-PKZ1 cells from
CDDP toxicity (One way analysis of variance, Holm-Sidak method, ***p < 0.001; **p <
0.01 vs. EtOH + CDDP group), and the magnitudes of action of 2, 3, and 5 were greater
than that of 4 (One way analysis of variance, Holm-Sidak method, #p < 0.05 vs. 4 + CDDP

group, a = 0.05).
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Figure 2.

EET receptor antagonist 14,15-Epoxyeicosa-5(Z)-enoic Acid (14,15-EEZE) attenuates
protective effects of EET analogues 2 and 3 against cisplatin (CDDP) toxicity in LLC-PK1
proximal tubular cells. Cells were pre-treated with vehicle (EtOH), analogues 1-4 (1 uM), or
compound 5 (1 uM), in the absence or presence of 14,15-EEZE (3 uM), for 1 h, followed

by exposure to CDDP (20 uM) for 24 h. Compounds 2-5 significantly shielded LLC-PK1
cells from CDDP toxicity in the absence of 14,15-EEZE (One way analysis of variance,
Holm-Sidak method, ***p < 0.001 vs. EtOH + CDDP - 14,15-EEZE group, a = 0.05). Only
compounds 2-4 significantly shielded LLC-PK1 cells from CDDP toxicity in the presence of
14,15-EEZE (One way analysis of variance, Holm-Sidak method, *p < 0.05; **p < 0.01 vs.
EtOH + CDDP + 14,15-EEZE group, a = 0.05). Co-pre-treatment with 14,15-EEZE reduced
efficacy of 2 and 3 and eliminated activity of 5 (One way analysis of variance, Holm-Sidak
method, ~p < 0.05; “p < 0.01 vs. corresponding - 14,15-EEZE group, a = 0.05).
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Figure 3.

EET analogues 1-4 attenuate chronic cisplatin (CDDP) toxicity in LLC-PK1 proximal
tubular cells in a time-dependent manner. Cells were pre-treated with vehicle (EtOH),
analogues 1-4 (1 uM), or compound 5 (1 uM) for 1 h, followed by exposure to low (5 uM) or
moderate (10 uM) concentrations of CDDP for 48, 72, or 96 h. (A) Compounds 2, 3, and 5
significantly maintained viability of LLC-PK1 cells exposed to 10 uM CDDP for 48 h (One
way analysis of variance, Holm-Sidak method, *p < 0.05; **p < 0.01 vs. EtOH + CDDP
group, a = 0.05). (B) Only analogues 2 and 3 significantly maintained viability of LLC-PK1
cells exposed to 10 uM CDDP for 72 h (One way analysis of variance, Holm-Sidak method,
*** < 0.001 vs. EtOH + CDDP group, a = 0.05). Their activity surpassed that of 5 (One
way analysis of variance, Holm-Sidak method, Tp< 0.05; TTp< 0.01 vs. 5 + CDDP group,

a = 0.05), as the latter failed to display protective effects. Co-pre-treating 5 with an sEHI
(+AUCB) maintained activity of 5 (One way analysis of variance, Holm-Sidak method, p
<0.01 vs. 5+ CDDP group, a = 0.05) and significantly shielded cells (One way analysis
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of variance, Holm-Sidak method, ***p < 0.001 vs. EtOH + CDDP group, a = 0.05) (C)

All four EET analogues 1-4, along with 5, significantly maintained viability of LLC-PK1
cells exposed to 5 uM CDDP for 72 h (One way analysis of variance, Holm-Sidak method,
*p<0.05; **p<0.01; ***p< 0.001 vs. EtOH + CDDP group, a = 0.05). (D) Compounds
2, 3, 4, and 5 significantly maintained viability of LLC-PK1 cells exposed to 5 uM CDDP
for 96 h (One way analysis of variance, Holm-Sidak method, *p < 0.05; ***p < 0.001 vs.
EtOH + CDDP group, a = 0.05). Moreover, the activity of 2-4 was significantly greater
than that of 5 (One way analysis of variance, Holm-Sidak method, Tp< 0.001 vs. 5 +
CDDP group, a. = 0.05). Co-pre-treating 5 with the sEHI bridged the gap in activity (One
way analysis of variance, Holm-Sidak method, T < 0.001 vs. 5 + CDDP group, a = 0.05)
and significantly shielded cells (One way analysis of variance, Holm-Sidak method, ***p <
0.001 vs. EtOH + CDDP group, a. = 0.05). Finally, the cell protective effects of 2 and 3 were
greater than that of 4 (One way analysis of variance, Holm-Sidak method, #p < 0.05 vs. 4 +
CDDP group, a = 0.05).
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Figure 4.

EIgT analogues 2 and 3 protect against cisplatin (CDDP)-induced mitochondrial
transmembrane potential (A'Y'm) decline in LLC-PK1 proximal tubular cells. (A) The A¥m
was not significantly affected in cells exposed to CDDP (20 uM) for 6 h (B) Pre-treatment
with compound 2 (1 pM), 3 (1 uM), or 5 (1 uM) preserved mitochondrial health by
significantly mitigating loss of the mitochondrial electrochemical gradient in cells exposed
to CDDP (20 uM) for 24 h, relative to vehicle control (One way analysis of variance,
Holm-Sidak method, ***p < 0.001 vs. EtOH + CDDP group, a = 0.05) (C) Pre-treatment
with 2 (1 pM), 3 (1 uM), or 5 (1 uM) failed to mitigate the collapse of the A¥m in cells
exposed to CDDP (20 uM) for 48 h. A depolarized A'Y'm was validated by FCCP (10 uM),
a positive control (One way analysis of variance, Holm-Sidak method, 4&&p < 0.001 vs.
Control group, a = 0.05).
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Figure 5.
EET analogues 2 and 3 attenuate cisplatin (CDDP)-induced generation of reactive oxygen

species (ROS) in LLC-PK1 proximal tubular cells. Pre-treatment with compound 2 (1 pM),
3 (1 uM), or 5 (1 uM) significantly decreased the augmented levels of (A) general cellular
ROS and (B) mitochondria-specific superoxide anion in LLC-PK1 cells exposed to CDDP
(20 uM) for 24 h, relative to vehicle control (One way analysis of variance, Holm-Sidak
method, ***p < 0.001 vs. EtOH + CDDP group, a = 0.05).
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Figure 6.

EET analogues 2 and 3 diminish cisplatin (CDDP)-induced MAPK signaling in LLC-PK1
proximal tubular cells. Pre-treatment with compound 2 (1 pM), 3 (1 pM), or 5 (1 pM)
significantly reduced the higher ratio of phosphorylated variant to total variant for MAPKs
(A) p38 and (B) INK/SAPK in LLC-PK1 cells exposed to CDDP (20 uM) for 24 h, relative
to vehicle control. Results are representative of three independent experiments (One way
analysis of variance, Holm-Sidak method, *p < 0.05; ***p < 0.001 vs. EtOH + CDDP
group, a = 0.05).
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EET analogues 2 and 3 curb cisplatin (CDDP)-induced caspase activity in LLC-PK1
proximal tubular cells. Pre-treatment with compound 2 (1 pM), 3 (1 puM), or 5 (1 pM)
significantly reduced the elevated normalized activity of (A) caspase-9 and (B) caspase-3 in
LLC-PK1 cells exposed to CDDP (20 uM) for 24 h, relative to vehicle control (One way
analysis of variance, Holm-Sidak method, ***p < 0.001 vs. EtOH + CDDP group, a =

0.05).
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Figure 8.

EET analogues 1-4 do not affect the cytotoxicity of cisplatin (CDDP) towards HepG2 liver
cancer cells. (A) Pre-treatment with analogues 1-4 (1 uM) or compound 5 (1 uM) did not
exert protective effects in HepG2 cells exposed to CDDP (20 uM) for 24 h. (B) Compounds
1-5 (1 uM) had no significant influence on viability of HepG2 cells.
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R

Scheme 1.
General synthetic route for generation of mono-alkyl-ethers of arachidonic acid methyl ester

(1-4, regioisomeric mixtures?). Depicted by the representative terminal regioisomer.
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Table 1.

Structures of Four Alkoxy Bioisosteres of the Epoxide
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