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Abstract

Nitrone spin traps have been employed as pharmacological agent against neurodegenerative diseases
and ischemia-reperfusion induced injury. The structure-activity relationship was explored for the
two types of nitrones, i.e., cyclic (DMPO) and linear (PBN), which are conjugated to a fluorinated
amphiphilic carrier (FAC) for their cytoprotective properties against hydrogen peroxide (H,05,), 3-
morpholinosynonimine hydrochloride (SIN-1) and 4-hydroxynonenal (HNE) induced cell death on
bovine aortic endothelial cells. The compound FAMPO was synthesized and characterized, and its
physical-chemical and spin trapping properties were explored. Cytotoxicity and cytoprotective
properties of various nitrones either conjugated and non-conjugated to FAC (i.e., AMPO, FAMPO,
PBN and FAPBN) were assessed using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
reduction assay. Results show that of all the nitrones tested, FAPBN is the most protective against
H»0,, but FAMPO and to a lesser extent its unconjugated form, AMPO, are more protective against
SIN-1 induced cytotoxicity. However, none of the nitrones used protect the cells from HNE-induced
cell death. The difference in the cytoprotective properties observed between the cyclic and linear
nitrones may arise from the differences in their intrinsic antioxidant properties and localization in
the cell.

Introduction

Reactive oxygen species (ROS)L in low concentrations play an important role in regulating
cell function, signaling and immune response (1,2) but in unregulated concentrations are
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detrimental to cell viability due to alteration of the cellular redox state that often leads to
oxidative stress. Oxidative stress has been implicated in a large number of pathophysiological
disorders such as cardiovascular disease (3), cancer (4), inflammation (5), or ischemia-
reperfusion injury (6). The use of natural (7,8) and synthetic (9) antioxidants to attenuate ROS-
mediated oxidative stress have been recently gaining significant attention. Of particular interest
are nitrone spin traps (Figure 1) which undergo addition reaction with free radicals making
them a popular analytical reagent for the identification of short-lived radicals using electron
paramagnetic resonance (EPR) spectroscopy (10). The linear nitrone, a-phenyl N-tert-butyl
nitrone (PBN) was also employed as pharmacological agent (11-13) against age-related
diseases such as stroke, cancer, Parkinson's and Alzheimer's diseases with disodium-[(tert-
butylimino)-methyl]benzene-1,3-disulfonate N-oxide (NXY-059) being the first
neuroprotective agent that has reached phase 3 clinical trial in the USA. Experimental
evidences suggest that the pharmacological activity of NXY-059 involves inhibition of signal
transduction and gene induction processes leading to apoptosis, and is not solely due to their
radical trapping capability. The cyclic nitrone, 5,5-dimethyl-pyrroline N-oxide (DMPO) has
also been employed as cardioprotective agent against ischemia-reperfusion induced injuries
(14). Recently, we demonstrated that introduction of a bolus of DMPO (1 mM) after 30 minutes
of ischemia shows cardioprotective properties after 30 minute reperfusion using rat heart
Langendorff system (15). This protection is due in part to the salvaging of the mitochondrial
electron transport chain system from oxidative damage. However, despite the exceptional
ability of nitrones in preventing oxidative stress conditions, the molecular mechanism of their
action remains obscure (11,13).

The second order rate constants for the reaction of hydroxyl radical (HO®) to PBN and DMPO
are in the same range, i.e., 2.7-3.6 x 109 M-1s1 and 6.1-8.5 x 10° M-1s", respectively (16),
but the rate of O,*~ trapping, however, is orders of magnitude slower with k, = 1.7 M-1s71 for
DMPO (17) and ky = 0.12 M-1s"1 for PBN (18). Despite the poor reactivity of PBN and DMPO
to O,"7, they have been widely used as protective agents in several biological models of
oxidative stress. However, there are other physical-chemical properties of nitrones that could
potentially provide new motivation for their application as therapeutic agent. For example, our
previous studies showed that cyclic nitrones react with a variety of free radicals at orders of
magnitude faster than O, (19), the O,"~ adduct formed decomposes to release NO (20),
nitrone reaction with CO3"™ yields nitrite (21) that can increase NO bioavailability upon
reaction with heme iron proteins, and that nitrones are more reactive in acidosis conditions,
common in ischemic and tumor cells (22).

Amphiphilic compounds possessing both hydrophilic and lipophilic group could exhibit
improved cellular permeability, and therefore, several amphiphilic derivatives of PBN such as
the fluorinated amphiphilic PBN conjugate FAPBN (Figure 1), have been developed as
potential therapeutic agents (23,24) or modification of these amphiphiles with technetium-
chelating sites has found application as non-proteic probes for hepatocyte PET imaging (25).
However, amphiphilic compounds with a long hydrogenated tail (i.e., 8 carbons or more) are
detergent by nature and lead to disruption of cell membranes when used above their critical
micellar concentration (cmc). This limitation is overcome with the use of fluorinated tails.
Indeed, perfluorinated amphiphiles have very little cytolytic effect compared to hydrogenated
amphiphiles due to the non miscibility of the fluorinated chain with the hydrogenated chain of
phospholipids (26). Because of their lyophobic properties, surfactants with fluorinated chains
do not partition well into biological membrane and therefore are expected to cross cell
membrane easily without inducing toxicity.

As additional potential benefits brought by fluorinated compounds, one can expect a prolonged
in vivo half-life (27), enhanced bioavailability (23,28) as well as detection via 19F NMR for
pharmacokinetic monitoring (29). Indeed, highly fluorinated amphiphilic amino acids have
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been shown to increase the protective activity of different antioxidants and particularly that of
nitrones (23) without demonstrating any cytotoxicity. Increasing nitrone bioavailability
through improved cellular permeability may offer a more robust pharmacological activity in
in vitro and in vivo models (30-35). Selective targeting is usually achieved by conjugating the
nitrones to target-specific ligands. In addition to the type of ligands that are tethered to nitrones,
it has been demonstrated that the nature of the linker group also affects its bioactivity (23).
Therefore, the nature of the linker group, the target specificity as well as the efficiency of
radical trapping have to be considered in the design of new spin traps with improved antioxidant
properties.

While cyclic nitrones such as DMPO (36) and 5-diethoxyphosphoryl-5-methyl-1-pyrroline-
N-oxide (DEPMPO) (37) have been widely employed as spin trapping agents with more
superior properties than that of PBN-type nitrones in terms of reactivity to O,*~ and HO,",
there is no reported study on cyclic nitrones conjugated to amphiphilic groups. Moreover, the
nature of HO,® addition to PBN and its derivatives was found to be electrophilic, while the
addition of O,"~ to PBN-type compounds is only weakly electrophilic (18), in contrast to the
0O, addition to DMPO-type compounds which is nucleophilic in nature (17). It is therefore
important to investigate the relative cytoprotective properties of these two major types of
nitrones against some oxidants. Herein, we report the synthesis of a new fluorinated
amphiphilic cyclic nitrone, FAMPO (Figure 1). The self-aggregation behavior of FAMPO in
water, its spin trapping properties as well as its cytoprotective property against various oxidants
were investigated and compared to that of FAPBN.

Experimental Procedures

Synthesis

The precursors AcO-FAC (23) and CMPO (38) were prepared according to published
procedures. All reagents were used as purchased without further purification. All solvents were
distilled and dried according to standard procedures. TLC analyses were performed on silica
gel 60F254 pre-coated sheets and detection was carried out using UV light (254 nm), ninhydrin
solution (for amine-containing compound detection) or p-anisaldehyde stain (for glycolipid
detection) with heating at 150 °C. Flash column and size exclusion chromatography were
carried out using silica gel (200-400 mesh) and Sephadex LH 20 resin, respectively. Infrared
spectra were recorded as pressed solids using an attenuated total reflectance IR
spectrometer. 1H, 19F and 13C NMR spectra were recorded using either 400 or 250 MHz
spectrometer.

N?9-(2,3,4,6,2',3",4",6'-O-Acetyllactobionyl)-N&-(carboxamide-5-methyl-1-pyrroline-N-Oxide)-
L-lysinyl-1H,1H,2H,2H-perfluorooctylamine (AcO-FAMPO)

To a solution of AcO-FAC (180 mg, 0.138 mmol) in ethanol/acetic acid (99:1 v/v), 15 mg of
10% Pd/C was slowly added at 0 °C. The mixture was transferred to a Parr apparatus and
catalytic hydrogenation was performed for 12 h at 7 bar pressure. The crude mixture was
filtered through Celite pad and the solvent was evaporated in vacuo. Under N, atmosphere,
the resulting amino compound dissolved in a minimum amount of dry CH,Cl, was added, to
a solution of CMPO (27 mg, 0.187 mmol), EDC (35 mg, 0.187 mmol), HOBt (5 mg, 0.035
mmol) also in dry CH,Cl, containing 2 drops of TEA (pH ~ 8-9). The reaction mixture was
stirred and the progress of reaction was monitored by TLC (EtOAc/MeOH/H,0 7:2:1 viviv
for monitoring AcO-FAC consumption and MeOH/CH,Cl, 10:1 v/v for monitoring compound
formation) until all of the AcO-FAC was consumed. Solvent was immediately removed in
vacuo and the crude mixture was purified by flash column chromatography using CH,Cl, /
MeOH (94:6 v/v) as eluent to give AcO-FAMPO (120 mg, 0.093 mmol, 67% yield) as a white
solid. 'H NMR (400 MHz, CDCI3) 5 1.24 (t, J = 6.8 Hz, 2H), 1.35 (m, 2H), 1.57-1.65 (m, 4H),
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1.71 (d, J = 7.2 Hz, 2H), 1.89 (m, 2H), 2.00-2.30 (m, 20 H), 2.30-2.47 (m, 3H), 2.68 (m, 2H),
3.05 (M, 1H), 3.20-3.40 (m, 2H), 3.58 (M, 2H), 3.77 (m, 1H), 3.92 (M, 1H), 4.10 (M, 2H), 4.22
(m, 3H), 4.60 (m, 2H), 5.03 (m, 1H), 5.17 (M, 2H), 5.36 (M, 2H), 5.62 (m, 1H), 6.76 (m, 1H),
6.86 (M, 1H), 7.08 (m, 1H), 8.37-8.49 (M, 1H). HRMS calcd for C4gHgF13N4022Na (M
+Na*) m/z 1315.3468, found 1315.3406.

N9-Lactobionyl-Né-(carboxamide-5-methyl-1-pyrroline-N-Oxide)-L-lysinyl-1H,1H,2H,2H-
perfluorooctylamine (FAMPO)

To a solution of AcO-FAMPO (120 mg, 0.093 mmol) in dry MeOH, a catalytic amount of
NaOMe was added under N, atmosphere. The mixture was stirred for 4 h and 1 N HClI solution
was added drop-wise to neutralize the solution and then the solvents were evaporated in
vacuo. The resulting crude mixture was purified by size exclusion chromatography using
MeOH as eluent. Precipitation in Et,0 afforded FAMPO (64 mg, 0.067 mmol, 72 % yield) as
awhite solid. TH NMR (250 MHz, CD30D) & 1.30-1.85 (m, 8H), 1.85-2.02 (m, 1H), 2.18-2.32
(m, 1H), 2.32-2.60 (m, 2H, CH,-CF>), 2.76 (m, 2H), 3.28 (t, J = 6.7 Hz, 2H), 3.45-4.05 (m,
12H), 4.23 (dd, J = 2.1, 4.3 Hz, 1H), 4.38 (dd, J = 4.65, 9.4 Hz, 1H), 4.45 (m, 1H), 4.52 (d, J
= 7.3 Hz, 1H), 7.51 (bs, CH=N(O), 1H). 13C NMR (62.86 MHz, CD30D) & 21.0, 22.7, 25.8,
28.3,29.5,29.8,30.9,31.3,31.4,38.9,52.9,61.3,62.4,68.9, 71.4,71.8, 72.8, 73.4, 75.9, 79.4,
81.8,104.4, 145.7, 170.4, 172.8, 174.2. 19F NMR (235 MHz, CD30D) & -82.3 (3 F, CF3),
-115.3 (2 F, CF,-CHy), -122.9 (2 F, CF»), -123.9 (2 F, CF5), -124.6 (2 F, CF»), -127.3 (2 F,
CF,-CF3). IR (Neat, cm™) v 3318, 1652, 1539, 1436, 1233, 1199, 1144, 1122, 1075, 1018.
HRMS calcd for C3oHa5F13N4014Na (M+Na*) m/z 979.2622, found 979.2602.

Computational Studies

All calculations were performed at the Ohio Supercomputer Center. The minimization of initial
structures using MMFF94 (39) were performed with MacroModel 9.6 (40). Conformational
search was then carried out using MMFF94 via Monte Carlo Multiple Minimum method
coupled with Generalized Born/Surface Area (GB/SA) continuum solvation model using water
as the solvent (41) as implemented in the MacroModel package. The preferred geometries
obtained from the first conformational search were further subjected to conformational search
at least twice by employing the exact procedure mentioned above. Geometry optimization was
further carried out using Hartree-Fock (HF) self-consistent field method at the HF/6-31G*
level of theory using Gaussian 03 (42). Bottom-of-the-well energies were obtained using single
point calculation at the HF/6-31G* level and polarizable continuum model (PCM) (43-47)
using the solvation effects of water or heptane. The Cartesian coordinates were generated using
the GaussView 3.0 Program.

Determination of log k'y Values

Methanol solutions of the compounds (1.0 mg/mL) were injected to an HPLC equipped with
Microsorb C18 column (250 mm x 4.6 mm, 5um). The compounds were eluted at various
MeOH and water ratios (9:1 to 3:7 v/v) using a flow rate of 0.8 mL/min. The column
temperature was 25 °C, and the UV detector wavelengths used were A = 298 nm for PBN and
FAPBN and 231 nm for DMPO and FAMPO. Linear regression analysis were performed on
five data points for PBN (from 8:2 to 4:6; r2 = 0.9932); four points for DMPO (from 6:4 to
3:7; r2 = 0.9708); three points for FAPBN (from 9:1 to 7:3; r2 = 0.9979) and FAMPO (from
8:2't0 6:4, r2 = 0.9998). The log k' values were calculated by using the equation: log k' = log
((t-tp)/tg), where t is the retention time of the nitrone and t; is the elution time of MeOH, which
is not retained in the column.
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Particle Size Analyses

The hydrodynamic particle size distributions and polydispersity of amphiphilic nitrones at
different concentrations were determined by using a Zetasizer Nano-S model 1600 (Malvern
Instruments Ltd., U.K.) equipped with a He-Ne laser (A= 633 nm, 4.0 mW). In a typical
experiment, stock solutions (10 mM) in milli-Q water (resistivity 18.2 m.cm) were prepared
and stored at room temperature overnight before measurements. The solutions were then passed
through a 0.45 pm filter, a low-volume quartz batch volume was filled with 100 uL of the stock
solution, and the size of the particles was measured 1h after filtration, and then solutions were
gradually diluted. The time-dependent correlation function of the scattered light intensity was
measured at a scattering angle of 173° relative to the laser source. The hydrodynamic radius
(R) of the particles was estimated from their diffusion coefficient (D) using the Stokes-Einstein
equation, D = kgT/6znR, where kg is the Boltzmann's constant, T is the absolute temperature,
and 7 is the viscosity of the solvent.

EPR Measurements

EPR measurements were carried out on a Bruker EMX-X band with an HS resonator at room
temperature. General instrument settings were as follows: microwave power, 10 m\W;
microwave frequency, 9.87 GHz; modulation amplitude, 1.0 G; sweep width, 100-120 G; time
constant, 20.48 ms; sweep time, 40.96 s; receiver gain, 103-10°. Sample cells used were 50
uL quartz or glass capillary tubes for UV or non-UV irradiation experiments, respectively. The
spectral simulations were carried out using an automatic fitting program (48).

Spin Trapping

(a) Hydroxyl Radical. Using low-pressure mercury vapor lamp at 254 nm, hydroxyl radical
was generated by irradiation of a mixture of nitrone (20 mM) and H,0O, (0.5%) solution in PBS
solution (pH 7.0). In the second experiment, 60% dioxane was added before irradiation. (b)
Superoxide radical anion. (i) KO, generating system. To a 40 uL solution of the nitrone in
DMSO was added 10 pL of the supernatant from a saturated solution of KO, in DMSO to give
a final nitrone concentration of 10 mM FAMPO or 115 mM FAPBN. (ii) Pyridine/H,0,
system. Pyridine solution of nitrone (10 mM) containing 230 mM H,0, was used. (c) Methoxy
radical. Methoxy radical was generated by adding ~1 mg of solid Pb(OAc), to a DMSO
solution of nitrone (20 mM) containing 10% v/v of MeOH. (d) tert-Butoxy radical. tert-
Butoxy radical was generated by UV irradiation of the nitrone (10 mM FAMPO and 20 mM
FAPBN) and 80 mM (tert-BuO), solution in DMSO. (e) Pentyl radical. Pentyl radical was
generated by UV irradiation of 20 mM nitrone and 80 mM pentyl iodide solution in DMSO.

Determination of Nitrone Concentrations after Incubation with Cells

Cells were incubated with 50 uM of nitrone at 0, 4, 6 or 24 h, and the media (50 or 100 pL
using linear or cyclic nitrones, respectively) was injected to an HPLC equipped with Apollo
C18 column (150 mm x 4.6 mm, 5um). The compounds were eluted at various MeOH and
water ratios (80:20 to 20:80) using a flow rate of 0.75 mL/min (1.0 mL/min was used for
DMPO). The column temperature was 25 °C, and the UV detector wavelengths used were A =
295 nm for PBN and FAPBN, and 235 nm for DMPO and FAMPO. For controls, HPLC
analyses were carried out on the media in the presence of cells alone. No degradation was also
observed for all the nitrones upon 24 h incubation in the media alone. All concentrations were
based on the peak area of a 50 uM concentration of the respective nitrone standard.

Cytoprotective Studies

(a) Cell culture—All reagents or materials were purchased and used without further
purification. Bovine aortic endothelial cells (BAEC) were purchased from Cell Systems
(Kirkland, WA)). Cells were cultured in 75 cm? tissue culture flasks using Dulbecco's modified
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eagle medium with 4.5 g/L D-glucose, 4 mM L-glutamine and supplemented with 10% fetal

bovine serum, 2.5 mg/L endothelial cell growth supplement, and 1% non-essential amino acids
(Gibco) in the absence of antibiotics at 37°C in a humidified atmosphere of 5% CO, and 20%
O,. The medium was changed every 2-3 days and cells were sub-cultured once they reached

90-95% confluence.

(b) 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT) reduction assay
—Cytotoxicity of SIN-1, H,O, and HNE, and the cytoprotective properties of the nitrones
against these pro-oxidative agents were assessed using MTT assay. In a typical experiment,
using 24-well culture plates, BAEC cells were incubated at 37°C in the presence of 0.01 to 1.0
mM concentrations of the nitrone for 24 h in DMEM media supplemented with 0.5% FBS and
25 mM HEPES. After incubation, known concentrations of SIN-1, H,O, or HNE were added
to the well plates and incubated for an additional 24 h (or 6 h in the case of SIN-1). A 0.5 mL
solution of MTT (0.45 mg/mL in DMEM supplemented with 0.5% FBS) was then added to
each well. Cells were incubated for another 2 h at 37 °C. After the 2 h incubation, the media
were removed and wells were rinsed once with DPBS. A 0.3 mL mixture of dimethyl sulfoxide,
isopropanol and deionized water (1:4:5 v/v/v) was added to each well at room temperature to
solubilize the formazan crystals. The dissolved formazan was then transferred into semi-micro
cuvettes, and the absorbance was measured at 570 nm using a spectrophotometer.

Stock alkaline solution (0.3 M NaOH) of sodium peroxynitrite (NaONOO) was prepared. For
the cell studies, the final NaOH concentration was ~5 mM and the toxicity of this NaOH
solution alone was also assessed and found to convey no significant toxicity. The concentration
of the stock solutions of NaONOO was determined by first diluting 25 ul of the stock solution
into 975 pl of 0.3 M NaOH and measuring the absorbance at 302 nm immediately after thawing
before each experiment. The concentration was then calculated by using the extinction
coefficient for ONOO™ (e = 1670 M-lem1).

(c) Statistical Analysis—Statistical analysis was performed using the student t-test.
Statistical significance was considered at P < 0.05.

Results and Discussion

Synthesis

The synthesis for FAPBN is discussed elsewhere (23). The synthetic scheme for FAMPO from
fluorinated amphiphilic carrier (AcO-FAC) (23) and CMPO (38) is shown in Scheme 1.
Briefly, the synthesis of AcO-FAC is based on three key steps from commercially available
1H,1H,2H,2H-perfluorooctyliodide. First, the iodo group was converted into an amino group
by substitution with a large excess of sodium azide followed by catalytic hydrogenation.
Condensation of the resulting 1H,1H,2H,2H-perfluorooctylamine to N%-tert-
butyloxycarbonyl-N&-benzyloxycarbonyl-L-lysine is achieved in the presence of DCC/HOBt
as coupling reagents. Finally, Boc deprotection was carried out in acidic condition, followed
by condensation reaction with lactobionic acid, and acetylation of the hydroxyl groups gave
AcO-FAC. Deprotection of the lysine group was achieved by catalytic hydrogenation and the
resulting amino compound was reacted with CMPO. The coupling reaction of CMPO with
AcO-FAC was demonstrated to be efficient using EDC/HOBt and led to ~67% yield for AcO-
FAMPO but poorer yield was obtained using DCC (less than 20% yield). The resulting product,
AcO-FAMPO, was found to decompose on longer reaction time and it is necessary to isolate
AcO-FAMPO using column chromatography as soon as the reaction has completed within
approximately 3~3.5 h. Deacetylation of AcO-FAMPO by the Zemplén procedure and further
purification using size exclusion chromatography gave the final product. Characterization

by 1H, 13C, 19F and DEPT-135 NMR as well as by IR and HRMS spectroscopy (see Supporting
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Information) were carried out and results were consistent with the FAMPO structure. Procedure
similar to that for the deprotection of AcO-FAMPO was employed for the synthesis of FAC.

Molecular Modeling

MFF94 conformational search using the GB/SA continuum solvation model was performed
for FAMPO and FAPBN structures and further optimization at the HF/3-21g™* level of theory
gave conformations as shown in Figure 2. Results show that the conformation of FAPBN is
more folded compared to FAMPO where the hydrophilic groups (i.e., nitrone and sugar
moieties) in FAMPO are well separated from the lipohilic perfluoroalkyl chain. The calculated
relative bottom-of-the-well energies in heptane versus in water showed preference in water for
both FAMPO and FAPBN but a significantly higher energy difference was observed in heptane
for FAMPO (15.9 kcal/mol) versus FAPBN (5.0 kcal/mol) indicating that FAMPO is
significantly more polar than FAPBN.

Physical-chemical Measurements

Since the biological effects of nitrone analogs are influenced by their lipophilicity (31,49) as
previously demonstrated, we therefore measured the relative lipophilicity of the two fluorinated
amphiphilic nitrones by chromatographic technique. DMPO and PBN were also included for
the sake of comparison and results are shown in Table 1. Similar to that reported using other
techniques (Table 1), the lipophilicity of the PBN was found to be much higher than that of
DMPO with log k'yy value of 1.64 and 0.31, respectively. As expected, the amphiphilic
fluorinated nitrones were found to be more lipophilic than their unconjugated form, while
FAPBN is more lipophilic than FAMPO with log K'yy values of 5.10 and 4.03, respectively. It
has to be emphasized that in spite of the high lipophilicity of both FAPBN and FAMPO, they
were found to be readily soluble in water up to 50 mM. The higher lipophilicty of FAPBN and
FAMPO compared to their parent compounds may provide improved permeability to
membranes and thus enhance cytoprotection.

Using dynamic light scattering (DLS) method, the self-aggregation of FAMPO in water was
studied and compared with FAPBN. As shown in Table 2 and Figure S8, both amphiphilic
nitrones formed aggregates of ~5 nm diameter which could be spherical micelles as we
previously observed for fluorinated surfactants (50) and in full agreement with this assumption,
FAPBN was shown to form micelles at a concentration of 0.05 mM (23) demonstrating that
the observed aggregates are micellar by nature. Although the two amphiphilic nitrones share
the same fluorinated glycolipidic amphiphilic carrier, the self-aggregation properties of these
two compounds are slightly different. First, while stable aggregates of FAPBN were observed
in the range of 0.5-10 mM, no stable micellar aggregates were observed for FAMPO below
2.5 mM. The stronger self-aggregation behaviour of the PBN derivative is in agreement with
its higher lipophilicity as demonstrated by the partition coefficient values (Table 1). Keeping
in mind the cmc value of FAPBN, it shows that high concentrated solutions of surfactant are
needed to observe stable micellar aggregates. Second, the hydrodynamic diameter of FAMPO
aggregates is lightly smaller than that of FAPBN with 7-23% differences. According to the
Israelachvili's concept (51,52) where the volumetric ratio between the polar head and the
hydrophaobic tail of a surfactant influences the nature and size of its aggregates formed in
aqueous solutions suggests that the volume of the polar head of FAMPO could be larger than
that of FAPBN. As recently reported for glucose-based fluorinated surfactants (50), such a
decrease in the aggregate diameter as the volume of the polar head increases suggest that in
aqueous solution, the DMPO moiety may be oriented towards the side of the lactobionamide
polar head than the lipophilic fluorinated group, a hypothesis consistent with the optimized
HF/3-21g* conformations of FAMPO as shown in Figure 2. However, for FAPBN, the
molecule assumes a more folded conformation.
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To further study the conformation of FAMPO in solution, 2D-NMR nuclear Overhauser
enhancement spectroscopy (NOESY) was used to investigate the through-space dipolar
interaction between the protons of the nitrone moiety and that of the sugar moiety within 5 A
(53). However, no long range correlation peaks can be found either in MeOD or in D,O (Data
not shown). This may suggest that the DMPO nitrone moiety is not close enough (within 5 A)
to the galactose-based hydrophilic head regardless of the solvent used indicating a weak
interaction between these two moieties in solution.

EPR Spin Trapping Studies

To evaluate the spin trapping ability of FAMPO and FAPBN, we investigated the formation
of its adduct with various radicals using EPR as shown in Figures 3-5 while Table 3 shows the
EPR parameters from simulation. Chiral nitrones give two diastereoisomeric adducts, i.e.,
cis- and trans- isomers (17). Since the nitrones are racemic, four diastereoisomeric radical
adducts can be formed (i.e., R-cis, S-cis, R-trans and S-trans products) but we only carried out
the EPR spectral simulation using one species for simplicity, unless otherwise indicated.

(a) Hydroxyl Radical—Hydroxyl radical adduct was generated from UV photolysis of the
spin trap in the presence of H,0,. However, only weak signals were observed for FAMPO and
FAPBN as shown in Figure 3. The FAMPO-OH spectrum shows considerable linewidth
broadening and asymmetry characteristic of a slow molecular tumbling motion. However,
higher anisotropy was observed for FAPBN-OH due perhaps to a more extensive self-
aggregation of FAPBN-OH compared to FAMPO-OH in aqueous phase which follows the
aggregation behaviors of FAPBN and FAMPO. The restricted rotational motion of amphiphilic
fluorinated nitrone spin adducts has already been observed and was explained as a result of the
micellar aggregate formation (54). The addition of 60% of dioxane to the buffer solution gave
isotropic spectra for both nitrones demonstrating the non-favorability of supramolecular
organization in the presence of dioxane, and therefore, allows for the free molecular tumbling
of the nitroxide as previously demonstrated (54).

(b) Superoxide Radical Anion—Generation of O,*~ adduct in aqueous phase using
xanthine/xanthine oxidase only gave weak EPR signal (data not shown) but the O,*~ adduct
formation in non-aqueous solvents gave stronger EPR signals regardless of O, generating
system used (Figure 4). However, it is interesting to note that 10 mM of the nitrones gave a
strong signal using pyridine/H,0, but considerably weaker EPR signal was obtained using
DMSO/KO>, at the same nitrone concentration, or at even higher concentration (~ 115 mM)
in the case of FAPBN. The difference in the yields of adduct formation from using pyridine/
H>0, compared to DMSO/KO, could be due to the difference in polarity and reactivity of the
radical generated from these two systems, that is, HO,® and O,"", respectively (18). Since
HO,’ is a stronger oxidizer than O,*~ (E® = 1.06 and 0.94 V, respectively (55)), and while the
rate constants of HO," addition to nitrones is higher compared to O," (17,56,57), it is expected
that the relative yields of the adducts originating from HO," or O,° can be thermodynamically
and kinetically affected.

(c) Miscellaneous Radicals—Methoxy, pentyl and tert-butoxy radical adducts of both
FAMPO and FAPBN were also generated. As shown in Figure 5 and Table 3, FAMPO gave
more discernable spectra for various adducts compared to FAPBN. However, molecular
tumbling is more affected in FAPBN adducts at higher field compared to FAMPO adducts
indicating differences in their polarities hence the aggregation properties of these two sets of
adduct.

Chem Res Toxicol. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

Stability and Internalization of Nitrone Compounds

The stability of 50 yM AMPO, DMPO, PBN, FAMPO and FAPBN in culture media for 24 h
at 37 °C was assayed by HPLC. No degradation was observed during this incubation time
demonstrating that all the compounds are chemically stable under these conditions. HPLC
analysis of the supernatant after incubation with BAEC was followed over a 24 h period (Figure
6 and Figure S9). Because of the overlapping peaks between AMPO and with those from the
media, the concentrations for AMPO were not determined. After only 4 h of incubation, a
dramatic decrease in the concentrations of PBN and FAPBN was observed while lower but
significant in the concentration of DMPO was observed after 24 h. Suprisingly, the
concentration of FAMPO only dropped by 20% after 4 h and then remained constant over the
24 h of incubation. This decrease in the extracellular nitrone concentrations in the presence of
BAEC could be due mostly to the internalization of the compounds into the cells. This suggests
that the PBN-derivatives might be able to favorably compartmentalize into the cells and that
the internalization is slightly favored by the carrier. However, the data from FAMPO indicates
that this compound does not compartmentalize very well into the cell even after 24 h of
incubation and in spite of the very close lipophilicity values of FAMPO and FAPBN, this
observation is quite unexpected. It seems that the cylic nitrone moiety exhibits a lower
propensity to cross cell membrane than linear nitrones and affects the ability of the carrier to
compartmentalize due perhaps to the competing properties of these two groups or the overall
conformation of FAMPO in solution that does not allow facile diffusion into the cell. Since
the transport mechanism through the cell membrane may involve more than one mode, that is,
via passive diffusion, endocytosis, membrane fusion, pores and/or receptor-proteins,
differences in compartmentalization behavior may arise in spite of similar lipophilicity of
FAMPO and FAPBN.

Cytoprotective Properties

Cytotoxicity of nitrone compounds and oxidants—The cytotoxicity of all nitrones
including that of the FAC alone on BAEC was investigated in the 0.025-1 mM concentration
range and results are reported in Table 4. Using concentrations up to 1 mM, the nitrones AMPO,
DMPO, PBN and FAPBN were found to exhibit no cytotoxicity while FAMPO showed a 20%
and 53% decrease in cell viability at 0.5 and 1mM, respectively. The de-O-acetylated carrier,
FAC, gave cell toxicity of ~5-28% at a concentration range of 0.025-1.0 mM. However, a
similar carrier with a two-carbon longer fluorinated chain and an acetamido group in place of
the benzyl carbamate protective group was found to be non-toxic at 500 mg/kg after i.v.
administration to mice (28). This suggests that the Z-protective group may be the origin of the
toxicity. This may also explain why the toxicity of the carrier is sharply diminished when
nitrone compounds are grafted through the amide bond. The cytotoxicity of various oxidants
were also investigated, and HoO, was found to decrease cell viability by 95% at a concentration
of 180 uM (Figure S10) while SIN-1 was found to decrease cell viability by 93% at a
concentration of 600 uM. (Figure S11). The lipid peroxidation product, 4-hydroxynonenal
(HNE), was found to decrease cell viability by 95% at 50 uM (Figure S12).

Cytoprotection against H,O, toxicity—Hydrogen peroxide has been suggested to cross
mammalian cell membranes (58) and to the inner mitochondrial membrane (59) via specific
aquaporins. The H,O, induced toxicity is due to a myriad of different mechanisms that include
various pathways such as those associated with translocation of the mitochondrial pro-
apoptotic BAX proteins, upregulation of p53, loss of mitochondrial membrane potential,
cytochrome-c release, caspase-3 activation, PARP cleavage, and DNA fragmentation (60).
Moreover, H,O, can activate protein kinases that can lead to apoptosis (60). All the nitrones
at 25 uM showed cytoprotection against 180 uM of H,0, and no statistical significance in cell
viability was observed between the nitrone-H,O, treated cells and that of the untreated cells
(Figure 7). Furthermore, as shown in Figures 6 and 7, both cyclic and linear nitrones offered
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extracellular and intracellular protection against H,O» induced toxicity, respectively. The
potency of the nitrone compounds is demonstrated here as they antagonize the H,0O, induced
cell death at a 7-fold lower concentration than that of the oxidant. This is in agreement with
previous findings by Joseph et al. (61), showing that PBN protects against H,O,-induced
cytotoxicity using PC12 cells. Cell viability results from FAC treatment alone were not
statistically significant compared to H,O, treatment alone which demonstrates the
ineffectiveness of the carrier itself to impart cytoprotection against H,O,-induced toxicity
(Figure 7). However, at 10 pM concentrations of the nitrones, only FAPBN showed robust
protection against H,O, (P < 0.05, versus control untreated) compared to other nitrones. The
protection afforded by FAPBN at low concentration is in agreement with the previous data on
primary cortical mixed cultures demonstrating its high potency in preventing the H,O, induced
toxicity (23). The robustness of FAPBN protection compared to that of PBN may be due to its
ability to preferentially compartmentalize intracellularly.

The effect of short incubation time against the H,O,-induced cell death was also investigated
with FAPBN to simulate acute conditions during oxidative injury. Cells were incubated with
FAPBN for 15 min before being exposed to H,O, for 24 h and results are presented in Figure
S13. Protection was significantly lower by ~ 50% than that observed after 24 h of incubation.
Some rationale for nitrone protection against H,O, were demonstrated by Floyd et al. (62) in
stroke models showing that PBN can inhibit gene induction of heat shock proteins, c-fos and
inducible nitric oxide synthase as well as signal transduction processes in neurodegenerative
events. For example, p38 pathway activation has been shown to be inhibited by PBN due to
suppression of IL-1f3 or H,O5 and with concomitant increase in phosphatase activity suggesting
the role of ROS as second messenger molecule in signal transduction processes (62). Moreover,
previous studies have shown that PBN may undergo decomposition to form tert-butyl
hydroxylamine and can be further oxidized to tert-butylnitroso compound leading to NO
formation in biological models under oxidative stress conditions (63). The enhanced
antioxidant properties of PBN-type compounds against H,O, toxicity may therefore arise
either from their metabolites or via suppression of signal transduction and gene induction
processes leading to apoptosis as shown by Floyd, et al. Furthermore these mechanisms may
explain the limited protection observed after a short incubation time.

Cytoprotection against SIN-1 toxicity—Figure 8 shows the cytoprotective properties of
various nitrones against SIN-1 induced toxicity. Results show that the cyclic nitrones, FAMPO
(25 and 100 pM) and AMPO (100 uM) offers protection against SIN-1 compared to the linear
nitrones, FAPBN, PBN, and FAC alone. Because of the low toxicity of PBN and FAPBN, their
cytoprotective properties were investigated at 0.5 and 1 mM, and no protection was observed
even at these high concentrations (Figure S14). The mechanism of SIN-1 induced cell death
has not been fully elucidated although SIN-1 has been suggested to induce cell death via two
mechanisms, that is, production of peroxynitrite (ONOQ-) through reaction between NO* and
05" to finally form HO" (64,65) and production of H,O» caused by the reaction of a
decomposition product of SIN-1 with HEPES (66). Since our compounds were tested in the
presence of a high HEPES concentration (25 mM), this could also result in the formation of
H»0, (66) along with ONOO". Peroxynitrite has been implicated in a variety of
pathophysiological conditions perhaps through protein nitration, thiol oxidation, enzyme
cofactor oxidation, or NF«B activation, resulting in impaired phase 2 enzymes activity,
glutathione depletion, eNOS uncoupling, or enhanced inflammatory responses, respectively,
to name a few. On the other hand, ONOQO- was found to be able to induce damages to the
mitochondrial electron transport chain (ETC) as it can diffuse through cell membranes or anion
channels to cause mitochondria damage (67). The protection exhibited by FAMPO and AMPO
against SIN-1 induced toxicity may be due to their ability to act extracellularly from SIN-1
decomposition products before the reactive species enter the cells. However, since H,O, and
ONOO" can also diffuse through cell membranes, the inability of PBN-derivatives to protect
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regardless of the concentration used suggests that the intrinsic antioxidant properties of linear
nitrones are different from that of the cyclic ones.

The effect of short incubation time of FAPBN against SIN-1 was also investigated. Cells were
incubated with FAPBN at concentration range of 25-500 uM for 15 min before being exposed
to 600 uM SIN-1 for 6 h but results show no cell protection, confirming the inefficacy of
FAPBN to protect BAEC from SIN-1 regardless of the concentration or the incubation time.
Also, as shown in Figure S16, addition of relatively low amount of catalase significantly
decrease the toxicity of SIN-1 as no cell death was detected up to 600 uM of SIN-1 whereas
at the same concentration of SIN-1 without catalase (Figure S11), the cell viability was found
to be less than 10%. This proves that H,O, production is involved in the toxicity of SIN-1 in
agreement with the literature further confirming the co-operative action between NO and
H50, in SIN-1 toxicity (68). The involvement of H,O, production was also demonstrated by
Trakey et al. who observed that the addition of SOD to neuronal cells augmented SIN-1-
mediated toxicity (69). To confirm if the observed trend in cytroprotection by the linear and
cyclic nitrones against SIN-1 will follow that of using NaONOO, a direct ONOO" source, using
HEPES-free media, cells were incubated in the absence or presence of nitrones for 15 min
before exposing to a toxic concentration of ONOO" (i.e., ~500 uM) (Figure S18) for another
6 h. Due to the limited quantity of FAMPO during this experiment, only PBN, FAPBN and
AMPO were tested and compared for their cytotoxicity. Figure S19 shows that the same trend
in cytoprotection can be observed in which the cyclic nitrone, AMPO, exhibits dose
dependence protection while no protection was observed from using increasing concentrations
of PBN and FABN. These results indicate that the toxicity observed from SIN-1 mostly
originates from ONOO" and that H,O, plays a minor role in the SIN-1 induced toxicity.

Finally, to verify the extracellular nature (Figure 6) of the cyclic nitrones protection against
SIN-1, 100 uM of FAMPO and AMPO were incubated for 24 h with cells and then the
extracellular media was removed, the cells were then washed once before adding SIN-1. This
procedure allowed us to remove the nitrones that remained in the extracellular matrix after 24
h of incubation. The cell viability was determined 24 h after the addition of SIN-1 and the
results are shown in Figure S17. For both compounds, no statistically significant protection
was observed compared to untreated cells, which is in stark contrast with high protection
observed without washing. This latter result suggests that AMPO and FAMPO, due to their
extracellular distribution as demonstrated by HPLC, protect the cells from extracellular
damages mediated by SIN-1 and may act directly as spin traps against O,"~ or ONOOtoxicity.
A rationale as to why cyclic nitrones can trap SIN-1 derived radicals whose concentrations can
be several fold higher than the cyclic nitrone concentration is probably due to the higher
reactivity of the radicals with the spin adducts. Samuni and co-workers (70-72) showed the
antioxidant properties of nitroxides either as SOD-mimetics or direct radical scavengers. Since
spin adducts are nitroxides by nature, we expect that these adducts are also capable of further
reacting with the highly oxidizing species, HO*® and NO,, which are the main by-products of
ONOO" decomposition. This extracellular protection offered by cyclic nitrones is relevant for
the prevention of oxidative stress from exogenously generated radicals since for example,
leukocytes and phagocytes, via NADPH oxidase activation may affect adjacent cells.
Furthermore, extracellular generation of ROS is important in the development of
atherosclerosis and may have implications in NO bioavailability in the vasculature during
ischemia-reperfusion injuries.

Cytoprotection against HNE toxicity—HNE has been shown to react with various
nucleophiles, such as thiols from peptides and proteins, as well as guanine in nucleotides,
forming Michael adducts (73) which can cause oxidative stress. Moreover, HNE treatment of
cells can induce ROS production through post-translational protein modification (74).
Cytoprotection of nitrones against HNE was therefore investigated and results show that none
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of the nitrones tested showed protection at concentrations up to 1 mM against 50 uM of HNE
(Figure 9). Millimolar concentrations of HNE have been shown to be acutely toxic to
mammalian cells and can lead to cell death within 1 h. Significant differences in toxicity levels
exist however between cell types but most have found the toxicity to be in the 10 to 100 uM
range (75-78). A rationale for the poor nitrone protection against HNE-induced cell death could
be due to the poor localization of these spin traps to the site of HNE-mediated injury, poor
reactivity of the spin traps to reactive species generated from HNE, or non-reactivity of
aldehyde with nitrones. This observation is supported by others showing that classical radical
scavengers such as Vitamin E do not protect cells from HNE-mediated cell injuries (79). The
fact that nitrones (or their metabolites) were not able to prevent cell death from exogenously
introduced HNE but were able to protect cells from either SIN-1 or H,05, suggests that nitrones
or their metabolites protect cells directly from ROS or can prevent other ROS-induced pro-
apoptotic events as shown by others (11).

Conclusion

A novel amphiphilic nitrone antioxidant, FAMPO, possessing a lactobionic polar head, a
perfluorinated hydrophobic tail and a lysine scaffold moiety conjugated to a cyclic nitrone was
synthesized and characterized. The physical-chemical and spin trapping properties of FAMPO
as well as cytoprotective activities were investigated and compared to that of its PBN analogue,
FAPBN. FAMPO and FAPBN are both soluble in water but are more lipophilic compared to
their parent compounds, DMPO and PBN, respectively. Moreover, these amphiphilic nitrones
self-organize in millimolar concentration range in water due to their lipophilicity, with FAPBN
we observed a more pronounced self-organization behavior than FAMPO which correlates
well with the lipophilicity of their respective nitrone group. Molecular modeling studies show
that the bottom-of-the-well energies suggest that FAPBN is more preferred in heptane
compared to FAMPO. Although both FAMPO and FAPBN gave spin adducts with oxygen-
and carbon-centered radicals as observed using EPR, the FAMPO spin adducts gave more
discernable spectra compared to those of the FAPBN spin adducts. Moreover, higher
anisotropy was observed for the spin adducts of FAPBN than for FAMPO consistent with the
aggregation properties already observed of FAMPO and FAPBN alone in water. FAPBN gave
the most robust protection against H,0O,-induced toxicity to BAEC while FAMPO was found
to be protective against ONOO" but none of the nitrone compounds were protective against
HNE. These results suggest that cyclic- and linear-type may exhibit different antioxidant
properties. In addition, HPLC analyses of the extracellular matrix suggest that the localization
of the amphiphilic nitrones, FAMPO and FAPBN, can be influenced by the nature of the nitrone
moiety itself, with FAMPO mainly localizing extracellularly while FAPBN rapidly
compartmentalizing into the cells. Such differences in their localization properties may also
explain the difference in their mode of cytoprotection against oxidants. While the linear
nitrones or their metabolites exhibit intracellular antioxidant properties against HoO», the cyclic
nitrones may extracellularly act directly as spin traps against the ONOO" toxicity. The rational
for the significantly different cytoprotective properties of cyclic versus linear nitrones and their
cellular target specificity against H,O, and ONOO" provide new leads in the design of nitrone-
based antioxidants with more robust pharmacological properties and warrants further
investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Examples of cyclic and linear nitrones, and structures of FAPBN and FAMPO.
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Figure 2.

Lowest energy conformations of FAPBN (left) and FAMPO (right) at the HF/3-21g* level of
theory. Values shown are relative bottom-of-the-well energies (4E, in kcal/mol) at the HF/
6-31G* level of theory in heptane and water.
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Figure 3.
Experimental and simulated X-band EPR spectra of various hydroxyl adducts of FAMPO and
FAPBN in the absence and presence of dioxane in aqueous system.
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Figure 4.
Experimental and simulated X-band EPR spectra of superoxide radical anion adducts generated
from FAMPO and FAPBN using pyridine/H,0, and DMSO/KO,.
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Figure 5.
Experimental and simulated X-band EPR spectra of methoxy, pentyl and tert-butoxy radical
adducts of FAMPO and FAPBN.

Chem Res Toxicol. Author manuscript; available in PMC 2010 September 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Durand et al.

Page 23

140
I O hrs
[ 4hrs
120 - I 6 hrs
[ 24hrs
100 ~
©
Q80 -
<C
®
o 60 -
o
I3
40 A
20 A
0
FAMPO DMPO FAPBN PBN

Figure 6.

Concentrations of nitrone compounds after incubation with cells. Cells were incubated with
50 uM of nitrone for 0, 4, 6, and 24 h and the supernatant media was then injected into a HPLC
system (see experimental for details). The y-axis corresponds to the % peak area relative to a
50 uM nitrone standard in media. Values represent + SEM from 2-3 independent experiments.
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Figure 7.

Cytoprotective property of various nitrones against H,O, toxicity. Cells were incubated in the
absence or presence of nitrones for 24 h before being exposed to 180 uM H,0,, for another 24
h. Cell viability was measured using MTT assay (see experimental for details). The y-axis
corresponds to the % viability relative to untreated cells. *Significantly different from H,O,
treatment alone by t-test, p<0.05; n = 2-5.
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Figure 8.
Cytoprotective properties of various nitrones against SIN-1-induced cell death. Cells were

incubated in the absence or presence of nitrones for 24 h before being exposed to 600 pM
SIN-1 for another 6 h. Cell viability was measured using MTT assay (see experimental for
details). The y-axis corresponds to the % viability relative to untreated cells. *Significantly
different from SIN-1 treatment alone by t-test, p<0.05. n = 4-10.
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Figure 9.

Cytoprotective properties of various nitrones against HNE-induced cell death. Cells were
incubated for 24 h in the presence of nitrones before being exposed to 0.05 mM HNE for another
24 h. Cell viability was measured using MTT assay (see experimental for details). The y-axis
corresponds to the % viability relative to untreated cells. See experimental for details. n =
4-5.#1 mM FAMPO and PBN were not tested.
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Scheme 1.

Synthesis of FAMPQO?

@Reagents: (a) Hy, 7 bar, Pd/C, ethanol/AcOH 99:1 (v/v), 100%; (b) CMPO, EDC, HOBt, TEA,
CH,Cly, 67%; (c) NaOMe in anhydrous MeOH, 72%.
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Table 1
Lipophilicity of DMPO, PBN, FAMPO and FAPBN.

Page 28

DMPO PBN FAMPO FAPBN
log k' abgegCqocd
((;gP-IYiVPLC) 0312 164, 115%9(; 1.75, 4,032 5.10,25.18°
tog P -1.09 129 - -

(n-octanol/water)

iI'his work.
b

Data from ref (32).
CData from ref (23).
dData from ref (31).
eData from ref (80).

gData from ref (81).
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