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COMPOSITIONS AND METHODS FOR TREATING ATHEROSCLEROTIC
CARDIOVASCULAR DISEASE

TECHNICAL FIELD

[0001] The present invention provides pharmaceutical compositions and methods for

treatment of atherosclerotic cardiovascular disease.

BACKGROUND ART

[0002] Atherosclerosis 1s a multifactorial disease and the usual cause of heart attacks,
strokes, and peripheral vascular disease, together referred to as "cardiovascular disease”
(CVD). Atherosclerotic CVD 1s a pathological process characterized by the deposition of
lipids and compounds within the arterial wall, and 1s considered the major cause of
morbidity and mortality in the western world.

[0003] Lowering of low density lLipoprotein (LDL)-cholesterol using 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitors (statins) has become an integral
component of strategies to reduce cardiovascular risk; however, statins reduce CVD risk
by no more than 40%, and they have some side effects such as muscle pain and damage,
liver problems, digestive problems, rash or flushing, blood glucose elevation, and memory
loss or confusion. Modulation of high density hipoprotein (HDL) become to be an
alfernative strategy for reducimg CVD risk due to s anfiatherogenic properties such as
reverse cholesterol transport (Khera of af., 2011, Miller er of., 1983), antioxidant, anti-
inflammatory (Barter ef af., 2007), anti-apoptotic, vasodilatory and cytoprotective effects,
and endothelial function improvement (Nofer er al., 2005; Yuhanna er al., 2001). In the
last several years, there 1s growing evidence from epidemiological data, animal studies,
and clinical trials supporting HDL as the next target to reduce residual cardiovascular risk
in statin-treated, high-risk patients (Zakiev er al., 2017). However, the hypothesis that
raising HDL-cholesterol (HDL-C) levels will result 1in reduction of CVD risk has never
been really confirmed. Methods developed to increase blood HDL levels failed to reduce
CVD rnisk. For example, clinical trials using cholesteryl ester transter protein inhibitors
were terminated due to excess adverse events and futility despite a 72% increase 1n blood
HDL cholesterol levels. Nicotinic acid and fabric acid derivatives increased HDL
cholesterol levels, but linking these increases to clinical risk reduction has been

qucstionable. Instead, recent studies indicate that the focus should be on improving HDL
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functions (HDL “quality’), which truly reflect and are responsible for the actual beneficial
effects of HDL, rather than increasing HDL-C levels (HDL-C “quantity”) (Santos-Gallego
et al., 2015; Zheng et al., 2012; Pirillo et al., 2013).

[0004] HDL comprises a heterogeneous family of lipoprotein species, differing in surface
charge, size, and lipid and protein compositions (Hafiane er al., 2015). A lipid such as
sphingosine-1-phosphate (S1P) has been recently discovered to be both a mechanistic
cause and a therapeutic target for HDL dysfunction (Sattler et al., 2009). Coronary artery
disease (CAD) patients exhibited lower HDL-bound S1P than healthy volunteers, while
CAD-HDL was found dysfunctional, demonstrating lower endothelial signaling activation
and vasodilatation induction. Supplementation of S1P to animals with HDL dysfunction
reversed HDL quality (Levkau ef al., 2015; Poti et al., 2014; Sattler et al., 2015).

[0005] Most of the HDL functional and atheroprotective effects are also attributed to 1its
associated enzyme paraoxonase 1 (PON1; EC 3.1.8.1) (Gu ef al., 2016). PONI1-deficient
mice were found susceptible to the development of atherosclerosis, while overexpression
of human PON1 in mice inhibits its development (Shih er al., 19935; 2000). PONT1 activity
has been inversely correlated with carotid intima-media thickness (Gur er al., 2014),
attenuates oxidized-LDL uptake by macrophage, 1nhibits macrophage cholesterol
biosynthesis rate, and stimulates HDL-mediated cholesterol efflux from macrophage
(Cohen et al., 2014; Tavor1 et al., 2009, 2011a, 2011b). Epidemiological evidence
demonstrates that low PONI1 activity 1s associated with increased risk of cardiovascular
events and CVD (Gugliucci er al., 2015). PONI1 has many activities towards
organophosphate triesters, arylesters, cyclic carbamates, glucuronides, oestrogen esters and
thiolactones, whereas the “natural” substrates of PON1 assume to be lactones (Tavori et
al., 2008). As an antioxidant enzyme carried by HDL, PON1 can hydrolyze lipid peroxide
in lipoproteins through 1ts lipolactonase activity which, thus decreases oxidative stress in
serum lipoproteins, macrophages, and atherosclerotic lesions (Rosenblat er al., 2006; Ben-
David et al., 2012).

[0006] Microalgae are used as food source and as addible feed in aquaculture for
production of mollusks and some fish species. Microalgae have been recognized as
potentially good sources for biofuel production because of their high oil content and rapid
biomass production. Components of algae are frequently used in cosmetics as thickening
agents, water-binding agents, and antioxidants. Microalgae extracts are widely used as

therapeutic and food supplements due to their high content of carotenoids, phenolic
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compounds 1ncluding polyphenols, and lipids such as phospholipids, whole and
unhydrolyzed glycolipids, lysolipids, free fatty acids, waxes, and sterols and sterols esters.
[0007] Several microalgae, including Nannochloropsis sp. and Nannochloropsis salina,

have been described as potential sources of omega-3 fatty acids such as eicosapentaenoic

acid (EPA) and docosahexaenoic acid (DHA).

SUMMARY OF INVENTION

[0008] In one aspect, the present invention provides a pharmaceutical composition for
treatment of atherosclerotic cardiovascular disease, comprising a pharmaceutically

acceptable carrier and a compound of the formula I:
I Ri;-C(O)-R2-R3-COOH

wherein

R 18 (C15-Cap)alkyl, (Ci5-Car)alkenyl, or (Ci5-Cz1)alkynyl;

R> 15 -O-CH2-CHR4-CH»2-0O-, -NH-CH2-CHR4-CH»2-O-, -O-, or -NH-;

R3 1s (Ci-Cg)alkylene substituted with a group of the formula -N¥(Rs)3, and
optionally further substituted with one or more -OH groups;

R4 1s -OH, -O-C(0O)-Re¢, or -NH-C(O)-Re;

Rs each independently 1s (C;-Cg)alkyl; and

Re 18 (C15-Car)alkyl, (Ci5-Car)alkenyl, or (Ci5-Cz1)alkynyl,

or a pharmaceutically acceptable salt or solvate thereof.
[0009] In another aspect, the present invention relates to a compound of the formula I as
defined above, or a pharmaceutically acceptable salt or solvate thercof, for use in the
treatment of atherosclerotic cardiovascular disease.
[0010] In yet another aspect, the present invention relates to use of a compound of the
formula I as defined above, or a pharmaceutically acceptable salt or solvate thereof, for the
preparation of a pharmaceutical medicament for treatment of atherosclerotic cardiovascular
disease.
[0011] In still another aspect, the present invention relates to a method for treatment of
atherosclerotic cardiovascular disease 1n a subject 1n need thereof, comprising
administering to said subject a therapeutically effective amount of a compound of the

formula I as defined above, or a pharmaceutically acceptable salt or solvate thereof.
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[0012] In a further aspect, the present invention provides a compound of the formula I as
defined above, but excluding the compounds wherein Rz 1s -O-CH2-CHR4-CH»2-O-, 1.e., a
compound of the formula I wherein Rz 1s -NH-CH2-CHR4-CH»2-O-, -O-, or -NH-.

[0013] In yet a further aspect, the present invention provides a pharmaceutical
composition comprising a compound of the formula I as defined above but excluding the
compounds wherein Rz 1s -O-CHz-CHR4-CH2-O-, or a pharmaceutically acceptable salt or

solvate thereof, and a pharmaceutically acceptable carrier.

BRIEF DESCRIPTION OF DRAWINGS

[0014] Figs. 1A-1B show lactonase activity of rePON1 after incubation with lyso-DGTS
at concentrations of 0, 1, 5, 10, 50, and 100 pg/ml tor 2, 4, 24, or 48 h at 37°C 1n Tris
buffer pH=8.4 (1A); and arylesterase activity of rePON1 after incubation with lyso-DGTS
at concentrations of 0, 1, 5, 10, 50, and 100 pg/ml for 2 or 4 h at 37°C in Tris buffer
pH=8.4 (1B). Each experiment was repeated separately at least three times. *p<0.03,
% p<0.0001 related to the control (rePON1 without lyso-DGTS). Statistics were analyzed
using one-way ANOVA and Graphpad prism 5 software.

[0015] Fig. 2 shows human serum PONI1 lactonase activity. Human serum was diluted by
20 with PBS and incubated with 1yso-DGTS at a concentration of 0, 1, 5, 10, or 50 pg/ml
for 4 h at 37°C 1n Tris buffer pH=8.0, and PON1 lactonase activity was measured using
dihydrocumarine assay. Each experiment was repeated separately at least three times.
*p<0.03, ***p<0.0001 related to the control (serum without lyso-DGTS). Statistics were
analyzed using one-way ANOVA and Graphpad prism 5 software.

[0016] Figs. 3A-3B show tryptophan fluorescence spectra of rePON1 (50 pg/ml; 1.16
uM) incubated with/without lyso-DGTS at concentrations of 1, 5, 10, 25, 50, 75, and 100
ug/ml in black 96-well plates for 2 h at 25°C (3A) or 37°C (3B). Fluorescence was
measured at excitation of 290 nm and emission of 320-450 nm. Each experiment was
repeated separately at least three times.

[0017] Figs. 4A-4D show Stern-Volmer plot of the flourescence quenching of rePON1 by
lyso-DGTS at 37°C (4A) and 25°C (4B); and double-log plot of the flourescence
quenching of rePON1 by lyso-DGTS at 37°C (4C) and 25°C (4D). Each experiment was
repeated separately three times. Results are presented as mean+SD. R* >0.99 and p<0.0001

for all linear plots.
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[0018] Figs. SA-5B show orientation of lyso-DGTS within the potential rePON1 binding
site. Molecular surface of rePON1 showing hydrophilic (red) and hydrophobic (blue) zones
docked with lyso-DGTS (5A); and location of the lyso-DGTS within the rePON1 binding
site showing interaction with the amino acid in the binding groove (red, oxygen; blue,
nitrogen; gray, carbon) (5B).

[0019] Figs. 6A-6B show the effect of lyso-DGTS on rePON1 influx to macrophage cells.
rePON1 was labeled with FITC and incubated with different concentrations of lyso-DGTS
(10, 20, 50, and 100 pg/ml) for 2 h; and each solution was then added to J774A.1 cells,
incubated at 37°C for 16 h, and analyzed by FACS analysis. Fig. 6A shows a histogram
showing the shift of mean fluorescence intensity (MFI) of a representative experiment in
cells incubated with rePON1 without FITC (negative control), cells incubated with FITC-
rePON1; and cells incubated with FITC-rePON 1ncubated with lyso-DGTS at 10, 20, 30,
and 100 pg/ml. The average of the MFI 1s shown 1n Fig. 6B. ***p<0.0001 related to the
control (cells incubated with FITC-rePON1 alone; n=3). Statistic was analyzed using one-
way ANOVA Graphpad prism 5 software (FL1-H - relative FITC fluorescence intensity
(height) 1n the FL1 channel).

[0020] Figs. 7A-7B show the effect of lyso-DGTS-rePONI1 interaction on ox-LDL-
induced foam cell formation in J774A.1 macrophage cells. RePON1 (50 pg/ml), rePON1
with 1lyso-DGTS (50 or 100 pg/ml) and lyso-DGTS (50 ng/ml) were incubated for 2 h,
added to cells and incubated for 24 h, and the cells were then treated with ox-LDL (25
ug/ml) for another 24 h. O1l red O staining was performed to analyze foam cell formation,
and representative images are shown in Fig. 7A. Intensity of lipid accumulation into cells
was quantified by alcohol extraction, and absorbance was measured at 514 nm as shown 1n
Fig. 7B. #p< 0.05 related to control (untreated cells), *p <0.05, and **p<0.01 related to
cells treated with ox-LDL alone. Statistics was analyzed using one-way ANOVA and
Graphpad prism 5 software. Data are the means£SD from 3 experiments.

[0021] Fig. 8 shows the effect of lyso-DGTS on HDL-mediated cholesterol efflux from
macrophage cells. J774A.1 cells were incubated for 16 h with 50 ul fluorescently-labeled
cholesterol and 50 ul equilibration buffer. The cells were washed and further incubated for
4 h with RPMI buffer (media), HDL (25 pg protein) incubated with 2 ul DMSO, or HDL
(25 pg protein) incubated with 2 pl lyso-DGTS dissolved in DMSO at a final concentration
of 10, 20, 50, and 100 pg/ml for 4 h. Fluorescence was measured 1n the media and the cells

at excitation/emission 482/515 nm. The cholesterol efflux was expressed as % efflux
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elicited by cells. Each experiment was repeated separately at least three times. *p <0.03,
*#%p <0.0001 related to the control (HDL incubated with DMSQO). n=3. Statistics were
analyzed using one-way ANOVA and Graphpad prism 5 software.

[0022] Fig. 9 shows the effect of lyso-DGTS on APOAI-mediated cholesterol efflux
from macrophage cells. J774A.1 cells were incubated for 4 h with RPMI buffer (media),
APOATI (10 pg) preincubated with DMSO or with lyso-DGTS (at final concentration of
10, 20, 350, and 100 pg/ml) for 2 h. Fluorescence was measured in media and cells at
excitation/emission 482/515 nm. The cholesterol efflux was expressed as % efflux elicited
by cells. Each experiment was repeated separately at least three times. *p<0.03,
4% n<0.0001 relative to the control (APOAI1 incubated with DMSO; n=3). Statistical
analysis by one-way ANOVA and Graphpad prism 5 software.

[0023] Figs. 10A-10B show tryptophan fluorescence spectra of HDL (0.03 mg/ml)
incubated with/without lyso-DGTS at various concentrations (1, 5, 10, 25, 50, 75, and 100
ug/ml) 1in black 96-well plates for 4 h at 37°C (10A) or 25°C (10B). The fluorescence was
measured at excitation/emission 290/320-340 nm. The ability of lyso-DGTS to elevate
HDL activity correlates with 1ts binding affinity to HDL. Each experiment repeated

separately at least three times.

[0024] Fig. 11A-11D show Stern-Volmer plot of the fluorescence quenching of HDL by
lyso-DGTS at 37°C (11A) and 25°C (11B); and double-log plot of the fluorescence
quenching of HDL by lyso-DGTS at 37°C (11C) and 25°C (11D). Each experiment was
repeated separately at least three times. Results are presented as mean+SD. R*>0.99 and
p<0.0001 for all linear plots.

[0025] Fig. 12 shows General Polarization (Gp) values of Laurdan incorporated in HDL
(100 pg/ml) incubated with lyso-DGTS at various concentrations (0, 10, 20, 50, and 100
ug/ml). The fluorescence emission spectra of Laurdan were obtained using at
excitation/emission 340/400-520 nm. The value of Gp of Laurdan was calculated using the
formula: Gp = (1435-1490) / (1435+1490). Each experiment was repeated separately at least
three times. *p<0.05, ***p<0.0001 related to the control (HDL without lyso-DGTS).
Statistics were analyzed using T-test Graphpad prism 5 software.

[0026] Fig. 13 shows human umbilical vein endothelial cell (HUVEC) nitric oxide (NO)
production detected by the DAN assay after reducing culture media with nitrate reductase.
HUVECs were stimulated for 2 h with HDL (50 pg/ml) preincubated with DMSO, lyso-
DGTS and S1P at final concentrations of 10, 20, and 50 pg/ml for 3 h. Media were then

6
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collected and treated with nitrate reductase followed by analysis using the DAN assay.
Data are expressed as NO concentration (uM) released by the cells. Each experiment was
repeated separately at least three times. *p<0.035, ***p<(.0001 related to the control (HDL
without 1yso-DGTS or S1P). Statistics were analyzed using one-way annova Graphpad
prism 5 software.

[0027] Fig. 14 shows the effect of 1lyso-DGTS on serum PONI1 lactonase activity of
Balb/c mice. Balb/c mice were fed with either normal rodent diet (the "non" group; n=11)
or high-fat diet (HFD), and received treatment administered via subcutaneously implanted
osmotic mini-pumps: 1) vehicle group injected with DDW+2% Tween 80 (n=9); 2) lyso-
DGTS group 1njected with lyso-DGTS (1.43 mg/ml in DDW+2% Tween 80; n=11). At the
end of the protocol, serum was produced and diluted by 20 with PBS, and PON1 lactonase
activity was measured using dihydrocumarine assay. Statistics was analyzed using one-
way ANOVA and Graphpad prism 5 software. #p< 0.05 related to the “non” group and *p
< 0.03 related to the vehicle group.

[0028] Fig. 15 shows the effect of 1yso-DGTS on the pro-inflammatory/anti-inflammatory
properties of HDL 1solated from Balb/c mice. Balb/c mice fed with normal rodent diet (the
“non” group; n=11) or HFD received treatment administered via subcutancously implanted
osmotic mini-pumps: 1) vehicle group injected with DDW+2% Tween 80 (n=9); 2) lyso-
DGTS group injected with lyso-DGTS (1.43 mg/ml in DDW+2% Tween 80; n=11). At the
end of the protocol, serum was obtained, HDL was 1solated, and its pro-inflammatory/anti-

inflammatory properties were determined using cell free assay (CFA). Fluorescence in the

absence of HDL was normalized to 1.0. Values > 1.0, after addition of the tested HDL,

indicated pro-inflammatory activity; and values < 1.0 indicated anti-inflammatory activity.

(*p<0.05).

DETAILED DESCRIPTION

[0029] As found 1n accordance with the present invention, extracts of the microalgae
Nannochloropsis salina and Nannochloropsis oculata contain an active substance that
protects PONI1 from oxidation and increases its lactonase and arylesterase activities, and
inhibits LDL and macrophage oxidation. As particularly found, an ethanol water (70:30%)
extract of the microalgaec Nannochloropsis salina and Nannochloropsis oculata increased
recombinant PON1 (rePON1) activities 1n a dose-dependent manner, and stabilized and

preserved rePONT activity for at least 48 hours.
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[0030] Analysis of said ethanol water extract using LC-MS and NMR methods has
revealed that the active substance comprised within said extract 1s lyso-
diacylglyceryltrimethylhomoserine (lyso-DGTS, herein identificd compound ia-12. when
n is Z2; and Rs 15 methyl), a betaine lipid derivative, abundant 1o the membranes of roany
aigae, lower plants and fungi, and composed of EPA (C20:5) fatty acid connected to
glyceryl-trimethyl-homoserine (C20:5 lyso-DGTS lipid). This compound resembles S1P
structure, as both contain a hydrophobic element (the C:15:1(A2) 1n the sphingosine and
EPA 1n the lyso-DGTS), and a polar element in the other side of the molecule (phosphoric

acid vs. trimethyl homoserine).

[

\/—\/—\/—\/—\/—\/\)ko/Y\AJY"

Lyso-DGTS (20:5:0)

OH 0

z \ _~-0OH
/\/\/\/\/\/\/\/\r\o/\D\O

NH3*
S1P 3

[0031] As stated above, the beneficial effects of HDL have been partly attributed to its
antioxidant properties mediated by PONI1. According to the literature, the hydrolytic
lactonase, arylesterase, and paraoxonase activities of PONI1 are all inactivated under
oxidative stress, and epidemiological evidences demonstrate that low serum PONI
lactonase activity 1s associated with increased risk of coronary heart disease and diabetes
(Mackness et al., 2003 and 2015; Fuhrman er al., 2006). Moreover, lower serum
arylesterase provided incremental prognostic value and clinical reclassification of stable
subjects at risk of cardiovascular events (Tang ef al., 2012).

[0032] Based on the above, pharmacological and nutritional modulation of PON1 activity
and/or gene expression could constitute a useful approach for improving HDL functions
and prevention of cardiovascular diseases (Hernaez er al., 2017; Lou-Bonafonte et al.,
2017). As previously shown, various endogenous and exogenous molecules, e€.g., nutrients,
can non-covalently interact with PON1 and affect its properties (increase or decrease 1its

activity/stability, prevent its free thiol oxidation, affect its influx into cells, and affect
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cytosolic triglyceride accumulation). Lipids such as phosphatidylcholines interact with
PONI1 and increase 1ts activity (Atrahimovich er al., 2012; Cohen et al., 2014).

[0033] As shown heremn, lyso-DGTS increases rePON1 lactonase and arylesterase
activifies 1 a dose and time dependent manner, and stabilizes and preserves rePONI
lactonase activity for at east 48 hours. Moreover, increase in the PONI1 lactonase activity
in a dose dependent manner was also observed {ollowing incubation of lyso-DGTS with
the whole human serum.

[0034] Protein activities can be affected and may be altered by their interaction with small
molecules 1n their milieu. In order to understand the mechanism by which lyso-DGTS
atfects PONI1 activities, a tryptophan (Trp) fluorescence quenching assay was carried out
to 1indicate possible interaction between lyso-DGTS and rePON1. PON1 contains four Trp
amino acid residues and the Trp fluorescence quenching assay measures the affinity of the
interaction between the protein and lyso-DGTS that results 1in changes in PON1 3D
structure, and consequently 1n alteration in the protein Trp fluorescence. As shown herein,
increasing lyso-DGTS concentrations decreased the intensity of rePONI1 fluorescence 1n a
dose dependent manner at both 25°C and 37°C.

[0035] Stern-Volmer plot did not show any deviation from linearity toward the y axis at
the reported lyso-DGTS concentrations, and the Ksv values obtained indicated a static
quenching process initiated by lyso-DGTS, suggesting a specific interaction between
rePON1 and 1lyso-DGTS. Binding constant (Ka) and thermodynamic parameters
calculations revealed decrease 1n binding constant with increasing temperature (the best
association appeared to be at 298°K). The values obtained for the number of binding sites
per rePON1 (n) were not affected by the temperature and were found to be ~1, indicating
the existence of a single binding site for lyso-DGTS in rePONI1. Thermodynamic
parameters were calculated to elucidate the lyso-DGTS-PONI interaction. A negative AG
was observed, indicating that the interaction 1s spontaneous, and negative values for both
AH and AS indicated that the dominating force is a van der Waals or/and hydrogen bond
(Sun et al., 2010).

[0036] In accordance with the fluorescence analysis, docking analysis has shown that
lyso-DGTS binds to PON1 with a negative binding energy, indicating a spontaneous
interaction dominated by van der Waals and hydrogen bonds forces.

[0037] The interaction site of phosphatidylcholines (PCs) with PON1, obtained from the

molecular docking analysis, was near the oa-helix H2, which together with a-helix HI
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forms a hydrophobic patch that binds the protein to the HDL surface. This interaction
interrupts the ability of PON1 to bind to the HDL particle at the expense to its binding to
PC. PC 16:0 18:2, demonstrated the highest affinity to PONI1 relative to other PCs
examined, and decreased the ratio between HDL-PONI1 and free-PON1 by 50%. The
interaction affinity of rePON1 with 1lyso-DGTS was found to be higher in one-fold order
than that of PC 16:0 18:2 (Cohen er al., 2014). The Ka of 1lyso-DGTS at 25°C and 37°C
was 1.052x10* (M) and 2.377x10° (M), respectively, while the Ka for PC 16:0 18:2 was
1.68x10° (M) at 25°C. As shown herein, lyso-DGTS interacts with PON1 in a different
site than PC 16:0 18:2, far from H1 and H2, and therefore 1n contrast to PC, does not affect
PON1 binding to HDL. The ratio between HDLbound-PONT1 vs. free-PON1 did not change
(data not shown).

[0038] As previously shown, PONI1 specifically internalized into the cytoplasm of
macrophage cells through endocytosis and may thus protect these cells from oxidation and
prevent foam cell formation. As further shown, phosphatidylcholine lipids, and particularly
PC 16:0 18:2, enhance PON1 uptake by macrophage cells. As shown herein, lyso-DGTS
lipid significantly increases rePONI1 1nternalization into macrophage cells in a dose
dependent manner, which can be a usetful mechanism for macrophage defense, considering
that PON1 protects macrophage cells from oxidative stress (Rozanberg ef al., 2003) and
from plaque triglyceride damage (Tavori et al., 2011b; 2009), and decreases macrophage
cholesterol biosynthesis (Rozanberg er al., 2003).

[0039] Macrophage cells uptake of ox-LDL forming foam cell i1s the hallmark for
atherosclerosis. Macrophage cells via their scavenger receptors take up ox-LDL and other
lipids, undergo activation, produce cytokines and reactive oxygen species (ROS), and
differentiate into foam cells to form the early lesions stage. Incubation of macrophage cells
with ox-LDL resulted in lipid deposition in the cells and foam cell formation. The
quantitative analysis of o1l red staining intensity showed that pre-incubation of cells with
lyso-DGTS alone significantly reduced o1l red staining intensity. Pre-incubation of the
cells with rePON1 or rePON1 incubated with lyso-DGTS also significantly decreased oil
red staining intensity, confirming that lyso-DGTS alone, and lyso-DGTS incubated with
rePON1, can inhibit ox-LDL-1nduced foam cell formation.

[0040] HDL removes cholesterol from cells including macrophage cells, and this 1s
considered to represent a major atheroprotective function of HDL particles. A link between

the in vitro efflux of cholesterol from macrophage cells and atherosclerosis has recently
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been established by studies demonstrating a negative correlation between cholesterol efflux
from J774 mouse cells and coronary artery disease. HDL removes excess cholesterol from
arterial cells, including macrophage toam cells, via the scavenger receptor B1 (SR-BI,) and
the ATP binding cassette transporter A1 (ABCA1,) (Jian ef al., 1998; Oram et al., 2003).
Previous studies have shown that PON1 enhances HDL-mediated macrophage cholesterol
efflux via the ABCAI1 transporter 1n association with increased HDL binding to the cells
(Rosenblat er al., 2005). As demonstrated herein, lyso-DGTS enhanced HDL-mediated
macrophage cholesterol efflux, and significantly increased the ability of HDL to take out
cholesterol from macrophages 1n a dose dependent manner.

[0041] The effect of 1yso-DGTS on PONI1 activity and clinical parameters was examined
using in vivo experiments. Balb/c mice were fed with a high fat diet (HFD) for 12 weeks,
and during the last 4 weeks they were supplemented with 1lyso-DGTS. The administration
of lyso-DGTS to the circulation was carried via subcutaneously implanted osmotic mini-
pumps. This technique ensures continuous exposure of the tested compound at a desired
concentrations and period. At the end of the treatment period, the mice were sacrificed, and
clinical parameters were analyzed. Serum lactonase PONI1 activity was significantly
decreased 1n mice fed with high fat diet while administration of lyso-DGTS significantly
increased serum lactonase activity to the level of the control (mice fed with normal diet).
Studies with different ethnic groups have shown that lower PON1 activities are associated
with type 2 and type 1 diabetes (Hatzihidiroglou ef al., 2016; Jamuna Ran et al., 2014;
Noack et al., 2013; Gupta et al., 2011; Juretic et al., 2006; Cracium et al., 2016). A non-
significant increase in serum glucose concentrations was observed in the mice group
treated with HFD compared to the non-treated group, whereas their lactonase PONI
activity decreased significantly. Interestingly, the group treated with lyso-DGTS showed
decrease 1n serum glucose concentrations in parallel to increase of serum lactonase activity
(both statistically significant), demonstrating values similar to those shown by the non-
treated group (mice fed with normal diet). These findings demonstrate a correlation
between PON1 lactonase activity and serum glucose levels.

[0042] In conclusion, the studies described herein demonstrate that lyso-DGTS 1nteracts
with rePON1 and increases its lactonase and aryl esterase activity in a dose dependent
manner; increases human serum PONI lactonase activity in a dose dependent manner;
enhances rePONI1 influx into macrophage cells in a dose dependent manner; decreases the

deposition of lipids induced by ox-LDL; and increases HDL mediated cholesterol efflux,
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and may thus protect macrophage cells from oxidation and prevent foam formation. In
addition, serum taken from mice fed with HFD and treated with lyso-DGTS shows
increased lactonase PONI1 activity and decreased glucose concentration that 1s, in fact,
similar to that of mice fed with regular diet. These findings suggest that lyso-DGTS has a
potential to decrease atherosclerosis risk by enhancing PON1 activity, improving HDL
quality, protecting macrophages, and preventing foam cells formation, and may thus
decrease CVD.

[0043] In one aspect, the present invention thus provides a pharmaceutical composition
for treatment of atherosclerotic cardiovascular disease, comprising a pharmaceutically
acceptable carrier and a compound of the formula I as defined above, herein referred to as
the “active agent”.

[0044] The compound of the formula I may have one of the four sub-structures referred to
herein as formulas Ia, Ib, Ic and Id, and shown 1n Table 1. A compound of the formula Ia
consists of a saturated or unsaturated fatty acid residue linked via ester bond to one of the
terminal carbon atoms of glyceryl (-O-CHz;-CHR4-CH20-), wherein the other terminal
carbon atom of the glyceryl 1s linked via ether bond to a terminal carbon atom of the side
chain of an alpha amino acid having a quaternary ammonium. The compound of the
formula Ib has a structure similar to that of Ia, wherein the glyceryl nuclei 1s replaced with
a ceramide-like nuclel having an amino group on one of the terminal carbon atoms (-NH-
CH>-CHR4-CH20-). Such a compound thus consists of a saturated or unsaturated fatty acid
residue linked via amide bond to the terminal carbon atom of the ceramide-like nuclei,
wherein the other terminal carbon atom of the ceramide-like nuclei1 1s linked via ether bond
to a terminal carbon atom of the side chain of an alpha amino acid having a quaternary
ammonium. The compound of the formula Ic has neither glyceryl nor ceramide-like nuclei,
and 1t consists of a saturated or unsaturated fatty acid residue linked directly, via ester
bond, to a terminal carbon atom of the side chain of an alpha amino acid having a
quaternary ammonium. The compound of the formula Id has a structure similar to that of
Ic, wherein the ester bond 1s replaced with an amide bond, and it thus consists of a
saturated or unsaturated fatty acid residue linked directly, via amide bond, to a terminal
carbon atom of the side chain of an alpha amino acid having a quaternary ammonium.

Specific compounds of the formulas Ia, Ib, Ic and Id described herein are herein i1dentified

compounds Ia-1 to Ia-14, Ib-1 to 1b-14, I¢c-1 to I¢-14, and 1d-1 to Id-14, and are shown in
Tables 2-3.
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Table 1: General structures of formulas Ia, Ib, Ic and Id

e e e
o 0
)J\ R3\ /U\ R3\
R O/Y\O COOH | Rj H/\K\O COOH
R4

"Ry, R3 and Ry are each as defined above.

[0045] The term "alkyl" as used herein typically means a linear or branched saturated
hydrocarbon radical. The term (C;i-Cg)alkyl denotes such a radical having 1-8 carbon
atoms and includes, e.g., methyl, ethyl, n-propyl, 1sopropyl, n-butyl, sec-butyl, 1sobutyl,
tert-butyl, 2-methylpropyl, #n-pentyl, 1sopentyl, neopentyl, 2-methylbutyl, 1,1-
dimethylpropyl, 2.2-dimethylpropyl, n-hexyl, 1sohexyl, 2-methylpentyl, 3-methylpentyl,
1,1-dimethylbutyl, 2.2-dimethylbutyl, 2-ethylbutyl, #n-heptyl, 2-methylhexyl, 1.1-
dimethylpentyl, 1,2-dimethylpentyl, 1,1.2-trimethylbutyl, n-octyl, 2-methylheptyl, 1,1-
dimethylhexyl, 1,2-dimethylhexyl, 1,1.2-trimethylpentyl, and the like, wherein preferred
are (C1-Ce)alkyl or (C1-Cs)alkyl groups such as methyl, ethyl, n-propyl, 1sopropyl, or z-
butyl. The term "(Ci5-Cz1)alkyl” denotes such a radical having 15-21 carbon atoms, 1.e.,
(Cis)alkyl, (Cie)alkyl, (Ci7)alkyl, (Cig)alkyl, (Cig)alkyl, (Cao)alkyl, or (Ca1)alkyl, wherein
preferred are (Cis)alkyl, (Ci7)alkyl, (Cig9)alkyl, and (Cz1)alkyl groups, more specifically
linear (Cis)alkyl, (Ci7)alkyl, (Cig)alkyl, and (Cz1)alkyl groups.

[0046] The terms "alkenyl™ and "alkynyl" typically mean linear or branched hydrocarbon
radicals having at least one, e.g., one, two, three, four, five, or six, double bond or triple
bond, respectively. The terms "(Cis5-Cai)alkenyl” and "(Cis5-Cai1)alkynyl™ denote such
hydrocarbon radicals having 15-21 carbon atoms. Examples of such alkenyls include,
without being Iimited to, (Cis)alkenyl, (Cie)alkenyl, (Ci7)alkenyl, (Cig)alkenyl,
(Crg)alkenyl, (Cao)alkenyl, or (Cazi)alkenyl, having at least one double bond, wherein
preferred are (Ci7)alkenyl, (Cig)alkenyl, or (Czp)alkenyl. Examples of such alkynyls
include, without limitation, (Cis)alkynyl, (Cie)alkynyl, (Ci7)alkynyl, (Cig)alkynyl,
(Cr9)alkynyl, (Cao)alkynyl, or (Ca1)alkynyl, having at least one triple bond.

[0047] The term "alkylene" typically means a divalent linear or branched hydrocarbon
radical. The term "(Ci-Cg)alkylene” denotes such a divalent hydrocarbon radical having 1-
8 carbon atoms and includes, e.g., methylene, ethylene, propylene, butylene, 2-

methylpropylene, pentylene, 2-methylbutylene, hexylene, 2-methylpentylene, 3-
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methylpentylene, 2,3-dimethylbutylene, heptylene, octylene, and the like. Preferred are
(C1-Ce)alkylenes or (Ci-Cs)alkylenes such as methylene, ethylene, propylene, or butylene.
[0048] The term "amino acid"™ as used herein refers to an organic compound comprising
both quaternary ammonium and carboxylic acid functional groups. The term “alpha amino
acid” as used herein denotes such a compound, wherein the quaternary ammonium 1s
bonded directly to the alpha carbon, that 1s further substituted with a side chain consisting
of an alkyl optionally substituted with one or more hydroxyl groups. Particular such alpha
amino acids are those wherein the side chain 1s a linear (C;-Cg)alkyl, such as methyl, ethyl,
n-propyl and n-butyl, optionally substituted with one or more -OH groups.

[0049] In certain embodiments, the active agent comprised within the pharmaceutical
composition of the present invention 1s a compound of the formula I, wherein R; 1s (Cis-
Ca1)alkyl, or (Ci5-Ca1)alkenyl having one or more, e.g., two, three, four, five or six, double
bonds. Particular such embodiments are those wherein R; 1s a linear (Cis)alkyl,
(Ci7)alkenyl, (Cig)alkenyl, or (Czi)alkenyl. In more particular such embodiments, R; 1s
CH3-(CH2)14-, CH3-(CHz2)7-CH=CH-(CH2)7-, CH3-(CH2)4-(CH=CH-CH2)2-(CH2)s-, CH3-
(CH2-CH=CH)3-(CH2)7-, CH3-(CH2)4-(CH=CH-CH2)4-(CH2)2-, CH3-(CH2-CH=CH )s-
(CH2)3-, or CH3-(CH2-CH=CH)s-(CH2)2-, and together with the carbonyl group attached
thereto forms a palmitic acid residue, oleic acid reside, linoleic acid residue, linolenic acid
residue, arachidonic acid residue, EPA residue, or DHA residue, respectively.

[0050] In certain embodiments, the active agent comprised within the pharmaceutical
composition of the present invention 1s a compound of the formula I, wherein Rz 1s -O-
CH,;-CHR4-CH>-O-, -NH-CH>-CHR4-CH>-O-, -O-, or -NH-, wherein R4 1s -OH, or -O-
C(O)-Re. Particular such embodiments are those wherein R4 1s -OH.

[0051] In certain embodiments, the active agent comprised within the pharmaceutical
composition of the present invention 1s a compound of the formula I, wherein R3 1s a linear
(C1-Cg)alkylene substituted, preferably at the carbon atom attached to the carboxyl group,
with a group of the formula -N*(R5)3, 1.e., -(CH2)1-7-CH(N"(R5)3)-, that is optionally further
substituted with one or more -OH groups.

[0052] In certain embodiments, the active agent comprised within the pharmaceutical
composition of the present invention 1s a compound of the formula I, wherein Rs each
independently 1s (C1-Cy)alkyl, e.g., methyl, ethyl, n-propyl, or 1sopropyl.

[0053] In certain embodiments, the active agent comprised within the pharmaceutical

composition of the present invention 1s a compound of the formula I, wherein Re 15 (Cis-
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Ca1)alkyl, or (Ci5-Ca1)alkenyl having one or more, e.g., two, three, four, five or six, double
bonds. Particular such embodiments are those wherein Re 1s a linear (Cis)alkyl,
(Ci7)alkenyl, (Cig)alkenyl, or (Czi)alkenyl. In more particular such embodiments, Re 1s
CH3-(CH2)14-, CH3-(CH2)7-CH=CH-(CH2)7-, CH3-(CH2)4-(CH=CH-CH2)2-(CH2)s-, CH3-
(CH2-CH=CH)3-(CH2)7-, CHj3-(CH2)4-(CH=CH-CH2)4-(CH2)2-, CH3-(CH2-CH=CH)s-
(CH2)3-, or CH3-(CH2-CH=CH)s-(CH2)2-, and together with the carbonyl group attached
thereto forms a palmitic acid residue, oleic acid reside, linoleic acid residue, linolenic acid
residue, arachidonic acid residue, EPA residue, or DHA residue, respectively.

[0054] In certain embodiments, the active agent comprised within the pharmaceutical
composition of the present invention 1s a compound of the formula I, wherein R; 18 (Cis-
Cap)alkyl, or (Cis5-Car)alkenyl having one or more double bonds, preferably a linear
(Cis)alkyl, (Ci7)alkenyl, (Cig)alkenyl, or (Ca1)alkenyl; Rz 1s -O-CHz-CHR4-CH32-O-, -NH-
CH>-CHR4-CH2-O-, -O-, or -NH-; R3 is -(CH2)1-7-CH(N*(Rs)3)-, optionally further
substituted with one or more -OH groups; R4 1s -OH, or -O-C(O)-Res; Rs each
independently 1s (Ci-Cs)alkyl such as methyl, ethyl, n-propyl, or 1sopropyl; and Re 18 (Cis-
Cap)alkyl, or (Cis5-Carjalkenyl having one or more double bonds, preferably a linear
(Cis)alkyl, (Ci7)alkenyl, (Cig)alkenyl, or (Cz1)alkenyl. In particular such embodiments, R
1s CHs-(CH2)14-, CH3-(CH»)7-CH=CH-(CHz2)7-, CH3-(CH2)7-CH=CH-(CH32)7-, CHs3s-
(CH2)4-(CH=CH-CH3?)2-(CH2)s-, CHs3-(CH2-CH=CH)3-(CHz2)7-, CH3-(CH2)4-(CH=CH-
CHb»)4-(CHz)2-, CHs-(CH2-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>