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ALLEVIATING OXIDATIVE STRESS
DISORDERS WITH PUFA DERIVATIVES

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/256,815, which is incorporated herein by
reference in its entirety.

BACKGROUND

Field

Isotopically modified polyunsaturated fatty acids (PU-
FAs) and other modified PUFAs are useful in methods of
treating certain diseases.

Description of the Related Art

U.S. application Ser. No. 12/281,957 assigned to the same
assignees as the present application, refers to a class of
compounds that, when ingested, result in the formation of
bodily constituents, for example, fats that are functionally
equivalent to normal bodily constituents but which have a
greater resistance to degradative/detrimental processes such
as those mediated by reactive oxygen species (ROS), reac-
tive nitrogen species (RNS) or radiation. This application,
which is incorporated herein by reference, refers to an
essential nutrient in which at least one exchangeable H atom
is 2H and/or at least one C atom is *>C. This application also
discloses 11,11 dideutero linoleic acid.

11,11 dideutero linoleic acid and 11,11,14,14 D4 linolenic
acid and similar compounds wherein the C atom in the
deuterated methylene group may be *>C is disclosed. Shche-
pinov, M, Reactive Oxygen Species, Isotope Effect, Essen-
tial Nutrients, and Enhanced Longevity, Rejuvenation
Research, vol. 10, no. 1, (2007). This article is incorporated
herein by reference.

Although oxidative stress may be associated with various
diseases, it is unpredictable which antioxidants will be
successful in treating various diseases. Thus, there is a need
in the art for successful treatment for various diseases.
Therefore, there is a need in the art for additional isotopi-
cally modified polyunsaturated fatty acids (PUFAs) and
other modified PUFAs useful for treating various diseases.

Replacing certain positions of PUFAs may also prevent or
slow the helpful metabolic processes in which PUFAs are
involved, and thus it would be helpful to the art to determine
modified PUFAs that will sufficiently maintain these meta-
bolic processes while resisting detrimental oxidative pro-
cesses.

It would also be helpful to the art to determine the
minimum amount of heavy atoms substitution necessary to
prevent detrimental oxidative processes to save costs on
heavy atom substitution. These and other aspects are
addressed herein.

SUMMARY

The present disclosure addresses these needs and the need
for additional isotopically modified polyunsaturated fatty
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2

acids (PUFAs), mimetic or ester pro-drug thereof. Further,
present disclosure addresses the need for new methods of
treating and preventing specific diseases using modified
PUFAs in subjects such as human subjects.

Some embodiments include a method of treating or pre-
venting the progression of a neurodegenerative disecase
comprising selecting a subject that has a neurodegenerative
disease or is susceptible to a neurodegenerative disease;
administering an effective amount of isotopically modified
polyunsaturated fatty acid, mimetic or ester pro-drug thereof
to the subject; wherein upon administration, the isotopically
modified polyunsaturated fatty acid, mimetic or ester pro-
drug thereof is incorporated in brain and/or neuronal tissue
of the subject. The patient who has a neurodegenerative
disease may include a subject with a) Alzheimer’s disease or
is susceptible to Alzheimer’s disease; b) has mild cognitive
impairment or is susceptible to mild cognitive impairment;
¢) has Parkinson’s disease or is susceptible to Parkinson’s
disease; d) has schizophrenia or is susceptible to schizo-
phrenia; e) has a bipolar disorder or is susceptible to a
bipolar disorder; f) has amyotrophic lateral sclerosis or is
susceptible to amyotrophic lateral sclerosis, among other
diseases.

Some embodiments include a method of treating or pre-
venting the progression of an oxidative disease of the eye
comprising selecting a subject that has an oxidative disease
of'the eye or is susceptible to an oxidative disease of the eye;
administering an effective amount of at least one isotopically
modified polyunsaturated fatty acid, mimetic or ester pro-
drug thereof to the subject; wherein upon administration, the
isotopically modified polyunsaturated fatty acid, mimetic or
ester pro-drug thereof is incorporated in eye tissue of the
subject. The subject with oxidative disease of the eye may
include a subject having retinal disease or is susceptible to
a retinal disease, having age related macular degeneration or
is susceptible to age related macular degeneration, having
diabetic retinopathy or is susceptible to diabetic retinopathy,
or having retinitis pigmentosa or is susceptible to retinitis
pigmentosa, among other diseases.

Additional embodiments include a method comprising
selecting a subject in need of increased levels of high-
density lipoprotein and/or decreased levels of low-density
lipoprotein; administering an effective amount of isotopi-
cally modified polyunsaturated fatty acid, mimetic or ester
pro-drug thereof to the subject; and wherein upon adminis-
tration, the level of high-density lipoprotein is increased
and/or the level of low-density lipoprotein is decreased.
Subjects may include those with atherosclerotic vascular
disease or susceptible to atherosclerotic vascular disease,
among other diseases.

Further embodiments include a method of treating or
preventing the progression of a mitochondrial deficiency or
mitochondrial respiration deficiency disease, such as a
Coenzyme Q10 deficiency, comprising selecting a subject
that has a mitochondrial deficiency or mitochondrial respi-
ration deficiency diseases such as a Coenzyme Q10 defi-
ciency or is susceptible to mitochondrial deficiency or
mitochondrial respiration deficiency disease comprising
administering an effective amount of isotopically modified
polyunsaturated fatty acid, mimetic or ester pro-drug thereof
to the subject; wherein upon administration, the isotopically
modified polyunsaturated fatty acid, mimetic or ester pro-
drug thereof is incorporated in mitochondrial membrane of
the subject. Subjects having other mitochondrial deficiency
or mitochondrial respiration deficiency diseases include a)
nervous system disease or is susceptible to a nervous system
disease, b) dyskinesia or is susceptible to dyskinesia, c¢)
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ataxia or is susceptible to ataxia, d) musculoskeletal disease
or is susceptible to a musculoskeletal disease, e) muscle
weakness or is susceptible to muscle weakness, f) a neuro-
muscular disease or is susceptible to a neuromuscular dis-
ease, or g) a metabolic disease or is susceptible to a
metabolic disease.

Methods also include a method of treating an inborn error
of metabolism comprising selecting a subject that has an
inborn error of metabolism, administering an effective
amount of isotopically modified polyunsaturated fatty acid,
mimetic or ester pro-drug thereof to the subject; wherein
upon administration, the isotopically modified polyunsatu-
rated fatty acid, mimetic or ester pro-drug thereof is incor-
porated in brain and/or neuronal tissue of the subject. The
inborn error of metabolism may be Down’s syndrome, for
example.

In some embodiments, a method comprises administering
to a subject a sufficient amount of an isotopically modified
PUFA, wherein a cell or tissue of the subject maintains a
sufficient concentration of isotopically modified PUFAs to
maintain autooxidation of the PUFAs.

Compounds and compositions are also contemplated such
as a polyunsaturated fatty acid composition comprising an
isotopically modified polyunsaturated fatty acid, mimetic or
ester pro-drug thereof comprising at least one *>C or at least
two deuterium atoms at a bis-allylic position, or a mimetic
or mimetic ester thereof, wherein the composition is suitable
for human consumption, wherein the isotopically modified
polyunsaturated fatty acid or ester thereof or mimetic or
mimetic ester thereof is capable of retaining its chemical
identity when incorporated in a bodily constituent of the
subject following ingestion or uptake by the subject, or is
capable of conversion into higher homolog of the polyun-
saturated fatty acid or mimetic thereof in the subject;
wherein the amount of isotopes in the isotopically modified
polyunsaturated fatty acid is above the naturally-occurring
abundance level; and with the proviso wherein the isotopi-
cally modified polyunsaturated fatty acid is not 11,11,14,14,
D4-linolenic acid or 11,11,D2-linoleic acid. The isotopically
modified polyunsaturated fatty acid or mimetic thereof may
be an isotopically modified polyunsaturated fatty acid
selected from the group consisting of 11,11,14,14, D4-lino-
leic acid, 11,11,D2-linolenic acid, and 14,14,D2-linolenic
acid. The isotopically modified polyunsaturated fatty acid,
mimetic or ester pro-drug thereof may be an isotopically
modified polyunsaturated fatty acid further comprising deu-
terium at a pro-bis-allylic position. The isotopically modi-
fied polyunsaturated fatty acid, mimetic or ester pro-drug
thereof may be a mimetic selected from the group consisting
of

G o)

Octadeca-8,12-dienoic acid
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-continued

Octadeca-7,11,15-trienoic acid
R — (0]

CH,

m

— OR!

n

R =H, C3H7, R =H; alkyl; n=1-4;m=1-12

/

X OH
¢}
X =S: 10-Hept-1-enylsulfanyl-dec-9-enoic acid
X =0: 10-Hept-1-enyloxy-dec-9-enoic acid

/
— O

X =8S: 10-(2-But-1-enylsulfanyl-vinylsulfanyl)-dec-9-enoic acid
X =0: 10-(2-But-1-enyloxy-vinyloxy)-dec-9-enoic acid

R=H, GHy, R!'=H;alkyl; X=0; S;n=1-5;m=1-12
H;C

/

CH;
oH

CH,
— 3 &

11,11-Dimethyl-octadeca-9,12-dienoic acid

11,11,14,14-Tetramethyl-octadeca-9,12,15-trienoic acid
— (0]
CH,

/ CH; ! 1
CH; OR

R
R=H, C;H;, R' = H; alkyl; n = 1-5; m = 1-12
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-continued

O
10-{1-[2-(1-But-1-enyl-cyclopropyl)-vinyl]-cyclopropy!}-
dec-9-enoic acid

— 0]
vy
OR!
n
R
R =H, C3H7, R!'=H; alkyl; n=1-5 m=1-12

8-[2-(2-Pentyl-cyclopropylmethyl)-cyclopropyl]-oct
anoic acid

3

jun}
O
Qo
o
jan}

8-{2-[2-(2-Ethyl-cyclopropylmethyl)-cyclopropylmethyl]-cyclo
propyl}-octanoic acid

R

8-[2-(2-Pentyl-cyclobutylmethyl)-cyclobutyl]-octan
oic acid
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-continued

%

8-{2-[2-(2-Ethyl-cyclobutylmethyl)-cyclobutylmethyl]-cyclobut
yl}-octanoic acid

O

d

OR!

R=H, CGHy, R!=H;alkyl;n=1-5;m =1-12

H;C
oH

-[3-(3-Pentyl-cyclobutylmethyl)-cyclobutyl]-octanoic acid

8-{3-[3-(3-Ethyl-cyclobutylmethyl)-cyclobutylmethyl]-cyclobutyl}-
octanoic acid

R
O
CHzam—<
n

OR!

R=H,C3Hy, R = H alkyl; n = 1-5; m = 1-12

or an ester pro-drug thereof. In some embodiments, these
compounds and compositions may be used for treating any
of the diseases or disorders disclosed herein.

The isotopically modified polyunsaturated fatty acid or
ester pro-drug thereof may be an isotopically modified
polyunsaturated fatty acid or ester that has an isotopic purity
of from about 50%-99%.

In other aspects, a polyunsaturated fatty acid composition
comprises a naturally occurring polyunsaturated fatty acid,
mimetic, or ester pro-drug thereof, that are modified chemi-
cally to be effective at preventing specific disease mecha-
nisms; wherein the chemical modification does not change
the elemental composition of the naturally occurring poly-
unsaturated fatty acid, mimetic, or ester pro-drug thereof;
with the proviso wherein the isotopically modified polyun-
saturated fatty acid is not 11,11,14,14, D4-linolenic acid or
11, 11,D2-linoleic acid. For example, the naturally occurring
polyunsaturated fatty acid, mimetic, or ester pro-drug may
be stabilized against oxidation, such as at oxidation sensitive



US RE49,238 E

7

loci. In some cases the stabilization is through heavy isotope
substitution. The oxidation sensitive loci may include sub-
stitution at the bis-allylic carbon hydrogen atoms.

These and other embodiments are described herein in
more detail.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. (A) ROS-driven oxidation of PUFAs; (B) forma-
tion of toxic carbonyl compounds.

FIG. 2. 'H-1- and *C-NMR analysis of deuterated
PUFAs described in Examples 1-4.

FIG. 3. Sensitivity of coq null mutants to treatment with
linolenic acid is abrogated by isotope-reinforcement. Yeast
co0q3, coq7 and coq9 null mutants were prepared in the
W303 yeast genetic background (WT). Yeast strains were
grown in YPD medium (1% Bacto-yeast extract, 2% Bacto-
peptone, 2% dextrose) and harvested while in log phase
growth (ODgq0,,,=0.1-1.0). Cells were washed twice with
sterile water and resuspended in phosphate buffer (0.10 M
sodium phosphate, pH 6.2, 0.2% dextrose) to an
ODg00,m=0-2. Samples were removed and 1:5 serial dilu-
tions starting at 0.20 OD/ml were plated on YPD plate
medium, to provide a zero time untreated control (shown in
top left panel). The designated fatty acids were added to 200
uM final concentration to 20 ml of yeast in phosphate buffer.
At 2 h, 4 h, and 16 h samples were removed, 1:5 serial
dilutions prepared, and spotted onto YPD plate medium.
Pictures were taken after 2 days of growth at 30° C. This
panel is representative of two independent assays, per-
formed on different days.

FIG. 4. Yeast coq mutants treated with isotope-reinforced
D4-linolenic acid are resistant to PUFA-mediated cell kill-
ing. The fatty acid sensitive assay was performed as
described in FIG. 6-1, except that 100 ul aliquots were
removed at 1, 2, and 4 h and, following dilution, spread onto
YPD plates. Pictures were taken after 2 to 2.5 days, and the
number of colonies counted. Yeast strains include Wild type
(circles), atp2 (triangles), or coq3 (squares); Fatty acid
treatments include oleic C18:1 (solid line), linolenic, C18:3,
n-3 (dashed line) or 11,11,14,14-D4-linolenic, C18:3, n-3,
(dotted line).

FIG. 5. Separation and detection of fatty acid methyl ester
(FAME) standards by GC-MS. FAMEs were prepared as
described (Moss C W, Lambert M A, Merwin W H. Appl.
Microbiol. 1974; 1, 80-85), and the indicated amounts of
free fatty acids and 200 pg of C17:0 (an internal standard)
were subjected to methylation and extraction. Samples
analyses were performed on an Agilent 6890-6975 GC-MS
with a DB-wax column (0.25 mmx30 mx0.25-m film thick-
ness) (Agilent, catalog 122-7031).

FIG. 6. Uptake of exogenously supplied fatty acids by
yeast. WT (W303) yeast were harvested at log phase and
incubated in the presence of 200 uM of the designated fatty
acid for either O or 4 h. Yeast cells were harvested, washed
twice with sterile water and then subjected to alkaline
methanolysis and saponification, and lipid extraction as
described (Moss C W, Lambert M A, Merwin W H. Appl.
Microbiol. 1974; 1, 80-85; (Shaw, 1953 Shaw, W. H. C.;
Jefferies, J. P. Determination of ergosterol in yeast. Anal
Chem 25:1130; 1953). Each designated fatty acid is given as
ng per ODgq,,., Yeast, and was corrected for the recovery of
the C17:0 internal standard.

FIG. 7. Chromatograms of the yeast extracts subjected to
GC-MS analyses. The different traces represent the 0 and 4
h incubations, respectively. The peak area of Each FAME
(C18:1, C18:3 and D4-linolenic) was divided by the peak
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8

area of the C17:0 standard, quantified with a calibration
curve. The endogenous 16:0 and 16:1 change very little,
while the exogenously added fatty acids increased signifi-
cantly.

FIG. 8. Survival of H- and D-PUFA treated MVEC cells
after acute intoxication by paraquat. For all cell types tested,
D-PUFA had protective effect compared to controls, similar
to that shown on Figure for MVEC cells.

FIG. 9. D-PUFA partially attenuates MPTP-induced stri-
atal dopamine depletion in C57BL/6 mice. Mice, aged 8
weeks, were fed fat-free diet supplemented with either
D-PUFAs or H-PUFAs for 6 days, exposed to 40 mg/kg
MPTP, i.p., or saline, continued on D- or H-PUFA diet and
sacrificed 6 days later. Striatal dopamine was measured by
HPLC. MPTP produced a robust depletion in H-PUFA-fed
mice (78%) which was significantly less in the D-PUFA-fed
cohort (47%).

FIG. 10. D-PUFA partially attenuates MPTP-induced
nigral a-syn accumulation in C57BL/6 mice. Mice, aged 8
weeks, were fed fat-free diet supplemented with either
D-PUFAs or H-PUFAs for 6 days, exposed to 40 mg/kg
MPTP, i.p., or saline, continued on D- or H-PUFA diet and
sacrificed 6 days later. Immunoreactivity for a-syn was
observed in sections from the substantia nigra of the cohorts.
While neuropil staining was apparent in both saline-treated
groups, robust cell body staining was noted in H-PUFA-fed,
MPTP-treated mice. An apparent reduction in the intensity
and number of a-syn-positive cell bodies was observed in
the D-PUFA-fed, MPTP-treated cohort by comparison.
Bar=25 um.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

As an introduction, lipid-forming fatty acids are well-
known as one of the major components of living cells. As
such, they participate in numerous metabolic pathways, and
play an important role in a variety of pathologies. Essential
Polyunsaturated Fatty Acids (PUFAs) are an important sub-
class of fatty acids. An essential nutrient is a food compo-
nent that directly, or via conversion, serves an essential
biological function and which is not produced endogenously
or in large enough amounts to cover the requirements. For
homeothermic animals, the two rigorously essential PUFAs
are linoleic (cis,cis-9,12-Octadecadienoic acid; (97,127)-9,
12-Octadecadienoic acid; LA; 18:2; n-6) and alpha-linolenic
(cis,cis,cis-9,12,15-Octadecatrienoic acid; (97,127,157)-9,
12,15-Octadecatrienoic acid; ALA; 18:3; n-3) acids, for-
merly known as vitamin F (Cunnane S C. Progress in Lipid
Research 2003; 42:544-568). LA, by further enzymatic
desaturation and elongation, is converted into higher n-6
PUFAs such as arachidonic (AA; 20:4; n-6) acid; whereas
ALA gives rise to a higher n-3 series, including, but not
limited to, eicosapentaenoic acid (EPA; 20:5; n-3) and
docosahexaenoic (DHA; 22:6; n-3) acid (Goyens P L. et al.
Am. J. Clin. Nutr. 2006; 84:44-53). Because of the essential
nature of PUFAs or PUFA precursors, there are many
instances of their deficiency. These are often linked to
medical conditions. Many PUFA supplements are available
over-the-counter, with proven efficiency against certain ail-
ments (For example, U.S. Pat. No. 7,271,315, U.S. Pat. No.
7,381,558).

Brain tissue is particularly rich in PUFAs, which consti-
tute 35% of the phospholipids in the neuronal membranes of
the brain (Hamilton J A. et al. J. Mol. Neurosci. 2007,
33:2-11). Three particularly important fatty acids, which are
abundant in neuronal membranes, are: LA, which makes up
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cardiolipin; DHA, deficiencies of which can impede brain
development and compromise optimal brain function; and
AA, which yields essential, but potentially toxic, metabolic
products.

PUFAs endow membranes, in particular mitochondrial
membranes, with appropriate fluidity necessary for optimal
oxidative phosphorylation performance. PUFAs also play an
important role in initiation and propagation of the oxidative
stress. PUFAs react with ROS through a chain reaction that
amplifies an original event (Sun M, Salomon R G, J. Am.
Chem. Soc. 2004; 126:5699-5708). Of particular importance
is a mitochondrial membrane-specific PUFA-rich phospho-
lipid cardiolipin, vital for electron transport Complex I
activity (Paradies G, et al. Gene 2002; 86:135-141).

Non-enzymatic formation of high levels of lipid hydrop-
eroxides is known to result in several detrimental changes.
It negatively affects the fluidity and permeability of the
membranes; leads to oxidation of membrane proteins; and
these hydroperoxides can be converted into a large number
of highly reactive carbonyl compounds. The latter include
reactive species such as acrolein, malonic dialdehyde, gly-
oxal, methylglyoxal, etc (Negre-Salvayre A, et al. Brit. J.
Pharmacol. 2008; 153:6-20). But the most prominent prod-
ucts of PUFAs oxidation are alpha, beta-unsaturated alde-
hydes 4-hydroxynon-2-enal (4-HNE; formed from n-6
PUFAs like LA or AA), 4-hydroxyhex-2-enal (4-HHE;
formed from n-3 PUFAs like ALA or DHA), and corre-
sponding ketoaldehydes (Esterfbaver H, et al. Free Rad.
Biol. Med. 1991; 11:81-128; Long E K, Picklo M J. Free
Rad. Biol. Med. 2010; 49:1-8). These reactive carbonyls
cross-link (bio)molecules through Michael addition or
Schiff base formation pathways, and have been implicated in
a large number of pathological processes, age-related and
oxidative stress-related conditions and aging. Importantly, in
some cases, PUFAs appear to oxidize at specific sites
because methylene groups of 1,4-diene systems (the bis-
allylic position) are substantially less stable to ROS, and to
enzymes such as cyclogenases and lipoxygenases than ally-
lic methylenes.

There are many diseases that are oxidative stress-related,
including, but not limited to, neurological diseases, diabetes,
diseases associated with elevated concentration of low den-
sity lipoprotein (LDL), and AMD. While the exact aetiology
of many such diseases requires further clarification, PUFAs
oxidation, and consequent cross-linking or derivatisation
with reactive carbonyls, often plays a prominent role. The
role of oxidative stress in Age-related Macular Degeneration
(AMD) is known to be quite prominent (Beatty S, et al.
Survey Ophtalm. 2000; 45:115-134; (de Jong Paulus TV M
Age-related macular degeneration. The New England jour-
nal of medicine 2006; 355(14): 1474-85.); Wu J, Seregard S,
et al. Survey Ophtalm. 2006; 51:461-481). Almost all major
neurological diseases are known to be linked to oxidative
stress. For instance, oxidized membrane components accel-
erate beta- and alpha-synuclein aggregation, associated with
Alzheimer’s disease (AD) and Parkinson’s disease (PD) and
synucleinopathies, by covalent and noncovalent mecha-
nisms, respectively. Reactive products of PUFA peroxida-
tion can trigger protein misfolding in sporadic amyloid
diseases, which are the clinically most important neurologi-
cal brain diseases (Bieschke J. et al, Acc. Chem. Res. 2006;
39:611-619).

Some examples of disorders involving PUFA peroxida-
tion and reactive compounds formed from peroxidized
PUFAs include, but are not limited to:
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Age-Related Macular Degeneration (AMD), Retinitis
Pigmentosa (RP) and Diabetic Retinopathy (DR)

Increased oxygen levels, exposure to light and high PUFA
content lead to increased PUFA peroxidation in the eye
tissues. Oxidative stress plays a major role in the pathogen-
esis of AMD (Beatty S, et al. Survey Ophtalm. 2000;
45:115-134). Increased levels of PUFA peroxidation prod-
ucts such as HNE and HHE have been reported in retina
(Long E K, et al. Free Rad. Biol. Med. 2010; 49:1-8). PUFA
peroxidation products play a major role in formation of
retinal pigment epithelial (RPE) lipofuscin, which itself can
generate ROS upon irradiation with visible light, and plays
a major role in etiology of AMD (Katz M L, Arch. Gerontol.
Geriatr. 2002; 34:359-370). PUFA peroxidation products,
including MDA, play such a prominent role in lens patholo-
gies including formation of cataracts, that the PUFA peroxi-
dation was proclaimed to be an initiating step in the human
cataract pathogenesis (Borchman D. et al, J. Lipid Res.
2010; 51:2473-2488). Equally important is the role of PUFA
peroxidation products in pathophysiology of diseases of
human cornea, including pterygium and keratoconus (Sho-
ham A, et al. Free Rad. Biol. Med. 2008; 45:1047-1055).
Diabetic retinopathy is also associated with oxidative stress
and PUFA peroxidation (Baynes J W, Thorpe S R. Diabetes
1999; 48:1-9).

In some aspects, identification of a subject who has or is
susceptible to AMD, RP or DR may be determined by
diagnostic tests known in the art such as fluorescein angiog-
raphy or by identifying abnormalities in vascular processes.
In addition, Optial Coherence Tomography diagnostics may
be used to identify such subjects.

Alzheimer’s Disease (AD) and Mild Cognitive Impair-
ment (MCI)

See Cooper J L. Drugs & Aging 2003; 20:399-418.
Amyloid plaques and neurofibrillary tangles are the neu-
ropathological hallmarks of AD, although whether they are
the cause or the product of the disease is still debatable.
Oxidative stress, and a related inflammation, is implicated in
the AD process. The direct evidence supporting increased
oxidative stress in AD is: (1) increased ROS-stimulating Fe,
Al, and Hg in AD brain; (2) increased PUFA peroxidation
and decreased PUFAs in the AD brain, and increased 4-HNE
in AD ventricular fluid; (3) increased protein and DNA
oxidation in the AD brain; (4) diminished energy metabo-
lism and decreased cytochrome ¢ oxidase in the brain in AD;
(5) advanced glycation end products (AGE), MDA, carbo-
nyls, peroxynitrite, heme oxygenase-1 and SOD-1 in neu-
rofibrillary tangles and AGE, heme oxygenase-1, SOD-1 in
senile plaques; and (6) studies showing that amyloid beta
peptide is capable of generating ROS (Markesbery W R.
Free Rad. Biol. Med. 1997; 23:134-147).

The abnormalities of lipid metabolism play a prominent
role in AD. All proteins involved in Amyloid precursor
protein processing and Ab peptide production are integral
membrane proteins. Moreover, the Ab producing c-secretase
cleavage takes place in the middle of the membrane, so the
lipid environment of the cleavage enzymes influences Ab
production and AD pathogenesis (Hartmann T. et al, J.
Neurochem. 2007; 103:159-170). Lipid peroxidation is
marked by high levels of malondialdehyde, isoprostanes,
and high level of protein modification by HNE and acrolein
(Sayre L M, et al. Chem. Res. Toxicol. 2008; 21:172-188;
Butterfield D A, et al. Biochim. Biophys. Acta 2010; 1801:
924-929). Dietary PUFAs are the principal risk factor for the
development of late-onset sporadic AD. The degree of
saturation of PUFAs and the position of the first double bond
are the most critical factors determining the risk of AD, with
unsaturated fats and n-3 double bonds conferring protection
and an overabundance of saturated fats or n-6 double bonds
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increasing the risk. DHA and AA are particularly relevant to
AD (Luzon-Toro B, et al. Neurol. Psychiatr. Brain Res.
2004; 11:149-160). DHA is the major component of excit-
able membranes, promotes maturation in infants and is a
potent neuroprotective agent in the adult brain, with a
potential role in the prevention of AD. AA is an important
provider of eicosanoids, acting as a second messenger in
many neurotransmitter systems. The interaction of dietary
PUFAs and apolipoprotein E isoforms may determine the
risk and rate of sustained autoperoxidation within cellular
membranes and the efficacy of membrane repair.

It has been reported that lipid peroxidation is present in
the brain of MCI patients. Several studies established oxi-
dative damage as an early event in the pathogenesis of AD,
that can serve as a therapeutic target to slow the progression
or perhaps the onset of the disease. (Markesbery W R. Arch.
Neurol. 2007; 64:954-956). MCI can also be characterized
by elevated levels of conjugates formed by lipid peroxida-
tion products such as MDA, HNE, acrolein and isoprostanes
(Butterfield D A, et al. Biochim. Biophys. Acta 2010;
1801:924-929).

Identifying subjects with Alzheimer’s disease or suscep-
tible to Alzheimer’s disease are known in the art. For
instance, subjects may be identified using criteria set forth
by the National Institute of Neurological and Communica-
tive Disorders and Stroke (NINCDS)-Alzheimer’s Disecase
an Related Disorders Association (ADRDA). The criteria
are related to memory, language, perceptual skills, attention,
constructive abilities, orientation, problem solving and func-
tional abilities. Similar diagnostic tests may be used to
identify MCI patients.

Amyotrophic Lateral Sclerosis (ALS)

ALS is a late-onset progressive neurodegenerative disease
affecting motor neurons (loss of upper and lower motor
neurons), culminating in muscle wasting and death from
respiratory failure (Boillee S. et al, Neuron 2006; 52:39-59).
The etiology of most ALS cases remains unknown; however,
it is recognized that ALS is strongly associated with oxida-
tive stress. Familial ALS (fALS) is caused by oxidation of
mutated SOD (superoxide dismutase) (Kabashi E. et al, Ann.
Neurol. 2007; 62:553-559). There are more than 100 muta-
tions in SOD that are associated with the fALS (Barnham K
J et al, Nature Rev. Drug Discov. 2004; 3:205-214). The first
step is the ‘monomerisation’ of SOD, which then leads to the
aggregation of SOD monomers, which then form aberrant
S—S bonds between themselves (Kabashi E. et al, Ann.
Neurol. 2007; 62:553-559), yielding conglomerates which
are toxic (either because they mis-fold and clog things up, or
both (Barnham K J et al, Nature Rev. Drug Discov. 2004;
3:205-214).

fALS-associated SOD1 mutations were shown to be
linked with the loss of redox sensor function in NADPH
oxidase-dependent ROS production, leading to microglial
neurotoxic inflammatory responses, mediated by an uncon-
trolled ROS generation (Liu Y, Hao W L, et al. J. Biol.
Chem. 2009; 284:3691-3699). Sporadic ALS (sALS) is
more common (90% cases).

The aetiology of ALS cases remains unknown, but it is
recognized that ALS is associated with oxidative stress and
inflammation. Protein oxidation is increased 85% in sALS
patients in one study (Coyle J T. et al, Science 1993;
262:689-695). And both increased lipid peroxidation and
HNE formation were reported for ALS cases, both familial
and sporadic (Simpson E P et al, Neurology 2004; 62:1758-
1765), in the central nervous system (CNS) tissue, spinal
fluid, and serum. The source of the oxidative stress in ALS
is not clear but may derive from several processes including
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excitotoxicity, mitochondrial dysfunction, iron accumula-
tion or immune activation (Simpson E P et al, Neurology
2004; 62:1758-1765). There is evidence that mitochondria
play an important role in fALS and sALS, being both a
trigger and a target for oxidative stress in ALS (Bacman S
R et al, Molec. Neurobiol. 2006; 33:113-131). Inhibition of
COX-2 has been reported to reduce spinal neurodegenera-
tion and prolong the survival of ALS transgenic mice
(Minghetti L. ] Neuropathol Exp Neurol 2004; 63:901-910),
highlighting the role for PUFA oxidation products in the
etiology of ALS. There is also evidence of increased HHE-
protein conjugation in ALS patients (Long E K, Picklo M J.
Free Rad. Biol. Med. 2010; 49:1-8). Despite of oxidative
stress being associated with ALS, trials of antioxidant thera-
pies so far failed (Barber S C et al. Biochim. Biophys. Acta
2006; 1762:1051-1067).

Identifying a subject having or at risk for developing ALS
may be determined using diagnostic methods known in the
art. For example, one or a combination of tests may be used
such as upper and lower motor neuron signs in a single limb;
electromyography (EMG); nerve conduction velocity
(NCV) measurement to rule out peripheral neuropathy and
myopathy; magnetic resonance imaging (MRI); and/or
blood and urine testing to eliminate a possibility of other
diseases.

Other CNS diseases that may be treated by the com-
pounds disclosed herein are also contemplated and include
degenerative neurological and neuromuscular diseases and
disorders such as Jacobson Syndrome, Spinal Muscular
Atrophy, and Multiple System Atrophy, among others.

Atherosclerotic Vascular Disease (ASVD)

This condition, which is a result of a build-up of fatty
materials affecting blood vessels, results in many patholo-
gies including myocardial infarction and stroke. PUFA per-
oxidation products play a very important role in formation
and accumulation of low density lipopolyprotein (LDL, ‘bad
fat’) (Esterbauer H, et al. Free Rad. Biol. Med. 1991;
11:81-128; Requena J R et al, Biochem. J. 1997; 322:317-
325). Numerous diagnostic tests are available to identify
subjects having atherosclerotic vascular disease.

In some embodiments, the ratio of HDL to LDL is
significantly increased upon administration of modified
PUFAs described herein. For example, in Table 3 below, an
increase of approximately 86% of the HDL:LDL ratio upon
administration of D-PUFA was found in comparison to the
HDL:LDL ratio upon administration the H-PUFA. This
percentage is based upon the calculation wherein the LDL
level equals the total cholesterol minus the HDL level and
minus 20% of the triglyceride level. In some aspects, the
HDL-LDL ratio increases upon administration (such as over
the course of an administration protocol) of the modified
PUFA at least about 5%, such as at least about 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 110%,
120%, 130%, 140%, or more in comparison to the HDL:
LDL ratio before administration.

Mitochondrial Diseases Such as Coenzyme Q10 Defi-
ciency (Q10-)

Mitochondrial deficiency or mitochondrial respiration
deficiency diseases include diseases and disorders caused by
oxidation of mitochondrial membrane elements, such as
mitochondrial respiration deficiency, which occurs in the
membrane. Membrane functionality is important to overall
mitochondrial function.

Coenzyme Q deficiency is associated with many diseases,
including nervous system diseases (dyskinesias, ataxia);
musculoskeletal diseases (muscle weakness, neuromuscular
diseases); metabolic diseases etc. Q10 plays an important
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role in controlling the oxidative stress. Q10- has been
shown to be linked to increased PUFA toxicity, through
PUFA peroxidation and toxicity of the formed products (Do
T Q et al, PNAS USA 1996; 93:7534-7539). Numerous
diagnostic tests are known in the art to identify subjects
having a Coenzyme Q10 deficiency.

Down’s Syndrome (DS)

DS (trisomy of chromosome 21) is associated with pre-
mature aging and mental retardation similar to Alzheimer’s
disease. The incidence of autoimmune diseases and cataracts
is also elevated, pointing to increased oxidative stress in
individuals with DS (Jovanovic S V, et al. Free Rad. Biol.
Med. 1998; 25:1044-1048). Chromosome 21 codes for
Cu/Zn SOD and amyloid beta-peptide, so the DS is char-
acterised by the overflow of these gene products and
metabolites, notably an increased ratio of SOD to catalase,
accompanied by excessive H,O, (Sinet P M. Ann. NY Acad.
Sci. 1982; 396:83-94). In individuals with DS, the markers
of protein and lipid oxidation (MDA, HNE, etc), and
advanced glycation and lipoxidation end-products, are sig-
nificantly increased (Busciglio J, Yankner B A. Nature 1995;
378:776-779; Odetti P, et al. Biochem. Biophys. Res.
Comm. 1998; 243:849-851). The importance of oxidative
stress in DS led to widespread attempts to reduce the
side-effect of oxidation by employing antioxidants; but
recent randomised trials found no evidence of efficiency of
antioxidant supplements (Ellis J M, et al. Brit. Med. J. 2008;
336:594-597). Subjects with Down Syndrome may be iden-
tified by standard chromosomal testing.

Parkinson’s Disease (PD)

PD is associated with oxidative stress caused by ROS,
which contributes to a cascade leading to dopamine cell
degeneration in PD. However, oxidative stress is intimately
linked to other components of disease and degenerative
processes, such as mitochondrial dysfunction, excitotoxic-
ity, nitric oxide toxicity and inflammation. Formation of
intracellular toxic lipid peroxides has been directly linked to
damage in nigral neurons through activation of toxic cellular
cascades. Oxidative damage associated with PD is initiated
at the PUFAs level, and then passed on to proteins and
nuclear DNA and mtDNA (for example, in synuclein pro-
cessing/Lewy body formation), and toxic carbonyl products
of oxidative damage, such as HNE and MDA, can further
react with proteins to impair cell viability. Nitric oxide is
known to react with superoxide to produce peroxynitrite and
ultimately hydroxyl radical. Altered degradation of proteins
has been implicated as key to dopaminergic cell death in PD.
Oxidative stress can impair these processes directly, and
products of oxidative damage, such as HNE, can damage the
268 proteasome. HNE has been directly implicated in the
pathogenesis of PD (Selley M L. Free Rad. Biol. Med. 1998;
25:169-174; Zimniak P, Ageing Res. Rev. 2008; 7:281-300).
Furthermore, impairment of proteasomal function leads to
free radical generation and oxidative stress (Jenner P. Annals
Neurol. 2003; 53: S26-S36). An additional source of ROS
relevant to PD etiology is dopamine (DA) turnover in
dopaminergic neurons (Hastings T G, J. Bioenerg.
Biomembr. 2009; 41:469-72). Oxidative damage to nucleic
acids, mediated through PUFA peroxidation products, also
contributes to etiology of PD (Martin L J, J. Neuropathol.
Exp. Neurol. 2008; 67:377-87; Nakabeppu Y. et al., J.
Neurosci. Res, 2007; 85:919-34). Whether or not oxidative
stress is the cause or the consequence of PD, reducing it is
likely to affect the progression of the disease.

Identifying a subject that has or is susceptible to Parkin-
son’s disease may be determined by various tests known in
the art. For example, a combination of tests and diagnosis
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may be based on medical history and neurological exami-
nation, including, for example, positive response to
levodopa. In addition, the identification of a subject may be
determined according to diagnostic criteria of Parkinson’s
Disease Society Brain Bank and the National Institute of
Neurological Disorders and Stroke, such as bradykinesia
and rigidity and/or rest tremor and/or postural instability.

Schizophrenia and Bipolar Disorder (BD)

PUFAs are known to influence neurodevelopment and
some psychiatric disorders, such as schizophrenia. DHA,
eicosapentaenoic acid (EPA) and AA are of particular impor-
tance in this regard. In schizophrenia, there is a positive
correlation between EPA supplementation and the improve-
ment of some symptoms, (Luzon-Toro B, et al. Neurol.
Psychiatr. Brain Res. 2004; 11:149-160). There is a signifi-
cant increase in oxidative stress and HNE levels in both
Schizophrenia and BD (Wang J F, et al. Bipolar Disorders
2009; 11:523-529). Synaptic dysfunction is known to be an
early pathogenic event in neuropathologies such as AD,
ALS, PD, etc. (LoPachin R M et al Neurotoxicol. 2008;
29:871-882). Although the molecular mechanism of this
synaptotoxicity is not known, published evidence suggests
that these diseases are characterized by a common patho-
physiological cascade involving oxidative stress, PUFA per-
oxidation (FIG. 1) and the subsequent liberation of c,p-
unsaturated carbonyl derivatives such as acrolein and
4-HNE.

Numerous diagnostic tests are known in the art to identify
subjects having schizophrenia or bipolar disorder.

The latest research suggests that the strongest detrimental
effect on the aetiology of oxidative stress-related diseases,
including neurological disorders, is exercised not by oxida-
tive stress or ROS, but specifically by electrophilic toxicity
of reactive carbonyl compounds (Zimniak P, Ageing Res.
Rev. 2008; 7:281-300). These carbonyl compounds can
cause nerve terminal damage by forming adducts with
presynaptic proteins. Therefore, the endogenous generation
of acrolein and HNE in oxidatively stressed neurons of
certain brain regions is mechanistically related to the syn-
aptotoxicity associated with neurodegenerative conditions.

In addition, acrolein and HNE are members of a large
class of structurally related chemicals known as the type-2
alkenes. Chemicals in this class (e.g., acrylamide, methyl-
vinyl ketone, and methyl acrylate) are pervasive pollutants
in human environments and new research has shown that
these a,f-unsaturated carbonyl derivatives are also toxic to
nerve terminals. Regional synaptotoxicity, which develops
during the early stages of many neurodegenerative diseases,
is mediated by endogenous generation of reactive carbonyl
compounds from oxidised PUFAs. Moreover, the onset and
progression of this neuropathogenic process is accelerated
by environmental exposure to other type-2 alkenes.

Increased concentrations of 4-HNE (5-10 mM) and other
reactive carbonyls are involved in the pathogenesis of a
number of degenerative diseases, and thus are widely
accepted as inducers and mediators of oxidative stress
(Uchida K. Prog. Lipid Res. 2003; 42:318-343). However, a
normal, physiological (0.1-0.3 mM) concentration of cellu-
lar 4-HNE is required to modulate a wide variety of cellular
processes and to activate numerous signaling pathways
(Chen Z.-H., et al. IUBMB Life 2006; 58:372-373; Niki E.
Free Rad. Biol. Med. 2009; 47:469-484). It is therefore
desirable to decrease the concentration, but not to com-
pletely remove, reactive carbonyls from cells.

Enzymatic oxidation of PUFAs gives rise to eicosanoids
and in particular to prostanoids, which comprise several
important classes of biological mediators. Some of these
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mediators, in particular those formed from omega-6 PUFAs
(prostaglandins and thromboxanes), have a strong pro-in-
flammatory effect and may initiate blood-clotting. Existing
drugs such as aspirin have undesirable side-effects, so devel-
opment of novel approaches to downregulate the enzymatic
oxidation of PUFAs, and therefore their formation could be
desirable.

The importance of oxidation of essential PUFAs in devel-
opment and progression of many neurological and other
disorders served to encourage the development of interven-
tions designed to reduce the oxidative stress, and the asso-
ciated damages inflicted by reactive carbonyls. Such
approaches have focused on neutralizing the oxidative spe-
cies (antioxidant supplements). The success of such inter-
ventions has been limited. Some drawbacks of such an
approach include (but are not limited to) the following
points, relevant to both small molecule and enzymatic
antioxidants: (a) the near-saturating amount of antioxidants
already present in living cells means that any further
increase, even if substantial, in the amount of antioxidants
would have only incremental, if any, effect on the residual
ROS levels (Zimniak P, Ageing Res. Rev. 2008; 7:281-300);
(b) ROS play an important role in cell signalling, the
interference with which may have a detrimental effect
(Packer L, Cadenas E. Free Rad. Res. 2007; 41:951-952); (¢)
in specific physiological contexts/at specific sites, ROS have
protective functions which can be attenuated by antioxidants
(Salganik R I. J. Am. Coll. Nutr. 2001; 20:464 S-472S); (d)
oxidised forms of antioxidants can themselves be harmful
(Zimniak P, Ageing Res. Rev. 2008; 7:281-300); (e) mod-
erate levels of ROS contribute to hormetic (adaptive)
upregulation of protective mechanisms (Calabrese E J, et al.
Toxicol. Appl. Pharmacol. 2007; 222:122-128); (f) reactive
carbonyl compounds such as HNE and HHE are not of a free
radical nature, and therefore cannot be neutralised by anti-
oxidants. However, they are still capable of significantly
altering cellular redox status by depleting cellular sulthydryl
compounds such as glutathione (GSH).

The rate of some reactions is affected by the nature of the
isotopes of the atoms which the bond links. In general, bonds
terminating in a heavy isotope will be less liable to cleavage
than a bond terminating in a lighter isotope. Of particular
note is that bonds between hydrogen atoms and other atoms
are less liable to breakage if the hydrogen is H rather than
'H. A similar effect is seen when comparing the rate of
cleavage of a bond between a carbon atom and another atom,
where bonds with **C are less liable to cleavage than bonds
with '2C. This is known as the Isotope Effect, and is well
described. Many isotopes are known to show this effect, as
is described in Isotope effects in chemical reactions. (Collins
C J, Bowman N S (eds) 1970 Isotope effects in chemical
reactions).

Some aspects of this invention arise from: (1) an under-
standing that while essential PUFAs are vital for proper
functioning of lipid membranes, and in particular of the
mitochondrial membranes, their inherent drawback, i.e., the
propensity to be oxidized by ROS with detrimental outcome,
is implicated in many neurological diseases; (2) antioxidants
cannot cancel the negative effects of PUFA peroxidation due
to stochastic nature of the process and the stability of PUFA
peroxidation products (reactive carbonyls) to antioxidant
treatment, and (3) the ROS-driven damage of oxidation-
prone sites within PUFAs may be overcome by using an
approach that makes them less amenable to such oxidations,
without compromising any of their beneficial physical prop-
erties. Some aspects of this invention describe the use of the
isotope effect to achieve this, only at sites in essential PUFAs
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and PUFA precursors that matter most for oxidation, while
other aspects contemplate other sites in addition to those that
matter most for oxidation.

It will be appreciated by those skilful in the art that the
same effect can be achieved by protecting oxidation-prone
positions within PUFAs using other chemical approaches.
Certain PUFA mimetics, while possessing structural simi-
larity with natural PUFAs, will nevertheless be stable to
ROS-driven and enzymatic oxidation due to structural rein-
forcement.

Thus, in some embodiments, an isotopically modified
polyunsaturated fatty acid or a mimetic refers to a compound
having structural similarity to a naturally occurring PUFA
that is stabilized chemically or by reinforcement with one or
more isotopes, for example *>C and/or deuterium. Generally,
if deuterium is used for reinforcement, both hydrogens on a
methylene group may be reinforced.

Some aspects of this invention provide compounds that
are analogues of essential PUFAs with either one, several, or
all bis-allylic positions substituted with heavy isotopes. In
some embodiments, the CH, groups, which will become the
bis-allylic position in a PUFA upon enzymatic conversion,
are substituted with heavy isotopes, useful for the prevention
or treatment of neurological disorders in which PUFA oxi-
dation is a factor.

The bis-allylic position generally refers to the position of
the polyunsaturated fatty acid or mimetic thereof that cor-
responds to the methylene groups of 1,4-diene systems. The
pro-bis-allylic position refers to the methylene group that
becomes the bis-allylic position upon enzymatic desatura-
tion.

In some embodiments, the chemical identity of PUFAs,
i.e., the chemical structure without regard to the isotope
substitutions or substitutions that mimic isotope substitu-
tions, remains the same upon ingestion. For instance, the
chemical identity of essential PUFAs, that is, PUFAs that
mammals such as humans do not generally synthesize, may
remain identical upon ingestion. In some cases, however,
PUFAs may be further extended/desaturated in mammals,
thus changing their chemical identity upon ingestion. Simi-
larly with mimetics, the chemical identity may remain
unchanged or may be subject to similar extension/desatura-
tion. In some embodiments, PUFAs that are extended, and
optionally desaturated, upon ingestion and further metabo-
lism may be referred to as higher homologs.

In some embodiments, naturally-occurring abundance
level refers to the level of isotopes, for example **C and/or
deuterium that may be incorporated into PUFAs that would
be relative to the natural abundance of the isotope in nature.
For example, '*C has a natural abundance of roughly 1%
13C atoms in total carbon atoms. Thus, the relative percent-
age of carbon having greater than the natural abundance of
13C in PUFAs may have greater than the natural abundance
level of roughly 1% of its total carbon atoms reinforced with
13C, such as 2%, but preferably greater than 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%, 45%, 50%, 65%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, 95%, or 100% of '*C with
respect to one or more carbon atoms in each PUFA molecule.

Regarding hydrogen, in some embodiments, deuterium
has a natural abundance of roughly 0.0156% of all naturally
occurring hydrogen in the oceans on earth. Thus, a PUFA
having greater that the natural abundance of deuterium may
have greater than this level or greater than the natural
abundance level of roughly 0.0156% of its hydrogen atoms
reinforced with deuterium, such as 0.02%, but preferably
greater than 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,
45%, 50%, 65%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,
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95%, or 100% of deuterium with respect to one or more
hydrogen atoms in each PUFA molecule.

In some aspects, a composition of PUFAs contains both
isotopically modified PUFAs and isotopically unmodified
PUFAs. The isotopic purity is a comparison between a) the
relative number of molecules of isotopically modified
PUFAs, and b) the total molecules of both isotopically
modified PUFAs and PUFAs with no heavy atoms. In some
embodiments, the isotopic purity refers to PUFAs that are
otherwise the same except for the heavy atoms.

In some embodiments, isotopic purity refers to the per-
centage of molecules of an isotopically modified PUFAs in
the composition relative to the total number of molecules of
the isotopically modified PUFAs plus PUFAs with no heavy
atoms. For example, the isotopic purity may be about 5%,
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 65%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of
the molecules of isotopically modified PUFAs relative to the
total number of molecules of both the isotopically modified
PUFAs plus PUFAs with no heavy atoms. In some embodi-
ments, isotopic purity of the PUFAs may be from about
50%-99% of the total number of molecules of the PUFAs in
the composition. Two molecules of an isotopically modified
PUFA out of a total of 100 total molecules of isotopically
modified PUFAs plus PUFAs with no heavy atoms, will
have 2% isotopic purity, regardless of the number of heavy
atoms the two isotopically modified molecules contain.

In some aspects, an isotopically modified PUFA molecule
may contain two deuterium atoms, such as when the two
hydrogens in a methylene group are both replaced by
deuterium, and thus may be referred to as a “D2” PUFA.
Similarly, an isotopically modified PUFA molecule may
contain four deuterium atoms and may be referred to as a
“D4” PUFA.

The number of heavy atoms in a molecule, or the isotopic
load, may vary. For example, a molecule with a relatively
low isotopic load may contain 2 or 4 deuterium atoms. In a
molecule with a very high load, each hydrogen may be
replaced with a deuterium. Thus, the isotopic load refers to
the percentage of heavy atoms in each PUFA molecule. For
example, the isotopic load may be about 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%, 45%, 50%, 65%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, 95%, or 100% of the number
of the same type of atoms in comparison to a PUFA with no
heavy atoms of the same type (e.g. hydrogen would be the
“same type” as deuterium). Unintended side effects are
expected to be reduced where there is high isotopic purity in
a PUFA composition but low isotopic load in a given
molecule. For example, the metabolic pathways will be less
affected by using in a PUFA composition with high isotopic
purity but low isotopic load.

In some aspects, isotopically modified PUFAs impart an
amount of heavy atoms in a particular tissue. Thus, in some
aspects, the amount of heavy molecules will be a particular
percentage of the same type of molecules in a tissue. For
example, the number of heavy molecules may be about
1%-100% of the total amount of the same type of molecules.
In some aspects, 10-50% the molecules are substituted with
the same type of heavy molecules.

In some embodiments, a compound with the same chemi-
cal bonding structure as an essential PUFA but with a
different isotopic composition at particular positions will
have significantly and usefully different chemical properties
from the unsubstituted compound. The particular positions
with respect to oxidation, such as enzymatic oxidation or
oxidation by ROS, comprise bis-allylic positions of essential
polyunsaturated fatty acids and their derivatives, as shown
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in FIG. 1. The essential PUFAs isotope reinforced at bis-
allylic positions shown below will be more stable to the
oxidation. Accordingly, some aspects of the invention pro-
vide for particular methods of using compounds of Formula
(1), whereas the sites can be further reinforced with carbon-
13. R1=alkyl or H; m=1-10; n=1-5, where at each bis-allylic
position, both Y atoms are deuterium atoms, for example,

M

OR!

R=H, C;H; R'=H, alkyl; Y =D

11,11-Dideutero-cis,cis-9,12-Octadecadienoic acid (11,11-
Dideutero-(97,127)-9,12-Octadecadienoic acid; D2-LA);
and 11,11,14,14-Tetradeutero-cis, cis, cis-9,12,15-Octadeca-
trienoic acid (11,11,14,14-Tetradeutero-(97,127,157)-9,12,
15-Octadecatrienoic acid; D4-ALA). In some embodiments,
said positions, in addition to deuteration, can be further
reinforced by carbon-13, each at levels of isotope abundance
above the naturally-occurring abundance level. All other
carbon-hydrogen bonds in the PUFA molecule may option-
ally contain deuterium and/or Carbon-13 at, or above, the
natural abundance level.

Essential PUFAs are biochemically converted into higher
homologues by desaturation and elongation. Therefore,
some sites which are not bis-allylic in the precursor PUFAs
will become bis-allylic upon biochemical transformation.
Such sites then become sensitive to enzymatic oxidation or
oxidation by ROS. In a further embodiment, such pro-bis-
allylic sites, in addition to existing bis-allylic sites are
reinforced by isotope substitution as shown below. Accord-
ingly, this aspect of the invention provides for the use of
compounds of Formula (2), where at each bis-allylic posi-
tion, and at each pro-bis-allylic position, both X or both Y
atoms may be deuterium atoms. R1=alkyl or H; m=1-10;
n=1-5; p=1-10.

@

OR!

R=H, C3H; R! = H, alkyl; Y = D/H; X = D/H

Said positions, in addition to deuteration, can be further
reinforced by carbon-13, each at levels of isotope abundance
above the naturally-occurring abundance level. All other
carbon-hydrogen bonds in the PUFA molecule may contain
optionally deuterium and/or carbon-13 at or above the
natural abundance level.

Oxidation of PUFAs at different bis-allylic sites gives rise
to different sets of products upon enzymatic- or ROS-driven
oxidation. For example, 4-HNE is formed from n-6 PUFAs
whereas 4-HHE is formed from n-3 PUFAs (Negre-Salvayre
A, et al. Brit. J. Pharmacol. 2008; 153:6-20). The products
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of such oxidation possess different regulatory, toxic, signal-
ling, etc. properties. It is therefore desirable to control the
relative extent of such oxidations. Accordingly, some
aspects of the invention provide for the use of compounds of
Formula (3), differentially reinforced with heavy stable
isotopes at selected bis-allylic or pro-bis-allylic positions, to
control the relative yield of oxidation at different sites, as
shown below, such that any of the pairs of Y'-Y” and/or
X!'-X™ at the bis-allylic or pro-bis-allylic positions of

20

-continued

The per-deuterated linoleic acid below may be produced

PUFAs are Deuterium atoms. R1=alkyl or H; m=1-10; 10 by microbiological methods, for example by growing in

n=1-6; p=1-10

@3
0
R — — — — CH,
14
OR!
vyl vyt yr xox! X" X"

R=H, C3H; R! = H, alkyl; Y = D/H; X = D/H

Said positions, in addition to deuteration, can be further
reinforced by carbon-13. All other carbon-hydrogen bonds
in the PUFA molecule may contain deuterium at, or above
the natural abundance level. It will be appreciated that the
break lines in the structure shown above represents a PUFA
with a varying number of double bonds, a varying number
of total carbons, and a varying combination of isotope
reinforced bis-allylic and pro-bis-allylic sites.

Exact structures of compounds illustrated above are
shown below that provide for both isotope reinforced n-3
(omega-3) and n-6 (omega-6) essential polyunsaturated fatty
acids, and the PUFAs made from them biochemically by
desaturation/elongation, to be used to slow oxidation. The
PUFAs are isotope reinforced at oxidation sensitive sites. R
may be H or alkyl; * represents either >C or '*C.

D-Linoleic acids include:

media containing D and 13C.

)

The per-deuterated arachidonic acid below may be pro-
duced by microbiological methods, such as by growing in
media containing D and 13C.
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D-Linolenic acid include:
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-continued

Per-deuterated linolenic acid below may be produced by
microbiological methods, such as growing in media con-
taining D and 13C.

In some aspects of the invention, any PUFAs, whether
essential or not, that are capable of being taken up from diet
and used in the body, can be utilized. In the case of essential
or non-essential PUFAs or precursors, the supplemented
stabilized materials can compete with other dietary uptake
and bio-manufacture to reduce the available disease-causing
species concentrations.

In some aspects of the invention, the PUFAs isotopically
reinforced at oxidation sensitive positions as described by
way of the structures above are heavy isotope enriched at
said positions as compared to the natural abundance of the
appropriate isotope, deuterium and/or carbon-13.

In some embodiments, the disclosed compounds are
enriched to 99% isotope purity or more. In some embodi-
ments, the heavy isotope enrichment at said positions is
between 50%-99% deuterium and/or carbon-13.

In a further embodiment of the invention, PUFAs or their
essential precursors, which are isotopically reinforced at the
bis-allylic positions, are used as preventive compounds
against neurological diseases associated with the oxidative
stress.

In a further embodiment of the invention, PUFAs or their
essential precursors, which are isotopically reinforced at the
bis-allylic positions, or at positions which will become
bis-allylic upon biochemical desaturation, are used as pre-
ventive compounds against neurological diseases associated
with the oxidative stress.

In a further embodiment of the invention, PUFAs or their
essential precursors, which are isotopically reinforced at the
bis-allylic positions, are used as the treatment against neu-
rological diseases associated with the oxidative stress and
AMD.

In a further embodiment of the invention, PUFAs or their
essential precursors, which are isotopically reinforced at the
bis-allylic positions, or at positions which will become
bis-allylic upon biochemical desaturation, are used as the
treatment against neurological diseases associated with the
oxidative stress and AMD.

In some embodiments, the modified fatty acids, when
dosed via diet as drugs or supplements, may be dosed as
prodrugs as non-toxic and pharmaceutically suitable esters
of the parent fatty acid or mimetic, such as an ethyl ester or
glyceryl ester. This ester assists in tolerance of the drug in
the gut, assists in digestion, and relies on the high levels of
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esterases in the intestines to de-esterify the ester pro-drugs
into the active acid form of the drug which adsorbs. Hence,
in some embodiments, the invention encompasses the pro-
drug esters of the modified fatty acids herein. Examples of
this type of drug in the market, nutrition, and clinical trials
literature, including Glaxo’s Lovaza, (mixtures of omega 3
fatty acid esters, EPA, DHA, and alpha-linolenic acid),
Abbott’s Omacor (omega-3-fatty acid esters), and most fish
oil supplements (DHA and EPA esters). In some aspects,
incorporation of the ester pro-drugs into tissues or cells
refers to the incorporation of the modified parent PUFA as
it would be used as a bodily constituent.

In some embodiments, stabilized compositions mimic
natural occurring fatty acids without changing their elemen-
tal composition. For example, the substituent may retain the
chemical valence shell. Some embodiments include natu-
rally occurring fatty acids, mimetics, and their ester pro-
drugs, that are modified chemically to be effective at pre-
venting specific disease mechanisms, but are modified in a
way (such as isotopic substitution) that does not change the
elemental composition of the material. For example, deute-
rium is a form of the same element hydrogen. In some
aspects, these compounds maintain elemental composition
and are stabilized against oxidation. Some compounds that
are stabilized against oxidation are stabilized at oxidation
sensitive loci. Some compounds are stabilized against oxi-
dation via heavy isotope substitution, then at bis-allylic
carbon hydrogen bonds, etc.

In some aspects, the present composition does not include
compounds disclosed in U.S. application Ser. No. 12/281,
957.

In a further embodiment, oxidation-prone bis-allylic sites
of PUFAs can be protected against hydrogen abstraction by
moving bis-allylic hydrogen-activating double bonds further
apart, thus eliminating the bis-allylic positions while retain-
ing certain PUFA fluidity as shown below. These PUFA
mimetics have no bis-allylic positions.

H;C o)
OH

Octadeca-8,12-dienoic acid

Octadeca-7,11,15-trienoic acid
R — 0]

CH,

m

OR!
R=H, CHy; R =H; alkyl; n=1-4;, m=1-12
In a further embodiment, oxidation-prone bis-allylic sites

of PUFAs can be protected against hydrogen abstraction by
using heteroatoms with valence II, thus eliminating the
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bis-allylic hydrogens as shown below. These PUFA mimet-
ics also have no bis-allylic hydrogens.

H;C

OH
O

X =S: 10-Hept-1-enylsulfanyl-dec-9-enoic acid

X =0: 10-Hept-1-enyloxy-dec-9-enoic acid

/
LT
\—/ 4

S: 10-(2-But-1-enylsulfanyl-vinylsulfanyl)-dec-9-enoic acid
O: 10-(2-But-1-enyloxy-vinyloxy)-dec-9-enoic acid

(T

R=H, C3Hy; R!=H; alkyl; X=0; S;n=1-5m=1-12

X=
X=

In a further embodiment, PUFA mimetics, i.e. compounds
structurally similar to natural PUFAs but unable to get
oxidized because of the structural differences, can be
employed for the above mentioned purposes. Oxidation-
prone bis-allylic sites of PUFAs can be protected against
hydrogen abstraction by di-methylation as shown below.
These PUFA mimetics are dimethylated at bis-allylic sites.

;¢

/

CH;
oH

cH
— } 6

11,11-Dimethyl-octadeca-9,12-dienoic acid

11,11,14,14-Tetramethyl-octadeca-9,12,15-trienoic acid
— (0]
CH,
CH; m
CH;3

4

OR!

R
R=H, CGHy; RI=H; alkyl;n=1-5;m=1-12
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In a further embodiment, oxidation-prone bis-allylic sites
of PUFAs can be protected against hydrogen abstraction by
alkylation as shown below. These PUFA mimetics are dial-
kylated at bis-allylic sites.

Hy

OH

@]
x
o

10-(1-Hept-1-enyl-cyclopropyl)-dec-9-enoic acid

;¢

\

OH

— O
10-{1-[2-(1-But-1-enyl-cyclopropyl)-vinyl]-cyclopropyl }-dec-9-

enoic acid
— O
/ cma—{
m
OR!
n
R
R=H GHy; R!'=H; alkyl; n=1-5;m=1-12

In a further embodiment, cyclopropyl groups can be used
instead of double bonds, thus rendering the acids certain
fluidity while eliminating the bis-allylic sites as shown
below. These PUFA mimetics have cyclopropyl groups
instead of double bonds.

H;C

OH

ii

8-[2-(2-Pentyl-cyclopropylmethyl)-cycloprypyl]-oct
anoic acid
3C

OH

3

8-{2-[2-(2-Ethyl-cyclopropylmethyl)-cyclopropylmethyl]-cyclo
propyl}-octanoic acid
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-continued
O
n CH2 m
OR!
R
R=H, CG3Hy; R!=H; alkyl;n =1-5;m =1-12

In a further embodiment, 1,2-substituted cyclobutyl
groups in appropriate conformation can be used instead of
double bonds, thus rendering the acids certain fluidity while
eliminating the bis-allylic sites as shown below. These
PUFA mimetics have 1,2-cyclobutyl groups instead of
double bonds.

;¢
oH
o

-[2-(2-Pentyl-cyclobutylmethyl)-cyclobutyl]-octanoic acid

mm

8-{2-[2-(2-Ethyl-cyclobutylmethyl)-cyclobutylmethyl]-cyclobut
yl}-octanoic acid

o}
OR!

R=H, CGHy;R!=H; alkyl,n=1-5;m=1-12

In a modification of the previous embodiment of mimetics
with 1,2-cyclobutyl groups instead of double bonds, 1,3-
substituted cyclobutyl groups in appropriate conformation
can be used instead of double bonds, thus rendering the acids
certain fluidity while eliminating the bis-allylic sites. The
following PUFA mimetics have 1,3-cyclobutyl groups
instead of double bonds.

H;C

8-[3-(Pentyl-cyclobutylmethyl)-cyclobutyl]-octanoic acid
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-continued

H,C

OH
(6]

8-{3-[3-(3-Ethyl-cyclobutylmethyl)-cyclobutylmethyl]-
cyclobutyl-octanoic acid

CHy+=

n
OR!
R=H, CGHy; RI=H; alkyl;n=1-5;m=1-12

Compounds in some aspects of the invention are expected
to be taken up by neuronal cells and tissues under appro-
priate conditions, as is described (Rapoport S I, et al. J. Lipid
Res. 2001; 42:678-685), and so will be useful for protecting
those cells or tissues against oxidative stress.

The delivery of the reinforced PUFAs or their precursors
could be through a modified diet. Alternatively, the rein-
forced PUFAs or their precursors can be administered as
foods or food supplements, on their own or as complexes
with ‘carriers’, including, but not limited to, complexes with
albumin.

Other methods of delivering the reinforced PUFAs or
their precursors, such as methods typically used for drug
delivery and medication delivery, can also be employed.
These methods include, but are not limited to, peroral
delivery, topical delivery, transmucosal delivery such as
nasal delivery, nasal delivery through cribriform plate, intra-
venous delivery, subcutaneous delivery, inhalation, or
through eye drops.

Targeted delivery methods and sustained release methods,
including, but not limited to, the liposome delivery method,
can also be employed.

A further aspect of the invention provides for the use of
a compound according to Formulae (1-3) and the com-
pounds illustrated above for the treatment of AMD and
neurological diseases with oxidative stress etiology.

It is contemplated that the isotopically modified com-
pounds described herein may be administered over a course
of time, in which the cells and tissues of the subject will
contain increasing levels of isotopically modified com-
pounds over the course of time in which the compounds are
administered.

It may be unnecessary to substitute all isotopically
unmodified PUFAs, such as nondeuterated PUFAs, with
isotopically modified PUFAs such as deuterated PUFAs. In
some embodiments, is preferable to have sufficient isotopi-
cally modified PUFAs such as D-PUFAs in the membrane to
prevent unmodified PUFAs such as H-PUFAs from sustain-
ing a chain reaction of self-oxidation. During self-oxidation,
when one PUFA oxidises, and there is a non-oxidised PUFA
in the vicinity, the non-oxidised PUFA can get oxidised by
the oxidised PUFA. This may also be referred to as autooxi-
dation. In some instances, if there is a low concentration, for
example “dilute” H-PUFAs in the membrane with D-PU-
FAs, this oxidation cycle may be broken due to the distance
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separating H-PUFAs. In some embodiments, the concentra-
tion of isotopically modified PUFAs is present in a sufficient
amount to maintain autooxidation chain reaction. To break
the autooxidation chain reaction, for example, 1-60%,
5-50%, or 15-35% of the total molecules of the same type
are in the membrane. This may be measured by IRMS
(isotope ratio mass spectrometry).

A further aspect of the invention provides a dietary,
supplementary or pharmaceutical composition of the active
compounds.

Compositions containing the active ingredient may be in
a form suitable for oral use, for example, as tablets, troches,
lozenges, aqueous or oily suspensions, oil-in-water emul-
sions, dispersible powders or granules, emulsions, hard or
soft capsules, or syrups or elixirs. Such compositions may
contain excipients such as bulking agents, solubilization
agents, taste masking agents, stabilisers, colouring agents,
preservatives and other agents known to those ordinarily
skilled in the art of pharmaceutical formulation. In addition,
oral forms may include food or food supplements containing
the compounds described herein. In some embodiments
supplements can be tailor-made so that one type of PUFA,
such as omega-3 or omega-6 fatty acids can be added to food
or used as a supplement depending on the dominant fat that
the food or the subject’s diet contains. Moreover, composi-
tions can be tailor-made depending on the disease to be
treated. For example, an LDL related condition may require
more D-linoleic acid because cardiolipin, which is made of
linoleic acid, is oxidized. In other embodiments, such as
retinal disease and neurological/CNS conditions may
require more omega-3 fatty acids such as D-linolenic acid,
because D-omega-3 fatty acids are more relevant for treating
these diseases. In some aspects, when the disease is asso-
ciated with HNE, then D-omega-6 fatty acids should be
prescribed, whereas for HHE, D-omega-3 fatty acids should
be prescribed.

Compositions may also be suitable for delivery by topical
application, as a spray, cream, ointment, lotion, or as a
component or additive to a patch, bandage or wound dress-
ing. In addition the compound can be delivered to the site of
the disease by mechanical means, or targeted to the site of
the disease through the use of systemic targeting technolo-
gies such as liposomes (with or without chemical modifi-
cation that provides them with affinity for the diseased
tissue), antibodies, aptamers, lectins, or chemical ligands
such as albumin, with affinity for aspects of the diseased
tissue that are less abundant or not present on normal tissue.
In some aspects, topical application of cosmetics may
include the use of a carrier which is an isotopically modified
compound or mimetic described herein for delivering
through skin such as by a patch. Eye disorders may be
treated with eyedrops.

A pharmaceutical composition may also be in a form
suitable for administration by injection. Such compositions
may be in the form of a solution, a suspension or an
emulsion. Such compositions may include stabilizing
agents, antimicrobial agents or other materials to improve
the function of the medicament. Some aspects of the inven-
tion also encompass dry, dessicated or freeze-dried forms of
the compounds which can readily be formed or reconstituted
into a solution suspension or emulsion suitable for admin-
istration by injection, or for oral or topical use. Delivery by
injection may be suitable for systemic delivery, and also
local delivery such as injection into the eye for treating
disorders relating to the eye.

EXAMPLES

Experimental: MALDI-TOF mass-spectra were recorded
on a PE-ABI Voyager Elite delayed extraction instrument.
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Spectra were acquired with an accelerating voltage of 25 KV
and 100 ms delay in the positive ion mode. Unless otherwise
specified, the "H NMR spectra were recorded on a Varian
Gemini 200 MHz spectrometer. HPL.C was carried out on a
Waters system. Chemicals were from Sigma-Aldrich
Chemical Company (USA), Avocado research chemicals
(UK), Lancaster Synthesis [td (UK), and Acros Organics
(Fisher Scientific, UK). Silica gel, TLC plates and solvents
were from BDH/Merck. IR spectra were recorded with
Vertex 70 spectrometer. 'H and '*C NMR spectra were
obtained with a Bruker AC 400 instrument at 400 and 100
MHz respectively, in CDCl; (TMS at 8=0.00 or CHCI, at
8=7.26 for 'H and CHCI, at §=77.0 for '*C as an internal
standard).

Example 1. Synthesis of 11,11-D2-linoleic acid

1. Hy/cat.
2. chromatography

B — ]
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1,1-Dideutero-oct-2-yn-1-0l (2) To a solution of ethyl-
magnesium bromide prepared from bromoethane (100 ml),
1,2-dibromoethane (1 ml) and magnesium turnings (31.2 g)
in dry THF (800 ml), heptyn-1 ((1); 170 ml) was added
dropwise over 30-60 min under argon. The reaction mixture
was stirred for 1 h, and then deuteroparaform (30 g) was
carefully added in one portion. The reaction mixture was
gently refluxed for 2 h, chilled to -10° C., and then 5-7 ml
of water was slowly added. The mixture was poured into 0.5
kg slurry of crushed ice and 40 ml concentrated sulphuric
acid and washed with 0.5 L of hexane. The organic phase
was separated, and the remaining aqueous phase was
extracted with 5:1 hexane:ethyl acetate (3x300 ml). The
combined organic fraction was washed with sat. NaCl (1x50
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ml), sat. NaHCO,;, (1x50 ml), and dried over Na,SO,. The
solvent was evaporated in vacuo to yield 119.3 g (99%) of
colourless oil which was used without further purification.
HRMS, m/z calculated for CiH,,D,0: 128.1168; found:
128.1173. 'H NMR (CDCl,, 8): 2.18 (t, J=7.0, 2H), 1.57 (s,
1H), 1.47 (q, I=7.0 Hz, 2H), 1.31 (m, 4H), 0.87 (t, J=7.0 Hz,
3H).

1,1-Dideutero-1-bromo-oct-2-yne (3) To a solution of (2)
(3.48 g; 27.2 mmol) and pyridine (19 ml) in dry diethyl ether
(300 ml), 36 ml of PBr; in 35 ml diethyl ether was added
dropwise with stirring over 30 min at —-15° C. under argon.
The reaction mixture was allowed to gradually warm up to
rt. and then refluxed 3 h with stirring and 1 h without
stirring. The reaction mixture was then cooled down to —-10°
C. and 500 ml of cold water was added. When the residue
dissolved, saturated NaCl (250 ml) and hexane (250 ml)
were added, and the organic layer was separated. The
aqueous fraction was washed with hexane (2x100 ml), and
the combined organic fractions were washed with NaCl
(2x100 ml) and dried over Na,SO, in presence of traces of
hydroquinone and triethylamine. The solvent was removed
by distillation at atmospheric pressure followed by rotary
evaporation. The residue was fractionated by vacuum dis-
tillation (3 mm Hg) to give 147.4 g (82% counting per
deutero-paraform) of pale yellow oil. B.p. 75° C. HRMS,
m/z calculated for CgH, ,D,Br: 190.0324; found: 189.0301,
191.0321. "H NMR (CDCls, 8): 2.23 (t, I=7.0 Hz, 2H, CH,),
1.50 (m, 2H, CH,), 1.33 (m, 4H, CH,), 0.89 (t, J=6.9 Hz, 3H,
CH,).

11,11-Dideutero-octadeca-9,12-diynoic acid methyl ester
(5) Cul (133 g) was quickly added to 400 ml of DMF
(freshly distilled over CaH,), followed by dry Nal (106 g),
K,CO, (143 g). Dec-9-ynoic acid methyl ester ((4); 65 g)
was then added in one portion, followed by bromide (3) (67
g). Additional 250 ml of DMF was used to rinse the reagents
off the flask walls into the bulk of reaction mixture, which
was then stirred for 12 h. 500 ml of saturated aqueous NH,Cl
was then added with stirring, followed in a few minutes by
saturated aqueous NaCl and then by a 5:1 mixture of
hexane:EtOAc (300 ml). The mixture was further stirred for
15 min and then filtered through a fine mesh Schott glass
filter. The residue was washed with hexane:EtOAc mix
several times. The organic fraction was separated, and the
aqueous phase was additionally extracted (3x200 ml). The
combined organic fraction was dried (Na,SO,), traces of
hydroquinone and diphenylamine were added, and the sol-
vent was evaporated in vacuo. The residue was immediately
distilled at 1 mm Hg, to give 79 g (77%) of a 165-175° C.
boiling fraction. HRMS, m/z calculated for C, H,.D,0,:
292.2369; found: 292.2365. 'H NMR (CDCl,, d): 3.67 (s,
3H,0CH,), 2.3 (t, J=7.5 Hz, 2H, CH,), 2.14 (1, I=7.0 Hz,
4H, CH,), 1.63 (m, 2H, CH,), 1.47 (m, 4H, CH,), 1.3 (m,
10H, CH,), 0.88 (t, I=7.0 Hz, 3H, CH,).

11,11-Dideutero-cis,cis-octadeca-9,12-dienoic acid
methyl ester (6) A suspension of nickel acetate tetrahydrate
(31.5 g) in 96% EtOH (400 ml) was heated with stirring to
approx. 50-60° C. until the salt dissolved. The flask was
flushed with hydrogen, and then 130 ml of NaBH, solution,
(prepared by a 15 min stirring of NaBH,, suspension (7.2 g)
in EtOH (170 ml) followed by filtering) was added dropwise
over 20-30 min with stirring. In 15-20 min ethylenediamine
(39 ml) was added in one portion, followed in 5 min by an
addition of (5) (75 g) in EtOH (200 ml). The reaction
mixture was very vigorously stirred under hydrogen (1 atm).
The absorption of hydrogen stopped in about 2 h. To the
reaction mixture, 900 ml of hexane and 55 ml of ice cold
AcOH were added, followed by water (15 ml). Hexane (400
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ml) was added, and the mixture was allowed to separate.
Aqueous fractions were extracted by 5:1 mix of hexane:
EtOAc. The completion of extraction was monitored by
TLC. The combined organic phase was washed with diluted
solution of H,SO,, followed by saturated NaHCO; and
saturated NaCl, and then dried over Na,SO,. The solvent
was removed at reduced pressure. Silica gel (Silica gel 60,
Merck; 162 g) was added to a solution of silver nitrate (43
g) in anhydrous MeCN (360 ml), and the solvent removed
on a rotavap. The obtained impregnated silica gel was dried
for 3 h at 50° C. (aspiration pump) and then 8 h on an oil
pump. 30 g of this silica was used per gram of product. The
reaction mixture was dissolved in a small volume of hexane
and applied to the silver-modified silica gel, and pre-washed
with a 1-3% gradient of EtOAc. When the non-polar con-
taminants were washed off (control by TLC), the product
was eluted with 10% EtOAc and the solvent evaporated in
vacuo to give 52 g of the title ester (6) as a colourless liquid.
HRMS, m/z calculated for C,;H;,D,0,: 296.2682; found:
296.2676. IR(CCl,): ¥=1740 cm™'. 'H NMR (CDCl,, &):
532 (m, 4H), 3.66 (s, 3H, OCH,), 2.29 (t, J=7.5 Hz, 2H,
CH,), 2.02 (m, 4H, CH,), 1.60 (m, 2H, CH,), 1.30 (m, 14H,
CH,), 0.88 (t, J=7.0 Hz, 3H, CH,).

11,11-Dideutero-cis,cis-octadeca-9,12-dienoic acid (7) A
solution of KOH (46 g) in water (115 ml) was added to a
solution of ester (6) (46 g) in MeOH (60 ml). The reaction
mixture was stirred at 40-50° C. for 2 h (control by TL.C) and
then diluted with 200 ml of water. Two thirds of the solvent
were removed (rotavap). Diluted sulphuric acid was added
to the residue to pH 2, followed by diethyl ether with a little
pentane. The organic layer was separated and the aqueous
layer washed with diethyl ether with a little pentane. The
combined organic fractions were washed with saturated
aqueous NaCl and then dried over Na,SO,. The solvent was
evaporated to give 43 g of (7) (99%). IR(CCl,): ¥=1741,
1711 em™.

Example 2. Synthesis of 11,11,14,14-D4-linolenic

acid
1. EtMgBr
\ 2. (CD,0), \ PBr3, Py
_ — CD,0H >
8 9
OMgBr
— CD,

\ BrMg
— CD,Br 11

CD,0H
/ PBr3, Py

\/KCOOMe
/ CD;Br 7

14
Dy
/\ / \\%COOMe
CD,

CuCN (cat.)

1. Hy, cat.

2. chromatography
_—m
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-continued
D D D D 1. NaOH
COOCH; 5 1160,
7 —_—
\ - /
16
D D D D COOH
r;
\ - /

1,1-Dideutero-pent-2-yn-1-ol (9) But-1-yne (8) was slowly
bubbled through a solution of ethylmagnesium bromide
prepared from bromoethane (100 ml) and magnesium turn-
ings (31.3 g) in dry THF (800 ml) on a bath (-5° C.). Every
now and then the bubbling was stopped and the cylinder
with but-1-yne was weighed to measure the rate of con-
sumption. The supply of alkyne was stopped shortly after a
voluminous precipitate formed (the measured mass of
alkyne consumed was 125 g). The reaction mixture was
warmed up to r.t. over 30 min, and then stirred for 15 min.
The mixture was then heated up to 30° C., at which point the
precipitate dissolved, and then stirred at r.t. for another 30
min. Deuteroparaform (28 g) was added in one portion and
the mixture was refluxed for 3 h, forming a clear solution. It
was cooled down to r.t. and poured into a mixture of crushed
ice (800 g) and 50 ml conc. H,SO,. Hexane (400 ml) was
added and the organic layer was separated. The aqueous
phase was saturated with NaCl and extracted with a 4:1
mixture of hexane:EtOAc (1 L). The completion of extrac-
tion process was monitored by TLC. The combined organic
phases were washed with saturated NaCl, NaHCO; and
again NaCl, and dried over Na,SO,. The solvent was
removed by distillation at the atmospheric pressure (max
vapour temperature 105° C.). The residue (70.5 g; 94%) was
used without further purification. HRMS, m/z calculated for
CsHgD,0: 86.0699; found: 86.0751. 'H NMR (CDCl,, d):
2.21 (g, J=7.5 Hz, 2H, CH,), 1.93 (br s, 1H, OH), 1.12 (t,
J=7.5Hz, 3H, CH,). 1*C NMR (CDCl,, 8): 87.7, 77.6, 13.7,
12.3 (signal of CD, is absent).
1,1-Dideutero-1-bromo-pent-2-yne (10) To a solution of
(9) (70.5 g) and pyridine (16.5 ml) in dry diethyl ether (280
ml), 32.3 ml of PBr; in 50 ml diethyl ether was added
dropwise with stirring over 30 min at -10° C. under argon.
The reaction mixture was allowed to gradually warm up to
rt. over 1 h. A small amount of hydroquinone was added,
and the mixture was then refluxed for 4.5 h. The reaction
mixture was then cooled down to —10° C. and 350 ml of cold
water was added. When the residue dissolved, saturated
NaCl (350 ml) and hexane (300 ml) were added, and the
organic layer was separated. The aqueous fraction was
washed with diethyl ether (2x150 ml), and the combined
organic fractions were washed with NaCl (2x50 ml) and
dried over Na,SO, in presence of traces of hydroquinone
and triethylamine. The solvent was removed at atmospheric
pressure, and then the 147-155° C. boiling fraction was
distilled off. Alternatively, upon reaching 100° C., the dis-
tillation at atmospheric pressure was stopped and the prod-
uct distilled off at 77-84° C. (25 mm Hg). Yield: 107 g of
clear liquid. HRMS, m/z calculated for C,H,D,Br:
147.9855; found: 146.9814, 148.9835. IR(CCl,): ¥=2251
cm™!. 'H NMR (CDCl,, 8): 2.23 (g, J=7.5 Hz, 2H, CH,),
1.11 (1, J=7.5 Hz, 3H, CH,). '*C NMR (CDCl,, 3): 89.3,
74.5, 13.4, 12.6 (signal of CD, is absent).
1,1,4,4-Tetradeutero-octa-2,5-diyn-1-ol (12) Ethylmagne-
sium bromide, prepared from ethyl bromide (53 ml) and
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magnesium turnings (15.8 g) in 400 ml of dry THEF, was
added in small portions to 350 ml of dry THF, simultane-
ously with acetylene bubbling through this mixture (at
approx. 25 L/h rate) with vigorous stirring. The Grignard
reagent solution was fed to the mixture at approx. 10 ml per
2-5 min. When all ethylmagnesium bromide was added
(after approx. 2.5 h), acetylene was bubbled through the
system for another 15 min. Deuteroparaform (17.3 g) and
CuCl (0.2 g) were added under argon, and the reaction
mixture was refluxed without stirring for 2.5 h, until deu-
teroparaform dissolved, to yield a solution of (11). Ethyl-
magnesium bromide solution, prepared from 14.8 g magne-
sium and 50 ml ethyl bromide in 250 ml of dry THF, was
added dropwise to the reaction mixture over 20 min. When
the gas emanation ceased, a condenser was attached and 250
ml of solvent were distilled off. The reaction mixture was
then cooled to 30° C., and CuCl (1.4 g) was added followed
by a dropwise addition, over 15 min, of bromide (10) (69 g).
The reaction mixture was then refluxed for 5 h, cooled
slightly (a precipitate will form if cooling is too fast), and
poured into a slurry of crushed ice (1-1.2 kg) and 40 ml
concentrated H,SO,. The mixture was washed with hexane
(600 ml). The organic fraction was separated, and the
aqueous fraction was additionally extracted with 5:1 hexane:
EtOAc (2x400 ml). The combined organic fraction was
washed, with saturated NaCl, followed by saturated
NaHCO; and NaCl. The bulk of the solvent was removed at
atmospheric pressure in presence of traces of hydroquinone
and triethylamine. The residue was flushed through 100 ml
of silica gel (eluent: 7:1 hexane:EtOAc). The bulk of the
solvent was removed at the atmospheric pressure, and the
remainder on a rotavap. 49.5 g (85%) of the title compound
obtained was used without further purification. HRMS, m/z
calculated for CHD,O: 126.0979; found: 126.0899.
IR(CCl,): ¥=3622 cm™". "H NMR (CDCl,, 8): 2.16 (g, J=7.5
Hz, 2H, CH,), 1.85 (br s, 1H, OH), 1.11 (t, J=7.5 Hz, 3H,
CH,). >C NMR (CDCls, §): 82.3, 80.4, 78.3, 72.6, 13.7,
12.2

1,1,4,4-Tetradeutero-1-bromo-octa-2,5-diyne  (13) was
synthesised as described for bromide (3); 2 ml of pyridine,
14 ml PBr; and 250 ml of diethyl ether was used for 54.2 g
of'alcohol (12). The product was purified by distillation at 4
mm Hg. Yield: 53 g (65%) of (13); b.p. 100-110° C. HRMS,
m/z calculated for C;H;D,Br: 188.0135; found: 187.0136,
189.0143. TR(CCL,): ¥=2255 cm™. 'H NMR (CDCl,, 8):
2.13 (q, I=7.5 Hz, 2H, CH,); 1.07 (t, I=7.5 Hz, 3H, CH,).
13C NMR (CDCl,, 8): 82.5, 81.8, 75.0, 72.0, 13.6, 12.2.

11,11,14,14-Tetradeutero-octadeca-8,12,15-triynoic acid
methyl ester (15) was synthesised in a way similar to that
described for 11,11-dideutero-octadeca-9,12-diynoic acid
methyl ester (5). Cul (97 g) was quickly added to 400 ml of
DMF (freshly distilled over CaH,), followed by dry Nal
(77.5 g), K,CO; (104.5 g). Dec-9-ynoic acid methyl ester
((14); 47.5 g) was then added in one portion, followed by
bromide (13) (48.5 g). Additional 250 ml of DMF was used
to rinse the reagents off the flask walls into the bulk of
reaction mixture, which was then stirred for 12 h. 500 ml of
saturated aqueous NH,Cl was then added with stirring,
followed in a few minutes by saturated aqueous NaCl (300
ml) followed by a 5:1 mixture of hexane:EtOAc (300 ml).
The mixture was further stirred for 15 min and then filtered
through a fine mesh Schott glass filter. The residue was
washed with hexane:EtOAc mix several times. The organic
fraction was separated, and the aqueous phase was addition-
ally extracted (3x200 ml). The combined organic fraction
was dried (Na,SO,), traces of hydroquinone and diphe-
nylamine were added, and the solvent was evaporated in
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vacuo. The residue was immediately distilled at 1 mm Hg,
to give 45.8 g (62%) of a 173-180° C. boiling fraction. An
additional crystallisation was carried out as follows. The
ester (15) was dissolved in hexane (500 ml) and cooled
down to -50° C. The crystals formed were washed in cold
hexane. The yield of this step is 80%. HRMS, m/z calculated
for C,oH,,D,0,: 290.2180; found: 290.2200. 'H NMR
(CDCl,, 9): 3.66 (s, 3H, OCH,), 2.29 (1, JI=7.5 Hz, 2H, CH,),
2.15 (m, 4H, CH,), 1.61 (m, 2H, CH,), 1.47 (m, 2H, CH,),
1.30 (m, 6H, CH,), 1.11 (t, ]=7.5 Hz, 3H, CH,). "*C NMR
(CDCl,, 8): 174.1, 82.0, 80.6, 74.7, 74.6, 73.7, 73.0, 51.3,
33.9, 28.9, 28.6, 28.52, 28.49, 24.8, 18.5, 13.7, 12.2.

11,11,14,14-Tetradeutero-cis,cis,cis-octadeca-8,12,15-
trienoic acid methyl ester (16) was synthesised in a way
similar to that described for 11,11-Dideutero-cis,cis-octa-
deca-9,12-dienoic acid methyl ester (‘6’). A suspension of
nickel acetate tetrahydrate (42 g) in 96% EtOH (400 ml) was
heated with stirring to approx. 50-60° C. until the salt
dissolved. The flask was flushed with hydrogen, and then
130 ml of NaBH,, solution, (prepared by a 15 min stirring of
NaBH, suspension (7.2 g) in EtOH (170 ml) followed by
filtering) was added dropwise over 20-30 min with stirring.
In 15-20 min ethylenediamine (52 ml) was added in one
portion, followed in 5 min by an addition of (15) (73 g) in
EtOH (200 ml). The reaction mixture was very vigorously
stirred under hydrogen (1 atm). The absorption of hydrogen
stopped in about 2 h. To the reaction mixture, 900 ml of
hexane and 55 ml of ice cold AcOH were added, followed
by water (15 ml). Hexane (400 ml) was added, and the
mixture was allowed to separate. Aqueous fractions were
extracted by 5:1 mix of hexane:EtOAc. The completion of
extraction was monitored by TLC. The combined organic
phase was washed with diluted solution of H,SO,, followed
by saturated NaHCO; and saturated NaCl, and then dried
over Na,SO,. The solvent was removed at reduced pressure.
Silica gel for purification was prepared as described for (6).
30 g of this silica was used per gram of product. The reaction
mixture was dissolved in a small volume of hexane and
applied to the silver-modified silica gel, and pre-washed
with a 1-5% gradient of EtOAc. When the non-polar con-
taminants were washed off (control by TLC), the product
was eluted with 10% EtOAc and the solvent evaporated in
vacuo to give 42 g of the title ester (16) as a colourless
liquid. HRMS, m/z calculated for C,H,:D,0,: 296.2649;
found: 296.2652. IR(CCl,): ¥=1740 cm~'. '"H NMR (CDCl,,
d): 5.4 (m, 6H, CH-double bond), 3.68 (s, 3H, OCHj;), 2.33
(t, J=7.5 Hz, 2H, CH,), 2.09 (m, 4H, CH,), 1.62 (m, 2H,
CH,), 1.33 (m, 8H, CH,), 0.97 (t, J=7.5 Hz, 3H, CH,). °C
NMR (CDCl, 9): 174.1, 131.9, 130.2, 128.2, 128.1, 127.7,
126.9, 51.3, 34.0, 29.5, 29.04, 29.02, 27.1, 25.5, 24.9, 20.5,
14.2.

11,11,14,14-Tetradeutero-cis,cis,cis-octadeca-8,12,15-
trienoic acid (17) A solution of KOH (1.5 g, 27 mmol) in
water (2.6 ml was added to a solution of ester (16) (1.00 g,
3.4 mmol) in MeOH (15 ml). The reaction mixture was
stirred at 40-50° C. for 2 h (control by TLC) and then diluted
with 20 ml of water. Two thirds of the solvent were removed
(rotavap). Diluted sulfuric acid was added to the residue to
pH 2, followed by diethyl ether with a little pentane (50 ml).
The organic layer was separated and the aqueous layer
washed with diethyl ether with a little pentane (3x30 ml).
The combined organic fractions were washed with saturated
aqueous NaCl and then dried over Na,SO,. The solvent was
evaporated to give 0.95 g of (17) (100%). IR(CCl,): ¥=1741,
1711 em™.
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4.4-Dideutero-octa-2,5-diyn-1-0l (19) To a solution of eth-
ylmagnesium bromide, prepared from ethyl bromide (9.2
ml, 123.4 mmol) and magnesium turnings (2.74 g, 112.8
mmol) in 40 ml of dry THF, on an ice bath with stirring,
propargyl alcohol (3.16 g, 56.4 mmol) in THF (5 ml) was
added dropwise over 10-15 min. The reaction mixture was
allowed to warm up to r.t. and stirred for another 2 h, with
occasional warming to 40° C. To thus generated dianion,
0.13 g of CuCl was added, followed by slow (over 15 min)
addition of bromide (10) (6.9 g) in THF (20 ml). The
reaction mixture was then stirred for 1 h at r.t. and then
refluxed for 5 h. The reaction mixture was then refluxed for
5 h, cooled slightly (a precipitate will form if cooling is too
fast), and poured into a slurry of crushed ice and 2.5 ml
concentrated H,SO,,. The mixture was washed with hexane
(600 ml). The organic fraction was separated, and the
aqueous fraction was additionally extracted with 5:1 hexane:
EtOAc. The combined organic fraction was washed, with
saturated NaCl, followed by saturated NaHCO; and NaCl,
and dried over Na,SO,. The bulk of the solvent was
removed at atmospheric pressure in presence of traces of
hydroquinone and triethylamine. The product was purified
by CC (hexane:EtOAc=15:1) to give 3.45 g (59%) of the
product 19. HRMS, m/z calculated for CgH D, O: 124.0855;
found: 124.0849. IR(CCl,): ¥=3622 cm~'. '"H NMR (CDCl,,
d): 4.21 (m, 2H, CH,), 2.4 (m, 1H, OH), 2.16 (q, J=7.5 Hz,
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2H, CH,), 1.11 (1, I=7.5 Hz, 3H, CH,). *C NMR (CDCl,,
5): 82.3, 80.4, 783, 72.6, 51.0, 13.7, 12.2.

4.4-Dideutero-1-bromo-octa-2,5-diyne (20) was synthe-
sised as described for (3), except all solvent was removed on
a rotavap. From 3.4 g (27 mmol) of (19), 3.9 g (75%) of the
bromide (20) was obtained, which was used without further
purification. HRMS, nvz calculated for C.H,D,Br:
186.0011; found: 185.0019, 187.0012. IR(CCL,): ¥=2255
em™'. '"H NMR (CDCl,, 8): 3.88 (br s, 2H, CH,), 2.13 (q,
J=7.5Hz, 2H, CH,), 1.07 (t, J=7.5 Hz, 3H, CH,). 1*C NMR
(CDCl,, 9): 82.5, 81.8, 75.0, 72.0, 14.8, 13.6, 12.2.

14,14-Dideutero-octadeca-8,12,15-triynoic acid methyl
ester (21) was synthesised as described for (5). The product
obtained from 9.7 g Cul, 7.8 g Nal, 10.5 g K,CO;, 485 g
of bromide (20), 4.75 g of methyl ester (14) and 40 ml of
anhydrous DMF, was purified by CC (25:1 hexane:EtOAc)
to give 4.5 g (60%) of the title compound. HRMS, m/z
calculated for C,H,,D,0,: 288.2056; found: 288.2046. 'H
NMR (CDCls, d): 3.66 (s, 3H, OCH,), 3.12 (m, 2H, CH,),
2.29 (t,I=7.5 Hz, 2H, CH,), 2.15 (m, 4H, CH,), 1.61 (m, 2H,
CH,), 1.47 (m, 2H, CH,), 1.30 (m, 6H, CH,), 1.11 (t, J=7.5
Hz, 3H, CH,). 1*C NMR (CDCl,, 8): 174.1, 82.0, 80.6, 74.7,
74.6, 73.7, 73.0, 51.3, 33.9, 28.9, 28.6, 28.52, 28.49, 24.8,
18.5, 13.7, 12.2, 9.7.

14,14-Dideutero-cis,cis,cis-octadeca-8,12,15-trienoic
acid methyl ester (22) was synthesised as described for the
linoleic acid derivative (6). For a reduction of 4.5 g of (21),
2.6 g of nickel acetate tetrahydrate and 3.2 ml ethylenedi-
amine was used. The product was purified on AgNO;-
impregnated silica gel as described for (6). HRMS, m/z
calculated for C,,H;,D,0,: 294.2526; found: 294.2529.
IR(CCL,): ¥=1740 cm™". "H NMR (CDCl,, 8): 5.37 (m, 6H,
CH-double bond), 3.68 (s, 3H, OCH,), 2.82 (m, 2H, CH,),
2.33 (t,I=7.5 Hz, 2H, CH,), 2.09 (m, 4H, CH,), 1.62 (m, 2H,
CH,), 1.33 (m, 8H, CH,), 0.97 (t, J=7.5 Hz, 3H, CH,). °C
NMR (CDCl,, §): 174.1, 131.9, 130.2, 128.2, 128.1, 127.7,
126.9, 51.3,34.0, 29.5, 29.1, 29.04, 29.02, 27.1, 25.5, 24.9,
20.5, 14.2.
14,14-Dideutero-cis,cis,cis-octadeca-8,12,15-trienoic

acid (23) To a solution of (22) (1 g, 3.4 mmol) in MeOH (15
ml), a solution of KOH (1.5 g, 27 mmol) in water (2.6 ml)
was added in one portion. The reaction mixture was then
processed as described for (7) to yield 0.94 g (99%) of the
title acid. IR(CCl,): ¥=1741, 1711 cm™".

Example 4. Synthesis of 11,11-D2-linolenic acid

1. EtMgBr
\ 2. (CH0), \ PBr3, Py
= — CHL,OH ————™
8 24
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Pent-2-yn-1-0l (24) Butyn-1 ((8); 10.4 g) was bubbled
through an ice-cold solution prepared from bromoethane
(11.2 ml) and magnesium turnings (3.6 g) in THF (100 ml).
The reaction mixture was allowed to warm up to r.t. and then
stirred for 15 min. The mixture was then heated up to 30° C.,
at which point all precipitate dissolved. The heating was
removed and the mixture stirred for another 30 min, and then
paraform (3 g) was added in one portion. The reaction
mixture was refluxed for 3 h (all paraform dissolved), then
cooled to r.t., poured into a mixture of crushed ice (80 g) and
8 ml conc. H,SO,, and extracted with diethyl ether. The
organic phase was washed with saturated NaHCO, and
NaCl, and dried over Na,SO,. The solvent was removed on
a rotavap, and the residue (7.56 g; 90%) was used without
further purification. HRMS, m/z calculated for C;HgO:
84.0575; found: 84.0583.

1-Bromo-pent-2-yne (25) To a solution of (24) (11.7 g)
and pyridine (2.66 ml) in dry diethyl ether (34 ml), 5.2 ml
of PBr; in 5 ml diethyl ether was added dropwise with
stirring over 30 min at —=10° C. under argon. The reaction
mixture was allowed to gradually warm up to r.t. over 1 h.
A catalytic amount of hydroquinone was added, and the
mixture was then refluxed for 4.5 h. The reaction mixture
was then cooled down to —10° C. and 35 ml of cold water
was added. When the residue dissolved, saturated NaCl (35
ml) and diethyl ether (30 ml) were added, and the organic
layer was separated. The aqueous fraction was washed with
diethyl ether (2x15 ml), and the combined organic fractions
were washed with NaCl (2x400 ml) and dried over MgSO,.
The solvent was removed at atmospheric pressure, and then
under reduced pressure (25 mm Hg), the 60-90° C. fraction
was collected. Yield: 11.1 g (84%). HRMS, m/z calculated
for CsH,Br: 145.9731; found: 144.9750, 146.9757.

1,1-Dideutero-octa-2,5-diyn-1-0l (26) was synthesised as
described for (12) with 87% yield. HRMS, m/z calculated
for CgHgD,O: 124.0855; found: 124.0868.IR (CCl,):
¥=3622 cm™'. 'H NMR (CDCl,, 8): 2.65 (m, 2H, CH,), 2.4
(m, 1H, OH), 2.1 (g, 2H, CH,), 1.09 (t, 3H, CH,).

1,1-Dideutero-1-bromo-octa-2,5-diyne (27) was synthe-
sised as described for (3), except all solvent was removed on
a rotavap. The product was purified by distillation at reduced
pressure. Yield: 86% (b.p. 100-105° C. at 4 mm Hg).
(HRMS, m/z calculated for CgH,D,Br: 186.0011; found:
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184.9948, 187.9999. IR(CCl,): ¥=2255 cm™'. 'H NMR
(CDCly, 9): 2.66 (m, 2H, CH,), 2.1 (g, 2H, CH,), 1.09 (t, 3H,
CH,).

11,11-Dideutero-octadeca-8,12,15-triynoic acid methyl
ester (28) was synthesised as described for (5). The product
obtained from 7.1 g Cul, 5.66 g Nal, 7.65 g K,CO,,3.55 ¢
of bromide (27), 3.47 g of methyl ester (14) and 30 ml of
anhydrous DMF, was purified by CC (25:1 hexane:EtOAc)
to give 3.7 g of the title compound. HRMS, m/z calculated
for C,oH,,D,0,: 288.2056; found: 288.2069. 'H NMR
(CDCl,, d): 3.7 (s, 3H, OCH,), 3.15 (br. s, 2H, CH,), 2.35
(m, 2H, CH,), 2.17 (m, 4H, CH,), 1.61 (m, 2H, CH,), 1.48
(m, 2H, CH,), 1.35 (m, 6H, CH,), 1.11 (t, 3H, CH,).

11,11-Dideutero-cis,cis,cis-octadeca-8,12,15-trienoic
acid methyl ester (29) was synthesised as described for the
linoleic acid derivative (6). For a reduction of 3.7 g of (28),
2.16 g of nickel acetate tetrahydrate and 2.62 ml ethylene-
diamine was used. The product was purified on AgNO;-
impregnated silica gel as described for (6) to give 1.5 g.
HRMS, nmv/z calculated for C, H;,D,0,: 294.2526; found:
294.2402. IR(CCL,): ¥=1740 cm™'. '"H NMR (CDCl,, d):
5.37 (m, 6H, CH-double bond), 3.6 (s, 3H, OCH,;), 2.82 (m,
2H, CH,), 2.33 (t, 0=7.5 Hz, 2H, CH,), 2.09 (m 4H, CH,),
1.62 (m, 2H, CH,), 1.33 (m, 8H, CH,), 0.97 (t, J=7.5 Hz, 3H,
CH,). *C NMR (CDCl,, 8): 174.1, 131.9, 130.2, 128.2,
128.1, 127.7, 126.9, 51.3, 34.0, 29.5, 29.1, 29.04, 29.02,
27.1, 25.5, 24.9, 20.5, 14.2.

11,11-Dideutero-cis,cis,cis-octadeca-8,12,15-trienoic
acid (30) To a solution of (29) (1.5 g, 5.1 mmol) in MeOH
(7.5 ml), a solution of KOH (1.5 g, 27 mmol) in water (3 ml)
was added in one portion. The reaction mixture was then
processed as described for (17) to yield 0.9 g of the title acid.
IR(CCL,): ¥=1741,1711 cm™". "H NMR (CDCl,, 8): 11.2 (br
s, 1H, COOH), 5.37 (m, 6H, CH-double bond), 2.83 (m, 2H,
CH,), 2.35 (t, J=7.5 Hz, 2H, CH,), 2.06 (m 4H, CH,), 1.63
(m, 2H, CH,), 1.32 (m, 8H, CH,), 0.97 (t, J=7.5 Hz, 3H,
CH,). *C NMR (CDCl,, 8): 180.4, 131.9, 130.2, 128.3,
128.1, 127.6, 127.1, 34.1, 29.5, 29.1, 29.03, 28.98, 27.2,
25.5, 24.6, 20.5, 14.2.

Example 5. 'H- and '*C-NMR analysis of
deuterated PUFAs Described in Examples 1-4 (FIG.
2)

Characteristic areas of 'H and '*C spectra, all values in
ppm. (Panel A) Deuteration of Lin acid at pos. 11 is
confirmed by the disappearance of peaks in 'H and '*C
NMR spectra. Disappearance of the peak at O, 2.764 is
expected due to absence of H atoms NMR). Disappearance
of the peak at . 25.5 in is due to combination of Nuclear
Overhauser Effect, and splitting of this particular carbon
atom into a quintet by two D atoms in the deuterated form
of Lin acid. (Panel B) The *H NMR spectrum shows that the
H atoms at Cl1 and C14 positions of site-specifically
deuterated al.nn coincide (d, 2.801) thus deuteration at
either site (11,11-H,, 14,14-D, or 11,11-D,, 14,14-H,) leads
to a 50% decrease in integration of this peak, while deu-
teration of both sites (11,11,14,14-D,,) leads to the complete
disappearance of the peak at 8,, 2.801. However, 1>*C NMR
experiments can clearly distinguish between the three deu-
terated forms, as the observed peaks for C11 and Cl14
positions are separated by a small but detectable difference.
Thus, the deuteration at either C11 or C14 positions leads to
disappearance of the peak at 8. 25.68 or d. 25.60, respec-
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tively, while the deuteration at both sites leads to disappear-
ance of the two corresponding peaks.

Example 6. Isotope Reinforcement can Shut Down
PUFA Peroxidation

Q-less yeast (coq mutants) provide an ideal system to
assess in vivo autoxidation of fatty acids. Coenzyme Q
(ubiquinone or Q) serves as a small lipophilic antioxidant as
well as an electron shuttle in the respiratory chain of the
mitochondrial inner membrane. Ten S. cerevisiae genes
(COQ1-COQ10) are required for coenzyme Q biosynthesis
and function, and the deletion of any results in respiratory
deficiency (Tran U C, Clarke C F. Mitochondrion 2007; 7S,
S62). It was shown that the coq yeast mutants are exquisitely
sensitive to autoxidation products of PUFAs (Do T Q et al,
PNAS USA 1996; 93:7534-7539; Poon W W, Do T Q,
Marbois B N, Clarke C F. Mol. Aspects. Med. 1997; 18,
s121). Although S. cerevisiae do not produce PUFAs (Pal-
tauf F, Daum G. Meth. Enzymol. 1992; 209:514-522), they
are able to utilize PUFAs when provided exogenously,
allowing their content to be manipulated (Paltauf F, Daum
G. Meth. Enzymol. 1992; 209:514-522). Less than 1% of
Q-less (coq2, coq3, and coqS) yeast mutants is viable
following a four hour treatment with linolenic acid (Do T Q
et al, PNAS USA 1996; 93:7534-7539; Poon W W, Do T Q,
Marbois B N, Clarke C F. Mol. Aspects. Med. 1997;
18,5121). In contrast, 70% of wild-type (the parental genetic
background is strain W303-1B) cells subjected to this treat-
ment remain viable. The Q-less yeast are also hypersensitive
to other PUFAS that readily autoxidize (such as arachidonic
acid), but behave the same as the wild-type parental strain to
treatment with the monounsaturated oleic acid (Do T Q et al,
PNAS USA 1996; 93:7534-7539). The hypersensitivity of
the Q-less yeast mutants is not a secondary effect of the
inability to respire, because corl or atp2 mutant yeast
(lacking either the bel complex or the ATP synthase, respec-
tively) show wild-type resistance to PUFA treatment (Do T
Q et al, PNAS USA 1996; 93:7534-7539; Poon W W, Do T
Q, Marbois B N, Clarke C F. Mol. Aspects. Med. 1997; 18,
s121).

A plate dilution assay can be used to assess PUFA
sensitivity. This assay can be performed by spotting serial
five-fold dilutions of aliquots onto YPD plate media (FIG.
3). The sensitivity of the different strains can be observed by
visual inspection of the density of cells in each spot.

Treatment with linolenic acid causes dramatic loss of
viability of the coq null mutants. In stark contrast, coq
mutants treated with the D4-linolenic acid were not killed,
and retained viabilities similar to yeast treated with oleic
acid. Quantitative colony counting revealed that the viability
of cells treated with oleic and D4-linolenic was similar (FIG.
4), while the viability of the coq mutants was reduced more
than 100-fold following treatment with the standard lino-
lenic acid for 4 h. These results indicate that isotope-
reinforced linolenic acid is much more resistant to autoxi-
dation than is the standard linolenic acid, as evidenced by
the resistance of the hypersensitive coq mutants to cell
killing.

GC-MS can detect fatty acids and PUFAs in yeast cells.
Yeast do not synthesize PUFAs, however they do incorpo-
rate exogenously supplied linoleic and linolenic acids (Av-
ery SV, et al. Applied Environ. Microbiol. 1996; 62, 3960;
Howlett N G, et al. Applied Environ. Microbiol. 1997; 63,
2971).

Therefore, it seems likely that yeast would also incorpo-
rate exogenously supplied D4-linolenic acid. However, it is
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possible that the differential sensitivity to linolenic and
D4-linolenic might be attributed to differences in integration
into the cell rather than autoxidation. To test whether this is
the case, the extent of uptake of this fatty acid was moni-
tored. First the conditions of separation of fatty acid methyl
esters (FAME) of C18:1, C18:3, D4-18:3 and C17:0 (to be
used as an internal standard) were determined. The GC-MS
chromatogram shown in FIG. 5 establishes both separation
and sensitivity of detection of these fatty acid methyl ester
standards.

Wild-type yeast were harvested during log phase growth
and incubated in the presence of exogenously added fatty
acid (for O or 4 h) in the presence of phosphate buffer plus
0.20% dextrose, as described for the fatty acid sensitivity
assay. Cells were harvested, washed twice with 10 ml sterile
water, and the yeast cell pellets were then processed by
alkaline methanolysis as described above. The fatty acids are
detected as methylesters (FAMEs) following GC-MS with
C17:0 added as an internal standard (FIG. 6). The amounts
of 18:3 and D4 detected after 4 h incubation were extrapo-
lated from the calibration curve. These results indicate yeast
avidly incorporate both linolenic and D4-linolenic acid
during the 4 h incubation period. Based on these results, it
is obvious that the enhanced resistance of the coq mutant
yeast to treatment with D4-C18:3 is not due to lack of
uptake.

D2-linolenic, 11,11-D2-linolenic acid and 14,14-D2-lino-
lenic acid, were also used on this yeast model and rendered
comparable protection.

Example 7. D-PUFA Mitigates Oxidative Stress and
Increases Survival in Retinal Cells Implicated in
AMD and Diabetic Retinopathy Pathology

Several cell types, including microvascular endothelium
(MVEC), retinal pigment epithelium (RPE) and retinal
neurons (retinal ganglion cells) were tested for survival in
cell culture. Cells were kept in the medium containing either
hydrogenated (control) or deuterated D2-linoleic (w-6; LA)
and D4-linolenic (w-3; ALA) acids (20 uM; ratio of w-6 to
w-3: 1:1 or 2:1) for 72 hrs. The incorporation of PUFAs into
cells was monitored by GC. PUFAs were shown to be
readily taken up by cells according to the Table 1, showing
incorporation of PUFAs into MVECs.

TABLE 1

Area unlabelled Area labelled ratio

control linoleate 78392976 4556042  0.058
linolenate 1488866 149411  0.100

PUFA linoleate 96026830 5525295 0.058
linolenate 2347729 113468  0.048

Deuterated PUFA linoleate 34957060 2599969  0.074
linolenate 747128 134824  0.180

The cells were then treated with paraquat (PQ; 500 uM),
a common oxidative stress-generating compound. For sur-
vival measurement, cells were counted using haemocytom-
eter and trypan blue exclusion method. FIG. 8 shows the
survival of H— and D-PUFA treated MVEC cells after acute
intoxication by paraquat. For all cell types tested, D-PUFA
had protective effect compared to controls, similar to that
shown on FIG. 8 for MVEC cells.

Example 8. Isotope Ratio Mass-Spectrometry
Confirms Rapid Incorporation of D-PUFA into
Phospholipid Membranes of Brain Tissues

When delivering D2-LLA and D4-ALA through dietary
supplementation, incorporation into animal tissues cannot be
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monitored by chromatography based analytical techniques
because said PUFAs can be further extended/desaturated in
mammals, thus changing their chemical identity. We used an
isotope ratio mass-spectrometry technique which allows for
measurement of the total increase in deuterium composition
in lipid membranes, thus reporting on incorporation of
D2-LA, D4-ALA, and any other PUFA derived from these
two. Using this method, a substantial uptake of D-PUFA into
mouse brain tissue was detected. Mice were supplemented
with D-PUFA or H-PUFA as the only PUFA source for 6
days, exposed acutely to 40 mg/kg MPTP ((1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine) or saline vehicle and
continued on the same diet for an additional 6 days. MPTP
is a well-recognized model in mice of Parkinson’s disease.
Brains were removed and dissected, and homogenate
samples from saline-treated mice were analyzed for deute-
rium content. The MS was calibrated with different concen-
trations of D2-1LA and D4-ALA and compared with H-PUFA
baselines (Table 2). Table 2 shows the isotope ratio mass
spectrometry measurement of D-PUFA incorporation into
phospholipid membranes of brain tissues.

The data are expressed as a ratio: the delta of the deute-
rium peak area in measured samples against the levels in
Vienna standard mean ocean water (V-SMOW), an MS
standard for deuterium levels, ratio of the areas of the
hydrogen peaks (d D/H), in per mil (%). D-PUFA-fed mice
had deuterium levels consistent with literature references of
3-8% incorporation per day. A higher-order PUFA concen-
tration peaks in brain within 8 hours after administration of
a single dose of LA and ALA, and that LA and ALA are
desaturated and elongated as needed enzymatically in the
absence of higher PUFAs.
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TABLE 2

Incorporation of D-PUFA into brain tissue.

Group d D/H
Vienna Std Mean Ocean Water 1.0 £ 0.0
H-PUFA (LA) sample -198.8 + 2.17
D-PUFA sample 1 1703.5 + 36.1
D-PUFA sample 2 1838.2 + 10.8
D-PUFA sample 3 1973.7 + 6.13

Each of the three samples above contain a mixture of 1:1
ratio of D2-linolenic acid:D4-linolenic acid.

Example 9. Toxicology Studies of Mice
Supplemented with D-PUFA Reveal No Anomalies
in Major Blood Biomarkers

With a more protracted dosing paradigm (i.e. 3 weeks of
dietary replacement), chemical analysis of blood serum of
H-PUFA- and D-PUFA-supplemented mice (performed at
UC Davis) revealed no difference in major biomarkers of
renal function, liver function, blood lipids, etc for H-PUFA/
D-PUFA saline treated mice. In this example, D-PUFA is a
2:1 mixture of D2-linoleic acid: D4-linolenic acid.

Tested parameters included measurements of triglycer-
ides; total protein; total bilirubin; phosphorus; free fatty
acids; HDL; glucose; creatine; cholesterol; calcium; blood
urea nitrogen; alkaline phosphatase; albumin; aspartate ami-
notransferase; and others in Table 3.

TABLE 3
Alanine Aspartate Alkaline Blood Urea
Mouse  Sample Aminotransferase Aminotransferase Albumin Phosphatase  Nitrogen  Calcium Cholesterol Creatinine
ID # volume U/L U/L g/dl U/L mg/dl mg/dl mg/dl mg/dl
4 100 273.0 3008.7 3.09 81.7 19.1 7.96 148.3 0.189
5 110 5726.7 8478.9 3.42 31.1 254 7.40 185.1 0.356
7 100 156.0 1470.6 2.82 351 18.9 7.64 151.2 0.154
10 60 5184 4653.0 3.02 QNS 20.1 6.78 184.0 0.151
11 70 144.0 1635.3 3.63 72.7 203 8.75 170.8 0.179
13 14 3518.1 15669.0 QNS <0.1 315 QNS 166.5 1.126
14 75 216.9 2107.8 3.03 42.4 244 7.46 173.6 0.170
25 75 589.5 4707.0 3.20 18.8 18.0 5.97 193.4 0.126
27 100 727.2 6015.6 2.63 <0.1 36.2 571 166.7 1.453
28 100 468.9 4018.5 2.93 49.3 21.2 6.90 164.4 0.232
29 29 1898.1 12510.0 QNS QNS 24.9 QNS 208.8 0.111
30 100 2963.7 5371.2 3.38 50.3 18.2 6.29 174.7 0.225
Mean 76 1508 5289 3.17 52.6 22.8 7.67 168.5 0.332
D-PUFA
SD 33 2225 5189 0.30 23.0 4.6 0.66 14.5 0.357
D-PUFA
Mean 81 1329 6524 3.04 395 23.7 6.22 181.6 0.429
H-PUFA
SD 31 1078 3428 0.33 17.9 8 0.51 19.0 0.575
D-PUFA
High Density Non-esterified Total Total
Mouse  Glucose Lipoprotein Fatty Acid Phosphorus  Bilirubin  Protein  Triglyceride
D # mg/dl mg/dl mEg/L mg/dl mg/dl g/dl mg/dl
4 160.2 104.49 1.08 13.07 0.185 5.32 38.9
5 355.6 134.37 1.07 18.59 0.275 6.56 57.9
7 174.6 107.39 1.11 10.14 0.192 5.26 82.7
10 136.5 138.15 1.06 QNS 0.272 6.07 46.1
11 107.9 139.86 1.18 9.33 0.162 5.72 335
13 176.4 135.09 0.99 QNS QNS QNS 315
14 933 47.78 1.06 10.41 0.235 6.07 43.8
25 164.5 147.96 1.01 18.39 0.269 6.74 41.0
27 88.3 98.46 0.87 24.57 0.301 6.26 26.9
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TABLE 3-continued
28 2249 50.54 1.02 14.16 0.231 5.87 49.6
29 QNS 77.58 0.20 QNS QNS QNS 27.9
30 2274 131.04 1.17 21.42 0.349 6.28 46.7
Mean 172.1 115.30 1.08 12.31 0.220 5.83 47.8
D-PUFA
SD 87.0 33.21 0.06 3.78 0.048 0.50 17.7
D-PUFA
Mean 176.3 101.12 0.85 19.64 0.288 6.29 38
H-PUFA
SD 65.5 39.40 0.38 4.44 0.050 0.36 1
D-PUFA

Example 10. Supplementation with D-PUFA
Increases the Level of HDL, and Decreases the
Level of LDL

Mice supplemented with D-PUFA as the only source of
dietary PUFA for 3 weeks have slightly elevated levels of
HDL (115 mg/dl; Example 9) as compared to the control
cohort dosed with H-PUFA (101 mg/dl). The D-PUFA
cohort also has lower levels of cholesterol (158 mg/dl)
comparesd to H-PUFA control group (181 mg/dl). The LDL
level, i.e., the difference between cholesterol level and HDL,
for the H-PUFA cohort is 80 mg/dl, or almost twice as high
as compared to 43 mg/dl in the D-PUFA cohort. (D-PUFA
is a 1:1 mixture of D2-linoleic acid: D4-linolenic acid.)

Example 11. Mouse MPTP Model of Parkinson’s
Disease: D-PUFA Supplementation Protects Against
Dopamine Loss

Isotopic reinforcement of PUFA at bis-allylic positions
prevents oxidative stress-related injury and is thus neuro-
protective. Mice were fed with either D-PUFA or H-PUFA
(fat-free diet (MPBio) was supplemented with 10% fat
(saturated and monounsaturated (oleic acid), of which 10%
(i.e. 1% of the total fat) was a mixture of LA:ALA (1:1), or
D2-LA:D4-ALA (1:1)) for six days, and then challenged
with MPTP or saline. Neurochemical analyses revealed
striking neuroprotection of striatal dopamine with values
from D-PUFA-fed mice nearly 3-fold higher: 77.8+13.1
(D-PUFA; n=4) vs. 28.3+6.3 (H-PUFA; n=3) ng/mg protein.
(D-PUFA is a 1:1 mixture of D2-linolenic acid: D4-linolenic
acid. A significant improvement in the level of the DA
metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) was
also noted in the D-PUFA group, as well as striatal immu-
noreactivity for tyrosine hydroxylase (TH) by Western blot
analysis. Importantly, in saline-treated mice, a trend in
increased striatal DA level (11%) was noted in the D-PUFA-
vs. H-PUFA-fed cohorts (p=0.053; FIG. 9).

Example 12. Attenuation of Alpha-Cynuclein
Aggregation by D-PUFA Supplementation

Increased a-syn expression is capable of triggering a
parkinsonian syndrome in humans and PD-like pathology in
animal models. Multiplication mutations of SNCA, the
a-syn gene, that result in enhanced expression of the wild-
type protein are causally associated with autosomal domi-
nant parkinsonism. Increased protein levels promote self-
assembly of a-syn, with formed proteinase-K resistant
aggregate congeners and nitrated/phosphorylated forms
mediating pathogenic effects. Administration of D- vs.
H-PUFA as described in the previous examples reduces the
accumulation of toxic a-syn in nigral cell bodies from
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MPTP-exposed mice, treated with D- vs. H-PUFA (FIG. 10).
D-PUFA is a 1:1 mixture of D2-linolenic acid: D4-linolenic
acid.

What is claimed is:

1. A method of treating a medical condition, comprising:

selecting a subject that has ataxia or a neurodegenerative

disease; and

administering an effective amount of an isotopically

modified polyunsaturated fatty acid or ester thereof to
the subject;

wherein the amount of isotope in the isotopically modified

polyunsaturated fatty acid or ester thereof is above the
naturally-occurring abundance level, wherein the
amount of isotopically modified polyunsaturated fatty
acid or ester thereof ingested by or administered to the
subject is at least about 5% of the total amount of
polyunsaturated fatty acid or ester thereof ingested by
or administered to the subject, and wherein the isoto-
pically modified polyunsaturated fatty acid or ester
thereof is selected from the group consisting of 11,
11-D2-linoleic acid; 11-D-linoleic acid; 11, 11, 14, 14,
D4-linolenic acid; 11,14, D2-linolenic acid; 11, 11,
D2-linolenic acid; 11-D-linolenic acid; 14-D-linolenic
acid; 14, 14, D2-linolenic acid, and ester thereof.

2. The method of claim 1,

wherein the effective amount of the isotopically modified

polyunsaturated fatty acid or ester is suitable for human
consumption, and

wherein the isotopically modified polyunsaturated fatty

acid or ester thereof is capable of retaining its chemical
identity when incorporated in a bodily constituent of
the subject following ingestion or uptake by the sub-
ject, or is capable of conversion into higher homolog of
the polyunsaturated fatty acid in the subject.

3. The method of claim 1, wherein the subject has a
neurodegenerative disease.

4. The method of claim 1, wherein the isotopically modi-
fied polyunsaturated fatty acid or ester thereof has an
isotopic purity at a modified position of from about 10% to
100%.

5. The method of claim 1, wherein the subject has a
neurodegenerative disease associated with lipid peroxida-
tion.

6. The method of claim 1, wherein

the subject is administered a sufficient amount of an

isotopically modified polyunsaturated fatty acid or
ester thereof such that the subject maintains a sufficient
concentration of isotopically modified polyunsaturated
fatty acid to resist autooxidation.

7. The method of claim 1, wherein the subject has ataxia.

8. The method of claim 1, wherein the isotopically modi-
fied polyunsaturated fatty acid ester thereof is the ethyl or
glyceryl ester of 11,11-D2-linoleic acid; 11-D-linoleic acid;
[11-D-linoleic acid;] 11,11,14,14-D4-linolenic acid; 11,14-
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D2-linolenic acid; 11,11-D2-linolenic acid; 11-D-linolenic
acid; 14-D-linolenic acid; or 14,14-D2-linolenic acid.
9. The method of claim 1, wherein the isotopically modi-
fied polyunsaturated fatty acid ester thereof is the ethyl ester
of 11,11-D2-linoleic acid; 11-D-linoleic acid; 11,11,14,14-
D4-linolenic acid; [1,14-D2-linolenic acid] 11,14-D2-lino-
lenic acid; 11,11-D2-linolenic acid; 11-D-linolenic acid;
14-D-linolenic acid; or 14,14-D2-linolenic acid.
10. The method of claim 1, wherein the isotopically
modified polyunsaturated fatty acid ester thereof is the ethyl
ester of 11,11-D2-linoleic acid or 11-D-linoleic acid.
11. The method of claim 1, wherein the isotopically
modified polyunsaturated fatty acid ester thereof is the ethyl
ester of 11,11-D2-linoleic acid.
12. The method of claim 1, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is a w-6
polyunsaturated fatty acid.
13. The method of claim 1, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is an
ethyl ester.
[14. A method of treating a medical condition, comprising
selecting a subject having a neurodegenerative disease
associated with lipid peroxidation or an ataxia; and

administering an effective amount of an isotopically
modified polyunsaturated fatty acid or ester thereof or
mixture thereof to the subject;

wherein the isotopically modified polyunsaturated fatty

acid or ester thereof has a structure of formula (2)

wherein:

R is H or C;H,,

R! is H or alkyl,

each Y is independently H or Deuterium with at least one

Y being deuterium,

each X is independently H or Deuterium,

m=1-10,

n=1-5, and

p=1-10.]

[15. The method of claim 14, wherein the subject has an
ataxia.]

[16. The method of claim 14, wherein the subject has a
neurodegenerative disease associated with lipid peroxida-
tion.]

[17. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is a
linoleic acid or ester thereof.]

[18. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is a
linolenic acid or ester thereof.]

[19. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is an
arachidonic acid or ester thereof.]

[20. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is an
eicosapentaenoic acid or ester thereof.]
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[21. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof is a
docosahexaenoic acid or ester thereof]

[22. The method of claim 14, wherein the isotopically
modified polyunsaturated fatty acid or ester thereof or
mixture thereof is a mixture having two or more selected
from the group consisting of linoleic acid or ester thereof,
linolenic acid or ester thereof, arachidonic acid or ester
thereof, eicosapentaenoic acid or ester thereof, and docosa-
hexaenoic acid or ester thereof.]

23. A method of treating a medical condition, comprising
selecting a subject having a neurodegenerative disease
associated with lipid peroxidation or an ataxia; and admin-
istering an effective amount of an isotopically modified
polyunsaturated fatty acid or ester thereof or mixture thereof
to the subject; wherein the isotopically modified fatty acid or
ester therveof is arachidonic acid or ester therveof; and
wherein at least one bis-allylic position of said arachidonic
acid or ester thereof is isotopically modified with at least one
deuterium.

24. A method of treating a medical condition, comprising
selecting a subject having a neurodegenerative disease
associated with lipid peroxidation or an ataxia; and admin-
istering an effective amount of an isotopically modified
polyunsaturated fatty acid or ester thereof or mixture thereof
to the subject; wherein the isotopically modified fatty acid or
ester thereof is eicosapentaenoic acid or ester thereof: and
wherein at least one bis-allylic position of said eicosapen-
taenoic acid or ester thereof is isotopically modified with at
least one deuterium.

25. A method of treating a medical condition, comprising
selecting a subject having a neurodegenerative disease
associated with lipid peroxidation or an ataxia; and admin-
istering an effective amount of an isotopically modified
polyunsaturated fatty acid or ester thereof or mixture thereof
to the subject; wherein the isotopically modified fatty acid or
ester thereof is docosahexaenoic acid or ester thereof: and
wherein at least one bis-allylic position of said docosa-
hexaenoic acid or ester thereof is isotopically modified with
at least one deuterium.

26. A method of treating a medical condition, comprising
selecting a subject having a neurodegenerative disease
associated with lipid peroxidation or an ataxia; and admin-
istering an effective amount of an isotopically modified
polyunsaturated fatty acid or ester thereof or mixture thereof
to the subject; wherein the isotopically modified fatty acid or
ester thereof is a mixture having two or more selected from
the group conmsisting of linoleic acid or ester thereof, lino-
lenic or ester therveof, arachidonic acid or ester thereof,
eicosapentaenoic acid or ester thereof, and docosahexae-
noic acid or ester thereof; and wherein at least one bis-
allylic position of said polyunsaturated fatty acid or ester
thereof'is isotopically modified with at least one deuterium.

27. The method of claim 23, 24, 25, or 26, wherein the at
least one bis-allylic position is isotopically modified with
two deuteriums.

28. The method of claim 23, 24, 25, or 26, wherein the
isotopically modified polyunsaturated fatty acid or ester
thereof comprises at least one pro-bis-allylic position having
one or two deuterium.
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