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(57) ABSTRACT 

Novel compounds and compositions containing (R)-3-hy 
droxybutyrate derivatives are disclosed. The compounds and 
compositions can be used as nutritional supplements to 
increase physical performance and as therapeutics to ame 
liorate symptoms of medical conditions, particularly neuro 
logical conditions, such as AlZheimer’s and similar condi 
tions. Novel methods for making R-3-hydroxybutyrate 
derivatives also are disclosed. Exemplary methods employ a 
supercritical solvent, such as supercritical carbon dioxide, 
and employ a lipase catlyZed esteri?cation or transesteri? 
cation reaction to produce the (R)-3-hydroxybutyrate 
derivatives. 
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NUTRITIONAL SUPPLEMENTS AND 
THERAPEUTIC COMPOSITIONS COMPRISING 

(R)-3- HYDROXYBUTYRATE DERIVATIVES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application Nos. 60/485,848 and 60/529,873, ?led 
Jun. 3, 2003 and Dec. 15, 2003, respectively. Both of these 
prior applications are incorporated herein by reference in 
their entireties. 

FIELD 

[0002] The disclosure concerns compounds and composi 
tions containing (R)-3 -hydroxybutyrate derivatives effective 
for elevating blood concentrations of ketone bodies and 
methods for using such compounds and compositions as 
nutritional supplements or for treating medical conditions. 

BACKGROUND 

[0003] During periods of carbohydrate deprivation, the 
body utiliZes energy obtained from the metabolism of fats. 
During fat metabolism, fats are converted to acetoacetate 
and 3-hydroxybutyric acid, Which are knoWn as ketone 
bodies, and large quantities of these substances accumulate 
in the blood. This condition, Which is knoWn as ketosis, 
commonly occurs during starvation. When blood ketone 
body concentrations are elevated to levels found in pro 
longed starvation, they provide the major source of energy 
for the brain. 

[0004] Mild ketosis, in Which ketone bodies are used by 
the body as an energy source, has been demonstrated to have 
therapeutic effects in several disease states. For example, 
refractory epilepsy Was initially treated With success by 
prolonged fasting. In vieW of this result, Russell Wilder, of 
the Mayo Clinic, proposed a high fat, loW carbohydrate diet, 
termed a “ketogenic diet,” for inducing ketosis and achiev 
ing the bene?cial effects of starvation for treating epilepsy. 
The ketogenic diet generally includes four parts fat to one 
part protein With minimal carbohydrate intake. 

[0005] The success of the ketogenic diet in treating epi 
lepsy derives from the brain’s ability to metaboliZe ketone 
bodies. During prolonged fasting, free fatty acids are con 
verted in the liver to (R)-3 -hydroxybutyrate and acetoacetate 
to provide energy for the brain While preserving muscle 
mass from conversion into glucose. Under such fasting 
conditions, total blood ketone concentration typically is 
maintained at from about 5 to about 7 mM. Unfortunately, 
the ability of the brain to use ketone bodies has not been 
exploited therapeutically beyond the use of the ketogenic 
diet to treat epilepsy. The ketogenic diet has many draW 
backs, some of Which include the elevated triglyceride 
levels, cholesterol levels, or both caused by the high fat diet. 
Moreover, the 4 to 1 ratio of fat to protein is unpalatable for 
many subjects. 

[0006] Induction of mild ketosis has been suggested as a 
possible treatment for several diseases. For example, mild 
ketosis mimics the acute effects of insulin, and thus may be 
useful for treating diabetics, particularly insulin resistant 
type I diabetics (KashiWaya et al. Am. J. Cardiol. 1997, 80, 
50A-64A). 
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[0007] Moreover, because the metabolism of ketone bod 
ies results in a 28% increase in the hydraulic Work produced 
by a ketone body-perfused heart per unit of oxygen relative 
to a glucose-perfused heart, it has been suggested that 
induction of ketosis could provide some cardiovascular 
bene?t under conditions of hypoxia (Veech, R. L. The 
Therapeutic Inplications of Ketone Bodies. Proslaglandins, 
Leukolrienes and Essential Fatty Acids, In press). 

[0008] Treatment of human tissues With (R)-3-hydroxy 
butyrate results in several bene?cial therapeutic and nutri 
tional effects. For example, cardiac ef?ciency and brain 
metabolic ef?ciency are increased and the effects of neuro 
degenerative disorders, such as AlZheimer’s and Parkinson’ s 
diseases are reduced. Moreover, (R)-3-hydroxybutyrate can 
serve as an alternative physiologic energy source. Indeed, 
Cahill and coworkers established that greater than 60% of 
the metabolic energy needs of the brain can be supplied by 
ketone bodies as a substitute for glucose. (OWen et al. J. 
Clin. Invest. 1967, 46, 1589-1595). 
[0009] In addition to being a unique, high energy meta 
bolic substrate, (R)-3-hydroxybutyrate has potential thera 
peutic applications including treatment of AlZheimer’s dis 
ease and Parkinson’s disease. These potential uses have not 
yet been realiZed because a suitable form for administering 
(R)-3 -hydroxybutyrate or a metabolic precursor thereof has 
not been developed. 

[0010] In theory, (R)-3-hydroxybutyrate and acetoacetate 
could be administered directly to achieve elevated levels of 
ketone bodies in a subject. HoWever, direct administration of 
these compounds is impractical and dangerous. For 
example, direct administration of either (R)-3-hydroxybu 
tyrate or acetoacetate in their acid form can result in sig 
ni?cant acidosis folloWing rapid absorption from the gas 
trointestinal tract. Administration of the sodium salt of these 
compounds is also unsuitable due to a potentially dangerous 
sodium overload that Would accompany administration of 
therapeutically relevant amounts of these compounds (Des 
rochers et al. J. Null: Biochem. 1995, 6, 111-118). To 
circumvent these problems, researchers have attempted to 
administer (R)-3 -hydroxybutyrate oligomers, thereby reduc 
ing the ratio of salt to (R)-3-hydroxybutyrate equivalents 
(US. Pat. No. 6,136,862 to Hiraide et al). 

[0011] Prior (R)-3-hydroxybutyrate derivatives for bio 
logical use generally contain mixtures of different products. 
For example, published US. patent application Ser. No. 
09/359,086 of Martin et al. (Publication No. 20020013339, 
hereinafter “the ’339 publication”) describes mixtures of 
(R)-3-hydroxybutyrate oligomers de?ned by “approximate” 
molecular Weights. Components of such mixtures can have 
undesirable effects, even Where one or more components 
have a desired effect. This publication discloses that feeding 
rats a diet including mixtures of (R)-3-hydroxybutyrate 
oligomers having an average molecular Weight of 200 grams 
per mole elevated blood concentrations of (R)-3-hydroxy 
butyrate to 0.65 mM and concentrations of acetoacetate to 
0.05 mM. A similar diet including (R)-3-hydroxybutyrate 
oligomers having a higher average molecular Weight (1000 
grams per mole) only elevated blood concentrations of 
(R)-3-hydroxybutyrate to 0.15 mM and concentrations of 
acetoacetate to 0.04 mM. These results indicate that the 
higher molecular Weight oligomers disclosed in this publi 
cation do not raise the blood ketone body concentrations as 
effectively as loWer molecular Weight oligomers. 
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[0012] Another approach to elevating ketone body con 
centrations is to administer a metabolic precursor to a ketone 
body. One example of this approach is disclosed by Veech in 
published PCT Patent Application No. US99/21015. This 
publication discloses a cyclic trimer of (R)-3-hydroxybu 
tyrate (triolide) as a metabolic precursor for (R)-3-hydroxy 
butyrate. However, the triolide is not ef?ciently hydrolyZed 
by gastric enZymes and thus is only poorly absorbed, which 
limits its usefulness as a (R)-3-hydroxybutyrate precursor. 
Additional drawbacks are associated with other proposed 
metabolic precursors to ketone bodies. For example, US. 
Pat. No. 6,380,244 to Martin et al. (the ’244 patent), dis 
cusses the use of racemic 1,3-butanediol as a metabolic 
precursor to racemic 3-hydroxybutyrate. The ’244 patent 
teaches, at column 2, line 58, that “the diol is unsuitable for 
use as an intravenous nutrient.” Moreover, the inactive 
component of racemic mixtures can cause harmful side 
elfects. For example, non-physiological isomers, such as 
(S)-3-hydroxybutyrate can act as competitive inhibitors to 
ketone body transport. Ketone body transport across the 
blood-brain barrier is a limiting factor to ketone body 
metabolism in the brain (Hawkins, R. A. et al. In Cerebral 
Metabolism and Neural Function; Passoneau, J. V., Hawk 
ins, R. A., Lust, W. D., Welsh, F. A., Eds.; Williams & 
Wilkins, Baltimore, 1980, pp. 255-263), and thus contami 
nation with non-physiological isomers should be avoided. 

SUMMARY 

[0013] Disclosed herein are novel (R)-3-hydroxybutyrate 
derivatives and compositions that include these derivatives. 
The disclosed compounds serve as precursors to ketone 
bodies, such as acetoacetate and (R)-3 -hydroxybutyrate, and 
thus yield elevated blood concentrations of ketone bodies 
when administered to a subject. 

[0014] Examples of (R)-3-hydroxybutyrate derivatives 
include esters of (R)-3-hydroxybutyrate and oligomers of 
(R)-3-hydroxybutyrate. Disclosed ester compounds include 
esters derived from alcohols, such as altrose, arabinose, 
dextrose, erythrose, fructose, galactose, glucose, glycerol, 
gulose, idose, lactose, lyxose, mannose, ribitol, ribose, ribu 
lose, sucrose, talose, threose, xylitol, xylose, galactosamine, 
glucosamine, mannosamine, N-acetylglucosamine, manni 
tol, sorbitol, threitol, (S)-1,2-propanediol and (R)-1,3-bu 
tanediol. The structures of (R)-3-hydroxybutyric acid and an 
exemplary ester thereof (a glycerol monoester) are illus 
trated in FIG. 1. 

HOWOH O 

(R)—3—hydroxybutyric acid 
OH 

O O\)\/OH 
H 

O 
II 

glycerol monoester of 
(R)—3—hyd.roxybutyrate (and its oligomers) 

(n I for example P100) 

[0015] Novel methods for making (R)-3-hydroxybutyrate 
derivatives, particularly esters of (R)-3-hydroxybutyrate and 
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its oligomers, such as the glycerol monoester illustrated 
above, are disclosed herein. Exemplary methods employ 
enZyme catalyZed reactions. For example, one method uses 
polyhydroxybutyrate depolymerase to prepare (R)-3-hy 
droxybutyrate derivatives. Another enZymatic reaction 
includes lipase catalyZed esteri?cation in supercritical car 
bon dioxide. Lipase catalyZed esteri?cation can enable 
selective reactions, regioselective and stereoselective esteri 
?cation. The use of supercritical carbon dioxide overcomes 
disadvantages associated with prior methods for making 
(R)-3-hydroxybutyrate derivatives by substituting environ 
mentally and physiologically benign carbon dioxide for 
hazardous organic solvents. 

[0016] Additional exemplary methods include a method 
for preparing (R)-3-hydroxybutyrate and oligomers thereof 
from poly-(R)-3-hydroxybutyric acid. In one aspect of the 
method, the poly-(R)-3-hydroxybutyric acid undergoes acid 
catalyZed depolymeriZation. Typically, the depolymeriZation 
reaction is accomplished in supercritical carbon dioxide. 

[0017] In another embodiment (R)-3-hydroxybutyrate and 
oligomers thereof are produced via enzymatic depolymer 
iZation of poly-(R)-3-hydroxybutyric acid. In certain aspects 
of this embodiment, a depolymerase is used in supercritical 
carbon dioxide to produce a desired (R)-3 -hydroxybutyrate 
containing product. 
[0018] The disclosed (R)-3-hydroxybutyrate derivatives 
can be administered to provide and maintain a blood ketone 
body concentration su?icient to overcome or ameliorate 
metabolic disorders, such as insulin de?ciencies or resis 
tance. Moreover, because the disclosed (R)-3-hydroxybu 
tyrate derivatives can be used to increase metabolic effi 
ciency, they can be administered orally as a nutritional or 
dietary supplement to improve physical performance. 
Indeed, because the disclosed (R)-3-hydroxybutyrate 
derivatives can provide a substantial portion of a subject’s 
caloric intake, the derivatives are advantageously formu 
lated in a food or drink. Alternatively, the compositions can 
be administered parenterally. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a graph of blood ketone body concen 
tration versus time in rats fed 1.8 grams of a (R)-3-hydroxy 
butyrate derivative per kilogram of body weight. 

DETAILED DESCRIPTION 

[0020] The disclosure describes compositions for inducing 
ketosis by elevating ketone body concentrations in blood. 
The present compositions can be used therapeutically to 
treat several diseases and also can be used as nutritional 
supplements to increase metabolic ef?ciency. 

I. TERMS 

[0021] The following explanations of terms and methods 
are provided to better describe the present disclosure and to 
guide those of ordinary skill in the art in the practice of the 
present disclosure. 

[0022] “Derivative” refers to a compound or portion of a 
compound that is derived from or is theoretically derivable 
from a parent compound. 

[0023] The term “hydroxyl group” is represented by the 
formula ‘OH. 
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[0024] The term “alkoxy group” is represented by the 
formula ‘OR, Where R can be an alkyl group, including a 
loWer alkyl group, optionally substituted With an alkenyl, 
alkynyl, aryl, aralkyl, cycloalkyl, halogenated alkyl, or 
heterocycloalkyl group, as de?ned beloW. 

[0025] The term “ester” is represented by the formula 
iOC(O)R, Where R can be an alkyl, alkenyl, alkynyl, aryl, 
aralkyl, cycloalkyl, halogenated alkyl, or heterocycloalkyl 
group, as de?ned beloW. 

[0026] The term “alkyl group” is de?ned as a branched or 
unbranched saturated hydrocarbon group of l to 24 carbon 
atoms, such as methyl, ethyl, n-propyl, isopropyl, n-butyl, 
isobutyl, t-butyl, pentyl, hexyl, heptyl, octyl, decyl, tetrade 
cyl, hexadecyl, eicosyl, tetracosyl and the like. A “loWer 
alkyl” group is a saturated branched or unbranched hydro 
carbon having from 1 to 10 carbon atoms. 

[0027] The term “alkenyl group” is de?ned as a hydro 
carbon group of 2 to 24 carbon atoms and structural formula 
containing at least one carbon-carbon double bond. 

[0028] The term “alkynyl group” is de?ned as a hydro 
carbon group of 2 to 24 carbon atoms and a structural 
formula containing at least one carbon-carbon triple bond. 

[0029] The term “halogenated alkyl group” is de?ned as 
an alkyl group as de?ned above With one or more hydrogen 
atoms present on these groups substituted With a halogen (F, 
Cl, Br, I). 
[0030] The term “cycloalkyl group” is de?ned as a non 
aromatic carbon-based ring composed of at least three 
carbon atoms. Examples of cycloalkyl groups include, but 
are not limited to, cyclopropyl, cyclobutyl, cyclopentyl, 
cyclohexyl, etc. The term “heterocycloalkyl group” is a 
cycloalkyl group as de?ned above Where at least one of the 
carbon atoms of the ring is substituted With a heteroatom 
such as, but not limited to, nitrogen, oxygen, sulfur, or 
phosphorous. 
[0031] The term “aliphatic group” is de?ned as including 
alkyl, alkenyl, alkynyl, halogenated alkyl and cycloalkyl 
groups as de?ned above. A “loWer aliphatic group” is an 
aliphatic group that contains from 1 to 10 carbon atoms. 

[0032] The term “aryl group” is de?ned as any carbon 
based aromatic group including, but not limited to, benZene, 
naphthalene, etc. The term “aromatic” also includes “het 
eroaryl group,” Which is de?ned as an aromatic group that 
has at least one heteroatom incorporated Within the ring of 
the aromatic group. Examples of heteroatoms include, but 
are not limited to, nitrogen, oxygen, sulfur, and phospho 
rous. The aryl group can be substituted With one or more 

groups including, but not limited to, alkyl, alkynyl, alkenyl, 
aryl, halide, nitro, amino, ester, ketone, aldehyde, hydroxy, 
carboxylic acid, or alkoxy, or the aryl group can be unsub 
stituted. 

[0033] The term “aralkyl” is de?ned as an aryl group 
having an alkyl group, as de?ned above, attached to the aryl 
group. An example of an aralkyl group is a benZyl group. 

[0034] “Esteri?cation” refers to the reaction of an alcohol 
With a carboxylic acid or a carboxylic acid derivative to give 
an ester. 

[0035] “Transesteri?cation” refers to the reaction of an 
ester With an alcohol to form a neW ester compound. 
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[0036] “Treating” a disease or disorder refers to a thera 
peutic intervention that ameliorates a sign or symptom of a 
disease or pathological condition or inhibits the disease from 
appearing, progressing or developing fully. 

[0037] The term “3 -hydroxybutyrate” is used interchange 
ably With the term “3-hydroxybutyric acid.” Unless other 
Wise speci?ed it is understood The terms “[3-hydroxybu 
tyrate” or “[3-hydroxybutyric acid” also may be used to refer 
to this compound. 

II. COMPOSITIONS 

[0038] The compositions can include (R)-3-hydroxybu 
tyrate derivatives, such as oligomers of (R)-3-hydroxybu 
tyrate. Particular compounds and compositions disclosed 
herein include ester derivatives of (R)-3-hydroxybutyrate 
oligomers. For example, one particular such ester derivative 
disclosed herein has Formula 1. Formula can be produced by 
esterifying the polyhydric alcohol glycerol With tWo (R)-3 
hydroxybutyrate trimers. 

OH 

O O\)\/O H 

O 3 

[0039] More generally, particular compounds disclosed 
herein have structures according to Formula 2. Scheme 1 
also illustrates that such compounds typically are produced 
by esteri?cation. 

Formula 1 

3 

SQHEMEl 

O OH 
H esteri?cation 

+ ROH —> 

O n 

0 OR 

H 

O 
11 

Formula 2 

[0040] With reference to Scheme 1 and Formula 2, n can 
be any integer, and typically is an integer from 1 to about 
100. More typically n is an integer from 1 to about 10. One 
advantage of the compositions disclosed herein is that they 
include compounds having de?ned structures. For example, 
the compounds disclosed herein, such as compounds accord 
ing to Formula 2, can be prepared such that the compounds 
in a given composition have the same number of (R)-3 
hydroxybutyrate derivatives (n); such compounds are 
termed “de?ned” compounds. 

[0041] With reference to Formula 2, R can be any alkyl 
group that, With the ester oxygen atom, constitutes a physi 
ologically compatible alkoxy group upon ester hydrolysis. 
The term “physiologically compatible” refers to alcohols 
that are substantially non-toxic When released in vivo via 
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esterase or ester cleavage reactions. Certain alcohols are 

physiologically compatible at loW concentration, but can 
provoke undesired reactions if present at high concentration. 
For example, ethanol is physiologically compatible at loW 
concentrations but not at high concentrations. Thus ethyl 
ester (R)-3-hydroxybutyrate derivatives are useful at the 
loWer dosages disclosed herein, but may have undesired 
effects at the higher dosages. 

[0042] Physiologically compatible alcohols suitable for 
forming esters With (R)-3-hydroxybutyrate and derivatives 
thereof include monohydric and polyhydric alcohols. Esters 
of polyhydric alcohols deliver a higher density of (R)-3 
hydroxybutyrate equivalents per equivalent of (R)-3-hy 
droxybutyrate derivative using shorter (R)-3-hydroxybu 
tyrate oligomers. Shorter oligomers generally are more 
readily hydrolyZed to give elevated concentrations of (R) 
3-hydroxybutyrate in blood. Examples of polyhydric alco 
hols suitable for preparing such esters include carbohydrates 
and carbohydrate derivatives, such as carbohydrate alcohols, 
examples of carbohydrates include, Without limitation, 
altrose, arabinose, dextrose, erythrose, fructose, galactose, 
glucose, gulose, idose, lactose, lyxose, mannose, ribose, 
sucrose, talose, threose, xylose and the like. Additional 
examples of carbohydrates useful for preparing (R)-3-hy 
droxybutyrate derivatives include amino derivatives, such as 
galactosamine, glucosamine and mannosamine, including 
N-acetyl derivatives, such as N-acetylglucosamine and the 
like. Examples of carbohydrates also include carbohydrate 
derivatives, such as alkyl glycosides. Examples of carbohy 
drate alcohols include, Without limitation, glycerol, manni 
tol, ribitol, sorbitol, threitol, xylitol and the like. The enan 
tiomers of the above-listed carbohydrates and carbohydrate 
alcohols also can be used to prepare (R)-3-hydroxybutyrate 
derivatives according to Formula 2. 

[0043] Formula 3, represents (R)-3-hydroxybutyrate and 
its oligomers esteri?ed With monohydric or polyhydric alco 
hols to yield novel (R)-3-hydroxybutyrate derivatives. 

0 o 

R—[-OH] (W) 

0 II 

[0044] Polyhydric alcohols can be acylated at one or more 
hydroxyl groups to produce compounds according to For 
mula 3. For example, With reference to Formula 3, x 
represents the number of hydroxyl groups present on the 
polyhydric alcohol (prior to esteri?cation), m represents the 
number of (R)-3-hydroxybutyrate oligomers attached to R 
via ester bonds and n represents the number of (R)-3 
hydroxybutyrate residues per oligomer. Thus, x-m equals the 
number of hydroxyl groups remaining, if any, folloWing 
esteri?cation. For example if R is an alcohol that has 5 
hydroxyl groups and three are esteri?ed With (R)-3-hydroxy 
butyrate (making n equal to l), x is 5, m is 3 and x-m equals 
2. The compound of Formula 1 is another speci?c example 
of a compound described by Formula 3, Wherein n is 3, m 
is 2 and x is 3. 

Formula 3 
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Formula I 

OH 

H 

O 3 

[0045] With continued reference to Formula 3, R can be 
derived from a polyhydric alcohol containing any number 
(x) of hydroxyl groups, although typically x is less than 
about 100. R can be derived, for example from a polysac 
charide group. Such groups typically have from about 8 to 
about 20 hydroxyl groups. In several embodiments R is a 
monosaccharide having 4 or 5 hydroxyl groups. Thus in 
these embodiments R can have from 1 to 5 (R)-3-hydroxy 
butyrate groups or (R)-3 -hydroxybutyrate oligomers 
appended via ester bonds. In other embodiments R contains 
more than 5 hydroxyls, for example When R is an oligosac 
charide derivative. In exemplary embodiments R is a diol (x 
equal to 2), such as l,2-propanediol or a triol (x equal to 3), 
such as l,3-butanediol, glycerol or threitol. 

[0046] With continued reference to Formula 3, m can be 
any integer that is less than or equal to x. Thus, m typically 
is an integer from 1 to about 100, and more typically m 
ranges from 2 to about 20. Particular examples of disclosed 
compounds have m values from 1 to about 8. Similarly, n 
can be any integer, and typically is an integer from 1 to about 
100. More typically n is an integer from 1 to about 20. In 
particular compounds n is between 1 and 10. 

[0047] Exemplary disclosed compounds according to For 
mula 3 are described in Table 1, below. 

TABLE 1 

Alcohol/number of (R)—3—hydroxybutyrate ester bonds 
hydroxyls (x) residues (11) (In) 

(R)l,3—butanediol/2 3 l 
(R)l,3—butanediol/2 3 2 
glycerol/3 3 2 
glycerol/3 3 3 
glucose/5 l 5 
galactose/S 5 l 
galactose/S 3 4 
mannitol/6 2 6 
sucrose/7 l 7 
sucrose/7 3 7 
sucrose/7 6 l 

[0048] In Formula 3 and Table 1, each (R)-3-hydroxybu 
tyrate oligomer is identi?ed has containing the same number 
of (R)-3-hydroxybutyrate residues, hoWever this is not nec 
essary. For example, a polyhydric alcohol can be esteri?ed 
With tWo or more (R)-3-hydroxybutyrate oligomers contain 
ing different numbers of (R)-3-hydroxybutyrate residues. 
Some examples of such compounds have Formula 4, 
Wherein m and n are not equal. 

[0049] With continued reference to Formula 4, the poly 
hydric alcohol used to prepare (R)-3-hydroxybutyrate 
derivatives according to this Formula is (R)-l,3-butanediol. 
This diol can be selectively acylated With (R)-3-hydroxy 
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butyrate and oligomers thereof at one or both hydroxyl 
groups. Thus, exemplary embodiments include compounds 
according to Formulas 4 and 5, shoWn below. As noted 
above, n and m can be the same or different and have the 
numerical values set forth With respect to Formula 3. 

Formula 4 

O O\|/\/O O 
O n m 

Formula 5 

HO\|/\/O 
[0050] Because (R)-3 -hydroxybutyrate derivatives 
according to Formulas 4 and 5 release (R)-1,3-butanediol in 
vivo, Which is oxidiZed to (R)-3-hydroxybutyrate and 
acetoacetate in the liver, (R)-1,3-butanediol is a particularly 
useful physiologically compatible alcohol for preparing (R) 
3-hydroxybutyrate derivatives. 

[0051] Providing ketone bodies as (R)-3-hydroxybutyrate 
esters offers several advantages over prior knoWn composi 
tions. For example, the present esters are not contaminated 
With signi?cant amounts of a non-physiological stereoiso 
mer. Thus, the present compounds do not provoke undesired 
side effects or suffer from competitive inhibition by the 
non-physiological stereoisomer. 

[0052] In one embodiment, the compositions include mix 
tures of (R)-3 -hydroxybutyrate derivatives. For example, 
tWo or more (R)-3-hydroxybutyrate ester derivatives accord 
ing to Formulas 2, 3 or 4 can be formulated and administered 
in the same composition. Typically these different deriva 
tives have different R groups, so that potential undesired side 
effects of alcohol release in vivo are mitigated. Such (R) 
3-hydroxybutyrate derivatives including di?ferent R groups 
can be administered in any useful proportion. For example, 
When two different (R)-3 -hydroxybutyrate derivatives are 
administered, they can be administered in equal amounts or 
in different amounts, such as in a ratios of from about 2:1 to 
about 10:1. By Way of example, other useful ratios include 
2:1, 3:1 and 4:1 proportions of different (R)-3-hydroxybu 
tyrate derivatives. 

[0053] Similarly, di?ferent (R)-3-hydroxybutyrate deriva 
tives having different oligomeric (R)-3-hydroxybutyrate 
groups can be formulated in the same composition. Such 
formulations are useful for tailoring the release rate of 
(R)-3-hydroxybutyrate because oligomers having different 
lengths tend to exhibit different release rates, With longer 
oligomers generally exhibiting sloWer release rates. 

[0054] Compositions disclosed herein typically are non 
toxic, sterile and pyrogen free, particularly endotoxin free. 
Compositions can be assessed for purity by determining 
their physical properties as is knoWn to those of ordinary 
skill in the art. For example, color, pH, sterility, endotoxin 
presence, toxicity and stability can be assayed. High per 
formance liquid chromatography (HPLC), mass spectrom 
etry and NMR, particularly proton NMR, are particularly 
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useful techniques for assessing purity. The compositions can 
be formulated in a palatable form for administration as a 
food additive or supplement. Such palatable forms are 
typically odor free or are masked or coated as is knoWn to 
those of ordinary skill in the art of pharmaceutical formu 
lation. Pharmaceutical formulations can include additional 
components, such as carriers. The pharmaceutically accept 
able carriers useful for these formulations are conventional. 
Remington ’s Pharmaceutical Sciences, by E. W. Martin, 
Mack Publishing Co., Easton, Pa., 15th Edition (1975), 
describes compositions and formulations suitable for phar 
maceutical delivery of the compounds herein disclosed. 

[0055] In general, the nature of the carrier Will depend on 
the particular mode of administration being employed. For 
instance, parenteral formulations usually contain injectable 
?uids that include pharmaceutically and physiologically 
acceptable ?uids such as Water, physiological saline, bal 
anced salt solutions, aqueous dextrose, glycerol or the like as 
a vehicle. For solid compositions (e.g., poWder, pill, tablet, 
or capsule forms), conventional non-toxic solid carriers can 
include, for example, pharmaceutical grades of mannitol, 
lactose, starch, or magnesium stearate. In addition to bio 
logically-neutral carriers, pharmaceutical compositions to 
be administered can contain minor amounts of non-toxic 
auxiliary substances, such as Wetting or emulsifying agents, 
preservatives, and pH bu?fering agents and the like, for 
example sodium acetate or sorbitan monolaurate. 

[0056] Where the disclosed compounds are administered 
orally, particularly When they are administered as a nutri 
tional supplement, the compounds can be mixed With a 
foodstuff base. Such mixtures can be in the form of an 
emulsion or an admixture With solid food. For example, 
health bars, Without limitation, can be prepared by combin 
ing various excipients, such as binders, ?llers, ?avorings, 
colorants and the like, along With one or more (R)-3 
hydroxybutyrate derivatives, and mixing to a plastic mass 
consistency. The mass is then either extruded or molded to 
form “candy bar” shapes that are then dried or alloWed to 
solidify to form the ?nal product. 

[0057] Alternatively, the compounds can be administered 
orally in a liquid dosage form as a solution, emulsion or 
suspension. The liquid dosage form can contain, for 
example, suitable solvents, preservatives, emulsifying 
agents, suspending agents, diluents, sWeeteners, melting 
agents, and coloring and ?avoring agents, Which are knoWn 
to those of ordinary skill in the art. The compounds also can 
be added to liquid vitamin formulations and electrolyte 
containing drinks. Drinks may be in the form of energy 
drinks, sports drinks, fruit drinks, citrus drinks, carbonated 
drinks, dry drink mixes, other suitable drink mediums or 
combinations thereof. 

[0058] To maintain elevated blood ketone body concen 
trations over a 24 hour period, delayed release formulations 
can be used. The release of the (R)-3-hydroxybutyrate 
derivatives can be controlled by a number of formulation 
techniques. For example, techniques such as enteric coat 
ings, ?lm coatings, microencapsulation and the like can be 
used to retard release of the (R)-3-hydroxybutyrate deriva 
tives as is knoWn to those of ordinary skill in the art. 
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III. METHODS FOR PREPARING 
(R) -3 -HYDROXYBUTYRATE DERIVATIVES 

[0059] The disclosed (R)-3-hydroxybutyrate derivatives 
can be produced using chemical techniques, enzymatic 
techniques, transgenic organisms, or combinations thereof. 
In one embodiment, polymers of (R)-3-hydroxybutyrate 
(poly-(R)-3-hydroxybutyric acid), such as naturally occur 
ring polymers, Which are commercially available from, for 
example, Aldrich, Milwaukee, Wis., are converted to the 
thermodynamically favored cyclic trimer (triolide) by the 
method of Seebach and coworkers. See, Seebach et al., Eur 
J. Biochem. 1994, 224, 317-328; Helv. Chim. Acza 1982, 65, 
495-503;Angew. Chem. Int. Ed. Engl. 1992,31, 434, 435, all 
of Which are incorporated herein by reference. 

[0060] The triolide is a versatile intermediate that can be 
converted to several different (R)-3 -hydroxybutyrate deriva 
tives. Exemplary ester derivatives, such as those according 
to Formula 2 and 3, can be produced from the triolide by 
chemical and/ or chemoenZymatic methods. In one example 
of a chemoenZymatic method, the triolide is treated With a 
lipase in the presence of (R)-1,3-butanediol to afford the 
novel ester product shoWn in Scheme 2, beloW. 
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[0061] Additional methods for making (R)-3-hydroxybu 
tyrate derivatives include esterifying or transesterifying lin 
ear oligomers of (R)-3 -hydroxybutyrate and transesterifying 
cyclic (R)-3-hydroxybutyrate oligomers containing four or 
more (R)-3-hydroxybutyrate residues. For example, (R)-3 
hydroxybutyrate oligomers having de?ned length can be 
produced by enZymatic depolymeriZation of poly-(R)-3 
hydroxybutyric acid. Speci?cally, Wang et al. (Biomacro 
molecules 2002, 3, 838-834, this publication is incorporated 
herein by reference) have reported conditions for producing 
the (R)-3 -hydroxybutyrate dimer via depolymeriZation. The 
(R)-3 -hydroxybutyrate dimer can be esteri?ed With an alco 
hol to yield, for example, compounds according to Formula 
6. 

HOWOWOR O O 

[0062] In one embodiment, polymers of (R)-3-hydroxy 
butyrate (poly-(R)-3-hydroxybutyric acid), are converted to 

Formula 6 
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(R)-3-hydroxybutyrate and/or oligomers thereof via acid 
catalyZed depolymeriZation. In one aspect, the depolymer 
iZation is performed in supercritical carbon dioxide that 
includes Water as a cosolvent. The pH of Water in contact 
With supercritical carbon dioxide is approximately 2.9 due to 
the formation of carbonic acid, Which can accelerate the 
depolymeriZation reaction (ToeWs, et al. Anal. Chem. 1995, 
67, 4040). Optionally, an acid catalyst can be added to the 
supercritical carbon dioxide to promote the depolymeriZa 
tion reaction. Suitable acid catalysts are knoWn to those of 
ordinary skill in the art and include, for example, organic 
acids, such as 4-toluenesulfonic acid. 

[0063] In another example of acid catalyZed depolymer 
iZation, a LeWis acid is used to promote the depolymeriZa 
tion reaction. For example, Seebach et al. Helv. Chim. Acla 
1982, 65, 495-503, disclose a titanium catalyZed transesteri 
?cation protocol for producing ethyl (R)-3-hydroxybutyrate 
from poly-(R)-3-hydroxybutyric acid. 

[0064] Another chemical process for producing oligomers 
of (R)-3-hydroxybutyrate from poly-(R)-3-hydroxybutyric 
acid proceeds via direct hydrogenation of the polymer. For 
example, poly-(R)-3-hydroxybutyric acid is contacted With 
a hydrogenation catalyst, such as a noble metal catalyst, or 
a chromite catalyst, such as copper chromite, in the presence 
hydrogen at elevated pressure. This process can be per 
formed in supercritical carbon dioxide. Use of supercritical 
carbon dioxide yields several advantages over conventional 
solvents. Speci?cally, toxic solvent residue is not introduced 
into the disclosed compositions and costly solvent disposal 
and clean-up costs are avoided. These advantages are par 
ticularly relevant to the presently disclosed therapeutic 
agents. 

[0065] In another embodiment, (R)-3-hydroxybutyrate is 
prepared from ethyl acetoacetate, Which is readily available 
from various commercial sources. For example, as is knoWn 
to those of ordinary skill in the art, ethyl acetoacetate can be 
reduced stereospeci?cally using chemical or enZymatic 
techniques to give the desired (R)-3-hydroxybutyrate prod 
uct. Similarly, ethyl acetoacetate can be reduced at the 
carboxylate carbon either before or after the stereospeci?c 
reduction to afford (R)-1,3-butanediol. Beta keto esters, such 
as ethyl acetoacetate, can be stereospeci?cally reduced both 
enZymatically, using for example a dehydrogenase, and 
chemically using various catalysts as is Well knoWn to those 
of ordinary skill in the art. For example, BroWn et al. J. Org. 
Chem. 1989, 54, 1577-1583; J. Org. Chem. 1989, 54, 
4504-4511, describe the stereospeci?c reduction of such 
beta keto ester compounds using alkyl borane complexes. 
Additional suitable methods that employ catalytic ruthenium 
complexes have been revieWed by Everaere et al. Adv. Synlh. 
Calal. 2003, 345, 67-77. The BroWn and Everaere publica 
tions are incorporated herein by reference. A catalytic sys 
tem for enZymatically preparing (R)-3-hydroxybutyrate 
from ethyl acetoacetate described in the examples section 
beloW. 

[0066] In one embodiment, polymers of (R)-3-hydroxy 
butyrate are converted to useful (R)-3-hydroxybutyrate oli 
gomers and derivatives thereof by using enZymatic catalysis. 
These enZymatic methods also can be used to produce 
intermediates of useful (R)-3 -hydroxybutyrate-containing 
compounds. For example, numerous polyhydroxyalkanoate 
depolymerase enZymes are produced in various bacteria and 
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can be expressed as is known to those of ordinary skill in the 
art. For a revieW, see Jendrossek, D. Extracellular PHA 
Depolymerasesithe Key Enzyme of PHA Degradation. ln: 
Biopolymers. Part 3b, Polyesters, (Steinbtichel and Doi 
Eds.) pp. 41-83. Wiley-VCH, Weinheim, The Jendrossek 
revieW is incorporated herein by reference. Useful depoly 
merase enzymes include the family PhaZ1-PhaZ7, from the 
subgroup EC 3.1.1.75, Which are produced by the polyhy 
droxyalkanoate-degrading bacterium Paucimonas lemoignei 
can be used to convert poly-(R)-3-hydroxybutyric acid to 
(R)-3-hydroxybutyrate and oligomers thereof. PhaZ5, for 
example can be produced via expression in Bacillus subtilis, 
as described by BraaZ et al. FEMS Microbiol. Lett. 2002, 
209, 237-241, Which is incorporated herein by reference. 
Similarly, PhaZ7 can be produced from Paucimonas lemoi 
gnei as described by Handrick et al. J. Biol. Chem. 2001, 
276, 36215-36224 and BraaZ et al. FEMS Microbiol. Lett. 
2003, 224, 107-112, and used to produce useful oligomeric 
(R)-3-hydroxybutyrate derivatives. Both of these publica 
tions are incorporated herein by reference. The depoly 
merase and conditions for depolymeriZation can be selected 
by those of ordinary skill in the art based upon the product 
or mixture of products desired. For example, in certain 
embodiments disclosed herein it is desirable to produce 
oligomers of (R)-3-hydroxybutyrate, such as dimers, trim 
ers, tetramers, pentamers, and the like, While minimizing the 
presence of (R)-3 -hydroxybutyrate monomer. PhaZ7, for 
example, favors the (R)-3 -hydroxybutyrate pentamer. In 
certain other embodiments (R) -3 -hydroxybutyrate monomer 
is the desired product. Oligomers and ester derivatives 
thereof containing seven or feWer (R)-3-hydroxybutyrate 
units have been demonstrated to yield particularly desirable 
blood ketone body concentrations upon oral administration. 
HoWever (R)-3-hydroxybutyrate octamers and higher oligo 
mers and derivatives thereof also are useful as therapeutics 
and nutritional supplements. 

[0067] Methods for preparing higher oligomers of (R)-3 
hydroxybutyrate can employ enZymatic depolymeriZation 
techniques, as discussed above, or can use conventional 
synthetic chemistry techniques. For example, oligomeric 
(R)-3-hydroxybutyrate can be prepared by iterative esteri 
?cation of (R)-3-hydroxybutyrate according to the method 
taught by US. Pat. No. 5,625,030 to Williams et al. (Will 
iams), Which is incorporated herein by reference. Such 
oligomeric (R)-3-hydroxybutyrate compounds can be esteri 
?ed With a physiologically compatible alcohol by the meth 
ods disclosed by Williams, and those revieWed in Haslam, E. 
Tetrahedron 1980, 36, 2409-2434, Which is incorporated 
herein by reference. Thus, (R)-3 -hydroxybutyrate oligomers 
having any length can be prepared and used to produce the 
therapeutic (R)-3-hydroxybutyrate derivatives disclosed 
herein. 

[0068] In one example a (R)-3-hydroxybutyrate oligomer 
is prepared as shoWn in Scheme 2, beloW. With reference to 
Scheme 2, the (R)-3-t-butyldimethylsilyloxybutyrate deriva 
tive can be prepared under the conditions disclosed by 
Greene and Wuts in Protective Groups in Organic Synthesis, 
3rd ed.; Wiley-lnterscience, NeW York, (1999), Which is 
incorporated herein by reference. Step one in Scheme 2 is 
attaching the protected (R)-3-hydroxybutyrate derivative to 
a solid support as taught by Barlos and coWorkers (Barlos et 
al. Tetrahedron Lett. 1989, 30, 3947; ibid. 3943, both of 
Which are incorporated herein by reference). Step 2 is 
selective deprotection of the solid support-bound (R)-3 
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hydroxybutyrate derivative. Suitable conditions for this 
reaction include using ?uoride sources as taught by Greene 
and Wuts, an exemplary reagent for this reaction is TAS-F, 
Which is commercially available from Aldrich, MilWaukee, 
Wis. (See, Roush et al. J. Org. Chem. 1998, 63, 6436, Which 
is incorporated herein by reference). Other suitable reagents 
for accomplishing step 2 in Scheme 2, including other 
?uoride sources, are Well-knoWn to those of ordinary skill in 
the art of synthetic chemistry. With reference to step 3, a 
second (R)-3 -hydroxybutyrate derivative is introduced by a 
condensation reaction. Suitable conditions for this conden 
sation include using a carbodiimide reagent, such as diiso 
propylcarbodiimide (DIC) or dicyclohexylcarbodiimide, 
optionally in combination With a catalytic amount of dim 
ethylaminopyridine (DMAP). Additional suitable reaction 
conditions for step 3 are disclosed in the Williams patent. 
Optionally, steps 2 and 3 can be repeated any number of 
times to provide (R)-3-hydroxybutyrate oligomers of a 
desired length. Step 4, cleavage, involves treatment of the 
solid support-bound (R)-3-hydroxybutyrate derivative With 
an acid, typically a Weak acid, such as acetic acid. Speci?c 
conditions involve treating the solid support With an acetic 
acid, tri?uoroethanol, dichloromethane mixture (226 ratio) 
for approximately tWo hours at room temperature. 

Scheme} 

(1) 2-chlorotrityl chloride resin 
(2) Deprotection 
(3) (R)-3-t-butyldirnethylsilyloxybutyrate, 

coupling reagent 
(4) Cleavage 
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[0069] One or more equivalents of the product provided in 
Scheme 2 can be esteri?ed With a physiologically compat 
ible alcohol. For example, if the alcohol is a polyhydric 
alcohol, the stoichiometry of the reaction can be chosen so 
that each hydroxy group of the alcohol is esteri?ed With the 
dimeric (R)-3-hydroxybutyrate derivative. Esteri?cation of 
the de?ned oligomeric (R)-3-hydroxybutyrate derivatives 
produced as described herein can be esteri?ed as taught by 
the ’339 publication. Moreover, numerous suitable esteri? 
cation conditions are disclosed by the Williams patent, and 
other conditions are Well knoWn to those of ordinary skill in 
the art. Removal of the silyl group from the resulting ester 
compound using conditions disclosed by Greene and Wuts, 
affords the desired (R)-3-hydroxybutyrate derivative. 

[0070] Another chemical method for preparing oligomers 
containing tWo or more (R)-3-hydroxybutyrate residues uses 
(R)-3-hydroxybutyrate as a starting material. For example, 
Seebach and coWorkers describe using the corresponding 
acid chloride derivative of 3-hydroxybutyrate to assemble 
3-hydroxybutyrate oligomers in solution (Seebach et al. 
Helv. Chim. Acta 1988, 71, 155-167, Which is incorporated 
herein by reference). Acid chlorides also can be formed from 
3-hydroxybutyrate oligomers. For example, the acid chlo 
ride of the dimeric compound prepared according to Scheme 
2, above, can be prepared according to the method of 
Seebach et al. The corresponding acid chloride can be 
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reacted With physiologically compatible alcohols to afford, 
after deprotection, exemplary novel (R)-3-hydroxybutyrate 
derivatives. 

[0071] The various alcohols for preparing (R)-3-hydroxy 
butyrate derivatives can be produced by any method that 
affords the desired physiologically compatible alcohol. An 
exemplary alcohol, (R)-1,3-butanediol, can be produced 
from (R)-3-hydroxybutyrate via reduction of the carboxylic 
acid moiety. Reagents and methods for reducing the car 
boxylic acid group are found in R. C. Larock, Comprehen 
sive Organic Transformations, VCH publishers, 1989, pp. 
432-434, Which is incorporated herein by reference. This 
route is particularly convenient because (R)-3-hydroxybu 
tyrate is readily available as a single enantiomer from 
several sources. For example, (R)-3 -hydroxybutyrate can be 
produced via enzymatic depolymerization of its naturally 
occurring polymer. For exemplary methods, see Shang et al. 
Appli. Environ. Microbiol. 1994, 60, 1198-1205, and US. 
Pat. No. 6,472,188 to Lee et al., both of Which are incor 
porated herein by reference. The poly-(R)-3 -hydroxybutyric 
acid starting material for the depolymerization methods can 
be produced by any of several methods, examples of Which 
are taught in US. Pat. No. 5,569,595 to Dennis and US. Pat. 
No. 6,492,134 to Aquin. 

[0072] In another example, lipase catalyzed esteri?cation 
of (R)-1,3-butanediol With the triolide compound yields the 
novel bis-esteri?ed diol according to Scheme 3, beloW. The 
reaction pathWays of Scheme 1 and Scheme 3 can be 
selected by using different lipase enzymes and/or varying 
reaction conditions, such as reagent concentration and sto 
ichiometry as is knoWn to those of ordinary skill in the art. 

O 

O 

O lipase 

O O 

O 

TOW/WOWO O 3 

[0073] Typically lipases carry out their customary reac 
tions, the hydrolysis of ester bonds, in aqueous solvents. 
HoWever in organic solvents, Where Water is substantially 
excluded, lipases can e?iciently catalyze esteri?cation reac 
tions. These enzymes can be used to esterify a Wide variety 
of substrates and also can catalyze transesteri?cation reac 
tions. Unfortunately, the use of organic solvents has several 
drawbacks, particularly for pharmaceutical and food indus 
try applications. For example, organic solvents are expen 
sive and often ?ammable. Moreover many organic solvents 
are toxic and therefore organic solvent contamination in 
pharmaceutical or nutritional products can be a serious 
problem. Thus it is important to ensure that pharmaceutical 

3 
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and nutritional products are free from solvent contamina 
tion, Which introduces additional complications and 
expense. 

[0074] Prior attempts to use metabolic precursors of 
ketone bodies, such as (R)-3-hydroxybutyrate derivatives 
also have been unsuccessful in part due to the methods used 
to prepare such derivatives. Current methods for preparing 
(R) -3 -hydroxybutyrate derivatives also limit the use of these 
compounds due to the high cost of the product and the 
introduction of product contamination inherent in the meth 
ods. For example, preparations of such derivatives that 
employ organic solvents are costly and can contaminate the 
product With toxic solvent residue. 

[0075] One embodiment for making (R)-3-hydroxybu 
tyrate derivatives overcomes the draWbacks of using organic 
solvents by using supercritical ?uids, particularly supercriti 
cal carbon dioxide as a reaction medium. Supercritical ?uids 
are by de?nition at a temperature and pressure greater than 
or equal to the critical temperature and pressure of the ?uid. 
Carbon dioxide’s critical pressure is about 7,370 kilopascals 
(kPa) and critical temperature is about 31 degrees Celsius 
(0° C.), so supercritical applications using carbon dioxide 
typically operate at temperatures betWeen about 320 C. and 
490 C. and pressures betWeen about 7,370 and 24,000 kPa. 
Supercritical solvents, particularly supercritical carbon 
dioxide, provide many advantages over conventional 
organic solvents. For example, carbon dioxide is an envi 
ronmentally benign reaction medium. An exemplary method 
for performing enzymatic reactions in supercritical ?uids is 
disclosed by US. Pat. No. 5,783,627 to Kao et al., Which is 
incorporated herein by reference. Unlike conventional 
organic solvents, carbon dioxide can be alloWed to simply 
evaporate Without leaving a contaminating residue. Thus, 
the use of carbon dioxide simpli?es both disposal and 
puri?cation protocols. 
[0076] In certain examples, the reaction medium can 
include supercritical carbon dioxide and a cosolvent. The 
cosolvent can include Water and/or one or more organic 
cosolvents. Types of organic cosolvents include polar and 
non-polar cosolvents. Examples of polar organic cosolvents 
include methanol, ethanol, tetrahydrofuran, acetone and the 
like. Examples of suitable nonpolar cosolvents include hex 
anes, cyclohexane, toluene and the like. 

[0077] Both the enzymatic and non-enzymatic methods 
for preparing (R)-3-hydroxybutyrate derivatives disclosed 
herein can be performed in supercritical carbon dioxide. 
HoWever, supercritical carbon dioxide has a pH of betWeen 
about 4 and about 5. This acidic pH can denature some 
proteins, thereby abrogating their catalytic activity. Thus, in 
one aspect of the method for making (R)-3-hydroxybutyrate 
derivatives, stabilized lipases, such as crosslinked enzyme 
crystal (CLEC) lipases are used. Examples of methods for 
making and using such stabilized lipases are disclosed in 
US. Pat. No. 5,618,710 to Navia et al. and US. Pat. No. 
6,211,422 to DeSimone et al., both of Which are incorpo 
rated herein by reference. 

[0078] In another aspect, pH sensitive lipases can be used 
Within their effective pH range by incorporating a buffer into 
the solvent system. Examples of buffer systems for particu 
lar pH ranges are given by Ellis and Morrison (Methods 
Enzymol. 1982, 87, 405) and by McLellan (Anal. Biochem. 
1982, 126, 94), both of Which are incorporated herein by 
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reference. Additional suitable buffers for a given pH range 
are known to those of ordinary skill in the art. 

[0079] Suitable lipases for preparing (R)-3-hydroxybu 
tyrate derivatives can be selected based upon the desired 
derivative. For example, lipases can be screened for the 
ability to catalyze a desired reaction by the protocol 
described in Example 1, beloW. Suitable lipases for screen 
ing to determine the optimal catalyst are disclosed by 
Whitesides and Wong (1994, Enzymes in Synthetic Organic 
Chemistry, Elsevier, Oxford), Gross et al. (Chem. Rev. 2001, 
101, 2097-2124) and Michor et al. (Biotechnology Letters 
1996, 18, 79-84), these references are incorporated herein by 
reference. A source for suitable lipases is Biocatalytics, Inc., 
Pasadena, Calif., Which sells a screening set of lipases under 
the trade name “Chirazyme.” It is currently believed that 
porcine pancreatic lipase (PPL), the lipase from R cepacia 
(lipase PC), and Pseudomonas sp. lipase (PSL) are particu 
larly useful lipases for preparing (R)-3-hydroxybutyrate 
esters. 

[0080] Immobilized lipases are useful for preparing (R) 
3-hydroxybutyrate esters. Immobilized lipases provide 
advantages in e?iciency, catalytic turnover and ease of 
product puri?cation. Lipases can be immobilized on any 
substrate, With typical examples including glass or gold 
surfaces, polymer beads, silica, Celite and the like. US. Pat. 
No. 6,080,402 to Reetz et al. and US. Pat. No. 6,398,707 to 
Wu et al., Which are incorporated herein by reference, 
describe useful lipase immobilization techniques. 

[0081] In other embodiments, the (R)-3-hydroxybutyrate 
derivatives disclosed herein can be produced, or interrnedi 
ates to the derivatives can be produced, by microorganisms. 
For example, in one embodiment poly-(R)-3-hydroxybu 
tyric acid is used as a starting material for producing 
compounds according to Formulas 1 and 2. The genes 
responsible for producing poly-(R)-3-hydroxybutyric acid 
have been cloned and expressed, and this material can be 
produced in several different microorganisms under a vari 
ety of conditions. See, Rhie and Dennis, Appl. Environ. 
Microbiol. 1995, 61, 2487-2492, Which is incorporated 
herein by reference. Poly-(R)-3-hydroxybutyric acid can be 
converted into the therapeutic compounds disclosed herein 
by chemical methods, enzymatic methods, and combina 
tions thereof. In another embodiment, the poly-(R)-3-hy 
droxybutyrate derivatives are produced completely in 
microorganisms. 

IV. METHODS FOR USING 
(R) -3 -HYDROXYBUTYRATE DERIVATIVES 

[0082] The disclosed (R)-3-hydroxybutyrate derivatives 
enable the treatment of several diseases that bene?t from 
elevated levels of ketone bodies. For example a variety of 
neurological disorders, including epilepsy and myoclonus, 
and particularly neurodegenerative diseases, including, 
Without limitation, those such as Alzheimer’s disease, vas 
cular dementia, LeWy body type senile dementia, Lafora 
body dementia, Parkinson’s disease, mitochondrial myopa 
thy encephalopathy lactacidosis stroke syndrome (MELAS 
syndrome), Pick’ s disease and muscular dystrophy, and their 
associated effects can be treated effectively With the present 
(R)-3-hydroxybutyrate derivatives. Because the disclosed 
compositions also can be used as a foodstuff to mimic the 
effects of a ketogenic diet, the compositions also are useful 
for treating obesity. 
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[0083] Muscular dystrophic states can be treated using the 
disclosed compounds and compositions. For example, 
Duchenne’s and Becker’s muscular dystrophies, Frie 
dreich’s ataxia, myoclonus epilepsy associated With ragged 
red ?bers (MERRF) syndrome, Kearns-Sayre syndrome, 
Leigh’s syndrome and muscle Wasting can be treated by 
administering (R)-3-hydroxybutyrate derivatives disclosed 
herein. 

[0084] Many diseases, including several listed above, 
have secondary effects caused by damage due to excessive 
free radical production and can be treated using the (R)-3 
hydroxybutyrate derivatives disclosed herein. For example, 
free radical damage has been implicated in neurological 
disorders, such as Parldnson’s disease, amyotrophic lateral 
sclerosis (Lou Gehrig’s disease) and Alzheimer’s disease. 
Additional diseases in Which excessive free radical damage 
occurs generally include hypoxic conditions and a variety of 
other disorders. More speci?cally, disorders in Which exces 
sive free radical damage is implicated include ischemia, 
ischemic reperfusion injury (such as coronary or cerebral 
reperfusion injury), myocardial ischemia or infarction, cere 
brovascular accidents (such as a thromboembolic or hem 
orrhagic stroke) that can lead to ischemia in the brain, 
operative ischemia, traumatic hemorrhage (for example, a 
hypovolemic stroke that can lead to CNS hypoxia or 
anoxia), resuscitation injury, spinal cord trauma, in?amma 
tory diseases, autoimmune disorders (such as rheumatoid 
arthritis or systemic lupus erythematosis), DoWn’s syn 
drome, Hallervorden-Spatz disease, Huntingtons chorea, 
Wilson’s disease, diabetic angiopathy (such as peripheral 
vascular disease or retinal degeneration), uveitis, chronic 
obstructive pulmonary disease (COPD), including chronic 
bronchitis and emphysema, asthma, neoplasia, Crohn’s dis 
ease, in?ammatory boWel disease and pancreatitis. Free 
radical damage is also implicated in a variety of age-related 
disorders, particularly ophthalmic conditions such as cata 
racts or age-related macular degeneration. 

[0085] Thus, another advantage of the disclosed compo 
sitions is reduced free radical damage. Metabolism of the 
present compositions reduces free radical damage by oxi 
dizing coenzyme-Q. The major source of mitochondrial free 
radicals is the semiquinone form of coenzyme-Q, Which 
results from one electron reduction of the quinone. The 
semiquinone reacts directly With oxygen molecules to form 
the superoxide radical anion (O2*i). In ketone body 
metabolism, the concentration of the semiquinone form of 
coenzyme-Q is reduced. Thus, the present compositions are 
useful in treating free radical-associated diseases. 

[0086] Metabolic ef?ciency is enhanced by the disclosed 
(R)-3 -hydroxybutyrate derivatives. Thus the compounds can 
be administered to a subject to improve exercise ef?ciency 
and athletic performance. Moreover, conditions including, 
Without limitation, hypoxic states, angina pectoris, coronary 
ischemia and organ damage secondary to coronary vessel 
occlusion, intermittent claudication, multi-infarct dementia, 
myocardial infarction, stroke, high altitude sickness and 
heart failure can be treated using the disclosed compounds. 

[0087] The present compositions also can be used to treat 
conditions such as tumors, particularly brain tumors, such as 
astrocytoma. Indeed, metabolic control has been demon 
strated to reduce angiogenesis and groWth in one experi 
mental brain tumor model (Mukherjee et al. Br J. Cancer 

2002, 86, 1615-1621). 
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[0088] Disorders of glucose metabolism, such as type I 
diabetes, can be treated using (R)-3-hydroxybutyrate deriva 
tives as a source of ketone bodies. For example, disorders 
such as insulin resistance, including type II diabetes can be 
effectively treated using the compounds. Similarly, hypogly 
cemic and/or hypoketotic conditions resulting from meta 
bolic disorders, such as acyl coenZyme A dehydrogenase 
syndrome, carnitine palmitoyl transferase de?ciency types I 
and II (CPT-I and II), maple syrup urine disease (MSUD) or 
resulting from other conditions, such as pancreatic adenoma 
or hyperplasia, can be treated using the disclosed com 
pounds and compositions. Additional disorders of glucose 
metabolism that can be treated using the disclosed (R)-3 
hydroxybutyrate derivatives include, Without limitation, 
Leprechaunism, Rabson-Mendenhall syndrome, and 
hypoglycemic episodes. Glut-1 de?ciency, a disorder of 
glucose transport associated With a defect in the brain 
associated glucose transport protein, also can be treated 
using the (R)-3-hydroxybutyrate derivatives disclosed 
herein. 

[0089] The blood concentration of ketone bodies can be 
maintained at a therapeutically or nutritionally e?fective 
level by administering the appropriate amount of the (R) 
3-hydroxybutyrate derivative based upon the disorder to be 
treated and/or the Weight and energy requirements of the 
subject. 

[0090] Using the (R)-3-hydroxybutyrate derivatives dis 
closed herein, desired therapeutic and nutritional effects can 
be sustained Without resort to the ketogenic diet. During 
normal metabolism of these derivatives, ketone bodies, 
speci?cally, (R)-3-hydroxybutyrate and acetoacetate, are 
released into the blood. Typically, therapeutic blood ketone 
concentrations (measured as the sum of (R)-3-hydroxybu 
tyrate and acetoacetate) range from about 0.1 to about 20 
mM, more typically from about 0.2 to about 10 mM, and for 
some disorders, blood ketone levels of from about 2 to about 
8 mM are found to be therapeutic. For example, it is 
currently believed that ketone body concentrations greater 
than about 4 mM yield a therapeutic response in refractory 
epilepsy (Gilbert et al., J. Child Neurol. 2000, 15, 787-790). 
HoWever, certain disorders bene?t from relatively small 
increases in the concentration of ketone bodies in the blood. 
For example, Van Hove et al. observed therapeutic effects in 
children af?icted With CoA dehydrogenase de?ciency using 
oral administration of racemic sodium-3-hydroxybutyrate. 
The therapeutic effects Were correlated With peak blood 
levels of 0.19 mM to 0.36 mM total concentration of 
(R)-3-hydroxybutyrate and acetoacetate (Van Hove et al., 
Lancet 2003, 361, 1433-1435). 

[0091] The therapeutic blood ketone body concentrations 
observed by Van Hove et al., can be produced in a 70 
kilogram man using from about 5 to about 70 grams per day 
of (R)-3-hydroxybutyrate equivalents. HoWever, the blood 
ketone concentrations observed in a fasting man are higher, 
typically from about 5 mM to about 7 mM. A fasting 70 
kilogram man produces about 150 grams of ketone bodies 
per day, thereby yielding the ketone body concentration in 
blood of from about 5 to about 7 mM. Thus, to achieve the 
concentrations of ketone bodies observed under long term 
fasting or the ketogenic diet, a 70 kilogram man Will 
consume about 150 grams of (R)-3 -hydroxybutyrate equiva 
lents per day. The total amount consumed depends upon 
body Weight and the desired effect. Typically, the Weight of 
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(R)-3 -hydroxybutyrate equivalents consumed or adminis 
tered per day ranges from about 5 grams to about 300 grams, 
and more typically from 10 grams to about 200 grams. The 
amount administered can be more conveniently expressed in 
terms of grams of (R)-3-hydroxybutyrate equivalents per 
day per kilogram of body Weight, Which typically Will range 
from about 70 milligrams to about 5 grams per kilogram of 
body Weight. More typically, the amount of hydroxybutyrate 
equivalents per day Will range from about 1 gram to about 
4 grams per kilogram of body Weight, and most typically 
from about 1.5 grams to about 3 grams per kilogram of body 
Weight. 
[0092] Thus, When the disclosed (R)-3-hydroxybutyrate 
derivatives are used in larger amounts, they Will provide a 
signi?cant portion of the caloric intake of the subjects. Thus, 
the disclosed (R)-3-hydroxybutyrate derivatives can be 
administered as foodstuffs. Indeed, in one aspect, the dis 
closed (R)-3-hydroxybutyrate derivatives are used as a food 
stuff or nutritional supplement to enhance performance. 

V. EXAMPLES 

[0093] The foregoing disclosure is further explained by 
the folloWing non-limiting examples. 

Example 1 

[0094] This Example describes a protocol for determining 
the ability of lipases to catalyZe a speci?c desired reaction. 
A grid of substrate molecules is prepared in test tubes by 
dissolving each substrate to a ?nal concentration of 0.1 mM 
in CH3CN and mixing With 0.1 M phosphate buffer (pH 7.5). 
An enZyme is then added to each microtiter Well and the 
mixture is incubated for 30 minutes. The reaction mixture in 
each tube is extracted three times With dichloromethane, the 
organic extracts are combined, dried over MgSO4, and 
concentrated to about 0.1 mL using a nitrogen stream. The 
concentrated samples are then analyZed using analytical thin 
layer chromatography (TLC). Accordingly, each sample is 
spotted to a silica TLC plate (available from E. Merck, 
Darmstadt) and developed in a mixture of dichlo 
romethanezmethanol (99:1). The developed TLC plates are 
visualiZed using UV light and charring With a p-anisalde 
hyde stain (18 mL p-anisaldehyde, 7.5 mL glacial acetic 
acid, 25 mL concentrated H2804, 675 mL absolute ethanol). 

Example 2 

[0095] This Example describes the synthesis of the triolide 
of (R)-3-hydroxybutyric acid. The procedure folloWs the 
protocol of Seebach et al. Angew. Chem. Int. Ed. Engl. 1992, 
31, 434. A mixture of poly-(R)-3 -hydroxybutyric acid (50 g) 
and 4-toluenesulfonic acid monohydrate (21.5 g, 0.113 
mole) in toluene (840 mL) and 1,2-dichloroethane (210 mL) 
Was stirred and heated at re?ux for 20 hours under a 
Dean-Stark trap. The resulting broWn solution Was cooled to 
room temperature and Washed With a half saturated solution 
of sodium carbonate and With a saturated sodium chloride 
solution. The organic phase Was dried over MgSO4 and 
concentrated in vacuo. The resulting broWn semi-solid resi 
due Was distilled using a Kugelrohr apparatus to yield a 
White solid (18.1 g) at 120-1300 C. at 0.15 torr. Above 1300 
C. a Waxy solid began to distill and the distillation Was 
stopped. The distilled material had a melting point of 
100-1020 C. Recrystallization from hexane a?forded color 
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less crystals (15.3 g) having a melting point of 107-1080 C. 
[0t]D —35.1 (c=1.005, CHCl3), (lit.=—33.9). 1H NMR (300 
MHZ, CDCl3): 6=1.30 (d, 9H, iCH3); 2.4-2.6 (m, 6H; 
iCH2i); 5.31-5.39 (M, 3H; HCAD). 13C NMR (CDCl3) 
6=20.86 (CH3); 42.21 (CH2); 68.92 (CH); 170.12 (CO). 
Elemental analysis: calculated for Cl2Hl8O6: C, 55.81; H, 
7.02; Found: C, 55.67; H, 7.15. 

Example 3 

[0096] This Example describes the preparation of (R)-1, 
3-butanediol from poly-(R)-3-hydroxybutyric acid via 
reductive depolymeriZation. The procedure follows the pro 
tocol of Seebach et al. Helv. Chim. Acla 1982, 65, 495-503. 
LiAlH4 (10 g, 0.264 mmol) is suspended in tetrahydrofuran 
(460 mL) and cooled to 150 C. Poly-(R)-3-hydroxybutyric 
acid (30 g, 0.349 mmol) is added sloWly (over 40 minutes). 
The mixture is then stirred at room temperature for 90 
minutes and then heated to re?ux for 5 hours. After stirring 
over night at room temperature, the mixture is cooled to 00 
C. and the reaction quenched by the careful (dropWise) 
addition of 10 mL of Water, folloWed by 30 mL of a 10% 
NaOH solution and 30 mL of Water. The White precipitate 
formed is removed via ?ltration, extracted With CH2Cl2 
(2><150 mL><30 minutes) removed via ?ltration and Washed 
With CH2Cl2 (100 mL). The combined organic extracts Were 
dried over MgSO4 and the volatiles removed in vacuo. The 
residue Was distilled at reduced pressure to afford 26.55 g 

(85%) of analytically pure (R)-1,3-butanediol. 

Example 4 

[0097] This Example describes the enZymatic preparation 
of (R)-3-hydroxybutyric acid from ethyl acetoacetate. The 
net reaction produces one equivalent each of (R)-3 -hydroxy 
butyric acid and ethanol from one equivalent of ethyl 
acetoacetate (and Water). The procedure uses tWo enZymes, 
an esterase to hydrolyZe the ethyl acetoacetate to acetoac 
etate and ethanol and [3-hydroxy butyrate dehydrogenase to 
stereoselectively reduce the [3-keto group to form (R)-3 
hydroxybutyric acid. Both enZymes are commercially avail 
able from Biocatalytics and Sigma Chemical Co. 

[0098] First the formation of ethanol from ethyl acetoac 
etate Was demonstrated as folloWs: An ethanol cocktail Was 

prepared containing 2-amino-2-methylpropanol pH 9.9 
(0.93 M) and NAD (3.3 mM) and 50 microliters of the 
ethanol cocktail Were added to Wells in a microplate. An 
esterase reaction cocktail Was prepared containing imidaZole 
pH 7 (0.1 M), MgCl2 (0.005 M) and esterase isolated from 
pig liver (EC 3.1.1.1, 13U), and various Wells received 
standard ethanol, esterase and/ or ethyl acetoacetate to a total 
volume of 100 microliters. Abaseline Was established at 340 
nm and alcohol dehydrogenase from yeast Was added to 
initiate a reaction. The plate Was then read in a kinetic mode 
at 340 pm. In Wells containing standard ethanol and in Wells 
containing both ethyl acetoacetate and esterase an increase 
in absorbance Was observed indicating the production of 
NADH via the folloWing scheme. 

esterase 
Et AcAc + H2O 

Alcohol dehydrogenase 
—> 

AcAc + EtOH 

EtOH + NAD Acetaldehyde + NADH 
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[0099] Wells containing only ethyl acetoacetate or esterase 
behaved the same as Water blanks. This experiment indicates 
that neither the esterase nor the ethyl acetoacetate contain 
appreciable amounts of ethanol and that the esterase from 
pig liver effectively cleaves the ester to yield acetoacetate 
and ethanol. 

[0100] (R)-3-Hydroxybutyric acid Was prepared from 
ethyl acetoacetate as folloWs: An esterase reaction cocktail 
Was prepared as above (imidaZole pH 7 (0.1 M), MgCl2 
(0.005 M) and esterase isolated from pig liver (EC 3.1.1.1, 
13U)). Ethyl acetoacetate (~0.1 M) Was added at room 
temperature and the solution Was placed on the lab bench. 
After 20 minutes 10 or 20 microliter aliquots of the lipase 
containing solution Were transferred to a microplate con 
taining 100 microliters of an acetoacetate cocktail contain 
ing imidaZole pH 7 (0.1 M) and NADH (0.25 mM). After 
establishing a baseline absorbance at 340 nm, [3-hydroxy 
butyrate dehydrogenase Was added to the microplate and the 
plate Was read in a kinetic mode. A decrease in absorbance 
Was observed indicating a loss of NADH in the Well, and 
evidencing the conversion of acetoacetate to (R)-3-hydroxy 
butyrate as described in the folloWing reaction scheme. 

Esterase 
Et AcAc + H2O AcAc + EtOH 

—H drox but rate deh dro enase 
EtOH + NAD M, 

Acetaldehyde + NADH 

Example 5 

[0101] This Example describes the preparation of ethyl 
(R)-3-hydroxybutyrate from ethyl acetoacetate. To Wells in 
a microplate Was added 50 microliters of a pH 7 solution 
containing imidaZole (0.1M) and NADH (0.3 mM). Ethyl 
acetoacetate (3.9 mM Was added to reaction Wells, Water 
Was added to control Wells and a baseline Was established. 
All Wells received [3-hydroxybutyrate dehydrogenase and 
the UV absorbance in the Wells Was folloWed kinetically. A 
decrease in absorbance Was observed indicating the oxida 
tion of NADH as described in the equation beloW: 

—H drox bu rate deh dro enase EtACAC + NADH ?yyty—yg, 

Et [5H]; + NAD 

Example 6 

[0102] This Example describes the oral administration of 
the compound produced in Scheme 3 to rats and measure 
ment of the resulting blood ketone levels. Four Wistar rats 
Were fasted overnight and fed 1.8 grams of the compound 
per kilogram by gavage feeding. 24 hours prior to gavage a 
cannula Was inserted into the right atrium of each rat. The 
cannulae Were used to draW blood samples for ketone body 
monitoring during the experiment. The results, in ketone 
body concentration in blood versus time after feeding, are 
displayed in FIG. 1. With reference to FIG. 1, increases in 
serum (R)-3-hydroxybutyrate and acetoacetate are observed. 
The peak concentration of (R)-3 -hydroxybutyrate occurs at 
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approximately 45 minutes after gavage, and the peak con 
centration of acetoacetate occurs at about one hour after 

gavage. 

1. A compound according to the formula 

m 

Wherein R is a polyhydric alcohol residue; 

n, m and X represent integers; and 

m is less than or equal to X. 
2. The compounds according to claim 1, Wherein R 

comprises an altrose, arabinose, dextrose, erythrose, fruc 
tose, galactose, glucose, gulose, idose, lactose, lyXose, man 
nose, ribose, sucrose, talose, threose, Xylose, galactosamine, 
glucosamine, mannosamine, N-acetylglucosamine, manni 
tol, sorbitol, threitol, ribitol, Xylitol, (S)-l,2-propanediol or 
(R)-l ,3-butanediol residue. 

3. The compound according to claim 1, Wherein n is from 
1 to about 100. 

4. The compound according to claim 1, Wherein n is from 
1 to about 20. 

5. The compound according to claim 1, Wherein n is 3. 
6. The compound according to claim 1, Wherein X is from 

4 to about 20. 
7. The compound according to claim 1, Wherein m is from 

1 to about 20. 
8. The compound according to claim 1, Wherein X is from 

1 to about 8. 
9. The compound according to claim 1, Wherein R is 

(R)-l ,3 -butanediol. 

0 O 0 

10. The compound according to claim 1 having the 
formula 

HO\|/\/O 
11. A compound having the formula 

0 O 0 

H \|/\/ 
O n 

Where n and m independently are integers from 1 to about 
100. 

n 
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12. The compound according to claim 11, Wherein n and 
m are the same. 

13. The compound according to claim 11, Wherein n and 
m are different. 

14. The compound according to claim 11, Wherein n and 
m are 3. 

15. An ester of R-3-hydroXybutyrate according to the 
formula 

Wherein n is an integer from 1 to about 100. 
16. The ester according to claim 11, Wherein n is 3. 
17. A method for elevating the blood concentration of 

ketone bodies in a subject, comprising administering to the 
subject a compound of claim 1. 

18. The method according to claim 17, Wherein R com 
prises an altrose, arabinose, deXtrose, erythrose, fructose, 
galactose, glucose, gulose, idose, lactose, lyXose, mannose, 
ribose, sucrose, talose, threose, Xylose, galactosamine, glu 
cosamine, mannosamine, N-acetylglucosamine, mannitol, 
sorbitol, threitol, ribitol, Xylitol, (S)-l,2-propanediol or (R) 
l,3-butanediol residue. 

19. The method according to claim 17, Wherein n is from 
1 to about 100. 

20. The method according to claim 17, Wherein n is from 
1 to about 20. 

21. The method according to claim 17, Wherein n is 3. 
22. The method according to claim 17, Wherein X is from 

4 to about 20. 

23. The method according to claim 17, Wherein m is from 
1 to about 20. 

24. The method according to claim 17, Wherein X is from 
1 to about 8. 

25. The method according to claim 17, Wherein admin 
istering the compound raises the blood ketone body con 
centration to betWeen 0.1 mM and 20 mM. 

26. The method according to claim 17, Wherein admin 
istering the compound raises the blood ketone body con 
centration to betWeen 0.2 mM and 10 mM. 

27. The method according to claim 17, Wherein admin 
istering the compound raises the blood ketone body con 
centration to betWeen 2 mM and 8 mM. 

28. The method according to claim 17, Wherein admin 
istering comprises administering from about 5 grams to 
about 70 grams of the compound. 

29. The method according to claim 17, Wherein admin 
istering comprises administering from about 70 milligrams 
to about 5 grams per kilogram of the subject’s body Weight. 

30. The method according to claim 17, Wherein admin 
istering comprises administering from about 1 gram to about 
4 grams per kilogram of the subject’s body Weight. 

31. The method according to claim 17, Wherein admin 
istering comprises administering from about 1.5 grams to 
about 3 grams per kilogram of body Weight. 

32. The method according to claim 17, Wherein the 
method comprises a method of treating a neurological 
disorder. 
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33. The method according to claim 17, wherein the 
neurological disorder comprises AlZheimer’s disease, Par 
kinson’s disease, Pick’s disease, amyotrophic lateral scle 
rosis or epilepsy. 

34. The method according to claim 17, Wherein the 
method comprises a method of treating a muscular dystro 
phic state. 

35. The method according to claim 34, Wherein the 
muscular dystrophic state is comprises muscle Wasting, 
muscular dystrophy or Friedreich’s ataxia. 

36. The method according to claim 17, Wherein the 
method comprises increasing metabolic ef?ciency. 

37. The method according to claim 36, Wherein the 
method comprises treating a condition comprising a hypoxic 
state, angina pectoris, intermittent claudication, stroke, high 
altitude sickness or heart failure. 

38. The method according to claim 37, Wherein the 
method comprises a method of improving exercise effi 
ciency. 

39. The method according to claim 17, Wherein the 
method comprises a method of improving cognitive perfor 
mance. 

40. The method according to claim 17, Wherein the 
method comprises treating a disorder of glucose metabo 
lism. 

41. The method according to claim 40, Wherein the 
disorder of glucose metabolism comprises insulin resistance. 

42. The method according to claim 41, Wherein the 
disorder of glucose metabolism comprises Leprechaunism, 
Rabson-Mendenhall syndrome, type II diabetes or hypogly 
cemic episodes. 

43. A method for elevating the blood concentration of 
ketone bodies in a subject, comprising administering to the 
subject a compound of claim 1. 

44. The method according to claim 43, Wherein the 
method comprises a method for treating acyl coenZyme A 
dehydrogenase de?ciency, autoimmune disorders, in?am 
matory diseases, DoWn’s syndrome, astrocytoma, Duch 
enne’s muscular dystrophy, Becker’s muscular dystrophy, 
glucose transporter defects, Hallervorden-SpatZ disease, 
Huntington’s chorea, coronary ischemia, Lafora body 
dementia, myoclonus epilepsy associated With ragged-red 
?bers syndrome, Keams-Sayre syndrome, Leigh’s syn 
drome, mitochondrial myopathy encephalopathy lactacido 
sis stroke syndrome, myoclonus, carnitine palmitoyl trans 
ferase de?ciency types I and H, maple syrup urine disease, 
multi-infarct dementia, ischemia, ischemic reperfusion 
injury, thromboembolic stroke, hemorrhagic stroke, chronic 
obstructive pulmonary disease, hypoxia, anoxia, resuscita 
tion injury, spinal cord trauma, diabetic angiopathy, emphy 
sema, asthma, neoplasia, Crohn’s disease, uveitis, cataracts, 
age-related macular degeneration, obesity, type I diabetes or 
Wilson’s disease. 

45. A method for synthesiZing a derivative of R-3-hy 
droxybutyrate, comprising transesterifying a compound 
having the formula 
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O 

O 

O 

O O 

O 

to produce a compound having the formula 

0 3 

Where R is an alkoxy group. 
46. The method according to claim 45 Where transesteri 

fying comprises lipase catalyZed transesteri?cation. 
47. The method according to claim 45 Where transesteri 

fying is performed in supercritical carbon dioxide. 
48. A composition comprising a compound of claim 2; 

and 

a carrier. 

49. The composition according to claim 48, Wherein the 
compound has the formula 

50. The composition according to claim 37, Wherein n is 
3. 

51. A method for making (R)-3-hydroxybutyrate, com 
prising: 

providing poly-(R)-3-hydroxybutyric acid; and 
contacting the poly-(R)-3-hydroxybutyric acid With 

supercritical carbon dioxide; and 

depolymeriZing the poly-(R)-3-hydroxybutyric acid. 
52. The method according to claim 51, further comprising 

contacting the poly-(R)-3-hydroxybutyric acid With an 
acidic catalyst in the supercritical carbon dioxide. 

53. The method according to claim 51, Wherein the 
method produces an oligomer selected from the group 
consisting of dimers, trimers, tetramers, pentamers, hexam 
ers, heptamers, octamers, and combinations thereof. 

54. The method according to claim 51, further comprising 
contacting the poly-(R)-3-hydroxybutyric acid With a 
depolymerase enZyme in the supercritical carbon dioxide. 

57. The method according to claim 51, further comprising 
contacting the poly-(R)-3-hydroxybutyric acid With a hydro 
genation catalyst. 

56. The method according to claim 53, Wherein the 
depolymerase enZyme is a member of the subgroup EC 
3.1.1.75. 
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57. The method according to claim 53, wherein the 59. The method according to claim 53, Wherein the 
depolymerase enzyme is selected from the family PhaZl- depolymerase favors production of monomeric (R)-3-hy 
PhaZ7. droxybutyric acid. 

58. The method according to claim 53, Wherein the 
depolymerase favors production of pentameric poly-(R)-3 
hydroxybutyric acid. * * * * * 


